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ABSTRACT

Context. ALMA observations at 1.4mm and ~0"2 (~750au) angular resolution of the Main core in the high-mass star forming
region G31.414-0.31 have revealed a puzzling scenario: on the one hand, the continuum emission looks very homogeneous and the
core appears to undergo solid-body rotation, suggesting a monolithic core stabilized by the magnetic field; on the other hand,
(Q\ rotation and infall speed up toward the core center, where two massive embedded free-free continuum sources have been detected,
R pointing to an unstable core having undergone fragmentation.
Aims. To establish whether the Main core is indeed monolithic or its homogeneous appearance is due to a combination of large dust
2 opacity and low angular resolution, we carried out millimeter observations at higher angular resolution and different wavelengths.
Methods. We carried out ALMA observations at 1.4mm and 3.5mm that achieved angular resolutions of ~0”1 (~375au) and
00 ~07075 (~280au), respectively. VLA observations at 7mm and 1.3cm at even higher angular resolution, ~0705 (~190au) and
~0707 (~260 au), respectively, were also carried out to better study the nature of the free-free continuum sources detected in the
—icore.
Results. The millimeter continuum emission of the Main core has been clearly resolved into at least four sources, A, B, C, and
D, within 1”, indicating that the core is not monolithic. The deconvolved radii of the dust emission of the sources, estimated at
’ 3.5 mm, are ~400-500 au, their masses range from ~15 to ~26 M, and their number densities are several 10° cm ™. Sources A and
_C B, located closer to the center of the core and separated by ~750au, are clearly associated with two free-free continuum sources,
(O _likely thermal radio jets, and are the brightest in the core. The spectral energy distribution of these two sources and their masses
I and sizes are similar and suggest a common origin. Source C has not been detected at centimeter wavelengths, while source D has
been clearly detected at 1.3 cm. The fact that source D is likely the driving source of an E-W SiO outflow previously detected in
_% the region suggests that the free-free emission is possibly arising from a radio jet.

021

Conclusions. The observations have confirmed that the Main core in G31 is collapsing, has undergone fragmentation and that its
homogeneous appearance previously observed at short wavelengths is a consequence of both large dust opacity and insufficient
angular resolution. The low level of fragmentation together with the fact that the core is moderately magnetically supercritical,
suggests that G31 could have undergone a phase of magnetically-regulated evolution characterized by a reduced fragmentation
efficiency, eventually leading to the formation of a small number of relatively massive dense cores.

Key words. ISM: individual objects: G31.41+0.31 — stars: formation — stars: massive — techniques: interferometric

>
9P)
LO
o)

Y

O 1. Introduction (e.g., Bonnell & Bate 2006; Krumholz et al. 2009; Tan et
al. 2014 Motte et al. 2018; Kuiper & Hosokawa 2018; Ku-
mar et al. 2020). It is also possible that the complexity of
such an environment (Peters et al. [2010) makes any model

proposed so far too simple to be satisfactory.

() Despite the many theoretical and observational efforts
aimed at understanding the formation process of early-
N type §tars, qnly limited progress has been made. While
! there is growing evidence that B-type or late O-type stars,
= with masses up to ~20 M, may form through disk accre-
*= tion (Beltran & de Wit [2016)), the number of early O-type
X (proto)stars (L 2 10° Ly) with Keplerian rotation signa-
tures is still very limited (see Beltran 2020, and references
therein). Therefore, it is not yet clear if disk accretion is
their only/main formation mechanism. These objects are
rare, distant, and lie in complex regions inside rich stellar
clusters. All these features make it difficult from an ob-
servational point of view to characterize the environment

In an attempt to shed light on this issue and, in par-
ticular, establish the role of circumstellar disks in the for-
mation of O-type stars, Cesaroni et al. (2017) performed
a mini-survey at 1mm with the Atacama Large Millime-
ter /submillimeter Array (ALMA) at an angular resolution
of ~0”2 of six luminous (2 5 x 10* Ly) sources associ-
ated with known hot molecular cores (HMCs). These ob-
servations have revealed the presence of velocity gradients
consistent with rotation in almost all cores and different
degrees of fragmentation, with two cores presenting no ev-

around the star and thus compare theoretical predictions

Send  offprint  requests to: M. T. e-mail:
maria.beltran@inaf.it

* The reduced images (FITS files) are only available at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or

via http://cdsarc.u-strasbg.fr/viz-bin/qcat?

Beltran,

idence of fragmentation.

One of the HMCs that showed no signs of fragmen-
tation was G31.41+0.31 (hereafter G31). G31 is a well
known HMC located at 3.75 kpc (estimated from trigono-
metric parallax; Immer et al. 2019]), with a luminosity of
~ 4.5 x 10* Ly (from Osorio et al. 2009, after scaling to
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the parallactic distance). The core is ~5” away from an
ultracompact (UC) HiI region and harbors two point-like
(<0707) free-free continuum sources close to the center sep-
arated by ~ 0”2 (Cesaroni et al. 2010} hereafter C10). Given
the intensity of the molecular line and continuum emission,
interferometric studies at millimeter wavelengths with sub-
arcsecond resolution (~08; Cesaroni et al. [2011)) have been
feasible even before the advent of ALMA. Such observa-
tions have confirmed that the core is chemically very rich,
presenting prominent emission in a large number of com-
plex organic molecules (Beltran et al. 2005, 2009; Fontani
et al. 2007; Calcutt et al. 2014} Rivilla et al. 2017; Mininni
et al. [2020). These have been successfully used to trace the
distribution and kinematics of the dense hot gas, and to
estimate basic physical parameters (e.g. temperature and
density; Beltran et al. 2005]). The presence of a clear veloc-
ity gradient along the NE-SW direction in the core has been
established (Beltran et al. 2004; Girart et al. 2009, Cesaroni
et al.[2011)). This gradient has been interpreted as rotational
motion around embedded massive stars, whose existence
is suggested by the presence of the two free-free contin-
uum sources (C10). Polarization measurements by Girart
et al. (2009) and Beltran et al. (2019) have revealed an
hour-glass shaped magnetic field with the symmetry axis
oriented perpendicular to the velocity gradient. Moreover,
inverse P-Cygni profiles in a few molecular lines have been
detected toward the core (Girart et al. 2009, Mayen-Gijon
et al. 2014), indicating that infall motions are present. All
these features are consistent with a scenario where the core
is collapsing and rotating about the direction of the mag-
netic field axis.

In a recent study, Beltran et al. (2018, hereafter B18)
analyzed in detail the line and continuum ALMA obser-
vations at 1mm with ~072 (~750 au) angular resolution
initially presented in Cesaroni et al. (2017). This high an-
gular resolution allowed us to clearly resolve the core for
the first time, whose angular diameter is ~2”. The most
remarkable results of this study were the following:

— The dust continuum emission has been resolved into two
cores, a Main core that peaks close to the position of the
two free-free continuum sources detected by C10, and a
much weaker and smaller NFE core.

— The Main core imaged in the continuum is well resolved
and looks monolithic and featureless, with no hint of
fragmentation, despite the large mass (~70 My; Cesa-
roni et al. 2019) and the diameter of ~8000 au.

— The velocity gradient along the NE-SW direction ob-
served in the Main core is due to a smooth change
of velocity across the core, which appears to increase
linearly with distance from the core center, consistent
with solid-body rotation, as shown e.g., in the position-

velocity (PV) plot in Fig. 8 of B18.
— The rotation seems to speed up with increasing en-

ergy of the CH3CN transition, with the PV plot in
the vibrationally excited CH3CN(12-11) vs=1 K, 1=6,1
(Euwp="778 K) line being steeper than the same plot for
the ground-state CH3'*CN(12-11) K=2 (F,,=97 K)
line (see Fig. 9 of B18). This spin-up toward the center
of the rotation is expected from conservation of angular

momentum in a rotating and infalling structure.
— The detection of red-shifted absorption toward the core

center supports the presence of infall in the core. In-
terestingly, the velocity of the absorption feature in-
creases with the line excitation energy, which suggests
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that infall is accelerating toward the core center (where
the temperature is higher), consistent with gravitational
collapse on a central source.

These results altogether pose serious questions about
the nature of the core. On the one hand, the presence of
a magnetic field uniformly threading the core (Girart et
al. 2009} Beltran et al. [2019)), the linear increase of rota-
tion velocity with radius, and the (apparent) homogeneity
of the core, point to a monolithic core stabilized by the mag-
netic field and undergoing solid-body rotation, similar to the
scenario proposed by the “monolithic collapse” theory (also
known as turbulent core model) of McKee & Tan (2003). On
the other hand, the presence of red-shifted absorption, the
existence of two embedded massive stars (the two free-free
sources), and the rotational speed-up toward the core center
are consistent with an unstable core undergoing fragmenta-
tion with infall and differential rotation due to conserva-
tion of angular momentum, a scenario reminiscent of the
“competitive accretion” model of Bonnell & Bate (2006).
However, the striking monolithic appearance of the Main
core may be the result of a combination of high opacity
of the 220 GHz continuum emission and insufficient angu-
lar resolution. In fact, we may reasonably assume that the
size of a typical fragment is of the same order as the sep-
aration between the two free-free sources detected inside
the core, ~0"2 or ~750 au, comparable to the synthesized
beam of our ALMA maps, which could have prevented B18
from properly imaging the fragmentation in the core — if
any. At the same time, we must take into account that the
continuum emission observed at 220 GHz is optically thick,
as proved by the high brightness temperature of the con-
tinuum peak (~130 K) compared to the dust temperature
(2150 K: Beltran et al. [2005]) and the presence of deep ab-
sorption against this bright continuum, seen in many lines
(Rivilla et al.[201°7; B18). The large opacity is likely to mask
any inhomogeneity of the core.

To discriminate between the two scenarios depicted
above for the G31 core, either a (marginally) stable mono-
lithic core undergoing solid-body rotation, or a dynami-
cally collapsing core undergoing global fragmentation, we
observed the G31 core with ALMA at higher angular reso-
lution, i.e. ~0”1 (375 au), at 1.4 mm, which should allow us
to resolve the single fragments and estimate their masses. In
addition, we also observed the core at a slightly higher an-
gular resolution (~0”075 or ~280au) at 3.5 mm, where the
dust continuum opacity may be up to ~4 times lower than
at 1.4 mm. These observations should allow us to discard or
confirm that the core is indeed monolithic as it appears in
the previous 1.4 mm observations. We also carried out Very
Large Array (VLA) observations at 7mm and 1.3 cm at an
even higher angular resolution (0”705-0”07) to better study
the nature of the free-free continuum sources detected by
C10 and possibly detect other fainter sources embedded in
the core.

This article is organized as follows: in Sect. 2 we describe
the ALMA and VLA observations; in Sect. 3 we present the
results and analyze the continuum emission at millimeter
and centimeter wavelengths toward G31; in Sect. 4 we dis-
cuss the most likely scenario for G31, and the role of the
magnetic field. Finally, in Sect. 5 we give our main conclu-
sions.
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Table 1. Summary of the continuum observations®.

Synthesized beam

HPBW P.A. rms
Interferometer Wavelength ~ Configuration Epoch (arcsec) (deg) (mJy beam~1)
ALMA 1.4 mm C40-7 2017 Aug. 16, 17 0.114 x 0.084> —82° 0.320°
C34-7/(6) 2015 Jul. 20, 21
ALMA 3.5 mm C40-6, C43-6, 2016 Sep. 30, 2017 Sep. 17, 0.077 x 0.074>  20° 0.160°
C40-9, C43-9 2019 Jun. 23, 2019 Aug. 20
VLA 7 mm A 2018 Apr. 9, 22 0.051 x 0.043 23 0.025
VLA 1.3 cm A 2018 Mar. 25, Apr. 14, 15 0.076 x 0.067 8 0.005

a The phase reference center of the observations was set to the position a/(J2000) = 18" 47™ 343315, §(J2000) = —01°

12/ 459,
b Synthesized beam and rms noise obtained after combining all the data.
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Fig. 1. (Left) ALMA map of the 1.3 mm continuum emission of the G31 HMC from Beltran et al. (2019). The contours are —5, 5,
10, 15, 20, 40, 80, 160, and 300 times o, where 1o is 1.2mJy beam™*. The labels indicate the two cores, NE and Main, resolved by
B18. The red cross indicates the position of the UC HiI region imaged by Cesaroni et al. (1994). The synthesized beam of ~0"/24
is shown in the lower left-hand corner. (Right) Close-up of the central region around cores NE and Main that shows the ALMA
1.3 mm continuum emission image overlaid with the ALMA 1.4 mm continuum emission (white contours) observed with an angular
resolution of ~0”1. White contours are 3, 6, 9, 15, 30, 60, 90, 120, and 165 times 1o, which is 0.32 mJy beam™'. The ALMA
1.3mm and 1.4 mm synthesized beam are shown in the lower left-hand and right-hand corner, respectively.

2. Observations
2.1. ALMA

Interferometric observations of G31 at 1.4mm in Band 6
and 3.5mm in Band 3 were carried out with ALMA in
Cycle 4 and Cycle 6 as part of projects 2016.1.00223.S
(P.I: M. Beltran) and 2018.1.00252.S (P.I.: M. Beltran).
Observations at 1.4mm were carried out in one of the
more extended configurations, C40-7. The 1.4 mm obser-
vations were combined with those of the ALMA Cycle 2
project 2013.1.00489.S (P.I.: R. Cesaroni), which were ob-
served in the extended C34-7/(6) configuration and with
the same digital correlator configuration. We refer to Ce-
saroni et al. (20I7) and B18 for detailed information on
the Cycle 2 observations. Observations at 3.5 mm were per-
formed in the very extended C40-9 and C43-9 configura-

tions, and in the more compact C40-6 and C43-6 con-
figurations (see Table (1| for more information). Observa-
tions at both wavelengths were initially carried out in Cy-
cle 4 (project 2016.1.00223.S), between Sep. 2016 and Sep.
2017. After the project was completed, post-processing cal-
ibration and analysis of the 3.5 mm data revealed severe
problems on the bandpass shape of all spectral windows
for both extended and compact configurations. This raised
serious doubts about the calibration and overall quality
of the continuum map, in particular of the fluxes of the
sources. Re-processing of the data by ALMA resulted in a
quality assessment failure (QA2 FAIL) and the schedul-
ing blocks were put back in the observing queue of Cy-
cle 5 but unfortunately were not scheduled so they could
not be re-observed. After proposing again in Cycle 6, the
new observations at 3.5mm, in both extended and com-
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pact configurations, were finally carried out as part of the
new project 2018.1.00252.S. In early 2020, after a thorough
re-calibration of the 3.5 mm Cycle 4 dataEI by one of the co-
authors of this work, L. Maud, the spectral baselines were
finally properly corrected and these data have been used in
combination with those of Cycle 6 to obtain the continuum
emission map at 3.5 mm.

The ALMA 1.4mm C40-7 observations used baselines
in the range 21-—3637 m, providing sensitivity to structures
<174. The Cycle 2 C34-7/(6) observations used baselines in
the range 40-1500 m. The digital correlator was configured
in thirteen spectral windows (SPWs), with SPWO0 having a
bandwidth of 1875 MHz and 3840 channels while the rest
used a 234.38 MHz bandwidth and 960 channels. This trans-
lates into a velocity resolution of ~1.3kms™! for SPWO0
and ~0.66-0.77kms~! for the other SPWs. At 3.5 mm, the
source was observed in compact and extended configura-
tions. Because the data were observed twice in different
cycles, the baselines and maximum recoverable scales vary
even for the same configurations, so we report the differ-
ent values for i) the extended configuration: baselines 41—
12145m (C40-9) and 83-16196m (C43-9), and maximum
recoverable scales <1775 (C40-9) and <0797 (C43-9); and
it) the compact configuration: baselines 15-3247 m (C40-6)
and 41-3637m (C43-6), and maximum recoverable scales
< 57 (C40-6) and <474 (C43-6). The digital correlator at
3.5 mm was configured in four SPWs of 1875 MHz and 3840
channels each, which translates into a velocity resolution of
~3.4—4.0kms~ 1.

The phase reference center of the observations was set to
the position «(J2000) = 18" 47™ 343315, §(J2000) = —01°
12/ 4579. Flux and bandpass calibrations were achieved
through observations of J1751+0939 and J1924—2914,
while gain calibration through observations of J1851+0035.
The data were calibrated and imaged using the CASAEI
software package. Following ALMA Memo #59@ we con-
servatively assumed that the uncertainties on the absolute
flux density calibration were ~6% at 3.5 mm and ~10% at
1.4 mm. Maps were created with the ROBUST parameter
of Briggs (1995) set equal to 0. Further imaging and anal-
ysis were done with the GILDASEI software package. The
continuum was determined from SPWO, which is the broad-
est spectral window at 1.4 mm, centered at 218 GHz, and
the first spectral window at 3.5 mm, centered at 85.3 GHz.
The continuum was subtracted from the line emission using
the STATCONTE algorithm (Sanchez-Monge et al. 2018]).
The resulting synthesized CLEANed beam and rms noise
of the continuum maps are given in Table

! The Cycle 4 data were re-calibrated using an updated version
of CASA (5.4.0-70) with the respective update of the ALMA
pipeline that had improved features compared to the initial as-
sessments made. Further manual changes were made in the re-
duction, especially the line-free selections for continuum reduc-
tion after the already improved findcont process of the pipeline.
The combined reprocessing resulted in corrected baselines of the
spectral windows and a confirmed flux scale with respect to the
Cycle 6 data.

2 The CASA package is available at http://casa.nrao.edu/
3 ttps://library.nrao.edu/public/memos/alma/main/
memo599.pdf

* The GILDAS package is available at http://www.iram.fr/
IRAMFR/GILDAS

° http://www.astro.uni-koeln.de/ sanchez/statcont
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2.2. VLA

Interferometric continuum observations of G31 at 1.3 cm
(K-band) and 7 mm (Q-band) were carried out with
the VLA of the National Radio Astronomy Observatory
(NRAO) as part of the project 18A—031 (PL: V. M.
Rivilla). The observations were done in the extended A-
configuration between March and April 2018. The VLA K-
band and Q-band observations used baselines in the range
680-36400 m. We used the WIDAR backend with 2 GHz
baseband pairs using the 3-bit samplers for both bands.
The four basebands with 2.048 GHz of bandwidth were cen-
tered at the frequencies 19.2, 21.2, 23.2, 25.2 GHz (K-band),
and 41.0, 43.0, 45.0 and 47.0 GHz (Q-band). Each base-
band contains 16 sub-bands of 128 MHz, with 64 chan-
nels of 2 MHz, which translates into a velocity resolution
of 23-33kms~! in the K-band, and 12.5—15.0 km s~! in
the Q-band. The phase reference center of the observa-
tions was set to the position a(J2000) = 18" 47™ 343315,
4(J2000) = —01° 12’ 45”790. Flux, bandpass, and gain cal-
ibrations were achieved respectively through observations
of 1331+305, 1733-1304 (NRAO530), and 1851+-0035. The
gain-calibration cycles lasted 3 and 1.5 minutes for the K-
band and Q-band observations, respectively. The data were
calibrated and imaged using the VLA Pipeline CASA soft-
ware packageﬂ which is designed to perform automatic flag-
ging and calibration for Stokes I continuum data. Conser-
vatively, the absolute accuracy of the flux density scale is
estimated to be ~5% at both wavelengths (Perley & But-
ler 2017). Further imaging and analysis was done with the
GILDAS package. The resulting synthesized beam and rms
noise of the continuum maps are given in Table

By comparing the VLA and ALMA maps, we realized
that there was a systematic positional offset between them.
Since both observations used the same phase calibrator
185140035 (J1851+0035), we cross-checked its coordinates
in the two datasets and found an offset of Aa =07021,
A = —0"70504. After contacting the VLA and ALMA staff,
we reached the conclusion that the coordinates of the cali-
brator used by ALMA were more accurate than those used
by the VLA. Therefore, the phase reference center of the
VLA maps was shifted accordingly to the measured offset.
After applying this correction, no significant offset was ob-
served between the ALMA and VLA data.

The VLA A-Array at K-band resolves out the more ex-
tended emission from the UC HiI region located ~5" away
from the HMC (Cesaroni et al. [1994), and, owing to side-
lobe effects and poor cleaning, spurious extended features
contaminate the K-band image of the HMC. First, we fil-
tered out this spurious extended emission by cutting away
all baselines with length < 5 km. Then, we tried to improve
the dynamical range of the K-band map by self-calibrating
the emission of the two compact sources inside the HMC.
Phase-only self-calibration improved the dynamical range
of the image only marginally (a few percent), while the sig-
nal is too weak for amplitude self-calibration. Thus, our
final K-band image has no self-calibration applied. We also
attempted to self-calibrate the compact emission at Q-
band, but the signal-to-noise ratio is not sufficient even for
phase-only self-calibration.

5 https://science.nrao.edu/facilities/vla/
data-processing/pipeline
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Fig. 2. Overlay of the ALMA 3.5mm continuum emission (white contours) on the 1.4 mm continuum emission (colors) toward
cores NE and Main in G31. The white contours are 3, 6, 10, 15, 20, 30, and 40 times 1o, which is 0.16 mJy beam~'. The 1.4 mm
and 3.5 mm synthesized beams are shown in the lower left-hand and right-hand corner, respectively. The names of the sources in
which the emission of the Main core has been resolved (see Sect. and Table |2) are indicated. Dashed black lines indicate the

direction of the E-W and N-S outflows mapped in SiO by B18.

3. Results and Analysis
3.1. Continuum emission of the Main and NE cores

Figure [1| (left panel) shows the dust continuum emission of
the G31 HMC at 1.3 mm obtained by Beltran et al. (2019)
in their dust polarized emission observations carried out
with ALMA at an angular resolution of ~0724, which have
clearly resolved the emission of G31 into two cores, Main
and NE. In this figure, the Main core shows a monolithic
and homogeneous appearance. The right panel shows the
new high angular resolution (~0"1) observations at 1.4 mm
overlaid on the ~0724 observations. In the higher angular
resolution map, the emission from both cores is clearly de-
tected and the emission of the Main core starts to show
a less homogeneous morphology revealing the presence of
clumpiness. In addition, the observations have also revealed
an elongation to the north of the Main core that was already
visible but not previously resolved.

The structure of the Main core is better highlighted at
3.5mm as shown in Fig. 2] At this wavelength and with
slightly higher angular resolution (~07075), the emission
is clearly resolved into four embedded cores, labelled A, B
(following the nomenclature of C10), C, and D. To avoid

confusion between the larger cores observed with an angu-
lar resolution of ~024 and the cores resolved with higher
angular resolution, hereafter we will use the term “source”
for the latter. Sources A and B, which are located at the
center of the core and are separated by ~0720 (~750 au),
coincide with the two free-free continuum emission sources
first detected at 1.3 cm and 7 mm by C10. The morphologies
of these two sources are quite similar to each other. Source
C lies ~0”30 (~1100au) east of source B, while source D
is located ~0745 (~1700au) south of source A. This lat-
ter source is located close to the intersection of two of the
SiO outflows, the N-S and the E-W, detected by B18 (see
Fig. . The fact that the source is located along the di-
rection of the E-W SiO outflow and close to its center of
symmetry suggests that source D is likely its driving source.
The NFE core and the northern elongation are marginally
visible at 3.5 mm.

Figure [3| shows the continuum emission at 1.3 cm and
7mm obtained with new VLA observations, which besides
detecting sources A and B observed by C10, have also de-
tected the emission from sources C and D at 7mm, while
at 1.3 cm only source D has been detected. At 1.3 cm, the
emission of the sources is quite compact, with the exception
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Table 2. Position, flux densities, peak brightness temperature, and size of the sources embedded in the Main core of G31.41+0.31.

Peak position®

Source size®

A «(J2000) §(J2000) Ipeak,b Ts S FWHM? P. A. D¢
(mm) hms o (mJy/beam) (K) (mJy) (mas) (deg) (au)
Source A
14 18 47 34.305 —01 12 46.07 55.61+6 150£15 945+95 4474+2x341+1 161+£1 1445+7
3.5 18 47 34.304 —01 12 46.07 7.0£0.4 206+12 54+3 236+5x212+4 60£8 828+£19
7.0 18 47 34.304 —01 12 46.07 0.79£0.04 227£11 2.040.10 T715x56+4 50£10 243+£19
13.0 18 47 34.304 —01 12 46.07 0.46+0.02 225+11 0.7440.04 84+2x3042 611 18647
Source B
1.4 18 47 34.314 —01 12 45.94 57.6+6 156£16 934+93 465+2x327+1 83+1 144347
3.5 18 47 34.314 —01 12 45.92 6.0+0.4 178+11 4943 224+6x198+5 37£9 780+22
7.0 18 47 34.314 —01 12 45.94 0.56+0.03 16048 1.240.1 61£8x551+9 1534£82 215433
13.0 18 47 34.314 —01 12 45.94  0.284+0.014 139+7 0.40+0.02 56+4x47+4 170£25  190£15
Source C
14 18 47 34.336  —01 12 45.97 37.6t4 102£10 464+46 38243x292+2 73£1 1260£11
3.5 18 47 34.334 —01 12 45.98 4.840.3 141+8 67+4 306£8%x273+£7 3710  1069+30
7.0 18 47 34.335 —01 12 45.99 0.14+0.03 407 0.6+0.14 106+28x83+24  3+£41 347+104
13.0 — — <0.015 <7 <0.015 — — —
Source D
1.4 18 47 34.306 —01 12 46.51 17.74+2 48+5 166117 323+5x243+4 173+3  1036+£19
3.5 18 47 34.304 —01 12 46.51 3.5+0.2 10216 3842 287+£11x212+9 2245 912+41
7.0 18 47 34.305 —01 12 46.52 0.16£0.03 477 0.7+0.14 127+£27x68+18 104+£14 3444100
13.0 18 47 34.304 —01 12 46.53  0.0440.010 19+£2 0.04+£0.010 <71t — < 2637

@ Position of the dust emission peak at each wavelength estimated from the maps.

b Peak intensity and integrated flux density corrected for primary beam response. For the peak intensity, we adopted the most conservative
error, either the uncertainty on the flux calibration or the rms noise of the map. For the integrated flux density, we adopted the most
conservative error, either the uncertainty on the flux calibration or the error of the 2-D Gaussian fit.

¢ Estimated by fitting elliptical 2-D Gaussians.
4 Deconvolved Full Width Half Maximum (FWHM).

¢ Deconvolved geometric mean diameter. The distance to G31 is assumed to be 3.75kpc (Immer et al. 2019).

f Source unresolved.

of source A that shows a central compact component plus
an elongation to the south. This elongation was marginally
visible with the 1.3 cm observations of C10. Figure [4] shows
the VLA 7mm and 1.3 cm continuum emission overlaid on
the ALMA 1.4mm and 3.5mm continuum emission. The
agreement in the position of the sources at the different
wavelengths is remarkable. We note that neither the NE
core nor the elongation observed northward of the Main
core at 1.4mm and 3.5 mm have been detected at 7mm or
1.3 cm.

3.2. Parameters of the sources embedded in the Main core

Table [2] lists the position, flux density, and size of the four
sources embedded in the Main core of G31 at the four dif-
ferent wavelengths. The positions of the emission peaks of
each source at the different wavelengths coincide. Further-
more, sources A and B are the brightest at all wavelengths,
and have similar peak intensities at millimeter wavelengths,
while at 1.3 cm, source A is twice as bright as source B. The
integrated flux density of the sources at the different wave-
lengths has been estimated by fitting elliptical 2-D Gaus-
sians in the image plane. The spectral energy distributions
(SEDs) of the sources are shown in Fig.[5| At 1.4 mm, 7 mm,
and 1.3 cm, the integrated flux densities of sources A and
B are clearly greater than those of sources C and D, but at
3.5mm, the emission of source C is stronger than that of
sources A and B.

The size of the sources has been estimated by fitting
elliptical 2-D Gaussians in the image plane. At the highest
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angular resolution achieved, that is ~0”05 (or ~180au at
the distance of G31) at 7mm, all the sources have been
resolved and have deconvolved geometric mean diameters
of ~200-350 au. At any wavelength but 1.3 cm, the sizes of
sources A and B are comparable. At 1.3 cm, the major axis
of source A is greater than that of source B, probably due
to the presence of the southern elongation visible in the
maps (see Fig. which could be associated with source
A or could indicate the presence of an additional source.
Therefore, the similarities between sources A and B are not
only related to their peak intensities and integrated flux
densities but also to their morphologies and sizes.

3.2.1. Free-free contribution to the emission

As already mentioned, C10 observed the region at 3.6 cm,
1.3 cm, and 7 mm and resolved the emission into two sources
named A and B. These authors discussed the nature of their
continuum emission in terms of HII regions or thermal ra-
dio jets, and discarded the former hypothesis. An important
outcome of the new data is the good match between the po-
sitions of the centimeter and the millimeter peaks revealed
by the new VLA and ALMA observations (Fig. . Such a
good match proves that the free-free emission from A and
B is tracing two distinct (jets from) young stellar objects
(YSOs) and not the lobes of the same radio jet. In fact,
in the latter case one should see only one millimeter peak
located right in the middle of the two free-free peaks.

C10 fitted the SED of sources A and B assuming that
the emission originates from thermal radio jets with a power
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Fig. 3. Overlay of the VLA 1.3 cm continuum emission (contours) on the 7mm continuum emission (colors) toward cores NE
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0.005 mJy beam™'. The 1.3cm and 7mm synthesized beams are shown in the lower left-hand and right-hand corner, respectively.

The names of the cores in which the emission of the Main core has been resolved are indicated.

Table 3. Free-free continuum flux densities®.

Sl.4mm SS.Smm S?.Omm Sl.Scm SS.Gcm
Source (mJy) (mJy) (mJy) (mJy) (mJy)
A 5.8(0.6%)° 2.5(5%)° 1.4(70%)° 0.74(100%) 0.32(100%)
B 7.8(0.8%)°¢ 2.3(5%)° 1.0(83%)¢ 0.40(100% ) < 0.11(100%)
C 0.12(0.03%)-1.4(0.3%)*  0.05(0.1%)-0.22(0.3%)*  0.03(5%)-0.06(10%)¢ < 0.015(100%) < 0.099(100%)
D 0.3(0.2%)-3.7(2%)%  0.13(0.3%)-0.56(1.4%)¢  0.07(10%)-0.15(21%)¢  0.038(100%) < 0.099(100%)

¢ The percentages in parenthesis indicate the contribution of the free-free emission to the total emission of the source.

b Estimated by extrapolating the flux at 1.3 cm with a spectral index of 0.9 (see Sect. [3.2.1]).
¢ Estimated by extrapolating the flux at 1.3 cm with a spectral index of 1.3 (see Sect. [3.2.1]).

4 Range of flux densities estimated by extrapolating the flux at 1.3 cm with a spectral index of 0.9 and 2.0 (see Sect. [3.2.1)).

law S, « v, where the spectral index « is 0.9 for source
A and 1.3 for source B. These spectral indices are consis-
tent with the values found for partially thick thermal radio
jets (e.g., Anglada et al. [2018)). The integrated flux emis-
sion, S,,, at 1.3 cm estimated by C10 for sources A and B is
0.76 and 0.46 mJy, respectively, and is consistent with the
values measured by us (see Table [2). Therefore, using the
same spectral index of 0.9 for source A and 1.3 for source B

and extrapolating the 1.3 cm fluxes to 7mm, 3.5 mm, and
1.4mm, we estimated the expected free-free emission of the
sources. We used the 1.3 cm flux instead of the 3.6 cm be-
cause the emission of the sources is better resolved and the
angular resolution at 1.3 cm, with a synthesized beam of
07095x 07084 (C10) is comparable to that of the ALMA
observations (07075-0"1). Table 3| shows the expected flux
densities at the different wavelengths as well as the contri-
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on the ALMA 3.5 mm continuum emission (colors).

bution of the free-free emission to the total emission. The
contribution of the free-free emission for sources A and B
is important at 7mm and negligible at 3.5 mm and 1.4 mm.
Figure [5| shows the SEDs of the sources, with a dashed
line indicating the extrapolation of the 1.3 cm fluxes with a
power law with an index of 0.9 for source A and of 1.3 for
source B.

The sensitivity of our VLA observations is > 6 times
higher at 1.3cm and > 3 times at 7mm than that of C10,
and this allowed us to detect source D at both wavelengths,
and source C at 7mm. With the current data, it is not pos-
sible to estimate the spectral index of the free-free emis-
sion for source C. For source D, despite the fact that the
source has been detected at both 1.3 cm and 7mm, an accu-
rate estimate of the spectral index is not possible because
the emission at 7mm could be contaminated by thermal
dust emission. We therefore estimated the expected free-
free flux by assuming two different spectral indices: a = 2,
for which the contribution of the free-free emission at mil-
limeter wavelengths should be maximum; and a=0.9, the
lowest spectral index estimated by C10 for the sources em-
bedded in the Main core, which should give the lowest free-
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free contribution at millimeter wavelengths. Note that if the
spectral index were <0.9, the free-free contribution at mil-
limeter wavelengths would be even smaller. Table |3| gives
the expected free-free fluxes and the contribution to the to-
tal flux emission, while in Fig. [5| we show with a dotted and
a dashed lines the extrapolations of the 1.3 cm emission for
a = 2 and 0.9, respectively. Taking into account that source
D is probably the driving source of the SiO E-W outflow
detected by B18, then its free-free emission is likely due
to a thermal radio jet, which has o < 1.3 (see Anglada et
al. 2018 and references therein). In any case, independently
of the spectral index used to extrapolate the centimeter
emission to millimeter wavelengths, the expected free-free
contribution at 1.4 mm and 3.5 mm is negligible.

In conclusion, while the continuum emission at 7mm
still has an important contribution of free-free emission,
especially for sources A and B, the emission at 3.5 mm
and 1.4mm is dominated by thermal dust emission for all
sources.



Beltran et al.: Fragmentation in G31.41+40.31

1.4mm

1000 E_I T III T T T T T T III Ie_E 1000 E_I IIII T T T T T IIII Ie_E
E - =09 ; F - a=13 ;
100 k& 3.5mm < 100 k& -
: © : : S :
10 [ 4 10k o
F 7.0mm -7 3 F -7 ]
r 1.3cm & _--—7 b r -7 b
1 E 3.6cm e~ 4 1F & E
- e - e E
0.1 & 4 01 @7 -
0.01 3 Source A E 0.01 3 Source B E
: 1 1 III 1 1 1 1 1 1 III 1 : :I IIII 1 1 1 1 1 IIII 1 :
X 1000 E ' ' 41000 & ' ' -
2 E - ——- =09 © 3 E ——— a=09 3
£ - ] i e ]
— 100 e a=2.0 =) 3 100 e x=2.0 =
s E I © :
m 10F 1 10F E
01k . -4 oak e e T
2 N o E
0.01 & ? Source C 4 0.01 ¢ Source D 3
: 1 1 III 1 1 1 1 1 1 III 1 : :I IIII 1 1 1 1 1 IIII 1 :

10 100 10 100

Frequency (GHz)

Fig. 5. Spectral energy distribution of the four continuum sources detected in the Main core of G31. The dashed lines indicate
the extrapolation of the fluxes at 3.6 cm or 1.3 cm with a power law of the type S, o v“. The values of a are given in each box.

Table 4. Parameters of the sources embedded in the Main core®.

offset TS RT ME, N, ni, 9
Source (arcsec) (K) (au) (Mg) (10%%em=2) (10%cm3) (gem™2) 0o 0 mim
A 0.22 500 414 1643 5.8+1.0 7.0£1.2 270+45 0.5 2.7
B 0.04 500 390 1543 5.9£1.0 7.6£1.3 276+46 0.6 2.8
C 0.30 390 535  264£5 5.0£1.1 5.2+1.1 257153 0.5 2.6
D 0.62 225 456  26+8 7.5£2.3 8.24+2.5 349+108 0.7 3.5

¢ Estimated from the 3.5 mm emission.

b Distance to the phase reference center of the observations of B18, a(J2000) = 18" 47™ 345315, §(J2000) = —01° 12 45790, which is the

central position of the temperature profile (see Sect. [3.3).

¢ Methyl formate excitation temperature, estimated following Eq. (1) of B18 (see Sect. |3.3)).
4 Radius of the source obtained by fitting elliptical 2-D Gaussians (Table .
¢ Mass estimated using a dust opacity of 0.2cm? g~! at 3.5 mm and a dust temperature equal to the CH3OCHO excitation temperature (see

Sect. .
f

Column density and number density estimated from Mgas, assuming pup=2.8.
9 Source mass surface density derived as 3 = Mgas /T R2, where R is the radius of the source.

h Dust opacity depth estimated as T = pug mg Ky Nu, /100, where £, is the dust opacity, and 100 is the gas-to-dust mass ratio.

3.3. Mass estimates

The mass of the sources embedded in the Main core was
estimated assuming that the emission is optically thin, by
using

because at this wavelength the emission is optically thinner
than at 1.4 mm. Based on the findings of Sect. [3.2.1] we as-
sumed that the continuum emission at 3.5 mm is pure dust
thermal emission and estimated the masses, Mg,s, the mean
Hy column densities, Ny,, the mean Hy volume densities,

g5, d? nm,, and the mass surface density, 3, of the four sources
Migas = #y B, (Ty) (1) associated with the Main c?re (see Table . We adopted

where S, is the flux density, d the distance to the source,
K, the dust opacity coefficient, g the gas-to-dust ratio, and
B, (Ty4) the Planck function for a blackbody with dust tem-
perature Ty. We used the continuum emission at 3.5 mm,

a dust opacity of 0.2cm? g~! at 3.5mm (by extrapolating,
with a dust opacity index g=1.8, the value at 1.3 mm of
Ossenkopf & Henning for a Mathis, Rumpl, & Nord-
sieck (I977; MRN) distribution with thin ice mantles and
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a gas density of 10%cm™3) and a gas-to-dust mass ratio
of 100. Recent works propose higher values of the gas-to-
dust mass ratio, e.g. 150 (Draine 2011)) or 162 (Peters et
al. 2017). One can estimate the masses and densities given
in Table [d with a different gas-to-dust mass ratio simply by
multiplying the values by (new gas-to-dust mass ratio)/100.
Assuming that gas and dust are coupled, we used the ex-
citation temperature, Ty, estimated for methyl formate,
CH30CHO v =0 and v; = 1 by B18 as Ty. These authors
fitted the CH3OCHO emission as a function of radius across
the Main core thus obtaining a temperature profile. There-
fore, from the distance of the source to the center of the
Main core, it is possible to estimate Ty using their Eq. (1).
The temperature profile of B18 is valid for radii >022 (the
angular resolution of their ALMA observations), therefore
we assumed that sources A and B, located at 0722 and 07704
from the central position of the temperature profile, have
the same T, of ~500K, estimated at 0722. Because the
temperature profile was obtained with an angular resolu-
tion ~3 times lower than that of the 3.5 mm observations,
part of the gas inside the beam could be slightly colder and
Tox 1s to be taken as a lower limit. This would decrease the
mass and density estimates. In order to have an idea of the
uncertainty introduced by the previous assumption on Ty,
we have recomputed the masses and densities increasing the
temperatures by 100 K.

The masses of the sources range from ~15 to ~26 M
(Table , suggesting that the cores are probably massive
enough to form high-mass young stellar objects. The Hs
column densities are higher than 102% cm ™2 for all sources.
Such values correspond to visual extinctions of > 5000 mag,
confirming that the sources are deeply embedded in the
core. The volume densities are also very high, several
10°cm—3. Using the Ny, values, we estimated the dust
optical depth at 3.5 mm, and obtained values between 0.5
and 0.7 (see Table [4). These opacity values indicate that at
3.5 mm the dust emission is mostly optically thin and that
the masses should not be largely underestimated.

3.4. Other sources in the region

Figure |§| shows the 8”5 central region of the G31 HMC at
the different wavelengths. The UC HII region located ~5"
northeast of the Main core is clearly detected at 1.3 cm,
7mm, and 3.5mm, albeit partially resolved out. The UC
HiI region appears spherical, with a diameter of ~1"” or
3750 au (0.018 pc). According to C10, the star ionizing the
UC Hi1 region would be an O6 star.

Besides the UC HiI region and the sources associated
with the Main core and the NFE core, our observations at
millimeter wavelengths have revealed the presence of other
sources in the region. The sources have been identified by
eye. We consider a source real when detected at least at a 3o
level and at two different wavelengths. This last constrain
has the purpose of avoiding the spurious detection of weak
sources which are actually noise. The mass sensitivity esti-
mated at 3.5 mm for a 30 detection limit is 1.5-4.0 Mg, for
a range of temperature of 20-50 K. At 1.4 mm, the 30 mass
sensitivity is 0.1-0.3 M, for the same temperature range.

Following what done for source A at 1.3 cm, we have de-
cided not to split the sources when elongated (e.g., source
NE or #4), unless their emission clearly shows well sepa-
rated peaks. The possible multiplicity of these sources will
be better investigated with future higher-angular resolu-
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tion observations. The positions of these other sources, the
wavelengths at which they have been detected, and their
flux densities at 1.4mm and 3.5mm can be found in Ta-
ble[Bl The NE core has also been included in the table. We
note that none of these are detected at centimeter wave-
lengths. The total number of sources detected in G31 is
twelve plus the UC HII region, but taking into account that
some sources could be actually multiple, this number should
be taken as a lower limit.

Table [5 shows the gas masses of these 7 additionally
detected sources. The masses have been estimated from the
continuum at 3.5 mm except for two sources not detected at
this wavelength for which the mass has been estimated at
1.4mm. We adopted a dust opacity of 1.0cm? g=! at 1.4mm
(Ossenkopf & Henning [1994] for a MRN distribution with
thin ice mantles and a gas density of 10% cm~3). For these
sources, there are no temperature estimates. Therefore, to
estimate the masses we have used a range of temperatures
from 50 to 100 K. The values of the masses (Table suggest
that all but source #4 and the NE core may form young
stellar objects of low to intermediate mass.

4. Discussion
4.1. No monolithic core

The homogeneous, roundish, and seamless morphology of
the Main core in G31 revealed by the ~0"/2 observations at
1.4mm of B18 and 1.3 mm of Beltran et al. (2019)) has not
been confirmed by our higher angular resolution observa-
tions at 1.4 mm (0”1), 3.5 mm (07075), and 7.0 mm (07047).
In fact, the Main core has fragmented into at least four
sources within ~1”. This confirms what was already sug-
gested by the detection of the free-free continuum sources
close to the center (C10), that the apparent homogeneity
of the core is due to a combination of the large opacity of
the 1.3 mm and 1.4 mm dust continuum emission and insuf-
ficient angular resolution. Therefore, the new observations
have allowed us to discriminate between the two scenarios
proposed for the G31 Main core (see Sect. , and suggest
that G31 is a dynamically collapsing core undergoing global
fragmentation. This conclusion is consistent with the detec-
tion of red-shifted absorption toward the sources embedded
in the core (e.g., Girart et al.[2009; B18, and Fig. [7]), which
suggests accretion of material from the common envelope.
The analysis of the line emission, and in particular of the
kinematics of the embedded sources, will be the subject of
a forthcoming paper.

The brightest sources in the core are A and B and are
those located close to its center. These two sources are also
the closest to each other in the Main core, being separated
by ~0”2 or ~750 au in projection. Their peak intensities are
greater, at some wavelengths by a factor 25, than those
of sources C and D. Sources A and B have very similar
SEDs (see Fig. |5)), with source A being slightly stronger
at 3.5mm, 7mm, and 1.3 cm. Similarities between the two
sources can also be found in their sizes as shown in Table[2l
The diameter of the sources at 3.5 mm, where the emission
is tracing mostly thermal dust emission, is ~800 au. Note
that the size of the sources at the highest angular resolu-
tion achieved with our observations (07047 at 7 mm) is only
~200 au. However, as discussed in Sect. [3.2.1] because the
emission at 7mm is highly contaminated by free-free emis-
sion, this should be considered the size of the thermal radio
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at the other wavelengths in lower right-hand corner of each panel. The red cross marks the position of the UC HiI region imaged
by Cesaroni et al. (1994)), while the white crosses indicate the positions of the four sources embedded in the Main core. The labels
of the other sources detected in the region are indicated in red (see Sect. [3.4) and their positions given in Table

jets associated with the sources and not the size of the dusty
cores. The gas masses and densities of sources A and B are
also similar (Table . The masses, which are ~15 Mg, are
consistent with the sources being associated with high-mass
(proto)stars. This is confirmed by their high mass surface
densities (~270gcm™2; see Table [4) and the detection of
infalling gas toward them. The similar properties and the
relative small separation of sources A and B might indi-
cate a common origin. The sources could be members of
a binary system with a gas mass ratio close to 1. Photo-
metric and spectroscopic observations of more evolved OB
stars indicate a high rate (>50%) of close binaries (Chini
et al. 2013)), with similar masses of the binary members.
Hydrodynamical simulations of star-forming clusters pre-
dict a high fraction of binaries with similar masses for sys-
tems with separations <10 au (e.g, Lund & Bonnell 2018}
Clarke 2007 and references therein), much smaller than that
between source A and B. On the other hand, 3D radiation-
hydrodynamic simulations of high-mass star formation by

Krumholz et al. (2009) predict the formation of massive
binary systems at the center of the collapsing cores with
separations between the binary members similar to that of
sources A and B, and with a final stellar mass ratio of ~0.7.
Therefore, these observational and theoretical works sug-
gest that massive binary systems have mass ratios close to
1, while our results suggest that this mass ratio might be set
already at the very early evolutionary stages of high-mass
star formation. Note that this conclusion holds if not only
the gas masses but also the (proto)stellar masses of the ob-
jects embedded in sources A and B are similar, as suggested
by the simulations of Bate (2000). This study predicts that,
regardless of their initial mass ratio, massive binaries will
rapidly evolve toward a mass ratio of 1. In order to test
the hypothesis of binarity in G31, one should analyze the
line emission toward the sources to search for dynamical
features that link them or reveal infalling material from a
circumbinary disk.
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Table 5. Positions, flux densities and masses of other sources in the region

Position

a(J2000) 4(J2000) ¢ S14mm  S3.5mm M},
Source hms o (mm) (mJy) (mJy) (Mg)
1 18 47 34.137 —01 12 45.20 13,14 2.5+0.3 < 0.5 0.12-0.3¢
2 18 47 34.191 —01 12 45.10 1.3,1.4,3.5 11+0.3  0.7+0.2 1-2
3 18 47 34.243 —01 12 45.34 13,14 3.0£0.3 < 0.5 0.2-0.3¢
4 18 47 34.334 —01 12 44.86 1.3,14,3.5 30+0.3  5.3£0.2 8-17
5 18 47 34.449 —01 12 48.49 1.3,1.4,3.5 7.9£0.3 0.5%£0.2 0.8-2
6 18 47 34.533 —01 12 41.51 1.3, 1.4, 3.5 7.7£0.3 1.2£0.2 2-4
7 18 47 34.538 —011241.29 1.3,14,3.5,70 84+0.3 1.5+0.2 2-5
NE core 18 47 34.407 —01 12 44.78 1.3, 1.4, 3.5 38+2 12+1 18-38

¢ Wavelengths at which the sources have been detected.

b Mass estimated at 3.5 mm using a dust temperature of 50 and 100 K.

¢ Mass estimated at 1.4 mm using a dust opacity of 1.0cm? g=! and a dust temperature of 50 and 100 K.

The other two sources embedded in the Main core,
sources C and D, are also massive, as indicated by their gas
masses of ~26 M. These two sources are more extended,
especially at 3.5 mm, and colder than sources A and B (Ta-~
ble , which suggests that they could be in a slightly ear-
lier evolutionary phase. The enhanced surface densities and
top-heavy mass function of the fragments in the Main core
are similar to the properties predicted by the hub-filament
system model (Kumar et al. [2020]), because hubs have am-
plified densities and low virial parameters.

4.2. Fragmentation and magnetic field

From the analysis of the 1.3 mm dust polarization maps (see
Fig. , the G31 HMC represents one of the clearest exam-
ples, to date, of an hourglass-shaped magnetic field mor-
phology in the high-mass regime (Girart et al. 2009), with
the magnetic field, oriented southeast to northwest, main-
taining its morphology down to scales of <1000 au (Beltran
et al. 2019)). The central region of the core has been found
to be moderately magnetically supercritical, with a mass-
to-flux ratio A about 1.4-2.2 above the critical value and
an estimated strength of the magnetic field in the range
8-13mG (Beltran et al. [2019). The alignment of sources
A, B, and C, D along a direction NE-SW roughly perpen-
dicular to the axis of the magnetic field also supports a
scenario of magnetically-regulated fragmentation. The po-
sition of the four sources in the Main core, found close to the
“waist” of the hourglass field, suggests the possibility that
they formed from the fragmentation of a massive pseudo-
disk created by the magnetic focusing of the collapsing gas
(Galli & Shu [1993). Given the inclination of the magnetic
axis of the hourglass with respect to the plane of the sky
of ~ 44° (Beltran et al. 2019), the relative positions of the
four sources are consistent with formation in a large, in-
clined, flattened dense structure at the center of the G31
Masin core.

Magneto-hydrodynamical (MHD) simulations of the
collapse of rotating, magnetized clouds (e.g., Hosking &
Whitworth 2004 Machida et al. 2005al, 2005b; Price &
Bate 2008} Peters et al. 2011) show that fragmentation
is generally inhibited by dynamically important levels of
magnetization: for moderate to high values of the mass-to-
flux ratio A (~ 2-14 times the critical value), the number
of fragments formed during collapse is roughly reduced by
half, with respect to the pure hydrodynamical case, whilst
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for values of mass-to-flux ratio closer to the critical value,
fragmentation is completely suppressed and only one sin-
gle object is formed (Hennebelle et al. 2011, Commergon et
al.[2011)). However, the exact outcome of the process of frag-
mentation also depends on other factors, such as the den-
sity profile of the collapsing core/cloud (e.g., Girichidis et
al. 2011]), radiative and mechanical (jet/outflow) feedback
from the newly born stars, turbulence, and the amount of
rotation of the initial configuration. In fact, a notable fea-
ture of the G31 Main core is its relatively high angular
rotation, of the order of Q ~ 5 x 107!2 s71, if the veloc-
ity gradient of ~ 160 km s~! pc~! observed by B18 in the
CH3'CN(12-11) K = 2 transition is interpreted as solid-
body rotation. With a mean density of ~ 4 x 107 cm™3,
estimated from the mass of 70 My (Cesaroni et al. 2019))
and a radius of ~17076 or ~4000au (B18), the character-
istic free-fall time of the Main core is tg ~ 10* yr, which
implies Qtg ~ 1. According to the MHD collapse simula-
tions by Machida et al. (2005al, 2005b)), during the collapse
of a model cloud with levels of magnetization and rota-
tion similar to those of the G31 Main core (their model
D: A = 1.4, Qtg = 3) any initial non-axisymmetric per-
turbation is strongly amplified, and the dense core of size
~100 au formed at the end of the isothermal phase is prone
to bar instability and rotationally-induced fragmentation.
This is similar to the ionization-MHD simulations of Peters
et al. (2011]). To establish whether this scenario can be ap-
plied to the case of G31, the enigmatic interplay between
rotation and magnetic fields in the evolution of the G31
Main core (Girart et al. 20095 B18) deserves consideration
by further studies.

Further indications of a magnetically-controlled frag-
mentation come from considering the Jeans mass of the
Main core. Assuming that the temperature of the Main
core before the formation of the embedded sources was
~ 20 K, as suggested by observations of high-mass starless
cores (e.g., Fontani et al. 2015]), and assuming an initial
uniform density similar to the mean density of the Main
core, ~4x107 cm 3, the initial Jeans mass in the Main core
would have been ~ 0.1 M. The assumption of a density
at the onset of fragmentation similar to the current one is
based on the fact the the Jeans mass has a much stronger
dependence on temperature than on density, and that the
initial density of the Main core should not have been much
lower than the current density. Moreover, the current tem-
perature is the result of the heating of the gas by the newly
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Fig. 7. (Bottom panel) Overlay of the ALMA 1.4mm continuum emission (white contours) on the integrated intensity (moment
0) map (colors) of CH3*CN K = 3 at an angular resolution of ~0”1. The contours are the same as in Fig. [1] (right panel). The
synthesized beam is shown in the lower left-hand corner. The white crosses indicate the positions of the NE core and the four
sources embedded in the Main core. (Top panel) Spectra of the CHi*CN K = 3 and CH3;CN K = 6 transitions toward the 1.4 mm
continuum emission peak of sources A (black) and B (red). The red-shifted absorption is clearly detected in both transitions. The
vertical blue dashed line indicates the systemic LSR velocity of 96.5km/s.

formed stars, and the gas heating has occurred on a time have produced a large number of fragments of small mass,
scale much shorter than the evolutionary time scale of the unlike what observed in G31. This region appears to have
Main core that characterizes the density increase. There- turned into a power-law density profile by global gravita-
fore, the density variation during the heating process should tional contraction, dragging in the magnetic field initially
be negligible. Clearly, a cloud with these properties would present in the cloud, and producing in this process a rel-
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3439
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obtained by rotating 90° the polarization segments at 1.3 mm

from Beltran et al. (2019)), overlapped on the ALMA 1.4mm continuum emission map (contours). The segments are sampled every
ten pixels. The contours are the same as in Fig. [fp. Negative contours are dotted black. The synthesized beam is shown in the
lower left-hand corner. The blue and red crosses indicate the position of the millimeter and/or centimeter sources in the region.

atively small number of massive fragments, mostly con-
centrated in the central part. Although highly speculative,
these considerations support the view that the G31 Main
core has undergone a phase of magnetically-regulated frag-
mentation characterized by a reduced fragmentation effi-
ciency, eventually leading to the formation of a small num-
ber of relatively massive dense cores, consistent with MHD
simulations (e.g., Machida et al. [2005a), [2005b} Commergon
et al. 2011} Peters et al. 2011} Myers et al. 2013)).

Whether or not the process of fragmentation is now
completed in the G31 Main core is difficult to assess. Ac-
cording to Krumbholz & McKee (2008), radiative feedback
effects suppress further fragmentation in cores with a sur-
face density larger than ~1gcm™2, as the radiation from
the embedded protostars heats the gas providing efficient
contrast to further local collapse. For the G31 Main core,
the surface density estimated for a mass of 70 My and a
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radius of ~4000 au is quite high, ~12 gcm™2. This suggests
that thermal (and possibly also mechanical) feedback from
the embedded sources may have halted the fragmentation
of the Main core.

4.3. The global picture of the G31.4140.31 high-mass
star-forming region

Figure[9]shows a large-scale image of the G31.41+0.31 high-
mass star-forming region at different wavelengths: infrared,
millimeter, and centimeter. The white contours show the
continuum emission at 1.3 cm observed with the C & D
configurations of the VLA by Cesaroni et al. (1994)). The
centimeter emission, which is dominated by the free-free
emission of the UC HII region, is very extended and has a
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cometary shape with two peaks located close to the “head”.
The strongest and most compact peak is located to the east
and is likely tracing the position of the O6 star ionizing the
UC Hit region (C10), while the secondary and more elon-
gated peak is located to the south close to the position of
the G31 HMC. This secondary peak could indicate a zone
where the UV photons escaping from the central part of
the UC HII region ionize the dense material associated with
the HMC, creating a sort of bright-rimmed ridge. The “tail”
of the cometary free-free emission points northward, where
the region is probably less dense. This is further supported
by the fact that the “tail” of the free-free emission coin-
cides with the peak of the infrared emission at 8.0 ym from
Spitzer, which suggests that the photons from the stars em-
bedded in the G31 HMC escape through the lower-density
region. The peak of the infrared emission at 70 um, as seen
by Herschel, is also located northward of the G31 HMC,
but closer to it than the peak of the 8 um emission, con-
sistent with the lower dust opacity at 70 gm. This seems
to confirm that the heating sources are indeed embedded
inside the HMC.

Zooming in toward the position of the HMC, we find
a small (proto)cluster of millimeter sources, probably in
an earlier evolutionary stage with respect to the UC Hil
region. This small (proto)cluster consists of twelve young
stellar objects, mostly concentrated in a small region of
~5" around the central position of the Main core, as seen
in Fig. [f] Besides the four sources embedded in the Main
core (A, B, C, and D), there are six additional sources (#1,
2,3, 4,5, and the NF core), very close to it and located in
what appears as streams/filaments of material pointing to
the Main core. This would suggest a scenario similar to that
described by the “competitive accretion” model of Bonnell
& Bate (2000), that predicts that a molecular cloud initially
fragments in low-mass cores of Jeans mass that form stars
that compete to accrete mass from the common gas reser-
voir. Protostars located near the center of the gravitational
potential accrete at a higher rate because of a stronger grav-
itational pull, and thus experience a faster mass growth. It
would also be consistent with the “fragmentation-induced
starvation” scenario of Peters et al. (2010). According to
this model, the dense accretion flow onto the central mas-
sive object becomes gravitationally unstable leading to frag-
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mentation and formation of secondary objects in the flow
that starve the central star of accreting material. In G31,
at the center of the cloud we find a small cluster of four
massive young stellar objects, sources A, B, C, and D, still
actively accreting, as demonstrated by the detection of red-
shifted absorption and molecular outflows associated with
them.

From an observational point of view, the large-scale sce-
nario in the G31 star-forming region resembles that ob-
served in some of the densest and most massive HMCs
forming protoclusters: e.g., Sgr B2(N) (Sanchez-Monge et
al. 2017, Schworer et al. 2019) and W51 (Goddi et al. 2020)),
where complex dusty streams and filaments converging onto
the central compact sources have been detected. These fila-
ments are dense and relatively small, with spatial scales
of ~0.1pc for SgrB2(N) (Sanchez-Monge et al. 2017)
and <2000au for W51 (Goddi et al. 2020). Schworer et
al. (2019) have analyzed the velocity field along the fila-
ments in Sgr B2(N) and found velocity gradients consistent
with accretion to the center of the cores, similarly to what
Peretto et al. (2013)) have found in much younger (infrared-
dark) high-mass star-forming cores. For W51, Goddi et
al. (2020)) have not been able to measure the gas kinemat-
ics along the dusty streams because of the large opacity
of the 1.3 mm dust continuum emission. In G31, we have
searched for velocity gradients along the dust streams in
which the sources #1, 2, 3, 4, 5, and the NE core seem to
be located, to identify kinematic signatures of accretion of
material onto the central region from the larger-scale cloud.
Unfortunately, the current high-angular resolution line data
do not have enough sensitivity to allow us to study the ve-
locity field, and we cannot completely confirm that such
scenario is in place in G31.

5. Conclusions

We carried out ALMA observations at 1.4 mm and 3.5 mm
of the high-mass star-forming region G31 at angular reso-
lutions of ~0”1 (~375au) and ~0”075 (~280au), respec-
tively. The goal of these observations was to establish
whether the Main core in G31 is as monolithic as it ap-
pears at ~1 mm and ~0”2 angular resolution (B18, Beltran
et al. 2019) or whether its homogeneous appearance is due
to a combination of both large dust opacity and insufficient
angular resolution. We also carried out VLA observations at
7mm and 1.3 cm at ~0705 (~190 au) and ~0707 (~260 au)
angular resolutions, respectively, to better study the na-
ture of the free-free continuum sources previously detected
by C10.

The millimeter continuum emission of the Main core has
been clearly resolved into at least four sources, A, B, C, D,
within ~1”. Sources A, B, and D have also been detected
at centimeter wavelengths. In all three cases, the free-free
emission is likely associated with thermal radio jets. Be-
sides these four sources, eight more have been detected in
the region within 12", including the UC HII region located
~5" northeast from the Main core. The UC HiI has been
detected at 1.3cm, 7mm, and 3.5 mm and shows a spher-
ical and compact morphology, with a diameter of ~1” or
3750 au (0.018 pc) at the distance of the region.

The masses of the four sources embedded in the Main
core, estimated at 1.4 mm, range from ~15 to ~26 My and
their number densities are several 10°cm™3. The decon-
volved radii of the dust emission of the sources, estimated
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at 3.5 mm, range from ~400 to 500 au, while the radii of the
free-free emission, as estimated at 7mm or 1.3cm, range
from ~100 to 175au. The mass surface densities of all the
sources are very high, with values 250-350 g cm 2.

Sources A and B, separated by ~750au, dominate the
flux density of the Main core and are those located close
to its center. The millimeter emission peak coincides with
the centimeter emission peak in both sources, proving that
the free-free emission from sources A and B is tracing two
distinct (jets from) young stellar objects and not the lobes
of the same radio jet. Sources A and B have similar SEDs,
masses, and sizes, and both are undergoing collapse, as sug-
gested by the detection of red-shifted absorption toward
them (see Fig. . Altogether, this indicates that the sources
are associated with high-mass (proto)stars. This is con-
firmed by the high mass surface densities. Sources C and D,
which are massive as well, have a more extended morphol-
ogy and lower temperatures and could be high-mass young
stellar objects in an earlier evolutionary phase. Source D
is associated with centimeter emission likely arising from a
thermal radio jet.

The observations have confirmed that the collapsing
Main core in G31 has undergone fragmentation and there-
fore that the previously assessed monolithic appearance of
G31 is a consequence of both insufficient angular resolution
and dust opacity of the core. The low level of fragmen-
tation suggests that the G31 Main core has undergone a
phase of magnetically-regulated evolution characterized by
a reduced fragmentation efficiency, eventually leading to
the formation of a small number of relatively massive dense
cores, as found by theoretical models and simulations.
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