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ABSTRACT

INTRODUCTION

We present the pilot results of the ‘MAGMO’ project, targeted observations of ground-
state hydroxyl masers towards sites of 6.7-GHz methanol maser emission in the Carina-
Sagittarius spiral arm tangent, Galactic longitudes 280° to 295°. The ‘MAGMO’
project aims to determine if Galactic magnetic fields can be traced with Zeeman split-
ting of masers associated with star formation. Pilot observations of 23 sites of methanol
maser emission were made, with the detection of ground-state hydroxyl masers towards
11 of these and six additional offset sites. Of these 17 sites, nine are new detections of
sites of 1665-MHz maser emission, three of them accompanied by 1667-MHz emission.
More than 70% of the maser features have significant circular polarization, whilst only
~10% have significant linear polarization (although some features with up to 100%
linear polarization are found). We find 11 Zeeman pairs across six sites of high-mass
star formation with implied magnetic field strengths between —1.5 mG and +3.8 mG
and a median field strength of +1.6 mG. Our measurements of Zeeman splitting imply
that a coherent field orientation is experienced by the maser sites across a distance of
5.34+2.0kpc within the Carina-Sagittarius spiral arm tangent.
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the largest and most complete sample of this maser transi-

Masers of the paramagnetic hydroxyl (OH) molecule are
clear tracers of magnetic fields. They have a large Zeeman
splitting factor (the 1665-MHz transition has the largest
known, [Heiles et all [1993) combined with typically narrow
linewidths producing fully resolved Zeeman pairs. Unlike
molecular absorption in the interstellar medium where Zee-
man pairs are blended and only a line-of-sight field compo-
nent can be determined, the spectrally resolved OH maser
Zeeman pairs yield the total magnetic field strength (typi-
cally of the order of 1—10 mG) independent of field direction.
They also provide the orientation of the field along the line
of sight, either towards or away from us.

OH masers can be found towards a variety of astrophys-
ical objects, but those which are associated with 6.7-GHz
methanol masers exclusively trace regions of high-mass star
formation (Minier et all 2003; Xu et all [2008). The recent
Methanol Multibeam survey (Green et all 2009) has pro-
vided a Galaxy-wide census of 6.7-GHz methanol masers,
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tion. Through targeted observations of these masers we can
study the in situ magnetic fields of high-mass star formation
regions spread throughout the Galaxy.

Whilst there has been extensive work examining Galac-
tic magnetic fields using rotation measures towards both
extragalactic sources and pulsars (e.g. Han et all 12006;
Brown et alll2007), the focus of the current project is exam-
ining the magnetic fields traced by Zeeman splitting mea-
surements in regions of high-mass star formation. A number
of studies have been made of the polarized properties of
OH masers in regions of star formation, including the recent
work of [Fish et all (2005) and |Szymczak & Gérard (2009).
Observations demonstrate that magnetic fields have gener-
ally coherent field direction and magnitude, from the highest
resolution observations with Very Long Baseline Interferom-
etry (VLBI) to the lowest resolution single-dish studies (e.g.
Fish et all[2003; Vlemmings 2007). The consistent fields are
observed across scales from tens of parsecs up to several
kiloparsecs (Reid et all|1980; [Fish et all[2002, 2006). Given
this range of scales, there is an implication that the mag-
netic fields traced by the masers are tied to the large-scale
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Galactic magnetic fields, such as those present in the dif-
fuse medium as seen through rotation measures (for exam-

ple the work of |Brown et al Jum and [Van Eck et al “M
using data such as that of [Taylor et all [1993; [Han et all
l]_9_9_9 Msﬁlmf&nfﬁhhs_@_&ﬂ 2005; |Hamerm_Qt_a,l,| 2006;
Several authors have investigated the
concept of maser Zeeman splitting tracing the Galactic
magnetic field (e.g. [Davies [1974; [Reid & Silverstein 1990;
Fish et a “M, Han & Zhanéu)ﬂj ), but mostly with sam-
ples of masers collated from a range of heterogeneous obser-
vations; the largest set of systematic observations were those
of (@), but these were limited to only 40 star
forming regions, all visible from the northern hemisphere,
and with only a few masers per spiral arm.

We have therefore embarked on a homogenous Galaxy-
wide study of the polarization properties of OH masers asso-
ciated with high-mass star formation (the project to study
the Magnetic fields of the Milky Way through OH masers,
the ‘MAGMO’ project). Targeted observations of OH masers
towards sites of 6.7-GHz methanol masers with the Australia
Telescope Compact Array (ATCA) allow efficient analysis
of Zeeman splitting. Although the ATCA (with a maximum
baseline of 6 km) does not have the angular resolution of
typical VLBI measurements, many Zeeman patterns recog-

nised at low spatial resolution (e.g. in single-dish spectrai

have been positionally confirmed by VLBI (e.g.

M; Caswell et alﬂm, and references therein). Thus the
observations provide the opportunity to determine whether
the orientation of large-scale magnetic fields in the diffuse
medium can be conserved in the contraction to the high
densities of star formation (despite the turbulence and com-
pression inherent in these processes).

The pilot results presented here cover sources between
Galactic longitudes 280° and 295°, the direction in which
the Carina-Sagittarius arm is tangential to the line of sight.
The Methanol Multibeam survey identified 23 sites of 6.7-
GHz methanol masers ) and eight sites of
OH maser emission are known to exist from previous ob-
servations (Caswell & Ha‘yngﬂ M; Caswell M, M)
The paper is structured such that section 2 describes the ob-
serving procedure together with the strategy for maser and
Zeeman pair identification; section 3 presents the detections
of the survey and properties of the maser sites; and section
4 discusses the results in the context of Galactic magnetic
fields.

2 OBSERVATIONS

Using the ATCA we observed all four transitions of ground-
state OH maser emission (1612.2310, 1665.4018, 1667.359
and 1720.530 MHz) towards all known 6.7-GHz methanol
maser sites between longitudes 280° and 295°

, and references therein). Target sources are listed in Ta-
ble [l and the region in longitude-velocity space is shown in
Figure[ll We adopted the CFB 1M-0.5k mode of the Com-
pact Array Broadband Backend (Wilson et al] M) with
three concatenated ‘zoom’ bands at each of the maser tran-
sition frequencies (two transitions observed at each inter-
mediate frequency). This correlator configuration provided
2048 channels over 1 MHz giving 0.5 kHz channel spac-
ings (velocity channel separations of 0.091, 0.088, 0.088 and
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Figure 1. Galactic longitude versus velocity (LSR) distribution
of 6.7-GHz methanol maser sources (‘plus’ symbols) from the

Methanol Multibeam survey 1 )7 in the region

320° to 220°. Inset image shows the top-down view of the spi-
ral arms within the Galaxy ) where yellow
loci represent the Perseus spiral arm; purple - Carina-Sagittarius;
orange - Crux-Scutum; green - Norma; blue -Local arm (Orion-
Cygnus). Coloured loci in the main diagram show the same spiral
arms transferred to the longitude-velocity domain via a flat rota-

tion curve with circular rotation of 246 kms~1! (m ;

); their thickness incorporates an arm width of
1kpc and a velocity tolerance of +7kms~!. Cyan lines in both
the main figure and inset image delineate the longitude region
studied in this paper, 280° to 295°.

0.085kms~* for the four respective transitions), with all
four Stokes polarization products. Concatenated zooms were
centred at 1612.0, 1665.5, 1667.5 and 1720.5 MHz with re-
spective velocity coverages of 372, 360, 360 and 348 kms™*
Observations were made with the 6-km array (configura-
tion 6B) and for each source consisted of five ‘cuts’ of
six minutes spread over a 12 hour period. ATCA calibra-
tor B1049—534 (J1051—5344) was observed as a phase cal-
ibrator (for three minutes every ~18 minutes) and PKS
B0823—500 for primary flux calibration. Observations were
obtained 2011 September 11-13.

The data were reduced and processed with the MIRIAD
software package using standard techniques
). The primary beam has a full width at half maximum
(FWHM) of ~28'. The synthesized beam has a FWHM in
right ascension of ~7” and a FWHM in declination of 7’ to
8" (dependent on declination). The rms position errors of
the observations are estimated to be ~0.4” in each coordi-
nate. This estimate is based on the phase calibrator being
typically offset by 10° from the beam centre of the target
pointing, and typical signal-to-noise ratios (seemm
for further details). The channel rms noise (o) was ~50 mJy.
Masers were detected as three or more channels with posi-
tionally coincident emission above 30. Zeeman pairs were
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Table 1. 6.7-GHz methanol maser targets from |Green et all (2012, references therein). The target velocity is the approximate midpoint
of the range over which methanol emission is seen. Superscript numbers refer to pairs of sources observed with the same OH observation.
+ Distances are kinematic distances calculated using a flat rotation curve with  of 246kms~! and Rg of 8.4kpc (Reid et all 2009;
Bovy et alll2009). The midpoint LSR velocity of the maser is used after it has been corrected for the best estimates of the solar motion:
Up = 11.1kms™ !, Vp = 12.2kms™!, Wg = 7.25kms~! (Reid et all [2009; McMillan & Binneyl [2010; [Schénrich et al! 2010). Where
appropriate, near/far ambiguity resolutions are from |Green & McClure-Griffiths (2011)).

Source Name

Equatorial Coordinates
Dec(J2000)

(1 b )  RA(J2000)
(-° ° ) (h m s)
281.710—1.104 10 05 05.63
284.352—0.419 10 24 10.89
284.694—0.361 10 26 36.29
285.337—0.002 10 32 09.62
286.383—1.834 10 31 55.12
287.37140.644 10 48 04.44
290.37441.661 11 12 18.10
290.411—2.915 10 57 33.89
291.270—0.7191 11 11 49.44
291.274—0.7091 11 11 53.35
291.579—0.4312 11 15 05.76
291.582—0.4352 11 15 06.61
291.642—0.546 11 15 14.32
291.879—0.810 11 16 17.35
292.074—1.131 11 16 51.24
202.4684-0.168 11 23 42.17
293.723—1.742 11 28 32.97
293.827—0.746 11 32 05.56
293.942—0.874 11 32 42.09
294.337—1.706 11 33 49.91
294.511—1.621 11 35 32.25
294.977—1.7343 11 39 13.94
294.990—1.719% 11 39 22.88

Velocity Distance
Viarget Estimatef
©) (amsTl) (kpo)

—56 57 24.7 2.0 4.240.8
—57 52 38.8 7.0 5.440.8
—58 00 34.3 13.0 6.0£0.7
—58 02 04.6 -3.0 4.5+0.8
—60 08 38.6 9.0 6.0£0.7
—58 27 01.0 —-2.0 5.240.7
—b58 46 21.5 —25.0 2.9£1.9
—62 59 03.5 —16.0 4.14+1.1
—61 18 51.9 —26.0 3.1+1.9
—61 18 23.7 —29.0 3.1£1.9
—61 09 40.8 15.0 7.440.6
—61 09 58.3 9.5 7.4£0.6
—61 17 26.7 12.0 7.6+0.6
—61 37 20.7 33.0 9.4+0.6
—61 59 32.6 —19.0 4.241.1
—60 54 33.5 16.0 8.1£0.6
—63 07 18.6 24.5 9.14+0.6
—62 12 25.3 37.0 10.24+0.6
—62 21 47.5 39.0 10.5+0.6
—63 16 32.5 —12.0 6.1£0.7
—63 14 43.2 -9.0 6.440.7
—63 29 04.6 —6.0 6.8+£0.7
—63 28 26.4 —12.0 6.3+0.8

identified through coincident right hand circularly polarized
(RHCP) and left hand circularly polarized (LHCP) features
(to within 0.4""), each feature found through fitting two-
dimensional Gaussians to individual channel maps (‘centroid
positions’).

3 RESULTS

We detected OH emission towards 11 of the 23 methanol
maser targets, coincident to within the positional errors, and
six additional sites (two offset by ~5" and ~10", the remain-
der offset by 2’ to 23’). In total there were 17 detections,
nine of which are new discoveries. Detections are listed in
Table 2l and the Stokes (I,Q,U,V) spectra are shown in Fig-
ure 21 The RHCP and LHCP features, derived from RHCP
= (I +V)/2 and LHCP = (I — V)/2, are shown in Fig-
uref3l Although each methanol target site was observed at
the frequencies of all four ground-state OH transitions, only
the detections are shown in Figures[21and [3l Six sources are
found offset from the field centre, and primary beam cor-
rection factors (only one of which exceeds 1.1) are listed in
Table[2] but not applied to the spectra shown in the Figures.

None of the methanol target sources, nor the six ad-
ditional sources, were found to exhibit 1720-MHz emission;
290.374+1.661 was found by [Caswell (2004b) to have 1720-
MHz at the nearby site 290.375+41.666, but this source is
no longer present at our detection limit (<0.20 Jy). From
all the detections (methanol and non-methanol associated)

only one source was found to exhibit 1612 MHz emission,
284.351—0.418. This is a new detection of this transition
with accompanying 1665 and 1667 MHz OH but no directly
associated methanol. The rarity of these satellite transitions
is in accordance with (Caswell (1999). Of the 17 OH maser
sites, nine are 1665-MHz only, and eight are 1665-MHz and
1667-MHz combined.

Sidelobe responses have been labelled in the spectra,
but here we give some further details: the features seen in the
spectra of 291.579—0.431 between 17kms~! and 20kms™!
are a sidelobe of 291.610—0.529; 291.579—0.434 contains a
sidelobe of 291.579—0.431 between 11kms™! and 14kms™!
and of 291.610—0.529 between 17kms™* and 18.5kms™".

3.1 Polarization properties

The full breakdown of the polarization properties is given in
Table[3] We find 80 maser features in the current study, of
which nine have statistically significant linear polarization
and 57 have statistically significant circular polarization.
We see features with fractional linear polarization between
22% and 95%. The highest linearly polarized features are
found in the 1665-MHz emission from 291.879—0.810 and
294.511—-1.621. We see features with fractional circular po-
larization between 6% and 100%, with 19 features consistent
with 100% circular polarization.
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3.2 Magnetic field measurements

We found 11 Zeeman pairs across five sites of star forma-
tion, with the RHCP and LHCP components coincident to
within 0.4” of the fitted centroid positions. To derive val-
ues of the magnetic field, we have used splitting factors for
the separation of LHCP and RHCP of 0.123, 0.590, 0.354,
0.113 and 0.0564 km s~ per mG for the transitions at 1612,
1665, 1667, 1720 and 6035 MHz respectively and positive
sign denoting RHCP at larger velocity than LHCP. For the
ground-state transitions, these are essentially the values as
given by [Palmer & Zuckerman (1967), and with more de-
tailed derivation by |Cook (1975), and at 6035 MHz as given
by [Yen et all (1969). For the ground-state satellite transi-
tions at 1612 and 1720 MHz, the splitting factors correspond
to the pair of magnetic sub-components of smallest splitting,
rather than blends with the weaker sub-components of larger
splitting that are theoretically present. This assumption has
been justified by |Caswell (2004H), Wright et al! (2004) and
others, based on the narrowness of features seen in well sepa-
rated pairs, and from theoretical considerations (Gray et all
1992) suggesting that these components will be especially
dominant in the masing situation. The resulting magnetic
fields from our measurements are listed in Table[] together
with three additional measurements from the literature (for
285.263—0.050, 290.375—0.529 and 294.511—1.621). Collec-
tively we find three negative field measurements and 11 posi-
tive field measurements with the field strengths for our mea-
surements between —1.5 mG and +3.8 mG and those of the
literature between +1.2 mG and +8.9 mG. The field mea-
surements are classified as ‘A’ where there is an unambigu-
ous Zeeman pair associated to within the positional errors;
and ‘B’ where there are more than one RHCP or LHCP com-
ponent that can be associated within the positional errors,
or the positional coincidence is weaker due to a low signal-
to-noise ratio. We also note that the errors on the magnetic
field strength are based on the error in velocity (half the
width of a channel for each component).

8.2.1 Comparison with previous measurements

There are only two sources (285.263—0.050 and
291.610—0.529) for which the previously published
spectra have high spectral resolution, good sensitivity and
clear Zeeman pair identification. The previously published
spectra of 291.610—0.529, at both 1665 and 1667 MHz
(Caswell & Hayned [19874d), show remarkable similarity
with the present data obtained more than 20 years later.
The Zeeman patterns inferred from our data can also be
identified in the earlier noisier spectra. 285.263—0.050 has
shown much greater variability not only at 1665 MHz,
but also at 6035 MHz. Measurements of the 6035-MHz
transition of 285.263—0.050 taken in 1994 indicated a
magnetic field of nearly 10 mG, inferred from multiple
features (Caswell & Vaild [1995). However, seven years
later, all emission had faded by an order of magnitude,
with only one Zeeman pair remaining visible (Caswell
2003). At the 1665 MHz transition, the spectrum in 1993
(shown by |Caswell & Vaile [1995) was best interpreted as
the combination of six Zeeman pairs, with the strongest
field +9.1 mG and the weakest +2.7 mG (and a median
field of 4+8.0 mG). Our present spectrum, although still

showing strong emission, has changed dramatically with
the loss of both features of three pairs, and the RHCP
and LHCP components respectively lost from two others;
the sole recognisable Zeeman pair now seen is the same as
the 1993 pair revealing a field of +2.7 mG. Our 1667-MHz
spectrum corroborates this, displaying a Zeeman pair with
similar mean velocity and a field of +3.2 mG.

3.3 Characterisation of sources by maser
transition, with evolutionary implications

The combination of maser transitions observed towards a
site of high-mass star formation can be used to charac-
terise the evolutionary state of the region (e.g. [Ellingsen
2007; Breen et all 2010). Approximately 80% of star form-
ing OH maser sites are believed to have associated methanol
(Caswell [1998) and we find 65% (11 of the 17) of the OH
sources are directly associated (to within the positional er-
rors) with methanol. With a Poisson statistical error of
+18% this is a result consistent with expectations. Sites
without methanol are believed to have a more evolved Ultra-
Compact HiI region which has led to the quenching of the
methanol maser emission. Thus we expect the six sites with-
out methanol (see Table 2]) to be the more evolved.

The proportion of methanol maser sites within our
Galaxy which have associated OH maser emission is not
well determined. This statistic indicates the proportion of
high-mass star forming regions traced by 6.7-GHz methanol
emission with a more developed region of ionized hydrogen
(those with OH emission). We find 48% (11 of the 23) of the
methanol sources are associated with OH maser emission,
implying approximately half of the methanol sources are in a
more evolved stage of high-mass star formation. With an ex-
pected total Galactic population of ~1200 methanol masers
(van der Walt||2005), we can therefore expect of the order of
600 star forming OH masers in the Galaxy.

Five of the 17 sites are found to have associated
water maser emission (Breen et all [2010) and a further
four have possible associated water masers within 30"
(Walsh et all 2011)). Water masers are known to trace out-
flows from the sites of high-mass star formation, and five
of these nine associations are sites that also have 6.7-GHz
methanol maser emission. Two of the sites (287.3714-0.644
and 293.942—0.874) have associated 12.2-GHz methanol
maser emission (Breen et all|2012).

The different combinations of maser species thus sug-
gests that the 12 sites without OH detections are the
youngest, the 11 sites with both methanol and OH then fol-
low and the six sites with OH only are the oldest. The differ-
ent combinations of OH maser transitions, ground-state and
excited-state, may reveal further evolutionary differences,
and this will be examined in a more detailed follow-up of
the complete MAGMO survey.

3.4 Non-detections and absorption

We did not detect any OH emission in 12 of the 23 target 6.7-
GHz methanol sources (<0.25 Jy to 50 confidence). How-
ever, near two methanol sites there was OH emission which
was not coincident, but sufficiently near to be attributed to
the same star forming cluster. Specifically, 291.582—0.435



does not show coincident OH emission, but its close com-
panion 291.579—0.431 (offset by ~20") does, and a further
OH maser site, 291.5790—0.434, is offset 10" north. Towards
291.642—0.546, while no OH emission was coincident, a de-
tection was made at the nearby site 291.610—0.529 (offset
by ~2').

The field containing 291.274—0.709 and its close com-
panion 291.270—0.719 shows extended absorption. This
was found to be centred approximately on RA(J2000)
11711™52.73%, Dec(J2000) —61°18'44.59" (291.275—0.714).
It is essentially coincident (to within 7”) with the poorly
defined 3.4-cm extended radio continuum peak of the Hil re-
gion NGC 3576, mapped with 7" resolution by de Pree et al.
(1999). The separate absorption spectrum centred at this
position for each transition is shown in Figure[d

3.5 Detected masers not associated with star
formation

We serendipitously detected three sites of OH maser emis-
sion not associated with star formation (284.177—0.790,
285.04740.082 and 291.631—0.506). Spectra for all these
sites are shown in Figured] but were found significantly off-
set from the pointing centre (25, 18’ and 5’ respectively) and
are subject to primary beam corrections. Two of these sites
(285.047+0.082 and 291.631—0.506) exhibit a clear ‘double
horn’ spectral profile at the 1612-MHz transition, character-
istic of late-type stars. They have been previously observed
(e.g. lte Lintel Hekkert et all|1991), but we greatly improve
their positional accuracy.

285.0474-0.082 was discovered by (Caswell et all (1981),
with a positional uncertainty of 35”, whereas our
new position of RA(J2000) 10"30™36.517°, Dec(J2000)
—57°48'52.22" has a positional uncertainty of 0.4”.
Our position confirms the association with an infrared
counterpart, to its measured positional accuracy of 7"
(Epchtein & Nguyen-Quang-Rieu [1982), and with IRAS
102875733 suggested by lte Lintel Hekkert et all (1991)).
Our present flux density values, after correction for the pri-
mary beam (see Figure[d) are comparable to the archival
measurements.

291.631—0.506 corresponds with the source listed
at the TRAS position 11123—6101 (291.563—0.593) by
te Lintel Hekkert et all (1991), whose 1612-MHz measure-
ments with the Parkes telescope were made 1986 May.
Our improved position for the maser of RA(J2000)
11715™16.495°, Dec(J2000) —61°15'01.28" (rms error 0.4”)
is offset from the IRAS source by more than 6.6’, showing
that the IRAS identification is incorrect and revealing that
the 1986 May observations were taken near the half-power
point of the Parkes beam, at 1612 MHz; consequently, the
te Lintel Hekkert flux densities must be underestimated by
a factor of two. For comparison, our measured flux densities
are weaker by about 30% than the corrected 1986 values.
For this maser, the difference probably demonstrates real
variability, as commonly occurs in the late-type stars.

The third source, 284.177—0.790, was detected at the
1612-, 1665- and 1667-MHz transitions, with a wide velocity
range, but less clear spectral profile. This was previously
positioned by |[Caswell (1998) and our position is consistent.
Our flux densities, after primary beam correction, are within
the range of archival values, which are variable.
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Figure 4. OH absorption spectra located at
RA(J2000)11"11™52.73%, Dec(J2000) —61°18/44.50" (291.275-
0.714), near the continuum peak of NGC 3576 (see section

B4).

4 DISCUSSION

Here we consider the implications of the magnetic field
measurements presented in section [ (the 11 measurements
of the current study combined with the three previous
measurements collectively spread across six sites of high-
mass star formation). For measurements where we find
multiple transitions for the same star-forming site, only
284.351—0.418 has an inconsistent measurement, that of the
1667-MHz transition but this is not a statistically significant
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account for the primary beam correction.
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Figure 2. cont. The flux density of 292.259—0.836 should be scaled by a factor of 6.58 to account for the primary beam correction.

result (<30). It should also be noted that for sites such as
this with multiple transitions, higher resolution observations
reveal the transitions to be spatially offset, and thus could
sample minor differences in the field (as has been shown in
VLBI observations, such as those by (Caswell et all IZQ]_]J)
Considering only the seven ‘A’ class measurements (spread
across four sites of high-mass star formation) we find all Zee-
man splitting measurements are positive with magnetic field
strengths of 1.2 to 8.9 mG. Considering only the ten field
measurements with statistical significance above 50 we find
eight positive Zeeman measurements with the same range of
field strengths. We hence see a strong indication for a coher-
ent field orientation in the tangent of the Carina-Sagittarius
arm which, under the currently accepted convention (see
Appendix), is directed away from us, in a direction counter-
clockwise to Galactic rotation (Figureld]). We first discuss
the significance of the field coherence and then discuss the
importance of the field orientation.

4.1 Coherent field orientation within the
Carina-Sagittarius spiral arm tangent

The presence of a coherent orientation of magnetic field di-
rection has important implications for the fields permeat-

ing the regions of high-mass star formation traced by the
masers. Our first consideration is the statistical significance
of the predominant magnetic field orientation that we see.
If the magnetic field vectors were pointed randomly within
a three dimensional sphere, for any given field there would
be an equal chance of a positive or negative Zeeman split-
ting measurement. Of the 14 Zeeman pair measurements the
most likely result would be of the order of 5 to 9 positive field
measurements (81% statistical probability). We see 11 posi-
tive and three negative, which has a 2% statistical probabil-
ity of occurring by chance. Considering just the ‘A’ quality
measurements of Table[d], of which there are seven, we find all
are positive, which has <1% statistical probability of occur-
ring by chance. There is hence a strong indication that these
measurements indicate a large-scale coherently ordered field
orientation in the Carina-Sagittarius arm. Using the dis-
tances listed in Table] we estimate the physical scale over
which magnetic field coherence is seen: the nearest positive
magnetic field is located at 2.9£1.9 kpc (290.37541.666)
and the furthest at 8.240.6 kpc (291.610—0.529); giving a
physical separation of 5.34+2.0 kpc.

More generally, this implies (as per discussion of

Han & Zhané M) that large-scale magnetic fields either

play a dominant role in the development of molecular clouds
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Figure 3. cont. The flux density of 292.259—0.836 should be scaled by a factor of 6.58 to account for the primary beam correction.

and the process of star formation (in accord with the re-
cent review by Crutcher et all2003), or the fields are unaf-
fected by the process. Either way, they are conserved dur-
ing the contraction to the small scales and high densities
of star formation despite the dynamically disruptive pro-
cesses involved. Theoretical modelling of high-mass star for-
mation concurs, forecasting that the direction of the mag-
netic field pervading the larger molecular cloud will be con-
served on the collapse of material into star forming regions

(e.g. Li& Shﬂm; Allen et all M)

Coherently oriented magnetic field directions across re-
gions of star formation have been found before, with [Davies
(@) providing the first suggestion, finding coherent mag-
netic field directions across eight sites of OH maser emission
(based on a simple pattern of clockwise Galactic rotation).
Reid & Silverstein (1990) then found coherence over scales
of a few kiloparsecs in a sample of 17 OH magnetic field mea-
surements spread across the Galactic plane (although with
a pattern more complex than Davies suggested, with the
field orientations consistent within spiral arms, rather than
with a global clockwise direction). [Fish et all (2003) found
consistent magnetic field orientations from six masers in the
second and third Galactic quadrants (which are free from
kinematic distance ambiguities) and from six masers with

near kinematic distances <2 kpc in the first and fourth quad-
rants. The inner and outer Galaxy masers showed opposite
field directions, nominally in agreement with rotation mea-
sure estimates (e.g. | Brown et al“M; Van Eck et all M)
but there were disagreements elsewhere, such as the masers
in the fourth quadrant on the far side of the Galactic centre.
(M) also found 80% coherence of field orienta-
tion in the Norma arm (increased to 100% recently with
the allocation of the discrepant sources to the 3-kpc arms
by ) Most recently, [Han & Zhané GM)
compiled previous (heterogeneous) OH maser observations
that provide hints of large-scale patches of field coherence
elsewhere in the Galaxy.

4.2 The Galactic magnetic field direction within
the Carina-Sagittarius spiral arm tangent

We compare our OH Zeeman measurements with large-
scale Galactic magnetic field orientations inferred from
Faraday rotation measurements of pulsars
[1993; [Han et all 1999, lZQQﬂ) and extragalactic sources
(Brown et al] M) Faraday rotation of linearly polarized
radiation causes a frequency dependent rotation of the mea-
sured polarization position angle, ¢, defined by the TAU
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Table 2. Ground-state OH maser detections as measured with the ATCA. Positions are accurate to ~0.4”. *denotes new sources.
Previous source references are: CH87 - |Caswell & Haynes (1987h); C98 - [Caswell (1998); B89 - Braz et all (1989); tLH96 -
te Lintel Hekkert & Chapman (1996); C04 - [Caswell (2004a). !Primary beam correction to be applied to listed flux density to ac-
count for offset position of source from primary beam. 26.7-GHz methanol is classified as coincident if it lies within the positional errors,
for those sites that are not coincident the offset is listed.

Source Name Equatorial Coordinates Maser Peak Peak Velocity Coincident  Previous
(1 b ) RA(J2000) Dec(J2000)  Transition Flux (xpbc!)  Velocity Range 6.7-GHz Reference
(° ° ) (h m s) (e " (MHz) (Jy) (kms~1) (kms~1) Methanol?
284.351-0.418 10 24 10.72  —57 52 33.8 1612 6.5 (x1.00) 5.0 4.5 9.0 No (<5”) (new transition)
10 24 10.68  —57 52 33.9 1665 1.6 (x1.00) 5.6 5.0 9.0 No (<5") CHS87, C98
10 24 10.74  —57 52 34.2 1667 1.1 (x1.00) 5.7 5.0 8.5 No (<5") CH87, C98
284.694—0.361* 10 26 36.29 —58 00 34.5 1665 5.2 13.0 11.5 15.0  Yes
285.263—0.050 10 31 29.87 —58 02 18.4 1665 54.0 (x1.08) 5.9 3.5 14.0 No (5.3') CHS87, C98
10 31 29.89  —58 02 19.2 1667 34 (x1.08) 3.7 2.0 10.0 No (5.3') CHS87, C98
287.371+0.644 10 48 04.41  —58 27 00.8 1665 1.7 —4.0 —4.5 —3.0 Yes tLH96, C98
290.374+1.661 11 12 18.10 —58 46 21.3 1665 4.1 —23.1 —240 —12.0 Yes B89, C98
11 12 18.09 —58 46 21.3 1667 1.8 —22.6 —23.0 —12.0 Yes B89, C98
291.274—0.709 11 11 53.36 —61 18 23.6 1665 0.4 —242 —-25.0 —235 Yes Co4
291.579—-0.431 11 15 05.81 —61 09 40.4 1665 0.8 13.5 11.0 14.0  Yes CH87, C98
291.579—0.434* 11 1505.23 —61 09 49.4 1665 0.7 (x1.00) 18.8 18.0 19.5 No (<10")
11 15 05.20 —61 09 49.8 1667 0.9 (x1.00) 13.6 13.0 14.0 No (<10")
291.610—0.529 11 15 02.68 —61 15 48.9 1665 8.5 (x1.01) 18.2 16.0 23.0 No (2.1) CHS87, C98
11 15 02.67 —61 15 48.8 1667 1.7 (x1.01) 18.4 18.0 22.0 No (2.1) CH87, C98
291.654—0.596* 11 15 10.74 —61 20 32.3 1665 0.8 (x1.02) 16.1 14.0 20.1 No (3.1)
11 15 10.68 —61 20 33.5 1667 0.3 (x1.02) 17.1 17.0 23.0 No (3.1)
291.879—0.810*% 11 16 17.34  —61 37 21.0 1665 1.5 31.8 25.0 32.5  Yes
11 16 17.30  —61 37 21.2 1667 0.3 33.5 33.0 34.5 Yes
292.074—1.131% 11 16 51.25 —61 59 32.3 1665 0.2 —-21.5 —-23.0 —21.1 Yes
292.259—0.836* 11 19 12.58 —61 46 54.9 1665 0.4 (x6.58) 18.0 17.0 19.0 No (22.9")
292.468+0.167* 11 23 42.13  —60 54 33.9 1665 0.4 12.9 12.0 14.0  Yes
293.827—0.746* 11 32 05.63 —62 12 25.5 1665 0.3 29.1 28.5 30.7  Yes
293.942—0.874* 11 32 42.09 —62 21 47.8 1665 0.2 41.3 40.8 41.8  Yes
294.511—-1.621 11 35 32.23 —63 14 42.8 1665 19.3 —135 —-209 —10.5 Yes B89, C98
11 35 32.25 —63 14 43.2 1667 1.3 —11.9 —13.0 —11.0 Yes B89, C98

starting from North and increasing through East. Rotation
measures probe the product of the magnetic field, B (uG),
and the electron density, n. (cm™), along the line of sight,
r (pc), such that the measured linear polarization angle of
a source emitting at a position angle xo is

observer

X = X0 + 0.81\% / ne B - dr = yo + RMA? (1)

source

where RM is the rotation measure in units of rad m™2 (see
Brentjens & de Bruynl 12005). A positive rotation measure
arises from a magnetic field towards the observer, and the
convention implicit in equation [l is that a magnetic field
towards the observer is denoted by a positive sign. Between
Galactic longitudes 280° and 295° collectively the rotation
measure is overwhelmingly positive, indicating a high degree
of magnetic field coherence in this region of the Galaxy and
a field directed towards us.

Figure[ll compares the field orientations of our Zee-
man measurements with those from rotation measures of
pulsars (Han et all|1999, 12006 and (Taylor et all 1993) and
extragalactic sources (Brown et al! 2007, derived from the
Southern Galactic Plane Survey: McClure-Griffiths et all
2005; [Haverkorn et all [2006). In the figure, we single out
the 21 rotation measures for lines of sight believed to
be passing through known HII regions (those rejected by
Nota & Katgertl 2010), of which 18 are positive. 14 are
towards pulsars (11 positive, three negative), with the

pulsars estimated to lie at distances between 4 and 17
kpc (Han et all |2006, references therein) and seven mea-
surements (all positive) are towards extragalactic sources
(clearly beyond 17 kpc). We choose lines of sight through
Hi1 regions (all of which lie within the Carina-Sagittarius
arm) as there are indications that the rotation measures for
these lines of sight will be influenced by the field experienced
within the Hil region, due to the significantly enhanced elec-
tron density present (e.g. Harvey-Smith et al! 2011). These
measurements thus provide a good comparison with the
fields from the Zeeman measurements which represent the
in situ magnetic fields of sites of star formation within the
Carina-Sagittarius arm. The pulsar rotation measures could
be singled out as uniquely measuring purely the integrated
Galactic magnetic field. However, from the compilation of
Oppermann et all (2012), it is clear that, within this lon-
gitude region, extragalactic and pulsar rotation measures
(with sightlines through Hil or not) indicate the same dom-
inant field orientation. We also note that 13 distinct lines of
sight spread over the 15 arcmin extent of supernova remnant
G292.2—0.5 (within the tangent of the Carina-Sagittarius
arm, at a distance of 8.4 kpc) are also all large and posi-
tive (Caswell et all 2004). As can be seen in Figure[7] the
measurements from Zeeman splitting and the rotation mea-
sures indicate oppositely oriented coherent fields, a result
also suggested in the work of [Han & Zhang (2007, and ref-
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Table 3. Flux densities of the Stokes parameters (I,Q,U,V) and linear polarization (P) for the ground-state OH features. Stokes I, Q, U
and V have an rms noise of ~50 mJy. P has an error of ~70 mJy. p; is the fractional linear polarization and p. is the fractional circular
polarization. Where the linearly or circularly polarized flux density is below 50, upper limits are provided for the percentage polarization.
As the velocities are taken as the midpoint of channels there is an error of 0.5 channels (corresponding to ~0.045 km s~ 1).

Feature VISR I Q U \% P Pl Pe
No. (kms™')  (Jy)  (Jy) () Uy) Uy) (%) (%)
284.351—0.418 - 1612-MHz
1 4.99 6.49 0.74 —1.20 6.02 141 2241 93+1
2 5.35 3.36 0.90 —0.26 —2.97 0.94 28+2 88+1
3 6.17 0.69 0.09 —0.06 —0.35 0.11 <30 51+4
4 6.72 2.03 0.19 —0.08 —-1.67 0.21 <15 8241
5 8.26 1.37 —-0.33 —0.02 —-0.31 0.33 <30 23+3
6 8.35 1.37 —-0.04 —0.09 —1.00 0.10 <15 73+1
284.351—-0.418 - 1665-MHz
1 5.62 1.63 —0.08 0.20 0.58 0.22 <20 35+4
2 5.89 0.72 —0.16 —0.06 —-0.34 0.17 <35 4744
3 6.24 0.51 —0.06 —0.12 0.06 0.14 <45 <25
4 7.47 0.58 —0.12 —0.00 0.51 0.12 <35 88+16
5 7.65 0.43 —-0.11 —0.12 0.49 0.16 <60 115425
284.351—0.418 - 1667-MHz
1 5.74 1.11  —-0.02 0.03 —0.31 0.03 <10 28+3
2 6.10 0.57 —0.04 0.08 —0.10  0.09 <30 <25
3 7.68 0.36 0.07 0.06 0.14 0.09 <60 <60
4 7.94 0.29 —0.03 —0.17 0.15 0.17 <100 <80
284.694—0.361 - 1665-MHz
1 12.58 1.15 —0.16 0.16 0.14 0.22 <25 <20
2 13.02 516 —1.64 0.39 3.37 1.68 33+2 6542
3 14.16 0.19 —-0.01 -0.11 0.12 0.11 <100 <100
285.263—0.050 - 1665-MHz
1 2.75 2.59 0.10 0.04 —2.55 0.11 <10 99+1
2 4.25 12.85 0.06 —0.14 12.46  0.15 <10 97+1
3 592 54.02 —-0.22 —-0.69 —52.94 0.73 <10 98+1
4 7.24 1.80 —0.02 0.06 —1.64 0.06 <10 91+1
5 7.77 1.23 —-0.01 —0.02 —1.13  0.02 <10 93+1
6 8.83 3.48 0.05 —0.14 3.50 0.14 <10 10143
7 9.71 4.17 —-0.03 —0.08 4.35 0.08 <10 104+4
8 10.85 0.27 0.02 0.02 0.29 0.03 <40 106140
9 11.29 0.47 —0.01 0.02 0.51 0.03 <20 108422
10 12.17 8.29 —0.03 —0.02 8.54 0.04 <10 103+3
285.263—0.050 - 1667-MHz
1 2.52 1.23 0.06 0.04 —-1.32 0.07 <15 108+8
2 3.05 0.66 —0.03 0.08 —0.65 0.08 <25 98+1
3 3.67 3.35 0.22 —0.07 3.28 0.23 <10 98+3
4 6.92 0.75 —0.02 —0.09 —0.13  0.09 <25 <25
5 8.86 0.42 0.01 0.03 —0.25 0.03 <25 59+5
287.371+0.644 - 1665-MHz
1 —3.96 1.74 —-0.08 —0.04 —1.77  0.09 <10 101+1
2 —3.69 1.33 0.03 —0.03 —1.32  0.04 <10 99+1
290.374+1.661 - 1665-MHz
1 —23.15 4.07 —-0.34 0.29 —4.03 0.45 <15 99+1
2 —19.46 0.34 —0.20 0.03 —0.12  0.20 <90 <50
3 —17.17 0.20 —-0.11 —0.01 —-0.17 0.11 <100 <90
4 —16.73 0.23 —0.00 —0.01 —0.14 0.01 <40 <70
5 —12.42 0.26 —0.05 —0.03 —0.27  0.06 <55 102+2
290.374+1.661 - 1667-MHz
1 —22.59 1.82 —0.25 0.09 —1.68 0.26 <20 93+1
2 —13.00 0.22 0.06 0.03 —0.22 0.06 <70 <100
291.274—0.709 - 1665-MHz
1 —24.20 0.45 —0.01 0.08 0.30 0.08 <36 68+19
—24.64 0.25 0.07 0.06 0.13  0.09 <73 <82
291.579—0.431 - 1665-MHz
1 13.45 0.82 -0.02 -0.02 -0.66  0.03 <15 80+1
291.579—0.434 - 1665-MHz
1 18.81 0.75  —0.02 0.02 0.29 0.03 <15 38+9

291.579—-0.434 - 1667-MHz
1 13.57 0.90 0.18 0.16 0.85 0.24 <35 95411
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Table 3. cont

Feature VLSRR I Q
No. (kms™')  (Jy)  (Jy)

U \% P p1 Pc
(Jy) UJy) Uy) (%) (%)

291.610—0.529 - 1665-MHz

D UL W N =

291.610—0.529 - 1667-MHz

[y

2 19.53 1.70  —0.03

3 20.76 0.28 0.08
291.654—0.596 - 1665-MHz

1 15.01 0.80 —0.06
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erences therein), but based on fewer Zeeman measurements
(three within the longitude range).

It is theoretically possible that the rotation measures
could, instead of sampling the Carina-Sagittarius arm, be
biased by a field permeating an over-density of electrons
elsewhere in the Galaxy: for the rotation measures be-
tween Galactic longitudes 280° and 295° (two thirds of
which are pulsars) this would be located either in the lo-
cal arm or in the distant Perseus arm. The Perseus arm,
which is not tangential at these longitudes and lies at a
distance in excess of 13kpc, is unlikely to significantly af-
fect the rotation measure, with only three of the pulsars
having distance estimates comparable to the Perseus arm

16.94 1.11  —0.06
17.65 5.74  —0.02
18.18 8.50 —0.10
19.50 0.68 0.00
20.11 1.42 0.05
21.26 0.52 —0.07

18.39 1.73 0.06

—20.15 7.45 6.56
—15.84 0.87 —0.12
—13.46 19.27 —0.06
—12.85 9.75 —0.50
—12.06 1.82 1.50
—11.44 5.45 —0.20

—12.29 0.61 0.10
2 —11.85 1.29 0.24

—-0.02 -0.65 0.06 <15 5842
—-0.14 —-4.93 0.14 <10 86+1
-0.09 -8.06 0.13 <10 95+1
—0.06 0.52  0.06 <20 77£13
0.04 1.35 0.06 <10 9547
—0.07 0.58 0.10 <35 113+21

—-0.02 —-1.76 0.06 <10 102+2
—0.01 1.53 0.03 <10 90+6
—0.00 0.11  0.08 <60 <70

0.01 0.60  0.06 <20 75+11
—-0.07 0.74 0.11 <20 86+11
—-0.06 —-0.52 0.12 <30 79+£2

0.04 —-0.12 0.06 <55 <55
0.01 —-0.22 0.06 <60 <95
0.07 0.24 0.07 <70 <100

0.59 —0.31 0.62 90£17 45+4
—1.40 —-0.20 1.40 95+£8 14+£3

0.09 —-0.02 0.10 <75 <30
—-0.01 -0.20 0.02 <45 8943

0.11  -0.19 0.12 <100 <85
0.09 -0.22 0.11 <60 <65

—-0.07 -0.36 0.14 <65 100£1

—0.00 0.09 0.23 <100 <50
—0.20 0.10 0.21 <100 <100

—0.00 0.13  0.06 <65 <90

2.65 0.46 7.08  95+£2 6+1
—-0.24 0.33  0.27 <40 38+8
—0.25 19.22  0.26 <10 100+1
—2.12 298 218 2241 31+1
—-0.21 —-0.22 1.51 83£6 <15
—2.56 1.33 2,57  4T£2 241

—-0.04 —-0.40 0.11 <25 6513
0.21 0.91 0.32 <35 70£7

(J1112—-6103, J1119—6127, J1133—6250). A local HII re-
gion (see for example [Harvey-Smith et all [2011), could af-
fect the field orientation, but no local large (of the or-
der of 10 square degrees) HII region is known to exist
at these longitudes (see Figure[T). Additionally, the study
of [Kronberg & Newton-McGee (2011), which shows the
smooth symmetry of the rotation measures across Galac-
tic longitudes, would argue against these longitudes being
biased by a local object with a different field orientation.

The magnetic field measurements in this region there-
fore imply that the techniques of Zeeman splitting and rota-
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Table 4. Zeeman pairs associated with the Carina-Sagittarius spiral arm tangent. The splitting factors used are: 0.123kms~! mG~! for
1612 MHz; 0.590km s~ mG~! for 1665 MHz; 0.354kms~! mG~1! for 1667 MHz; 0.113kms~ ! mG~1 for 1720 MHz; and 0.0564 kms—1!
mG~! for 6035 MHz (see main text). References are: CV95 - [Caswell & Vaild (1995), C04 - [Caswell (2004b). Qualities are defined as: A
= unambiguous Zeeman pair associated to within the positional errors of 0.4”; and B = where there are more than one RHCP or LHCP
component that can be associated. Magnetic field errors are based on the spectral accuracy of the components (a product of an error of half
the velocity resolution on each component). Field strengths from the current observations which are in italics are below 50 significance.
Distances are kinematic based on the velocity of the midpoint of the RHCP and LHCP components and are defined the same as those in
Table[dl

Source Freq RHCP Vigr LHCP Vigg RHCP S, LHCP S), B Quality Distance reference
(MHz) (kms™1) (kms™1) (Jy) (Jy) (mG) (kpc)
284.351—-0.418 1612 4.99 5.35 6.26 3.17 —2.940.5 B 5.240.8 (this work)
1612 8.17 8.35 1.03 1.18 —1.510.5 B 5.240.8 (this work)
1665 5.36 5.71 1.26 0.55 —0.6£0.1 B 5.240.8 (this work)
1667 5.83 5.74 0.41 0.71 +0.3+0.1 B 5.240.8 (this work)
284.694—0.361 1665 13.02 12.93 4.27 0.92 +0.24+0.1 B 6.0+£0.7 (this work)
285.263—0.050 1665 4.25 2.75 12.65 2.57 +2.540.1 A 5.240.8 (this work)
1667 3.67 2.52 3.32 1.27 +3.240.1 A 5.240.8 (this work)
6035 9.10 8.60 3.10 3.00 +8.94+1.3 A 5.84£0.7 CV95
290.375+1.666 1720 —20.00 —20.90 0.35 0.58 +8.0+4.4 A 2.94+1.9 Co4
291.610—0.529 1665 20.11 18.18 1.39 8.28 +3.340.1 B 8.21+0.6 (this work)
1667 19.53 18.39 1.62 1.74 +3.240.1 A 8.24+0.6 (this work)
294.511-1.621 1665 —11.44 —12.58 3.39 4.68 +1.940.1 B 6.1+0.7 (this work)
1667 —11.85 —12.29 1.10 0.50 +1.240.1 A 6.1+0.7 (this work)
6035 —12.00 —12.07 4.60 4.60 +1.2+1.3 A 6.1£0.7 CV95

tion measures indicate opposite field orientationsEl Further
comparison (once the full survey data set is available) of
magnetic field orientation across the Galaxy (with larger
statistics) will reveal whether the different techniques yield
consistently opposite field orientations, or if this part of the
Galaxy is unusual.

5 SUMMARY

We present the preliminary observations of a large-scale
project to observe the magnetic fields found in regions
of high-mass star formation traced by 6.7-GHz methanol
masers. We observed 23 sites of methanol maser emission
between the Galactic longitude range 280° to 295°. The de-
tection rate towards sites of 6.7-GHz methanol maser emis-
sion was approximately 50% (11 of the 23 sites). We detected
a total of 17 sites of OH maser emission, nine sites new dis-
coveries of the survey. We found predominantly 1665-MHz
emission, with only one site of 1612- and no 1720-MHz emis-
sion detected across any of the sites. Fractional linear polar-
ization ranged from 22 to 95% and fractional circular polar-
ization from 6 to 100%. Combined with previous measure-
ments, 14 Zeeman pairs were found spread across six sites
of high-mass star formation, with all measurements above

1 The choice of designating a positive or negative value for a
magnetic field towards the observer, historically differs between
astronomers interpreting Faraday rotation and those interpreting
Zeeman splitting (Manchestey [1972; [Verschuux [1969). However,
this is merely a result of differing conventions and if the two
techniques were to trace the same magnetic field, when expressed
as fields towards or away from the observer, the techniques should
agree. The apparent disagreement suggested by our measurements
prompts us to re-examine (in the Appendix) the relation between
magnetic field direction and the sense of Zeeman splitting.

50 yielding the same magnetic field direction. These mea-
surements are spread across a physical scale of 5.3+2.5 kpc
and thus indicate that a coherent magnetic field is experi-
enced by the sites of high-mass star formation within the
Carina-Sagittarius arm. Under the current convention, this
field direction is opposite to that determined from rotation
measures. The detection rate and consistency of the direc-
tion of the magnetic fields of this preliminary study is very
encouraging for the full Galactic survey.
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Figure 6. Magnetic field direction (blue pluses positive, red
circles negative) as inferred from the current Zeeman splitting
measurements overlaid on the informed artist impression of the
Milky Way (R. Hurt: NASA /JPL-Caltech/SSC). This shows how
the magnetic field measurements relate to Carina-Sagittarius
spiral arm. We see that the fields are consistent in direction
with the exception of the low significance measurements towards
284.351—0.418. The magnetic field direction is discussed in full in
section [£2] but under the current conventions would be directed
away from the sun for positive measurements and towards for
negative. Galactic rotation is clockwise in this figure. The sun is
located at (0,8.4).
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APPENDIX A: FIELD DIRECTION
CONVENTION IN ZEEMAN SPLITTING
MEASUREMENTS

In the Zeeman measurements presented here we have
adopted the IEEE definition for RHCP and LHCP and
the IAU convention for Stokes V. Accordingly, RHCP and
LHCP are defined by the IEEE standard such that an ob-
server would view RHCP as counterclockwise circular po-
larization (i.e. rotation of the electric field vector in a coun-
terclockwise direction as the wave travels from the source
to the observer along the line of sight). Stokes V is de-
fined as the IAU standard, RHCP minus LHCP (opposite
to that adopted by the pulsar community). Additionally it
has become common practice for maser Zeeman splitting
measurements to take a positive magnetic field value as rep-
resenting a field oriented away from the observer. Figure
[ATl is a schematic summary of the Zeeman splitting and
the conventions. Unfortunately there is an ambiguity in ty-
ing the Zeeman splitting components (positive and negative
o) to the RHCP and LHCP emission which is often over-
come with an arbitrary assignment. The approach described
above, which is now the commonly accepted convention, is
such that where the RHCP component of a Zeeman pair
is at higher velocity, the magnetic field is interpreted as
away from the observer. However, the literature reveals a
history of different interpretations (discussed extensively in
Hamaker & Bregman [1996; [Robishaw [2008) and it is often
difficult to find a clear description of which ¢ component
corresponds to which handedness of polarization. An early
example within the maser community for potential ambi-
guity is that of |Cook (1975, 1977), which describes the di-
rection of the velocity shift of masing gas as being in the

same direction as the direction of positive magnetic field.
One interpretation of this is that for a (positive) magnetic
field directed away from the observer, the Zeeman splitting
causes the positive o component to shift in velocity in the di-
rection away from the observer (to a lower frequency, higher
local standard of rest velocity), and that this will be ob-
served as LHCP emission. This is shown schematically in
Figure[A2] which demonstrates (in comparison with Figure
[AT)) the impact on observed RHCP and LHCP components
for a given magnetic field direction (leading to a convention
opposite to that implied by Figure [AT]).
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Figure A1l. Summary of Zeeman splitting conventions for the
example of the 1665-MHz maser transition (2II3/5, J = 3/2). In
this figure F is the total angular momentum and m; is the mag-
netic quantum number of the orbital subshell. The o components
are the elliptically polarized components and 7 the linearly po-
larized component. The black arrow head represents the direction
of emission, towards the location of the observer (purple symbol)
at the right of the diagram. The RHCP and LHCP are defined
according to the IEEE standard.
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Figure A2. An alternative interpretation of Zeeman splitting
conventions, which might be inferred from the description by
I@ , ), for the example of the 1665-MHz maser tran-
sition (2H3/2, J =3/2). In this figure F is the total angular mo-
mentum and m; is the magnetic quantum number of the orbital
subshell. The o components are the elliptically polarized compo-
nents and 7 the linearly polarized component. The black arrow
head represents the direction of emission, towards the location
of the observer (purple symbol) at the right of the diagram. The
RHCP and LHCP are defined according to the IEEE standard.
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