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Abstract

Using new continuum and molecular line data from the Atacama Large Millimeter/submillimeter Array Three-
millimeter Observations of Massive Star-forming Regions (ATOMS) survey and archival Very Large Array,
4.86 GHz data, we present direct observational evidence of hierarchical triggering relating three epochs of massive
star formation in a ringlike HII region, G24.474-0.49. We find from radio flux analysis that it is excited by a
massive star(s) of spectral type O8.5V-O8V from the first epoch of star formation. The swept-up ionized ring
structure shows evidence of secondary collapse, and within this ring, a burst of massive star formation is observed
in different evolutionary phases, which constitutes the second epoch. ATOMS spectral line (e.g., HCO'(1-0))
observations reveal an outer concentric molecular gas ring expanding at a velocity of ~9 km s~ ', constituting the
direct and unambiguous detection of an expanding molecular ring. It harbors twelve dense molecular cores with
surface mass density greater than 0.05 gcm 2, a threshold typical of massive star formation. Half of them are
found to be subvirial and thus in gravitational collapse making them the third epoch of potential massive star-

forming sites.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Star formation (1569); Star forming

regions (1565)

1. Introduction

Massive stars (M, 2 8 M), with their powerful mechanical
and radiative feedback, play a crucial role in regulating star
formation within their natal environments. They can either
initiate the formation of a subsequent generation of stars (e.g.,
Churchwell et al. 2006) or disperse the surrounding molecular
gas, consequently inhibiting further star formation (e.g., Walch
et al. 2012; Pabst et al. 2019; Bonne et al. 2023). HII regions
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distribution of this work must maintain attribution to the author(s) and the title
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and their role in triggered star formation has been in focus since
the pioneering work by Elmegreen & Lada (1977). Over the
last decade or so, there has been a plethora of observational
evidence linking the expansion of H1I regions to triggered star
formation (e.g., Zavagno et al. 2006, 2007; Figueira et al. 2017,
and references therein). The peripheries of infrared dust
bubbles (Churchwell et al. 2006; Kendrew et al. 2012) have
served as ideal sites to investigate triggered star formation
through various competing mechanisms (e.g., Deharveng et al.
2010; Kendrew et al. 2012; Thompson et al. 2012; Liu et al.
2016; Das et al. 2017; Bhadari et al. 2021; Zhang et al. 2023b).
However, theoretically (e.g., Dale et al. 2015; Gonzélez-
Samaniego & Vazquez-Semadeni 2020) and observationally
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(e.g., Cambrésy et al. 2013), it is also seen that commonly used
signposts of triggered star formation do not always lead to
definite conclusions on positive feedback. Hence, these need to
be cautiously interpreted to better constrain the impact of stellar
feedback on triggering star formation.

These observational studies have offered a comprehensive
insight into triggered star formation, connecting two genera-
tions of stars. In comparison, observational evidence for
hierarchical triggering and multigeneration star formation is
still scarce (e.g., Oey et al. 2005; Purcell et al. 2009; Areal et al.
2020). Oey et al. (2005) suggest a three-generation system of
hierarchically triggered star formation in the W3 /W4 complex,
where expanding superbubbles and mechanical feedback from
massive stars initiate later generations of star formation.
Similarly, Purcell et al. (2009) report multigenerations of
massive star formation in the NGC 3576, which is embedded in
the center of an extended filamentary cloud. Here the expansion
of the H I region into the ambient molecular cloud leads to the
formation of high-mass stars along the dusty filament. In a
recent work, based on the spatial and temporal correspondences
derived in their analysis, Areal et al. (2020) propose three
generations of star formation associated with the massive star
LS II +26 8.

In this Letter, we investigate the HII region, G24.47+0.49
(hereafter G24.47), likely ionized by an early O-type star (Garay
et al. 1993), to probe possible signatures of hierarchical
triggering and multi-epoch star formation. Observed as part of
several radio surveys (Wink et al. 1982; Lockman 1989;
Churchwell et al. 1990; Garay et al. 1993; Becker et al. 1994;
Walsh et al. 1998), G24.47 is associated with IRAS 18314-0720
and is located at a distance of 5.82 kpc (Urquhart et al. 2018).
This source is also associated with the massive (6095 M)
ATLASGAL clump, AGAL024.471+00.487 (Urquhart et al.
2018). The 4.5, 5.8, and 8.0 um color-composite Spitzer-IRAC>
image illustrated in Figure 1(a) presents an interesting
morphology, where G24.27 is revealed as a bright ring located
at the center of a complex region displaying bubble-like
structures, pillars, and arcs.

The Letter is organized as follows. Section 2 discusses the
Atacama Large Millimeter/submillimeter Array (ALMA)
observations carried out as part of the ALMA Three-millimeter
Observations of Massive Star-forming Regions (ATOMS)
survey and the other multiwavelength archival data used in
this study. Results obtained from the dust continuum, ionized
emission, and molecular line analysis are presented in
Section 3. Discussion on the three observed epochs of star
formation is presented in Section 4, and the overall picture of
hierarchical triggering and multi-epoch star formation in
G24.47 is discussed in Section 5. Section 6 summarizes the
results.

2. Observations and Archival Data

For this study, we have utilized data from the ATOMS
survey and other archival data sets. Brief descriptions of these
are given in the following subsections.

2.1. ALMA Observations

G24.47 was observed as part of the ATOMS survey (Project
ID: 2019.1.00685.S; PI: Tie Liu), which aims to study 146

% Images taken from the archives of the Galactic Legacy Infrared Midplane
Survey Extraordinaire (Benjamin et al. 2003).
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massive star-forming clumps. Details of the survey can be
found in Liu et al. (2020). The 12 m + 7 m combined data for
continuum and line emission are used here. The maps have a
field of view of 80" or 2.26 pc at the distance of G24.47 and a
maximum recoverable scale of 7672 or 2.15 pc. To probe the
kinematics and dynamics of the associated ionized and dense
gas, we use the H40a hydrogen radio recombination line
(RRL) along with H'*CO™ (1-0) and HCO™ (1-0) molecular
line transitions. The synthesized beam size for the continuum
and H40« is 2”1 x 1”8. For molecular line observations, they
are 24 x2”1 and 273 x2"0 for H’CO" and HCO",
respectively. The rms noise is ~0.65 mJy beam ' for the
continuum and ~[3.5, 8.5, 12] mly beam ! for the [H40q,
H'*CO™, HCO™] lines at the native velocity resolution of [1.5,
0.2, 0.1 kms™".

2.2. Archival Data

To probe the radio continuum emission associated with this
region, we use Very Large Array (VLA) archival data at
4.86 GHz. The observations were conducted on 1988 March 3
using the VLA C configuration®® (Legacy ID: AB414; PI: R.
Becker). The image is retrieved from the National Radio
Astronomy Observatory VLA Archive Survey’’ (NVAS),
which has a beam size of 5”9 x 3”9 and an rms noise of 0.4
mJy beam~'. To identify the ionizing source associated with
the H 1 region, G24.47, we use the near-infrared (NIR) JHK
photometric data for point sources from the Two Micron All
Sky Survey (2MASS; Skrutskie et al. 2006) and UKIRT
Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007),
which were taken during the UKIDSS Galactic Plane Survey
Data Release 6 (Lucas et al. 2008). The angular resolution of
2MASS and UKIDSS data are ~2” and 0”9, respectively.

3. Results
3.1. 4.86 GHz and 3 mm Continuum Emission

VLA 4.86 GHz and ATOMS 3 mm continuum maps are
shown in Figure 1. The VLA map displays a distinct ring
morphology (radius ~0.8 pc) of bright, ionized gas emission
with prominent peaks, a low-emission inner region displaying
an almost empty, cavity-like structure at the center, and
extended faint emission beyond the ring. Such ringlike
morphology of H II regions could be associated with flat,
sheetlike parental cloud structures (Beaumont & Williams 2010;
Kabanovic et al. 2022). The inner rim of the ring is observed to
be dominated by 8.0 ym emission (see Figure 1(a)). This could
be attributed to thermal dust emission from the forming hot
massive stars in the ring or emission from polycyclic aromatic
hydrocarbons (e.g., Watson et al. 2008), which are indicative of
photodissociation regions. The ATOMS 3 mm continuum and
H40« line emission are also seen to closely trace the bright ring
structure (see Figures 1(b) and (c)).

Both the 4.86 GHz and 3 mm maps reveal the presence of
compact cores in the bright ring. To understand the nature of
these cores, we implement the approach followed by Saha et al.
(2022) and use a combination of the DENDROGRAM algorithm
and the CASA imfit task to extract the cores. In total, six radio
(R1-R6) and ten 3 mm (MMI1-MMI10) cores are identified.

26 hitps: //science.nrao.edu/facilities /vla/docs /manuals /propvla/array_
configs
%7 The NVAS can be browsed through http: //www.vla.nrao.edu/astro/nvas/.
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Figure 1. Morphology of the region associated with G24.47. (a) Spitzer-IRAC color-composite image overlaid with VLA 4.86 GHz contours at [3, 7, 20, 50, 90, 110,
120] x o (=0.4 mJybeam™'). (b) VLA 4.86 GHz map overlaid with ATOMS H40a contours (Gaussian smoothed over 5 pixels) starting at 20 (=0.04
Jy beam ™' km s~ ") in steps of 1o. The displayed ellipses are identified VLA cores with their central positions (X) marked. The insets show the H40a spectra (boxcar
smoothed by four channels; velocity resolution of 6.0 km s~ ") of the cores along with their respective Gaussian fits. The LSR velocity of 101.5 km s~ ' is indicated in
each. (c) ALMA 3 mm map overlaid with the H40« contours displayed in (b). The displayed ellipses are identified 3 mm cores with their central positions (+) marked.
(d) Moment-zero map (3 pixel smoothed using Gaussian kernel) of H'>*CO™ in the velocity range 93.0 to 113.0 km s~ '. The displayed ellipses are identified molecular
cores with their central positions (4) marked. Ellipses drawn in the lower left corner of (b), (c), and (d) represent the beams of the respective maps displayed.

The retrieved core apertures and the corresponding peak
positions are shown in Figures 1(b) and (c). The details of the
procedure followed and parameters used are elaborated in
Appendix B.

To characterize the radio cores, we calculate the physical
parameters such as the emission measure (EM), number of
Lyman-continuum photons emitted per second (M), and
electron density (7.) using Equations (6)—(8) from Schmiedeke
et al. (2016). For this, we assume the 4.86 GHz emission to be

optically thin and adopt the value of the electron temperature to
be 6370K from Quireza et al. (2006). The estimated
parameters are tabulated in Table B1.

Of the ten 3 mm cores identified in our study, only the
brighter ones (MM1, MM5, and MM6) were detected by Liu
et al. (2021) using higher-resolution 12 m array ATOMS data.
A similar issue is also discussed in Sanhueza et al. (2019),
where the inclusion of more extended emission from a more
compact configuration results in a 20% increase in the number
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Figure 2. Moment-zero (left three columns) and moment-one (rightmost column) maps of HCO™ and H40« observed toward G24.47 are shown in panels (a)—(d) and
(e)—(h), respectively. The velocity ranges used to obtain the moment-zero maps are given in the top left of each panel. The color bar indicates the flux scale in Jansky
per beam kilometer per second and kilometer per second for moment-zero and moment-one maps, respectively. The overlaid contours (in panels (a)—(d)) show the
H40« emission (presented as color scale in panel (e)) with contour levels starting at 20 (o = 0.04 Jy beam™ ' km s~ ") in steps of 10. These contours are smoothed over
5 pixels using Gaussian kernel. The moment-zero maps (in panels (e)—(g)) are smoothed across 3 pixels using Gaussian kernel. The beam is indicated at the bottom left

corner in each panel.

of cores detected. None of these cores show any emission in the
molecular line transitions of H'>CO™ and HCO™. This can be
inferred from Figures 1(c)—(d), where the 3 mm ring is seen to
be mostly devoid of H"3CO™ emission, and also, similar
distribution is seen for HCO™" emission (see Figure 2(a)). This
suggests that the 3 mm continuum emission is predominantly
free—free emission (Keto et al. 2008; Zhang et al. 2023a) with
appreciably less contribution from cold dust emission. We
verify this by following the method described in Liu et al.
(2023) and find six of the 3 mm cores to have more than 50%
contribution from free—free emission. However, the existence
of hot dust associated with these cores is evident from the
presence of mid-infrared (MIR) emission shown in Figure 1(a).
Table B2 lists the estimated core parameters.

3.2. Molecular Line Emission

Figure 2(a) shows the distribution of HCO™" molecular line
emission. The molecular line emission encircles the H40ax and
3 mm ring. Henceforth, we refer to this as the molecular gas
ring, the morphology of which is similar to the ionized gas ring
as traced by radio the 4.86 GHz emission. The molecular ring
also shows the presence of bright, compact cores. Considering
the H'*CO™ (1-0) line to be optically thin (e.g., Sanhueza et al.
2012; Saha et al. 2022), we utilize the velocity-integrated
intensity (i.e., moment-zero) map of this transition to extract
the dense molecular cores. The same procedure as used for
extraction of the radio and 3 mm cores is implemented (see
Appendix B for details), and ten molecular cores are identified.
A careful visual inspection shows the presence of two
additional cores that were not detected from this map. For

these, we retrieve the parameters using the same approach on
the column-density map (see Appendix C). The cores are
labeled M1-M12, of which M1 and M10 are extracted from the
column-density map. The retrieved apertures are drawn in
Figures 1(d) and B1. Core masses are calculated from the
generated hydrogen column-density map using

M = jiy,myAd_ N (Hp), ()

where jiyy, and my are the mean molecular weight and mass of
the hydrogen atom, respectively; A is the pixel area; and
>_N(H,) is the sum of the column-density values for the pixels
in the core area.

Next, to examine the gravitational stability of the cores, we
estimate the virial parameter (ow;,), which represents the ratio
of the virial mass (M,;) to the mass of the individual cores
(M2, M.,;, is given by Contreras et al. (2016):

_ SRE AV?
8 111(2) ay ap G
AV

2
! ( ) ~ Mo,
a; a \km s™! pc

where R is the effective radius of the core and AV is the line
width of the fitted Gaussian profiles to the observed HCO™
spectra. In the presence of two velocity components, we calculated
the average of the line widths obtained from fitting each
component individually, following the approach used in Saha
et al. (2022). The constant a; accounts for the correction for power-
law density distribution. It is given as a; = (1 — p/3)/(1 —2p/5)

vir

~ 209 @)
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for p <2.5 (Bertoldi & McKee 1992), where we adopt p = 1.8
(Contreras et al. 2016). The constant a, = (arcsin e)/e takes into
account the shape of the core, e being the eccentricity. The
estimated parameters of the molecular cores are listed in Table B3.

3.3. Velocity Structure of G24.47

To inspect and compare the spatial distribution of molecular
and ionized gas emission, we created separate moment-zero maps
of HCO™ and H40« over three velocity extents, (i) full velocity
range, (ii) blueshifted velocity range (<102kms™' to 80 or
93kms '), and (iii) redshifted velocity range (>102kms™! up
to 113 or 130kms "). The moment-zero maps are shown in
Figures 2(a)—(c) and (e)—(g). The above velocity ranges are
estimated from the average spectra plotted of these line transitions
presented in Figure 3(a). The H®CO™ and HCO™" line profiles
show prominent peaks around 101.0 and 104.5kms™'. On the
other hand, the RRL shows a broader profile with a distinct peak
at approximately 110.0kms ', The systemic velocity of G24.47
is 101.5kms™! (Schlingman et al. 2011; Urquhart et al. 2018).

As seen from the HCO™ moment-zero maps, in the velocity
range [93, 102] km s~ ', the northern part of the molecular gas
ring is visible, whereas in the 102 to 113 km s7! range, the
emission traces the southern part of the ring. Channel maps (in
1kms ™' bins) are also presented in Appendix A, illustrating
the above morphology. Similar morphology is also evident
from the H'3CO™ transition, where the diffuse emission is less
pronounced. Figure 2(d) presents the intensity-weighted mean
velocity (i.e., moment-one) map that conforms with the above
velocity structure. The northern portion of the molecular ring is
blueshifted, and the southern part is redshifted, suggesting
expansion of the molecular gas ring. In comparison, the
complete ring morphology can be discerned over the entire
velocity range for the H40« emission, though the moment-one
map (Figure 2(h)) reveals a distinct velocity gradient, similar to
that seen in HCO™.

To examine the velocity field in more detail, we construct a
position—velocity (PV) diagram of HCO™ toward G24.47 along
the east—west direction (offset increases from the east to west
direction). The PV diagram is shown in Figure 3(b). The
integrated intensity map is also included (Figure 3(c)) for easy
correlation with the location of the velocity components.
Consistent with the moment-one map, the PV diagram also
displays signatures of expansion. Velocity differences are
evident along the PV cut. Additionally, it displays an almost
circular velocity pattern, which is in very good agreement with
the results of simulations of expanding shells discussed in the
literature (e.g., Arce et al. 2011; Wang et al. 2016). The PV
diagram along the north—south direction (not presented here)
also shows evidence of expansion but not as prominently.
Following the approach outlined in Arce et al. (2011), we
obtain a rough estimate of the expansion velocity to be
~9kms ™' by considering the maximum red- and blueshifted
velocities observed. This is consistent with the velocity shifts
seen in the moment-one map (see Figure 2(d)). Given the lower
velocity resolution and signal-to-noise ratio of the H40«
emission, it was not possible to evaluate the expansion, if any,
of the ionized ring.

4. Discussion

In this section, we probe hierarchical triggering and the
multi-epoch massive star formation scenario in G24.47.
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Figure 3. (a) Spectra (averaged over entire molecular ring) of H'*CO™ (1-0),
HCO™ (1-0), and H40cx toward G24.47 are shown in red, green, and blue lines,
respectively. H'>*CO™ (1-0) and H40« spectra are scaled up by factors of 3 and
30, respectively. H40a spectrum is boxcar smoothed by four channels,
resulting in a velocity resolution of 6.0 km s~'. (b) PV diagram of HCO™ along
the PV cut in east—west direction, centered on the ALMA phase center (marked
in panel (c)). The contours start at 30 (o = 3.0 mJy beam ') in steps of 6. The
circular velocity structure is indicated by the white dashed line. The black
dashed—dotted line marks the LSR velocity of 101.5 km s~ in panels (a) and
(b). (c) Moment-zero map of HCO™; this panel is same as Figure 2(a).

4.1. HII Region G24.47

In unveiling the multi-epoch star formation in G24.47, the
first one is the massive star(s) responsible for the creation of the
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H1I region. Based on their 1.5 GHz radio flux density, Garay
et al. (1993) proposed a massive ionizing star of spectral type
05.5. We note here that these authors have used the far
distance in their analysis. We revisit this estimation using the
4.86 GHz VLA map. Integrating within the 30 contour and
subtracting the contribution from the six detected compact
radio cores, the flux density is calculated to be ~0.9 Jy, which
translates to a Lyman-continuum photon flux, Npy, of
~3.4 % 10" ™", Assuming a smgle star is responsible for the
ionization of G24 47, and comparing the calculated Ny, with
that of early-type main-sequence stars tabulated in Panagia
(1973), we infer the spectral type to be O8.5V-O8V. However,
this can only be considered as a lower limit since dust
absorption of Lyman-continuum photons is not accounted for
here, which can be significant as shown by many studies (e.g.,
Paron et al. 2011). The central cavity of G24.47, which is
observed to be mostly dust free and devoid of molecular line
emission, is likely to be carved out by the powerful radiation
and wind of the massive star(s). We attempt to identify the
ionizing star(s) by studying the stellar population located
within the observed ionized gas emission. This is carried out
using NIR color-magnitude and color—color plots (e.g., Potdar
et al. 2022). For our study, we have used 2MASS and UKIDSS
data sets. The detailed procedure is discussed in Appendix D.
Following this, 12 candidate massive (with spectral type earlier
than B3) class III stars, namely, E1-E12, are identified within
the VLA radio emission. The location of these are shown in
Figure D1(c). The positions and JHK magnitudes of these
sources are listed in Table D1.

By a simple argument, the symmetry of the ionized ring
morphology suggests a centrally located ionizing star or a
group of ionizing stars. The sources, E10, E11, and E12 are
located at the center of the cavity. However, their spectral types
from the color-magnitude plot lie between ~B3—B0.5. So the
individual or the sum of their Lyman-continuum photon flux is
not consistent with that calculated from the observed 4.86 GHz
flux density. The other identified early-type stars are mostly
located on the bright, ionized ring. These could be bona fide
ionizing sources since it is possible that the ionizing star is
displaced from the center due to its proper motion. Such a
geometry is observed 1n the Orion Veil bubble, where the
exciting massive star, #' Ori C, is seen offset from the center
(see Figure 3 of Pabst et al. 2019). Furthermore, simulations of
expanding H II regions, discussed in Mac Low et al. (2007) and
Hunter et al. (2008), also show the possibility of formation of
nearly spherical shells with off-center ionizing source. Under
this scenario, sources E2, E3, E4, and E8 are potential
candidates. The NIR spectral type inferred from the color—
magnitude diagram is reasonably consistent with the estimated
radio spectral type. The above analysis, however, restricts any
conclusive identification of the ionizing star of G24.47.

4.2. The Inner Ring: Radio and 3 mm Continuum Emission

Six radio cores are identified in this inner ring of ionized gas.
Summanzmg the results, we find the radius (R M), EM Mes and
My, in the ranges of ~[0.1, 0.2] pc, [1.6, 2.5] X 10°cm™ pc
[2.3, 3.0] x 10°ecm >, and [0.5, 1.2] M, respectively. In the
same order, the median values are estimated to be 0.28 pc,
2.2 % 10° cm_6 pc, 2.8 % 10° cm_3, and 0.8 M. The derived
radio properties of these compact VLA cores are consistent with
those of UCH II/compact HII regions (Kurtz 2005; Martin-
Hernandez et al. 2005; de 1a Fuente et al. 2020; Yang et al. 2019;
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Yang et al. 2021; Patel et al 2023). It is to be noted that the
presence of extended, diffuse emission could possibly result in
large extracted core sizes, leading to underestimation of n. and
EM. Except for the core RS (due to poor signal-to-noise ratio),
the H40a spectra of the other cores are fitted with a single
Gaussian profile (see Figure 1(b)). The line widths are estimated
to be in the range ~[19, 29] kms ™', typical of UCH II/compact
H1 (Hoare et al. 2007; Liu et al. 2021; Yang et al. 2021).

The inference of the VLA cores representing the inter-
mediate phase between an evolved UCH II region and an early
compact H II region is further supported by the identification of
radio counterparts from the CORNISH survey.?® Based on the
derived radio properties and association with NIR and MIR
emissions, the classification of the sample of CORNISH
UCHII regions is robust and reliable (Kalcheva et al. 2018).
VLA cores, R1, R4, and RS, are classified as UCHII regions,
G024.4721400.4877, G024.4736+00.4950, and G024.4698
+00.4954 (Kalcheva et al. 2018). Core R3 is also detected in
the CORNISH survey but not classified as it does not meet the
criteria of flux density greater than 7o.

From the ATOMS 3 mm continuum map, we 1dent1fy ten
cores. The estimated radii lie in the range ~[3.7,9.6] x 10 % pc
with a median value of 7.4 x 10”2 pc. The cores, MM1, MM35,
and MM10, are cospatial with radio cores R1, R4, and R6,
respectively. Radio core R4 is likely fragmented to MM5 and
MMG6 in the higher-resolution ATOMS continuum map. The
ATOMS cores, MM3, MM4, and MM9, which do not have
radio counterparts, display single-component Gaussian H40«
line profiles. The fitted line widths are in the range ~[19,
32] km s~ L. Given the absence of ¢m emission, these could be
conjectured as very early stages of massive stars in the HC/UC
H I region phase (Liu et al. 2021). The H40« spectra for cores
MM2, MM7, and MMB8 have poor signal-to-noise, and hence,
it is difficult to probe their nature.

With the detection of the ring of bright radio and 3 mm
continuum emission harboring HC, UC, and compact HII
regions, we are likely witnessing a burst of the second epoch of
massive star formation. The location of these regions broadly
aligns with the theoretical predictions of Mac Low et al. (2007).
Here, the authors simulate the dynamical expansion of a HII
region into turbulent, self-gravitating gas driven by the ionized
gas’s overpressure, sweeping up a shell of gas. Theoretically,
this shell expands in ~10°yr to a radius of ~1pc, and
subsequently, the ionized gas breaks out of the natal cloud. The
results of this simulation show that an episode of secondary
collapse ensues in the shell, where existing turbulent density
fluctuations in the shell lead to collapse of self-gravitating
cores. Consistent with these predictions, Hunter et al. (2008)
present a case study of the UCHII region G5.89-0.39, where
they identified multiple 875 ym cores confined to the
expanding shell formed in the process of secondary collapse.

The simulations of Mac Low et al. (2007), however, showed
the formation of externally ionized, low-mass, transient cores in
the shell, masquerading as UCH II regions. In our case, 75% of
the VLA and ATOMS cores are inferred to be in the early
phases of HC, UC, or compact H I regions. From the estimated
Lyman-continuum photon flux, the compact HII regions are
likely ionized by zero-age main-sequence (ZAMS) stars with
spectral type BO—08.5 (Panagia 1973; see Table B1). Even
though the H — K uncertainty allows for the source E4 to be

28 Coordinated Radio “N Infrared Survey for High-mass Star Formation
(CORNISH; Purcell et al. 2013).
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Figure 4. A schematic of the hierarchical triggering of multi-epoch massive star formation in G24.47.

considered as a class III source, in all likelihood it is a class 11
young stellar object (Figure D1(b)), and located within ~3”, it
is possibly the ionizing source of the compact H1I region, R1.

4.3. Expanding Molecular Ring

A molecular ring is clearly visible from the moment-zero maps
of H*CO™ (1-0) (see Figure 1(d)), HCO+ (see Figures 3(a)—~(c)),
and the column-density map (see Figure B1). The expansion of
this ring is evident from the investigation of the gas kinematics in
Section 3.3.

Twelve molecular cores are identified in this molecular gas
ring. The radius, mass, surface mass density, and the virial
parameter of the cores lie in the range [0.05, 0.1]pc, [4.3,
30.1]M, [0.1, 0.4] gcm_z, and [0.7, 3.8], respectively. In the
same order, the median values are estimated to be 0.06 pc,
8.8 M, O.chmfz, and 1.8. For all the detected molecular
cores, the estimated surface mass densities satisfy the threshold
of 0.05 g cm ™2 proposed by Urquhart et al. (2014) for massive
star formation. It is worth noting here that in the recent
Querying Underlying Mechanisms of Massive Star Formation
with  ALMA-resolved Gas Kinematics and Structures
(QUARKS) survey (Liu et al. 2024), nearly half of the
identified cores have dense 1.4 mm cold dust counterparts, thus
confirming their tendency to form stars. Gauging their
gravitational stability, we find that 50% of the cores have
Quir < 2, indicating that these are supercritical and under
gravitational collapse in the absence of other supporting
mechanisms, such as magnetic fields (Kauffmann et al. 2013;
Tang et al. 2019). The other 50% are subcritical cores with
Qir > 2. These are gravitationally unbound and represent
transient objects unless one considers other mechanisms, such
as magnetic field or external pressure, that would confine these
structures (Kauffmann et al. 2013; Li et al. 2020). In the case of
G24.47, feedback from the newly formed massive stars in the
ionized ring and the evidence of the expansion suggest that
external pressure will play a key role in confining these
compact cores. We searched for infall signature using the
H"*CO™ (1-0) and HCO™ spectra extracted toward these cores
but did not find any conclusive evidence. This could be
attributed to the possibility that infall signatures are blended
with complex dynamics in the molecular ring, including
expanding motions and feedback from stellar winds. Further,
in the interferometric observations, we may be missing the total
power, which makes it difficult to identify absorption features.

Supporting the active star formation activity, we have identified
one 70um point source within ~2”5 of M12 from the Herschel
PACS point source catalog (Herschel Point Source Catalogue
Working Group et al. 2020). This finding serves as compelling
evidence for the presence of an embedded protostar, as external
heating cannot raise temperatures high enough to emit at this
wavelength (Stutz et al. 2013).

5. Hierarchical Triggering of Multi-epoch Massive Star
Formation

Based on our detailed analysis, we propose an interesting
picture of multi-epoch massive star formation observed in the
G24.47 complex. Our hypothesis is illustrated in the schematic
presented in Figure 4. The observed hierarchy is initiated with
the birth of a massive star in a self-gravitating natal cloud
forming a H I region. The thermal overpressure of the warm
ionized gas then drives the expansion of the H 1I region. This
leads to a swept-up ring where secondary collapse occurs, thus
triggering the second epoch of star formation. In G24.47, we
detect a very active high-mass star formation episode in this
inner ionized ring with a host of newly formed stars in the early
to intermediate evolutionary phases of HC, UC, and compact
H I regions with detected RRL and cm emission.

To support the above inference, we estimate the dynamical
timescale of the expanding H II region and compare the same
with the typical ages of the HC, UC, and compact 1 regions,
following the discussion outlined in Liu et al. (2016) and Das
et al. (2017). For a H 1 region expanding into a homogeneous
medium, the dynamical age is given by Dyson & Williams

(1980):
4 Rs | Rip 7
tagn = =———|| — -1}, 3)
7T Cun | \ Rs

Rsc = (3Ny/47mng ap)'/>. 4)

where

In the above equations, Cy iy is the isothermal sound speed (assumed
to be IOkmsfl), Ry is the radius of the ionized ring (~0.8 pc),
ap is the radiative recombination coefficient taken as 2.6 X
107310* K/T)%7 cm3s~! (Kwan 1997), and ng is the initial
particle density of the ambient gas. We estimate 1o~ 10*cm >
from the retrieved ATLASGAL map (see Appendix E), with the
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assumption that the physical properties, like density, do not change
over evolutionary stages (from quiescent to H 1I regions) in the star
formation process (Urquhart et al. 2022). Thus, the dynamical age
of the H I region is calculated to be ~2 x 10°yr. This ensures
sufficient time for the formation of the identified UC and compact H
II regions in the inner ionized ring, given the typical lifetimes of
these to be ~10*-10” yr (Churchwell 2002; Davies et al. 2011).

In recent studies, evidence of expanding ionized ([C II])
shells has been found in windblown bubbles (e.g., Orion Veil;
Pabst et al. 2019, RCW 120; Luisi et al. 2021, NGC 628;
Mayya et al. 2023). Indication of such an expansion of the
inner ionized ring in G24.47 is seen from the velocity structure
probed with the H40aw RRL emission. However, the picture
that emerges from the investigation of the molecular gas
kinematics reveals, perhaps for the first time, a direct and
unambiguous signature of an expanding molecular ring in
G24.47.

The total mass of the molecular ring (M) is estimated
to be ~515M, from the column-density map. Taking the
expansion velocity (Vexp) of ~9km s~!, the Kkinetic energy

(0.5Mpeny vexp) of the expanding ring is calculated to be
~4 % 10*" erg. Addressing the energy feedback from the H I
region, we estimate the kinetic and thermal energles of the
jonized gas to be ~6 x 10*erg and ~3 x 10*® erg, respec-
tively, using the expressions from Xu et al. (2018) and Li et al.
(2022). Individually, these are an order of magnitude lower
than the kinetic energy of the molecular shell. Our results are
similar to those seen in RCW 120 (Luisi et al. 2021) and Orion
Veil (Pabst et al. 2019), where the authors attribute this to
leakage of hot plasma into the surroundings. Indeed, the radio
ring in G24.47 is observed to be broken toward the southwest
(see Figure 1), which was also reported by Garay et al. (1993).

Theoretical studies (e.g., Haid et al. 2018) predict that the
energy injection from ionized gas into the surrounding medium
would dominate that of the stellar wind. To confront the
energetics with the creation of the expanding molecular ring in
G24.47, we further probe the efficiency of the wind power.
Considering a single ionizing O8.5V-08V star for G24.47, as
inferred from the radio flux density, we determine the wind
luminosity (3.2 x 103°Mv2; M being the mass-loss rate in
solar mass per year and vy, the wind velocity in kilometer per
second). Using the parameter values for these spectral types
from Martins & Palacios (2017), we estimate the wind
luminosity to be (4-5) X 10** erg s~!. This translates to
mechanical energy ~3 x 10*” erg injected by wind of the
ionizing star over the dynamical age of the H I region. This is
comparable to the kinetic energy of the molecular gas ring, thus
indicating efficient conversion of the mechanical energy of the
wind to kinetic energy of the ring driving its expansion. Note
that in the above analysis, we have not considered the
inclination angle, if any, of the molecular gas ring and the
winds from newly formed stars in the ionized ring.

Summarizing the analysis of the energetics, we infer that the
total energy budget from the ionizing radiation (both kinetic
and thermal) and the stellar wind is sufficient for the creation
and expansion of the molecular ring, with the wind kinetic
power being possibly the most efficient player.

Furthermore, SO emission, a tracer of low-velocity shocks
from H 11 regions (Liu et al. 2020), is seen (not presented here)
to be cospatial with the observed H'*CO™ (1-0) and HCO™
(1-0) molecular ring. Coupled with the feedback from the
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newly formed massive stars, a third epoch of triggered massive
star formation is observed in this expanding molecular ring,
where potential high-mass star-forming molecular cores are
identified. A scenario of “collect and collapse” (CC) is evident,
where gravitational instabilities result in the fragmentation of
the swept-up ring to molecular condensations that further
fragment into the cores that are observed. Consistent with the
prediction of the CC hypothesis (Deharveng et al. 2003), these
condensations, in the form of core clusters (i.e., M1-M3, M4—
M5, M6-M7, M8-M9, MI12, and M10-Ml11 apparently
corresponding to six core clusters; see Figure 1(d)), are
observed to be almost regularly spaced in the molecular gas
ring enveloping the inner ionized ring.

6. Conclusions

Evidence for triggered star formation linking several epochs
of stars around HII regions is difficult to assemble. It is
challenging to associate evolved massive stars with the next
epoch of star-forming regions, each of which must show
indications of ongoing star formation activity. Based on a
detailed continuum and multispectral line study of G24.47
using data from the ATOMS survey and archival radio and
infrared data, we provide evidence of hierarchical triggering of
three epochs of massive star formation. The first is the massive
star(s) responsible for forming the HII region G24.47. Using
the 4.86 GHz VLA map, we propose the spectral type to be
08.5V-08V. The inner ring of enhanced radio and 3 mm
emission comprises the next epoch of massive stars, which
formed due to secondary collapse of the swept-up material. We
detected six radio and ten 3 mm cores showing signatures of
various evolutionary phases, ranging from the initial stages of
gravitational collapse to intermediate phases between UC and
compact H I regions. The molecular gas kinematics analysis
unveils direct evidence of an expanding molecular ring
powered by the ionized radiation and the stellar wind kinetic
energy. Furthermore, the molecular gas ring expanding at
~9kms~ " hosts the third epoch of potential massive star-
forming regions, where we identified twelve molecular cores.
Virial analysis indicates that 50% of them are supercritical and
in gravitational collapse. This observational evidence strongly
advocates for more detailed case studies to address the exact
influence of expanding H II regions in triggering further star
formation. Detailed kinematic studies of the ionized and neutral
material in a sample of promising candidates, utilizing high-
resolution data, are essential to understand the underlying
physical processes.
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Appendix A
Channel Map

The channel map of HCO™ is shown in Figure Al.

Figure A1. Channel maps of HCO™ overlaid with H40« contours (Gaussian smoothed over 5 1pixels) with levels starting at 20 (0 = 0.04 Jy beam ™' km s ) in steps
of 1o. Each panel shows the velocity-integrated intensity within a velocity range of 1 km s~ . The velocity range is mentioned in the top left of each panel.
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Appendix B
Core Extraction

Following the approach used in Li et al. (2020), Liu et al.
(2021, 2022), and Saha et al. (2022), cores are extracted by
utilizing the ASTRODENDRO package and the CASA imfit task.
Initially, in the DENDROGRAM algorithm (Rosolowsky et al.
2008), for extraction of the radio and 3 mm cores, we set
min_value = 30 and min_delta = o, where o represents the
rms noise of the corresponding map. The min_npix parameter
is set to be equivalent to the synthesized beam area for
extracting the 3 mm cores and half of the synthesized beam
area to detect the radio cores. Subsequently, the CASA imfit
task is employed with the DENDROGRAM parameter estimates
as initial guess values. In our study, we only concentrated on
the structures located on the ring. To ensure the exclusion of
spurious cores, we retain only the cores with peak flux greater
than 5o. Furthermore, we also reject cores with poorly fitted
shapes by visual inspection of the map overlaid with the
identified structures and discarded structures located at the
edge that appeared truncated. This process identified six radio
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(R1-R6) and ten 3 mm cores (MM 1-MM10), which are shown
as ellipses in Figures 1(b) and (c), respectively. It should be
noted that in the case of 3 mm cores MM5 and MM6, which are
also identified in Liu et al. (2021), they are manually fitted
using CASA imfit since the DENDROGRAM algorithm resolved it
into a single leaf though two distinct cores are seen visually.
The estimated parameters of the radio and 3 mm cores are listed
in Table B1 and Table B2, respectively.

In the case of the molecular cores, we employed the same
procedure on the moment-zero map of H'?CO" (see
Figure 1(d)) taken over the velocity range of 93.0 to
113.0 kms™'. Ten cores (M2-M9 and MI11-M12) are
identified. Two additional cores (M1 and M10) are extracted
from the column-density map obtained using H'?CO™ and
HCO" (see Appendix C). We only concentrated on the
structures on the molecular gas ring encompassing the ionized
ring. The spatial distribution of the detected molecular cores
overlaid on the moment-zero map of H'*CO™ and the column-
density map are illustrated in Figures 1(d) and B1, respectively.
Table B3 lists the estimated molecular core parameters.
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Figure B1. (a) Effective line-of-sight excitation temperature map generated using HCO™. (b) Column-density map toward G24.47, generated using molecular
transitions H'>*CO™ and HCO™. The ellipses represent the apertures of identified molecular cores. In both panels, the overlaid contours show the H40cr emission with
contour levels starting at 20 (0 = 0.04 Jy beam ' km s ") in steps of 1¢. These contours are smoothed over 5 pixels using Gaussian kernel. The beam size of 2”5 is

indicated at the bottom left.



I

Table B1
Parameters of VLA Cores

Peak Position

Core R.A. (J2000) Decl. (J2000) Deconvolved Size RYLA Fk86 Ny EM e Mion® Visr® AV® Spectral Type
(arcsec x arcsec) (pc) (mJy) 10%7s7h (10 cm™® Po) (10° cm™3) M) (kms™h (kms™")

R1 18:34:10.33 —7:17:55.38 13.8 X 9.6 0.16 383.5 14.1 23 2.7 1.2 106.4 243 09-08.5

R2 18:34:09.81 —7:18:11.53 10.5 x 7.6 0.13 200.6 7.4 2.0 2.8 0.6 101.8 21.2 09.5-09

R3 18:34:09.15 —7:18:12.56 12.2 x 8.8 0.15 207.1 7.6 1.6 23 0.7 115.8 18.9 09.5-09

R4 18:34:09.08 —7:17:44.06 13.6 x 74 0.14 308.9 11.4 2.5 3.0 0.9 100.4 28.6 09.5-09

R5 18:34:08.51 —7:18:48.71 10.6 x 6.6 0.12 186.1 6.8 2.2 3.0 0.5 ..B -..P B0-09.5

R6 18:34:08.02 —7:18:03.72 138 x 7.9 0.15 293.8 10.8 2.2 2.7 0.9 108.8 27.6 09.5-09

Notes.

4 Mass of ionized gas, My, = %W(R;/;“CA)%EmP.

o Visr and AV are obtained from ATOMS H40q« transition. For R5, the spectrum is not fitted with Gaussian as it shows a high signal-to-noise ratio (see Figure 1(b)).
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Table B2

Parameters of Detected Cores from the ALMA 3 mm Map

Saha et al.

Core Peak Position Decon. Size Reore” F;e”:{” Fmm Visr AV
R.A. (J2000) Decl. (J2000)

(arcsec x arcsec) 1072 pc) (mly beam ™) (mly) (kms™) (kms™ )
MM1 18:34:10.35 —7:17:55.88 8.8 x52 9.6 8.3 111.8 105.7 24.9
MM2 18:34:10.14 —7:18:06.45 34 %27 4.0 4.5 15.5 - €
MM3 18:34:10.03 —7:18:11.31 59 x4.0 6.8 52 38.2 98.1 23.6
MM4 18:34:09.69 —7:18:14.13 6.1 x54 8.0 4.0 38.6 98.1 19.4
MM5 18:34:09.07 —7:17:44.44 57 %x3.0 5.8 7.6 43.1 101.1 25.7
MM6 18:34:09.16 —7:17:42.02 29 %23 3.7 7.6 20.7 99.6 27.3
MM7 18:34:08.42 —7:17:51.85 7.4 x 45 8.0 5.3 535 € €
MMS 18:34:08.31 —7:18:18.31 4.5 %39 5.9 3.7 20.9 € €
MMO9 18:34:08.09 —7:18:09.27 72 %43 7.9 6.9 64.8 116.0 322
MM10 18:34:08.08 —7:18:02.61 7.6 x 4.8 8.5 6.8 73.2 106.5 23.4
Notes.
% Reore is the core radius taken to be half of the geometric mean of FWHM,;,,j and FWHMyy,;, at the core distance.
® AV is derived from ATOMS H40q transition.
¢ Spectra of MM2, MM7, and MMS have poor signal-to-noise ratio.

Table B3
Parameters of Molecular Cores
Core Peak Position Decon. Size RO AV N(H,)" np,° mml ! My Qyir
R.A. (J2000) Decl. (J2000)
(arcsec x arcsec) 1072 pc) (kms™h (10%2cm™?) (10°cm ) (M) (g cm ?) M)

M1 18:34:10.79 —07:18:01.24 5.8 x3.7 6.5 1.2 3.1 1.2 9.2 0.1 14.4 1.4
M2 18:34:10.79 —07:17:50.95 43 x27 4.7 1.3 53 2.6 8.3 0.2 12.4 1.3
M3 18:34:10.71 —07:17:55.09 59 %33 6.2 1.2 5.8 2.2 15.7 0.3 12.5 0.7
M4 18:34:10.14 —07:18:13.52 5.0 %28 53 25 8.4 39 16.2 0.4 48.2 2.5
M5 18:34:09.90 —07:18:16.81 6.2 x 3.8 6.9 1.5 8.8 3.1 28.6 0.4 225 0.7
M6 18:34:09.65 —07:17:30.47 42x33 53 2.0 4.1 1.8 7.7 0.2 324 3.8
M7 18:34:09.29 —07:17:28.14 9.4 x 5.6 10.2 2.5 42 1.0 30.1 0.2 93.8 2.7
M8 18:34:08.68 —07:17:40.75 5.6 x 2.5 52 1.2 3.1 1.5 6.1 0.2 10.6 1.4
M9 18:34:08.50 —07:17:43.08 49 x35 5.8 1.3 35 1.5 8.4 0.2 14.2 1.5
MI10 18:34:08.56 —07:18:21.89 55x%x33 6.0 1.6 4.3 1.0 6.3 0.1 222 3.0
M1l 18:34:08.36 —07:18:25.68 52x22 4.8 1.3 2.6 1.3 43 0.1 11.7 2.1
MI12 18:34:07.99 —07:17:53.00 4.8 x4.0 6.2 2.1 4.6 1.8 12.5 0.2 38.5 2.9
Notes.

& RZ! is the effective radius of core equaling half of the geometric mean of major and minor axes at the source distance.

® Mean value of N(H,).
© Number density (np, = 3Mime /4™ (RE) pog, myp).
9 Mass surface density (£ = Meore/ 7 (RIO)2),

Appendix C
Column Density

Following the method discussed in Xu et al. (2023), we
generate the column-density map. First, we assumed HCO™ to
be optically thick (optical depth, 7>> 1) and determined the

effective line-of-sight excitation temperature (7.,) for each
pixel in the HCO™ spectral cube, following the discussion
given in Appendix F of Xu et al. (2023). For our analysis, we
considered only the pixels where the peak intensity along the

12
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spectral axis is greater than 4 times rms. We convolved the data
cubes of HCO™ and H'*CO™ to a common beam size of 2”5
and also assumed that the two molecules share the same T,,.
Further considering the excitation temperature to be equal to
the kinetic temperature for all the energy states and the levels
populated according to Boltzmann distribution, the H'3CO™
column density at each pixel is calculated using Equation (11)
of Xu et al. (2023). Furthermore, we have adopted an
abundance ratio of H'>CO" to H, of 1.28 x 10710, as
determined by Hoq et al. (2013) in their investigation of 333
high-mass star-forming regions using MALT90 data. The
generated excitation temperature and hydrogen column-density
maps are presented in Figures B1(a) and (b), respectively.

Appendix D
Ionizing Massive Star(s)

To search for candidate ionizing star(s), we select a region
covering the observed radio emission. The NIR color-
magnitude and color—color plots for the selected region are
shown in Figures D1(a) and (b). UKIDSS data has saturation
limits of 12.65, 12.5, and 12 mag in J, H, and K, respectively
(Lucas et al. 2008). Hence, for sources brighter than this,

(@)

151
16

17

-05 0.0 15
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2MASS data are used. To ensure that the retrieved sample are
sources with good-quality photometry, we include 2MASS
sources with “read-flag”=2 and UKIDSS sources with
“pstar” > 0.94 and “c]” = —1. To account for the zero-point
photometric offset between the two data sets used, we adopt the
approach used by, e.g., Saral et al. (2017). For this, we consider
a large (radius of 2’5) region centered on G24.47 and estimate
the median and standard deviation of the photometric offset
between UKIDSS and 2MASS for sources detected in both
data sets. Median values of 0.09, —0.06, and —0.03 are
calculated for J, H, and K bands, respectively, with a standard
deviation of 0.1 in each band. Subsequently, we apply an offset
0of 0.09 £ 0.1, —0.06 £ 0.1, and —0.03 £ 0.1 mag, respectively,
to the J, H, and K magnitudes of UKIDSS.

From the color—magnitude diagram, we identify 23 massive
stars earlier than the B3 spectral type. Next, we compare their
location with that of class III sources. Taking the photometric
and offset uncertainties into account, of the 23 identified stars,
12 lie within the reddening vectors of B3 and O5. These are
labeled E1-E12, and the locations of these are shown in
Figure D1(c), and the details of these sources are listed in
Table D1.

mJy beam™!
10 20 30 40 50 60

-7°17'30"§

18'00"§

DEC (J2000)

10°
RA (]2000)

18"34m125

Figure D1. (a) The color—magnitude diagram of the sources associated with G24.47 within the circle shown in (c). The ZAMS loci, with the spectral types indicated,
are drawn for 0, 10, 20, and 30 magnitudes of visual extinction corrected for the distance. The parallel lines are the reddening vectors for the spectral types. Stars
earlier than spectral type B3 are shown as stars. (b) The color—color diagram for the 23 sources earlier than B3. The loci of giants and main-sequence stars, taken from
Koornneef (1983) and Bessell & Brett (1988), are shown as black and green curves, respectively. The dashed line shows the locus of the Herbig AeBe stars adopted
from Lada & Adams (1992). The locus of classical T Tauri (Meyer et al. 1997) is shown as a dashed—dotted line. The parallel lines are the reddening vectors where the
ones corresponding to M4, B3, and O5 are shown as dotted lines. The cross marks indicate intervals of 5 mag of visual extinction. Sources (E1-E12) within the
reddening vectors of B3 and OS5 are labeled in panels (a) and (b). Both plots are in the Bessell & Brett (1988) system. (c) The color scale shows the VLA 4.86 GHz
map of the region associated with G24.47 with contour levels at [3, 7, 20, 35, 50, 70, 90, 100, 110, 120, 135] x o (¢ = 0.4 mJy beamfl). The crosses represent the
central positions of the VLA cores. The positions of the sources E1-E12 are indicated. The ellipse at the bottom left shows the beam.
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Table D1
Candidate Ionizing Sources
Source Coordinates J H K
R.A. (J2000) Decl. (J2000)
(mag) (mag) (mag)
E1* 18:34:10.55 —7:18:14.80 15.748 14.563 13.878
E2° 18:34:10.49 —7:18:00.37 13.021 11.853 11.135
E3® 18:34:10.37 —7:17:53.11 13.771 12.313 11.489
E4° 18:34:10.26 —7:17:58.62 14.555 12.966 11.852
E5* 18:34:09.98 —7:18:16.60 14.265 13.291 12.683
E6" 18:34:09.91 —7:18:04.12 14.602 13.586 12.833
E7* 18:34:09.52 —7:18:06.55 13.984 13.030 12.401
ES° 18:34:09.32 —7:18:09.18 11.547 10.356 9.603
E9* 18:34:09.31 —7:17:45.66 14.634 13.263 12.456
E10* 18:34:09.22 —7:17:56.34 15.592 14.503 13.879
El1* 18:34:09.02 —7:17:59.67 16.188 14.521 13.525
E12* 18:34:08.75 —7:18:06.21 16.338 14.260 13.101
Notes.

# Value from the UKIDSS catalog.
® Value from the 2MASS catalog.

Appendix E
Initial Particle Number Density

The particle number density, ng, is obtained by estimating
the mass of the material within the ionized ring (radius of
~0.8 pc). For this, we used the ATLASGAL 870 pm map for
the region associated with G24.47. The mass, M, is given by

o E/ d2 Rgd

= , El
B, (Ty) kv (D

where F, is the integrated 870 um flux density; d is the distance
to the source; Ryq is the gas-to-dust ratio taken as 100; B, is the
Planck function at dust temperature T4 taken as 30.4 K (Liu
et al. 2020); and &, is the dust opacity coefficient taken to be
1.85 cm? g~ ! (Urquhart et al. 2018). This gives a mass estimate
of 1409 M., and particle number density of ny~ 10*cm ™.
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