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A B S T R A C T 

We present high-frequency (18–24 GHz) radio continuum observations towards 335 methanol masers, excellent signposts for 
young, embedded high-mass protostars. These complete the search for hypercompact H II (HC H II ) regions towards young high- 
mass star-forming clumps within the fourth quadrant of the galactic plane. HC H II regions are the earliest observable signatures 
of radio continuum emission from high-mass stars ionizing their surroundings, though their rarity and short lifetimes make them 

challenging to study. We have observed methanol maser sites at 20 arcsec resolution and identified 121 discrete high-frequency 

radio sources. Of these, 42 compact sources are embedded in dense clumps and coincide with methanol masers, making them 

as excellent HC H II region candidates. These sources were followed up at higher resolution (0.5 arcsec) for confirmation. We 
constructed spectral energy distributions across 5–24 GHz to determine their physical properties, fitting either a simple H II 

region model or a power law as needed. This analysis identified 20 HC H II regions, 9 intermediate objects, 3 ultracompact (UC) 
H II regions, and 3 radio jet candidates. Combining these results with previous findings, the Search for Clandestine Optically 

Thick Compact H II Re gions (SCOTCH) surv e y has identified 33 HC H II regions, 15 intermediate objects, 9 UC H II regions, and 

4 radio jet candidates, tripling the known number of HC H II re gions. Elev en of these sources remain optically thick at 24 GHz. 
This surv e y pro vides a valuable sample of the youngest H II re gions and insights into early massiv e star formation. 

K ey words: stars: e volution – stars: formation – (ISM:) H II regions – radio continuum: stars. 
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 I N T RO D U C T I O N  

he study of embedded H II regions has been a topic of interest in
strophysics for several decades (Wood & Churchwell 1989b ; Kurtz, 
hurchwell & Wood 1994 ; Churchwell 2002 ; Giveon et al. 2005 ;
urtz 2005 ). These compact regions of ionized gas surround newly 

ormed massive stars and provide a unique window into the early 
tages of massive star formation and evolution. The youngest H II 

egion stage is commonly known as a hyper-compact (HC) H II region
nd is characterized by its high electron density ( n e ) of ≥10 5 cm 

−3 ,
mission measure (EM) of ≥10 8 pc cm 

−6 , and physical diameter 
0.05 pc (Kurtz et al. 1999 ; Hoare et al. 2007 ). HC H II regions are

lso associated with strong radiation fields, complex kinematics, and 
adio recombination lines (RRLs) with a line width of frequently � V

40 km s −1 (Sewilo et al. 2004 ; Murphy et al. 2010 ). The HC H II

e gion stage pro vides the earliest indication that a massive star is
 E-mail: alp48@kent.ac.uk 
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eginning to ionize its surroundings, and it represents a key stage in
he development of high-mass stars. Ho we ver, the rarity of HC H II

egions and their rapid evolution make them challenging to study 
Comeron & Torra 1996 ; Gonz ́alez-Avil ́es, Lizano & Raga 2005 ). 

Young H II regions are deeply embedded in dense molecular 
lumps, making them opaque at visible and near-infrared wave- 
engths. Ho we ver , their dusty en velopes are optically thin to thermal
remsstrahlung emission from the ionized gas, allowing it to pene- 
rate through the dense molecular material. Therefore, most surv e ys
f young H II re gions hav e been been conducted via observations of
adio continuum emission, many at frequencies around and higher 
han 5 GHz (e.g. Wood & Churchwell 1989b ; Kurtz et al. 1994 ;
urcell et al. 2013 ; Irabor et al. 2023 ). 
To date, many hundreds of young H II regions have been identified

nd characterized (e.g. Urquhart et al. 2013b ; Kalche v a et al. 2018 ;
rabor et al. 2023 ). Ho we ver, as a result of their small sizes and high
ensities, HC H II regions are optically thick at 5 GHz, making them
ifficult to detect and limiting the number of known HC H II regions
o just 23 (Yang et al. 2019 ; Yang et al. 2021 ). Furthermore, given
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0001-5800-6710
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Figure 1. The distribution of MMB methanol masers (grey filled circles) observed as part of the SCOTCH project. The blue filled circles represent the MMB 

masers observed in Papers I and II while the pink filled circles are the methanol masers observed in this work. Sources between 20 ◦ and 2 ◦ are excluded in the 
analysis of this paper. 
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Table 1. Summary of the observation dates, array configurations used, and 
the number of sources observed at each epoch. 

Array config. Date # of Obs. 

H214 2022 June 27 84 
2022 July 06 80 
2022 July 15 85 
2022 July 22 88 

6A 2023 August 01–03 67 
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hat the majority of the known HC H II regions were serendipitous
isco v eries in 5-GHz surv e ys, the sample is biased towards the
rightest and most evolved regions, which may not be representative
f this stage. 
The Search for Clandestine Optically Thick Compact H II Regions

SCOTCH) is a project that has been developed with two key
bjectives: first, to increase the number of known HC H II regions
nd characterize their physical properties. Second, to produce a
ore representative sample of HC H II regions by targeting methanol
asers, which are considered the earliest signposts of high-mass

tar formation. In Patel et al. ( 2023 , 2024 ; hereafter Papers I and II,
espectiv ely), we hav e identified and characterized a sample of 13
ew HC H II regions, based on the analysis of archi v al 23.7 GHz
bserv ations to ward a sample of 141 methanol masers from the
ethanol Multi-Beam surv e y (MMB; Green et al. 2010 ). Papers I

nd II observed 141 MMB sources, 57 of which are between galactic
ongitude 320 ◦ to 340 ◦, and the remaining 84 are between galactic
ongitude 2 ◦ and 20 ◦. Fig. 1 shows the distribution of all MMB
ources in the region covered by the SCOTCH survey; blue filled
ircles identify the MMB sources observed as part of Papers I and II,
he pink filled circles indicate the methanol masers observed in this
ork, while those in grey have not been observed. 
In this paper, we present both moderate and higher resolution radio

ontinuum observations at 18 and 24 GHz of a more complete sample
f 6.7 GHz MMB masers located within the range 300 ◦ < l < 355 ◦,
here l is galactic longitude. The structure of the paper is as follows:

he observations, data reduction, imaging, and source extraction are
escribed in Section 2 . Section 3 presents the detection statistics for
oth resolutions and frequencies. In Section 4 , we derive the physical
roperties of our H II regions and compare their characteristics with
nown compact H II regions. We compare our sample of H II regions
ith the global population of compact H II regions, summarizing

he key similarities and differences across the different classes. In
ection 5 , we summaries our results and highlight the main findings.

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

n this study, we complete the search for HC H II regions towards
ethanol masers located in the fourth quadrant of the galactic plane

300 ◦ ≤ � ≤ 355 ◦), for which no high-frequency (i.e. 18–24 GHz)
ontinuum observations were previously available. Radio continuum
NRAS 538, 2267–2282 (2025) 
bservations were made during July 2022 and August 2023 using the
ustralia Telescope Compact Array (ATCA). The observations were

onducted at 18 GHz and 24 GHz, which corresponds to wavelengths
f ∼1.7 and ∼1.4 cm, respectively. 

.1 Obser v ational set-up 

e use the ATCA in two array configurations: the hybrid H214 for
o w-angular resolution observ ations of all target sources, and the
inear 6A for high-angular resolution follow-up of candidate HC H II

egions identified in the low-resolution data. These configurations
rovide an angular resolution of ∼20 and 0.5 arcsec, respectively. The
ata were correlated with the Compact Array Broadband Backend
CABB; Wilson et al. 2011 ). The CABB was configured with 2

2 GHz continuum bands with 32 × 64 MHz channels (Wilson
t al. 2011 ). The continuum bands were centred at 18 and 24 GHz
ro viding co v erage from 17 to 19 GHz and 23 to 25 GHz. We
imultaneously measured five zoom windows centred at 17.3, 18.0,
8.7, 23.4, and 24.5 GHz targeting the H72 α, H71 α, H70 α, H65 α,
nd H64 α RRLs, respecti vely (Bro wn, Lockman & Knapp 1978 ).
ere, we present the results obtained from the two continuum
ands, the results from the RRLs will be presented in a future
aper. In Table 1 , we present a summary of the array configurations,
bservation dates, and numbers of sources observed. 
The lo w-resolutions observ ations were carried out o v er 4 d in June

nd July 2022. The high-resolution observations were collected o v er
 d in August the following year. The observational parameters for
oth resolutions and frequencies are given in Table 2 . The set-up
nd procedure were the same for all observations with the sources
eing divided into three 20 ◦ blocks and observations of each field
ypically consisting of five or six ∼ 2-min snapshot observations,
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Table 2. Summary of low- and high-resolution observational parameters. 

Parameter Array config. 
H214 6A 

Frequency 18 and 24 GHz 18 and 24 GHz 
Primary beam (FWHM) 2.6 arcmin 2.6 arcmin 
Synthesized beam 

a (FWHM) 5.25 × 6.89 arcsec ∼0.36 × 0.49 arcsec 
Shortest and longest baseline 82 and 247 m 337 and 5939 
Largest angular scale θLAS ∼40 arcsec ∼10 arcsec 
Total on-source integration time ∼10 min ∼30 min 

a The sizes and shapes of the synthesized beam are dependent on the 
declination of the source. The values presented here correspond to the average 
declination ( −48 ◦) of our sample and are provided as a guide. 
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hich were spaced o v er a range of hour angles to maximize uv 

o v erage. To correct for fluctuations in the phase and amplitude
aused by atmospheric and instrumental effects, each block was 
andwiched between two short observations ( ∼1 min) of a nearby 
hase calibrator (typically within 10 ◦ of the targets). The primary 
ux calibrator (1934–648) and bandpass calibrator (1252 −055) were 
bserved once during each set of observation for approximately 10 
in each, to allow the absolute calibration of the flux density and

andpass. The only difference between the observations is that the 
ow-resolution sources were observed over a single day with a total 
ntegration time of ∼10 min, while the high-resolution sources were 
bserv ed o v er 3 d with a total inte gration time of ∼30 min. This
ensitivity is sufficient to detect an H II region powered by a zero-
ge main sequence (ZAMS) star of spectral type B0.5 or earlier at a
istance of 20 kpc (Anderson et al. 2014 ). 

.2 Source selection and strategy 

 total of 452 MMB methanol maser sites have been found between
00 ◦ ≤ � ≤ 355 ◦ (Green et al. 2009 ). We e xclude an y sources located
owards the galactic centre region (355 ◦ ≤ � ≤ 5 ◦), as for those
ccurate kinematic distances are not available, limiting any detailed 
nalysis. We exclude the 57 sources that were observed as part 
f Paper I and 36 MMB sources that do not have an ATLASGAL
ounterpart. To reduce the number of required observations we 
dentify groups of masers in close proximity to each other that can
e observed in a single field of view (i.e. within 2 arcmin). For 24
able 3. Observational field parameters from all observed fields. The field name
arked with a ‘–’ in the ‘Detection’ column were not observed as part of the high-

ield name RA Dec. Low resolutio
(J2000) (J2000) rms Detection Major Mi
(h:m:s) (d:m:s) (mJy) (arcsec) (arc

300.504 −00.176 12:30:03.57 −62:56:48.8 3.1 Y 10 8
300.969 + 01.148 12:34:53.28 −61:39:39.9 40 Y 10 8
301.136 −00.226 12:35:35.13 −63:02:32.6 59 Y 10 8
302.032 −00.061 12:43:31.92 −62:55:06.6 56 Y 10 8
302.034 + 00.625 12:43:43.44 −62:13:58.4 0.11 Y 9.9 9
302.455 −00.741 12:47:08.64 −63:36:30.2 0.29 N 9.9 9
304.367 −00.336 13:04:09.81 −63:10:20.2 0.13 N 10 9
304.887 + 00.635 13:08:11.95 −62:10:21.7 0.12 N 9.9 9
305.199 + 00.005 13:11:17.20 −62:46:45.8 51 N 9.3 8
305.200 + 00.019 13:11:16.92 −62:45:55.0 100 N 9.3 8
305.208 + 00.206 13:11:13.70 −62:34:41.5 21 Y 9.1 8
305.248 + 00.245 13:11:32.47 −62:32:09.2 14 N 9.2 8

ote. Only a small portion of the data is provided here, the full table is only availab
ases, two masers are within 30 arcsec of each other, reducing the
otal number of pointings needed to 335. 

The low-resolution observations were conducted for all 335 
dentified fields, while high-resolution observations were focused on 
2 compact and optically thick H II regions, identified based on the
nalysis of the low-resolution data. The observational parameters 
or both resolutions and frequencies are given in Table 3 . These
ources were selected as they met the criteria for HC H II region (i.e.
ptically thick between 5–18 GHz and compact) candidates, making 
hem good targets for high-resolution follow-up observations. As pre- 
iously mentioned, both the high- and low-resolution observations 
ere made using the same correlator set-up allowing the resulting 
ata to be combined. 

.3 Data reduction and imaging 

he calibration and data reduction for both data sets were performed
sing the MIRIAD data analysis tool (Sault, Teuben & Wright 1995 ),
ollowing standard ATCA procedures. We visually inspected the raw 

ata and performed a flagging procedure to eliminate data affected by
adio-frequency interference (RFI) and data significantly affected by 
maging artefacts. These artefacts include strong sidelobes contam- 
nation from bright sources outside the primary beam, undulations 
aused by undersampling, and poor synthesized beam quality due 
o inadequate uv co v erage. This flagging procedure, consisting of
nspecting plots of visibility data, was performed iteratively until 
ll RFI-affected data were remo v ed. The primary flux and phase
alibration were then carried out, and the calibration tables were 
opied o v er to the target sources, applying the corrections. The
alibrated data were subsequently imaged and CLEANed using 
he MIRIAD tasks INVERT , CLEAN , and RESTOR . The maps were
econvolved using a robust weighting of 0.5 and a couple of hundred
leaning components, or until the first ne gativ e component was
ncountered. 

For the low-resolution data, we imaged a region corresponding to 
he full width at half-maximum (FWHM) size of the primary beam
sing a pixel size of 1 arcsec and 126 pixels per side, resulting in an
mage size of 2.1 × 2.1 arcmin. For the 42 fields, for which we have
igh-resolution observations, we combine the low-resolution and 
igh-resolution visibilities to impro v e the signal-to-noise ratio, uv- 
o v erage, and sensitivity to angular scales. These maps are imaged
sing a pixel size of 0.2 arcsec, with 120 pixels along each side, which
MNRAS 538, 2267–2282 (2025) 

s and pointing centres are based on the MMB names and positions. Fields 
resolution follow-up but were included in the low-resolution observations. 

n High resolution 
nor Position angle rms Detection Major Minor Position angle 
sec) ( ◦) (mJy) (arcsec) (arcsec) ( ◦) 

.8 −86 2.4 − 7.5 6.7 79 

.8 89 33 Y 7.5 6.8 74 

.8 −85 58 Y 7.5 6.8 78 

.9 88 41 Y 7.6 6.9 78 

.1 −78 0.14 N 7.6 6.7 86 

.3 −76 0.19 N 7.6 6.8 85 

.1 −89 0.15 N 7.4 6.9 −80 

.1 −82 0.17 N 7.5 6.7 −75 

.7 −64 13 N 7.0 6.5 −57 

.6 −59 60 N 7.0 6.5 −47 

.6 −62 9.2 − 6.9 6.6 −35 

.6 −84 5.3 N 6.8 6.5 −33 

le in electronic form. 

nt user on 13 M
ay 2025
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Figure 2. Histograms of the number of fields observed as a function of the 
map rms noise at both frequencies and resolutions. The data have been binned 
using a value of 0.5 dex. 
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esulted in a image size of ∼25 arcsec ×25 arcsec. Finally, all images
re corrected for the primary beam response. In Fig. 2 , we present
istograms of the number of fields as a function of the rms noise
or both low- and high-angular resolution data sets. The variation
n rms values arises from the characteristics of the interferometric
bservations. Our maps are limited by a dynamic range of ∼80,
eading to larger rms values in instances where a bright point source
s present within the field. The rms noise values were estimated from
mission-free regions close to the centre of the reduced maps. For a
etailed description of the data reduction process, see Papers I and
I. 

 RESU LTS  

he final reduced maps were examined for compact, high-surface
rightness sources, using a nominal 3 σ detection threshold, where

refers to the image rms noise level. All detections are visually
nspected to confirm the presence of a discrete radio source and to
istinguish between genuine sources and possible imaging artefacts
rom o v erresolv ed structures or bright sidelobes. 

.1 Low-resolution detection statistics 

e have identified 121 discrete radio sources located within 116 of
he 335 fields imaged (i.e. ∼30 per cent). The radio emission comes
rom a single point source in 78 fields, a further 32 fields contain a
ingle extended source. An example of a point and extended radio
ource are given in the top row of Fig. 3 . Five fields contain two
NRAS 538, 2267–2282 (2025) 
istinct radio sources, while the radio emission in the remaining
eld (G318.050 + 00.087) cannot be reliably separated. Examples of

hese cases are presented in the bottom row of Fig. 3 . 
We use the MIRIAD task IMFIT to determine the flux densities,

ositions and sizes of the 121 radio detections. This was achieved by
arefully drawing a polygon around the detection as an input to IMFIT .
MFIT applies a two-component Gaussian fit to determine source
arameters and deconvolve the beam from the source. Following
he approach in Papers I and II, we apply the same fitting method
o all detections to ensure consistency in our source parameter
easurements. We present the radio name, RA and Dec, peak and

nte grated flux es and source major, minor ax es, and position angle
or our detections in Table 4 . Our principal goal in this study is to
dentify a sample of H II regions with a particular focus on those that
ave characteristics similar to those of known HC H II regions (Yang
t al. 2021 ). 

Observationally, HC H II regions are characterized as small, op-
ically thick ionized sources embedded within their natal dust
lumps. They are often associated with star formation tracers such as
aser emission and molecular outflows. To examine the positional

orrelation of these star-forming tracers and our radio sources, we
reated radio maps and plotted the positions of star-forming tracers
uch as: methanol masers from the MMB surv e y (Caswell 2010 ,
011 ; Green et al. 2010 ), 870 μm dust emission from ATLASGAL
Schuller et al. 2009 ) and 5-GHz radio sources taken from the
iterature Becker et al. ( 1994 ) and Irabor et al. ( 2023 ; see Fig. 3
or example). 

We visually inspect these maps to determine whether our high-
requency radio sources are positionally associated with these star
ormation tracers (see discussion of association criteria and fig. 7
f Paper I). Of the 121 high-frequency radio detections, we have
dentified 80 radio sources that are associated with both 870 μm
ust and methanol maser emission. Comparing these H II region
andidates with the classifications of their host clumps made by the
TLASGAL team (Urquhart et al. 2014b , 2018 , 2022 ) we find that
4 are classified as being H II regions. A further 13 are classified as
oung stellar objects (YSOs) and four are protostellar in nature. Six
lumps have been classified to be photodissociation regions (PDRs),
hile the remaining three clumps are associated with a complex mid-

nfrared environment that makes a definitive classification uncertain.
e have inspected the mid-infrared environments of these three ob-

ects and find that they are associated with large-scale structures and
xtended radio emission. It is likely that these objects are evolved H II

e gions. Consequently, we e xclude these three clumps from further
nalysis, leaving 77 H II region candidates for further investigation. 

Using the available multiwavelength data from CORNISH-South
Irabor et al. 2023 ) and MAGPIS (for � > 350 ◦; Becker et al. 1994 ),
e find that 61 of the 77 radio sources have 5-GHz radio counter-
arts.Six sources fall outside the nominal latitude range co v ered by
hese two 5-GHz surv e ys, while the remaining 10 lack detectable
-GHz radio emission. For our 5-GHz radio source sample, we
alculate the y-factor, i.e. the ratio of integrated flux density (in
y) and the peak flux density of brightness (in units of Jy-beam 

−1 ,
 int /f peak ) and constrain it to < 2 to minimize the effects of spatial
ltering. This ensures that our sample of 5-GHz radio counterparts
re unresolved or compact. We find 17 radio sources have a y-factor
 2, and exclude them from the spectral index analysis that follows.
his leaves us with a sample of 44 H II regions that are compact and
ssociated with 5-GHz radio emission. These are broken down into
5 CORNISH-South sources and 9 MAGPIS sources. 
We expect UC H II regions to have turnover frequencies at ∼5 GHz,

nd therefore at higher frequencies, we would expect them to
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Figure 3. Examples of four 18 GHz radio maps with different emission types. The top left panel presents a single point source (G345.004 −0.224), the top right 
panel shows an example of a single extended radio source (G330.878 −00.367), the bottom left panel shows the multipeaked radio source (G318.049 + 0.086), 
and the bottom right panel shows an example of a field with two radio sources (G337.708 + 0.094 and G337.711 + 0.085). The ellipse shows the resultant fit to 
the radio emission while the circles show the position of the methanol maser(s) located in the field. The triangles show the position of any low-frequency (5 
GHz) radio counterparts. The contours trace the 870 μm dust emission from ATLASGAL (Schuller et al. 2009 ). The filled ellipse in the bottom left-hand corner 
of each image indicates the size and orientation of the synthesized beam. The field name is given in the top left and the radio name is provided if it differs from 

the field name. 
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pproach a slightly falling, almost flat spectrum ( α ∼ −0.1). In 
ontrast, HC H II regions are optically thick at 5 GHz and should
ave a positive slope (up to α ∼ + 2) between 5 and 18 GHz. We
etermine the spectral index of these 44 H II region candidates using
quation (1) from Paper I. To account for the difference in beam sizes
etween the 18 and 5 GHz observations, we compute the spectral 
ndex using the peak flux density at 18 GHz and the integrated flux at
 GHz. Given that all of our 5 GHz radio counterparts are unresolved,
e assume that the peak and integrated intensities are consistent 
ithin the measurement uncertainty for these sources. Additionally, 
e determine a lower limit to the spectral index αmin for the 10 radio
etections lacking 5-GHz counterparts, by using 3 σ as the upper 
imit for the flux density at 5 GHz. In total, we have calculated the
pectral index for 54 compact H II regions (44 reliable measurements 
nd 10 lower limits; see Table 5 for details). 

The spectral index analysis has identified 16 radio sources that 
ave a spectral index in the range −0.2 < α < 0.3. These objects are
onsidered to be optically thin H II regions. The remaining 38 radio
ources have a positive spectral index between 5 and 18 GHz ( α >

.3) and are classed as optically thick H II re gions. F or the six sources
hat fall outside of the 5-GHz surv e y latitude range we are unable
o estimate the optical depth between 5 and 18 GHz. Ho we ver, we
re able to analyse their emission between 18 and 24 GHz. If these
bjects are true HC H II re gions, the y are e xpected to hav e a positiv e
pectral index due to their compact size and the optically thick free–
ree emission that arises from being deeply embedded dense material 
n their natal clump. We find that five of the six radio sources have
ositive spectral indices between 18 and 24 GHz. For the radio source
ith a ne gativ e spectral inde x, a visual inspection of its mid-infrared

nvironment shows that the radio emission coincides with extended 
id-infrared emission, suggesting it is associated with an evolved H II

e gion. Therefore, we e xclude this clump from further analysis. For
ollo w-up observ ations, we have selected the 38 radio sources with
 positive spectral index between 5 and 18 GHz, and an additional
ve sources with a positive spectral index between 18 and 24 GHz,
or follow-up observations at higher resolution. 

.2 High-resolution detection statistics 

he high-resolution maps were visually inspected to confirm the 
resence of radio sources and to identify and e xclude an y imaging
rtefacts from o v erresolv ed sources. Radio continuum emission 
MNRAS 538, 2267–2282 (2025) 
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bo v e 3 σ is detected in 41 out of the 42 observed fields. In total,
3 radio sources were identified at 18 GHz: 39 fields contained a
ingle source, while 2 fields each contained two radio sources. We
nd that 36 radio sources are detected at 18 and 24 GHz, leaving 7
adio sources that do not have a 24 GHz counterpart. The sources
etected in both the 18 and 24 GHz maps are all compact (y-factor <
) or well-resolved radio sources (y-factor < 4). We present examples
f these radio maps in Fig. 4 . 
There are two possible explanations for the 24 GHz non-

etections: (i) the 24 GHz flux is weak and falls below the sensitivity
f the observations; (ii) the radio emission detected in the low-
esolution maps is associated with an extended source that has been
ltered out in the high resolution 24 GHz map. The sensitivity of the
igh- and low-resolution observations is very similar and so we can
ule out the first possibility. To investigate the second possibility, in
ig. 5 , we present a comparison between the integrated flux densities
f sources detected in the higher resolution maps and the peak
ux densities of the corresponding sources detected in the lower
esolution maps. We determine upper limits for the flux density from
he 24 GHz maps for the 7 non-detections at 24 GHz (see red upper
imits in Fig. 5 ). Inspection of the plot shows that the high- and low-
esolution fluxes agree well for all sources at 18 and 24 GHz, and for
he 18 GHz detections that are not detected at 24 GHz. The significant
iscrepancy between the upper limits for the 24 GHz non-detections
nd the fluxes measured in the low-resolution maps confirms that
ubstantial flux has been filtered out (see upper panel of Fig. 6 ). This
ltering possible explains the one field (G305.887 + 00.017) where
o source was detected at either frequency; in the low-resolution
aps, the emission was extended with an SNR ∼ 3, and despite

eing associated with the central MMB maser and dust clump, the
eak emission was probably filtered out at higher resolution, leading

o the non-detection. 
Additionally, we identified another radio source,

310.144 + 0.760, whose high-resolution flux density is 5
imes lower than its low-resolution flux. Visual inspection of the
igh-resolution maps reveals that some of the extended structure
isible at 18 GHz is missing in the 24 GHz map, confirming that
ux has been lost due to filtering. The high-resolution maps of this
ource are shown in the lower panels of Fig. 6 . In total, we have
dentified eight radio sources that are o v erresolv ed at 24 GHz (maps
f these are available in Fig. A1 ), indicating that these objects are
ot compact and are therefore unlikely to represent HC H II regions.
oreo v er, the lack of detectable 24 GHz flux density makes it

ifficult to constrain their physical properties, leading us to exclude
hese radio sources from further consideration. 

As in the low-resolution analysis, we used the MIRIAD task IMFIT

o determine the flux densities, positions, and sizes of the 35 high-
requency radio sources that are detected at both 18 and 24 GHz. The
bservational field parameters are presented in Table 6 . 

 C H A R AC T E R I Z I N G  T H E  H C  H  I I R E G I O N  

ANDI DATES  

n this section, we examine the physical properties of the 35 clumps
hat host the identified HC H II region candidates. We begin by
xamining the properties of their host clumps, followed by an analysis
f the radio characteristics to confirm their nature. 

.1 Clump properties 

istances and clump properties have been adopted from the literature
Urquhart et al. 2018 , 2022 ) for 32 of the 35 clumps, while these

https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staf450#supplementary-data
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Table 5. Spectral index and lower limit measurements for the high frequency radio detections that present 5-GHz radio emission. The average offset and size 
has been taken for sources that contain more than one 5-GHz radio counterpart and is represented with a † . The 5-GHz integrated flux upper limits are given as 
3 σ thresholds. 

Radio f int 5-GHz �f int 5-GHz Observed 5-GHz size f peak 24 GHz �f peak 24 GHz Offset α �α

name (mJy) (mJy) (arcsec) (mJy beam 

−1 ) (mJy beam 

−1 ) (arcsec) 

G300.969 + 1.148 370 18 − 490 35 2.4 0.19 0.036 
G301.136 −0.225 300 11 − 1000 110 3.4 0.77 0.048 
G302.033 + 0.626 < 0.56 0.84 0.07 > 0.07 
G305.886 + 0.017 < 0.46 1.3 0.1 > 0.5 
G308.056 −0.396 110 0.25 2.6 190 8.7 0.39 0.38 0.019 
G308.651 −0.508 0.7 0.087 2.3 2.9 0.38 3.1 0.89 0.075 
G309.384 −0.135 < 0.35 2.5 0.24 > 1.0 
G309.920 + 0.479 350 1.8 2.8 880 49 2.6 0.59 0.023 
G310.144 + 0.760 4.1 0.16 3.0 7.0 0.33 2.1 0.34 0.025 
G311.642 −0.380 200 0.47 2.7 260 6.1 1.9 0.19 0.0094 
G312.307 + 0.661 26 0.17 2.9 39 0.63 0.66 0.24 0.0071 
G318.049 + 0.086 6.1 0.35 2.7 4.6 0.82 4.1 −0.18 0.077 
G320.233 −0.284 320 1.5 3.3 340 3.5 1.4 0.034 0.0046 

Note. Only a small portion of the data is provided here, the full table is only available in electronic form. 

Figure 4. Examples of four high resolution 18 GHz radio detections. The top row presents radio sources G308.056 −0.396 and G312.307 + 0.661. These are 
examples of compact radio sources (y-factor < 2). The bottom row presents radio sources G337.844 −0.375 and G345.407 −0.952, which are examples of 
compact but more resolved radio sources (y-factor < 4). The symbols are as described in Fig. 3 . 
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ata are not available for the three clumps AGAL328.236 −00.547, 
 GAL345.003 −00.224, and A GAL353.409 −00.361. In Fig. 7 , we
resent the bolometric luminosities as a function of clump masses 
or the embedded H II regions. The vertical and horizontal dotted 
ines represent the typical thresholds for high-mass star-forming 
lumps (i.e. 10 3 L � and 100 M �; Urquhart et al. 2014a ). While,
s expected, the majority of our clumps are situated in the upper
ight quadrant, three clumps exhibit bolometric luminosities and 
MNRAS 538, 2267–2282 (2025) 
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M

Figure 5. Distribution of integrated flux density from the high resolution 
study against peak flux densities from the low resolution study. Red upper 
limits indicate the seven 24 GHz non-detections, while pink data filled show 

the fluxes for the corresponding 18 GHz detections. The solid black line 
represents the line of equality. 
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asses that are significantly lower than anticipated for high-mass
tar-forming regions.These three sources are located inside of the
olar circle (i.e. < 8 . 5 kpc from the galactic Centre) and are subject
o the kinematic distance ambiguity. This is because there are two
ossible distance solutions that are equally spaced either side of
he tangent point for each line-of-sight velocity; these are referred
o as the near and far distances. In the literature, all three host
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igure 6. Examples of two radio fields that have been excluded from further analys
ut not at 24 GHz. Lower panel: G310.144 + 0.760, an example of an o v erresolv ed r
xcluded fields are presented in Fig. A1 . 
lumps have been placed at the near distance ( < 1 . 5 kpc; Urquhart
t al. 2022 ). Ho we ver, the clump properties are not consistent with
igh-mass star formation, indicating that the far distance is more
ppropriate. We have, therefore, determined the far distance using
he Reid et al. ( 2016 ) model and recalculated the clump masses
nd luminosities accordingly (see the pink circles shown in Fig. 7
or updated values). Table 7 , presents the near and far distances for
hese clumps alongside their corresponding bolometric luminosities,
lump masses, and Lyman continuum fluxes. 

.2 H II region properties 

n this section, we determine the physical characteristics (i.e. diam-
ters, emission measure, electron densities, Lyman-continuum flux,
nd turno v er frequenc y) of the 35 radio detections. To e xtend the
requenc y co v erage of the radio data, we again utilize the 5-GHz
ux densities extracted from the CORNISH-South and MAGPIS
urv e ys (see Section 3.1 ). The 5-GHz data are available for 32
ources (24 reliable measurements and 8 lower limits), for which we
xamine the radio wavelength spectral energy distributions (SEDs).
e find that 28 sources are well-fitted by the simple H II region
odel (see the next paragraph for details). The remaining four

ources, which are optically thick, are fitted with a single power law.
hree of these sources, G350.011 −1.342, G352.623 −1.076, and
352.630 −1.067, lie outside the co v erage of the 5-GHz surv e ys and

hus lack corresponding 5-GHz detections. For these three sources,
e derive the spectral index between 18 and 24 GHz, obtaining values
f 0.38, 0.74, and 0.97, respecti vely. The latter two v alues align with
hose reported for HC H II regions in the literature (Murphy et al.
is. Upper panel: radio source G340.970 −1.021, which is detected at 18 GHz 
adio source. The symbols and contours are as described in Fig. 3 . Full set of 

e/538/4/2267/8087346 by U
niversity of Kent user on 13 M

ay 2025

https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staf450#supplementary-data
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Figure 7. Clump masses as a function of bolometric luminosity for our 
sample of H II re gions. F or three clumps, the blue points represent the physical 
parameters obtained adopting the near kinematic distances, while the values 
for the pink points are derived using the far distances (see the main text). 
The vertical and horizontal dashed lines represents average thresholds for 
high-mass star-forming clumps (Urquhart et al. 2014a ). 
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010 ; Yang et al. 2019 ), while the lower spectral index of 0.38
or G350.011 −1.342 suggests its turno v er frequenc y may lie within
r near the observed range. Given that these sources are based on
nly two data points, additional high-frequency observations are 
ecessary to accurately determine their true optical depth. In Fig. 8 ,
e provide examples of both fitting models used in this analysis. 
The simple H II region model is constructed using the standard

niform electron density model for a bound ionized H II region given
y Mezger & Henderson ( 1967 ). Using the model provided by Yang
t al. ( 2021 ), the radio SED for each source has two free parameters:
he electron density ( n e ) and the diameter (diam). We obtain the
est estimate for the two parameters by fitting the available radio
ontinuum emission o v er a range of frequencies. The uncertainties of
he integrated flux densities are obtained from IMFIT (see Table 6 ) and
re taken into consideration during the fitting process. The emission 
easure can be calculated using EM = n e 

2 × diam. The model has
wo components and comprises both optically thick and optically 
hin ionized gas. The output yields estimates for properties such 
s electron density ( n e ) and diameter, specifically for the optically
hin ionized gas between 5 and 24 GHz. For these sources, we also
etermine the turno v er frequenc y, νt , at which the emission changes
rom the optically thick to the thin regimes, which is defined as the
requency for which the optical depth τ = 1. Using the formula
rovided by Wilson, Rohlfs & H ̈uttemeister ( 2013 ) assuming a
omogeneous, optically thin H II region, the turno v er frequenc y can
e expressed as a function of the emission measure and electron
emperature T e : 

νt 
GHz 

)
= 0 . 3045 

(
T e 

10 4 K 

)−0 . 643 (
EM 

cm 

−6 pc 

)0 . 476 

, (1) 

here T e is assumed to be 10 000 K and EM is provided by the H II

egion model. The typical error of νt is ∼30 per cent considering a
0 per cent error in the flux density and 10 per cent in the diameter
easurement. The distribution of νt in our sample ranges from 4 to

5 GHz and has a mean of ∼9 GHz. 
To calculate the number of Lyman continuum photons emitted 

er second from the H II regions, we use (Panagia 1973 ; Carpenter,
nell & Schloerb 1990 ; Urquhart et al. 2013b ): 

(
N Ly 

S −1 

)
= 8 . 9 × 10 40 

(
S v 

Jy 

)(
d 

pc 

)2 ( v 

GHz 

)0 . 1 
, (2) 
MNRAS 538, 2267–2282 (2025) 
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Table 7. Derived physical parameters for three clumps located at near distances in the literature. 

Distance log 10 [ M clump ] log 10 [ L bol ] log 10 [ N Ly ] 
Radio Clump Near Far Near Far Near Far Near Far 
name name (kpc) (kpc) (M �) (M �) (L �) (L �) (photons s −1 ) (photons s −1 ) 

G308.056 −0.396 AGAL308.057 −00.397 0.9 9.4 1.7 3.5 2.6 4.9 46.2 48.23 
G312.307 + 0.661 AGAL312.306 + 00.661 1.0 10.6 1.0 3.3 2.5 4.7 45.6 47.6 
G346.480 + 0.132 AGAL346.481 + 00.131 1.3 15.2 1.6 3.7 2.3 4.5 45.1 47.2 

Figure 8. Two examples of the radio SED models used in our analysis. 
Upper panel: a single power law fit to the integrated flux density for optically 
thick radio sources (G346.480 + 0.132). Lower panel: a simple H II region 
model applied to radio source G339.053 −0.315, an example for a source 
characterized by both optically thick and thin regimes (Yang et al. 2021 ). 
The vertical solid line represents the turnover frequency ( νt ) and the shaded 
re gion pro vides an estimation of the uncertainty. Full set of radio SEDs are 
available in Fig. B1 . 
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here S ν is the optically thin integrated flux density at 24 GHz, d is
he heliocentric distance to the source, and ν is 24 GHz. The estimated
ncertainty in the derived N Ly flux is ∼20 per cent considering the
rror in the distance and flux densities (e.g. S ́anchez-Monge et al.
013 ; Urquhart et al. 2013b ). 
We derive the physical parameters for the seven H II regions

hat remain optically thick at 24 GHz using equations from the
iterature (see section 3.3 of Patel et al. 2024 ) and use equation ( 2 )
o estimate the Lyman continuum photon flux. Due to their optically
hick nature, the 24 GHz flux is likely to be underestimated, and
onsequently, the electron density, emission measure and Lyman
ux must be considered to be lower limits. The SED and derived
hysical properties for all 35 sources are given in Table 8 . 
NRAS 538, 2267–2282 (2025) 
.3 Distinguishing between H II regions types 

e use the physical parameters derived in the previous section to
istinguish between HC H II and UC H II regions. We summarize the
eneral criteria for HC and UC H II regions and the intermediate
bjects between these two classes in Table 9 . In Fig. 9 , we show the
istribution of the electron density, diameter, and emission measure
or the 35 HC H II region candidates (lower limits for the electron
ensity are given for optically thick sources). On this plot we, indicate
 region of parameter space (vertical and horizontal dashed lines)
here we expect to find HC H II regions (i.e. n e > 10 5 cm 

−3 and
iam < 0.05 pc). 
Based on the criteria given in Table 9 and inspection of Fig. 9 ,

e have found 20 sources that satisfy the HC H II regions’ electron
ensity and size criteria, thus confirming their classification as
C H II regions. A further 12 sources satisfy the size criterion for
C H II regions but have lower electron densities. Among these, five

re optically thick, indicating that their electron densities are lower
imits. Three of these are in close proximity to the electron density
hreshold and we therefore consider them to also be confirmed as
C H II regions. The characteristics of the remaining two optically

hick sources fall significantly below the threshold and their nature
s not certain. The seven optically thin sources in this region of
he plot exhibit parameters between the HC H II region and UC H II

egion thresholds, and are classified as intermediate objects. The
emaining three sources are located in the bottom right quadrant and
re consistent with a classification as UC H II region. 

H II regions and radio jets can be often mistaken for each other
ue to their similar properties. Non-relativistic and non-magnetic
adio jets produce free–free emission primarily dominated by ther-
al bremsstrahlung emission and have spectral indices between
0 . 1 ≤ α ≤ 1 . 6, values that are very similar to those of compact

nd optically thick H II regions (Purser et al. 2016 ). Fortunately, radio
ets are predominately associated with significantly lower bolometric
o Lyman photon fluxes ratios making them potentially easy to
istinguish. Observationally, radio jets and H II regions have very
ifferent morphologies. Radio jets appear as elongated structures
requently containing knots (see Purser et al. 2016 for more detail)
hereas, HC and UC H II regions usually have simple, isolated, often
nresolved structures. 
To a v oid an y contamination of our sample of compact H II re gions

rom jets, we compare the bolometric luminosity with the Lyman
ontinuum photon flux in Fig. 10 . Note that three clumps lack
olometric luminosity measurements and are thus not included in
his plot. We include the luminosity–Lyman photon flux relationship
dashed line) for OB ZAMS stars from a table of values given in
avies et al. ( 2011 ). The dot–dashed line represents the power-

aw relation for the radio jets identified by Anglada ( 1995 ). The
rey and pink upper limit square represents the HC H II /jet-like
andidate from this work and Paper II. The blue contours represent
he number density distribution of the known HC H II and UC H II

egions (Kalche v a et al. 2018 ; Y ang et al. 2019 ; Y ang et al. 2021 ) 

https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staf450#supplementary-data
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Table 8. Derived physical parameters for 35 H II regions. The sources whose properties were not extracted via the SED fitting are denoted by a † . 

Radio name Distance log 10 [ L bol ] Diameter n e EM log 10 [ N Ly ] νt Spectral Reference 
(pc) (L �) (pc) (10 4 cm 

−3 ) (10 7 pc cm 

−6 ) (photons s −1 ) GHz type 

G301.136 −0.225 † 4.31 5.33 0.0133 39.93 28.37 48.25 − O8.5 HC H II 

G308.056 −0.396 9.40 4.90 0.0457 5.22 12.44 48.23 5.82 O8.5 Transition 
G309.384 −0.135 5.29 3.91 0.0013 64.13 54.69 45.75 11.77 B1 HC H II 

G309.920 + 0.479 5.35 5.30 0.0412 8.67 3.10 48.51 8.99 O7.5 Transition 
G312.307 + 0.661 10.60 4.70 0.0326 4.14 5.60 47.6 3.98 B0 Transition 
G326.448 −0.748 3.75 3.99 0.0032 25.71 21.22 46.15 7.50 B1 HC H II 

G328.164 + 0.586 7.08 4.32 0.004 27.25 29.93 46.49 8.83 B0.5 HC H II 

G328.236 −0.548 11.66 − 0.018 12.06 26.21 47.75 8.29 B0 HC H II 

G329.183 −0.314 11.29 5.27 0.0057 22.98 30.22 46.79 8.88 B0.5 HC H II 

G329.272 + 0.115 4.57 4.06 0.0027 54.93 80.31 46.51 14.13 B0.5 HC H II 

G329.610 + 0.114 3.82 3.48 0.001 54.06 30.09 45.29 8.86 B1 HC H II 

G333.387 + 0.032 10.69 4.28 0.011 10.13 11.32 46.98 5.56 B0.5 Transition 
G335.789 + 0.174 3.35 4.26 0.0009 49.78 21.86 45.05 7.61 B2 HC H II 

G337.097 −0.929 3.01 3.47 0.0007 82.19 49.58 45.21 11.23 B1 HC H II 

G337.705 −0.053 12.19 5.42 0.0492 8.13 3.25 48.67 9.20 O7 UC H II 

G337.844 −0.375 2.98 4.37 0.0044 30.41 40.25 46.65 10.17 B0.5 HC H II 

G339.053 −0.315 7.15 3.76 0.0034 48.04 78.99 46.7 14.02 B0.5 HC H II 

G339.282 + 0.136 4.63 3.60 0.0024 35.42 30.14 46.03 8.87 B1 HC H II 

G340.249 −0.372 3.64 4.47 0.0154 11.46 20.27 47.51 7.34 B0 HC H II 

G343.757 −0.163 † 2.50 3.81 0.0125 1.19 0.08 45.09 − B2 Transition 
G343.929 + 0.125 † 16.97 4.90 0.0444 5.01 1.78 48.31 − O8.5 Transition 
G345.004 −0.224 2.73 − 0.0147 13.29 26.01 47.56 8.26 B0 HC H II 

G345.407 −0.952 1.37 5.12 0.0112 15.36 26.46 47.32 8.33 B0 HC H II 

G346.480 + 0.132 † 15.20 4.50 0.1024 4.14 0.28 47.2 − B0 UC H II 

G347.628 + 0.148 9.57 5.68 0.0518 5.22 1.41 48.41 6.18 O8 UC H II 

G350.011 −1.342 † 3.11 4.70 0.0054 8.54 0.56 45.88 − B1 Transition 
G350.015 + 0.433 12.67 5.55 0.0703 3.81 1.02 48.51 5.29 O7.5 UC H II 

G350.340 + 0.141 10.91 4.11 0.0148 9.88 14.49 47.34 6.26 B0 Transition 
G350.343 + 0.116 10.81 3.86 0.0122 15.54 29.36 47.46 8.75 B0 HC H II 

G351.383 −0.181 10.09 3.86 0.002 53.91 57.7 46.13 12.08 B1 HC H II 

G352.517 −0.155 10.8 5.27 0.0208 18.14 68.38 48.2 13.09 O8.5 HC H II 

G352.623 −1.076 † 1.33 3.47 0.0048 1.98 0.08 44.26 − B3 Transition 
G352.630 −1.067 † 1.33 3.77 0.0028 6.38 0.15 44.62 − B3 Transition 
G353.410 −0.360 3.55 − 0.0196 16.23 51.75 47.75 10.39 B0 HC H II 

G354.724 + 0.300 22.02 5.02 0.1716 2.48 1.06 49.33 5.38 O5.5 UC H II 

Table 9. Quantitative criteria of the physical parameters for HC H II regions, 
intermediate objects between the two stages, and UC H II regions from the 
literature. 

Parameters Diameter n e EM 

(pc) (cm 

−3 ) (pc cm 

−6 ) 

HC H II region < 0.05 > 10 5 > 10 8 

Intermediate objects 0.05 −0.1 10 4 − 10 5 10 7 − 10 8 

UC H II region > 0.1 < 10 4 < 10 7 
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Figure 9. Distribution of the physical properties of 61 sources identified in 
this work (35) and Paper II (26). The colour of the data points represents 
the emission measure of the radio source (see colour bar on the right for 
corresponding values). Filled circles with upward-pointing arrows denote 
upper limits for n e and EM, indicating optically thick radio sources. The 
region in the upper left part of the plot bounded by the vertical and horizontal 
dotted lines shows the region parameter space where HC H II regions are 
found (see Table 9 ). 
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The majority of the sources in our sample aligns well with the
xpected OB ZAMS line in Fig. 10 and their location in the plot is
onsistent with the previously identified H II regions, reinforcing their 
lassification as HC H II and UC H II regions. It is noteworthy that
he Lyman continuum photon flux exhibits a 2 orders of magnitude 
catter among our H II regions. This variation is likely due to dust
bsorption, as highlighted by Yang et al. ( 2021 ), who found that
pproximately 67 per cent of Lyman continuum photons are absorbed 
y dust within compact H II re gions. The de gree of dust absorption
ends to increase in more compact and younger H II regions, thereby
ontributing significantly to the observed scatter. Such effects must 
e considered when interpreting Lyman continuum photon flux in 
tar-forming regions. 
MNRAS 538, 2267–2282 (2025) 
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Figure 10. Lyman continuum photon flux versus bolometric luminosity for 
the entire H II region sample. Blue contours highlight previously identified 
UC and HC H II regions, while pink squares indicate radio-jet candidates, with 
optically thick jets represented as upper limits. The dashed line illustrates the 
relationship for OB ZAMS star models (Martins, Schaerer & Hillier 2005 ; 
Davies et al. 2011 ) and the dot–dashed line represents a fit to radio jets 
found in Purser et al. ( 2016 , 2021 ). The solid black line corresponds to the 
Lyman continuum flux expected from a blackbody with the same radius and 
temperature as a ZAMS star (see S ́anchez-Monge et al. 2013 for more detail). 
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Figure 11. Cumulative distribution functions for diameter (top panel) and 
n e (bottom panel) for the sample of HC H II regions identified in Paper II and 
in this work. 
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By targeting sites of methanol masers we have been able to
dentify H II regions that surround lower luminosity stars. However,
his is likely attributed to the fact that the H II regions reported in
he literature were identified from a lower frequency survey that is
ensitive primarily to the brightest H II regions, as they are optically
hick at these frequencies. Whereas, sites of methanol masers are not
ntrinsically bright at higher resolutions and high-frequency radio
bservations are more sensitive to lower luminosity high-mass stars.
The dot–dashed line in Fig. 10 represents the expected fit for radio

ets found in Anglada ( 1995 ). There is, therefore, a clear distinction
etween bright H II regions ( L bol > 10 4 L �) and radio jets; ho we ver,
he two models converge and intersect around ∼ 2000 L �, making it
ifficult to distinguish between jets and H II regions for objects within
he 10 3 to 10 4 L � range. Three of our radio sources lie close to this
et line. Two of these, G352.623 −1.076 and G352.630 −1.067, are
ocated in a region of the parameter space where the parameters for
ets and H II regions converge. Ho we ver, both of these sources are
ptically thick and so their Lyman flux is underestimated, making a
efinitive classification uncertain. 
A recent study by Chen et al. ( 2019 ) reports a strong spatial

orrelation between the radio source G352.630 −1.067 and a 6.7 GHz
ethanol maser (G352.624 −01.077; Green et al. 2010 ). The maser

mission is observed to be distributed along a linear structure oriented
rom south-west to north-east. 

.4 Combining the SCOTCH sample 

n Fig. 9 , we present physical parameters for a total of 61 sources,
1 of them discussed in this work, along with the 26 H II re-
ions identified in Paper II, which include 13 HC H II regions, 6
ntermediate objects, 6 UC H II regions, and 1 radio jet candidate.
 comparison of the distributions of physical parameters of both

amples reveals similar trends, which is e xpected, giv en that both
ets of sources originate from the same underlying population. To
nsure the comparability of the two data sets, we focused on the
ey physical properties, diameter and electron density ( n e ). The
umulative distribution functions for these parameters are shown
NRAS 538, 2267–2282 (2025) 
n Fig. 11 , showing strong agreement between the two samples.
e performed a two-sample Kolmogoro v–Smirno v (KS) test to

etermine whether the electron densities and diameters in both
amples are drawn from the same population. The KS test returned P -
alues of 0.67 for diameter and 0.66 for n e , indicating no statistically
ignificant differences between the two samples. This statistical
onsistency suggests that the two data sets can be reliably combined
or further analysis. Given that the emission measure is proportional
o both the electron density and diameter, it is also expected to show
onsistency across both samples. By combining these 26 sources
ith the 35 newly identified H II regions from this study, we form a
nified sample of 61 H II regions. This combined sample consists of
3 HC H II regions, 15 intermediate objects, 9 UC H II regions, and
 radio jet candidates. Notably, 11 sources remain optically thick at
4 GHz, likely indicating that these are the youngest H II regions,
s their high optical depths suggest they are still deeply embedded
ithin their natal environments and have yet to expand significantly.
his combined data set will be referred to as the SCOTCH sample

hroughout the remainder of this paper. 

.5 Physical properties of the SCOTCH sample 

n this section, we investigate the physical properties and star
ormation tracers associated with the SCOTCH sample. It is expected
hat HC H II regions are deeply embedded and detected towards the
entre of dense clumps and often are in close proximity to methanol
asers. Therefore, we match the SCOTCH sample to ATLASGAL

lumps and their observed MMB methanol masers. 
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Figure 12. Histograms of the angular separation between the detected radio 
sources and their nearest ATLASGAL dust clump (top panel), MMB maser 
(bottom panel). The histograms are binned using a value of 2 arcsec and 
0.5 arcsec, respectively. 
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Fig. 12 , presents histograms illustrating the distribution of angular 
ffsets between the positions of methanol masers and the peaks 
f dust emission. These plots demonstrate that the compact H II 

egions identified in SCOTCH are all embedded towards the centre 
f their natal clumps and are tightly correlated with methanol 
asers. Furthermore, out of the 476 methanol masers observed, 

7 are associated with high-frequency radio continuum emission 
ithin 5 arcsec, accounting for approximately 12 per cent of the total

ample. Of these, 47 masers are located within 2 arcsec (representing 
83 per cent of the detections). This association rate is comparable 

o the 12 per cent reported by Nguyen et al. ( 2022 ) in their analysis
f methanol masers from the Global View of Star Formation in 
he Milky Way (GLOSTAR) survey (Brunthaler et al. 2021 ), which 
ocused on the first quadrant of the galactic plane. The remaining 
8 per cent of methanol masers, which are not currently associated 
ith high-frequency radio emission, are likely in an earlier stage of

heir evolution. 
To differentiate between the classes of H II regions, we present the

istributions of the diameter, electron density, emission measure, and 
urno v er frequenc y in Fig. 13 . The emission measure and electron
ensity of the optically thick radio sources are given as lower limits
nd are represented by the pink region of the histogram. In Fig.
4 , we present the Lyman photon flux distribution for the sample.
he vertical dotted line in Fig. 13 represents the typical threshold 

or HC H II regions (see Table 9 ) and demonstrates that our sample
ontains parameters consistent with those of HC H II regions. 
The calculated Lyman photon fluxes range from 10 44 . 2 to 10 49 . 4 s −1 

nd are consistent with a ZAMS star between B3 and O5 (Panagia
973 ), assuming that a single ZAMS star is the primary source of
he ionizing photons and there is no absorption from dust in the
onization-bounded H II region (the corresponding spectral types are 
iven on the top of Fig. 14 ). The estimated uncertainty in the N Ly 

s ∼20 per cent, which takes into consideration the errors associated
ith the flux densities and distances (e.g. S ́anchez-Monge et al.
013 ; Urquhart et al. 2013a ). The spectral types of stars can be
 v er or underestimated if multiple stars are responsible for the
onization or if there is dust absorption present in the H II region
Wood & Churchwell 1989a ; Yang et al. 2021 ). For UC H II regions,
he dust absorption fraction varies from ∼50 to 90 per cent, which
an decrease the flux density by a factor of two or more. This
mplies that the observed flux may be lower than the expected flux
nd that the spectral types we derive may be earlier than estimated
Wood & Churchwell 1989a ; Kurtz et al. 1994 ; Yang et al. 2021 ).
onsequently, the Lyman continuum fluxes reported here should be 

egarded as lower limits. Nevertheless, all of the radio sources exhibit
ufficient Lyman fluxes to indicate the presence of an embedded 
igh-mass star. 
In the following section, we discuss in detail the similarities and

ifferences between the compact H II regions identified in this series
f studies and the established population of H II regions from the
iterature (Kalche v a et al. 2018 ; Yang et al. 2019 , 2021 ). 

.6 Comparison with UC H II regions 

he full SCOTCH surv e y has identified 33 HC H II regions, 15
ntermediate objects, 9 UC H II regions, and 4 radio jet candidates.
n Fig. 15 , we show the distribution of SCOTCH sources as a
unction of diameter, electron density and spectral type. We include 
he distributions of similar HC H II regions and intermediate H II

egions identified by Yang et al. ( 2019 , 2021 ); blue filled contours
nd UC H II regions and compact H II regions identified in Kalche v a
t al. ( 2018 ), pink filled contours and Khan et al. ( 2024 ), and green
lled contours, respectively (see Table 9 for H II region definitions). 
The distribution of the data for the SCOTCH sources o v erlaps with

hose of both previously identified HC and UC H II and intermediate
 II regions, creating a continuum of H II regions that exhibit a strong

orrelation between their sizes and electron densities. Ho we ver, we
ote that our H II region sample generally consists of smaller and
enser objects that tend to surround early B-type stars. The o v erlap
ith the UC H II regions is quite small, indicating that SCOTCH has
rimarily identified a sample of young H II regions including some
f the youngest yet disco v ered. There are a few outliers that do not
 v erlap with either the HC and UC H II re gion env elopes, ho we ver,
hese are optically thick and their electron densities lower limits. 

To investigate the evolution of H II regions, it is essential to
nderstand the relationship between their size and the number of 
onizing photons. In Fig. 16 , we show the Lyman continuum flux
s a function of diameter for all compact H II regions identified in
he SCOTCH surv e y, alongside the HC H II regions and intermediate
bjects identified by Yang et al. ( 2019 , 2021 ; blue filled contours),
he UC H II regions identified by Kalche v a et al. ( 2018 ; red filled
ontours), and the compact H II regions identified by Khan et al.
 2024 ; green filled contours). For optically thick sources upper limits
or N Ly are plotted. 

The distributions of all three H II region samples form diagonal,
longated bands in the figure, indicating a trend of increasing diame-
er with photon flux. Ho we ver, the Lyman photon flux across the three
MNRAS 538, 2267–2282 (2025) 
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M

Figure 13. Histograms presenting the distribution of source parameters for the full sample of SCOTCH H II regions. The diameter (upper left panel), electron 
density ( n e ; upper right panel) emission measure (lower left panel), and turno v er frequenc y ( νt ; lo wer right panel) are sho wn. All histograms include all 61 
H II regions identified with the exception of the turnover frequency plot as this excludes optically thick regions. The pink fraction of the distribution represents 
values that are lower limits. The bin sizes are 0.025 pc, 0.5 dex, 0.5 dex, and 2 GHz for the diameter, n e , emission measure and turno v er frequenc y, respectiv ely. 
The black vertical line and arrows emphasize the region of the parameter space in which we expect to find HC H II regions. 

Figure 14. Histogram of the Lyman continuum photon flux for the H II 

regions identified throughout SCOTCH. The bin size is 0.5 dex. The pink 
fraction of the distribution represents values that are lower limits. 

H
t  
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b  

L  

Figure 15. Distribution of the electron density as a function of diameter for 
the 61 objects identified in SCOTCH. The size of the data points denote the 
approximate ZAMS spectral type. The square data points represent the jet- 
like candidates. For the optically thick sources the entries for electron density 
and spectral type are lower limits. The blue coloured area represents a kernel 
density estimation for the previously identified HC H II and intermediate H II 

regions (Yang et al. 2019 , 2021 ). The area coloured in pink represent the 
UC H II regions as identified in Kalche v a et al. ( 2018 ) and the green area 
present the compact regions in Khan et al. ( 2024 ). The black solid arrow 

shows the typical evolutionary trend a compact H II region is likely to follow 

as these objects expand (see Fig. 11 of Paper II). 
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 II region stages remains similar, ranging from approximately 10 46 

o 10 49 s −1 . The fact that the distributions for these stages o v erlap
ndicates evolution of the H II regions is from left to right, as shown
y the black arrow in Fig. 16 . This leads us to conclude that the
yman photon flux remains constant throughout the formation of the
NRAS 538, 2267–2282 (2025) 
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Figure 16. Distribution of the Lyman continuum flux as a function of 
diameter for the 61 objects identified in SCOTCH. The square data points 
represent the jet-like candidates. The coloured areas are as described in 
Fig. 15 . The black arrow represents the implied evolutionary trend for 
H II regions. The red dot–dashed line represents the Str ̈omgren expansion 
of H II regions, assuming a constant electron density of 10 6 cm 

−3 and a 
recombination coefficient α = 2 . 7 × 10 −13 (cm 

−3 ). 
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C H II region and during its expansion from 0.05 to 5 pc; this is
onsistent with the findings of Yang et al. ( 2021 ) and Paper II, but
ere we have extended the analysis to include compact H II regions.
his would also suggest that the final mass of the star driving the H II

egion is determined in the HC H II region stage. 
The o v erall distribution of the individual H II re gion stages presents

 distinctive pattern that requires further explanation. If we take the 
istribution of the HC H II region sample in Fig. 16 , we note a paucity
f sources with small sizes and high Lyman photon fluxes (the grey
e gion or re gion one in Fig. 16 ) and a lack of large sizes with low
yman photon fluxes (grey hatched region or region two in Fig. 16 );

f the evolution of H II regions proceeds from the left to the right then
hese areas of parameter space should not be empty. The sparseness
f sources in the blue region of Fig. 16 is likely to be the result of the
normous number of ionizing photons that drives the rapid expansion 
f H II regions around late O-type stars, making it extremely unlikely
o detect an HC H II region around an O-type star (also see discussion
f H II region sizes around O-type and B-type stars in Urquhart et al.
013b ). Region one is broadly in agreement with the dot–dashed red
ine which represents the initial Str ̈omgren expansion of H II regions.
lthough only a few sources fall within this region, it is likely that

hese are situated in complex natal environments. 
The lack of sources in region two of Fig. 16 is the result of the

xed number of Lyman flux and expanding H II region, which results
n a decrease of the surface brightness. This affects all H II regions
s the y e xpand. Ho we ver, the lo wer Lyman photon flux emitted by
-type stars causes the radio emission from the ionized bubbles to 
rop below the surv e y’s sensitivity limits, resulting in a lack of large
 II regions around early B-type stars. The combination of rapid 

xpansion for O-type stars and limitations in telescope sensitivity 
o larger H II region around early B-type stars result in the diagonal
orphologies seen for the three stages shown in Fig. 16 . We note
 complete lack of any compact H II regions associated with B-type
tars and this is consistent their surface brightness being below the 
elescope sensitivity. 

Comparing the distribution of the SCOTCH H II regions to the 
istribution of H II region in other stages we, find that six are
oincident with the UC H II region distribution (filled red contours)
ut the majority are tightly correlated with the HC H II region dis-
rib ution. Furthermore, the distrib ution of SCOTCH sources shown 
n Fig. 16 reveals that we have extended the observed trend for
C H II regions to lower Lyman photon fluxes and smaller sizes.
e note three significant outliers in both the literature H II region

istribution and our extended HC H II region distribution; ho we ver,
ll of these outliers are optically thick, with two identified as potential
et candidates. 

 SUMMARY  A N D  C O N C L U S I O N S  

e present the results of multiresolution, high-frequency radio 
ontinuum observations with the ATCA towards 335 methanol 
asers located within the fourth quadrant of the galactic plane. 
he observations were conducted using the H214 and 6A antenna 
onfigurations, which provide both large and small scale angular 
esolutions of 20 and 0.5 arcsec, respectively. The main aim of this
ork is to identify new HC H II regions located within the target

egion, for which previously no high-frequency observations were 
vailable. We target methanol masers as these are known to be
xcellent tracers of young and embedded high-mass stars (Breen 
t al. 2013 ). 

From the 335 fields observed we find 121 reliable radio detections
bo v e 3 σ in the low-resolution maps. Using archival 5-GHz data
e.g. CORNISH-South and MAGPIS) we identify 42 HC H II region
andidates (i.e. very compact and/or optically thick objects); these 
ere subsequently followed up at high-resolution to confirm their 
ature. We construct SEDs between 5 and 24 GHz and use these
o derive physical properties including size, electron density, n e , 
mission measure, EM, Lyman continuum photon flux, N Ly and 
urno v er frequenc y, νt , assuming an ionization-bounded H II region
ith a uniform electron density model. In the present study, we
ave identified 20 HC H II regions, 9 intermediate objects, 3 UC H II

egions, and 3 radio jet candidates. 
In Papers I and II of this series, we had presented the results

f similar high- and low-resolution observations towards an initial 
ample of 141 methanol masers. We detected 68 discrete radio 
ources in the low-resolution maps, 39 of which were followed up at
igh resolution. This led to the classification of 13 HC H II regions,
 intermediate objects, and 6 UC H II regions. Combined, this series
f papers presents high-frequency radio observations towards 476 
MB methanol masers, has identified 189 radio sources, 134 of 
hich are directly associated with the methanol masers targeted, 

orresponding to an association rate of ∼30 per cent. This has
esulted in the identification of 33 HC H II regions, 15 intermediate
bjects, 9 UC H II regions, and 4 radio jet candidates. This sample
ncludes 11 objects that are optically thick at 24 GHz; these are
ategorized as 4 HC H II regions, 4 intermediate objects, 1 UC H II

egion, and 2 radio jet candidates. 
Our main findings are as follows: 

(i) The compact H II regions identified by SCOTCH are deeply 
mbedded within dusty clumps and are positionally associated with 
ethanol masers and 5-GHz radio emission, all of which are key

racers of the final stages of massive star formation. 
(ii) We have identified 48 new HC H II regions and intermediate

bjects. Combining these with the 28 HC H II regions and interme-
iate objects previously reported in the literature, we have increased 
he sample of HC H II regions by a factor of ∼3. Furthermore,
he HC H II regions identified in these works are generally smaller,
enser, and surround lower luminosity stars compared to previously 
nown HC H II regions. 
(iii) Of the 11 optically thick sources, 2 are classified as radio

et candidates, 3 are mid-infrared dark, while the remainder are 
MNRAS 538, 2267–2282 (2025) 
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ssociated with an infrared point source within a protocluster. All
f these objects are embedded towards the centres of dense high-
ass clumps and show signs of active star formation, indicating they

re likely to be the youngest H II regions in our sample. 
(iv) A comparison of the HC H II regions identified in this work

ith previously identified HC H II regions shows that their physical
arameters are consistent. Comparing these with the larger popula-
ion of UC H II regions and compact H II regions, we find that they
orm a continuum co v ering 3 orders of magnitude in size and electron
ensity. Therefore, the evolution of H II regions appears to be a contin-
ous process rather than consisting of definitive evolutionary stages.
(v) Our surv e y of 476 methanol masers from the MMB catalogue

esulted in the identification of 48 HC H II regions and intermediate
bjects, corresponding to a detection rate of approximately 10 per
ent. With 498 masers remaining unobserved at high frequencies,
xtending this study, particularly in the first and second quadrants of
he galactic plane, could potentially identify an additional 50 HC H II

egions. This would significantly increase the known population of
C H II regions, offering a more complete view of their physical
roperties and their role in the early stages of massive star formation.
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