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Abstract

The central molecular zone (CMZ) resides in the inner few hundred parsecs of our Galaxy, and despite being the
largest reservoir of dense molecular gas in the Milky Way, it has a relatively low present-day star formation rate
(SFR) of ~0.08 M, yr '. Continuum and spectral line observations from the Atacama Large Millimeter/
submillimeter Array (ALMA) CMZ Exploration Survey (ACES) provide the first full-coverage, high-resolution
map of the inner 200 pc of the CMZ at 3 mm. In this paper we present the ACES catalog of compact continuum
sources, the most complete catalog of potential sites of star formation in the CMZ to date. Using an automated
dendrogram-based source extraction procedure in combination with a by-eye morphological classification
scheme, we produce a “full” catalog of 1735 detections in total. Additionally, we use spectral index measurements
to generate a “filtered” catalog of 567 sources with minimal contamination from nonthermal filaments and
extended free—free emission. We find that 359 (~63%) of the filtered catalog sources are located at column
densities <10%* cm_z, outside of the densest molecular cloud regions, 195 of which have not been identified in
previous surveys. After cross-referencing with various catalogs generated from data at different wavelengths, we
consider it likely that many of these newly discovered detections are produced by pre-/protostellar sources or
compact H II regions.

Unified Astronomy Thesaurus concepts: Star formation (1569); Galactic center (565); Protostars (1302); Star
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forming regions (1565); Young stellar objects (1834); Milky Way Galaxy (1054)

Materials only available in the online version of record: figure set, machine-readable table

1. Introduction

The central molecular zone (CMZ) is the enormous
accumulation of dense molecular gas (~277 x 107 M.)
contained within the inner few hundred parsecs (R ~ 300
pc) of the Milky Way (M. Morris & E. Serabyn 1996;
J. D. Henshaw et al. 2023; C. Battersby et al. 2025a). The
interstellar medium (ISM) of the CMZ is characterized by
conditions that are extreme in comparison to that of the Solar
neighborhood, with measured gas temperatures (A. Ginsburg
et al. 2016; K. Immer et al. 2016), densities (E. A. C. Mills
et al. 2018), and velocity dispersions (R. Shetty et al. 2012;
J. Kauffmann et al. 2017) that are at least an order of
magnitude greater than that of gas in the Galactic disk at
similar size scales. Additionally, the clouds in the CMZ have a
unique gas chemistry when compared to nearby clouds
(A. Belloche et al. 2016, 2025; T. Moller et al. 2021; L. Colzi
et al. 2022) and are subject to magnetic fields with strengths
that exceed those in the local ISM (T. Pillai et al. 2015; X. Lu
et al. 2024; R. J. Zhao et al. 2025). Overall, these conditions
generate an environment that is considerably different than
those found in local star-forming regions, and is instead more
similar to high-redshift galaxies (J. M. D. Kruijssen &
S. N. Longmore 2013).

In general, the total star formation rate (SFR) in molecular
clouds is linearly related to its dense molecular gas mass, a
trend known as the “dense gas star formation relation” (Y. Gao
& P. M. Solomon 2004). Intriguingly, the current SFR
estimate for the CMZ is an order of magnitude lower than
expected from this relation, which may imply an increased
surface density threshold for star formation in the CMZ
(S. N. Longmore et al. 2012; A. T. Barnes et al. 2017).

» https://coolresearch.io
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This dearth in star formation may be explained by the
extreme environmental conditions present in the CMZ or
potentially by temporal stochasticity in the star formation in this
region, with episodic starbursts and periods of quiescence. Age
estimates for stellar populations in the CMZ (F. Nogueras-Lara
et al. 2020) as well as some hydrodynamical simulations
(M. R. Krumholz & J. M. D. Kruijssen 2015; P. Torrey et al.
2017; L. Armillotta et al. 2019; M. C. Sormani et al. 2020;
R. G. Tress et al. 2020, 2026) support this theory of an irregular
star formation history. In addition, the turbulence in the CMZ
may be dominated by solenoidal driving due to strong shearing
motions, which can reduce the SFR by about an order of
magnitude compared to compressive driving of turbulence, with
the latter being more common across the rest of the Galactic
disk (C. Federrath & R. S. Klessen 2012; C. Federrath et al.
2016; I. A. Gerrard & C. Federrath 2026).

Much of our current understanding of the cold, dense gas
and dust capable of forming stars in the CMZ comes from far-
infrared (FIR; S. Molinari et al. 2011) and millimeter-
wavelength (J. Bally et al. 2010; J. E. Aguirre et al. 2011;
A. Ginsburg et al. 2013; M. W. Pound & F. Yusef-Zadeh
2018; Y. Tang et al. 2021) surveys covering the entire CMZ;
however, they lack the spatial resolution needed to identify
individual embedded sites of star formation. In recent years,
there have been several follow-up interferometric observations
exploring Galactic center star formation at the scale of dense
(pre-)star-forming cores (~0.01-0.1 pc) (e.g., A. Sanchez-
Monge et al. 2017; A. Ginsburg et al. 2018; D. L. Walker
et al. 2018; X. Lu et al. 2019b, 2020). These studies uncovered
compact substructures within some of the most prominent
CMZ clouds, and have shown that there is an overall lack of
dense, compact sources that are actively forming stars. These
findings are consistent with what was found in the Sub-
millimeter Array (SMA) CMZoom survey, which was the first
millimeter-wavelength (1.3 mm) survey with complete cover-
age of the dense gas (N(H,) > 1023 cm_z) contained within the
CMZ (C. Battersby et al. 2020). These observations revealed
an overall lack of compact structures, contributing less than
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10% of the total cloud mass for almost all of the identified
clouds in the CMZ, excluding only the most active sites of star
formation located in Dust Ridge cloud C, Sgr B2, and Sgr C.
The total CMZ SFR estimated from the CMZoom compact
continuum source catalog is ~0.08 M, yr~' (H. P. Hatchfield
et al. 2020, 2024), similar to SFR estimates made in previous
studies using alternative methods (e.g., A. T. Barnes
et al. 2017).

Although the CMZoom survey has produced the most
complete catalog of embedded sites of star formation in the
CMZ to date, it does not capture compact sources located
outside of the densest molecular clouds. This lack of coverage
may result in the underestimation of the incipient SFR in the
Galactic center. To obtain a more complete understanding of
the global SFR, star formation efficiency (SFE), and the star
formation history in this region, it is important to survey the
full area of the CMZ at high spatial resolution. The Atacama
Large Millimeter/submillimeter Array (ALMA) CMZ
Exploration Survey (ACES; S. N. Longmore et al. 2026) is
the first millimeter-wavelength survey that uniformly observes
the CMZ at subparsec spatial resolution. With the data from
this unprecedented survey, we are able to resolve the scales of
star formation toward the entire inner 200 pc of the CMZ for
the first time.

In this paper we present the first compact continuum source
catalog covering a large fraction of the CMZ using 3 mm
continuum observations from ACES (A. Ginsburg et al. 2026).
In Section 2 we summarize the properties of the ACES
continuum observations, as well as information on the
ancillary data that we use. In Section 3 we describe our
dendrogram-based source extraction procedure, the by-eye
classification method used to generate the ACES catalog, and
our method for crossmatching with catalogs at other
wavelengths. Afterward, we provide initial insight into the
fundamental characteristics of our sources, as well as their
spatial distribution, in Section 4. In Section 5 we compare
source properties with those found in the CMZoom survey,
and discuss trends in the distribution of sources and speculate
on their nature. Finally, we summarize our conclusions in
Section 6.

2. Data
2.1. ACES ALMA Observations

ACES is an ALMA Band 3 Large Program (S. N. Longmore
et al. 2026) with coverage of the inner 200 pc of the CMZ.
This survey contains 3 mm continuum and spectral line
observations that enable the tracing of dusty star-forming
cores, dense gaseous filaments, and shocked molecular gas.
ACES covers a total area of 1286 square arcmin, with a typical
angular resolution of ~1.5-2.5, which corresponds to
~0.05-0.1 pc at the assumed Galactic center distance used
throughout this work of 8178 pc (The GRAVITY Collabora-
tion et al. 2019).

Although our analysis uses only the ACES continuum
observations presented in A. Ginsburg et al. (2026), detailed
information on the ACES spectral line observations can be
found in D. L. Walker et al. (2026), X. Lu et al. (2026), and
P.-Y. Hsieh et al. (2026).
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2.2. ACES 3 mm Continuum Mosaic

For the results presented in this paper, we use the ACES
continuum observations made using the ALMA 12 m array, as
this configuration is most sensitive to small spatial scales,
making it ideal for compact source extraction. The ACES
continuum map has a circular FWHM beam size of 2.56 (~0.1
pc) and is sensitive to size scales up to 10"-20" (~0.4-0.8 pc).
We note that this angular resolution is slightly lower than the
resolution of 230 reported in A. Ginsburg et al. (2026). The
2730 version of the mosaic was created after we implemented
the manual source removal phase of our cataloging procedure
(see Section 3.3). However, this minor update in angular
resolution does not impact the conclusions presented in
this work.

The 45 fields in the ACES 12 m continuum have variations
in uv-coverage that produce nonuniform noise across the
mosaic. To account for this in our source extraction procedure,
we use an ACES noise map produced using the method
outlined in A. Ginsburg et al. (2026).° To create this map, a
smoothed version of the continuum mosaic is generated by
convolving with a Gaussian kernel with a width 3 times that of
the synthesized beam. Then, a residual image is produced by
subtracting the smoothed image from the original image. This
residual map is then squared to create the variance map, which
is then convolved with the same Gaussian kernel. The final rms
map is produced by taking the square root of the smoothed
variance map and then masking out pixels above 2.50 in the
original mosaic. This procedure is repeated until no additional
pixels are added to the mask. This approach creates a noise
map that reduces the contribution of point sources, and is an
appropriate estimate for spatial scales similar to the beam. In
our source extraction procedure described in Section 3.1, we
scale our dendrogram, the hierarchical clustering algorithm
used to create the catalog, by a global noise value, Tgioba
which we take to be the median value of the noise map,
~100 pJy beam ™.

We also use the ACES continuum map that has been
combined with 3 mm single-dish observations from the
MUSTANG-2 Galactic Plane Survey (MGPS90) (A. Ginsburg
et al. 2020) and the Three millimeter Expanded Nucleus
Survey (TENS; A. Ginsburg et al. 2026). For the purposes of
this paper, we only use the single-dish combined mosaic for
visualization purposes and for generating a spectral index map
as described in Section 3.4. We do not measure any compact
continuum source properties with it.

For a more detailed description of the continuum data
processing, single-dish combination, and noise map creation,
we refer the reader to the ACES continuum imaging paper
(A. Ginsburg et al. 2026).

2.3. Ancillary Data
2.3.1. The 1.28 GHz MeerKAT Galactic Center Mosaic

In our by-eye catalog pruning procedure (see Section 3.1),
we use 1.28 GHz continuum observations made using the
MeerKAT radio telescope L-band receivers (846—1712 MHz)
(I. Heywood et al. 2022) to determine which sources in our
catalog are associated with compact objects observed at radio

56 The noise map we use in this paper was made using the 2.56 resolution
data and not the publicly available ACES noise map, which was generated
from the 2.3 resolution data.
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wavelengths. The MeerKAT total-intensity mosaic is com-
prised of 20 pointings, covering the inner 3.5 x 2.5 (I x b) of
the Milky Way Galactic center, and encompasses the ACES
footprint completely. The mosaic has a circular synthesized
beam size of ~4"” (~0.16 pc at an assumed Galactic center
distance of 8178 pc). For a more detailed description of the
MeerKAT data processing, we refer the reader to I. Heywood
et al. (2022).

2.3.2. The CMZoom Survey: 1.3 mm Continuum Mosaic and Compact
Continuum Source Catalog

The CMZoom survey (C. Battersby et al. 2020) is an SMA
1.3 mm survey with complete coverage of regions in the CMZ
with a molecular hydrogen column density >10* cm 2. The
CMZoom continuum observations have a median rms of
13 mJy beam™' and a typical angular resolution of ~3”,
corresponding to a linear resolution of ~0.1 pc at a distance of
8.178 kpc.

In this paper, we make comparisons between our cataloged
sources and those identified in the CMZoom compact
continuum source catalog (H. P. Hatchfield et al. 2020). This
catalog is composed of compact sources detected in the SMA
continuum mosaic. These sources were extracted from the
SMA continuum data using a pruned dendrogram algorithm,
taking local noise variations into consideration. The high-
completeness version of the CMZoom catalog contains 816
detections and is >95% complete for compact sources with
mass >50 M., whereas the robust version of the catalog
contains 285 detections and is >95% complete for sources
with mass >80 M. The effective radii of sources range
between 0.04 and 0.4 pc, and are likely not tracing individual
cores, but rather groups of cores. A full description of the
methods used to generate the CMZoom compact continuum
source catalog can be found in H. P. Hatchfield et al. (2020).

2.4. Herschel Column Density Map

We use the column density map presented in C. Battersby
et al. (2025a) to quantify the local column density at the
location of our ACES catalog sources. This column density
map has an angular resolution of 36” (~1.4 pc at a distance of
8.178 kpc) and was generated from Herschel observations
from the Herschel Infrared Galactic Plane Survey (Hi-GAL
Survey; S. Molinari et al. 2010, 2016). Further details on the
methods used to derive this column density map can be found
in C. Battersby et al. (2025a).

3. Methods

In this section, we describe our method for extracting
compact sources in the ACES continuum data and performing
quality assurance on our detections. In Section 3.1, we detail
our procedure for creating a highly complete version of the
ACES catalog and in Section 3.2 we describe our method for
fitting 2D Gaussians to each source. In Section 3.3, we
describe our process for manually removing noncompact
sources and noisy detections from the catalog using Zooni-
verse,”’ an online, volunteer-driven platform for large-scale
data analysis. We outline our procedure for crossmatching our
sources with other existing catalogs in Section 3.4, and on
flagging foreground and extended free—free emission

57 https: / /www.zooniverse.org/

Wallace et al.

Table 1
Step-by-step Summary of Catalog Construction, Further Detailed in Section 3

Phase in Catalog Creation Total Nyource

Initial dendrogram extraction 11,523

Applying 20joca and 30gopa CUL 6214 (Zooniverse
sample)

Applying a stricter 40opa CUt 2355

Excluding sources with CS < 0.5
Flagging foreground detections and potential sour-
ces of extended free—free contamination

1735 (full catalog)
567 (filtered catalog)

contaminated detections in Sections 3.5 and 3.6. We describe
the cuts we use to produce the final catalog in Section 3.7. In
Table 1, we summarize the changes made to the catalog using
the methods described throughout this section. We provide a
trunated version of the final ACES catalog in Tables 2 and 3.

3.1. Source Extraction Using Dendrograms

In order to extract sources for the ACES compact continuum
source catalog, we generate dendrograms using the astro-
dendro”® Python package. Dendrograms are treelike dia-
grams used to represent the hierarchical organization contained
within a given dataset. The “branches” of the dendrogram are
structures that contain subsequent substructures, while the
leaves are structures with no additional substructure. Used on
our data, the leaves correspond to the most dense and compact
structures, while the branches would be the less dense medium
surrounding the leaves. For our catalog, we only include the
dendrogram leaves, as these represent the densest structures in
our observations.

We choose to use astrodendro since this algorithm does
not assume an underlying morphology for our compact
sources, which may be well approximated by a 2D Gaussian
or instead exhibit more irregular border morphologies.

The dendrogram we generate is determined using four
parameters:

1. Minimum structure value, fyi, va: the lowest allowed
pixel value for a given structure.

2. Minimum peak value, fiin_peak: the lowest allowed peak
pixel value for a given structure.

3. Minimum significance, ¢: the threshold for how high a
structure pixel value must be in comparison to a nearby
structure to be considered an independent structure.

4. Minimum number of pixels, np;x: the minimum number
of pixels required for a structure to be considered an
independent structure in the dendrogram.

We scale fiin_va and ¢ by factors of the global rms noise
value Ogjopa = 100 puJy beam ! (see Section 2.2). In an effort
to prioritize completeness in the initial extraction of dendro-
gram leaves, we Setfminfval = 3o—globals fminfpeak = 4ngobal’ and
6 = 0.5040ba. These values were chosen by manually
confirming the highest thresholds we could set without
removing certain “benchmark™ sources; detections that are
known to be real but are faint in the ACES mosaic. We
describe these sources and why they are good “benchmark”
candidates in Appendix A.

38 Detailed information on the astrodendro Python package can be found
at http://www.dendrograms.org/.
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Table 2
A Truncated Version of the “Filtered” ACES Compact Source Catalog for 10 Sources
ACES ID ! b F F unc. Tpeax Ipeax unc. Liendro Tlocal Omaj Ormaj UNC. O nin Omin uUnc. Opa Opa unc. Ryource Rource UNC.
(deg) (deg) dy) dy) Jy beam ™) Jy beam ™) Jy beam™") Jy beam™") (arcsec) (arcsec) (arcsec) (arcsec) (deg) (deg) (pc) (pc)
1903 0.8313 —0.1884 7.08e-04 1.86e-03 0.000401 1.67¢-04 4.70e-04 1.67e-04 2.86 0.10 2.80 0.10 143.97 6.60e+01 0.06 7.07¢-02
1965 0.8271 —0.1848 2.25e-03 5.16e-03 0.000422 1.48e-04 4.25e-04 1.48e-04 5.44 0.42 445 0.28 143.69 1.97e+01 0.10 2.43e-01
2028 0.8549 —0.1822 1.91e-03 4.84e-03 0.000539 2.17e-04 6.24¢-04 2.17e-04 4.66 0.03 3.45 0.01 139.17 6.85¢-01 0.08 1.57¢-02
2044 0.8470 —0.1805 2.22e-03 4.99¢-03 0.000476 1.65e-04 5.31e-04 1.66e-04 5.81 0.40 3.65 0.16 192.50 3.19e+00 0.09 1.87e-01
2055 0.7885 —0.1791 3.07e-03 3.37e-03 0.000857 1.43e-04 9.89¢-04 1.41e-04 4.99 0.21 3.26 0.10 134.60 2.91e+00 0.08 1.05e-01
2101 359.4951 —0.1765 2.77e-03 4.28e-03 0.000469 1.14e-04 5.24e-04 1.14e-04 577 0.18 4.64 0.12 267.24 4.00e+00 0.10 1.07e-01
2116 0.8540 —0.1760 1.83e-03 4.23e-03 0.000422 1.54¢-04 4.32e-04 1.54e-04 5.49 0.23 3.59 0.08 191.15 1.84e+00 0.09 1.05e-01
2120 0.8463 —0.1755 3.37e-03 7.13e-03 0.000555 1.79¢-04 6.41e-04 1.77e-04 8.06 0.70 342 0.11 140.15 2.45e+00 0.10 2.44¢-01
2243 359.4354 —0.1703 2.56e-03 5.49¢-03 0.000481 1.63e-04 6.22¢-04 1.63e-04 5.83 0.14 4.15 0.07 265.27 1.71e+00 0.10 7.35¢-02
2286 359.4943 —0.1683 1.16e-03 2.08e-03 0.000474 1.31e-04 6.81e-04 1.31e-04 3.53 0.16 3.15 0.14 220.18 9.63e+00 0.07 1.08e-01

Notes. This table includes the source identification number (ACES ID), position in Galactic coordinates (I, b), integrated flux (F), peak intensity (/pca), FWHM major (0,55) and minor (0,in) axes of its fitted ellipse,
position angle with respect to the Galactic plane (6p,), and the effective radius (Ryouree)- We also include columns reporting the statistical uncertainties measured for 6,,j, Omin, Opa, and Ryource- The uncertainties
estimated for /e and F, as described in Section 4.1, are also reported in this table. Both the “full” catalog and the “filtered” catalog (presented in Tables 2 and 3) are published in their entirety in machine-readable
format.

(This table is available in its entirety in machine-readable form in the online article.)
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Table 3
A Truncated Version of the “Filtered” ACES Compact Source Catalog for 10 Sources (Continued)
ACES ID Mean CS Mean MS N(H,) FG (o8 CMZoom ID 2MASS ID GLIMPSE ID Lu+2019 ID CSC ID Muno+2009 ID SIMBAD ID
(em™?)

1903 0.73 0.00 1.18e+23 False False —1 “G000.8315-00.1879”

1965 0.67 0.00 1.03e+23 False False -1 “G000.8266-00.1852”

2028 0.53 0.00 7.65e+22 False False -1 e e

2044 0.70 0.00 9.60e+-22 False False -1 - “G000.8468-00.1803”

2055 0.80 0.00 7.13e422 False False -1 “G000.7889-00.1792”

2101 0.93 0.00 5.16e+22 False False 500 - S

2116 0.50 0.00 7.85e+22 False False -1 “17481954-2817493” “G000.8544-00.1761”

2120 0.67 0.00 8.62e+22 False True —1 - -

2243 0.87 0.00 2.30e+22 False False -1 “G359.4359-00.1706”

2286 0.93 0.93 8.40e+22 False False -1 “17450415-2927216” “G359.4938-00.1685”

Notes. This table includes the source identification number (ACES ID), the mean CS and MS scores, the Herschel column density (N(H,)) at the location of the source, columns flagging potential foreground (FG) and
oversized (OS) sources, and the associated source matches from various catalogs outlined in Section 3.4. Both the “full” catalog and the “filtered” catalog (presented in Tables 2 and 3) are published in their entirety in
machine-readable format.

I 12903190 9207 ‘(ddz7) 0€1:6001 “TVNINO[ TVIISAHIOMISY TH]J,

‘T2 12 doR[[BA\
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To capture all possible peaks in emission, we choose a low
npix = 7, which is approximately one-quarter of the number of
pixels contained in the Gaussian area of our synthesized
beam.>® We use this lenient npix value since point sources are
best described by an elliptical 2D Gaussian, where the flux
distribution extends beyond the FWHM limits of the beam. As
a result, using the full area of the Gaussian beam for
dendrogram source extraction risks the removal of real
sources. Additionally, some sources are located within
negative “bowls,” imaging artifacts located near bright sources
of emission, and this artificially reduces their “true” peak
intensity value. We discuss how we correct the peak intensity
value for sources in Section 3.2.

Beyond these initial dendrogram parameters, we require
each source to meet additional thresholds to be included in the
catalog. First, we remove sources near the edges of the map
where the observations are more impacted by noise due to the
applied primary beam correction. To do this, we mask the
catalog by requiring the leaf pixels to be at least 20 pixels from
the edge of the ACES mosaic, which corresponds to ~4 times
the beamwidth.

Since the rms noise varies across the ACES field, we use the
ACES continuum noise map described in Section 2.1 to
determine a local rms noise estimate (0}oc4) for each leaf. To
do this, we calculate the mean value of the ACES continuum
noise map for pixels within the leaf contour.

We also exclude catalog detections that are located in
regions that are heavily impacted by imaging artifacts: the Sgr
B2 region and the circumnuclear disk region near Sgr A*.
Since there exist high-resolution observations of Sgr B2 at 3
mm (A. Ginsburg et al. 2018), which can be used as a
supplement to this catalog, the excluded Sgr B2 region
corresponds to the footprint of those observations. We exclude
the noise-affected region around Sgr A* using a circular region
centered at (I, b) = (359.94, —0.046) with a radius of 1'5. The
total area that our compact source catalog covers is shown
within the black, dashed contours in Figure 1, which also
depicts the boundaries of our excluded regions.

After this initial dendrogram extraction phase, which is built
to be inclusive to all significant peaks in emission, we detect a
total of 11,523 sources. This is not the same as the number of
sources in our final catalog, but is used as a highly complete
base-level catalog that we refine further in Sections 3.2
and 3.3.

3.2. Source Fitting Using TGIF

Since our goal is to extract the most compact sources for our
catalog, we use the 12m ACES continuum mosaic, which
filters out larger-scale structures from extended emission
sources. However, there are some especially bright regions that
exhibit imaging artifacts due to the lack of “short-spacing”
observations (A. Ginsburg et al. 2026). As a result, some real
sources are situated in “negative bowls” while others are
located on an enhanced background. These artifacts can result
in the inaccurate determination of the peak intensity for a
given dendrogram leaf. To correct for this, we use the TGIF
Python package (T. Yoo & A. Ginsburg 2024), which uses the
Imfit package to fit a 2D Gaussian ellipse to compact
sources in astronomical observations. Using TGIF, we are

bmajb min™

9 .Abcam =t where bp,; and .bmin are the FWHMs of the
major and minor axes of the beam, respectively.
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able to make a local background noise estimate using the
median pixel value within an annulus surrounding the source,
which we choose to scale with the effective radius of the
dendrogram leaf, calculated as Ryt = (NpixA pix /7)'/2, where
Npix is the total number of pixels in the leaf, and Ay is the
physical area of each pixel in square parsecs. We use an
annulus with an inner radius of 2 X Rj.,r and an outer radius of
3 X Ryeqr to calculate the local background surrounding the
source. The only other parameter that we input is the “fitting
size,” which determines the side length of the cutout image
that is used when making the fit. We set this parameter to be
equal to the effective diameter of the dendrogram source to
limit the fit to the profile of the compact source. We note that
the local background is calculated directly from an annulus
region of the original data, and not from the smaller cutout
image. Ultimately, this fitting procedure results in a corrected
peak intensity and integrated flux, as well as an estimate of the
major and minor axes of the source. We compare the
dendrogram peak intensity to the TGIF-corrected peak
intensity for each source in Appendix B. The TGIF fit is also
complementary to the dendrogram source extraction procedure
since it identifies the central “core” component of the leaf,
which may include background material not associated with
the source within its boundary.

3.3. Manual Source Removal Using Zooniverse

After implementing the automated procedures explained in
Sections 3.1 and 3.2, we require that the TGIF-corrected peak
intensity for each source be >30,10pa and >2014,. These
parameters result in a source catalog containing 6214
detections.

While the interferometric process of creating the ACES
12m continuum mosaic removes large-scale emission, any
compact “knots” of the larger-scale structure would still be
present in our maps. For example, the bright central portions of
the Galactic Center Radio Arc nonthermal filaments are still
visible in our data since they are extended only in one
dimension, meaning that they are not filtered out by the
interferometer. Although the source of this emission is
extended in nature, the peaks in emission are still detected as
significant sources in our dendrogram-based extraction
procedure, as shown in cyan contours in the left panel of
Figure 2.

Due to the nonhomogeneity of these sources and their
properties, we have determined that a nonautomated, by-eye
approach is required to remove source detections originating
from larger-scale emission. To accomplish this task, we used
the Zooniverse® interface to implement this procedure and
retrieve classification data for each source. We required that
each source was examined and categorized based on its
“compactness” by 15 different members of the ACES team. In
total, 49 ACES team members participated in this classifica-
tion procedure. We provided all participants with the same
information and instructions for classifying sources, including
an inbuilt Zooniverse tutorial that was used to inform
volunteers on the general features of the data as well as
examples of compact, extended, and noisy detections. An
example of one page from the tutorial is shown in Figure 3.

For each source, we provide a four-panel figure containing
images centered on the source being categorized (see the

%0 https: / /www.zooniverse.org/
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Figure 1. An overview of the CMZ as seen at 3 mm with the feathered ACES continuum mosaic. Included are zoom-in panels of specific regions of interest
throughout the CMZ. The black, dashed contours show the area of the CMZ that the ACES catalog covers. Sources found within the rectangular and circular regions
are excluded from the catalog due to the impact of interferometric imaging artifacts. The cyan ellipses represent the TGIF 2D Gaussian fits for each of the cataloged
sources from the “filtered” ACES catalog, with FWHM major and minor axes. A white 1 pc scale bar is included in the bottom left corner of each zoom-in panel. The
full mosaic image has a square root color stretch for the inner 99.9% of the pixel values.

images in Figure 4). The different panels show the cataloged
source in the ACES 12 m continuum image (top panels, with
and without the dendrogram leaf contour for clarity), the
ACES single-dish combined continuum image, and the
MeerKAT continuum image (both with the dendrogram leaf
contour). Using this set of images, each volunteer must
determine if a source is a true, compact source detection. The
ACES single-dish combined continuum image provides
context on extended emission, and the MeerKAT continuum
image provides context on the nature of the source emission,
since nonthermal filaments and free—free emission are detected
at 1.28 GHz.

In Figure 4, we provide a flow chart detailing the decision
tree for classifying sources. We ask each user the following
question: “Is this source compact in the ACES continuum
data?,” which the user can then respond to with “Yes,” “No,”
or “Maybe.” If the user answers this question with “Yes” or
“Maybe,” they will be asked: “Is this source compact in the

MeerKAT continuum data.” Each response has a numeric
score associated with it: a response of “Yes” is scored a 1, a
response of “No” is scored a 0, and a response of “Maybe” is
scored a 0.5. For each source, we calculate the mean score for
each question using a jackknife resampling technique, which
first calculates the mean for each subsample of the data where
one value has been removed, and then takes the mean of the
subsample means. We refer to the score for question 1 as
the “compactness score” (CS) and the score for question 2 as
the “MeerKAT score” (MS).

3.4. Corresponding Detections at Different Wavelengths

There are several known compact emission mechanisms at 3
mm, such as thermal emission from pre- /protostellar cores and
the dusty envelopes of evolved stars, free—free emission from
H 11 regions, and nonthermal synchrotron radiation from the
radio lobes of external galaxies. To constrain which physical
process is producing emission for the sources in our catalog,
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Figure 2. A visual representation of ACES catalog sources at various steps in the pruning process. The image shown in each panel is a zoom-in of the ACES 3 mm
continuum mosaic toward a group of nonthermal filaments collectively known as the “Galactic Center Radio Arc” (F. Yusef-Zadeh et al. 1986) and an extended H 1I
region known as “the Sickle” (e.g., F. Yusef-Zadeh & M. Morris 1987), which is likely ionized by stars in the nearby Quintuplet Cluster. In all three panels, ACES
detections are shown with cyan ellipses. The left panel shows the sources before manual source removal, the middle panel shows the “full” catalog sources, and the
right panel shows “filtered” catalog sources. We note that there are some known compact sources such as the Pistol Star and some evolved stars from the Quintuplet
Cluster that are a part of the “full” catalog, but not the “filtered” catalog, due to the strict thresholds we set for extended free—free contamination in Section 3.6.

we cross-reference our detections with objects observed at
millimeter, radio, near-infrared (NIR), and X-ray wavelengths.
Additionally, we note if any sources have a corresponding
detection in the Set of Identifications, Measurements, and
Bibiliography for Astronomical Data (SIMBAD) database
(M. Wenger et al. 2000). We provide a summary of the
crossmatched detections in Table 4. To perform this cross-
matching, we use the CDS XMatch service from the
astroquery Python package (A. Ginsburg et al. 2019).

At millimeter wavelengths, we crossmatch our catalog with
the “complete” version of the 1.3 mm CMZoom compact
continuum source catalog. We consider an ACES detection to
have a match in the CMZoom catalog if the ACES dendrogram
leaf has any amount of overlap with the CMZoom dendrogram
leaf. We report the leaf ID of the CMZoom structure in the
“CMZoom ID” column of the catalog (Table 2). If an ACES
leaf overlaps with multiple CMZoom leaf structures, we report
the ID corresponding to the CMZoom leaf with the greatest
overlap.

To determine if an ACES source is associated with a
compact radio detection, we leverage previously cataloged
compact H II regions in the CMZ, as well as the MS that we
measured in Section 3.3. A recent catalog of candidate H II
regions was published in X. Lu et al. (2019a), using C-band
(5.56 GHz) observations from the Very Large Array (VLA)
with an angular resolution of ~1”. We cross-reference our
sources with the detections in X. Lu et al. (2019a), and
consider a source to be associated with a radio detection if its
central coordinate is within 3” of the central coordinate of one
of their reported candidate H 1I regions.

In addition to this, we can estimate the total number of
ACES sources that have an analogous compact detection in the
1.28 GHz MeerKAT continuum data by setting a threshold on
the MS. For this analysis, we consider a source to be
associated with a compact MeerKAT detection if it has a mean
MS > 0.8. We choose this strict threshold for the MS since we
are interested only in sources that are robustly associated with
compact MeerKAT emission.

We are specifically interested in NIR detections corresp-
onding to evolved stars such as asymptotic giant branch
(AGB) and red supergiant (RSG) stars, which have absolute
magnitudes <0. We cross-reference with NIR detections from
the Two Micron All Sky Survey point source catalog
(R. M. Cutri et al. 2003) and the Spitzer Galactic Legacy
Infrared Midplane Survey Extraordinaire (GLIMPSE) source
catalog (I + II + 3D) (C. Spitzer Science 2009). A source is
considered associated with an NIR detection if it is within 3"
of a 2MASS catalog point source with an observed K,-band
magnitude <10 or a GLIMPSE catalog point source with an
observed 4.5 pym magnitude <9. We choose these thresholds
since the CMZ has a distance modulus of 14.5, a Kg-band
extinction of Ax _ ~ 2.5, and a 4.5 pm extinction of Ay s, ~ 1
(T. K. Fritz et al. 2011).

We consider a source to be associated with an X-ray source
if it is within 3” of a Chandra detection reported in M. P. Muno
et al. (2009) or in the Chandra source catalog (CSC; 2.1;
I. N. Evans et al. 2024). The M. P. Muno et al. (2009) catalog
contains 9017 X-ray detections from Chandra observations
that cover a 2° x 0?8 field around the Galactic center. The
CSC contains 407,806 X-ray detections in 15,533 observations
made with Chandra.

To obtain literature-based identifications and cross identi-
fiers, we also cross-reference our sources with objects in the
SIMBAD astronomical database, requiring that the ACES
detection be within 3” of a given SIMBAD object. We
consider any spatially correlated SIMBAD detection to be a
match, and do not restrict cross identifications by object type
or size.

If we do not find any associated detections using the
methods described in this section, we flag the source as
“unassociated.” The results of our multiwavelength cross-
matching are shown in Table 4.

3.5. Known Foreground Detections

Along the line of sight toward the CMZ, there is a dense
molecular cloud known as the “Pillar,” which was suggested to
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Our source extraction algorithm is very
sensitive to peaks in bright emission
throughout the ACES map. However, since we
are observing at 3mm, many of our detections
come from extended features, such as non-
thermal filaments (NTFs) and free-free
emission from ionized plasma.

The purpose of this manual source removal
process is to remove detections coming from
these processes so that we are only cataloging
compact continuum sources.

4000000000000 O0)»

Figure 3. Page 2 of the Zooniverse tutorial developed for classifying the
compactness of ACES detections. The complete figure set (13 images) of the
Zooniverse tutorial is available.

(The complete figure set (13 images) is available in the online article.)

be in the foreground by X. Lu et al. (2019a), since one of the
masers they detected within the cloud is spatially coincident
with a bright source that is at a heliocentric distance of ~740
pc, based on parallax measurements made with the Gaia
satellite (Gaia Collaboration et al. 2018).

The “Pillar” cloud can be seen as a “leaf” structure in the
dendrogram decomposition of the Herschel column density
map in C. Battersby et al. (2025b). This structure corresponds
to ID 20 from their dendrogram catalog. All ACES detections
located within the bounds of this dendrogram structure have
been flagged as potential foreground detections in the “FG”
column of the catalog (Table 3).

In C. Battersby et al. (2020), the authors listed five observed
regions from the SMA CMZoom survey that were potentially
in the foreground of the CMZ. Only three of these observed
regions are located within the ACES field of view: G0.393-
0.034, G0.212-0.001, and G359.13740.031. The G359.137
+0.031 observation is toward the “Pillar” cloud. As described
in C. Battersby et al. (2020), there was no conclusive evidence
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that the other two regions, G0.393-0.034 and GO0.212-0.001,
were located outside of the CMZ, and as a result we do not flag
these sources as “FG” detections.

There is a known stellar cluster “DB00-58” located at
| = 359?994, b = 0°156 that was identified using Chandra
X-ray observations in C. Law & F. Yusef-Zadeh (2004). This
cluster of young stars has a measured A, that is inconsistent
with what is expected in the Galactic center, and so it is
considered a foreground cluster. However, after crossmatching
with our catalog, we find that there are no ACES detections
within the cluster core radius of ~22".

In S. Gramze et al. (2026), the authors identify a foreground
star-forming filament (G0.342+0.024) using JWST observa-
tions. This filament contains two protostellar cores that were
observed in the ACES 3 mm continuum, with protostellar
outflows that were found using the ACES SiO J =2 — 1

spectral line data. These cores, dubbed C1 and C2, have
Galactic coordinates (0.3315, 0.0223) and (0.3366, 0.0239),
respectively. We find that Cl1 and C2 correspond to the
compact sources with IDs 18897 and 19018 in our ACES
catalog, which we flag as foreground sources.

3.6. Contamination from Extended Free—Free Emission

Although the CS is a useful metric for removing sources that
are associated with extended emission from nonthermal
filaments, the manual classification procedure is less robust
at removing sources of extended free—free emission.

In Figure 2, we show a zoom-in from the ACES 3 mm
continuum map. In this selected region, there are two well-
known extended emission features: the “Galactic Center Radio
Arc” (F. Yusef-Zadeh et al. 1986), which is composed of
vertical, nonthermal filaments, and the “Sickle,” which is
emission from gas that has been ionized by the nearby
Quintuplet Cluster (F. Yusef-Zadeh & M. Morris 1987). As
shown in the left and middle panels, removing sources with a
CS < 0.5 removes most of the detections from the “Sickle”
and almost all of the detections from the nonthermal filaments,
however there are some “knots” in ionized emission that are
still considered compact detections. To account for this, we
develop a method for flagging sources that are potentially
associated with extended free—free emission.

To avoid flagging known compact sources, we first assert
that all sources with associated compact radio detections are
not considered “free—free contaminated.” Additionally, we
consider ACES sources with corresponding detections in the
“complete” CMZoom catalog and an estimated 1 mm-3 mm
spectral index (@ acEs-cMzoom > 2) to be robustly not free—free
contaminated. For the spectral index calculation, we first
convolve the ACES and SMA mosaics to a common resolution
of 372, the typical spatial resolution of the CMZoom
continuum observations. Then we take the integrated flux
from within the ACES dendrogram leaf at both 1 mm
(Scmzoom) and 3 mm (Sacgs) and input them into the
following relation:

QY ACES-CMZ — log(SACES /SCMZOOm) (1)
-CMZoom log (97.21 GHz /226 GHz)

We impose the aaces.cMzoom > 2 threshold because free—
free emission can still be detected at 1 mm, so some detections
present in both catalogs may still be from extended free—free
emission.
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Figure 4. The ACES catalog pipeline, including a decision tree for the Zooniverse source classification procedure outlining the questions presented to volunteers, the
possible responses, and the compactness score and MeerKAT score corresponding to each response. In the final section of the flow chart (green box), we present two
examples of the four-panel figures used for classification in the Zooniverse user interface. Each panel is centered on the coordinates of the source being classified.
The top panels show the 12 m ACES continuum mosaic image, the bottom left panel shows the ACES mosaic combined with single-dish GBT observations, and the
bottom right panel shows the MeerKAT 1.28 GHz continuum image. The top right and bottom panels include the dendrogram contour in cyan. The synthesized beam
for each map is shown in the bottom left corner of each panel. The unique source ID is given at the top of the figure, corresponding to the “ACES ID” column of the

catalog (Table 2).
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Table 4
A Multiwavelength Summary of Coincident Detections at the Cataloged Source Positions for Both the Filtered and Full Versions of the ACES Catalog
Catalog Total Nyouree Millimeter Radio NIR X-Ray SIMBAD Object Unassociated
Filtered 567 147 93 50 30 141 278
Full 1735 174 94 155 118 360 1137
The catalogs we use to determine if sources have NIR and removing these, we are left with 1735 compact continuum
X-ray associations have a much higher number density on the source detections remaining in the ACES catalog, approxi-
plane of the sky toward the Galactic center (>1000 sources deg 2) mately 28% of the original 6214 sources.
than our radio and millimeter catalogs. As a result, the We consider this to be the “full” version of our catalog,
crossmatching between these catalogs and the ACES catalog is which is highly inclusive to all compact sources above our
more likely to be coincidental along the line of sight, and as a detection limit. Of these 1735 sources, there are 1130 that are
result we do not exclude them from being flagged as potential considered to be free—free contaminated and 58 that are
extended free—free emission contaminants. flagged as potential foreground sources. The remaining 567
To flag sources that are potentially part of extended free— sources are considered “high-confidence” compact detections,
free emission, we measure the spectral index using the with negligible contamination from extended emission
MeerKAT and ACES continuum mosaics. To do this, we sources. These sources make up the “filtered” ACES catalog,
use a spectral index map generated from these datasets. To which is the catalog we report measurements for throughout
create this data product, we convolved the single-dish this paper. We compare the “full” and “filtered” ACES
combined ACES and MeerKAT continuum mosaics to a catalogs in Appendix C.
common beam size of 4”. From here, we compute the spectral
index map using the following relationship: 4. Results
102 (Smcerk AT /S ACES) 4.1. Physical Properties
Q' MeerKAT-ACES = > (2) . . .
log (1.284 GHz /97.21 GHz) We report on the physical properties for compact continuum
sources in the ACES catalog (Tables 2 and 3). Both the “full”
where Suicerikat/Sacks is the ratio of the continuum mosaics. catalog and the “filtered” catalog are published in their entirety
The MeerKAT-ACES spectral index map can be accessed at in machine-readable format. For each source, we list its
Zenodo via doi:10.5281/zenodo.21414882. For each ACES identification number (ACES ID), position in Galactic
detection, we report the mean apgeerkaT-aces Value from coordinates (I, b), integrated flux (F), TGIF-corrected peak
within the corresponding dendrogram leaf contour. We flag all intensity Ipear, FWHM major (Opmajor) and minor (Ominor) axes
sources with a flat or negative spectral index (mean of its fitted ellipse, effective radius (Riurce), CS and MS

scores, and its Herschel column density (N(H,)). The
coordinates of each source correspond to the position of peak
intensity. We report the measured uncertainty for I, as the
value of the ACES continuum noise map from Section 2.2 at
the position of the source peak intensity. We also provide
statistical uncertainties for the measured quantities associated
with the TGIF Gaussian fits.
The integrated flux of each source is calculated using

OMeerkAT-ACES < 0.5) as potential contamination from
extended free—free emission.

The final, rightmost panel in Figure 2 shows only the ACES
detections with a CS > 0.5 that are not flagged as potential
free—free emission contaminants. We emphasize that these are
strict criteria and that some of these flagged detections are
compact sources that happen to be cospatial with bright
MeerKAT emission, such as for the recently discovered
MUBLO object (A. Ginsburg et al. 2024), which is located
within 5’ of Sgr A", corresponding to a projected distance of

Lyeak 2T Omaior Omi
peak major Uminor
F = , 3

~12 pc on the plane of the sky (assuming a Galactic center oeam

distance of 8178 pc). We also note that this strict criterion may where oimajor and Opminor are the major and minor axes of the

flag sources of nonthermal synchrotron radiation such as fitted 2D Gaussian ellipse from TGIF, respectively, and Qpeam

background active galactic nuclei or Galactic compact radio is the solid angle area of the beam. We measure the uncertainty

sources. in the integrated flux by propagating the error of the measured
] ] properties in Equation (3), which we report in the catalog (see

3.7. The Final ACES Compact Continuum Source Catalog Table 2).

Depending on the specific scientific use case, the ACES We calculate the circularized angular size of each source by
catalog of 6214 sources can be pruned based on thresholds taking the geometric mean of the FWHM major and minor
imposed for ogjobat, Tlocats CS, and MS. For the catalog we axes of its fitted ellipse:
present in this paper, we attempt to limit the number of 0 — [0 0 (4)
false-positive detections by imposing a more selective signal- ere fmajor ™ mior
to-noise ratio threshold, requiring sources to have a TGIF- Using this, we can estimate the linear size of the source in
corrected peak intensity >40gopa. This results in a catalog of parsecs, and then divide this by 2 to get its effective radius
2355 sources. Rgources Which we report in the catalog (Table 2). In Figure 5,

Since we are concerned with only compact detections, we we see that source radii range from 0.04 to 0.18 pc, with a
require that sources have a mean CS > 0.5. Sources that do not median Ryyyce = 0.07 pc. The uncertainty for Ryy.ce reported
meet this criterion are considered to be either low-significance in Table 2 is estimated by propagating the statistical
detections or are part of more extended structures. After uncertainty of the major and minor axes of the fit while also
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Figure 5. Comparing the radius (left) and Herschel column density (right) distributions for detections in the filtered ACES (orange) and robust CMZoom (blue)
compact continuum source catalogs. For ACES detections, the effective radius (Ryource) is calculated from the geometric mean of the FWHM axes of the fitted TGIF

ellipses and the CMZoom Rj.,¢ is calculated from the total area of its corresponding dendrogram leaf: R, =

A leat /7 . For both the ACES and CMZoom sources,

the column density is averaged over the area of the leaf from the Herschel column density map. The dashed lines show the median values of each distribution.
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Figure 6. The spatial distribution of source detections from the filtered version of the ACES compact continuum source catalog (cyan points) overlaid on the 12 m
ACES 3 mm continuum mosaic combined with single-dish GBT observations. The white, dashed contours show the area of the CMZ that the ACES catalog covers.
Sources found within the rectangular and circular regions are excluded from the catalog due to the impact of interferometric imaging artifacts. The marginal
histograms depict the number density of sources per square arcminute along the Galactic longitude and latitude axes.

incorporating a heliocentric distance error of £150 pc, since
the distances to these sources within the radius of the CMZ are
not well constrained. The column density reported in Table 3 is
the Herschel column density value at the location of the peak
pixel value for the source.

From the initial dendrogram extraction, we report the
original estimate of the source peak intensity lyendro and the
local noise estimate o0y,., that we used in Sections 3.1 and 3.3
since these values were used to remove detections from noise.
We do not report an effective radius or flux measurement from
the dendrogram source extraction. This is because the
dendrogram parameter n,;, can be as small as 0.25 times the
total number of pixels in the beam, leading to some sources
having nonphysical sizes that are smaller than the synthesized
beam, causing underestimated integrated flux values. Addi-
tionally, the dendrogram flux measurement does not take the
local background of the source into account.
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4.2. Spatial Distribution of ACES Continuum Sources

We show the spatial distribution of ACES compact
continuum detections in Figure 6, with the cyan points
representing the source positions overlaid on the ACES
single-dish combined continuum mosaic. The marginal
histograms show the 1D source number density distributions
in square arcminutes across Galactic longitude and latitude.
We find that the spatial distribution of sources is asymmetric,
with the higher source densities located at positive longitudes.
We note that the number density of sources between [ = 0.6
and 0.75 would likely be much higher if detections from Sgr
B2 were included in this catalog. The source number density
peaks at a Galactic longitude of / ~ 0.7. In Galactic latitude,
the peak is located at b ~ 072, however these high-latitude
sources may be previously unidentified foreground interlopers.
If so, the “true” peak in source density for the CMZ is located
at a Galactic latitude of b ~ —0.05, which would only have a
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higher density of sources if we included detections from the
Sgr B2 region.

In the right panel of Figure 5, we see that the Herschel
column densities for sources in the ACES catalog range from
~6 x 10*! to 4 x 107 cmfz, with a median value of
~6.9 x 10%* cm 2 There are 359 sources located in regions
where the Herschel column density is <10** cm ™2 meaning
that the majority of sources (~63%) are located in lower
column density regions of the CMZ. This is unexpected, since
previous millimeter-wavelength studies of the CMZ focused
only on the densest regions of molecular clouds where it is
assumed that the vast majority of star-forming cores are
located (e.g., H. P. Hatchfield et al. 2020).

5. Discussion
5.1. Nature of Sources in the ACES Catalog

At a wavelength of 3 mm, the ACES continuum map is
sensitive to thermal dust emission, free—free emission, and
nonthermal synchrotron radiation. Using the manual classifi-
cation procedure described in Section 3.3, we remove most of
the sources associated with extended emission, such as
nonthermal filaments associated with synchrotron radiation
and ionized plasma from free—free emission, such as that
observed in the Pistol Nebula (Figure 2). In Section 3.6, we
further refined our catalog by flagging sources that are
potentially compact “knots” in extended free—free emission
by calculating spectral indices, cross-referencing our catalog
with known H II regions, and by leveraging the MS from our
manual classification procedure.

After this rigorous pruning procedure, we are left with
compact detections that are likely composed of embedded pre-
and protostellar cores, compact H II regions, evolved stars, and
background galaxies. In Section 3.4, we cross-reference our
results with existing catalogs and the SIMBAD database to
quantify the number of sources for which there are coincident
detections at other observed wavelengths. We stress that these
associated detections do not serve as an official “classification”
for sources in our catalog, but are instead useful flags that can
be used to better understand the nature of our sources.

In Table 4, we provide a summary of the number of sources
that have detections at the indicated wavelengths for both the
“filtered” and “full” versions of our catalog.

5.2. Comparing the ACES and CMZoom Catalogs

It is useful to compare the continuum sources in the filtered
ACES catalog with those identified in the CMZoom survey
catalog (H. P. Hatchfield et al. 2020). The sources from the
CMZoom catalog are largely associated with embedded star-
forming cores or groups of cores, with some possible
contamination from free—free emission, typically from H I
regions. In this section, we compare mostly to the “robust”
version of the CMZoom catalog, but we include values from
the “complete” catalog in parentheses.

In total, the robust (complete) CMZoom catalog contains
285 (816) detections. Of these detections, only 168 (505)
sources lie within the area covered by the ACES catalog (see
the dashed-line boundary in Figure 6). This reduction in the
number of overlapping detections is due to the removal of the
highly populated Sgr B2 region from our analysis. We note
that 268 (~47%) of the sources from the ACES catalog are
found within the observed area of the SMA CMZoom survey,
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meaning that the majority of our detections are located outside
the dense, star-forming regions observed with the SMA. In
total, there are 90 (147) sources in the ACES catalog that
overlap with 73 (129) CMZoom sources. The smaller number
of CMZoom sources is likely due to the lower angular
resolution of the SMA data, causing some sources that are
resolved in ACES to be blended in CMZoom.

For regions where the ACES and CMZoom survey overlap,
the ACES catalog recovers ~43.5% (~25.5%) of detections
from the CMZoom catalog. Clearly, there are a considerable
number of sources from the CMZoom catalog that we do not
recover in the ACES catalog. There are a number of reasons
for why this is the case. This discrepancy can be partially
explained by the fact that our “filtered” catalog removes
detections with CMZoom catalog counterparts if
Acmzoom < 2. If we instead consider our “full” catalog, we
have matched detections with 79 (149) of the CMZoom
sources, which results in only a minor improvement in the
fraction of CMZoom sources recovered.

Another explanation is that the CS threshold used to
generate the “full” ACES catalog is too conservative. In
Figure 7, we examine how our choice in CS impacts the
number of CMZoom sources recovered. We find that even at
the least exclusive threshold of CS = 0, we reach a maximum
percentage recovery of ~63% (~41%), implying the possibi-
lity that the CMZoom catalog includes detections that may
belong to more extended structures. Regardless, the manual
source removal cannot fully explain the discrepancy. We also
tried implementing a different crossmatching method, where
ACES detections within 3” of a given CMZoom source are
considered to be associated. Ultimately, we find that using a
different crossmatching method does not change the number of
CMZoom sources recovered.

We also consider the difference in mass sensitivity and
completeness between the two catalogs. Although the
continuum flux sensitivity is similar between the ALMA and
SMA data, the mass sensitivity is different since the dust
opacity per unit mass is higher at 1 mm than it is for 3 mm.
Using our fiin_peak = 400 uJy beam ™' and assuming optically
thin dust continuum emission, we can derive the mass
sensitivity for the ACES catalog:

d’FR

Miouree = ———2,
source K‘/VBV(Td)

)

where d is the assumed distance to the Galactic center of 8178 pc,
F is the integrated flux of the point source, Ryq is the gas-to-dust
ratio, k,, is the dust opacity per unit mass, and B,(T) is the Planck
function at the local dust temperature 7,;, which we take to be 20
K. We take the gas-to-dust ratio to be 100 and we use a dust
opacity per unit mass of Kymm = 0.18cm? g~ based on the
V. Ossenkopf & T. Henning (1994) model for moderately
coagulated dust grains with thin ice mantles at gas densities >10°
cm > and a coagulation timescale of 10° yr.

From this, we find that the ACES catalog is sensitive to
sources down to a mass of approximately 13.5 M.. We then
calculate masses for sources from the CMZoom catalog, using
the same values for T, d, and R, and an assumed dust
opacity per unit mass of k1 3mm = 0.9 cm? g~ ', If we use the
ACES “full” catalog (CS > 0.5) and consider only CMZoom
sources with masses >13.5 M, the percentage of recovered
CMZoom sources is still only 52.3% (34.3%).
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Figure 7. The percentage of CMZoom detections recovered by the “full” ACES catalog as a function of our choice in the CS threshold. We report the percentage of
sources recovered for both the robust (red) and complete (blue) versions of the CMZoom catalog (H. P. Hatchfield et al. 2020). The percentage recovery is only
calculated for the area where the ACES ALMA and CMZoom SMA observations overlap.

Using synthetic source extraction, H. P. Hatchfield et al.
(2020) determined that the robust version of the CMZoom
catalog was complete to sources with masses >80M,. Since
we removed sources from the ACES catalog using by-eye
classifications (Section 3.3), it is difficult to accurately
estimate what mass the ACES catalog is complete to. In light
of this, we use the mass completeness limit of the CMZoom
catalog and calculate the percentage recovery after removing
sources with M < 80 M., from the CMZoom catalog. By
doing this, we recover 73% (63%) of the CMZoom sources
with M > 80 M., when comparing to the “full” ACES catalog,
and 67% (58%) when comparing to the “filtered” catalog. If
we again consider the impact of the manual source removal
and use the least exclusive threshold of CS = 0 (with only the
4830 sources with I, > 40g0pa included), we find that we
recover a maximum of 87% (78%), which means that there are
still 13% (27%) of the CMZoom sources where no ACES
counterpart is found.

Another plausible explanation is that the ALMA and SMA
data have unique imaging artifacts and varying local noise
levels across their respective maps. In Appendix D we present
side-by-side images of the ALMA and SMA continuum

observations and compare the sources identified in the ACES
and robust CMZoom catalogs. In multiple images, we find
instances where the CMZoom catalog has detections that are
not included in the ACES catalog due to being (a) not
compact, (b) located at the edge of the map where noise is
higher, and (c) not being visible in the ACES data. This is
usually because the CMZoom detection is located in a negative
bowl in the ACES continuum image, or because it is itself a
product of noise enhancement near negative bowls in the SMA
data. We discuss this further in Appendix D.

It is possible that some detections are only identified in
either the ACES or CMZoom catalogs due to flux variability
since these observations were obtained at different epochs.
Millimeter-wavelength variability has been observed in
protostellar clusters in the Galaxy, possibly due to episodic
mass accretion events (e.g., E. J. Safron et al. 2015;
T. R. Hunter et al. 2017; Y. Yang et al. 2026). However,
these observations are very rare, so we do not consider this to
be a major driver reducing the number of crossmatched
detections.

The compact continuum sources identified in the robust
CMZoom catalog have effective radii spanning 0.04-0.4 pc,
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with a median value of ~0.1 pc (Figure 5). This range
exceeds what is calculated for the ACES catalog, with source
radii ranging between 0.04 and 0.2 pc, and a median
Rsource ~ 0.07 pc. Although this is in part due to the ALMA
data having an angular resolution of 2.5 and the SMA data
having a typical angular resolution of 3”, it can also be
attributed to the difference in how the source is defined.
Although sources were extracted using astrodendro for
both the ACES and the CMZoom catalogs, the ACES source
radii are not determined from the dendrogram leaf size as they
are in CMZoom, but instead are calculated from the 2D
elliptical Gaussian fit from TGIF. We also remove sources
based on their relative “compactness” using the CS during the
manual classification phase, a procedure that is not performed
for the sources in the CMZoom catalog.

We also compare the Herschel column density values for the
ACES and CMZoom detections. In the right panel of Figure 5,
we see that CMZoom sources are located at column densities
between ~1 x 10%2 and 2 x 10** cm ™2, with a median N(H,)
~ 1 x 10% cm % We find that the ACES catalog has a
similar number of sources as CMZoom down to N(H,)
~ 1 x 10** cm 2, but below this column density threshold
there are significantly more detections in ACES than there are
in CMZoom. This is likely due to the improved spatial
coverage of the ACES survey in comparison to the CMZoom
survey, which was limited in scope to just the densest
molecular clouds in the CMZ.

5.3. Sources at Low Column Densities

In Section 4.2, we found that 359 (~63%) of the compact
continuum sources from the ACES catalog were found within
relativel;/ low column density regions of the CMZ (N(H,) <
1 x 10* cm™2), outside of the major molecular clouds. This is
an interesting result considering that the majority of high-
resolution studies on embedded star formation in the CMZ
focus exclusively on these incredibly dense regions (e.g.,
A. Ginsburg et al. 2018; D. L. Walker et al. 2018;
H. P. Hatchfield et al. 2020). In light of this, we consider
various reasons for why we have a large number of detections
at NHy) < 1 x 10 ecm ™2,

Of the 359 compact continuum sources located at lower
column densities, only 164 (~45.6%) of them have an
associated detection based on the catalog crossmatching we
performed in Section 3.4. The remaining 195 (~54.4%) low-
density detections have no known associations at these
wavelengths. Given this information, we consider it most
likely that these sources are previously undetected ultracom-
pact/hypercompact (UC/HC) H 11 regions, which would likely
be much brighter in the ACES continuum than the MeerKAT
continuum due to their higher optical depth when compared to
more evolved H II regions.

Although we flag known foreground detections in the
“Pillar” region and those identified in S. Gramze et al. (2026),
we also cannot currently exclude the possibility that other
sources are located outside of the CMZ. However, we assume
this does not account for the majority of the “low-density”
sources in the catalog. Future analysis of core kinematics will
be useful in confirming their membership in the CMZ.

Another explanation is that the Herschel column density
map has an angular resolution of 36”, meaning that the
smaller-scale fluctuations in column density are smoothed out
in these data. So it is possible that some compact sources are
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located in denser substructures not resolved in the
Herschel data.

If we assume that the majority of these detections are young
stellar objects (YSOs) within the CMZ, it is possible that the
cores initially form within the major cloud complexes, but then
kinematically decouple from them at some point in their
evolution. Recent magnetohydrodynamic (MHD) simulations
from R. G. Tress et al. (2026) find that stars and gas decouple
quickly in the CMZ due to the short orbital timescales,
resulting in O stars that become cyclically exposed and re-
embedded. In the context of our observations, it is possible that
we are tracing a population of YSOs that are no longer
associated with their parent cloud. A thorough investigation of
dynamical star formation in the CMZ using the ACES catalog
is outside the scope of this work, and will be presented in a

future paper (C. Battersby et al. 2026, in preparation).

5.4. Sources of Uncertainty

There are a number of potential sources of uncertainty for
the analysis presented in this paper. For the flux and size
measurements, the largest source of error comes from the
initial elliptical Gaussian fit made using TGIF. Although the
majority of our compact detections are well described by this
morphology, there are a number of cases where the underlying
emission is not well represented by a 2D Gaussian ellipse,
either due to interferometric artifacts or because of background
emission. Typically, these sources are “oversized” in nature
since the fit could not converge to a central “point” source. We
flag sources with a major axis FWHM >3 times the
beamwidth of 2.56 as being “oversized” and determine that
only 4.4% of our filtered catalog and 3.7% of our full catalog
are affected. These sources are flagged in the “OS” column of
the catalog (see Table 3). If we exclude these sources from the
analyses performed in this paper, we find that it does not
significantly impact our primary results. However, we
encourage future users of the catalog to be careful in
interpreting measurements from these individual sources.

6. Conclusions

In this paper, we described our procedure for cataloging
compact continuum sources in the ACES 3 mm continuum
mosaic and presented their fundamental characteristics. We
extracted sources using a dendrogram-based algorithm, and
then used the Python package TGIF to fit each source with a
2D Gaussian and to estimate a corrected peak intensity based
on its local background. We removed sources with a corrected
peak intensity <30 g1oba aNd 40 10ca1, Where O giopar and Tjocq are
noise estimates for the full ACES mosaic as well as the local
noise estimate at the location of the source, respectively.

After this automated procedure, we used a manual source
classification procedure implemented in the Zooniverse inter-
face to help with removing sources associated with extended
sources of nonthermal or free—free emission. The resulting
output results in a mean CS and MS, which measure the
relative “compactness” and association with compact radio
detections for each source, depending on the by-eye classifica-
tions of users.

For the analysis in this paper, we present a science-ready
version of the ACES catalog, requiring sources to have a mean
CS > 0.5, a peak intensity >40gioba, and removing known
foreground sources and sources that may be compact “knots”
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in otherwise extended ionized emission. We provide a
summary of the ACES catalog used in this paper and related
findings below:

1. The filtered ACES compact continuum source catalog
contains 567 detections spanning effective radii of
0.04-0.18 pc, with a median value of 0.07 pc.

2. There are 268 (~47%) detections located in regions
covered by both the ACES and CMZoom surveys. In this
overlap region, the ACES catalog recovers 43.5% of the
sources from the robust CMZoom catalog.

3. We find that the majority of sources in the ACES catalog
(~63%) are located at N(H,) < 1 x 10% cm ™2, placing
them outside the densest molecular cloud regions in
the CMZ.

4. We crossmatch ACES detections with catalogs at radio,
millimeter, infrared, and X-ray wavelengths. In total,
45.6% of cataloged sources have associations with
detections at other wavelengths. The remaining 54.4%
of sources are potentially new detections, not previously
identified in the external catalogs we cross-reference.

In future studies, we will use our catalog cross-referencing
to thoroughly classify these continuum sources as H 1I regions,
dusty star-forming regions, or evolved stars based on the
wavelengths they are detected at. We will also use the
abundance of high-resolution molecular line observations from
ACES to determine the kinematics and chemistry of sources,
properties that will be important for placing their membership
in the CMZ. With this information, we will be able to more
accurately constrain the star-forming potential of the CMZ and
better understand the evolution and dynamics of protostars in
this unique environment.
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Appendix A
“Benchmark” Sources Used to Determine Initial
Dendrogram Parameters

In Section 3.1, we report on the input parameters used to
perform the initial dendrogram source extraction. The chosen
parameters were designed to create a highly complete catalog
of sources that would then be refined based on the manual
quality assurance procedure performed using the Zooniverse
interface, as described in Section 3.3. As a result, we used
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Figure Al. A side-by-side comparison of the dendrogram extraction for evolved stars from the Quintuplet Cluster, as seen in the ACES 3 mm continuum map. These
evolved stars are located in a negative “bowl” artifact in the interferometric image. The left panel image shows the ACES dendrogram leaf mask contours for sources
in the “full” catalog presented in this paper, with fiin_vai = 30giopa- The right panel image shows the leaf mask contours for a dendrogram generated with

Jinin_vai = 40, global-

certain previously identified, faint sources to inform our
decision for how strict these dendrogram parameter choices
could be. One such group of previously identified sources is
the evolved stars near the Quintuplet Cluster that were located
within negative “bowl” imaging artifacts in the ACES data,
which artificially reduced their peak brightness. As shown in
Figure Al, the highest integral factor of f,;, va We could use
for dendrogram source extraction was 30giobar. If We set the
threshold any higher, we would fail to detect these real,
compact sources. The remaining noise-based thresholds that
we set in Sections 3.1 and 3.2 were chosen using the same
methodology.
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Appendix B
Comparing the TGIF-corrected Peak Intensity to the
Initial Dendrogram Peak Intensity

In Section 3.2, we discuss how we use TGIF to fit each source
extracted using astrodendro. This fit estimates a local background
for each source, and produces a corrected peak intensity, Jpeax. In
Figure B1, we compare the percent change of Ipeax as well as the
Locax 1atio between the dendrogram and TGIF outputs. We find
that, overall, the corrected I, is typically somewhat lower than
the original value, Igenaro» With the median ratio /e /Jgendro = 0.8.
In general, the percent change in peak intensity is between 0% to
40%, with a median percent change of 16.7%.
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Figure B1. Two histograms characterizing the difference in the initial peak intensity, /e, of ACES sources extracted by the dendrogram and the corrected peak
intensity calculated using TGIF. Both histograms are using the “full” version of the catalog. The left panel is a histogram of the percent change in /,c,x, and the right
panel is a histogram of the I, ratio. The dashed vertical lines indicate the median value for each distribution.
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Appendix C
Comparing the Full and Filtered Versions of the ACES
Catalog

In Section 3.7, we defined the “full” and “filtered” versions
of the ACES catalog. For the analysis in this paper, we
primarily use the “filtered” version of the catalog, however we
considered it important to see how our results would change

20.0r mm Full

17.5F [ Filtered

-

u

=)
T

12,51
10.01

7.5

Percent of Sources

5.0

2.5

0.0 0.050 0.075 0.100 0.125 0.150 0.175

Rsource (pc)

Wallace et al.

with the “full” catalog. In the left panel of Figure C1 we find
that the effective radius distribution of sources changes by a
negligible amount between catalog versions. In the right panel
of Figure C1 there is a notable shift in the overall Herschel
column density distribution and its median moves to lower
densities for the “full” catalog. This is largely due to the high
density of “free—free contaminated” sources located in the
ACES continuum mosaic between [ ~ 359.6 and 0.3.

I Full
[ Filtered
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N
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Percent of Sources
[0}
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Column Density N(H;) (cm~2)

Figure C1. Comparing the radius (left) and Herschel column density (right) distributions for detections in the filtered (orange) and full (purple) versions of the ACES
compact continuum source catalog. The effective radius (Ryource) i calculated from the geometric mean of the FWHM axes of the fitted TGIF ellipses. The column
density is the Herschel column density map value at the location of the peak pixel of the ACES source. The dashed lines show the median values of each distribution.
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Appendix D
Comparing the ACES and CMZoom Catalogs

As noted in Section 5.2, we reported the somewhat low
percentage recovery of CMZoom sources with the ACES
catalog. Although this is partially due to our choice in pruning
thresholds, it can also be due to differences in the source
extraction technique and the interferometric nature of the data.
Although the ALMA and SMA data are relatively similar in
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sensitivity and angular resolution, the distribution of inter-
ferometric noise and imaging artifacts varies between
observations. Additionally, the CMZoom catalog has a lower
limit mass sensitivity than the ACES catalog, so sources that
are faint in the SMA data may be undetectable in the ALMA
data. In Figure D1, we highlight a few regions where these
factors play a role in why the ACES catalog fails to detect
sources from the robust CMZoom catalog.
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Figure D1. Three side-by-side comparisons of 3 mm ALMA (left) and 1 mm SMA (right) observations. The red and blue contours show the leaf boundaries for the
ACES catalog and CMZoom catalog sources, respectively. We use the full version of the ACES catalog and the robust version of the CMZoom catalog for these

figures. A 1 pc scale bar is provided in the bottom left corner of each image.
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