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Table 2. Dust continuum measurements.

Component Peak intensity Integrated flux density FWHM PAa Physical size Data
(Jy beam�1) (Jy) (00⇥00)

Clump 8.32 14.95 28.300 ⇥ 23.400 �31� 0.32 pc APEX/LABOCAb

MDC 2.10 4.0 6.100 ⇥ 3.8500 70� 0.06 pc ALMA 7 m arrayc

Inner enveloped 0.1 2.1 0.9600 ⇥ 0.5600 74� 1500 aue ALMA 7 m + 12 m array
Residual (disc)d 0.063 0.068 0.2600 ⇥ 0.1200 101� 250 aue, f ALMA 7 m + 12 m array

Notes. (a)The position angle of the fitted Gaussian is measured from north to east. (b)The corresponding parameters are extracted from the catalogue
of Csengeri et al. (2014), which is based on ATLASGAL data. (c)The parameters are from the ALMA 7 m array from Csengeri et al. (2017b).
(d)Parameters obtained with a 2D Gaussian fit in the image plane in this work. (e)Corresponds to the beam-deconvolved R90%; see the text for details.
( f )This estimate is based on the resolved major axis.

Fig. 4. Panel a: Colour scale showing the integrated intensity map of the 3t = 1 CH3OH line at 334.4 GHz. The green triangles indicate the positions
where the spectrum has been extracted for the rotational diagram analysis on the CH3OH spots, and are labelled as components A and B. The black
cross marks the position of the dust continuum peak. The beam is shown in the lower left corner. Panel b: the colour scale shows the continuum
emission from Fig. 2b, contours and markers are the same as in panel a. Panel c: Integrated spectrum of the torsionally excited CH3OH transition
at 334.4 GHz over the area shown in panel a. The green lines show the two-component Gaussian fit to the spectrum. The blue dashed line shows
the vlsr of the source. Panel d: pv-diagram along the �↵ axis and averaged over the extent of the cube we show here corresponding to ⇠2.500. The
dotted lines mark the position of the dust peak and the vlsr of the source.

Table 3. Observational parameters for the CH3OH 3t = 1 lines, and
results of the LTE modelling for CH3OH.

Observed parameters LTE fit parameters
vlsr

a �v N size Tex
(km s�1) (km s�1) (cm�2) (00) (K)

A �48.1 ± 0.1 (�4.6) 4.5 ± 0.2 1.6 ⇥ 1019 0.4 160
B �39.9 ± 0.1 (+3.6) 5.6 ± 0.1 2 ⇥ 1019 0.4 170

Notes. (a)The number given in parentheses corresponds to the difference
between the line velocity and the �43.5 km s�1 vlsr of the source.

on the continuum source, while its higher energy transitions
show the two prominent peaks like the 3t = 1 CH3OH line4. Our
LTE modelling in Sect. 3.3.2 indeed shows that the three lowest
energy transitions of CH3OH�A have high optical depths.

The other transitions are, however, optically thin, and they
show two emission peaks offset from the protostar, similar to
the 3t = 1 CH3OH line, while the emission decreases towards
the position of the protostar. In addition, their pv-diagrams are
also similar to the 3t = 1 CH3OH line revealing the two velocity
components. Among these lines, we have the two 13CH3OH tran-
sitions detected with a high signal-to-noise ratio which are the
least affected by optical depth effects. This leads us to conclude

4 The CH3OH�E transitions in the band have Einstein coefficients that
are an order of magnitude smaller, which might explain why all the
CH3OH�E lines show two emission peaks despite their lower energy
level.

that the two prominent spots traced by the 3t = 1 state CH3OH
line cannot be a result of a large optical depth of CH3OH towards
the continuum peak.

We calculate the critical densities for these CH3OH transi-
tions in Table 1, and find that they all trace high density gas
(if thermalised), strictly above 105 cm�3, but typically on the
order of 107 cm�3. We notice that the different transitions have a
varying contribution as a function of upper energy level from
the central source, which suggests that they may trace two physi-
cal components, one associated with the inner envelope showing
the bulk emission of the gas likely at lower temperatures, and
another, warmer and denser component associated with the two
peaks of the CH3OH 3t = 1 line.

3.3. Physical conditions of the methanol spots

We used here two methods to measure the physical condi-
tions towards the methanol spots, and also the position of
the protostar. We extracted the spectrum covering the entire
observed 7.5 GHz for this purpose. To convert it from Jy beam�1

into K scales, we used a factor of 198 K Jy�1 that we
calculated for the 0.2300 averaged beam size at 335.2 and
347.2 GHz. Taking a mean conversion factor for the entire
bandwidth impacts the brightness temperature measurements by
less than 10%.

3.3.1. Rotational diagram analysis of CH3OH transitions

We performed a rotational diagram analysis (Garay et al. 2010;
Gómez et al. 2011) to estimate the rotational temperature of
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• Is high-mass star formation a scaled-up version of low-
mass star formation? (core accretion vs. competitive 
accretion) 

• Searching for collimated outflows and Keplerian disks 
around massive protostars are important (Sánchez-Monge+ 
2013; Beltrán+ 2014; Ginsburg+ 2018; Johnston+ 2015; Zapata+ 2015; 
Ilee+ 2016; Cesaroni+ 2017; Maud+ 2018) 

• Confirmation of Keplerian disks around massive 
protostars are difficult (resolution, mixing of envelope 
rotation and Keplerian rotation) 

• Hint of low-mass star formation: envelope-disk transition 
(centrifugal barrier) seen in chemical changes (e.g Sakai et 
al. 2014a,b; Oya et al. 2015, 2016, 2017)  

• Can we use similar method to search Keplerian disks 
around massive protostars? — Envelope/disk transition in 
both kinematics and chemistry (Csengeri+ 2018)

Background
G11.92–0.61 MM1: A Keplerian disc around a massive young proto-O star 11

Figure 6. Top: centroid plots for the CH3CN K=3 (left) and the CH3OH 229.75GHz (right) transitions, displaying the di↵ering
morphology characteristic of CH3OH. Bottom: Results of the kinematic fitting procedure described in Section 4.1 for the two collections
of centroid points — all ’disc-tracing’ lines other than CH3OH (left) and ’disc-tracing’ CH3OH transitions only (right). The best fitting
disc model for all lines (except CH3OH) surrounded an enclosed mass of 60
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ways given at least the K = 0/1 (blended with each other),
K = 2 and K = 3 transitions to fit. The subsequent best
fitting model spectra were then examined by eye, and any
inadequate fits were discarded from the final results.

In all cases, we found that models with a single com-
ponent of emitting material could not adequately reproduce
the line ratios observed in the CH3CN and CH13

3
CN spectra.

Instead, two components of emitting material were required
to adequately reproduce the emission (similar to observa-
tions of hot cores, e.g. Cyganowski et al. 2011a; Hernández-
Hernández et al. 2014). In these two component fits, each
component was given a set of independent parameters as
listed above.

Figure 7 shows the results of the fitting procedure.

The top panel shows the results of a fit to an individual
pixel, with the respective transitions of CH3CN and CH13

3
CN

labelled, along with the transition of 13CO that appears
within that range of frequencies. There is good agreement
between the line ratios and line widths of the model and
the data, suggesting we are placing strong constraints on
the parameters. The lower panels of Figure 7 show the re-
sults for the first component (left) and second component
(right). The first component is characterised by cooler ma-
terial (⇠ 150K), with a higher column (⇠ 10

18 cm�2) and a
larger linewidth (⇠ 8 km s�1), while the second component
is warmer (⇠ 250K) with a lower column (⇠ 10

16 cm�2) and
exhibits a range of linewidths (5–8 km s�1). These two tem-
perature components may be identified with two distinct
reservoirs of CH3CN in the disc, as seen in recent chemi-
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Fig. 5 Histograms of a distance, b bolometric luminosity, c gas mass of the circumstellar structure, and d
outer radius of the circumstellar structure of the IM (blue) and HM (red) (proto)stars in Tables 1 and 2

molecules, such as CH2OHCHO, are abundant in HM star-forming regions and also
in a few IM star-forming regions (see Beltrán 2015, and references therein). The large
bandwidth of current radio/mm interferometers allows us to study the physical prop-
erties and velocity field of these embedded (proto)stars in many different species,
covering a broad range of excitation conditions, as recently demonstrated by ALMA
observations at 850 µm of B-type (proto)stars: G35.20+0.74N A and B (Sánchez-
Monge et al. 2014) and G35.03+0.35 A (Beltrán et al. 2014).

Alternative strategies to search for massive YSO disks were proposed by Hoare
et al. (1994) and Hoare (2006) for the massive YSO sources S 106 and S 140-IRS1 by
means of centimeter emission. It potentially traces ionized equatorial winds driven by
the radiation pressure of the central star and inner disk acting on the surface layers
of the disk. Indeed, these observations have revealed elongated disk-like structures
perpendicular to molecular outflows that have been interpreted as produced by such
equatorial disk winds. Such winds can also be traced using IR hydrogen recombination
lines accessible to OI and exploited for example in the study of the disk of the young
B 1.5V star MWC 297 (Malbet et al. 2007). Circumstellar disks can also be studied with
maser emission, as nicely demonstrated by the multi-epoch SiO maser emission VLBI
observations of the HM (proto)star Orion Source I (Matthews et al. 2010). Because of
the strength and compactness of their emission, masers can be observed with VLBI
techniques that can provide angular resolutions of a few mas. The advantage of using
masers to study circumstellar disks is that they are very bright, the drawback is that
their emission is sensitive to the excitation conditions, which makes it hard to estimate
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Figure 3. ALMA Position-Velocity diagrams obtained from the CH3OCHO(37(13,25)-37(12,26) A) v=0 and CS(7-6) v=1 thermal emission and

computed to a positional angle of 50◦, the mayor axis of the disk surrounding IRAS 16547-E. The spectral and spatial resolutions are shown in the

bottom left corner. The peak intensity scale-bar is shown in the right and its units are in Jy Beam−1. The white, red, and green lines mark the

Keplerian rotation curves for a disk with a enclosed mass of 30 (white), 20 (red), and 10 (green) M⊙, respectively. We assume an inclination angle

for the disk of 55◦. The brown contours are starting from 0.05 to 0.55 mJy in steps of 0.10 mJy. The dashed lines trace the systemic velocity of

the spectral lines and the axis center of the disk.

= 3.6 M⊙, respectively. We conclude that this inter-
pretation must be incorrect because the enclosed mass
from the exterior ring should be larger. We then sug-
gest that the speeds are due to a single Keplerian disk.
However, the disk shows some asymmetries that could
be caused because the disk is unstable and fragment-
ing, as theoretically predicted for massive, large disks
(Kratter & Matzner 2006) and suggested in a similar
system G11.92 in Ilee et al. (2016); Ilee et al. (2018).
Furthermore, some of these asymmetries could also be
caused by different excitation conditions within the disk.
In these Figures, we additionally present three Kep-

lerian rotation curves with enclosed masses of 30, 20,
and 10 M⊙. These new probes (CH3OCHO and CS)
are tracing even broader LSR radial velocities (∼ 40 km
s−1) within the disk than the CH3SH line (∼ 20 km s−1)
line because of the better sensitivity and angular reso-
lution of the present observations (Zapata et al. 2015).
We compute a Keplerian thin disk model fitted to the

CH3OCHO line data that is presented in Figure 4. We
describe in detail this model in the Appendix section.
The best fitted physical and geometrical parameters of
the Keplerian disk surrounding IRAS 16547-E are pre-
sented in Table 1. With this disk model we obtained
three important physical parameters with a relatively
good accuracy: the inclination angle 55◦ ± 5.0◦, the
size 0.3′′±0.1′′ (1190±290 au), and the enclosed mass

25±3.0 M⊙. These physical values and their errors were
obtained from a minimum χ2 estimation between model
and data.
The twenty-five solar masses correspond to a single

main-sequence O7 type star (Martins et al. 2005). Sub-
tracting the contribution of the dusty disk plus the en-
velope of about 4 M⊙ (see the Appendix), and the com-
panion (0.2 to 2 M⊙, for a Mstar/Mdisk between 1 to
10, see: Rodŕıguez et al. 1998; Bate 2018), we estimated
a mass of about 20 M⊙ for the central star.
This is in very good agreement with the enclosed mass

estimated in Zapata et al. (2015) with the Keplerian
rotation, and with the rotation keplerian curves pre-
sented in Figure 3.
In Figure 4, we compare two PV-diagrams obtained

from the disk thin model and the ALMA data from the
CH3OCHO line. One PV-diagram is obtained along the
disk major axis (50◦) and the other one along the per-
pendicular direction, i.e. the minor axis (140◦). From
these two images we find a good correspondence between
our model and the data. There is however some asym-
metries present in the disk and revealed on these images.
The two most clear features are the extra-emission close
to central axis and at a radial LSR velocity of about −33
km s−1 and the emission close to the systemic velocities
(see the left image of Figure 4). These gas structures
could be originated from some extra contributions as
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Fig. 4 Spitzer IRAC 4.5 µm image of the high-mass star-forming region G35.20−0.74 N, overlaid with the
850µm continuum emission (cyan contours) observed with ALMA. (Left inset) CH3CN (19–18) K = 2 line
emission peaks (solid circles) obtained with a two-dimensional Gaussian fit channel by channel towards core
B in G35.20−0.74 N observed with ALMA. Open circles represent the 50 % contour level for each channel.
(Right inset) Overlay of the velocity peaks of different high-density tracers (solid circles) and a velocity
map of the best-fit Keplerian disk model (color map). The velocity scale is on the right. The comparison
indicates a remarkable agreement between computed and observed velocities. From Sánchez-Monge et al.
(2013) (reproduced with permission from Astronomy & Astrophysics, © ESO)

et al. 2013). That the CO molecules are in Keplerian rotation around the star can also
be concluded from the astrometric drift of the photocenter as function of the velocity
resolved bandhead emission. The drift was measured on sub-milli-arcsecond angular
scales (Wheelwright et al. 2010) and provides strong evidence for the presence of
disks on linear scales of a few AU near embedded early-B- and late-O-type stars.

For stars of the highest stellar mass (> 30 M⊙), the existence of circumstellar disks
has remained elusive up to now. This observational result is probably unsettling for
theory and simulations that show that radiation pressure does not prevent disk accre-
tion to form stars up to 140 M⊙ (Krumholz et al. 2009; Kuiper et al. 2010). However,
the problem maybe more serious in that no genuine (proto)star is currently known that
would constitute an accreting hydrostatic object with a mass over this limit. Nonethe-
less, huge (∼0.1 pc), dense (nH2 ! 107 cm−3), massive (a few 100 M⊙), rotating cores
have been detected around early-O-type (proto)stars in studies performed at spatial
resolutions attainable before the advent of ALMA. These objects are in all likelihood
non-equilibrium structures enshrouding young stellar clusters and not merely indi-
vidual massive stars (see Cesaroni et al. 2007; Beltrán et al. 2011a, b and references
therein). These rotating structures are referred to as toroids, so as to distinguish them
clearly from accretion disks in Keplerian rotation which they clearly cannot be (e.g.,
Beltrán et al. 2005). The open question is whether higher angular resolution observa-
tions with ALMA will demonstrate the presence of circumstellar (or circumcluster)
disks interior to the rotating toroids.
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• Is high-mass star formation a scaled-up version of low-
mass star formation? (core accretion vs. competitive 
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Figure 6. Top: centroid plots for the CH3CN K=3 (left) and the CH3OH 229.75GHz (right) transitions, displaying the di↵ering
morphology characteristic of CH3OH. Bottom: Results of the kinematic fitting procedure described in Section 4.1 for the two collections
of centroid points — all ’disc-tracing’ lines other than CH3OH (left) and ’disc-tracing’ CH3OH transitions only (right). The best fitting
disc model for all lines (except CH3OH) surrounded an enclosed mass of 60
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ways given at least the K = 0/1 (blended with each other),
K = 2 and K = 3 transitions to fit. The subsequent best
fitting model spectra were then examined by eye, and any
inadequate fits were discarded from the final results.

In all cases, we found that models with a single com-
ponent of emitting material could not adequately reproduce
the line ratios observed in the CH3CN and CH13

3
CN spectra.

Instead, two components of emitting material were required
to adequately reproduce the emission (similar to observa-
tions of hot cores, e.g. Cyganowski et al. 2011a; Hernández-
Hernández et al. 2014). In these two component fits, each
component was given a set of independent parameters as
listed above.

Figure 7 shows the results of the fitting procedure.

The top panel shows the results of a fit to an individual
pixel, with the respective transitions of CH3CN and CH13

3
CN

labelled, along with the transition of 13CO that appears
within that range of frequencies. There is good agreement
between the line ratios and line widths of the model and
the data, suggesting we are placing strong constraints on
the parameters. The lower panels of Figure 7 show the re-
sults for the first component (left) and second component
(right). The first component is characterised by cooler ma-
terial (⇠ 150K), with a higher column (⇠ 10

18 cm�2) and a
larger linewidth (⇠ 8 km s�1), while the second component
is warmer (⇠ 250K) with a lower column (⇠ 10

16 cm�2) and
exhibits a range of linewidths (5–8 km s�1). These two tem-
perature components may be identified with two distinct
reservoirs of CH3CN in the disc, as seen in recent chemi-
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Table 2. Dust continuum measurements.

Component Peak intensity Integrated flux density FWHM PAa Physical size Data
(Jy beam�1) (Jy) (00⇥00)

Clump 8.32 14.95 28.300 ⇥ 23.400 �31� 0.32 pc APEX/LABOCAb

MDC 2.10 4.0 6.100 ⇥ 3.8500 70� 0.06 pc ALMA 7 m arrayc

Inner enveloped 0.1 2.1 0.9600 ⇥ 0.5600 74� 1500 aue ALMA 7 m + 12 m array
Residual (disc)d 0.063 0.068 0.2600 ⇥ 0.1200 101� 250 aue, f ALMA 7 m + 12 m array

Notes. (a)The position angle of the fitted Gaussian is measured from north to east. (b)The corresponding parameters are extracted from the catalogue
of Csengeri et al. (2014), which is based on ATLASGAL data. (c)The parameters are from the ALMA 7 m array from Csengeri et al. (2017b).
(d)Parameters obtained with a 2D Gaussian fit in the image plane in this work. (e)Corresponds to the beam-deconvolved R90%; see the text for details.
( f )This estimate is based on the resolved major axis.

Fig. 4. Panel a: Colour scale showing the integrated intensity map of the 3t = 1 CH3OH line at 334.4 GHz. The green triangles indicate the positions
where the spectrum has been extracted for the rotational diagram analysis on the CH3OH spots, and are labelled as components A and B. The black
cross marks the position of the dust continuum peak. The beam is shown in the lower left corner. Panel b: the colour scale shows the continuum
emission from Fig. 2b, contours and markers are the same as in panel a. Panel c: Integrated spectrum of the torsionally excited CH3OH transition
at 334.4 GHz over the area shown in panel a. The green lines show the two-component Gaussian fit to the spectrum. The blue dashed line shows
the vlsr of the source. Panel d: pv-diagram along the �↵ axis and averaged over the extent of the cube we show here corresponding to ⇠2.500. The
dotted lines mark the position of the dust peak and the vlsr of the source.

Table 3. Observational parameters for the CH3OH 3t = 1 lines, and
results of the LTE modelling for CH3OH.

Observed parameters LTE fit parameters
vlsr

a �v N size Tex
(km s�1) (km s�1) (cm�2) (00) (K)

A �48.1 ± 0.1 (�4.6) 4.5 ± 0.2 1.6 ⇥ 1019 0.4 160
B �39.9 ± 0.1 (+3.6) 5.6 ± 0.1 2 ⇥ 1019 0.4 170

Notes. (a)The number given in parentheses corresponds to the difference
between the line velocity and the �43.5 km s�1 vlsr of the source.

on the continuum source, while its higher energy transitions
show the two prominent peaks like the 3t = 1 CH3OH line4. Our
LTE modelling in Sect. 3.3.2 indeed shows that the three lowest
energy transitions of CH3OH�A have high optical depths.

The other transitions are, however, optically thin, and they
show two emission peaks offset from the protostar, similar to
the 3t = 1 CH3OH line, while the emission decreases towards
the position of the protostar. In addition, their pv-diagrams are
also similar to the 3t = 1 CH3OH line revealing the two velocity
components. Among these lines, we have the two 13CH3OH tran-
sitions detected with a high signal-to-noise ratio which are the
least affected by optical depth effects. This leads us to conclude

4 The CH3OH�E transitions in the band have Einstein coefficients that
are an order of magnitude smaller, which might explain why all the
CH3OH�E lines show two emission peaks despite their lower energy
level.

that the two prominent spots traced by the 3t = 1 state CH3OH
line cannot be a result of a large optical depth of CH3OH towards
the continuum peak.

We calculate the critical densities for these CH3OH transi-
tions in Table 1, and find that they all trace high density gas
(if thermalised), strictly above 105 cm�3, but typically on the
order of 107 cm�3. We notice that the different transitions have a
varying contribution as a function of upper energy level from
the central source, which suggests that they may trace two physi-
cal components, one associated with the inner envelope showing
the bulk emission of the gas likely at lower temperatures, and
another, warmer and denser component associated with the two
peaks of the CH3OH 3t = 1 line.

3.3. Physical conditions of the methanol spots

We used here two methods to measure the physical condi-
tions towards the methanol spots, and also the position of
the protostar. We extracted the spectrum covering the entire
observed 7.5 GHz for this purpose. To convert it from Jy beam�1

into K scales, we used a factor of 198 K Jy�1 that we
calculated for the 0.2300 averaged beam size at 335.2 and
347.2 GHz. Taking a mean conversion factor for the entire
bandwidth impacts the brightness temperature measurements by
less than 10%.

3.3.1. Rotational diagram analysis of CH3OH transitions

We performed a rotational diagram analysis (Garay et al. 2010;
Gómez et al. 2011) to estimate the rotational temperature of
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Fig. 5 Histograms of a distance, b bolometric luminosity, c gas mass of the circumstellar structure, and d
outer radius of the circumstellar structure of the IM (blue) and HM (red) (proto)stars in Tables 1 and 2

molecules, such as CH2OHCHO, are abundant in HM star-forming regions and also
in a few IM star-forming regions (see Beltrán 2015, and references therein). The large
bandwidth of current radio/mm interferometers allows us to study the physical prop-
erties and velocity field of these embedded (proto)stars in many different species,
covering a broad range of excitation conditions, as recently demonstrated by ALMA
observations at 850 µm of B-type (proto)stars: G35.20+0.74N A and B (Sánchez-
Monge et al. 2014) and G35.03+0.35 A (Beltrán et al. 2014).

Alternative strategies to search for massive YSO disks were proposed by Hoare
et al. (1994) and Hoare (2006) for the massive YSO sources S 106 and S 140-IRS1 by
means of centimeter emission. It potentially traces ionized equatorial winds driven by
the radiation pressure of the central star and inner disk acting on the surface layers
of the disk. Indeed, these observations have revealed elongated disk-like structures
perpendicular to molecular outflows that have been interpreted as produced by such
equatorial disk winds. Such winds can also be traced using IR hydrogen recombination
lines accessible to OI and exploited for example in the study of the disk of the young
B 1.5V star MWC 297 (Malbet et al. 2007). Circumstellar disks can also be studied with
maser emission, as nicely demonstrated by the multi-epoch SiO maser emission VLBI
observations of the HM (proto)star Orion Source I (Matthews et al. 2010). Because of
the strength and compactness of their emission, masers can be observed with VLBI
techniques that can provide angular resolutions of a few mas. The advantage of using
masers to study circumstellar disks is that they are very bright, the drawback is that
their emission is sensitive to the excitation conditions, which makes it hard to estimate
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Figure 3. ALMA Position-Velocity diagrams obtained from the CH3OCHO(37(13,25)-37(12,26) A) v=0 and CS(7-6) v=1 thermal emission and

computed to a positional angle of 50◦, the mayor axis of the disk surrounding IRAS 16547-E. The spectral and spatial resolutions are shown in the

bottom left corner. The peak intensity scale-bar is shown in the right and its units are in Jy Beam−1. The white, red, and green lines mark the

Keplerian rotation curves for a disk with a enclosed mass of 30 (white), 20 (red), and 10 (green) M⊙, respectively. We assume an inclination angle

for the disk of 55◦. The brown contours are starting from 0.05 to 0.55 mJy in steps of 0.10 mJy. The dashed lines trace the systemic velocity of

the spectral lines and the axis center of the disk.

= 3.6 M⊙, respectively. We conclude that this inter-
pretation must be incorrect because the enclosed mass
from the exterior ring should be larger. We then sug-
gest that the speeds are due to a single Keplerian disk.
However, the disk shows some asymmetries that could
be caused because the disk is unstable and fragment-
ing, as theoretically predicted for massive, large disks
(Kratter & Matzner 2006) and suggested in a similar
system G11.92 in Ilee et al. (2016); Ilee et al. (2018).
Furthermore, some of these asymmetries could also be
caused by different excitation conditions within the disk.
In these Figures, we additionally present three Kep-

lerian rotation curves with enclosed masses of 30, 20,
and 10 M⊙. These new probes (CH3OCHO and CS)
are tracing even broader LSR radial velocities (∼ 40 km
s−1) within the disk than the CH3SH line (∼ 20 km s−1)
line because of the better sensitivity and angular reso-
lution of the present observations (Zapata et al. 2015).
We compute a Keplerian thin disk model fitted to the

CH3OCHO line data that is presented in Figure 4. We
describe in detail this model in the Appendix section.
The best fitted physical and geometrical parameters of
the Keplerian disk surrounding IRAS 16547-E are pre-
sented in Table 1. With this disk model we obtained
three important physical parameters with a relatively
good accuracy: the inclination angle 55◦ ± 5.0◦, the
size 0.3′′±0.1′′ (1190±290 au), and the enclosed mass

25±3.0 M⊙. These physical values and their errors were
obtained from a minimum χ2 estimation between model
and data.
The twenty-five solar masses correspond to a single

main-sequence O7 type star (Martins et al. 2005). Sub-
tracting the contribution of the dusty disk plus the en-
velope of about 4 M⊙ (see the Appendix), and the com-
panion (0.2 to 2 M⊙, for a Mstar/Mdisk between 1 to
10, see: Rodŕıguez et al. 1998; Bate 2018), we estimated
a mass of about 20 M⊙ for the central star.
This is in very good agreement with the enclosed mass

estimated in Zapata et al. (2015) with the Keplerian
rotation, and with the rotation keplerian curves pre-
sented in Figure 3.
In Figure 4, we compare two PV-diagrams obtained

from the disk thin model and the ALMA data from the
CH3OCHO line. One PV-diagram is obtained along the
disk major axis (50◦) and the other one along the per-
pendicular direction, i.e. the minor axis (140◦). From
these two images we find a good correspondence between
our model and the data. There is however some asym-
metries present in the disk and revealed on these images.
The two most clear features are the extra-emission close
to central axis and at a radial LSR velocity of about −33
km s−1 and the emission close to the systemic velocities
(see the left image of Figure 4). These gas structures
could be originated from some extra contributions as
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Fig. 4 Spitzer IRAC 4.5 µm image of the high-mass star-forming region G35.20−0.74 N, overlaid with the
850µm continuum emission (cyan contours) observed with ALMA. (Left inset) CH3CN (19–18) K = 2 line
emission peaks (solid circles) obtained with a two-dimensional Gaussian fit channel by channel towards core
B in G35.20−0.74 N observed with ALMA. Open circles represent the 50 % contour level for each channel.
(Right inset) Overlay of the velocity peaks of different high-density tracers (solid circles) and a velocity
map of the best-fit Keplerian disk model (color map). The velocity scale is on the right. The comparison
indicates a remarkable agreement between computed and observed velocities. From Sánchez-Monge et al.
(2013) (reproduced with permission from Astronomy & Astrophysics, © ESO)

et al. 2013). That the CO molecules are in Keplerian rotation around the star can also
be concluded from the astrometric drift of the photocenter as function of the velocity
resolved bandhead emission. The drift was measured on sub-milli-arcsecond angular
scales (Wheelwright et al. 2010) and provides strong evidence for the presence of
disks on linear scales of a few AU near embedded early-B- and late-O-type stars.

For stars of the highest stellar mass (> 30 M⊙), the existence of circumstellar disks
has remained elusive up to now. This observational result is probably unsettling for
theory and simulations that show that radiation pressure does not prevent disk accre-
tion to form stars up to 140 M⊙ (Krumholz et al. 2009; Kuiper et al. 2010). However,
the problem maybe more serious in that no genuine (proto)star is currently known that
would constitute an accreting hydrostatic object with a mass over this limit. Nonethe-
less, huge (∼0.1 pc), dense (nH2 ! 107 cm−3), massive (a few 100 M⊙), rotating cores
have been detected around early-O-type (proto)stars in studies performed at spatial
resolutions attainable before the advent of ALMA. These objects are in all likelihood
non-equilibrium structures enshrouding young stellar clusters and not merely indi-
vidual massive stars (see Cesaroni et al. 2007; Beltrán et al. 2011a, b and references
therein). These rotating structures are referred to as toroids, so as to distinguish them
clearly from accretion disks in Keplerian rotation which they clearly cannot be (e.g.,
Beltrán et al. 2005). The open question is whether higher angular resolution observa-
tions with ALMA will demonstrate the presence of circumstellar (or circumcluster)
disks interior to the rotating toroids.
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Figure 6. Top: centroid plots for the CH3CN K=3 (left) and the CH3OH 229.75GHz (right) transitions, displaying the di↵ering
morphology characteristic of CH3OH. Bottom: Results of the kinematic fitting procedure described in Section 4.1 for the two collections
of centroid points — all ’disc-tracing’ lines other than CH3OH (left) and ’disc-tracing’ CH3OH transitions only (right). The best fitting
disc model for all lines (except CH3OH) surrounded an enclosed mass of 60
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au. The best fitting disc model for only the CH3OH transitions surrounded an enclosed mass of 34
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of 52
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�100
au. In both cases, the position angle of the disc was fixed to 127�. Axes are in o↵sets with

respect to the velocity centre as defined in Section 4.1.

ways given at least the K = 0/1 (blended with each other),
K = 2 and K = 3 transitions to fit. The subsequent best
fitting model spectra were then examined by eye, and any
inadequate fits were discarded from the final results.

In all cases, we found that models with a single com-
ponent of emitting material could not adequately reproduce
the line ratios observed in the CH3CN and CH13

3
CN spectra.

Instead, two components of emitting material were required
to adequately reproduce the emission (similar to observa-
tions of hot cores, e.g. Cyganowski et al. 2011a; Hernández-
Hernández et al. 2014). In these two component fits, each
component was given a set of independent parameters as
listed above.

Figure 7 shows the results of the fitting procedure.

The top panel shows the results of a fit to an individual
pixel, with the respective transitions of CH3CN and CH13

3
CN

labelled, along with the transition of 13CO that appears
within that range of frequencies. There is good agreement
between the line ratios and line widths of the model and
the data, suggesting we are placing strong constraints on
the parameters. The lower panels of Figure 7 show the re-
sults for the first component (left) and second component
(right). The first component is characterised by cooler ma-
terial (⇠ 150K), with a higher column (⇠ 10

18 cm�2) and a
larger linewidth (⇠ 8 km s�1), while the second component
is warmer (⇠ 250K) with a lower column (⇠ 10

16 cm�2) and
exhibits a range of linewidths (5–8 km s�1). These two tem-
perature components may be identified with two distinct
reservoirs of CH3CN in the disc, as seen in recent chemi-
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Fig. 5 Histograms of a distance, b bolometric luminosity, c gas mass of the circumstellar structure, and d
outer radius of the circumstellar structure of the IM (blue) and HM (red) (proto)stars in Tables 1 and 2

molecules, such as CH2OHCHO, are abundant in HM star-forming regions and also
in a few IM star-forming regions (see Beltrán 2015, and references therein). The large
bandwidth of current radio/mm interferometers allows us to study the physical prop-
erties and velocity field of these embedded (proto)stars in many different species,
covering a broad range of excitation conditions, as recently demonstrated by ALMA
observations at 850 µm of B-type (proto)stars: G35.20+0.74N A and B (Sánchez-
Monge et al. 2014) and G35.03+0.35 A (Beltrán et al. 2014).

Alternative strategies to search for massive YSO disks were proposed by Hoare
et al. (1994) and Hoare (2006) for the massive YSO sources S 106 and S 140-IRS1 by
means of centimeter emission. It potentially traces ionized equatorial winds driven by
the radiation pressure of the central star and inner disk acting on the surface layers
of the disk. Indeed, these observations have revealed elongated disk-like structures
perpendicular to molecular outflows that have been interpreted as produced by such
equatorial disk winds. Such winds can also be traced using IR hydrogen recombination
lines accessible to OI and exploited for example in the study of the disk of the young
B 1.5V star MWC 297 (Malbet et al. 2007). Circumstellar disks can also be studied with
maser emission, as nicely demonstrated by the multi-epoch SiO maser emission VLBI
observations of the HM (proto)star Orion Source I (Matthews et al. 2010). Because of
the strength and compactness of their emission, masers can be observed with VLBI
techniques that can provide angular resolutions of a few mas. The advantage of using
masers to study circumstellar disks is that they are very bright, the drawback is that
their emission is sensitive to the excitation conditions, which makes it hard to estimate
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Figure 3. ALMA Position-Velocity diagrams obtained from the CH3OCHO(37(13,25)-37(12,26) A) v=0 and CS(7-6) v=1 thermal emission and

computed to a positional angle of 50◦, the mayor axis of the disk surrounding IRAS 16547-E. The spectral and spatial resolutions are shown in the

bottom left corner. The peak intensity scale-bar is shown in the right and its units are in Jy Beam−1. The white, red, and green lines mark the

Keplerian rotation curves for a disk with a enclosed mass of 30 (white), 20 (red), and 10 (green) M⊙, respectively. We assume an inclination angle

for the disk of 55◦. The brown contours are starting from 0.05 to 0.55 mJy in steps of 0.10 mJy. The dashed lines trace the systemic velocity of

the spectral lines and the axis center of the disk.

= 3.6 M⊙, respectively. We conclude that this inter-
pretation must be incorrect because the enclosed mass
from the exterior ring should be larger. We then sug-
gest that the speeds are due to a single Keplerian disk.
However, the disk shows some asymmetries that could
be caused because the disk is unstable and fragment-
ing, as theoretically predicted for massive, large disks
(Kratter & Matzner 2006) and suggested in a similar
system G11.92 in Ilee et al. (2016); Ilee et al. (2018).
Furthermore, some of these asymmetries could also be
caused by different excitation conditions within the disk.
In these Figures, we additionally present three Kep-

lerian rotation curves with enclosed masses of 30, 20,
and 10 M⊙. These new probes (CH3OCHO and CS)
are tracing even broader LSR radial velocities (∼ 40 km
s−1) within the disk than the CH3SH line (∼ 20 km s−1)
line because of the better sensitivity and angular reso-
lution of the present observations (Zapata et al. 2015).
We compute a Keplerian thin disk model fitted to the

CH3OCHO line data that is presented in Figure 4. We
describe in detail this model in the Appendix section.
The best fitted physical and geometrical parameters of
the Keplerian disk surrounding IRAS 16547-E are pre-
sented in Table 1. With this disk model we obtained
three important physical parameters with a relatively
good accuracy: the inclination angle 55◦ ± 5.0◦, the
size 0.3′′±0.1′′ (1190±290 au), and the enclosed mass

25±3.0 M⊙. These physical values and their errors were
obtained from a minimum χ2 estimation between model
and data.
The twenty-five solar masses correspond to a single

main-sequence O7 type star (Martins et al. 2005). Sub-
tracting the contribution of the dusty disk plus the en-
velope of about 4 M⊙ (see the Appendix), and the com-
panion (0.2 to 2 M⊙, for a Mstar/Mdisk between 1 to
10, see: Rodŕıguez et al. 1998; Bate 2018), we estimated
a mass of about 20 M⊙ for the central star.
This is in very good agreement with the enclosed mass

estimated in Zapata et al. (2015) with the Keplerian
rotation, and with the rotation keplerian curves pre-
sented in Figure 3.
In Figure 4, we compare two PV-diagrams obtained

from the disk thin model and the ALMA data from the
CH3OCHO line. One PV-diagram is obtained along the
disk major axis (50◦) and the other one along the per-
pendicular direction, i.e. the minor axis (140◦). From
these two images we find a good correspondence between
our model and the data. There is however some asym-
metries present in the disk and revealed on these images.
The two most clear features are the extra-emission close
to central axis and at a radial LSR velocity of about −33
km s−1 and the emission close to the systemic velocities
(see the left image of Figure 4). These gas structures
could be originated from some extra contributions as
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Fig. 4 Spitzer IRAC 4.5 µm image of the high-mass star-forming region G35.20−0.74 N, overlaid with the
850µm continuum emission (cyan contours) observed with ALMA. (Left inset) CH3CN (19–18) K = 2 line
emission peaks (solid circles) obtained with a two-dimensional Gaussian fit channel by channel towards core
B in G35.20−0.74 N observed with ALMA. Open circles represent the 50 % contour level for each channel.
(Right inset) Overlay of the velocity peaks of different high-density tracers (solid circles) and a velocity
map of the best-fit Keplerian disk model (color map). The velocity scale is on the right. The comparison
indicates a remarkable agreement between computed and observed velocities. From Sánchez-Monge et al.
(2013) (reproduced with permission from Astronomy & Astrophysics, © ESO)

et al. 2013). That the CO molecules are in Keplerian rotation around the star can also
be concluded from the astrometric drift of the photocenter as function of the velocity
resolved bandhead emission. The drift was measured on sub-milli-arcsecond angular
scales (Wheelwright et al. 2010) and provides strong evidence for the presence of
disks on linear scales of a few AU near embedded early-B- and late-O-type stars.

For stars of the highest stellar mass (> 30 M⊙), the existence of circumstellar disks
has remained elusive up to now. This observational result is probably unsettling for
theory and simulations that show that radiation pressure does not prevent disk accre-
tion to form stars up to 140 M⊙ (Krumholz et al. 2009; Kuiper et al. 2010). However,
the problem maybe more serious in that no genuine (proto)star is currently known that
would constitute an accreting hydrostatic object with a mass over this limit. Nonethe-
less, huge (∼0.1 pc), dense (nH2 ! 107 cm−3), massive (a few 100 M⊙), rotating cores
have been detected around early-O-type (proto)stars in studies performed at spatial
resolutions attainable before the advent of ALMA. These objects are in all likelihood
non-equilibrium structures enshrouding young stellar clusters and not merely indi-
vidual massive stars (see Cesaroni et al. 2007; Beltrán et al. 2011a, b and references
therein). These rotating structures are referred to as toroids, so as to distinguish them
clearly from accretion disks in Keplerian rotation which they clearly cannot be (e.g.,
Beltrán et al. 2005). The open question is whether higher angular resolution observa-
tions with ALMA will demonstrate the presence of circumstellar (or circumcluster)
disks interior to the rotating toroids.
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Table 2. Dust continuum measurements.

Component Peak intensity Integrated flux density FWHM PAa Physical size Data
(Jy beam�1) (Jy) (00⇥00)

Clump 8.32 14.95 28.300 ⇥ 23.400 �31� 0.32 pc APEX/LABOCAb

MDC 2.10 4.0 6.100 ⇥ 3.8500 70� 0.06 pc ALMA 7 m arrayc

Inner enveloped 0.1 2.1 0.9600 ⇥ 0.5600 74� 1500 aue ALMA 7 m + 12 m array
Residual (disc)d 0.063 0.068 0.2600 ⇥ 0.1200 101� 250 aue, f ALMA 7 m + 12 m array

Notes. (a)The position angle of the fitted Gaussian is measured from north to east. (b)The corresponding parameters are extracted from the catalogue
of Csengeri et al. (2014), which is based on ATLASGAL data. (c)The parameters are from the ALMA 7 m array from Csengeri et al. (2017b).
(d)Parameters obtained with a 2D Gaussian fit in the image plane in this work. (e)Corresponds to the beam-deconvolved R90%; see the text for details.
( f )This estimate is based on the resolved major axis.

Fig. 4. Panel a: Colour scale showing the integrated intensity map of the 3t = 1 CH3OH line at 334.4 GHz. The green triangles indicate the positions
where the spectrum has been extracted for the rotational diagram analysis on the CH3OH spots, and are labelled as components A and B. The black
cross marks the position of the dust continuum peak. The beam is shown in the lower left corner. Panel b: the colour scale shows the continuum
emission from Fig. 2b, contours and markers are the same as in panel a. Panel c: Integrated spectrum of the torsionally excited CH3OH transition
at 334.4 GHz over the area shown in panel a. The green lines show the two-component Gaussian fit to the spectrum. The blue dashed line shows
the vlsr of the source. Panel d: pv-diagram along the �↵ axis and averaged over the extent of the cube we show here corresponding to ⇠2.500. The
dotted lines mark the position of the dust peak and the vlsr of the source.

Table 3. Observational parameters for the CH3OH 3t = 1 lines, and
results of the LTE modelling for CH3OH.

Observed parameters LTE fit parameters
vlsr

a �v N size Tex
(km s�1) (km s�1) (cm�2) (00) (K)

A �48.1 ± 0.1 (�4.6) 4.5 ± 0.2 1.6 ⇥ 1019 0.4 160
B �39.9 ± 0.1 (+3.6) 5.6 ± 0.1 2 ⇥ 1019 0.4 170

Notes. (a)The number given in parentheses corresponds to the difference
between the line velocity and the �43.5 km s�1 vlsr of the source.

on the continuum source, while its higher energy transitions
show the two prominent peaks like the 3t = 1 CH3OH line4. Our
LTE modelling in Sect. 3.3.2 indeed shows that the three lowest
energy transitions of CH3OH�A have high optical depths.

The other transitions are, however, optically thin, and they
show two emission peaks offset from the protostar, similar to
the 3t = 1 CH3OH line, while the emission decreases towards
the position of the protostar. In addition, their pv-diagrams are
also similar to the 3t = 1 CH3OH line revealing the two velocity
components. Among these lines, we have the two 13CH3OH tran-
sitions detected with a high signal-to-noise ratio which are the
least affected by optical depth effects. This leads us to conclude

4 The CH3OH�E transitions in the band have Einstein coefficients that
are an order of magnitude smaller, which might explain why all the
CH3OH�E lines show two emission peaks despite their lower energy
level.

that the two prominent spots traced by the 3t = 1 state CH3OH
line cannot be a result of a large optical depth of CH3OH towards
the continuum peak.

We calculate the critical densities for these CH3OH transi-
tions in Table 1, and find that they all trace high density gas
(if thermalised), strictly above 105 cm�3, but typically on the
order of 107 cm�3. We notice that the different transitions have a
varying contribution as a function of upper energy level from
the central source, which suggests that they may trace two physi-
cal components, one associated with the inner envelope showing
the bulk emission of the gas likely at lower temperatures, and
another, warmer and denser component associated with the two
peaks of the CH3OH 3t = 1 line.

3.3. Physical conditions of the methanol spots

We used here two methods to measure the physical condi-
tions towards the methanol spots, and also the position of
the protostar. We extracted the spectrum covering the entire
observed 7.5 GHz for this purpose. To convert it from Jy beam�1

into K scales, we used a factor of 198 K Jy�1 that we
calculated for the 0.2300 averaged beam size at 335.2 and
347.2 GHz. Taking a mean conversion factor for the entire
bandwidth impacts the brightness temperature measurements by
less than 10%.

3.3.1. Rotational diagram analysis of CH3OH transitions

We performed a rotational diagram analysis (Garay et al. 2010;
Gómez et al. 2011) to estimate the rotational temperature of
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Figure 6. Top: centroid plots for the CH3CN K=3 (left) and the CH3OH 229.75GHz (right) transitions, displaying the di↵ering
morphology characteristic of CH3OH. Bottom: Results of the kinematic fitting procedure described in Section 4.1 for the two collections
of centroid points — all ’disc-tracing’ lines other than CH3OH (left) and ’disc-tracing’ CH3OH transitions only (right). The best fitting
disc model for all lines (except CH3OH) surrounded an enclosed mass of 60
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au. In both cases, the position angle of the disc was fixed to 127�. Axes are in o↵sets with

respect to the velocity centre as defined in Section 4.1.

ways given at least the K = 0/1 (blended with each other),
K = 2 and K = 3 transitions to fit. The subsequent best
fitting model spectra were then examined by eye, and any
inadequate fits were discarded from the final results.

In all cases, we found that models with a single com-
ponent of emitting material could not adequately reproduce
the line ratios observed in the CH3CN and CH13

3
CN spectra.

Instead, two components of emitting material were required
to adequately reproduce the emission (similar to observa-
tions of hot cores, e.g. Cyganowski et al. 2011a; Hernández-
Hernández et al. 2014). In these two component fits, each
component was given a set of independent parameters as
listed above.

Figure 7 shows the results of the fitting procedure.

The top panel shows the results of a fit to an individual
pixel, with the respective transitions of CH3CN and CH13

3
CN

labelled, along with the transition of 13CO that appears
within that range of frequencies. There is good agreement
between the line ratios and line widths of the model and
the data, suggesting we are placing strong constraints on
the parameters. The lower panels of Figure 7 show the re-
sults for the first component (left) and second component
(right). The first component is characterised by cooler ma-
terial (⇠ 150K), with a higher column (⇠ 10

18 cm�2) and a
larger linewidth (⇠ 8 km s�1), while the second component
is warmer (⇠ 250K) with a lower column (⇠ 10

16 cm�2) and
exhibits a range of linewidths (5–8 km s�1). These two tem-
perature components may be identified with two distinct
reservoirs of CH3CN in the disc, as seen in recent chemi-
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Fig. 5 Histograms of a distance, b bolometric luminosity, c gas mass of the circumstellar structure, and d
outer radius of the circumstellar structure of the IM (blue) and HM (red) (proto)stars in Tables 1 and 2

molecules, such as CH2OHCHO, are abundant in HM star-forming regions and also
in a few IM star-forming regions (see Beltrán 2015, and references therein). The large
bandwidth of current radio/mm interferometers allows us to study the physical prop-
erties and velocity field of these embedded (proto)stars in many different species,
covering a broad range of excitation conditions, as recently demonstrated by ALMA
observations at 850 µm of B-type (proto)stars: G35.20+0.74N A and B (Sánchez-
Monge et al. 2014) and G35.03+0.35 A (Beltrán et al. 2014).

Alternative strategies to search for massive YSO disks were proposed by Hoare
et al. (1994) and Hoare (2006) for the massive YSO sources S 106 and S 140-IRS1 by
means of centimeter emission. It potentially traces ionized equatorial winds driven by
the radiation pressure of the central star and inner disk acting on the surface layers
of the disk. Indeed, these observations have revealed elongated disk-like structures
perpendicular to molecular outflows that have been interpreted as produced by such
equatorial disk winds. Such winds can also be traced using IR hydrogen recombination
lines accessible to OI and exploited for example in the study of the disk of the young
B 1.5V star MWC 297 (Malbet et al. 2007). Circumstellar disks can also be studied with
maser emission, as nicely demonstrated by the multi-epoch SiO maser emission VLBI
observations of the HM (proto)star Orion Source I (Matthews et al. 2010). Because of
the strength and compactness of their emission, masers can be observed with VLBI
techniques that can provide angular resolutions of a few mas. The advantage of using
masers to study circumstellar disks is that they are very bright, the drawback is that
their emission is sensitive to the excitation conditions, which makes it hard to estimate
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Figure 3. ALMA Position-Velocity diagrams obtained from the CH3OCHO(37(13,25)-37(12,26) A) v=0 and CS(7-6) v=1 thermal emission and

computed to a positional angle of 50◦, the mayor axis of the disk surrounding IRAS 16547-E. The spectral and spatial resolutions are shown in the

bottom left corner. The peak intensity scale-bar is shown in the right and its units are in Jy Beam−1. The white, red, and green lines mark the

Keplerian rotation curves for a disk with a enclosed mass of 30 (white), 20 (red), and 10 (green) M⊙, respectively. We assume an inclination angle

for the disk of 55◦. The brown contours are starting from 0.05 to 0.55 mJy in steps of 0.10 mJy. The dashed lines trace the systemic velocity of

the spectral lines and the axis center of the disk.

= 3.6 M⊙, respectively. We conclude that this inter-
pretation must be incorrect because the enclosed mass
from the exterior ring should be larger. We then sug-
gest that the speeds are due to a single Keplerian disk.
However, the disk shows some asymmetries that could
be caused because the disk is unstable and fragment-
ing, as theoretically predicted for massive, large disks
(Kratter & Matzner 2006) and suggested in a similar
system G11.92 in Ilee et al. (2016); Ilee et al. (2018).
Furthermore, some of these asymmetries could also be
caused by different excitation conditions within the disk.
In these Figures, we additionally present three Kep-

lerian rotation curves with enclosed masses of 30, 20,
and 10 M⊙. These new probes (CH3OCHO and CS)
are tracing even broader LSR radial velocities (∼ 40 km
s−1) within the disk than the CH3SH line (∼ 20 km s−1)
line because of the better sensitivity and angular reso-
lution of the present observations (Zapata et al. 2015).
We compute a Keplerian thin disk model fitted to the

CH3OCHO line data that is presented in Figure 4. We
describe in detail this model in the Appendix section.
The best fitted physical and geometrical parameters of
the Keplerian disk surrounding IRAS 16547-E are pre-
sented in Table 1. With this disk model we obtained
three important physical parameters with a relatively
good accuracy: the inclination angle 55◦ ± 5.0◦, the
size 0.3′′±0.1′′ (1190±290 au), and the enclosed mass

25±3.0 M⊙. These physical values and their errors were
obtained from a minimum χ2 estimation between model
and data.
The twenty-five solar masses correspond to a single

main-sequence O7 type star (Martins et al. 2005). Sub-
tracting the contribution of the dusty disk plus the en-
velope of about 4 M⊙ (see the Appendix), and the com-
panion (0.2 to 2 M⊙, for a Mstar/Mdisk between 1 to
10, see: Rodŕıguez et al. 1998; Bate 2018), we estimated
a mass of about 20 M⊙ for the central star.
This is in very good agreement with the enclosed mass

estimated in Zapata et al. (2015) with the Keplerian
rotation, and with the rotation keplerian curves pre-
sented in Figure 3.
In Figure 4, we compare two PV-diagrams obtained

from the disk thin model and the ALMA data from the
CH3OCHO line. One PV-diagram is obtained along the
disk major axis (50◦) and the other one along the per-
pendicular direction, i.e. the minor axis (140◦). From
these two images we find a good correspondence between
our model and the data. There is however some asym-
metries present in the disk and revealed on these images.
The two most clear features are the extra-emission close
to central axis and at a radial LSR velocity of about −33
km s−1 and the emission close to the systemic velocities
(see the left image of Figure 4). These gas structures
could be originated from some extra contributions as
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Fig. 4 Spitzer IRAC 4.5 µm image of the high-mass star-forming region G35.20−0.74 N, overlaid with the
850µm continuum emission (cyan contours) observed with ALMA. (Left inset) CH3CN (19–18) K = 2 line
emission peaks (solid circles) obtained with a two-dimensional Gaussian fit channel by channel towards core
B in G35.20−0.74 N observed with ALMA. Open circles represent the 50 % contour level for each channel.
(Right inset) Overlay of the velocity peaks of different high-density tracers (solid circles) and a velocity
map of the best-fit Keplerian disk model (color map). The velocity scale is on the right. The comparison
indicates a remarkable agreement between computed and observed velocities. From Sánchez-Monge et al.
(2013) (reproduced with permission from Astronomy & Astrophysics, © ESO)

et al. 2013). That the CO molecules are in Keplerian rotation around the star can also
be concluded from the astrometric drift of the photocenter as function of the velocity
resolved bandhead emission. The drift was measured on sub-milli-arcsecond angular
scales (Wheelwright et al. 2010) and provides strong evidence for the presence of
disks on linear scales of a few AU near embedded early-B- and late-O-type stars.

For stars of the highest stellar mass (> 30 M⊙), the existence of circumstellar disks
has remained elusive up to now. This observational result is probably unsettling for
theory and simulations that show that radiation pressure does not prevent disk accre-
tion to form stars up to 140 M⊙ (Krumholz et al. 2009; Kuiper et al. 2010). However,
the problem maybe more serious in that no genuine (proto)star is currently known that
would constitute an accreting hydrostatic object with a mass over this limit. Nonethe-
less, huge (∼0.1 pc), dense (nH2 ! 107 cm−3), massive (a few 100 M⊙), rotating cores
have been detected around early-O-type (proto)stars in studies performed at spatial
resolutions attainable before the advent of ALMA. These objects are in all likelihood
non-equilibrium structures enshrouding young stellar clusters and not merely indi-
vidual massive stars (see Cesaroni et al. 2007; Beltrán et al. 2011a, b and references
therein). These rotating structures are referred to as toroids, so as to distinguish them
clearly from accretion disks in Keplerian rotation which they clearly cannot be (e.g.,
Beltrán et al. 2005). The open question is whether higher angular resolution observa-
tions with ALMA will demonstrate the presence of circumstellar (or circumcluster)
disks interior to the rotating toroids.
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Table 2. Dust continuum measurements.

Component Peak intensity Integrated flux density FWHM PAa Physical size Data
(Jy beam�1) (Jy) (00⇥00)

Clump 8.32 14.95 28.300 ⇥ 23.400 �31� 0.32 pc APEX/LABOCAb

MDC 2.10 4.0 6.100 ⇥ 3.8500 70� 0.06 pc ALMA 7 m arrayc

Inner enveloped 0.1 2.1 0.9600 ⇥ 0.5600 74� 1500 aue ALMA 7 m + 12 m array
Residual (disc)d 0.063 0.068 0.2600 ⇥ 0.1200 101� 250 aue, f ALMA 7 m + 12 m array

Notes. (a)The position angle of the fitted Gaussian is measured from north to east. (b)The corresponding parameters are extracted from the catalogue
of Csengeri et al. (2014), which is based on ATLASGAL data. (c)The parameters are from the ALMA 7 m array from Csengeri et al. (2017b).
(d)Parameters obtained with a 2D Gaussian fit in the image plane in this work. (e)Corresponds to the beam-deconvolved R90%; see the text for details.
( f )This estimate is based on the resolved major axis.

Fig. 4. Panel a: Colour scale showing the integrated intensity map of the 3t = 1 CH3OH line at 334.4 GHz. The green triangles indicate the positions
where the spectrum has been extracted for the rotational diagram analysis on the CH3OH spots, and are labelled as components A and B. The black
cross marks the position of the dust continuum peak. The beam is shown in the lower left corner. Panel b: the colour scale shows the continuum
emission from Fig. 2b, contours and markers are the same as in panel a. Panel c: Integrated spectrum of the torsionally excited CH3OH transition
at 334.4 GHz over the area shown in panel a. The green lines show the two-component Gaussian fit to the spectrum. The blue dashed line shows
the vlsr of the source. Panel d: pv-diagram along the �↵ axis and averaged over the extent of the cube we show here corresponding to ⇠2.500. The
dotted lines mark the position of the dust peak and the vlsr of the source.

Table 3. Observational parameters for the CH3OH 3t = 1 lines, and
results of the LTE modelling for CH3OH.

Observed parameters LTE fit parameters
vlsr

a �v N size Tex
(km s�1) (km s�1) (cm�2) (00) (K)

A �48.1 ± 0.1 (�4.6) 4.5 ± 0.2 1.6 ⇥ 1019 0.4 160
B �39.9 ± 0.1 (+3.6) 5.6 ± 0.1 2 ⇥ 1019 0.4 170

Notes. (a)The number given in parentheses corresponds to the difference
between the line velocity and the �43.5 km s�1 vlsr of the source.

on the continuum source, while its higher energy transitions
show the two prominent peaks like the 3t = 1 CH3OH line4. Our
LTE modelling in Sect. 3.3.2 indeed shows that the three lowest
energy transitions of CH3OH�A have high optical depths.

The other transitions are, however, optically thin, and they
show two emission peaks offset from the protostar, similar to
the 3t = 1 CH3OH line, while the emission decreases towards
the position of the protostar. In addition, their pv-diagrams are
also similar to the 3t = 1 CH3OH line revealing the two velocity
components. Among these lines, we have the two 13CH3OH tran-
sitions detected with a high signal-to-noise ratio which are the
least affected by optical depth effects. This leads us to conclude

4 The CH3OH�E transitions in the band have Einstein coefficients that
are an order of magnitude smaller, which might explain why all the
CH3OH�E lines show two emission peaks despite their lower energy
level.

that the two prominent spots traced by the 3t = 1 state CH3OH
line cannot be a result of a large optical depth of CH3OH towards
the continuum peak.

We calculate the critical densities for these CH3OH transi-
tions in Table 1, and find that they all trace high density gas
(if thermalised), strictly above 105 cm�3, but typically on the
order of 107 cm�3. We notice that the different transitions have a
varying contribution as a function of upper energy level from
the central source, which suggests that they may trace two physi-
cal components, one associated with the inner envelope showing
the bulk emission of the gas likely at lower temperatures, and
another, warmer and denser component associated with the two
peaks of the CH3OH 3t = 1 line.

3.3. Physical conditions of the methanol spots

We used here two methods to measure the physical condi-
tions towards the methanol spots, and also the position of
the protostar. We extracted the spectrum covering the entire
observed 7.5 GHz for this purpose. To convert it from Jy beam�1

into K scales, we used a factor of 198 K Jy�1 that we
calculated for the 0.2300 averaged beam size at 335.2 and
347.2 GHz. Taking a mean conversion factor for the entire
bandwidth impacts the brightness temperature measurements by
less than 10%.

3.3.1. Rotational diagram analysis of CH3OH transitions

We performed a rotational diagram analysis (Garay et al. 2010;
Gómez et al. 2011) to estimate the rotational temperature of
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G11.92–0.61 MM1: A Keplerian disc around a massive young proto-O star 11

Figure 6. Top: centroid plots for the CH3CN K=3 (left) and the CH3OH 229.75GHz (right) transitions, displaying the di↵ering
morphology characteristic of CH3OH. Bottom: Results of the kinematic fitting procedure described in Section 4.1 for the two collections
of centroid points — all ’disc-tracing’ lines other than CH3OH (left) and ’disc-tracing’ CH3OH transitions only (right). The best fitting
disc model for all lines (except CH3OH) surrounded an enclosed mass of 60

+21

�27
M� at an inclination of 35

+20
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�, with an outer radius

Ro = 1200
+100

�100
au. The best fitting disc model for only the CH3OH transitions surrounded an enclosed mass of 34

+28

�12
M� at an inclination

of 52
+11

�14

�, with an outer radius Ro = 1200
+100

�100
au. In both cases, the position angle of the disc was fixed to 127�. Axes are in o↵sets with

respect to the velocity centre as defined in Section 4.1.

ways given at least the K = 0/1 (blended with each other),
K = 2 and K = 3 transitions to fit. The subsequent best
fitting model spectra were then examined by eye, and any
inadequate fits were discarded from the final results.

In all cases, we found that models with a single com-
ponent of emitting material could not adequately reproduce
the line ratios observed in the CH3CN and CH13

3
CN spectra.

Instead, two components of emitting material were required
to adequately reproduce the emission (similar to observa-
tions of hot cores, e.g. Cyganowski et al. 2011a; Hernández-
Hernández et al. 2014). In these two component fits, each
component was given a set of independent parameters as
listed above.

Figure 7 shows the results of the fitting procedure.

The top panel shows the results of a fit to an individual
pixel, with the respective transitions of CH3CN and CH13

3
CN

labelled, along with the transition of 13CO that appears
within that range of frequencies. There is good agreement
between the line ratios and line widths of the model and
the data, suggesting we are placing strong constraints on
the parameters. The lower panels of Figure 7 show the re-
sults for the first component (left) and second component
(right). The first component is characterised by cooler ma-
terial (⇠ 150K), with a higher column (⇠ 10

18 cm�2) and a
larger linewidth (⇠ 8 km s�1), while the second component
is warmer (⇠ 250K) with a lower column (⇠ 10

16 cm�2) and
exhibits a range of linewidths (5–8 km s�1). These two tem-
perature components may be identified with two distinct
reservoirs of CH3CN in the disc, as seen in recent chemi-

MNRAS 000, 1–18 (2016)
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Fig. 5 Histograms of a distance, b bolometric luminosity, c gas mass of the circumstellar structure, and d
outer radius of the circumstellar structure of the IM (blue) and HM (red) (proto)stars in Tables 1 and 2

molecules, such as CH2OHCHO, are abundant in HM star-forming regions and also
in a few IM star-forming regions (see Beltrán 2015, and references therein). The large
bandwidth of current radio/mm interferometers allows us to study the physical prop-
erties and velocity field of these embedded (proto)stars in many different species,
covering a broad range of excitation conditions, as recently demonstrated by ALMA
observations at 850 µm of B-type (proto)stars: G35.20+0.74N A and B (Sánchez-
Monge et al. 2014) and G35.03+0.35 A (Beltrán et al. 2014).

Alternative strategies to search for massive YSO disks were proposed by Hoare
et al. (1994) and Hoare (2006) for the massive YSO sources S 106 and S 140-IRS1 by
means of centimeter emission. It potentially traces ionized equatorial winds driven by
the radiation pressure of the central star and inner disk acting on the surface layers
of the disk. Indeed, these observations have revealed elongated disk-like structures
perpendicular to molecular outflows that have been interpreted as produced by such
equatorial disk winds. Such winds can also be traced using IR hydrogen recombination
lines accessible to OI and exploited for example in the study of the disk of the young
B 1.5V star MWC 297 (Malbet et al. 2007). Circumstellar disks can also be studied with
maser emission, as nicely demonstrated by the multi-epoch SiO maser emission VLBI
observations of the HM (proto)star Orion Source I (Matthews et al. 2010). Because of
the strength and compactness of their emission, masers can be observed with VLBI
techniques that can provide angular resolutions of a few mas. The advantage of using
masers to study circumstellar disks is that they are very bright, the drawback is that
their emission is sensitive to the excitation conditions, which makes it hard to estimate
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Figure 3. ALMA Position-Velocity diagrams obtained from the CH3OCHO(37(13,25)-37(12,26) A) v=0 and CS(7-6) v=1 thermal emission and

computed to a positional angle of 50◦, the mayor axis of the disk surrounding IRAS 16547-E. The spectral and spatial resolutions are shown in the

bottom left corner. The peak intensity scale-bar is shown in the right and its units are in Jy Beam−1. The white, red, and green lines mark the

Keplerian rotation curves for a disk with a enclosed mass of 30 (white), 20 (red), and 10 (green) M⊙, respectively. We assume an inclination angle

for the disk of 55◦. The brown contours are starting from 0.05 to 0.55 mJy in steps of 0.10 mJy. The dashed lines trace the systemic velocity of

the spectral lines and the axis center of the disk.

= 3.6 M⊙, respectively. We conclude that this inter-
pretation must be incorrect because the enclosed mass
from the exterior ring should be larger. We then sug-
gest that the speeds are due to a single Keplerian disk.
However, the disk shows some asymmetries that could
be caused because the disk is unstable and fragment-
ing, as theoretically predicted for massive, large disks
(Kratter & Matzner 2006) and suggested in a similar
system G11.92 in Ilee et al. (2016); Ilee et al. (2018).
Furthermore, some of these asymmetries could also be
caused by different excitation conditions within the disk.
In these Figures, we additionally present three Kep-

lerian rotation curves with enclosed masses of 30, 20,
and 10 M⊙. These new probes (CH3OCHO and CS)
are tracing even broader LSR radial velocities (∼ 40 km
s−1) within the disk than the CH3SH line (∼ 20 km s−1)
line because of the better sensitivity and angular reso-
lution of the present observations (Zapata et al. 2015).
We compute a Keplerian thin disk model fitted to the

CH3OCHO line data that is presented in Figure 4. We
describe in detail this model in the Appendix section.
The best fitted physical and geometrical parameters of
the Keplerian disk surrounding IRAS 16547-E are pre-
sented in Table 1. With this disk model we obtained
three important physical parameters with a relatively
good accuracy: the inclination angle 55◦ ± 5.0◦, the
size 0.3′′±0.1′′ (1190±290 au), and the enclosed mass

25±3.0 M⊙. These physical values and their errors were
obtained from a minimum χ2 estimation between model
and data.
The twenty-five solar masses correspond to a single

main-sequence O7 type star (Martins et al. 2005). Sub-
tracting the contribution of the dusty disk plus the en-
velope of about 4 M⊙ (see the Appendix), and the com-
panion (0.2 to 2 M⊙, for a Mstar/Mdisk between 1 to
10, see: Rodŕıguez et al. 1998; Bate 2018), we estimated
a mass of about 20 M⊙ for the central star.
This is in very good agreement with the enclosed mass

estimated in Zapata et al. (2015) with the Keplerian
rotation, and with the rotation keplerian curves pre-
sented in Figure 3.
In Figure 4, we compare two PV-diagrams obtained

from the disk thin model and the ALMA data from the
CH3OCHO line. One PV-diagram is obtained along the
disk major axis (50◦) and the other one along the per-
pendicular direction, i.e. the minor axis (140◦). From
these two images we find a good correspondence between
our model and the data. There is however some asym-
metries present in the disk and revealed on these images.
The two most clear features are the extra-emission close
to central axis and at a radial LSR velocity of about −33
km s−1 and the emission close to the systemic velocities
(see the left image of Figure 4). These gas structures
could be originated from some extra contributions as
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Fig. 4 Spitzer IRAC 4.5 µm image of the high-mass star-forming region G35.20−0.74 N, overlaid with the
850µm continuum emission (cyan contours) observed with ALMA. (Left inset) CH3CN (19–18) K = 2 line
emission peaks (solid circles) obtained with a two-dimensional Gaussian fit channel by channel towards core
B in G35.20−0.74 N observed with ALMA. Open circles represent the 50 % contour level for each channel.
(Right inset) Overlay of the velocity peaks of different high-density tracers (solid circles) and a velocity
map of the best-fit Keplerian disk model (color map). The velocity scale is on the right. The comparison
indicates a remarkable agreement between computed and observed velocities. From Sánchez-Monge et al.
(2013) (reproduced with permission from Astronomy & Astrophysics, © ESO)

et al. 2013). That the CO molecules are in Keplerian rotation around the star can also
be concluded from the astrometric drift of the photocenter as function of the velocity
resolved bandhead emission. The drift was measured on sub-milli-arcsecond angular
scales (Wheelwright et al. 2010) and provides strong evidence for the presence of
disks on linear scales of a few AU near embedded early-B- and late-O-type stars.

For stars of the highest stellar mass (> 30 M⊙), the existence of circumstellar disks
has remained elusive up to now. This observational result is probably unsettling for
theory and simulations that show that radiation pressure does not prevent disk accre-
tion to form stars up to 140 M⊙ (Krumholz et al. 2009; Kuiper et al. 2010). However,
the problem maybe more serious in that no genuine (proto)star is currently known that
would constitute an accreting hydrostatic object with a mass over this limit. Nonethe-
less, huge (∼0.1 pc), dense (nH2 ! 107 cm−3), massive (a few 100 M⊙), rotating cores
have been detected around early-O-type (proto)stars in studies performed at spatial
resolutions attainable before the advent of ALMA. These objects are in all likelihood
non-equilibrium structures enshrouding young stellar clusters and not merely indi-
vidual massive stars (see Cesaroni et al. 2007; Beltrán et al. 2011a, b and references
therein). These rotating structures are referred to as toroids, so as to distinguish them
clearly from accretion disks in Keplerian rotation which they clearly cannot be (e.g.,
Beltrán et al. 2005). The open question is whether higher angular resolution observa-
tions with ALMA will demonstrate the presence of circumstellar (or circumcluster)
disks interior to the rotating toroids.
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Table 2. Dust continuum measurements.

Component Peak intensity Integrated flux density FWHM PAa Physical size Data
(Jy beam�1) (Jy) (00⇥00)

Clump 8.32 14.95 28.300 ⇥ 23.400 �31� 0.32 pc APEX/LABOCAb

MDC 2.10 4.0 6.100 ⇥ 3.8500 70� 0.06 pc ALMA 7 m arrayc

Inner enveloped 0.1 2.1 0.9600 ⇥ 0.5600 74� 1500 aue ALMA 7 m + 12 m array
Residual (disc)d 0.063 0.068 0.2600 ⇥ 0.1200 101� 250 aue, f ALMA 7 m + 12 m array

Notes. (a)The position angle of the fitted Gaussian is measured from north to east. (b)The corresponding parameters are extracted from the catalogue
of Csengeri et al. (2014), which is based on ATLASGAL data. (c)The parameters are from the ALMA 7 m array from Csengeri et al. (2017b).
(d)Parameters obtained with a 2D Gaussian fit in the image plane in this work. (e)Corresponds to the beam-deconvolved R90%; see the text for details.
( f )This estimate is based on the resolved major axis.

Fig. 4. Panel a: Colour scale showing the integrated intensity map of the 3t = 1 CH3OH line at 334.4 GHz. The green triangles indicate the positions
where the spectrum has been extracted for the rotational diagram analysis on the CH3OH spots, and are labelled as components A and B. The black
cross marks the position of the dust continuum peak. The beam is shown in the lower left corner. Panel b: the colour scale shows the continuum
emission from Fig. 2b, contours and markers are the same as in panel a. Panel c: Integrated spectrum of the torsionally excited CH3OH transition
at 334.4 GHz over the area shown in panel a. The green lines show the two-component Gaussian fit to the spectrum. The blue dashed line shows
the vlsr of the source. Panel d: pv-diagram along the �↵ axis and averaged over the extent of the cube we show here corresponding to ⇠2.500. The
dotted lines mark the position of the dust peak and the vlsr of the source.

Table 3. Observational parameters for the CH3OH 3t = 1 lines, and
results of the LTE modelling for CH3OH.

Observed parameters LTE fit parameters
vlsr

a �v N size Tex
(km s�1) (km s�1) (cm�2) (00) (K)

A �48.1 ± 0.1 (�4.6) 4.5 ± 0.2 1.6 ⇥ 1019 0.4 160
B �39.9 ± 0.1 (+3.6) 5.6 ± 0.1 2 ⇥ 1019 0.4 170

Notes. (a)The number given in parentheses corresponds to the difference
between the line velocity and the �43.5 km s�1 vlsr of the source.

on the continuum source, while its higher energy transitions
show the two prominent peaks like the 3t = 1 CH3OH line4. Our
LTE modelling in Sect. 3.3.2 indeed shows that the three lowest
energy transitions of CH3OH�A have high optical depths.

The other transitions are, however, optically thin, and they
show two emission peaks offset from the protostar, similar to
the 3t = 1 CH3OH line, while the emission decreases towards
the position of the protostar. In addition, their pv-diagrams are
also similar to the 3t = 1 CH3OH line revealing the two velocity
components. Among these lines, we have the two 13CH3OH tran-
sitions detected with a high signal-to-noise ratio which are the
least affected by optical depth effects. This leads us to conclude

4 The CH3OH�E transitions in the band have Einstein coefficients that
are an order of magnitude smaller, which might explain why all the
CH3OH�E lines show two emission peaks despite their lower energy
level.

that the two prominent spots traced by the 3t = 1 state CH3OH
line cannot be a result of a large optical depth of CH3OH towards
the continuum peak.

We calculate the critical densities for these CH3OH transi-
tions in Table 1, and find that they all trace high density gas
(if thermalised), strictly above 105 cm�3, but typically on the
order of 107 cm�3. We notice that the different transitions have a
varying contribution as a function of upper energy level from
the central source, which suggests that they may trace two physi-
cal components, one associated with the inner envelope showing
the bulk emission of the gas likely at lower temperatures, and
another, warmer and denser component associated with the two
peaks of the CH3OH 3t = 1 line.

3.3. Physical conditions of the methanol spots

We used here two methods to measure the physical condi-
tions towards the methanol spots, and also the position of
the protostar. We extracted the spectrum covering the entire
observed 7.5 GHz for this purpose. To convert it from Jy beam�1

into K scales, we used a factor of 198 K Jy�1 that we
calculated for the 0.2300 averaged beam size at 335.2 and
347.2 GHz. Taking a mean conversion factor for the entire
bandwidth impacts the brightness temperature measurements by
less than 10%.

3.3.1. Rotational diagram analysis of CH3OH transitions

We performed a rotational diagram analysis (Garay et al. 2010;
Gómez et al. 2011) to estimate the rotational temperature of

A89, page 6 of 17

• Is high-mass star formation a scaled-up version of low-
mass star formation? (core accretion vs. competitive 
accretion) 

• Searching for collimated outflows and Keplerian disks 
around massive protostars are important (Sánchez-Monge+ 
2013; Beltrán+ 2014; Ginsburg+ 2018; Johnston+ 2015; Zapata+ 2015; 
Ilee+ 2016; Cesaroni+ 2017; Maud+ 2018) 

• Confirmation of Keplerian disks around massive 
protostars are difficult (resolution, mixing of envelope 
rotation and Keplerian rotation) 

• Hint of low-mass star formation: envelope-disk transition 
(centrifugal barrier) seen in chemical changes (e.g Sakai et 
al. 2014a,b; Oya et al. 2015, 2016, 2017)  

• Can we use similar method to search Keplerian disks 
around massive protostars? — Envelope/disk transition in 
both kinematics and chemistry (Csengeri+ 2018)
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(Centrifugal Barrier)

SiO

CH3OH, H2CO, and other COMs

SO2, H2S

SiO: High rotation velocities; trace the disk and the inner envelope

CH3OH and H2CO: low rotation velocities; trace the infalling-rotating envelope 
outside of the centrifugal barrier, and enhanced at the centrifugal barrier

SO2 and H2S: intermediate rotation velocities; enhanced at the centrifugal barrier; 
trace the disk inside, but not reaching the inner part of the disk.
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Thoughts on ALMA proposal
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SiO (including isotopologues; vibrational transitions)
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3) Able to probe physical properties of regions (temperature, density, etc.)

4) Connections to the SiO jet
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1 1 260.547566 951.39 µJy, 3.5 K 900.44 uJy - 1.14 mJy

Tuning 
 

Target 
 

Rep. Freq.  
Sky GHz

RMS 
(Rep. Freq.)

RMS 
Achieved

1 Tuning

Dynamic range (cont flux/line rms): 9.1

Line 9.30 mJy 35.7 40 km/s 260.55 µJy, 957... 40.00 0.0% 0.0
Continuum 8.70 mJy 561.9 0.0% 0.0

  
 Peak Flux SNR Linewidth 

RMS 
(over 1/3 linewidth)

linewidth / bandwidth 
used for sensitivity Pol. 

Pol. 
SNR

Expected Source Properties

1 1-G339  16:52:04, -46:08:34 -34.00 km/s,lsrk,RADIO
No. Target Ra,Dec ( ICRS ) V,def,frame --OR--z

1 Target

1 261.091178 SO2 v=0 27(4,24)-28(1,27) 960 117.19 MHz 0.282 MHz 134.5 km/s 0.324 km/s 123
1 260.518020 SiO v=0 6-5 960 117.19 MHz 0.282 MHz 134.8 km/s 0.325 km/s 123
1 259.952182 H2O v=0 13(6,8)-14(3,11) 960 117.19 MHz 0.282 MHz 135.1 km/s 0.325 km/s 123
1 259.599448 SO2 v=0 30(4,26)-30(3,27) 960 117.19 MHz 0.282 MHz 135.3 km/s 0.326 km/s 123
2 258.707390 SiO v=1 6-5 960 117.19 MHz 0.282 MHz 135.8 km/s 0.327 km/s 122
2 258.255826 SO 3Σ v=0 6(6)-5(5) 960 117.19 MHz 0.282 MHz 136.0 km/s 0.328 km/s 122
2 257.099966 SO2 v=0 7(3,5)-7(2,6) 960 117.19 MHz 0.282 MHz 136.6 km/s 0.329 km/s 122
2 256.898389 SiO v=2 6-5 960 117.19 MHz 0.282 MHz 136.7 km/s 0.329 km/s 121
3 245.500000 Continuum 3840 1875.00 MHz 1.129 MHz 2289.4 km/s 1.378 km/s 2 9
4 243.039320 S18O 7(6)-6(5) 960 117.19 MHz 0.282 MHz 144.5 km/s 0.348 km/s 115
4 242.094954 Si18O v = 0 6-5 960 117.19 MHz 0.282 MHz 145.1 km/s 0.349 km/s 114
4 241.879073 CH3OH v t=0 5(1,4)-4(1,3) 960 117.19 MHz 0.282 MHz 145.2 km/s 0.350 km/s 114
4 241.561550 HDO 2(1,1)-2(1,2) 960 117.19 MHz 282.227 kHz 145.4 km/s 0.350 km/s 114

 BB  
 

Center Freq 
Rest GHz spw name

 Eff #Ch  
 p.p. Bandwidth Resolution Vel. Bandwidth Vel. Res.

Res. El.  
per FWHM

Spectral Setup : Spectral Line

t_total(ACA) t_total(7m) t_total(TP) Imaged area #7m pointing 7m Mosaic spacing HPBW t_per_point Data Vol Avg. Data Rate

Use of ACA 7m Array (10 antennas) and TP Array

8.7 h 3.0 h 1.6 h 7.4 " 1 offset 22.3 " 10740.8 s 698.6 GB 32.9 MB/s
t_total(all configs) t_science(C43-7) t_total(C43-4) Imaged area #12m pointing 12m Mosaic spacing HPBW t_per_point Data Vol Avg. Data Rate

Use of 12m Array (43 antennas)

0.0700" 4.0" 952.182 µJy, 3.5 K 1000 m/s, 869.1 kHz 260.518020 GHz 15.484 µJy, 56.9 mK 3.281 GHz XX,YY No
 Ang.Res.  LAS  Requested RMS  RMS Bandwidth  Rep.Freq.  Cont. RMS  Cont. Bandwidth  Poln.Prod. Non-standard mode 

Science Goal Parameters

Band 6Science Goal of 1SG : 1

2018.1.00613.S
 

SG-1
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Summaries
• Highly collimated SiO jet and wider but still highly collimated CO outflow from G339  

• Rotational features perpendicular to the outflow axis are detected in various molecular 
emissions, including SiO, SO2, H2S, CH3OH, and H2CO.  

• The SiO emission traces the disk and inner envelope in addition to the jet. The CH3OH and 
H2CO emissions mostly trace the infalling-rotating envelope, and are enhanced around the 
transition region between envelope and disk, i.e., the centrifugal barrier. The SO2 and H2S 
emissions are enhanced around the centrifugal barrier, and also trace the outer part of the 
disk.  

• An ordered transition from an infalling-rotating envelope to a Keplerian disk through a 
centrifugal barrier, accompanied by changes of types of molecular line emissions, is a valid 
description of this massive protostellar source. At least some massive stars form in a similar 
way as low-mass stars via Core Accretion.  

• Follow-up ALMA observations with higher angular resolution and a wider variety of lines to 1) 
map the envelope-disk transition with more details, and 2) search for a set of lines best for 
disentangle envelope and disk, which potentially can be developed into a diagnostic tool for 
massive protostellar disk studies.


