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ABSTRACT

The ALMA Central Molecular Zone Exploration Survey (ACES) has mapped 2 1000 square arcminutes at 3 mm towards
the centre of our Galaxy. ACES provides the first large-scale, high-resolution (~ 2.5arcsec) view of the central ~ 200
parsecs of the Milky Way. In this work, we describe the continuum data processing and present the continuum data
products. In the combined mosaic of 45 individual ALMA mosaics, the typical RMS noise achieved is ~ 0.1 mJy per
~ 2.5 arcsec beam, though there is a tail of substantially higher noise towards regions with bright continuum structure,
especially around Sgr Ax and Sgr B2. In-band spectral indices are measurable for a small fraction of the brightest and
most compact sources, enabling distinction between dust-dominated and free-free- or synchrotron-dominated sources. To
recover emission on large angular scales, we present the GBT MUSTANG-2 Three millimetre Extended Nucleus Survey
(TENS), a new 10 arcsec resolution survey of the CMZ, which we combine with the ACES image by feathering. To
demonstrate the quality and reliability of the ACES data, we compare to previously published ALMA data obtained with
higher resolution and sensitivity, finding overall good agreement with past results, but some disagreement towards the
brightest sources.
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1 INTRODUCTION

Galactic Centres act as the engines of galaxy evolution, fun-
nelling gas inward, converting it to stars and expelling it through
energetic feedback (e.g. S. Veilleux, G. Cecil & J. Bland-Hawthorn
2005). Because the Milky Way’s Central Molecular Zone (CMZ)
is the only nucleus where these mechanisms can be spatially
resolved from global ( > 100 pc) to star-forming (0.05 pc) scales
and below, it is the benchmark for understanding nuclear star
formation, stellar feedback, and the feeding of central supermas-
sive black holes (e.g. R. Genzel, F. Eisenhauer & S. Gillessen 2010;
S. N. Longmore et al. 2013; Event Horizon Telescope Collabora-
tion 2022; J. D. Henshaw et al. 2023). Paradoxically, despite its
dense reservoir of molecular gas, the CMZ is presently forming
stars an order of magnitude more slowly than empirical relations
predict (e.g. A. T. Barnes et al. 2017) and appears to do so episod-
ically, perhaps regulated by turbulence and orbital dynamics (J.
M. D. Kruijssen et al. 2014; M. R. Krumbholz, J. M. D. Kruijssen &
R. M. Crocker 2017; M. C. Sormani et al. 2020). A decisive expla-
nation requires a contiguous, high-resolution census of where the
dense gas - and the young stars it spawns - actually reside within
the CMZ.

Conducting such a census is hampered by the fact that the
CMZ is hidden behind the Galactic plane, rendering it effectively
invisible at short (optical) wavelengths. It has been surveyed ex-
tensively at all other wavelengths, including X-ray (Q. D. Wang,
E. V. Gotthelf & C. C. Lang 2002; M. P. Muno et al. 2009; V.
Heard & R. S. Warwick 2013), near-infrared (e.g. Q. D. Wang et al.
2010; F. Nogueras-Lara et al. 2018), far-infrared (S. Molinari et al.
2011), millimetre (J. Bally et al. 2010; A. Ginsburg et al. 2013; J. E.
Aguirre et al. 2011; Y. Tang et al. 2021b; Y. Tang, Q. D. Wang
& G. W. Wilson 2021a; C. Battersby et al. 2020; M. W. Pound
& F. Yusef-Zadeh 2018), and radio (C. J. Law, F. Yusef-Zadeh &
W. D. Cotton 2008b; C. J. Law et al. 2008a; I. Heywood et al.
2022). However, at millimetre wavelengths, the spatial resolution,
coverage, and sensitivity have been limited before ALMA.

The ALMA Central Molecular Zone Exploration Survey
(ACES) continuum mosaic presented here aims to provide a
contiguous, high-resolution census of dense gas and young
high-mass stars throughout the CMZ. ALMA’s small native
field-of-view means that mosaicking is required to cover ar-
eas larger than about an arcminute square. While mosaick-
ing is a well-established technique, it adds a significant layer
of complexity to the image processing, both stretching the ap-
proximations used in interferometric imaging (R. D. Ekers &
A. H. Rots 1979; T. J. Cornwell 1988; J. Pety & N. Rodriguez-
Fernandez 2010) and the limits of computing hardware. While
previous works have covered substantial areas, spanning 10’s
of square arcminutes (e.g. A. Ginsburg et al. 2022; A. K. Leroy
et al. 2021), ACES enters new territory by imaging a mosaic-
of-mosaics spanning 45 individual fields and > 1000 square
arcminutes.

In this work, we present the continuum data processing ap-
proach for the largest mosaic the ALMA 12 m array has yet
produced, which resulted in additional technical challenges not
faced by smaller mosaics-of-mosaics. Covering > 1000 arcmin?
with ~2.5 arcsec (0.05 pc) resolution and ~0.1 mJybeam™! sen-
sitivity (detailed explanation of these values is in Section 3),
the ACES 3 mm map (augmented with MUSTANG-2 to re-
cover >3 arcmin scales; see Section 2.1) supplies column-
density and spectral-index information across the CMZ. By map-
ping the locations of compact dust cores, H1I regions and syn-
chrotron emission, these data are pivotal to the ACES science
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objectives of building a global understanding of star forma-
tion, feedback, and the mass flows and energy cycles across the
CMZ.

This paper presents the continuum images from ACES. It is
accompanied by an overview paper describing the aims of the
project (S. N. Longmore & ACES Team 2025) and three papers
describing the cubes in high-resolution (D. Walker & ACES Team
2025), medium-resolution (X. Lu & ACES Team 2025), and low-
resolution (P.-Y. Hsieh & ACES Team 2025) spectral windows.

This paper presents a summary of the observations in Section 2,
a detailed description of the data processing and results in Sec-
tion 3, and a brief set of analyses to validate the data in Section 4.
We conclude with a brief summary.

2 OBSERVATIONS

Observations in the ACES project were performed in the ALMA
Large Program 2021.1.00172.L (S. N. Longmore & ACES Team
2025). ACES used a hybrid spectral window set-up, in which two
narrow-band windows focused on high-resolution spectral line
observations, two medium-band windows compromised between
spectral resolution and coverage, and two broad-band windows
provide the majority of the continuum sensitivity. The spectral
set-up is summarized in Table 1. The 12 m array observations,
which are those discussed here (see Section 3.7 for discussion of
short spacing recovery), were carried out in configurations C-3
and C-4 with start dates between January 1 and 2022 September
30.! A table in the appendix, Table B1, reports the full details of
these observations, including the field name, time of each exe-
cution, the configuration, the precipitable water vapour (PWV)
during the execution, the number of pointings in the scheduling
block, the exposure time per mosaic pointing, and the expected
resolution and largest angular scale.

The ACES observations included data from the 7 m ACA array,
however, we do not present them here. While the 7 m array data
fill in the short spacing to some degree, the longest baselines of
the 7 m array (45 m) are smaller than the 100 m diameter of the
Green Bank Telescope, and there are no ALMA total power (TP)
continuum data. The MUSTANG-2 MGPS90 data (Section 2.1)
have significantly better angular scale recovery and noise char-
acteristics on the overlap scales; see Fig. 1. The 7 m data require
additional reprocessing and reimaging that we opted not to do
for this paper. The only use case for which the 7 m continuum
data would be preferred is spectral index measurement on larger
angular scales (see Section 4.1). The other ACES data papers that
present images of the line data will include the 7 m and TP data
(D. Walker & ACES Team 2025; X. Lu & ACES Team 2025; P.-Y.
Hsieh & ACES Team 2025).

The final continuum images from ACES and the feathered
ACES plus TENS (see Section 2.1) data are shown in Section 3.7.
These images, and the process of producing them, will be dis-
cussed in Section 3. The labelling scheme for the fields is given
in Fig. 2.

The (u, v) coverage of ACES was planned to be as uniform
as possible. However, as a particularly large Large Program, it
was necessary to spread ACES observations over several array
configurations. The resulting (u, v) coverage is not uniform, as
can be seen in Fig. 3. For example, field b has significantly more

https://almascience.eso.org/observing/observing-configuration-
schedule/prior-cycle-observing-and-configuration-schedule
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Table 1. ACES Spectral Configuration.

ACES Continuum Imaging 3

SPW VL VU Av Bandwidth Lines
GHz GHz MHz GHz
25 85.9656 86.4344 0.4880 0.46875 HC!N 1-0, SO 2(2)-1(1), SiO 2-1 v=1 maser, H'3*CN 1-0
86.05496, 86.09395, 86.24337, 86.33992
27 86.6656 87.1344 0.4880 0.46875 H!3CO+ 1-0, SiO 2-1, HN'3C 1-0
86.7543, 86.84696, 87.09085
29 89.1592 89.2178 0.061030 0.05859 HCO+ 1-0
89.18852
31 87.8959 87.9545 0.061030 0.05859 HNCO 4-3
87.925238
33 97.6625 99.5375 0.97656 1.875 CS 2-1, CH3CHO 5(1,4)-4(1,3) A-, H40a, SO 3(2)-2(1)
97.98095, 98.90095, 99.02295, 99.29987
35 99.5625 101.438 0.97656 1.875 HC3N 11-10

100.0763

Note. ACES Spectral Configuration, including a non-exhaustive list of prominent, potentially continuum-affecting, lines. The included lines are those
that are, in at least some portion of the survey, masked out (see Section 3.5). The rest frequencies of the targeted lines are given in GHz in the row below
their names. The columns vz, vy, and Av are the lower frequency, upper frequency, and frequency resolution, respectively.
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Figure 1. The GBT MUSTANG-2 TENS image combined with Planck all-sky data that is used to fill in the short spacings missing in the ALMA

interferometric data.

baselines at larger separation than field c. The effect of this vary-
ing (u, v) coverage will be discussed in Section 3.4.

2.1 GBT mustang-2 TENS

The ACES data, as with all interferometric observations, lack
short spacing continuum information. While the 7 m ACA array
is intended to provide shorter spacings than the 12 m array, its
(u, v) coverage is only marginally better, with shortest baselines
~ 10m corresponding to largest angular scales ~ 60 arcsec. In
order to improve on this largest angular scale limit, we obtained
single-dish data using the Green Bank Telescope’s MUSTANG-
2 instrument (S. R. Dicker et al. 2014), which is a 215-element
bolometer array with a bandpass spanning 75-105 GHz.

We used data from the MUSTANG-2 Galactic Plane Survey
(MGPS90; A. Ginsburg et al. 2020) and the new TENS (Three

millimetre Expanded Nucleus Survey, which we present here)
continuum images. The GBT’s dish diameter of 100 m overlaps
well with the ALMA 12 m array’s short baselines (see Fig. 3 and
Section 3.4). The data reduction process, and half of the data, are
described in A. Ginsburg et al. (2020). The final data product was
feathered with Planck all-sky data to fill in the short spacing in
the GBT MUSTANG-2 data, which is required because bolometric
data processing applies a high-pass filter that behaves similarly to
interferometric filtering.

The MUSTANG-2 Galactic Plane Survey only covered ¢ 2>
—0.1, which left half the ACES footprint unobserved. We there-
fore acquired additional GBT observations on 2024 May 2, which
covered the right half of the ACES footprint, under the TENS
program. The full area covered by TENS is [¢| < 1, |b] < 0.5
The MUSTANG-2 beam shape and variations in the instrument
response were measured every 30 min using observations of

MNRAS 552, 1-30 (2026)
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Figure 2. Overview of the ACES fields. The survey footprint is comprised of 45 mosaics, labelled a through as (1 through 45). The mapping from letters

to Galactic coordinates can be found in Table B1.
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Figure 3. Visualization of the (u, v) coverage per field. Left: The box-and-whisker plots in each row show the 5th and 95th percentile as whiskers
and the 25th and 75th percentile as box ends. The field identifiers listed on the left side of the plot refer to the labels shown in Fig. 2. Right: The beam
geometric average sizes for each image product, in arcseconds, for each imaged field. The points show the high-frequency spectral windows, the aggregate
bandwidth image including all spectral windows, and the low-frequency spectral windows in blue, red, and orange, respectively, from left to right.

the nearby radio source J1700-2610. At the beginning and end
of each observation session, the amplitude of this source was
tied to multiple ALMA flux calibrators (extrapolated to match
MUSTANG-2’s bandpass). The relative elevation of the sources
and the opacity calculated from archival weather data were also
used to give a calibration accuracy better than 10 per cent. The
calibrated timestreams were then used with the Minkasi? maxi-
mum likelihood mapmaker. As some areas of the map are signal-
dominated, multiple iterations were used with the positive flux

Zhttps://github.com/sievers/minkasi

MNRAS 552, 1-30 (2026)

from the previous step being subtracted from the raw data before
re-estimating the noise.

Further processing of these data, and their combination with
the ACES data, are described in Section 3.7.

3 DATA PROCESSING

We use CASA for calibration and imaging (CASA Team et al.
2022). All of the calibration was performed using the appropriate
CASA version specified in the ALMA archive data set. We ran
the scriptForPI.py file for each measurement observation
unit set (MOUS), i.e. we did not perform any custom calibration.
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Figure 4. Map of the aggregate-resolution beam relative sizes and orien-
tations by field. Each ellipse has major and minor diameter proportional
to the full-width half-max (FWHM) of the corresponding beam. The con-
centric blue circles at the bottom-centre show the size scale to associate
with the beams; they have diameters of 1 and 3 arcsec (the beams are not
shown to scale with respect to the axis labels).

Table 2. Continuum image products.

Image Name SPWs Beam
Low, circular 25,27 2.80
arcsec
High, circular 33,35 2.14
arcsec
All data, circular 25,27, 33, 35 2.30
arcsec
All data, best resolution 25,27, 33, 35 n/a

For most of the ACES data, this was version 6.2.1.7, but a
few fields required reprocessing or were obtained in a later cycle
and were calibrated with 6 . 4 . 1. 12. However, at later stages, we
used 6.5.5-21; the versions used for imaging are reported in
the FITS header under the ORIGIN keyword.

3.1 Data quality assessment

We performed additional quality assessment, on top of ALMA’s
QA0 and QA2 processes, to check each scheduling block. Our as-
sessment included a thorough inspection of the weblogs (the web
pages produced by the ALMA pipeline for visual inspection) and
interactive exploration of the delivered image products. Down-
loading and unpacking of the weblogs was handled automatically
by the ACES pipeline, and links were created to github issues,
one per scheduling block. The issues can be found on github
at https://github.com/ACES-CMZ/reduction_ACES/issues, with
each window labelled by its unique identifier (UID), the ACES
field name (Fig. 2), and the array name. The full history of our
team’s analysis of each scheduling block can be found on those
Issue pages.

3.2 Imaging

We imaged individual mosaic fields using parameters drawn
from the ALMA pipeline. All fields were reimaged. The pipeline
automatically selected parameters that are often user selected,
such as the number of pixels, cell size, number of iterations,
and threshold.>* We adopted the automated pipeline parameters
for all cases where they were available and the manual imaging
parameters otherwise, increasing cyclefactor in only a few

3Except for two fields, al and am, which were manually imaged by the
ALMA observatory.

ACES Continuum Imaging 5

cases (ag, i, aa, and z) to improve convergence of the clean.
The robust parameter adopted for each field was 0.0, 0.5, or
1.0, as listed in Table C1; these are determined by the heuristic
pipeline to optimize the noise and beam size. We investigated
changing robust parameter for the fields with the largest beams,
but found no significant improvement, as these were already im-
aged with a low robust parameter (small beam). The complete
set of parameters used to image each field can be found using
themerge tclean commands .py script on the imaging code
github repository.*

3.3 Mosaic image products

The ACES data span a frequency range of 86—102 GHz, such
that the frequency range (Viuax — Vmin)/Vmax = 16 per cent, which
means the low- and high-frequency ends of the band have appre-
ciably different central frequencies and therefore effective beam
sizes (see Section 3.5). We therefore produce several different con-
tinuum mosaic images: one including all continuum-containing
windows, one including only the low frequencies ( < 87 GHz,
spw 25, and 27), and one including only high frequencies ( > 98
GHz, spw 33, and 35). Additionally, we produce a mosaic of the
images in their native resolution: this image should not be used
for quantitative measurements, since it has inconsistent units (Jy
beam™!, but the beam size varies); instead, it is distributed so that
those interested in the highest resolution views ACES can provide
are able to quickly examine the data. The beam sizes in this final
image are shown in Fig. 4. All of these images are produced with
the same measurement sets, i.e. the 12 m array data.

Because of the differing beam size, the overall footprint of
ACES is slightly frequency-dependent. The total areal coverage of
the ACES 12 m data images is 1286 arcmin? at the low-frequency
end, covering spectral windows 25 and 27, and 1261 arcmin? for
the high-frequency window (33, 35). The 7 m array mosaic (not
presented here) covers a slightly larger area.

All of the science-usable mosaic file names contain the

string  continuum commonbeam circular reimaged.
The 12 m data use three suffixes, mosaic,
spw25_ 27 mosaic, and spw33_35 mosaic, referring

to thee rows of Table 2. Additionally, we provide a file
12m_continuum_reimaged mosaic.fits that is a mosaic
of each of the fields imaged at their native resolution. It is
provided as a finder chart for the highest resolution data. This
image should not be used for measurements because it has
inconsistent resolution across the field of view.

3.4 Angular resolution & beams

The ACES program as proposed aimed to achieve a uniform beam
size of 1.5 arcsec with a noise level of 0.13 mJy beam~'. Because
of the limitations noted in Section 2, this goal was not achieved.
ALMA'’s Quality Assessment Phase 2 (QA2) process allows for
observations to be accepted and passed to the PI if the noise is
within 10 per cent and the geometric average of the beam axes at
the representative frequency of 100.5 GHz is within 20 per cent
of the target.> Fig. 5 shows that all of the observations using the
high-frequency data fell within the 20 per cent target of 1.8 arcsec

“https:// github.com/ACES-CMZ/reduction_ACES
Shttps://help.almascience.org/kb/articles/what-are-the-current-qa2-
requirements

MNRAS 552, 1-30 (2026)
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Figure 5. Noise vs beam size for each field. The plotted beam size is the
geometric average between the major and minor axes (top) and the major
axis size (bottom). The noise is the MAD-estimated standard deviation.

using the geometric average (the noise axis will be described in
Section 3.6).

The effective resolution of the ACES maps is set by the largest
beam major axis, not the geometric average. A uniform map of
the full mosaic is needed to provide a consistently interpretable
image of the CMZ. The common beam we adopt is the smallest
circular beam that encompasses all synthesized beams. The re-
sulting beam sizes in the combined mosaics are given in Table 2.
The beam size for each field can be seen in Table C1; field am sets
the limiting resolution, though field r has the largest geometric
average beam size.
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3.5 Continuum selection

The continuum selection was originally performed automatically
by the ALMA pipeline. It resulted in different amounts of band-
width being included in each field. Fig. 6 (top) shows the selection
as a function of frequency and field number.

However, during our QA process, we discovered that signifi-
cant bandwidth was being unnecessarily excluded and, particu-
larly in the two narrow windows (spw29 & 31), some contamina-
tion was included. We therefore recalculated the continuum se-
lection using a process based on A. Sanchez-Monge et al. (2018).
We used the fully imaged spectral cubes, which will be described
in companion papers (D. Walker & ACES Team 2025; X. Lu &
ACES Team 2025; P.-Y. Hsieh & ACES Team 2025). For each cube,
we:

(i) Calculate the peak intensity spectrum, i.e. the brightest
pixel in each channel.

(ii) Calculate the median and the standard deviation estimated
from the median absolute deviation (oyap)° of the peak intensity
spectrum.

(iii) Select pixels as continuum if their values in the peak in-
tensity spectrum are within £2.50yap of the median.

(iv) Remove isolated continuum selections by running two it-
erations of binary erosion’ followed by one iteration of binary
dilation.®

The resulting selections, shown in the lower panel in Fig. 6,
are more consistent between fields than the ALMA pipeline se-
lection. The new selections generally include more bandwidth,
and therefore the reprocessed images presented here have higher
sensitivity than the archive products.’ Fig. 7 summarizes the re-
sulting amount of bandwidth included in each field.

These continuum selections result in a variety of different ef-
fective central frequencies (vobs) for the image products described
above (Section 3.3). The upper and lower frequency images each
are nearly monochromatic, independent of the spectral index of
the input source. However, the aggregate bandwidth image has
a vops that depends on the input spectral index. The resulting
intensity-weighted average frequency vops, given by equation

Vobs = M (]-)
f obs vedy

where « is the spectral index (¢ = 2 corresponds to the Rayleigh-

Jeans tail of a blackbody) and the subscript obs indicates that the

integral is limited to the observed wavelengths included in the

continuum, is given in Table 3.

3.6 Noise maps

We perform noise estimation by locally measuring the RMS in
the continuum images. We operate directly on the images, not
the residuals, since the CLEAN algorithm can potentially remove
noise from the residual. The noise we estimate is appropriate for
the beam scale, but is not appropriate for larger angular scales.

Sopmap = 1.4286 MAD if the distribution is Gaussian. We use the astropy
mad_std function.
7https://docs.scipy.org/doc/scipy/reference/generated/scipy.ndimage.
binary_erosion.html
8https://docs.scipy.org/doc/scipy/reference/generated/scipy.ndimage.
binary_dilation.html

%https://almascience.org/aq/
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Table 3. Effective central frequencies.

o Veff,agg Veff,33+35 Veff,25+27
GHz GHz GHz
-2 96.674 99.519 86.536
-1 96.984 99.531 86.537
0 97.271 99.543 86.539
1 97.535 99.555 86.541
2 97.775 99.567 86.542
3 97.994 99.579 86.544
4 98.193 99.591 86.546

Note. This table reports the effective central frequency (equation 1) for
assumed power-law flux indices « for the aggregate (subscript agg), high-
frequency (SPW 33+-35), and low-frequency (SPW 25+27) windows.

Scales somewhat larger than the beam generally will have lower
noise, since they are sampled with the same (u, v) spacing used to
produce the synthesized beam, while those much larger than the
beam will have progressively greater uncertainty because they are
more sparsely sampled. The noise level is roughly set by the (u,
v) coverage (see Fig. 3), but must be empirically measured at any
given scale.

The noise estimation technique we adopt minimizes the con-
tribution of point sources to the noise, but accounts for the in-
creased uncertainty produced by the presence of structured ex-
tended emission. We measure the local RMS weighted with a
Gaussian with width three times that of the beam major axis.

RMS? = ¥, [(I; - [; K] @
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8 A. Ginsburg & ACES Team

where K; is a normalized Gaussian kernel, I; is the intensity
value at a given pixel, I; is the local mean intensity value es-
timated using the same kernel, and the subscripts i and j are
indices of individual pixels (the evaluation is carried out in
two dimensions, but we write the one-dimensional form here
for simplicity). This calculation is implemented in the imag-
ing.make mosaic.rms_map function in the ACES pipeline.
To remove the contribution of point sources, we iteratively mask
out pixels with surface brightness values S, > 2.50 and then
recompute o until no more significant pixels are identified.
In detail, the process is:

(i) Create a smoothed image sm by convolving the image with
a Gaussian kernel with width three times that of the beam.

(ii) Create a residual image from the original image minus the
smoothed, res = im - sm.

(iii) Create a variance map by squaring the residual, var =
res 2.

(iv) Compute the average variance over a three beam width
area by convolving the variance map with the same Gaussian
kernel.

(v) Compute the RMS as the square root of the variance map,
o =var_sm'/2,

(vi) Mask out pixels with values in the original image greater
than 2.50.

(vii) Repeat the above steps until no additional pixels are added
to the mask.

The convolution steps ignore masked pixels using ASTROPY’s
convolve functions.

The resulting noise maps are shown in Fig. 8, and their his-
tograms in Fig. 9.

The noise is remarkably higher in a few regions. Most
significantly, both Sgr A (¢ ~ —0.05,b ~ —0.05) and Sgr B2
(€ ~0.68,b ~ —0.01) have dramatically higher noise because
of bright, challenging-to-clean, structure. Both of these re-
gions would require substantial self-calibration to reduce their
noise and increase their dynamic range, but past experi-
ence suggests the noise would still remain highly elevated
because of the multiscale extended structure (A. Ginsburg
et al. 2018). Sgr A also contains the highly variable point
source Sgr Asx, which is not well-modelled by a single flux
value. We chose not to attempt significantly deeper cleaning
of these regions for this publication, in part because compa-
rable or superior images within these high-noise areas have
alreadybeen published (Sgr B2; A. Ginsburg et al. 2018, see
also Section 4.2.1) or because we have not yet determined
an appropriate path towards high-dynamic range imaging (Sgr
Ax).

The remaining high-noise areas are less extreme and simply
follow extended structure: this extended structure contributes to
the measured RMS, and while its presence limits our ability to
identify point sources, it is not truly noise. One feature that drives
the highly structured noise is the penultimate step in the above
process, in which only positive pixels are masked out. Negative
bowls surrounding bright extended structures contribute to the
RMS estimate and are not masked out. There is one apparently
low-noise region at the top of field v in the spw33+435 maps:
the signal in this region has spuriously been suppressed, and we
have been unable to diagnose the issue; data in this region of the
spw33+-35 mosaic image should not be used. No other regions
were so affected, and it is clear that only one spectral window is
affected in this particular case.

MNRAS 552, 1-30 (2026)

For individual fields, we present a simple summary statistic
rather than a map. We compute oyap for each field in their native
Jy beam™! unit. The field-by-field noise is summarized in Fig. 5,
where it is shown as a function of beam size. The noise in each
field is a function of both integration time and cleaning depth.

3.7 Single dish combination

We merge our images with the MUSTANG-2 Galactic Plane Sur-
vey (MGPS90) and TENS (Three millimetre Expanded Nucleus
Survey) continuum images. The data are described in Section 2.1;
here, we discuss the combination with different scales.

The MUSTANG-2 data are themselves insensitive to scales
larger than ~ 3 arcmin, so to compensate for the missing large
scales, we combine the MUSTANG-2 images with Planck all-sky
images (Planck Collaboration I 2014).

We combine the ACES aggregate circular beam image with
the MGPS90 image. We adopt a central frequency 97.3 GHz for
the ACES data and 87.9 GHz for the MGPS90 data; these fre-
quencies correspond to an assumed spectral index o = 0, and
in adopting that assumption, no scaling of the amplitudes is
needed, but steep-index sources (¢ > 0) will have mismatched
large- and small- angular scale fluxes (see Section 4.1 for mea-
surements of «). Before combination, we realigned the MGPS90
image to the ACES data using the image registration pack-
age’s chi2 shift tool.!° We first convolved the ACES data to
the MGPS90 resolution. We found that the MGPS90 data are
offset by d¢ = —1.0, db = 2.98 arcseconds from the ACES data.
We therefore shift the MGPS90 data before combining, and we
record this offset in the SHIFTED header keyword. The data are
combined using the feathering technique (W. D. Cotton 2017) as
implemented in the UVCOMBINE package in the radio-astro-
tools suite.!! The combined image has the same point spread
function (PSF) as the interferometric image, i.e. the synthesized
beam, since the synthesized beam is the reconstructed response
of a filled aperture to a point source (see U. Rau, N. Naik & T.
Braun 2019 for caveats about feathering). Unlike joint deconvo-
lution, because the feathering is performed after cleaning, it has
no effect on the shape of the fitted synthesized beam.

The ACES 12 m-only image and the feathered, combined image
are shown in Fig. 10. We compare the before and after side by side
in Fig. 11.

4 ANALYSIS

We perform some additional minimal analysis of the data to
demonstrate the possibilities, and limitations, of the ACES data.

4.1 Spectral index

As noted in Section 3.3, the fractional bandwidth from the low
end to the high end of the ACES band is ~ 16 per cent, which is
enough to allow an in-band spectral index measurement in some
cases. The radio spectral index « is defined such that

Sl _ 151 ¢
5= R

Ohttps://image-registration.readthedocs.io/en/latest/image_
registration.html
Whttps://github.com/radio-astro-tools/uvcombine
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Our images were produced with CASA’s multiterm, multifre-
quency synthesis using two Taylor terms (tt 0 for the spectrally
flat component and tt1 for the first order term). We convolved
the tt1 images to the common beam and stitched them together
as with the tt0 images. We then produced a complete mosaic
map of « directly from the modelled Taylor terms, « = tt1/tt0.
Additionally, we manually computed an & map by combining the
spw25+27 and spw33+35 images as

log(S33435/S25427)

log (99.53/86.54) @

Omanual =
assuming each spw image is monochromatic.

To assess the reliability of these measurements, we compare
the pixel-by-pixel @ measurements for all pixels in which the
signal-to-noise ratio of the spw25+27 image is greater than 10.
Fig. 12 shows that only a small fraction of the total « measure-
ments agree between the two methods. We have no a priori reason
to favour one estimate over another, so we recommend that, in
general, in-band spectral index measurements from ACES should
be used with great caution. However, we assess the measure-
ments in more detail before fully dismissing them.

Figs A1—A16 show zoomed-in cut-outs of individual regions.
Each four-panel figure shows the low- and high-frequency 12
m images, the manually-calculated « image, and the feathered
MUSTANG TENS plus ACES aggregate continuum image. Much
of the extended regions with significant emission exhibit negative
spectral index, sometimes very negative, with notable positive-
index regions in Sgr C (Fig. A6), the 20 km s~ cloud (Fig. A2),
and F359 (Fig. A9), which is a foreground cloud (M. J. Reid et al.
2019). Locations dominated by H1I regions, like the rim edges
in the Pistol and Sickle nebula (Fig. A7) and the compact bright
source in Sgr Bl (Fig. A5), have relatively flat spectral indices
(a ~ 0), as expected for optically thin free-free emission. Non-
thermal filaments are expected to have negative spectral indices,
but the only such features with high enough signal-to-noise to
measure « are near the Pistol & Sickle (Fig. A7). A common
pattern is that o ~ 0 towards the central peaks, with « — —4
immediately around the peaks (e.g. as prominently seen in much
of Sgr c; A6): this pattern hints that the negative indices are
caused by improved flux recovery on larger angular scales at
longer wavelengths. Such a pattern is unlikely to be physical in
nature.

MNRAS 552, 1-30 (2026)
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and provides the beam FWHM for each.

We therefore suggest that spectral indices measured towards
point sources are usable if the background is adequately removed,

while spectral indices towards extended regions should generally
not be trusted without corroborating data.

4.2 Comparison to other data

To validate the ACES data and explore some of the consequences
of the specific configurations used in ACES, we compare the
ACES images to previously published ALMA observations of Sgr
B2 (Section 4.2.1), the Brick (Section 4.2.2), and other CMZ clouds
(Section 4.2.3). Only ALMA has observed the Galactic Centre at
comparable wavelength and resolution: while CMZoom with the
SMA has comparable resolution, it is at 1 mm (C. Battersby et
al. 2020), and while the CARMA CMZ survey was at a similar
wavelength, it has coarser resolution (M. W. Pound & F. Yusef-
Zadeh 2018). In the following subsections, we compare to previ-
ously published images or those prepared by coinvestigators on
ACES. A. Ginsburg et al. (2024) examined a specific continuum
source in ACES and compared the ACES data to archival ALMA
data; we do not repeat their analysis here, but note that that work
showcases an example where it may be necessary to use data from
individual ACES fields to achieve the best resolution.

4.2.1 SgrB2

We compare the ACES image to the 2013.1.00269.S mosaic of
Sgr B2, which was tied for the largest area mapped in the
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Figure 10. The full footprint mosaic ACES continuum data. The top figure shows the ACES 12 m data, the bottom figure shows the MUSTANG-2 image
feathered with the ACES data. The circular beam in both figures is 2.56 arcsec and is shown in the very tiny inset box, but it is a single pixel in this figure

because of print and file size limitations.
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CMZ prior to ACES. The Sgr B2 image was presented in A.
Ginsburg et al. (2018) and achieved a high dynamic range
through self-calibration and the combination of data from mul-
tiple ALMA 12 m array configurations and the 7 m ACA. The
image has ~ 0.5arcsec resolution and a central effective fre-
quency of 96.34 GHz, a little lower than the ACES aggregate
image.

Fig. 14 shows a comparison between these data sets, in which
the Sgr B2 image is convolved to the ACES resolution and
then subtracted. In the difference image, it is apparent that
the ACES data under-recover flux on scales of several to sev-
eral tens of arcseconds, as expected given that the ACES im-
ages do not include 7 m ACA data and have not been self-
calibrated. The difference at the peaks, Sgr B2 N, M, and S,
may be caused by under-cleaning in ACES or a failure to reject

line contaminants in the 2013 data set. The ACES continuum
selection was not optimized for the Sgr B2 hot cores, so it may
include significant absorption features that reduce the overall
flux. Because of the challenge in imaging Sgr B2 in particu-
lar, we refer readers to previous, more careful measurements of
these few sources (A. Sanchez-Monge et al. 2017) for continuum
analyses.

While the central cores are poorly recovered, the regions in
the ‘extended Sgr B2’ cloud far from the N/M/S ridge are well-
recovered. There are absolute differences notable in the compar-
ison image, but they are mostly unstructured on the scales of
the ACES data, indicating good recovery. Nevertheless, for this
region, it is evident that the archival data outperform the ACES
data in several regards.

4.2.2 G0.253+0.016: The brick

J. M. Rathborne et al. (2015) published one of the first mosaics
created by ALMA, a Cycle 0 (CO0) band 3 image of the Brick.
Their image had an effective central frequency ve,s = 94.125
GHz, reported noise ogys = 0.025 mJy beam™! (a few times bet-
ter than ACES), and 1.7 arcsec resolution. The better sensitivity
was achieved despite having fewer antennae (25 versus 40-45 in
typical ACES observations) by making a smaller mosaic (13 point-
ings) and revisiting the field six times (compared to two visits
spread over 95 pointings for ACES; see Table B1). The resulting
images are evidently of higher quality, with better (u, v) coverage
in addition to better sensitivity. Fig. 15 shows the comparison
between the ACES and Brick data. Larger-scale emission is better
recovered in the CO data.

In order to fill in the short spacing (large angular scale) emis-
sion, J. M. Rathborne et al. (2015) extrapolated from a different
wavelength. They scaled the Herschel 500 pm image using a
fixed spectral index « = 3.2. By contrast, we use the MUSTANG
TENS 3 mm image, taken at nearly the same wavelength as the
ACES data, to fill in our short spacing. We compare these images
in Fig. 16, resulting in a striking difference: there is a north-
south intensity gradient in the image, with the southern half
of the Brick much brighter than the north. This difference was
apparent in the original publication showing the MUSTANG-2
data (A. Ginsburg et al. 2020) but was not commented on there.
The excess emission in the south implies that there is substantial
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free-free contribution to the 3 mm emission in the Brick that is
not accounted for in the Herschel extrapolation.

To evaluate the nature of the disagreement further, we compare
to the MEERKAT 1.4 GHz (I. Heywood et al. 2022) image in
Fig. 17. To attempt to match the MEERKAT and ACES data, we
scaled the MEERKAT to 95 GHz adopting « = —0.1, as expected
for optically thin free-free emission. Fig. 17 shows that subtract-
ing the scaled MEERKAT image from the ACES+TENS image
brings the latter into closer agreement with the J. M. Rathborne
et al. (2015) image, but there still remains some variation, either
because the spectral index spatially varies or because of a genuine
excess at 3 mm in the southern portion of the Brick.

Understanding the spatial and spectral structure of the Brick
specifically (J. M. Rathborne et al. 2015; C. Federrath et al. 2016;

MNRAS 552, 1-30 (2026)

J. D. Henshaw et al. 2019; D. L. Walker et al. 2021; A. Ginsburg
et al. 2023; M. A. Petkova et al. 2023; Y. Sofue 2024), and any
gas structure in the CMZ more generally, clearly remains an open
challenge. We defer further analysis to future work.

4.2.3 Other CMZ dense clouds

As part of program 2018.1.01420.S (PI: Xing Lu), F. Xu et al.
(2025) surveyed the Sgr C, Cloud E, and 20 kms~! clouds
using ALMA in configuration C-4 and C-7. We compare to
the shorter-baseline C-4 images in Figs 18 and 19. In the 20
kms~! cloud and Cloud E, there is small disagreement on
large angular scales, which we attribute to the difference in
(u, v) coverage between the ACES and Xu data sets. In Sgr C,
there is some disagreement in the small-scale structures at the
few percent level; this difference is also attributable to differ-
ences in (u, v) coverage, but may be slightly amplified by the
small difference in frequency coverage of ACES versus F. Xu et
al.

While these targeted observations provide higher resolu-
tion, more detailed views of the star-forming clumps and
cores, the ACES mosaics provide a view of the large-scale
context.

5 SUMMARY

We have presented the continuum data from the ALMA ACES
Large Program supplemented by the GBT TENS MUSTANG
project.

These data include:

(i) A ~ 3 mm image produced using only 12 m array data
with &~ 0.1 mJy beam™! sensitivity and 2.4 arcsec beam. The
largest angular scale recovered in these images is roughly 10-20
arcsec.

(ii) Two monochromatic images at 86.5 and 99.5 GHz pro-
duced from the upper- and lower- sidebands of the ALMA data,
with 2.9 and 2.2 arcsec resolution and 0.2 and 0.1 mJy beam™!
RMS, respectively.

(iii) A feathered image combining the ACES aggregate contin-
uum data with the MUSTANG-2 TENS image and Planck all-sky
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Figure 15. Comparison between ACES 12 m and the Cycle 0 mosaic of the Brick (J. M. Rathborne et al. 2015). The Brick image is not primary-beam
corrected, so the signal is artificially suppressed around the edges of the CO image.

data. This image is sensitive to all angular scales, but is comprised
of individual images with different spatial frequency sensitivity.

(iv) Images of the in-band spectral index, measured both using
CASA’s MTMFS imaging and by taking the ratio of the low- and
high-frequency ACES mosaic images.

Appendix A shows zoom-in views of some of the most promi-
nent features in the CMZ, highlighting the regions where spectral
index measurements are most significantly detected.

We performed basic quality assessment analyses by comparing
the ACES data to previous ALMA observations. We found overall
good agreement with a few exceptions:

(i) Imaging programs with better (u, v) coverage outperform
ACES.

(ii) Towards bright sources (Sgr B2 and Sgr Ax), programs that
have undergone careful self-calibration and/or time-dependent
calibration outperform ACES.

Otherwise, for most of the CMZ, ACES represents the new
standard for millimeter continuum observations.
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DATA AVAILABILITY

All data products and associated documentation can be found at
https://almascience.org/alma-data/lp/aces.

All code and data processing issues are available at the public
GitHub repository here: https://github.com/ACES-CMZ/reduct
ion_ACES.

The ACES pipeline is based on a number of open-source as-
tronomy software packages, including ASTROPY (Astropy Col-
laboration 2013, 2018, 2022), ASTROQUERY (A. Ginsburg et al.
2019b), SPECTRAL-CUBE (A. Ginsburg et al. 2019a), RADIO-BEAM
(E. Koch et al. 2025), pvextractor (A. Ginsburg, T. Robitaille & C.
Beaumont 2016), REPROJECT (T. Robitaille, C. Deil & A. Ginsburg
2020), IMAGE_REGISTRATION (A. Ginsburg & A. Giessel 2014),
STATCONT (A. Sdnchez-Monge et al. 2018), CASA (CASA Team
et al. 2022), NUMPY (C. R. Harris et al. 2020), CARTA (A. Comrie
et al. 2021), and MATPLOTLIB (J. D. Hunter 2007).

REFERENCES

Aguirre J. E. et al., 2011, ApJS, 192, 4

Astropy Collaboration, 2013, A&A, 558, A33

Astropy Collaboration, 2018, AJ, 156, 123

Astropy Collaboration, 2022, ApJ, 935, 167

Bally J. et al., 2010, ApJ, 721, 137

Bally J. et al., 2025, ApJ, 983, 20

Barnes A. T., Longmore S. N., Battersby C., Bally J., Kruijssen J. M. D,
Henshaw J. D., Walker D. L., 2017, MNRAS, 469, 2263

Battersby C. et al., 2020, ApJS, 249, 35

Bulatek A., Ginsburg A., Darling J., Henkel C., Menten K. M., 2023, ApJ,
956, 78

CASA Team et al., 2022, PASP, 134, 114501

Chevance M., Kruijssen J. M. D., Longmore S. N., 2025, preprint
(arXiv:2501.13160)

Comrie A. et al, 2021, CARTA: The Cube Analy-
sis and Rendering Tool for Astronomy. Zenodo,
https://ui.adsabs.harvard.edu/abs/2021zndo...3377984C/abstract

Cornwell T. J., 1988, A&A, 202, 316

Cotton W. D., 2017, PASP, 129, 094501

Dicker S. R. et al., 2014, J. Low Temp. Phys., 176, 808

EkersR. D., Rots A. H., 1979, in van Schooneveld C., ed., Astrophysics and
Space Science Library Vol. 76, IAU Colloq. 49: Image Formation from
Coherence Functions in Astronomy. C. D. Reidel Publishing Co., p.
61, preprint (arXiv:1212.3311)

Event Horizon Telescope Collaboration et al., 2022, ApJ, 930, L12

Federrath C. et al., 2016, ApJ, 832, 143

Genzel R., Eisenhauer F., Gillessen S., 2010, Rev. Mod. Phys., 82, 3121

Ginsburg A., Giessel A., 2014, image_registration v0.2.1. Zenodo,
https://ui.adsabs.harvard.edu/abs/2014zndo.....12528G/abstract

Ginsburg A. et al., 2013, ApJS, 208, 14

MNRAS 552, 1-30 (2026)

920Z JaqWIBAON g0 U0 Jasn AlisiaAiun sa10op\ uyor j0odiaal] Aq £9/5/88/4SEBRIS/2/2GS/a10NIB/SBIUW/WOD dNO™0ILSPEIE. WO} PPEOJUMO(]


https://almascience.org/alma-data/lp/aces
https://github.com/ACES-CMZ/reduction_ACES
http://dx.doi.org/10.1088/0067-0049/192/1/4
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.3847/1538-4357/ac7c74
http://dx.doi.org/10.1088/0004-637X/721/1/137
http://dx.doi.org/ 10.3847/1538-4357/ad9d0b
http://dx.doi.org/10.1093/mnras/stx941
http://dx.doi.org/10.3847/1538-4365/aba18e
http://dx.doi.org/10.3847/1538-4357/acf0c1
http://dx.doi.org/10.1088/1538-3873/ac9642
http://arxiv.org/abs/2501.13160
http://dx.doi.org/10.1088/1538-3873/aa793f
http://dx.doi.org/10.1007/s10909-013-1070-8
http://arxiv.org/abs/1212.3311
http://dx.doi.org/10.3847/2041-8213/ac6674
http://dx.doi.org/10.3847/0004-637X/832/2/143
http://dx.doi.org/10.1103/RevModPhys.82.3121
http://dx.doi.org/10.1088/0067-0049/208/2/14

18 A. Ginsburg & ACES Team

Ginsburg A., Robitaille T., Beaumont C., 2016, Astrophysics Source Code Nogueras-Lara F. et al., 2018, A&A, 610, A83

Library, record ascl:1608.010 Nonhebel M. et al., 2024, A&A, 691, A70

Ginsburg A. et al., 2018, ApJ, 853,171 Petkova M. A. et al., 2023, MNRAS, 520, 2245

Ginsburg A. et al., 2019a, radio-astro- Pety J., Rodriguez-Fernandez N., 2010, A&A, 517, A12
tools/spectral-cube: Release v0.4.5. Zenodo, Planck Collaboration I, 2014, A&A, 571, Al
https://ui.adsabs.harvard.edu/abs/2019zndo...2573901G/abstract Pound M. W., Yusef-Zadeh F., 2018, MNRAS, 473, 2899

Ginsburg A. et al., 2019b, AJ, 157, 98 Rathborne J. M. et al., 2015, ApJ, 802, 125

Ginsburg A. et al., 2020, ApJS, 248, 24 Rau U, Naik N., Braun T., 2019, AJ, 158, 3

Ginsburg A. et al., 2022, A&A, 662, A9 Reid M. J. et al., 2019, ApJ, 885, 131

Ginsburg A. et al., 2023, ApJ, 959, 36 Robitaille T., Deil C., Ginsburg A., 2020, Astrophysics Source Code Li-

Ginsburg A. et al., 2024, ApJ, 968, L11 brary, ascl:2011.023

Harris C. R. et al., 2020, Nature, 585, 357 Sénchez-Monge A. et al., 2017, A&A, 604, A6

Heard V., Warwick R. S., 2013, MNRAS, 428, 3462 Sédnchez-Monge A., Schilke P., Ginsburg A., Cesaroni R., Schmiedeke A.,

Henshaw J. D. et al., 2019, MNRAS, 485, 2457 2018, A&A, 609, A101

Henshaw J. D., Barnes A. T., Battersby C., Ginsburg A., Sormani M. C., Sofue Y., 2024, PASJ, 76, 773
Walker D. L., 2023, in Inutsuka S., Aikawa Y., Muto T., Tomida K., Sormani M. C. et al., 2020, MNRAS, 497, 5024
Tamura M., eds, Proc. ASP Conf. Ser. Vol. 534,, Protostars and Planets Tang Y., Wang Q. D., Wilson G. W,, 2021a, MNRAS, 505, 2377
VII. Astron. Soc. Pac., San Francisco, p. 83 Tang Y. et al., 2021b, MNRAS, 505, 2392

Heywood I. et al., 2022, ApJ, 925, 165 Veilleux S., Cecil G., Bland-Hawthorn J., 2005, ARA&A, 43, 769

Hsieh P.-Y., ACES Team, 2025, MNRAS, xxx, yyy Walker D., ACES Team, 2025, MNRAS, xxx, yyy

Hunter J. D., 2007, Comput. Sci. Eng., 9, 90 Walker D. L. et al., 2021, MNRAS, 503, 77

Koch E. et al., 2025, radio-astro-tools/radio-beam: v0.3.9. Zenodo, Wang Q. D., Gotthelf E. V,, Lang C. C., 2002, Nature, 415, 148
https://ui.adsabs.harvard.edu/abs/2025zndo..15677957K/abstract Wang Q. D. et al., 2010, MNRAS, 402, 895

Kruijssen J. M. D., Longmore S. N., Elmegreen B. G., Murray N., Bally J., Xu F. et al., 2025, A&A, 697, Al64

Testi L., Kennicutt R. C., 2014, MNRAS, 440, 3370
Krumholz M. R., Kruijssen J. M. D., Crocker R. M., 2017, MNRAS, 466,

1213 APPENDIX A: CONTINUUM ZOOM-INS
Kunneriath D. et al., 2012, A&A, 538, A127
Law C. J., Yusef-Zadeh F., Cotton W. D., Maddalena R. J., 2008a, ApJS, We show a series of zoom figures cut out from the regions shown
177, 255 in Fig. 13 in this Appendix in Figs A1-A16. These regions high-
Law C. J., Yusef-Zadeh F., Cotton W. D., 2008b, ApJS, 177, 515 light most of the high signal-to-noise extended emission regions
Leroy A. K. et al,, 2021, ApJS, 255,19 with significant measurements of the spectral index (see Sec-
Longmore 8. N., ACES Team, 2025, MNRAS, xxx, yyy tion 4.1). The spectral index measurement used in these figures is

Longmore S. N. et al., 2013, MNRAS, 429, 987
Lu X., ACES Team, 2025, MNRAS, xxX, yyy
Molinari S. et al., 2011, ApJ, 735, L33

Muno M. P. et al., 2009, ApJS, 181, 110

the ‘manual’ index from dividing the high-frequency (spw33+35)
by the low-frequency (spw25+27) ACES images. A brief analysis
of each figure is given in its caption.

North Arches

M & -
] < + &
E g 8§ 2
g 3 3 s &
< < =k =
"L“i T = 3 10 &
® ® ® 2|
3 : : 2
© ) ) = :
@ . wid - - i e
0.15° 0.10° 0.15° 0.10° 0.05° 0.15° 0.10° 0.05° 0.15° 0.10° 0
Galactic Longitude Galactic Longitude Galactic Longitude Galactic Longitude
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Figure A3. Like Fig. Al, but for the region north of Sgr Ax (see Fig. 13).
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Figure A7. Like Fig. A1, but for the Pistol, Sickle, and Quintuplet region (see Fig. 13). The large-scale arced feature is the Sickle HII region, while
the vertical streaked features are part of the non-thermal arch filaments. The emission in this region is mostly flat or negative (@ < 2), consistent with
plasma emission.
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Figure A10. Like Fig. Al, but for Sgr A« (see Fig. 13). The negative spectral index observed in the minispiral is consistent with previous measurements

(D. Kunneriath et al. 2012).
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Figure All. Like Fig. Al, but for The Brick (see Fig. 13). As noted in Section 4.2.2, the Brick is mostly resolved out in ACES images, so there is no
measurement of the spectral index within the main body of the cloud. Only the known small star-cluster-forming region (D. L. Walker et al. 2021; A.
Bulatek et al. 2023) has a dustlike index.
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Figure A12. Like Fig. Al, but for the southern dust ridge region, also know as the ‘Three Little Pigs’ (see Fig. 13 C. Battersby et al. 2020). Like The
Brick (Fig. A11), most of the cloud emission is resolved out. The extended emission with detected spectral index is most likely plasma.
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Figure A13. Like Fig. Al, but for Dust Ridge Cloud C (see Fig. 13). Because of the deep negative bowls around the central HII region in this image, it
did not pass the signal-to-noise threshold used to make the o maps.
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Figure A14. Like Fig. A1, but for the Sgr B2 region (see Fig. 13).
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Figure A15. Like Fig. A1, but for the M. Nonhebel et al. (2024) ring region (see Fig. 13). Like the Brick (Fig. A11) and the southern dust ridge (Fig.
A12), most of the cloud emission exists only on large angular scales and is resolved out. The rightmost panel convincingly demonstrates that the ring
does indeed exist in dust, but is difficult to pick out in 12 m-only data.
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Figure A16. Like Fig. Al, but for the region G359.63 (see Fig. 13).

APPENDIX B: OBSERVATION METADATA
TABLE

The full metadata table, Table B1, is presented here. The table
includes the field name, time of each execution, the configura-
tion, the PWV during the execution, the number of pointings in
the scheduling block, the exposure time per mosaic pointing, and
the expected resolution and largest angular scale.
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26  A. Ginsburg & ACES Team

APPENDIX C: CONTINUUM DATA SUMMARY

TABLE

A summary of the continuum imaging is reported in Table C1.
This table reports the properties of the individual continuum im-
ages that comprise the full ACES mosaic. The naming convention

is given in Section D.

Table C1. Continuum Data Summary.

APPENDIX D: DATA RELEASE SUMMARY

The data products from the ACES survey follow a uniform nam-
ing convention. The filenames for the data products presented in
this paper (continuum) can be constructed using the templates
described below, in conjunction with the information provided
in Table B1.

Region emaj Omin BPA Robust SPWs Speak OMAD TB,peak OMAD, mK
" " ° mJybeam™! mJybeam™! K mK
G359.448—-00.183 1.9 1.1 —75 rl.0 25,27 3.2 0.093 0.24 6.9
G359.448—00.183 1.7 0.98 —-75 rl.0 33,35 2.5 0.063 0.19 4.8
G359.448—-00.183 1.7 1.0 —75 rl.0 all 2.8 0.068 0.20 5.0
G359.463—00.090 2.2 1.6 86 10.0 25,27 14 0.17 0.67 7.8
G359.463—00.090 1.8 14 86 r0.0 33,35 19 0.095 0.91 4.7
G359.463—00.090 1.9 1.5 86 10.0 all 17 0.094 0.76 4.4
G359.511-00.166 1.8 14 —-79 r0.5 25,27 1.3 0.11 0.086 7.4
G359.511-00.166 1.5 1.1 —78 10.5 33,35 0.71 0.063 0.052 4.6
G359.511-00.166 1.6 1.2 —-79 r0.5 all 0.79 0.066 0.054 4.6
G359.543—00.041 2.6 1.6 90 10.0 25,27 2.5 0.18 0.099 7.0
G359.543—-00.041 2.0 14 89 r0.0 33,35 3.5 0.11 0.16 4.8
G359.543—00.041 2.1 14 90 10.0 all 3.1 0.10 0.13 4.5
G359.590—00.121 2.1 1.7 82 r0.5 25,27 0.69 0.13 0.031 5.6
G359.590—00.121 1.8 14 83 10.5 33,35 0.56 0.061 0.027 3.0
G359.590—00.121 1.9 1.5 83 r0.5 all 0.49 0.064 0.023 3.0
G359.602—00.207 1.6 14 —77 10.5 25,27 12 0.14 0.86 11
G359.602—00.207 1.3 1.2 —74 r0.5 33,35 15 0.080 1.2 6.1
G359.602—00.207 1.4 1.2 —76 10.5 all 13 0.080 0.99 59
G359.622+00.003 2.2 1.8 74 r0.5 25,27 14 0.12 0.060 5.0
G359.6224-00.003 1.8 1.5 73 10.5 33,35 2.1 0.077 0.093 34
G359.622+00.003 1.9 1.6 73 r0.5 all 1.9 0.079 0.081 3.4
G359.668—00.073 2.1 1.7 79 10.5 25,27 2.5 0.12 0.11 5.5
G359.668—00.073 1.8 14 80 r0.5 33,35 1.9 0.075 0.094 3.6
G359.668—00.073 1.9 1.5 80 10.5 all 2.1 0.080 0.097 3.6
G359.704+00.031 2.1 1.6 —86 r0.5 25,27 0.66 0.11 0.032 5.3
G359.704+00.031 1.7 1.3 —86 10.5 33,35 0.69 0.067 0.037 3.6
G359.704+00.031 1.9 14 —86 r0.5 all 0.63 0.068 0.032 3.5
G359.717—-00.135 1.9 1.6 —87 10.5 25,27 3.6 0.095 0.20 5.3
G359.717—00.135 1.5 1.3 —86 r0.5 33,35 2.9 0.064 0.17 3.9
G359.717—-00.135 1.6 1.4 —84 10.5 all 3.1 0.064 0.17 3.7
G359.748—00.025 2.3 1.7 88 r0.5 25,27 4.4 0.12 0.18 5.1
G359.748—00.025 1.9 1.5 89 10.5 33,35 3.5 0.068 0.16 3.1
G359.748—00.025 2.0 1.5 89 r0.5 all 3.7 0.075 0.16 3.2
G359.799—-00.102 1.6 1.2 —83 10.5 25,27 1.5 0.096 0.13 8.1
G359.799—-00.102 14 1.0 —82 r0.5 33,35 1.0 0.061 0.093 5.6
G359.799—-00.102 1.4 1.0 —82 10.5 all 1.2 0.064 0.11 5.6
G359.822+00.016 2.4 1.6 78 10.5 25,27 8.3 0.13 0.34 5.3
G359.822+4-00.016 2.0 14 77 10.5 33,35 9.3 0.070 0.42 3.2
G359.822+00.016 2.1 14 78 10.5 all 8.9 0.074 0.38 3.2
G359.874—00.055 1.7 1.3 85 rl.0 25,27 9.6 0.16 0.70 12
G359.874—00.055 1.5 1.1 87 rl.0 33,35 14 0.096 1.0 7.0
G359.874—00.055 1.5 1.2 86 rl.0 all 12 0.11 0.86 7.6
G359.915—00.108 2.5 1.7 —88 10.5 25,27 1.3 0.11 0.048 4.3
G359.915—-00.108 2.1 14 —86 10.5 33,35 0.63 0.075 0.027 3.2
G359.915—-00.108 2.2 1.5 —87 10.5 all 0.59 0.079 0.024 3.2
G359.9454-00.165 1.8 1.1 —80 10.5 25,27 6.0 0.11 0.48 9.1
G359.9454-00.165 1.5 0.95 —-79 10.5 33,35 4.1 0.045 0.36 3.9
G359.9454-00.165 1.6 1.0 —79 10.5 all 5.0 0.067 0.41 5.5
G359.952—00.007 1.6 1.3 —84 r0.5 25,27 2400 0.26 190 20
G359.952—00.007 1.4 1.1 —82 r0.5 33,35 2600 0.13 220 11
G359.952—00.007 14 1.1 —82 10.5 all 2500 0.15 200 12
G359.999—-00.077 1.8 1.5 —-71 r0.5 25,27 33 0.17 2.0 10
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Table C1 - continued

ACES Continuum Imaging 27

Region Gmaj Omin BPA Robust SPWs Speak OMAD TB,peak OMAD, mK
" " ° mJybeam™! mJybeam™! K mK
G359.999—-00.077 1.5 1.3 —61 10.5 33,35 27 0.095 1.7 6.0
G359.999-00.077 1.6 1.3 —63 r0.5 all 28 0.11 1.7 6.6
G000.029+00.041 2.8 1.5 —85 r0.0 25,27 44 0.23 1.7 9.0
G000.029+00.041 2.1 1.3 —85 r0.0 33,35 33 0.13 1.5 5.7
G000.029+00.041 2.3 14 —85 r0.0 all 37 0.15 1.5 6.0
G000.073+00.184 1.6 1.1 —76 r0.5 25,27 0.56 0.095 0.050 8.4
G000.073+00.184 1.4 0.96 —73 r0.5 33,35 0.67 0.057 0.064 5.4
G000.073+00.184 14 1.0 —74 r0.5 all 0.74 0.059 0.067 53
G000.082—00.037 2.5 1.7 88 r0.0 25,27 21 0.21 0.81 8.4
G000.082—00.037 1.9 1.5 87 r0.0 33,35 17 0.13 0.75 5.8
G000.082—00.037 2.0 1.5 87 r0.0 all 18 0.15 0.75 6.2
G000.123—-00.115 2.5 1.5 —-90 r0.0 25,27 35 0.19 1.5 7.9
G000.123—-00.115 2.0 1.3 88 r0.0 33,35 30 0.097 1.5 4.7
G000.123—-00.115 2.1 1.3 88 r0.0 all 32 0.11 14 5.1
G000.162+00.010 2.6 1.6 —-90 r0.0 25,27 22 0.27 0.90 11
G000.162+00.010 2.0 1.3 89 r0.0 33,35 17 0.14 0.83 6.7
G000.162+00.010 2.2 14 89 10.0 all 19 0.17 0.83 7.7
G000.208—00.063 2.3 1.6 88 r0.0 25,27 8.1 0.21 0.36 9.4
G000.208—00.063 1.8 14 85 r0.0 33,35 5.8 0.13 0.27 6.2
G000.208—00.063 2.0 1.5 86 r0.0 all 6.4 0.15 0.28 6.5
G000.286—00.019 2.5 1.6 87 r0.0 25,27 4.5 0.19 0.19 7.9
G000.286—00.019 1.9 1.3 86 r0.0 33,35 34 0.11 0.17 5.6
G000.286—00.019 2.1 14 86 r0.0 all 3.6 0.12 0.16 5.3
G000.300+00.063 2.4 1.5 —87 10.5 25,27 6.5 0.15 0.29 6.7
G000.300+00.063 2.0 1.3 —88 10.5 33,35 5.8 0.093 0.28 4.4
G000.300+00.063 2.1 14 —87 10.5 all 6.2 0.094 0.28 4.2
G000.323—-00.089 1.8 1.3 —63 10.5 25,27 5.8 0.12 0.43 8.7
G000.323—-00.089 1.5 1.1 —61 10.5 33,35 4.1 0.075 0.32 5.9
G000.323—-00.089 1.5 1.1 —61 10.5 all 4.7 0.076 0.35 5.7
G000.367+00.029 1.8 1.1 —74 10.5 25,27 30 0.16 2.4 13
G000.367+00.029 1.5 0.94 —74 10.5 33,35 43 0.089 3.7 7.8
G000.367+00.029 1.6 0.99 —74 10.5 all 37 0.089 31 7.4
G000.412—00.050 1.8 1.0 —-79 10.5 25,27 4.7 0.11 0.41 9.5
G000.412—00.050 1.5 0.88 —78 10.5 33,35 3.6 0.078 0.34 7.3
G000.412—00.050 1.6 0.92 —78 r0.5 all 4.0 0.081 0.35 7.2
G000.453+00.060 2.5 1.7 88 10.5 25,27 14 0.098 0.057 3.9
G000.453+00.060 2.0 14 89 r0.5 33,35 1.3 0.064 0.057 2.8
G000.453+00.060 2.2 1.5 89 r0.5 all 1.3 0.067 0.055 2.7
G000.464—00.104 1.7 1.1 —77 10.5 25,27 1.7 0.089 0.15 7.7
G000.464—00.104 14 0.93 —76 r0.5 33,35 0.82 0.068 0.077 6.4
G000.464—00.104 1.5 0.98 —77 10.5 all 1.1 0.068 0.10 6.1
G000.491—-00.002 2.2 1.7 84 r0.5 25,27 9.8 0.18 0.43 7.9
G000.491—-00.002 1.8 1.4 87 r0.5 33,35 11 0.11 0.51 5.1
G000.491—-00.002 1.9 1.5 87 10.5 all 9.2 0.11 0.42 5.2
G000.538—-00.079 24 1.6 82 r0.5 25,27 11 0.18 0.49 7.8
G000.538—-00.079 1.9 14 80 10.5 33,35 8.7 0.11 0.40 5.2
G000.538—-00.079 2.0 14 81 r0.5 all 9.6 0.12 0.42 54
G000.569+00.044 2.4 1.5 81 r0.0 25,27 1.9 0.13 0.087 6.0
G000.569+00.044 1.9 1.3 78 r0.0 33,35 1.8 0.082 0.092 4.2
G000.569+00.044 2.0 1.3 79 r0.0 all 1.6 0.080 0.074 3.8
G000.601—-00.131 1.9 1.1 =75 r0.5 25,27 0.87 0.091 0.065 6.8
G000.601—-00.131 1.6 0.97 —75 10.5 33,35 0.58 0.054 0.047 4.4
G000.601—-00.131 1.7 1.0 =75 r0.5 all 0.62 0.054 0.047 4.1
G000.616—00.033 1.6 1.2 87 10.5 25,27 2600 0.27 230 23
G000.616—00.033 1.3 1.0 89 r0.5 33,35 2500 0.14 230 13
G000.616—00.033 1.4 1.1 88 r0.5 all 2500 0.16 220 15
G000.637+00.068 2.3 1.9 78 r0.5 25,27 0.52 0.094 0.019 3.5
G000.637+00.068 1.9 1.6 80 r0.5 33,35 0.33 0.061 0.014 2.6
G000.637+00.068 2.0 1.6 79 r0.5 all 0.39 0.064 0.016 2.6
G000.665—00.111 1.6 14 —65 10.5 25,27 5.2 0.15 0.37 11
G000.665—00.111 14 1.2 —63 r0.5 33,35 2.7 0.090 0.21 7.0
G000.665—00.111 1.4 1.2 —64 10.5 all 33 0.098 0.24 7.2
G000.692+00.005 2.2 1.7 81 r0.0 25,27 1900 0.27 86 12
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Table C1 - continued

Region emaj Omin BPA Robust SPWs Speak OMAD TB,peak OMAD, mK
" " ° mJybeam™! mJybeam™! K mK
G000.692+00.005 1.8 1.4 82 r0.0 33,35 1700 0.15 85 7.7
G000.692+00.005 1.9 1.5 82 10.0 all 1700 0.16 82 7.5
G000.715—-00.180 2.3 1.6 —82 10.5 25,27 2.1 0.10 0.092 4.4
G000.715—-00.180 1.9 1.3 —-79 10.5 33,35 1.3 0.067 0.066 3.3
G000.715—00.180 2.0 14 —80 10.5 all 1.6 0.068 0.074 31
G000.741—-00.064 2.6 1.5 —87 10.0 25,27 71 0.22 3.0 9.1
G000.741—00.064 2.1 1.2 —87 10.0 33,35 35 0.13 1.7 6.1
G000.741—-00.064 2.2 1.3 —87 10.0 all 49 0.12 2.1 54
G000.774—00.244 1.8 1.1 —80 r1.0 25,27 24 0.093 0.20 7.7
G000.774—00.244 1.6 0.97 —-79 r1.0 33,35 3.8 0.070 0.31 5.7
G000.774—00.244 1.6 1.0 —-79 r1.0 all 33 0.072 0.26 5.8
G000.792—00.142 1.9 1.4 86 10.5 25,27 0.67 0.12 0.040 7.3
G000.792—00.142 1.6 1.2 86 10.5 33,35 0.47 0.069 0.031 4.5
G000.792—-00.142 1.7 1.3 87 10.5 all 0.48 0.071 0.029 4.4
G000.835—-00.216 1.8 1.1 —72 10.5 25,27 30 0.12 2.5 9.6
G000.835—-00.216 1.5 0.95 —71 r0.5 33,35 30 0.066 2.6 5.8
G000.835—00.216 1.5 1.0 —71 10.5 all 30 0.066 2.5 5.5

The following subsections are divided according to different
product types which occur at the Member ObsUnitSet (MOUS)
and Group ObsUnitSet (GOUS) levels.2

D1 Member-level products (12 m)

We release all continuum images for the 45 ACES regions. These
are member-level products, and correspond to the images for the
12 m array for each field prior to mosaicing. As described in
Section 3.3, for each field, we produce three images as outlined
in Tables D2 and D1.

Following the requirements of the ASA, the filename template
is:

member.uid  A001 {mous-id}.lp_ slongmore.
{field_coords}.{array}.{frqgcen} {bw}.cont.
{contsuffix} .fits

The placeholder template components should be replaced as
follows:

(1) {mous-id}: The MOUS ID for a given field, as listed in
Table D1.

(ii) {field_coords}: The central coordinates of the field from
Table D1 (e.g. G000.07340.184).

(iii) {array}: The ALMA array. For the continuum data, only
12 mis distributed.

(iv) {frqcen}: The frequency centre, which corresponds to the
spectral windows used (see Table D2):

(v) {bw}: The bandwidth, which also corresponds to the spec-
tral windows used (see Table D2):

(vi) {contsuffix}: The continuum file name suffix. This is in
two parts, the Taylor term (either t t 0 or t t 1) and the image type.
Distributed products include image, image.pbcor, model,
and residual.

For example,

12For a description of ALMA project structures and naming conventions,
please refer to Section 2 of the Cycle 9 QA2 guide: https://almascience.es
o.org/documents-and-tools/cycle9/alma-qa2-data-products-for-cycle-9
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member.uid__ A001_X15b4_X4b.lp_ slongmore.
G000.64+00.07.12m.cont.99.6GHz_bw3.8GHz.
ttl.residual.fits

is the Taylor-term 1 (slope) residual image for the high-
frequency (spw33+-35) image of G0.64+0.07, field ak.

D2 Group-level products (Full CMZ mosaics)

We release the full, contiguous mosaics covering the entire ACES
footprint. Since these result from the combination of many
MOUSs, the full mosaics are at the group level.

The filename template for the full mosaic cubes and associated
products is:

group.uid  A001 X1590 X30a9.lp slongmore.
cmz_mosaic.{arrays}.cont.{frgcen} {bw}.{suffix}

Where the template components are:

(i) {arrays} can be either 12m or 12mGBT-MUSTANG

(ii) {frqcen} and {bw} are as described in Section D1

(iii) {suffix} defines the specific data product. Products re-
leased with this paper are, for each spectral window set:

(a) pbcor .fits: primary beam corrected image mosaic.
(b) maskedrms .pbcor .fits: the corresponding uncer-
tainty map.

Additionally, there are alpha maps that only correspond to the
aggregate bandwidth 93 . 7GHz_bw4 . 7GHz

(a) alpha.fits:

(b) alpha.maskedrms.fits:

(c) alpha_manual .fits:

(d) alpha_manual .maskedrms.fits:

An example for the low-frequency composite 12m-only image
is:

group.uid  A001 X1590 X30a9.lp slongmore.
cmz_mosaic.l2m.cont.86.6GHz _bwl.O0GHz.pbcor.fits
! Department of Astronomy, University of Florida, PO Box 112055,
Gainesville, FL 32611, USA
2UK ALMA Regional Centre Node, Jodrell Bank Centre for Astrophysics,
The University of Manchester, Manchester M13 9PL, UK
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Table D1. Field information with central coordinates and MOUS IDs.

ACES Continuum Imaging

Central Coordinates Field ID 12 m MOUS ID 7 m MOUS ID TP MOUS ID
(G359.448—0.183 ad X15a0_Xl4e X15a0_ X150 X15a0_ X152
G359.463—0.090 aj X15a0_X172 X15b4_X47 X15b4_X49
G359.511-0.166 ag X15a0_X160 X15a0 X162 X15a0_ X164
G359.543—-0.041 e X15a0_Xbs X15b4_X39 X15a0_Xbc
G359.590—-0.121 ae X15a0_X154 X15a0_X156 X15a0_ X158
G359.602—0.207 1 X15a0_Xe2 X15a0_ Xe4 X15a0_Xe6
G359.622+-0.003 t X15a0 X112 X15a0 X114 X15a0 X116
G359.668—0.073 ap X15a0_X196 X15a0_X198 X3577_X6c5
G359.7044-0.031 y X15a0_ X130 X15a0 X132 X15a0_ X134
G359.717—0.135 ab X15a0_X142 X15a0_X144 X15a0_X146
G359.748—0.025 q X15a0_X100 X15a0 X102 X15a0 X104
G359.799—0.102 h X15a0_Xca X15a0_ Xcc X15a0_Xce
G359.8224-0.016 ai X15a0_X1l6c X15a0 Xlée X15a0 X170
G359.874—0.055 p X15a0_ Xfa X15a0_ Xfc X15a0_ Xfe
G359.915—-0.108 X X15a0_X12a X15a0 Xl2c X15a0 X12e
G359.945+0.165 v X15a0_Xlle X15a0_X120 X15a0_X122
G359.952—0.007 aq X15a0_X19c X15a0_X19e X15a0 Xla0
G359.9724-0.089 am X15a0_X184 X15a0_X186 X15a0_X188
G359.999—-0.077 aa X15a0_X13c X15a0_X13e X15a0_X140
G000.029+0.041 T X15a0_X106 X15a0_X108 X15a0_X10a
G000.0734-0.184 a X1590_X30aa X1590_X30ac X1590_X30ae
G000.082—0.037 o X15a0_Xf4 X15a0_Xf6 X15a0_Xf8
G000.123—-0.115 af X15a0_X15a X15a0_X15c¢ X15a0_X15e
G000.162+4-0.010 f X15a0_Xbe X15a0_Xc0 X15a0_Xc2
G000.208—0.063 s X15a0_X10c X15a0_X10e X15a0_X110
G000.286—0.019 c X15a0_Xac X15a0_Xae X15a0_ Xbo0
G000.3004-0.063 ao X15a0_X190 X15a0_X192 X15a0_X194
G000.323—0.089 d X15a0_Xb2 X15a0_Xb4 X15a0_Xbé
G000.367+-0.029 as X15a0_Xla8 X15a0_Xlaa X15a0_Xlac
G000.412—0.050 k X15a0 Xdc X15a0_ Xde X15a0_ Xe0
G000.4534-0.060 al X15a0_X17e X15a0_X180 X15a0_X182
G000.464—0.104 ac X15a0_X148 X15a0_Xl4a X15a0_Xl4c
G000.491—-0.002 ar X15a0_Xla2 X15b4_X4f X15a0_Xla6
G000.538—0.079 an X15a0_X18a X15a0_X18c X15a0_X18e
G000.569+-0.044 z X15a0_X136 X15a9_X12d3 X15a0_X13a
G000.601—-0.131 u X15a0_X118 X15a0_Xlla X15a0_Xllc
G000.616—0.033 b X15a0_Xa6 X15b4_ X37 X15a0_Xaa
G000.6374-0.068 ak X15b4_X4Db X15a9_X12d5 X15b4_X4d
G000.665—0.111 i X15a0_Xdo X15b4_Xc5 X15a0_Xd4
G000.6924-0.005 m X15b4_X41 X15b4_X43 X15b4_ X45
G000.715—0.180 w X15a0_X124 X15a0_X126 X15a0_X128
G000.741—-0.064 ] X15b4_X3d X15a0_Xds X15b4_X3f
G000.774—0.244 n X15a0_ Xee X15a0_Xfo0 X15a0_ Xf2
G000.792—0.142 g X15a0_Xc4 X15a0_Xc6 X15a0_Xc8
G000.835—0.216 ah X15a0_X166 X15a0_X168 X15a0_X16a

Note. Only the 12 m MOUS UIDs are used for file naming in this paper; the 7 m and TP data set IDs are

included for reference.

Table D2. Image file name convention
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