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ABSTRACT
We present polarimetric maser observations with the Australia Telescope Compact Array
of excited-state hydroxyl (OH) masers. We observed 30 fields of OH masers in full Stokes
polarization with the Compact Array Broadband Backend at both the 6030 and 6035 MHz
excited-state OH transitions, and the 6668 MHz methanol maser transition, detecting 70 sites
of maser emission. Amongst the OH we found 112 Zeeman pairs, of which 18 exhibited
candidate π components. This is the largest single full polarimetric study of multiple sites of
star formation for these frequencies, and the rate of 16 per cent π components clearly indicates
that the π component exists, and is comparable to the percentage recently found for ground-
state transitions. This significant percentage of π components, with consistent proportions
at both ground- and excited-state transitions, argues against Faraday rotation suppressing the
π component emission. Our simultaneous observations of methanol found the expected low
level of polarization, with no circular detected, and linear only found at the ≤10 per cent level
for the brightest sources.
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1 IN T RO D U C T I O N

Of the various masers found in high-mass star-forming regions,
those of the hydroxyl (OH) molecule uniquely show highly polar-
ized emission. It is well established that the polarized properties of
OH maser features arise from Zeeman splitting in magnetic fields
of a few milligauss. In the simple case, the presence of a magnetic
field causes spectral line radiation to split into three frequencies, one
with a positive frequency shift, one with a negative frequency shift
and one which remains at the original frequency. The two shifted
components are denoted as σ± and the unshifted as π . The radiation
generated from a π component transition has an electric field which
oscillates along the magnetic field axis, whilst the σ components
have electric fields which rotate perpendicular to the magnetic field
axis. The orientation of the emission relative to the magnetic field
dictates the pattern and nature of polarization observed: if the ra-
diation is seen exactly parallel to the magnetic field, only the σ±

components are seen, circularly polarized, and not the linear π ; if
the radiation is seen exactly perpendicular to the magnetic field, all
three components are seen, linearly polarized.

The typical pairing of opposite circularly polarized σ components
provides a powerful means of mapping the magnetic fields in these
regions (e.g. Wright, Gray & Diamond 2004), and the ensemble
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of field measurements across several hundred star-forming regions
has the potential to delineate the magnetic field pattern in the spiral
arms of our Galaxy (e.g. Davies 1974; Reid & Silverstein 1990;
Han & Zhang 2007; Green et al. 2012).

Zeeman patterns are often recognizable from single-dish spec-
tra (e.g. Szymczak & Gérard 2009), and many identified this way
have been validated by very long baseline interferometry (VLBI)
measurements (with confirmation that either the postulated com-
ponents of Zeeman splitting precisely coincide or at least trace the
same field, with local conditions favouring one σ component or the
other). Investigations to date have primarily involved the OH transi-
tions at 1665 and 1667 MHz (the main-line transitions of the ground
state), where the expected Zeeman pattern is especially simple:
two (mainly) circularly polarized σ components, straddling the un-
shifted linearly polarized π component. While there is no doubt that
the Zeeman interpretation is correct, there have been only a handful
of features whose frequency and linear polarization may identify
them as π components (see for example Gray, Hutawarakorn &
Cohen 2003; Asanok et al. 2010). However, a more recent study
of the ground-state OH transitions showed a small but significant
percentage of sources with π candidates (Caswell, Green & Phillips
2013). This puzzling under-representation of linearly polarized π

components is an unsolved puzzle, with several suggested expla-
nations including differential Faraday rotation within the emitting
region destroying the π component and a more general explana-
tion not overtly dependent on Faraday rotation, but based on semi-
quantitative competitive gain arguments (Gray & Field 1995). Both
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explanations also lead to a reduced linearly polarized fraction in the
σ components.

Transitions of the excited state of OH near 6 GHz (with main
lines at 6035 and 6030 MHz, hereafter referred to as ‘exOH’) have
similarly simple Zeeman patterns, and pairs of σ components are
often observed as expected, even in single-dish observations. For
the large portion of Galactic plane visible from the southern sky,
spectra of right- and left-hand circular polarization are available for
more than 100 sources (e.g. Caswell & Vaile 1995; Caswell 2003),
but linear polarization measurements are almost non-existent. Full
Stokes observations have rarely been made at this higher frequency,
and so it is not clear whether the π components are as rare as in
the lower frequency ground-state transitions. Here we present new,
full polarization, observations to test if the linearly polarized π

component of the excited-state masers is as scarce as in the ground-
state masers. We discuss the observations and detections in Sec-
tion 2, then give a summary of the polarized properties and discuss
Zeeman pairs and triplets and their implications for magnetic field
direction in Section 3.

2 O BSERVATIONS

We targeted 30 fields of known exOH masers associated with
high-mass star formation (Caswell 2003) with the Australia Tele-
scope Compact Array (ATCA). Using the Compact Array Broad-
band Backend (CABB; Wilson et al. 2011), we simultaneously
observed both exOH transitions at 6030.7485 and 6035.0932 MHz,
and the 6668.518 MHz methanol maser transition. CABB was con-
figured to the CFB 1M−0.5 mode (Wilson et al. 2011), with six
concatenated 1 MHz ‘zoom’ bands centred at each of the exOH
transitions (providing ∼170 km s−1 velocity coverage), and eight
concatenated 1 MHz ‘zoom’ bands at the methanol frequency
(providing ∼200 km s−1 velocity coverage). The velocity channel
separations were 0.024 and 0.022 km s−1 for the exOH and methanol
transitions, respectively. The observations were obtained from 2011
August 29 to 2011 September 02 using the extended 6 km array con-
figuration (6B; Frater, Brooks & Whiteoak 1992). Observations of
each of the 30 target fields were made with an average of 50 min
total integration time, split across five cuts, interspersed with cal-
ibrators and spread across a 12 h period of local sidereal time to
enable good coverage of the UV plane.

The primary (flux and bandpass) calibrator was 0823−500, and
the five phase calibrators used were (dependent on source position):
1059−63, 1421−490, 1613−586, 1729−37 and 1730−130. The
data were reduced and processed with the MIRIAD software package
using standard techniques (Sault & Killeen 2004). The typical rms
noise was ≤50 mJy for the exOH transitions and ≤150 mJy for the
methanol (with the higher noise for methanol due to the roll-off in
performance of the feed system at the higher frequency). For the
purposes of source detection, the data were smoothed in velocity to
channel widths of 0.1 km s−1, resulting in an rms noise of ∼20 mJy.
The synthesized beam has a full width at half-maximum (FWHM) in
right ascension of ∼1.5 arcsec, and slightly larger in declination by a
factor proportional to the cosecant of the declination of the targeted
source. The rms position errors of the derived absolute positions
are estimated to be ∼0.4 arcsec in each coordinate. 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 (see Caswell 1998, for further details). Detections were made
based on the presence of positionally coincident emission (>3σ ) in
three or more channels.

2.1 Detections

From the 30 pointings we detected 70 sites of emission (Table 1), in-
cluding 14 associated with Sgr B2 (see Section 2.3). Of the 70 sites,
any which had multiple spatially separate components, but corre-
sponding Galactic longitudes and latitudes which were identical to
three decimal places (i.e. positional separations of >0.4 arcsec, but
<3.6 arcsec), were given letters after their names to distinguish
the components (e.g. 309.921+0.479a, 309.921+0.479b, etc.). Of
the 70 sites, 7 have these multiple components, bringing the total
number of masers listed in Table 1 to 84. We include notes on all
sources in Appendix A. An example of the full spectra, with Stokes
I, Q and U together with right-hand circular (RHC) polarization,
left-hand circular (LHC) polarization and linear (LIN) polarization,
is shown in Fig. 1. Spectra are shown in this manner for every site
in Appendix B (online only). This includes the individual lettered
components, as notable differences are seen in the spectra for the
different spatial components (as clearly evidenced for example by
the four components of 323.459−0.079).

2.2 Zeeman pair identification

As discussed in the introduction, although VLBI measurements are
desirable to determine Zeeman pairs with the highest confidence,
many can be reliably identified from lower resolution observations
(see for example the discussion by Caswell et al. 2013). In the
current data, we initially identified Zeeman pairs with the RHC and
LHC polarized components coincident to within 0.4 arcsec of the
positions of fitted two-dimensional Gaussians to individual channel
maps (and the LIN components for Zeeman triplets). We adopt the
IEEE convention for polarization handedness and define Stokes V
according to the IAU convention, RHC minus LHC.

Zeeman pairs and triplets were then categorized based on a com-
parison of the least-squares (χ2) Gaussian fits of the spectral com-
ponents. These standard Gaussian fits were made for peak velocity,
FWHM and peak amplitude. The first two were used for compar-
ison, but the amplitude was not, as it can vary depending on the
local conditions for the maser spots, as noted in the earlier refer-
enced VLBI studies. Pairs and triplets with fitted peak velocities
separated by more than the individual errors of the components,
typically less than or equal to the error on the velocity from the
channelization (half a channel width ∼0.01 km s−1), and which
have comparable least-squares fitted FHWMs (within the errors,
typically 2–3 per cent of the FWHM), were designated ‘A’. The
pairs and triplets which may be spatially offset, opposite polarized,
single features blended within the ATCA position accuracy, or those
that are spectrally blended, were designated ‘B’. The results of these
identifications, the polarized components of the Zeeman patterns of
the exOH emission, are listed in Table 2. An example of the spectra
of identified Zeeman pattern features is given in Fig. 2, with the
complete set shown in Appendix B (online only).

An example of an ‘A’ class Zeeman pair is shown in Fig. 2 for the
source 284.351−0.418, at the 6030 MHz transition, where the RHC
component has a fitted peak velocity of 7.79 ± 0.01 km s−1 and the
LHC component has a fitted peak velocity of 7.90 ± 0.01 km s−1.
An example of an ‘A’ class Zeeman triplet is also shown in
Fig. 2 for the source 300.969+1.148, at the 6035 MHz transi-
tion, where the RHC component has a fitted peak velocity of
−37.66 ± 0.01 km s−1, the LIN component has a fitted peak veloc-
ity of −37.58 ± 0.01 km s−1 and the LHC component has a fitted
peak velocity of −37.46 ± 0.01 km s−1. An example of a ‘B’ class
Zeeman pair is also shown in Fig. 2, for the source 284.351−0.418
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Table 1. Maser detections (≥5σ in two or more adjacent channels) as measured with the ATCA. Positions are given for the strongest Stokes
I features at each transition, plus any additional features that are offset by more than 0.4 arcsec (the positional accuracy of the observations).
Previous source references are HW95 = Houghton & Whiteoak (1995); C95 = Caswell & Vaile (1995); C97 = Caswell (1997); C03 = Caswell
(2003); C09 = Caswell (2009); C11 = Caswell, Kramer & Reynolds (2011a). The peak flux density in the fifth column is followed by a letter
denoting the polarization percentage of at least one emission feature: ‘c’ > 0 per cent, < 50 per cent circularly polarized; ‘C’ > 50 per cent
circularly polarized; ‘l’ > 0 per cent, < 50 per cent linearly polarized; ‘L’ > 50 per cent linearly polarized. If no letter is present, it is considered
unpolarized. 1Primary beam correction to be applied to listed flux density to account for offset position of source from primary beam centre.
Errors in velocities are dependent on signal-to-noise, but as the velocities are taken as the mid-point of channels, the maximum error is ± 0.5
channels (corresponding to ∼0.05 km s−1 for all three transitions).

Source name Equatorial coordinates Maser Peak Peak Velocity Previous
( l, b ) RA(J2000) Dec.(J2000) transition flux (×pbc1) velocity range reference
( ◦ ◦ ) (h m s) (◦ ′ ′′) (MHz) (Jy) (km s−1) (km s−1)

284.351−0.418 10 24 10.69 −57 52 33.8 6030 1.2 C (×1.00) 6.3 5.0 8.5 C95, C03
10 24 10.69 −57 52 33.9 6035 1.3 C (×1.00) 6.3 5.0 8.5 C95, C97, C03

284.352−0.419 10 24 10.89 −57 52 39.0 6668 1.4 (×1.00) 4.0 3.0 5.0 C95, C97, C09
285.263−0.050 10 31 29.88 −58 02 18.3 6030 0.2 C (×1.00) 8.4 8.0 9.0 C03

10 31 29.87 −58 02 18.5 6035 1.2 C (×1.00) 8.6 7.5 10.0 C95, C97, C03
285.337−0.002 10 32 09.64 −58 02 05.0 6668 2.0 (×3.85) 0.7 0.0 2.0 C09
294.511−1.621 11 35 32.22 −63 14 43.2 6035 2.2 Cl (×1.00) − 12.1 − 12.5 − 11.5 C95, C97, C03

11 35 32.23 −63 14 42.8 6668 6.9 (×1.00) − 9.9 − 14.0 − 4.0 C97, C09
300.969+1.148 12 34 53.22 −61 39 40.0 6030 3.6 Cl (×1.00) − 37.3 − 38.5 − 36.5 C95, C03

12 34 53.22 −61 39 40.0 6035 8.8 Cl (×1.00) − 37.6 − 39.5 − 35.0 C95, C97, C03
12 34 53.22 −61 39 40.0 6668 3.5 (×1.00) − 37.1 − 40.0 − 35.0 C97, C09

309.921+0.479a 13 50 41.78 −61 35 10.8 6668 62.8 l (×1.00) − 63.0 − 64.0 − 57.0 C97, C09
309.921+0.479b 13 50 41.75 −61 35 10.4 6030 0.6 C (×1.00) − 61.5 − 62.5 − 57.0 C95, C03

13 50 41.75 −61 35 10.4 6035 10.1 Cl (×1.00) − 61.6 − 62.5 − 56.0 C95, C97, C03
13 50 41.74 −61 35 10.6 6668 157.7 l (×1.00) − 62.4 − 64.0 − 57.0 C97, C09

309.921+0.479c 13 50 41.81 −61 35 10.0 6030 1.4 Cl (×1.00) − 58.1 − 62.5 − 57.0 C95, C03
13 50 41.79 −61 35 10.1 6035 18.2 CL (×1.00) − 59.5 − 62.5 − 56.0 C95, C97, C03
13 50 41.78 −61 35 10.1 6668 669.4 l (×1.00) − 59.8 − 64.0 − 57.0 C97, C09

311.596−0.398 14 06 18.34 −62 00 15.1 6035 1.3 CL (×1.00) 29.7 29.0 32.5 C97, C03
311.643−0.380 14 06 38.74 −61 58 23.0 6035 0.5 C (×1.47) 33.8 33.0 34.5 C95, C97, C03

14 06 38.78 −61 58 23.2 6668 5.6 (×1.47) 32.5 33.0 34.5 C97, C09
323.459−0.079a 15 29 19.36 −56 31 21.1 6030 0.5 C (×1.00) − 70.3 − 71.0 − 69.5 C95, C03

15 29 19.36 −56 31 21.1 6035 17.0 Cl (×1.00) − 70.3 − 71.0 − 69.5 C95, C97, C03
323.459−0.079b 15 29 19.33 −56 31 21.8 6030 0.4 C (×1.00) − 68.4 − 69.0 − 65.0 C95, C03

15 29 19.35 −56 31 22.0 6035 3.6 Cl (×1.00) − 68.5 − 69.0 − 65.0 C95, C97, C03
15 29 19.33 −56 31 21.8 6668 1.3 (×1.00) − 68.1 − 68.5 − 66.0 C97, C09

323.459−0.079c 15 29 19.37 −56 31 22.2 6030 0.2 C (×1.00) − 66.6 − 69.0 − 65.0 C95, C03
323.459−0.079d 15 29 19.36 −56 31 22.7 6668 15.1 (×1.00) − 67.0 − 68.5 − 66.0 C97, C09
328.808+0.633a 15 55 48.38 −52 43 06.7 6030 3.3 Cl (×1.00) − 46.1 − 47.0 − 45.5 C95, C97, C03

15 55 48.38 −52 43 06.6 6035 11.2 Cl (×1.00) − 46.1 − 47.5 − 45.0 C95, C97, C03
15 55 48.38 −52 43 06.5 6668 229.7 l (×1.00) − 44.5 − 48.0 − 42.5 C97, C09

328.808+0.633b 15 55 48.52 −52 43 06.1 6035 4.7 C (×1.00) − 43.5 − 45.0 − 42.0 C95, C97, C03
15 55 48.49 −52 43 06.5 6668 43.5 (×1.00) − 45.3 − 47.0 − 42.0 C97, C09

328.809+0.633 15 55 48.74 −52 43 05.5 6668 36.2 l (×1.00) − 44.2 − 45.0 − 43.0 C97, C09
329.339+0.148 16 00 33.12 −52 44 40.1 6035 0.2 C (×1.00) − 105.0 − 108.0 − 103.0 C03

16 00 33.12 −52 44 40.1 6668 17.0 l (×1.00) − 106.4 − 108.5 − 105.0 C09
330.953−0.182 16 09 52.36 −51 54 57.6 6035 1.6 Cl (×1.00) − 87.9 − 90.5 − 86.0 C95, C03

16 09 52.36 −51 54 57.7 6668 5.0 (×1.00) − 87.6 − 90.5 − 87.0 C09
331.442−0.187 16 12 12.45 −51 35 10.3 6668 5.7 (×16.67) − 88.6 − 93.0 − 84.0 C09
331.496−0.078 16 11 59.13 −51 28 13.2 6668 0.7 (×1.15) − 93.4 − 95.0 − 92.0 〈new site〉
331.511−0.102 16 12 09.71 −51 28 38.3 6030 0.6 C (×1.00) − 89.1 − 91.0 − 88.5 C95, C03

16 12 09.70 −51 28 38.2 6035 1.6 C (×1.00) − 89.1 − 92.0 − 88.5 C95, C03
331.512−0.102 16 12 09.91 −51 28 37.2 6030 0.2 C (×1.00) − 86.9 − 87.5 − 86.5 C95, C03

16 12 09.91 −51 28 37.3 6035 0.7 C (×1.00) − 87.0 − 87.5 − 86.5 C95, C03
331.542−0.067 16 12 09.00 −51 25 48.0 6030 2.1 Cl (×1.00) − 85.9 − 86.5 − 85.0 C95, C03

16 12 09.00 −51 25 48.0 6035 11.7 Cl (×1.00) − 86.0 − 86.5 − 84.5 C95, C03
16 12 08.99 −51 25 48.0 6668 4.2 (×1.00) − 86.0 − 94.0 − 85.0 C09

331.543−0.066 16 12 09.12 −51 25 45.6 6668 9.8 (×1.00) − 84.5 − 85.0 − 79.0 C09
331.556−0.121 16 12 27.19 −51 27 38.4 6668 23.8 (×1.54) − 97.2 − 106.0 − 96.0 C09
333.068−0.447 16 20 48.55 −50 38 36.4 6668 2.5 (×2.38) − 54.4 − 57.0 − 49.5 C09
333.121−0.434 16 20 59.70 −50 35 52.4 6668 9.6 (×1.04) − 49.8 − 56.5 − 47.0 C09
333.126−0.440 16 21 02.65 −50 35 55.2 6668 1.1 (×1.03) − 47.2 − 48.0 − 42.0 C09
333.128−0.440 16 21 03.30 −50 35 49.8 6668 4.2 (×1.02) − 44.1 − 50.0 − 43.5 C09
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Table 1 – continued.

Source name Equatorial coordinates Maser Peak Peak Velocity Previous
(l, b ) RA(J2000) Dec.(J2000) transition flux (×pbc1) velocity range reference
( ◦ ◦ ) (h m s) (◦ ′ ′′) (MHz) (Jy) (km s−1) (km s−1)

333.135−0.432a 16 21 02.97 −50 35 13.5 6030 0.2 C (×1.00) − 54.3 − 56.0 − 49.0 C95, C03
16 21 02.96 −50 35 13.6 6035 0.6 C (×1.00) − 54.5 − 57.0 − 48.5 C95, C03
16 21 03.00 −50 35 12.9 6668 0.8 (×1.00) − 54.0 − 56.0 − 51.0 C09

333.135−0.432b 16 21 02.99 −50 35 10.7 6030 0.6 C (×1.00) − 51.3 − 56.0 − 49.0 C95, C03
16 21 03.00 −50 35 10.7 6035 6.4 Cl (×1.00) − 51.3 − 57.0 − 48.5 C95, C03

333.135−0.432c 16 21 02.92 −50 35 12.8 6030 0.3 C (×1.00) − 50.1 − 56.0 − 49.0 C95, C03
16 21 02.92 −50 35 12.9 6035 1.5 C (×1.00) − 50.1 − 57.0 − 48.5 C95, C03

333.135−0.432d 16 21 03.05 −50 35 11.9 6035 0.3 C (×1.00) − 49.4 − 57.0 − 48.5 C95, C03
336.941−0.156 16 35 55.19 −47 38 45.5 6030 0.7 C (×1.00) − 65.5 − 68.5 − 65.0 C03

16 35 55.19 −47 38 45.5 6035 2.3 Cl (×1.00) − 65.5 − 70.0 − 64.0 C03
16 35 55.19 −47 38 45.5 6668 18.1 l (×1.00) − 67.3 − 70.0 − 64.5 C09

337.703−0.054 16 38 29.09 −47 00 43.5 6668 0.7 (×1.00) − 44.6 − 52.0 − 43.0 C09
337.705−0.053a 16 38 29.63 −47 00 35.4 6035 0.7 C (×1.00) − 53.6 − 56.0 − 52.0 C95, C03

16 38 29.62 −47 00 35.8 6668 121.4 l (×1.00) − 54.7 − 56.5 − 48.0 C09
337.705−0.053b 16 38 29.66 −47 00 36.0 6035 1.3 C (×1.00) − 50.7 − 52.0 − 47.5 C95, C03

16 38 29.70 −47 00 36.5 6668 5.9 l (×1.00) − 44.1 − 45.0 − 43.0 C09
339.884−1.259a 16 52 04.62 −46 08 34.2 6030 11.1 Cl (×1.00) − 37.5 − 38.0 − 36.5 C03

16 52 04.62 −46 08 34.2 6035 47.0 Cl (×1.00) − 37.5 − 39.0 − 36.5 C03
16 52 04.63 −46 08 34.2 6668 261.2 l (×1.00) − 34.0 − 41.0 − 30.5 C09

339.884−1.259b 16 52 04.69 −46 08 34.6 6668 934.7 l (×1.00) − 38.8 − 41.0 − 30.5 C09
340.785−0.096a 16 50 14.83 −44 42 26.5 6035 1.2 C (×1.00) − 106.0 − 107.0 − 99.0 C95, C03

16 50 14.86 −44 42 26.5 6668 199.7 l (×1.00) − 108.0 − 111.5 − 85.0 C09
340.785−0.096b 16 50 14.82 −44 42 27.0 6035 3.5 C (×1.00) − 102.1 − 107.0 − 99.0 C95, C03

16 50 14.83 −44 42 26.9 6668 16.2 l (×1.00) − 100.7 − 111.5 − 85.0 C09
343.929+0.125 17 00 10.90 −42 07 19.4 6035 1.1 C (×1.00) 13.6 11.5 15.5 C95, C03

17 00 10.90 −42 07 19.4 6668 6.7 (×1.00) 14.5 8.5 19.0 C09
345.003−0.223 17 05 10.89 −41 29 06.1 6668 42.8 l (×1.00) − 23.0 − 31.0 − 21.0 C09
345.003−0.224 17 05 11.20 −41 29 06.8 6030 1.2 C (×1.00) − 26.0 − 29.5 − 25.0 C95, C03

17 05 11.21 −41 29 06.8 6035 3.1 CL (×1.00) − 26.0 − 31.0 − 24.5 C95, C03
17 05 11.17 −41 29 06.9 6668 52.3 (×1.00) − 26.2 − 31.5 − 21.5 C09

345.009+1.792 16 56 47.58 −40 14 25.8 6030 0.3 C (×1.00) − 20.4 − 22.0 − 16.0 C95, C03
16 56 47.58 −40 14 25.9 6035 1.0 CL (×1.00) − 21.4 − 24.5 − 15.0 C95, C03
16 56 47.58 −40 14 25.9 6668 199.2 l (×1.00) − 21.1 − 23.5 − 15.5 C09

345.012+1.797 16 56 46.82 −40 14 08.9 6668 29.3 (×1.00) − 12.2 − 16.0 − 10.0 C09
345.487+0.314 17 04 28.11 −40 46 24.9 6030 0.3 C (×1.00) − 22.2 − 22.5 − 21.5 C95, C03

17 04 28.11 −40 46 25.1 6035 2.7 Cl (×1.00) − 22.2 − 23.0 − 21.0 C95, C03
345.487+0.313 17 04 28.24 −40 46 29.1 6668 2.5 (×1.00) − 22.5 − 24.0 − 21.5 C09
345.505+0.348 17 04 22.90 −40 44 22.2 6668 195.6 l (×1.32) − 17.8 − 23.0 − 10.5 C09
345.698−0.090a 17 06 50.60 −40 51 00.1 6030 2.0 C (×1.00) − 4.9 − 9.0 − 2.5 C95, C03

17 06 50.60 −40 51 00.0 6035 2.2 C (×1.00) − 4.9 − 9.0 − 3.0 C95, C03
345.698−0.090b 17 06 50.64 −40 50 59.6 6035 4.1 C (×1.00) − 6.5 − 9.0 − 3.0 C95, C03
347.628+0.148 17 11 51.02 −39 09 28.9 6030 0.9 C (×1.00) − 96.7 − 97.5 − 96.0 C95, C03

17 11 51.02 −39 09 28.9 6035 6.1 C (×1.00) − 96.7 − 98.5 − 94.0 C95, C03
17 11 51.02 −39 09 29.1 6668 15.0 (×1.00) − 96.5 − 98.0 − 95.5 C09

347.632+0.210 17 11 36.15 −39 07 06.7 6668 2.6 (×2.04) − 91.9 − 94.0 − 90.5 C09
351.417+0.645a 17 20 53.37 −35 47 01.4 6030 11.5 Cl (×1.00) − 10.3 − 11.5 − 10.0 C95, C03, C11

17 20 53.38 −35 47 01.4 6035 153.1 C (×1.00) − 10.3 − 15.5 − 5.0 C95, C03, C11
17 20 53.37 −35 47 01.4 6668 2350.1 l (×1.00) − 10.4 − 12.0 − 6.0 C09

351.417+0.645b 17 20 53.42 −35 47 02.6 6030 0.7 C (×1.00) − 7.8 − 8.2 − 7.0 C95, C03, C11
17 20 53.42 −35 47 02.6 6035 2.5 Cl (×1.00) − 7.7 − 9.0 − 7.0 C95, C03, C11

351.417+0.645c 17 20 53.45 −35 47 00.5 6035 4.1 CL (×1.00) − 9.7 − 15.5 − 5.0 C95, C03, C11
351.417+0.645d 17 20 53.42 −35 47 02.1 6030 0.6 C (×1.00) − 8.5 − 9.0 − 8.2 C95, C03, C11

17 20 53.43 −35 47 01.6 6035 6.8 Cl (×1.00) − 8.7 − 15.5 − 5.0 C95, C03, C11
17 20 53.44 −35 47 01.5 6668 81.3 (×1.00) − 8.6 − 9.0 − 6.0 C09

351.417+0.645e 17 20 53.44 −35 47 03.5 6668 100.2 l (×1.00) − 6.6 − 9.0 − 6.0 C09
351.417+0.646 17 20 53.18 −35 46 58.8 6668 966.8 l (×1.00) − 11.2 − 12.0 − 7.0 C09
351.445+0.660 17 20 54.62 −35 45 08.3 6668 106.6 l (×1.20) − 9.3 − 10.5 − 2.0 C09
353.410−0.360 17 30 26.19 −34 41 45.3 6030 0.9 C (×1.00) − 21.9 − 23.0 − 20.0 C95, C03, C11

17 30 26.19 −34 41 45.3 6035 14.5 Cl (×1.00) − 20.7 − 23.0 − 19.0 C95, C03, C11
17 30 26.18 −34 41 45.5 6668 83.8 l (×1.00) − 20.4 − 23.0 − 18.5 C09

355.343+0.148 17 33 28.80 −32 47 59.6 6668 0.9 (×1.00) 5.8 4.5 7.0 C97, C09
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Table 1 – continued.

Source name Equatorial coordinates Maser Peak Peak Velocity Previous
( l, b ) RA(J2000) Dec.(J2000) transition flux (×pbc1) velocity range reference
( ◦ ◦ ) (h m s) (◦ ′ ′′) (MHz) (Jy) (km s−1) (km s−1)

355.344+0.147 17 33 29.05 −32 47 58.7 6030 1.2 C (×1.00) 17.8 17.0 19.5 C95, C03
17 33 29.05 −32 47 58.8 6035 3.4 C (×1.00) 17.9 17.0 19.5 C95, C97, C03
17 33 29.06 −32 47 58.7 6668 7.4 (×1.00) 19.9 18.5 20.5 C97, C09

355.346+0.149 17 33 28.91 −32 47 49.1 6668 6.0 (×1.00) 10.4 8.0 12.0 C03, C97
000.645−0.042 17 47 18.65 −28 24 25.0 6668 40.3 l (×1.11) 49.5 46.0 53.0 HW95
000.648−0.055 17 47 22.25 −28 24 39.1 6668 4.8 (×1.23) 49.8 49.0 52.0 HW95
000.651−0.049 17 47 21.11 −28 24 18.4 6668 12.2 (×1.11) 47.8 46.0 49.0 HW95
000.657−0.041 17 47 20.05 −28 23 46.9 6668 2.9 (×1.04) 51.1 48.0 56.0 HW95
000.658−0.042 17 47 20.48 −28 23 45.5 6035 0.2 C (×1.04) 68.4 65.0 70.0 〈new site〉
000.665−0.036 17 47 20.10 −28 23 13.0 6035 0.3 C (×1.00) 60.6 60.0 61.0 〈new site〉

17 47 20.12 −28 23 12.9 6668 4.9 (×1.01) 60.7 58.0 62.0 HW95
000.666−0.029 17 47 18.64 −28 22 54.7 6030 0.6 C (×1.00) 70.2 68.5 73.0 C95, C03

17 47 18.64 −28 22 54.7 6035 9.5 Cl (×1.00) 72.1 68.5 73.5 C95, C97, C03
17 47 18.64 −28 22 54.7 6668 32.0 (×1.00) 70.4 68.0 73.0 HW95, C97

000.666−0.035 17 47 20.10 −28 23 06.4 6030 0.2 C (×1.00) 65.3 60.0 68.0 C97, C03
17 47 20.15 −28 23 06.3 6035 1.2 C (×1.00) 67.2 60.0 68.0 C97, C03

000.666−0.036 17 47 20.10 −28 23 08.7 6030 0.2 C (×1.00) 68.2 60.0 68.0 〈new site〉
17 47 20.12 −28 23 08.7 6035 0.7 C (×1.00) 62.1 60.0 68.0 〈new site〉

000.667−0.034 17 47 19.86 −28 23 00.9 6668 0.6 (×1.00) 55.0 49.0 56.0 HW95
000.672−0.031 17 47 20.04 −28 22 41.4 6668 6.8 (×1.01) 58.3 55.0 59.0 HW95
000.673−0.029 17 47 19.56 −28 22 33.0 6668 0.5 (×1.01) 60.5 60.0 66.5 HW95
000.677−0.025 17 47 19.28 −28 22 14.9 6668 4.8 (×1.02) 73.4 70.0 77.0 HW95
000.695−0.038 17 47 24.74 −28 21 43.7 6668 19.6 (×1.18) 68.6 64.0 75.0 HW95
010.959+0.023 18 09 39.31 −19 26 26.6 6035 0.4 C (×3.13) 24.8 24.0 25.5 〈new site〉

18 09 39.31 −19 26 26.6 6668 3.4 (×4.17) 24.6 23.5 25.5 C09
011.034+0.062 18 09 39.84 −19 21 20.1 6035 1.0 Cl (×1.00) 24.0 21.0 25.0 C95, C03

18 09 39.83 −19 21 20.6 6668 0.4 (×1.00) 20.6 15.0 21.0 C03
011.903−0.102 18 12 02.69 −18 40 23.5 6668 7.7 (×1.32) 33.8 33.0 37.0 C97, C09
011.904−0.141 18 12 11.45 −18 41 27.7 6035 2.1 CL (×1.00) 42.9 41.0 44.0 C95, C97, C03

18 12 11.45 −18 41 27.7 6668 46.0 l (×1.00) 43.2 39.5 44.5 C09, C97
011.934−0.150 18 12 17.15 −18 40 08.8 6668 0.9 (×1.20) 33.3 31.5 36.0 〈new site〉
011.936−0.150 18 12 17.28 −18 40 01.7 6668 1.6 (×1.23) 48.4 47.0 50.0 C09, C97
015.034−0.677 18 20 24.80 −16 11 35.1 6030 3.1 CL (×1.00) 21.5 21.0 22.0 C95, C03

18 20 24.80 −16 11 35.1 6035 30.1 Cl (×1.00) 21.4 20.5 24.5 C95, C97, C03
18 20 24.80 −16 11 35.1 6668 48.8 l (×1.00) 21.3 20.5 24.0 C97, C09

at the 6035 MHz transition, where the RHC component has a fitted
peak velocity of 5.71 ± 0.05 km s−1 and the LHC component has a
fitted peak velocity of 5.77 ± 0.05 km s−1.

The allocation of a LIN component to a σ , a π or neither (denoted
with an ‘X’) takes into account several factors: the error of the fits
to the peak velocity of the LIN and the RHC/LHC components,
the FWHMs of the fitted components, the combined errors on the
estimated unshifted velocity (the quadrature addition of the RHC
and LHC errors) and a visual inspection. Ideally, the LIN compo-
nent is unambiguously associated with either a σ component or the
unshifted π velocity, but often requires interpretation. As examples,
the LIN component at 6030 MHz for 300.969+1.148 is allocated
to the σ component, as it is within the error of the LHC feature,
whilst the LIN component at 6035 MHz for the same source is
allocated to the π component, as it is outside the errors of the LHC
and RHC features and within the error of the mid-point (unshifted
velocity). An example of an unallocated LIN component (an ‘X’) is
309.921+0.479c at the 6035 MHz transition, where the bright LIN
feature is within the errors of both the LHC and RHC.

2.3 Sgr B2

Here we make special note of the Sgr B2 complex (sources
0.645−0.042 through to 0.695−0.038), where we differentiate

14 sites of emission for this complex (Fig. 3), including the 11
methanol sites listed by Houghton & Whiteoak (1995). Three
sites exhibit 6035 MHz emission, one of which is a new detec-
tion (000.665−0.036). Only one site exhibits 6030 MHz emission,
000.666−0.029, which is also the site of the strongest 6035 MHz
emission [which has existing spectra in Caswell & Vaile (1995) and
Caswell (2003)]. Two of the three sites have LIN features and
Zeeman pairs are also present, including an apparent shift in
6030 MHz emission at 000.666−0.029. With the exception of two
of the sites, the Sgr B2 masers show a linear morphology across the
region, aligned with the peak of enclosed mass estimated by Long-
more et al. (2013) (Fig. 3). This ridge of high-mass star formation
corresponds with the leading edge of the complex in the orbital
model of Molinari et al. (2011), in the transition zone between x1

and x2 orbits within the Galactic bar (mimicking the high-mass
star formation behaviour indicated by maser emission between the
transition of the bar and the 3 kpc ring/arms; Green et al. 2011).

3 PO L A R I Z E D C H A R AC T E R I S T I C S

The polarization characteristics of the 70 sites of exOH and
methanol maser emission are shown in Tables 1 and 2. There
are 10 sites of exclusively exOH emission, 32 sites of exclusively
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Figure 1. Example of the full spectra of detections, showing (from top to bottom) 6030 MHz OH, 6035 MHz OH and 6668 MHz methanol emission in both
Stokes I, Q and U and RHC, LHC and LIN. Spectra are shown in this manner for every site in Appendix B (online only).

MNRAS 451, 74–92 (2015)

 at T
he A

ustralian N
ational U

niversity on January 18, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/


80 J. A. Green, J. L. Caswell and N. M. McClure-Griffiths

Table 2. Polarized excited-state OH features associated with Zeeman splitting. Components identified from least-squares fitted
Gaussian components (see Section 2.2). The formal detection limit is three channels with emission above 5σ rms, but where
appropriate, weaker components evident in the spectra are listed in italics. Splitting factors are 0.079 km s−1 mG−1 for 6030 MHz
and 0.056 km s−1 mG−1 for 6035 MHz. All Zeeman associations are spatially coincident within the observational errors, but
a reliability indicator is given in the last column to identify those which we believe to be the most reliable (‘A’) and those that
may be spatially offset opposite polarized single features blended within the ATCA position accuracy or are spectrally blended
(‘B’). 1For the Zeeman splitting, type ‘P’ denotes Zeeman pair, ‘T’ denotes possible Zeeman triplet and ‘X’ denotes a linearly
polarized component which could not readily be attributed to a Zeeman pair/triplet. Linearly polarized components believed to
represent elliptical polarization are identified as σ± components. Pairs are individually numbered for each source. Field strengths
are listed after the first component of the pair/triplet with errors based on the accuracy of the Gaussian fitted components. The
commonly adopted field direction convention is chosen here with RHC at a lower velocity than LHC representing a negative
magnetic field strength, directed towards us.

Source name Freq VLSR Pol Sp Zeeman splitting
( l, b ) Type1 Number Component Strength Reliability
( ◦ ◦ ) (MHz) ( km s−1) (Jy) (mG)

284.351−0.418 6030 7.79 RHC 0.28 P Z1 σ −1.4 ± 0.2 A
6030 7.90 LHC 0.28 P Z1 σ

6035 5.71 RHC 0.42 P Z2 σ −1.1 ± 1.3 B
6035 5.77 LHC 0.36 P Z2 σ

6035 5.86 RHC 0.27 P Z3 σ −2.5 ± 0.4 B
6035 6.00 LHC 0.62 P Z3 σ

6035 7.83 RHC 0.39 P Z4 σ −1.3 ± 0.3 A
6035 7.90 LHC 0.39 P Z4 σ

285.263−0.050 6035 8.53 LHC 1.19 P Z1 σ +10.0 ± 0.2 A
6035 9.09 RHC 0.53 P Z1 σ

294.511−1.621 6035 − 12.11 LHC 1.56 P Z1 σ +1.3 ± 0.1 B
6035 − 12.11 LIN 0.17 P Z1 σ

6035 − 12.02 RHC 1.43 P Z1 σ

300.969+1.148 6030 − 37.74 RHC 1.91 P Z1 σ −5.2 ± 0.1 A
6030 − 37.36 LIN 0.27 P Z1 σ

6030 − 37.33 LHC 3.82 P Z1 σ

6035 − 38.99 RHC 0.39 P Z2 σ −4.3 ± 0.6 A
6035 − 38.75 LHC 0.29 P Z2 σ

6035 − 37.66 RHC 4.46 T Z3 σ −3.6 ± 0.3 A
6035 − 37.58 LIN 0.87 T Z3 π

6035 − 37.46 LHC 7.64 T Z3 σ

309.921+0.479b 6035 − 61.70 RHC 6.88 P/T Z1 σ −2.9 ± 0.2 B
6035 − 61.63 LIN 1.60 P/T Z1 σ /π
6035 − 61.54 LHC 5.58 P/T Z1 σ

6035 − 61.31 RHC 1.56 P/T Z2 σ −5.7 ± 1.3 B
6035 − 61.20 LIN 0.30 P/T Z2 σ /π
6035 − 61.00 LIN 0.25 P/T Z2 σ

6035 − 60.99 LHC 1.66 P/T Z2 σ

309.921+0.479c 6035 − 59.90 LHC 3.29 P Z1 σ +4.8 ± 0.4 B
6035 − 59.63 RHC 3.05 P Z1 σ

6035 − 59.54 LHC 10.67 P Z2 σ +1.1 ± 0.7 B
6035 − 59.53 LIN 13.53 X
6035 − 59.48 RHC 6.27 P Z2 σ

6035 − 58.90 LHC 2.45 P Z3 σ +2.9 ± 0.4 B
6035 − 58.74 RHC 2.09 P Z3 σ

6035 − 58.14 LHC 3.15 P Z4 σ +5.5 ± 0.4 B
6035 − 57.83 RHC 3.10 P Z4 σ

311.596−0.398 6035 29.65 LHC 1.10 P Z1 σ +0.9 ± 0.3 B
6035 29.70 RHC 0.33 P Z1 σ

6035 29.70 LIN 0.86 X
6035 30.13 LHC 0.82 P Z2 σ +1.1 ± 0.3 B
6035 30.17 LIN 0.52 X
6035 30.19 RHC 0.51 P Z2 σ

311.643−0.380 6035 33.80 LHC 0.43 P Z1 σ +4.1 ± 0.4 B
6035 34.03 RHC 0.18 P Z1 σ

323.459−0.079a 6030 − 70.50 LHC 0.49 P Z1 σ +4.1 ± 0.1 A
6030 − 70.18 RHC 0.50 P Z1 σ

6035 − 70.51 LHC 8.17 T Z2 σ +4.1 ± 0.1 A
6035 − 70.48 LIN 0.51 T Z2 σ

6035 − 70.37 LIN 0.38 T Z2 π

6035 − 70.28 RHC 13.92 T Z2 σ
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Table 2 – continued.

Source name Freq VLSR Pol Sp Zeeman splitting
( l, b ) Type1 Number Component Strength Reliability
( ◦ ◦ ) (MHz) ( km s−1) (Jy) (mG)

323.459−0.079b 6030 − 68.42 LHC 0.19 P Z1 σ +0.4 ± 0.2 A
6030 − 68.39 RHC 0.25 P Z1 σ

6035 − 68.67 LHC 1.07 P Z2 σ +3.2 ± 0.5 B
6035 − 68.65 LIN 0.49 P Z2 σ

6035 − 68.49 RHC 2.35 P Z2 σ

6035 − 68.45 LIN 0.50 P Z2 σ

6035 − 68.30 LHC 1.96 T Z3 σ +3.9 ± 0.3 B
6035 − 68.19 LIN 0.27 T Z3 π

6035 − 68.08 RHC 1.37 T Z3 σ

6035 − 66.09 LHC 0.34 P Z4 σ +0.9 ± 0.8 B
6035 − 66.04 RHC 0.68 P Z4 σ

328.808+0.633a 6030 − 46.53 RHC 0.63 T Z1 σ −5.1 ± 0.1 B
6030 − 46.20 LIN 0.25 T Z1 π

6030 − 46.13 LHC 3.09 T Z1 σ

6035 − 46.41 RHC 2.31 T Z2 σ −4.6 ± 0.3 B
6035 − 46.20 LIN 1.45 T Z2 π

6035 − 46.15 LHC 10.15 T Z2 σ

6035 − 45.88 RHC 4.28 T Z3 σ −2.9 ± 0.4 B
6035 − 45.81 LIN 0.63 T Z3 π

6035 − 45.72 LHC 3.07 T Z3 σ

6035 − 45.64 LIN 0.54 X
6035 − 45.11 LIN 0.64 X

328.808+0.633b 6035 − 44.08 RHC 0.93 P Z1 σ −0.9 ± 0.4 B
6035 − 44.03 LHC 0.38 P Z1 σ

6035 − 43.46 RHC 2.35 P Z2 σ −0.4 ± 0.2 B
6035 − 43.44 LHC 1.81 P Z2 σ

329.339+0.148 6035 − 105.54 LHC 0.14 P Z1 σ +7.9 ± 0.8 B
6035 − 105.10 RHC 0.15 P Z1 σ

6035 − 104.83 LHC 0.11 P Z2 σ +11.4 ± 0.6 B
6035 − 104.19 RHC 0.16 P Z2 σ

330.953−0.182 6035 − 89.00 RHC 0.12 P Z1 σ −2.0 ± 0.8 B
6035 − 88.89 LHC 0.22 P Z1 σ

6035 − 88.08 RHC 0.50 T Z2 σ −3.4 ± 0.2 B
6035 − 87.93 LIN 0.54 T Z2 π

6035 − 87.89 LHC 1.44 T Z2 σ

331.511−0.102 6030 − 89.60 RHC 0.16 P Z1 σ −0.4 ± 0.9 B
6030 − 89.57 LHC 0.21 P Z1 σ

6030 − 89.15 LHC 0.15 P Z2 σ +0.9 ± 0.4 B
6030 − 89.08 RHC 0.24 P Z2 σ

6035 − 89.25 LHC 0.75 P Z3 σ +1.4 ± 0.4 B
6035 − 89.17 RHC 0.88 P Z3 σ

331.512−0.102 6030 − 87.05 LHC 0.08 P Z1 σ +0.6 ± 0.7 B
6030 − 87.00 RHC 0.10 P Z1 σ

6035 − 87.02 LHC 0.30 P Z2 σ +0.7 ± 0.9 B
6035 − 86.98 RHC 0.31 P Z2 σ

331.542−0.067 6030 − 86.07 LHC 0.91 T Z1 σ +2.3 ± 0.1 A
6030 − 85.97 LIN 0.16 T Z1 π

6030 − 85.89 RHC 2.04 T Z1 σ

6030 − 85.63 LHC 0.69 T Z2 σ +2.0 ± 0.1 A
6030 − 85.57 LIN 0.84 T Z2 π

6030 − 85.47 RHC 1.58 T Z2 σ

6035 − 86.06 LHC 3.70 T Z3 σ +2.1 ± 0.2 A
6035 − 86.04 LIN 1.07 T Z3 π

6035 − 85.94 RHC 9.22 T Z3 σ

6035 − 85.58 LIN 0.67 X
6035 − 85.53 LHC 3.16 T Z4 σ +1.6 ± 0.3 A
6035 − 85.49 LIN 2.08 T Z4 π

6035 − 85.44 RHC 5.05 T Z4 σ

6035 − 85.32 LIN 0.84 X
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Table 2 – continued.

Source name Freq VLSR Pol Sp Zeeman splitting
( l, b ) Type1 Number Component Strength Reliability
( ◦ ◦ ) (MHz) ( km s−1) (Jy) (mG)

333.135−0.432b 6030 − 51.34 RHC 0.31 P Z1 σ −1.6 ± 0.5 B
6030 − 51.21 LHC 0.26 P Z1 σ

6035 − 51.39 RHC 3.44 P Z2 σ −2.0 ± 0.3 B
6035 − 51.36 LIN 0.24 P Z2 σ

6035 − 51.28 LHC 2.60 P Z2 σ

333.135−0.432c 6035 − 50.61 RHC 1.31 P Z1 σ −2.9 ± 0.4 B
6035 − 50.45 LHC 1.01 P Z1 σ

336.941−0.156 6030 − 67.23 LHC 0.21 P Z1 σ +2.2 ± 0.6 B
6030 − 67.06 RHC 0.12 P Z1 σ

337.705−0.053a 6035 − 54.27 LHC 0.28 P Z1 σ +4.1 ± 0.9 B
6035 − 54.04 RHC 0.11 P Z1 σ

6035 − 53.63 LHC 0.54 P Z2 σ +8.9 ± 1.0 B
6035 − 53.13 RHC 0.26 P Z2 σ

337.705−0.053b 6035 − 51.30 LHC 0.56 P Z1 σ +9.6 ± 0.3 B
6035 − 50.76 RHC 0.82 P Z1 σ

6035 − 50.66 LHC 0.46 P Z2 σ +8.7 ± 0.3 B
6035 − 50.17 RHC 0.57 P Z2 σ

6035 − 49.88 LHC 0.54 P Z3 σ +7.9 ± 0.4 B
6035 − 49.44 RHC 0.51 P Z3 σ

339.884−1.259a 6030 − 37.56 RHC 10.96 T Z1 σ −3.8 ± 0.1 A
6030 − 37.53 LIN 1.08 T Z1 π

6030 − 37.28 LIN 1.41 T Z1 σ

6030 − 37.26 LHC 10.37 T Z1 σ

6035 − 37.71 LIN 0.89 X
6035 − 37.58 RHC 27.41 T Z2 σ −3.4 ± 0.3 A
6035 − 37.43 LIN 5.39 T Z2 π

6035 − 37.39 LHC 25.16 T Z2 σ

340.785−0.096a 6035 − 106.44 RHC 1.20 P Z1 σ −8.0 ± 0.4 B
6035 − 105.99 LHC 1.04 P Z1 σ

6035 − 105.57 RHC 0.43 P Z2 σ −4.6 ± 0.9 B
6035 − 105.31 LHC 0.65 P Z2 σ

340.785−0.096b 6035 − 102.17 LHC 2.17 P Z1 σ +2.5 ± 0.1 A
6035 − 102.03 RHC 2.19 P Z1 σ

6035 − 101.69 LHC 0.61 P Z2 σ +2.3 ± 0.8 A
6035 − 101.56 RHC 0.55 P Z2 σ

6035 − 100.63 LHC 0.21 P Z3 σ +3.0 ± 0.9 A
6035 − 100.46 RHC 0.19 P Z3 σ

343.929+0.125 6035 12.61 LHC 0.37 P Z1 σ +3.8 ± 0.3 A
6035 12.82 RHC 0.35 P Z1 σ

6035 13.58 LHC 1.11 P Z2 σ +6.8 ± 0.2 A
6035 13.96 RHC 0.61 P Z2 σ

6035 14.19 LHC 0.30 P Z3 σ +6.2 ± 0.4 A
6035 14.54 RHC 0.24 P Z3 σ

345.003−0.224 6030 − 28.42 LHC 0.08 P Z1 σ +3.8 ± 1.2 A
6030 − 28.12 RHC 0.12 P Z1 σ

6030 − 27.50 LHC 0.19 P Z2 σ +4.9 ± 0.7 A
6030 − 27.11 RHC 0.13 P Z2 σ

6030 − 26.09 LHC 0.70 P Z3 σ +4.4 ± 0.2 A
6030 − 25.74 RHC 0.93 P Z3 σ

6035 − 28.37 LHC 0.26 P Z4 σ +4.1 ± 0.9 A
6035 − 28.14 RHC 0.51 P Z4 σ

6035 − 27.42 LHC 1.00 T Z5 σ +3.9 ± 0.5 A
6035 − 27.33 LIN 0.32 T Z5 π

6035 − 27.20 RHC 0.84 T Z5 σ

6035 − 26.98 LHC 0.56 P Z6 σ +3.6 ± 0.6 A
6035 − 26.78 RHC 0.70 P Z6 σ

6035 − 26.53 LHC 1.17 P Z7 σ +3.9 ± 0.3 A
6035 − 26.31 RHC 1.05 P Z7 σ

6035 − 26.02 LHC 1.75 P Z8 σ +4.3 ± 1.0 A
6035 − 25.78 RHC 1.86 P Z8 σ
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Table 2 – continued.

Source name Freq VLSR Pol Sp Zeeman splitting
(l, b ) Type1 Number Component Strength Reliability
( ◦ ◦ ) (MHz) ( km s−1) (Jy) (mG)

345.009+1.792 6035 − 17.83 LHC 0.26 P Z1 σ +1.6 ± 0.3 B
6035 − 17.74 RHC 0.36 P Z1 σ

345.487+0.314 6035 − 22.19 LHC 1.98 P Z1 σ +0.5 ± 0.2 B
6035 − 22.16 RHC 0.96 P Z1 σ

345.698−0.090a 6030 − 4.96 LHC 1.14 P Z1 σ +1.1 ± 0.1 A
6030 − 4.87 RHC 1.05 P Z1 σ

6030 − 3.58 LHC 0.17 P Z2 σ +0.6 ± 0.7 B
6030 − 3.53 RHC 0.16 P Z2 σ

6035 − 4.92 LHC 1.14 P Z3 σ +1.3 ± 0.3 A
6035 − 4.85 RHC 1.14 P Z3 σ

345.698−0.090b 6035 − 6.50 RHC 2.32 P Z1 σ −0.5 ± 0.1 A
6035 − 6.47 LHC 2.31 P Z1 σ

347.628+0.148 6030 − 97.04 LHC 0.67 P Z1 σ +4.6 ± 0.1 A
6030 − 96.68 RHC 1.06 P Z1 σ

6035 − 96.95 LHC 2.02 P Z2 σ +6.4 ± 4.6 B
6035 − 96.59 RHC 4.56 P Z2 σ

351.417+0.645a 6030 − 10.85 LIN 1.03 X
6030 − 10.74 RHC 8.57 T Z1 σ −3.8 ± 0.1 A
6030 − 10.56 LIN 0.98 T Z1 π

6030 − 10.35 LIN 1.27 T Z1 σ

6030 − 10.34 LHC 12.26 T Z1 σ

6035 − 11.22 RHC 13.20 P Z2 σ −4.5 ± 0.3 B
6035 − 10.97 LHC 16.81 P Z2 σ

6035 − 10.58 RHC 124.41 T Z3 σ −4.8 ± 0.1 A
6035 − 10.44 LIN 14.43 T Z3 π

6035 − 10.31 LHC 153.00 T Z3 σ

6035 − 10.23 LIN 7.40 X
351.417+0.645b 6030 − 8.22 RHC 0.22 P Z1 σ −4.3 ± 0.3 A

6030 − 7.88 LHC 0.19 P Z1 σ

6030 − 7.80 RHC 0.58 P Z2 σ −5.2 ± 0.1 A
6030 − 7.39 LHC 0.58 P Z2 σ

6035 − 8.23 RHC 0.67 P Z3 σ −5.7 ± 0.7 A
6035 − 7.91 LHC 0.85 P Z3 σ

6035 − 7.73 RHC 2.30 P Z4 σ −5.2 ± 0.1 A
6035 − 7.44 LHC 2.39 P Z4 σ

351.417+0.645c 6035 − 5.22 LIN 0.30 P Z1 σ +0.7 ± 3.6 B
6035 − 5.22 LHC 0.40 P Z1 σ

6035 − 5.18 RHC 0.45 P Z1 σ

351.417+0.645d 6030 − 8.80 RHC 0.56 P Z1 σ −4.1 ± 0.3 A
6030 − 8.48 LHC 0.60 P Z1 σ

6035 − 8.79 RHC 3.86 T Z2 σ −3.6 ± 0.4 A
6035 − 8.68 LIN 0.67 T Z2 π

6035 − 8.59 LHC 4.30 T Z2 σ

353.410−0.360 6030 − 22.46 RHC 0.83 P Z1 σ −6.3 ± 0.1 A
6030 − 21.96 LHC 0.90 P Z1 σ

6035 − 22.57 RHC 3.86 P Z2 σ −10.2 ± 0.3 A
6035 − 22.28 RHC 5.53 P Z3 σ −10.4 ± 0.3 A
6035 − 22.00 LHC 5.60 P Z2 σ

6035 − 21.70 LHC 3.37 P Z3 σ

6035 − 20.79 RHC 5.52 P Z4 σ −3.6 ± 0.1 B
6035 − 20.65 LHC 10.43 P Z4 σ

355.344+0.147 6030 17.78 RHC 1.03 P Z1 σ −5.2 ± 0.2 A
6030 18.19 LHC 0.89 P Z1 σ

6030 18.36 RHC 0.33 P Z2 σ −4.9 ± 0.3 A
6030 18.75 LHC 0.32 P Z2 σ

6035 17.74 RHC 2.01 P Z3 σ −5.4 ± 0.1 A
6035 18.04 LHC 2.12 P Z3 σ

6035 18.43 RHC 0.58 P Z4 σ −4.6 ± 0.3 A
6035 18.69 LHC 0.59 P Z4 σ

000.665−0.036 6035 60.69 RHC 0.17 P Z1 σ −0.4 ± 1.0 B
6035 60.71 LHC 0.12 P Z1 σ
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Table 2 – continued.

Source name Freq VLSR Pol Sp Zeeman splitting
( l, b ) Type1 Number Component Strength Reliability
( ◦ ◦ ) (MHz) ( km s−1) (Jy) (mG)

000.666−0.029 6030 70.20 RHC 0.60 P Z1 σ −5.3 ± 0.2 A
6030 70.62 LHC 0.43 P Z1 σ

6030 72.16 LHC 0.25 P Z2 σ +4.2 ± 0.3 A
6030 72.49 RHC 0.25 P Z2 σ

6035 69.12 RHC 0.39 P Z3 σ −4.5 ± 1.2 A
6035 69.37 LHC 0.41 P Z3 σ

6035 70.83 RHC 2.18 P Z4 σ −3.8 ± 0.4 B
6035 70.85 LIN 0.38 P Z4 σ

6035 71.06 LIN 0.41 P Z4 σ

6035 71.07 LHC 2.56 P Z4 σ

6035 72.04 LIN 0.93 X
6035 72.16 LHC 7.81 P Z5 σ +4.8 ± 0.3 B
6035 72.43 RHC 3.69 P Z5 σ

000.666−0.035 6035 63.36 RHC 0.32 P Z1 σ −4.5 ± 0.5 A
6035 63.61 LHC 0.34 P Z1 σ

6035 64.66 RHC 0.34 P Z2 σ −7.5 ± 0.3 A
6035 65.08 LHC 0.52 P Z2 σ

6035 67.13 RHC 0.77 P Z3 σ −8.0 ± 3.0 A
6035 67.58 LHC 0.80 P Z3 σ

000.666−0.036 6035 62.18 LHC 0.40 P Z1 σ +4.3 ± 1.0 B
6035 62.42 RHC 0.32 P Z1 σ

010.959+0.023 6035 24.75 RHC 0.41 P Z1 σ −6.1 ± 0.4 B
6035 25.09 LHC 0.22 P Z1 σ

011.034+0.062 6035 23.23 RHC 0.52 P Z1 σ −6.1 ± 0.7 B
6035 23.57 LHC 0.46 P Z1 σ

011.904−0.141 6035 41.61 LHC 0.49 P Z1 σ +1.6 ± 0.4 B
6035 41.70 RHC 0.44 P Z1 σ

6035 42.88 LIN 0.97 X
015.034−0.677 6030 21.49 LHC 2.27 T Z1 σ +0.5 ± 0.1 B

6030 21.52 LIN 1.51 T Z1 π

6030 21.53 RHC 1.28 T Z1 σ

6035 21.41 LHC 18.16 P Z2 σ +0.9 ± 0.1 B
6035 21.46 RHC 16.63 P Z2 σ

6035 21.47 LIN 6.95 P Z2 σ

6035 22.54 LIN 2.04 X
6035 22.60 RHC 8.79 P Z3 σ −0.2 ± 0.1 B
6035 22.61 LHC 10.06 P Z3 σ

6035 22.71 LIN 1.91 X
6035 23.28 RHC 0.58 P Z4 σ −5.4 ± 1.0 B
6035 23.58 LHC 1.33 P Z4 σ

methanol emission, and 28 sites with both exOH and methanol
emission.

Of the 38 exOH emission sites, 20 exhibit detectable linearly po-
larized emission (>0.10 Jy), and seven of these sources have a linear
polarization percentage greater than 50 per cent (309.921+0.479,
311.596−0.398, 345.003−0.224, 345.009+1.792, 351.417+0.654,
11.904−0.141 and 15.034−0.677). All 38 sites of exOH emission
exhibit detectable circularly polarized emission, with typical per-
centages ranging from 50 to 100 per cent.

Of the 60 sites of methanol maser emission, 22 exhibit detectable
linear polarization. 16 of these have associated exOH, and all but one
(340.785−0.096) show linearly polarized features in both species.
There is no indication of correspondence between the existence of
linear features in methanol and the strength of linear features in
exOH (only 3 of the 16 have exOH features with >50 per cent
linear polarization). None of the methanol sites exhibit detectable
circular polarization.

3.0.1 Velocity range of emission

The velocity range of polarized features at the sites of maser emis-
sion shows a small spread in velocities for the exOH, with the
median of 6030 and 6035 MHz, 3.3 and 4.5 km s−1 respectively.
Methanol demonstrates a slightly larger median spread of 5.3 km s−1

and, with the exception of the source 351.417+0.645, is the only
transition to have features spread over more than 10 km s−1 in ve-
locity. The velocity spreads are fully consistent with those seen
in previous studies (Caswell & Vaile 1995; Caswell et al. 2010b,
2011b; Green et al. 2010, 2012).

3.1 Zeeman pairs and triplets

Following the criterion outlined in Section 2, we identify 112
Zeeman patterns in the exOH emission (55 class ‘A’, 57 class ‘B’,
see Table 2); of these, 18 are Zeeman triplet candidates (16 per cent
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Excited-state OH maser polarimetry 85

Figure 2. Example of the spectra of Zeeman pattern features, showing (from top to bottom) 6030 MHz OH and 6035 MHz OH, with identified patterns
labelled with numbers corresponding to those listed in Table 2. Only the velocity range relevant to the Zeeman pattern is displayed. Spectra are shown in this
manner for every site in Appendix B (online only).
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Figure 3. The sites of methanol and excited-state OH maser emission in
Sgr B2 overlaid on the estimate of the enclosed mass from Longmore et al.
(2013). Red plus is methanol only, green circles excited-state OH only and
black crosses methanol and excited-state OH. With the exception of two
sites, the maser emission aligns with the peak in enclosed mass.

Figure 4. Number of Zeeman pairs (solid black) and triplets (dashed red)
per site of maser emission.

of total Zeeman identifications).1 The number of pair and triplet
identifications per site is shown in Fig. 4, with a strong tendency for
only one identification per maser site (both distributions peaking in
the lowest bin), although 50 per cent of the sites with Zeeman pairs
have more than two pairs identified.

Previously there has been only one ground-state OH Zeeman
triplet identification, first suggested from observations with the
MERLIN array by Hutawarakorn, Cohen & Brebner (2002) of
W75N; this identification was later shown by Fish & Reid (2006),
with Very Long Baseline Array observations, to be features spa-
tially separated by 110 au. Our number of lower resolution triplets
is an upper limit, with all potentially being resolved with higher

1 Two of the Zeeman pairs may actually be triplets (identified by ‘P/T’
in Table 2), but could not be ascertained with a high enough degree of
confidence, and so are treated as pairs.

Figure 5. Ratios in peak flux density for paired σ components for Zeeman
pairs (green triangles) and Zeeman triplets (black crosses). Dashed line
shows 1:1 ratio, and dotted lines a factor of 2 variation.

resolution VLBI measurements; however, we can confidently
conclude that the linearly polarized π component has a simi-
lar propensity at the high-frequency maser transitions as at the
ground-state transitions [recently demonstrated by Caswell et al.
(2013) and Caswell, Green & Phillips (2014), as detailed in Sec-
tion 3.1.2]. Especially well-defined triplets include 300.969+1.148
and 323.459−0.079a at 6035 MHz, and 339.884−1.259a and
351.417+0.645a at both transitions, the latter pair identified as
‘textbook’ examples, exhibiting the simple split spectra and coinci-
dent features (with the corresponding difference in splitting factor).

For the 18 Zeeman triplets, three have both π and σ

LIN components identified (323.459−0.079a, 339.884−1.259a,
351.417+0.645a, see Table 2), and two of these (323.459−0.079a
and 351.417+0.645a) clearly show the signature of orthogonal po-
larization in the Stokes Q and U in the spectra in Appendix B (online
only) (it is suggested for 339.884−1.259a as well but is spectrally
blended).

3.1.1 Ratio of component peak flux densities

The ratios of the peak flux densities of the RHC and LHC com-
ponents for Zeeman pairs and triplets are displayed in Fig. 5, and
demonstrate a median of 1.01 and 1.15 for the pairs and triplets, re-
spectively. The ratios range from 0.3 to 2.4, with only ∼13 per cent
of the pairs (12 of the 94) showing a ratio of fluxes greater than
2. In comparison, ∼33 per cent of the triplets (6 of the 18) show a
ratio of fluxes greater than 2. The RHC and LHC components of
the triplet candidates tend to be brighter than those of the pairs,
with the median of the averaged RHC and LHC components for
the triplets being 4.1 Jy, compared with 0.6 Jy for the pairs. The
peak flux density of the π component of the triplets varies from 3 to
85 per cent of the averaged circular component flux, but has a me-
dian value of 16 per cent. Hence, if the flux density ratios between
σ s and πs were comparable for our pair candidates, the average flux
density of 0.6 Jy for the pairs would imply that the π component
would have an average peak flux density of ∼0.13 Jy, just below
our 3σ detection limit. This therefore implies that we may only be
detecting the brightest of the Zeeman triplets.
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Figure 6. Absolute magnetic field strength determined from Zeeman pairs
at both 6030 and 6035 MHz combined. Three sources have strengths ex-
ceeding 10 mG.

3.1.2 Isolated π components

Caswell et al. (2013, 2014) identify isolated π components, based
on the criterion of strongly linearly polarized features at both the
1665 and 1667 MHz ground-state transitions with no nearby (spa-
tially or spectrally) circularly polarized components (see for ex-
ample 339.282+0.136 in fig. 1 of Caswell et al. 2014). Within
the current sample of exOH maser transitions, there were no ex-
amples of isolated π emission. There are however 14 linearly po-
larized components which are not readily attributable to Zeeman
patterns, i.e. strong linear polarization with nearby unassociated
circular polarization [denoted with ‘X’s in Table 2, a good example
is 309.921+0.479c, apparent in the spectrum in Appendix B (online
only)].

3.2 Implied magnetic fields

From the Zeeman pairs and triplets, we can estimate the magnetic
field strength. We adopt splitting factors of 0.079 km s−1 mG−1

for 6030 MHz and 0.056 km s−1 mG−1 for 6035 MHz (Yen et al.
1969; Zuckerman et al. 1972). Consequently, we find the magnetic
field strengths varying between −10.4 and +11.4 mG, with absolute
field strengths varying between 0.2 and 11.4 mG, with a median of
3.9 mG. The distribution is shown in Fig. 6, with over 50 per cent
of the measurements below 3 mG. Focusing purely on the subset of
Zeeman triplet candidates, we find that the absolute field strengths
range from 0.5 to 5 mG with a median of 3.7 mG. We therefore find
no strong dependence of the magnetic field strength on the presence
of a π component.

Fig. 7 demonstrates that there is no clear relationship between
the magnetic field strength and the flux density ratio of the RHC
and LHC components of the Zeeman pairs discussed in the previous
section. The plot suggests a marginal trend for the Zeeman triplets
(a least-squares linear fit has an error of 40 per cent), with positive
fields producing a larger ratio (five of eight triplets have brighter
RHC) and negative fields producing a smaller ratio (7 of 10 triplets
have brighter LHC). Although the low statistics prevent any sig-
nificance being applied, it is interesting to note that for a positive

Figure 7. Variation of magnetic field strength with ratio of RHC and LHC
peak flux densities for Zeeman pairs (green triangles) and Zeeman triplets
(black crosses). No trend is visible for the Zeeman pairs, but the Zeeman
triplets show a marginal trend (a least-squares linear fit has an error of
40 per cent) for positive fields to have a larger ratio (i.e. stronger RHC com-
ponent) and negative fields a smaller ratio (i.e. stronger LHC component).

magnetic field, directed away from us (with the RHC at the higher
velocity), the component that is equivalently shifted away from us
(redshifted) is the brighter of the two.

We found five candidates for internal field rever-
sals (331.511−0.102, 345.698−0.090, 351.417+0.645,
0.666−0.029 and 15.034−0.677), although two (331.511−0.102,
351.417+0.645) are consistent to within the errors. There are also
nine Zeeman pairs associated with the Sgr B2 complex, six of
which indicate a negative field of 4 to 8 mG strength and three a
positive field of ∼4 mG.

3.2.1 Large-scale magnetic field direction

In Fig. 8, we show the magnetic field orientations in the plane of the
Galaxy, in comparison to Hα emission (indicative of local compact
H II regions). Recent polarimetric observations of ground-state OH
maser emission (Green et al. 2012) have reinforced the potential for
tracing large-scale magnetic fields through maser emission. Whilst
the ground-state OH masers are typically found on the edges of
ultra-compact H II regions, their exOH cousins are found closer to
(or coincident with) the methanol emission, typically located nearer
to the forming high-mass star(s). This means unlike the ground-state
masers, the excited-state masers may be more strongly influenced
by the small-scale magnetic field structure of the star(s), rather than
any larger scale field. For 23 of the 70 sites (67 of the Zeeman pairs),
a distance was available (using Green & McClure-Griffiths 2011,
references therein) and we utilize that to show the magnetic field
orientations with respect to their Galactic location (Fig. 9). There is
no clear correspondence of field direction with spiral arm features.

3.3 Effect of internal Faraday rotation on π emission

We find that a small, but significant, fraction of Zeeman patterns ex-
hibit π components, similar to the ground-state transitions (Caswell
et al. 2013, 2014). As such, we revisit the concept of suppressing
the π component through Faraday rotation. This concept speculates
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Figure 8. Distribution of maser field directions overlaid on the composite
Hα emission of Finkbeiner (2003) using the Southern H-Alpha Sky Survey
Atlas data of Gaustad et al. (2001). The Hα emission indicates regions
of ionized hydrogen. Blue crosses are positive fields from Zeeman pairs,
rotated green crosses are positive fields from Zeeman triplets, red circles
negative fields from Zeeman pairs and yellow boxes negative fields from
Zeeman triplets.

Figure 9. Magnetic field direction (blue pluses corresponding to positive
magnetic fields, away from the Sun, and red circles negative magnetic fields,
towards the Sun) as inferred from the current Zeeman splitting measurements
overlaid on the informed artist impression of the Milky Way (R. Hurt:
NASA/JPL- Caltech/SSC).

that Faraday rotation within the maser medium may contribute to
the low incidence of observed π components. The electric field
vector of the emission will rotate in the presence of a magnetic field
parallel to the direction of propagation. As stated in the introduc-
tion, the π component is seen (linearly polarized) when the field
is perpendicular and is not seen when the field is exactly parallel.
Thus, Faraday rotation will only impact on cases where the angle
between the field and propagation is between 0◦ and 90◦, and will
have the highest impact when the π component is least likely to be
observed. From maser theory (e.g. Elitzur 1992) the expected path
length is of the order of 1012 m (with the ultra-compact H II region
containing it approximately 1015 m or more). The magnetic fields
that are traced by the masers are expected to be of the order of a
few mG and the electron density of an ultra-compact H II region is
approximately 10 cm−3. Using the standard equation for Faraday
rotation (see Brentjens & de Bruyn 2005), this equates to a rotation
measure of the order of 25 rad m−2. This is insufficient to depolarize
the π component signal within a channel (∼500 Hz). Coupled with
the orientation considerations, this makes depolarization of the π

component due to Faraday rotation very unlikely.2

3.4 Magnetic field orientation and magnetic beaming

Gray & Field (1994) postulated that the lack of π components
was due to preferential beaming of maser emission parallel to the
magnetic field. This was partially revisited recently by Green et al.

2 As an aside, the Zeeman patterns with and without π components can be
compared with the Hα emission in Fig. 8 and we see no correspondence
between the presence of a π component and the intensity of Hα (indicative,
where not heavily extincted, of the local ultra-compact H II regions).
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(2014) with respect to a quantum mechanical derivation of the
Zeeman splitting spectrum in relation to field orientation. Equations
2 and 3 in Green et al. (2014) (reproduced from Goldreich, Keeley
& Kwan 1973) demonstrate the dependence of the components with
respect to the angle between the maser propagation and the magnetic
field: a purely tangential field produces no circular σ components,
and a purely parallel field produces no linear π component.

To consider in a simple sense what this equates to observationally,
we assume that the case of a purely parallel field (and therefore in-
trinsically no π emission) is equivalent in our data to the unresolved
ATCA beam, which at the exOH frequencies subtends a solid angle
of 0.002 sr. In the preliminary analysis of Gray & Field (1994), there
is severe suppression of emission 16 deg (a corresponding solid an-
gle of 0.24 sr) from the magnetic field direction, in the simple case
that the direction is extremely uniform. We can therefore only ex-
clude ∼1 per cent (0.002/0.24) of sources as having no intrinsic π

emission (with an expectation that the majority of sources exhibit
LIN, but at a low level), and our result of 16 per cent of Zeeman
patterns exhibiting πs is fully consistent.

4 SU M M A RY

We made targeted observations of 30 fields of high-mass star for-
mation in full Stokes polarization with the ATCA and detected
70 sites of maser emission, including 14 associated with Sgr B2.
Of the polarized excited-state OH features associated with these
sources, we identified 94 Zeeman pair candidates and 18 Zeeman
triplet candidates, a 16 per cent propensity for π components in
Zeeman patterns. We thus demonstrate that π components do exist
(and no one has in fact eaten all the πs). This result agrees with
the recently demonstrated similar rate of occurrence at the lower
frequency maser transitions. We argue that depolarization through
Faraday rotation is not significantly affecting the maser emission
(specifically, not reducing the linear polarization in the lower fre-
quency ground-state OH transition relative to the excited-state) and
that our results are consistent with magnetic maser beaming. We
identify two sources as ‘textbook’ examples of Zeeman triplets,
339.884−1.259a and 351.417+0.645a, with coincident splitting at
both frequencies (with the corresponding difference in splitting fac-
tor) and linear polarization in π and σ components (with orthogonal
polarization angles demonstrated in the Stokes Q and U emission).
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as measured with the ATCA.
Table 2. Polarized excited-state OH features associated with
Zeeman splitting.
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(http://mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/mnras/
stv936/-/DC1).
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content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the paper.

A P P E N D I X A : IN D I V I D UA L S O U R C E N OT E S

Here we discuss the relevant history and properties of individual
sources, including reference to other transitions of maser emis-
sion. We also note any peculiarities in the spectra for the sources
(such as side-lobe responses). The full spectra are presented in Ap-
pendix B (online only). To note, 331.135−0.431, a strong source
of 6035 MHz emission with existing spectra in Caswell & Vaile
(1995) and Caswell (2003), was not observed (not targeted) in the
current study.

284.351−0.418 and 284.352−0.419: this source has strong
6035 MHz emission and existing spectra in Caswell & Vaile (1995)
and Caswell (2003). The first site is that of the 6030/6035 MHz
emission and the second that of the 6668 MHz emission. Zeeman
splitting is seen at both the 6030 and 6035 MHz transitions, with
an orientation consistent with a negative field direction. The corre-
sponding 1612 and 1665 MHz have a similar negative field direction
(as seen in the ‘MAGMO’ survey of Green et al. 2012) and a history
of variability (Caswell et al. 2013).

285.263−0.050: this source is a strong 6035 MHz site, and ex-
isting spectra in Caswell & Vaile (1995) and Caswell (2003) show
variations to stronger and weaker emission, respectively. For the
first time, we also see weak 6030 MHz emission. Zeeman splitting
demonstrates a large positive field, comparable to that reported in
Caswell & Vaile (1995) and that seen with the ground-state tran-
sitions (Green et al. 2012; Caswell et al. 2013). The clear Zeeman
pair seen at 6035 MHz, indicating a field strength of 10 mG, appears
replicated at 6030 MHz, but below the formal detection limit of the
current study (the RHC component is ≤1σ ). The same peak flux
density ratio between RHC and LHC components is seen at both
frequencies (1:2.5). This site does not exhibit methanol emission.

285.337−0.002: this 6668 MHz methanol maser was de-
tected ∼5 arcmin offset from the nearby, but unrelated source
285.263−0.050. It exhibits no detectable exOH emission.

294.511−1.621: this source has strong 6035 MHz emission, al-
though weaker than at several earlier epochs (Caswell & Vaile 1995;
Caswell 2003). The high spectral resolution of the current observa-
tions makes the narrowly split Zeeman pair clear. LIN emission is
detected, and could be a π component; however, the velocity resolu-
tion is inadequate to separate it spectrally from the LHC component.
This source is also reported at ground state in Green et al. (2012),
where there are numerous LIN features with comparable velocities.
In comparison to the narrow exOH emission, the known associated
methanol is seen across ∼10 km s−1 of the spectrum.

300.969+1.148: this source has Long Baseline Array (LBA)
maps of the ground-state transitions (Caswell et al. 2010a), and the
accompanying single-dish measurements of 6035 MHz emission in
circular polarization show strong evidence of the σ components of
Zeeman splitting. The spectrum is similar to earlier reports (Caswell
2003), but emission is now stronger. There is a clear Zeeman pair at
6030 MHz, and corresponding behaviour at 6035 MHz, with some
LIN present in both spectra (with the 6035 MHz LIN identified
as a π component). The field orientation is in agreement with the
ground-state Zeeman pairs (Caswell et al. 2013). This source was

the monitor source for the MMB survey (Green et al. 2009) with
well-characterized methanol and exOH emission.

309.921+0.479a,b,c: this source is a reasonably strong maser at
6035 and 6030 MHz, with the intensity increasing since a minimum
in 2001 (Caswell 2003). When observed by Knowles, Caswell &
Goss (1976), this source showed the best example of linear po-
larization, and our present observations suggest a slight increase,
with a dominant LIN feature at −59.5 km s−1 (attributed to site ‘c’).
Despite changes over a 35 yr interval (evident from the circular
polarization spectra), it is still clearly a good candidate for π emis-
sion, with the coincidence in velocity of LIN features at both the
6030 and 6035 MHz transitions a strong indicator (as argued for
the coincidence of 1665 and 1667 MHz transitions in Caswell et al.
2013). The distribution of RHC and LHC components suggests
both positive and negative field Zeeman pairs. Several of the pairs
identified in the current work differ from previous, and a Zeeman
triplet is likely in this source, despite the failure to pass the criteria
outlined in Section 2.2. For the brightest 6035 MHz LIN feature,
our negative Stokes Q and positive Stokes U suggest a position an-
gle between 45◦ and 90◦, whereas those in Knowles et al. (1976)
appear to be −20◦. This source exhibits bright methanol maser
emission.

311.596−0.398: this 6035 MHz maser also exhibits maser emis-
sion at the even more highly excited 13.441 GHz transition (Caswell
2004). The 6035 MHz emission is stable with several narrow LIN
features, but the complexity of the spectrum prevents Zeeman triplet
identification. This source has strong linear polarization at the
ground-state transitions (Caswell et al. 2013). There is no emis-
sion seen at 6030 MHz or at 6668 MHz. The positive local standard
of rest (LSR) velocity of this source indicates a large unambiguous
kinematic distance.

311.643−0.380: a site of both 6035 MHz exOH and methanol
emission, which also has associated ground-state OH emission with
high LIN (Caswell et al. 2013). A simple Zeeman pair is identified
in the 6035 MHz emission.

323.459−0.079a,b,c,d: this source has LBA maps of the ground-
state transitions (Caswell et al. 2010a), and the accompanying
single-dish measurements of exOH emission in circular polariza-
tion show strong evidence of the σ components of Zeeman split-
ting. Four sites are detected in the current observations, two sites of
exOH, one with methanol, and one with both exOH and methanol,
all within the known H II region, and in accord with the spot distri-
bution presented in Caswell (1997). The source has demonstrated
stable emission at both 6030 and 6035 MHz with several clear
Zeeman pairs at both transitions. This source also demonstrates
LIN emission at 6035 MHz, with two weak π components identi-
fied, most notably in the triplet of 323.459−0.079a, which also has
weak LIN emission accompanying the σ components. It is clear
from the Stokes Q and U that these LIN features show the expected
variation in polarization position angle between the LIN of the σ

components and the π .
328.808+0.633a,b and 328.809+0.633: the first two of these

three sites exhibit emission at both exOH and methanol transitions,
whilst the other site exhibits emission at the methanol transition
only (6035 MHz emission in the spectrum of 328.809+0.633 in
Appendix B is a side-lobe response to 328.808+0.633a,b). These
sites have associated 13.441 GHz exOH maser emission (Caswell
2004). The spectra of the exOH emission are comparable to that
reported in 2001 by Caswell (2003). 328.808+0.633a has multiple
weak 6035 MHz LIN features (one of them also at 6030 MHz with
similar velocity and position angle), which are likely π compo-
nents (three Zeeman triplets are identified). The Stokes Q and U
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spectra show variation in polarization position angle across the LIN
features.

329.339+0.148: this 6035 MHz maser exhibits maser emission at
the more highly excited 13.441 GHz transition, which has a similar
spectral structure of offset LHC and RHC components (Caswell
2004). The emission has diminished since that reported by Caswell
(2003). Two Zeeman pairs are identified. Associated methanol seen
with ∼10 per cent linear polarization.

330.953−0.182: this source has LBA maps of the ground-state
transitions (Caswell et al. 2010a), and the accompanying single-
dish measurements of 6035 MHz emission in circular polarization
(Caswell 2003) show evidence of the σ components of Zeeman
splitting. We identify three Zeeman pairs; the strongest centred
at −87.9 km s−1 indicates a magnetic field of −3.4 mG (LHC at
more positive velocity) and is in fact identified as a Zeeman triplet;
the other two, centred at −88.8 and −89.8 km s−1, are weaker; they
also indicate negative fields of comparable strength (–2 and −4 mG,
respectively). We also note that the polarization position angle of the
LIN component is close to +22.5◦ (U and Q both positive), similar
to that of the 1665 MHz LIN component of Caswell et al. (2013).
The site exhibits methanol maser emission across a comparable
range of LSR velocities.

331.442−0.187: this known site of only methanol maser emission
was detected significantly offset (∼400 arcsec, 0.95 of the FWHM)
from the phase centre of observations of 331.511−0.102. The 6030
and 6035 MHz emission shown in the spectrum is simply a side-lobe
response of 331.542−0.066.

331.496−0.078: this is a new detection of methanol maser emis-
sion close to the MMB detection limit, not recognizable in the MMB
survey, perhaps due to variability.

331.511−0.102 and 331.512−0.102: both of these sites have
emission at both of the exOH transitions, but neither have methanol
emission (the methanol emission present in the spectra is a side-lobe
response of 331.442−0.187).

331.542−0.067 and 331.543−0.066: the first of these is a site of
both exOH emission and methanol, and additionally exhibits maser
emission at the more highly excited 13.441 GHz transition (Caswell
2004). The second, separated by only 2 arcsec, is a site of purely
methanol maser emission. 331.542−0.067 has LIN features at 6030
and 6035 MHz.

331.556−0.121: this is a site of methanol maser emission only,
detected offset by ∼3 arcmin from 331.511−0.102.

333.068−0.447: this site of methanol emission may exhibit weak
(<0.15 Jy) exOH at −56 km s−1. The emission seen in the spectrum
between −52 and −49 km s−1 is a side lobe of 333.135−0.432.

333.121−0.434, 333.126−0.440 and 333.128−0.440: this is a
trio of methanol only sites. Again, the emission seen in the spectrum
between −52 and −49 km s−1 is a side lobe of 333.135−0.432.

333.135−0.432a,b,c,d: this source has both 6030 MHz and
strong 6035 MHz emission and existing spectra in Caswell & Vaile
(1995) and Caswell (2003). The emission at −55 km s−1 has de-
creased since the Parkes observations of Caswell & Vaile (1995).
The first site (‘a’) exhibits known weak methanol maser emission.

336.941−0.156: this site has emission from both exOH tran-
sitions and methanol. It also exhibits maser emission at the
more highly excited 13.441 GHz transition (Caswell 2004). The
6035 MHz exOH and methanol show some LIN features.

337.703−0.054 and 337.705−0.053a,b: this source has LBA
maps of the ground-state transitions (Caswell et al. 2010a), and the
accompanying single-dish measurements of 6035 MHz emission
in circular polarization show strong evidence of the σ components
of Zeeman splitting (Caswell 2003). The emission at 6030 is very

weak (<0.15 Jy). The 6035 MHz emission has several RHC and
LHC pairs, with the RHCs shifted to higher velocities, which is
opposite to 1665 and 1667 MHz emission (both from the LBA maps
and the overall spectral appearance), as first reported by Caswell
(2003) and most recently by Caswell et al. (2013). 337.703−0.054
is the marginally offset methanol emission.

339.884−1.259a,b: the first site has strong 6030 and 6035 MHz
emission, and the second site represents the marginally offset
methanol emission. The exOH site has existing spectra in Caswell
& Vaile (1995) and Caswell (2003). The emission at both transi-
tions is now larger than that previously reported, by factors of 5
and nearly 2, respectively. There are clear coincident LIN features
at both 6030 and 6035 MHz, especially evident at the 6030 MHz
transition with the larger splitting. Although the LIN features are
spectrally blended, the Stokes Q and U spectra show a change in
polarization position angle as would be expected from the LIN of
the two σ s and the intermediary π , thereby confirming the triplet
identification. This source can be considered a ‘textbook example’
of a Zeeman triplet, with the simple split spectra and coincident
features at both transitions (with the corresponding difference in
splitting factor).

340.785−0.096a,b: this source has strong 6035 MHz emission,
but no 6030 MHz emission, and existing spectra in Caswell &
Vaile (1995) and Caswell (2003). The weak feature (<0.2 Jy) at
−91 km s−1 is still present. The spectrum suggests a field rever-
sal between two major separated velocity ranges of features, with
those near −106 km s−1 showing RHC shifted to lower velocities
and those near −102 km s−1, showing RHC shifted to higher ve-
locities. The 1665 and 1667 MHz emission matches this behaviour.
The methanol emission (site ‘b’) is also wide. It is not clear which
velocity represents the systemic, but the weaker emission is at red-
shift and thus might be a redshifted outflow. Notably water maser
emission is very weak (detected with a peak flux density of 1 Jy
in 2003, but below 0.2 Jy in 2004; Breen et al. 2010), with a peak
at a more negative velocity, near −120 km s−1. It appears that this
source is certainly evolved and thus not expected to be blueshifted
dominant.

343.929+0.125: this source has strong 6035 MHz emission, as-
sociated methanol and existing spectra in Caswell & Vaile (1995)
and Caswell (2003). The spectrum has three Zeeman pairs, which
are clearer than Caswell & Vaile (1995) (and additionally clearer
than the ground-state 1665 emission).

345.003−0.224 and 345.003−0.223: this close pair exhibits
exOH and methanol at spatially separate sites. The exOH maser
also exhibits maser emission at the more highly excited 13.441 GHz
transition (Caswell 2004). Both the 6030 and 6035 MHz transitions
exhibit clear Zeeman pairs, as previously noted by Caswell & Vaile
(1995) and Caswell (2003).

345.009+1.792: this source has strong 6035 MHz emission and
existing spectra in Caswell & Vaile (1995) and Caswell (2003). The
emission has greatly changed, with consistently RHC at a larger
velocity, for 6030 and 6035 MHz emission. The emission at 1665
and 1667 MHz may agree, but the spectrum is complicated.

345.012+1.797: this is a site of only methanol emission, offset
by 20 arcsec from the previous OH site (345.010+1.792).

345.487+0.314 and 345.487+0.313: the first site (‘a’) has both
6030 and 6035 MHz emission, with existing spectra in Caswell
& Vaile (1995) and Caswell (2003). Both exOH transitions show
similar polarized properties, each showing RHC 50 per cent or less
relative to LHC and a similar marginal shift of RHC and LHC
polarized components. The second site (‘b’) is the slightly offset
(by 3 arcsec) position with weak methanol emission.

MNRAS 451, 74–92 (2015)

 at T
he A

ustralian N
ational U

niversity on January 18, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/


92 J. A. Green, J. L. Caswell and N. M. McClure-Griffiths

345.505+0.348: this is a nearby site of strong methanol maser
emission. It is also a site of strong 1665 MHz emission, and was
originally believed to be located at 345.488+0.315 (Caswell, Vaile
& Forster 1995).

345.698−0.090a,b: this source has strong 6035 MHz emission
and existing spectra in Caswell & Vaile (1995) and Caswell (2003).
The methanol spectrum shows evidence of a corresponding fea-
ture at −6.7 km s−1; however, this could not be positioned with the
current data. The brightest 6030 MHz emission, at a velocity of
−4.9 km s−1, comprises a close Zeeman pair which are matched
by a close 6035 MHz Zeeman pair (with comparable implied field
strengths).

347.628+0.148: this source has strong 6035 MHz emission and
existing spectra in Caswell & Vaile (1995) and Caswell (2003).
There is a clear matching Zeeman pair (at both 6030 and 6035 MHz)
compared to the complex ground-state emission spectrum. There is
weak LIN emission at the 6035 MHz transition, which may be π

emission, but is not formally identified.
347.632+0.210: this is the offset site of methanol emission (with

the excited-state OH emission present in the spectra reduced to
20 per cent at this offset of 2 arcmin).

351.417+0.645a,b,c,d,e: part ‘e’ corresponds to the purely
methanol site listed in Caswell (2009) as 351.417+0.646. This
complex (also known as NGC6334F) is of special interest as it
has recently been studied at 6030 and 6035 MHz with the LBA
(Caswell et al. 2011a). In that study, all 56 detected features ap-
peared to be σ components of Zeeman pairs, but the observations
were not designed to record linear polarization, so there was little
information on possible π components or on the ellipticity of po-
larization displayed by the σ components [even VLBI observations
in the northern sky of the much studied W3(OH) maser site have
not included linear polarization measurements, e.g. Etoka, Cohen &
Gray (2005) and Fish & Sjouwerman (2007), although more recent
measurements of ON1 by Fish & Sjouwerman (2010) now show
successful linear polarization with the European VLBI Network).
In the current study, we detect LIN at both 6030 and 6035 MHz,
with Zeeman triplets at sites ‘a’ and ‘d’, with the former exhibiting
the expected change in polarization angle (seen in Stokes Q and
U) with LIN features associated with both the σ components in
addition to the π . As with 339.884−1.259a, 351.417+0.645a can
be considered a ‘textbook example’ of a Zeeman triplet, with the
simple split spectra and coincident features at both transitions (with
the corresponding difference in splitting factor).

351.445+0.660: this is a site of only 6668 MHz methanol emis-
sion.

353.410−0.360: this source is of special interest as it was recently
studied with the LBA (Caswell et al. 2011a). The 6030 MHz emis-
sion has dropped by almost 90 per cent, whilst 6035 MHz emission
has remained stable. Most 6035 MHz features show linear polariza-
tion and this is especially notable in the brightest 6035 MHz feature,
with ∼30 per cent LIN. The three 6035 MHz Zeeman pairs likely
have π emission spectrally blended with LIN of the σ s (and so not
formally identified as triplets in this study, cf. Section 2.2).

355.343+0.148, 355.344+0.147 and 355.346+0.149: this close
trio of sources has strong 6035 MHz emission at the first two

sites and existing spectra in Caswell & Vaile (1995) and Caswell
(2003). There is less than 3 per cent linear polarization at 6035 MHz.
Methanol emission is offset at 355.346+0.149. Magnetic field
strength is comparable to the measurement of the ground-state tran-
sition (Caswell et al. 2013).

10.959+0.023: this site of methanol and newly detected exOH
was detected ∼5 arcmin offset from the pointing centred on
11.034+0.062. There is no previously recorded ground-state OH
emission for this site; however, the recent ‘MAGMO’ survey of
Green et al. (2012) indicates that emission exists. The large offset
implies a strong source of emission (peak intensity of ∼1.5 Jy).
The methanol is a known MMB source (Green et al. 2010), with
expected reduction of intensity at the large position offset.

11.034+0.062: the spectrum of this source indicates that it may
represent a good candidate for a possible strong π component be-
tween two σ components; however, a Zeeman triplet could not be
identified in the current data due to the complexity of the spec-
trum. The exOH emission appears stable, with spectral properties
comparable to the spectra presented in Caswell (2003). Similarly,
the weak (<0.4 Jy) methanol emission is comparable to previous
observations (Green et al. 2010).

11.903−0.102 and 11.904−0.141: the first of this pair of closely
spaced sources is a site of only methanol maser emission (Caswell
2009; Green et al. 2010). The second is a known site of both
methanol and exOH emission, and also exhibits emission at the
13.441 GHz transition (Caswell 2004; Fish 2007). The 6035 MHz
emission demonstrates a positive velocity shift of RHC compo-
nents relative to LHC (opposite to that seen in the higher fre-
quency 13 GHz transition), and has strong linear polarization
(∼40 per cent).

11.934−0.150 and 11.936−0.150: this is a pair of methanol
only sites (the 6035 MHz emission in this direction arises from
a weak side lobe of 11.904−0.141). The wider methanol spectrum
of 11.936−0.150 shows a negative side-lobe response of the bright
source 11.904−0.141 (between 40 and 45 km s−1), and a response
of 11.934−0.150 (at 34 km s−1).

15.034−0.677: this source (associated with M17) has two strong
6035 MHz features, and a weaker 6030 MHz feature, consistent
with existing spectra in Caswell & Vaile (1995) and Caswell (2003).
Knowles et al. (1976) described the 6035 MHz feature at 21 km s−1

as about 20 per cent LIN with a position angle of 5◦ and the other fea-
ture as having no significant LIN. In the current data, at 6035 MHz
we find ∼15 per cent LIN, and a position angle of about +120◦ in
the brightest feature and 10 per cent in the second brightest feature.
At 6030 MHz, we find ∼30 per cent LIN and a similar position an-
gle. The LIN emission at 6030 MHz is identified as a π component,
and it is likely that the 6035 MHz feature at the corresponding ve-
locity is also a π component. The methanol emission is similar in
total intensity to that found in the MMB survey (Green et al. 2010),
and our polarimetric observations reveal weak LIN (≤5 per cent).
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