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ABSTRACT
In a continuing effort to investigate the role of magnetic fields in evolved low and intermediate
mass stars (principally regarding the shaping of their envelopes), we present new ALMA
high resolution polarization data obtained for the nebula OH 231.8+4.2. We found that the
polarized emission likely arises from aligned grains in the presence of magnetic fields rather
than radiative alignment and self scattering. The ALMA data show well organized electric
field orientations in most of the nebula and the inferred magnetic field vectors (rotated by
90 degrees) trace an hourglass morphology centred on the central system of the nebula. One
region in the southern part of OH 231.8+4.2 shows a less organized distribution probably
due to the shocked environment. These findings, in conjunction with earlier investigations
(maser studies and dust emission analysis at other scales and wavelengths) suggest an overall
magnetic hourglass located inside a toroidal field. We propose the idea that the magnetic field
structure is closely related to the architecture of a magnetic tower and that the outflows were
therefore magnetically launched. While the current dynamical effect of the fields might be
weak in the equatorial plane principally due to the evolution of the envelope, it would still
be affecting the outflows. In that regard, the measurement of the magnetic field at the stellar
surface, which is still missing, combined with a full MHD treatment are required to better
understand and constrain the events occurring in OH 231.8+4.2.

Key words: magnetic fields — polarization — stars: AGB and post-AGB — ISM: jets and
outflows ISM: individual: OH231.8+4.2

1 INTRODUCTION

The detection of magnetic fields in evolved low and intermediate–
mass stars (∼0.8–8 M�), such as AGB and post-AGB stars
(pAGBs), pre-planetary (pPNe) and planetary nebulae (PNe), has
generated great interest over the last decade. The main reason lies
in our desire to understand the role magnetic fields could play in
the dramatic departures from spherical symmetry occurring during
the transition from the AGB to the PNe evolutionary phases (Sahai

? E-mail:lsabin@astro.unam.mx (LS)

et al. 2007, 2011).
Observations, detections and measurements of the field topology
and strength have been performed using different methods:
(spectro)polarimetry of various maser species (e.g. Vlemmings
& van Langevelde 2008; Leal-Ferreira et al. 2013; Gómez et al.
2016; Vlemmings et al. 2017), measurement of circular polar-
ization (Stokes V) in stellar atmospheres and photospheres (e.g.
Konstantinova-Antova et al. 2010; Lèbre et al. 2014; Sabin et al.
2015), analysis of the linearly polarized emission of circumstellar
dust and molecules (e.g. Vlemmings et al. 2012, 2017; Girart
et al. 2012; Sabin et al. 2014). Nevertheless, we are still far from
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getting a full picture of the effects of magnetic fields in evolved
stars. Small samples (compared to the total number of stars at
each evolutionary stage) and few global analyses (combining the
different techniques aforementioned), are likely the main causes
for this. For instance, only two pAGBs are known to show a clear
Zeeman splitting profile, and hence allow a definite magnetic
field detection at their surface (Sabin et al. 2015). This number
plummets to zero when it comes to the central stars of PNe (Leone
et al. 2011; Jordan et al. 2012; Leone et al. 2014; Steffen et al.
2014).
In this context the post-AGB OH 231.8+4.2 (a.k.a the Calabash
nebula) establishes itself as a key object of study based on the
various polarimetric observations that have been performed along
the years. Indeed, this is one of the few objects for which numer-
ous maser and dust polarization analysis have been undertaken,
allowing for a unique view of its magnetic field.

OH 231.8+4.2 is a bipolar oxygen-rich binary pAGB and has
been the subject of maser and dust continuum polarization analy-
ses targeting both the strength and topology of the magnetic field
at different scales. Etoka et al. (2009) mapped the distribution of
OH masers at 1667 MHz with MERLIN, at an angular resolution
of ∼0.2 ′′and found a ring-like pattern with a ∼ 4′′ diameter cen-
tred on the central star. This corresponds to a radius of ∼3300 AU
considering that OH 231.8+4.2 is part of the open cluster M46 (or
NGC 2347, Jura & Morris (1985)) for which the recent Gaia DR2
release indicates a mean parallax of 0.61 mas (Cantat-Gaudin et al.
2018), leading to a distance to the nebula of 1639 pc. The polariza-
tion analysis (circular and linear) indicated a radial magnetic field
aligned with the outflow of the pAGB.
Later on, Leal-Ferreira et al. (2012) observed the H2O 61,6–52,3 ro-
tational transition with the Very Long baseline Array (VLBA) and
a synthesized beam size of ∼1.7×0.9 mas. Of all the 30 detected
maser spots, most of them are distributed in the direction of the
collimated outflow and at ∼40 AU from the central star (assum-
ing a distance of 1540 pc derived by Choi et al. 2012), only a few
show detectable level of polarization. Although it was not possible
to estimate the direction of the magnetic field via linear polariza-
tion analysis, the presence of circular polarization in two masers
spots located at opposite sides of the star indicated a strength of
the magnetic field along the line of sight of 44±7 mG and -29±21
mG. The extrapolation of the field’s strength to the stellar surface,
assuming a toroidal distribution, sets a value of ∼2.5 G at 1 R?.
Finally, Sabin et al. (2014, 2015) mapped the polarized thermal
emission of the dust continuum at submillimeter (0.87mm/345
GHz) and millimeter (1.3mm/230 GHz) range with the Sub-
millimeter Array (SMA) and Combined Array for Research in
Millimeter-wave Astronomy (CARMA), respectively. Based on the
radiative torques (RATs) theory regarding the alignment of non-
spherical spinning dust grains with respect to the magnetic field
(Lazarian & Hoang 2007, 2008; Hoang & Lazarian 2008; Lazar-
ian & Hoang 2011), the authors were able to infer the presence
of an X-shaped magnetic field distribution centred at the base of
each optical outflow and encompassing the red- and blue-shifted
12CO (J=3→2) molecular outflows. The 230 GHz polarimetric
analysis also indicates an organized magnetic field, which not only
mirrors part of the X-shaped structure seen at the submillimeter
wavelength, but most importantly it also shows the presence of
a new structure aligned with the equatorial plane of the nebula.
The combined analysis thus revealed the coexistence of an inner
dipole/polar magnetic field configuration and an outer toroidal con-
figuration. In addition, the analysis of the variation of “magnetic
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Figure 1. ALMA dust continuum emission map, at 345 GHz, of OH
231.8+4.2. The global hourglass shape is well defined and the peak emis-
sion is coincident with the central star location (CS on the map). The origin
(0,0) of the map corresponds to the coordinates α(J2000)=07h 42m 16s 947,
δ (J2000) = −14◦ 42′ 50.′′199. North is on top and east is on the left, the
synthesized beam is indicated at the lower left corner.

vectors” (hereafter,
−→
B -vectors) position angles (PA) led the authors

to also consider the possibility of an helical magnetic field geom-
etry. All the detected features seem to point towards a magnetic
collimation and launching mechanism in OH 231.8+4.2.
Thus, in this article we present new high resolution polarimetric
observations (at 0.5′′) obtained with the Atacama Large Millime-
ter/submillimeter Array (ALMA). These data provide new insights
into the inner dusty region of OH 231.8+4.2 by allowing us to probe
the magnetic engine (assuming a dynamo mechanism) closer to its
launch-site and complete a multi-scale analysis of the magnetic
field in OH 231.8+4.2. We present the ALMA observing proce-
dure in §2 and the results are shown in §3. A comparative analysis
with all the previously obtained data is presented in §4 & §5. Our
concluding remarks are shown in §6.

2 OBSERVATIONS AND DATA REDUCTION

The non-standard polarimetric observations were performed with
40×12m ALMA antennae on 2016-12-28. The observations, under
the code 2016.1.00196.S (P.I. Sahai), were done using frequency
Band 7 with spectral windows centred at 336.495 GHz, 338.432
GHz, 348.495 GHz and 350.495 GHz, each window having
1.875 GHz bandwidth and 64 channels. The C40-3 configuration
was used with a maximum baseline of 460m and the maximum
recoverable scale (MRS) was 3.9′′. Two datasets were taken, with
a total time of 58.22 min and 91.55 min respectively (including
calibrations such as bandpass, flux, phase and polarization) and
OH231.8+4.2 was observed for 30.23 min in both cases. The
quasars which were used for calibration purposes are J0750+1231
as the flux and polarization calibrator, J0730-1141 as the phase
calibrator, and J0522-3627 as the bandpass calibrator. All three
quasars were also used for removal of effects of the atmosphere
and pointing calibrations.

The uv data reduction was performed using the ALMA

MNRAS 000, 1–?? (2019)



ALMA polarization of OH 231.8+4.2 3

C

B

A

CS

Figure 2. ALMA polarization map (at 345 GHz) showing the elec-
tric distribution of vectors. The contours are drawn in steps of
[0.01,0.05,0.1,0.3,0.5,0.7]×73.6 mJy beam−1. The letters A,B and C in-
dicate the three main polarized areas. The peak polarized emission, with a
value of 1.13±0.13 mJy beam−1, is found in the region B. The central star
location is also indicated (CS on the map). North is on top and east is on the
left, the synthesized beam is indicated on the left corner.

pipeline and imaging was done with The Common Astronomy
Software Applications (McMullin et al. 2007, CASA v 4.7.2). The
two executions were calibrated separately, then combined before
imaging and polarization calibration. To achieve a better sensitiv-
ity and unveil more details, two rounds of self calibration were
performed. We note that dynamical range of the Stokes I image
is at best around 300 (despite the self-calibration and careful re-
moval of the channels with line emission), indicating that all the
flux is not recovered. With a maximum recoverable scale (MRS)
of 3.9′′we have resolved out all the smooth structures larger than
this size. A Briggs weighting with a robust factor of 0.5 was used
to generate continuum maps with a resulting synthesized beam of
0.50′′×0.38′′with a position angle PA= 85.63◦. The images were
also primary-beam corrected and we note that the leakage is ex-
pected to be lower than 2% and the 1σ continuum instrumental
error is around 0.1%.
The resulting Stokes I (intensity) image has an rms noise level σI ≈
0.260 mJy beam−1 and the Stokes Q and U (polarized intensity)
images have rms noise levels σQ ≈ σU ≈ 0.021 mJy beam−1. All
the maps generated have a 3σ cut.

3 ALMA DUST POLARIZATION ANALYSIS

Fig.1 presents the distribution of the dust continuum emission
(Stokes I) toward the center of OH 231.8+4.2. The hourglass
shape (also seen in Fig.2) is obvious and extends over ∼8′′×3′′.
The eastern side of the distribution appears to be brighter than
the western counterpart. We observe two major bright regions
noted B and C in Fig.1 . The first bright section (B) is confined at
the waist of the hourglass structure, with the brighter part on its
eastern side, and shows a mean flux of 29±3 mJy beam−1 with a
peak intensity (PInt for Stokes I emission) of 74±8 mJy beam−1.

Table 1. Summary of the available dust polarimetric observations.

Array CARMA SMA ALMA

ν (GHz) 230 345 345

Beam Size (′′) 4.6×2.4 2.5×1.9 0.5×0.4

Θ′′ 15.3×8.8 7.3×5.7 8.0×3.0

Dpc 0.15×0.08 0.07×0.05 0.08×0.03

DAU 30600×17600 14600×11400 16000×6000

Θ′′, Dpc and DAU indicate the angular extent and approximate size of the
thermal emission in arcsec, parsec and AU respectively, assuming a dis-
tance of 1639 pc for the nebula. The two last values are corrected from the
35◦ inclination angle of the source.

The latter, located at the coordinates α(2000)=07h 42m 16s92,
δ (2000) = −14◦ 42′ 50.′′076 is coincident with the position of the
central star component QX PuP derived by Dodson et al. (2018)
and Sánchez Contreras et al. (2018) (α(J2000)=07h 42m 16s915,
δ (J2000) = −14◦ 42′ 50.′′06). The other region (C) is located in
the south-east with a mean flux of 23±3 mJy beam−1 and a peak
of 46±5 mJy beam−1.

The polarization map, shown in Fig. 2, indicates the global dis-
tribution of the electric vectors (

−→
E -vectors) and we emphasize that

the dusty regions in the nebula where those vectors are not indi-
cated have a polarized intensity below 3σ . The polarized emission
is not uniform but is rather patchy with three main regions (noted
A, B and C in Fig. 2). The peak polarization (PPol), located at the
coordinates 07h 42m 16s976 -14◦ 42′ 49.′′357 inside the area B, has
a measured flux of 1.13±0.3 mJy beam−1. As observed in many as-
tronomical objects, including OH 231.8+4.2 (see Sabin et al. 2014,
2015), PPol and PInt are not spatially coincident.
Most of the

−→
E -vectors are relatively well organized within each

area and this is particularly seen in regions A and B. We found
mean position angles for the electric vectors (EVPA) of about -
19◦±2◦ and -42◦±3◦ for the regions A and B respectively. How-
ever, while the mean PA seems to indicate a global preferential
alignment direction of the dust grains in these two regions, locally
we observe a curvature in the distribution of the position angle
of the

−→
E -vectors, which is likely to be of interest for the under-

standing of the magnetic field. In region C, the orientations of the
−→
E -vectors do not appear to show a coherent pattern, making their
interpretation more difficult. Finally, we note that the peak frac-
tional polarization decreases from the outer to the central regions.
Its value ranges from 9.7% and 16.4% in the (outer) regions A and
C respectively down to 2.2% in the (inner) region B.

4 MULTI-SCALE DUST POLARIZATION ANALYSIS

It is generally assumed that the polarization of ISM thermal dust
emission observed at long (e.g. submillimeter and millimeter)
wavelengths is due to spinning non-spherical dust grains aligned
with respect to the magnetic field. However, two other polarization
mechanisms have been proposed, mostly in the study of protoplan-
etary discs.
First, mm-sized grains may not be aligned by the magnetic field
(due to the slow Larmor precession), but rather by the radiative
flux, as shown by Tazaki et al. (2017). In this case, the polarization

MNRAS 000, 1–?? (2019)
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Figure 3. Distribution of the degree of polarization in the CARMA (left) and ALMA data (right). The wedge indicates the percentage polarization.

Figure 4. (Left) The panel shows the lowest significant contours of the dust continuum emission distribution observed with CARMA (blue, contour level of
0.005 Jy beam−1) and SMA (red, contour level of 0.03 Jy beam−1) superimposed on an ALMA image (in color scales) of the continuum emission at 345 GHz.
The white contours show the optical emission from the source obtained with the Hubble Space Telescope and WFPC2 at 0.65µm (F656N filter). (Right) A full
view of the bipolar nebula OH231.8+4.2 as seen with the HST in Hα emission (F656N filter), together with the same dust emission contours as shown in the
left panel.

traces the radiation anisotropy (see figure 12 of Tazaki et al.
2017). The application of this mechanism to our bipolar evolved
nebula might produce different results due to the different physical
and morphological conditions in OH231.8+4.2 compared to
protoplanetary disks. However, based on the general distribution
of the polarization vectors indicated by the disc model in the case
of radiative polarization, we can make a first guess on whether this
process could explain the polarization seen in OH 231.8+4.1. In the

case of grain alignment caused by a radiative flux the polarization
distribution would more likely be centro-symmetric (or spherical
symmetric). The millimeter data obtained with CARMA indicates
that only the

−→
E -vectors located in the upper area, corresponding

to the regions A and B in our new ALMA dataset, are consistent
with radiative grain alignment. However, the high resolution
submillimeter ALMA data (Fig. 2) show an arc-like distribution

MNRAS 000, 1–?? (2019)
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Figure 5. Polarized dust emission maps (greyscale) with the E-vectors (red) rotated by 90◦ to illustrate the magnetic field geometry obtained with CARMA
(left), the SMA (center) and ALMA (right) in each case the beam is shown on the bottom left corner. The green asterisk in the right panel indicates the location
of the central star and for all the maps we superimposed the contours of the optical emission of the source (obtained with the HST). Note that the length of the
vectors are not related to the percentage polarization.

Figure 6. ALMA map of the magnetic field distribution of vectors gener-
ated with a zoom on the region ”C”. The beam size is shown on the left
lower corner.

of the polarization vectors in region A (see their position angles)
which deviate from the spherical symmetric pattern around the
central star. This implies that radiative grain alignment (or align-
ment with radiation anisotropy) is not the dominant mechanism
for grain alignment here. It is possible that the polarization in
the inner region of the nebula (area B, see Fig.2) is due to the
radiation field, since many of the

−→
E -vectors in this area could be

related to a spherical symmetric geometry. However, this pattern is
incomplete as it is not seen in the southern part of region B, and

the mean percentage polarization is relatively low ( '1%), both
at 230 GHz (CARMA data) and at 345 GHz (ALMA data). So
we disregard radiative alignment as the main polarization process
operating in OH 231.8+4.2. One would expect higher percentage
at this location, or in other words, a more efficient alignment of the
dust grains. Detailed modelling, involving different radiation field
intensities, observing wavelengths, and dust grain sizes (Ohashi
et al. 2018; Tazaki et al. 2017), would be needed to assess if and in
which conditions this alignment process would be viable.
The second polarization mechanism unrelated to magnetic fields
is due to dust self-scattering. This process becomes important if
the dust grain size is comparable to the wavelength, i.e. if amax
∼ λ /2π with amax the maximum grain size (Kataoka et al. 2015)
and has been mostly studied at millimeter wavelengths. Hence,
a low P% is achieved when amax > λ /2π and vice versa. Fig. 3
indicates the variation of the degree of polarization in the nebula
at millimeter and sub-millimeter wavelengths. Although there is
a clear gradient, which can be associated with a depolarization
effect, P% is generally always > 2% in most of the nebula except
for the region closer to the central star. The relatively high degree
of polarization that we find in OH231.8+4.2, compared to the
maximum value typically expected from models of self-scattering,
about 2.5% at 345 GHz (amax=100 µm) (Kataoka et al. 2015),
suggest that self-scattering is not the dominant polarization factor
in OH 231.8+4.2. The polarization process occurring in the inner
region is less clear though.
In addition, the good agreement between the 230 GHz and 345
GHz maps in terms of polarization vectors distribution indicates
that there is no wavelength dependence. We further convolved
the ALMA Stokes Q and U images to the CARMA resolution
and confirmed this trend. As scattering polarization is frequency
dependent, it is very unlikely that self-scattering is a main element
in the polarization seen in the nebula. It is important to note that the
different polarization processes are not mutually exclusive. If, as

MNRAS 000, 1–?? (2019)
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we have argued above, the radiation flux (via radiation anisotropy
alignment) and self-scattering are not principal factors operating
in the nebula, magnetic fields are likely responsible for the dust
alignment and the observed polarization.

Hence using the ALMA data and bearing in mind the above
caveats, it is therefore possible to proceed with the mapping of the
“magnetic architecture” of OH 231.8+4.2. Moreover, combining
our new findings with the CARMA and SMA data, we now have
multi-scale information on the dust distribution, and by extension
on the magnetic field geometry. Table 1 compiles the character-
istics of each available dataset and Fig. 4 shows the extent of the
thermal dust emission for the different arrays as well as the HST
Hα emission. It is therefore possible to pinpoint the distribution
of the thermal dust emission with respect to the ionized emission.
Viewed on the plane of the sky, the former is centred on the cen-
tral star of the nebula and extends at most only over a semi-major
axis of ∼7′′. This represents ∼2.6 times less than the optical north-
ern lobe and 5.1 times less than the southern one. The thermal dust
emission observed with our combined dataset, therefore traces the
highest dust density regions of the nebula (see also Balick et al.
2017 and Sánchez Contreras et al. (2018)). Fig. 5 presents three
distinct behaviours (or distributions) of the magnetic fields in the
regions above and below the equatorial plane. They are described
in the following sections 4.1, 4.2 and 4.3.

4.1 Poloidal or hourglass magnetic distribution

The analysis of the ALMA polarization data shows that the
−→
B -vectors (EVPA rotated by 90◦ ) located in the areas A (with a
mean PA=63◦ ), B1 (with a mean PA=23◦ ) and B3 (with mean a
PA=-25◦ ) align quite well with the edges of the northern outflow
within its opening angle of 67◦ (with a mean PA= 23◦ based on
the optical HST image presented here). The uncertainty on the
polarization angles, assuming a 3σ threshold, was estimated to be
around 10% using the relation derived by Serkowski (1974). We
can now integrate all the information to assess the distribution of
the magnetic field. With the equator of the nebula (at PA ∼113◦ )
as a demarcation line, the northern section shows an organized
“
−→
B -vectors” V-pattern along the outflows in the 230 GHz CARMA

dataset. As it gets closer to the central region, with an increase in
resolution and change of wavelength (870 µm SMA and ALMA
dataset), we observe a remarkable consistency in the general
distribution of the vectors. This would suggest that the mechanism
responsible for aligning the dust grains, that we assume to be the
magnetic field, is strong and coherent enough (the vectors showing
a noticeable organized pattern) that it is not disturbed along most
of the extent of the northern lobe.
Another significant point is that from the global “V-shaped” struc-
ture observed with CARMA (Fig. 5-left), a complete hourglass
becomes even clearer down to the ALMA resolution. Indeed, the
set of

−→
B -vectors in the region noted “D” in the SMA observations

at PA=-20◦ (Fig. 5-middle) and the ones in the region noted “B2”
in the ALMA observations at PA= -18◦ (Fig. 5-right) seems to
draw the southern section of the magnetic hourglass. In all the
maps, the center of this bipolar pattern appears to be coincident
with the approximate location of the central star.

While the Stokes I flux densities of both the SMA and ALMA
maps are roughly comparable with values of ∼1.65 Jy and ∼1.02
Jy respectively, some differences in the polarized emission distribu-

tion are worth mentioning. Hence, the strong submillimeter emis-
sion in the region “D” (seen with the SMA) is no longer visible
in the ALMA data. In addition we observe other discrepancies in
the polarization distribution between both maps. Indeed, the strong
central polarization in the region A seems to be missing in the
ALMA map and conversely the strong polarization in region B1
(seen with ALMA) is not present in the SMA map. We excluded
the ”contamination” of our previous SMA maps by some line po-
larization and conducted independent ALMA data re-reductions.
The reason for the absence of structures seen with the SMA (at
lower resolution) in the ALMA map (having a higher resolution) is
not clear.

4.2 A large scale toroidal field component

The southern part of the magnetic hourglass structure observed
with ALMA, and even the SMA, appears to be surrounded or em-
bedded within a wide toroidal like pattern, with a size of ∼6′′×7′′,
located at larger scale. This can be seen through the orientation
of the

−→
B -vectors in the CARMA image Sabin et al. (2015) (Fig.5-

left). This toroidal pattern totally disappears as we are getting closer
to the central star perhaps due to the changes in the properties or ge-
ometry of the alignment mechanism. At first glance the magnetized
torus, seen at 230 GHz, could be considered as an independent sec-
ondary element of the magnetic structure of OH 231.8+4.2 (along
with the poloidal structure).
However, Sabin et al. (2015) noted a coherent variation in the PA
of the magnetic vectors observed in the millimeter range, between
the northern and southern sections (with respect to the equatorial
plane), which would be consistent with a single helical structure
(composed of a toroidal and a poloidal sections). This will be dis-
cussed below.

4.3 The case of the region “C”

While the structures described in §§ 4.1 and 4.2 show organized
magnetic vectors and preferential directions, this is not the case for
the region noted “C” in Figs. 2 and 5. A closer look at this area
(Fig. 6) indicates that a coherent pattern seems to exist within each
internal clump, however this local organization does not hold when
the clumps are taken altogether. The changes in the polarization
pattern could be linked to the shocked environment at the base of
the southern lobe. Balick et al. (2017) presented a detailed hydro-
dynamical model of OH 231.8+4.2 where they distinguished both
lobes. The region coincident with our area “C” is represented with
a faster ejection (400 km s−1 against 225 km s−1 for the northern
lobe), a wider opening angle (50◦/ 30◦) and a higher injection mass
rate (2.3e−2 M� yr−1 / 4.8e−3 M� yr−1). These conditions would
therefore contribute to the explanation for the lack of organization
in the distribution of vectors.

5 GLOBAL VIEW OF MAGNETIC FIELDS IN OH
231.1+4.2

We can now use the new thermal dust polarization observations
with existing OH maser data by Etoka et al. (2009) and Leal-
Ferreira et al. (2012), to trace the magnetic field pattern from
∼30600 AU down to ∼40 AU from the central star (and by ex-
trapolation to its surface).

MNRAS 000, 1–?? (2019)
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Figure 7. The image on the left shows the distribution of the “magnetic vectors” taking into account all arrays: CARMA (black), SMA (Blue) and ALMA
(Red). On the middle and right panels, sketches of the full magnetic tower as well as a zoom on the upper part of the tower are shown with the same color code
to mirror the magnetic lines from each array. This could be a good representation of magnetic distribution in OH 231.8+4.2.

5.1 Overall magnetic topology

The OH masers (Etoka et al. 2009) and dust polarization emission
data (SMA, ALMA) indicate the presence of a well organized
magnetic field in the polar direction and in the "inner" parts of the
nebula (i.e. the regions closer to the central star). The most spa-
tially distant magnetic field lines seen with CARMA point towards
the presence of an additional toroidal magnetic pattern. Such a
dual distribution of the magnetic field is a strong reminiscence of
magnetically driven outflows model (Huarte-Espinosa et al. 2012)
and is also supported by the possible presence of an helical field,
inferred by the distribution of the polarization vectors (i.e. PA
variation) in the 230 GHz polarization map (Fig.7).

Now that we have established the presence of a multi-scale
magnetic field in OH 231.8+4.2 we can postulate that it might have
a dynamical role in the shaping of the nebula.
The polarization vectors seen at millimeter and sub-mm wave-
lengths could indicate the presence of frozen-in toroidal magnetic
field lines which would have subsequently been dragged along
with the outflows, but they could also trace the remnant of a
dynamo-generated magnetic field which has evolved in time. In
the later scheme the field is amplified in the rotating disk/torus
or within the binary system. The smaller the disk or the closer
the binary separation, the higher the magnetic field intensity, and
therefore we would expect a magnetic launching mechanism.
MHD launching is very likely the only process that would
reproduce the kinetic energies observed in such evolved nebu-
lae (García-Segura et al. 2020). Hence, Huarte-Espinosa et al.
(2012) (and references therein) discussed two magnetic models,
which could account for the observed magnetic structure in OH
231.8+4.2: magnetic towers and magneto-centrifugal launch. The
main distinction between the two models is the distance up to
which the magnetic energy density dominates over the kinetic
energy. Based on the magneto-hydrodynamics simulations realised
by the authors, magneto-centrifugal launch may dominate below
'100 Rstar (inside the Alfvén radius). At larger distances the flow
is mostly directed by hydrodynamical motions. Magnetic towers
on the contrary can have an effective action at much larger scales.

We present in Fig.7 a model of a magnetic tower, performed
with 3D-MHD numerical simulations (see Huarte-Espinosa et al.
2012), with different spatial layers of magnetic field lines which
seems to closely mirror the distribution seen in OH 231.8+4.2.
The sketch represents the core of the tower only. Knowing the
magnetic field intensity of the stellar engine is therefore a key
element to determine first, if the field is strong enough to trigger
the magnetic launch and then to discern which magnetic launching
mechanism applies. The only available data are the extrapolation
given by Leal-Ferreira et al. (2012) indicating a surface magnetic
field of ∼2.5G. But as this value originates from a single H2O
maser emission located at ∼40 AU it cannot be fully established
as representative of the stellar surface. Sabin et al. (2014) deduced
that for B > 0.6 mG, the magnetic pressure (PB = B2/8π) was
dominating over the thermal pressure (Pth = nHkT ) in the central
region (' 6′′in size or 12000 AU) defined by Bujarrabal et al.
(2002). This corresponds to the area mapped by ALMA. Assuming
a temperature of 100 K for a region much closer to the central star
('0.5′′or 1000 AU in size, see Sánchez Contreras et al. 2018), the
lower limit rises to 1 mG.
Based on the distances where the fields were observed and the
strength derived, it is unlikely that a dynamo-like activity would
still be at work in OH231.8+4.2 or at least that it would have any
dynamical effect in terms of launching, but magnetic fields can
still be involved in shaping of the outflows.

While the main morphology would be defined by the magnetic
tower, there is still the possibility that internal shocks or other lo-
calised hydrodynamical motions could locally break the symmetry
inside the nebula. For example, Balick et al. (2017) using purely hy-
drodynamical modeling, find that one way to explain the asymme-
try in the lobes is to assume that they are created by the interaction
of a fast, bipolar wind with an ambient circumstellar envelope, with
the former having different speeds, mass-injection rates and open-
ing angles in the North and South. Presumably, a full MHD simu-
lation that can reproduce the overall large asymmetry in the lobes
would have to incorporate similar asymmetries in the magnetically-
launched wind, thus implying an underlying asymmetry in the mag-
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netic field at the base of the outflows. Asymmetries in the overall
dust distribution, as well as the unexplained structures that we see
in the dust distribution (e.g. region C) could presumably represent
regions of locally enhanced density and/or temperature, resulting
from cooling and associated instabilities (e.g., see Fig. 2 of Huarte-
Espinosa et al. 2012).
The Calabash nebula is somewhat peculiar because of the large
striking difference in the size of its North and South lobes. However
its dusty nature makes it an ideal target for the type of investigation
we present in this article, which addresses fundamental questions
regarding the presence of large scale, organized magnetic fields in
pre-planetary nebulae in general, and their role in the formation and
shaping of these objects. We observed either toroidal or polar mag-
netic structures in other sources that have been investigated in the
past. OH 231.8+4.2 is the only object with a clear X-shaped mor-
phology (but also the best characterised). Although it is too early,
and the data too sparse, for us to comment on the commonality of
such geometries, the observations presented in this paper can en-
able testing of theoretical mechanisms involving magnetic fields
for shaping PPNe.

As aforementioned, a complete MHD model (i.e. taking into
account the detailed hydrodynamics information of the source)
would therefore greatly help in determining the field strength
needed to trigger the magnetic structures that are observed and
if/how it would affect the dynamics of the outflows.

6 SUMMARY AND CONCLUSIONS

We present a polarization analysis of OH 231.8+4.2 with ALMA
at the high spatial resolution of 0.5”. The new data allowed us
to have a clear picture of the magnetic field geometry at smaller
scales. In combination with other interferometric polarization data,
we now have new insights into the whole magnetic field structure
which might govern or be closely related to the object geometry.
The main findings are described below.

• ALMA revealed well organized
−→
E -vectors in the bright A and

B regions corresponding to the northern outflow and the waist of
OH 231.8+4.2. The

−→
B -vectors are consistent with an hourglass

morphology whose origin is coincident with the location of the
central star of the nebula. In the southern outflow, the polarization
vectors (region C) are globally less aligned perhaps due to a shock
dominated environment.
• The absence of a global spherical symmetric pattern, the high
percentage polarization (>2%) in most of the nebula and the
absence of a wavelength dependence in terms of the polarization
vector distribution argue against radiative alignment and self
scattering as the main mechanisms involved in the dust grain
alignment pattern, leaving the magnetic field as the most probable
cause for the polarization observed. However the polarization
process(es) at work in the inner region is less clear and would
deserve further study.
• The combination of all the polarimetric data gathered for OH
231.8+4.2 allows us to perform a multi-scale analysis. The latter
tends to confirm the presence (at all scales) of a magnetically
collimated outflow most likely originating from the area hosting
the central star of the nebula (and where a dynamo would have
been at work). This magnetic hourglass, present in the zones of
highest dust density regions, is embedded in a toroidal pattern and
the whole structure closely mirrors the architecture of a magnetic

tower.

While we probed the presence of a well organized mag-
netically collimated structure, the precise measurement of the
magnetic field in the central engine is still missing. This piece of
information is needed to accurately determine the actual (and past)
dynamical effects of the field onto the shaping the nebula. While
we could only be seeing the remnant of a fossil field dragged by the
outflows, the hypothesis of the occurrence of a MHD launching at
some early stage in the history of OH 231.8+4.2, which would still
have an impact on the outflows geometry, should not be discarded
and has been explored in this article.
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