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ABSTRACT

Aims. We aim to identify and characterize cores in the high-mass protocluster W49A, determine their evolutionary stages, and measure
the associated lifetimes.

Methods. We built a catalog of 129 cores extracted from an ALMA 1.3 mm continuum image at 0.26” (2900 au) angular resolution.
The association between cores and hypercompact or ultracompact Hil (H/UC HII) regions was established from the analysis of VLA
3.3 cm continuum and H30e« line observations. We also looked for emission of hot molecular cores (HMCs) using the methyl formate
doublet at 218.29 GHz.

Results. We identified 40 cores associated with an H/UC HiI region and 19 HMCs over the ALMA mosaic. The 52 cores with an
H/UC Hii region and/or an HMC are assumed to be high-mass protostellar cores, while the rest of the core population likely consists of
prestellar cores and low-mass protostellar cores. We found a good agreement between the two tracers of ionized gas, with 23 common
detections and only four cores detected at 3.3 cm and not in H30a. The spectral indexes from 3.3 cm to 1.3 mm range from 1, for the
youngest cores with partially optically thick free-free emission, to about —0.1, which is for the optically thin free-free emission obtained
for cores that are likely more evolved.

Conclusions. Using the H/UC HII regions as a reference, we found the statistical lifetimes of the HMC and massive protostellar phases
in W49N to be about 6 x 10* yr and 1.4 x 10° yr, respectively. We also showed that HMCs can coexist with H/UC HiI regions during a
short fraction of the core lifetime, about 2 x 10* yr. This indicates a rapid dispersal of the inner molecule envelope once the HC HII is

formed.
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1. Introduction

The evolutionary sequence and timescales of the formation of
high-mass stars are still poorly constrained (see e.g., the review
by Motte et al. 2018), partly because of observational difficul-
ties related to low-number statistics and large distances within
the Milky Way. W49A is among the few molecular clouds that
enable us to study, in a single region and with robust statis-
tics, the various evolutionary stages of high-mass star formation,

* The reduced ALMA and VLA data of W49A used in this work are
available at the CDS via anonymous ftp to cdsarc.cds.unistra. fr
(130.79.128.5) or via https://cdsarc.cds.unistra.fr/
viz-bin/cat/]J/A+A/687/A84

which are briefly descibed in the following paragraph. Young
massive protostars first drive strong molecular outflows and heat
the inner part of their envelope. Complex organic molecules
(COMs) are released from the grains in the heated region (Herbst
& van Dishoeck 2009), which is called the hot molecular core
(HMC) and is thus characterized by multiple lines from COMs
— the so-called line forest. In contrast to their low-mass analogs,
high-mass protostars are still embedded in their nascent envelope
when they evolve to the main sequence. The extreme ultravio-
let (EUV) radiation from high-mass stars (>8 M) is sufficient
to ionize hydrogen and create an HII region (Churchwell 2002).
As the luminosity of the star keeps increasing, the HII region
expands and breaks through the core and eventually impacts
the whole molecular cloud. Hypercompact (HC) HII regions
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Table 1. Parameters of the continuum images and spectral cubes.

Image Instr. Vobs @ Bandwidth ®  pixel Resolution © lo rms
[GHz] [MHz] [”1] [ x"] [km s~!] [mly beam™!] @
X band cont. VLA 9.107 688 0.06 0.29x0.24 - 0.22
Band 6 cont. ALMA 227950 1230 0.06 0.29x0.24 - 0.38
Spw 0 ALMA  217.900 1875 0.07 0.28 x0.23 0.67 1.47
Spw 1 ALMA 219.860 1875 0.07 0.28x0.25 0.67 1.67
Spw 2/H30a ALMA 231.870 1875 0.07 0.27x0.20 0.63 1.57
Spw 3 ALMA 233.740 1875 0.07 0.27x0.20 0.63 1.57

Notes. “Central frequency of the continuum images or of the spectral windows. The central frequency of the ALMA continuum image is computed
as the intensity-weighted average frequency, with a spectral index of three (see Eq. (1) in Ginsburg et al. 2022). ®Bandwidth used to create the
continuum images or bandwidth of the cubes. “Beam FWHM and channel width. The data cubes have been produced using the default Hanning
smoothing function without channel averaging (N = 1), resulting in a spectral resolution of two channels. 1 mJy beam™' corresponds to 0.34 K at

230 GHz and to 222 K at 9 GHz for the continuum maps.

are usually interpreted as the youngest stage of ionization by
a massive star (e.g., Keto 2007; Tanaka et al. 2016), confined
within cores of sizes ~1072 pc or even less and having elec-
tron densities n, > 10° cm™ (Kurtz 2005). Ultracompact (UC)
HII regions are by definition expected to be larger and less
dense by at least one order of magnitude. However, deep cen-
timeter surveys of protocluster regions (e.g., Ginsburg et al.
2016) have shown that the most common type of hypercompact-
sized HII regions have lower densities, in the range of 10* to
<10 cm™ (Rivera-Soto et al. 2020). Since a reliable distinc-
tion between these two types of objects requires modeling of
the centimeter to (sub)millimeter spectral energy distribution
(e.g., Keto et al. 2008; Galvan-Madrid et al. 2009; Zhang et al.
2022), we refer to all of our detections of small HIT emission as
H/UC HiI regions.

Located at a distance of 11.1 kpc from the Sun (Zhang et al.
2013), W49A is one of the most luminous protoclusters in the
Galaxy (L ~ 2.6 x 107 Ly, Sievers et al. 1991; Lin et al. 2016).
The W49A giant molecular cloud (GMC) has been mapped
from ~100 pc to sub-parsec scales in the (sub)millimeter con-
tinuum and in molecular lines down to angular resolutions of
a few arcseconds (e.g., Miyawaki et al. 2009; Peng et al. 2010;
Galvan-Madrid et al. 2013; Barnes et al. 2020). The W49A GMC
can be divided into three subcomponents, labeled as W49 north
(W49N), W49 south (W49S), and W49 southwest (W49SW).
From CO observations, Galvan-Madrid et al. (2013) evaluated
the gas mass of the W49A GMC within a radius of 60 pc to
be 10 M, with the main star-forming hub W49N concentrating
Mgys ~ 2 X 10°> M, within a radius of 6 pc. A cluster of massive
stars with a total mass of about 10* M, has been identified in the
near infrared by Homeier & Alves (2005) at about 3 pc east of the
center of W49N. The study of Saral et al. (2015) with Spitzer also
revealed 232 Class 0/ Young Stellar Objects in the entire W49A
GMC. About 50 HC and UC HII regions have been detected in
W49A (e.g., Welch et al. 1987; De Pree et al. 1997, 2020). The
embedded and infrared-visible stellar populations already drive
significant feedback across the GMC (Rugel et al. 2019). Promi-
nent water maser features extending to hundreds of kilometers
per second from the cloud velocity have been reported within
W4ON (e.g., Gwinn et al. 1992; McGrath et al. 2004). Also, five
6.7 GHz methanol masers were reported in the catalog of Breen
et al. (2015). Finally, Wilner et al. (2001) reported the detection
of six HMCs in W49N using CH3CN observations at subarcsec-
ond resolution, and Miyawaki et al. (2022b) studied the HMC
W49N MCN-a (UCHII region J1 in De Pree et al. 1997).
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The star-forming core population and star-formation
sequence in W49A, however, have not been explored in detail
so far. In this work, we present a subarcsecond resolution
study of W49A aimed at identifying and characterizing its
core populations as well as the evolutionary sequence from
young star-forming cores to UCHII regions. The Atacama Large
Millimeter/submillimeter Array (ALMA) and Very Large Array
(VLA) observations we used are presented in Sect. 2. The
analysis of the continuum maps and molecular lines presented
in Sect. 3 is used in Sect. 4 to characterize the dust cores and
establish a temporal classification based on their association
with HMCs and UC HII regions. A discussion is proposed in
Sects. 5 and 6 summarizes our main conclusion.

2. Observations
2.1. ALMA data

Observations of W49A at 1.3 mm (Band 6) were carried out
with ALMA in Cycle 5 (project 2016.1.00620.S, PIs: Ginsburg,
Galvan-Madrid) between 2017 and 2018. The data consist of a
mosaic of 28 fields with a primary beam of 25.6”, for a total
mapping extent of about 2.5" X 1.6” (8.2 X 5.3 pc). The maxi-
mum recoverable scale of the 12-m array configuration used in
this work is about 11”.

Continuum data were processed with CASA version 5.4
(CASA Team 2022) using the imaging and self-calibration
pipeline developed by the ALMA-IMF consortium (described in
detail in Ginsburg et al. 2022). The continuum map has been pro-
duced using a selection of line-free channels (equivalent to the
cleanest maps in Ginsburg et al. 2022) from the four spectral
windows (hereafter Spws) of the dataset, summing up to a band-
width of 1.23 GHz. We performed three iterations of cleaning
and phase self-calibration and one iteration of amplitude self-
calibration using model masks of increasing size and decreasing
cleaning thresholds. We used the multi-term (multi scale) multi-
frequency synthesis deconvolver of tclean with two Taylor
terms, a robust parameter of zero, and scales up to nine times
larger than the synthesized beam. The final beam of the 1.3-
mm continuum image has a full-width-half-maximum (FWHM)
size of 0.29” x 0.24"" (22900 au at 11.1 kpc). The rms noise mea-
sured in regions far away from the brightest emission, where the
map is not limited by dynamic range, is of 0.38 mJy beam™! (see
Table 1).
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Fig. 1. The W49A protocluster as imaged at 1.3 mm using ALMA. Dust cores are represented by their FWHM ellipses in white and numbered
in cyan for cores also detected at 3.3 cm. In magenta numbers are cores detected only in H30a, and in white numbers are non-detections at both
3.3 cm and H30a. The field of view of the VLA X band image is represented with a solid cyan line. A scale bar is shown. Zoom-ins of the three
main regions of interest (W49N, W49SW and W49 outskirts) delimited by white dashed lines are shown in Figs. 2 and 3.

For the line data, the four spectral windows were
processed with IMAGER', implemented within the GILDAS
software®. Cleaning was performed using Clark deconvolution
and 0.1 robust weighting. The cubes across the four bands have
a spatial resolution of approximately 0.24”" (2750 au), a chan-
nel width of 0.65 kms™', and an rms noise of 1.6 mJy beam™!
(0.6K) per channel. The detailed parameters for each spectral
window are given in Table 1. We have used the method presented
in Molet et al. (2019) and Brouillet et al. (2022) to separate the
continuum and spectral line emission in each pixel of the image
plane. The Spw 2 band covers the H30« line at 231.9 GHz. We
also used the Spw 0 and Spw 3 bands to analyze CH;0OCHO
lines.

I https://imager.oasu.u-bordeaux. fr
2 http://www.iram.fr/IRAMFR/GILDAS

2.2. VLA data

We used the VLA A-array continuum image at 3.3 cm (X Band)
presented in De Pree et al. (2020). This image was created with
the purpose of only studying W49N. Its field of view is outlined
in Fig. 1. We smoothed this image from its original angular res-
olution (0.16”) to the resolution of the B6 ALMA continuum
image (0.26”), then corrected it for its primary-beam response
and regridded it to the ALMA image frame.

Judrez-Gama et al. (in prep.) used this image to provide
a dendrogram catalog of H/UC HII regions and their physical
properties in W49N. Their catalog of 79 H/UC HIIs is consistent
with, and more complete than, previous visual identifications
of H/UCHIIs in this protocluster (e.g., De Pree et al. 2005,
2020). We used the centimeter continuum catalog of Judrez-
Gama et al. to complement the identification of dust cores and
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HMC:s reported in this paper as well as the HII emission traced
by H30« also presented in this paper.

3. Analysis of the continuum maps and molecular
lines

3.1. Core catalog

We used the getsf algorithm (Men’shchikov 2021) to extract
sources from the 1.3-mm continuum images. The getsf algo-
rithm decomposes the image into various spatial scales and
separates compact sources from their background and filamen-
tary structures. It is therefore well suited to finding cores in
complex environments such as high-mass star-forming regions.
getsf has been extensively used in ALMA studies of protoclus-
ter regions (e.g., Pouteau et al. 2022; Nony et al. 2023). We found
129 cores that pass the post-selection filters for robust detec-
tion and measurements recommended by Men’shchikov (2021):
signal-to-noise for the background-subtracted peak larger than
two, source size smaller than four times the FWHM beam size,
and ellipticity smaller than two. Table A.l lists the retrieved
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Flux (Jy/beam)

Fig. 2. Maps of the 1.3 millimeter contin-
uum and recombination line toward W49N
at the center of W49A. Top panel: ALMA
B6 continuum image, contours are 10 and
40 sigma. Bottom panel: moment 0 map of
H30« (color) and VLA X band map (con-
tours). Contours are 3 sigma (dotted lines),
15, and 40 sigma (solid lines). Dust cores
are represented by their FWHM ellipses
and numbered with the same colors as in
Fig. 1. Cores detected in the X band and/or
in H30a are shown in red. The top panel
also shows the remainder of the core cat-
alog in white. Beams are shown in the
lower-left corner. A scale bar is shown in
the top panel.

10°

Integrated intensity (Jy/beam.km/s)

parameters of the identified cores: position, major and minor axis
FWHM, and position angle.
We also used getsf to measure the peak intensity and inte-

grated flux of the cores in the ALMA B6 (S g?k, Sit)and VLA X

band (S ge)‘zk, Sint ) maps. Cores are marked in the B6 continuum
map in Fig. 1 and in the zoom-in shown in Figs. 2 and 3. Com-
plementarily, we directly measured the maximum intensity of the
cores in both the B6 and X band continuum maps, F™* 3 and we
computed the integrated flux from the sum of the pixel intensities
(I) within the core FWHM: F™ = ¢ 21 Ayix /Abeam, Where Apiy is
the pixel area and Apeam = 7 Ominbmaj/(4In(2)) is the beam area.
We set the constant ¢ = 1/In(2) to account for the core exten-
sion beyond its FWHM. We used this second set of parameters
for the calculations presented in Sect. 4.2, in which we compare
a continuum map dominated by thermal dust emission (ALMA
B6 at 230 GHz) with one dominated by free-free emission (VLA
X band at 9 GHz).

3 Contrary to the peak intensity in the X band, S gc;(‘k, which is measured

at the center of the ellipse defined in the B6 map, F3* is measured on
the brightest pixel within the ellipse.
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Fig. 3. Maps of 1.3 millimeter continuum and recombination line toward W49 SW (left panels) and the eastern outskirts (right panels). Top panel:
Band 6 continuum image. Contours are 5, 10, and 20 sigma. Bottom panel: moment 0 map of H30« line. The same conventions of Fig. 2 apply for

the ellipses and lines.

3.2. Recombination line and free-free emission

We identified cores associated with H/UC HII regions using two
tracers of ionized gas, the H30a recombination line and the free-
free emission measured using the X band map.

3.2.1. Detection of the H30« line

We identified cores associated with H30a emission using
two complementary methods. Our first method is as fol-
lows. For all the cores, we inspected the spectrum at the
frequency of the H30a line and performed Gaussian fit-
ting to measure the line systemic velocity, the FWHM line
width AV, and the peak brightness temperature 7p. We
then separated cores with a brightness temperature of T >
2 K (38 cores) from cores with Ty between 0.8 and 2 K
(14¢cores). There are 3380, (1239—125¢) lines very close in
frequency (231.9004 GHz, 231.9015 GHz) to the H30a line at
231.9009 GHz as well as CH3C >N and CH3;OCHO lines within
3 MHz. Therefore, disentangling the H30@ emission can be chal-
lenging. Since the H30« line is expected to be much broader
(see, e.g., the review of Hoare et al. 2007), we further applied a

threshold for the linewidth of AV > 20 kms™ to filter out cores
dominated by contamination from molecular lines. This gave us
29 cores with strong H30a detection (7 > 2 K) and nine with a
weak detection.

Our second method relies on moment 0 maps of the H30«
line, which we constructed by integrating in velocity from
—-50 kms™' to +50 kms~! (the line systemic velocity ranges
from about 0 to 20 kms~' LSR). We considered a positive
detection when the core’s FWHM ellipse includes a group of
pixels above a given threshold. Considering the large dynamic
range of the line emission in the map, we noticed that the
noise strongly decreases from the center to the edges of the
mosaic. In consequence, we defined two reference thresh-
olds, 50 = 0.4 Jybeam 'km s~! in the center and 50, =
0.1 Jy beam~'km s~ in the southwest region, and we constructed
a clipped moment 0 map where pixels below 50 are set to
zeros. All of the 29 cores with a strong H30« line detection
are also detected in the moment O maps and qualify as robust
H30« detections. On the other hand, the nine cores with weak
H30« line detection using the first method have a few iso-
lated pixels above their respective threshold, at most, and we
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considered them as tentative H30a detections. Cores with a
robust or tentative H30a detection are overlaid on the moment
0 maps in the bottom panels of Figs. 2 and 3.

3.2.2. Detection of free-free centimeter emission

We defined the criterion for a robust detection and measurement
in the X band as S'];e;‘k > 3opx and Fp2* > 30gx, where opx =
0.22 mJy beam™! is the noise in the X band maps convolved to
the B6 angular resolution, measured using the median absolute
deviation. This criterion combines the background-subtracted
peak intensity SP*** determined by getsf and the maximum inten-
sity measured in the original continuum map (see Sect. 3.1). Out
of the 109 cores lying in the field of view of the X band map, 27
have a robust detection at 3.3 cm. Table A.1 lists the integrated
core fluxes in the X band (F}3}) and in Band 6 (Fg‘é).

3.3. Identification of hot molecular cores

We used methyl formate (CH;OCHO) as a signature of HMC
emission following the method described in Brouillet et al.
(2022), where it was found that the use of methyl formate to
identify the main HMCs in the W43-MMI1 region provides sim-
ilar results compared to the use of a broad frequency band with
various other lines of complex organic molecules (see their Fig.
5). This study showed that this molecule offers a good compro-
mise between widespread detectability and reliability in tracing
HMCs. Methyl formate has also been used to identity HMC
candidates in the recent survey of Bonfand et al. (2024). We
based the identification on the CH;OCHO (173 14—163 13) dou-
blet at 218.281 and 218.298 GHz, with an upper-level energy E,
of 99.7 K. We further verified our detections with a synthetic
spectrum fitting the numerous methyl formate lines in Spw 3. We
found 19 dust cores with HMC emission within the entire ALMA
mosaic: 17 within the field of view of the X band map and two
in the southwestern region. These cores with HMC emission are
indicated with an asterisk in Table A.1.

4. Characterization of dust cores

From the measurements presented in Sect. 3, we identify cores
associated with H/UC HII regions in Sect. 4.1 and measure their
properties in Sect. 4.2. The inclusion of HMCs enables us to
refine the evolutionary status of cores in Sect. 4.3.

4.1. Classification of cores with H/UC H il regions
4.1.1. With VLA measurements

For 109 cores within the field of view of the X band image, we
had information on both the X band and the H30a detection.
The 27 cores with a robust detection in the X band are likely
associated with an H/UC HiI region. Twenty were also detected
in H30a, and three had a tentative H30a detection (#74, #87,
#116). The remaining four cores without detection in H30a (#8,
#18, #104, #117) only had a weak X band detection, with § l‘;‘;‘k
and F* between 3 and 100gx, which suggests that our sensi-
tivity to detect ionized gas is higher in the X band map than with
the recombination line. Two other cores had a tentative H30«
detection and no detection in X band. After visual inspection,
we considered one of them (core #94) to be an H/UC HII region
candidate, and the other (core #82) was rejected.
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Fig. 4. Classification of the dust cores extracted in the ALMA Band
6 maps based on the detection of HMCs and/or HII region emission.
Cores lying within the field of view of the VLA map (W49N) are sepa-
rated from the cores in W49SW and in the eastern outskirts.

Our identification of dust cores associated with H/UC HI1
regions largely overlaps with the independent dendrogram cat-
alog of H/UC HII regions of Judrez-Gama et al. (in prep.; see
Sect. 2.2). Twenty-one H/UC HiI dendrogram structures out of
79 within the X band map are associated with a core with an
H/UC HiI region, as previously defined. In detail, 20 Hi1 den-
drogram structures are associated with 26 cores with a robust
detection in the X band*. Only one HII dendrogram structure is
associated with a dust core (#27) not detected in the X band.
Conversely, only one dust core with a detection in the X band
is not associated with a dendrogram structure. This core (#18)

is among the weakest X band detections (S%%° = 4opx and
FE = 3.40px) and is not found in H30a. Fifity-seven struc-
tures in the dendrogram catalog built from the X band map do
not have any counterpart in the Band 6 core catalog and qual-
ify as H/UC Hil regions without association to dust cores. A
summary of the relation between the 28 dust cores associated
with H/UC HI1 regions (27 when excluding the H/UC HII region
candidate) and the dendrogram-identified H/UC HII regions is
shown in Fig. 4.

41.2. Without VLA measurements

For the 20 dust cores outside the field of view of the X band
image, the recombination line is the only tool to search for emis-
sion from H/UC HII regions. Nine cores associated with a robust
H30a detection (four in the southwestern region, five in the east-
ern outskirts; see Fig. 4) are likely associated with an H/UC Hi1
region. After visual inspection, three additional cores with a ten-
tative H30« detection located in the SW region (#50, #131, #147)
were considered as H/UC Hil region candidates, and another
core located in the eastern outskirts (#115) was rejected.

4.2. Free-free emission in ALMA Band 6

Out of the 129 dust cores detected with ALMA over the entire
mosaic, we found 36 cores associated with H/UC HII regions (27
with VLA measurements and 32 with H30a@ measurements; see
Sect. 4.1) and four cores tentatively associated with H/UC HI1
regions (#50, #94, #131, #147), which have only tentative H30«
detections. We used two methods to evaluate the free-free emis-
sion at 1.3 mm of these 40 cores associated with H/UC Hi1
regions.

4 Five dendrogram HII structures are associated with more than one
dust core.
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A first evaluation of the free emission was obtained from the
integrated fluxes, F g“)‘(, measured in the X band map over the
FWHM of the cores (see Sect. 3.1):

it = i (2] m
’ VBX
where vge = 227.95 GHz and vgx = 9.11 GHz are the refer-
ence frequencies of the ALMA B6 and VLA X band images,
respectively (see Table 1). We took a spectral index of @ = —0.1,
assuming that the free-free emission is optically thin all the way
from 3 cm to 1 mm. The fluxes calculated in this way are thus
lower limits to the free-free emission in the ALMA image.
We also constructed a pixel-by-pixel free-free map Igrr
using the moment O of the H30a recombination line (see, e.g.,
Wilson et al. 2009; Liu et al. 2019):

Ipgre = 1.432 < 1074 (v T2 P) (1 + Nyge /Ny) f Tizodv, )

where the electron temperature is 7. = 7000 K (e.g., Zhang et al.
2023), the helium to hydrogen number ratio is Ng./Nyg = 0.08,
and vy is the central frequency of the H30a line. We then
obtained a second evaluation of the free-free emission in B6 by
measuring the integrated fluxes of the cores, F }R&QL, on the Ig gy
map using the method presented in Sect. 3.1.

From the previous measurements, we derived various param-
eters for the cores associated with the H/UCHII regions.
The percentage of free-free emission in B6, defined as Pg =
Fgri/Fge, ranges from 22 to 96%. The dust flux in B6 is
expressed as Fpedqust = Fpe — Fr, wWith Fg = Fgrr when the
H30e is detected and Fy = Fg ., When otherwise. By construc-
tion, Fgrr can be expressed as a function of Fgggust and Pg:
Fgrr = Fpedust Pi/(1 — Pg). We also computed the spectral
index of free-free emission from vgx to vge:

- log(Fre/Fpx)
¢ = o RL/7BX)
log(vps/vBx)-

3)

Finally, we computed the emission measure (EM) of the
H/UC HiI emission within dust cores:

217 Teq1.35
EM [pccm‘6] = fngdl = lszfI:VB;X [—e]

4
GHz K ’ “)

with 7, as the electron density and 74 as the free-free continuum
optical depth, expressed as

5 = —ln[(l - %)] )

€

The brightness temperature 7y was calculated from the max-
imum intensity in the X band within the FWHM of the cores,
Fg‘;x, and we used a constant electron temperature of T, =
7000 K. Two cores with Tg > 7000 K (#3 and #16) and four cores
with 6700 < Tg < 7000 K (#1, #2, #7 and #14) are likely to have
a higher electron temperature, considering the condition 7. > Tg
set by Eq. (5). We computed for these six cores a lower limit
of the emission measure using an opacity of tq = 1.5, which
is in line with the rest of the core sample. The emission mea-
sures of cores with H/UC HII regions range from 4.5 x 10° to
3.1x 10% pccm™, which are in the range of values found for
ultra-compact H1I regions (Churchwell 2002; Hoare et al. 2007).
Table 2 lists the Fgem, Frre, Pr> @, and EM for the 40 cores
with robust and candidate H/UC HII emission.

Table 2. Derived parameters of dust cores associated with H/UC HII
regions.

n F;;tc . F;ijL Py « EM
[mJy.b~']  [mlyb~'] | [%] [pccm™]

1 26.3 809.1 >78  >0.96 >2.9e8
2 27.6 422.5 >58 >0.74 >2.9e8
3 40.3 224.2 >61 >0.43 >2.9e8
4 - 90.4 96 - -

5 - 71.5 54 - -

7 29.2 115.3 >61 >0.32 >2.9e8
8 1.1 - - - 1.1e7
9 - 55.8 65 - -
10 8.8 179.6 54 0.83 1.8e8
11 15.8 24.6 44 0.04 1.4e8
12 - 65.3 56 - -
13 9.2 94.8 64 0.62 1.1e8
14 97.1 137.1 >67 >0.00 >2.9e8
15 43.2 39.5 67 -0.13 1.9e8
16 49.6 176.5 63 0.29 2.9e8
17 12.7 80.5 64 0.47 1.7e8
18 0.7 - - - 4.5e6
23 9.1 11.0 62 -0.04 8.3e7
29 12.4 17.6 75 0.01 9.5¢7
39 - 17.9 59 - -
40 394 40.5 51 -0.09 1.5e8
44 1.0 8.1 37 0.53 8.7e6
46 24.9 353 61 0.00 3.1e8
47 14.6 23.7 54 0.05 1.6e8
50 — 9.1 25 — —
59 - 11.2 49 - -
69 12.4 13.6 64 -0.07 4.2¢e7
72 22.4 19.1 45 -0.15 1.1e8
73 21.6 25.0 55 -0.06 1.7e8
74 2.6 2.9 33 -0.07 1.4e7
78 — 8.1 37 — —
87 10.0 13.7 42 -0.01 1.3e7
94 - 13.8 54 - -
104 0.5 — — — 9.1e6
107 - 71 48 - -
112 - 16.7 65 - -
116 2.4 3.6 73 0.02 9.9¢e6
117 1.7 - - - 1.3e7
131 - 1.3 40 - -
147 - 4.4 22 — _

Notes. The table shows the core identifier, the integrated free-free flux
at 1.3 mm estimated from the 3.3-cm map and from the H30« line,
the percentage of free-free emission in Band 6, the spectral index of
free-free emission, and the emission measure.

4.3. Core classification

We combined the statistics obtained from the detection rates
of H/UC H1I regions (see Sect. 4.1) with the HMC detections
(see Sect. 3.3) to build a classification of the dust cores com-
posed of four types: (a) cores without either an HMC or an
H/UC HiI region; (b) cores associated with an HMC but with-
out an H/UC HII emission; (¢) cores associated with both an
HMC and H/UC HII emission; and (d) cores associated with an
H/UC HiI region but without an HMC emission. Within the full
ALMA B6 mosaic, the number counts of each type are as fol-
lows: a): 77 (81), b): 12, ¢): 7, and d): 33 (29). The numbers
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109 cores detected in B6 within the VLA BX field

— >
ionizing star
I
a/ Young cores b/Young HMC | | ¢/Evolved HMC d/Intermediate UCHII e/ Evolved UCHII
no HMC HMC i HMC no HMC no HMC
no H/UCHII no H/UCHII : H/UCHII H/UCHII UCHII, no dust core
69 (70) 12 i 5 23 (22) 57 (58)

prestellar core
or low-mass
protostellar core

massive protostar
with H, envelope

massive star with H/UCHII region + H, envelope

massive star with
UCHII region

17 hot molecular cores: Ty = 6 x 10* yr

40 (39) high-mass protostellar cores: T, = 1.4 x 10° yr

>

reference: UCHII region, lifetime 1, = 3 x 10° yr

85 objects

Fig. 5. Evolutionary sequence established for the cores extracted from the ALMA B6 maps within the X band field of view (W49N) based on the
presence or absence of HMCs and H/UC HII regions. Statistical lifetimes for the various evolutionary stages were computed assuming a lifetime of

the H/UC HII stage of 3 X 10° yr (see Sect. 5.3).

in parentheses correspond to the situation where all the cores
with H/UC HII region candidates are accounted for in the first
type. Within the smaller field of view of the VLA X band map,
the statistics are 69 (70), 12, 5, and 23 (22). In Fig. 4, we
show a diagram summarizing the detection statistics. In addi-
tion, 57 (58) H/UC Hil regions without cores have been detected
by Judrez-Gama et al. (in prep.).

5. Discussion
5.1. Evolution of star-forming cores in W49A

From the empirical classification presented in Sect. 4.3, in this
section we propose an evolutionary sequence for the dust cores
in W49A based on the presence or absence of the analyzed indi-
cators of high-mass star formation. In Fig. 5, we summarize the
proposed evolutionary scheme.

The cores in stage a do not show evidence of an HMC or
H/UC Hi1I region, and they are likely prestellar or low-mass
protostellar cores. Among the cores in stage a, which we label
“young cores”, only a fraction are precursors of high-mass stars.
It is indeed expected that some of them will produce low-mass
objects. From stage b onward, all the cores are expected to harbor
a high-mass (=8 M) protostar. As it grows in mass, the proto-
stellar object will first reach the luminosity necessary to heat its
envelope to a temperature where complex organic molecules are
released from dust grains. This defines the onset of the HMC
(stage b: “young HMC” in Sect. 5). Later on when the EUV radi-
ation of the star is sufficient to ionize atomic hydrogen, an HII
region is born. During the short phase in which the HMC and the
H/UC Hi11 region coexist (stage c¢: “evolved HMC”), we expect
that the remaining dust and molecules form a cocoon around the
Hil region, which is mostly free of dust (Lizano 2008). The radi-
ation then becomes strong enough to fully destroy molecules,
and only some dust remains around the H/UC HII region (stage
d: “intermediate UCHIT”). Finally, the UCHII fully clears its way
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out of the now extinct core, which is not detected anymore in dust
emission (stage e: “evolved UCHIT”). We expect that high-mass
protostars keep accreting from their envelopes from stages b to
d, which therefore represent the phases of high-mass protostel-
lar evolution. Under this definition, 40 (39) cores out of 109 in
W49N are high-mass protostellar cores. For W49SW and what
we label as outskirts, 12 (9) cores out of 20 contain high-mass
protostars (see Fig. 4).

Regarding their spatial distribution, a majority of the cores
detected at 1.3 mm (109 out of 129) lie within the central star-
forming region W49N. Only a few cores are located at distances
beyond a parsec from the central hub (see Fig. 1). In W49N,
HMCs and the well-known HII regions (De Pree et al. 1997,
2018) coexist with a population of young cores (see zoom-in
Fig. 2). This indicates that the central protocluster is still actively
forming stars in spite of the significant stellar feedback, as sug-
gested by Galvan-Madrid et al. (2013) from the measurement
of a ~2 x 10° Mg molecular gas reservoir in W49N. A similar
scenario has also been proposed for the very active W51-E and
WS51-IRS2 protoclusters (Ginsburg et al. 2016).

Using the uncertainties from the binomial distribution, we
measured the 75% confidence interval for the percentage of cores
containing high-mass protostars (stages b to d) to be 30-42% in
W49N and 30-75% in W49SW and the W49 outskirts. There-
fore, the relative abundance of high-mass protostars does not
appear to be statistically different between the center of W49A
and its periphery. We reached the same conclusion when consid-
ering only HMC:s or cores with H/UC H1I regions. This suggests
that the different sub-protoclusters analyzed in this paper have
a similar “age”, in the sense that their core and protostellar
populations look statistically similar. The small number of
objects in W49SW and the W49 outskirts prevent us from
making a stronger statement, but this further suggests that star
formation across the W49A cloud started simultaneously, pos-
sibly by cloud-cloud collision, as suggested by Miyawaki et al.
(2022a).
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== Young cores
757 HMCs and/or H/UCHII

Number of cores

------- Py=90%
rrrrrrr Py=50%
Pr=10%

10°

10-1 . P

102 — N

Free-free flux from H30a, Fif%, [Jy]

10730

10°
Integrated dust thermal flux, Fg,"g,dust [yl

1073 102 107*

Integrated dust thermal flux, FIRS o, [Jy]

Fig. 6. Distribution of the core-integrated dust fluxes shown with a histogram (left) and compared to the distrubution of free-free fluxes (right).
Left: cores with an HMC emission and/or an H/UC HII region (stages b to d, shown in green) are compared to the “young cores” without evidence
of massive star formation (stage a, shown in blue). The vertical lines represent the median value of the distributions. Right: the core sample in this
plot is made of the 35 cores with (robust or tentative) H30a detection, classified as cores with an H/UC HI1 region. The dashed lines represent
constant values of the percentage of free-free emission Py with respect to the total core flux. Uncertainties were evaluated as 10% of the free-free

and B6 fluxes.

5.2. lonization evolution within dust cores

The physical parameters derived in Sect. 4.2 allowed us to eval-
uate the evolution of the protostar and envelope masses. The left
panel of Fig. 6 shows that cores with an HMC and/or H/UC H11
region have statistically higher dust flux than the others. The
median dust flux of the two distributions are 2.2 x 1072 Jy and
6.9 x 1073 Jy, respectively. We verified with a KS test that the
distributions are statistically distinct (p-value of 4 x 1077). Since
the dust flux is related to the molecular gas mass of the core,
this difference suggests that the more evolved cores could also
be more massive. Complementarily, the right panel of Fig. 6
shows a strong correlation between the dust flux at 1.3 mm and
the amount of free-free emission. Both the Pearson and Spear-
man correlation coefficients are higher than 0.8, with p-values
~10719, Since the amount of free-free emission is related to the
mass of the central star through the number of ionizing pho-
tons (e.g., Kurtz et al. 1994), this correlation could indicate
that the mass of the central (proto)star grows simultaneously
with the mass of its gas envelope. This hypothesis is in line
with models of continuous accretion across multiple scales (e.g.,
Smith et al. 2009; Vazquez-Semadeni et al. 2019) as well as with
recent observations suggesting that cores grow in mass as they
evolve from quiescent (candidate prestellar) to active protostellar
stages (Nony et al. 2023).

However, the dust flux is also dependent on the dust tempera-
ture, which might be higher in the more evolved cores than in the
younger ones. This could partially explain the difference between
the distributions in the left panel of Fig. 6. For an envelope
internally heated by an embedded protostar, the dust temperature
depends on its luminosity (Scoville & Kwan 1976) and hence
on the protostellar mass. Therefore, the correlation found in the
right panel of Fig. 6 between the dust and free-free fluxes could
alternatively be explained by the dependence on the stellar mass
of both quantities. Detailed measurements of core temperatures,
which are beyond the scope of this work, are thus needed to draw
firmer conclusions.

In Fig. 7 we compare the percentage of free-free emission
in the 1.3 mm flux (Pg) to the free-free spectral index (ay)
between 3.3cm and 1.3 mm for the sample of dust cores with
an estimation of their free-free content from both a centimeter
continuum and H30a detection (see Sect. 4.2). A first group of
dust cores with optically thin free-free emission (ag ~ —0.1 to

920

e H/UC HIl regions only
e HMCs and H/UC HIl regions
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Fig. 7. Percentage of free-free emission at 1.3 mm (Pg) as a function
of the spectral index of free-free emission (ag). A group of cores with
a higher spectral index, ag > 0.2, can be distinguished, but Py and ag
are not anti-correlated. The core sample represented here is made up
of 23 cores with H30a and X band detections. Cores with H/UC Hit
regions and HMCs are shown in red, and cores with H/UC HII regions
only are shown in blue.

0) has Py spanning a large range of values from 30 to 80%. In
contrast, a second group of cores with partially optically thick
free-free emission (ag ~ 0.3 to 1) tends to show a more restricted
Pg ~ 55-65%, with a couple of exceptions. At first glance, HII
regions are expected to smoothly evolve as they ionize and break
out of their parental core (Keto 2007; Tanaka et al. 2016). During
this process, they are expected to transition from denser objects
with partially optically thick emission to less dense and opti-
cally thin objects (e.g., Keto et al. 2008; Galvan-Madrid et al.
2009). The HMCs represent an early stage within this sequence
(see Sect. 5.1). Therefore, the fact that the three HMCs within
the sample of dust cores with HII emission have partially opti-
cally thick free-free emission is consistent with this scenario.
Under this simple interpretation, however, the points in Fig. 7
should follow an anti-correlation, or at least the (more evolved)
optically thin HII regions should have, on average, a larger Pg
than the (younger) optically thicker ones. This is not observed.
Previous works on hydrodynamical simulations with ionization
feedback and synthetic observations have shown that the stochas-
tic interactions of the neutral gas and ionizing photons can
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cause variations in the appearance of the youngest HII regions
(Peters et al. 2010a), including their spectral indices (Peters et al.
2010b). This means that even if H/UC Hils eventually break free
from their cores on timescales of ~10° yr, their early evolution
is not necessarily monotonic. We propose that this could be the
cause of the observed spread of values in Fig. 7.

5.3. Lifetimes

Next, we proceed to evaluate the core lifetimes using the evo-
lutionary sequence presented in Sect. 5.1 and shown in Fig. 5.
For this purpose, we considered the population of 109 cores in
W49N, which is where a more complete search of H/UC Hit
regions has been made. After summing up 28 cores with
H/UC Hi1 regions and 57 H/UC HII regions not associated with
a dust core, 85 objects fell in the H/UC HII regions category.
Under the hypothesis of constant star formation and assuming
that HMCs are precursors of H/UC HII regions, the ratio of
HMCs to H/UC H11 regions (17/85) provides an estimation of
their statistical lifetime. Using the typical lifetime for H/UC H11
regions of 3 x 10° yr calculated from Galaxy-wide surveys
(Churchwell 2002; Mottram et al. 2011), we estimate the lifetime
of the HMC phase to be Tymc = (17/85) - (3 x 10%) = 6 x 10* yr.
The ratio of 17 HMCs to 85 H/UC HiI we found in W49, and
thus the inferred lifetime, are smaller than previous estimations
in the same region (6/12, Wilner et al. 2001) and in Sgr B2 (5/8,
Bonfand et al. 2017). Howeyver, it is similar to what was found in
another high-mass star-forming region (1/9, Furuya et al. 2005).
The period during which HMCs and H/UC HII regions coex-
ist in W49A (five cores out of 17) appears to be very short,
~2 x 10* yr (see also the survey of Liu et al. 2021). Therefore,
our results point toward a rapid dispersal of the warm inner
molecular envelope once the HII region appears.

We also used the ratio of high-mass protostellar cores to
H/UC HI11 regions (40/85, see Sect. 5.1) to estimate the lifetime
of the massive protostellar phase, Tproro = 40/85 X 3 X 105 ~
1.4 x 10° yr. Our estimation is about two times lower than the
value reported in the review of Motte et al. (2018), Ty ~
3 x 10 yr. It is also within the range of durations reported by
Mottram et al. (2011), 7 x 10* yr to 4 x 107 yr for massive YSOs
with luminosities from 10* to 10° Le. Our estimation of the life-
time of the massive protostellar phase may be a lower limit if
we are missing detections of HMCs or H/UC HII regions. For
example, it has been reported that a large dust optical depth
could hinder the detection of molecular lines in emission (e.g.
De Simone et al. 2020). Conversely, our estimation of the num-
ber of high-mass protostars may be an upper limit if some of the
HMCs are associated with intermediate-mass protostars that will
not evolve to high-mass stars or if our 3000-au cores subfragment
into several intermediate- and low-mass stars.

6. Conclusions

We presented an analysis of the star-formation activity in W49A
based on the first millimeter continuum survey in this region.
Our main results and conclusions are as follows:

1. We built a 1.3-mm continuum image at 0.29” x 0.24"” resolu-
tion from ALMA B6 observations and constructed a catalog
of 129 cores extracted using the getsf algorithm.

2. We looked for cores associated with H/UC HII regions by
analyzing the VLA X band map (3.3 cm, De Pree et al. 2020)
dominated by free-free emission and the H30« recombina-
tion line at 231.9 GHz covered by our ALMA observations.
We found a good agreement between these two tracers of
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ionized gas, with 23 common detections and only four cores
with HIT regions detected only in the X band map, out of 109
cores within the VLA field of view.

3. We identified a total of 36 cores associated with H/UC H11
regions over the entire ALMA mosaic as well as four other
cores tentatively associated with H/UC HilI regions. We mea-
sured their integrated free-free flux and derived their dust
flux at 1.3 mm.

4. The spectral indexes from 3.3 cm to 1.3 mm range from 1,
for the youngest cores with partially optically thick free-free
emission, to about —0.1, which is for optically thin free-
free emission obtained for cores allegedly more evolved.
The emission measures, which range from 4.5 X 10° to
3.1 x 10 pccm™, are typical of H/UC HiI regions.

5. We also found, using the methyl formate doublet at 218.281
and 218.298 GHz within the spectral coverage of our ALMA
B6 data, that 19 cores are associated with HMC emission.
Seventeen HMCs are located within the central subregion
W49N. Notably, this is about three times the number of
HMC:s previously reported by Wilner et al. (2001), and this
finding places W49 as being among the protoclusters with
the best statistics for HMC studies, along with W43 and
W51 (Brouillet et al. 2022; Bonfand et al. 2024).

6. We combined these two tracers of high-mass star formation
(HMC and HII region emission) to propose a classification
of the cores according to their evolutionary stage. Within
W49N, covered by the VLA map, 69 cores without an HMC
or an H/UC HII region are labeled as “young cores”, mean-
ing that they are either prestellar or lower-mass protostellar
cores. The five cores with an HMC and an H/UC HII region
are assumed to be more evolved than the 12 cores with only
HMC.

7. We found 23 cores with an H/UC HiI region and no HMC.
We also included a fifth category of objects, UC HII regions
not associated with dust cores. They account for two-thirds
of the total number of H/UC Hi1I regions in the considered
field and represent the most evolved UC HII regions, after
the dispersal of the dust envelope.

8. We estimated the statistical lifetimes of the HMC and mas-
sive protostellar phases in W49 to be 6 x 10* yr and 1.4 x
107 yr, respectively, based on the duration of the H/UC Hit
phase of 3 x 10° yr. The identification of massive protostellar
cores is based on the association between a dust core and an
HMC and/or an H/UC HiI region. These estimations could
be upper limits, considering the possible sub-fragmentation
of HMC:s into less massive protostars.

9. We found that HMCs and H/UCHII regions coexist in
W49A during a short period of ~2 x 10* yr. This indicates
a rapid dispersal of the inner molecule envelope once the
HC Hi1 is formed.

In summary, we conducted a comprehensive study at subarsec-
ond resolution of the massive protocluster W49A and provided
a classification of the massive protostellar cores associated with
an HMC and/or an H/UC HII region.
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Appendix A: Core catalog

Table A.1 lists the physical properties and detection (or non-
detection) of H/UC H1I regions and HMCs for the 129 cores
detected at 1.3 mm in W49. The labels of H/UC HII regions
previously identified at the core positions are also given.

Table A.1. Main characteristics of cores detected on the 1.3-mm continuum image.

n R.A. Dec. Region Size PA Fe FLs Hut CrossID  HMC
[ICRS] [ x"] [°] [mJy]  [mly]
(1) (2) 3) “) (%) (6) @) (3) ) (10)
1 19:10:13.419 9:06:13.00 N 0.33x0.27 10 1031.9 36.6 BX+RL G2a
2 19:10:13.149 9:06:12.72 N 0.37x0.33 117 728.4 38.5 BX+RL B2
3 19:10:12.889 9:06:11.73 N 0.39x0.29 169 365.0 56.0 BX+RL A2
4 19:10:10.938 9:05:17.53 SW 0.31 x0.27 166 94.6 RL - *
5 19:10:16.356 9:06:07.04 out 0.49x0.35 115 133.2 RL 0]
6 19:10:13.614 9:06:49.12 N 0.45x0.30 118 75.0 - *
7 19:10:13.144 9:06:18.76 N 0.35x0.29 142 188.5 40.6 BX+RL C *
8 19:10:14.130 9:06:25.00 N 0.44x0.30 155 200.2 1.5 BX I *
9 19:10:11.050 9:05:20.11 SW 0.44x0.40 17 85.9 RL R *
10 19:10:13.455 9:06:12.79 N 0.33x0.27 20 332.0 12.3 BX+RL G2c
11 19:10:15.369 9:06:14.95 N 0.40x0.33 174 56.2 22.0 BX+RL N
12 19:10:16.372 9:06:06.81 out 0.47 x0.31 123 116.1 RL o
13 19:10:13.116 9:06:12.36 0.30x0.26 11 149.0 12.7 BX+RL B1
14 19:10:13.202 9:06:11.13 0.68 x0.57 69 203.9 135.2 BX+RL D
15 19:10:13.340 9:06:21.37 0.56 x0.47 97 59.1 60.1 BX+RL F
16 19:10:13.373 9:06:12.58 0.46 x0.39 146 279.9 69.0 BX+RL Gl
17 19:10:12.884 9:06:12.16 0.39x0.34 30 125.9 17.7 BX+RL Al *
18 19:10:13.312 9:06:19.87 0.44x0.32 172 93.3 1.0 BX -
19 19:10:14.645 9:06:25.97 0.41x0.40 143 20.3 - *
20 19:10:13.279 9:06:12.79 0.39x0.29 0 82.6 - *
22 19:10:14.628 9:06:45.96 0.38x0.33 6 10.5 -
23 19:10:13.060 9:06:16.07 0.35x0.33 178 17.7 12.7 BX+RL Cl
24 19:10:14.284 9:06:22.22 0.44x0.40 69 20.7 -
25 19:10:15.358 9:06:15.36 0.36 x0.33 167 21.3 - *

26 19:10:12.665 9:06:07.57
27 19:10:13.272 9:06:16.38
28 19:10:13.149 9:06:13.84
29 19:10:13.259 9:06:12.19
30 19:10:14.137 9:06:26.60
31 19:10:14.312 9:06:22.21
32 19:10:13.170 9:06:13.36
34 19:10:13.259 9:06:18.88
35 19:10:13.441 9:06:07.11

0.48 x0.44 71 25.0 -

0.52x0.37 47 53.7 -

0.45x0.38 72 112.0 -

0.37x0.31 35 233 17.3 BX+RL E3
0.45x0.38 110 279 -

0.37x0.27 23 11.7 -

0.36x0.33 64 70.4 - *
0.38x0.29 164 322 -

0.28 x0.25 27 4.5 -

36 19:10:12.097 9:06:14.64 0.41x0.26 74 9.0 - *
37 19:10:14.182 9:06:20.58 0.32x0.28 103 2.9 -
39 19:10:11.671 9:05:26.86 0.55x0.45 153 30.6 RL S

40 19:10:13.392 9:06:11.82
42 19:10:14.664 9:06:25.53
43 19:10:13.348 9:06:16.05
44 19:10:12.703 9:06:11.29
45 19:10:13.211 9:06:14.30
46 19:10:13.498 9:06:11.77
47 19:10:13.498 9:06:12.42

0.56x0.48 10 79.0 54.8 BX+RL GI1S
0.45%0.36 107 12.0 -

0.39x0.33 155 259 -

0.31x0.26 24 222 1.5 BX+RL -
0.31 x0.27 26 24.8 -

0.36x0.32 179 58.1 34.7 BX+RL G3b
0.37x0.26 8 43.7 20.3 BX+RL G3a
48 19:10:13.721 9:06:44.58 0.37x0.33 53 3.6 -

49 19:10:12.671 9:06:18.28 0.39x0.29 172 7.0 -

(1) Core number in the getsf catalog. (2) Right ascension and declination coordinates. (3) Subregion: (W49-)N, (W49-)SW, or (W49)-out(skirts).
(4) FWHM major and minor axis. (5) Position angle (west to north) of the ellipse. (6,7) Integrated fluxes in B6 and BX. (8) Detection of the
H/UC HI1 region in X band 3.3 cm (BX) and/or in H30« (RL). (9) Identification of the associated H/UC HII region in the catalogs of De Pree et al.
(1997, 2020). (10) Cores associated with a HMC emission are marked with an asterisk (¥).
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n R.A. Dec. Region Size PA Foe F% Hit CrossID  HMC
[ICRS] [”x"] [°] [mJy]  [mly]
(1) 2 3) “ &) (6) () (®) ) (10)
50 19:10:10.686 9:05:16.78 SW 0.95x%0.70 134 36.7 RL R3
51 19:10:12.644 9:06:18.93 N 0.39%x0.30 37 4.0 -
52 19:10:16.504 9:06:04.24 out 0.63x0.53 23 11.4
53 19:10:13.364 9:06:18.01 N 0.44x0.41 88 10.3 -
54 19:10:13.323 9:06:16.32 N 0.33x0.30 27 16.8 - *
55 19:10:13.230 9:06:54.16 N 0.72%x0.58 130 4.1 -
56 19:10:13.188 9:06:12.85 N 0.45x%x0.36 0 81.5 - *
57 19:10:13.114 9:06:13.77 N 0.42x0.37 120 62.3 -
58 19:10:16.666 9:05:49.88 out 0.44x032 53 72
59 19:10:16.402 9:06:07.36 out 0.47x0.36 143 22.8 RL -
60 19:10:15.754 9:06:05.78 N 0.49x0.40 169 4.7 -
61 19:10:15.256 9:06:10.99 N 0.32x0.29 92 2.1 -
62 19:10:12.843 9:06:11.44 N 0.61 x0.42 149 76.7 -
63 19:10:14.605 9:06:26.38 N 0.45x0.32 4 72 -
65 19:10:14.159 9:06:21.56 N 0.60x0.54 110 14.2 -
66 19:10:13.385 9:06:19.37 N 0.40x0.36 37 19.7 -
67 19:10:13.656 9:06:21.49 N 0.57x0.43 46 10.0 -
68 19:10:12.800 9:06:27.54 N 0.54x0.34 85 6.9 -
69 19:10:14.186 9:06:15.32 N 0.66 x0.41 42 21.3 17.2 BX+RL J
70 19:10:12.746 9:06:10.33 N 0.36x0.32 53 24.0 -
71 19:10:13.434 9:06:22.78 N 0.46x0.36 155 7.1 -
72 19:10:13.178 9:06:18.28 N 0.50 % 0.40 143 42.5 31.2 BX+RL C
73 19:10:13.601 9:06:11.02 N 0.43x0.30 0 45.6 30.1 BX+RL G3d
74 19:10:14.563 9:06:20.47 N 0.50x0.40 50 8.7 3.6 BX+RL L
75 19:10:14.126 9:06:24.28 N 0.33x0.21 20 17.8 -
76 19:10:13.323 9:06:25.53 N 0.47 x0.31 124 6.0 -
77 19:10:13.898 9:06:36.91 N 0.29x0.24 47 1.5 -
78 19:10:16.344 9:06:07.75 out 0.53x0.49 111 21.8 RL -
79 19:10:13.018 9:06:17.05 N 0.60x0.55 90 16.2 -
80 19:10:10.801 9:05:19.45 SW 1.03x0.77 137 25.9
81 19:10:14.610 9:06:02.65 N 0.47 x0.37 41 6.0 -
82 19:10:14.178 9:06:26.65 N 0.34x0.29 55 9.1 -
83 19:10:13.135 9:06:13.45 N 0.43x0.38 75 83.7 -
84 19:10:12.329 9:06:18.58 N 0.28 x0.25 176 2.0 -
85 19:10:12.720 9:06:28.69 N 0.30x0.28 18 2.8 -
86 19:10:13.234 9:06:12.68 N 0.44%0.40 177 49.8 -
87 19:10:14.184 9:06:14.37 N 1.05x0.94 178 32.2 13.9 BX+RL J
88 19:10:12.613 9:06:22.60 N 0.43x0.31 168 3.5 -
89 19:10:13.231 9:06:08.87 N 0.53x0.38 152 9.6 -
90 19:10:15.433 9:06:16.78 N 0.43x0.32 11 33 -
91 19:10:11.174 9:05:53.85 N 0.45x0.34 12 3.1 -
92 19:10:12.685 9:06:32.36 N 0.97 % 0.90 127 7.3 -
93 19:10:15.317 9:06:14.80 N 0.54x0.34 5 13.4 -
94 19:10:14.509 9:06:22.47 N 1.06 x 0.82 67 25.7 - RL L
95 19:10:11.487 9:05:32.14 N 0.31x0.27 24 2.4 -
96 19:10:13.571 9:06:21.34 N 0.47 x0.35 173 9.9 -
97 19:10:13.307 9:06:17.02 N 0.37%x0.29 162 15.2 -
98 19:10:14.796 9:06:44.25 N 0.68 x0.47 81 5.8 -
99 19:10:15.807 9:06:05.59 N 0.29x0.27 157 1.4 -
100 19:10:11.490 9:06:24.34 N 0.35%0.29 11 1.5 -
101 19:10:13.459 9:06:20.14 N 0.49x0.32 144 15.4 -
102 19:10:12.779 9:06:11.13 N 0.34x0.29 24 19.5 -
103 19:10:14.825 9:06:36.88 N 0.69x0.50 140 5.1 -
104 19:10:14.037 9:06:23.56 N 0.41 x0.35 122 15.5 0.7 BX - *
105 19:10:13.630 9:06:20.30 N 1.03x0.86 146 335 -

Notes. (1) Core number in the getsf catalog. (2) Right ascension and declination coordinates. (3) Subregion: (W49-)N, (W49-)SW, or (W49)-
out(skirts). (4) FWHM major and minor axis. (5) Position angle (west to north) of the ellipse. (6,7) Integrated fluxes in B6 and BX. (8) Detection
of the H/UC HiI region in X band 3.3 cm (BX) and/or in H30a (RL). (9) Identification of the associated H/UC HII region in the catalogs of De

Pree et al. (1997, 2020). (10) Cores associated with a HMC emission are marked with an asterisk (*).
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n R.A. Dec. Region Size PA Foe F% Hi Cross ID  HMC
[ICRS] [ x"] [°] [mJy]  [mly]
(1) (2 3) “ &) (6) @) (®) &) 10)
106 19:10:12.720 9:06:28.38 N 0.41x0.39 52 4.5 -
107 19:10:16.297 9:06:06.66 out 0.55x0.40 157 14.8 RL -
108 19:10:13.719 9:06:25.03 N 0.40x034 111 5.1 -
109 19:10:14.237 9:06:28.51 N 0.48 x0.37 162 11.0 -
110 19:10:15.409 9:06:11.87 N 0.65 % 0.36 2 5.8 -
111 19:10:11.629 9:06:16.03 N 0.35x0.26 172 3.4 -
112 19:10:11.731 9:05:27.37 SW 0.67x0.43 10 25.7 RL S
113 19:10:10.277 9:05:14.07 SW 0.30x0.23 160 4.5
114 19:10:12.838 9:06:29.46 N 0.34%x0.27 180 3.0 -
115 19:10:16.826 9:05:49.99 out 0.83x0.66 4 11.1
116 19:10:14.747 9:06:25.65 N 0.50x0.34 150 4.9 34 BX+RL M
117 19:10:13.683 9:06:10.06 N 0.36x0.34 119 6.4 2.4 BX -
119 19:10:10.956 9:05:18.60 SW 0.34x0.25 90 2.5
120 19:10:14.284 9:06:32.28 N 0.55%0.53 52 11.3 -
121 19:10:14.253 9:06:29.98 N 0.42x035 115 4.0 -
122 19:10:12.416 9:06:06.76 N 0.75x0.64 72 8.4 -
123 19:10:10.758 9:05:21.46 SW 0.30%x0.23 34 1.7
124 19:10:13.735 9:06:49.42 N 0.44x0.40 147 44 -
125 19:10:14.685 9:06:45.97 N 0.33x0.24 12 24 -
126 19:10:13.779 9:06:16.81 N 0.38x0.26 15 3.5 -
128 19:10:16.708 9:05:49.17 out 0.34x0.27 73 34
130 19:10:13.780 9:06:22.11 N 0.37x0.29 173 4.1 -
131 19:10:10.541 9:05:14.08 SW 0.30x0.25 124 3.2 RL Q
133 19:10:14.122 9:06:26.01 N 0.39x0.35 65 9.9 - *
138 19:10:14.525 9:06:28.78 N 0.40x0.30 173 1.7 -
140  19:10:14.262 9:06:26.22 N 0.36x0.26 117 3.0 -
141 19:10:13.980 9:06:24.90 N 0.34%x0.27 103 29 -
142 19:10:14.980 9:06:03.82 N 0.30x0.23 142 1.7 -
147 19:10:10.893 9:05:16.78 SW 0.95x0.68 152 20.0 RL -
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