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Abstract. We present the analysis of the circular polarization, due to Zeeman splitting,
of the H,O masers around a sample of late-type stars to determine the magnetic fields in
their circumstellar envelopes (CSEs). The magnetic field strengths in the H,O maser regions
around the Mira variable stars U Ori and U Her are shown to be several Gauss while those
of the supergiants S Per, NML Cyg and VY CMa are several hundred mG. We also show
that large scale magnetic fields permeate the CSE of an evolved star; the polarization of the
H,0 masers around VX Sgr reveals a dipole field structure. We shortly discuss the coupling
of the magnetic field with the stellar outflow, as such fields could possibly be the cause of
distinctly aspherical mass-loss and the resulting aspherical planetary nebulae.
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1. Introduction

The exact role of magnetic fields in the mass
loss mechanism and the formation of CSEs
around late-type stars is still unclear but could
be considerable. The study of several maser
species found in CSEs has revealed important
information about the strength and structure of
magnetic fields throughout the envelopes sur-
rounding the late-type stars. At distances from
the central star of up to several thousands of
AU, measurements of the Zeeman effect on OH
masers indicate magnetic fields strengths of a
few milliGauss (e.g. Szymczak & Cohen 1997;
Masheder et al. [1999). Additionally, weak
alignment with the CSE structure is found
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(e.g. Etoka & Diamond 2004). Observations
of SiO maser polarization have shown highly
ordered magnetic fields close to the central
star, at radii of 5-10 AU where the SiO maser
emission occurs (e.g. Barvainis, McIntosh, &
Predmore! 1987; Kemball & Diamond 1997).
When interpreting the circular polarization of
the SiO masers as standard Zeeman splitting,
the magnetic field strength determined from
these observations could be up to several tens
of Gauss. However, a non-Zeeman interpre-
tation can explain the observations by mag-
netic field strengths of only several tens of
milliGauss (Wiebe & Watson/1998). Recently,
high circular polarization of circumstellar
H,0 masers was observed for a small sam-
ple of late-type stars (Vlemmings, Diamond,
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& van Langevelde 2002; Vlemmings &
van Langevelde. 2005, hereafter V02 and V05).
H,O masers occur at intermediate distances
in the CSE, in gas that is a factor of 10 —
1000 more dense than the gas in which OH
masers occur. Here we discuss the results of
the H,O maser observations and their possible
role in shaping the CSEs.

2. Observations

The observations were performed at the
NRAO! Very Long Baseline Array (VLBA).
The average beam width is = 0.5 X 0.5 mas
at the frequency of the 6,6 — 5,3 rotational
transition of H,O, 22.235 GHz. We used 4
baseband filters of 1 MHz width, which were
overlapped to get a velocity coverage of =
44 km/s, covering most of the velocity range
of the H,O masers. The data were correlated
multiple times. The initial correlation was per-
formed with modest (7.8 kHz= 0.1 kms™")
spectral resolution, which enabled us to gen-
erate all 4 polarization combinations (RR, LL,
RL and LR). Two additional correlator runs
were performed with high spectral resolution
(1.95 kHz= 0.027 kms™') which therefore
only contained the two polarization combi-
nations RR and LL. This was necessary to
be able to detect the signature of the H,O
Zeeman splitting in the circular polarization
data and to cover the entire velocity range of
the H,O masers. The data analysis path is de-
scribed in detail in VO2.

2.1. Sample

Our sample consists of the 2 Mira variable stars
U Her and U Ori and the 4 supergiants VX Sgr,
S per, NML Cyg and VY CMa. Observations
were also performed on the Mira R Cas but the
H,0 masers were not detected. U Her, S Per.
VY CMa and NML Cyg are discussed in detail
in VO2; U Ori, VX SGr and a second epoch of
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U Her observations are presented in VO5. The
stellar sample is listed in Table 1.

3. Results

The magnetic field observed in the H,O maser
regions of our sample is given in table 1. As we
only observe the component along the line of
sight at the location of the brightest maser fea-
tures, the magnetic field values are determined
from the maximum of the measured values. We
determined the magnetic field strength from
the observed circular polarization using both
an LTE and non-LTE analysis as described in
VO02. Because the non-LTE method, using the
radiative transfer equations from Nedoluha &
Watson| (1992), provided the best fit, we adopt
the non-LTE magnetic field strength values as
the true values. The LTE values are typically
~ 40% higher. Fig. [1/ shows several exam-
ples of observed total power and circular po-
larization spectra for VX Sgr. For none of the
stars in our sample were we able to detect any
significant linear polarization above a limit of
~ 0.02% for the strongest maser features and a
few % for most of the weakest.

3.1. Special case: VX SGr

The rich H,O maser structure around VX Sgr
for the first time enabled us to study the mor-
phology of the magnetic field in the maser re-
gion in detail. The maser shell of VX Sgr has
been studied extensively with MERLIN and
VLA observations (e.g. Lanel 1984; Chapman
& Cohenl [1986; Zell & Fix| 1996; Trigilio,
Umana, & Cohen 1998)). The recent observa-
tions of Murakawa et al.l (2003,hereafter M(03)
indicate that the H,O masers arise in a thick
shell between 100 AU and 325 AU from the
star. The H,O maser shell shows a clear ellip-
tical asymmetry which was modelled in M03
as a spheroidal maser distribution intersected
with an under-dense bi-conical region. In our
observations we see a clear transition between
a negative magnetic field in the S-E to a posi-
tive magnetic field in the N-W. We managed to
fit a dipole magnetic field to our H,O maser
magnetic field observations with the results
shown in Fig. 2. The best fitted model is a
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Fig. 1. Examples of the total power (I) and circular polarization (V) spectra for several of the H,O maser
features around VX Sgr. The bottom panel shows the best fitting synthetic V-spectrum produced by the
standard LTE Zeeman interpretation (dashed line). The middle panel shows the best non-LTE model fit
(dotted line). The corresponding total power fits are shown in the top panel. The V-spectra in the lower two
panels are adjusted by removing a scaled down version of the total power spectrum which is different for the
LTE and non-LTE fits. The solid vertical lines show the expected position of the minimum and maximum
of the V-spectrum in the general LTE interpretation. The magnetic field strengths along the maser line of
sight determined from these spectra are —469 + 60, 966 + 120, —167 + 87 and —4082 + 305 respectively.

Table 1. Observed Stars

Star Type RA (J2000) Dec (J2000) Distance  Period Viad Bu,0
"m) () (pe) (days)  (km/s) (&)

U Her Mira 162547.4713  +18 53 32.867 277 406 -14.5 ~1.5

U Ori Mira 055549.1689  +20 10 30.687 300 368 -38.1 ~3.5

VX Sgr Supergiant 18 08 04.0485  -22 13 26.614 1700 732 5.3 ~05-4

S Per Supergiant 022251.72 +583511.4 1610 822 -38.1 ~0.15

NML Cyg  Supergiant 2046 25.7 +40 06 56 1220 940 0.0 ~0.18

VY CMa Supergiant 07 22 58.3315  -2546 03.174 1500 2000 22.0 ~ 0.5

[0 1ar AN

dipole with its magnetic axis pointed toward & Predmore1987), This is the first detection
us at an inclination angle i = 40 + 5°, and of a large scale magnetic field in a circumstel-
a position angle of ® = 220 + 10°. The fit- lar H,O maser region.

ted values are remarkably consistent with the

values found for the magnetic field determined . .

from OH masers, as well as with the orienta- 4- Discussion

tion angle determined from the H,O maser dis-
tribution in M03 and Marvel,(1996). As a re-
sult of our fit, we find that the magnetic field
strength at the surface of VX Sgr corresponds
to B ~ 2.0+0.5 kG, consistent with the OH and
SiO maser observations (Barvainis, McIntosh,

The observed magnetic field strengths on the
H,0 masers are consistent with the results for
the other maser species assuming a B o r® de-
pendence of the field strength on the distance
to the star. As the magnetic field strength de-
termined for the SiO, H,O and OH maser fea-
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Fig.2. The best fitted dipole magnetic field for the HO maser observations around VX Sgr (denoted
by the solid circle). (left) The distribution of the H,O maser features indicating the measured magnetic
field strengths. Open symbols denote a positive magnetic field while the closed symbols correspond to
a negative magnetic field. The crosses represent the upper limits. The symbols have been scaled relative
to the magnetic field strength. (right) The distribution of the H,O maser features indicating the velocity
structure of the maser features. The open symbols are the red-shifted features and the solid symbols are the
blue-shifted features. The size indicates the velocity difference with the stellar velocity (vi,g = 5.3 kms™)

tures depends on the angle between the mag-
netic field and the maser propagation axis, it
is difficult to exactly determine the value of
a. In Fig. 3 we show the relation between
the magnetic field strength and the distance
from the star for the stars in our sample. The
points for the H,O masers are drawn at the
outer radius of the maser region which is an
upper limit. Extrapolating the observed mag-
netic field strengths to the stellar surface, we
find that Mira variable stars have surface field
strengths up to several times 10* G, while su-
pergiant stars have fields of the order of 103 G.
Such high magnetic field strengths indicate
that the standard Zeeman interpretation of the
Si0 maser polarization is most likely correct.

The origin of the strong, large scale mag-
netic fields around evolved stars remains a
topic of debate. The generation of an axisym-
metric magnetic field requires a magnetic dy-
namo in the interior of the star. Several mod-
els have been discussed in the literature that
include the interaction between the differential
rotation and turbulence in the convection zone
around the degenerated core (e.g.'Blackman-et

all12001). However, a supergiant core is sup-
posedly not degenerate. A dynamo driven by
the differential rotation between the contract-
ing non-degenerate core and the expanding
outer envelope has also been shown to also be
able to generate strong magnetic fields (I1chida
& Bappu 1987). In alternative models, a strong
magnetic field can be generated when the star
is spun up by a close binary. The sources in our
sample do not however, show any indication of
binarity, although this cannot be ruled out.

The magnetic field strength of several
Gauss measured in the H,O maser region im-
plies that the magnetic pressure dominates
the thermal pressure of the circumstellar gas
throughout a large part of the CSE of both
regular AGB stars and supergiants. The ef-
fects of magnetic fields on the stellar out-
flow and the shaping of the distinctly aspher-
ical PNe have been discussed in several pa-
pers (e.g. Pascoli 1987 Chevalier & Lug 1004;
Garcia-Segure -1997). Strong, large scale, mag-
netic fields around AGB stars could directly af-
fect the fast wind that shapes the PN or could
have shaped the initial matter distribution dur-
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Fig.3. Magnetic field strength, B, as function of
distance, R, from the centre of the star. Dashed-
dotted boxes are the estimates for the magnetic
fields in the OH and SiO maser regions of Mira
stars, solid boxes are those for the supergiants. The
dashed-dotted line indicates a solar-type magnetic
field and the dotted line indicates the dipole field.
The solid symbols are the stars observed during our
first observations (U Her: triangles; S Per: squares;
VY CMa: crosses and NML Cyg: hexagonals). The
open symbols indicate the stars of the sample ob-
served during our second observations (U Her: tri-
angle; VX Sgr: hexagonal and U Ori: circle). Note
that the open triangle only indicates the upper limit
determined for the most recent observation of U Her.
Also note that the magnetic field strength observed
on the OH masers of U Ori is larger than the typi-
cally observed fields for Mira variables. The dashed
lines represent estimates of the stellar radius.

ing the slow wind. For instance, a dipole field
has been shown to be able to create an equato-
Interactions with a warped disk have been
shown to be able to form multipolar PNe (Icke

ANNA

2003).

5. Conclusions

We have measured the strong magnetic field
around a sample of late-type stars using ob-
servations of the circular polarization of their
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H,0 masers. Observations of VX Sgr also in-

dicate that the magnetic field has a dipole shape
that can be responsible for shaping the outflow.

For the lower mass late-type stars the magnetic
field can be the cause of aspherical PNe.
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