ALMA

Water masers — high resolution measurements
of the diverse conditions In evolved star winds s
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Comparing water maser

e Constrain models

abundances and so on. Applying

models and observations around VY CMa

® Reconstruct local variations in physical conditions on the scales of clumps;
® Trace clumps, shocks, asymmetry, ejecta, the background wind;

Maser amplification allows imaging at an order of magnitude higher resolution (spatial
and spectral) than thermal lines. Distinctive, persistent position-velocity patterns show
that series of maser spots following a position-velocity gradient can trace discrete
physical clumps (Richards et al. 2012). Water masers at cm to sub-mm wavelengths
have excitation temperatures from ~200 — 7000 K. Each line emanates from a
characteristic range of gas and dust temperatures, number densities, radiation fields,

models (Gray et al. 2016) to local overlap or avoidance

of different maser transitions allow us to map these physical conditions. Variability can be
related to changes in irradiation or shocks (Gray et al. 2020, 2023 in prep.).

Dust clumps, 658 GHz
masers and KI knot

Fig. 3 white contours show
continuum emission from dust
and the star, at (0,0). The
background colours show 658
GHz maser intensity at 30—34
km/s observed in 2017 (Asaki
et al. 2020). They form a ring
consistent with tangential
beaming from an accelerating
shell, with a diffuse arc towards
C. 658 GHz maser spot
positions mapped in 2013 are
overlaid, colour coded as in Fig.
1. Only the E of the ring is seen
but the arc is better defined. All
masers (and thermal lines)
avoid C. Its spectral index
suggests it contains >1e-3 M,

dust, cold and optically thick
(Vlemmings et al. 2017).
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The arrow marks the position of one of the knots of

KI emission (HST, Humphreys et al. 2021), ejected

from the star in recent decades, which reached

conditions for 658 GHz masing (Fig. 4) since 2013.
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OH 1665/7 MHz masers overlap the outer 22-GHz
H,O maser shell, suggesting cooler, less dense gas

(T<500 K, n <5ell m>) surrounding the 22-GHz
clumps. OH masers reach further from the star than
all water transitions but are weaker to the SW where
183 GHz masers are extended. The latter tolerate
warmer conditions and hotter dust radiation. 250-GHz
(quasi-)thermal H,O emission is also extended SW.

Red Supergiant VY CMa

D~1,15 kpc (Choi et al. 2008;
Zhang et al. 2012); R, 5.7 mas

(Wittkowski et al. 2012);M 5e-5
— 1e-3 M_/yr (Decin et al. 2006).

The big picture

Fig. 1 shows velocity-weighted
iIntensity ALMA observations of
SO, in the background.

The star Is at the axes
Intersection.

The inset greyscale and white
contours show light scattered
by small dust grains (HST,
Smith et al. 2001).
Velocity-colour-coded positions
of 183-GHz maser components
(ALMA) are overlaid.

OH masers are shown below in
Fig. 2, star at (0,0).
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Maser modelling

We use Gray et al. (2016) (Fig. 4) to infer the conditions in the wind supporting various

combinations of masers,
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log(n) m= where n is number density, assuming X,,,, (fractional H,O abundance) 4e-5
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for 321, 325 and 658
GHz masers observed
In 2013 andthe 183
GHz masers,
assuming collisional
pumping. Maps
(Richards et al. 2014)
show that lines with
lower Eindeed peak

at greater distances
from the star. Fig. 5

2500 1

2001

1500

Gas temperature 7} (K)

1000+

200

* 658, 321, 325 GHz
* Deeper shade =
stronger maser 1
 Also for 22, 183
GHz contour at
50% max T
 Lowest contour at
crude estimate of T
sensitivity limit

shows where the lines - B ey
are expected to Number density n (m—?)

LR LR |
H]ll.

overlap or segregate.
The inferences are
compared with
models for the wind of
VY CMa derived by
Decin et al. (2006)
from Herschel data In
Fig. 6.

22-GHz masers were
previously thought to
come from dense
clumps (Richards et
al. 2012). VY CMa’s
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probably >3e-5;
maser T has a log
dependence on X,,,5,

which could reduce
overdensity to a factor
of ~20-30.

Using a gradient in
T..s@swellas T, will
extend the ranges of
some lines e.g. 321 -
GHz and reduce

others. Some lines

e.g. 268 GHz are .
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* Density constraints
suggest most water
masers come from
clumps at least 50x
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average
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radiatively pumped by
hot dust.
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