A&A 645, A110 (2021)
https://doi.org/10.1051/0004-6361/202038608
© A.Y. Yang et al. 2021

tronomy
Astrophysics

A population of hypercompact Hi regions identified from young

Huregions™

A Y. Yangl, J.S. Urquhartz, M. A. Thompson3, K. M. Menten', F. Wyrowskjl, A. Brunthaler', W. W. Tian*?,
M. Rugel', X. L. Yang(’, S. Yao®, and M. Mutale?

! Max Planck Institute for Radio Astronomy, Auf dem Hiigel 69, 53121 Bonn, Germany
e-mail: ayyang@mpifr-bonn.mpg.de

2 Centre for Astrophysics and Planetary Science, University of Kent, Canterbury, CT2 7NH, UK

3 Centre for Astrophysics Research, School of Physics Astronomy & Mathematics, University of Hertfordshire, College Lane, Hatfield,
ALI10 9AB, UK

4 CAS Key Laboratory of FAST, National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, PR China

3 University of Chinese Academy of Sciences, 19A Yuquan Road, Shijingshan District, Beijing 100049, PR China

6 Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, PR China

Received 8 June 2020 / Accepted 13 November 2020

ABSTRACT

Context. The derived physical parameters for young H II regions are normally determined assuming the emission region to be optically
thin. However, this assumption is unlikely to hold for young H 11 regions such as hyper-compact H 11 (HC H 11) and ultra-compact H 11
(UCHI) regions and leads to underestimation of their properties. This can be overcome by fitting the SEDs over a wide range of radio
frequencies.

Aims. The two primary goals of this study are (1) to determine the physical properties of young H 11 regions from radio SEDs in the
search for potential HC H 11 regions, and (2) to use these physical properties to investigate their evolution.

Methods. We used the Karl G. Jansky Very Large Array (VLA) to observe the X-band and K-band with angular resolutions of ~1.7"
and ~0.7”, respectively, toward 114 H 11 regions with rising-spectra (af(%ilz > 0). We complement our observations with VLA archival
data and construct SEDs in the range of 1-26 GHz and model them assuming an ionization-bounded H 11 region with uniform density.
Results. Our sample has a mean electron density of n, = 1.6 X 10* cm™, diameter diam= 0.14 pc, and emission measure EM =
1.9 x 107 pccm™. We identify 16 HC HII region candidates and 8 intermediate objects between the classes of HCH1I and UCH I
regions. The n., diam, and EM change, as expected, but the Lyman continuum flux is relatively constant over time. We find that about
67% of Lyman-continuum photons are absorbed by dust within these H1I regions and the dust absorption fraction tends to be more
significant for more compact and younger H II regions.

Conclusions. Young H 11 regions are commonly located in dusty clumps; HC H 11 regions and intermediate objects are often associated
with various masers, outflows, broad radio recombination lines, and extended green objects, and the accretion at the two stages tends

to be quickly reduced or halted.
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1. Introduction

One key question regarding massive star formation in the
youngest HII region relates to how accretion proceeds against
the outward pressure therein (e.g., Keto & Wood 2006), as mas-
sive stars reach the main sequence while still accreting (e.g.,
Zinnecker & Yorke 2007; Motte et al. 2018). However, many
details of the earliest stages of HII regions are unclear. Sim-
ple analytic models suggest that the HII region can be created
by either the inner, ionized part of the inflowing material
(Keto 2002, 2003) or the ionized photoevaporative outflow
(Hollenbach et al. 1994) fed by accretion (Keto 2007). The onset
time for the development of a H I region is found to be early in
the McKee & Tan (2003) and Peters et al. (2010) turbulent core
and ionization feedback models, but the models of Hosokawa
& Omukai (2009) and Hosokawa et al. (2010) for a bloated

* Full Tables 1, 3 and 5 are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/645/A110

protostar suggest that this onset is later on. After the birth
of H1I regions, the subsequent expansion has been modeled
as uniform spherical bubbles (Spitzer 1978), or asymmetrical
flows into outflow-driven cavities (Peters et al. 2010), and the
expansion rates predicted by different models could also be dif-
ferent (e.g., Bisbas et al. 2015). Detailed observations toward the
youngest H 11 regions are crucial to investigate their initial devel-
opment and constrain theoretical models (Thompson et al. 2015,
2016).

The two youngest H II region stages are commonly known as
hyper-compact H11 (HCH1I) and ultra-compact H1t (UC H11)
regions (e.g., Kurtz 2005). The youngest is the HC H1I region
with a typical physical size (diam) of diam < 0.05 pc, an elec-
tron density (n.) of n, 2 10°cm™, an emission measure (EM)
of EM 2 108 pccm™, and a radio recombination line (RRL)
with a line width of AV 2 40kms™! (Kurtz et al. 2000; Sewilo
et al. 2004; Hoare et al. 2007; Murphy et al. 2010). The
UCHII region is thought to be the next evolutionary stage
after the HCHI1I region, with diam < 0.1pc, ne 2 10*cm™3,
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EM > 10" pcem™®, and AV ~ 25-30kms™' (e.g., Wood &
Churchwell 1989; Afflerbach et al. 1996; Hoare et al. 2007).
The defining characteristics of these two stages (i.e., diam, n.,
and EM) are somewhat arbitrary, as the evolution from HC H 11
regions to UCHII regions is thought to be continuous (e.g.,
Garay & Lizano 1999; Yang et al. 2019). Compared to the hith-
erto discovered ~600 UCHTII regions (Urquhart et al. 2007,
2009a, 2013; Lumsden et al. 2013; Cesaroni et al. 2015; Kalcheva
et al. 2018; Djordjevic et al. 2019), only 16 HC H1I regions have
been identified in previous studies (summarized by Yang et al.
2019 and references therein). It is not yet clear at what stage and
how an HC H 11 region evolves into an UC H 11 region. Given the
fact that the observed sizes of young H1I regions are found to
vary with observing frequency (Panagia & Felli 1975; Avalos
et al. 20006), it has been suggested that the classical quantita-
tive criteria for identifying HC H1I regions should be modified
in order to consider the variations (Yang et al. 2019), which could
lead to a better understanding of the intermediate object between
an HC H 11 region and an UC H 11 region. However, to understand
the relation between the two classes, and eventually to under-
stand the early stages of newly formed massive stars, reliable
properties toward a large sample of HC H1I regions and UC H11
regions are needed to be determined.

Although young H1I regions around massive stars are heav-
ily obscured by a thick cocoon of molecular gas, they can
nevertheless be studied at radio wavelengths thanks to the ability
of radio radiation to penetrate the dense molecular gas. There-
fore, most studies of young HII regions are based on radio
continuum observations (e.g., Wood & Churchwell 1989; Kurtz
et al. 1994; van der Tak & Menten 2005; Gibb & Hoare 2007).
The radio continuum spectrum of an H1I region with spectral
index a (S, o v*) varies from +2 (optically thick) at low fre-
quency to —0.1 (optically thin) at high frequency. The turnover
frequency between the optically thick and thin regimes for ther-
mal bremsstrahlung is essentially a linear function of the electron
density (Mezger & Henderson 1967). A younger H 11 region with
higher density will remain optically thick at higher frequencies.
For instance, UC H1I regions have a typical turnover frequency
of vi ~ 5GHz, while HC H1I regions have v; = 10to 100 GHz
(e.g., Beltran et al. 2007; Hoare et al. 2007; Keto et al. 2008;
Zhang et al. 2014). Therefore, young HII regions with spectra
still rising in a higher frequency are potentially young and dense,
which might correspond to an early stage of UC H1I region or a
stage connecting UC H 11 and HC H 11 regions.

The physical properties of young H 11 regions have been mea-
sured in several previous studies (e.g., Wood & Churchwell 1989;
Murphy et al. 2010; Urquhart et al. 2013; Kalcheva et al. 2018;
Medina et al. 2019), either by a targeted multi-band observation
on small samples of UC H 11 regions (e.g., Murphy et al. 2010) or
using single-band surveys assuming that the gas is optically thin
to free-free emission (e.g., Urquhart et al. 2013; Kalcheva et al.
2018). The assumption that H 11 regions are optically thin would
give unreliable physical properties if the H1I region is actually
optically thick at the observed frequency. Therefore, multi-band
data taken over a large range of frequencies are crucial in order to
reliably determine the physical properties of young H II regions.

In this work, we present the results of multi-band obser-
vations with the Karl G. Jansky Very Large Array' (VLA) in
X-band (8-12 GHz) and K-band (18-26 GHz) of a sample of
114 young H11 regions. These sources were selected from a

I The Karl G. Jansky Very Large Array of the National Radio Astron-
omy Observatory: https://science.nrao.edu/facilities/vla
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sample of H1I regions with rising spectra between 1.4 GHz and
5 GHz, that is, a?AGHZ > 0 (Yang et al. 2019). Together with
archival VLA data at 1.4 and 5 GHz (see Sect. 2.1 for details),
we measure the spectral energy distribution (SED) between 1
and 26 GHz for each source in the sample, which covers both
optically thick and thin portions of their radio spectra. We model
every SED to find the best estimates for the physical properties.

This paper is organized as follows: Sect.2 describes the
details of the sample, observation, and data reduction. Section 3
presents and discusses the observational results, the modeled
SEDs, and the radio properties of the sources and their distri-
butions. In Sect.4, we discuss HC H1I region candidates, plus
a small sample of objects considered to be in an intermediate
phase between HC H 11 and UC H 11 regions. In Sect. 5 we discuss
the relations and distribution of all of the UCH 11 and HCH 11
regions. We present a summary of this work and highlight our
conclusions in Sect. 6.

2. Observation
2.1. Sample selection

In Yang et al. (2019), we constructed a parent sample of 534
objects with rising radio spectral indexes between 1.4 and 5 GHz
using three JVLA surveys, THOR (The HI, OH, Recombina-
tion line survey of the Milky Way, Bihr et al. 2016; Beuther
et al. 2016), MAGPIS (The Multi-Array Galactic Plane Imaging
Survey, White et al. 2005; Helfand et al. 2006), and COR-
NISH (Coordinated Radio “N” Infrared Survey for High-mass
star formation, Hoare et al. 2012; Purcell et al. 2013). From
an analysis of the combined radio, infrared, and submillimeter
emission properties (Yang et al. 2019), we identified 120 young
H 11 regions from the parent sample. This sample not only recov-
ers previously known HC H1I regions, but also includes broad
RRL objects with line widths of AV > 40kms~! and a number
of UCH I regions with positive spectra (Yang et al. 2019). We
observed 114 young H1I regions in X- and K-band data taken
with the VLA. We use the data from archives and the litera-
ture for the four sources in the initial sample that have not been
observed in the project, marked with a star in Tables 1 and 7. The
final sample includes 118 young H 11 regions.

The flux densities and angular diameters of the 118 observed
sources are given in Table 1. The 1.4 and 5 GHz flux densities
are taken from Yang et al. (2019) and references therein. The
distances and bolometric luminosities are mainly drawn from
the results reported in Urquhart et al. (2018)?, which includes
105 objects of the sample. For the remaining 13 sources with
no measurements in Urquhart et al. (2018), their distances and
bolometric luminosities are taken from three studies, namely
Cesaroni et al. (2015), Urquhart et al. (2013), and Kalcheva
et al. (2018). The kinematic distances were computed by fit-
ting the radial velocity of each source to the Galactic rota-
tion curve. The kinematic distances near/far ambiguity (KDA)
for sources within the solar circle was resolved by CO emis-
sion line data and H1 absorption (e.g., Urquhart et al. 2013;
Cesaroni et al. 2015; Yang et al. 2016; Kalcheva et al. 2018) or
using a combination of HT analysis, maser parallax, and spec-
troscopic measurements (Urquhart et al. 2018). The bolometric
luminosity of the sample was taken from the same reference as

2 This study by Urquhart et al. (2018) is based on the ATLASGAL
compact source catalog, which consists of ~10000 clumps showing
submillimeter wavelength emission from dust (Contreras et al. 2013;
Urquhart et al. 2014).
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Table 1. Observed 114 rising spectra H IT regions.

Name St4acaz Ssguz  Dist  Lyg  [Ref]

(mlJy) (mly) (kpc) (Lo)
2 3) @ & (6

G010.3009-00.1477 4262 6314 35 52 [1]
G010.4724+00.0275 31.3 38.4 85 57 [1]
G010.6223-00.3788+  327.6 4833 24 57 [1]
G010.6234-00.3837 5713 19522 5.0 5.7 [1]
G010.9584+00.0221 479 196.0 29 4.0 [1]
G027.9782+00.0789 89.3 1240 48 42 [2]
G028.2003—-00.0494 - 161.0 6.1 5.1 [1]
G028.2879-00.3641 4109 5528 11.6 59 [1]
G028.6082+00.0185 1682 2102 74 50 [1]
G029.9559-00.0168 1610.8 31162 52 5.7 [1]
G049.3704-00.3012 2529 4144 54 51 [3]
G048.6099+00.0270 56.5 1312 9.8 51 [4]

Notes. Columns, in order, show source name, flux density at 1.4 and
5 GHz respectively (see Yang et al. 2019 for details), heliocentric dis-
tance, and bolometric luminosity, and the reference these values are
drawn from. Uncertainties on the fluxes and distances are estimated to
be 10%, and those on luminosity, 20%. Only a small portion of the data
is provided here, the full table is available in electronic form at the CDS.
Source names appended with a T refers to the sources observed that
could not be imaged.

References. [1] Urquhart et al. (2018), [2] Cesaroni et al. (2015),
[3] Urquhart et al. (2013), [4] Kalcheva et al. (2018).

Table 2. Summary of VLA observation parameters.

Parameter

VLAI8B-065
X-band (8-12) & K-band(18-26)
C

Project
Frequency (GHz)
Array configuration

Observing mode continuum
Bandwidth per channel 128 MHz

No. channels 30 & 60

Primary beam ~4.2" & ~1.9
Synthesized beam ~2.0" x 1.4” & ~0.7" x 0.6”
Observing dates 2019 Feb 07 & 2019 Feb 26
Time on-source per source ~1 min

No. targets 114

Total observing time 2h & 2.5h

Flux density calibrator (Jy) 3C286 (4.51y)

Phase calibrators (Jy)

J1832-1035 (1.28 Jy)

J1851-0035 (1.10Jy)
71922+1530 (1.0 Jy)

the distance and was determined by integrating the SED from
near-infrared to submillimeter wavelengths (e.g., Konig et al.
2017).

2.2. Observations and data reduction

Observations of 114 young H1I regions were carried out using
the VLA in C configuration. Instrument parameters used are
shown in Table 2. The observations were made at X-band (8-
12 GHz) and K-band (18-26 GHz), split into two subbands with
30 channels at X-band, and four subbands with 60 channels

at K-band, each channel with a bandwidth of 128 MHz, full
stokes. The synthesized beams in C configuration at X-band and
K-band are ~1.8"” and ~0.7”, and the FWHM primary beams
sizes are ~4.2" and ~2’, respectively. The typical on-source time
for each target is about one minute and the total observation
time is 4.5 h. The phase calibrators (J1832-1035, J1851-0035,
and J1922+1530) were observed every half hour at X-band and
every 12 min at K-band to correct the amplitude and phase of
the interferometer data by atmospheric and instrumental effects.
The pointing corrections at the high-frequency K-band were
determined by observing the nearby phase calibrators in interfer-
ometric pointing mode. The absolute flux density scale at X-band
and K-band was calibrated by comparing the observations of the
standard flux density scale calibrator J1331+305 (3C286) with
its models provided by the NRAO.

Standard calibration and data reduction were performed
using the Common Astronomy Software Applications package
(CASA, McMullin et al. 2007). Raw VLA data were calibrated
and reduced by running the CASA pipeline. We discarded the
first 3 s of data of every scan for calibrators to exclude the
antenna settling time. Flux and phase calibrator data were care-
fully examined to ensure high-quality data. A calibration table
was produced and applied to all targeted data. Each target was
inspected by eye to flag bad data such as phase scatters, errant
amplitudes, system-temperature spikes, which resulted in a mean
on-source integration time of ~50 s for each source.

Images were constructed using the default Briggs robust
parameter of zero, which provides a good trade-off between
the low thermal noise of natural weighting and the high reso-
lution of uniform weighting. Because of short on-source time
(~50 s), we adopted to widest possible frequency ranges for
each image to do the clean task in CASA. In order to measure
flux density at different frequencies, we produced multi-band
images at X-band and K-band. At X-band, three images were
produced at central frequencies of 9 GHz (8-10 GHz), 10 GHz
(8-12GHz), and 11 GHz (10-12 GHz). Also, at K-band, three
images were produced at central frequencies of 20 GHz (18—
22 GHz), 22 GHz (18-26 GHz), and 24 GHz (22-26 GHz). The
final beam size of images at the central frequency of X-band,
namely 10 GHz, and at the central frequency of K-band, that
is 22 GHz, are ~2.1” x 1.4” and ~0.7" X 0.6”, respectively.
Sources with 8 < 1.8” (X-band) and 8 < 0.8” (K-band) are con-
sidered to be unresolved. Sources with angular size 6 > 1.8”
(X-band) and 6 > 0.8” (K-band) are considered to be resolved
and the deconvolved sizes are given in Table 3.

3. Results and analysis
3.1. Observational results

In Fig.1, we present images of three sources that show the
typical variation in emission structure observed in our sam-
ple. The contour levels shown in these images were determined
using a dynamic range power-law fitting scheme to meaning-
fully represent both high and low dynamic range images (e.g.,
Thompson et al. 2006; Urquhart et al. 2009a; Yang et al. 2018).
This has been slightly altered from the scheme described by
Thompson et al. (2006) and can be described as the following
relationship D = 5 X Nj + 5, where D is the dynamic range
of the map (defined as the ratio between the peak brightness
and the 1o RMS noise), N is the number of contour lines, and
‘1’ is the contour power-law index. Here, the minimum power-
law index was one, which resulted in linearly spaced contours
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Table 3. Observational results of 112 young H 11 regions at X-band (8—12 GHz) and K-band (18-26 GHz).

Source name S peak(X) oX)  SocHz S 10GHz S 11GHz 05(X) S peak (K) oK) S2cH $22GHz S24GHz 05(K)
(mJybeam™) (mly)  (mly) (mJy) (mly) ("x”)  (mJybeam™) (mly)  (mly) (mly) (mly)  ("x")
(1) (2) (3) 4) (5) (6) (7 (8) 9) (10) (11) (12) (13)
G010.3009-00.1477® 88.1 3.1 700.3 686.7 661.4 6.8 X 6.6 15.9 0.7 433.4 419.6 392.6 6.5%x6.4
G010.4724+00.0275 82.5 1.6 100.7 105.9 115.4 1.4x04 66.9 0.8 156.8 159.9 172.0 1.6 X 0.5
G010.6234-00.38379 1099.9 7.9 30714 3072.1 3314.8 42 x 3.8 572.3 146 2884.8 2857.2 2851.5 3.1x3.0
G010.9584+00.0221 186.3 1.5 258.3 256.2 265.0 1.2x09 91.3 1.2 210.7 202.6 200.6 1.0 x 0.7
GO011.0328+00.0274 3.9 0.2 4.8 4.3 4.1 1.3x09 1.7 0.1 3.4 2.9 2.8 09 x04
GO011.1104-00.3985® 70.5 0.7 350.4 334.8 327.7 9.5x94 15.6 0.4 136.1 123.3 126.1 22 x 1.7
GO011.1712—-00.0662® 4.1 0.1 95.1 92.7 100.1 11.9 x 8.6 0.6 0.1 — - - -
GO011.9368-00.6158® 306.7 20 11164 1083.5 1098.3 34x32 76.4 2.0 656.1 652.4 629.6 2.8 x 1.8
G011.9446-00.0369¢ 85.7 2.0 709.6 691.4 724.6 6.3 x4.7 20.0 0.6 307.2 291.6 289.9 43 x21
G012.1988-00.0345 29.6 0.4 66.0 64.8 63.9 2.0x 19 6.5 0.2 59.6 54.7 55.9 2.0x2.0
G012.2081-00.1019 88.0 0.8 212.5 209.3 206.5 23x 19 27.2 0.6 159.0 142.1 140.8 20x 1.2

Notes. Columns: (1) source name; (2) and (3) peak flux density and local RMS at X-band; (4-6) flux density at 9, 10 and 11 GHz, respectively; (7)
deconvolved source size at X-band; (8) and (9) peak flux density and RMS at K-band; (10-12) flux density at 20, 22, and 24 GHz, respectively; (13)
deconvolved source size at K-band. The uncertainties in the flux measurements are estimated to be 10%. The “-” symbol means no measurement is
available. @ indicates the sources are extended and their K-band flux densities should be considered to be lower limits. Only a small portion of the
data is provided here, the full table is available in electronic form at the CDS. f refers to the added 5 UC H 11 regions with rising spectra between
C and X band, see Sect. 3.1.

G032.7441-00.0755

G032.7441-00.0755
("ha“d“) 34'x0. :H'V‘

G032.7441-00.0755
X"hdnd(ﬂ .H‘x(?.'”‘l‘

0 T ——
Kband(0.34'x0.34")

29

0°12'00.0" 120000 B 0°12'00.0"

20

Dec (J2000)
mJy/beam
Dec (J2000)
mJy/beam
Dec (J2000)
mJy/beam

07.2" | 072" &

G035.4669+00.1394 G035.4669+00.1394

G035.4669+00.1394
X‘Imn‘(lm"ﬂ“\'() .‘M‘) s ' '

P — T —
Cband(0.34'x0.34") 1028 Kband(0.34'x0.34")

27

Dec (J2000)
:
m]Jy/beam
Dec (J2000)
Y]
N
m]Jy/beam
Dec (J2000)
Yy
m]Jy/beam

1210005 S +201904.8° +219010° o 2

G043.1665+00.0106

216" Xband(0. :i-rxn_(g;); 21.6
4 o

179

144" 140

119

mjylbe_am
Dec (J2000)
m]Jy/beam
Dec (J2000)
m]Jy/beam

59 +9°06'07.2" [ +9°06'07.2" |

. P B
13.445 19h10m12.965

. A | A I
13.44s 19h10m12.96s 13.44s 19h10m12.96s

RA (J2000) RA (J2000) RA (J2000)

Fig. 1. Example images of three radio sources at C-band (left-column), X-band (middle-column), and K-band (right-column). The position of
the H 11 region is marked with a plus. Upper, middle, and lower rows: maps for the compact H1I region G032.7441-00.0755, the extended H 11
region G035.4669+00.1394, and the H 11 region G043.1665+00.0106 located in a cluster (see Sect. 3.1), respectively. C-band images are from the
CORNISH survey. The white contour levels of each image are equally spaced by 5o and start at a level of 5o. The green outline shown in the
lower row shows the polygon that was manually drawn around the H 11 region located in a cluster. The image size and beam size are shown in the
upper-middle and lower-left of each image. The C-band, X-band, and K-band images for the whole sample are available in electronic form at the
Zenodo via https://doi.org/10.5281/zenodo.4293684.
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Fig. 2. Distributions of observation results such as integrated flux density Sy, peak flux density S pca, and angular size 6, of 116 young H1I regions
at X-band (blue solid line) and K-band (red solid line). The bin sizes are 0.5 dex, 0.5 dex, and 1” for Sy, S peax, and 6, respectively.

starting at 5o and increasing in steps of So-. The starting con-
tour level we adopted for each target is variable, ranging from
50 to 70 according to the RMS level of each image. The RMS
noise level (o) of each image was determined using the stan-
dard deviation (STDEV = 1.4826 x MADFM), where MADFM
is the median absolute deviation from the median (MADFM =
median(|X; — median(X)|), where X is one element in the data
set), in order to reduce the effects of outliers on noise measure-
ment (e.g., Purcell et al. 2013). The short on-source integration
time of the target observation (~50s) could lead to a rather high
RMS level on the observed field for some sources located in
complex star formation regions.

The compact sources in the sample are directly fitted by 2D
Gaussian models using the imfit task in CASA (see upper pan-
els of Fig. 1). The resolved UC H1I regions are classified into a
variety of morphologies ranging from spherical to irregular (e.g.
Wood & Churchwell 1989; Urquhart et al. 2007, 2009a, 2013;
Purcell et al. 2013). The properties of the extended sources (see
the middle row of Fig. 1) and UCH1I regions located within a
cluster (see the lower row of Fig. 1) are determined from the
flux enclosed within a polygon fitted around the emission pro-
file of the source; this is determined by the noise level for an
extended source manually fitted around the emission for a cluster
source, which follows the same strategy used in the construc-
tion of the CORNISH survey catalog (Purcell et al. 2013). The
observational results of the extended sources or cluster sources
in the sample such as flux density (defined as the difference
between the aperture summed flux and background flux den-
sity divided by the beam-area) and angular diameter (defined as
intensity-weighted diameter), as well as their uncertainties, can
be measured by aperture photometry (for details of the aperture
photometry method that we used see Sect. 5.3.2 of Purcell et al.
2013).

Analysis of the poor-quality X-band and K-band data for
seven young H 11 regions (marked by { in Table 1) revealed that
their images are too confused to obtain reliable results and so
these have been excluded. We also add five sources identified as
UCHII regions in CORNISH by Purcell et al. (2013) that are
located within our fields and have rising spectra between C-band
and X band in this work. Thus, the final observed sample consists
of 112 H1I regions. In Table 3, we give the observational results
and the derived properties for all of these sources.

In Table 4, we provide a statistical summary of the observed
and derived properties for each source at both the X-band and
K-band. We estimate the uncertainties on the flux density and
angular size at both frequencies to typically be ~10% by con-
sidering the calibration errors and errors of the measurement
method (e.g., Murphy et al. 2010; Sanchez-Monge et al. 2013).
In Fig.2, we show the distributions of the derived parameters.
The distributions of integrated flux Si, and peak flux density

Table 4. Summary of observational results and the derived physical
parameters for 116 young H 11 regions.

Parameter Xmin Xmax Xmean £ Xstd Xmed
Observational properties at X-band
log[S int (mJy)] 058 420 220+0.76 2.20
log[S peak (mJy beam™1)] 0.40 3.04 1.71+0.66 1.68
Angular size §” 1.68 2125 4.54+3776 24
Observational properties at K-band
log[S int (mJy)] 033 380 199+0.74 20
log[$S peak (mJy beam™")] -0.40 2.88 1.23+0.79 1.68
Angular size " 0.6 1024 212+195 134
Physical properties
log[ne(cm™3)] 314 565 420+0.05 4.10
diam [pc] 0.004 0.81 0.14+0.01 0.08
log[EM (pc cm™%)] 596 9.05 728+0.06 7.09
log[ N1y ™M1 4537 49.82 47.81 £0.09 47.95
v [GHz] 0.56 16.67 329+0.31 195
Dust absorption fraction f3  0.14 099 0.67 £0.03 0.75

Notes. In Cols. 2-5 we give the minimum, maximum, mean=+ standard
deviation, and median values, respectively, of each parameter.

Speak in the left and middle panels of Fig.2 are similar at X-
band and K-band, which suggests that the majority of sources
are optically thin between these frequencies. The X-band shows
a slightly higher peak value of Sy and S eax than K-band, some
of which may be due to the majority of sources having a turnover
frequency below X-band and the fluxes start to decrease after-
wards following the power-law of S, oc v=! at the optically thin
regime of an H1I region. Some sources may be due to the larger
beam at X-band collecting more flux. The X-band has a larger
field of view and is more sensitive to larger angular scales than
K-band, which is why a larger proportion of the sources detected
at X-band are more extended in the right panel of Fig. 2.

3.2. Radio properties from the SED models

The physical characteristics of H1I regions (e.g., EM, n., Lyman-
continuum flux Npy) can be estimated by the observed angular
sizes and flux densities at a given frequency, assuming that the
continuum emission comes from a homogeneous, optically thin
ionized gas (e.g., Urquhart et al. 2013; Kalcheva et al. 2018).
However, one should keep in mind that the physical properties
of young H 11 regions might be underestimated or overestimated
by using a single frequency observation for two reasons: (i) the
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young H I region might be optically thick at the observed fre-
quency (e.g., Cesaroni et al. 2015); and (ii) the apparent angular
size depends on the observing frequency (e.g., Panagia & Felli
1975; Avalos et al. 2006; Yang et al. 2019). Therefore, to deter-
mine the properties of young H1I regions, it is essential to know
their spectral energy distribution (SED) over a wide frequency
range that covers both optically thick and thin emission (e.g.,
Murphy et al. 2010).

We use our multi-wavelength VLA data to construct SEDs
for the free-free emission in order to measure the radio prop-
erties of our sample of young H 11 regions. We model each SED
for an ionization-bounded H 11 region using the standard uniform
electron density model given by Mezger & Henderson (1967). In
this standard model, the integrated flux density at a given fre-
quency vis givenby S, = w using the Rayleigh Jeans
approximation, where Q is the solid angle related to the physical
diameter diam and distance d of each source. The optical depth 7
of free—free radiation can also be represented as a function of fre-
quency (Mezger & Henderson 1967; Dyson & Williams 1997),
7 oc T; 135 y=21 2 diam, where we assume an electron tempera-
ture 7, = 10*K (Dyson & Williams 1997). Therefore, the radio
SED of an H1I region from the standard model is expected to
have a rising spectrum at low frequencies s, oc v*? (r > 1) and
a flat spectrum at high frequencies s, o« v! (r < 1). Based on
the distances d in Table 1 and the observed fluxes s, in Table 2,
the SED model of each source has two free parameters: the elec-
tron density 7. and the physical diameter diam. The best estimate
for the two parameters can be obtained by fitting the radio-
frequency continuum spectrum of each source. The uncertainties
on flux measurements at these points are taken into account in
the fitting process. For compact and spherical H 11 regions in the
sample, the derived density n. and diameter diam from SED fit-
ting represent averaged properties over the ionized gas that are
responsible for the free—free emission between 1 and 26 GHz.
For the H1I regions with non-spherical geometry, this spheri-
cal morphology model might introduce additional uncertainty
into the determination of the geometry-dependent parameters
such as the electron density and diameter. Ideally, the calcu-
lation should consider the three-dimensional structure of the
volume responsible for the radio emission; however, we do not
know the internal structure and any model of the source geom-
etry would introduce additional unknown parameters. Moreover,
the morphologies of the nonspherical H1I regions are variable
between X-band and K-band as shown in Fig. 1. To avoid the
complication when calculating the geometry-dependent parame-
ters, the peak physical properties averaged over the beam rather
than the entire source are commonly used for these nonspheri-
cal and irregular H1I regions in previous studies (e.g., Wood &
Churchwell 1989; Kurtz et al. 1994). In this work, the uniform
spherical model is sufficient to match the SEDs of the nonspher-
ical H1I regions, and the SED of each source takes into account
the multi-band radio emission of the entire source. Therefore, the
fitted n. and diam represent averaged properties over the entire
emission gas at multi-bands and can be used to shed light on
the physical condition of these nonspherical H1II regions as a
whole.

Figure3 shows examples of the fitted SEDs for a
compact source (G032.7441-0.076 and an extended source
G035.4669+00.1394. Owing to the lack of short baseline spac-
ings, the K-band flux measurements have been excluded from
the SED fitting of the extended sources in the sample. Includ-
ing the four sources with data from archives and references
(see Sect.4 and Table 8), the SEDs and best-fitting models
of all 116 H1I regions are presented in electronic form at the
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Fig. 3. Radio SED fitting to flux density points for example compact
and extended sources. Upper panel: SED fitting to flux density points
between 1 and 26 GHz for the compact example G032.7441-00.0755
(upper row of Fig. 1). Lower panel: SED fitting to flux density points
between 1 and 11 GHz for extended example G035.4669+00.1394
(middle row of Fig.1) by excluding K-band flux measurements.
The best-fitting results for the electron density n. and physical lin-
ear diameter diam are shown in the upper-left corner of each plot.
The best-fitting SEDs for the whole sample are available in elec-
tronic form at the Zenodo via https://doi.org/10.5281/zenodo.
4293684.

Zenodo®. The EM of each H1I region is then calculated using
EM = n.> x diam. Considering a mean error of ~10% both in
the flux density at each frequency and the distance measurement,
this gives typical errors of ~20% in ne, ~10% in diam, and ~40%
in EM. The typical errors that we adopted refer to the uncertainty
on measurements, as in previous studies (e.g., Sdnchez-Monge
et al. 2013; Kalcheva et al. 2018), and would be larger if the
uncertainty on the assumptions in the model were considered.
The fitted parameters from radio SEDs are given in Table 5
along with the physical parameters derived from the analysis
presented in the following section. In panels a—c of Fig.4, we
present the distributions of the fitted parameters. The physi-
cal sizes peak at 0.02pc in panel a, and 57% of the sources
(66/116) have physical diameters of less than 0.1 pc, as shown
in the subplot of that panel. This is consistent with the major-
ity of these being classified as UCHII regions or smaller.
There are 9 sources with diam < 0.01 pc and the mean diameter
is diam = 0.006 pc, corresponding to ~1000 AU. This physical
scale implies that the sample could have coincidences with

3 (https://doi.org/10.5281/zenodo.4293684)
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Fig. 4. Distributions of the derived physical properties of 116 young H 1I regions. Panels a—c: distributions of the physical linear diameter diam
(a), the electron density n. (b), and the EM (c). The bin sizes are 0.05 pc, 0.25 dex, and 0.25 dex for diam, n., and EM, respectively. Panels d—f:
distributions of the turnover frequency v; (d), the Lyman continuum flux Ny, (e), and the dust absorption fraction f3 (f). The bin sizes are 0.1, 0.1,

and 0.5 dex for v;, fg, and Ny, respectively.

radio jets and jet candidates from massive young stellar objects
(MYSOs; Purser et al. 2016).

Figure 4b shows the distribution of n., which peaks at
10* cm™3. About 60% (70/116) of the sources have high densities
with 7, > 10*cm™3. The 70 high-density H II regions are com-
pact with a mean diameter of diam = 0.06 pc, implying that there
might exist small-scale and high-density objects in the sample
such as HCH1I regions (Kurtz 2005) and MYSO jets (Purser
et al. 2016).

Figure4c shows the distribution of EM, which peaks
at 10’ pccm™, and most sources have EM between 3.2 x
10% pc cm™ and 1.0 x 108 pc cm™6. There are two groups in the
distribution of EM: one with EM < 108 pccm™ and the other
with EM > 108 pc cm™, which indicates that there are sources
in the sample connected to the very early stages of H 11 regions.

The median values of diameter (diam=0.08pc), elec-
tron density (n. = 1.3 x 10*cm™3), and EM (EM = 1.9 x
107 pc cm~®) of our sample are consistent with typical values for
UCH 11 regions. About 10% of the sources have n, > 10° cm™>,
36% of the sample show diam < 0.05 pc, and 17% of them have
EM > 108 pc cm™, which fulfill the standard quantitative crite-
ria of HC H1I regions. We discuss the potential HC H 11 regions
in the sample in Sect. 4.

3.3. Derived physical characteristics
3.3.1. Turnover frequency v,

As a dividing line between the optically thin and thick regimes
of the radio spectrum of HII region, the turnover frequency v;
is defined as the frequency where 7 = 1 (Kurtz 2005). The flux
density of H1I region peaks at v > v,, and decreases as the square
of frequency at v < v;. Using the formula provided in Mezger

& Henderson (1967) for a homogeneous H 11 region, the opti-
cal depth can be expressed as a function of observing frequency
v, electron temperature T, which is assumed to be 10*K, and
emission measure EM:

v ]‘21 o EM
GHz pcem=© |’

-1.35
7= 0082 x [1] x [

< (M

Setting T = 1, the turnover frequency can be expressed as (Kurtz
2005):

Y B E]—I‘SS
GHZ] 0,082 x [K x

2

. 10476
n2 x dlam]

cm~3 pe

The typical error for the v; is 30% by considering the typical
20% error in density estimation and 10% in diameter measure-
ments. Panel d of Fig. 4 presents the distribution of the turnover
frequency v, for this sample of young H1I regions (i.e., young
UCHI1I regions), which peaks at v, ~ 2 GHz and has a mean
value of v, ~ 3.3 GHz. Both of the peak and mean turnover fre-
quencies of this sample of young H1I regions are lower than the
expected value of ~5GHz of UCHII regions in Kurtz (2005)
with typical n, ~ 3 x 10*cm™ and diam ~ 0.1 pc. This lower
turnover frequency found in the sample may be due to a large
fraction of detected emission from the optically thin low-density
region surrounded by a HII region, as suggested in Steggles
(2016, 2017). Alternatively, many of these H 11 regions are simply
optically thin.

Figure 4d indicates two populations of H IT regions: one with
vi < 5GHz and the other with v; > 5 GHz, which are referred
to as optically thin and optically thick H 11 regions in this work,
respectively. The optically thick H1I regions are found to have
higher density, higher emission measure, and smaller physical
linear size compared to optically thin H1I regions, as shown in
Table 6.
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3.3.2. Lyman continuum flux

For an optically thin H1I region in the photoionization equi-
librium, the Lyman continuum ionizing flux Ny, emitted by
the embedded massive star can be calculated from the radio
continuum flux and heliocentric distance to the source (Sanchez-

Monge et al. 2013), as
—0.45 2
d
| [ } NG

N, 0.1
ﬂ=8.9x104°&[v] [T <
s~ Jy [LGHz 10°K pc

where S, is the integrated flux density at frequency v, Tk is elec-
tron temperature assumed to be 10* K, and d is the distance to
the source. For each source in the sample, we use the S, mea-
sured in the optically thin part of the radio SED to calculate the
Lyman continuum flux. The distance for each source is taken
from the literature (as discussed in Sect. 2.1). The typical error of
the derived Lyman continuum flux is ~40% considering the error
in both kinematic distance and the integrated flux measurement
(e.g., Urquhart et al. 2013).

The distribution of the derived Lyman continuum flux is
shown in Fig. 4e, which peaks at 10*® s™! and ranges from 1034
to 109 s7!. The corresponding spectral types of the zero-age
main sequence (ZAMS) stars are between BO and O4 listed in
Table 5, assuming that a single star is responsible for the ioniza-
tion and there is no dust in the ionization-bounded H1I region
(e.g., Garay et al. 1993; Wood & Churchwell 1989). The derived
spectral type of the ZAMS star would be earlier or later (e.g.,
Wood & Churchwell 1989), if multiple stars are responsible for
the ionization or if there is dust absorption within the H 11 region
(e.g., Garay et al. 1993). For instance, the presence of dust may
lower the flux by a factor of two or more as the dust absorp-
tion fraction ranges from ~50% to ~90% for UCHII regions
(e.g., Wood & Churchwell 1989; Garay et al. 1993; Kurtz et al.
1994), but if the emission was from a cluster then the spectral
type would be typically earlier by a subclass or two (Wood &
Churchwell 1989; Urquhart et al. 2013). The effects of cluster
and dust on determining the spectral type are probably compa-
rable and counterbalance each other. Therefore, the values we
estimated are reliable within a few subclasses.

3.3.3. Dust within H Il regions

Previous studies found that a significant fraction of the Lyman
continuum photons are absorbed by the dust within H IT regions
(Garay et al. 1993; Wood & Churchwell 1989; Kim & Koo 2001).
By assuming that a single star is responsible for the observed
luminosity and the observed Lyman continuum flux of an H1I
region, the fraction of UV photons absorbed by dust within H 11
regions is defined as f3 = 1 — N//N} (e.g., Wood & Churchwell
1989), where N/ is the number of observed ionizing photons and
NZ the predicted Lyman continuum photons derived from spec-
tral type based on the total infrared luminosity. As discussed in
previous studies (e.g., Garay et al. 1993; Wood & Churchwell
1989), fi should be taken as an upper limit as it is very likely to
be overestimated if the expected Lyman continuum photons are
excited by clusters of young stars rather than by a single star. For
instance, at a given total luminosity, the spectral type estimated
assuming a cluster that provides the entire infrared luminosity is
typically two or three subclasses later than the spectral type esti-
mated assuming a single star (Wood & Churchwell 1989), and
thus leads to a lower expected Lyman continuum flux N than
derived assuming a single star. The observed N/ would be domi-
nated by the earliest spectral type in the clusters as the properties
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of O-type stars change so dramatically between two subclasses
(e.g., Panagia 1973; Wood & Churchwell 1989), which has also
been found by Urquhart et al. (2013) who suggested that the most
massive stars within clumps dominate the observed properties.
The upper limit of the fraction of Lyman continuum photons
absorbed by dust within H 11 regions can range from 50% (Garay
et al. 1993; Kim & Koo 2001) to 90% (Wood & Churchwell
1989; Kurtz et al. 1994).

There is evidence of dust existing in the HII regions in
our sample: all of them show bright 24 um emission in the
MIPSGAL survey (Carey et al. 2009) and strong 70 um emis-
sion in the Hi-GAL survey (Molinari et al. 2010), at a high
angular resolution (~6""). After excluding ~40% of the sources
with Lyman excess (see Sect.5.2), the upper limit of the mean
fraction absorbed by dust within HII regions for our sample
is fag = 0.67 £ 0.03, which is consistent with previous results
(e.g., Garay et al. 1993; Kim & Koo 2001; Wood & Churchwell
1989), as shown in panel f of Fig.4. Among the 67 H I regions
with dust absorption, 43% (29/67) of the sources with physical
diameters diam < 0.1 pc have a mean of fy = 0.79 = 0.04 , and
57% (38/67) of the sources with diam > 0.1 pc have a mean of
fa = 0.58 £ 0.04. This indicates that the dust absorption fraction
tends to be more significant for the more compact and pre-
sumably younger H1I regions compared to the larger and more
evolved H 11 regions, which agrees with the model in Arthur et al.
(2004) who suggest that the fraction of ionizing photons in H1I
regions absorbed by dust decreases with time.

4. Classification and properties of the optically
thick Hn regions

In Sect. 3.3.1 we identified 20 young optically thick H 11 regions
with turnover frequencies larger than 5 GHz. As the turnover fre-
quency of an UCHI1I region is ~5 GHz (Kurtz 2005), the 20
optically thick HII regions are very likely to be in the HC H1I
region stage or in an intermediate stage connecting the HCH 11
region and UCH I region stages. The quantitative criteria for
HCH1I regions, UCHII regions, and the intermediate objects
between the two stages, as summarized from the literature (e.g.,
Wood & Churchwell 1989; Kurtz et al. 1994; Afflerbach et al.
1996; Kurtz 2005; Hoare et al. 2007), are presented in Table 7.
Among the 20 optically thick HII regions, 7 sources are
associated with previously identified HC H1I regions that have
been summarized in Table 1 of Yang et al. (2019). In Fig.5 we
show the distribution of the n., EM, and diam of 18 optically
thick HII regions, as we excluded two objects (G043.1652 &
G043.1665) in the optically thick sample that are associated with
unrecovered HC H1I regions listed in Table 8 and marked with
an asterisk (see Sect. 4.3). On this plot, we indicate the region
of parameter space where HC H I regions are expected to reside
(i.e., ne > 10° cm™3 and diam < 0.05 pc), and we show the evolu-
tionary trend from HC H1I region to the stage between HC H 11
region and UC H 11 region in the physical parameter space. Of the
optically thick H 11 regions, 14 satisfy these criteria. The remain-
ing sources all satisfy the size criterion for HC H 11 regions but
their electron densities are too low and so these are considered to
be intermediate between the HC H 11 and UC H1I region stages.
In Figs. 6-8, we present three-color infrared maps of each
H1 region. In these maps, we include contours of the dust
and radio emission and any coincident masers so that we can
investigate their environments and associations with other star-
formation tracers. We individually discuss the properties of the
optically thick H1I regions with respect to their environment,
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Table 5. Derived physical properties of 116 young H 11 regions.

Name e diam EM Vi log Ny Spectral  fy
(10°cm™3) (pc)  (107pcem™®) (GHz) (photonss™!) Type
(H 2 3) 4) (5) (6) @) ®)
G010.3009-00.1477  0.09 0.119 092 1.69 47.94 09.5 0.86
G010.4724+00.0275 143 0.022 452 10.77  48.11 09 0.94
G010.6234-00.3837 0.16 0.166 4.39 3.55 48.9 06.5 0.81
G010.9584+00.0221 0.36 0.029 3.78 3.31 47.35 BO -
G011.0328+00.0274 0.13 0.014 024 0.89 45.57 B1 -
GO011.1104-00.3985 0.07 0.145 0.62 1.4 47.94 09.5 0.27
GO011.1712—-00.0662  0.09 0.053 045 1.21 46.91 BO -
G011.9368-00.6158  0.07 0.155 0.86 1.63 48.12 09 0.19
GO011.9446-00.0369 0.17 0.075 22 2.56 47.84 09.5 -
G012.1988-00.0345 0.07 0.148 0.65 1.43 47.98 09 0.77

Notes. Only a small portion of the data is provided here, the full table is available in electronic form at the CDS.

Table 6. Summary of the derived physical parameters for the 96 opti-
cally thin H1I regions (v, < 5GHz) and the 20 optically thick H11
regions (v, > 5 GHz).

Parameter Xmin Xmax Xmean * Xstd Xmed
20 optically-thick H 11 regions sample
log[n.(cm™)] 4.37 5.65 5.11+0.07 5.12
diam [pc] 0.004 0.23 0.035+0.01 0.023
log[EM (pc cm™9)] 800 9.05 850+0.08 8.58
log[Niy (s 46.21 49.55 4777 +£0.20 47.80
v [GHz] 5.28 16.67  9.73 + 0.80 9.94
Dust absorption fraction fj 0.16 0.99 0.81 + 0.05 0.88
96 optically-thin H I1 regions sample
log[ne(cm_3)] 3.15 4.69 4.02 +£0.03 4.01
diam [pc] 0.006  0.81 0.16 + 0.02 0.11
log[EM (pc cm™)] 5.96 7.73 7.16 £ 0.04 7.02
log[ Ny s™H] 45.37 49.83 4782 +0.1 4797
v [GHz] 0.56 3.60 1.91 £ 0.08 1.80
Dust absorption fraction fy ~ 0.14 097 0.62+0.03 0.66

Notes. Columns 2-5 provide the minimum, maximum, mean+ stan-
dard deviation, and median values, respectively, of each parameter.

Table 7. Quantitative criteria for HC H1I regions, UC H1I regions and
intermediate objects (HCHI11 — UCHII) between the two stages,
summarized from the literature.

Parameters HCHun HCHin—-»UCHn UCHI
Size (pc) <0.05 ~[0.05-0.1] <0.1

ne (cm™) 210° ~[10*-10°] =10
EM (pccm~®) >108 ~[107-108] >107
RRL AV (kms™") =40 ~[25-40] <40

their association with dense gas, and star-formation tracers in
the following sections, and we follow the order that is presented
in Table 8.

4.1. HC H 11 regions and candidate HC H il regions identified in
this work

G010.4724+00.0275. This source is located in the
G10.47+0.03 complex region that hosts three UCH 11 regions

T T 3.
® Known HCHII
§061.4770 @ HCHII & HCHII candidate
G034.2573 @  HCHIl-to-UCHII
sosazser e é
©G034.2581 Qo32. diam = 0.05 pc
: —
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'E §030.0096 : c
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Fig. 5. Distribution of properties of 18 optically thick HC H1I regions
identified in Sect. 4. The vertical and horizontal dotted and dashed lines
indicate the standard quantitative criteria of an HC H1I region. The red
filled circles show HC H 11 regions and HC H I region candidates iden-
tified in this work while the red filled circles with lime circles identify
the previously known HC H 11 regions. The filled blue circles show the
intermediate objects between the HC H 11 and UC H 11 region stages. The
magenta arrow shows the evolutionary trend.

(Wood & Churchwell 1989), water masers (Hofner &
Churchwell 1996), 6.7 GHz methanol masers (Pestalozzi et al.
2005), various complex molecules (Hatchell et al. 1998), and
massive molecular outflows along the NE-SW direction (Lépez-
Sepulcre et al. 2009). This object is resolved into two compact
sources, G10.47+0.03A and G10.47+0.03B, in Wood & Church-
well (1989) with a resolution of 0.4”, which is also seen in the
K-band emission shown as contours in the upper-left panel of
Fig. 7 with two blended compact components. The radio source
is positionally coincident with methanol and water masers, a
bright mid-infrared point source and is embedded in a dense
molecular clump as traced by the ATLASGAL emission, and
therefore clearly associated with star formation activity. Its phys-
ical properties such as n, = 1.43 x 10° cm™3, diam = 0.022 pc,
EM = 4.52 x 108 pccm™®, and log Ny, = 48.11, imply that
it is likely an HCHI1I region. Its natal clump has a mass of
2.57 x 10* M and a bolometric luminosity of 5.0 x 10° L,
(Urquhart et al. 2018). Its spectral type of O5.5 derived from the
bolometric luminosity is earlier than O9 derived from Lyman
continuum flux, which supports the hypothesis that this source
is located in a cluster, as reported in Pascucci et al. (2004).
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Table 8. Summary of the physical parameters and the classification of the 20 optical thick H 11 regions identified in this work.

Name N diam EM AV(RRL)[ref.]  Class  log[Lyot] log[Nry]  Maser Clump
(10°cm™3)  (pc)  (10% pcecm™®) (kms™h) (Lo) (s™')  emission? outflow?
9] 2 3 “4) S (6) (7N 3 ) (10)
HCH 11 and candidate HC H 11 identified in this work
G010.4724+00.0275 1.43 0.022 4.52 - HC? 5.7 48.11 Yes Yes
G024.7898+00.0833F 3.38 0.008 9.18 40 (H66a)[1] HC 5.2 47.52 Yes Yes
G028.2003-00.0494 1.41 0.027 5.35 74(H92a)[2] HC 5.1 48.37 Yes Yes
G030.0096-00.2734 1.91 0.0043 1.56 - HC? 3.8 46.21 Yes Yes
G032.7441-00.0755 2.79 0.011 8.28 40.3(Hna)[3] HC 5.0 47.69 Yes Yes
G034.2573+00.1523 3.55 0.0046 5.82 48.7(H42a)[3] HC 4.8 46.58 Yes Yes
G034.2581+00.1533 3.01 0.0041 3.73 48.4(H76a)[2] HC 4.8 46.54 Yes Yes
G043.1657+00.01167 1.57 0.046 11.32 63.9(H66a)[4] HC 6.9 48.69 Yes Yes
G045.0712+00.1321 % 1.22 0.040 5.89 40(H76a)[5] HC 5.7 48.73 Yes Yes
G045.4656+00.0452 1.02 0.023 2.36 47.8(H39a)[3] HC 5.0 47.88 Yes Yes
G061.4770+00.0892 4.45 0.0040 7.88 - HC? 5.1 46.81 Yes Yes
G030.5887—-00.0428 % 2.08 0.009 3.91 56.2(H40a)[3] HC 4.0 4728 Yes Yes
Intermediate objects (HC H11 — UC H 1I regions)
G034.2572+00.1535 0.52 0.038 1.01 22.8(H76a)[2] HC-UC 4.8 48.03 Yes Yes
G045.0694+00.1323 0.74 0.026 1.40 16.7(H92a)[2] HC-UC 5.7 47.76 - Yes
G049.3666—-00.3010 0.94 0.031 2.69 34.5(H40a)[3] HC-UC 5.1 48.05 Yes Yes
G051.6785+00.7193 0.64 0.026 1.07 - HC-UC 5.0 47.68 Yes Yes
G060.8842-00.1286 0.93 0.012 1.08 - HC-UC 4.2 46.40 Yes Yes
G030.7197—-00.0829% 0.22 0.093 0.45 43.0(H40a)[3] HC-UC 4.7 48.44 Yes Yes
G030.8662+00.1143 % 0.37 0.031 0.43 44 9(H39«)[3] HC-UC 41 47.46 Yes Yes
G033.1328—-00.0923 % 0.21 0.10 0.46 43.0(H39@)[3] HC-UC 5.0 48.54 Yes Yes
Previously identified HC H1I regions not resolved in the current work
G010.9584+00.0221 0.36 0.029 0.38 43.8(H92a)[2] HC 4.0 47.35 Yes Yes
G035.5781-00.0305+ 0.22 0.093 0.45 50.0(H42a)[3] HC 5.3 48.36 Yes Yes
G043.1652+00.0129: 0.88 0.053 4.15 53.7(H66a)[2] HC 6.9 48.91 Yes Yes
G043.1665+00.0106 0.24 0.22 1.22 48.6(H66)[2] HC 6.9 49.55 Yes Yes

Notes. The classifications given in Col. 6 are HC H 11 regions (Class: HC), HC H 11 region candidates (Class: HC?), and intermediate objects (Class:
HC-UC); these have been assigned based on their electron density 7., physical diameter diam and emission measure EM, derived from the SED
fitting method. We also include four sources with v, ~3.5 GHz , such as G010.9584+00.0221 and G035.5781-00.0305 that have previously been
identified as HC H I regions but not recovered by this work (see Sect. 4.3), as well as G030.8662+00.1143 and G030.7197-00.0829 that show broad
RRL with AV > 40km s~!. For G032.7441—00.0755, the RRL Hna indicates n =39, 40, 41, 42. Symbols 1 and * indicate the known HC H 11 regions
summarized in Table 1 of Yang et al. (2019). Symbol x represents the four H1I regions with data from the literature and archives.

References. 1. Beltran et al. (2007); 2. Sewilo et al. (2004); Sewito et al. (2011); 3. Kim et al. (2017); 4. De Pree et al. (1997); 5. Keto et al. (2008);

G024.7898+0.0833. This source is an HCHII region
identified by Beltran et al. (2007), which is found to be associ-
ated with many CH3OH masers (Surcis et al. 2015; Bartkiewicz
et al. 2016) and OH masers (Forster & Caswell 2000; Caswell
et al. 2013), H,O masers (Caswell et al. 1983; Forster & Caswell
2000), and outflows traced by CO (Furuya et al. 2002; Beltran
et al. 2011) and SiO (Codella et al. 2013). Its physical properties
such as n., diam, and EM (Table 8) are consistent with previ-
ous results (Beltran et al. 2007; Cesaroni et al. 2019). Its natal
clump has a mass of 7.64 x 10° M, and a bolometric luminos-
ity of 1.58 x 103 Ly (Urquhart et al. 2018). The spectral type
of this HCH1I region O6.5 derived from the infrared luminos-
ity (Table 1) is much earlier than O9.5 derived from the Lyman
continuum flux which includes contributions from the nearby
UCHI1I region G024.7889+00.0824 in the field. One possible
explanation for the discrepancy of spectral type is that this source
is located in a cluster and/or a significant amount of Lyman con-
tinuum photons are absorbed by the surrounding dust, with an
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upper limit on the dust absorption fraction of fg = 92% (see
Sects. 3.3.2 and 3.3.3). As this HCH 11 region shows extended
4.5 um emission, it is associated with an extended green object
as defined by Cyganowski et al. (2008).

G028.2003-0.0494. This source is a known HCHII
region identified by Sewilo et al. (2004), which is found to be
associated with the 37.7 GHz CH3;O0H maser (Ellingsen et al.
2011), OH masers (Argon et al. 2000; Caswell et al. 2013), and
H,0O masers (Urquhart et al. 2011). Its physical properties such
as n., diam, and EM listed in Table 8 are consistent with pre-
vious results (Sewito et al. 2011). Its natal clump has a mass of
4.45 x 10°* M, and a bolometric luminosity of 1.30 x 10° L
(Urquhart et al. 2018), which is associated with molecular out-
flows (Maud et al. 2015; Yang et al. 2018). Its spectral type
06.5 derived from the bolometric luminosity is earlier than O7.5
derived from the Lyman continuum flux that includes the contri-
bution from its nearby UC H 11 region G028.1985-00.0503 with
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Fig. 6. Three-color composition image (or RGB image) from Spitzer GLIMPSE 8 um (red), 4.5 um (green), and 3.6 um (blue) bands (Benjamin
et al. 2003; Churchwell et al. 2009) for the HC H 11 regions discussed in Sect. 4. Lime or red circles show the radio sources in the field from the
CORNISH survey. The upper-right zoomed-in images for each panel show the peak position of H,O maser (magenta cross) and OH maser (black
cross), and the linear scale-bar of 0.1 pc in white. Gray contours in the image show 870 um emission from ATLASGAL (Schuller et al. 2009), and
the lime (or red) contours show K-band 22 GHz emission presented in this work. The red contours in the bottom-right panel show X-band 10 GHz
emission as the K-band emission is missing for source G045.0694. The FWHM beam of GLIMPSE (2”) and K-band observations are indicated by

the white circles shown in the lower-left corner of each image.

Niy = 5.0 x 10*". This could be the result of this source being
located in a cluster, as shown in the middle-left panel of Fig. 6, or
could be due to the fact that about 43% of the Lyman continuum
photons are absorbed by the surrounding dust.

G030.0096-00.2734. This compact radio source, located
in the W43 star-forming complex (e.g., Blum et al. 1999;
Medina et al. 2019; Gao et al. 2019), is the first of the sam-
ple that was found to be associated with an infrared dark cloud
(G030.01-0.27; Battersby et al. 2011), which itself is associ-
ated with many molecular lines (Schlingman et al. 2011) as
well as methanol masers (Breen et al. 2015). Its natal clump,
AGALO030.008-0.272, is associated with a molecular outflow

identified by Yang et al. (2018), which has a maximum outflow
velocity of 4.5kms™!. It is the only radio source in its natal
clump, and its spectral type B1 derived from the bolometric
luminosity is consistent with B0.5 derived from the Lyman con-
tinuum photons, indicating a lack of dust within this H 11 region.
The radio emission is coincident with a compact mid-infrared
point source confirming it is associated with an embedded pro-
tostellar object. The physical properties of G030.0096—-00.2734
are consistent with this source being an HC H 11 region at a very
early evolutionary stage.

G030.5887-00.0428. 'This source shows compact radio
emission at 5 GHz CORNISH, as shown in the middle-right
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Fig. 7. As described in Fig. 6, except in this case the sources include newly identified HC H 1I regions and intermediate objects. The gray contours
in the image of G061.4770+00.0892 show the 500 um emission from Hi—GAL.

panel of Fig. 8. Its flux densities at high frequencies were
obtained in project VLA18A-066, with 217.70 mJy at 15.5 GHz
and 223.53mJy at 16.5 GHz. With flux densities at low fre-
quency of 1.4 and 5 GHz (summarized in Yang et al. 2019),
its physical properties can be determined from the radio SED.
Water, hydroxyl, and methanol maser sites (Argon et al. 2000;
Pestalozzi et al. 2005; Urquhart et al. 2011) are detected in
its vicinity, and molecular outflows (Yang et al. 2018) are
found to be associated with its natal clump. Its natal clump
AGAL030.588-00.042 has a mass of 758 M and a bolometric
luminosity of 1.12 x 10* Ly, (Urquhart et al. 2018), and shows
a broad millimeter RRL H40e with AV = 56.2kms~! (Kim
et al. 2017). It is the only radio source in the parent clump, and
its spectral type B0.5, obtained from the bolometric luminos-
ity, is consistent with that of a BO star derived from the radio
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luminosity, indicating the absence of dust within this H IT region.
The broad RRL line, compact size, and high electron density are
consistent with this source being classified as an HC H 11 region.

G032.7441-00.0755. The radio emission associated with
this source is weak and very compact and there is bright emis-
sion at 70 yum from the Hi—GAL survey (Molinari et al. 2010),
while no counterpart is seen at mid-infrared wavelengths (8 um;
see middle-right panel of Fig. 7). This source was found to host
H,0 masers (Caswell et al. 1983), OH masers (Caswell et al.
2013), and CH3OH masers (Bartkiewicz et al. 2016), and is asso-
ciated with CO outflows (Yang et al. 2018), broad molecular
lines such as SiO (2-1) (Csengeri et al. 2016), NoH*, and HCO*
(Shirley et al. 2013) and millimeter RRLs (AV = 40.34kms™;
Kim et al. 2017). The blueshifted and redshifted methanol masers
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Fig. 8. As described in Fig. 6, except in this case the sources are HCHII regions and intermediate objects between HCH11 and UCH 11
regions. The gray contours in the image of G060.8842—-00.1286 show the 500 ym emission from Hi—GAL. The lime contours in the images
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spots mapped by Bartkiewicz et al. (2016) have a similar orienta-
tion to the blueshifted and redshifted outflows mapped by Yang
et al. (2018). Its physical parameters (n, = 2.79 x 10° cm™,
diam= 0.011pc, EM = 8.28 x 108 pccm™®, v, = 14.37GHz)
are consistent with other HC H 11 regions and we therefore iden-
tify this as a new mid-infrared-dark HC H1I region detection.
Figure 7 shows that it is the only radio source in its natal clump.
Its spectral type O7 derived from the bolometric luminosity is
earlier than 09.5 derived from the Lyman continuum flux, indi-
cating that about 88% of the Lyman continuum photons were
absorbed by dust within this HII region. It could be the best
example to trace the dynamics associated with the final stages
of accretion in massive star formation because it is still dark at
8 um and covers a significant broad component of ionized- (e.g.,
RRL), shocked- (e.g., SiO), and molecular gas (e.g., CO).

G034.2572, G034.2573 and G034.2581. These three
H 11 regions lie in G34.26+0.15, a well-studied complex region
that contains three UC H 11 regions (Wood & Churchwell 1989;
Sewilo et al. 2004): G34.26+0.15A (G034.2573+00.1523),
G34.26+0.15B  (G034.2581+00.1533) and G34.26+0.15C
(G034.2572+00.1535); these are marked with red circles in
the middle-left panel of Fig.7. This complex also hosts H,O
masers (Hofner & Churchwell 1996), OH masers (Forster &
Caswell 1999; Ruiz-Velasco et al. 2016), CH3;OH masers (Breen
et al. 2015) and numerous molecules (Fu & Lin 2016; Kim
et al. 2000), as well as infall/outflows traced by CO or water
masers (e.g., Wyrowski et al. 2016; van der Tak et al. 2019;
Yang et al. 2018; Imai et al. 2011). Broad radio recombination
lines (RRLs) are detected in G34.26+0.15B and G34.26+0.15C
with a line-width of AV > 40kms~! (Sewilo et al. 2004). This
is also found in their natal clump AGAL034.258+00.154 (Kim
et al. 2017, 2018). G34.26+0.15B is considered to be a HCH11
region candidate (G034.2581+00.1533, Sewilo et al. 2004;
Yang et al. 2019), which is blended with G34.26+0.15C in the
C-band and X-band images, and is only resolved in the higher
resolution K-band image. G034.2572+00.1535 is associated
with G34.26+0.15C, which is an extended source, and can be
resolved into three compact sources, all of which have RRL line
widths of AV > 40kms~! (Sewilo et al. 2004).

G034.2572+00.1535 is very likely to host candidates in an
evolutionary stage between HC H1I region and UCH I region.
The nearby source G034.2573+00.1523 is also likely to be
associated with an HC H1I region.

G043.1652, G043.1657 and G043.1665. These three
sources are located in the well-known star-forming region
W49A complex that is associated with CO outflows (Scoville
et al. 1986). As shown in the bottom-left panel of Fig. 6, the
three sources are associated with three HC H1I regions W49A
A (G043.1652+00.0129), W49A B (G043.1657+00.0116), and
W49A G (G043.1665+00.0106) in the W49A complex (De
Pree et al. 1997, 2004; Sewilo et al. 2004), which are found
to be associated with many CH;OH (Bartkiewicz et al. 2014;
Breen et al. 2015), OH (Argon et al. 2000), and H,O (De Pree
et al. 2000; Urquhart et al. 2011) masers. G043.1657+00.0116
(W49A B) has n. = 1.57 x 10°cm™3, diam = 0.046 pc, EM =
11.32 x 108 pccm™®, and log Niy = 48.69, which is consistent
with the typical value of HC H1I regions, as reported by De Pree
et al. (2000).

G043.1652+00.0129 (W49A A) is resolved into two compact
components at higher resolution ~0.05"” (De Pree et al. 2000,
2004). Its physical properties such as n. = 0.88 x 10’ cm™3,
diam = 0.053 pc, EM = 4.15 x 108 pc cm~®, and log Niy =48.91,
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are consistent with previous results in De Pree et al. (1997) for
W49 A at a similar resolution of ~1”". However, the derived prop-
erties are slightly below the typical values of HC H 11 regions and
also show smaller n., smaller EM, and larger diam compared
to the results measured at higher resolution (0.05”) with n, =
6.1 x 10°cm™3, diam = 0.056 pc, and EM = 83 x 108 pc cm™°
(De Pree et al. 2000). This might be due to the fact that our obser-
vation includes not only the two compact components but also a
larger fraction of optically thin emission around them.
G043.1665+00.0106 (W49A G) is also multiply peaked at
higher resolution ~0.05”” (De Pree et al. 2000, 2004). Its physical
properties, such as n, = 0.24 X 10° cm™—3, diam = 0.24 pc, EM =
1.22 x 10® pcem™®, and log Ny = 49.55, are consistent with the
results in de Pree et al. (1996) for W49A G. The n. is slightly
smaller compared to the measurements at higher resolution with
ne > 1.0 x 103 cm™ for the two main compact components (De
Pree et al. 2000), which may result from the large amount of
optically thin emission around these compact components.

G045.0712 and G045.0694. The radio emission consists
of two distinct sources: the stronger source G045.0712+00.1321
and the weaker source G045.0694+00.1323, offset by ~6” (as
shown in bottom-right panel of Fig. 6). G045.0712+00.1321
was identified as an HCH 11 region by Keto et al. (2008) and
Sewito et al. (2011) (G45.07+0.13 NE). The physical proper-
ties of G045.0712+00.1321 indicate that this HC H1I region is
associated with a 06.5 type massive star, which supports the
previous results and classification by Sewilo et al. (2011). The
fainter of the two, G045.0694+00.1323, is likely to be transi-
tioning into an UC H 11 region based on the distribution of radio
properties shown in Fig.5. Their radio emission is coincident
with a bright extended infrared source and a dense submil-
limeter clump, AGAL045.071+00.132, in Urquhart et al. (2018).
The natal clump is associated with extended molecular outflows
aligned W to E (Yang et al. 2018). This source is also host to
H,O (Hofner & Churchwell 1996), OH (Argon et al. 2000),
and CH3OH masers (Kurtz et al. 2004). The presence of two
very young H1I regions, molecular outflows, and three different
species of masers would suggest that this clump hosts a young
proto-cluster.

G045.4656+00.0452. This compact radio source is
embedded in a dense molecular clump and is associated
with an extended mid-infrared source, as well as water
(Forster & Caswell 1999) and OH (Argon et al. 2000) maser
emissions (see bottom-left panel of Fig.7). Its natal clump
AGAL045.466+00.046 is also associated with bipolar outflows
(Yang et al. 2018) and broad H39¢ RRL (Av = 47.8kms™!;
Kim et al. 2017). Cyganowski et al. (2008) identified this
source as an extended green object associated with an
infrared dark cloud. The physical parameters determined
for this source (ne = 1.02 x 10°cm™3, diam= 0.023 pc,
EM = 2.36 x 103 pcem™, v, = 7.89 GHz) are consistent with
this being classified as an HC H1I region.

G061.4770+00.0892. 'This object is very compact with
a deconvolved size similar to that of the beam (~0.7") at K-
band, and its radio emission is blended with a nearby cometary
UCH1I region detected both in 5 GHz CORNISH and X-band
observations described in this work. However, the two sources
are separated in the high-resolution observations (~0.4"; Wood
& Churchwell 1989) and our K-band observations (~0.7"). As
shown in the bottom-right panel of Fig. 7, the near-infrared RGB
image of this source presents extended 4.5 ym emission and so
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it could be associated with an extended green object (EGO) as
defined by Cyganowski et al. (2008). A bipolar molecular out-
flow aligned NE to SW (Phillips & Mampaso 1991; White &
Fridlund 1992) and water masers (Henkel et al. 1986; Svoboda
et al. 2016) are detected toward its parent cloud. Broad RRL
components (Garay et al. 1998) and strong OH (1665/67 MHz)
absorption (Sarma et al. 2013) are reported towards this source
and the other physical properties derived from radio emission
indicate that this source is likely to host an HC H 11 region.

4.2. Intermediate objects between HC H il and UC H Il regions

According to their physical properties, there are eight objects
located in the evolutionary stages between HC H 11 regions and
UCHII regions in Table 8. Two out of the eight sources (i.e.,
G034.2572+00.1535 and G045.0694+00.1323) are associated
with clusters of HII regions that have already been discussed
in Sect. 4.1; in the following sections we provide brief notes on
the other six intermediate objects.

G030.7197-00.0829. This source was resolved at 5 GHz
by CORNISH. The physical properties (1. = 0.22 x 10° cm™3,
diam = 0.09 pc, EM=0.45 x 108 pccm™, v; = 3.6 GHz) can
be determined from the radio SED based on flux densities of
464.58 mJy at 1.4 GHz (White et al. 2005), 969.33 mly at
5 GHz (Purcell et al. 2013), and 570 mJy at 43 GHz (Leto et al.
2009). These results are consistent with the measurements in
Leto et al. (2009). Its natal clump AGAL030.718—-00.082 has a
mass of 6.6 X 103 My, a bolometric luminosity of 5.5 x 10* L,
(Urquhart et al. 2018), and a broad millimeter RRL H40a with
AV = 43.0kms™! (Kim et al. 2017) , and is associated with
CO outflows (Yang et al. 2018). Its Lyman continuum flux
agrees with its bolometric luminosity, indicating a lack of dust
within this H1I region. Therefore, this source appears to be an
intermediate object between HC H 11 and UC H1I regions.

G030.8662+00.1143. The SED of this resolved source
was constructed from the flux densities of 137.17 mJy at 1.4 GHz
and of 255.2 mJy at 5 GHz from White et al. (2005), 306.0 mJy
at 6.7 GHz, and 356.0 mJy at 8.4 GHz from Walsh et al. (1998),
as well as 560 mJy at 43 GHz from Leto et al. (2009). Its phys-
ical characteristics measured from the radio SED, such as n, =
0.37 x 10° cm™3, diam = 0.03 pc, EM =0.42 x 108 pc cm~®, and
vy =3.5 GHz, are consistent with previous measurements (Leto
et al. 2009). Water maser sites (Urquhart et al. 2009b, 2011)
are detected in its vicinity and molecular outflows (Yang et al.
2018) are found to be associated with its natal clump. Its natal
clump AGAL030.866+00.114 has a mass of 295 M, a bolomet-
ric luminosity of 1.30 x 10* Ly (Urquhart et al. 2018), and a
broad millimeter RRL H39« with AV = 44.9km s~ (Kim et al.
2017). Its spectral type B0.5 obtained from the bolometric lumi-
nosity is consistent with 09.5 derived from radio luminosity,
indicating the absence of dust in this H 1T region. Therefore, this
source appears to be an intermediate object.

G033.1328-00.0923. This source shows extended emis-
sion at 5 GHz CORNISH, shown as lime contours in the bottom-
left panel of Fig. 8. With flux densities of 173.43 mJy at 1.4 GHz
and 378.59 mJy at 5 GHz summarized in Yang et al. (2019), as
well as 461.2 mlJy at 9 GHz and 675.3 mJy at 15 GHz measured
by Kurtz et al. (1994), we construct its radio SED between 1 and
15 GHz. Its physical properties from the SED fitting are consis-
tent with results in Kurtz et al. (1994). Water masers (Pestalozzi
et al. 2005; Kurtz & Hofner 2005) are detected in its vicinity and

molecular outflows (Yang et al. 2018) are found to be associated
with its natal clump. Its natal clump AGAL033.133—00.092 has
amass of 5.0 x 10° My, a bolometric luminosity of 1.1 x 10° L
(Urquhart et al. 2014, 2018), and a broad millimeter RRL H39«
with AV = 43.0kms~! (Kim et al. 2017). As it is only one radio
source in the natal clump, its spectral type O7 obtained from
the bolometric luminosity is consistent with O7.5 derived from
the radio luminosity. Therefore, this source is likely to be an
intermediate object between HC H 11 and UC H 11 region.

G049.3666-00.3010. This object appears to have
a nearby UCHI region to the east referenced as
G049.3704—-00.3012 (marked with a red circle in the upper-left
panel of Fig. 8). Both of these H I1 regions are embedded towards
the center of the dense clump AGAL049.369—-00.301, which has
been associated with a broad H40a RRL with AV = 34.5kms™!
(Kim et al. 2017). The optically thick radio source is coincident
with an extended mid-infrared source, and two water masers
have been detected in its vicinity (Valdettaro et al. 2001; Xi et al.
2015).

G051.6785+00.7193. This radio source is very compact
at all radio bands presented in this work, while it can be
resolved into two sources at high angular resolution ~0.2” at
1.3 cm using the VLA in Rodriguez-Esnard et al. (2012). The
radio source is embedded in a very compact and centrally con-
densed ATLASGAL clump AGALO051.678+00.719 with a mass
of 2.88 x 10° M, and is associated with a very bright mid-
infrared point source that has a luminosity of 1.0 x 10° L.
The natal clump is also associated with water and methanol
masers (Sridharan et al. 2002; Rodriguez-Esnard et al. 2012), and
molecular outflows aligned with extended mid-infrared emission
going from NE to SW (Beuther et al. 2004), as presented in the
upper-right panel of Fig. 8.

G060.8842-00.1286. This object is southwest of the two
H1 regions (see middle-left panel of Fig.8) in the massive
star-forming region S87IRS1 (Barsony 1989), the other being a
nearby extended and weak H1I region (Purcell et al. 2013) that
has been resolved out at K-band in this work. The S87IRS1 is
associated with the clump JPSG060.886-00.129 in Eden et al.
(2017), which is itself associated with a molecular outflow
(Barsony 1989; Xue & Wu 2008). The radio source is associ-
ated with bright mid-infrared emission and coincident with a
water maser (Kurtz & Hofner 2005). At high resolution ~0.4",
the clump is found to be fragmented into multiple millimeter
cores (Beuther et al. 2018). Its bolometric luminosity agrees with
its radio luminosity, suggesting a lack of dust within this H11
region.

4.3. HC H i regions not resolved in this work

In addition to the optically thick radio sources identified in this
work, we include notes on another four HC H 11 regions that have
been identified in previous studies (e.g., Wood & Churchwell
1989, Sewilo et al. 2004 and Zhang et al. 2014) but are unre-
solved in our observations. Two of the four (G043.1652+00.0129
and G035.5781-00.0305) are unresolved mainly due to the fact
that our observations include their nearby UCHII regions as
the resolution is not sufficient to resolve the emission into indi-
vidual sources. The remaining two regions (G043.1665+00.0106
and G010.9584+0.0211) are not recovered by this work primarily
because our observations include a large amount of surround-
ing ionized gas emission as this diffuse gas is optically thin.
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Therefore, the derived properties in this work represent aver-
age values for sources with co-existing emission from HCH1I
and nearby UCHII regions or represent a complex weighted
average over the compact sources plus the surrounding diffuse
ionized gas, and thus do not satisfy the criteria for classifica-
tion as HC H11 regions. However, these sources have previously
been identified as HC H 11 regions and we therefore include these
sources in this section for completeness. The source names and
derived properties are given towards the end of Table 8. Two
sources (G043.1652+00.0129 and G043.1665+00.0106) in the
W49A complex region have already been discussed together in
Sect. 4.1 and are therefore not described again here. Images of
the remaining two HCH1I regions are presented in Fig. 6 and
brief notes are provided below.

G010.9584+0.0221. This source is an HCHII region
and is located in the western part of the G10.96+0.01 region
and surrounded by more diffuse ionized gas, as suggested by
Sewilo et al. (2004). Its physical properties, such as n. =
0.36 x 10° cm™3, diam= 0.029pc, EM = 0.38 x 103 pccm™
and log Niy = 47.35, are all consistent with the results reported
by Sewilo et al. (2004) and Sewilo et al. (2011). In spite of
the reported broad H92« line with AV = 43.8 + 1.5 kms™!,
the derived properties are slightly below the typical values of
HC H 11 regions, which might be due to the previous VLA obser-
vations (Sewilo et al. 2004, Sewilo et al. 2011) and this work
includes a significant amount of optically thin emission from the
diffuse ionized gas around this source, and both results are likely
to be underestimates by averaging over the compact source plus
its surrounding ionized gas, as mentioned in Sewilo et al. (2004)
and Yang et al. (2019). Its natal clump has a mass of 398 M and
a bolometric luminosity of 1.0 x 10* Ly (Urquhart et al. 2018),
and is associated with high velocity outflow wings identified in
CO spectra from the SEDIGISM survey (Schuller et al. 2017).
In this case, the luminosity and Lyman continuum flux are both
contributed by the same source, meaning that the spectral type
derived from the bolometric luminosity is consistent with that
derived from the radio luminosity; B0.5 and BO, respectively.

G035.5781-00.0305. This radio emission can be resolved
into two extremely close sources at 2 and 3.6 cm with a reso-
lution of <1” (Kurtz et al. 1994): the source to the west has
been identified as an HCH 11 region G35.578—0.030 (Zhang
et al. 2014) and the source to the east as an UCHII ,
G35.578—-0.031 (Kurtz et al. 1994). These are seen as a sin-
gle blended source in our radio maps (see the middle-right
panel of Fig.6). This source is associated with OH masers
(Argon et al. 2000) and H,O masers (Forster & Caswell 1999;
Urquhart et al. 2011). The physical properties for the blended
source G035.5781-00.0305 are n, = 0.22 x 10° cm™3, diam =
0.093 pc, EM = 0.45 x 10® pccm™®, and log Npy = 48.36. Thus,
G035.5781-00.0305 in this work has smaller n., smaller EM
and larger diam compared to the HC H 11 region G35.578—0.030
in Zhang et al. (2014) with n, = 3.3 x 10°cm™3, diam=
0.018 pc, EM = 1.9 x 10° pccm™®. Its natal clump has a mass
of 6.8 x 10°> My and a bolometric luminosity of 2.0 x 10° L
(Urquhart et al. 2018), which is associated with molecular
outflows (Yang et al. 2018).

4.4. Summary

In Table 8 we summarize the physical properties of the sources
of our sample and the associated discussion in the preceding
text. Inspection of this table reveals that in addition to the
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physical properties (n., diam, EM and RRL), which are typical
for HC H1Iregions, all the sources of our sample are found to be
embedded towards the centres of dense molecular clumps and
are also commonly associated with various masers, molecular
outflows, broad RRLs, and extended green objects, all of
which are all signposts of active star formation. The bolometric
luminosities tend to be higher than the radio flux suggests,
which is consistent with these being associated with a forming
protocluster. These optically thick HIiI regions are therefore
the best examples to investigate the relation between HC H11
regions and UC H I regions, to study the birth of HII regions,
and therefore to understand the final stages of accretion in
massive star formation.

There are 13 HCH1I regions, 3 HC H1I region candidates,
and 8 intermediate objects listed in Table 8. Among them, four
HCH 11 regions and three HC H 1 region candidates are reported
here for the first time. Based on the classification of HCH 11
regions in Table 7, it is difficult to assess the completeness of the
sample of HC H1I regions and intermediate H1I regions identi-
fied in this study because there are four HC H1I regions, marked
with an asterisk in Table 8, that are in very close proximity to
other UC H1I regions that we were not able to resolve.

5. Discussion
5.1. Implications of the evolution of young H Il regions

As suggested by classical theoretical models (Dyson et al. 1995;
Mezger & Henderson 1967), H1I regions are expected to expand
over time, which results in decreasing n, and EM and increasing
diam, as seen in Fig.5. The plots shown in this figure display
a clear evolutionary trend in #n., diam, and EM from HCH1I
regions to the intermediate objects between the HCHII and
UCHI1I region stages. The mean values of physical properties
range from n, = 2.5 x 10° cm™, diam = 0.012pc, and EM =
5.5 % 108 pc cm~® for HCH 11 regions, to n. = 0.79 X 10° cm™3,
diam = 0.03, and EM = 1.58 x 103 pccm™ for intermediate
objects, and thus n, tends to change quickly compared to the EM
and diam at the earliest times of H II region stage.

To investigate the evolution of physical properties of H1I
regions over a wide range of evolutionary stages, we add the
CORNISH UCH 11 regions from Kalcheva et al. (2018) that are
presumably in a later stage compared to our sample. Evolution of
the Lyman continuum flux Npy, turnover frequency v, and emis-
sion measure EM is presented in Fig. 9 for the three subsamples
discussed here and for the four subsamples by adding the more
evolved CORNISH UCHI1I regions. We see that v; decreases
as the H1I region evolves, from 11.5 GHz for HCH1I regions
to 6.4 GHz for intermediate objects, and to 1.8 GHz for UCH 11
regions, as expected from the theoretical model in Mezger &
Henderson (1967). It is interesting to note that there is no obvious
correlation between the Lyman continuum flux and the evolution
of the H1I regions. Furthermore, we find no significant correla-
tion between Niy and EM with p = —0.01 and p-value = 0.85,
and between Ny and . with p = —0.07 and p-value = 0.3 in the
four subsamples. In addition, the mean value of Ny, ~ 1048 7!
is consistent throughout the four evolutionary phases, from the
HCH1I region and HCH1I region candidates, to intermediate
objects, to UCHII regions in this work, and to more evolved
UCHITI regions in CORNISH. These results suggest that there
is effectively no evolution of the Lyman continuum photon flux
with changes in the v, n., and EM, and by extension there is no
increase in Ny with evolution of the H I region.



A.Y. Yang et al.: Hypercompact H1I regions identified from young H1I regions

1050 3 ¥ T =
® HCHII & HCHII candidat® °
@ HCHII-to-UCHII eoge © [ ]
® UCHIIin this work ..
104 F o g0 °°°, i
° .'o‘ ° N . ®e °
.. '. Y ] [ ]
o 10%F @ ° . %e® :: ° o © h
I o [ ] ()
i # ‘.. [
> ° %, ° - hd
107 F ° o E
2 e & % o ° e
[ ]
° e e o
s° o
1046 | h
° [
° oo
1045k 1 i
L L
10° 10!
vt (GHz)
10°0 T T T =
[ ] ° ® HCHII & HCHII candidate
o [ ] @ HCHII-to-UCHII
g © . .
° @® UCHIIin this work
1049 F ° o a0 ®° ®  CORNISH UCHII
A ) o oo
°
e o o 0’_. ..' °
T 10%F o% o 8 ’ [] hd .. ® E
Ui : - :'_ﬂ— »
‘; [ ) ) [ ]
= . e 9% - ® L
10 F (X ° -
& " .; ° f L] [ ]
[ ] [}
° Y L
o‘c ‘0 ‘ b PY
104 ° h
[ ]
° °
S e ., +
1 1 1
10° 104 10°
Ne (cm~3)

1050 T T T L
HCHII & HCHII candidate

°
° } HCi@I-to-UCHII
O © . .
° ® UCHII in this work
104k e P @0  CORNISHUCHI i
o O7eém 8, °
° q o “e® P [ ]
— e o ..'..: .. ]
—~ 104} o® o, H L] 4 3
°
Ii’l & ’ ahe g °
by o, 80 .~ .j ° ¢
Z il ,:l.,‘- o ]
® '& o °* 8% . ° ]
Lo ® o L
e goe e .
104 L i
° ° ® ._]_.
[
° P
1 1 1 1
10° 107 108 10°
EM (pccm~9)
1050 F r I —
- NLdefamlazol ° [ ]
@ HCHIl & HCHII candidate * 9
®  HCHIl-to-UCHII °
10%°F @ uCHIlin this work ° °® X E
® CORNISH UCHII )
[
— [ X J
= 10% L @ E
°n 4
oy
Z q0v7L 4
104 L i

1(130
diam (pc)

Fig. 9. Plots of the evolution and correlation of the derived physical parameters. v, vs. Niy (upper-left), EM vs. Ny, (upper-right), n. vs. Ny,
(bottom-left), and diam vs. Ny, (bottom-right) for HCH1I regions (red dots), intermediate objects between HC H1I region and UC H1I regions
(blue), UC H 11 regions in this work (green dots), and CORNISH UC H 11 regions (gray dots). The CORNISH UC H 11 regions sample refers to the
whole CORNISH UC H 11 regions sample from Kalcheva et al. (2018) by excluding UC H 11 regions in this work. The magenta arrow indicates the

evolutionary trend of the physical properties.

As shown in the bottom-left panel of Fig. 9, the positive
correlation between Npy and diam is significant with p = 0.5
and p-value < 0.001, using a partial correlation test to control
the distance dependence, giving a power-law relation of Npy o«
diam'**%! However, given the fact that there is little evidence
of any sort of significant correlation between Lyman continuum
flux and other parameters tracing the evolution of H1I regions,
such as v, n., or EM as discussed above, this correlation is more
likely to result from the fact that more luminous H1II regions
expand more rapidly in their early stages but that the expansion
speed will decrease over time, becoming similar to less luminous
H 11 regions. The evolution shown in bottom-left panel of Fig. 9
is therefore from left to right rather than diagonal from bottom-
left to upper-right as suggested from the distribution. The flat
evolution of Ny indicates that the value of Ny, remains constant
as the H1I region develops, and by extension that the ionizing
flux from a young massive star remains constant during the evo-
lutionary phases of HII regions in this sample. This result is in
agreement with the classical expansion model without gravity or
the model with gravity in Keto (2002) in which the Ny of the
H 11 region tends to stop increasing if it reaches the critical ratios
where the accretion is quickly reduced. Also, the constant N
over time agrees with the results of Hosokawa & Omukai (2009)
and Hosokawa et al. (2010) who showed that the luminosity and
temperature of a bloated protostar remain almost unchanged in

the last accretion phase. Moreover, the almost unchanged Ny
may also support the model of Peters et al. (2010) who proposed
that a shrinking H1I region has small fluctuations of 5-7% in
ionizing flux over time.

5.2. Lyman continuum-bolometric luminosity relationship

The measurements of Lyman continuum flux in the optically thin
regime presented in Sect. 3.3.2 and the bolometric luminosity of
the sample measured by previous studies (see Table 1) allow us
to discuss the relation between Lyman continuum photons (V)
and bolometric luminosity (Lpo), as well as Lyman continuum
flux excess phenomenon in the sample of young HII regions.
There exists a significantly positive correlation between Ly, and
Npy with p = 0.54 and p-value< 0.001 when using the partial
correlation test to remove the distance dependence, which is
consistent with the correlation (p = 0.69) calculated by Urquhart
et al. (2013) for a sample of ultra-compact and compact H1I
regions.

Figure 10 shows Ny as a function of Ly, . The color sym-
bols indicate the physical size of the sample and the black solid
line represents the upper limit of the expected Lyman contin-
uum photon rates at specific given bolometric luminosities for
ZAMS stars. About 40% of the sources in the sample are located
in the forbidden region above this black line, suggesting a Lyman
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Fig. 10. Lyman continuum flux Ny vs. the bolometric luminosity Ly
for young H 1I regions with rising spectra. The black solid line refers to
the expected Lyman continuum photon rate from a single ZAMS star of
a given bolometric luminosity. The top axis lists the spectral type cor-
responding to a given bolometric luminosity taken from stellar models
(Thompson 1984; Panagia 1973; Davies et al. 2011). The error bars in
the bottom-right corner correspond to a 50% uncertainty for Ly, and
Nyy (Urquhart et al. 2018). At the top, we show the color bar for the
physical size of the sources, indicating the physical diameter in parsecs.
The red circles and black squares refer to optically thick H1I regions
(v; > 5GHz) and optically thin H1I regions (v, < 5 GHz). About 30%
of the sample is located in the forbidden region above the solid curve
considering a 50% uncertainty. The dotted line represents the empirical
relation between Ly, and Ny, for ionized jets from YSOs, with a power-
law index of 0.64 derived by Purser et al. (2016). The red arrows for the
optically thick H 11 regions indicate that the bolometric luminosities are
upper limits due to the presence of other H 11 regions in the same clump.

continuum excess. Considering a 50% uncertainty on N, and
Ly, the fraction of Lyman excess sources in our sample is con-
sistent with ~30% sources in previous work (Sanchez-Monge
et al. 2013; Cesaroni et al. 2015). Those sources with Lyman
excess are more likely to be associated with young B-type stars
(e.g., Sdnchez-Monge et al. 2013; Lumsden et al. 2013; Urquhart
et al. 2013).

Most of the optically thick H 11 regions in the sample do not
show a Lyman continuum excess; these are marked with red cir-
cles in Fig. 10 and located to the right of the black solid line
representing the upper limit of the expected Ly continuum pho-
tons. The main reason for this is that many are embedded in
clusters (as discussed in Sect.4). Although it is possible that
the Lyman flux has been underestimated because of filtering of
some of the extended flux in the interferometric observations
(e.g., Urquhart et al. 2013), and because of absorption by dust
in the H1I region (e.g., Wood & Churchwell 1989; Garay et al.
1993), it is unlikely these affects would be significant enough to
result in these objects having a Lyman excess (in many cases the
Lyman flux would need to have been underestimated by an order
of magnitude or more).

It is possible that some of the optically thick objects we
have detected are ionized jets whose radio emission also has
positive spectral indices (Moscadelli et al. 2016; Purser et al.
2016), and because there are very weak (Si ~ mly) and
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compact (diam ~ 1000 AU) sources (see Sect. 4). We include the
empirical relationship between bolometric luminosity (L) and
Lyman flux (Nyy) derived from young stellar objects (YSOs) in
Fig. 10 (dotted diagonal line; Purser et al. 2016). Given that it is
likely that the Lyman continuum flux has been underestimated
and the bolometric luminosity has been overestimated, only the
optically thick sources located to the right of this relation are
associated with radio jets; these are G030.0096, G060.8842,
G034.2573, G034.2581, and G061.4770. The radio emission of
the five sources are point-like as shown in Figs. 7 and 8, and
therefore no morphological evidence was found to indicate that
they are radio jets, which implies that they are more likely to be
HCH 11 regions as discussed in Sect. 4. Further observations are
needed to reliably classify these objects.

In Fig. 10, there are seven young HII regions in Table 8
located close to the black solid line, namely G010.9584,
G030.0096, G030.5887, G030.8662, G060.8842, G030.7197,
and G033.1328, which means that their Lyman continuum fluxes
agree well with their bolometric luminosities, and further indi-
cates the absence of dust within these HII regions to absorb
the Lyman continuum photons. These seven objects are the only
radio sources in the observed field of this work and in their
parent clumps from Urquhart et al. (2018). Three of the seven
(G010.9584, G030.0096, and G030.5887) have been suggested
to be in the HCHII region stage and the remaining four are
expected to be in the intermediate stage between HC H11 and
UCHI1I regions. Except for three sources with no RRL infor-
mation, the remaining five sources show broad RRL with line
widths AV > 40kms™!, and all of them are associated with
outflows and masers, as shown in Table 8. These dust-free and
young H I regions are interesting cases to study the destruction
of dust in the very young H1I regions because HII regions are
often expected to be dusty in the early stages, as discussed in
Sect.3.3.3 and in Arthur et al. (2004). Further investigations are
needed to understand the absence of dust in these young HII
regions.

6. Summary and conclusion

In this work, we report the results of multi-band (8-12 and
18-26 GHz), high angular-resolution (~1.7" and ~0.7"), VLA
observations toward a sample of young HII regions that are
selected on the basis of rising spectra between 1 and 5 GHz in
Yang et al. (2019). We construct their radio SED between 1 and
26 GHz and measure their physical properties for 116 young H1I
regions by modeling each SED based on an ionization-bounded
H 11 region with standard uniform electron density. The sample
has a mean electron density of 1.6 X 10*cm™3, a mean diame-
ter of 0.14 pc, a mean emission measure of 1.9 x 107pc cm™®, a
mean turnover frequency of 3.29 GHz, and a mean Lyman con-
tinuum flux of 6.5 x 10*” s~!. Based on these properties, there
are a total of 20 HCH 11 regions and 3 candidates reported so
far after combining our findings with the HC H 11 region catalog
summarized in Yang et al. (2019). This sample consists of a large
number of HC H1I regions and UC H 11 regions, which gives us
a comprehensive picture of the physical condition and evolution
of these young H 11 regions. The main results of our study can be
summarized as follows:

1. We identify 16 HC HII regions and 8 intermediate objects
located between the class of HCH1I and UCHII regions.
Four HC H 11 regions and three candidates are newly reported
in this work, along with two new infrared-dark HCH1I
regions.
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2. We discuss how the physical properties of HII regions
change as they evolve from HCHTI regions to UCHII
regions and then to compact H1I regions. While n., diam,
EM, and v, all change during this evolution, the Lyman con-
tinuum flux stays relatively constant over time, suggesting
that the accretion tends to be quickly reduced or could be
halted at the earliest HC H 11 region stage in our sample.

3. These young and compact H1I regions are located in dusty
clumps. The mean fraction of ionizing flux absorbed by dust
in HII regions is 67%, and the absorption fraction tends
to be more significant for the more compact and younger
H 11 regions. Nevertheless, about 40% of the sources show
Lyman continuum excess and are preferentially associated
with young B-type stars.

In conclusion, young H 11 regions are likely to be located in dusty
clumps. The youngest H 11 regions, namely HC H 11 regions and
intermediate objects between HC H 1T and UC H11, are found to
be associated with star-forming activity such as that found in
various masers, molecular outflows, broad RRLs, and extended
green objects. Accretion at the two earliest stages of HII region
evolution tends to be quickly reduced or stopped, and there-
fore these regions could be optimal tracers of the final stages
of massive star formation.
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