
ar
X

iv
:1

80
3.

05
30

0v
1 

 [
as

tr
o-

ph
.S

R
] 

 1
4 

M
ar

 2
01

8

Astronomy & Astrophysics manuscript no. article-revised c©ESO 2018
March 15, 2018

Accelerating infall and rotational spin-up in the hot molecular

core G31.41+0.31

M. T. Beltrán1, R. Cesaroni1, V. M. Rivilla1, Á. Sánchez-Monge2, L. Moscadelli1, A. Ahmadi3, V. Allen4, 5,
H. Beuther3, S. Etoka6, D. Galli1, R. Galván-Madrid7, C. Goddi8, 9, K. G. Johnston10, P. D. Klaassen11, A.
Kölligan12, R. Kuiper12, M. S. N. Kumar13, 14, L. T. Maud15, 9, J. C. Mottram3, T. Peters16, P. Schilke2, L.

Testi1, 17, F. van der Tak4, 5, C. M. Walmsley⋆

1 INAF-Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, I-50125 Firenze, Italy
2 I. Physikalisches Institut, Universität zu Köln, Zülpicher Str. 77, D-50937 Köln, Germany
3 Max Planck Institute for Astronomy, Königstuhl 17, 69117 Heidelberg, Germany
4 Kapteyn Astronomical Institute, University of Groningen, 9700 AV, Groningen, The Netherlands
5 SRON Netherlands Institute for Space Research, Landleven 12, 9747 AD, Groningen, The Netherlands
6 Jodrell Bank Centre for Astrophysics, The University of Manchester, Alan Turing Building, Manchester M13 9PL,

UK
7 Instituto de Radioastronomía y Astrofísica, Universidad Nacional Autónoma de México, Apdo. Postal 72-3 (Xan-

gari), Morelia, Michoacán 58089, México
8 Department of Astrophysics/IMAPP, Radboud University, PO Box 9010, 6500 GL Nijmegen, The Netherlands
9 ALLEGRO/Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, The Netherlands

10 School of Physics & Astronomy, E. C. Stoner Building, The University of Leeds, Leeds LS2 9JT, UK
11 UK Astronomy Technology Centre, Royal Observatory Edinburgh, Blackford Hill, Edinburgh EH9 3HJ, UK
12 Institute of Astronomy and Astrophysics, University of Tübingen, Auf der Morgenstelle 10, D-72076 Tübingen,

Germany
13 Instituto de Astrofísica e Ciências do Espaço, Universidade do Porto, CAUP, Rua das Estrelas, 4150-762, Porto,

Portugal
14 Centre for Astrophysics, University of Hertfordshire, College Lane, Hatfield, AL10 9AB, UK
15 Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands
16 Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Str. 1, D-85748 Garching, Germany
17 European Southern Observatory, Karl-Schwarzschild-Str. 2, D-85748 Garching, Germany

Received date; accepted date

ABSTRACT

As part of our effort to search for circumstellar disks around high-mass stellar objects, we observed the well-known core
G31.41+0.31 with ALMA at 1.4 mm with an angular resolution of ∼0′′.22 (∼1700 au). The dust continuum emission has
been resolved into two cores namely Main and NE. The Main core, which has the stronger emission and is the more
chemically rich, has a diameter of ∼5300 au, and is associated with two free-free continuum sources. The Main core
looks featureless and homogeneous in dust continuum emission and does not present any hint of fragmentation. Each
transition of CH3CN and CH3OCHO, both ground and vibrationally excited, as well as those of CH3CN isotopologues,
shows a clear velocity gradient along the NE–SW direction, with velocity linearly increasing with distance from the
center, consistent with solid-body rotation. However, when comparing the velocity field of transitions with different
upper level energies, the rotation velocity increases with increasing energy of the transition, which suggests that the
rotation speeds up towards the center. Spectral lines towards the dust continuum peak show an inverse P-Cygni profile
that supports the existence of infall in the core. The infall velocity increases with the energy of the transition suggesting
that the infall is accelerating towards the center of the core, consistent with gravitational collapse. Despite the monolithic
appearance of the Main core, the presence of red-shifted absorption, the existence of two embedded free-free sources at
the center, and the rotational spin-up are consistent with an unstable core undergoing fragmentation with infall and
differential rotation due to conservation of angular momentum. Therefore, the most likely explanation for the monolithic
morphology is that the large opacity of the dust emission prevents the detection of any inhomogeneity in the core.

Key words. ISM: individual objects: G31.41+0.31 – ISM: jets and outflows – ISM: molecules – stars: formation –
techniques: interferometric
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⋆ Malcolm Walmsley could not see the completion of this ar-
ticle, as he passed away a few months ago. However, his contri-
bution to our project was crucial and will never be forgotten.

1. Introduction

The formation process of high-mass stars has puzzled the
astrophysical community for decades because of the appar-
ent stellar mass limit for spherical accretion. Beyond this
limit, theory predicted that it is impossible to continue ac-
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creting material because the stellar wind and the radia-
tion pressure from the newly-formed early-type star would
stop the infall (e.g., Kahn 1974; Yorke & Krügel 1977;
Wolfire & Casinelli 1987). Different theoretical scenarios
have proposed non-spherical accretion as a possible solution
for the formation of OB-type stars (Nakano 1989; Jijina &
Adams 1996), and in recent years, all models appear to
have converged to a disk-mediated accretion scenario (e.g.,
Krumholz et al. 2009; Kuiper et al. 2010, 2011; Peters et
al. 2010a; Kuiper & Yorke 2013; Klassen et al. 2016). Com-
peting theories that propose very different high-mass star-
formation mechanisms, such as models suggesting that mas-
sive star-formation is initiated by the monolithic collapse of
a turbulent molecular core (McKee & Tan 2002), or those
based on competitive accretion (Bonnell & Bate 2006),
all predict the existence of circumstellar accretion disks
through which the material is channeled onto the forming
star. High-angular resolution observations have confirmed
these theoretical prediction and, in recent years, especially
since the advent of ALMA, circumstellar disks around B-
type stars, which have luminosities < 105L⊙, have been
discovered. In some cases, it has been proposed that these
structures could be true accretion disks undergoing Keple-
rian rotation (see the review by Beltrán & de Wit 2016).
The detection of Keplerian disk candidates has been re-
cently extended up to more massive late O-type stars,
with luminosities of ∼105L⊙ (Johnston et al. 2015; Ilee
et al. 2016).

From an observational point of view, the natural follow-
up to these findings is to search for disks around early O-
type stars, with spectral types earlier than O6–O7, and
luminosities > 105L⊙, to test if stars of all masses could
form through disk-mediated accretion. With this in mind,
we carried out a survey with ALMA of six O-type star-
forming regions associated with known hot molecular cores
(HMCs) looking for circumstellar disks. The first analysis
of these observations has revealed different degrees of frag-
mentation of the cores and the presence of three Keplerian
disk candidates (Cesaroni et al. 2017). One of the HMCs of
this survey is G31.41+0.31 (hereafter G31), for which our
ALMA observations have revealed no signs of fragmenta-
tion and a velocity gradient consistent with rotation.

G31 is a well known HMC with a luminosity >∼105 L⊙

(Cesaroni et al. 1994) located at a kinematic distance of
7.9 kpc (Churchwell et al. 1990). Alternatively, G31 might
be associated with the W43–Main cloud complex, as sug-
gested by Nguyen-Luong et al. (2011). For W43–Main, two
distance estimates exist which are based on VLBI observa-
tions of maser parallax. Reid et al. (2014) report a distance
of 4.9 kpc to the W43–Main core, while Zhang et al. (2014)
report distances to 5 maser spots ranging from 4.27 to
6.21 kpc. Given the uncertain association of G31 with W43–
Main and the uncertainty in the distance to W43–Main it-
self, we adopt the kinematic distance of 7.9 kpc for G31 in
this paper. However, one should keep in mind that the real
distance may be substantially less (∼5 kpc) which would
imply a ∼2.5 times lower luminosity.

The G31 hot core has a size of ∼1′′ (∼8000 au) and its
mass is & 500M⊙ (Beltrán et al. 2004; Girart et al. 2009;
Cesaroni et al. 2011). The core is ∼5′′ away from an ultra-
compact (UC) Hii region and overlaps in projection a dif-
fuse halo of free-free emission, possibly associated with the
UC Hii region itself. Given the intensity of the molecular
line and continuum emission, the core has been extensively

Fig. 1. ALMA map of the 1.4 mm continuum emission
from the G31 HMC. The contours range from 7.5 (5σ) to
232.5 mJy beam−1 in steps of 22.5 mJy beam−1 (15σ). The white
dots mark the position of two unresolved free-free continuum
sources detected at wavelengths between 3.6 cm and 7 mm by
Cesaroni et al. (2010). The red cross indicates the position of
the UC Hii region. The synthesized beam is shown in the lower
left-hand corner.

studied with both single-dish and interferometric observa-
tions (e.g., Cesaroni et al. 1994; Olmi et al. 1996; Beltrán
et al. 2004, 2005; Girart et al. 2009; Cesaroni et al. 2011;
Mayen-Gijon et al. 2014). These observations, mostly at
millimeter wavelengths, have confirmed that the core is
very chemically rich, presenting prominent emission in a
large number of complex organic molecules, some of them
of pre-biotic importance (e.g., Beltrán et al. 2009; Rivilla
et al. 2017). The molecular emission has been successfully
used to trace the gas distribution and kinematics of the
dense, hot gas and estimate important physical parame-
ters (e.g., temperature and density: Beltrán et al. 2005).
Molecular line observations have also revealed the exis-
tence of a striking velocity gradient (centered at an LSR
velocity of ∼96.5 km s−1) across the core in the northeast–
southwest (NE–SW) direction (Beltrán et al. 2005; Cesaroni
et al. 2011). This has been interpreted as rotational motion
around embedded massive stars, as suggested by the detec-
tion of two point-like (<0′′.07) free-free continuum sources
close to the core center (Cesaroni et al. 2010). Polariza-
tion measurements by Girart et al. (2009) have revealed
an hour-glass shaped magnetic field of ∼10 mG, with the
symmetry axis oriented perpendicular to the velocity gra-
dient. Moreover, the same authors have detected inverse
P-Cygni profiles in a few molecular lines, indicating that
infall motion is present (see also Mayen-Gijon et al. 2014).
Wyrowski et al. (2012) have also detected red-shifted ab-
sorption in ammonia with SOFIA. All these features are
consistent with a scenario in which the core is contracting
and rotating about the direction of the magnetic field lines.

In this work, we analyze in more detail the ALMA
observations of G31 previously presented by Cesaroni et
al. (2017). These observations have an angular resolution of
∼0′′.22 (∼1700 au at the distance of the source), which is &4
times higher than that of previous (sub)millimeter observa-
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tions (e.g., Beltrán et al. 2005; Girart et al. 2009; Cesaroni
et al. 2011) and therefore allow us to study the morphology
and kinematics of this core with unprecedented detail. In
particular, we investigate whether the compact appearance
of G31, with no hint of fragmentation despite its large mass,
is real. We study the physical conditions of the core and of
the molecular outflows associated with it. Regarding the
kinematics, by analyzing the velocity gradient, we discuss
what type of rotation the core could be undergoing, and by
analyzing the red-shifted absorption detected towards the
center of the core, we discuss its possible collapse.

2. Observations

Interferometric observations of G31 were carried out with
ALMA in Cycle 2 in July and September 2015 as part
of project 2013.1.00489.S. (P.I.: R. Cesaroni). The obser-
vations were performed in Band 6 with the array in an
extended configuration. The digital correlator was config-
ured in thirteen spectral windows (SPW) that cover among
other lines, SiO (5–4), CH3CN(12–11), CH3

13CN(12–11),
CH3CN v8 = 1 (12–11), and 13CH3CN(13–12). We refer to
Cesaroni et al. (2017) for detailed information on the obser-
vations, and, in particular, on the continuum subtraction.

The phase reference center of the observations
is α(J2000)=18h47m34s.315, δ(J2000)=−01◦12′45′′.90. The
position uncertainty is <0′′.2. The data were calibrated and
imaged using the CASA

1 software package (McMullin et
al. 2007). Further imaging and analysis were done with the
GILDAS2 software package. A total of 13 individual data
cubes were created using the CLEAN task and the RO-
BUST parameter of Briggs (1995) set equal to 0.5. The
continuum was determined from the broadest spectral win-
dow, centered at 218 GHz, using the STATCONT3 algo-
rithm (Sánchez-Monge et al. 2018). The resulting synthe-
sized CLEANed beam of the maps is 0′′.25 × 0′′.19 for the
continuum, and ranges from 0′′.25× 0′′.19 to 0′′.27× 0′′.20 for
the lines analyzed in this work. These angular resolutions
correspond to spatial scales of ∼1700 au at the distance of
the source. The rms noise of the maps is 1.5 mJy beam−1

for the continuum and ∼1.3 mJy beam−1 per channel of
2.7 km s−1, ∼1.6 mJy beam−1 per channel of 0.66 km s−1,
and ∼2.1 mJy beam−1 per channel of 0.33 km s−1 for the
line maps. The total bandwidth of the spectral window used
to estimate the continuum is 1875 MHz and the spectral res-
olution is ∼1.95 MHz. The number of channels with emis-
sion considered to be continuum by STATCONT ranges
from 144, which corresponds to a bandwidth of 280 MHz,
at line-poor positions, to 10, which corresponds to a band-
width of 17 MHz, at line-rich positions. However, the rms
noise of the continuum map would indicate an effective
bandwidth of ∼2 MHz if the noise were just thermal noise.
This along with the fact that the continuum source is very
strong leads us to conclude that the high rms noise of such
map is due to dynamic range problems and not to the
STATCONT method used to subtract the continuum.

1 The CASA package is available at http://casa.nrao.edu/
2 The GILDAS package is available at
http://www.iram.fr/IRAMFR/GILDAS
3 http://www.astro.uni-koeln.de/~sanchez/statcont

3. Results

3.1. Continuum emission

Figure 1 shows the continuum emission map of the G31 hot
core at 1.4 mm (217 GHz). The dust emission is resolved
into two cores, a strong and large one located at the center
of the map that we call Main, and a smaller and weaker
one located to the northeast of the Main core, which we
call NE. The UC Hii region, located to the northeast of the
HMC, is not detected in the continuum emission at 1.4 mm.
The position, flux, and diameter of the cores are given in
Table 1. The angular diameter has been computed as the
diameter of the circle whose area equals that inside the 50%
contour level.

The dust continuum emission of the Main core peaks
close to the position of one of the two unresolved free-free
continuum sources detected from 3.6 cm to 7 mm by Cesa-
roni et al. (2010). As seen in Fig. 1, this core appears quite
round, uniform, and compact, with no hint of fragmenta-
tion, despite the fact that the angular resolution of the ob-
servations is high enough to properly resolve the emission.
In fact, the deconvolved half-power diameter of the core is
∼5300 au, much larger than the spatial resolution of the
observations (∼1700 au). The deconvolved diameter of the
source at the 5σ emission level is ∼17000 au, 10 times larger
than the synthesized beam. By fitting elliptical Gaussians
to the dust emission map, we measured a deconvolved size
of the source of 0′′.9 × 0′′.7 (7000×5500 au) with a position
angle (PA) of ∼63◦.

The NE core is much weaker than the Main core. Its
integrated flux density is ∼60 times lower and its peak in-
tensity ∼16 times lower. This source is much smaller than
the Main core and has a 5σ emission level deconvolved di-
ameter of ∼4500 au, which coincides with the deconvolved
diameter of the 50% contour level.

3.2. Line emission

Figures 2 and 3 show the spectra observed in the 13 spectral
windows toward the Main and the NE core, respectively.
The spectra were obtained by integrating over the 5σ con-
tour level area of the dust continuum emission. Clearly, the
Main core is the most chemically rich, since the correspond-
ing spectrum displays a forest of molecular lines. For this
reason, we postpone a detailed analysis of the molecular line
emission toward this core to a future study (Rivilla et al., in
prep.). In the present work, we focus on i) two well-known
hot core (high-density) tracers: CH3CN (ground state and
vibrationally excited) and its isotopologues CH3

13CN and
13CH3CN, and CH3OCHO (ground state and vibrationally
excited), and ii) a typical outflow tracer: SiO. Occasion-
ally, we also discuss the emission of the lower density tracer
H2CO. The different transitions of these species are indi-
cated in Figs. 2 and 3. The typical cloud and/or molecular
outflow tracers C18O and 13CO are also covered by our
spectral setup but their emission is so heavily filtered out
by the interferometer that it has been impossible to use
these lines for our study.

3.2.1. CH3CN and isotopologues, CH3OCHO, and H2CO

The different K transitions of CH3CN (including the vi-
brationally excited transitions) and the two isotopologues
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Fig. 2. Continuum-subtracted spectra obtained by integrating the emission over the 5σ contour level area of the continuum emission
of the Main core in G31. The spectra shown are spread over the whole frequency range of the ALMA observations. Different K

numbers are marked with dotted lines in the upper part of each spectra in the case of CH3CN (SPW2 and 3), vibrationally excited
CH3CN (SPW4), and 13CH3CN (SPW5 and 6), and in the lower part in the case of CH3

13CN (SPW2 and 3). The red dotted
lines in the lower part of each spectra indicate CH3OCHO v = 0 and vt = 1 transitions. The different spectral windows (SPW)
are indicated in red in the top right of each panel.
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Table 1. Positions, flux densities, and diameters of the coresa.

Peak position Source diameter
α(J2000) δ(J2000) T b

B Ipeak,cν Sc
ν FWHMd θs

e Ds
e

Core h m s ◦ ′ ′′ (K) (Jy/beam) (Jy) (arcsec) (arcsec) (au)
G31-Main 18 47 34.309 −01 12 45.99 132±1 0.238±0.002 3.10±0.05 0.70±0.04 0.67±0.04 5300±300
G31-NE 18 47 34.407 −01 12 44.79 8±1 0.015±0.002 0.052±0.002 0.61±0.04 0.56±0.04 4500±300

a Derived from the continuum dust emission.
b The conversion factor from Jy/beam to K is 555.5.
c Peak intensity and integrated flux density corrected for primary beam response.
d FWHM = 2

√

A/π, where A is the area inside the contour at half maximum.
e Deconvolved diameter, calculated assuming that the cores are symmetric Gaussians, using the expression

θs =
√

FWHM2 −HPBW2, where HPBW is the half-power width of the synthesized beam. The distance to
G31 is assumed to be 7.9 kpc.

Fig. 2. Continued

CH3
13CN, and 13CH3CN cover a broad range of excitation

conditions, with upper level energies ranging from ∼70 K to
∼860 K. On the other hand, our setup covers almost 2000
transitions of CH3OCHO, including both ground and vibra-
tionally excited, with upper level energies of ∼20–1700 K.
In our data, many of these transitions are strongly blended
with other species (and some are simply too faint to be de-
tected). In the end we have analyzed only those transitions
of CH3OCHO that are unblended or slightly blended with
other species, which in total number are ∼40 transitions.
These transitions cover a range of energies of ∼100–440 K.

These high-density tracers have allowed us to study
the emission of the hot core at different excitation condi-
tions, likely tracing material at different depths in the core
because one expects the highest energy transitions to be
optically thinner and trace material closer to the central
(proto)star(s). As shown in Figs. 4 and 5, the integrated
emission of all species (methyl cyanide and isotopologues,
and methyl formate) traces a ring-like structure with the
dust continuum emission peak and the two free-free sources
located at the central dip. This morphology is better seen

in the lowest energy transitions such as CH3CN K = 2
(Eup=97 K) or CH3OCHO (194,16–184,15)A (Eup=123 K),
and is still visible in transitions with energies as high as
778 K (e.g., CH3CN K, l = 6, 1 v8 = 1). For this vi-
brationally excited transition, although the emission still
decreases towards the central region, the dip is less pro-
nounced. This ring-like morphology in CH3CN had already
been observed by Beltrán et al. (2005) and Cesaroni et
al. (2011) with the IRAM PdBI and SMA interferometers
with an angular resolution of ∼1′′. These studies suggest
that the decrease of the CH3CN emission might be pro-
duced by self-absorption due to the high opacities in the
central region of the core, combined with a temperature gra-
dient, although none of the CH3CN lines showed evidence
of self-absorption or inverse P-Cygni profiles. As one can see
in Fig. 6, the situation changes when the core is observed
with an angular resolution of ∼0′′.2 because the CH3CN
emission towards the dust continuum emission peak clearly
shows red-shifted absorption. Inverse P-Cygni profiles had
been previously detected by Girart et al. (2009) in low en-
ergy lines such as C34S (7–6), and although less evident,
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also in CH3OH and isotopologues with SMA 1′′ angular
resolution observations. This is the first time that the red-
shifted absorption in G31 has been observed in CH3CN and
isotopologues.

The red-shifted absorption is also clearly detected in
H2CO (30,3−20,2), (32,2−22,1), and (32,1−22,0), which have
upper level energies of 21 and 68 K (Fig. 7). The absorption
is much deeper in H2CO than in CH3CN: the brightness
temperature TB is −134 K for H2CO (30,3−20,2) and −40 K
for CH3CN K=2.

3.2.2. SiO emission

The molecular outflows associated with G31 have been
studied in CO and 13CO by Olmi et al. (1996) and Ce-
saroni et al. (2011). The CO emission is very complex and
reveals the presence of at least two molecular outflows in
the region, one in an east–west (E–W) direction and the
other one in an almost north-south (N–S) direction. To
study the outflows on scales comparable to the HMC, the
ALMA correlator was set up to cover the SiO emission,
a well-known shock tracer. As seen in Figs. 2 and 3, the
SiO (5–4) emission has been clearly detected towards both
the Main and the NE core. The spectral profiles of SiO at
different positions in the region clearly show broad wings
typical of shocked material (Fig. 8). As seen in this figure,
the SiO profile at the dust continuum emission peak is also
affected by absorption. The SiO emission averaged on the
blue-shifted and red-shifted wings reveals the presence of
several bipolar outflows in the region. In Fig. 9, we have
indicated the axes of the possible outflows associated with
the core. The directions have been roughly estimated by
joining the blue-shifted peaks with what we believe to be
the corresponding red-shifted peaks. Another possible in-
terpretation of the blue and red-shifted emission in Fig. 9
is that the SiO line is tracing a single, wide-angle bipolar
outflow oriented NE–SW. In this scenario, the two lobes
would be heavily resolved out by the interferometer and
we detect only their borders. However, we tend to exclude
this possibility, because such a prominent outflow should be
clearly seen in single-dish maps of the region, in contrast
with the results obtained by Cesaroni et al. (2011). These
authors imaged the 12CO and 13CO (2–1) line emission to-
wards the G31 region with the IRAM 30-m telescope, and
find no obvious evidence of a bipolar outflow on scales >5′′

(>0.2 pc).
The most clear bipolar outflow is that oriented in the

E–W direction, whose geometrical center is displaced ∼0′′.6
(∼4700 au) to the south of the dust continuum emission
peak and free-free sources (see Fig. 9). Note that the east-
ern red-shifted lobe of this outflow could be contaminated
by red-shifted emission from another outflow in the region
oriented NE–SW (see below). This could explain why the
red lobe of the E-W outflow appears slightly bent towards
south. The extent of this E–W outflow is ∼8′′.5 (∼0.33 pc).
The fact that the blue-shifted and red-shifted emissions
overlap in the lobes, especially in the western one, suggests
that the outflow lies close to the plane of the sky.

Another bipolar outflow is elongated in an almost N–
S direction, with red-shifted and blue-shifted knots located
7′′–8′′ from the center of the core. The extent of this bipolar
outflow is ∼15′′ (∼0.58 pc). This N–S SiO outflow is also
visible in the 12CO (2–1) maps of Cesaroni et al. (2011). The
outflow extends further north in SiO than in CO, probably

due to the lower sensitivity of the SMA CO observations. If
one traces a line from the southernmost blue-shifted knot
to the northernmost red-shifted knot, the outflow seems
to cross the center of the Main core, which suggests that
it could be driven by one of the free-free sources. In addi-
tion, as seen in Fig. 9, this outflow could be associated with
the water maser jet observed by Moscadelli et al. (2013).
The analysis of the water maser dynamics by Moscadelli et
al. (2013) demonstrated clearly that the water masers trace
expansion, i.e., outflow(s) in the region, while the methanol
and hydroxyl maser dynamics are still not fully understood.

Through inspection of the SiO emission, one finds a pos-
sible third outflow in a NE–SW direction (Fig. 9). This
outflow is clearly not associated with the Main core and it
could be associated with a southern core not detected in
our observations, possibly due to limitation in the dynam-
ical range. The 3σ level of the dust continuum emission is
4.5 mJy beam−1, which is ∼53 times lower than the peak
emission of the Main core. This third outflow is also visible
in the 12CO channel maps of Cesaroni et al. (2011). As seen
in the CO channel maps and in the SiO averaged emission
map, the red-shifted NE lobe extends to the north up to
the eastern red-shifted lobe of the E–W bipolar outflow.

4. Analysis

4.1. Fitting the spectra

The high sensitivity of the ALMA observations has allowed
us to detect the emission of several transitions of high-
density tracers, such as methyl cyanide and methyl for-
mate, with different upper level energies. Given the high
density of the core, one could derive the gas temperature
and column density by fitting the lines of these molecules
with a simple model assuming local thermodynamic equi-
librium (LTE) conditions. Application of this method to all
the spectra observed over the core would provide us with
maps of excitation temperature, Tex, and column density,
Ntot. While software such as XCLASS (Möller et al. 2017)
can automatically perform this fit over large regions corre-
sponding to many spectra, in the case of G31 the situation
is more complicated and requires an ad hoc solution. In
fact, most line profiles towards the central region of the core
are severely affected by deep absorption (see Fig. 6), which
calls for manual fitting to achieve convergence. In order to
simplify the problem, we have assumed spherical symmetry
for the G31 core, consistent with its roundish appearance.
The core center has been chosen to be the position of the
continuum peak and we have computed mean spectra over
circular concentric annuli of width equal to that of the syn-
thesized beam (∼0′′.22), up to a maximum radius of 1′′.54,
beyond which most of the lines are not detected (see Figs. 4
and 5). In this way, by fitting the mean spectra, we have
obtained Tex and Ntot as a function of distance from the
core center.

In this work, we have used two different programs to
fit the lines: MADCUBA4 (Martín et al., in prep.; see also
Rivilla et al. 2016) and XCLASS (Möller et al. 2017). Both
programs take line blending and optical depth effects into
account and in both cases, the emission is described with 5

4 Madrid Data Cube Analysis on ImageJ is a software devel-
oped in the Center of Astrobiology (Madrid, INTA–CSIC) to
visualize and analyze single spectra and datacubes (Martín et
al., in prep.).
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parameters that can be fixed or left free: the source size θ,
the excitation temperature Tex, the column density of the
molecule, Ntot, the line width, ∆v, and the peak velocity of
the emission v. The continuum emission can be described
as a modified blackbody. In general, the outputs of the two
codes are consistent. However, in specific cases one of the
two algorithms appears to achieve better convergence than
the other. In particular, to fit the spectra at the core cen-
ter, where both emission and absorption components are
detected, XCLASS is preferred to MADCUBA. The lat-
ter package models the core and foreground layers as inde-
pendent components that do not interact with each other
radiatively, whereas in XCLASS, the core contribution is
simulated as an additional continuum background (Möller
et al. 2017). This approach resembles our scenario where all
the components along the line of sight interact radiatively.
On the other hand, when estimating the temperature and
column density profiles across the core (see next section) by
fitting a single component in emission, we have used MAD-

CUBA because the fitting algorithm converges faster than
XCLASS. It should be noted that the CH3OCHO emission
towards the center, for which the absorption is strongly af-
fecting the profiles of the emission lines, has not been fitted
because one needs at least two components. The fitting of
the central region is discussed in Sect. 5.2.2.

4.2. Temperature and density profiles

To estimate the physical parameters across the core, we
fitted the ground state rotational transitions of methyl for-
mate (v = 0) and those in the first torsionally excited state
(vt = 1). The choice of CH3OCHO instead of CH3CN is
based on the fact that the CH3CN spectra closer to the
central position (R ≤ 0′′.66) cannot be properly fitted be-
cause of the high opacity of the ground state transitions.
In addition, as already mentioned, we have detected ∼40
CH3OCHO transitions (including both v = 0 and vt = 1)
that are either unblended or only slightly blended with
other lines, whereas only few unblended CH3CN transitions
(including v = 0, v8 = 1, and isotopologues) could be iden-
tified. This allows us to better constrain the fit parameters.
The fitting strategy we adopted in MADCUBA was to fix
the line width to a value that provides a good visual fit, and
the source size, that we assumed to be larger than the beam
size. For the dust continuum temperature at each annulus,
we assumed the value of the azimuthally averaged bright-
ness temperature of the dust emission. Table 2 shows the
best-fit Tex and NCH3OCHO values at each radius. A suc-
cessful fit to the spectra for the innermost radius was not
achieved due to the strong absorption, which affects the
profiles and prevents the algorithm from converging. The
fit of the R = 0′′.22 ring gives an unrealistically high exci-
tation temperature of > 1000K if both Tex and NCH3OCHO

are left as free parameters. Therefore, we fixed the column
density to 2 × 1018 cm−2, the value obtained from linear
extrapolation of the column densities at the two adjacent
inner rings.

Figure 10 shows the temperature and column density,
estimated by fitting the CH3OCHO v = 0 and vt = 1 emis-
sion, as a function of radius, R, and the least-square linear
fits. The best fit to the log(Tex) vs. log(R) relation is:

log(Tex/K) = (2.19±0.02)−(0.77±0.07) log(R/arcsec) (1)

Table 2. Best fit model parameters for the CH3OCHO v = 0
and vt = 1 transitions for the emission azimuthally averaged at
different rings.

R R Tex NCH3OCHO

(arcsec) (au) (K) (1017 cm−2)
0.22 1740 436±20 20a

0.44 3480 343±29 12.6±0.8
0.66 5200 233±16 7.9±0.5
0.88 7000 182±11 4.0±0.2
1.10 8700 136±8 1.45±0.05
1.32 10430 110±10 0.48±0.03
1.54 12170 114±16 0.16±0.014

a This value has been fixed to the value obtained by ex-
trapolating a linear fit from the R = 0′′.44 and 0′′.66 rings.
If both Tex and NCH3OCHO are left as free parameters, the
algorithm gives an unrealistic high excitation temperature
of > 1000K for the R = 0′′.22 ring.

The fit implies that Tex is proportional to R−0.77. This
temperature profile is much steeper than the R−0.4 profile
found at the outer parts of envelopes surrounding massive
YSOs by van der Tak et al. (2000), but is consistent with
the profiles of hot molecular cores modeled by Nomura &
Millar (2004) and Osorio et al. (2009). Alternatively, the
Tex profile would also be consistent with those estimated
for passive, geometrically flat, irradiated dust disks (Adams
& Shu 1986) or steadily accreting, thin disks (Shakura &
Sunyaev 1973), which have power-law exponents of −0.75.

As shown in Fig. 10b, the CH3OCHO column density
profile is best fitted by a broken power law. The best fit to
the log(NCH3OCHO) vs. log(R) relation is:

log(NCH3OCHO/cm
−2) =

{

(17.17± 0.05)− (4.63± 0.41) log(R/arcsec) R > 0.66′′

(17.77± 0.06)− (0.82± 0.12) log(R/arcsec) R ≤ 0.66′′

(2)

In the inner part of the core, the column density is pro-
portional to R−0.8, much flatter than the outer part of the
core, which shows a very steep profile R−4.6. The fact that
the NCH3OCHO profile flattens towards the center of the
core is likely an effect of absorption, which is affecting the
CH3OCHO line profiles in the inner rings (R < 5000 au).
To study whether the drastic drop of CH3OCHO column
density is due to a decrease of the CH3OCHO abundance
or is produced by a drop of the gas density towards the cen-
ter of the core, we estimated the H2 column density from
the dust continuum emission azimuthally averaged over the
same concentric rings as the CH3OCHO emission. We as-
sumed that the dust temperature is equal to the excitation
temperature estimated for CH3OCHO at each ring (see Ta-
ble 2). Figure 10c shows NH2

as a function of R. As seen in
the figure, log(NH2

) follows a linear correlation with log(R).
The best fit is:

log(NH2
/cm−2) = (24.01±0.02)−(1.15±0.08) log(R/arcsec)

(3)

The H2 column density seems to be proportional to
R−1.2, and the profile does not show an abrupt change of
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slope at R > 5000 au like that observed in CH3OCHO. The
dust emission at inner radii is optically thick, as indicated
by the high brightness temperature of the continuum peak
(∼132 K) being comparable to the gas (and dust) temper-
ature (&150 K). Therefore, the H2 column density values
should be taken as lower limits. However, the slope of the
power-law distribution is very steep (−1.15), and therefore,
the correction due to the large continuum opacity should
likely not affect the estimated column density dramatically.
Otherwise, the volume density profile would be extremely
steep (∝ r−n with n > 2.2), difficult to justify in (roughly)
spherical geometry either for a static envelope or an accre-
tion flow (e.g., van der Tak et al. 2000). This suggests that
the drop seen in CH3OCHO column density is due to a de-
crease of its abundance, as shown by the [NCH3OCHO/NH2

]
ratio in Fig. 10d. While for R < 5000 au the CH3OCHO
abundance is almost constant with a value of ∼ 4 × 10−7,
for R > 5000 au the abundance is proportional to R−3.2 and
drops almost an order of magnitude at the outer rings. An
even more drastic decrease of the abundance at the outer
part of the core is observed for CH3CN. Unfortunately, for
this species, it has not been possible to fit the emission for
the rings with R < 7000 au, so it is not possible to inves-
tigate whether the abundance is constant at the center of
the core. The best least-square linear fits to the CH3OCHO
abundance are:

log[NCH3OCHO/NH2
] =

{ −(6.85± 0.05)− (3.23± 0.36) log(R/arcsec) R > 0.66′′

−(6.35± 0.01) + (0.08± 0.01) log(R/arcsec) R ≤ 0.66′′

(4)

The rich chemistry of hot molecular cores, in particu-
lar of complex molecules such as CH3OCHO, is the result
of the evaporation of dust grain mantles. One possibility
to explain the drastic drop of the CH3OCHO abundance
could be that the temperature is not high enough to des-
orb CH3OCHO from the dust grains. However, Burke et
al. (2015) have conducted laboratory experiments and esti-
mated that CH3OCHO desorbs at a temperature of about
70 K, which is much lower than the excitation temperatures
estimated in the outer rings of G31 (> 110K). Therefore,
the only plausible explanation for the abundance drop ob-
served in the G31 core is that CH3OCHO is concentrated
in the regions closer to the central protostar.

4.3. Mass estimates

Previous mass estimates of G31 range from ∼500 to
1700M⊙ (Beltrán et al. 2004; Girart et al. 2009; Cesaroni
et al. 2011). These masses have been derived from the dust
continuum emission, assuming a single value of the temper-
ature. The large discrepancy is mainly due to the different
dust absorption coefficient used by the different authors.
Because we have a better knowledge of the physical prop-
erties of the core, having derived the temperature and den-
sity distribution of the core (see previous section), we can
improve the mass estimate of G31. To do this, we estimated
the mass of the core, Mc, assuming that the dust emission
is optically thin and in the Rayleigh-Jeans regime (in fact,
[

ν
GHz

]

≪ 20
[

Tex

K

]

), and that the density and temperature
of the core follow power-law distributions, ρ ∝ r−n and

T ∝ r−q. By integrating the density distribution over the
volume, one finds that Mc =

4π
3−n

ρc r
3
c , where ρc is the den-

sity at the radius of the core, rc. Following Eqs. (1) and
(2) of Beltrán et al. (2002), the density at the radius of the
core can be written as

ρc =
1

4π
√
π

Γ[(n+ q)/2]

Γ[(n+ q − 1)/2]

3− n− q

r3c

c2

k ν2 Tc κν

d2 Sν , (5)

where Γ(x) is the gamma function, κ is the Boltzmann con-
stant, ν is the frequency of the observations, Tc is the tem-
perature at the radius of the core, κν is the dust absorption
coefficient per unit mass, d is the distance of the source,
and Sν is the integrated flux density over the whole core.
Using this equation, Mc can be written as

Mc =
1√
π

Γ[(n+ q)/2]

Γ[(n+ q − 1)/2]

3− n− q

3− n

c2

k ν2 Tc κν

d2 Sν . (6)

We estimated ρc and Mc for the G31 Main core, for
a radius rc of 8500 au (∼1′′.076), which is the deconvolved
radius of the dusty core at the 5σ emission level. For this
purpose, we adopted q=0.77 and Tc=146 K (see Eq. [1]),
ν=217 GHz, kν=0.008 cm2 g−1 (Ossenkopf & Henning 1994
and a gas-to-dust mass ratio of 100), and Sν = 3.10 Jy
(see Table 1). The H2 column density profile (Eq. [3]) im-
plies a density power-law exponent n ∼ 2.2. On the other
hand, the red-shifted absorption observed in several tracers
suggests that the core might be undergoing free-fall col-
lapse (see Sect. 3.2.1 and 5.2) with n ∼ 1.5. Therefore,
we assumed an intermediate value of n = 2. This leads to
ρc=9× 10−18 g cm−3, corresponding to a volume density of
∼5.4× 106 cm−3, and Mc≃ 120M⊙. Because the mass has
been estimated assuming that the dust emission is optically
thin, the value derived has to be taken as a lower limit in
case this condition is not satisfied.

5. Discussion

5.1. The NE–SW velocity gradient

Figure 4 shows the 217 GHz continuum emission overlaid
on the integrated intensity (moment 0), line velocity (mo-
ment 1), and velocity dispersion (moment 2) maps of differ-
ent transitions of CH3CN (ground state and vibrationally
excited) and isotopologues. These transitions have been se-
lected to trace emission with upper level energies ranging
from 97 to 778 K. The emission of methyl cyanide shows a
clear velocity gradient along the NE–SW direction regard-
less of the upper level energy of the transition. The posi-
tion angle of the velocity gradient is ∼68◦ and is roughly
consistent with that of the HMC dust continuum emission,
PA∼63◦ (see Sect. 3.1). The same velocity gradient is ob-
served in CH3OCHO (Fig. 5). This velocity gradient, al-
ready observed in CH3CN by Beltrán et al. (2004) and Ce-
saroni et al. (2011) and in CH3OH by Girart et al. (2009)
has been interpreted as rotation of the core. The veloc-
ity gradient is ∼50 km s−1 pc−1 for CH3CN and CH3

13CN
K=2 and increases for the higher energy transitions, be-
ing ∼87 km s−1 pc−1 for K=8 and ∼107 km s−1 pc−1 for
K, l = (6, 1) v8 = 1.

5.1.1. Rotational spin-up

The velocity gradient is also evident in Fig. 11, which shows
the position-velocity (PV) plots along PA = 68◦ for the
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same transitions as in Fig. 4. The VLSR appears to increase
linearly with distance from the core center, consistent with
solid-body rotation. Figure 11 also shows the CH3CN K=2
line absorption at red-shifted velocities. By comparing the
different PV plots, one sees that the rotation seems to speed
up with increasing energy of the transition. The effect is
especially remarkable if one compares the PV plot of the
vibrationally excited CH3CN(12–11) K, l = (6, 1) v8 = 1
(Eup= 778 K) line with the PV plot of the ground-state
CH3

13CN(12–11) K=2 (Eup= 97 K) line. The former looks
steeper than the latter. The CH3CN K=2 transition is not
considered because it is too affected by red-shifted absorp-
tion. The same steepness is also visible in the PV plot of
the K=8 transition of CH3CN(12–11) (Eup= 526 K) line.
The PV plot of the vibrationally excited line shows emis-
sion that extends up to ∼ ±0′′.65 from the central po-
sition and has velocities ranging from 89 to 104 km s−1,
while the emission in the CH3

13CN K = 2 transition ex-
tends up to ∼ ±1′′.1 from the center and the velocities
range from 90 to ∼103.5 km s−1. This corresponds to slopes
of ∼300 km s−1 pc−1 and ∼160 km s−1 pc−1, respectively.
This change in slope of the PV plots of the low and high
energy transitions is emphasized in Fig. 12, which shows
the PV plot along the direction with PA = 68◦ of the ratio
between the CH3CN K, l = (6, 1) v8 = 1 (12–11) and the
CH3

13CN K = 2 line. The ratio is largest at small offsets
and smallest at large radii. If the gradient is interpreted as
rotation, this PV plot suggests that the rotation increases
with increasing energy of the transition, that is, towards
the core center. This is expected for conservation of angu-
lar momentum in a rotating and infalling structure. This
result seems to be inconsistent with the solid-body rota-
tion suggested by the PV in each line (see above). A possi-
ble explanation is that each line is tracing only a relatively
narrow annulus of material where the gas temperature max-
imizes the emission from that line due to the fact that such
temperature is comparable to the line upper level energy.
This would explain why the projection of the rotation ve-
locity along the line of sight increases linearly with distance
form the star, mimicking solid-body rotation. At the same
time, higher energy lines trace smaller annuli, closer to the
star and thus rotating faster, which explains the increasing
steepness of the PV plot with increasing line energy.

A scenario in which rotation spins up close to the cen-
ter of the core is different from that depicted by Girart et
al. (2009), who find evidence of decreasing rotation veloc-
ities towards the center of G31 and suggest that such a
spin-down could be produced by magnetic braking. Girart
et al. (2009) estimated the rotation velocities at the posi-
tion where the dust major axis intersects the 50% contour
level in the PV plots of methanol transitions with different
upper level energies. On the other hand, from Fig. 3 of Gi-
rart et al. (2009), one can see that the PV plot of CH3OH
vt = 2 (75 − 65), which has Eup > 900 K is clearly steeper
than that of CH3OH vt = 2 (33− 42)E, with a significantly
lower energy Eup ∼60 K, in agreement with our findings.
This suggests that the discrepancy between our interpreta-
tion and that of Girart et al. is not the result of the choice
of the species used to study the rotation velocity but of the
method used to analyze the data. Given the uncertainty
in estimating the size and corresponding velocity from the
50% contour level in a PV plot, we believe that the rotation
curve obtained by Girart et al. is not to be taken as strong

evidence against our interpretation of increasing rotation
speed towards the center of the core.

It is also worth analyzing the velocity dispersion in the
HMC. The bottom panels of Fig. 4 show the maps of the
2nd moment of the methyl cyanide lines. For the transitions
less affected by red-shifted absorption, namely those with
higher energy, the velocity dispersion peaks towards the po-
sition of the dust continuum emission peak, as expected for
rotation spin up. For CH3CN and CH3

13CN K = 2, clearly
affected by absorption, the velocity dispersion increases in
the directions associated with the molecular outflows in the
region.

5.1.2. Interaction with the molecular outflow

Figure 9 shows the presence of at least three outflows in
the region. It has been hypothesized that the NE–SW ve-
locity gradient seen in high-density tracers could indeed be
produced by one of these outflows (Gibb et al. 2004; Araya
et al. 2008). The question was investigated by Cesaroni et
al. (2011), who concluded that although the rotation sce-
nario appeared more plausible, the outflow interpretation
could not be totally discarded. With the increased angular
resolution of our ALMA observations, we can now recon-
sider the possible relationship between the outflows in the
region and the velocity gradient.

The bipolar outflow that could be interacting with the
core material and producing the NE–SW gradient would
be what we have called outflow E–W (Fig. 9). This outflow
has been traced in 12CO and 13CO by Cesaroni et al. (2011)
and, as seen in their lower angular resolution maps, it ap-
pears to have its geometrical center close to the center of the
core. However, as seen in Fig. 13, when observed at higher
angular resolution, the outflow appears clearly displaced
from the center of the core and not associated with any
of the embedded free-free sources nor the dust continuum
peak, whereas the velocity gradient seems to be centered at
the dust continuum peak. Furthermore, the direction of the
outflow is significantly different from that of the velocity
gradient: whereas the former is oriented in an E–W direc-
tion, the latter, when traced in the higher energy CH3CN
v8 = 1 transitions, is oriented NE–SW (see Fig. 13). This
indicates that the motion of the innermost material close to
the center (traced by the highest energy transitions) is not
consistent with that of the bipolar outflow. Figure 13 shows
the superposition of the velocity gradient traced in CH3CN
K = 2 (top panel) and the SiO molecular outflow. As one
can see, the K = 2 transition traces much more extended,
and possibly less dense, material than the v8 = 1 transi-
tion. The line velocity (moment 1) map of CH3CN shows a
red-shifted peak at ∼100 km s−1 and a blue-shifted peak at
∼92 km s−1 coincident with the lobes of the bipolar outflow
and aligned in an E–W direction, which suggests that the
bipolar outflow could be indeed interacting with the outer
regions of the core. If the CH3CN K = 2 emitting gas is
entrained by the molecular outflow, then one would expect
this gas to be tracing the high-velocity material in a similar
way to SiO. To check if this is the case, we averaged both
the high-velocity SiO and CH3CN K = 2 emission in the
same velocity intervals: (88, 90) km s−1 for the blue-shifted
emission and (103, 107) km s−1 for the red-shifted emis-
sion. As seen in the middle panel of Fig. 13, the CH3CN
K = 2 high-velocity emission indeed traces the inner region
of the molecular outflow, especially at blue-shifted veloci-
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Table 3. E–W outflow parameters calculated from SiO and
CH3CN v8 = 1.

SiO (5–4)a CH3CNb (12–11)
Parameters v8 = 1 K, l = (6, 1)

M(M⊙) 0.36–3.8 274–7000
P (M⊙ km s−1) 4.5–47 (1–27)×103

E(L⊙ yr) ( 0.50–5.3)×104 (0.4–10)×106

Ṁ(M⊙ yr−1) (0.60–6.3)×10−4 0.05–1.2
Ṗ (M⊙ km s−1 yr−1) (0.75–7.8)×10−3 0.17–4.5

Ė(L⊙) 0.83–8.8 67–1667
a Parameters estimated assuming a range of gas tempera-
ture of 20–50 K and a range of abundance relative to H2

of 10−8–10−7. The blue-shifted velocity interval is ∼(73–
90) km s−1, and the red-shifted one ∼(103–119) km s−1.
b Parameters estimated assuming a range of gas tempera-
ture of 100–250 K, and an abundance relative to H2 of 10−8.
The blue-shifted velocity interval is ∼(88–95) km s−1, and
the red-shifted one ∼(98–105) km s−1.

ties. We have also averaged the CH3CN v8 = 1 in the same
high-velocity intervals, but the emission is very weak and
mostly concentrated towards the center or the core, with no
coincidence with the outflow lobes. This suggests that the
velocity gradient traced in the lowest energy transitions is
in part due to expansion (at least for the high velocities).
On the other hand, the velocity gradient seen in the highest
energy lines, coming from the innermost, hottest layers of
the core, does not appear to be affected by the outflow and
could be tracing rotation.

Following Cesaroni et al. (2011), we estimated the out-
flow parameters from the SiO and CH3CN v8 = 1 lines
to check whether the velocity gradient traced in CH3CN
v8 = 1 could be produced by the expansion of the outflow.
In our calculations, we assumed a range of temperatures
of 20–50 K for SiO and 100–250 K for vibrationally excited
CH3CN. The lower limit for the SiO temperature is set
by the peak brightness temperature (see Fig. 8), while for
CH3CN v8 = 1 the lower limit is the temperature adopted
by Cesaroni et al. (2011) to calculate the parameters from
CH3CN K = 4 and CH3

13CN K = 2. The abundance of
CH3CN relative to H2 was assumed to be equal to 10−8

(see e.g. van Dishoeck et al. 1993), while for SiO we used a
range of 10−8–10−7, following Codella et al. (2013). Table 3
gives the mass of the outflow, M , the momentum, P , the
energy, E, and the corresponding rates obtained by divid-
ing the previous quantities by the dynamical time scale of
the outflow, tdyn ≃ 6× 103 yr, which has been calculated as
Rlobe/Vmax, where Rlobe is the size (∼0.15 pc) of the SiO
lobes and Vmax is the maximum velocity (∼23 km s−1) of
the SiO outflow emission with respect to the systemic LSR
velocity of 96.5 km s−1.

The outflow parameters estimated from SiO for a gas
temperature of 50 K are similar to those calculated by Cesa-
roni et al. (2011) from 12CO for a gas temperature of 100 K,
while those estimated from CH3CN v8 = 1 K, l = (6, 1) for
a gas temperature of 250 K are similar to those obtained
by Cesaroni et al. (2011) from CH3

13CN K = 2 for a gas
temperature of 100 K. As seen in Table 3, the outflow pa-
rameters estimated from vibrationally excited CH3CN are
orders of magnitude higher than those estimated from SiO,
a typical outflow tracer, and therefore, not realistic. Such
high values could only be consistent with those estimated,

by means of single-dish observations, for pc-scale molec-
ular outflows powered by O-type protostars (e.g., López-
Sepulcre et al. 2009). In addition, note that our ALMA ob-
servations can miss extended emission, and therefore, the
values estimated by us from CH3CN v8 = 1 are likely lower
limits.

Our results suggest that CH3CN and SiO are tracing
different gas with different motions and confirm the results
of Cesaroni et al. (2011), who concluded that it is very un-
likely that the velocity gradient traced in CH3CN and iso-
topologues is due to the expansion of the molecular gas. We
conclude that this velocity gradient is produced by rotation
of the core.

5.2. Red-shifted absorption

The most characteristic feature of the line emission towards
the Main core in G31 is the inverse P-Cygni profile ob-
served, although with different degrees of absorption, in
basically all the species and at all energies. This red-shifted
absorption was not detected in previous observations of
the same lines, in particular CH3CN and CH3

13CN (12–
11) with the SMA and IRAM PdBI interferometers, due to
the limited angular resolution. The detection of red-shifted
absorption towards the core center (see Fig. 6) strongly
supports the existence of infall in the core.

Following Beltrán et al. (2006), we estimated the infall
rate inside a solid angle Ω for a radius of 1′′.54 (∼1.2 ×
104 au), which is that of the CH3CN K = 2 integrated
emission (see top left panel of Fig. 4), and an infall ve-
locity, assumed to be equal to the difference between the
velocity of the absorption feature and the systemic LSR
velocity, of 5.1 km s−1. The choice of CH3CN K = 2 is
based on the fact that red-shifted absorption is very pro-
nounced in this transition. The infall accretion rate is
Ṁinf = Ω/(4 π) 3 × 10−2M⊙ yr−1. Such a high value is a
factor 10 higher than that estimated from modeling (Oso-
rio et al. 2009) for an infalling envelope of 2.3×104 au, but is
consistent with the value estimated by Girart et al. (2009)
at 345 GHz. Similar high infall rates have been estimated
for other O-type (proto)stars (see Beltrán & de Wit 2016).

5.2.1. Accelerating infall

To study whether the absorption changes with the energy
of the line, we measured the velocity of the absorption fea-
ture in transitions spanning a broad range of energies at
the position of the dust continuum peak. Table 4 gives
the different species and transitions, the upper level en-
ergy of the line, and the difference between the velocity of
the red-shifted absorption dip and the systemic LSR veloc-
ity (96.5 km s−1). The red-shifted velocity has only been
calculated for those lines that are not heavily blended with
other species, because the blending affects the estimate. For
a few transitions that are slightly blended, we estimated
a lower limit of the velocity. In Fig. 14, we plot the red-
shifted velocity as a function of the upper level energy of
the CH3CN (ground state and vibrationally excited) lines,
CH3

13CN, 13CH3CN, and H2CO. The red-shifted velocity is
lower for the H2CO transitions, which have the lowest ener-
gies. The H2CO lines are heavily affected by the absorption
as suggested by both the extension and the depth of the ab-
sorption (see Fig. 7). In particular, H2CO (30,3 − 20,2), the
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lowest energy transition, shows no emission at the channel
with the deepest absorption, and the brightness tempera-
ture TB of the absorption is −134 K, comparable in absolute
value to the brightness temperature of the continuum emis-
sion peak. Focusing on CH3CN and isotopologues, Table 4
and Fig. 14 show that the velocity of the absorption feature
increases with the transition upper level energy, which sug-
gests that the infall is accelerating towards the core center
(where the temperature is higher), consistent with free-fall
collapse. It should be noted that the red-shifted velocities
of the 13CH3CN(13–12) lines are slightly higher than those
of CH3CN and CH3

13CN(12–11) with same K transition
and similar energy. This suggests that the conditions to ex-
cite the (13–12) transitions occur deeper in the core and
closer to the center. In any case, the increase of velocity
with energy is found also if one considers only the (13–12)
lines.

5.2.2. Excitation conditions at the core center

We used the maps with the continuum not subtracted to
study the excitation conditions of the gas at the core center,
namely, in the inner 0′′.22 of the core, where the absorption
is strongest. As mentioned before, the species most affected
by red-shifted absorption are CH3CN and isotopologues,
and H2CO. Because CH3CN has more transitions that can
be fitted simultaneously than H2CO, and the spectral reso-
lution of the observations is higher (0.33 to 0.66 km s−1 for
methyl cyanide and isotopologues, 2.7 km s−1 for formalde-
hyde), we modeled the absorption towards the center of
the G31 Main core in CH3CN and its isotopologues. To es-
timate the physical parameters of the species, we modeled
the spectrum at the central pixel with three different com-
ponents: i) a background layer with uniform intensity to
describe the dust continuum core, ii) a layer to describe the
core emission, and iii) a foreground layer located in front
of the core component to describe the absorption. For the
modeling, we used XCLASS as explained in Sect. 4.1. The
core and the foreground components are described with 5
parameters each: the source size θ, the excitation tempera-
ture Tex, the column density of the molecule, Ntot, the line
width, ∆v, and the offset velocity relative to the VLSR, voff .

To fit the line emission of CH3CN and its isotopologues,
the temperature of the continuum background layer was as-
sumed to be constant and equal to the brightness tempera-
ture TB = 132K measured at the dust continuum peak (see
Table 1). We assumed that the foreground or absorption
component is extended and that it fills the beam (i.e., no
beam dilution is considered).

We started by fitting CH3CN and CH3CN v8 = 1
(12–11), and 13CH3CN (13–12) simultaneously. XCLASS

allows to simultaneously fit a species together with its
isotopologues and vibrationally excited states by defining
an isotopic ratio for each isotopologue. The transitions of
CH3

13CN (12–11) were not modeled because they are too
blended with those of CH3CN. Although we tried different
approaches, like fixing the value of some parameters to re-
duce the number of free parameters, we could not find a
satisfactory fit for all of them. This is probably due to the
fact that the main species, the isotopologues, and the vi-
brationally excited states do not trace the same material
and, thus, it is not possible to fit all of them with the same
excitation conditions. Therefore, we decided to fit them sep-
arately.

Table 4. Upper level energy and velocity of the red-shifted ab-
sorption with respect to the systemic LSR velocitya.

Eup |VLSR − Vred|
Line (K) (km s−1)

H2CO (30,3 − 20,2) 21 2.1±1.3
H2CO (32,2 − 22,1) 68 4.0±1.3
H2CO (32,1 − 22,0) 68 2.9±1.3
CH3CN K=2 (12–11) 97 5.1±0.2
CH3

13CN K=2 (12–11) 97 5.8±0.2
13CH3CN K=2 (13–12) 106 7.4±0.3
CH3CN K=3 (12–11) 133 5.1±0.2
13CH3CN K=3 (13–12) 142 > 7.6b

CH3CN K=4 (12–11) 183 5.5±0.2
CH3

13CN K=5 (12–11) 246 6.1±0.2
CH3CN K=5 (12–11) 247 > 6.0b
13CH3CN K=5 (13–12) 256 8.4±0.3
CH3CN K=6 (12–11) 326 > 5.7b

CH3CN K=8 (12–11) 526 > 6.0b

CH3CN K, l=(3, −1) v8=1 (12–11) 705 6.9±0.3
CH3CN K, l=(6, 1) v8=1 (12–11) 778 7.2±0.3

a The velocity of the absorption feature has been measured
towards the dust continuum peak and corresponds to that
of the spectral channel with the lowest intensity at that
position.
b Line slightly blended with other lines at frequencies lower
than the rest frequency.

The first to be fitted was CH3CN, because it is more
clearly affected by absorption (in particular the lower en-
ergy transitions). As shown in Fig. 2, CH3CN has been
clearly detected up to the K = 8 transition. For higher en-
ergy transitions (K = 9 and 10), the blending with other
species is so severe that it is not possible to estimate their
contribution. We fitted the spectra up to the K = 6 compo-
nent (see Fig. 15 and Table 5). The K = 7 and 8 transitions
could not be simultaneously fitted with the lower K tran-
sitions, either because they are slightly blended with some
lines of CH3

13CN or because they could be tracing mate-
rial with different excitation conditions than that traced
by the lower energy transitions. To reduce the number of
free parameters, we fixed the line width (∆v) and the offset
velocity relative to the VLSR (voff) for both emission and
absorption. Note that the fact that XCLASS assumes that
voff is the same for all the transitions is questionable, be-
cause as we just discussed, the velocity of the absorption
feature increases with the energy of the transition (Table 4
and Fig. 14). As for ∆v, it should also change with the en-
ergy of the transition, but in this case, the change is less
evident and, therefore, the approximation of constant ∆v is
reasonable. We assumed that the source is extended and fills
the beam size, like for the foreground component (the value
obtained if the size parameter is left free is much larger than
the beam size). The best fit model indicates that the tem-
perature of the emission layer (151 K) is higher than that
of the dust emission (132 K), while that of the absorption
layer is lower (97 K). As shown in Fig. 15, the CH3CN mod-
eled in emission is slightly saturated, as suggested by the
fact that the K =0, 1, 2, and 3 transitions have almost the
same brightness temperature despite their different ener-
gies. Therefore, the best fit column density of the emission
component, Ne = 1×1017 cm−2, should be taken as a lower
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limit. This column density is one order of magnitude higher
than that of the absorbing layer.

The isotopologue 13CH3CN (13–12) has been clearly de-
tected up to the K = 6 transition. We fitted the spectra up
to this transition avoiding the K = 5 transition, which is
highly blended with other species (see Fig. 16). The source
was assumed to be extended in both emission and absorp-
tion (i.e., no correction for beam dilution is applied). The
fit to the absorption was highly dependent on the initial
guesses and it is not as good as that to the absorption
in CH3CN (see Figs. 15 and 16). Therefore, in Table 6 we
only give the best fit parameters of the emission, which have
been obtained by fixing the line width and the velocity off-
set. The excitation temperature of the emission is similar,
within the uncertainties, to that obtained for CH3CN. Re-
garding the column density of 13CH3CN, the value obtained
is only ∼2 times lower than that of CH3CN. This indicates
a very low [CH3CN]/[13CH3CN] relative abundance, espe-
cially if one takes into account that the relative abundance
of [12C/13C] at the galactocentric distance of 4.5 kpc of
G31 would be 47 (Milam et al. 2005). Note that the col-
umn density of CH3CN in emission should be taken as a
lower limit because the emission is saturated. This could
explain in part the low values obtained in emission for the
[12C/13C] ratio, although the 13CH3CN emission also seems
slightly saturated (see Fig. 16).

We cannot disregard the possibility that the [12C/13C]
ratio in the G31 core is unusually low. To investigate this
possibility we fitted both the CH3CN and 13CH3CN emis-
sion in a ring located at a distance of 1′′.32 from the center
of the core, where the absorption is negligible. For this ring,
the temperature of the background layer was assumed to be
1.8 K, which is the continuum brightness temperature at
that radius. The best fit indicates a similar excitation tem-
perature, within the errors, for both CH3CN and 13CH3CN,
but a column density a factor 10 lower (logNe = 14.3−0.2

+1.7

cm−2) for 13CH3CN than for CH3CN (logNe = 15.3−0.01
+1.3

cm−2). A [12C/13C] ratio of 10 is greater than the value
obtained towards the central position but still significantly
less than the typical value. To check wether this low ra-
tio is also seen in other species, we estimated the column
densities of CH3OCHO and CH3O

13CHO in the rings not
affected by absorption and obtained [12C/13C] ≃10. This
indicates that in the G31 core there is an overabundance of
13C with respect to 12C.

The CH3CN v8 = 1 (12–11) transitions at the central
position have been fitted only with an emission compo-
nent because an additional foreground absorbing layer pro-
duces a negligible change in the fit. This is consistent with
the fact that the red-shifted absorption is less evident for
these high energy transitions. The best fit parameters are
given in Table 7. The excitation temperature of the vibra-
tionally excited transitions is consistent with that obtained
for CH3CN and 13CH3CN, but the column density is al-
most one order of magnitude higher than that of the ground
state. Therefore, we decided to fit the CH3CN v8 = 1 emis-
sion by fixing Ne to a value of 1× 1017 cm−2, obtained for
the ground state CH3CN, and got Te = 224K. Despite the
large uncertainties in the fit, the fact that one needs either
a much higher column density or a much higher excitation
temperature to model the vibrationally excited transitions
suggests that these high energy transitions are likely tracing
hotter and denser material located deeper in the core.

Table 5. Best fit physical parameters for the CH3CN (12–11)
K = 0 to 6 transitions towards the center of the G31 core.

Emission Absorption

Te = 151−8
+83 K Ta = 97−4

+3 K
logNe > 17 cm−2 logNa = 15.9−0.2

+0.3 cm−2

∆v a
e = 3 km s−1 ∆v a

a = 3 km s−1

v a
off e = −1.3 km s−1 v a

off a = 5.5 km s−1

a Parameter fixed.

Table 6. Best fit physical parameters for the 13CH3CN (12–11)
K = 0 to 6 transitions towards the center of the G31 core.

Emission

Te = 155−50
+107 K

logNe = 16.8−1.2
+0.1 cm−2

∆v a
e = 3.5 km s−1

v a
off e = 1.3 km s−1

a Parameter fixed.

Table 7. Best fit physical parameters for the CH3CN v8 = 1
(12–11) transitions towards the center of the G31 core.

Emission Emission
(fixing Ne)

Te = 165−153
+64 K Te = 224−208

+3 K
logNe = 17.7−2.9

+1.24 cm−2 logN a
e = 17 cm−2

∆v a
e = 6 km s−1 ∆v a

e = 6 km s−1

voff e = 0.5−2.7
+5.2 km s−1 voff e = 0.6−2.3

+0.15 km s−1

a Parameter fixed.

Because of the existence of temperature and density
gradients in the G31 core, as discussed in Sect. 4.2, the
CH3CN v8 = 1 emission cannot be well represented by
the same excitation conditions as those of the ground state
emission. Radiative pumping by IR photons may also play
a role in the excitation of CH3CN v8 = 1 (e.g., Gold-
smith et al. 1983). To carry out an analysis of collisional
excitation and check whether collisional processes could
produce the observed excitation of the v8 transitions it
is necessary to know the spontaneous decay rate, Avib,
and the collision cross sections for vibrational excitation
< σv >vib. Using the estimates of Avib= 1.6 × 10−2 s−1

of Koivusaari et al. (1992), and assuming the same col-
lisional excitation rate as for the vibrational ground state,
< σv >vib=2×10−10 cm3 s−1 (Green 1986), then collisional
excitation is possible only for n & 108 cm−3. Because n esti-
mated in the core ranges from 5.4×106 cm−3 for R = 1′′.076
to ≃ 1 × 108 cm−3 for R = 0′′.22, we conclude that the
vibrational levels could be radiatively pumped. The first
vibrationally excited state v8 = 1 is at 525 K above the
CH3CN ground vibrational state and can be pumped by
27µm photons.

5.3. A monolithic core?

The most striking characteristic of the G31 Main core is its
compact appearance. As seen in Fig. 1, the dust continuum
emission does not show any hint of fragmentation although
the core is well resolved in our maps. The presence of red-
shifted absorption in the core would suggest that what we
are observing in G31 is a “real” massive core undergoing
monolithic collapse, as suggested by McKee & Tan (2002).
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However, one cannot discard the possibility that this homo-
geneous and monolithic appearance is due to a combination
of large opacity of the 217 GHz continuum emission and in-
sufficient angular resolution. One may argue that the size
of a typical fragment should be of the same order as the
separation between the two free-free sources detected in-
side the core, which is ∼0′′.2 or ∼1600 au. By using Eqs. (1)
and (5), we have estimated the temperature and volume
density in the inner part of the core (R ≤ 0′′.22), and the
thermal Jeans length, and found that it ranges from ∼1300
to 2000 au. Therefore, it is comparable to the separation of
∼1600 au of the free-free sources. This implies that fragmen-
tation, if present as expected from theoretical calculations
(see Peters et al. 2010b), cannot be properly imaged with
the current observations.

One must also take into account that the continuum
emission observed by us at 217 GHz is optically thick (the
brightness temperature of the continuum peak, ∼132 K, is
comparable to the dust temperature, &150 K). The high
opacity of G31 has already been determined by Rivilla et
al. (2017) based on multi-wavelength observations. Such
a large opacity (.2) is likely to mask any inhomogeneity
of the core. This result is similar to what is found in the
most massive core of SgrB2(N). Sub-arcsecond resolution
observations with the SMA (345 GHz; Qin et al. 2011) and
with ALMA (250 GHz; Sánchez-Monge et al. 2017) revealed
a core with monolithic appearance and a radius of about
6000 au. In this case, 3D radiative transfer modelling of
the region (Schmiedeke et al. 2016) suggests that the emis-
sion at frequencies above 200 GHz is optically thick when
observed at an angular resolution <0.5′′.

These results altogether pose questions about the na-
ture of the G31 Main core. On the one hand, Girart et
al. (2009) have revealed the presence of a magnetic field
uniformly threading the core, with a strength in the plane
of the sky of ∼10 mG. This, together with the linear increase
of rotation velocity with radius (suggested by each PV plot
in Fig. 11), and the (apparent) homogeneity of the core,
point to a monolithic core stabilized by the magnetic field
and undergoing solid-body rotation. On the other hand, a
mass-to-magnetic flux ratio of ∼2.7 times the critical value
for collapse (Girart et al. 2009), the presence of red-shifted
absorption, the existence of two embedded massive stars
(the two free-free sources), and the rotational spin-up to-
wards the core center (suggested by Fig. 12) are consistent
with an unstable core undergoing fragmentation with in-
fall and differential rotation due to conservation of angular
momentum. We believe that an optically thick core with
unresolved clumpiness and undergoing infall and rotation
spin-up can explain all these features, as previously dis-
cussed.

Future approved ALMA observations at a much higher
angular resolution of ∼0′′.08, corresponding to ∼600 au at
the distance of the source, will help us to reveal the exis-
tence of clumpiness and thus confirm whether G31 is indeed
a dynamically collapsing core undergoing global fragmen-
tation.

6. Conclusions

As part of our continuing effort to search for circumstel-
lar disks around high-mass young stellar objects, we have
observed the O-type star-forming region G31.41+0.31 with
ALMA at 1.4 mm. The angular resolution (∼0′′.2) of the

observations has allowed us to study the G31 HMC in un-
precedented detail, potentially tracing structures as small
as ∼1600 au.

The dust continuum emission has been resolved into two
cores, a Main core chemically rich that peaks close to the
position of the two unresolved free-free continuum sources
detected by Cesaroni et al. (2010), and a much weaker and
smaller NE core. The dust continuum emission of the Main
core looks featureless in our observations, although it has
an average half-power diameter of ∼5300 au, much greater
than our resolution (∼1600 au).

The SiO emission reveals the presence of at least three
outflows associated with the G31 core: an E–W outflow to
the south of the dust continuum emission peak of the Main
core and not associated with any of the two embedded free-
free sources; a N–S outflow associated with water masers,
which could be driven by the millimeter source associated
with the dust continuum emission peak of the Main core or
by one of the two free-free sources embedded in this core;
and a NE–SW outflow to the south of the Main core and
not associated with it.

The high sensitivity of the ALMA observations has al-
lowed us to detect several transitions of the high-density
tracer CH3OCHO, both ground state and torsionally ex-
cited, and this has allowed us to estimate the physical
parameters of the Main core. The LTE modeling of the
CH3OCHO emission indicates that there is an excitation
temperature gradient in the core, with Tex ∝ R−0.77, con-
sistent with the profiles of hot molecular cores modeled
by Nomura & Millar (2004) and Osorio et al. (2009). The
CH3OCHO column density (NCH3OCHO) profile in the core
is consistent with a broken power law, with the inner part
of the core having NCH3OCHO ∝ R−0.82, and the outer part
being considerably steeper, with NCH3OCHO ∝ R−4.63. On
the other hand, the H2 column density profile, estimated
from the dust continuum emission, does not show any sharp
drop in the outer part of the core, with NH2

∝ R−1.15. We
conclude that the drop in CH3OCHO abundance is real.
This suggests that CH3OCHO is concentrated in the in-
ner regions (R < 5000 au) of the G31 Main core, and con-
firms that complex organic molecules are reliable tracers of
the gas located close to the forming protostars. The mass
of the G31 Main core, estimated assuming that the dust
emission is in the Rayleigh-Jeans regime and that the den-
sity and temperature of the core follow the previously es-
tablished power-law distributions, is ∼120M⊙, while the
mean volume density at the radius of the core (8500 au) is
∼5.4×106 cm−3.

The emission of CH3CN and CH3OCHO, both ground
state and vibrationally excited, and of CH3CN isotopo-
logues in the Main core shows a clear velocity gradient along
the NE–SW direction consistent with what was previously
found by Beltrán et al. (2004) and Cesaroni et al. (2011).
The velocity appears to increase linearly with distance from
the core center, consistent with solid-body rotation. How-
ever, the PV plots along the major axis of the core indicate
that the velocities increase for increasing energies. This sug-
gests that the rotation spins up towards the center, as ex-
pected for conservation of angular momentum in a rotating
and infalling structure, which appears initially inconsistent
with the solid-body rotation. A possible explanation for this
could be that each line is tracing only a relatively narrow
annulus of material. The projection of the rotation velocity
along the line of sight increases linearly with distance from
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the star, mimicking solid-body rotation, while at the same
time, higher energy lines trace smaller annuli, closer to the
star and thus rotating faster.

The line emission towards the dust continuum peak of
the Main core shows inverse P-Cygni profiles in basically
all the species and at all energies, although the H2CO and
lowest-energy CH3CN transitions show the strongest ab-
sorption. The detection of red-shifted absorption towards
the core center supports the existence of infall in the core.
The velocity of the absorption feature (which is a good
proxy for the infall velocity) becomes progressively more
red shifted with increasing energy of the transition. This
suggests that the infall is accelerating towards the center of
the core, consistent with free-fall collapse. The excitation
conditions of the emitting and absorbing gas components at
the position of the dust continuum emission peak have been
estimated by modeling the CH3CN and 13CH3CN transi-
tions, assuming LTE. We find that the column density of
the absorbing layer is more than one order of magnitude
smaller than that of the emitting layer. We also find that the
[12C/13C] ratio in the G31 core is unusually low, suggesting
that there is an overabundance of 13C with respect to 12C.
The modeling of the CH3CN v8 = 1 emission at the cen-
tral position indicates that to excite these transitions either
a much higher column density or a much higher excitation
temperature than that needed to populate the ground state
levels of CH3CN is necessary. This suggests that CH3CN
v8 = 1 could be excited via radiative pumping by mid-IR
(27µm) photons.

Although its homogeneous appearance suggests that
G31 Main could be a true monolithic core, as predicted
by McKee & Tan (2002), the presence of red-shifted ab-
sorption, the existence of two embedded massive stars at
the center, and the rotational spin-up are consistent with
an unstable core undergoing fragmentation with infall and
differential rotation due to conservation of angular momen-
tum. Therefore, we argue that the most likely explanation
for its morphology is that the dust emission is optically
thick, as suggested by the detection of red-shifted absorp-
tion, and this prevents the detection of any inhomogeneity
in the core.
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Fig. 3. Same as Fig. 2 for the NE source.
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Fig. 3. Continued

Article number, page 17 of 28



A&A proofs: manuscript no. article-revised

Fig. 4. Top panels: overlay of the 217 GHz continuum emission (black contours) on the integrated intensity (moment 0) map
(colors) of CH3CN K = 2, CH3

13CN K = 2, CH3CN K = 8, and CH3CN K, l = (6, 1) v8 = 1 (12–11). The contours correspond to
the 5σ and 50% levels. The concentric white circles in the first panel have radii of 0′′.22, 0′′.66, and 1′′.54, (see Sects. 4.1 and 4.2).
Middle panels: line velocity (moment 1) maps for the same molecular species. Bottom panels: velocity dispersion (moment 2) maps
for the same species. The white crosses indicate the positions of the two compact free-free continuum sources detected by Cesaroni
et al. (2010). The synthesized beam is shown in the lower right-hand corner of the top right panel.
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Fig. 5. Same as Fig. 4 for CH3OCHO (194,16 − 184,15)A, (1811,7 − 1711,6)A, (202,18 − 192,17)A vt=1, and (1813,6 − 1713,5)E vt=1.
The upper level energies Eup of each transition are indicated in the upper right-hand corner of the top panels.
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Fig. 6. Left panel: Dust continuum emission map (contours) overlaid on the map of the CH3CN (12–11) K=2 emission averaged
over the velocity range 92 to 102 km s−1 (colors). Contours are 7.5, 30, 75, 120, 165, and 232.5 mJy beam−1. The white crosses
indicate the positions of the two compact free-free continuum sources detected by Cesaroni et al. (2010). The synthesized beam
is shown in the lower right-hand corner. Right panels: Spectra of the CH3CN K=0 to 6 and CH3

13CN K=0 to 2 towards the
absorption dip, that is, towards the dust continuum peak. The upper right panel zooms in on the CH3CN K=2 spectrum.

Article number, page 20 of 28



Beltrán et al.: Infall and rotation in G31.41+0.31

Fig. 7. H2CO (30,3–20,2), (32,2–22,1), and (32,1–22,0) spectra
at the dust continuum emission peak. The vertical dashed line
indicates the systemic LSR velocity of 96.5 km s−1.
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Fig. 8. Middle panel: overlay of the 217 GHz continuum emission (grayscale) on the blue-shifted (blue contours) and red-shifted
(red contours) SiO (5–4) averaged emission. The blue-shifted emission has been averaged over the (73, 90) km s−1 velocity interval
and the red-shifted emission over the (103, 119) km s−1 one and are indicated in blue and red dotted vertical lines in the top
left and lower right spectra. Contour levels are 3, 6, 12, and 24 times 1σ, where 1σ is 1.1 mJy beam−1. Grayscale contours for
the continuum emission range from 7.5 to 232.5 mJy beam−1 in steps of 90mJy beam−1. The synthesized beam is shown in the
lower left-hand corner. Left and right panels: SiO (5–4) spectra towards selected positions in the G31 core. The vertical dashed line
indicates the systemic LSR velocity of 96.5 km s−1.
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Fig. 9. Left panel: Same as Fig. 8. The white dashed lines indicate the direction of the three possible outflows in G31, and the
green dashed box indicates the area plotted in the close-up panel. Grayscale levels for the continuum are 10, 20, 30, 40, 50, 60, 60,
70, 80, and 90% of the peak. Right panel: Close-up of the central region. Colored circles mark the position of H2O masers while
colored vectors indicate the direction and the amplitude of the proper motions (Moscadelli et al. 2013). The white vector in the
bottom left corner indicates the amplitude scale of proper motions in kilometer per second. The black stars indicate the positions
of the two free-free continuum sources detected by Cesaroni et al. (2010).
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Fig. 10. (a) Excitation temperature, (b) CH3OCHO column density, (c) H2 column density, and (d) [NCH3OCHO/NH2
] ratio as a

function of the radius. Tex and NCH3OCHO have been estimated by fitting the CH3OCHO v = 0 and vt = 1 emission azimuthally
averaged over different rings (see Sect. 4.2), while NH2

has been estimated from the azimuthally averaged dust emission. The
CH3OCHO column density at a radius of 0′′.22 (marked with a circle) has been calculated by extrapolating a linear fit from the
R = 0′′.44 and 0′′.66 rings. The solid lines in a and c, and the dashed one in b show the least square linear fits to all the points. The
solid lines in b and d show the least square linear fits to the inner 3 points and to the outer 5 points in each panel.
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Fig. 11. Position-velocity plots along the direction with PA = 68◦ toward the HMC of a) CH3CN K = 2, b) CH3
13CN K = 2,

c) CH3CN K = 8, and d) CH3CN K, l = (6, 1) v8 = 1 (12–11). The offsets are measured from the phase center, positive to the
northeast. Contour levels range from 20 to 180 mJy beam−1 in steps of 20 mJy beam−1. The vertical dashed white line indicates
the position of the continuum peak, while the vertical solid black lines show the position of the two compact free-free continuum
sources detected by Cesaroni et al. (2010). The horizontal dashed line indicates the systemic LSR velocity. The error bars in the
lower left-hand corner of the panels indicate the angular and spectral resolution of the data. The upper level energies Eup of each
transition are indicated in the lower right-hand corner of the panels.
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Fig. 12. Position-velocity plot along the direction with PA =
68◦ of the CH3CN K, l = (6, 1) v8 = 1 (12–11) line divided by
the same plot of the CH3

13CN K = 2 line. The offsets are mea-
sured from the phase center, positive to the northeast. Contour
levels range from 0.5 to 4 in steps of 0.5. The vertical solid red
line indicates the position of the continuum peak, while the ver-
tical dashed black lines show the positions of the two compact
free-free continuum sources detected by Cesaroni et al. (2010).
The horizontal dashed line indicates the systemic LSR velocity
of 96.5 km s−1.

Fig. 13. Top panel: overlay of the line velocity (moment 1) map
of CH3CN K = 2 (12–11) (colors) on the SiO (5–4) blue-shifted
(blue contours) and red-shifted (red contours) averaged emis-
sion. The CH3CN K = 2 line velocity map has been computed
over the velocity range (92, 100) km s−1. The velocity intervals
over which the SiO emission has been averaged are indicated in
the upper left-hand corner. Contour levels are the same as in
Fig. 8. Middle panel: overlay of the CH3CN K = 2 (12–11) and
SiO (5–4) blue-shifted and red-shifted emission averaged over
the same velocity intervals, which are indicated in the upper
left-hand corner. Contour and grayscale levels are 6, 18, 36, and
72mJy beam−1. Bottom panel: same as the top panel but for
CH3CN K, l = (6,−1) v8=1 (12–11). The synthesized beam is
shown in the lower right-hand corner. The white crosses indicate
the positions of the two compact free-free continuum sources de-
tected by Cesaroni et al. (2010). The black dashed lines indicate
the direction of the three possible outflows.
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Fig. 14. Velocity of the absorption feature (measured towards
the dust continuum peak) versus the upper level energy of the
corresponding CH3CN, CH3

13CN, and 13CH3CN, and H2CO
transitions. The systemic LSR velocity is 96.5 km s−1 and is
indicated with a dotted line. The black arrows indicate lower
limits to the velocity and are for those lines that are slightly
blended with other lines at frequencies lower than their rest
frequency.
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Fig. 15. Spectrum obtained at the dust continuum emission peak of the G31 Main core (black) and best fit to the CH3CN (12–11)
K = 0 to 6 transitions (red). The spectrum has been modeled with different components: i) a background layer with homogeneous
intensity to describe the dust continuum core, ii) a core layer to describe the emission, and iii) a foreground layer located in front
of the core component to describe the absorption (see Sect. 5.2.2). Note that the other emission and absorption lines not fitted
correspond to other species.

Fig. 16. Same as Fig. 15 for 13CH3CN (12–11) K = 0 to 6 transitions.
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