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ABSTRACT

We present the results of continued monitoring of the SiO masers at 7 mm wavelength in several of the Mira variable stars reported in
Cotton et al. (2004, A&A, 414, 275) (o Ceti=Mira, U Orionis=U Ori, R Aquarii=R Aqr) over a period of 16 months, extending the
observations to several pulsation cycles. The observed size of the maser rings varied by 3–14% with time but show no clear correlation
with pulsation phase. In all cases, the SiO masers appear just outside the dense molecular layer indicated by near-IR observations.
Rotation (or large scale motion) is possibly detected in o Ceti with a period of 89 × sin(i) years. We find linear polarization up to
∼60% and at several epochs predominantly tangentially ordered polarization vectors indicate a radial magnetic field direction. Jet-like
features are examined in o Ceti and R Aqr and in both cases, the magnetic field appears elongated with the masing structure. This
suggests that the dynamic feature in the envelope is dragging the magnetic field or that the gas is constrained to follow magnetic field.
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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 col-
lapsed and the outer envelope has become very extended and
is in the process of losing its mass to the interstellar medium
through pulsational instabilities. In the cool, extended envelopes
of these stars, molecules form and condense into dust. In oxy-
gen rich Miras, molecular masers appear, especially SiO, H2O
and OH at increasing distance from the photosphere (Reid &
Moran 1981). The SiO masers occur within a few stellar radii of
the stellar surface between the hot molecular inner envelope and
the cooler region at 3–5 R� where the (silicate) dust forms; see
Reid & Menten (1997), Danchi et al. (1994).

Circumstellar SiO masers tend to occur in clumpy, partial
rings centered on the central star (Diamond et al. 1994). This
is presumed to be due to the longer paths through constant

� Expanded views of Figs. 1–3 with and without polarization vectors
are only available in electronic form at
http://www.edpsciences.org
�� Present Address: Eric Bakker, New Mexico Tech, Magdalena Ridge
Observatory, Socorro, NM, 87801, USA.
��� The National Radio Astronomy Observatory (NRAO) is operated
by Associated Universities Inc., under cooperative agreement with the
National Science Foundation.

velocity gas needed for the masers to develop. Thus, these
masers become markers for the layer in which the physical con-
ditions 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 diameter is determined by the number and distribution of
the maser spots. Much of the emission is confined in localized
“spots” with lifetimes of a few months. Modeling of the dynam-
ics of circumstellar SiO masers is developed in Humphreys et al.
(1996) and Humphreys et al. (2002) which give plausible agree-
ment with the observations.

VLBI observations of the SiO masers in this dynamically
significant region provide a powerful probe. The frequent mon-
itoring of the SiO masers in TX Cam by Diamond & Kemball
(2003) show complex motions of the masing gas. Both outward
and inward motions are detected. Observations of TX Cam in
both the ν = 1, J = 1–0 and ν = 2, J = 1–0 transitions of SiO at
several epochs are discussed in Yi et al. (2005); masers in the two
transitions show different distributions. Soria-Ruiz et al. (2004)
have examined the distributions of masers in a number of lines
of SiO in IRC+ 10011 and χ Cyg and discuss the differences.

The polarization of circumstellar masers is a valuable
probe of magnetic fields in circumstellar envelopes. The com-
plex theory of maser polarization, and particularly that of
the SiO masers, is described a large number of publications
(e.g. Deguchi & Watson 1990; Nedoluha & Watson 1990;
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Table 1. Miras observed.

Star Calibrator UD1
2.2 µ UD1

3.6 µ Dust2
11 µ Vel A3 Vel B4 Period Sessions5

(mas) (mas) (mas) (km s−1) (km s−1)
o Ceti J0217+0144 24.40 (0.11) 35.2 (2.0) 120 48.0 45.0 331.96 ABCDEFGH
U Ori J0555+3948 15.59 (0.06) 28.8 (0.1) 160 –34.0 –40.0 368.30 ABCDEFGH
R Aqr J2334+0736 16.88 (0.56) 34.3 (1.0) 140 –23.0 –23.0 386.96 ABH

1 UD = Uniform Diameter model fit (Mennesson et al. 2002). 2 Fitted inner dust shell diameter from Danchi et al. (1994). 3 ν = 2, J = 1–0
transition of SiO at 42.8 GHz. 4 ν = 1, J = 1–0 transition of SiO at 43.1 GHz. 5 A, B ,C, D from Cotton et al. (2004), E= 25 Apr. 2003,
F= 26 Oct. 2003, G= 14 May 2004, H= 4 Sep. 2004.

Elitzur 1991; Nedoluha & Watson 1994; Elitzur 1996). VLBI
Polarization observations of TX Cam by Kemball & Diamond
(1997) revealed tangentially ordered polarization vectors indi-
cating a radial magnetic field direction and circular polarization
indicating a magnetic field strength of several Gauss. Recent
work by Herpin et al. (2006) indicates an average magnetic field
of 3.5 G in the SiO maser region of a large sample of evolved
stars. Ordered magnetic fields were also found in the H2O and
OH maser regions at larger distances from the star (Vlemmings
et al. 2002; Etoka & Diamond 2004; Vlemmings et al. 2005),
where the H2O maser observations indicate that the magnetic
field is strong and dynamically important. The influence of mag-
netic fields was recently also shown by the detection of the first
magnetically collimated jet around an evolved star (Vlemmings
et al. 2006).

Observations of SiO masers in a number of Miras at mul-
tiple epochs during a pulsation cycle were reported in Cotton
et al. (2004). This paper presents the results obtained from con-
tinued monitoring of selected stars at an additional four epochs
extending the time line covered to a period of 43 months cover-
ing several pulsation cycles.

2. Observations and data reduction

The new observations were obtained with the NRAO Very Long
Baseline Array (VLBA) in four 10 h sessions on 25 Apr. 2003,
26 Oct. 2003, 14 May 2004, and 4 Sept. 2004. Two 4 MHz
wide channels in each right- and left-hand circular polarization
were recorded at 42.820587 and 43.122027 GHz to cover the
ν = 2, J = 1–0 and ν = 1, J = 1–0 transitions of SiO. Two bit
sampling was used in the recording. The correlations resulted
in 128 channels in each of the combinations of right- and left-
circular polarization for each transition. A strong, nearby con-
tinuum source was observed before each star to serve as de-
lay, bandpass and polarization calibrator. The observations are
summarized in Table 1 which lists the stars, calibrators, cen-
tral 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
milliarcsecond accuracy positions; the Hipparchus (ESA 1997)
positions of the stars, evaluated at the epoch of the observations,
were used. Note: the center velocities were picked to center the
spectra in the observing band and are not necessarily the stellar
systemic velocities.

Calibration and processing follows the procedure described
in Cotton et al. (2004) except as noted below. Linear polariza-
tion calibration was based on monitoring of the continuum cal-
ibrators from the VLA. The accuracy of the polarization angle
calibration depends on the relative timing of the VLA calibra-
tions and varies from epoch to epoch. In general, the calibration
of polarization angle should be better than 10 degrees.

Due to geometric model errors used in the VLBA correlator,
the calibration procedure failed to adequately align the images in
the two transitions. The misalignment errors were typically a few
milliarcseconds and were corrected by aligning features which
appeared to be common in both transitions. This procedure has
the potential to leave residual alignment errors.

The stars were observed with multiple snapshots which re-
sults in relatively limited uv-coverage given the large size and
sometimes complex structure in a given channel. In order to min-
imize the effects of the limited uv-coverage, imaging was done
using the Obit package task Imager which allows the automatic
determination of CLEAN windows independently in each chan-
nel. CLEAN windows determined from Stokes I images were
used for CLEANing Stokes’ Q and U images. This reduces the
artifacts resulting from the poor uv-coverage while reducing the
bias of setting the windows by hand as was done in Cotton et al.
(2004).

As in Cotton et al. (2004), the “compressed” images com-
bining the spectral channels incorporated only Stokes I pixels
determined significantly above the noise (from an rms cutoff)
and above the level of artifacts from the limited dynamic range
(from a fraction of the peak in the channel image) using Obit
task Squish. Stokes’ I images were compressed to 2-D by taking
the maximum channel value in each pixel while for Stokes’ Q
and U, the summed values were used. Since in a given pixel
emission in only a limited range of velocity is seen, this proce-
dure gives an adequate representation.

The maser spots occur in an extended, possibly non-circular,
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 ring thickness. Even
with this approximation, joint analysis of the two transitions was
needed to determine the center of the ring, the diameters were
determined independently.

The diameters and widths of the SiO maser rings were deter-
mined from a moment analysis of compressed (2-D) Stokes I im-
ages in both transitions using a direct parameter search which
minimized the sum of the ring widths. This procedure, especially
the estimated ring widths may be adversely affected by residual
errors in the alignment of the images in the two transitions de-
scribed above.

The velocity fields evident in the derived images are com-
plex and change as individual maser spots brighten and fade. In
order to look for evidence of systematic motion in the masing re-
gion, 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 tran-
sition with superposed polarization “E” vectors are shown in
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Fig. 1. o Ceti (Mira). Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 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 and are centered on the
location determined to be the stellar position.
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Fig. 2. U Ori. Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 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 and are centered on the
location determined to be the stellar position.
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Fig. 3. R Aqr. Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 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 and are centered on the
location determined to be the stellar position.

Table 2. SiO ring diameters.

Apr. 03 (E) Oct. 03 (F) May 04 (G) Sep. 04 (H)
Source Diam (mas) Width Diam (mas) Width Diam (mas) Width Diam (mas) Width
o Ceti [1]1 73.4 3.9 82.4 2.6 61.2 3.4 71.1 2.6
o Ceti [2]2 68.8 1.3 80.8 2.5 57.2 2.2 68.8 2.3
U Ori [1] 25.2 2.9 30.7 6.6 34.1 0.6 23.3 1.4
U Ori [2] 21.1 2.4 33.2 7.3 32.0 0.6 22.7 2.1
R Aqr [1] 30.4 0.9
R Aqr [2] 29.5 0.6

Notes: 1 [1] denotes ν = 1, J = 1–0 transition of SiO at 43.1 GHz; 2 [2] denotes ν = 2, J = 1–0 transition of SiO at 42.8 GHz.

Figs. 1–3. (Expanded views of these figures with and without
polarization vectors are available in electronic form.) The fitted
ring diameters and widths are shown in Table 2 and in Figs. 4–6
as well as in Figs. 1–3. 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 VLBA array used for these observations has no base-
lines short enough that the SiO emission in the stars observed is
not strongly resolved. Thus, only the brightest regions of emis-
sion are visible and typically only a fraction of the single dish
emission is represented in the images. Furthermore, the calibra-
tion technique results in relatively poor absolute calibration. An
examination of the correlation between the IR flux and maser
emission as was done in Pardo et al. (2004) is not possible with
the images shown in Figs. 1–3. A discussion of the relationship
between interferometric and single dish measurements is given
below.

4. Discussion

4.1. Maser ring diameters

Figures 4–6 indicate that the diameter of the ring in the ν = 2,
J = 1–0 transition is always smaller than that in the ν = 1, J =
1–0 transition. Yi et al. (2005) report similar results for TX Cam
and by Desmurs et al. (2000) in TX Cam and IRC+10011. The
shock pumped model of Humphreys et al. (1996) predicts that
the ν = 2, J = 1–0 transition should produce a smaller diam-
eter ring than the ν = 1, J = 1–0 transition. The models of
Humphreys et al. (2002) in which variations in the SiO maser
emission is due to shocks predict an rms variation in the mea-
sured ring diameter of 6% over a luminosity cycle. The apparent

Fig. 4. The SiO and IR diameters as a function of luminosity phase for
o Ceti (Mira). Vertical bars on the maser symbols represent the width
of the ring as determined from the second moment about the diameter
of the ring. The “molecular layer” is the derived value of the diameter
of the molecular layer from Perrin et al. (2004), the uncertainty is less
than the symbol size.

size of the ring decreases when the shock from a new stellar pul-
sation pushes new material into the SiO maser zone. Since the
pulsation period of the stars presented here is approximately a
year and the span of the observations approximately three and a
half year, reasonable, if sparse, sampling was made over several
luminosity cycles. The mean and rms variations in the fitted ring
diameters for each of the stars observed in all four sessions are
given in Table 3 for each of the two transitions observed.
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Fig. 5. As in Fig. 4 but for U Ori.

Fig. 6. As in Fig. 4 but for R Aqr and with IR diameters from
Mennesson et al. (2002). The vertical bar on the 3.6 µm symbol in-
dicates the error bar.

Since the maser rings are frequently sparsely populated 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 3 show smooth variations in the ring di-
ameter and the two transitions track each other. All are roughly
in agreement with the Humphreys et al. (2002) rms variation
of 6%. In the earlier observations of Cotton et al. (2004), U Ori
was nearly constant in size but the more recent observations pre-
sented here show more variability.

The variation of the ring diameter with luminosity phase
shown in Figs. 4–6 varies dramatically from star to star and cy-
cle to cycle in a given star. This disagrees with the models of
(Humphreys et al. 2002) which predicts that the behavior of the
ring diameters with luminosity phase should be similar for all
stars. Some of this disagreement may be the result of the diffi-
culty determining the ring diameter in some of the observations.

Figures 4 and 5 also show the results of model fitting to nar-
rowband near-IR interferometric data by Perrin et al. (2004). In
both these cases, the SiO masers appear to come from a region
just outside the dense molecular region. The 3.6 µm diameter
shown in Fig. 6 is thought to be dominated by the molecular
layer (Mennesson et al. 2002) and is comparable to the size of
the SiO maser ring.

Fig. 7. The sector averaged velocities over epoch and transition. The
solid line represents a model fit (see text).

4.2. Motion 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 gen-
erally be azimuthal to the star. Thus, the variation in velocity of
maser spots in location in the ring and in time is due either to
systematic motions, such as rotation of the star or turbulent mo-
tions in the atmosphere. Stars with close companions could have
systematic motions induced in the envelope due to tidal interac-
tions. 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 av-
erages velocities in time, even in sectors with a reasonable flux
density of masers. These fluctuations of a few km s−1 are un-
doubtedly due to changes in the large scale bulk motions in the
stellar atmosphere.

However, with up to 8 epochs and using both transitions, ran-
dom motions will tend to average out and it is possible to con-
strain the systematic motions. We will interpret any such sys-
tematic motion as rotation, although noting that stellar rotation
in such large objects is difficult to explain. A “rotation” velocity
(more properly velocity × sin(i) where i is the inclination of the
rotation pole to the line of sight) was fitted using a least squares
fitting procedure on the sector average velocities. The fitted pa-
rameters were the rotation velocity at the location of the maser
ring (Rotn), the position angle of the pole (PA) and an offset of
the systemic velocity from the assumed center velocity (Offset).
Errors were estimated from the change in the value needed to
double the χ2 of the fit. The results are given in Table 4 and
Fig. 7 with the model values shown as the solid lines in Fig. 7.
The χ2 values given in Table 4 are per degree of freedom. Error
estimates are given in parentheses following the value.

4.3. Linear polarization

The vectors in Figs. 1–3 are proportional to the linearly polar-
ized intensity, and their orientation defines the plane of the elec-
tric field. We find that for all three sources the fractional linear
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Table 3. SiO ring diameter variations.

Star Mean1 Mean rms1 Percent1 Mean2 Mean rms2 Percent2

(mas) (2 R2.2 µ) (mas) (%) (mas) (2 R2.2 µ) (%)
o Ceti 71.1 2.92 6.9 10 68.6 2.81 6.6 10
U Ori 28.8 1.85 3.1 11 27.4 1.76 3.8 14
R Aqr 31.9 1.89 1.0 3 31.1 1.84 1.3 4

1 ν = 1, J = 1–0 transition of SiO at 43.1 GHz. 2 ν = 2, J = 1–0 transition of SiO at 42.8 GHz.

Table 4. Envelope rotation fits.

Star Rotn PA Offset χ2

km s−1 ◦ km s−1

o Ceti 1.50 (0.90) 197 (36) –0.80 (0.65) 1.01
U Ori 0.75 (0.75) 258 (90) –1.00 (0.65) 3.03
R Aqr 2.55 (2.50) 0 (72) 0.25 (2.05) 5.09

polarization varies strongly over time, with the maximum linear
polarization fraction changing from ml ∼ 15% to ml ∼ 65%
at different epochs. All three sources and both maser transi-
tions show a similar spread in ml. Similar to the observations
of TX Cam by Kemball & Diamond (1997) and TX Cam and
IRC+10011 by Desmurs et al. (2000), the polarization position
angles at significant portions of the inner shell boundary are tan-
gential. However, for some of the maser features of both o Ceti
and U Ori, the polarization angles are radial instead of tangen-
tial. The relation between the polarization angle and the direc-
tion of the magnetic field is complex. In Goldreich et al. (1973),
it is shown that the magnetic field direction is either parallel
or perpendicular to the polarization vectors, depending on the
angle θ between the line-of-sight and the magnetic field. When
θ < θcrit ≈ 55◦, the polarization vectors are parallel to the mag-
netic field and when θ > θcrit they are perpendicular. However,
this relation is only valid when the Zeeman frequency shift
under the influence of the magnetic field gΩ is much larger
than the rate of stimulated emission R. Otherwise, as shown in
Nedoluha & Watson (1990), the relation between polarization
angle and magnetic field direction is dependent on the maser
intensity. For the SiO masers in a magnetic field of 1−10 G,
103 < gΩ < 104. This indicates that gΩ � R is satisfied for
all but the strongest of the masers. For those masers with fluxes
∼100 Jy, Nedoluha & Watson (1990) find that the polarization
angle and magnetic field direction can be offset by up to ∼20◦.
Thus, as argued in Kemball & Diamond (1997), the predom-
inantly tangential polarization vectors indicate a mostly radial
magnetic field. The radial polarization vectors for some of the
features of U Ori and o Ceti possibly indicate that for those
masers θ is close to θcrit.

4.4. Jet-like features

In a number of the maser images presented here and in Cotton
et al. (2004) there are extended, linear features aligned with the
direction to the photosphere. These frequently have similar mor-
phologies in both the transitions observed with similar runs of
velocity along their lengths. These features are notable in R Aqr
in January 2001, and o Ceti in August 2001 and May 2004.
These features are shown in detail in Figs. 8–10. These features
will be referred to as jet-like features in the following. These ex-
tended features may be fairly rare as the cases listed above are
the only ones in which plausibly coherent features as opposed to
a collection of individual maser spots are seen.

The jet-like features in o Ceti differ from those in R Aqr in
morphology. However, in both sources there is a strong tendency
for the polarization vectors to the perpendicular to the direction
of the feature. As the polarization vectors are mostly perpendicu-
lar to the magnetic field, this indicates radial magnetic field lines
along the feature, which strengthens the impression that these are
physical features rather than chance alignments of maser spots.

Another feature of these linear structures is the systematic
nature of the radial (as seen by us) velocity variations. Since
the observations are too infrequent to measure proper motions in
these features, only the radial velocities are known. In addition,
since these features are near the masing ring, these motions will
be predominantly non-radial with respect to the star so do not
represent simple acceleration of the masing material away from
the star. The apparent alignment of the magnetic field with these
features could be due either to the magnetic field being stretched
along the features by the ionized component of the gas or the gas
being constrained by its ionized component to move along field
lines, depending on the relative energy density of the magnetic
field. SiO maser observations (Herpin et al. 2003, 2006) and
H2O maser observations (Vlemmings et al. 2005, 2006) suggest
that magnetic fields are likely dynamically important in which
case the maser jet-like features are following the magnetic field.

The jet-like feature shown of R Aqr in Fig. 8 was discussed
in Cotton et al. (2004, See their Fig. 14) in which there is a sim-
ilar feature on the opposite side of the star aligned along the ap-
parent rotational equator of the star. The velocity fields of these
features were consistent with being part of the stellar rotation. It
is not clear that the linear features in o Ceti are similar to those
in R Aqr, both of the sets of linear features are in the southern
hemisphere and may be illustrating the general rotation in the
stellar envelope. In both cases, the radial velocity is highest at
the end furthest from the star.

4.5. Interferometric and single dish observations

VLBI interferometetric and single dish measurements of cir-
cumstellar masers sample very different size scales; sub-
milliarcsecond and arcminute scales respectively. This differ-
ence in scales can cause difficulty in the comparison of results
for these two techniques. A further complication is the difference
in calibration techniques, for single dish measurements, the ob-
jective is to obtain accurate total power measurements whereas
for VLBI imaging, the objective is generally to minimize the
imaging artifacts. The amplitude calibration scheme used for the
data presented here consists of a number of steps:

1. system temperature and gain calibration. The “system tem-
perature” (background level) for each receiver is monitored
during the observations and together with standard sensitiv-
ity values are used for the initial calibration. Estimates of the
atmospheric opacity are made from the system temperature
measurements and applied as well;
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Fig. 8. Top: jet-like feature in R Aqr, January 2001 in the SiO ν = 2, J = 1–0 transition. On the left is a contour plot of peak (in velocity) Stokes I
with superposed vectors showing the direction and relative strengths of the polarization “E” vectors. Contours are separated by factors of

√
2. The

ellipse in the lower left corner gives the resolution. On the right are contours in peak Stokes I with a gray scale giving the Stokes’ I weighted
average velocity in km s−1. The velocity scale is given on the wedge at the top. Contours are separated by factors of 2. The star center is to the left.
Data from Cotton et al. (2004). Bottom: like top, but ν = 1, J = 1–0 transition.

2. corrections from continuum calibrators. The system tem-
perature and standard gain calibration leaves gain errors
of typically a few 10s of percent which depend on source
and time. These are largely due to antenna pointing errors
and unmodeled atmospheric opacity variations. Averages of
the gain corrections from self-calibration of several of the
stronger continuum sources are used to refine the amplitude
calibration;

3. template fitting. The ultimate amplitude calibration is de-
rived from the autocorrelation (single dish) spectra obtained
with the interferometric spectra and calibrated as described
above. A template spectrum is picked from a time segment
of autocorrelation data from one of the antenna with the best
sensitivity (usually Mauna Kea) and gain factors for all other
autocorrelation spectra are fitted to match the template spec-
trum. This process removes the effects of antenna mispoint-
ing and unmodeled atmospheric opacity variations but at the
cost of compromising the absolute calibration. The autocor-
relation data are not sensitive to long-term phase noise so
coherence loss is not included in this calibration.

The template fitting technique results in better image quality but
the absolute calibration can be off by 10s of percent, largely

depending on the weather. Thus, the fluxes densities derived in
the interferometric images are not easily comparable to properly
calibrated single dish measurements.

However, the interferometric spectra can be compared to the
template spectra which share most of the same systematic errors.
This comparison will show the fraction of the single dish emis-
sion represented in the image. A comparison of the total spec-
trum and the spectra derived from the channel images is given in
Figs. 11–13. These figures indicate that the VLBI images con-
tain from a few 10s of percent to nearly all of the single dish
flux density. The exact fraction of flux recovered in the images
varies for different spectral channels across the spectrum. The
figures also show the highly variable nature of the spectra. The
data presented here are sampled too coarsely in time for a useful
comparison with infrared flux variations.

4.6. o Ceti (Mira)

o Ceti was observed in all four sessions reported in this paper
as well as all four sessions in Cotton et al. (2004); see Figs. 1
and 4. The fitted diameter of the ring in May 2004 is poorly
constrained by the distribution of maser spots and undoubtedly
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Fig. 9. Top: detailed view of jet-like feature in o Ceti in August 2001 in the SiO ν = 2, J = 1–0 transition. On the left is a contour plot of peak (in
velocity) Stokes I with superposed vectors showing the direction and relative strengths of the polarization “E” vectors. Contours are separated by
factors of

√
2. On the right are contours in peak Stokes I with a gray scale giving the Stokes’ I weighted average velocity in km s−1. The velocity

scale is given on the wedge at the top. Contours are separated by factors of 2. Data from Cotton et al. (2004). Star center is to the upper right.
The ellipse in the lower left corner gives the resolution. Bottom: like top, but ν = 1, J = 1–0 transition. The length of the polarization vectors are
reduced by a factor of three relative to the top figure.

accounts for the unusually small ring size fitted. Model fitting
of the molecular layer by Perrin et al. (2004) gives a diameter
around 50 mas putting the SiO masers at the outer edge of this
region.

Figure 7 and the model fit shown in Table 4 provide some ev-
idence of a systematic movement of the molecular envelope. The

χ2 of the sector average velocities assuming no rotation is 29.6,
which for 7 degrees of freedom has a probability of occurrence
of <0.1%. The fit including rotation given in Table 4 and shown
in Fig. 7 is quite good (χ2 per degree of freedom= 1). This would
give the rotation velocity (times sin(i)) at a radius of 35 mas of
1.5 km s−1, or, for i = 90, a rotation period of 89 years at an
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Fig. 10. Top: detailed view of jet-like feature in o Ceti in May 2004 in the SiO ν = 2, J = 1–0 transition from Fig. 1. On the left is a contour plot
of peak (in velocity) Stokes I with superposed vectors showing the direction and relative strengths of the polarization “E” vectors. Contours are
separated by factors of

√
2. On the right are contours in peak Stokes I with a gray scale giving the Stokes’ I weighted average velocity in km s−1.

The velocity scale is given on the wedge at the top. Contours are separated by factors of 2. Star center is to the upper left. The ellipse in the lower
left corner gives the resolution. Bottom: like top, but ν = 1, J = 1–0 transition. The length of the polarization vectors are reduced by a factor of
three relative to the top figure.

assumed distance of 128 pc. o Ceti has a close companion which
could be inducing systematic motion in the envelope.

The systemic velocity derived from this fitting is 45.7 ±
0.7 km s−1. This is to be compared with the value of 46.4 ± 0.3
from Bowers & Knapp (1988).

Cotton et al. (2004) speculated that the jet-like features in
R Aqr in January 2001 were part of a rotating molecular disk.

This seems to be less likely the case for the jet-like features seem
in o Ceti in August 2001 and May 2004 as they are nearly orthog-
onal to each other. In addition, the admittedly weak evidence for
rotation seen in Fig. 7 would put the rotational pole near the ori-
entation of the jet-like feature seen in May 2004.

The polarization vectors across the jet-like feature are pre-
dominantly perpendicular to the feature which, as discussed
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o Ceti Apr 03

o Ceti Oct 03

o Ceti May 04

o Ceti Sep 04

Fig. 11. Spectra of o Ceti (Mira). Left column is ν = 2, J = 1–0 tran-
sition of SiO at 42.8 GHz, right column is ν = 1, J = 1–0 transition of
SiO at 43.1 GHz. Solid lines are the total spectrum and stars indicate
the flux density in the channel images.

above, likely indicate a magnetic field along the feature. A strik-
ing difference between the features observed in August 2001
compared to those observed in May 2004 is the fractional linear
polarization. The features from August 2001 in Fig. 9 have ml
between 15–20%, however, those in May 2004, in Fig. 10, have
ml up to 60%. For both epochs ml of the ν = 1 transition is larger
than that of the ν = 0 transition by ≈10%. As the fractional linear
polarization depends on both the angle between the line-of-sight
and the magnetic field as well as the maser saturation level, the
larger ml of the features from May 2004 might indicate that they
are more saturated. The alignment of the polarization, and likely
the magnetic field, with the jet-like features in o Ceti suggests
that these are dynamic features of the envelope rather than part
of a general rotation of the envelope.

4.7. U Ori

This star was observed in all four sessions reported in this paper
and all four in Cotton et al. (2004). In October 2003, the maser
spot distribution does not appear to be well approximated by a
ring, thus the fitted ring diameters showing the ν = 2, J = 1–0
transition ring larger than the ν = 1 transition is likely spurious.
The observations from Cotton et al. (2004) showed very little
variation in the ring diameter but this trend is not seen in the
more recent data. As for o Ceti, model fitting of the molecular

U Ori Apr 03

U Ori Oct 03

U Ori May 04

U Ori Sep 04

Fig. 12. Similar to Fig. 11 but for U Ori.

R Aqr Sep 04

Fig. 13. Similar to Fig. 11 but for R Aqr.

layer by Perrin et al. (2004) puts the SiO masers at the outer edge
of this region.

The evidence for a systematic motion in Fig. 7 and Table 4
is not convincing. The χ2 of the sector average velocities about
a total average is 16.8, which for 7 degrees of freedom has a
probability of chance occurrence of 2%. However, the χ2 per
degree of freedom is 2.4 which is better than the model fit value
of 3.0.

4.8. R Aqr

This star is in a symbiotic system and exhibits a jet seen both
optically and in the radio (Hollis et al. 1999) apparently ema-
nating from an accretion disk around the hot companion star.
Differential rotation in R Aqr at epoch 2001.0 is claimed in
Hollis et al. (2000), Hollis et al. (2001) and Cotton et al. (2004).
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Hollis et al. (2001) gives a position angle of the rotation pole of
≈−30/150◦ and Cotton et al. (2004) give ≈−10/170◦ and a ve-
locity at the maser ring of 3.9 km s−1 based on the January 2001
observations alone. The analysis of all data shown in Fig. 7 and
Table 4 give a pole ≈0/180◦ and a somewhat lower velocity of
2.6 km s−1. However, R Aqr was only observed at three epochs
so the statistical analysis is not very accurate and the model fit
is poor, χ2 per degree of freedom of 5.1. The bulk of the evi-
dence for stellar rotation remains with the 2001 data. Hollis et al.
(2000) suggest that the symmetric emission seen in 2001 and
several years prior to this were due to the passage of the com-
panion of R Aqr through its envelope circa 1996.

5. Conclusions

We present new total intensity and linear polarization VLBA ob-
servations of the ν = 2 and ν = 1 J = 1–0 maser transitions of
SiO at 42.8 and 43.1 GHz, extending the observations of Cotton
et al. (2004) for a number of Mira variables to a total of eight
epochs covering 43 months.

All three stars examined in this paper show variations in the
SiO ring diameter with a range of rms variations (3–14%) con-
sistent with the models of Humphreys et al. (2002). The rela-
tionship between ring diameter and luminosity phase was not
consistent among different stars or between pulsation cycles in
the same star; this differs from the model predictions. In all three
cases studied here the SiO masers appear to form just outside of
the dense molecular region of the stellar atmosphere as deter-
mined by Perrin et al. (2004) and Mennesson et al. (2002).

A combined analysis of the kinematic data on o Ceti sug-
gests systematic motions which, if interpreted as a stellar rota-
tion, gives a period of 89 × sin(i) years. Rotation has previously
been claimed for R Aqr (Hollis et al. 2000; Hollis et al. 2001;
Cotton et al. 2004). Both of these stars are in binary systems so
it is possible that the motion of the envelope is the result of the
secondary. The secondary of R Aqr passed through its envelope
around 1996 (Hollis et al. 2000) which may explain the apparent
equatorial molecular ring. No plausible large scale motion was
detected for U Ori.

The linear polarization fraction is found to show strong vari-
ations between epochs. They are similar for both transitions, al-
though in the jet-like features of o Ceti, the ν = 1 transition
shows a somewhat larger ml than the ν = 0 transition. The polar-
ization vectors are found to be mostly tangential to the masing
shell, indicating a radial magnetic field.

Several jet-like features seen in the SiO masers of o Ceti
and R Aqr at several epochs show systematic variations of ra-
dial velocity along their length. Due to the observing geometry,
observed radial velocities will be predominantly non-radial with
respect to the star so are not simple outward accelerations.

The polarization structure of these features also show a pref-
erence for the E vectors to be perpendicular to the direction of

the feature; this is interpreted as indicating magnetic fields ori-
ented primarily along the feature. Two possible explanations for
this are the magnetic field being dragged by the ionized compo-
nent of the envelope or the magnetic field controlling the motion
of the accelerating material. Several recent SiO and H2O maser
observation indicate that the magnetic field will be dynamically
important (Herpin et al. 2003; Vlemmings et al. 2005, 2006).
Thus, the jet-like structure are likely due to the masing regions
being dragged along the magnetic field. Observations of such
features sufficiently closely spaced in time to measure proper
motions should help understand the nature of these features.
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Fig. 1. o Ceti (Mira). Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 1, J = 1–0 transition of SiO at 43.1 GHz.
Contours of total intensity are shown with a spacing of powers of

√
2. Circles show the fitted rings as given in Table 2 and are centered on the

location determined to be the stellar position.
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Fig. 2. U Ori. Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 1, J = 1–0 transition of SiO at 43.1 GHz. Contours
of total intensity are shown with a spacing of powers of

√
2. Circles show the fitted rings as given in Table 2 and are centered on the location

determined to be the stellar position.
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Fig. 3. R Aqr. Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 1, J = 1–0 transition of SiO at 43.1 GHz. Contours
of total intensity are shown with a spacing of powers of

√
2. Circles show the fitted rings as given in Table 2 and are centered on the location

determined to be the stellar position.



W. D. Cotton et al.: Further VLBA observations of SiO masers toward Mira variable stars, Online Material p 5

o Ceti Apr 03

M
ill

ia
rc

se
c

Milliarcsec
40 20 0 -20 -40

50

40

30

20

10

0

-10

-20

-30

-40

-50

o Ceti Apr 03

M
ill

ia
rc

se
c

Milliarcsec
40 20 0 -20 -40

50

40

30

20

10

0

-10

-20

-30

-40

-50

o Ceti Oct 03

M
ill

ia
rc

se
c

Milliarcsec
40 20 0 -20 -40

50

40

30

20

10

0

-10

-20

-30

-40

-50

o Ceti Oct 03

M
ill

ia
rc

se
c

Milliarcsec
40 20 0 -20 -40

50

40

30

20

10

0

-10

-20

-30

-40

-50

o Ceti May 04

M
ill

ia
rc

se
c

Milliarcsec
40 20 0 -20 -40

50

40

30

20

10

0

-10

-20

-30

-40

-50

o Ceti May 04

M
ill

ia
rc

se
c

Milliarcsec
40 20 0 -20 -40

50

40

30

20

10

0

-10

-20

-30

-40

-50

o Ceti Sep 04

M
ill

ia
rc

se
c

Milliarcsec
30 20 10 0 -10 -20 -30

40

30

20

10

0

-10

-20

-30

-40

o Ceti Sep 04

M
ill

ia
rc

se
c

Milliarcsec
30 20 10 0 -10 -20 -30

40

30

20

10

0

-10

-20

-30

-40

Fig. 1. o Ceti (Mira). Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 1, J = 1–0 transition of SiO at 43.1 GHz.
Polarization “E” vectors are over-plotted on contours of total intensity; the contours are spaced by powers of

√
2. Circles show the fitted rings as

given in Table 2 and are centered on the location determined to be the stellar position.
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Fig. 2. U Ori. Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 1, J = 1–0 transition of SiO at 43.1 GHz.
Polarization “E” vectors are over-plotted on contours of total intensity; the contours are spaced by powers of

√
2. Circles show the fitted rings as

given in Table 2 and are centered on the location determined to be the stellar position.
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Fig. 3. R Aqr. Left column is ν = 2, J = 1–0 transition of SiO at 42.8 GHz, right column is ν = 1, J = 1–0 transition of SiO at 43.1 GHz.
Polarization “E” vectors are over-plotted on contours of total intensity; the contours are spaced by powers of

√
2. Circles show the fitted rings as

given in Table 2 and are centered on the location determined to be the stellar position.




