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ABSTRACT

The formation process of massive stars is not well understood, and advancement in our understanding benefits from high resolution observations and modelling of the gas and dust surrounding individual high-mass
(proto)stars. Here we report sub-arcsecond (.1550 au) resolution observations of the young massive star G11.92–0.61 MM1 with the SMA and
VLA. Our 1.3 mm SMA observations reveal consistent velocity gradients
in compact molecular line emission from species such as CH3 CN, CH3 OH,
OCS, HNCO, H2 CO, DCN and CH3 CH2 CN, oriented perpendicular to the
previously-reported bipolar molecular outflow from MM1. Modelling of the
compact gas kinematics suggests a structure undergoing rotation around
the peak of the dust continuum emission. The rotational profile can be
well fit by a model of a Keplerian disc, including infall, surrounding an
enclosed mass of ∼30–60 M , of which 2–3 M is attributed to the disc.
From modelling the CH3 CN emission, we determine that two temperature
components, of ∼ 150 K and 230 K, are required to adequately reproduce
the spectra. Our 0.9 cm and 3.0 cm VLA continuum data exhibit an excess
above the level expected from dust emission, and are well reproduced by
a model of an unresolved hyper-compact H ii region. In combination, our
results suggest that MM1 is an example of a massive proto-O star forming
via disc accretion, in a similar way to that of lower mass stars.
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INTRODUCTION

Massive stars (M? > 8 M ) have a very short pre-mainsequence phase (∼104 – a few × 105 years, e.g. Davies et al.
2011; Mottram et al. 2011), meaning that they spend the
entirety of their formation stages deeply embedded in their
parent molecular clouds. Such short formation timescales
also mean that there are far fewer examples of young, massive stars when compared with their lower mass counterparts. This inherent scarcity means that young massive stars
are, on average, located in much more distant star forming
regions (> 1 kpc). All of these factors contribute to the ex-
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treme difficulty of observing young massive stars directly. As
a result, their formation mechanisms are poorly understood.
In particular, the process by which young massive stars
accrete their high masses is not known. There is little time
to accumulate such large masses during their short formation timescales, and accretion onto the central object may
be halted or substantially reduced by energetic feedback processes (such as high radiation pressures, strong stellar winds
and ionising radiation). Models have suggested that channelling material through a circumstellar accretion disc can
overcome these feedback mechanisms (e.g. Yorke & Sonnhalter 2002; Krumholz et al. 2009; Kuiper et al. 2010, 2011;
Harries et al. 2014; Klassen et al. 2016).
Observationally, however, it is not yet clear whether
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circumstellar accretion discs surround massive young stellar objects (MYSOs) of all masses and evolutionary stages.
In particular, convincing candidates for Keplerian discs
around embedded O-type (proto)stars are proving to be
particularly elusive (e.g. Cesaroni et al. 2007; Wang et al.
2012; Beltrán & de Wit 2016, and references therein). Infrared (IR) interferometry (Kraus et al. 2010; Boley et al.
2013) and high-resolution near-infrared spectroscopy (Bik
& Thi 2004; Davies et al. 2010; Wheelwright et al. 2010;
Ilee et al. 2013, 2014) have revealed discs on scales of
less than 1000 au around MYSOs, but these techniques
are limited to relatively evolved, IR-bright objects. Longerwavelength interferometric observations allow access to the
circum(proto)stellar environments of less evolved, more
embedded MYSOs, but often probe larger spatial scales.
In many cases, velocity gradients detected in millimetre and centimetre-wavelength molecular line observations
trace ‘toroids’ – large-scale (1000s to &10,000 au), massive
(Mtoroid ≥ M?), non-equilibrium rotating structures (e.g. Cesaroni 2005; Cesaroni et al. 2006, 2007; Beuther & Walsh
2008; Beltrán et al. 2011; Cesaroni et al. 2011; Johnston
et al. 2014, and references therein). The clustered nature
of massive star formation also complicates the search for
accretion disc candidates, as multiplicity and rotation can
both produce velocity gradients (c.f. Patel et al. 2005; Brogan et al. 2007; Comito et al. 2007), and very high angular
resolution observations are required to distinguish between
these scenarios.
Searching for small-scale Keplerian accretion discs
around embedded distant MYSOs requires sub-arcsecondresolution observations with (sub)millimetre interferometers. Recent studies of this type have yielded a handful
of candidate Keplerian discs around O-type (proto)stars
(Jiménez-Serra et al. 2012; Qiu et al. 2012; Wang et al. 2012;
Hunter et al. 2014; Johnston et al. 2015; Zapata et al. 2015),
as well as adding to the sample of good candidates for Keplerian discs around B-type (proto)stars (e.g. Sánchez-Monge
et al. 2013; Beltrán et al. 2014; Cesaroni et al. 2014).

Cyganowski et al. (2011b, 2014) and recently also at 4.8 and
2.3 cm by Moscadelli et al. (2016) as part of a Very Large
Array (VLA) survey of BeSSeL H2 O maser sources.
Cyganowski et al. (2011a) detected a single dominant
bipolar molecular outflow towards the G11.92–0.61 millimetre (proto)cluster, driven by MM1 and traced by wellcollimated, high-velocity 12 CO(2–1) and HCO+ (1–0) emission. Near-infrared H2 emission (Lee et al. 2012, 2013) and
44 GHz Class I CH3 OH masers (Cyganowski et al. 2009)
also trace shocked outflow gas. On small (< 1000 au) scales,
the H2 O maser proper motions indicate a collimated NE-SW
flow, consistent with the orientation of the large-scale molecular outflow (Cyganowski et al. 2011a, 2014; Moscadelli et al.
2016). In our ∼2.4 00 -resolution SMA data, the compact, hotcore molecular line emission associated with MM1 displays
a velocity gradient oriented roughly perpendicular to the
outflow axis, leading Cyganowski et al. (2011a) to suggest
an unresolved disc as a possible explanation, but requiring
higher angular resolution data for confirmation.
In this paper, we present sub-arcsecond-resolution line
and continuum observations of G11.92-0.61 obtained with
the highest angular resolution possible with the SMA at
1.3 mm. Together with new VLA subarcsecond-resolution
centimetre continuum observations, we use the SMA data
to study the molecular gas kinematics of MM1 and to
constrain the nature of the central source. Our observations are summarised in Section 2, and our results in Section 3. Section 4 presents our modelling of the kinematics
and physical properties of the candidate disc and of the
centimetre-(sub)millimetre wavelength emission from the
central source, and discusses our results. Our conclusions
are summarised in Section 5. We adopt the maser parallax
distance to G11.92–0.61 of 3.37+0.39
kpc throughout (Sato
−0.32
et al. 2014)
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2.1

In this paper, we report sub-arcsecond resolution Submillimeter Array (SMA) observations of a candidate disc
around a high-mass (proto)star, G11.92–0.61 MM1 (hereafter MM1), identified in the course of our studies of
GLIMPSE Extended Green Objects (EGOS; Cyganowski
et al. 2008). MM1 is one of three compact millimetre continuum cores detected in thermal dust emission in our initial SMA 1.3 mm observations of the EGO G11.92–0.61
(Cyganowski et al. 2011a, resolution ∼2.4 00 ), which is located in an infrared dark cloud (IRDC) ∼1 0 SE of the
more evolved massive star-forming region IRAS 18110–1854.
The three members of the G11.92–0.61 (proto)cluster are
only resolved at (sub)millimetre and longer wavelengths
(Cyganowski et al. 2011a, 2014); the total luminosity of
the region is ∼104 L (Cyganowski et al. 2011a; Moscadelli
et al. 2016). MM1 exhibits copious molecular line emission
from hot-core molecules (Cyganowski et al. 2011a, 2014)
and is coincident with a 6.7 GHz Class II CH3 OH maser
(Cyganowski et al. 2009) and strong H2 O masers (Hofner &
Churchwell 1996; Breen & Ellingsen 2011; Sato et al. 2014;
Moscadelli et al. 2016), all indicative of the presence of a
massive (proto)star. MM1 also has a weak (.1 mJy) cmwavelength counterpart, CM1, first detected at 1.3 cm by

OBSERVATIONS
Submillimeter Array (SMA)

The SMA 1.3 mm Very Extended configuration (VEX)
dataset is described in Cyganowski et al. (2014), which uses
these data to study G11.92–0.61 MM2, a candidate massive prestellar core located ∼7.00 2 from MM1 in the G11.92–
0.61 millimetre (proto)cluster. The SMA 1.3 mm observations were taken in good weather, with τ225GHz ∼0.05 and
system temperatures at source transit Tsys ∼90 K; eight antennas were available for the observations. Key observational parameters are listed in Table 1. The 1.3 mm line
data were resampled to a common velocity resolution of
1.12 km s−1 , then Hanning-smoothed. The projected baselines ranged from ∼20–394 kλ, corresponding to a largest
angular scale (for sensitivity to smooth emission) of ∼9 00
(see also Cyganowski et al. 2014). We carefully identified
the line-free portions of the spectrum in order to perform
continuum subtraction and to generate a continuum image
with minimal line contamination. The effective bandwidth of
the continuum image is approximately two thirds of the total observed bandwidth. All measurements were made from
images corrected for the primary beam response.
To measure the position angle of the bipolar molecular outflow driven by MM1, we make use of the 12 CO(3–
MNRAS 000, 1–18 (2016)
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Table 1. Parameters of the SMA and VLA observations.
Parameter
Observing date (UT)
Project code
Configuration
Phase Center (J2000):
R.A.
Dec.
Primary beam size (FWHP)
Frequency coverage:
Lower band (LSB) center
Upper band (USB) center
Bandwidth
Subbands
Channel spacing
Gain calibrator(s)
Bandpass calibrator
Flux calibrator
Synthesised beam b
Continuum rms noise b
Spectral line rms noise c

SMA 1.3 mm

SMA 0.88 mm

VLA 3 cm

VLA 0.9 cm

2011 Aug 28
2011A-S076
Very Extended

2011 Aug 19
2011A-S076
Extended

2015 Jun 25
15A-232
A

2015 Feb 9-10
15A-232
B

18h 13m 58.s 10
−18◦ 540 16.00 7
5200

18h 13m 58.s 10
−18◦ 540 16.00 7
3400

18h 13m 58.s 10
−18◦ 540 16.00 7
40

18h 13m 58.s 10
−18◦ 540 16.00 7
1.30

218.9 GHz
230.9 GHz
2 × 4 GHz
n/a
0.8125 MHz

335.6 GHz
347.6 GHz
2 × 4 GHz
n/a
0.8125 MHz

J1733–130, J1924–292
3C84
Callisto a
0.00 57×0.00 37
(P.A. = 30◦ )
0.7 mJy beam−1
23 mJy beam−1

J1733–130, J1924–292
3C84
Callisto a
0.00 80×0.00 70
(P.A. = 54◦ )
3 mJy beam−1
55 mJy beam−1 (12 CO)

9 GHz
11 GHz
2 × 2.048 GHz
2 × 16
1 kHz
(30 km s−1 )
J1832–2039
J1924–2914
J1331+3030
0.00 30×0.00 17
(P.A. = 0◦ )
6.1 µJy beam−1
n/a

31 GHz
35 GHz
4 × 2.048 GHz
4 × 16
1 kHz
(9 km s−1 )
J1832–2039
J1924–2914
J1331+3030
0.00 31×0.00 17
(P.A. = −5◦ )
7.6 µJy beam−1
n/a

a: Using Butler-JPL-Horizons 2012 models.
b: SMA: for combined LSB+USB continuum image (Briggs weighting, robust = 0.5).
c: Typical rms per channel; Hanning-smoothed. For 12 CO(3–2), rms is per smoothed 3 km s−1 channel (see also
Cyganowski et al. 2014).

2) line included in the 0.88 mm SMA dataset presented in
Cyganowski et al. (2014). Details of the SMA 0.88 mm observations are included in Table 1 for completeness; here, we
consider only the 12 CO(3–2) data.

2.2

Jansky Very Large Array (VLA)

In 2015, we observed G11.92–0.61 with the NRAO Karl G.
Jansky Very Large Array (VLA) in two bands (X and Ka,
3 cm and 0.9 cm) under project code 15A–232. The observations were taken with dual circular polarization, with onsource observing times of 39 minutes and 86 minutes at
3 and 0.9 cm, respectively. Further details of the observations are given in Table 1. Due to the broad bandwidth
of the datasets, we imaged them using 2 Taylor terms to
account for the spectral index of the emission and performed phase-only self-calibration. Due to the proximity of
the cometary ultra-compact (UC) H ii region G11.94–0.62
(Wood & Churchwell 1989) about 1 0 to the north-northeast,
we needed to include that source in the model. The X-band
image was made with a minimum uv distance of 1300 kλ
in order to remove ripple from G11.94–0.62 in the vicinity
of G11.92–0.61. Our previously-published VLA observations
in K-band (1.3 cm; Cyganowski et al. 2014) are also used in
modelling the spectral energy distribution in Section 4.3.

3
3.1

RESULTS
Continuum emission

Figure 1 shows our new VLA centimetre-wavelength continuum images overlaid on the 1.3 mm SMA VEX image from
MNRAS 000, 1–18 (2016)

Cyganowski et al. (2014); observed centimetre continuum
properties for CM1 are listed in Table 2. The continuum
emission from CM1 is compact at all wavelengths. The fitted
centroid positions for CM1 in the 3.0 and 0.9 cm images are
consistent within <0.00 01, and are within ∼0.00 05 of the 1.3 mm
MM1 peak (fitted centroid position, Table 2 of Cyganowski
et al. 2014). CM1 is unresolved in our deep VLA images, indicating that the source of centimetre-wavelength emission
is smaller than our ∼1000×570 au beam. This result is consistent with recent VLA observations at 4.8, 2.3 and 1.4 cm
(resolution 0.00 32, 0.00 19, and 0.00 1, respectively): in all cases,
the fitted source size is less than the size of the synthesised
beam (Moscadelli et al. 2016, their Table 3).

3.2

Compact molecular line emission: MM1

In our SMA 1.3 mm VEX observations, the molecular line
emission detected towards G11.92-0.61 consists primarily of
compact emission, coincident with the MM1 (sub)millimetre
continuum source, from species characteristic of hot cores
(including CH3 CN, OCS, CH3 CH2 CN, and HC3 N; see also
Figure 2 of Cyganowski et al. 2014). From the 8 GHz of
bandwidth observed with the SMA at 1.3 mm, we identified
31 lines from 10 different chemical species that are potentially strong and unblended enough to be used to study the
kinematics of MM1. Details for these lines are given in Table 3, ordered by decreasing Eupper . For all lines included
in Table 3, we created and inspected integrated intensity
(moment 0) and velocity (moment 1) maps. The moment 1
maps were constructed using an intensity threshold of 5σ,
and the velocity extent was chosen to avoid contamination
from nearby lines where possible.
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Table 2. Observed continuum emission properties.

Obs. λ
1.3 mm
0.9 cm
3.0 cm

J2000
Coordinates a
α(h m s)
δ(◦
18 13 58.1099
18 13 58.1108
18 13 58.1113

0 00 )

−18 54 20.141
−18 54 20.185
−18 54 20.191

Peak
Intensity a
(mJy beam−1 )

Integrated
Flux Density a
(mJy)

Size a
(00 × 00 )

Size a
(au × au)

P.A.
(◦ )

90.0 ± 1.0
0.548 ± 0.011
0.203 ± 0.009

138.0 ± 2.0
0.715 ± 0.023
0.161 ± 0.014

0.34 ± 0.01 × 0.29 ± 0.01
0.16 ± 0.02 × 0.10 ± 0.01
...

1150 × 960
550 × 330
...

125 ± 7
160 ± 12
...

a: From two-dimensional Gaussian fitting; “size” is deconvolved source size. If no size is given, the source could not be
deconvolved from the beam, and thus its appearance cannot be distinguished from that of a point source. Statistical uncertainties
are indicated by the number of significant figures.
Table 3. Properties of spectral lines used in kinematic analysis.
Species
CH3 CN
HC3 N v7 =1
HC3 N v7 =1
CH3 OH (A)
CH3 CN
CH3 OH (E)
CH3 OH vt =1 (A)
CH3 CN
HNCO d
CH3 CN
CH3 OH (A)
CH3 OH (A)
CH3 CH2 CN
CH3 CH2 CN
CH3 CH2 CN
CH3 CH2 CN
CH3 CN
HC3 N
CH3 OCHO (A) e
OCS
HNCO
CH3 CN
CH3 OH (E)
CH3 OH (E) f
H2 CO
HNCO
CH3 OH (E)
CH3 OH (E)
SO
H2 CO
DCN

Transition

Frequency
(GHz)

Eupper
(K)

Catalog a, b

J = 12–11, K = 8
J = 24–23 l=1f
J = 24–23 l=1e
183,16 –174,13
J = 12–11, K = 7
154,11 –163,13
61,5 –72,6
J = 12–11, K = 5
102,9 –92,8
J = 12–11, K = 4
102,8 –93,7
102,9 –94,6
270,27 –260,26
262,25 –252,24
261,25 –251,24
252,24 –242,23
J = 12–11, K = 3
J = 24–23
201,20 –191,19
J = 19–18
101,10 –91,9
J = 12–11, K = 2
80,8 –71,6
8−1,8 –70,7
32,1 –22,0
100,10 –90,9
51,4 –42,2
3−2,2 –4−1,4
65 –54
30,3 –20,2
J = 3–2

220.47581
219.17376
218.86080
232.78350
220.53932
229.58907
217.29920
220.64108
219.73385
220.67929
232.41859
231.28110
231.99041
229.26516
231.31042
220.66092
220.70902
218.32472
216.96590
231.06099
218.98101
220.73026
220.07849
229.75876
218.76007
219.79827
216.94560
230.02706
219.94944
218.22219
217.23854

525.6
452.3
452.1
446.5
418.6
374.4
373.9
247.4
228.3
183.1
165.4
165.3
157.7
154.0
153.4
143.0
133.2
131.0
111.5
110.9
101.1
97.4
96.6
89.1
68.1
58.0
55.9
39.8
35.0
21.0
20.9

JPL
CDMS
CDMS
CDMS
JPL
CDMS
CDMS
JPL
CDMS
JPL
CDMS
CDMS
CDMS
CDMS
CDMS
CDMS
JPL
CDMS
JPL
CDMS
CDMS
JPL
CDMS
CDMS
CDMS
CDMS
CDMS
CDMS
CDMS
CDMS
CDMS

Notes c

PA, DT ALL
PA, DT CH3 OH

PA, DT ALL
PA, DT CH3 OH
PA, DT CH3 OH

PA, DT ALL
PA, DT ALL

PA, DT ALL
PA, DT ALL
PA, DT ALL
PA, DT CH3 OH
PA, DT CH3 OH
PA, DT ALL

PA, DT CH3 OH

PA, DT ALL

a

CDMS = http://www.astro.uni-koeln.de/cgi-bin/cdmssearch
JPL = http://spec.jpl.nasa.gov/ftp/pub/catalog/catform.html
c PA: line included in calculation of median position angle (Section 3.2); DT ALL: Potentially
‘disc tracing’ - results of centroid plot included in the kinematic fitting, all lines excluding CH3 OH
(Section 4.1); DT CH3 OH: Potentially ‘disc tracing’ - results of centroid plot included in the
kinematic fitting, CH3 OH lines (Section 4.1)
d Blended with the HNCO 10 −9
2,8
2,7 line at 219.73719 GHz, which has the same Eupper and
CDMS intensity; the velocity separation from this reference transition is -4.56 km s−1 .
e Blended with three other CH OCHO transitions with the same line intensity and E
upper ; the
3
velocity separations from this reference transition are +1.57, -0.48, and -2.10 km s−1 .
f This line exhibits thermal emission towards MM1, though maser emission is observed towards
the G11.92−0.61 outflow lobes (Cyganowski et al. 2011a).
b
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Figure 1. Left: Contours of SMA 1.3 mm VEX continuum (black) and blue/redshifted 12 CO(3–2) emission overlaid on a three-color
Spitzer image (RGB: 8.0, 4.5, 3.6 µm). The outflow position angle (52◦ ) is indicated by the dotted black line (see Section 3.2). The field
of view is centred on MM1, and MM2 is visible ∼700 to the northwest. Positions of 44 GHz Class I CH3 OH masers (magenta circles) and
6.7 GHz Class II CH3 OH masers (green diamonds) from Cyganowski et al. (2009) are marked. The 6.7 GHz maser ∼500 north of MM1 is
coincident with the millimetre continuum source MM3 (Cyganowski et al. 2011a, undetected in the VEX observations). Right: Zoomed
view of MM1, showing the SMA 1.3 mm VEX continuum (greyscale, linear from 0 to 0.1 Jy beam−1 ), 12 CO(3-2) emission (blue/red
dashed contours) and 6.7 GHz maser (diamond). In addition, VLA 3.0 cm (white) and 0.9 cm (black) contours are overlaid, along with
positions of 22 GHz H2 O masers (cyan triangles, Moscadelli et al. 2016). Beams are shown at lower left in each panel. Levels: 1.3 mm:
(5,25)σ, where σ = 0.7 mJy beam−1 ; 3.0 cm: (5,15,25)σ, where σ = 6.1 µJy beam−1 ; 0.9 cm: (5,15,50)σ, where σ = 7.6 µJy beam−1 ; 12 CO:
0.8 Jy beam−1 km s−1 × (5,10,15) (blue), × (5,10,15,20,25) (red).

Figures 2 and 3 present moment 1 maps for selected
lines from Table 3, chosen to represent the range of chemical species, line emission morphologies, kinematics, and line
excitation temperatures present in our SMA VEX 1.3 mm
data. Strikingly, all ten species show a consistent velocity
gradient across the MM1 (sub)millimetre continuum source,
with a sharp transition from redshifted emission (to the
South-East) to blueshifted emission (to the North-West).
The orientation of the velocity gradient is consistent with
that seen at ∼2.00 4 resolution by Cyganowski et al. (2011a)
in SO, HNCO, CH3 OH, and CH3 CN. We measured the position angle of the velocity gradient for each of the 31 transitions in Table 3 by calculating the position angle of the line
joining the RA/Dec centroid positions of the emission in the
most redshifted and the most blueshifted velocity channels
(a similar approach to that of Hunter et al. 2014). The median and standard deviation of the position angle across the
fifteen transitions that we select as potentially disc-tracing
based on our kinematic fitting and moment analysis (Section 4.1, Table 3) is 127±18◦ . We note that the variation in
the median position angle from including a different selection
of lines in the calculation is well within the scatter indicated
by the standard deviation of 18◦ , and adopt a position angle
of 127◦ for constructing the position-velocity (PV) diagrams
presented in Figure 4.
Notably, the position angle of the velocity gradient is
nearly identical to that of the 2D Gaussian model fit to the
1.3 mm dust emission of 125±7◦ (Cyganowski et al. 2014).
MNRAS 000, 1–18 (2016)

This alignment, and the sharp transition from redshifted to
blueshifted emission, are reminiscent of Keplerian discs observed around low-mass stars (e.g. Hughes et al. 2011; Walsh
et al. 2014). The position angles of MM1’s velocity gradient
and dust emission are also nearly perpendicular to that of
the high-velocity bipolar molecular outflow driven by MM1.
The outflow position angle, estimated as the position angle
of the line joining the peaks of the redshifted and blueshifted
12 CO (3–2) lobes, is ∼52◦ (Figure 1). For the innermost part
of the outflow (shown in the right panel of Figure 1), the estimated position angle is ∼45◦ , an offset of 82◦ from the velocity gradient seen in the compact molecular line emission.
Both estimates of the outflow position angle are consistent
with the outflow being perpendicular to the velocity gradient
in the compact gas, within the scatter in our estimate of the
latter. This configuration strongly suggests a disc-outflow
system, and motivates a more detailed examination of the
kinematics of MM1 by means of PV diagrams (Figure 4).
As illustrated in Figure 4, the MM1 PV diagrams exhibit the characteristic pattern expected for a Keplerian disc
– the highest velocities are seen closest to the central source,
while the most spatially extended emission is seen at lower
velocities (e.g. closer to the vLSR of the system). These key
features are consistent across a range of molecular tracers
and transition excitation energies, and support our use of
Keplerian disc models to interpret the kinematics of MM1
(Section 4.1). There are also, however, some potentially illuminating differences amongst the prospective disc tracers.
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Figure 2. First moment maps (colourscale) of selected spectral lines from Table 3, overlaid with contours of the SMA VEX 1.3 mm
continuum emission (levels 5 & 25σ, where σ = 0.7 mJy beam−1 ). The colourscale is centred on the systemic velocity of the
system, 35.2 km s−1 (Cyganowski et al. 2011a). Each panel is labeled with the species name and the excitation energy (in Kelvin)
of the upper level of the transition. The position angle of the outflow from Fig 1 is shown with a dashed black line. Black dots in
the lower middle panel denote the twist in the zero-velocity gas (Section 3.2). The cut used to generate the PV diagrams in
Figure 4 is shown in the lower right panel with a solid black line. The beam is shown in the lower left of each panel as a dashed ellipse.
MNRAS 000, 1–18 (2016)
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Figure 3. First moment maps for minimally-blended CH3 CN transitions (we omit K = 6 as it is blended with HNCO
and K = 5 as it is blended with CH13
CN K = 0), overlaid with zeroth moment contours and displayed alongside the
3
1.3 mm continuum emission from Figure 1. The excitation energy (in Kelvin) of the upper level of each transition is
indicated. Black dots in the upper middle panel denote the twist in the zero-velocity gas (Section 3.2). The continuum
peak is marked with a black cross, and the beam is shown in the lower left corner of each panel as a dashed ellipse.
Contours are 3, 6 and 9 σ, where σ for the zeroth moment maps is 0.19, 0.22, 0.19, 0.16 and 0.16 Jy beam−1 , respectively.

Notably, most of the lines do not peak towards the central
source, instead showing offsets in position and/or velocity
(Figure 4: the position of the 1.3 mm continuum peak from
our SMA VEX observations is defined as offset=0.00 0). More
surprisingly, these offsets do not appear to be simple functions of molecular abundance or transition excitation energy,
in contrast to the pattern seen in the candidate massive
disc NGC 6334I(N)-SMA 1b (Hunter et al. 2014). In MM1,
low-temperature transitions of abundant molecules, including DCN(3–2) and H2 CO(32,1 –22,0 ), show a double-peaked
structure with a local minimum towards the central source,
consistent with a radial temperature gradient (increasing
inwards, see also Section 3.3) and a moderately edge-on
viewing angle. However, higher-temperature transitions of
CH3 CN and CH3 OH also show notably double-peaked or
asymmetric structure. In contrast, the peak of the OCS(19–
18) emission (with a moderate Eupper of 110.9 K) is coincident with the central source. Interestingly, CH3 CN emission
in two other candidate discs around (proto)O-stars (CH3 CN
K = 3 in NGC 6334I(N)-SMA 1b and K = 2, K = 4, and
K = 6 in AFGL4176-mm1: Hunter et al. 2014; Johnston et al.
2015, respectively) exhibits asymmetries similar to those we
observe in CH3 CN towards MM1, though these asymmetries are not reproduced by current models (e.g. Figure 4 of
MNRAS 000, 1–18 (2016)

Johnston et al. 2015). In MM1, as in NGC 6334I(N)-SMA
1b, HNCO differs from other species in displaying a compact morphology in PV diagrams. Based on the present
data, it is difficult to disentangle the effects of molecular abundance (e.g. potential chemical segregation,
as observed in AFGL2591 by Jiménez-Serra et al.
2012) from those of molecular excitation in the MM1
disc. Higher angular resolution (sub)millimetre observations would be required to obtain well-resolved
images of many different molecular species.
The moment maps shown in Figure 2 also highlight that
though all species share a consistent velocity gradient (from
redshifted in the South-East to blueshifted in the NorthWest), SO(65 –54 ) and HC3 N v = 0 (24–23) exhibit emission
that is notably spatially extended compared to the millimetre continuum and to other molecules. The SO line is lowtemperature (Eupper = 35.0 K) and is clearly detected in the
G11.92–0.61 outflow in our lower-resolution SMA data (e.g.
Figure 3 of Cyganowski et al. 2011a), suggesting possible
outflow contribution to the emission detected in our highresolution SMA VEX observations. The extended emission
from HC3 N v = 0 (24–23), with its higher excitation energy (Eupper = 131.0 K), is perhaps more surprising, though
recent observations have found that HC3 N emission is as-
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Figure 4. Position-velocity diagrams of selected lines from Table 3, ordered by decreasing Eupper . Solid white contours
correspond to levels of 0.2, 0.3, 0.4 and 0.5 Jy beam−1 . The vlsr of the system from Cyganowski et al. (2011a), 35.2 km s−1 ,
is shown with a horizontal dotted line; the position of the 1.3 mm continuum peak from the SMA VEX observations is
defined as offset=0.00 0. The CH3 CN K = 2 transition displays contamination at high blueshifted velocities from a nearby
line. Overlaid are the best fitting disc models from Section 4.1: the best fit model for all lines, excluding CH3 OH (Menc
= 60 M , i = 35◦ , Ro = 1200 au) is shown with a solid black line, and the best fit model for CH3 OH lines only (Menc =
34 M , i = 52◦ , Ro = 1200 au) is shown with a solid red line. These two models are almost identical in position-velocity
space. The dashed black line shows a model identical to that of the best fitting disc model for all lines (excluding
CH3 OH), but with Ro = 1800 au, providing a better fit to some transitions.
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sociated with gas shocked by outflows driven by low-mass
(proto)stars (e.g. Shimajiri et al. 2015; Benedettini et al.
2013). Within ∼10 km s−1 of the systemic velocity (e.g., the
range shown in Figure 2), the kinematics of outflow-tracing
molecules such as 12 CO and HCO+ are very confused, with
both redshifted and blueshifted emission detected to both
the NE and SW of MM1 (e.g. Figures 7 and 8 of Cyganowski
et al. 2011a). It is thus plausible that (the base of) the MM1
outflow contributes to the SO and HC3 N emission detected
in our SMA VEX observations. In addition, given the
apparent elongation along the outflow axis in moment 0 maps of many of the lines examined, it is also
possible that the base of the outflow contributes to
more lines, though we note that as the beam is elongated in a similar direction, this effect is difficult to
quantify with our current observations.
Several of the moment 1 maps (e.g. CH3 CN
K = 2, 3, 4, OCS(19–18), H2 CO(32,1 –22,0 ), SO(65 –
54 ), OCS(19–18) and DCN(3–2)) also exhibit an interestingly asymmetric feature: a twisted structure
that is mostly clearly seen by examining the gas
moving at the systemic velocity (white in Figures
2 & 3, marked with black dots). Based on the orientation of the blue- and red-shifted emission (i.e. in
opposition to the movement of the outflowing material), we suggest that this twisting is likely due to
the effect of infalling material. Such an interpretation is also strengthened by the requirement of an
infall component to be used in our modelling of the
PV diagrams (see Figure 4 and Section 4.1)

3.3

Extent of gas and dust emission in the disc

The thermal dust emission from MM1 is unresolved in our
SMA 1.3 mm VEX observations, with a fitted deconvolved
source size of 1150 × 960 au (Cyganowski et al. 2014). In contrast, the molecular line emission from the disc is marginally
resolved in some lower-excitation transitions. For example,
for the blended K = 0 and K = 1 components of CH3 CN(12–
11), the deconvolved size of the 2D Gaussian fit to the moment 0 map is 0.00 80±0.00 06 × 0.00 53±0.00 04 (P.A. = 47 ± 8), or
∼ 2700×1800 au. The CH3 CN ladder is of particular interest,
as the relative spatial extents of the different k-components
are expected to depend primarily on gas temperature. Figure 3 presents contours of integrated intensity for the K = 2,
K = 3, K = 4, K = 7, and K = 8 transitions of CH3 CN(12–
11), which range in excitation energy from Eupper = 97.4 –
525.6 K, overlaid on the moment 1 maps of these transitions
(we omit K = 0 and K = 1 because they are blended with
each other, K = 6 because it is blended with HNCO(101,9 91,8 at 220.585 GHz, and K = 5 because it is blended
with CH13
CN K=0). As illustrated by Figure 3, all tran3
sitions display a similar velocity gradient, but the low-k,
low-excitation transitions of CH3 CN are significantly more
extended than the high-k, high-excitation transitions. This
pattern of decreasing spatial extent with increasing excitation energy is suggestive of an increasing temperature gradient towards a central source. The temperature structure
of the gas around MM1, as determined from modelling the
CH3 CN emission, is discussed further in Section 4.2.
To investigate the differing extents of the dust and gas
MNRAS 000, 1–18 (2016)
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Figure 5. Azimuthal averages of the normalised intensity
of the CH3 CN K = 3 line (blue) and 1.3 mm continuum
emission (black), centered around the bi-section between
the most red and blue shifted channel centroids, with 1σ
errors shown as shaded regions. Azimuthal averages of
the beams are shown with dashed lines.

emission, we performed simple azimuthal averages (i.e. not
accounting for any ellipicity effects) on both the continuum
and the CH3 CN K = 3 line emission (the lowest-energy k
component that is well separated from neighboring lines,
see also top panel of Figure 7). As shown in Figure 5, this
analysis confirms that the CH3 CN K = 3 emission is more extended than the 1.3 mm continuum, by approximately 0.00 1 at
maximum deviation. Figure 5 also highlights that the continuum emission, unlike the K = 3 line emission, is unresolved
by our SMA observations. A larger spatial extent of gas emission in comparison to dust continuum emission is a result often seen in observations of circumstellar discs around lowermass young stars (e.g. Guilloteau et al. 2011; Pérez
et al. 2012; de Gregorio-Monsalvo et al. 2013). In
such systems, the spatial difference is often suggested to be
due to either radial migration of the dust towards the central
star, or viscous outward spreading of the gas (e.g. Alexander
et al. 2006).

4
4.1

DISCUSSION
Molecular line modelling: gas kinematics

In order to further investigate the kinematic origin of each
emission line, we fitted a 2-dimensional Gaussian to each
channel using the casa imfit routine. For a given line and
channel, this fit provides the location of the centroid, whose
position on the sky is recorded along with the channel velocity. This process is then repeated for all channels across
a given line. The morphology of the resulting centroid plots
often exhibits a closed loop structure, with the most redand blue-shifted channels closest together, and velocities between these channels tracing an arc across the sky (Figure 6). However, the size of this loop varies from line to
line, with some lines exhibiting more linear centroid plots
(e.g. the CH3 OH transitions). For each line, we define a ve-
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locity centre - the on-sky position that bisects the positions
of the most red- and blue-shifted channel centroids. The position of this velocity centre for each line differed slightly,
however all were consistent to within approximately 0.00 05
(or ∼ 200 au at the distance of MM1).
Based on careful examination of the individual line centroid plots and the corresponding moment 1 maps, we selected a subset of potentially disc-tracing (DT) lines. In order to model the kinematic origin of these lines, we adopted
an approach similar to that presented in Sánchez-Monge
et al. (2013), and use a model of a geometrically thin Keplerian disc (Maret 2015) to compare with the centroid information. The model disc is characterised by a central mass
(M?), an outer radius (Ro ) and an inclination to the line of
sight (i, where i = 0 corresponds to a face on disc), and is assumed to emit uniformly as a function of radius (though we
note that adopting different intensity distributions does not
alter the results of our fitting). The model is given a number
of velocity channels with width consistent with that of our
observations, and is assumed to lie at the same distance as
MM1 (3.37 kpc).
For each combination of free parameters, a spectral cube
is created for the model, and then a first moment map is
produced. This is then compared to the centroid plots. The
chi-squared landscape is explored in a grid based fashion using the scipy optimize brute module, where the ranges for
each parameter were 1 < M? < 90 M , 600 < Ro < 1400 au,
and 0 < i < 90◦ . Once a minimum within the grid is recovered, a Nelder-Mead (or ameoba) minimisation technique
is used to refine the best fitting parameters. Due to the
slightly different morphologies of the CH3 OH centroid plots,
we chose to perform the fitting on two collections of centroid locations - those obtained from all lines but excluding CH3 OH (labelled ‘DT ALL’ in Table 3), and only the
CH3 OH lines (labelled ‘DT CH3 OH’ in Table 3). The best
fitting disc model for all lines surrounds an enclosed mass of
◦ . The best fitting disc
60+21
M at an inclination of 35+20
−27
−6
model for only the CH3 OH transitions surrounds an enclosed
◦ . In both cases,
mass of 34+28
M at an inclination of 52+11
−14
−12
the disc extended to 1200 au. Figure 6 shows the resulting
best fitting models for each of these collections.
Based on the results of the fitting to the centroid maps, we can follow the prescription of Cesaroni et al. (2011) and overlay theoretical positionvelocity models for these Keplerian discs on Figure
4. In this case, the region on a position-velocity diagram within which emission is expected can be expressed as
√
√
x
z
(1)
V = GM 3 + 2GM 3 ,
R2
R2
where the first term is the contribution from the
Keplerian disc, and the second the contribution due
to free fall. V is the velocity component along the
line of sight, M is the enclosed mass, x and z are the
co-ordinates along the
p disc plane and line of sight,
respectively, and R = x 2 + z 2 is the distance from the
centre of the disc.
The models overlaid on Figure 4 correspond to
the best fitting solutions found from the centroid fitting – the best fit model for all ‘disc-tracing’ lines

other than CH3 OH (Menc = 60 M , i = 35◦ , Ro =
1200 au, based on nine transitions) is shown with
a solid black line, and the best fit model for ‘disctracing’ CH3 OH lines (Menc = 34 M , i = 52◦ , Ro =
1200 au, based on six transitions) is shown with a
solid red line. These models produce almost identical projections in position-velocity space. For all
transitions, the model accurately reproduces the
range of velocities displayed in the data. The major
differences arise in the spatial extent of the emission, with molecules such as CH3 CH2 CN, HNCO,
DCN and CH3 CN K = 7 appearing to originate from
smaller radii than molecules such as OCS or the
lower K transitions of CH3 CN. For this reason, we
also overplot a model identical to the best fitting
disc model for all lines (excluding CH3 OH), but
with Ro = 1800 au, as a dashed black line. Interestingly, while there seems to be a dependence of location/extent of emission on excitation energy for the
CH3 CN transitions, there appears not to be a similar trend across all molecules. This can most easily
be seen by comparing DCN (Eupper = 20.9 K) with, for
example, CH3 OH vt = 1 (Eupper = 373.9 K), whose PV
diagrams show similar spatial extents.
We can also estimate an inclination angle from the observed ellipicity of the deconvolved Gaussian model for the
SMA VEX 1.3 mm continuum emission (Cyganowski et al.
2014). Assuming circular symmetry, this implies an incli◦
nation angle for the dust disc of ∼ 31+5◦ . While we inter−7
pret this result with some caution because the continuum
is unresolved by our observations, this estimate provides an
independent line of evidence for a moderately inclined disc.
4.2

Molecular line modelling: gas temperatures
and physical properties from CH3 CN

To determine the physical properties of the gas around
MM1, we follow the approach of Hunter et al. (2014) and
use the CASSIS package to model the line intensities and
profiles of the CH3 CN and CH13
CN emission line ladders,
3
which have been shown to provide robust measurements of
gas physical conditions in hot cores (e.g. Pankonin et al.
2001; Araya et al. 2005).
In order to quantify any spatial variations in these physical conditions, we extract the CH3 CN spectra on a pixelby-pixel basis across the location of MM1. The physical
model used to fit the data was assumed to be in
local thermodynamic equilibrium (LTE), and possessed six free parameters - CH3 CN column density,
excitation temperature, line width, emission region
diameter, velocity, and the isotopic ratio of 12 C /
13 C. The ranges explored for each parameter were as
follows – column density: 1016 < NCH3 CN ≤ 1018 cm−2 ;
excitation temperature: 40 < Tex ≤ 250 K; line width:
3 < ∆ν ≤ 8 km s−1 ; size: 0.1 00 < θ ≤ 0.5 00 ; velocity:
31 < v < 42 km s−1 ; isotopic ratio: 55 < 12 C/13 C ≤ 85.
The fitting was performed using a Markov-Chain Monte
Carlo (MCMC) minimisation strategy - an initial guess for
each parameter is taken, and randomised steps in each parameter are taken to explore the resulting goodness of fit.
These steps are initially large, but decrease as the fitting
MNRAS 000, 1–18 (2016)
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Figure 6. Top: centroid plots for the CH3 CN K=3 (left) and the CH3 OH 229.75 GHz (right) transitions, displaying
the differing morphology characteristic of CH3 OH. 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 CH3 OH (left) and ’disc-tracing’
CH3 OH transitions only (right). The best fitting disc model for all lines (except CH3 OH) surrounded an enclosed
◦ , with an outer radius R = 1200+100 au. The best fitting disc model for
mass of 60+21
at an inclination of 35+20
o
−27 M
−100
−6
◦
only the CH3 OH transitions surrounded an enclosed mass of 34+28
M at an inclination of 52+11
−14 , with an outer radius
−12
+100
◦
Ro = 1200−100 au. In both cases, the position angle of the disc was fixed to 127 . Axes are in offsets with respect to the
velocity centre as defined in Section 4.1.

procedure progresses in order to refine the best fitting parameters. The number of iterations was set to 5000, and the
cutoff parameter to determine when the step size becomes
fixed was set to 2500. The best fitting values for each pixel
are taken from the execution that achieved an acceptance
rate of 0.5. To ensure only data with a reliable signal-tonoise ratio were used in the fitting procedure, only pixels
with spectra where the K = 3 transition was detected above
5σ were included in the modelling, which ensured the fitting
routine was always 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.
MNRAS 000, 1–18 (2016)

In all cases, we found that models with a single component of emitting material could not adequately reproduce
the line ratios observed in the CH3 CN and CH13
CN spectra.
3
Instead, two components of emitting material were required
to adequately reproduce the emission (similar to observations of hot cores, e.g. Cyganowski et al. 2011a; HernándezHernández 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 CH3 CN and CH13
CN la3
13
belled, along with the transition of CO that appears within
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Figure 7. Results from CASSIS fitting to the CH3 CN spectra across the region of MM1. Top: fitting results (red) to the
spectrum (black) from a single pixel. Bottom: Column densities (N ), temperatures (T ) and line widths (∆v) as derived
from the fits for the first component (left) and second component (right). White contours correspond to the labeled
values with tick marks on each colourbar. The black contour shows the 3σ level of the moment 0 map for the K = 2
transition (where σ = 0.19 Jy beam−1 ), and the black cross marks the location of the 1.3mm continuum peak.
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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 results for the first
component (left) and second component (right). The first
component is characterised by cooler material (∼ 150 K),
with a higher column (∼ 1018 cm−2 ) and a larger linewidth (∼
8 km s−1 ), while the second component is warmer (∼ 250 K)
with a lower column (∼ 1016 cm−2 ) and exhibits a range of
linewidths (5–8 km s−1 ). These two temperature components may be identified with two distinct reservoirs
of CH3 CN in the disc, as seen in recent chemical
models of circumstellar discs around low to intermediate mass young stars. These models show that
substantial reservoirs of CH3 CN can exist in both
the disc midplane and disc atmosphere (Walsh et al.
2015). In the upper regions of these disc models,
ion-molecule chemistry dominates the production of
CH3 CN (with a small contribution from the thermal
desorption of ice mantles), and strong UV fluxes
(when present) dominate the destruction through
photodissociation. For the midplane regions, which
hold the majority of the CH3 CN reservoir, production is dominated by thermal desorption from ice
mantles in regions where the temperature exceeds
150 K, and the molecule simply freezes out in regions with lower temperatures (C. Walsh, private
communication). It is interesting to note that while the
parameters of the first, lower-temperature component appear relatively symmetric about the continuum peak, the
temperature and linewidth of the second component exhibit
significant asymmetries towards the South-West. In particular, the high temperatures seen towards the South-West
would be consistent with a disc oriented as modelled in Section 4.1, if the disc was sufficiently flared and the disc was
optically thick. Such a geometry would also explain the orientation of the looped centroids of emission seen in Section
4.1.
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Figure 8. Spectral energy distribution from centimetre
to submillimetre wavelengths of MM1 including data
from this paper (3.0 and 0.9 cm VLA), Cyganowski
et al. (2014) (1.3 cm VLA, 1.3 mm, 1.1 mm, and 0.88 mm
SMA), and Cyganowski et al. (2011a) (1.4 mm CARMA),
shown as filled blue points. These measurements are integrated flux densities from two-dimensional Gaussian
fitting; the error bars represent the statistical uncertainties from the fit combined in quadrature with conservative estimates for the absolute flux calibration uncertainty (see Section 4.3). Shown as open white points
are flux densities from Moscadelli et al. (2016) (4.3-5.5,
2.3 and 1.4 cm VLA). The best fitting model is shown
as a solid black line, which combines dust emission and
two components of free-free emission: a uniform density
HC H ii region and an ionised jet with a power-law density profile (labelled black dotted lines). The solid red
line marked ‘A’ shows the best fitting model without an
HC H ii region component, i.e. dust emission plus a jet
component, which fails to reproduce the full centimetreto-submillimetre SED.

Nature of the central cm-wavelength source

In order to constrain the properties of the central cmwavelength source, we model the free-free and dust emission simultaneously, using an approach similar to that of
Hunter et al. (2014). We first construct the spectral energy distribution (SED) of MM1 shown in Figure 8 (filled
points) from our new VLA observations, the four datapoints in Cyganowski et al. (2014) (1.3 cm, 1.3 mm, 1.1 mm,
and 0.88 mm), and the 1.4 mm CARMA measurement from
Cyganowski et al. (2011a). We choose these measurements
because they are, by design, as comparable as possible in
angular resolution and uv -coverage (the new 3.0 and 0.9 cm
VLA data are of higher resolution than the other datasets,
but designed to be well-matched to each other). The error
bars plotted in Figure 8 represent conservative estimates of
the absolute flux calibration uncertainty (15 per cent for
SMA 1.3 mm VEX, 5 per cent for VLA λ > 2.5 cm, 10
per cent for VLA λ < 2.5 cm, 20 per cent for higherfrequency SMA and for CARMA 1.4 mm), added in quadrature with the statistical uncertainties from the Gaussian fitting.
MNRAS 000, 1–18 (2016)

To model the centimetre-submillimetre wavelength
SED, we combine a free-free model (Olnon 1975) with a
single-temperature modified graybody function representing the dust emission (e.g. Gordon 1995; Rathborne et al.
2010). We explored modelling the free-free component with
the various Olnon (1975) model geometries for the ionised
gas: spherical (uniform density), Gaussian, power law, and
truncated power law (ne ∝ r −2 , transitioning to a central
constant-density sphere to avoid a singularity). We found
that the uniform density sphere model best reproduces the
centimetre-wavelength shape of the SED (λ = 0.9 − 3 cm),
so we focus on that model for our detailed exploration of
parameter space. The initial combined model has seven
free parameters: the electron density (ne ), radius (Re ), and
electron temperature (Te ) of the ionised sphere and the angular diameter (θ d ), temperature (Td ), grain opacity index ( β), and reference opacity (τ1.3 mm ) of the dust emission. Since we have seven data points with which to constrain seven free parameters, we explore parameter space
by constructing a 40 by 40 point grid of electron density
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(105.6 –107.2 cm−3 ) and Re (15–65 au), and fitting for the
other five parameters (ne , θ d , Td , β, and τ1.3 mm ) at each
point in the ne -Re grid (see also Hunter et al. 2014). The
fit ranges for the free parameters were Te = 6000–11000 K,
β = 0.5–2.5, θ d = 0.2–2.0 00 , and Td = 150–250 K; τ1.3 mm was
unconstrained. The range for Td was chosen based on our
modelling of the CH3 CN emission (Section 4.2). At high density, as in MM1, gas and dust temperatures are expected to
be coupled (e.g. Ceccarelli et al. 1996; Kaufman et al. 1998);
since β and Td are degenerate, we use the gas temperature
measurement to better constrain the dust model.
The combined model of a uniform-density ionised sphere
and graybody dust emission provides a good fit to the observed centimetre-submillimetre SED of MM1 at wavelengths λ ≤ 3 cm (≥10 GHz), as shown in Figure 8. The
best-fit parameters of the dust component are Td = 172 K,
β = 2.1, τ1.3 mm = 0.86, and θ d = 0.00 20 ∼ 700 au. Because the
primary aim of our SED modelling is to better understand
the nature of the central ionised source, we consider the
best-fit dust parameters as indicative, noting in particular
the degeneracy between dust temperature and β due to having measurements only on the Rayleigh-Jeans portion of the
dust emission spectrum. Overlaying the flux densities of
Moscadelli et al. (2016) in Figure 8 (open points),
we find reasonable consistency at 2.3 and 1.4 cm
considering the difference in uv range, but a significant excess of emission at 4.3–5.5 cm compared to
our best-fit dust and uniform ionised sphere model.
Given the observed spectral index at these wavelengths, we model this excess as an ionised jet in
the form of a truncated power law density profile
(Fν ∝ ν 0.6 ). Keeping the dust parameters found above
as fixed, we refit for the ionised gas parameters of
the uniform density ionised sphere (which we interpret as a hypercompact (HC) H ii region, as discussed below) and the jet. The best-fit model for the
HC H ii region has electron temperature Te = 9500 K,
electron density ne = 5.8 × 106 cm−3 , and a radius of
21 au (∼ 0.00 006 at a distance of 3.37 kpc). The jet
component is not well constrained, especially considering the dispersion in the published flux density measurements at 4.3-5.5 cm, which is due in
part to the complexity in the deconvolution of the
bright UC H ii region (G11.94-0.62) located ∼ 1 0 to
the north-northeast (Wood & Churchwell 1989). For
this reason, we adopt a nominal central density of
ne = 106 cm−3 and electron temperature of Te =104 K
and fit only for the size, yielding 17 au. The individual model components and their sums are shown in
Figure 8. The modelled source sizes for both the ionised
and dust components are consistent with observational constraints, e.g. with CM1 being unresolved in all of our VLA
observations (and in those of Moscadelli et al. 2016, see also
Section 3.1), and with MM1 being unresolved by the SMA
(Cyganowski et al. 2014). Finally, we attempted a twocomponent fit of an ionised jet plus dust, i.e. without
an HC H ii region (red curve in Figure 8), but this
provides a poor overall fit to the SED, failing to reproduce the ∼ 1.3 cm and ≤ 1.1 mm emission.
Our modelling results support a picture in which the
centimetre-wavelength continuum emission associated with

MM1 arises from a very small hypercompact (HC) H ii region that is gravitationally ‘trapped’ by an accretion flow
(e.g. Keto 2003, 2007), possibly accompanied by a compact ionised jet. These results are consistent with other
evidence for ongoing accretion by the central (proto)star, including the fact that it drives an active outflow (Figure 1).
Indeed, the momentum outflow rate estimated by Moscadelli
et al. (2016) from VLBA observations of H2 O masers is exceptionally high, 2 × 10−2 M yr−1 km s−1 . A high accretion
rate also explains the moderate luminosity of the region
(∼104 L ) compared to the enclosed mass implied for MM1
by our kinematic modelling (Section 4.1): in evolutionary
models of massive (proto)stars, high accretion rates result
in large radii and low effective temperatures (e.g. Hosokawa
& Omukai 2009; Hosokawa et al. 2010). Finally, the early
evolutionary stage implied by a gravitationally trapped H ii
region and a swollen, non-ZAMS configuration is consistent
with the short dynamical timescale of the outflow driven by
MM1, .10,000 years (Cyganowski et al. 2011a).
The self-consistent scenario outlined above – in which
a high rate of accretion governs many observable characteristics – leads us to favour a HC H ii region interpretation of
the centimetre-wavelength (λ = 0.9 − 3 cm) emission from
MM1. We note, however, that HC H ii regions and
ionised winds or jets can be difficult to differentiate observationally. The distinction is in part dynamical – jets have higher velocities than winds (as
reflected in larger radio recombination line widths
and/or proper motions), which have higher velocities than HC H ii regions (e.g. Hoare et al. 2007;
Hoare & Franco 2007). The other distinction is the
source of ionising photons: for HC H ii regions (including ionised accretion flows or discs), photoionisation by the central massive (proto)star dominates,
while in jets and winds, shocks may contribute significantly to the ionisation (e.g. Shepherd et al.
2004; Keto 2007; Galván-Madrid et al. 2010). Neither distinguishing property can be directly accessed
with existing observations, and both HC H ii regions
and ionised winds or jets are characterised by intermediate centimetre-wavelength spectral indices
(Sν ∝ ν α , −0.1 < α < 2). Moscadelli et al. (2016) interpret the centimetre-wavelength emission from G11.92–0.61
MM1 as arising from an ionised wind, based largely on their
measured centimetre-wavelength spectral indices. The difference in interpretation likely stems from our more extensive
wavelength coverage (e.g. into the submillimetre) and the inclusion of a dust component in our modelling: our combined
model provides a good fit to the observed SED, as discussed
above. Moscadelli et al. (2016) also report a slight elongation in their highest-resolution (1.3 cm) image, but the continuum emission is not well-resolved (see also Section 3.1).
Additional, higher angular resolution VLA observations (e.g.
at 0.9 cm and 0.7 cm, in the most-extended A-configuration)
are necessary to establish whether or not the ionised component is spatially extended on ∼0.00 1 scales. Importantly, a
contribution to the centimetre-wavelength emission
from an ionised wind or jet–as in our three component model (Figure 8)–is entirely consistent with our
conclusion that the central source of MM1 is a very
young massive (proto)star, characterised by ongoing
accretion and a swollen, non-ZAMS configuration.
MNRAS 000, 1–18 (2016)
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4.4

Physical properties of the disc estimated from
dust emission

Our modelling of MM1’s centimetre-submillimetre wavelength SED confirms that the observed 1.3 mm flux density
is dominated by thermal dust emission: in our best-fit model,
dust accounts for 99.5 per cent of the emission at 1.3 mm. We
estimate a gas mass for the disc from the measured 1.3 mm
integrated flux density using a simple model of isothermal
dust emission, corrected for dust opacity (Cyganowski et al.
2011a, Equation 3). As in Cyganowski et al. (2014), these
estimates assume a gas-to-dust mass ratio of 100 and a
dust opacity κ 1.3 mm = 1.1 cm2 g−1 (for grains with thin ice
mantles and coagulation at 108 cm−3 ; Ossenkopf & Henning
1994). For these estimates, we adopt the average temperatures of the cool and warm components from our pixelby-pixel CH3 CN modelling, 153±10 K and 227±14 K (Section 4.2; the quoted uncertainty is the standard deviation
over all fitted pixels), and the best-fit dust temperature from
Section 4.3 of 172 K. As these temperatures are very similar to the range adopted by Cyganowski et al. (2014) based
on fitting the CH3 CN spectrum at the millimetre continuum peak, the mass estimates are nearly identical to those
in Cyganowski et al. (2014): Mgas = 3.3 M , 2.9 M , and
2.1 M for Tdust = 153 K, 172 K, and 227 K, respectively. We
note that even if the centimetre-wavelength continuum emission arose entirely from an ionised wind (e.g. Moscadelli
et al. 2016) with α = 0.6 out to millimetre wavelengths, the
contribution to the 1.3 mm flux density would be negligible
for our mass estimates (∼1 mJy contribution at 1.3 mm, corresponding to a difference in the estimated mass of ∼ 0.02–
0.04 M , depending on Tdust ).
Calculating corresponding H2 number densities for a
cylindrical, rather than a spherical, geometry yields estimates of nH2 ∼ 2.7–4.2×1010 cm−3 for a characteristic disc
height of 7 au and nH2 ∼ 6.3–9.8×109 cm−3 for a disc height
of 30 au (measured from the midplane). We emphasise that
these estimated number densities are averages over the entire
disc, based on an isothermal estimate of the gas mass associated with the observed dust emission–which, as discussed
in Section 3.3, is likely more compact than the gas disc. We
also note that while the calculated dust opacities, estimated
as τdust = −ln(1 − Tb /Tdust ), are moderate (0.2–0.3, comparable to the estimates in Cyganowski et al. 2014), these are
similarly averages over the entire source, and do not capture
variations in opacity within the disc (e.g. associated with a
dense midplane).
4.5

G11.92–0.61 MM1 in context

The results of our kinematic fitting (Section 4.1)
suggest that G11.92−0.61 MM1 may be the most
massive proto-O star to date with strong evidence
for the presence of a Keplerian disc. Of candidates reported in the literature, only AFGL 2591VLA3 has a comparable central source mass: ∼40
M (L∼2×105 L ; Jiménez-Serra et al. 2012; Sanna
et al. 2012), compared to ∼30-60 M for MM1. Studies of other proto-O stars with evidence for Keplerian discs find enclosed or central source masses
of <30 M . For NGC6334I(N)-SMA 1b, perhaps the
closest analogue to G11.92−0.61 based on IR propMNRAS 000, 1–18 (2016)
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erties, Hunter et al. (2014) find an enclosed mass
of 10-30 M . Interestingly, IRAS 16547-4247 and
AFGL 4176–regions with luminosities 6-10× that
of G11.92−0.61 (∼104 L ; Cyganowski et al. 2011a;
Moscadelli et al. 2016) also have enclosed or central
source masses of <30 M (Zapata et al. 2015; Johnston et al. 2015). Taken at face value, this collection
of results suggests that enclosed mass does not scale
directly with luminosity for proto-O stars. However,
the differences between the estimated luminosities of
different sources are comparable to the uncertainties
in the estimates, particularly for sources that do not
have maser parallax distances (e.g. IRAS 16547-4247
and AFGL 4176).
In contrast, our estimated (gas) mass for the
MM1 disc is similar to the mass estimates obtained
for other candidate discs around proto-O stars using similar dust properties. In the context of comparing the small number of discs around O-type
(proto)stars, it is worth noting the substantial uncertainty in mass estimates associated with the (assumed) dust opacity, κν . Our estimates above (like
those of Wang et al. 2012; Hunter et al. 2014; Zapata et al. 2015) adopt dust opacities from Ossenkopf
& Henning (1994) for grains with ice mantles. For
Draine (2003) interstellar grains, κ 1.2mm is lower by
a factor of &5 (for RV = 5.5, as adopted by Johnston et al. 2015), yielding mass estimates that are
larger by the same factor. This difference in assumed
dust properties accounts for the much larger mass
reported by Johnston et al. (2015) for the AFGL
4176 disc (∼12 M ), compared to the values of a few
solar masses (∼2-6 M ) characteristic of MM1 and
other massive disc candidates (e.g. Wang et al. 2012;
Hunter et al. 2014; Zapata et al. 2015).
The relatively large disc-to-star mass ratio derived from
our observations of G11.92−0.61 MM1 (&0.035) indicates that self-gravity may play a role in the evolution of
the disc. Self-gravitating discs are efficient transporters of
angular momentum, and hence provide a suitable means of
assembling relatively massive stars on short timescales. In a
companion paper (Forgan et al, submitted) we compute simple semi-analytic models of self-gravitating discs (Forgan &
Rice 2011, 2013), both for MM1 and for other massive Keplerian disc candidates recently observed. We find that these
simple models provide reasonably good estimates of the observed disc mass, given the observational constraints on the
disc inner and outer radii, stellar mass and accretion rate.
Most intriguingly, the models predict that the disc around
MM1 should be sufficiently unstable to fragment into low
mass protostars. These objects are beyond the resolution of
our observations at this time, but may be detectable with
e.g. ALMA.

5

CONCLUSIONS

In this paper, we have used sub-arcsecond
(.1550 au) resolution SMA 1.3 mm and VLA 3.0
and 0.9 cm observations of the high-mass (proto)star
G11.92–0.61 MM1 to characterise the nature of the

16

J. D. Ilee et al.
N
E

W
S

The best fitting disc model for the CH3 OH transitions yields a disc enclosing a mass of 34+28
M at an
−12
◦ . Together these results imply a
inclination of 52+11
−14
central source mass of ∼30–60 M , making MM1 potentially the most massive proto-O star with strong
evidence for a Keplerian disc.
• For many observed molecular lines, the extent
of the gas emission is larger than that of the dust
continuum emission from the disc. From our kinematic modelling of the gas emission, we find a disc
outer radius of 1200 au.
• Two temperature components are required to
fit the CH3 CN J=12-11 emission from the MM1 disc
using an LTE radiative transfer model. The cooler
(153 ± 10 K) and warmer (227 ± 14 K) components may
correspond to CH3 CN reservoirs in different disc
layers, as in recent models of discs around low-mass
protostars (Walsh et al. 2015).

Figure 9. A proposed morphology for the immediate vicinity
of MM1 as viewed from Earth. The maximum velocity gradient obtained from the line channel analysis (red-blue points)
lies perpendicular to the axis of the molecular outflow (Fig. 1).
The closed loop structure of the channel centroids (Fig. 6) for
many of the emission lines can be explained by a flared, optically
thick Keplerian disc, viewed at an intermediate inclination. Such
a disc would also exhibit a hot spot in temperature towards the
South-West (Fig. 7).

central source and examine the kinematics and physical conditions of the gas surrounding it. Our main
findings are:
• The compact molecular line emission associated
with the MM1 millimetre continuum source exhibits
a velocity gradient that is approximately perpendicular to the high-velocity bipolar molecular outflow driven by MM1. The velocity gradient of the
compact gas is remarkably consistent, being seen in
lines of varying excitation energy and in 10 different chemical species, including CH3 OH, CH3 OCHO,
OCS, HNCO, CH3 CH2 CN, H2 CO and DCN.
• From the 8 GHz of bandwidth covered by our
SMA observations, we identify 15 potentially ‘disc
tracing’ lines. For all of these lines, position-velocity
diagrams exhibit the characteristic pattern expected
for a Keplerian disc: the highest velocities are seen
nearest the central source, and the most spatially
extended emission at lower velocities.
• Our kinematic modelling of the MM1 disc
yields a best-fit enclosed mass of 60+21
M and disc
−27
◦ (to the line of sight), using all
inclination of 35+20
−6
‘disc-tracing’ lines other than CH3 OH (nine transitions). The six ‘disc-tracing’ transitions of CH3 OH
exhibit a somewhat different morphology than the
rest of the lines in plots of emission centroid position as a function of velocity, and were fit separately.

• Our modelling of the centimetre-submillimetre
wavelength SED of MM1 confirms that the observed
1.3 mm flux density is dominated by dust. Applying
a simple model of isothermal dust emission, we estimate a disc gas mass of 2.1–3.3 M (for Tdust = 227–
153 K). This mass estimate is similar to those for
most other candidate Keplerian discs around protoO stars that assume similar dust properties. MM1’s
relatively high disc-to-star mass ratio (& 0.035) suggests that the disc may be self-gravitating, which we
explore in a companion modelling paper (Forgan et
al., submitted).
• From our SED modelling, we find that the
centimetre-wavelength flux density of MM1 is dominated by free-free emission. We model the free-free
and dust emission simultaneously, and find that the
ionised gas is best-fit by a model of a uniform density
ionised sphere with electron temperature 9500 K,
electron density 5.8×106 cm−3 and radius 21 au. These
properties are consistent with a very small, gravitationally trapped HC Hii region, possibly accompanied by a compact ionised jet.
In combination, our results suggest that G11.92–
0.61 MM1 is likely a young proto-O star, in a
swollen, non-ZAMS configuration, surrounded by a
Keplerian disc with a morphology similar to that
shown in Figure 9. Our observations and modelling
support a self-consistent picture in which accretion
is ongoing, and a high accretion rate governs many
observable properties, including the presence of a
gravitationally trapped HC Hii region and a moderate luminosity (∼ 104 L ) for a massive (∼30-60M )
central star. Future higher angular resolution observations will be required to spatially resolve the
protostar-disc system. Such observations will be essential to compare the role and physics of disc accretion in high- and low-mass star formation, and
to develop a clearer understanding of the accretion
processes at work in massive young stellar objects.
MNRAS 000, 1–18 (2016)
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