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Sub-mm VLBI with ALMA will be a superb tool for imaging masemss well as its capabilities
as the "Event Horizon Telescope". Individual masing clowdisbe resolved in multiple velocity
channels, providing both beamed and unbeamed sizes. Hi®nship between beaming and in-
tensity can then be used to distinguish between steadylmrlant and shocked outflows. Sub-au
resolution will also confirm which transitions are co-sphtir segregated, compared with maser
models predicting the required small-scale variationsansity, temperature, velocity structure
and radiation field. This will be aided further by micro-a¥csm-wave maser results which are
already starting to appear from RadioAstron. ALMA by itseifl resolve the overall structure
and differing extents of the various maser species, alotigtivermal lines, dust and continuum.
Science verification data has already provided the first-ex@lved images of sub-mm water
masers and continuum around an evolved star (VY CMa), stpthiat the high excitation lines
are surprisingly extended. This requires local heatingjbeahocks, at many tens of stellar radii.
These lines straddle the dust formation zone and futureshigésolution observations will also
resolve dust clumps and measure their acceleration. Sudtestare vital to understanding how
material ejected from cool stars breaks free from the stghavity, and the role of dust in this
process.
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Figure 1: Expansion velocity as a function of distance from the stiaeft] Inner and outer 22 GHz maser
shell limits for 2 RSG and 5 AGB stars at different epochs (2®)e solid and dashed lines show the escape
velocities for AGB and RSG stars, respectively. (Right)dittof thermal lines around C star CW Leo (11).

1. How do RSG and AGB starslose mass?

Cool (T < 3200 K) M-type stars have mass loss rafe$0~4 M., yr—1, ejecting~ 80% of the
dust mass in the ISM in a chemically-enriched wind. Asyniptgiant branch (AGB) stars, masses
M <8Mg, have typical radiR, ~ 1 au, whilst more massive red supergiants (RSG) are up:o 10
larger. These stars are deeply variable with periods ofradear or more and the basic model
for mass loss involves levitation of the stellar surface blgations (3) until enough dust forms (at
~5-7R,) for radiation pressure to accelerate the wind away fronstae

This picture is generally supported by observations but itat the whole story. There are
a number of suggestions for how material is ejected from tbkas surface, involving convec-
tion cells, star spots and magnetic effects as well as poisatThere is no direct relationship
between mass loss rate and pulsation amplitude as dedwradptical variability. For example,
SiO masers show evidence for both infall and outflow in thesgtidn-dominated regions &5
R, with different authors claiming ballistic motion (16) omohps being directed along (or drag-
ging) magnetic field lines (17). The transition to steadyfloutis controversial, at least for O-rich
stars, since the models of (35) suggested that grain growthimsufficient. Some observations
(23) and models (1); (2) provide potential mechanisms begdrthave not yet been widely obser-
vationally confirmed. A final conundrum is how spherical ms@uence stars, which (if solitary)
lose detectable surface rotation on the AGB/RSG, eventgalk rise to often-asymmetric plane-
tary nebulae/supernova remnants. It seems intuitive bigetis a connection with the observed,
stellar-centred magnetic field, but the origin of such a fides its own problems.

2. Clumpy massloss

Milli-arcsec scale resolution (e.g. EVN for 1.6-GHz OH mase-MERLIN for 22-GHz H,O
masers) shows that mass loss is concentrated in clumps. JOe2BGHz shell £ 5-50R,)
encloses tens — few 100 clouds with a filling factot% which nonetheless contain between 20%
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Figure 2: VY CMa 321 GHz (left) and 325 GHz (right) water maser posifi@ver continuum contours,
lowest levels at (-1,1,2, 4, 8, 16, 3R)1 (2) mJy beam? at 321 (325) GHz. Maser symbol size proportional
to v/flux density, coloured according to velocity. The red crosska the star/centre of expansigiy.

Table 1: H,O masersvy,: vibrational state; spin: ortho/para isomers.
Frequency Transition v, Ey Spin  Discovery

(GHz2) (Ixakc) (K) (level) (reference)
22.23508 63 O 643 0 (6)
321.22564 109—%e O 1862 0 (29)
325.15292 Bs5—4, O 470 p (18)
658.00655 1p0-1p17 1 2361 0 (20)

and almost all of the mass. The 22-GHz maser clouds haveajalioximately proportional to the
radius of the parent star; RSG have larger clouds than AGB &8). In fact atv 10 R, the cloud
radius is similar to the stellar radius, suggesting a biize sf 5-10%R,. This is comparable to
the relative size of convection cells deduced from comaviiT| and other optical interferometry
with models, e.g. (21), (34), (7).

The size of bright maser spots can be measured with accurgdbgam size)/(signal to noise
ratio) and this, compared with the maximum angular exterihefseries of components making
up the cloud, yields the beaming angle (27). Further eviddacinhomogeneity comes from the
VLBI detection of OH 1665- and 1667-MHz masers interleavihg outer 22-GHz clumps; this
implies the presence of cooler, lower density gas. Windlacaton continues throughout the 22-
GHz shell, attaining escape velocity, as in Fideft] . Acceleration at many terg, is also implied
by Herschel and ALMA results showing increasing thermal line width witecreasing excitation
temperature (10), (4) and, when resolved, with increasimguiar extent, in C-rich CSE also, see
Fig. 1 (ight) (11). The collision rate is too slow for significant grainogth, so if increased
efficiency of radiation pressure on dust is involved, thisstrhe due to optical depth effects (15)
and/or changes in dust surface properties (5). If the wildimsogeneous, the drift velocity of dust
with respect to gas would vary, but so far this can only be ede.g. (31), not observed directly.
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Figure 3: (Left) 658 GHz BHO maser positions overlying continuum contours. Maser jswnd velocity
scale as in Fig. 2. The inset shows the region enclosed byréydbgx. (Right) Symbols mark sub-mm@
maser component angular separations fiovhas a function oV _sg. The black lines mark the inner and
outer limits of 22 GHz HO masers and the grey line shows the outer limit of SiO ma8é)s (

3. First images of evolved-star sub-mm masers

ALMA Science Verification observations of the RSG VY CMa wenade to test imaging on
up to 2.7 km baselines at around 320 and 660 GHz (up 8140 K\, restoring beams- 100 and
~ 50 mas). Details are given in (29). The maser transitiongmbs are listed in Table 1, which
gives the upper energy level, of each transition as well as its frequency and discovenepap
Based on the upper energy levels, densities and tempesatgaired for maser pumping, it was
predicted that the 658, 321 and 325-GHz masers would be fatimtreasing distances from the
star (22); (36); (13); (12); (8). Figs. 2 and 3 show that tkigjualitatively the case. The masers
are expanding away from continuum pedl, identified as the star. However, closer inspection
shows that the 321- and 658-GHz masers are far more extehdegitedicted. Despite excitation
temperatures> 1000 K, they occur at hundreds of au from the star, where temge temperatures
are only a few hundred K. The different maser lines are ségpduan scales of tens au, showing
that the environment is homogeneous and they are not cagatipg. One possible explanation is
shocks in the wind. Pulsations (speeds 5-7 ki £5)) are very unlikely to penetrate far enough
but changes in kinematics due to dust formation (2) coulahbalved. The 658-GHz masers appear
to curve round the SE continuum peak (Fig. 3 and insert), kvhmuld indicate a wind collision
with a massive dust clump, shown to be cool by (24).

The wind from VY CMa is highly inhomogeneous and has been ihedieas a disk plus
outflow (9) or ejecta in apparently random directions (14he Elongated dust plumes seen by
ALMA show that mass loss towards the N and SW has been enhémcéecades, longer than the
lifetime of convection cells. At least 17% of the dust is cemicated in clumps (24).
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4. Future high-resolution sub-mm imaging

ALMA in VLBI will resolve the 321/325-GHz transitions at40 uas resolution, similar to that
of RadioAstron. Ultra-high resolution alone will reveabper motions of 321-GHz $0 masers
close to the star, on similar scales as SiO masers but psopadibing different local conditions.
It will allow analysis of the fractal clustering scales of sea spots, which provides diagnostics for
incompressible v. compressible turbulence and shocks (33).

Ideally, a range of shorter baseline lengths will be avéélaioom ALMA alone at up to 16 km,
providing 5—-10 mas resolution for sub-mm masers, and femdtad km baselines such as provided
by LLAMA (Long Latin American Millimeter Array). This wouldprovide the continuum sensi-
tivity to detect the stars themselves and image tens-mées dast clumps, providing comparisons
between the expansion velocities of dust and gas and thest @gistimates of the drift velocity.
Maser measurements on the scales of individual spots airdperent clouds will show whether
the emission peaks are tightly beamed, by approximatelgrggi, quiescent clouds, or whether
brighter emission is more extended, showing the presenskaaks. These results will help to ex-
plain the heterogeneity of stellar outflows and whether kln@ating is involved in pumping high
excitation state masers at large distances from the star.
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