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ABSTRACT

Context. Magnetohydrodynamic disk-winds are thought to play a key role in the formation of massive stars by providing the fine-tuning
between accretion and ejection, where excess angular momentum is redirected away from the disk, allowing further mass growth of
a young protostar. However, only a limited number of disk-wind sources have been detected to date. To better constrain the exact
mechanism of this phenomenon, expanding the sample is critical.

Aims. We performed a detailed analysis of the disk-wind candidate G11.92-0.61 MM1 by estimating the physical parameters of the
massive protostellar system and constraining the wind-launching mechanism.

Methods. Atacama Large Millimeter/submillimeter Array (ALMA) Band 6 observations of G11.92-0.61 MM1 were conducted in
September 2021 with ALMA’s longest baselines, which provided a synthesised beam of ~30 mas. We obtained high-resolution images
of the CH;CN (vg = 1 and v = 0), CH30H, SO,, and SO molecular lines, as well as the 1.3 mm continuum.

Results. Our high-resolution molecular data allowed us to refine the parameters of the disk-outflow system in MM1. The rotating disk
is resolved into two regions with distinct kinematics: the inner region (<300 au) is traced by high-velocity emission of high-excitation
CH;CN lines and shows a Keplerian rotation; the outer region (>300 au), traced by mid-velocity CH3;CN emission, rotates in a sub-
Keplerian regime. The central source is estimated to be ~20 M, which is about half the mass estimated in previous lower-resolution
studies. A strong collimated outflow is traced by SO and SO, emission up to ~3400 au around MM1a. The SO and SO, emissions
show a rotation-dominated velocity pattern, a constant specific angular momentum, and a Keplerian profile that suggests a magneto-
centrifugal disk-wind origin with launching radii of ~50-100 au.

Conclusions. G11.92-0.61 MM1 appears to be one of the clearest cases of molecular line-traced disk-winds detected around massive

protostars.
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1. Introduction

Star formation occurs through the interplay of accretion and
ejection — seemingly antagonistic forces that are in fact two sides
of the same coin. A surprising amount of value is hidden in
the thin and often overlooked edge of the coin, the region of
interaction between accretion and ejection.

As accretion feeds a protostar, ejection removes angular
momentum from the accreting matter, allowing the process to
continue. Although the fundamental concept is clear, formu-
lating the actual mechanism of gas-launching requires a great
deal of theoretical and observational work. Theoretical works
have come a long way from assuming the impact of hydrody-
namics and radiation only (for example, Canto 1980), by, for
example, including the role of magnetic fields via ideal magne-
tohydrodynamics (MHD; for example, Blandford & Payne 1982)
and adding further physics, such as non-ideal MHD effects (for
example, Suriano et al. 2019).

Observational studies first examined large-scale low-velocity
outflows (for example, Bally & Lada 1983) before turning to
jets (compact, collimated shocked gas ejected at high speeds
and powering large-scale outflows; for example, McCaughrean
et al. 1994; Frank et al. 2014). Modern observing facilities are
now finally able to achieve the resolutions needed to study the
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launching region of jets. Jets are modelled to be launched by
rotation and gravitational energy along the magnetic field lines,
but the precise acceleration mechanism is still debated. The
‘X-wind’ theory assumes that jets are launched from the inner
edge of an accretion disk, a small region within <1 au of the
star that is dominated solely by the stellar magnetic field (Shu
et al. 1995). In contrast, the ‘disk-wind’ theory assumes that jets
are launched at radii larger by two to three orders of magni-
tude, where the poloidal component of the disk’s magnetic field
dominates (Pudritz et al. 2007).

Which theory is correct, X-wind or disk-wind, is still an open
question. Although the disk-wind theory has gained more sup-
port lately, the evidence in its favour was mostly obtained for
low-mass protostars (Pascucci et al. 2023). The main obstacle to
studying the disk-wind emission in massive protostars is the dif-
ficulty in achieving a spatial resolution sufficient to access the
region of disk-jet interaction, as well as in identifying suitable
tracers. The high resolution required to resolve the jet’s launch-
ing regions and obtain evidence for the existence of a disk-wind
has been achieved with very long baseline interferometry obser-
vations of masers: SiO masers in Orion-BN/KL (Matthews et al.
2010) and H,O masers in IRAS 21078+5211 (Moscadelli et al.
2022). Such a high resolution has been achieved with the Ata-
cama Large Millimeter/submillimeter Array (ALMA) for Orion
Source I, which is located at a close distance of 418 pc (Kim et al.
2008), where Hirota et al. (2017) found compelling evidence for
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a disk-wind through the detection of a rotating bipolar outflow
traced by SiO emission. In this case, neither stellar winds nor
X-winds were found to be consistent with the estimated launch-
ing radius (>10 au) and velocity (10 km/s). For a few more
maser sources, the possibility of the presence of disk-winds was
only hypothesised (for example, Moscadelli et al. 2011; Sanna
et al. 2012).

With the aim of shedding light on the nature and proper-
ties of protostellar winds and jets, we started the large project
POETS (Protostellar Outflows at the EarliesT Stages; Moscadelli
et al. 2016; Sanna et al. 2018; Moscadelli et al. 2019). Initially,
the project was based on a high-resolution survey of radio con-
tinuum and water masers, which were observed with the goal
of tracing free-free emission from ionised gas in the inner out-
flow cavities and fast shocked layers of outflowing gas. In recent
years, we have selected a number of targets from the POETS
sample for follow-up observations with multiple molecular lines
in order to provide a view of the diverse phenomenology and to
obtain information on outflow tracers. Here, we report the results
for one of the POETS targets, G11.92-0.61.

The star-forming region G11.92-0.61 is a promising target
for studying the ejection process in massive protostars. Located
in the Galactic plane, at a distance of 3.37*03) kpc (Sato et al.
2014), G11.92-0.61 is associated with an infrared dark cloud that
is actively forming both low- and high-mass stars (Cyganowski
et al. 2017). The region has been extensively studied in a vari-
ety of wavelengths, which revealed a complex and dynamic
environment.

At first, G11.92-0.61 attracted attention when it was iden-
tified as an extended green object (EGO; Cyganowski et al.
2008) and as such was considered to be a massive proto-
stellar outflow candidate. The 4.5 um image of G11.92-0.61
showed a bipolar morphology consisting of a north-east (NE)
and a south-west (SW) region (Cyganowski et al. 2008, 2011b).
Initial (sub-)millimetre observations of the region detected
only three massive compact millimetre-continuum cores (MM 1-
MM3; Cyganowski et al. 2011b), while follow-up ALMA obser-
vations revealed 16 more low-mass millimetre-continuum cores
(Cyganowski et al. 2017). The detected millimetre-continuum
cores of low and high masses (Cyganowski et al. 2017), as well
as the 6.7 GHz methanol (Cyganowski et al. 2009) and 22 GHz
water masers (for example, Moscadelli et al. 2016), appeared to
be predominantly associated with the NE region (Cyganowski
et al. 2011b), with only a cluster of 44 GHz methanol masers
found in the SW region (Cyganowski et al. 2009, 2011b, 2017).
Out of the EGO sample studied in Cyganowski et al. (2008),
G11.92-0.61 is the only one that might contain multiple massive
protostars, as suggested by the association with two distinct sites
of 6.7 GHz methanol maser emission.

The brightest and most massive millimetre core of the region,
MM, is considered an example of a forming proto-O star with
an active outflow and ongoing accretion. The central source
of MM1 seems to be very young, showing weak (~1 mly)
centimetre-continuum emission but rich spectral line and maser
emission (Cyganowski et al. 2011a; Ilee et al. 2016; Moscadelli
et al. 2016). The Submillimeter Array (SMA) and ALMA stud-
ies of hot-core molecules in MM, presented in Ilee et al. (2016)
and Ilee et al. (2018), respectively, revealed the presence of a
massive Keplerian accretion disk with an enclosed mass of the
central object estimated to be ~40 M, (Ilee et al. 2018). However,
the detected luminosity of only ~10* Ly, (Cyganowski et al.
2011b; Moscadelli et al. 2016) appeared to be too low for such
a massive object; Ilee et al. (2018) proposed that such a discrep-
ancy might be explained if the luminosity comes from accretion
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or if multiple stars are present at the disk centre. The detection
of a weak 1.3 mm continuum source to the south-east of MM,
which was denominated MM 1b, was interpreted as a sign of one
of the first observed examples of disk fragmentation around a
high-mass protostar (Ilee et al. 2018). However, the case calls
for further investigation as MM1b is separated from MM1 by
~2000 au and in fact seems to be located outside the disk.

MMI drives a massive, collimated bipolar molecular outflow
that is detected in numerous tracers (Cyganowski et al. 2011b).
The outflow has a position angle (PA) of ~52°, with the red
lobe propagating to the NE and the blue lobe propagating to the
SW (Cyganowski et al. 2011b; Ilee et al. 2016). One of the sites
of 6.7 GHz methanol maser emission detected in the region is
associated with MM1 (Cyganowski et al. 2009). However, the
methanol maser does not coincide with the continuum peak, and
is located to the south, downstream of the outflow. The intense
22 GHz water masers (Hofner & Churchwell 1996; Breen &
Ellingsen 2011; Sato et al. 2014) associated with MM1 show a
bipolar structure and velocity pattern similar to the large-scale
outflow (Moscadelli et al. 2016, 2019), but the kinematic struc-
ture traced by the water emission remains unclear. Moscadelli
et al. (2019) have suggested that the 22 GHz water maser may be
explained either as tracing a disk-wind or as being due to central
source multiplicity.

In this article we present the results of our higher-angular-
resolution ALMA observations of the high-mass core G11.92-
0.61 MM1. We aim to provide a detailed view of the physical
and chemical properties of G11.92-0.61 MMI1 and clarify the
structure of the source.

2. Observations and data reduction

The ALMA observations of G11.92-0.61 MM1 were conducted
on September 29, 2021 (project 2019.1.01639.S) for a total
observing time of 1.5 hours. The array configuration was C43-
9/10 with 45 antennas. The observations provided a synthesised
beam with a size of 28 mas X 25 mas, and PA=—66° (correspond-
ing to a linear resolution of ~100 au at the distance of 3.37 kpc
to the source).

Two sources, J1924-2914 and J1830-1606, were observed as
flux, delay, and bandpass calibrators. The quasar J1825-1718 was
used as phase calibrator.

The spectral setup consisted of five spectral windows centred
at 220.63, 222.15, 221.44, 219.91, and 219.44 GHz in Band 6.
Each spectral window was sampled with 960 channels each of
~0.6 MHz wide, providing a spectral resolution of ~0.7 km s~

Spectral line identification was performed in the Cube Anal-
ysis and Rendering Tool for Astronomy (CARTA!; Comrie et al.
2020) and MAdrid Data CUBe Analysis (MADCUBA; Martin
et al. 2019) packages. The molecular line data modelling and
estimation of the physical parameters were carried out using the
SLIM tool of MADCUBA.

Imaging and data cubes analysis were performed with the
Common Astronomy Software Applications (CASA?; CASA
Team 2022) package. The spectral line and continuum images
were created using the CASA task tclean with natural weight-
ing. From the obtained line cubes, we computed Moment 0 and
1 maps using the CASA task immoments. The velocity range was
chosen to include the target line only, and the threshold was set
at a 5o rms level. Additionally, we produced position—velocity

I https://cartavis.org
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Table 1. Parameters of the detected continuum peaks.

Source RAJ2000) Dec(J2000) Size PA Int. flux Peak flux
(hme) ¢’ ("x") ) (mJy) (mJy/beam)
MMIla 18:13:58.1106 = 0.0001  —18:54:20.199 +£ 0.001 0.16 x0.05 132 578+ 14 10.3 +0.2
MMI1b®@  18:13:58.1274 + 0.0002  —18:54:20.726 + 0.002 - - 1.0+0.2 1.0+ 0.1
Notes. @Tentative detection at 5o~ level (the rms of the continuum image is ~0.1 mJy beam™).
Table 2. Parameters obtained from the detected spectral lines @,
Lines used ® N®© Ter @ log(N/N(H2)@  log(Ny,)
x10' cm— K log cm™2 log cm™2
CH3CNuvg=1J=12-11 K=-5t0 8 5+0.2 333 +21 -8.7+1.1 244 + 1.1
CH3CNv=0J=12-11K=41t09 4+0.1 327+19 -8.7+1.1 243+1.1
CH30H v, =0803-716 E 50080 285+15 -73+1.0 26.4+1.0
CH3CNv=0J=12-11K=0to 3 6+0.3 248 + 10 -8.7+1.1 245+ 1.1

Notes. @For a position ~0/05 to the SW of MMIa, see Sect. 3.2. ®Throughout the paper we use the nomenclature of the JPL catalogue.
©Determined using the SLIM task of the MADCUBA package by simultaneously fitting multiple transitions of CH;CN vg = 1 (the whole spec-
trum), CH3CN v = 0 (low and high-K transition fitted separately), and CH;OH (including the weaker transitions 253 75-244 20 and 23519-22617)
under the assumption of local thermodynamic equilibrium; the fitting process directly adjusts T,, and N to reproduce the observed line intensities
and their ratios, without assuming a prior relation between T,, and the column density. “The abundances are calculated from the average column

densities reported in Gieser et al. (2021).

(PV) diagrams for the line data using the GILDAS? software.
Finally, we also created ‘peak maps’ with the goal of determining
the emission peak position in individual velocity channels. Given
that emission in some channels of the line cubes was too diffuse
or weak to be properly fitted, we ‘tapered’ the visibilities to cre-
ate lower resolution cubes with the synthesised beam of ~0”15
(which was found to be the optimal balance between retaining
high resolution and obtaining distinct peaks). Then we fitted the
emission peaks in each channel with the task imfit, which yielded
position uncertainties from ~0.8 mas (~3 au) for bright and com-
pact emission and up to ~8 mas (~30 au) for weak, extended
emission.

3. Results
3.1. 1.3 mm continuum

The 1.3 mm continuum yields detection of two emission peaks
corresponding to the sources MM1a and MM1b. The 1.3 mm
continuum image is presented in Fig. 1 and the parameters of
the detected continuum sources are listed in Table 1. The flux
density of MM1b is ~1 mly, corresponding to ~50 level, and
thus the detection is marginal. The 1.3 mm continuum emission
of MM1a is found to come from an NW-SE elongated region
of ~0”16 (~500 au) with PA ~130° and integrated flux density
of ~58 mJy (Table 1). Interestingly, Fig. 1 shows some weaker
emission towards the south and west from the peak, apparently
surrounding the axis of the blue lobe of the outflow observed by
Ilee et al. (2016).

Considering the measured flux density at 1.3 mm and assum-
ing that the dust is optically thin and in thermal equilibrium
with the gas at average temperature of ~300 K (for CH;CN
and CH3OH; see Sect. 3.2 and Table 2), we can use the stan-
dard approach of Hildebrand (1983). More precisely, by applying
Egs. (1) and (2) from Schuller et al. (2009) to estimate the total

3 https://www.iram.fr/IRAMFR/GILDAS
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Fig. 1. ALMA 1.3 mm continuum image of MMla and MM1b.
The contour levels are indicated at the bottom of the image with
lo=~0.1 mJy beam™' (Table 1). The synthesised beam is indicated as
a grey ellipse in the lower-left corner. The blue and red arrows indicate
the orientation of the large-scale '2CO outflow from Ilee et al. (2016).

gas mass and column density of H,, we derive M ~2.5 M,
and Ny, = ~1x10% cm™2. These numbers are close to the ones
obtained in the lower-resolution 1.3 mm continuum observations
of Ilee et al. (2018). However, we note that our estimates may
be lower limits because part of the continuum emission could
have been resolved out; additionally, the column density estimate
is probably a lower limit because the continuum source is not
resolved in the NE-SW direction.

3.2. Molecular lines

Abundant molecular line emission is detected towards G11.92-
0.61 MMla. In order to illustrate the molecular emission
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Fig. 2. Moment 0 and 1 maps for the selected molecular line emissions detected at different scales. The synthesised beam of the molecular line

data is indicated as a grey ellipse in the lower-left corner. The detected 1.3 mm continuum emission is indicated by white and grey contours (the
levels are indicated at the bottom of each panel). The blue and red arrows indicate the orientation of the large-scale '>CO outflow presented in Ilee
et al. (2016). The dotted black circle in the SO maps (panels k and 1) indicates the velocity spike.

detected at different physical scales, we present integrated inten-
sity (moment 0) and velocity field (moment 1) maps for selected
molecular lines (see Fig. 2).

All detected molecular lines are found to be associated with
the source MM1a, no emission is detected at the position of
the MM1b continuum peak. The most compact emissions of the
high-excitation energy CH3CN vg = 1 and v = 0 from K =4 to
8 molecular lines are found to originate from a ~(0”2 (or ~700 au)
region around MM 1a, showing a similar size, elongation, and PA
as the 1.3 mm continuum emission (Figs. 2a and 2¢). Apart from
the compact region around MM1a, the lower-excitation energy
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lines of CH30H and CH3CN v = 0 K =1 to 3 also follow a larger
region with an extent of ~0”6 (~2000 au) in the direction perpen-
dicular to the continuum source and the compact molecular line
emission (Figs. 2e and g). Finally, the SO, and SO emissions is
elongated up to ~1” (~3000 au) along the outflow axis (Figs. 2i
and 2Kk).

To estimate the physical parameters traced by different
molecular lines, we selected an area of the size of the synthesised
beam (~30 mas) shifted by ~0705 to the SW of the continuum
peak, as the fit towards the continuum peak turned out to be
complicated by the presence of multiple kinematic components
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Fig. 3. PV diagrams of the CH;CN v =0 J =

at this position. Then for each data cube we extracted spectra
integrated over the selected area with the Spectral Profile plot-
ting tool of the CASA image viewer. The spectra were fitted
using the SLIM tool of MADCUBA. We fitted all 14 lines of
CH;3CN vg = 1 simultaneously, while low (K = 0 to 3) and high-
K (K =4 to 9) CH3CN v = 0 transition were fitted separately
to take into account the variation of excitation temperatures
with K since they trace different environments (Figs. 2c vs. 2g).
The CH30H v, = 0 8p3-7,6 E transition was fit together with
two weaker CH3;0H v, = O lines, 253,22-244,20 and 235,19'226,17
(however, as these two lines are weak, we do not use them in
imaging). We note that we could fit only those molecular species
for which there was more than one line in the spectrum, a con-
dition necessary to derive excitation temperature and column
density estimates (only single lines were detected for SO and
S0O,). Physical parameters for the fitted molecular species are
presented in Table 2. To estimate the physical conditions of the
gas, we employed the SLIM task of the MADCUBA package
and not the rotational diagram method, since the latter assumes
optically thin emission and a single excitation temperature. In
contrast, SLIM performs a non-linear fit to the observed spec-
tra, accounting for line opacity, beam dilution, and line blending
effects, thereby offering a more reliable characterisation of the
molecular excitation conditions.

Comparison of the parameters obtained for different molec-
ular lines (Table 2) shows that compact CH3CN vg = 1 andv = 0
K =4 to 9 emissions trace a slightly hotter gas (T,,=330 K)
located deeper in the core. While, as expected for gas located at
greater separation from the central source, CH3OH and CH3CN
v =0 K =0 to 3 transitions indicate slightly lower tempera-
tures (T,,~250 K). The column density estimates derived for the
CH;3CN and CH30H molecules are consistent, within the uncer-
tainties, with the mean column densities reported in the CORE
survey of high-mass star-forming regions by Gieser et al. (2021).
Thus, the physical and chemical conditions in our target region
align well with those observed in a broader sample of high-mass
star-forming environments. To estimate the H, column densi-
ties, we compared our estimated column densities of CH;CN and
CH;OH listed in Table 2 with the abundances of these molecules
calculated based on the typical column densities presented in
Fig. 8 of Gieser et al. (2021). The obtained values of ~10** cm™2
from CH5CN and ~10%° cm™2 from CH;OH are higher than that
based on the flux density of the 1.3 mm continuum. This finding
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might be explained by considering the different regions traced
by molecular gas with respect to the dust continuum. Concen-
tration of dust closer to the central source with gas being driven
to larger radii is a predicted feature of accretion disks in both
low-mass (for example, Pérez et al. 2012; Vorobyov et al. 2018)
and high-mass (for example, Seifried et al. 2011) protostars, and
was first noted for the disk in G11.92-0.61 MMI1 by Ilee et al.
(2016). Additionally, the larger H, column density calculated for
CH;OH likely reflects the fact that the CH30H gas occupies a
larger region (and thus a larger ‘column’ of gas) than CH3CN.

All velocity field maps (Figs. 2b, 2d, 2f, 2h, 2j, and 2I) show a
clear velocity gradient within the dust continuum region around
MM a consistent with rotation around the source and supporting
the presence of a disk as previously proposed by Ilee et al. (2016,
2018). In addition to the disk, all the lines also trace gas in the
outflow direction (indicated by red and blue arrows in Fig. 2),
albeit to different extents. ‘Strings’ of emission coming from
MM1a to the east, west, and south, seemingly outlining an out-
flow cavity, are clearly seen in the SO, v = 0 map (Fig. 2k), and
can also be distinguished in all other lines.

Remarkably, the velocity field maps (Figs. 2b, 2d, 2f, 2h,
2j, and 21) at all the probed scales also suggest the presence
of rotation around the direction approximately perpendicular to
the major axis of the continuum source (in other words, around
the outflow axis; red and blue arrows in Fig. 2), with red-
shifted velocities to the south-east and blueshifted velocities to
the north-west. The presence of a clear transversal Vi gg gradi-
ent at all positions suggests the existence of a large-scale rotation
along the outflow. One more surprising feature of the velocity
field maps is the presence of a velocity spike in the SO Moment
1 map (see the dotted black circle in Fig. 21). In contrast to all
other imaged molecular lines, in the SO moment 1 map, a region
with the reddest and bluest velocities is found not at the position
of MM 1a but at a separation of ~0”3 (~1000 au) to the NE of it.

3.3. Position-velocity diagrams

We analysed the velocity profile along the disk plane (along the
major axis of the continuum emission with PA =~ 130°) using the
PV diagrams presented in Fig. 3. Three lines were selected to
be representative of the three identified emission scales: CH3;CN
v =0 K =7 for the compact scale, CH3;OH for the intermediate,
and SO for the large-scale emission.
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Fig. 4. Combined ALMA peak map for compact molecular emission
detected in the vicinity of MM1a (see the legend). The grey-scale image
and contours represent the 1.3 mm ALMA continuum (same as in
Fig. 1). The markers are coloured by velocity (see the colour bar at the
bottom).

While all three selected tracers show similar symmetrical
double-peaked profiles, they probe different extents and kine-
matics of the disk. The CH3CN profile has the steepest velocity
gradient and seems to deviate from the Keplerian profile at larger
radii from the central star. The CH30OH and SO emissions trace
larger radii than the CH3CN line, and their profiles appear to be
Keplerian-like over the whole radial extent.

3.4. Keplerian disk approximation

To further analyse the distribution and kinematics of the compact
molecular emission in the vicinity of MM1la (in other words,
the emission associated with the rotating disk), we fitted with
a 2D Gaussian the emission peaks in each channel of the data
cubes of six spectral lines: CH3CN vg = 1 J = 12-11 K = -2
and 2; CH3CN v =0J = 12-11 K =4, 7, and 8; and CH;0H
v, = 0 893-716 E. This method was previously used in, for exam-
ple, Moscadelli et al. (2019). The fitted transitions were selected
based on their (1) compactness (the emission should have a
defined peak), (2) isolation in the spectrum (heavily blended
lines were excluded from the analysis), (3) intensity (peak flux
density above 507). This approach allows us to locate the molec-
ular emission with a high positional accuracy. The resulting
combined peak map is presented in Fig. 4 (note that in order to
avoid overcrowding of the map, we excluded CH;CN vg =1 J =
12-11 K =2 and CH3CN v = 0 J = 12—-11 K = 8 as they closely
follow the distribution of CH;CN vg = 1 K = —2 and CH5CN
v =0 K =7, respectively).

Independently of the tracer, all emission peaks follow the
same pattern with blueshifted velocities to the north-west and
redshifted velocities to the south-east (Fig. 4). The peaks with
extreme (bluest and reddest) velocities (Vysr=~25-30 and 39-
47 km s~!, respectively) are spread along a line parallel and close
to the major axis of the continuum source underlining a clear
velocity gradient.

Assuming that the obtained peak map represents a rotating
disk, we can determine the mass of the central object and the
geometry of the disk. To do so, we fitted the peak distribution
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Fig. 5. Linear Keplerian model. Red, magenta, and green error bars give
major-axis-projected positions and Vg for the high-velocity peaks (the
velocity cuts are indicated by horizontal dotted lines) of the CH;CN and
CH;OH molecular data (see the legend). Dashed black lines indicate the
position of the central source and its Vi sg. The blue curves represent a
Keplerian fit for the central mass of 15 M.

(Fig. 4) with two models: (1) a linear Keplerian model that
takes into account only high velocity blue- and redshifted peaks
(Visr=~25-30 and 39-47 km s~!) that draw a linear struc-
ture at the position of MMI1, (2) a planar Keplerian model
(Sanchez-Monge et al. 2013) that fits all peaks and provides, in
particular, an estimate of the inclination angle of the disk.

The linear Keplerian fit is illustrated in Fig. 5, which shows
the Vigr of the emission peaks from Fig. 4 versus the cor-
responding offsets projected along the disk major axis (along
PA=130°). The offset position of the central source along the X-
axis (Xp), the systemic velocity (V,), and central source mass
(M) were the free parameters of the linear Keplerian fit, whose
result is reported in Table 3. The linear Keplerian fit provides
a position of the central source slightly offset by 0703 from the
position of the continuum peak that we used as the reference
and V=345 km s~'. The fitted mass of the central source is
~15 M, without consideration of the disk inclination angle.

The free parameters of the planar Keplerian fit were: the
position of the central source on the plane of the sky (Xo, Yo),
the central velocity (Vgur), the PA of the disk projection on the
plane of the sky (PA), the inclination () of the disk rotation
axis with respect to the plane of the sky, and the central source
mass (M). Interestingly, if we use only the emission peaks that
make up the inner ellipse around MM1a (all lines excluding the
more extended emission of CH3CN v = 0 J = 12-11 K =4
and CH3;0OH), we obtain an inconsistent fit with the linear
distribution of high-velocity spots offset from the disk’s major
axis and a large disk inclination of ~56°. Inclusion of the more
extended CH3CN v = 0 K = 4 and CH30H data, yield the fit
in Fig. 6 where the modelled velocity field (sectors of differ-
ent colour) corresponds well to the data. The best-fit parameters
are given in Table 3. We have ascertained that the inconsistent
planar Keplerian fit obtained by employing only the CH3CN
data (excluding v = 0 K = 4) is due to the mid-velocity spots
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Fig. 6. Planar Keplerian fit (considering all velocity features) of the
CH;CN and CH3;OH molecular data. The modelled velocity field is indi-
cated by colour (the colour match of the spot with the corresponding
sector of the velocity field indicates a correct approximation). The map
is rotated by 50° clockwise with respect to that in Fig. 4.

Table 3. Fitted parameters of the disk.

Xo Yo Viaa 6@ PA M
™) () kms™) () () (Mo)
Linear Keplerian fit
0.03 ® 34.5 - -© 15@
Planar Keplerian fit
0.01 -0.03 34.5 32 130 20

Notes. “@Inclination, i.e. the angle between the disk axis and the plane
of the sky. ?Offset along the PV cut. “Was set to 130° in accordance
with the PA of the continuum source. “Not corrected for the disk
inclination.

(Visr = 30-39 km s~!) spreading out of the disk mid-plane (see
Fig. 4). Their kinematics is inconsistent with Keplerian rotation
around the same central mass as traced by the linear distribu-
tion of the corresponding high-velocity (Visg <30 km s~! and
>39 km s~!) spots. From the Keplerian planar fit, we obtained the
best-fit mass of the central source of ~20 M, which is in good
agreement with the result of the linear Keplerian fit corrected
for a best-fit disk inclination of ~30°. Thus, the two approaches
provide similar results, confirming the presence of a slightly
inclined, rotating disk around MM a.

4. Discussion
4.1. Disk and central mass

Previous observations of G11.92-0.61 MMIla had revealed the
presence of a massive protostar surrounded by an accretion disk;
however, the exact parameters of this system remained a subject
of debate. Our new high-resolution, multi-line ALMA data pro-
vided the insights needed to resolve these uncertainties and offer
amore precise estimate of the characteristics of the central object
and its disk.

The work of Ilee et al. (2016) suggested the presence of
an infalling Keplerian disk with a radius of 1200 au and an
inclination of ~55-38°4. rotating around an enclosed mass of

4 Note that Ilee et al. (2016, 2018) and this work use different defi-
nitions of inclination angle: in Ilee et al. (2016, 2018), 0° corresponds
to a face on disk while, in this work, 90° corresponds to a face-on disk.

~30-60 M based on multi-line data obtained with the SMA and
Karl G. Jansky Very Large Array (VLA). Later ALMA observa-
tions of CH3CN emission at a higher angular resolution indicated
slightly different parameters of ~40 M, for the central mass,
and a disk inclination of ~20° (Ilee et al. 2018). However, these
discrepancies appear to be mostly dependent on the choice of
tracers rather than on the resolution of the observations. Similar
to our analysis, Ilee et al. (2016) also noticed that the Keplerian
approximation depends on whether methanol is included or not
in the input dataset. In Ilee et al. (2016), inclusion of the CH;0OH
data provided a central mass of ~35 M, and a disk inclination of
~38°, while exclusion of the CH30H yielded ~60 M., and ~55°.
The Keplerian fit of our data provided a central mass of ~20 M,
and disk inclination ~32° with CH30H and ~35 M and disk
inclination ~55° without it (see Sect. 3.4). Overall, these esti-
mates suggest two scenarios: (1) a more massive protostar with
a more inclined disk, or (2) a less massive protostar with a less
inclined disk.

While Ilee et al. (2016) could not discriminate between the
two possibilities and confined the mass in the range ~35-60 M,
we argue that inclusion of the CH3;OH data provides a more
accurate approximation of the disk geometry, and in particu-
lar the disk inclination as CH3OH traces large radii of the disk
(Fig. 4). The high-excitation energy CH3CN emissions (vg = 1
and v = 0 K = 7 to 8) at mid-velocities (30-39 km s~!) deviate
from Keplerian rotation at disk radii of >0”1 (>300 au) accord-
ing to our Keplerian fits as discussed in Sect. 3.4. Figures 4 and 6
show that the mid-velocity emissions of high-excitation CH;CN
and the CH3;OH lines draw two ‘rings’ around the central pro-
tostar, and that of CH3CN is significantly smaller (de-projected
diameter of ~400-500 au) than that of CH;OH (1200-1500 au).
According to Fig. 5, the mid-velocity (30-39 km s™!) spots of
CH;CN, (tracing the smaller ring in Fig. 6) have line-of-sight
velocities closer to Vi, than expected from the Keplerian profile
at the corresponding radius; the high-excitation CH3CN emis-
sion is thus tracing sub-Keplerian rotation at these positions.
Deviations from Keplerian rotation within the disk (at the radii of
>300 au in our case) can be due, for example, to magnetic fields
(for example, Seifried et al. 2011), while the radius at which Kep-
lerian rotation dominates may vary depending on the magnetic
field strength and age of the system (for example, Seifried et al.
2011; Kuiper et al. 2011).

For instance, for the protostar G23.01-00.41 with a mass
comparable to MM1la, ALMA observations of Sanna et al.
(2019) showed that sub-Keplerian rotation dominates the accre-
tion disk at radii between 500 and 2000 au with strong infall
signatures, whereas centrifugal equilibrium might be reached in
the innermost regions only. Notably, because of the higher angu-
lar resolution with respect to Sanna et al. (2019), here we are also
able to probe the rotation curve where gas approaches centrifu-
gal equilibrium near the protostar. We can also glean interesting
insights by comparing G11.92-0.61 MM 1a to an object at an ear-
lier stage of evolution. The molecular line study by Miyawaki
et al. (2022) of the hot molecular core W49N MCN-a provided
a compelling example of the transition from a massive, grav-
itationally unstable envelope to a Keplerian-like disk. Similar
to our findings for G11.92-0.61 MM1a, Miyawaki et al. (2022)
demonstrate that the choice of molecular tracers significantly
impacts the interpretation of rotation curves and the inferred disk
parameters. In both sources, distinct radial regions with differing
velocity gradients were identified using different molecular lines.

Thus, we recalculated the inclinations obtained in Ilee et al. (2016, 2018)
to express them according to our definition.
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However, in contrast to G11.92-0.61 MM1la, W49N MCN-a
remains dominated by a massive, gravitationally unstable enve-
lope. This distinction likely reflects the differing evolutionary
stages of the two systems.

Summarising the results obtained for the G11.92-0.61 MM1a
system, we confirm the presence of a dust disk traced by the
1.3 mm continuum emission and having a diameter ~0.16
(~500 au) and PA ~130° (Fig. 1). Molecular emission of high-
excitation CH3CN vg = 1 and v = 0 K = 7 to 8, trace two distinct
regions of the disk: (1) high-velocity emissions trace the inner
<300 au radii of the disk, which are dominated by Keplerian
rotation; and (2) mid-velocity emission at larger disk radii from
>300 au traces rotation in a sub-Keplerian regime. Overall, the
disk is found to be close to edge-on with inclination of ~30°.
The mass of the central object is determined to be ~20 M,
which agrees with the luminosity of the source of ~10* Ly
(Cyganowski et al. 2011b; Moscadelli et al. 2016; Ilee et al.
2018) better than the higher mass estimates obtained in previous
studies.

4.2. Kinematic profiles of the molecular outflow

Another insight into the structure of the source is provided by
the low-flux-density 1.3 mm continuum emission, which shows
excess emission to the SW of the continuum peak (Fig. 1), with
two distinct spurs to the eastern and western sides. Notably these
spurs of emission pointing to the SW from the continuum peak in
our image are roughly symmetrical to the NE excess in the lower
resolution image by Ilee et al. (2018) at the same wavelength.
Now comparing the 1.3 mm continuum images from this work
and from Ilee et al. (2018) to the molecular line data in Figs. 2i
and 2k, we see that the SW 1.3 mm emission correlates well with
the strings of SO, and SO emission propagating to the NE and
SW from the central source and tracing outflow motions. Thus,
we can infer that the 1.3 mm continuum emission traces not only
the disk but also the base of the outflow cavities. And more pre-
cisely it traces the dust in the disk and inner flow cavities, as the
analysis of the spectral energy distribution from Ilee et al. (2016)
demonstrated that the 1.3 mm continuum emission is dominated
by thermal dust emission.

All available observations of G11.92-0.61 MM a indicate the
presence of an X-shaped structure parallel to the large-scale out-
flow and perpendicular to the disk. Besides dust continuum, the
structure is clearly seen in our SO, image (Figs. 2i and j). It
identified in all other detected lines (Fig. 2), as well as in the
molecular line data from (Ilee et al. 2016, especially their HC;N
and SO images). The X-structure could be associated with accre-
tion of material rather than with ejection, that is to say, it could be
streamers driving material from the envelope towards the disk,
similar to, for example, the case discussed in Goddi et al. (2020)
for the high-mass star-forming complex W51. However, we dis-
card this possibility as the detected structure is clearly aligned
with the large-scale outflow and is clearly seen in outflow trac-
ers (SO, and SO lines). Additionally, the velocity field maps
in Fig. 2 hint at an increase in the velocity along the outflow
with increased separation from the central protostar, while in the
case of streamers, we would expect higher-velocities as the mat-
ter approaches the disk. Thus, we tend to interpret this structure
as outflowing gas along the outflow cavity. Moreover, the clear
velocity gradient seen in all molecular tracers suggests the pres-
ence of rotation of the outflowing gas around the outflow axis.

Assuming that both SO, and SO emissions trace the walls of
the rotating outflow cavities for each of the two outflow lobes,
we can try to quantify the outflow properties by examining the
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kinematic profiles of the molecular emission at different sep-
arations from the central source, following the methods that
have proven to be effective for low-mass protostars (for example,
Zhang et al. 2018). Using the SO, and SO data, we prepared sets
of the PV diagrams for several cuts perpendicular to the outflow
axis (z-axis) along the NE and SW lobes (see Figs. A.1-A.4).
Following our model, we presume that in each PV diagram, the
peaks of emission in the ‘red’ (redshifted velocities and positive
offsets) and ‘blue’ (blueshifted velocities and negative offsets)
part of a diagram correspond to opposite cavity walls of a par-
ticular outflow lobe. For these two peaks, we measure the offsets
from the central source position (R;eq and Ry, ) and correspond-
ing local standard of rest velocity (Vg and Vyy,e). Usage of the
lower-resolution data (0 15 synthesised beam) allowed us to bet-
ter determine the peaks of the PV diagrams. In accordance with
the chosen spatial resolution, the step for the cuts was set to 0’15
(~500 au). For each cut, the radius of the outflow was calculated
as Royt = (Rred — Roue)/2 (Figs. 7a and b), while Ryeq = (Rpeq +
Rpe)/2 is an estimate of the distance between the cavity walls
and the outflow axis (Figs. 7c and d). The median velocity was
estimated as the average of the velocities Vipeq = (Vied + Vbiue)/2
(Figs. 7e and f) and the rotation velocity was computed as Vo =
(Vied — Viie)/2 (Figs. 7g and h). We also calculated the specific
angular momentum j as Rqy Vo (Figs. 7i and j). Our errors on
the offset and velocity were determined by the spatial (0”15 or
500 au) and spectral (0.35 km s~') resolution, respectively.
Figure 7 shows the parameters of the outflow that we
obtained for the NE (left panels) and SW (right panels) lobes
using SO (black circle markers) and SO, (red square markers)
data. The NE lobe turned out to be 1.5 times wider than the SW
lobe, with the maximum R, for the NE lobe being ~1400 au,
while the emission from the SW lobe has a maximum R, of
~930 au (Figs. 7a and b). A linear fit to the R, data provides us
with an estimate of the outflow launching radius (Ry), which is
~260 au for the NE lobe, and ~340 au for the SW lobe. The rel-
atively small values of R4 with respect to R, indicate that
the cavity wall is approximately centred on the outflow axis
(Figs. 7c and d). SO and SO, data for both lobes revealed the
same median value of the velocity Vieq = 34.4+0.5 km s™! (grey
line in Figs. 7e and f), which agrees well with the V,, estimated
from the Keplerian fits (see Table 3). Such a good agreement
also suggests that the inclination of the outflow is small. The
rotation velocity (Vo) shows a decreasing trend with separation
from the central source for both the NE and SW lobes (see the
dashed line in Figs. 7g, and h). We note that we excluded from
the fits the values of V.o (1) obtained for the cut at ~500 au
along the NE lobe as the difference between SO and SO, data
points is significant (~4 km s~!) and it seems to indicate that this
region closest to the central source is too turbulent or shielded
by the dust, and (2) obtained for the cut at ~2500 au along the
SW lobe as it seems to reflect a different kinematics in the tail
of the outflow. For the NE lobe, V., changes from ~5 km s~! at
z = ~1000 au to ~3.4 km s~! at z = ~2500 au; thus, the differ-
ence is 1.6 km s~! over 1500 au. In the SW lobe, Vo ranges from
33kms™' at z=~500 au to 2 km s~ at z = ~2000 au, with a
variation of 1.3 km s~! over 1500 au, which is very similar to
the numbers obtained for the NE lobe. Considering the increas-
ing Ry of the outflow (Figs. 7a and 7b) and decreasing Vo for
the cuts that produced reliable estimates, we obtain a distribu-
tion of the specific angular momentum (see Figs. 7i and j) that
hints at conservation of this quantity along the flow. In particu-
lar, in the NE lobe, the mean of the specific angular momentum
is ~4500+690 au km s~!. For the SW lobe, the mean specific

angular momentum is ~1600+200 au km s~!.
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Fig. 7. Outflow parameters derived from the PV diagrams for the cuts with steps of 015 (~500 au) through the NE (left) and SW (right) lobes of the
SO- and SO,-traced outflow. The markers represent the values obtained using the detected emission peaks in the PV diagrams (see Figs. A.1-A 4).

Linear fits to the data are indicated with dashed lines (see the legend).

The observed conservation of specific angular momentum
indicates the presence of differential rotation along the outflow.
Such a behaviour is consistent with the expected dynamics of
a MHD disk-wind, where streams of gas, emerge from the disk
and co-rotate with their launching points along the poloidal mag-
netic field lines. Since SO and SO, emissions are known to trace
denser regions of the outflow, we assume that we detect the rota-
tion of the denser, inner portions of the outflow linked to the
disk-wind, rather than the broader, more diffuse outflow cavity.

4.3. Disk-wind evidence

There is another particular feature of the SO image that leads
us to believe in the presence of a disk-wind in the source. The
velocity field imaged with the SO molecular line data shows a
velocity spike at a ~0’3 (~1000 au) separation to the NE of

the central source (see the dashed black circle in Fig. 21). To
analyse the behaviour of the gas in this region, we present PV
diagrams for a slice centred on the position of the velocity spike
with PA = 130° for the tracers of extended emission (CH3CN
v = 0 K=3, CH30H, SO,, and SO; see Fig. 8). At the position of
the velocity spike, mildly extended emission of CH;CN v = 0 as
well as CH3OH (for example, Figs. 8a and 8b) can be interpreted
as tracing a ring structure with only the highest-velocity emis-
sion showing a hint of Keplerian rotation. In contrast, the SO,
and SO profiles are consistent with Keplerian patterns (Figs. 8c
and 8d) indicating Keplerian rotation of the matter at such a
large distance from the central source as ~1000 au. We note that
the distribution of the SO emission (see the moment 0 map in
Fig. 2k) suggests that the vicinity of the central source is opaque
in this line while the velocity spike position is more optically
thin and allows us to directly see this feature.
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Fig. 8. PV diagrams of CH3;CN v = 0 J = 12-11 K =3 (a), CH3;0H (b), SO, (c), and SO (d) emission for the cut at the position of the velocity
spike (see the dotted black circle in Figs. 2k and 1). The magenta curves represent the Keplerian disk model for the central mass of 15 M.

Fitting of the PV diagram for the SO emission at the velocity
spike position using the KeplerFit script from Bosco et al. (2019)
returned a central source mass of 15 M; this is consistent with
what obtained from the disk analysis (see Table 3), suggesting a
common origin. The characteristics of the SO, and SO emission
can be explained assuming they trace a disk-wind in the source.
Considering a disk in Keplerian rotation, we expect the streams
of the disk-wind with the highest velocities to be launched from
the smallest radii; thus, the velocity spike seen in the SO Moment
1 map traces the gas coming from the innermost disk regions.

As mentioned in the introduction, one of the distinguish-
ing parameters between the X-wind and disk-wind models is the
position of the launching point within the disk: <0.1 au for X-
wind (Shu et al. 1995) and tens of au for disk-wind (Pudritz
et al. 2007). Thus, if we want to test which of the two theories
better fits our data, we need to determine the launching radius
(Rp). For this purpose, we adopted the approach presented in
(Lee et al. 2017, their Eq. (2)), where the jet launching radius
is constrained by the specific angular momentum of the jet (j),
jet expansion velocity, and mass of the central object (M). We
use our estimate of the mean specific angular momentum of
~4500 au km s~! for the NE lobe and of ~1600 au km s~! for
the SW lobe, as well as the mass of the protostar 15 M (with-
out correcting for the inclination as we did not consider it in the
calculations of the angular momentum). The only parameter that
we have not evaluated directly with our data is the outflow veloc-
ity. We can assume a reasonable value of ~30 km s~! based on
the 22 GHz water maser proper motions estimated in Moscadelli
et al. (2019). Using these estimates, we get Ry ~50 au for the SW
lobe and ~100 au for the NE lobe. Since the water masers typi-
cally occur in the regions where outflowing gas collides with the
ambient material and thus slows down, we can expect that the
real velocity of the outflow is even higher. To take into account
this possibility, we recalculated Ry using the same parameters
but an outflow velocity of ~100 km s~'. We get ~10 au for the
SW lobe and ~20 au for the NE lobe. These estimates are not
consistent with the X-wind model, which requires much smaller
radii, of a fraction of a au.

A quantity of interest in disk-wind models is the magnetic
lever arm A=R3/R2. Here R, is the Alfvén radius (the radius
where magnetic energy density and the kinetic energy density
of the outflowing material are comparable) and Ry is the radius
at which the field line is anchored to the disk that we previously
estimated. To evaluate the magnetic lever arm for our case, we
used Eq. (10) from Ferreira et al. (2006) and the estimated values
of the specific angular momentum, outflow propagation velocity,
and protostar mass. For a velocity of the outflow of ~30 km s7!,
we obtain A of ~2.4 and ~4, and R, of ~80 and ~200 for the SW
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Fig. 9. Velocity map of the SO emission (colour) overlaid with the dust
continuum (black contours), the SO, integrated emission (white con-
tours), and the 22 GHz maser positions (white dots) and proper motions
(black arrows).

and NE lobe, respectively. Such A are in good agreement with
the typical values (between 2 and 10) expected for disk-winds in
massive protostars.

Finally, the image in Fig. 9, combining the SO, SO,, and
1.3 mm continuum emission obtained in this work, as well as
the 22 GHz water masers from Moscadelli et al. (2019), shows
that all the outflow tracers originate from a common large rotat-
ing structure but at different scales. Figure 9 confirms that the
proper motions of the 22 GHz water masers correlate well
with the velocity field of the molecular data, suggesting that
each of the maser groups co-propagates with the outflow mate-
rial. As we mentioned above, in the case of massive protostars,
high-resolution and high-sensitivity observations of masers are
required to resolve the launching region of a disk-wind and con-
firm its nature. In G11.92-0.61 MM1a, the 22 GHz water masers
trace the launching base of the outflow but, unfortunately, not the
streamlines of a disk-wind. In conclusion, G11.92-0.61 MM1a
seems to be a unique example of a massive protostar in which
bright molecular outflow emission (1) reveals clear signs of rota-
tion over ~3400 au from the central source, and (2) shows strong
indications for the presence of a disk-wind launched from small
radii (~50-100 au) of the disk. Our study demonstrates that
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high-resolution molecular line data can suffice to reveal disk-
winds in massive protostars.

5. Conclusions

We have carried out an ALMA Band 6 observation of the
massive protostar G11.92-0.61 MM1. The main results can be
summarised as follows:

1. We confirm the existence of a disk around the source MM 1a.
The estimate of the disk diameter depends on the tracer,
ranging from 500 au in the millimetre continuum to 700 au
in the CH3CN and CH3;OH lines.

2. The molecular line data reveal the presence of two dis-
tinct velocity fields within the disk: (1) Keplerian rotation at
radii of <300 au, traced by high-velocity CH3;CN emission,
and (2) sub-Keplerian rotation at larger disk radii, >300 au,
traced by mid-velocity CH3CN emission.

3. Keplerian fitting of the molecular data associated with the
disk gives a central source mass of 20 M, which is about
two times lower than the previous estimates for MM 1a and
is consistent with the source luminosity of ~10* Loy

4. The source MM 1b appears to be a distinct source rather than
a disk fragment as no molecular emission associated with
MM1b and no connection between MM1la and MM1b are
detected.

5. A strong collimated SO, and SO outflow from MMla is
probed up to ~3400 au from MM1a.

6. The observed velocity pattern of the SO, and SO emis-
sion indicates that the outflow is rotating about its axis.
A decrease in the rotation velocity of ~1.5 km s~ over
~1500 au is found in both lobes of the outflow. Along the
lobes, the specific angular momentum is approximately con-
stant: ~4720 au km s~! for the NE lobe and ~1420 au km s~!
for the SW lobe.

7. The Keplerian rotation profile obtained for the molecu-
lar outflow tracers suggests magneto-centrifugal launching
of the wind. Considering the estimated specific angular
momentum and mass of the central object, we derive a
launching radius of the outflow of ~50-100 au, which is con-
sistent with the disk-wind model, while the X-wind model
requires much smaller launching radii.

8. Comparison of the newly acquired molecular data and
22 GHz water maser proper motions indicates that the water
masers trace the disk-wind interaction region.
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Appendix A: Position—velocity diagrams perpendicular to the outflow axis
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Fig. A.1. PV diagrams for the cuts with steps of 0”15 through the NE lobe of the SO-traced outflow. The offset of the cut is indicated in the
top-left corner of each panel. The red (blue) cross indicates the peak in the red (blue) part of each diagram. The vertical and horizontal lines mark,
respectively, the position of the protostar and the systemic velocity, V., obtained from the Keplerian fit (see Table 3). The zero offset corresponds
to the fitted position of the 1.3 mm continuum peak.
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Fig. A.2. Same as Fig. A.1 but for the SO, outflow.

A92, page 12 of 13



SO - SW Lobe

z=0.15"

o
S

IS
&

IS
S

w
v

LSR Velocity (km s71)
Now
5 8

~
S

,_.
@

-

0
Offset (arcsec)

SO - SW Lobe

z=0.6"

LSR Velocity (km s71)

Fig. A.3. Same as Fig. A.1 but for the SW lobe.

-

0
Offset (arcsec)

SO, - SW Lobe

425 2=0.15"

40.0 1

37.54

35.01

\

=

32,54

LSR Velocity (km s™1)

30.01

27.54

25.01

y

Offset (arcsec)

SO, - SW Lobe

4254 2=06"

40.01

37.54

35.01

32,54

LSR Velocity (km s~1)

30.01

27.54

25.01

Fig. A.4. Same as Fig. A.2 but for the SW lobe.

Offset (arcsec)

-1

100%

90%

80%

70%

50%

30%

100%

90%

80%

70%

50%

30%

~ 100%

T 90%

r 80%

r70%

T 50%

~30%

T 100%

=T 90%

r 80%

r70%

=t 50%

—-30%

Intensity

Intensity

Intensity

Intensity

LSR Velocity (km s7%)

LSR Velocity (km s7%)

LSR Velocity (km s7%)

LSR Velocity (km s7)

Bayandina, O. S., et al.: A&A, 694, A92 (2025)

SO - SW Lobe

45

40

35

z=0.3"

30

25

20

15

0
Offset (arcsec)

SO - SW Lobe

45

40

35

z=0.75"

30

25

20

15

40.0

375

35.0

325

42,5

40.0

375

35.0

325

Offset (arcsec)

SO; - SW Lobe

z=0.3"

|

0
Offset (arcsec)

SO; - SW Lobe

z=0.75"

— &

\
)

Offset (arcsec)

T 100%

=T 90%

r 80%

r70%

=T 50%

—-30%

T 100%

=T 90%

r 80%

r70%

=T 50%

—-30%

T 100%

=T 90%

80%

70%

=T 50%

—30%

T 100%

=T 90%

80%

70%

—t 50%

— 30%

Intensity

Intensity

Intensity

Intensity

LSR Velocity (km s7%)

LSR Velocity (km s™%)

SO - SW Lobe
T 100%
z=0.45"
50
f— 90%
454
404
(—4 t 80%
35 @L\
3
30 F70%
25
{— 50%
20
154 r T T - 30%
2 0 -1 -2
Offset (arcsec)
SO, - SW Lobe
T 100%
a25{ z2=045"
400 [ 90%
37.5
@ t80%
35.0 )
v
3259 t70%
30.0
f—50%
27.5
2504 . . . L 309
2 -1 -2

Offset (arcsec)

A92, page 13 of

Intensity

Intensity

13



	Protostellar Outflows at the EarliesT Stages (POETS)  VI. Evidence of disk-wind in G11.92-0.61 MM1
	1 Introduction
	2 Observations and data reduction
	3 Results
	3.1 1.3 mm continuum
	3.2 Molecular lines
	3.3 Position-velocity diagrams
	3.4 Keplerian disk approximation

	4 Discussion
	4.1 Disk and central mass
	4.2 Kinematic profiles of the molecular outflow
	4.3 Disk-wind evidence

	5 Conclusions
	Acknowledgements
	References
	Appendix A: Position–velocity diagrams perpendicular to the outflow axis


