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ABSTRACT

Context. Although star-formation models predict that the magnetic field plays an important role in regulating disk-mediated accretion
and launching and collimating protostellar jets, observations of the magnetic field close enough (within a few 100 au) to the forming
stars are still sparse.
Aims. Our goal is to measure and model the magnetic field distribution in the disk wind of the young stellar object (YSO)
IRAS 21078+5211.
Methods. We performed sensitive global very long baseline interferometry observations of the polarized emission of the 22 GHz water
masers tracing individual streamlines of the magnetohydrodynamic (MHD) disk wind in IRAS 21078+5211. Our resistive-radiative-
gravito-MHD simulations of a jet around a forming massive star are able to closely reproduce the observed maser kinematics in the
inner jet cavity.
Results. We measure a weak level of 0.3–3.2% of linear and circular polarization in 24 and 8 water masers, respectively. The detected
polarized masers sample the direction and the strength of the magnetic field along five distinct streamlines within the inner 100 au
region of the disk wind. Along the four streamlines at smaller radii from the jet axis (≤25 au), the sky-projected direction of the
magnetic field forms, in most cases, a small offset angle of ≤30◦ with the tangent to the streamline. Along the stream at larger radii
(50–100 au), the magnetic field is sampled at only three separated positions, and it is found to be approximately perpendicular to the
streamline tangent at heights of ≈10 and 40 au, and parallel to the tangent at ≈70 au. According to our simulations, the magnetic field
lines should coincide with the flow streamlines in the inner jet cavity. The small tilt in the magnetic field direction observed along the
inner streams can be well explained by Faraday rotation, assuming a realistic low level of ionization for the molecular shell of the jet
of namely ∼10−2. The magnetic field amplitudes measured from maser circular polarization are all within a relatively small range of
100–700 mG, which is in good agreement with the simulation results and consistent with reduced magnetic diffusivity in the jet cavity
owing to efficient shock ionization.
Conclusions. By comparing observations achieving sub-au linear resolution with source-specific simulations, this work presents
a very detailed study of the gas kinematics and magnetic field configuration in the MHD disk wind associated with the YSO
IRAS 21078+5211. The close correspondence between flow streamlines and magnetic field lines together with the relatively high
strength of the magnetic field indicate that the magnetic field has a dominant role in the launch and collimation of the YSO jet.
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1. Introduction

Dust polarization observations are routinely conducted in order
to study the magnetic field in both low- and high-mass star form-
ing regions (on scales of ∼0.1 pc), as they allow us to determine
the field orientation and to assess the relative magnitude of the
ordered and turbulent components of the field (e.g., Girart et al.
2006, 2009). Dust polarization measurements can also be used
to indirectly estimate the magnitude of the magnetic field com-
ponent on the sky plane based on the Chandrasekhar & Fermi
(1953) method, which quantifies how much the magnetic field is
disturbed by the “turbulent” gas motions. Nevertheless, different
effects can contribute to dust polarization especially at the high-
density regimes of circumstellar regions on scales of ≲1000 au,

such as radiative grain alignment (Lazarian & Hoang 2007) or
dust scattering (Kataoka et al. 2015). For instance, the latter
effect becomes increasingly important when grains grow to sizes
that are comparable to the wavelength of the millimeter radiation
(>50µm; Kataoka et al. 2017), as expected inside dusty disks,
where pebble accretion happens. This topic has been widely dis-
cussed in the recent literature (e.g., Bertrang et al. 2017; Alves
et al. 2018; Girart et al. 2018; Bacciotti et al. 2018; Hull et al.
2018; Dent et al. 2019). Linear polarization of thermal lines
such as CO and SiO, also known as the Goldreich-Kylafis effect
(Goldreich & Kylafis 1981), can also be used to probe magnetic
fields in the plane of the sky, although only marginal detections
have been reported so far (e.g., Stephens et al. 2020; Teague et al.
2021).
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A more direct measurement of magnetic field strengths can
be obtained through Zeeman splitting in the circular polariza-
tion of suitable lines, such as the paramagnetic radical CN (e.g.,
Falgarone et al. 2008). The circularly polarized signal produced
by Zeeman splitting depends directly on the magnetic field
strength along the line of sight (LOS). However, the detection
of Zeeman splitting through thermal line emission coming from
the circumstellar regions is challenging because of the high sen-
sitivity and high spectral resolution required to detect the low
level of circular polarization expected (of the order of 1%). As a
consequence, Zeeman splitting has so far only been detected at
optical wavelengths toward the innermost region of the accretion
disk of FU Orionis (Donati et al. 2005) and, despite significant
efforts, no detections have yet been reported at (sub)millimeter
wavelengths for scales of 100 au or less (e.g., TW Hya, AS 209:
Vlemmings et al. 2019; Harrison et al. 2021).

In the last two decades, the magnetic field around mas-
sive young stellar objects (YSOs) has also been targeted by
observing polarized maser emissions with the very long baseline
interferometry (VLBI) technique (e.g., Vlemmings 2012; Surcis
et al. 2022). Specific targets are the intense 6.7 GHz CH3OH
and 22 GHz H2O maser emissions, which have been routinely
observed in recent decades for gas kinematics studies within
10–1000 au of high-mass YSOs (e.g., Moscadelli et al. 2007,
2011; Sanna et al. 2010; Goddi et al. 2011). Because of the
low level (≲1%) of maser polarization fraction, with the typi-
cal spectral line VLBI sensitivity of ≳10 mJy per 0.1 km s−1,
only the most intense (≥10–100 Jy) sources yield a signifi-
cant number of independent polarization measurements (>10).
Despite this limitation, in a few objects, VLBI of H2O masers
has succeeded in adequately mapping the magnetic field over
the disk–jet region within a few 100 au of the YSO. The first
case studied is that of the massive star-forming region W75N(B)
(Surcis et al. 2011a, 2014, 2023), where water masers revealed
the different morphologies of the magnetic field associated with
two YSOs, named VLA 1 and VLA 2, which are thought to be in
different evolutionary stages. A second case study of H2O maser
polarization is the high-mass YSO W3(H2O), where Goddi et al.
(2017) found that the magnetic field probed by 22 GHz H2O
masers is oriented along the axis of a synchrotron jet detected
in the radio continuum at scales of 1000 au; the same magnetic
field direction is instead misaligned with respect to the maser
proper motions on scales of 10–100 au. On the other hand, the
6.7 GHz CH3OH masers are generally distributed at distances
of greater than 300 au from the YSO, tracing magnetic fields in
the outer disk layers and likely the interaction between circum-
stellar envelopes and outflowing gas (Surcis et al. 2015, 2019,
2022). A case study in this respect is that of the O-type YSO
named G023.01−00.41 (Sanna et al. 2015), where the magnetic
field appears to be correlated with the velocity field of the gas
close to the disk midplane (at radii ≥600 au), and to be more
turbulent closer to the jet axis above this plane.

From a theoretical perspective, several recent numerical
studies have built on the classical description of disk winds
(DWs; see, e.g., Blandford & Payne 1982; Pelletier & Pudritz
1992) and magnetohydrodynamic (MHD) simulations in the
ideal approximation (see, e.g., Banerjee & Pudritz 2007; Seifried
et al. 2012) to widen our understanding of how magnetic
fields drive outflows during the formation of massive stars.
Kölligan & Kuiper (2018), Matsushita et al. (2017), and Machida
& Hosokawa (2020) performed MHD simulations with Ohmic
dissipation as a nonideal effect and approximations to ther-
modynamics (an isothermal equation of state in the first
study and a barotropic equation of state in the others). While

Kölligan & Kuiper (2018) find a magneto-centrifugally launched
jet, Matsushita et al. (2017) and Machida & Hosokawa (2020)
do not find an outflow in any of the cases studied. Mignon-
Risse et al. (2021) and Commerçon et al. (2022) considered
ambipolar diffusion as a nonideal effect in their 3D MHD sim-
ulations but no Ohmic dissipation, and both studies included a
diffusive treatment for radiation transport of the dust and gas
emission. These latter studies found indications of magnetically
driven outflows of typical velocities of the order of 30 km s−1,
and magnetic fields strengths that are below ∼0.1 G throughout.
These latter authors used the RAMSES code with an adaptive
mesh refinement grid with a minimum cell size of 5 au. Oliva &
Kuiper (2023a,b) performed MHD simulations with the Pluto
code (Mignone et al. 2007) including the effects of radiation
transport and Ohmic dissipation. Because of their axisymmet-
ric grid setup in spherical coordinates, the authors were able to
reach high resolution (up to 0.03 au) in the innermost 100 au,
allowing for a detailed study of the launch and propagation of
a magneto-centrifugal jet. These latter studies also explored the
effects of the initial conditions on the evolution of the disk–jet
system and the YSO.

In Moscadelli et al. (2022), we used one of the simulations
described in Oliva & Kuiper (2023a,b) to perform an order-of-
magnitude comparison of the kinematics of the jet and the water
masers observed in IRAS 21078+5211. Our first results showed
that the simulations are able to reproduce a helical fast flow close
to the YSO, the observed size of the disk, the mass of the YSO,
and the overall structure of the slower molecular flow at large
scales.

IRAS 21078+5211 is a star forming region of high bolo-
metric luminosity, 5× 103 L⊙ (Moscadelli et al. 2016) at a
distance of 1.63± 0.05 kpc (Xu et al. 2013), and harbors a
cluster of forming massive stars. In recent years, the main prop-
erties (3D orientation, size, kinematics) of the disk–jet system
around the most massive YSO (5.6 ± 2 M⊙) in the cluster have
been studied at high angular resolutions (1–100 mas) using
NOrthern Extended Millimeter Array (NOEMA) molecular line,
Jansky Very Large Array (JVLA) continuum (1.3 and 5 cm), and
multi-epoch (2010–2011) Very Long Baseline Array (VLBA)
22 GHz water maser observations (Moscadelli et al. 2016, 2021).
In October 2020, we reobserved the water masers with sensi-
tive global VLBI observations, and demonstrated that the water
masers trace streamlines of gas emerging from the YSO disk and
spiralling outward along the jet axis, providing us with a direct
view of the velocity field of the YSO’s MHD DW (Moscadelli
et al. 2022). Figure 1a shows the water maser positions around
the YSO, mainly found within radii ≤100 au. Close to the disk
rotation axis, in the SW and NE regions, the masers trace sinu-
soidal patterns in the plane of the sky (see Fig. 1a), which are
univocal signatures of a spiralling motion along the jet axis. At
larger separation from the rotation axis, in the N region, the
local-standard-of-rest velocity (VLSR) of the maser changes lin-
early with the radial distance, which indicates that the maser
stream co-rotates with its launch point from the disk as predicted
by magneto-centrifugal acceleration. Our simulations of a MHD
DW around a forming massive star yield streamlines that closely
match the maser velocity patterns (see Fig. 1b).

This work reports the configuration of the magnetic field
in the DW of IRAS 21078+5211, as derived from our recent
global VLBI polarization observations of the 22 GHz water
masers, together with the results of the simulations performed
to reproduce both the velocity and magnetic fields traced with
the masers. Section 2 describes the observations and the anal-
ysis we performed to derive the magnetic field. In Sect. 3, we
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Fig. 1. 22 GHz water masers in IRAS 21078+5211 and a 3D view of the DW streamlines that best reproduce the maser kinematics. (a) Water
masers found in the global VLBI observation in 2020 October. Colored dots give the relative positions of the 22 GHz water masers, with colors
denoting the local-standard-of-rest velocity of the masers, VLSR. We note that the observed positions have been rotated 50◦ clockwise so as to align
the jet axis with the vertical axis (and the disk axis with the horizontal axis). The black dotted rectangles encompass the three regions, to the N,
NE, and SW, where the maser emission concentrates. The black, red, and blue curves denote the sinusoids drawn by the masers belonging to the
SW, NE-2, and NE-3 streams, respectively. (b) Simulation of the DW kinematics. The colored curves denote four DW streamlines departing from
the launch radius of 4 au at 90◦ azimuthal separation from one another, as computed with the simulation that best reproduces the geometry and
kinematics of the maser patterns (see Sect. 3.3). Colors show VLSR using a scale similar to that of the observations. The simulations reproduce only
the inner maser streams, within a radius of 40 au. The streamlines labeled “A”, “B”, and “C” are those that best reproduce the NE-3 (blue sinusoid),
NE-2 (red sinusoid), and SW (black sinusoid) maser streams, respectively. We note that the NE-2 stream is, strictly speaking, better reproduced
using a slightly larger launch radius of 4.5 au (see Sect. 3.3). In agreement with previous observational constraints (see Sect. 3.1), VLSR is calculated
for a LOS inclination of the jet axis of 10◦.

show the measurements of the magnetic field, illustrate the initial
conditions and fundamental parameters of our simulations, and
describe the strategy we employed to select the simulation snap-
shot that best reproduces the observed data. Section 4 discusses
the physical characteristics of our best-matching simulation and
its limits and corresponding difficulties in reproducing the obser-
vations, and compares this simulation with other simulations in
our catalog. Finally, we draw conclusions in Sect. 5.

2. VLBI polarization observations and magnetic
field measurement

Descriptions of the global VLBI observations, correlation, and
data calibration were reported in Moscadelli et al. (2022). Here,
we focus on the aspects relevant to the polarization observations
only. We recorded dual circular polarization signals through four
adjacent base bands, each with a width of 16 MHz, and one of
them centered at the maser VLSR of −6.4 km s−1. The maser base
band split into a narrower width of 8 MHz was correlated with
the European VLBI Network (EVN) software correlator (SFXC,
Keipema et al. 2015) at the Joint Institute for VLBI ERIC (JIVE,
at Dwingeloo, the Netherlands) with 4096 channels in order to
achieve the very high velocity resolution of 0.026 km s−1 needed
for revealing circular polarization. The right and left circularly

polarized radio signals received and registered at the anten-
nas were also cross-correlated to generate all four polarization
combinations (RR, LL, RL, and LR).

Data were reduced with the Astronomical Image Processing
System (AIPS) package following the VLBI spectral line proce-
dures (Sanna et al. 2010). After applying the parallel-polarization
(amplitude and phase) calibration, the delay corrections for
the cross-polarization signals and the feed polarization param-
eters were determined from scans of the polarization calibrator
J2202+4216. The maser polarization angles, or electric vector
position angles (EVPAs) of linearly polarized maser emission,
were corrected so as to set the polarization angle of 3C48 –
which was observed as the secondary polarization calibrator –
to −70◦ ± 2◦ (Perley & Butler 2013). The emission of an intense
and compact maser channel was self-calibrated, and the derived
(amplitude and phase) corrections were applied to all the maser
channels before imaging. We produced images at the full velocity
resolution of the four Stokes parameters I, Q, U, and V, cover-
ing the whole emission range of maser detections by Moscadelli
et al. (2022) of namely [−40, +30] km s−1. To save computa-
tional time, we mapped a relatively small area extending 0.′′082
in both right ascension (RA) cos δ and declination (Dec) around
the YSO position. This area includes the strongest maser features
(with intensity ≥1.5 Jy beam−1) distributed inside the NE, SW,
and N regions where the water maser streamlines are detected
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Table 1. Fitted parameters of the polarized 22 GHz H2O maser features.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Maser RA (a) Dec (a) Maser Peak flux VLSR Pl χ ∆Vi

(b) Tb∆Ω
(b) PV BLOS θ prob.

ID offset offset stream density(I) B||
(mas) (mas) (Jy beam−1) (km s−1) (%) (◦) (km s−1) (log K sr) (%) (mG) (◦) (%)

1 0 0 − 53.066 –21.6 0.57 ± 0.01 +46 ± 6 3.2+0.1
−0.5 10.09+0.2

−0.2 − − 52+6
−42 94

2 +60.42 ± 0.03 +27.87 ± 0.03 NE-2 14.326 –3.0 0.3 ± 0.1 +36 ± 47 3.3+0.2
−0.2 8.7+0.6

−1.2 − − 68+8
−44 60

3 −14.93 ± 0.03 +51.87 ± 0.03 N 14.017 –24.0 1.09 ± 0.23 +29 ± 2 3.3+0.1
−0.4 9.4+0.6

−1.6 − − 67+12
−39 53

4 −1.55 ± 0.03 +58.23 ± 0.03 N 10.457 –28.5 0.4 ± 0.1 +40 ± 20 2.8+0.2
−0.2 9.1+0.7

−6 0.4 ± 0.1 −160 ± 80 62+2
−44 80

5 −42.37 ± 0.03 −36.16 ± 0.03 SW 7.082 +0.4 0.5 ± 0.2 +22 ± 14 3.3+0.2
−0.2 9.1+0.5

−1.5 − − 66+9
−43 62

6 +56.89 ± 0.03 +18.87 ± 0.03 NE-2 6.565 –1.0 0.3 ± 0.1 +56 ± 15 2.9+0.1
−0.2 8.6+0.8

−0.9 1.4 ± 0.2 −457 ± 144 67+8
−44 62

7 +23.06 ± 0.03 −4.24 ± 0.03 NE-3 6.502 –15.2 0.41 ± 0.06 +10 ± 4 3.8+0.1
−0.3 9.0+0.5

−0.5 0.7 ± 0.2 +319 ± 188 67+6
−42 63

8 −1.29 ± 0.03 +59.10 ± 0.03 N 5.543 –30.2 0.3 ± 0.1 +38 ± 27 3.8+0.1
−0.3 8.7+0.7

−0.2 − − 68+4
−44 65

10 +33.59 ± 0.03 +3.34 ± 0.03 NE-3 4.866 –15.1 0.45 ± 0.19 +71 ± 8 2.9+0.1
−0.3 9.1+0.7

−1.4 1.3 ± 0.2 +441 ± 154 62+8
−45 72

11 +58.57 ± 0.03 +32.40 ± 0.03 NE-1 4.812 –19.8 0.39 ± 0.05 +32 ± 6 3.2+0.3
−0.1 8.9+0.3

−0.7 − − 68+15
−34 43

12 −14.78 ± 0.03 +52.52 ± 0.03 N 4.395 –24.8 1.35 ± 0.33 +11 ± 2 3.3+0.1
−0.6 8.4+0.5

−1.7 − − 90+22
−22 0

13 −43.75 ± 0.03 −40.90 ± 0.03 SW 4.273 +5.0 0.3 ± 0.1 +54 ± 6 3.0+0.1
−0.4 8.5+0.8

−0.3 1.4 ± 0.1 −497 ± 211 70+5
−46 61

14 +60.79 ± 0.03 +28.54 ± 0.03 NE-2 4.072 –3.2 0.6 ± 0.1 +39 ± 5 3.6+0.2
−0.2 9.2+0.3

−0.7 − − 64+6
−41 68

16 +61.14 ± 0.03 +31.34 ± 0.03 NE-2 3.397 +1.5 3.2 ± 0.2 +27 ± 4 2.3+0.1
−0.2 10.6+0.2

−0.1 − − 42+11
−16 100

17 −41.84 ± 0.03 −34.58 ± 0.03 SW 3.387 –0.1 0.4 ± 0.1 +87 ± 23 2.8+0.1
−0.3 8.8+0.4

−1.4 − − 69+15
−35 42

18 +33.76 ± 0.03 +3.88 ± 0.03 NE-3 3.206 –15.4 0.49 ± 0.08 +58 ± 8 3.3+0.2
−0.2 8.9+0.4

−1.2 1.0 ± 0.2 +384 ± 242 69+14
−35 43

19 −11.28 ± 0.03 +22.53 ± 0.03 N 3.177 –22.7 0.61 ± 0.07 −22 ± 7 3.6+0.1
−0.5 8.8+0.4

−1.1 − − 78+11
−18 0

20 +53.03 ± 0.03 +19.32 ± 0.03 NE-1 2.485 –11.7 0.6 ± 0.1 −30 ± 9 2.5+0.1
−0.3 9.2+0.7

−1.4 1.7 ± 0.2 +496 ± 308 64+10
−41 63

24 −44.37 ± 0.03 −39.19 ± 0.03 SW 2.072 +4.3 0.6 ± 0.1 +32 ± 5 3.3+0.1
−0.3 9.1+0.4

−0.8 − − 67+9
−41 58

25 +25.54 ± 0.03 −3.08 ± 0.03 NE-3 2.062 –16.2 − − − − 1.8 ± 0.4 (c) +715 ± 499 (c) − −

27 +60.50 ± 0.03 +38.38 ± 0.03 NE-2 1.926 –6.2 0.8 ± 0.1 +34 ± 12 3.5+0.1
−0.4 8.8+0.6

−1.3 − − 86+4
−39 19

30 +62.36 ± 0.03 +37.98 ± 0.03 NE-2 1.631 –10.8 2.2 ± 0.2 −15 ± 4 3.6+0.3
−1.0 9.7+0.8

−1.9 − − 66+4
−38 64

31 −43.54 ± 0.03 −40.37 ± 0.03 SW 1.537 +5.2 0.7 ± 0.1 +66 ± 22 3.2+0.2
−0.5 9.6+0.5

−0.6 − − 61+1
−44 84

36 +61.04 ± 0.03 +38.18 ± 0.03 NE-2 0.954 –8.1 1.4 ± 0.2 +38 ± 9 2.9+0.3
−0.2 8.6+0.4

−1.9 − − 90+20
−20 0

40 +59.72 ± 0.03 +27.76 ± 0.03 NE-2 0.756 +0.4 1.8 ± 0.2 +58 ± 10 2.4+0.1
−0.2 10.6+0.1

−0.2 − − 48+1
−31 100

Notes. Columns 1–3, 5, and 6 report the label number, the position (RA and Dec) relative to the reference feature, the intensity, and the VLSR
of the water masers from Moscadelli et al. (2022, see Supplementary Table 1). Column 4 reports the streamline to which the maser belongs.
Columns 7 and 11 list the measured level of linear and circular polarization, respectively, and Col. 8 the PA of the linear polarization. Columns 9,
10, 12, and 13 provide the model-derived values of the intrinsic maser line width, ∆Vi, the product of the maser brightness temperature and beaming
angle, Tb∆Ω, the LOS component of the magnetic field, and the angle, θ, between the magnetic field and the LOS, respectively. Column 14
reports the estimated probability that the magnetic field is oriented parallel to the linear polarization. (a)The reference position is RA(2000) =
21h09m21s.7099 and Dec(2000) = 52◦22′37′′.001. (b)The best-fitting results obtained using a model based on the radiative transfer theory of
H2O masers for Γ + Γν = 1 s−1 (Surcis et al. 2011a), where Γ is the maser decay rate and Γν the cross-relaxation rate. (c)In the fitting model, we
include the values ⟨Tb∆Ω⟩ = 9.9 × 108 K sr and ⟨∆Vi⟩ = 3.3 km s−1 that best fit the total intensity emission.

(see Fig. 1a). Given that polarization is detected above maser
intensities of ≥0.7 Jy beam−1(see Table 1), we could have only
missed the detection of polarized emission for a single feature
(label number #32 in Supplementary Table 1 of Moscadelli et al.
2022) outside the mapped area. Using natural weighting, the
FWHM major and minor sizes of the beam are 0.3 mas and
0.2 mas, respectively, and the beam PA is 1.7◦. In channel maps
devoid of emission, the 1σ rms noise is 1.6 mJy beam−1, which
is close to the expected thermal noise.

We produced the linearly polarized intensity

(POLC =

√
Q2 + U2 − σ2

P) and polarization angle
(POLA = 1/2 × arctan(U/Q)) images by combining the Stokes
Q and U images. The polarized intensity was corrected accord-
ing to the noise of σP =

√
[(Q × σQ)2 + (U × σU)2]/(Q2 + U2),

where σQ and σU are the noise of the corresponding Stokes
images. The formal error on POLA due to the thermal noise is

given by σPOLA = 0.5 (σP/POLC) (Wardle & Kronberg 1974).
Subsequently, for each maser detected by Moscadelli et al.
(2022) that showed polarized emission, we measured the mean
linear polarization fraction (Pl) and the mean linear polarization
angle (χ). This was done by considering only the consecutive
channels (more than two) across the total intensity spectrum for
which the polarized intensity is ≥4rms. Polarimetric data were
analyzed using the full radiative transfer method (FRTM) code
developed by Vlemmings et al. (2006) and based on the model
for unsaturated 22 GHz H2O masers of Nedoluha & Watson
(1992). In this code, the total intensity and linear polarization
spectra are modeled by gridding the intrinsic maser line width
(∆Vi) between 0.4 and 4.5 km s−1in steps of 0.025 km s−1 using
a least-square fitting routine (χ2-model) with an upper limit on
the product of the emerging maser brightness temperature and
beaming angle of Tb∆Ω = 1011 K sr. This allows us to determine
the values of Tb∆Ω and ∆Vi that produce the best-fit models to
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the linearly polarized emission of our masers. It should be noted
that in the case of saturated masers, the FRTM code provides
only a lower limit for Tb∆Ω and an upper limit for ∆Vi. In
addition, from the maser polarization theory, it is possible to
estimate the angle between the maser propagation direction and
the magnetic field (θ) from Tb∆Ω and Pl (see, e.g., Nedoluha
& Watson 1990, 1992). This θ angle is important because it
allows us to solve the 90◦ ambiguity of the magnetic field orien-
tation with respect to the linear polarization vectors. Indeed, if
θ > θcrit = 55◦, the magnetic field appears to be perpendicular
to the linear polarization vectors; otherwise, it appears parallel
(Goldreich et al. 1973). To determine the relative orientation of
the magnetic field, we consider the associated errors ε± of θ,
which are determined by analyzing the probability distribution
function of the full radiative transfer χ2-model fits, as we also
did for Tb∆Ω and ∆Vi, where the plus and minus signs indicate
the positive and negative errors, respectively. In particular,
considering that θ± = θ + ε±, if |θ+ − 55◦| < |θ− − 55◦| the
magnetic field is more likely parallel to the linear polarization
vectors, while if |θ+ − 55◦| > |θ− − 55◦| the magnetic field is
more likely perpendicular. In the last column of Table 1, we
report the probability that the magnetic field is parallel to the
linear polarization vector.

In case where a maser also showed circular polarization
(PV), we measured the Zeeman splitting and estimated the
magnetic field strength along the LOS (BLOS). For this purpose,
we fitted the observed I and V spectra using the I and V
models produced in the FRTM code from the best estimates
of Tb∆Ω and ∆Vi. However, due to the typical weak circularly
polarized emission of H2O masers (<1%), it is important to
determine whether or not the circularly polarized emission is
real by measuring the self-noise (σs.−n.) produced by the masers
in their channels. This noise becomes important when the power
contributed by the astronomical maser is a significant portion
of the total received power (Sault 2012). Therefore, we only
consider a detection of circularly polarized emission to be real
when the V peak intensity of a maser feature is both >3 rms and
>3 σs.−n..

3. Results

3.1. Maser polarization and 3D magnetic field geometry

Table 1 lists the water masers towards IRAS 21078+5211 (see
Supplementary Table 1 in Moscadelli et al. 2022) with detected
linear and/or circular polarizations. A weak level of linear polar-
ization in the range of 0.3–3.2% is observed in 24 masers, while
8 masers present a weak fraction of circular polarization of 0.4–
1.8%. All the masers with detected polarized emission have
intensities of ≥0.7 Jy beam−1. While the PA of the linear polar-
ization is accurately determined, with errors of mostly ≤10◦, the
LOS inclination, θ, of the magnetic field has a large uncertainty,
typically of several tens of degrees (see Table 1).

Our knowledge of the maser kinematics, together with the
simulations, provides an independent check on the 3D geometry
of the magnetic field. One notable result is that, in the co-rotating
frame of the launch points, the streamlines and magnetic field
lines coincide (see Sect. 3.3), which is consistent with the pre-
dictions by Moscadelli et al. (2022). Assuming that the field lines
are the helical streamlines traced with the water masers, Fig. 2
plots the orientation (lower panel) and inclination (upper panel)
of the magnetic field vector at the maser positions along the NE
streamlines. As the helix angle, αB (the angle with which the
helical field line winds around the jet axis, see Fig. 3), is defined

by the relation tan(αB) = fz R (Moscadelli et al. 2022, Eq. (12)),
where fz and R are the fitted spatial frequency and radius of
the sky-projected maser sinusoid (Moscadelli et al. 2022, see
Table 1), the only free parameter of the helix position is the incli-
nation angle of the jet axis with the plane of the sky. In Fig. 2,
we use a jet inclination of 15◦ at the center of the observation-
ally constrained range of 0◦–30◦. We also verified that a change
of 15◦ in the jet inclination produces a shift in the LOS mag-
netic field inclination of ≈10◦. Accordingly, in the upper panel
of Fig. 2, LOS inclinations of ≥65◦ or ≤45◦ can be safely taken
above or below, respectively, θcrit = 55◦, and the corresponding
orientations of the magnetic field on the sky taken perpendic-
ular or parallel, respectively, to the measured direction of the
linear polarization. For LOS inclinations of the magnetic field
falling in between 45◦ and 65◦, which is always the case for the
polarized masers of the SW streamline (not shown in Fig. 2), the
sky-projected orientation of the magnetic field is chosen in such
a way as to fall closer to the value predicted by the simulations.
Figures 4 and 5 show the derived orientation of the magnetic
field on the plane of the sky along the NE and SW streams,
respectively. We stress that the resolution of the 90◦ ambiguity
for the orientation of the magnetic field based on maser kinemat-
ics in conjunction with simulations is highly consistent with the
results from the maser polarization fit. There is agreement for
15 out of the 18 masers with polarized emission across the NE
and SW regions. For the three remaining masers, the predicted
probability that the magnetic field is parallel or perpendicular to
the linear polarization is marginal, that is, 63%, 43%, and 64%
for the maser labels # 7, 18, and 30 (see Table 1).

The masers in the N region are found at larger radii (≥50 au),
where our simulations do not properly reproduce the maser
kinematics (see Sect. 3.3), which prevents us from using the
simulation results to constrain the inclination of the magnetic
field. Figure 6 plots the magnetic field orientations as predicted
by the maser polarization fit. The magnetic field associated with
the maser of label #3, with only 53% probability of being ori-
ented parallel to the linear polarization, has been flipped by 90◦
to agree with the orientation of the nearby maser #12, which
shows 100% probability of being perpendicular to the linear
polarization (see Table 1).

3.2. Simulations

We attempted to reproduce the gas kinematics and magnetic
field traced by the water masers using ab initio simulations
to model a disk–jet system during the formation of a massive
star. We previously used one of the simulations of our catalog
for an order-of-magnitude comparison of maser kinematics in
Moscadelli et al. (2022). The reader can find an in-depth dis-
cussion about the methods and dynamics of the magnetically
driven outflows and accretion disk formed during the simulations
in Oliva & Kuiper (2023a,b).

Our ab initio simulations use the MHD methods to model
the gravitational collapse of the weakly ionized gas and dust in
a cloud core with the code Pluto (Mignone et al. 2007). Ohmic
resistivity is considered as a nonideal MHD effect by using the
model of Machida et al. (2007). We included additional mod-
ules for self-gravity (Kuiper et al. 2010) and the transport of
the thermal radiation emitted by the gas and dust (Kuiper et al.
2020).

The cloud cores used have initial masses of 100 M⊙ and radii
of 0.1 pc. Each simulation in the catalog corresponds to a differ-
ent initial condition for the gravitational collapse in an attempt to
model the specific prestellar environment of IRAS 21078+5211.
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Fig. 2. Geometry of the magnetic field vector in the NE region. Black dots, triangles, and squares indicate the sky-projected orientation (lower
panel) and inclination (upper panel) of the magnetic field in relation to the water masers belonging to the NE-1, NE-2, and NE-3 streamlines,
respectively, assuming that the magnetic field lines coincide with the maser streamlines. The inclination angle of the jet axis with the plane of the
sky is taken to be 15◦. In the upper panel, the blue symbols with error bars give the value and corresponding uncertainty in the magnetic field
inclination from the maser polarization fit (see Table 1). The two black dashed lines mark the inclinations of 45◦and 65◦. In the lower panel, colored
symbols with error bars denote the determined magnetic field orientation, using blue or red colors if the LOS inclination of the magnetic field is
lower or higher than 55◦, respectively. Masers are identified using the same label numbers as in Table 1.

Section 4.2 discusses our choice for the grid of initial conditions
and the lesson learned from the simulations that deviate signif-
icantly from the observations. Here, we focus on the simulation
that best reproduces the maser data.

We compared the maser data to several instants in the time
evolution of different simulations from the catalog. The sim-
ulation that best reproduces the water masers, as discussed in
Sect. 3.3, assumes the following conditions at the onset of grav-
itational collapse (t = 0): the density is distributed according to
ρ ∝ r−1.65, and the cloud core rotates differentially according to
angular velocity Ω ∝ R−0.825 and with a rotational energy equiv-
alent to 2% of its gravitational energy content1. The magnetic
field is assumed to be initially uniform and oriented parallel to
the rotation axis. Its strength is determined by the mass-to-flux
ratio, which we take as 20 times the critical (collapse-preventing)
value (Mouschovias & Spitzer 1976). A constant value of the
opacity of 1 cm2 g−1 was used to model the gas and dust, using
an initial dust-to-gas mass ratio of 1%. For this simulation, we
used a grid of 448 cells logarithmically spaced in the spherical-
radial direction and 80 cells linearly spaced in the polar direction,
assuming axial and equatorial symmetry. This simulation was
not part of the catalog in Oliva & Kuiper (2023b); it was a result
of a refinement of parameters to model IRAS 21078+5211.

As described in Oliva & Kuiper (2023a,b), an accretion disk
is formed after the initial gravitational collapse, when sufficient
angular momentum is transferred toward the center of the cloud
core. The magnetic field lines are dragged to the center of the
cloud core by gravity, and are wound by rotation. Eventually,
enough magnetic pressure builds up at the center to overcome
gravity, forming a region of low density (cavity) and thrusting

1 In this context, r is the spherical radius and R the cylindrical radius.

a bow shock outward in the process. Once the cavity is formed,
the Alfvén speed increases in its interior because of the low den-
sity and the strong magnetic fields close to the protostar. The
flow then becomes sub-Alfvénic, that is, the gas flow is forced to
follow the magnetic field lines thanks to the restoring magnetic
forces. When this happens, the magneto-centrifugal mechanism
launches a fast jet (speeds ≳100 km s−1) in a way consistent
with the literature (e.g., Blandford & Payne 1982; Kölligan &
Kuiper 2018). The jet is narrow (typical radius of 50 au) and the
flow becomes helical in motion around the regions that corre-
spond well to the positions of the observed masers in the NE
and SW regions, as we previously noted in Moscadelli et al.
(2022). The simulation data also reveal a slower and broader
tower flow driven by magnetic pressure with typical speeds of
10 km s−1. This magnetic pressure gradient originates in the
winding of magnetic field lines on top of the disk as a result
of rotation. The tower flow broadens with time and is present
at large scales (thousands to tens of thousands of astronomi-
cal units away from the YSO). This flow is consistent with the
morphology and kinematics traced by the emission of the SO
JN = 65 − 54 line reported in Moscadelli et al. (2021).

We searched the simulations in the catalog for instants
where the main features of the disk and jet simultaneously sat-
isfy the observational constraints for IRAS 21078+5211 given
in Moscadelli et al. (2021). The mass of the YSO should be
within the interval 5.6± 2 M⊙. The accretion disk should have
a radius of the order of 200 au. A bow shock was observed in
IRAS 21078+5211 at a distance of ≈36 000 au away from the
YSO, giving a useful guess for the time evolution of the sys-
tem. Finally, the magnetic field strength in the inner jet cavity in
the simulation should lie within the estimates obtained with the
water maser polarization data.
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YSO

disk

Fig. 3. Sketch of a helical motion. The main geometrical and kinemat-
ical parameters are indicated: the radius R and angle ϕ of rotation; the
axial and azimuthal velocity components, Vz and Vϕ, respectively; and
the helix angle αB.

Once candidate simulation snapshots were chosen, we inte-
grated streamlines for the vector field u − ωKR eϕ, where R is
the cylindrical radius, eϕ is the unit vector along the azimuthal
direction, and ωK is the (quasi-)Keplerian angular velocity of a
given launching point located at Rlaunch, zlaunch. We checked that
those streamlines coincide with the magnetic field lines within
the sub-Alfvénic regime, as expected from theory. The positions
of the launching points were chosen by trial and error, taking
the expected values from the kinematic analysis (sinusoidal fit)
in Moscadelli et al. (2022) as a guide. We computed the velocity
along the LOS, respecting the observational constraint of 0◦–30◦
for the inclination angle of the jet with respect to the plane of
the sky.

3.3. Reproduction of the maser kinematics

We searched for the streamlines that best reproduce the maser
sinusoids in the NE and SW regions over the range of launch
radii 2–20 au constrained by the observations (Moscadelli et al.

Fig. 4. Magnetic field orientation in the NE region. Colored dots, tri-
angles, and squares give the absolute positions of the 22 GHz water
masers belonging to three distinct DW streamlines, respectively, the
NE-1, NE-2, and NE-3 streamlines. The method employed to divide the
maser spots of the NE region into three distinct streamlines is described
in “Resolving the NE emission into three distinct streams” in the Sup-
plementary Information of Moscadelli et al. (2022). Colors denote the
maser VLSR. The black, red, and blue dashed curves are the sinusoids
corresponding to the plane-of-the-sky projection of the NE-1, NE-2,
and NE-3 helical streamlines. The segments indicate the PA of the (sky-
projected) direction of the magnetic field for the water masers detected
in polarized emission (see Table 1), using black or red color if the LOS
inclination of the magnetic field is less or more than 55◦, respectively.

Fig. 5. Magnetic field orientation in the SW region. Colored dots, the
black dashed curve, and the black and red segments have the same
meaning as in Fig. 4.

2022, see Table 2). At these radii, the simulated streamlines are
approximately helixes and their shapes are defined by the rota-
tion radius R and the helix angle αB (see Fig. 3). For a given
helix shape, the helical motion depends only on Vz, the veloc-
ity component along the jet axis, because the angular velocity
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Fig. 6. Magnetic field orientation in the N region. Colored dots and tri-
angles give the absolute positions of the 22 GHz water masers, with
colors denoting the maser VLSR. The triangles mark a few masers with
detached VLSR that belong to a streamline different from that traced
by the dot-marked masers. The black and red segments have the same
meaning as in Fig. 4.

is determined by the relation ωe = tan(αB) Vz / R. The angu-
lar velocity ω measured for the maser streamlines in the NE
and SW regions (Moscadelli et al. 2022, see Table 1) can be
calculated with the equation ω = ωK − ωe (Moscadelli et al.
2022, Eq. (6)), where ωK is the (quasi-)Keplerian angular
velocity of the launch point from simulations, and the minus
sign accounts for the different sense of rotation of the maser
streamlines between the reference frame of the observer and that
co-rotating with the disk.

The chosen simulation snapshot for modeling the maser data
using the initial conditions described in Sect. 3.2 is at 11.2 kyr
of evolution. At that time, the YSO has a mass of 5.0 M⊙, and
the accretion disk has a radius of about 255 au. We computed
the average speed of propagation of the bow shock across the
computational domain of 0.1 pc = 20 626 au, obtaining around
6500 km s−1. Extrapolating to the reference time t = 11.2 kyr,
we estimate that the bow shock will have propagated up to
∼33 000 au, which is close to the observed value of 36 000 au.

By considering both the geometry and kinematics, we veri-
fied that only the streamlines from launch radii RK in the narrow
range of 4–6 au can be consistent with the maser observations.
For these launch radii, the simulated streamlines over the maser
region yield values of R varying in the range of 15–35 au, fz
in the range 0.03–0.05 rad au−1, and angular velocity ω rang-
ing from 0 to 4 km s−1 au−1, which are all highly consistent
with our previous measurements (Moscadelli et al. 2022, see
Table 1). This is illustrated in Fig. 7. The linear change of the
rotation angle ϕ with the distance z along the jet indicates that

the simulated streamlines are helixes, as observed for the maser
streams; in addition, the values of fz = dϕ/dz are in very good
agreement between observations and simulations. The rotation
radius and angular velocity of the simulated streamlines are also
consistent with the measurements for the four maser streams.
Figures 8 and 9 present the overlay of the maser positions and
simulated streamlines in the NE and SW regions, respectively.
For the NE-1, NE-2, NE-3, and SW streams, the rms deviations
of the separation between the maser and the simulated positions
are 5.4, 1.3, 0.6, and 1.1 au, respectively. These small devia-
tions prove the degree of consistency of our simulations with
the observations. Figure 10 compares the observed distribution
of magnetic field orientation and amplitude with the simulated
field lines.

By comparing Figs. 1b, 8, and 9, we see the same kine-
matic patterns in VLSR present in both the simulations and the
maser data. Label A in Fig. 1b shows a region where −10 ≲
VLSR ≲ 20 km s−1, similarly to what has been observed in the
NE-3 streamline. In both cases, the streamline is located within a
vertical distance of 20 to 60 au away from the YSO, although this
is easily adjustable in the simulations by changing the azimuthal
angle of the launching point. Streamline NE-2 extends from
50 ≲ z ≲ 120 au, and is better reproduced by considering a
slightly larger launching point (see Fig. 8, for Rlaunch = 4.5 au) or
a slightly larger inclination. In NE-2, VLSR changes from positive
to negative for 100 ≲ z ≲ 120 au. The same pattern is obtained in
the simulations, as marked by label B in Fig. 1b. Finally, the VLSR
pattern in the streamline labeled C in Fig. 1b (negative to posi-
tive values) is analogous to the one observed in the SW region
for 80 ≲ z ≲ 100 (see also Fig. 9).

The simulation data reveal that the outflow is launched from
different radii across the disk, even at distances of R = 100 au
or more. However, it is not launched through the magneto-
centrifugal mechanism but it belongs to the magnetic-pressure
driven tower flow instead. We discuss the comparison of wider
streamlines with the N region and the role of ambipolar diffusion
(which is missing from our current setup) in Sect. 4.

4. Discussion

4.1. Our best-matching simulation

An overview of the morphological and dynamical structure of
the disk–jet system computed with the reference simulation is
presented in Fig. 11. The lowest-density region constitutes the
narrow cavity where the magneto-centrifugal jet is launched and
accelerated. The launching region of the jet can be seen as the
intersection of two regions determined by the contours on the
right panel: the shadowed part of the yellow contour and the
unshadowed part of the blue contour. These two regions cover
the area where the flow is sub-Alfvénic (the former) and simul-
taneously where the centrifugal force dominates over gravity
(the latter), forcing material from the inner disk to be expelled
following the magnetic field lines.

The accretion disk consists of two layers: a thin layer sup-
ported by thermal pressure, and another layer supported by
magnetic pressure. The radius of the disk is about 255 au if only
counting the section that is rotating with Keplerian-like speeds;
a centrifugal barrier exists between the outer edge of the disk
and the infalling envelope. As seen from the orange contour, the
magnetic pressure gradient is larger than gravity on top of the
disk, and this drives the flow at cylindrical distances of ≳50 au
away from the YSO.
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Fig. 7. Kinematics of the masers in compar-
ison between the observations and the sim-
ulated streamlines. In all panels, red crosses
and blue circles refer to the simulated stream-
lines emerging from the launch radii of 4
and 6 au, respectively, while the black dashed
and dotted lines report measurements and cor-
responding errors for the four labeled maser
streams (Moscadelli et al. 2022, see Table 1).
For each maser stream, the measurements are
reported over a range of distances along the jet
axis matching the extension of the stream in
the observations (Moscadelli et al. 2022, see
Figs. 3 and 4). Panel a: Plot of the rotation
angle versus the offset along the jet axis, which
is taken positive also for the SW stream. A set
of simulated streamlines launched at different
azimuthal angles is shown. Panel b: Plot of
the rotation radius versus the offset along the
jet axis. We note that the rotation radius for the
SW streamline is taken to be negative. Panels c,
d, e, and f: Plots of the angular velocity versus
the offset along the jet axis, comparing the sim-
ulations with the SW, NE-1, NE-2, and NE-3
streams, respectively.

Figures 8–10 show that our simulations are able to closely
reproduce the geometry and kinematics of the water maser
streamlines for the spiral motions in the NE and SW regions.
These plots also demonstrate that the magnetic field lines coin-
cide with the streamlines; that is, the magnetic field vectors are
tangent to the streamlines at any point. Along the NE and SW
spiral motions, the measured sky-projected orientation of the
magnetic field is, in reality, not tangent to the maser sinusoids
(see Figs. 4 and 5), which is in contrast with the simulations.
However, along the NE-2 and NE-3 streamlines, excluding three
masers at the NE-2 extreme, the PA of the magnetic field
remains consistently larger than that of the tangent direction by
an approximately constant angle ∆Θ = 27◦± 8◦. Considering

the SW streamline, the sky-projected field is directed close –
within 25◦– to the stream tangent in three of the five detected
polarized masers, and is tilted by a larger angle – 38◦ to 50◦–
in the two remaining masers closer to the SW extreme. Toward
IRAS 21078+5211, a compact ionized wind has been observed in
correspondence with the water maser region (Moscadelli et al.
2016, 2021). In the following, we consider the case where the
maser emission arises from weakly ionized gas, where Faraday
rotation can rotate the polarization angle of the maser emission.

From the expression for optically thin emission of ionized
gas (Wilson & Huttemeister 2000, see Eq. (10.36)), with an
electron temperature of 104 K and using the peak brightness
temperature of ≈200 K of the VLA A-array K-band continuum
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Fig. 8. Observations compared with simulations for the streamlines in
the NE region. Dots, triangles, and squares have the same meaning
as in Fig. 4. The black curves are the plane-of-the-sky projection of
the simulated DW streamlines for the masers in the NE region. Two
slightly different launch radii of 4 (upper panel) and 4.5 au (lower panel)
are used to reproduce the NE-3 (squares) and NE-2 (triangles) streams,
respectively. We note that the observations are rotated 50◦ clockwise so
as to align the jet axis with the vertical axis.

observed by Moscadelli et al. (2016), we derive an emission mea-
sure of ∼4 × 107 pc cm−6. As the water masers move along
spirals with radii of ≈20 au (Moscadelli et al. 2022, see Table 1),
and the ionized core of the jet should be found inside the external
shell of (predominantly) molecular material, we employ a size
for the ionized jet of 40 au. From these deductions and the above
estimate of emission measure, the derived value for the electron
density is ∼5 ×105 cm−3. This is in good agreement with the
lowest densities inside the flow cavity from our simulations (see
Fig. 9).

Comparing the fitted maser fluxes Tb ∆Ω in Table 1
with the threshold for water maser saturation of 9.83 log
(K sr) (Surcis et al. 2011b), all the polarized masers detected in
IRAS 21078+5211 (but features # 1, 16 and 40) should be unsatu-
rated. The detection of linear polarization from the water masers

observations

sim
ulation

Fig. 9. Observations compared with simulations for the streamline in the
SW region. Dots have the same meaning as in Fig. 5. The black curves
are the plane-of-the-sky projection of the simulated DW streamlines in
the SW region. We note that the observations are rotated 50◦ clockwise
so as to align the jet axis with the vertical axis.

requires that Faraday rotation be small – that is, <1 rad – over
the maser unsaturated amplification length, which agrees with
our finding that, in most cases, the sky-projected magnetic field
presents a small deviation of ≤30◦ from the streamline tangent.
Using the expression for Faraday rotation of Fish & Reid (2006,
Eq. (5)), an average value for the magnetic field of 430 mG (see
Table 1), and an unsaturated amplification path of ∼1 au taken
equal to the sky-projected maser size (Moscadelli et al. 2022, see
Supplementary Fig. 6), the average tilt from the tangent direction
of 27◦ observed in the NE stream would correspond to an elec-
tron number density of 2 × 103 cm−3. Comparing with the above
estimate for the ionized jet density, the ionization fraction of the
surrounding molecular shell would be of ∼10−2.

The magnetic field along the N streamline is poorly sampled
with only five masers at three separated positions (see Fig. 6).
The orientation of the magnetic field is approximately perpen-
dicular to the streamline tangent at heights of ≈10 and 40 au
and is almost parallel to the tangent at ≈70 au. We consider it
unlikely that such a large change in the orientation of the mag-
netic field is due to Faraday rotation. Indeed, the N streamline is
found at significantly larger radii, 50–100 au, than the NE and
SW streamlines, and one might expect the ionization fraction to
be negligible there, which would mean no observable amount of
Faraday rotation.

Despite the large errors, our measurements of the magnetic
field amplitude are all within a relatively small range of 100–
700 mG (see Table 1), which is in good agreement with the
simulations (see Fig. 10). Such a high value of the magnetic
field might result from the shock-ionization of the jet cavity,
which reduces the magnetic (ambipolar, Hall, Ohmic) diffusiv-
ity. Recent models that also include ambipolar diffusion but
neglect the effects of ionization in the jet cavity find a strin-
gent cap for the magnetic field at a few 100 mG (Commerçon
et al. 2022). Our model also does not include shock ionization,
but because Ohmic resistivities are low for low densities, such
as the ones in the jet cavity, we should be able to more accu-
rately reproduce the observed magnetic field strengths. However,
a more realistic description of the problem would require that we
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Fig. 10. Observations compared with simulations for the magnetic field in the NE and SW regions. Left panel: dots give the water maser positions,
using colors (gray) if the magnetic field amplitude has (not) been measured. Black segments show the direction of the magnetic field vector
evaluated in correspondence with the masers with detected linear polarization. We note that the observed positions are rotated 50◦ clockwise so
as to align the jet axis with the vertical axis. Right panel: 3D view of four simulated streamlines departing from the launch radius of 4 au at 90◦
azimuthal separation from one another. The simulation snapshot refers only to the inner jet cavity, within a radius of 40 au. Segments show the
direction of the magnetic field vector evaluated at different positions along the streamlines, and the colors indicate the decimal logarithm of the
magnetic field intensity.

consider the combined effects of shock-ionization and ambipolar
diffusion.

In particular, ambipolar diffusion can be crucial for repro-
ducing the right thickness of the disk at radii ≥50 au, which in
our simulations is probably inflated by locally excessive mag-
netic pressure. We expect that reducing the magnetic pressure
would make the disk flatter and lower the density on top of the
disk. If the density, ρ, is low enough such that the Alfvén velocity
vA = B/

√
4πρ increases up to the point where the flow becomes

sub-Alfvénic, the conditions for the magneto-centrifugal mech-
anism would be satisfied. This means that streamlines launched
from the top of the disk at radii ≥50 au might better match the
observed maser kinematics in the N region. In conclusion, the
incorporation of ambipolar diffusion could be crucial for setting
the conditions for the magneto-centrifugal launch of the flow at
large radii, and we plan to address this important issue in future
works.

4.2. Exploring the initial conditions

As mentioned in Sect. 3.2, the simulation catalog explores differ-
ent initial density and angular momentum distributions, as well
as different initial magnetic field strengths. We did not explore
different masses of the cloud core because of the results obtained
in Oliva & Kuiper (2023a,b): different cloud core masses pro-
duce results that are approximately scalable with the free-fall
time within a mass interval of at least 50–150 M⊙. With this
in mind, we searched the simulation catalog for examples of
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Fig. 11. Morphology and dynamics of the jet and accretion disk
for the reference simulation used to reproduce the water maser data.
Left panel: density, velocity, and magnetic field lines of a vertical
slice of the simulation. Scales for each physical quantity are shown.
Right panel: shadowed contours that indicate the ratio of two dynami-
cally relevant quantities. Each contour is composed of a solid line and a
shadow of the same color. The shadowed part indicates the region where
the corresponding inequality listed in the legend holds true.
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Fig. 12. Comparison of streamlines produced by different simulations in the catalog. The simulation described in Sect. 3.2 corresponds to Col.
2. The initial conditions in each case are described by the following parameters: βρ is the exponent of the density profile, βΩ is the exponent of
the angular velocity profile, ζ is the ratio of rotational to gravitational energy, and µ̄ is the mass-to-flux ratio normalized to the critical (collapse-
preventing) value.

simulations that approximately reproduce the mass of the pro-
tostar, the size of the disk, and the kinematics of the flow for a
given time, following the analysis by Oliva & Kuiper (2023a).
Figure 12 shows streamlines with VLSR and magnetic field from
two additional simulation snapshots (labeled as 1 and 3) at
each side of the reference simulation discussed in Sect. 3.2
(labeled as 2).

In comparison to the reference simulation 2, simula-
tions 1 and 3 start from a slightly flatter density profile. Both
simulations 1 and 3 start from solid body rotation instead
of differential rotation (the latter choice concentrates angular
momentum at the center of the cloud core at earlier times), but
there is less rotational energy content in the cloud core of sim-
ulation 2. Simulation 3 considers a weaker initial magnetic field
than the rest.

All three simulations produce streamlines with similar heli-
cal shapes at different points in time. With this choice, we intend
to exemplify three YSO masses within the interval constrained
by previous observations, that is, 5.6± 2 M⊙: snapshot 1 consid-
ers a YSO mass of 3.5 M⊙, which is on the lowest part of the
mass interval; snapshot 2, a mass of 5.0 M⊙, which is around
the middle of the interval; and snapshot 3, a mass of 6.3 M⊙,
which is above the midpoint of the interval. Because of this, the

launching points chosen for approximately matching the VLSR to
the maser data are different in every case. This means that the
helix is wider for simulation 1, and narrower for simulation 3.
All three helical patterns match the maser velocity distribution
within an order of magnitude.

The bottom half of Fig. 12 displays the direction of the mag-
netic field (line segments) and its strength (color scale). The
magnitude of the magnetic field in all cases is within 0.1 and
1 G for the regions where the masers are found. The fact that the
magnetic field and the flow streamlines are parallel in all cases
shows that we are dealing with a sub-Alfvénic flow.

By finding several examples of simulations that model the
maser data, we aimed to constrain the initial conditions for mas-
sive star formation, which is a difficult problem due to the large
amount of parameters involved. Even though we find several
simulation snapshots and launching points that reproduce the
observations, there are many combinations of initial conditions,
launching points, and inclinations for which the helical pattern
does not fit the constraints in dimensions (e.g., a relatively con-
stant helix radius as a function of height) or the observed VLSR.
For example, according to Fig. 9 of Oliva & Kuiper (2023a),
an initial steep density profile of ρ ∝ r−2 produces a YSO of
10 M⊙ when the disk is ∼100 au in radius, which does not satisfy
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the observational constraints. An additional complication comes
from the fact that the simulations show episodic ejections of
material that temporarily alter the shape of the cavity, and there-
fore the streamlines (we chose snapshots that are as free from
transient phenomena as possible). We note that a few cases of
water maser flares have recently been associated to episodes
of accretion bursts in high-mass YSOs (see, e.g., Brogan et al.
2018). However, the water masers observed in IRAS 21078+5211
are not flaring and are probably tracing a quiescent phase of the
YSO’s accretion or ejection process.

Even though our scan of all possible initial conditions is
incomplete, our comparison shows that there are initial condi-
tions that lead to efficient reproduction of the flow observed
in IRAS 21078+5211. Surveys of cloud cores in early stages of
massive star formation (see, e.g., Gieser et al. 2022; Beuther
et al. 2018) have found density profiles with power-law expo-
nents between −1.5 and −2.6. The results of our analysis favor
flatter density profiles within this range. The initial angular
momentum is consistent with the results from Goodman et al.
(1993), that is, a rotational energy content of a few percent of
the gravitational energy. Finally, our results favor high mass-to-
flux ratios, which mean magnetic field strengths of the order
of tens of micro Gauss, or only one order of magnitude larger
than what it is expected for the initial conditions in low-mass
star formation. This last result should be taken with caution, as
it might change upon the inclusion of ambipolar diffusion in
the models.

5. Conclusions

We recently performed global VLBI polarimetric observations
of the 22 GHz water masers toward IRAS 21078+5211. In this
source, we have previously used the maser emission to trace
the kinematics of a MHD DW, and here we complement the
previous work with information about the maser polarization
in order to estimate the underlying magnetic field. We com-
pared our observations of gas kinematics and magnetic fields
in IRAS 21078+5211 with resistive-radiative-gravito-MHD sim-
ulations of the formation of a massive star starting from the
gravitational collapse of a rotating cloud core (radius of 0.1 pc,
mass 100 M⊙), with a centrally dominated density distribution
(ρ ∝ r−1.65), in differential rotation, and threaded by a uni-
form magnetic field. We explored a range of initial conditions,
parametrized by the exponents of the density and angular veloc-
ity power laws, the ratios of rotational to gravitational energy,
and the mass-to-magnetic-flux ratios, searching for simulation
snapshots that better reproduce our observational results. After
the initial search, we were able to refine the parameter space and
run a simulation that closely matches the observed paths of the
masers, their VLSR, and the magnetic field strengths measured
with polarization.

The achieved sub-mJy sensitivity allows us to significantly
increase the number of detections of polarized masers from the
typical figure of a few to a few tens, and to sample the mag-
netic field over radii of ≤100 au from the YSO. All the masers
with detected polarization have intensities of ≥0.7 Jy beam−1 and
are among the 40 strongest ones. A set of 24 masers present
a weak level of linear polarization in the range of 0.3–3.2%,
and 8 masers show a weak fraction of circular polarization of
0.4–1.8%. While the PA of the linear polarization is directly
measured with typical errors of ≤10◦, the model-derived LOS
inclination of the magnetic field is in most cases loosely con-
strained with uncertainties of several 10◦. We further constrained

the 3D geometry of the magnetic field by considering two main
findings: (1) the magnetic field lines should coincide with the
flow streamlines, as clearly pointed out by the simulations; and
(2) the 3D helical geometry of the streamlines, as traced by
the water masers. Close to the jet axis (≤25 au), all along
the three best-sampled streamlines, the orientation of the mag-
netic field in the plane of the sky is found to deviate from the
streamline tangent in most cases by ≤30◦. Along the stream
at larger radii (50–100 au), the magnetic field is measured at
only three separated positions, and its orientation is found to be
approximately perpendicular to the streamline tangent at heights
of ≈10 and 40 au, and parallel to the tangent at ≈70 au. The
small tilt in the magnetic field direction observed along the
inner streams is consistent with Faraday rotation, assuming that
the molecular shell of the jet has a low level of ionization, of
namely ∼10−2. Despite the large errors, the values of magnetic
field amplitude inferred from maser circular polarization are all
within a relatively small range of 100–700 mG, which is in
good agreement with the simulation results and consistent with
reduced magnetic diffusivity in the jet cavity owing to efficient
shock ionization.

We searched for additional candidates within our simulation
catalog able to reproduce the observational results in order to
constrain the initial conditions for the gravitational collapse of
a cloud core for massive star formation. Although we find more
than one viable candidate set of initial conditions, we find agree-
ment with typical values of density distribution and the ratio
of rotational to gravitational energy in dense cores observed in
surveys of massive star forming regions.
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