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ABSTRACT

The mass flows and energy cycles within the inner regions of galaxies exert a powerful influence on the evolution of the
galaxy population. The centre of the Milky Way is the only galactic nucleus for which it is possible to resolve the physical
mechanisms that drive these cycles, namely star formation and feedback, while also tracing global (=100 pc) processes
which determine where and when star formation and feedback occur. We present an overview of ACES, the ‘Atacama
Large Millimeter/submillimeter Array (ALMA) CMZ Exploration Survey’, a ~ 1.5 arcsec angular resolution, 0.2-3 km s™*
spectral resolution ALMA Band 3 (85-102 GHz), survey of the ‘Central Molecular Zone’ (CMZ) - the inner-100 pc of the
Galaxy (I =359.4° t0 0.8°). ACES spectral set-up is tuned to observe optimal tracers of the physical, chemical, and kinematic
conditions in over 70 spectral features (e.g. HCO™, HNCO, SiO, H40 «, complex molecules) of the gas in the CMZ, to
derive the properties of all potentially star-forming Galactic Centre gas, from global scales (100 pc) to dense ~0.05 pc
structures that are expected to host individual star-forming cores, down to subsonic (<0.4 kms~!) velocity resolution.
In this overview paper, we provide the scientific justification for the ACES survey, explain the choice of observational set-
up, and describe the data legacy products. Finally, we show some of the initial ACES data which highlight the power of
ACES’ combination of high angular resolution, unprecedented spatial dynamic range, sensitivity, spectral resolution and
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spectral bandwidth as an illustration of how ACES aims to understand how global processes set the location, intensity,

and time-scales for star formation and feedback in the CMZ.

Key words: surveys - ISM: kinematics and dynamics - ISM: evolution - ISM: molecules — Galaxy: centre — galaxies: star

formation.

1 INTRODUCTION

The mass flows and energy cycles in galactic nuclei play a key role
in shaping the evolution of the galaxy population (e.g. S. Veilleux,
G. Cecil & J. Bland-Hawthorn 2005; C. Cicone et al. 2014; T.
M. Heckman & P. N. Best 2014; C. M. Harrison 2017). Bars and
other large-scale stellar structures, as well as molecular clouds
and star formation complexes, evolve from these flows and cycles,
both baryonic and radiative, and from historical gravitational pro-
cesses including galaxy mergers. The central regions of galaxies
are thus key to understanding these multiple cycles, evolutionary
histories, and to quantifying how these global processes deter-
mine the location, intensity, and time-scales for star formation
and feedback (J. D. Henshaw et al. 2023). It is clear that many pro-
cesses are involved - a deep gravitational potential well, rapid dif-
ferential rotation, turbulence injection, shocks, strong magnetic
fields, etc. (J. M. D. Kruijssen et al. 2014; M. R. Krumholz & J. M.
D. Kruijssen 2015; C. Federrath et al. 2016; M. R. Krumholz, J. M.
D. Kruijssen & R. M. Crocker 2017; M. C. Sormani & A. T. Barnes
2019; M. C. Sormani et al. 2020; H. P. Hatchfield et al. 2021) -
the effects of which cascade from global (100 pc), to cloud (few
to 10 pc), to dense core-forming (0.05 pc) scales (S. N. Longmore
et al. 2013b; D. L. Walker et al. 2015, 2018; J. D. Henshaw et al.
2016; J. M. D. Kruijssen et al. 2019; C. Battersby et al. 2025a). The
centre of our Galaxy is the only nucleus for which we can resolve
the physics of star formation and feedback down to the scale of
individual protostellar cores (e.g. A. Ginsburg et al. 2018; X. Lu
etal. 2020, 2021; D. L. Walker et al. 2021; S. Zhang et al. 2025; F. Xu
et al. 2025), thereby providing the crucial link between galactic-
scale processes and the small-scale physics that ultimately reg-
ulate star formation and feedback (S. Molinari et al. 2011;
S. N. Longmore et al. 2013a; J. M. D. Kruijssen et al. 2014; J. D.
Henshaw et al. 2023).

Determining the relative importance of these processes as a
function of spatial scale, time and location requires measuring
the physical and kinematic properties of gas contiguously over
all these scales and comparing the gas properties with the com-
paratively well-established distribution of young stars and other
feedback sources (Fig. 1). Previous single-dish observations have
inadequate spatial resolution to achieve this goal (e.g. P. A. Jones
etal. 2012; A.J. Walsh et al. 2011; C. R. Purcell et al. 2012; A. Gins-
burg et al. 2016; N. Krieger et al. 2017), and existing interferomet-
ric studies at the targeted resolution are restricted to individual
clouds (e.g. C. Battersby et al. 2020, see Fig. 2). This discontinuity
in spatial dynamic range leaves us with a fundamental gap in our
knowledge between the small-scale physics of star formation and
the global (~100 pc) processes that control it.

The goal of the ALMA Central Molecular Zone (CMZ) Explo-
ration Survey (ACES) is to move beyond comparing a small num-
ber of the highest density clouds observed with heterogeneous
datasets, and to obtain a contiguous, uniform view of the dense
gas, kinematics, and chemistry across the entire inner ~100 pc.
By measuring the same set of physical quantities — mass surface
density, velocity field, turbulent energy density, and chemical
state - from cloud-complex scales down to 0.05 pc structures con-
taining individual proto-stellar cores, ACES is designed to con-
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nect global gas flows, local star formation, and feedback within a
single, self-consistent framework.

Previous observational and theoretical work has established
a basic picture of the mass flows within the CMZ. The Galac-
tic bar transports gas inwards from the inner few kiloparsecs,
where it accumulates in a ring or stream-like structure at radii
of ~100pc with a total molecular gas mass of a few 107 Mg
and characteristic densities ~ 10* cm ™ (e.g. M. Morris & E. Ser-
abyn 1996; S. N. Longmore et al. 2013a; J. M. D. Kruijssen et al.
2014; J. D. Henshaw et al. 2023). The gas is warm (T250-100 K),
highly turbulent (line widths > 10-20 kms~! on cloud scales),
and pervaded by strong magnetic fields and an enhanced cosmic-
ray flux compared to the Galactic disc. On these global scales,
orbital models and hydrodynamical simulations reproduce many
features of the observed longitude-velocity structure and show
how bar-driven inflows, gravitational instabilities, and stellar
feedback together set-up a time-dependent cycle of inflow, star
formation, and outflow in galactic nuclei (e.g. M. R. Krumholz &
J. M. D. Kruijssen 2015; M. C. Sormani et al. 2020; R. G. Tress
et al. 2020).

At the same time, the CMZ forms stars far less efficiently than
expected from its dense gas content. Empirical star formation
relations calibrated in the Galactic disc predict a star formation
rate (SFR) of order 0.5-1 M yr~ for the observed gas mass and
density, but measurements based on ionizing photon counts and
young massive clusters instead find a roughly constant rate of
~0.1 Mg yr~! over the last ~ 5-10 Myr (S. N. Longmore et al.
2013a; A. T. Barnes et al. 2017; J. D. Henshaw et al. 2023).
This mismatch implies either that star formation in the CMZ is
episodic on at least a few Myr time-scales, or that the local star
formation law and the density threshold for star formation are
strongly modified by the extreme environment - or both. High-
resolution observations of individual clouds support the idea that
environmental effects are important: they reveal large internal
velocity dispersions, strong shear and tidal forces, and dense,
gravitationally bound cores that sometimes show very little cur-
rent star formation (S. N. Longmore et al. 2012; S. N. Longmore
et al. 2013b; J. M. Rathborne et al. 2014; A. Ginsburg et al. 2018;
X. Lu et al. 2020).

Despite this progress, several key questions remain. Firstly, we
still lack a quantitative, spatially resolved inventory of how mass,
momentum, and energy are transported through the CMZ: how
much is supplied by bar-driven inflow, how much is redistributed
by shear, turbulence, cloud-cloud collisions, and feedback, and
how these processes vary with position along the orbit and with
spatial scale. Secondly, the three-dimensional (3D) geometry of
the CMZ remains uncertain. Different models place well-studied
clouds on different orbits and at different distances from Sgr
A, which directly affects interpretations of their tidal histories,
exposure to radiation and cosmic rays, and their role in feeding
the central black hole. Thirdly, we do not yet know whether
there are preferred locations or dynamical phases at which CMZ
clouds transition from quiescent to star forming, for example,
at the contact points with the bar dust-lanes, or downstream
from pericentre passages where tidal compression is strongest.
Finally, we lack a systematic measurement of the dimension-
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Figure 1. Finding chart for the Galactic Centre region. A colour composite of the 4.5 um (white) and 8 pm (green) emission from the Spitzer GLIMPSE
survey (E. Churchwell et al. 2009), 24 um (yellow) emission from the Spitzer MIPSGAL survey (S. J. Carey et al. 2009), and 20 cm (red) emission observed
by MeerKAT (I. Heywood et al. 2019, 2022) and the Green Bank Telescope (GBT; C. J. Law et al. 2008). Overlaid are labels highlighting several features
of interest across the Galactic Centre, including the central few 100 pc known as the Central Molecular Zone (CMZ). Overlaid as a white contour is the
coverage of the ACES survey (see Fig. 2). The inset zoom-in shows the ACES HNCO(1-0) peak intensity map. Fig. 2 shows the coordinates for the inset
image. The background image for this figure is adapted from J. D. Henshaw et al. (2023). An interactive version of the figure is available on the project
homepage, https://sites.google.com/view/aces-cmz/home.

less parameters that appear in modern star formation theories star formation in the Galactic disc also apply in this extreme
(e.g. virial parameter, Mach number, and turbulence driving pa- environment.

rameter; see C. Federrath & R. S. Klessen 2012) for all poten- In this ACES overview paper, we explain how ACES is designed
tially star-forming gas in the CMZ, and so we cannot yet test to address these open questions by providing a uniform, high-
the extent to which the same physical prescriptions that describe dynamic-range data set that connects global CMZ gas flows down

MNRAS 552, 1-24 (2026)
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Figure 2. Coverage of the ACES survey. The upper panel displays the spatial coverage of the ACES survey, indicated by the red contour (see also Fig. 1).
Overlaid orange contours denote the pre-ACES archival observations available in ALMA Band 3. The outline of the SMA 1 mm CMZoom survey (C.
Battersby et al. 2020; H. P. Hatchfield et al. 2020; D. Callanan et al. 2023) is shown as the cyan contour, while the magenta rectangle represents the
coverage of the CARMA survey (M. W. Pound & F. Yusef-Zadeh 2018). The lower panel presents the individual mosaics comprising the ACES survey,
each labelled with an alphabetical identifier. Both panels are superimposed on the Spitzer 8 um image from the GLIMPSE survey (E. Churchwell et al.

2009).

to the ~0.05 pc dense structures that host star-forming cores. In
Section 2, we explain the observational strategy, including the
choice of tracers, spectral set-ups, and angular resolution that
together provide the means to connect the large-scale mass flows
with the formation of dense, star-forming cores. In Section 3,
we describe the complementary unified simulations framework
developed to aid the interpretation of the data. Section 4 and Ap-
pendix B1 describe the science objectives and the open science
approach, respectively. Finally, in Section 5 we show some of the
initial ACES data which highlight the power of ACES’ combina-
tion of high angular resolution, unprecedented spatial dynamic
range, sensitivity, spectral resolution and spectral bandwidth as
an illustration of how ACES aims to understand how global pro-
cesses set the location, intensity, and time-scales for star forma-
tion and feedback in the CMZ.

In a series of companion papers, we present the ACES con-
tinuum data (Paper II; A. Ginsburg & ACES Team 2025), the
high spectral resolution (0.2 kms™!) HNCO & HCO* data (Pa-
per IIT; D. Walker & ACES Team 2025), the two intermediate
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spectral resolution (1.7 kms™!) windows, containing SiO (2-1),
SO (22-11), H3CO* (1-0), HB3CN (1-0), HN3C (1-0), and HC'SN
(1-0) (Paper IV; X. Lu & ACES Team 2025), and the two broad
spectral windows containing CS(2-1), SO (23 - 12), CH;CHO 5(1,
4) — 4(1,3), HC;N(11-10) and H40« (Paper V; P.-Y. Hsieh & ACES
Team 2025).

2 THE ALMA CMZ EXPLORATION SURVEY
(ACES): OBSERVATIONAL DESIGN

The Atacama Large Millimeter/submillimeter Array (ALMA)
CMZ Exploration Survey (ACES) Large Program (Project code:
2021.1.00172.L; PIL: S. Longmore) provides uniform Band 3 cov-
erage of the inner 1.5° x 0.5° of the CMZ. ACES top-level ob-
servational goal was to achieve a uniform ~ 1.5” (~0.05 pc) an-
gular resolution, Band 3 (85 — 102 GHz), molecular line and
dust continuum survey of all gas in the inner 100 pc of the
Galaxy dense enough to form stars, at a line sensitivity of 1K
(~32mJy/beam) per 0.2kms~! channel and a continuum sen-
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Table 1. Overview of the ACES spectral configuration. Shown for each 12 m spectral window (SPW) ID are the lower (v;,) and upper (vy) frequency
bounds, native channel widths (Av), and bandwidth. Prominent lines in each SPW are also shown.

SPW VL vy Av Bandwidth Prominent lines
GHz GHz kms™! GHz
25 85.9656 86.4344 0.849 0.46875 HC'N 1-0, SO 2,-1;, SiO 2-1 v = 1 maser, H3CN 1-0
27 86.6656 87.1344 0.842 0.46875 H'3CO + 1-0, Si0 2-1, HN'3C 1-0
29 89.1592 89.2178 0.103 0.05859 HCO' 1-0
31 87.8959 87.9545 0.104 0.05859 HNCO 4-3
33 97.6625 99.5375 1.485 1.875 CS 2-1, CH3CHO 5(1,4)-4(1,3) A-, H40«, SO 23-1,
35 99.5625 101.438 1.457 1.875 HC3N 11-10

sitivity of 0.07 mJybeam™!, covering the full range of CMZ gas
velocity (Vsg£ ~ 150 km s™1). In practice, due to the broad spec-
tral windows used in most of the correlator settings, the velocity
range for all lines other than HNCO and HCO™ in the narrow
spectral window extends far beyond Vigg+ ~ 150 kms™! in all
spectral lines.

The definition of the ACES survey area was driven by the
fundamental requirement to cover all gas in the inner ~100 pc
of the Galaxy expected to form stars. To meet this requirement,
we used the H, column density map of the inner Galaxy con-
structed in the 3D CMZ project (C. Battersby et al. 2025a). Col-
umn densities and dust temperatures were derived by fitting a
single-temperature modified blackbody to the Herschel Hi-GAL
70-500 um images in each pixel (S. Molinari et al. 2011). The fits
adopt a mean molecular weight i = 2.8, a gas-to-dust mass ratio
of 100, and dust opacities based on the V. Ossenkopf & T. Henning
(1994) thin-ice-mantle coagulated grain model, parametrized as
Kk, = 4.0cm? g~! at 505 GHz with a fixed spectral index g = 1.75.
We then defined the ACES footprint on this map as the area
with N(H,) > 1 x 10?2 cm™2 that are both within 359.4° <[ <
0.8° and |b| < 0.25°, and are kinematically associated with the
well-known ~100 pc radius molecular gas stream (Section 4.2).
This threshold is identical to the one used by C. Battersby et al.
(2025a) to characterize dense CMZ gas and matches the empir-
ical column-density threshold above which star formation be-
comes efficient in Galactic disc clouds (e.g. C. J. Lada et al. 2012).
This choice therefore enables a direct comparison between star-
forming gas in the CMZ, the Milky Way disc and other galaxies.

The survey area imposed by the column density threshold of
102 cm~? required making the largest contiguous map on the
sky that ALMA has ever made. The survey area is broken up
into 45 contiguous regions, following an alphabetized naming
convention from ‘@’ to ‘as’, each containing up to 150 pointings
per observation (Fig. 2).

The large survey area was a limiting factor in the choice of
the spectral set-up. At the time of the ACES observations, only
Band 3 (observational wavelengths ~3 mm) had a sufficiently
large primary beam to mosaic the survey area within the observa-
tional time constraints. The Band 3 spectral set-up (85-102 GHz)
was selected to include transitions with a broad range of critical
densities and excitation energies (see e.g. Table 3), to trace the gas
kinematic, physical, and chemical properties from global (tens
of pc), to cloud (few pc), to dense structures on 0.05 pc scales
that host star-forming cores [see table 1 in A. Ginsburg & ACES
Team (2025) for an overview of the spectral set-up, and table 2
for a list of spectral lines in the observed frequency ranges]. In
practice, the effective excitation densities of these lines depend
on radiative trapping, optical depth, and the elevated gas tem-
peratures and line widths in the CMZ. As a result, the effective
excitation densities can be orders of magnitude lower than simple

critical density estimates (Y. L. Shirley 2015; J. Pety et al. 2017;
J. Kauffmann et al. 2017). The ACES tracer selection therefore
exploits their wide range in effective excitation conditions rather
than assuming that any single transition maps onto a narrow
density interval (see Tables 1-3).

Two high spectral resolution (0.2 km s™') windows centred on
the reliable gas kinematic tracers HCO* and HNCO (J. D. Hen-
shaw et al. 2016; Y. X. He et al. 2021) were chosen to resolve the
thermal linewidth (0.4 km s~ in the 60 K CMZ gas; A. Ginsburg
etal. 2016; N. Krieger et al. 2017) in global-to-cloud and cloud-to-
core scale gas, respectively. Due to the narrow bandwidth in these
high spectral resolution windows, the central frequency needed
to be shifted as a function of spatial position to make sure the
corresponding Visg range encompassed the CMZ gas velocities
[between +150 km s~!; see Table A2 in D. Walker & ACES Team
(2025) to see the equivalent velocity shift for each of the 45 fields].

The other four spectral windows (SPWs) cover observed fre-
quencies 85.96-86.43 GHz (SPW 25, resolution of 1.7 km s71),
86.67-87.13 GHz (SPW 27, resolution of 1.7 km s™!), 97.66-
99.54 GHz (SPW 33, resolution of ~3 km s~!), and 99.56—
101.44 GHz (SPW 35, resolution of ~3 km s™1).

The two intermediate spectral resolution (1.7 km s~!) windows
are centred on high-dipole molecules (e.g. HCO™, HCN), classic
shock tracers (e.g. SiO, HNCO) and their isotopologues. They
were chosen to trace gas kinematics in intermediate- to high-
density gas and to help break degeneracies in opacity and excita-
tion. Throughout this paper we refer to these high-dipole species
as ‘dense-gas tracers’ in the traditional extragalactic sense, while
recognizing that in nearby clouds their low-J emission is also
excited in more diffuse gas (e.g. J. Pety et al. 2017; J. Kauffmann
et al. 2017; M. Tafalla, A. Usero & A. Hacar 2023, see Section
5.1.1). The 13C, 80, and N isotopic substitutions of HCO,
HCN, and HNC trace stellar nucleosynthesis gas enrichment (D.
Riquelme et al. 2010) and the properties of increasingly higher
density (smaller scale) gas when the main isotope transitions
become optically thick. Other lines were chosen as they have been
found to reliably trace specific physical processes and regimes—
such as shocks (SiO), cosmic ray irradiation and star formation
activity (e.g. HC3N, HCsN), ionized gas (H40«, H508) and chem-
ical complexity (complex organic molecules) - at least in Galactic
star formation regions.!

Finally, two broad bands were selected with 2.9 kms™ res-
olution, sufficient to trace the bulk kinematics and chemical
complexity while allowing removal of lines to obtain continuum
measurements. The bandwidths of the intermediate and broad

-1

IWe caution that due to the different conditions in the CMZ, reliable
tracers of phenomena (e.g. shocks, hot-cores) in nearby star formation
regions may not reliably trace the same phenomena in the CMZ.
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Table 2. Simple molecules included in the ACES set-up. The transitions, rest frequencies and corresponding

spectral windows (SPW) are given.

Molecule Transition Rest Frequency(GHz) 12m SPW
HC’N 1-0 86.0549 25
SO 2(2)-1(1) 86.0939 25
CCs 7(6)-6(5) 86.1813 25
SiO v = 1 maser 2-1 86.2434 25
H13CN 1-0 86.33992 25
HCO 1(0,1,2,1)-1(0,0,1,0) 86.7083 27
HB3cot 1-0 86.7543 27
HCO 1(0,1,1,1)-1(0,0,1,1) 86.7774 27
HCO 1(0,1,1,0)-1(0,0,1,1) 86.8057 27
SiOv=0 2-1 86.8469 27
HCY0t 1-0 87.0575 27
HN3C 1-0 87.0908 27
HNCO 4-3 87.9252 31
HCO™* 1-0 89.1885 29
3430 2(3)-1(2) 97.7153 33
cs 2-1 97.9809 33
330 2(3,4)-1(2,3) 98.4892 33
3350 2(3,5)-1(2,4) 98.4936 33
HCsN 37-36 98.5125 33
C3N 10(11)-9(10) 98.940 33
C3N 10(10)-9(9) 98.958 33
H40x 99.02295 33
H508 99.22521 33
SO 2(3)-1(2) 99.2999 33
HC!3CCN 11-10 99.6518 35
HCC3CN 11-10 99.6615 35
H,C3*s 3(1,3)-2(1,2) 99.7740 35
cCcs 8(7)-7(6) 99.8665 35
Si80 3(2)-2(1) 99.8038 35
SO 5(4)-4(4) 100.0296 35
HC3N 11-10 100.0764 35
HCsN 38-37 101.1747 33
Ns+ 2-1 100.1985 35
HC3N, v6 =1 11(1)-10(-1) 100.2406 35
H,C3*s 3(0,3)-2(0,2) 101.2843 35
HC3N, v6 =1 11(-1)-10(1) 100.3194 35
HC3N,v7 =1 11(1)-10(-1) 100.3224 35
HC3N,v7 =1 11(-1)-10(+ 1) 100.46617 35
CH;3NC 5(1)-4(1) 100.5242 35
CH3;NC 5(0)-4(0) 100.5265 35
HC3N, v7 =2 11(0)-10(0) 100.70878 35
HC3N, v7 =2 11(2)-10(-2) 100.71106 35
HC3N, v7 =2 11(-2)-10(2) 100.71439 35
H,C*s 3(0, 3)-2(0, 2) 101.2843 35
H,CO 6(1, 5)-6(1, 6) 101.332987 35

spectral windows correspond to velocities of many thousands of
kms~!, easily sufficient to encompasses all the CMZ gas veloci-
ties.

ACES’ targeted angular resolution of 1.5 arcsec (0.05pc) was
chosen to match the expected size of dense gas hosting (pre)star-
forming cores in CMZ clouds (A. Ginsburg et al. 2018). As
described in detail in Paper II, the angular resolution of the
delivered observations largely fell within ALMA’s 20 per cent
tolerance level of the requested angular resolution. Additional
7m Atacama Compact Array (ACA) and total power (TP) ob-
servations were conducted to recover emission from large spa-
tial scales for the line data, as existing single-dish data do not
cover the full ACES spectral window and suffer from artefacts
in large spatial and frequency ranges (P. A. Jones et al. 2012).
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Single-dish data from the Mustang Galactic Plane Survey (A.
Ginsburg et al. 2020) provide the 3mm continuum zero-spacing
flux.

Based on the observed brightness temperatures in existing
single-dish data (P. A. Jones et al. 2012), previous ALMA ob-
servations of CMZ clouds at a similar resolution and sensitivity,
and numerical simulations with chemistry and radiative transfer
modelling (M. A. Petkova et al. 2023a), ACES targeted a root-
mean-square (RMS) line sensitivity of RMS = 1.0, 0.6, and 0.25K
in 0.2, 1.7, and 3 kms™! channels, respectively, to detect all key
lines necessary to achieve ACES’ science goals at high signifi-
cance in essentially all pointings.

The corresponding continuum sensitivity is 0.07 mJy beam™!.
To translate this into a gas column density, we assume that the
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Table 3. Excitation properties for the main ACES diagnostic transitions.
We list the rest frequency vg, upper-level energy E,, /k, and the formal crit-
ical density ncj; evaluated at T = 100 K, defined as neic = Awi/ Yy Yul
using LAMDA collisional rate coefficients (para-H, when available). For
HNI3C, ngy; is estimated from HNC collision rates with A,; scaled as v3.

Molecule Transition vo (GHz) E, /k (K) et (cm™3)
HCN J=1-0 86.0550 4.1 3.0 x 10°
SO 25-11 86.0939 19.3 3.0 x 10*
H3CN J=1-0 86.3399 4.1 3.0 x 10°
H3Cco* J=1-0 86.7543 4.2 2.1 x 10°
Sio (v = 0) J=21 86.8470 6.3 1.3 x 10°
HN!3C J=1-0 87.0908 4.2 3.7 x 10°
HNCO 40.4-303 87.9252 10.6 4.0 x 10*
HCOt J=1-0 89.1885 43 2.1 x 10°
Cs J=21 97.9810 7.1 1.7 x 10°
SO 23-15 99.2999 9.2 1.8 x 10°
HC3N J=11-10 100.0764 28.8 1.5 x 10°

emission is optically thin, adopt the V. Ossenkopf & T. Henning
(1994) thin-ice-mantle dust grain opacity law with g8 = 1.75, a
gas-to-dust mass ratio of 100, and a mean molecular weight © =
2.8. For a 1.5” Gaussian beam, a 1o continuum sensitivity of
0.07 mJy beam™! then corresponds to

T -1
N(H,) ~ 1.2 x 102 (ﬁ) cm2,

i.e. of order 10?2cm~2 for dust temperatures typical of CMZ
dense gas (T; ~ 20-35K, C. Battersby et al. 2025a). Systematic
uncertainties in «,, gas-to-dust ratio, and dust temperature are at
least at the factor-of-two level (C. Battersby et al. 2025a). Typical
CMZ clouds peak at > 10?* cm~2. The adopted footprint thresh-
old N(H,) = 10?? cm~2 is consistent with, but not uniquely deter-
mined by, the continuum sensitivity, and is primarily motivated
by the empirical star-formation threshold discussed above.

Assuming the same dust properties, the continuum sensitivity
of 0.07 mJybeam™! is sufficient to detect ~ 10 Mg, 30K dense
structures at 5o0. At 1.5 arcsec (~ 0.05 pc) resolution, these struc-
tures are expected to contain one or more unresolved ~ 103 au
star-forming cores. ACES therefore provides a complete census
of all dense, core-bearing structures more massive than ~10 Mg
that can act as precursors of high-mass stars in the CMZ.

Fig. 3 shows an example comparison of the dense gas distri-
bution in different tracers and a velocity structure map from the
ACES survey. Full details of the data reduction are given in the
corresponding companion papers (Paper II (continuum), Paper
111 (high spectral resolution), Paper IV (intermediate spectral res-
olution), Paper V (broad band) - A. Ginsburg & ACES Team 2025;
D. Walker & ACES Team 2025; X. Lu & ACES Team 2025; P.-Y.
Hsieh & ACES Team 2025, respectively).

Table 4 summarizes the key observational parameters of ACES
compared to previous millimetre surveys of the CMZ. Single-dish
studies such as the Mopra 3-mm survey (P. A. Jones et al. 2012)
provide wide-field (2.5° x 0.5°) coverage with excellent bright-
ness sensitivity (~ 0.05 K per ~ 3.5 km s~! channel) at ~ 40"
resolution, but cannot resolve the ~0.05 pc scales that are critical
for connecting dense cores to global gas flows. Interferometric
surveys like CARMA (M. W. Pound & F. Yusef-Zadeh 2018) and
CMZoom (C. Battersby et al. 2020; H. P. Hatchfield et al. 2020; D.
Callanan et al. 2023) achieve ~ 3-8” resolution, but either cover
only the central 0.7° x 0.4° or sample only the highest column
density gas. ACES extends high-resolution mapping to essentially

ACES overview 7

all gas dense enough to form stars in the inner ~100 pc, delivering
~ 1.5” (0.05 pc) resolution over 1.5° x 0.5° with line rms of 1.0,
0.6, and 0.25K (0.2, 1.7 and 3.0kms~! channels) and a contin-
uum rms of 0.07 mJybeam™, corresponding to ~ 4 x 1073 K.
When smoothed to the coarser beams of the single-dish surveys,
the ACES cubes achieve comparable brightness sensitivity while
retaining the interferometric information needed to link cloud-
and core-scale structure to the global CMZ environment.

It is useful to place ACES alongside recent ALMA Large Pro-
grammes that target dense cores in the Galactic disc. ALMAGAL
(S. Molinari et al. 2025; A. Sdnchez-Monge et al. 2025) imaged
1013 dense clumps in Band 6 (230 GHz) at an almost uniform
spatial resolution of ~ 800-2000 au (median 1400 au), resolving
compact cores with typical diameters of ~ 103 au. The ALMA-
IMF survey (F. Motte et al. 2022; A. Ginsburg et al. 2022) im-
aged 15 massive Galactic disc protoclusters at a physical resolu-
tion of a few x 103 au, with angular resolutions of 0.3-1.5 arcsec
over sources at distances of 2-5.5kpc, to measure the core mass
function and core kinematics in nearby high-mass star-forming
regions. ACES achieves ~ 1.5 arcsec (~ 0.05 pc ~ 10* au) resolu-
tion over essentially all star-forming gas in the inner ~ 100 pc.
At this resolution, individual < 103au cores are not resolved.
Instead, ACES identifies and characterizes the dense ~ 0.05pc
structures that host one or more star-forming cores, together with
their larger-scale kinematic and chemical environment. ACES is
therefore complementary to ALMAGAL and ALMA-IMEF, trading
core-scale resolution for contiguous coverage and a uniform view
of core-bearing structures in the extreme CMZ environment.

3 THE ALMA CMZ EXPLORATION SURVEY
(ACES): UNIFIED SIMULATION NETWORK

It was clear from the initial conception of the survey, that
a complementary suite of numerical simulations able to self-
consistently trace the baryon cycle as well as gas dynamics and
star formation at the same spatial scales as the ACES observa-
tions were a crucial component of achieving the core science
objectives. With appropriate post-processing to produce accurate
synthetic images, the simulations aim to provide the necessary
numerical framework to interpret the key physical agents (grav-
itational forces, rapid differential rotation, turbulence injection,
shocks, strong magnetic fields, etc.,) controlling the evolution
from global (100 pc), to cloud (few to 10 pc), to dense ~0.05 pc
scale structures hosting individual star-forming cores.

Due to the large spatial dynamic range of the gas flow and star
formation within the Galactic Centre, we have chosen to address
the modelling through a multiscale framework of numerical sim-
ulations. We use these simulations as numerical experiments in
which we control the physical assumptions in order to constrain
the effects and importance of various mechanisms (such as mag-
netic fields, stellar feedback, etc.). Specific simulations are then
selected based on the science goals of each observational study,
and are used for interpreting the observations. A recent appli-
cation of this approach can be seen in D. M. Paré et al. (2025,
discussed in more detail below), where HNCO filaments were
identified in the ACES data and compared to filaments in sim-
ulations including a Milky-Way-like gravitational potential and
magnetic fields (similar to R. G. Tress et al. 2024).

On the largest scales, we build models that include the entire
barred region, and are therefore able to self-consistently follow
the gas flow from the disc towards the Galactic Centre. These
simulations build upon previous work where the gas evolves in
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Figure 3. Three-colour images of ACES observations. The upper panel shows an image of the ACES maximum intensity maps for CS 2-1 (blue), HNCO
4-3 (red), and HC3N 11-10 (green). The lower panel shows an image of a coarse rendering of the velocity structure in the ACES HNCO data, made
by integrating the HNCO emission across three velocity ranges: 46-145 kms~! (red), 1-45 kms~! (green), and -145-0 kms~! (blue). Both panels are
superimposed on the Spitzer 8 um image from the GLIMPSE survey (E. Churchwell et al. 2009), and the red contour outlines the ACES coverage shown
in Fig. 2 (see upper panel).

Table 4. Comparison of ACES with previous millimetre surveys of the CMZ: the Mopra 3-mm CMZ survey (P. A. Jones et al. 2012), CMZoom (C.
Battersby et al. 2020), and the CARMA 3-mm CMZ survey (M. W. Pound & F. Yusef-Zadeh 2018). RMS values are typical 1o sensitivities in brightness
temperature. The channel width Av is given for the line data.

Survey Facility v Area Ores Line rms Continuum rms
(GHz) (deg?) (arcsec) (K, Av) (K)
ACES ALMA-+ACA + TP 85-102 1.5° x 0.5° 1.5 1.0 (0.2 km s71); ~4x1073
0.6 (1.7 km s™1); (0.07 mJy beam™1)
0.25(3.0kms™!)
Mopra 3-mm CMZ Mopra 22-m 85-93 2.5° x 0.5° 40 ~0.05(3.5kms™1) -
CMZoom (1.3 mm) SMA+APEX + BGPS 230 0.10 deg? 3.2 ~0.2(1.1kms™) 8 x 1073
(3.5 mJy beam™!)
CARMA 3-mm CMZ CARMA-154-8 4+ Mopra 86-98 0.7° x 0.4° 7.6 x 3.5 (cont.) ~0.5(2.5kms™1) (1-2) x 1072
13 x 6 (lines) (2-4 mJy beam™1)

a background Milky-Way-like gravitational potential (M. C. Sor- (R. G. Tress et al. 2024) and radiative feedback (R. G. Tress et al.
mani et al. 2020; R. G. Tress et al. 2020; H. P. Hatchfield et al. 2025).

2021). As part of the ACES project, we have expanded on these A detailed description of our modelling can be found in R.
by updating the physical prescription including magnetic fields G. Tress et al. (2025). This is a state-of-the-art simulation aimed
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Figure 4. Example of simulations in development that will help with interpretation of ACES data. White boxes illustrate zoom-in/-out regions in other
panels. Panels A-B: a top-down and plane-of-the-sky H, projection of a large-scale simulation of the gas flow in the Galactic bar with star formation,
stellar feedback (supernovae, ionizing radiation) and magnetic fields (ideal MHD). Simulations like this one can follow the formation of the CMZ and
of individual molecular clouds self-consistently from kpc scales down to the cloud scale, but cannot resolve star formation. Panel C: simulation of an
individual molecular cloud on a CMZ orbit through the Galactic potential, that can resolve star formation (Adapted from J. E. Dale, J. M. D. Kruijssen &
S. N. Longmore 2019; J. M. D. Kruijssen et al. 2019). Panel D: a synthetic line emission image created by post-processing the simulation snapshot from

Panel C (Adapted from M. A. Petkova et al. 2023a).

at studying the interstellar medium (ISM) of the CMZ in the
broader Milky Way context. This simulation uses the AREPO (V.
Springel 2010) code, and the ISM is evolved in a Milky-Way-like
background barred Galactic potential (G. H. Hunter et al. 2024).
This creates a continuous flow of gas towards the Galactic Centre
and results in the self-consistent formation of a CMZ-like region
(see panels A and B in Fig. 4). We include non-equilibrium hydro-
gen and CO chemistry, magnetic fields, star formation through
stochastic star particles, stellar feedback in the form of individ-
ual supernovae and radiation feedback by solving the radiative
transfer equation on-the-fly with SWEEP (T. Peter et al. 2023).
Accretion onto the central supermassive black hole (SMBH) is
followed as well. This simulation, and variations of it, will be used
to study the time-evolution of the gas in the region as a whole,
help interpret its complex 3D geometry, identify sites of increased
star formation and understand the role of feedback.

Although this simulation includes many physical processes, it
is unable to resolve the densest parts of the ISM. Therefore, some
scientific goals may require simplified simulations to achieve the
necessary resolution. For instance, in D. M. Paré et al. (2025)
where the focus was on HNCO filaments and higher resolution
simulations were needed, we excluded the effects of gas-self-
gravity, star formation and feedback (similar to R. G. Tress et al.
2024). This allowed us to understand how magnetic fields and
Galactic shear shape filaments in the CMZ, and compare them to
the observed filaments.

For cases where both higher resolution and advanced physics
is needed, we are developing high-resolution zoom-in simula-
tions (e.g. H. P. Hatchfield et al. 2021; Lipman et al. in prepara-
tion; Feng at al. in preparation). These zoom-ins utilize the same
AREPO set-up as the large-scale simulations described above, and
aim to incorporate as much key physics as possible (e.g. up-
to-date Galactic potential, magnetic fields, star formation and
feedback, etc), while evolving a small region at an increased
resolution (<1 Mg) for a short integration time (~ 10 Myr).
With these simulations we model the large-scale Galactic envi-
ronment, while also reaching resolutions in the CMZ to resolve
individual molecular clouds with star-forming cores (Lipman et
al. in preparation). We are also developing radius-dependent res-
olution simulations to follow the formation and evolution of the
circum-nuclear disc (CND; R ~ 5pc) self-consistently from the
larger-scale inflow (Feng et al. in preparation).

To complement the Galactic bar simulations introduced above,
we also utilize existing and develop new simulations of individual
clouds on CMZ orbits through the Galactic Centre gravitational
potential (e.g. J. E. Dale et al. 2019; J. M. D. Kruijssen et al. 2019,
see panel C of Fig. 4). Such simulations can resolve star formation
and test the physical mechanisms that affect it on a small scale.
They can also be set up to match properties of known clouds (e.g.
P. C. Clark et al. 2013), and attempt to reproduce their observed
morphology, especially after being post-processed with radiative
transfer (panel D of Fig. 4). However, these models do not include
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interactions between the clouds, and are more suitable for clouds
that can be treated as individual entities. Some recent examples
of post-processing and analysis of these simulations include M.
A. Petkova et al. (2023a) and M. A. Petkova et al. (2023b). The
underlying simulations (J. E. Dale et al. 2019; J. M. D. Kruijssen
et al. 2019) were produced with the smoothed particle hydro-
dynamics code GANDALF (D. A. Hubber, G. P. Rosotti & R. A.
Booth 2018), and included gas self-gravity, star formation and
the external Galactic gravitational potential. The analysis studies
were conducted in anticipation of the ACES dataset and included
comparisons to a pre-existing ALMA data set of similar spatial
resolution (J. M. Rathborne et al. 2014; J. M. Rathborne et al.
2015), with M. A. Petkova et al. (2023b) being explicitly developed
as part of the ACES project.

Section 5.1 describes dedicated astrochemistry models that
are being developed to interpret the plethora of lines detected
with ACES. These high chemical fidelity models naturally com-
plement the above hydro simulations, which contain numerous
physical processes but only very simplified chemistry.

4 ACES SCIENCE OBJECTIVES

Gas flows in the inner kpc of the Milky Way are typical of those in
other barred-spiral galaxies (J. Binney et al. 1991; N. J. Rodriguez-
Fernandez & F. Combes 2008; R. G. Tress et al. 2020; S. K. Stu-
ber et al. 2023). Gas, funnelled radially inward from the disc,
builds up a massive (few 10’ Mg,), dense (10* cm~3) gas stream
orbiting the centre (r ~ 100 pc; J. Bally et al. 2010; S. Molinari
et al. 2011; J. M. D. Kruijssen, J. E. Dale & S. N. Longmore 2015).
Empirical star formation relations relating the amount of dense
gas to the SFR predict this gas should be producing ~1 Mg yr~?
of stars (S. N. Longmore et al. 2013a), yet the SFR has been
constant at <0.1 Mg yr~! to within a factor 2 for the last ~5-
10 Myr (A. T. Barnes et al. 2017; D. Elia et al. 2025). This poses
fundamental problems for star formation theories given that the
free-fall time and turbulence dissipation time-scale are both only
~1 Myr. Theory, numerical simulations, and pilot studies of indi-
vidual clouds all show that global (<100 pc) gas dynamics play
a fundamental role in determining the star formation activity
(or lack thereof) throughout the CMZ (J. M. D. Kruijssen et al.
2014; J. M. Rathborne et al. 2015; C. Federrath et al. 2016; M. C.
Sormani et al. 2020). With observations of transitions covering
the required critical densities and excitation energies (see e.g.
Table 3), ACES aims to provide the mass distribution and velocity
structure at a contiguous spatial dynamic range of 200 pc/0.05 pc
~ 10*°, down to the ~ 0.05pc dense structures that host star-
forming cores. Combined with a suite of complementary numeri-
cal simulations, this crucial global-to-protostellar link overcomes
the fundamental challenge of existing studies, making it possible
to achieve ACES’ core aim of quantifying how global (~ 100 pc)
processes determine the location, intensity, and time-scales for
star formation and feedback. This core goal is split into four
science objectives.

4.1 Science Objective 1: Determine the mechanisms
driving mass flows as a function of size scale and location

Comparing the observed mass distribution and kinematic struc-
ture with numerical simulations of gas evolving in the known
gravitational potential, ACES aims to determine the relative influ-
ence of different physical processes (orbital motion, shear, turbu-
lence, mass accretion, etc.) in shaping the physical structure and
internal dynamics of the ~0.05 pc dense, core-bearing structures
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within gas clouds, as a function of location across the CMZ (J. M.
D. Kruijssen et al. 2019; J. E. Dale et al. 2019; M. C. Sormani et al.
2020; R. G. Tress et al. 2020).

The first step to achieve this goal is to identify coherent ve-
locity structures through multiline spectral decomposition fol-
lowed by multiscale structure-finding decomposition of these ve-
locity components. The 3 mm dust continuum emission provides
the mass per pixel along each line of sight. For lines of sight
with a single velocity component, the mass-weighted centroid
velocity, velocity dispersion, and velocity gradients along/across
the streams can then be derived from optically thin tracers (e.g.
HCO*, H'3CN, HN'3C) in the higher spectral resolution win-
dows. For lines of sight with more than one velocity component,
the same technique can be used after making sensible decisions
about how the mass along that line of sight is split between the
different velocity components (e.g. weighting by the integrated
intensity of optically thin lines). After using different geometric
models to convert the position-position-velocity (PPV) informa-
tion to a plausible 3D gas structure (see e.g. D. L. Walker et al.
2025), integrating pv over surfaces perpendicular to the local
flow direction will then provide estimates of mass and momen-
tum fluxes along the bar-driven inflow and around the ~100 pc
stream. On smaller scales, converging gradients and blue-skewed
profiles in optically thick vs. thin line pairs will make it possible to
identify and quantify multiscale accretion flows down to ~0.05 pc
scales, within which individual stars are forming.

Combining ACES data with the temperature maps from the
JACKS survey (Mills et al. in preparation) will make it possible to
subtract both the thermal and instrumental contributions from
the measured line widths. Combining these line widths with the
dust-based mass density field will provide the non-thermal veloc-
ity dispersion and kinetic energy density as a function of physical
scale.

Where SiO and SO emission and recombination lines delin-
eate expanding shells or feedback-driven structures, expansion
velocities measured from their line profiles together with shell
masses from the continuum will provide momentum and energy
injection rates, as already demonstrated for the MO0.8-0.2 ring
(Section 5.2, M. Nonhebel et al. 2024).

These observationally derived fluxes and energy densities can
then be compared to the suite of zoom-in and galaxy-scale simu-
lations (Section 3) by running the same line-of-sight integration
and line-fitting on synthetic ACES cubes, enabling a direct assess-
ment of the roles of orbital motion, shear, turbulence, accretion,
and feedback in maintaining the observed mass flows.

With a measure of the kinetic energy density as a function of
size-scale and position, ACES will therefore (i) test the relative
importance of different energy injection mechanisms (e.g. shear)
and how this in turn determines the location and magnitude of
star formation (e.g. R. S. Klessen & S. C. O. Glover 2016); (ii) cor-
relate the molecular and ionized gas properties with the known
sources of feedback (e.g. A. T. Barnes et al. 2020) to measure the
momentum and energy injection interior and exterior to clouds
(J. M. D. Kruijssen et al. 2014, 2019; C. Federrath et al. 2016; J. D.
Henshaw et al. 2016).

4.2 Science Objective 2: Disentangling the 3D CMZ
geometry

The CMZ is one of the most well-studied regions in astrophysics,
with ongoing or recently completed large programs across the
electromagnetic spectrum on MeerKAT, VLA, SMA, SOFIA, VLT,
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XMM-NEWTON, Chandra, etc., (I. Heywood et al. 2022; C. J. Law
et al. 2008; M. J. Hankins et al. 2020; C. Battersby et al. 2020;
F. Nogueras-Lara et al. 2019; G. Ponti et al. 2015; M. P. Muno
et al. 2009). CMZ studies have produced many exciting results,
e.g. key tests of general relativity (GRAVITY Collaboration et al.
2018), and the centre of the Galaxy remains an optimal location
for testing physics in extreme environments, e.g. searching for
evidence for annihilating dark matter (S. Murgia 2020). However,
the potential of the CMZ as a laboratory of extreme physics is
fundamentally limited by the fact that observations only provide
a two-dimensional (2D) projection of the complex interplay of
different physical processes. The inability to determine the loca-
tion and motions of gas and young stars across the CMZ is the
limiting factor in interpreting the large volumes of observational
data attempting to use the Galactic Centre to tackle fundamental
questions such as the nature of dark matter.

A major source of contention in the literature is not knowing
which clouds belong to the stream of gas that orbits the Galactic
centre at a radius of ~100pc. Current single-dish data cannot
spatially resolve overlapping components of the stream struc-
tures, and are too coarse for comparison with X-ray studies which
could provide line-of-sight gas locations (R. Terrier et al. 2018).
Interferometric studies do not have the field of view or sensitivity
to trace the gas in between the clouds. Our present view of clouds
as ‘isolated islands’ means we cannot distinguish whether they lie
close to the centre and are in the process of feeding the next major
supermassive blackhole accretion event, or lie at Galactocentric
radii of <100 pc and are about to form a new generation of super
star clusters.

The contiguous, large spatial dynamic range, multiline, PPV
coverage allows ACES to trace coherent gas streams across
the CMZ rather than treating clouds as isolated objects. mul-
tiline spectral decomposition will separate overlapping compo-
nents, identify continuous kinematic structures, and compare
them directly with synthetic PPV cubes from the unified sim-
ulation network (Section 3). In regions with bright continuum
and X-ray reflection nebulae, ACES molecular absorption and
recombination-line measurements combined with existing X-ray
and radio data will place clouds in front of or behind Sgr A and
the nuclear cluster, thereby breaking current degeneracies in the
3D gas geometry.

ACES’ ability to trace the contiguous PPV structure, combined
with the simulation framework, will build upon our evolving
understanding of the 3D gas geometry (C. Battersby et al. 2025a,
b; D. L. Walker et al. 2025; D. Lipman et al. 2025) and help to
break the remaining degeneracies (e.g. J. D. Henshaw et al. 2016),
leading to a unified picture of the 3D gas structure with strong
legacy value for future studies.

4.3 Science Objective 3: Determine if there are preferred
locations for star formation in the CMZ

Studies of extragalactic CMZs show there may be preferred lo-
cations at which gas clouds transition from quiescent to star-
forming (T. Boker et al. 2008). In one scenario, star formation can
be triggered at the contact point between the dust lanes feeding
the nuclear ring and the ring itself (T. Boker et al. 2008; W.-Y.
Seo & W.-T. Kim 2013; M. C. Sormani et al. 2020). In the CMZ, it
has been argued that star formation may also be coordinated and
triggered by tidal compression of clouds passing pericentre with
the bottom of the Galactic gravitational potential (S. N. Longmore
et al. 2013b; J. M. D. Kruijssen et al. 2015). The former scenario
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applied to the CMZ would predict star formation activity and
properties of the embedded cores depend on where infalling gas
collides with existing gas clouds (at Sgr B2 and Sgr C located at
apocentre; J. Bally et al. 2010). The latter predicts increasing star
formation as clouds progress farther downstream from pericentre
passage.

ACES dust continuum emission will identify all dense struc-
tures expected to host individual star-forming cores across the
survey footprint and measure their masses, sizes, and spatial
distribution. Line diagnostics from HCO™", HCN, CS, and their
isotopologues will provide kinematic information and volume
densities, while hot-core and outflow tracers (e.g. vibrationally
excited HC3N, CH;OH, COMs, and SiO) will flag sites of ongoing
star formation and feedback. By placing these dense, star-forming
gas structures and young stellar objects along dynamical orbits
inferred from the gas kinematics, we will test whether core for-
mation and star-formation activity correlate with specific orbital
phases (e.g. pericentre vs. apocentre) or with the bar contact
points, and hence whether CMZ star formation is globally coor-
dinated or locally stochastic.

Thus, with a measure of the embedded star formation (e.g. X.
Lu et al. 2019) crucially now complete as a function of location,
and with a complete description of the gas distribution, ACES
aims to distinguish between the model predictions and provide
critical insight into the formation of super star clusters and the
central starburst activity that plays a key role in galaxy evolution
(e.g. A. K. Leroy et al. 2018).

4.4 Science objective 4: determine whether star formation
theory predictions hold in extreme environments

Theories combining the scale-free physics of turbulence with
gravity in a multifreefall framework (M.-M. Mac Low & R. S.
Klessen 2004; C. F. McKee & E. C. Ostriker 2007; P. Hennebelle &
G. Chabrier 2011) predict star formation varies strongly with the
virial parameter, oy, the turbulent Mach number, M, and the
driving mode of turbulence, b (e.g. C. Federrath & R. S. Klessen
2012). Specifically, in many of the modern theories of the SFR
and the initial mass function (IMF) the ‘critical density’ for star
formation, pgit, is proportional to ay; M? (M. R. Krumholz & C.
F. McKee 2005; P. Padoan & A. Nordlund 2011), and the peak
and width of the pre-stellar core mass function and the IMF are
set by the sonic scale, Rs, where the turbulence transitions from
supersonic to subsonic speeds (C. Federrath et al. 2021), which
may be accompanied by gravity overcoming thermal pressure
(P. F. Hopkins 2013; P. Hennebelle & G. Chabrier 2013). With a
measurement of the density and velocity field, ACES will provide
the data to determine ay;; and M, as well as p.i and Rs with
unprecedented precision and coverage, enabling stringent tests of
these predictions for all potentially star-forming gas in the CMZ
(E. Bertram et al. 2015; A. T. Barnes et al. 2017). Compared to
star formation regions in the Galactic disc, against which many
of the star formation theories are calibrated, the density, velocity,
and temperature are significantly different in the CMZ, leading to
differences in pit and Rs by about an order of magnitude, owing
to differences in key environmental properties such as the radia-
tion field and cosmic-ray ionization rate. It is therefore critical to
determine the dimensionless parameters o, M, and b, to test
the theoretical predictions of star formation, and indeed some
of these parameters may vary substantially in the CMZ, posing
challenges for some of the theoretical models.

MNRAS 552, 1-24 (2026)
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12 S. N. Longmore et al.

The combination of dust continuum and multiline spec-
troscopy in ACES will provide estimates of column density, vol-
ume density, velocity dispersion, and hence virial parameter and
turbulent Mach number for every dense structure. While these
are measured from PPV data, we will apply established and cali-
brated techniques to estimate and recover the intrinsic 3D turbu-
lent velocity and density fluctuations (C. M. Brunt, C. Federrath &
D. J. Price 2010a, b; M. Stewart & C. Federrath 2022; J. Narayan,
A. Tritsis & C. Federrath 2025). From these, ACES can derive the
critical density for collapse and the sonic scale, and compare them
with the mass function of dense structures on similar scales in
the CMZ and Galactic disc, together with independent estimates
of the SFR from radio and infrared tracers. This enables direct
tests of theoretical predictions for how the star-formation effi-
ciency and the characteristic dense gas mass depend on o, Mach
number, and turbulence driving, in an environment where these
parameters might differ by an order of magnitude from typical
disc clouds, but are representative of high-redshift galaxies and
local starbursts.

ACES will therefore provide a new benchmark for star forma-
tion theories in extreme environments similar to those in z ~ 1-3
galaxies and local starbursts (J. M. D. Kruijssen & S. N. Longmore
2013) at otherwise unreachable scales. With a complete census
of the masses, velocities, and velocity dispersions of dense, core-
bearing structures that host high-mass star precursors, ACES will
tackle fundamental open questions in star formation research in
the most extreme of dynamic environments.

5 ACES: DATA HIGHLIGHTS AND DISCOVERY
POTENTIAL

We now show a small selection of the initial ACES data and data
products, with the aim of highlighting the power of ACES’ com-
bination of angular resolution, spatial dynamic range, sensitivity,
spectral resolution and spectral bandwidth. These are selected to
illustrate how the ACES data will be used to address the science
objectives and understand how global processes set the location,
intensity, and time-scales for star formation and feedback in the
CMZ.

Figs 5-8 compare the ACES HNCO data in Fig. 1 with other
multiwavelength datasets. Figs 5 and 6 zoom in to the very central
region of the Galaxy, containing the arched filaments, the Arches
and Quintuplet stellar clusters, the nuclear stellar cluster, and su-
permassive black hole, Sgr A*. Fig. 7 zooms in to the very massive
(10° My,), compact (radius of a few pc) G0.253+0.016 molecular
cloud, known as the ‘Brick’.

These figures highlight several important early findings from
the survey. First, both the ACES line and continuum data contain
emission at a large range of spatial scales, with a lot of com-
plex substructure down to the resolution limit. Measuring and
understanding what determines this large spatial dynamic range
in emission structures and the variation as a function of velocity
in different lines is a key goal of the survey.

Secondly, there is no simple interpretation for the emission
from an individual transition. For example, these figures demon-
strate that HNCO does a good job of tracing the extinction regions
over much of the CMZ. As such, it is likely a good general probe
of the dense gas structure. However, there are a small number of
pronounced extinction features with no obvious (or only weak)
HNCO emission. It is clear that a more sophisticated, multiline
interpretation is needed to understand the spatial and velocity
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structure of the gas than simply assigning HNCO as a ‘dense gas’
or ‘shock’ tracer.

5.1 Chemistry and physical modelling

5.1.1 Molecular benchmarking with known sources

ACES covers 6 spectral windows in ALMA band 3 at 3 mm (see
table 1in A. Ginsburg & ACES Team 2025, for full details). Two of
these are high spectral resolution spectral windows (~0.2 km s™1)
devoted to kinematic studies using HCO*(1-0) and HNCO(4-3)
rotational transitions, and will not be discussed in the follow-
ing. The other four spectral windows cover observed frequencies
85.96-86.43, 86.67-87.13, 97.66-99.54, and 99.56-101.44 GHz at
1.7 to 2.9 km s~! spectral resolution. These observed frequencies
cover rotational transitions of many molecular species (see Figs 9
and 10), allowing for the determination of the physical and chem-
ical properties of the molecular and ionized gas structures from
the largest scales (~100 pc) to the dense ~0.05 pc structures that
host star-forming cores.

The brightest molecular lines in the ACES Band 3 set-up are
high-dipole-moment species such as HCO", HCN, and CS that
are traditionally used as ‘dense-gas tracers’ because their ground-
state transitions have high formal critical densities compared to
low-J CO (e.g. Y. L. Shirley 2015). However, wide-field surveys of
nearby molecular clouds have demonstrated that the J =1 —0
emission from HCN and HCO™ is readily excited in extended,
moderate-density gas and that a substantial fraction of their lumi-
nosity arises from translucent cloud envelopes rather than from
the highest density, gravitationally bound cores (J. Pety et al. 2017;
J. Kauffmann et al. 2017; M. Tafalla, A. Usero & A. Hacar 2021;
M. Tafalla et al. 2023). We use the term ‘dense-gas tracers’ for
this family of high-dipole lines as a shorthand, while explicitly
treating their emission as a probe of comparatively high column-
density gas rather than as a one-to-one tracer of gas above a fixed
volume-density threshold.

In addition to these high-dipole species, the ACES spectral
windows include molecules that are commonly associated with
shocks (e.g. SiO, HNCO, SO), classic photon-dominated region
(PDR) tracers such as HCO, radio recombination lines (H40«,
H50p) tracing ionized gas, and hot-core tracers such asthev; =1
and ve = 1 vibrationally excited lines of HC;N. As already seen
for complex organic molecules (COMs) in the CMZ, these associ-
ations need to be interpreted with care: COM emission can arise
either from massive hot cores (e.g. Sgr B2 (N); A. Belloche et al.
2013, with high excitation temperatures, Tey > 150K) or from
intermediate-density gas processed by large-scale shocks (with
much lower excitation temperatures, Tex < 15K; S. Zeng et al.
2018, 2020). Similar caveats apply to other ‘standard’ tracer labels
in the extreme CMZ environment (see below).

The physical conditions in the CMZ differ substantially from
those in the nearby disc clouds where these tracer identifications
were originally calibrated. On 10-100 pc scales, the gas is on av-
erage denser [n(H,) > 10* cm~3], warmer (T > 50-100K), and
more turbulent (typical line widths > 10-20 kms™!) than in the
Galactic disc, and is permeated by strong magnetic fields and an
enhanced cosmic-ray ionization rate (e.g. M. Morris & E. Serabyn
1996; Y. Ao et al. 2013; A. Ginsburg et al. 2016; N. Krieger et al.
2017; J. D. Henshaw et al. 2023). In such an environment, ra-
diative trapping, elevated temperatures, and large velocity gradi-
ents reduce the effective densities required to excite high-dipole
molecules (Y. L. Shirley 2015), while high-temperature chem-
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Figure 5. Multiwavelength view of the central region of the Galaxy. The top panel shows a composite using data from the Spitzer Space Telescope at
3.6, 4.5, 5.8, and 8.0 um (E. Churchwell et al. 2009), Hubble Space Telescope (HST) Paschen-« emission (F187N) and (F190N) continuum (Q. D. Wang
et al. 2010; H. Dong et al. 2011), and Chandra X-ray Observatory data in three energy bands: 1-3 keV (soft), 3-5 keV (medium), and 5-8 keV (hard; see
Q. D. Wang 2021, 2022). The bottom panel shows the same region overlaid with the ACES HNCO data from Fig. 1.

istry, increased ionization, and widespread low-velocity shocks
can strongly modify molecular abundances and line ratios (e.g.
N. Harada, E. Herbst & V. Wakelam 2010; S. Zeng et al. 2018,
2020). As a consequence, species that in disc clouds often act as
relatively selective tracers of dense cores, shocks, or PDRs are
expected to be more widespread in the CMZ, and their emission
reflects a convolution of density, temperature, and environmental
effects. A core goal of ACES is therefore to calibrate the behaviour
of these ‘standard’ tracers under CMZ conditions by combining

multiline spectroscopy, dust-based column densities, and dedi-
cated astrochemical modelling tailored to the CMZ (Section 5.1.2;
K. M. Dutkowska et al. 2025).

Molecular gas in the CMZ is highly turbulent, with supersonic
linewidth and shocked material (e.g. B. G. Elmegreen & J. Scalo
2004; M.-M. Mac Low & R. S. Klessen 2004). A typical exam-
ple of a chemically rich shocked region in the Galactic Centre,
without on-going star formation or protostellar activity, is the
G+0.693—0.027 (G+0.693 hereafter) molecular cloud, located in

MNRAS 552, 1-24 (2026)
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Figure 6. Multiwavelength view of the central region of the Galaxy. The top panel shows a 3-colour, near-IR, JHK; (VLT/HAWK-I) image as the
background taken from the central ~ 15arcmin x 36 arcmin of the GALACTICNUCLEUS survey (F. Nogueras-Lara et al. 2019). The bottom panel

shows the same region overlaid with the ACES HNCO data from Fig. 1.

the Sgr B2 region, 55 arcsec north-east from Sgr B2(N). In the
last 5 yr more than 20 new interstellar molecules have been dis-
covered towards this molecular cloud using very sensitive single-
dish radio telescope observations (e.g. V. M. Rivilla et al. 2021;
1. Jiménez-Serra et al. 2022; D. San Andrés et al. 2024; M. Sanz-
Novo et al. 2024, 2025). G+0.693 has been recently discovered to
harbor a prestellar condensation, hypothesized to be formed from
the shock produced by a cloud—cloud collision, which could be
the cradle of the next generation of stars in the CMZ (S. Zeng
et al. 2020; L. Colzi et al. 2022, 2024). ACES high angular reso-
lution observations will allow us to properly map the molecular
emission towards this condensation.

In Figs 9 and 10, we show the observed spectra towards
G+0.693 using single-dish observations obtained with the IRAM
30m radiotelescope (see L. Colzi et al. 2024 for more details on
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the observations) at the frequencies of SPWs 25, 27, 33, 35. We
superimposed the spectra extracted from the ACES cube (12m +
ACA 7m + total power) towards the coordinates of the source
000 = 17747225 and 8yy000 = —28°21'27” and from a region
matching the size of the IRAM 30m beam at the observed fre-
quency (29" at 86 GHz).

The match between the single-dish and interferometric obser-
vations is very good, indicating the reliability of the data reduc-
tion and merging of the different ALMA configurations used to
recover the more extended flux. There are some small differences
(< 20 per cent in synthesized beam temperature, Tgsg), mainly
due to the continuum subtraction, which is not straightforward
in the CMZ due to the multiple gas components, especially in the
Sgr B2 region (see Paper II by Ginsburg et al. in preparation). In
the IRAM 30m spectra, some absorption features appear in very
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Figure 7. Zoom in to the G0.253+0.016 molecular cloud, known as the ‘Brick’. The 3-colour image in the top and bottom panels is from James Webb
Space Telescope observations reported in A. Ginsburg et al. (2023). The bottom panel shows the same region overlaid with the ACES HNCO data from

Fig. 1.

strong lines, like CS at 98 GHz, which are not present in the ACES
data. These are due to the subtraction of the off-position while
taking the single-dish data.

This comparison with single-dish data shows the potential of
ACES data in detecting many molecular species, from simple
molecules such as SO, SiO and CS to more complex ones such
as CH;CHO, CH;SH, and NH,CN.

Typical molecular excitation temperatures (T.) towards
G+0.693 are of the order of 3-20 K (e.g. S. Zeng et al. 2018),
and thus only the low-energy transitions are excited, making
the observed spectra less crowded than towards a typical hot
molecular core (like the Sgr B2 hot cores, A. Belloche et al. 2013;
A. Sanchez-Monge et al. 2017; T. Méller et al. 2025) with Ty >
100 K. Taking into account these high excitation conditions,
in hot molecular cores other molecular species, apart from
those already shown in G+0.693, can be detected, such as
H,CO, CH;0H, CH;C;N, CH;NCO, HC;3N vibrationally excited,

HC(O)NH,. Furthermore, radio recombination lines H40« and
H508 are also included in the ACES set-up and are well-known
tracers of ionized gas, e.g. towards HII regions.

In Table 2, we list the frequencies of the most common rota-
tional transitions of simple molecules present in the ACES set-up.
In addition, in Table 5, we also list the COMs and COM precursors
that we have covered within the frequency set-up of ACES. Note
we do not list specific transitions for COMs since their excitation
and presence in the spectra is highly dependent on the excitation
condition of the cloud targeted.

5.1.2 Astrochemical models

Astrochemical modelling is vital to interpret the ACES spectral
line observations. As part of a wider coordinated effort from
multiple research groups, we have recently completed the as-
trochemical modelling of sources with typical CMZ conditions:
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Figure 8. Masked HNCO emission from ACES [top] and the Mopra CMZ survey (P. A. Jones et al. 2012) [bottom] summed along Galactic Latitude to
show emission velocity as a function of Galactic Longitude. See D. Walker & ACES Team (2025) for more details on the masking techniques used to

create these maps.

protostellar objects designed to resemble cores like those in the
Sgr B2 cloud, and low-to-medium velocity C-type shocks like
those occurring during cloud-cloud collisions (e.g. as observed
towards G+0.693). These models account for key CMZ charac-
teristics including enhanced cosmic-ray ionization rates and el-
evated dust temperatures. Full details of these grids of models
computed using UCLCHEM (J. Holdship et al. 2017) are given in
K. M. Dutkowska et al. (2025).

In Fig. 11, we show the average chemical abundances derived
for the C-shock models as a function of time for a subset of
modelled species. During the shock phase (< 10* yr), the rise
in temperature and density begins almost immediately, leading
to general gas-phase abundance enhancements. However, in the
post-shock stage (after 10* yr) the gas phase abundances generally
decrease as the gas and dust cool back to their initial temperatures
and the density increases, promoting the freeze-out of species
onto icy mantles of dust grains.

The ~ 10* yr time-scale reflects the short-lived nature of
the shocks in the considered parameter space. For densities
0f 10*-10° cm—3 and shock velocities in the range of 10-40 km s,
virtually all shocks occur on time-scales of < 10* yr, with higher
densities leading to shorter time-scales. Considering that Fig. 11
averages all shock models, the apparent scatter and early decline
of abundances of certain species around 10* yr reflects this range
of shock events rather than a single shock scenario (for a detailed
description of shock evolution, see fig. 1 in K. M. Dutkowska et
al. 2025).

Predictions for dedicated chemical models over a range of
physical conditions expected in the CMZ environment can be
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found in K. M. Dutkowska et al. (2025). These and subsequent
models will be vital to interpret the ACES data in the wide range
of different physical environments across the Galactic Centre.

5.2 ACES Early Science Demonstration: measuring
feedback energy and momentum transfer

A key aspect of ACES Science Objective 1 is to understand how
energy and momentum from stellar feedback couples to the sur-
rounding gas and drives the mass flows as a function of size
scale and location. Initial science results from ACES data have
revealed a striking case of feedback-driven cloud disruption in
the CMZ. M. Nonhebel et al. (2024) present a detailed analysis of
the M0.8-0.2 ring, a prominent shell-like molecular cloud com-
plex in the southeastern extension of Sgr B2. Leveraging ACES
high angular resolution, sensitivity, spatial dynamic range, and
spectral coverage, M. Nonhebel et al. (2024) determine the com-
plex is an expanding ring of dense, shocked gas with a radius of
6.1 pc, expansion velocity of ~21 kms~!, and a mass approach-
ing 10° M. The derived kinetic energy and momentum (> 10>
erg, > 10’ M kms™!) point to an energetic origin, with detailed
radiative transfer modelling and multiwavelength comparison
ruling out early-stage stellar feedback or multiple clustered su-
pernovae (SNe). Instead, M. Nonhebel et al. (2024) propose a
single high-energy hypernova explosion, likely originating from
a runaway massive star, as the most plausible driver of the struc-
ture. The inferred energetics challenge canonical models of SNR
evolution (e.g. K. Thornton et al. 1998; C.-G. Kim, E. C. Ostriker &
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Figure 9. Comparison between the ACES 12m+7m + TP (in red) SPW 25 (top panel) and SPW 27 (bottom panel) with single-dish spectra obtained with
the IRAM 30m (in black) towards the G+0.693 molecular cloud. The blue labels indicate the name of the molecules whose transitions are detected in
the observed spectral window. Paper III discusses the technical details and resulting robustness of the single-dish data combination in detail.

R. Raileanu 2015) and suggest the need for modified feedback
prescriptions in high-density environments like the CMZ.

5.3 ACES early science demonstration: disentangling the
3D CMZ geometry

Y. Sofue et al. (2025) highlight the power of ACES data in sepa-
rating different velocity structures in the kinematically complex
Galactic Centre environment to address Science Objective 2 and
understand the 3D structure of the CMZ. Using ACES molecular
line data alongside Nobeyama and ASTE observations, Y. Sofue
et al. (2025) identify and characterize a nested system of six spiral
arms (Arms I-VI) within the CMZ. These ‘arms’ appear as coher-
ent, tilted longitude-velocity (LV) ridges in CS and HCN lines, and
are interpreted as a sequence of nearly circular, inclined ring-like
structures centred on Sgr Ax. A new, faint inner arm (Arm V)

and the circumnuclear disc (CND; Arm VI) are highlighted, with
the ionized minispiral around Sgr Ax proposed to constitute an
innermost seventh arm.

5.4 ACES discovery potential: expect the unexpected

Any survey, like ACES, which provides orders of magnitude
improvements in observational capabilities has the potential to
make unexpected discoveries. As part of ACES data quality as-
sessment and early science, A. Ginsburg et al. (2024) discov-
ered a compact millimeter-bright source near the 50 kms™!
cloud, designated G0.02467—0.0727. This object, coined the Mil-
limeter Ultra-Broad Line Object (MUBLO), exhibits exception-
ally broad molecular line emission [full width at half maximum
(FWHM) ~ 160 km s~!] from SO, SO,, and CS transitions, yet re-
mains remarkably compact (< 10* au in diameter). The MUBLO
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Figure 10. Same as Fig. 9 for ACES spws 33 (top panel) and 35 (bottom panel).

Table 5. COMsand COM precursors covered within the ACES frequency
set-up.

COMs families

O-bearing N-bearing S-bearing  C-bearing

CH;30H, CH3CHO,
CH30CHO, H,CCO,
CH3;0CH3, CH3COCH3;,
C,HsOH, HCOCH,0OH

C,H;sCN, CH;NH,,
H,CCN, CH3NC,
NH,CN, HCsN,
CH3NCO, CH;3C3N

CH3;SH !3CH;CCH

line profiles are well-fit by a Gaussian with no indication of self-
absorption or wings, and there is a mild but significant spatial
offset between red- and blue-shifted emission, hinting at internal
velocity structure.

The continuum emission has a steep spectral index (o« =~ 3.25),
suggesting optically thin dust with a mass of ~50 M, assuming
standard CMZ dust properties. Despite the large inferred mass
and velocity dispersion, the object shows no sign of high-velocity
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shocks (e.g. no SiO emission), and no counterpart is detected at
infrared, centimetre, or X-ray wavelengths. Its gas appears cold
(Tire ~ 13 K), chemically unusual (SO/SiO >> 100), and isolated
in projection.

Multiple physical scenarios are evaluated - including a proto-
stellar or explosive outflow, evolved star, stellar merger remnant,
high-velocity compact cloud, or gas bound to an intermediate-
mass black hole - but none fully explain the observed properties.
The MUBLO appears to be an unprecedented and potentially new
class of molecular object in the CMZ, highlighting ACES’ ability
to uncover rare and enigmatic sources through high-resolution,
wide-area mapping.

6 CONCLUSIONS

The ACES Large Program delivers a contiguous ALMA Band 3
view of all gas dense enough to form stars in the inner ~100 pc
of the Milky Way, at ~0.05 pc resolution and with uniform, mul-
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Figure11. Time-averaged chemical evolution of some species for the C-shock models. Only gas-phase abundances above the observable threshold (X >
10~1#) are considered. CH3OH is the most dominant species during the shock phase, while SiO takes over in the post-shock phase. Adapted from K. M.

Dutkowska et al. (2025).

tiline coverage. By design, this dataset links the global bar-driven
inflow and ~100 pc stream to the dense structures expected to
host individual protostellar cores. This paper describes the survey
strategy, tracer selection, and unified simulations framework, and
presents first results that already illustrate how ACES can be used
to quantify the CMZ baryon cycle.

The first data products show that it is possible to recover
both compact and extended emission across the full CMZ with
a single, homogeneous set-up. The combination of 12m, 7m,
and total-power data reliably reproduce single-dish spectra over
a chemically rich line forest toward G+0.693, while delivering
~ 1.5arcsec resolution across the entire footprint. This validates
the imaging strategy and confirms that ACES can be used both
for core-scale work and for global mass and momentum budgets
on ~ 100 pc scales.

The initial ACES results probe how commonly used millimetre
tracers behave under CMZ conditions. HNCO emission broadly
follows the dust extinction morphology over the CMZ but shows
departures in some regions, demonstrating that it is a good
structural tracer of dense gas but not a simple one-to-one proxy
for ‘shocks’ or a fixed density threshold. Likewise, high-dipole
molecules traditionally labelled as ‘dense-gas tracers’ are excited
over a range of column densities. The dedicated astrochemical
grids developed for ACES indicate that abundance patterns
and line ratios in the CMZ reflect a convolution of density,
temperature, shocks, and irradiation, rather than any single
controlling parameter.

Early science results already quantify how feedback reshapes
the CMZ gas. The expanding MO0.8-0.2 ring contains nearly
10° M, of shocked material, with kinetic energy and momentum
exceeding 10°' erg and 107 Mg kms™!, respectively, pointing
to a single very energetic explosion, plausibly a hypernova, as
its origin. This demonstrates that rare, high-energy events can
disrupt massive clouds and inject substantial momentum into

the CMZ, and that feedback prescriptions calibrated on isolated
supernovae may underpredict the impact of such events in dense
galactic nuclei.

The ACES kinematic maps are already sharpening our view of
the 3D gas structure. By separating overlapping components in
PPV space, early results show how the data provide a coherent
geometric framework for interpreting ongoing and future multi-
wavelength studies of the Galactic Centre.

Finally, the survey has already uncovered objects that fall well
outside standard categories. The Millimeter Ultra-Broad Line Ob-
ject (MUBLO) near the 50kms™! cloud combines very broad
(FWHM ~160km s~1) molecular lines, cold excitation temper-
atures, and a compact, massive dust core, without associated
infrared, centimetre, or X-ray emission. Its properties are not
matched by known classes of star-forming regions, evolved stars,
or compact remnants. The existence of such an object within
the first ACES fields demonstrates that the combination of wide-
area coverage and high sensitivity in the CMZ is likely to reveal
additional rare or previously unrecognized phases of molecular
gas and compact sources.

In summary, even at this early stage, ACES has (i) demon-
strated that a single, homogeneous ALMA set-up can deliver
a complete, flux-recovered view of dense gas across the inner
100 pc; (ii) shown that standard molecular tracers in the CMZ
require careful interpretation in terms of the physical condi-
tions they probe; (iii) provided direct measurements of feedback-
driven energy and momentum injection into ~ 10° Mg, clouds;
(iv) refined the emerging picture of the CMZ as a system of
nested, inclined gas streams; and (v) revealed at least one com-
pact source that defies any existing classification. As the full
analysis progresses, combining these data with the unified sim-
ulations framework will allow us to measure how mass, mo-
mentum, and energy flow through the CMZ, and to test star-
formation and feedback theories in an environment that closely
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resembles the central regions of high-redshift galaxies and local
starbursts.
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APPENDIX A: ACES-AN OPEN, TRANSPARENT,
COMMUNITY-WIDE APPROACH TO
PRODUCING DATA PRODUCTS AND PAPERS

The ACES collaboration is open to anyone interested in con-
tributing to the project, with membership approved through the
management board. The science objectives are facilitated by tasks
within four different work packages, led by members of the man-
agement team, dedicated to (i) data reduction, (ii) producing the
ACES fundamental measurements, (iii) chemistry and physical
modelling, and (iv) the unified simulation suite. To ensure com-
plete transparency and fair attribution of credit for key technical
tasks, progress within the work packages is tracked using the
ACES CMZ public GitHub project (https://github.com/ACES-
CMZ). For example, all of the data reduction steps from the de-
livery of each individual scheduling block, through to production
of the final mosaics, can be tracked through separate issues on
the data reduction repository (https://github.com/ACES-CMZ/
reduction_ACES). This provides a permanent record of the wide
range of technical challenges that needed to be overcome, and the
dedicated effort from a large number of ACES team members,
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ALMA staff, contact scientists, technical staff, etc., required to
solve the data reduction challenges and produce the final, full-
field mosaics. Given the unique challenges associated with the
different data products, a full description of the specific data
reduction steps are given in the corresponding Papers II-V.

APPENDIX B: DATA RELEASE SUMMARY

B1 ACES data products and file naming

All ACES data products are released through the ALMA Science
Archive (ASA) and follow a uniform file-naming scheme that
is consistent across the continuum and spectral-line papers (Pa-
pers I1-V). The hierarchy of products mirrors the standard ALMA
project structure, with Member ObsUnitSet (MOUS) products
for individual fields and arrays, and Group ObsUnitSet (GOUS)
products for combined regions and the full CMZ mosaics.

BI1.1 Member-level products (per field, per array)

For each of the 45 ACES regions we release member-level prod-
ucts corresponding to the images or cubes for the individual
ALMA 12-m and 7-m arrays prior to any array combination or

mosaicking.
The  generic filename  template for  member-
level products is member.uid  A001 {mous-

id}.1lp_slongmore. {field coords}.{array}.{freq
_descriptor}.{product} .fits
where:

(i) {mous-1id} is the 12-m or 7-m MOUS ID for the field.

(ii) {field_coords} encodes the central field coordinates
(e.g.G000.073 + 0.184).

(iii) {array} specifies the array (12m or 7m; for continuum
we distribute 12-m only).

(iv) {freq_descriptor} encodes the spectral set-up:

(a) for continuum products (Paper II), this is a centre fre-
quency and bandwidth (e.g. 99.6GHz_bw3 . 8GHz),

(b) for spectral-line cubes (Papers III-V), this is the fre-
quency range associated with a given SPW (e.g. 86.0-
86 .4GHz, 97.7-99.5GHz), as listed in D. Walker & ACES
Team (2025).

(v) {product} specifies the type of data product.

For continuum member products (Paper II), { product } has
the form cont . { contsuffix} where {contsuffix} combines
the multiterm deconvolution Taylor term (tt0, tt1) with the
image type. Distributed continuum products include:

(i) image, image . pbcor (primary-beam corrected),
(ii) model,
(iii) residual.

For spectral-line member products (Papers I1I-V), {prod-
uct} is typically cube . pbcor for the primary-beam corrected
image cube per SPW and per array. These cubes reflect the
ACES reprocessing and therefore differ from the original ALMA-
delivered products; the stand-alone total power (TP) cubes are not
re-released, as we use the TP data as available in the ASA.

A full description of the member-level continuum products is
provided in Paper II, while the member-level spectral-line cubes
and their frequency coverage are described in Papers III, IV, and
V (see also appendix A of D. Walker & ACES Team 2025).
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B1.2 Group-level products: array-combined cubes per region

For each region and SPW we also provide group-level array-
combined cubes that merge the interferometric and single-dish
data. These products combine multiple MOUSs and arrays and
thus sit at the GOUS level.

The generic template for the array-combined regional cubes
is group.uid  A001 _X1590 X30a9.lp slongmore.

{field coords}.{arrays}.{freq descriptor}.cube.

pbcor.fits
where:

(i) {field coords} and {freq descriptor} follow the
same conventions as for the member-level products,

(ii) {arrays} specifies the array combination used, most
commonly 12m7mTP for combined 12-m + 7-m + TP data.

These products are described in detail in Papers III-V, which
summarize the beam properties, pixel scales, and noise charac-
teristics per region and SPW.

B1.3 Group-level products: full CMZ mosaics

ACES also delivers a set of full, contiguous mosaics covering

the entire survey footprint. These are GOUS-level products that

combine all relevant MOUSs into a single CMZ-wide data set.
There are two broad classes of CMZ mosaics:

Continuum mosaics (Paper II) These are built for multiple con-
tinuum frequency set-ups and are provided for 12-m-only data
and, where applicable, combined 12-m + GBT/MUSTANG prod-
ucts.

Spectral-line mosaics (Papers I1I-V) These are constructed only
for selected bright and widespread lines rather than for every
SPW, in order to avoid very large cubes dominated by blank chan-
nels. They include HNCO and HCO™ (Paper III), their isotopo-
logues and related dense-gas/shock tracers (Papers IVand V), and
other key diagnostics such as CS (2-1), hydrogen recombination
lines, and complex organic tracers. The exact list of lines and their
SPW assignments is given in the line papers (see table 1 in Papers
II-V).

The filename template for all CMZ-wide mo-
saics and their associated high-level products is
group.uid  A001 _X1590 X30a9.lp slongmore.cmz
_mosaic.{arrays}.{tracer}. {suffix}

with:

(i) {arrays} describing the array combination used, e.g.

(a) 12m or 12mGBT-MUSTANG for continuum-only prod-
ucts (Paper II),

(b) 12m7mTP for fully combined line mosaics (Papers I1I-V),

(c) 12m7mMopra for combinations including external
single-dish data (Paper III),

(d) 12m7m for interferometric-only line mosaics (Paper III).

(ii) {tracer} specifying either

(a) cont for continuum mosaics (Paper II), or

(b) a molecule / transition name written to match the
filenames, e.g. HNCO, HCOplus, HCOplus_noTP, H13CN,
H13COplus, HC15N, HN13C, HC3N, CS21, H40a, CH3CHO,
$1021, 8021, S032 (Papers III-V).

(iii) { suffix} defining the particular product type (see below).
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B1.4 Derived maps and diagnostic products

In addition to the primary cubes and images, we distribute a uni-
form suite of derived and diagnostic products for both continuum
and selected spectral lines.

For the continuum mosaics (Paper II), the key high-level prod-
ucts are:

(i) Primary-beam corrected continuum mosaics:
(a) pbcor .fits

(ii) Corresponding uncertainty maps:
(a) maskedrms . pbcor.fits

(iii) Spectral-index diagnostics for the aggregate continuum
bandwidth:

(a) alpha.fits, alpha.maskedrms.fits (automated
spectral index and its uncertainty),

(b) alpha_manual .fits, al-
pha_manual .maskedrms.fits(manually curated masks
and corresponding uncertainties).

For the spectral-line mosaics (Papers I1I-V), we provide:
(i) Full-resolution line cubes:
(a) cube.pbcor .fits

(ii) Spatially (and, where appropriate, spectrally) downsam-
pled cubes to facilitate analysis of large-scale structure:

(a) cube.downsampled _spatially.pbcor.fits
(spatial smoothing to a common beam and spatial rebinning),

(b) cube.downsampled spatially and
_spectrally.pbcor.fits(where supplied; see Paper III
for details).

(iii) Two-dimensional maps derived from the full-resolution
cubes:

(a) integrated_intensity.fits - masked integrated
intensity maps,

(b) mad_std.fits - noise maps,

(c) peak_intensity.fits - peak intensity maps,

(d) velocity at peak intensity.fits - velocity at
the intensity peak for each pixel.

(iv) Position-velocity diagnostics along Galactic longitude and
latitude:

(a) PV_1 max.fits, PV_1 mean.fits - {-v diagrams us-
ing maximum or mean intensity along Galactic latitude,

(b) PV_b max.fits, PV_b mean.fits - b-v diagrams us-
ing maximum or mean intensity along Galactic longitude.

The construction, masking, and error estimation procedures
for these derived products are described in detail in the line pa-
pers: HNCO and HCO™ in Paper III, and the broader set of lines
in the intermediate-band spectral windows in Papers IV and V.
The continuum imaging strategy and spectral-index mapping are
discussed in Paper II.
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