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Abstract

We present new observations of the C-band continuum emission and masers to assess high-mass (>8 M) star
formation at early evolutionary phases in the inner 200 pc of the Central Molecular Zone (CMZ) of the Galaxy.
The continuum observation is complete to free—free emission from stars above 10-11 M, in 91% of the covered
area. We identify 104 compact sources in the continuum emission, among which five are confirmed ultracompact
H I regions, 12 are candidates of ultracompact H II regions, and the remaining 87 sources are mostly massive stars
in clusters, field stars, evolved stars, pulsars, extragalactic sources, or of unknown nature that is to be investigated.
We detect class I CH3;0H masers at 23 positions, among which six are new detections. We confirm six known
H,CO masers in two high-mass star-forming regions and detect two new H,CO masers toward the Sgr C cloud,
making it the ninth region in the Galaxy that contains masers of this type. In spite of these detections, we find that
current high-mass star formation in the inner CMZ is only taking place in seven isolated clouds. The results suggest
that star formation at early evolutionary phases in the CMZ is about 10 times less efficient than expected from the
dense gas star formation relation, which is in line with previous studies that focus on more evolved phases of star
formation. This means that if there will be any impending, next burst of star formation in the CMZ, it has not yet
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begun.

Unified Astronomy Thesaurus concepts: Star formation (1569); Galactic center (565); H II regions (694);

Astrophysical masers (103)

1. Introduction

Observations toward the Central Molecular Zone (CMZ),
the inner ~500 pc of the Galaxy, suggest a large amount of
molecular gas (>10" M, mean density ~10* cm™; Bally et al.
1987; Longmore et al. 2013a). However, the measured star
formation rate (SFR) in the CMZ is about 10 times lower than
expected from the dense gas star formation relation extrapolated
from the nearby molecular clouds (Yusef-Zadeh et al. 2009; An
et al. 2011; Immer et al. 2012b; Longmore et al. 2013a; Barnes
et al. 2017). Various mechanisms (or combinations of them)
have been suggested to explain the inefficient star formation
in the CMZ, including inhibition of gas collapse by strong
turbulence (Kruijssen et al. 2014; Dale et al. 2019), episodic star
formation regulated by Galactic dynamics (Kruijssen et al. 2014;
Krumholz & Kruijssen 2015; Krumholz et al. 2017; Meidt et al.
2018; Kruijssen et al. 2019), and higher density thresholds for
star formation (Kruijssen et al. 2014; Federrath et al. 2016;
Krumholz et al. 2017).

Despite the advances in theoretical models, star formation in
the CMZ is not well-characterized observationally. Previous
studies have used infrared luminosities or young stellar objects

(YSOgs) in infrared bands of the CMZ to measure star formation
(e.g., Yusef-Zadeh et al. 2009; An et al. 2011; Immer et al.
2012b; Barnes et al. 2017). However, these approaches suffer
from heavy extinction in the infrared bands toward the Galactic
Center (Barnes et al. 2017) and contamination from more
evolved stellar populations (Koepferl et al. 2015). More recently,
star formation in a few clouds in the CMZ was characterized at
high angular resolution by using masers and ultracompact (UC)
H1I regions (Lu et al. 2015, 2019; Kauffmann et al. 2017a),
which are free of extinction and trace early-phase high-mass
(>8 M) star formation. A few CMZ-wide surveys of masers
have also provided important information on the distribution of
star formation in the CMZ (e.g., Caswell et al. 2010; Chambers
et al. 2014; Cotton & Yusef-Zadeh 2016; Rickert et al. 2019).
Here we report high-angular-resolution, high-sensitivity
observations of the C-band line and continuum emission toward
the inner CMZ carried out with the NRAO'® Karl G. Jansky
Very Large Array (VLA). Our observations feature a large
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Figure 1. Spatial coverage of the VLA observations. Cyan dashed circles show the fields, with field indices marked at the circle centers. The position of Sgr A* is
marked by an arrow, while approximate locations of the other three tiles (Sgr B2, Dust Ridge, Sgr C) are labeled. The background image shows molecular gas column

densities derived from Herschel (Battersby et al. 2011).

Table 1
Summary of VLA Observations
Obs. Date Field Indices” No. of Unflagged Antennas uv distance (k) Calibrators”
2016 Aug 21 8-17, 19, 21 23 2-230 3C 286, J1744-3116
2016 Sep 12 18, 20, 22-31 23 2-253 3C 286, J1744-3116
2016 Oct 4 1-7 25 4-472 3C 286, J1744-3116
Notes.

 Field indices are marked in Figure 1.
b Bandpass/flux calibrator and phase calibrator, respectively.

surveyed area combined with high resolution, which enables a
comprehensive census of masers and UC HII regions. We aim
to study high-mass star formation at early evolutionary phases,
in which protostars are deeply embedded in molecular gas and
dust, when near- to mid-infrared emission from star formation
is weak due to absorption. Therefore, they are best traced by
masers and free—free emission from embedded UC H II regions.
In Section 2, we introduce our observations. In Section 3, we
report maser and continuum source detections, and specifically,
the detection of several new masers toward high-mass star-
forming regions. Then, in Section 4, we identify candidates of
UC H1I regions from the continuum emission and discuss the
implications for star formation in the CMZ. We conclude and
summarize our findings in Section 5. Throughout this paper, we
adopt a distance of 8.1 kpc to the CMZ (Gravity Collaboration
et al. 2018).

2. Observations and Data Reduction

The VLA observations were carried out in the B configuration
in 2016 August—October with the project code 16A—173. A brief
summary of the observations is shown in Table 1. The C-band
receiver was used to cover six lines, including two CH30H lines
at the rest frequencies of 6.668 GHz and 5.005 GHz, a radio
recombination line H(111)« at the rest frequency of 4.744 GHz,
and three formaldehyde isotopolog lines H,CO, H, '*CO, and
H,C'®0 between rest frequencies of 4.389 and 4.830 GHz.
For each line, a velocity range of £200km s~ 'was covered. In
addition to the lines, a total of 16 wideband spectral windows
were used to cover a 2 GHz wide continuum between 4.2 and
6.9 GHz, but owing to strong radio frequency interference (RFI),
the available bandwidth for continuum imaging is less, with a
typical value of 1.7 GHz.

We targeted the inner 200 pc of the CMZ (Figure 1), where
high-mass stars are most likely to be forming given the high gas
column densities (Kauffmann & Pillai 2010). A total of 31 fields
were observed. The fields are not Nyquist-sampled, as we do not
target extended structures above the largest recoverable angular
scale of ~1’; therefore, mosaicked imaging is not required.
Among these fields, seven were used to cover the Sgr B2 region
in a hexagonal pattern (fields 1-7), and the others were used to
cover the high column density (21023 cm %) regions roughly
along the ring-like 100 pc structure seen in Herschel infrared
emission images (Molinari et al. 2010). Each field was integrated
for about 3.5 minutes in snapshot mode. The FWHM size of the
primary beam of the VLA at the central frequency of 5.56 GHz
is 7!5, and this size varies from 8’ to 7’ from the lowest to the
highest observed frequencies.

We calibrated the data following standard procedures using
CASA 5.4.0. Note that at this frequency band, significant RFI
exists.'” Therefore, we first used the rflag algorithm imple-
mented in CASA to automatically identify and flag RFI in the
calibrators, then performed a manual flagging to remove any
other significant RFI.

Then we imaged the lines and continuum using CASA 5.4.0.
For the primary target line, the CH;OH line at 6.668 GHz, we first
performed Hanning smoothing to merge every two velocity
channels in the calibrated data, in order to remove the effects of
Gibbs ringing. The resulting channel width is 0.35kms™'. We
used the uvcontsub task in CASA to subtract the continuum. Then
we imaged each field separately using the tclean task, with the
Briggs weighting and a robust number of 0.5. When there is a
strong maser detected in the field, we performed self-calibration
using its peak channel and applied the calibration tables to all

17 https: / /science.nrao.edu /facilities /vla/docs /manuals /obsguide /rfi
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Table 2
Comparison of CMZ Radio Continuum Surveys
Band/Frequency Resolution Sensitivity®

This work C-band/5.56 GHz 1" 0.025-0.5 mJy beam '
Becker et al. (1994) C-band/4.9 GHz 47 >2.5 mly beam ™!
Zoonematkermani et al. (1990) L-band/1.4 GHz 5" >1-2 mly beam ™'
Yusef-Zadeh et al. (2004) L-band/1.4 GHz 10” >0.16 mJy beam '
Lazio & Cordes (2008) L-band/1.4 GHz 2" >0.05 mJy beam ™
Lang et al. (2010) L-band/1.4 GHz 15" 3-4 mJy beam '

Note.

 Lower limits of sensitivities are noted with “>.” Real noise levels can be at least 10 times higher.

other channels. For the seven fields covering the Sgr B2 region,
two antennas were in longer baselines in the array during the
observation, which result in a smaller synthesized beam. To get a
larger beam size that is consistent with the other fields, we applied
uv tapering to the seven fields and achieved an image rms of
8 mJy beam ™' with a beam size of 1”2 x 170 in a channel width
of 0.35kms . For the other fields, we skipped uv tapering and
achieved an image rms of 7-9 mJy beam ' with a beam size of
2”1 x 172 in a channel width of 0.35kms ™",

Similarly, we imaged the CH3OH line at 5.005 GHz, the
H(111)a line, and the three H,CO isotopolog lines for each field.
Among them, the H>CO line is more complex: toward several
positions in Sgr B2, this line presents deep absorption that
extends beyond the velocity coverage of the spectral window
(£200 km s~ 1). This is verified in the wideband spectral window
(120 MHz bandwidth) that covers this frequency, where
absorption up to +400kms~'is found. Therefore, continuum
subtraction using the uvcontsub task creates artificial positive
intensities for local maxima (less absorption) between deep
absorption features. In Section 3.4, we will argue that this does
not affect our search for H,CO masers, but this issue will likely
hinder any further investigation of H,CO absorption toward
these positions in Sgr B2 using these data.

Finally, we imaged the continuum emission. We first
identified and flagged RFI using the rflag algorithm and then
manually flagged any significant residual RFI. As a number of
fields contain known extended continuum emission, we used a
different imaging strategy than that for the lines. We split the 31
fields into four tiles and mosaicked each one: the first tile mostly
covers Sgr B2 and includes fields 1-7; the second tile covers the
Dust Ridge (and Sgr B1) and includes fields 8—15; the third tile
covers Sgr A and includes fields 16-23; and the fourth tile
covers Sgr C and includes fields 24-31. We used the tclean task,
with n-term of 2, multifrequency synthesis, and multiscale
parameters of [0, 3, 10, 30], and gridded the tiles in a cell size of
0”3. The n-term of 2 was used to fit a linear function to the data
over a frequency range between 4.2 and 6.9 GHz to obtain the
spectral indices « as well as the uncertainty on the fit, o(c). The
spectral index « is defined by S, < v, where S, is the specific
flux at the frequency v. In addition, for the Sgr A and Sgr B2
tiles, where the continuum emission is sufficiently strong, we
performed self-calibration to improve the dynamic range,
although we found that the signal-to-noise ratio is only improved
by a factor of <2, likely because the noise is dominated by
partially resolved extended structures. The thermal noise level,
20 pJy beam ™', is not achieved in any of the continuum maps.
The measured noise represented by the rms is as low as
25 pJy beam™ 'toward a few small regions where the continuum

emission is undetected (e.g., in the southern part of the Sgr C
tile), and as high as 500 zJy beam ™" next to Sgr A* and Sgr B2.
In Section 3.2, we will construct localized noise maps to account
for the varying noise. As a final step, the Stokes-/ images (with a
central frequency at 5.56 GHz), the spectral index images («),
and the spectral index uncertainty images (o(«)) were corrected
for the primary-beam response using the widebandpbcor task.
The continuum images are publicly available at doi:10.5281/
zenodo.3361116.

In Table 2, we compare our continuum observation with
several radio continuum surveys that have covered the CMZ.
Our observation has a higher angular resolution and better
sensitivity than the C-band continuum survey of Becker et al.
(1994), which is part of the Multi-Array Galactic Plane Imaging
Survey (MAGPIS), as well as the four L-band surveys. The flux
of optically thin free—free emission from (UC) H1I regions has a
weak dependency on the observed frequencies (i.e., a spectral
index of —0.1 or slightly higher); therefore, the sensitivities at
the different frequencies can be directly compared. It then
follows that among the surveys in Table 2, our observations
deliver the best sensitivity combined with the highest angular
resolution that is optimal for the search of UC H1I regions.

To check the quality of the bandpass and flux calibration, we
imaged the continuum emission of the phase calibrator, J1744
—3116. This quasar presents a consistent flux of 0.74 Jy across
the three epochs of observations and a measured spectral index
between —0.03 (the first two epochs) and 0.02 (the last epoch).
If the spectral index of the quasar is invariant during the
observations, this suggests a systematic uncertainty of 0.05 in
the measured spectral indices.

3. Results

In this paper, we focus on potential star formation tracers,
including the continuum emission that may arise from HII
regions, the class I CH;OH maser at 6.668 GHz, and the H,CO
maser at 4.830 GHz. The CH;0H /H,CO/H, "*CO absorption,
and nonthermal continuum emission will be discussed in
forthcoming papers. The CH;OH line at 5.005 GHz, the H(111)
« line, and the H2C180 line are not detected at the 3o level.

3.1. C-band Continuum Emission

The C-band continuum emission images are presented in
Figures 2-5. Bright continuum emission is detected inside the
Sgr A (Figure 4) and Sgr B2 (Figure 2) tiles, which results in
dynamic-range-limited imaging and significant noise. Never-
theless, we carefully compared with previous observations and
found that the well-known features in these two regions are
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Figure 2. Overview of the Sgr B2 tile. The background image shows the VLA C-band continuum emission in the linear scale, which is truncated at an intensity of
0.01 Jy beam ™" to highlight faint sources. The unit of the color bar attached to the image top is Jy beam™'. The cyan dashed loop shows the FWHM of the primary
beam response of the mosaic. Small boxes mark identified compact sources, among which UC H 1I candidates and confirmed UC H II regions are labeled with “UC?”
and “UC,” respectively. Their zoom-in views are shown in the insets aligned on the right. Each inset, centered on the compact source, is 15" across, and the color scale
is adjusted to match the peak intensity of the source. In the last inset (C11/12 in this case), the synthesized beam is plotted in the bottom-left corner. The large dashed
box marks the region where masers are detected, and a zoom-in view is in Figure 6. Blue contours show column densities derived from the Herschel data (Battersby
et al. 2011), between [0.5, 5] x 10 cm 2 in steps of 0.5 x 10%* cm ™2, and then between [5, 15] x 10* cm 2 in steps of 2 x 10% cm 2. Names of individual
clouds (e.g., Sgr B2 in this tile) are labeled. The dashed diagonal line marks the Galactic latitude line at 0°.

clearly recovered in our images: the mini-spiral arms around
Sgr A* (e.g., Ekers et al. 1983; Lo & Claussen 1983; Roberts &
Goss 1993; Zhao et al. 2009, 2013, 2016; Tsuboi et al. 2016,
2017); the four H 1I regions in the Sgr A East region (associated
with the 50 kms™! cloud; e.g., Yusef-Zadeh et al. 2010; Mills
et al. 2011); and the prominent star-forming sites Sgr B2(N),
Sgr B2(M), and Sgr B2(S) (e.g., Mehringer et al. 1993, 1995;
de Pree et al. 1995, 1996; De Pree et al. 2015; Gaume et al.
1995).

The weaker continuum emission in the Dust Ridge and
Sgr C tiles also morphologically agrees with previous detec-
tions, although for some sources we do not find observations in
the literature at as high an angular resolution as ours. We
compared with radio continuum images toward the Dust Ridge
clouds (e.g., G0.253—0.025, Dust Ridge clouds c/e/f; Immer
et al. 2012a; Rodriguez & Zapata 2013; Mills et al. 2015;
Ludovici et al. 2016; Butterfield et al. 2018; Lu et al. 2019) and
the Sgr C cloud (Forster & Caswell 2000; Lu et al. 2019), and
found counterparts in our C-band continuum images.

Our observations recover emission at angular scales of ~1"—
60" and are not sensitive to emission above the angular scale of
60" (2.4 pc at the distance of the CMZ). Consequently, spatially

extended structures such as diffuse HII regions, supernova
remnants, and nonthermal filaments tend to be resolved out.
This is evident toward the radio-bright zone around Sgr A*
(~3’ across; specifically, the Sgr A East supernova remnant
shell; Zhao et al. 2016), as well as the radio filaments projected
throughout the CMZ (usually a few arcminutes; Yusef-Zadeh
et al. 2004; Lang et al. 2010), which are mostly resolved out in
our observations.

3.2. Identification of Compact Continuum Sources

We identified compact sources from the C-band continuum
emission, in which we search for UC HII regions later (see
Section 4.1). The typical size of UC HII regions is <0.1 pc
(Churchwell 2002), equivalent to <2”5, and therefore, we
should only consider compact (point-like) sources in our
observations of ~1”-2" resolution. There are more extended
(>2”5) sources that correspond to known H II regions (e.g., in
Sgr B2(M), Sgr B2(N), and Sgr A East; Gaume et al. 1995;
Mills et al. 2011; De Pree et al. 2015), but we excluded them in
the following discussion as they represent more evolved stages
of star formation.
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Figure 3. Overview of the Dust Ridge tile. Contours and symbols are the same as in Figure 2. The black contour shows the coverage of the HST Paschen-a survey of

Wang et al. (2010; see Section 4.1.2).

As discussed in Section 2, the continuum images are dynamic
range limited, especially in the Sgr A and Sgr B2 tiles, where the
thermal noise level (~20 zJy beam ') cannot be achieved. In
addition, partially resolved-out sources cannot be completely
cleaned and therefore increase the local rms. As a result, the rms
of the continuum images varies greatly across the maps. To
account for this varying rms level, we first constructed a noise
map for each tile with primary-beam-corrected images, using the
SExtractor package (Bertin & Arnouts 1996). As recommended
in Hales et al. (2012), we used a mesh size of 27 x 27 pixels,
corresponding to ~80 independent beams in one mesh given that
one beam encompasses about 3 pixels in one dimension. The
resulting noise map achieves a balance between reflecting local
rms variations and having a statistically robust sample of
independent measurements within each mesh. The median noise
level within the FWHM is 229 ;Jy beam ' for the Sgr B2 tile,
105 ;Jy beam ' for the Dust Ridge tile, 170 Jy beam ™' for the
Sgr A tile, and 53 pJy beam ™! for the Sgr C tile.

To identify compact sources, we employed the BLOBCAT
software (Hales et al. 2012), which has been adopted in several
radio continuum surveys (e.g., Bihr et al. 2016; Wang et al.
2018). BLOBCAT utilizes the flood-fill algorithm to detect and
catalog blobs, or islands of pixels representing sources, in 2D
images. The noise map and the primary-beam-corrected image
for each tile were fed into BLOBCAT. We set the detection
threshold to 50 and the flooding threshold to 2.60 as
recommend in Hales et al. (2012). In addition, to search for
compact sources, we put an upper limit of 800 pixels for the
source area, which correspond to a radius of ~0.2 pc. This
upper limit is slightly relaxed compared with the usually
adopted size of UC H1I regions (<0.1 pc) to allow for some
sources that appear spatially blended due to strong side lobes.
The largest radius we actually found is 0.16 pc (for C56; see
Table 3).

We further performed a visual inspection of the identified
sources and rejected artifacts, including apparent side lobes,
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Figure 4. Overview of the Sgr A tile. Contours and symbols are the same as in Figure 2. The black contour shows the coverage of the HST Paschen-a survey of Wang
et al. (2010; see Section 4.1.2). Note that the primary beam response of the mosaic, whose FWHM is represented by the green dashed loop, is unusually low around
Sgr A*. This is because the visibility data of this field is downweighted for the imaging due to higher noise than other fields in the mosaic.

partially resolved-out extended sources, and irregularly shaped
sources that are not point like. Sources outside of the FWHM
of the primary beam response were also excluded. Nonetheless,
toward extended structures that are significantly resolved out,
residual emission may still be misclassified as compact sources.
For example, C42 spatially overlaps with the Arched Filaments
(Yusef-Zadeh et al. 1984; Lang et al. 2001) that are mostly
resolved-out in our data and therefore could just be the residual.

Finally, we identified 104 compact sources. We took peak
coordinates, peak intensities, and integrated fluxes from the
output of BLOBCAT. We calculated areas of the sources using
the number of pixels reported by BLOBCAT, subtracted the
beam area quadratically (assuming a Gaussian beam with major
and minor axes reported in Section 2), and obtained beam-
deconvolved effective radii of the compact sources. Spectral
indices and their uncertainties at the peak intensities, derived
using the multiterm tclean of the C-band continuum in Section 2,
were extracted from the data products. These properties are listed

in Table 3. The positions of the compact sources are marked by
red boxes in Figures 2-5, where some closely packed ones are
marked by one single box.

Note that we avoided the Sgr B2 region (the dashed box in
Figure 2), the UC (and hypercompact, HC) H1I population of
which has been studied with higher angular resolution and
better sensitivity than ours as well as supplemental evidence
from radio recombination lines (e.g., Gaume et al. 1995; de
Pree et al. 1996; Sewilo et al. 2004; Zhao & Wright 2011;
De Pree et al. 2015). A total of 41 UC/HC HIU regions
were previously identified in Sgr B2 (Gaume et al. 1995;
De Pree et al. 2015).

Similarly, we avoided the Sgr A* region (the central
brightest part in Figure 4), where our C-band continuum image
is dynamic range limited and spatial filtering of the VLA causes
significant artifacts. In addition, due to the high noise level in
the visibility data, this region is significantly downweighted
among the mosaicked pointings in Figure 4 and lies mostly
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Figure 5. Overview of the Sgr C tile. Contours and symbols are the same as in Figure 2. The black contour shows the coverage of the HST Paschen-« survey of Wang

et al. (2010; see Section 4.1.2).

outside of the FWHM of the primary beam response. Although
we recover a few known compact structures (e.g., the four HII
regions in Sgr A East, the compact radio source G—0.04—0.12;
Mills et al. 2011), we do not discuss them further.

As shown in Figures 2-5, the identified continuum sources are
not randomly distributed among the four tiles as well as within the
tiles. For example, there is a concentration of sources, from C78 to
C98, toward the lower-left region of the Sgr C tile in Figure 5.
This is because we use the detection threshold of 5o where the o
value is position dependent. In this case, more sources tend to be
identified where the noise level is lower. If we use a fixed
detection threshold of five times the median noise level of the Sgr
B2 tile (the highest noise among the four tiles), the numbers of
identified sources in the four tiles are 11, 12, 13, and 8,
respectively, which are within the uncertainty of ~3 around the
mean value of 11 assuming Poisson statistics. Therefore, the
nonuniformity among the tiles, if there is any, is not clear based
on the current data. The lower-left region of the Sgr C tile has the
lowest noise among all the images (~30 yJy beam ™ "); therefore,
we were able to identify a large number of sources.

Assuming the continuum emission is solely contributed by
optically thin free—free emission from UC HII regions, we
estimated the detection limit in terms of stellar masses powering
the UC H I regions. With a characteristic election temperature of
8000K and following Mezger et al. (1974), we calculated
ionizing photon rates corresponding to the 5o detection threshold,
in which we used the median rms level in each tile as the 1o level.
Then, by comparing with the expected ionizing photon rates of
ZAMS stars (e.g., Davies et al. 2011), we obtained the detection
limit of the continuum emission, which ranges from 10.1 M, in
the Sgr C tile (where the median noise level is the lowest) to
11.6 M, in the Sgr B2 tile (where the median noise level is the
highest). Around Sgr A* and Sgr B2, where the rms is higher than
320 pJy beam ', the 50 detection limit is >12 M., though such
regions are a small fraction of the coverage area (<9%), and we
have avoided these two regions in our identification. Therefore,
except for small regions around bright continuum sources in the
Sgr B2 and Sgr A tiles, the continuum observation is complete to
free—free emission from all stars above 10-11 M (Bl type and
earlier) in 91% of the covered area.



Table 3
Properties of Compact Sources in C-band Continuum
HST WISE H1l Previous
ID R.A. and Decl. Toff Ipeakb Fimh (== (f(a)b’C Pa-« Regions Spitzer YSOs Herschel N(H,) CounterpartsEl Detections® Remarks
(Ref: of Compact Con-
J2000) (pc) (mlJy beam ™) (mly) W10) (Ref: Al4) (Refs: Y09, All) (Ref: B11) Against UC HII tinuum Sources
Cl 17:46:53.82, 0.01 0.99 + 0.19 1.19 £ 0.19 —2.67 £ 0.26 G000.674 N X(MO06)
—28:19:00.38 +00.083
Cc2 17:47:40.33, 0.03 2.95 +0.23 325+ 0.23 —0.14 +0.01 Y uc?
—28:20:06.11
C3 17:47:43.10, 0.02 1.99 + 0.19 1.69 + 0.17 —0.24 + 0.01 Y
—28:20:30.38
Cc4 17:47:22.61, UR 2.70 + 0.54 3.11 £0.54 271 + 1.81 Y
—28:24:54.22
C5 17:47:23.36, 0.02 3.23 + 0.58 457 +£0.60 —1.61 +£0.94 Y X(M06, M09)
—28:25:33.81
Cc6 17:46:38.51, 0.06 798 £ 046  12.09 £ 0.63 —0.48 + 0.01 N
—28:25:34.95
Cc7 17:46:37.94, 0.03 2.60 £+ 0.25 2.98 + 0.26 0.82 + 0.03 N
—28:25:51.14
C8 17:46:37.57, 0.03 2.71 +£0.28 320 +£0.28 —0.52 + 0.02 N
—28:26:00.44
Cc9 17:46:55.61, 0.04 1.35 £ 0.19 3.56 + 0.25 0.43 + 0.02 Y uc?
—28:26:07.60
C10 17:47:27.09, 0.03 1.45 +0.26 3.62 £ 030 —2.32+1.86 SSTGC805200 Y uc?
—28:27:24.80
Cl1 17:46:41.77, 0.02 3.53 + 0.30 3,19 £029 —1.10+0.03 Y 2L.C000.520
—28:28:16.71 +0.040(L08)
Cl12 17:46:41.86, 0.02 2.14 £ 0.27 2.10 £ 0.26  —3.50 + 0.63 Y
—28:28:18.21
C13 17:46:54.52, 0.04 3.87 £ 0.27 3.79 £ 0.25 0.00 £+ 0.01 N
—28:31:16.21
Cl4 17:46:30.17, 0.02 0.42 £+ 0.06 045 +£0.06 —0.70 £ 0.57 Y uc?
—28:32:13.62
Cl5 17:46:21.38, 0.04 0.45 + 0.07 0.85 +0.08 —1.60 + 0.98 Y 2L.C000.422
—28:32:27.39 +0.068(L.08)
Cl6 17:46:54.28, 0.13 6.96 + 041 2560 £ 129 —0.04 + 0.01 N 2L.C000.481
—28:32:39.01 —0.037(L08)
C17 17:46:45.90, 0.03 0.99 + 0.12 097 £0.12 —1.69 + 0.59 Y
—28:32:55.88
C18 17:46:31.14, 0.03 0.43 £+ 0.07 0.74 +£0.08 —2.52 + 1.87 Y
—28:33:18.42
C19 17:46:52.09, 0.03 0.72 £ 0.13 1.15 £ 0.13 —-0.24 £ 0.11 N
—28:33:31.53
C20 17:47:08.34, 0.10 6.77 + 0.41 1514 +£ 078 —0.80 + 0.05 N 2L.C000.477-
—28:34:47.82 0.100(L08)
C21 17:47:07.02, 0.02 0.86 &+ 0.15 1.16 £ 0.16 —1.72 + 0.70 N
—28:34:58.94
Cc22 17:47:06.06, 0.07 4.14 +0.27 648 £ 036 —1.24 +0.11 N
—28:35:10.36
C23 0.03 0.90 £ 0.07 0.83 £0.07 —-0.22 +0.10 Y ucC
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Table 3
(Continued)
HST WISE H1l Previous
ID R.A. and Decl. Totf Ipeukb Finl a + o(@)’* Pa-a Regions Spitzer YSOs Herschel N(H,) Counterparts” Detections® Remarks
(Ref: of Compact Con-
(J2000) (pc) (mJy beam™ ") (mly) W10) (Ref: Al4) (Refs: Y09, All) (Ref: B11) Against UC HII tinuum Sources
17:46:21.42, SSTGC639320,
—28:35:38.49 EGO gl6
C24 17:46:40.98, 0.08 3.18 £ 0.21 6.77 £ 036  —2.27 £0.23 N 2L.C000.413-
—28:35:40.90 0.022(L08)
C25 17:46:51.33, 0.09 7.06 £ 040 10.61 £0.55 —2.32+0.11 N X(MO06) 21.C000.426-
—28:36:09.94 0.058(L08)
C26 17:46:22.01, 0.06 0.32 + 0.06 1.29 £ 0.09 —1.81 £0.97 N
—28:36:13.00
Cc27 17:47:14.67, 0.03 2.05 £ 0.19 2.16 £ 0.19 —2.10 + 0.39 N
—28:37:49.51
C28 17:46:28.11, 0.03 0.64 + 0.11 1.07 £ 0.12 341 £ 1.70 N
—28:38:11.22
C29 17:46:33.35, 0.04 0.98 + 0.14 1.52 £ 0.15 —4.31 £ 1.50 N
—28:38:29.52
C30 17:46:06.18, 0.10 8.03 £045 12.89 + 0.66 0.13 + 0.01 N C112),
—28:39:46.76 JVLA2(R13)
C31 17:46:43.00, 0.12 745 +045 3084+ 155 —0.95+0.04 N 21.C000.352-
—28:40:13.89 0.068(L08)
C32 17:46:16.12, 0.09 1.50 £ 0.12 407 £022 —0.56 +£0.13 N JVLAT(R13)
—28:40:15.36
C33 17:46:59.46, 0.04 0.85 + 0.09 1.29 £ 0.10 —0.93 £ 0.44 N
—28:41:09.55
C34 17:46:20.18, 0.02 0.59 + 0.11 0.76 £ 0.11 —2.87 £ 1.72 N
—28:41:28.29
C35 17:46:39.62, 0.12 1.04 £ 0.09 7.15+ 037 —1.50 + 0.34 Y
—28:41:28.31
C36 17:46:04.17, 0.09 3.06 + 0.20 8.32 £ 043 0.12 £ 0.02 N B(112),
—28:42:33.54 JVLA1(R13)
C37 17:46:13.79, 0.05 0.81 + 0.11 1.88 +0.14 —0.41 £ 0.17 SSTGC618018? Y JVLA6(R13) uc?
—28:43:43.84
C38 17:46:23.07, 0.06 0.99 + 0.13 2776 £ 0.18 —3.01 £ 1.01 N N
—28:45:56.20
C39 17:46:23.70, 0.05 0.79 + 0.13 257 +£0.18 —2.33 £0.73 Y N
—28:48:22.00
C40 17:46:21.00, 0.11 2738 £ 1.51 64.18 £ 3.22 0.77 £ 0.01 N Y N3(Y87)
—28:50:02.19
C41 17:45:50.43, 0.04 2.05 +0.25 2.41 + 0.26 2.18 £ 0.96 Y N WR*(L05), ARI1(L0OS)
—28:49:21.66 X(M06,M09)
C42 17:45:46.82, 0.06 2.18 + 0.36 5.76 + 0.44 0.31 £0.12 Y N uc?
—28:49:54.38
C43 17:45:55.48, 0.07 1.22 £ 0.20 4.63 £ 0.30 0.16 + 0.08 Y N Mi*(GO1)
—28:50:10.81
C44 17:45:43.88, 0.08 271 £0.32 7.46 + 0.47 0.29 + 0.08 Y N F*2(H19) H13(LO01)
—28:51:32.79
C45 0.08 4.94 +0.43 7.76 £ 0.51 —0.41 + 0.08 Y N F*2(H19) H12(LO01)
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Table 3
(Continued)
HST WISE H1l Previous
ID R.A. and Decl. Totf Ipeukb Finl a + o(@)’* Pa-a Regions Spitzer YSOs Herschel N(H,) Counterparts” Detections® Remarks
(Ref: of Compact Con-
(J2000) (pc) (mlJy beam ") (mly) W10) (Ref: Al4) (Refs: Y09, All) Against UC HII tinuum Sources
17:45:43.75,
—28:52:26.50
C46 17:45:38.83, 0.05 3.55+0.33 539 +0.38 —0.39 £ 0.09 Y F*2(H19) H11(LO01)
—28:52:31.61
C47 17:46:02.98, 0.14 1657 £093 4827 £243 —0.29 + 0.01 Y PN(P16) N1(Y87),
—28:52:44.33 2L.C000.098-
0.051(L08)
C48 17:45:58.32, 0.07 4.03 +0.29 6.05 £+ 0.35 0.31 + 0.07 N X(Z18)
—28:53:32.39
C49 17:46:09.93, 0.12 1498 £ 0.87 39.66 + 2.01 —0.39 £ 0.02 N 2L.C000.078-
—28:55:05.23 0.093(L08)
C50 17:46:10.51, 0.07 7.21 £ 0.46 9.99 £+ 0.56 0.72 + 0.09 N
—28:55:49.02
C51 17:45:16.17, 0.02 1.10 £ 0.16 1.09 £+ 0.16 1.25 £ 1.03 Y WR*(M10),
—29:03:15.04 X(M09,Z18)
C52 17:45:24.04, 0.05 141 £ 0.13 1.62 £ 0.13  —0.93 + 0.60 N
—29:04:21.09
C53 17:45:11.82, 0.04 144 +0.11 124 £ 0.10 —0.53 +£0.35 N
—29:04:53.99
C54 17:44:58.63, 0.04 0.39 £+ 0.08 0.78 £ 0.08 —0.32 £ 0.19 Y uc?
—29:06:07.32
C55 17:45:17.81, UR 0.42 + 0.06 0.32 £ 0.06 —4.12 +£3.31 N X(M09)
—29:06:53.45
C56 17:45:22.12, 0.16 404 +024 1528 £0.77 —0.71 £0.13 Y SSTGC476516 uc?
—29:10:59.18
C57 17:45:40.82, UR 0.54 £+ 0.10 0.50 £ 0.10 —2.19 +£ 0.58
—29:12:10.31
C58 17:45:00.55, 0.04 0.58 + 0.08 .15+ 0.10 —1.86 £ 0.58 N
—29:10:07.70
C59 17:45:06.96, 0.04 0.66 + 0.13 1.69 £ 0.15 —2.35 £0.70 Y
—29:10:36.21
C60 17:45:01.08, 0.06 2.49 + 0.16 3.08 + 0.18 0.11 £ 0.01 N X(M06,M09)
—29:10:44.60
Co61 17:44:54.84, 0.05 0.52 + 0.06 0.85 +0.07 —0.32 £0.13 N
—29:11:22.07
C62 17:45:01.85, 0.07 0.35 + 0.07 2.04 £0.12 —0.65 £ 0.26 N
—29:11:54.80
C63 17:45:08.96, 0.02 0.53 £ 0.10 0.68 £ 0.10 —0.46 + 0.19 Y SSTGC441299 X(06)
—29:12:15.81
Co4 17:45:09.48, 0.05 0.79 £+ 0.10 1.61 +£0.12 —1.95 £0.51 Y
—29:12:23.61
C65 17:45:10.08, 0.02 0.49 + 0.10 0.63 £ 0.10 —1.49 + 0.67 Y
—29:12:28.41
C66 17:45:21.95, 0.14 436 £0.24  19.92 £+ 1.00 0.40 + 0.01 Y 2L.C359.720- uc?
—29:13:47.88 0.106(L08)
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Table 3
(Continued)
HST WISE H1l Previous
ID R.A. and Decl. Totf Ipeukb Finl a + o(@)’* Pa-a Regions Spitzer YSOs Herschel N(H,) Counterparts” Detections® Remarks
(Ref: of Compact Con-
(J2000) (pc) (mJy beam™ ") (mly) W10) (Ref: Al4) (Refs: Y09, All) (Ref: B11) Against UC HII tinuum Sources
Cco7 17:45:32.57, 0.01 0.42 + 0.08 048 £ 0.08 —1.90 + 0.70 N
—29:15:33.08
C68 17:45:22.87, 0.07 2.52 +0.14 2.94 + 0.15 041 £ 0.04 N
—29:15:50.27
C69 17:44:40.13, 0.04 0.20 + 0.04 047 £0.04 —2.05+ 1.34 N
—29:18:17.72
C70 17:45:26.36, 0.03 0.47 + 0.05 048 +£0.05 —0.60 &+ 0.31 N
—29:18:21.44
C71 17:45:31.39, 0.02 0.25 + 0.05 0.34 £ 0.05 —2.10 + 1.02 N
—29:19:35.80
C72 17:45:00.61, 0.04 0.33 + 0.05 0.66 £ 0.06 —2.99 + 1.75 SSTGC419271 N
—29:19:38.60
C73 17:45:32.36, 0.04 0.50 + 0.05 0.65 £ 0.06 —3.14 + 1.30 N
—29:20:02.79
C74 17:44:36.42, 0.08 1.54 £ 0.12 2.67 +£0.16 —2.34 +£0.33 G359.541 N 21L.C359.540-
—29:20:25.17 —00.023 0.023(L08)
C75 17:44:43.58, 0.06 0.59 + 0.07 1.41 +£0.09 —1.62 £ 0.61 SSTGC374813 N
—29:20:47.77
C76 17:44:57.83, 0.01 0.16 + 0.03 0.20 £ 0.03 —2.06 + 1.71 N
—29:21:24.49
Cc77 17:44:39.63, 0.08 0.51 +0.10 354 +0.20 —2.42 +0.60 N
—29:22:26.42
C78 17:45:20.36, 0.04 0.16 + 0.03 0.36 £ 0.03 —2.03 &+ 1.61 N
—29:22:33.18
C79 17:45:18.57, 0.03 0.29 + 0.03 0.33 £ 0.03 —2.35+ 1.64 N
—29:23:05.29
C380 17:45:15.06, 0.01 0.14 + 0.03 0.16 £ 0.03 —0.43 + 0.38 N
—29:23:27.51
C81 17:45:19.45, UR 0.13 + 0.03 0.13 +£0.03 —2.51 + 1.90 N
—29:23:28.39
C32 17:45:39.07, 0.04 0.46 + 0.05 0.60 +£ 0.05 —0.67 + 0.31 EGO g26 Y uC
—29:23:30.00
C83 17:45:39.35, 0.03 0.39 £+ 0.05 048 +£0.05 —1.89 £0.98 EGO g26 Y ucC
—29:23:30.90
C84 17:45:19.38, 0.05 0.13 £ 0.03 047 £0.03 —-235+1.79 N
—29:23:35.59
C85 17:45:11.83, 0.02 0.16 + 0.03 021 +£0.03 —1.72 + 1.38 Y
—29:23:37.71
C86 17:45:37.24, 0.02 0.27 £ 0.04 0.30 £ 0.04 0.17 £ 0.11 Y X(MO06)
—29:23:49.53
C87 17:45:11.23, 0.05 0.29 £+ 0.04 0.57 £ 0.04 —327 £227 Y
—29:24:16.11
C88 17:44:50.13, 0.05 0.44 £+ 0.05 0.70 £ 0.06 —1.99 £ 1.05 N
—29:24:19.63
C89 0.08 0.37 + 0.05 1.68 £ 0.09 —2.85+1.15 SSTGC400062 N uc?
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Table 3

(Continued)
HST WISE H 11 Previous
ID R.A. and Decl. Tetf Ipeukb Finl a + o(a)’* Pa-o Regions Spitzer YSOs Herschel N(H,) Counterparts® Detections® Remarks
(Ref: of Compact Con-
J2000) (pc) (mlJy beam™ ") (mly) W10) (Ref: Al4) (Refs: Y09, All) (Ref: B11) Against UC HII tinuum Sources
17:44:53.25, G359.513
—29:24:33.76 —00.111
C90 17:45:29.53, 0.04 0.69 + 0.05 0.68 = 0.05 —1.41 +0.44 N
—29:24:43.02
91 17:45:14.47, 0.02 0.15 + 0.03 0.24 +£0.03 —4.05 + 248 N
—29:24:44 .31
C92 17:45:06.55, 0.08 0.20 £+ 0.03 1.07 £ 0.06 —1.84 +1.19 N
—29:24:56.91
C93 17:45:15.22, 0.00 0.15 £+ 0.03 0.17 £ 0.03 —2.02 + 1.39 N
—29:25:03.51
C94 17:45:36.30, 0.06 0.30 £+ 0.05 1.21 £0.08 —4.07 +1.18 N
—29:25:22.24
C95 17:44:31.89, 0.05 143 +0.17 296 +0.21 —2.01 +0.28 Y 2L.C359.456-
—29:25:46.70 0.055(L08)
C96 17:44:54.35, 0.10 0.37 £+ 0.05 231 £0.12 —2.14 +091 Y
—29:25:58.07
C97 17:44:49.25, 0.03 0.25 £+ 0.05 041 +£0.05 —1.46 £ 1.17 SSTGC390425 Y uc?
—29:26:14.83
C98 17:45:14.84, 0.03 0.23 £+ 0.05 0.39 +£0.05 —1.90 + 1.01 N
—29:26:43.71
Cc99 17:44:44.54, 0.04 3.74 £ 0.22 3.35 + 0.19 0.69 + 0.04 Y uc?
—29:27:02.18
C100 17:45:20.44, 0.04 1.05 + 0.10 1.34 £ 0.10 —2.54 + 0.59 N
—29:27:46.98
C101 17:44:39.78, 0.07 0.97 £ 0.17 4.88 £ 0.29 —1.69 + 0.23 Y
—29:27:50.12
C102 17:44:41.16, 0.03 1.08 £ 0.14 1.41 + 0.15 —0.35 £ 0.07 Y H1(L19) ucC
—29:27:54.94
C103 17:44:40.17, 0.07 4.37 +0.30 6.16 = 0.36 —0.53 + 0.03 EGO g29 Y 359.44—0.10A ucC
—29:28:14.72 (F00), H3(L19)
C104 17:44:40.58, 0.07 6.31 + 0.37 7.03 +£0.38 —0.63 + 0.02 Y 359.44—0.10B
—29:29:03.03 (F00),
21.C359.425-
0.111(LO8)

Notes.

 Unresolved sources are marked by “UR.”

b Intensities, fluxes, and spectral indices have been corrected for primary-beam response.

¢ The systematic uncertainty in spectral indices of 0.05 is not listed.

d Counterparts that would argue against UC H 11 regions, with references in parentheses. The object types generally follow the abbreviation convention of SIMBAD: X—X-ray sources; Mi*—Mira variable stars; F*?—
possible field stars; WR*—Wolf-Rayet stars; PN—planetary nebula.

¢ Identifiers of previous detections of compact radio continuum emission using radio interferometers, with references in parentheses.

References. A11: An et al. (2011). A14: Anderson et al. (2014). B11: Battersby et al. (2011). FOO: Forster & Caswell (2000). GO1: Glass et al. (2001). H19: Hankins et al. (2019). I12: Immer et al. (2012a). LO1: Lang
et al. (2001). LO5: Lang et al. (2005). L08: Lazio & Cordes (2008). L19: Lu et al. (2019). M10: Mauerhan et al. (2010b). M06: Muno et al. (2006). M09: Muno et al. (2009). P16: Parker et al. (2016). R13: Rodriguez &
Zapata (2013). W10: Wang et al. (2010). Y87: Yusef-Zadeh & Morris (1987a). Y09: Yusef-Zadeh et al. (2009). Z18: Zhu et al. (2018).
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Several compact sources have been reported in previous radio
interferometer observations (not necessarily using the same
frequency band as ours; e.g., Yusef-Zadeh & Morris 1987a;
Forster & Caswell 2000; Lang et al. 2001; Lazio & Cordes 2008;
Immer et al. 2012a; Rodriguez & Zapata 2013; Lu et al. 2019).
We listed corresponding references and identifiers in Table 3. In
total, 24 out of the 104 compact sources have been identified
before, and the remaining 80 compact sources are likely new
detections. Among these previous observations, Lazio & Cordes
(2008) conducted a high-angular-resolution (~2"), high-sensitivity
(thermal noise level ~50 yJybeam ™', although the measured
noise level can be 10 times higher) survey of compact radio
sources at 1.4 GHz, covering a larger area than ours. Sixty of their
identified compact sources fall within our observation coverage,
and 13 have counterparts in our catalog (see the 2LC objects in
Table 3). Excluding 18 sources that are found in the Sgr B2 and
Sgr A* regions we have avoided, there are 29 sources that are
not included in our catalog. We compared these sources with our
data and noted that most of them are diffuse in our images, and
therefore were not identified as compact sources by us. This
accounts for 22 of the Lazio & Cordes (2008) sources not in our
catalog. The other seven sources not in our catalog all present
steep spectra with spectral indices of <—2 (Table 8 of Lazio &
Cordes 2008), and therefore are too weak at the C-band and
probably missed by our observations.

3.3. CH;0H Masers

We manually identified 6.668 GHz CH3;OH masers in the
images. After self-calibration, the dynamic range was significantly
improved, and the images were able to achieve the thermal
noise level (~8mJybeam '€ 0.35kms™ ") except for a few
channels in the Sgr B2 tile. Therefore, identification of masers is
straightforward with a visual inspection of maximum intensity
maps (the eighth moment maps as defined in CASA). We defined
the detection level for maser sources to be above the 50 rms
noise level and be found in at least two channels, where 1o
equals 8 mJy beam ™ 'per 0.35 km s~ channel. The corresponding
brightness temperature criterion is above 10° K. Therefore, any
identified emission should be nonthermal, and as such should be
masers, given typical gas temperatures of <300 K in the CMZ
(Ao et al. 2013; Ginsburg et al. 2016; Krieger et al. 2017; Lu et al.
2017). Multiple velocity components along the same line of
sight were classified as a single maser. In the end, we identified
23 masers. Their positions are marked in Figure 6, spectra shown
in Figure 7, and properties listed in Table 4.

All masers are spatially associated with molecular clouds in
the CMZ or in the foreground. Fourteen masers are detected
toward Sgr B2. Eleven of them have been reported in
Houghton & Whiteoak (1995) and Caswell (1996), and three
M2, M3, and M9) are new detections. Three masers are
detected in the Dust Ridge clouds: M15 is detected toward the
Dust Ridge cloud e, which has been reported in Caswell (2009);
M16 is detected toward Dust Ridge cloud ¢, which has been
reported in Caswell (1996); and M17 is spatially adjacent to an
HT region (“Brickette”; previous identified by, e.g., Giveon
et al. 2005; Immer et al. 2012a; Rodriguez & Zapata 2013),
which is also known (Caswell 1996). Three masers are detected
toward Sgr C, among which two (M22, M23) have been
reported in Caswell (1996) and one (M21) is a new detection.
Finally, three masers are detected toward a cloud in field 27
(“Pillar”), which has been suggested to be in the foreground: the
Gaia satellite measured a parallax of 1.3461 mas toward a bright
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source spatially coincident with the maser M20 (Gaia Collabora-
tion et al. 2018), which translates to a distance of ~740 pc.
Among the three masers detected in this cloud, M20 is known
(Caswell 1996) and two (M18, M19) are new detections. In
summary, 17 masers have been reported in the literature and six
are new detections. We will discuss the implication for star
formation in CMZ molecular clouds in Section 4.2.

Note that toward several positions in Sgr B2, the 6.668 GHz
CH;O0H line also shows absorption (e.g., M3 and M5, Figure 7),
but it is of much smaller magnitude compared with the maser
emission, and therefore does not affect our identification of
CH3;0OH masers.

3.4. H,CO Masers

H,CO emission above the 5o level is only detected toward
Sgr B2, Dust Ridge cloud c, and Sgr C. Therefore, we
manually identify H,CO masers in the images of just these
three regions. In Dust Ridge cloud ¢ and Sgr C, H,CO is only
detected in emission, thus the identification of masers is
straightforward. However, in Sgr B2, there is significant
absorption which could substantially reduce the peak intensity
of the maser emission.

With this consideration in mind, we checked the H,CO
image of Sgr B2 channel by channel and identified point
sources above the 5o level as compared to the surrounding
continuum level (which could be negative, if affected by
absorption) and detected in at least two channels. We found
five HCO maser candidates, as shown in Figures 6 and 7, and
three of them are indeed spatially coincident with strong H,CO
absorption (F1, F2, and F5 in Figure 7). All five H,CO masers
have been reported in Mehringer et al. (1994). Note that F2
shows a complex spectrum with strong emission and absorp-
tion features, among which we identified the channels at
~50kms 'as maser emission, in line with the finding of
Mehringer et al. (1994).

As for Dust Ridge cloud ¢ and Sgr C, we identified three
H,CO masers, as shown in Figures 6 and 7. The one in Dust
Ridge cloud c has been reported in Ginsburg et al. (2015). The
two H,CO masers in Sgr C are new detections. Properties of
the H>,CO masers are listed in Table 5.

4. Discussion
4.1. Identification of UC H II Regions

Five of the identified compact sources are spatially
associated with class1I CH3;OH masers (C23, C82, C83,
C102, and C103; see Sections 3.3, 3.4, Figure 6) and are
deemed to be UC H1I regions. For the other compact sources,
we attempt to investigate their nature by using C-band spectral
indices and correlations with the hydrogen recombination line
emission, infrared emission, high column densities, star clusters
and massive field stars, evolved stars, and X-ray sources.

4.1.1. C-band Spectral Indices

Thermal free—free emission from UC HII regions usually
present o« = —0.1 at <10 GHz, while it could become optically
thick in HC H 1 regions and present a higher spectral « of up to
2 (Sanchez-Monge et al. 2013). As shown in Table 3, after
taking into account the fitting uncertainties and the systematic
uncertainty (0.05), 25 out of the 104 sources present spectral
indices between —0.1 and 2.
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Figure 6. CH;0H and H,CO masers, marked by magenta circles and green diamonds, respectively. Background images show the VLA C-band continuum emission.
Red boxes mark the compact sources that are identified in the continuum (see Figures 2-5).

However, there are several caveats in interpreting the derived
spectral indices, which prevent us from confirming the nature
of the compact sources.
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The in-band spectral indices derived from our C-band data
may be biased, and those derived with a wider frequency range
may be different. For example, several known UC H II regions
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Figure 7. Spectra of the CH;0H and H,CO masers.

present spectral indices of <—0.1 in our data even after taking
the uncertainties into account: C102 and C103 are embedded in
the Sgr C cloud and have been identified as UC H1I regions
using K-band continuum at 23 GHz (labeled as H1 and H3 in
Sgr C; Lu et al. 2019). Both of them are associated with class I
CH;0OH masers, and C103 is also associated with a H,CO
maser (Sections 3.3, 3.4). Their C-band spectral indices are
—0.35 and —0.53, respectively. However, if we estimate
multiband spectral indices using the C-band and K-band data
(assuming 5% and 10% flux uncertainties, respectively), the
results are 0.34 £ 0.08 and —0.15 + 0.08, respectively, and
are consistent with thermal free—free emission from UC/HC
H I regions. The other case is the source C40 (also known as
N3; Yusef-Zadeh & Morris 1987a), which has a spectral index
of 0.77 &+ 0.01 in our measurement. However, it has been
observed in multiple bands with the VLA (Ludovici et al.
2016), and a broken power-law spectral profile is found—at
low frequencies (2-6 GHz), its spectral index is 0.56 £ 0.13,
which is in agreement with our result within the uncertainties,
but at high frequencies (10-36 GHz), the spectral index is
—0.86 & 0.11. As a result, it was ruled out to be a HII region
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by Ludovici et al. (2016) and could be a background AGN as
suggested by N. Butterfield et al. (2019, in preparation).

Therefore, the C-band spectral indices alone are insufficient
to confirm the nature of the sources. In the next section, we try
to correlate the compact sources with Pa-a emission, infrared
surveys, high column densities, and X-ray observations to more
robustly search for UC H1I region candidates.

4.1.2. Correlation with Other Surveys that Argue for UC H Il Regions

First, we compare the identified compact sources with the
Hubble Space Telescope (HST) Paschen-o survey toward the
inner part of the CMZ (see the black contour in Figures 3-5;
Wang et al. 2010; Dong et al. 2011). The detection of Pa-«
emission toward a compact source suggests thermal emission,
which could be from UC H I regions but could also arise from
evolved stars and planetary nebulae (see discussion in
Section 4.1.3).

Dong et al. (2011) compiled Pa-o emitting source catalogs.
Sources in the catalogs are point like with a resolution of 072
from the HST observations, and are mostly evolved high-mass
stars as suggested by the authors. The Pa-a emission associated
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Table 4
Properties of CH;0H Masers
ID R.A. and Decl. Voeak Foea™ Fint® Refs.
J2000) (kms™h) (Jy per channel) (Jy km sh
M1 17:47:24.74, —28:21:43.16 68.17 21.22 50.82 H95, C96
M2 17:47:18.66, —28:22:10:17 71.68 0.06 0.40 this work
M3 17:47:19.79, —28:22:12:64 73.44 0.05 0.24 this work
M4 17:47:19.27, —28:22:14:50 73.44 0.77 4.79 H95, C96
M5 17:47:19.54, —28:22:31:98 60.79 0.08 0.11 H95, C96
M6 17:47:20.04, —28:22:40:98 58.34 8.45 6.01 H95, C96
M7 17:47:18.65, —28:22:54:28 70.63 37.64 33.88 H95, C96
M8 17:47:19.87, —28:23:01:04 55.17 0.35 0.37 H95, C96
M9 17:47:20.15, —28:23:06:02 66.76 0.16 0.19 this work
M10 17:47:20.04, —28:23:12:46 60.44 4.55 2.66 H95, C96
Ml1 17:47:20.05, —28:23:46:42 50.61 5.02 10.05 H95, C96
M12 17:47:21.11, —28:24:17:95 48.15 17.71 16.02 H95, C96
M13 17:47:18.65, —28:24:24:63 49.55 56.06 102.11 H95, C96
M14 17:47:22.04, —28:24:42:33 50.96 3.46 3.34 H95, C96
M15 17:46:47.07, —28:32:06:86 27.90 2.00 4.80 C09
Mil6 17:46:21.41, —28:35:39:02 37.03 0.33 0.43 C96
M17 17:46:07.68, —28:45:20:48 49.33 2.94 5.31 C96
MI8 17:45:35.00, —29:23:15:05 29.69 0.20 0.15 this work
M19 17:45:39.86, —29:23:23:21 21.96 0.12 0.15 this work
M20 17:45:39.07, —29:23:29:96 19.50 41.23 64.62 C96
M21 17:44:41.31, —29:27:58:32 —55.66 0.24 0.24 this work
M22 17:44:40.18, —29:28:12:28 —56.72 0.98 1.91 C96
M23 17:44:40.61, —29:28:15:28 —46.88 63.92 61.13 C96
Notes.
 For masers with multiple velocity components along the line of sight, Vi, and the flux of the strongest peak is listed.
® Fluxes have been corrected for primary beam response.
References. C96: Caswell (1996). C09: Caswell (2009). H95: Houghton & Whiteoak (1995).
Table 5
Properties of H,CO Masers
ID R.A. and Decl. Vpeak Foea™ Fin Refs.
J2000) (kms™") (Jy per channel) (Jykms™)
Fl1 17:47:19.86, —28:22:12:82 75.15 1.18° 0.91° M94
F2 17:47:20.14, —28:23:04:23 50.41 0.09° 0.66° M94
F3 17:47:20.05, —28:23:46:58 49.93 0.21 0.70 M94
F4 17:47:19.58, —28:23:49:64 48.96 0.18 0.38 M94
F5 17:47:18.65, —28:24:24:57 48.96 0.29° 0.64° M94
F6 17:46:21.40, —28:35:39:09 36.96 0.88 1.54 GI15
F7 17:44:40.18, —29:28:11:96 —43.03 0.09 0.13 this work
F8 17:44:40.60, —29:28:15:10 —54.19 0.18 0.44 this work
Notes.

 For masers with multiple velocity components along the line of sight, V,y,, and flux of the strongest peak is listed.

b .
Fluxes have been corrected for primary beam response.

¢ Significant absorption is superimposed with maser emission (Figure 7); therefore, reported fluxes are lower limits.

References. G15: Ginsburg et al. (2015). M94: Mehringer et al. (1994).

with our compact sources tends to be diffuse and is not
cataloged by Dong et al. (2011). Therefore, we compare
directly with the Pa-ar image instead of the catalogs. Among the
104 sources identified in Section 3.2, 28 are within the
observed area of HST. Sixteen sources have Pa-a emission
counterparts. Nine of them have spectral indices <—0.1 after
taking systematic and fitting uncertainties into account. This
again demonstrates the limitation of using spectral indices to
infer the nature of the continuum sources.

Second, we compare with HII region catalogs, which are
mostly based on infrared emission, and in some cases with
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supplemental radio continuum data. Giveon et al. (2005) have
compiled a catalog based on MAGPIS 5 GHz continuum
emission (4" resolution; Becker et al. 1994) and Midcourse
Space Experiment infrared emission. However, after cross-
matching with our C-band images, we find that all of their
identified HII regions are diffuse structures (e.g., Sgr B2(M)),
and none matches with the compact sources we identify. The
other HII region catalog compiled by Anderson et al. (2014)
makes use of the Wide-Field infrared Survey Explorer (WISE)
data (~6" resolution at the shorter wavelength bands) and is
suggested to be the most complete one to date. We search for
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H1I regions in the catalog within a radius of 6” around our
compact sources, and find three matches, which are marked in
Table 3.

Third, we compare with the YSO catalogs of Yusef-Zadeh
et al. (2009) and An et al. (2011), both based on the Spitzer
infrared data. The Yusef-Zadeh et al. (2009) catalog used
24 pum data (~6" resolution) to identify 559 YSO candidates,
but may be contaminated by more evolved objects such as
main-sequence stars (Koepferl et al. 2015), and several
candidates were indeed ruled out later by An et al. (2011)
through infrared spectra (e.g., the one associated with C75,
SSTGC374813). It also includes 33 Extended Green Objects
(EGOs), a class of objects that are supposed to be associated
with massive YSOs (Cyganowski et al. 2008). We cross-match
between the YSO candidates and our compact source catalog
with a search radius of 6”, and find that eight sources (C10,
C23, C56, C63, C72, C75, C89, and C97) are coincident with
YSO candidates. The EGOs are usually spatially extended, so
we use a larger search radius of 9” (characteristic radius of
EGOs; Cyganowski et al. 2008) and find four matches (C23,
C82/C83, and C103), which have been classified as UC HII
regions given correlations with class I CH;OH masers. The An
et al. (2011) catalog is smaller, with 16 YSOs and 19 possible
YSOs that are selected from the Spitzer Infrared Array Camera
images (~2" resolution) and then spectroscopically classified.
We find only one match with a search radius of 2”: C37
matches with a possible YSO. All of these associations are
marked in Table 3.

Fourth, we compare with the Herschel column densities
(Battersby et al. 2011; C. Battersby et al. 2019, in preparation).
UC HT1 regions are deeply embedded in molecular gas, and
therefore should be associated with high column densities, although
sources of other nature can be projected onto this area by chance.
We apply a column density threshold of 5 x 10* cm ™2 (the lowest
contour level in Figures 2-5) and search for compact sources above
it. This column density threshold is chosen to be the upper limit of
the foreground column density toward Sgr B2 (Ginsburg et al.
2018; C. Battersby et al. 2019, in preparation), so any emission
above it is very likely associated with true gas components in the
CMZ while that below it could be in the background. Thirty out of
the 104 sources are found above the column density threshold and
marked in Table 3.

4.1.3. Correlation with Other Surveys that Argue Against UC H Il
Regions

Apart from star formation in molecular clouds, various
alternative processes may contribute to the observed compact
continuum emission. Here we compare our identified compact
sources with studies that target other objects, including field
stars, star clusters, and pulsars, to exclude potential contamina-
tion from those objects in our detections.

First, the two young massive star clusters in the CMZ, the
Arches and the Quintuplet, are known to host high-mass stars
with strong stellar winds and free—free emission that can be
detected in the radio continuum. We compare with the VLA
multifrequency observations of Lang et al. (2005) and find that
C41 is likely associated with a stellar member (source AR1 in
the Arches cluster; Lang et al. 2005).

Second, field stars may ionize surrounding gas and create
HII regions. One example is the Sgr A-H HI regions,
scattered in projection between Sgr A* and the Arches cluster
(Yusef-Zadeh & Morris 1987b; Lang et al. 2001), most of
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which are likely associated with field stars (Dong et al. 2017;
Hankins et al. 2017). We compare with the VLA multi-
frequency observations of Lang et al. (2001) and Stratospheric
Observatory for Infrared Astronomy (SOFIA) mid-infrared
observations of Hankins et al. (2019) toward this area, and find
that C44, C45, and C46 are spatially coincident with three
known H I regions (H13, H12, and H11) within a radius of 17,
which may be powered by massive field stars. We also compare
with Galactic Center-wide studies of massive field stars
(Mauerhan et al. 2010a, 2010b; Dong et al. 2015) and find
one match, C51, with a star in Mauerhan et al. (2010b) within a
radius of 1”.

Third, pulsars, X-ray binaries, stellar winds from massive
stars, and background active galactic nuclei (AGNs) can
contribute to radio continuum emission. These targets are
usually seen as point sources in X-ray emission, while UC H1I
regions may present diffuse X-ray emission (0.2 pc, 5" at the
distance of the CMZ; e.g., Tsujimoto et al. 2006) and therefore
can be distinguished. We cross-match with Chandra X-ray
point source catalogs of Muno et al. (2006, 2009) and Zhu et al.
(2018) with a search radius of 17, and find the following
matches: Cl1, C5, C25, C41, C48, C51, C55, C60, C63, and
C86. Among them, C41 and C51 likely originate from stellar
winds of massive stars as discussed above. The other eight
sources are unlikely to be UC HII regions either given their
association with X-ray point sources.

Lastly, evolved stars (e.g., planetary nebulae, PNe; Mira
variables) have thermal continuum emission that can be
detected in radio frequencies. We cross-match with the PNe
database of Parker et al. (2016) and find that C47 (also known
as N1; Yusef-Zadeh & Morris 1987a) is consistent with a
known PN. In addition, C43 is spatially coincident with a Mira
variable from the survey of Glass et al. (2001).

Some sources listed above are already unlikely to be UC HII
regions given negative spectral indices or the lack of
correlations in Section 4.1.2, but we do find a few sources
that meet two or more criteria in Section 4.1.2 yet still are of
nature other than UC H I regions (e.g., C41, C43, C47, C51,
C86). This is expected because massive stars or evolved stars
can present infrared and Pa-a emission and positive spectral
indices similar to UC H II regions, and may be located adjacent
to massive clouds where they are born (especially for the short-
lived massive stars), which explain the correlations found in
Section 4.1.2. We list all counterparts discussed in this section
in Table 3.

4.1.4. UC H Il Region Candidates and the Nature of the Other Sources

The above results demonstrate that a single criterion (spectral
index, Pa-a emission, WISE H1I regions, Spitzer YSOs, or
column densities) is insufficient to determine the nature of a
compact source. Therefore, we combine evidence from
different observations: if at least two of the criteria discussed in
Section 4.1.2 are met, then the compact source is taken as a UC
H 11 region candidate. In addition, if the source is found to have
any counterpart in Section 4.1.3, it is immediately excluded to
be a UC HI region. As shown in Table 3, we have 12
candidates in addition to the five confirmed cases.

Distances of the UC H1I candidates are still unknown, and
they could be in the foreground or background instead of lying
within the CMZ. Two cases are C82 and C83, which appear to
be associated with the CH3;0H maser M20 that is in the
foreground (see Section 3.3). Observations of recombination
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lines toward these candidates can both confirm the nature of the
continuum emission and yield velocity information that can be
used to infer the correlation with the CMZ along the line of
sight.

Of the 87 sources that are not identified as UC HII or
candidates, 15 have counterparts such as massive cluster or
field stars, X-ray point sources (pulsars, X-ray binaries, or
AGNs), or evolved stars. The remaining 72 sources are also
likely massive field stars, evolved stars, pulsars, or extra-
galactic sources instead of embedded UC HII regions, given
their negative spectral indices and lack of correlation with high
column densities. At least one of these sources, C96, presents a
double-lobe morphology, which may suggest radio lobes
associated with AGNs. A recent VLA 5.5 GHz survey of the
GOODS-North field detected 94 sources (including both star-
forming galaxies and AGNs) in an area of 150 arcmin?
(Guidetti et al. 2017), and three of them are above the flux
threshold of 0.56 mJy (corresponding to five times the median
rms of our observations). If this detection rate is representative
for background sources of extragalactic origins, in the area of
1100 arcmin® covered by our observations, 22 extragalactic
sources are expected. Therefore, we expect a substantial
fraction of the 72 sources to be background galaxies or AGNs.
Future observations of recombination lines as well as radio
continuum at different wavelengths will help clarify their
nature.

4.2. Implications for Star Formation in the CMZ
4.2.1. Class I CH;0H Masers and High-mass Star Formation

The 6.668 GHz CH3;0H maser is one of the radiatively
excited classI CH3;0OH masers, which are suggested to
uniquely trace high-mass star formation (Menten 1991;
Ellingsen 2006; Xu et al. 2008; Breen et al. 2013). Therefore,
it is not surprising that most of the 23 detected CH;OH masers
are associated with known high-mass star formation regions.
Among them, 12 out of the 14 CH3;0H masers in Sgr B2 are
associated with UC/HC H I regions (Gaume et al. 1995; De
Pree et al. 2015) or massive YSOs (Ginsburg et al. 2018), while
M2 and M11 do not have H1I region or YSO counterparts
within 17 (see next paragraph). The three masers in the Dust
Ridge clouds (M15, M16, and M17) are associated with (UC)
H1I regions or massive YSOs (Immer et al. 2012a; Walker
et al. 2018; Lu et al. 2019). The three masers in Sgr C (M12,
M22, and M23) are coincident with three (UC) H1I regions,
respectively (Kendrew et al. 2013; Lu et al. 2019). M20 in the
Pillar cloud is also coincident with a massive YSO traced by an
EGO (Yusef-Zadeh et al. 2009; Chambers et al. 2011, 2014),
although it is likely in the foreground, not in the CMZ.

Four masers are not clearly associated with any known high-
mass star formation activity. One of them is the previously
identified maser M11 in Sgr B2, which is 5” offset from the
H 1 region Sgr B2 H (or Sgr B2 South; Gaume et al. 1995) and
is spatially associated with the H,CO maser F3. The other three
are newly detected—M?2 in Sgr B2, and M18 and M19 in the
Pillar cloud, which are likely in the foreground together with
the YSO associated with M20 given their similar Vj;. Future
high-resolution (<1”) observations in the radio and submilli-
meter bands will help in the search for gas components
associated with these masers.

The 6.668 GHz CH;OH masers are rarer in the CMZ. relative to
the 22.235 GHz H,O masers (Walsh et al. 2011; Lu et al. 2019)
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and are concentrated in five high-mass star-forming regions
(excluding the foreground Pillar cloud). For example, in Lu et al.
(2019), we detected numerous H,O masers in a high-mass star-
forming region, the 20 km s~ cloud, but so far no class I CH;OH
maser has been detected toward this region.

The CH3OH molecule itself is abundant in the CMZ (Jones
et al. 2013); therefore, the relative dearth of the 6.668 GHz
CH;0H masers does not stem from the chemistry of interstellar
gas. It is more likely due to the excitation condition of this
maser, which is related to evolutionary phases or protostellar
masses of the high-mass star formation activities.

Among the clouds where classl CH3;OH masers are
detected, Sgr C, Dust Ridge clouds c/e, and the Brickette
cloud have infrared sources embedded in molecular gas and
spatially associated with the masers (Immer et al. 2012a;
Kendrew et al. 2013; Walker et al. 2018; Lu et al. 2019). For
Sgr B2, the infrared emission is usually saturated in observa-
tions, but we find massive YSO or UC H1I region counterparts
for most of the masers (Gaume et al. 1995; De Pree et al. 2015;
Ginsburg et al. 2018). Therefore, these clouds may provide
strong radiation from protostars to excite the CH;0OH masers.
The 20kms ™' cloud, on the other hand, does not contain
embedded infrared sources corresponding to the star formation
signatures traced by H,O masers and dense cores (Lu et al.
2019). It may be at an even earlier evolutionary phase, or may
not harbor protostars above a certain mass threshold that have
strong-enough radiation to excite class I CH;0H masers.

4.2.2. H,CO Masers and High-mass Star Formation

The 4.830 GHz H,CO maser has been detected in eight
locations in the Galaxy, all of which are high-mass star-forming
regions (Ginsburg et al. 2015 and references therein). Our
observations reveal Sgr C (specifically, the two (UC) HII
regions in it) as the ninth region with H,CO maser detection,
which is also a high-mass star-forming region. This may
suggest that the H,CO maser is exclusively associated with
high-mass star formation, same as the class II CH;0H maser.

Except for one H,CO maser, F4, the H,CO masers we detect
are always projected within 1” around class T CH;OH masers
or associated with the same (UC) HI region. This high
frequency of coexistence between the two types of masers
suggests the excitation condition of the H,CO maser is similar
to but is more stringent than that of the class I CH;0OH maser.
For example, the luminosity threshold of YSOs to excite the
H,CO maser may be higher, or the time period that allows
the excitation of the H,CO maser may be shorter. Exactly how the
H,CO maser is excited is still unclear (e.g., van der Walt 2014).

Ginsburg et al. (2015) discussed the relative prevalence of
H,CO masers in the CMZ as compared to the Galactic disk,
and our new detections reinforce this statement (three regions
in the CMZ versus six in the Galactic disk). As suggested by
Ginsburg et al. (2015), this may suggest that the H,CO masers
trace a very short period in high-mass star formation, and the
three occurrences of H,CO masers in the CMZ indicate an
ongoing burst of star formation, or this may be related to the
high abundance of gas-phase H,CO at small spatial scales
(~100 au) in the CMZ.

4.2.3. Inefficient High-mass Star Formation in the CMZ

Overall, we find evidence of early-phase high-mass star
formation traced by class I CH3;0OH masers and embedded UC
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Table 6
Summary of High-mass Star Formation Indicators
No. of UC/HC H1I Refs. for UC/HC H It No. of Class T CH;OH No. of Unique SFR® (107 M,
Regions Regions Regions Masers Indicators® yr Y
Sgr B2 41 G95, DIS 14 50 21.5
Dust Ridge cloud e 1 L19 1 1 0.4
Dust Ridge cloud ¢ 1 this work 1 1 0.4
Brickette 0 - 1 1 0.4
The 50 km s~ cloud 1 E83, M11, L19 0 1 0.4
The 20 km s~ cloud 1 L19 0 1 0.4
Sgr C 2 F00, L19, this work 3 3 1.3
Total 47 20 58 249
Notes.

# Class 1 CH;0H masers spatially associated with known UC/HC H I regions are excluded. In Sgr B2: M6—source Z10.24 (Gaume et al. 1995). M7—source Y
(Gaume et al. 1995). M8—source B (Gaume et al. 1995). M9—sources F10.33/F10.35/F10.37/F10.39 (Gaume et al. 1995). M10—source D (Gaume et al. 1995). In
Dust Ridge cloud e: M15—source H1 (Lu et al. 2019). In Dust Ridge cloud c¢: M16—C23 (this work). In Sgr C: M21—C102 (this work). M22—C103 (this work).
® We assume each unique high-mass star formation indicator corresponds to a high-mass protostar of >10 M., thus representing a total stellar mass of 129 M., (see
Appendix D of Lu et al. 2019). The SFR is derived by dividing the total stellar mass in the considered region by the characteristic timescale of 0.3 Myr.

References. D15: De Pree et al. (2015). E83: Ekers et al. (1983). FOO: Forster & Caswell (2000). G95: Gaume et al. (1995). L19: Lu et al. (2019). M11: Mills et al.

(2011).

H I regions only toward five isolated regions in the inner CMZ:
Sgr B2, Sgr C, Dust Ridge cloud ¢, Dust Ridge cloud e, and
the Brickette. All of them have been known to form high-mass
stars (Immer et al. 2012a; Kendrew et al. 2013; Walker et al.
2015, 2018; Ginsburg et al. 2018; Lu et al. 2019). There are
two other high-mass star-forming clouds, the 20 kms~' cloud
and the 50km s~ cloud (Mills et al. 2011; Lu et al. 2015,
2019), where we do not detect any class I CH30OH masers or
UC H 11 regions. Therefore, we are not able to confirm any new
high-mass star-forming clouds in the CMZ through our
observations, and all currently known high-mass star-forming
regions in the inner CMZ are confined in seven clouds. A brief
summary of the star formation indicators can be found in
Table 6.

Krumholz & McKee (2008) suggested a column densitgl
threshold for high-mass star formation of 2 x 10** cm™
Among the seven high-mass star-forming clouds, Dust Ridge
cloud c, the Brickette, and the 50 km s~ !cloud have column
densities below the threshold in the Herschel maps (Figures 3
& 4), although smaller regions embedded in them above the
threshold have been found (e.g., Walker et al. 2018; Lu et al.
2019). There are three clouds lying above the threshold but
showing no signatures of high-mass star formation in our
observations and previous studies: G0.25340.016, and Dust
Ridge clouds d and f. G0.2534-0.016 has been proven to be
genuinely lacking star formation (Kauffmann et al. 2013;
Longmore et al. 2013b; Mills et al. 2015; Rathborne et al.
2015), while Dust Ridge clouds d and f do not show signs of
active ongoing star formation either (Walker et al. 2018; Barnes
et al. 2019; Lu et al. 2019). The strong solenoidally driven
turbulence may increase the density threshold for star
formation, and therefore inhibit star formation in the three
clouds despite their high column densities (Federrath et al.
2016; Dale et al. 2019; Henshaw et al. 2019; Kruijssen et al.
2019).

If we simply consider the total molecular gas mass in the
inner CMZ of ~10"M, with a mean density of
~10* cm™3 (Longmore et al. 2013a), the expected SFR based
on the dense gas star formation relation extrapolated from
nearby clouds (Lada et al. 2010) is 0.46 M. yr '. Further
assuming a typical timescale of 0.3 Myr for the star formation
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activities traced by UC H II regions and class I CH;0H masers
(Davies et al. 2011) and a canonical multiple-power-law initial
mass function between 0.01 M, and 150 M., (Kroupa 2001),
we expect to find between 940 and 1069 high-mass protostars
above 10-11 M, in this region (see Appendix D of Lu et al.
2019). Here, the threshold of 10-11 M corresponds to the
detection limit of the continuum emission (see Section 3.2).
However, even after taking into account maser variability or
multiplicity of protostars that may result in an underestimate of
a factor of 2 in observations of star formation indicators, this
still outnumbers the observed UC HTI regions and class I
CH;0H masers combined in the inner CMZ by an order of
magnitude (58 in total; see Table 6). Alternatively, we compare
the SFR based on the observed star formation indicators with
that expected by the dense gas star formation relation. We
assume each UC HI region or classii CH;OH maser
corresponds to a high-mass protostar above 10 M, and follow
the methods in Appendix D of Lu et al. (2019) to estimate the
SFR. The results are listed in Table 6, and the total SFR in the
surveyed area, 0.025 M, yr ', is an order of magnitude smaller
than the 0.46 M, yr ' that is expected by the dense gas star
formation relation. Our observations therefore strengthen the
conclusion that star formation in the CMZ is suppressed by
about a factor of 10 than expected from the dense gas star
formation relation, which has been drawn from observations of
more evolved phases of star formation (in the last several Myr;
Longmore et al. 2013a; Barnes et al. 2017). Furthermore,
because our observations trace very early phases of star
formation deeply embedded in molecular clouds, the results
imply that the incipient star formation (in the last ~0.3 Myr) in
the CMZ remains inefficient, and that any impending, next
burst of star formation has not yet begun (Krumholz &
Kruijssen 2015).

Finally, in spite of the overall inefficient star formation in the
CMZ, we confirm that Sgr C is actively forming stars. Our new
detections of H,CO masers toward Sgr C make it one of the
most maser-rich regions in the Galaxy, similar to Sgr B2 and
Dust Ridge cloud c. So far, H,O (Caswell et al. 1983; Walsh
et al. 2011), OH (Caswell 1998; Cotton & Yusef-Zadeh 2016),
class T CH;0H, and H,CO masers have been detected toward
the two (UC) H I regions in Sgr C. Outside of the two (UC) H1
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regions, a total of 14 H,O masers have been detected throughout
the Sgr C cloud (Lu et al. 2019), one of which is spatially
coincident with the class I CH;0H maser M21 (the H,O maser
W8; see Figure 4 of Lu et al. 2019). Therefore, at least three
positions in Sgr C are forming high-mass stars, creating a variety
of masers and UC HII regions, while more than 10 other
positions are likely forming low- to intermediate-mass stars. In
fact, Sgr C is one of the few CMZ clouds that show SFRs
consistent with the dense gas star formation relation, along with
Sgr B2 and Dust Ridge cloud ¢ (Kauffmann et al. 2017a; Lu
et al. 2019). The active star formation in Sgr C may be related to
its high fragmentation level and large fraction of gas mass
confined in gravitationally bound cores, as opposed to the lack of
fragmentation in most other CMZ clouds (e.g., Kauffmann et al.
2017b; C. Battersby et al. 2019, in preparation; H. Hatchfield
et al. 2019, in preparation), though the origin of this unique gas
structure is unclear. It may be a combined effect of self-gravity,
impact of a nearby 10 pc scale HII region (e.g., gas collapse
triggered by expanding ionization fonts of the H II region; Liszt
& Spiker 1995; Lang et al. 2010), and global gas dynamics in
the CMZ (e.g., gas compression induced by the tidal field of the
CMZ; Kruijssen et al. 2015, 2019; Jeffreson et al. 2018; Dale
et al. 2019).

5. Conclusions

We report new VLA observations of the C-band continuum
emission, 6.668 GHz CH3;OH masers, and 4.830 GHz H,CO
masers at ~1” resolution toward the inner part of the CMZ. We
use these data to search for high-mass star formation at early
evolutionary phases in the CMZ. The continuum observation is
complete to free—free emission from stars above 10-11 M,
throughout the inner 200 pc of the CMZ except for small
regions around bright continuum sources in Sgr B2 and Sgr A.
Using the continuum emission, we confirm five UC HII
regions, and find 12 UC HTI region candidates whose nature
needs to be verified in the future. We detect 23 CH30H masers
and eight H,CO masers, among which six and two are new
detections, respectively.

Despite the new UC HII region candidates and the new
detections of masers, we do not find more signatures of
ongoing high-mass star formation than previously known in the
CMZ. Our observations suggest that current high-mass star
formation in the CMZ is concentrated in a few isolated regions
with high column densities (10 cm™ % including the
20 km sflcloud, the 50km sflcloud, Dust Ridge clouds ¢
and e, Brickette, Sgr B2, and Sgr C). Combined with previous
studies that focus on more evolved phases (in the last several
megayears) of star formation in the CMZ and find a star
formation efficiency at least 10 times lower than expected by
the dense gas star formation relation, our results indicate that
star formation at early evolutionary phases (in the last
~0.3 Myr) in the CMZ remains inefficient, and that if there
is any impending, next burst of star formation, it has not yet
begun.
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