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Outline
• The scope of this lecture
• Zeeman effect in stellar spectra

− Local polarised line formation
− Disk-integrated magnetic observables

• Stellar magnetic fields
− Spatial structure of different types of stellar magnetic fields
− Hot stars with fossil fields
− Cool stars with dynamo fields

• Impact on spectroscopic analyses



Zeeman effect
• Main tool to obtain direct information on stellar surface magnetic fields

− Splitting of spectral lines => high-resolution spectroscopy
− Polarization of spectral lines => spectropolarimetry (Stokes QUV parameters)

g ¼ 3
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More accurate g-factors are often provided by the same atomic structure calcula-
tions that supply transition probabilities and other line parameters. These data are
available from several astrophysical line data bases, such as VALD (Ryabchikova
et al. 2015).

As a consequence of the Zeeman splitting of energy levels, the absorption or
emission lines corresponding to the electron transitions between these levels split as
well. This is illustrated in Fig. 1 (left panel) for a spectral line arising from the
transition between the unsplit Jl ¼ 0 lower level and the upper level with Ju ¼ 1.
The selection rules permit transitions with DM ¼ 0;&1. This gives rise to the three
groups of distinct Zeeman components. Those with DM ¼ 0 are known as p
components, and the ones with DM ¼ &1 are the blue- and red-shifted r
components (denoted rr and rb). For the simplest case of the so-called normal
Zeeman triplet, as illustrated in Fig. 1, there is only one component of each type. In
general (anomalous Zeeman splitting), there can be multiple components in each
group.

The magnetic splitting of spectral lines in the linear Zeeman regime is symmetric
with respect to the unperturbed wavelength k0. The wavelength displacement of the
red r component (for a normal Zeeman triplet) or the centre-of-gravity of the group
of rr components (for anomalous Zeeman splitting) is given by:

DkB ¼ geff
eBk20

4pmec2
¼ 4:67' 10%12geffBk

2
0

ð3Þ

for the field strength in G and wavelength in nm. The parameter geff is known as the
effective Landé factor. It provides a convenient measure of the magnetic sensitivity
of a spectral line and can be calculated from the g and J values of the energy levels
involved:

Fig. 1 Left: Zeeman splitting in a magnetic field. In the absence of the field, the transition between the
upper and lower energy levels corresponds to a single spectral line. When an external field is present, the
line splits into three (p, blue- and red-shifted r) Zeeman components. Right: Polarisation properties of the
radiation emitted in the p and r components for different orientations of the magnetic field vector relative
to the line of sight. Image reproduced with permission from Kochukhov (2018), copyright by CUP
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Local line profiles

Field strength
Non-linear, 2nd order effect

Field strength and orientation
Linear, 1st order effect
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V / Blos = |B| cos ✓

Zeeman broadening Circular spectropolarimetry

Polarised RT methods
− Weak field approximation

− Analytical solution in Milne-
Eddinton atmosphere

− Detailed numerical 
polarised RT (e.g. Zeeman; 
Synmast)



  

Magnetic model

● More focused on ‘small scale’ magnetic field

– use a filling factor model, fraction of the surface f covered with magnetic 
field of strength B

– use multiple filling factors f1, f2, f3, ... for a grid of fixed B values - an 
approximate distribution of f as a function of B

Disk-integrated line profiles

Zeeman broadening

is the same. Nevertheless, the profiles differ significantly, underscoring the necessity
of applying a suitable field strength distribution in practical analyses of Stokes
I spectra of magnetic stars. At the same time, Fig. 4 also shows that changing from a
purely radial homogenous field (parallel to the line of sight at the disk centre and
perpendicular to the line of sight at the limb) to a uniform azimuthal field
(perpendicular to the observer’s line of sight and tangential to the stellar surface
across the disk) has a very small impact on the disk-integrated Stokes I profiles. For
this reason, studies interpreting M-dwarf intensity spectra cannot determine the
local field orientation and typically adopt a purely radial field.

The impact of disk integration on the Stokes V, Q, and U profiles depends
sensitively on the field orientation and degree of the field complexity. As one can
see from Eq. (5), Stokes V varies with the angle h between the field vector and the
line of sight as cos h, thus changing sign for opposite field orientations and turning
to zero at h ¼ 90! and 270!. Depending on the spatial scale of large changes in h,

(a)

(b)

(c)

Fig. 4 Disk-integrated intensity profiles (left) of the Fe I k 846.84 nm line for a uniform magnetic field
with different field strength distributions (right). a Homogeneous single-value field, b two-component
field strength distribution, and c three-component model. The mean field strength is 2 kG in all three
cases. Solid lines correspond to the theoretical spectra calculated for a uniform radial field, dashed lines
show calculations assuming a horizontal field, and dotted lines illustrate non-magnetic profiles.
Calculations are carried out for Teff ¼ 3800 K, log g ¼ 5:0 model atmosphere. All spectra are convolved

with a 5 km s"1 Gaussian kernel
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Parameters: total mean field 
strength, field strength 
distribution

Method: fitting of multiple line 
profiles with single spectra

no field
radial field
horizontal field

  

Magnetic model

● More focused on ‘small scale’ magnetic field

– use a filling factor model, fraction of the surface f covered with magnetic 
field of strength B

– use multiple filling factors f1, f2, f3, ... for a grid of fixed B values - an 
approximate distribution of f as a function of B



Disk-integrated line profiles
Circular spectropolarimetry

Parameters: vector map of global 
magnetic field

Method: inversion (ZDI) of mean 
polarization profile (LSD) time series

Cancellation of opposite polarities

the disk-integrated circular polarisation profiles may duly reveal or entirely miss
certain magnetic field configurations. Figure 5 gives an example of these different
outcomes of disk integration. The top row of this figure shows the Stokes profiles for
a configuration with a single 3 kG radial field spot located at the disk centre. In this
case, Stokes V maintains its simple S-shape morphology independently of the
projected rotational velocity ve sin i. On the other hand, the linear polarisation
amplitude is very low due to cancellation and lack of a substantial transverse field
component. The middle row shows simulated Stokes spectra for a pair of spots with
opposite polarities of 3 kG radially oriented magnetic field. These spots are
separated in longitude. The Stokes V signal is almost fully cancelled out for small
ve sin i, but increases in amplitude as the Doppler effect separates profile
contributions coming from the two spots. The disk-integrated Stokes V spectrum

for ve sin i ¼ 20 km s"1 reaches almost the same amplitude as was obtained for the
single-spot geometry and exhibits a symmetric W-shape, which could not be
produced by the Zeeman effect in a local circular polarisation profile. If the same
pair of magnetic spots is arranged along the central meridian (bottom row in Fig. 5),

Fig. 5 Signatures of simple magnetic field geometries in the disk-integrated Stokes I, V, and Q profiles of
the Fe I k 846.84 nm line. Top row: a single 3 kG radial field spot located at the disk centre. Middle row:
two 3 kG spots with opposite field polarities offset in longitude. Bottom row: two 3 kG spots with
opposite field polarities offset in latitude. Panels to the right of the spherical plots show theoretical Stokes

parameter spectra calculated for ve sin i ¼ 1, 10, and 20 km s"1. Each panel shows Stokes I (blue solid
line), V (red solid line), and Q (green solid line) profiles together with the calculation without magnetic
field (black dotted line). Polarisation spectra are shifted vertically and amplified by a factor of 5 for
Stokes V and 40 for Stokes Q. Calculations are carried out for Teff ¼ 3800 K, log g ¼ 5:0, and inclination
angle i ¼ 60!
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Main types of stellar magnetic fields
• Hot stars (mCP, early-B & O)

− Fossil magnetic field trapped in radiative zone
− Simple geometry, strong (1-10 kG), constant
− ∼10% stars are magnetic; no relation to rotation

• Cool stars (M ≲ 1.5 M⊙; FGK, early-M)
− Dynamo magnetic field in convective zone
− Complex geometry, weak (0.1-1 kG), evolving
− All stars are magnetic; stronger fields in fast rotators

• Fully-convective M dwarfs
− Dynamo field with a strong global component
− Simple/complex, intermediate-strength, slowly evolving
− Stronger fields in fast-rotating stars

+



Main types of stellar magnetic fields

+large scales small scales
k

Fi
el

d 
st

re
ng

th

hot

FGK

M-dwarfs

spectropolarimetry spectroscopy

Field geometry

st
ro

ng
w

ea
k



Magnetic fields in hot stars
Oblique rotator model

– Reproduceable variation of spectra and 
magnetic observables with rotation phase

– Resolved Zeeman splitting and consistency 
between different observables points to the  
absence of small-scale fields

– Smooth variation of magnetic observables 
suggests dipole-dominated topologies

– No relation to stellar rotation except existence 
of ultra-slow rotators



Multipolar fits of magnetic observables
• Fitting phase curves of quantities derived from line profiles (longitudinal field, 

mean field modulus, quadratic field, etc.)
• Low-order multipolar expansion or pure dipolar field

Threshold dipolar field 
strength of ∼100-300 G

No evidence of preferred 
field obliquity

Auriere et al. (2007); Sikora et al. (2019)



Zeeman Doppler imaging
• Direct modelling of intensity and polarisation in individual lines or LSD profiles
• General high-order multipolar expansion

[kG]

|B|

Br

Distorted dipolar fields are common Toroidal or complex non-dipolar fields are rare

𝛳 Aur (Kochukhov et al. 2019) HD 37776 (Kochukhov et al. 2011)36 Lyn (Oksala et al. 2017)

[kG] [kG]



Magnetic signatures in intensity spectra
mCP stars: large splitting and intensification due to kG-strength fields; large scatter 
of abundances derived from lines with different magnetic sensitivity
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Mathys & Lanz (1992)

836 O. Kochukhov et al.: Chemical stratification in the atmosphere of Ap star HD 133792

Fig. 4. Magnetic broadening of lines in the spectrum of HD 133792. In each panel observations (symbols) are compared with the theoretical spectra
computed for 〈B〉 = 0 kG (dashed line) and 〈B〉 = 1.1 kG (solid line). The leftmost panel shows the Fe  5434.52 Å line which has z = −0.10 and,
therefore, is almost insensitive to the magnetic field effects. The other panels show Fe , Cr , and Cr  lines with large effective Landé factors.

on this basis, have suggested a zero magnetic field for the star.
However, detailed magnetic spectrum synthesis calculations by
Takeda (1991) showed this interpretation to be invalid. For mag-
netic fields weaker than ≈2 kG, the diagnostic content of this
particular Fe  line pair is highly ambiguous, and, in general,
there is no correlation between the difference of the equivalent
widths of the two Fe  lines and magnetic field intensity.

With our high-quality spectra we see clear indication of
an extra broadening, invariably correlating with the magnetic
sensitivity, for many spectral lines. Examples of this are illus-
trated in Fig. 4 for several Fe and Cr lines with large Landé fac-
tors. We have carried out polarized radiative transfer calculations
with the SYNTHMAG code (Piskunov 1999) to estimate the mean
field strength. The best fit is achieved for 〈B〉 = 1.1 ± 0.1 kG,
confirming our earlier field strength measurement (Ryabchikova
et al. 2004b).

Recently Kochukhov & Bagnulo (2006) detected a marginal
positive longitudinal field of ≈120 G based on the two low-
resolution spectropolarimetric observations of HD 133792 with
FORS1 at VLT. The longitudinal field did not change sign nor
appreciably vary in strength between the two FORS1 〈Bz〉 field
measurements separated by 9 months. The large 〈B〉 to 〈Bz〉 ratio
obtained for HD 133792 hints that currently this star is observed
at the crossover phase.

5. Average abundances of HD 133792

Our line identification is based on the theoretical spectrum
calculated for the whole spectral region 3050–9000 Å using
the line extraction from VALD (Kupka et al. 1999 and refer-
ences therein) and DREAM (Biémont et al. 1999) databases.
Atomic data on the REE elements compiled in the DREAM
database were extracted via the VALD interface. Comparison
of the synthetic and observed spectra allowed us to choose the
least blended lines for the chemical abundance and stratification
analysis.

Spectral lines in HD 133792 are very sharp due to a negligi-
ble rotation and a rather small magnetic field intensity. Thus, for
most elements we have measured equivalent widths and carried
out abundance analysis with the Kurucz’s WIDTH9 code, modi-
fied by one of us (VT) to accept the line lists in the VALD output
format. Only in the case of either blended lines or lines affected
by hyperfine and/or isotopic splitting did we employ spectral
synthesis for abundance determination (Be, Mn , Mn , Eu ).

The recent experimental oscillator strengths currently in-
cluded in the VALD database were used for the following ele-
ments: Ti  (Pickering et al. 2001), Mn  (Kling & Griesmann
2000; Kling et al. 2001), Nd  (Den Hartog et al. 2004), Dy 
(Wickliffe et al. 2000). For Ce , Ce , Nd  oscillator strengths
were taken from the DREAM database (Palmeri et al. 2000;
Biémont et al. 2002; Zhang et al. 2002), while for Pr  the cal-
culations (Ryabtsev, private communication) based on the ex-
tended energy levels analysis (Wyart et al. 2006) were used.
For Eu  atomic data are taken from Lawler et al. (2001).
Abundances from the Cr , Fe , Co  lines were based on the
oscillator strengths calculated with the orthogonal operator tech-
nique (Raassen & Uylings 1998). Its advantage was discussed by
Ryabchikova et al. (2005).

Hyperfine splitting of the Mn  (Blackwell-Whitehead et al.
2005) and Mn  (Holt et al. 1999) lines was taken into account.
However, its effect was found to be negligible for Mn  lines
(≤0.04 dex) and very small for Mn  lines. For the abundance
analysis we used only Mn  lines for which experimental oscil-
lator strengths and hfs constants are available. The Co  lines are
too weak in the spectrum of HD 133792 to be influenced by hfs.

The final results of the abundance analysis assuming chem-
ical homogeneity of the HD 133792 atmosphere are presented
in Table 2. We have compared them with the atmospheric abun-
dances in another evolved, slightly cooler Ap star with a very
weak magnetic field, HD 204411 (Ryabchikova et al. 2005), and
in the solar atmosphere (Asplund et al. 2005).

The light elements Be, C, N, and O, are underabundant by
an order of magnitude in HD 133792 when compared with the
chemical composition of the solar photosphere. The UVES spec-
tra allowed us to investigate the resonance Be  lines, which are
only marginally visible in HD 133792, indicating an order of
magnitude Be deficiency. Thus, on the basis of much more ac-
curate spectroscopic observations we have confirmed the earlier
coarse assessment of a Be underabundance in the atmospheres
of 4 cool magnetic Ap stars (Gerbaldi et al. 1986), which con-
trasts with the very high Be overabundance derived for non-
magnetic hot HgMn stars (Boesgaard et al. 1982). The upper
limit for the He abundance, obtained from the He  λ4471 line,
is log (He/Ntot) = −2.5, which is 1.5 dex lower than the solar
value. The large underabundance of light elements is typical of
cool Ap stars (Gerbaldi et al. 1989; Roby & Lambert 1990).

Abundances of Mg, Si and Ca derived from the lines of neu-
trals and first ions differ significantly, which is an indication of
chemical stratification (see Ryabchikova et al. 2003).

Kochukhov et al. (2006)
O. Kochukhov et al.: Abundance Doppler imaging of the roAp star HR 3831 939

Fig. 2. Illustration of the analysis of the magnetic intensification of
the Fe  lines in the spectrum of HR 3831. The difference between the-
oretical and phase-averaged observed equivalent widths is plotted for
several values of the mean field modulus, 〈B〉. The error bars corre-
spond to the range of equivalent width variation during the rotation
cycle. The shaded area and vertical dashed line show the most proba-
ble mean surface field strength of HR 3831: 〈B〉 = 2.09 ± 0.75 kG.

Fig. 3. The range of dipolar model parameters, Bp and β, consistent
with the observed variation of the longitudinal field of HR 3831 for the
inclination angle i = 68.2◦ ± 6.2◦. The darker region in the greyscale
plot corresponds to higher probability, the plus sign marks the best-fit
pair of parameters: Bp = 2.49 kG, β = 86.8◦. The solid lines show the
contours of 1, 2 and 3σ confidence areas.

this inclination angle. We conclude that the most probable po-
lar strength and obliquity of the dipolar field in HR 3831 are
Bp = 2.49 ± 0.26 kG and β = 86.8◦ ± 6.2◦. Figure 4 shows the
surface distribution of the field strength and orientation for the
dipolar field geometry determined in our study. This magnetic
model predicts variation of the field modulus between 1.59
and 1.94 kG, which is consistent with the results of our inves-
tigation of the magnetic intensification of Fe  spectral lines.

According to our model of the magnetic field geometry, the
local field strength in HR 3831 changes from 1.25 to 2.49 kG
over the visible part of the stellar surface. The rapid rotation
of the star and the large inclination angle of its axis result in
substantial Doppler broadening of the spectral lines and pre-
clude direct observation of the Zeeman splitting. At the same
time, the magnetic field produces moderate intensification of
spectral lines. In the range of the field strengths typical for the
atmosphere of HR 3831 this effect can be efficiently approxi-
mated with a pseudo-microturbulent velocity (Ryabchikova &
Piskunov 1986) introduced in the non-magnetic spectrum syn-
thesis calculations:

ξmag = 4.67 × 10−13c λ geff 〈B〉, (3)

where c is the speed of light in km s−1, λ is the wavelength in Å,
geff is the average effective Landé factor and 〈B〉 is the mean
field strength in Gauss. Adopting λ = 5000 Å, 〈B〉 ≈ 2000 G
and using a mean Landé factor geff = 1.25 for metal lines
we find ξmag ≈ 1.7 km s−1. In this paper we make the plausi-
ble assumption that real convective motions in the atmosphere
of HR 3831 are suppressed by the magnetic field, and carry out
all spectral synthesis calculations using ξt = ξmag ≈ 1.7 km s−1.

5. Abundance Doppler imaging of Ap stars

Stellar surface inhomogeneities, such as a nonuniform distri-
bution of temperature or chemical composition, lead to charac-
teristic distortions in the profiles of Doppler broadened stellar
spectral lines. In the course of stellar rotation these distortions
will move across the line profiles due to the changes in visi-
bility and Doppler shifts of individual structures at the stellar
surface. The Doppler imaging (DI) technique utilizes the infor-
mation contained in the rotational modulation of the absorption
line profiles and reconstructs features at the surfaces of stars by
inverting a time series of high-resolution spectra into a map
of the stellar surface. The Doppler mapping method was orig-
inally developed by Goncharsky et al. (1977) and was aimed
at the analysis of the chemical structures on the surfaces of
Ap stars (Piskunov & Rice 1993). The technique was later ex-
tended to temperature mapping of late-type active stars (Vogt
et al. 1987) and recently applied to the imaging of magnetic
fields in Ap stars (Piskunov & Kochukhov 2002).

For the investigation of the surface distribution of the chem-
ical composition in HR 3831 we used the DI code INVERS12.
The line profile modelling with this program is based on ac-
curate spectrum synthesis calculations using stellar model at-
mospheres. The INVERS12 code allows simultaneous imag-
ing of several chemical elements using spectroscopic data
from blends and multiple wavelength intervals. Kuschnig et al.
(1999) and Lüftinger et al. (2003) described the application of
an early version of this code for the abundance mapping of the
chemically peculiar stars CU Vir and ε UMa.

Mathematically the inverse problem of Doppler imaging is
solved by minimizing the error function:

E =
∑

ϕ

∑

λ

[
I'calc(λ, ϕ) − I'obs(λ, ϕ)

]2
/σ2

obs(λ, ϕ) + R(ε), (4)

Kochukhov et al. (2004)

<B>=1.1 kG
<B>=2.2-7.6 kG



– Non-reproduceable variation of intensity and 
polarization spectra with rotation phase

– Inconsistency between magnetic signatures in 
polarization and intensity points to the presence of 
small-scale fields

– Complex shapes of Stokes V profiles suggest non-
dipolar field topologies

– Field is stronger in faster rotators; correlates with 
other activity diagnostics

Magnetic fields in cool stars



Zeeman Doppler imaging
• Direct modelling of circularly polarised (Stokes V) LSD profiles
• General high-order multipolar expansion; weak-field approximation

A&A 660, A141 (2022)

Table 4. Summary of the magnetic field inversions.

Epoch h|B|i |B|max Poloidal Toroidal Axisym. Non-axisym. ` = 1 Peak `
(G) (G) (%) (%) (%) (%) (%)

January 2010 256 1182 69 31 52 48 23 1
February 2011 169 526 33 67 55 45 32 1
January 2016 163 609 75 25 47 53 26 1
December 2017 157 605 79 21 17 83 19 2

Notes. The given percentages denote the fraction of magnetic energy stored in the poloidal, toroidal, axisymmetric, and non-axisymmetric magnetic
field components and the ` = 1 spherical harmonic modes. The peak ` denotes the angular order containing most of the magnetic energy.

Fig. 6. Top to bottom: ZDI maps of LQ Hya in equirectangular projection from the epochs January 2010, February 2011, January 2016, and
December 2017. In each epoch, separate maps are shown for the radial, meridional, and azimuthal magnetic field components as well as the surface
brightness distribution. The vertical lines in the maps denote the rotational phases of the individual observation and the horizontal line the lower
limit of visibility due to the stellar inclination.

5. Results
5.1. Magnetic topology

The ZDI maps are presented in Fig. 6 and a summary of
their field topology is given in Table 4. The inversions reveal
a predominantly poloidal magnetic field configuration with
mostly equal fractions of field energy in the axisymmetric and

non-axisymmetric harmonic components. The division into the
axisymmetric and non-axisymmetric parts was done following
Fares et al. (2009) so that the spherical harmonic modes with
m < `/2 were considered axisymmetric and the remaining ones
non-axisymmetric. The inverted fields have most of their energy
in the low angular orders, as can be seen from the peak ` val-
ues listed in Table 4 and the magnetic energy spectra in Fig. 7.

A141, page 6 of 12

LQ Hya in 2010, 2011, 2016

Lehtinen et al. (2022)
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Figure 1. The rotation periods and masses of each star in our sample. Filled
blue points indicate stars observed at one epoch while open red data points
indicate stars observed over multiple epochs. Dashed lines are included
showing a stellar mass of 0.5 M! and Rossby numbers of 0.01, 0.1 and 1.0.

Figure 2. Top: toroidal magnetic energy against poloidal magnetic energy.
Stars with multiple maps are connected by grey lines. The dotted line indi-
cates 〈B2

tor〉 = 〈B2
pol〉. The sample is split into stars less massive (pentagon

markers) and more massive than 0.5 M! (circle markers). See text for fur-
ther discussion of how these sub-samples were chosen. The two dashed
lines are best-fitting lines for these sub-samples; 〈B2

tor〉 ∝ 〈B2
pol〉a with

a = 0.72 ± 0.08 and a = 1.25 ± 0.06 for M < 0.5 M! and M > 0.5 M!,
respectively. AB Dor is shown with triangles. Each point is colour coded by
stellar mass. Bottom: toroidal energy fraction against stellar mass. Format
is the same as the top panel. Data points are also colour coded by stellar
mass to aid comparison with the top panel. While the two panels show very
similar information, the difference in behaviours of the two mass ranges is
much clearer in the bottom panel.

Figure 3. Poloidal (top) and toroidal (bottom) magnetic energy against
Rossby number. The formatting is the same as Fig. 2. Right/left facing arrows
indicate stars that only have lower/upper estimates for their Rossby numbers.
The saturated and unsaturated regimes can be clearly seen with the transition
occurring at a Rossby number of approximately 0.1. Fits to the stars in
the unsaturated regime, 〈B2

pol〉 ∝ R−2.25±0.19
o and 〈B2

tor〉 ∝ R−2.99±0.28
o , are

shown with dashed lines. Note: the magnetic energy axes of the two plots
are not the same.

on Rossby number. However, this result was derived using the radial
component of the surface fields only, and hence does not consider the
toroidal field. In Fig. 3, we plot the poloidal (top panel) and toroidal
(bottom panel) magnetic energy densities as a function of Rossby
number. We use the same Rossby number estimates as Vidotto et al.
(2014), where further discussion of the estimates can be found. Left
and right facing arrows indicate stars where the Rossby number
estimate is only an upper or lower limit, respectively.

It is clear to see that both components qualitatively follow the
well-known behaviour with some quantitative differences. In both
cases, the cutoff between the saturated and unsaturated regimes oc-
curs at Ro ∼ 0.1. However, in the saturated regime, the average
magnetic energy of the poloidal fields is higher than that of the
toroidal fields by just over an order of magnitude. Additionally, in
the unsaturated regime, the slope is steeper for the toroidal com-
ponent. The similar behaviour indicates that the same mechanism
is responsible for generating both components or that both compo-
nents are generated from each other.

Wright et al. (2011) suggested that the difference in RX behaviour
in the saturated and unsaturated regimes can be attributed to different
dynamo mechanisms operating in each of the regimes rather than
any actual saturation effect. They argued this on the basis that the
age at which stars transition from the rotational C sequence to the
I sequence (Barnes 2003) is coincident with the transition from
saturated to unsaturated regimes at Ro ∼ 0.1 (see their fig. 4). It

MNRAS 453, 4301–4310 (2015)
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tor〉 ∝ R−2.99±0.28
o , are

shown with dashed lines. Note: the magnetic energy axes of the two plots
are not the same.

on Rossby number. However, this result was derived using the radial
component of the surface fields only, and hence does not consider the
toroidal field. In Fig. 3, we plot the poloidal (top panel) and toroidal
(bottom panel) magnetic energy densities as a function of Rossby
number. We use the same Rossby number estimates as Vidotto et al.
(2014), where further discussion of the estimates can be found. Left
and right facing arrows indicate stars where the Rossby number
estimate is only an upper or lower limit, respectively.

It is clear to see that both components qualitatively follow the
well-known behaviour with some quantitative differences. In both
cases, the cutoff between the saturated and unsaturated regimes oc-
curs at Ro ∼ 0.1. However, in the saturated regime, the average
magnetic energy of the poloidal fields is higher than that of the
toroidal fields by just over an order of magnitude. Additionally, in
the unsaturated regime, the slope is steeper for the toroidal com-
ponent. The similar behaviour indicates that the same mechanism
is responsible for generating both components or that both compo-
nents are generated from each other.

Wright et al. (2011) suggested that the difference in RX behaviour
in the saturated and unsaturated regimes can be attributed to different
dynamo mechanisms operating in each of the regimes rather than
any actual saturation effect. They argued this on the basis that the
age at which stars transition from the rotational C sequence to the
I sequence (Barnes 2003) is coincident with the transition from
saturated to unsaturated regimes at Ro ∼ 0.1 (see their fig. 4). It
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The striking trend in Fig. 5 warrants a check for potential biases
in the ZDI technique. Cross-talk between the field components,
especially the radial and meridional fields is well known and has
been characterized (Donati & Brown 1997).2 In particular, we are
interested in energy from the toroidal field leaking into the poloidal
field. To this end, we conducted a systematic series of tests. Specif-
ically, we created a grid of synthetic Stokes profiles corresponding
to magnetic field geometries where the axisymmetric and toroidal
energy fractions ranged from zero to one. Magnetic maps were then
reconstructed from these profiles and compared to the original maps
that the synthetic profiles were created from. Full details of these
tests can be found in Folsom et al. (in preparation). We find that
there is some energy leakage from toroidal into poloidal fields (and
vice versa). This effect is largest for geometries where the order, !,
is equal to the degree, m and smallest when there is a large differ-
ence between ! and m. However, the effect is not large enough to
explain the dearth of points in the lower-right corner of Fig. 5.

The magnetic maps used in this study were all reconstructed us-
ing the Stokes I (unpolarized) and Stokes V (circularly polarized)
profiles with one exception. Rosén et al. (2015) observed the star
II Peg, during two epochs, in all four Stokes parameters (IQUV;
unpolarized, linearly polarized and circularly polarized). They sub-
sequently reconstructed magnetic maps using the more commonly
used two Stokes profiles (IV) and again using all four. II Peg is plot-
ted on Fig. 5 with black squares and diamonds indicating results
obtained using Stokes IQUV and Stokes IV, respectively. Rosén et al.
(2015) found that the toroidal and axisymmetric energy fractions are
similar for both reconstructions though the maps constructed with
Stokes IQUV contained significantly more energy than the maps
constructed from Stokes IV. The latter effect is unsurprising since
one should expect more information to be reconstructed, and hence
more fields, when using more data. The data points of Rosén et al.
(2015) fall within the trend shown by the rest of the sample. II Peg
follows this trend even though it is evolving off the main sequence
whereas the rest of the sample are less evolved.

Further insights may be gained by splitting the axisymmetric
energy into its poloidal and toroidal components. The top panel of
Fig. 6 shows the fraction of poloidal energy that is axisymmetric,
i.e. E(α!, m = 0, β!, m = 0)/E(α!, m, β!, m), against the toroidal energy
fraction. The bottom panel of Fig. 6 is similar but plots the fraction
of toroidal energy that is axisymmetric, i.e. E(γ !, m = 0)/E(γ !, m).
The formatting is the same as that of Fig. 5. As before, the data
points of Rosén et al. (2015) for II Peg are in agreement with the
rest of the sample. It is clear that the poloidal and toroidal fields
behave differently. While the axisymmetric poloidal energy does
not show a clear trend, a clear one is present for the axisymmetric
toroidal energy. The data show that toroidal fields are generated in a
preferentially axisymmetric manner. This suggests that the toroidal
field generation mechanism is sensitive to the rotation axis in a way
that the poloidal field is not. Noticeably, there is a cluster of M
dwarfs which have dipole dominated fields in the top-left corner of
the plot (these are also present in the top left of Fig. 5). Gastine
et al. (2013) proposed that the strong dipolar component of these
stars inhibits differential rotation and hence the generation of strong
toroidal fields through the Omega effect.

2 In the tests presented by Donati & Brown (1997), the individual field
components are considered to be independent parameters. With the new
spherical harmonic implementation, as described by Donati et al. (2006),
cross-talk is considerably reduced.

Figure 6. Axisymmetric poloidal energy as a percentage of total poloidal
energy (top panel) and axisymmetric toroidal energy as a percentage of total
toroidal energy (bottom panel) as a function of toroidal energy. Format is
the same as Fig. 5.

Figure 7. Axisymmetric poloidal energy as a percentage of total poloidal
energy against axisymmetric toroidal energy as a percentage of total toroidal
energy. Format is the same as Fig. 5. Similarly to Fig. 5, the inset shows
〈B2〉 values of 5 × 10−1 to 5 × 106 G2 in multiples of 10 for the smallest to
biggest points. The numerical values are omitted due to lack of space.

We can also consider how the poloidal and toroidal fields are ori-
ented with respect to each other. Fig. 7 plots the fraction of poloidal
energy that is axisymmetric against the fraction of toroidal energy
that is axisymmetric, i.e. the ordinates of both panels in Fig. 6. The
data points fill the entire available parameter space for this plot
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Fig. 6. Magnetic field measurement for HD 129333 (2009.02 epoch).
The average observed profiles of the four Fe i lines are shown with
black symbols connected by thin solid lines. The grey curve in the back-
ground corresponds to ± twice the standard deviation for each pixel of
the observed spectra. The thick red solid line shows theoretical spec-
trum for the magnetic model yielding the lowest �2 according to Fig. 5.
The dashed blue line shows the corresponding non-magnetic spectrum.

(corresponding to the second contour in Fig. 5) are 2.6�4.5 kG,
0.31�0.56, and 1.33�1.48 kG for B, f , and hBi respectively.

The two-step grid search procedure described above, with
the initial determination of ve sin i and the Fe abundance using
the 5434.5 Å line followed by the measurement of B, f , and hBi
from magnetically sensitive lines, is largely equivalent to a gen-
eral chi-square optimisation using all four lines simultaneously.
However, our approach is computationally faster, more straight-
forward, reproducible and less prone to degeneracies thanks to a
clear separation of the information content of lines with di↵erent
magnetic sensitivity. Anyway, we have verified that application
of a general least-squares fitting algorithm to the observation of
HD 129333 discussed above yields the same set of magnetic field
parameters, ve sin i, and Fe abundance as was obtained with our
two-step grid search procedure.

The observed spectrum of HD 129333 and the best fitting
magnetic model spectrum are displayed in Fig. 6. This plot
also shows the non-magnetic theoretical calculation for the same
set of stellar parameters. The magnetic intensification of the
5497.5–5506.8 Å lines is readily apparent. The equivalent width
and the residual central depth of the Fe i 5497.5 Å line increase
by 28% and 9%, respectively. Such an e↵ect can be easily
detected for this very active star even using moderate quality
spectra. Figure 6 also demonstrates that the rotational variability
of the Fe i lines in HD 129333 induced by cool spots is much
smaller than the Zeeman intensification signature.

We conclude the assessment of the new magnetic field mea-
surement methodology with investigation of the sensitivity of
the analysis results to variation of stellar parameters. For this
purpose we use the same observation of HD 129333 as was dis-
cussed above. Determination of ve sin i, log(NFe/Ntot) from the

5434.5 Å line, followed by measurement of the magnetic field
parameters from the 5497.5�5506.8 Å lines, was repeated vary-
ing Te↵ by ±100 K, log g by ±0.1 dex, and vmic by ±0.2 km s�1.
These uncertainties are about a factor of two larger than the
typical errors of Te↵ , log g, and vmic reported by spectroscopic
studies of Sun-like stars and, in this respect, represent a con-
servative estimate of possible systematic errors. The outcome
of this error analysis is summarised in Table 3. We found that
B changes by up to 0.3 kG, f by up to 0.03, and hBi by up to
0.11 kG in response to the variation of stellar parameters. In all
cases these changes are compatible with the formal error bars of
the magnetic field parameters obtained using the reference set of
Te↵ , log g, and vmic. This suggests that our magnetic field mea-
surements are not strongly a↵ected by the uncertainties of stellar
parameters adopted from the literature.

Finally, we study the impact of neglecting the multi-
component nature of active star atmospheres on our magnetic
field analysis. The work by Järvinen et al. (2018) demonstrated
that HD 129333 has several cool spots with 200�1000 K temper-
ature contrast occupying 14% of the stellar surface. We there-
fore repeated determination of the magnetic field parameters
for the 2009.02 observation of HD 129333 assuming that 20%
of the star is 500 K cooler than the rest of the surface. In this
test we assumed that both hot and cool atmospheric compo-
nents have the same distribution of small-scale magnetic field
strengths, that is both have the same B and f . Table 3 shows that
adopting this multi-component model has a very minor impact.
Both B and f remain within 68% confidence limits of the refer-
ence determination whereas hBi is altered by just 0.02 kG.

A systematic temperature di↵erence between magnetic and
non-magnetic regions causes a more significant modification
of our spectrum fitting results. To test this e↵ect, we repeated
analysis of the 2009.02 spectrum of HD 129333 assuming that
(a) magnetic regions are 100 K cooler relative to the mean stellar
e↵ective temperature Te↵ = 5845 K and non-magnetic regions
are hotter by the same amount (Tmag = 5745 K, T0 = 5945 K)
and (b) the temperature di↵erence is reversed (Tmag = 5945 K,
T0 = 5745 K). In both of these situations the 5434.5 Å line is
a↵ected by the choice of the filling factor f , so our two-step pro-
cedure was iterated until convergence was achieved for f and
Fe abundance. The results of these tests are reported in the last
two rows of Table 3. A 200 K temperature contrast modifies B,
f , and hBi systematically by the amount comparable to formal
error bars. This change is explained primarily by the di↵erence
of continuum brightness of the two spectral contributions, as pre-
dicted in Sect. 2.2. If magnetic regions are cooler, their contribu-
tion to the total spectrum is diminished (case a) and a larger hBi
is required to fit the observations. The opposite is happening in
the case (b). In fact, one can analytically predict hBi correction
factors of 1.08 and 0.91 for the cases (a) and (b), respectively,
considering the continuum brightness at � = 5500 Å of the spec-
tra corresponding to Te↵ = 5745 and 5945 K. The actual change
of the mean field strength according to Table 3 is a factor of
1.07 and 0.92 for the scenarios with cooler and hotter magnetic
regions, respectively.

2.5. Target selection and stellar parameters

The targets for our study were selected according to the fol-
lowing criteria (i) fundamental stellar parameters close to solar
values, (ii) information on the global magnetic field is available
from previous ZDI studies, and (iii) high-quality optical spectra
are available. The first of these constraints is motivated by our
general goal of expanding the number of early-G dwarfs with
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Supplementary Figure 9 | Same as in Supplementary Fig. 3 but for V374 Peg. We show
fit for Teff = 3400 K model.

Supplementary Figure 10 | Same as in Supplementary Fig. 3 but for WX UMa. We
show fit for Teff = 2900 K model.
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of TW Hya and V2129 Oph are recovered from Stokes V . The
ZDI mapping indicates that these fields are relatively strong
and simple, being mostly poloidal, axisymmetric, and dominated
by octupole and dipole components (Donati et al. 2011a,b).

A large fraction (34%) of the field of TWA 8A is also recov-
ered from Stokes V , with the ZDI mapping also indicating
a mostly poloidal field, with most of the poloidal component
being axisymmetric (Hill et al. 2019). These values are sig-
nificantly higher than those reported for M dwarfs: less than
25% and typically in the 5–20% range (Reiners & Basri 2009;
Reiners 2012; Kochukhov & Shulyak 2019). On the other hand,
a smaller fraction of the field is recovered by the Stokes
V analyses for V2247 Oph (11%), whose field is weaker,
more complex, and is comprised mostly of a toroidal and
a poloidal non-axisymmetric components (Donati et al. 2010),
for TWA 7 (2%) which exhibits a predominantly toroidal and
non-axisymmetric field (Nicholson et al., in prep.), and for
TWA 9A (3%), which also exhibits a weak and mostly non-
axisymmetric large-scale field, but with a dominant poloidal
component (Nicholson et al. 2018). This assessment seems
to corroborate the hypothesis that simple strong axisymmet-
ric fields are better recovered by Stokes V ZDI mapping,
but complex fields with structures at smaller scales tend
to cancel out and are missed by ZDI, at least when only Stokes
IV parameters are used. This is illustrated in Fig. 7. Natu-
rally, this comparison is somewhat limited by the fact that
spectropolarimetric observations used for the tomographic map-
ping, and spectroscopic observations for this work have been
acquired with di↵erent instruments and at di↵erent epochs. A
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• Small-scale fields are dominant contributors to cool-star magnetismA&A 635, A142 (2020)
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Fig. 10. Panel a: strength of the global magnetic field estimated with ZDI as a function of the total magnetic field strength derived in this study.
Individual targets are identified with Latin letters. The dashed line shows the best fitting power-law relation hBi / hBVi0.48. Panel b: ratio hBVi/hBi
as a function of the total field strength. Panel c: same ratio as a function of ve sin i.
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Fig. 11. Error of Fe abundance determination incurred by ignoring mag-
netic intensification of Fe i lines.

The resulting error of the Fe abundance determination is
illustrated in Fig. 11. The curve corresponding to the Fe i
5497.5 Å line represents the upper limit of possible errors of
an optical abundance analysis based on a single absorption fea-
ture. The curves corresponding to the other two lines are closer
to average multi-line abundance determination bias. This plot
indicates that an abundance error of up to 0.4�0.5 dex can be
encountered for the most active stars (hBi = 1.5�2.0 kG), such
as HD 82558. The errors are still significant (0.15�0.30 dex)
for stars with a more modest activity levels characterised by
hBi = 0.5�1.0 kG. This analysis thus suggests that metallic-
ities and individual abundances reported for active stars (e.g.
Valenti & Fischer 2005; Brewer et al. 2016) may have been sys-
tematically overestimated. An unusually high line-to-line abun-
dance scatter or a trend of abundance with wavelength might be
a symptom of unaccounted Zeeman intensification.

5. Conclusions

In this paper we have developed a new methodology for measur-
ing average unsigned magnetic field strength in the atmospheres
of Sun-like stars. This method takes advantage of the di↵eren-
tial Zeeman intensification of Fe i lines in the optical wavelength
region. The new magnetic field diagnostic procedure is less
restrictive compared to traditional Zeeman broadening analysis.
In particular, it can be applied to moderately fast rotators and
does not require spectroscopic data of exceptionally high quality.
The technique can be implemented using typical high-resolution

optical echelle spectra that are currently provided by many dif-
ferent night-time astronomical facilities around the world.

We have performed magnetic field measurements for a sam-
ple of 14 G dwarf stars and one early K dwarf, thereby consid-
erably extending the number of solar analogues at di↵erent ages
and activity levels with direct observational constraints on the
total surface magnetic field. We derived 78 individual mean field
strength (hBi = B · f ) measurements and, in most cases, were
able to provide meaningful constraints on the local field strength
B and the fraction f of the stellar surface covered by a magnetic
field. These data greatly improve our understanding of di↵erent
evolutionary phases of the solar-like magnetic dynamo and can
be used to estimate magnetic characteristics of the Sun during
the first ⇠1 Gyr of its life. Main conclusions of our study can be
summarised as follows.

– We have measured mean magnetic field strengths in the
range from 0.2 to 2.0 kG and detected a systematic decline
of the field intensity from B · f > 1 kG in stars younger than
⇠100 Myr to weaker fields in older stars.

– A clear anti-correlation of the mean field strength and the
stellar rotational period, or Rossby number, is established
and a new empirical calibration of B · f as a function of Ro
is obtained.

– Separate analysis of the local field strength B and magnetic
filling factor f suggests that the increase of B · f associated
with the transition from less active to more active stars is
mostly due to a systematic growth of f from ⇠10% to >50%
of the stellar surface. The local field strength B remains at
the level of ⇠3 kG in all stars.

– The mean magnetic field strength determined in our study
exhibits clear correlations with the chromospheric and coro-
nal emission indicators. This allowed us to derive new cali-
brations of the widely used activity indices log LX/Lbol and
log R0HK in terms of the surface magnetic field strength.

– We have compared our magnetic field strength measure-
ments with results of ZDI analyses of the global magnetic
field topologies, which in most cases relied on the same
observational data as used in our study. We found a tight cor-
relation of the ratio of the global and total magnetic field
strengths, hBVi/hBi, with the stellar activity level. In terms
of this ratio, the fraction of magnetic field detected by spec-
tropolarimetric studies varies from ⇠10% in the most active
stars to less than 1% in the least active objects.

– Ignoring magnetic intensification in an optical spectroscopic
abundance analysis of active Sun-like stars may lead to over-
estimation of element concentrations by up to 0.4–0.5 dex if
this analysis is based on lines with a large magnetic sensitivity.
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The ratio hBVi/hBi correlates with the total magnetic field strength (Fig. 15b).
One can conclude that the stronger is the average field in an M dwarf, the more
likely that this star has a strong, dipole-dominated global field. There are exceptions
to these trends. The star GJ 873 (EV Lac) has a decidedly non-axisymmetric field,
but exhibits a large hBVi/hBi ratio. Its total field also appears to be too strong for the
4.37 d rotation period. The primary component of the GJ 65 system (BL Cet) also
has an unusually strong total field given its non-axisymmetric global field
configuration. A couple of stars, GJ 388 (AD Leo) and GJ 569A (CE Boo), seem
to have axisymmetric, dipole-dominated global fields, but a relatively weak total
field and a low hBVi/hBi ratio.

3.2.4 Extended stellar magnetospheres

Maps of large-scale surface magnetic fields of M dwarfs reconstructed with ZDI
form the basis of our knowledge about extended magnetospheres of these stars.
Different methods of vector field extrapolation can be applied to ZDI maps with the
goal to assess the three-dimensional structure of stellar wind, determine the mass
and angular momentum loss, and investigate the impact of stellar magnetic field on
planets orbiting M dwarfs. For example, Lang et al. (2012) and Vidotto et al. (2013)
applied the potential field source surface extrapolation technique (PFSS, e.g.,
Jardine et al. 2002) to the M-dwarf ZDI maps calculated by Donati et al. (2008) and
Morin et al. (2008b, 2010). In this method, the three-dimensional potential field
structure is established analytically by taking the observed stellar radial magnetic
field as one boundary condition and supposing that the magnetic field lines become
open at a certain distance from the star, called the source surface radius, Rs. An
example of the extended M-dwarf magnetosphere calculated in this manner for

(a) (b)

Fig. 15 Ratio of the average global magnetic field strength hBV i derived by ZDI studies to the total field
strength hBi obtained from Stokes I as a function of stellar mass (a) and total field strength (b). The red
circles show stars with predominantly dipolar, axisymmetric global fields. The blue squares correspond to
stars with multipolar or non-axisymmetric dipolar fields. The symbol size reflects the Rossby number, as
indicated by the legend in a
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Fig. 10. Panel a: strength of the global magnetic field estimated with ZDI as a function of the total magnetic field strength derived in this study.
Individual targets are identified with Latin letters. The dashed line shows the best fitting power-law relation hBi / hBVi0.48. Panel b: ratio hBVi/hBi
as a function of the total field strength. Panel c: same ratio as a function of ve sin i.
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Fig. 11. Error of Fe abundance determination incurred by ignoring mag-
netic intensification of Fe i lines.

The resulting error of the Fe abundance determination is
illustrated in Fig. 11. The curve corresponding to the Fe i
5497.5 Å line represents the upper limit of possible errors of
an optical abundance analysis based on a single absorption fea-
ture. The curves corresponding to the other two lines are closer
to average multi-line abundance determination bias. This plot
indicates that an abundance error of up to 0.4�0.5 dex can be
encountered for the most active stars (hBi = 1.5�2.0 kG), such
as HD 82558. The errors are still significant (0.15�0.30 dex)
for stars with a more modest activity levels characterised by
hBi = 0.5�1.0 kG. This analysis thus suggests that metallic-
ities and individual abundances reported for active stars (e.g.
Valenti & Fischer 2005; Brewer et al. 2016) may have been sys-
tematically overestimated. An unusually high line-to-line abun-
dance scatter or a trend of abundance with wavelength might be
a symptom of unaccounted Zeeman intensification.

5. Conclusions

In this paper we have developed a new methodology for measur-
ing average unsigned magnetic field strength in the atmospheres
of Sun-like stars. This method takes advantage of the di↵eren-
tial Zeeman intensification of Fe i lines in the optical wavelength
region. The new magnetic field diagnostic procedure is less
restrictive compared to traditional Zeeman broadening analysis.
In particular, it can be applied to moderately fast rotators and
does not require spectroscopic data of exceptionally high quality.
The technique can be implemented using typical high-resolution

optical echelle spectra that are currently provided by many dif-
ferent night-time astronomical facilities around the world.

We have performed magnetic field measurements for a sam-
ple of 14 G dwarf stars and one early K dwarf, thereby consid-
erably extending the number of solar analogues at di↵erent ages
and activity levels with direct observational constraints on the
total surface magnetic field. We derived 78 individual mean field
strength (hBi = B · f ) measurements and, in most cases, were
able to provide meaningful constraints on the local field strength
B and the fraction f of the stellar surface covered by a magnetic
field. These data greatly improve our understanding of di↵erent
evolutionary phases of the solar-like magnetic dynamo and can
be used to estimate magnetic characteristics of the Sun during
the first ⇠1 Gyr of its life. Main conclusions of our study can be
summarised as follows.

– We have measured mean magnetic field strengths in the
range from 0.2 to 2.0 kG and detected a systematic decline
of the field intensity from B · f > 1 kG in stars younger than
⇠100 Myr to weaker fields in older stars.

– A clear anti-correlation of the mean field strength and the
stellar rotational period, or Rossby number, is established
and a new empirical calibration of B · f as a function of Ro
is obtained.

– Separate analysis of the local field strength B and magnetic
filling factor f suggests that the increase of B · f associated
with the transition from less active to more active stars is
mostly due to a systematic growth of f from ⇠10% to >50%
of the stellar surface. The local field strength B remains at
the level of ⇠3 kG in all stars.

– The mean magnetic field strength determined in our study
exhibits clear correlations with the chromospheric and coro-
nal emission indicators. This allowed us to derive new cali-
brations of the widely used activity indices log LX/Lbol and
log R0HK in terms of the surface magnetic field strength.

– We have compared our magnetic field strength measure-
ments with results of ZDI analyses of the global magnetic
field topologies, which in most cases relied on the same
observational data as used in our study. We found a tight cor-
relation of the ratio of the global and total magnetic field
strengths, hBVi/hBi, with the stellar activity level. In terms
of this ratio, the fraction of magnetic field detected by spec-
tropolarimetric studies varies from ⇠10% in the most active
stars to less than 1% in the least active objects.

– Ignoring magnetic intensification in an optical spectroscopic
abundance analysis of active Sun-like stars may lead to over-
estimation of element concentrations by up to 0.4–0.5 dex if
this analysis is based on lines with a large magnetic sensitivity.
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The ratio hBVi/hBi correlates with the total magnetic field strength (Fig. 15b).
One can conclude that the stronger is the average field in an M dwarf, the more
likely that this star has a strong, dipole-dominated global field. There are exceptions
to these trends. The star GJ 873 (EV Lac) has a decidedly non-axisymmetric field,
but exhibits a large hBVi/hBi ratio. Its total field also appears to be too strong for the
4.37 d rotation period. The primary component of the GJ 65 system (BL Cet) also
has an unusually strong total field given its non-axisymmetric global field
configuration. A couple of stars, GJ 388 (AD Leo) and GJ 569A (CE Boo), seem
to have axisymmetric, dipole-dominated global fields, but a relatively weak total
field and a low hBVi/hBi ratio.

3.2.4 Extended stellar magnetospheres

Maps of large-scale surface magnetic fields of M dwarfs reconstructed with ZDI
form the basis of our knowledge about extended magnetospheres of these stars.
Different methods of vector field extrapolation can be applied to ZDI maps with the
goal to assess the three-dimensional structure of stellar wind, determine the mass
and angular momentum loss, and investigate the impact of stellar magnetic field on
planets orbiting M dwarfs. For example, Lang et al. (2012) and Vidotto et al. (2013)
applied the potential field source surface extrapolation technique (PFSS, e.g.,
Jardine et al. 2002) to the M-dwarf ZDI maps calculated by Donati et al. (2008) and
Morin et al. (2008b, 2010). In this method, the three-dimensional potential field
structure is established analytically by taking the observed stellar radial magnetic
field as one boundary condition and supposing that the magnetic field lines become
open at a certain distance from the star, called the source surface radius, Rs. An
example of the extended M-dwarf magnetosphere calculated in this manner for

(a) (b)

Fig. 15 Ratio of the average global magnetic field strength hBV i derived by ZDI studies to the total field
strength hBi obtained from Stokes I as a function of stellar mass (a) and total field strength (b). The red
circles show stars with predominantly dipolar, axisymmetric global fields. The blue squares correspond to
stars with multipolar or non-axisymmetric dipolar fields. The symbol size reflects the Rossby number, as
indicated by the legend in a
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Recommendations for spectroscopic analysis
• When one should be concerned about magnetic field effects?

− Hot star
o spectroscopically classified as a CP2/CP4 star or exhibits an abundance signature consistent 

with this type of stars
o shows Zeeman splitting of spectral lines (in particular, Fe II 6149.2 Å)

− Cool star
o known to be chromospherically active (Ca H&K or/and X-ray emission)
o displays measurable rotational broadening or/and has Prot ≲ 10 d

− Cool & hot star
o shows rotational modulation in photometry
o scatter in line-by-line abundances correlates with Lande factor

• What to do?
− Avoid lines with average (strong field) or large (moderate field) Lande factors
− Perform analysis taking magnetic field into account


