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ABSTRACT

Fragmentation and evolution for the molecular shells of the compact HTI regions are less explored compared to their evolved
counterparts. We map nine compact H1I regions with a typical diameter of 0.4 pc that are surrounded by molecular shells
traced by CCH. Several to a dozen dense gas fragments probed by H'3CO* are embedded in these molecular shells. These
gas fragments, strongly affected by the H1I region, have a higher surface density, mass, and turbulence than those outside the
shells but within the same pc-scale natal clump. These features suggest that the shells swept up by the early HII regions can
enhance the formation of massive dense structures that may host the birth of higher mass stars. We examine the formation of
fragments and find that fragmentation of the swept-up shell is unlikely to occur in these early H1I regions, by comparing the
expected time scale of shell fragmentation with the age of H I region. We propose that the appearance of gas fragments in these
shells is probably the result of sweeping up pre-existing fragments into the molecular shell that has not yet fragmented. Taken
together, this work provides a basis for understanding the interplay of star-forming sites with an intricate environment containing
ionization feedback such as those observed in starburst regions.
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1 INTRODUCTION

Various energetic feedback processes including radiation, stellar
winds, outflows, jets, and supernova explosions are associated with
the process of high-mass star formation (HMSF). Among them,
ionizing radiation and stellar winds powered by high-mass stars
are thought to be the dominant contributors before being taken
over by supernova events (Walch 2023). These feedback processes
remarkably modify the physical and chemical states of the natal
molecular cloud, raising the question of whether and how future
star formation in these feedback-driven clouds changes. To this
end, the Atacama Large Millimeter/submillimeter Array (ALMA)
project ATOMS (ALMA three-millimeter observations of massive
star-forming regions, project code: 2019.1.00685.S, Liu et al. 2020a,
hereafter ATOMS 1) surveyed 146 massive and dense star-forming
clumps (Fatundez et al. 2004) in ALMA 3 mm (Band 3) with the main
array and 7 m array. From the radio recombination line, H40«, of the
survey, Liu et al. (2021, hereafter ATOMS III) demonstrated that the
majority of the ATOMS clumps contain a series of early H 11 regions
from hyper compact (HC) to compact stages, showing the potential
of the ATOMS sample to explore early ionization feedback.

* E-mail: sijuzhangastro@gmail.com (SZ); kwang.astro@pku.edu.cn (KW)

The ATOMS project has revealed several significant results on
how ionization feedback influences the surroundings. The first result
is the predominance of ionization feedback in the overall state of
the natal clumps. ATOMS III found that the luminosity-to-mass ratio
(L/IM) of the ATOMS clump, an empirical parameter of evolution
(Molinari et al. 2016), has a noticeable increase when natal clumps
host HC or ultra compact (UC) H 11 regions. Zhang et al. (2022,
hereafter ATOMS 1V) further confirmed that ATOMS H40« emission
samples well the upper part of the initial mass function and, therefore,
underscores the connection between ionization and star formation of
the natal clump. The second result is that the external ionization
feedback influences not only the clump-scale conditions but also
the core-scale conditions for HMSF. For example, Qin et al. (2022,
ATOMS VIII) revealed that some candidate hot molecular cores
identified using typical organic molecules are actually dense regions
externally heated by H1I regions rather than real hot cores that
are internally heated by embedded protostars. The third result is
the active role of ionization feedback in compression and dispersal
of dense gas of the natal clump. Zhou et al. (2021, ATOMS VI)
suggested that large-scale compression flows driven by the expansion
of nearby H1I regions probably formed the filaments embedded
in the ATOMS clump G286.21+0.17. A recent analysis of Zhang
et al. (2023a, hereafter ATOMS XIII) of the ATOMS clump IRAS
18290—0924 found that compression of the external H1I region is
inducing HMSF in the clump. On the other hand, Zhou et al. (2022,
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Table 1. Molecules and their transitions investigated in this work.

Dense fragments in the shell 1365

Transition v Channel width Rms@ SPWs®
GHz km s~! K

HBCcOtJ=1-0 86.7543 0.21 0.15-0.23 SPW2

CCH Ny r =132 - 0121 87.3169 0.21 0.15-0.24 SPW3

H40a 99.0230 1.48 0.05-0.10 SPW7

Notes. Cube without primary-beam (PB) correction is used in the rms estimate.

(®) More detailed information on SPWs is provided in ATOMS L.

ATOMS XI) revealed the destructive effect of expanding H 1 regions
on the hub-filament systems (HFSs), which can be the main HMSF
sites. These authors found that under the effect of gas dispersal, the
fraction of protoclusters containing HFSs decreases with the L/M
ratio (evolutionary stage) of natal clump.

How the transformation efficiency of gas-to-star and the birth
speed of stars, known as the star formation efficiency and rate (SFE
and SFR), are regulated by the ionization feedback is essential to
understand HMSF and model the evolution of a galaxy (Hopkins et al.
2014; Chevance et al. 2023; Zakardjian et al. 2023). Although there
are numerous simulations targeting ionization feedback on SFR or
SFE, it is still unclear whether, in general, ionization feedback plays
a more positive role, which assists or accelerates the formation of
dense gas structures by compression (Bending, Dobbs & Bate 2020;
Wall et al. 2020; Ali, Bending & Dobbs 2022; Hennebelle et al. 2022;
Herrington, Dobbs & Bending 2023; Suin et al. 2024), or it plays
a more negative role, which disperses the dense gas available for
star formation (Peters et al. 2017; Gonzélez-Samaniego & Vazquez-
Semadeni 2020; Rathjen et al. 2021; Dobbs et al. 2022; Fukushima
& Yajima 2022; Verliat et al. 2022). More and more studies show that
a comprehensive picture of the feedback on star formation requires
considering physical scales, evolutionary stages, and cloud structures
of the observed or simulated star formation regions (Beuther et al.
2022).

The molecular shells at the edges of H Il regions, as specific dense
cloud structures that have been profoundly shaped by ionization
feedback, are ideal test beds for studying how feedback of high-mass
stars influences the formation of next-generation stars. These shells
could form from the gas collected during expansion of H Il regions, or
from the pre-existing filamentary gas structures that contain and are
being reshaped by expansion of H I regions (Elmegreen 1998; Pineda
et al. 2023). Previous studies have used single-dish observations to
investigate various properties of large-scale molecular shells with a
size of a few to a dozen parsecs, such as their density distribution
(Tremblin et al. 2014a), turbulence (Mazumdar et al. 2021), magnetic
field (Tahani et al. 2023), and star formation activities (Sherman
2012; Palmeirim et al. 2017), confirmed that the dense gas of these
large shells provides an initial condition for HMSF completely
different from those in a feedback-free and quiescent environment
(Zhang et al. 2020). The gas-collected shell may become dense
enough to fragment and produce massive dense clumps that can host
HMSF (Elmegreen & Lada 1977). Alternatively, compression of
ionized gas on clumps in pre-existing filamentary clouds could cause
them to collapse and form new stars (Bertoldi 1989). Palmeirim et al.
(2017) detected an enhanced star formation in the vicinity of these
large-scale shells, suggesting that H 1I regions may have a positive
effect on star formation there. However, there is a lack of millimetre
observations, especially for statistically meaningful surveys of an
unbiased sample, which can resolve star formation down to the core
scale (< 0.1 pc) for smaller-scale molecular shells produced by early
compact H 1T regions with a size of a few tenths of a parsec and an age

of a few tenths of million years. Investigating these ‘young’ molecular
shells is extremely important to better understand the evolution of
feedback-driven structures and how ionization feedback shapes the
subsequent formation of stars.

The ATOMS project provides us with a unique opportunity to
analyse these small-scale molecular shells systematically and statis-
tically. In this paper, our objective is to study dense gas fragments in
molecular shells driven by early compact H 1I regions. Our ALMA
observations and H1I region sample are described in Section 2. The
basic properties of the H 11 regions are derived in Section 3. Dense
gas fragments are extracted and analysed in Section 4. The influence
of H1I region on the properties of gas fragments is discussed in
Section 5. The relationship between the molecular shell swept-up by
the H1I region and the gas fragments is analysed in Section 6. In
Section 7, we propose an evolutionary scenario to show the nature
and origins of gas fragments in shells. A short summary is presented
in Section 8.

2 OBSERVATIONS AND SAMPLE SELECTIONS

The ATOMS data reduction was performed using Common Astron-
omy Software Applications 5.6(CASA, McMullin et al. 2007). The
main array and 7 m array data were combined and then cleaned
using the CASA task TCLEAN with natural weighting. The pixel size
was set to 0.4 arcsec in the imaging process, which is about a fifth of
the synthesized beam ~ 2 arcsec. The imaged field was reduced to
the 20 per cent power point of the primary beam (PB) response,
equivalent to a circular region with a radius of 44 arcsec. Eight
spectral windows (SPWs) were configured in the ATOMS ALMA ob-
servations, including six narrow SPWs and two wide SPWs. Table 1
provides information on the SPWs that contain the transitions used
in this work. The rms sensitivities of spectral observations are around
0.2 K for CCH and H'3CO™, and < 0.1 K for H40«. Further details
of the ATOMS data reduction can be found in the ATOMS series.
For the purpose of studying molecular shells and their dense gas
surrounding compact H1I regions, a thorough examination on the
spatial distributions of CCH and H40« emission was performed
toward the ALMA images of all 146 ATOMS sources. ATOMS
observations are capable of resolving distant H1I regions at the
compact stage (2 0.1 pc) up to around 10 kpc with a wide field
of view (FoV). The selection of molecular shells in this article is
based on two criteria: (1) a prominent CCH shell with a high signal-
to-noise ratio (SNR) is at the edges of H40« emission of H II region.
CCH is thought to be a sensitive tracer for photodissociation region
(PDR, Cuadrado et al. 2015; Kirsanova et al. 2021) and therefore
well represents the borders where UV photons actively interact with
the gas of molecular shells; and (2) H40« emission is well resolved
in the FoV of ATOMS data. Too extended or too small H 1I regions
such as HCH 11 regions presented in ATOMS 111, are not taken into
account in this work as their molecular shell structures are too noisy to
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Table 2. Natal clump information of selected sources.

name'® Metump Tiust Nﬁiak r® GCSC FWHM © D 9 ag ) cot ag,.lo n®
log Mg K log cm™2 pc pc kpc kms~! kms~! kms~! 10* cm™3
O] (i)

113080—6229 32 34.1 22.81 1.03 0.63 3.80 0.34(0.02) 1.36(0.16) 2.62(0.09) 1.00(0.36)  3.32(0.74)
1154115352 2.7 30.5 23.08 0.57 0.24 1.82 0.33(0.02) 1.30(0.14) — 1.85(0.67)  16.3(3.7)
115570—-5227 3.4 28.7 22.48 1.66 0.99 5.99 0.32(0.02) — 1.07(0.04) 0.35(0.13)  0.99(0.22)
1155845247 3.1 23.9 22.74 0.86 0.75 4.41 0.29(0.01) 0.98(0.09) 1.29(0.04) 1.48(0.53)  2.36(0.53)
116362—4639 2.5 24.0 22.38 0.54 0.58 3.01 0.29(0.01) 1.18(0.51) 1.73(0.09) 1.26(0.46)  1.34(0.30)
117006—4215 2.8 27.1 22.99 0.50 0.28 2.21 0.31(0.02) 1.25(0.13) — 3.33(1.20)  11.5(2.6)
117160—3707 3.6 28.5 23.03 1.00 0.87 6.20@ 0.32(0.02) 1.60(0.12) 2.17(0.06) 3.14(1.13)  3.99(0.89)
118116—1646 3.1 33.8 22.83 0.99 0.57 3.94 0.34(0.02) 1.19(0.26) 1.22(0.04) 0.88(0.32)  3.85(0.86)
118317—-0757 3.4 30.4 22.60 1.93 0.88 4.79 0.33(0.02) — — 0.25(0.09) 1.45(0.32)

Notes. @ Clump mass M_jump, dust temperature Ty, peak column density Nféak, and distance D are given by Urquhart et al. (2018) based on ATLASGAL source catalogue,
with typical uncertainties of 20 per cent, 20 per cent, 10 per cent, and 0.3 kpc, respectively, according to the estimate of Urquhart et al. (2018).
()SEXTRACTOR radius r of the ATLASGAL clump measured by Urquhart et al. (2014) with the algorithm SEXTRACTOR, equal to 2.4x deconvolved standard deviation

size given by SEXTRACTOR.

(©) GCSC (GAUSSCLUMP Source Catalogue) FWHM is the ATLASGAL clump FWHM measured independently with algorithm GAUSSCLUMP by Csengeri et al. (2014).
@ Clump properties of 117160—3707 are corrected by a more reliable distance from the detailed case studies of Nandakumar et al. (2016).

(© Sound speed derived using Ty,

(f) Clump-scale velocity dispersion measured from Millimetre Astronomy Legacy Team 90 GHz survey (MALT90, Jackson et al. 2013) H*CO*J = 1 — 0 and Structure,
Excitation, and Dynamics of the Inner Galactic InterStellar Medium survey (SEDIGISM, Schuller et al. 2017) c8oJ=2-1.
(®) Clump initial undisturbed number densities of hydrogen nuclei in situations (i) and (ii) are estimated based on two ATLASGAL source extraction techniques described

in Section 3.

analyse or too small to resolve. A total of nine compact H 1I regions
are selected and information on their natal clumps is presented in
Table 2.

3 PROPERTIES OF COMPACT H11 REGIONS

Moment 0 maps of CCH N;p = 1352 — 02,1 and H40c for
nine selected regions are shown in Fig. 1. All regions, apart from
118116—1646, have evident molecular shells. The well-defined
cometary shape of H40« emission in I18116—1646 strongly suggests
the existence of a molecular shell, but this shell is not visible probably
due to projection effect. To obtain a preliminary impression of our
selected regions, we first measure basic properties of ionized gas
using H40a emission.

(1) Projected size of the H 1l region (Ap4o,)- A simple Gaussian
fit is not appropriate to measure the size of our H 1I regions in the
H40oc moment 0 maps due to the intricate morphology of H40«
emission, which is classified as cometary or shell-like according
to the definitions of Wood & Churchwell (1989a). Furthermore,
some regions show UC H40« cores with an extended and diffuse
background, such as 115411-5352 (de la Fuente et al. 2020),
indicating a highly inhomogeneous distribution of ionized gas within
the H 11 region. The CCH molecular shell that is partially containing
and interacting with H1I region provides important constraints on
the size of H1I region. In the H40ow moment 0 maps produced from
the data cube with a clipped threshold of 4rms, we further mask the
pixels with a value below 10 per cent of the image peak. The resulting
edges of the H40« emission regions are shown as yellow contours
in Fig. 1. They are well correlated with the edges of the interacting
molecular shells. Therefore, we use the area corresponding to these
yellow contours as the projected sizes of the H 11 region Apao, . Small
sub H 11 regions near the central one are not considered, such as the
two tiny H1I regions located at the east of the central H II region of
117160—3707.

(2) Tonization rate (Njq,). With the hypothesis that the equilibrium
between ionization and recombination has been reached and helium
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ionization is ignored, the recombination rate Niee 18 equal to the

ionization rate N, and then Nj,, can be estimated using the methods

in ATOMS IV and Zhang et al. (2023b, ATOMS XIV hereafter)
VH400 OB

Nion = .rec = Lu4oa s (1)
C €

where Lyaoy, Vaaow, OB, and € are the luminosity and frequency of
H40«, the Case B total recombination coefficient, and the efficiency
factor, respectively. Case B means that the ionizing photons emitted
during recombination are immediately reabsorbed and then produce
another ion and free electron through photoionization (Baker &
Menzel 1938).The efficiency factor € is calculated with

€ = by fu (LTE) Auhvhsoa, @

where b, is the departure coefficient, A, is the spontaneous emission
coefficient, f,; (LTE) is a factor related with the fractional population
of upper level and it can be determined from Saha-Boltzmann
ionization equation (Gordon & Sorochenko 2002). For an assumed
electron temperature T, = 10* K and an electron number density
n. = 10* cm™3, the corresponding € = 1.99 x 1073 cm? erg s™!
when taking by = 0.788, f,; (LTE) = 7.03 x 107! cm?, and A, =
54.7 s7'. At the same time, the corresponding ap = 2.54 x
1072 cm® s7! (ATOMS IV). ATOMS IV found that g and € are
unlikely to significantly alter resultant N, because there is only a
variation of >~ 10 per cent when n. and T, are as low as 100 cm™3
and 5000 K, respectively. The spectral type of ionizing stars is then
determined from N, using the relations in Sternberg, Hoffmann &
Pauldrach (2003). It should be noted that severe dust absorption of
ionizing photons in early H Il regions may lead to an underestimation
of spectral type of ionizing stars.

(3) Averaged number density of electron (n.) and thermal pressure
of ionized gas (P;). Although the distribution of n. within our H 11
regions is highly inhomogeneous, we attempt to estimate an averaged
ne using

. 1/2
Nion )
ne=|—— , 3)
¢ (QBVH40a
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Figure 1. Compact H I regions in this work. The colour images display the H40 moment O maps created using the technique described in Dame (2011), with
a channel clipping level of 4 x rms. The black solid contours and the gray dashed contours represent the CCH emission and the ATLASGAL 870 pm emission
(Schuller et al. 2009), respectively. The contour levels start from 20 per cent of the maximum to the maximum with eight evenly spaced steps on a linear scale
and on a logarithmic scale, respectively. The yellow contours and the red circles indicate the edges of H Il regions and their corresponding circular sizes ryo, eff»
as described in Section 3. All moment 0 maps shown here have been corrected by PB. Two black circles indicate the 20 per cent and 30 per cent power points
of PB, respectively. Note that the CCH N r = 13,22 — 01/2,1 line of 115570—5227 and 117160—3707 is located on the border of the SPW and therefore only
a part of the CCH N r = 13,22 — 01/2,1 emission channels are actually integrated.
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Table 3. H 11 region properties.

Name RA Dec. FH40weft  Int. H40a@  Npec and Nion ~ Sp. type e ci Pilkg tagn®
deg deg pc Jy kms~! 104 51 100ecm™3  kms™' 107 Kem™3 0.01 Myr
® (i)

113080—6229 197.810 —62.750 0.21 66.5 0.49(0.11) 08.0 4.2(0.8) 11.1(0.6) 6.3(1.4) 1.0(0.6) 2.7(0.7)
115411-5352 236.248 —54.037 0.08 81.0 0.14(0.03) B0.0 8.9(1.7) 10.5(0.6)  11.8(2.6) 0.3(0.2) 1.8(0.4)
115570—-5227 240.232 —52.607 0.32 18.0 0.33(0.07) 09.0 1.8(0.3)  10.3(0.4) 2.3(0.5) 1.1(0.9) 3.3(0.9)
115584—5247 240.578 —52.924 0.23 6.1 0.06(0.01) B0.5 1.2(0.2)  10.7(1.1) 1.7(0.5) 3.9(1.1) 5.2(1.2)
116362—4639 249.990 —46.753 0.13 4.6 0.02(0.01) B0.5 1.9(0.3)  10.8(1.1) 2.6(0.7) 1.5(0.5) 1.6(0.4)
117006—4215 256.054 —42.332 0.06 314 0.08(0.02) B0.0 12.1(2.3)  10.1(0.5)  14.8(3.2) 0.3(0.2) 0.8(0.2)
117160—3707 259.863 —37.183 0.31 39.7 0.77(0.17) 07.5 2.9(0.5) 10.1(0.5) 3.5(0.7) 5.1(1.5) 5.8(1.4)
118116—1646 273.649 —16.760 0.27 56.1 0.44(0.10) 08.5 2.6(0.5) 10.2(0.4) 3.4(0.7) 1.9(0.8) 5.2(1.2)
118317—0757 278.605 —7.913 0.23 422 0.49(0.11) 08.0 3.6(0.7) 9.6(0.4) 4.0(0.8) -© 1.9(0.6)

Notes.® Integrated intensity of H40a emission. Its typical uncertainty is less than 10 per cent.
® (i) and (ii) are dynamical ages estimated using the initial density n;y; described in Section 3.

(©) Dynamic age of this region cannot be reliably estimated.

where effective volume Voo = 47rr€140o(’eff /3 (details of equation 3
are in ATOMS 1V). The effective radius of H Il region rygos.efr iS
derived from Apsoq bY "t40a.cff = /A0 /7 - Then, the ionized gas
pressure P; ignoring He ionization is derived using

2
kg Te> ’ @

P, = nechi2 = n.myg
my

where ¢; is the sound speed of ionized gas (Tremblin et al. 2014b;
Krumholz 2017). T is taken from the measure of ATOMS XIV in
general. We used the Galactocentric distance Rgc—T. relation derived
by ATOMS XIV when T, is not measured:

R
T, = (6271 £ 481) + (135 & 83) (TGC) K. )
pc

(4) Dynamical age of H I regions (Zayn). The t4y, is estimated using
(Dyson & Williams 1997)

TH40a, eff K — 1! Myr (6)
rs y ’

here rs is Stromgren radius where an ionization-recombination
equilibrium reaches at Stromgren time g, given as

fagn ~ 0.05587 (r—s)
pC

ro A 0.74 Nion 13 ( Pini )72/3 c
ST 109 51 100em>/) P

Mini -1 M 7
103 cm—3) yE @

Calculations of g, t5, and t4y, Tequire taking into account the initial
undisturbed number density of hydrogen nuclei n;,; (Whitworth et al.
1994). The density of clump at which high-mass protostars just
started to ionize their natal clump is difficult to determine from
our present-day observations because mass accretion and dispersal
could exist at the same time during the early evolution of clump.
Urquhart et al. (2019, 2022) studied few thousand massive clumps
from the ATLASGAL project (APEX Telescope Large Area Survey
of the Galaxy, Schuller et al. 2009) according to their evolutionary
stages (quiescent, protostellar, young stellar object, H 11 region). The
difference in the typical density of the clumps (column density and
volume density) between different evolutionary stages is negligible
(~ 20 per cent) compared to the density dispersion of the clumps
at a certain evolutionary stage in their large sample (see table 2 of
Urquhart et al. 2019 and table 7 of Urquhart et al. 2022), indicating
that the average density of a massive clump may not change
much during evolution from the quiescent stage to the HII region

s ~ 0.0002 (
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stage. We therefore estimate n;,; using the present-day properties of
natal clumps measured by ATLASGAL observations. ATLASGAL
extracted and catalogued clumps using two independent algorithms
that are sensitive to structures on different angular scales: (i) SEX-
TRACTOR (Urquhart et al. 2014) and (ii) GAUSSCLUMP (Csengeri et al.
2014). The first algorithm is better at determining global properties of
aclump, whereas the second algorithm is more sensitive to embedded
compact sources of a clump. The difference between these two
algorithms is verified by the different clump sizes in Table 2. We
estimate the H, number density ny, in two cases (i) the total clump
mass and SEXTRACTOR clump radius (ny, = 3 Mump /A rimy W,
and puy, = 2.8), and (ii) the peak column density and GAUSSCLUMP
FWHM (ny, = Nlﬂzak /2FWHM).

The estimated properties of HII regions are listed in Table 3.
The typical uncertainties of Nyee OF Nioy are 20 per cent when dust
absorption is ignored. The typical uncertainties of n., ¢;, and P; are
at level of 20 per cent, 5 per cent, and 20 per cent, respectively, if
Va0 Well describes the real volume of the HII region. The rygoq et
and n, range from 0.1 to 0.3 pc and 1.2 x 103 to 1.2 x 10* cm™3,
respectively. Using physical size and 7n. as the compactness probes
of H 1 regions, Kurtz (2005) proposed an evolutionary sequence
for H1 regions: (1) HC stage (< 0.03 pc and > 10° cm™3), which
represents the earliest time of H I regions (Sewito et al. 2011; Yang
et al. 2019, 2021; Patel et al. 2024), (2) UC stage (< 0.1 pc and
> 10* cm™3, Churchwell 2002; Hoare et al. 2007). Some of the
well-studied samples are presented in Wood & Churchwell (1989a)
and Kalcheva et al. (2018). (3) Compact stage (< 0.5 pc and 2
5 x 103 cm™3) such as the regions explored by Garay et al. (1993).
(4) Classical/giant stages (= 10 pc and < 100 cm™3). Our work
represents a unique sample of H 1I regions that are at the early
time of the third stage (‘compact’ stage) in the sequence of Kurtz
(2005) because our sample is slightly more evolved than the typical
UCH 11 regions that are thought to be smaller and denser. Therefore,
in the following discussion the evolutionary stages of our sample are
referred to as ‘early compact’.

All regions should already be in equilibrium of ionization and
recombination due to the very short time to reach rg (ts~ several to
a few tens of years) according to equation (7). The dynamic age is
estimated to be around 10* yr, but should be considered as a lower
limit for the lifetime of these H 11 regions. The actual lifetime could
be an order of magnitude longer than the estimated dynamical age
for early H1I region, which is already shown in some attempts of
estimating UCH 11 region lifetime by massive star counting (Wood
& Churchwell 1989b; Mottram et al. 2011). The typical lifetime of
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UCH 11 region is ~ 0.3 Myr (Churchwell 2002) and therefore, it is
reasonable to propose that the typical age of our early compact H1I
regions is likely 2 0.3 Myr. An independent test using simulations
of expansion of the H I region in a turbulent molecular cloud carried
out by Tremblin et al. (2014b) suggests a typical age around 0.2 Myr
with large error for our HII regions, roughly consistent with the
estimated lifetime.

The pressure of ionized gas in our sample, Pi/kg ~ 107 to
10% K cm™3, is one to three orders of magnitude higher than that
of more evolved classical H1I regions measured by a single-dish
telescope (Mookerjea 2022; Pandey et al. 2022). This high pressure
is expected to profoundly change the physical state, particularly
the density structure, of the surrounding medium. In the following
sections, we extract and analyse dense molecular gas structures to
understand how interactions work between the HII region and the
dense gas that forms stars.

4 DENSE GAS FRAGMENTS TRACED BY
HBCO* EMISSION

We use H*CO*J =1 — 0 transition to detect and analyse dense
molecular gas (Liu et al. 2020b, ATOMS II) because H'3*CO™ is
an effective tracer of high-density molecular gas, especially for the
dense gas involved in star formation (Gao & Solomon 2004). Fig. 2
displays H3CO*J = 1 — 0 moment O maps for the nine H Il regions,
and it reveals numerous bright fragments at the edges and off the
edges of H 1 regions. These fragments are representative of relatively
dense structures within the regions and, therefore, closely correlate
with star formation activities. The continuum emission at 3 mm for
our ATOMS target regions is dominated by free—free emission, and
thus it is very difficult to analyse these fragments with dust emission
at 3 mm (see details in ATOMS IV).

4.1 Extraction of dense gas fragments

Dense gas fragments were extracted from H*CO*J = 1 — 0 cubes
by employing astrodendro that is capable of recognizing intri-
cate and hierarchical structures of molecular clouds (Rosolowsky
et al. 2008). The 3D dendrogram calculations were performed on
cubes without primary beam (PB) correction to ensure a uniform
noise field during structure extraction (Redaelli et al. 2021, 2022).
After a deliberate test, the parameters in the calculation of the
dendrogram are established as follows: the minimum intensity for
a voxel to be considered min_value = 3.5 rms, the minimum
step to differentiate an independent structure min_delta = 2 rms,
the minimum number of voxels for a structure to be included
min npix equivalent to three channels x half of the beam size.
We pruned the astrodendro calculation results by additionally
requiring that the minimum peak for an indecomposable structure
min peak =4.5 rms, the minimum channel number equal to
three, and the minimum spatial size for a structure is half of the
beam.

We take the ‘leaves’ structures in the dendrogram results as dense
gas fragments, since they represent the smallest structures without
substructures. The reliability of extraction is reflected in Fig. 2 where
the extracted fragments agree well with the bright emissions in the
H'*CO*J =1 — 0 moment 0 maps. After removing fragments with
low SNR and complicated H*CO"J = 1 — 0 spectral profiles (see
Section 4.3), a total of 164 dense fragments were extracted and
considered in the following analysis.
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4.2 Fragment properties

The velocity dispersion o, mass Mq, density, and virial parameters
are essential to determine the physical state of a fragment. We
estimate these properties using H'3CO*J =1 — 0 cubes that are
corrected by the PB:

(1) The value of ¢ given by astrodendro is usually a lower
estimate of the actual o associated with fragments due to channel loss
in the pruning process, particularly for weak structures whose line
wing channels are ignored. To better reconstruct o of the fragment,
we extracted in practice the average spectra from the dendrogram
spatial area of fragments and then fitted them with Gaussian within
the dendrogram velocity range of fragments. The recalculated o
is around 0.2-1.1 km s~!, which is larger than the dendrogram-
produced one by 0.1-0.3 km s~

(2) With the assumption that H3CO*J = 1 — 0 is optically thin,
the associated H'3CO™ column density Nyisco+ is calculated using

ANyico+ 8kgv? E, \ T.(v)
in 2 T. , (8
Av |thm hCSAulgu Qrot( ex) exXp kBTex fbeam ( )

where vy, foeams Ir> Tex> Eus us and QO are the transition frequency,
beam filling factor, brightness temperature, excitation temperature,
energy and degeneracy of the upper level, and partition function,
respectively. Taking A, = 107441416 =1 £ =1, E, =4.16 K,
and g, = 3, the fragment mass can be estimated with equation (8)
by integrating the spectra and the area of fragment when 7. and
HBCO™ abundance xgyisco+ are known. It is assumed that T, is
equal to the dust temperature Ty, on the clump scale measured
by Urquhart et al. (2018). The compact H 1I regions in this work
span a range of the Galactocentric distance from 2.4 to 6.9 kpc and
therefore xyi3co+ can differ for each region due to the Galactocentric
gradient of the isotope (Milam et al. 2005). Kim et al. (2020) explored
HBCO*J =1 — 0 emission towards ~ 400 massive clumps with
Institut de Radioastronomie Millimetrique (IRAM) 30 m telescope,
and by taking advantage of their result we find that in their sample the
relationship between the clump-scale xyi3co+ and the Galactocentric
distance is quite flat within the Galactocentric distance range of
our sources. Therefore, a uniform yyico+ = 3.6 x 107! is taken
for our sample, which is the average for UCH II regions in the
observation of Kim et al. (2020). The resultant fragment mass
More Tanges from 1 to 200 Mg with a typical uncertainty of
20 per cent.

(3) Mass surface density o and H, number density np,. Zcore
is key to characterizing massive star formation (Krumholz & McKee
2008; Kauffmann & Pillai 2010) and we estimate it using

core/Acore = core/ (nrczore,eff) ) (9)

where the effective area A and its corresponding effective radius
Teore.eff are derived from the 2D spatial extent of the dendrogram
resulted leaves (Takekoshi et al. 2019; Redaelli et al. 2021; Take-
mura et al. 2023). The typical radius ranges from 0.02 to 0.1 pc,
corresponding to the core-scale structures. The surface density of
the dense gas fragments ranges from 0.2 to 7 g cm~2, with a typical
uncertainty of 30 per cent. The fragment H, number density ny, is
estimated using
3MC0|”6

I L — (10)
4nréore,effMH2mH

Yeore =

3 with uncertainties

and its values range from 2 x 10°to 5 x 10® cm™
around 40 per cent.
(4) Virial ratio characterizes whether the gas fragments are

bound by gravity. Regardless of magnetic fields, rotation, and
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Figure 2. H'3CO*J = 1 — 0 emission and extracted fragments. The colour images show the H3CO*J = 1 — 0 moment 0 maps (PB corrected) produced by
the technique described in Dame (2011) with a channel clipping level of 4 x rms. The red and cyan contours outline the extracted fragments close to and far
from the central H 11 regions (N and F fragments; see Section 5), respectively. Pink contours indicate the edges of H1I regions. Magenta circles indicate the peaks
of ATPCF (solid: first peak and dashed: second peak) discussed in Section 5.2. The lime lines are the MST connections for the N fragments probably located in
shell. The two black circles indicate the 20 per cent and 30 per cent power points of PB.

external pressure and assuming a constant density profile of
fragments, the virial ratio of fragments is estimated using
(Bertoldi & McKee 1992; Redaelli et al. 2021; Wong et al.
2022)

2
_ Mvir _ S0 Feore, eff
Mcore McoreG

: an
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and the R,;; range from 0.3 to 5, with typical uncertainties of about
30 per cent.

The estimated properties of each fragment are listed in the
Supporting Information. In Section 5.1, we discuss these properties
in more detail to study how ionization feedback regulates fragments
and associated star formation.
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4.3 Biases in fragment extraction and properties estimation.

One of the biases that influence the 3D extraction of fragments
is the self-absorption of H'3CO*J =1 —0. It can create fake
independent velocity components separated by the absorption dip in
an extremely dense region, leading to misclassification or distortion
of the extracted fragments. The fact that only a few fragments in
the nine regions have notable spatial overlaps supports that self-
absorption is not severe in the regions studied here, because more
extracted fragments would overlap each other if the fake velocity
components created by the self-absorption dip took over. Assuming
the following properties for a typical fragment: kinetic tempera-
ture Tij, = 30 K, background temperature Tpe = 2.73 K, ny, =
10° cm—3, and H'3CO™ column density Nyisco+ = 3.6 x 10" cm™2
(corresponding to an H, column density of ~ 10** cm™2), the
optical depth T given by RADEX! online tool is ~ 0.46 (van der
Tak et al. 2007). It shows that H*CO*J = 1 — 0 emission in most
fragments should have a v < 1 and self-absorption is unlikely to
have a major impact on 3D extraction. To ensure a reliable estimate
of fragment properties, we thoroughly checked the spectral profile of
H3CO*J = 1 — 0 and its Gaussian fit for each fragment. A total of
16 massive and dense fragments are neglected in property estimation
due to their complicated spectral profiles.

Variation of Ty and xyi3co+ Within the clump-scale environment
can be another important uncertainty in property calculations. Differ-
ent strengths of heating and UV radiation for fragments at different
locations can cause different xyi3co+ for each fragment, although
Kim et al. (2020) found no significant differences in the clump
Xusco+ between those that host H1I regions and those without H1
regions. This is also supported by observations of Sanhueza et al.
(2012) that explore more than 100 clumps and confirm that the clump-
scale xyi3co+ does not change much over different evolutionary
stages. The dissociative recombination with electrons, which is the
main destruction mechanism of H'3CO™, probably strengthens when
fragments are close to H Il region, while the warm environment causes
the mantles of icy grains to evaporate and then more CO and H,O
are produced to join the formation reactions of H'3CO™ (Miettinen
2014; Kim et al. 2020). Therefore, the general effect of H Il region on
Xui3co+ 1s difficult to determine without careful chemical modelling
(Stéphan et al. 2018), which is beyond the scope of this article.

5 INFLUENCE OF Hi1 REGION ON
FRAGMENTS

How external evolved H 1I regions alter the initial conditions of
HMSF on the clump scale has been extensively studied (Schneider
et al. 2020) such as compression on clump density structure and
magnetic field (Eswaraiah et al. 2020; Zhang et al. 2020), injecting
turbulence (Mazumdar et al. 2021; Shen et al. 2024), radiation
heating (Zhang et al. 2020), and changing clump fragmentation mode
(Liu et al. 2017; Rebolledo et al. 2020). To further investigate the
ionization feedback of the compact H 1I regions on the core-scale
conditions of star formation, we classified the H'3CO* fragments
into two categories based on their relationship with the central H 1
region: (1) fragments at the edges or near the edges of H 1I region
(N fragments hereafter) and (2) fragments relatively far away from
H 11 region (F fragments hereafter). Basically, we extend the spatial
extents of the fragments with a beam width and then count the spatial
overlaps between the extended fragment and the H 1I region. The

Thttp://var.sron.nl/radex/radex.php
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extending spatial extent procedure is to reduce the bias of losing
spatial overlaps caused by PDR (Goicoechea et al. 2016) that exists
between the ionized region traced by H40« and the dense molecular
region traced by H'*CO* emission. A fragment is classified as N
type when the overlap is greater than 50 per cent size of the extended
fragment or when the mean H40« intensity in the overlap is greater
than 10 per cent of the H40« emission peak of the entire H 11 region.
The purpose of setting the H40« intensity threshold is to include the
situation in which a N fragment has a small overlap with H 1I region
but a significant H40« emission indicating ionization interaction is
detected in this small overlap. These thresholds are carefully tested.
The identified number of N fragments decreases with the overlap
threshold, and the trend of decrease becomes flatter when the overlap
threshold reaches 50 per cent, which means that the classification
results become relatively stable when the overlap threshold reaches
50 per cent.

These two types of fragments are shown in red and cyan contours in
Fig. 2. The chosen threshold leads to that the classified fragments are
in good agreement with the eye check, supporting the appropriateness
of the classification. There are 80 N and 84 F fragments with estimates
of physical properties. The N fragments are generally closer to the
H 11 region and most of them are embedded in the CCH shell partly
enclosing the H 11 region. The influence of ionization feedback on
fragments can be revealed directly by comparing the properties of
these two types of fragments, because fragments closer to the H1
region are expected to be more affected.

5.1 Nature of fragments under impacts of H II region

We first discuss fragment velocity dispersion o because its mea-
surement is more reliable compared to other properties derived from
H'3CO™ column density. The panel (a) of Fig. 3 shows that the o
distributions are different between the N and F fragments and the
difference is confirmed by a Kolmogorov—Smirnov (K-S) test with
a p-value threshold of 0.05. The K-S test rejects the null hypothesis
that the two types of fragments have the same distributions. The N
fragments have a larger o than the F fragments, considering the small
error in the o measurement. To study the strength of turbulence, the
non-thermal component onr is tentatively extracted by using

ont = (02 — kg Tain/myiscos) ' (12)
where Ty, is the gas kinetic temperature. The heating effect of
H 11 region is expected to create a different 7i;, between the N
and F fragments. To partially mitigate this bias, we estimate the
fragment onr in situations where Ty, of the N and F fragments
are equal to clump-scale Ty, + 5 K and clump-scale Ty, — 5 K,
respectively. The assumed 7y, difference is reasonable, considering
that the observations of Zhang et al. (2020) reveal that the temperature
of massive infrared dark clumps around the evolved H 1I region is
around 6-10 K higher than the ones far away from H 11 region. The
stronger turbulence for N fragments is well demonstrated in panels
(b) and (c) of Fig. 3 which include the possible difference in Ty,
between N and F fragments.

The nature of turbulence can be partially reflected by the ont—
size relation of molecular gas. Larson (1981) proposed a power-law
relation with a power index of 0.38 for the onr—size relation of
molecular clouds with a size of ~ 0.1 to ~ 100 pc, but the following
studies show that this onr—size relation becomes more complicated
when moving to smaller scales. Liu et al. (2022, hererafter ATOMS
IX) found that the onr—size relation breaks down into two parts
with different power-law indices on a transition scale of ~ 0.1 pc in
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infrared dark cloud (IRDC) G34. ATOMS IX suggests that gravity-
driven chaotic collapse may be a major factor in driving turbulence
and the reason for the steeper power law with greater scatter seen on
the scale of < 0.1 pc. Fig. 4 shows a positive correlation between
ont and the radius of our fragments, but with a very large scatter.
Regression analysis gives a power-law index of 0.36 and 0.25 with
a determination coefficient of 0.2 and 0.13 for N and F fragments,
respectively. The large scatter hinders us from any further detailed
analysis, but sheds light on the point that ionization feedback can be
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one of the dominant mechanisms that drives turbulence in fragment
(Nakano et al. 2017; Saldafio et al. 2019). The highly inhomogeneous
injection of turbulence that stems from the inhomogeneous ionization
feedback makes the onr—size relation deviate from the power law and
become more irregular.

Then we compare Mcoe, Zcore,» H,, and Ry between the N
and F fragments. In the primary estimate of M., and its related
parameters, T, of H'3CO™ is set to be equal to clump-scale Ty, for
both the N and F fragments in an H 1I region. Here, we additionally
estimate M. and its related properties with the assumption that the
N and F fragments have a T.x equal to the clump-scale Tyus + 5
K and the clump-scale Ty, —5 K, respectively, similar to the
calculations of onr. The extracted fragments span a wide range of
Mcores Zcores Ny, and Ryir. The number distributions plus results
of K-S test in Fig. 5 show that the N fragments have higher M o
and X, than F fragments when considering uncertainties. With
the assumption of a different 7., the differences in M, and
Yeore are even more remarkable. It is worth to note that X . of
the N fragment has a median value of ~ 1 gcm™ that meets the
minimum X, requirement of HMSF proposed by Krumholz &
McKee (2008), indicating that the N fragment may be the main
locations for HMSF compared to the F fragment. The difference in
ny, is not clear, although the K-S test suggests a different distribution
when T, is different. The H'3CO™ emission is less optically thin
for the N fragment due to its higher .., indicating that the ny,
difference may appear if the optical depth is considered in the
calculation.

We do not find a difference in R,;, between the N and F fragments
no matter under assumptions of the same or different 7., especially
considering the uncertainty of 30 per cent in the virial estimate. The
majority of the fragments are not far from the marginally bound
status (Ry;; < 2) as shown in Fig. 5. We used the value of R,;; as a
colour-coding to explore whether there are any relations between the
specific fragment locations and R.; in Fig. 6. It shows that the most
massive N fragments have a greater R,;; but this does not mean that
these N fragments are definitely less bound than the F fragments.
The external pressure exerted by the ionized gas P; is ignored in our
calculation of R,; due to the high inhomogeneity of P;. The pressure
of ionized gas may help the massive N fragment to maintain a bound
status (ATOMS XIII).
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The more massive and turbulent nature, plus a higher surface
density of fragments affected by H 1l regions, suggests that the
core-scale conditions for star formation differ from those in a
quiescent environment. The global trend of difference revealed
here does not rely on detailed definitions of fragment size such as
the ones given by astrodendro (Rosolowsky et al. 2008) and
2D Gaussian fit (ATOMS III), which are sensitive to calculations
of density and virial ratio. The distinct characteristics of the N
fragments should associate with the particular environment of the
molecular shell. In fact, most of the N fragments are located in shells
traced by CCH and we highlight them by connecting them with
lime lines in Fig. 2 using the technique of minimum spanning
tree (MST, Naidoo 2019). The molecular shells of compact H1t
regions, as a direct consequence of gas collection and compression,
probably create an environment conducive to the formation or
survival of dense and massive fragments. In the next section, we
demonstrate that the H1I regions have a major influence on the
spatial distributions and kinematics of fragments and shells in the
regions.

5.2 Regulated spatial distribution of fragments

Spatial distributions of the fragments around H I regions in the FoV
could be regulated by expansion of overpressured ionized gas. To
study the spatial connection between fragments and H1I regions,
the angular two-point correlation function (ATPCF) between the
positions of H Il regions and fragments is calculated (Landy & Szalay
1993). The resulting ATPCF is a function of the separation between
the central H1I region and the surrounding fragments, and a higher
value in ATPCF indicates a higher probability of finding fragments
at this separation. This approach has been applied in the analysis
of the relationships between evolved bubble H II regions and their

surrounding massive star-forming clumps, and revealed an overdense
activity of star formation at the edges of H 11 region (Thompson et al.
2012; Kendrew et al. 2016).

Fig. 7 presents the ATPCF for our H 1I regions and fragments,
calculated with the ‘Landy-Szalay’ estimator. ATPCF is normalized
by its peak and radius of HII region rysoe e to unify the analysis.
Most of the regions in our study have an ATPCF that peaks
around or slightly farther than ryagq ett, except for 117160—3707 and
18116—1646. The secondary bump of the ATPCF for 18116—1646
is well correlated with ryagyerr, as shown in the magenta dashed
circle in Fig. 2. Although its H40« emission shows a nice cometary
morphology, CCH and H'3CO™ emission is not only in the directions
of the edges of H 11 region but also in the central direction of H 11
region, as shown in Figs 1 and 2. This observed distribution of
molecular gas is probably a consequence of the projection for a
3D shell structure. We further test the reliability of the presented
ATPCF peak by calculating the average ATPCF of 500 2D random
distributions that are generated from the same number of fragments.
The ATPCF of the random distribution is much flatter and its peak
matches the radius of the H 1I region worse, again demonstrating
that the spatial distribution of fragments is not random in most
regions.

There are two potential explanations for the agreement between
the ATPCF peak and the edges of H1II region. An explanation is
that expansion of H II region rearranges the spatial distribution of
pre-existing fragments at the same time some of the pre-existing
fragments protruding from the shell are photoevaporated. Another
explanation is that fragments at the edges of the H II region were
formed by fragmentation of the molecular shell collected during
expansion of the H 11 region.

In the first case, if dense fragments were formed by initial
spontaneous (rather than H 1 region-induced) fragmentation of their
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Figure 6. Virial ratio Ry;; of fragments. Grey images show the H3CO™J = 1 — 0 moment 0 maps the same as Fig. 2. The contours outline the extracted
fragments with a colour-coding which represents the virial ratio Ry, in logarithmic scale. The N and F fragments are marked with red and blue fragment ID
labels, respectively. Orange contours and circles indicate the edges and the effective sizes of H I regions, respectively.

natal clump prior to the development of the HII region and the
initial fragments were somehow ‘randomly’ distributed in space, in
later evolution these fragments would be displaced by expansion of
the H 11 region or photoevaporated by UV radiation, making their
distribution peak at the edges of H 11 region. The shells are relatively
smooth and protruding structures are not common, as shown in Figs 1
and 2, suggesting that photoevaporation is probably efficient. Some
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of the irradiated low-mass fragments may be photoevaporated during
expansion from the UC stage to the compact stage. For an irradiated
fragment, its mass-loss rate due to photoevaporation can be estimated
using the equation in Haworth, Harries & Acreman (2012),

1/2 3/2
) > <rc0re,eff > M@ Myrfl ’

Moy, = 4.4 x 1073
cm—2 g1 pc

13)
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Figure 7. ATPCF between dense fragments and H1I regions, normalized by ATPCF peak. The distances of fragments to the centre of H 1I region are shown
with the unit of arcsec in panel (a) and with the unit of effective radius of HII region ryoq. efr in panel (b). Solid and dashed lines show the ATPCFs produced
from the observed positions of fragments and produced from an average of 500 random spatial distributions of fragments with the same number as the observed

ones, respectively.

where @ is the flux of ionizing photon. Our fragments have a typical
radius of 0.04 pc, the resultant My, are ~ 26 and ~ 60 Mg Myr™!
when they are 0.1-0.2 pc (typical radius of our H 11 regions is 0.2 pc)
away from the ionizing stars that release ionizing photons at a rate
of 10*® s~!. It illustrates that fragments with several solar masses
will be photoevaporated within 0.1 Myr if there is no efficient shelter
between ionizing stars and fragments.

In the second case, excess fragments produced in shell fragmenta-
tion lead to an ATPCF peaking at the edges of H 11 region. However,
in Section 6 we show that this possibility is rather low. Most of the
fragments in the shell are very likely to be pre-existing fragments
produced by clump fragmentation before development of the H 1t
region, and thus the observed spatial distribution mainly comes from
photoevaporation and regulation effect of the H 11 region.

5.3 Influence on fragment kinematics

Kinematic analysis of shell expansion could provide clues on the
origin of the ATPCF feature if this feature is caused by regulating
distributions of pre-existing fragments. The expansion of shell is not
easy to reveal directly from simple mappings, such as moment maps,
because of the sky projection bias. Fig. 8 presents the velocity field
of H40a and H'3CO™ fragments of a splendid example from our
sources showing an expansion feature of the shell. The position—
velocity (PV) cuts of the H*CO™ and CCH cubes along the east—
west direction shown in panel (c) present a V-shaped structure with
a turning point at offset of 40 arcsec, suggesting a shell expansion
velocity of > 2 kms™! (Arce et al. 2011). This kind of velocity
structure is due to the blueshifted shell located partially in front
of H 11 region or the redshifted shell located partially in the back
of H 11 region. Therefore, the estimated expansion velocity is just
a lower limit due to projection. The velocity fields of the other
eight regions are presented in the Supporting Information available
online. Although a careful analysis of the velocity structures can
be done for each region, whether it is meaningful from a statistical
point of view is doubtful, especially when considering the intricate

sky projection and the various techniques adopted in revealing the
expansion feature. Therefore, we need a simple statistical parameter
to show systematically differences in the kinematics of different types
of fragments.

We propose here that the systematic difference in velocity between
fragments and H 1 region (Ve — Vi n) provides important clues
about the expansion and its kinematic perturbation on fragment. For
dense fragments that are not at the edges of H Il regions but are
still embedded in the same natal clump, their velocity should have a
smaller difference from the system velocity of H 11 region compared
to the fragments at the edges of H 1I region that are disturbed by
the expanding H 1I region and shell. Fig. 9 shows the histograms of
Virag — Ve 1 for N and F fragments, respectively. The system velocity
of H II region vy is derived from a Gaussian fit to the averaged
H40« spectra of the entire emission region. As shown in Fig. 9,
the Gaussian fittings to the histograms of vg,, — vy give a larger
histogram dispersion for N fragments and the difference (~ 1.7 km
s7!) is much greater than the measure error of 0.1-0.2 km s~'.
It suggests that a kinematics perturbation dominated by outward
movement driven by the expansion of H II region is prevalent for
the N fragments from a statistical point of view. For 117160—3707
and [18116—1646, there are few fragments, with a velocity of 3—
6 km s~! in comparison to the H 11 regions, located at an direction
close to the centre rather than the edges of the H 11 regions. These
special fragments are at the higher end of the observed |Virag — VH ul,
probably because their outward movement almost follows the line of
sight.

Another interesting phenomenon behind the above investigation
is the difference in velocity between the N fragments and the local
ionized gas closest to these fragments (Virag — VH 11,l0cal)> s shown
in panel (b) of Fig. 9. The histograms shed light on the complicated
mechanisms behind Vg — VH 1,10cal- The N fragment Virag — Vi 1, focal
has a distribution poorly described with Gaussian compared to that
of the F fragment. The histogram dispersion difference (~ 0.5 km
s~ is also at the same level of measurement error (~ 0.5 km s~!).
Fig. 10 presents the PV cuts along the edges of the H40o emission
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Figure 8. Velocity structure of 113080—6229. Panel (a) HB3CO*J =1 — 0 moment 0 map overlaid with the contours (blue) of CCH emission. The contour
levels are the same as in Fig. 1. The red contour outlines the PV cut path of H!3COtJ =1-0,CCH Ny, r =132, — 01/2,1, and H40« cubes shown in Fig. 10.
The numbers in pink indicate the offsets in Fig. 10. The two vertical and horizontal lines indicate the width and path of PV cuts along the south—north (S-N)
and east—west (E-W) directions, respectively. Panel (b) velocity field of H40« (background) and H'*CO? velocity of dense fragments (contour). H40« velocity
field is generated using GAUSSPY+ (Riener et al. 2019). Panels (c) and (d) show the PV cuts of H'3CO" cube along the E-W and S-N directions, respectively.
The yellow dotted lines mark the system velocity of H40« emission. The V-shape velocity structure of the shell is indicated by the purple dashed line in panel
(c). The blue contours show the corresponding PV cuts of CCH cube with a logarithmic step level. The red numbers indicate the ID of the corresponding N

fragments that have a reliable velocity estimate.

region for [13080—6229. The value of Vig — VH n10cal Changes with
the edges of the H 11 region, reflecting the complicated kinematics
of the local ionized gas with respect to the nearby molecular gas.
Photoevaporation and shocks are possible mechanisms to create
this difference (Trevifio-Morales et al. 2016). Furthermore, different
models of H Il regions, such as bow shock and champagne flow,
also present different modes of velocity for the local ionized gas
(Tenorio-Tagle 1979; van Buren et al. 1990; Veena et al. 2017). A
deeper analysis of the ionized gas kinematics is beyond the scope
of this paper, and we plan to present it in a subsequent work. We
only stress here that the difference in velocity between the fragments
and the local ionized gas near the fragments Vi, — VH 11,jocal 1S DOt
appropriate to be used in our comparison because they are dominated
by much more intricate kinematics.

6 ORIGIN OF FRAGMENTS IN MOLECULAR
SHELL

The origin of fragments in the molecular shells is crucial to under-
standing the spatial distribution and kinematics of these fragments,
as mentioned in Section 5.2. Furthermore, these fragments in shells
prefer formation of higher-mass stars compared to those outside
the shell, and thus ascertaining formation of these shell fragments
will help us to understand the important role of the compact H 11
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region and its feedback in HMSF from formation of dense core-scale
structures.

6.1 Fragmentation model for shells swept up by H1I regions

The expansion of H Il regions sweeps up a molecular shell that accu-
mulates more and more mass over time. If the density amplification of
the shell dominates over the heating and changes of the magnetic field
and turbulence, the shell is expected to experience fragmentation.
The produced gas fragments may collapse and then form stars. This
process is called as collect and collapse process (C&C, Elmegreen
& Lada 1977). Whitworth et al. (1994) analytically proved that
dense fragments condensed from the swept-up molecular shell are
preferential sites for HMSF. The work of Whitworth et al. (1994)
motivates us to test whether the shell fragments of our compact H1t
regions have a C&C origin because of the relative larger mass of our
shell fragments. Based on an H I region expansion raw of R ~ K¢
where K is a constant and o = 4/7 (see equation 6), Whitworth
et al. (1994) derived the time when a shell begins to fragment fg,g,
the corresponding radius of shell s, the mass and separation of the
condensed fragments My, and Diag at fipy,:

—1/11
Cs 7 Nion Mini —5/11
fing ~ 1.56 (0.2 km s~! ) < 104 -1 ) (103 cm—3) My (14)

. /1
Cs 411 Nion Nini —6/11
g ~ 3-8 (0.2 km s! ) ( 104 51 ) (103 cm*3> pe s
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where ¢; is the isothermal sound speed for the shocked gas in shell.
Whitworth et al. (1994) assumed sound speed of the ionized gas ¢; ~
10 km s~! and recombination coefficient &, ~ 2 x 1073 cm?® s~! in

the simplification of equations (14)—(17).
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These equations have been applied to a number of molecular
shells around evolved large H 1I regions, to ascertain whether shell
fragmentation produces the cores/clumps in the shells. Typically, the
studied cases are classical H 11 regions with a radius from few parsecs
such as Sh2—212 (~ 2.0 pc, Deharveng et al. 2008), N49 (~ 2.0 pc,
Zavagno et al. 2010), S235 (~ 2.0 pc, Kirsanova et al. 2014), RCW
79 (~ 6.4 pc, Zavagno et al. 2006), to even nearly ten parsecs (Zhou
et al. 2020). Deharveng, Zavagno & Caplan (2005) and Deharveng
et al. (2010) listed numerous such evolved H 1 regions with the
shell structure. The advantages of using these large and evolved H
1I regions to investigate the shell fragmentation model are not only
that they are easily resolved by single-dish observations, but also that
they provide more time for fragmentation to occur in the molecular
shell.

The power indices in equations (14)—(17) show that the fragmenta-
tion parameters are dominated by ¢ and nj,;. Whitworth et al. (1994)
concluded that with an assumed initial cloud density n;,; ~ 10° cm ™3,
the shell is expected to fragment when its column density of hydrogen
nuclei reaches 4 to 8 x 10?! cm™2. According to equations (14)
and (15), the fragmentation of shell will occur earlier if the initial
density ny,; is higher, indicating that it is valuable to test the shell
fragmentation model for our H II regions because the shells of our
early compact H II regions are embedded in a denser environment
with a density of > 10* cm=3,

6.2 Comparisons with model of Whitworth et al. (1994) and
limitations

To constrain the conditions for shell fragmentation using equations
(14)—(17), we use the estimated properties of the clumps and H 11
regions in Section 3. Each fragmentation parameter is calculated
using two types of nj, that are measured by ATLASGAL in
Section 3. The ¢, of the shocked gas in the shell is estimated with
the clump-scale ¢, derived from the ATLASGAL dust temperature
Taust (Urquhart et al. 2018), which is probably a lower limit of ¢
because the shell is expected to have a higher temperature compared
to the entire clump. In the simplifications of equations (14)—(17),
Whitworth et al. (1994) adopt a «, that is slightly different from
the one we used in the calculation of H40« emission ag, but this
difference is negligible for the calculation of shell fragmentation
because it only leads to an error of ~ 2 per cent. Interstellar dust
plays an important role in the equilibrium between ionization and
recombination because it absorbs a large fraction of the Lyman
continuum at the early evolutionary stage of the H1I region. With
Very Large Array observations of a sample of compact H 11 regions,
Garay et al. (1993) found that the typical absorption fraction is ap-
proximately 55 per cent. Dust absorption causes an underestimate of
the spectral type of ionizing stars derived from the observed H40« but
does not significantly change our fragmentation analysis. Taking into
account an extreme case where 90 per cent Nion are absorbed (Brand
et al. 2011), the resulting difference in fragmentation parameters is
only ~ 20 per cent according to the weak dependence of Nj,, shown
in equations (14)—(17).

The shell fragmentation parameters predicted for our regions are
listed in Table 4. To explore the conditions for shell fragmentation,
we show the relations of 7ini, Nion, frag, and e in Fig. 11. The
colour lines in Fig. 11 mark the time and radius required for shell
fragmentation under certain conditions of niy;, Nion, and ¢. On the
one hand, most regions require fg,g ~ 0.5 to 0.7 Myr for shell
fragmentation as shown in Fig. 11, slightly older than the typical
lifetime of UCH 11 regions ~ 0.3 Myr given by Wood & Churchwell
(1989b) and seems to be in line with the lifetime estimate of our early
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Figure 10. PV cuts along the edges of H40a emission region of 113080—6229. Panels (a), (b), and (c) show the cut of H40a, CCH Nj r = 13,22 — 012,1,
and H3CO™J = 1 — 0 cubes, respectively. The red dots represent the velocity centers of H40« derived from a position-by-position Gaussian fit of the H40«
PV cut with a threshold of 3o. The yellow dotted lines mark the H40« system velocity of H 11 region.

Table 4. Fragmentation parameters.

Name lfrag Frag Mfrag Dfrag Mieans Ljeans

Myr pc Mg pc Mg pc

O] (i) O] (i) @ (i) @ (i) @ (i) @ (i)

113080—6229  0.83(0.14) 0.48(0.05) 1.89(0.37) 0.98(0.12) 62.5(15.3) 36.1(7.6) 0.76(0.14) 0.44(0.06) 22.7(5.3) 12.4(2.3) 0.50(0.09) 0.27(0.03)
1154115352 0.68(0.11) 0.25(0.03) 1.18(0.23) 0.36(0.04) 43.3(10.6) 16.1(3.4) 0.59(0.11) 0.22(0.03) 14.1(3.3) 4.8(0.9) 0.35(0.06) 0.12(0.01)
115570—5227  1.30(0.22) 0.81(0.09) 3.11(0.62) 1.77(0.22) 75.9(18.6) 47.59.9) 1.10(0.20) 0.69(0.09) 29.4(6.9) 17.6(3.3) 0.77(0.14) 0.46(0.06)
115584—5247  0.75(0.13) 0.60(0.07) 1.18(0.23) 0.91(0.11)  33.1(8.1) 26.8(5.6) 0.57(0.11) 0.46(0.06) 10.9(2.6) 8.7(1.6) 0.34(0.06) 0.27(0.03)
116362—4639  0.88(0.15) 0.86(0.09) 1.17(0.23) 1.13(0.14)  39.4(9.7)  38.3(8.0) 0.68(0.13) 0.66(0.09) 11.92.8) 11.6(2.2) 0.37(0.07) 0.36(0.04)
117006—4215  0.53(0.09) 0.30(0.03) 0.80(0.16) 0.41(0.05)  29.3(7.2) 16.7(3.5)  0.44(0.08) 0.25(0.03)  9.1(2.1)  4.9(0.9) 0.25(0.05) 0.13(0.02)
[17160—3707  0.45(0.07) 0.40(0.04) 1.02(0.20) 0.89(0.11) 25.7(6.3)  23.04.8) 0.37(0.07) 0.33(0.04) 9.8(2.3) 8.7(1.6) 0.26(0.05) 0.23(0.03)
118116—1646  0.88(0.15) 0.45(0.05) 2.00(0.40) 0.89(0.11) 65.8(16.2)  33.6(7.0) 0.81(0.15) 0.41(0.05) 23.9(5.6) 11.4(2.1) 0.53(0.10) 0.25(0.03)
118317—0757  1.51(0.25) 0.67(0.07) 3.97(0.79) 1.51(0.19) 95.6(23.5) 42.7(8.9) 1.30(024) 0.58(0.08) 38.49.0) 15.9(3.0) 0.95(0.18) 0.39(0.05)

Notes. (i) and (ii) are derived from ATLASGAL clump properties measured by extraction algorithms SEXTRACTOR and GAUSSCLUMP, respectively. (i) and (ii) are suitable
to trace the global properties and the dense parts of the clump, respectively, as described in Section 3.

compact H 1l regions = 0.3 Myr (Section 3). On the other hand, the
initial shell radii required for fragmentation rs,, shown in panel (b)
of Fig. 11, ~ 0.8 pc, are much larger than the measured radii of H 11
regions ~ 0.2 pc.

We should note that ftr,, and r,g here are substantially underesti-
mated. First, ¢y of shocked shell is replaced by the clump-scale ¢, in
shell fragmentation equations although weak relations with a power
index of 7/22 or 2/11 between temperature and #s,s OF Firye SUggest that
the resultant error is trivial. Second, the shell fragmentation analysis
of Whitworth et al. (1994) has limitations inherited from the used
expansion model of H Il region. A classical monotonic expansion
law R ~ Kt* where K is a constant and o = 4/7 is used both in the
fragmentation model of Whitworth et al. (1994) and in the estimation
of dynamical age t4y, (equation 6). The typical lifetime of UCH 1
region independently estimated from the statistics of massive stars
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(Wood & Churchwell 1989b) is much longer than the dynamic age
estimated using R ~ Kt*7, suggesting that the averaged expansion
before the compact stage is much slower. The expansion before the
compact stage is highly variable and sometimes even non-monotonic
(Peters et al. 2010a, b). Several additional confinement mechanisms
are used to explain the slower expansion and lifetime problem, such
as additional pressure from ambient gas (Garcia-Segura & Franco
1996; Xie et al. 1996) and complicated interplay with infall materials
(Peters et al. 2010a, b). Physically, a slower expansion corresponds
to a smaller time-averaged K or/and «, and also a longer time to
witness shell fragmentation (detailed K —t;,, and a—tfr,e relations can
be found in appendix B of Whitworth et al. 1994). Therefore, #,
is underestimated because it is derived from an expansion law faster
than the actual expansion history. Furthermore, the underestimate is
substantial when considering the magnitude difference between the

$20Z 1equisoa(g 90 uo Jasn soisAydoisy Jo ajnsu| ueipu| Aq ¥9SE€E€8//¥9E 1L/2/SES/o10NIB/SRIUW/WOD dNoolwapeoe//:sdiy Woll papeojumod



Dense fragments in the shell 1379

T A A} A} TT7T TT7T
\
1051+ (@) tg gl Cs=0.3kms™, trag = 0.1 Myr | (b) ltrag —— s =0.3km s} riag = 0.2 pc
V\--- ¢ =04km s71, tirag = 0.1 Myr -== Cs=0.4km s}, g = 0.2 pc
\ Cs = 0.3km 573, tfrag = 0.3 Myr ¢s = 0.3km 57, rfrag = 0.4 pc
\ Cs = 0.4 km 57, tgrag = 0.3 Myr Cs = 0.4 km's™, rfrag = 0.4 pc
\ — ¢ =0.3km s, tgrag = 0.5 Myr —— s =0.3km s}, rgrag = 0.6 pc
=0 V=== Cs=0.4km s, trag = 0.5 Myr -—- ¢s=0.4km s}, riag = 0.6 pc
10°%¢ —— .= 03km s, tyag = 0.7 Myr \] — .= 0.3km s, rrg = 0.8 pc
== ¢, =0.4KkmsL, tiag = 0.7 Myr | == ¢, =0.4Kkms™L, riag = 0.8 pc
-
T
%)
A 4
_5 1049} !
2 1
_+_ ........ I
1
_+_ ...... 1
II
....... ‘......1.1..5.‘.1%5352 /
1048} 117006-4215 /
\ ',’
\ ]
3 1
' 1
\ 1
\‘ I
1
1047 L ‘a I
103 104 10°
Nini (cm™3)

Figure 11. Time and radius for starting shell fragmentation. Panels (a) and (b) show the ni,—Njon relations with certain Ifrag OT Ffrag, respectively. Lines of
different colours represent different conditions to start fragmentation at #fag OF rfrag. For example, if shell fragmentation starts at 0.3 Myr when ¢g = 0.3 km s~ 1
the minimum required ni,; and Nio, should follow the yellow solid line in panel (a). The black and grey dots represent the parameters derived in cases (i) and
(ii), respectively (see Section 3). The numbers in panel (b) are the observed radius of the corresponding H II region ryagq.eff in units of pc.

dynamical age estimated from the classical expansion law and the
real lifetime of UCH 11 region.

The last factor that can also cause an underestimated ff,, is
the cometary shape of our H1I regions. The cometary morphology
suggests that numerous ionized gas and ionizing photons could easily
escape from the confinement of the molecular shell, leading to
underestimate the dynamical age of H 1I region and the time for
shell fragmentation. According to equation (14), a loss of available
ionizing photons causes a longer time for shell fragmentation to
occur. Less ionizing photons participate in powering the formation
and evolution of molecular shells for cometary H 1I regions, thus
reducing the possibility of shell fragmentation in general.

Taking into account the uncertainties and limitations discussed
above, we propose that fg,, and rp,e are generally larger than the
lifetime and size of our early compact H II regions, which is against
the shell fragmentation origin of fragments. Even considering the
higher density situation (case ii) in which fragmentation will occur
earlier, most of the compact H 11 regions studied here are still too
young for shell fragmentation. Fig. 11 indicates that an extremely
dense environment with 7;,; = 10 cm™3 is required if these dense
fragments are the result of shell fragmentation. Actually, this kind
of high density reaches the regimes of 0.1-pc-scale dense cores in
candidate high-mass starless clumps (Li et al. 2019; Sanhueza et al.
2019; Zhang et al. 2021; Morii et al. 2023) and therefore cannot be
the global initial density at the clump scale in general situation.

6.3 Pre-existing fragments produced from a non-triggered but
spontaneous fragmentation process

What is the origin of the dense fragments observed in the molecular
shell of the compact H 11 regions when they are very unlikely to
be produced by shell fragmentation? The initial mass My, and
separation Dy, of the fragments when the shell begins to fragment
are much larger than the mass and separation of the observed

fragments, as listed in Table 4. This result is also against the origin of
shell fragmentation and motivates us to compare with the predictions
of the Jeans fragmentation from clump to fragment because the mass
and separation may match in this situation. With the assumption
of an infinite and homogeneous initial gas dominated by thermal
motions (Palau et al. 2015; Zhang et al. 2021), we show the predicted
separations of the Jeans fragmentation Ljeys in Fig. 12. Ljeuns i
estimated using two types of n;,; mentioned in Section 3 to partially
shed light on fragmentation in the global clump environment and
the dense regions within the clump, respectively. Note that the
estimated Lje,ns iS based on the current characteristics of the clump
and probably does not accurately reflect the initial condition when
the clump began to fragment. Lj.,,s is probably overestimated if
nin does not change much because the current temperature of the
clump is higher than that of the clump that just started to fragment
in the infrared quiescent stage. We compare the Lje,,s With the MST
separations of these shell fragments (lime lines in Fig. 2). The typical
MST separations are ~ 0.05 and ~ 0.2 pc for the closest and most
distant regions, and the minimum separation depends in part on
resolution limitations. Most fragment separations are similar to or
shorter than Lje,,s as shown in Fig. 12, suggesting that fragments
in shells can be explained as a result of clump-to-fragment Jeans
fragmentation predominant by thermal motions. A fragmentation
dominated by turbulence is very unlikely because the corresponding
fragmentation mass of = 100M, and length of > 1 pc derived from
the clump-scale velocity dispersion in Table 2 are much larger than
the observed mass and separations of fragments.

6.4 Role of stellar winds in shell fragmentation

Stellar winds ejected from massive stars can directly deposit kinetic
energy in the surroundings to aid the formation and expansion of
H 11 region and its shell, but whether they are dominant over the
ionization feedback is highly controversial (Pabst et al. 2020). Several
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Figure 12. MST separations for the N fragments in shells. The black and
grey dashed lines indicate the corresponding beam size and the projection-
corrected thermal Jeans length 2/7 Lyeans, respectively. Jeans lengths Ljeans
are estimated in two situations (i and ii) to characterize global properties
(upper grey line) and compact parts (lower grey line) of the clumps. 2/7
is the projection correction factor (Zhang et al. 2021). Solid dots and
blank dots represent fragments that are in the same cluster of fragments
and that are in the different cluster of fragments. The fragment cluster
is identified by SCIMES (Spectral Clustering for Interstellar Molecular
Emission Segmentation, Colombo et al. 2015) in order to show the potential
hierarchical structures between the clump scale and the fragment scale in the
mapped regions.

simulations, such as Dale et al. (2014), Haid et al. (2018), and Ali
et al. (2022), studied the combined effect of photoionization and
winds and then concluded that photoionization is the main driver,
but Dale et al. (2014) suggested that stellar winds can still play a
significant role in shaping the morphology of low-mass clouds.

Geen et al. (2020) developed a simple algebraic model to depict the
expansion of photoionized H Il regions that accompany the feedback
of photoionization, stellar wind, and radiation in a natal cloud with a
density profile of r~2. These authors derived a factor, Cy,, to show the
relative importance of the stellar wind and photoionization in driving
expansion of H II region:

R 3/2 : =3/4
Pw Nion
C,, = 0.00931
(1028gcm s‘z) (1049 s")

My -/ 2o 38 ( Ci )73 (18)
X [ ——— ,
100 Mg, 100 Mg pe—2 10 km s—1

where py, is the momentum deposition rate of stellar wind. M, and
¥ are the total mass of the natal cloud within the typical radius ry and
the surface density of the natal cloud at ry, respectively. Following
a density profile of the natal cloud n (r) = ny (r/ro)’z, M, and X,
are corresponded to the typical density n( and radius ry of the natal
cloud by (see details in Geen et al. 2020)

My=1.4x 4ann0r3, Yo = L.4mmyngry. (19)

Cy, < 1 and Cy, > 1 represent situations in which photoionizations
and stellar winds are the main dynamical drivers of the H II region,
respectively.

MNRAS 535, 1364-1386 (2024)

We now derive the typical C, for our compact H 1I regions, to
ascertain the roles of stellar winds in the dynamics of the studied
shells and compact H II regions. We consider two typical cases in
which the natal cloud is a core-scale structure with ro = 0.05 pc
and no = 10° cm—> or the natal cloud is a clump-scale structure
with ry = 0.5 pc and ny = 10* cm™3. The first case corresponds to
the natal clouds of H 11 regions at the HC stage, while the second
case is representative natal cloud of the compact H 11 regions in our
sample. The momentum deposition rate of stellar wind is given as
Pw = v M, and where v,, and M, are the velocity and the mass-
loss rate of stellar wind, respectively. We assume typical values v,, =
2000 km s~! and M,, = 10® M, yr~! (Vink, de Koter & Lamers
2001) because there is no measure of vy, and M,, for massive stars
in our regions. With Ni,, = 10*® s~! which is probably a lower limit
due to dust absorption, we have Cy, of 0.4 and 0.08 for these two
cases. This simple calculation shows that the stellar wind plays a non-
negligible role in the dynamics of HCH 11 regions, but its importance
probably decreases to less than 10 per cent when H II regions evolve
to UC and compact stages. Geen et al. (2021) further confirmed
in their detailed radiative magnetohydrodynamic simulations that
the contribution of stellar winds to the total radial momentum of
the expanding cloud is at 10 per cent level of the photoionization
feedback in the first Myr of massive star lifetime, and therefore
stellar winds on the dynamics of the early compact H 1I regions are
generally unimportant.

Based on the unimportant role of stellar winds in the dynamics
of the compact H 1l region proven above, we naturally propose
that stellar winds are also generally trivial for the evolution and
fragmentation of molecular shells driven by these compact H 11
regions. In extreme cases such as one order higher of the mass-
loss rate for stellar wind, the contribution of stellar wind could be
dominant over that of photoionization. Whitworth et al. (1994) also
derived the fragmentation time and radius for the molecular shell
mainly powered by stellar winds:

Cs 5/8 Ly -8 Rini —1/2
frag.w ~ 0.9 Myr (0.2 km s~! ) ( 1037 erg s~! ) 103 cm—3 ) - 20
Cs 3/8 Ly 178 Pini -1/2
g ~ 96 ¢ ( ) ( ) . @l
Mtrag. PC 02 kms ( 1037 erg s~! > 103 cm—3 @D

where Ly, =1/ 2va‘2V is mechanical luminosity of stellar wind.
Adopting an extreme mass-loss rate of 107> Mg yr~!, the estimated
trag,w and e v are around 0.4 Myr and 3.7 pc when c; is set as the
typical value of 0.32 km s~ for our compact H 11 regions. The g w
and 7w are also largely underestimated due to the limitations of
stellar wind bubble expansion model used in Whitworth et al. (1994),
similar to the situations of H Il region expansion model. It shows that
the fragments in the shell of compact H I regions are also hard to be
explained as shell fragmentation powered by extreme stellar winds.

Hereto, we have justified that dense fragments located in the
molecular shell of early compact H 11 regions do not come from shell
fragmentation. Instead, they are likely to arise from a spontaneous
Jeans fragmentation process prior to the development of H Il regions.
This conclusion does not change when considering uncertainties
such as the morphology of H 1l region, dust absorption, and the effect
of stellar winds. The expanding non-fragmented shell encountered
the pre-existing fragments produced by initial clump fragmentation
at the previous time, and then the shell swept up the fragments.
The fragment kinematics was then disturbed by expansion and some
of the irradiated fragments were photoevaporated. This process not
only forms the features of expansion and velocity difference seen in
Section 5.3 but also shapes the spatial distribution of the fragments
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to produce an ATPCF that typically peaks at the edges of the H 11
region, as seen in Section 5.2.

7 DISCUSSION

7.1 Mass growth of fragments and core formation efficiency

In the above section, we proposed that fragments are likely to form
by the Jeans fragmentation of their natal clumps. The fact that
the mass of F fragments (~ 10Mg) is much lower than that of N
fragments (~ 25M) suggests a different mass growth process since
the initial Jeans fragmentation. This difference is partially related to
the feedback from H 1I regions and the special environment of the
swept-up molecular shell. The shell provides a mass reservoir, which
is denser and more bounded than other locations in the natal clump,
to be more easily accreted by the pre-existing fragments. Under this
explanation, there should be a more significant mass growth with
the evolution of the H 11 region for the N fragment due to its higher
accretion rate.

Panel (a) of Fig. 13 shows the relationship between the mass of
fragments and the size of corresponding H 11 region. The positive
correlations between the individual mass of fragment and the size of
H 11 region presented in Fig. 13 probably indicate a growth of the
fragment mass during expansion of the H1I regions (Zhou et al. 2024),
but the difference in this growth trend is not significant between the
N and F fragments. The sample size of this work is probably too
small to distinguish the difference. Furthermore, distance bias in
our sample can also produce a positive correlation between fragment
mass and size of H 11 region as shown in Fig. 13. Therefore, we cannot
confirm or reject the scenario in which N fragments have a higher
mass accretion rate from our limited observations (Yi et al. 2021).
From a physical point of view, a higher accretion rate is possible for
N fragments. With the assumption that the fragment in a shell gains
a mass of 10 Mg, in the 0.1 Myr duration of H 1I region expansion,
the associated accretion rate is of the order of 10™*Mgyr~! and
comparable to the high end of the accretion rate at the core scale in
some observations (Contreras et al. 2018; Wells et al. 2024).

Another explanation for the mass difference between the N and
F fragments in addition to the increased accretion scenario is the
coalescence of swept-up shell’s material and pre-existing fragments
after their encounter. It can contribute additional mass to some of
the N fragments, but it is hard to distinguish this from the increased
accretion scenario using current data sets. A recent survey toward
ATOMS sample using ACA carried out by Xu et al. (2024a) finds that
the dense gas fraction of Atacama Compact Array (ACA)-detected
structures to the ATLASGAL clump increases with evolution, pro-
viding indirect evidence of shell collection during expansion of H
II region. A higher resolution and sensitivity survey that is able to
resolve the infall (or accretion) streams embedded in the fragments
without the distance bias is the key to reveal the accretion and massive
nature of the fragments in the shells.

The mass ratio of the total shell fragments to the natal clump
is less biased by distance because distance has a similar effect on
the extraction and property estimation for both fragment and clump.
Using the fragment mass derived from H'*CO™ and the natal clump
mass derived from ATLASGAL (Urquhart et al. 2018), we show the
mass ratio of the total N fragment to the natal clump in panel (b) of
Fig. 13. The median ratio is around 0.3, with maximum and minimum
values of around 0.5 and 0.1, respectively. It probably suggests very
efficient star formation in these regions, but note that the different
mass probes for fragment and clump (H'3CO™ and dust continuum)
can bias the absolute value. We are more interested in the evolution

Dense fragments in the shell 1381

r O 113080-6229

L legi1eas, (@) fragment mass

L 115570-5227 gray: distance ®
O 115584-5247 e /Y 16
i 116362-4639 o /
O 117006-4215 o o
102k © 171603707 o o i
F O 118116-1646 ! 15
-~ F O 118317-0757 ﬁ
[ /
g I 3
g 142
g} g
2 -
<
g 101 = '3.“2
= F =
E ol o
R r ~
L 12
red: median of N fragment 1
100 = blue: median mass of F fragment
0'8'..I...I.I....I....I...I....I L
: (b) fragment-to-clump mass ratio
L gray: distance v
0.7 I,’v 16
° L
Z 0.6F
g 5
®» N
g o5k -
B 4;
g' [ 39 &
204fF 8
B C ~< g
1 F 1 Ssu 3
St i °z
£ 03F s A
L /
- N .
=) L |- ;Z
£0.2p / v
- F ]
" d.o9
0.1F +" 1
00'..|....|....|....|....|....|...
’ 0.05 0.10 0.15 0.20 0.25 0.30

HII region radius (pc)

Figure 13. Fragment mass, fragment-to-clump mass ratio, and their relations
with radius of corresponding H 11 regions. The distance to the Earth for each
region is indicated by grey dashed lines (corresponding to right y-axis) in
panels (a) and (b). Panel (a) the red and blue lines indicate the variation of N
and F fragments median mass with radius of H 11 region, respectively. Dots
only show the N fragments. Panel (b) mass ratio of total N fragments to natal
clump (black lines and triangles). The numbers indicate the corresponding
values of mass ratio.

of this mass ratio, which is less affected by mass probe bias. The
correlation between the mass ratio and the size of H 1I region is not
simply positive or negative, as shown in Fig. 13. It indicates that the
natal clump of a compact H 1I region probably also gains mass from
a larger environment when the fragments in a shell experience mass
growth, causing the clump mass to increase and the mass ratio to
decrease or become stable, similar to the processes described in the
global hierarchical collapse model (Vazquez-Semadeni, Gonzalez-
Samaniego & Colin 2017). A simple cross-match with the candidate
HFSs identified from the Herschel images by Kumar et al. (2020)
further confirms that at least six of our compact H 1II regions are
embedded in the dense hub, indicating the existence of larger-scale
mass accretion.
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Figure 14. Proposed scenario for the evolution of fragments and associated molecular shell in early compact H 11 regions. The small black arrows indicate
the potential inflows because we find most of the natal clumps of our compact H 1I regions are observed in the hubs. The green arrows indicate the outward
displacement of the pre-existing fragments due to feedback from the H 11 regions. Some low-mass pre-existing fragments (such as F and G) are photoevaporated

during expansion from the UC to the compact stage.

7.2 Dense gas fragments in an evolutionary scenario from
IRDC stage to compact H II region stage

Based on observations of the early compact H I regions in this work
and previous studies of UCH 1I regions and their precursors, we
propose a simplified evolutionary scenario to describe how dense
gas fragments interact with the ionization feedback up to the early
compact H Il region stage. A diagram of this scenario, including three
stages, is shown in Fig. 14. The time scale of each stage can be marked
by typical ages of the HC, UC, and compact H II regions, which
are < 0.1, ~ 0.3, and 2 0.3 Myr, respectively (Motte, Bontemps &
Louvet 2018).

(i) Initial fragmentation at the pre-HII/HCH 1I region stage. At
the earliest stage of HMSF, the pc-scale infrared-quiescent massive
clump undergoes hierarchical thermal Jeans fragmentation with a
typical separation of ~ 0.1 pc for the first-level fragmentation and
~ 0.03 pc for the hierarchical second-level fragmentation (Svoboda
et al. 2019; Zhang et al. 2021). Jeans fragments continue to gain
masses from the surroundings and grow as relatively massive
fragments (Liu et al. 2023; Xu et al. 2024b). The fragments produced
at this early stage do not show mass segregation (Sanhuezaetal. 2019;
Morii et al. 2023), revealing that the relatively massive fragments that
can evolve to HCH I regions (Motte et al. 2018; Yang etal. 2019) have
no preferred location compared to low-mass fragments. We analyse
the ATPCF for the most massive dust cores and their surrounding
cores in the 70-pum dark massive clumps of Morii et al. (2023) and
find that the radial distribution of the surrounding cores with respect
to the most massive core is quite random, further indicating the
random distribution of fragments in the initial stage if we assume
that the most massive core in the 70-pm dark massive clump will
evolve to H 11 region later.

The development of an HCH 11 region cleans a tiny molecular cavity,
which is detected in some observations (Hunter et al. 2008; Klaassen
et al. 2018). The ionization front (IF) at the HC stage is quite local.
For example, using masers Moscadelli et al. (2018, 2021) detected

MNRAS 535, 1364-1386 (2024)

a possible fast expansion signature for the ionized gas in the HCH 11
region G24.784-0.08 that is still embedded in the parental fragment.
Interestingly, in HCH1I region W49 N:A2, Miyawaki, Hayashi &
Hasegawa (2023) detected a small ionized gas ring (radius ~ 700
au) expanding with a velocity of ~ 13 km s~! and these authors
proposed that it could be the remnant of the accretion disk. We
suggest that the ionization feedback at the HCH 11 region stage only
interacts with its parental fragment.

(i1) Sweeping pre-existing fragments into non-fragmented molec-
ular shell in the UCHII region stage. The molecular shell in this
stage becomes dense and large enough to be evident in millimetre
interferometric observations even few studies reveal that shell can
be detected in earlier stages. In ALMA observations, Ferndndez-
Lépez et al. (2021) reported a dense dust shell with a radius of
~ 5000 au and a mass of ~ 100M in HCH 11 region G5.89—0.39.
Considering that the typical scale of UCH I regions and the Jeans
length of infrared-quiescent massive clump are both ~ 0.1 pc, it
is expected that as the expansion the IF arrives and interacts with
nearby pre-existing fragments at the UCH 11 region stage (Trevifio-
Morales et al. 2016) if these fragments are located in situ over time
up to the UCH 11 region stage. The expansion at HC and UC stages is
highly variable and even not necessary monotonic due to complicated
interplay with inhomogeneous and structured ambient molecular gas,
as discussed in Section 6.2. The anisotropic inflow and accretion
may play an important role on shaping early expansion (Peters et al.
2010b; Komesh et al. 2024). Six of our regions reside in the hubs
that may connect larger-scale mass inflow to the compact H Il regions
(ATOMS XI). Recent survey on filamentary structures embedded in
100 massive clumps by Wells et al. (2024) finds a strengthen trend
of mass inflow from quiescent stage to H 1I region, underscoring its
important role in the expansion of early H Il region.

The pre-existing fragments are swept into the non-fragmented
molecular shell at UCH 11 region stage and then their kinematics
start to be disturbed by expansion. The ram pressure of the shell is
possibly too weak to drag the swept-up pre-existing fragments to
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move together with the shell. The acceleration a,,y, powered by shell
ram pressure Pryy 1S

2 2 2 2
a _ Pfﬂmﬂrcore ~ Pshell Vshen 7t 'core ~ 3lOSl1€]]Vshell (22)
ram — 4 B
M ore 3 T rgm Pcore 4)Ocnre Tcore

where pcore, Pshells and Vgpe are fragment mass density, shell mass
density, and velocity, respectively. The interaction time of the ram
pressure is about Wgher /Vshenn and wgpen here is the width of the shell.
Thus, the velocity of fragment after interaction with shell is around
Viam ™~ Gramfram ™~ 3pshellwshellVshell/“'pcorercore- The Shel]‘to‘fragment
density ratio determines v,,. Although the shell component is not
decoupled and measured from H'3CO™ emission, the shell density
should be much smaller than the fragment density if the masses
swept up by expansion are in a shell with a width similar to fragment
size. Therefore, the ram pressure of the shell is likely unable to hold
the fragments to move together. The fragments will pass through
the shell and then they are exposed to ionization radiation and
photoevaporated, forming protruding structures of the shell.

The fragments that are massive enough to survive from photoevapo-
ration may confine the IF of the UCH Il region. From an observational
point of view, the diverse and complicated morphology of UCH 11
regions and their molecular shells (Wood & Churchwell 1989a) sheds
light on the pre-existing nature of fragments that now interact with
the IF because a homogeneous environment favours the formation
of a spherical H 1I region, but an environment with a number of
randomly distributed pre-existing fragments will confine the IF to
form a ‘random’-shape UCH 1I region. The ionized gas pressure
at UCH 11 stage is one to two order of magnitude higher than
current measured pressure when typical r, of UCH 1 region is ~ 10*
cm™3. Furthermore, the fragments protruding from shell may also be
accelerated to a few kilometres per second by ‘rocket effect’ of the
photoevaporation flows (Kahn 1954; Oort & Spitzer 1955; Walch
et al. 2013; Saha et al. 2022). All these dynamical factors, combined
with the photoevaporation of relative low-mass fragments, make
shells in compact H 11 region stage without many protrusions such as
pillars, at the same time the shells and the corresponding fragments
are likely velocity-coherent structures in the compact stages as shown
by Figs 8 and 10.

(iii) Shell and fragments seen surrounding compact H 11 region.

The UCH 11 region continues to expand to the compact stage, reaching
the regime of our observed regions. The shell expansion feature can
be found directly in some of our regions. The velocity difference
between the fragment molecular gas and the entire ionized gas
statistically confirms the kinematics disturbance. During expansion
of the H 1I region, the spatial distribution of fragments within the
natal clump transitions from more or less ‘random’ to peak at
the edges of the HII regions, partly due to photoevaporation and
outward displacement of some pre-existing fragments. Therefore, the
observed spatial coherence between fragments and shell is actually
a relic of the initial fragmentation of natal clump.
In this scenario, star formation activities inside the shell continue in
dense fragments, but they are affected by the special environment
created by ionization feedback and the swept-up shell. Fragments
in the shell provide a condition of higher surface density, mass, and
turbulence that favours the formation of higher mass stars compared
to the fragments outside the shell. The ionized gas with much higher
pressure probably strongly compresses the pre-existing fragments
to let them have a higher surface density. Turbulence driven by the
inhomogeneous ionized gas leads to the turbulent nature of fragment.
The massive nature of shell fragments may result from a hybrid effect
of a stronger mass accretion in the shell and coalescence with the
shell materials.
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Wang et al. (2016) presented a bona fide example shell that in-
teracts with the IF of the 0.3 pc-scale compact HII region IRAS
22134+5834. These authors found that this compact HII region
presents an expanding CCH shell associated with CH3;OH emission
that traces the shock gas produced by the interaction front. It indicates
that mass collection between the IF and the shock front is still
ongoing at the compact stage (Elmegreen & Lada 1977). Smaller
condensations with different evolutionary stages, from prestellar to
protostellar, are found for the dense cores of this exemplar compact
H1 region shell when observed with higher resolution, indicating
that the entire process of star formation is under the influence of
ionization feedback.

The evolutionary scenario proposed here can be the basis for
studying star formation in a complicated environment, especially
for the starburst regions of the Milky Way, which always accompany
the interaction between ionized gas and dense molecular gas. An
exemplar case is the evolution of the core mass function (CMF)
in W43-MM2&MM3 mini-starburst regions. As part of the ALMA
large program ALMA-IMF (Ginsburg et al. 2022; Motte et al. 2022),
Pouteau et al. (2023) separated the W43-MM2&MM3 into a total of
six subregions and then classified them further into three evolutionary
stages (pre-burst, main-burst, and post-burst) based on the number
of dense cores and outflows, plus the presence of UCH II region.
These authors found that the CMF top-heavy characteristic appears
from the main-burst stage up to the post-burst stage in which an
UCH 11 region has developed well. The evolution of the top-heavy
CMF proposed by Pouteau et al. (2023) agrees qualitatively well
with our proposed scenario because we found that the molecular
shells swept up by the early HIl regions host fragments that are
more massive than other locations in the same natal clump. In future
observations, it will be very interesting to analyse the CMF for
dust cores in swept-up shells and its evolution with H 1I regions, to
ascertain the origins of top-heavy CMF in more detail (Armante et al.
2024).

8 CONCLUSIONS AND PROSPECTS

We have systematically analysed dense gas in nine early compact H
11 regions using ATOMS data. The goal is to explore the interaction
between H 1I regions and dense molecular gas to understand its
potential effect on the star formation process. The main findings are:

(i) the selected nine H 11 regions have just passed the UC stages and
are now at the early time of the following compact stage, according to
the properties measured by our ATOMS observations. The molecular
shells swept up by these compact H II regions are inhomogeneous
gas structures composed of several to a dozen dense gas fragments
(< 0.1 pc), as seen in H3CO™ emission;

(i1) most (if not all) of these dense gas fragments in the shell
favour the formation of higher mass stars compared to the other
fragments outside the shell but within the same pc-scale natal clump.
The former has a higher surface density (X ~ 1 and ~ 0.4 g cm?
larger), mass (M ~ 25 and ~ 15Mg, larger) and turbulence (o ~ 0.7
and ~ 0.2 km s~! greater);

(iii) the spatial distributions and kinematics of the fragments are
deeply regulated by photoevaporation and expansion of the H 1II
region;

(iv) the dense gas fragments in the molecular shell are probably
formed by the Jeans fragmentation of the natal clump before
the shell sweeps them up, rather than by the shell fragmenta-
tion or so-called collect and collapse process (Elmegreen & Lada
1977).
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Taken the above results together, we propose the following
scenario: the non-fragmented, swept-up molecular shell is expected
to encounter pre-existing fragments around the UC stage of the
H 1 region and then some of the low-mass fragments are pho-
toevaporated. Other relative massive fragments can survive and
be kinetically disturbed by expansion of HII region, to form the
expansion velocity structure and to reorganize the spatial distri-
bution of the fragments. The higher surface density and turbu-
lent characteristics of the fragments in the shell may be due to
compression and injection of turbulence in the H 1 region, but
the cause behind the massive nature of these fragments in the
shell remains unclear according to current observations. Potential
explanations include a higher accretion rate for the fragments in the
shell or/and the coalescence of the swept-up shell materials with
fragments.

The results presented in this work are pivotal in understanding the
impact of ionization feedback on HMSF within complicated early
compact H 1 regions. Subsequent observations in ALMA Band 6
(Liu et al. 2024) of the ATOMS H 11 regions investigated here will
enable a thorough analysis of dust cores and star formation activities
in the molecular shell swept-up by these early compact H 11 regions.
They will improve our understanding of the interaction between H 11
region and star formation in great detail, especially for the question
of whether the external H I region influences the core-scale mass
accretion process.
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