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Although there has been significant progresses in the last years, the formation process of high-
mass stars (M>8 Mg,y ) is still unclear. This is mainly due to the fast evolution and large distances
of the massive young stellar objects (YSOs) that make difficult to observe, with fine details, a
sufficient number of massive YSOs at each evolutionary stages. However, in the last 10 years
some pieces of information regarding the gas motion and the magnetic field close to the YSOs
have been gathered by observing and analyzing the maser emission of mainly water and methanol
molecules. In particular, we have performed full polarization observations of 6.7 GHz methanol
masers and/or 22 GHz water maser with the European VLBI Network (EVN) towards a large
number of sources in order to provide measurements of magnetic fields orientation and strength
at milliarcsecond resolution around massive protostars. These measurements can be made at this
high angular resolution only by observing and analyzing the polarized emission of masers. From
the linearly and circularly polarized emissions we can determine the orientation and the strength
of the magnetic field, respectively. Here, we present the updated statistics of the possible align-
ment between the magnetic field and the bipolar outflows ejected from the massive protostars. In
addition, and for the first time, we will provide lower limits of the magnetic field strength mea-
sured from the Zeeman-splitting of the methanol maser by using the very recently determined
Landé g-factors for the methanol maser transitions. Furthermore, the up-to-date results of the
monitoring project of the 22 GHz water masers detected towards the massive star-forming region
WT75N(B) will be also presented.
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1. Introduction

The theoretical and observational advancements of the last decades support the idea that high-
mass stars (M > 8 M) form similarly to low-mass stars. That is the massive young stellar objects
(YSOs) are formed through gravitational collapse of cores and during the formation process a
disk-outflows system around the central protostar is formed (e.g., [1]; [2]). Several magnetohy-
drodynamical (MHD) simulations have been carried out recently. For instance, these show that
early outflows can reduce the radiation pressure [3], that the collimation of the outflows varies
with the time and with the magnetic field strength [4], and that their structure is determined by the
large-scale geometry of the magnetic field lines [5]. In particular, the outflows are initially poorly
collimated and becomes more collimated only when a nearly Keplerian disk is formed and fast jets
are generated [4]. In addition, when the magnetic field is strong the outflow is slow and poorly col-
limated [4] and when it is weak the outflow is fast and well-collimated [6]. From an observational
point of view conflicting results on the orientation of the magnetic field with respect to the outflow
orientation have been found. Based on the observations of dust polarized emission (towards 21
sources) no correlation between outflow axis and magnetic field orientation has been found at arc-
second resolution (~1000 au; [7]), while from the polarized emission of 6.7 GHz methanol masers
(19 sources that correspond to the 60% of our total sample, see next Sect.) we found evidence
that on scales of 10-100 au (mas resolution) magnetic field around massive YSOs is preferentially
oriented along the outflow [8]. Of great importance for further improving the MHD numerical sim-
ulations is to provide new measurements of magnetic fields strength at mas resolution close to the
massive YSOs. This has been possible, so far, only through the analysis of the circularly polarized
emission of 22 GHz water masers, but because of the shock-nature of these masers, the strength of
the magnetic field is estimated in the post-shock compressed gas (e.g., [9]). Although the circularly
polarized emission of the 6.7 GHz methanol maser is regularly detected (e.g., [8]), no estimates of
the magnetic field strength have been possible due to the unknown Landé g-factors [10]. Very
recently, the g-factors for all the methanol maser transitions have been theoretically calculated
making possible to estimate a lower limit of the magnetic field strength from the Zeeman-splittings
measurements [12].

Here, we present our most recent results on the full polarization observations of 6.7 GHz
methanol and 22 GHz water maser emissions made with the European VLBI Network! (EVN). In
Sect. 2 we report the updated statistics of the possible alignment between the magnetic field and
the bipolar outflows ejected from the massive protostars obtained by analyzing the linearly polar-
ized emission of methanol masers. We will also provide lower limits of the magnetic field strength
measured from the Zeeman-splitting of the methanol maser. In Sect. 3 the up-to-date results of the
monitoring project of the 22 GHz water masers detected towards the massive star-forming region
W75N(B) will be briefly presented.

2. 6.7 GHz methanol masers: The flux-limited sample

Between 2008 and 2015 we observed with the EVN 30 massive star-forming regions at 6.7

IThe 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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Figure 1: Left. The probability distribution function (PDF, top panel) and the cumulative distribution function (CDF,
bottom panel) of the projected angle between the outflow axes and the magnetic field (|PAgyuow — (PB)|) based on 25
sources as measured by [19]. The dashed line is the CDF for random orientation of outflows and magnetic fields, i.e. all
angular differences are equally likely. Right. The random distribution probability of |PAgy¢iow — (P )| determined with
a Kolmogorov-Smirnov (K-S) test as function of number of sources [11].

GHz in full polarization mode to determine both the orientation and the strength of magnetic field
at mas resolution by analyzing the polarized emission of methanol masers. The sources were
selected from [13] accordingly to their declination (> —9°) and to their methanol maser single-
dish flux density (> 50 Jy). To ensure polarization detection we exclude sources whose single-dish
flux density decreased below 20 Jy [10].

We detected a total of 762 CH3OH maser features towards the 25 sources analyzed so far
[8, 14, 15, 16, 17, 18, 19], 25% and 4% of which showed linearly (with linear polarization fraction
P =0.3% — 17.0%) and circularly polarized emission (Py = 0.1% — 0.5%), respectively. Only in
one case no polarized emission was measured (G174.20-0.08; [8]). From the analysis of the linearly
polarized emission, which was performed by using the adapted Full Radiative Transfer Method
(FRTM) code for 6.7 GHz methanol masers [20, 15] modified as described in [19], we measured
well ordered magnetic field vectors within the same source. The magnetic field is found to be
parallel to the molecular outflow (misalignment < 30°) in 13 massive YSOs (~ 50% of the analyzed
sample) and perpendicular (> 75°) in seven massive YSOs [19]. Furthermore, where a comparison
of the magnetic field at small and large scales was possible (W51 and IRAS 20126+4104), we
found a perfect agreement of its morphology from 10 au to 1000 au [16, 18].

2.1 Up-to-date statistics

To determine if there exists any relation between the morphology of the magnetic field and
the ejection direction of molecular outflows from massive YSOs on tens-au scales, we performed a
Kolmogorov-Smirnov (K-S) test on the 25 sources for which we were able to measure on the plane
of the sky the angle between the magnetic field orientation ((®g)) and the outflows axis (PAoutiow)-
Among these 25 sources two were observed in the Southern Hemisphere by [21]. The test shows
a probability of 3% that the distribution of the projected angles |PAoyiow — (Pg)| is drawn from a
random distribution (see Fig. 1). This finding is consistent with our prediction obtained by simu-
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lating, via Monte-Carlo, a randomly selected sample of vectors in a pair representing PA 0w and
(Pg), with the only apriori condition that their 3D misalignment is < 30°(see Fig. 1; [8]). Even
if a deeper statistical analysis is necessary, we have a statistical evidence that the magnetic fields
around massive YSOs seems to be preferentially oriented along the molecular outflows. Neverthe-
less, a quite large number of sources (~ 30%) show a projected magnetic field perpendicular to the
outflows axis.

2.2 Magnetic field strength

Until 2017 the estimation of the magnetic field strength from the Zeeman-splitting measure-
ments was impossible due to the uncertainty of the Landé g-factors for the methanol maser tran-
sitions. We already discussed in [11] the difficulties for determining the g-factors from laboratory
measurements of the Zeeman-splittings of the complex methanol molecule. However, the g-factors
can be estimated by theoretically modeling the entire Zeeman effect of the methanol molecule. This
was done by Lankhaar et al. [22, 12] who modeled the hyperfine structure of the torsion-rotation
transitions responsible of the maser lines. The model shows that each single methanol maser line is
composed of several hyperfine transitions (> 8) with frequency separations of the order of few kHz
(Tables I-XIV of [22]). Actually, it is still unknown how much a hyperfine transition contributes to
its maser emission, therefore a detailed pumping model is absolutely fundamental to resolve this
issue. However, assuming that the hyperfine transition with the largest Einstein coefficient for stim-
ulated emission, i.e. F =3 — 4, is more favored among the eight hyperfine transitions that might
contribute to the maser line, we can provide lower limit of B = % from our Zeeman-splitting

measurements (AVz). The Zeeman-splitting coefficient is oc%ﬁ“ = —0.051 kms~'G~! [12]. Un-

fortunately, the AV, reported in our previous papers ([15, 16, 17, 18, 8]) were overestimated due to
some inaccuracies in the FRTM code used at that time. We modelled with the updated and correct
FRTM code the circularly polarized emission of the methanol maser features detected so far. We
measured lower limits of [B)|| > 5 mG towards all the sources, with the exception of W3(OH) for
which we estimated a lower limit of the order of few hundreads mG. More details are reported in
[19].

3. 22 GHz water masers: monitoring project of W75N(B)

From 1999 to 2012 we have monitored at VLBI scale the expansion of a water maser shell
around an unresolved continuum source excited by the massive YSO W75N-VLA2 [23, 24, 25, 9].
We found that the water maser shell expands at about 5 mas/yr and evolved from an almost circular
wind-driven shell to an elliptical morphology. We interpreted this as a “real time” transition from
a non-collimated outflow event into a collimated outflow/jet structure during the early stages of
evolution of a massive YSO [9]. From the analysis of the polarized emission of the masers we
measured that the magnetic field in 7 years (from 2005 to 2012) changed its orientation following
the rotation of the major-axis of the elliptical structure and decreased its strength [24, 9]. These
measurements are unique and this behavior of the magnetic field has never been observed towards
a massive YSO so far. In 2014 we started an EVN monitoring project (four epochs separated by
two years from one another) with the aim to follow both the expansion of the outflow/jet structure
around VLA 2 and, more importantly, the variation of the magnetic field in the region. The first
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Figure 2: A close-up view of the 22 GHz H,O maser features detected with the EVN around the ra-
dio sources VLA 2 in epochs 2014.46 (left panels) and 2016.45 (right panels). The reference position
in epoch 2014.46 is 0pgpp = 20138™M36%.43399 and S0 = 42°37'34”.8710; while in epoch 2016.45 is
Obooo = 20"38™M36°.43403 and S99 = 42°37'34".8667. The octagonal symbols are the identified maser
features. The linear polarization vectors, scaled logarithmically according to polarization fraction A, are
overplotted. In the bottom-right corner the error-weighted orientation of the magnetic field (®Pg) is also
reported; the two dashed segments indicate the uncertainties.

three epochs were observed in 2014, 2016, and 2018. The results of the first two epochs confirm
the immutable maser distribution and magnetic field orientation around VLA 1. While the maser
distribution around VLA 2 did not change, the magnetic field changed again (see Fig. 2). In 2014 it
was perfectly in agreement with the orientation measured in 2012, while in 2016 the magnetic field
rotated back to its 2005 orientation (see Fig. 2). This behaviour of the magnetic field is unexpected.
The next two EVN epochs (2018 and 2020) will hopefully help to clarify the phenomenon. Also
the magnetic field strength around VLA 2 increased by a factor of 15 since 2012 [9]. This could
be due to a further compression of the gas at the shock front caused by the encounter with a much
denser medium than in the past.
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