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ABSTRACT

Context. A low- or intermediate-mass star is believed to maintain a spherical shape throughout the evolution from the main sequence
to the asymptotic giant branch (AGB) phase. However, many post-AGB objects and planetary nebulae exhibit non-spherical symme-
try. Several candidates have been suggested as factors that can play a role in this change of morphology, but the problem is still not
well understood. Magnetic fields are one of these possible agents.

Aims. We aim to detect the magnetic field and infer its properties around four AGB stars using H,O maser observations. The sam-
ple we observed consists of the following sources: the semi-regular variable RT Vir, and the Mira variables AP Lyn, IK Tau, and
IRC+60370.

Methods. We observed the 6;c—5,3 H>O maser rotational transition in full-polarization mode to determine its linear and circular
polarization. Based on the Zeeman effect, one can infer the properties of the magnetic field from the maser polarization analysis.
Results. We detected a total of 238 maser features in three of the four observed sources. No masers were found toward AP Lyn.
The observed masers are all located between 2.4 and 53.0 AU from the stars. Linear and circular polarization was found in 18 and
11 maser features, respectively.

Conclusions. We more than doubled the number of AGB stars in which a magnetic field has been detected from H,O maser polar-
ization. Our results confirm the presence of fields around IK Tau, RT Vir, and IRC+60370. The strength of the field along the line of
sight is found to be between 47 and 331 mG in the H,O maser region. Extrapolating this result to the surface of the stars, assuming a
toroidal field (ecr~!), we find magnetic fields of 0.3—6.9 G on the stellar surfaces. If, instead of a toroidal field, we assume a poloidal
field (ccr2), then the extrapolated magnetic field strength on the stellar surfaces are in the range between 2.2 and ~115 G. Finally, if
a dipole field (ocr~?) is assumed, the field strength on the surface of the star is found to be between 15.8 and ~1945 G. The magnetic
energy of our sources is higher than the thermal and kinetic energy in the H,O maser region of this class of objects. This leads us to

conclude that, indeed, magnetic fields probably play an important role in shaping the outflows of evolved stars.

Key words. masers — polarization — magnetic fields — stars: AGB and post-AGB

1. Introduction

Low- and intermediate-mass stars (0.8—8 M) are believed
to maintain their sphericity until the asymptotic giant branch
(AGB) phase. Even though some AGB stars are slightly ellip-
tical (e.g., Reid & Menten 2007; Castro-Carrizo 2010), many
planetary nebulae (PNe) do not present any spherical symmetry.
How an almost-spherical AGB star gives rise to a non-spherical
PN is still an open question. A companion to the star (binary
system or a massive planet), disk interaction, the influence of
magnetic fields, or a combination of these agents are candidates
to explain this phenomenon (Balick & Frank 2002; Frank et al.
2007; Nordhaus et al. 2007, and references therein).
Magnetohydrodynamic (MHD) simulations show that the
magnetic field can be an important agent in shaping post-AGBs
and PNe (e.g., Garcia-Segura et al. 1999, 2005; Garcia-Diaz
et al. 2008; Dennis et al. 2009). Moreover, recent observations

* Table 7 is available in electronic form at http://www.aanda.org
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support the presence of magnetic fields around AGB and post-
AGB stars (e.g., Amiri et al. 2011; Pérez-Sanchez et al. 2011;
Leal-Ferreira et al. 2012; Vlemmings et al. 2012). However,
the sample of low and intermediate mass evolved stars around
which magnetic fields have been measured is still small. So
far, detections of magnetic field from H,O maser polariza-
tion were reported around two AGB stars only; U Her and
U Ori (Vlemmings et al. 2002, 2005). Also, the morphology
and strength of the magnetic field as a function of radial dis-
tance throughout the circumstellar envelope is still unclear.
Observations of different magnetic field tracers are needed to
constrain the field dependence on the radial distance from the
star and, therefore, improve future MHD simulations.

Different maser species can provide information about differ-
ent regions around these objects. While SiO masers are expected
to be found within the extended atmosphere of the star (between
the photosphere and the dust formation zone), OH masers are
detected much further out (~65-650 AU). The H,O masers emit
at an intermediate distance to the star, between the SiO and
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Table 1. Low- and high-resolution correlation passes.

Label  Ngpans BW AV PolMode
(MHz) (kms™)

Low 128 1.0 0.104 Full (LL,RR,LR,RL)

High 512 1.0 0.026 Dual (RR,LL)

Notes. Correlation parameters for the low- and high-resolution corre-
lation passes. Description of Cols. 1 to 5: The label of the observed
data — low- (Low) and high- (High) resolution — (Label), the number of
channels (N¢pans), the bandwidth (BW), the channel width (Av), and the
polarization mode (PolMode).

OH maser regions. The distance of the H,O masers from the
star is expected to lie within a few to less than a hundred AU
(e.g., Cohen 1987; Bowers et al. 1989; Elitzur 1992).

The present work aims to enlarge the number of mag-
netic field detections around low- and intermediate-mass evolved
stars. We imaged five sources of this class using very-long-
baseline interferometry (VLBI), in full-polarization mode, with
the goal of detecting H,O masers around them. As a result of
Zeeman splitting (Zeeman 1897), we can measure the mag-
netic field signature on maser lines by investigating the polarized
emission of the masers (e.g., Vlemmings et al. 2001, 2006).

Our sample is composed of the pre-PN OH231.8+4.2,
the semi-regular variable RT Vir, and the Mira variables
AP Lyn, IK Tau, and IRC+60370. We presented the results of
OH231.8+4.2 in Leal-Ferreira et al. (2012). The analysis of
the four remaining sources is presented in the present paper.
Single-dish SiO maser observations in full-polarization mode
have been previously reported by Herpin et al. (2006) for RT Vir,
AP Lyn, and IK Tau. Their results show a magnetic field of
O < B”[G] < 56 in RT Vir, 09 < B”[G] < 56 in AP Lyn,
and 1.9 < By[G] < 6.0 in IK Tau. The AGB star RT Vir also
shows strong circular polarization in single dish OH maser ob-
servations, indicating a strong global magnetic field (Szymczak
et al. 2001). We did not find any literature reports concerning the
magnetic field for IRC+60370 in the SiO maser region, nor for
AP Lyn, IK Tau, and IRC+60370 in the OH maser region.

This paper is structured as follows: in Sect. 2, we describe
the observations, data reduction, and calibration; in Sect. 3, we
present the results; in Sect. 4, we discuss the results and, in
Sect. 5, we conclude the analysis.

2. Observations and data reduction

We used the NRAO' Very Long Baseline Array (VLBA) to ob-
serve the H,O 6; ¢—5, 3 rotational maser transition at a rest fre-
quency toward 22.235081 GHz of the stars in our sample. In
each observing run, we used two baseband filters and performed
separate lower (Low) and higher (High) resolution correlation
passes. The first was performed in full-polarization mode and
the second in dual-polarization mode. We show the characteris-
tics of the Low and High correlation passes in Table 1 and the
individual observation details of each source in Table 2.

We observed different calibrators for each target. Each cal-
ibrator was observed during the same run as its correspond-
ing target. For the calibration of RT Vir, we used 3C 84 (band-
pass, delay, polarization leakage, and amplitude). To calibrate
IK Tau, we used J0238+16 (bandpass, delay, and amplitude)

! The National Radio Astronomy Observatory (NRAO) is a facility of
the National Science Foundation operated under cooperative agreement
by Associated Universities, Inc.
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and 3C 84 (polarization leakage). To calibrate IRC+60370, we
used BLLAC (bandpass, delay, polarization leakage, polariza-
tion absolute angle, and amplitude). Unfortunately, no good ab-
solute polarization angle calibrator were available for RT Vir and
IK Tau, making it impossible to determine the absolute direc-
tion of the linear polarization vectors (also referred to as elec-
tric vector position angle; EVPA). However, the relative EVPA
angles for individual polarized components within RT Vir are
still correct (no linear polarization was detected for IK Tau).
To determine the absolute EVPA of IRC+60370, we created a
map of BLLAC and compared the direction of the measured
EVPA with that reported in the VLA/VLBA polarization calibra-
tion database®. Our IRC+60370 observation was carried out be-
tween the calibration observations of February 21 and March 19,
2009 in that database, where the polarization angle of BLLAC
changed from 25.7° to 26.0°. We thus adopted a reference angle
of 25.8° to obtain the absolute EVPA.

After an initial analysis of the raw data, we did not detect
any maser emission around AP Lyn and so did not proceed with
further calibration of this data set. For the other three targets,
we used the Astronomical Image Processing Software Package
(AIPS) and followed the data reduction procedure documented
by Kemball et al. (1995) to perform all the necessary calibration
steps. This included using the AIPS task SPCAL to determine
polarization leakage parameters using a strong maser feature.

After the data were properly calibrated, we used the low-
resolution data to create the image cubes for the Stokes param-
eters I, Q, U, and V. The Q and U cubes were used to gener-

ate the linear polarization intensity (P = 4/Q? + U?) cubes and
the EVPA cubes. The noise level measured on the emission-free
channels of the low-resolution data cubes is between ~2 mJy and
~6 mly. The high-resolution data were used to create the data
cubes of the Stokes parameters / and V, from which the circular
polarization could be inferred. The noise level measured from
the emission-free channels of the high-resolution data cubes is
between ~5 mJy and ~11 mlJy.

The detection of the maser spots was done by using the pro-
gram maser finder, as described by Surcis et al. (2011). We de-
fined a maser feature to be successfully detected when maser
spots located at similar spatial positions (within the beam size)
survive the signal-to-noise ratio cutoff we adopted (8¢0) in at
least three consecutive channels. The position of the maser fea-
ture was taken to be the position of the maser spot in the channel
with the peak emission of the feature (see e.g., Richards et al.
2011).

3. Results

We found 85 maser features around IK Tau, 91 toward RT Vir,
and 62 around IRC+60370. The maser identification and prop-
erties are shown in Table 7. In Fig. 1 we show the spatial distri-
bution of the maser components (depicted as circles). The size
of the circles is proportional to the maser flux densities, and they
are colored according to velocity. The black cross indicates the
stellar position determined in Sect. 4.3.

Positive linear polarization detection is reported when suc-
cessfully found in at least two consecutive channels. The lin-
ear polarization percentage (Pr) quoted in Table 7 is the Pp
measured in the brightest channel of the feature. The P, er-
ror is given by the rms of the P spectrum on the feature spa-
tial position, scaled by the intensity peak. The EVPA error was

2 http://www.vla.nrao.edu/astro/calib/polar/2009/
K_band_2009.shtml
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Table 2. Source observation details.

Code Source Class Vie(IF1) Vi (IF2) Beam RA Decy Date
(kms™")  (kms™!) (mas) (J2000) (J2000) (mm/dd/yy)
BVO067A* OH231.8+4.2  pre-Planetary Nebula +44.0 +26.0 1.7x0.9 07"42m16.93%  —14°42'50"2 03/01/09
BV067B AP Lyn Mira variable -19.5 -32.5 - 06"34™m34.88°  +60°56'3372 03/15/09
BV067C IK Tau Mira variable +42.5 +29.5 1.2x0.5 03"53m28.84°  +11°24'2276 02/20/09
BV067D RT Vir Semi-regular variable +25.5 +12.5 1.2x0.9 13"02m37.98° +05°11'0874 03/15/09
BV067E IRC+60370 Mira variable —44.5 -57.5 0.8x0.5 22M49m58.88°  +60°17'56"7 03/05/09

* Presented in Leal-Ferreira et al. (2012)

Notes. From left to right: The project code (Code), the name of the source (Source), the nature of the source (Class), the velocity center position
of each of the 2 filters (vi), the PSF beam size (Beam), the center coordinates of the observations (RA, and Decy), and the starting observation

date (Date).

determined using the expression ogyps = 0.5 op/P X 180°/n
(Wardle & Kronberg 1974). The linear polarization results are
enumerated in Cols. 8 (PL) and 9 (EVPA) of Table 7. In Fig. 1,
the black vectors show the EV PA of the features in which linear
polarization is present. The length of the vectors is proportional
to the polarization percentage.

To measure the circular polarization, we used the / and
V spectra to perform the Zeeman analysis described by
Vlemmings et al. (2002). In this approach, the fraction of cir-
cular polarization, Py, is given by

Py = (Vmax - Vmin)/lmax
2 X Ap_p X Bj[Gauss]/Avg [kms™'],

ey

where Vi and Vi, are the maximum and minimum of the
model fitted to the V spectrum, and I, is the peak flux of the
emission. The variable Ap_p is the Zeeman splitting coefficient.
Its exact value depends on the relative contribution of each hy-
perfine component of the HO 6, ¢—5, 3 rotational maser transi-
tion. We adopted the value Ap_p = 0.018, which is the typical
value found by Vlemmings et al. (2002). The projected mag-
netic field strength along the line of sight is given by B) and Auy,
is the full-width half-maximum of the / spectrum. Although the
non-LTE analysis in Vlemmings et al. (2002) has shown that the
circular polarization spectra are not necessarily strictly propor-
tional to d//dv, using Ap_p, determined by a non-LTE fit, intro-
duces a fractional error of less than ~20% when using Eq. (1).
We report circular polarization detection when the magnetic field
strength given by the model fit is >3¢". The reported errors are
based on the single channel rms using Eq. (1) (see Leal-Ferreira
etal. 2012, Sect. 3.3, for further discussion). We list the Py and
By results in Cols. 10 and 11 of Table 7, where the positive sign
on By indicates that the direction of the magnetic field along the
line of sight is away from the observer, while the negative sign
corresponds to a direction towards the observer. In Figs. 2 and 3,
we present the 7 and V spectra and the model fit of V spectra for
those features in which we detect circular polarization.

3.1. IK Tau

We observed a total of 642 H,O maser spots toward IK Tau. Of
these, 525 spots survived the multi-channel criteria and comprise
85 maser features around this source. In Figs. 1.I, we present
the spatial distribution of these 85 maser features. In Fig. 1.II
and 1.I1I, we zoom in on the two areas indicated in Fig. 1.1.

We did not find linear polarization in any maser feature
around IK Tau. However, circular polarization was detected in
three features around this source: IK.20, IK.69, and IK.84 (see
Table 7). The magnetic field strength along the line of sight

given by the model fits are: —147 + 15 mG, —96 + 31 mG, and
+215+56 mG, respectively. These features are identified in
Fig. 1 labeled according to their field strengths.

3.2. RT Vir

We observed 830 H,O maser spots toward RT Vir in total. Of
these, 671 spots comprise 91 maser features around this source.
In Fig. 1.1V, we present the spatial distribution of these 91 maser
features and in Fig. 1.V we show an enlargement of the area
indicated in Fig. 1.IV.

We detected linear polarization in nine features toward
RT Vir: RT.31, RT.34, RT.67, RT.68, RT.70, RT.72, RT.73,
RT.75, and RT.90 (see Table 7). Unfortunately, no good polar-
ization calibrator was available, making it impossible to deter-
mine the absolute direction of the polarization vectors (the rela-
tive EV PA between components is still correct).

The distribution of EVPA among the nine features clearly
distinguishes two groups of masers. Six features, located within
projected right ascension offset —40 < @0 < 0 mas and decli-
nation offset —10 < o < 30 mas (Fig. 1.V) have EVPA be-
tween —38° and —59°. Another group of features, located within
25 < aor < 35 mas and —15 < o < 5 mas (Fig. 1.V), also has
a small EVPA dispersion (+38° < EVPA < +64°).

Circular polarization was found in three features around
RT Vir: RT.70, RT.75, and RT.90. From the fit of the V spec-
tra, we inferred magnetic field strengths along the line of sight
of —143+12 mG and —188 +6 mG in RT.70 and RT.75, re-
spectively. We note, however, that the model fit of RT.70 does
not superimpose the whole S-shape structure of its V spec-
trum. This is a consequence of the strong emission that peaks
at 11.7 kms~! (RT.75). Because of this strong emission, a higher
noise is present in the spectra around 11.7 kms~!. Therefore,
we truncated the RT.70 spectrum at velocity values lower than
12.6 kms™! to minimize the impact of this noise on the fit.
However, even with this truncation, a high noise is still present
in part of the V spectrum and so the results from the model fit of
RT.70 should be taken with caution.

The shape of the V spectrum of RT.90 suggests blended
emission. There are many free parameters to be taken into ac-
count in fitting emission of blended features. Consequently, any
attempt to obtain a magnetic field strength from RT.90 will not
generate a solution that is unique or robust. However, it is impor-
tant to emphasize that the shape of its V spectrum clearly indi-
cates the presence of a magnetic field. As an example, we created
a possible fit for this feature. The solution we found for this fit
gives a magnetic field of —84 mG for the slightly more blue-
shifted emission and +63 mG for the slightly more red-shifted
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o
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Fig. 3. Spectra I and V (black curves) of RT.90. The dashed lines show
the fit of the individual blended features. In red, we show a fit for 1
and V.

feature. The features themselves are separated by approximately
0.2 kms~! and have widths of 0.38 and 0.4 kms~'. We present
this possible fit in Fig. 3.

In Fig. 1.V, RT.70, RT.75, and RT.90 are labeled with the
magnetic field strength along the line of sight obtained from the
model fits shown in Figs. 2 and 3.

3.3. IRC+60370

We observed 658 H,O maser spots in IRC+60370 in total. Of
these, 634 spots comprise 62 maser features around this source.
In Fig. 1.VI, we present the spatial distribution of these 62 maser
features and in Fig. 1.VII and 1.VIII we show an enlargement of
the areas indicated in Fig. 1.VL

We detected linear polarization in nine features toward
IRC+60370. These nine features are concentrated in two small
projected regions, with areas of ~2 mas® each. Six of them are
located within =2 < ao < 0 mas and =1 < dof < 3 mas
(Fig. 1.VII; Zoom A). The other three features with linear po-
larization detection are located within 27 < aog < 29 mas and
6 < dor < 8 mas (Fig. 1.VIII; Zoom B). The EVPA of the
masers in Zoom A vary from —97° to —39°, while the EVPA
of the masers in Zoom B are between —74° and —132°.

Circular polarization was found in five features around
IRC+60370: IRC.44, IRC.45, IRC.47, IRC.48, and IRC.58.
From the model fit to the V spectra, we measured magnetic field
strengths along the line of sight of +47 =3 mG, +266 + 30 mG,
+331 £ 82 mG, +273 £ 18 mG, and —130 + 22 mG, respectively.
We note that, once more, the model fit of several features does
not superimpose the full expected S-shape of the V spectra. For
this source three factors contributed to this: (i) the limit of the ob-
served spectral range; (ii) features with similar spatial and spec-
tral position; and (iii) the increase in the noise near —52 kms™',
due to the strong feature IRC.44. Therefore, the results given
by the fit to IRC.44, IRC.45, IRC.47, and IRC.48 should also
be taken with caution. In Fig. 1.VII, the five features with cir-
cular polarization detection are labeled with the magnetic field
strength along the line of sight that we obtained from the model
fits shown in Fig. 2.
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4. Discussion
4.1. Non-detection toward AP Lyn

Several HO masers toward AP Lyn have been detected before
(e.g., Imai et al. 1997; Migenes et al. 1999; Colomer et al. 2000;
Sudou et al. 2002; Shintani et al. 2008; Kim et al. 2010). Shintani
et al. (2008) monitored this and other sources from 2003 to 2006,
using the Iriki 20 m telescope of the VLBI Exploration of Radio
Astrometry (VERA). They reported a high flux variation, and
fit a maser light curve for Ap Lyn. The peak flux of the H,O
masers reported in the other works vary from ~6 Jy (observed
with the VLBA in 1996; Migenes et al. 1999) up to ~120 Jy
(observed with the Kashima-Nobeyama Interferometer in 1992;
Sudou et al. 2002). Conservatively, we suggest an upper limit of
1 Jy for the flux density of our non-detection (in the raw data).

Richards et al. (2012) give a detailed discussion of the pos-
sible causes of H,O maser variability. They point out that a cor-
relation of the infrared light curve and maser variability can
exist. Also, they disagree with previous papers (e.g., Shintani
et al. 2008) stating that no systematic relationship between maser
brighness and the optical phase was found at the times of their
observations.

4.2. Spatial distribution of the masers

The spatial distribution of the features around IK Tau shows a
clear correlation between velocity and position. While masers
with higher velocities (red circles) are concentrated in the west
and southwest, the features with lower velocity (blue circles) ap-
pear, mostly, in the east and northeast (Fig. 1.I). This behavior is
also reported by Bains et al. (2003). They suggest that the shell
of IK Tau has an equatorial density enhancement. The bright-
est masers would lie in an oblate spheroid and the plane of the
equator would have an inclination angle i with the line of sight
(45° < i’ £90°). The eastern end of the polar axis would then be
approaching us, explaining the east-west velocity segregation.
This model also explains why the IK Tau observations made
more than 10 years apart show a persistent east-west offset be-
tween moderately red- and blue-shifted emission, although in-
dividual masers do not survive for more than ~1.5 years. Our
IK Tau data were observed in 2009, almost 15 years later than
the observations reported by Bains et al. (2003), and 24 years
after the observations reported by Yates & Cohen (1994).

Bains et al. (2003) also observed a similar east-west velocity
offset in RT Vir. Our data do not show a clear correlation be-
tween velocity and position for this source (Fig. 1.I), but a mod-
erate enhanced concentration of red-shifted features in the east
is present, while the bluer features are concentrated in the cen-
ter of the plot. This is different from the east-west relation seen
in Fig. 6 of Bains et al. (2003). In their figure, the red-shifted
masers are located on the western side, and the blue-shifted fea-
tures are concentrated on the eastern side.

An individual H,O maser has its life time estimated to be less
than 1-2 years. Multi-epoch imaging of 22 GHz H,O masers of-
ten shows major changes in the maser distribution over the years
(e.g., Richards et al. 2012). IK Tau is, therefore, an exception to
this behavior.

4.3. Stellar position

Some of the analysis discussed in this paper requires information
concerning the stellar position in relation to the observed masers
(Sects. 4.4 and 4.5). However, the absolute stellar position is not
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Table 3. Stellar position.

IK Tau RT Vir IRC+60370

@, § (mas) @, § (mas) @, 6 (mas)

i=1 - a=+0451 a=+07.44
- 0 =-13.83 o0 =+03.57

i=2 a =+07.43 - a=+14.49
o0 =+03.09 - 0 =+03.61

i=3 a = +28.58 - a=+11.17
0 =-05.38 - o0 =+01.99

All Features a=+1041 a=+10.69 «a=+10.92
0=+0236 6=-1532 6=+02.68

Mean Position a=+1547 a=+07.60 a=+11.01
0=+00.02 6=-1458 6=+02.96

Notes. Position of the star, relative to the reference maser, for different
values of i. The positions we obtained as the centroid of all the observed
maser features are also shown. Finally, the mean result is reported at the
bottom of the table. Columns 2 to 4 show the stellar position of IK Tau,
RT Vir, and IRC+60370.

known for our observations. So to infer the stellar position, we
used the shell-fitting method (Yates 1993; Bains et al. 2003).
This method assumes a distribution of masers on a tridimen-
sional sphere, with the star located in its center. All masers in
a velocity range determined by

Vitar £ i(AVLsR /1) (2)

are identified, where Vg, is the velocity of the star, AVygsg the
total maser velocity range, and n is a number taken here to be
equal to 8. We choose that value to restrict the selection of the
masers to lie within a small velocity range. The constant i sets
which ring(s) along the line of sight is considered. If i is equal
to 1, then a ring at the same line of sight velocity as the star is
taken. If i is bigger than 1, then one ring in front and one behind
of the star are considered. Once the masers are selected, the cen-
tral position of the features is assumed to be the stellar position.
We emphasize that the more asymmetric the maser distribution,
the larger the uncertainty of this method.

For each object, we varied the value of i, obtaining different
locations for the stellar position. An additional position was cal-
culated by taking the center point of all the observed masers. We
assumed the stellar position to be the mean location of the differ-
ent positions we obtained by using different values of i, and by
using the center point of all the observed masers. In Table 3 we
show the stellar position we calculated for each value of i and
the mean result.

4.4. Distance of the masers to the star

In Fig. 4 we show, for each source, a plot of the velocity of the
features versus their projected angular offsets from the star (6o5;
see Sect. 4.3 for the determination of the stellar position). For
each source, two parabolas are fitted to the velocity-offset posi-
tions. These fits are shown by the dotted lines in the figures. In
the fitting process, made by eye, the area between the parabolas
which contains all masers is minimized. The parabolas obey the
relation

R

Vihelt
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Fig. 4. Velocity of the features versus their projected offsets from the
star. The dotted lines represent our fits; the dashed lines were repro-
duced from Bains et al. (2003). From top to bottom, we show the plots
for IK Tau, RT Vir, and IRC+60370.
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Table 4. Distance of the masers to the star: input and output parameters

Source Viar (ref) D (ref) v; v, R; R, R; R,
(kms™) (pc) (kms™") (kms™') (mas) (mas) (AU) (AU)
IK Tau +34.0 (K87) 265 (H97) 4.2 10.0 38 110 10.1  29.2
RT Vir +18.2 (N86) 133 (H97) 4.3 10.4 18 135 2.4 18.0
IRC+60370  —49.3 108) 1000 (108) 4.0 17.0 5.5 53 5.5 53.0

Notes. From Cols. 1 to 9: the source name (Source), the velocity of the source and its reference (Vg (ref)), the distance to the source and its
reference (D (ref)), the inner (v;) and outer (v,) expansion velocities of the H,O envelope, and the inner (R;) and outer (R,) distances of the H,O
maser region to the star, both in mas and AU. References: K87: Kirrane (1987); N86: Nyman et al. (1986); 108: Imai et al. (2008); H97: Hipparcos

(1997).

Assuming that the masers are located in a spherical shell
around the star, it is possible to determine the internal (R;) and
external (R,) radius of this shell from the internal and exter-
nal parabola fits, and their corresponding expansion velocities
(v; and v,). The values we adopted for Vi, the distance to the
source, their respective references, and the fit parameters (v;, v,,
R, R,) are shown in Table 4.

Bains et al. (2003) and Richards et al. (2011) also investi-
gated the kinematics of IK Tau and RT Vir and found similar re-
sults for v;, v,, R;, and R,. To illustrate the comparison with our
results, we reproduce the fits from Bains et al. (2003) for IK Tau
and RT Vir in our Fig. 4. Those authors present two alternative
solutions for the internal fit to IK Tau. We choose to show only
the one with the larger radius here. Their fits are shown in Fig. 4
by the dashed lines. We note that there is a big disagreement be-
tween the external fits from Bains et al. (2003) and ours. This
is probably because our observations with the VLBA resolve out
more diffuse emissions, due to its longer baselines. Additionally,
our result implies that the H,O maser regions around IK Tau and
RT Vir reach closer to the star than was determined by Bains
et al. (2003). Quantitatively, we found R; equal to 38 and 18 mas
for IK Tau and RT Vir, respectively. The fits that we reproduced
from Bains et al. (2003) correspond to R; equal to 60 and 45 mas
for IK Tau and RT Vir, respectively. We emphasize, however,
that their alternative solution for the internal fit of IK Tau shows
an inner radius of the H,O maser region closer to the star than
ours (R; equal to 25 mas). For IK Tau, Richards et al. (2011)
found R; between 60 and 75 mas for different epochs, but they
also detected a faint group of masers with R; smaller than 64 mas
(at 23 mas). For RT Vir, Richards et al. (2011) found R; between
34 and 45 mas for different epochs. Hence, considering the stel-
lar radius of IK Tau and RT Vir to be, respectively, 0.8 AU and
2.8 AU (Monnier et al. 2004; Ragland et al. 2006; Richards et al.
2012), it seems that although the majority of the 22 GHz H,0
masers occur outside a distance of ~5-7 stellar radii, occasional
clumps can be found as close as ~3 stellar radii.

4.5. Magnetic field detection
4.5.1. Linear polarization and field geometry

We measured fractional linear polarization from 0.1% to 1.4%
around RT Vir, and between 0.2% and 1.6% around IRC+60370.
The non-detection of linear polarization in the features around
IK Tau imply that, if present, it is lower than ~0.5% on the
brightest masers. These results agree with the upper limits for
fractional linear polarization derived from the non-detections of
Vlemmings et al. (2002).

According to maser theory, the magnetic field lines can be
either parallel or perpendicular to the EVPA. It is parallel when
the angle 6 between the field and the direction of propagation of
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the maser is less than the Van Vleck angle (~55°), and perpen-
dicular when 6 is greater than the Van Vleck angle (Goldreich
et al. 1973). The linear polarization is affected by 8 and the de-
gree of saturation but, based on our measured values, we cannot
ensure in which regime — parallel or perpendicular — the emis-
sion originates.

As shown in Sects. 3.2 and 3.3, linear polarization has been
detected in masers toward RT Vir and IRC+60370. In each
of these sources, the polarized features are separated into two
groups. In RT Vir, both of these groups show a small EVPA dis-
persion (<26° for all masers within a given group). If, in this
source, we are dealing with a magnetic field perpendicular to the
EVPA, either a poloidal or a dipole field seems to be the best
qualitative fit of the field geometry to our results. On the other
hand, if the field is parallel to the EVPA, the polarization vec-
tors could trace tangent points of a toroidal field. In IRC+60370,
the EVPA of the features have a higher dispersion, but the vec-
tors still seem to trace a dominant direction, pointing towards the
position of the star, especially in the features located within the
Zoom A region. If, in this source, we are dealing with a magnetic
field perpendicular to the EVPA, either a poloidal or a dipole
field could be argued as probable fits to our results. On the other
hand, if the field is parallel to the EVPA, a toroidal field may
provide a better qualitative fit. Furthermore, we detected circular
polarization in four features located within the Zoom A region
and, from the model fit of their V spectra, all of them show a
magnetic field strength with a positive sign. Inside the Zoom B
region, however, the single feature in which we detected circu-
lar polarization shows a magnetic field strength with a negative
sign. These results lead to the conclusion that the component of
the magnetic field along the line of sight points in opposite di-
rections on either side of the star. That evidence suggests, again,
a toroidal field around IRC+60370.

4.5.2. Magnetic field dependence

In Fig. 5, we show a plot of the magnetic field strength along the
line of sight for the stars in our sample, estimated from different
maser species, against the radial distance of these masers to the
star. We use this plot to investigate the field dependence on R:
B o R™*, where @ depends on the structure of the magnetic field
in the circumstellar envelope. When « equal to 1, it refers to a
toroidal magnetic field, @ equal to 2 corresponds to a poloidal
field, and « equal to 3 indicates a dipole geometry. In the plot
we show one single box where the results of OH masers occur.
However, we emphasize that the 1665/7 MHz OH maser emis-
sion originates in inner regions when compared to the 1612 MHz
OH maser transition. Therefore, it is expected that magnetic field
strength measurements based on the first line to be stronger than
the second (Wolak et al. 2012).
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Fig. 5. Magnetic field strength along the line of sight versus the radial
distance of the masers to the star. The black boxes show typical regions
of the plot where results from the literature for SiO, H,O, and OH maser
occur, and they are normalized for R, = 1 (Vlemmings et al. 2002,
2005; Herpin et al. 2006; Rudnitski et al. 2010). Our measurements
are shown by the hollow blue circles (IK Tau), hollow green squares
(RT Vir), and filled red triangles (IRC+60370). The short-dashed, solid,
and long-dashed inclined lines show a dependence «R™!, «R~2, and
R~ for the magnetic field, respectively. The position of the AGB sur-
face of a star with radius of 1 AU is also shown.

In this plot, we included polarization results of the SiO maser
region from the literature. We took the magnetic field strength in
the SiO maser region from Herpin et al. (2006) for RT Vir (upper
limit) and IK Tau. For IK Tau, the distance of the SiO region to
the star was adapted from Boboltz & Diamond (2005), adopting
a distance to the source of 265 pc. For RT Vir, we used a typical
value for the radial distance of the SiO maser region (between 2
and 5 AU from the star). Unfortunately, we did not find any re-
ports of the magnetic field strength in the OH maser region that
would allow us to make a more complete plot. For all cases, the
major uncertainty in the plot concerns R.

The data from RT Vir and IRC+60370 do not allow a defini-
tive conclusion regarding the functional form of radial depen-
dence. For IK Tau, however, even though a B o« R™! depen-
dence is not totally ruled out, B o« R~ and B o R~3 provide
qualitatively better fits.

4.5.3. Magnetic field on the star surface

By assuming a magnetic field dependence (B « R™!, B < R™2, or
B o« R73; see Sect. 4.5.2), we can extrapolate the projected field
strength to the surface of the star (Bggy,). If B o< R™%, then

By = BHgO X (R/R*)Qs (4)

where By,o is the field strength along the line of sight in the
water maser region, and R, is the stellar radius (Reid et al.
1979; Reid 1990). However, we emphasize that the magnetic
field could deviate from any power law if the various masers
come from conditions with different densities, fractional ion-
ization, etc. These differences in the physical conditions of the
medium could lead to differences in how much the field is frozen

in, dissipated, enhanced by shocks, etc. Therefore, a homoge-
neous medium is assumed in this extrapolation.

In the analysis with Eq. (4) we investigate each source in-
dividually, by varying the power law, with & from 1 to 3. For
IK Tau and RT Vir, we adopted R, as updated by Richards et al.
(2012). For IRC+60370, however, there is no accurate measure-
ment for the stellar radius. Therefore, for this source we adopted
R. = 1.8 AU as an upper limit based on 18 ym imaging (Meixner
et al. 1999).

In order to define the value of R to be given as input in
Eq. (4), for each source we created an alternative plot of veloc-
ity versus position offset (analogous to the procedure described
in Sect. 4.4 and Fig. 4). In these alternative plots we considered
only the features in which we detected circular polarization, get-
ting alternative values for R; and R, (R} and R). We adopted R;
and R/ as minimum and maximum values of R to be given in
Eq. (4). We emphasize that these alternative plots were created
with very few data points, and thus provide only approximate
results for R} and R,. We combined R = R; with the lowest value
of By,o that we observed (taking the error bar into account —
Bu,0,,,) to derive the lower limit of field strength on the surface
of the star (Bgr,,,). For the upper limit (Bar,, ), We combined
R = R/ with the highest value of By,o that we observed (taking
the error bar into account — By,0,,,)-

In Table 5, we show the values given as input in Eq. (4) (R.,
Bu,0,,,» BH,0,,,» R}, and R}), and the results of By, and Byr,,,
for each source.

4.5.4. Magnetic field energy

One question that needs to be answered to improve our un-
derstanding on low and intermediate mass stellar evolution is:
if present, does the magnetic field around evolved stars have
enough energy to drive the shaping of these objects?

Several magnetic field detections around AGB and post-
AGB stars have been reported in recent years (e.g., Amiri et al.
2011; Pérez-Sanchez et al. 2011; Leal-Ferreira et al. 2012;
Vlemmings et al. 2012). To check if the magnetic energy den-
sity (U = B?/2pp) is important, we compare it with typical val-
ues of the kinetic and thermal energy density around evolved
stars (Table 6). For the calculation of these values we assume
Vesp ~ 5 kms™!, nyg, ~ 10" cm™3, and T ~ 2500 K at the
stellar photosphere, and Ve, ~ 8 km s7L nyg, ~ 108 cm™3, and
T ~ 500 K in the H, O maser region. In Table 6, we show the lim-
its of the magnetic energy density in the H,O maser region that
we observed and the magnetic energy density extrapolated to
the surface of the star. The limits are based on the field strengths
along the line of sight reported in Table 5. Our results show that
the magnetic energy density is dominant in the H,O maser re-
gion. Therefore, the magnetic fields probably play an important
role in shaping the different morphologies of evolved stars that
are progenitors of PNe.

The dominant energy on the surface of the star is still incon-
clusive since different conclusions can be drawn if a dependence
of either B o« R™!, B o« R™2, or B « R™3 is assumed.

5. Conclusions

We observed four AGB stars in order to detect H,O maser
in full polarization at VLBI resolution. We did not detect any
maser emission toward AP Lyn. Toward IK Tau, RT Vir, and
IRC+60370 we detected 85, 91, and 62 features, respectively.
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Table 5. Projected magnetic field strength on the star surface.

Source R, BHgOmm BHZOmax R; R; Bstar,mn Bstarmax Bstar,mn Bstarmax Bstar,mn Bstarmax
(AU)  (mG) (mG) (AU) (AU)  (G) G) G) G) G) G)
(a=1) (=1 (@=2) (@=2) (@=3) (a=3)
IK Tau 2.8 65 271 225 278 0.5 2.7 4.2 26.8 33.8 ~265
RT Vir 0.8 131 194 6.0 14.6 1.0 3.5 7.3 64.9 54.9 ~1185
IRC+60370 1.8 44 413 125 295 0.3 6.9 2.2 ~115 15.8 ~1945

Notes. From Cols. 1 to 12: the source name (Source), the stellar radius (R.,), the lower (By,0,,,) and upper (By,0,,,,) magnetic field strengths along
the line of sight observed in the H,O region, the input values of R on Eq. (4) (R; and R}), and the lower (Byr,;,) and upper (Biar,,,) limits of the

projected magnetic field strength on the stellar surface assuming @ = 1, @ = 2, and @ = 3.

Table 6. Magnetic energy density.

possible to determine the magnetic field dependence on the ra-
dial distance R to the star. For IK Tau, either a dependence
B o R or B < R~ seems qualitatively more likely, but B oc R~!

Source Uno Usw(@=1) Usw(@=2) Usw(@=3) . : . .
(J/m?) (J/m?) (J/m?) (J/m?) is not ruled out. The results we found in the literature for RT Vir

K Tau 48 35 3015 1205 0724 and IRC+60370 are noF sufficient to draw stronger conclusions.
RT Vir 49--38 24-_13 _07-12 1.1-3.7 The results we obtained for the magnetic field strength along
IRC+60370 -5.1—-32 —3.4——0.7 _1.7-1.7 0.0-4.2 the line of sight were extrapolated to the stellar surface of the
U Q) 10 Star observed sources, assuming B o« R™!, Boc R™2, and B « R, In
the first case, the projected field strength on the AGB star surface
nkT ~=6.2 ~0.5 (Bstar) should be between 0.5 G and 2.7 G for IK Tau, 1.0 G and
PVe ~1 ~05 3.5 G for RT Vir, and 0.3 G and 6.9 G for IRC+60370.If B o R~

Notes. In the upper part of the table, from Cols. 1 to 4: the source name
(Source), the log of the magnetic energy density (U = B?/2u) in the
H>O maser region (Ugy,0), in the stellar surface assuming a equal to
one (Ugy (@ = 1)), in the stellar surface assuming @ equal to two (Ugy,
(@ = 2)), and in the stellar surface assuming a equal to three (Usyr
(@ = 3)). In the lower part of the table, we show the log of typical
values for kinetic and thermal energy densities (Col. 1; Energy density)
in the H,O maser region (Col. 2; H,0O) and on the stellar surface (Col. 3;
Star).

A structured spatial distribution of maser velocities was ob-
served toward IK Tau. This behavior has already been reported
by Bains et al. (2003) and an equatorial density enhancement
model was proposed. A similar signature, but less pronounced,
was observed toward RT Vir, but with opposite velocity-position
pattern to those reported by Bains et al. (2003).

We used the shell-fitting method to infer the projected posi-
tion of the star relative to the observed masers. With the stellar
position determined, we produced a plot of the angular offset of
the masers relative to the stellar position versus the maser ve-
locities. We fitted parabolas in these plots to determine the ac-
tual distance of the H,O maser regions from the central stars. We
concluded that the H,O masers we observed are located between
10.1 and 29.2 AU from IK Tau, 2.4 and 18.0 AU from RT Vir,
and 5.5 and 53.0 AU from IRC+60370.

Linear polarization was observed in 18 features, nine around
RT Vir and nine around IRC+60370. Circular polarization was
found in 11 features, three around IK Tau, three around RT Vir,
and five around IRC+60370. From a model fit of the Stokes V
spectra of the features with statistically significant circular polar-
ization detection, we estimated the magnetic field strength along
the line of sight needed to generate the observed S-shape pro-
file. The resulting projected magnetic field strengths lie between
47 +3 mG and 331 + 82 mG. With our polarization results, we
more than doubled the number of AGB stars around which the
magnetic field has been detected in the H,O maser region.

Combining our results with published results for the mag-
netic field measurements in the SiO maser regions, it is not yet
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is assumed, then By, Was extrapolated to be between 4.2 G and
26.8 G for IK Tau, 7.3 G and 64.9 G for RT Vir, and 2.2 G and
~115 G for IRC+60370. If B o< R3, then By, was found to be
between 33.8 G and ~265 G for IK Tau, 54.9 G and ~1185 G for
RT Vir, and 15.8 G and ~1945 G for IRC+60370.

Finally, we compared the magnetic energy density we ob-
served with the typical thermal and kinematic energy density
around evolved stars. While the dominant energy density on
the surface of the star is still inconclusive, we conclude that,
in the H,O maser region, the magnetic energy density domi-
nates the thermal and kinematic energy density. Therefore, the
magnetic fields cannot be ignored as one of the important agents
in shaping planetary nebulae.
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Table 7. Properties of the observed masers.

Source Feature oft Ooft Peak Int  Int Flux Vpeak  PL EVPA Py B
(mas) (mas) (Jy/Beam) dy) (kms™) (%) @) (x1073) (mG)

AP Lyn - - - - - - - - - -

IK Tau IK.01 7.5 6.6 0.20 0.35 42.6 - - - -
IK.02 32 9.3 0.08 0.15 42.5 - - - -
1K.03 523 =370 0.06 0.18 422 - - - -
IK.04 52.6 -38.6 0.33 0.54 42.1 - - - -
IK.05 3.6 -6.6 0.20 0.41 42.1 - - - -
IK.06 4.7 -6.4 0.17 0.54 42.1 — - - -
1K.07 7.1 3.9 0.04 0.09 42.1 - - - -
IK.08 1.3 6.6 0.03 0.05 42.1 - - - -
1K.09 3.0 -6.6 0.24 0.52 42.0 - - - -
IK.10 53.7 -383 0.30 0.53 41.9 - - - -
IK.11 1.8 4.5 0.08 0.13 41.9 - - - -
IK.12 -3.1 —4.4 0.22 0.50 41.9 - - - -
IK.13 55.0 -38.5 0.27 0.87 41.8 - - - -
IK.14 51.3 —40.6 0.21 0.37 41.7 - - - -
IK.15 317 414 0.14 0.25 41.6 - - - -
IK.16 53.8 432 0.12 0.20 41.4 — - - -
1IK.17 50.5 —48.1 0.18 0.30 41.0 - - - -
IK.18 53.3 445 0.07 0.10 40.7 - - - -
IK.19 61.1 264 0.15 0.31 40.7 - - - -
IK.20 -0.0 0.0 4.93 10.22 40.5 - - 10.08 £1.03 —147«15
IK.21 63.3 -31.1 0.04 0.06 40.2 - - - -
IK.22 66.0 -32.1 0.07 0.17 40.0 - - - -
1K.23 66.4 -32.9 0.06 0.14 39.9 - - - -
IK.24 672 -34.1 0.04 0.07 39.6 - - - -
1K.25 -16.1 22.8 0.06 0.14 38.9 - - - -
IK.26 0.5 9.5 0.21 0.42 38.7 - - - -
1K.27 -0.4 9.8 0.11 0.26 38.7 - - - -
IK.28 735 -16.0 0.11 0.28 38.6 - - - -
1IK.29 73.0 -17.0 0.17 0.92 38.4 - - - -
IK.30 -35.8 45.1 0.61 1.06 31.7 - - - -
IK.31 -34.5 41.9 0.34 0.77 31.6 - - - -
IK.32 -36.8 46.9 0.75 1.44 31.4 - - - -
1K.33 13.9 —40.6 0.07 0.18 31.4 - - - -
IK.34 333 40.3 1.33 2.54 31.0 - - - -
1IK.35 139 425 0.06 0.13 31.0 - - - -
IK.36 -5.0 13.5 0.06 0.10 30.7 - - - -
1K.37 -6.9 13.3 0.19 0.59 30.3 - - - -
IK.38 -34.1 44.7 0.08 0.15 30.3 - - - -
1K.39 -7.9 12.9 0.12 0.45 30.2 - - - -
IK.40 -6.7 7.6 0.07 0.15 30.2 - - - -
IK.41 -8.9 12.5 0.11 0.24 30.0 - - - -
IK.42 -8.1 8.1 0.17 0.57 29.9 - - - -
1K.43 1.0 2.3 0.12 0.31 29.9 - - - -
1K .44 -0.8 2.0 1.11 3.12 29.8 - - - -
1K.45 -9.2 8.0 0.17 0.49 29.8 - - - -
1K.46 -5.8 5.6 0.07 0.12 29.5 - - - -
1K.47 -9.0 9.5 0.13 0.29 29.5 - - - -
1K.48 -9.8 9.4 0.10 0.22 29.5 - - - -
IK.49  -18.0 7.0 0.06 0.10 29.4 - - - -
IK.50  -10.5 10.4 0.08 0.19 294 - - - -
IK.51 -2.9 1.4 0.12 0.28 29.3 - - - -
IK.52 -6.7 26.9 0.06 0.11 29.3 - - - -
1K.53 -3.7 1.3 0.13 0.26 29.2 - - - -
IK.54  -10.6 10.3 0.07 0.18 29.2 - - - -
1K.55 0.8 -1.6 0.05 0.10 28.8 - - - -
1IK.56 -0.0 2.2 0.09 0.51 28.7 - - - -
1K.57 -24.3 5.0 0.09 0.20 28.6 - - - -
IK.58 -0.5 -1.3 0.15 0.28 28.2 - - - -
1K.59 19.7 59.5 0.08 0.15 28.1 - - - -

Notes. Respectively, from Cols. 1 to 10: the source in which the maser was observed (Source), the maser identification (feature), projected offset
on the plane of sky in direction of right ascension (a.g), offset in declination (d.), peak intensity (Peak Int), intensity flux (Int Flux), velocity of
the peak (Vpea), Py, magnetic field strength (B cos 6), and if linear polarization was detected or not (LinPol). @, and d.i are with respect to the
reference feature. © Edge/higher noise effects. ’ Blended feature.
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Source  Feature Ao Ooff Peak Int  Int Flux Vpeak P EVPA Py B
(mas) (mas) (Jy/Beam) (Jy)  (kms™h) (%) ) (x107%) (mG)

IK Tau IK.60 -13.1 3.6 0.06 0.11 28.1 - - - -
IK.61 19.1 63.5 0.60 1.11 28.0 - - - -
IK.62 -12.0 2.2 0.10 0.21 28.0 - - - -
1IK.63 18.1 62.6 0.14 0.21 27.9 - - - -
IK.64 -27.6 46.0 0.08 0.14 27.8 - - - -
IK.65 -6.7 -2.6 0.45 1.14 27.7 - - - -
IK.66  -10.0 -2.6 0.29 0.88 27.7 - - - -
1K.67 -8.6 2.1 0.20 0.56 27.7 - - - -
IK.68 -7.7 24 0.18 0.60 27.6 - - - -
1K.69 16.4 74.5 2.97 4.28 27.4 - - 5.48+1.78 -96 + 31
IK.70 —43.0 -25.1 0.81 1.66 27.2 - - - -
IK.71 —44.0 248 0.32 0.88 27.2 - - - -
IK.72 -6.0 2.2 0.16 0.35 27.2 - - - -
IK.73 499 -26.3 0.23 0.53 27.0 - - - -
IK.74 10.0 64.1 0.15 0.19 26.8 - - - -
IK.75 19.7 73.3 0.17 0.27 26.6 - - - -
IK.76 344 -28.6 0.12 0.17 26.4 - - - -
1IK.77 20.9 34.5 0.08 0.13 259 - - - -
IK.78 55.8 14.6 2.37 4.67 25.7 - - - -
IK.79 6.9 -51.7 0.07 0.15 25.6 - - - -
1K.80 57.2 15.1 0.08 0.14 253 - - - -
IK.81 55.1 15.3 0.78 1.96 25.3 - - - -
1K.82 53.8 15.6 0.30 0.88 25.1 - - - -
IK.83 50.8 15.0 0.86 2.50 25.0 - - - -
1IK.84 51.2 15.7 0.90 2.18 25.0 - - 12.15+£3.14 +215+56
IK.85 55.1 15.5 0.59 1.29 24.8 - - - -

RT Vir RT.Ol -193 -1.4 0.14 0.16 21.8 - - - -
RT.02 459 -67.7 0.07 0.16 21.8 - - - -
RT.03 47.6 —64.9 0.09 0.13 21.6 - - - -
RT.04 13.4 8.5 0.03 0.04 21.3 - - - -
RT.05 41.8 -73.8 0.05 0.10 21.2 - - - -
RT.06 -15.6 -50.1 0.06 0.07 21.1 - - - -
RT.07 8.8 11.9 0.06 0.08 21.0 - - - -
RT.08 -12.7 -54.0 0.03 0.04 21.0 - - - -
RT.09 -8.1 229 0.29 0.42 20.9 - - - -
RT.10 -72 215 0.22 0.30 20.8 - - - -
RT.11  -28.0 2.2 0.04 0.06 20.8 - - - -
RT.12 92 =216 0.12 0.21 20.5 - - - -
RT.13 -104 224 0.26 0.37 20.4 - - - -
RT.14 -124 772 0.04 0.09 20.4 - - - -
RT.15 -145 -34.0 0.64 1.44 20.1 - - - -
RT.16 -364 -60.4 0.07 0.09 20.1 - - - -
RT.17 -10.5 -224 0.21 0.29 19.9 - - - -
RT.18 52,6  -72.5 0.29 0.40 18.1 - - - -
RT.19 528 555 0.33 0.61 18.1 - - - -
RT.20 49.1 -51.8 0.74 1.13 18.1 - - - -
RT.21 53.1 499 4.65 5.42 18.1 - - - -
RT.22 -26.1 -15.8 0.25 0.40 18.1 - - - -
RT23 253 6.0 3.13 5.03 18.1 - - - -
RT.24 235 6.0 0.77 0.99 18.0 - - - -
RT.25 53.5 60.1 0.18 0.34 18.0 - - - -
RT.26 -16.7 -3.1 0.90 0.97 17.7 - - - -
RT.27 -29.8 27.2 2.34 3.73 17.6 - - - -
RT.28 -324 27.1 0.62 0.66 17.5 - - - -
RT.29 -37.1 -50.0 0.56 0.72 17.1 - - - -
RT.30 -314 25.6 7.83 9.24 17.0 - - - -
RT.31 -35.8 25.9 20.96 25.07 170 022+0.02 —46+5 - -
RT.32 -35.0 28.0 2.83 3.55 17.0 - - - -
RT.33 -9.6 -28.8 0.60 0.90 17.0 - - - -
RT.34 -17.0 54 1.21 1.38 16,7 141+0.04 -59+3 - -
RT.35 -30.8 28.4 0.79 0.86 16.6 - - - -
RT.36 -32.3 25.1 1.32 3.13 16.4 - - - -
RT.37 398 415 0.32 0.51 16.3 - - - -
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Source Feature Qo Ooff Peak Int  Int Flux Vpeak P EVPA Py B
(mas) (mas) (Jy/Beam) (Jy) (kms™h) (%) ) (x107%) (mG)

RT Vir RT.38 -21.8 10.7 0.28 0.35 16.3 - - - -
RT.39 29.7 -75.6 0.48 0.75 159 - - - -
RT.40 90.7 18.0 0.68 1.08 15.6 - - - -
RT.41 79.5 36.2 0.48 0.89 15.6 - - - -
RT.42 86.2 89.1 0.44 0.54 15.6 - - - -
RT43 -14.3 -7.5 0.59 1.58 15.4 - - - -
RT.44 87.8 2.1 0.64 1.21 154 — - - -
RT45 -154 7.4 1.15 1.62 15.3 - - - -
RT.46 23.6 -51.0 0.22 0.48 15.2 - - - -
RT.47 443 443 0.28 0.36 15.2 - - - -
RT.48 317 -824 0.39 0.59 149 - - - -
RT.49 -6.7 -8.0 0.26 0.56 14.8 - - - -
RT.50 -31.3 27.6 0.12 0.12 14.8 — - - -
RT.51 -39.3 20.4 0.10 0.13 14.8 - - - -
RT.52 339 -90.5 0.25 0.36 14.6 - - - -
RT.53 31.8 =362 0.32 0.35 14.5 - - - -
RT.54 585 -16.8 1.20 1.33 14.3 - - - -
RT.55 582 -50.3 0.08 0.11 14.3 - - - -
RT.56 229 -22.1 0.08 0.18 14.3 - - - -
RT.57 -209 209 0.23 0.41 14.2 — - - -
RT.58 2.8 -18.3 0.13 0.15 14.0 - - - -
RT.59 294 -15.8 0.34 0.46 13.9 - - - -
RT.60 3.6 4.2 0.58 0.97 13.8 - - - -
RT.61 30.6 -164 0.15 0.20 13.8 - - - -
RT.62 299 -14.0 0.35 0.39 13.7 - - - -
RT.63 2.2 1.8 0.42 0.48 13.7 - - - -
RT.64 2.4 19.0 0.36 0.40 13.7 - - - -
RT.65 -1.9 -1.0 0.57 0.71 13.6 - - - -
RT.66 52 =540 0.36 0.49 13.4 - - - -
RT.67 -1.0 -1.8 2.08 2.71 13.1 056+026 —-44+16 - -
RT.68 0.0 0.0 54.53 63.13 129 048+0.19 -38x12 - -
RT.69 8.0 -85.1 1.30 1.60 12.9 - - - -
RT.70 309 -10.6 7.92 8.45 129 1.12+0.28 +49+26 10.50+0.86 —143+12¢
RT.71 -0.3 55.2 0.93 1.29 12.9 - - - -
RT.72 -7.5 12.0 4.23 5.28 124  038+0.29 -51+41 - -
RT.73 -0.9 -1.6 6.94 7.53 120 049+036 -45+24 - -
RT.74 572 -64.0 1.19 1.72 11.8 - - - -
RT.75 31.0 -9.1 39.52 48.67 11.7 0.63+£0.12 +64+7 6.05+0.19 —-188+6
RT.76 28.3 -6.4 4.08 5.32 10.7 - - - -
RT.77 252 -614 0.31 0.69 10.7 - - - -
RT.78 240 -60.4 0.32 0.67 10.7 - - - -
RT.79 2800 274 0.29 0.41 10.6 - - - -
RT.80 -34.5 8.4 0.21 0.64 10.6 - - - -
RT.81 26.8 -41.0 0.06 0.08 10.2 - - - -
RT.82 29.3 -1.6 0.11 0.13 9.9 - - - -
RT.83 29.9 4.0 0.45 0.49 9.7 - - - -
RT.84 28.9 19.1 0.14 0.14 9.7 - - - -
RT.85 21.7 7.7 2.72 3.09 9.6 - - - -
RT.86 23.8 2.1 0.53 0.88 9.4 - - - -
RT.87 26.2 0.4 0.42 0.51 9.4 - - - -
RT.88 21.3 3.1 3.02 3.57 9.3 - - - -
RT.89 21.8 5.2 0.64 0.80 9.2 - - - -
RT.90 24.7 3.8 23.27 28.03 89 0.11+0.01 +38+3 1.80+0.48 -84 & +63
RT.91 50.8 -51.2 0.52 0.61 8.8 - - - -

IRC+60370 IRC.01 -6.5 14.5 0.12 0.13 -39.7 - - - -
IRC.02 -5.7 16.1 0.11 0.12 -40.0 - - - -
IRC.03 332 357 0.89 1.10 -40.2 - - - -
IRC.04 -8.4 13.7 0.18 0.29 -40.5 - - - -
IRC.05 47 -10.0 0.63 0.75 -40.6 - - - -
IRC.06 4.7 15.8 0.20 0.24 -40.8 - - - -
IRC.07 143 -10.3 0.17 0.22 -40.9 - - - -
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Source Feature Qo Ooff Peak Int  Int Flux Vpeak P EVPA Py B
(mas) (mas) (Jy/Beam) (Jy) (kms™h) (%) ) (x107%) (mG)

IRC+60370 IRC.08 12.4 -9.9 0.10 0.16 -41.3 - - - -
IRC.09 -3.8 16.3 0.05 0.07 -41.3 - - - -
IRC.10 5.0 -94 0.16 0.22 -41.4 - - - -
IRC.11 17.2 -8.8 0.05 0.06 -43.6 - - - -
IRC.12 5.6 13.2 0.77 1.00 -43.7 - - - -
IRC.13 346 243 0.08 0.08 -43.7 - - - -
IRC.14 28.1 13.0 0.08 0.12 -43.8 - - - -
IRC.15 -17.2 -6.0 0.11 0.14 —44.2 - - - -
IRC.16 18.6 -10.5 0.05 0.05 -44.2 - - - -
IRC.17 27.9 12.3 0.09 0.16 -44.4 - - - -
IRC.18 354 234 0.11 0.11 -44.4 - - - -
IRC.19 6.5 13.0 1.03 1.24 -44.5 - - - -
IRC.20 3.9 13.7 0.10 0.14 -44.8 - - - -
IRC.21 15.6 7.2 0.17 0.21 -45.2 - - - -
IRC.22 332 431 0.06 0.06 -45.2 - - - -
IRC.23 29.6 9.9 0.13 0.21 -45.3 - - - -
IRC.24 2.8 13.1 0.08 0.11 -45.3 - - - -
IRC.25 4.8 11.0 0.10 0.14 -45.6 - - - -
IRC.26 4.0 9.6 0.11 0.31 -45.8 - - - -
IRC.27 3.7 8.4 2.04 3.29 -47.0 - - - -
IRC.28 4.5 10.0 0.05 0.08 -47.4 - - - -
IRC.29 -7.6 4.5 0.15 0.19 -47.9 - - - -
IRC.30 -8.9 4.4 0.20 0.35 -48.0 - - - -
IRC.31 -0.8 5.9 0.10 0.10 -48.0 - - - -
IRC.32 -5.6 4.4 0.08 0.15 -48.0 - - - -
IRC.33 2.8 8.0 0.05 0.06 -48.0 - - - -
IRC.34 27.8 7.2 1.14 3.31 -48.9 1.51+0.10 -132+2 - -
IRC.35 28.3 6.8 6.29 11.16 -49.1 0.61+0.07 -67+7 - -
IRC.36 28.3 -5.7 1.29 1.47 -49.3 - - - -
IRC.37 3.6 2.8 1.19 1.52 -49.7 - - - -
IRC.38 27.2 6.5 3.03 4.35 -49.8 058+0.03 -74x2 - -
IRC.39 5.6 5.8 0.17 0.24 -49.9 - - - -
IRC.40 30.6 5.8 0.22 0.34 -50.1 - - - -
IRC.41 —1.1 -0.4 1.96 2.54 -50.3 1.58+0.30 -39+7 - -
IRC.42 -0.9 0.2 11.91 20.83 =514 0.65+030 -58«16 - -
IRC.43 4.4 -8.6 1.65 2.05 -51.8 - - - -
IRC.44 0.0 0.0 51.23 67.03 -52.0 0.57+0.02 -77+2 2.10+0.13 +47 + 3¢
IRC.45 -0.6 2.0 5.21 8.88 =523 045+£0.07 --93+£5 1071121 +266+30°
IRC.46 -1.3 2.0 1.68 3.06 -52.7 - - - -
IRC.47 -2.0 0.9 1.65 2.24 -53.0 - - 1552 +4.05 +331 +82°¢
IRC.48 -0.8 0.6 11.26 15.17 -533 046+0.18 -75+14 10.38+0.61 +273+18°
IRC.49 23.2 12.6 0.34 0.48 -53.8 - - - -
IRC.50 23.3 12.8 0.33 0.51 -54.0 - - - -
IRC.51 -1.6 2.8 9.08 9.43 -542 0.19£0.02 -97+6 - -
IRC.52 -20.0 13.0 0.14 0.26 -54.6 - - - -
IRC.53 16.7 20.4 0.06 0.07 -55.8 - - - -
IRC.54 29.6 3.9 0.40 0.49 -55.9 - - - -
IRC.55 29.2 4.0 0.09 0.14 -56.8 - - - -
IRC.56 26.4 21.2 0.03 0.04 -57.4 - - - -
IRC.57 28.8 4.0 0.23 0.53 -57.6 - - - -
IRC.58 28.5 4.6 4.89 5.48 -58.3 - - 8.34+1.40 —-130+22
IRC.59 28.7 3.7 0.20 0.29 -59.0 - - - -
IRC.60 14.6 4.8 0.53 0.57 -59.5 - - - -
IRC.61 14.4 4.5 0.76 0.81 -60.6 - - - -
IRC.62 7.0 14.4 0.07 0.09 -63.2 - - - -
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