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Abstract

Studies of ultracompact H1I regions have shown that the Lyman-continuum photon (hereafter,
Ly-photon) rates inferred from the radio emission and values based on the infrared emission are
inconsistent with a rate estimated from radio being up to 90% lower. One possible solution to
this inconsistency is the presence of extended radio emission associated with the ultracompact
core, which is undetected by most interferometric arrays, due to the lack of very short baselines.
Since such extended emission would require a significantly higher rate of Ly-photons to keep
its ionization state compared to the compact core, its existence would also resolve the “age
problem of the ultracompact H 11 regions: the number of ultracompact H 11 regions observed in
the Galaxy is much larger than what is expected based on their dynamical age (sound crossing
time),” as there is no need to confine the ionized gas within the ultracompact core. To test this
hypothesis, we conducted a study of eight ultracompact H1I regions with extended emission
using radio data from the upgraded Giant Metrewave Radio Telescope (1.25-1.45 GHz) and the
GLOSTAR survey (4—8 GHz), and infrared data from the UKIDSS, 2MASS, MIPSGAL, and
Hi-GAL surveys. From our study, we found that the Ly-photon rate inferred from the radio
emission is consistent with that inferred from the total infrared luminosity to within 20-30%
when we include the extended emission. Furthermore, we identified the candidate ionizing stars
and observed that, in some cases, multiple stars were responsible for ionizing the neutral gas in
an ultracompact H 11 region. Here, we present the key results for one region (G19.68-0.13) out
of the entire list of our targets.

Keywords: ultracompact H1I regions, Lyman-continuum photon, dust emission, radio obser-
vation.
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1. The Ultracompact H 11 Region and High-mass Star Formation

Massive stars (M > 8 M) produce enough UV photons to ionize the neutral gas surround-
ing them, producing H1I regions that are bright at radio and infrared wavelengths. The H 11
regions are seen in different morphologies, such as spherical, cometary, core-halo, shell, and
irregular (Wood and Churchwell, 1989; Motte et al., 2018), which occur due to reasons such as
the motion of the star through the natal molecular cloud, density gradient in the environment, the
temperature gradient of the gas, etc. H1I regions are classified based on their size and electron
density, with regions with sizes < 0.1 pc and densities > 10* cm—> being called ultracompact
H 11 regions (UCHRs; Wood and Churchwell 1989; Kim and Koo 2001). Wood and Churchwell
(1989) and Kurtz et al. (1994) noted that the Ly-photon rate inferred from the radio continuum
emission of UCHRs was significantly lower (~ 90%) than that inferred from far infrared fluxes
measured by IRAS. This was suggested to be due to the absorption of Ly-photons by a large
amount of dust in the HII region. An alternate explanation for the missing Ly-photons is the
presence of extended radio emission surrounding the UCHRs at their center. Such an extended
emission associated with the central ultracompact (UC) core (or H1I region) requires 10 to 20
times more Ly-photons to maintain its ionization compared to the UC core alone (Kurtz et al.,
1999; Kim and Koo, 2001; de la Fuente et al., 2020). Since the extent of diffuse emission is
often underestimated on account of the lack of sensitivity of interferometers to large angular
scales, the Ly-photon rate from radio emission may be significantly underestimated. We have
studied eight UCHRs with extended emission at radio and infrared wavelengths to explore the
importance of extended emission. Here, the results for one region are showcased that has sim-
ilar morphological properties (e.g., the extended emission surrounding the UC core as seen in
the radio observations) to the rest of the targets.

2. Observations and Data Analysis

We observed the target H 11 regions using the upgraded Giant Metrewave Radio Telescope
(uGMRT; Swarup 1990; Gupta 2014) with the GWB correlator as the backend. The receiver
was configured to have a bandwidth of 200 MHz centered at 1350 MHz with 8192 channels
(BAND-5). The uGMRT has a native angular resolution of ~ 2" and is capable of detecting
angular scales up to 7/ in BAND-5. We used the radio sources 3C48 and 3C286 as the flux
density and bandpass calibrators according to their availability, whereas 1822—-096 was used as
the gain calibrator, which has a flux of 5.6 Jy in this band. The data were analyzed by using the
NRAO Common Astronomy Software Applications (CASA 5.7; McMullin et al. 2007) package.
In addition to the radio continuum, a total of four (H167« to H170) radio recombination lines
(RRL) were observed towards our target UCHRSs to study the velocity distribution of the ionized
gas.

Besides the radio data from the uGMRT, we have also used data from the global view on
star formation (GLOSTAR; Medina et al. 2019; Brunthaler et al. 2021) Galactic plane survey.
The GLOSTAR survey was carried out with the Karl G. Jansky Very Large Array (VLA) in
the most compact D-configuration and more extended B-configuration (for this work, we are
using data from the D-configuration) covering seven RRLs, and the continuum emission in
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full polarization within 4-8 GHz. The detected RRLs from both uGMRT and GLOSTAR are
stacked, leading to an increment in the signal-to-noise ratio by a factor of ~ 2. The stacked RRL

maps from these two surveys have a velocity resolution of 5kms~! and an angular resolution
of 25",

To construct a spectral energy distribution (SED) of the UCHRs at infrared wavelengths,
we have used data from the Spitzer GLIMPSE (3.6 um, 4.5 um, 5.8 um, and 8.0 um; Church-
well et al. 2009), Spitzer MIPSGAL (24 um; Carey et al. 2009), and HiGAL (70 um, 160 um,
250 pum, 350 um, and 500 um; Molinari et al. 2010) surveys. Before constructing the SED, the
mid-infrared images were processed using the MOsaicker and Point source EXtractor (MOPEX;
Makovoz and Marleau 2005) package to eliminate the point sources and estimate the total flux,
including the extended emission.

The Ly-photon rate is calculated from the observed radio continuum flux, from which the
spectral type of the parent star is also estimated if a single zero-age main sequence star (ZAMS)
was responsible for ionizing the entire region. Next, we constructed color-magnitude and color-
color diagrams using the near-infrared point source catalogs from the 2MASS (Skrutskie et al.,
2006) and UKIDSS-GPS (Lawrence et al., 2007) surveys to identify the candidate ionizing stars
accounting for the Ly-photon rate observed in the radio observations. The SED of dust was
modeled to determine the total infrared luminosity, which allows one to estimate the fraction of
photons absorbed by the dust. These steps were repeated for the individual sources, and in the
following section, we present the results for one of the targeted H I1 regions to demonstrate the
significance of extended emission in resolving the mismatch between the Ly-photon rates.

3. Results for the UCHR G19.68-0.13

The UCHR G19.68-0.13, a core-halo type according to Wood and Churchwell (1989), is
located at a kinematic distance of 11.7 kpc with Vi gr = 56.9 km s~ (Urquhart et al., 2018). We
measured the flux inside the 3o0-level contours, and it’s estimated to be 0.622 +0.012 Jy using
uGMRT at 1.35 GHz (left panel of Fig. 1), and 0.481 +0.018 Jy at 5.8 GHz from the GLOSTAR
survey (right panel of Fig. | —taken from Medina et al., in prep.). The in-band spectral index (o)
from the GLOSTAR survey is —0.098 = 0.006, which indicates that the emission is optically
thin in the 4-8 GHz regime. The value of the spectral index is broadly consistent with the
uGMRT flux showing that the emission is optically thin down to 1.35 GHz. The Ly-photon rate
is calculated using the following equation (Mezger and Henderson, 1967; Schmiedeke et al.,
2016),

My =476 x 102 V01 g? 5, 7,709

where Sy is the flux density in Jy, v is the frequency in GHz, d is the distance to the source
in parsec (pc), and T, is the electron temperature of the ionized gas (T, = 10* K, typical for a
galactic H1I region). For G19.68-0.13, the Ly-photon rate is estimated to be, log Ny = 48.80
and 48.77 for uGMRT and GLOSTAR, respectively. So, if a single ZAMS star was responsible
for ionizing the entire region, it would be of spectral type 06.5 or earlier (Martins et al., 2005).
Based on the analysis of near-infrared data, we detected five candidate stars (Fig. 2) with a total
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Figure 1: (left) The uGMRT radio continuum image of G19.68-0.13
at 1.35GHz with 6 = 60 uJybeam™!. The 2" beam is shown at the
bottom left corner of the figure. The contours start at the 30-level
of 0.18 mJybeam™! and increase in steps of 0.75 mJybeam™! there-
after. (right) The GLOSTAR radio continuum image of G19.68-0.13 at
5.8 GHz with 6 = 200 uJy beam~!. The 18” beam is shown at the bot-
tom left corner of the figure. The overlaid radio contours are identical
to those of the left panel.

Ly-photon rate (log Niy) between 48.21 and 48.85, which is sufficient to explain the ionization
of the H 11 region inferred from radio wavelengths.

Next, we studied the peak velocity distribution of the ionized gas (Fig. 3) across G19.68—
0.13 using RRL observations from uGMRT and GLOSTAR and found that the distribution is
smooth and continuous (without any abrupt changes in its value) across the extended emission
with a small gradient from the north-west to south-east direction (52—58 km s~!; shown using
a magenta line in Fig.3). A similar velocity gradient (54—-59 km s~!) is also discovered using
the data from the '2CO (3-2) High-Resolution Survey (COHRS; Dempsey et al. 2013) of the
molecular gas. This suggests that the extended emission has originated from the candidate
ionizing stars that formed within the same molecular cloud and is not a relic from an earlier
generation of star formation. The latter would have resulted in a discontinuity in the velocity of
1onized gas as one goes from the extended emission to the UC core (Garay et al., 1998; Kurtz
et al., 1999).

To compute the total luminosity from dust emission, the infrared SED (Fig. 4) of the H11
region from 500 um to 3.6 um was then modeled using the DustEM package (Compiegne
etal.,2011). (Check https://www.ias.u-psud.fr/DUSTEM/userguide.html for more details.) The
DustEM is a numerical tool that computes the SED of dust emission after taking into account
the effects of extinction, re-emission, etc. The main input parameters and keywords include
grain type, size distribution, optical properties and heat capacities of grain, etc. In this work,
we have used a dust model comprising polycyclic aromatic hydrocarbons, amorphous carbons,
and amorphous silicates with size distribution and physical properties as defined in Compiegne
et al. (2011). Since infrared emission is a result of emission from the central stars that are re-
processed by dust, one can use the luminosity of dust emission to estimate the total Ly-photon
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Figure 2: The candidate ionizing stars observed towards G19.68-0.13
using 2MASS and UKIDSS surveys. The star in cyan is of spectral type
09 or earlier, and the other stars are between B3 and O9. Altogether,
the total Ly-photon contribution (log/Npy) from these stars is 48.21 <
logNLy < 48.85.
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Figure 3: The peak velocity distribution maps of the ionized gas ob-
served using GLOSTAR (left) and uGMRT (right) at 25" resolution.
The beam sizes are shown at the bottom left corner of the respective
figures. The overlaid radio contours are identical to those of Fig. 1.
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Figure 4: The figure shows the fit to the infrared SED of G19.68-0.13
obtained using the DustEM package.

rate. Then, the fraction (f) of Ly-photons contributing to hydrogen ionization can be estimated
using the following equation (Inoue et al., 2001),

Lisst(8 — 1000 um) /Le, _ 1-028f
Niy/5.63 x 108351 f

; 6]
where LI‘}{‘S‘ is the integrated infrared luminosity between 8—1000 um. We have estimated
f =~ 0.78 for G19.68-0.13, meaning 78% of the intrinsic Ly-photons produced by the ioniz-
ing stars are not absorbed by the dust and contribute to maintaining the ionization of the H 11
region. Our estimation of f indicates that the fraction of Ly-photons absorbed by the dust is
roughly 20% (compared to ~ 90% before; Kurtz et al. 1994). Thus the detection of extended
emission surrounding the UC core significantly reduces the requirement of a large amount of
dust proposed in the earlier studies and provides an explanation for the Ly-photons that were
missing in the combined studies using the radio and infrared wavelengths. In their studies, Kim
and Koo (2001), Ellingsen et al. (2005), and de la Fuente et al. (2020) also obtained similar
results. Thus, our ongoing study, in combination with theirs, provides further evidence for the
role of extended emission in explaining the missing Ly-photons.

4. Conclusions

We have presented radio and infrared observations of the H1I region G19.68-0.13 using
data from the uGMRT and GLOSTAR surveys. Our analysis suggests that the ionizing star (if a
single ZAMS object) responsible for ionizing the H 11 region is of spectral type 06.5 or earlier,
and we have identified five candidate stars from near-infrared catalogs that can cumulatively
produce the observed Ly-photon rate.

Our study also provides insights into the dust absorption properties in the region. We have
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estimated that roughly 20% (20-30% based on the complete sample) of the Ly-photons pro-
duced by the ionizing stars are absorbed by dust in the H 1T region. Thus, the extended emission
plays a significant role in resolving the mismatch between the Ly-photon rates obtained from
radio and infrared observations.

Our findings emphasize the need for more extensive radio and infrared observations to
better understand the complex processes associated with the H 11 regions. The combination of
these observations can provide a more comprehensive understanding of the physical properties
of these regions and the underlying star-forming processes.
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