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ABSTRACT

Context. The majority of the observed planetary nebulae exhibipgtial or bipolar structures. Recent observations have/stibat
asymmetries already start during the last stages of the A@Bg Theoretical modeling has indicated that magnsaticallimated
jets may be responsible for the formation of the non-sphéplanetary nebulae. Direct measurement of the magnelticdfievolved
stars is possible using polarization observations décgnt maser species occurring in the circumstellar eneslapound these stars.
Aims. The aim of this project is to measure the Zeeman splittingedy the magnetic field in the OH and® maser regions
occurring in the circumstellar envelope and bipolar outftdwhe evolved star W43A. We compare the magnetic field obthin the

OH maser region with the one measured in th©Hnaser jet.

Methods. We used the UK Multi-Element Radio Linked Interferometertiwark (MERLIN) to observe the polarization of the OH
masers in the circumstellar envelope of W43A. Likewise, weduthe Green Bank Telescope (GBT) observations to medsere t
magnetic field strength obtained previously in th&OHnaser jet.

Results. We report a measured magnetic field of approximately4®0n the OH maser region of the circumstellar envelope around
WA43A. The GBT observations reveal a magnetic field strelytbf ~30 mG changing sign across the®masers at the tip of the
red-shifted lobe of the bipolar outflow. We also find that thd @aser shell shows no sign of non-spherical expansion atdtth
probably has an expansion velocity that is typical for thellshof regular OHR stars.

Conclusions. The GBT observations confirm that the magnetic field collesahe HO maser jet, while the OH maser observations
show that a strong large scale magnetic field is present irenlielope surrounding the W43A central star. The magnetid ife
the OH maser envelope is consistent with the one extrapbfeden the HO measurements, confirming that magnetic fields play an
important role in the entire circumstellar environment o4 3.
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1. Introduction ditional source of angular momentum is present (B.g._Soker
11998). However, theoretical models have shown that AGBsstar
At the end of their evolution, low mass stars undergo a periedn generate the magnetic field through a dynamo interac-
of high mass lossMl « 107 — 10~7 M/yr) that is important tion between the fast rotating core and the slow rotating en-
for enriching the interstellar medium with processed moles. velope (Blackman et al. 2001). Alternatively, the preseote
During this stage the star climbs up the asymptotic giamdita heavy planet or a binary companion as the additional source
(AGB) in the Hertzsprung-Russell (H-R) diagram. AGB staes aof angular momentum can maintain the magnetic field (e.g.
generally observed to be spherically symmeiric f@112004). [Frank & Blackmalh 2004).
However, planetary nebulae (PNe), supposedly formed out of polarization observations of fiérent maser species in the
the ejected outer envelopes of AGB stars, often show large ¢esg of these stars provide a unique tool for understanding
partures from spherical symmetry. The origin and develaimehe role of the magnetic field in the process of jet collima-
of these asymmetries is not clearly understood. Obsen&tb tion. Strong magnetic fields have been observed througheut t
collimated jets and outflows of material in a number of PN@aéntire CSE of these stars forfidirent molecular Species (eg
been reported (ebmu%dmmmzoﬁbka& DiamonH 2004! Viemmings etldl. 2006; Herpin ét al.
Alcolea et al| 2001)._Sahai & Trauger (1998) propose that t2€06 using OH, HO and SiO masers, respectively).
precession of these jets is responsible for the observeurasy Likkel et all (199P) introduced a separate class of post-AGB
tneds. Tgese jets a:re "k_ff_ly f(t)rrged when Ighl\(le star 'ga‘r’lesgt?_? A sources where ¥0 maser velocity range exceeds that of OH
and undergoes a transition to become a PN[(e.q. Sahai & Trauggser in the CSE. High resolution,@& maser observations
11998} Imai et al. 2002; Miranda et/al. 2001). trace highly collimated jets in the inner envelopes of thelse
Magnetic fields can play an important role in shaping thects. These objects, the so-called water fountain soueres
circumstellar envelope (CSE) of evolved stars and can m@duihought to be in the transition stage to PNe. An archetype of
asymmetries during the transition from a spherical symimetthis class is W43A, located at a distance of 2.6 kpc from the
star into a non-spherical PN. They are also possible agents $un (Diamond et al. 1985), for which the® masers have been
collimating the jets around these sources (Garcia-Sesfia  shown to occur at the tips of a strongly collimated and preces
[2005). It is not clear how stars can maintain a significant-maipg bipolar jet(Imai et dl. 2002). Polarization observatof the
netic field throughout the giant phases, as the drag of a laiggO masers of W43A reveal a strong magnetic field apparently
ﬁ

scale magnetic field would brake any stellar dynamo if no adellimating the jet/(Vlemmings et &l. 2006).
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Here we describe observations of the Zeeman splitting of dd¢amwidth of the GBT is- 33", while the HO maser emission
masers in the CSE and,B masers in the jet of W43A. Our aimis located within~ 1”. The GBT spectrometer was used with a
is to investigate the magnetic field strength and morphology bandwidth of 200 MHz and 16,384 spectral channels, prowgidin
the low density region of the CSE of this object, which is antr  a channel spacing of 064 knys and a total velocity coverage of
sition to become a PN and confirm the magnetic field in th®@ H 2700 knjs, centered oW sgr = 34 knys. Furthermore, the data
maser jet. The observations are describedrand the results were taken with the dual-polarization receiver of the louwer
of the observed spectra and the measured Zeeman splitenglaand using the total power nod observing mode. The two beams
presented irfi3. The results are discussed§d, where we in- have a fixed separation of 1.B8 in the azimuth direction and a
vestigate the observed Zeeman splitting and the signifecafc cycle time of 2 minutes was fiicient to correct for atmospheric
other non-Zeemanects. This is followed by conclusions$fl. variations. As a result, one beam of the telescope was always

pointing at the source while the other beam was used forinasel
correction. As W43A was only observed as a test for the splectr
2. OBSERVATIONS AND DATA ANALYSIS line setup, the total on source observing time was just 6 tagu
. Pointing and focus observations were done on J&858. This
2.1. MERLIN Observations source, and 3C286, were also used as flux calibrator, prayidi

We used the UK Multi-Element Radio Linked Interferometeflux calibration accurate te 10%. For data reduction we used
Network (MERLIN) on 4 June 2007 to observe the 1612 MHthe GBT IDLA software package. The total intensity spectrum of
OH masers of the evolved star W43A. We included the Lové1e W43A HO masers from these observations is shown in Fig.
telescope to achieve a higher sensitivity in this experimiEime

longest baseline (217 km) resulted in a beam size 0f>0.3

0.2 arcsec. The observations were performed in full pdariz, 5 Determining Zeeman Splitting

tion spectral line mode with the maximum possible 256 spec-
tral channels and a bandwidth of 0.25 MHz, covering a vejocifl he Zeemanféect causes a velocity shift between the left circu-
width of 44 kny's, this gives a channel width of 0.2 ksn lar polarization (LCP) and the right circular polarizatiRCP)

The observations of W43A were interleaved with observapectra. For OH masers the separation is often larger thean th
tions of the phase reference source, 10043, in wide-band line width, but for the HO molecule the splitting is small. The
mode in order to obtain an optimal signal-to-noise-rat©286 cross-correlation introduced ﬁmgt 005) is &n e
was observed as primary flux calibrator and polarizatiodeandective technique for measuring the Zeeman splitting witho
calibrator. 3C84 was observed both in narrow band and witigming the stokes V spectrum. In this method, the RCP and
band modes in order to apply band pass calibration and a ph€& spectra are cross-correlated to determine the veloggt.
offset correction. The full track of observations of W43A was 10his method can even work for complex spectra, assuming that
hours. the velocity dfset is the same over the spectrum; which means

We performed the initial processing of the raw MERLIN datéhe magnetic field strength and direction is constant in the-m
and conversion to FITS using the local d-programs at Jodr#lp region. The sensitivity of this method is comparablette t
Bank. The flux density of the amplitude calibrator, 3C84, was-curve method, where the stokes V spectrum is directly used
determined using the flux density of the primary flux calibror measuring the magnetic field (elg. Vlemmings et al. 2001;
tor, 3C286; we obtained a flux density of 18.94 Jy for 3C84. THeiebig & Guesten 1989), but has the advantage of being Isss su
rest of the calibration, editing and reduction of the dateeper-  ceptible to calibration errors in the RCP and LCP absolute flu
formed in the Astronomical Image Processing Software Rgekdevel determination.

(AIPS). Since the wide and narrow band data cov&edént fre-
quency ranges and usdlgrent electronics, there may be a phasg Resul
offset between the wide-band and narrow-band data; ftesto > ~&SY ts

was measured using thefidirence in phase solutions for 3C84rig. [ shows the spectrum of the OH and@Hmaser regions
and was applied to correct the phase solutions from the pb&se of W43A obtained from MERLIN and GBT observations, re-
erence source. The phase reference source +I® was used spectively. For W43A, the velocity range for the OH (27 to 43
to obtain phase and amplitude solutions, which were apptiedkmys) is much less than for 40 (-53 to 126 krys). The figure

the target data set. The polarization calibration for le@kaas jjlustrates the water fountain nature of this source whes® H
done using 3C84, and the R and L phafiset corrections were masers occur outside the OH maser region in a much larger ve-
performed on 3C286. Image cubes were created for stokes 1|&2ity range. The W43A OH masers have previously been ob-
U and V. The resulting noise in the emission free channels wasrved b $ (19778) with a bandwidth-0#00 knys, who

6.5 mJyBeam. For the brightest feature we are limited to a dyeported the OH emission to be confined to a similar velocity
namic range of650. A linearly polarized data cube was madgange.

using the stokes Q and U. The OH velocity profiles of the integrated flux of each chan-
nel in the | (total intensity), V (circular polarization) @ (lin-
22 GBT Observations ear polarization intensity) data are shown in Fidure 2. Trighlt-

est peak is red-shifted and the blue-shifted peak has a much
The observations of the #0 masers in the bipolar outflow of lower brightness; only 3% of the red-shifted brightness. There
WA43A were carried out at the NRAGGBT at Oct 14 2006 as is little emission detected between the two peaks. Most @f th
part of a project aimed at detecting additional water foimtaemission in the total intensity profile was also detectechi t
sources. At 22.2 GHz the full-width at half maximum (FWHM)inear and circular polarization spectra. For the circalad lin-
ear polarization profiles, the emission is dominated by #ue r

! The National Radio Astronomy Observatory (NRAO) is a fagitif ~ shifted peak. The peaks in the polarization intensity ancliar
the National Science Foundation operated under cooperagireement
by Associated Universities, Inc. 2 httpy/gbtidl.sourceforge.net
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Fig.1: The OH and HO maser spectra of W43A. The blue curve is 300 200 100 0 —100
the MERLIN 1612 MHz OH maser emission spectrum which iseshift Right Ascension offset (mas)

upward by 2 Jy for the purpose of illustration. The black euis the ) . )
H,O maser emission at 22 GHz obtained from GBT observations. Fig.3: The OH maser region of W43A. Thgset positions are with re-
spect to the maser reference feature. The maser spots amicaoded

according to radial velocity. The vectors show the polatimaangles,
scaled logarithmically according to the linear polarizati fraction m
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Fig.2: The 1612 MHz spectra for total intensity (1), linear polaiion  features are indicated by filled circles. OH maser features shown

(P) and circular polarization (V) data. as triangles. Red and blue colors show the red-shifted and-bhifted
features.

polarization spectra are 10% linearly and 12% circularliapo
ized.

Using the AIPS task SAD, OH maser features with peak . . . .
higher than three times the rms noise in the emission freﬂ_chgﬁscussed in depth By Modjaz ef al. (2005). The fractioma! I

nel were identified and fitted with a Gaussian in the totalrinte €&" (m) and circular (rg) polarizations were obtained from the

sity image cube; the results of which are shown in Table 1. Tﬂglanzatlon intensity and circular polarization speeiraly de-
maser line width for each featurai;), was obtained by fitting N°t€S the polarization angle. _

a Gaussian distribution to the | spectra. The Zeeman swjiti ~_Fig- [3 shows the OH maser spots (red-shifted and blue-
Av,) is the velocity shift between the right and left circular poshifted). The OH maser features detected for W43A are color
larizations for each maser feature obtained from the cross ccoded according to their radial velocity (Table 1). The vestn-
relation method. B is the value of magnetic field measured Bjcate the polarization angle scaled logarithmically adig to
converting the velocity splitting into the magnetic fieldestgth  fractional linear polarization. The weighted average @ ted-
using the Zeeman splitting cfiient of the OH maser line takenshifted vectors is- -6.4” while the polarization angle for the
from the literature (236 kmr$ G-1;[Davie 1974). The errors in blue-shifted feature is -4%4

field determination and Zeeman splitting depend on the rms in For illustration, following Fig. 2 of Imai et all (2002), Fid

the channels with bright emission. As the noise in channils wshows the spatial distribution of the OH maser features o34
bright emission increases by a factor-d§, we have conserva- together with HO maser positions_(Vlemmings et al. 2006).
tively determined the errors by the increased rms in the -ch&ince no accurate astrometry was available fgDHhasers, the
nels with strong maser signal. The robustness of the ermrs thaps were aligned on the respective centers of the masgr dist
termined from this against measurement uncertainties @as bbution.
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Feature RA Dec Peak Flux Viad Ay, Av, B m me B%
18 47 -105 | (Jybeam') | (kms?) | (kms?t) | (ms?) (uG) % % deg

1 41.15933[ 11.4200] 1.08+0.01 41.0 0.59 119+0.2 50+4 - 46+09 -
2 41.15684| 11.4500| 2.18+0.01 40.8 0.59 130+0.2 55+4 1.1+0.3 115+ 04 -11+1
3 41.15676| 11.4694| 5.20+0.01 40.6 0.59 139+03 | 59+6 08+0.2 50+0.2 -17+7
4 41.15666| 11.4600| 2104+ 0.03 40.2 0.58 139+0.2 59+4 313+005| 39+0.1 -4.3+0.4
5 41.15952| 11.5428| 1.97+0.01 39.5 0.62 201+05 | 85+11 - 26+05 -
6 41.15938| 11.5790| 3.33+0.01 39.3 1.54 391+11 | 166+24 1.5+0.3 147 +03 | -0.44+5.7
7 41.17281| 11.3021| 0.20+0.01 27.9 0.43 - - - - -
8 41.17217| 11.3431| 0.60+0.01 27.7 0.60 - - 6.6 +1.32 - -44+7

Table 1: OH maser Results

4. Discussion 4.1.1. Non-Zeeman effects

4.1. OH maser polarization A possible source of intensity dependent circular polaicra
. . o .. occurs because of the rotation of the axis of symmetry for

The linear and circular polarization that we measure (@Sl o mgjecylar quantum states (Nedoluha & Watson 1994). This
ggtrﬁde'grﬁsrbfbls)e';Szﬁic’onns'St\?vr;ltSVgﬁh&rgﬂg'nt?lldle;g;:t'_ﬁfgr:n%% stems from the competition between the magnetic field (B) and
4+ 20 i \arizati &(—ﬂf h 2405 k y'th the rate of stimulated emission (R). Whil2g R, the magnetic

+ 2% linear polarization for the masers a80.5 kmis, with g4 s the quantization axis. However, as the maser sasieatd
a polarization angle of 120 degrees. This is consistent withy, o 4te of stimulated emission becomes larger, the maéuil
our fmdmg of 0.8-3.2% linear polarization and an average PRracts more strongly with the stimulated emission and e a
larization angle of--7 degrees for the masers around that velog i, sy mmetry of the molecule changes toward the direction
ity. Additionally, they measured a peak circular pola@atof o 1 2ser heam. For the 1612 MHz OH maser the Zeeman split-
30+ 10% at~ 39 kmmys, decreasing to #5% towards 40 kifs, ting is 1.308 MHz G (DavieX 1974). For a magnetic field of B

which is consistent with our observations. - 1
The Zeeman splitting for the OH is larger than that foCH 'Zrhéorgt%;?gtizrﬁflrgtaeg féﬁﬂg;‘;%yi:hm becomésg 1308 s~

The split energy is determined by the following equation:
AW = —uo g e B. (1) R= AKT,AQ/4rhy. 2

For the OH moleculgy is the Bohr magnetonsg = z2-), and Here A is the Einstein cdicient for maser transition which
for the HO moleculeyo is the Nuclear magnetomy = %) is 13 x 1011 s for the 1612 MHz OH maser emission
As the Bohr magneton is almost 3 orders of magnitudes larg&estombes et él. 1977). K and h are the Boltzmann and Planck
than the Nuclear magneton, the OH Zeeman splitting is cor@@nstants respectivelil, denotes the brightness temperature
spondingly larger. However, the observed Zeeman splifing @nd for the 1612 MHz OH maser the maximum value i$'10
the OH maser region of W43A is considerably still less thaf (Reid & Moran!1981).AQ is the maser beaming angle. For
the maser line width by a factor of 50 (Tafile 1). We obtained typical angle of 167 sr, the maser stimulated emission rate
an average magnetic field of 10 G in the OH maser re- becomes 0.013 1. Therefqre, eyen_for the largest vz.;\Iue of R,
gion of W43A, using the cross correlation between the LCihe Zeeman frequency shiftqy is higher than the stimulated
and RCP spectra. The measured magnetic field is an ordegBtission rate. The imposed change of the symmetry axis due to
magnitude lower than those often found in OH maser regions®fmulated emission can thus not explain the circular fdar
evolved stars (e.d. Etoka & Diamahd 2004; Bains éOOéP” observed in the OH maser region of W43A.
However] Zell & Fix {19911) reported magnetic field on micro- Alternatively, the propagation of a strong linear polar-
gauss level in the envelopes of a number of/[Rstars. They ization can create circular polarization if the ma_gnetu?dfle.
also argue that there is convincing evidence that the smesth along the maser propagation direction
of the line profile is consistent with models in which there arl\Wiebe & Watson 1998). In the unsaturated regime with a frac-
a few thousand individual emitting elements, with 5 or 10 ifional linear polarization up to 50%, the generated cincpia:
dividual elements within the spectral resolution. This liep larization is”‘T when the magnetic field rotates 1 rad along the
that the spectral blending could decrease the observed- potaaser path. In this case, the linear polarization fractioseoved
ization by as much as a factor of 2-3. Likewise, a compain the OH maser region of W43A (m- 10 %), implies a gener-
ison between high- and low spatial resolution circular polaated circular polarization (gx 0.25 %), which is much less than
ization observations of other maser species also indig¢htgs the measured circular polarization. Thus it is highly ueljkthat

the blending of maser features typically decreases the atimgnthe observed circular polarization is created in this waghia
field measured at low angular resolution by a factor of 2 (e.@H shell of W43A.

[Sarma et al. 2001). Interferometric observations with bigipa- Thirdly, [Fish & Reid (2006) discuss an observationgitet

tial and spectral resolution are required to explore tfisot fur-  which may generate velocity shift between RCP and LCP in the
ther. Unfortunately, many of the masers may be resolved quresence of a large linear polarization fraction, whichldde
due to their extended structure. Alternatively, OH polatian falsely attributed to Zeeman splitting. They consider aineswre
could originate from non-Zeemarfects. Although our mea- case where the emission is right elliptically polarizedeTin-
sured magnetic field strength is similar to what is reported rearly polarized flux will only appear in the LCP receiver and
ported in OHIR envelopesl), we investigatethe RCP receiver picks up all the emission including linewt a
below to what level theseffects could be contributing to ourcircular polarizations. If the magnetic field orientatidmages
polarization measurements. along the amplification path, the linear polarization comgut
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may be shifted in velocity with respect to the circular pized
component. Thisfset will manifest itself as a velocity shift be- 40
tween the RCP and LCP spectra. However, in the case of the OH
emission region of W43A the RCP and LCP are at the same in-
tensity level which means that both contain linear and tarcu
polarizations. Therefore, thigfect is unlikely to be at work.

Finally, to investigate the fiect of instrumental polariza-
tion on the measured magnetic field, we imaged the unpol
ized source, 3C84, in all polarization states and obtaihed t
fractional linear and circular polarization which may agnbas
leakage. 3C84 is regularly used as VJMABA /MERLIN polar-
ization calibrator, and is known to be unpolarized. Our itssu
indicate a limit of 3% linear and 1% circular instrumentalgre
ization. The relative low level of instrumental polarizaticould
therefore not generate the observed circular polarizatidr2%
in the OH maser region of W43A. However, we can not formally
rule out instrumental polarization as the cause of the flipekar-
ization observed for any of the maser features other thaoriea
8.
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The magnetic field on the red-shifted® masers of W43A was
detected using the cross-correlation method that was siso uFig. 5: Bottom panel: The total intensity spectrum of the red-stlift

to measure the magnetic field in the OH maser region. To di§;5 masers of W43A obtained from the GBT observations. Thegtop fi
tinguish between separate spectral features, we spelgifisEd yre shows the magnetic field strength measured for the riétbdpart
the 'running’ average method described_in_Vlemmings (2008) the spectrum.

over 3 knjs intervals. We detect a magnetic field strength

changing sign from 3% 8 mG to-24 + 7 mG across the red-

shifted maser region (Fidl] 5). This is approximately a factgggs . . .

of two lower than the magnetic field measured on blue-shift )- Two diferent scenarios for 0 masers in WA3A exist.
masers using the VLBAL (Vlemmings et'al. 2006). Howeve
blending of the maser features will decrease the magnetit fi
measured with low angular resolution and smaffetences of

the pre-shock density, pre-shock magnetic field, or the ksh

ne possibility is that the masers occur at the tips of the jet

hen the jet has swept up enough material previously ejected
rom the stellar atmosphere. The jet occurs at the distafce o
O;:OOO AU from the central star traced by,® maser observa-

: ; . . ; tions and the typical hydrogen density at the distance 00100
velocity at blue and red-shifted tips of the jet will alsfiext ; -3 : .
magnetic field strength in the shock compresse® lhaser re- AU is 10° cmr® (Viemmings et all. 2006). Therefore, the density

: - . t increase by three orders of magnitude at the tips ofthe |

ion (Elitzur et al 1989). The measurements are thus in gogt - ; ;
ggreement with the pre)viously published results. Add'ﬂltyng so_that the conditions be_co_me appropriate fgOHnaser excl-
the sign reversal seen across the maser provides additiopal tation. Since the magnetic field strength depends on thdtgiens

. k . . . .
port for the proposed jet collimation by a toroidal magnéeid of the material (Bx n¥, with magnetic field measurements in

e : : r forming regions implying0.5), the extrapolation of mag-
as we would expect the magnetic field to change sign on elﬂfwée%[ic field outside the jet implies the value 0£B).9-2.6 mG in

side of the jet. the OH maser region (Vlemmings eflal. 2006). Alternativig,
masers can occur in a shock between the collimated jet and the
4.3. The role of the magnetic field dense material outside the CSE, similar to th®Hnasers oc-

curring in star forming regions (Elitzur etlal. 1989). Theime

Taking into account all the possibl&ects which may contribute pre-shock magnetic field extrapolated from thgOHobserva-
to the velocity dfset between RCP and LCP, we found no sigions is 70uG, comparable to what we now find for the OH
nificant efect other than Zeeman splitting that could explain th@aser region and implies a pre-shock density @1@ cm
observed circular polarization of the OH maser of W4A3A. W¢/lemmings et al. 2006). Previously, it was thought thatth®
conclude that the observed circular polarization has a Aeenmasers are likely to occur in the compressed material afghe t
origin and implies the OH maser region contains a large scajthe jet because the pre-shock density is somewhat higher t
magnetic field of B~ 100uG. the expected value at 1000 AU from the star in the circunastell

Vlemmings et &l.[(2006) observed the® maser region of envelope|(Vlemmings & Diamond 2006). However, our obser-
W43A at 22 GHz and measured a magnetic field af85mG in  vations show that it is more likely that the:& masers occurin a
the blue-shifted region. Our GBT observations reveal magneshock since the measured magnetic field of #G0s more con-
field strengthB, changing sign from 3% 8 mG to—24+ 7 mG  sistent with the estimated magnetic field from the shock rhode
across the red-shifted @ masers. The magnetic field mea{70uG).
sured from the GBT observations confirms previous results by Inthe H,O maser region of W43A, Vlemmings et al. (2006)
VIiemmings et al.[(2006) that the magnetic field has a role in ca@oncluded that the linear polarization is perpendiculathte
limating the jet of W43A. HO masers occur in gas with a hydro-magnetic field and aligned to the jet. However, at the low fre-
gen number density of 1 10° —10'°cm 3 and OH is excited in quency of OH , Faraday rotation makes the derivation of the
gas with a hydrogen number density of*2010° cm™ magnetic field configuration impossible. For a source at B k
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We considered the motion and expansion of the OH maser
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maser shell indicates it is a-spherical, the measured OHemmas
motions do not show any signs of a clear bipolar expansion in
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