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Abstract. Many observations of late-type M stars show large near+glecircumstellar envelopes, yet planetary nebulae
and supernova remnants are frequently axisymmetric. Weepte/LBI and MERLIN observations of masers around the red
supergiant S Per which show varying degrees of axisymmaethaalynamically significant magnetic field. There is no enade
for rotation here or in most similar objects. We examine jierigins of the magnetic field.

1. Introduction
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Red supergiants (RSG) with progenitor masse$0 M, are

such as Mira variables, typically one or a few, MBoth classes
100

tional periods of up to a few years. SiOp® and OH masers
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similar to within a factor of two. Such properties appear¢o b
determined by small-scale physics, such as the opacityeof th
stellar atmosphere or the absorptivity of dust, and henperkt 40
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o
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Other phenomena do scale with the stellar mass. RSG hawt
stellar radii ofR, = 5 au and mass loss ratésl/dt ~ 10°° — 0 [.]
1074, at least ten times higher than those of AGB stars. For |
all such stars the $#0 maser zone extends from 5 — 30R,
containing clouds of average radidg in this region (or a birth _. . .
radius~ 0.1R,, if they originate from the surface of the star ang'g' 1. The FO maser emission from S Per (MERLIN 1999) is

expand with the wind). The survival times of maser emissic;sﬁown in grey overlaid with white contours of OH emission ob-

from the clouds scales with their size and is 510 yr in RSG. served (VLBI1997). The 7-mas VLBI restoring beam is shown
at bottom left.

Most evolved stars which support masers have no de-
tectable rotation of either the stellar surface or the windthe s (Diamond et al. 1987). We compare the results for S Per
presence of a companion would disrupt masing. The archetygién those for other stars and with magnetic field models.
OH/IR stars or HO envelopes around RSG, for example, ap-
pear almost spherical at moderate resolutions. This cxiBtra2
with the usually axisymmetric shape of planetary nebulae or
into supernova remnants. Early signs of this can be disderie 1997 Masheder et al. (1999) observed S Per and VX Sgr
in high-resolution studies of AGRSG stars (e.g. Bowers etwith Global VLBI. The data were correlated in Socorro to give
al. 1989, Bains et al. 2003; Murakawa et al. 2003; Etoka & velocity resolution of 0.176 knmrs. We took great care in
Diamond 2003), implicating the magnetic fields detected lmglibration and editing to remove instrumentékets between
e.g. Chapman & Cohen (1986); Szymczak et al. (1998, 199B). and RR and between the 1665- and 1667-MHz bands, on
We use VLBI and MERLIN observations of OH and otheall baseline lengths. We then imaged the brightest charfnel o
masers to investigate the CSE of S Per. This RSG has a distahesorightest S Per line to use as a model for iterative phacge a
of 2.3 kpc (Schild 1967) and a stellar velocify = —385 km amplitude self-calibration. We applied the resulting $iolus to

Past and present observations of S Per
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Cwies7-MHzOH s Multi-epoch VLBA monitoring of SiO masers (Ostrowski-
A 1665-MHz OH oo ] Fukuda et al. 2002) shows that at some stellar phases the hot-
I‘O., | O01612—MHz OH % i . .
P o S ] spots trace an elongation similar to that of thegCHmasers.
£ S & 8 ] Thompson & Creech-Eakman (2003) imaged S Per atrd.2
® s g o : and found that the star appeared elongated with the miner axi
sgl i - » . o
= ] at a similar position angle of 40suggesting that it is limb-
? e ] darkened in the direction of strongest mass-loss.
zq . U
& o 1 3. Emerging axisymmetries
B o [ & S
esl U o 3.1. OH and H,O maser distribution
- ]
5 Fig.[d shows the OH mainline and,B maser distributions,
2”8 i g ] aligned on the centres of expansion, assumed to be the stel-
v lar position. This shows that the OH masers have a very pro-
4 = nounced elongation NNE-SSW, also seen in 1993. The OH
ol L] emission is brightest in between the® clumps. The OH
21

80 -0 40 -0 20 1612-MHz masers have an angular distribution which is simil

in shape to the mainlines but 6x greater in extent, covering
Fig. 2. Angular separation of masers from S Per as a functioearly 1 arcsec N-S (also seen in 1985 observations)[Fig. 2
of Vi sr. shows the angular separation of masers from the stellar posi
tion as a function o¥/sr.
These Figs. show that the,® masers form a thick limb-

all the S Per data and then imaged and self-calibrated tlee otbrightened shell typical of strong acceleration whilst €l
lines individually. In this way we were able to retain the cormasers are brighter at the extreme velocities near the dirmht
rect relative positions and intensities. The final data sulo® back caps of the shell suggesting that they are expanding mor
LHC and RHC and in Stokes parametér@ndV) were made steadily. For all species the extreme velocities are foueat n
using a 7-mas circular restoring beam and had a typical notke centre of emission and there is no indication of rotation
oms ~ 7 mJy beam! in quiet channels. We fitted GaussiamBoth H,O and OH mainline clumps have an average radius of
components to measure the properties of each patch of mager 9 au with a maximum of almost 30 au.
emission and grouped components adjacent in position and ve The interleaving of OH mainline and,f masers appears
locity to form features thought to represent physicallycdite to conflict with the classic model in which penetration o&int
clumps. The individual maser components were mostly sptellar UV forms an OH shell outside the.@ shell. It can be
tially resolved, as were the features, allowing us to mesasurexplained in the context of the high density of thgGHclumps
their angular sizes and line widths. mentioned in Sectiofll 2. The dust-gas collision rate is laater

MERLIN observations made in 1993 (Richards et al. 1998)wer density. If the OH comes from surrounding regions at
also showed that OH mainline emission appeared to origatatd/50th the density, they are likely to be cooler and leSece
a similar distance from the star as the@Hmasers. In 1999 we tively accelerated since both heating and expansion averdri
made observations in full polarization, to produce dataesubby the dust absorption of stellar radiation.
in Stokesl, Q, U andV from which we deduced the total lin-
ear polarized flu¥? and polarization anglg. The individual
components and features were spatially unresolved.

MERLIN observations of HO masers made in 1994Figs.[3 and¥ show the OH mainline circular and linear po-
(Richards et al. 1999) and 1999 have a similar resolutitarised emission. A 1 kn$ difference between RHC and LHC
to the VLBI OH data. The KO maser shell is consistentlypeaks corresponds to a magnetic fiBldf 0.17 and 0.2&T at
well-filled and shows strong acceleration. At each epoch thé65 and 1667 MHz respectively (Davies 1974). We found 7
thick shell has a similar size and contaik00 clumps, about possible Zeeman pairs in the EVN data at 1665 MHz and 2 at
half of which can be cross-identified. Maser theory (Cooke &67 MHz, by looking for features of opposite Stokéw/hich
Elitzur 1985; Yates et al. 1997) suggests that at the inngt skcoincided in position and were the closest matches in vgloci
boundary, 55 au from the star, these have a number densityrb&se had velocity separations (of the Stokpsaks) of mag-
n ~ 5x 10 which is 50« the wind average at that distancenitudes between 0.5-2.8 kmls giving a magnetic field com-
for a typical temperatur@ ~ 1000 K. The integrated maserponent parellel to the line of sight of magnitudé & B < 0.8
emission appears almost spherical using a logarithmiointe:T. Six out of the 9 pairs showed the magnetic field pointing
sity scale but if the brightest components are selectedahey away from us B > 0). Where there were multiple matches we
seen to lie in an ellipse elongated NE-SW in 1999. In 19%bmpared the position and velocity pattern made by the cempo
the elongation was more nearly E-W. Hotspots in an NE-Siénts within the features. In only one case an alternatitelma
ellipse were also detected in 1998 by Viemmings et al. 2002er 12 km s! was possible, givin@, = 3.4 uT. The thermal
using the VLBA, see Sectidn3.2. linewidth of OH atT = 300- 500 K is 0.9-1.2 km"; our

Velocity V gz (km s’T)

3.2. Polarization
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Fig.3. OH masers observed using VLBI. Circles and squaréggy. 4. OH masers observed using MERLIN, symbols coded as
show total intensity emission at 1665 and 1667 MHz respén-Fig. 3. The lines show the linear polarization vectorscftar
tively. The darker gray symbols show components which ai@r 1665 MHz) for components with 25% linear polarization.
more red-shifted with respect¥f.. The+ and—- symbols show The numbers are the valuesBfin T inferred from MERLIN

the sign of Stoke¥ for components with- 25% circular po- circular polarisation measurements.

larization.

magnetic field values for narrower velocityfidirences may be ~ SOme Faraday rotation is present as shown by the change
overestimated (Elitzur 1998). We performed a similar asigly in x across individual features, typically 3@vhich could be
of the MERLIN data and found 8 Zeeman pairs including Broduced by an internal free electron density-c§ x 10" m

with By < 0. There are also a number of maser feature grouffgoss an 18 au-deep OH masing clump (a fractional number
where Stoke¥ is entirely of the same sign. density of~ 107°). If the OH masers are distributed in a partly

The mean magnetic field 8 ~ 0.2 T and~ —0.3 T filled spherical sheII_, the red—shiftgd emission t.ra\ael:soo au
for the EVN and MERLIN data respectively. There are sonfé'ther through the inner CSE which could, if inhomogenous,
similarities e.g. the most red-shifted pair is seen in ahdeith Convert linear to circular polarization or produce depiaktion
B, < 0 and the only pair detected in the NNE limb is at 1668veraged over a MERLIN beam.

MHz in both data sets witB, > 0. Vlemmings et al. (2002) used the VLBA to measure

Significant linear polarization is only detected from théeeman splitting of the brightesto® masers. This is only
near (blue-shifted) side of the shell and rarely exceeds,508sSmall fraction of the thermal line width as,@ is non-
stronger at 1665 MHz. The dominant direction of polarizatio®aramagnetic, making analysis model-dependent. The eeduc
vectorsy is E-W but there are some anomalies such as in thér&ggnetic field compone is in the range 15 204T.
where the vectors change direction b®0°. The vectors may
be parallel or perpendicular to the componenBan the plane 3.3 Biconical outflow model of OH emission
of the sky,B,, depending on whetheror o- maser components
are detected (Elitzur 1998) and also depending on the afiglefbe elongation of the 1612-MHz maser shell, which represent
B to the line of sight. The high fraction of circular polarizamaterial which left the star several centuries ago, sugdbat
tion relative to linear polarization could suggest thatom- the OH axis is stable. The distribution of emission suggasts
ponents dominate a8, is perpendicular tg, implying that biconical outflow such as in the models of Zijlstra et al. (2D0
the magnetic field axis lies along the direction of masergdon The H,O masers could form a complementary distribution with
tion. However other interpretations are possible (e.g.Ughg an equatorially enhanced density surrouding the polar @ixis
& Watson 1986) including Faraday rotation or depolarizatiothe bicone. The slight E-W elongation of the® masers ob-

In any case it is likely that ther 90° jumps iny are caused served in 1994 appears more compatible with this pictune tha
by the detection ofr components or by a small change in théhe more NE-SW elongation seen in 1999. Projectifiacts
direction or strength oB, not by a full~ 90° kink. may be confusing the issue and patience is needed to ensure
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that the HO elongation is not chancefects. Over 6 years, theanism which still requires some some internal rotation to de
projected outline of the D maser shell of the Mira U Ori hasfine a symmetry axis. A related possibility is that the putsat
changed apparent orientation, probably due to chancéhdistr modes and convection cells in the star create a preferred di-
tion of bright masers; several decades would be needed to mmsion for denser or less dense mass loss and a stronger or
if the hotspot distribution around S Per is systematic. weaker magnetic field is carried in these directions. Fgpyta
et al. (2002) develop such a model f@rOri without requir-
ing rotation. A similar model for mass-loss involving a skec
compressed field frozen into clumps at their formation niear t
stellar surface was suggested by Hartquist & Dyson (1997).
The magnitude and direction & measured from OH masersThe magnetic field strengtB « +/n. The OH-masing gas is
shows no clear pattern nor direction and there are discrepanl/50 of the density of the $O clumps at the same distance
cies between the MERLIN and EVN data. This may be due tom the star. Ifn «« R-2 then for OH masers & = 180 au,B
falsely matched Zeeman pairs and a more rigorous analksis taould be~ 1/15 of its value for HO masers at 90 au, closer
ing into account single-polarization features may givelefu to the observed strengths.
picture. The combination of velocity and magnetic field grad The supergiant VX Sgr does appear to have an or-
ents can mean that only one sense of polarization is amplifeééeted magnetic field measured from OH 1612 MHz masers
in a particular clump (Cook 1976). (Szymczak & Cohen 1997; Szymczak et al. 2001), the axis
The average magnetic field strength measured from @flwhich defines a biconical region containing a lower degnsit
masers is~ 0.3 uT at a distance from the star & < 180 of H,O masers (Murakawa et al. 2003). The full analysis of
au; the largesB, value from a reliable match is®uT. At our OH mainline masers observed by the EX8ibbal VLBI and
adopted distance of 2.3 kpc the brightest parts of ty@ hhaser by MERLIN will confirm or modify this model. The magnetic
shell are aR ~ 90 au where Vlemmings et al. (2003) estimatBeld configuration appears to evolve with time; OH masers
By ~ 15-20uT or ~ 50x the OH value, yet for a dipole field around NML Cyg show an old shell with tangential polariza-
whereB « R there should be at most a factor of 8fdience tion vectors surrounding a more recent bipolar outflow pelral
between the field strength in the® and OH regions. to radial polarization vectors (Etoka & Diamond 2004). R4l
The discrepancy could be due to a selectifiaat; only the D modelling of S Per is needed, if possible including further
strongest Zeeman splitting of,@ masers can be detected buépochs of observation to measure proper motions and examine
a magnetic field of even 10T would produce a line split of the persistence of the magnetic field.
59 km s for the 1665 MHz OH masers, greater than the total
velocity span of the CSE. If the magnetic field axis was palall
to the line of sight the OH masers could lie in the plane of '[H%eferences
sky whereB; would be very small; however this seems unlikelgains, I. et al. 2003, MNRAS, 342, 8
in view of the centrally-located extreme velocity OH mase®lackman, E. G., Frank, A., Markiel, J A., Thomas, J. H. &
unless the apparent velocities are due to Zeeman splitting. Van Horn, H. M. 2001, Nat, 409, 25
The ratio of thermal to magnetic pressyse = 8t x Bowers, P.F, Johnston, K. J. & de Vegt, C. 1989, ApJ, 340, 479
10 nkgT/B2? is ~ 0.05 in the HO maser clumps and 2 in Champan, J. M. & Cohen, R. J. 1986, MNRAS, 220, 513
the OH regions, so magnetic pressure is dominantin the fornt@ok, A. H. 1975’ MNRAS, 171, 605
and significant in the latter. It has been suggested (inobly C90ke: B- & Elitzur, M. 1985, ApJ, 295, 175

the present first author) that if the magnetic field is a gtella 2V'es: R. D. 1974, in Galactic Radio Astronomy, ed. F. Jrier
S. C. Simonson I, 275

centr(_ed dipoI(_e the lighter OH-masing gas copld be fOHOWir\Qeguchi, S. & Watson, W. D. 1986, ApJ, 300, L15
the dipole axis an@r the dust concentrated in,B clumps Diamond, P. J. et al. 1987, A&A, 174, 95
could be trapped by the equatorial field lines. However itish gt M. 1998, ApJ, 504, 390
to see how a static field could shape the wind. In star-formigoka, S., Diamond, P. J. 2004 MNRAS, 384, 34
regions the dust grains spin round the field lines (the Whitte-reytag, B., Stien, M. & Dorch, B. 2002, AN, 323, 213
Greenstein mechanism) but in CSEs the grains are the sowiggquist, T. W. & Dyson, J. E. 1997, A&A, 319, 589
of heating and so such ordered flow would be disrupted by th&tasheder, M. R. W. et al. 1999, NewAR, 43, 563
malisation. Moreover, if this was responsible for concatiig Murakawa, K., Yates, J. A., Richards, A. M. S & Cohen, R. J.200
the denser dustier clumps in an equatorial belt we would not MNRAS, 344, 1
expect to find the strong acceleration which is observedid H Ostrowski-Fukuda, T. A., Stencel, R. E., Kemball, A. & DianaoP. J.
masers associated with the clumps. ) 2002, AAS, 200.7409
The origin of a dipole field is also problematic; AGB star§ichards, A. M. S. Yates, J. A. & Cohen, R. J. 1999,
have already started to accumulate a degenerate core witlich gvchij ';Alsg?égesfs‘l
. . . ,R. , ApJ, 148, 449
ultimately be exposed as a white _dwarf a_nd it has be_en SWier, N. & Zoabi, E. 2002, MNRAS, 329, 204
gested (Blackman et al. 2001) that interaction betweelioota Szymczak, M. & Cohen, R. J. 1997, MNRAS, 288, 945
of the core and convection cells form a dynamo producing tegymczak, M., Cohen, R. J. & Richards, A. M. S.
magpnetic field. This explanation cannot hold for RSG as they 1998 MNRAS, 297, 1151
do not become degenerate until the final catastrophe. Soaker1999, MNRAS, 304, 877
& Zoabi (2002) suggest an alternative turbulent dynamo mech 2001, A&A, 371, 1012

4. Polarization interpretation: complications and
outlook
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