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ABSTRACT

Context. To better understand the formation of high-mass stars, it is fundamental to investigate how matter accretes onto young mas-
sive stars, how it is ejected, and how all this differs from the low-mass case. The massive protocluster G31.41+0.31 is the ideal target to
study all these processes because observations at millimeter and centimeter wavelengths have resolved the emission of the Main core
into at least four massive dust continuum sources, named A, B, C, and D, within 1” or 0.018 pc, and have identified signatures of infall
and several outflows associated with the core.

Aims. We study the interplay between infall and outflow in G31.41+0.31, at a spatial resolution of a few 100 au, by investigating their
properties and their possible impact on the core.

Methods. We carried out molecular line observations of typical high-density tracers, such as CH;CN or H,CO, and shock and outflow
tracers, such as SiO, with ALMA at 1.4 mm that achieved an angular resolution of ~0”09 (~340 au).

Results. The observations reveal inverse P Cygni profiles in CH;CN and H,CO toward the four sources embedded in the Main
core, suggesting that all of them are undergoing collapse. The infall rates estimated from the redshifted absorption are on the order
of ~1072 M, yr~'. The individual infall rates imply that the accretion timescale of the Main core is an order of magnitude smaller
than its rotation timescale. This confirms that rotating toroids such as the G31 Main core are non-equilibrium, transient collaps-
ing structures that need to be constantly replenished with fresh material from a large-scale reservoir. For sources B, C, and D the
infall could be accelerating inside the sources, while for source A the presence of a second emission component complicates the
interpretation. The SiO observations have revealed the presence of at least six outflows in the G31.41+0.31 star-forming region, and
suggest that each of the four sources embedded in the Main core drives a molecular outflow. The outflow rates are on the order of
~107-10"* M, yr~', depending on the SiO abundance. The feedback of the outflows appears sufficient to sustain the turbulence in
the core and to eventually disrupt the core or prevent its further collapse. The mass accretion rates onto the individual sources, esti-
mated from the highest values of the outflow mass loss rates, are on the order of 10~ M, yr~!. The difference of about two orders
of magnitude between the accretion rates and the infall rates suggests that the central stars and the jets and outflows might not be
efficient in removing disk material, which could lead to gravitational instabilities, fragmentation of the disk, and episodic accretion
events.

Conclusions. Infall and outflows are simultaneously present in all four sources embedded in the high-mass star-forming core
G31.41+0.31. This indicates that these sources are still actively accreting and have not reached their final mass yet, which confirms
the youth of this massive core.
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1. Introduction

The formation of stars with masses higher than 20-30 M, is
among the least understood phenomena in modern astrophysics.
Observations of massive outflows (e.g., Shepherd & Churchwell
1996; Arce et al. 2007) suggest a scaled-up version of low-mass
star formation Krumholz (2015), but the lack of evidence for
massive pre-stellar cores Motte et al. (2018) and, in particular,
of protostellar disks around very massive (early O-type) stars
(Beltran & de Wit 2016; Beltran et al. 2020) challenges that
idea.

One way to investigate the possible similarities between low-
mass and high-mass star formation is to study the outflows and
infall associated with young stellar objects. According to theory,
the accretion and ejection of material are two phenomena closely
related in the formation of stars (e.g., Shu et al. 1987), and this
relationship has been observationally established for low-mass
stars (e.g., Frank et al. 2014, and references therein). However,
while the presence of jets and outflows is easily identifiable
thanks to their large-scale emission and to their characteristic
line profiles with high-velocity wings, the evidence for col-
lapse is more difficult to reveal. This is in part because infall
and accretion usually happen in the inner regions of the cores,
where infall motions can be confused with rotation and outflow.
The situation is particularly complicated for high-mass young
stellar objects because the high visual extinction in massive star-
forming cores makes their central regions usually only detectable
at far-infrared and longer wavelengths. Redshifted molecular
absorption against a bright background continuum source is the
only unambiguous way of diagnosing infall because the absorb-
ing material must be located in front of the protostar (e.g.,
Chandler et al. 2005; Wyrowski et al. 2012). Infall motions are
easily distinguishable from outflow and rotation; in the former
case, one should see blueshifted absorption or possibly emis-
sion, while in the latter case, since the motions are perpendicular
to the line of sight, any absorption should occur only at systemic
velocities.

To study infall in high-mass star-forming regions, observa-
tions of high spatial resolution and sensitivity of high-density
tracers with excitation energies below the brightness tempera-
ture of the central continuum source are required. In this way,
it is possible to trace the gas of the inner parts of these distant
and complex star-forming regions. The advent of (sub)millimeter
interferometers has revolutionized the field, as it has allowed us
to study for the first time the dust close to the embedded mas-
sive protostar(s) and the kinematics of the gas at (sub)arcsecond
resolution (e.g., Olmi et al. 1996; Wyrowski et al. 1999, 2002),
highlighting the occurrence of infall (e.g., Ho & Haschick 1986;
Keto et al. 1988). In recent years, evidence of collimated out-
flows and infall signatures have been identified in massive young
stellar objects (e.g., Beuther et al. 2002; Arce et al. 2007;
Beltran et al. 2011), and references therein), also establishing
for high-mass stars the relationship between accretion and ejec-
tion. However, the number of studies of infall and outflows in
high-mass star-forming regions on scales of a few hundred au is
still limited (e.g., Goddi et al. 2020), in particular if compared to
those of the low-mass regime.

To characterize the motions of the deeply embedded gas that
could reveal signatures of rotation and infall and that would help
us to understand the formation of massive stars, for many years
we have been carrying out multiple high angular resolution stud-
ies of hot molecular cores (HMCs), first with the IRAM Plateau
de Bure (PdB) and Submillimeter Array (SMA) interferometers
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(Beltran et al. 2004, 2005, 2011a,b), and later on with the Ata-
cama Large Millimeter/submillimeter Array (ALMA, Cesaroni
et al. 2017; Beltran et al. 2018, 2021; Moscadelli et al. 2018, 2021 ;
Goddi et al. 2020) and the IRAM NOrthern Extended Millimeter
Array (NOEMA, Gieser et al. 2019, 2021). Cesaroni et al. (2017)
carried out an extensive and systematic search for circumstellar
disks around O-type stars by observing a sample of HMCs at
1.4 mm and 0”2 resolution with ALMA. One of the HMCs of
the sample is G31.41+0.31 (hereafter G31), which is located at
3.75 kpc Immer et al. (2019), has a luminosity of ~5x 10* L
Osorio et al. (2009), and displays a clear NE-SW velocity gra-
dient suggestive of rotation (e.g., Beltran et al. 2004). Among
the HMCs studied, G31 stands out as the only source that dis-
plays accelerating infall and rotational spin-up (Beltrdn et al.
2018). This characteristic suggests that the source is in an earlier
evolutionary stage compared to all other targets in the Cesaroni
et al. sample. At an angular resolution of 0”2 (~750au), the
dust continuum emission traces a well-resolved, monolithic, and
featureless core, called Main by Beltran et al. (2018), with no
hint of fragmentation despite the high mass (~70 My; Cesaroni
et al. 2019) and the diameter of ~8000 au. However, new ALMA
observations at 1.4 and 3.5mm at a higher angular resolution
of ~0’1 (~375au), and Very Large Array (VLA) observations
at 7mm and ~0705 (~190 au) resolution have resolved for the
first time the HMC into a small protocluster composed of at least
four massive sources, named A, B, C, and D and with masses
ranging from ~15 to ~26 M,,, within the central 1" (~3750 au)
region of the core (Beltrdn et al. 2021). These observations have
revealed that the homogeneous appearance previously observed
at 1.4 mm and 0”2 is a consequence of both high dust opacity and
insufficient angular resolution. Besides the four sources embed-
ded in the Main core, there are six additional millimeter sources
located very close to the core which appear to outline streams or
filaments of matter pointing to the HMC (Beltran et al. 2021).

The four dust continuum sources embedded in the Main core
have also been detected at centimeter wavelengths (Cesaroni
et al. 2010; Beltran et al. 2021). The analysis of their spec-
tral energy distribution suggests that the centimeter emission of
sources A, B, and D probably originates from thermal radio jets.
This would indicate the presence of different molecular outflows
associated with the sources embedded in the core and, in fact,
CO and SiO observations have revealed the presence of several
outflows in G31 (Olmi et al. 1996; Cesaroni et al. 2011; Beltran
et al. 2018).

The massive collapsing protocluster G31 is the ideal target
to investigate the properties of infall and outflow and their rela-
tionship in the high-mass star-forming regions at scales of a
few 100s of au. In this study we analyze molecular line obser-
vations carried out at 1.4 mm and ~0”09 resolution (~340 au)
with ALMA to trace the kinematics in the central region of this
high-mass star-forming core. The spectral setup of the interfer-
ometer includes typical high-density tracers, such as CH3;CN and
its isotopologs and H,CO, and the shock and outflow tracer SiO.
The aim of the observations is to investigate the infall toward
the individual sources embedded in the Main core and measure
the corresponding mass infall rates from the infall velocity and
the gas column density, as well as to study the properties of
the molecular outflows detected in the region and their possible
impact on the star formation in the G31 core.

This article is organized as follows: in Sect. 2 we describe
the observations; in Sect.3 we present the results, the emission of
dense core and molecular outflow tracers; in Sect. 4 we analyze
the properties of the molecular outflows; in Sect. 5 we discuss
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the infall toward the embedded sources. Finally, in Sect. 5 we
give our main conclusions.

2. Observations

Interferometric observations of G31 at 1.4mm in Band 6
were carried out with ALMA in Cycle 4 as part of project
2016.1.00223.S (PI: M. Beltran). The observations were carried
out in one of the most extended configurations, C40-7, and
were combined with those of the ALMA Cycle 2 project
2013.1.00489.S (PI: R. Cesaroni), which were observed in the
extended C34-7/(6) configuration and with the same digital
correlator configuration: 13 spectral windows (SPWs) that
cover, among other lines, SiO (5—4), H,CO (393—2¢2), (322—
251), and (321—220), CH3CN (12x-11g), CH§3CN(12K—11K),
CH3CNug = 1 (12g-11g), and 3CH3CN (135—12k). The SPWO0
window that covers SiO and three transitions of H,CO has a
bandwidth of 1875 MHz and a spectral resolution of 1.95 MHz,
which corresponds to a velocity resolution of ~2.7 kms™!, and
was used to determine the continuum emission. The spectral
resolution of CH3CN and CH?CN is 0.244 MHz, which
translates into a velocity resolution of ~0.33 kms~!, and that of
CH3CNwg and 3CH;CN is 0.488 MHz, which corresponds to
~0.66kms~!. We refer to Cesaroni et al. (2017), Beltran et al.
(2018), and Beltran et al. (2021) for detailed information on the
observations.

The phase reference center of the observations was set to
the position (J2000) = 18"47™343315, §(J2000) = —01°124579.
The data were calibrated and imaged using the CASA' software
package. We assumed the standard uncertainty on the ALMA
absolute flux calibration of ~10% in Band 6. Maps were cre-
ated with the ROBUST parameter of Briggs (1995) set equal to
0. Further imaging and analysis were done with the GILDAS?
software package. The continuum was subtracted from the line
emission using the STATCONT? algorithm (Sdnchez-Monge
et al. 2018). The resulting synthesized CLEANed beam of the
maps is 0711 x 0708, which corresponds to spatial scales of
~350au at the distance of G3l1, and position angle, PA, —83°
for SiO (5—4) and HQCO (30)3—2()’2), (32’2—22’1), and (32,1—22’0);
—57° for CH3CN (12-11) K = 0 to 7 and CH;3CN (12-11)
K =0to 4; +73° for CH3CN (12-11) K > 8 and CH;3CN (12—
11) K > 5; =79° for '*CH;CN (13-12); and —32° for CH;CN
vg = 1 (12-11). The rms noise of the maps is 0.45 mJy beam™"' for
SiO and H,CO, and 0.8-0.9 mJy beam™! for CH;CN, CH?CN,

CH3CN g = 1, and *CH3CN.

3. Results and analysis

The configuration of the digital correlator of ALMA allows us
to observe a wide range of frequencies simultaneously and, for
sources as chemically rich as G31, to observe the emission of
species tracing different physical conditions (temperature and
density) and phenomena. In this work, we focus on CH3CN
(ground state and vibrationally excited), SiO, and H,CO to trace
infall and outflow in the region.

3.1. Infall emission

Beltrdn et al. (2018) analyzed 1.4mm ALMA observations
toward the Main core of the HMC G31 carried out at an

I 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

angular resolution of ~0”2 (~750 au). These observations reveal
that the high-density tracers, such as CH;CN and CH3;OCHO,
trace a ring-like structure, while the dust continuum traces a
homogeneous and almost spherical core whose emission peaks
at the central dip of the line emission. This morphology is
observed for transitions with very different excitation conditions
and upper level energies, which range from ~70K to 850K.
The spectra of these transitions toward the dust continuum emis-
sion peak clearly show inverse P Cygni profiles, with strong
redshifted absorption even for transitions with high upper level
excitation energies, Ey,/kg, such as CH3;CN K = 8 (Eyp/kg =
526 K) and CH3CN vy = 1 K, [ = (6,1) (Eyp/kg = 778 K).

Here the new ALMA observations at a higher angular res-
olution of ~0”09 (~340 au) confirm the presence of absorption
toward the center of the Main core of G31 and show that this
absorption is indeed detected toward all four sources, A, B, C,
and D, embedded in it. This is clearly seen for sources A and B
in Fig. 1, where the 1.4 mm dust continuum emission is overlaid
on the integrated intensity map of the CH;CN K = 4 transition,
and for all sources in Fig. 2, which shows the moment maps for
CH;-%CN K =3,CH3CN K =8,and CH3CNuvg = 1 K, = (6, 1).
As seen in these figures, the integrated line emission clearly
decreases toward the position of the four continuum sources, and
for sources A and B the moment 0 maps show absorption. In
CH?CN K = 3 (Fig. 2), the absorption toward the center of the
Main core outlines the 50% contour level of the dust continuum
emission at 1.4 mm.

3.1.1. Moment maps

As already mentioned, the moment 0 maps of CH3CN and iso-
topologs (Fig. 2) clearly indicate the presence of absorption
toward the center of the G31 Main core. In addition to this central
absorption, the integrated intensity maps also show an increase
in emission to the southeast of sources A and B, which becomes
spatially smaller and approaches the sources as the upper level
energy of the transition (E\p/kp) increases. The enhancement of
methyl cyanide emission coincides with the direction of an SiO
molecular outflow powered by source B (see Sect. 3.2.1), and this
suggests that the gas-phase abundance of CH3CN might have
been locally enhanced in protostellar shocks (e.g., Arce et al.
2008; Codella et al. 2009; Palau et al. 2017).

The line velocity maps trace the NE-SW velocity gradi-
ent seen in different species and interpreted as rotation of the
core by different studies (e.g., Beltran et al. 2004, 2005, 2018;
Girart et al. 2009; Cesaroni et al. 2011). This velocity gradient
is less evident in CH§3CN K = 3, but this could be a result
of the interaction of the core with the multiple outflows in the
area (see Sect. 3.2.1). The velocity dispersion maps show an
increase toward the central position, in particular to the southeast
of source B and to west and southwest of source A, in correspon-
dence with the SiO molecular outflows associated with these
sources, as discussed in Sect. 3.2.1. The enhancement associ-
ated with the outflow powered by source A is more evident in
the moment 2 map of CH_%3 CNK =3.

The spectra of the different K-components of CH;CN
(Figs. 3 and 4) and, especially, of the different transitions of
H,CO (Fig. 5), integrated over the beam toward the position
of the dust continuum emission peak of each source, confirm
that the absorption is clearly redshifted for all sources. The sys-
temic velocity of the Main core estimated from methyl cyanide
is 96.5+0.5km s! (e.g., Beltran et al. 2018). If the redshifted
absorption is interpreted as infall, this suggests that the mate-
rial is still collapsing toward the sources, and therefore that the
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young stellar objects have not reached their final mass yet. The
deepest absorption of ~—150K is observed in H,CO (303-2¢2)
toward sources A and B, while the absorption is ~—90K for
source C and ~—40K for source D. The peak brightness tem-
perature of the dust continuum emission at 1.4 mm estimated by
Beltran et al. (2021) is 150 + 15 K (source A), 156 + 16 K (source
B), 102 £ 10K (source C), and 48 +5 K (source D). Therefore,
this indicates that the absorbed fraction, which is between 80
and 100%, is very high for all sources.

The redshifted absorption is also clearly seen in CH3CN
toward sources A, B, and C (Figs. 3 and 4), but it is less evident
toward source D when averaged over the beam. However, when
searching pixel by pixel and channel by channel around the posi-
tion of the dust continuum emission peak of source D, the line
appears in absorption at different velocities. The deepest absorp-
tion in CH3CN is observed for sources A and B, and reaches
~—90K for CH3;CN K = 0, while the absorption is ~—45K for
source C. The absorbed fraction in this case would be ~60% for
sources A and B, and ~50% for source C. Figure 3 shows that
the deepest redshifted absorption occurs at different frequencies
(or velocities) for the different sources, especially for sources A
and B. This discrepancy in the velocity of the absorption is not
visible in H,CO (Fig. 5) because the spectral resolution of the
observations, ~2.7km s~!, is not high enough. In Fig. 4, we
plot the spectra of the CH3CN K = 3 transition only, with the
x-axis in units of velocity, to better show the velocity of the red-
shifted absorption. The velocity of the absorption for source A
is ~100.5 +0.3km s~!, while the velocity for sources B and C
is almost 2km s~ higher, 102.2+0.3 and 102.5+0.3km s7!,
respectively. For source D, we estimated the velocity of the
deepest absorption pixel by pixel and found that for the K = 3
transition the value is 104.8 +0.3km s~!. These velocities are
between ~4 and ~8 km s~! higher than the systemic velocity of
the Main core, which is 96.5+0.5km s™! (e.g., Beltrdn et al.
2018).
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Fig. 1. Overlay of the ALMA 1.4mm
continuum emission (white contours) of
G31.41+0.31 on the integrated intensity
(moment 0) map (colors) of CH;CN K =4
(Eyp/ks = 183K). The line emission has
been integrated over the velocity range 92—
102km s~'. The contours are 3, 6, 9, 15,
30, 60, 90, 120, and 165 times 1o, which
is 0.32mJybeam™'. The red crosses indi-
cate the positions of the sources detected
in the region by Beltrdn et al. (2021). The
synthesized beam of the 1.4mm contin-
uum emission (0711 x 0708, PA =—-83°) and
CH;CN K =4 (011 x0708, PA=-57°)
are shown in the lower left and right corner,
respectively.
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The spectra of CH3CN for source B shows a clear inverse
P Cygni profile for all the K-components (Figs. 3 and 4). On the
other hand, the spectra of source A and, although less evident,
of source C show a much broader absorption profile with a tail
extending to redshifted velocities for source A and blueshifted
velocities for source C. In addition, the spectra of source A
show a secondary absorption dip at blueshifted velocities, at
~=3km s~! from the systemic velocity (see Figs. 3 and 4). The
shape of these profiles suggests the presence of different com-
ponents that could either be related to the gas surrounding each
source or indicate the presence of unresolved sources associated
with cores A and C. The latter hypothesis would suggest that
fragmentation has happened on scales smaller than the spatial
resolution of our observations (~340 au). Beltran et al. (2021)
have carried out 7 mm observations at ~2 times higher angular
resolution (~07”05 or ~190 au) with the VLA, but have not found
evidence of secondary companions for sources A and B, at least
at scales of a few hundred au. Therefore, this suggests that the
presence of different components is related to the gas emission
itself.

3.1.2. Infall in individual sources

From the redshifted absorption it is possible to estimate the infall
rate, My, if the density and the size of the core are known, and
assuming that the infall velocity, Viy¢, is equal to the difference
between the velocity of the absorption feature and the systemic
local standard of rest (LSR) velocity. Assuming that the material
is free falling, and therefore that Vi is proportional to R™!/2,
the infall rate inside a solid angle Q can be estimated from this
expression (see Appendix A for the detailed derivation of the
mass infall rate):

Q
= Vine(Re) e myg (g, )R2. (1

Minf = )
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Fig. 2. Moment maps of CH;CN and isotopologs. Top panels: Overlay of the ALMA 1.4 mm continuum emission (contours) on the integrated
intensity (moment 0) map (colors) of CH3'3CN K = 3 (Ewp/ks = 142K), CH3CN K = 8 (Ey/kg = 526K), and CH3CN K,/ = (6,1) v3 = 1
(Ewp/ks = 778 K) (12—-11). The contours correspond to the 30 and 50% levels. Middle panels: Line velocity (moment 1) maps for the same
molecular species. Bottom panels: Velocity dispersion (moment 2) maps for the same species. The moment maps have been integrated over the
velocity range 92 to 102 km s~!. The white crosses indicate the positions of the NE core and of the four continuum sources embedded in the Main
core detected by Beltrdn et al. (2021). The synthesized beam is shown in the lower right corner of the top right panel.
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Here, R, is the radius of the core, Viys(R.) the infall velocity at
R., my the mass of the H atom, u = 2.8 the mean molecular
weight, and (ny,) the mean number density in the core. Both
R. and (ny,) have been estimated from dust continuum observa-
tions at 3.5 mm and ~0”075 resolution by Beltran et al. (2021).
Although Vi, can be easily obtained from the spectra, the radius
at which this infall velocity is associated is not known. Given that
the upper level energies of the observed transitions of H,CO are
lower than those of CH3CN, we assume that the former species
is tracing cooler material located closer to the surface of the
core than the latter. Therefore, to estimate Mi,;, we assume that
Vine(R.) is similar to the infall velocity estimated from H,CO.
Because the velocity of the absorption is different depending on
the H,CO transition, as seen in Fig. 5, to estimate Viy¢(R.), and
therefore M;,;, we use the mean of the infall velocity obtained
from each of the H,CO transitions.

Table 1 shows the M, estimated for each source embedded
in the Main core together with Vj,s estimated from H,CO. The
infall rates were estimated assuming Q = 4 ; infall is observed
in all the sources, which suggests that it cannot be very radi-
ally asymmetric, otherwise it would be statistically unlikely to
observe collapse in all of them, unless they are aligned. We
note that these infall rates should be considered upper limits
because Q could be smaller than 4 7 and the infall velocity at
R. could be even smaller than that obtained from H,CO. Table 1
also shows, for comparison, the infall velocities obtained from
CH3CN K = 3. As expected, because CH3CN is probably tracing
the embedded dense gas deeper than H,CO, these infall veloci-
ties are greater. We note that the infall rates estimated using the



M. T. Beltran et al.: Infall and outflow in G31.41+0.31

Table 1. Infall parameters.

Rc (a) (nH2>(a) VE%CO (b) Vﬁ?sCN (©) Mi;(?e) Md(g::)
Source (au) (10°cm™)  (kms™)  (kms) (102 Myyrh) (1074 Mgyrh)
A 414+19 7012 19+27 4.0+0.33 24+34 0.04-2.5
B 390+22  76+13 19+27 3.7+033 2.1+3.0 0.014-0.9
C 535+30 52+11 28+27 6.0+0.33 44+43 0.003-0.2
D 456 +41 82+25 19+27 83+033 3.4+49 0.04-2.7

Notes. @Estimated from dust continuum observations at 3.5mm and ~07075 resolution by Beltrdn et al. (2021). ®Mean value of the three
transitions. “Calculated from CH;CN K = 3. @Calculated using VE?CO. @For infall confined to a solid angle Q, the infall rate scales linearly with
Q/(4 7). DEstimated from the mass outflow rate assuming a gas temperature of 50K, an SiO abundance range of 1078-1077 (see Table 2), and a

fraction of accreting gas that is launched in the jet in the range 0.1-0.3.
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Fig. 5. Same as Fig. 3, but for H,CO (393—202) (Eup/ks =21 K), (322—
251) (Ewp/ks = 68K), and (35,1-2,) (Eyp/ks = 68 K). The x-axis is in
units of velocity. The vertical dashed line indicates the systemic LSR
velocity of 96.5 +0.5km s~ (Beltran et al. 2018).

infall velocities obtained from CH3;CN K = 3 would be a factor
of ~2—4 higher than those estimated with H,CO.

As seen in this table, the infall rates are high and similar for
all the sources and are similar to the infall rate of 0.028 M yr~!
estimated for the whole Main core by Beltrdn et al. (2021),
assuming a mean density of ~4x 10’ cm™ and a radius of

~4000 au. Redshifted H,'80 (1,,-0g9) absorption observed with
Herschel by van der Tak et al. (2019) indicates a similar infall
rate of ~1072 My yr~! in G3I.

Infall rates on the order of ~1072 M, yr~! for all four sources
imply that the mass of the Main core, ~70 M Cesaroni et al.
(2019), would be incorporated in the sources in ~1000 yr. This
accretion timescale of the Main core is similar to the free-fall
times of the individual sources A to D, which are ~700-900 yr.
This suggests that the sources are not dynamically individual
objects, but evolve together with the Main core in which they
are embedded; in other words, the stars inside are not forming
from the individual mass reservoirs of sources A to D, but have
the entire mass reservoir of the Main source available to build up
more massive stars. The accretion timescale of the Main core is
an order of magnitude smaller than its rotation timescale, which
is ~4 x 10* yr assuming a rotation velocity of ~3km s~! (esti-
mated as half the range of the velocity gradient) and a radius of
~4000 au (see Fig. 2). This confirms that rotating toroids, like the
HMC G31 core (Beltran et al. 2005), are non-equilibrium, tran-
sient collapsing structures that must be constantly replenished
with fresh material from a large-scale material reservoir (e.g.,
Kuiper & Hosokawa 2018). For G31 this reservoir of material
has recently been identified by means of N,H* observations of
the parsec-scale IR-dark clump surrounding the HMC (Beltran
et al., in prep.).

3.2. Outflow emission

Observations of CO, 13CO, and SiO have revealed the presence
of several molecular outflows in G31 (Olmi et al. 1996; Cesaroni
et al. 2011; Beltran et al. 2018). The SiO emission observed at
~0’2 (~750 au) resolution by Beltran et al. (2018) has revealed
the presence of at least three molecular outflows in the region:
a strong east—west (E-W) outflow, and two weaker north—south
(N-S) and northeast—southwest (NE-SW) outflows.

The new SiO (5-4) ALMA observations at ~0”709 (~340 au)
reveal the presence of additional molecular outflows in the G31
HMC as shown in Fig. 6. In each box of this figure we show
the SiO channel maps corresponding to the blueshifted and
redshifted emission at about the same velocity offset (in abso-
lute value) from the systemic velocity (96.5 +0.5km s™1). The
blueshifted and redshifted emission observed at high veloci-
ties (from ~60 to 69km s~! for the blueshifted emission and
from 125 to 139 km s~! for the redshifted emission) toward the
HMC is probably contaminated by emission of a high-density
tracer. Possible contaminants are ethylene glycol, (CH,OH),, at
blueshifted velocities and cyanide radical, I3CN, at redshifted
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Fig. 6. Velocity channel maps of the SiO (5—4) line emission (colors) overlaid on the 1.4 mm continuum emission (grayscale). Each box contains
pairs of maps corresponding to the blue- (blue contours) and redshifted (red contours) emission at about the same velocity offset (in absolute value)
from the systemic velocity (96.5 +0.5km s!). The corresponding LSR velocities are indicated at the top right of the box. The conversion factor
from Jy beam™' to K, in the Rayleigh-Jeans approximation, is 2844. Contour levels are 3, 6, 9, 12, 15, and 20 times 0.55 mJy beam™!. Grayscale
levels are 3, 20, 83, and 165 times 1 o times 0.32 mly beam™!. The synthesized beam of 0”11 x 0708, PA =-83°, is shown in the lower left corner
of each panel. The black dotted lines indicate the direction of the six outflows identified in G31 in this work. The labels of the outflows are indicated
in the bottom right panel. The yellow crosses indicate the positions of the four continuum sources embedded in the Main core and the green crosses
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give the positions of the rest of the continuum sources detected in the region (Beltran et al. 2021).
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Fig. 6. Continued. Colored contour levels are 3, 6, 9, 12, 15, 20, and 30 times 0.7 mJy beam™'. The bottom right panel is a close-up of the central
region to better show the 1.4 mm continuum emission and the position of sources A, B, C, D, and NE. Grayscale and contour levels are 3, 6, 24,

48, 96, and 165 times 1 o times 0.32 mJy beam™!.

velocities. Both species have been detected in G31 (Rivilla et al.
2017; C. Mininni, priv. comm.).

3.2.1. Individual outflows

The SiO emission suggests the presence of at least six out-
flows in the G31 star-forming region, which are highlighted in
Fig. 7, where we have plotted the emission averaged over differ-
ent velocity intervals. We describe below each of the outflows
and discuss their possible driving sources. We note that because
of the complexity of the region, with several sources and out-
flows within few 1000s au, the attribution of a certain driving
source to a given outflow is further complicated by possible
changes in the outflow direction.

E-W outflow. The E-W outflow, which is the strongest in
the region, is clearly detected at all velocity intervals (at least
the redshifted emission). We note that, as suggested by Beltrdn
et al. (2018), the eastern redshifted lobe could be contaminated
by emission from the NE-SW outflow, especially at low veloc-
ities. Source D could be driving this outflow, as suggested by

Beltran et al. (2021), because it is located at about the center of
symmetry of the eastern and western lobes.

SW outflow. The velocity channel maps (Fig. 6) suggest
that part of the SiO emission of the western lobe of the E-W
outflow could be powered by source A. The presence of SiO
emission that appears to be driven by source A starts to be visi-
ble for velocities higher than ~90 km s~! and is more evident for
channels with velocities closer to the systemic LSR velocity of
~96.5km s~!, as seen in Fig. 8, where we plot the SiO emission
averaged over the (93, 104) km s~! velocity interval overlaid on
the dust continuum emission at 1.4 mm. The SiO emission west-
ward of the HMC shows two molecular lobes that end in bow
shocks, with the shorter lobe clearly pointing to the position of
source A. The longer lobe, which shows a clear bow shock shape,
could be associated with the E-W outflow or, alternatively, with
source A. From the observations, it is not possible to distinguish
between these two possibilities. Toward the position of the dust
continuum sources, SiO is seen in absorption, making it difficult
to clearly associate the outflow emission with its correspond-
ing powering source. In summary, the SiO observations suggest
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Fig. 7. Overlay of the ALMA 1.4 mm continuum emission (grayscale) on the blueshifted (blue contours) and redshifted (red contours) SiO (5—4)
emission averaged over different velocity intervals for the six outflows detected in the region. The velocity ranges within which the blueshifted and

redshifted emission were averaged is indicated in square brackets in each panel. The systemic LSR velocity of G31 is 96.5km s~

I Contour levels

are 3, 6, 12, and 24 times 0.35 mJy beam™! (blue and red) for the E-W and NE-SW outflows; 0.6 mly beam™! (blue) and 0.4 mJy beam™! (red) for
the SW outflow; 1.0 mJy beam™' (blue) and 1.5 mJy beam™! (red) for the SE outflow; 0.36 mJy beam™" (blue) and 0.4 mJy beam™" (red) for the N-S
outflow; and 0.22 mJy beam™ (blue) and 0.32 mJy beam™" (red) for the NE outflow. The conversion factor from Jy beam™' to K is 2844. Grayscale
contours for the continuum emission are 0.96, 3.2, 6.4, 14.4, 28.8, and 54.4 mJy beam™!. The black dotted line indicates the direction of the outflow

and the green cross the position of the suggested driving source.

the presence of two overlapping outflows to the southwest of the
Main core: the E-W outflow, driven by source D, with redshifted
emission mainly eastward of source D and blueshifted emission,
with velocities between ~71 and ~90km s~!, to the west; and
the SW outflow, driven by source A, with a clear southwestern
lobe of overlapping blueshifted and redshifted emission. We note
that the redshifted emission is possibly contaminated by some
redshifted emission from the E-W outflow.

SE outflow. Figure 8 points to the presence of an outflow
associated with source B. As seen in this figure and also in
the channel maps of Fig. 6, the strongest SiO emission seems
to delineate a collimated molecular outflow from source B,
which we name outflow SE. This outflow is better traced at low
blueshifted and redshifted velocities with respect to the systemic
velocity, in particular for the velocity interval (90, 103.8) km s~}

N-S outflow. The direction of the N-S outflow is mainly
traced by the southernmost and northernmost knots, which are
visible from low to intermediate velocities. The southernmost
knot shows a clear bow-shock shape at velocities closer to
the systemic velocities (Fig. 6). Regarding its powering source,
Beltran et al. (2018) suggested that it could be one of the
two free-free sources detected by Cesaroni et al. (2010), which
Beltran et al. (2021) identified as sources A and B. As seen in
Figs. 6 and 7, the line connecting the redshifted and blueshifted
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knots crosses the position of source D and passes slightly west of
source C. Taking into account the poor accuracy of the direction
of the outflow and the fact that source D seems to be driving the
E—-W outflow, source C appears to be the best candidate to power
the N-S outflow.

NE-SW outflow. The NE-SW SiO molecular outflow pro-
posed by Beltran et al. (2018) and also visible in the CO channel
maps of Cesaroni et al. (2011), which is located southward of the
Main core, is visible at all velocity intervals, especially the red-
shifted emission. However, Beltrdn et al. (2021) do not detect any
dust continuum emission source at a 3 o~ level of ~1 mJy beam™!
that could be a candidate to drive this outflow. Assuming a dust
opacity of 1.0cm? g~! at 1.4 mm (Ossenkopf & Henning 1994)
for a Mathis, (Rumpl & Nordsieck 1977; MRN) distribution with
thin ice mantles and a gas density of 103 cm™3), a mass-to-dust
ratio of 100, and a dust temperature of 20K, the mass of the
driving source would be <0.3 M. This suggests that the source
powering this outflow is a low-mass young stellar object. We note
that if the dust temperature were >20 K, then the mass would be
even smaller.

NE outflow. The channel maps (Fig. 6) and, in particular,
the averaged emission maps (Fig. 7) indicate the presence of
an additional molecular outflow that could be associated with
the NE core. This SiO outflow, named outflow NE, shows a
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Fig. 8. Close-up view of the SiO outflow emission associated with sources A, B, C, and D. Top panel: Overlay of the ALMA 1.4 mm continuum
emission (grayscale) on the SiO (5-4) emission averaged over the (93, 104) km s! velocity interval. Contour levels are the same as in Fig. 6. Bottom
panel: Close-up of the central region. The colored circles give the position of H,O masers, while the 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 kilometers per second. The synthesized beam is drawn in the bottom left corner of each panel. The red crosses give the positions of
the continuum sources embedded in the Main core (Beltrdn et al. 2021). The black (white) lines indicate the direction of the outflows driven by

sources A, B, C, and D.

very collimated blueshifted lobe with emission from low to high
velocities. On the other hand, the redshifted emission is hardly
visible very close to the position of the source.

Summarizing, for the first time the high-angular resolution
SiO emission observations have resolved the complicated out-
flow emission in the Main core of G31 and suggest that each of
the four dust continuum emission sources embedded in it could
be driving a molecular outflow. This confirms what is already
suggested by the redshifted absorption observed in CH3;CN and

H,CO, that is, that the sources are still actively accreting and
are therefore gaining mass. Furthermore, these observations con-
firm that in the high-mass regime accretion also appears to be
commonly associated with outflow activity. The bottom panel
of Fig. 8 shows a close-up view of the SiO averaged emission
toward the Main core overlaid with the H,O maser positions
and proper motions from Moscadelli et al. (2013). The proper
motions confirm the existence of expansion motions in the core.
Except for a group of masers located northward of source B and
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Table 2. Outflow properties calculated from SiO.

Properties SW SE N-S E-W NE NE-SW
Driving source A B C D NE ?
M9 (M) 16+3 15+3 26+5 26+ 8 18-38 <03®
Moy (M) 0.05-0.61 0.015-0.17  (0.9-11)x 1072 0.05-0.57 (0.3-3)x 1072 0.03-0.35
Pouw (Mg km s™) 0.26-2.9 0.07-0.82 0.1-1.1 0.65-7.3 0.03-0.35 0.35-3.9
Eou (Lo yr) (0.17-1.9)x 10> 40-456  (0.94-10.7)x 10* (0.13-1.4) x 103 43-494 (0.49-5.5)x 10°
Moy (1074 Mg yr™1) 0.23-2.5 0.08-0.9 0.02-0.2 0.24-2.7 0.04-0.4 0.09-1.1
Pou (103 Mg km s~ yr™!) 0.11-1.2 0.04-0.46 0.02-0.18 0.31-3.5 0.04-0.44 0.11-1.2
Eou (Lo) 0.07-0.79 0.02-0.25 0.02-0.23 0.45-5.1 0.05-0.62 0.15-1.7
{Riobe) (PC) 0.07 0.02 0.15 0.07 0.03 0.09
Vinax (km s™) 28.5 10 24 34 36 28
tagn (10° yr) 2.4 1.8 6.0 2.1 0.8 3.2

Notes. Parameters estimated assuming a range of gas temperature of 30-50 K, and a range of abundance relative to H, of 1078-107". The derived
parameters should be taken as lower limits since the interferometer filters out extended emission that most likely is associated with these outflows.
(@Mass of the core. Estimated from dust continuum observations at 3.5 mm and ~07075 resolution by Beltran et al. (2021). ®’Upper limit estimated
from dust continuum observations at 1.4 mm assuming a dust temperature of 20 K. See Sect. 3.2.1

a small group located at the southern edge of the SE outflow, the
water maser positions and their proper motions are clearly asso-
ciated with the four SiO outflows in the core: outflows SE, E-W,
N-S, and SW.

3.2.2. Physical properties of the outflows

The physical properties of the SiO outflows were estimated by
assuming a range of temperatures of 30 and 50K, following
Beltran et al. (2018). The lower limit was set by the SiO peak
brightness temperature. For the abundance of SiO relative to H;
we used a range of 1078-1077 (e.g., Codella et al. 2013). Table 2
shows the mass, My, of the six outflows detected in the region;
their momentum, P,,; their kinetic energy, E,y; and their cor-
responding rates obtained by dividing the previous quantities by
the dynamical timescale of each outflow, #4y,, average length of
the redshifted and blueshifted lobes, (Rjopbe), and the average red-
shifted and blueshifted maximum velocity of the outflow, Vi.x,
and #4y,. The dynamical timescales were calculated by dividing
(Riobe) by Vmax and, as seen in the table, are quite similar and
on the order of 10° yr. We note that the outflow properties were
not corrected for the (unknown) inclination angle, i, of the flows
with respect to the plane of the sky. When correcting for inclina-
tion, Viax should be divided by sini and (Rjope) by cosi, and t4y,
should be multiplied by tan i.

The outflows with the highest mass loss rate are outflow
E-W associated with source D and outflow SW driven by
source A, while the weakest one is outflow N-S driven by
source C. Outflow SE is the one with the lowest velocities and
the smallest lobes. However, V.« and (Rjope) should be consid-
ered lower limits because the emission of the redshifted lobe
is highly blended with that of the redshifted lobe of outflow
E-W.

We find no correlations between the properties of the out-

flows Moy and Moy and the infall parameters M,s and Vﬁ?SCN,
nor with the mass of the sources. This is not surprising taking
into account the missing flux of the extended SiO emission, the
low statistics (only four sources), and the uncertainties in the
derivation of the parameters, such as the SiO abundance which
can vary by a factor of 10 or the radius associated with the infall

velocity, which is needed to estimate M.
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4. Discussion
4.1. Accelerating infall

Beltran et al. (2018) concluded that the infall was accelerating
toward the center of the Main core by measuring the veloc-
ity of the absorption feature for different H,CO transitions and
CH;CN and isotopolog transitions with different excitation ener-
gies and observing that the infall velocity increases with the
line excitation energy. With the higher angular resolution of the
observations presented here we can investigate whether the infall
is accelerating within each source. The redshifted velocity was
only calculated for those lines that are not heavily blended with
other species, because blending affects the estimate. For a few
transitions that are slightly blended, we estimated a lower limit
for the velocity. In Fig. 9, we plot the redshifted velocity as a
function of the excitation energy of the CH3CN (ground state and
vibrationally excited), CH}*CN, *CH;CN, and H,CO lines. As
seen in this figure, for all but source A, the velocity of absorption
is lower for the H,CO transitions, which have the lowest excita-
tion energies. This suggests that H,CO is probably tracing the
infall at the outer regions of the sources. Taking into account that
the velocity of the absorption feature seen in the different H,CO
transitions is similar for all the sources, these outer regions could
indeed be located at the common envelope or the core surround-
ing the sources. Figure 9 shows that, albeit with some dispersion,
the redshifted velocity for sources B, C, and D increases with the
upper level energy of the transition, suggesting that infall could
also be accelerating within the sources. Regarding source A, as
mentioned in Sect. 3.1, the spectra of CH3CN clearly indicate the
presence of different components at blueshifted and redshifted
velocities, and therefore it is difficult to properly estimate the
velocity of the redshifted absorption. This is evident in Fig. 9,
where the dispersion of the estimates is too large to draw any
conclusion about the infall.

4.2. Infall versus accretion

The four sources embedded in the Main core of G31 are asso-
ciated simultaneously with infall and outflow. This is not sur-
prising, as both mechanisms (ejection and collapse of material)
are closely related to each other in the star formation process.
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Fig. 9. Velocity of the absorption feature, measured toward the dust continuum peak of each source embedded in the Main core of G31 vs. the
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blended with other lines at frequencies lower than their rest frequency.

The SiO observations have allowed us to derive the outflow rate,
My, that, after taking into account a few assumptions, could
allow us to estimate the mass accretion rate onto the central star,
Mpee. Assuming conservation of the momentum rate between
the outflow and the jet powering it, Mo, is related to the mass
loss rate of the internal jet Mje, as Moy = Miet Viet/ Vour- Assum-
ing furthermore a ratio of the jet velocity, Vie, to the molecular
outflow velocity, Vo, we can estimate M, if we know the frac-
tion of accreting gas that is launched in the jet. Beuther et al.
(2002) estimated Vie(/Vou ~ 20 analyzing CO outflows with a
median velocity of ~15km s~!. However, the outflows in G31
were observed in SiO, which is a shock tracer likely tracing a
systematically higher outflow component than CO, which is trac-
ing the bulk outflow gas. Therefore, Vie/Vou might be lower
(~10) taking into account that the maximum outflow veloci-
ties measured scatter around 30 km s~!. Here, we have assumed
that Vie(/Voy is in the range 10-20. Regarding the ratio of ejec-
tion to accretion rates, Mjet /Mcc, theoretical models predict a
wide range of values. The X-wind and disk wind models pre-
dict that this ratio is in the range 0.1-0.3 (e.g., Tomisaka 1998;
Shu et al. 1999; Offner & Arce 2014). However, ratios as low as
0.01 (or even lower) and as high as 0.5 have been theorized for
certain magneto-centrifugally driven wind models (e.g., Nolan
et al. 2017; Sheikhnezami et al. 2012). The Mjet/ My, ratio is
poorly constrained not only theoretically, but also observation-
ally (e.g., Calvet et al. 2004; Cabrit 2007; Agra-Amboage et al.

2009; Frank et al. 2014, and references therein). For our cal-
culations here we assume a ratio in the range 0.1-0.3, which
includes the values typically used in the literature. With these
ranges of Viet/Vou and Miet/ My, we obtain that My, = 0.17-
1 M,y For sources A, B, C, and D, the infall rates are on the
order of ~1072 M, yr~! (see Table 1), while the accretion rates
would be at most (assuming a gas temperature of 50K and an
abundance SiO range of 10-3-1077) on the order of 10~* M yr~!
(see Table 1).

This difference of about two orders of magnitude between
M,.r and M, has also been observed in other low- to high-mass
protostars (L6opez-Sepulcre et al. 2010; see Fig. 16 of Beltran &
de Wit 2016). We note that the infall rates should be consid-
ered as upper limits because the radius at which V¢ corresponds
might have been overestimated (see Sect. 3.2.1). On the other
hand, for G31, the low values of the accretion rates could be
explained in part in terms of SiO missing flux that would under-
estimate M,,,, and therefore M,... To have an estimate of the
SiO missing flux, we compared the total mass of the outflows
in the region with the mass estimated by Cesaroni et al. (2011)
from '3CO (2-1) IRAM 30 m and SMA combined data. The total
SiO mass is ~1.8 M assuming the maximum outflow mass for
each individual outflow in Table 2, as used to estimate M.,
while the '3CO mass is 20 M (Cesaroni et al. 2011). There-
fore, the missing flux could account for at least a factor of
10. Therefore, taking into account all the uncertainties in the
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estimates of Mi,r and M., the ratio Miys/ M. could range from
a few to 100. We believe that the true value most likely lies
between these two extremes, and thus conclude that we cannot
discard the possibility that the efficiency of the central star and
the jet in removing material from the accretion disk is lower
than expected, as suggested by Beltrain & de Wit (2016). The
infalling material could pile up in the disk, which would increase
its mass and ultimately become gravitationally unstable and frag-
ment (e.g., Peters et al. 2011; Oliva & Kuiper 2020). This could
lead to episodic accretion bursts onto the central object similar
to those observed toward high-mass sources like S255 NIR 3
Caratti o Garatti et al. (2016), NGC 6334 I-MM1 (Hunter et al.
2017, 2018, 2021), G358.93—-00.03 (Sugiyama et al. 2019), and
W51-North Goddi et al. (2020), and theoretically quantified by
Meyer et al. (2017, 2019) and Oliva & Kuiper (2020), among
others.

4.3. Outflow feedback

Taking into account that all the sources embedded in the Main
core of G31 are driving outflows, we investigated the impact
of such outflows on the G31 core, and in particular we studied
whether the outflow feedback is sufficient to sustain the tur-
bulence in the Main core and also to disrupt the core itself.
Because the extended emission of the outflows as traced in
SiO with ALMA is significantly affected by missing flux as
seen in the previous section, for our calculations we decided
to use the properties of the outflows estimated by Cesaroni
et al. (2011) from 3CO (2-1) IRAM 30 m and SMA combined
data. The resolution of these observations (~177) is not high
enough to resolve the individual outflows, but this is not impor-
tant in this case because we are interested in the total properties
of the outflows (momentum, momentum rate, energy, energy
rate).

Following Stanke & Williams (2007), we first estimated
whether the energy and momentum injected by the outflows were
enough to sustain the turbulence in the core, which should decay
on a sound crossing time, f... Assuming a temperature of 250 K,
which is the mean value of the temperature in the core esti-
mated by Beltran et al. (2018), and a size of ~8000 au, the sound
speed, cs, is ~1km s7!, and ¢, is ~4 x 10* yr. Following Stanke
& Williams (2007), the turbulent energy can be estimated as
Ewb =3/2Meore a-fD, where M, is the mass of the Main core,
which is ~70 M Cesaroni et al. (2019), and op is the one-
dimensional velocity dispersion, estimated to be 2.1km s~! by
Beltran et al. (2019). This estimate is essentially turbulent veloc-
ity dispersion because the thermal and rotation contributions to
the line broadening are negligible, as discussed by Beltran et al.
(2019). Therefore, Ewm ~ 9 x 10% erg. The rate at which the
energy is lost due to decay of turbulence is then calculated as
Loy = Ewrn/tc,, and it is ~2 Lg for G31. The total mechanical
luminosity of the outflows, Liech, iS ~55 Ly, which is ~28 times
higher than Ly,s. These numbers are consistent if ~4% of the
outflow momentum is transferred to the core and the remainder
is dissipated by shocks or just leaves the core.

The rate Lg,in at which the gas cloud gains energy, taking into
account radiative losses, can be estimated following Stanke &
Williams (2007) as Lgsin = V3/2 Pow0in, Where Py is the total
outflow momentum rate, estimated to be 0.057 My km s~! yr~!
by Cesaroni et al. (2011). The energy gain rate iS Lgin~8 Lo,
similar to Ly, which suggests that the molecular outflows in
G31 can inject enough energy and momentum to sustain the
turbulence in the core.
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Following Rivilla et al. (2013), we evaluated whether the
feedback of the outflows in the dense and compact Main core
was enough to disrupt it. To do this, we compared the energy
of the outflows, E,,, with the gravitational potential energy of
the core, |Egayl, which can be calculated as G Mfore /Rcore, Where
Reore is the radius of the core estimated to be ~1”71 (~4000 au) by
Beltran et al. (2018). Since the outflows are still deeply embed-
ded in the core, especially outflows A and B, their energy is
likely to be deposited locally, and therefore we do not expect
considerable energy leakage. Cesaroni et al. (2011) calculated
Egu ~3%x10% erg, while |[Egy| is ~2 X 10%° erg. Since the Main
core in G31 is not in equilibrium but is apparently collapsing, to
prevent further global collapse of the core the outflows should
counteract not only the gravitational energy of the core, but also
the kinetic energy of the infalling material, Ey;,. Virial theorem
considerations suggest Exin ~ 1/2|Egay| ~ 1X10% erg. Since
the energy of the outflows is comparable to the sum of |Egp.yl
and Ey,, the outflows in G31 could, in principle, prevent further
global collapse of the core. We thus do not expect further star
formation to occur in G31.

5. Conclusions

We carried out ALMA line observations at 1.4 mm of the high-
mass star-forming region G31 at an angular resolution of ~0”09
(~340 au). The goal of these observations was to study the kine-
matics of the four sources, A, B, C, and D, embedded in the
Main core of G31. In particular, our aim was to better investi-
gate, at higher angular resolution, the outflows and the collapse
in the core previously discovered by Beltran et al. (2018).

The observations have revealed that the four sources are
undergoing collapse, as suggested by the presence of redshifted
absorption in CH3CN and H,CO. The infall velocities estimated
from H,CO are ~2-3km s™!' and the infall rates, which should
be taken as upper limits, are on the order of ~1072 My yr~'.
The similarity between the free-fall times of the individual
sources A to D and the accretion timescale of the Main core,
estimated from the individual infall rates, suggests that the
embedded sources evolve dynamically together with the Main
core, and that the forming stars can tap into the entire reservoir
of material in the core. The fact that the accretion timescale of
the Main core is an order of magnitude smaller than its rota-
tion timescale confirms that rotating toroids, such as the G31
Main core, are non-equilibrium transient collapsing structures,
constantly replenished with fresh material from a large-scale
reservoir.

The infall velocity estimated from CH3CN and isotopologs,
and H,CO for source B, C, and D, increases with the upper
level energy of the transition, which suggests that infall could
be accelerating within the sources. For source A, the presence
of a second absorption component complicates the estimation of
the infall velocity.

The SiO observations indicate the presence of at least six
outflows in the G31 star-forming region, and suggest that each
of the four sources embedded in the Main core drives a molec-
ular outflow. This confirms that the sources are still actively
accreting material. The outflow rates are on the order of ~107—
10* M yr~!, depending on the SiO abundance. The outflows
with the highest mass loss rates are outflow E-W, associated
with source D, and outflow SW, driven by source A, while the
most embedded one is outflow SE, powered by source B. Out-
flow SE is also the one with the lowest velocity and smallest
lobe size. The four outflows are likely associated with H,O maser
emission.
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The mass accretion rates onto the individual sources, esti-
mated from the highest value of the mass loss rate, are on the
order of 10™* M, yr~!, about two orders of magnitude smaller
than the infall rates. This difference between M, and My
may be partly due to filtering of the extended outflow emission,
uncertainties in the ejection to accretion ratio, or overestimation
of the infall rates, but it could also be real and suggest ineffi-
cient removal of the disk material from the central star and the
jet, which could lead to gravitational instabilities and episodic
accretion events.

Our study indicates that infall and outflows are simultane-
ously present in all four sources embedded in the high-mass
star-forming core G31.41+0.31. This indicates that these sources
are still actively accreting and have not reached their final mass
yet, and confirms that in the high-mass regime accretion also
seems to be commonly associated with outflow activity. The
energy and momentum available in the outflows have the poten-
tial to inject significant turbulence in the Main core and to
eventually disrupt it or prevent its further collapse. This suggests
that the number of sources associated with the small protocluster
might remain unchanged.
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Appendix A: Mass infall rate

The infall rate in a spherically symmetric clump of radius
R. is given by the expression

Mint = Q Vine(R) pt myg i, (ROR?, (A1)

where Q is the solid angle subtended by the clump center
over which infall occurs, Vi, the infall velocity, my the mass
of the H atom, u = 2.8 the mean molecular weight, and npy,
the number density of the H, molecules. However, it is more
convenient to replace the density at the clump radius with
the mean density inside that radius, (np,), as the latter
is the quantity that is obtained from the observations. For
this purpose we assume that the clump is undergoing free-
fall collapse, Vi o r 12, with r radius from the clump
center. Mass conservation (i.e., My = const.) implies that
for any r the following condition must be satisfied,

Vot (r) i1, (r) r* = Vinr(Re) iy, (Re) RE, (A2)
or, equivalently,

r np, (r) P = R;% nHZ(RC)Rg, (A3)
which implies

3
2

mWhmM%%)- (A4)

We can now compute the mean density inside the clump:

R
ny, (r) 4nr? dr
s f 1, (1)

0
1 3
= 3y, Rc)f0 (Ri) d(Ri) (A.5)

= ZI’ZHZ(RC).

(np,) =

Finally, Eq. (A.1) can be written in the form

. Q
My = 0 Vint(Re) pt myny, )RZ. (A.6)
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