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ABSTRACT

Context. Magnetic fields, photospheric and atmospheric dynamics can be involved in triggering the high mass loss observed in evolved
cool stars. Previous works have revealed that the magnetic field of these objects extends beyond their surface. The origin of this mag-
netic field is still debated. The possible mechanisms include a turbulent dynamo, convection, stellar pulsation, and cool spots.
Aims. Our goal is to estimate the magnetic field strength in the inner circumstellar envelope of six evolved cool stars (five Miras and
one red supergiant). Combining this work with previous studies, we tentatively constrain the global magnetic field type and shed light
on the mechanisms that cause it.
Methods. Using the XPOL polarimeter installed at the IRAM-30 m telescope, we observed the 28SiO v = 1, J = 2−1 maser line emis-
sion and obtained simultaneous spectroscopic measurements of the four Stokes parameters. Applying a careful calibration method for
Stokes Q, U, and V , we derived estimates of the magnetic field strength from the circular and linear polarization fractions considering
the saturated and unsaturated maser cases under the Zeeman hypothesis.
Results. Magnetic field strengths from several Gauss up to several dozen Gauss are derived. These new and more accurate mea-
surements constrain the field strength in the region of 2–5 stellar radii better than previous studies and appear to exclude a global
poloidal magnetic field type. The combination of a toroidal and poloidal field is not excluded, however. A variation in the magnetic
field strength over a two-month timescale is observed in one Mira star, which suggests a possible link to the stellar phase, that is, a
link with pulsation and photospheric activity.
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1. Introduction

After leaving the main sequence, solar-type stars (0.8–8 M� )
go through different phases prior to the planetary nebula
stage (e.g. Herwig 2005). The asymptotic giant branch (AGB)
phase lasts less than a few million years, but is one of the
most interesting phases in terms of chemistry and dynamics.
Beyond the photosphere, AGB objects harbor a true chem-
ical factory in their circumstellar envelope (hereafter CSE),
where more than 80 molecules and 15 dust species have been
discovered (Höfner & Olofsson 2018; Decin et al. 2018). This
AGB phase is also characterized by a massive mass loss
(10−6−10−4 M� yr−1, Höfner & Olofsson 2018) that makes these
objects the main contributors to the chemical enrichment of the
interstellar medium and to the recycling of matter in the Uni-
verse. This also applies to their massive counterparts, the red
supergiants (RSG, Ekström et al. 2012; De Beck et al. 2010).

Evolved cool stars therefore provide strong mechanical and
radiative feedback to their host environment (Langer 2012).
The high mass-loss rates of AGB stars are thought to be the
result of a wind acceleration mechanism that is based on radi-
ation pressure on dust grains that formed in the inner part of

the CSE (at a few stellar radii) and are lifted by stellar pulsa-
tion (Bladh & Höfner 2012). No consistent scenario exists for
RSGs. The exact mechanisms that trigger and shape the strong
winds of evolved cool stars still need further characterization.
This requires deeper studies of the subphotospheric layers where
convection and pulsation act, of the atmosphere where strong
radiating shocks occur, and of the wind-forming region where
dust condensates and radiation acceleration occuts. In addition
to the stellar convection, pulsation, and radiation pressure on
dust, it has been proposed that magnetic fields play a significant
role through Alfvén-wave driving of the wind (see for instance,
Cranmer & Saar 2011; Höfner & Olofsson 2018), but that they
also shape the wind (see Pascoli & Lahoche 2008; Dorch 2004,
for pulsating evolved stars (AGBs) and for RSGs, respectively).
If the fields are strong enough, they could even help to extract the
angular momentum (cf. the case of the cool main sequence stars,
Bouvier 2009). Magnetism and photospheric dynamics there-
fore both contribute in sustaining winds (Lèbre et al. 2014, 2015;
López Ariste et al. 2019), but the relative importance of the mag-
netic field for the photospheric and atmospheric dynamics is still
poorly known. The knowledge of the magnetic field strength and
geometry is still limited. The origin of the magnetic field strength
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as a possible astrophysical dynamo in these stars would most
likely be very different from the dynamo (α − ω) that is at work
in solar-type stars because these rotate slowly, and only a few
convection cells are present at their surface at any given time
(Freytag et al. 2002; Aurière et al. 2010). For these slow rota-
tors (with high Rossby number, up to ∼100, Charbonnel et al.
2017; Josselin et al. 2015), classical α − ω dynamos in which
the toroidal component of the magnetic field is amplified by
rotation are indeed not expected. On the contrary, a turbulent
(convective) dynamo (α2 − ω) can generate a local weak mag-
netic field up to 0.01 Gauss, which is then amplified by stellar
pulsation and cool spots to a large-scale magnetic field (Soker
2002). In the case of RSGs, a local small-scale dynamo gener-
ating a strong field with a small filling factor is favored based
on numerical simulations (Dorch 2004). While convection can-
not generate global magnetic fields, local fields therefore remain
possible and may lead to the generation of (at least) local
episodic mass-loss events (such as the one observed on Betel-
geuse by Montargès et al. 2021).

Low-intensity magnetic fields (of about 1–10 Gauss at the
stellar surface or at a few stellar radii) have been identified and
monitored over several years in RSGs and AGBs. In the past
decade, modern optical spectropolarimeters ESPaDOnS/CFHT1

and Narval/TBL) have brought much information about the stel-
lar surface magnetism in the Hertzsprung–Russel diagram (e.g.,
Aurière et al. 2010; Lèbre et al. 2014; Tessore et al. 2017). In
the radio regime, the polarimetric estimation of the magnetic
field strength in the CSE of evolved stars has been possible, for
instance, through the XPOL instrument at the IRAM-30m (e.g.,
Herpin et al. 2006), the VLBA array (e.g., Kemball et al. 2011;
Assaf et al. 2013), or now with ALMA (e.g., Vlemmings et al.
2017). From the radiation properties, such as linear polarization,
the angle of polarization, and the circular polarization of maser
emissions of different molecules, the magnetic field strength
along the line of sight can be derived in the CSE of these
objects (see e.g. review of Vlemmings 2011): from the inner-
most zones (i.e., a few stellar radii from the center of the object)
via the SiO masers (Herpin et al. 2006) to the outermost lay-
ers (i.e., several thousand stellar radii) via OH masers for oxy-
gen stars (Rudnitski et al. 2010), or via the CN Zeeman effect
for carbonaceous objects (Duthu et al. 2017). In particular, SiO
masers are excited close to the star (see, e.g., Cotton et al. 2011)
in small gas cells, where SiO has not yet been depleted onto
grains at further distances (Lucas et al. 1992; Sahai & Bieging
1993). SiO and dust regions sometimes overlap in the near-CSE
(Wittkowski et al. 2007). SiO masers exhibit linear and circular
polarization, which is likely due to the intrinsic stellar gas mag-
netic field (Vlemmings 2011).

Many results and positive detections have been obtained
on the surface magnetic field from optical circular polariza-
tion of M-type AGB (including the pulsating Mira variables,
Lèbre et al. 2014; Konstantinova-Antova et al. 2014) and RSG
stars (Aurière et al. 2010; Tessore et al. 2017), revealing weak
(i.e., down to the Gauss level) and variable or transient fields.
From circular polarization in the radio regime, the magnetic field
has been estimated at a few stellar radii in the CSE to be about
a few Gauss (Herpin et al. 2006). All these observational con-
straints favor a magnetic field strength that decreases with a 1/r
law throughout the CSE (Duthu et al. 2017). New insights came
from ALMA interferometric observations of SiO linear polariza-
tion. The observations revealed a magnetic field structure that is
consistent with a toroidal field configuration (Vlemmings et al.

1 Echelle SpectroPolarimetric Device for the Observation of Stars.

2017). Extrapolating this law to the photosphere, we expect a
magnetic field strength of a few Gauss at the surface of Mira stars
for a toroidal magnetic field configuration (Pascoli & Lahoche
2008). This was confirmed by the very first detection of a mag-
netic field at the surface of a Mira star, χ Cyg, (2–3 Gauss,
Lèbre et al. 2014). The surface magnetic field appears to vary on
timescales of weeks to years, in agreement with the convective
patterns timescale for RSGs (e.g., Mathias et al. 2018), or in the
case of pulsating stars (Mira and RV Tauri stars) with the atmo-
spheric dynamics, while the shock waves that periodically prop-
agate outward from the stellar atmosphere may locally enhance
the magnetic field through compression (e.g., Lèbre et al. 2014,
2015; Sabin et al. 2014; Georgiev et al. 2023).

The origin of the observed surface magnetic field in these
evolved cool stars, as well as the impact of the field strength on
the stellar environment and subsequent evolution, remains to be
fully characterized. Because it is difficult to measure the mag-
netic field on the stellar surface of these objects, a good way
to advance our knowledge of the field configuration is to esti-
mate the magnetic field strength at different locations of the CSE,
especially as close as possible to the photosphere, and therefore,
the strength of its possible origin. In this paper, we present new
SiO maser-line single-dish observations of six evolved cool stars
with an improved calibration in order to estimate more accu-
rately the magnetic field strength in the inner region of the enve-
lope at 2–5 stellar radii, where SiO masers are observed. In
Sect. 2, we present the observations and simultaneous spectro-
scopic measurements of the four Stokes parameters. Section 3
presents the data analysis and explains the calibration of our
data, with an emphasis on the removal of the instrumental polar-
ization. The method we used to derive the magnetic field esti-
mates is presented in Sect. 4. In Sect. 5, we present the results
for the polarization and magnetic field. In Sect. 6, we discuss
the variability and origin of the magnetic field. The concluding
remarks are developed in Sect. 7. Further information is given in
four appendices.

2. Observations

We observed the 28SiO v = 1, J = 2 − 1 maser-line emission at
86.2434277 GHz in a sample of evolved cool stars (see Table 1)
in March 2022 and May 2022 at the IRAM-30 m telescope on
Pico Veleta, Spain. Simultaneous spectroscopic measurements
of the four Stokes parameters I, Q, U, and V were obtained using
the XPOL polarimeter (Thum et al. 2008). The EMIR front-end
band E090 was connected to the VESPA backend, set up in
polarimetry mode with a 120 MHz bandwidth and a channel sep-
aration of 40 kHz (i.e., ∼0.139 km s−1 at 86 GHz). EMIR (eight
mixer receiver) is one of the four dual-polarization heterodyne
receivers available at the 30 m facility (for more details, see the
EMIR user guide2). The Versatile SPectrometer Array (VESPA)
is one of the seven available backends for EMIR3. As an autocor-
relation spectrometer, it was redesigned to also cross-correlate
the orthogonal linear polarization signals recorded by EMIR,
while it simultaneously delivers spectra in all four Stokes param-
eters4. The pointing was regularly checked on a nearby contin-
uum source; the accuracy is better than 3′′ (Greve et al. 1996).
The focus was adjusted on an available planet. In order to obtain
flat spectral baselines, we used the wobbler switching mode with
a throw of 80′′. The single sideband system temperature of the

2 https://publicwiki.iram.es/EmirforAstronomers
3 https://publicwiki.iram.es/Backends
4 https://publicwiki.iram.es/PolarimetryforAstronomers
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Table 1. List of observed sources.

Star RA (J2000) Dec (J2000) Type d vLSR L Teff dM/dt φ
(h m s) (◦ ′ ′′) (pc) (km s−1) (L� ) (K) (M� yr−1)

o Ceti (a) 02:19:20.79 –02:58:39.50 Mira (M5-9IIIe+DA) 107 +46.96 6099 2193 2.5 × 10−7 0.55
R Leo (b) 09:47:33.49 +11:25:43.82 Mira (M7-9eB) 100 0.0 5617 2890 9.2 × 10−7 0.85
U Her (b,c) 16:25:47.47 18:53:32.86 Mira (M6.5-8+eB) 271 –16.48 8000 3000 5.9 × 10−7 0.25/0.45
R Aql (b,c) 19:06:22.25 08:13:48.01 Mira (M6-9eB) 234/308 +47.0 4900 2800 1.1 × 10−6 0.90
χ Cyg (b) 19:50:33.92 +32:54:50.61 Mira (S6-9/1-2eB) 180 +11.2 7813 2000 2.4 × 10−7 0.90
µ Cep (d,e) 21:43:30.46 +58:46:48.16 RSG (M2-IaB) 390/1818 +27.95 35000 3750 2.0 × 10−6 –

References. (a)De Beck et al. (2010). (b)Andriantsaralaza et al. (2022). (c)Gottlieb et al. (2022). (d)Montargès et al. (2019). (e)Maercker et al. (2022).

receiver was 105–110 K for both sessions. The integration times
were 3.1, 2.0, 4.2, 3.2, 8.9, 1.9, and 0.2 h for χ Cyg, µ Cep, o
Ceti, R Aql, R Leo, U Her (March), and U Her (May), leading to
rms of 6.5, 8, 6, 7, 5, 7.5, and 24 mK, respectively, at the nomi-
nal spectral resolution. The forward and main-beam efficiencies
were 0.95 and 0.81, respectively; the half-power beam width was
29′′. The Jy K−1 conversion factor is 5.9.

Dedicated observations of the Crab nebula (a well-
characterized and strongly linearly polarized source) were
performed to verify the polarization angle calibration (see
Thum et al. 2008), as were planet observations with an unpolar-
ized thermal emission (on Uranus) to estimate the instrumental
polarization along the optical axis resulting from a feed leakage.
The alignment between vertical and horizontal polarizations is
perfect since the installation of an ortho-mode transducer with
a single horn in 2016. The polarized sidelobes do not affect
our observations because our sources are not extended (the SiO
maser region, below typically 0.1 arcsec in size, e.g. Cotton et al.
2006, is very small compared to the telescope beam). The gen-
eral method used for single-dish SiO polarimetry was described
in Herpin et al. (2006). However, since 2015, the V instrumental
polarization has strongly increased due to a substantial leakage
of the Stokes I signal into the Stokes V (Duthu et al. 2017). An
improved calibration scheme was therefore used here work to
minimize this contamination and is presented in Sect. 3.2.

Our sample is shown in Table 1 (the stellar phase φ is given
in Col. 10) and consists of five Mira-type stars (R Aql, o Ceti, χ
Cyg, U Her, and R Leo) and one RSG (µ Cep). All sources are
known to exhibit strong SiO maser emission. R Leo and χ Cyg
were observed by Herpin et al. (2006) in polarimetric mode. U
Her was observed in both March and May 2022.

3. Data reduction and calibration

3.1. Stokes parameters

From the horizontal and vertical polarizations and their relative
phase shift, we can simultaneously determine the four Stokes
parameters,

I = 〈E2
H〉 + 〈E

2
V〉

Q = 〈E2
H〉 − 〈E

2
V〉

U = 2〈EHEVcosδ〉
V = 2〈EHEVsinδ〉

, (1)

with δ the phase difference between horizontal and vertical
components EH and EV (e.g. Landi Degl’Innocenti & Landolfi
2004).

As polarizations are measured in the Nasmyth cabin refer-
ence frame, the Stokes parameters Q and U were rotated to the

Fig. 1. Observed Stokes parameters (not corrected for instrumental
polarization) I, V , Q, and U for o Ceti (in T?

A units [K]), spectral reso-
lution of 0.139 km s−1 centered on the SiO transition.

equatorial system to correct for the parallactic rotation. The cal-
ibration of the phase difference between the orthogonally polar-
ized signals was automatically determined during the observa-
tions by injecting a signal from a liquid-nitrogen bath pass-
ing through a well-specified wire grid (Thum et al. 2008), and
applied by dedicated offline data-processing. An example of the
I,Q,U,V spectra is shown in Fig. 1 for o Ceti.

The data reduction was made with the CLASS5 package. The
first step consists of removing linear baselines from all individ-
ual spectra. In a second step, we corrected the measured polar-
izations for the instrumental leakage from Stokes I to Q, U, and
V; the method is described in Sect. 3.2. The third step consists of

5 http://www.iram.fr/IRAMFR/GILDAS/
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averaging under sensitivity-optimizing weighting all spectra for
a given Stokes parameter to form a single spectrum that is to be
analyzed.

From these, we computed the fractional circular
polarization (pC), the fractional linear polarization (pL),
and the angle of polarization (χ). These are defined as
(Landi Degl’Innocenti & Landolfi 2004)

pC = V/I

pL =
√

Q2 + U2/I
χ = 1

2 atan2(U,Q) = 1
2 Arg(U + iQ)

(2)

The astronomical signal we obtained was an incoherent mix-
ture of Stokes Q, U, and V parameters filling the observing
beam, that is, originating from slightly different sight lines. The
use of the four-quadrant inverse tangent function instead of the
arctangent function avoids 90◦ ambiguities that arise when a
significant polarization in Stokes U is measured together with
an insignificant Stokes Q value of undefined sign. Owing to
the modulation of Stokes Q and U in a noncorotating Nasmyth
reference frame, this situation cannot be avoided and occurs
frequently.

3.2. Instrumental polarization

Most astronomical telescopes and their instrumentation suffer
from spurious conversions from Stokes I into Stokes Q, U, and
V , and from conversions among the three latter parameters. The
reasons for these conversions are manifold and mainly originate
in the asymmetric optics of the telescope (e.g., Nasmyth designs
such as that of the IRAM-30 m) and the reimaging system of
the receivers and in the receiver feed horns. For a discussion,
we refer to (Thum et al. 2008, and further references therein),
who demonstrated the extremely low instrumental conversion
of the IRAM-30 m optics from Stokes I into Stokes V (Müller
matrix element MIV at the per-mil level even outside the optical
axis after optimization of the orientation of the beam-splitting
grid). In December 2015, the E090 band of EMIR was equipped
with an ortho-mode transducer that splits the orthogonal linear
polarizations only in the feed horn. Its imperfections induce an
instrumental polarization of up to MIV = 2.7%, derived from
observations of the unpolarized planet Uranus. Calibration of
the polarization angle is as good as ±0◦.5, which is the uncer-
tainty of the orientation of the wire grid in the phase-calibration
unit. A spurious conversion from Stokes U to V may arise in
the phase calibration, but is shown to fall below MUV . 1%.
From the Crab nebula observations performed at the beginning
and end of each period, we derived a stable polarization angle
of 145–146◦ that agrees with what is expected (Aumont et al.
2010; Ritacco et al. 2018). This demonstrates that the instru-
mental conversions between linear and circular polarization are
under control. For brevity, we therefore use “instrumental polar-
ization” as a synonym for the leakages from Stokes I into Q, U,
and V , referring to specific conversions with the Müller matrix
elements MIQ, MIU, and MIV. In the following, we describe
the method for determining the instrumental polarization and
for removing it from the Stokes spectra. It is important to
note that these calibration steps were applied scan-wise, that is,
to spectra of typically four-minute long on-off cycles. This is
because the instrumental polarization arises predominantly in the
Nasmyth cabin, and therefore, if it is expressed in celestial ref-
erence frames, it depends on elevation. The final spectra were
subsequently obtained by averaging the calibrated scans.

Table 2. Global uncertainties (standard deviations) of Stokes V derived
from the Monte Carlo method, including uncertainties in the removal of
instrumental contamination.

σV Integration time
(mK) (h)

o Ceti 1.9 4.2
R Leo 1.1 8.9
U Her (March) 2.4 1.9
U Her (May) 6.9 0.2
R Aql 5.1 3.2
χ Cyg 3.8 3.1
µ Cep 4.8 2.0

3.2.1. Removal of instrumental leakage from Stokes I to
Stokes V

A given Stokes V spectrum is composed of an astronomical
signal, V?, and an instrumental leakage from Stokes I, that is,
V = V? + MIV · I. Our recovery of V? proceeded as follows:
1. Since the MIV term is known to be quasi-achromatic, it can

be quantified for each scan by the linear regression of Stokes
I and V . By averaging only spectra with |MIV| < 1%, we
obtained an almost pure preliminary astronomical Stokes V
spectrum, Ṽ?.

2. Ṽ? was subtracted from each Stokes V spectrum. The result-
ing scan series of residual spectra ∆V was then largely dom-
inated by the leakage terms MIV · I. Estimates of MIV were
scan-wise determined by linear regression of Stokes I and
∆V .

3. In the final step, we computed V? = V − MIVI. The series
of corrected spectra with baseline noise σrms obtained in
this way were finally averaged with a sensitivity-optimizing
1/σ2

rms weighting.
A demonstration of this algorithm is shown in Fig. A.1. The
residual instrumental polarization in the cleaned Stokes V spec-
tra mainly arises in the uncertainties ∆MIV of the parameters MIV
obtained in this way and was estimated by applying the same cal-
ibration steps to synthetic Stokes V spectra of an underlying V?

known a priori. We list these steps below.
1. As data model for a given target, we used its V?

rvm spectrum
produced by the rvm code (see Sect. 4.1). For each scan out
of the total of Nobs observations, we added baseline noise of
the standard deviation σrms and an instrumental contribution
(MIV + ∆MIV)I. The Nobs realizations of the synthetic noise
spectra and ∆MIV parameters were obtained from Gaussian
distributions of the same standard deviations as were deter-
mined in the calibration steps described above.

2. We decontaminated this set of Nobs simulated spectra and
deduced the best estimate V̂? of the astronomical Stokes V
spectrum using the same cleaning procedure as described
above.

3. We repeated this procedure ten times to obtain the standard
deviation among the V̂? spectra for each velocity channel
and assigned it to the corresponding channel of the V?

rvm
spectrum.

For all sources, we applied this Monte Carlo method. We
obtained standard deviations σV of about a few mK that we list
in Table 2. They exceed those of the radiometric noise in the
original Stokes V spectra and reflect the residual uncertainty in
the determination of the MIV parameters. We underline that the
previous test for the reproducibility of the required correction for
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R Aql indicates that the derived BZ × cos(θ2) is inconclusive. It
is only formally significant that the V?

rvm spectrum uncertainty is
only based on the radiometric noise; no limitations are linked to
the procedure for removing the MIV terms.

3.2.2. Removal of instrumental leakage from Stokes I to Q
and U

The removal of the leakage from Stokes I to linear polariza-
tion is conceptually easier because in the celestial reference
frame (where the polarization angle is measured in the equato-
rial system from the north towards the east following the IAU
convention, IAU 1973), the astronomical polarization explicitly
depends on the parallactic rotation, or, to be more precise, on
the difference χ0 between the telescope elevation ε and the par-
allactic angle η, whereas the instrumental contribution remains
fixed in the reference frame of the Nasmyth cabin. For the EMIR
receiver, the transformation from celestial coordinate offsets
defined in the equatorial frame (∆α cos δ,∆δ) to those defined
in the Nasmyth frame is given by

T =

(
cos χ0 sin χ0
− sin χ0 cos χ0

)
. (3)

The application of the coherency matrix formalism (e.g.,
Wiesemeyer et al. 2014, further references therein) then yields
the corresponding transformation of the equatorial plane of the
Poincaré sphere to the Nasmyth reference frame (subscript N),
with the following representation of the Stokes Q and U param-
eters:

QN = MIQI + Q∗eq cos 2χ0 + U∗eq sin 2χ0,
UN = MIUI − Q∗eq sin 2χ0 + U∗eq cos 2χ0,

(4)

where the superscripts ∗ refer as in Sect. 3.2.1 to the astro-
nomical Stokes parameters, and where MIQ and MIU are the
Müller matrix elements for the spurious conversion of Stokes
I into Q and U. The knowledge of the exact nature of the MIQ
and MIU terms is not required here, except that their origin is
located in the Nasmyth cabin, and that they are quasi-achromatic
across the lines profiles here. From previous commissioning
work (Thum et al. 2008), these prerequisites are known to be
fulfilled. Under the well-justified premise that the emission in
the Stokes parameters Q∗ and U∗ is spatially unresolved and sta-
tionary on the timescale of an hour-angle interval, and ensuring
sufficient sampling of 2χ0, they can be separated from the instru-
mental contamination by fitting sinusoidal curves to the line-
integrated fluxes using Eq. (4). An example is shown in Fig. A.2.
Minor systematic deviations hint at another instrumental contri-
bution to the measured polarization that is fixed in the horizon-
tal system and therefore arises from the telescope’s primary or
secondary mirror. These contributions were found to be insignif-
icant.

4. Data analysis and method

4.1. Stokes I and V component analysis

The SiO Stokes I spectra are shown in Fig. 2 for R Aql and are
presented in Appendix B (Fig. B.1) for the other sources. All SiO
line profiles are complex, but can be reproduced by assembling
several Gaussian maser components centered at different veloc-
ities. The individual components are relatively narrow, although
some of them are slightly broader than the thermal line widths,
about 1–1.2 km s−1 in SiO maser regions where we expect the

gas temperature to be about 1000–1500 K. We decomposed the
Stokes I signal into multiple Gaussian functions, assuming that
the intensity profile I can be fitted by

I(v) =

n∑
k=1

Ake
−

(v−v0,k )2

∆v2D,k , (5)

with v0,k and ∆vD,k the central velocity and Doppler width,
respectively, for each component k, and Ak a weight coefficient.

We developed a code based on the relevance vector machines
(rvm) algorithm as described in Tipping & Faul (2003). This
code fits the signal to the best linear combination of entries taken
from a dictionary. In our case, the dictionary was made of Gaus-
sian functions of various widths (full width at half maximum,
FWHM) that were chosen in a range of two values, ∆va and ∆vb,
sampled in 50 values. They were defined for each star and cen-
tered over a range of velocities (200 values between v0 and v1).
The term dictionary is used to emphasize that there is no require-
ment of orthogonality among the different elements of the dic-
tionary. Lacking this requirement, the algebraic problem has no
unique solution. rvm solves this issue by Bayesian marginaliza-
tion. The code assigns a weight to all the components of the dic-
tionary (Ak), optimizing the marginal likelihood. In a sense, the
algorithm seeks the linear combination with the smallest number
of dictionary entries that satisfies noise constraints, consistent
with the noise observed in our data.

Initial fits were made with the CLASS package to obtain
a first idea of the ranges for the widths and velocities. These
parameters were then used as a first guess for the ranges in the
rvm code. The ranges were adjusted iteratively to maximize the
correlation between the fit and the observed spectra. The results
are not sensitive to the adopted ranges when they remain within
reasonable values. The FWHM ranges differ slightly for each
source, but they are typically between 0.3 and 2 km s−1. The fit
result is more sensitive to the noise level put in the algorithm,
that is, the Stokes root mean square error (rms), which will con-
strain the number of components used in the fit.

Always assuming that circular polarization has its origin in
the Zeeman effect, we used an analogous decomposition for the
Stokes V profiles. Since SiO is a nonparamagnetic molecule, the
typical magnetic fields expected to be found in the CSE corre-
spond to the so-called weak-splitting Zeeman regime, for which
the Zeeman splitting is much smaller than the intrinsic Doppler
line width ∆vD. This is independent of any line width growing
in the maser theory, but we describe the impact of maser satura-
tion below. In the weak-field regime, any Stokes V signal can be
safely modeled,

V(v) = f (B)
dI
dv
, (6)

where f (B) is a function of the magnetic field intensity and
the parameters of the transition, with respect to the associated
intensity. As in the case of the observed Stokes parameter I, the
observed parameter V is broken down into subcomponents Vi
that are derivative of Gaussian functions, which, when added
together, fit the V profile. Our rvm algorithm determines the
weights assigned to all Vi whose weighted combination fits the
observed V . All profiles were treated here as would be done
with thermal Zeeman measurements, but maser amplification
may modify the line profiles (maser saturation is considered in
Sect. 4.4).

The fit results for Stokes I and V are given in Tables 3–4 and
are shown in Fig. 2 for R Aql and in Fig. B.1 (Stokes I) and 3
(Stokes V) for the other sources.
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Table 3. Description of the I components for each source and the associated saturation rates.

Star rms v Flux ∆v S/N TB R R/Γ
(mJy) (km s−1) (Jy) (km s−1) (107 K) (s−1)

R Aql 43 45.2 1.7 1.2 14 0.8−1.4 0.2−0.4 0.04−0.08
46.9 3.9 0.7 32 1.7−3.1 0.5−0.9 0.1−0.2
48.7 10.1 1.8 83 4.5−8.1 1.3−2.3 0.3−0.5
48.9 10.4 1.0 85 4.6−8.4 1.3−2.3 0.3−0.5
52.0 3.9 0.7 32 1.7−3.1 0.5−0.9 0.1−0.2

µ Cep 46 26.0 3.3 0.4 25.0 4.1−89.9 1.1−25 0.2−5
26.4 4.0 1.4 31 5.0−109.0 1.4−30.3 0.3−6.1
28.2 6.0 1.5 46 7.5−163.4 2.1−45.4 0.4−9.1
29.5 2.1 0.3 16 2.6−57.2 0.7−15.9 0.1−3.2
30.5 4.3 1.1 33 5.4−117.1 1.5−32.5 0.3−6.5
33.3 1.9 0.3 15 2.4−51.8 0.7−14.4 0.1−2.9
34.5 4.6 1.4 35 5.8−125.3 1.6−34.8 0.3−7.0
34.9 2.2 0.5 17 2.8−59.9 0.8−16.6 0.2−3.3

o Ceti 36 44.8 26.2 0.6 260 2.5 0.7 0.1
46.8 68.7 0.4 682 6.5 1.8 0.4
47.0 26.5 1.0 263 2.5 0.7 0.1
47.9 37.4 0.4 372 3.6 1.0 0.2
49.2 93.8 0.9 932 8.9 2.5 0.5
49.3 93.7 0.5 931 8.9 2.5 0.5

χ Cyg 38 7.1 39.4 1.2 366 10.5 2.9 0.6
9.1 290.2 0.5 2693 77.6 21.6 4.3
9.3 172.7 1.1 1603 46.2 12.8 2.6

11.2 64.2 1.2 596 17.2 4.9 1.0
11.7 124.3 0.5 1154 33.2 9.3 1.9
13.6 15.1 1.2 140 4.0 1.1 0.2

U Her 45 –20.1 3.7 1.3 29 2.2 0.6 0.1
(March) –17.7 30.2 1.0 240 18.3 5.1 1.0

–16.0 31.9 1.0 254 19.3 5.4 1.1
–14.0 6.9 1.3 55 4.2 1.2 0.2
–10.4 2.1 2.0 17 1.3 0.4 0.1

U Her 140 –19.7 2.9 0.9 73 1.8 0.5 0.1
(May) –17.4 29.0 0.6 731 17.5 4.9 1.0

–17.0 32.9 1.3 830 19.9 5.5 1.1
–16.2 19.6 0.6 495 11.9 3.3 0.7
–14.2 3.2 1.5 81 1.0 0.3 0.1

R Leo 29 –5.2 15.8 0.7 196 1.3 0.4 0.1
–3.8 47.2 0.5 587 3.9 1.1 0.2
–1.2 137.6 0.7 1710 11.3 3.1 0.6
–0.2 162.3 2.3 2018 13.4 3.7 0.7
0.6 117.9 0.8 1465 9.7 2.7 0.5
2.7 21.6 0.4 268 1.8 0.5 0.1
3.5 51.3 1.5 637 4.2 1.2 0.2

Notes. We considered two different distances for µ Cep and R Aql (see Table 1).

4.2. Computation of the uncertainties

To compute the uncertainties δB of the inferred magnetic field,
we computed the uncertainties δV of the Stokes V parameters
after the removal of the instrumental polarization as described
above. We considered two main sources of uncertainties:

– The Monte Carlo method described in Sect. 3.2.1 includes the
Stokes V global uncertainty for each velocity channel, that is,
it reflects both the radiometric noise and the uncertainty in the
removal of the MIV terms (see σV in Table 2). This entails an
uncertainty δVinst in the rvm fit that needs to be quantified.

– The second source of uncertainties is the difference (resid-
ual), δVres, between the fit and the cleaned spectra V? (see
Sect. 3.2.1).

We can quantify the first uncertainty from the standard devia-
tions σV as determined in Sect. 3.2.1, which propagates into the
parameters of the Stokes V fitting method and, consequently, to
the magnetic field estimates. To determine this first uncertainty,
we defined three spectra, namely the cleaning-method spectrum
and two spectra deviating from the cleaned spectrum by ±σV.
We applied the rvm code to these three spectra to determine
whether there are differences in the parameters of the Gaussian
functions (velocity widths, central velocities, and amplitudes)
used in the fit. We find a difference of 0.3 km s−1 in the central
velocity for U Her in May and 0.1 km s−1 for the three sources µ
Cep, o Ceti, and U Her (March), while there is no difference for
the other objects. We also determined the corresponding differ-
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Table 4. Characteristics of the Gauss-fit components to the observed
Stokes V spectrum for each source.

Star # v ∆v |Vpeak| δV S/N
(km s−1) (km s−1) (K) (mK)

R Aql 1 49.5 2.1 0.03 10 2.5
µ Cep 1 26.9 1.4 0.013 11 0.9

2 33.5 1.9 0.018 1.2
o Ceti 1 45.3 0.9 0.13 29 13

2 46.9 0.4 0.22 25
3 47.3 0.9 0.30 32
4 48.1 0.8 0.17 18
5 49.0 0.2 0.10 15

χ Cyg 1 7.3 0.9 0.11 34 10
2 8.6 0.5 0.31 31
3 9.6 0.9 0.42 40
4 10.7 0.9 0.13 13
5 11.9 0.7 0.29 29
6 12.8 0.9 0.08 8.0

U Her 1 –18.0 1.3 0.024 11 2.0
(March) 2 –16.1 0.7 0.04 3.5

3 –14.7 0.7 0.026 2.1
U Her 1 –16.9 1.3 0.11 25 2.5
(May)
R Leo 1 –3.5 0.9 0.21 29 33

2 –2.3 0.9 0.19 30
3 –0.9 0.9 0.33 51
4 –0.7 0.4 0.24 42
5 1.5 0.9 0.44 68
6 2.3 0.6 0.17 26

Notes. The hashtag is the number associated with each component. v
is the central position of the Gaussian function, ∆v is the separation
between the two peaks of the Zeeman pattern (see Eq. (8)) (later called
“a” and “b”), |Vpeak| is the intensity of the peak, δV is the noise associ-
ated with the component, calculated in Sect. 4.2, and S/N is the signal-
to-noise ratio (relative to the integrated area).

ence δVinst between the largest excursions introduced in the peak
intensities Vpeak; it amounts to 7 mK.

To estimate δVres, we measured the rms error (δVres =√∑N
i=1(xm

i − xd
i )2/N, with xm the fitted values and xd the observa-

tional data). For R Aql, µ Cep, and U Her (March observation),
we find δVres ∼ 7 mK and for U Her (May observation), R Leo,
Ceti, and χ Cyg 24, 28, 28, and 33 mK, respectively.

To obtain the total uncertainty δV in Stokes V , we added
δVinst and δVres in quadrature; the results are reported in Table 4.
Their high signal-to-noise ratios show that the Stokes I spectra
are free from errors. For both regimes (i.e., saturated and unsat-
urated), the uncertainties in the magnetic field estimates are then
given by δB/B = δV/V .

4.3. Description of the observed Stokes I and V signals

Our fit results (see Figs. 2 for R Aql 3 for the V decomposition,
B.1 for I, and Tables 3, 4) show that the SiO maser line profiles
are globally well reproduced by our procedure. Exceptions can
be found in the bluest and reddest weak features of the total inten-
sity I, for instance, at ∼54 km s−1 for R Aql, but also for χ Cyg,
o Ceti, or U Her (for the May data). Some broad wing emissions
in µ Cep, χ Cyg, or o Ceti (including component 1) are not repro-
duced either. This has no impact on our results because the polar-

ization of these components is weak and within the noise. The
amplitudes of all detected Stokes I components are well above
10σ and are ∼1 km s−1 (or less) broad, as expected from maser
emission (e.g. Richards et al. 2020). However, one central com-
ponent in R Leo has a width of 2.3 km s−1, but this might be due to
an underestimation (too weak) of the other components on both
sides. We underline that the maser emission in U Her has changed
between the two observation epochs. For this source, the profiles
are different, although we identified the same number of compo-
nents (five), but at different velocities. The last component at –
10.4 km s−1 in March has no equivalence in May. The first com-
ponents at –20.1 km s−1 (March) and –19.7 km s−1 (May) have the
same intensity and width. Between the components at –17.7/–
17.4 km s−1 and –16.0/–16.2 km s−1, which are weaker in May, the
code found an additional larger (∆v = 1.3 km s−1), component at
–17.0 km s−1 in May (see Fig. B.1).

Two types of V profiles are globally observed within our
sample: single profiles with one to two well-separated Zeeman
components (R Aql and U Her in May, and µ Cep) and more
complex profiles with more components, some of them over-
lapping. U Her in March is between the two cases and does
not exhibit the simple antisymmetric profile observed in May.
It is important to note that not all I components are associated
with characteristic antisymmetric Zeeman V profiles; the reason
might be the complexity of the magnetic field within our rather
large radio beam width. The Zeeman features in Stokes V that
can be associated with a Stokes I component are (blue- or red-)
shifted by a few 0.1 km s−1, and therefore, in general more than
our uncertainty on the fits (see Sect. 4.2) and comparable to or
exceeding the channel separation. This velocity shift is thus real,
but we cannot explain it with a simple model associating physi-
cal maser components with emission peaks and a magnetic field.
We cannot exclude based on our work that other theories without
a standard Zeeman interpretation could lead to complex profiles
with possible velocity shifts.

The V spectra for R Aql and U Her (May data) exhibit a
well-defined single Zeeman signature that is redshifted from the
corresponding I component. µ Cep exhibits two well-separated
Zeeman signatures, also redshifted, but with a low S/N. The fit
for U Her (March data) indicates three components, but consid-
ering the S/N, only the central one (in orange in Fig. 3), which
is roughly identical to that detected in May, can be trusted. The
V profiles for χ Cyg, R Leo, and o Ceti are made of five or six
components each, most of them associated with I components,
but with noticeable velocity shifts. o Ceti exhibits broad negative
V signals in the bluest and reddest sides of the V profiles, which
cannot be fit by Zeeman profiles. Extreme components in R Leo
cannot be reproduced either.

We may speculate that µ Cep, U Her, and R Aql exhibit fewer
V components because the SiO maser emission is weaker than
that of the other objects, that is, the S/N is not sufficient to reveal
other possible V components.

4.4. Maser line saturation

The cosmic maser line theory predicts an exponential growth of
the line intensity until the population inversion reaches a critical
saturation level, beyond which the radiated emission increases
linearly along the propagation axis and tends to be beamed
(see e.g. Goldreich & Kwan 1974). A convenient way to esti-
mate whether the maser saturation conditions apply consists of
comparing the stimulated emission rate of the maser transition,
R, with the decay rate, Γ, from the maser levels. Saturation is
observed when R exceeds Γ.
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Fig. 2. Decomposition of Stokes I and V for R Aql (spectral resolution of 0.139 km s−1). Left: Stokes I data are shown in black, and the global
fit is shown in red. The vertical dashed colored lines are the positions of the center of the individual Gaussian functions used in the fit, plotted in
various colors. Right: Stokes V data cleaned from instrumental polarization are shown in black (Sect. 3.2), and the fit is shown in red. The vertical
dashed colored lines show the individual Gaussian I components from the Stokes I fitting procedure (left panel).

The stimulated emission rate is derived from

R =
AkTb∆Ω

4πhν
, (7)

where k and h are the Boltzmann and Planck constants, Tb is
the brightness temperature, A = 2.891 × 10−5 s−1, the Einstein
coefficient for spontaneous emission of transition SiO v = 1,
J = 2 − 1, ν the line frequency, and ∆Ω the beaming solid angle
(the ratio of the surface area of a typical maser spot to the area
of the masing cloud).

Deriving R for the v = 1, J = 2 − 1 SiO transition depends
critically on the estimate of ∆Ω and Tb. ∆Ω was estimated from
the interferometric maps of SiO at 43 GHz in the v = 1, J =
1 − 0 transition observed in one typical Mira star over several
epochs (Assaf et al. 2013); the average over all epochs is about
5 × 10−2, but we note that the minimum and maximum beaming
can vary from 2 × 10−2 to nearly 0.1 at different epochs. We
assumed that ∆Ω = 5×10−2 is also representative of the beaming
angle for the SiO v = 1, J = 2−1 transition. To estimate Tb in the
absence of high spatial resolution maps of the observed sources,
we relied on the existing measurements made in a broad variety
of late-type stars. We adopted 1 au for the typical maser sizes,
as in Pérez-Sánchez & Vlemmings (2013), and Tb then depends
on the distance to the source and the observed total flux density.
The estimated Tb is about 1–160 107 K (see Table 3, with two
different values for two possible distances in R Aql and µ Cep),
which strongly agrees with the maser nature of these emissions.
The derived values of R are given in Table 3.

The decay rate from the maser levels may be approximately
estimated without describing any pumping scheme when we
recognize that collisional excitation of vibrational states fol-
lowed by radiative decay is essential to explain the observed
SiO masers in the v = 1 state and above (Elitzur 1992). At
86 GHz in the v = 1 state, we thus obtain an approximate value
of Γ from the spontaneous emission rate A(v = 1 → 0) = 5 s−1

(Hedelund & Lambert 1972), which remains much higher than
the collisional deexcitation rate, C(v = 1 − 0) a few times 10−3–
10−4 s−1 for the temperature and density conditions expected in

regions where SiO is observed. The density must remain below
very roughly 1012 cm−3 to avoid collisional quenching of the SiO
maser.

Despite the uncertainties on the values of R and Γ, we there-
fore obtained an estimate of the degree of saturation of the
emitting maser for each intensity component and each star (see
Table 3). Based on this, we propose which stars are in the unsat-
urated (R < Γ) or in the saturated cases (R > Γ). The result was
used to prefer either one or the other of the theories described in
Sect. 4.5 to compute the magnetic field.

Our results show that only χ Cyg, µ Cep (in the case of
the larger distance), and U Her are saturated. Considering that
we derived lower limits, however, we deemed these objects
to be strongly saturated and the others to be just saturated. It
is commonly admitted in the literature that circumstellar SiO
masers are in the saturated or strongly saturated regime (e.g.,
Kemball et al. 2009). We still considered both cases for each star.

4.5. Magnetic field estimate

The computation of the magnetic field strength via the Zeeman
effect differs according to the saturation of the maser emission.
The magnetic field was computed from the two peaks found for
Stokes V with our rvm code. With the Gaussian decompositions
used in Eq. (5), the intensity extrema are observed at

vpeak = v ±
1
√

2
∆vD. (8)

The two peaks, noted a and b (see Table 5), are separated by
∆v =

√
2∆vD (see Table 4).

4.5.1. Saturated maser

In a saturated maser, the fractional Stokes vectors propagating
through the masing cloud are constant. The radiative transfer
equation for the Stokes vectors admits very few situations with a
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Fig. 3. Stokes V spectra for all sources except R Aql. The Stokes V data cleaned from instrumental polarization are shown in black (Sect. 3.2), and
the fit is presented in red. The dashed purple lines are the positions of the individual Gaussian I components from Stokes I fitting procedure.

nonzero constant and propagating Stokes vector. These solutions
were thoroughly studied by Elitzur (1996), while other theories
were proposed (see Herpin et al. 2006, for a brief discussion).

We write the ratio xB of the Zeeman shift ∆vB to the Doppler
line width ∆vD both in km s−1,

xB = ∆vB/∆vD (9)

for the Zeeman effect by explicitly writing ∆vB = 14gλ0B, where
g is the Landé factor in terms of the Bohr magneton (where g for
the diamagnetic molecule SiO is 8.44 × 10−5; see Appendix C),
λ0 = 0.34785 cm the wavelength of the SiO v = 1 J = 2 − 1
maser emission, and B the magnetic field strength in Gauss.

Under the saturation regime and for the ratio xB < 1 (which
is appropriate for diamagnetic molecular species), Elitzur (1996)
found that xB is proportional to the fractional circular polariza-
tion pC at the peak of the Stokes V parameter according to the
law

xB =
3
√

2
16

pC cos θ1, (10)

where θ1 is the angle between the magnetic field direction and
the incident beam arriving at the SiO molecule.

Herpin et al. (2006) followed a similar approach to estimate
the magnetic field strength from their observed values of pC.
However, they used g = 10−3, so that their field strength esti-
mates must be reevaluated using g = 8.44×10−5 for comparison
with our new study (see Sect. 6). From ∆vB above and Eq. (10)
we obtain at the peak, vpeak, of the Stokes V parameter

B
cos θ1

' 645∆vD pC(vpeak). (11)

Equation (11) was used to derive the magnetic field strength in
Gauss, noted BE in the following, when pC and ∆vD are known.
The remaining uncertainty in the determination of the field inten-
sity comes from θ1, which is discussed in Sect. 4.5.3.

4.5.2. Unsaturated maser

Whenever the maser is unsaturated and the fractional Stokes vec-
tors are not constant along the optical path, the typical weak-field
approximation applies. The Zeeman frequency shift of a given
level is proportional to the Larmor frequency,

νL =
µ

h
B, (12)

where h is the Planck constant. The magneton µ often is the Bohr
magneton. For the diamagnetic molecule SiO, however, all elec-
tronic angular momenta are zero and the only contribution to
the total angular momenta comes from angular momenta asso-
ciated with the rotation of the total mass of the molecule. These
momenta are expressed in units of the nuclear magneton. It is
common, however, to rewrite formulae in terms of the Bohr mag-
neton and to redefine the Landé factor accordingly. The details
can be found in Appendix C. We adopt this convention below,
and as in the case of the saturated maser, we write all formulae
in terms of the Bohr magneton.

Under the weak-field approximation, it can be demonstrated
that the expected Stokes V line profile is proportional to the
derivative of the intensity profile (see also Eq. (6)),

V(v) = ∆vBcosθ2
dI
dv

(v), (13)
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Table 5. Polarization rates, angles, and magnetic field values for all components and all stars for the saturated and unsaturated cases.

Star # pL pC χ BE BE (2nd solution) BZ × cos(θ2) Comment
(%) (%) (◦) (Gauss) (Gauss) (Gauss)

R Aql 1 – a 7.5 –1.0 179.5 (6.1± 2.0) (3.7± 1.3) (5.3± 1.8) *
– b 21.4 3.4 95.3 (21.6± 7.3) (9.8± 3.3) (8.2± 2.8) *

µ Cep 1 – a 4.5 –0.9 143.6 (3.7± 3.4) (2.4± 2.2) (12.2± 11.1) *
– b 5.3 1.0 133.8 (4.3± 3.9) (2.7± 2.4) (28.1± 25.6) *

2 – a 7.9 14.0 145.4 (76.9± 49.4) (43.3± 27.8) (63.6± 40.1) *
– b 8.1 –1.8 117.6 (10.4± 6.7) (6.1± 3.9) (9.9± 6.4) *

o Ceti 1 – a 58.9 –2.2 147.5 (8.0 ±2.1) (40.0± 10.8) *
– b 9.6 6.2 136.4 (23.4± 6.3) (13.2± 3.6) (182.5± 49.5) *

2 – a 33.4 3.3 76.1 2.5± 0.4 2.7± 0.42
– b 15.9 0.8 77.1 1.6± 0.3 0.8± 0.1 5.2± 0.8

3 – a 23.3 2.1 65.6 4.9± 0.5 2.1± 0.2 31.0± 3.4
– b 4.7 –1.6 29.9 8.9± 1.0 5.8± 0.6 13.2± 1.5

4 – a 4.7 –1.6 29.9 4.2± 0.9 2.7± 0.8 7.0± 1.5
– b 29.6 –2.2 33.9 4.0± 0.8 1.5± 0.3 5.7± 1.2

5 – a 47.0 –1.5 35.3 0.4± 0.2 1.0± 0.4
– b 52.6 0.0 36.4 0.3± 0.1 0.8± 0.3

χ Cyg 1 – a 26.2 –1.7 38.7 4.3± 1.5 1.7± 0.6 10.1± 3.6
– b 16.2 1.1 12.4 3.0± 1.1 1.5± 0.5 7.5± 2.7

2 – a 36.4 1.9 26.7 2.6± 0.3 2.4± 0.3
– b 50.2 0.0 33.9 0.9± 0.1 1.2± 0.1

3 – a 51.8 0.2 33.9 1.6± 0.2 2.5± 0.2
– b 39.4 –0.8 34.8 3.3± 0.3 2.6± 0.2

4 – a 32.8 –1.0 32.8 1.4± 0.4 1.4± 0.4 1.8± 0.5
– b 26.2 –1.2 25.9 1.8± 0.5 0.7± 0.2 2.4± 0.7

5 – a 38.9 –1.2 34.0 2.1± 0.3 5.3± 0.7
– b 30.4 1.7 30.2 4.3± 0.6 1.6± 0.2 2.6± 0.3

6 – a 28.5 2.2 28.9 (2.3± 1.1) (0.9± 0.4) (1.0± 0.5) *
– b 28.6 2.2 22.3 (7.7± 3.5) (3.0± 1.4) (47.8± 22.1) *

U Her 1 – a 18.8 0.9 136.7 3.9± 1.8 1.9± 0.9 2.2± 1.0
(March) – b 1.7 –0.4 93.1 1.6± 0.7 1.1± 0.5 11.8± 5.5

2 – a 9.4 –0.8 177.9 1.5± 0.4 0.9± 0.2 10.5± 2.8
– b 5.0 0.8 170.6 1.5± 0.4 1.0± 0.3 5.9± 1.6

3 – a 9.3 1.0 115.8 1.7± 0.8 1.0± 0.5 2.3± 1.1
– b 4.2 –1.3 51.0 3.2± 1.5 2.0± 1.0 9.8± 4.5

U Her 1 – a 13.1 –1.2 162.3 4.4± 1.0 2.4± 0.6 4.9± 1.2
(May) – b 12.0 1.3 7.8 5.1± 1.2 2.8± 0.7 17.1± 4.0
R Leo 1 – a 31.2 2.3 79.2 6.3± 1.0 2.4± 0.4 6.9± 1.1

– b 32.2 –1.6 21.1 8.5± 1.3 3.2± 0.5 32.1± 5.0
2 – a 10.0 0.7 15.1 5.7± 1.0 3.3± 0.6 8.8± 1.5
– b 8.3 –1.2 152.7 2.1± 0.4 1.2± 0.2 2.0± 0.4

3 – a 7.2 –0.9 164.7 1.8± 0.2 1.1± 0.1 3.9± 0.4
– b 13.4 1.2 72.2 2.0± 0.2 1.1± 0.1 8.1± 0.8

4 – a 5.5 –0.7 179.7 0.4± 0.1 0.3± 0.1 7.6± 1.2
– b 13.4 1.2 72.2 0.6± 0.1 0.3± 0.1 5.2± 0.8

5 – a 19.1 1.1 164.1 2.9± 0.2 1.4± 0.1 5.1± 0.4
– b 21.2 –1.6 166.2 6.3± 0.5 2.8± 0.2 11.2± 0.9

6 – a 16.9 –1.8 171.0 1.7± 0.4 0.9± 0.2 6.2± 1.3
– b 16.5 –1.6 173.9 1.8± 0.4 0.9± 0.2 13.6± 2.8

Notes. The hashtag is the number of the components described in Table 4, the two peaks for each component are represented by a and b, separated
by ∆v. pL, pC , and χ are the linear polarization, the circular polarization, and the angle of polarization, respectively. BE is the magnetic field value
computed with Eq. (11), the second solution for pL < 33% (see Sect. 4.5.3). BZ in Col. 8 results from Eq. (15) and still depends on the angle. The
asterisk in the last column indicates unreliable results.

where θ2 is the angle between the magnetic field direction and
the emitted beam (toward the observer). We can express V as

a function of B with the velocity axis sampled with a channel
separation of 0.139 km s−1,
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Fig. 4. Ratio q = Q/I vs. the angle θ1 (Eq. (16)). The green zone (|q| <
qc) contains two solutions for the angle, as shown with the example with
|q| = 0.25, the two green lines. Beyond this zone (example in blue), only
one solution is possible.

V(v) ' 14gλ0B cos θ2
dI
dv

(v)
1

0.139
· (14)

Once again, we assumed that the line profile of each maser
component is Gaussian, allowing us to retrieve the magnetic field
strength from the peak amplitudes of Stokes V and I,

B cos θ2 ' 338
V(vpeak)

dvI(vpeak)
(15)

dv being the derivative with respect to the velocity = δ
δv

.

In the unsaturated case, the magnetic field strength is noted
BZ in the following.

4.5.3. Determining the angle of incidence of the maser beam

The two different angles, θ1 and θ2, defined earlier for the sat-
urated and unsaturated cases, respectively, are hard to deter-
mine unless we have access to independent information about
the field direction. As xB is lower than one, all Zeeman com-
ponents overlap and only the type 0 polarization case described
in Elitzur (1996) applies. Following Elitzur’s reasoning, we can
compute angle θ1 in the saturated case using our linear polariza-
tion results.

Under the weak-field approximation, there is no linear polar-
ization in the maser line (see review by Watson 2009). A
second-order approximation can be proposed for linear polar-
ization, but it does not describe the linear polarization pro-
files correctly. Linear polarization due to the Zeeman effect is
one order of magnitude lower in general than circular polariza-
tion (Pérez-Sánchez & Vlemmings 2013) and has zero net polar-
ization over wavelength (see Landi Degl’Innocenti & Landolfi
2004). It might be claimed that we observe the very specific
geometries that afford large amplitudes to linear polarization
under the Zeeman effect: fields transverse to the line of sight.
It appears to be incongruous to accept that we systematically
observed transverse fields, however. The Zeeman effect cannot

produce Gaussian-like profiles under the weak field approxima-
tion for linear polarization such as those observed here (e.g.
Wiebe & Watson 1998; Watson 2009). Faraday rotation6 can
produce net linear polarization, but in order to do so, the mag-
netic fields involved would be too strong to be described under
the weak-field approximation, and then, circular polarization
cannot be explained in its amplitude nor in its shape. We can
safely conclude that under the hypothesis of the weak-field
approximation, the observed linear polarization must be due to
another physical mechanism than the Zeeman effect, as we fur-
ther discuss in Sect. 5.1. On the other hand, Elitzur’s theory
shows that a linear polarization signal is to be expected together
with the circular polarization one. Once more under the assump-
tion of a Gaussian line profile and following (Elitzur 1996), in
a coordinate system that is aligned with the sky-plane projected
magnetic field, q = Q/I is given by

q = 1 − 2
3 − 2R1

(2R1 + 1)sin2θ1
, (16)

with R1 a function of xB (defined in Eq. (9)) and of the dimen-
sionless frequency argument x defined in Elitzur (1996). The
numerical values of xb are low, and R1 is therefore not sensi-
tive to the exact values of ∆vB and ∆vD. This is used below to
derive the critical value of q when θ1 approaches 90◦ near the
SiO line center where x = 0,

R1 = 1 − x2
B(1 − 2x2). (17)

The dependence of q on θ1 is shown in Fig. 4. Given our
typical S/N ratios, and due to the quadratic dependence of B
and the weak values of the field strength expected, the relation
shown in this figure is independent of the field strength. A value
of q provides us with an independent estimate of θ1.

This linear polarization q is perpendicular to the plane that
is formed by the incident beam direction and the magnetic field
vector, and no other linear polarization signal is expected. We
ignore what this direction is in any maser component, and we
therefore ignored how this linear polarization is projected into
our instrument directions for Stokes Q and Stokes U. The total
measured polarization pL must be the total amplitude of the
emitted linear polarization q in Elitzur’s theory, however, except
for its sign. Since we only have access to the absolute value
of pL from our observations, two different situations may occur
depending on the measured value of pL with respect to a critical
value qC defined by lim

θ1→+90◦
q = 0.33,

– |q| > qc: The solution for the angle θ1 is unique (see the blue
example in Fig. 4).

– |q| < qc: There are two solutions for θ1 (see the green exam-
ple), and hence, two solutions for the magnetic field strength.

5. Results

5.1. Observed polarization and maser excitation

The circular and linear polarization fractions derived for each
identified V component in each star are given in Cols. 6 and
7 of Table 5 for each detected component. The other columns
present the magnetic field estimates that are discussed in the next
section.
6 We mean in-source Faraday rotation that modifies the radio polariza-
tion properties in the presence of a magnetic field. Electrons mixed up
with the SiO cloud and in the circumstellar envelope could rotate the
SiO linearly polarized wave; the latter effect is hopefully small given
the short distances involved, unless the field intensity is strong.
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Fig. 5. Absolute fractional polarization pC vs. pL for the whole sample
and all maser components. The dashed line corresponds to pC = pL

2/4.

Two regimes for the linear polarization are observed in our
sample. µ Cep, R Aql, and U Her mostly exhibit low levels of
the pL parameter (<25%), while other stars show high pL val-
ues, up to 60%. Our polarization levels can be compared with
those of Herpin et al. (2006). The linear polarization fractions
are similar in these two works. However, while they measured
an average absolute value of the circular polarization of 9% and
5% in Miras and semiregular variables, respectively, we have
only 1.9% in our sample (composed of five Miras and the RSG
µ Cep). We also note that several components in Herpin et al.
have pC-values at about or lower than 2%. The lower polariza-
tion level observed in RSG (Herpin et al. 2006) is also confirmed
in pL for µ Cep, but not in circular polarization because this star
exhibits the highest pC fraction in our sample. A specific com-
parison can be made for R Leo and χ Cyg, which are observed
in both studies, even though the Stokes I maser line profile has
changed strongly between the two observation epochs. The lin-
ear polarization fraction reaches the same 30% and 40% level
for R Leo and χ Cyg (with some higher values for some compo-
nents). The circular polarization is definitely lower in our case
(2.3% maximum, compared to 10–20%).

These values might shed light on the origin of the observed
polarization in relation with the Zeeman effect or other effects.
We can investigate the mechanisms that could produce the
observed linear polarization fractions. In the case of isotropic
pumping of the energy levels giving rise to maser emission
(e.g. Nedoluha & Watson 1990) and for a moderately saturated
maser, pL greater than 15%, up to 25%, can only be generated
with peculiar angle configurations (an angle θ2 larger than
45◦). Under anisotropic pumping conditions, much higher pL
values can be achieved, but no high pC values can be generated
(see Lankhaar & Vlemmings 2019). Non-Zeeman mechanisms
may also lead to circular polarization. Asensio Ramos et al.
(2005), considering the Hanle effect, showed that changes in the
radiation anisotropy conditions can result in the rotation of the
electric vector position angle (EVPA) and in the anisotropic
pumping of a dichroic maser. Several variations of anisotropic
pumping mechanisms (e.g. Western & Watson 1983;
Wiebe & Watson 1998; Watson 2009) or anisotropic reso-
nant scattering of a magnetized foreground SiO gas (Houde
2014) have been proposed for the non-Zeeman case as well.
These non-Zeeman mechanisms have been ruled out in some

specific environments, and on the basis of very high spatial reso-
lution observations (VLBI) of the EVPA (see e.g. Kemball et al.
2009; Richter et al. 2016; Tobin et al. 2019). Several polarized
maser theories have successfully been developed, but none can
fully explain all the observed cases.

As indicated by Wiebe & Watson (1998), non-Zeeman
mechanisms in unsaturated masers should lead to a proportional
relation between pC and pL (as pC would be created from pL)
with pC ≤ pL

2/4. Herpin et al. (2006) found a linear function
between the two polarizations, but with a large spread. Our sam-
ple does not reveal any correlation (see Fig. 5, except maybe for
R Leo). The second condition (pC ≤ pL

2/4) is not fulfilled either
(see Table D.1), as was also observed by Richter et al. (2016)
and Tobin et al. (2019), except for χ Cyg. Considering that the
maser emission in this star is definitely saturated (see Table 3),
we adopted the Zeeman scenario for the whole sample. Never-
theless, we note that a velocity gradient along the propagation
path, but still consistent with coherent SiO maser amplification
in some sources, could enhance pC and might even produce non-
antisymmetric Stokes V spectra (Nedoluha & Watson 1994).

We considered the polarization angle χ as defined by Eq. (2).
First, we underline that owing to our limited spatial resolution,
the underlying Stokes Q and U parameters are beam-averaged
quantities. Hence, if there were two spatially separated maser
spots within our main beam, each one with a different EVPA,
but emitting at the same velocity, we would not be able to
interpret the measured χ angle rigorously. Only VLBI obser-
vations could separate two such maser spots and accurately
trace the EVPA throughout the photosphere. As explained by
Tobin et al. (2019), an angle between the maser propagation and
the line of sight smaller or larger than the van Vleck angle
(55◦) will determine if the magnetic field is parallel or per-
pendicular to the EVPA, respectively. As in previous studies
(e.g. Herpin et al. 2006; Kemball et al. 2011; Tobin et al. 2019),
some χ jumps are observed for some sources across the SiO
profile: R Leo (∼70◦−160◦), o Ceti (∼35◦−70◦−140◦), and R
Aql (∼95◦−180◦). The behavior in U Her is more erratic, that
is, we do not observe beam-averaged π/2 jumps, while clear
π/2 rotations are reported in VLBI publications. This can again
be explained by beam-smearing effects in our data. A rotation
like this together with the dependence of the fractional linear
polarization on the angle between the magnetic field and the
line of sight is predicted in linear and saturated masers that
are isotropically pumped (Goldreich et al. 1973; Elitzur 2002).
These models and the VLBI polarimetric observations of TX
Cam (Kemball et al. 2011) tend to rule out the model proposed
by Asensio Ramos et al. (2005), at least in this object. However,
we also point out that although the Goldreich et al. (1973) maser
model seems adequate, some Faraday rotation must be invoked
to explain the smooth rotation of the EVPA (see Kemball et al.
2011; Tobin et al. 2019). Finally, we mention that changes in
the EVPA could also result from rapidly changing magnetic
field orientations above cool magnetic spots on the stellar pho-
tosphere (Soker 2002) (assuming that there are physical con-
nections between photospheric spots and the upper atmospheric
layers where SiO is observed).

5.2. Magnetic field strength

Applying the method described in Sect. 4.5, we derived esti-
mates of the line-of-sight magnetic field strength BE and BZ ×

cos(θ2) for both the saturated and unsaturated cases for each star
(see Table 5, Fig. 6, and Appendix D). As explained in Sect. 4.1,
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Fig. 6. Magnetic field values for U Her for the two observation periods, computed from Eq. (11) with two θ1 angle solutions, (dark and light
green), when the linear polarization is below 33% (see Sect. 4.5.3 and Fig. 4). On the x-axis, the numbers correspond to the Gaussian components,
as described in the second column of Table 5. The bar length corresponds to the difference between the magnetic field computed at the first and
second peak of the derivative of the Gaussian component.

we computed the magnetic field strength at the two peaks of each
detected antisymmetric V profile, which resulted in two extreme
values of B for each Zeeman component (a and b in the Table 5).
The values in the unsaturated case are higher in general.

While the angle θ2 in the unsaturated case remains unknown,
in the saturated case, the angle θ1 was estimated, with two solu-
tions at times when the linear polarization is lower than the
critical value (see Sect. 4.5.3). This accordingly led to two pos-
sibilities for BE . These two solutions for the same angle θ1
were used to derive BE in Table 5. We cannot exclude that the
observed linear polarization includes a contribution from non-
Zeeman mechanisms, which would lead to some overestimation
of pL, generated under the action of the Zeeman effect and hence
of θ1. In this case, the BE values in Table 5 should be considered
as lower limits.

At least two objects, χ Cyg and U Her, can be considered as
giving rise to saturated masers (see Cols. 6 and 7 in Table 5).
For χ Cyg, BE varies between 0.7 and 4.3 Gauss for components
1–5. We note that the results BZ×cos(θ2) for the unsaturated case
are on the same order of magnitude (slightly higher for compo-
nent 1). The results for component 6 are less reliable, consider-
ing the large uncertainty and difference in the estimate between
the two peaks a and b (see Fig. D.1). We therefore excluded this
component from the further discussion. For U Her, the magnetic
field (BE) is about 0.9–1.5 Gauss in March and between 2.4–
5.1 Gauss in May considering the central component 2, at a sim-
ilar velocity for both periods. The other two side components (1
and 3) observed in March have large uncertainties and were not
detected in May (see Fig. 6).

Considering that all other objects exhibit unsaturated maser
emission (see Sect. 4.4), we assume that BZ × cos(θ2) provides
a reliable estimate of the field, although θ2 remains unknown;
indicative ad hoc values of θ2, for instance 45◦, can be consid-
ered. Estimates of the magnetic field (assuming θ2 = 45◦) differ
from one star to the next and from one component to the next.
In the case of R Aql, the Stokes V spectrum is largely domi-
nated by the instrumental leakage of Stokes I into Stokes V (see
Sect. 3.2.1). We therefore consider that BZ ×cos(θ2) = 8.2 Gauss
as given in Table 5 is an upper limit of the field intensity in the
unsaturated case. For the two objects R Leo and o Ceti, the mag-
netic field in terms of the quantity BZ × cos(θ2) is 2.0–32.1 and

0.8–31.0 Gauss, respectively. Component 1 of o Ceti was dis-
carded because we did not succeed in fitting this component with
the derivative of a Gaussian function (see Sect. 4.3 and Fig. 3).
Therefore, it may not be shaped by any Zeeman effect, in which
case, the estimated magnetic field would not be relevant.

Because of the very low S/N for the V components in µ Cep
(see Table 4), the field uncertainties are too large and are not
taken into account in our discussion.

6. Discussion

Since the 1990s, various scenarios implying slow stellar rota-
tion, the presence of a companion, and a weak magnetic field
have been proposed to tentatively explain how the geometry
of the CSE can be shaped in evolved stars (see for instance
Soker & Harpaz 1992). All studies reported that the magnetic
field strength is too weak to dominate the dynamics of the
gas (Balick & Frank 2002; Herpin et al. 2006; Vlemmings et al.
2017). Nevertheless, a moderate field of about 1 Gauss at the
stellar surface can play the role of a catalyst or a collimating
agent (Soker 1998; Blackman et al. 2001; Greaves 2002). The
role of a companion in shaping the envelope, without the need
of invoking a magnetic field, has recently been demonstrated by
Decin et al. (2020).

The strength of the magnetic field decreases with increasing
distance r from the photosphere and can be expressed as a power
law that depends on its geometry (Parker 1958; Matt et al. 2000;
Meyer et al. 2021), in r−1, r−2, and r−3 for a toroidal, poloidal,
and dipole field, respectively. When comparing their results to
field estimates derived from the OH and H2O masers farther
away in the CSE, Herpin et al. (2006), Duthu et al. (2017), and
Vlemmings et al. (2017) concluded that a toroidal magnetic field
was dominant (see also below). A combination of a toroidal and
a poloidal field is nevertheless not excluded (see Meyer et al.
2021, for instance for RSGs).

In the following, we compare our newer observations and
calculations to those in Herpin et al. (2006), who only consid-
ered saturated maser emission. First of all, we point out that
the field intensities derived in Herpin et al. must be increased
because an erroneous Landé factor (g = 10−3 instead of
8.44 × 10−5) and an erroneous wavelength were used; the cor-
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Fig. 7. Evolution of the field strength with distance (adapted from
Vlemmings 2012; Duthu et al. 2017). The four boxes show the SiO
masers (the red box represents the results of this work for a saturated
maser, the hatched box for an unsaturated maser using θ2 = 45◦, the dot-
ted box the results from Herpin et al. 2006), the H2O and OH masers,
and CN. The r−2 solar-type and r−1 toroidal magnetic fields are dis-
cussed in Sect. 6. The star close to the SiO maser box is for the magnetic
field measured by Lèbre et al. (2014) in χ Cyg. The vertical dashed line
indicates the stellar surface for the Miras.

rective factor is 9.924. The magnetic field strengths derived
here are thus lower than in Herpin et al. (2006) for the same
circumstellar region where the SiO radio emission is observed
(2–5 R? from the photosphere, according to the SiO VLBI map).
Herpin et al. (2006) found a mean value of ∼34 Gauss (which
includes the corrective factor above), while our current esti-
mates are below 32 Gauss (excluding the unreliable results in
Table 5), and they show a mean value of 2.5 Gauss for the sat-
urated case and 12.4 Gauss for the unsaturated one, assuming
θ2 = 45◦. When we only consider, as in Herpin et al. (2006), the
saturated case, our magnetic field estimates range from 0.3 to
8.9 Gauss. We now focus the comparison on χ Cyg and R Leo,
which were observed in both studies. While for R Leo (adopt-
ing θ1 = 45◦), B was estimated by Herpin et al. (2006) to be
41–45 Gauss in the saturated case after reevaluation, we find
somewhat lower values here: BE ∼ 0.3−8.5 G and BZ ∼ 2.8−4 G
(at θ2 = 45◦ for the 2.0–32.1 G interval in Table 5) for the satu-
rated and unsaturated cases, respectively. The two observations
are separated by more than 20 yr, and not only the stellar activ-
ity, but also the magnetic field may have changed during this
period. This holds for all objects. We nevertheless stress that
despite uncertainties in the degree of maser saturation (result-
ing in an uncertainty on the B-formula), our careful calibration
method and the Zeeman-component fitting procedure lead to rea-
sonable magnetic field estimates. The case of χ Cyg is also illus-
trative. The field (BE) is 0.7–4.3 Gauss, which is to be compared
with the former estimate from Herpin et al. (2006) of 48.6 Gauss
(0–85.4 Gauss, after reevaluation of the field intensity). Con-
sidering the 2–3 Gauss measurement by Lèbre et al. (2014) at
the surface of χ Cyg, we could expect a field strength of 0.5–
1.5 or 0.1–0.8 Gauss in the SiO layer if the field varied as 1/r
or 1/r2, respectively. Our results hence agree with a poloidal
field, but do not rule out a toroidal component either, at least
locally. This comparison has to be taken with caution, consid-

ering again that both measurements are well separated in time.
The field strength variation observed in U Her over a two-month
period emphasizes this point. In addition, for the RSG µ Cep,
we derived higher upper magnetic field values than estimated
by Tessore et al. (2017) at the stellar surface (1 Gauss). The fact
that these two values are not compatible with a field strength that
decreases with increasing distance may again underline the time
variability of the magnetic field.

We revisit in Fig. 7 all magnetic field measurements from the
literature. Our new measurements provide new constraints for
the SiO shell region at a few stellar radii and appear to exclude a
global poloidal field, especially when we assume that all maser
emissions are saturated. Nevertheless, based on our χ Cyg obser-
vations, we cannot exclude a poloidal field close to the surface
of this star that evolves into a dominant toroidal field in the SiO
maser region, as proposed by Meyer et al. (2021) in supergiant
stars.

The origin of this magnetic field is still debated, but mecha-
nisms involving an α2 − ω turbulent dynamo in AGB stars and
amplification by convection, stellar pulsation, and cool spots
can be invoked (Lèbre et al. 2014). As already proposed by
Schwarzschild (1975) for giant stars, the radial component of
the field can then be strongly enhanced at a specific location
near the surface above cool magnetic spots (Priest 1987). The
tangential B field component can be amplified by shock com-
pression due to the stellar pulsation (Hartquist & Dyson 1997).
A magnetic field of 1–10 Gauss can therefore be reached in the
vicinity of cool magnetic spots, then decreasing in intensity to
the 1/r2 law (Soker 2002). The same scenario applies in RSG
stars with a stronger influence of their larger convective ele-
ments. As explained in Sect. 5.1, even the EVPA rotation seen
in SiO features could be explained by a magnetic field orienta-
tion that changes rapidly above cool spots.

The magnetic field variations observed in the AGB U Her
over a two-month scale (stellar phases 0.25 and 0.45) suggest a
possible link with the stellar phase, that is, with pulsation and
photospheric activity. It is interesting to note that for U Her,
Baudry et al. (2023) also identified and mapped strong time vari-
ations of the 268 GHz v2 = 2 line of water at phases 0.13, 0.80,
and 0.92 based on ALMA data. This line is excited in regions
of the inner CSE where the SiO masers are observed. We also
mention that (Rosales-Guzmán et al. 2023) have seen structural
changes at 3 R? in the CSE of the Mira R Car (period = 310 days)
on a one-month interval in GRAVITY/VLTI data, which are
probably linked to the photospheric activity. Quasi-simultaneous
observations of the stellar photosphere (to detect cool spots)
and polarimetry (to measure the field strength) are needed to
prove any potential link. Polarimetric interferometric observa-
tions with ALMA or the next-generation VLA would ideally
allow us to spatially associate stellar spots with B-field enhanced
regions. The role of pulsation could also be studied with a mon-
itoring of the magnetic field with stellar phase.

7. Conclusions

We have performed new polarimetric SiO maser observations
with the XPOL instrument at the IRAM-30 m in a new sample
of cool evolved stars. Applying a new data reduction method,
we have removed most of the instrumental polarization to derive
circular and linear polarization fractions with high accuracy.
From these and maser theory results, we obtained magnetic field
strengths (ranging from a few Gauss up to several dozen Gauss)
that better constrain the SiO shell region above the stellar photo-
sphere. A global poloidal field can be excluded.
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Moreover, our observations of the magnetic field strength in
U Her over a two-month period suggest a possible link with the
stellar phase, that is, with pulsation/photospheric activity.

Despite the advances accomplished here, the precise origin
of the observed magnetic field at the surface and in the inner
circumstellar layers of AGB and RSG stars still remains to be
fully characterized. In particular, a monitoring of the magnetic
field to determine the stellar phase dependence of the polar-
ization and quasi-simultaneous observations with VLTI and/or
CHARA to detect cool spots and to follow the photospheric
activity is under consideration. In addition, because our results
still suffer from moderate spatial resolution, ALMA polarimet-
ric observations above the photosphere would also be most
desirable.
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Appendix A: Removal of instrumental polarization

The removal of the instrumental leakage from Stokes I to Stokes
V , as described in Sect. 3.2.1, is demonstrated for R Leo in the
three panels of Fig. A.1. The final cleaned V spectrum (bottom
panel) can be compared to the same V spectrum before cleaning
(see Fig. 1). In Fig. A.2, we demonstrate the separation of the
astronomical linear polarization from instrumental contributions
again for the example of R Leo by fitting sine-waves, offset by
the instrumental polarizations, to the fractional Stokes parame-
ters QN/I and UN/I (as defined in the Nasmyth system, i.e., with
respect to the receiver cabin; see Sect. 3.2.2), plotted against the
angle χ0.

Fig. A.1. Illustration of our method to remove the instrumental polar-
ization in Stokes V spectra for R Leo. Top: Average of Stokes V spec-
tra with low leakage (|MIV| < 0.01). Center: Example of the corre-
lation between Vinstr = MIV · I and Stokes I. The regression slope is
MIV = −0.0271. Bottom: Final cleaned and averaged Stokes V spec-
trum. The vertical plot scale is the same as for the spectrum shown
above.

Fig. A.2. Separation of the astronomical linear polarization from instru-
mental contributions for the example of R Leo. The solid red and blue
lines show least-squares fits to the fractional Stokes parameters QN/I
and UN/I (red and blue dots, respectively) of R Leo vs. χ0 = ε−η, aver-
aged across a velocity interval framing the Stokes I emission peak (0.68
to 2.04 km s−1) and expressed in the Nasmyth reference frame. The
dashed lines indicate the corresponding fractional instrumental contri-
butions. For details, see text.
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Appendix B: Stokes I spectra

Fig. B.1 presents the decomposition of Stokes I for µCep, o Ceti,
χ Cyg, U Her (March and May 2022), and R Leo. The decom-
position in R Aql is presented in Fig. 2 (left panel).

Fig. B.1. Fit results of the decomposition of Stokes I signal into multiple Gaussian functions as derived by the rvm code for µ Cep, o Ceti, χ Cyg,
U Her, and R Leo (for R Aql, see Fig.2).
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Appendix C: Landé factors of the SiO maser lines.

In this appendix, we recall some basic notions that are used to
describe the Zeeman effect in molecules and define the appropri-
ate value of the Landé factor, g, to be used in the SiO transition
observed in this work.

The Larmor frequency can be used to describe the Zeeman
shift of a level (in the energy domain) or a Zeeman transition
(in the frequency domain) up to a gyromagnetic factor called
the Landé factor. This factor is not explicitly dependent on the
angular momenta, which can be of two types. Those involving
the electron produce an effect proportional to the Bohr magne-
ton, which in SI units is given by

µB =
eh

4πme
,

and those involving the whole molecule for which the nuclear
magneton is relevant,

µN =
eh

4πmp
.

Both magnetons are related by the proton-to-electron mass ratio
mp/me = 1836.

The molecule under study here, SiO, is diamagnetic (its
ground electronic state is 1Σ+), and consequently, all its elec-
tronic angular momenta are zero. The Larmor frequency in terms
of the nuclear magneton must be used,

νL =
µN

h
B = 762.31 · B[G]

(for reference, we recall the common Larmor frequency in terms
of the Bohr magneton νL = 1.3996 × 106 · B[G]).

Calling Zeeman shift the shift of an energy level with respect
to its zero-field position, we define the Zeeman splitting as
the separation between two usually symmetric Zeeman split
components using the selection rule ∆MJ = ±1 or 0 , where
MJ is the projection of momentum J along the magnetic field
axis (excluding 0 to 0 for ∆J = 0). Laboratory measurements
(Davis & Muenter 1974; Honerjäger & Tischer 1974) are coin-
cident in assigning g ≈ 0.155 for all J rotational transitions of
SiO in the first vibrational state v=1. The Landé factor is slightly
different, 0.154 in the v = 0 state (not observed here). (There is
also a weak energy term that depends on the magnetic field due
to the magnetic susceptibility anisotropy of the SiO molecule
(Davis & Muenter 1974); it can numerically be ignored here.)
The Zeeman shift of the v=1 SiO transitions, in terms of the
nuclear magneton, is thus gνL = 118.16 · B[G] and the Zeeman
splitting is twice that value.

We have defined an explicit Landé factor including the
appropriate correction from the Bohr magneton to the nuclear
magneton as

gB =
1

1836
g = 8.4 · 10−5.

We note that this was also used in Elitzur (1996) (see his dimen-
sionless equation 1.1, where the Landé factor must account for
the 1/1836 factor for diamagnetic molecules, however. Elitzur’s
Doppler width is also half the total Doppler line width at
half intensity), and also used in Kemball & Diamond (1997),
Kemball et al. (2009) or in Asensio Ramos et al. (2005).

In this work, the Zeeman frequency is just twice the Zeeman
shift, i.e.

gΩ = 2gνL.

For the SiO lines of interest, we have in Hz

gΩ = 1524.6gB[G]

.

Appendix D: Magnetic field strength

Fig. D.1 presents the magnetic field strengths of χ Cyg using Eq.
11 for saturated masers with two solutions when the linear polar-
ization is lower than 33%. Figure D.2 presents the magnetic field
strengths for R Leo and o Ceti for saturated masers from Eq. 11
(left panel) and for unsaturated maser from Eq. 15 (right panel).
Table D.1 shows the average circular polarization fraction pC

and average pL
2/4 for each star.

Table D.1. Average circular polarization fraction pC and average pL
2/4

for each star.

Star pC pL
2/4

R Aql 0.022 0.005
µ Cep 0.042 0.001
o Ceti 0.022 0.019
χ Cyg 0.013 0.028
U Her

(March) 0.009 0.002
(May) 0.012 0.004
R Leo 0.013 0.006

A143, page 18 of 19



Marinho, L., et al.: A&A, 688, A143 (2024)

Fig. D.1. Magnetic field values for χ Cyg, with two θ1 angle solutions, (dark and light green), when the linear polarization is below 33%). On
the x-axis, the numbers correspond to the Gaussian components, as described in the second column of Table 5. The bar length corresponds to the
difference between the magnetic field computed at the first and second peak of the derivative of the Gaussian component.

Fig. D.2. Magnetic field estimates considering both cases, saturated and unsaturated, for R Leo and o Ceti, objects for which we couldn’t determine
their saturation status. The magnetic field computed with the Elitzur formula is shown in green (Left). The magnetic field from the Zeeman weak-
field theory (B × cos(θ2)) is shown in blue (Right).
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