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ABSTRACT

Magnetic fields are present in a wide variety of stars throughhe HR diagram and play
a role at basically all evolutionary stages, from very-lmass dwarfs to very massive stars,
and from young star-forming molecular clouds and prottastedccretion discs to evolved gi-
antgsupergiants and magnetic white dwantutron stars. These fields range from afe® (e.g.,

in molecular clouds) to TG and more (e.g., in magnetic neustars); in non-degenerate stars in
particular, they feature large-scale topologies varynagf simple nearly-axisymmetric dipoles
to complex non-axsymmetric structures, and from mainhpjatal to mainly toroidal topology.
After recalling the main techniques of detecting and maalglstellar magnetic fields, we review
the existing properties of magnetic fields reported in chot, and young non-degenerate stars
and protostars, and discuss our understanding of the arfghrese fields and their impact on the

birth and life of stars.
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1. Introduction

Magnetic fields are known to be present in a wide variety aksfaom very low-mass M dwarfs
to super-massive O stars. They play a role at basically allutenary stages, from collapsing
molecular clouds and very young protostars to supernowsggrierate white dwarfs and neutron
stars (e.gl, Mestel 1999). Magnetic fields are found to infteesignificantly a number of physical
processes operating within and in the immediate vicinitstafs, such as accretionffdision, mass
loss, turbulence and fundamental quantities such as naaspn rate and chemical composition.
The aim of this paper is to summarise the main observaticgggllts in this field of research,
especially those obtained since the previous review of Eaaet|(1992), and to outline our current

understanding of how magnetic fields impact the lives okst@ivarious masses.

The first detection of a magnetic field in a star, our Sun, wasained one century ago by
(Hale|1908) who observed and correctly interpreted the mgpolarisation of spectral lines
in sunspots and attributed it to magnetic fields of nearly 3 k@dis was the first astrophysical
application of the Zeemanftect, discovered by Zeeman only 12 yr before the pioneeringwo
of Hale. Searching for magnetic stars other than the Sunvistigate how “normal” the Sun is,
Babcock discovered in 1947 the simple large-scale fieldhefmically peculiar stars (Babcock
1947) and quickly realised that these magnetic fields aredn fairly different in nature than
that of the Sun. About twenty years later, pulsars were tiedefor the first time through their
radio emissionl(Hewish et al. 1968) and identified with riataneutron stars (Gald 1968) with
tremendously intense fields of typically TG {2@) strengths, i.e., about one billion times stronger
than those found at the heart of sunspots; shortly aftesyandgnetic fields of several hundreds of
MG were reported to exist at the surfaces of some white dwesp et al. 1970). Magnetic fields
on cool solar-type stars other than the Sun were suspeataddog time; the solar analogy indeed
suggests that the Sun-like activity observed on basicéllioa-mass stars is due to magnetic
fields. After a search of several decades, the first direetctiens were only obtained in 1980
(Robinson et al. 1980), more than 30 yr after Babcock’sahdtiscovery.

Since these initial results, our understanding of stellagnetic fields has tremendously im-
proved, thanks mostly to the improvement of instrumentaiggmances and to the sophistication
of numerical simulations. We know for instance that the nedigrfield of the Sun is highly com-
plex, giving rise not only to sunspot (e.g., Solanki 2003)dlso to a complex set of magnetic fea-
tures of smaller sizes such as ephemeral regions, brightpwi inter-network fields (e.q., Stenflo
1989 Lites et al. 2008). Most cool stars also host magnetidsj whose large- and medium-scale
topologies can be revealed through tomographic technipigs| Landstreet 1992; Donati et al.
2008b). Magnetic fields of low-mass stars power a wide wanéenergetic phenomena (referred
to as activity) such as flares, prominences, coronae andswihd fields themselves most likely
result from the interaction of convection and rotation (ffecalled dynamo processes) and are
highly variable in nature on timescales ranging from misug., flares) to years (e.g., activity
cycles). They are responsible for slowing down the rotatibmost cool stars once they reached
the main sequence, on a timescale that depends mostly otetlae mass.

In contrast to low-mass stars which more or less all show mdgrields and activity,
intermediate- and high-mass stars are mostly non-magwéticonly a small minority (a few %
depending on spectral type) showing detectable magndtis fie.g., Landstreet 1992). Moreover,
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these fields are fairly dlierent in nature; in particular, they often feature a faiityde large-scale
topology and show no intrinsic variability (other that thsual rotational modulation) even on
timescales of decades. Magnetic A and late B stars are aflichly peculiar stars; the last decade
has revealed that a small fraction of early B and O stars aerahgnetic despite having nearly
normal abundances. Magnetic fields in hot stars likely hagd#farent origin, and their impact on
evolution, although clear (e.g., abundance inhomogersdikiely result from their being magnetic)
is still mostly a matter of speculation.

The impact of magnetic fields is actually greatest duringftimation stage, when the mag-
netic energies of molecular clouds are comparable to thairtgtional energies (Crutcher 1999).
Once they become visible at optical wavelengths (i.e., aa@a of about 1 Myr for low-mass
stars), low-mass protostars host multi-kG magnetic fieldisedr surfaces through which they con-
nect to (and accrete matter from) the inner rim of their aoenedisc (e.g., Bouvier et al. 2007).
Observations also reveal that protostellar accretiorsdiéien exhibit broad outflows and highly-
collimated jets that models can only reproduce by invokiragnetic fields redirecting a fraction
of the accreted material into the outfloyets through a propeller-type mechanism powered by
magneto-centrifugal forces (e.g., Pudritz et al. 2007)ilg\ihis not yet fully clear how massive
stars are formed, observations of hot magnetic protostiaigest that they rotate significantly more
slowly than normal and thus that magnetic fields have altérectloud collapse and contraction
stage towards the main sequence.

At the other end of the evolution, white dwarfs and neutransstan exhibit extraordinarily
intense magnetic fields, with magnetars hosting the st=in@s, i.e., 1& G) fields known in
the universe. Their magnetic fluxes, however, are simildhése of magnetic hot main sequence
stars, suggesting empirically that most of the magnetic Busonserved during stellar evolution
off the main sequence and towards the very last stages. A lagofm of the white dwarfs with
strong magnetic fields are found in close binary systemée@tahtaclysmic variables) where the
companion is overflowing its Roche lobe and transferringstathe white dwarf through magnetic
funnels. Numerous studies describing advances in the fiale been published recently (e.g.,
Ferrario & Wickramasinghe 2007); however, for lack of spagedo not include here a description
of the magnetic fields of degenerate stars, despite theioobinterest in understanding the fate of
main sequence stars and the role of magnetic fields in esakty stages such as supernovae and
planetary nebulae.

This paper mostly focusses on magnetic field observationsoofdegenerate stars of all
masses. We start by describing the methods by which magfitis in stars are detected and
measured (in Seds] 2 ahd 3); we then detail our current utadeling of how magnetic fields are
produced andfect the life of stars of various masses (in S€¢s. 4[and 5) apdriicular their
formation (Sed.J6). While regularly referring to some of Hasic magnetic properties of the Sun,
we do not review all aspects of the solar magnetism, a fielésdarch so wide and documented
that it requires a complete review of its own. For a more tagoal description of magnetic stars,
readers are referred to the reference book of Mestel (198B)aathe forthcoming new edition.
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2. Atoms and molecules in a magnetic field

We briefly describe here the methods by which magnetic fiekasbe directly detected at the
surface of non-degenerate S%Such detectiorimeasurements are made possible by ffeceof
magnetic fields on atoms and molecules in stellar atmosphegiecting changes in the structure
and energies of atomimolecular energy levels and thus in the profiles and poléois@roperties
of stellar spectral lines.

The Zeeman féect is the most well known of thesdfects and is used to diagnose all types
of fields, from very weak (for instance thes fields of molecular clouds) to very strong (the
MG to GG fields of white dwarfs). The vast majority of measuesits and results reported in
the literature has been obtained through Zeeman specppscal spectropolarimetry. The Hanle
effect is another example, more adapted to very weak tanglets fief which the Zeemanfiect
fails; since it has never allowed yet to diagnose fields irssither than the Sun, we will not discuss
it here. Both &ects apply on both atoms and molecules, and shéigrént behaviour depending
on how strong the field is. Only the main points are summarise; for more details, readers
are referred to the comprehensive description of Mathy89)1and to the reference textbook of
Landi degl'lnnocenti & Landolfil(2004).

Consider an isolated atom placed in a vector magnetic Belthe modifications produced on
the atom can be described by adding to the unperturbed HamaiitHy of the atomic system an

additional ternHg called the magnetic Hamiltonian and given by:

_eh 3 2
Hg—m(L+28)-B+8mC2(er) Q)

wheremande are the electron mass and chargs, the speed of lighty is the Planck constarit,,
Sandr are the total orbital angular momentum, spin and positi@raiors of the electronic cloud.

The second (quadratic) term of EHd. 1 is called the diamagnetin; its importance is very
limited in practice in stars other than white dwarfs and reustars that we do not discuss here. In
this contextHg simplifies to the linear term:

Hg = uo(L +25) - B (2)

wherepug is the so-called Bohr magneton. If the magnetic field is waadugh (typically smaller
than 1 MG) to keep the magnetic energy smaller than the efrgeyyals relative to the unperturbed
HamiltonianHo, the d@fect ofHg can be computed by the perturbation theory.

The well-known result is that each degenerate energy ldvelhcsplits into 2 + 1 sublevels
with energy shifts given by:

AE = 110gBM M=-3-J+1,..,J) 3)

whereg is a dimensionless factor (usually lying between 0 and Jgdahe Landé factor of the
atomic level. Assuming the atomic levels are described byRissell-Saunders (b S) coupling
scheme (a good approximation for light atomgsgan be written as;

JI+1)+S(S+1)-L(L+1)
2J(J+1) '

Os=1+ (4)

1 Indirect methods and proxies such as emission in varioes lja.g., Balmer lines, Ca H&K and infrared
triplet lines) or broad bands (UV, X-ray, radio) suggestihg presence of magnetic fields will be mentioned
later, along with the discussion of the stellar class to Whiey mostly relate.
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Transitions between a levE| and another levelt s of Landé factorgj andgs are characterized
by a single energ¥+ — E; in the absence of a magnetic field. When a field is applied,bketgal
line splits into closely spaced components with energidteshfrom the rest energy by:

AE = (gtM¢ — giMi)uoB = (AgM¢ + giAM)uoB 5)

whereAg = gs — g andAM = Mt — M;.

Dipole transitions between the levels obey the selectiteyivl = 0,—1 or+1 and the resulting
spectral lines form three corresponding groups. The linegadtransitionaM = 0 (m components)
are distributed symmetrically around the unsplit line fedrin the absence of a field. The two
groups of lines formed by transitions witkM = +1 (- components) are shifted symmetrically
about the unsplit line, with transitions 6 = 1 on one side and transitions &M = -1 on the
other side. In generat,ando- groups have several components; when they all overlapmiéach
group (e.g., whed; = 0, J, = 0 orgs = @), the transition is called a Zeeman triplet. Some lines
show no Zeeman splitting (e.@;, = 0 andJs = 0) and are called magnetic null lines.

The average wavelength displacemang (in pm, i.e., 0.001 nm) of a component from its
zero field wavelengtil (in um) for a magnetic field B (in kG) is given by:

Alg = 4.6715 gB (6)

whereg is called the &ective Landé factor measuring the average magnetic setysif the line;
in practice, values af are typically about 1.2 but can range from 0 up to 3. The aclizal of the
line splitting is about 1.4 pm (or 0.84 km'9 for a transition at 500 nm wity = 1.2 in a 1 kG
field; going to a wavelength of 2m in the near infrared (nIR), the splitting rises to abou#n
(3.36 kms?) for the same field strength and Landé factor.

If the magnetic energy is comparable to the energy intepfdise structure splitting offlp (i.e.,
at field strengths larger than 100 kG), the perturbationrihesono longer applicable; the Zeeman
effect is entering a non-linear regime called the Paschen-Bagikne. The Paschen-Back regime
has few astronomical applications in non-degenerate Sthesfields found in main sequence stars
(generally of the order of 1 kG, very rarely as large as 30 k@)reot large enough to push most
lines into the Paschen-Back regime.

Diatomic molecules (e.g., TiO, CH,>,COH, CN, MgH, CaH or FeH) are also sensitive to
magnetic fields, generating Zeeman splitting and polaoisaif spectral lines in a way similar
to atoms; they can also be used to detect and measure mafieleicin stars cool enough to
show molecular lines in their spectra. The study of the mdiecZeeman fect has, in contrast
to the atomic &ect, been largely neglected until recently (Schadee!1¥m)ts from diferent
groups, both on the theoretical and experimental sides bagn carried out over the last decade
(e.g.,Berdyugina & Solanki 2002; Asensio Ramos & Trujilladho| 2006) to provide observers
with updated tools for modelling unpolarized and polarigpdctra of magnetic stars.

In practice, the Zeemanftect in stellar spectra can be detected both through the rtiagne
splitting or broadening of unpolarized spectral lines whies field strength is strong enough -
stronger than 1 kG typically. It can also be detected as {galon signals in spectral lines, even
for fields as weak as a few G in the optical domain and a/@nat radio wavelengths; however,
polarisation being sensitive to the vector properties efitld, the Zeeman polarisation is basically
insensitive to very tangled weak fields, in which regionsmbasite polarities mutually cancel out
their respective contributions.
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3. Detecting, measuring & modelling stellar magnetic fields

Several techniques are currently used to detect, estimdtenadel magnetic fields at the surfaces
of non-degenerate stars, reflecting mostly thfeedent types of instrument that can be used for this
purpose. While some methods use high-resolution specipgdo study the detailed shape of line
profiles, others attempt to measure the polarisation oftsgddines (through either photopolarime-
try or spectropolarimetry) that magnetic fields producetigh the Zeemanfiect. We describe
below the various options and mention the typical magnésigrbstics that they provide.

3.1. High-resolution spectroscopy

The most direct and easily interpreted means of detectigmeti fields in stars is by observing the
Zeeman splitting of spectral lines. In this respect, thetmatural instrument is a high-resolution
spectrometer with a resolving power of at least 50,000, (&kms?') and possibly as high as
100,000 (i.e., 3 km3). From the separation of the ando components of a line with known
Landé factomg, the intensity of the magnetic field averaged over the \asitdmisphere of the star
Bs can be measured (see Eh. 6). However, in main sequencelstadgtection of Zeeman splitting
is not easy; the broadening to be measured competes withsmtheses of line broadening, the most
important of which is usually rotation. Even for the slowestators, turbulent broadening (e.g., in
low-mass stars) can easily produce line widths of severaskpimplying that the splitting can
only be detected for field strengths larger than typically@®dt optical wavelengths. In practice,
Zeeman splitting of optical spectral lines is mostly obserin magnetic chemically peculiar stars
with very slow rotation and negligible turbulent broadapniwhere surface fields of a few kG are
routinely detected (e.g., Mathys etlal. 1997).

In stars with weaker fields, the magnetic intensity maysélestimated through the broadening
of magnetically sensitive spectral lines. For a highly-metgcg = 2.4 line at 600 nm for instance,
the magnetic broadening reaches 2 kinfer a 1 kG field, similar to the thermal broadening of a Fe
spectral line in the atmosphere of a main sequence star lalfesitihan the macroscopic turbulence
that often widens further the spectral lines of most coakst& careful analysis of spectral profiles
of low-mass stars, comparing in particular the shapes etliwith similar formation conditions
but different magnetic sensitivities, can lead to estimates ofdlative area of the visible stellar
hemisphere covered with magnetic fields (the filling fadtpand of the average field streng®
within these active regions (Robinson 1980; Saar 1988%eequantities are degenerate to some
extent, with the magnetic flukBs being more accurately determined than either Bs individu-
ally. In intermediate- and high-mass magnetic stars, figtdsiot spatially intermittent (subsurface
convection being either weak or inexistent) and more or tes®r the whole photosphere (i.e.,
f ~ 1), allowingBs to be estimated directly.

An extension of this technique to molecular lines (the Wiggd band of FeH at 0.99m)
was recently proposed and applied to a small set of veryAwgs dwarfs| (Valenti et gl. 2001;
Reiners & Basri 2006). The Zeemaffext of molecular lines, and in particular their Landé fac-
tor, is still rather poorly documented, with almost no measwents from laboratory experiments
and only very recent estimates from semi-empirical modglAfram et all 2008). As a result, the
corresponding technique for measuring fields essentialhgists at expressing the FeH spectrum
of a star as a linear combination of those of 2 carefully setbceference stars known for their



J.-F. Donati and J.D. Landstreet: Magnetic fields of nonedegate stars 7

respectively strong (i.e., multi kG) and weak (i.e., undttble) magnetic fluxes; although rather
crude, this method nevertheless provides an interestisigdider option for extracting the mag-
netic information coded into FeH lines of low-mass stargiowvements to this pioneering work
are expected soon as laboratory measurements of moleicgiaaind of their magnetic sensitivities
become progressively available.

An obvious way of improving the sensitivities of these vasdechniques is to use spectral
lines at nIR wavelengths; at 2/2n for instance, ay = 2.5 line provides a magnetic splitting
of 7.7 kms? for a 1 kG field, easily detectable in most main-sequence stiéh only moderate
rotational line broadening. This is obviously mainly irgsting for low- to very-low-mass stars
whose fluxes and spectral-line densities peak at red and alRlangths (depending on spectral
type) and whose rotation is usually slow in average; it haanbsuccessfully applied over the
last two decades (e.g., Saar & Linsky 1985; Valenti et al.5)9%he higher sensitivity allows in
particular to derive a rough description of how field stréasgspread at the surface of the star,
rather than just an estimate of the average magnetic ityefesg.,l Johns-Krull et al. 1990b); in
some cases, it is even possible to detect Zeeman splittiegtlji (e.g., Saar & Linsky 1985). The
nIR also provides a good opportunity for studying magnegl§ in cool dark spots of low-mass
stars, mostly outshined by the surrounding photosphersiateswavelengths but accessible in the
nIR where the spgbhotosphere contrast is much smaller. The advent of rfgaient nIR high-
resolution échelle spectrographs in forthcoming yeag. (6&1ANO on the Telescopio Nazionale
Galileo or TNG, and SPIRou on the Canada-France-Hawais€efge or CFHT) should further
boost such applications.

Although regularly used since the very beginning of solaf stellar magnetometry, these tech-
niques underwent a large burst of applications when firstesgfully used for detecting magnetic
fields in low-mass stars other than the Sun (e.g., Robinsah £980), and in particular on young
low-mass protostars (e.g., Johns-Krull etal. 1999b; Jédnudl 2007). Being insensitive to the
field topology, they provide a very easy arfti@ent way of diagnosing tangled magnetic fields for
which polarisation signals are very weak (see below). Tlavtack is however that the informa-
tion they yield is rather limited; in particular, they areraist useless at deriving information on
how the field is oriented and how it splits into its poloidatldnroidal components.

3.2. Photo- and spectropolarimetry

The polarisation properties of a Zeeman-split line furrkiskecond major means of measuring
magnetic fields. In particular, polarisation gives acceshi¢ orientation of the field: circular po-
larisation (fromo- components) is sensitive (at first order) to the line-ofisi@r longitudinal)
component of the magnetic field, while linear polarisatiwarg - ando- components) gives access
to the perpendicular (or transverse) component of the magfiedd. Analysing the relative degree
of circular and linear polarisation across line profilesuiegs a polarimeter, i.e., an instrument
measuring the dierential intensity between two orthogonal states of psédion (e.g., right- and
left-handed circular polarisation).

Polarisation in astronomy is usually described using thleké&t vector [, Q, U, V]. In this

vector,| is the total specific intensity of light in the bea@.andU describe the linear polarisation
of the beam, given b@ = (I —lgp) @and(U = I .o — I, ,0) where() denotes the temporal average
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andlyp, I, lgp andl, ;. correspond to the intensity the beam would have if filtered Ipgrfect
linear polariser with its transmission axis respectivaly t® ¢, 45°, 90° and 135 with respect

to a reference direction (usually the north). Similakydescribes the circular polarisation of the
beam, given by = (I, — ), wherel, andl correspond to the beam intensities when filtering
respectively by perfect circular right and circular leflgmisers. More information about Stokes
parameters can be found.in Landi degl'Innocenti & LandoliGZ).

At optical and nIR wavelengths, a polarimetric analysis ssially obtained by means of a
beam splitter (e.g., a linearly birefringent crystal liksimple calcite block, or a combination of
several like a Wollaston prism), associated with retacthatievices (e.g., crystalline plates, liquid
crystals or Fresnel rhombs) to select the appropriate igalt#n state. By yielding two beams with
respective intensities equal tg andly, a beam splitter (aligned on the polarisation reference
direction) provides the most natural method of measuriegStokesQ linear polarisation of an
incoming beam. By introducing a retarder in front of the bespiitter (e.g., a quarter-wave plate
oriented at 45 with respect to reference axis), one can measure the patiansof interest (e.g.,
StokesV) by converting it into the beam splitter reference linediageation (Stoke€)); rotating
the retarder further allows to exchange both beams emefgpnythe beam splitter, providing a
convenient check that the beantfdrence content is indeed polarisation.

Different flavours of polarimeters have been proposed over gteéintury of solar and stellar
magnetometry. For the first half-century, Hale and follaw@ncluding Babcock) turned their high-
resolution spectrographs into spectropolarimeters bylsimdding a quarter-wave retarder and a
beam splitter in front of the spectrograph slit (Hale 1908b8ock 1947). From the wavelength
shifts of magnetically sensitive lines recorded in the twihogonal circular polarisation states,
one could derive the brightness average of the longitudiall over the observed solar region
or the visible stellar hemisphere (callBd hereafter), with relatively poor accuracies (of typically
300 G) by modern standards.

In the 1970’s, a new device was proposed by Angel & L ands{E#10), consisting at mea-
suring the degree of circular polarisation in the wings of-hline of the Balmer series, usually
HB. With its dual-beam polarimetric module and its twin photaders (one for each polarimetric
channel) coupled to narrow-band interference filters @aie the line wings), this simple design
shortcuts the need for a spectrograph and provides a vergattrand easy-to-operate instrument.
With this device, fields of magnetic chemically peculiar Addhstars were observed regularly for
about two decades, providing a wealth of reference longialdields with error bars as low as
50 G for the brightest stars (e.g., Borra & Landsireet 19&hdstreet 1982). A similar technique
can be used to observe the transverse component of the ntafigldtthrough the linear polari-
sation signatures it generates in line profiles. Althougly wenall, the signal does not cancel out
once averaged over wavelengths thanks fiedéntial saturation between thendo- components
(Leroy[1962); this makes broad-band linear polarimetryabld tool for monitoring transverse
magnetic fields at the surfaces of stars and an interestitignofor complementing longitudinal
field data (e.gl, Leroy 1995).

All first-generation techniques mentioned above essénti@rive one single magnetic mea-
surement (of either the surface-averaged longitudinabmsiverse field) per observation. However,
the information available throughout the full circular¢&¢sV) and linear (Stoke® andU) po-
larisation profiles across spectral lines is far richerldwihg|Donati & Collier Cameran (1997),



J.-F. Donati and J.D. Landstreet: Magnetic fields of nonedegate stars 9

Mean LSD profiles of 7 Boo, 2006 June 13
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Fig. 1. LSD circular polarisation (Stokeg) Zeeman signature (red line), null polarisation check
(green line, both expanded by 1000 and shifted verticallyL}6 for graphical purposes) and
unpolarised (Stokek) profile (blue line) from the photospheric lines ofBoo, as derived from
ESPaDONS data. A clear Zeeman signature is detected (witlingovisible in the null polarisa-
tion check) with a full amplitude of about 0.01% of the unpad continuum. The associated
polarimetric sensitivity is 0.001%, i.e., 10 ppm.

the surface-averaged longitudinal field (iB, in G) can be derived from the StokKegprofile with

a good accuracy using:

[ wW(v)dc
Bp=-714— " " (7)
Ag [T1 - 1(W)]dv

wherev is the velocity shift (in kms!) with respect to the line central wavelengtifin um). The
longitudinal field being essentially the first moment of thekesV profile, it retains only the
global circular polarisation content and smooths out athibiscale polarisation structures. While
B, is adequate to characterise simple large-scale fieldsatrlgl misses most of the information
for complex field structures, explainirsgposteriori why all early attempts to detect the complex
magnetic topologies of cool stars failed.

While using higher order moments of the polarisation prefiteaddition toB, can certainly
help (e.g.. Mathys 1989), the best solution for losing n@apeation signal is obviously to extract
the Stokes profiles themselves rather than some integratetitius degraded) quantity. This is
achieved by coupling a polarimeter to a digital (usuallynhigsolution) spectrograph, a technique
called spectropolarimetry. Using an échelle spectrdgpapvides the additional advantage of mea-
suring Zeeman signatures from hundreds or thousands ofrapkiges simultaneously, thereby
tremendously increasing the overdfiieiency of the process; however, it requires the polarimeter
to be achromatic enough to derive polarisation spectra fxomnimal number of sub-exposures.
A cross-correlation-type technique called Least-SquBeeonvolution (LSD, Donati et &l. 1997)
was introduced to derive average Zeeman signatures frameallum to strong spectral lines avail-
able in the wavelength domain. Thanks to LSD, noise levekhénpolarimetric signals can be
strongly reduced, up to a factor of several tens in late Ksstarovided that the instrument can

collect the whole optical domain in a single shot.
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In the last two decades, several new spectropolarimeters weveloped. A first proto-
type instrument was tested and validated at the Anglo-Aliatr Telescope_(Donati etial. 1997,
2003a), inspired from the initial concept lof Semel etlal.9d)® A second prototype instrument
(Donati et al. 1999) was installed on the 2m Télescope Bdrhgot (TBL) atop Pic du Midi
(southwest France), providing the whole community with a@ewviaccess to spectropolarimetry.
A new-generation high-resolution spectropolarimeteli¢daESPaDONS, Donati 2003) was in-
stalled in 2004 on the 3.6m Canada-France-Hawaii Teles@@pET) atop Mauna Kea (Hawaii),
soon complemented by a clone version (NARVAL) installed BLTBoth instruments are fully
optimised for spectropolarimetry, perform a very achraoyadlarimetric analysis (using modified
Fresnel rhombs), and yield full coverage of the optical donf@.37 to 1um) at a spectral resolu-
tion of 65,000 and with a peakfeciency of about 15% (telescope and detector included). Khan
to their high throughput and fringe-free polarimetric aisé8, ESPaDONS and NARVAL can reach
very high photon-noise-limited polarisation accuracieg( see Fid.]1); their unprecedented sen-
sitivity (as low as 0.1 G on bright narrow-lined cool starsings a fresh opportunity to explore
magnetic fields across most of the HR diagram and alreadylezh#ifire discovery of magnetic
fields in several stellar classes not previously known asneiig(see below).

With its polarimetric mode, FORS1 onthe ESO Very Large Tadeg (VLT) atop Cerro Paranal
(Chile) can serve as a low-resolution (about 2,000) sppotesimeter. While its 150 knT$ reso-
lution element, it essentially amounts to a Balmer line polater for slow rotators (such as chem-
ically peculiar stars), but provides an interesting opgoity for investigating large-scale magnetic
fields in very rapid rotators (Bagnulo et/al. 2002). Its gightton collecting power makes it very
efficient at exploring magnetic fields in distant stellar clesgnd at studying how magnetic fields
can influence the evolution of early-type staftbe main sequence (Bagnulo et al. 2006).

3.3. Parametric modelling and tomographic imaging of magnetic fields

Once a magnetic field is detected at the surface of a star,suadlylooks at whether the detected
Zeeman signatures exhibit temporal variability over tiroalss of days and weeks. In most cases,
cyclic variability is detected and attributed to a non-grisnetric magnetic field being carried
around the star by rotation and viewed undéfedent configurations by the Earth-based observer.
By recording time-series of the rotationally modulated idaa signatures, one can in principle
extract information on the parent magnetic structure tkegiegates the polarisation signals. This
model is usually called the oblique rotator.

The first attempts at modelling magnetic topologies simjityeal at adjusting the rotational
modulation of the observed longitudinal field with a simplagnetic dipole of polar field strength
By, whose axis is tilted at an angbawith respect to the stellar rotation axis. This amounts tmjt
the observed, values and corresponding rotational phasesth the following relation|(Preston
1967):

Bi(¢) = By %
wherei is the angle of the rotation axis to the line of sighi the phase of longitudinal field max-

[cosB cosi + singsini cos Zr(¢ — ¢o)] (8)

imum andu the linear limb darkening constant. This approach usualtgseds at fittind3, data
of moderate precision and yields a gross estimate of thelsegle field (e.g., Borra & Landstreet
1980) but usually fails at matching the detailed modulatidrenever very high quality data are
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Fig. 2. Magnetic imaging of the large-scale field of the early-M dinaf Vir using ZDI (left
panel) from a time series of circular polarisation (StoWg@Zeeman signatures covering the whole
rotation cycle (right panel). The reconstructed magnetpotogy includes a significant toroidal
component (showing up as unipolar azimuthal fields overigible hemisphere) and a mostly non-
axisymmetric poloidal component, typical of F to early-Mahfg.Left panel: the 3 components of
the field in spherical coordinates are displayed (from topattom) with magnetic fluxes labelled
in G, the star being shown in flattened polar projection dowa tatitude of —30. Radial ticks
around each plot indicate phases of observati®ight panel: observed Zeeman signatures are
shown in black while the fit to the data is shown in red. Thetiotel cycle and 3 error bars of
each observation are shown next to each profile (from Dohat/|2008c).

available and when the field is significantly more complexnthadipole (e.gl, Wade etlal. 2000;
Donati et all 2006.c). More sophisticated models were alspgsed, e.g., involving a combination
of non-aligned dipole, quadrupole and octupole terms (Blmet al.l 1996), in an attempt to fit
simultaneously constraints from independent data sajs, &. values and broad-band linear po-
larisation). Despite the apparent success, detailed casopa with time-series of Stokes profiles
on several stars demonstrated that this basic model isddinbited and cannot yield a precise de-
scription of the parent magnetic topologies, even in the cdishe fairly simple fields of magnetic
chemically peculiar stars (Bagnulo etlal. 2001).

By modelling the rotationally-modulated Zeeman signatutieectly rather than a few of their
low-order moments only, one can in principle recover to sertent (through indirect tomographic
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techniques like those used for medical imaging) the pareagnatic topology. This technique,
combining the advantages of Zeeman spectropolarimetryDompler imaging (e.gl, Vogt et al.
1987), is called Zeeman-Doppler Imaging (ZDI) and was firstppsed by Semel (1989) in the
particular case of rapidly rotating stars. The initial implentation of ZDI | (Brown et al. 1991;
Donati & Brown|1997) inverted sets of Zeeman signatures sntdace distributions of the vector
magnetic field, described as 3 series of independent imagésggone series for each component of
the magnetic field in spherical coordinates). In the lateptémentation (Donéti 2001 ; Donati et al.
2006c¢), the magnetic field is decomposed in its poloidal ancidal components, both expressed
as spherical harmonics expansions; this newer method mslftube not only much more robust
(especially for low-order large-scale fields like dipolasd more physical (for the field descrip-
tion), but also more convenient (e.g., allowing to fine tume tespective weight of spatial scales)
and informative (poloidal and toroidal field components keg ingredients in most theoretical
studies on magnetic stars, Messtel 1999). While mfigtient for rapidly rotating stars, this method
is also applicable to slow rotators, though limited to lowder spherical harmonic modes (e.g.,
Donati et all 2006¢, 2008b). Note that magnetic mappingastpral both for stars with no intrin-
sic field variations and for stars with variable fields, pdmad that the typical timescale on which
the field evolves is long compared to the rotation period. Brgus results have been obtained with
ZDI on all types of stars, from sets of LSD StoRégrofiles. An example reconstruction in the
case of a moderately rotating star is shown in Eig. 2; otharmgles in the case of rapid and slow
rotators can be found in the literature (e.g., Morin et aD&4)b).

By mapping Zeeman signatures over several successiveorotyftcles, ZDI can also estimate
the amount of azimuthal shear (i.e., surfac@edential rotation) that stellar magnetic topologies
are subject to. This method assumes a Sun-like surfacéomtzdttern with the rotation rate vary-
ing with latituded asQeq — dQ Sir 6, Qeq being the angular rotation rate at the equator dfd
the diference in angular rotation rate between the equator anddlee By carrying out mag-
netic reconstructions (at constant information contemtlsf range 0f2q anddQ values, one can
investigate how the quality of the fit to the data varies witfiedential rotation. A well defined
minimum at physically sensible values Qf, anddQ suggests that ffierential rotation is present
at the surface of the star (e.g., Donati et al. 2003b).

A variation of ZDI, called Magnetic Doppler Imaging (Pislawn& KochukhaoV| 2002), also
aims at mapping magnetic fields on stellar surfaces fromafetme-resolved Zeeman signatures,
incorporating polarised radiative transfer in the recarwton process. This alternate method, ap-
plied to sets of), U, andV profiles of individual lines proved successful at reconging detailed
magnetic topologies of a few chemically peculiar stars.(&gchukhov et gl. 2004). However,
using only a few individual lines drastically reduces théapinnetric accuracy, limiting in practice
the applicability of this technique to the brightest and thmaagnetic stars only; moreover, as of
today, it does not allow to recover directly the poloidal &mmidal components of stellar magnetic
fields, making it more diicult for comparing observations with theoretical predios.
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4. Magnetic fields of low-mass stars
4.1. Activity, rotation and magnetic fields

Most cool stars exhibit a large number of solar-like acfiyihenomena; dark spots are present at
the their surfaces (e.d., Berdyugina 2005), where they cangego on timescales ranging from
days (as they are carried in and out of the observer’s viewégtar’s rotation) to months (as they
appear and disappear over a typical spot lifetime) and ymadgcades (with spots fluctuating in
number and location throughout activity cycles). Promoesnare also detected in cool stars, both
as absorption and emission transients (e.g., in Balmes)limacing magnetically confined clouds
(e.g., Collier Cameron & Robinson 1989; Donati €f al. 200th)ex transiting the stellar disc (and
scattering photons away from the observer, as for dark fitesnen the Sun) or seertdimb (and
scattering photons towards the observer, as for bright premees on the Sun). Cool stars are also
surrounded by low-density coronal plasma at MK temperatsh®wing up at various wavelengths
in the spectrum (e.g., radio, X-ray and optical line emissend associated with frequent flaring,
recurrent coronal mass ejections, and winds. Activity mime@na in cool stars scale up with faster
rotation and later spectral types (e.g., Hartmann & Noyeés 1Biall 2008).

The current understanding is that activity phenomena ang@rdduct of the magnetic fields
that cool stars generate within their convective enveltipesigh dynamo processes, involving cy-
clonic turbulence and rotational shearing (Parker 1956dhé particular case of the Sun, dynamo
processes are presumably concentrating in a thin inteldgtee (the so-called tachocline) confined
at the base of the convective zone (CZ) and where rotatiotigynes are supposedly largest (e.g.,
Charbonneau 2005). The spectacular images of the Suntealleith TRACE and (more recently)
HINODE demonstrate that the activity of the Sun very tigltyrelates with the presence of mag-
netic field emerging from the surface, either in the form oféaclosed loops (mostly at medium
latitudes) or open field lines (mostly at high latitudesg #xact process through which magnetic
fields succeed at heating the tenuous outer atmosphere teiMperatures is however still unclear.

Cool stars are assumed to behave similarly. This is suppdrgeobservations showing that
activity scales up with rotation rate (at any given spedlypk), as suggested by dynamo theo-
ries. One of the key parameter for measuring tfieciency of magnetic field generation is the
Rossby numbeRo, i.e., the ratio of the rotation period of the star to the aaive turnover time.

It describes how strongly the Coriolis force is capable é&ting the convective eddies, with
small Ro values indicating very active stars rotating fast enougérnsure that the Coriolis force
strongly impacts convection. The observation that agtisitrrelates better witRo than with rota-
tion (e.g.| Noyes et al. 1984; Mangeney & Praderie 1984;dér& Stepien 2007), or equivalently,
that cooler stars are relatively more active at a given iarntatte, agrees well with the theoretical
expectation that convective turnover times increase wetirebsing stellar luminosities.

Magnetic fields are also responsible for slowing down caaissthrough the braking torque of
winds magnetically coupled to the stellar surface (SchatedB62| Mestel 1999). This is quali-
tatively compatible with the fact that most cool stars retsiowly (like the Sun itself), with the
exception of close binaries (whose spin angular momentwristantly refueled from the orbital
reservoir through tidal coupling) and young stars (whictiehaot had time yet to dissipate their
initial load of angular momentum). Magnetised wind modeé&dd/a good match to the observed
distribution of rotation periods in young open clusters gésiranging from several tens to sev-
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eral hundreds of Myr (e.g., Bouvier 2007), further confirgithat magnetic fields are likely what
triggers the spinning down of cool stars as they arrive omtaan sequence.

The main lesson from the solar paradigm is thus that dynamcegses are essentially ubiqui-
tous in all cool stars with outer convective layers and gat@emagnetic fields with a high degree
of temporal variability at all timescales. Extrapolatihg tsolar analogy much further is potentially
hazardous; in particular, assuming that conventional shymenodels (entirely tailored to match
observations of the Sun) also apply to cool stars with veffigdint convective depths and rotation
rates is subject to caution. In very active stars rotatir@tifies faster than the Sun for instance, the
magnetic feedback onto the convection pattern may be seooggh to distort theoretical dynamo
patterns; similarly, very-low-mass fully-convectiverstabviously lack the interface layer where
conventional dynamo processes are expected to concertuatare nevertheless strongly active.
Magnetic studies of low-mass stars are therefore our bestoghfor exploring the various faces of
dynamo processes over a large range of masses and rotdéen ra

4.2. Magnetic properties of cool stars: field strengths, large-scale topologies, differential

rotation and activity cycles

The very first estimates of magnetic fields in cool stars dtfien the Sun were obtained by mea-
suring the diferential broadening of spectral lines as a function of thefignetic sensitivities
(Robinson 19€0; Robinson et al. 1980), making it possiblddove the first trends on the mag-
netic properties of low-mass stars (elg., Saar 2001). Theshes find that the average surface
magnetic strengtBs is, in most cases, roughly equal to the equipartition field, the field whose
magnetic pressure balances the thermal pressure of tfreiading gas; only very active stars with
rotation periods lower than about 5 d (among which fullyaeeetive M dwarfs and young low-mass
protostars) strongly deviate from this relation (€.g..nKrull & Valent||1996; Johns-Krull et al.
1999b; Valenti & Johns-Krull 2001). A similar behaviour ibserved in the Sun, where fields of
moderately active plages are close to equipartition wihitsé of active sunspots are stronger by
a factor of 2 or more. This suggests that magnetic regionebaissurfaces progressively evolve
from a plage-like to a spot-like structure, with flux tubesihg increasingly larger sizes or being
more tightly packed, as activity increases.

These studies also find that the average magnetidipat the surfaces of cool stars increases
more or less linearly with /Ro until it saturates aRo ~ 0.1 (corresponding to a rotation period of
about 2 d for a Sun-like star), with most of the increase baitigbutable to the filling factof (at
least in moderately active stars). The detection of a saureegime, confirmed with new magnetic
flux measurements from molecular lines in M dwarfs (Reinées!2008), supports the idea that
magnetic fields are eventually capable of modifying, if nobtrolling, the convective motions
through some feedback mechanism; this may potentiallyaéxpi particular why magnetic regions
at low and high activity levels are morphologicallyféirent.

The first detections of Zeeman polarisation signatures Solar-type stars (e.d., Donati et al.
1997) and their tomographic modelling with stellar surfaoaging tools such as ZDI opened
up an alternative option for studying dynamo processes.altiqular, the medium- and large-
scale magnetic fields accessible through ZDI, though etiealjg less important than magnetic
fluxes derived from Zeeman broadening, are neverthelesaalpt suited for checking topological



J.-F. Donati and J.D. Landstreet: Magnetic fields of nonedegate stars 15

predictions of dynamo models on global fields and their pzaéy cyclic variations, to which other
methods are insensitive.

Initial studies, concentrating on a few very active rapiditating stars in the saturated-dynamo
regime brought surprising results. In particular, they destrated that strong toroidal fields can
show up directly at the stellar surface, in the form of morapregions of dominantly azimuthal
fields or even complete rings encircling the star at variaigudes (e.g., Donati etidl. 1992;
Donati & Collier Cameran 1997; Dongti 2003); while tori ofatg azimuthal fields are likely
present in the Sun at the base of the CZ (e.g., to account éondh-stochastic arrangement of
surface sunspots, known as Hale’s polarity law), they dobndt up at the surface of the Sun -
hence the surprise. The poloidal components detected Graealive stars mainly consist of a sig-
nificant non-axisymmetric term with alternating patterfi®@pposite radial field polarities. Other
studies confirmed and amplified these initial results, riapgrthe presence of strong and often
dominant toroidal fields at photospheric level (e.g., Danstet al. 2008b), even in less active stars
with longer rotation periods (e.d., Petit etlal. 2005) odieaspectral types (e.d., Marsden et al.
2006). A recent study focussing on main-sequence Sun-ées svith diferent rotation periods
suggests that significant surface toroidal fields are dedeshenever the rotation period is lower
than=20 d (Petit et dl. 2008a), i.ex25% shorter than the rotation period of the Sun.

ZDI observations also demonstrated that large-scale ntiagiopologies of active stars are
latitudinally sheared by surface ftirential rotation at a level comparable to that of the Sun
(Donati & Collier Cameran 1997), with the equator lapping fiole by one complete rotation cy-
cle about every 100 d (the so-called lap-time, equako@, whered( is the diference in rotation
rate between the equator and the pole). This conclusioreagvith previous results derived from
indirect tracers of dferential rotation (photometric monitoring, elg., Hall 199Differential rota-
tion displays a steep increase with earlier spectral tylg@shing values of 10 times the solar shear
or more in late F stars (Barnes etfial. 2005; Marsden|et al.;dD@@stone et al. 2008a; Donati et al.
2008d). This trend is independently confirmed from obs@watof spectral line shapes (e.g.,
Reiners 2006) and suggests that F stars with shallow CZsegrariihg very strongly from solid-
body rotation. Observations indicate that magnetic togiel remain more or less stable over
timescales ofx 20% the lap-time, suggesting thatférential rotation is responsible for most of
the observed mid-term temporal variability. Tidélleets in close binary stars apparently have very
little impact either on magnetic topologies or offeiential rotation patterns (e.g., Dunstone et al.
2008h,a) apart from maintaining a high rotation rate fohtsytstem components.

The major improvement in instrumental sensitivity broudiyt ESPaDONnS@CFHT and
NARVAL@TBL made it possible to start surveying the magnétipologies of cool stars, from
mid F to late M stars. It allowed in particular the large-schéld properties of M dwarfs to be
investigated for the first time on both sides of the full cartian threshold (presumably occurring
at spectral type M4, i.e., at a mass of 0.3§,Bardte et all 1998). Spectropolarimetric monitoring
of the rapidly rotating M4 dwarf V374 Peg revealed that tteg Bbsts a strong large-scale mostly-
poloidal, mainly axisymmetric field despite its very shoeripd (0.44 d), high activity level and
low Ro (Donati et all 2006a; Morin et al. 2008a); additional obaéipns of active mid-M dwarfs
further confirmed that dynamo processes in fully-convecdibars with masses of about 0.3 lstre
apparently very successful at generating strong poloidaldiwith simple axisymmetric configu-
rations (Morin et al. 2008b).
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Comparing to partly-convective early M dwarfs reveals tiinat transition in the large-scale
field properties is fairly sharp and located at a mass of a@auto 0.5 M, (Donati et all 2008c),
i.e., slightly above the 0.35 Mtheoretical full-convection threshold. This sharp tréinsialso co-
incides with a strong decrease in surfac@edtential rotation (with photospheric shears smaller by
a factor of 10 or more than that of the Sun) and, logicallyhvétstrong increase in the lifetime
of large-scale fields (Morin et al. 2008b). Preliminary feson very-low mass stars<(0.2 M)
suggest that the situation is even more complex, with soars siosting very strong and simple
large-scale fields (like those of mid-M dwarfs) and some thédth much weaker and complex
magnetic topologies (resembling those of early-M dwai®)servations of a larger sample are
needed to clarify the situation but the preliminary resalteady demonstrate that at least some
very-low-mass stars are capable of producing a strongdsegke axisymmetric poloidal field. This
conclusion is independently confirmed by the detection glilyi-polarised rotationally-modulated
radio emission from late M and early L dwarfs attributablértiense large-scale magnetic fields
(e.g.,.Berger et al. 2005; Berger 2006; Hallinan et al. 2QB&)ugh electron cyclotron maser in-
stability (Hallinan et al. 2008).

Figure[3 presents graphically the main results obtainedsinfthe framework of the ongo-
ing survey dort, aimed at identifying which stellar parameters mostinteol the field topology.
To make it more synthetic, the plot focusses only on a fewdjaiperties of the reconstructed
magnetic topologies, namely the reconstructed magnegimmgrdensitye (actually the integral of
B? over the stellar surface), the fractional energy dengity the poloidal field component, and
the fractional energy densityin mostly axisymmetric modes (i.e., with < £/2, mand¢ being
the order and degree of the spherical harmonic modes deggtie reconstructed field). Each
selected star is shown in the plot at a position correspantaiits mass and rotation period, with
a symbol depicting these three characteristics of the exeavlarge-scale fields, i.ee,(symbol
size),p (symbol colour) an@ (symbol shape). This plot clearly illustrates the two maamsitions

mentioned above:

— belowRo ~ 1, stars more massive than 0.5 Mucceed at producing a substantial (and some-
times even dominant) toroidal component with a mostly neisyanmetric poloidal compo-
nent;

— below 0.5 M,, stars (at least very active ones) apparently manage @etrgtrong large-scale
fields that are mostly poloidal and axisymmetric.

Long-term monitoring of large-scale magnetic topologias potentially reveal whether the
underlying dynamo processes are cyclic like in the Sun (thighfield switching its overall polarity
every 11 yr), constant or chaotic. Initial studies carri#groa decade demonstrated indeed that
both the field topologies and thefiirential rotation patterns are variable on long-timesc@ey.,
Donati et al. 2003a,b) but have failed to catch stars in tbegss of switching their global magnetic
polarities, suggesting that their dynamos (if cyclic) dé myerse much more often than that of the
Sun; similar conclusions are obtained from long-term mayinig of solar-type stars using indirect
proxies like overall brightness or chromospheric emisgmg., Hall. 2008). Very recently, first
evidence for global polarity switches was reported in aather than the Sun, namely the Jupiter-
hosting F8 star Boo (Donati et al. 2008d). During repeated spectropolarimeonitoring (see
Fig.[4), two successive polarity switchesoBoo were recorded within about 2 yr, suggesting
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Fig. 3. Basic properties of the large-scale magnetic topologiesof stars, as a function of stellar
mass and rotation rate. Symbol size indicates relative etaganergy densities, symbol colour
illustrates field configurations (blue and red for purelyotdal and purely poloidal fields respec-
tively) while symbol shape depicts the degree of axisymynefrthe poloidal field component
(decagon and stars for purely axisymmetric and purely nasyemetric poloidal fields respec-
tively). The full, dashed and dash-dot lines respectivielge where the Rossby numbRe equals
1, 0.1 and 0.01 (using convective turnover times from Kir&détepien 2007). The smallest and
largest symbols correspond to mean large-scale field shreraf 3 G and 1.5 kG respectively.
Results for stars wittvl, < 0.2 Mg, are preliminary (fromy Donati et &l. 2008b).

an activity cycle about 10 times faster than that of the Suonédi et all 2008b). Although still
fragmentary, observations already show that the poloitdtaroidal field components do not vary
in phase across the cycle period.

4.3. Benchmarking dynamo models with observations of cool stars

Observational evidence that magnetic fields of cool staganerated through dynamo processes
is very strong. As recalled above, magnetic fields are utmgsito all stars with significant outer
convection (i.e., spectral type later than mid F), and dispectroscopic estimates demonstrate
that magnetic fluxes scale up with rotation rate (and mot&ltigvith 1/Ro) until they saturate

- in agreement with what conventional dynamo theories ptedhe other option, i.e., that these
fields would be fossil remnants from a prior evolutionarygstafinds little support either from
observations or theory; while models predict fossil fietnlbé dissipated by convection (as a result
of the very high turbulent magneticftlisivity) in as little as 1000 yr (e.d., Chabrier & Kiker
2006), observations indicate that fields are very oftenligighriable (both locally and globally)
on timescales of months to decades and thus cannot reagoesitit from an evolutionary process
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Fig. 4. Large-scale magnetic topology of the F7 planet-hostingwstaoo derived with Zeeman-
Dopplerimaging in 2006 June (left panel, from Catala et@D7b), 2007 June (middle panel, from
Donati et all 2008d) and 2008 June (right panel, from Dortal|€2008b, Fares et al, in prepara-
tion). Plotting conventions are as in FIg. 2. Both poloidafldoroidal fields globally switched
polarities between successive epochs.

that ended at least tens of Myr before. Magnetic field measenés on cool stars thus bring, at first
order, strong and independent support to generic dynameisiod

Dynamo models have undergone considerable progress intrngears; mean-field models are
now implementing more physics (e.g., the presence of arfac layer or thef@ect of meridional
circulation| Parker 1993; Dikpati & Charbonneau 1999) whlirect numerical simulations are now
able to reach strongly turbulent regimes capable of pradypicitense mean magnetic fields (e.qg.,
Brun et al. 2004; Browning 2008). However, despite such pmsg there is still a large number
of open questions, some of them concerning the very basisighyf dynamo processes, e.g.,
the identification of the primary mechanism through which targe-scale poloidal component
is regenerated (Charbonngau 2005). Above all, dynamo madel almost completely tailored
for the Sun, with all model parameters finely tuned to repoedsolar observations as well as
possible; checking them against observations of othes aiitin diferent masses and rotation rates
in particular is a mandatory validation test that they yetehto undergo. The growing body of
published results on large-scale magnetic topologies of stars should provide the opportunity



J.-F. Donati and J.D. Landstreet: Magnetic fields of nonedegate stars 19

for doing this in the near future. Meanwhile, we will sumnzarhere the main topics on which the
recent results provide new insight into dynamo processes.

The presence of toroidal fields at the surface of partly-eotive stars wittRo < 1 is undoubt-
edly a surprising discovery, leading some to conclude thraticho processes in very active stars
must be operating either throughout the whole CZ or at thg kst within a subphotospheric
layer (e.g., Donati & Collier Cameron 1997; Donati etial. 99Bonalil 2003) rather than just at
the base of the CZ (as usually assumed in conventional dytia@ooies). Interestingly, a similar
idea - a distributed dynamo shaped by near-surface sheas regantly invoked and investigated
theoretically in the particular case of the Sun as an alte¢o conventional interface dynamo
models|(Brandenbutg 2005); in particular, this new modelmatentially solve a number of long-
standing issues (e.g., the large number of toroidal fluxsh@ibduced by interface dynamos) if
further validated by new simulations. Very recent speaitapmetric observations of the Sun with
the HINODE spacecraft revealed that the quiet inter-nétwegions (i.e., the inner regions of
supergranular cells of the quiet Sun) are pervaded by gahsnainly-horizontal magnetic flux
(Lites et al. 2008) possibly generated by a near-surfacampn(Schiissler & Vogler 2008), giv-
ing still further support for a non-conventional distribdtandor near-surface dynamo in the Sun.
Admittedly, surface toroidal fields detected in cool acstars are more stable than those seen on
the Sun and participate to the large-scale field; they coonaewer share a similar origin and scale
up in strength and size with/Ro, being only visible at low ZDI-like spatial resolutions fstars
with Ro < 1. In turn, this may suggest that the newly-discovered loatil fields of the Sun also
participate to the activity cycle.

Despite their high level of activity, fully-convective staobviously lack the interface layer
where dynamo processes presumably operate; understathe@ingnagnetism thus represents a
major challenge for theoreticians. A wide range of predit$i has been made about the kind
of fields that such dynamos can produce; while early stugiesidate that they generate small-
scale fields only/(Durney etlal. 1993), newer models find thay tan potentially trigger purely
non-axisymmetric large-scale fields (Kiiker & Rudiger 99€habrier & Kilker 2006) with CZ's
rotating as solid bodies (Kuker & Rudiger 1997). The latéstutations show that axisymmetric
poloidal fields can also be produced with significarffediential rotation/(Dobler et &l. 2006), but
that toroidal fields are usually dominant andfeliential rotation rather weak wheneRg is low
enough!(Browning 2008). In this context, the recent discpyEom both spectropolarimetry and
radio observations) that fully-convective stars are ablgeénerate strong and simple large-scale
mostly-axisymmetric poloidal fields while rotating almas solid bodies (Donati etlal. 2006a;
Morin et al.. 2008a,b) is very unexpected and hard to recemdgih any of the existing models.

The first results of the spectropolarimetric survey indidagat the sharp transition in the large-
scale magnetic topologies and surfac@edential rotation of M dwarfs more or less occurs where
the internal structure of the star drastically changes misiss (the inner radiative zone shrinking in
radius from 0.5R, to virtually nothing wherM, decreases from 0.5 Mo 0.4 M,, Bardfe et al.
1998 Siess et al. 2000). Itis also worthwhile noting thagy4duminosities of M dwarfs (relative to
their bolometric luminosities) are roughly equal (at saniko) on both sides of the full-convection
threshold, while the strengths of their large-scale fie&gdre a clear discontinuity (at a mass of
about 0.4 M, [Donati et all 2008c). All this suggests that dynamo praegbecome much more

efficient at producing large-scale mainly-axisymmetric pdédifields essentially as a response to
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the rapid growth in convective depths with decreasingatetiasses; this is qualitatively compati-
ble with the idea that the geometry of the CZ may control thellaf dynamo wave that a cosmic
body can excite (Goudard & Dormy 2008).

The first detection of global magnetic polarity switches istar other than the Sun is a major
first step towards a better understanding of activity cyofdew-mass stars. Looking at, e.g., how
cycle periods vary with stellar mass and rotation rate, av poloidal and toroidal fields fluctu-
ate with time across the cycle period, should ultimatelyestwhat physical processes mostly
control the cycle. Results using a Babcock-Leighton fluxigport dynamo model on the Sun
(Dikpati & Charbonneau 1999) suggest that meridional ¢atbon is a crucial parameter; while
meridional circulation is dficult to estimate directly in stars other than the Sun, itati@h to ro-
tation and diferential rotation can potentially be tracked back from hgele periods vary with
stellar parameters. The geometry of the CZ is potentiadly ahportant (Goudard & Dorniy 2008).

4.4. Magnetic braking and coronal structure of low-mass stars

As mentioned above, the main impact of magnetic fields onrltags stars is to generate extended
outer atmospheres including in particular MK coronae angmetised winds; these magnetised
winds, as well as the frequent ejection of massive corormahprences trapped in large-scale mag-
netic loops (e.g., Collier Cameron & Robinson 1989; Dongdile2000), are usually invoked as
the main mechanism by which low-mass stdfgntly lose their angular momentum and rapidly
spin down on the early main sequence. Most constraints orfdsistars are spinning down as they
age come from empirical modelling of distributions of, ergtation periods in young open clusters
of various ages (e.d., Bouvier 2007), or activity levels hnel broadening at various ages or verti-
cal distances from the Galactic plane (e.9., Delfosse|49818; West et al. 2003; Reiners & Basri
2008). Results indicate that low-mass stars typically slwwn in a timescale of about 100 Myr
down to about 0.4 I; very-low-mass fully-convective stars spin down 10 timeseslowly, with
brown dwarfs having spin-down times that continue to insee@s mass decreases. This modelling
however tells us little about how exactly angular momentsifost and why stars suddenly start to
lose much less angular momentum once they get fully-comesct

Modelling coronal structures of cool stars other than the Swa promising option to address
thisissue. This is performed by extrapolating large-ssatéace magnetic topologies obtained with
ZDI up to the corona, assuming the field is current-free (Sardine et al. 2002a); field lines are
also forced to open (e.g., under the coronal pressure) atea gistance above the stellar surface
from which the field is radial (e.g., simulating the base & #ind), with the radial extent, tem-
perature and density of the corona being used as free modehpters.(Jardine etlal. 2002b). The
free model parameters can be derived by matching modelqtieu to X-ray emission measures
and their rotational modulation whenever available; thiglelling suggests for instance that X-ray
emitting coronae of cool stars concentrate fairly closéhtodtellar surface (Hussain etlal. 2007).
Applying standard wind models to open field lines derivedrfrauch three-dimensional magnetic
mapping can potentially predict angular momentum losseagctt spectral type and thus determine
whether the drastic change in large-scale magnetic topsdagported to occur at very-low masses
can account for the coincidental 10-fold increase of sgivwwadtimes.
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5. Magnetic fields of intermediate- and high-mass stars
5.1. General properties of upper-main sequence magnetic stars

In contrast to the low-mass stars discussed previoushinteemediate-mass (from 1.5 to 8\
and high-mass (above 84YIstars have relatively quiescent envelopes, with at malserahallow
CZs (near the surface where H, He or*He partially ionised). Instead these stars have strong
convection in the core where nuclear energy is produced. Assnncreases, stellar luminosity
grows very rapidly while main sequence lifetime shrinkg {AsGyr for 2 M, 100 Myr for 5 M,

and 10 Myr for about 17 M). Unlike their low-mass counterparts, higher-mass stnd to rotate
rapidly, i.e., at rotation rates of more than 20% of the caitispeed (the rotation rate at which the
equatorial velocity equals the Keplerian velocity). Imediate-mass stars generally appear to have
almost no mass loss, while massive stars usually lose massrésult of their intense outflowing
radiation field) at such a rate that their subsequent ewlusi significantly modified.

Up to now, magnetic fields have only been found among a smalbrity of higher-mass stars.
For intermediate-mass stars, Babcock’s initial disco@abcock 1947) of a magnetic field in
a star with fairly narrow spectral lines and peculiar atniesjt abundances (belonging to the
small subgroup of stars called “peculiafBR or Ap/Bp stars) has ultimately led to the empirical
demonstration that all stars of the &Bp class host detectable magnetic fields; in contrast, trere
no well-established cases of other intermediate-masswitr fields. These magnetic App stars
constitute a few percent of all intermediate-mass maintsacge stars of similar spectral types. In
more massive stars, a number of field detections have rgdeaeh reported, for example in a few
(mostly massive) young Herbig Age stars and early B and O stars, all showing marginal or no
signs of chemical peculiarities. These fields are similasine and structure to those found in the

Ap/Bp stars and probably represent a higher-mass continuzittbe same magnetic phenomenon.

In contrast to those of low-mass stars, the magnetic fielitgefmediate- and high-mass stars
often have simple large-scale topologies and exhibit &llyuno intrinsic variability even on time-
scales of decades. Furthermore, the observed field stiedgtinot scale up with rotation rates;
some of the largest fields occur in stars with rotation periotimonths or years. From the posi-
tions of ApBp stars with accurate parallaxes and temperatures in thizdpeung-Russell (HR)
diagram, and from their location essentially on the isonksof open clusters, it is clear that mag-
netic ApBp stars are very similar in bulk structure to normal A and &stand their striking
abundance anomalies seem to be primarily a near-surféeet.eMore on general properties of
magnetic ApBp stars can be found in Landstieet (1992).

5.2. Magnetic fields measurements in intermediate- and high-mass stars

The fields of middle and upper main sequence stars, and theeimpin sequence precursors, are
mostly detected through circular spectropolarimetry,clihieveals (as in lower-mass stars) the
presence of the Zeemaffect in spectral lines. In addition, some of these stars hafficigntly
large fields and dficiently small projected rotation velocities that Zeemalittapg is visible di-
rectly in the intensity (Stokel§ spectrum. The result of a measurement of circular poléoisas
usually described by deducing the mean longitudinal figldtypical values vary over about two
orders of magnitude from one star to another, between al@uiGland 10 kG; when Zeeman
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splitting is visible, the resulting mean surface field irdities Bs range from about 2 to 30 kG.
Additional information on the orientation of transversegnatic fields in ApBp stars is also avail-
able through broad-band linear polarisation measurenfergs Leroy 1995, see also SEL. 3).

The observed fields are usually (though not always) peradigivariable, as a result of a non-
axisymmetric magnetic geometry (about the rotation ax#&syied around the star by rotation.
Among the magnetic stars that show the specific chemicaldd@noe anomalies of ABp stars,
unpolarised spectral lines are often also variable wittstirae rotation period, indicating an inho-
mogeneous distribution of chemical elements over theastelirface. This in turn usually leads to
small periodic photometric variations. More massive sgdse show magnetic and spectrum (and
sometimes even photometric) variability; their spectruamiability however shows up mainly in
lines formed at the base of the wind, indicating that the §i@lfimassive stars impact their winds
rather than their near-surface distribution of chemicairednts (as in AfBp stars).

The observed temporal variations Bf (as well as ofBs and broad-band linear polarisation
whenever available) are usually compatible with dipoleaw-brder multipole fields inclined to
the rotation axis (the oblique rotator model mentioned io.8§ leading early studies to conclude
that large-scale magnetic fields of /Bp stars are globally simple (e.g., Landstreet 1982; Lleroy
1995] Bagnulo et al. 1996). Although rough, this modellingyides a simple way of characterising
the very-large-scale geometries and strengths of madielts in early-type stars; in particular, it
enabled to demonstrate that magnetic Ap stars with rotatoiods of a month or less tend to have
magnetic fields perpendicular to their rotation axis, whilagnetic Ap stars with longer rotation
periods tend to align their fields on the rotation axis (Larett & Mathys 2000). More recently,
similar modelling applied to a survey of weak-field /8p stars established that their large-scale
fields always have a minimum strength of about 300 G at thase(fAuriere et al. 2007); this min-
imum field, roughly equal to the thermal equipartition fielddp/Bp stars, is apparently necessary
to lead to the chemical patterns and spectrum variabilithefAyBp stars. Complete time-series
of StokesV profiles (as well as Stoked andU profiles whenever available) of magnetic/Bp
stars collected over full rotational cycles (elg., Wadd.22@00) show that these stars also fea-
ture a significant amount of medium-scale magnetic stresttirat are not properly described with
the simple descriptions first used (elg., Bagnulo et al. [p@01 that can be mapped using more
sophisticated tomographic imaging tools (e.g., Kochukétoal. 2004; Donati et dl. 2006c¢).

Efforts have been made to study empirically the evolution ofmeéigm with time through the
(rather long) main sequence phase iryByp stars. For nearby field stars, for which the magnetic
fields are often well characterised, this is done by usindHRediagram positions with computed
stellar evolution tracks to deduce the ages and fractiontbheinain sequence lifetime elapsed
for many individual stars, which are then studied as an ebkein search for correlations and
trends. The main diculty with this method is that it requires highly optimis{iand probably
unrealistic) assumptions about the uncertaintiesiiective temperature and mass, and about the
appropriateness of using specific sets of evolutionarksréar given bulk chemistries, in order to
derive usefully accurate ages for stars. Although variauba@s have claimed to obtain definite
conclusions using this method, it is not at all clear thahsesults are meaningful.

Attention has therefore shifted to studying magnetic staopen clusters, a possibility which
has only recently opened up with advances in spectropodanrNo suitable sample of magnetic
cluster members existed, and so a large survey was reqlidegmh(lo et al. 2006), which has re-
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vealed more than 80 magnetic cluster members for which thisfége now roughly characterised.
Ages for these stars are determined within ake8@%, making it possible to discern clearly that
both fields and magnetic fluxes in Ap stars in the range of 2 to 5 Mdecline by a factor of
several during their main sequence evolution, with mucthefdecline taking place early in the
main sequence phase (Landstreet 2t al.|2007, 2008).

Intermediate- and high-mass magnetic stars have the peitythat they generally rotate more
slowly than most normal stars of the same mass, typically fagtr of five to ten, but sometimes
by a factor of 1000 or more. Apparently, most of the extra wfsngular momentum that magnetic
stars experience (with respect to non-magnetic stars)reahuring pre-main sequence ph&es
Another bizarre and mysterious aspect of upper main segueaagnetic stars is that they are very
rarely members of close binary systems (Abt & Snowden 191#)pugh wide binaries are not
uncommon. This fact makes the slow rotation of most Ap staesenore striking; most other
slowly rotating A and B stars are members of close binaryesgst

Magnetic surveys have been carried out over hundreds ofmietdiate and massive main
sequence stars, including a significant number of normal Bnd B stars|(Landstreet 1982;
Shorlin et al. 2002; Bagnulo etlal. 2006), with typical eftvars on longitudinal fields ranging from
15 to 135 G; no fields were found in any normal stars. Field® limen sought to no avail in F, A
and B stars with other chemical peculiarities than thosédnefApBp type, such as metallic line
(Am) stars, mercury-manganese (HgMn) stars, arBloo stars|(Bohlender & Landstreet 1990;
Shorlin et all 2002; Wade etlal. 2006, with similar error bafée relative frequency of magnetic
Ap/Bp stars with respect to all main sequence stars of similasrdeops rapidly from a maximum
of about 10% around 3 Mto zero at about 1.6 M (Power et al. 2008), a fact which has so far
no explanation. In solar-type stars, fields are detected upasses of about 1.5 Msee Sed.]4)
suggesting that there is basically no magnetic stars in@wanass range above 1.5M

Recently, magnetic fields were discovered in several O arigtBastars which show little to no
chemical abundance peculiarities (compared tgBfystars). Stars in which fields were found are
relatively slow rotators and usually show periodic vadas in spectral proxies formed within their
strong radiative wind (e.g., X-ray fluxes and UVrCand Siwv lines). Detecting magnetic fields
in massive stars is much morefiitiult than in intermediate-mass ones, in spite of the apparen
brightness of some. Such stars have far fewer suitablerspbiges in the optical domain available
with current spectropolarimeters, and most of the avaléibés are either intrinsically broad (lines
of H, triplet lines of He), or quite weak (high-excitatiomdis of light elements), or contaminated
by emission. As a result, the threshold for significant d#teds substantially higher for OB stars
than for ApBp stars and only 9 reliable detections have been obtaindars6 in early B stars
(namelys Cep, ¢ Cas,t Sco,ét CMa, Par 1772 Ori, e.g., Henrichs et al. 2000; Neiner et al.
2003; Donati et al. 2006¢; Petit et al. 2008b) and 3 in O staasnelys* Ori C, HD 191612 and
£ Ori A, Donati et all 2002, 20060b; Bouret etlal. 2008).

The magnetic fields of OB stars show obvious similarity wita well-known ones of the mag-
netic ApBp stars; in particular, they are rather simple topolodyc@xcept in the young B star
7 Sco where the field is significantly more complex than usuahdi et al| 2006c, see Figl 5)
with global field strengths of some hundreds or thousands; gfe@odic modulation of spectral

2 Rare cases have been reported of magnetic Ap stars chaagtipn period by an observable amount in
recent years (e.d., Pyper eilal. 1998) through a mechangnisthot yet clearly understood.
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Fig. 5. Large-scale magnetic topology of the young early B st&co derived with ZDI (left panel)
from a time series of circular polarisation (Stok€sZeeman signatures covering the whole rota-
tion cycle (right panel). The reconstructed magnetic fisldelatively complex (by the standards
of intermediate- and high-mass stars) and mostly poloilath panels are as Fif] 2. Note the
extremely good reproducibility of Zeeman signatures otdd at very similar phases but very dif-
ferent rotational cycles (rotation peried41 d) over a total timespan of 4 yr (from_Donati et al.
2006c¢, with new material added).

or photometric features usually correlate well with the metie field, and the relative fraction of
magnetic stars, while still uncertain, is certainly low.

Another recent discovery concerns magnetic fields of inéeliate- and high-mass stars as they
approach and land on the main-sequence. A subset of A and'8istthis situation, known as
Herbig A¢Be stars, are usually found in regions of current or very mesgar formation. Their
positions in the HR diagram place them on tracks leadinggarthin sequence or close to the main
sequence itself, and their spectra show emission linedlysu@rpreted as produced in (accretion)
disks (e.gl, Waters & Waelkens 1998). Initial studies of neg fields in Herbig ABe stars have
yielded a number of discoveries (elg., Wade et al. 2007;1&€atal! 2007z; Alecian et al. 2008a,b)
and already established in particular that only a few pdraeEHerbig AgBe stars have significant
fields whose properties are again very much like those of etagAp/Bp stars.

Since fields of most magnetic intermediate- and high-mass are phenomenologically very
similar, it is reasonable to suppose that they arise fronsthmee origin, with class-to-class dif-
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ferences being due to the seconddifgets the fields produce on stellar atmospheres, winds, and
spectra. A large-scale 4 yr survey (called “Magnetism in $ilas Stars” or MiMeS) using both
ESPaDONS@CFHT and NARVAL@TBL has just begun and shouldhattly bring a more pre-
cise observational description of early-type magneticssta

Recently, substantial fields were detected in evolvednmégiiate-mass stars ascending the red
giant branch[(Auriere et 8l. 2008). Such stars are cool amtactive enough to trigger dynamo
processes and related activity phenomena despite theirrstation, as suggested by the correla-
tion found between their X-ray luminosity and rotation \@ties (e.g., Gondoin 1999). A small
number of these giant stars are expected to be the evolafideacendants of upper main-sequence
magnetic stars and thus to show substantial fields and eetiautivity; with a rotation period of
over 300 d and a field of about 300 G, the late G giant EK Eri isljilone of them.

5.3. Dynamo versus fossil fields

As discussed in Seldl 4, the fields of low-mass main sequesicse(ahd of the Sun in particular) are
likely generated by contemporary dynamo action. Obseymatdemonstrate that these fields (and
all related activity processes) are ubiquitous to all ctemss strongly correlate with the presence of
a deep-enough outer convective zone, scale up with rotatterand vary on multiple timescales, in
gross agreement with what theory predicts. None of thesectaistics are found in upper main
sequence stars; magnetic fields are present in no more thaalbfsaction of stars, are usually
fairly simple topologically, do not strengthen with rotatirate (in fact, equally strong fields are
often observed in stars having rotation rates of days ansyeand do not evolve significantly in
timescales of many years. In addition, such stars typitelise only one or two shallow convection
zones in their envelopes, vigorous convection occurrirg within the stellar core.

Theorists have nevertheless investigated whether thenaabdields could be due to dy-
namos operating either in the fully-convective core or irhassed radiative zone, i.e., where the
basic ingredients of dynamos (turbulence and shear) aseipreDynamos in fully-convective
M dwarfs are obviously capable of producing strong axisymnimdields (Dobler et all 2006;
Browning 2008) and can presumably do the same in the core pérumain sequence stars
(Charbonneau & MacGregor 2001; MacGregor & Cassinelli 2808n et all 2005). The real dif-
ficulty is however to bring the magnetic flux to the surfacei(@hot preventing at the same time
dynamo action to operate; Charbonneau & MacGregor20010daald & Mullan 2004) and pro-
duce very simple and stable magnetic fields with similar prties to those observed in early-type
stars - in particular the non-correlation of magnetic gitea with rotation rates. The idea of a
more exotic shear dynamo operating within radiative zoriesady-type stars was also proposed
(with the radial shear stretching the field into a toroidaifiguration that the TaylgBpruit instabil-
ity eventually destabilises, Spruit 2002; MacDonald & Mwll2004; Mullan & MacDonald 2005;
Braithwaitel 2006a). Predicted fields are however still expe to scale-up with rotation rate and
exhibit temporal variability, in contradiction with obs@tions. Last but not least, fields observed
in intermediate- and high-mass stars are in most casegstramugh to prevent the field from being
sheared by dierential rotation and therefore the instability from opiexg (Auriére et al. 2007).

In this context, the original theoretical idea, i.e., tHad fields of early-type stars were gener-
ated at some earlier time in the star’s history and have tamed by magnetic self-induction ever



26 J.-F. Donati and J.D. Landstreet: Magnetic fields of negetherate stars

since (without any important current field generation tgkitace), still provides the most convinc-
ing picture. In this theory, known as the fossil field hypatisemagnetic fields from the interstellar
medium thread molecular clouds from which stars form, aedavected and amplified as clouds
collapse into protostars (see Sgk. 6 for a more detailedigden); most of the initial magnetic

flux is presumably lost (by ohmic dissipation or ambipoldfudiion, see Se€] 6) during the con-
traction process, with only the most magnetic protostaisgoable to retain a significant fraction

of their magnetic flux (e.g., Mestel 1999) and populating(8parse) class of early-type magnetic
stars. In these stars, the magnetic field cannot simply daeay through ohmic dissipation. Given
the high conductivity of their (almost fully ionised) plaammearly-type stars have typical ohmic
dissipation timescales of order 10 Gyr, i.e., considerabiger than their main sequence lifetime.
Any (highly compressed) interstellar magnetic field suingvthe whole formation process is thus
likely to be retained by the main-sequence star. Such figlkelexpected to be very nearly static,
relatively simple in structure (and even more so as stark/eycand not to scale up in strength
with rotation rate (highly magnetic early-mass protostatially having more chance of being
slow rotators, see Sdd. 6). This is in fair agreement withtweina finds in upper main sequence

stars, leading most to conclude that their magnetic field$assil fields.

The issue of whether simple fossil fields are stable remaimgekier open. Purely poloidal and
toroidal fields are known to be unstable (Tayler 1973; Writ®it 3; Braithwaite 2006b, 2007); a
mixture of both is likely necessary for stabilising a lagpale field. Recent numerical experiments
(Braithwaite & Spruit 2004; Braithwaite & Nordluhd 2006)gested that many initially unstable
global field topologies spontaneously develop such a mixadigajtoroidal field configuration
and become stable in doing so. The apparent existence ota liomit to the field strengths found in
magnetic Ap stars (Auriere etlal. 2007) may be related towéry instability; whenever the internal
field is too weak, a radial shear develops and stretches thieifit® a predominantly toroidal
and unstable configuration. The only magnetic early-type whose field is potentially subject
to this instability is the (otherwise normal and thus rapiditating) O sta Ori A (Bouret et al.
2008); future observations should reveal whether its migmendeed results from an exotic shear

dynamo capable of generating fields in radiative zones.

5.4. Diffusion, mass-loss and evolution

Magnetic fields can have variou§ects on early-type stars depending on their mass.

In magnetic ApBp stars, surface abundances are drasticafigmdint from those of normal non-
magnetic stars and obviously correlate with the preseneeagetic fields. With no convection
and weak turbulence (e.qg., large-scale horizontal motimisg frozen by the strong large-scale
magnetic field), microscopic atomicftlision cause heavy atoms to settle slowly while outward
radiative acceleration (transmitted to specific ions tigtotheir spectral lines) forces them to lev-
itate, to rise into the atmosphere and possibly even to esfram the star. Depending on the
respective strength of the two forces for each species, amigedfield orientation, atoms will accu-
mulate within (or disappear from) the photosphere, pre$iyriaading to the observed persistent
chemical anomalies and surface abundance inhomogenéities scenario fails at reproducing
quantitatively existing data of ABp stars, suggesting that it is still lacking some ingrettien
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The more luminous magnetic OB stars show little or no chehpieeuliarities, a direct conse-
quence of their much higher mass-loss rates. At about 4@i}d., spectral type B2), microscopic
diffusion can no longer compete with mass loss and no longer imdfissthe surface chemistry sig-
nificantly (e.g.| Michaud 1986); the field however is capaifleeshaping the wind by forcing the
escaping plasma to follow field lines (at least up to the Alfvadius, i.e., wherever the magnetic
energy density dominates the wind ram pressure). In thieggmwind flows from the two magnetic
hemispheres collide with each other at the magnetic equaiaduce a strong shock and generate
a corona-like environment trapped at the top of closed maglo®ps, with X-ray emitting plasma
heated to temperatures of up to 100 MK, and massive promékke clouds of cooling material
corotating with the star (Babel & Montmeile 1997b,a).

This is indeed observed in early-type magnetic stars, apdricular in those massive enough
(e.g.,6* Ori C) to power strong winds. The model provides a good matctné data whenever
detailed observations are available (Donati €t al. 200022Gagné et al. 2005). MHD numerical
simulations have been carried out for various cases, canfiyand extending the predictions of
the earlier models (ud-Doula & Owocki 2002; Owocki & ud-Dal004] Townsend et al. 2005;
ud-Doula et al. 2006; Townsend et ial. 2007; Ud-Doula gt ad&20In particular, these computa-
tions are able to reproduce the anomalously high and haray>emission of magnetic massive
stars. They also account for the presence and dynamicalt@mlof corotating prominence-like
clouds trapped within the magnetosphere of strongly magrapidly rotating Bp stars (initially
identified ino- Ori E bylLandstreet & Borra 1978); in this respect, the susadgheory at repro-
ducing simultaneously magnetic field measurements alottgttve observed b and photometric
variability for o- Ori E itself is outstanding (Townsend eilal. 2007).

The slow rotation of most early-type magnetic stars (wipezt to the non-magnetic ones of
similar spectral type) - including those that are just apphing the main-sequence - is definite ev-
idence that magnetic fields have a drastic impact on the fitomaf massive stars. One possibility
is that progenitors of early-type magnetic starfesuan extra loss of angular momentum through
a wind or jet, or through interactions with their accretiosod (Stepien 2000); another promising
option is that magnetic stars collect less angular momeffitoim their parent molecular cloud dur-
ing the collapse as a result of their stronger initial maigrfix (see Se¢.]6). This latter mechanism
could also potentially explain the unusually small frantad close binaries among App stars.

Magnetic fields are also expected to impact significantlyetredution of massive stars. Due to
their strong angular rotation gradient, massive starsatenpially capable of stretchifgmplifying
their magnetic fields, reduciyguppressing their fierential rotation and modifying their evolution
(Maeder & Meynet 2003, 2004, 2005). Massive stars hostirgekacale fields strong enough to
resist the shear and freezdtdrential rotation are therefore expected to have an ever oher
viant evolution than those on which models focussed up to. Bswlution of early-type starstb
the main-sequence may be studied observationally by follpwstars of a given mass atfidirent
evolutionary stages (e.g., Donati etlal. 2006b; Bouret.c@@08); the very recent detection of un-
usually strong large-scale magnetic fields in active gightsiere et all 2008) may similarly hint
at how magnetic AfBp stars evolve on the long term. Ultimately, these same etagfields may
reappear as fields of white dwarfs, neutron stars or magnetar
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6. Magnetic fields & star formation

6.1. Quick overview of the star formation process

In the previous sections, we briefly reviewed the main prigeof magnetic stars of various
masses and the typical phenomena they are subject to, fretnbgfiore they arrive on the main
sequence and until they evolve into the giant stage; thegtrotational braking that low-mass
stars like the Sun are faring on the early-main sequence is an obvious and famousp@&a
These phenomena produce significafieets on evolutionary timescales, both in low-mass and
massive stars; however, they remain in most cases a secdaddiect, the magnetic energy of
a mature star being always a small fraction of its total epeFge situation is very dierent in

the difuse interstellar medium (ISM) and in the dense cores of giai¢cular clouds from which
stars form, where magnetic, kinetic and gravitational giesrare roughly comparable to each other
(e.g.,Troland & Heiles 1986; Crutchier 1999).

As a result of turbulence (inherited from thefdse 1SM), giant molecular clouds form clus-
ters of dense self-gravitating condensations called @ltastores (measuring about 0.1 pc across).
Dense prestellar cores are roughly critical, i.e., theissnia close to the magnetic critical mass
Mo = ®/21 VG at which the magnetic and gravitational energies are equah@G being respec-
tively the core magnetic flux and the gravitation constaBiipercritical dense cores start collapsing
while subcritical cores may become supercritical througbipolar difusion (i.e., with neutral gas
and dust contracting through the field lines and the ions,Blguschovias & Spitzer 1976). A ro-
tating accretion disc (hundreds to thousands of AU in sigdpimed within an accretion shock,
usually triggering a powerful magnetocentrifugally driview-velocity molecular outflow (e.g.,
Snell et all 1980). A protostar progressively forms at thetreeof the accretion disc and is often
associated with a magnetically-collimated jet-like higdlecity outflow from the innermost disc
regions. Almost all the magnetic flux and angular momentutialty present in the dense core at
the beginning of the collapse is eventually dissipated]emmiost of the initial cloud mass returns
to the difuse ISM (e.g., Mestel 1999).

Low-mass star formation is understood best, especialljénlater formation stages; at this
time (a few Myr after the collapse started), the central gstatr (called a classical T Tauri star or
CcTTS) hosts a large-scale magnetic field strong enough tapmtishe inner accretion disc (e.g.,
Camenzind 1990; Konigl 1991), and to generate a centra taidout 0.2 AU across). Accretion
from the inner disc rim to the surface of the protostar prdsebrough discrete magnetic funnels
or veils until the disc finally dissipates at an age~dfo Myr, with the staidisc magnetospheric
interaction apparently forcing the star into slow rotat{@awards et &l. 1993; Rebull etial. 2006).
Before it dissipates, the accretion disc may also form gtan&hile some phenomena are likely
common to the formation of low- and high-mass stars (e.g.ptiesence of molecular outflows),
some significant dierences are expected; for instance, massive stars prelsufoab in dense
clusters of highly-turbulent cores, growing quickly in mamnd initiating nuclear burning while
still accreting, with radiation pressure and photoionisathaving powerful feedbackfects on
the formation process. Our present understanding of highsrformation is only fragmentary and
poorly constrained by observations (e.g., Zinnecker & ¥32R0Y).
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6.2. Magnetic properties of dense cores, accretion discs and protostars

Direct magnetic measurements constraining models of etandtion are dficult and rare. For
the moment, they mostly concern only three stages of thedtiom process: the dense cores of
molecular clouds, the protostellar accretion discs and THeSs.

As for stars, the Zeematrfect is the only available technique for measuring directhgmetic
fields in molecular clouds. From circular polarisation situres in atomic or molecular lines at
radio frequencies (typically i OH and CN lines, e.g., Troland & Heiles 1986; Crutcher 1999;
Crutcher et al. 2008), one can derive an estimate of the ntiaghex within the cloud with an
expression very similar to Ef] 7, yielding accuracies onlengitudinal field component of order
a fewuG for lines like the 1420 MHz (21 cm) Hiine or the 1667 MHz (18 cm) OH line. Linearly
polarised thermal emission from elongated dust grainh(tkieir short axis usually aligned along
field lines) can also be used to probe the magnetic field mdéoglan molecular clouds and pro-
vide an indirect estimate of its strength (from estimatassamall-scale randomness of orientation,
Chandrasekhar & Ferni 1953; Houde 2004).

Observations are howeverflicult and results remain sparse, in particular in the darkatlo
cores that presumably probe best the very early stages i@ ftrmation. Actual Zeeman de-
tections are obtained in only about 2 dozen clouds (Crutt888; Troland & Crutcher 2008).
Moreover, only the longitudinal component of the field ised¢d, implying that the derived mass-
to-flux ratio (characterising whether or not the cloud is metgcally critical) is overestimated; a sta-
tistical correction is possible for a large sample of clowith random magnetic orientations. The
resultis that dense cores are on average only slightly stipieal with mass-to-flux ratios of about
2, confirming that magnetic fields are energetically imputria star formation. Magnetic maps
derived from linearly polarised emission indicate that thagnetic field lines are rather regular
(with only limited small-scale orientation dispersion)ggesting that the cloud cores are roughly
critical, in agreement with Zeeman measurements; theysalstetimes show a conspicuous hour-
glass morphology (e.d., Girart et al. 2006), indicating thea bending of field lines may provide
extra support to the cloud and delay its collapse. Averaggetic strengths in clouds are observed
to scale up with number densitiesasn®*” above densities of about 1@m2 (Troland & Heiles
1986;| Crutcher 1999), providing evidence that the cloudremtion is not spherical and signifi-
cantly influenced by the field. A very recent study, explotiogy the mass-to-flux ratio varies from
the core to the envelope of the cloud, suggests that theapeéd significantly more supercritical
than the core (Crutcher etlal. 2008).

Magnetic fields are also detected in protostellar accratiscs, i.e., at a later stage of the for-
mation process. Masers fromfidirent species (usually OH,;B, methanol) commonly occur in
association with high-mass protostellar objects and avaght to trace the surrounding circum-
stellar discs and associated outflows. Polarisation measnts indicate the presence of magnetic
fields of order a few mG at typical distances of 1000 AU fromdbatral object; magnetic intensi-
ties again scale with number densitiesd$’ (extrapolating the relation derived from cloud cores
to densities of up to Tocm™3, [Vlemmings 2008) suggesting that the field is still partlypkzd
to the gas at these more evolved phases of the collapse. \m préperly oriented (i.e., edge-on)
objects, the longitudinal magnetic field derived from Zearsignatures switches sign on opposite
sides of the object, possibly suggesting a disc magnetid fiith a mostly toroidal orientation
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Fig. 6. Unpolarised and circularly polarised profiles of the prégtiar accretion disc FU Orilop
panel observed Stokek profile (solid line) and model profiles assuming either a k€eph disc
(dash-dot line) or a non-Keplerian disc (with 20% of the piagotating at strongly sub-Keplerian
velocities, dashed lineBottom panel: observed Zeeman signature (top curve) split into its anti-
symmetric and symmetric components (middle and bottomesyrshifted by-4 and—8 x 107%)
respectively characterising the vertical and azimuth#&@yammetric magnetic fields. The model
(dashed line) requires the slowly rotating disc plasma t&t ol kG vertical field plus a 0.5 kG
azimuthal field (from_Donati et &l. 2005).

(e.g.,Hutawarakorn & Cohgn 2005). Paleomagnetic recooas eteorites suggest typical mag-
netic strengths of 0.1-10 G at a distance of a few AU for lowssiarotostars; with their randomly

organised magnetisations, chondrules (whose parentbadidelieved to originate in the asteroid
belt) are indeed thought to record magnetic fields that peeatzcretion (e.gl., Shu et al. 2007).

A strong magnetic field was recently detected using optpatsopolarimetry in the innermost
regions of an accretion disc around a low mass protostar (FlDOnati et al| 2005) in a suppos-
edly early cTTS stage (with an age of about 6). The detected field has a strength of about 1 kG
at a distance of only 0.05 AU (where the number density isregtd to be 18 cm~3) and is found
to concentrate in the20% of the disc plasma that rotates at strongly sub-Kepleréocities.
From the shape of the Zeeman signature, the orientatioreafitignetic field of FU Ori (assumed
axisymmetric given the low level of rotational modulatiég¥ound to be mainly perpendicular to
the disc plane and to include a smaller azimuthal comporseetFiglb).



J.-F. Donati and J.D. Landstreet: Magnetic fields of nonedegate stars 31

Among all protostellar objects, cTTSs are those on which axehmost information thanks to
their visibility at optical wavelengths. In particular, greetic fields of cTTSs are well documented,
in comparison with those of cloud cores and accretion dideginetic fields with typical strengths
of 1-3 kG are measured at the surfaces of most cTTSs from Zebmadening of (mostly nIR)
unpolarised line profiles (e.q., Johns-Krull et al. 199%nk-Krull 20017). These magnetic inten-
sities are often much larger than thermal equipartitioninagery active cool dwarfs. Magnetic
strengths are found to correlate poorly with predictiommrfrcurrent magnetospheric accretion
models in which fields are assumed to disrupt the inner regibthe accretion disc and to ensure
approximate corotation between the inner disc rim and teltastsurfacel(Johns-Krull 2007); this
discrepancy is however not surprising, Zeeman broadenatgods being sensitive to small-scale
fields whereas predictions of magnetospheric accretioreflsadncern the large-scale field.

Large-scale magnetic fields are also detected with spedmometry. Circularly polarised
Zeeman signatures from emission lines (e.g., tha Be line at 587.6 nm, or the Ca infrared
triplet at 850 nm) probe magnetic fields at the footpointshef accretion funnels linking the star
to the inner disc rim (e.d., Johns-Krull et al. 1999a; Val&niohns-Krulll2004] Symington et al.
2005), whereas Stokas signatures from photospheric lines trace the large-scalgnetic fields
permeating the non-accreting fraction of the stellar sirfdonati et al. 2007). Average longitu-
dinal fields from accreting regions typically reach sevé@land display a smooth and simple
rotational modulation, suggesting a simple large-scalgmatic geometry; however, longitudinal
fields from the quiet photosphere rarely exceed a few hun@rasldeduced from complex Zeeman
signatures, and apparently trace a more tangled parenloppdviodelling Zeeman signatures
from photospheric lines and accretion proxies simultasgowhenever available) reveals that the
large-scale field is indeed significantly more complex thalipale (e.g., see Fifl]l 7) and includes
in particular a strong octupole component (Donati €t al.72@008a). In the 2 cTTSs for which a
magnetic map has been published (namely the L, &Ml 0.7 M, cTTSs V2129 Oph and BP Tau),
the dipole component of the large-scale field is much weakemnwhe star is not fully convective,
as in main-sequence M dwarfs (Morin etlal. 2008b; Donati €2@08¢).

Extrapolating the large-scale magnetic maps of cTTSs tavti@de magnetosphere allows to
estimate the typical distance at which a protostar magaiticonnects to its accretion disc, and
to provide independent constraints on where the inner @ieordisc rim is located. Producing
high-latitude accretions spots in a magnetic topology wittominant octupolar field at the stellar
surface requires the disc plasma to be injected into the atagphere from a distant region where
the dipole field dominates, i.e., at distances of at leaR} %or 0.06 AU) in the particular case
of the partly convective cTTS V2129 Oph_(Donati et al. 20Gtdihe et al. 2008; Gregory etlal.
2008; Mohanty & Shu 2008). This result agrees with indepatéstimates of magnetospheric gap
sizes from nIR interferometry (e.q., Pinte et al. 2008).

Information on how magnetic topologies depend on the furetdal parameters of the accret-
ing protostar (in particular mass, rotation rate and ageyelsas on the accretion and outflow
properties is still lacking and requires a detailed studyadarge enough sample of cTTSs; this
is the aim of the Large Program called Magnetic ProtostatisRianets (MaPP) recently initiated
using ESPaDONS@CFHT and NARVAL@TBL. Little informationtyexists on magnetospheric
accretion processes of more massive protostars (for icsthe Herbig A@Be stars); while indirect
proxies suggest that similar processes may also be at warkhah magnetic fields could also be
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Fig. 7. Magnetosphere of the cTTS V2129 Oph, extrapolated from diniace magnetic map de-

rived from spectropolarimetry of both photospheric linesl accretion proxies. Open and closed
field lines are shown in blue and white respectively, whiléoacs at the surface of the star de-
pict the radial field component, with red and blue corresprogntb positive and negative polarities

(from|Donati et al. 2007; Jardine et al. 2008).

involved in at least a small fraction of massive stars (¢hg.JUX Ori-type objects, Muzerolle etlal.
2004), conclusive and direct evidence such as that avaifabcTTSs is still lacking.

6.3. Magnetised collapse of molecular clouds

Until recently, star formation was more or less understooithé framework of the standard mag-
netic model, where magnetic fields control the formation ewalution of molecular clouds - in-
cluding the formation of cores and their gravitational ape to form protostars (e.g., Mouschaovias
1987;/Shu et al. 1987; Basu 1997; Li & Shu 1997). In this modeltral gas and dust contract
gravitationally through the field and the ions (by ambipdi#iusion), triggering the collapse (when
the core becomes supercritical) and leaving most of the etagfiux behind in the envelope.
However, in recent years a new picture has been proposegestirgg that turbulence (rather than
magnetic fields) controls the formation of clouds and coees.{ Padoan & Nordlund 2002) - with
clouds forming at the intersection of turbulent supersdioies in the ISM and locally collapsing
into cores and protostars wherever dense enough to bersgifading; in this model, magnetic
fields (while potentially present) are too weak to be endécghy important.
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The observed scaling law for magnetic strengths with rdsgedensities B o« n%4/, e.g.,
Crutcher 1999) better agrees with analytical ambipol#iudion models (e.gl., Li & Shu 1997;
Basul 1997); however, the mass distribution of prestellaesohat the standard model predicts
does not match observations (e.g., André et al. 2008).&\thd magnetic paradigm implies longer
cloud core lifetimes than the turbulent paradigm, they arth oughly compatible with obser-
vations (indicating intermediate core lifetimes of a fewdffall times, e.gl, André etlal. 2008).
The very tangled field topologies that the turbulence modedligts in cloud cores mostly con-
tradicts observations, field lines being rather regulahwrited small-scale orientation disper-
sion; the very recent result suggesting that dark coresesedupercritical than their envelopes
(Crutcher et al. 2008) would however challenge the standegnetic picture if confirmed. Given
these constraints, theoreticians are now exploring newetsdad which both magnetic fields and
turbulence play a significant role in the formation of clowdes (e.g!l, André et al. 2008).

The detection of molecular outflows and collimated jets frpnotostellar objects (e.qg.,
Snell et all 1980) indirectly demonstrates that magnetidgiactively participate in the subsequent
phase of the cloud collapse. Magnetocentrifugal model®weoposed soon after as a tentative
explanation; in these models, the collapsing cloud pinelmelstwists the primeval field into an he-
lical magnetic structure venyfiicient at firing outflows and jets (thanks to the magnetockenai
force andor the toroidal magnetic pressure, €.g., Pudritz & Norma8tigerreira 1997). Detailed
simulations have been carried out in recent years primémillow-mass stars (e.q., Machida et al.
2004, Banerjee & Pudritz 2005; Hennebelle & Fromang 2008tdvek Lil2008), and in a few
cases for massive stars as well (e.g., Banerjee & PudritZ)2@Wstly using numerical techniques
such as adaptive mesh refinement or nested grids to moderbyrdipe wide range of spatial scales
and densities involved in the computations. The formatieps include the isothermal collapse
of the cloud core into a flattened structure (the accretisn)dip to the formation of an adiabatic
core (the first core), the adiabatic collapse within the &isst, a second isothermal collapse occur-
ring within the first core (triggered by the dissociation oblecular hydrogen) and the formation
of a second core (the protostar itself). Collapse simutatiare able to reproduce both the large-
scale low-velocity outflows (from the outer cloud regionsjldhe highly-collimated high-velocity
jet (from the innermost cloud regions) that observationsspicuously show (Banerjee & Pudritz
2006; Pudritz et al. 2007; Hennebelle & Fromang 2008; Mazlkitall 2008a).

Observations unambiguously show that most of the angulanrentum (and magnetic flux) ini-
tially present in the cloud core is dissipated in the cokggsesumably by magneti¢fects (e.g.,
Mestell 1990; Machida et al. 2007). Simulations indicaté, thoa slightly supercritical clouds, the
magnetic collapse occurs primarily along the field lineskimg the collapsing envelope denser
and flatter than in the non-magnetic case; moreover, noiftagaly supported disc is apparently
able to form (less angular momentum being delivered to theriparts and significant angular
momentum being expelled through magnetic braking, Henteekd-romang 2008; Mellon & Li
2008). The detection of magnetised plasma rotating at glyamub-Keplerian velocities in the in-
nermost regions of FU Ori_(Donati etlal. 2005) may be evidehaethis is indeed what happens.
Simulations further suggest that clouds with higher magrieids may form first cores (and pre-
sumably protostars as well) containing less angular moume¢.g., Hennebelle & Fromang 2008)
and are less prone to fragmentation (e.g., Machidalet aBt2Mennebelle & Teyssier 2008).
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The magnetic field detected in FU Ori corresponds to magifleties of order a few hun-
dred G (1 kG threading about 20% of the disc, Donati et al. R@@3ypical number densities
of 107 cm3, in surprisingly good agreement with tiB o« n®4’ power law derived from mag-
netic clouds. If confirmed, this result suggests that magrfietxes can potentially survive at
densities much higher than initially predicted; in partaozuthis would indicate that yet uniden-
tified ionisation mechanisms may operate within protoateltcretion discs (e.g., Shu et al. 2007).
The field orientation in FU Ori (compatible with predictiom$ MHD collapse simulations,
Ferreiral 1997, Banerjee & Pudritz 2006, but not with discayno models, Brandenburg et al.
1995;| von Rekowski et al. 2003) further suggests that fiefdsratostellar accretion discs are of
primordial origin.

The role of magnetic fields in the formation of massive stsdill poorly documented, with lit-
tle direct observations and few numerical simulations efrifagnetic collapse yet available (e.g.,
Vlemmings 2008; Banerjee & Pudritz 2007). Observationstdrmediate- and high-mass mag-
netic stars on and immediately before the main sequencesitedihat these stars rotate much more
slowly and form close binaries much more rarely than their-nagnetic equivalents, a likely result
of a different formation process (see 9dc. 5). This is qualitatsietjlar to what magnetic collapse
simulations predict for low-mass stars, with clouds havarger initial magnetic fluxes forming in
average firgsecond cores rotating slower and being more often single fdachida et al. 2008b;
Hennebelle & Fromang 2008; Hennebelle & Teyssier 2008} fidwever unclear yet how much
of this can be extrapolated to more massive stars.

6.4. Magnetospheric accretion, angular momentum regulation and protoplanet formation

Once formed at the end of the second collapse, low-massgtaoschost strong large-scale mag-
netic fields whose origin, though not fully clear yet, is likattributable to dynamo processes. Any
fossil field that survived the collapse is indeed unlikelgtiovive (for more than typically 1,000 yr,
e.g./ Chabrier & Kiikér 2006) the fully convective phasd tba-mass stars undergo. The topologi-
cal similarity of cTTSs large-scale fields with those of magguence M dwarfs further strengthens
this conclusion. Moreover, the lack of large-scale magrfaids in most intermediate-mass pro-
tostars (e.qg., in Herbig ABe stars, Wade et al. 2007, see also §kc. 5) is additionadmsgdthat
fossil fields from the ISM (while potentially still presemt ihe inner regions of protostellar accre-
tion discs| Donati et al. 2005) eventually perish within tqo®tostars.

These large-scale magnetic fields strongly impact the fiféld Ss by forcing them to interact
with their accretion discs; they evacuate the central digioins, connect the protostars to the inner
disc rim, confine the accreting material into discrete fusineveils and slow down the rotation rate
of the protostar (e.g., Camenzind 1990; Kdnigl 1991; Cam& Campbell 1993; Shu et al. 1994;
Bouvier et al. 2007). Several theoretical models and nuraksimulations have been proposed and
carried out to study this complex magnetospheric intevacéind attempt to reproduce observa-
tions, in particular the typical sizes of magnetospherjgsgend rotation periods of cTTSs. Initially
restricted to dipolar magnetospheries (Romanova et all; 200PRekowski & Brandenbulrg 2004;
Bessolaz et al. 2008), simulations and models now incotporre complex fields resembling
those derived from observations (e.g., Gregory et al.|ZD08g et all 2008; Mohanty & Shu 2008;
Gregory et al. 2008). Such studies are able to reproduceréisepce of accretion funnels linking
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the disc to the star and of accretion spots at funnel footppivhose locations and geometries are
found to depend strongly on the inclination of the magneiesp with respect to the rotation axis
of both the disc and the protostar (elg., Romanovalet all,2Z@B1) as well as on the large-scale
topology of the field (e.g., Gregory etlal. 2006; Long et aD&0 The size of the magnetospheric
gap is however still dficult to reconcile with observed large-scale field strengBwuvier et al.
2007; Bessolaz et al. 2008; Gregory €l al. 2008) and sinaulatfail to confirm that the magnetic
torque from the accretion disc is strong enough to spin @redgiwn as observations suggest (e.g.,
Bessolaz et al. 2008); a braking contribution from an acangpowered magnetised stellar wind
may help solving the problern (Matt & Pudritz 2005).

Magnetic fields in accretion discs are also expected to itnpacformation and migration of
protoplanets. In particular, the discs fields and assatisidD turbulence can potentially inhibit
disc fragmentation through gravitational instabilitieglahe subsequent formation of giant planets
(Eroman( 2005); they can modify as well the migration ratbamgular momentum of protoplanets
(Fromang et al. 200%; Machida et al. 2006). By disrupting itiveer regions of accretion discs,
magnetic fields of cTTSs may stop the inward migration of gjdanets formed earlier in the outer
disc (which would no longer experience the gravitationafjt® from the disc once they enter
the magnetospheric gap, Romanova & Lovelace 2006); orbistances of most close-in giant
planets discovered in the last decade around main sequiams€snaller than 0.1 AU) are indeed
compatible with typical sizes of magnetospheric gaps in®3.T
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7. Conclusion

Starting from how magnetic fields of non-degenerate star$eadetected and measured and how
their large-scale topologies can be reconstructed, we hexiewed most observational results
available to date and described their implications for audtarstanding of where magnetic fields
originate and how they impact the formation and evolutiostafs at dierent ages and forfilerent
masses.

While the first detection of a magnetic field in a star (the Sua¥ obtained over a century
ago, progress in the field has been rather slow until the éagtdecades when the advent of new
techniques and instruments made it possible to unveil thgnetic fields (and particularly the
magnetic topologies) in a wide sample of stars throughoaitHR diagram. Observations have
revealed that magnetic fields strongly influence the foromatif stars and are ubiquitous to low-
mass stars like the Sun; while only present in a small fractibintermediate- and high-mass
stars, magnetic fields are nevertheless found to have ayprdfignature on their atmospheres and
winds and are able to modify their long-term evolution siigaintly. This progress has triggered a
wealth of theoretical studies involving magnetic fieldsg @nedictions from many detailed MHD
simulations can now be checked directly with observatiorslze used to devise new modelling
ideas and observational tests.

New instruments, either in construction or in design phsiseuld further boost this field of re-
search in the coming decade. The Atacama Large MillimetesyAfALMA, operational in 2011—
2013) will soon provide direct magnetic measurements ifouartypes of protostars at early for-
mation stages and down to spatial scales of about 10 AU (themks high angular resolution).
The nIR spectropolarimeter SPIRou (a nIR, high radial-e#ysaccuracy version of ESPaDONnS
and NARVAL proposed as a new CFHT instrument for impleméaiain 2015) should give the
opportunity of exploring for the first time the magnetic peofies of obscured protostellar objects
and very cool dwarfs; for protostellar accretion discs intipalar, SPIRou should be able to ac-
cess the innermost regions, thus nicely complementing etagmeasurements in the outer regions
obtained with ALMA.

These new observations, along with updated models and aiimis, should ultimately bring
a much clearer view of where stellar magnetic fields come fiaomd how they shape the birth and
life of stars and their planets.
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