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Abstract

Hypercompact Hll regions (HC) are regions of ionized gas associated with the early stages of high-mass star formation. With the aim
of better understanding their characteristics, we studied five candidate HC HII regions. Here, we present observations with the Jansky
Very Large Array (VLA) at 2 and 6 cm, with angular resolutions in the range of ~1 — 3”and report the images of the detected sources and
the measured parameters. In addition, we explore several possible scenarios, considering the regions as both uniform and non-uniform
spheres, and as winds, both spherical and collimated. In most cases, the sources were unresolved, but by applying the models, we
estimate that their sizes vary in a range of 0.3 to 3.7 mpc while their electron densities are in the range of 1.3 x 10° to 2.4 X 10° cm~3,
indicating that most sources are consistent with small, weak UC Hll regions, although a few remain viable candidates for HC HlI regions,
with G40.28—0.22 as the strongest case. We do not rule out the possibility that some sources are jets or stellar winds.

Resumen

Las regiones HIl hipercompactas son regiones de gas ionizado asociadas con las etapas tempranas de formacion de estrellas de alta
masa. Realizamos un estudio de cinco candidatos a regiones HIl HC, con el objetivo de comprender mejor sus caracteristicas. Para
esto se llevaron a cabo observaciones con el Jansky Very Large Array (VLA) en 2 y 6 cm, con resoluciones angulares en el rango de
~1—3 "y reportamos las imagenes de las fuentes detectadas y los parametros medidos. Ademas, exploramos varios escenarios posibles,
considerando las regiones como esferas (uniformes y no-uniformes) y como vientos (esféricos tanto como colimados). En general, las
fuentes fueron no-resueltas, sin embargo, al aplicar los modelos, hemos podido estimar que sus tamafos varian en un rango de 0.3 a
3.7 mpc y que las densidades electrénicas estan en el rango de 1.3 X 10° a 2.4 x 10° cm~3, lo que indica que la mayoria de las fuentes son
consistentes con pequenas y débiles regiones UC HIl, aunque algunas siguen siendo candidatas viables a regiones HC HIl, destacando
G40.28—0.22 como el caso mas fuerte. No descartamos la posibilidad de que algunas fuentes sean chorros o vientos estelares.
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1. Introduction

Hypercompact (HC) HII regions are a class of ionized gaseous

nebulae linked to the early phases of high-mass star formation.

They are commonly located within dusty clumps, associated with
masers, outflows, broad radio recombination lines, and extended
green objects (Yang et al. 2021). These regions have distinctive
properties that set them apart from other HII regions, such as
compact and ultracompact HII regions: they are smaller (<0.05
pc), with higher electron densities (n, >10° cm~3) and extremely
high emission measures (EM>10° pc cm~) (Kurtz 2002).

HC HII regions are expected to be optically thick at centimeter
wavelengths. This characteristic leads to a positive spectral index,
a (Kurtz 2005), indicating that the observed brightness increases
with frequency. Different theories have been proposed to account
for the properties of HC HII regions with an intermediate spectral
index (¢ ~ +1) in the optically thick regime, rather than the
canonical value of +2 for an optically thick, uniform-density
region. It has been proposed that they are composed of multiple
unresolved clumps of gas (Ignace & Churchwell 2004), or that
they have density gradients (Franco et al. 2000).

The small sizes of HC HII regions can be explained by models
of photoevaporating disk winds (Hollenbach et al. 1994; Lizano
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Table 1. Source Properties and Observing Parameters

Source IRAS pointing center® Phase 6 cm 3.6cm 2cm 1.3cm D¢ L4
Name a(J2000.0) §(J2000.0) calibrator beam rms beam® rms beam rms beam® rms
@ mJy beam™! (")  mJybeam™ (@) mJy beam™! (")  mlybeam™ kpc 10* Ly (kpc)

G34.82+0.35 18511+0146 18 53 37.90 01 50 30.0 J1851+0035 1.02x0.91 0.03 8.46x7.28 0.05 3.38x1.52 0.02 3.75%2.93 0.20 3.6 2.01(3.86)
G40.28—0.22 1903140621 19 0541.22 06 26 12.7 J1851+0035 0.99X0.89 0.03 8.95x7.34 0.05 3.35x1.47 0.02 2.87x2.23 0.08 49 2.13(4.91)
G48.99—0.30 19201+1400 19 2226.13 14 06 39.8 J1922+1530 0.94%0.86 0.6 7.18%6.91 2.0 2.93x1.39 0.25 2.66%2.06 0.30 51 4.5(54)
G53.04+0.11 19266+1745 19 28 55.60 17 52 03.0 J1922+1530 0.92x0.85 0.02 7.22X6.69 0.06 2.93%x1.37 0.02 3.66X2.44 0.13 9.4 5.0 (9.5)
G53.1440.07 1927041750 1929 17.58 17 56 23.2 J1922+1530 0.91x0.86 0.02 9.82x7.21 0.12 2.91x1.36 0.02 6.56X6.17 0.13 1.9 044(1.8)

#Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

bBeam sizes are from our re-analysis of the Sanchez-Monge et al. (2011) data.

“Distances from Pandian et al. (2009), based on methanol masers detected in these regions.

dInfrared Luminosity from Zhang et al. (2001), Traficante et al. (2015), Maud et al. (2015), Lu et al. (2014), Rathborne et al. (2010). In parentheses we give the distances used to obtain the luminosities.

et al. 1996; Lugo et al. 2004). Alternatively, HC HII regions
can be explained by ionized accretion flows, where the stellar
mass gradually increases due to accretion through the HC HII
region (Keto 2003). Also, Tan & McKee (2003) proposed that high
accretion rates for massive young stellar objects lead to higher
outflow rates, creating small, jet-like HC HII regions confined by
their outflows. The extremely broad radio recombination lines
observed in some HC HII regions can be attributed to bulk gas
motions, such as accretion, rotation, or expansion, with some
contribution from pressure broadening (Lizano 2008).

Unfortunately, there is no large sample of known hypercompact
(HC) HII regions to study their properties in a statistically
significant way. However, progress has recently been made in
this regard by two groups. Yang et al. (2021) identified 16 HC HII
regions in a sample of 120 HII regions, while Patel et al. (2023,
2024, 2025) report 46 confirmed and/or candidate HC HII regions.
Our previous studies discovered six candidate HC HII regions
within a sample of 24 HII regions using angular resolutions
of 6”and 9”(Sanchez-Monge et al. 2011). Nevertheless, these
sources could not be spatially resolved, and strong constraints
were placed on their properties. These regions were inferred to
be very compact, with sizes between 1 and 10 mpc and spectral
indices between 0.4 and 1.4. In this study, we investigated five
HC HII region candidates from Sanchez-Monge et al. (2011) by
conducting new observations at 2 and 6 cm to better constrain the
source properties.

We outline the observations and data reduction methods in § 2.
§ 3 reports our observational results. § 4 applies various models to
estimate the physical parameters of the sources, and § 5 discusses
our findings for each source. In § 6 we discuss our main results
and summarize the main conclusions of our study.

2. Observations

We observed five candidate HC HII regions, which were selected
from Sanchez-Monge et al. (2011) because they show 6.7 GHz
methanol maser emission (a tracer of high-mass star formation)
and little or no emission at 6 or 20 cm (suggesting a pre-
ultracompact HII region stage). All sources show extended 8
and 24 um emission, further supporting their identification as
very young high-mass star-forming regions. The sources are listed
in Table 1.

The observations were made with the Jansky Very Large
Array (VLA) of the NRAO! in the 6 and 2 cm (5.8 and
14.5 GHz) continuum emission using the B and C configurations,
respectively, during two observing runs in February and June

!The National Radio Astronomy Observatory (NRAO) is a facility of the
National Science Foundation operated under cooperative agreement by Associated
Universities, Inc.

134

2012 (project code VLA/12A-145). The observations were made
in scaled arrays; therefore, the synthesized beams were expected to
be approximately the same (~ 0.9") at both wavelengths. However,
during the 2 cm C-array observations, approximately one-third of
the antennas did not have 2 cm receivers installed, resulting in a
larger beam of ~2".

The observations at both wavelengths were made with a
bandwidth of 2048 MHz comprised of 16 spectral windows, each
containing 128 1-MHz channels at 6 cm and 64 2-MHz channels
at 2 cm. Right and left circular polarizations were sampled, and
the on-source integration time for each field was 10 minutes.

The amplitude and bandpass calibrator used was J13314+305
(3C286) with a calculated flux density of 6.4 Jy at 6 cm and 3.6 Jy at
2 cm using the Perley and Butler 2010 scale. The phase calibrators
were J1851+0035 (for G34.82+0.35 and G40.28-0.22) with flux
densities of ~0.8 Jy and ~ 1.0 Jy at 6 cm and 2 cm, respectively
and J1922+41530 (for G48.99-0.30, G53.04+0.11, and G53.14+0.07)
with flux densities of ~0.4 Jy and ~0.3 Jy at 6 cm and 2 cm,
respectively.

In addition, we used previous observations from Sanchez-
Monge et al. (2011). To ensure a uniform treatment of all the
data, we reduced their observations at 3.6 and 1.3 cm using the
same procedures as for the new data at 2 and 6 cm. Calibration and
imaging were performed using the CASA software. The observing
parameters of the maps (beam size and rms noise), as well as some
properties of the regions (kinematic distances and luminosities),
are listed in Table 1.

3. Observational Results

The five regions observed were previously reported by Sanchez-
Monge et al. (2011) using lower angular resolutions of
approximately 9”and 6”at 3.6 and 1.3 cm, respectively, which
are roughly six times lower than our resolution of 0.9”. With our
higher-resolution observations, we were able to resolve several
sources into multiple components.

We detected continuum emission at 2 and 6 cm toward all
regions and confirmed the previous detections at 3.6 and 1.3 cm
(see Figure 1). We find that two of the candidates for HC HII
reported by Sdnchez-Monge et al. (2011) are multiple systems
(G53.04+0.11 and G53.14+40.07), and we made a new detection
of one source (G53.04+0.11nw). The remaining three HC HII
regions are single-component sources (G34.82+0.35, G40.28—0.22,
and G48.99—0.30). We detected 10 sources in the five observed
regions, which are very compact (< 20 mpc) and mostly appear
as unresolved sources. In addition, their flux densities are mostly
between 0.1 and 1 mlJy, except for G48.99—0.20, which is about
~10 times stronger.
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Table 2. Observed Parameters o f the Continuum Emission

Source Peak Positioh Seer? Ss6em Soem Si-3em Size¢ R R! Spectral T°
(J2000.0) (J2000.0) (MmJy) (mJy) (mJy) (mJy) AU mpc Index K

G34.82+0.35w 185337.9 015030.6 0.14,0.01 0.33,0.02 0.26,0.01 <1.050.51-0.46 900 4 0.6,0.4 >24
G34.82+0.35e  185338.68 015013.6 0.42,0.02 0.66,0.05 0.64,0.01 <1.070.51+0.46 900 4 0.4,0.2 >73
G40.28*0.22 190541.21 0626 13.0 0.15,0.08 0.75,0.07 0.63,0.04 1.4,0.270.49°0.45 1200 6 1.64,0.07 >42
G48.99*0.30 192226.13 140639.7 5.68,0.12 7.7,06 9.0,02 9.4,0.770.47-0.43 1100 6 0.48,0.07 >1100
G53.04+0.11nw 192855.14 175209.7 0.36,0.03 0.46,0.02 0.52,0.02 <0.3670.46+0.43 2100 10 0.42,0.05 >75
G53.04+0.11sw 192855.49 175203.1 0.12,0.01 0.19,0.07 0.23,0.02 0.26,0.060.46°0.43 2100 10 0.71,0.07 >25
G53.04+0.11se 192855.68 175203.3 0.93,0.02 1.06,0.07 1.04,0.02 1.03,0.G®.46-0.43 2100 10 0.12,0.03 >190
G53.14+0.07sW 1929 17.55 17 56 18.8 <0.1 <0.60 0.30,0.05 3.3,4 3.591.10 1900 9 - 0.5
G53.14+0.07h 192917.58 1756 23.4 <0.1 <0.60 0.16,0.01 - £1.450.68 940 5 - >1.1
G53.14+0.07sk 192917.82 1756 20.2 <0.1 <0.60 0.17,0.01 - §1.450.68 940 5 - >1.2

aUnits of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Positions are obtained from
the 6 cm images except for the G53.14+0.07 region for which the 2 cm image was used.

bThe ux density limit for no-detection of the sources is set to 3 where is the rms noise of the maps given in Table 1.
®We use 6 cm maps to estimate the source sizes. In all cases if the sources are unresolved we use half the synthesized beam size. If the sources are

resolved we report the size deconvolved from the beam.

dThe radius is estimated as half of the geometric mean of the major and minor axes given in the Size column and using the source distance from Table 1.

€The brightness temperatures were calculated using the reported source size and 6 cm ux density, except for G53.14+0.07 for which the 2 cm values
were used. The brightness temperature is only used to calculate the parameters of G53.14+0.07.

fFor this source we use the 2 cm image for the position, size and brightness temperature.
90nly one source is detected at 1.3 cm owing to the lower angular resolution. The 1.3 cm ux shown for this source is the ux of the more extended

region.

In Table 2 we report the peak positions (from the highest
angular resolution 6 cm images), the integrated ux densities
(at all four wavelengths), and the measured source sizes (at
6 cm) de ned as half the geometric mean of the major and
minor axes, which were determined by tting 2-D Gaussians
with CASA. We used 6 cm images for these ts because they
have better resolution anduv-coverage than the 2 cm images.
The ux densities were measured using the IMFIT task in CASA,
which ts two-dimensional Gaussians to the image data. Most
of the sources were unresolved; therefore, the integrated ux
obtained was equivalent to that of a point source. In the few
cases with indications of resolved emission, IMFIT recovered
the total ux in a consistent manner. We also report in Table
2 the observed brightness temperature and the spectral index
obtained from a linear least squares tto S x between 1.3
and 6 cm. In most cases, the spectral index is consistent with
thermal free-free emission from (partially optically thick) Hll
regions or, alternatively, collimated/spherical winds. We discuss
both scenarios below.

4. Models and Methods Applied

4.1. HIl regions

The evolution of HIl regions is a complex process that develops
in clouds with varying densities. These regions may originate in
cores of constant density and spread toward other parts of the
cloud, where the density decreases following a power law. During
the formation and expansion of HIl regions, a critical exponent
plays a crucial role, as it determines whether the cloud will be
completely ionized (Franco et al. 1990). If the power-law exponent

disk-shaped clouds, this evolution can lead to the appearance of
neutral, high-velocity out ows (Franco et al. 1989).

In order to interpret the radio spectra of small HIl regions, we
employed models from Olnon (1975) to estimate the physical
parameters for spherical, cylindrical, and Gaussian geometries,
using the equations in Appendix A. We t the ux density as
a function of frequency by adjusting the free parameters of the
equations, which are the radius, R, and the electron density,n
for an isothermal 10* K plasma.

The results from the three models were very similar for each
source, with the parameters R and ppredicted by the models
falling within the errors of the t (Figure 3). For simplicity,
we present the results for the spherical distribution case only.
In addition, we report the emission measure, optical depth,
ionized mass, and minimum Lyman continuum photon ux
obtained from the spherical models. The ionized mass was
calculated assuming a homogeneous sphere of ionized hydrogen
of radius R and electron densityn,, usingM, = g R 3nemp. The

minimum Lyman continuum photon ux was derived by equating
ionizations and recombinations in the same volume, withN,, =

4 . . . .
3 R %n2 4, where g isthe case B recombination coe cient for

10" K gas. Varying the electron temperature between 8,000 and
11,000 K, results in an approximate 10% change of the radius
values and a 20% change of the electron density. Table 3 lists the
results of the tting process.

The Strémgren sphere model assumes a uniform density
structure. The spherical and cylindrical cases in the Olnon
models also adopt a uniform density, which explains the small
di erences between them. Because our sources were not spatially
resolved and the power-law models required more observational

exceeds 1.5, the HIl region may enter the so-called champagne constraints, we adopted a spherical distribution as the most

phase, characterized by supersonic expansion. Furthermore, in
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Table 3. Calculated parameters using Spherical Olnon Model

Source R R R Ne EM a Mi Ni logNi  SP L°

mpc AU 1P cm® 1 pccm® 10°M, 10* phot s* 10 L,
G34.82+0.35w 0.3,0.1 62 0.02 8,4 3.8 2.6,1.2,0.4, 1.7 0.055 44.74 B2 0.29
G34.82+0.35e 0.50,0.05 100 0.03 51 2.5 1.8,0.8,0.3, 6.2 0.10 45.00 B1 0.50
G40.28*0.22 0.32,0.05 66 0.02 24,10 37 29.1,13.5,4.7,1.7 7.8 0.60 4578 B0.5 1.10
G48.99*0.30 2.48,0.01 510 0.10 2.32,0.02 2.7 2.1,0.9,0.3,0.1 369.0 2.63 46.42 BO0.5 1.10
G53.04+0.11nw  1.22,0.01 251 0.03 2.94,0.02 2.1 1.7,0.8,0.3, 55.7 0.50 4570 BO0.5 1.10
G53.04+0.11sw  0.63,0.01 130 0.01 5.5,0.1 3.8 3.0,1.4,0.5,0.2 14.2 0.24 4538 Bl 0.50
G53.04+0.11se 2.6,0.1 536 0.058 1.3,0.07 0.88 0.7,0.3,0.1,0.04 244.5 0.95 4598 BO0.5 1.10

a calculated from the spherical Model for each wavelength(C, X, U, K) with detection (see Table 2).
bSpectral Type (SP) and Luminosity (L) based on log;Nrom Panagia (1973)

Table 4. Mass loss rate for the spherical stellar wind model

Sources M2 NP Radiug Mmte Lb Ld
10° M yr™t phot s Re 10° M yr™t 10 L, 10° L,
G34.82+0.35w 0.59 2.3:18 55 0.66 2.5 2.0
G34.82+0.35e 1.33 6.9:190 6.0 1.20 3.8 2.0
G40.28*0.22 0.98 6.9¢107 6.0 1.20 3.8 2.13
G48.99*0.30 15.9 4,2+10° 12.6 13.5 67.6 4.5
G53.04+0.11nw 5.02 6.6°1¢F 8.1 4.3 14.8 5
G53.04+0.11sw 2.22 2.2:19 6.5 2.2 6.5 5
G53.04+0.11se 10.2 2.3+19 10.7 9.2 39.8 5
G53.14+0.07sw 0.26 1.7:18 51 0.17 1.1 0.44
G53.14+0.07n 0.16 1.7.168 51 0.17 1.1 0.44
G53.14+0.07se 0.17 1.716 51 0.17 1.1 0.44

aMass loss rate Iff) determined from equation 1, with ux density at 5.868 GHz (Table 2), the distance for each source is from Table 1 and the terminal
velocity is taken as 1000 km'$ . For G53.14+0.07 the ux density at 2 cm (14.5 GHz) was used.

blonizing photon rate (N;), Radius (Re) and Luminosity (L) from Panagia (1973).
cMaximum mass loss rate ) determined from equation 2, parameters (Nand R) from Panagia (1973) and terminal velocity equal to 1000 kni's.
dLuminosity (L) from Table 1.

4.2. Spherical Stellar Wind

According to an alternative scenario proposed by Rodriguez et al. N W 2 v 2
(2012), the free-free emission may originate from a spherical 4—C5=2:9.1047L —ML 2 _M
(isotropic) stellar wind. Equation (1) relates the ux density to the st 10° Meyrt " 1Bkms*
frequency, mass-loss rate, terminal velocity and distance. The R 1

equation is attributed to Panagia & Felli (1975) and Felli & Panagia . 4m5 2

(1981), and assumes a temperature of 41 for the ionized gas
and a mean atomic weight per electron of 1.2.

4 3
45_5: 1:28 — OZGL M M To estimate the maximum mass loss rate for zero-age main-
mJy GHz 105 M yr? sequence (ZAMS) stars, we use equation 2, replacing With the
%4 3 2 closest value of ionizing photon rate (N) and radius (R) from
‘L Vg M 435 (1) Panagia (1973) and adopt a terminal velocity of 1000 kni's
1®kms? kpc The resulting mass loss rates are shown in column 5 of Table 4.

We also included the luminosity from Panagia (1973) and the

Adopting a typical terminal velocity of 1 km s™ (Rodriguez & infrared luminosity from Table 1 in Table 4. Except for two sources,
Canto 1983) and using the 6 cm ux densities reported in Table 2, G48.99 0.30 and G53.04+0.11se, the IR luminosity from Table 1
we can calculate the corresponding mass loss rates. These valuesand the luminosity of a similar ZAMS star are within a factor of
are reported in column 2 of Table 4. 3 of one another. Thus, except for these two cases, a spherical

Additionally, the minimum number of Lyman-continuum stellar wind is a plausible model. For the two exceptions, the large
photons needed to ionize the envelope\l, was derived by Felli &  luminosity excess reported in Table 4 cannot be explained by the
Panagia (1981) and is given by Equation 2. corresponding stellar spectral type.
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Table 5. Mass loss rate for Jet

Sources M2 M2 op”
106 M, yr't 106 M, yr't
i=45°and =27° i=25°and =10°
G34.82+0.35w 9 5 0.6,0.4
G34.82+0.35e 14 7 0.4,0.3
G40.28*0.22 1.6,0.1
G48.99*0.30 393 202 0.8,0.1
G53.04+0.11nw 89 46 0.7,0.1
G53.04+0.11sw 295 151 1.2,0.2
G53.04+0.11se 94 48 0.4,0.1

aMass loss rate obtained from the equation 3.
b op is the opaque spectral index.

4.3. Collimated Stellar Wind (Jet) from ATLASGAL continuum observations by Urquhart et al.

An alternative to the spherical wind model is a collimated wind ~ (2011). The clump temperatures ranged from 19 to 31 K, while

or jet. In this case, the mass loss rate can be estimated using the the clump masses ranged from 215 to 12300 MTable 6). For
results of Reynolds (1986). each source, we comment on the HIl region model and the two

stellar wind model results.

3.4
% - 0938 3 LM LV—NMiJS 5.1. G34.82+0.35
10° Mg yr Mp  1Ckms™ MY The G34.82+0.35 region, also known as IRAS 18511+0146, Mol75,
3 4 p 32 and RAFGL 5542, was proposed as a candidate precursor to a
‘ 10GHz 4@5 UC HIl region (Molinari et al. 1996). In addition, Vig et al.
Y045+3 gp_4 (2007) presented an extensive analysis and suggested that IRAS
e« 4" 5 [tan 0]374 18511+0146 is a protocluster with the most massive member being
10GHz a precursor to a Herbig Ae/Be star. They presented 450 and 850
T 0™ m images of a dusty molecular region about in size that showed
* 4W5 [sini] = evidence of internal structure. Their MIPS images at 70 and 24m
21 13/ *3 4 resolved the region into three distinct sources. The brighter two of
o« |1 = (3) these, Aand B, were considered active star formation sites, owing
cop¥2l o+ 0l to the presence of water and methanol masers in their vicinity, as

L . . determined by Urquhart et al. (2011, 22 GHz), Kurtz et al. (2004,
Here, o = L represents the ionized fraction of hydrogen, is 44 GHz), pandian et al. (2009, 6.7 GHz) and Fontani et al. (2010,
the mean particle mass per hydrogen atom, and, is the proton g 7 GHz). In addition, Zhang et al. (2005) reported a molecular
mass, assumed to be— 1.V, isthe colllmated wind velocity, oyt ow in the region, which they detected in the CO(2-1) line.

S isthe density ux at -5 GHz, T=10*K, D is the distance to the We nd two radio continuum sources: G34.82+0.35w,
region from Table 1, , is the turnover frequency, and , is the corresponding to Source A from Vig et al. (2007), and
opaque spectral index. The turnover frequencies were taken as 10 G34.82+0.35¢, corresponding to their Source B (see Fig. 1). The
GHz for all sources, except for G40.280.22 where we used 20 GHz. angular separation between the two is 21, corresponding to
The opaque spectral index ,, was determined between 6 and 8 g projected distance of 0.37 pc. G34.82+0.35w (source A) was
GHz. However, for the sources G34.82+0.35 and 40728.22, the  detected at 3.6 cm by Watt & Mundy (1999). Their image also
opaque spectral index was taken from Table 2 because the uxes shows weak 3.6 cm emission at the position of G34.82+0.35e
at 8 GHz appear to be a ected by extended emission, due to the (source B), but they did not report it as a detection. In our
larger beam size at that frequency. We calculated the jet mass loss phservations, both sources are unresolved at 2 cm and marginally
rate for two (arbitrarily chosen but reasonable) cases: one with resolved at 6 cm. G34.82+0.35e was detected by Sanchez-Monge
i=45°and (,=27°, and the other with i=25°and (=10°. Here,i  etal. (2011) at 1.3 and 3.6 cm, while G34.82+0.35w was marginally

represents the inclination angle of the jet with respect to the sky, detected at 3.6 cm and not detected at 1.3 cm. Both sources are
while ,isthe jetopening angle. The mass loss rates are presented shown in Figure 1.

in Table 5. . .
The salient aspect of the two sources is that G34.82+0.35w

is IR-loud and radio-quiet, while G34.82+0.35e is the reverse;
5. NOTES ON INDIVIDUAL SOURCES see Vig et al. (2007). Both sources are embedded within the same
In this section, we present the detailed results and discussion molecular cloud, which Vig et al. (2007) and Watt & Mundy (1999)
for the ve individual elds we observed. The sources are all estimate to have a mass of order 2M; the former based on
massive young stellar objects embedded in molecular clumps, 450/850 m observations, and the latter on CO observations. Thus,
whose temperatures were determined from ammonia observations the two sources appear to be distinct massive star formation sites
by Cyganowski et al. (2013), and whose masses were determinedwithin a single molecular core; their di erent behavior in terms of
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Table 6. Parameters of clumps associated with the regiofts

Region Tin(NH3)  F; (870 m) Clump Mass
K Jy My
G34.82+0.35 18.9 13.21 1000
G40.28*0.22 30.8 13.24 4200
G48.99%0.30 27.6 76.70 12000
G53.04+0.11 25.5 4.95 2800
G53.14+0.07 22.6 15.35 220

aAll values are from Urquhart et al. (2011, 2014) except for the
kinematic temperature of G40.28 0.22, which is from Cyganowski
etal. (2013). The clump masses assume a dust temperature of 20 K.

radio versus infrared emission perhaps indicates di erent stages
of development.

Vig et al. (2007) estimate that G34.82+0.35e is ionized by a
B2-B1 star, with a Lyman photon ux of i 1:3+10 “*s™ | in close
agreement with our spherical Hll region estimate of1:0+ 104 s |
Their bolometric luminosity of 4400 L, is also in good agreement
with our HIl region model estimate of 5000 L, also indicative

of a B1 type star. This close agreement suggests that a single sta

may be exciting the G34.82+0.35e region. That G35.82+0.35w is
weaker in radio, but substantially brighter in the infrared, suggests
that multiple protostars, of lower mass, are powering this region.

Considering the spectral indices of 0.4 and 0.6, the small sizes
of both sources, and their luminosities obtained via the ionizing
photon rate (0.29 andd:50 » 10* L,) which are less than the total
infrared luminosity of the region (2 « 10“ L), we consider that
these sources may be small and weak UC Hll regions. However,
the radio continuum properties are not exclusive of stellar winds
or jets, and we cannot rule out these possibilities.

5.2. G40.28*0.22

G40.28 0.22 is associated with IRAS 19031+0621, which is
embedded in an infrared dark cloud (IRDC) (Peretto & Fuller

2009; Cyganowski et al. 2008) and has been classi ed as an
Extended Green Object (EGO) (see Figure 2) and a candidate
Massive Young Stellar Object (MYSO) (Cyganowski et al. 2008).
Both the Bolocam Galactic Plane Survey (Rosolowsky et al. 2010)
and the ATLASGAL Survey (Csengeri et al. 2014) reported a
dusty cloud surrounding the radio continuum source. Class |

and Il methanol and water masers have been reported by Chen

etal. (2011), Pandian et al. (2009), and Cyganowski et al. (2013),

respectively. Pandian et al. (2010) detected 1.3 cm and 6.9 mm
continuum emission coincident with the 6.7 GHz methanol maser.
Their results suggest that the 6.9 mm emission has a strong
contribution from dust; thus, we do not include this point in
our modeling of the radio free-free emission.

Rodriguez-Esnard et al.

52 mpc, a mass of 25 M, and a density of 5.5810° cm™. We
note the general agreement between the reported molecular core
density and the ionized gas density.

In summary, considering the spectral index of 1.64 (between 5
and 22 GHz) as well as the small size, high density, and emission
measure, the source meets the usual criteria for a HC Hll region
(Kurtz 2002, 2005). If the source were a stellar wind, the radio
emission would imply a mass loss rate of approximatel¢0® M
year! corresponding to a stellar luminosity of 3.8 10* L, (see
Table 4), nearly a factor of 2 higher than the region's reported IR
luminosity of 2.13+10% L.

To our knowledge, there is no evidence in the literature for the
presence of an out ow in this region, and the radio continuum
morphology has not yet been spatially resolved. We consider this
source to be a prime candidate for detailed studies of HC Hill
regions.

5.3. G48.99-0.30

This region is part of the W51B complex (Koo 1999) and is
associated with IRAS 19201+1400. A continuum source was
reported by the CORNISH survey (Hoare et al. 2012) at 6 cm,
coincident with the IR emission. The Sanchez-Monge et al. (2011)
,data show a point source north of a possible bright rim ( Fig. 1).
Although several surveys in the infrared and radio continuum
have included this region (RMS, CORNISH, ATLASGAL, and
HI-GAL), the compact source has not been well studied. Water
(Nagayama et al. 2015) and methanol (Pandian et al. 2009) masers
have been found near centimeter source. (Nagayama et al.
2015) report a distance of 5.69 kpc based on VERA parallax
observations of the water masers.

As noted by Sanchez-Monge et al. (2011), extended emission
is present in this eld. To suppress the resulting imaging
artifacts, we used only visibilities from baselines longer than 20 k
corresponding to the largest angular size of 6 We detected the
point source G48.9% 0.30 at 6 and 2 cm wavelengths, as shown in
Figure 1 (along with the reprocessed data at 1.3 and 3.6 cm). An
infrared image is shown in Figure 2, where the bright rim can be
clearly observed. The source is associated with the most massive
(12,000 M) and hottest (27.6 K) clump among the four detected
within the IRDC by Tra cante et al. (2015).

Our tting procedure for an Hll region (Table 3) indicates that
the source is quite small (3.7 mpc), of high density (2:310° cm™®)
and has a high emission measure ¢310° pc cm™®). These results
and the spectral index (+0.48) suggest that the source could be
a HC Hll region. The Lyman photon ux could be provided by
a single ZAMS-type BO0.5 star, which would have a bolometric
luminosity of approximately 1:1 « 10%L ., somewhat lower than
the IR luminosity of 4:5 « 10L, reported by Maud et al. (2015).

Our analysis of the stellar wind scenario (Table 4) indicates that
this model is not viable because the stellar bolometric luminosity

Sanchez-Monge et al. (2011) report a single unresolved source jnferred from the ionizing photon rate would be 15 higher than

at 3.6 cm and 1.3 cm with an estimated size between 1 and 10
mpc and an emission measure of 10° pc cm® . We detect the
continuum source at both wavelengths (6 and 2 cm) as shown
in Figure 1, where we also show the re-processed 1.3 and 3.6 cm
images. In Figure 2 we show the infrared emission, exhibiting the
EGO characteristics.

The tresults (Figure 3, Table 3) indicate that the source is
small, with a radius of i 66 AU (0.32 mpc) with a high density
(2.4 10° cm™) and an emission measure of 3s5710° pc cm® .
The Lyman photon ux corresponds to a single ZAMS BL1 star.
Ge etal. (2014Yyeported that the EGO cloud core has a size of
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the IR luminosity of the region. Similarly, the jet scenario (Table 5)
is unlikely because the predicted mass-loss rate of 3.20% M
year?! is extremely high.

5.4. G53.04+0.11

This region is associated with IRAS 19266+1745, located at 9.4
kpc (Table 1) with an IR luminosity of 5» 10* L, (Lu et al. 2014).
Itis associated with a massive clump detected at submillimeter
wavelengths (Urquhart et al. 2014; Williams et al. 2004) with a
mass between 1300 and 2800 M A massive out ow, seen in CO,
was reported by Beuther et al. (2002b).
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(a) G34.82+0.35 (2 y 6 cm) (b) G34.82+0.35 (1.3 y 3.6 cm)

(c) G40.28+0.22 (2y 6 cm) (d) G40.28*0.22 (1.3 y 3.6 cm)

Figure 1. Radio continuum images. Radio continuum images. Left: Color map of the 2 cm emission (VLA-C) overlaid with a contour map of the 6 cm
emission (VLA-B). Right: Color map of the 3.6 cm emission (VLA-D) overlaid with a contour map of the 1.3 emission (VLA-D).The contour levels are
*3, 3,2"...32, n=2...5 of the map rms given in Table 1. The synthesized beams are shown in the bottom left corner of each map.

Only one continuum source was reported by Sanchez-Monge is the brightest of the three sources while G53.04+0.11sw is the
et al. (2011), which was detected at both 3.6 cm and 1.3 cm with faintest. All three sources are unresolved at our resolution; their
ux densities of 1.8 and 2.5 mJy, respectively. The RMS survey ux densities are listed in Table 2.
detected this source at 6 cmwith a ux density of 1.1 mJy (beam 53 04+0.11se at 6 cm and 2 cm corresponds to the 1.3 and
i 0.7 ) (Urquhart et al. 2009), and it was marginally detected (3-4 3 g cm continuum sources reported by Sanchez-Monge et al.

) in the 6 cm CORNISH survey (Hoare et al. 2012). Weak water, (2011), but with a lower angular resolution (7). With our better

class Il, and class | methanol masers were reported by Sridharan oo tion of 0.9°and 3"at 2 and 6 cm, respectively, we resolve
etal. (2002), Pandian et al. (2009), and Litovehenko et al. (2011). yhis source into two components, which we label as se and sw. In

After re-calibrating the data at 3.6 and 1.3 cm, we detected addition, with our better sensitivity, we detect a third (nw) source,
two sources (Figure 1). The southernmost source is brighter and Which is also evident in the re-imaged data at 3.6 cm. The ux
coincides with the source reported by Sanchez-Monge et al. (2011) densities for the three components are listed in Table 2.

and Urquhart et al. (2009). The more northern and westernmost  The swand se sources lie at the edge of the extended IR emission,
sources are fainter and were detected at 3.6 cm but not at 1.3 cm. 35 seen in the GLIMPSE data. The nw source is coincident with

In our new observations at 6 and 2 cm, we detect the northernas @1 IR point source, as seen in the GLIMPSE images (see Fig. 2).
well as the southern sources, and we resolve the southern source  More recently, IRAS 19266+1745 was observed by Rosero et al.
into two components. We label these three as G53.04+0.11nw, (2016) at 6 and 1.3 cm and by Rodriguez et al. (2023) at 7 mm.
G53.04+0.11se and G53.04+0.11sw (see Figure 1). The separatiorOur sources G53.04+0.11se and G53.04+0.11sw are associated
between G53.04+0.11nw and the southern sourcesii®.5 while  with the continuum sources A and B, respectively, as reported
G53.04+0.11sw is found 2.4west of G53.04+0.11se. The latter by Rosero et al. (2016). Their source C is located further south
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(e) G48.99*0.30 (2 y 6 cm) (f) G48.99*0.30 (1.3 y 3.6 cm)

(g) G53.04+0.11 (2y 6 cm) (h) G53.04+0.11 (1.3 y 3.6 cm)

(i) G53.14+0.07 (1.3y 2 cm)

Figure 1. Cont. Radio continuum images. For G53.14+0.07, the 1.3 cm emission (VLA-D) color image is overlaid with a contour map of the 2 cm
emission (VLA-C).

and is not reported by us, while our source G53.04+0.11nwisnot  We obtained at-to-positive spectral indices for the three
reported by them. Rodriguez et al. (2023) report 7 mm continuum  sources G53.04+0.11se €0.12), G53.04+0.11sw (=0.71), and
emission in sources C1, C3, and C5 (corresponding to se, sw and G53.04+0.11nw (=0.42), which are consistent with thermal
nw in our nomenclature). In all three cases, their ux densities  emission in HIl regions. However, this is inconsistent with the
appear to be dominated by dust emission; we do not consider ndings of Rosero et al. (2016) for their sources A and B (se and
them in our analysis. sw in our nomenclature). Although our 6 and 3.6 cm uxes
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(a) G34.82+0.35 (b) G40.28%0.22

(c) G48.99%0.30 (d) G53.04+0.11

(e) G53.14+0.07

Figure 2. Overlay of infrared emission at 8.0 m (red), 4.5 m (green), and 3.6 m (blue) taken from the GLIMPSE IRAC images (Churchwell &
GLIMPSE Team 2001; Benjamin et al. 2003). The radio sources we detect are represented on the maps by the cross symbol. The positions of class | and
class Il methanol-maser emission are indicated by diamond and square symbols, respectively, and the positions of water masers are indicated by circles.

In Table 7 we show the references for each region.
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