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ABSTRACT

Context. Astronomical masers have been effective tools to study magnetic fields for many years. Observing the linear and circular
polarization of different maser species allows the determination of magnetic field properties, such as morphology and strength. In
particular, methanol can be used to probe different parts of protostars such as accretion discs and outflows, since it produces one of
the strongest and the most commonly observed masers in massive star-forming regions.

Aims. We investigate the polarization properties of selected methanol maser transitions in light of newly calculated methanol Landé
g-factors and considering hyperfine components. We compare our results with previous observations and we evaluate the effect of
preferred hyperfine pumping and non-Zeeman effects.

Methods. We run simulations using the radiative transfer code CHAMP for different magnetic field values, hyperfine components and
pumping efficiencies.

Results. We find a dependence of the linear polarization fraction on the magnetic field strength and on hyperfine transitions. The
circular polarization fraction also shows a dependence on the hyperfine transitions. Preferred hyperfine pumping can explain some
high levels of linear and circular polarization and some of the peculiar features seen in the S-shape of observed V-profiles. By
comparing some methanol maser observations taken from the literature with our simulations, we find that the observed methanol
masers are not significantly affected by non-Zeeman effects related to the competition between stimulated emission rates and Zeeman
rates, like the rotation of the symmetry axis. We consider also the relevance of other non-Zeeman effects that are likely active for
modest saturation levels, like the effect of magnetic field changes along the maser path and anisotropic resonant scattering.
Conclusions. Our models show that for methanol maser emission, both the linear and circular polarization percentages depend on
which hyperfine transition is masing and the degree to which it is being pumped. Since non-Zeeman effects become more relevant
at high values of brightness temperatures, it is important to obtain good estimates of these quantities and on maser beaming angles.
Better constraints on the brightness temperature will help in understand about the extent to which non-Zeeman effects contribute to
the observed polarization percentages. In order to detect separate hyperfine components, an intrinsic thermal line width significantly
smaller than the hyperfine separation is required.

Key words. masers — polarization — Stars: formation — magnetic fields
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1. Introduction

4737v1 [astro-ph.SR] 9 Oct 2020

O_ The role of magnetic field during star formation has been a
(O topic of great debate for years. Many observations have been
| performed trying to detect magnetic field morphology and
(O strength towards star forming regions. Several works have al-
(N ready demonstrated that astrophysical masers are powerful tools
. to investigate magnetic field properties in young protostars (re-
-=— cently reviewed by |Crutcher & Kemball/ 2019, and references
>< therein). Through the study of linearly and circularly polarized
a maser emission, it is possible to obtain information about the
magnetic field, such as direction and strength, over spatial scales

of 10-100 au (e.g. [Vlemmings et al|[2010; Surcis et al.|[2013).
Moreover, different maser species and transitions probe different
regions of the protostar, providing a unique picture of the physi-

cal conditions of the material where star formation processes are
ongoing (Surcis et al.|[2011a). Masers can also help to investi-
gate the link between the gas properties and the magnetic field:

for instance, maser polarization observations were used to infer a
relationship between the density of the gas and the magnetic field
acting in the region (Fish et al.|2006} |VIemmings|2008)). Maser
polarization observations have also been used to infer properties

of the large scale Galactic magnetic field (e.g.|Green et al.[2012).

Circular polarization has been detected in the majority of the
maser species such as hydroxyl, water and methanol (Etoka et al.
2005 [Vlemmings et al.[[2006; Sarma et al.| 2008} [Surcis et al.
2011b;|Caswell et al.|2011; |[Hunter et al.|2018)), and in particular
methanol masers have emerged as excellent tools to probe mag-
netic fields during star formation (e.g. [Vlemmings|[ 2008} [Surcis
et al.[2019; [Momjian & Sarmal[2019} Sarma & Momjian|2020,
and references therein). Although the circularly polarized emis-
sion of methanol maser has been regularly detected, no exact
estimates of the magnetic field strength were possible due to
unknown Landé g-factors (Vlemmings et al.[2011). Thanks to
the recent detailed calculations of the Landé g-factors for all
methanol transitions and the associated hyperfine components
(Lankhaar et al.|[2016} 2018)), it is now possible to obtain a com-
plete interpretation of the methanol maser polarization properties
and infer the magnetic field characteristics.

In this paper we investigate the methanol maser polariza-
tion properties using the maser polarization radiative transfer
code CHAMP (Lankhaar & Vlemmings|2019), performing sev-
eral simulations of different methanol masers transitions, as de-
scribed in Sect. 2} We report our results for the different masers
transitions in Sect. [3} with a more detailed view on the 6.7 GHz
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one given the large amount of observations in the literature, and
with a more general description of the most important features
observed at other frequencies. Then, in Sect. E] we compare the
results of our simulations with previous observations and we dis-
cuss the importance of hyperfine preferred pumping, its effect on
the polarization fraction and the V spectra, and the presence of
non-Zeeman effects. In Sect. [5| we present our conclusions and
future perspectives, considering that this work can be the start-
ing point for a larger and more detailed study of magnetic fields,
and that further high-resolution observations will help to better
understand the action of preferred hyperfine pumping.

1.1. Origin of circular polarization and non-Zeeman effects

One of the major sources of circular polarization of molecu-
lar lines is the Zeeman effect (Zeeman||1897} Fiebig & Guesten
1989; |Sarma et al.[2001). According to the theory, under the ac-
tion of a magnetic field B, the emission from a molecule is sepa-
rated in several components due to the magnetic sub-levels. The
shift between these components is named Zeeman splitting and
can be used to derive the amount of circular polarization, which
is proportional to the magnetic field strength. Studying circular
polarization in maser emissions is therefore fundamental to infer
the magnetic field strength of the masing region.

In general, the saturation level and the nature of the masing
molecule (paramagnetic or non-paramagnetic) are the main fac-
tors responsible for the maser polarization properties (e.g. [Wat-
son|2008}; Dinh-v-Trung|2009). In addition, maser polarization is
also affected by the ratio between the Zeeman frequency gQ, the
rate of stimulated emission R and the decay rate of the molecular
state I" (Western & Watson|1984).

The rate of stimulated emission can be obtained from

AkTAQ
R~ Z0TBTC

drhy M

where A is the Einstein coefficient which depends on the hyper-
fine transition, k and A are the Boltzmann and Planck constants
respectively, v is the maser frequency. 75 and AQ are the maser
brightness temperature and beaming solid angle (see also|VIem-
mings et al.|2011)).

The Zeeman frequency is defined as

_ 2guB

Q
g h b

@)
where B is the magnetic field in G, 7 is the reduced Planck con-
stant and g is the Landé g-factor (see e.g. Nedoluha & Wat-
son|[1990b). In case of paramagnetic molecule (e.g. OH) u is
the Bohr magneton (up = efi/2m,c) while in case of non-
paramagnetic molecule (e.g. HyO or CH30H) it is the nuclear
magneton (uy = efi/2myc), where e is the electron charge, m,
and m,, are the electron and nucleon mass respectively.

The magnitude of the Zeeman effect depends on gQ and
it is different between paramagnetic and non-paramagnetic
molecules. Since up/uy ~ 103, paramagnetic molecules can
show a split three orders of magnitude larger than the non-
paramagnetic ones (VIemmings|2007). Moreover, for paramag-
netic molecules, the Zeeman frequency g€ is usually larger than
the intrinsic line width; thus the Zeeman components are sepa-
rated and resolved and from the Zeeman splitting it is possible
to obtain the magnetic field along the line of sight without am-
biguity, By = Bcos#, with 8 defined as the angle between the
magnetic field and the line of sight. On the contrary, for non-
paramagnetic molecules like methanol, gQ is smaller than the
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line width, and the Zeeman components overlap. In this case it
is more complicated to infer circular polarization measurements,
because it also depends on the saturation level and non-Zeeman
effects might arise, compromising the measurement of the regu-
lar Zeeman splitting. A maser is defined saturated when the rate
of stimulated emission R exceeds the decay rate of the involved
molecular state I'.

1.1.1. Rotation of the symmetry axis

When gQ > R, the magnetic field direction is the quantization
axis, but when the maser brightness increases or for weak B, R
can become much larger than g€ and a rotation of the symmetry
axis can occur. This change of quantization axis can generate an
intensity-dependent circular polarization similar to the regular
Zeeman splitting (Nedoluha & Watson||1990a). Therefore, it is
important to know when this effect might occur, by estimating
R and gQ. The ratio between the Zeeman splitting rate and the
stimulated emission rate is

R~171[mG] Ty AQ [GHz] A
gQ g B [109K][102sr] v [1077s71]

3

The rotation of the symmetry axis might occur when & > 1. In
gQ

the case of the 6.7 GHz methanol maser, considering the typical
values for the beaming solid angle AQ = 1072 K sr, a magnetic
field B = 10 mG, A = 1.074 x 10~° s~! and an average Landé
factor calculated using all hyperfine components g, = 0.236
(Lankhaar et al.|2016), this effect might arise only when the
maser is deeply saturated, with T > 10'? K. This result also
holds when considering the largest and the smallest g-factor of
the 6.7 GHz methanol maser hyperfine transition 3 — 4A and
5 — 6B respectively, leading to Tz > 10'° K.

1.1.2. Effect of magnetic field changes

There are also other non-Zeeman mechanisms that can generate
high levels of polarization at lower T5. One of these effects is
due to magnetic field changes along the maser path, for example
arotation (Wiebe & Watson/1998). This rotation converts the lin-
ear polarization fraction Py, to circular polarization fraction Py.
Considering a rotation of 1 rad in the magnetic field direction
along the maser path, the fractional circular polarization gener-
ated by this mechanism is Pi/4. According to previous obser-
vations of 6.7 GHz methanol masers, this mechanism only pro-
duces minor contributions (Vlemmings et al|2011). For exam-
ple, the polarization observed in high angular resolution observa-
tions for 6.7 GHz masers ranges usually from 1% to 4%. There-
fore the change of magnetic field direction along the maser prop-
agation direction can contribute at most ~ 0.04%, that is only a
fraction of the observed values of Py (e.g. |Surcis et al.| 2009,
2012,2019)). But this effect can be important for very high levels
of linear polarization P; ~ 10%, causing an extra Py ~ 0.25%.
Recent methanol maser observations by Breen et al.[(2019) have
registered a level of linear polarization ~ 7.5%, and we will dis-
cuss them in Sect. [

1.1.3. Anisotropic resonant scattering

Resonant scattering is a higher-order radiation matter interaction
that describes the absorption and subsequent immediate emis-
sion of a photon by a molecule or atom. Houde et al.|(2013)) point
out that forward resonant scattering is coherent in nature, and
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that a large ensemble of molecules, collectively scatter incom-
ing radiation. In the presence of a magnetic field, such collective
resonant scattering leads to a significant phase shift between the
left and right-circularly polarized radiation modes. This process
is called anisotropic resonant scattering (ARS) and leads to the
conversion of linear polarization (by way of the Stokes U com-
ponent) to circular polarization.

Houde| (2014) propose that the circular polarization of SiO
masers might be generated through the anisotropic resonant scat-
tering of linearly polarized maser radiation by a foreground
cloud between the maser and the observer. The foreground cloud
may be out of the velocity range of the maser. Alternatively, the
collective resonant scattering of radiation might be a feature of
the radiative transfer of maser radiation. CHAMP only accounts
for first-order radiative interactions and neglects resonant scat-
tering. Proper estimates of the probability of ARS in relation to
maser amplification have to be developed before the importance
of ARS to maser radiative transfer can be evaluated.

Circular polarization profiles generated through ARS do not
necessarily lead to the antisymmetric S-shaped profile that char-
acterizes Zeeman circular polarization. Only under special con-
ditions are antisymmetric Stokes-V profiles generated by ARS.
The Stokes-V profiles of methanol masers are generally charac-
terized by an antisymmetric spectrum.

1.1.4. Other non-Zeeman effects

Other non-Zeeman effects might be due to instrumental effects
and to the presence of a velocity gradient across an extended
source. Potential instrumental effects causing extra circular po-
larization depend on the instrument characteristics, and are gen-
erally reported in the literature. A velocity gradient could origi-
nate an S-shaped V spectrum like the one produced by the Zee-
man effect, but this effect is rare with masers since they are point-
like sources producing narrow spectral lines developing in a nar-
row velocity range (e.g.Sarma & Momjian|2020).

2. Methods

In order to investigate the polarization of methanol masers by a
magnetic field and its effects on the hyperfine structure, we ran
simulations using the CHAMP code (Lankhaar & Vlemmings
2019). CHAMP is a maser polarization radiative transfer code
that takes into account all dominant hyperfine components of
a molecule and their individual Landé factors. CHAMP imple-
ments both the methods in|[Nedoluha & Watson! (1992, hereafter
N&W92), which do not treat non-Zeeman effects, and those in
Nedoluha & Watson| (1994, hereafter N&W94), which do con-
sider non-Zeeman effects. The user can choose which method to
use. In addition to a combined treatment of all hyperfines accord-
ing to their transition probabilities, CHAMP includes the possi-
bility i) to change the pumping efficiency for different hyperfine
components, and ii) of anisotropic pumping.
The linear polarization degree is defined as

N

P = 7 ) (€]
the polarization angle is

1 U
l/l= Eatan(a) s (5)
and the circular polarization degree is
PV — (Vmax ; min) , (6)

where I, Q, U and V are the Stokes parameters.

The polarization angle is relative to the projection of the
magnetic field direction onto the plane of the sky, that we take to
be North-South (unless along the maser beam when 6 = 0°).

In Table [T] we report the maser transitions that we used in
our simulations. Since the size of the masing region or the maser
beaming angle AQ are often unknown, for comparison with our
models we give the value of the brightness temperature Ty as-
suming a maser spot size of 3 mas. We also give a lower limit for
Tg based on the observations from [Breen et al.|(2019)), Sarma &
Momjian|(2020), Momjian & Sarmal(2019)), [Surcis et al.| (2009)
and |Surcis et al.| (2019). In the case of the 12.2 GHz maser, we
are not modelling a specific source but we are giving a typical
value considering the previous work by Moscadelli et al.[(2003).
For known spectral features, T can be derived using the equa-
tion

Ty S0 x )
K]~ [y] \[mas?] S

where S (v) is the detected flux density, X is the maser angular
size and ¢, is a constant that includes a proportionality factor
obtained for a Gaussian shape (Burns et al.|1979) and scales with
the frequency according to the relation

@)

)
mas?

N4
[GHz]] Ty

In Table [T] we also report which method between N&W92
and N&W94 we used. We performed simulations for different
methanol maser transitions at different magnetic field strengths,
angular momentum transitions, and propagation angles 6. The
molecular parameters used in the simulation are presented in Ta-
bles [A.T}-[A. T3] and are taken from [Lankhaar et al.|2018| or, for
the newly discovered transitions observed by [Breen et al.|2019,
computed for this paper. In these Tables, the quantities marked
as “g-factors” are defined as uyg/h. We ran calculations assum-
ing an intrinsic thermal velocity width v;, = 1 km s~!. For all
the transitions we used a pumping efficiency ¢ = 0.02, a decay
rate of the upper and lower level I' = 1 s™! (Vlemmings et al.
2010; |Lankhaar & Vlemmings|2019)) and, in case of anisotropic
pumping, the anisotropy degree € = 0.01. The parameters are
described in|Lankhaar & Vlemmings|2019|

4, ~6.1305 x 10" ( 8)

3. Results
3.1. 6.7 GHz methanol maser

We report on our simulations of the 6.7 GHz methanol maser
in a range of different magnetic field strengths (1, 3, 10, 20, 30
and 100 mG), with varying luminosity and magnetic field angles.
The results of these simulations are shown in several figures in
the body of the paper (Fig.[T}-[3) and in the appendix (Fig.[A.T}-
[A.T3). The magnetic field strength, the thermal velocity width
v, the propagation angle 8 and the transition angular momenta
are indicated in each figure. In Fig.[T}-3}[A.T] and[A.6}-[A.TT] the
panel at the top left labelled “baseline” indicates a maser emis-
sion where all the eight hyperfine transitions contribute equally,
while all other panels assume a preferred pumping for the indi-
cated i — j transition. The preferred pumping rate is ten times
larger than the other transitions’ rate.

We present in Fig. | the linear and circular polarization frac-
tion P, and Py as a function of the maser luminosity for five dif-
ferent 6 values. We mark with a vertical line the locus gQ = 10R,
that for 6.7 GHz methanol maser falls at T3AQ ~ 10'°K sr. For
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Fig. 1: 6.7 GHz methanol maser linear and circular polarization
fraction as a function of the maser luminosity for five different
6. The vertical line marks 7TgAQ where gQQ = 10R. The mag-
netic field strength is 10 mG, the thermal velocity width is 1
km s~!, and the preferred hyperfine transitions are indicated in
each panel. The panel at the top left labelled “baseline” indi-
cates a fixed pumping rate equal for all the hyperfine transitions,
while all others assume a 10x preferred pumping for the indi-
cated i — j transition. The results of the simulation performed
with other magnetic field strengths are given in Appendix E}

T3AQ < 10'° K sr the Zeeman frequency gQ is much higher than
the stimulated emission rate R. On the contrary for TzAQ 2 10'°
K sr, the Zeeman frequency is similar to or lower than the
rate of stimulated emission. As already mentioned in Sect. [T.1]
masers can be affected by several non-Zeeman processes that
can intensify or generate linear and circular polarization. Usu-
ally gQ = 10R has been used in the literature (e.g. by [Pérez-
Sanchez & Vlemmings||2013) to mark the region where non-
Zeeman effects become relevant, and therefore inferring mag-
netic field properties becomes more challenging, because the
magnetic field is not directly related to P, and Py. One of the
most prominent non-Zeeman effects is the rotation of the sym-
metry axis that can occur when gQ < 10R (Pérez-Sanchez &
Vlemmings||2013; Wiebe & Watson||1998), thus we decided to
indicate gQ = 10R as an upper limit for having reliable P; and
Py.

P; and Py show a clear dependence on the hyperfine tran-
sitions, on the magnetic field strength and on the angle 6. From
these plots it is quite evident that each single hyperfine com-
ponent is affected by the magnetic field in a different way, and
therefore, in presence of preferred hyperfine pumping, we ob-
serve a specific level of polarization fraction. At a first glance,
these dependencies appear most prominent above T5AQ corre-
sponding to gQ = 10R, however noticeable effects also occur
when gQ > 10R for several transitions, such as 3 — 4 A and
4 — 5 A. For example the dependence on 6 shown in Fig.[A3]is
different from the usual cosé dependence (Watson & Wyld|2001)
also for TpAQ below gQ = 10R. Also these dependencies seem
weaker for Py compared to that for Py, , unless the magnetic field
is very high, ~100 mG (Fig. A1), or the hyperfine is preferen-
tially pumped by a large degree,~ 100 times (Fig. [A3).

We will now consider the P; and Py values at gQ = 10R.
When 6 = 907, and B = 10 mG, the maximum linear polariza-
tion fraction is found to be of the order of 3% for the hyperfine
transition 4 — 5 A. When 6 = 0° and B = 10 mG, we obtain
a maximum circular polarization fraction of the order of 1% for
the hyperfine transition 3 — 4 A. As the magnetic field strength
increases, the position of gQ = 10R falls at higher TgAQ. Thus,
for B = 100 mG, P, can reach 10% in the hyperfine transitions
4 — 5 Aatf =90°, while Py can rise up to 8% when the hyper-
fine transition 3 — 4 A is preferentially pumped, and 8 = 0°.

We also investigated different degrees of preferred pump-
ing for the two strongest hyperfine transitions 3 — 4 A and
4 — 5 A. We observed that both the linear and circular polariza-
tion fractions increase with the preferred pumping. These results
are shown in Fig.[A3] and Fig. [A:4] where the linear and circu-
lar polarization fractions are plotted as a function of the maser
luminosity. Different degrees of preferred pumping are shown in
different colours for the two hyperfine transitions, assuming a
magnetic field of 10 mG. The vertical dotted lines indicate when
gQ = 10R.

In Tables [ and [3] we report the P;, and Py values taken at
gQ = 10R, for all the masers and for a magnetic field B = 10
mG. The results of the simulation performed with other mag-
netic field strengths (1 and 100 mG) are given in Appendix [A]in
Fig.[A]

In Fig.[2and from top to bottom, respectively, we plot the lin-
ear polarization fraction P, the circular polarization fraction Py
and the linear polarization angle i as a function of the propaga-
tion angle 6 and of the rate of stimulated emission for a magnetic
field of 10 mG. These plots are symmetric along the line 6 = 90°.
The results of the simulation performed with other magnetic field
strengths are given in Appendix [A]in Figs. [A.6}-[A7§]

Also in this case, P; shows a dependence on the magnetic
field strength and on preferred hyperfine pumping. P;, presents
a sharp drop around the Van Vleck angle 6 = 54°. P, peaks
around 8 = 90° and log(R/g€2) = 1 (the peak is marked with
a star in Fig. [2] top), with a secondary peak around 6 = 30°
and log(R/gQ) = 2. This morphology is consistent across dif-
ferent magnetic field strengths and angular momenta of the tran-
sitions. We observe that also Py contours show a dependence
on magnetic field strength and hyperfine transitions (Fig. [2
middle). The contour morphology shows two peaks (plus their
symmetric counterparts at & > 90°) located approximately at
log(R/g®}) ~ 2.5 and 6 ~ 50°, and at log(R/gQ) ~ —2 and
6 ~ 0°. The first one is dominant at lower B strengths (1, 3, 10
mG@G), while the second becomes more important at higher B (20,
30, 100 mG). As the B strength increases, some hyperfine tran-
sitions present emerging features in the ¢ contours, where the
polarization angles flip. For instance, in the case of B = 10 mG

Article number, page 5 of 20
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Fig. 2: 6.7 GHz methanol maser linear polarization fraction Py,
(top), circular polarization fraction Py (middle) and Linear po-
larization angle ¢ (bottom) plotted as a function of the propaga-
tion angle 6 and the rate of stimulated emission. Stars indicate
the position of the peak of P;. Magnetic field strength is 10 mG,
thermal velocity width is 1 km s~! and the hyperfine transitions
are indicated in each panel. The panel at the top left labelled
“baseline” indicates a fixed pumping rate equal for all the hyper-
fine transitions, while all others assume a 10X preferred pumping
for the indicated i — j transition. The results of the simulation
performed with other magnetic field strengths are given in Ap-

pendix [A]

(Fig. 2] bottom), the transition 5—6 B presents two emerging re-
gions located at log(R/g€2) ~ 0.5 and 8 ~ 25°. Similar marks ap-
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Fig. 3: 6.7 GHz methanol maser linear polarization fraction P,
(top), circular polarization fraction Py(middle) and polarization
angle ¢ (bottom) plotted as a function of the propagation angle
0 for different brightness temperatures. Panels as in Fig. El

pear also for magnetic fields of 30 and 100 mG in the hyperfine
transition 3—4 A. We notice a 90° flip of the polarization angle
¥ happening around the Van Vleck angle, and this trait becomes
sharper with increasing magnetic field strength. This characteris-
tic has been observed also for SiO and H,O masers
et al.|2006; [Tobin et al.|2019). Generally, when the saturation
level is low (log(R/gQ) < 0), the linear polarization angle  ap-
pears quite stable in the range 0° < 6 < 54°, while variations of
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Table 2: P, upper limits at gQ = 10R, for B = 10 mG

Maser P, baseline® P, with one hyperfine
%  transition x10 b
6.2GHz 1.9 22 (16—17A)
6.7GHz 20 26 (4-5A)
7.7GHz 25 41 (10-11A)
7.8GHz 25 41 (10-11A)
12GHz 28 3.6 (1-2B)
20.3GHz 1.7 21 (16—-17A)
21GHz 32 5.6 (8—9A)
25GHz 9.5 11 (4—4A)
36GHz 29 37 (3-2A)
37.7GHz 46 6.1 (6—-7B)
44GHz 22 2.8 (5-4A)
45GHz 41 62 (1-2A)
46GHz 35 45 (8-9A)

Notes. @ “Baseline” indicates a fixed pumping rate equal for all the
hyperfine transitions. ® 10x preferred pumping for the i — j hyperfine
transition indicated between parentheses.

20°-40° are visible for high level of saturation. Around 6 ~ 90°,
¥ ~ 90° for almost all the saturation values.

In these plots we do not take into account the limit gQ = 10R
and therefore the strongest peak in P, ~ 0.2 and Py ~ 0.02,
registered for the hyperfine transition 3—4 A, are due to non-
Zeeman effects.

In Fig. [3 the linear and circular polarization fraction and
the polarization angle are plotted as functions of the propaga-
tion angle 6 for different brightness temperatures in a magnetic
field B = 10 mG. From Fig. [T} we know that for the 6.7 GHz
methanol maser gQ = 10R happens around T3AQ ~ 10'° K sr.
When T3AQ > 10'° K sr and gQ << 10R, the maser starts to
saturate and some non-Zeeman effects (such as the rotation of
the symmetry axis) can arise. P, decreases approaching the Van
Vleck angle from both smaller and greater angles, and at the Van
Vleck angle P; has a minimum. This behaviour is maintained
across different levels of saturation. We note that P; reaches its
highest values when @ is greater than Van Vleck angle and for
TsAQ ~ 10" — 1013 K sr.

Looking at the circular polarization profile, when TpAQ <
10'% K sr, the maser is not saturated and Py, decreases for in-
creasing 6, following the cosine profile described by [Watson &
Wyld| (2001). In this regime Py can be directly related to the
magnetic field strength. When the maser saturates and 7TgAQ >
10'% K sr, a rotation of the symmetry axis might arise, and Py
is not linked anymore to magnetic field strength. In Fig.[A.5| we
plot the cosine (dotted line) for different T3AQ (solid line) to
show this behaviour. We also observe an inversion of the linear
polarization angle corresponding to the Van Vleck angle, which
is sharp for TpAQ < 10'° K sr and it becomes smoother with
increasing brightness temperatures.

We also produced spectra of the 6.7 GHz methanol maser for
different levels of saturation. We observe that the line broadens
as the maser starts to saturate. Also the Stokes Q, U and V in-
tensify for high saturation levels. It is also interesting to observe
that, when preferred pumping is acting, a flip of the S-shape pro-
file of the circular polarization can be observed between different
hyperfine transitions. The S-shaped Stokes V profile in Fig.[A.13]
for the 3—4 A transition has the same shape as for the baseline
profile in Fig. but the profile reverses for the 8—7 A tran-

Table 3: Py upper limits at gQ = 10R, for B = 10 mG

Maser Py baseline” Py with one hyperfine
% transition X10
6.2GHz 4.2 49 (16—17A)
6.7GHz 022 0.63 (3-4A)
7.7GHz 54 83 (10-11A)
7.8GHz 54 83 (10—11A)
12GHz 0.095 034 (1-2A)
20.3GHz 39 4.7 (16—17A)
21GHz 6.0 10 (8—9A)
25GHz 0.014 0.098 (4—4B)°
36GHz 0.011 0.05 (3—-2A)
37.7GHz 8.0 10 (6—>7B)
44GHz 0.011 0.056 (5—4A)
45GHz 0.011 0.055 (1-2B)
46GHz 6.7 83 (8—9A)

Notes. @ “Baseline” indicates a fixed pumping rate equal for all the
hyperfine transitions. ¢’ 10x preferred pumping for the i — j hyperfine
transition indicated between parentheses. © The same level of Py has
been registered also for the 4—4A and 6—6B.

sition in Fig.[A.T4] All Stokes parameters are plotted and several
propagation angles 6 are taken into account, assuming a mag-
netic field of 10 mG and v=1 km s~!.

In addition, we investigated anisotropic pumping and found,
as already noticed for SiO masers (Lankhaar & Vlemmings
2019), an increase of linear polarization fraction up to 100%. In
light of methanol maser pumping, the amount of anisotropy that
can occur is low, and since such a high level of linear polarization
has never been observed, we expect that anisotropic pumping
can be considered less important for methanol masers than for
SiO masers. Anisotropic pumping in SiO masers occurs primar-
ily through the absorption of IR radiation from a nearby central
stellar object. Methanol masers are either pumped collisionally
(class I) or radiatively (class II). Collisional pumping generally
does not introduce any anisotropy in the molecular states. The
radiative pumping of class II masers can be anisotropic, albeit
less so than compared to the case of SiO masers, since it occurs
through co-spatial dust. Additionally, the high density of class
IT masers de-polarizes the molecular states (Lankhaar & Vlem-
mings|[2020), resulting in generally low degrees of anisotropic
pumping. We also investigated the effect of amplification of a
background polarized emission and we found that it does not
contribute significantly to the linear polarization fraction unless
that background emission itself is already polarized at a high
enough level.

3.2. Other methanol maser transitions

For the other methanol maser transitions we investigated P; and
Py as a function of the maser luminosity for five different 6 val-
ues and magnetic fields of 10, 20 and 30 mG. In case of 25 GHz
methanol maser we investigated also a magnetic field of 100
mG. All the well-known maser transitions are modelled using
the N&W94 code that can treat non-Zeeman effects (see Tab.[T)),
and only the lesser known transitions like 6.2, 7.7, 7.8, 20.3,
20.9, 37.7 and 46 GHz, have been investigated with the N&W92
code. N&W92 code can not deal with non-Zeeman effects, and
therefore the simulations stop at gQ = 10R. Within this limit
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they behave like the other masers modelled with the N&W94
code.

In general, also at these other frequencies, P, and Py show
a dependence on the hyperfine transitions, on the magnetic field
strength and on the angle 6, although less so for Py compared
to P; unless the magnetic field is very high (~100 mG) or
a hyperfine is preferentially pumped by a large degree (~100
times), consistent with our results for 6.7 GHz masers reported
in Sec. [3.1] We confirm also for these transitions that hyperfine
preferred pumping can influence the polarization fraction. In Ta-
bles E] and E] we report P; and Py for these maser transition, in
case of B = 10 mG and taken at gQ = 10R. Usually the max-
imum value of P; and Py is reached for § = 90° and 6 = 0°,
respectively. In the case of the 25GHz maser, the maximum in
Py is registered for the hyperfines 4—4 A and B and 6—6 B,
that are the transitions where the g-factors are highest. The plots
with the results of the simulations for the 6.2 GHz baseline in a
magnetic field B = 10 mG are given in Appendix[A]in Fig.[A.2]

Contour plots were produced only for simulations made with
the N&W94 code. The 12, 25, 36, 44, 45 GHz masers show
contours similar to the 6.7 GHz. P; and Py typically present
the same morphology reported for the 6.7 GHz with a depen-
dence on the magnetic field strength and hyperfine transitions.
The P, peaks are located in the same positions registered for the
6.7 GHz, around € = 90° and log(R/gQ) = 1 around 6 = 30°
and log(R/gQ) = 2. The Py peaks are situated approximately
at log(R/gQ) ~ 2.5 and 8 ~ 50°, and at log(R/gQ) ~ —2 and
6 ~ 0°. Also for these masers, the peaks become more evident
as the magnetic field strength increases. The polarization angle
shows a flip of 90° around the Van Vleck angle. Generally, y
presents a region of stability in a range 0° < 6 < 54° around
-2 < log(R/gQ) < 0. This region in the 25 GHz maser is limited
only to the area around log(R/gQ) ~ 2.

Also for these transitions we observe high levels of P; and
Py due to non-Zeeman effects. When the maser is not saturated,
Py decreases for increasing 6, as predicted by [Watson & Wyld
(2001}, while for saturated masers the curve do not follow the
cosines. We show this effect in Fig. [A.5]for the baselines of the
6.2, 6.7, 25 and 45 GHz masers. In the case of the 6.2 GHz maser
we report the values until R/gQ = 10, and we see that all T
are following the cosine curve and non-Zeeman effects are not
present. On the contrary, for the three other masers, we can see
that the Py curves for high brightness temperatures and high lev-
els of saturation do not decrease with increasing 6, instead they
peak and show non-Zeeman effects that can lead to an overesti-
mate of the magnetic field.

We identify also in these masers an inversion of the linear
polarization angle close to the Van Vleck angle, which is sharp
when the masers start to saturate and becomes smoother with
increasing brightness temperatures.

Looking at the circular polarization fraction of 25, 36, 44
and 45 GHz they appear stable also for TpAQ above R/gQ = 10.
As an example, in the case of the 25 GHz maser, we obtain at
R/gQ =10 a TgAQ ~ 10°K sr for B=10 mG. Here the P, starts
to increase while Py keeps its stability until TpAQ ~ 10" K sr
. Therefore, it might be that for Py, non-Zeeman effects become
dominant only for T higher than those where P;, is sensible.
However, from Fig the 25 GHz maser already presents at
TsAQ ~ 10'° K sr a curve that slightly deviates from the cosine,
indicating that some non-Zeeman effects are already acting. Also
for the other masers we observe similar deviations.
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3.3. 6.2 GHz methanol maser

Of the masers studied here, the 6.2 GHz maser recently discov-
ered by Breen et al.| (2019) presents the largest hyperfine split
of ~ 1 km s~!. The two peaks appear quite similar in intensity.
In order to investigate the two hyperfine components, we ran the
models for thermal line widths v, = 1, 1.25 and 1.50 km s~ and
we give the results of the simulations in Fig. [A.T5] We see that
for vy, =1 km s~! the two components are separated and they
start to blend for v, =1.25 km s~!. At v, =1.5 km s~! the two
hyperfines appear totally blended in one single line.

This case illustrates why it is complicated to detect the dif-
ferent hyperfine components of methanol masers at other fre-
quencies. To observe the hyperfine components it is necessary to
have an intrinsic thermal line width that is less that the hyperfine
split (v, <1.25 km s~! in this case), otherwise we can only de-
tect one single blended component. However, when the split is
large enough with respect to the intrinsic thermal line width, our
simulations predict that multiple components can be observed.

4. Discussion
4.1. Comparison between models and observations

Within the limit gQ = 10R, our model predicts linear and cir-
cular polarization fractions that can be considered upper lim-
its, and any polarization above them will likely include some
non-Zeeman contributions. We compared P, and Py observed
in methanol masers (Table[T)) with the results of our simulations
(Tables 2] and 3] for B = 10 mG). In general we noticed that
linear polarization fraction predictions are mostly lower than the
observed values, even for magnetic fields higher than 10 mG,
while in the case of circular polarization fractions we often ob-
serve predictions higher than the observed values. In the fol-
lowing part we will discuss each transition, comparing obser-
vations and models and taking into account brightness tempera-
tures, magnetic fields and the presence of non-Zeeman effects.

4.1.1. 6.7 GHz methanol masers

We compared the results of our simulations with 6.7 GHz maser
observations from Breen et al.| (2019)), [Surcis et al.| (2019) and
Surcis et al.|(2009) (these masers are reported in Table E]) These
works reported high P;, of the order of 7.5%, 8.1% and 4.5% re-
spectively. We selected some extreme measurements of P; from
the works of Surcis et al. and 6.7 GHz methanol masers typically
present lower values ranging from 1% to 4% (Surcis et al.|2019]
and references therein).

We now discuss the possible action of non-Zeeman effects
on the three selected 6.7 GHz methanol masers and reported in
Table The observed brightness temperatures range between
1011-10" K and, assuming AQ ~ 1072 sr, the TpAQ obtained
from observations vary between 10°-10'! K sr. Our 6.7 GHz
methanol maser model gives TgAQ ~ 10'° K sr at gQ = 10R,
for a magnetic field of 10 mG, but when the magnetic field
strength reaches B = 100 mG, the limit increases by one or-
der of magnitude becoming T3AQ ~ 10'" K sr. This indicates
that the selected masers are not affected by the rotation of the
symmetry axis, but might be influenced by other non-Zeeman
contributions (e.g. a rotating magnetic field along the maser di-
rection) that can occur even at modest Tp. Thus, if we consider
gQ = 10R as an upper limit, we can estimate that the maximum
brightness temperature reachable before being severely affected
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by non-Zeeman effects is ~ 102 K (for B = 10 mG) or ~ 10"3
K (for B = 100 mG).

For the 6.7 GHz maser transition observed by [Breen et al.
(2019), we do not have information regarding the magnetic field
strength, but Tp inferred from observations is within the limit
gQ = 10R for both B = 10 mG and B = 100 mG. Accord-
ing to our model, such a high level of P, can be generated by
a high B or by a specific hyperfine preferred pumping or by a
combination of both. Indeed for B = 100 mG, it is possible
to reach a P, ~ 10% (see Fig. [A.T] e.g. with the transitions
4 — 5A and B). In addition, under the action of different pre-
ferred pumping, from 3 to 100 times over the baseline level, the
amount of linear and circular polarization fraction increases and
can reach, depending on the angle, up to 7.5%, even in B = 10
mG (see Fig.[A3]and Fig.[A.4). Breen et al.|(2019) also reported
a Py = 0.5% that is within the values reported by our model
for a B = 10 mG (Table 3). However Py = 0.5% is also con-
sistent with the results of our model considering a B = 100 mG
and an hyperfine preferred pumping on the transition 4 — 5SA.
In any case, given the high P; observed, we can not exclude the
influence of some non-Zeeman effects. Since Tz inferred from
observations is within the gQ = 10R limit, we can rule out a
rotation of the symmetry axis, but it could be possible to have
a contribution in Py of ~ 0.14% due to magnetic field changes
along the maser path (as described in Sect. [T.1.2)).

Surcis et al.| (2019) reported B > 182 mG, P, = 8.1% and
Py = 2.1% for the maser feature WH3(OH).22 and the T in-
ferred from their observations is ~ 10'3 K. These values are in
agreement with our models for a magnetic field B = 100 mG
and within the gQ = 10R limit. However, since Py is high, we
cannot exclude minor non-Zeeman contributions affecting Py,
that could count ~0.16% due to magnetic field changes along
the maser path (Sect. [I.1.2).

In the case of W75N, Surcis et al.| (2009) estimated a
TsAQ < 10° K sr and, given AQ ~ 107! sr and a maser an-
gular size of 7 mas, they obtained 6 = 70° and B=50 mG. They
also registered a P, = 4.5% and a Py=0.2%. As for W3(OH),
this value of P, and Py can be generated under the action of dif-
ferent degrees of hyperfine preferred pumping and B = 10-100
mG. If we exclude a different pointing direction of the magnetic
field, hyperfine preferred pumping could be probable in the case
of W75N: indeed, if we compare the S-shape profile of the ob-
served V spectrum with the synthetic one, we see that the emis-
sion detected by [Surcis et al.| (2009) is compatible with a pre-
ferred pumping on hyperfine transitions 7 — 8A, or 6 — 7A.
It is notable that these are not the same hyperfines of Tab.[2|and
Tab.[3

4.1.2. 25 GHz methanol masers

Sarma & Momyjian| (2020) observed 25 GHz methanol masers
in two different epochs in the OMC-1 region. They reported for
the two detections a level of Py ~ 0.3% and Py ~ 0.4%, and,
based on the low T5AQ, conclude that non-Zeeman effect likely
contributes little to this percentage. From our models in case of
B=100 mG and for TgAQ ~ 10° K sr, we confirm that non-
Zeeman effects are neglegible and we found a Py ~ 1%, for
the strongest hyperfine transitions, also considered by |Sarma &
Momjian| (2020). While this value is still higher than the mea-
sured values, we note that our simulations were run for v, = 1
km s™' . At TsAQ ~ 10° K sr, our spectra have a FWHM line-
width of slightly less than half that of the observed spectrum
(0.24 km s~! vs. 0.53 km s7!). Since in the normal Zeeman in-
terpretation, the fractional polarization is inversely proportional

to the line-width this indicates that the observed polarization in
OMC-1 can indeed be the result of a magnetic field of ~100 mG.

From our models in case of B=30 mG we derive at the
gQ = 10R limit a value of TpAQ ~ 10° K sr and Py ~0.2% for
the same hyperfine transitions considered by Sarma & Momjian
(2020). While this indicates that a level of circular polarization
can be reached that is similar to the observed level for a smaller
magnetic field strength, this only occurs for values of TpAQ that
are more than three orders of magnitude larger than estimated
from the observations. In that case, part of Py originates from
non-Zeeman effects, which do not contribute at the lower ob-
served TpAQ. Alternatively, if the maser spot size is overesti-
mated, and thus T underestimated, and/or AQ is significantly
higher, non-Zeeman effects might after all be present in the ob-
served signal. However, currently, there are no observational in-
dications that either is the case, leading us to conclude that the
normal Zeeman analysis performed in|Sarma & Momyjian/(2020)
can be used and that the 25 GHz methanol masers trace a shock
enhanced magnetic field.

4.1.3. 36 GHz methanol masers

Sarma & Momyjian| (2009) detected 36 GHz methanol masers
across the MS8E region with a Py ~ 0.1% and estimated a mag-
netic field Brps ~ 20-30 mG. Also|Breen et al.|(2019) reported a
very low level in both linear and circular polarization fractions,
lower than 0.5%. From our simulations, we confirm a low Py
for this maser and we found an agreement with the observations,
since the 3 — 2 A hyperfine can produce a Py ~ 0.1% for a
magnetic field By ps ~ 20-30 mG. In addition, comparing the
V spectrum observed by |Sarma & Momjian| (2009) with the one
produced by our models, we find that also in this case preferred
pumping might have acted on the hyperfine transition 3 — 2 A;
this transition indeed generates an evident S-shape profile — one
that appears much less prominent in the baseline case.

For this maser at the gQ = 10R, we obtain a TpAQ ~ 10°
K sr, and assuming the same AQ ~ 1072 sr, this leads to a
limit in brightness temperature of ~ 10'' K, which is above the
range constrained from observations. Given the low level of P,
observed by Breen et al| (2019), we exclude a significant non-
Zeeman contribution for this maser emission.

4.1.4. 44 GHz methanol masers

Momjian & Sarma) (2019) observed 44.1 GHz methanol masers
in the DR21W star forming region, detecting a Py ~ 0.05%.
They considered the hyperfine transition 5 — 4 A and con-
strained a lower limit for the magnetic field B;ps ~ 25 mG. In
our model we also obtain Py ~ 0.056% when this hyperfine tran-
sition is preferably pumped and for a magnetic field of 10 mG.
For a B = 30 mG the resulting Py ~ 0.1%. In both the case, B is
in the same order of magnitude of the one suggested by Momjian
& Sarmal (2019). However the observed spectra show the pres-
ence of multiple components and therefore we cannot totally ex-
clude other combinations of hyperfines producing this emission.
Even so, the synthetic V spectra of the 5 — 4 A present a S-
shaped profile that is in agreement with the observed one. |Breen
et al.| (2019) observed P; and Py less than 0.5%, but from our
simulations the predicted maximum P; ~ 3%. Given the low
level of P, observed by |Breen et al.| (2019), we can rule out
any contribution due to magnetic field changes along the maser
path. By comparing Ty from observations and model, we can
exclude also a rotation of the symmetry axis. From our model
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TeAQ ~ 10° K sr at gQ = 10R limit for B = 10 mG. Therefore
if AQ ~ 1072 sr, the maximum brightness temperature reachable
to exclude the rotation of the symmetric axis is ~ 10'' K which
is higher than the observed ones.

4.1.5. 45 GHz methanol masers

From our simulations we obtain TgAQ ~ 10° K sr at the
gQ = 10R limit for B = 10 mG; thus we estimate a maxi-
mum brightness temperature reachable to exclude a rotation of
the symmetric axis of Tp ~ 101 K, which is several orders of
magnitude higher than that observed by [Breen et al.|(2019). We
also note that the level of P; and Py predicted by our model
for B = 10 mG are higher than the one detected by [Breen et al.
(2019).

4.1.6. Other methanol masers

Other methanol masers transitions presenting high level of Py
were detected at 6.2, 7.7, 7.8, 21, 37.7, 46 GHz and at 20.3 GHz
by Breen et al.| (2019) and MacLeod et al.| (2019) respectively.
We could not model non-Zeeman effects because the simulations
for these transitions were performed with the N&W92 code, lim-
ited to gQ = 10R. However looking at the TpAQ inferred from
our models and comparing them with the ones estimated from
observations, for all these masers we can exclude a rotation of
the symmetry axis.

For the 6.2 GHz maser, the observed P; ~ 7% has not been
predicted by our simulations, while, the predicted Py is instead
much higher than the one detected by Breen et al.|(2019). In this
case we cannot exclude the contribution of non-Zeeman effects
enhancing linear polarization. Looking at 7.7 GHz and 7.8 GHz
masers, the detected P, and Py are lower than the predicted ones.
For the 21 GHz, the observed P; is ~ 7% and our models show
P; ~ 6% in case of B = 30 mG and for the hyperfine transi-
tions 8—=9 A pumped 10 times more than the baseline. 37.7 GHz
observations shows high P; values which are almost in agree-
ment with our model for a B = 10 mG, while 46 GHz presents
P; higher than the predicted one. We can not exclude the action
of non-Zeeman effects or a combination of hyperfine preferred
pumping at higher B strength.

Since these masers are likely arising from the same region
of the protostar (Breen et al.|2019}; MacLeod et al.|[2019), one
possible explanation for these high observed levels of P, could
be due to the action of a magnetic field > 100 mG or to specific
hyperfine pumping or to the synergy of both. More observations
will probably help in understanding which process in ongoing in
this region, by measuring Py and by inferring the B strength.

4.2. Reversed profile in circular polarization spectra

Dall’Olio et al.| (2017) observed a reversed profile in 6.7 GHz
methanol maser I and V spectra detected between two different
epochs in the high mass protostar IRAS 18089-1732. In these
observations the V spectra presented two S-shape profiles, one
being the opposite of the other. One of the possible explanations
given by these authors to interpret the reversed I profiles and op-
posite circular polarization was the presence of two hyperfine
components of the 6.7 GHz methanol transition 5; — 64. Under
this hypothesis, one hyperfine transition would be preferred over
the other in one epoch, and vice versa in the following epoch.
Our simulations shows that this possibility can occur if the two
components of the spectra are given by the hyperfine transitions
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3> 4Aand7 — 8 A, as shown in Figs.[A.T2}[A.13] and[A. 14}
It can also occur when the two hyperfine transitions 6 — 7 A
and B are simultaneously preferentially pumped. However, since
the same effect could be also due either to a flip in the magnetic
field strength intrinsic to the source (Vlemmings et al.[2009) or
to different and blended masers, originating in two places ly-
ing along the same line of sight (e.g. Momjian & Sarmal[2017),
further methanol masers observations are needed to help in un-
derstanding the magnetic field action and its link on preferred
hyperfine pumping.

4.3. 6.2 GHz methanol maser and its hyperfine splitting

As reported in Sect. our simulations show that it is possi-
ble to observe the hyperfine splitting of two components for the
6.2 GHz methanol maser, when the thermal line width v, < 1.25
km s~!. Therefore, we showed that a splitting significantly larger
than the intrinsic thermal line width is required to actually ob-
serve the split. In addition, the first detection of this maser was
performed by [Breen et al.|(2019), but from their single dish ob-
servations it is impossible to discern if the features in the spectra
are clear signs of hyperfine splitting or not. Further high angular
resolution observations might help to observe the splitting be-
tween these two hyperfine components.

5. Conclusions

Masers can be considered useful tools to infer magnetic field
properties in star forming regions, and by observing linear and
circular polarization we can study the magnetic field morphol-
ogy and strength in different parts of the protostar.

We ran simulations using the radiative transfer CHAMP
code, for several magnetic field strengths, hyperfine components,
and pumping efficiencies. We explored the polarization proper-
ties of some observed methanol maser transitions, considering
newly calculated methanol Landé factors and preferred hyper-
fine pumping. We also investigated the action of non-Zeeman
effects, that can contaminate magnetic field estimates.

We noticed a dependence of the linear polarization fraction
on the magnetic field strength and on the hyperfine transitions.
Also the circular polarization fraction presents a dependence on
the hyperfine transitions. We found that distinct hyperfine com-
ponents react to the magnetic field differently. Thus, in case of
preferred hyperfine pumping, high levels of linear and circular
polarization can be produced, explaining some of the high P,
and Py observed. We discussed some of the peculiar features
seen in the S-shape of the observed V-profiles. Comparing T’z
obtained from our models with the observations, we argue that
methanol masers do not appear affected by a rotation of the sym-
metry axis. However other non-Zeeman effects might arise also
at modest Tz and they need to be considered in the study of mag-
netic fields.

A possible way to constrain these effects is represented by
observing polarized emission from other maser transitions ex-
pected to arise from the same region. Observations of only P,
would be used to determine the direction of the magnetic field
that can be parallel or perpendicular to the linear polarization
vector; however, the observed P; values will be consistent with
several models of preferred hyperfine pumping and it will be im-
possible to discern which hyperfine preferred pumping might be
occurring. Py will allow to achieve estimate on saturation level
and the possible effect of magnetic field rotation on measured
Py. Single observations of masers presenting only Py, can be
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used to derive lower limits of magnetic field strength and can
be helpful to determine and discuss the most probable hyper-
fine transitions acting. By simultaneous observations of P; and
Py, if possible also in different transitions, one can confidently
rule out the presence of non-Zeeman contributions or estimate
their actual action. Also a more accurate knowledge of the maser
beaming angle AQ and thus more precise measurement of the
brightness temperature 75 will help to understand the amount
of non-Zeeman contributions and on which hyperfine transitions
they are more relevant.

We showed an hyperfine splitting occurring between two
components of the 6.2 GHz methanol maser, when v, < 1.25
km s~'. We have seen that a splitting significantly larger than
the intrinsic thermal line width is required to detect the splitting
between the hyperfine components.

Therefore further high angular resolution observations of
methanol masers are necessary to understand how hyperfine pre-
ferred pumping works. The comparison between these observa-
tional details will be fundamental to better understand the simul-
taneous action of magnetic fields and preferred pumping.
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Table A.1: Characteristics of hyperfine transitions for 6.2 GHz
methanol maser

Hyperfine  Hyperfine g-factor A

transition shift (Hz) (s"'mG™) s

16 -17A  -11180 -0.8094  9.247x 10710
17 - 18 A 11720 -0.0335  4.624x 10710
17 - 18B -12410 0.0048 4.624 x 10710
18 - 19 A 10830 0.6945 9.226 x 10710
16 - 17B -11730 -0.8094  9.247 x 10710
17 - 18C 12240 -0.0335 4.624 x 10710
17—- 18D  -12810 0.0048 4.634 x 10710
18 - 19B 11210 0.6945 9.226 x 10710

Table A.2: Characteristics of hyperfine transitions for 6.7 GHz
methanol maser

Hyperfine Hyperfine  g-factor A

transition  shift (Hz) (s~'mG™") s

7—-8A 2500 29712 1.03 x 107™°
6->T7A -4397 1.6416 1.04 x 107°
6—7B 3541 1.4112 1.02x 107°
5-56A -2889 -0.8016 1.01 x107°
5> 6B 3015 0.0096 1.00 x 107°
4-55A 1240 -2.9376 1.06 x 107~°
4-5B -2835 -3.2496 1.03x 107
3-54A -4417 -7.1472 1.08 x 107°

Table A.3: Characteristics of hyperfine transitions for 7.7 GHz
methanol maser

Hyperfine = Hyperfine  g-factor Aij

transition shift (Hz) (s~'mG™) s

10> 11 A 10970 -2.9311 7.063 x 10710
11— 12A  -3300 -1.5661  4.395x 10710
11 - 12B 7710 -1.6428 4.355x 10710
12> 13 A -7390 -0.4215 3.483 x 10710
12 - 13B 6680 -0.5460 3.483x 10710
13> 14 A -9370 0.5460 4305 % 10710
13 > 14B 8230 0.4071 4.345 % 10710
14->15A -8830 1.3075 6.982 x 10710

Appendix A: Appendix
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Fig. A.1: 6.7 GHz methanol maser linear and circular polarization fraction as a function of the maser luminosity for five different
6. The vertical line marks T3AQ where gQ = 10R. Magnetic field strength is 1 and 100 mG, thermal velocity width is 1 km s
and the hyperfine transitions are indicated in each panel. The panel at the top left labelled “baseline” indicates a fixed pumping rate
equal for all the hyperfine transitions, while all others assume a 10x preferred pumping for the indicated i — j transition.

6.2GHz, B=10 mG, vi,=1 km s71 6.2GHz, B=10 mG, vg=1 km s!

0
0.0204
-0.01
0.015 o o
1 - —0 -0.02 —0
o
(=3
. = 15 N S 15
a [} 45 Q 1} 45
.010+ G — (e}
0.010 28 = 0.03 S 75
— 90 —— 90
0.005+4 —0.04
-0.05
04 -
108 10° 100 108 10° 10t
TpAQ (K sr) TpAQ (K sr)
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different 6. The vertical line marks T3AQ where gQ = 10R. Magnetic field strength is 10 mG, thermal velocity width is 1 km s~!.
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Table A.7: Characteristics of hyperfine transitions for 21 GHz

methanol maser

Table A.10: Characteristics of hyperfine transitions for 37.7 GHz
methanol maser

Hyperfine  Hyperfine  g-factor A

transition shift (Hz) (s~'mG™!) s

8—>90A 21710 25719 3373x 1078
9> 10A -1730 -1.0297 2.018 x 1078
9—-10B -13560 -0.8238 1.991 x 1078
10> 11 A 6920 0.1581 1.660 x 1078
10> 11B -7210 0.6801 1.663 x 1078
11> 12A 5150 23803  1.445x 1078
11—-12B 4990 0.7040 1.449 x 108
12> 13A 18650 2.4953 3.327 x 1078

Hyperfine Hyperfine  g-factor A

transition  shift (Hz) (s~'mG™!) s

6-7A 8220 22980 9.638x 10°°
7—-8A -6150 -0.1341 4.831 x 1078
7—- 8B 8110 -0.6178  4.875x 1078
8—>9A -7750 1.1207 9.594 x 1078
6—-7B 1550 22989  9.638 x 1078
7—-8C -350 -0.3448  4.842x 1078
7—-8D 1090 -0.4023  4.842x 1078
8—>9B -1380 1.1207 9.594 x 1078

Table A.8: Characteristics of hyperfine transitions for 25
methanol maser

GHz

Table A.11: Characteristics of hyperfine transitions for 44 GHz
methanol maser

Hyperfine Hyperfine g-factor A

transition  shift (Hz) (s~'mG™") 57!

6—6A -26 44480  5.570x 1078
5-55A 4223 0.2830 5.538x 1078
5—5B -1070 0.3896 5.533x 1078
4-54A 1462 -5.4850 5.500 x 1078
6—6B 3754 45990  5.570x 1078
5-5C -271 0.1131 5.537x 1078
5-5D -1070 0.3393 5.532x 1078
4—-4B -3784 -5.4290 5.500 x 1078

Hyperfine Hyperfine g-factor A

transition  shift (Hz) (s~'mG™!) s

9-58A -2444 2.5950 27.449 x 1078
8—>7A 3934 12755  27.116 x 1078
8—>7B -3216 1.3006 26.796 x 1078
7> 6A 2897 -0.6786 26.285 x 1078
7—-6B -2897 -0.1005  26.078 x 1078
6—>5A -1684 -2.5321 26.407 x 1078
6—->5B 2863 -2.7395 25.874 x 1078
5-54A 3898 -5.7805 25913 x 1078

Table A.9: Characteristics of hyperfine transitions for 36 GHz

methanol maser

Table A.12: Characteristics of hyperfine transitions for 45 GHz
methanol maser

Hyperfine Hyperfine g-factor Aij

transition  shift (Hz) (s~'mG™!) s

5-54A 5402. 3.054 15238 x 1078
4—-3A -4791. 1.093 13.009 x 1078
4—-3B -3395. -1.722 12.615x 1078
352A -3032. -4.524 13.994 x 1078
5—-48B 4042. 2.664 15238 x 1078
4—-3C 4303. 0.3519 14.595 x 1078
4—3D -3395. -0.4712 14.469 x 1078
3-52B -6802. -4.423 13.995 x 1078

Hyperfine Hyperfine  g-factor A

transition  shift (Hz) (s~'mG™") s

1-2A -3850 -6.7387  2.512x 1077
2-53A 540 -1.8104 1.352 x 1077
2—-53B -4250 1.8008 1.679 x 1077
3-54A 5870 3.3622 2.884 x 1077
1-2B -5600 -6.7387  2.512x 1077
2-3C 1940 0.1868 1.556 x 1077
23D -2030 -0.2012 1.455 x 1077
3-54B 3780 3.3622 2.884 x 1077

2010, MNRAS, 404, 134
Vlemmings, W. H. T., Torres, R. M., & Dodson, R. 2011, A&A, 529, A95
Watson, W. 2008, in Cosmic Agitator: Magnetic Fields in the Galaxy, 21
Watson, W. D. & Wyld, H. W. 2001, AplJ, 558, L55
Western, L. R. & Watson, W. D. 1984, ApJ, 285, 158
Wiebe, D. S. & Watson, W. D. 1998, ApJ, 503, L71
Zeeman, P. 1897, Apl, 5, 332
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Table A.13: Characteristics of hyperfine transitions for 46 GHz
methanol maser

Hyperfine = Hyperfine  g-factor Aij

transition shift (Hz) (s~'mG™) s

8—>9A 7930 -1.9828 1.531 x 1077
9—-10A -5650 -0.4454  7.674x 1078
9—-10B 7300 -0.5268  7.674x 1078
10> 11 A -7570 0.7328 1.524 x 1077
8—>9B 8930 -1.9828 1.531 x 1077
9-10C -6560 -0.4454  7.674x 1078
9—-10D 8110 -0.5268  7.674x 1078
10> 11B -8300 0.7328 1.524 x 1077
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Fig. A.3: 6.7 GHz methanol maser linear and circular polariza-
tion fraction as a function of the maser luminosity. Colours in-
dicates different degrees of preferred pumping (3, 10, 30, 100
times) for the hyperfine transition 3 — 4 A. The vertical dotted
lines indicate gQ0 = 10R. Magnetic field strength, angle 6, and
thermal width are indicated in the plot.

B=10 mG, vi=1 km s7?!
6=0 =15 6=45

0.20 A

0.15 4

o PN A

0 -
oy 6=75 6=90 100 1072 | 10
0.204
0.154 —— 4-5A x3
4-5A x10
0104 455A x30
0.05 4 —— 4-5A x100
04

100 1012 10 1010 102 = 10u
TpAQ (K sr)

B=10 mG, vi=1 km s~1

6=0 6=15 6=45
N /L
oLk I i —
~0.02+
< 6=75 8=90 100 102 10%
0.024
L 4-5Ax3
0 4-5A x10
T~ 4-5A x30
-0.021 L 455Ax100

1010 a 1612 a 1614 1010 - 1612 - 1614
TpAQ (K sr)
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Fig. A.5: Circular polarization fraction as a function of 8 for different T5AQ, for 6.2 GHz, 6.7 GHz, 25 GHz and 45 GHz methanol
maser baselines. Magnetic field strength is 10 mG, thermal velocity width is 1 km s~!. For the 6.2 GHz methanol maser T3AQ
corresponding to gQ = 10R limit is ~ 2 x 10'° K sr; for the 6.7 GHz methanol maser T3AQ corresponding to gQ = 10R is ~ 10'°
K sr; for the 25 GHz methanol maser TgAQ corresponding to gQ = 10R is ~ 10° K sr; for the 45 GHz methanol maser T3AQ
corresponding to gQ = 10R is ~ 9 x 10% K sr.
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Fig. A.6: 6.7 GHz methanol maser linear polarization fraction
P, plotted as a function of the propagation angle 6 and the rate of
stimulated emission. B strengths, v;;, and the preferred hyperfine

transitions are indicated in each panel. The panel at the top left
labelled “baseline” indicates a fixed pumping rate equal for all
the hyperfine transitions, while all others assume a 10x preferred
pumping for the indicated i — j transition.
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Fig. A.7: 6.7 GHz methanol maser circular polarization fraction
Py, plotted as a function of the propagation angle 6 and the rate
of stimulated emission. Panels as in Fig.[A.§
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Fig.[A.g]
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Fig. A.15: 6.2 GHz methanol maser spectra for different intrinsic
thermal velocity width. Simulations were performed for stokes
I, Q, U, and V, and for propagation angles 6 of 0, 15, 45, 75 and
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