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A B S T R A C T 

We release the intermediate-width spectral window data from the ALMA Central Molecular Zone Exploration Survey 
(ACES) Large Program, which covers SiO (2–1), SO (22 –11 ), H13 CO+ (1–0), H13 CN (1–0), HN13 C (1–0), and HC15 N (1–0), 
among other molecular line transitions, with an angular resolution of ∼2 arcsec and a velocity resolution of 1.7 km s−1 . 
The full cubes of the two spectral windows as well as the key data products will be available to the community. We also 
present the integrated brightness, peak brightness, centroid velocity, and Galactic longitude-velocity maps of the six lines. 
We briefly discuss morphological correlations between the continuum and the molecular line emission, and brightness 
ratios between pairs of isotopologue or isotopomer lines. We highlight features and trends in the data that will be followed 
up in upcoming ACES science papers. 
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 INTRODUCTION  

he Central Molecular Zone (CMZ) usually refers to the central 
500 pc of our Galaxy, where 2–6 × 107 M� of molecular gas is
etected (K. Ferrière, W. Gillard & P. Jean 2007 ; J. D. Henshaw
t al. 2023 ). The distance to the supermassive black hole Sgr A ∗
nside the CMZ is measured to 8.277 kpc (GRAVITY Collabora- 
ion 2022 ), which is often adopted as the distance to the CMZ.
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he measured physical and chemical properties of the molecular 
as are extreme compared to those of clouds in the Galactic disc,
ith e.g. higher temperatures ( � 50–100 K versus ∼10–20 K; Y.
o et al. 2013 ; E. A. C. Mills & M. R. Morris 2013 ; A. Ginsburg
t al. 2016b ; K. Immer et al. 2016 ; N. Krieger et al. 2017 ; X. Lu
t al. 2017 ), stronger non-thermal motions [full width at half-
aximum (FWHM) ∼5–10 km s−1 versus � 1 km s−1 at 0.1 pc
o pc scales; H. B. Liu et al. 2013 ; J. M. Rathborne et al. 2014b ;
. D. Henshaw et al. 2016a ], and stronger magnetic fields ( ∼mG
ersus ∼0.01–0.1 mG; T. Pillai et al. 2015 ; A. Mangilli et al. 2019 ;
. Guan et al. 2021 ; X. Lu et al. 2024 ). The star formation rate
SFR) in the CMZ has been measured to be ∼0.07 M� yr−1 over
he last 5 Myr, which is about 10 per cent of the expected value
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/by/4.0/), which permits unrestricted reuse, distribution, and

https://doi.org/10.1093/mnras/stag255
http://orcid.org/0000-0003-2619-9305
http://orcid.org/0000-0001-7330-8856
http://orcid.org/0000-0001-6431-9633
http://orcid.org/0000-0003-0410-4504
http://orcid.org/0000-0001-9155-3978
http://orcid.org/0000-0002-3078-9482
http://orcid.org/0000-0002-1313-429X
http://orcid.org/0000-0002-0533-8575
http://orcid.org/0000-0002-7269-342X
http://orcid.org/0000-0002-3972-1978
http://orcid.org/0000-0002-4407-885X
http://orcid.org/0000-0001-9656-7682
http://orcid.org/0000-0003-4140-5138
http://orcid.org/0000-0002-7881-689X
http://orcid.org/0000-0003-0416-4830
http://orcid.org/0000-0003-2496-1247
http://orcid.org/0000-0001-6353-0170
http://orcid.org/0000-0001-8782-1992
http://orcid.org/0000-0001-9281-2919
http://orcid.org/0000-0003-1337-9059
http://orcid.org/0000-0003-2384-6589
http://orcid.org/0000-0001-8135-6612
http://orcid.org/0000-0002-6073-9320
http://orcid.org/0000-0001-8064-6394
http://orcid.org/0000-0002-3412-4306
http://orcid.org/0000-0003-4493-8714
http://orcid.org/0000-0002-8804-0212
http://orcid.org/0000-0002-6362-8159
http://orcid.org/0000-0001-6113-6241
http://orcid.org/0000-0002-9483-7164
http://orcid.org/0009-0002-7459-4174
http://orcid.org/0000-0003-3341-6144
http://orcid.org/0000-0002-5708-1927
http://orcid.org/0000-0002-6398-7530
http://orcid.org/0009-0004-0685-7678
http://orcid.org/0000-0002-4013-6469
http://orcid.org/0000-0002-5635-5180
http://orcid.org/0000-0001-9112-6474
http://orcid.org/0000-0002-0706-2306
http://orcid.org/0000-0003-4040-4934
http://orcid.org/0000-0002-8586-6721
http://orcid.org/0000-0003-0946-4365
http://orcid.org/0000-0002-9723-1088
http://orcid.org/0000-0002-8455-0805
http://orcid.org/0000-0001-5996-3600
http://orcid.org/0000-0002-0560-3172
http://orcid.org/0000-0003-3893-854X
http://orcid.org/0000-0001-8315-4248
http://orcid.org/0000-0003-3390-4893
http://orcid.org/0000-0002-6379-7593
http://orcid.org/0000-0002-5811-0136
http://orcid.org/0000-0001-5389-0535
http://orcid.org/0000-0002-2887-5859
http://orcid.org/0000-0002-3941-0360
http://orcid.org/0000-0002-1730-8832
http://orcid.org/0000-0002-4268-6499
http://orcid.org/0000-0003-1841-2241
http://orcid.org/0000-0002-9279-4041
http://orcid.org/0000-0001-5933-2147
http://orcid.org/0000-0001-5950-1932
http://orcid.org/0000-0002-8389-6695
mailto:daniel.walker.astro@gmail.com
https://creativecommons.org/licenses/by/4.0/


2 X. Lu and ACES Team

M

Table 1. Spectral configuration of the 12-m SPWs 25 and 27, and key spectral lines covered. The upper and lower frequency bounds of the SPWs are 
those of the 12-m array data. 

SPW id νL νU Molecule Transition Rest frequency Eu /k log (Aul ) ncrit a 
(12-m/7-m/TP) (MHz) (MHz) (MHz) (K) (s−1 ) (cm−3 )

25/16/17 85965.6 86434.4 HC15 N J = 1–0 86054.97 4.13 −4.6569 2 × 106 
SO NJ = 22 –11 86093.95 19.3 −5.2798 2 × 105 

H13 CN J = 1–0 86339.92 4.14 −4.6526 2 × 106 
27/18/19 86665.6 87134.4 H13 CO+ J = 1–0 86754.30 4.16 −4.4141 2 × 105 

SiO J = 2–1 86846.96 6.25 −4.5336 2 × 105 
HN13 C J = 1–0 87090.85 4.18 −4.5702 4 × 105 

Note.a Critical densities are calculated as ncrit = Aul /γul , where Aul is the Einstein coefficient and γul is the collisional rate, whose values at 100 K are 
taken from the Leiden Atomic and Molecular Database (F. L. Schöier et al. 2005 ). 
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iven the well-established linear correlation between the amount
f dense molecular gas and the SFR (A. T. Barnes et al. 2017 ;
. Kauffmann et al. 2017 ; X. Lu et al. 2019 ; J. D. Henshaw et al.
023 ). Understanding how the physical conditions of the molec-
lar gas are related to the inefficient star formation in the CMZ
s an ongoing challenge that requires the combined insight from
oth observations and numerical simulations to elucidate the key
hysics (J. M. D. Kruijssen et al. 2014 , 2019 ; M. R. Krumholz &
. M. D. Kruijssen 2015 ; M. R. Krumholz, J. M. D. Kruijssen &
. M. Crocker 2017 ; R. G. Tress et al. 2020 ; M. C. Sormani et al.
022 ). 
A critical observational part of this challenge is to charac-

erize the properties of the molecular gas with CMZ-wide sur-
eys of molecular lines. There exist several surveys using single
ish telescopes targeting the CO lines (e.g. J. Bally et al. 1987 ;
. Oka et al. 1998 , 2007 ; D. J. Eden et al. 2020 ), the NH3 in-
ersion lines (e.g. S. Huettemeister et al. 1993 ; H. Arai et al.
016 ; S. N. Longmore et al. 2017 ), and particularly, several 3 mm
ines including SiO, H13 CN, and H13 CO+ that trace shocks or
ense gas (e.g. J. Martín-Pintado et al. 1997 ; D. Riquelme et al.
010 ; P. A. Jones et al. 2012 ). Such observations have provided
mportant constraints to modelling gas dynamics (e.g. J. M. D.
ruijssen, J. E. Dale & S. N. Longmore 2015 ; J. D. Henshaw,
. N. Longmore & J. M. D. Kruijssen 2016b ), heating and cooling
f the gas (e.g. Y. Ao et al. 2013 ; A. Ginsburg et al. 2016b ; K.
mmer et al. 2016 ), and chemistry (e.g. J. Martín-Pintado et al.
997 , 2000 ; M. A. Requena-Torres et al. 2006 , 2008 ; S. Martín
t al. 2008 ; P. A. Jones et al. 2012 ). However, interferometric
bservations with resolutions � 2.5 arcsec are necessary to re-
olve molecular gas down to the spatial scales of individual dense
ores ( ∼0.1 pc) and uncover the immediate environment of star
ormation. 
The ALMA CMZ Exploration Survey (ACES) Large Program
niformly covers the central ∼200 pc of the CMZ using the At-
cama Large Millimeter/submillimeter Array (ALMA) with its
 mm band (Band 3), generating the largest mosaic ALMA has
et produced ( > 1000 arcmin2 ) with an unprecedented resolution
f ∼2 arcsec (Project code: 2021.1.00172.L, PI: S. Longmore; S.
ongmore & ACES Team 2026 , hereafter Paper I ). The main sci-
ntific objectives are to derive the physical, kinematic and chem-
cal properties of the dense gas and protostellar and prestellar
ore population in the inner CMZ and use this to build a global
nderstanding of star formation, feedback, and the mass flows
nd energy cycles across the CMZ. 
The observations captured the 3 mm continuum with an ef-

ective bandwidth of 4.6 GHz, which is released in A. Gins-
urg & ACES Team ( 2026 , hereafter Paper II ). In addition to
NRAS 552, 1–24 (2026)

b

he continuum emission, three different setups of spectral win-
ows (SPWs) were used to sample spectral lines: two narrow
PWs each with a total bandwidth of 58.59 MHz ( ∼200 km s−1 )
nd an effective resolution of 0.06 MHz ( ∼0.2 km s−1 ), to cover
NCO (4–3) and HCO+ (1–0), respectively, which are released
n D. Walker & ACES Team ( 2026 , hereafter Paper III ); two wide
PWs each with a total bandwidth of 1.875 GHz and an effec-
ive resolution of 0.976 MHz ( ∼2.9 km s−1 ), to cover various
ines including CS (2–1), which are released in P.-Y. Hsieh &
CES Team ( 2026 , hereafter Paper V); and two intermediate-
idth SPWs each with a total bandwidth of 0.469 GHz and a
esolution of 0.488 MHz ( ∼1.7 km s−1 , which characterizes the
bility to distinguish spectral features and is twice the physical
hannel width 1 ), which are released in this paper. The 12-m ar-
ay, 7-m array, and the Total Power (TP, i.e. single-dish) array of 
LMA were used for recovering structures of different spatial
cales. The bandwidths of the spectral windows of the three ar-
ays are different, with those of the 7-m and TP arrays slightly
roader than that of the 12-m array to ensure effective data com-
ination with the latter. In the following, we refer to the two
ntermediate-width SPWs as 12-m SPWs 25 and 27 (see Table 1 ),
espectively. 

 OBSERVATIONS  

eneral information about the observations can be found in the
urvey description paper ( Paper I ) and other data release pa-
ers ( Paper II , Paper III , Paper V). Here, we focus on the 12-
 SPWs 25 and 27. The 12-m SPW 25 was centred at a rest
requency of 86.2 GHz and covered frequencies between 85.96
nd 86.43 GHz, which allows it to sample several spectral lines
ncluding HC15 N (1–0), SO (22 –11 ), and H13 CN (1–0). The 12-
 SPW 27 was centred at a rest frequency of 86.9 GHz, cov-
ring frequencies between 86.66 and 87.13 GHz and spectral
ines including H13 CO+ (1–0), SiO (2–1), and HN13 C (1–0). Fig. 1
resents ACES spectra from a hot core in the top panel and those
rom a relatively quiescent core in the bottom. The difference
n their chemistry is evident. Key properties of the six strong
ines are listed in Table 1 . In the following, we focus on those
ix lines and present their images and statistics, while other lines
ill be included in the data release but will not be discussed
andwidth- used- for- sensitivity- in- the- ot for details. 

https://help.almascience.org/kb/articles/new-default-for-the-bandwidth-used-for-sensitivity-in-the-ot
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Figure 1. Typical spectra of the two SPWs toward a hot core (top) and a relatively quiescent core (bottom), respectively. The spectra are extracted and 
averaged from a circle with a radius of 0.75 arcsec, centred at ( l, b) = (359.436◦, −0.104◦) and (0.261◦, 0.016◦), respectively. The six transitions presented 
in this paper are labelled. There are other line emission features in the two SPWs that will not be discussed in this data release paper. 
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 DATA  PROCESSING  

.1 Data reduction 

he data were calibrated and imaged with the casa package 6.5.4 
CASA Team 2022 ). Procedures of continuum subtraction and 
rray combination are described in Paper III . Note that in this
ata release, we have adopted the ‘feather-only’ approach (see 
aper III ) to combine images from the three different arrays. In
ppendix B , we describe an alternative method that employs the
oftware package miriad 

2 (R. J. Sault, P. J. Teuben & M. C. H.
right 1995 ) and a different approach to combine interferometer 
nd single dish data. We have chosen not to apply this alternative
ethod to the full ACES data set, but invite interested readers to
efer to Appendix B and references therein for further details. 
The images of the two SPWs were produced with the tclean task

n casa . The native channel width is 0.244 MHz ( ∼ 0.85 km s−1 ),
alf of the spectral resolution, which was preserved in the 
maging processes. For different regions in the large mosaic, 
lightly different imaging parameters (e.g. robustness number, 
ixel size) were chosen. Image cubes of different regions were 
hen smoothed to a common beam and were stitched together to
roduce the final, full-CMZ mosaics. The cube of 12-m SPW 25 
as a beam size of 3.17 arcsec × 2.15 arcsec with a position angle
f −85.9◦, while the cube of 12-m SPW 27 has a slighter larger
eam of 3.25 arcsec × 2.26 arcsec with a position angle of −85.7◦.
he geometric mean of the beams is ∼2.6 arcsec, corresponding 
o a linear resolution of 0.1 pc at a distance of 8.277 kpc. The
mage rms noise per 0.85 km s−1 channel is not uniform across
 https://www.astro.umd.edu/∼teuben/miriad/ 

i  

h
b

he mosaics, but varies between regions typically in the range of 
–5 mJy beam−1 , and can be much higher in the area surrounding
egions of strong emission that limit the dynamic range. 

.2 Data products 

he full cubes of the two SPWs are released at https://
lmascience.org/alma-data/lp/aces . For the six lines highlighted 
n Fig. 1 and Table 1 , we additionally provide their integrated
rightness temperature maps, centroid velocity maps, peak 
rightness temperature maps, and Galactic longitude–velocity as 
ell as Galactic latitude–velocity maps. Except otherwise noted, a 
ustomized mask in the Galactic longitude–velocity plain ( l–VLSR 
ask hereafter) was applied when making the maps, which cov- 
rs a velocity ( VLSR ) range between −120 and 200 km s−1 at Galac-
ic longitude of 0.9◦ and between −220 and 100 km s−1 at Galactic
ongitude of −0.6◦, and linearly interpolates in between the two 
nds. These maps of the six lines are presented in Figs 2 –11 . 
There are several considerations for the data products that war- 

ant emphasis: 

(i) The rest frequency of a SiO rotational–vibrational transition 
 J = 2–1, v = 1), often showing maser emission, is 86243.37 MHz,
hich is close to the frequency of H13 CN. This SiO maser is
sually excited in the envelopes of AGB stars, and has been found
o be populous in the CMZ (M. Messineo et al. 2002 , 2020 ; J. Li
t al. 2010 ; A. Borkar et al. 2020 ). As a result, the H13 CN data are
ontaminated by sporadic SiO masers. This is most evident in the
alactic longitude–velocity map in Fig. 10 where the l–VLSR mask 
s not applied. The other maps of H13 CN presented in this paper
ave had the l–VLSR mask applied to them, and therefore many, 
ut not all, of the SiO masers have been excluded. 
MNRAS 552, 1–24 (2026)
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Figure 2. Integrated brightness temperature maps of SiO (2–1), SO (22 –11 ), and H13 CO+ (1–0). The two-piece colour bars are a combination of a linear 
scale between 0 and approximately 5 σ and a logarithmic scale above approximately 5 σ up to the 99.9 percentile of the data. 
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(ii) The SO (22 –11 ) and HC15 N (1–0) lines are close in rest
requency, and therefore contaminate each other in the Galactic
ongitude–velocity maps in Fig. 10 where both lines can be clearly
een in the plot of the other line. To separate emission of the two
ines, for SO (22 –11 ), the maximum VLSR boundaries of the l–VLSR 
ask at l = 0 . 9 ◦ and −0 . 6 ◦ are adjusted to 150 and 50 km s−1 ,
espectively, whereas for HC15 N (1–0), the minimum VLSR bound-
ries of the l–VLSR mask are 0 and −100 km s−1 , respectively.
he contamination is alleviated but not fully removed. Users of 
he data are encouraged to design a more sophisticated mask to
ffectively separate the two lines. 
NRAS 552, 1–24 (2026)
(iii) The H13 CO+ (1–0) and SiO (2–1) lines are also close
n rest frequency. In Fig. 10 , the SiO emission appears at
he blue-shifted velocities ( < −200 km s−1 ) in the plot of 
13 CO+ . To get rid of the SiO contamination, the minimum
LSR boundaries of the l–VLSR mask are −50 and −150 km s−1 ,
espectively. Again, users of the data could design their
wn masks to more effectively remove the SiO contamina-
ion. 
(iv) The HN13 C (1–0) line is on the high-frequency edge of the
2-m SPW 27, and therefore its cube is truncated at the blue-
hifted side, as shown in Fig. 10 . 
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Figure 3. Integrated brightness temperature maps of H13 CN (1–0), HN13 C (1–0), and HC15 N (1–0). The two-piece colour bars are a combination of a 
linear scale between 0 and approximately 5 σ and a logarithmic scale above approximately 5 σ up to the 99.9 percentile of the data. 
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 DISCUSSION  

.1 Morphological correlations between the continuum 

nd the molecular emission 

he 3 mm continuum emission of the survey has been pre-
ented in Paper II , in which we have combined data from the
LMA 12-m array, the 7-m array, and the Green Bank Telescope 
USTANG-2 bolometer camera. Within the massive molecular 
louds in the CMZ, e.g. Sgr B2, Sgr C, the 20 km s−1 cloud, and
he Dust Ridge clouds, the continuum mostly originates from 
l  
hermal dust emission in dense molecular gas, and therefore it 
s a good tracer of dense cores. Outside of the massive molecular
louds, the continuum could also stem from free–free emission 
n H ii regions or synchrotron emission. 
The two-dimensional (2D) Pearson correlation coefficient ( ρ) 

s a useful reference to reveal morphological similarities between 
ifferent tracers and help understand their potential physical and 
hemical origins (e.g. X. Lu et al. 2017 ; D. Callanan et al. 2023 ). In
ig. 12 , we present 2D correlations between the continuum image
nd the integrated brightness images of all the major molecular 
ines covered in the ACES SPWs, including the six lines in 12-m
MNRAS 552, 1–24 (2026)
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Figure 4. Peak brightness temperature maps of SiO (2–1), SO (22 –11 ), and H13 CO+ (1–0). The two-piece colour bars are a combination of a linear scale 
between 0 and approximately 5 σ and a logarithmic scale above approximately 5 σ up to the 99.9 percentile of the data. 
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PWs 25 and 27. We calculate ρ using the corrcoef function in
umpy . The resulting values of ρ are between −1 and 1, with
1 being anticorrelated, 0 being not correlated at all, and 1 being
orrelated. Note that we present results with and without con-
idering the Sgr B2 and Sgr A regions, where the continuum and
ine emissions are brightest among the ACES fields and therefore
ould bias the correlations. 
Among the 14 lines, the radio recombination line H40 α shows

he highest correlation coefficient with the continuum. The com-
only used dense gas tracers for the Galactic disc and external
NRAS 552, 1–24 (2026)
alaxies, including HNCO (4–3), HCO+ (1–0), and CS (2–1), turn
ut to show only weak correlations with the continuum, probably
ecause of a combined effect of the continuum not well tracing
ense gas (e.g. free–free or synchrotron contamination) and the
ines not correlating with dense gas (e.g. potentially optically
hick line emission, enhancement of line emission by shocks). In
he following, we only focus on the six lines covered by the 12-m
PWs 25 and 27, and leave in-depth discussions to future works. 
When Sgr B2 and Sgr A are included in the calculation, the SO

22 –11 ) line covered by the 12-m SPW 25 has the second highest
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Figure 5. Peak brightness temperature maps of H13 CN (1–0), HN13 C (1–0), and HC15 N (1–0). The two-piece colour bars are a combination of a linear 
scale between 0 and approximately 5 σ and a logarithmic scale above approximately 5 σ up to the 99.9 percentile of the data. 
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orrelation coefficient with the continuum ( ρ = 0 . 72 ) after H40 α,
s shown in Fig. 12 top panel. However, once Sgr B2 is excluded,
O (22 –11 ) only shows a weak correlation with the continuum 

 ρ = 0 . 43 ; see Fig. 12 bottom). We also find a strong correla-
ion between SO and the continuum within the Sgr B2 region
 ρ = 0 . 71 ). Excluding Sgr A makes no difference to the correla-
ion between the two. 
Therefore, it is likely that the correlation between SO (22 –11 ) 
nd the continuum is biased by the bright emission in Sgr B2.
he SO (22 –11 ) in Sgr B2 has been mapped with single-dish
bservations by P. A. Jones et al. ( 2008 ), who noted that this line
resents compact peaks near the two hot cores, Sgr B2(M) and
N). This morphological similarity may be attributed to the fact 
hat the SO (22 –11 ) transition has the lowest Einstein coefficient 
nd the highest upper level energy among the six lines (Table 1 ),
nd therefore can be more easily excited in environments such as
he hot cores in Sgr B2. SO has been suggested to be enhanced
y slow shocks ( � 20 km s−1 ) that prevail in the CMZ (D. C. Lis
t al. 2001 ; X. Lu et al. 2017 ; D. Callanan et al. 2023 ). It has
een found to trace both dense molecular gas and shocks in other
MNRAS 552, 1–24 (2026)
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Figure 6. Centroid velocity maps of SiO (2–1), SO (22 –11 ), and H13 CO+ (1–0). All the colour bars are linear and truncated between −100 and 100 km s−1 
to highlight the velocity structures. 
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alactic nuclei (M. Bouvier et al. 2024 ); however, it is not clear if 
he SO emission actually traces unresolved protostellar outflows
r shock-related filaments inside the dense gas (e.g. X. Lu et al.
021 ; L. A. Busch et al. 2024 ; K. Yang et al. 2025 ). A combined
nalysis with other SO transitions as well as its isotopologue lines
e.g. SO (23 –12 ), 33 SO (23 –12 ); see Paper V] covered in the other
PWs of the ACES observations will be helpful for understanding
he excitation condition of this molecule. 
The HC15 N (1–0) line has a weak correlation with the contin-
um, regardless of whether or not Sgr B2 and Sgr A are included
NRAS 552, 1–24 (2026)
n the analysis ( ρ = 0 . 39 or 0.44). Its low peak brightness tem-
erature in Fig. 4 , which is much lower than the typical kinetic
emperature of 50–100 K (A. Ginsburg et al. 2016b ; N. Krieger
t al. 2017 ), suggests that the line is optically thin in most of the
urveyed area. Therefore, the HC15 N line could be a good tracer
f dense gas in massive molecular clouds in this environment,
ven in Sgr B2. Studies comparing the line emission and dense gas
ass derived from Herschel multiwavelength observations can be
arried out to confirm the robustness of this trend (e.g. E. A. C.
ills & C. Battersby 2017 ). 
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Figure 7. Centroid velocity maps of H13 CN (1–0), HN13 C (1–0), and HC15 N (1–0). All the colour bars are linear and truncated between −100 and 
100 km s−1 to highlight the velocity structures. 
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The remaining four lines, including SiO (2–1), H13 CO+ (1–0), 
13 CN (1–0), and HN13 C (1–0), all have spatially diffuse and 
ften filamentary emission across the whole CMZ. As such, their 
orrelation coefficients with the spatially compact continuum 

re � 0.3 when Sgr B2 and Sgr A are included, suggesting weak
o no correlation. When Sgr B2 and Sgr A are excluded, their ρ
emains at ∼0.3–0.4, suggesting weak correlations. Between the 
our lines, however, we find strong correlations with ρ > 0 . 6 ,
hich do not change when Sgr B2 and Sgr A are excluded
n the correlation analysis. This result reflects their similarity 
n morphology. Indeed, the four lines have been found to be
idespread in the CMZ in previous single dish observations (e.g. 
. Martín-Pintado et al. 1997 ; D. Riquelme et al. 2010 ; P. A. Jones
t al. 2012 ; K. Tanaka et al. 2018 ). The SiO emission is likely
elated to shocks in this environment (J. Martín-Pintado et al. 
997 ; H. B. Liu et al. 2013 ; X. Lu et al. 2017 ; A. Coutens et al.
017 ). The H13 CO+ , H13 CN, and HN13 C lines are usually used
o trace molecular clouds given their high critical densities and 
heir lower opacity with respect to their main isotopologues, 
CO+ , HCN, and HNC (P. A. Jones et al. 2012 ). With the higher
MNRAS 552, 1–24 (2026)
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Figure 8. Position–velocity diagrams of SiO (2–1), SO (22 –11 ), and H13 CO+ (1–0). Here, the intensities are the mean values of the cut along the Galactic 
latitude. The velocities are truncated by the l–VLSR mask specified in Section 3.2 . 
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ngular resolution of ACES, however, one could find that the
hree lines present ubiquitous filamentary structures across the
MZ, one of which can be clearly seen in the Sgr B1 region, a
eature similar to that seen in SiO. The filamentary structures
ould be related to active shock activities in the CMZ, whose
rigin is still under debate (e.g. expansion of H ii regions or
upernova remnants: S. Inutsuka 2021 ; J. D. Henshaw et al. 2022 ;
loud–cloud collision, tidal force, or shear: J. M. D. Kruijssen et
l. 2014 ; C. Battersby et al. submitted). This may suggest that the
ormation of the three isotopologues is related to shocks, e.g. they
ight be synthesized in the gas phase in post-shock regions. In
uch regions, shocks sputter SiO from dust grains and compress
he gas to densities above 105 cm−3 (P. Schilke et al. 1997 ; R.
achiller & M. Pérez Gutiérrez 1997 ), which are consistent with
he critical densities of the three isotopologue lines. 
NRAS 552, 1–24 (2026)

H  
.2 Line ratios between H13 CN, HN13 C, and HC15 N 

he relative intensities or densities of H13 CN and HC15 N with
espect to that of HCN are related to the 12 C/13 C and 14 N/15 N
sotope abundance ratios, respectively. Lines of the main iso-
opologue H12 C14 N are not covered in the ACES observations.
one the less, the ratio between the H13 CN and HC15 N lines is
till informative. Previous observations towards nearby clouds
ave found that the integrated brightness temperature ratio be-
ween H13 CN and HC15 N can vary between ∼3 and ∼10 (M.
keda, T. Hirota & S. Yamamoto 2002 ). This translates to a ra-
io of their densities in the same range if one assumes the
ame excitation temperature and optically thin emission for both
ines. 
We present the ratio of integrated brightness temperatures of 
C15 N (1–0) and H13 CN (1–0) in the ACES data in Fig. 13 . Note
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Figure 9. Position–velocity diagrams of H13 CN (1–0), HN13 C (1–0), and HC15 N (1–0). Here, the intensities are the mean values of the cut along the 
Galactic latitude. The velocities are truncated by the l–VLSR mask specified in Section 3.2 . 
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hat we do not derive the ratio of peak brightness temperatures of 
he two lines, because their spectral profiles are not the same and
herefore their peaks do not align in the velocity axis. Comparing 
heir integrated brightness temperatures has its own problem, e.g. 
he line widths of the two lines could be different. Nonetheless,
e use the ratio in Fig. 13 as a starting point to demonstrate
hat could be learned from these two lines. Following the same
ssumptions in M. Ikeda et al. ( 2002 ), the ratio is related to the
ompound isotope abundance ratio (12 C/13 C)(14 N/15 N). 
If the 12 C/13 C isotope ratio could be estimated, e.g. from 

ther isotopologue pairs (H13 CO+ and HCO+ ; for the latter line, 
ee Paper III ), then we can decouple the nitrogen isotopic ra-
io 14 N/15 N from the compound ratio derived from HC15 N and 
13 CN. The nitrogen isotopic ratio has been shown to vary sig-
ificantly in different environments (F. Fontani et al. 2015 ; L.
olzi et al. 2018 ), and is an important constraint in astrochemical
odels and in simulations of the evolution of the Galactic stellar
opulation. 
The HN13 C molecule is an isotopomer of H13 CN, and their line

atio is suggested to be anticorrelated with the gas temperature 
nd therefore a potential gas thermometer (e.g. T. Hirota et al.
998 ; M. Jin, J.-E. Lee & K.-T. Kim 2015 ; A. G. Pazukhin et al.
022 ). Both lines are optically thinner than their respective main
sotopologue HNC and HCN, whose ratio has been shown to be
orrelated with the gas temperature (D. M. Graninger et al. 2014 ;
. Hacar, A. D. Bosman & E. F. van Dishoeck 2020 ) but may
e biased when the emission is optically thick. Therefore, the 
N13 C/H13 CN line ratio is particularly of interest in the CMZ, 
here the HCN emission becomes optically thick (P. A. Jones 
t al. 2012 ). 
MNRAS 552, 1–24 (2026)
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Figure 10. Position–velocity diagrams of SiO (2–1), SO (22 –11 ), and H13 CO+ (1–0). Here, the intensities are the maximum values of the cut along the 
Galactic latitude, without the l–VLSR mask. 
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As shown in Fig. 13 , the HN13 C/H13 CN line ratio varies be-
ween ∼0.01 and > 10 (truncated in the plot). The line ratio shows
 possible increasing trend towards the interiors of molecular
louds including Sgr B2, the Brick, and the 20 km s−1 cloud.
louds in the CMZ are known to be externally heated (e.g. S.
olinari et al. 2011 ; J. M. Rathborne et al. 2014a ). Therefore,
he anticorrelation between the line ratio and temperature could
till hold for the CMZ. With the high resolution of the ACES
bservations, one will be able to explore the HN13 C/H13 CN line
atio and the gas temperature derived from e.g. multiple NH3 
ines across various environments in the CMZ. This will help sort
ut the impact of other factors on the ratio such as the ultraviolet
adiation (M. G. Santa-Maria et al. 2023 ; N. Harada et al. 2024 )
nd calibrate this ratio as a gas thermometer, which then can be
pplied to studies of external galaxies (e.g. E. Behrens et al. 2022 ;
. Harada et al. 2024 ). 
NRAS 552, 1–24 (2026)
Finally, in Fig. 13 we also present the line ratio map between
13 CO+ (1–0) and HCO+ (1–0), the latter of which is released
n Paper III . This ratio can be used as a metric of the 12 C/13 C iso-
ope ratio, although HCO+ likely becomes optically thick towards
ense molecular clouds. As such, peaks in the bottom panel of,
.g. towards Sgr B2, may not necessarily suggest high 12 C/13 C
sotope ratios, but simply optically thick HCO+ emission. In-
epth analysis of this ratio is beyond the scope of this paper. 

.3 Other interesting features in the data 

he maps in Figs 2 –7 reveal prominent morphological features in
he CMZ, including rings, filaments, and clumpy clouds. Here, we
ighlight a few features of interest, and leave detailed discussions
o science papers that are currently being prepared by the ACES
eam. 
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Figure 11. Position–velocity diagrams of H13 CN (1–0), HN13 C (1–0), and HC15 N (1–0). Here, the intensities are the maximum values of the cut along 
the Galactic latitude, without the l–VLSR mask. 
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M. Nonhebel et al. ( 2024 ) have reported a detailed study of 
he M0.8 −0.2 ring using the ACES data, which can be seen in
he maps of SiO, H13 CN, H13 CO+ , and HN13 C. The molecular 
ine data are used for constraining the kinematics and energetics 
f the ring. There are numerous other ring-like structures of 
ifferent angular scales in the data, which might be related to
upernova remnants or H ii regions (e.g. ‘atolls’ in H. P. Hatch-
eld et al. 2024 ). A catalogue of such objects will be valuable for
tudying the star formation history of the CMZ. 
Filamentary structures at spatial scales of 0.1 to � 10 pc are
nown to be ubiquitous in molecular line emission in the CMZ
e.g. J. Bally et al. 2014 ; K. G. Johnston et al. 2014 ; J. D. Hen-
haw et al. 2019 ; J. Wallace et al. 2022 ; K. Yang et al. 2025 ). A
arge population of filaments are revealed in the molecular line 
mission presented in Section 3 , particularly towards the Sgr B1
egion between Galactic longitudes of 0◦20–0◦40 arcmin and 
atitudes of 0◦–−0◦5 arcmin, which may trace the photodissoci- 
tion region between the young massive star cluster Sgr B1 and
he surrounding molecular gas (J. P. Simpson et al. 2018 , 2021 ).
he exact nature of the filaments, which could be diverse in spite
f their similar morphologies, is yet to be explored with the ACES
ata (e.g. C. Battersby et al. submitted). 

 CONCLUSIONS  

n this paper, we have presented an overview of spectral line data
f the two intermediate-width spectral windows from the ACES 
arge Program, with a focus on the six bright lines including
iO (2–1), SO (22 –11 ), H13 CO+ (1–0), H13 CN (1–0), HN13 C (1–
), and HC15 N (1–0). We present the integrated brightness tem- 
erature, the peak brightness temperature, the centroid velocity, 
nd the position–velocity diagrams along the Galactic longitude 
MNRAS 552, 1–24 (2026)
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Figure 12. Top: 2D correlation matrix between the continuum and in- 
tegrated intensities of the six molecular line emission presented in this 
paper as well as eight lines in the other SPWs ( Paper III , Paper V). 
All the pixels in the ACES mosaic fields are considered. Bottom: the 
same correlation matrix but with pixels in Sgr B2 and Sgr A masked 
out. The rectangular mask towards Sgr B2 is centred at (RA, Dec.) = 

(17:47:20.14, −28◦22′ 54.′′ 66), with a height of 26.15 arcsec and a height 
of 110.08. The square mask towards Sgr A is centred at (RA, Dec.) = 

(17:45:40.14, −29◦00′ 28.′′ 24), with a side length of 48.64 arcsec. 
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f the six lines. The data products are released along with the
aper. 
In addition, we showcase potential science that could be done
ith the data, including morphological correlations between the
 mm continuum ( Paper II ) and the spectral line emissions
 Paper III , Paper V, and this work) to understand the excitation
onditions and chemical properties of the molecules, line ratios
etween isotopologues and isomers to estimate the isotope abun-
ance ratio, and other features in the data such as rings and
NRAS 552, 1–24 (2026)
laments. We leave in-depth discussions of these topics to follow-
p papers in the ACES series and to users of the data. 
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1–0 and HCO+ 1–0 (bottom), respectively. The colour bars are truncated at the 99.9 percentile of the maximum value. 
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OFTWARE  

he ACES pipeline is based on a number of open-source astron-
my software packages, including astropy (Astropy Collabora-
ion 2013 , 2022 ; A. M. Price-Whelan et al. 2018 ), astroquery
A. Ginsburg et al. 2019b ), spectral-cube (A. Ginsburg et al.
NRAS 552, 1–24 (2026)
019a ), radio-beam (E. Koch et al. 2025 ), pvextractor (A.
insburg, T. Robitaille & C. Beaumont 2016a ), reproject (T.
obitaille, C. Deil & A. Ginsburg 2020 ), statcont (Á. Sánchez-
onge et al. 2018 ), casa (CASA Team 2022 ), numpy (C. R. Har-
is et al. 2020 ), and matplotlib (J. D. Hunter 2007 ). In addition,
his paper made use of the following software packages: carta
A. Comrie et al. 2021 ) to visualize and analyse the data, and
plpy (T. Robitaille & E. Bressert 2012 ), and seaborn (M. L.
askom 2021 ) to make plots. 

ATA  AVAILABILITY  

ll data products and associated documentation can be found
t https://almascience.org/alma-data/lp/aces . To maximize us-
bility and provide a single, comprehensive resource for users,
e also provide an online, machine-readable megatable, which
ontains the full, detailed list of all data products released for
he entire survey, including hyperlinks to the full files from the
LMA archive. 
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 gigantic monolithic work that
as written up in five papers. If you use the ACES data, please
ite the appropriate works, which includes S. Longmore & ACES
eam ( 2026 ) and the data papers: continuum (A. Ginsburg &
CES Team 2026 ) and cubes in high-resolution (D. Walker &
CES Team 2026 ), medium-resolution (this work), and low-
esolution (P.-Y. Hsieh & ACES Team 2026 ) spectral windows.
ote that all papers should be cited for use of any data; the
ontinuum imaging relied on the line papers, and vice-versa. 
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PPENDIX  A:  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 ). 
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The following sections are divided according to different prod-
ct types which occur at the Member ObsUnitSet (MOUS) and
roup ObsUnitSet (GOUS) levels. 3 

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

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 12m and 7m 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 sections, we describe how to construct

he filenames of the released data products by providing filename
emplates that include placeholder variables. These placeholders
an be changed as needed to build the filename of the relevant
roduct. 
Following the requirements of the ASA, the filename template

s: 
member.uid___A001_{ mous-id }.lp_2021.1.00172. 
.slongmore.{ field_coords }.{ array }.{ frqrange }. 
ube.pbcor.fits 
The placeholder template components should be replaced as

ollows: 

(i) { mous-id } : the 12m or 7m MOUS ID for a given field, as
isted in table A1 in D. Walker & ACES Team ( 2026 ). 
(ii) { field_coords } : the central coordinates of the field, as

isted in table A1 in D. Walker & ACES Team ( 2026 ) (e.g.
000.073 + 0.184 ). 
(iii) { array } : the ALMA array, either 12m or 7m . 
(iv) { frqrange } : the frequency range, which depends on the
PW: 

(a) SPW 25: 86.0-86.4GHz 
(b) SPW 27: 86.7-87.1GHz 

For example, to find the 12m-only cube for the 12-m SPW 25
or field ao (this field contains the well-known molecular cloud
0.253 + 0.016, aka the Brick), the resulting filename would be: 
member.uid___A001_X15a0_X190.lp_2021.1.00172
L.slongmore.G000.300 + 0.063.12m.86.0- 
6.4GHz.cube.pbcor.fits 

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_2021.1.00172
L.slongmore.{ field_coords }.{ arrays }.{ frqrange }. 
ube.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 
NRAS 552, 1–24 (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, the corresponding 12-m SPW 25 cube including
2m, 7m, and TP data for field ao would be: 
group.uid___A001_X1590_X30a9.lp_2021.1.00172
L.slongmore.G000.300 + 0.063.12m7mTP.86.0- 
6.4GHz.cube.pbcor.fits 
A summary of the combined cubes for the two intermediate-
idth SPWs, including the original beam shapes, pixel sizes, and
maging rms of the individual fields, is reported in Tables A1 and
2 . 

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 the six specific lines given
n Table 1 . The SPWs are sufficiently broad that they contain sig-
ificant spectral ranges with no line emission. We therefore opted
o not produce full mosaics containing these blank channels in
he interest of reducing the file sizes. In addition to the data
ubes for each line, we also release a suite of advanced products,
ncluding moment maps, noise maps, etc. (see below). 
The filename template for the full mosaic cubes and associated
roducts is: 
group.uid___A001_X1590_X30a9.lp_2021.1.00172
L.slongmore.cmz_mosaic.{ arrays }.{ molecule }. 
 suffix } 
Where the template components are: 

(i) { arrays } : 12m7mTP 
(ii) { molecule } : H13CN, H13COplus, HC15N, HN13C,
iO21, or SO21 . 
(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
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 ( � ). 

https://almascience.eso.org/documents-and-tools/cycle9/alma-qa2-data-products-for-cycle-9
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Table A1. Global statistics for the 12-m SPW 25 cubes, after feathering data from the 12-m, 7-m, and TP arrays altogether, for all ACES fields. The 
noise is estimated from channels in the lowest quartile of the mean spectrum (assumed emission-free) using the scaled median absolute deviation 
(MAD ; where σMAD = 1 . 4826MAD ). 

Field Voff Bmaj Bmin BPA Image size No. channels Pixel size Speak σMAD Speak σMAD 
(km s−1 ) (arcsec) (arcsec) (◦) (pix) (arcsec) (mJy beam−1 ) (mJy beam−1 ) (K) (K) 

a 40 1.69 1.20 −77 (2094, 2499) 1912 0.20 454 .3 5.2 36 .9 0.4 
aa 0 2.04 1.74 −75 (1623, 1481) 1917 0.26 1527 .0 4.7 70 .9 0.2 
ab 0 1.99 1.70 88 (1496, 1261) 1915 0.28 729 .3 4.5 35 .5 0.2 
ac 0 1.78 1.20 −78 (1686, 1626) 1914 0.19 987 .6 5.2 76 .2 0.4 
ad 0 2.02 1.19 −75 (1184, 2564) 1920 0.20 668 .7 5.7 45 .8 0.4 
ae 0 2.26 1.84 83 (1343, 1365) 1914 0.30 849 .2 4.9 33 .6 0.2 
af 0 2.79 1.71 89 (1446, 1176) 1915 0.31 1009 .9 5.0 34 .9 0.2 
ag 0 1.91 1.46 −79 (1731, 1721) 1912 0.24 6629 .9 5.0 391 .6 0.3 
ah 30 1.87 1.20 −72 (2004, 1942) 1912 0.20 600 .8 4.4 44 .1 0.3 
ai 0 2.55 1.77 78 (1378, 1622) 1914 0.29 1217 .4 4.6 44 .4 0.2 
aj −30 2.45 1.79 85 (1439, 1288) 1914 0.31 20814 .4 4.4 781 .8 0.2 
ak 30 2.48 2.11 82 (764, 1009) 1916 0.32 448 .6 4.8 14 .1 0.2 
al 0 2.77 2.04 86 (2190, 1447) 1920 0.28 679 .6 5.8 19 .8 0.2 
am 30 3.14 1.98 −85 (2612, 1140) 1920 0.30 622 .9 6.3 16 .5 0.2 
an 30 2.55 1.73 83 (1335, 1359) 1914 0.30 4246 .9 5.1 158 .6 0.2 
ao 0 2.52 1.62 −86 (2512, 923) 1914 0.28 2742 .1 6.0 110 .6 0.2 
ap 0 2.30 1.87 79 (1344, 1371) 1914 0.30 814 .0 4.4 31 .2 0.2 
aq 0 1.72 1.36 −85 (1828, 1815) 1915 0.22 1018 .6 5.1 71 .7 0.4 
ar 40 2.38 1.78 84 (1389, 1423) 1915 0.29 584 .9 5.4 22 .7 0.2 
as 0 1.98 1.33 −76 (2009, 2053) 1915 0.20 582 .0 5.3 36 .4 0.3 
b 40 1.78 1.41 86 (1915, 1958) 1915 0.21 2213 .5 4.2 145 .3 0.3 
c 0 2.73 1.79 87 (1435, 1461) 1915 0.28 647 .8 5.8 21 .8 0.2 
d 30 1.94 1.55 −63 (2061, 1585) 1917 0.23 1619 .4 5.5 88 .7 0.3 
e −30 2.84 1.76 −90 (1442, 1472) 1915 0.28 1147 .9 5.5 37 .8 0.2 
f 0 2.89 1.73 90 (1782, 1468) 1920 0.28 1016 .9 5.6 33 .5 0.2 
g 30 2.24 1.67 84 (1606, 1647) 1915 0.25 1025 .7 5.0 45 .2 0.2 
h 0 1.73 1.27 −84 (1994, 2114) 1912 0.21 620 .9 4.8 46 .6 0.4 
i 30 1.75 1.53 −67 (1682, 1641) 1912 0.25 736 .3 4.4 45 .3 0.3 
j 30 2.83 1.68 −88 (1480, 1510) 1915 0.27 970 .3 5.9 33 .6 0.2 
k 30 1.90 1.11 −80 (2227, 2207) 1912 0.18 2283 .9 5.5 178 .4 0.4 
l 0 1.85 1.65 −80 (2419, 1525) 1915 0.26 805 .5 4.8 43 .5 0.3 
m 30 2.57 2.12 82 (1373, 1377) 1917 0.29 3644 .8 4.5 110 .2 0.1 
n 30 1.85 1.14 −82 (1406, 1844) 1914 0.19 580 .8 5.6 45 .4 0.4 
o 0 2.73 1.89 −89 (1310, 1252) 1915 0.32 1503 . 5.5 48 .0 0.2 
p 0 1.70 1.23 86 (2078, 2057) 1915 0.20 687 .8 4.9 54 .2 0.4 
q 0 2.43 1.86 88 (1345, 1367) 1915 0.30 464 .4 4.3 16 .9 0.2 
r 30 3.16 1.90 −83 (1556, 1419) 1917 0.29 820 .8 5.1 22 .5 0.1 
s 0 2.78 1.99 87 (1339, 1369) 1917 0.30 1450 .5 5.2 43 .2 0.2 
t 0 2.31 1.95 74 (1297, 1293) 1914 0.31 792 .8 5.1 29 .0 0.2 
u 30 2.06 1.21 −75 (1394, 2088) 1914 0.19 729 .5 6.0 48 .2 0.4 
v 30 1.94 1.23 −81 (1410, 1916) 1914 0.19 126 .7 5.4 8 .7 0.4 
w 30 2.47 1.74 −82 (1508, 1424) 1915 0.28 680 .6 4.6 26 .1 0.2 
x 0 2.67 1.88 −88 (1321, 790) 1916 0.30 514 .1 5.2 16 .9 0.2 
y 0 2.34 1.78 −86 (1464, 1138) 1917 0.27 378 .3 5.5 15 .0 0.2 
z 40 2.61 1.63 82 (1382, 1377) 1915 0.29 617 .2 5.3 23 .9 0.2 
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Table A2. Global statistics for the 12-m SPW 27 cubes, after feathering data from the 12-m, 7-m, and TP arrays altogether, for all ACES fields. The 
noise is estimated from channels in the lowest quartile of the mean spectrum (assumed emission-free) using the scaled median absolute deviation 
(MAD ; where σMAD = 1 . 4826MAD ). 

Field Voff Bmaj Bmin BPA Image size No. channels Pixel size Speak σMAD Speak σMAD 
(km s−1 ) (arcsec) (arcsec) (◦) (pix) (arcsec) (mJy beam−1 ) (mJy beam−1 ) (K) (K) 

a 40 1.74 1.19 −77 (2091, 2498) 1912 0.20 89 .1 4.7 7 .0 0.4 
aa 0 2.08 1.73 −75 (1620, 1479) 1917 0.26 160 .4 4.6 7 .2 0.2 
ab 0 1.97 1.69 89 (1494, 1259) 1914 0.28 123 .2 4.4 6 .0 0.2 
ac 0 1.78 1.21 −79 (1683, 1624) 1914 0.19 122 .0 5.1 9 .2 0.4 
ad 0 2.01 1.18 −76 (1182, 2562) 1920 0.20 106 .2 5.6 7 .3 0.4 
ae 0 2.28 1.84 82 (1341, 1364) 1914 0.30 126 .0 4.7 4 .9 0.2 
af 0 2.84 1.68 −90 (1443, 1174) 1915 0.31 245 .9 5.0 8 .4 0.2 
ag 0 1.90 1.45 −79 (1729, 1719) 1912 0.24 138 .8 4.9 8 .2 0.3 
ah 30 1.86 1.20 −72 (2001, 1939) 1914 0.20 102 .8 4.3 7 .5 0.3 
ai 0 2.57 1.76 80 (1376, 1620) 1914 0.29 161 .2 4.6 5 .8 0.2 
aj −30 2.42 1.77 84 (1438, 1286) 1914 0.31 172 .1 4.3 6 .5 0.2 
ak 30 2.47 2.08 83 (762, 1007) 1916 0.32 173 .6 4.7 5 .5 0.1 
al 0 2.75 2.03 86 (2189, 1446) 1920 0.28 187 .6 5.6 5 .4 0.2 
am 30 3.22 1.97 −84 (2610, 1138) 1920 0.30 238 .7 6.3 6 .1 0.2 
an 30 2.52 1.72 83 (1333, 1357) 1914 0.30 1114 .7 5.0 41 .7 0.2 
ao 0 2.52 1.62 −87 (2509, 921) 1914 0.28 177 .2 5.9 7 .0 0.2 
ap 0 2.27 1.86 79 (1342, 1369) 1914 0.30 143 .0 4.3 5 .5 0.2 
aq 0 1.72 1.34 −84 (1826, 1813) 1915 0.22 125 .7 5.0 8 .8 0.4 
ar 40 2.35 1.77 84 (1386, 1423) 1914 0.29 157 .5 5.3 6 .1 0.2 
as 0 2.00 1.31 −75 (2005, 2051) 1915 0.20 156 .9 5.2 9 .7 0.3 
b 40 1.76 1.40 85 (1913, 1956) 1915 0.21 837 .0 4.1 55 .1 0.3 
c 0 2.74 1.78 87 (1433, 1459) 1915 0.28 155 .7 5.6 5 .2 0.2 
d 30 1.96 1.53 −65 (2058, 1582) 1917 0.23 105 .6 5.4 5 .7 0.3 
e −30 2.94 1.80 87 (1441, 1471) 1915 0.28 175 .7 5.5 5 .4 0.2 
f 0 2.85 1.72 90 (1780, 1466) 1920 0.28 222 .3 5.4 7 .4 0.2 
g 30 2.27 2.26 85 (1603, 1644) 1915 0.25 193 .6 4.8 6 .1 0.2 
h 0 1.70 1.25 −84 (1991, 2112) 1912 0.21 174 .3 4.8 13 .3 0.4 
i 30 1.73 1.52 −70 (1678, 1639) 1912 0.25 141 .8 4.4 8 .7 0.3 
j 30 2.83 1.65 −87 (1477, 1508) 1915 0.27 209 .7 5.9 7 .3 0.2 
k 30 1.89 1.09 −79 (2223, 2202) 1912 0.18 113 .5 5.5 8 .9 0.4 
l 0 1.84 1.63 −79 (2417, 1522) 1915 0.26 248 .0 4.7 13 .4 0.3 
m 30 2.55 2.10 81 (1372, 1376) 1917 0.29 2547 .4 4.4 77 .1 0.1 
n 30 1.80 1.12 −79 (1403, 1842) 1914 0.19 99 .8 5.4 8 .0 0.4 
o 0 2.82 1.91 86 (1308, 1251) 1915 0.32 333 .3 5.5 10 .0 0.2 
p 0 1.82 1.35 84 (1887, 1868) 1915 0.22 130 .3 4.4 8 .6 0.3 
q 0 2.41 1.85 88 (1343, 1365) 1914 0.30 199 .3 4.2 7 .2 0.2 
r 30 3.25 1.91 −86 (1555, 1417) 1917 0.29 204 .3 5.0 5 .3 0.1 
s 0 2.75 1.99 86 (1337, 1367) 1917 0.30 229 .0 5.0 6 .8 0.1 
t 0 2.31 1.94 73 (1295, 1292) 1914 0.31 149 .8 4.9 5 .4 0.2 
u 30 2.04 1.21 −75 (1392, 2085) 1914 0.19 116 .8 5.9 7 .7 0.4 
v 30 1.92 1.22 −81 (1407, 1913) 1914 0.19 115 .1 5.3 8 .0 0.4 
w 30 2.45 1.73 −82 (1506, 1423) 1914 0.28 123 .8 4.5 4 .7 0.2 
x 0 2.64 1.86 −88 (1318, 790) 1916 0.30 154 .5 5.2 5 .1 0.2 
y 0 2.28 1.66 −88 (1462, 1136) 1915 0.27 128 .4 5.6 5 .5 0.2 
z 40 2.59 1.63 82 (1380, 1375) 1914 0.29 138 .9 5.1 5 .3 0.2 
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As an example, the peak � –v map for the full ACES mosaic of 
he combined SiO (2–1) data would be constructed as: 
group.uid___A001_X1590_X30a9.lp_2021.1.00172
L.slongmore.cmz_mosaic.12m7mTP.SiO21.PV_l_max
fits 

PPENDIX  B:  ARRAY  COMBINATION  USING  

iriad 

he 12-m array, the 7-m array, and the TP array of ALMA each are
ach only sensitive to a certain range of angular scales. To recover
he multiscale gas structures in the CMZ from 0.1 pc (2 arcsec)
NRAS 552, 1–24 (2026)
o over 200 pc, it is necessary to combine data from the different
rrays and produce images that are sensitive to both small and
arge angular scales. Such a procedure, usually referred to as
array combination’, can be implemented in different approaches,
.g. concatenating visibility data and clean ing them to obtain an
mage (‘joint imaging’), or linearly combining the images from
ifferent arrays (‘feathering’). The ACES data releases took the
atter approach and produced the combined images ( Paper II ,
aper III ). A detailed discussion on the array combination can
e found in A. Plunkett et al. ( 2023 ). 
One of the reasons why we chose feathering over joint imaging

s that joint imaging in casa is computationally more expensive
nd slower, and often diverges. Meanwhile, array combination
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Table B1. Imaging parameters and properties of the combined SiO (2–1) images from ALMICA and casa - 
feathering. 

Combination method Beam size and PA Image RMS 
(arcsec ×arcsec, ◦) (mJy beam−1 per 0.85 km s−1 ) 

miriad –ALMICA 2.58 × 1.91, −88.24 4.0 
miriad –ALMICA–immerge 2.58 × 1.91, −88.24 4.0 
casa –feathering 2.52 × 1.62, −86.95 4.2 

Figure B1. SiO images of a velocity channel at ∼30 km s−1 from different array combination approaches. The velocity is chose to be around the systemic 
velocity of the cloud and show complex structures in emission. The three array-combined images are adjusted to the same colour scale. The TP image 
with a different colour scale is also shown for reference. Primary-beam response at the 0.5 level of the 12-m array mosaic is shown as a cyan contour in 
all panels. 
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an be implemented in other packages, e.g. miriad (S. Stan- 
mirovic et al. 1999 ; S. Stanimirovic 2002 ). 
Here, we present an experiment of joint imaging using miriad ,
n the SiO (2–1) line in one of the regions that cover the
0.253 −0.016 cloud. The joint imaging is implemented with a 
odified ALMICA procedure, 4 which is forked from the original 
ersion 5 by Hauyu Baobab Liu (H. B. Liu et al. 2013 ). The work- 
ow consists of the following major steps: 

(i) Deconvolve the TP image to obtain a clean model for each 
f the 7-m pointings, using the CLEAN and DEMOS tasks. 
(ii) Generate artificial visibility data from the TP clean model, 
sing the UVRANDOM and UVMODEL tasks. Adjust the weight of 
he TP visibility data through manipulating the system tempera- 
ure, using the UVPUTHD task. 
(iii) Image the TP and 7-m visibilities together to obtain a 
lean model for the whole mosaic, using the INVERT and 
OSSDI tasks. 
(iv) Decompose the TP + 7-m clean model for the mosaic to

hat for each of the 12-m pointings, using the DEMOS task. Gener-
te artificial visibility data from the clean model for individual 
2-m pointings, using the UVRANDOM and UVMODEL tasks. Adjust 
 https://github.com/xinglunju/almica 
 https://github.com/baobabyoo/almica 

o  

t
i  

t

he weight of the TP + 7-m visibility data through manipulating
he system temperature, using the UVPUTHD task. 
(v) Finally, image the TP + 7-m and 12-m visibilities together 

o obtain the combined image, using the INVERT , MOSSDI , and
ESTOR tasks. 
(vi) There is an optional step to further merge the TP image
ith the combined image, using the IMMERGE task. This linear 
ombination in the image domain is similar to the feathering 
ethod in casa . 

For detailed steps, readers are referred to appendix A of H. B.
iu et al. ( 2013 ) and the ALMICA github repository. 
We follow the above workflow, and set a system temperature 
f 500 K for both the TP and the 7-m visibilities. In step 2, we
enerate 500 data points for the artificial TP visibility data, which
re uniformly distributed in the uv plain within a maximum 

aseline length of 12 m. Similarly, in step 4, we generate 3000
ata points for the artificial TP + 7-m visibility data uniformly
istributed in the uv plain within a maximum baseline length 
f 45 m. The resulting combined images with and without the
ptional IMMERGE step are shown in Figs B1 –B3 . We also show
he combined image from the feathering approach and the TP 
mage for comparison. The beam sizes and image RMS of the
hree approaches are summarised in Table B1 . 
MNRAS 552, 1–24 (2026)

https://github.com/xinglunju/almica
https://github.com/baobabyoo/almica
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Figure B2. Peak brightness temperatures of the SiO (2–1) line, from different array combination approaches with the same colour scale, and from the 
TP array with a different colour scale for reference. 

Figure B3. Integrated brightness temperatures of the SiO (2–1) line, from different array combination approaches with the same colour scale, and from 

the TP array with a different colour scale for reference. The images are integrated betweenVLSR = −100 and 200 km s−1 . 
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It can be seen that the combined images made with ALMICA
nd casa -feather are broadly consistent in terms of the morphol-
gy, although some nuances can still be found. The ALMICA im-
ge clearly shows negative bowls around bright emission peaks,
hich are signatures of missing flux (A. Plunkett et al. 2023 ).
ith the additional IMMERGE step, ALMICA imaging performs
etter in terms of mitigating the negative bowls. The casa -
eather image performs the best in recovering diffuse emission,
here the negative bowls are mostly gone. 
In Fig. B4 , we compare spectra from different array combina-

ion approaches. Spectra from the TP image and from the 12-m
NRAS 552, 1–24 (2026)
rray only image (made with the casa tclean task) are also plotted
or comparison. The ALMICA image clearly recovers more flux
han the 12-m array only one. However, it does not recover all
f the expected flux based on the TP image. The ALMICA image
ith the additional IMMERGE step and the casa -feather image
erform better when it comes to recovering the flux of the TP
mage. 
To summarize, the experiment suggests that the ALMICA ap-
roach with the additional IMMERGE step performs equally well
t mitigating negative bowls and recovering the missing flux
s compared to the casa -feather approach, but at a computing
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Figure B4. SiO (2–1) spectra with flux densities in the y -axis within a circle of a radius of 74.8 arcsec, which is the beam size of the TP image, centred at 
the peak of the integrated brightness temperature map (RA, Dec. = 17:46:06.57, −28:43:52.12 in the ICRS frame). Spectra from the three different array 
combination approaches, as well as those from the TP image and the 12-m array only image are also plotted for references. 
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peed of about 10 times faster. The drawbacks of ALMICA, how- 
ver, include its reliance on the miriad package, which has a 
maller user community than casa , and its current lack of paral-
elization. 
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