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0. Brief  introduction for masers�



A. Bartkiewicz et al.: EVN imaging of 6.7 GHz methanol masers

Fig. 1. Spectra and maps of 6.7 GHz methanol masers detected using the EVN. The names are the Galactic coordinates of the
brightest spots listed in Table 2 (the (0,0) locations).The colors of circles relate to the LSR velocities as shown in the spectra. Note,
that in the first target the scale in distribution is presented in arcsec, while the rest of sources are described by a mas scale. The grey
ellipses mark the best-fit ellipses for the sources with the ring-like morphology. The plots for the remaining targets are presented in
the online material (Appendix A).
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ü Masers in the star-forming regions 

•  Major : OH, H2O, CH3OH 

•  Minor : NH3, H2CO, SiO, radio RL


ü Characteristics

•  Much brighter than thermal lines"
•  Narrow line width : Δv ~0.2-0.5 km s-1"

•  Compact size of  spot : ~1-10 au "
•  Some spots consist of  core/halo (Minier+ 02)


☞    very bright : TB ~107-1012 K"

Interstellar masers�

European VLBI spectrum and map of

the 6.7 GHz CH3OH maser (Bartkiewicz+ 16). �

1,000 au�
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G 023.01-00.41�

~200 Jy�



ü Flux variability

•  Various times-scales    : < 1 day – a few month – 1 year < 

•  Provide information in 0.1-1 au spatial scales from Keplerian time-scale


•  Remarkable variation : Periodic, Flaring 

•  Periodic : stellar pulsation / binary system ?

•  Flaring  : flare of  exciting star / accretion burst / magnetic reconnection ?


Usable characteristics of  masers�
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Periodic� Flaring�50 days � 200 days �

1000 times! �

Flux variation monitor project results with Ibaraki (Hitachi) single-dish radio telescope. �



ü Flux variability 

•  Various times-scales    : < 1 day – a few month – 1 year < 

•  Provide information in 0.1-1 au spatial scales from Keplerian time-scale


•  Remarkable variation : Periodic, Flaring 

•  Periodic : stellar pulsation / binary system ?

•  Flaring  : flare of  exciting star / accretion burst / magnetic reconnection ?


ü Proper motion with VLBI (a few milliarcsec (mas) spatial resolution)

•  Enable us to detect tiny motions of  a few mas yr-1 on disk/outflow/jet  

•  Reveal 3-D velocity structure with LSR velocity information


Usable characteristics of  masers�



Proper motion with VLBI�

Wide-angle outflow and jet scenario observed in high-mass SFR Cepheus A (Torrelles+ 11). 
Proper motions of  22 GHz H2O masers showed expanding motions emanated by wide-angle 
outflow, while a radio jet was observed by radio continuum observation. �



Proper motion with VLBI�

Wide-angle outflow and jet scenario observed in high-mass SFR Cepheus A (Torrelles+ 11). 
Proper motions of  22 GHz H2O masers showed expanding motions emanated by wide-angle 
outflow, while a radio jet was observed by radio continuum observation. �

Shock propagation formed

by wide-angle outflow �

Expanding shell of  bow shock 

propagation


2 mas �



ü Flux variability 

•  Various times-scales    : < 1 day – a few month – 1 year < 

•  Provide information in 0.1-1 au spatial scales from Keplerian time-scale


•  Remarkable variation : Periodic, Flaring 

•  Periodic : stellar pulsation / binary system ?

•  Flaring  : magnetic reconnection / flare of  exciting star / accretion burst ?


ü Proper motion with VLBI (a few milliarcsec (mas) spatial resolution)

•  Enable us to detect tiny motions of  a few mas yr-1 on disk/outflow/jet  

•  Reveal 3-D velocity structure with LSR velocity information


ü Magnetic field strength and 3D structure

•  Circular polarization  => Zeeman splitting

•  Linear    polarization  => Polarization vector

•  Convertible to the direction of  the magnetic field axes �

Usable characteristics of  masers�



1. What’s advantages of  maser �
          obs. for magnetic (B) field? �



Importance of  B field�
ü Launch outflow/jets and magnetic braking

•  Removal of  angular momentum

•  Maintain accretion through disk


ü Launch mechanism and morphology of  outflow/jets 
affected by the strength and the configuration of  the 
B field (Machida+ 08)

•  Outflow : low-velocity and hourglass-like, caused by 

strong B field and the magnetocentrifugal force

•  Jet : high-velocity and well-collimated, caused by      

weak B field and the magnetic pressure gradient force


3D MHD simulations to understand the outflow/jet launching mechanism and 
morphology in the star-forming core (Machida+ 08). These figures show the 
relation among velocities, collimations, B field strength, and morphology. �

Weak B field case

(B0~17 µG; β0~10-5)�

Strong B field case

(B0~17 µG; β0~10-1)�



ü Aligned dust by B field

ü Measure polarization vector, convertible 

to the B field on the plane of  sky

•  e.g., “hourglass” shape (e.g., Girart+ 06)


ü Weak points

•  Impossible to direct measurement of  the  

strength of  B field

•  may be estimated by comparing the 

gravitational force as an upper limit        
at collapse phase 


•  Hard to trace high-density area (> 108 /cc)


e.g.) Dust pol. obs. �
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Figure 5. Left panel: B-field maps in W51 e2 with S/N ratio between 2σIp and 3σIp (black segments) and >3σIp (red segments), and 870 µm continuum emission
in black contours. The dot-dashed cyan segment marks the direction of the ionized accreting flow by Keto & Klaassen (2008). Blue segments are the inferred B-field
direction from the BIMA. The magnetic field segments (all of equal length) are rotated by 90◦ with respect to the polarization segments. Right panel: B-field map in
W51 e8. All the symbols are identical to those in the left panel. All the contours are plotted with the same level as in Figures 2(c) and (d) for left panel and right panel,
respectively. Note that even at (2–3)σIp , the B-field directions vary in a coherent manner. Hence the trends are significant.
(A color version of this figure is available in the online journal.)

Associated with e2, organized motions in the ionized gas have
been revealed with the H53α radio recombination line (Keto &
Klaassen 2008), with the maximum velocity gradient along a
P.A. ∼60◦. These authors interpret this gradient as a supporting
evidence for an accretion flow along a dense flattened structure,
where the detected motion tracks the ionized particles on the
surface of the dense midplane. Both the infall and rotation near
e2 have also been detected in several molecular lines (Ho &
Young 1996; Zhang & Ho 1997; Zhang et al. 1998). As dis-
cussed in Keto & Klaassen (2008), this H53α accretion flow in
the direction of a P.A. ∼60◦ might drive the molecular outflow
at P.A. ∼ − 20◦ as traced by the CO 2–1 line. The argument
is based on the hypothesis that if the massive star formation
process is similar to the low-mass case, the bipolar outflow
should be along the rotation axis. The linearly distributed H2O
and OH masers in the W51 e2 region could trace an outflow
(Figure 19(c), De Buizer et al. 2005), as identified with the
CO 2–1 line. Although the determined direction may be highly
uncertain, the rotation in NH3 (3,3) is more clearly revealed
along a P.A. = 135◦ (Figure 7 in Zhang & Ho 1997) and in
CH3CN along a P.A.=110◦ (Zhang et al. 1998), which seems
inconsistent with the gradient detected with the H53α ionized
flow. This might indicate that the revealed kinematics based
on different lines may be from multiple embedded sources.
Higher spatial resolution kinematic studies with hot core
molecular lines will be helpful for deciphering the underlying
structures.

The B field appears to be hourglass-like near e2, with the field
lines pinched along the plane of the proposed H53α accretion
disk. If the B-field lines are frozen into the ionized material,
the field lines will be tangled along with the rotation and
infall motions. The revealed depolarization might then result
from the more complex underlying B field. We note that the
field lines seem to go to the core with an essentially radial
pattern, and therefore, leading to a sharp pinched angle in the
hourglass. In contrast, the low-mass case (Girart et al. 2006)

shows a wider and smoother pinched angle. We speculate that a
larger infall momentum and a larger differential rotation (Zhang
et al. 1998) might drag the field lines along and result in a
narrower pinched angle in the projected plane. Projection of a
nearly pole-on hourglass-like morphology possibly also leads
to similar signatures. In any case, the scenario of material
accreting through a disk as proposed by Keto & Klaassen (2008)
is supported by our inferred B-field morphology.

4.2. Hourglass B-Field Morphology in the e8 Dust Ridge?

Along the e8 dust ridge, the B field also shows a systematic
deviation from the larger scale (0.5 pc) B field revealed by
BIMA. This can again be explained by the field lines being
dragged along with the accretion toward e8. In this case, the
revealed B field appears to be part of an hourglass structure on
a larger scale of 4′′ (∼0.08 pc; Figure 5(b)), with its pinched
direction parallel to the dust ridge. Centered on the e8 continuum
peak, a compact hourglass structure would be more convincing
except for the field lines to the north. There are H2O masers
north of the e8 continuum peak, and another embedded source
may be indicated. This could explain the incomplete hourglass
structure here.

As in the case of e2, a zone of depolarization seems to
be present at the continuum peak, along the north–south di-
rection. This is consistent with the pinch direction of the
hourglass-like morphology being along the elongated e8 dust
ridge. Rotation associated with the e8 collapsing core was de-
tected in the direction of P.A. ∼156◦ (−24◦) with CH3CN
(Zhang et al. 1998). In this scenario, the pinch direction of
the hourglass-like B field is parallel to the plane of rotation. The
rotation axis of the e8 collapsing core is then almost parallel
to the B field threading the 870 µm dust ridge. Note that the
rotation direction as traced in CH3CN is still uncertain (Zhang
et al. 1998). An accurate determination of the plane of rotation
associated with the e8 collapsing core is needed to test if the
larger scale B field controls the direction of accretion.

The Astrophysical Journal Supplement Series, 213:13 (48pp), 2014 July Hull et al.
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Figure 33. L1157. Same as Figure 4. (a) The velocity ranges of the CO(J = 2 → 1) line wing emission are 14.7 to 5.2 km s−1 (redshifted) and −2.2 to −14.9 km s−1

(blueshifted). σSL = 2.52 K km s−1. (b) σI = 1.7 mJy beam−1.

(A color version of this figure and associated FITS images and machine-readable tables are available in the online journal.)
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e.g.) Zeeman splitting obs.�
ü Energy quantum state is split by the B field 

into multiple states

ü Measure the strength of  the B field directly!

ü To date in thermal lines, measured from HI, 

OH, and CN (e.g., Crutcher+ 99; Falgarone+ 08)

•  Low-density  (< 104 /cc)    : HI, OH

•  High-density (104-106 /cc) : CN


ü Weak points

•  Split coefficient is much smaller than thermal 

line-width : ~1 Hz/µG


•  Signal-to-noise ratio is not enough to detect 
circular polarized spectrum


☞   a few detections in the high-density tracer


E. Falgarone et al.: CN Zeeman measurements in star formation regions 249

Table 2. CN Zeeman sources – positions and physical parameters.

Cloud α(2000) δ(2000) T ∗A v ∆v d r n(H2) Nn,r(H2) NCN(H2) Mobs Mvir

K km s−1 km s−1 kpc pc 105 cm−3 1023 cm−2 1023 cm−2 M⊙ M⊙
W3OH 02 27 04.1 61 52 22 2.2 –46.5 4.2 2.4 0.12 1.5 1.1 0.9 88 430
OMC1s 05 35 13.5 –05 22 52 14.7 8.5 2.0 0.45 0.03 18 3.4 2.3 17 26
OMC1n1 05 35 14.5 –05 22 07 13.0 9.9 1.4 0.45 0.03 18 3.6 1.5 16 13
OMC1n4 05 35 16.8 –05 19 31 14.5 9.4 1.5 0.45 0.03 14 2.8 2.2 18 15
NGC2024 05 41 44.2 –01 55 41 8.6 11.0 2.2 0.45 0.04 5.9 1.4 2.2 18 40
S255 06 12 53.7 17 59 22 5.6 7.3 2.3 2.5 0.18 3.7 4.2 1.3 500 200
G10.6 18 10 28.7 –19 55 49 8.9 2.8 5.8 6.5 0.19 14 16.4 4.9 2100 1300
M17SWHI 18 20 22.9 –16 11 32 17.3 19.9 4.3 1.3 0.11 6.0 4.2 6.2 430 440
M17SWCN 18 20 25.0 –16 13 42 16.9 19.6 3.3 1.3 0.10 6.0 3.7 5.3 290 230
S106OH 20 27 28.4 37 22 41 5.3 –1.7 2.0 1.7 0.07 1.0 0.4 0.9 17 55
S106CN 20 27 29.5 37 22 54 7.3 –1.8 1.9 1.7 0.07 1.0 0.4 1.3 21 50
DR21OH1 20 38 59.9 42 22 38 4.5 –4.7 2.3 3 0.15 1.7 1.5 1.0 170 160
DR21OH2 20 38 59.9 42 22 38 2.6 –0.9 2.3 3 0.15 1.7 1.5 0.7 140 160
S140 22 19 17.1 63 18 35 6.0 –6.3 2.4 0.9 0.05 6.0 1.0 1.3 28 63

line optical depth, this ratio should be 1; for a very small line
optical depth, the ratio will be 2.7. All but one of these ratios
are within the range 2.7–1 expected for LTE line strengths and
zero to infinite line optical depth; the one that is not has the
RI = 10 lines only very slightly too weak for LTE and low op-
tical depth. The maximum line optical depth found by this tech-
nique is τ ≈ 0.5. We therefore compute the column density in
the N = 0 state assuming the RI = 10 lines are optically thin
(see Turner & Gammon 1975). We then compute the total col-
umn density of CN in all states by assuming that all states are
excited with an assumed excitation temperature of 25 K. (These
are warm, dense cores, and several of the T ∗A are not too far be-
low 25 K in strength.) We then assume CN/H2 = 4 × 10−9 in
order to find NCN(H2). This value of CN/H2 is consistent with
those found by Turner & Gammon (1975) in dense, warm cores,
and matches the results found in OMC1 cores by Johnstone
et al. (2003). Finally, we compute the observed masses Mobs
of the CN Zeeman sources from the radii and geometric mean
of Nn,r(H2) and NCN(H2), denoted N23(H2) in the following. We
also list for comparison the virial masses Mvir = 210r∆v2 M⊙,
where r is expressed in pc and ∆v in km s−1.

As an example of the data, Fig. 1 shows the spectra of
W3OH. The Stokes I spectrum is the average (weighted by the
sensitivity to the Zeeman effect) of hyperfine lines 1, 4, 5, and 7
(Table 1); these are the lines that have significant sensitivity to
the Zeeman effect. The Stokes V spectrum is the equivalent aver-
age, where the non-Zeeman contributions to the observed V due
to gain imbalance and instrumental polarization (coefficients C1
and C2 in the fitting equation (Sect. 2)) have been removed. For
W3OH the instrumental polarization contribution to Stokes V is
the equivalent of a 5.6 mG Zeeman signal for a (totally artificial)
Z = 1 Hz/µG for all 7 hyperfine components. Hence, the in-
strumental polarization contribution in this case is about 5 times
greater than the true Zeeman signal. Only the large variation in
the Zeeman splitting factors among the hyperfine components
makes it possible to obtain reliable Blos results from CN Zeeman
observations, as discussed in Sect. 2. Overplotted on Stokes V is
dI/dν computed from the average Stokes I spectrum and scaled
to the fitted magnetic field strength, Blos = +1.10 mG.

In Table 3, we list the line-of-sight magnetic field
strength Blos and the 1σ uncertainty in each measurement.
Instrumental polarization effects have been eliminated from the
Stokes V spectra by the fitting procedure, so the uncertainty in
each measurement is dominated by stochastic noise. Earlier dur-
ing the series of CN Zeeman observations (Crutcher et al. 1996)
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Fig. 1. W3OH CN Zeeman spectra. The top plot is the Stokes parame-
ter I spectrum, and the bottom plot is the Stokes parameter V spectrum
(histogram) and dI/dν (heavy line) scaled for Blos = +1.10 mG.

we tested the Zeeman fitting procedure by simulating the fitting
process with artificially generated spectral lines with various Blos
and random spectral noise. We then fitted the resulting spectra to
test what signal-to-noise ratio was required to achieve a reliable
detection of Blos. We found that the results followed the normal
probability distribution function, so at the 2σ level 4.6% of the
measurements would be false positives. For 14 measurements
(the number of cloud measurements reported here), one would
then expect 0.6 false “detections” of Blos. We therefore adopted
2σ as the statistically valid cut off for claiming detections. Our
lowest signal-to-noise ratio is slightly above 2σ. Therefore, the
detections we claim here are all probably real, although it is
possible (although statistically unlikely) that 1 or even 2 of the

CN Zeeman spectra of  Stokes I (top) and 
V (bottom) in W3(OH) (Falgarone+ 08). �



i.  Narrower line-width and brighter emission than thermal lines

•  Enable us to measure for small Zeeman split with high S/N


ii.  Pumped in compact and high-dense cloud, called as “spot”

•  Enable us to trace higher-density area than thermal emissions


iii.  Both linearly and circularly polarized emission

•  Full stokes parameters (I, Q, U, V) usable to determine 3D B field structure 


iv.  Combined with dynamics (3D velocity structure) information

•  Understand dynamical motions and magnetic structures, simultaneously �

Advantages of  the masers �



ü nH2 > 106 /cc"
•  OH        : 105-108  /cc (Cragg+ 02)

•  CH3OH : 104-109  /cc (Cragg+ 05)

•  H2O       : 108-1011 /cc (Elitzer+ 92)


ü B ∝ nH2
0.47 ±0.08 (Vlemmings 08)


•  Consistent with Crutcher (99) relation

•  Connect from low to high-density area


☞ Zeeman splitting measurements 
extensible to high-density area !


ii. High-density tracer (> 106 /cc)  �
W. H. T. Vlemmings: Zeeman splitting of 6.7 GHz methanol masers 779

the Zeeman splitting measured by Green et al. was found on a
maser feature that, in lower resolution observations, would be
blended both positionally and spectroscopically with the bright-
est maser. As a results, the flux averaged Zeeman splitting mea-
surement is biased toward a possibly negligible magnetic field
of the brightest feature.

4.1.10. 81.87+0.78, W75N

The 6.7 GHz methanol masers of the very active region of mas-
sive star formation W75N have been mapped with the EVN
(Minier et al. 2000). Their map reveals that the masers make
up two distinct regions, an elongated region of ∼200 mas with
VLSR < 6 km s−1 and a compact feature ∼500 mas South-East
at VLSR = 6.8 km s−1. The observations shown in Fig. 1 high-
light the distinct nature of these maser features as the masers in
the linearly extended structure have B|| = 5.7 mG while those in
the compact region have B|| = 9.5 mG. W75N has been the tar-
get of numerous OH maser polarization observations indicating
another possible disc related field reversal and typical magnetic
field strengths of |B| ≈ 5–7 mG (e.g. Hutawarakorn et al. 2002;
Slysh et al. 2002). Magnetic field measurements during a OH
maser flare in W75N reveal the strongest OH maser magnetic
field B = 40 mG to date (Slysh & Migenes 2006).

4.1.11. 109.86+2.10, Cepheus A

The masers of the Cepheus A massive star formation region has
been studied in great detail (e.g. Vlemmings et al. 2006a, and
references therein). The 6.7 GHz methanol maser distribution
has been mapped with the Japanese VLBI Network (Sugiyama
et al. 2007) and the EVN (Torstensson et al., in prep.). These
observations show that the masers are found in an elongated
structure of ∼1500 mas across Cepheus A HW2. The measured
methanol maser magnetic field is stable at B|| = 8.1 mG.

Cepheus A is the source in the sample for which the most
magnetic field measurements at different hydrogen density are
available. Figure 3 presents on overview of all these mea-
surements. It seems clear that the magnetic field strength B
in Cepheus A has a power-law dependence on the hydrogen
number density nH2 , with the best-fit giving B ∝ n−0.47±0.08.
This is consistent with the empirical relation B ∝ n−0.47

from low-density molecular cloud Zeeman observations by
Crutcher (1999). Of course, one has to be cautious when re-
lating the maser observations with the other Zeeman splitting
results and the dust polarization observations at very different
scales. Additionally, the methanol and H2O maser magnetic field
strengths depend on an assumption with regard to the angle be-
tween the maser propagation direction and the magnetic field
and their number density has to be determined using maser ex-
citation models.

4.1.12. 111.53+0.76, NGC 7538

The methanol masers of NGC 7538 have been proposed to trace
a disk around a high-mass protostar (Pestalozzi et al. 2004),
however, this interpretation has been questioned by De Buizer
& Minier (2005) who find that the maser might be related to
an outflow. The observations presented here indicate a flux av-
eraged magnetic field B|| = 16.2 mG. The “running” cross-
correlation however, reveals a more complex picture. The spec-
trum is made up of several strong maser features with apparently
different magnetic field strengths. The strongest magnetic field

Fig. 3. Magnetic field strength B in the massive star forming region
Cepheus A measured from Zeeman measurements as a function of nH2 ,
the number density of neutral hydrogen. The solid triangle indicates
the methanol maser measurement from the Effelsberg observations, the
number density is taken to be in the range typical of 6.7 GHz methanol
masers (Cragg et al. 2005), but cannot be determined precisely without
observations of additional transition lines. Also indicated are the H2O
maser measurements (solid dots; Vlemmings et al. 2006a), average OH
maser measurement (solid square; Bartkiewicz et al. 2005), NH3 mea-
surement (open square; Garay et al. 1996) and recent dust polarization
measurement (open triangle; Curran & Chrysostomou 2007). The error
bars on the density of these data are taken from the respective publica-
tions. The solid line is the theoretical relation B ∝ n0.5 fixed to the OH
maser measurement. The dashed line is the error weighted best fit line to
the presented measurements (the individual H2O maser measurements
were averaged). Additionally, the boxes indicate the range of literature
values for HI/non-masing OH, OH maser, methanol maser (this paper)
and H2O maser Zeeman splitting observations for other massive star
formation regions.

∼16 mG is measured on the maser feature at VLSR = −58 km s−1,
while ∼12 mG is found for the maser at VLSR = −56 km s−1.
In both cases the “running” cross-correlation derived magnetic
field is somewhat supressed as the masers between VLSR = −58
and –56 km s−1 have a field of only a few mG. Meanwhile,
no significant magnetic field is detected in the masers near
VLSR = −61 km s−1, implying a field strength B|| ! 5 mG. The
flux averaged magnetic field is marginally larger than the field
determined using the “running” cross-correlation for individual
maser features. This is due to the fact that, in determining the
flux averaged field strength, strong fields, which have neverthe-
less <5σ significance in the smaller 3 km s−1 intervals used for
the “running” cross-correlation, still contribute. OH maser mea-
surements indicate the region undergoes a field reversal and has
|B| = 1 mG (Fish & Reid 2006).

4.1.13. 133.94+1.04, W3(OH)

Linear polarization of the 6.7 GHz methanol masers of W3(OH)
is described in Vlemmings et al. (2006b), who also give a com-
pilation of previous OH maser magnetic field strength measure-
ments. The polarization observations show that the magnetic

Magnetic field strangth B vs the number density 
nH2 in high-mass SFR Cepheus A (Vlemmings 08). �

B ∝ nH2
0.47 ±0.08 �

102-106 /cc area

Crutcher (99)�



ü Masers linearly and circularly polarized 

•  Linear    : 2D pol. vector on the plane of  sky

•  Circular : Strength and radial 1D pol. vector through Zeeman split


iii. Full stokes (linear and circular) �

3D B field structure�

QM approach to Zeeman magnetic field orientation 2989

Figure 1. Transitions between magnetic sub-levels of Zeeman splitting.
!m = mlower − mupper (e.g. Garcia-Barreto et al. 1988; Gray & Field 1994;
Gray 2012). !m = +1 has the lower frequency (higher equivalent Doppler
radial velocity), !m = −1 has the higher frequency (lower velocity).

descriptive form (Section 3) before a full derivation (Section 4).
Furthermore, in the appendix we test the compliance of various
maser theory publications that discuss polarization (considering
the direction of waves, the standard Cartesian axis system and the
polarization conventions).

2 C O M M O N LY A D O P T E D M AG N E T I C FI E L D
D I R E C T I O N C O N V E N T I O N

Conventions of field orientations have a long and chequered past,
exacerbated by differences between optical and radio wavelengths,
emission and absorption, the pulsar community and the rest of the
astronomy community (e.g. Babcock 1953; Babcock & Cowling
1953). The use of polarization conventions in theoretical papers
over the years has similarly been inconsistent. The handedness of
polarization in theoretical work is determined by the pair of helical
vectors (in the spherical coordinate basis) that are used to represent
left-hand circular polarization (LCP) and right-hand circular polar-
ization (RCP). A detailed history of the early measurements and
conflicting conventions is given by Robishaw (2008).

There are essentially three elements that have to be taken into
account to define the field direction: (1) what is defined as RCP and
LCP polarization (invoking coordinate systems and basis vectors);
(2) which σ components these polarizations interact with; and (3)
which frequencies these polarizations are found at for a field towards
us or away from us.

The IEEE convention2 is the current standard for the first ele-
ment, defining LCP as clockwise rotation of the electric field vector
as viewed by the observer with radiation approaching, and RCP
as counterclockwise (see also Fig. 2). Radio astronomers adopted
the IEEE usage, and it was formally endorsed in 1973 by the IAU

2 The radio engineering definition of RCP and LCP dates from 1942 (as
decreed by the IRE, Institute of Radio Engineers) but is commonly referred
to as the IEEE standard (endorsed in 1969 by the IEEE, which had been
formed in 1963 as a merger of IRE and IEE).

y

x

Direction of rotation for
IEEE rhc−polarization

North

East

z

Figure 2. The ‘right-handed’ axis system with the electric field of the wave
from equation (4) sketched in, and showing the direction of rotation of the
electric field vector, as seen by the observer, of RCP radiation under the
IEEE convention. The alignment of the x and y axes with, respectively,
North and astronomical East follows the standard IAU orientations as set
out in Hamaker & Bregman (1996).

(Commission 40 chaired by G. Westerhout). Unfortunately, an op-
posite widely used convention is adopted in classical optics, by both
physicists and optical astronomers. Tested sets of helical vectors in
later sections may therefore be described as either IEEE-compliant
or optics-compliant.

For the next two elements, we consider both observations and the
IEEE convention for Stokes V. The definition of Stokes V is required
for field directionality as discussed later. The IAU convention is that:
Stokes V is RCP minus LCP, therefore RCP corresponds to positive
V and LCP to negative V, i.e.

V = (RCP − LCP) = (ẼRẼ∗
R − ẼLẼ∗

L), (1)

the second expression being the representation in terms of elec-
tric field amplitudes of the two polarizations as helical vectors in
the spherical basis (e.g. Landau et al. 1982). The tilde indicates a
complex-valued function and the asterisk the complex conjugate.

In order to apply these conventions to observations, it is also
necessary to know whether an observed shift of LCP to lower fre-
quency, i.e. equivalent higher Doppler radial velocity (and RCP to
higher frequency, or lower velocity) corresponds to a field oriented
towards or away from the observer. An early paper where this is
an issue of special interest is Davies (1974), where the field direc-
tion for a group of sources is compared to the direction of Galactic
rotation. That paper asserts that RCP shifted to higher velocity (as
in the case of the much studied W3(OH) region) corresponds to a
field away from the observer. The paper also describes this field
orientation as a positive magnetic field. These are the same con-
ventions used in earlier papers considering HI absorption (Davies,
Verschuur & Wild 1962; Verschuur 1969). All subsequent papers
that we are aware of, and in particular the commonly cited paper
by Garcia-Barreto et al. (1988),3 have also retained this convention.
None of the papers show a derivation justifying this convention, and
the later papers in particular have merely adopted the convention
without re-assessing if it is correct.

However, accepting the above assertion, or convention, the mag-
netic field orientation from Zeeman splitting of maser emission for

3 We note that in this paper, confusingly, the labelled Stokes V has a sign
inconsistent with the IAU definition of V.
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QM approach to Zeeman magnetic field orientation 2995

Figure 5. Summary of observed Zeeman profiles (top) and corresponding
magnetic field directions relative to the observer (bottom). The IAU defi-
nition of Stokes V and the IEEE definition of polarization handedness are
assumed. Frequency increases from left to right.

(ii) A magnetic field directed towards the observer will have RCP
at a higher frequency (lower velocity) and LCP at a lower frequency
(higher velocity).

The results of our current analysis are consistent with the clas-
sical Lorentzian derivations and mean that Zeeman splitting in the
Carina–Sagittarius spiral arm, as measured from previous studies,
should be interpreted as a field direction aligned away from the ob-
server, and thus demonstrating a real field reversal in the interstellar
medium.
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APPENDIX A: A SIMPLE TEST

The scalar or dot product of pairs of helical vectors in the spherical
basis has been introduced in Section 4.7.3 to define the scalar sig-
nature of a basis. The dot product may also be used as a very simple
test to determine conformity of any basis to the IEEE convention
now that we have a vector, êR = (x̂ + i ŷ)/

√
2, that we know is

IEEE-compliant.
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the case of W43A, however, although both the H2O and OHmasers
show similar double peaked spectra centred around the same line-
of-sight velocity, the H2O maser peaks have a much larger velocity
separation (about 180 km s21) than those of the OH maser (only
about 16 km s21)11–13. Low-resolution (0.1 arcsec) images of both
species of maser12 are clustered in two complexes: the approaching
OH and recedingH2O lying to the northeast of the recedingOH and
approaching H2O. The angular separation between the two H2O
complexes (around 0.5 arcsec or 1,300 AU) is twice as large as that of
the OH and much larger than those typically observed in the
circumstellar envelopes of many evolved stars (10–100 AU)16,18.
Our new observations using the Very Long Baseline Array

(VLBA) of the National Radio Astronomy Observatory revealed
that the structure of the H2O masers in W43A is highly collimated,
both spatially and kinematically (Figs 1 and 2). Most of the maser
spots are concentrated in the receding (northeast side) and
approaching (southwest side) clusters. Both clusters have lengths
of 250–350 AU but widths of only around 20 AU. The two clusters are
separated by about 1,700 AU. The width of the alignedmasers is only
about 1/85 of the total length. The ratio is much smaller than any of
those observed in “molecular outflows”3,19,20. Measured proper
motions with line-of-sight velocities of the masers indicate the
presence of a bipolar jet with a three-dimensional space speed of
145 ^ 20 km s21. Our analysis on the basis of diagonalization of the
variance–covariance matrix of the velocity vectors21 shows that the
vectors are concentrated towards a directionwith a position angle of
62.78 ^ 0.58 east from north and an inclination of 217.08 ^ 3.08
with respect to the sky plane. In this direction, the vectors are

9.5 ^ 4.1 times larger than that on the plane perpendicular to the
same direction. Moreover, two pairs of the sub-regions (a, d and b,
c) are located almost point-symmetrically with respect to the
estimated dynamical centre of the H2O masers (X mark in Figs 1–
3), which is the most likely origin of the jet. The extremely high
collimation and point-symmetrical distributions of similar jets have
been seen in optical observations of planetary nebulae and young
stellar objects18,21,22, but this is the first such molecular jet with these
characteristics to be observed.

Theoretical models of H2O masers suggest that maser excitation
occurs in shocked regions created by collision between an outflowor
a jet and the ambient gas cloud23. H2O masers have previously been
observed on bow shocks around jets24, on an arc of a spherically
expanding flow25 or in circumstellar envelopes where the masers
show somewhat circularly symmetric distributions17,18,26. Unlike all
of these H2O masers, most of the H2O masers in W43A are likely to
be excited in narrow locations close to the tip of the jet where
material in the circumstellar envelope is being swept up and highly
compressed to create the appropriate physical conditions for maser
excitation.

Furthermore, the spatial alignment of H2Omasers in W43A does
not constitute a simple straight line; the directions of the alignments
in both the receding and approaching clusters are almost parallel to
each other but shifted by about 108 from the directions connecting
the two clusters, which in turn is almost parallel to the jet motions
(Figs 1 and 2). We found that the observed angular pattern of the
H2O masers is well fitted by a precessing jet model (Fig. 3).
Theoretical models suggest that a cosmic jet is created along the
rotation axis of a gas disk around an object such as a protostar or a
white dwarf so that the angular momentum of infalling material on
the disk can be released from the compact volume19,27. Adopting
such models for W43A, the jet will exhibit wiggling owing to the
precession of the disk.

Previous observations have inferred that stellar jets have already
been formed approximately 1,000 years before an AGB star evolves
into a post-AGB star and starts the photoionization of its circum-
stellar envelope5. H2O masers in W43A are known to have existed
for at least 25 years11. However, the dynamical age of the jet inW43A
is only around 28 years as estimated from the distances to the tips of
the jet from the dynamical centre (about 900 AU) and the jet velocity

Figure 2 Spatio-kinematics of H2O and OH masers in W43A. Assuming a point-

symmetrical bipolar jet, the mean velocity vector of the receding motion was calculated to

be 103.4 ^ 11.3 km s21, 52.6 ^ 16.1 km s21 and 86.5 ^ 3.4 km s21 in a, d and

radial directions, respectively. The mean velocity vector of the approaching jet is opposite

to that of the receding component. Out of observed OH maser emission (hyperfine

transitions in the ground state at 1.612, 1.665, 1.667 and 1.720 GHz), the 1.612-,

1.665- and 1.667-GHz lines were detected and only the 1.612-GHz line, which was the

strongest, could be imaged in the first and second epochs and shown here. After the

correlation, OH data with a velocity resolution of 0.36 km s21 were obtained. The angular

resolution was 9mas and 21mas and the relative positions of the masers were measured

with a typical uncertainty of 1.2 mas and 2.2mas in a and d, respectively. The OH masers

exhibit clear arcs and roughly fit a spherically expanding shell model with a radius of

,500 AU and an expansion velocity of ,9 km s21. These parameters are generally

similar to, though slightly smaller than, those found in many OH/infrared stars7,8. The

dynamical age of the expanding shell was estimated to be around 2,600 years from the

shell radius and the expansion velocity. Positions of the OH masers relative to the H2O

masers were estimated by assuming a common dynamical centre located at the middle

point of the approaching (V LSR ¼ 25–30 km s21) and receding (V LSR ¼ 42–44 km s21)

OH maser clusters with uncertainties of 30mas in a and 50mas in d. This assumption

should be reliable because the centre velocity of the spectra of both molecular species is

the same to within 1 km s21, which corresponds to that of the common dynamical centre.

We note that the off-jet H2O masers shown in Fig. 1 appear to be located within the region

occupied by the OH emission. LSR, local standard of rest.

Figure 3 The angular distribution of the H2O masers detected on 10 October 1994, fitted

by the spiral pattern expected from a precessing jet model. The modelled jet has a

constant velocity of 150 km s21 and a jet axis with an inclination of 398 with respect to the

sky plane, position angle of 658, and an axis precession with an angular amplitude of 58

and a period of 55 years. We assumed that only the direction of the bipolar ejection of

material is varying continuously with time. The dynamical centre of the jet has a systemic

radial velocity of 34 km s21 and a relative position of (Da ¼ 2296mas,

Dd ¼ 2112mas) in Figs 1 and 2. Spiral patterns are also expected in the position-

velocity (V x, V y, and V z) plots, but no reliable fit to the observed velocity field was possible

owing to its large uncertainty compared with the expected amplitude of variation of

velocity vector (10 km s21).
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the case of W43A, however, although both the H2O and OHmasers
show similar double peaked spectra centred around the same line-
of-sight velocity, the H2O maser peaks have a much larger velocity
separation (about 180 km s21) than those of the OH maser (only
about 16 km s21)11–13. Low-resolution (0.1 arcsec) images of both
species of maser12 are clustered in two complexes: the approaching
OH and recedingH2O lying to the northeast of the recedingOH and
approaching H2O. The angular separation between the two H2O
complexes (around 0.5 arcsec or 1,300 AU) is twice as large as that of
the OH and much larger than those typically observed in the
circumstellar envelopes of many evolved stars (10–100 AU)16,18.
Our new observations using the Very Long Baseline Array

(VLBA) of the National Radio Astronomy Observatory revealed
that the structure of the H2O masers in W43A is highly collimated,
both spatially and kinematically (Figs 1 and 2). Most of the maser
spots are concentrated in the receding (northeast side) and
approaching (southwest side) clusters. Both clusters have lengths
of 250–350 AU but widths of only around 20 AU. The two clusters are
separated by about 1,700 AU. The width of the alignedmasers is only
about 1/85 of the total length. The ratio is much smaller than any of
those observed in “molecular outflows”3,19,20. Measured proper
motions with line-of-sight velocities of the masers indicate the
presence of a bipolar jet with a three-dimensional space speed of
145 ^ 20 km s21. Our analysis on the basis of diagonalization of the
variance–covariance matrix of the velocity vectors21 shows that the
vectors are concentrated towards a directionwith a position angle of
62.78 ^ 0.58 east from north and an inclination of 217.08 ^ 3.08
with respect to the sky plane. In this direction, the vectors are

9.5 ^ 4.1 times larger than that on the plane perpendicular to the
same direction. Moreover, two pairs of the sub-regions (a, d and b,
c) are located almost point-symmetrically with respect to the
estimated dynamical centre of the H2O masers (X mark in Figs 1–
3), which is the most likely origin of the jet. The extremely high
collimation and point-symmetrical distributions of similar jets have
been seen in optical observations of planetary nebulae and young
stellar objects18,21,22, but this is the first such molecular jet with these
characteristics to be observed.

Theoretical models of H2O masers suggest that maser excitation
occurs in shocked regions created by collision between an outflowor
a jet and the ambient gas cloud23. H2O masers have previously been
observed on bow shocks around jets24, on an arc of a spherically
expanding flow25 or in circumstellar envelopes where the masers
show somewhat circularly symmetric distributions17,18,26. Unlike all
of these H2O masers, most of the H2O masers in W43A are likely to
be excited in narrow locations close to the tip of the jet where
material in the circumstellar envelope is being swept up and highly
compressed to create the appropriate physical conditions for maser
excitation.

Furthermore, the spatial alignment of H2Omasers in W43A does
not constitute a simple straight line; the directions of the alignments
in both the receding and approaching clusters are almost parallel to
each other but shifted by about 108 from the directions connecting
the two clusters, which in turn is almost parallel to the jet motions
(Figs 1 and 2). We found that the observed angular pattern of the
H2O masers is well fitted by a precessing jet model (Fig. 3).
Theoretical models suggest that a cosmic jet is created along the
rotation axis of a gas disk around an object such as a protostar or a
white dwarf so that the angular momentum of infalling material on
the disk can be released from the compact volume19,27. Adopting
such models for W43A, the jet will exhibit wiggling owing to the
precession of the disk.

Previous observations have inferred that stellar jets have already
been formed approximately 1,000 years before an AGB star evolves
into a post-AGB star and starts the photoionization of its circum-
stellar envelope5. H2O masers in W43A are known to have existed
for at least 25 years11. However, the dynamical age of the jet inW43A
is only around 28 years as estimated from the distances to the tips of
the jet from the dynamical centre (about 900 AU) and the jet velocity

Figure 2 Spatio-kinematics of H2O and OH masers in W43A. Assuming a point-
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1.665- and 1.667-GHz lines were detected and only the 1.612-GHz line, which was the

strongest, could be imaged in the first and second epochs and shown here. After the
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with a typical uncertainty of 1.2 mas and 2.2mas in a and d, respectively. The OH masers
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and a period of 55 years. We assumed that only the direction of the bipolar ejection of
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↑: Proper motions detected for H2O masers in the evolved 
AGB star W43A (Imai+ 02). ↓: Precessing jet model fit to 
3D velocity structure of  H2O masers. �
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Figure 1: The spatial distribution, linear polarization vectors and inferred 

magnetic field direction of the H2O masers in the jet of W43A. H2O maser 

emission (616-523 line at 22.235080 GHz) was observed with the VLBA with an 

angular resolution of 0.5 milliarcsecond (mas) in right ascension (α) and 1.0 

mas in declination (δ). In panel a-d the maser features are indicated by coloured 

iv. Combined with 3D vel. structure  �

the case of W43A, however, although both the H2O and OHmasers
show similar double peaked spectra centred around the same line-
of-sight velocity, the H2O maser peaks have a much larger velocity
separation (about 180 km s21) than those of the OH maser (only
about 16 km s21)11–13. Low-resolution (0.1 arcsec) images of both
species of maser12 are clustered in two complexes: the approaching
OH and recedingH2O lying to the northeast of the recedingOH and
approaching H2O. The angular separation between the two H2O
complexes (around 0.5 arcsec or 1,300 AU) is twice as large as that of
the OH and much larger than those typically observed in the
circumstellar envelopes of many evolved stars (10–100 AU)16,18.
Our new observations using the Very Long Baseline Array

(VLBA) of the National Radio Astronomy Observatory revealed
that the structure of the H2O masers in W43A is highly collimated,
both spatially and kinematically (Figs 1 and 2). Most of the maser
spots are concentrated in the receding (northeast side) and
approaching (southwest side) clusters. Both clusters have lengths
of 250–350 AU but widths of only around 20 AU. The two clusters are
separated by about 1,700 AU. The width of the alignedmasers is only
about 1/85 of the total length. The ratio is much smaller than any of
those observed in “molecular outflows”3,19,20. Measured proper
motions with line-of-sight velocities of the masers indicate the
presence of a bipolar jet with a three-dimensional space speed of
145 ^ 20 km s21. Our analysis on the basis of diagonalization of the
variance–covariance matrix of the velocity vectors21 shows that the
vectors are concentrated towards a directionwith a position angle of
62.78 ^ 0.58 east from north and an inclination of 217.08 ^ 3.08
with respect to the sky plane. In this direction, the vectors are

9.5 ^ 4.1 times larger than that on the plane perpendicular to the
same direction. Moreover, two pairs of the sub-regions (a, d and b,
c) are located almost point-symmetrically with respect to the
estimated dynamical centre of the H2O masers (X mark in Figs 1–
3), which is the most likely origin of the jet. The extremely high
collimation and point-symmetrical distributions of similar jets have
been seen in optical observations of planetary nebulae and young
stellar objects18,21,22, but this is the first such molecular jet with these
characteristics to be observed.

Theoretical models of H2O masers suggest that maser excitation
occurs in shocked regions created by collision between an outflowor
a jet and the ambient gas cloud23. H2O masers have previously been
observed on bow shocks around jets24, on an arc of a spherically
expanding flow25 or in circumstellar envelopes where the masers
show somewhat circularly symmetric distributions17,18,26. Unlike all
of these H2O masers, most of the H2O masers in W43A are likely to
be excited in narrow locations close to the tip of the jet where
material in the circumstellar envelope is being swept up and highly
compressed to create the appropriate physical conditions for maser
excitation.

Furthermore, the spatial alignment of H2Omasers in W43A does
not constitute a simple straight line; the directions of the alignments
in both the receding and approaching clusters are almost parallel to
each other but shifted by about 108 from the directions connecting
the two clusters, which in turn is almost parallel to the jet motions
(Figs 1 and 2). We found that the observed angular pattern of the
H2O masers is well fitted by a precessing jet model (Fig. 3).
Theoretical models suggest that a cosmic jet is created along the
rotation axis of a gas disk around an object such as a protostar or a
white dwarf so that the angular momentum of infalling material on
the disk can be released from the compact volume19,27. Adopting
such models for W43A, the jet will exhibit wiggling owing to the
precession of the disk.

Previous observations have inferred that stellar jets have already
been formed approximately 1,000 years before an AGB star evolves
into a post-AGB star and starts the photoionization of its circum-
stellar envelope5. H2O masers in W43A are known to have existed
for at least 25 years11. However, the dynamical age of the jet inW43A
is only around 28 years as estimated from the distances to the tips of
the jet from the dynamical centre (about 900 AU) and the jet velocity
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masers were estimated by assuming a common dynamical centre located at the middle
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and a period of 55 years. We assumed that only the direction of the bipolar ejection of
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owing to its large uncertainty compared with the expected amplitude of variation of
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↑: Proper motions detected for H2O masers in the evolved 
AGB star W43A (Imai+ 02). ↓: Precessing jet model fit to 
3D velocity structure of  H2O masers. �

the case of W43A, however, although both the H2O and OHmasers
show similar double peaked spectra centred around the same line-
of-sight velocity, the H2O maser peaks have a much larger velocity
separation (about 180 km s21) than those of the OH maser (only
about 16 km s21)11–13. Low-resolution (0.1 arcsec) images of both
species of maser12 are clustered in two complexes: the approaching
OH and recedingH2O lying to the northeast of the recedingOH and
approaching H2O. The angular separation between the two H2O
complexes (around 0.5 arcsec or 1,300 AU) is twice as large as that of
the OH and much larger than those typically observed in the
circumstellar envelopes of many evolved stars (10–100 AU)16,18.
Our new observations using the Very Long Baseline Array

(VLBA) of the National Radio Astronomy Observatory revealed
that the structure of the H2O masers in W43A is highly collimated,
both spatially and kinematically (Figs 1 and 2). Most of the maser
spots are concentrated in the receding (northeast side) and
approaching (southwest side) clusters. Both clusters have lengths
of 250–350 AU but widths of only around 20 AU. The two clusters are
separated by about 1,700 AU. The width of the alignedmasers is only
about 1/85 of the total length. The ratio is much smaller than any of
those observed in “molecular outflows”3,19,20. Measured proper
motions with line-of-sight velocities of the masers indicate the
presence of a bipolar jet with a three-dimensional space speed of
145 ^ 20 km s21. Our analysis on the basis of diagonalization of the
variance–covariance matrix of the velocity vectors21 shows that the
vectors are concentrated towards a directionwith a position angle of
62.78 ^ 0.58 east from north and an inclination of 217.08 ^ 3.08
with respect to the sky plane. In this direction, the vectors are

9.5 ^ 4.1 times larger than that on the plane perpendicular to the
same direction. Moreover, two pairs of the sub-regions (a, d and b,
c) are located almost point-symmetrically with respect to the
estimated dynamical centre of the H2O masers (X mark in Figs 1–
3), which is the most likely origin of the jet. The extremely high
collimation and point-symmetrical distributions of similar jets have
been seen in optical observations of planetary nebulae and young
stellar objects18,21,22, but this is the first such molecular jet with these
characteristics to be observed.

Theoretical models of H2O masers suggest that maser excitation
occurs in shocked regions created by collision between an outflowor
a jet and the ambient gas cloud23. H2O masers have previously been
observed on bow shocks around jets24, on an arc of a spherically
expanding flow25 or in circumstellar envelopes where the masers
show somewhat circularly symmetric distributions17,18,26. Unlike all
of these H2O masers, most of the H2O masers in W43A are likely to
be excited in narrow locations close to the tip of the jet where
material in the circumstellar envelope is being swept up and highly
compressed to create the appropriate physical conditions for maser
excitation.

Furthermore, the spatial alignment of H2Omasers in W43A does
not constitute a simple straight line; the directions of the alignments
in both the receding and approaching clusters are almost parallel to
each other but shifted by about 108 from the directions connecting
the two clusters, which in turn is almost parallel to the jet motions
(Figs 1 and 2). We found that the observed angular pattern of the
H2O masers is well fitted by a precessing jet model (Fig. 3).
Theoretical models suggest that a cosmic jet is created along the
rotation axis of a gas disk around an object such as a protostar or a
white dwarf so that the angular momentum of infalling material on
the disk can be released from the compact volume19,27. Adopting
such models for W43A, the jet will exhibit wiggling owing to the
precession of the disk.

Previous observations have inferred that stellar jets have already
been formed approximately 1,000 years before an AGB star evolves
into a post-AGB star and starts the photoionization of its circum-
stellar envelope5. H2O masers in W43A are known to have existed
for at least 25 years11. However, the dynamical age of the jet inW43A
is only around 28 years as estimated from the distances to the tips of
the jet from the dynamical centre (about 900 AU) and the jet velocity
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↑: B field direction converted from linear pol. vector of  the 
H2O masers in W43A (Vlemmings+ 06a). ↓: Toroidal B 
field model inferred of  H2O maser results. �
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Fig. 4. Total power (I) and V-spectra for selected maser features of Field I. Additionally, the linear polarized flux density,
√

(Q2+U2), is shown
when detected. The flux densities are given in Jy beam−1. The thick solid line in the bottom panel shows the best non-LTE model fit to the
circular polarization V . The V-spectrum is adjusted by removing a scaled down version of the total power spectrum as indicated in Appendix A.

Vlsr ≈ −21 km s−1 are located closest to HW2 and likely corre-
spond to a few isolated features detected in T96. We did not
detect any of the masers from the arc-like structures in R1,
R2 and R3 of T01b. The total extent of the region in which
we detected maser emission is ∼950 × 790 mas, corresponding
to 690 × 575 AU.

3.2. Circular polarization

Circular polarization between 0.018–2.31% was detected in 14
of the 40 maser features that did not suffer from the frequency
band overlap interference. Features that were not analyzed due
to the interference are marked in Table 1. This table also shows
the circular polarization fraction PV as well as the magnetic
field strengths along the line of sight with 1σ errors or 3σ up-
per limits determined by comparing the line width and circu-
lar polarization with models of non-LTE radiative transfer in
the magnetized H2O molecules (Appendix A). As the 1σ er-
rors include both the formal fitting uncertainties as well as the
contribution of the error in the model ∆vth (thermal line width)
and Tb∆Ω (emerging maser brightness temperature in K sr), the
magnetic field strength can occasionally be <3σ, even though
the circular polarization signal has a SNR higher than 3. The
table also includes the best fit model values for ∆vth and Tb∆Ω,
where the emerging brightness temperature has been scaled
with maser decay and cross-relaxation rate as described in
Appendix A. The errors on these are estimated there to be
0.3 km s−1 in ∆vth and 0.4 on log(Tb∆Ω). As the lack of

circular polarization introduces an additional free parameter in
the model fitting, significantly increasing the ∆vth and Tb∆Ω er-
rors, we do not fit for maser features that do not show circu-
lar polarization. The magnetic field strength ranges from sev-
eral tens of mG in Fields II and III to several hundred mG in
Field I and is seen to switch direction on small scales in both
Field I and II. Note that a positive magnetic field values indi-
cates a field pointing away from the the observer. Total inten-
sity (I) and circular polarization (V) spectra of several of the
maser features are shown in Figs. 4 and 5. The spectra include
the best fit model for the circular polarization.

3.3. Linear polarization

In addition to the circular polarization, we detected linear po-
larization in approximately 50% of our maser features. The
fractional linear polarization Pl is given in Table 1. Figures 4
and 5 also show several linear polarization spectra. Table 1 lists
the weighted mean polarization vector position angle ⟨χ⟩ deter-
mined over the maser FWHM for the linearly polarized maser
features with corresponding rms error. The weights are deter-
mined using the formal errors on χ due to thermal noise, which
are given by σχ = 0.5 σP/P × 180◦/π (Wardle & Kronberg
1974). Here P and σP are the polarization intensity and corre-
sponding rms error respectively. Figure 3 shows the linear po-
larization vectors scaled logarithmically according to fractional
polarization.

H2O maser spectra in Cepheus A (Vlemming+ 06b)�

I�

(Q2+U2)1/2�

V�

OH
 CH3OH
 H2O


ν [GHz]� 1.6-1.7 � 6.7� 22.2�

Coefficient

[Hz/µG]�

2-3 � ~10-4 *

(Jen 1951)�

~10-3 �

Trace� Edeg of  HII 
region �

Accretion 
disk �

Outflow/
jet�

fraction L

fraction C�

~10-20%"
~50-60%�

<1-20%"
<1-5% �

<1-10%"
<1-5% �

Strength

[mG]�

~10-50 � ~10-100 *� ~10-1000�

Note.� Strongly 
affected by 

RM �

* Large 
uncertainty 

of  coefficient�
Ref. --- e.g., Szymczak & Gerard (09); Surcis+ (12, 15); Vlemmings (08, +11)�



Case 1. W75 N �
   ~ rapidly evolution of  outflow �
          morphology and B field structures ~ �



High-mass star-forming region W75 N �

ü Part of  Cygnus X region

ü Distance: 1.30 kpc (Rygl+ 12)

ü Three YSO candidates at different 

evolutionary phase (Carrasco-Gonzalez+ 10)

•  VLA1: oldest

•  Index: -0.4 ±0.1 => optically thin,         

free-free

•  VLA2: younger than VLA1

•  Index:  2.2 ±0.3 => optically thick,        

free-free

•  VLA3: youngest

•  Index:  0.6 ±0.1 => thermal jet
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using AIPS standard procedures. In particular, individual
spectral channel maps were made from the 3.1 MHz band-
width. The resulting cube (63 channels) of the maserH

2
O

line was then Hanning smoothed, giving a Ðnal velocity
resolution of ^1.2 km s~1. This smoothing in velocity was
applied to reduce the Gibbs ringing e†ect due to the strong
and narrow masers (see Moran, &H

2
O Thompson,

Swenson for a discussion of these e†ects). These1986
Hanning-smoothed data were used to analyze the spatio-
kinematic distribution of the masers in the region.H

2
O

3. RESULTS

3.1. 1.3 cm Continuum Emission
In we show a contour map of the continuumFigure 1

emission with natural weighting of the 25 MHz bandwidth
(u, v) data (the ““ e†ective ÏÏ bandwidth was 21.9 MHz, 7
channels ] 3.125 MHz). The synthesized beam is and0A.1,
the achieved rms noise of the image is 0.16 mJy beam~1.
Three sources are detected. We will call them hereafter,
from north to south, VLA 1, VLA 2, and VLA 3, respec-
tively. VLA 1 is elongated, with a deconvolved size of D0A.4

(P.A. 43¡), while VLA 3 shows a bright core plus] 0A.1
extended emission, with a deconvolved size of 0A.09 ] 0A.04
(P.A. 152¡). VLA 2 appears unresolved In([0A.1). Table 1
the observed and derived parameters of these three sources
at 1.3 cm are listed.

The positions of VLA 1 and VLA 3, coincide, respec-
tively, with the sources W75N(Ba) and W75N(Bb) detected
previously at 3.6 cm with resolution by et al.0A.5 Hunter

and indicated by crosses in On the other(1994) Figure 1.
hand, VLA 2 lies almost in between VLA 1 and VLA 3 but
was not detected previously at 3.6 cm. By convolving our
1.3 cm data with an elliptical Gaussian to give an angular
resolution similar to that of the 3.6 cm data et(0A.5 ; Hunter
al. the resulting map resembles that presented1994), (Fig. 2)
at 3.6 cm (although no emission is evident at the position of
VLA 2 in the 3.6 cm map). Note that the elongation of VLA
1 in the northeast-southwest direction remains evident at

angular resolution. The feature at 3 p level (D2 mJy),0A.5
south of VLA 3 coincides with the sourceD1A.5 (Fig. 2),

W75N(Bc), a continuum source with 0.85 mJy at 3.6 cm
et al. This feature was not signiÐcant in our(Hunter 1994).

unconvolved 1.3 cm continuum map.
By comparing Ñux densities obtained at 3.6 and 1.3 cm,

we obtain spectral indices anda
(3.6h1.3cm)

\ 0.7^ 0.1, Z1,
\ 1.5^ 0.1 for VLA 1, VLA 2, and VLA 3, respec-(Sl P la),
tively To estimate the spectral index for VLA 2 we(Table 1).
have adopted from the 3.6 cm data et al. an(Hunter 1994)

FIG. 1.È1.3 cm continuum contour map of W75N(B). Contours are
[3, [2, 2, 3, 4, 5, 6, 7, 8, 15, 20, 25, 30, 35, 40, 45 times 0.16 mJy beam~1,
the rms of the map shown in the top right-hand corner).(beam\ 0A.1,
Three continuum sources are detected, namely, from north to south, VLA
1, VLA 2, and VLA 3, respectively. Crosses indicate the position of the two
3.6 cm continuum sources detected by et al. in the area,Hunter (1994)
namely, W75N(Ba) and W75N(Bb), respectively.

upper 3 p level of 0.6 mJy at this wavelength. The physical
implications from the 1.3 cm continuum detections, as well
as from the parameters derived for these three radio
sources, will be discussed in ° 4.

Masers3.2. H
2
O

With a synthesized beam of (uniform weighting of^0A.08
the [u, v] data), we have detected 29 maser spotsH

2
O

(spatial components) in a region of ^13A ] 7A (0.13 ] 0.07
pc, R.A. ] decl.) around W75N(B). Most of these maser
spots have a single velocity component. maser emis-H

2
O

sion is observed in the velocity range kmV
LSR

\ [5.8È25.1
s~1, with the strongest component with intensity Sl \ 148.9

TABLE 1

RADIO CONTINUUM SOURCES AT j \ 1.3 cm IN W75N(B)

DECONVOLVED

POSITIONa SIZEc

PEAK (1.3 cm) Sl (1.3 cm)b (j \ 1.3 cm) Sl (3.6 cm)b SPECTRAL

SOURCE a(1950) d(1950) (mJy beam~1) (mJy) (arcsec) (mJy) INDEX

VLA 1 . . . . . . 20 36 50.0056 42 26 58.507 1.42 7.8^ 0.5 0.43 ] 0.12 (43¡) 4.0 ^ 0.25 0.7^ 0.1
VLA 2 . . . . . . 20 36 50.0405 42 26 57.783 1.40 1.6^ 0.2 π0.1 π0.6 º1.0d

VLA 3 . . . . . . 20 36 50.0406 42 26 57.095 7.59 11.9^ 0.4 0.09 ] 0.04 (152¡) 2.7 ^ 0.25 1.5^ 0.1

a Position of the 1.3 cm continuum peak. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds. Relative position errors depend on the signal -to-noise ratio of the emission but are typically ^3 mas.

b Total Ñux density. The values at 3.6 cm are from et al.Hunter 1994.
c The numbers in parentheses are the position angles.
d We have adopted a 3 p upper limit of 0.6 mJy at 3.6 cm et al.(Hunter 1994).

1.3 cm continuum with VLA

(Torrelles+ 97)�
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Fig. 1.—Bottom right and top left: Positions of the water maser spots (marked by plus signs, asterisks, and mult crosses corresponding to the first, second, and third observed epochs, respectively) measured with
the VLBA in VLA 1 and VLA 2. Arrow lengths represent the corresponding measured proper-motion vectors, and their color code indicates the LSR velocity of the individual maser features. Bottom left: 1.3 cm
continuum (contour plot) and water maser emission (triangles) in VLA 1 and VLA 2, detected previously with the VLA in 1996, together with the VLBA water maser spots (plus signs). Three top right panels:
Close-up of three small sections of the VLA 2 water maser shell. The LSR velocity for each spot is labeled in units of kilometers per second. The accuracy in the relative positions of the VLBA maser spots within
each epoch is better than 0.05 mas.
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Figure 5. Elliptical fits for the H2O masers in VLA 2 observed with VLBI in
epochs 1999.3 (T99), 2005.9 (S05), and 2007.2 (K07) by Torrelles et al. (2003),
Surcis et al. (2011), and this work, respectively.

K07). This corresponds to expanding velocities in the intervals
T99–S05: 3.9 ± 0.8 mas yr−1, S05–K07: 10.8 ± 3.1 mas yr−1,
and T99–K07: 5.1 ± 0.2 mas yr−1. All these values for the
expanding velocities are compatible among them for the given
errors we estimated, although showing some indications that the
shell has suffered an acceleration in the S05–K07 interval (see
Figure 6). New epochs of VLBI H2O maser observations are
necessary to clearly confirm it.

Another relevant result is that the expanding H2O maser shell-
like structure has increased its ellipticity. In fact, the ratio of the
semi-minor to semi-major axes of the fitted ellipse (b/a) for
epoch 2007.2 is ∼0.6, which is smaller than the one derived for
the almost circular shells observed in epochs 1999.3 and 2005.9,
b/a ∼ 0.9 (see Figure 5). In addition, a more dominant axis of
expansion appears along the northeast–southwest direction in
epoch 2007.2 (PA ≃ 45◦; Figures 4 and 5). We discuss the

implications of our results in the study of the first stages of
evolution of massive protostars in the next section.

4. DISCUSSION

In this section, we focus on the long-term evolution of the
H2O maser shell-like structure associated with the massive YSO
VLA 2. Our VERA observations have extended the timescale
in which this structure has been observed, by adding a third
long-term epoch (2007.2) to the observations of T03 (epoch
1999.3) and S11 (epoch 2005.9), providing a solid result that
the shell is still expanding in the plane of the sky at a velocity
of ∼5 mas yr−1 (47 km s−1 × [d/2 kpc]) eight years after its
discovery.

The kinematic age of this expanding structure is ∼20 years
up to epoch 2007, a value in agreement with the kine-
matic age of 13 years estimated from the VLBA observa-
tions of epoch 1999.3 (T03), considering the eight years be-
tween these observations and our VERA observations. As
discussed by T03, the most probable scenario for the ori-
gin of this H2O maser structure is a wind-driven shell, for
which they obtained a wind mass-loss rate (Ṁw/M⊙ yr−1) =
8 × 10−7(n/108 cm−3)1/2(T/500 K)1/2, terminal wind veloc-
ity (Vw/km s−1) = 100(n/108 cm−3)1/2(T/500 K)1/2 (where n
and T are the particle density and temperature of the shell,
respectively), and density outside the shell (molecular gas en-
vironment) (n0/cm−3) = 2.6 × 105(n/108 cm−3). These are
reasonable parameters for early B stars (Ṁw, Vw) and molecular
core (n0). T03 and S11 also proposed that the ejected wind from
the central massive object should be non-collimated (to explain
the almost circular shape of the shell observed in epochs 1999.3
and 2005.9), as well as repetitive (to explain the short kinematic
age of the shell).

Besides that, the H2O maser structure continues to expand.
Our VERA observations also indicate an apparent increase with
time in the ellipticity of the shell, from an almost circular shape
as observed in epochs 1999.3 and 2005.9 (b/a ∼ 0.9), to a
more elliptical shape as observed in epoch 2007.2 (b/a ∼
0.6), with a more dominant expansion along an axis with
PA ∼ 45◦ (see Section 3, Figure 5 and Table 2). This result
is consistent with the prediction made previously by S11, who
noted that in epoch 2005.9 there are preferential gas movements
northeastward, suggesting the formation of a collimated outflow

Figure 6. Evolution of the size of semi-major axis of the fitted ellipses to the expanding H2O maser shell in VLA 2 for epochs 1999.3, 2005.9, and 2007.2 (Table 2).
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VLBI maps at 3 epochs

(Torrelles+ 03; Surcis+ 11; Kim+ 13). �



G. Surcis et al.: Rapidly increasing collimation and magnetic field changes of a protostellar H2O maser outflow

Fig. 2. Comparison of the H2O masers around VLA 2 in epoch 2005.89 (left panel; S11) and in epoch 2012.54 (right panel; present work). A
comparison of the elliptical fits of the H2O maser distributions observed in the past 13 years is also shown (see Fig. 1 for more details). The maser
LSR radial velocity bar on the right of both panels shows the same velocity range. Four ellipses are drawn, which are assumed to have the same
center (the (0, 0) reference position). They are the results of the best fit of the H2O masers detected by T03 (epoch 1999.25; red dashed ellipse), S11
(epoch 2005.89; green dotted ellipse), K13 (epoch 2007.41; blue dot-dashed ellipse), and the present work (epoch 2012.54; black solid ellipse).
Their parameters are listed in Table 1.

and ⟨θ⟩VLA1 = +90◦+10◦
−10◦ . This implies that the magnetic

field is perpendicular to the linear polarization vectors and
the error-weighted orientation on the plane of the sky is
⟨ΦB⟩VLA1 = +49◦ ± 15◦. The foreground, ambient, and internal
Faraday rotations are small or negligible as shown by S11.

Circularly polarized emission is detected in VLA1.06 (PV =
0.07%) and VLA1.12 (1.8%). Because the FRTM code was not
able to determine Tb∆Ω and ∆Vi for VLA1.12, we considered
the values of the closest maser VLA1.10 to produce the I and V
models (Fig. A.1). The estimated magnetic field strengths along
the line of sight (B||) are +18 mG and –544 mG (a negative mag-
netic field strength indicates that the magnetic field is pointing
towards the observer; otherwise away from the observer). The
magnetic field strength B is related to B|| by B|| = B cos θ if
θ ! ±90◦. Because ⟨θ⟩VLA1 = 90◦+10◦

−10◦ , we can only provide a
lower limit of B for VLA 1 (Table A.3).

3.2. VLA 2

We detected 68 H2O masers (named VLA2.01–VLA2.68;
Table A.2) showing an elliptical distribution similar to that ob-
served in epoch 2007.41 (K13). An elliptical fit reveals that the
semi-major axis (a) and the semi-minor axis (b) are 136± 4 mas
and 73 ± 2 mas, respectively, and the position angle is PA =
45◦±2◦. The center of the ellipse is at the position cα = +593 ±
2 mas, cδ = −690 ± 3 mas with respect to VLA1.06. The eccen-
tricity, e =

√
1 − (b/a)2, of the fitted ellipse is 0.84 ± 0.05.

Five H2O masers show linearly polarized emission (Pl =
0.7%–1.6%), and the error-weighted linear polarization angle is
⟨χ⟩VLA2 = −33◦ ± 21◦. The FRTM code was able to properly
fit only VLA2.64 and the outputs are ∆Vi,VLA2 = 1.98 km s−1,
Tb∆ΩVLA2 = 6 × 108 K sr, and θVLA2 = +84◦+6◦

−10◦ . This implies
that the magnetic field is perpendicular to the linear polarization
vectors and the error-weighted orientation on the plane of the
sky is ⟨ΦB⟩VLA2 = +57◦ ± 21◦.

Circularly polarized emission was detected towards
two H2O masers, namely VLA2.44 (PV = 0.7%) and VLA2.48
(PV = 0.4%). These masers do not show linear polarization and
consequently no information on ∆Vi and Tb∆Ω is available.
To measure the magnetic field strength, we decided to assign
values to ∆Vi and Tb∆Ω that could produce the best I and V
fitting models. These are ∆Vi = 2.0 km s−1 for both masers, and
Tb∆Ω = 5 × 109 K sr and Tb∆Ω = 109 K sr for VLA2.44 and

VLA2.48, respectively. The goodness of the fit can be seen in
Fig. A.1. The estimated B|| are –152 mG and –103 mG.

4. Discussion

4.1. The immutable VLA 1

The H2O masers in VLA 1 show a linear distribution (PA ≈ 43◦)
persistent over 13 years. Nevertheless, there are minor differ-
ences compared to S11. Specifically, the flux density has gen-
erally decreased from 2005 to 2012 (Table A.3). This may ex-
plain the disappearance of the masers of group A, which also
had larger Vlsr than groups B and C and thus they were proba-
bly tracing an occasional fast ejection event (VVLA 1

lsr = 9 km s−1,
Carrasco-González et al. 2010). The inferred magnetic field in
VLA 1 is along the radio jet and it is almost aligned with the
large-scale CO-outflow (PAout = 66◦; Hunter et al. 1994), as
measured in 2005 (Table A.3).

The stability of the maser and magnetic field distribution
around VLA 1 might indicate a relatively evolved stage of this
massive YSO in comparison with VLA 2 (see below).

4.2. The evolution of the expanding H2O maser shell
in VLA 2

Unlikely VLA 1, VLA 2 has shown remarkable evolution both
in structure and magnetic field in the last decade, as probed by
the H2O masers mapped with VLBI at four different epochs. In
all epochs, the H2O masers have shown a different distribution
around VLA 2, in size and/or shape, going from circular (T03,
S11) to elliptical (K13, present work; Fig. 2 and Table 1).

In epoch 1999.25, the elliptical fit reveals that a and b
have almost the same value (e = 0.43 ± 0.01, Table 1) in-
dicating that the H2O masers are tracing an almost circular
shell-like structure (T03). This shell is thought to be the sig-
nature of a shock caused by the expansion of a non-collimated
outflow; T03 also measured the proper motion of the individ-
ual H2O masers, concluding that they are moving outward from
VLA 2 at ∼19 km s−1.

In epoch 2005.89, S11 found that the circular shell increased
its size by about 30 mas, but it did not changed its shape signif-
icantly (e = 0.28 ± 0.02). In about six years the circular shell
expanded with a velocity of 24± 3 km s−1 that is consistent with
the proper motions of the individual H2O masers (T03). This
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Figure 5. Elliptical fits for the H2O masers in VLA 2 observed with VLBI in
epochs 1999.3 (T99), 2005.9 (S05), and 2007.2 (K07) by Torrelles et al. (2003),
Surcis et al. (2011), and this work, respectively.

K07). This corresponds to expanding velocities in the intervals
T99–S05: 3.9 ± 0.8 mas yr−1, S05–K07: 10.8 ± 3.1 mas yr−1,
and T99–K07: 5.1 ± 0.2 mas yr−1. All these values for the
expanding velocities are compatible among them for the given
errors we estimated, although showing some indications that the
shell has suffered an acceleration in the S05–K07 interval (see
Figure 6). New epochs of VLBI H2O maser observations are
necessary to clearly confirm it.

Another relevant result is that the expanding H2O maser shell-
like structure has increased its ellipticity. In fact, the ratio of the
semi-minor to semi-major axes of the fitted ellipse (b/a) for
epoch 2007.2 is ∼0.6, which is smaller than the one derived for
the almost circular shells observed in epochs 1999.3 and 2005.9,
b/a ∼ 0.9 (see Figure 5). In addition, a more dominant axis of
expansion appears along the northeast–southwest direction in
epoch 2007.2 (PA ≃ 45◦; Figures 4 and 5). We discuss the

implications of our results in the study of the first stages of
evolution of massive protostars in the next section.

4. DISCUSSION

In this section, we focus on the long-term evolution of the
H2O maser shell-like structure associated with the massive YSO
VLA 2. Our VERA observations have extended the timescale
in which this structure has been observed, by adding a third
long-term epoch (2007.2) to the observations of T03 (epoch
1999.3) and S11 (epoch 2005.9), providing a solid result that
the shell is still expanding in the plane of the sky at a velocity
of ∼5 mas yr−1 (47 km s−1 × [d/2 kpc]) eight years after its
discovery.

The kinematic age of this expanding structure is ∼20 years
up to epoch 2007, a value in agreement with the kine-
matic age of 13 years estimated from the VLBA observa-
tions of epoch 1999.3 (T03), considering the eight years be-
tween these observations and our VERA observations. As
discussed by T03, the most probable scenario for the ori-
gin of this H2O maser structure is a wind-driven shell, for
which they obtained a wind mass-loss rate (Ṁw/M⊙ yr−1) =
8 × 10−7(n/108 cm−3)1/2(T/500 K)1/2, terminal wind veloc-
ity (Vw/km s−1) = 100(n/108 cm−3)1/2(T/500 K)1/2 (where n
and T are the particle density and temperature of the shell,
respectively), and density outside the shell (molecular gas en-
vironment) (n0/cm−3) = 2.6 × 105(n/108 cm−3). These are
reasonable parameters for early B stars (Ṁw, Vw) and molecular
core (n0). T03 and S11 also proposed that the ejected wind from
the central massive object should be non-collimated (to explain
the almost circular shape of the shell observed in epochs 1999.3
and 2005.9), as well as repetitive (to explain the short kinematic
age of the shell).

Besides that, the H2O maser structure continues to expand.
Our VERA observations also indicate an apparent increase with
time in the ellipticity of the shell, from an almost circular shape
as observed in epochs 1999.3 and 2005.9 (b/a ∼ 0.9), to a
more elliptical shape as observed in epoch 2007.2 (b/a ∼
0.6), with a more dominant expansion along an axis with
PA ∼ 45◦ (see Section 3, Figure 5 and Table 2). This result
is consistent with the prediction made previously by S11, who
noted that in epoch 2005.9 there are preferential gas movements
northeastward, suggesting the formation of a collimated outflow

Figure 6. Evolution of the size of semi-major axis of the fitted ellipses to the expanding H2O maser shell in VLA 2 for epochs 1999.3, 2005.9, and 2007.2 (Table 2).
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Fig. 2.— Comparison of the K band continuum emission of VLA 2 in epochs 1996 (top) and

2014 (bottom). The (0,0) position is the same as in Fig. 1. Contours are 30, 40, 50, 60, 70, 80, and 90% of
the peak intensity in 1996 (1.42 mJy beam�1) (RMS = 150 µJy beam�1), and 5, 10, 20, 30, 40, 50, 60, 70,
80, and 90% of the peak intensity in 2014 (0.82 mJy beam�1) (RMS = 10 µJy beam�1). Both maps were
obtained with the same restoring circular beam of 0.1200 (shown in the bottom left corner of each panel).
In both panels, the half-power level is shown as a dashed line. We also show the water maser positions
(plus symbols) for epochs 1996 and 2014 as observed with the VLA by (10 ) and this work, respectively.
The position of the methanol masers for epoch 2014 (black dots; this work) are also indicated. The FWHM
size of the radio continuum emission has evolved from a compact source into an elongated source in the
northeast-southwest direction, in a direction similar to that of the observed evolution of the water maser
shell and magnetic field in VLA 2 (14 ) (fig. S1).

Carrasco-Gonzalez+ (15) �
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Fig. 1. Close-up view of the 22 GHz H2O maser features detected around the radio source VLA 1 (left panel) and VLA 2 (right panel). The
reference position is α2000 = 20h38m36.s435 and δ2000 = 42◦37′34.′′84 (see Sect. 2). The octagonal symbols are the identified maser features
in the present work scaled logarithmically according to their peak flux density (Tables A.1 and A.2). The linear polarization vectors, scaled
logarithmically according to polarization fraction Pl, are overplotted. In the bottom-right corner of both panels the error-weighted orientation of
the magnetic field (ΦB, see Sect. 3) is also reported; the two dashed segments indicate the uncertainties. The ellipse drawn in the right panel is the
result of the best fit of the H2O masers detected in the present work (epoch 2012.54). Its parameters are listed in Table 1. The estimated values of
the magnetic field strength are also shown in both panels next to the corresponding H2O maser.

S11 analyzed the polarized emission of 22 GHz H2O masers and
found that the magnetic field around VLA 1 and VLA 2 (sepa-
rated by just 1300 AU) has different orientation and strength.

Therefore, we propose W75N(B) as the best case known
where the transition from a non-collimated to a well-collimated
outflow in the very early phase of HMSF can be observed in
“real time”. In this letter, we present new polarimetric VLBI ob-
servations of H2O masers to confirm the elliptical expansion of
the shell-like structure around VLA 2 as well as to determine
possible changes in the magnetic field.

2. Observations and analysis

The star-forming region W75N(B) was observed in the 616−523
transition of H2O (rest frequency: 22.23508 GHz) with the
NRAO1 VLBA on July 15, 2012. The observations were made
in full polarization mode using a bandwidth of 4 MHz to cover
a velocity range of ∼54 km s−1. The data were correlated with
the DiFX correlator using 2000 channels and generating all four
polarization combinations (RR, LL, RL, LR) with a spectral res-
olution of 2 kHz (∼0.03 km s−1). Including the overheads, the
total observation time was 8 h.

The data were calibrated using AIPS by following the same
calibration procedure described in S11. We used the same cal-
ibrator used by S11, i.e., J2202+4216. Then we imaged the I,
Q, U, and V cubes (rms = 21 mJy beam−1) using the AIPS task
IMAGR (beam size 0.87 mas × 0.61 mas, PA = +3.75◦). The
Q and U cubes were combined to produce cubes of polarized
intensity (POLI) and polarization angle (χ). Because W75N(B)
was observed 11 days after a POLCAL observations run made
by NRAO2, we calibrated the linear polarization angles of
the H2O masers by comparing the linear polarization angle of
J2202+4216 that we measured with the angles measured dur-
ing that POLCAL observations run (χJ2202+4216 = −15.◦0 ± 0.◦3).
The formal errors on χ are due to thermal noise. This error is
given by σχ = 0.5σP/P × 180◦/π (Wardle & Kronberg 1974),
where P and σP are the polarization intensity and corresponding
rms error, respectively. We estimated the absolute position of

1 The National Radio Astronomy Observatory (NRAO) is a facility of
the National Science Foundation operated under cooperative agreement
by Associated Universities, Inc.
2 http://www.aoc.nrao.edu/~smyers/calibration/

the brightest maser feature through fringe rate mapping by us-
ing the AIPS task FRMAP. As the formal errors of FRMAP are
∆α = 2.6 mas and ∆δ = 1.2 mas, the absolute position uncer-
tainty will be dominated by the phase fluctuations. We estimate
these to be on the order of no more than a few mas from our ex-
perience with other experiments and varying the task parameters.

We analyzed the polarimetric data following the procedure
reported in S11. First, we identified the H2O maser features
and determined the linear polarization fraction (Pl) and χ for
each identified H2O maser feature. Second, we used the full ra-
diative transfer method (FRTM) code for 22 GHz H2O masers
(Vlemmings et al. 2006; Appendix A). The output of this
code provides estimates of the emerging brightness tempera-
ture (Tb∆Ω) and of the intrinsic thermal linewidth (∆Vi). From
Tb∆Ω and Pl, we then determined the angle between the maser
propagation direction and the magnetic field (θ). If θ > θcrit =
55◦ the magnetic field appears to be perpendicular to the lin-
ear polarization vectors; otherwise, it is parallel (Goldreich et al.
1973). Finally, the best estimates of Tb∆Ω and ∆Vi are included
in the FRTM code to produce the I and V models used for
measuring the Zeeman splitting (see Appendix A).

3. Results

3.1. VLA 1

The H2O masers in VLA 1 are distributed along the ra-
dio jet as previously observed by T03 (epoch 1999.25), S11
(epoch 2005.89), and K13 (epoch 2007.41). Surcis et al. (2011)
found the H2O masers clustered in three groups, named A, B,
and C. In this work (epoch 2012.54), we detected 38 H2O masers
(named VLA1.01 – VLA1.38; Table A.1 in groups B and C,
but not in A (Fig. 1). Group A was also not detected in 1999
and 2007. For a detailed comparison of the H2O maser parame-
ters measured in epochs 2005.89 and 2012.54 see Table A.3.

We detected linearly polarized emission from
seven H2O masers (Pl = 0.6%−4.5%), and the error-weighted
linear polarization angle is ⟨χ⟩VLA1 = −41◦ ± 15◦. The
FRTM code was able to fit four out of the seven H2O masers
(Table A.1). Because the lower limit of the fitting range
of Tb∆Ω is 106 K sr, the estimated values of ∆Vi and
Tb∆Ω are upper limits. The error-weighted values of the
outputs are ⟨∆Vi⟩VLA1 < 2.4 km s−1, ⟨Tb∆Ω⟩VLA1 < 106 K sr,
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Fig. 7. Left: probability distribution function (PDF, top panel) and cumulative distribution function (CDF, bottom panel) of the projected angle
between the PA of the CH3OH maser distribution and the linear polarization angles (|PACH3OH − ⟨χ⟩|). Right: the PDF and the CDF of the projected
angle between the PA of the CH3OH maser distribution and the outflow axes (|PACH3OH − PAout|). In both panels the dashed line is the CDF for
random orientation of outflows and magnetic fields, i.e. all angular differences are equally likely.The results of the Kolmogorov-Smirnov test can
be found in Table 3.

Fig. 8. Probability distribution function (PDF, top panel) and cumula-
tive distribution function (CDF, bottom panel) of the projected angle
between the magnetic field and the outflow axes (|PAout − ⟨ΦB⟩|). The
dashed line is the CDF for random orientation of outflows and magnetic
fields, i.e. all angular differences are equally likely. The results of the
Kolmogorov-Smirnov test can be found in Table 3

the large-scale molecular outflows. This is supported by a
Kolmogorov-Smirnov test that shows a probability of 10% that
our distribution of angles is drawn from a random distribution.
In the magnetic field total sample, the CH3OH masers are not
primarily distributed along the outflows.

Moreover, we empirically found that the linear polarization
fraction of unsaturated CH3OH masers is Pl < 4.5%.
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Fig. 5. Left panel: view of the CH3OH maser features detected around S231 (Table A.4). Right panel: zoom-in view of group A1. Same symbols
as in Fig. 2. The arrow indicates the direction of the blue-shifted lobe of the H2-outflow (PAout = 133◦; Ginsburg et al. 2009).The dashed line is
the best linear fit of the CH3OH maser features of group A (PAA

CH3OH = 28◦ ± 8◦), while the dotted line is the best linear fit of the CH3OH maser
features of groups B, C, and D (PABCD

CH3OH = 147◦ ± 12◦).

As we have already mentioned in Sect. 4, the 6.7-GHz
CH3OH maser can be considered partially saturated if Tb∆Ω >
2.6 × 109 K sr. Surcis et al. (2011b) derived this value by con-
sidering the stimulated emission rate (R) and the theoretical
condition for masers unsaturated or saturated. We refer the
reader to Surcis et al. (2011b) for more details. The information
of the unsaturated or saturated state of the maser was used by
Surcis et al. (2012) to determine a correlation between the sat-
uration state of the CH3OH masers and their linear polarization
fraction (Pl). They found that the 6.7-GHz CH3OH masers with
Pl ! 4.5% are unsaturated. Adding the 19 new CH3OH masers
that we have detected in this work, for which it has been pos-
sible to determine Tb∆Ω, to the previous measured 72 masers
we confirm the value of 4.5% as found by Surcis et al. (2012)
but with the exception of IRAS 06.30 (see Fig. 6 and Table 2).
The model of IRAS 06.30 is probably influenced by the brightest
maser (IRAS 06.22), which is located within 15 mas. This maser
is twice a bright and highly linearly polarized.

6.2. Magnetic fields in the second EVN group

6.2.1. Magnetic field orientations

Before discussing the orientation of magnetic fields in the four
massive YSOs, it is important to estimate whether the medium
between the source and the observer could produce a significant
rotation of the linear polarization vectors. This phenomenon is
known as foreground Faraday rotation (Φf) and, as derived for
the 6.7-GHz CH3OH maser by Surcis et al. (2012), it can be
written as

Φf[◦] = 2.26
(

D
[kpc]

)
, (1)

where they assumed for the homogeneous interstellar electron
density ne ≈ 0.012 cm−3 and for the interstellar magnetic fields
B|| ≈ 2 µG. Because the massive star-forming regions inves-
tigated so far are at a distance of a few kpc, Φf is estimated
to be within the errors of the linear polarization angles of the
CH3OH maser emission (Surcis et al. 2009, 2011b, 2012). This

Fig. 6. Emerging brightness temperatures (Tb∆Ω) as function of the
linear polarization fraction (Pl). The blue and red circles indicate the
unsaturated and saturated masers, respectively, detected in NGC 7538
(Surcis et al. 2011a), W51, W48, IRAS 18556+0138, and W3(OH)
(Surcis et al. 2012), IRAS 06058+2138-NIRS1, IRAS 22272+6358A,
S255-IR, and S231 (this work). The red arrows indicate that the
Tb∆Ω values obtained from the adapted FRTM code are lower lim-
its. The red full line is the limit of emerging brightness temperature
above which the CH3OH masers are considered saturated (Tb∆Ω >
2.6 × 109 K sr; Surcis et al. 2011a), and the dotted line gives the lower
limit to the linear polarization fraction for saturated masers (Pl ≈ 4.5%,
Surcis et al. 2012).

is also true in the case of the four YSOs presented in this work,
for which Φf is estimated to range between about 2◦ and 4◦.

Another effect that may affect the measurements of the lin-
ear polarization vectors is the internal Faraday rotation. Surcis
et al. (2012) argued that because the linear polarization vec-
tors of 6.7-GHz CH3OH masers are quite accurately aligned
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Fig. 2. Left panel: view of the CH3OH maser features detected around IRAS 06058+2138-NIRS 1 (Table A.1). Triangles symbols identify
CH3OH maser features scaled logarithmically according to their peak flux density (Table A.1). Maser LSR radial velocities are indicated by
color (the assumed velocity of the YSO is VC18O

lsr = +3.9 km s−1, Saito et al. 2007). A 4 Jy beam−1 symbol is plotted for illustration. The linear
polarization vectors, scaled logarithmically according to polarization fraction Pl, are overplotted. On the right-bottom corner the error weighted
orientation of the magnetic field (ΦB, see Sect. 6.2.1) is also reported, the two dashed segments indicates the uncertainty. The two arrows indicate
the direction of the red- and blue-shifted lobe of the bipolar outflow (PAout = 130◦; Wu et al. 2010). The dashed line is the best linear fit of the
CH3OH maser features of group A (PACH3OH = 78◦ ± 7◦). Right panel: zoom-in view of group A.

5.1. IRAS 06058+2138-NIRS 1

We list all the identified 6.7-GHz CH3OH maser features, which
can be divided into two groups (A and B), in Table A.1, named as
IRAS 06.01–IRAS 06.39. In the left panel of Fig. 2 we show all
the 6.7-GHz CH3OH maser features while in the right panel we
show only the maser features of group A. The three maser fea-
tures of group B were not detected in previous observations by
Minier et al. (2000). Group A shows a linear distribution of about
140 mas (∼250 AU) with a PACH3OH = 78◦ ± 7◦, that is almost
perpendicular to the direction of the CO-outflow (PAout = 130◦,
Wu et al. 2010). Although the velocity range of group A is simi-
lar to that reported by Minier et al. (2000), we do not see a clear
linear velocity gradient, indicating that the masers are not likely
tracing an edge-on Keplerian disk, but they trace more complex
dynamics. The velocities of group A, which are red-shifted w.r.t.
the velocity of NIRS 1, fall within the velocity range of the red-
shifted lobe of the CO-outflow and they may be related to its
structure. Instead the velocities of group B are slightly blue-
shifted w.r.t. the velocity of NIRS 1 but do not fall within the
velocity range of the blue-shifted lobe.

We detected linear polarization in 11 CH3OH maser features
(Pl = 1.3%−9.2%), all of which exclusively belong to group A.
The adapted FRTM code was able to properly fit almost half of
them. The results of the code are reported in Cols. 10, 11, and 14
of Table A.1. Three of the maser features are partially saturated,
i.e. IRAS 06.09, IRAS 06.22, and IRAS 06.30. Although all the θ
angles (Col. 14) are greater than θcrit = 55◦, ∆+ is smaller than
∆− for IRAS 06.30 indicating that in this case the magnetic field
is more likely parallel to the linear polarization vector. We mea-
sured a Zeeman-splitting of ∆VZ = 3.8±0.6 m s−1 for the bright-
est maser feature IRAS 06.22, its circular polarization fraction is
PV = 0.3%.

5.2. IRAS 22272+6358A

We detected 26 6.7-GHz CH3OH maser features to-
wards IRAS 22272+6358A (Fig. 3), which are named

Fig. 3. View of the CH3OH maser features detected around
IRAS 22272+6358A (Table A.2). Same symbols as in Fig. 2. The as-
sumed velocity of the YSO is Vlsr = −11 km s−1 (Beltrán et al. 2006).
The two arrows indicate the direction of the red- and blue-shifted lobe
of the bipolar outflow (PAout = 140◦; Beltrán et al. 2006). The dashed
line is the best linear fit of the CH3OH maser features (PACH3OH =
145◦ ± 11◦).

IRAS 22.01–IRAS 22.26 in Table A.2. The maser features
show a linear distribution of 326 mas (∼250 AU), with a
position angle of PACH3OH = 145◦±11◦, that seems aligned with
the CO-outflow (PAout = 140◦; Beltrán et al. 2006). Two maser
features, IRAS 22.25 and IRAS 22.26, are detected at a distance
of about 130 mas (∼100 AU) and 330 mas (∼250 AU) from
the linear distribution. One of them was also detected by Rygl
et al. (2010). The line-of-sight velocity of the CH3OH maser
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Comparison of  the B field orientation from CH3OH maser 
obs. to the outflow axes (Surcis+ 13). �



Case 3. Statistical study in the 
Galactic scale �
   ~ Galactic structure of  the B field ~�
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Figure 6. Magnetic field direction (blue pluses positive and red circles neg-
ative) 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 di-
rection with the exception of the low significance measurements towards
284.351−0.418. The magnetic field direction is discussed in full in Sec-
tion 4.2, 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).

singled out as uniquely measuring purely the integrated Galactic
magnetic field. However, from the compilation of Oppermann et al.
(2012), it is clear that, within this longitude region, extragalactic
and pulsar rotation measures (with sightlines through H II or not)
indicate the same dominant 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 positive (Caswell,
McClure-Griffiths & Cheung 2004). As can be seen in Fig. 7, the
measurements from Zeeman splitting and the rotation measures
indicate oppositely oriented coherent fields, a result also suggested
in the work of Han & Zhang (2007, and references therein), but
based on fewer Zeeman measurements (three within the longitude
range).

It is theoretically possible that the rotation measures could, in-
stead of sampling the Carina-Sagittarius arm, be biased by a field
permeating an overdensity of electrons elsewhere in the Galaxy: for
the rotation measures between Galactic longitudes 280◦ and 295◦

(two-thirds of which are pulsars) this would be located either in the
local 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
13 kpc, is unlikely to significantly affect the rotation measure, with
only three of the pulsars having distance estimates comparable to
the Perseus arm (J1112−6103, J1119−6127 and J1133−6250). A
local H II region (see e.g. Harvey-Smith et al. 2011) could affect the
field orientation, but no local large (of the order of 10 deg2) H II re-
gion is known to exist at these longitudes (see Fig. 7). Additionally,
the study of Kronberg & Newton-McGee (2011), which shows the
smooth symmetry of the rotation measures across Galactic longi-
tudes, would argue against these longitudes being biased by a local
object with a different field orientation.

The magnetic field measurements in this region therefore im-
ply that the techniques of Zeeman splitting and rotation measures

Figure 7. Comparison of magnetic field directions from rotation measures and Zeeman splitting measurements 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. Yellow
pluses are positive B field Zeeman measurements (conventionally fields away from us; but see discussion in Section 4.2) and a black circle is the sole site of
negative B field Zeeman measurements (a field towards us); red asterisks are positive rotation measures (fields towards us) from pulsars; green squares are
negative rotation measures (fields away from us) from pulsars (Taylor et al. 1993; Han et al. 1999, 2006) and red crosses are positive rotation measures (fields
towards us) from extragalactic sources (Brown et al. 2007). The rotation measures, from both pulsars and extragalactic sources, are all along lines of sight in
the proximity of, or directly passing through, H II regions (Nota & Katgert 2010, references therein).
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‘MAGMO’ project through 
Zeeman splitting of  OH masers �

MAGMO: Carina-Sagittarius 2537

Figure 3. Spectra of the RHCP (solid blue) and LHCP (red dashed) maser features. ‘S/L’ denotes sidelobe response. The flux density of 285.263−0.050
should be scaled by a factor of 1.08 to account for the primary beam correction. The flux densities of 291.610−0.529 and 291.654−0.596 should be scaled by
factors of 1.01 and 1.02, respectively, to account for the primary beam correction. The flux density of 292.259−0.836 should be scaled by a factor of 6.58 to
account for the primary beam correction.
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Green+ (12)�

•  MAGMO : the Magnetic field of  the Milky Way through OH masers (e.g., Green+ 12)

•  Pilot survey : 6 high-mass sources 280<l<295°, |B|||~1-10 mG, Same orientation �



4. Summary�



ü B field observations of  the masers is usable

•  Narrower line-width and brighter emission than thermal one

•  Pumped in compact dense cloud (106-1011 /cc)

•  Both linearly and circularly polarized (full stokes I, Q , U, V)

•  Combined with dynamics (3D velocity structure) information


ü Remarkable works of  the maser B field obs.

•  W75 N : short-lived, isotropic, ionized wind in the strong B field whose 

morphology evolves into elongations (e.g., Surcis+ 14; Carrasco-Gonzalez+ 15)


•  Statistical study (e.g., Surcsis+ 12, 13, 15; Green+ 12)

•  in the star formation scale : Alignment of  the B field along the outflow axes

•  in the Galactic scale : Zeeman splitting measurements throughout the Milky Way 

‘MAGMO’ 


Summary�


