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ABSTRACT

We report the results of VLBI observations at 7 mm wavelength of the SiO maser emission (J =1-0,
v=1) in the circumstellar envelope of the late-type variable star VX Sagittarii. These are the first VLBI
observations that have been coordinated with mid-infrared interferometric observations of late-type stars. Syn-
thesis images show that the maser emission at a stellar phase of about 0.4 arises from a ringlike distribution
with a radius of about 1.3 R,. The distribution of emission is asymmetric and the strongest emission arises
from the redshifted center of activity that lies to the south of the star. This may indicate an asymmetry in the
mass-loss or stellar atmosphere. The maser emission within 4 km s™! of the stellar velocity is distributed
around the stellar limb and does not show evidence of systematic velocity gradients greater than a few km
s~ 1. The overlap of maser features is consistent with outflow (or infall) of material away from (or toward) the
star of about 10 km s~ ! at 1.3 R,,, about half the velocity observed in the OH and H,O maser shells at radii
of greater than 30 R,.

The arrangement of the maser emission suggests the presence of dense velocity coherent structures with
characteristic sizes of ~0.4 AU (0.02 R,) in the extended atmosphere above the photosphere. However, 74%
of the maser flux was resolved by these observations, as with earlier, single-baseline VLBI observations of
coarser angular resolution. We speculate that the circumstellar shell also has velocity coherent cells on spatial
scales of 30 to perhaps 100 AU, which give rise to SiO maser emission.

The compact SiO maser emission lies well within the 4.6 R, inner radius of the circumstellar dust shell, as
measured with the UC Berkeley Infrared Spatial Interferometer at about the same stellar minimum. The
stellar radius at stellar minimum was measured to be 22 + 3 AU (13 + 2 mas). Infrared observations made
close to stellar maximum show an inner radius of 6.0 R,. The estimated density at the inner edge of the dust
shell, the location of the masers, and the density at which the maser levels probably thermalize are consistent

with models of atmospheric extension due to pulsation-driven shocks.
Subject headings: circumstellar matter — masers — stars: individual (VX Sgr) — techniques: interferometric

1. INTRODUCTION

The geometry and dynamics of the circumstellar envelopes
associated with late-type stars are determined by the stellar
mass loss. Important insights can be obtained by studying the
envelopes of these stars with angular resolutions
commensurate with the radii at which dust forms. Many
previous studies have been unable to attain sufficient angular
resolution because of limitations imposed by astronomical
seeing. However, many circumstellar envelopes harbor radio
beacons in the form of OH, H,0, and SiO masers, which make
the shells suitable subjects for radio interferometric
observations at high angular resolution (<1”). In addition,
recently developed interferometric techniques at optical and
infrared wavelengths (e.g., speckle, aperture masking, and
heterodyne interferometry) now permit angular resolutions

! Current address: Centro Astronomico de Yebes, Apartado 148, 19080
Guadalajara, Spain.
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much less than the diameters of the envelopes (Haniff et al.
1992; Wilson et al. 1992; Danchi et al. 1994).

Maser emission is thought to arise from velocity coherent
“cloudlets.” These cloudlets may be distinct density
enhancements moving ballistically in the mass flows around
the star, as are many H,O masers in regions of star formation
(Reid & Moran 1988). Alternatively, the masers may be regions
of relatively low density contrast, which are limited in extent
by the coherence of the velocity field. The characteristic
temperatures of the vibrationally excited stars for the SiO
emission (> 1000 K) require that it arise closer to the star than
H,O or OH emission. Hence, the presence of SiO masers
provides a means of studying the inner parts of circumstellar
envelopes. Beyond the radius at which silicate dust condenses
in a circumstellar shell, nearly all the gas-phase silicon is
expected to be incorporated into dust grains and the SiO
maser emission quenched. The dust around some cool giant
and supergiant stars is expected to form within a few stellar
radii of the stellar photospheres ( < 1000 K).
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Neither the ideas about the relative locations of the
circumstellar SiO masers and circumstellar dust nor the
self-consistency of the inferred physical conditions have been
well tested. The first-generation maps of the distribution of SiO
maser emission (J = 1 — 0, v = 1) were made for VY CMa, VX
Sgr, and R Cas (Moran et al. 1979; Lane 1982, 1984; McIntosh
et al. 1989). These early very long baseline interferometer
(VLBI) observations utilized the 74 km baseline linking the
Haystack Observatory and the Five College Radio Astronomy
Observatory (i.e., fringe spacing 20 mas). These experiments
showed that at each line-of-sight velocity the SiO masers
consisted of individual compact emission features, clustered in
a region of radius equal to a few stellar radii. While the
correlated flux densities of some spectral lines were as high as
70% of their total-power flux densities, much of the emission
appeared to be resolved. Colomer et al. (1992) obtained
visibilities of 0.1-1.0 on projected baselines of ~330-1740 km,
and estimated the angular sizes of spectral components to be
less than 0.4-3 mas, for 10 sources letween 240 and 1500 pc in
distance. Most recently, Diamond et al. (1994) have generated
synthesis images of SiO masers associated with TX Cam and U
Her, though these are not strong infrared sources and little is
known about their dust shells. Miyoshi et al. (1994) have also
mapped the maser brightness distribution for W Hya and VY
CMa.

We present a study of the M supergiant VX Sgr, which is a
semiregular variable that fluctuates between spectral-type M4
ela and M9.5 with a mean period of 732 days (Kholopov et al.
1987). 1t is one of the latest spectral types that has been
observed. The distance to VX Sgr is uncertain by a factor of 4.
Humphreys, Stecker, & Ney (1972) suggest that VX Sgr is a
member of the Sgr OB6 association, whose distance is
estimated to be 1.7-2.0 kpc (Alter, Balazs, & Ruprecht 1970,
and references therein). The star lies within 6° of the nominal
position of the association. However, there are no compelling
reasons to expect that this late-type star is associated with this
OB association. Furthermore, Humphreys (1974) estimates
from photometry a distance of 0.8—1.3 kpc, depending upon the
uncertain visual extinction along the line of sight, while Loup
et al. (1993) estimate a distance of about 400 pc based on the
canonical luminosity for AGB stars. VX Sgr would probably
not be classified as a supergiant star if it were at this nearest
distance. To facilitate calculations and comparisons, we
assume a distance of 1.7 kpc.

At the assumed distance, VX Sgr is one of the most luminous
stars known, with L, ~ 4.2 x 10° Ly (Humphreys 1974).
From lunar occultation measurements (Ridgway, Wells, &
Joyce 1977) and blackbody models applied to photometric
data (e.g., Danchi et al. 1994), the radius is estimated to be
about 13 mas, or 22 AU. The mass-loss rate for the star has
been computed to be between 107* and 107° My yr™!
(Danchi et al. 1994; Pijpers 1990), based on the intensities of
molecular or dust emissions and associated flow velocities.
Chapman & Cohen (1986) estimate the systemic velocity of VX
Sgr to be 5.3 + 0.4 km s~ ! based on a dynamical model of an
expanding envelope fit to interferometric maps of OH maser
emission at 1612 MHz. This agrees reasonably well with a
prior estimate of 7.3 + 1 km s~ ! by Dickinson et al. (1978)
derived from the centroid of the thermal SiO emission-line
profiles. From optical spectroscopy, estimates of the
photospheric velocity vary with time by about +10 km s™*
with respect to the stellar velocities inferred radio observations
(Wallerstein & Fawley 1980; Wallerstein 1977). We adopt a
systemic velocity of 5.3 kms™1.
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Our study addresses the physical conditions of the
innermost portions of the circumstellar shell of VX Sgr as
revealed by synthesis imaging at 7 mm wavelength, using the
Very Long Baseline Array (VLBA) of the National Radio
Observatory (NRAO),2 and data obtained from interferometry
at 11.15 um wavelength, using the Infrared Spatial
Interferometer (ISI) of the University of California, Berkeley.
In § 2 we discuss the VLBA observations of SiO emission and
in § 3 discuss elements and limitations of the calibration. In § 4
we present the results of the observations. We conclude with a
discussion of the structure of the dust shell (§ 5.1) as deduced
from the infrared observations and the impact of the combined
infrared and millimeter observations on the models of
structure of the SiO maser shell (§§ 5.2 and 5.3). A preliminary
analysis of these data was given by Greenhill et al. (1994).

2. VLBA OBSERVATIONS

Long-baseline observations of the VX Sgr SiO maser emis-
sion were conducted for 6 hr on 1992 August 15. They were
made during a VLBA observation of the radio continuum
source in the Galactic center, Sgr A* (Backer et al. 1993). The
nearly simultaneous observations of a strong maser nearby in
angle to Sgr A* were made to assist in the measurement of the
time-varying sensitivities of the individual stations. Five sta-
tions of the partially completed VLBA participated. The sta-
tions and their performance parameters are listed in Table 1.
The variation in the performance of the stations was due to the
fact that the VLBA was employed early in its operations,
before the stations had been optimized for such high-frequency
observations (e.g., high system temperature at the Owens
Valley station), and because of poor weather at the Pie Town
and Los Alamos sites. The lengths of the 10 baselines among
the five stations were between 237 and 2328 km. As shown in
Figure 1, the projected baseline lengths ranged from 72 to 2323
km (providing fringe spacings of about 20-0.6 mas).

All stations were equipped with left circularly polarized
feeds. We observed VX Sgr for 1 minute several times each
hour, for a total integration time of about 1.3 baseline hours.
Supplementary scans of NRAO 530 and 3C 345 were used for
clock and bandpass calibration, and for fringe searching.
Although the integration time was short, the relatively large
number of baselines, the range of hour angles, and the source
strength combined to make this VLBI snapshot the most
extensive observation of VX Sgr reported yet (see Lane 1984
and Colomer et al. 1992).

TABLE 1
VLBI ARRAY
VLBA Diameter Effective T, ,*
Telescope (m) Jdy)
Pie Town (PT)........... 25 3000
Los Alamos (LA) ........ 25 4000
Kitt Peak (KP) 25 2000
Owens Valley (OV)...... 25 6000
N. Liberty (NL).......... 25 3000

® Characteristic effective system temperature near

transit, at about 30°-35° elevation. For each station, the
value is the system temperature multiplied by the sensitivity
of the telescope in units of Jy K~*. The wide variation is
primarily a consequence of poor subreflector positioning
and hence reductions in gain during the shakedown phase
of the VLBA. The absolute scale is uncertain by 20%.

2The NRAO is operated by Associated Universities, Inc., under

cooperative agreement with the National Science Foundation.
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ponents stronger than =30 Jy that were observed by Lane
(1982) and Martinez, Bujarrabal, & Alcolea (1988), and more
recently by Alcolea (1993).

3. CALIBRATION OF VLBA DATA

The data were correlated by the Mark IITA correlator at the
Haystack Observatory,> with an accumulation time of 4 s.
Autocorrelation and cross-correlation functions were pro-
duced for VX Sgr and the two continuum calibration sources.
These correlations were Fourier-transformed to provide
spectra with channel spacings of 0.50 km s~ ! and 0.25 km s !
in total and cross power, respectively.

Prior to the construction of images, the visibility data were
calibrated in amplitude, delay, and phase. Details of this
process are discussed by Reid et al. (1980) and Greenhill et al.
(1993). We obtained the amplitude calibration by estimating
the scaling factors necessary to best fit a time series of total
power spectra for each station to a single calibrated total
power spectrum (template). A spectrum from the Kitt Peak
telescope near transit was selected as the template spectrum.
The flux density calibration of this template spectrum depends
on the estimate of system temperature and the atmospheric
extinction at that time. An opacity of 0.09 + 0.01 and a recei-
ver temperature of 80 K were estimated from the variation in
system temperature with zenith angle over the duration of the
experiment. Referenced to outside the atmosphere, the peak
flux density of the maser was ~95 Jy (Fig. 2). The estimated
peak flux density is consistent with measurements made inde-
pendently with the 13.7 m Yebes telescope (Alcolea 1993).
Errors in the absolute amplitude calibration make the overall
flux density scale of the synthesized images uncertain by about
20%.

The delay calibration included the tasks of refining a priori
station clocks, source positions, and station positions that were
used by the correlator, through the use of observations of unre-
solved radio continuum sources. Since the Sgr A* observations
required that we record data on the continuum calibrators
over a 56 MHz bandwidth, we were able to use group delays

3 Radio astronomy at the Haystack Observatory of the Northeast Radio
Observatory Corporation is supported by the National Science Foundation.
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FiG. 2—Total-power spectrum of the SiO maser associated with VX Sgr
on 1992 August 15, computed from autocorrelations for the data from the Kitt
Peak antenna. The integration time was 6.5 minutes on source. The flux
density calibration is accurate to ~20% and the spectrum is referenced to
outside the atmosphere. Velocities are with respect to the local standard of rest.
The dashed line denotes the adopted stellar velocity of 5.3kms™!.

and estimate the clock drift rates with a precision of ~5 ns
d~!. (The drift rate for each baseline was computed and a y2
analysis was used to transform them into a set of relative drift
rates for individual station clocks.)

The station clock offsets for the spectral-line band were
obtained with an accuracy of ~3 ns after the drift rates were
removed from the data. This hybrid solution, which employs
both wide-band and narrow-band delays, can provide station
clocks that are almost an order of magnitude more precise
than those that rely on only narrow-band delays. We adopted
the maser source position measured by Wright et al. (1990),
which is accurate to 0715. Due to the rapid atmospheric phase
fluctuations and brevity of the scans, no analysis of VLBI
fringe rates for the maser from our data was possible to
improve this position. We adopted the station positions
reported by Eubanks & Walker (1993), which are accurate to a
few cm.

In order to remove the effects of the phase fluctuations due
to the atmosphere and frequency standards we self-calibrated
the data with the NRAO AIPS package. It was necessary to
identify a reference channel with high signal-to-noise ratio
(S/N) and simple structure to use to construct a source model.
We analyzed the time variation of cross-spectrum amplitude
for several strong spectral channels on different baselines and
selected the channel at 10.25 km s~ ! to be the reference. The
self-calibration calculation began with a point source model
and included four iterations, of which only the last was a solu-
tion for both phase and amplitude corrections. A solution
interval of 12 s was chosen to assure adequate S/N and to
avoid the decorrelation effects of the atmosphere. The rms
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deviation of the final phase-only antenna solutions was 4°5 for
the five stations. The final image of the reference emission
showed only a slightly resolved point source (half-power width
$0.2 mas) of strength 21 Jy. No other structure in the image
was seen above a level of about 1.8 Jy (5 ). The amplitude and
phase solutions estimated for the reference channel were
applied to the rest of the spectral channels to complete the
calibration. In the context of this experiment, the technique of
self-calibration is similar to the technique of phase referencing
as discussed by Thompson, Moran, & Swenson (1986, p. 369).
However, since it was not possible to be certain of the point—
source-like structure for the reference emission, as a conse-
quence of limited S/N, self-calibration was used instead of
phase referencing.

As explained in detail by Greenhill et al. (1993), residual
systematic delay errors in data prior to self-calibration (or
phase referencing) induce second-order position errors in syn-
thesized images. The position error is proportional to the dif-
ference in video frequency between a maser features and the
reference channel. For the error budgets of the clock and phase
calibrations for this experiment, the 1 ¢ systematic position
errors were estimated to be ~1.4 and 7.2 pas km~! s or ~10
and 50 pas MHz™! in right scensin and declination, respec-
tively. These errors were derived from an analysis of known
calibration uncertainties, the distribution of data among the
baselines, and the weights given to data on the various base-
lines.

4. RESULTS

4.1. Images of the Circumstellar SiO Maser Shell

We constructed synthesis images of the SiO maser emission
and deconvolved the synthesized beam (ie., point source
response) using the AIPS package. We weighted the individual
(u, v) data points (calibrated in janskys) by the square of their
relative S/Ns, based on the station sensitivities derived from fits
to the template spectrum. We constructed synthesis images of
the field within +50 mas of the reference maser emission for
velocities between —3.9 and 23.9 km s ™. The 1 ¢ noise level in
these images was 0.4 Jy beam™!. The primary beam had a
width of 2.6 x 0.5 mas in half-power (FWHM) at a position
angle of —17°. The greatest sidelobe had a relative amplitude
of about 60%. We employed a broader beam to search for
significant emission within +200 mas (4350 AU) of the refer-
ence with the sensitivity reduced by a factor of about 2. No
additional masers were found.

The positions, mean velocities, and line widths of individual
maser features were estimated by fitting three-dimensional
elliptical Gaussian models in position and velocity to the
images. This technique is superior to the procedure of fitting
separate two-dimensional positional Gaussian models to the
data for each spectral channel, after which the positions are
averaged to yield a feature position. When multiple features
are blended (i.e., separated by less than about one beamwidth
and less than a few line widths), the simultaneous fitting in
position and velocity substantially reduces biases in position,
mean velocity, and line width that arise from the overlap of
spectral lines. The position-velocity fitting is also better able to
detect weak maser features blended with relatively stronger
ones (Colomer, Menten, & Reid 1995). The residual flux den-
sities were less than about 6 ¢ after subtraction of the models
from the data. The cumulative reduced x> value for all of the
Gaussian fits was ~ 1.1. Each data point was weighted by the

Vol. 449

1 o noise in the image for the corresponding spectral channel.

The estimated uncertainty in the position of a Gaussian
model compared well to the statistical prediction of
0.5@4(AF,/F ), where F is the peak flux density, AF, is the 1 ¢
noise in an image of one spectral channel averaged over one
line width, and @y is the half-power width of the synthesized
beam. The fitted uncertainties were corrected for the corre-
lation of intensities among image pixels across the beam. For
right ascension and declination this was done by multiplying
the uncertainties by the square root of half the beamwidth
expressed in units of pixels. Total position uncertainties were
estimated by combining, in quadrature, the statistical uncer-
tainties and systematic errors (1.4 and 7.2 uas per km s ™! offset
from the reference frequency in right ascension and decli-
nation, respectively).

The positions of the 36 SiO maser features we detected are
listed in Table 2 and plotted in Figure 3. Some of these features
are blended in position and velocity. The decomposition of a
part of the maser line profile into separate Gaussian com-
ponents that correspond to separate spatial components is
shown in Figure 4. A comparison of the fitted position errors
and the statistical prediction of those errors based on the S/N
confirm the consistency of the Gaussian fitting procedure.

The angular distribution of the masers resembles an irregu-
lar ring. The greatest separation among features is about 35
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F1G. 3—Map of the maser brightness distribution. Each maser feature is
represented by a circle, the area of which is proportional to its peak flux
density at the fitted center velocity, and labeled by this velocity in km s~ 1.
Maser emission that lies within 4.5 km s ™! of the stellar velocity is represented
by open circles, and emission beyond 4.5 km s~ ! is represented by filled circles.
The disk of the star is represented by the 26 mas diameter circle (44 AU at a
distance of 1700 pc). In the absence of precise optical and radio astrometry, the
stellar disk is assumed to be concentric with the distribution of maser features.
The astrometric positions are known only to about 071. The roughly concen-
tric placement of the stellar disk and maser shell is consistent with these
positions. The relative position errors of the masers are all less than 0.15 mas
(see Table 1) and the angular sizes of the masers are ~0.2 mas. The scale bar
corresponds to 10 AU and the synthesized beam is shown in the upper right
corner. Note that the features shown here account for only 26% of the total
flux density of the maser. We detected all compact features stronger than 3 Jy
that lie within + 50 mas of the reference emission at 10.25km s~ !.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...449..365G

No. 1, 1995 SiO MASERS AND DUST SHELL OF VX SGR 369
TABLE 2
RELATIVE POSITIONS OF S1IO MASER FEATURES FOR VX SAGITTARII
Vi Peak F, Aa® As® FWHM* Luminosity®
(km s™1) oy dy) o, (mas) Opy (mas) Gas (km s™!) Orw (107% L)
1.806........ 0.004 6.28 0.05 9.086 0.012 22.261 0.066 0.928 0.008 0.75
2502........ 0.003 7.42 0.05 —5.264 0.011 24.572 0.058 1.014 0.007 097
2.515........ 0.005 4.66 0.05 —6.570 0.011 0.542 0.064 1.050 0.012 0.63
2.565........ 0.021 5.01 0.06 12.340 0.011 5.052 0.062 1.388 0.035 0.90
3.32........ 0.003 6.09 0.05 14.677 0.010 7977 0.058 0.792 0.008 0.62
3593........ 0.012 461 0.16 2.229 0.011 5.179 0.064 0.924 0.021 0.55
4264........ 0.048 347 0.06 —7.460 0.010 0.369 0.060 2.060 0.076 093
5.586........ 0.010 3.36 0.04 13.113 0.009 1.714 0.049 1.739 0.023 0.76
6.022........ 0.002 6.83 0.07 19.048 0.008 16.179 0.047 0.464 0.005 041
6.257........ 0.003 8.46 0.04 12.538 0.005 1.545 0.032 1.350 0.008 1.48
7.325........ 0.002 12.54 0.06 15.705 0.004 17.378 0.026 0.671 0.004 1.09
7.617........ 0.003 7.65 0.10 —12.263 0.007 7.424 0.034 0.776 0.007 0.77
7.884........ 0.005 6.88 0.09 —11.867 0.007 7.369 0.033 0.959 0.009 0.85
8438 ........ 0.013 3.31 0.09 —10.581 0.013 9.860 0.074 0.686 0.023 0.29
8848 ........ 0.009 3.20 0.04 —0.167 0.006 21.185 0.042 1.650 0.024 0.68
8974........ 0.009 3.77 0.12 —10.274 0.014 9.374 0.074 0.581 0.016 0.28
9403........ 0.003 6.61 0.07 —10.594 0.005 1426 0.035 0.657 0.007 0.56
9456........ 0.003 7.82 0.06 —10.532 0.004 1.650 0.026 0.716 0.006 0.73
9.616........ 0.003 397 0.06 13.286 0.007 16.949 0.050 0.722 0.012 0.37
9.667........ 0.006 4.02 0.07 —10.439 0.007 2.459 0.056 0.766 0.012 0.40
10.047¢...... 0.001 23.70 0.05 0.007 0.001 0.016 0.008 0.875 0.002 2.69
11.350 ...... 0.002 11.06 0.05 —8.332 0.003 2.972 0.020 0.906 0.005 1.30
12393 ...... 0.004 5.88 0.05 —1.480 0.006 —0.687 0.036 0.871 0.009 0.66
12523 ...... 0.014 3.17 0.03 12.328 0.006 —5.598 0.037 3.061 0.032 1.26
13.032 ...... 0.003 8.66 0.08 —5.417 0.006 2.856 0.034 0.564 0.006 0.63
13.130 ...... 0.004 7.22 0.04 —1.142 0.005 —0.173 0.030 1.474 0.010 1.40
13.407 ...... 0.003 7.04 0.06 12.960 0.007 —6.287 0.040 0.588 0.006 0.54
13.884 ...... 0.005 6.90 0.05 —5.636 0.006 2.964 0.038 0.994 0.015 0.89
14220 ...... 0.006 3.31 0.05 0.426 0.010 —2.269 0.066 0.809 0.015 0.35
14.388 ...... 0.007 8.18 0.04 2.239 0.006 —-1912 0.036 1.572 0.014 1.67
14.767 ...... 0.002 15.36 0.06 —5.304 0.007 3.163 0.036 0.952 0.005 1.89
15.665 ...... 0.003 8.10 0.04 1.091 0.008 —2.167 0.045 1.221 0.008 1.28
15789 ...... 0.004 8.72 0.05 —5.183 0.008 3.695 0.046 1.020 0.008 1.15
16422 ...... 0.011 9.12 0.06 2.382 0.009 —2.303 0.049 1.727 0.027 2.04
17703 ...... 0.012 5.09 0.13 2.459 0.012 —-2.059 0.065 1.295 0.020 0.85
18.646 ...... 0.003 8.16 0.05 4.183 0.012 —4.022 0.066 0.893 0.006 094

* Fitted mean velocity of maser feature.

® Fitted relative position of feature is computed for the epoch of observation.

¢ Fitted full width at half power of maser feature.

¢ Isotropic luminosity based on a distance of 1.7 kpc and fitted FWHM.

¢ Reference velocity channel is in this feature.

mas, which we adopt as the diameter of the ring because the
smaller separations among features can be attributed to pro-
jection effects. The distribution of emission around the ring is
asymmetric, marked by an intense redshifted center of activity
to the south, which may indicate asymmetry in the stellar
atmosphere or in the mass loss. However, if we consider only
emission within +4.5 km s ™! of the stellar velocity of 5.3 km
s~ 1, then the asymmetry is reduced and no systematic velocity
gradients are apparent.

In Figure 5 we compare the sum of the flux densities for all
the maser emission in each spectral channel (ie., the total
imaged power) to the total power spectrum of the maser. The
fraction of total power imaged is between 0.1 and 0.6. Analysis
of the fringe amplitudes for different maser features as a func-
tion of projected baseline length shows that a substantial
amount of flux density is resolved at even the shortest base-
lines. However, for the available sampling of baselines the
images show the partially resolved cores of maser emission
(Fig. 6). The fringe amplitudes for the strongest features, which
are reduced by less than 35% on the longest baselines, have
angular sizes (FWHM) of ~0.2 mas or ~0.4 AU, based on a
model Gaussian brightness distribution. The brightness tem-

perature of the reference maser emission is ~2 x 10'! K. (We
note that recent VLBI observations by us at 3 mm wavelength
of the J =2 — 1, v = 1 transition with a projected baseline of
about 3800 km and fringe spacing of 0.09 mas or 0.1 AU shows
substantial compact structure.) Most of the luminosity of the
source, ~74%, arises from structures on scales greater than
about 3 mas and hence are resolved by the interferometric
array.

4.2. Visibility Measurements of the Circumstellar Dust Shell

The structure of the circumstellar shell, as traced by dust
emission at 11.5 um, has been resolved by the ISI on baselines
of up to 32 m (Fig. 7). Danchi et al. (1994) present visibility data
and discuss its calibration at projected baselines of up to 13 m
and at an optical phase of 0.4. The addition here of data at
32 m permit the direct measurement of the photospheric emis-
sion, uncontaminated by dust shell emission. Furthermore, the
addition of data at an optical phase of 0.9 permits the measure-
ment of changes in the circumstellar dust shell during the
stellar cycle. However, since the ISI is a two-element interfer-
ometer, no imaging was possible. Physical characteristics of
the circumstellar dust shell were deduced by varying the
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Fi1G. 4—Spectral profiles for four closely spaced positions on the sky, obtained from the decomposition of the observed emission into four three-dimensional
elliptical Gaussians in position and velocity. The accurate measurement of positions and mean velocities can be accomplished only by a three-dimensional analysis
because of the overlap among features. The maser features are labeled 1-4. The spectra are arranged to reflect the relative positions of the corresponding pixels. The
range of positions is about one beamwidth in R.A. and one half-beamwidth in declination. Top left: position offset (0.0, 0.8) mas; middle left: position offset (0.0, 0.0);
bottom left position offset (0.2, —0.8); middle right: position offset (—0.6, 0.2).
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parameters in a radiative transfer model of a spherically sym-
metric shell so as to match the observed fringe visibilities as
functions of projected baseline. The mid-infrared flux densities
from these models were also matched to available spectro-
scopic data.

For VX Sgr near its optical minimum in 1992, and at about
the same epoch as the VLBA observations, the radius at which
the mid-infrared emission becomes significant is ~4.6 R,,

Projected Baseline (MA)

FI1G. 7—Visibility of the 11.5 yum emission from VX Sgr as a function of
projected baseline in units of the wavelength. ISI data is shown for optical
phases 0.4 (open circles), 0.9 (open squares), and 1.4 ( filled circles). The visibil-
ities predicted by a best-fit radiative transfer model are represented by the solid
and dashed lines. We note that the long and short baseline data that corre-
spond roughly to the stellar minimum were obtained during consecutive
minima. The measured visibilities at baselines of ~2.5 x 1054 were ~0.5,
although these measurements cannot be compared in detail to the data shown
here because they were made during earlier stellar cycles.
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TABLE 3

DusT SHELL CHARACTERISTICS FROM
IR INTERFEROMETRY

Parameter Value

Stellar radius (R,) ................. 13 + 2 mas
Shell inner radius®:

(R e 46 R,

(REP®) e 6.0 R,
H, density at R®"® [n(H,)]...... 4.1 x 107 cm™3
H, density at RF** [n(H,)] ....... 24 x 10" cm™3
Shell mass® (Mg -..ovvnvnnnnnnnn. 0.017 M,

® Radius at which 11.15 ym emission by dust becomes
significant. Here stellar minimum and maximum refer to
optical phases of 0.4 and 0.9, respectively.

® Density declines from n(H,) by the square of the
radius. In a thin layer close to R,, the peak density is
enhanced by 100% due to acceleration of dust by radi-
ation pressure.

¢ Shell mass that lies within the 2”5 primary beam of
the IR interferometer.

which is much larger than the radius of the maser shell, 1.3 R,,.
The corresponding stellar radius is 13 + 2 mas or 22 + 3 AU
(Fig. 7). The density profile of the dust is assumed to decrease
as r~ 2, where r is radius, except for an enhancement of about a
factor of 2 due to acceleration by radiation pressure. Some
characteristics of the model are listed in Table 3. Observations
during the stellar minimum of 1994 with a 32 m baseline con-
firmed the stellar radius. For VX Sgr near its optical maximum
in 1993, the inner radius was ~ 6.0 R,.. The substantial shift in
the visibility of the star between the stellar minimum and
maximum, which is shown in Figure 7, is clear evidence for a
sizable change in the inner radius of the dust shell. Although
no data that completely resolves the dust emission are avail-
able for the stellar maximum, the 13 mas stellar radius is con-
sistent with the available moderate-resolution data.

5. DISCUSSION

5.1. The Inner Radius of the Dust Shell

The change in the innermost radius of 11.15 um dust emis-
sion between optical phases of 0.4 and 0.9 is large and probably
due to the destruction of dust by heating (Danchi et al. 1994).
The temperature of the dust at the inner radius near stellar
minimum is about 800 K. However, the changes could also be
due to secular changes in the illumination of a clumpy dust
shell. Observations by Dyck et al. (1984) made about 10 yr
prior to the ISI observations show that dust emission and
scattering at near-infrared wavelengths, which arise near the
inner dust shell radius, become significant at a radius of about
2 R,.. However, they assumed a rather idealized Gaussian dis-
tribution for the near-infrared brightness. We do not think this
difference in inner dust radii is significant because of the differ-
ences in wavelength and analysis techniques. However, we note
that if dust generation were suppressed for the decade between
the observations, then the inner dust shell boundary would
have moved outward by 1.8 R, for a flow velocity of 19 km
s~ 1. The stellar radius estimated from the ISI data is consistent
with the 13 mas radius measured by Ridgway et al. (1977) using
lunar occultation techniques.

-

5.2. The Gas Density within the Dust Shell Inner Radius

*  From the dust shell characteristics that are listed in Table 3,
' we estimate the H, density to be 10° cm =3 at the radius of the
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SiO maser emission. We have assumed a dust-to-gas ratio of
180, an inverse square law gas density profile, and a silicate
dust composition. The H, density agrees with that expected in
SiO maser regions, based on collisional and radiative excita-
tion arguments (Elitzur 1992, p. 280). However, an inverse
square density profile that fits the gas densities and radii at the
inner edge of the dust shell and the maser regions is not consis-
tent with typical photospheric densities of 10'4-10'5 ¢cm™3
(Draine 1981). :

For a simple exponential stellar atmosphere with a density
at the photosphere of 10!'* cm ™3 and a density at the radius of
the dust shell of 4.1 x 107 cm ™3, the scale height would need to
be about 0.2-0.3 R,. Such an atmosphere would be several
orders of magnitude more dense at the radius of the SiO emis-
sion than permitted without collisionally quenching the popu-
lation inversion. Rather than the photospheric density, the
relative densities of the SiO masers and the dust shell may be
used to determine empirically the scale height of an exponen-
tial atmosphere over the region from 1.3 R, to 4.6 R,. If the
SiO masers are collisionally excited with hydrogen densities of
10° cm 3, and if the hydrogen density is 4.1 x 107 cm ™3 at the
inner edge of the dust shell, then an exponential atmosphere
connecting the two densities would have a scale height of 1 R,
significantly larger than the previous estimate. We note that
this scale height is uncertain by about 0.3 because of intrinsic
uncertainties in the contributing densities.

Results from the two methods of estimating the atmospheric
scale height can be reconciled if pulsation-driven shock wave
models of the atmospheres of these stars are applied to the
present data (see Willson 1976; Fox & Wood 1985; Berts-
chinger & Chevalier 1985; Bowen 1988). These models
describe how radial pulsations of the photosphere of the star
create shocks in its atmosphere. Over time these shocks cause
the atmospheres to be greatly extended compared to those of
nonvariable stars. Bowen (1988) shows that the extension of
the atmosphere increases strongly as the peak-to-peak ampli-
tude of the pulsation velocity increases. This is also called the
piston amplitude. As the piston amplitudes increase, the loca-
tion where shocks form moves closer to the stellar photo-
sphere. The region between the photosphere and where the
shock is initiated has an exponential density profile with a
scale height on the order 0.01 to 0.02 R,.. However, within the
shocked atmosphere the exponential scale heights are at least
an order of magnitude greater. Figure 1 of Bowen (1988) and
Figure 1b of Cherchneff & Tielens (1994) can be used to deter-
mine scale heights for shocked atmospheres. For piston ampli-
tudes in the range of 2-4 km s~ ! these models give scale
heights in the range of 0.6-0.7 R,.. This is close to the range of
scale heights estimated from maser region and dust shell den-
sities.

Physical conditions that are conducive to SiO maser emis-
sion other than gas density have been inferred for pulsation-
driven stellar atmospheres. Based on time-series near-infrared
spectroscopy Hinkle, Scharlach, & Hall (1984) estimate that
the temperature and pulsation velocities force the maser emis-
sion region to lie outside the region in which shocks form in the
cases of the nine Mira variable stars studied. Similar observ-
ations for y Cyg by Hinkle, Hall, & Ridgway (1982) reveal the
presence of a stationary layer of ejecta above the star, which
acts as a reservoir for material that can fall toward the star
under the influence of gravity, as well as for material that can
be accelerated due to radiation pressure on condensing dust.
However, our results for VX Sgr suggest that maser emission
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may not arise in such a stationary layer, since it would prob-
ably lie closer to the radius of dust formation than the
observed maser emission. Monitoring studies of SiO masers for
several variable stars (Martinez et al. 1988) show that second-
ary maxima in the SiO maser light curves occur at about the
same time as a line-doubling phase for the CO absorption
lines. The line doubling occurs when infalling material from
one cycle collides with the outward propagatirg shock from
the following cycle (Hinkle 1978). Such a collision would occur
inside the radius for the stationary layer. For the cycles of VX
Sgr studied by Martinez et al. (1988), the secondary maximum
has occurred at an optical phase of 0.8.

5.3. The SiO Maser Shell

The maser shell is close to, but above, the stellar photo-
sphere of VX Sgr. The ringlike structure suggests gain paths
that are tangent to the star, rather than along the line of sight
to the star. This arrangement is not consistent with the propo-
sal that circumstellar SiO masers lie within convective cells of
the photosphere (Elitzur 1980). The geometry of the shell is
similar to that observed for SiO masers associated with TX
Cam and U Her (Diamond et al. 1994), and W Hya (Miyoshi et
al. 1994). These shells may lie farther from the respective stellar
photospheres, although no direct measurements of the stellar
radii are available for them.

The strong redshifted center of maser activity along the
southern limb of VX Sgr suggests the presence of organized
asymmetric structure in the extended atmosphere, perhaps
arising from uneven mass loss from the star. However, the
maser emission may not be a good tracer of the mass in the
envelope since the total molecular mass represented by the 36
maser features is on the order of only 6 x 10~7 M, (based on
the assumption of cylindrical geometries, diameters of 0.4 AU,
lengths of 1 R, and densities of 10° cm~3). The total mass of
the circumstellar envelope within the inner edge of the dust is
much greater, about 7 x 10™* M, (based on the assumption
of densities of 10'* and 10° ¢cm ™3 for the photosphere and the
maser regions, respectively, and exponential scale heights of
0.0i and 0.7 R, inside and outside the radius of the maser
emission, respectively). Danchi et al. (1994) estimate the total
mass in the circumstellar shell of VX Sgr to be at least 0.02
M@ .

The locations of the clusters of maser features that are close
in velocity to the stellar velocity do not suggest any specific
velocity structure. The velocity dispersions within these clus-
ters are a few km s~ 1, which is the same order of magnitude as
the sound speed for a gas temperature of 1000 K, and may be
caused by turbulence. Polarization observations of 1612 MHz
OH maser emission, which arises farther out in the circumstel-
lar envelope, fix an upper limit on the strength of the magnetic
field of ~1 mG at a radius of 64 R, (Cohen et al. 1987).
Observations of the main-line OH maser emission indcate that
the magnetic field has a strength of about 2 mG at a radius of 9
R, (Chapman & Cohen 1986). For an inverse square depen-
dence of field strength on radius, the magnetic field at the
radius of the SiO maser emission shell would be about 0.1 G.
The corresponding Alfvén wave velocity would be about 5 km
s~ 1 which would suggest that the magnetic field might play a
significant role in the dynamics of the molecular gas. (Note that
Si0 is nonparamagnetic and the Zeeman splitting for this field
would be on the order of only 10 kms™!)

It is commonly assumed that the acceleration of material in
the circumstellar envelope begins at the radius where dust con-
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densation occurs (Pijpers 1990; Zhiyao 1992). Prior estimates
of the outflow and the acceleration have depended upon the
trend of increasing velocity extents for circumstellar SiO, H,O,
and OH emissions, in that order (Chapman & Cohen 1986).
The terminal velocity of the flow deduced from the velocity
extent of the 1612 MHz OH masers at 64 R, is 18.6 km s~ '
The work presented here provides additional indirect evidence
for outflow close to the star, based on the density and location
of the SiO maser region with respect to the inner edge of the
dust shell. Note that the redshifted features along the southern
limb (10-19 km s~ !) overlie two features that are blueshifted
with respect to the stellar velocity (2.5 and 4.5 km s~ ). This
superposition of velocity components may indicate the close
proximity of both outflow and infall with velocities on the
order of 10 km s™*, although we cannot deduce the dynamics
(i.e., outflow) of the maser features along the limb and outside
the dominant southern cluster. The possibility of infall is par-
ticularly interesting in view of the infall of material inferred to
take place around y Cyg by Hinkle et al. (1982). Direct obser-
vations of the dynamics can be obtained by comparing several
VLBI images that correspond to different optical phases within
a single stellar cycle. At a distance of 1700 pc, a motion of 10
km s~ ! corresponds to 1.2 mas yr ~ !, which is large enough to
be easily detected with multiple-epoch VLBI observations.

5.4. Extended Maser Emission Outside the SiO Maser Shell

The small ratios of imaged power to total power that are
measured throughout the maser spectrum (Fig. 5) indicate that
there is substantial extended structure resolved by the interfer-
ometer. However, the observed maser emission shows little
indication of resolution within the range of fringe spacings of
our interferometer array. The correlated flux densities as a
function of projected baseline for two velocities at which there
are only individual maser features present are shown in Figure
6. Though substantially less than unity, the equivalent visibil-
ities are consistent with nearly unresolved source structure. As
mentioned in § 4, for the channels where the S/N is sufficiently
great we estimate that emission is confined in angle to less than
about 0.2 mas, or 0.4 AU (FWHM). We note that the fractional
power imaged should not be interpreted as a normalized visi-
bility. It cannot be readily converted into an angular size by
means of a Gaussian model brightness distribution because
there is at least one spatial component responsible for the
maser emission at most velocities (Fig. 5).

We suggest that VX Sgr exhibits SiO maser emission over a
wide range of angular scales, with velocity coherence occurring
on different scales in different parts of the circumstellar shell.
With fringe spacings of about 0.6-20 mas (2323-72 km pro-
jected baseline length), we resolved with the VLBA all but the
brightest, most compact emission, which traces the ringlike
structure shown in Figure 3. We infer that there is maser emis-
sion on still larger scales from the high flux densities apparent
in the total power spectrum (Fig. 2), the low correlated power
of individual maser features (Fig. 5), and the very gradual
decline in power as a function of fringe spacing (Fig. 6). It is not
obvious where the larger scale emission arises, although the
maximum angular scale is presumably fixed by the inner radius
of the dust shell. However, we infer from the observations that
in addition to a number of compact hot spots, a substantial
fraction of the maser emission seen in the total-power spectrum
must arise on angular scales that are comparable at least to the
size of the star. The extended emission is concentrated toward
the stellar velocity as is shown by the difference in the frac-
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tioFal power imaged for velocities above and below ~10 km
s™h

Previous VLBI observations of VX Sgr employed a 74 km
baseline in 1978 and 1979. These observations had fringe spac-
ings of about 30 mas, even longer than the largest obtained in
the VLBA observations (Moran et al. 1979 and Lane 1982,
1984). In these previous observations about 60% of the overall
maser luminosity was resolved. The reported visibilities were
between $0.05 and ~ 1, which indicated the presence of still
more extended structure. In contrast to our results, the total
angular extent of the maser source mapped in 1978-1979 was
~ 70 mas, and the morphology of the source was not ringlike
(Lane 1982, 1984). We note that the SiO maser source has
declined in strength by about a factor of 4 since 1979, which
may be related to some variation in the rate of mass loss (see
§ 5.1). Hence, any comparisons should be made cautiously. We
speculate that the velocity coherence of the circumstellar shell
supports maser emission on scales as compact as 0.1 AU
(~0.005 R,), and on scales at least as extended as tens of AU
(*1R,), but smaller than the diameter of the dust shell (<4.6
R,). An alternative conjecture is that each maser feature com-
prises a compact core and a halo, which contributes most of
the flux density from the feature. VLBI observations with a
broader range of baseline lengths will be necessary to resolve
this ambiguity.

The presence of SiO maser emission on scales that approach
the inner radius of circumstellar dust shell has been detected by
lunar occultation measurements of the Mira-type variable star
R Leo (Cernicharo et al. 1994). The SiO maser emission within
2 km s~ ! of the stellar velocity arises from regions that are
40-60 mas in diameter and are separated by about 60 mas. The
radius of the R Leo maser shell is 1-2 R,,, which is approx-
imately the same as the shell radius for VX Sgr, although the
stars are of different types. The uncertainty arises from stellar
diameter measurements of 53 and 40 mas, at 11.15 um by
Danchi et al. (1994) and at 2.16 um by Di Giacomo et al. (1991),
respectively. The latter radius was corrected for limb darkening
(Danchi et al. 1994).

6. SUMMARY

1. The first coordinated interferometric observations of a
late-type star at millimeter and infrared wavelengths have been
completed.

2. When observed with baselines in excess of 237 km, the
SiO (J = 1-0, v = 1) maser emission appears to lie in the
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extended stellar atmosphere, projected in a ringlike region of
radius 1.3 R,,.

3. The compact maser emission lies well within 4.6 R, the
radius at which mid-infrared dust emission from the circum-
stellar envelope becomes significant for a stellar phase of 0.4.
At this phase the stellar radius is 22 + 3 AU or 13 4+ 2 mas.
The dust radius has been estimated to be 6.0 R, when the star
is close to optical maximum.

4. The stellar atmosphere and mass loss, as traced by the
masers, is asymmetric with a possible outflow or infall speed on
the order of 10 km s~ . The location of the maser shell and the
estimated densities in the dust shell, maser shell, and photo-
sphere constrain the scale height and density profile of the
stellar atmosphere. The scale heights are consistent with
models of pulsation-driven extension of the atmosphere by
shocks.

5. The velocity structure of the maser source does not reveal
any systematic velocity gradients but is consistent with turbu-
lence of a few km s~ !, which is on the order of both the sound
speed and the Alfvén speed. Magnetic fields may play a signifi-
cant role in the dynamics of the circumstellar envelope close to
the star.

6. Although the diameters of the masers that lie along the
limb of the star are ~0.4 AU (0.02 R,) there is significant
emission on size scales almost an order of magnitude smaller
(~0.1 AU) and at least an order of magnitude larger (> 30
AU). The diameter of the inner edge of the dust shell is prob-
ably the upper limit to the angular scale on which SiO maser
emission can occur. :
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