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ABSTRACT 
We report the results of sensitive 18 cm VLA observations of OH masers associated with the Mira variables 

IK Tau, U Her, R Aql, RR Aql, and the supergiant S Per. Astrometric optical positions of these stars and 
U Ori also are presented for comparison of the optical and radio reference frames. The linear radii of the OH 
shells range from about 35 AU to 450 AU, making these the smallest shells for which high-quality interfero- 
metric data have been obtained. We find evidence for axisymmetric structures in virtually all of the shells. For 
the smallest shell (U Her), the low- and high-velocity emission is separated into opposite quadrants on the sky 
relative to the star, similar to the case of U Ori. For the larger shells (IK Tau, R Aql), emission closest to the 
stellar velocity tends to lie along an axis on the sky which passes through the star’s position, often manifesting 
itself as a double structure centered about the star. At the most extreme OH velocities, the maps for IK Tau 
and R Aql are complex, showing large angular displacements from the stellar position. The shell structure of 
RR Aql is highly asymmetric relative to the star. 

Models invoking radial acceleration, rotation, or random velocity fluctuations do not provide a sufficient 
explanation of the observed complexities. We propose a model in which material is flowing from the star in a 
radially expanding ellipsoidal configuration. The total gas and dust density distribution thus varies with lati- 
tude from the equatorial plane. This model provides a way to explain numerous complexities in the angular 
distributions and profile structures of circumstellar OH masers which cannot be easily explained by the stan- 
dard expanding spherical shell model. We conclude that axisymmetric outflow is common for red giants and 
supergiants and that the large magnetic field strengths observed for these stars may influence both the 
geometry and initiation of mass loss. 
Subject headings: astrometry — interferometry — masers — stars: circumstellar shells — 

stars: long-period variables 

I. INTRODUCTION 
The standard expanding shell model provides a simple 

explanation for the characteristic, doubly peaked shape of OH 
maser profiles observed toward long-period variable stars. In 
this model radiation pressure quickly accelerates the dust 
which in turn accelerates the gas to a terminal velocity Ve. The 
OH is uniformly distributed in a thin shell and produces a 
doubly peaked profile shape with Ve equal to one-half the 
velocity separation of the peak features (Kwok 1976; Elitzur, 
Goldreich, and Scoville 1976; Reid et al 1977; Sun and Kwok 
1987). Paths of maximum maser gain occur along the line of 
sight to the star, so the peak features at velocities V = V0 ± Ve 
are positionally coincident with the star. At velocities between 
the peak features and the stellar radial velocity F0, the angular 
radius 6(V) is related to the shell radius 6S by 

o = Osli-(v- v0)
2/v2

ey
/2 • (i) 

There are many data directly confirming the basic predic- 
tions of this model at large radii (R > 1000 AU) in the 
envelopes via (a) measurements of the phase lag between the 
OH light curves of low-velocity (near) and high-velocity (far) 

1 Based on observations obtained at DSAZ-Calar Alto Observatory. 
2 Work performed at NRL under contract number N00014-86-C-2225. 

emission features (Herman and Habing 1985) and (b) interfero- 
metric measurements of the 0(V) dependence of this emission 
(Booth et al. 1981; Baud 1981; Bowers, Johnston, and Spencer 
1983; Chapman et al. 1984; Diamond et al. 1985; Herman et 
al. 1985; Chapman and Cohen 1986; Welty, Fix, and Mutel 
1987). The data are based primarily on observations of the 
radio-luminous OH/IR stars (AGB long-period variables) and 
the OH supergiants. These stars have the largest OH shells and 
the highest OH luminosities (see Figs. 2 and 3 of Bowers 1985). 
For suitably nearby candidates (T> < a few kpc) the emission 
can be mapped over a wide velocity range between the peak 
spectral features, and the structure (kinematics and 
morphology) of the maser regions can be examined. For well- 
resolved cases, these data frequently show clumpy, approx- 
imately circular rings of emission at or near the stellar velocity, 
indicative of a spherical OH distribution (Bowers, Johnston, 
and Spencer 1983; Herman et al. 1985; Welty, Fix, and Mutel 
1987) . Axisymmetric OH distributions have been suggested in 
some cases, but these are usually OH supergiants (VY CMa, 
Bowers, Johnston, and Spencer 1983; IRC -h 10420, Diamond, 
Norris, and Booth 1983; VX Sgr, Chapman and Cohen 1986) 
or red giants with other peculiar properties (OH 231.8-f 4.2, 
Morris, Bowers, and Turner 1982; OH 19.2-1.0, Chapman 
1988) . 
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At small radii (R < 100 AU), evidence for the expanding 
shell model is much weaker. The angular distributions (and 
often the profile shapes) of SiO and H20 masers can be exceed- 
ingly complex and can change with time (e.g., Lane 1982; John- 
ston, Spencer, and Bowers 1985). Interpretation of the data in 
the context of this model includes discussions of thick shells or 
multiple shells at different expansion velocities combined with 
a healthy dose of turbulence (e.g., Diamond et al 1987; Lane et 
al 1987). 

At intermediate radii, OH observations of classical, optically 
identified Mira variables indicate consistency with the expand- 
ing shell model from statistical considerations of the phase-lag 
measurements (Herman and Habing 1985) and from approx- 
imate positional coincidence of the outer peak spectral features 
(Bowers, Johnston, and Spencer 1983). The quality of the data 
generally are inadequate to rule out other contributions to the 
velocity field (e.g., rotation) or to say much about the morphol- 
ogy of the maser region (but see Bowers and Johnston 1988). 
Despite the proximity of these stars (D < 1 kpc), their small 
OH shell sizes and luminosities require that high spatial and 
spectral sensitivities be used to map the maser emission over a 
significant velocity range in the profile. 

To improve our understanding of the structure of the OH 
maser region at radii between about 50 and 500 AU, we have 
obtained interferometric observations with relatively high 
angular resolution (1"), velocity resolution (0.3 km s_1), and 
spectral sensitivity (0.3 Jy) for five optically identified Mira 
variables (IK Tau, U Orí, U Her, R Aql, RR Aql) and for the 
OH supergiant S Per. Astrometric optical positions of all of 
these stars also have been obtained to provide further informa- 
tion about the offset between the optical and radio reference 
frames (e.g., Johnston et al 1985a; de Vegt et al 1987). The 
observations are discussed in § II, and the results are presented 
in § III where the data are compared to the predictions of the 
standard expanding shell model. Virtually all of these stars 
show evidence for axisymmetric structures in their envelopes, 
and the 0(V) relationships for IK Tau and R Aql are not easily 
explained by the standard model. In § IV we determine that 
acceleration, rotation, or velocity fluctuations are minor kine- 
matic components, and we conclude that a model in which the 
material is distributed in a radially expanding ellipsoidal con- 
figuration provides the best agreement with the properties seen 
in the available molecular data. In § V we suggest that models 
of mass loss driven by Alfvén waves may be extremely relevant 
for understanding both the initiation and geometry of mass 
loss in red giants and supergiants. 

II. OBSERVATIONS 

a) Radio 
The 18 cm data were obtained during 1985 January 19 and 

February 9, using the NRAO3 Very Large Array in its spectral 
line mode. Thirteen antennas were selected in the A- 
configuration with baseline lengths which ranged from about 3 
to 34 km. All of the sources were observed in the right circular 
mode of polarization. The bandwidth was divided into 128 
frequency channels, and on-line Hanning smoothing was 
applied to the data. The bandwidth was 195 kHz, resulting in a 
channel-to-channel frequency separation and resolution of 
1.53 kHz. For IK Tau, the velocity extent of the OH emission 
exceeds the velocity range of this bandwidth. Two sets of inte- 
grations were therefore made at each hour angle for this star— 
one set centered on the low-velocity emission complex (F = 17 
km s-1), and one set centered on the high-velocity complex 
(V = 50 km s-1). 

A summary of the stars observed, the epoch, the number of 
hour angles for which data were obtained, the total integration 
time, the rest frequency, and the velocity resolution is given in 
Table 1. At each hour angle the star was observed for 
~ 15 minutes and a nearby continuum point source was 
observed for ~5 minutes to calibrate the amplitudes and 
phases. The flux-density scale was established from observa- 
tions of 3C 286 (1328 + 307) whose adopted flux density was 
13.83 Jy at 1612 MHz and 13.61 Jy at 1666 MHz. Maps of the 
calibrated data were made for each spectral channel, cleaned 
with the standard algorithm of Högbom (1974), and restored 
with a Gaussian beam with a full-width half-power dimension 
of ~ 1". The rms noise fluctuations ranged from ~40 mJy per 
beam per channel for S Per to 60 mJy per beam per channel for 
UOri. 

b) Optical 
Optical positions of the stars S Per, U Ori, U Her, and R Aql 

have been obtained directly from plates taken with the 23 cm 
astrograph at the Hamburg Observatory. The primary refer- 
ence frame is based on the AGK 3RN catalog (Corbin 1979) 
which is still the most homogeneous representation of the 
FK 4 system on the northern hemisphere. Since the plate field 
is 6° x 6°, an average number of 36 reference stars is available 
for the determination of the plate constants. Four plates for 

3 The National Radio Astronomy Observatory is operated by Associated 
Universities, Inc., under contract to the National Science Foundation. 

TABLE 1 
Details of Radio Observations 

Integration Velocity 
Number of Time Frequency Resolution 

Star Epocha Hour Angles (hr) (MHz) (km s_1) 

SPer     1 7 1.6 1667 0.274 
IK Taub   1 6 1.3 1612 0.284 
U ori j * 2 0.5 1612 0.284 

1 1 2 0.5 1665 0.275 UHer     2 4 0.9 1667 0.274 RAql...  2 5 1.1 1612 0.284 
RR Aql   2 4 0.9 1612 0.284 

a Epoch 1 = 1985.05; epoch 2 = 1985.11. 
b Two scans per hour angle. 
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TABLE 2 
Optical Positions3 

Besselian jua pi0 
Star a(1950) ¿(1950) Epoch (syr-1) (arcsecyr-1) 

SPer   02h19m15s080 +58°2r33':61 1985.98 0.0000 +0.045 
IK Taub   03 50 43.750 +11 15 31.58 1985.92 
UOri   05 52 50.898 +20 1005.93 1987.11 0.0000 -0.015 
U Her   16 23 34.697 +19 0017.76 1985.31 +0.0015 -0.006 
RAqlc   19 03 57.702 +08 09 08.03 1983.53 -0.0014 -0.089 
RR Aqlc   19 55 00.309 -02 01 17.75 1984.01 

a 1950 positions are given for the epoch of observation. 
b Also known as NML Tau. 
c Values from de Vegt et al 1987. 

each star have been taken in different orientations to the sky, 
very close and symmetric to the meridian. Exposure times were 
5-10 minutes in all cases. A small spectral bandpass in the 
visual region 5200-5800 Â is utilized by this instrument, pro- 
vided by a Kodak 103a-G + Schott OG 515 plate-filter com- 
bination which minimizes any influences of atmospheric 
dispersion and possible residual color errors in the telescope 
optics. A 4 mag grating has been used to control possible 
magnitude errors. The positions for these stars are unweighted 
means from all plates and multiple grating images per plate. 

For the faint (mv > 14) stars IK Tau and RR Aql, astrograph 
plates have been used to provide a system of secondary refer- 
ence stars in the magnitude range mv = 12-14; the plates of the 
stars have been taken with different long-focus telescopes. 
About 50-70 secondary reference stars have been selected in a 
Io x Io field centered at the star position. This field size is 
sufficient to cover the plate field of the long-focus plates. Posi- 
tions of the secondary stars are based on four plates, each with 
a resulting positional accuracy of ± 0"06. 

For RR Aql the 60 cm, F:15 refractor of the Hamburg 
Observatory was used; for details see de Vegt et al (1987). In 
the case of IK Tau two plates were taken with the 2.2 m, F:7.7 
RC reflector of the Calar Alto Observatory, using a Kodak 
098-04 4- Schott OG 550 plate-filter combination, which 
results in an approximate spectral bandpass extending from 
5500 to 7000 Â. This telescope provides a scale of 12" mm-1 

and a high-quality field of ~ Io diameter which makes it a very 
favorable instrument for astrometric work on faint objects (de 
Vegt et al. 1987). Both plates have been taken under good 
seeing conditions (<2"). The images of IK Tau do not show 
any deviation from the symmetric appearance of a stellar point 
source. In particular, no extended halo structure could be 
found from image processing of plate scans obtained with the 
Hamburg PDS 1010 G microdensitometer. 

The resulting star positions based on the plate reductions 
obtained from the secondary reference stars agree within 0"03 
in both coordinates. The quoted position is the unweighted 
mean. This result is valid only for the adopted spectral 
bandpass of 5500-7000 Â; additional plates in the blue spec- 
tral region are necessary for further confirmation. Proper 
motions are taken from AGK 3 or from new observations of 
old epoch plates and are used to refer the optical positions 
from their epochs of observation to the epochs of the radio 
positions. 

III. RESULTS AND ANALYSIS 

a) Optical and Radio Positions 
The B1950 optical positions (based on the FK 4 reference 

frame) and estimated proper motions are given in Table 2. The 
radio positions derived from the OH masers for all cases except 
R Aql are given in Table 3 and are relative to the radio refer- 
ence frame defined by Witzel and Johnston (1982), which is 
estimated to be accurate to 0"01. Also listed in Table 3 are the 
differences between the optical and radio measurements for 
both the FK 4 and FK 5 systems. Corrections for systematic 
differences between the FK 4 and FK 5 systems have been 
obtained from the tables of Schwan (1988) as applied to the 
AGK 3RN reference catalog. The correction in each coordi- 
nate is <0'.T. 

The accuracy with which the absolute and relative radio 
positions of objects can be determined with the VLA is dis- 
cussed by Johnston et al (1985û, b) and Johnston, Migenes, and 
Norris (1989). The absolute position is determined relative to a 
background extragalactic radio source of known positional 
accuracy. If the target object (or maser feature) is unresolved, 
the accuracy with which the centroid of the emission can be 
determined with a high signal-to-noise measurement is the syn- 

TABLE 3 
Radio Positions and Differences (Optical - Radio) at the Epoch of the OH Measurements 

Radio Positions (FK 4) (FK 5) 
  Besselian       

Star a(1950) ¿(1950) Epoch Aa cos ¿ A¿ Aa cos ¿ A¿ 

SPer   02h19m15s090 +58o21'33r40 1985.05 -0?08 +0'.T7 -0'T2 +0'T0 
IK Tau   03 50 43.719 +11 1531.35 1985.05 +0.46 +0.23 +0.46 +0 19 
UOria  05 52 50.909 +20 1005.85 1985.05 -0.15 +0.11 -0.22 +0 16 
U Her    16 23 34.692 +19 0017.73 1985.11 +0.07 +0.03 -0.04 +0 08 
RAqlb   19 03 57.687 +08 09 07.87 1985.11 +0.19 +0.02 +0.16 -002 
RR Aql   19 55 00.309 -02 01 17.48 1985.11 0.00 -0.27 +0 04 -0 30 

a Radio position from Bowers and Johnston 1988. 
b Radio position from H20 masers; see § IIIe(iv). 
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thesized beamwidth divided by the signal-to-noise ratio. If the 
^ background source is located within ~15° of the object, the 
< relative position of the two sources can be found to O'.T with 
^ the VLA. With repeated hour angle coverage, this result can be 
^ refined to O'.'Ol at frequencies higher than 5 GHz where the 

major source of error is differential phase path fluctuations 
between the antennas due to variations in atmospheric water 
vapor over the individual antennas. At lower frequencies (e.g., 
1600 MHz) differential phase path variations caused by the 
ionosphere are important and are estimated to affect the posi- 
tional accuracy at the 0'.'05 level. For relative measurements 
over fields of a few arcseconds, accuracies of O'.'Ol or better can 
be achieved. 

To determine the radio positions, we have considered the 
positions indicated by (1) the outermost peak spectral features, 
(2) the extreme low- and high-velocity emission, and (3) least- 
squares fits of equation (1) to the data. For S Per, U Ori, U 
Her, and RR Aql, these positions agree to within 0'.'05. All four 
of these stars have small shell radii (6S < 0"5), and the emission 
distributions are unresolved and positionally coincident (to 
within the errors) at the low- and high-velocity edges of the 
profiles. For RR Aql the OH position agrees to within 0'.'02 
with the mean position of the H20 masers, providing an inde- 
pendent check of the accuracy of the OH position. 

For IK Tau and R Aql the emission distributions are resolv- 
ed and complex at the edges of the profiles, and we demon- 
strate in § Hie that position determinations based on 
individual (or pairs of) spectral features are unreliable in such 
cases. Additional errors may be introduced by possible 
changes in the emission structure as a function of time (e.g., R 
Aql). The position given in Table 3 for IK Tau is derived from 
a least-squares fit of equation (1); the internal error from the 
fitting procedure is estimated to be about ±0"05. The position 
of R Aql is based on the H20 masers and has an estimated 
error of ± O'.T 5. There are indications from the OH data that 
this is the probable radio position of the star, but the complex 
shell structure prevents us from obtaining a reliable OH posi- 
tion by the standard methods. 

Discrepancies of order 0'.'2 between optical (FK 4) and radio 
continuum positions are typical for stars where both types of 
positions have been estimated to high accuracy (Johnston et al 
1985a). Attempts to determine stellar positions from OH 
masers lead to discrepancies of order 0'.'3 (de Vegt et al. 1987). 
Table 3 shows that the discrepancies for all the stars except IK 
Tau are consistent with this latter level of accuracy. The 
angular size of the OH shell for IK Tau is large (2" x 4") and 
the envelope structure is complex, so it is possible that the 

larger discrepancy for this star is due not to systematic differ- 
ences between the optical and radio reference frames but rather 
to the difficulty in determining the radio position from a simple 
outflow model for the shell structure. 

b) Radial Velocities (F0) and Expansion Velocities (Ve) 
The values of V0 and Ve derived from least-squares fits of 

equation (1) are listed in columns (2) and (3) of Table 4 for all 
the stars except U Ori and R Aql. This method is not used for 
these two stars because of complexities in their OH distribu- 
tions. We list in parentheses the respective differences (V% 
— VQ) and (V™ — Fe), where V$ and Vj are the mean and 

half-width of the velocity range in the OH profile. Values of V0 

and V™ agree to within 0.3 km s_1 (i.e., our velocity 
resolution), and values of Ve and Ff agree to within 1 km s_1. 
The agreement of these two sets of values confirms that Ve is 
better represented by the half-width of the entire velocity range 
than by the half-width of the velocity separation of the outer 
peak features (also see Bowers, Johnston, and Spencer 1983). 
Large errors in determination of F0 and Ve can occur if the 
velocity range of the emission is asymmetrically distributed 
relative to the true stellar velocity, as in the case of U Ori 
(Bowers and Johnston 1988). If the OH distribution strongly 
deviates from sphericity, Ve represents only the maximum 
outflow velocity along the line of sight (§ YVb). 

c) Shell Radii, Thickness, and Mass-Loss Rates 
The values of <0S> in column (4) of Table 4 represent our 

best estimates of the average 0 at F = F0 based on measure- 
ments of the angular distance of discrete map components 
from the inferred radio position of the star. The errors are the 
rms uncertainties of the fits of equation (1), where applicable. 
The angular radii for R Aql and RR Aql are about a factor of 2 
smaller than was estimated by Bowers, Johnston, and Spencer 
(1983); the differences reflect the higher quality of the present 
data. 

The values of the ratio of the outer to inner shell radii 
(R0/Ri) are listed in column (5) and have been estimated from 
the largest scatter of 0(F) at a given F. These values may be 
upper limits if the shell structure is complex (e.g., R Aql). The 
ratios are generally smaller than those of 2.5 to 4 estimated for 
three OH/IR stars by Bowers, Johnston, and Spencer (1983). 

In columns (6), (7), and (8) we respectively list the distance D, 
the mean linear radius <R>, and the mass-loss rate M. In order 
of decreasing priority, M has been estimated from CO observa- 
tions (Knapp and Morris 1985; Wannier and Sahai 1986), from 
the dust shell models of Rowan-Robinson and Harris (1983) 

TABLE 4 
Shell Parameters 

V0 Ve D <R> M/10 7 References 
Star (km s-1) (kms-1) <0S> R0/Ri (pc) (AU) (M0 yr_1) Notes for M 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

SPer   —37.5( —0.1) 17.4(-0.7) 0"05 ± OTOS ... 2300 115 44. 1 1 
IK Tau    33.2( + 0.3) 18.7(-0.8) 1.65 ±0.14 1.8 270 445 51. 2 2 
U Ori    -39 ±1 8 ± 1 0.21 1.6 250 54 0.8 3 3 
U Her  —14.2( + 0.2) 6.6( + 0.4) 0.13 ±0.04 2 270 35 1.2 1 
R Aql   47.4 7.7 »1.50 »5 200 300 5.6 4 4 
RR Aql   27.8( —0.1) 6.8(±0.5) 0.45 ± 0.05 2 320 144 1.3 5 1 

Notes.—(1) D from Humphreys 1975. (2) Possible second shell with 6S = 3"0, but see model in § IWb. (3) Bowers and Johnston 1988. (4) V0 and Ve 
are mean value and half-width of OH velocity range. (5) 0s(near) = 0"30; 0s(far) = 0'.'59. 

References.—(1) Rowan-Robinson and Harris 1983 and this paper; (2) Knapp and Morris 1985; (3) Netzer and Knapp 1987 and this paper; (4) 
Wannier and Sahai 1986. 
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along with the equations of Knapp (1985), or from the relation 
^ between the radius of the OH shell and the mass-loss rate 
< (Netzer and Knapp 1987). The appropriate reference for M 
^ (and usually D) is given in column (10). 
\—I 

d) Morphological and Kinematical Properties 
The stars discussed in this paper were chosen for the most 

part not for their exotic characteristics but as a representative 
sample of nearby Mira variables (and one supergiant) with 
relatively low mass-loss rates and small maser shells. Yet in 
every case except perhaps RR Aql we find evidence for a pos- 
sible axisymmetric distribution of the OH emission. The evi- 
dence is provided in three ways. (1) For the smaller shells 
(U Ori, U Her), there is an angular separation of the low- and 
high-velocity features into opposite quadrants on the sky rela- 
tive to the star. (2) For the larger shells (IK Tau, R Aql), the 
emission occurs at all position angles relative to the star when 
integrated over velocity but preferentially is located in opposite 
quadrants at many intermediate velocities, often manifesting 
itself as a double structure centered on the star. (3) In most 
cases the overall shape of the velocity-integrated emission dis- 
tribution is elongated with an orientation of the major axis 
which is identical to that indicated by points 1 or 2. 

We summarize in Table 5 the overall sizes and the orienta- 
tions of the axes of symmetry based on one or more of the three 
points of evidence listed above. To examine further the possi- 
bility of axisymmetric structure, we also include information 
about the distributions of the H20 masers, which usually also 
show elongated distributions. The data are taken from 
Diamond et al (1987) for S Per, Lada et al (1981) for U Ori, 
and Lane et al (1987) for the remaining stars. 

Interpretation of H20 data is difficult because the shapes of 
the distributions can change with time, and it is difficult to 
locate the star relative to the maser features (Johnston, 
Spencer, and Bowers 1985). Nonetheless, Table 5 shows the 
extremely interesting result that the orientation of the H20 
masers tends to be orthogonal to that of the OH for S Per, U 
Ori, and R Aql. For IK Tau which has the largest OH shell 
(Table 4), the orientations are parallel over comparable veloc- 
ity ranges (see note 2 to Table 5). A similar result has been 
found by Chapman and Cohen (1986), who indicate that the 
distribution of H20 masers is orthogonal to the main-line OH 
masers in the inner envelope of VX Sgr and parallel to the 1612 
MHz masers in the outer envelope. These results suggest that 

the relative orientations of the OH and H20 masers are not 
random and that axisymmetric structures are present in the 
envelopes. 

We also indicate in Table 5 consistency or inconsistency of 
the data with the 0(V) relationship predicted by the standard 
expanding shell model (eq. [1]). As noted previously, IK Tau 
and R Aql show extended, complex structures at the most 
extreme low and high velocities, indicating either complex 
spatial distributions or nonradial motions. This issue is 
addressed more fully in § IV. 

e) The Individual Stars 
In this section we present the OH profile for each star, maps 

of the angular distribution of OH as a function of the radial 
velocity, and plots of the angular radius 0 of the emission 
region as a function of the velocity, where 9 is the distance of 
discrete components from the inferred radio position of the 
star. Maps are presented at each velocity at which the emission 
is resolved, and the data are compared to the predictions of the 
standard expanding shell model (eq. [1]). Data and analysis for 
the complex case of U Ori are presented elsewhere (Bowers and 
Johnston 1988). 

i) SPer 
The 1667 MHz profile has changed significantly with time. 

Observations taken in the early 1970s (Baudry, LeSqueren, and 
Lépine 1977; Fillit, Proust, and Lépine 1977) show emission 
concentrated in two velocity ranges ( — 52 and —26 km s-1), 
similar to the double-peaked profile structure at 1612 MHz 
(Bowers 1975; Dickinson, Kollberg, and Yngvesson 1975). The 
profile in Figure 1 shows that the emission is distributed over a 
wide velocity range (comparable to that at 1612 MHz), but the 
strongest emission is now at — 45kms_1. The profile is 
similar to the profile of right circularly polarized emission 
published by Diamond et al (1987) for epoch 1982 October, 
except that their profile shows emission between —41 and — 38 
km s ~1 while ours does not. In comparison, the flux density at 
1612 MHz varies with time, but the profile structure of that 
emission has not changed significantly (see Diamond et al). 

The OH main-line (1665/1667 MHz) masers recently have 
been mapped by Diamond et al (1987) between velocities of 
— 55 and —32 km s“1 with a spatial resolution of 0"3. They 
find this emission to be distributed over a region of 0"08 
x 0"03, elongated in the north-south direction. Their mean 

TABLE 5 
Morphological and Kinematical Properties 

OH H20 Notes 
Frequency       

Star (MHz) Overall Size Orientation Overall Size Orientation Morphology Kinematics 

SPer  1667 0'.T5 x 0.10 N-S 0':i2 E-W 1 7 
IK Tau   1612 3.5 x 2.3 NW-SE 0.33 NW-SE 1,2 8 
U Ori   1612 0.20 HE 0.3 NW-SE 1, 3 7 

1665 0.45 NE-SW 4 7 
U Her    1667 0.35 x 0.20 E-W 0.15 ? 1, 5 7 
R Aql   1612 3x2 NE-SW 0.33 NW-SE 1, 6 8 
RR Aql   1612 1 SW 0.16 ? 3 7 

Notes.—(1) Velocity-integrated shape of OH distribution is elongated. (2) OH is preferentially NW or SE of star at most intermediate 
velocities, but NE and SW at the most extreme velocities (16 and 51 km s-1). H20 is NW-SE between 18.5 and 25 km s”1 and between 43 and 
49.2 km s~1, and is ringlike at intermediate velocities. (3) Most OH is asymmetrically located relative to the star. (4) Velocity-integrated shape is 
circular, but there is a NE-SW angular separation of low- and high-velocity emission. (5) E-W angular separation of low- and high-velocity 
emission. (6) OH is NE-SW at V closest to V0. (7) Consistent with eq. (1). (8) OH at extreme velocities is complex and displaced from the inferred 
stellar position. 
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radius for the emission region is 0"05, based on the assumption 

^ that the extreme low-velocity emission at — 55 km s-1 indi- 
è cates the stellar position. 
S Because of our better spectral sensitivity, we have been able 
2 to map all emission features in Figure 1 with a total flux 

density larger than 0.2 Jy, encompassing the velocity range 
from —55 to —22 km s-1. A map of the absolute positions of 
the maser features is shown in Figure 2. All of the features 
observed with the VLA (filled circles) were unresolved. The 
positional coincidence of the extreme low ( — 55.2 km s-1) and 
high ( — 21.6 km s-1) velocity features at the origin of the map 
demonstrates that, to first order, an expanding shell model is 
appropriate in the region of the main-line OH masers and that 
the star is located at the origin of the map. The results of a 
least-squares fit of equation (1) to our data (Table 4) agree well 
with those determined by Diamond et al. (1987), but we con- 
sider our values to be of more limited significance because 
virtually all the VLA features are located at the origin of the 
map. 

We include the MERLIN data of Diamond et al as empty 
circles in Figure 2, where alignment of the two data sets is 
based on superposition of the low-velocity emission near 
— 55 km s-1. The VLA and MERLIN data are consistent with 
a possible north-south elongation for the majority of the emis- 
sion features, but the ratio of the positional errors (VLA, 
±0'.'05; MERLIN, +0"03) to the shell radius is too large to 
allow definitive conclusions about the morphology. 

ii) IK Tau 
The emission profile at 1612 MHz is displayed in Figure 3 

and shows emission ranging from 15.9 to 51.1 km s-1. Four 
major peak features are present at velocities of 16.2, 17.3, 46.9, 
and 50.6 km s-1 and are labeled P1-P4, respectively. Profiles 
with comparable or better velocity resolution have been 
obtained at epoch 1976.9 by Silverglate et al (1979) and at 
epoch 1977.9 by Fix (1987). Our profile differs from these 
earlier profiles in two respects. First, the flux densities of the 
peak features (P2-P4) in Figure 3 are larger than those in the 

profiles of Silverglate et al and Fix by ratios of ~2.5 and 5.0, 
respectively. Second, the peak feature PI is not clearly evident 
in the previous profiles, although there is a very weak (0.3 Jy) 
feature at the corresponding velocity in the profile of Fix 
(1987). Thus at 16.2 km s-1 the flux ratio (epoch 1985.05/ 
1977.9) is ~ 10, much larger than the ratio of ~3 indicated by 
the peak-to-peak amplitude of the OH light curve (Herman 
and Habing 1985). 

Maps are shown in Figure 4a for all low-velocity features 
and Figure 4b for all high-velocity features with a peak flux 
density larger than 0.2 Jy per beam. The emission is resolved at 
most velocities, although in such cases it generally appears to 
consist of pairs of unresolved components. The extreme high- 
velocity feature at -h 51.1 km s"1 is clearly extended, and there 
is some indication for complex structure in the extreme low- 
velocity feature at +15.9 km s-1. The outermost low-velocity 
peak feature (PI) is located at the same position as the map 
maximum at 15.9 km s-1. The outermost high-velocity feature 
(P4) consists of two components separated by T'17. 

A map summarizing the absolute positions of the map com- 
ponents is displayed in Figure 5. At velocities where there are 
definite multiple peaks in the maps, the positions of all corre- 
sponding clean components are plotted. Low-velocity features 
(F < 25 km s"1) are denoted by filled circles; high-velocity 
features (F > 45 km s-1) are denoted by empty circles. The 
low- and high-velocity features generally are clustered in 
similar regions of the map. 

Because the emission features at the outer edges (and peaks) 
of the OH profile are resolved, it is difficult to determine a 
highly accurate position for IK Tau. Our inferred position for 
the star has been determined by least-squares fits of equation 
(1) to the data for various assumed positions of the star, and 
the crosses in Figures 4 and 5 are located at the position of the 
best fit. With the exception of the three northern components 
at F « 19 km s_1, the emission is located in a ringlike struc- 
ture centered about this position (Fig. 5). However, Figure 4 
shows that there is a tendency for emission at most velocities to 
originate southeast or northwest of the star. This result is par- 

-50 -40 -30 
VusRÍkms-1) 

Fig. 1.—Spectral-line profile of the 1667 MHz emission from S Per 
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Fig. 2.—Absolute positions of the 1667 MHz emission components of S Per relative to the adopted radio position (cross). The “x” indicates the optical position 
corrected for proper motion to the epoch of the radio data. VLA data (epoch 1985.05; positional error « ±0"05) are plotted as filled circles, and the radial velocities 
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ticularly evident in Figure 4b where the emission over virtually 
the entire high-velocity range is confined to these two quad- 
rants. 

The angular distances of individual components from our 
adopted stellar position are plotted in Figure 6 as a function of 
the radial velocity. The broken curve shows the results of the 
best least-squares fit (Table 4) and indicates that the data are 
fitted reasonably well by a thin, expanding shell model at most 
velocities, but the three points between 18.7 and 19.2 km s-1 

and the complex structures at the extreme velocities are not 
consistent with this model. 

iii) U Her 
The profile at 1667 MHz is displayed in Figure 7 and shows 

major peak features (P1-P4) with midpoint velocities of 
approximately —19.4, —16.6, —10.9, and —9.2 km s-1. The 
shape of the profile is similar to those obtained by Fix (1987) 
and Sivagnanam et al (1988), but the blueshifted peak features 
in their profiles are, respectively, 2.5 and 4 times stronger. All 
features with a flux density larger than 0.2 Jy were mapped and 
found to be unresolved. A map of the absolute positions of the 
features is shown in Figure 8. Filled and empty circles respec- 
tively indicate low- and high-velocity emission relative to the 
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Fig. Aa 

Fig. 4.—(a) Maps of the angular distribution of low-velocity (V < V0), 1612 MHz emission for IK Tau at epoch 1985.05. The origin of each map is located at the 
adopted radio position. The LSR radial velocity (km s ^ and peak flux density (Jy per beam) are indicated on each map. Contour levels are - 5%, 5%, 10%, 15%, 
20%, 30%, 40%, 50%, 70%, and 90% of the peak flux density. The fullwidth half-power synthesized beam is shown as the last map in the series, {b) Same as (a) for the 
high-velocity ( F > F0) emission. 

stellar velocity ( V0 —14 km s ' ). 
Figure 8 shows that the emission distribution is elongated 

with an angular diameter of ~0''35 in the east-west direction 
and 0"20 in the north-south direction. There also is a velocity 
discontinuity (indicated by the diagonal line) in that the low- 
velocity emission is systematically eastward and southward 
and the high-velocity emission is westward and northward of 
the map origin. It is evident, however, that radial expansion is 
the dominant kinematic mode because features at velocities 
near the edges of the profile are located near the center of the 

emission distribution, while features near the stellar velocity 
are located at the far eastern and western edges of the distribu- 
tion. 

We have examined three criteria for determining the stellar 
position: (1) the mean position (Aa = +0''008, A<5 = +07018) 
of the extreme low (-20.8 km s“1) and high (-8.2 km s_1) 
velocity features; (2) the mean position (Aa = +0'.'008, A<5 = 
— 07008) of the outer peak features ( —19.9 and —9.2 km s-1); 
and (3) the position (Aa = 070, A<5 = 070) derived from fitting 
equation (1) to the data for various assumed positions of the 
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star. We adopt the latter position as the radio position of the 
star because the positional error of ±0"05 for individual com- 
ponents is large compared to the shell radius. The location of 
the —20.8 km s-1 feature in Figure 8 agrees with our inferred 
position to within the errors, supporting the suggestion by 
Sivagnanam et al. (1988) that the compact (»23 milliarcsec) 
component at this velocity may be amplifying the stellar con- 
tinuum. The resulting angular radius-velocity plot at our 
adopted position is shown in Figure 9, where the solid line is 
the least-squares fit of equation (1) (Table 4). 

iv) RAql 
The 1612 MHz profile shape for this star is distinctive 

because of the abnormally large ratio (1:15) for the peak inten- 

sities of the low- and high-velocity groups. Figure 10 shows 
peak features at about 41.2, 43.5, and 54.0 km s-1 (P1-P3). 
Comparison to profiles obtained at other epochs (e.g., Fix 
1987; de Vegt et al. 1987) indicates small changes in the shape 
of the low-velocity group of features as a function of time. 

We have mapped all features in Figure 10 with a peak flux 
density >0.3 Jy per beam, corresponding to velocity ranges of 
40.1-44.0 km s-1 and 52.6-54.8 km s-1. Maps at all velocities 
with detectable emission are displayed in Figure 11 with the 
origin of the maps identical to that of VLA maps published by 
de Vegt et al. (1987) for this star. The emission is resolved at all 
velocities and its structure changes rapidly with velocity near 
the outer edges of the profile. 

Comparison to the maps of de Vegt et al. shows that there 
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FIG. 6.—Angular distance of the map peaks from the adopted radio position of IK Tau as a function of the radial velocity. The broken curve indicates a 
least-squares fit of eq. (1). The error bar indicates the positional uncertainty of individual components. 
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Fig. 8—Absolute positions of the 1667 MHz emission components of U Her relative to the adopted radio position (cross). The optical position “ x ” is corrected 
for proper motion to the epoch of the radio data. Filled and empty circles respectively denote low- and high-velocity emission relative to V0. The diagonal line 
indicates the sense of the velocity discontinuity. 

are significant differences in the structure at a given velocity. At 
V = 40.6 km s-1 their map shows a complex distribution cen- 
tered near the map origin with emission at all position angles, 
whereas our map shows a complex distribution located pri- 
marily south and east of the origin. At the most extreme high 
velocity of 54.8 km s- \ our data show two unresolved knots of 
comparable intensity at a position angle of about —20° with 
each knot located at least 0"5 from the map origin, whereas 
their map indicates a strong component at the map origin and 
a weak extension of emission northward at a position angle of 
about +20°. At intermediate velocities the two sets of maps 

agree reasonably well, if we allow for our better signal-to-noise 
ratio and dynamic range. The differences between the two data 
sets may be caused by intrinsic changes as a function of time 
(epoch 1980.9 vs. 1985.1), by different velocity resolutions 
(1.1 km s~1 vs. 0.3 km s_ 1), or perhaps a combination of both. 

The absolute positions of the map peaks in Figure 11 are 
summarized in Figure 12a for the low-velocity features and 
Figure 12b for the high-velocity features. The “x” and the 
cross, respectively, denote the optical and H20 maser positions 
given by de Vegt et al (1987). The empty triangle denotes the 
OH position derived by Bowers, Johnston, and Spencer (1983) 
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Fig. 9.—Angular distance of the emission components from our adopted radio position of U Her as a function of the radial velocity. The curve indicates a 
least-squares fit of eq. (1), and the error bar indicates the positional uncertainty of individual components. 

Fig. 10.—Spectral-line profile of the 1612 MHz emission from R Aql 

based on positional coincidence of peak spectral features at 
41.8 and 53.7 km s-1 in the maps of de Vegt et al, and the 
filled triangle represents the mean position of these same fea- 
tures derived from the present data. At velocities where multi- 
ple peaks are evident in the maps and in the clean components, 
the positions of all the peaks are plotted. 

It is difficult to derive an accurate OH position for this star, 
because the emission distributions are resolved and complex at 
the outer peaks and extrema in the profile. This difficulty is 
illustrated by the different positions of the filled and empty 
triangles in Figure 12. Regardless of possible temporal 

changes, the accuracy of the OH position can be relatively 
poor in complex cases, because of limitations imposed by the 
spatial and velocity resolutions, the spectral sensitivity, and 
asymmetries in the emission distributions. 

Figure 12 shows that the position derived from the H20 
masers is in reasonably good agreement with the optical posi- 
tion; the offset of ~0"2 between the two is typical of the 
observed differences between the radio and optical reference 
frames. The distribution of H20 masers is also complex, but 
they occur closer to the star and thus are distributed over a 
smaller angular extent. We therefore adopt the H20 position 
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Fig. 12.—(a) Absolute positions of the low-velocity {V < V0) map peaks of R Aql relative to the origin in Fig. 11. The “ x ” indicates the optical position, the cross 
indicates the position of the H20 maser emission (de Vegt et al 1987), the empty triangle indicates the OH position given by Bowers, Johnston, and Spencer (1983), 
and the filled triangle indicates the present mean position of OH features at the same velocities. All positions are corrected for proper motion to epoch 1985.11. 
Radial velocities are appropriately indicated. (6) Same as (a), for the high-velocity (V > V0) map peaks. 

as the stellar position (in the radio reference frame). The error 
associated with this position is about ±0"15 and is determined 
from the size of the H20 maser region (de Vegt et al 1987). 

Relative to this position, the strongest low-velocity map 
peaks are distributed primarily between positioh angles of 90° 
and 270°. At velocities closest to V0, both the low- and high- 
velocity emission show elongated structures oriented northeast 
by southwest. Figure 11 shows that the strong, resolved, peak 
spectral feature at 54.0 km s-1 (P3) is centered near the 
adopted stellar position, based on the geometric centroid at the 
lowest contour level. 

In Figure 13 we plot the angular radius as a function of 
radial velocity for the map components relative to the adopted 
stellar position. The angular radius increases from 42.0 to 44.0 
km s-1 and from 54.0 to 52.6 km s-1, indicative of radial 
expansion, but there are maser components more than 1" from 
the star at the extreme low and high velocities in the profile. 
For example, at the extreme high-velocity end of the profile 
(V > 54.5 km s_ x), the emission distribution consists of double 
components at ~0'.'7 and 1'.'3 from our adopted location for 
the star. 

In the context of the standard model, the parabolic curves in 
Figure 13 define inner and outer radii between which the maser 
emission can originate. To produce these curves we have used 
equation (1) with V0 = 47.4 km s-1 and Ve = 8.9 km s-1. The 
value of V0 is the mean velocity of the OH emission (from Fig. 
10) and is midway between the values of V0 = 48.7 km s_ 1 and 
V0 = 46.3 km s_1, respectively, determined by Dickinson et al 
(1978) and by Nyman and Oloffson (1985) from the (v = 0, 

J = 2-1) SiO transition. The value of Ve is taken from the SiO 
measurement by Nyman and Oloffson and is slightly larger 
than the values of 7.4 km s -1 (from the OH profile) and 7.7 km 
s“1 (from Dickinson et al). It is evident that this model does 
not easily explain the complex structure at the extreme velo- 
cities. 

v) RR Aql 
The profile at 1612 MHz is shown in Figure 14 and exhibits 

four major emission peaks labeled P1-P4 at velocities of 21.2, 
22.9, 32.5, and 34.0 km s_1, respectively. Maps were made of 
detectable features between 20.6 and 24.3 km s-1 and between 
31.7 and 34.8 km s-1, and selected maps are shown in Figure 
15. The emission is unresolved at the lowest (V < 24 km s-1) 
and highest (V > 33.5 km s-1) velocities. At intermediate velo- 
cities (24.0-24.3 km s-1 and 31.7-33.4 km s-1) the emission is 
slightly resolved and the size of the emission region tends to 
increase as the velocity approaches the midpoint of the profile 
in Figure 14. The extreme low- and high-velocity features (20.6 
and 34.8 km s_ x) are offset by O'.T in declination, and we adopt 
their mean position as the radio position of the star. The origin 
of the maps in Figure 15 is located at this position. 

The absolute positions of the emission components are sum- 
marized in Figure 16. At F = 24.3, 31.7, 32.0, 32.8, and 33.1 km 
s-1, the maps in Figure 15 (and the clean components) suggest 
at least two map peaks at each velocity, and we have plotted 
both positions. The cross at the map origin designates our 
inferred OH position of the star, and the “x” designates the 
optical position. The triangle denotes the H20 position given 
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Fig. 13.—Angular distance of the 1612 MHz OH components from our adopted radio position of R Aql as a function of the radial velocity. The curves indicate 
inner and outer radii between which the emission is located (see text), and the error bar indicates the positional uncertainty of individual components. 

VLSR(km ^ 

Fig. 14.—Spectral-line profile of the 1612 MHz emission from RR Aql 

by de Vegt et al. (1987), derived from the centroid of the H20 
distribution determined by Johnston, Spencer, and Bowers 
(1985); it agrees to within 0"02 with our OH position. 

Our inferred radio position differs by only 0"05 from the 
mean position of the outermost peak spectral features (PI and 
P4) which are unresolved and positionally coincident to within 
our errors. The two OH positions given by de Vegt et al. differ 
significantly but are derived from the positions of P2 and of the 
mean of P2 and P3. Our OH position differs by ~0"4 in 
declination from the OH position given by Bowers, Johnston, 
and Spencer (1983). They estimated their error in absolute 
position to be about ±0"3; the slightly larger offset of0'.'4 may 

be caused by ionospheric effects for their observations of 
this star. Unlike the case of R Aql, we think that temporal 
changes or different velocity resolutions are not as likely to 
explain this discrepancy because of the simple structure of the 
outermost spectral features. 

Relative to the radio position of the star, Figures 15 and 16 
show that the high-velocity (F > 30 km s-1) components are 
located at all position angles, although the strongest com- 
ponents are southwestward of the star at an angular distance 
of ~0"5. The low-velocity components (F < 25 km s-1) 
appear to be clustered closer to the star with the majority of 
them also located southwestward. The angular distance from 
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! the stellar position is plotted as a function of velocity in Figure 
^ 17, and it is evident that the radii of the near and far sides of the 
< maser region are significantly different. A least-squares fit of 
œ equation (1) to all the data yields Jq = 27.8 ± 0.1 km s-1 and 
^ J^, = 6.8 ± 0.2 km s~1. Subsequent fits of equation (1) (with V0 

and Ve set to constants) give values of 0S = O'.'SO + 0'.'02 and 
6S = 0"59±0'.'04 for the radii of the near and far sides of the 
maser region; these fits are indicated by the solid curves in 
Figure 17. In comparison, Diamond et al (1985) found an 
average angular radius of 0"5 from MERLIN observations. 
The poorer quality of the fit for the high-velocity emission 
suggests either a significant distortion from constant radial 
expansion or a considerably thicker maser region on the far 
side of the envelope. 

IV. STRUCTURE OF THE MASER REGIONS 

The available data now provide the following constraints on 
a model of the OH maser regions (and envelope structures) of 
oxygen-rich red giants. 

1. At small radii (R < 50 AU), there is an angular separation 
between emission at V < V0 and emission at V > V0. This 
effect is seen for the two cases which thus far have been 
mapped—U Ori and U Her—and we consider it to be a funda- 
mental indication of axisymmetric structure in the maser 
regions. The emission is not strongly confined to a plane, 
however, since partial ringlike structures are seen for U Ori. 
The 6(V) relationships provide definite evidence for radial 
expansion in these small shells, but the profiles show complex, 
multiply peaked structures which are not expected from the 
standard model. 

2. At intermediate radii (100 < R < 500 AU), there also are 
indications of axisymmetric structure, particularly at velocities 
closest to the stellar velocity. Specifically, emission at these 
velocities tends to be located along an axis on the sky which 
passes through the stellar position. The velocity-integrated 
emission distribution may show gas at all position angles rela- 
tive to the star, but it tends to be elongated along the same axis. 

At the extreme low and high OH velocities, the map features 
may be complex and displaced from the stellar position, yield- 
ing nonzero values of 9 in contradiction to the prediction of the 

standard model. At other velocities, multiple values of 9 may 
occur at a given V. Profiles typically show multiply peaked 
structures concentrated in two velocity ranges. 

3. At large radii (R > 500 AU) characteristic of OH/IR 
stars, the emission is distributed in clumpy, approximately cir- 
cular rings centered on the star without clear indications of 
axisymmetric structures. The size of the rings usually increases 
as F -► F0, in accordance with equation (1), but complex emis- 
sion structures at the extreme low or high velocities are some- 
times present, resulting in nonzero values of 9 at these 
velocities. Statistically, the profile shapes approach that which 
is expected in the standard model (see Johansson et al 1977). 
Examples of the map distributions for a number of these stars 
are given by Bowers, Johnston, and Spencer (1983), Herman et 
al (1985), and Welty, Fix, and Mutel (1987). 

These constraints suggest a model in which an axisymmetric 
configuration of the OH is evident at small shell radii but the 
configuration tends toward a spherical distribution at large 
radii with radial expansion at a constant velocity. We present 
such a model in § IVh. Before doing so, we consider in more 
detail the velocity structure at small distances from the star 
(§ IVa). In particular, we examine whether significant acceler- 
ation, rotation, or velocity fluctuations are present in the inner 
envelope, since this is of importance for determining the 
uniqueness of the model. 

a) Velocity Structure 
i) Acceleration 

The standard model predicts little radial acceleration at 
R > 1016 cm (e.g., Goldreich and Scoville 1976). At smaller 
radii significant acceleration has been suggested by several 
authors. Perhaps the most direct evidence is given by 
Chapman and Cohen (1986), who measured the radii and 
outflow velocities of SiO, H20, and OH masers for the super- 
giant VX Sgr. They find e « 1 at R « 50 AU, e « 0.5 at 200 
AU, and e « 0.2 at 1300 AU, where e = (d\nv)/(d\nr). Argu- 
ments for acceleration at R < 1015 cm also have been made by 
Bujarrabal et al (1986) to account for narrow line shapes of 
thermal SiO profiles of Mira variables and by Nguyen-Q-Rieu 

Fig. 17.—Angular distance of the 1612 MHz map peaks from our adopted radio position for RR Aql as a function of the radial velocity. The curves indicate 
separate least-squares fits to the low- or high-velocity data. The error bar indicates the positional uncertainty of individual components. 
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Fig. 18.—Largest velocity ranges observed for OH, H20, SiO, and CO, and estimated radii (AU) of the corresponding shells. Parenthetic values under the star 
names are the adopted stellar radial velocities V0. References are as follows: (1) Morris et al. 1979. (2) This paper. (3) Engels, Schmid-Burgk, and Walmsley 1988. (4) 
Jewell et al. 1987. (5) Bujarrabal et al. 1986. (6) Zuckerman and Dyck 1986. (7) Johnston, Spencer, and Bowers 1985. (8) Snyder and Buhl 1975. (9) Wannier and Sahai 
1986. (10) Nyman and Olofsson 1985. (11) Nyman and Olofsson 1986. (12) Knapp and Morris 1985. (13) Nguyen-Q-Rieu et al. 1988. (14) Diamond et al. 1987. (15) 
Kaifu, Buhl, and Snyder 1975. (16) Spencer et al. 1981. 

et al. (1979) to account for maser emission at velocities outside 
the range defined by the doubly peaked emission structures. 

To investigate the possibility of significant acceleration in 
the OH maser regions, we summarize in Figure 18 the avail- 
able molecular line data pertinent to the velocity structure of 
the envelopes. For each transition we plot the minimum and 
maximum velocities relative to V0 thus far published in the 
literature. We find that values of V0 determined from OH agree 
to within the observational errors (2 km s-1) with those deter- 
mined from high-quality, thermal SiO or CO profiles. For one 
case (S Per) the difiference is larger (5 km s~ ^ but Morris et al 
(1979) indicate that the SiO detection is at the 2 a level. We 
have not plotted their data on Figure 18. Our best estimate of 
V0 is listed under the star’s name and is based on all three of 
these species; we estimate the accuracy to be about ±1 km 
s-1. 

For each star the velocity ranges are plotted from bottom to 
top in approximate order of increasing radius of the emission 
region. The numbers to the immediate left of the velocity 
ranges indicate observational (H20 and OH) or theoretical 
(CO) estimates of the radii. For H20 we compute R from 
one-half the angular size given in Table 5. For CO we compute 
R to be the photodissociation radius, using the model of 

Mamón, Glassgold, and Huggins (1988) and the values of M 
and Ve in Table 4. The Mira stars have been arranged in order 
of increasing mass loss rate (from top to bottom). This is also 
the order of increasing expansion velocity (as measured from 
the thermal lines) and of increasing H20, OH, and CO shell 
radii. 

It is well known that H20 and (v = 1) SiO maser emission is 
highly variable with time. However, there are now numerous 
observations of this emission at different epochs, increasing the 
probability that the lowest and highest velocities have been 
sampled and that comparison to other species is meaningful. 
This is supported in a few cases by approximate symmetry of 
the velocity ranges relative to the values of V0 inferred from 
OH and the thermal lines. 

Figure 18 shows several interesting results: 
1. The values of Ve indicated by high-quality CO and 

thermal SiO profiles agree to within 2 km s “1 for the three 
stars where both lines have been detected, suggesting that the 
emission from both these species is distributed into regions 
where the velocity field is similar and probably is almost 
entirely constant radial expansion. 

2. The velocity range of OH is less than those of the thermal 
lines in all cases, suggesting a net radial acceleration in the 
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TABLE 6 
^0 a 
(T) 00 (T) 

Derived Velocity Gradients 

(H20 - OH) (OH - CO) 

Star Radius (AU) e Radius (AU) e 

U Her   20-35 -0.77 
RRAql ...... 26-144 - 0.11 144-1400 0.00 
RAql  33-300 +0.06 300-3500 +0.09 
IKTau   54—445 +0.04 445-10200 +0.07 
SPer   140-115 -0.96a 

a Inferred radii of H20 and OH regions are equal to within the respec- 
tive errors. 

outer envelope. We summarize in Table 6 the values of € 
derived among the H20, OH, and CO regions. In no case do 
the data indicate values larger than 0.1 in the OH shells of 
Mira variables. Such a small value of 6 has little effect on the 
OH profile shapes or angular distributions. 

3. The H20 masers occur at velocities outside the range of 
the thermal SiO and CO for U Her and RR Aql. This may 
suggest significant turbulent motions or rotation in the smaller 
H20 shells or different geometric distributions (§ IVh). 

4. The SiO masers occur at velocities comparable to or less 
than the H20 masers. Since the SiO masers are yet closer to 
the star where thermal or turbulent motions are expected to be 
greater, this result suggests that the radial expansion may be 
initiated at radii between the likely location of the SiO masers 
and the H20 masers, consistent with the formation of dust 
between these two maser regions (Dyck et al. 1984). Again, 
different geometric distributions can complicate the interpreta- 
tion. 

ii) Rotation 
In view of the axisymmetric geometries indicated by the 

data, it is important to examine the possible role of rotation. 
Significant rotation is not expected at large distances from the 
star (e.g., Wilson, Barrett, and Moran 1970), but it has been 

suggested as a means to account for profile shapes of SiO 
maser emission for some stars (Van Blerkom and Auer 1976; 
Van Blerkom 1978; Zhou Zhen-pu and Kaifu 1984). We there- 
fore consider a velocity field consisting of both radial expan- 
sion and Keplerian rotation. 

The velocity field is illustrated in Figure 19. We assume that 
the OH is uniformly distributed in an annular region whose 
plane is edge-on to the line of sight. The radial component Trad 
and the tangential component Vian have equal velocities of 
7.07 km s_ 1 at the inner shell radius Ri (i.e., J^otal is 10 km s'"1). 
Vrad is constant at all radii and J^an oc R~° 5, although the value 
of the exponent is of little importance for thin shells. We adopt 
R0/Ri = 2 (Table 4). The contours indicate the line-of-sight 
radial velocity F as viewed from the Earth when the stellar 
velocity is 0 km s_1. Amplification occurs along the line of 
sight only so long as |F± AF| < 1^/2, where VD is the 
Doppler width. The resulting 9(V) relationship is shown in 
Figure 20, where 0max is the maximum possible angular shell 
radius and 6 is the predicted angular radius of the maximum 
velocity-coherent path-length at a given F. We take VD = 2.0 
km s -1 to compute these curves, implying T « 1000 K. Differ- 
ent values of VD produce changes near the extreme velocities 
which are small and not significant for the present discussion. 
To facilitate comparison of Figures 19 and 20, we indicate with 
the solid curve those values of 6 for which the velocity- 
coherent path length is longer. We have computed model 
angular distributions, 0(F) relationships, and profile shapes for 
a wide range of input parameters. The model in Figures 19 and 
20 is adequate to illustrate the salient characteristics expected 
in the data. 

Figure 20 shows that the 0(F) relationship is double-valued 
and has a complex shape with nonzero values at the extreme 
low and high velocities. These effects are also easily seen in 
Figure 19. If J^an = 0, the curves in Figure 20 degenerate into 
the parabolic relationship of equation (1). As VtaJVrad increases, 
the separation of the maxima increases and the separation of 
the zero points decreases. Thus, depending on the ratio 
VtaJVrad, a wide range of angular distributions [and 0(F) 

Fig. 19.—Model of the velocity field for an edge-on disk in the case where the radial and tangential components have equal values of 7.07 km s_1 at the inner 
radius of the annulus. The dashed and solid contours indicate the line-of-sight radial velocities relative to the stellar velocity. OH is assumed to be uniformly 
distributed in the annular region of thickness R0/Ri = 2. 
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Fig. 20. 0(V) relationship for the model in Fig. 19, where the angular radius 9 is normalized to the maximum possible shell radius. The solid curve indicates 
those values of 9 for which the velocity-coherent path length is longer. 

relationships] is possible. Further complications are intro- 
duced at high latitudes from the plane of rotation where the 
velocity field will tend toward constant radial expansion. 

Is there evidence for rotation in the OH shells? For U Ori, 
Bowers and Johnston (1988) place an upper limit of -3 km 
s_1 on any line-of-sight rotation, giving VtJVT!ld < 40% in 
their model. That limit was obtained by comparing curves such 
as those in Figure 20 to the data and allowing for the observa- 
tional errors. For U Her, the errors are larger in relation to the 
shell size 0S, but comparison of Figure 20 to Figure 9 clearly 
indicates that Vtan < VTad. The upper limit to any line-of-sight 
rotation is -4 km s“1 (^an/Kad ^ 70%) if the OH is uniformly 
distributed throughout the annulus. Thus there is no evidence 
that rotation dominates the motion in the smallest shells. 

For IK Tau and R Aql, the nonzero values of 0(V) at the 
extreme low and high velocities might suggest a model with 
Kan > Kad- We think this unlikely, though, since we expect less 
evidence for rotation in these larger shells. The map structures 
also are difficult to explain with this model. For example, if the 
plane of rotation for R Aql is oriented NE-S W, as suggested by 
the maps at 44 and 53 km s-1 in Figure 11, it is difficult to 
explain the emission southward of the star at the extreme low 
(40.1-41.2 km s'1) and high (54.0-54.8 km s'1) velocities 
where we expect the emission to lie in the plane. Alternatively, 
if the plane is oriented NW-SE, it is difficult to understand the 
complex structure at 54.8 km s“1 which is not predicted by a 
rotational model. 

We cannot unequivocally rule out the possibility of a rota- 
tional component in some of the envelopes, but the data 
appear to indicate that rotation is not a primary kinematic 
component in the OH shells of Mira variables. 

iii) Velocity Fluctuations 
Random velocity fluctuations (or streaming motions) can 

account for some complexities in profile shapes and angular 
distributions (Deguchi 1982). Values of ~2 km s"1 or less 
(comparable to the sound speed) have been estimated for 
OH/IR stars (Bowers, Johnston, and Spencer 1983; Diamond 
et al 1985). For values of this magnitude, the velocity fluctua- 
tion model predicts that extreme velocity features have only 
small angular displacements (6/6, < 10%) from the stellar posi- 
tion. The values of 6/6s for IK Tau (Fig. 6) and R Aql (Fig. 13) 

are much larger than this and also larger than those for U Her 
(Fig. 9) and RR Aql (Fig. 17). Thus this model would require 
larger motions in larger shells, contrary to previous results and 
to theoretical constraints. It is likely that velocity fluctuations 
are present in the envelopes, but they introduce a randomness 
onto predicted relationships and cannot be used to explain 
systematic effects such as axisymmetric structures. 

b) Spatial Structure 
In § I Va we conclude that the influences of radial acceler- 

ation, rotation, or random velocity fluctuations are not ade- 
quate to explain the effects seen in the data in a self-consistent 
manner and that the primary kinematic component must be 
radial expansion at a nearly constant velocity, even at radii as 
small as 50 AU. We now consider an axisymmetric (ellipsoidal) 
distribution of the material. This type of geometry previously 
has been considered by Jura (1983) in an effort to understand 
its effects on estimates of the mass-loss rates of objects with 
bipolar outflows. Here we examine its effects as they pertain to 
the observed angular distributions and profile structures of the 
maser emission. For simplicity (and brevity) we discuss the case 
where the outflow velocity has a constant value of 10 km s'1 in 
all directions, although we note that more complicated veloc- 
ity fields in which the outflow velocity varies with latitude from 
the equatorial plane are not ruled out by the constraints estab- 
lished in § IVa. 

The model is shown in Figure 21 for the case where the 
equatorial plane is inclined to the line of sight by 45°. Mass loss 
occurs in all directions relative to the star with a total density 
distribution which decreases as the latitude | À | from the equa- 
torial plane increases. The OH is produced primarily by 
photodissociation of H20 due to ambient ultraviolet radiation 
(Goldreich and Scoville 1976; Huggins and Glassgold 1982; 
Netzer and Knapp 1987), and the maser emission (if present) is 
confined between the indicated annuli, with a smaller radius 
along the polar axis4 because there is less attenuation of UV 
radiation in this direction (Jura 1983). We assume that the 
radial thickness between the annuli is approximately constant 
in all directions (R0/Ri æ 2 along the polar axis), and, for the 

4 The term “ polar axis ” is here defined relative to the equatorial plane and 
differs from the usage of Bowers and Johnston (1988). 
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Fig. 21.—Proposed model for the structure of circumstellar OH shells. The envelope structure is a radially expanding ellipsoid whose equatorial plane is inclined 
to the line of sight by the angle i. The OH (if present) is confined between the indicated annuli. The outflow velocity is assumed to be 10 km s_1 in all directions, and 
the lines connecting the inner and outer radii of the annular region indicate the line-of-sight radial velocities relative to the stellar velocity. A large ellipticity 
(e = 0.866) is assumed for the purpose of illustration. 

purpose of illustration, we assume a large ellipticity of 
e = 0.866 (Rp0i/Req = 0.5 as measured from the outer radii). 
The contour lines in the figure indicate the radial velocities 
observed from the Earth. 

The observed angular distribution depends on the degree of 
saturation of the emission and on the spatial uniformity of the 
OH. If the pump rate and OH density are constant at all 
latitudes, the output flux density S is proportional to the line- 
of-sight, velocity-coherent path length L for saturated emission 
(S oc eL for unsaturated emission), so stronger emission will 
tend to be located in regions where L is larger. If the emission is 
unsaturated, Figure 21 indicates that we will see an angular 
separation of low- and high-velocity features on the plane of 
the sky, lying along the projected polar axis. If the emission is 
fully saturated, we will see an asymmetric ring structure at a 
given velocity with a nonuniform brightness distribution, as is 
frequently the case for OH/IR stars. Thus the tendency for 
axisymmetric structure to be more evident in the small OH 

shells of stars with low mass-loss rates (e.g., U Ori and U Her) 
can be explained, in part, by a smaller degree of saturation for 
the emission. 

Spatial nonuniformity of the OH in the smaller envelopes 
may also contribute to this effect. If the mass distribution is 
anisotropic, there is a latitudinal dependence of the attenu- 
ation of the UV radiation, so the OH may be more abundant 
at the higher latitudes. For a given mass-loss rate, the OH 
would then become more uniformly distributed in larger 
(rarefied) envelopes where the UV radiation can effectively 
photodissociate the H20 molecules at all latitudes. Thus the 
observed OH distribution in smaller shells will again tend to lie 
along the projected polar axis, whereas it will be present at all 
position angles in larger shells. 

If the H20 masers are collisionally pumped and originate 
from the denser portions of the envelope (Cooke and Elitzur 
1985), then the strongest H20 masers should be located in the 
equatorial plane. For cases where axisymmetric structure is 

Fig. 22.—0{V) relationship at three position angles on the sky for the configuration shown in Fig. 21. The dashed curve gives the relationship for OH located in 
the equatorial plane (perpendicular to the plane of the figure), and the solid curves indicate the relationships for OH emission which arises along the projected polar 
axis (i.e., in the plane of the figure). 
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seen in both the OH and H20 distributions, we therefore 
^ expect the OH distribution to be oriented parallel to that of the 
ë H20 masers at the extreme low and high radial velocities of the 
S H20 masers (e.g., IK Tau) and perpendicular to that of the 
2 H20 masers at intermediate velocities (Table 5). At most incli- 

nations, strong confinement of the H20 masers to the plane 
also will result in a velocity range which is comparable to or 
less than that of the OH masers, as is generally observed to be 
the case (Engels, Schmid-Burgk, and Walmsley 1988). Excep- 
tions may occur if the inclination is small and the OH is dis- 
tributed only at high latitudes. 

In Figure 22 we plot the 9(V) relationship derived from 
Figure 21, where 0 is normalized to the maximum possible 
angular radius of the OH distribution and where we again 
assume a Doppler width of 2.0 km s_1. The dashed curve 
indicates the relationship for OH in the tilted equatorial plane, 
and the solid curves show the relation for emission located at 
121 > 0°. It is evident that this relationship can be complex at 
intermediate inclinations. The solid curves closely resemble the 
curves for a rotating, expanding disk (Fig. 20). Figure 22 
demonstrates how the angular radius 0 at a given velocity 
depends on the position angle on the sky, giving the appear- 
ance of multiple shells in this type of plot. Inspection of Figures 
21 and 22 also indicates that the angular distribution can be 
complex near the most extreme radial velocities, with a 
nonzero value of 6. This result applies even though we have 
assumed no random velocity fluctuations (§ IVa[iii]) or density 
clumping (e.g., Alcock and Ross 1986). The observed distribu- 
tion at these velocities is a sensitive function of the assumed 
velocity field and the Doppler width. 

In Figure 23 we show the spectral line profiles for three 
inclinations of the equatorial plane. The profiles have been 
calculated as follows (also see Bowers and Johnston 1988). The 
relative number of photons at velocity V ± FD/2 along a given 
line of sight defined by impact parameter p is 

Nvp = W(L -fLmJ , 

where IF is a weighting constant at velocity V, Lmax is the 
maximum velocity-coherent path length at any velocity, and 
Æmax represents a threshold value of the OH column density 
below which there is no maser gain (e.g., Sun and Kwok 1987) 
and above which it is assumed that the emission is fully satu- 
rated. The line profile is then found by summation over all lines 
of sight through the shell : viz, 

Nv = XpNyp . 

A wide variety of profile shapes is possible, depending on the 
ellipticity, the inclination, the degrees of spatial uniformity and 
saturation of the OH emission, and the assumed velocity field. 
For the profiles in Figure 23, IF = 1 at all velocities and 
/= 0.65. The profile shape is computed only for the two- 
dimensional OH distribution (in the plane of the paper; see 
Fig. 21). 

Figure 23 shows that the profile is predominantly doubly 
peaked for all inclinations if the OH is uniformly distributed 
throughout the annular region. However, if / is not 0° and if e 
and/are suitably large, secondary inner peaks are produced 
from gas in the tilted equatorial plane because the ellipticity of 
the distribution promotes relatively large values of L at these 
velocities (Fig. 21). Such peaks are commonly seen in OH pro- 
files, U Her being a notable example (Fig. 7). As the inclination 

Fig. 23.—Calculated profiles for three inclinations of the ellipsoid in the 
case where the minimum allowed value of the velocity-coherent pathlength at a 
given velocity is 0.65 times the maximum value at any velocity. 

increases, the velocity separation of the inner peaks decreases. 
Thus at i — 90°, a central peak is present at the stellar velocity, 
yielding a triply peaked profile. Single-peaked profiles (with the 
peak at F = F0) also are possible if the OH is preferentially 
distributed at high latitudes and i æ 0°. Examples of singly and 
triply peaked profiles can be found in the paper by Ukita and 
LeSqueren (1984). 

In summary, the assumption of a radially expanding, ellip- 
soidal envelope structure provides a relatively simple way to 
explain numerous complexities seen in the angular distribu- 
tions and profiles of circumstellar OH masers. Unfortunately, 
the ellipsoidal model also introduces a number of variables 
which are not well determined by the present data. Our com- 
puter experiments indicate that the latitudinal variation of the 
outflow velocity is particularly important for relating the 
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angular and spatial distributions of the maser emission, and 
^ further theoretical and observational efforts are needed to 
§ provide better constraints on this parameter. (T) 00 O'* ï—I 

V. GEOMETRY AND NATURE OF THE MASS-LOSS PROCESS 

Of the six stars discussed in this paper, all but RR Aql 
provide evidence of axisymmetric structure in their envelopes, 
suggesting that this structure is common for red giant stars. 
The commonality is supported by recent studies of the mor- 
phologies of planetary nebulae. Zuckerman and Aller (1986) 
find that ~50% of planetary nebulae have bipolar structure 
and an additional 30% have elliptical structure. Other authors 
(Kahn and West 1985; Balick 1987) conclude that the mor- 
phologies of the nebulae are consistent with their formation by 
interacting winds (see Kwok, Purton, and Fitzgerald 1978; 
Kwok 1987), provided that the red giant envelopes of aspheri- 
cal planetary nebulae are expelled with a lower density along 
their poles than along their equators. It appears, therefore, that 
spherical outflow from red giant stars may well be the excep- 
tion rather than the rule. 

Previous efforts to understand the gross structure of red 
giant envelopes have been hindered by the perplexing tendency 
for axisymmetric structure to be seen on small scales but not 
on large scales (Morris 1987; Dyck 1987). The results of this 
paper show that this tendency is also seen from the OH maser 
observations of optical Miras and OH/IR stars. Axisymmetric 
structure at large radii (>1016 cm) generally appears to be 
more evident among OH supergiants (§ I), suggesting that the 
circumstellar material for these stars is perhaps more strongly 
confined to a plane than is the case for red giants. We note that 
Zuckerman and Gatley (1988) find a trend for bipolar planet- 
ary nebulae to be associated with more massive progenitors, 
suggesting that the degree of axisymmetry may be related to 
the stellar mass (or gravity ; see below). 

The most likely explanation for axisymmetric geometries in 
the majority of late-type stars appears to be the influence of 
magnetic fields on the outflow. Rotation does not appear to 
dominate the velocity field in the inner envelopes (§ TV a), and 
the stars discussed in this paper are not known to be binaries, 
although close binaries may account for some axisymmetric 
envelopes such as that of OH 231.8 + 4.2 (see Morris 1987). 
There is, however, evidence for strong magnetic fields associ- 
ated with these stars. Barvanis, McIntosh, and Predmore 
(1987) derive field strengths of 10-100 G for several red giant 
and supergiant stars based on observations of SiO masers. 
These values are much larger than the estimated value (0.1 G) 
needed for magnetic energy to dominate the gas motion. Their 
results are consistent with the photospheric field strengths 
inferred from polarized OH masers in circumstellar shells (Reid 
et al 1979; Claussen and Fix 1982; Chapman and Cohen 1986; 
Cohen et al 1987). 

Such large field strengths make models of mass loss driven 
by Alfvén waves extremely relevant. Hartmann and MacGre- 
gor (1980) indicate that this mechanism can produce the mass- 
loss rates and outflow velocities observed for late-type stars if 
the field strength is ~ 10 G, although the mechanism is subject 
to a very narrow range of damping lengths (Holzer, Flà, and 
Leer 1983; Holzer and MacGregor 1985). Nonetheless, Hart- 
mann and MacGregor predict that for a fixed field strength the 
mass-loss rate increases as the stellar gravity decreases, consis- 
tent with results which indicate higher mass-loss rates for OH 

supergiants than for Miras and OH/IR stars (e.g., Bowers 
1981 ; Netzer and Knapp 1987). 

No single mechanism probably can account completely for 
the observed properties of mass loss in cool stars (e.g., Holzer 
and MacGregor 1985; Willson 1987; Morris 1987), but it now 
seems very likely that magnetic fields are important not only 
for determining the geometry of mass loss but also for the role 
they play in initiating the mass-loss process. 

VI. CONCLUSION 
Our observations of optically identified Mira variables indi- 

cate clear evidence for axisymmetric structure of the OH shells 
at distances between ~ 35 and 500 AU from the star. In con- 
trast, observations of red giants with higher mass-loss rates 
(i.e., OH/IR stars) indicate ring structures at radii > 1000 AU, 
indicative of roughly spherical OH distributions. We find no 
strong evidence for radial acceleration (i.e., c < 0.1) or rotation 
(Kan/^ad ^ 0.7), suggesting that the gas is radially expanding at 
a nearly constant velocity even at radii as small as 35 AU. We 
consider the case of a radially expanding, ellipsoidal envelope 
structure in which material is shed off of the star in all direc- 
tions with a total gas (and dust) density which varies with 
latitude from a plane of maximum density. This model can 
explain pronounced axisymmetric structure in small shells, 
asymmetric ring structures in larger shells, complex 6(V) 
relationships, and multiply peaked profile structures, none of 
which is predicted in the standard expanding spherical shell 
model. We suggest that this geometry is common for red giants 
(and supergiants) and is probably the result of the large mag- 
netic field strengths which are known to exist in these stars. 
The higher mass-loss rates of OH supergiant stars may indi- 
cate the importance of Alfvén waves for the initiation of the 
mass-loss process. 

The variables in this model (ellipticity, inclination, degrees of 
spatial nonuniformity and of saturation of the emission, and 
latitudinal dependence of the outflow velocity) along with 
random effects (velocity fluctuations, density clumping) com- 
promise the accuracy to which the stellar position, stellar 
radial velocity, outflow velocity, and shell radius can be 
deduced. We find no method to determine the latter quantities 
from OH emission which is completely reliable for all cases. In 
general, these quantities are best determined by least-squares 
fitting to the 6(V) relationship, but this method requires high- 
quality data over a significant velocity range. Values of posi- 
tion, F0, and Ve derived from the averages of the extreme low- 
and high-velocity features usually show good agreement 
( + 0'.'05; ± 1 km s-1) with the least-squares method if these 
features are unresolved and positionally coincident. Neither 
method is foolproof if there are strong asymmetries in the 
velocity range (e.g., U Ori) or complex angular distributions 
(e.g., R Aql). If the emission distribution is strongly aspherical, 
derived values of the outflow velocity and shell radius also may 
be less than the maximum values in the envelope. 
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