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ABSTRACT

Context. Theoretical models of early accretion during the formation process of massive stars have predicted that H I regions exhibit
radio variability on timescales of decades. However, large-scale searches for such temporal variations with sufficient sensitivity have
not yet been carried out.

Aims. Our aim is to identify HII regions with variable radio wavelength fluxes and to investigate the properties of the identified
objects, especially those with the highest level of variability.

Methods. We compared the peak flux densities of 86 ultracompact H 11 (UC H 11) regions measured by the GLOSTAR and CORNISH
surveys and identified variables that show flux variations higher than 30% over the ~8 yr timespan between these surveys.

Results. We found a sample of 38 variable UC H 11 regions, which is the largest sample identified to date. The overall occurrence of
variability is 44+5%, suggesting that variation in UC H 11 regions is significantly more common than prediction. The variable UC H 11
regions are found to be younger than nonvariable UC H1I regions, all of them meeting the size criterion of hypercompact (HC) H 11
regions. We studied the seven UC H 11 regions that show the highest variability (the “Top7”) with variations >100%. The Top7 variable
UCH 11 regions are optically thick at -8 GHz and compact, suggesting they are in a very early evolutionary stage of HCH 11 or UCH 11
regions. There is a significant correlation between variability and the spectral index of the radio emission. No dependence is observed
between the variations and the properties of the sources’ natal clumps traced by submillimeter continuum emission from dust, although
variable H II regions are found in clumps at an earlier evolutionary stage.

Key words. instrumentation: interferometers — stars: formation — HII regions — radio continuum: general

1. Introduction

The canonical picture of the evolution of volumes of gas ionised
by massive stars, known as HII regions, is one of smooth
expansion of overpressured ionised gas into a quiescent and
largely static ambient interstellar medium (e.g., Stromgren 1939;
Savedoff & Greene 1955; Krumholz et al. 2009; Churchwell
2002). While this is likely an accurate description for the late
stages of HII region expansion, much younger HII regions
must contend with dynamic, high pressure and high density
surroundings, coupled with high accretion rate flows that are
likely to be gravitationally unstable. Recent models of the early
stages of H1I region formation have shown that these phenom-
ena can have dramatic time variable effects on the ionization of
the H1I regions, and consequently their radio brightness (e.g.,

* Corresponding authors; yangay@ao.cas.cn; M.A.Thompson@
leeds.ac.uk; J.S.Urquhart@kent.ac.uk

Krumholz et al. 2009; Peters et al. 2010a,b; Klassen et al. 2012;
Meyer et al. 2017). Galvan-Madrid et al. (2011) calculated the
variability of ultracompact (UC) H1I regions from the models
presented by Peters et al. (2010a) and showed that the radio
brightness of around 10% of UC H1I regions were expected to
vary by more than 10% over a time frame of ten years. An
interesting result of the Galvan-Madrid model is that negative
variations are possible (i.e. the brightness of an UC H 11 region
may decrease), although positive variations are statistically
more likely.

Observational evidence for radio variability of HII regions
has been accumulating over the last two decades, beginning from
the measurement of the expansion rate of the archetypal UCH 11
region W3(OH) (Kawamura & Masson 1998) and of G5.89-0.39
(Acord et al. 1998) to several observational studies of individual
hypercompact (HC) and UC H 11 regions (van der Tak et al. 2005;
Galvan-Madrid et al. 2008; De Pree et al. 2015, 2018). Variability
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in the widths of radio recombination lines has recently been
observed in HC H 11 regions within W49A (De Pree et al. 2020).
Both positive and negative variability have been observed
(Galvan-Madrid et al. 2008; De Pree et al. 2018). Radio variabil-
ity seems to be an inherently rare process, with only a handful of
confirmed variables; however only a very small fraction of the
>1200 known UC or HC H 11 regions (Urquhart et al. 2022) have
been studied for variability and most of these occur in the most
extreme star-forming regions in the Galaxy such as Sgr B2 or
W49A. We currently do not have samples of sufficient statistical
power to test the hypotheses of Galvan-Madrid et al. (2011) and
fully understand the complex early accretion processes within
massive star-forming regions.

In this paper, we present the first statistically significant
study of variability in UC H1I regions based on the data from
two recent 5 GHz radio continuum Galactic Plane surveys, the
Coordinated Radio and Infrared Survey for High-Mass Star For-
mation (The CORNISH survey) (Hoare et al. 2012) and the
GLOSTAR survey (Brunthaler et al. 2021). Both of these sur-
veys cover the 10° </ < 60° region of the Galactic Plane, which
contains an estimated ~300 UCH 11 regions (Kalcheva et al.
2018; Yang et al. 2023). CORNISH and GLOSTAR data were
acquired in similar configurations with the classic the Very Large
Array (VLA) and the extended Karl G. Jansky Very Large Array
JVLA)!, respectively, giving them similar angular resolution, a
roughly common central frequency, and the same flux calibration
scale. The CORNISH data were taken between 2006 and 2008
and the GLOSTAR B-array data were taken between 2013 and
2016 (see Sect. 2). Thus, these data are well suited to UC H1I
region variability studies as there is an up eight year baseline
between them. Moreover, the higher sensitivity of GLOSTAR
allows a more precise recovery of the CORNISH detections.

We describe the CORNISH and GLOSTAR surveys and their
respective samples of UC HII regions in Section 2. Our method-
ology for identifying variable UCH1II regions between the two
surveys is detailed in Section 3, and the sample of identified vari-
able UCH 11 regions is presented in Section 4. We discuss the
implications of our findings, particularly in the context of the
predictions posed by Galvan-Madrid et al. (2011), in Section 5
and summarize our conclusions in Section 6.

2. The UCH1I region sample

Both GLOSTAR and CORNISH observations were made in the
C-band (4-8 GHz) in the B and BnA configurations of the clas-
sic VLA (or the upgraded JVLA in the case of GLOSTAR), so
the two surveys can be used for a comprehensive comparison of
flux densities®. The two flux calibrators 3C286 and 3C48 used in
the CORNISH survey (Purcell et al. 2013) and in the GLOSTAR
surveys (Brunthaler et al. 2021) are stable with flux density vari-
ations below 5%, as shown in Figure 8 in Purcell et al. (2013).
The CORNISH survey has baseline lengths ranging from

I The JVLA, originally named Extended VLA, available since 2011,
is an extensively upgraded version of the classic VLA, which was com-
missioned in 1980. Among other improvements, the JVLA’s much wider
bandwidth and more sensitive receivers provide much better sensitivity
and instantaneous frequency coverage (Perley et al. 2011).

2 GLOSTAR covered the same areas in JVLA’s B or BnA and D con-
figurations and, to acquire zero spacing information, with the Effelsberg
100 meter radio telescope (for an overview, see Brunthaler et al. 2021).
In this study, only the GLOSTAR B and BnA configuration continuum
data is considered.
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approximately 300 kA (i.e., 1”5) to 2kA (i.e., 2’) in VLA B and
BnA arrays and the survey is optimized to detect emission on size
scales up to 14" (Purcell et al. 2013). However, the GLOSTAR
survey tapered the uv coverage to have baselines larger than 50 k14
(i.e., detecting emissions with angular size scales up to 4"),
resulting in a poorer sampling for extended emission compared
to the CORNISH survey. Due to the differences in spatial fil-
tering, angular resolution, and uv coverage, the comparison of
the GLOSTAR and CORNISH radio flux densities is only valid
for compact sources defined in the two surveys, as addressed by
this study.

The GLOSTAR and CORNISH surveys have a considerable
overlap across Quadrant I of the Galactic Plane, although the
two survey areas are not identical. CORNISH observed a region
of the Plane in longitude 10° < £ < 65° (Hoare et al. 2012) in its
B-configuration, while GLOSTAR observed the longitude range
from —2° < £ < 60° plus the Cygnus X region, from which the
longitude ranges of 2°-40° and 56°-60° are published (Yang
et al. 2023; Dzib et al. 2023). Both surveys observed an identi-
cal range in latitude (|b| < 1°), and were imaged at similar central
frequencies (5 GHz for CORNISH and 5.8 GHz for GLOSTAR),
with similar angular resolutions of 1”5 for CORNISH and 1”70
for GLOSTAR. The observed noise levels of GLOSTAR survey
are lower, with a median r.m.s. of ~0.08 mJy beam™!, compared
to ~0.4 mJy beam™! for the CORNISH data. In terms of the tem-
poral baseline between the two surveys, CORNISH was observed
between 2006 July 12 and 2008 February 4. The GLOSTAR data
used in this study were taken between 2013 September 29 and
2016 October 28. The mean separation between the two surveys
is approximately eight years.

Within the overlap region of the published GLOSTAR B-
configuration data and the CORNISH coverage, 219 H 11 regions
were detected in the high-reliability catalog (S/N>70), including
184 UCH 11 regions (Purcell et al. 2013; Kalcheva et al. 2018).
Among the CORNISH UCHII regions, 56 UCHII regions
are compact (defined as sources with angular sizes <1.8” in
Purcell et al. 2013) and not associated with over-resolved emis-
sion structures. In the overlap region, GLOSTAR detected
353 H1I regions due to the better sensitivity, and 227 of them
are compact (i.e., UCHII regions), defined as sources with
Yiactor < 2 in GLOSTAR (Dzib et al. 2023; Yang et al. 2023),
where the Yp,cor 18 defined as the numerical ratio between inte-
grated flux density (or flux) and peak flux density (or brightness).
The identification process of variable HII regions is based on
comparing peak flux densities in the two UCHII region sam-
ples. The peak flux densities are used for comparison for the
following reasons. First, the integrated flux densities of UCH 11
regions are affected by different configurations and uv coverage
of VLA. This is because the UCH 11 regions are not perfectly
unresolved and have a hierarchical structure of ionized gas in
complex environments and their observed angular sizes are thus
always similar to the beam sizes under different beams, as seen
in Yang et al. (2019b, 2021). The flux density of compact sources
with sizes comparable to the beam size would be affected by the
uv coverage, as seen in Figure 15 of Plunkett et al. (2023). Addi-
tionally, the peak flux averaged over the beam rather than the
entire source is commonly used for the measurements of UC H 11
regions in complex regions (e.g., Wood & Churchwell 1989).
In addition, many UCH1I regions are detected by GLOSTAR
above 70, but are not detected by CORNISH above 70, which
makes it difficult to accurately measure their integrated flux
densities from CORNISH, as outlined in Sect. 3.
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3. Identification of Variable Hi1 Regions

We defined a sample of variable UC H1I regions based on the
ratios of peak flux densities measured in the GLOSTAR and
CORNISH surveys that are not over-resolved in complex emis-
sion regions. To allow a meaningful comparison of the peak
flux densities of compact sources, the GLOSTAR images were
smoothed to match the CORNISH beam size of 1”'5. The slight
differences in observational parameters between the two surveys
result in differences in the Fourier-space sampling (Perley et al.
1989), and the center frequencies. We conservatively estimate
that any flux changes under the 10% level might be questionable,
as discussed by Galvan-Madrid et al. (2011). To ensure that we
only consider true variability in the sample, we define an UCH 11
region as a variable if its peak flux densities measured in the data
from the two surveys have a greater than 30% variation fraction
(defined below).

A UCHII region is considered to be variable if it satisfies
any of the following criteria:

(1) The peak flux densities between GLOSTAR (S peaxc) and

CORNISH (S peakc) exhibit a variation fraction |fy,,| greater

than 30%, where fiar = (S peakG — S peakc)/S peakc, OF the flux

ratio S peakG /S peakc higher than 1.3 or lower than 0.7.

(2) A source is detected in CORNISH above 70, but is not

detected by GLOSTAR at the 70 level; o is the local r.m.s.

noise level, with | fya| > 30%.

(3) A source is detected in GLOSTAR above 70, but is

not detected by CORNISH at 70, and the GLOSTAR peak

S peakG 1s higher than the local CORNISH detection limit

(i.e., 30), with |fyar| > 30%.
Among the 227 UCHT1I regions in GLOSTAR (see Section 2),
56 of them are detected by CORNISH above 7¢. Criterion (1)
results in 22 (39.2%, 22/56) variable UC H1I regions detected
by GLOSTAR and CORNISH above 70, as shown in the top
panel of Figure 1. As all compact CORNISH UCH 11 regions
are detected in the GLOSTAR B-configuration images (Dzib
et al. 2023; Yang et al. 2023), no source meets criterion (2).
From 171 UCH 11 regions detected by GLOSTAR above 70 but
not detected by CORNISH above 70, we cannot determine the
flux variations for 141 sources (82%,141/171) using the two sur-
veys as these sources are below the 30 local detection level of
CORNISH (o is the local r.m.s. of CORNISH) and their flux
densities in CORNISH cannot be estimated. This leaves a sam-
ple of 30 UC H 11 regions higher than the 30 local detection level
of CORNISH that can be used to measure f,, in criterion (3).
To calculate the variations of compact HII regions meeting cri-
terion (3), we measured their peak flux densities and local r.m.s.
noise level (o) from the CORNISH images at the position of
each source. If the local peak flux density value is less than or
equal to 30, the 30 is used as the upper limit of the CORNISH
peak, as illustrated in panel b of Figure 1. If the local peak value
is greater than 30, the local peak value is considered the COR-
NISH peak, as illustrated in panel ¢ and panel d of Figure 1. The
determined CORNISH peak was used to estimate the flux den-
sity variation fi,. This results in 16 out of the 30 sources in
criterion (3) that have variation fractions |fya| > 30%.

4. Results

From the criteria outlined in the previous section, we obtained
a sample of 38 UCHII regions with variation fraction |fy,| >
30%, including 22 sources from criterion (1) and 16 sources
from criterion (3). Figure 2 shows the distribution of flux ratios

between GLOSTAR and CORNISH for all 86 sources (white)
that can be assessed using the three criteria and the 38 variable
UCH I regions (gray shaded) identified by this study. We dis-
play the GLOSTAR and CORNISH images at 5 GHz for the 38
variable sources in Figure 7.

Table 1 lists the physical properties of the seven most vari-
able H 1I regions, and the full table for the 38 variable sources
is available at the CDS. The source angular size s given in
Column 8 was derived from the geometric mean of the major
and minor axes /@uqjor X Ominor- The GLOSTAR peaks Speakg,
and the major (6qjor) and minor (Ginor) axes were measured
from the GLOSTAR smoothed images by 2D Gaussian fit using
AEGEAN (Hancock et al. 2012), and the deconvolved sizes

Odcon = ,/8% — beam? were determined by the strategy used
in previous studies for compact and young HII regions (e.g.,
Purcell et al. 2013; Yang et al. 2021; Patel et al. 2023, 2024).
The distances of natal clumps in Table 1, together with their
bolometric temperature, luminosity, and mass, were measured by
the 870 um APEX Telescope Large Area Survey of the Galaxy
(ATLASGAL Schuller et al. 2009) by Urquhart et al. (2018,
2022) and Hi-GAL (Elia et al. 2021). The remaining properties
in Table 1 are from GLOSTAR (e.g., Brunthaler et al. 2021; Dzib
et al. 2023; Yang et al. 2023) and CORNISH (Hoare et al. 2012;
Purcell et al. 2013; Kalcheva et al. 2018).

4.1. The variable sample

Among the 38 variables, 22 sources show a variation fraction
>50%. Nine sources exhibit the highest variability, with a vari-
ation fraction of >100%, indicating a peak flux density ratio
between GLOSTAR and CORNISH greater than 2.0 or less
than 0.5.

Kalcheva et al. (2018) compared images from CORNISH
and 6 cm data compiled by White et al. (2005) from various
VLA survey efforts, and found a total of nine variable UCH 11
regions. We identified three of these sources, namely G011.9786-
00.0973, G014.5987+00.0198, and G025.7156+00.0487, as vari-
able sources. The flux density ratios by Kalcheva et al. (2018) for
these three sources are roughly twice as large as the values we
find. This is expected since the time baseline in Kalcheva et al.
(2018) is 15 years compared to 8 years in this work. We discarded
three other sources, G16.3913-00.1382, G30.7579+00.2042, and
G30.7661-00.0348, because they are extended. For the remaining
three sources, namely G11.0328+00.0274, G23.4553-00.2010,
and G37.7347-00.1128, we find no significant changes between
the CORNISH and GLOSTAR observations, even though the
latter two are reported with very large changes in Kalcheva et al.
(2018). However, these three sources were not detected in the
earlier 6 cm data from White et al. (2005), and the variability
estimates were based on upper limits. Since the CORNISH and
GLOSTAR observations are much more similar than the earlier
6 cm observations with a lower spatial resolution, we do not con-
sider these three sources as variable. Furthermore, we note that
our sample of variables comprises 8 out of the 13 variable H1I
regions reported by Dzib et al. (2023) and Yang et al. (2023) with
5 variable sources were excluded because they are over-resolved
in complex emission structures, as outlined in Section 2.

The spectral indices between 4 GHz and 8 GHz for the 38
variables were measured by the GLOSTAR survey (Yang et al.
2023). In Figure 3, we can see that the 38 variables show a wide
range of spectral indices from —1.8 to +1.6. It is evident that
all sources with a spectral index above a4—ggu, = —0.1 (i.e.,
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Fig. 1. Examples of multi-band images of variable H II regions identified by criteria (1)—(3) in Sect. 3. We found that no source meets criterion
(2). From top to bottom: (a) Example of a variable H 11 region that meets criterion (1); (b—d) Examples of variable H 11 regions that meet criterion
(3): (b) using 30 as the upper limit of the CORNISH peaks to estimate the variation if 3¢ is higher than the local peak; (c) and (d) using the local
peak of the source to estimate the variation if the local peak is higher than 3¢-; From left to right: Three-colors composition image of Hi-GAL
(red =250 pm, green = 160 pm, blue = 70 um), GLIMPSE (red = 8.0 pm, green = 4.5 pum, blue = 3.6 pm), radio image of GLOSTAR and CORNISH
at 5 GHz. The noise level of CORNISH is 0.33 mJy beam™~'. The white circles in the lower left corner of each image show the FWHM beams of
Hi—-GAL (12" at 160 pm), GLIMPSE (2"), GLOSTAR (its B-configuration smoothed to 1.5"") and CORNISH (1.5”). The gray contours in the left
two panels show the ATLASGAL emissions at 870 um. The lime contours in the middle and right panels show the radio emission of GLOSTAR.
The image size is indicated at the top of each figure centered at the coordinates of each H 11 region. The GLOSTAR images have been smoothed to
match the beam size of 1.5” in CORNISH.
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Table 1. Variables observed in the GLOSTAR and CORNISH for 10° < £ < 40° and 56° < ¢ < 60° with |b| < 1°.

GLOSTAR B-conf 4 b RA Dec SpeakG +dS SpeakC +dS 05 6ycon diam Dist. fvar a +da
Gname ) () ) () (mly/beam) (mly/beam) () () (pe) (kpe) (%)

() (2) (3) “) (%) (6) (7 ® 9 109 dan a1z  (13)
G010.4629+00.0299% 10.4629 0.02988 272.15194 —19.87086 11.15+0.23 2.44+0.45 1.4 0.32 0.013 8.5 357.0 0.74+0.08
G010.4724+00.0274  10.47236 0.02742 272.1591 —19.86378 50.96+0.22 22.34+2.0 1.67 0.73 0.030 8.5 128.1 1.58+0.04
GO010.8851+00.1225x 10.8851 0.12249 272.28323 —-19.45668 3.51+0.11 1.71+0.38 1.32 0.32 0.004 2.8 105.2 0.93+0.12
G011.9039-00.1412 11.90387 —0.14122 273.04769 —18.69153 21.97+0.13 11.11x1.1 1.51 0.21 0.004 3.7 97.7 0.95+0.03
G014.6095+00.0125% 14.60949 0.01246 274.26125 —16.24118 3.63+0.08 1.76+0.39 1.49 0.32 0.017 11.2 106.0 -
G025.7094+00.0438x 25.7094 0.04377 279.51311 -6.40431 4.93+0.09 2.24+0.36 1.4 0.32 0.016 10.2 120.1 1.30+0.08
G030.3704+00.4824% 30.37037 0.48241 281.26131 -2.05938 2.91+0.06 1.39+0.33 1.39 0.32 0.014 9.2 109.3 0.99+0.17

Notes. Columns 1-5 correspond to the Galactic name, Galactic longitude ¢ and latitude b, and the right ascension (RA) and declination (Dec) of
the GLOSTAR sources. Columns 6 and 7 list the peak flux densities and the errors from GLOSTAR (Sycac + dS) and CORNISH (Spcaxc + dS)
under the same beam size of 1.5”. Sources with 65 > 1.5” (i.e., the beam size) in Column 8 are considered resolved, and their deconvolved sizes
O4con are determined in Column 9. Sources with s < 1.5” (i.e., the beam size) are considered unresolved, and their 6, and diam are considered
the upper limit values (flagged with a star x in Column 1), and the upper limit of 6,.,, is set to be 032, which corresponds to one standard deviation
of the distribution of beam sizes from the CORNISH survey (Purcell et al. 2013). Column 12 gives the variation fraction, as outlined in Sect. 3.

The spectral indices « and their errors da are listed in Column 13. The symbol “ —

” in Column 13 means that the « is unreliable. Only the Top7

variables are provided here. The full table of the 38 variables is available in electronic form at CDS.

10f - .

Number of sources

0

1.3 2.0 2?5 3?0 3?5 470
Flux Ratio (GLOSTAR/CORNISH)

0.2 0.7 4.5

Fig. 2. Distribution of flux ratio between GLOSTAR and CORNISH for
the 86 UC H 11 regions (white shaded) that can be assessed using criteria
(1)—(3). This gives 38 variable UC H1I regions (gray shaded) with flux
variation fraction |f,.;| >30%, which includes the purple area for those
with flux ratio >1.3 (or fi,, > 30%) and the green area for those with
flux ratio <0.7 (or fyr < —=30%). The bin size is 0.15.

consistent with optically thin or thick free-free emission), rise
in flux density in the eight years between the CORNISH and
GLOSTAR observations. On the other hand, the flux densities
of sources with spectral indices below —0.1 can be increasing
or decreasing. Because of their spectral index, these sources are
likely to contain significant nonthermal emission (e.g., from a
variable radio jet) as discussed in Yang et al. (2023). Consider-
ing the larger uncertainty in the spectral index in GLOSTAR for
weak sources (Yang et al. 2023), additional multi-band observa-
tions are required to accurately determine their spectra. However,
such analysis is beyond the scope of the current study.

Among the most variable sources with flux density ratios
below 0.5 or above 2, two sources showed a decrease in
flux density between the CORNISH and GLOSTAR obser-
vations. However, these two sources (G023.1974-00.0005 and
G028.4518+00.0029) also have a negative spectral index
a4-ggHz < —0.5 as shown in Figure3 and thus are likely to
be contaminated by radio jets in the star-forming regions, as
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Fig. 3. Flux ratio between GLOSTAR and CORNISH as a function of
the GLOSTAR spectral index at 4-8 GHz of the 86 sources, including
38 variables (black dots) with | f,,,| > 30% and the remaining 48 sources
(gray dots) with |f,,,| < 30%, as defined in Sect. 3. The purple shaded
area includes the variables with flux increase and the green shaded area
includes the variables with flux decrease, as outlined in Figure 2. The
red circles display the Top7 variable UC H1I region (see Sect.4.1 for
details), six of which have reliable spectral indices listed in Table 1.

discussed in Yang et al. (2023). The nonthermal radio jets with
negative spectral index are reported in Anglada et al. (2018),
and Obonyo et al. (2024) found 50% of radio jets from mas-
sive protostars emit nonthermal radiation based on the data from
the SARAO MeerKAT Galactic Plane Survey (Goedhart et al.
2024). The remaining seven variables exhibiting the highest vari-
ability (hereafter Top7) show positive spectra and have a flux
density increase from CORNISH to GLOSTAR, as shown in
Figure 3.

4.2. The occurrence of variability in UC HII regions

Out of the 227 UCH 11 regions detected in the GLOSTAR sur-
vey, 86 sources are suitable for analyzing variability based on
criteria (1)—(3), resulting in 38 variable sources. This gives an
overall occurrence of variability in our UCHII region sample
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of 44+5% (38/86). The uncertainties of the fractions are calcu-
lated from the standard error of binomial distribution of fraction
f, (e, v/ f = — f/(num)), where num is the sample size of
86 in this study). Taking into account the uncertainty, the frac-
tion of UCHTI regions with radio continuum flux variations
appears to be somewhat consistent with the fraction of infrared
continuum variability of 32.5% observed in the sample of 2230
star-forming clumps studied by Lu et al. (2024) based on the
NEOWISE database (Mainzer et al. 2011). The observed frac-
tion of 44% is larger than the predicted ~10% of observed
H1 regions that should have detectable flux variations on
timescales of ~10 yr in Galvan-Madrid et al. (2011). In the sim-
ulation of radio continuum flux variation of UCH1I regions in
Galvan-Madrid et al. (2011) for Run A with a single sink, they
predicted that 16.7+2.9%, 6.8+1.9%, and 4.7+1.6% are expected
to have flux increments larger than 10%, 50%, and 90%, respec-
tively, for two observations separated by 10 yr. The more realistic
Run B for a single sink with additional collapse events and
cluster formation in Galvan-Madrid et al. (2011) predicts a
smaller fraction of variable UC H 1I regions compared to Run A:
6.9+1.6%, 0.3+0.3%, and 0.0% of them are expected to have flux
increments larger than 10%, 50%, and 90%, respectively. In this
study we found much higher fractions of 50.0+5%, 23.3+4%,
and 8.1+3%, showing flux increments exceeding 10%, 50%, and
90%. Therefore, variable UC H1I regions could be significantly
more common than predicted. Given that the models used in
Galvan-Madrid et al. (2011) to simulate the radio flux variation
of UCHII regions do not include the effect of radio jets, the
higher fraction of variable UCHII regions found in this work
support that the variable sample is contaminated by radio jets in
star-forming regions, as discussed above. It is important to note
that the difference in wavelengths between simulations (2 cm) in
Galvan-Madrid et al. (2011) and observations (6 cm) in this study
may contribute to the inconsistency in variation fractions. This
is because the origin of observed variations could be due to the
density structures of young H II regions and their intermediate
to large optical depths, as mentioned in Peters et al. (2010a,b)
and Galvan-Madrid et al. (2011). The young H1I regions are
more optically thick with higher optical depths at the observa-
tion at 6 cm compared to the simulation at 2cm. A comparison
between simulations and observations in the same frequency is
thus needed to understand the discrepancy, however, this analysis
is beyond the scope of the current study.

5. Properties of variable UCH 11 regions
5.1. UCH II region properties

Figure 3, shows a strong correlation between the spectral index
a4—scHz and the flux ratio between GLOSTAR and CORNISH,
with a Spearman’s rank coefficient p = 0.6 and p-value <« 0.001,
indicating that variable sources with steeper spectral indices
(both negative and positive) have larger variations.

This trend, where steeper spectral indices are associated with
higher variations, is also significant when compared against the
entire sample of GLOSTAR UCHII regions with measured
in-band spectral indices. In the lower panel of Figure4, we
present the cumulative distributions of the spectral indices for
all GLOSTAR UCH 11 regions (GLOSTAR is used here as it has
the measured spectral index), our variable sample, and the Top7
variable objects. A Kolmogorov—Smirnov (K-S) test allows us
to reject the null hypothesis that variable UC H1I regions and
GLOSTAR UCHII regions are drawn from the same parent
population (p-value = 0.07).
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Fig. 4. Cumulative distributions of the physical diameter (top panel)
and the spectral index ay—ggp, (bottom panel) for the Top7 (blue) and
variable UC H 11 regions (red) of this work, and for the UC H 1T regions
(black) from the GLOSTAR (Yang et al. 2023) or CORNISH (Kalcheva
et al. 2018). A total of 32 of the 38 variable UC H1I regions have their
distances measured in Urquhart et al. (2018). The magenta line indicates
diam=0.05 pc, i.e., the size criterion of the HC H I regions. This indi-
cates that 100% of variable sources in this study meet the size criterion
of HCH1I regions. As the uncertainty in spectral index o, is large for
weak sources in GLOSTAR (Yang et al. 2023), we limit the sources
with o, < 0.1 here for @ comparison.

We also observe significant evidence of higher variability in
smaller UCHII regions, in the top panel of Figure 4 where we
plot the cumulative distributions of physical diameters diam for
the whole CORNISH UC H 11 sample (CORNISH is used here as
it has the measured physical diameters for UC H1I regions), the
variable UCH I regions, and our Top7 most variable sources
in this work. A K-S test again allows us to reject the null
hypothesis that the variable UC H1I sample and the CORNISH
UCH 11 sample are drawn from the same parent population with
a p-value <0.001. We note that many variable UC H I regions
are unresolved and have only upper limits to their diameters;
however, these upper limits show that 100% of them are con-
sistent with the expected diameters of HCHII regions (i.e.,
<0.05 pc).

The spectral index and diameter trend both support the
hypothesis that variability is greater in younger UC H1I regions.
Positive spectrum UCHII regions are among the youngest as
they evolve from optically thick to optically thin emission (e.g.,
HC H 11 regions; Yang et al. 2019a, 2021). Similarly, even though
young H1I regions may collapse and change brightness as they
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Fig. 5. Cumulative distributions of the clump properties such as bolometric luminosity Lo, mass Miymp, luminosity-to-mass ratio Lot /Meiump.
surface density X, bolometric temperature 7,1, and clump free-fall times 7 for the natal clumps of the Top7 variables (blue) and variable UC H 11
regions (red) from this work, as well as the GLOSTAR UC H 11 regions (black) and CORNISH UC H 11 regions.

evolve (Peters et al. 2010a), the overall picture is one of expan-
sion over time. Our variable UCHII region sample and the
Top7 variable UC H1I regions are among the youngest UCH 11
regions to be discovered. This is consistent with the theoreti-
cal picture presented by Peters et al. (2010a,b), where UCH 11
regions undergo frequent changes in brightness early on in their
evolution as they fluctuate between gravitationally trapped and
extended states. Alternatively, as young H 11 regions evolve, their
turnover frequency between optically thick and optically thin
regimes decreases (Kurtz 2005; Yang et al. 2021; Patel et al.
2023). Consequently, it is possible that the flux density at an
optically thick frequency increases, resulting from an evolu-
tion transition to optically thinner conditions. However, the flux
variations due to this transition of young H1I regions from the
classical model are tiny on such a short timescale of ~8 yr.

5.2. Clump properties

In Figs.5 and 6, we present the distributions of the clump
properties: the bolometric luminosity Ly, clump mass Mejump,
luminosity-to-mass ratio Lpoi/Mciump, bolometric temperature
Tvo1, surface density >, and the clump free-fall time 75 (Urquhart
et al. 2018, 2022) of the natal clouds for the variable UCH11
regions (red), the Top7 variable UC H1I regions (blue), and the
total UCHII region sample (back-grey) from CORNISH and
GLOSTAR. Figure 6 suggests that the natal clumps of variable
UCH1I regions do not exhibit any distinctive properties. This
is also supported by the cumulative distributions of the clump
properties such as Lyol, Mcump, Tbols 25» and #g in Figure 5, with
p-values >0.4 from the K-S tests between the two samples of
variable UCH1I regions and the total UCHII region sample.
However, significant differences are found in the Lyo1/Mciump
and Ty, with p-value «0.001 between the two samples. The
natal clumps of the variable UCHII regions are found to have
lower values of Liol/Mcump and Ty, indicating that they are in
earlier evolutionary stages with a lower bolometric temperature
(details see the evolutionary stages of the clumps classified in

Konig et al. 2017 and Urquhart et al. 2022), compared to the
natal clumps of the whole sample of UC H 11 regions. This sug-
gests that the variability observed in the UC H1I regions is not
related to the physical properties of clumps, but is significantly
linked to the evolutionary stages of clumps, preferably occurring
in the early stages of massive star formation.

Among the 38 variable UCHTI regions, outflow searches
were conducted in 26 of their natal clumps in Yang et al. (2018,
2022a), 15 (58%=15/26) of them are found to be associated with
molecular outflows, and 45% (17/38) of them are found to be
associated with methanol masers from the GLOSTAR survey
(Nguyen et al. 2022).

Among the Top7 variable UC H 11 regions, five of their natal
clumps have outflow searching, 60% (3/5) are found to be associ-
ated with molecular outflow clumps in Yang et al. (2018, 2022a),
and 88% (6/7) are found to be associated with methanol maser
emissions from the GLOSTAR survey (Nguyen et al. 2022).
From the total GLOSTAR HI1I regions sample, we found a
smaller percentage of ~37% (146/390) associated with methanol
masers and a similar fraction of ~56% (151/272, where 272 have
their natal clumps with outflow searching) associated with out-
flows, compared to the variable UCHII region sample in this
study. Given that outflows and methanol masers are indicative of
early evolutionary stages of massive star formation (e.g., Menten
1991; Chen et al. 2011; Qiu et al. 2009; Yang et al. 2022b; Luo
et al. 2023; Mai et al. 2024), this provides further evidence that
the variable UC H 11 regions sample and the Top7 are in the very
early stage of UC H 11 regions. This is also supported by the fact
that all of the variable UC H 11 regions in this study are found to
meet the size criterion of HC H 11 regions, and some of which are
identified as HC H1I regions in Yang et al. (2021).

Additionally, all of the natal clumps exhibit no infrared
variability, with one exception. The natal clump AGAL036.878-
00.474 displays infrared variability as observed by Lu et al.
(2024) based on the NEOWISE database. A connection between
the radio flux density and the natal clumps would be interesting
for future exploration.
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Fig. 6. Comparison of clump properties of the total UC HII regions
and variable UC H 11 regions. Top panel: spectral index as—sgu, UC H11
regions vs. the surface densities of their natal clumps for the variable
sample (red circles), and the Top7 (blue circles) (6 with reliable « in
Table 1), and the total UCHII regions (gray dots) from GLOSTAR
(only GLOSTAR here as it has the measured spectral index). Middle
panel: bolometric luminosity vs. the clump mass of the natal clumps
for the variable UC H 11 regions, the Top7, and the total UC H 11 regions
of CORNISH and CORNISH. Bottom panel: bolometric temperature
vs. the luminosity-to-mass ratio of the natal clumps for the variable
UCH 11 regions, the Top7 variable UC H 11 regions, and the GLOSTAR
and CORNISH UCH 11 regions. The error bars in each figure corre-
spond to a typical uncertainty of these parameters: 0.2 for @ (Yang et al.
2023), 25% for Th017 50% for Lbol» Mclump9 and Lbol /Mclump (Urquhart
et al. 2018, 2022).
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5.3. The most variable UC H11 region

From Figure 3, Table 1 and Figure 7, we observe that the UCH 11
region G010.4629+00.0299 exhibits the highest variability, with
its flux increasing from 2.44mJy in CORNISH to 11.15mlJy
in GLOSTAR, giving a more than fourfold increase over a
timescale of eight years. Flux changes have been reported on
several HCH I regions and UC H 1I regions over timescales of
several years (Franco-Herndndez & Rodriguez 2004; van der
Tak et al. 2005; Galvan-Madrid et al. 2008; De Pree et al. 2015;
Rivilla et al. 2015; Brogan et al. 2018; Hunter et al. 2018; De Pree
et al. 2018, 2020), showing typical variations of approximately
20-50%, with no reported examples of flux variations exceed-
ing 100%. This makes it the highest variability reported for H1I
regions to date over a short timescale of 8 years.

As discussed in Sect.5.2, no extreme physical properties
have been observed in the natal clump of this most variable
source. However, its natal clump displays high maximum outflow
velocities, with velocities twice as high as the mean value of the
sample of 1192 outflow clumps, as presented in Figure 5 of Yang
et al. (2022a). The most variable G010.4629+00.0299, together
with the second-most variable G010.4724+00.0274 classified as
an HCH1 region in Yang et al. (2021), are located in the
cluster environment of the complex star-forming region W31,
where various molecules (Hatchell et al. 1998; Ren et al. 2014),
H,0O maser (Hofner & Churchwell 1996), OH masers (Braz &
Sivagnanam 1987), and methanol maser (Green et al. 2010; Yang
et al. 2019b; Nguyen et al. 2022) have been detected. The clus-
ter and clumpy environment observed at submillimeter ALMA
(Gieser et al. 2023), mid-infrared (Pascucci et al. 2004), and
radio wavelengths (Yang et al. 2021) with angular resolutions of
<1.0”, and the clump-scale high-velocity outflows detected by
CO (Lopez-Sepulcre et al. 2009; Yang et al. 2022a), support that
the variations of UC H 1I regions preferably occur in young and
active massive star-forming regions, which might be connected
to the unstable and clumpy accretion flows.

6. Conclusion and summary

By comparing the CORNISH and GLOSTAR 5GHz surveys,
we identified a sample of 38 variable UCHII regions, the
largest sample of variable UC H 11 regions identified to date. The
high angular resolution of CORNISH (Hoare et al. 2012) com-
bined with the broadband sensitivity of GLOSTAR (Brunthaler
et al. 2021) and the detailed analysis of natal molecular clumps
(Urquhart et al. 2018) allowed us to examine the relationship
between variability and physical properties for the first time. Our
main conclusions are as follows:

1. Within the whole sample of 38 variable UC H 11 regions we
see that all sources with a decrease in their 5 GHz flux
density have a negative radio spectral index. We speculate
that these sources may be contaminated by nonthermal radio
jets. UCHII regions showing flux increases have a mix of
positive and negative spectral indices;

2. There is a significant correlation between the spectral index
and the CORNISH-GLOSTAR flux ratio. UCH I regions
with steeper spectral indices (both positive and negative)
show greater variability in their radio flux density. Variable
UCHII regions also have significantly smaller diameters
than the nonvariable sample. When considering distributions
of spectral index and diameter, we are confidently able to
reject the null hypothesis that variable UC HII regions are
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Fig. 7. GLOSTAR and CORNISH 5 GHz images for the 38 variable sources identified in this work. The beam size is 1.5 for each image in the two
surveys. Each figure is centered at the position of the identified H 11 region. Only a small portion of the sample is presented here, and the radio images
for the full sample of 38 variable UC H 11 regions are available in electronic form at Zenodo via https://zenodo.org/records/13906200.

drawn from the same parent sample as nonvariable UC H 11
regions. We hypothesize that the most variable sources
are also the youngest HII regions, with diameters and
spectral indices consistent with hypercompact H I1 regions.

3. When considering the most variable UCH I regions (the
Top7 subsample), we also find that they have positive spec-
tral indices, increase in flux density, and small diameters.

This is consistent with the Peters et al. (2010a,b) models

where the largest changes in brightness occur at the earliest
stages;

This may be due to the spectral evolution of the sample as the
H 11 regions transition from optically thick to optically thin at
5 GHz. This evolution would result in a gradual brightening
of the 5 GHz flux density;
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4. There is no significant correlation between the physical prop-
erties of the natal molecular clumps hosting the UCH 11
regions and their variability. However, we do find a signif-
icant difference in evolutionary indicators of the clump (T
and Lyo/Mjump) Whereby the younger clumps host the most
variable H 11 regions. This is consistent with our finding that
younger H II regions are the most variable;

5. The overall occurrence of variability within our UCHII
region sample (~44%) is larger than that predicted ~10%
by the models in Galvdn-Madrid et al. (2011), suggesting
that flux variation in UCHII regions is significantly more
common than predictions.

With the available observational data, we were able to identify a
large sample of variable UC HII regions on decade timescales
and uncover significant relations between variability and the
evolutionary stage of the UC H1I regions and their natal molec-
ular clumps. However, it is clear that a broadband monitoring
campaign of UC H 11 regions is required to understand the mech-
anism behind their variability, uncover details of their spectral
evolution, and hence constrain accretion models of the massive
star formation process.

Data availability

The full version of Tablel is available at the CDS via
anonymous ftp to cdsarc.cds.unistra. fr (130.79.128.5)
orviahttps://cdsarc.cds.unistra.fr/viz-bin/cat/J/
A+A/694/A26.

The full version of Figure7 is available in electronic form at
Zenodo via https://zenodo.org/records/13906200.
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