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A B S T R A C T 

We present data from the ALMA Central Molecular Zone Exploration Survey (ACES) Large Program, which provides 
broad spectral-line and 3 mm continuum coverage of the Central Molecular Zone (CMZ) at a spatial resolution of 0.1 
pc. The survey delivers homogeneous, wide-field mosaics that enable direct comparisons of the physical and chemical 
conditions across diverse environments in the Galactic centre. In this data release paper, we present the CS( 2 − 1 ), SO(23 −
12 ), CH3 CHO( 51 , 4 − 41 , 3 ), HC3 N( 11 − 10 ), and H40 α lines observed simultaneously within two broad spectral windows. 
These lines reveal pronounced spatial and chemical variations across the CMZ, tracing distinct components of molecular 
gas, shock-affected regions, and ionized structures. The high angular resolution and multi-line capability of the ACES data 
set make it a powerful resource for future studies of gas dynamics, star formation activity, and the physical connection 

between the CMZ and Sgr A ∗. 
Key words: ISM: structure –Galaxy: centre. 
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 INTRODUCTION  

he Central Molecular Zone (CMZ) is a dense reservoir of molec- 
lar gas within the innermost ∼300 pc of the Galactic centre 
GC), confined to a vertically thin disc with a scale height of 30–50
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c. The total gas mass is estimated at ∼ (5 –10) × 107 M�, account-
ng for roughly 10 per cent of the Milky Way’s molecular gas (M.
orris & E. Serabyn 1996 ; R. Genzel, F. Eisenhauer & S. Gillessen
010 , and references therein). Most of this mass is concentrated
n compact giant molecular clouds (GMCs) with typical masses of 
05 . 5 to 106 . 5 M�. Hence, the large volume of molecular gas makes 
t an excellent environment for star formation. 
Molecular gas in the CMZ exhibits physical conditions distinct 

rom those in the Galactic disc. The CO-to-H2 conversion factors 
nd gas surface densities in the CMZ resemble those found in star-
urst galaxies (see fig. 10 in L. J. Tacconi et al. 2008 ). The gas has
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/by/4.0/), which permits unrestricted reuse, distribution, and
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igh temperatures, turbulence, and pressure (Y. Ao et al. 2013 ;
. A. C. Mills et al. 2013 ; A. Ginsburg et al. 2016 ; K. Immer et al.
016 ), sharing characteristics with active star-forming regions in
any different extragalactic environments (J. M. D. Kruijssen &
. N. Longmore 2013 ). However, despite the presence of dense
as, the current star formation rate (SFR) in the CMZ is only ∼10
er cent of what is expected from standard dense gas–SFR scaling
elations (S. N. Longmore et al. 2013 ; A. T. Barnes et al. 2017 ; X. Lu
t al. 2019a ; J. D. Henshaw et al. 2023 ). Understanding how these
hysical conditions are related to the suppressed star formation
n the CMZ requires further observational and theoretical studies
hich link the global gas properties to the sub-parsec scales at
hich star formation occurs (J. M. D. Kruijssen et al. 2014 , 2019 ;
. R. Krumholz & J. M. D. Kruijssen 2015 ; M. R. Krumholz,
. M. D. Kruijssen & R. M. Crocker 2017 ; R. G. Tress et al. 2020 ;
. C. Sormani et al. 2022 ). 
The Atacama Large Millimeter/submillimeter Array (ALMA)
MZ Exploration Survey (ACES) Large Program (S. Longmore &
CES Team 2025 , project code: 2021.1.00172.L; PI: S. Longmore)
rovides uniform Band 3 coverage of the inner 1 . 5◦ × 0 . 5◦ of the
MZ, producing the largest mosaic yet made with ALMA and
chieving an unprecedented angular resolution of ∼2′′ in both
pectral-line and continuum emission. This new global, high-
esolution and sensitivity view of the physical, kinematic and
hemical structure facilitates ACES main science objective to
uild a global understanding of star formation, feedback, and the
ass flows and energy cycles across the Central Molecular Zone.
CES employed 6 spectral windows to span a wide range of fre-
uency coverage. The continuum data set, covering an effective
andwidth of 4.6 GHz, is described in detail by A. Ginsburg &
CES Team ( 2025 ). The high-resolution spectral-line data and
etails of the data combination will be presented by D. Walker &
CES Team ( 2025 ), while the intermediate-resolution spectral-
ine data will be presented by X. Lu & ACES Team (2026). In this
aper, we present the data release of two broadband spectral win-
ows that include the lines of CS( 2 − 1 ) (carbon monosulfide),
O(23 − 12 ) (sulfur monoxide), HC3 N( 11 − 10 ) (cyanoacetylene),
H3 CHO( 51 , 4 − 41 , 3 ) (acetaldehyde), and the radio recombina-
ion line H40 α. The characteristics of these lines are summarized
n Table 1 . 

 OBSERVATIONS  AND  DATA  PROCESSING  

orty-five individual mosaics were used to image the central
 . 5◦ × 0 . 5◦ of the CMZ with the ALMA Band 3 receiver and the
2-m array. The 7-m and TP arrays were also employed to recover
he short-spacing information. The overall survey design and ob-
ervational setup are described in S. Longmore & ACES Team
 2025 , hereafter Paper I ), while details of the data calibration
nd imaging procedures are given in A. Ginsburg & ACES Team
 2025 ) and D. Walker & ACES Team ( 2025 ; hereafter Paper II
nd Paper III ). The data product releases of the continuum and
pectral-line cubes are presented in Paper II , Paper III , X. Lu &
CES Team (2026; Paper IV), and in this work. 
We use the casa package (CASA Team et al. 2022 ) for cali-
ration and imaging. The majority of the data were processed
ith casa version 6.2.1.7 and version 6.4.1.12 for the later data
et, as the project extended across different observing cycles and
ipeline version releases. The full details of the casa versions
sed can be found in Paper II . In this paper we present the spectral
ubes of the broad spectral windows (SPW 33 and SPW 35 in
able 1 of Paper III ). The spectrum of broad spectral window
NRAS 552, 1–23 (2026)
owards the water maser core of the Brick cloud is shown in
ig. 1 . The conversion factors from Jy beam−1 to K are 21.2,
0.7, 23.4, and 20.8 for CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 )
nd CH3 CHO( 51 , 4 − 41 , 3 ), respectively. Detailed descriptions of 
he data issues, continuum subtraction, deconvolution (image re-
onstruction), array combination, and mosaic procedures are pro-
ided in Paper III and in the merge_tclean_commands.py
cript in the ACES GitHub repository. 1 
The casa task feather was used to combine the images from

he 12 m, 7 m, and TP arrays for the data release. Section 3.5 of 
aper III provides a detailed discussion of various array combina-
ion methods using casa . In this work, we adopted the ‘feather-
nly’ approach as described in section 3.5.3 of Paper III . Addi-
ionally, X. Lu (in preparation) discussed alternative combina-
ion methods using Miriad (R. J. Sault, P. J. Teuben & M. C. H.
right 1995 ). The native channel width of the broad spectral
indow is 1.48 km s−1 with an effective bandwidth of ∼ 1 . 86
Hz ( ∼ 5680 km s−1 ). The image rms noise per 1.48 km s−1 
hannel is not uniform across the mosaics, but varies between
egions typically in the range of 3–5 mJy beam−1 . The cube
tatistics are shown in Table C1 . The id of each field can also
e found in Paper III and Paper II . For the purpose of mosaic,
mage cubes of individual fields were smoothed to a common
eam to produce the final, full-CMZ mosaics. The common beam
ize is applied to the mosaic maps, while most of the individual
elds have high angular resolution, the final beam is compro-
ised with the lowest resolution of field am. The common beam
izes of the SPW 33 and SPW 35 are 2.84′′ × 2.11′′ (position
ngle = −89.46◦) and 2.65′′ × 1.97′′ (position angle = −89.96◦),
espectively. 
We compare the ACES CS( 2 − 1 ) data with the NRO 45 m
S( 2 − 1 ) data (P.-Y. Hsieh et al. 2016 ). The spatial and spectral
esolutions of the 45 m data are 38′′ and 2.5 km s−1 , respectively.
he total bandwidth of the 45 m data is 400 km s−1 , which is nar-
ower than that of the ACES data. The 45 m image was obtained
n units of T∗

A , and we converted it to TB by dividing by the main-
eam efficiency of 0.43 (P.-Y. Hsieh et al. 2016 ). To compare with
he ACES map, we generated mom0 maps for both data sets using
he same method described in Section 3.1 , integrating over the
ame velocity range and smoothing to a common beam size of 
8′′ . The ratio image is shown in Fig. 2 . The mean ratio across
he masked region is approximately 0.9, indicating that our flux
alibration is consistent with the 45 m data. Elevated ratios near
gr C may be affected by edge effects in the maps, while the high
alues near Sgr A ∗ are likely due to residual continuum emission
n the ACES data. 

 ACES  DATA  PRODUCTS  AND  STRUCTURAL  

IGHLIGHTS  

.1 Moment maps of CMZ mosaics 

e present the integrated intensity ( mom0 ) and peak inten-
ity ( mom8 mosaic images (a nomenclature within the immo-
ents task of casa ) of these four molecular lines in Figs 3 ,
 , and 5 . The zoomed-in images of H40 α are presented in
ig. A1 . 

https://github.com/ACES-CMZ/reduction_ACES


ACES broadband spectral windows 3

Table 1. Key lines covered by the broadband spectral windows. 

Lines Rest frequency Aul Eu /k n a 
crit 

(GHz) s−1 (K) (cm−3 ) 

CS( 2 − 1 ) 97.98095 1.679E-5 7.1 2.8 ×105 
SO(23 − 12 ) 99.29987 1.125E-5 9.2 2.9 ×105 
CH3 CHO( 51 , 4 − 41 , 3 ) E 98.86331 3.104E-5 16.6 1 ×106 
CH3 CHO( 51 , 4 − 41 , 3 ) A 98.90095 3.108E-5 16.5 1 ×106 
HC3 N( 11 − 10 ) 100.07639 0.777E-4 28.8 1.5 ×106 
H40 α 99.02295 – – –

Note.a Calculated assuming a gas temperature of 100 K. Critical densities are calculated as ncrit = Aul /γul , where 
Aul is the Einstein coefficient and γul is the collisional rate. The values at 100 K are taken from the Leiden Atomic 
and Molecular Database (F. L. Schöier et al. 2005 ) and the JPL spectroscopic database (H. M. Pickett et al. 1998 ). 
As no collisional rate is available for CH3 CHO( 51 , 4 − 41 , 3 ), its critical density is estimated using the collisional rate 
of CH3 OH as a close approximation. 

Figure 1. The spectra of broad spectral windows (SPW 33, 35) towards the Sgr C MM1 hot core and water maser core of Brick cloud. The lines presented 
in this paper are labelled. The native channel width of broad spectral window is 1.48 km s−1 with an effective bandwidth of ∼ 1 . 86 GHz ( ∼ 5680 km s−1 
per spectral window). 

Figure 2. The ratio of ACES and NRO 45m map. The ratio map was made with the integrated intensity maps. 
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M

Figure 3. ALMA integrated intensity maps ( mom 0 ) of CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 ) and CH3 CHO( 51 , 4 − 41 , 3 ) lines towards the CMZ. The 
nomenclature of previously identified features is labelled. The common beam size is 2.84′′ × 2.11′′ with a position angle of −89.46◦ for the CS( 2 − 1 ), 
SO(23 − 12 ), and CH3 CHO( 51 , 4 − 41 , 3 ) lines. The common beam size is 2.65′′ × 1.97′′ with a position angle of −89.96◦ for the HC3 N( 11 − 10 ) line. Note 
that the acetaldehyde line (CH3 CHO( 51 , 4 − 41 , 3 )) maps are integrated with CH3 CHO( 51 , 4 − 41 , 3 ) E and CH3 CHO( 51 , 4 − 41 , 3 ) A. 
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ACES broadband spectral windows 5

Figure 4. ALMA peak intensity maps ( mom 8 ) of CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 ) and CH3 CHO( 51 , 4 − 41 , 3 ) lines towards the CMZ. Note that 
the acetaldehyde line (CH3 CHO( 51 , 4 − 41 , 3 )) maps are stacked with CH3 CHO( 51 , 4 − 41 , 3 ) E and CH3 CHO( 51 , 4 − 41 , 3 ) A (also see Fig. 1 ). 
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Note that the CH3 CHO( 51 , 4 − 41 , 3 ) mom0 map includes both 
he CH3 CHO( 51 , 4 − 41 , 3 ) E and CH3 CHO( 51 , 4 − 41 , 3 ) A transi- 
ions to improve the signal-to-noise ratio. These two lines are 
lose in frequency, separated by approximately ±150 km s−1 . 
f high-velocity components (e.g. ±150 km s−1 ), such as those 
rom the circumnuclear disc (CND) are present, the lines may 
MNRAS 552, 1–23 (2026)
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ecome spectrally blended in our data. However, since the CND
s not clearly detected in either transition, the CH3 CHO( 51 , 4 −
1 , 3 ) mom0 map shown in Fig. 3 is not affected by blend-
ng from high-velocity components. Users can generate indi-
idual mom0 maps for each transition directly from the mo-
aic cube. Details on generating moment maps can be found in
aper III . 
The moment maps provide a detailed view of the spatial distri-
ution of emission across the CMZ. In general the ALMA maps
how a combination of extended emission and compact features.
he SO(23 − 12 ) and CS( 2 − 1 ) maps reveal a smooth and diffuse
mission structure, highlighting extended regions of molecular
as across the CMZ. In contrast, the CH3 CHO( 51 , 4 − 41 , 3 ) map
s more concentrated towards the Brick, the 20 km s−1 cloud,
he 50 km s−1 cloud, and the Sgr B region. The HC3 N( 11 − 10 )
mission exhibits an intermediate morphology, sharing charac-
eristics of both the extended SO(23 − 12 ) and CS( 2 − 1 ) emis-
ion and the compact CH3 CHO( 51 , 4 − 41 , 3 ) structures. The H40 α
ap displays distinct, compact emission structures that are char-
cteristic of ionized gas. A zoomed-in view of the H40 α map
ith significant detection is shown in Fig. A1 . Together, these
aps provide a multi-line view of the gas properties, distinguish-
ng between ionized and molecular components, and reveal the
hysical and chemical conditions of the observed region. How-
ver, since the molecular lines (CS( 2 − 1 ), CH3 CHO( 51 , 4 − 41 , 3 ),
O(23 − 12 ), and HC3 N( 11 − 10 )) primarily trace molecular gas
hat is spatially anti-correlated with the ionized gas traced by
40 α (cf. Fig. B1 ), a comparison between the H40 α emission
nd the continuum is more physically relevant. Therefore, we do
ot discuss the H40 α properties in detail in this paper. Readers
re referred to A. Ginsburg & ACES Team ( 2025 ) for a detailed
escription of the continuum emission. Although that work does
ot discuss the H40 α line, a direct comparison with the maps
resented here may help to examine the spatial relation between
onized and molecular components. 
The characteristic kinetic temperature in the CMZ has been

eported as 65 ±10 K by Y. Ao et al. ( 2013 ) and within the range
f 50-100 K (A. Ginsburg et al. 2016 ; N. Krieger et al. 2017 ). As
hown in Fig. 4 , CS( 2 − 1 ) exhibits a peak brightness temperature
f approximately 10 K, particularly towards the Sgr A and Sgr
 regions. This relatively high brightness temperature, compa-
able to the typical kinetic temperature in the CMZ, suggests
hat CS( 2 − 1 ) emission is generally optically thick or moderately
hick, tracing gas with significant optical depth across most re-
ions. 
In contrast, SO(23 − 12 ) and HC3 N( 11 − 10 ) show peak bright-
ess temperatures of about 4-6 K. Although lower than that of 
S( 2 − 1 ), these values indicate that the lines are moderately
ptically thin to moderately thick, likely reflecting somewhat
ower column densities or smaller beam filling factors compared
o CS( 2 − 1 ). 
Meanwhile, CH3 CHO( 51 , 4 − 41 , 3 ) shows a peak brightness

emperature of ≤1 K, indicating that its emission might be op-
ically thin across most of the mapped region, similar to the
C15 N line reported in X. Lu (in preparation). With additional
O transitions available in the ACES data ( Paper I ), including the
sotopologue line 34 SO ( 23 - 12 ), which is expected to be optically
hin, as well as SO ( 22 - 11 ) and SO ( 54 - 44 ), future studies can
erive detailed temperature and density distributions to better
haracterize the excitation conditions in various regions of the
MZ. 
NRAS 552, 1–23 (2026)

a

.2 mom 1 map and longitude–velocity maps 

n Fig. 6 , we present the mom 1 images of four molecular lines of 
he CMZ. The mom 1 map of H40 α is shown separately in Fig. 5 .
espite being derived from high-resolution ALMA data, the ve-
ocity fields reveal large-scale coherent rotation, with redshifted
mission at positive longitudes and blueshifted emission at nega-
ive longitudes, consistent with previous single-dish observations
e.g. P. A. Jones et al. 2012 ). On smaller scales, several regions
how overlapping red- and blueshifted components, indicative of 
ultiple gas streamers or distinct kinematic features along the
ine of sight (e.g. J. D. Henshaw et al. 2016 ; D. Lipman et al. 2025 ;
. L. Walker et al. 2025 ). 
In Fig. 7 , we present the longitude–velocity ( l- v ) diagrams of 

he four molecular lines showing intensity peaks. In the CS( 2 −
 ) line, the horizontal absorption features at −52 , −28 , and
3 km s−1 are due to foreground absorption, which is attributed
o gas in spiral arms along the line of sight at these velocities
P. A. Jones et al. 2012 ). The same features can be seen in other
bundant molecules such as HCO+ ( Paper III ). However, these
oreground absorption features are not found in the other lines
resented in this paper. 
These complex motions associated with sub-pc scale filaments
nd broad-linewidth clumps observed in the velocity map are
ore clearly revealed in the l- v diagrams. Towards the Sgr A
omplex region, in Fig. 8 , we present the l- v diagram of the CND.
he streamers are shown as in the previous work by P.-Y. Hsieh
t al. ( 2017 ). The high-velocity gas standing out from the CMZ
ing (associated with the 50 and 20 km s−1 clouds in this figure)
epresents the CND and the streamers, which are kinematically
istinct in both velocity structure and spatial location. These
eatures also exhibit significantly broader linewidths ( ≥ 30 km
−1 ) compared to the surrounding CMZ gas, further highlighting
heir dynamic nature associated with tidal disruption in the deep
otential well. The high spectral and spatial resolution mosaic
ap will enable study the infall of gas further out. 
In comparison to the l- v diagrams in P. A. Jones et al. ( 2012 )
t 39′′ resolution, while the Mopra data successfully traces the
arge-scale spiral arm structure and provides a comprehensive
iew of the galactic-scale kinematics across the CMZ at sub-pc
cale. The low spatial resolution limits the study of motion of gas
onnected the CMZ and the CND. The broad linewidth clumps
resent in several places of the CMZ are also marginally resolved
n the Mopra data. The broad linewidth clumps characteristic of 
he turbulent and shocked gas in this environment, leaving the
hysical origin and role of these velocity components unclear.
LMA data represent a crucial intermediate scale that bridges
he gap between the large-scale dynamics captured by single-dish
urveys and the sub-pc clumps, showing the necessity of high
ngular resolution observations to fully characterize the complex
nterplay between inflow, turbulence, and star formation in GC
nvironments. 

.3 Key structures 

n Figs 8 , 9 , 10 , 11 , and 12 , we show zoomed-in images of the four
olecular lines towards the well-known features interesting for
tar formation in the CMZ, namely, the CND, the Brick cloud, the
0 and 50 km s−1 clouds, and the Three Little Pigs (Sticks, Straw,
nd Stone clouds). 
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Figure 5. ALMA mosaic map of H40 α line towards the CMZ. From the top to the bottom we present the mom 0 , peak intensity, and mom 1 images. 
The common beam size is 2.84′′ × 2.11′′ with a position angle of −89.46◦. 
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Figure 6. The intensity weighted velocity map ( mom 1 ) of CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 ) and CH3 CHO( 51 , 4 − 41 , 3 ) lines towards the CMZ. 
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.3.1 The circumnuclear disc 

he circumnuclear disc (CND) is a molecular ring rotating
round Sgr A ∗. It contains a molecular gas mass of approxi-
NRAS 552, 1–23 (2026)

m  
ately 104 M� (e.g. M. A. Requena-Torres et al. 2012 ; E. A. C.
ills et al. 2013 ; P.-Y. Hsieh et al. 2021 ) and with a radius of 
2 pc. Within this region lie the ionized streamers known as the
ini-spiral (or Sgr A West; J.-H. Zhao et al. 2009 ) (Fig. A1 in
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Figure 7. The longitude–velocity diagram of CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 ) and CH3 CHO( 51 , 4 − 41 , 3 ) lines towards the CMZ. The location of 
Sgr A ∗ is labelled with the star marker. The CH3 CHO( 51 , 4 − 41 , 3 ) E ( frest = 98 . 86331 GHz). and CH3 CHO( 51 , 4 − 41 , 3 ) A ( frest = 98 . 9005 GHz) can be 
seen together in the diagram, where we set the rest frequency of CH3 CHO( 51 , 4 − 41 , 3 ) A. 
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M

Figure 8. Left: the mom 0 image of the CND. Sgr A ∗ is marked with a star marker, and the CND is outlined with a small dotted ellipse. The streamers 
are outlined with the big ellipse (H. B. Liu et al. 2013 ; P.-Y. Hsieh et al. 2017 ). The CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 ) and CH3 CHO( 51 , 4 − 41 , 3 ) 
lines images are presented. The beam is shown in the top left corner as a filled eliipse. Right: the longitude–velocity diagrams of the four molecular lines 
zoomed-in to the region of the CND. 
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his paper) and the nuclear star cluster (D. F. Figer et al. 1999 ).
he streamers surrounding the CND are thought to be tidally
tretched gas originating from nearby clouds (the 50 and 20 km
−1 clouds) that is accreting onto the CND. As the most massive
NRAS 552, 1–23 (2026)
nd closest molecular reservoir to Sgr A ∗, the CND is of great in-
erest for understanding both the fueling of the central black hole
nd nuclear star formation. The ACES high-resolution mosaic of 
he nuclear region enables studies of gas inflow kinematics and
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Figure 9. The mom 0 images of the Brick cloud (G0.253 + 0.016). The CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 ) and CH3 CHO( 51 , 4 − 41 , 3 ) line images 
are presented. The outflow positions featuring ongoing star formation are labelled with the cyan circles (D. L. Walker et al. 2021 ). The synthesized beam 

is shown in the top left corner with a red ellipse. 
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hemical conditions from the CMZ to the CND (e.g. Y. Sofue et al.
025 ). 
In Fig. 8 , the CND and the streamers (H. B. Liu et al. 2013 ; P.-
. Hsieh et al. 2017 , 2021 ) are outlined with small and large cyan
otted ellipses, respectively. Both the CND and the streamers are 
etected in the CS( 2 − 1 ), SO(23 − 12 ), and faint emission with
C3 N( 11 − 10 ) lines; however, only the streamers visually con- 
ecting to the 20 km s−1 cloud are detected in the CH3 CHO( 51 , 4 −
1 , 3 ) line. 
In the vicinity of the nuclear star cluster and Sgr A ∗, UV fields
an photodissociate and deplete HC3 N, although the molecule 
ay still survive in dense, well-shielded clumps (A. Rodriguez- 
ranco, J. Martin-Pintado & A. Fuente 1998 ; D. S. Meier & J. L.
urner 2005 ; S. Martín et al. 2012 ; N. Harada et al. 2015 ; J. E.
indberg et al. 2011 ). The weak HC3 N( 11 − 10 ) emission in the
CES map could therefore arise from a combination of UV pho-
odissociation and excitation effects, as the warm gas in the CND 

ay preferentially populate higher- J transitions. To quantify the 
elative effect of UV shielding and excitation, future observations 
f high-excitation HC3 N lines and detailed abundance analyses 
ill be required, which we leave for community follow-up. 
.3.2 The brick 

0.253 + 0.016, an infrared dark cloud known as ‘the Brick’, is
ne of the most massive and dense molecular clouds in the CMZ.
t has a low dust temperature of 20 K, a nH2 of ≥ 104 cm−3 , and a
arge gas mass of ≥ 105 M� within size of 2–3 pc. It is considered
n ideal site for forming high-mass stars (D. C. Lis & J. E. Carl-
trom 1994 ; D. C. Lis et al. 2001 ). Despite having the right condi-
ions for star formation, it shows little to no star formation activity
e.g. K. Immer et al. 2012 ; J. Kauffmann, T. Pillai & Q. Zhang
013 ; J. M. Rathborne et al. 2014 ). Although the Brick does not
et harbor fully formed massive stars or clusters, previous ALMA 

bservations have shown evidence of ongoing intermediate- to 
igh-mass star formation, including the detection of seven out- 
ow features (D. L. Walker et al. 2021 ). 
CH3 CHO( 51 , 4 − 41 , 3 ) and SO(23 − 12 ) were previously imaged 

owards the Brick cloud by J. M. Rathborne et al. ( 2015 ) with
LMA. Although the sensitivity and resolution are slightly 
igher in their data, we have imaged additional CS( 2 − 1 ) and
C3 N( 11 − 10 ) lines with a larger mosaic. In Fig. 9 , the Brick
loud exhibits arm-like internal structures (K. G. Johnston et al. 
MNRAS 552, 1–23 (2026)
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Figure 10. The mom 0 images of the 20 km s−1 cloud. The CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 ) and CH3 CHO( 51 , 4 − 41 , 3 ) line images are presented. 
The synthesized beam is shown in the top left corner with an ellipse. 
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014 ), and CH3 CHO( 51 , 4 − 41 , 3 ) emission is relatively brighter
n the southern part of the cloud. While both CS( 2 − 1 ) and
O(23 − 12 ) exhibit widespread emission tracing the filaments
nd seem to be immersed in the diffuse arm-like structures in the
MZ, the emission from CH3 CHO( 51 , 4 − 41 , 3 ) line is much more
ompact and spatially confined. 
The CH3 CHO( 51 , 4 − 41 , 3 ) emission appears to be well sepa-

ated from the diffuse large-scale arms and instead traces distinct
lumps concentrated within the central ridges of the Brick. The
H3 CHO( 51 , 4 − 41 , 3 ) line exhibits morphologies similar to those
f HC3 N( 11 − 10 ), tracing a coherent network of compact clumps
nd ridges. These features are especially prominent along the
outhern ridge and central arc. This visual similarity is quan-
ified by a high 2D morphological correlation coefficient of 0.9
Fig. B1 , more description in X. Lu, in preparation). The SO(23 −
2 ) line also shows significant overlap with HC3 N( 11 − 10 ), cap-
uring many of the same structures, though with slightly more
iffuse emission. The SO(23 − 12 )–HC3 N( 11 − 10 ) correlation is
lso high, at 0.94, indicating strong morphological similarity. In
ontrast, the CS( 2 − 1 ) emission displays a more extended and
iffuse distribution, particularly towards the northern regions. It
hows weaker overlap with both CH3 CHO( 51 , 4 − 41 , 3 ) (correla-
ion coefficient = 0.35) and HC3 N( 11 − 10 ) (correlation coeffi-
ient = 0.66), but aligns relatively well with SO(23 − 12 ) (correla-
ion coefficient = 0.8). The variation in internal structures among
NRAS 552, 1–23 (2026)

w

he four lines suggests that the compact features within the Brick
ary chemically and physically. 

.3.3 The 20 and 50 km s−1 cloud 

he 20 km s−1 cloud and the 50 km s−1 cloud are prominent giant
olecular clouds in the CMZ (e.g. K. Uehara et al. 2019 ; X. Lu
t al. 2021 ), specifically, near the Sgr A ∗. The 20 km s−1 cloud
hows signs of early-stage star formation, including the detection
f protostellar outflows in the SiO(5–4) line (X. Lu et al. 2021 ).
n contrast, the 50 km s−1 cloud does not exhibit clear protostel-
ar outflow signatures and currently has low star formation rate
 ≤ 0 . 3 × 10−3 M�, X. Lu et al. 2021 ), but it is likely in a later
tage of star formation (E. Mills et al. 2011 ), as it lies adjacent to
he compact H II region complex G −0 . 02 − 0 . 07 (Fig. A1 in this
aper) (M. Tsuboi et al. 2019 ; E. Mills et al. 2011 ), which shares a
imilar velocity structure. While the 50 km s−1 cloud is currently
nactive in star formation, R. Miyawaki et al. ( 2021 ) reported the
etection of 28 hot molecular core candidates, which are in quasi-
tatic equilibrium. 
Figs 10 and 11 show the detection of CH3 CHO( 51 , 4 − 41 , 3 )
mission towards the 20 and 50 km s−1 clouds, respectively. As
n the Brick cloud, CH3 CHO shows a high correlation with HC3 N
0.9), a moderate correlation with SO (0.69), and a low correlation
ith CS (0.34). 
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Figure 11. The mom 0 images of the 50 km s−1 cloud. The Sgr A ∗ is labelled with the star marker. The CND is outlined with a dotted arc. The CS( 2 − 1 ), 
SO(23 − 12 ), HC3 N( 11 − 10 ) and CH3 CHO( 51 , 4 − 41 , 3 ) line images are presented. The synthesized beam is shown in the top left corner with an ellipse. 
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.3.4 The three little pigs (TLP) 

he Three Little Pigs (TLP) cloud complex consists of four 
olecular clouds known as the Straw (M0.145-0.086), the Sticks 
M0.106-0.082), and the Stone (M0.068-0.075) (C. Battersby et al. 
020 ) from the left to the right side in Fig. 12 . Consistent with the
revious SMA 1 mm image (C. Battersby et al. 2020 ), the mor-
hology of the TLP clouds appears to become progressively more 
omplex from the straw cloud to the stone cloud. The straw cloud
s very faint in lines, possibly quiescent or less evolved. The stick
loud appears to be the most prominent in these four molecular 
ines, showing compact clumps in all three tracers. Similar to the
forementioned clouds, we find a consistent trend in the morpho- 
ogical correlations among these four lines: CH3 CHO shows the 
ighest correlation with HC3 N (0.89), an intermediate correlation 
ith SO (0.77), and the lowest correlation with CS (0.59). 

 MORPHOLOGICAL  CORRELATIONS  

ETWEEN  THE  CS(  2 − 1 ) ,  SO(23 − 12 ) ,  
C3 N(  11 − 10 ) ,  CH3 CHO(  51 , 4 − 41 , 3 )  AND  SIO(2-1)  

n Fig. B1 , we find that CH3 CHO( 51 , 4 − 41 , 3 ) shows the high-
st correlation with HC3 N( 11 − 10 ) (0.84-0.9 across the four
ighlighted regions), an intermediate correlation with SO(23 −
2 ) (0.64-0.69), and the weakest correlation with CS( 2 − 1 )
0.25-0.59). This consistent pattern across all regions suggests 
hat CH3 CHO( 51 , 4 − 41 , 3 ) emission is more spatially similar to 
C3 N( 11 − 10 ) than to CS( 2 − 1 ). Although the CS molecule is
idely used dense-gas tracer because of the large dipole moment 
nd high critical densities, its high abundance often leads to sig-
ificant optical depth, limiting its reliability for tracing the most 
ompact, high-column structures. J. Pety et al. ( 2017 ) showed that
S emission mainly traces gas at intermediate column densities 
nd saturates in the densest regions, while CS(1-0) in the CMZ
hows moderate optical depths of τ � 2 -3 (M. Tsuboi, T. Handa &
. Ukita 1999 ), consistent with its widespread distribution across 
he CMZ clouds. 
The critical densities of CS( 2 − 1 ) and SO(23 − 12 ) are roughly
n order of magnitude lower than those of CH3 CHO( 51 , 4 − 41 , 3 ) 
nd HC3 N( 11 − 10 ). Although we have not directly derived the
as densities here, at first glance, the correlation coefficients sug- 
est that CS( 2 − 1 ) and SO(23 − 12 ) trace more extended dense
as, whereas CH3 CHO( 51 , 4 − 41 , 3 ) and HC3 N( 11 − 10 ) highlight 
ore compact, denser substructures. However, CH3 CHO( 51 , 4 −
1 , 3 ) emission does not necessarily trace dense cores exclusively 
M. Ikeda et al. 2001 ; J. K. Jørgensen et al. 2016 ; C. Codella et al.
017 ; Y. Oya et al. 2017 ); given its relatively low abundance and
he subthermal excitation of its low- J transitions at moderate 
ensities ( ∼ 104 −5 cm−3 ), its detection may be biased towards 
igh-column-density regions that exceed the sensitivity thresh- 
ld rather than reflecting a true absence elsewhere (e.g. M. A.
MNRAS 552, 1–23 (2026)



14 P.-Y. Hsieh and ACES team

M

Figure 12. The mom 0 images of the three little pigs cloud (stone, sticks, and straw cloud). The CS( 2 − 1 ), SO(23 − 12 ), HC3 N( 11 − 10 ) and 
CH3 CHO( 51 , 4 − 41 , 3 ) line images are presented. The synthesized beam is shown in the top left corner with an ellipse. 

R  

B  

a  

d  

d

4  

t  

a  

i  

d  

n  

c  

e  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/552/2/stag253/8875762 by Liverpool John M
oores U

niversity user on 02 N
ovem

ber 2026
equena-Torres et al. 2006 ; I. Jimenez-Serra, C. Codella & A.
elloche 2025 ). Observations of optically thin isotopologues such
s HC15 N ( Paper III ) could therefore help disentangle optical-
epth effects and confirm the effectiveness of these molecules as
ense-gas tracers. 
In Fig. B1 , SO(23 − 12 ), HC3 N( 11 − 10 ), and CH3 CHO( 51 , 4 −

1 , 3 ) show stronger correlations with SiO than with CS across
NRAS 552, 1–23 (2026)
he four regions and in the CMZ average ( Paper III ). SiO is
 well-established shock tracer (P. Schilke et al. 1997 ), and
ts widespread CMZ emission likely reflects large-scale shocks
riven by, for example, expanding H ii regions or supernova rem-
ants (S. Inutsuka 2021 ; J. D. Henshaw et al. 2022 ), cloud–cloud
ollisions (M. Tsuboi, A. Miyazaki & K. Uehara 2015 ; S. Zeng
t al. 2020 ), or Galactic shear (J. M. D. Kruijssen et al. 2014 ; M. A.
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etkova et al. 2021 ). Additional processes such as cosmic ray heat-
ng (F. Yusef-Zadeh et al. 2013 ) and X-ray irradiation (J. Martín-
intado et al. 2000 ) may also influence Si-bearing chemistry. 
Sulphur-bearing species such as SO can be enhanced in shock 
nd post-shock gas (G. Pineau des Forets et al. 1993 ; D. C. Lis et al.
001 ; X. Lu et al. 2017 ; D. Callanan et al. 2023 ), although SO is
ot unique to shocks and also appears in relatively quiescent gas
n both low- and high-mass star-forming regions (e.g. A. Hacar 
t al. 2013 ). HC3 N( 11 − 10 ) is a well-known tracer of dense, early-
hase cores, forming mainly through reactions involving CN and 
2 H2 radicals (e.g. C. M. Walmsley, G. Winnewisser & F. Toelle 
980 ; H. Suzuki et al. 1992 ), but its abundance can also increase
n low-velocity shocks associated with stellar outflows (e.g. R. 
achiller & M. Pérez Gutiérrez 1997 ; E. Mendoza et al. 2018 ;
. Hoque et al. 2025 ). CH3 CHO( 51 , 4 − 41 , 3 ) is typically linked to
ot cores and outflows in the Galactic disc (M. Ikeda et al. 2001 ;
. K. Jørgensen et al. 2016 ; C. Codella et al. 2017 ; Y. Oya et al.
017 ), yet in the CMZ, COMs including CH3 CHO( 51 , 4 − 41 , 3 ) are 
idespread and associated with low-velocity shocks largely inde- 
endent of local star formation activity (M. A. Requena-Torres 
t al. 2006 ; I. Jimenez-Serra 2025 ; Z.-Y. Li et al. 2025 ). 
Across these species, the correlation strengths with SiO -SO - 
iO (0.90) > HC3 N- SiO (0.83) > CS-SiO (0.79) > CH3 CHO-SiO 

0.67) suggest different physical and chemical conditions. A de- 
ailed determination of SiO abundances and dedicated chemical 
odelling, along with further examination of the associations 
mong SO(23 − 12 ), HC3 N( 11 − 10 ), and CH3 CHO( 51 , 4 − 41 , 3 ), 
ill be essential to better understand the extreme environment 
f the CMZ. These analyses are beyond the scope of this paper
nd the in-depth studies are left for future studies. 

 SUMMARY  

n this paper, we present an overview of the ACES broadband 
pectral-line data and the public release of the CS( 2 − 1 ), SO(23 −
2 ), CH3 CHO( 51 , 4 − 41 , 3 ), H40 α, and HC3 N( 11 − 10 ) mosaic im-
ges. We provide the corresponding moment maps, l- v diagrams, 
nd a morphological correlation analysis comparing 14 lines with 
he 3 mm continuum ( Paper II , Paper III , X. Lu, in prepara-
ion). The emissions from these molecules are widely distributed 
cross the CMZ. The CS( 2 − 1 ) and SO(23 − 12 ) lines exhibit
ore extended spatial distributions, whereas HC3 N( 11 − 10 ) and 
H3 CHO( 51 , 4 − 41 , 3 ) are more concentrated towards the denser 
egions. Comparisons with other lines, such as SO transitions and 
sotopologues ( Paper I ) will also be useful for constraining the
emperature and density. 
The morphological correlation analysis reveals systematic dif- 

erences in how molecular species trace the physical and chem- 
cal structures within the CMZ. The stronger correlations of 
O(23 − 12 ), HC3 N( 11 − 10 ), and CH3 CHO( 51 , 4 − 41 , 3 ) with SiO 

ndicate that these species are more closely linked to shocked gas. 
hese results highlight the potential of the CMZ as a laboratory
or studying the properties and history of large-scale shocks and 
heir impact on molecular chemistry. Although we have not de- 
ermined SiO or other shock-related abundances here, the ob- 
erved correlations provide valuable constraints for future inves- 
igations at high spatial resolution. In addition to shocks, other 
nergetic drivers such as cosmic rays, X-rays, and photodissoci- 
tion regions, as indicated by the H II regions traced by H40 α,
re also likely to influence the chemical and thermal state of 
he gas. A comprehensive study of these processes, combining 
hemical modelling and multi-line diagnostics, will be essential 
o deepen our understanding of the interplay between dynamics 
nd chemistry in the CMZ. 

OFTWARE  

his paper made use of the following software packages: casa 
CASA Team et al. 2022 ) to carry out calibration and imaging
f the ALMA data, carta (A. Comrie et al. 2021 ) to visualize
nd analyse the data, astropy (Astropy Collaboration et al. 2013 ;
. M. Price-Whelan et al. 2018 ; Astropy Collaboration et al. 2022 )
o analyse the images and make plots, spectral-cube (A. Gins- 
urg et al. 2019 ) to process the image cubes and produce the mo-
ent maps, radio-beam (E. Koch et al. 2025 ) to determine (1) a
ommon beam among multiple channels in a cube, (2) to smooth
he individual channel beams to this common resolution, and (3) 
o determine the Jy-K conversion, and APLpy (T. Robitaille & E.
ressert 2012 ) and seaborn (M. L. Waskom 2021 ) to make plots.
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ATA  AVAILABILITY  

ll data products and associated documentation can be found at
ttps://almascience.org/alma-data/lp/aces . To maximize usabil-
ty and provide a single, comprehensive resource for users, we
lso provide an online, machine-readable table, which contains
he full, detailed list of all data products released for the entire
urvey, including hyperlinks to the full files from the ALMA
rchive. 
All code and data processing issues are available at the public
itHub repository here: https://github.com/ACES-CMZ/reduct
on_ACES . 
The ACES data reduction was a monolithic work that was
ritten up in five papers. If you use the ACES data, please
ite the appropriate works, which include S. Longmore & ACES
eam ( 2025 ) and the data papers: continuum (A. Ginsburg &
CES Team 2025 ) and cubes in high-resolution (this work),
edium-resolution (X. Lu, in preparation), and low-resolution
P. Hsieh 2025 ) spectral windows. Note that all papers should be
ited for use of any data; the continuum imaging relied on the
ine papers, and vice versa. 
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son Å ., Irvine W. M., 2001, ApJ , 560, 792 

mmer K. , Menten K. M., Schuller F., Lis D. C., 2012, A&A , 548, A120 
mmer K. , Kauffmann J., Pillai T., Ginsburg A., Menten K. M., 2016, A&A ,
595, A94 

nutsuka S. , 2021, in Tsuboi M., Oka T., eds, ASP Conf. Ser. Vol. 528,
New Horizons in Galactic Center Astronomy and Beyond. Astron. 
Soc. Pac., San Francisco, p. 271 

imenez-Serra I. , 2025, preprint ( arXiv:2501.01782 ) 
imenez-Serra I. , Codella C., Belloche A., 2025, preprint 
( arXiv:2503.17104 ) 

ohnston K. G. , Beuther H., Linz H., Schmiedeke A., Ragan S. E., Henning
T., 2014, A&A , 568, A56 

ones P. A. , Burton M. G., Tothill N. F. H., Cunningham M. R., 2011,
MNRAS , 411, 2293 

ones P. A. et al., 2012, MNRAS , 419, 2961 
ørgensen J. K. et al., 2016, A&A , 595, A117 
auffmann J. , Pillai T., Zhang Q., 2013, ApJ , 765, L35 
och E. et al., 2025, radio-astro-tools/radio-beam: v0.3.9 . Zenodo 
rieger N. et al., 2017, ApJ , 850, 77 
ruijssen J. M. D. , Longmore S. N., 2013, MNRAS , 435, 2598 
ruijssen J. M. D. , Longmore S. N., Elmegreen B. G., Murray N., Bally J., 
Testi L., Kennicutt R. C., 2014, MNRAS , 440, 3370 

ruijssen J. M. D. et al., 2019, MNRAS , 484, 5734 
rumholz M. R. , Kruijssen J. M. D., 2015, MNRAS , 453, 739 
rumholz M. R. , Kruijssen J. M. D., Crocker R. M., 2017, MNRAS , 466,
1213 

ang C. C. , Goss W. M., Wood O. S., 1997, ApJ , 474, 275 
ang C. C. , Goss W. M., Morris M., 2002, AJ , 124, 2677 
i Z.-Y. et al., 2025, A&A , 697, A190 
indberg J. E. , Aalto S., Costagliola F., Pérez-Beaupuits J.-P., Monje R.,
Muller S., 2011, A&A , 527, A150 

ipman D. et al., 2025, ApJ , 984, 159 
is D. C. , Carlstrom J. E., 1994, ApJ , 424, 189 
is D. C. , Serabyn E., Zylka R., Li Y., 2001, ApJ , 550, 761 
iu H. B. , Ho P. T. P., Wright M. C. H., Su Y.-N., Hsieh P.-Y., Sun A.-L.,
Kim S. S., Minh Y. C., 2013, ApJ , 770, 44 

ongmore S. , ACES Team , 2025, ApJ , 1, 1 (Paper I) 
ongmore S. N. et al., 2013, MNRAS , 429, 987 
u X. et al., 2017, ApJ , 839, 1 
u X. et al., 2019a, ApJS , 244, 35 
u X. et al., 2019b, ApJ , 872, 171 
u X. et al., 2021, ApJ , 909, 177 
artín-Pintado J. , de Vicente P., Rodríguez-Fernández N. J., Fuente A., 
Planesas P., 2000, A&A , 356, L5 
artín S. , Martín-Pintado J., Montero-Castaño M., Ho P. T. P., Blundell
R., 2012, A&A , 539, A29 
ehringer D. M. , Yusef-Zadeh F., Palmer P., Goss W. M., 1992, ApJ , 401,
168 
ehringer D. M. , Palmer P., Goss W. M., Yusef-Zadeh F., 1993, ApJ , 412,
684 
eier D. S. , Turner J. L., 2005, ApJ , 618, 259 
endoza E. et al., 2018, MNRAS , 475, 5501 
ills E. , Morris M. R., Lang C. C., Dong H., Wang Q. D., Cotera A., Stolovy
S. R., 2011, ApJ , 735, 84 
ills E. A. C. , Güsten R., Requena-Torres M. A., Morris M. R., 2013, ApJ ,
779, 47 
iyawaki R. , Tsuboi M., Uehara K., Miyazaki A., 2021, PASJ , 73, 943 
orris M. , Serabyn E., 1996, ARA&A , 34, 645 
ya Y. et al., 2017, ApJ , 837, 174 
etkova M. A. et al., 2023 MNRAS 520 2245 
ety J. et al., 2017, A&A , 599, A98 
ickett H. M. , Poynter R. L., Cohen E. A., Delitsky M. L., Pearson J. C., 
Müller H. S. P., 1998, J. Quant. Spec. Radiat. Transf. , 60, 883 

ineau des Forets G. , Roueff E., Schilke P., Flower D. R., 1993, MNRAS ,
262, 915 

rice-Whelan A. M. et al., 2018, AJ , 156, 123 
athborne J. M. et al., 2014, ApJ , 795, L25 
athborne J. M. et al., 2015, ApJ , 802, 125 
equena-Torres M. A. , Martín-Pintado J., Rodríguez-Franco A., Martín S., 
Rodríguez-Fernández N. J., de Vicente P., 2006, A&A , 455, 971 

equena-Torres M. A. et al., 2012, A&A , 542, L21 
obitaille T. , Bressert E., APLpy: Astronomical Plotting Library in Python
Astrophysics Source Code Library, record ascl:1208.017 

odriguez-Franco A. , Martin-Pintado J., Fuente A., 1998, A&A, 329, 1097
ault R. J. , Teuben P. J., Wright M. C. H., 1995, in Shaw R. A., Payne H. E.,
Hayes J. J. E., eds, ASP Conf. Ser. Vol. 77, Astronomical Data Analysis
Software and Systems IV. Astron. Soc. Pac., San Francisco, p. 433 

chilke P. , Walmsley C. M., Pineau des Forets G., Flower D. R., 1997, A&A,
321, 293 

chöier F. L. , van der Tak F. F. S., van Dishoeck E. F., Black J. H., 2005,
A&A , 432, 369 

impson J. P. , Colgan S. W. J., Cotera A. S., Kaufman M. J., Stolovy S. R.,
2018, ApJ , 867, L13 

impson J. P. , Colgan S. W. J., Cotera A. S., Kaufman M. J., Stolovy S. R.,
2021, ApJ , 910, 59 

ofue Y. et al., 2025 PASJ 77 L55 
ormani M. C. et al., 2022, MNRAS , 512, 1857 
teinke M. , Oskinova L. M., Hamann W. R., Sander A., Liermann A., Todt
H., 2016, A&A , 588, A9 

uzuki H. , Yamamoto S., Ohishi M., Kaifu N., Ishikawa S.-I., Hirahara Y.,
Takano S., 1992, ApJ , 392, 551 

acconi L. J. et al., 2008, ApJ , 680, 246 
ress R. G. , Sormani M. C., Glover S. C. O., Klessen R. S., Battersby C. D.,
Clark P. C., Hatchfield H. P., Smith R. J., 2020, MNRAS , 499, 4455 

suboi M. , Handa T., Ukita N., 1999, ApJS , 120, 1 
suboi M. , Miyazaki A., Uehara K., 2015, PASJ , 67, 109 
suboi M. , Kitamura Y., Uehara K., Miyazaki A., Miyawaki R., Tsutsumi
T., Miyoshi M., 2019, PASJ , 71, 128 

ehara K. , Tsuboi M., Kitamura Y., Miyawaki R., Miyazaki A., 2019, ApJ ,
872, 121 

alker D. , ACES Team , 2025, ApJ , 1, 1 (Paper III) 
alker D. L. et al., 2021, MNRAS , 503, 77 
alker D. L. et al., 2025, ApJ , 984, 158 
almsley C. M. , Winnewisser G., Toelle F., 1980, A&A, 81, 245 
askom M. L. , 2021, J. Open Source Softw. , 6, 3021 
usef-Zadeh F. , Wardle M., Lis D., Viti S., Brogan C., Chambers E., Pound
M., Rickert M., 2013, J. Phys. Chem. A , 117, 9404 

eng S. et al., 2020, MNRAS , 497, 4896 
hao J.-H. , Morris M. R., Goss W. M., An T., 2009, ApJ , 699, 186 

PPENDIX  A:  ZOOM-INS  OF  H40  α LINE  
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018 , 2021 ) and Sgr B2 (e.g. D. M. Mehringer et al. 1993 ; C. G.
e Pree, D. J. Wilner & W. M. Goss 2011 ; P. A. Jones et al. 2011 ),
he Arched filaments (e.g. C. C. Lang, W. M. Goss & M. Morris
002 ), the pistol and sickle (e.g. C. C. Lang, W. M. Goss & O. S.
ood 1997 ; M. Steinke et al. 2016 ). These sources are significantly
etected in the ACES data. 
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M

Figure A1. 2The zoom-in views of the ACES H40 αmom0 images show regions with significant detections. For easy comparison, the names of the regions 
follow the nomenclature adopted in A. Ginsburg & ACES Team ( 2025 ). 
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PPENDIX  B:  2D  CORRELATION  MATRIX  

n Fig. B1 , we present the two-dimensional (2D) Pearson correla-
ion coefficients among the 14 lines and the continuum images.
 detailed description of the method is provided in X. Lu (in
reparation). The regions used for these calculations are listed in
able B1 . 
We include the correlation matrices to quantify how the spatial
istributions of line intensities vary among different molecular
racers across each CMZ field. Each matrix element represents
NRAS 552, 1–23 (2026)
he normalized covariance between the brightness distributions
f two spectral lines, measured over all valid pixels. A high corre-
ation (1) means the lines vary together spatially, tracing similar
as structures or excitation conditions. A low correlation (0) in-
icates independent spatial variations, while a negative correla-
ion ( −1) implies anti-correlated emission. In general, molecular
ines correlate strongly with one another, consistent with their
racing of dense gas structures. However, the overall correlation
trength differs across regions: correlations are highest in the TLP,
ndicating that most molecular tracers vary together spatially,
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Figure B1. 2D correlation matrix between the continuum and integrated intensities ( mom 0 images) of the spectral lines presented in this paper, 
Paper III , and X. Lu (in preparation). In the fig. 12 of X. Lu (in preparation), all the pixels in the ACES mosaic fields are considered. In this paper we 
present the sub-fields towards the Brick cloud, the 20 and 50 km s−1 clouds, and CND, the TLP clouds, the Sgr C and Sgr B regions. Note that the Sgr A ∗
is excluded in the CND region. The Sgr A ∗mask is centred on (l, b) = (359 . 944◦, −0 . 046◦) , with a radius of 4.2′′ . Negative values mean anti-correlation, 
and the blank cells mean the invalid values in the images preventing calculation. 

Table B1. DS9 regions in Galactic coordinates. Centres are in degrees; lengths are in arcseconds. For box , width/height are full sizes; for ellipse , the 
values are radii. Position angle (PA) in degrees. 

Region Shape � (deg) b (deg) Width/Radiusx (arcsec) Height/Radiusy (arcsec) PA (deg) 

TLP clouds Box 0.096408 −0 . 077577 364 129 0 
CND Ellipse 359.944183 −0 . 045176 121 164 68 
Brick Box 0.245984 0.011100 175 123 0 
20 and 50 km s−1 cloud Box 359.908 0.-0.0836 675 136 335 
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hereas the CND exhibits the lowest correlations. The weaker
orrelations in the CND suggest that the emission arises from
ultiple, physically distinct components along the line of sight,
eading to less coherent spatial correspondence between tracers.
his highlights the increased structural and chemical complexity
ear Sgr A ∗ compared to regions farther out in the CMZ. We
ote that the similarity analysis presented in this paper provides
 first-order comparison. A more detailed analysis, selecting spe-
ific regions or structures, is essential to derive more accurate
alues. 

PPENDIX  C:  DATA  RELEASE  SUMMARY  

he data products from the ACES survey follow a uniform nam-
ng convention. The filenames for the data products presented
n this paper can be constructed using the templates described
elow, in conjunction with the information provided in appendix
 of D. Walker & ACES Team ( 2025 ). 
The following subsections are divided according to different
roduct types which occur at the Member ObsUnitSet (MOUS)
nd Group ObsUnitSet (GOUS) levels. 2 

1 Member-level products (12 m and 7 m) 

e release the data cubes for all SPWs for the 45 ACES regions.
hese are member-level products, and correspond to the cubes
or the 12 m and 7 m arrays for each field prior to combination. 
We release the cubes for the separate arrays as they are different

o those initially delivered by ALMA due to the changes that were
ade during reprocessing. We do not re-release any of the stand-
lone TP products, as we used the same cubes as those available
n the ALMA Science Archive (ASA). 
In this and subsequent subsections, we describe how to con-
truct the filenames of the released data products by provid-
ng filename templates that include placeholder variables. These
laceholders can be changed as needed to build the filename of 
he relevant product. 
Following the requirements of the ASA, the filename template

s: 
member.uid___A001_{ mous-id }.lp_slongmore. 

 field_coords }.{ array }.{ frqrange }.cube.pbcor.fits 
The placeholder template components should be replaced as

ollows: 

(i) { mous-id } : The 12 m or 7 m MOUS ID for a given field, as
isted in Table A1 in D. Walker & ACES Team ( 2025 ). 
(ii) { field_coords } : The central coordinates of the field, as

isted in Table A1 in D. Walker & ACES Team ( 2025 ) (e.g.
000.073 + 0.184 ). 
(iii) { array } : The ALMA array, either 12 m or 7 m . 
(iv) { frqrange } : The frequency range, which depends on the
PW: 

(a) SPW 33: 97.7-99.5GHz 
(b) SPW 35: 99.6-101.4GHz 
NRAS 552, 1–23 (2026)

 For a description of ALMA project structures and naming conventions, 
lease refer to section 2 of the Cycle 9 QA2 guide: https://almascience.es 
.org/documents- and- tools/cycle9/alma- qa2- data- products- for- cycle- 9 

 

 

 

For example, to find the 12 m-only cube for CS for field ao (this
eld contains the well-known molecular cloud G0.253 + 0.016,
ka the Brick), the resulting filename would be: 
member.uid___A001_X15a0_X190.lp_slongmore. 
000.300 + 0.063.12m.97.7-99.5GHz.cube.pbcor.

2 Group-level products (Combined cubes per region) 

e also release array-combined products per SPW per region.
s these products combine data from multiple MOUSs, they are
eemed to be group-level products. The filenames of these prod-
cts can be constructed as follows: 
group.uid___A001_X1590_X30a9.lp_slongmore. 

 field_coords }.{ arrays }.{ frqrange }.cube.pbcor.fits 
Where the template components are: 

(i) { field_coords } and { frqrange } : follow the same defini-
ion as for the member-level products. 
(ii) { arrays } : 12m7mTP 

As an example, the corresponding CS cube including 12 m, 7 m,
nd TP data for field ao would be: 
group.uid___A001_X1590_X30a9.lp_slongmore. 
000.300 + 0.063.12m7mTP.97.7- 
9.5GHz.cube.pbcor.fits 

3 Group-level products (Full CMZ mosaics) 

inally, we release the full, contiguous mosaics covering the en-
ire ACES footprint. Again, since these result from the combina-
ion of many MOUSs, the full mosaics are at the group level. 
In contrast to cubes for the individual fields, we do not release

ull mosaics for all SPWs, but rather for specific lines. The lines
elevant to this paper are given in Table 1 . Most of the SPWs
re sufficiently broad that they contain significant spectral ranges
ith no line emission. We therefore opted not to produce full mo-
aics containing these blank channels in the interest of reducing
he file sizes. In addition to the data cubes for each line, we also
elease a suite of advanced products, including moment maps,
oise maps, etc. (see below). 
The filename template for the full mosaic cubes and associated
roducts is: 
group.uid___A001_X1590_X30a9.lp_slongmore. 
mz_mosaic.{ arrays }.{ molecule }.{ suffix } 
Where the template components are: 

(i) { arrays } : 12m7mTP 
(ii) { molecule } : HC3N, CS21, H40a, CH3CHO, SO32 
(iii) { suffix } defines the specific data product. Products re-

eased with this paper are: 

(a) cube.pbcor.fits : primary beam corrected image
cube. 
(b) cube.downsampled_spatially.pbcor.fits : 

as previous, spatially smoothed to a 5 arcsec beam and then
spatially rebinned by a factor of 9 × 9 . 
(c) integrated_intensity.fits : masked integrated

intensity map of the full-resolution cube. 
(d) mad_std.fits : noise map of the full-resolution cube.
(e) peak_intensity.fits : peak intensity map of the

full-resolution cube. 
(f) velocity_at_peak_intensity.fits : velocity 

map from the masked full-resolution cube; velocity

https://almascience.eso.org/documents-and-tools/cycle9/alma-qa2-data-products-for-cycle-9
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Table C1. Global statistics for SPW 33 and SPW 35 cubes for all ACES regions, with velocity offset Voff added as the second column. 

Field Voff SPW12m 

Bmaj Bmin BPA Image size No. channels Pixel size Speak σMAD 
(km s−1 ) (′′ ) (′′ ) (deg) (pix) (′′ ) (mJy beam−1 ) (mJy beam−1 ) 

a 40 33 1.49 1.10 −67.0 (2070, 2482) 3840.0 0.20 128.3 3.9 
a 40 35 1.42 1.06 −66.0 (2070, 2482) 3840.0 0.20 112.5 3.6 
aa 0 33 1.63 1.44 −52.0 (1593, 1456) 3839.0 0.26 372.5 3.7 
aa 0 35 1.63 1.41 −52.0 (1593, 1456) 3839.0 0.26 298.2 3.4 
ab 0 33 1.63 1.52 −75.0 (1465, 1236) 3836.0 0.28 199.7 3.6 
ab 0 35 1.60 1.48 −75.0 (1465, 1236) 3836.0 0.28 179.7 3.3 
ac 0 33 1.54 1.06 −71.0 (1638, 1601) 3840.0 0.19 166.4 4.3 
ac 0 35 1.51 1.03 −71.0 (1638, 1601) 3840.0 0.19 145.7 4.0 
ad 0 33 1.79 1.78 −75.0 (1140, 2527) 3840.0 0.20 221.4 4.3 
ad 0 35 1.77 1.75 −75.0 (1140, 2527) 3840.0 0.20 203.2 4.0 
ae 0 33 1.88 1.52 83.0 (1313, 1344) 3840.0 0.30 253.0 3.8 
ae 0 35 1.87 1.51 83.0 (1313, 1344) 3840.0 0.30 238.1 3.5 
af 0 33 2.50 1.74 86.0 (1417, 1165) 3840.0 0.31 509.2 3.9 
af 0 35 2.44 1.71 86.0 (1417, 1165) 3840.0 0.31 487.0 3.7 
ag 0 33 1.65 1.26 −70.0 (1698, 1696) 3840.0 0.24 149.7 4.2 
ag 0 35 1.62 1.24 −70.0 (1698, 1696) 3840.0 0.24 141.2 4.0 
ah 30 33 1.66 1.12 −61.0 (1957, 1936) 3840.0 0.20 200.0 3.5 
ah 30 35 1.64 1.09 −61.0 (1957, 1936) 3840.0 0.20 188.7 3.3 
ai 0 33 2.11 1.52 79.0 (1350, 1601) 3840.0 0.29 285.0 3.7 
ai 0 35 2.06 1.49 79.0 (1350, 1601) 3840.0 0.29 260.8 3.4 
aj −30 33 1.85 1.47 86.0 (1414, 1265) 3836.0 0.31 492.7 3.8 
aj −30 35 1.83 1.45 86.0 (1414, 1265) 3836.0 0.31 462.5 3.6 
ak 30 33 1.96 1.67 80.0 (736, 988) 3836.0 0.32 256.3 3.8 
ak 30 35 1.92 1.64 80.0 (736, 988) 3836.0 0.32 243.7 3.6 
al 0 33 2.37 1.79 86.0 (2167, 1422) 3840.0 0.28 217.8 4.4 
al 0 35 2.30 1.76 86.0 (2167, 1422) 3840.0 0.28 205.3 4.1 
am 30 33 2.84 1.92 89.0 (2578, 1117) 3840.0 0.30 5064.8 4.9 
am 30 35 2.79 1.90 89.0 (2578, 1117) 3840.0 0.30 4820.0 4.5 
an 30 33 2.31 1.67 83.0 (1305, 1336) 3840.0 0.30 333.8 4.0 
an 30 35 2.28 1.65 83.0 (1305, 1336) 3840.0 0.30 312.7 3.7 
ao 0 33 2.28 1.58 −86.0 (2481, 897) 3839.0 0.28 320.8 5.1 
ao 0 35 2.25 1.56 −86.0 (2481, 897) 3839.0 0.28 308.6 4.7 
ap 0 33 1.88 1.53 79.0 (1314, 1347) 3836.0 0.30 469.7 3.5 
ap 0 35 1.86 1.51 79.0 (1314, 1347) 3836.0 0.30 452.2 3.2 
aq 0 33 1.62 1.34 −78.0 (1785, 1787) 3840.0 0.22 370.2 3.8 
aq 0 35 1.60 1.32 −78.0 (1785, 1787) 3840.0 0.22 349.1 3.5 
ar 40 33 2.13 2.11 85.0 (1355, 1401) 3840.0 0.29 348.7 4.2 
ar 40 35 2.10 2.08 85.0 (1355, 1401) 3840.0 0.29 336.9 3.9 
as 0 33 1.77 1.23 −69.0 (1965, 2020) 3837.0 0.20 308.4 4.1 
as 0 35 1.75 1.21 −69.0 (1965, 2020) 3837.0 0.20 296.6 3.7 
b 40 33 1.57 1.55 87.0 (1872, 1925) 3813.0 0.21 2100.5 3.2 
b 40 35 1.53 1.52 87.0 (1872, 1925) 3813.0 0.21 2043.2 2.9 
c 0 33 2.53 1.74 85.0 (1404, 1436) 3839.0 0.28 329.7 4.4 
c 0 35 2.50 1.72 85.0 (1404, 1436) 3839.0 0.28 308.9 4.1 
d 30 33 1.72 1.39 −60.0 (2022, 1556) 3839.0 0.23 156.4 4.1 
d 30 35 1.69 1.37 −60.0 (2022, 1556) 3839.0 0.23 145.1 3.8 
e −30 33 2.19 1.50 83.0 (1410, 1446) 3839.0 0.28 273.6 4.6 
e −30 35 2.14 1.48 83.0 (1410, 1446) 3839.0 0.28 260.0 4.3 
f 0 33 2.20 1.32 87.0 (1750, 1442) 3840.0 0.28 353.3 4.5 
f 0 35 2.18 1.30 87.0 (1750, 1442) 3840.0 0.28 341.0 4.2 
g 30 33 1.72 1.35 −85.0 (1572, 1619) 3840.0 0.25 198.8 4.1 
g 30 35 1.68 1.32 −85.0 (1572, 1619) 3840.0 0.25 187.0 3.8 
h 0 33 1.46 1.13 −78.0 (1951, 2083) 3840.0 0.21 173.2 3.9 
h 0 35 1.42 1.10 −78.0 (1951, 2083) 3840.0 0.21 160.9 3.6 
i 30 33 1.47 1.27 −59.0 (1646, 1613) 3832.0 0.25 260.0 3.5 
i 30 35 1.43 1.23 −59.0 (1646, 1613) 3832.0 0.25 243.5 3.2 
j 30 33 2.21 1.26 −87.0 (1446, 1485) 3819.0 0.27 317.1 4.6 
j 30 35 2.17 1.24 −87.0 (1446, 1485) 3819.0 0.27 301.0 4.3 
k 30 33 1.63 1.01 −75.0 (2174, 2167) 3832.0 0.18 140.8 4.3 
k 30 35 1.60 0.99 −75.0 (2174, 2167) 3832.0 0.18 130.7 4.0 
l 0 33 1.64 1.52 −51.0 (2383, 1497) 3840.0 0.26 851.0 4.1 
l 0 35 1.61 1.50 −51.0 (2383, 1497) 3840.0 0.26 823.6 3.8 
m 30 33 2.22 1.85 81.0 (1345, 1356) 3840.0 0.29 2975.0 3.5 
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Table C1 – continued 

Field Voff SPW12m 

Bmaj Bmin BPA Image size No. channels Pixel size Speak σMAD 
(km s−1 ) (′′ ) (′′ ) (deg) (pix) (′′ ) (mJy beam−1 ) (mJy beam−1 ) 

m 30 35 2.18 1.82 81.0 (1345, 1356) 3840.0 0.29 2850.0 3.2 
n 30 33 2.62 1.28 75.0 (1366, 1823) 3840.0 0.19 231.5 5.3 
n 30 35 2.60 1.25 75.0 (1366, 1823) 3840.0 0.19 218.4 4.9 
o 0 33 2.04 1.56 83.0 (1281, 1230) 3835.0 0.32 378.3 4.4 
o 0 35 2.00 1.53 83.0 (1281, 1230) 3835.0 0.32 359.2 4.1 
p 0 33 1.58 1.26 89.0 (1856, 1839) 3836.0 0.22 270.7 3.7 
p 0 35 1.54 1.23 89.0 (1856, 1839) 3836.0 0.22 255.0 3.4 
q 0 33 2.02 1.55 88.0 (1315, 1343) 3836.0 0.30 279.5 3.3 
q 0 35 1.99 1.53 88.0 (1315, 1343) 3836.0 0.30 262.0 3.1 
r 30 33 2.34 1.36 −86.0 (1535, 1395) 3840.0 0.29 344.4 4.4 
r 30 35 2.30 1.33 −86.0 (1535, 1395) 3840.0 0.29 327.0 4.1 
s 0 33 2.53 1.97 80.0 (1310, 1346) 3839.0 0.30 618.6 3.8 
s 0 35 2.48 1.94 80.0 (1310, 1346) 3839.0 0.30 593.7 3.5 
t 0 33 2.15 1.95 65.0 (1269, 1273) 3840.0 0.31 327.7 3.9 
t 0 35 2.11 1.91 65.0 (1269, 1273) 3840.0 0.31 310.8 3.6 
u 30 33 1.71 1.18 −67.0 (1347, 2051) 3834.0 0.19 139.5 4.5 
u 30 35 1.68 1.15 −67.0 (1347, 2051) 3834.0 0.19 130.2 4.2 
v 30 33 1.60 1.02 −79.0 (1362, 1880) 3819.0 0.19 236.6 4.2 
v 30 35 1.58 1.00 −79.0 (1362, 1880) 3819.0 0.19 220.5 3.9 
w 30 33 2.01 1.42 −79.0 (1474, 1399) 3819.0 0.28 199.0 3.4 
w 30 35 1.98 1.39 −79.0 (1474, 1399) 3819.0 0.28 189.2 3.2 
x 0 33 2.20 1.49 −86.0 (1291, 769) 3836.0 0.30 396.7 4.2 
x 0 35 2.17 1.46 −86.0 (1291, 769) 3836.0 0.30 377.1 3.9 
y 0 33 1.86 1.37 −85.0 (1428, 1112) 3835.0 0.27 209.9 4.3 
y 0 35 1.83 1.34 −85.0 (1428, 1112) 3835.0 0.27 198.2 4.0 
z 40 33 1.96 1.28 79.0 (1350, 1353) 3813.0 0.29 153.1 4.3 
z 40 35 1.92 1.25 79.0 (1350, 1353) 3813.0 0.29 142.7 4.0 
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estimated using the peak intensity of the spectrum for
each pixel. 
(g) PV_l_max.fits : � - v position–velocity map from the

full-resolution cube; maximum intensity taken along Galac-
tic latitude ( b). 
(h) PV_l_mean.fits : � - v position–velocity map from the

masked full-resolution cube; mean intensity taken along
Galactic latitude ( b) 
(i) PV_b_max.fits : b- v position–velocity map from the

full-resolution cube; maximum intensity taken along Galac-
tic longitude ( � ). 
(j) PV_b_mean.fits : b- v position–velocity map from the

full-resolution cube; mean intensity taken along Galactic
longitude ( � ). 
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