VLBA Observations of SiO Masers towards Mira Variable Stars
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We present new total intensity and linear polarization VLBA observations of the »=2 and v=1 J=1-0 maser
transitions of SiO at 42.8 and 43.1 GHz in a number of Mira variable stars over a substantial fraction of their
pulsation periods. These observations were part of an observing program that also includes interferometric mea-
surements at 2.2 and 3.6 micron (Mennesson et al. 2002); comparison of the results from different wavelengths
allows studying the envelope independently of the poorly known distances to these stars. Nine stars were observed
at from one to four epochs during 2001. The SiO emission is largely confined to rings which are smaller than
the inner radius of the dust shells reported by Danchi et al. (1994). Two stars (U Orionis,R Aquarii) have maser
rings with diameters corresponding to the size of the hot molecular layer as measured at 3.6 micron; in the other
cases, the SiO rings are substantially larger. Variations of ring diameter for most, but not all stars, had an RMS
amplitude in agreement with the models of Humphreys et al. (2002) although the expected relationship between
the diameter and pulsation phase was not seen. The ring diameter in U Orionis shows remarkably small variation.
A correlation between the 2.2/3.6 ym diameter ratio with that of the Si0/3.6 ym diameter ratio is likely due to
differences in the opacities at 2.2 and 3.6 pm in a molecular layer. A further correlation with the inner size of the
dust shell reported by Danchi et al. (1994) suggest some differences in the temperature structure. Clear evidence
is seen in R Aquarii for an equatorial disk similar to that reported by Hollis et al. (2001); rotation is possibly also

detected in S Coronae Boralis.
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1. Introduction

Mira variables are stars of a few solar masses which have
reached the end of their lives and have moved to the
Asymptotic Giant Branch (AGB) where the inner core of
the star has collapsed and the outer envelope has become
very extended and is in the process of losing its mass to
the interstellar medium. Miras are pulsationally unstable

Send offprint requests to: W. D. Cotton

* The National Radio Astronomy Observatory (NRAO) is
operated by Associated Universities Inc., under cooperative
agreement with the National Science Foundation.

** Current address: Wouter Vlemmings,524 Space Sciences
Building, Cornell University,Ithaca, NY 14853-6801, USA

and show regular brightness variations of many magni-
tudes in the visual. Since the envelopes of these stars are
relatively cool, molecules form. Shocks in the inner stellar
atmosphere (Humphreys et al. 2002) are thought to drive
the molecular material to distances from the photosphere
at which it can condense into dust; the radiation pressure
on the dust then drives the stellar wind, causing substan-
tial mass loss from the star. After the mass loss phase,
Mira stars evolve into planetary nebulae.

The extended envelopes of many Miras and other long
period variables exhibit molecular masers, especially in
OH, H,0 and SiO in order of decreasing distance from the
photosphere (Reid & Moran 1981). The SiO masers occur



within a tew stellar radi of the stellar surtace between the
hot molecular inner envelope and the cooler region at 3—
5 Ry where the (silicate) dust forms; see Reid & Menten
(1997), Danchi et al. (1994). VLBI observations of the
SiO masers in this dynamically complex region provide a
powerful probe.

Indeed, the frequent observations of Diamond &
Kemball (1999) of TX Cam provide a wealth of infor-
mation about the dynamics at the base of the stellar
wind. Prior to these observations, the picture that had
emerged of the evolution of the circumstellar envelopes
around pulsating stars was based principally on IR spec-
troscopy of TiO by Hinkle et al. (1982) and the theoreti-
cal atmospheric piston models of Bowen (1988). This was
supported by the early VLBA monitoring of SiO around
R Aquarii (Boboltz et al. 1997) and additional theoret-
ical work by Gray et al. (1998). However, the continu-
ing VLBA observations of TX Cam generate images that
do not follow this model at all; there is little evidence of
global contraction of the envelope as observed in R Aquarii
(Boboltz et al. 1997). Instead, for TX Cam, Diamond &
Kemball observe expansion predominantly although, other
complex motions are evident.

Circumstellar Si0O masers tend to occur in clumpy, par-
tial rings centered on the central star (Diamond et al.
1994). [This is presumed to be due to the longer paths
through constant velocity gas needed for the masers to
develop.] Thus, these masers become markers for the layer
in which the physical conditions necessary for the masers
exist. The resolution available to VLBI observations is a
very small fraction of the diameter of the ring; the limit
on the accuracy of the measurement of the ring diame-
ter is determined by the number and distribution of the
maser spots. Much of the emission is confined in local-
ized “spots” with lifetimes of a few months. The theory
of maser emission is given in Elitzur (1991), Nedoluha &
Watson (1994) Elitzur (1993), Elitzur (1996), and Elitzur
(1998). Modeling of the dynamics of circumstellar masers
is developed in Humphreys et al. (1996) and Humphreys
et al. (2002) which give plausible agreement with the ob-
servations.

This paper reports on the results of VLBI monitoring
of the SiO masers in a number of stars which are part of a
joint radio/IR program with the FLUOR/TISIS interfer-
ometer at wavelengths of 2.2 ym (Coude Du Foresto et al.
1998) and 3.6 um (Mennesson et al. 1999) on the SAO
IOTA array (Traub et al. 2000) on Mt. Hopkins Arizona,
USA. Sources were selected from the list of Engels & Heske
(1989) which were also observable with the FLUOR /IOTA
interferometer.

The 2.2 and 3.6 pm results have been reported by
Mennesson et al. (2002) which show a large increase in
apparent angular diameter from 2.2. to 3.6 um. In a re-
cent discussion of the 2.2. and 3.6 pum results, Perrin et al.
(2003) propose a model consisting of the stellar photo-
sphere and a partially opaque, cooler molecular layer. This
model can account for both the Gaussian-like visibility
curves and the variation of apparent size with wavelength.

A simple interpretation or the lkv visibility curves lead
to an overestimation of the photospheric size. The larger
opacity of the molecular layer at 3.6 ym results in an ap-
parently larger size. The observations of the SiO masers
presented here should help test this model.

The following sections will describe the SiO maser ob-
servations and the data analysis applied. Then, the results
are given in terms of the velocity averaged images and a
discussion of individual stars. Particular attention is paid
to R Aquarii which appears to be rotating and exhibits
an equatorial molecular disk. Following is a comparison
of the SiO maser and infrared measurements and then a
discussion of the variation of the observed rings with stel-
lar pulsation phase. Finally, we consider rotation of the
envelope and the magnetic field structure.

2. Observations and Data Reduction

The observations were obtained in four 18 hour sessions
on 25 Jan., 29 Apr., 4 Aug. and 10 Nov. 2001. Two 4 MHz
wide channels in each right— and left-hand circular polar-
ization were recorded at 42.820587 and 43.122027 GHz to
cover the v=2, J=1-0 and v=1, J=1-0 transitions of SiO.
Two bit sampling was used in the recording. The corre-
lations resulted in 128 channels in each of the combina-
tions of right— and left—circular polarization for each tran-
sition. A strong, nearby continuum source was observed
before each star to serve as delay, bandpass and polariza-
tion calibrator. The observations are summarized in Table
1 which lists the stars, calibrators, central velocities and
the dates observed; unless otherwise noted, the IR data are
from Mennesson et al. (2002) and are uniform disk model
diameter fits. The calibrators are all quasars with mil-
liarcsecond accuracy positions; the Hipparcos (ESA 1997)
positions of the stars, evaluated at the epoch of the obser-
vations, were used. Note: the center velocities were picked
to center the spectra in the observing band and are not
necessarily the systemic velocities. Continuum calibration
followed the usual procedure for delay, polarization cal-
ibration (Cotton 1993). Data analysis was done in the
NRAO AIPS package. Measured system temperatures and
assumed antenna gains were used to calibrate the ampli-
tudes of the continuum sources. Each continuum calibra-
tor was observed with the same velocity offset as its cor-
responding star. All calibrators were amplitude and phase
self—calibrated.

Linear polarization calibration was based on monitor-
ing of the continuum calibrators from the VLA. Weakly
polarized calibrators were used jointly to determine the
instrumental calibration and the more polarized sources
were used to calibrate the polarization angle. The observed
polarization angle was determined by summed Stokes Q
and U flux densities from imaging.

Bandpass calibration used only continuum calibrator
observations made with the same velocity settings as the
line data. Delay calibration used fringe fits of the contin-
uum calibrator sources with the fitted rates set to zero.
This procedure, together with accurate positions of the



Table 1. Miras Observed

Star Calibrator UD2.2, UD3.6, Dusthl, Vel A2 Vel B> Period Sessions?
(mas) (mas) (mas) (km/s) (km/s)
R Andromadae J0136+4751 -14.8 -14.8  409.33 AB
omicron Ceti J0217+0144  24.40 (0.11)  35.2 (2.0) 120 48.0 45.0 33196  ABCD
U Orionis J0555+3948 15.59 (0.06) 28.8 (0.1) 160 -34.0 -40.0 368.30 ABCD
R Leonis J0854+2006  29.43° (0.05) 36.0 (0.5) 140 2.0 -1.0  309.95 ABCD
W Hydrae J1337-1257 41.7 41.7 361.00 C
S Coronae Boralis J1613+3412  11.35° (0.26) 4.0 3.0 360.26 ABCD
U Herculis J16134-3412 10.98 (0.01) 14.3 (0.5) -14.0 -16.0  406.10 ABCD
R Aquarii J2334+0736 16.88 (0.56) 34.3 (1.0) 140 -23.0 -23.0 386.96 AB
R Cassopeiae J232245057  24.78 (0.09) 31.1 (3.0) 25.4 25.4  430.46 CD
! Fitted inner dust shell diameter from Danchi et al. (1994).
2 y=2, J=1-0 transition of SiO at 42.8 GHz.
3 y=1, J=1-0 transition of SiO at 43.1 GHz.
4 A=25 Jan. 2001, B=29 Apr. 2001, C=4 Aug. 2001, D=10 Nov. 2001
5 From Perrin et al. (1999)
5 From van Belle et al. (2002)
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relatively strong emission in simple structure. In order to
obtain the maximum dynamic range possible, this proce-
dure was occasionally used to bootstrap the calibration
of a channel with strong but complex emission which was
then used for the phase calibration. This phase calibration
was applied to all channels in both transitions. This pro-
cedure results in proper alignment of all images of a given
star at a particular epoch.

The stars were observed with multiple snapshots which
results in relatively limited uv-coverage given the large
size and sometimes complex structure in a given chan-
nel. In order to minimize the effects of the limited uv-
coverage, CLEANing was limited to regions selected man-
ually which appeared to have true emission, based on a
preliminary channel-by-channel CLEAN. After the set of
CLEAN boxes were selected, all channels were imaged and
CLEANed in Stokes I, Q, and U.

The result of the poor uv—coverage is limited
dynamis range in the images. Channel images with
bright components include artifacts which are sig-
nificantly stronger than real features in channels
with less emission. A simple summation over veloc-
ity including these artifacts will mask most of the
weak, but real, features in the image. Once three—
dimensional images were obtained, they were compressed
to two—dimensional in Stokes I by taking the maximum

Radius (mas)

Fig. 1. Stokes’ I flux density averages per unit area in annuli
around the center of U Orionis demonstrating the concentra-
tion of the maser emission into a ring.

value along the velocity axis subject to a lower limit set
by a multiple of the off source RMS noise and a fraction
of the peak in the velocity image. This suppresses random
noise values and artifacts resulting from the low dynamic
range. The lower limits depended on the image but were
typically of order five percent of the peak and three times
the RMS noise. A similar procedure was used for Stokes
Q and U except that there was no lower limit on the value
and the sum of pixel values over velocity were used.

The maser spots occur in an extended, possible
noncircular, ring around the star. However, the
number and distribution of spots is variable and
generally insufficient to determine a model more
complex that a circular diameter and riing thick-
ness. Even with this approximation, joint analysis
of the two transitions was needed to determine the
center of the ring.

The diameters and widths of the SiO maser rings were
determined from a moment analysis of compressed (2-
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Fig. 2. R Andromadae. v=1, J=1-0 transition of SiO at 43.1
GHz.

D) Stokes I images. In this analysis, values below several
times the noise level were excluded and the pixel values
were summed in velocity. The maser ring was assumed
to be circular and the center was determined by a direct
parameter search from a joint analysis of the images in
the two transitions. For each trial position, the image was
collapsed into a single dimension being the average flux
density as a function of distance from the trial center.
The first moment of this function was taken as the trial
ring radius and the second moment about this radius was
determined independently for the two transitions. The lo-
cation determined to the the center of the ring was the one
that minimized the sum of the second moments, i.e. gives
the narrowest width of the rings. An example is shown in
Figure 1.

The velocity fields evident in the derived images are
complex and change as individual maser spots brighten
and fade. In order to look for evidence of systematic rota-
tion in the masing region, flux density weighted averages
of the velocity were made in sectors around the maser ring
with a width twice the second moment widths.

3. Results

The compressed total intensity images for each epoch and
transition with superposed polarization “E” vectors are
shown in Figures 2 — 10. The fitted ring diameters and
width are shown in Table 2 and in Figures 11 — 13 as well
as in Figures 2 — 10. Each row in Table 2 corresponds to a
given star and transition and the measured ring diameter
and width for each session are given in separate columns.

The sector averaged velocities are given in Table 3
and the corresponding summed flux densities are given in
Table 4. In both these tables, a row corresponds to obser-
vations of a single star at a single epoch and the different
sectors and transitions are given in separate columns. The
column headings give the position angle in degrees of the
center of the sector.

&. DIScussion
4.1. R Andromadae

Only a couple of maser spots were ever detected from this
star.

4.2. omicron Ceti (Mira)

Danchi et al. (1994) measured the radius of the inner ra-
dius of the dust shell to be 0.”06 (3.0 Ra.2,,) although the
location of the inner edge of the dust shell may be time
variable. Omicron Ceti was observed in all four sessions
reported in this paper; see Figures 3 and 11. The diam-
eter of the ring in this star is approximately half that of
the inner dust diameter reported by Danchi et al. (1994).

4.3. U Orionis

Danchi et al. (1994) measured the radius of the inner ra-
dius of the dust shell to be 0.”08 (11 R.2,) and an outer
radius of 2.”5. This star was observed in all four sessions
reported in this paper and shows remarkably little varia-
tions in ring diameter; see Figures 4 and 11. The size at
3.6 pm wavelength reported by Mennesson et al. (2002)
(see Figure 11) is approximately the same as the diameter
of the SiO ring.

4.4. R Leonis

Previous VLBI Observations of R Leonis were made by
Colomer et al. (1992); a lunar occultation experiment is
reported by Cernicharo et al. (1994). Danchi et al. (1994)
measured the radius of the inner radius of the dust shell
to be 0.”07 (2.7 R2.2,). R Leonis was observed in all four
sessions reported in this paper; see Figures 5 and 12.

4.5. W Hydrae

Observations of the SiO masers in W Hydrae have been
reported by Lane et al. (1980). This star was only observed
in the August 2001 session.

4.6. S Coronae Boralis

S Coronae Boralis was observed in all four sessions re-
ported in this paper; see Figures 7 and 12.

4.7. U Herculis

Observations by Colomer et al. (1992) failed to detect the
SiO emission in U Herculis. Diamond et al. (1994) demon-
strated that the masers in U Herculis lay in a circular ring
of average diameter ~ 19 milliarcsec. Diamond & Kemball
(1998) reported on 4 epochs of polarization imaging of U
Her taken over the period from June 1995 — April 1996.
During this time the average radius of the SiO ring varied
over the range ~ 11.5 — 12.7 milliarcsec. The polariza-
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Fig. 3. omicron Ceti (Mira). Left column is v=2, J=1-0 transition of SiO at 42.8 GHz, right column is v=1, J=1-0 transition of
SiO at 43.1 GHz. Polarization “E” vectors are over-plotted on contours of total intensity. Circles show the fitted rings as given
in Table 2.



U Ori Jan 01 U Ori Jan 01

10
10

Milliarcsecond
Q
T
I
Milliarcsecond
Q
T

o o

| |

5 I I I S L . Ay

20 10 0 -10 -20 20 10 0 -10 -20

Milliarcsecond Milliarcsecond
I T T I T T
U Ori Apr 01 U Ori Apr 01
4

o L 4 o L 4
° °
2 2
8 8
] ]
ger 1 ¢€°r1 1
] ]
s s

o o

| |

5 I I I 5 I I I

20 10 0 -10 -20 20 10 0 -10 -20

Milliarcsecond Milliarcsecond
& T T & T T
U Ori Aug 01 . U Ori Aug 01
ol i ol 4

Milliarcsecond
0
T
I
Milliarcsecond
0
T

) )
1 1
I I I I I I I I
20 10 0 -10 -20 20 10 0 -10 -20
Milliaresecond Milliaresecond

o o
S T T I T T

U Ori Nov 01 © U Ori Nov 01 , ? ?

o ] p -
7.

ol i ol i

Milliarcsecond
0
T
I
Milliarcsecond
0
T

o o

| |

< . . . < . . .

20 10 o} -10 -20 20 10 o} -10 -20
Milliarcsecond Milliarcsecond

Fig. 4. U Orionis Left column is v=2, J=1-0 transition of SiO at 42.8 GHz, right column is v=1, J=1-0 transition of SiO at 43.1
GHz. Polarization “E” vectors are over-plotted on contours of total intensity. Circles show the fitted rings as given in Table 2.



R Leo Jan Q1

R Leo Jan Q1

° °
2 2
S S
8 8
] ]
ger 1 ¢ 1
8 8
s s

o

Sk 4 4

|

< I I I < I I I

40 20 0 -20 -40 40 20 0 -20 -40

Milliarcsecond Milliarcsecond
e T T e T T
R Leo Apr 01 R Leo Apr 01 .
1
h = .
oL 4 oL 4
N N

&
° °
2|
] ]
ger 1 ¢€°r1 1
8 8
s s
o o
Sk 4 QL 4
) )
L]
0
< I I I < I I I
40 20 0 -20 -40 40 20 0 -20 -40
Milliarcsecond Milliarcsecond
g T T g T T
R Leo Aug 01 R Leo Aug 01 N
ol i ol 4
& &
° °
2 2
3 3
© ©
2 2
B B
o o
ST 1 ST 1
< . . . < . . .
40 20 o} -20 -40 40 20 o} -20 -40
Milliarcsecond Milliarcsecond
g T T g T T
R Leo Nov 01 R Leo Nov 01
ol i ol 4
& &

Milliarcsecond
0
T
I
Milliarcsecond
0
T

S S
| y |
-
%
< . . . < . . .
40 20 o} -20 -40 40 20 o} -20 -40
Milliarcsecond Milliarcsecond

Fig. 5. R Leonis. Left column is v=2, J=1-0 transition of SiO at 42.8 GHz, right column is v=1, J=1-0 transition of SiO at 43.1
GHz. Polarization “E” vectors are over-plotted on contours of total intensity. Circles show the fitted rings as given in Table 2.



Table 2. 510 Ring Diameters

Jan 01 (A) Apr 01 (B) Aug 01 (C) Nov 01 (D)
Source diam (mas) width diam (mas) width diam (mas) width diam (mas) width
o Cet 1] 73.0 6.0 72.4 4.7 60.0 4.3 75.6 3.7
o Cet [2]? 67.6 4.7 64.4 6.1 65.6 5.5 75.4 4.4
U Ori [1] 29.3 0.9 28.0 0.7 29.8 0.4 30.2 0.6
U Ori [2] 27.8 0.9 27.5 0.5 27.5 0.8 27.3 0.6
R Leo [1] 59.2 1.7 51.2 2.2 57.9 7.0 61.2 3.6
R Leo [2] 56.1 1.6 49.3 2.2 51.3 4.3 61.2 2.2
W Hya [1] 836 5.0
W Hya [2] 761 3.7
S CrB [1] 19.5 1.2 19.3 1.0 20.0 0.6 23.4 1.2
S CrB [2] 18.3 0.9 19.3 0.7 18.8 0.4 19.3 0.8
U Her [1] 2.6 2.2 26.7 16 242 1.0 237 13
U Her [2] 245 1.6 23.7 1.0 21.3 1.3 21.0 1.0
R Aqr [1] 32.6 1.5 32.6 1.3
R Aqr [2] 32.8 1.6 31.1 1.3
R Cas [1] 49.0 3.0 50.8 2.1
R Cas [2] 445 5.4 473 2.1
Notes:
! [1] denotes v=1, J=1-0 transition of SiO at 43.1 GHz
2 [2] denotes v=2, J=1-0 transition of SiO at 42.8 GHz
Table 3. Sector averaged velocities (km/s)
Source [1]* 2]
Epoch 23° 68° 113° 158° 203° 248° 293° 338° | 23° 68° 113° 158° 203° 248° 293° 338°
o Ceti A 1.5 0.2 -1.6 -0.6 -2.9 -4.0 4.8 2.0 1.9 -0.1 0.2 1.8 -0.1 4.4 2.3 3.0
B -27 -20 -23 -1.4 4.3 4.4 6.1 -0.1 | -15 -2.2 -3.8 0.6 0.1 0.1 1.2 -0.1
C -52 -23 -32 -2.9 4.7 52 6.1 44 | -12 -27 -32 -14 2.1 1.1 1.3 14
D -04 -23 -2.6 0.3 1.6 -4.6 1.8 0.7]-01 -1.6 -2.1 -2.0 4.1 4.6 4.9 5.3
U Ori A 1.0 -1.2 -0.6 -1.6 -2.7 -4.4 -2.5 2.6 1.8 0.6 -1.3 -1.0 -1.7 -0
B 1.0 0.1 33 -13 -15 -09 -36 1.6 03 -0.9 -23 -3.3 1.5
C 1.0 -3.0 -0.3 0.0 0.7 -3 -2.6 -1.7 1 -0.5 -0.9 -0.2 -2.0 -2.2 -1.1 -0.2 -1.2
D -52 -15 -0.3 -2.0 -1.2 -3.7 -1.0 -16 | -1.3 -1.2 0.2 -2.8 -2.5 -0.6 -0.6 -0.3
RLeoA 1.7 -35 -09 -31 0.8 -51 -0.6 00| 43 25 0.8 -11 -36 -3.1 2.3 2.4
B 0.0 1.3 1.2 5.3 -2.4 -0.6 3.4 3.0 0.3 2.2 1.7 2.3 6.7 0.0 4.3 3.4
C -15 2.9 1.9 5.0 -5.7  -5.2 -2.8 -5.2 3.5 3.6 4.1 5.6 8.3 -2.4 -2.4 8.8
D 1.4 2.7 4.1 -0.1 -3.6 -2.9 -2.0 -4.6 | -1.1 3.1 0.7 -2.7 -1.7  -1.8 -0.6 -2.9
W Hya C 04 -3.1 -2.5 -1.5 -3.4 -1.6 -1.0 -1.8 1.6 3.2 -4.9 -1.1 0.6 0.2 -1.0 -2.1
SCrBA 21 32 2.6 06 -44 -18 -28 -02| 3.7 3.0 5.7 -2 -2.8 0.6 -0.7 1.8
B -48 46 3.8 0.7 -4.5 -0.4 -2.8 -0.6 | 4.0 -2.2 -1.6 -4.1 1.1 -1.7 0.4
C -43 3.0 2.0 -4.1 4.7 -45 -2.7  -0.3 0.0 -4.8 -0.7  -49 -2.2 -2.3 -6.4
D -34 1.6 -0.4 -4.5 -5.8 -2.4 -2.9 -2.0 | -11 0.5 -3.1 -4.1 -3.0 -0.6
U Her A 2.3 1.6 1.7  -1.0 0.4 6.0 -1.7 3.4 | 4.7 3.8 3.7 1.6 4.6 3.0 -2.2 6.6
B 0.8 1.3 1.2 -1.2 0.3 -1.2 -3.8 3.6 3.8 3.0 2.0 -1.9 -1.9 0.0 -0.4 4.7
C 0.2 3.2 1.6 -3.6 1.4 -3.8 0.5 3.4 0.9 14 24 3.5 2.5 1.7 -0.7 3.0
D 08 31 1.5 27 -20 -06 -1.1 32| 32 36 2.7 2.8 1.2 -03 -06 0.8
RAgrA 08 44 4.9 -5.5 -5.5 -3.7 -3.1 -1.9 | -0.3 -5.7 -4.9 -3.2 -1.8 -0.9
B 0.4 5.2 4.1 -5.6 -4.3 -3.1 -3.4 -1.4 | -1.6 5.6 4.7 49 -4.3 -3.4 -1.0 -1.2
R Cas C 1.1 -1.9 14 -09 -14 -1.0 -04 08| 1.0 1.5 1.3 22 06 -02 -0.2 2.6
D -04 -37 -08 -1.8 1.3 -0.3 -0.1 3.6 1.4 0.7 0.9 -2.4 -0.6 0.2 -0.7 2.9

Notes:
! [1] denotes v=1, J=1-0 transition of SiO at 43.1 GHz
? 2] denotes v=2, J=1-0 transition of SiO at 42.8 GHz
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Table 4. Sector summed flux densities (Jy)

Star [y 2]

Epoch 23° 68° 113° 158° 203° 248° 293° 338° 23°  68° 113° 158° 203° 248° 293° 338°
o Ceti A 3 12 51 26 6 5 7 7 4 18 33 39 5 2 4 54
B 2 2 18 6 1 1 6 34 2 5 6 2 2 2 2 5
C 2 30 63 54 4 4 8 15 7 14 34 27 2 2 2 2
D 11 88 165 69 4 15 12 12 5 50 113 129 3 3 3 3

U Ori A 1 15 9 32 26 22 1 1 20 56 11 49 5 1
B 58 6 2 51 24 2 2 318 52 17 2 2 2
C 1 1 1 1 2 14 1 1 1 1 23 8 2 1 7 1
D 1 2 136 42 2 8 31 2 207 66 44 23 3 7 107 23
RLeo A 150 69 5 123 3 16 4 15 341 392 3 87 3 31 144 211
B 39 56 806 6 5 6 242 62 | 1881 241 1651 209 6 6 604 125
C 15 10 41 5 1 1 3 4 3 11 33 10 1 5 21 1
D 1 16 59 2 5 1 237 3 1 29 42 59 80 15 2 1
WHyaC 180 124 79 549 184 96 665 792 582 109 16 232 988 16 620 351
S CrB A 5 6 36 3 17 30 83 10 4 9 11 3 8 21 96 9
B 1 6 8 1 4 5 9 3 1 1 1 3 6 9 2

C 1 1 1 6 15 2 2 1 5 1 1 41 3 5 1
D 2 34 2 71 13 108 40 3 39 3 191 8 23 3
UHer A 21 12 25 37 4 17 114 91 | 150 6 20 55 3 35 59 22
B 3 7 17 10 4 29 45 81 2 134 73 17 3 85 40 78
C 2 13 50 6 2 2 40 107 2 2 39 4 3 2 42 21
D 3 24 116 13 3 39 83 306 2 20 65 4 6 65 219 75
R Aqgr A 9 185 53 26 33 462 57 28 11 24 35 601 18 36
B 2 43 6 15 50 120 18 25 8 12 3 7 32 113 2 89
R Cas C 2 4 105 4 4 28 55 9 4 35 4 5 11 41 14 13
D 7 22 55 19 2 96 35 21 43 25 11 18 20 86 29 25

Notes:
! [1] denotes v=1, J=1-0 transition of SiO at 43.1 GHz
? [2] denotes v=2, J=1-0 transition of SiO at 42.8 GHz

tion structure was observed to have a complex nature. 4.8. R Aquarii

This star was observed in all four sessions reported in this
paper; see Figures 8 and 13. Danchi et al. (1994) measured the inner radius of the

dust shell to be 0.”07 (6.8 Ra.2,,) at luminosity phase 0.7.
Apparent contraction of the SiO maser shell in R Aquarii
was reported by Boboltz et al. (1997). This star is in a
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symbiotic system and exhibits a jet seen both optically
and in the radio (Hollis et al. 1999) apparently emanating
from an accretion disk around the hot companion star.
Based on VLBA observations a few months prior to the
first epoch reported here, Hollis et al. (2001) claim evi-
dence of differential rotation in the maser shell with an
axis of rotation at a position angle of approximately 150°.

R Aquarii was observed only in the January and April
2001 sessions; see Figures 9 and 13. The size at 3.6
pm wavelength reported by Mennesson et al. (2002) (see
Figure 13) is approximately the same as the diameter of
the SiO ring. The SiO maser data in Figure 9 show curi-
ous extended linear features on opposite sides of the ring
structure. The velocities in these features are the furthest
from the average (systemic?) on the end closest to the
star, consistent with the differential rotation reported by
Hollis et al. (2001). Figure 14 shows the total intensity
contours with inset plots of the radial velocity giving the
trend towards the mean away from the star. Furthermore,
these two features appear to be aligned with the center
of the star. This suggests a differentially rotating disk in
the equatorial plane of the star. If so, then this feature
is transient as it was not visible in the images presented
by Hollis et al. (2001) and is much less prominent in our
April 2001 observations.

If the measurements shown in Figure 14 are in fact
dominated by rotational velocity, the rotational axis of
the star is in the plane of the sky and its distance is 200
pc, then the rotation period at the center of the SiO ring
is 22 years. If the dominant maser features in Figure 14
are in the equatorial plane, then the projected direction
of the pole is at position angle -10° / 170°; the direction
inferred by Hollis et al. (2001) was -30° / 150°

A rotation model was fitted to the velocity field mea-
sured along the slice in Figure 14 by a direct parameter
search. The velocity at the ring diameter of 16.3 mas was
3.92 km/s and scaled with distance from the star as r —1-81.
The data and model are shown in Figure 15. This radial
scaling of velocity is much faster than the -0.5 expected
from a pure Keplerian velocity field. The remarkable sym-
metry in emission and velocity field in Figures 14 and
15 strongly argue that these masers are from a differen-
tially rotating equatorial disk of material. The variation
in velocity with radius may be due to a transition from a
corotating inner atmosphere to a non rotating outer enve-
lope. The disk—like feature is less well defined in the
April 2001 observations but the velocity structure
is very similar.

There is no evidence of the contraction of the SiO
masger ring as previously reported by Boboltz et al. (1997).
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However, this is not unexpected as the monitoring pro-
gram of TX Cam (Diamond & Kemball, in preparation)
demonstrates that the mode of structural change can vary
on time-scales of a few months to a year.

4.9. R Cassopeiae

The first reported VLBI observations of the SiO masers
around R Cassopeiae were reported by Moran et al.
(1979). Subsequent VLBI observations have been reported
by McIntosh et al. (1989), Colomer et al. (1992), Colomer
et al. (1996), Phillips et al. (2001) and Phillips et al.
(2003). This star was only observed in the August and
November 2001 sessions; see Figure 10. The source is very
heavily resolved and the ring is defined by a few spots.

4.10. Comparison of SiO and IR diameters

The 2.2 and 3.6 um stellar diameters are not well sam-
pled in luminosity phase so only average values can be
compared. Both the 2.2 and 3.6 ym apparent sizes are
believed to be affected by opacity effects in the stellar en-
velope, the 3.6 pym apparent sizes more so than the 2.2
pm sizes. Recent modeling by Perrin et al. (2003) suggest

that the apparent size at 2.2 ym is a third larger than the
photospheric diameter.

Table 5 lists the ratios of the SiO maser ring sizes to
the 2.2 ym diameters. In this table the first column is
the name of the star, the second is the mean diameter
of the ring in the v=1, J=1-0 transition followed by the
mean in units of the 2.2 ym diameters from Table 1, the
RMS about this mean and the percentage fluctuations.
The final four columns are the mean in mas, the mean in
2.2 pm diameters, the RMS and percentage variations for
the v=2, J=1-0 transition.

As can be seen, the SiO ring diameters are generally
twice those measured at 2.2 pm. The six stars for which
diameter measurements were available at 2.2, 3.6 ym and
in SiO are shown in Figure 16. This figure plots the ratio
of the the SiO maser ring diameter to the 3.6 ym diameter
against the ratio of 3.6 pm to 2.2 pm diameters. The size
of the bars in the plot represent the uncertainty in
the determination with a minimum size to assure
that each point is visible. There appears to be a sig-
nificant anticorrelation (correlation coefficient -0.30)
between the 2.2/3.6 ym ratio with the Si0/3.6 pum ratio,
in particular, two stars (U Orionis and R Aquarii) stand
out by having nearly the same diameter at 3.6 ym as that
of the SiO maser ring while being nearly twice the size at
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3.6 pm as at 2.2 ym. This correlation is due to the size
observed at 3.6 um since the 2.2 ym and SiO maser ring
sizes have a fairly constant ratio.

The cause of this diameter ratio correlation is uncer-
tain but appears to be the result of varying opacity at 3.6
pm in the molecular envelope. Since the 3.6 ym diameter
varies up to the size of the SiO maser ring, the masers
may lie close to the outer boundary of the molecular re-
gion. The inner size of the dust shell reported by Danchi
et al. (1994) also appears to show a related effect. The two
stars with the smallest SiO ring to 3.6 um diameter ra-
tio have significantly larger inner dust shell diameters, 6.8
Rs.o, for R Aquarii and 11 Ry .9, for U Orionis, suggest-
ing that the dust condenses further from the photosphere
in these stars. On the other end of the correlation, omi-

cron Ceti which has the largest SiO ring to 3.6 pym ring
diameter ratio has an inner dust ring diameter only ap-
proximately 3 Rs 2,, indicating rapid dust condensation.
While the number of cases is small, stars with higher 3.6
pm opacities in the envelope appear to form dust further
from the photosphere.

4.11. Maser Ring diameters

Figures 11 — 13 indicate that the diameter of the ring in the
v=2, J=1-0 transition is always smaller and less variable
than that in the v=1, J=1-0 transition The shock pumped
model of Humphreys et al. (1996) predict that the v=2,
J=1-0 transition should produce a smaller diameter ring
than the v=1, J=1-0 transition. The models of Humphreys
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Table 5. SiO Ring Diameter Variations

Star Mean® Mean RMS' percent’ Mean® Mean RMS? percent?
(mas) (2Rs.2,) (mas) (%)  (mas) (2R2.2,) (%)
omicron Ceti 70.3 2.88 7.0 10 68.3 2.80 5.0 7
U Orionis 29.3 1.88 1.0 3 27.5 1.76 0.2 0.7
R Leonis 57.4 1.95 4.3 8 54.5 1.85 5.3 10
S Coronae Boralis 20.6 1.82 1.9 9 18.9 1.67 0.5 3
U Herculis 25.3 2.30 1.6 9 22.6 2.06 1.7 8
R Aquarii 32.6 1.93 31.9 1.90
R Cassopeiae 49.9 2.01 45.9 1.85

1 y=1, J=1-0 transition of SiO at 43.1 GHz.
2 y=2, J=1-0 transition of SiO at 42.8 GHz.

et al. (2002) in which variations in the SiO maser emission
is due to shocks predict an RMS variation in the measured
ring diameter of 6% over a luminosity cycle. The apparent
size of the ring decreases when the shock from a new stellar
pulsation pushes new material into the SiO maser zone.
Since the pulsation period of the stars presented here is
approximately one year and the span of the observations
nearly a year, reasonable, if sparse, sampling was made
of a luminosity cycle. The mean and RMS variations in
the fitted ring diameters for each of the stars observed in
all four sessions is given in Table 5 for each of the two
transitions observed.

Since the maser rings are frequently sparsely popu-
lated with maser spots, the accuracy of the estimation of
the diameter of the ring is limited by the number and
placements of the spots. All of the stars given in Table
5 show smooth variations in the ring diameter and the
two transitions track each other. All are roughly in agree-
ment with the Humphreys et al. (2002) RMS variation of
6% except U Orionis which is nearly constant in size. U

Orionis was one of the two stars for which the 3.6 ym size
is approximately that of the SiO maser ring. The other
is R Aquarii which was only observed in two sessions so
no variation is given in Table 5; however, the two pairs of
diameters given in Table 2 for R Aquarii are quite close.
This raises the intriguing possibility that masers in which
the ring diameters are the same as that of the molecular
material seen at 3.6 um have very stable SiO maser ring
diameters.

The variation of the ring diameter with luminosity
phase shown in 11 — 13 varies dramatically from star to
star. This disagrees with the models of (Humphreys et al.
2002) which predicts that the behavior of the ring diame-
ters with luminosity phase should be similar for all stars.
It can also be seen from Table 5 that the SiO ring diame-
ters cluster around 2 Ry 2, and are generally less that the
inner diameters of the dust shell reported by Danchi et al.
(1994).
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a model velocity profile (line). The model rotational velocity
at the ring radius of 16.3 mas was 3.92 km/s and scaled with
distance from the star as 7~ '#'. The model is shown only from
the diameter of the star at 2.2 ym.

4.12. Rotation of the envelope

Since the detectable masers are largely in the tangent
through the SiO maser layer, all radial velocities, as seen
by us, will generally be azithmutal to the star. Thus, the
variation in velocity of maser spots in location in the ring
and in time is due either to rotation of the star or tur-
bulent motions in the atmosphere. Table 3 gives the flux
density weighted average radial velocity observed in 8 sec-
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tion.

tors around each maser ring. There is some correlation
between the velocities observed in the two transitions, as
would be expected if the masers arise in the same regions.
There are large variations in the sector averages veloci-
ties in time, even in sectors with a reasonable flux density
of masers. These fluctuations of a few km/s are undoubt-
edly due to changes in the large scale bulk motions in the
stellar atmosphere.



‘I'he large bulk non-radial motions seen in the maser
spots will tend to mask the signature of the rotation of
the star. The stars must be slow rotators due to their
enormous size but Figure 14 strongly suggest rotation is
detectable in R Aquarii. Random motions should aver-
age out whereas motions due to stellar rotation will not.
Figure 17 shows the epoch and transition sector average
for the sources in our sample. R Aquarii and S Coronae
Boralis show possible rotation of 3-4 km/s but the others
show no convincing evidence of rotation.

4.13. Magnetic Field Geometry

The theory relating magnetic fields and the polarization
of maser emission is described in great detail in Nedoluha
& Watson (1994), Elitzur (1991), Elitzur (1993), Elitzur
(1996), and Elitzur (1998). Application of the theory to
observations is discussed in Reid (1990), Vlemmings et al.
(2002) and Kemball & Diamond (1997) which gives an
analysis of the TX Cam results. Kemball & Diamond
(1997) interpret the predominantly tangential polarization
vectors seen in TX Cam as evidence of a predominantly
radial magnetic field. Unlike TX Cam, there are only a
few cases in Figures 2 — 10 in which the polarization of
the inner portion of the ring is tangential but neither this
nor any other prominent pattern is a persistent feature in
the polarization of any of the stars observed.

Vlemmings et al. (2002) present circular polarization
measurements of H,O masers in a number of stars includ-
ing U Herculis. The circular polarization is interpreted
as Zeeman splitting giving a direct measure of one com-
ponent of the magnetic field. Their conclusion was that
magnetic pressure dominated the thermal in the regions
of the HyO masers. Analysis of the circular polariza-
tion in the data presented here will be given in a
future publication.

5. Conclusions

We present new total intensity and linear polarization
VLBA observations of the »=2 and v=1 J=1-0 maser
transitions of SiO at 42.8 and 43.1 GHz in a number of
Mira stars over a substantial fraction of their pulsation pe-
riods. Nine stars were observed at from one to four epochs
during 2001. The orientation of the polarization vectors for
several sets of observations suggest an ordered magnetic
field as claimed by Kemball & Diamond (1997) in TX
Cam; but for most stars at most epochs any such ordering
is not apparent. The lifetime of individual spots is gener-
ally shorter than the interval between observations (three
months) so motions of individual features could not be
tracked. The emission is largely confined to a ring about
2 Ra.2, in diameter which is interior to the inner radius of
the dust shell reported by Danchi et al. (1994).

Most of the well observed stars show variations in the
SiO ring diameter with a range of RMS variations (5%
- 10%) consistent with the models of Humphreys et al.
(2002). The relationship between ring diameter and lumi-

nosity phase was not consistent among difierent stars; this
differs from the model predictions. In addition, U Orionis
showed remarkably small variation in its ring diameter at
a level inconsistent with the models of (Humphreys et al.
2002). U Orionis was also one of two stars for which the
the SiO ring diameter corresponded to the size of the hot
molecular layer as measured at 3.6 um (Mennesson et al.
2002). The other such star is R Aquarii, which was only
observed in two sessions and little can be said about the
variations of ring diameter with epoch except that there
was very little difference in the ring diameters over three
months.

There appears to be a correlation between the 2.2/3.6
pm diameter ratio with that of the Si0/3.6 pm diame-
ter ratio. Since the SiO/2.2 pm diameter ratio is clustered
around 2, this effect is due to the 3.6 um diameters. This is
interpreted by Perrin et al. (2003) as opacity differences in
a molecular layer. Previous measurements of the inner size
of the dust shell (Danchi et al. 1994) suggest that the stars
with the smallest SiO/3.6 um ratio also had dust conden-
sation furthest from the photosphere, this may suggest a
difference in the temperature structure as well.

The symbiotic star R Aquarii is quite remarkable in
another way; in the January 2001 observations, the emis-
sion is dominated by regions of emission which are very
extended in the radial direction and are very symmetri-
cally located around the center. The velocity field in these
regions is interpreted as showing differential rotation in
an equatorial disk of material in the star’s atmosphere
(see Figure 15). Systematic variations of the measured ra-
dial velocity with position angle along the SiO ring in S
Coronae Boralis also suggest a rotation of 3-4 km/s but
the time variable, peculiar velocities make the case less
clear than for R Aquarii.
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