
Observational constraints on  
B-fields in early type stars

Dr.  Véronique Petit

Phenomena, Physics, and Puzzles Of 
Massive Stars and their Explosive 

Outcomes

surface

… and their consequences



Magnetic properties of massive stars

Main questions

and Beyond the main sequence, how are magnetic stars 
linked to highly magnetized neutron stars and heavy black holes?

Where do magnetic fields in massive stars come from?

How does the structure and evolution of the star influence 
surface magnetism.

10% of massive stars host a strong, large-scale, surface 
magnetic field of fossil origin

How does surface magnetism influence the structure and 
evolution of stars.



How to measure surface magnetic fields



no magnetic field with magnetic field

The Zeeman effect changes the electronic energy levels of atoms, 
and thus the wavelength of photons emitted by these atoms. 
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However Zeeman splitting can only be measure if the field is strong,  
and the spectral lines not broadened by other mechanisms.

In the optical, 
Δv ~ 1 km/s per kG.. 
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The Zeeman effect also creates circular polarization  
that we can measure with a spectropolarimeter. 



With time-resolved spectropolarimetry observations,  
we can infer the magnetic topology in great details.O. Kochukhov and G. A. Wade: Magnetic Doppler imaging of α2 Canum Venaticorum in all four Stokes parameters

Fig. 5. The comparison between observed (symbols) and synthetic (solid curves) four Stokes parameter spectra of α2 CVn. The thick curves show
the best fit to the Fe and Cr lines obtained with the four Stokes parameter DI modeling of the magnetic field geometry (Fig. 6) and horizontal
abundance distributions of both elements (Fig. 9). The thin lines show theoretical Stokes profiles illustrating the outcome of the MDI inversion
with Tikhonov regularization enhanced by a factor of 10 relative to its optimal value (Fig. 8). Spectra for consecutive rotational phases are shifted
in the vertical direction for display purposes. Rotational phases are indicated in the column to the right of the Stokes V panel. The bars at the lower
left of each panel show the horizontal and vertical scale (0.5 Å and 1% of the Stokes I continuum intensity respectively).

quality for the Q and U spectra is readily seen in the increase
of χ2 by 30–60%.

This analysis shows that the small-scale features in our mag-
netic map of α2 CVn are directly connected to the particu-
lar morphology of the linear polarization signatures, observed

consistently in all spectral lines studied. Thus, we can assert that
our final magnetic field topology of α2 CVn (Fig. 6) is truly
the simplest possible field structure consistent with the avail-
able Stokes parameter observations. Therefore, the inferred com-
plexity and substantial local deviation of the stellar magnetic
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Magnetism is a rare way to unambiguously 
determine the rotation period of massive stars.



What are the characteristics of  
magnetic massive stars?



Recent surveys have significantly pushed forward  
our understanding of magnetism in massive OB stars

The Magnetism in Massive Stars (MiMeS) survey

The B-fields in OB stars (BOB) survey

Schöller et al. 2017, Fossati et al. 2015

Grunhut et al. 2017, Wade et al. 2016

Binarity and Magnetic Interactions in 
various classes of Stars 

Alecian et al. 2015
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The bulk incidence of magnetic star is about 10%, 
across the OBA mass range.

Power et al. 2007



Dipolar field (G)
10 100 1 000 10 000 100 0001

The distribution of field strength is similar for OBA stars: 
there are no correlation between field strength and mass

Adapted from Shultz 2016
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Magnetic fields of OBA stars are not  
being currently dynamo-generated

‣Strong, simple fields, but rare (10%)

‣ Strength does not correlate with rotation, mass, etc

‣ Stable on up to decades timescales

“Fossil” or “remnant” field

‣ Magnetic characteristic of Herbig AeBe stars are similar



‣ Primordial ISM magnetic field

‣ Protostellar dynamo

‣ Stellar Merger

Need a common mechanism 
working over a 

large range of initial masses

But what was that event or evolutionary phase 
that set the magnetic characteristics of OBA stars…?



Two interesting characteristics of magnetic 
stars that could tell us more about their origins
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Why do we only  
rarely see stars with  

10-100G fields?

The so-called “magnetic desert”



Evidence for ultra-weak magnetic fields  
at the surface of bright, A-type stars.

790 P. Petit et al.: Weak magnetic fields of intermediate-mass stars

Fig. 1 Averaged Stokes V LSD profiles of Vega (left) and Sirius A (right) for the various observing runs (green lines).
The red line is obtained by averaging all Stokes V profiles. Note that successive profiles are shifted vertically for better
clarity. The error bar corresponding to each profile is plotted at left. The dashed, vertical lines depict the mean radial
velocity of the star. After Petit et al. (2010, 2011).

We summarize here the main results obtained in this
project. We first detail the technical challenges related to the
detection of sub-gauss magnetic fields in tepid and massive
stars. Afterwards, we present the main outcome of ultra-
deep spectropolarimetric observations of Vega and Sirius A.
We finally discuss various options proposed to explain the
physical origin of Vega-like magnetic fields.

2 Utltra-deep spectropolarimetric
observations of early A-type stars

2.1 Observing material

The basic material used in this highly-sensitive investigation
of weak magnetic fields consists of intensity (Stokes I) and
circularly polarized (Stokes V) spectra. We use these data
in a search for weak Zeeman signatures. We employ here
the NARVAL and ESPaDOnS spectropolarimeters (Aurière
2003) and benefit from their high spectral resolution (close
to 65,000), enabling us to comfortably resolve line profiles.
Depending on the target, the adopted integration time is
chosen to reach peak signal-to-noise ratios (S/N hereafter)
of about 2,000, which is close to (though safely away from)
the saturation threshold of the CCD detector.

To increase further our capability to detect very weak
surface magnetic fields, we use the fact that their polarized
signatures are present in all photospheric atomic lines pos-
sessing an effective Landé factor greater than zero. This
multi-line approach is performed using the Least-Squares
Deconvolution (LSD) cross-correlation procedure (Donati
et al. 1997, Kochukhov et al. 2010). For a main-sequence
star of early-A spectral type, about 1,000 lines can be com-
bined together to calculate a mean line profile (LSD profile
hereafter) with a typical S/N of 20,000.

With the final aim to reach uncertainties as low as 0.1 G
in longitudinal field measurements, the last step consists in
repeating the whole procedure for a large number of spec-
tra and averaging all LSD profiles together. Using 500 suc-
cessive observations of the same star, the noise is further
decreased by a factor of 25, with a final S/N of the grand
average reaching a value of up to 500,000. Because such
a large number of spectra has to be collected over several
nights, the resulting data set contains observations taken at
different rotational phases, so that our ultimate LSD profile
is providing us with a phase-averaged Zeeman signature. If
the signatures of small-scale, non-axisymmetric magnetic
features are likely to be averaged out by a significant rota-
tional smearing, this strategy has proved to be a great help in
the difficult task of unveiling sub-gauss fields in tepid stars.

2.2 The normal A-type star Vega

This approach was first applied to Vega, a main-sequence
A0 star with no strong chemical peculiarities. Evidence for
gravity darkening affecting the shape of photospheric lines
indicates that Vega is an oblate, rapid rotator seen almost
pole-on, with an inclination angle of about 7� (Takeda et
al. 2008), so that its projected rotational velocity of only 20
km s�1 is hiding a much faster equatorial velocity of 170
km s�1.

A total of about 1,500 spectra of Vega were recorded
with NARVAL and ESPaDOnS, from 2008 to 2011 (Lignières
et al. 2009, Petit et al. 2010, Alina et al. 2011), in an observ-
ing effort initially designed to track low-amplitude pulsa-
tions on this target (Böhm et al. 2011). Averaged Stokes V
profiles from the observing campaigns of 2008 and 2009
are plotted in the left panel of Fig. 1, illustrating the re-
peated detection of Zeeman signatures at the radial velocity

c� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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Fig. 1 Averaged Stokes V LSD profiles of Vega (left) and Sirius A (right) for the various observing runs (green lines).
The red line is obtained by averaging all Stokes V profiles. Note that successive profiles are shifted vertically for better
clarity. The error bar corresponding to each profile is plotted at left. The dashed, vertical lines depict the mean radial
velocity of the star. After Petit et al. (2010, 2011).

We summarize here the main results obtained in this
project. We first detail the technical challenges related to the
detection of sub-gauss magnetic fields in tepid and massive
stars. Afterwards, we present the main outcome of ultra-
deep spectropolarimetric observations of Vega and Sirius A.
We finally discuss various options proposed to explain the
physical origin of Vega-like magnetic fields.
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The basic material used in this highly-sensitive investigation
of weak magnetic fields consists of intensity (Stokes I) and
circularly polarized (Stokes V) spectra. We use these data
in a search for weak Zeeman signatures. We employ here
the NARVAL and ESPaDOnS spectropolarimeters (Aurière
2003) and benefit from their high spectral resolution (close
to 65,000), enabling us to comfortably resolve line profiles.
Depending on the target, the adopted integration time is
chosen to reach peak signal-to-noise ratios (S/N hereafter)
of about 2,000, which is close to (though safely away from)
the saturation threshold of the CCD detector.

To increase further our capability to detect very weak
surface magnetic fields, we use the fact that their polarized
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a large number of spectra has to be collected over several
nights, the resulting data set contains observations taken at
different rotational phases, so that our ultimate LSD profile
is providing us with a phase-averaged Zeeman signature. If
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A0 star with no strong chemical peculiarities. Evidence for
gravity darkening affecting the shape of photospheric lines
indicates that Vega is an oblate, rapid rotator seen almost
pole-on, with an inclination angle of about 7� (Takeda et
al. 2008), so that its projected rotational velocity of only 20
km s�1 is hiding a much faster equatorial velocity of 170
km s�1.

A total of about 1,500 spectra of Vega were recorded
with NARVAL and ESPaDOnS, from 2008 to 2011 (Lignières
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ing effort initially designed to track low-amplitude pulsa-
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Fig. 1 Averaged Stokes V LSD profiles of Vega (left) and Sirius A (right) for the various observing runs (green lines).
The red line is obtained by averaging all Stokes V profiles. Note that successive profiles are shifted vertically for better
clarity. The error bar corresponding to each profile is plotted at left. The dashed, vertical lines depict the mean radial
velocity of the star. After Petit et al. (2010, 2011).
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deep spectropolarimetric observations of Vega and Sirius A.
We finally discuss various options proposed to explain the
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the NARVAL and ESPaDOnS spectropolarimeters (Aurière
2003) and benefit from their high spectral resolution (close
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features are likely to be averaged out by a significant rota-
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the difficult task of unveiling sub-gauss fields in tepid stars.
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A0 star with no strong chemical peculiarities. Evidence for
gravity darkening affecting the shape of photospheric lines
indicates that Vega is an oblate, rapid rotator seen almost
pole-on, with an inclination angle of about 7� (Takeda et
al. 2008), so that its projected rotational velocity of only 20
km s�1 is hiding a much faster equatorial velocity of 170
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with NARVAL and ESPaDOnS, from 2008 to 2011 (Lignières
et al. 2009, Petit et al. 2010, Alina et al. 2011), in an observ-
ing effort initially designed to track low-amplitude pulsa-
tions on this target (Böhm et al. 2011). Averaged Stokes V
profiles from the observing campaigns of 2008 and 2009
are plotted in the left panel of Fig. 1, illustrating the re-
peated detection of Zeeman signatures at the radial velocity
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Fig. 1 Averaged Stokes V LSD profiles of Vega (left) and Sirius A (right) for the various observing runs (green lines).
The red line is obtained by averaging all Stokes V profiles. Note that successive profiles are shifted vertically for better
clarity. The error bar corresponding to each profile is plotted at left. The dashed, vertical lines depict the mean radial
velocity of the star. After Petit et al. (2010, 2011).
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detection of sub-gauss magnetic fields in tepid and massive
stars. Afterwards, we present the main outcome of ultra-
deep spectropolarimetric observations of Vega and Sirius A.
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2003) and benefit from their high spectral resolution (close
to 65,000), enabling us to comfortably resolve line profiles.
Depending on the target, the adopted integration time is
chosen to reach peak signal-to-noise ratios (S/N hereafter)
of about 2,000, which is close to (though safely away from)
the saturation threshold of the CCD detector.

To increase further our capability to detect very weak
surface magnetic fields, we use the fact that their polarized
signatures are present in all photospheric atomic lines pos-
sessing an effective Landé factor greater than zero. This
multi-line approach is performed using the Least-Squares
Deconvolution (LSD) cross-correlation procedure (Donati
et al. 1997, Kochukhov et al. 2010). For a main-sequence
star of early-A spectral type, about 1,000 lines can be com-
bined together to calculate a mean line profile (LSD profile
hereafter) with a typical S/N of 20,000.
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in longitudinal field measurements, the last step consists in
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tra and averaging all LSD profiles together. Using 500 suc-
cessive observations of the same star, the noise is further
decreased by a factor of 25, with a final S/N of the grand
average reaching a value of up to 500,000. Because such
a large number of spectra has to be collected over several
nights, the resulting data set contains observations taken at
different rotational phases, so that our ultimate LSD profile
is providing us with a phase-averaged Zeeman signature. If
the signatures of small-scale, non-axisymmetric magnetic
features are likely to be averaged out by a significant rota-
tional smearing, this strategy has proved to be a great help in
the difficult task of unveiling sub-gauss fields in tepid stars.

2.2 The normal A-type star Vega

This approach was first applied to Vega, a main-sequence
A0 star with no strong chemical peculiarities. Evidence for
gravity darkening affecting the shape of photospheric lines
indicates that Vega is an oblate, rapid rotator seen almost
pole-on, with an inclination angle of about 7� (Takeda et
al. 2008), so that its projected rotational velocity of only 20
km s�1 is hiding a much faster equatorial velocity of 170
km s�1.

A total of about 1,500 spectra of Vega were recorded
with NARVAL and ESPaDOnS, from 2008 to 2011 (Lignières
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ing effort initially designed to track low-amplitude pulsa-
tions on this target (Böhm et al. 2011). Averaged Stokes V
profiles from the observing campaigns of 2008 and 2009
are plotted in the left panel of Fig. 1, illustrating the re-
peated detection of Zeeman signatures at the radial velocity
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There seem to be a similar shortage of  
O-type stars with ~100 G magnetic fields

MiMeS O-star sample 
Petit et al. in prep.



There seem to be a similar shortage of  
O-type stars with ~100 G magnetic fields

MiMeS O-star sample 
Petit et al. in prep.

Monte Carlo with 
100 G in all stars



There are evidences for a “shortage” of 
close magnetic binaries

Carrier et al. 2002

Sample of 78 Ap stars in a binary system

3 days



Binarity and Magnetic Interactions 
in various classes of Stars

200 close OBA 
binary systems

10% There should be ~ 40 new 
magnetic OBA stars

400 stars

Only two were found..

There are evidences for a “shortage” of 
close magnetic binaries

Alecian et al. in prep



Shultz et al. 2015

However it does not mean 
they do not exist

Epsilon Lupi, P = 4.6 days, B + B

There are evidences for a “shortage” of 
close magnetic binaries



How does surface magnetism influence the 
structure and evolution of stars?



The surface field interacts with the magnetic field 
to create a circumstellar magnetosphere

ud-Doula et al. (2008) Fig. from Petit et al (2015)
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Magnetic

Shultz 2016, Grunhut et al. 2017

As a population, magnetic OB-type stars rotate  
slower than their non-magnetic counterparts

MiMeS: magnetic analysis of O-type stars 2447

Figure 11. Histogram of the O-star rotation periods. The rotation periods
of the magnetic stars were taken from the literature, while the periods of the
non-magnetic stars were estimated from their v sin i measurements and radii
according to their spectral types.

proxy for age. We also looked at the correlation of log (g) with
surface dipole field strength, based on results of the dedicated stud-
ies of the individual magnetic O stars. Unfortunately, the majority
of the magnetic stars have log(g) ∼ 4 and host a large range of field
strengths (several hundreds to thousands of G). Other than ζ Ori Aa,
the magnetic stars with log(g) ! 4 have similar field strengths to
those measured from stars with log(g) ∼ 4, so no obvious conclu-
sions can be made. The only star that shows evidence for a decrease
of magnetic field strength with age is ζ Ori Aa, which is the most
evolved magnetic star in this sample and also hosts the weakest
field.

Another important aspect that we investigate is the correlation
between rotation rate and the presence of a magnetic field. It is well
established that main-sequence and pre-main-sequence magnetic
A and B stars generally rotate at a fraction of the speed of non-
magnetic A and B stars (e.g. Donati & Landstreet 2009; Alecian
et al. 2013), likely as a result of the shedding of angular momentum
due to magnetic coupling to the stellar wind and/or circumstellar
disc during star formation (e.g. Stȩpień 2000). To address this as-
pect, we present a histogram of the rotation periods for each O-type
star in our sample, in addition to all confirmed magnetic O stars (see
Fig. 11). For the magnetic stars, we adopted the rotation periods in-
ferred from their photometric, spectroscopic, or Bℓ variations from
previous studies. Since we do not have independent measurements
of the rotation periods for the non-magnetic stars, we therefore es-
timated the rotation periods of these stars assuming rigid rotation
using our v sin i measurements and typical radii according to their
spectral types, based on the study by Martins et al. (2005a). For
stars with multiple measurements, we used the median v sin i. The
rotation period was also estimated in this way for HD 54879, us-
ing the radius (6.71.0

−0.9 R⊙) and v sin i (7 ± 2 km s−1) of Castro
et al. (2015). We assumed sin i = 1 when obtaining the rotation
periods to obtain maximal values (this also reduces the potential
bias from our profile fitting that could overestimate the contribution
of v sin i to the line profile). While the individual rotation periods
of the non-magnetic stars are highly uncertain, as a collective they
are more robust, and the distribution is sufficient for the purposes
of this discussion.

The full interpretation of the results presented in Fig. 11 is outside
the scope of this paper, but we can make some general conclusions.
The first conclusion is that the distribution of rotation periods for

the magnetic stars is very different from that of the non-magnetic
stars (a two-sided KS test supports the hypothesis that the magnetic
sample is not drawn from the same underlying distribution as the
non-magnetic sample – the null hypothesis that the two distribu-
tions are drawn from the same sample is rejected at 99.9 per cent
confidence). The most significant conclusion is that the majority
(60 per cent) of the magnetic stars have rotation periods longer than
the longest periods found in the population of non-magnetic stars
(stars with rotation periods "50 d all appear to be magnetic). We can
therefore conclude that magnetic fields play a very important role
in explaining the rotation among the slowest rotating O-type stars.
However, there still exists a population of magnetic stars with rota-
tion periods comparable to the periods found from the non-magnetic
stars. As discussed by ud-Doula et al. (2009), angular momentum
loss depends on several key physical parameters of the star such as
the magnetic field strength, the mass-loss rate, the rotation rate, and
the radius. Therefore, to interpret the current rotation period of the
star one needs to take all these factors into account, in addition to
the age of the star (the older the star, the longer the star may have
been affected by angular momentum loss).

The magnetic stars with the shortest rotation periods are: the
broad-line component of Plaskett’s star (1.21551 d – Grunhut et al.
in preparation); ζ Ori Aa (6.83 d – Blazère et al. 2015); HD 148937
(7.03 d – Nazé et al. 2008; Wade et al. 2012a); θ1 Ori C (15.442 d
– see Wade et al. 2006, and references therein). The more rapid
rotation of these stars relative to the other magnetic O stars is
likely a reflection of one (or several) of the following reasons:
the age (an insufficient amount of time has passed to carry away
enough angular momentum); the magnetic field strength is much
weaker than other magnetic O-type stars and therefore couples more
weakly to the stellar wind, which reduces the angular momentum
loss; some form of angular momentum transport has occurred due
to binary interaction, which has rejuvenated the star. This topic will
be addressed in a future paper in this series.

Given the tendency to overestimate the rotational contribution to
line profiles of magnetic stars (e.g. Sundqvist et al. 2013), it may
very well be that the rotation rates of the non-magnetic stars are also
overestimated and therefore the rotation periods are underestimated;
however, if we compare the v sin i distribution of all stars instead
of their rotation periods, we arrive at a very similar result, except
that the v sin i of HD 108 is considerably overestimated in this study
(see e.g. Martins et al. 2010, Shultz et al. in preparation).

We next attempt to link an observable phenomenon to the pres-
ence of magnetic fields, by looking at the incidence rate of mag-
netism among a number of different subsamples.

5.4.1 Oe stars

Oe stars are a subset of O-type stars that currently exhibit, or at some
point in their history have exhibited, emission in their spectra, typ-
ically in the Balmer lines. As recent studies have suggested a much
higher incidence of magnetic fields among early-type emission line
stars, this group is of particular interest (e.g. Hubrig et al. 2007b,
2009).

A careful examination of all our spectra revealed evidence of
emission in the Hα Balmer line for 47 of our targets, including all
stars with a confirmed magnetic field. This results in a somewhat
higher magnetic incidence fraction among emission line O stars of
13 ± 6 per cent, but by no means indicates a direct link between
emission and magnetic fields. This result is not surprising as a
number of different physical mechanisms could be responsible for

MNRAS 465, 2432–2470 (2017)
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Age a
nd ev

olut
ion

Meynet et al. 2011

Differential rotation
Solid-body rotation

We need to learn more about the angular momentum  
transport in stars with strong surface fields



B

forced 
corotation

❖ Quenches mass-loss

Trapped material is 
pulled back by gravity

Petit et al. 2017

Current day 
“escaping fraction”



Magnetic mass-loss quenching rivals with the effect of metallicity

Petit et al. 2017



Magnetic massive stars will be more massive at the TAMS 
than their non-magnetic counterparts

Petit et al. 2017

No rotation, magnetic flux conservation

Heavy black holes 
at solar metallicity?



Georgy et al. 2017

Electron-pair creation 

Magnetic VMS could produce pair-instability supernovae  
at solar metallicity

ZAMS: 

200 Msun 
1 kG



How does the structure and evolution of the 
star influence surface magnetism?



60 Msun

25 Msun

10 Msun

5 Msun

?

Most known magnetic OB stars are not very evolved

Aurière et al. 2015 
see also Oksala et al. 2017



Fractional MS age

Fossati et al. 2016

Most known magnetic OB stars are not very evolved



Fractional MS age

MiMeS O-star sample, Petit et al. in prep

Most known magnetic OB stars are not very evolved



Magnetic flux conservation

Magnetic flux decay? 
(Fossati et al. 2016)

“Magnetic botox”? 
Petit et al. 2017



Magnetic massive stars evolve at  
higher luminosity during the MS

No rotation, magnetic flux conservation



Magnetic properties of massive stars

Main questions

and Beyond the main sequence, how are magnetic stars 
linked to highly magnetized neutron stars and heavy black holes?

Where do magnetic fields in massive stars come from?

How does the structure and evolution of the star influence 
surface magnetism.

10% of massive stars host a large-scale, strong, surface 
magnetic field of yet unknown fossil origin

How does surface magnetism influence the structure and 
evolution of stars.


