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ABSTRACT

Context. Several radio sources have been detected in the high-mass star-forming region W75N(B), with the massive young stellar
objects VLA 1 and VLA 2 shown to be of particular interest among them. These objects are thought to be at different evolutionary
stages: VLA 1 is in the early stage of photoionization and driving a thermal radio jet, while VLA 2 is a thermal, collimated ionized
wind surrounded by a dusty disk or envelope. In both sources, 22 GHz H2O masers have been detected in the past. Those around
VLA 1 show a persistent linear distribution along the thermal radio jet, while those around VLA 2 have traced the evolution from
a non-collimated to a collimated outflow over a period of ∼20 yr. The magnetic field inferred from the H2O masers has shown an
orientation rotation following the direction of the major-axis of the shell around VLA 2, whereas it is immutable around VLA 1.
Aims. By monitoring the polarized emission of the 22 GHz H2O masers around both VLA 1 and VLA 2 over a period of six years,
we aim to determine whether the H2O maser distributions show any variation over time and whether the magnetic field behaves
accordingly.
Methods. The European VLBI Network was used in full polarization and phase-reference mode in order to determine the absolute
positions of the 22 GHz H2O masers with a beam size of ∼1 mas and to determine the orientation and the strength of the magnetic
field. We observed four epochs separated by two years from 2014 to 2020.
Results. We detected polarized emission from the H2O masers around both VLA 1 and VLA 2 in all the epochs. By comparing the
H2O masers detected in the four epochs, we find that the masers around VLA 1 are tracing a nondissociative shock originating from
the expansion of the thermal radio jet, while the masers around VLA 2 are tracing an asymmetric expansion of the gas that is halted in
the northeast where the gas likely encounters a very dense medium. We also found that the magnetic field inferred from the H2O masers
in each epoch can be considered as a portion of a quasi-static magnetic field estimated in that location rather than in that time. This
allowed us to study the morphology of the magnetic field around both VLA 1 and VLA 2 locally across a larger area by considering the
vectors estimated in all the epochs as a whole. We find that the magnetic field in VLA 1 is located along the jet axis, bending toward
the north and south at the northeasterly and southwesterly ends of the jet, respectively, reconnecting with the large-scale magnetic
field. The magnetic field in VLA 2 is perpendicular to the expansion directions until it encounters the denser matter in the northeast,
where the magnetic field is parallel to the expansion direction and agrees with the large-scale magnetic field. We also measured the
magnetic field strength along the line of sight in three of the four epochs, with resulting values of −764 mG < BVLA 1

||
< −676 mG and

−355 mG < BVLA 2
||

< −2426 mG.
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1. Introduction

All the stars in the Universe are generally divided into two main
groups according to their mass: low-mass stars (M < 8 M�) and

high-mass stars (M > 8 M�). For the first group, the forma-
tion process has been quite well established thus far, yet for the
high-mass stars there are still several open questions that need to
be addressed (e.g., Tan et al. 2014; Motte et al. 2018). Based on
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observational constraints, an evolutionary scenario of high-mass
star formation (HMSF) was proposed by Motte et al. (2018),
summarized in the following. High-mass stars form in molec-
ular complexes, in particular in parsec-scale massive clumps or
clouds that first undergo a global controlled collapse, ultimately
forming low-mass prestellar cores. This first phase is known as
starless massive dense cores (MDCs). After about 104 yr, low-
mass prestellar cores become protostars with growing mass. This
phase is called protostellar MDC phase. It is only after ∼105 yr
more that we have the high-mass protostellar phase whereby,
thanks to the gas flow streams generated by the global collapse,
the protostars become high-mass protostars, even though they
still harbor low-mass stellar embryos. At this stage of evolution,
the high-mass protostars are still quiet in the infrared (IR) and if
their accretion rates are efficient and strong, then they drive out-
flows. In this phase, the accretion disks are already formed. As
soon as the stellar embryos reach more than 8 M� the high-mass
protostars become IR-bright and they develop ultra-compact H ii
region (UCH ii) that are quenched by infalling gas or confined
to the photoevaporating disks. Finally, we have the H ii region
phase that lasts about 105−106 yr. In this phase, the ultraviolet
radiation from the stellar embryos produces the H ii region and
the gas accretion toward the newborn star first slows down and
then stops by terminating the main accretion phase. Thus, the
high-mass star is formed.

The great importance that the magnetic field holds for sev-
eral phases of HMSF has been demonstrated thanks to magne-
tohydrodynamical (MHD) simulations (e.g., Myers et al. 2014;
Kuiper et al. 2016; Matsushita et al. 2018; Machida & Hosokawa
2020; Rosen & Krumholz 2020; Oliva & Kuiper 2023). Despite
the observational difficulties, among which the low number of
high-mass protostars that are usually found to be densely clus-
tered in molecular clouds and their long distances to the Sun
are of the greatest importance, measurements of the morphol-
ogy and strength of magnetic fields close to high-mass pro-
tostars are still possible. These parameters can be obtained
by observing the polarized emission of dust and molecular
lines with the Atacama Large Millimeter Array (ALMA; e.g.,
Dall’Olio et al. 2019; Sanhueza et al. 2021) and by observ-
ing the polarized maser emission with the very long base-
line interferometry (VLBI) technique (e.g., Surcis et al. 2011a,b,
2014, 2022). A relevant star-forming region where it is
possible to measure the magnetic field close to high-mass
young stellar objects (YSOs) in different evolutionary phases
is W75N(B).

The active high-mass star-forming region (HMSFR) W75N
is part of the Cygnus X complex (Westerhout 1958; Harvey et al.
1977; Habing & Israel 1979) at a distance of 1.30 ± 0.07 kpc
(Rygl et al. 2012). Haschick et al. (1981) identified three com-
pact radio regions within W75N at a spatial resolution of ∼1.′′5:
W75N(A), W75N(B), and W75N(C). Hunter et al. (1994) fur-
ther mapped the continuum emission of W75N(B) at a reso-
lution of ∼0.′′5 revealing the presence of three very compact
subregions (Ba, Bb, and Bc). For the first time Hunter et al.
(1994) also underlined the great importance of the region for
understanding the star formation process thanks to its signifi-
cant activity. The subregions Ba and Bb were renamed as VLA 1
and VLA 3 in 1997 when Torrelles et al. (1997) imaged them
at a resolution of ∼0′′.1 with the Very Large Array (VLA).
Torrelles et al. (1997) also imaged, for the first time, another
weaker and more compact radio source between VLA 1 and
VLA 3, known as VLA 2. While VLA 1 and VLA 3 show a
fully elongated radio continuum emission along the northeast-
southwesterly and northwest-southeasterly directions, respec-

tively, that are consistent with the morphology of thermal radio
jets, VLA 2 shows a quasi-circular morphology resembling an
UCH ii. Despite their small separation (VLA 2 is only ∼0′′.8,
∼1000 au at 1.3 kpc, from VLA 1), the three radio sources
are thought to be massive YSOs (Shepherd et al. 2003) at
three different evolutionary stages, with VLA 1 as the most
evolved and VLA 2 as the least evolved (Torrelles et al. 1997).
In addition, Shepherd et al. (2003) reported a systemic veloc-
ity for W75N(B) of Vlsr = +10.0 km s−1, which can also
be considered as the systemic velocity for VLA 1, VLA 2,
and VLA 3. Five more new radio sources were identified in
W75N(B) thanks to highly sensitive observations made with
the upgraded VLA, namely: VLA 4, which is about ∼1′′.5 south
of Bc (Carrasco-González et al. 2010), VLA [NE] (∼8′′ north-
east of VLA 2), VLA [SW] (∼6′′ southwest of VLA 2), and Bd
(∼0.5′′ northeast of VLA 4; Rodríguez-Kamenetzky et al. 2020).
Thanks to ALMA observations at 1.3 mm (spatial resolution of
∼1.2′′), Rodríguez-Kamenetzky et al. (2020) were able to asso-
ciate VLA [NE] and VLA [SW] with the millimeter cores MM3
and MM2, respectively, indicating that they are also embedded
YSOs. Furthermore, VLA 1, VLA 2, and VLA 3 are also asso-
ciated with a millimeter core (MM1) but VLA 4, Bc, and Bd
are not, which suggests that they are not embedded YSOs but,
rather, shock-ionized gas (Rodríguez-Kamenetzky et al. 2020).
In addition, multiwavelength VLA observations carried out
by Carrasco-González et al. (2015) showed that VLA 2 had
changed its morphology between 1996 and 2014 from a com-
pact roundish source (≤160 au; Torrelles et al. 1997) to an
extended source that is elongated in the northeast-southwest
direction (220× ≤ 160 au, with a position angle of PA = 65◦),
while VLA 1 still has continued to show an unchanged mor-
phology since 1996 (Rodríguez-Kamenetzky et al. 2020). The
spectral index analysis indicates that VLA 2 is a thermal, col-
limated ionized wind surrounded by a dusty disk or envelope
(Carrasco-González et al. 2015), VLA 1 is at the early stage of
the photoionization and it is driving a thermal radio jet, and
VLA 3 is also driving a thermal radio jet whose shocks are
traced by the obscured Herbig-Haro (HH) objects Bc and VLA 4
(Rodríguez-Kamenetzky et al. 2020).

A large-scale high-velocity CO-outflow, with an exten-
sion greater than 3 pc (PA = 66◦) and with a total molecular
mass greater than 255 M�, has been detected from W75N(B)
(e.g., Hunter et al. 1994; Davis et al. 1998; Shepherd et al. 2003;
Makin & Froebrich 2018). Shepherd et al. (2003) found that
the entire CO emission of W75N uncovers a complex mor-
phology of multiple, overlapping outflows. In particular, they
have suggested that VLA 2 may be driving the large-scale CO-
outflow, while VLA 1 and VLA 3 are, instead, the centers of
two additional, more compact outflows (extension of ∼0.21 pc
and ∼0.15 pc, respectively). However, this scenario is not yet
entirely clear and the main powering source of the large-scale
CO-outflow remains unknown (e.g., Qiu et al. 2008). In addi-
tion, Shepherd et al. (2003) also determined that more than 10%
of the molecular gas in W75N is outflowing material, and the
combined outflow energy is roughly half the gravitational bind-
ing energy of the cloud, thus preventing its further collapse.

The great interest that W75N(B) has aroused in the past
is also due to the presence of several maser species (OH,
CH3OH, and H2O) around the two sources VLA 1 and VLA 2
(e.g., Haschick et al. 1981; Hunter et al. 1994; Torrelles et al.
1997; Lekht & Krasnov 2000; Minier et al. 2000; Surcis et al.
2009; Fish et al. 2011; Kang et al. 2016; Colom et al. 2018,
2021). In particular, OH masers are distributed throughout
the region, with the majority of the maser spots associated

A10, page 2 of 32



Surcis, G., et al.: A&A 673, A10 (2023)

with VLA 1 (Hutawarakorn et al. 2002; Fish et al. 2005). Nev-
ertheless, VLA 2 is the site of the most intensive OH flare
ever registered in a star-forming region (1000 Jy, Alakoz et al.
2005; Slysh et al. 2010), while other OH maser emission sites
are situated on a ring structure around VLA 1, VLA 2, and
VLA 3 (Hutawarakorn et al. 2002). Fish et al. (2011) measured
the proper motions of the OH masers showing that most of
those near VLA 1 (located ∼1′′ northwest) are moving north-
ward (V < +5 km s−1) and those associated with VLA 2, and
located southwest, are moving both toward the southwest and
southeast (V < +5 km s−1). The detection of OH maser Zeeman-
pairs provided measurements of magnetic field strength between
6 and 8 mG close to VLA 1, where the 22 GHz H2O maser
are detected, and up to about 17 mG around VLA 2 (Fish et al.
2011). However, higher values (40–70 mG; Slysh & Migenes
2006; Slysh et al. 2010) were measured during the strong OH
maser flare. The 6.7 GHz CH3OH masers are only associated
with VLA 1 and they are distributed parallel to the thermal radio
jet of VLA 1 (Minier et al. 2000, 2001; Surcis et al. 2009). No
CH3OH masers had been detected around VLA 2 (Surcis et al.
2009; Rygl et al. 2012) until 2014, when three maser spots were
detected in the southwest of the source (Carrasco-González et al.
2015). Thanks to the polarized emission of the CH3OH masers,
Surcis et al. (2009) were able to measure a magnetic field ori-
ented southwest-northeast that is perfectly aligned with VLA 1,
and whose strength on the line of the sight was found to be
|B||| > 10 mG (Surcis et al. 2019).

The 22 GHz H2O masers have been widely studied and
monitored both with single dishes and interferometers, reveal-
ing high-intensity variations, with extreme maser flares (up
to 103 Jy) and important variations in the maser distribution
(e.g., Lekht & Sorochenko 1984; Lekht 1994; Lekht & Krasnov
2000; Torrelles et al. 2003; Surcis et al. 2011a, 2014; Kim et al.
2013; Krasnov et al. 2015; Kim & Kim 2018). The H2O masers
are associated with VLA 1 and VLA 2, and only one maser
was associated with VLA 3 in 1996 (Torrelles et al. 1997),
but it was never detected again (e.g., Torrelles et al. 2003;
Surcis et al. 2014). Over a period of 16 yr, VLBI observations
have shown that the evolution of the H2O masers around VLA 1
and VLA 2, despite their close separation, is completely dif-
ferent. While the H2O masers around VLA 1 are always lin-
early distributed (PA ≈ 43◦) along the thermal radio jet,
those detected around VLA 2 are instead tracing an expanding
shell (expanding velocity of ∼30 km s−1, Surcis et al. 2014) that
evolved from a quasi-circular (Torrelles et al. 2003; Surcis et al.
2011a) to an elliptical structure (Kim et al. 2013; Surcis et al.
2014), following the morphology change in the continuum emis-
sion observed by Carrasco-González et al. (2015). Therefore, in
VLA 2, the H2O masers might be tracing the evolution from
a non-collimated to a collimated outflow (Surcis et al. 2014).
Furthermore, Surcis et al. (2014) also showed that the magnetic
field around VLA 1 has not changed from 2005 to 2012 and it
is always oriented along the direction of the thermal radio jet.
On the other hand, the orientation of the magnetic field around
VLA 2 has changed in a way that is consistent with the new
direction of the major-axis of the shell-like structure that is now
aligned with the thermal radio jet of VLA 1.

The peculiarity of the H2O maser shell expansion with the
contemporary variation of the magnetic field around VLA 2,
together with the presence of a nearby immutable VLA 1 source,
has made W75N(B) one of the most interesting cases with regard
to investigating the evolution of early massive YSOs. For this
reason, we performed VLBI monitoring observations of 22 GHz
H2O maser emission in full polarization mode every two years

from 2014 to 2020 for a total of four epochs. In Sect. 3, we report
the results of the monitoring observations from Sect. 2. We dis-
cuss the magnetic fields around VLA 1 and VLA 2 in Sect. 4.
Finally, we present a full picture of the two massive YSOs in
Sect. 5. Our conclusions are given in Sect. 6.

2. Observations and analysis

W75N(B) was observed at 22 GHz in full polarization spec-
tral mode with several European VLBI Network1 (EVN) anten-
nas on four epochs separated by two years (see Table 1). The
observations were carried out in June 2014 (epoch 2014.46),
2016 (epoch 2016.45), and 2018 (epoch 2018.44) and in Octo-
ber 2020 (epoch 2020.82), for a total observation time per epoch
of 12 h. The bandwidth was 4 MHz in epochs 2014.46 and
2016.45, providing a local standard of rest velocity (Vlsr) range
of ∼55 km s−1 (after calibration ranging from −15.7 km s−1 to
+31.7 km s−1), and 8 MHz in epochs 2018.44 and 2020.82 (after
calibration ranging from −30.3 km s−1 to +48.1 km s−1). We car-
ried out observations using a bandwidth that is two times wider
in the last two epochs to search for maser emission at veloci-
ties <−15.7 km s−1, as indicated by the results obtained in epoch
2016.45 (see Sect. A.2 and Table A.4). To measure the abso-
lute positions of the H2O masers, observations were conducted
in phase-reference mode (with cycles phase-calibrator – target
of 45 s–45 s). The phase-reference calibrator was J2040+4527
(separation = 2◦.856). The data were correlated with the EVN
software correlator (SFXC; Keimpema et al. 2015) at the Joint
Institute for VLBI ERIC (JIVE), using 2048 channels in epochs
2014.46 and 2016.45, and 4096 channels in epochs 2018.44 and
2020.82, generating all four polarization combinations (RR, LL,
RL, and LR), with a spectral resolution in all epochs of ∼2 kHz
(∼0.03 km s−1).

The data were calibrated using the Astronomical Image Pro-
cessing Software package (AIPS) by following the standard cal-
ibration procedure (e.g., Surcis et al. 2011a). Specifically, the
bandpass, the delay, the phase, and the polarization calibration
were performed in all epochs on the calibrator J2202+4216.
Then we performed the fringe-fitting and the self-calibration on
the brightest maser feature of each epoch. We note that the ref-
erence maser features VLA1.1.15, VLA1.2.07, VLA1.3.04, and
VLA1.4.05 are given in Tables A.1, A.3, A.5, and A.7, respec-
tively (for the notation definition see Sect. 3). The I, Q, U, and
V Stokes cubes were then imaged using the AIPS task IMAGR.
Afterward, the Q and U cubes were combined to produce cubes

of linearly polarized intensity (POLC =

√
Q2 + U2 − σ2

P) and
polarization angle (POLA = 1/2 × atan(U/Q)). The polar-
ized intensity cubes were corrected according to the noise σP =√

[(Q × σQ)2 + (U × σU)2]/(Q2 + U2), where σQ and σU are
the noise of the Q and U Stokes cubes, respectively. The for-
mal error on POLA due to the thermal noise is given by σPOLA =
0.5 (σP/POLC) × (180◦/π) (Wardle & Kronberg 1974).

To measure the absolute positions of the H2O maser features,
in all four epochs, we self-calibrated the phase-reference source
J2040+4527 and the amplitude and phase solutions were applied
only to the uncalibrated peak channel of the brightest maser fea-
ture of each epoch. We show the contours maps of J2040+4527
in Fig. 1 and the absolute positions (along with their uncertain-
ties) of the reference maser feature of each epoch in Table 2. The

1 The European VLBI Network is a joint facility of European,
Chinese, South African and other radio astronomy institutes funded by
their national research councils.
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Table 1. Observational details.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
Observation Antennas Bandwidth Spectral Source Restoring Position Peak rms (a) σs.−n.

(b) Pl
(c) Polarization

date channels name beam size angle intensity (I) angle
(MHz) (mas×mas) (◦) ( Jy

beam ) ( mJy
beam ) ( mJy

beam ) (%) (◦)

17 June 2014 Ef, On, Nt, Tr, Ys, Mh 4 2048 W75N(B) 1.1 × 0.8 −60.02 – (d) 13 25 – (d) – (d)

J2040+4527 (e) 1.1 × 0.7 −62.40 0.029 0.6 – – –
J2202+4216 ( f ) 1.5 × 0.8 −52.68 1.868 2.5 – 7.0 −64 ± 8 (g)

12 June 2016 Ef, Jb, Mc, Nt, Sr, Ys, 4 2048 W75N(B) 1.9 × 1.2 −86.02 – (h) 11 73 – (h) – (h)

Mh J2040+4527 (e) 1.0 × 0.7 −86.84 0.026 0.7 – – –
J2202+4216 ( f ) 1.5 × 1.0 +74.56 0.685 1.5 – 3.1 −61 ± 12 (i)

3C48 ( j) 1.5 × 0.9 −59.93 0.016 1.1 – <21 (k) −

09 June 2018 Ef, Jb, Mc, On, Nt, Tr, 8 4096 W75N(B) 1.2 × 1.0 +86.92 – (l) 14 28 – (l) – (l)

Sr, Ys, Mh J2040+4527 (e) 1.1 × 0.8 −79.82 0.021 0.4 – – –
J2202+4216 ( f ) 1.2 × 0.8 −61.91 0.765 1.7 – 4.0 +5 ± 1 (m)

3C48 ( j) 1.8 × 0.7 −42.47 0.125 0.5 – 4.2 −70 ± 1
25 Oct. 2020 Ef, Jb, Mc, On, Tr, Sr, 8 4096 W75N(B) 1.4 × 1.0 −53.96 – (n) 13 12 – (n) – (n)

Ys, Mh J2040+4527 (e) 1.3 × 0.9 −56.63 0.034 0.6 – – –
J2202+4216 ( f ) 1.6 × 1.0 −75.93 1.011 2.2 – 3.8 +15 ± 1 (m)

3C48 ( j) 2.2 × 1.1 −38.84 0.027 0.3 – 6.4 −70 ± 1

Notes. (a)The spectral rms (in italics) is measured in channels with no line emission. The rms of the radio continuum (in boldface) is obtained
by averaging all the channels. (b)Self-noise in the maser emission channels (e.g., Sault 2012). When more than one maser feature shows circu-
larly polarized emission, we present here the self-noise of the weakest feature. When no circularly polarized emission is detected, we consider
the self-noise of the brightest maser feature. (c)Linear polarization fraction. (d)See Tables A.1 and A.2. (e)Phase-reference calibrator at 2.856◦
from W75N(B). The errors of α2000 and δ2000 are 0.68 mas and 0.80 mas, respectively (Petrov et al. 2011). ( f )Primary polarization calibrator.
(g)Calibrated using the maser feature VLA1.1.05, see Sect. 2. (h)See Tables A.3 and A.4. (i)Calibrated using the value measured on 1st June
2016 by one of the Korean VLBI Network (KVN) antennas and calibrated by using 3C286 (priv. comm.). ( j)Secondary polarization calibrator.
(k)Considering a 3σ detection threshold. (l)See Tables A.5 and A.6. (m)Calibrated by using 3C48. (n)See Tables A.7 and A.8.
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Fig. 1. Contour maps of the phase-reference calibrator J2040+4527 in the EVN epochs 2014.46, 2016.45, 2018.44, and 2020.82 from left to right,
respectively. Contours are 4, 8, 16, and 32 times the 0.6 mJy beam−1. The restoring beam is overplotted on the bottom left corner of each panel
(see Table 1).

Table 2. Absolute position of the reference maser feature.

(1) (2) (3) (4) (6) (7) (8) (9) (10) (11)
Epoch Reference Vlsr α2000 εrms εαgauss ∆α (a) δ2000 εδgauss ∆δ (a)

maser
(km s−1) (h : m : s) (mas) (mas) (mas) (s) (◦ : ′ : ′′) (mas) (′′)

2014.46 VLA1.1.15 10.45 20:38:36.43399 0.003 0.006 ±0.9 ±0.00008 +42:37:34.8710 0.04 ±0.0009
2016.45 VLA1.2.07 10.92 20:38:36.43403 0.029 0.05 ±1.2 ±0.00011 +42:37:34.8667 0.04 ±0.0010
2018.44 VLA1.3.04 8.63 20:38:36.43201 0.018 0.04 ±0.9 ±0.00008 +42:37:34.8588 0.03 ±0.0009
2020.82 VLA1.4.05 9.87 20:38:36.43111 0.029 0.06 ±1.0 ±0.00009 +42:37:34.8794 0.05 ±0.0009

Notes. (a)The uncertainties of the absolute positions (∆α and ∆δ) are obtained by adding quadratically the systematic errors (εsys = 0.028 mas),
the errors due to the thermal noise (εrms), the Gaussian fit errors (εgauss), the position errors of the phase-reference source J2040+4527 (∆αJ2040 =
0.68 mas and ∆δJ2040 = 0.80 mas), and half of the restoring beam of W75N(B) to account for the maser spots scatter of each maser features (see
Table 1 and Sect. 2).
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uncertainties of the absolute positions of the reference maser fea-
tures are estimated by adding quadratically the systematic errors
(εsys = 0.028 mas) due to the source elevation limit and the
separation between the calibrator and the target (Reid & Honma
2014, maximum and minimum elevation of W75N(B) at each
station and in all epochs were ∼80◦ and ∼35◦, respectively),
the errors due to the thermal noise (εrms), the errors of the
Gaussian fit of the peak spot of the reference maser fea-
ture (εgauss), and the errors of α2000 and δ2000 of J2040+4527
(0.68 mas and 0.80 mas, respectively, Petrov et al. 2011). The
latter is usually unnecessary in relative astrometry studies (as
in this one), however, due to the broad time interval between the
EVN epochs we include it in our analysis to account for pos-
sible variation of the calibrator position from one epoch to the
others. Another source of uncertainty that is taken into consider-
ation here is due to the identification of the maser features that is
meant to account for the maser spots scatter of each maser fea-
tures (see Surcis et al. 2011a, hereafter S11a) and it is equal to
half of the restoring beam of W75N(B).

We had to use different approaches than we did in the past
to calibrate the linear polarization angles of the H2O maser
features. This is because the last National Radio Astronomy
Observatory (NRAO) POLCAL observations2 of J2202+4216
were made in May-June 2012. For epoch 2014.46, we assumed
that the magnetic field orientation on the plane of the sky
around VLA 1 has not changed from the last VLBI epoch (i.e.,
2012.54, Surcis et al. 2014. hereafter S14), as was the case
between epochs 2005.89 and 2012.54 (S14). We aligned the H2O
maser features detected toward W75N(B) in epoch 2012.54,
for which the absolute positions were unknown, with those
in epoch 2014.46 by associating the maser feature VLA1.1.21
(Vlsr = 11.37 km s−1; Table A.1) with the maser feature VLA1.28
(Vlsr = 11.35 km s−1; S14), because both are spatially coincident
and have similar radial velocities. As a consequence we found
that the maser feature VLA1.1.05 (Table A.1) can be consid-
ered to be part of the same maser clump gas of VLA1.07 (S14),
although they are not exactly the same maser feature. Therefore,
we can assume that VLA1.1.05 has a mean linear polarization
angle (χ) equal to −25◦, which is the linear polarization angle
measured in the maser clump gas of VLA1.07 by S14. We were
thus able to estimate the polarization angles of the H2O maser
features in epoch 2014.46, with a systemic error of no more than
∼8◦. For epoch 2016.46, we calibrated the linear polarization
angles of the H2O maser features by rotating the linear polar-
ization angle measured for J2202+4216 from our EVN data to
the one measured on 1st June 2016 by one of the Korean VLBI
Network (KVN) antennas (χJ2202+4216,KVN = −61◦ ± 12◦ cali-
brated by using 3C286, priv. comm.). In this case, the systemic
error was of no more than ∼12◦. In this epoch, we also tried
to calibrate the linear polarization angles by observing the well
known polarization calibrator 3C48, but the rms was not suf-
ficient to detect the linear polarization intensity above 3σ (see
Table 1). Thanks to the wider bandwidth in the last two epochs
(2018.44 and 2020.82), we were instead able to calibrate the lin-
ear polarization angles by using the polarization calibrator 3C48.
For 3C48, we assumed a polarization angle at K-band equal to
−70◦ (Perley & Butler 2013).

Similarly to S14, we analyzed the polarimetric data follow-
ing the procedure reported in S11a. Therefore, we first identi-
fied the H2O maser features and then we measured the mean
linear polarization fraction (Pl) as well as the mean linear polar-

2 http://www.aoc.nrao.edu/~smyers/evlapolcal/polcal_
master.html

ization angle (χ) for each identified H2O maser feature, con-
sidering only the consecutive channels (more than two) across
the total intensity spectrum for which the polarized intensity is
≥10 rms. Afterward, by using the full radiative transfer method
(FRTM) code for 22 GHz H2O masers (Vlemmings et al. 2006),
which is based on the model for unsaturated 22 GHz H2O masers
of Nedoluha & Watson (1992), we modeled the observed total
intensity and linear polarization spectra of the linearly polarized
maser features by gridding the intrinsic maser linewidth (∆Vi)
between 0.4 and 4.5 km s−1, in steps of 0.025 km s−1. We did this
using a least square fitting routine (χ2-model) with an upper limit
of the emerging brightness temperature (Tb∆Ω, where ∆Ω is the
maser beaming) of 1011 K sr (for more details see Appendix A of
Vlemmings et al. 2006). Thus, we were able to obtain as outputs
of the FRTM code the values of Tb∆Ω and ∆Vi that produce the
best fit models for our linearly polarized maser features. Because
the FRTM code is based on a model for unsaturated H2O maser,
it cannot properly disentangle the values of Tb∆Ω and ∆Vi in the
case of saturated maser features and therefore it provides only
a lower limit for Tb∆Ω and an upper limit for ∆Vi. An upper
limit for Tb∆Ω below which the maser features can be consid-
ered unsaturated is Tb∆Ω < 6.7 × 109 K sr (Surcis et al. 2011b).
Then, from Tb∆Ω and Pl we could estimate the angle between
the maser propagation direction and the magnetic field (θ) from
which the 90◦ ambiguity of the magnetic field orientation with
respect to the linear polarization vectors can be solved.

Indeed, if θ > θcrit = 55◦ the magnetic field appears to
be perpendicular to the linear polarization vectors; otherwise,
it is parallel (Goldreich et al. 1973). Nedoluha & Watson (1992)
found that Tb∆Ω scaled linearly with Γ+Γν, which are the maser
decay rate and cross-relaxation rate, respectively. As explained
in Surcis et al. (2011a), Γν varies with the temperature and Γ =
1 s−1 for the H2O maser emission, therefore, in our fit, we con-
sider a value of Γ + Γν = 1 s−1 that allows us to adjust the fitted
Tb∆Ω values by simply scaling it according to the real Γ + Γν
value, as described in Anderson & Watson (1993). We note that
∆Vi and θ do not need to be adjusted. The errors of Tb∆Ω, ∆Vi,
and θ were determined by analyzing the probability distribu-
tion function of the full radiative transfer χ2-model fits. In cases
where a maser feature is also circularly polarized, we can use
the best estimates of Tb∆Ω and ∆Vi in the FRTM code to pro-
duce I and V models that can be used to fit the V spectra of the
circularly polarized maser features from which we can measure
the Zeeman splitting. Due to the typical weak circularly polar-
ized emission of H2O masers (<1%), it is important to consider
the self-noise (σs.−n.) produced by the maser features in their
channels to determine whether the circularly polarized emission
is real. The self-noise becomes important when the power con-
tributed by the astronomical maser is a significant portion of the
total received power (Sault 2012). Therefore, a detection of cir-
cularly polarized emission can be considered real only when the
V peak intensity of a maser feature is both >3rms and >3σs.−n.
(see Table 1).

3. Results

We report in Table 3 the number of H2O maser features detected
around VLA 1 and VLA 2 in the four EVN epochs with their cor-
responding local standard of rest velocity (Vlsr) and peak inten-
sity (I) ranges, the mean linewidth of the maser features (〈∆vL〉),
the ranges of Pl and of the circular polarization fraction (PV),
the ranges of χ, and all the outputs of the FRTM code (Tb∆Ω,
∆Vi, and θ) with the derived magnetic field parameters. These
are the ranges of the estimated orientation of the magnetic field
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Table 3. Comparison of 22 GHz H2O maser parameters between epochs 2014.46, 2016.45, 2018.44, and 2020.82.

VLA 1 VLA 2
2014.46 2016.45 2018.44 2020.82 2014.46 2016.45 2018.44 2020.82

Number of maser features 28 20 20 10 43 37 44 39
Vlsr range (km s−1) [+7.9; +19.7] [+2.7; +16.4] [+7.8; +15.0] [+8.8; +26.4] [−11.6; +21.2] [−15.6; +20.7] [−15.9; +28.2] [−1.0; +27.2]
I range (Jy beam−1) [0.43; 1205.52] [0.24; 1619.87] [2.08; 446.25] [0.14; 302.47] [0.21; 31.70] [0.23; 90.99] [0.04; 128.02] [0.05; 285.16]
〈∆vL〉 (km s−1) 1.3 1.1 1.0 1.7 0.7 0.7 0.7 0.7

Polarization
Pl range (%) [0.4; 15.6] [0.7; 2.2] [0.7; 10.6] [0.1; 0.3] [0.9; 4.6] [0.6; 2.7] [1.0; 2.3] [0.2; 1.9]
PV range (%) − 3.5 1.6 − − [4.9; 7.8] [1.5; 2.9] 1.3

Intrinsic characteristics
∆Vi range (km s−1) [0.4; 4.2] [3.8; 4.3] [0.4; 3.9] 2.6 [1.6; 1.9] [0.4; 4.2] [0.8; 3.6] [2.6; 3.8]
Tb∆Ω range (log K sr) [7.0; 9.4] [6.8; 9.3] [8.9; 10.5] 10.6 [8.9; 9.2] [6.1; 9.4] [6.0; 10.5] [8.2; 8.4]
〈∆Vi〉

(a) (km s−1) 3.0+0.2
−0.3 2.8+0.3

−0.2 2.7+0.5
−1.4 2.6+0.1

−0.3 1.6+0.2
−0.2 2.9+0.2

−0.2 2.1+0.8
−0.4 2.9+0.1

−0.4
〈Tb∆Ω〉 (a) (log K sr) 8.7+0.8

−0.9 8.7+1.2
−0.9 9.1+0.6

−0.3 10.5+0.1
−0.4 9.2+0.3

−1.2 9.1+0.4
−1.9 11.0+0.1

−4.2 8.3+0.8
−0.8

T (b) (K) 3600+496
−684 3136+708

−432 2916+1180
−2240 2704+212

−588 1024+272
−240 3364+480

−448 1764+1600
−608 3364+236

−864
Γ + Γν

(c) 20 18 16 15 7 18 10 18
Magnetic field

χ range (◦) [−62; +48] [−76;−11] [−88; +88] [−67;−5] [−47;−31] [−77; +88] [−89; +90] [−54; +40]
θ range (◦) [+75; +90] +90 [+62; +90] [+5; +54] [+79; +86] [+76; +90] [+14; +90] [+66; +90]
ΦB range (◦) [−42; +68] [+14; +18] [−4; +88] [−5;−67] [+43; +51] [−3; +45] [−25; +85] [−64; +80]
|B|| | range (mG) − 676 [733; 764] − − [1498; 2426] [355; 439] 452
〈χ〉 (d) (◦) −47 ± 30 −60 ± 16 −87 ± 5 −32 ± 44 −40 ± 7 −74 ± 19 +76 ± 12 −73 ± 62
〈θ〉 (d) (◦) 90+21

−21 90+19
−19 +78+11

−11 +55+2
−48 86+3

−13 90+18
−18 90+37

−37 90+49
−49

〈ΦB〉
(d) (◦) +43 ± 30 +30 ± 16 −10 ± 36 −32 ± 44 +50 ± 7 +16 ± 19 −29 ± 36 +61 ± 31

〈|B|| |〉 (e) (mG) − 676 ± 102 748 ± 22 − − 1755 ± 656 399 ± 59 452 ± 68
〈|B|〉 (e, f ) (mG) − > 2076 (g) 3598 ± 106 − − > 5679 (h) > 663 (i) > 598 ( j)

Arithmetic mean of |B|| | (mG) − 676 748 − − 1962 397 452

Notes. (a)The averaged values are determined by analyzing the total full probability distribution function. (b)T ≈ 100 × (〈∆Vi〉/0.5)2 is the gas
temperature of the region where the H2O masers arise, with ∆Vi the intrinsic maser linewidth (see Nedoluha & Watson 1992), in case turbulence is
not present. (c)Here Γ is the decay rate and Γν is the cross-relaxation rate (e.g., Nedoluha & Watson 1992). The values of Tb∆Ω have to be adjusted
according to the gas temperature by adding +1.3 (Γ + Γν = 20), +1.3 (Γ + Γν = 18), +1.2 (Γ + Γν = 16), +1.2 (Γ + Γν = 15), +0.8 (Γ + Γν = 7),
+1.3 (Γ + Γν = 18), +1.0 (Γ + Γν = 10), and +1.3 (Γ + Γν = 18) as described in Anderson & Watson (1993). (d)Error-weighted values, where the
weights are wi = 1/ei and ei is the error of the ith measurements. (e)Error-weighted values, where we assumed weights of wi = 1/e2

i , with ei being
the error of the ith measurement, to take into more consideration the less uncertain measures. ( f )|B| = 〈|B|||〉/cos〈θ〉 if θ , ±90◦. (g)We report the
lower limit estimated by considering θ = θ+ε− = 71◦, where ε− is one of the associated errors to θ (i.e., θε

+

ε−
). (h)We report the lower limit estimated

by considering θ = 72◦. (i)We report the lower limit estimated by considering θ = 53◦. ( j)We report the lower limit estimated by considering
θ = 41◦.

on the plane of the sky (ΦB) and its error-weighted value (〈ΦB〉),
the range of the magnetic field strength along the line of sight
in absolute values (|B|||) and their error-weighted values (〈|B|||〉),
and the error-weighted values of the estimated 3D magnetic
field strength (〈|B|〉). In addition, we report the detailed results
obtained from the four EVN epochs with their plots and tables
in Appendix A. We should mention here that the detected H2O
maser features are called throughout the paper as VLA1.x.yy and
VLA2.x.yy, where x is a number from 1 to 4 indicating the EVN
epoch from the first (2014.46) to the fourth (2020.82) and yy is
the number of the H2O maser feature counted from west to east
in each epoch. Maser features with the same yy value but with
different x value are not necessarily related to each others, that
is they are not necessarily the same maser feature detected in
different epochs.

The main objective of our monitoring project is to deter-
mine whether the 22 GHz H2O maser distributions (Sect. 3.1)
and the maser features characteristics such intensity (Sect. 3.2)
and polarization (Sect. 3.3) around VLA 1 and VLA 2 show
any variation over time and how the magnetic field behaves
accordingly. To do this, we have to correct the positions of
the detected H2O maser features from epoch 2016.45 to epoch
2020.82 by considering the proper motion of the entire region
with respect to the Earth and assuming epoch 2014.46 as the
reference epoch. Rygl et al. (2012) measured the median proper
motion of the 6.7 GHz CH3OH maser features associated with

VLA 1 and VLA 2. They assumed that this motion represents
the proper motion of the entire region W75N(B). The com-
ponents of this proper motion along the right ascension and
declination are 〈µα〉 = (−1.97 ± 0.10) mas yr−1 and 〈µδ〉 =
(−4.16 ± 0.15) mas yr−1. We therefore corrected the positions of
the H2O maser features of the last three EVN epochs by assum-
ing that both VLA 1 and VLA 2 moved from epoch 2014.45 with
a proper motion equal to that measured by Rygl et al. (2012).
Furthermore, a comparison of the absolute positions of the con-
tinuum emission of VLA 1 and VLA 2 at K-band, as measured by
Torrelles et al. (1997, epoch 1996.96), Carrasco-González et al.
(2015) and Rodríguez-Kamenetzky et al. (2020, epoch 2014.20)
with the VLA, has shown that, while VLA 2 does not show any
further motion within the region W75N(B), VLA 1 does actu-
ally move. The proper motion of VLA 1 within W75N(B) is
〈µα〉

VLA 1 = (−6.3 ± 0.4) mas yr−1 and 〈µδ〉VLA 1 = (+5.0 ±
0.4) mas yr−1 (see Appendix B). Therefore, before comparing
the maser features around VLA 1, we must first apply a further
correction to their positions.

Unfortunately, we cannot compare the maser distributions of
the EVN epochs with those observed previously with the VLBA
in epochs 2005.89 and 2012.54, because we do not have any
information on the absolute positions of the maser features in
those epochs (S11a; S14). Nevertheless, when necessary refer
to Table A.3 of S14 for the parameters of the VLBA epochs
2005.89 and 2012.54.
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Fig. 2. Comparison of the H2O maser features detected toward VLA 1 (left panel) in the four EVN epochs (2014.46, 2016.45, 2018.44, and
2020.82) and superimposed to the uniform-weighted continuum map at Q-band (central frequency 44 GHz) of the thermal radio jet driven by
VLA 1 obtained with the VLA by Rodríguez-Kamenetzky et al. (2020). The light gray contours are 5, 6, 7, 8, 10, 12, 14 times σ = 100 µJy beam−1

and the VLA beam is shown on the bottom right corner. The positions of the maser features are corrected assuming the proper motion of the region
W75N(B) equal to the median proper motion measured for the 6.7 GHz CH3OH maser features by Rygl et al. (2012), 〈µα〉 = (−1.97±0.10) mas yr−1

and 〈µδ〉 = (−4.16 ± 0.15) mas yr−1. In addition, the positions of the maser features associated with VLA 1 and detected in the last three epochs
have been further corrected considering the proper motion of VLA 1 within W75N(B). This proper motion is 〈µα〉VLA 1 = (−6.3±0.4) mas yr−1 and
〈µδ〉

VLA 1 = (+5.0 ± 0.4) mas yr−1 (see Appendix B). The size of the symbols are ten times the uncertainties of the absolute positions of the maser
features (see Table 2). For clarity we show the linear fit of the maser features for each epoch (right panel), along with the length of the segments
correspond to the position of the maser features used in the fitting. The reference position is α2000 = 20h38m36s.43399 and δ2000 = +42◦37′34′′.8710.
The parameters of the linear fit are reported in Table 4. The solid light-gray line indicates the orientation of the thermal radio jet (PA = +42◦±5◦;
Rodríguez-Kamenetzky et al. 2020).

3.1. Spatial and velocity distribution of the H2O masers

3.1.1. VLA 1

The number of 22 GHz H2O maser features detected around
VLA 1 has decreased from the EVN epoch 2014.46 to the EVN
epoch 2020.82 (see Table 3). If we plot all the H2O maser
features detected in all the four EVN epochs, after correcting
their positions as reported above, we see that these are always
distributed along the radio continuum emission of VLA 1 pre-
sented by Rodríguez-Kamenetzky et al. (2020). This continuum
emission was obtained at a resolution of tens of milliarcsec-
onds by observing with the VLA a wide range of frequencies
(4−48 GHz) in 2014. Rodríguez-Kamenetzky et al. (2020) con-
cluded that VLA 1 is at the early stage of photoionization and
it is driving a thermal radio jet at scale of about 0.1 arcsec
(≈130 au). In Fig. 2 we overplot the H2O maser features detected
in the four EVN epochs to the continuum emission measured
at Q-band by Rodríguez-Kamenetzky et al. (2020). The veloci-
ties of all the H2O maser features are not shown in this figure,
however, they are shown in the left panels of Fig. A.1, where
every EVN epoch is reported in a different panel. In order to
better visualize the accordance of the maser features distribu-
tion with the position angle of the thermal radio jet, we made
a linear fit of the maser features in each epoch. The results of
these fits are shown in the right panel of Fig. 2 and their param-
eters are reported in Table 4. For the linear fit of epoch 2014.46,
we did not consider the group of five maser features located
south because their positions would strongly affect the position
angle of the fitting line. This is not the case for the northeast
and southeast maser features of epochs 2016.45 and 2018.44,

respectively, which we did indeed include in our linear fits. We
see that the position angle of the fitted lines (see Fig. 2 and
Table 4 for comparison) are consistent with the position angle
of the thermal radio jet (solid gray line in Fig. 2, PA = +42◦ ± 5◦;
Rodríguez-Kamenetzky et al. 2020).

We note that the mean velocities along the line of sight of
the maser features (〈V〉, as in Col. 7 of Table 4) in the first
three epochs, which are all around +11.5 km s−1, and their simi-
lar maximum line of sight velocities (Vmax ≈ +16 km s−1, Col. 8
of Table 4) are largely different than those of epoch 2020.82
(〈V〉 = +18.5 km s−1 and Vmax = +26.3 km s−1). These dif-
ferences might be explained either with an acceleration of the
motion of VLA 1 along the line of sight and away from us, or
with the variation of the masing conditions – even though a com-
bination of the two would appear to be the realistic case (see
Fig. 3). In addition, we also note that the maser velocities are
spatially mixed on the plane of the sky in each epoch.

3.1.2. VLA 2

The number of 22 GHz H2O maser features detected around
VLA 2 in the four EVN epochs ranges between 37 and 44 (see
Table 3), which is roughly half of the number of maser fea-
tures detected in the two previous VLBA epochs (88 and 68
in 2005.89 and 2012.54, respectively; S14). These differences
might not be because of the sensitivity of the EVN observations,
which was better than that of the VLBA epochs (see Table 1 and
S11a; S14), but of the maser activity of the region. The maser
distribution in the four EVN epochs is consistent with the ellip-
tical shell observed for the first time by Kim et al. (2013) and
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Table 4. Linear fit parameters of H2O maser features along VLA 1 and around VLA 2.

(1) (2) (3) (4) (5) (6) (7) (8)
Epoch m (a) q (a) PA ρ (b) Proper Motion (c) 〈V〉 (d) Vmax

(d)

(◦) (mas yr−1) (km s−1) (km s−1) (km s−1)

VLA 1
2014.46(e) 0.60 ± 0.03 −0.65 ± 0.72 +59 ± 2 +0.98 − − +11.7 +16.8
2016.45 0.44 ± 0.06 −3.11 ± 2.95 +66 ± 3 +0.87 − − +11.2 +16.4
2018.44 0.64 ± 0.10 −18.49 ± 5.10 +57 ± 6 +0.84 − − +11.3 +15.0
2020.82 0.99 ± 0.02 −6.76 ± 0.90 +45 ± 1 +1.00 − − +18.5 +26.3

VLA 2 – zone 2
2014.46 − − − − − − − −

2016.45 0.04 ± 0.01 −628 ± 10 +87 ± 1 +1.00 − − +2.0 +2.3
2018.44 −0.08 ± 0.01 −554 ± 10 −85 ± 1 −1.00 3.8+15.6

−2.1 23.4+96.2
−12.9 +2.7 +3.5

2020.82 0.30 ± 0.04 −750 ± 19 +73 ± 2 +0.95 4.3+22.3
−1.2 26.5+137.5

−7.4 +4.5 +9.3
VLA 2 – zone 4

2014.46 − − − − − − − −

2016.45 1.26 ± 0.32 −1358 ± 138 +38 ± 18 +0.91 − − +18.3 +20.7
2018.44 −7.33 ± 6.50 +2219 ± 2686 −8 ± 12 −0.62 − − +23.1 +28.2
2020.82 −6.15 ± 4.40 +1545 ± 1677 −9 ± 10 −0.57 12.5+0.9

−5.8 77.1+5.5
−35.8 +23.3 +27.2

Notes. (a)Considering the equation for a line y = mx + q. (b)Pearson product-moment correlation coefficient −1 ≤ ρ ≤ +1; ρ = +1 (ρ = −1) is total
positive (negative) correlation, ρ = 0 is no correlation. (c)For the proper motion on the plane of the sky, we considered the distance of the median
point (∆α, ∆δ) of the line of one epoch from the line of the next epoch. The velocity reported for an epoch is always calculated with respect to
the previous epoch. The errors are estimated considering the uncertainties of m and q of the two epochs between which the velocity is measured.
(d)〈V〉 and Vmax are the mean and maximum velocities observed along the line of sight, respectively. (e)We did not consider in the fit the features
VLA1.1.01, VLA1.1.02, VLA1.1.03, VLA1.1.05, and VLA1.1.06.

Fig. 3. Comparison of the total sum of the H2O maser spectra detected toward VLA 1 with the EVN in epochs 2014.46, 2016.45, 2018.44, and
2020.82. The vertical dashed dark-green line indicates the assumed systemic velocity of the region (Vlsr = +10.0 km s−1; Shepherd et al. 2003).

confirmed by S14. S14 also measured a mean expansion veloc-
ity of the maser shell on the plane of the sky, which begun to
expand in 1999 when the shell was quasi-circular and contin-
ued by becoming elliptical in 2007 (Torrelles et al. 2003; S11a;
Kim et al. 2013), of 4.9 mas yr−1 (30 km s−1 at a distance of
1.3 kpc). However, the previous observations could not be prop-
erly compared because only those presented in Kim et al. (2013)
were made in phase-reference mode and therefore the absolute
positions of most of the maser features in the other epochs were
unknown. For estimating the expansion velocity, S14 assumed
that the center of the shells coincides in the different epochs and
consequently the measured expansion is radial. Since we were
able to measure the absolute positions of the maser features in

the four EVN epochs, we are now able to properly measure the
expansion velocity. Nevertheless, we can compare our expan-
sion velocities only in magnitude and not in direction with that
measured by S14. We plot all the H2O maser features detected
with the EVN and overplotted to the continuum emission at
K-band (Carrasco-González et al. 2015) in the left panel of
Fig. 4. Here, we group the maser features in four different zones.
As for VLA 1, the velocities of all the H2O maser features
detected in VLA 2 are shown in the right panels of Fig. A.1.

Zone 1. This is located northeast. Interestingly, while S14
found expanding motions, our data now shows the opposite trend,
with apparent motions toward the central source. Indeed, the
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Fig. 4. Comparison of the H2O maser features detected toward VLA 2 (left panel) in the four EVN epochs (2014.46, 2016.45, 2018.44, and
2020.82) and superimposed to the natural-weighted continuum map at K-band (central frequency 22 GHz) of the thermal, collimated ionized wind
emitted by VLA 2 obtained with the VLA by Carrasco-González et al. (2015). The light gray contours are 5, 10, 15, 20, 25, 50, and 75 times
σ = 10 µJy beam−1 and the VLA beam is shown on the bottom right corner. The positions of the maser features are corrected assuming the proper
motion of the subregion W75N(B) equal to the median proper motion measured for the 6.7 GHz CH3OH maser features by Rygl et al. (2012),
〈µα〉 = (−1.97±0.10) mas yr−1 and 〈µδ〉 = (−4.16±0.15) mas yr−1. The size of the symbols are ten times the uncertainties of the absolute positions
of the maser features (see Table 2). For clarity, we show the parabolic fit of the maser features of zone 1 and the linear fit of the maser features of
zone 2 (north features) and zone 4 for each epoch (right panel). The reference position is α2000 = 20h38m36s.43399 and δ2000 = +42◦37′34.′′8710.
The parameters of the linear and parabolic fits are reported in Tables 4 and 5, respectively.

Table 5. Polynomial fit parameters of the H2O maser features of zones
1 of VLA 2.

(1) (2) (3) (4) (5) (6)
Epoch a (a) b (a) c (a) R2 (b) Proper motion

(mas yr−1) (km s−1)

2014.46 −0.00757 8.08 −2714 0.85 − −

2016.45 −0.0204 23.9 −7595 0.89 − −

2018.44 −0.0118 13.3 −4332 0.96 − −

2020.82 −0.00669 6.93 −2365 0.94 − −

−2.5 (c) −15.4 (c)

Notes. (a)Considering the equation of a polynomial of second order y =
ax2+bx+c. (b)R2 is the coefficient of determination of the polynomial fit.
(c)Between epoch 2014.46 and epoch 2020.82. The minus sign indicates
that the motion is opposite to the expansion velocity measured by S14.

maser features seem to not trace an expansion, but they actu-
ally seem to “bounce”. The maser features of epoch 2014.46 are
generally slightly at northeast of those of epochs 2016.45 and
2018.44, which are more northeast than those of epoch 2020.82.
This apparent “bouncing” could be interpreted as evidence that
the outflowing gas, where the masers arise, encounters an obsta-
cle, as already proposed by Kim & Kim (2018). This obstacle can
be either a much denser medium that stops the expansion of the
gas (case A) or the absence of physical conditions, such as density
and temperature, for producing the H2O maser emission (case B).
In case A, the impact of the gas with a denser medium might
have produced an additional slow inward shock that pumped the
maser features in the four EVN epochs. To estimate the proper
motion of the gas on the plane of the sky due to this inward shock
we fit the maser features of zone 1 with polynomials of second
order, one per EVN epoch, and the results are shown in the right

Fig. 5. Visual comparison of the polynomial fit areas of zone 1 of VLA2.
Each area represents the area in each epoch where the maser features
considered in the polynomial fit (see Fig. 4 and Table 5) are located.
The colors correspond to those given in Fig. 4.

panel of Fig. 4 and the parameters are listed in Table 5. In addi-
tion in Fig. 5 we show the areas where the maser features consid-
ered in the polynomial fit are located. We note that only the areas
of epochs 2014.46 and 2020.82 do not overlap and, therefore,
their polynomial fits can be used to estimate the proper motion.

Hence, we estimated the proper motion by measuring a mean
distance between the curves of epochs 2014.46 and 2020.82 and
the resulting velocity is equal to −2.5 mas yr−1 that corresponds
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to ∼−15.4 km s−1 at a distance of 1.3 kpc, the minus sign indi-
cates that the motion is opposite to the expansion measured by
S14. Although case A is plausible, we should note that the cur-
vature of the maser distribution in zone 1 is contrary to what
would be expected (see right panel of Fig. 4). In case B, the
physical conditions of the gas in the northeast are not suitable
for the maser emission and what we observe are maser features
pumped by different outward shocks in each epoch. However,
both cases are undermined by the presence of the broad maser
feature VLA2.4.39 (I = 1.94 Jy beam−1, ∆vL = 1.65 km s−1; see
Table A.8) that is located farther northeast of all the other maser
features of zone 1. This maser feature shows physical param-
eters, such as the velocity (Vlsr = +16.35 km s−1), consistent
with those of the other maser features of the zone. However,
the presence of this isolated maser feature can also be justified
by the presence of a belt of gas, between VLA2.4.39 and the
other maser features, where the maser conditions are not met.
Therefore, if the shock that pumped VLA2.4.39 is the same that
pumped the maser features in the EVN epoch 2014.46, we can
estimate the proper motion due to this shock. VLA2.4.39 is at
about 53 mas from the front of the maser features detected in
epoch 2014.46, therefore the proper motion is 7.9 mas yr−1 that
corresponds to ∼49 km s−1 at a distance of 1.3 kpc. This is higher
than the expansion velocity measured by S14 and the proper
motions measured by Kim et al. (2013), ∼20−30 km s−1.

Carrasco-González et al. (2015) presented the most recent
continuum maps of VLA 2, which were obtained by observing
four different frequency bands (C, U, K, and Q) with the VLA
in 2014. From these new maps, it was possible to verify the
variation of collimation of the outflow emitted from VLA 2 as
traced by the H2O maser features from 1999 to 2012 (S14). We
can therefore compare our maser distributions with the VLA
continuum emission at K-band (see Fig. 4). The asymmetric
morphology of the K-band continuum emission, which shows
a weaker emission toward southwest and none toward north-
east, suggests the presence of an obstacle toward the northeast,
as we describe earlier in this paper. This obstacle might be an
inhomogeneity within the dusty disk or envelope supposed by
Carrasco-González et al. (2015). In particular, the distribution of
the maser features of zone 1 seems to be the continuation toward
northwest of the last external contour of the continuum emission
at 50 µJy beam−1 (see Fig. 4), even though no continuum emis-
sion is detected where these maser features arise.

We note that the velocity range of the maser features of
zone 1 in the four EVN epochs (−11< V2014.46

lsr < +17 km s−1,
−16 km s−1< V2016.45

lsr < +17 km s−1, −16 km s−1< V2018.44
lsr <

+16 km s−1, and +6 km s−1< V2020.82
lsr < +17 km s−1) is simi-

lar to that covered in the VLBA epoch 2012.54 (−10 km s−1<
V2012.54

lsr < +18 km s−1; S14), even though the range observed in
the EVN epoch 2020.82 shows only redshifted velocities. This
might suggest that the maser features of zone 1 traced the same
shock, that moved outward, from 2012.54 to 2018.44, and then
they quenched any time between 2018.44 to 2020.82. We also
note that, in the first three EVN epochs, the blue- and red-shifted
maser features do not follow any particular spatial distribution,
that is blue- and redshifted maser features are spatially coin-
cident and do not show any velocity gradient. This might fur-
ther indicate that the gas expands along the walls of the denser
medium when encountering it. Consequently, the maser features
in the last EVN epoch (2020.82) might trace a different shock
that still move outward rather than inward, according to the mor-
phology of the maser distribution. This might exclude the possi-
ble inward shock supposed above in the discussion of case A.

Zone 2. The low number of H2O maser features of zone 2
(northwest, see Fig. 4) detected from the VLBA epoch 2012.54
to the EVN epoch 2018.44 and their total H2O maser inten-
sity (see Sect. 3.2.2) indicate a low maser activity in this zone
since the appearance of the elliptical maser distribution. How-
ever, the maser features detected in the last EVN epoch 2020.82
are about three times greater in number and their total H2O maser
intensity is almost ten times higher than previously detected (see
Sect. 3.2.2), suggesting a sudden increment of the maser activ-
ity as never observed before in the northeast part of the maser
distribution, neither when the distribution was quasi-circular
(Torrelles et al. 1997, 2003; S11a) nor afterward (Kim et al.
2013; S11a; S14). Comparing only the EVN epochs, we note that
all the maser features in zone 2 north of declination 42◦37′34.′′2
in Fig. 4 have a velocity range between −1 km s−1 and +9 km s−1,
that is, they are all blueshifted, with the exception of VLA2.4.12
that shows a redshifted velocity of Vlsr = +12.77 km s−1. The rest
of the maser features of zone 2 (south of declination 42◦37′34.′′2
in Fig. 4), which are the only ones detected on the contin-
uum emission at K-band (see Fig. 4), show much higher red-
shifted velocities (+15 km s−1< Vlsr < +23 km s−1). In contrast
to zone 1, we see that the maser features in zone 2 detected in
one epoch are always detected outward with respect the pre-
vious epoch. To better estimate the apparent motion between
different epochs, we made a linear fit of the maser features in
each epoch. In particular, we were able to measure the expan-
sion velocity of the north maser features in zone 2 by consider-
ing the distance of the median point of the line of one epoch
from the line of the next epoch. The results are reported in
Table 4 and in the right panel of Fig. 4. The expansion velocities
on the plane of the sky measured between the epochs 2016.45
and 2018.44 (3.8 mas yr−1) and between epochs 2018.44 and
2020.82 (4.3 mas yr−1) are consistent with the expansion veloc-
ity of 30 km s−1 (4.9 mas yr−1) measured by S14. In zone 2, it
is also possible to identify four maser features, each detected in
a different EVN epoch, located below the linear fits and at the
center of the dashed rectangle that highlights zone 2 in Fig. 4,
apparently seeming to trace an outward motion. These maser
features are VLA2.1.04, VLA2.2.07, VLA2.3.06, and VLA2.4.13
(see Table 6). Although these maser features have different line of
sight velocities (see Col. 3 of Table 6), we can estimate the expan-
sion velocity between the four EVN epochs by assuming that the
shock that pumped them is the same. We find a proper motion of
4.8 mas yr−1 (∼30 km s−1 at 1.3 kpc) between the epochs 2014.46
and 2016.45, 4.5 mas yr−1 (∼28 km s−1) between epochs 2016.45
and 2018.44, and 4.7 mas yr−1 (∼29 km s−1) between the epochs
2018.44 and 2020.82 (see Table 6). The mean proper motion
between epochs 2014.46 and 2020.82 is equal to 4.6 mas yr−1

(∼28 km s−1), which is again consistent with the expansion veloc-
ity measured by S14 on the plane of the sky, that is 30 km s−1. The
consistency of the expansion velocities measured from the maser
features of zone 2 with that measured previously by S14 is a fur-
ther clue of the presence, since epoch 2014.46, of an obstacle in
front of the expanding gas in zone 1 that is absent in front of the
gas in zone 2 that can freely expand.

Zone 3. The H2O maser features of zone 3 are all located
toward the bright core of the continuum emission observed by
Carrasco-González et al. (2015; see Fig. 4) and show veloci-
ties in the range between +1 km s−1 and +22 km s−1. We note
that the blueshifted maser features are always located out-
ward than the redshifted in all the epochs. Looking at Fig. 4
we can divide the maser features in zone 3 into four groups:
one in the east (group 3A), one in the center (group 3B),
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Table 6. Individual H2O maser features around VLA 2 for which the
velocity of the pumping shock is measured.

(1) (2) (3) (4) (5)
Epoch Maser Vlsr

(a) Peak Proper motion
feature intensity (I)

(km s−1) (Jy beam−1) (mas yr−1) (km s−1)

VLA 2 – zone 2 – below linear fit
2014.46 VLA2.1.04 +4.26 5.78 ± 0.02 − −

2016.45 VLA2.2.07 +5.63 0.67 ± 0.02 4.8 29.6
2018.44 VLA2.3.06 +6.27 5.86 ± 0.03 4.5 27.8
2020.82 VLA2.4.13 +0.65 0.38 ± 0.05 4.7 29.0

4.6 (b) 28.4 (b)

VLA 2 – zone 3 – group 3A
2014.46 VLA2.1.22 +5.61 2.77 ± 0.01 − −

2016.45 VLA2.2.18 +5.87 1.58 ± 0.02 2.0 12.3
2018.44 VLA2.3.32 +5.90 0.90 ± 0.02 2.0 12.3

2.0 (c) 12.3 (c)

VLA 2 – zone 3 – group 3B
2014.46 VLA2.1.09 +21.19 0.27 ± 0.01 − −

2016.45 VLA2.2.12 +13.45 10.42 ± 0.52 5.0 30.8
2018.44 VLA2.3.13 +12.80 9.10 ± 0.10 7.5 46.2

6.2 (c) 38.3 (c)

VLA 2 – zone 3 – group 3C
2014.46 VLA2.1.03 +14.90 20.80 ± 0.25 − −

2018.44 VLA2.3.09 +14.69 4.77 ± 0.13 1.3 8.0

Notes. (a)The assumed systemic velocity of the region is Vlsr =
+10.0 km s−1 (Shepherd et al. 2003). (b)Between epoch 2014.46 and
epoch 2020.82. (c)Between epoch 2014.46 and epoch 2018.44.

one in the south (group 3C), and the fourth in the southwest
(group 3D). Group 3B coincides with the peak of the contin-
uum emission at K-band (∼800 µJy beam−1), groups 3A and 3C
are located between the contours at 25σ (250 µJy beam−1) and
50σ (500 µJy beam−1) of Fig. 4, while group 3D between the
contours at 20σ (200 µJy beam−1) and 25σ (250 µJy beam−1).
For the first three groups (3A-3C), we can identify maser fea-
tures with similar velocity in at least two epochs and we are
therefore able to estimate their proper motions. In particu-
lar, in group 3A, we identified a maser feature in three con-
secutive epochs (from 2014.46 to 2018.44), corresponding to
VLA2.1.22, VLA2.2.18, and VLA2.3.32 (see Table 6). We mea-
sured a constant velocity of ∼12 km s−1 (2.0 mas yr−1), pointing
slightly toward southwest between epochs 2014.46 and 2016.45
and between epochs 2016.45 and 2018.44 (see Table 6). The
maser features VLA2.1.03 and VLA2.3.09 of group 3C can
be considered to be tracing the same gas, therefore, the esti-
mated proper motion is ∼8 km s−1 (1.3 mas yr−1; see Table 6).
Both proper motions of groups 3A and 3C are much lower
than that measured by S14. The identification of common
maser features with similar Vlsr in group 3B is very difficult.
However, we can identify three maser features by consider-
ing their relative position in Fig. 4. These are VLA2.1.09,
VLA2.2.12, and VLA2.3.13 (see Table 6). The proper motion
is then ∼31 km s−1 (5.0 mas yr−1) between epochs 2014.46 and
2016.45, and ∼46 km s−1 (7.5 mas yr−1) between epochs 2016.45
and 2018.44 (see Table 6). The mean proper motion between
epochs 2014.46 and 2018.44 is about 38 km s−1 (6.2 mas yr−1)
that is slightly higher than the expansion velocity of 30 km s−1

measured by S14.

Zone 4. This zone is located southwest and the H2O maser
features distribution is roughly aligned north-south as observed
previously (Torrelles et al. 2003; Kim et al. 2013; S14). No H2O
maser emission was detected toward this zone in the EVN
epoch 2014.46. A comparison with the continuum emission

Fig. 6. Comparison of the total sum of the H2O maser intensity
(I) measured toward VLA 1 and VLA 2 with the VLBI in epochs
2005.89 (VLBA, S11a), 2012.54 (VLBA, S14), 2014.46 (EVN),
2016.45 (EVN), 2018.44 (EVN), and 2020.82 (EVN). The low-
est intensities coincide with the minimum of activity registered
toward W75N(B) by the 22-m Pushchino telescope in May-July 2012
(Krasnov et al. 2015).

at K-band reported by Carrasco-González et al. (2015) reveals
that the maser features of zone 4, which are all redshifted
(+16 km s−1< Vlsr < +29 km s−1) and are all associated with
the weak continuum emission at around 200-300 µJy beam−1

(see Fig. 4). The results of the linear fit of the maser features
are reported in Table 4 and displayed in the right panel of
Fig. 4. Because the linear fit of epoch 2016.45 crosses that of
epoch 2018.44 (see right panel of Fig. 4), we can estimate an
expansion velocity on the plane of the sky only between epochs
2018.44 and 2020.82. This is the largest ever value measured
toward the maser features around VLA 2, equal to 12.7 mas yr−1

(∼78 km s−1). This high velocity might suggest that the gas does
not encounter any dense matter toward southwest that could slow
it down.

3.2. Intensity variability

3.2.1. VLA 1

The total H2O maser intensity (
∑

I) of the maser features first
had an increment between the VLBA epoch 2012.54 (S14) and
the EVN epoch 2016.45 and then it decreased again till the
last EVN epoch 2020.82. This variation of the intensity can
be seen in Fig. 6, where we also show the intensities mea-
sured in epochs 2005.89 and 2012.54 with the VLBA (S11a;
S14). The lowest intensity was measured in 2012.54 (

∑
I =

206.31 Jy beam−1) by S14 and it coincides with the minimum
of activity registered toward W75N(B) by the 22-m Pushchino
telescope in May through July 2012 (Krasnov et al. 2015). The
H2O maser features cover a broad line-of-sight velocity range
from +7.8 km s−1 to +26.4 km s−1 over the four EVN epochs
and, as previously mentioned, with maser features with line-of-
sight velocities of ≥+20 km s−1 detected only in epoch 2020.82
(see Table 3 and Fig. 3). We therefore compared the inten-
sities for five different ranges of velocities along the line of
sight (ranges I–V) in Fig. 7 and we plot the corresponding
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Fig. 7. Comparison of the total sum of the H2O maser intensity (I) for five different ranges of velocities in VLA 1 as measured in epochs 2012.54
(VLBA, S14), 2014.46 (EVN), 2016.45 (EVN), 2018.44 (EVN), and 2020.82 (EVN).

maser features superimposed to the continuum emission at
Q-band (Rodríguez-Kamenetzky et al. 2020) in the five panels
of Fig. 8. We note that each range of velocities has a maxi-
mum for the total intensity at different epochs (the correspond-
ing epoch is colored in light gray in Fig. 8). In particular,
the maximum is reached earlier for the ranges with the high-
est velocities, except for the maser features with velocities
≥+20 km s−1 (range V) that are detected only in epoch 2020.82.
Indeed, we see that the

∑
I values of the maser features with

+7.8 km s−1 < Vlsr < +10 km s−1 (range I) – which are the
only blueshifted features with respect to the systemic velocity
of the region (Vlsr = +10.0 km s−1; Shepherd et al. 2003) – and
with +10 km s−1 < Vlsr < +13 km s−1 (range II) show the max-
imum in epochs 2018.44 and 2016.45, respectively. Whereas
the ranges +13 km s−1 < Vlsr < +16 km s−1 (range III) and
+16 km s−1 < Vlsr < +20 km s−1 (range IV) show their maxi-
mum in epoch 2014.46. Furthermore, we note that the maser fea-
tures of ranges I and II, which are, respectively, within ∓3 km s−1

from the systemic velocity, and those of IV are mainly located
along the southwestern tail of the thermal radio jet at Q-band;
in particular, the intensity of ranges I and II reaches its maxi-
mum when the maser features are along this tail (see Fig. 8).
A few maser features of ranges II and IV are close to the posi-
tion of the strong core of the continuum emission at Q-band and
these all but one are detected in the last two epochs, the one
is detected in epoch 2014.46 (range II). Most of the maser fea-
tures of range III are instead aligned east-west below the core of
the continuum emission at Q-band and its intensity reaches the
maximum in epoch 2014.46. The most redshifted maser features
(range V) are the weakest ones among all of those detected in
the VLBA and EVN epochs, which can be due to the fact that
they have arisen only recently. These maser features are located
in the very west edge of the southern tail and slightly north of the
core. The spatial coincidence of the blue- and redshifted maser
features of ranges I and II may suggest that the maser features
are tracing the central part of one of the lobes of the thermal
jet and that this has such an inclination that the maser features
located on the surface closer to us appear slightly blueshifted,
while those located on the opposite surface appear slightly
redshifted.

3.2.2. VLA 2

The total intensity of the H2O maser emission almost constantly
increased between the VLBA epoch 2012.54 and the EVN epoch
2020.82 (see Fig. 6). This reflects the fact that the maser features
in the four EVN epochs, although there are only half as many
of them, are actually brighter than those detected in the two pre-
vious VLBA epochs (see Table 3 and S11a; S14). We show the
total sum of the H2O maser spectra detected towards VLA 2 in
the four EVN epochs in Fig. 9, whereby the complexity of the
H2O maser emission around VLA 2 is further confirmed.

We compare the
∑

I for the four zones (see Sect. 3.2.2) in
Fig. 10. Here, we see that zone 1 in the four EVN epochs shows
increments of intensity between epochs 2014.46 and 2016.45,
as well as between epochs 2018.44 and 2020.82, with a slight
decrement between epochs 2016.45 and 2018.44. The incre-
ments of total intensity are due to the high intensity of individ-
ual maser features rather than to their number (see Tables A.2,
A.4, A.6, and A.8), indicating that the masing conditions are
more favorable inward than outward. Also, the maser features of
zone 2 show an increment of

∑
I between epochs 2018.44 and

2020.82, similarly to what we see in zone 1 between the same
two epochs, this is 127 Jy beam−1 for zone 1 and 137 Jy beam−1

for zone 2.
In zone 3, we instead observe a decrement of

∑
I between the

VLBA epoch 2012.54 and the four EVN epochs. We detected the
brightest maser features in the EVN epoch 2014.46 toward south
(VLA2.1.01 and VLA2.1.03, each with I ≈ 21 Jy beam−1), while
the rest of the maser features of zone 3 show a maser intensity
I < 13 Jy beam−1 in all four EVN epochs, with the brightest of
them detected toward the center of the continuum emission. The
trend of

∑
I in zone 4 between epochs 2016.45 and 2020.82 is

identical to that observed for the maser features of zone 3.

3.3. Maser polarization

The analysis of the polarized emission from the H2O maser fea-
tures detected in the four EVN epochs allow us to compare, in
addition to the magnetic field described in Sect. 4, some physical
parameters of the maser features and of the gas where they arise.
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Fig. 8. Comparison of the H2O maser features detected for five different ranges of velocities in VLA 1 in the four EVN epochs 2014.46, 2016.45,
2018.44, and 2020.82. The size of the symbols are scaled logarithmically according to their peak intensities. The epoch for which the maxi-
mum of the intensities is registered for each velocities range is colored in light gray. The assumed velocity of the region is Vlsr = +10.0 km s−1

(Shepherd et al. 2003).

3.3.1. VLA 1

We note that the highest values of Pl were measured in epochs
2014.46 (15.6%) and 2018.44 (10.6%) and the corresponding
maser features are located far southwest of the continuum emis-
sion at Q-band (2014.46) and to the west of the bright core of this

continuum emission (2018.44). Meanwhile, the lowest values of
Pl are all measured in epoch 2020.82 (see Table 3).

As described in Sect. 2, we can estimate some intrinsic
characteristics of the maser features by modeling the linearly
polarized emission with the FRTM code. The averaged intrin-
sic linewidth is larger in epoch 2014.46 (〈∆Vi〉= 3.0+0.2

−0.3 km s−1)
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Fig. 9. Comparison of the total sum of the H2O maser spectra detected toward VLA 2 with the EVN in epochs 2014.46, 2016.45, 2018.44, and
2020.82. The vertical dashed dark-green line indicates the assumed systemic velocity of the region (Vlsr = +10.0 km s−1; Shepherd et al. 2003).

Fig. 10. Comparison of the total H2O maser intensity in the four zones
of VLA 2 (see Fig. 4) measured in epochs 2012.54 (VLBA; S14),
2014.46 (EVN), 2016.45 (EVN), 2018.44 (EVN), and 2020.82 (EVN).

and then consistently decreases, to reach a minimum value
of 2.6+0.1

−0.3 km s−1 in epoch 2020.82. This implies that the gas
temperature of the region, T, has also decreased from epoch
2014.46 to epoch 2020.82. Indeed, from the equation T ≈

100×(〈∆Vi〉/0.5)2 (Nedoluha & Watson 1992), this is valid if the
broadening of the maser line due to the turbulence is negligible,
we have: T2014.46 = 3600+496

−684 K and T2020.82 = 2704+212
−588 K. If the

H2O masers are pumped by non-dissociative shocks, the gas can
reach temperatures around 4000 K and above this threshold the
H2O molecule is dissociated (Kaufman & Neufeld 1996). How-
ever, the estimated high temperatures indicate that the contribu-
tion of the turbulence to ∆Vi is not actually negligible. However,
if we assume that this contribution is constant in time and every-
where in the source we can still qualitatively compare the esti-
mated temperatures between the different epochs. The averaged
emerging brightness temperature (〈Tb∆Ω〉) instead increases
from epoch 2014.46 to epoch 2020.82 (see Table 3), this might
indicate that the saturation level of the maser features increases

from one epoch to the other. This is related to the efficiency of
the pumping mechanism. Indeed the saturation regime is reached
when the stimulated emission rate becomes larger than the decay
rate to the upper level of the maser transition, in other words the
pumping mechanism is no longer able to provide enough pop-
ulation inversion between the maser levels. In the case of the
H2O maser, the pumping mechanism is due to the shocks pro-
duced by the outflow hitting the surrounding matter. Therefore,
the shocks should have lost part of their energy from one epoch
to the other, which might also be suggested by the estimated gas
temperature.

Circular polarization was measured only in epochs 2016.45
and 2018.44 (see Appendix A) when the total H2O maser inten-
sity reached its highest values. From the three circularly polar-
ized maser features, we measured a magnetic field strength along
the line of sight between −676 ± 102 mG (epoch 2016.45; see
Table A.3) and −764 ± 22 mG (epoch 2018.44; see Table A.5),
which are consistent with what S11a and S14 measured in the
previous two VLBA epochs (−400 mG < B2005.89

||
< +810 mG

and −540 mG < B2012.54
||

< +18 mG). We note that the positive
and negative signs of B|| indicate that the magnetic field is either
pointing away or toward the observer, respectively.

3.3.2. VLA 2

We note that all the linearly polarized maser features in the four
EVN epochs, except for VLA2.1.24 (Pl = 4.6 %), show a Pl
value in the range between 0.2% and 2.7% (see Table 3). The
outputs of the FRTM code provides consistent Tb∆Ω values in
all EVN epochs, only four and one maser features show Tb∆Ω
on the order of 106 and 1010 K sr, respectively, and consis-
tent ∆Vi in three of the four EVN epochs. In epoch 2014.46,
we have ∆Vi< 2 km s−1 while in the other three EVN epochs,
∆Vi> 2 km s−1 with a few exceptions (VLA2.2.22, VLA2.3.21,
and VLA2.3.23). As we already made previously for VLA 1
(Sect. 3.3.1), and keeping in mind that the values do not actu-
ally indicate the actual temperature of the gas, we can esti-
mate the mean temperature from the ∆Vi values and we then
have T2014.46 = 1024+272

−240 K, T2016.45 = 3364+480
−448 K, T2018.44 =

1764+1600
−608 K, and T2020.82 = 3364+236

−864 K. We note that all the
linearly polarized maser features in epoch 2014.46 are located
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Fig. 11. Multi-epoch comparison of 〈ΦB〉 angles for VLA 1 (left panel). The epochs are 2005.89 (VLBA, S11a), 2012.54 (VLBA, S14), 2014.46
(EVN), 2016.45 (EVN), 2018.44 (EVN), and 2020.82 (EVN). The two horizontal solid black lines indicate the ±90◦ angles. The dashed gray lines
represents the best linear fit results of the data considering that the position angle of a magnetic field vector has contemporary multiple values equal
to 〈ΦB〉 = 〈ΦB〉±180◦. The slopes of these lines are mVLA 1 = (−15◦.38±1◦.80) yr−1. Magnetic field vectors and strength along the line of sight (next
to the corresponding maser feature) as estimated from all the linearly and circularly polarized maser features detected around VLA 1 (right panel)
during the four EVN epochs (2014.46, 2016.45, 2018.44, and 2020.82). The vectors are superimposed to the uniform-weighted continuum map
at Q-band (central frequency 44 GHz) of the thermal jet driven by VLA 1 (Rodríguez-Kamenetzky et al. 2020). For more details, see the caption
for Fig. 2.

northeast, where the expanding gas is supposed to encounter a
denser medium.

We were also able to measure B|| from the circularly polar-
ized maser emission of a total of five maser features in the
three EVN epochs 2016.45 (−1498 ± 225 mG and −2426 ±
364 mG, Table A.4), 2018.44 (−355±69 mG and +439±66 mG,
Table A.6), and 2020.82 (−452± 68 mG, Table A.8), all of them
located north to northeast. These values are larger than those
measured in epochs 2005.89 (−186 mG < B2005.89

||
< +957 mG;

S11a) and 2012.54 (−152 mG < B2005.89
||

< −103 mG; S14) with
the VLBA.

4. Magnetic field

We discuss the magnetic field around VLA 1 and VLA 2 in
Sects. 4.1 and 4.2, respectively. Here, we are able to estimate
and compare the orientation of the magnetic field from the lin-
ear polarization vectors measured in the four EVN epochs. For
each epoch, we determined the error-weighted orientation of the
magnetic field (〈ΦB〉), listed in Table 3. We note that the posi-
tion angle of a magnetic field vector on the plane of the sky has
three values contemporary: ΦB and ΦB±180◦. Therefore, we can
state that the magnetic field vectors have a sort of periodicity of
180◦ that exists only as a consequence of how ΦB is defined on
the plane of the sky: positive if measured counterclockwise from
north and negative if measured clockwise from the north.

4.1. VLA 1

We plot 〈ΦB〉 as function of time in the left panel of Fig. 11,
as measured in the two previous VLBA epochs (2005.89 and
2012.54) and in the four EVN epochs. Here, we also show a
180◦ periodicity linear fit (dashed gray lines) that has a slope

of mVLA 1 = (−15◦.38 ± 1◦.80) yr−1. However, the apparent rota-
tion is not due to calibration uncertainties (see Table 1) or to
maser polarization variability, which can influence the relation
between the magnetic field orientation and the polarization vec-
tors only if the H2O maser features are highly saturated (this
is not our case), but it is simply the consequence of averaging
the ΦB angles that are estimated from linear polarization vectors
measured in different locations along VLA 1, where the mag-
netic field is actually differently oriented. Therefore, a punctual
comparison between the magnetic field vectors measured in the
different epochs is necessary, but this cannot be done with com-
mon polarized maser features detected in consecutive epochs
because of the maser variability on short timescales. Instead,
what we can do is a comparison of all the magnetic field vectors
estimated in all the epochs. Indeed, we plot each single mag-
netic field vector estimated from all the linearly polarized maser
features detected in the four EVN epochs in the right panel of
Fig. 11. Here, we can see that the magnetic field vectors esti-
mated in similar location, but in different epochs, seem to repre-
sent a quasi-static magnetic field. We can therefore consider the
magnetic field vectors estimated from the H2O maser features in
one epoch as representative of the magnetic field in those loca-
tions rather than in that time. Consequently, we can gather the
magnetic field vectors of all the EVN epochs and consider them
as measurements carried out at the same time. This allows us
to compare the magnetic field with the continuum emission at
Q-band (see Fig. 11). The magnetic field vectors seem to fol-
low the morphology of the continuum emission, in particular,
the internal vectors are in accordance with the radio continuum
contours (right panel of Fig. 11). This suggests that the mag-
netic field is along the thermal jet and it bends toward south at
the southwest end of the thermal jet and toward the north at the
northeastern end. In addition, we note that the magnetic field
orientation in the northeast and in the far southwest coincides
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with that of the large-scale magnetic field vectors reported by
Palau et al. (2021, their Fig. 2), showing the 1.3 mm polarized
continuum emission of W75N(B) as observed by Alves et al. (in
prep.).

The three circularly polarized maser features are associated
with the ends of the thermal jet as observed at Q-band (see
Fig. 11) and the estimated magnetic field points toward us (see
Sect. 3.3.1). The 3D magnetic field strength can be estimated
from |B| = 〈|B|||〉/cos〈θ〉 (if θ , ±90◦ ), where 〈|B|||〉 and 〈θ〉
are the error-weighted mean values of |B||| and θ, respectively.
We must note that the magnetic field derived from the circularly
polarized emission of the H2O maser features can be very high
because these masers probe shocked gas, so it is not representa-
tive of the whole region. We then have in the two EVN epochs
|B|2016.45 > 2.0 G, which is a lower limit obtained by considering
θ = 71◦, and 〈|B|2018.44〉 = 3.6 G. Both these values are much
larger than what was measured on average in the VLBA epochs
(〈|B|2005.89〉 ≈ 0.7 G and 〈|B|2012.54〉 > 0.1 G; S11a; S14). The
differences might be due to the increment of the magnetic field
strength or to the hydrogen number density of the 22 GHz H2O
maser. In the latter case, by considering the relation |B| ∝ n0.65

H2

(Crutcher et al. 2010), we can estimate an increment of nH2O
H2

of
one order of magnitude between the VLBA epoch 2005.89 and
the EVN epoch 2018.44.

4.2. VLA 2

Similarly to VLA 1, we observe an apparent clockwise rota-
tion of 〈ΦB〉 from the VLBA epoch 2015.89 to the EVN
epoch 2020.82 (see left panel of Fig. 12). In this case we notice
that 〈ΦB〉 measured in the EVN epoch 2020.82 is on a differ-
ent 180◦ periodicity line with respect to those of the previ-
ous EVN epochs. The slope of the 180◦ periodicity lines is
mVLA 2 = (−19◦.73 ± 1◦.89) yr−1, which might indicate that the
rotation in VLA 2 is faster than in VLA 1. As explained in the
case of VLA 1, the apparent rotation of 〈ΦB〉 can be affected by
the location of each maser feature for which we are able to esti-
mate the magnetic field vectors and it cannot therefore be taken
at face value. Indeed, despite our earlier claims (S14), we now
think there is no evidence for such a rotation. A comparison of
the magnetic field vectors estimated in the four EVN epochs is
reported on the right panel of Fig. 12. Two main aspects can be
observed here, firstly almost all the magnetic field vectors are
located northeast and secondly the magnetic field vectors esti-
mated in one epoch can be considered representative of a quasi-
static magnetic field in those locations rather than in that time.
The magnetic field is generally (within the errors) perpendicular
to the expansion velocities of the gas, which are represented with
arrows in Fig. 12, all around VLA 2, and it is parallel only in the
northeast where the expanding gas encounters the denser matter.
The fact that the magnetic field vectors are along the shock front
is not surprising. Indeed, H2O masers arise behind fast C- or
J-type shocks (e.g., Kaufman & Neufeld 1996; Hollenbach et al.
2013) that alter the initial magnetic field configuration, while
propagating in the ambient medium. As explained in detail in
Goddi et al. (2017), the magnetic field component perpendicu-
lar to the shock velocity is compressed and might dominate the
parallel component, which remains unaffected; consequently, the
resulting magnetic field probed by the H2O maser features might
be expected to be along the shock front. The sudden change of
the orientation of the magnetic field vectors in the northeast can-
not be explained with the typical 90◦-flip because the estimated
θ angles of those H2O maser features are much greater than 55◦
(see Sect. 2). Therefore, this can be justified with a variation of

Table 7. Comparison of the hydrogen number densities of the gas in the
northeast (zone 1) of VLA 2.

(1) (2) (3) (4) (5)
Epoch Maser |B| nH2 nH2

(a)

feature (G) equation (cm−3)

2005.89 (b) VLA 2.16, VLA 2.17 3.4 (c) n1 1.2 × 109

VLA 2.22, VLA 2.24
2012.54 (d) VLA2.44 1.5 n2 = 0.3 × n1 3.6 × 108

2016.45 VLA2.2.27 27.8 n3 = 89 × n2 3.2 × 1010

2018.44 VLA2.3.39 0.6 n4 = 0.003 × n3 108

2020.82 VLA2.4.27 0.6 n5 = n4 108

Notes. (a)The hydrogen number densities nH2 is calculated by consid-
ering the empirical equation |B| ∝ n0.65

H2
by Crutcher et al. (2010). We

assume that n5 is the lowest possible hydrogen number density for pro-
ducing 22 GHz H2O maser emission, i.e. 108 cm−3 (Elitzur et al. 1989).
(b)S11a. (c)Average value. (d)S14.

the ratio between the perpendicular and the parallel components
of the magnetic field with respect to the expanding velocity. In
other words, even though the shock is still able to pump the H2O
molecules in order to produce the maser emission, it is not able
anymore to compress enough the perpendicular component of
the magnetic field in order to make it dominating over the par-
allel component. This can be considered a further clue in favor
of the presence of a very dense gas in the northeast where the
magnetic field is oriented in a northeast-southwestly direction.

We also compared the magnetic field vectors with the mor-
phology of the continuum emission at K-band obtained by
Carrasco-González et al. (2015) with the VLA in Fig. 12. Here,
we see that some vectors seems to follow the morphology of the
continuum emission suggesting a possible correlation between
the magnetic field orientation and the shaping of the continuum
emission. In addition, the orientation of the magnetic field vec-
tors in the northeast of VLA 2 are in good agreement with the
values reported by Palau et al. (2021) at large scales (∼1.3′′),
using submillimeter continuum data thus indicating that the
magnetic field at small scales might connect with the magnetic
field at large scales.

To properly compare the magnetic field strength measured
in different epochs, we need to estimate |B| (see Sect. 4.1). We
have |BVLA2.2.17| = 9.5 G and |BVLA2.2.27| = 27.8 G in epoch
2016.45, |BVLA2.3.14| > 0.7 G and |BVLA2.3.39| > 0.6 G in epoch
2018.44 (assuming a lower value of θ = 53◦, see Table 3),
and |BVLA2.4.27| = 0.6 G in epoch 2020.82. As we mention in
Sect. 4.1, a variation of the magnetic field strength might largely
be due to a variation of nH2 of the gas where the H2O maser
features arise. This variation follows the empirical equation of
Crutcher et al. (2010) reported in Sect. 4.1. Considering the mea-
surements of B made in the northeast of VLA 2 (zone 1), we can
estimate nH2 of the gas in the five epochs by assuming that the
lowest value must be at least 108 cm−3, which is the lowest limit
for having H2O maser emission at 22 GHz (Elitzur et al. 1989)
and this can be assumed for the epoch with the weakest mag-
netic field strength that we measured. These values are reported
in Table 7, where we name the nH2 of the gas as n1 − n5 from
epoch 2005.89 to epoch 2020.82, respectively. We note that nH2

decreases from the VLBA epoch 2005.89 to the VLBA epoch
2012.54, when the morphology of the maser feature distribu-
tion changed from quasi-circular to elliptical (Kim et al. 2013;
S14). This might be due to the dilution of the gas. Furthermore,
in this transition we also observe a change of sign of the mag-
netic field from positive to negative and it therefore indicates that
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Fig. 12. Multi-epoch comparison of 〈ΦB〉 angles for VLA 2 in the left panel. The epochs are 2005.89 (VLBA, S11a), 2012.54 (VLBA, S14),
2014.46 (EVN), 2016.45 (EVN), 2018.44 (EVN), and 2020.82 (EVN). The gray point indicate the 〈ΦB〉 angle measured in 2020.82 after a rotation
of 180◦, considering that 〈ΦB〉 = 〈ΦB〉 ± 180◦. The two horizontal solid black lines indicates the ±90◦ angles. The dashed gray lines represents
the best linear fit results of the data considering that the position angle of a magnetic field vector has contemporary multiple values equal to
〈ΦB〉 = 〈ΦB〉 ± 180◦. The slopes of these lines are mVLA 2 = (−19◦.73 ± 1◦.89) yr−1. Right panel: magnetic field vectors and strength along the
line of sight (next to the corresponding maser feature) as estimated from the linearly and circularly polarized maser features detected around
VLA 2 during the four EVN epochs (2014.46, 2016.45, 2018.44, and 2020.82) and superimposed to the natural-weighted continuum maps at
K-band (central frequency 22 GHz) of the thermal, collimated ionized wind emitted by VLA 2 (Carrasco-González et al. 2015). For more details
see caption of Fig. 4. The arrows represent the direction of the proper motions on the plane of the sky reported in Tables 4–6, and the arrows length
is proportional to their magnitudes. The double arrow in the northeast indicates the uncertainties of the motion direction, due to the presence of an
inward motion (case A) or of an outward motion (case B) of the gas, as explained in Sect. 3.1.2.

the magnetic field changes its pointing direction from away to
toward the observer. From the VLBA epoch 2012.54 to the EVN
epoch 2016.45, when the expansion of the gas in the northeast
continues, nH2 increases to the highest possible value for hav-
ing H2O maser emission and this might be due to the encounter
of the expanding gas with the denser medium. This might be a
further indication that the absence of H2O maser emission far-
ther in the northeast is due to the presence of an overly high
density medium (case A in Sect. 3.1.2). Finally, nH2 shows the
lowest possible value in the EVN epochs 2018.44 and 2020.82
when the H2O masers are probing the gas in the same region
as they did in the VLBA epoch 2012.54. This suggests that in
this zone not only the maser features in the EVN epoch 2020.82
are pumped by a different shock, as we suppose in Sect. 3.1.2,
but that likely all the maser features in all the EVN epochs are
pumped by different shocks in this zone.

5. Discussion

In this section, we put together all the pieces of information that
we have presented in previous sections to provide a full picture
of both VLA 1 and VLA 2.

5.1. VLA 1

We can determine that the 22 GHz H2O maser features around
VLA 1 are probing the passage throughout the gas where the
masers arise of a nondissociative shock. This shock is produced
by the expansion of a thermal jet from VLA 1. The magnetic
field is along the axis of the thermal jet, pointing toward us, and
it bends toward south and north at the southwest and northeast

ends of the thermal jet, respectively, following the large-scale
magnetic field morphology (Palau et al. 2021). From the differ-
ent maser and gas characteristics observed between the VLBA
and EVN epochs, we can also conclude that the compression
shock probed by the maser features in the recent epochs is a dif-
ferent one than that probed in the past. It is also possible that
the maser features in the six epochs were pumped by a series
of shocks rather than a single one. The presence of more shocks
might be justified by episodic variations in the velocity of the jet
as observed for instance in the intermediate-mass protostar in
the Serpens star-forming region (Rodríguez-Kamenetzky et al.
2022).

5.2. VLA 2

In VLA 2, we have an asymmetric expansion of the gas on the
plane of the sky that depends on the particular direction of the
motion. Indeed, the expansion of the gas is prevented by the pres-
ence of a dense gas in the northeast, in the northwest the gas is
moving outward with a velocity around 26–28 km s−1; while in
the center, the motion is toward southeast with a velocity around
38 km s−1; in the east, the motion of the gas is toward south with
a velocity of 12 km s−1; in the south, the gas is expanding south-
ward with a velocity of 8 km s−1; and in the southwest the gas
is the fastest one with a westward velocity of 78 km s−1. If we
average the magnitude of all the velocities that we estimated we
get |V | ≈ 33 km s−1 that is similar to the symmetric expanding
velocity of 30 km s−1 measured by S14, who considered the fit-
ted ellipses centered to a common center. Furthermore, the maser
features in the northeast show both blue- and redshifted Vlsr
without an ordered spatial distribution suggesting that the gas is
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moving along the walls of the dense core that the gas encoun-
ters. In the northwest and southeast, the masers show blueshifted
velocities, that is, the gas is moving toward us; while in the
center and southwest the masers are all redshifted, that is, the
gas is moving away from us. The comparison with the K-band
continuum emission (Carrasco-González et al. 2015, see Figs. 4
and 12) suggests that the gas in the southwest can expand with-
out encountering any obstacle, while in the north there might be
a very dense medium that may be part of the envelope assumed
by Carrasco-González et al. (2015), which is able to slow down
the expanding gas in the northwest and to stop completely the
expansion in the northeast. The presence of this denser medium
is also responsible to alter the morphology and strength of the
magnetic field. The magnetic field is generally perpendicular
to the proper motions all around VLA 2, but in the northeast,
it becomes parallel and stronger after encountering the denser
medium. This might be the consequence of the inefficiency of
the compression of the gas due to the passage of the shock,
which makes it so that the perpendicular component of the mag-
netic field no longer dominates over the parallel component, with
respect to the expansion direction. Furthermore, the magnetic
field morphology in the northeast region of VLA 2 agrees with
the large-scale magnetic field reported by Palau et al. (2021).
Regarding the 3D magnetic field strength, we find that it is higher
than previously measured only in epoch 2016.45, where the
maser features are detected in the northeast high density region
of VLA 2.

6. Summary

We observed the polarized emission of 22 GHz H2O maser
around the radio sources VLA 1 and VLA 2, located in the
HMSFR W75N(B), with the EVN on four epochs, separated by
two years from 2014 to 2020. We detected both linearly and cir-
cularly polarized emission in all epochs but one (epoch 2014.46)
around both the radio sources. A comparison of the maser dis-
tributions and the magnetic fields among the four EVN epochs
shows that:

– The 22 GHz H2O maser emission does not probe the mag-
netic field as it is in a single observing epoch, but it probes
a portion of a quasi-static magnetic field in the region where
the maser arises. That is, the magnetic field vectors estimated
in one epoch must be considered as a measurement of the
magnetic field in those locations rather than in that time.
Therefore, mapping the magnetic field in different epochs
with the 22 GHz H2O maser allows us to reconstruct the
magnetic field in a larger area.

– In VLA 1, the 22 GHz H2O maser features are probing the
passage of a nondissociative shock produced by the expan-
sion of the thermal radio jet of VLA 1. The magnetic field
is along the axis of the thermal radio jet and bends toward
south and north at the southwest and northeast ends of the
jet. The magnetic field strength along the line of sight mea-
sured from the Zeeman splitting of the maser line is in the
range −764 mG < BEVN

||
< −676 mG and is consistent with

previous VLBA measurements.
– The 22 GHz H2O maser features around VLA 2 are tracing

an asymmetric expansion of the gas that is actually halted in
the northeast, where the gas likely encounters a very dense
medium. The inferred magnetic field vectors are almost all
perpendicular to the proper motion, but in the northeast,
where the expanding gas encounters the supposed denser
medium, the vectors become parallel to the expansion direc-
tion. The magnetic field strengths along the line of sight are

all measured in the north-northeast and their values are in the
range of −355 mG < BEVN

||
< −2426 mG, which is greater

than previous measurements with the VLBA.
In conclusion, W75N(B) is among the best HMSF laboratories
and it is thanks to the presence of multiple YSOs at different evo-
lutionary stages that it can play a crucial role in shedding light
on the formation process of high-mass stars. In addition, we have
demonstrated the importance of VLBI monitoring observations
of polarized maser emission in reconstructing the morphology of
magnetic field close to massive YSOs.
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Appendix A: Detailed Results.

We report here the detailed results obtained for each EVN epoch,
from epoch 2014.46 (Section A.1) to epoch 2020.82 (Section
A.4). In Fig. A.1, we show the 22 GHz H2O maser distributions
around VLA 1 and VLA 2 for the four epochs. In Tables A.1–
A.8, we list all the H2O maser features detected towards VLA 1
and VLA 2 in the four EVN epochs. The tables are organized
as follows. The name of the feature is reported in col. 1. The
position offset with respect to the reference maser feature are
reported in cols. 2 and 3, as well as in col. 4, when it is the case,
we report the zone that the maser feature belongs to. The peak
intensity, the LSR velocity, and the FWHM of the total intensity
spectra of the maser features, that are obtained using a Gaus-
sian fit, are reported in cols. 5, 6, and 7, respectively. The lin-
ear polarization fraction and the linear polarization angles are
instead reported in cols. 8 and 9, respectively. The best-fitting
results obtained by using the FRTM code are reported in cols. 10
(the intrinsic linewidth), 11 (the emerging brightness tempera-
ture), and 14 (the angle between the magnetic field and the maser
propagation direction). The later is used to solve the 90◦ ambi-
guity of the magnetic field orientation with respect to the linear
polarization vector (see Sect. 2). The circular polarization frac-
tion and the estimated magnetic field strength along the line of
sight are finally reported in cols. 12 and 13, respectively.

A.1. Epoch 2014.46

We detected 28 and 43 H2O maser features around VLA 1
and VLA 2, respectively (see Tables A.1 and A.2). The maser
features around VLA 1 have Vlsr ranging from +7 km s−1 and
+20 km s−1, with peak intensities in the range 0.4 Jy beam−1<
I . 1200 Jy beam−1. The distribution is still linear from south-
west to northeast as previously observed (S11a; S14), although
we did not detect any maser of groups A and C as defined
by S11a and indicated in Fig. A.1. The overall maser distribu-
tion around VLA 2, with H2O maser features with −12 km s−1<
Vlsr < +22 km s−1 and 0.2 Jy beam−1< I < 32 Jy beam−1, is
identical to the distribution detected by Kim & Kim (2018) with
the KVN & VERA Array (KaVA) and it is similar to the ellip-
tical distribution observed in 2012.54 by S14, even though no
maser feature was detected in the west-southwest. Actually, we
note that most of the maser features (72%, 31/43) are detected
along the arc structure in the north, which is less rounded than
that observed in 2012.54 (S14).

We detected linearly polarized emission toward twelve and
five maser features in VLA 1 (Pl = 0.4% − 15.6%) and VLA 2
(Pl = 0.9%− 4.6%), respectively. The maser feature VLA1.1.03
shows the highest mean linear polarization fraction measured
among the four epochs, that is, Pl = 15.6%, but it is much
lower than the highest Pl ever measured toward W75N(B) (Pl =
25.7%, S11a). The error-weighted linear polarization angles are
〈χ〉VLA 1 = −47◦±30◦ and 〈χ〉VLA 2 = −40◦±7◦. The FRTM
code was able to properly fit eight and four H2O maser features
in VLA 1 and VLA 2, respectively, and for all of them it provided
θ angles much greater than 55◦ indicating that the magnetic field
is perpendicular to the linear polarization vectors. No circular
polarization was detected at 3σs.−n., which implies an upper limit
for the brightest maser feature VLA1.1.15 of PV < 0.01% (see
Table 1).

A.2. Epoch 2016.45

We list in Tables A.3 and A.4 the 20 (0.2 Jy beam−1< I <
1620 Jy beam−1) and 37 (0.2 Jy beam−1< I < 91 Jy beam−1)

H2O maser features detected toward VLA 1 and VLA 2, respec-
tively. All the maser features detected around VLA 1, but one,
have LSR velocities between +7.8 km s−1 and +16.4 km s−1.
The maser feature VLA1.2.16 (I = 0.24 Jy beam−1) is the most
blueshifted H2O maser feature ever detected toward VLA 1,
with Vlsr = +2.68 km s−1. The maser distribution around VLA 1
is still linear and only VLA1.2.20 is located about 100 mas
northeast of an area of 70 mas×60 mas, where all the other maser
features arose. The elliptical distribution of the H2O maser
features around VLA 2 (−16 km s−1< Vlsr < +21 km s−1) is
also confirmed. In this epoch, we detected six maser features
(VLA2.2.01–VLA2.2.06) in the southwest, these are all red-
shifted (Vlsr > 15 km s−1, see Fig. A.1). One of the maser fea-
ture (VLA2.2.37) was actually partially detected because the
2-MHz bandwidth did not cover the entire line emission, and
we are therefore able to provide only a lower limit of the peak
intensity (I > 30 Jy beam−1). This detection led us to double the
observed bandwidth in the next two EVN epochs to recover the
maser emission at Vlsr < −15.7 km s−1 (see Sect. 2).

Seven and 13 H2O maser features associated with VLA 1
(Pl = 0.7% − 2.2%) and VLA 2 (Pl = 0.6% − 2.7%) showed
linearly polarized emission, respectively. The error-weighted
linear polarization angles are 〈χ〉VLA 1 = −60◦±16◦ and
〈χ〉VLA 2 = −74◦±19◦. We were able to properly fit with the
FRTM code about 40% (3 out of 7) of the linearly polarized
maser features in VLA 1 and ∼70% (9 out of 13) of those in
VLA 2. We got θ > 55◦ for all of them, and the magnetic field is
therefore perpendicular to the linear polarization vectors. In this
epoch we were also able to measure circular polarization toward
three maser features, one in VLA 1 (VLA1.2.01, PV = 3.5%)
and two in VLA 2 (VLA2.2.17 and VLA2.2.27, PV = 4.9% and
7.8%, respectively). Their spectra are shown in Fig. A.2, where
the best-fit model obtained from the FRTM code are overplotted
as thick red lines. We note that PV of VLA2.2.27 is the high-
est ever measured toward both sources VLA 1 and VLA 2, while
the other two maser features have PV consistent with previous
detections (S11a; S14).

A.3. Epoch 2018.44

Toward VLA 1 we detected 20 H2O maser features in the veloc-
ity range +7.7 km s−1≤ Vlsr ≤ +15.0 km s−1 and with peak inten-
sities between 2 Jy beam−1 and 450 Jy beam−1 (see Table A.5).
These maser features are linearly distributed from southwest to
northeast (∼ 270 au) and are associated only with group B of
S11a. We detected 44 H2O maser features (0.04 Jy beam−1≤ I ≤
128 Jy beam−1) elliptically distributed around VLA 2 and with a
wide range of velocities (−16.0 km s−1< Vlsr < +28.3 km s−1;
see Table A.6).

The FRTM code was able to properly fit all the maser
features that showed linearly polarized emission, these are 12
in VLA 1 (Pl = 0.7% − 10.6%) and 10 in VLA 2 (Pl =
1.0% − 2.3%). The error-weighted linear polarization angles are
〈χ〉VLA 1 = −87◦±5◦ and 〈χ〉VLA 2 = +76◦±12◦. Differently from
the previous two EVN epochs, the magnetic field is not always
perpendicular to the linear polarization vectors. Indeed, for two
maser features in VLA 1 (VLA1.3.06 and VLA1.3.07) and two
in VLA 2 (VLA2.3.23 and VLA2.3.28) the FRTM code pro-
vided such θ angle values that the magnetic field is more likely
parallel than perpendicular. To determine the relative orienta-
tion of the magnetic field, we consider the associated errors
ε± of θ, where the plus and minus signs indicate the positive
and negative errors respectively, and in particular the quanti-
ties θ± = θ + ε±. If |θ+ − 55◦| < |θ− − 55◦| the magnetic field
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Fig. A.1. Close-up view of the 22 GHz
H2O maser features detected around
the radio sources VLA 1 (left panels)
and VLA 2 (right panels) in epochs
2014.46 (top panels), 2016.45, 2018.44,
and 2020.82 (bottom panels). The refer-
ence positions are reported in Table 2.
The letters A, B, and C indicate the posi-
tion of the three maser groups identi-
fied around VLA 1 by S11a and they
are reported here only for reference.
The octagonal symbols are the iden-
tified maser features scaled logarith-
mically according to their peak inten-
sity (Tables A.1-A.8). Maser LSR radial
velocities are indicated by color (the
assumed systemic velocity of the region
is Vlsr = +10.0 km s−1; Shepherd et al.
2003). The linear polarization vectors,
scaled logarithmically according to the
polarization fraction Pl, are overplotted.
In the bottom-right corner of all pan-
els the error-weighted orientation of the
magnetic field (〈ΦB〉) is also reported;
the two dashed segments indicate the
uncertainties.

is more likely parallel to the linear polarization vectors, while
if |θ+ − 55◦| > |θ− − 55◦| the magnetic field is more likely
perpendicular (e.g., Surcis et al. 2015). We also detected circu-
larly polarized emission toward two maser features in VLA 1
(VLA1.3.04 and VLA1.3.16) and two maser features in VLA 2

(VLA2.3.14 and VLA2.3.39). Whereas we were able to fit the V
spectra of VLA1.3.04 and VLA1.3.16 with the model obtained
by using the outputs of the FRTM code, we had to find the best
models for VLA2.3.14 and VLA2.3.39 by considering the val-
ues of Tb∆Ω and ∆Vi that best fit their total intensity spectra.
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Fig. A.2. Total intensity spectra (I, upper panel) and circular polarization intensity spectra (V, lower panel) for the H2O masers VLA1.2.01,
VLA2.2.17, VLA2.2.27, VLA1.3.04, VLA1.3.16, VLA2.3.14, VLA2.3.39, and VLA2.4.27 (see Tables A.3, A.4, A.5, A.6, and A.8). The thick
red lines are the best-fit models of I and V emission obtained using the outputs of the FRTM code for 22 GHz H2O masers (see Sect. 2), in
particular these models are used to fit the spectra (for more details see S11a). The maser features were centered on zero velocity.

This was necessary because both VLA2.3.14 and VLA2.3.39
did not show any linearly polarized emission and therefore we
could not use the FRTM code to determine them. In particular,
we found that the best estimates of Tb∆Ω and ∆Vi are equal
to 106 K sr and 1.4 km s−1 for VLA2.3.14, respectively, and
Tb∆Ω = 3.2 × 109 K sr and ∆Vi = 2.0 km s−1 for VLA2.3.39.
The results of the fit can be seen in Fig. A.2.

A.4. Epoch 2020.82

In the fourth and last EVN epoch, we detected 10 and 39 H2O
maser features toward VLA 1 and VLA 2 (see Tables A.7 and
A.8), respectively. The maser features in VLA 1 (0.1 Jy beam−1<
I < 303 Jy beam−1) are compactly located around the two
brightest maser features VLA1.4.05 (Vlsr = 9.87 km s−1) and
VLA1.4.10 (Vlsr = 10.87 km s−1), which are about 47 mas apart
(∼ 60 au, see Fig. A.1) and are associated with group B of S11a.
The 70% of the H2O maser features detected along VLA 1 have
velocities in the range +18.9 km s−1< Vlsr < +26.4 km s−1. The

last time that H2O maser emission with Vlsr > +19 km s−1 was
detected toward VLA 1 was in 2005 (S11a), but those maser
features were associated only with group A of S11a and they
were at ∼ 500 mas (∼ 650 au) northeast of group B. The H2O
maser features elliptically distributed around VLA 2 covers the
smallest range of velocities (−1.0 km s−1< Vlsr < +27.2 km s−1)
and the largest range of peak intensities (0.05 Jy beam−1≤ I <
286 Jy beam−1) among the four EVN epochs.

The highest linear polarization fraction of epoch 2020.82
was measured in VLA 2 and its value is Pl = 1.9%. In par-
ticular, we detected linearly polarized emission toward a total
of seven maser features, with two in VLA 1 and five in VLA 2
(see Tables A.7 and A.8). The FRTM code properly fit all of
them, providing θ angles for VLA1.4.02 and VLA1.4.05 lower
than 55◦, which implies a magnetic field parallel to the linear
polarization vectors. In the case of VLA2.4.31, we find that the
magnetic field is more likely to be parallel and, indeed, for this
feature, we have |θ+−55◦| < |θ−−55◦|, while for all the other four
linearly polarized maser features in VLA 2, the magnetic field is
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Table A.1. Parameters of all the 22 GHz H2O maser features detected around VLA1 (epoch 2014.46).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Maser RAa Deca Zone Peak Vlsr ∆vL Pl χ ∆Vi

b Tb∆Ωb PV B|| θc

feature offset offset Intensity (I)
(mas) (mas) (Jy/beam) (km/s) (km/s) (%) (◦) (km/s) (log K sr) (%) (mG) (◦)

VLA1.1.01 -101.803 -153.618 - 0.43 ± 0.03 8.37 0.38 − − − − − − −

VLA1.1.02 -101.761 -156.307 - 0.57 ± 0.04 8.48 0.44 − − − − − − −

VLA1.1.03 -64.879 -93.826 - 2.59 ± 0.17 12.77 0.52 15.6 ± 2.0 +48 ± 3 < 0.4 8.5+0.6
−1.1 − − 90+7

−7
VLA1.1.04 -31.619 -19.016 - 15.85 ± 0.15 12.61 2.88 10.1 ± 2.5 −62 ± 1 2.7+0.4

−0.3 7.0+1.3
−1.1 − − 90+13

−13
VLA1.1.05 -28.672 -99.377 - 86.37 ± 1.06 10.61 2.31 2.3 ± 0.6 −25 ± 4 0.5 9.4+0.2

−0.1 − − 90+17
−17

VLA1.1.06 -24.588 -99.083 - 8.37 ± 0.34 11.35 1.45 − − − − − − −

VLA1.1.07 -23.703 -12.516 - 74.21 ± 0.79 10.98 0.58 − − − − − − −

VLA1.1.08 -14.778 -1.484 - 23.15 ± 0.04 8.63 0.57 1.3 ± 0.1 −39 ± 3 3.2+0.2
−0.4 9.1+0.6

−0.1 − − 75+14
−36

VLA1.1.09 -10.610 -10.700 - 1.71 ± 0.02 7.90 2.81 − − − − − − −

VLA1.1.10 -7.621 -6.420 - 61.34 ± 0.35 9.77 2.10 − − − − − − −

VLA1.1.11 -6.821 -9.647 - 44.38 ± 0.13 12.48 1.22 0.7 ± 0.1 −45 ± 5 − − − − −

VLA1.1.12 -5.810 -6.111 - 34.60 ± 0.21 9.56 0.58 − − − − − − −

VLA1.1.13 -4.084 -9.914 - 0.54 ± 0.01 16.77 3.61 − − − − − − −

VLA1.1.14 1.684 1.221 - 9.01 ± 0.20 9.53 0.87 − − − − − − −

VLA1.1.15 0 0 - 1205.52 ± 1.05 10.45 0.92 0.4 ± 0.1 −32 ± 5 − − − − −

VLA1.1.16 2.779 -0.122 - 49.67 ± 0.21 13.03 1.55 0.5 ± 0.1 −34 ± 5 2.9+0.1
−0.2 8.7+0.5

−0.1 − − 80+10
−37

VLA1.1.17 11.662 7.095 - 5.72 ± 0.04 8.90 1.65 − − − − − − −

VLA1.1.18 12.673 8.083 - 14.22 ± 0.10 9.29 1.08 − − − − − − −

VLA1.1.19 16.251 11.299 - 9.16 ± 0.26 11.37 0.97 − − − − − − −

VLA1.1.20 16.378 10.674 - 13.52 ± 0.02 19.67 1.87 0.7 ± 0.1 −41 ± 5 − − − − −

VLA1.1.21 17.767 13.378 - 8.08 ± 0.25 11.37 0.77 − − − − − − −

VLA1.1.22 36.250 24.662 - 21.39 ± 0.37 9.79 1.38 − − − − − − −

VLA1.1.23 36.418 20.989 - 15.00 ± 0.10 12.27 2.05 − − − − − − −

VLA1.1.24 37.639 20.233 - 62.51 ± 0.14 12.58 0.72 0.6 ± 0.1 −22 ± 4 3.8+0.1
−0.3 7.6+0.5

−0.2 − − 80+10
−31

VLA1.1.25 38.397 21.591 - 680.26 ± 0.61 14.14 1.36 0.6 ± 0.1 −35 ± 2 − − − − −

VLA1.1.26 40.418 21.824 - 134.29 ± 0.25 13.19 0.68 0.5 ± 0.1 −40 ± 4 4.2+0.1
−0.2 8.7+0.3

−0.2 − − 86+4
−12

VLA1.1.27 40.460 22.739 - 42.89 ± 0.24 13.19 0.83 1.3 ± 0.1 −23 ± 2 4.0+0.3
−0.3 9.1+1.0

−3.1 − − 87+3
−23

VLA1.1.28 54.943 31.521 - 3.67 ± 0.13 12.50 0.88 − − − − − − −

Notes. aThe reference position is α2000 = 20h38m36s.43399 ± 0s.00008 and δ2000 = +42◦37′34′′.8710 ± 0′′.0009. bThe best-fitting results obtained
by using a model based on the radiative transfer theory of H2O masers for Γ + Γν = 1 s−1 S11a. The errors were determined by analyzing the full
probability distribution function. For T ∼ 3600 K (Γν = 19 s−1) Tb∆Ω has to be adjusted by adding +1.3 log K sr (Anderson & Watson 1993). cThe
angle between the magnetic field and the maser propagation direction is determined by using the observed Pl and the fitted emerging brightness
temperature. The errors were determined by analyzing the full probability distribution function.

perpendicular to the linear polarization vectors (see Table A.8).
Only one maser feature shows circular polarization (VLA2.4.27,
PV = 1.3%), but because it does not show any linear polariza-

tion, we had to determine the best estimates of Tb∆Ω and ∆Vi for
modeling its V spectra (see Fig. A.2). These values are 108 K sr
and 3.0 km s−1, respectively.
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Table A.2. Parameters of all the 22 GHz H2O maser features detected around VLA2 (epoch 2014.46).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Maser RAa Deca Zone Peak Vlsr ∆vL Pl χ ∆Vi

b Tb∆Ωb PV B|| θc

feature offset offset Intensity (I)
(mas) (mas) (Jy/beam) (km/s) (km/s) (%) (◦) (km/s) (log K sr) (%) (mG) (◦)

VLA2.1.01 531.033 -840.988 3 21.02 ± 0.13 12.48 0.66 − − − − − − −

VLA2.1.02 535.453 -643.040 2 0.89 ± 0.01 5.87 1.00 − − − − − − −

VLA2.1.03 537.137 -839.603 3 21.13 ± 0.25 14.90 0.65 − − − − − − −

VLA2.1.04 539.369 -646.263 2 5.87 ± 0.02 4.26 2.12 − − − − − − −

VLA2.1.05 540.927 -646.011 2 2.11 ± 0.01 3.13 0.66 − − − − − − −

VLA2.1.06 541.979 -631.249 2 0.27 ± 0.01 6.29 0.53 − − − − − − −

VLA2.1.07 544.758 -632.530 2 1.13 ± 0.02 7.37 0.56 − − − − − − −

VLA2.1.08 545.895 -631.870 2 0.22 ± 0.01 6.21 0.45 − − − − − − −

VLA2.1.09 561.935 -779.900 3 0.27 ± 0.01 21.19 0.66 − − − − − − −

VLA2.1.10 598.985 -598.778 1 0.49 ± 0.02 7.21 0.62 − − − − − − −

VLA2.1.11 607.153 -600.987 1 1.85 ± 0.09 12.27 0.59 − − − − − − −

VLA2.1.12 615.784 -615.742 1 14.16 ± 0.02 -11.59 0.55 − − − − − − −

VLA2.1.13 617.426 -614.739 1 0.26 ± 0.01 -6.03 0.79 − − − − − − −

VLA2.1.14 622.226 -617.950 1 0.72 ± 0.01 1.52 1.10 − − − − − − −

VLA2.1.15 624.246 -620.457 1 0.55 ± 0.01 -0.74 0.92 − − − − − − −

VLA2.1.16 625.552 -621.185 1 1.16 ± 0.01 0.37 0.78 − − − − − − −

VLA2.1.17 629.846 -625.595 1 0.75 ± 0.01 2.34 0.66 − − − − − − −

VLA2.1.18 632.414 -623.024 1 2.76 ± 0.02 14.98 0.45 − − − − − − −

VLA2.1.19 634.351 -629.128 1 1.02 ± 0.01 6.11 0.69 − − − − − − −

VLA2.1.20 635.951 -628.952 1 10.24 ± 0.02 15.24 0.43 − − − − − − −

VLA2.1.21 638.561 -770.130 3 5.25 ± 0.05 8.90 0.55 − − − − − − −

VLA2.1.22 640.793 -772.827 3 2.81 ± 0.01 5.61 0.53 − − − − − − −

VLA2.1.23 642.687 -650.074 1 14.99 ± 0.71 10.08 1.85 − − − − − − −

VLA2.1.24 643.529 -640.629 1 4.68 ± 0.15 15.24 0.42 4.6 ± 1.2 −31 ± 5 − − − − −

VLA2.1.25 643.698 -645.699 1 1.62 ± 0.01 16.85 0.52 − − − − − − −

VLA2.1.26 644.245 -642.471 1 25.15 ± 0.14 15.27 0.45 0.9 ± 0.2 −42 ± 6 1.6+0.1
−0.2 8.9+0.3

−1.2 − − 79+11
−17

VLA2.1.27 645.213 -652.153 1 2.48 ± 0.07 9.19 0.57 − − − − − − −

VLA2.1.28 645.466 -647.984 1 0.22 ± 0.01 16.67 0.44 − − − − − − −

VLA2.1.29 645.887 -644.447 1 25.57 ± 0.11 15.40 0.46 1.5 ± 0.7 −47 ± 4 1.6+0.1
−0.3 9.2+0.3

−2.1 − − 79+11
−44

VLA2.1.30 645.971 -653.091 1 0.99 ± 0.04 8.56 0.73 − − − − − − −

VLA2.1.31 646.097 -646.828 1 6.83 ± 0.22 15.88 0.48 1.4 ± 0.2 −41 ± 6 1.6+0.2
−0.2 9.2+0.3

−1.2 − − 86+3
−13

VLA2.1.32 648.371 -689.751 1 0.23 ± 0.13 -3.85 0.76 − − − − − − −

VLA2.1.33 648.539 -682.083 1 0.21 ± 0.01 -5.51 0.55 − − − − − − −

VLA2.1.34 650.139 -651.642 1 6.93 ± 0.06 15.59 0.46 − − − − − − −

VLA2.1.35 656.202 -678.604 1 3.28 ± 0.01 0.68 0.86 − − − − − − −

VLA2.1.36 656.875 -710.316 1 0.40 ± 0.01 -6.14 0.49 − − − − − − −

VLA2.1.37 656.918 -668.846 1 1.61 ± 0.04 15.45 0.50 − − − − − − −

VLA2.1.38 656.918 -670.769 1 31.70 ± 0.20 15.09 2.12 0.9 ± 0.1 −39 ± 9 1.9+0.1
−0.3 8.9+0.5

−0.3 − − 79+12
−36

VLA2.1.39 660.580 -672.241 1 17.93 ± 0.45 14.56 0.39 − − − − − − −

VLA2.1.40 663.654 -678.890 1 4.59 ± 0.35 13.43 0.38 − − − − − − −

VLA2.1.41 665.380 -693.222 1 4.19 ± 0.13 12.48 0.68 − − − − − − −

VLA2.1.42 671.653 -695.343 1 1.35 ± 0.02 7.98 0.62 − − − − − − −

VLA2.1.43 673.295 -701.130 1 0.30 ± 0.01 5.05 0.65 − − − − − − −

Notes. aThe reference position is α2000 = 20h38m36s.43399 ± 0s.00008 and δ2000 = +42◦37′34′′.8710 ± 0′′.0009. bThe best-fitting results obtained
by using a model based on the radiative transfer theory of H2O masers for Γ + Γν = 1 s−1 S11a. The errors were determined by analyzing the full
probability distribution function. For T ∼ 1024 K (Γν = 6 s−1) Tb∆Ω has to be adjusted by adding +0.8 log K sr (Anderson & Watson 1993). cThe
angle between the magnetic field and the maser propagation direction is determined by using the observed Pl and the fitted emerging brightness
temperature. The errors were determined by analyzing the full probability distribution function.
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Table A.3. Parameters of all the 22 GHz H2O maser features detected around VLA1 (epoch 2016.45).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Maser RAa Deca Zone Peak Vlsr ∆vL Pl χ ∆Vi

b Tb∆Ωb PV B|| θc

feature offset offset Intensity (I)
(mas) (mas) (Jy/beam) (km/s) (km/s) (%) (◦) (km/s) (log K sr) (%) (mG) (◦)

VLA1.2.01 -18.441 1.366 - 57.07 ± 1.42 12.29 0.66 2.2 ± 0.2 −72 ± 10 3.8+0.1
−0.5 9.3+0.5

−1.6 3.5 −676 ± 102 90+11
−11

VLA1.2.02 -11.915 -9.304 - 0.29 ± 0.02 16.40 0.76 − − − − − − −

VLA1.2.03 -9.052 -3.773 - 659.23 ± 2.17 9.48 0.66 0.7 ± 0.1 −73 ± 4 3.9+0.2
−0.7 9.2+0.4

−1.2 − − −

VLA1.2.04 -4.210 0.237 - 13.25 ± 0.42 7.82 1.99 − − − − − − −

VLA1.2.05 -3.873 0.980 - 47.27 ± 0.64 8.98 0.75 1.3 ± 0.1 −76 ± 15 4.3+0.1
−0.6 6.8+0.2

−0.7 − − 90+11
−11

VLA1.2.06 -1.810 18.555 - 134.08 ± 1.61 10.14 0.70 − − − − − − −

VLA1.2.07 0 0 - 1619.87 ± 4.42 10.92 1.19 0.8 ± 0.1 −59 ± 3 − − − − −

VLA1.2.08 11.452 12.955 - 25.57 ± 0.86 9.27 1.14 − − − − − − −

VLA1.2.09 26.945 32.818 - 330.99 ± 2.28 10.35 0.58 − − − − − − −

VLA1.2.10 33.892 21.893 - 24.05 ± 0.72 13.43 3.68 − − − − − − −

VLA1.2.11 35.366 44.006 - 10.46 ± 0.23 9.00 1.21 − − − − − − −

VLA1.2.12 36.124 22.461 - 35.42 ± 1.19 9.29 0.81 − − − − − − −

VLA1.2.13 37.723 21.629 - 412.53 ± 1.48 12.69 1.10 1.0 ± 0.1 −65 ± 16 − − − − −

VLA1.2.14 38.144 21.221 - 98.05 ± 4.33 10.82 1.31 1.2 ± 0.4 −11 ± 14 − − − − −

VLA1.2.15 41.765 25.604 - 28.31 ± 0.73 13.40 0.80 − − − − − − −

VLA1.2.16 42.691 0.790 - 0.24 ± 0.02 2.68 0.49 − − − − − − −

VLA1.2.17 47.112 24.559 - 150.64 ± 0.68 13.51 1.05 2.1 ± 0.5 −56 ± 3 − − − − −

VLA1.2.18 48.923 25.745 - 35.99 ± 0.84 13.56 0.91 − − − − − − −

VLA1.2.19 49.301 24.933 - 4.04 ± 0.64 15.72 1.05 − − − − − − −

VLA1.2.20 155.146 73.784 - 3.72 ± 0.21 13.64 1.09 − − − − − − −

Notes. aThe reference position is α2000 = 20h38m36s.43403 ± 0s.00011 and δ2000 = +42◦37′34′′.8667 ± 0′′.0010. bThe best-fitting results obtained
by using a model based on the radiative transfer theory of H2O masers for Γ + Γν = 1 s−1 S11a. The errors were determined by analyzing the full
probability distribution function. For T ∼ 3136 K (Γν = 17 s−1) Tb∆Ω has to be adjusted by adding +1.3 log K sr (Anderson & Watson 1993). cThe
angle between the magnetic field and the maser propagation direction is determined by using the observed Pl and the fitted emerging brightness
temperature. The errors were determined by analyzing the full probability distribution function.
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Table A.4. Parameters of all the 22 GHz H2O maser features detected around VLA2 (epoch 2016.45).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Maser RAa Deca Zone Peak Vlsr ∆vL Pl χ ∆Vi

b Tb∆Ωb PV B|| θc

feature offset offset Intensity (I)
(mas) (mas) (Jy/beam) (km/s) (km/s) (%) (◦) (km/s) (log K sr) (%) (mG) (◦)

VLA2.2.01 420.978 -843.044 4 0.77 ± 0.02 16.40 0.51 − − − − − − −

VLA2.2.02 421.399 -843.182 4 0.76 ± 0.02 16.50 0.55 − − − − − − −

VLA2.2.03 430.619 -818.573 4 1.21 ± 0.02 18.59 0.82 − − − − − − −

VLA2.2.04 432.598 -816.361 4 1.17 ± 0.02 20.67 0.71 − − − − − − −

VLA2.2.05 451.207 -805.458 4 9.17 ± 0.04 19.40 0.63 1.6 ± 0.3 −70 ± 8 3.9+0.2
−0.3 9.3+0.1

−2.3 − − 82+6
−12

VLA2.2.06 472.848 -870.491 3 2.55 ± 0.17 15.51 0.60 − − − − − − −

VLA2.2.07 537.853 -645.912 2 0.68 ± 0.02 5.63 0.80 − − − − − − −

VLA2.2.08 547.705 -607.678 2 1.01 ± 0.02 2.29 0.43 − − − − − − −

VLA2.2.09 555.073 -779.221 3 0.44 ± 0.02 17.27 0.65 − − − − − − −

VLA2.2.10 558.609 -756.298 3 0.31 ± 0.03 19.51 0.49 − − − − − − −

VLA2.2.11 572.419 -606.586 2 21.72 ± 0.08 1.71 0.54 1.1 ± 0.2 −76 ± 10 3.6+0.1
−0.5 9.0+0.8

−0.3 − − 76+15
−34

VLA2.2.12 575.913 -790.714 3 10.59 ± 0.52 13.45 0.61 − − − − − − −

VLA2.2.13 586.144 -788.815 3 4.67 ± 0.02 4.87 0.71 1.4 ± 0.2 −77 ± 9 − − − − −

VLA2.2.14 592.038 -598.564 1 10.02 ± 0.25 8.08 0.61 − − − − − − −

VLA2.2.15 604.037 -603.630 1 7.59 ± 0.04 -3.85 0.81 0.9 ± 0.1 +87 ± 7 4.0+0.1
−0.2 6.1+1.6

−0.1 − − 90+13
−13

VLA2.2.16 618.310 -615.192 1 73.11 ± 0.28 -13.88 0.68 0.6 ± 0.1 −82 ± 5 4.2+0.1
−0.6 8.7+0.1

−1.5 − − 90+30
−30

VLA2.2.17 629.004 -617.607 1 84.57 ± 0.94 12.11 0.65 2.2 ± 0.4 −55 ± 5 3.5+0.1
−0.6 9.4+0.4

−2.0 4.9 −1498 ± 225 81+9
−10

VLA2.2.18 645.508 -780.159 3 1.61 ± 0.02 5.87 0.66 − − − − − − −

VLA2.2.19 645.718 -653.431 1 90.99 ± 0.40 8.71 0.53 1.3 ± 0.6 −59 ± 7 − − − − −

VLA2.2.20 646.560 -644.295 1 7.34 ± 0.14 15.56 0.47 − − − − − − −

VLA2.2.21 647.908 -653.736 1 30.24 ± 1.18 9.69 0.55 − − − − − − −

VLA2.2.22 648.834 -648.983 1 5.75 ± 0.07 15.74 0.51 2.7 ± 0.7 −63 ± 19 < 0.4 8.5+0.5
−1.0 − − 90+19

−19
VLA2.2.23 650.181 -677.208 1 4.29 ± 0.02 -2.16 0.64 1.2 ± 0.3 +88 ± 7 3.6+0.1

−0.6 9.1+0.1
−2.1 − − 90+15

−15
VLA2.2.24 650.771 -678.692 1 4.99 ± 0.04 -3.85 0.63 1.2 ± 0.1 +88 ± 7 3.6+0.4

−0.1 9.1+0.3
−0.1 − − 85+4

−9
VLA2.2.25 651.360 -646.961 1 3.63 ± 0.12 14.48 0.48 − − − − − − −

VLA2.2.26 651.907 -648.590 1 2.83 ± 0.15 14.40 0.79 − − − − − − −

VLA2.2.27 653.255 -655.125 1 52.19 ± 0.23 15.19 0.63 1.2 ± 0.1 −45 ± 3 3.7+0.2
−0.2 9.1+0.3

−0.1 7.8 −2426 ± 364 85+6
−9

VLA2.2.28 655.570 -687.443 1 7.77 ± 0.04 -6.90 1.14 0.8 ± 0.2 −77 ± 9 − − − − −

VLA2.2.29 656.202 -695.667 1 1.08 ± 0.02 -8.88 0.59 − − − − − − −

VLA2.2.30 656.875 -689.842 1 0.23 ± 0.02 -5.11 0.86 − − − − − − −

VLA2.2.31 659.865 -709.724 1 0.35 ± 0.02 16.85 0.49 − − − − − − −

VLA2.2.32 659.612 -681.156 1 0.23 ± 0.02 0.71 0.83 − − − − − − −

VLA2.2.33 661.212 -698.853 1 0.58 ± 0.02 -4.61 0.88 − − − − − − −

VLA2.2.34 663.485 -703.415 1 0.54 ± 0.02 -4.59 0.76 − − − − − − −

VLA2.2.35 665.085 -703.720 1 0.38 ± 0.03 -3.61 0.62 − − − − − − −

VLA2.2.36 670.348 -697.502 1 7.46 ± 0.30 13.95 0.49 − − − − − − −

VLA2.2.37d 676.032 -728.066 1 > 30 -15.62 2.70 0.9 ± 0.1 +88 ± 3 − − − − −

Notes. aThe reference position is α2000 = 20h38m36s.43403 ± 0s.00011 and δ2000 = +42◦37′34′′.8667 ± 0′′.0010. bThe best-fitting results obtained
by using a model based on the radiative transfer theory of H2O masers for Γ + Γν = 1 s−1 S11a. The errors were determined by analyzing the full
probability distribution function. For T ∼ 3364 K (Γν = 17 s−1) Tb∆Ω has to be adjusted by adding +1.3 log K sr (Anderson & Watson 1993). cThe
angle between the magnetic field and the maser propagation direction is determined by using the observed Pl and the fitted emerging brightness
temperature. The errors were determined by analyzing the full probability distribution function. dThe values reported here are referred only to the
available channels (see Sect. A.2).
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Table A.5. Parameters of all the 22 GHz H2O maser features detected around VLA1 (epoch 2018.44).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Maser RAa Deca Zone Peak Vlsr ∆vL Pl χ ∆Vi

b Tb∆Ωb PV B|| θc

feature offset offset Intensity (I)
(mas) (mas) (Jy/beam) (km/s) (km/s) (%) (◦) (km/s) (log K sr) (%) (mG) (◦)

VLA1.3.01 -68.500 -88.299 - 2.13 ± 0.14 12.90 0.82 − − − − − − −

VLA1.3.02 -27.156 -18.986 - 36.76 ± 0.53 10.74 0.92 − − − − − − −

VLA1.3.03 -0.463 -1.347 - 17.56 ± 0.12 11.82 1.29 1.1 ± 0.1 −83 ± 2 < 0.4 9.0+0.3
−0.3 − − 90+7

−7
VLA1.3.04 0 0 - 446.25 ± 4.18 8.63 1.10 0.7 ± 0.1 −88 ± 6 3.6+0.1

−0.6 9.1+0.4
−0.3 1.6 −764 ± 115 68+18

−33
VLA1.3.05 2.147 -2.552 - 2.08 ± 0.10 11.98 1.45 − − − − − − −

VLA1.3.06 3.705 5.379 - 283.86 ± 1.56 9.58 1.14 0.8 ± 0.1 +88 ± 5 3.9+0.2
−0.3 9.1+0.8

−0.2 − − 63+11
−40

VLA1.3.07 3.705 5.184 - 265.98 ± 1.73 9.56 1.15 0.9 ± 0.1 +81 ± 6 3.8+0.1
−0.7 9.4+0.4

−0.7 − − 62+3
−43

VLA1.3.08 10.526 12.749 - 21.66 ± 0.18 7.77 1.16 − − − − − − −

VLA1.3.09 12.673 14.587 - 11.87 ± 0.31 11.45 0.80 1.0 ± 0.1 −82 ± 3 1.5+0.1
−0.3 9.0+0.3

−0.1 − − 85+5
−12

VLA1.3.10 19.872 18.551 - 8.22 ± 0.14 10.77 1.60 − − − − − − −

VLA1.3.11 21.514 45.429 - 21.83 ± 0.16 14.96 0.92 10.6 ± 0.2 +86 ± 6 1.1+0.3
−0.3 10.5+0.1

−0.3 − − 90+6
−6

VLA1.3.12 23.703 22.160 - 67.31 ± 1.06 9.98 1.01 0.8 ± 0.3 +88 ± 7 3.2+0.1
−0.5 8.9+0.2

−1.9 − − 90+41
−41

VLA1.3.13 62.479 31.822 - 7.38 ± 0.18 13.59 1.88 − − − − − − −

VLA1.3.14 63.532 63.618 - 4.04 ± 0.31 11.32 0.93 − − − − − − −

VLA1.3.15 63.827 65.319 - 48.05 ± 0.57 10.66 0.94 1.1 ± 0.1 −86 ± 7 2.7+0.2
−0.2 9.0+0.5

−0.3 − − 82+7
−13

VLA1.3.16 65.721 32.665 - 29.64 ± 0.23 13.30 1.10 0.9 ± 0.1 −88 ± 4 3.6+0.1
−0.5 8.9+0.3

−0.2 1.6 −733 ± 113 82+7
−13

VLA1.3.17 81.467 32.475 - 4.71 ± 0.39 11.09 0.82 − − − − − − −

VLA1.3.18 84.120 31.231 - 33.10 ± 0.42 11.11 0.80 1.1 ± 0.1 −85 ± 4 1.6+0.1
−0.4 9.0+0.4

−0.1 − − 82+8
−31

VLA1.3.19 86.856 31.273 - 11.23 ± 0.55 10.80 0.87 1.7 ± 0.1 −88 ± 7 1.8+0.1
−0.3 9.3+0.3

−0.1 − − 78+1
−7

VLA1.3.20 94.814 42.259 - 18.33 ± 0.22 13.38 0.99 1.0 ± 0.1 −88 ± 6 2.8+0.2
−0.2 9.0+0.2

−0.2 − − 84+6
−11

Notes. aThe reference position is α2000 = 20h38m36s.43201 ± 0s.00008 and δ2000 = 42◦37′34′′.34.8588 ± 0′′.0009. bThe best-fitting results obtained
by using a model based on the radiative transfer theory of H2O masers for Γ + Γν = 1 s−1 S11a. The errors were determined by analyzing the full
probability distribution function. For T ∼ 2916 K (Γν = 15 s−1) Tb∆Ω has to be adjusted by adding +1.2 log K sr (Anderson & Watson 1993). cThe
angle between the magnetic field and the maser propagation direction is determined by using the observed Pl and the fitted emerging brightness
temperature. The errors were determined by analyzing the full probability distribution function. The boldface indicates that |θ+ − 55◦| < |θ− − 55◦|,
i.e., the magnetic field is parallel to the linear polarization vector (see Sect. 2).

A10, page 27 of 32



Surcis, G., et al.: A&A 673, A10 (2023)

Table A.6. Parameters of all the 22 GHz H2O maser features detected around VLA2 (epoch 2018.44).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Maser RAa Deca Zone Peak Vlsr ∆vL Pl χ ∆Vi

b Tb∆Ωb PV B|| θc

feature offset offset Intensity (I)
(mas) (mas) (Jy/beam) (km/s) (km/s) (%) (◦) (km/s) (log K sr) (%) (mG) (◦)

VLA2.3.01 434.956 -754.345 4 0.04 ± 0.01 28.23 0.55 − − − − − − −

VLA2.3.02 436.429 -852.776 4 1.06 ± 0.02 18.59 0.73 − − − − − − −

VLA2.3.03 439.334 -816.387 4 15.90 ± 0.06 17.88 0.75 1.2 ± 01 +85 ± 3 2.7+0.2
−0.5 9.4+0.5

−0.6 − − 70+15
−36

VLA2.3.04 443.923 -853.413 4 0.04 ± 0.01 27.59 0.77 − − − − − − −

VLA2.3.05 548.252 -713.097 2 2.18 ± 0.02 22.25 0.60 − − − − − − −

VLA2.3.06 549.642 -638.168 2 5.95 ± 0.03 6.27 0.62 1.2 ± 0.1 −89 ± 4 2.5+0.2
−0.2 8.7+0.5

−1.0 − − 90+13
−13

VLA2.3.07 549.894 -639.736 2 2.55 ± 0.03 5.92 0.62 − − − − − − −

VLA2.3.08 556.546 -603.367 2 0.58 ± 0.01 3.53 0.50 − − − − − − −

VLA2.3.09 563.156 -848.869 3 4.85 ± 0.13 14.69 0.56 − − − − − − −

VLA2.3.10 581.302 -784.256 3 6.26 ± 0.15 14.80 0.94 1.3 ± 0.2 +85 ± 11 3.4+0.2
−0.3 6.0+2.0

−0.2 − − 90+11
−11

VLA2.3.11 581.429 -605.461 2 6.23 ± 0.11 1.79 0.49 − − − − − − −

VLA2.3.12 582.186 -784.851 3 3.86 ± 0.17 13.43 0.73 − − − − − − −

VLA2.3.13 602.311 -803.642 3 9.25 ± 0.10 12.80 0.63 − − − − − − −

VLA2.3.14 606.185 -594.807 1 128.02 ± 1.00 8.19 0.47 − − − − 2.9d +439 ± 66d −

VLA2.3.15 607.827 -596.924 1 0.40 ± 0.01 -3.37 0.69 − − − − − − −

VLA2.3.16 613.005 -597.683 1 2.62 ± 0.02 -4.87 0.70 − − − − − − −

VLA2.3.17 613.089 -592.804 1 4.30 ± 0.06 12.38 0.53 − − − − − − −

VLA2.3.18 614.226 -598.274 1 0.35 ± 0.02 -5.66 1.08 − − − − − − −

VLA2.3.19 615.868 -593.662 1 4.33 ± 0.07 12.03 0.86 − − − − − − −

VLA2.3.20 616.036 -593.086 1 2.23 ± 0.10 13.72 0.65 − − − − − − −

VLA2.3.21 622.562 -595.924 1 4.46 ± 0.12 15.19 0.51 2.3 ± 0.5 +90 ± 7 1.6+0.1
−0.4 6.0+2.3

−0.2 − − 90+17
−17

VLA2.3.22 632.835 -609.512 1 1.13 ± 0.01 -13.88 0.79 − − − − − − −

VLA2.3.23 636.540 -613.735 1 8.40 ± 0.04 -15.85 0.58 1.0 ± 0.1 +85 ± 4 0.8+0.1
−0.1 10.5+0.1

−0.2 − − 14+37
−1

VLA2.3.24 638.561 -614.048 1 1.34 ± 0.02 -11.77 1.02 − − − − − − −

VLA2.3.25 649.760 -623.409 1 0.48 ± 0.01 -12.09 0.62 − − − − − − −

VLA2.3.26 652.076 -644.253 1 2.34 ± 0.02 -4.24 0.67 − − − − − − −

VLA2.3.27 653.970 -646.782 1 48.41 ± 0.19 2.74 0.62 1.1 ± 0.5 +70 ± 6 2.9+0.1
−0.5 8.2+0.4

−1.7 − − 90+54
−54

VLA2.3.28 654.391 -648.689 1 21.67 ± 0.12 1.74 0.67 1.6 ± 0.2 +75 ± 6 3.4+0.3
−0.5 8.5+0.1

−2.28 − − 58+32
−46

VLA2.3.29 658.138 -656.162 1 1.68 ± 0.02 -4.63 1.18 − − − − − − −

VLA2.3.30 658.560 -651.417 1 61.99 ± 1.22 9.74 0.67 1.3 ± 1.2 +90 ± 27 3.6+0.1
−0.5 6.2+0.7

−0.2 − − 90+62
−62

VLA2.3.31 659.023 -649.757 1 15.90 ± 0.42 10.56 0.47 − − − − − − −

VLA2.3.32 660.580 -782.860 3 0.91 ± 0.02 5.90 1.04 − − − − − − −

VLA2.3.33 662.349 -784.054 3 0.98 ± 0.02 5.21 0.67 − − − − − − −

VLA2.3.34 663.780 -642.242 1 3.84 ± 0.11 15.54 0.49 − − − − − − −

VLA2.3.35 666.938 -664.009 1 7.33 ± 0.13 7.21 0.60 − − − − − − −

VLA2.3.36 669.043 -668.186 1 0.94 ± 0.02 0.13 0.50 − − − − − − −

VLA2.3.37 669.885 -668.453 1 4.71 ± 0.03 -2.08 0.62 − − − − − − −

VLA2.3.38 670.390 -657.791 1 1.94 ± 0.04 14.24 0.40 − − − − − − −

VLA2.3.39 670.769 -655.510 1 10.93 ± 0.13 14.67 0.55 − − − − 1.5e −355 ± 69e −

VLA2.3.40 675.232 -666.389 1 3.59 ± 0.04 8.74 0.91 − − − − − − −

VLA2.3.41 675.358 -673.714 1 53.39 ± 0.40 1.21 0.64 2.2 ± 0.2 +65 ± 1 2.4+0.2
−0.4 9.5+0.7

−1.2 − − 73+15
−34

VLA2.3.42 677.969 -675.056 1 7.74 ± 0.22 1.21 0.64 1.8 ± 0.1 +67 ± 7 2.6+0.2
−0.2 8.7+0.7

−1.0 − − 90+17
−17

VLA2.3.43 681.758 -700.119 1 0.73 ± 0.01 -7.95 3.32 − − − − − − −

VLA2.3.44 682.431 -700.844 1 3.69 ± 0.02 -7.87 1.14 − − − − − − −

Notes. aThe reference position is α2000 = 20h38m36s.43201 ± 0s.00008 and δ2000 = 42◦37′34′′.8588 ± 0′′.0009. bThe best-fitting results obtained by
using a model based on the radiative transfer theory of H2O masers for Γ + Γν = 1 s−1 S11a. The errors were determined by analyzing the full
probability distribution function. For T ∼ 1764 K (Γν = 9 s−1) Tb∆Ω has to be adjusted by adding +1.0 log K sr (Anderson & Watson 1993)). cThe
angle between the magnetic field and the maser propagation direction is determined by using the observed Pl and the fitted emerging brightness
temperature. The errors were determined by analyzing the full probability distribution function. The boldface indicates that |θ+ − 55◦| < |θ− − 55◦|,
that is, the magnetic field is parallel to the linear polarization vector (see Sect. 2). dIn the fitting model, we include the values Tb∆Ω = 1.0×106 K sr
and ∆Vi = 1.4 km s−1 that best fit the total intensity emission. eIn the fitting model we include the values Tb∆Ω = 3.2×109 K sr and ∆Vi = 2.0 km s−1

that best fit the total intensity emission.
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Table A.7. Parameters of all the 22 GHz H2O maser features detected around VLA1 (epoch 2020.82).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Maser RAa Deca Zone Peak Vlsr ∆vL Pl χ ∆Vi

b Tb∆Ωb PV B|| θc

feature offset offset Intensity (I)
(mas) (mas) (Jy/beam) (km/s) (km/s) (%) (◦) (km/s) (log K sr) (%) (mG) (◦)

VLA1.4.01 -8.378 -6.729 - 0.37 ± 0.02 19.03 0.55 − − − − − − −

VLA1.4.02 -5.894 -3.410 - 114.86 ± 3.00 8.84 1.22 0.3 ± 0.1 −67 ± 19 2.6+0.1
−0.9 10.6+0.1

−0.1 − − 54+2
−48

VLA1.4.03 -5.852 -3.094 - 0.31 ± 0.03 25.91 3.36 − − − − − − −

VLA1.4.04 0 -2.228 - 0.44 ± 0.01 20.32 0.64 − − − − − − −

VLA1.4.05 0 0 - 302.47 ± 2.59 9.87 0.97 0.1 ± 0.1 −5 ± 15 2.6+0.1
−0.9 10.6+0.1

−0.1 − − 5+51
−1

VLA1.4.06 38.271 40.607 - 1.79 ± 0.02 18.98 0.59 − − − − − − −

VLA1.4.07 40.923 44.167 - 1.10 ± 0.03 26.01 3.43 − − − − − − −

VLA1.4.08 43.786 43.541 - 0.25 ± 0.02 18.98 0.58 − − − − − − −

VLA1.4.09 46.523 47.241 - 0.14 ± 0.02 26.35 4.20 − − − − − − −

VLA1.4.10 46.817 47.165 - 160.64 ± 1.83 10.87 1.59 − − − − − − −

Notes. aThe reference position is α2000 = 20h38m36s.43111 ± 0s.00009 and δ2000 = 42◦37′34′′.34.8794 ± 0′′.0009. bThe best-fitting results obtained
by using a model based on the radiative transfer theory of H2O masers for Γ + Γν = 1 s−1 S11a. The errors were determined by analyzing the full
probability distribution function. For T ∼ 2704 K (Γν = 14 s−1) Tb∆Ω has to be adjusted by adding +1.2 log K sr (Anderson & Watson 1993). cThe
angle between the magnetic field and the maser propagation direction is determined by using the observed Pl and the fitted emerging brightness
temperature. The errors were determined by analyzing the full probability distribution function. The boldface indicates that |θ+ − 55◦| < |θ− − 55◦|,
that is, the magnetic field is parallel to the linear polarization vector (see Sect. 2).
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Table A.8. Parameters of all the 22 GHz H2O maser features detected around VLA2 (epoch 2020.82).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Maser RAa Deca Zone Peak Vlsr ∆vL Pl χ ∆Vi

b Tb∆Ωb PV B|| θc

feature offset offset Intensity (I)
(mas) (mas) (Jy/beam) (km/s) (km/s) (%) (◦) (km/s) (log K sr) (%) (mG) (◦)

VLA2.4.01 406.368 -818.092 4 0.42 ± 0.04 27.14 0.61 − − − − − − −

VLA2.4.02 408.642 -826.874 4 0.35 ± 0.02 21.22 0.61 − − − − − − −

VLA2.4.03 410.242 -845.112 4 0.37 ± 0.01 18.43 0.65 − − − − − − −

VLA2.4.04 411.168 -775.082 4 0.08 ± 0.01 27.09 0.55 − − − − − − −

VLA2.4.05 411.926 -815.075 4 0.05 ± 0.01 27.22 0.52 − − − − − − −

VLA2.4.06 417.020 -891.735 4 0.17 ± 0.02 18.66 0.56 − − − − − − −

VLA2.4.07 480.258 -642.651 2 1.57 ± 0.18 5.63 1.60 1.9 ± 0.6 −54 ± 14 2.6+0.4
−0.2 8.4+0.4

−0.8 − − 90+38
−38

VLA2.4.08 514.318 -899.658 3 0.46 ± 0.05 1.10 1.29 − − − − − − −

VLA2.4.09 530.696 -737.679 2 0.68 ± 0.02 21.69 0.45 − − − − − − −

VLA2.4.10 531.033 -668.739 2 8.68 ± 0.31 5.31 0.54 − − − − − − −

VLA2.4.11 542.611 -633.331 2 0.86 ± 0.05 0.84 0.48 − − − − − − −

VLA2.4.12 546.231 -663.677 2 1.85 ± 0.21 12.77 0.55 − − − − − − −

VLA2.4.13 546.779 -629.688 2 0.39 ± 0.05 0.65 0.46 − − − − − − −

VLA2.4.14 556.209 -700.676 2 10.30 ± 0.46 15.40 0.55 1.5 ± 0.5 −28 ± 17 2.9+0.4
−0.2 8.3+0.4

−1.3 − − 90+31
−31

VLA2.4.15 574.355 -619.995 2 6.80 ± 0.11 9.29 2.71 − − − − − − −

VLA2.4.16 575.155 -621.258 2 3.53 ± 0.09 4.79 0.52 − − − − − − −

VLA2.4.17 576.418 -808.151 3 3.66 ± 0.25 5.00 0.60 − − − − − − −

VLA2.4.18 577.724 -621.490 2 49.34 ± 0.51 5.31 0.56 0.2 ± 0.1 −10 ± 22 3.6+0.1
−0.5 8.3+0.6

−1.0 − − 74+14
−36

VLA2.4.19 579.281 -621.262 2 1.05 ± 0.02 6.26 0.55 − − − − − − −

VLA2.4.20 583.281 -618.427 2 6.63 ± 0.09 5.34 0.55 1.9 ± 0.7 +26 ± 27 2.7+0.3
−0.3 8.3+0.4

−1.3 − − 90+54
−54

VLA2.4.21 584.039 -621.773 2 0.14 ± 0.01 -1.03 0.45 − − − − − − −

VLA2.4.22 584.081 -620.522 2 50.25 ± 1.80 9.21 0.46 − − − − − − −

VLA2.4.23 593.259 -616.524 2 11.69 ± 0.23 12.90 0.55 − − − − − − −

VLA2.4.24 610.184 -630.386 1 1.47 ± 0.02 6.47 0.61 − − − − − − −

VLA2.4.25 644.329 -668.327 1 4.41 ± 0.23 16.45 0.47 − − − − − − −

VLA2.4.26 644.792 -670.151 1 0.76 ± 0.02 16.93 0.37 − − − − − − −

VLA2.4.27 646.897 -675.522 1 285.16 ± 4.13 9.24 0.61 − − − − 1.3d −452 ± 68d −

VLA2.4.28 646.939 -668.846 1 19.99 ± 0.29 16.29 0.55 − − − − − − −

VLA2.4.29 648.623 -671.463 1 11.60 ± 0.26 16.14 0.55 − − − − − − −

VLA2.4.30 653.507 -681.347 1 8.14 ± 0.26 14.87 0.96 − − − − − − −

VLA2.4.31 653.844 -679.752 1 136.56 ± 1.49 15.40 0.58 0.15 ± 0.03 +40 ± 17 3.8+0.1
−0.3 8.2+0.8

−0.3 − − 66+9
−43

VLA2.4.32 653.844 -683.891 1 2.40 ± 0.09 14.19 0.42 − − − − − − −

VLA2.4.33 659.949 -680.241 1 0.83 ± 0.08 14.53 0.48 − − − − − − −

VLA2.4.34 663.022 -691.490 1 3.26 ± 0.08 10.26 2.85 − − − − − − −

VLA2.4.35 664.412 -690.178 1 4.98 ± 0.07 14.37 0.49 − − − − − − −

VLA2.4.36 667.611 -694.836 1 47.57 ± 0.61 13.45 0.70 − − − − − − −

VLA2.4.37 669.127 -710.930 1 2.83 ± 0.21 12.58 0.54 − − − − − − −

VLA2.4.38 670.221 -711.891 1 5.64 ± 0.25 12.55 0.38 − − − − − − −

VLA2.4.39 693.378 -620.022 1 1.94 ± 0.08 16.35 1.65 − − − − − − −

Notes. aThe reference position is α2000 = 20h38m36s.43111 ± 0s.00009 and δ2000 = 42◦37′34′′.8794 ± 0′′.0009. bThe best-fitting results obtained by
using a model based on the radiative transfer theory of H2O masers for Γ + Γν = 1 s−1 S11a. The errors were determined by analyzing the full
probability distribution function. For T ∼ 3364 K (Γν = 17 s−1) Tb∆Ω has to be adjusted by adding +1.3 log K sr (Anderson & Watson 1993). cThe
angle between the magnetic field and the maser propagation direction is determined by using the observed Pl and the fitted emerging brightness
temperature. The errors were determined by analyzing the full probability distribution function. The boldface indicates that |θ+ − 55◦| < |θ− − 55◦|,
that is, the magnetic field is parallel to the linear polarization vector (see Sect. 2). dIn the fitting model we include the values Tb∆Ω = 1.0×108 K sr
and ∆Vi= 3.0 km s−1 that best fit the total intensity emission.
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Appendix B: Proper motion estimate of VLA 1

To properly compare the positions of the H2O maser fea-
tures detected in the four EVN epochs with the contin-
uum emissions of VLA 1 and VLA 2 observed in 2014, we
must verify whether the two massive YSOs have any proper
motion within the region W75N(B). We report in Table B.1
the absolute positions of the three massive YSOs VLA 1,
VLA 2, and VLA 3, as measured in the K-band with the
VLA by Torrelles et al. (1997), Carrasco-González et al. (2015),
and Rodríguez-Kamenetzky et al. (2020) in epochs 1996.96
and 2014.20. These positions were obtained by deconvolving
the data of the two epochs with the same restoring circular
beam of 0.′′12, as done by Carrasco-González et al. (2015) and
Rodríguez-Kamenetzky et al. (2020), and by fitting the emis-
sion with a Gaussian fit. Furthermore, as already done for the
maser features of the last three EVN epochs, the positions of
the three YSOs of epoch 2014.20 were also corrected, assuming
the proper motion of the region W75N(B) equal to the median
proper motion measured for the 6.7 GHz CH3OH maser fea-
tures by Rygl et al. (2012), 〈µα〉 = (−1.97 ± 0.10) mas yr−1 and
〈µδ〉 = (−4.16 ± 0.15) mas yr−1.

In the three panels of Fig. B.1, we plot the corrected posi-
tions of the three massive YSOs for the two epochs with the
relative errors due to the thermal noise and to the Gaussian fit

errors (∆α, ∆δ), which are represented by squares and with the
restoring circular beam centered on each position (circles). We
note from Fig. B.1 that the positions of VLA 2 and VLA 3 in both
epochs are consistent within the beam and from Table B.2 that
the position shifts between the two epochs are similar suggesting
a possible systematic uncertainty. We cannot verify if this uncer-
tainty is real or not because the structure of the two sources var-
ied between the two epochs, in particular, that of VLA 2. We can
therefore assume that VLA 2 and VLA 3 did not move within
W75N(B) over 17.24 years and that the positions of the H2O
maser features in VLA 2 in the last three EVN epochs do not
need further corrections.

It is evident from both Fig. B.1 and Table B.2 that VLA 1
actually moved within W75N(B) between the two epochs. From
the shift reported in Table B.2 we measure a proper motion of
VLA 1 within W75N(B) of 〈µα〉VLA 1 = (−6.3 ± 0.4) mas yr−1

(−38.9 ± 2.5 km s−1) and 〈µδ〉VLA 1 = (+5.0 ± 0.4) mas yr−1

(+30.9 ± 2.5 km s−1) along the right ascension and declina-
tion, respectively. This motion might suggest that VLA 1 is
a runaway protostar, but to verify this possibility it is neces-
sary to carry-on ad-hoc multi epoch observations. Neverthe-
less, we decide to correct the positions of the H2O maser
features detected in the last three EVN epochs and associ-
ated with VLA 1 accordingly to the estimated proper motion of
VLA 1.

Table B.1. Absolute positions of the massive YSOs VLA 1 and VLA 2 in epochs 1996.96 and 2014.20.

(1) (2) (3) (4) (5) (6) (7) (8)
epocha α1950 δ1950 α2000 δ2000 ∆α ∆δ Ref.b

(h : m : s) (◦ : ′ : ′′) (h : m : s) (◦ : ′ : ′′) (mas) (mas)

VLA 1
1996.96 20:36:50.0056 +42:26:58.507 20:38:36.4528 +42:37:34.850 7 7 (1)
2014.20 20:38:36.440 +42:37:34.865 0.2 0.2 (2)
2014.20* 20:38:36.443 +42:37:34.936 -

VLA 2
1996.96 20:36:50.0405 +42:26:58.783 20:38:36.4882 +42:37:34.128 7 7 (1)
2014.20 20:38:36.484 +42:37:34.086 1 1 (3)
2014.20* 20:38:36.487 +42:37:34.158 -

VLA 3
1996.96 20:36:50.0406 +42:26:58.095 20:38:36.4886 +42:37:33.440 1 1 (1)
2014.20 20:38:36.485 +42:37:33.400 0.1 0.1 (3)
2014.20* 20:38:36.488 +42:37:33.472 -

Notes. aEpoch 2014.20* refers to the epoch 2014.20 corrected for the proper motion of the region W75N(B) as measured by Rygl et al. (2012),
〈µα〉 = (−1.97±0.10) mas yr−1 and 〈µδ〉 = (−4.16±0.15) mas yr−1. The reference epoch is epoch 1996.96. bReferences: (1) Torrelles et al. (1997);
(2) Rodríguez-Kamenetzky et al. (2020), (3) Carrasco-González et al. (2015).

Table B.2. Shift of the positions of the three massive YSOs.

(1) (2) (3)
YSO ∆(α2014.20∗ − α1996.96) ∆(δ2014.20∗ − δ1996.96)

(mas) (mas)

VLA 1 −108 ± 7 +86 ± 7
VLA 2 −13 ± 7 +30 ± 7
VLA 3 −7 ± 1 +32 ± 1
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Fig. B.1. Comparison of the positions of the continuum emission at K-band of VLA 1 (left panel), VLA 2 (central panel), and VLA 3
(right panel) as observed in epoch 1996.96 (solid black; Torrelles et al. 1997) and epoch 2014.20 (dashed red; Carrasco-González et al. 2015;
Rodríguez-Kamenetzky et al. 2020). The squares represent the uncertainties of the peaks positions (see Table B.1) and the circles are the restoring
circular beam of 0.′′12 used to properly compare the two epochs. Each panel is centered at the corresponding position of the YSO in epoch 1996.96
(see Table B.1). The positions of epoch 2014.20 are corrected for the proper motion of the region W75N(B) as measured by Rygl et al. (2012),
〈µα〉 = (−1.97 ± 0.10) mas yr−1 and 〈µδ〉 = (−4.16 ± 0.15) mas yr−1.
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