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A B S T R A C T 

The Central Molecular Zone (CMZ) of the Milky Way is the way station that primarily controls how much gas flows from 

the disc of the Galaxy towards the central nucleus. While this region is well documented to have extreme gas properties 
that clearly distinguish it from the rest of the Galaxy, the properties of the bulk molecular gas at high angular resolution 

are relatively unexplored. Band 3 data from the ALMA (Atacama Large Millimeter/Submillimeter Array) large program 

ACES (ALMA CMZ Exploration Survey) reveal the highly filamentary nature of CMZ molecular gas at high resolution (3 
arcsec or ∼0.1 pc) across the entire CMZ. Visual inspection of these data suggests that there are at least two general classes 
of elongated structures, which we identify as: (i) large-scale ( � 10 pc) filamentary structures (LFs) and (ii) a ubiquitous 
population of small-scale ( ∼ 1 pc) filamentary structures (SFs), both with widths (FWHM) of about 0.1 pc. We present 
detailed morphological and kinematic properties towards three structures in each category, as well as their association 

with magnetic fields and the correlation of HNCO 4(0,4)–3(0,3) with other molecular species. Our investigation reveals that 
these structures are largely coherent in position–position–velocity space. The alignment with the magnetic field structure 
is mixed, with some parallel, some perpendicular, and some intermediate alignments. We find that LFs likely trace pieces of 
contiguous CMZ orbital structures and are a manifestation of global CMZ dynamics. The second class, SFs, are pervasive 
and may be the result of complicated turbulence and shearing dynamics in the CMZ gas flows, as seen in numerical 
simulations. 

Key words: stars: formation – ISM: general – ISM: molecules –Galaxy: centre – submillimetre: ISM. 
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 INTRODUCTION  

e live in a barred spiral galaxy, with gas properties that vary
cross the Galactic disc (e.g. K. M. Sandstrom et al. 2013 ; J.
oman-Duval et al. 2014 ; M. Heyer & T. M. Dame 2015 ; S. E.
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eproduction in any medium, provided the original work is properly cited.
agan et al. 2016 ). The Galactic bar drives material inwards
long ‘dust lanes’ (e.g. M. C. Sormani & A. T. Barnes 2019 ; H. P.
atchfield et al. 2021 ) to the Central Molecular Zone (CMZ). The
MZ is the concentration of dense molecular gas in the inner
00 pc of the Galaxy (J. D. Henshaw et al. 2023 ; C. Battersby
t al. 2025a ). Some of this gas forms stars or finds its way into
he circumnuclear disc (CND) and the supermassive black hole 
grA ∗ (e.g. W.-T. Kim & J. M. Stone 2012 ; R. G. Tress et al. 2020 ;
. C. Sormani et al. 2020 ; X. Lu et al. 2021 ; K. Kakiuchi et al.
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024 ; F.-H. Liang et al. 2024 ; R. G. Tress et al. 2024 ). Perhaps
ue to the potential energy of the material inflowing along the
alactic bar into the CMZ, gas in this region has distinct and
xtreme physical properties compared with gas elsewhere in the
alactic disc. J. D. Henshaw et al. ( 2023 ) provide a review of this
ynamic region. Key differences in the gas properties include its
igher density, temperature, degree of turbulence, and magnetic
eld strength, all of which tend to be 1–2 orders of magnitude
igher compared to the Galactic disc (e.g. T. Pillai et al. 2015 ;
. A. C. Mills et al. 2018 ; A. Ginsburg et al. 2016b ; J. Kauffmann
t al. 2017 ; C. Federrath et al. 2016 ; N. O. Butterfield et al. 2024a ;
. Colzi et al. 2024 ). 
Most of the molecular gas mass in the CMZ orbits the Galac-

ic Centre at a distance of about 100–200 pc in approximately
lliptical x2 orbits (e.g. J. M. D. Kruijssen, J. E. Dale & S. N.
ongmore 2015 ; R. G. Tress et al. 2020 , 2024 ; D. Lipman et al.
025 ; D. L. Walker et al. 2025 ). Images in the far-infrared dust
ontinuum highlight key dense molecular gas structures in the
MZ, and have been described as a figure-eight or infinity sym-
ol in appearance (e.g. S. Molinari et al. 2011 ). We call this the
wisted ellipse. The kinematic decomposition of dense molecular
as tracers reveals a complicated though somewhat contiguous
rbital stream of gas in position–position–velocity (PPV) space (J.
. Henshaw et al. 2016a ). The 3D structure of these gas flows is
 topic of debate including the ‘injection points’ of the gas flow
rom the larger Galaxy and possible connections with the CND
r SgrA ∗ (see review by J. D. Henshaw et al. 2023 ). The 3D CMZ
aper series (C. Battersby et al. 2025a , b ; D. L. Walker et al. 2025 ;
. Lipman et al. 2025 ) finds that no present model is a perfect fit to
he regions’ complicated 3D structure. However D. L. Walker et al.
 2025 ) present an elliptical x2 model that is a reasonable match
ith existing data. 
Gas in the dust lanes on its way to entering the CMZ has been
bserved to be highly filamentary (J. Wallace et al. 2022 ; N. O.
utterfield et al. 2025 ), and simulations find that clouds already
ave filamentary shapes due to shearing in the dust lanes when
hey enter the CMZ (R. G. Tress et al. 2020 ). Very thin filaments
widths of 0.07–0.14 pc, lengths of 1.2–1.8 pc) were detected in
bsorption with HCO+ against the CMZ molecular cloud, known
s the ‘Brick’, using ALMA data in J. Bally et al. ( 2014 ). K. Yang
t al. ( 2025 ) identify slim ( � 0 . 03 pc) filaments in the CMZ tracing
c-scale shocks. However, the preponderance of filaments and
heir properties in CMZ molecular gas has not been extensively
tudied due to the lack of observations that combine large-scale
apping and high spatial resolution. 
Filaments have long been a focus of research in studies of star

ormation and the interstellar medium (see recent reviews from
. Hacar et al. 2023 ; J. E. Pineda et al. 2023 ). They are thought
o play a role in transporting gas, collecting it into star-forming
tructures, and may even reflect global Galactic dynamics (A.
uarte-Cabral & C. L. Dobbs 2017 ; J. D. Soler et al. 2022 ). In
he disc of the Milky Way, filaments range from galactic-scale
tructures spanning lengths of ∼100 pc (e.g. A. A. Goodman et al.
014 ; S. E. Ragan et al. 2014 , 2016 ; C. Zucker, C. Battersby & A.
oodman 2018 ) to 0.1 pc scale filaments deep within molecular
louds (e.g. P. André et al. 2010 ; C. Battersby et al. 2014 ; J. D.
enshaw et al. 2016b ; V. Sokolov et al. 2017 ; A. T. Barnes et al.
018 ; J. Wallace et al. 2022 ). 
Magnetic fields are an important component in the forma-

ion and evolution of interstellar filaments. In molecular gas,
he orientation and strength of the plane of sky (POS) magnetic
elds associated with filamentary structures can be studied using
NRAS 550, 1–25 (2026)
olarization from aligned dust grains (B. G. Andersson, A. Lazar-
an & J. E. Vaillancourt 2015 ; M. S. Akshaya & T. Hoang 2024 ;
. Sato et al. 2024 ) or Velocity Channel Gradients of polarization
VChG; A. Lazarian & K. H. Yuen 2018 ). The latter has advantages
or tracing the magnetic field structure of the CMZ without the
ontribution from the foreground (Y. Hu, A. Lazarian & Q. D.
ang 2022a , b ). 
A variety of filamentary structures are found to be associated
ith magnetic fields in the CMZ. Non-thermal radio filaments
riented perpendicular to the Galactic plane have been observed
n the CMZ (F. Yusef-Zadeh, M. Morris & D. Chance 1984 ; F.
usef-Zadeh & M. Morris 1987b ; F. Yusef-Zadeh et al. 2023 ). The
rigin of these filaments is debated with several hypotheses and
odels proposed (F. Yusef-Zadeh & M. Wardle 2019 ; G. Ponti
t al. 2021 ). The most prominent Radio Arc filament exhibits an
bserved length scale around 30 pc (F. Yusef-Zadeh et al. 1986 ).
olarized synchrotron emission reveals that the magnetic field
rientation in several filaments, e.g. Radio Arc, Snake, Mouse,
nd N5 (A. D. Gray et al. 1995 ; C. C. Lang, M. Morris & L. Echevar-
ia 1999 ; F. Yusef-Zadeh & B. M. Gaensler 2005 ; D. M. Paré et al.
021 ) may be aligned with the filament spines. The magnetic field
trength in these filaments ranges from ∼100 µG to ∼400 µG,
s evaluated from Faraday rotation (M. Inoue et al. 1995 ; A. D.
ray et al. 1995 ; F. Yusef-Zadeh & M. Morris 1987b ; D. M. Paré
t al. 2021 ) and the equipartition method (F. Yusef-Zadeh et al.
022 ). 
In this work, we present data from the Atacama Large Mil-

imeter/submillimeter Array (ALMA) CMZ Exploration Survey
ACES) 1 using the molecular tracer HNCO 4(0,4)–3(0,3). ACES
rovides a contiguous map of molecular gas across the entire
MZ at high spatial resolution. These images reveal a stunning
omplexity of filamentary structures throughout the CMZ. We
dentify two main categories of filamentary structures and quan-
ify the properties of a small sample of structures in each cat-
gory. The terminology surrounding filaments is fraught, and
asic terms remain ill-defined. For this work, we adopt the term
large-scale filamentary structures’ (LFs) for elongated structures
 � 10 pc) that seem to be associated with large-scale orbital gas
otions, and we note that these structures may have small gaps,
imilar to other large-scale filamentary structures in the litera-
ure (e.g. N. Schneider et al. 2010 ; C. Zucker, C. Battersby & A.
oodman 2015 , 2018 ). We adopt the term ‘small-scale filamen-
ary structures’ (SFs) for smaller-scale features ( ∼1 pc) associated
ith molecular clouds that are typically fully contiguous. There
re plentiful examples of both types of filamentary structures in
he new ACES data set. In this work we neither identify complete
amples nor fully define these classes of objects. Rather, our aim
s to highlight their existence and prevalence in the CMZ and
resent a few examples and their physical properties. 
In Sections 2 and 3 , we describe the data and the methods used

n this paper. In Sections 4.1 and 4.2 we present physical and
inematic properties of the filamentary structures and connect
hem with the larger orbital streams in PPV space. In Section 4.3
e provide a detailed comparison with POS magnetic field ori-
ntations from the Far-InfraREd Polarimetric Large Area CMZ
xploration (FIREPLACE) survey (N. O. Butterfield et al. 2024a ;
. Paré et al. 2024 ). In Section 4.4 we investigate the chemical
ontent of the structures by comparison with other molecular
pecies. In Section 5 we consider the possible origins for these

https://sites.google.com/view/aces-cmz/
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tructures and the uncertainties in our analyses. We end with a 
ummary of our main conclusions in Section 6 , including encour-
ging further study of these structures, which could provide fur- 
her understanding of their formation and role in star formation 
nd to help constrain dynamical models of the CMZ. 

 DATA  

.1 ACES survey and data reduction 

he ACES is a Cycle 8 Band 3 large program on ALMA
2021.1.00172.L, PI: S. Longmore). ACES observed the majority 
f molecular gas in the CMZ spanning approximately −0 . 6◦ < 

 < 0 . 9◦ and −0 . 3◦ < b < 0 . 2◦ with a total area of 1286 square
rcmin in both broad-band continuum and spectral lines at 3 
m. The data presented in this work are synthesized images 
ncorporating data from the 12 m, 7 m, and total power array of 
LMA. The spatial resolution (FWHM) of ACES data is about 3 
rcsec (or 0.1 pc at the assumed Galactic Centre distance used
hroughout this work of 8.2 kpc; M. J. Reid et al. 2019 ; GRAVITY
ollaboration 2019 , 2021 ). 
The ACES data cover six spectral windows: two medium (469 
Hz) width from 86–86.5 and 86.7–87.1 GHz, two broad (1.875 
Hz) width from 97.66–99.54 and 99.56–101.44 GHz, and two 
arrow (59 MHz) width centred on HNCO 4(0,4)–3(0,3) ( νrest = 

7 . 925238 GHz) and HCO+ (1–0) ( νrest = 89 . 18852 GHz). The
LMA pipeline produced measurement sets using the casa 
.4.1.12 pipeline 2022.2.0.64 version. The data were imaged us- 
ng casa 6.4.3-2 with small modifications, as described in A. 
insburg et al. ( 2024 ). Full survey details are presented in ACES
aper I (S. N. Longmore & ACES Team 2025 ), which provides an
verview of the survey. In ACES Paper II (A. Ginsburg & ACES
eam 2025 ), we describe the continuum data reduction details 
nd continuum maps. In ACES Paper III (D. Walker & ACES 
eam 2025 ), we describe the molecular line data reduction and 
resent the HNCO 4(0,4)–3(0,3) and HCO+ (1–0) data spectral 
ines that were observed with an enhanced spectral resolution. In 
CES Papers IV and V (X. Lu & ACES Team 2025 and P. Hsieh &
CES Team 2025 , respectively), we present the intermediate- 
idth and broad spectral line observations. 
In this work, we primarily focus on the HNCO 4(0,4)–3(0,3) 
pectral line at a frequency of 87.925237 GHz. In an extensive 
nvestigation of 3 mm spectral line tracers based on the P. A.
ones et al. ( 2012 ) MOPRA data, J. D. Henshaw et al. ( 2016a )
dentified HNCO 4(0,4)–3(0,3) as a promising tracer for dense 
olecular gas, and used this tracer to build a comprehensive 
PV decomposition of the CMZ that is still used today. Future
nalysis of the ACES data will focus on the differences between 
olecular line tracers and hopefully identify the physical struc- 
ures and conditions indicated by each spectral line. However, at 
he moment, we chose the same tracer as J. D. Henshaw et al.
 2016a ) as a first look at the PPV structure of the CMZ at high
esolution. 
In the ACES data, the HNCO 4(0,4)–3(0,3) line has a velocity 

esolution of 0.2 km s−1 (see the additional lines used in this
ork and their velocity resolutions in Table 1 ). This line is gen-
rally thought to trace the dense, molecular gas in the CMZ and
utline its key structural features (J. D. Henshaw et al. 2016a ).
NCO 4(0,4)–3(0,3) is also a tracer of low-velocity shocks (S. 
artín et al. 2008 ; G. Kelly et al. 2017 ), so its detection in the
MZ is associated with the presence of widespread low-velocity 
hocked gas across the GC (J. Martín-Pintado et al. 1997 ). 
We compare the features identified in HNCO 4(0,4)–3(0,3) with 
 number of different molecular lines observed with ACES as 
isted in Table 1 . We provide some references about what these
olecular lines may trace in the final column of Table 1 , but their
recise physical significance is still a subject of active research. 

.2 FIREPLACE data 

n important element in characterizing the LFs and SFs is how
hese structures align with local magnetic fields. We compare 
he orientations of the targeted LFs and SFs with the magnetic
eld directions inferred from the recent FIREPLACE survey that 
bserved the entire CMZ at 214 µm with SOFIA/HAWC + at a
esolution of 19.6 arcsec (N. O. Butterfield et al. 2024a ; D. Paré
t al. 2024 ). 
We follow the significance cuts employed by D. Paré et al. 

 2024 ) to only consider magnetic field pseudo-vectors that sat-
sfy the significance conditions: I214 /σI > 200, p/σp > 3.0, and 
p per cent < 50 where I214 and σI are the 214 µm emission and un- 
ertainty, p and σp are the 214 µm polarization intensity and un- 
ertainty, and p per cent is the percentage polarization ( p/I × 100) . 
hese significance cuts align with standard SOFIA/HAWC + 

ractice (D. A. Harper et al. 2018 ). 
FIREPLACE observations provide a POS component of the 
agnetic field integrated along the line of sight, weighted by the
as density, and are dominated by the high-density structures in 
he GC (D. M. Paré et al. 2025 ). This is especially true for the LFs
nd SFs observed in this work, since HNCO traces high-density 
as. 

 METHODS  

.1 Sample identification and terminology 

mall-scale filamentary structures are evident and widespread 
n the ACES HNCO 4(0,4)–3(0,3) moment 0 and peak intensity 
aps, highlighted in the zoom-in panels of Figs 1 and 2 . These
tructures exhibit a wide range of physical sizes and pervade the
ntire CMZ. We highlight two size scales of filamentary struc- 
ures found in the ACES HNCO 4(0,4)–3(0,3) data, which were 
ost apparent to the authors in the first study. The larger-scale

 � 10 pc) of these structures, which we refer to as LFs, appear
o trace branches of the CMZ orbital streams and may contain
mall gaps. The smaller-scale ( ∼1 pc) objects, which we refer
o as SFs, appear morphologically similar to the LFs on smaller
patial scales, and often exist near or within molecular clouds. We
hoose generic terms to avoid confusion with other filament-like 
tructures defined in the literature. It is possible that the chosen
ample describes objects of differing morphology and origins. 
dditionally, our analysis doesn’t preclude the possibility of a 
ontinuum of filamentary structures over size scales. 
In this work, we do not present a rigorous filamentary struc-

ure classification scheme, complete samples of LFs or SFs, or 
lear distinctive object class definitions. Our aim is simply to 
ighlight the discovery of the prevalence of LFs and SFs in the
MZ and to present physical and kinematic properties towards a 
ew example structures. To that end, we identify three LFs and
hree SFs for quantitative analysis that serve as representative 
xamples of the two populations. These representative examples 
ere selected through visual inspection by the team to highlight 
he range of structures observed and are in no way meant to be
omprehensive. 
MNRAS 550, 1–25 (2026)
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M

Table 1. ACES complementary observations. Spectroscopic parameters and critical densities for molecular line species in ACES. 

Species δv Frequency Eu /kB Aul ncr , u (100 K) Ref. coll. rates Tracer 

(km s−1 ) (GHz) (K) 
10−5 ×
(s−1 ) 104 × (cm−3 ) para-H2 

HNCO 4(0,4)–3(0,3) 0.21 87.92523 10.6 0.9 1.9 a Low-velocity shocks/dense gash 
3 � SO 3(2)–2(1) 3.0 99.29987 9.2 1.1 3.5 b Shocks/dense gasm 
HC3 N (11–10) 2.9 100.07630 28.8 7.8 7.3 c Low velocity shocks/dense gasn 
SiO (2–1) 1.7 86.84696 6.3 2.9 4.3 d High-velocity shocksk 
H13 CN (1–0) 1.7 86.33992 4.1 2.2 4.4 e Dense/moderate-density gas j 
H13 CO+ (1–0) 1.7 86.75430 4.2 3.9 2.2 f Dense gas/enhanced cosmic raysp 
CS (2–1) 3.0 97.98095 7.1 1.7 4.3 g Dense/translucent gasi 

Notes. Column (2) Velocity resolution. Column (4) Energy of upper level. Column (5) Einstein A coefficient. Column (6) Critical density, ncr , u = 

Aul / �i � =u γui , in collisions with (para-)H2 , at 100 K. Column (8) What each species/line is typically tracing. 
References , collision rates: (a) E. Sahnoun et al. ( 2017 ); (b) F. Lique et al. ( 2007 ); (c) A. Faure, F. Lique & L. Wiesenfeld ( 2016 ); (d) C. Balança et al. ( 2018 ); 
(e) M. Hernández Vera et al. ( 2017 ); (f) O. Denis-Alpizar et al. ( 2020 ) (g) O. Denis-Alpizar et al. ( 2018 ). 
References , tracers: (h) S. Martín et al. ( 2008 ), N. Marcelino et al. ( 2010 ), G. Kelly et al. ( 2017 ); (i) I. Jiménez-Serra et al. ( 2005 ), E. Bayet et al. ( 2009 ); (j) K. 
Tanaka et al. ( 2018 ); (k) J. Martin-Pintado, R. Bachiller & A. Fuente ( 1992 ), G. Kelly et al. ( 2017 ); (l) J. Pety et al. ( 2017 ); (m) J. Pety et al. ( 2017 ), K. Tanaka 
et al. ( 2018 ), M. G. Santa-Maria et al. ( 2021 ), L. Ségal et al. ( 2024 ); (n) S. Martín et al. ( 2008 ), P. F. Goldsmith & J. Kauffmann ( 2017 ), M. Rodríguez-Baras 
et al. ( 2021 ). 
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We describe the method to identify these representative LFs
nd SFs below and compare this with an automated Rolling
ough Transform (RHT) method to identify LFs in a follow-up
aper (D. M. Paré et al. 2026 ) at the end of this section. The initial
nspection of the data to identify these structures was done us-
ng a spatially down-sampled version of the ACES HNCO 4(0,4)–
(0,3) data cube due to the prohibitively large size of the full res-
lution data cube. The lead author led an initial by-eye selection
f about 10 structures in each category. Together with members
f the paper sprint team, we communally chose three represen-
ative objects in each sample for detailed study. After a by-eye
etermination of the velocity extents for the LFs and SFs, sub-
ubes with enhanced spatial and spectral resolution were created
or the chosen samples. The full-resolution sub-cubes were used
or the remainder of the analysis. 
The selected LFs and SFs are shown in Fig. 1 . The main im-
ge shows the ACES HNCO 4(0,4)–3(0,3) peak intensity in the
ackground with the zoom-in boxes towards each object in our
ample. In the zoom-in boxes we show the HNCO data in each
egion integrated over the velocity range of the structure (see
able 2 ). The three LFs are shown in coloured boxes spanning
he rough size of the full filamentary structures. We highlight
he three key regions that demonstrate the ubiquity of SFs in the
NCO data in coloured boxes (shown in more detail in Fig. 2 )
ith the individual SFs selected for quantitative analysis shown
n green boxes. The zoom-in boxes in Fig. 2 highlight regions that
eem to contain many dozens of features similar in appearance
o the three example SFs selected for analysis. The LFs, on the
ther hand, are larger, with maybe only a dozen or so similar fea-
ures apparent in the CMZ (see D. M. Paré et al. 2026 , for more).
ne of the regions is near the M0.8-0.2 ring structure located to
he Galactic South of Sgr B2 (N. O. Butterfield et al. 2024b ; M.
onhebel et al. 2024 ; M. Tsuboi, A. Miyazaki & K. Uehara 2015 ;
. A. C. Mills & C. Battersby 2017 ; S. Martín et al. 2008 ), one is
he outer extended part of the Sgr B2 region, and one is located
ithin the dust ridge between clouds d and e/f (K. Immer et al.
012 ; D. L. Walker et al. 2018 ; C. Battersby et al. 2020 ). Within
ach of these regions which each contain many SFs, we chose one
F for quantitative analysis which we label as SFs 1, 2, and 3. SF 1
as particularly chosen as it was slightly isolated from most of the
mission in the chosen area. The three regions containing the SFs
NRAS 550, 1–25 (2026)
n Fig. 1 are further highlighted in Fig. 2 to show a variety of SFs
n different spectral bins. The selected LFs and SFs are located
hroughout the CMZ and demonstrate a variety of properties.
ach of the SFs is observed over multiple velocity channels, and
s not due to velocity crowding effects (see Section 3.2 ). All of the
tructures used for our study show evidence for being in the CMZ
see Section 5.1 ). 
In a follow-up paper from the ACES team (D. M. Paré et al.
026 ), we use a Rolling Hough Transform (RHT) to systemati-
ally identify a larger sample of LFs. As can be seen in figs 3,
, and 9 of D. M. Paré et al. ( 2026 ), all three LFs identified in
his work are clearly detected with the RHT method, with our
F 1 corresponding to their LF 1b, LF 2 to LF 2a, and LF 3 to LF
. Since the identification methods are different, the boundaries
f the structures vary, but overall have 70 per cent overlap. The
greement of two independent methods in the identification of 
he LFs demonstrates their fidelity. 

.2 Spectral line analysis and velocity crowding 

hen identifying filamentary structures in molecular gas, the
idth of the velocity channel is a crucial factor. Theoretical work
such as A. Lazarian & D. Pogosyan 2000 ; Y. Hu et al. 2023 )
as shown that when we transform from the known position–
osition–position space to PPV space, gas at different LOS posi-
ions can have similar LOS velocities and therefore be aggregated
nto the same PPV space location. This overlap causes the inten-
ity distribution of molecular gas in PPV space to appear more
rowded and statistically altered, a significant effect in the tur-
ulent and magnetized ISM. Referred to as velocity caustics, this
henomenon has been extensively discussed by A. Lazarian & D.
ogosyan ( 2000 ), D. Kandel, A. Lazarian & D. Pogosyan ( 2016 ),
. H. Yuen, K. W. Ho & A. Lazarian ( 2021 ), and Y. Hu et al. ( 2023 ).
t can lead to the formation of non-real SFs parallel to magnetic
elds in narrow velocity channels, particularly when the channel
idth is smaller than the turbulent velocity dispersion. 
To ensure proper identification of SFs that arise from real
ensity structures in spectral line cubes, increasing the width of 
he channel map in excess of the turbulent velocity dispersion
s recommended. The velocity crowding is no longer dominant
f the channel width exceeds the turbulent velocity dispersion.
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LF1

Sgr A*

LF3

LF2

M0.8–0.2 ring region

SF1

SgrB2 extended region

SF2

Dust ridge region

SF3
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LF2
LF3

SF1

SF3

ACES HNCO peak intensity

Figure 1. The ACES HNCO 4(0,4)–3(0,3) data reveal the ubiquity of molecular filamentary structures in the CMZ on scales from tens to tenths of pc. 
The central panel shows a peak intensity map of HNCO 4(0,4)–3(0,3) from ACES and our sample selection in the coloured boxes. The top three zoom- 
ins show the three selected LFs in HNCO, integrated over the velocity range of each structure (see Table 2 ). The bottom three zoom-ins show three 
characteristic regions highlighting the preponderance of SFs in the molecular gas of the CMZ. Within these regions, we select one characteristic SF for 
quantitative analysis. The zoom-ins on the bottom show HNCO integrated over the velocity range of the selected SFs (see Table 2 ). 
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o avoid velocity crowding in our analysis, we use integrated 
oment 0 maps and velocity maps, constructed from a minimum 

f 5 km s−1 to a maximum corresponding to the upper limit of 
he spectral axis for the HNCO 4(0,4)–3(0,3) cube (104 km s−1 ),
o avoid per-channel morphological analysis in the identification 

f our structures. 
.3 Measuring structure morphology 

e measured morphological properties for the selected sample 
f LFs and SFs using the python packages FilFinder (E. W.
och & E. W. Rosolowsky 2015 ) and RadFil (C. Zucker & H.
.-H. Chen 2018 ). Both packages require image masks to isolate
MNRAS 550, 1–25 (2026)
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Figure 2. SFs are ubiquitous in molecular gas in the CMZ as traced with HNCO 4(0,4)–3(0,3) by ACES. This image shows a zoom-in on the three cyan 
SF fields displayed in Fig. 1 , the M0.8-0.2 ring region (M. Nonhebel et al. 2024 ) ( top ), the SgrB2 extended region ( middle ), and the Dust Ridge region 
( bottom ). For each zoom-box, we display the peak intensity over the entire HNCO cube in the top left panel, then step through 5 kms−1 intervals with 
the corresponding moment 0 map of the velocity range displayed in subsequent panels. We highlight the location of SFs 1, 2, and 3 within the map in 
blue boxes, at the velocity most closely associated with each SF. 
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he filament from the background. To produce these masks, we
sed the multi-dimensional data exploration and visualization
ool glue to create hand-drawn masks on the integrated velocity
NRAS 550, 1–25 (2026)
ubcubes of the HNCO 4(0,4)–3(0,3) map around our filamentary
tructures. Hand-drawn masks were preferred over e.g. a sigma
ut, since the statistical properties of noise in the ACES data were
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Table 2. Small- and large-scale filamentary structure properties. 

ID Centroid Velocity Velocity Line width Median Length Width Curvature Axis Position Magnetic 
extent gradient (FWHM) N(H2 ) ratio angle angle 

( l, ◦) ( b, ◦) ( v , km s−1 ) (km s−1 ) (km s−1 pc−1 ) (km s−1 ) ( 1022 cm−2 ) (pc) (pc) (◦) (◦) 

SF 1 0.73 −0.19 4.4 ( −5, 13) 1.7 7.3 5.1 1.3 0.08 26 14 43 N/A 

SF 2 0.71 −0.10 51.5 (46, 56) 2.3 4.4 13 2.1 0.12 27 15 29 30◦
SF 3 a 0.44 0.05 −4.0 ( −11, 5) 0.6 6.9 4.1 3.4 0.14 26 21 18 90◦ ⊥ 

LF 1 0.54 −0.07 + 99.8 (50, 120) 0.03 4.7 3.9 32 0.16 29 166 7 90◦ ⊥ 

LF 2 0.01 0.01 −9.6 ( −22, 20) 0.7 8.5 1.3 9.8 0.18 41 46 47 0◦ ‖ 
LF 3 b −0.50 −0.02 −96.5 ( −120, 

−50) 
0.6 4.3 4.3 49 0.69 34 590 27 Mixed 

Notes. An overview of filamentary structure properties as defined in Section 3.3 . The position angle indicated above is the angle of the filament’s spine 
with respect to the Galactic plane. 
a SF 3 is associated with the dust ridge. 
b LF 3 is associated with the ‘wiggles’ region (J. D. Henshaw, S. N. Longmore & J. M. D. Kruijssen 2016c ). 
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till being established at the time. Emission outside the masks is
emoved for the quantitative analyses. 
We use FilFinder to define the structure’s spines on the 
NCO 4(0,4)–3(0,3) moment 0 maps as shown in the left panel 
f Fig. 3 . These spines define the location and path of the fila-
ent and are created by reducing structures to a ‘skeleton’ using
 medial axis transform based on average intensity around the 
ensity ridge of the filament (E. W. Koch & E. W. Rosolowsky
015 ). When defining the masks, the filaments diverged in some
laces. For example, LF 2 appears to have two potential paths
or the spine to follow based on extended nature of the structure
see Fig. 3 ). When creating our masks, we determined that the
ower path of the filament was preferred as it traces the connected
tructure of the filament in ppv space. Table 2 reports on the
hysical properties of the structures. The lengths in this table 
ere calculated from the lengths of the spines at the assumed
.2 kpc distance to the Galactic Centre (M. J. Reid et al. 2019 ;
RAVITY Collaboration 2019 , 2021 ). 
We computed the full width at half-maximum (FWHM) widths 
f the filamentary structures perpendicular to the defined spines 
sing RadFil (C. Zucker & H. H.-H. Chen 2018 ). The widths
re computed using the masked HNCO 4(0,4)–3(0,3) moment 0 
aps. RadFil compiles the perpendicular profiles of all points 
long the spine, centres them on the maximum value, and per-
orms a Gaussian fit to the average of the profiles in the radial
irection. Taking the FWHM of this Gaussian fitting, RadFil 
econvolves the width using the beamwidth, which we defined 
o be 3.19 arcsec. This deconvolved FWHM is related to the non-
econvolved FWHM as FWHMdeconv =

√ 

FWHM2 − B2 , where B 

s the beamwidth. The deconvolved FWHM values are presented 
n Table 2 . For both LFs and SFs, uncertainties in the FWHM are
alculated based on standard deviations of the widths and equal 
0 . 07 pc, though we note this approach could hide variations in

adial profiles (see e.g. A. Schmiedeke et al. 2021 ). The position
ngle to the Galactic Plane was calculated relative to constant lat-
tude (0◦). The filament FWHMs and position angles are reported 
n Table 2 . 
We also determined an axial ratio of each of the filaments.
o do this, we first compute the corresponding geometric width 
f each filament, since the FWHMs reported are fractions of 
 Gaussian structure and are not directly comparable to geo- 
etric lengths. We define an effective radius, Reff , by equating 
he area under a Gaussian curve with a normalization of one 
 2 πσ 2 ) to the area of a circle ( πr2 ). Using the standard deviation
efined by a Gaussian curve, we then find the effective radius
o be: 

eff = FWHM 

2
√ 

ln 2 
, (1) 

here FWHM = 2
√ 

2 ln 2 σ . Our geometric filament diameters 
re therefore 2 Reff , which is used to calculate the axis ratios (geo-
etric length/diameter) reported in Table 2 . 
We report the median column density, N(H2 ), of each struc- 

ure in Table 2 . They were calculated using the Herschel-based
olumn density maps from C. Battersby et al. ( 2025a ), by using
ur structure masks (re-gridded to match the pixel scaling of 
he column density map) for each structure and computing a 
tatistical median value. 
Finally, we measure the curvature and linear nature of the 
Fs and LFs. To compute these values, we used FilFinder ’s
urvature calculator using the default parameters (radius of cir- 
ular region is 10 pixels, number of bins in which θ is divided is
80, and background subtractions of the 25th percentile). Fil- 
inder calculates the curvature and orientation of the filamen- 
ary structures by implementing the Rolling Hough Transform 

f the spine and the branches. These values are reported in Ta-
le 2 . For the curvature of the spine as a whole, it computes the
nterquartile region about the mean. More information about the 
olling Hough Transform and curvature can be found in S. E.
lark, J. E. G. Peek & M. E. Putman ( 2014 ) and E. W. Koch &
. W. Rosolowsky ( 2015 ). 

.4 Kinematic structure 

e study the kinematic structure of the LFs and SFs. For both
ypes of objects, we map them in 2D position–velocity (PV) space
s well as 3D PPV space. We aim to uncover how contiguous they
re in velocity space as well as to understand their position within
he larger known CMZ orbital features and molecular clouds. 
High-resolution ACES HNCO 4(0,4)–3(0,3) sub-cubes were 
reated for each of the six identified structures, covering the ve-
ocity channels in which a given structure was seen in the original
NCO 4(0,4)–3(0,3) maps (see velocity ranges used in Table 2 ).
e generated PV diagrams using these high-resolution sub-cubes 
Fig. 3 ). We used the spines identified using FilFinder in
ection 3.3 and extracted a PV slice along the spine using the
Vextractor python package (A. Ginsburg, T. Robitaille & C. 
eaumont 2016a ). We averaged over the spine width, 20 arcsec
MNRAS 550, 1–25 (2026)
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Large-scale Filamentary structures (LFs)

LF1

LF2

LF3

SF1

SF2

SF3

Small-scale Filamentary structures (SFs)

Figure 3. A morphological comparison of the three LFs and SFs is presented in the left panels, which highlights both their similarities (extended 
filamentary structures coherent in PPV space) and their differences (size scales). The right panels show PV diagrams extracted along the spines (shown 
as the white line along each filament in the left panels, described in Section 3.3 ), and show largely coherent structures in PV space. The left panels show 

HNCO 4(0,4)–3(0,3) moment 0 maps (over the velocity ranges listed in Table 2 ) of each structure rotated so that they are all roughly parallel. The position 
angle of the filament spines with respect to the Galactic plane is given in the top left of each image. The white stars denote the starting position used for 
the PV diagrams shown in the right panels. The white (black for SF 2) dashed line on the PV plots shows the fit used to calculate the filament velocity 
gradients (Table 2 ). The blue dotted lines in LF3 and SF3 represent alternate slopes (1.0 and 2.6 km s −1 pc −1 , respectively) to the velocity gradients 
provided in Table 2 . The SFs show clear contiguity over their short lengths, while the LFs have small gaps in the velocity contiguity over their 10 + pc 
lengths (most notably LF 1 in the centre). 
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or LFs and 10 arcsec for SFs, to create the PV diagrams. We
hen find the approximate slope of the bright PV emission by
rawing a best-fitting line between the start and end points of 
ach PV structure to determine a velocity gradient, shown as the
ashed line in the right panels of Fig. 3 . As seen in Fig. 3 the
Fs appear largely contiguous in PV space, with some gaps over
heir extended lengths. The SFs are fully contiguous, including
F 2, which is remarkably continuous in PV space, despite its
ore diffuse presentation in the moment 0 map. Though SF 2
hows a small divergence in the moment 0 map, the structure
s contiguous and bright across the entire spine in PV space. In
NRAS 550, 1–25 (2026)
able 2 we report on the approximate velocity gradients in each
f the structures. We note possible different slopes for portions of 
F 3 and SF 3 (1.0 and 2.6 km s −1 pc −1 , respectively) and show
hese with blue dotted lines in Fig. 3 . 
We calculate the HNCO 4(0,4)–3(0,3) central velocities and line
idths (FWHMs). The line width maps were obtained by tak-
ng the square root of the moment 2 (velocity dispersion) maps
f the HNCO 4(0,4)–3(0,3) sub-cubes. However, given the large
elocity ranges in the LFs and therefore multi-peaked spectra, it
as necessary to apply both spectral and spatial masks to isolate
he emission that is both associated with the structure and above
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he noise level in the sub-cube. To create the spectral mask, we
rst visually identified a flat part of the spectra where there was
o emission, in order to approximate an average noise value in
he spectral dimension, σ . A 3D noise mask is then constructed,
hich cuts out any pixels below a value of 3 σ across the entire
ub-cube. We then employ the scipy.ndimage library to first 
emove the jagged edges of the mask via the binary_erosion
unction, and then expand the mask to catch any signal that may
ave been cut in the previous step using binary_dilation .
he result is a spectral mask with smoothed edges that is more
ikely free from sharp artefacts from just a simple 3 σ cut. Once
he sub-cube had been masked in the spectral dimension, we 
alculated the line width FWHM using the spectral_cube 
ython package (A. Ginsburg et al. 2019 ), which finds the line
idth by taking the square root of the moment 2 map (M2 ) such
hat the FWHM is defined as 

WHM = √ 

M2 
√ 

8ln 2 . (2) 

Lastly, we apply a spatial mask to the calculated FWHM 

aps to isolate the shape of the structures in the HNCO 4(0,4)–
(0,3) moment 0 maps. We extract the spatial components of the
ask from the integrated intensity (moment 0) maps. We apply 
 Gaussian smoothing of 1 beam for all structures, and mask
he emission below a 4 σ cut (where σ is the local noise value).
he resulting masks cover the brightest parts of the moment 0 
mission, but still include superfluous, bright emission unassoci- 
ted with the structures. The extraneous emission is eliminated 
y bitwise multiplication of the smoothed contour-derived masks 
ith the hand-drawn masks created using Glue as described in 
ection 3.3 , leaving us with a moment 0 mask only associated
ith bright emission from each structure. The spatial masks are 
pplied to the FWHM maps to isolate the regions associated with
ach LF or SF. The average spectral line FWHMs for each struc-
ure are reported in Table 2 . The spectral line FWHMs fall in the
ange of 4–9 km s−1 , which lie within the standard size–linewidth
elationships for the CMZ (see Section 5.1 ). We note that D. M.
aré et al. ( 2026 ) find larger line widths for the LFs studied here
5–8 × larger). D. M. Paré et al. ( 2026 ) computed simpler, moment
-based structure estimates on larger-scale convolved data, result- 
ng in larger line widths. 
To analyse the association of our LFs and SFs with the overall
rbital motions of CMZ gas, we compare the structures’ spatial 
xtents and their average weighted velocities by plotting them 

n PPV space in Fig. 4 . We refer the reader to D. L. Walker
t al. ( 2025 ) and related resources for an interactive 3D CMZ
iewer. We apply the combined spatial masks detailed above to 
he moment 1 maps to extract centroid velocities at each pixel. 
e compare our extracted ( � , b, v) points for each pixel in the
NCO 4(0,4)–3(0,3) sub-cube with the scousepy spectral de- 
omposition of Mopra HNCO 4(0,4)–3(0,3) data from J. D. Hen- 
haw et al. ( 2016a ), discussed further in Section 4.2 . 

.5 Measures of the magnetic field alignment 

he alignment between the FIREPLACE magnetic field and the 
NCO 4(0,4)–3(0,3) filaments is first assessed qualitatively by 
ye, as seen in Figs 5 and 6 . It is then assessed quantitatively using
he Projected Rayleigh Statistic (PRS) method (D. L. Jow et al. 
018 ; J. D. Soler 2019 ), briefly summarized here. In this paper
e apply the PRS on sets of relative angles between the mag-
etic field orientation derived from FIREPLACE and the inten- 
ity structures of HNCO 4(0,4)–3(0,3) emission for the targeted 
lamentary structures. The intensity structures are characterized 
y their moment 0 gradient, which is perpendicular to the iso-
ntensity contours. We define the relative angle following J. D. 
oler et al. ( 2017 ): 

= tan −1 
( |∇I × ˆ E | 

∇I × ˆ E 

)
, (3) 

here ∇I is the gradient of the moment 0 distribution and ˆ E is
he unit polarization pseudo-vector, which is perpendicular to the 
agnetic field. 
We use the normalized alignment measure (AM) parameter 

ntroduced in D. F. González-Casanova & A. Lazarian ( 2017 ) and
. Lazarian & K. H. Yuen ( 2018 ): 

M = 〈 cos 2 φ〉 , (4) 

here AM is the AM evaluated over a set of n relative angles
 φ) as defined in equation ( 3 ). n is chosen to be all the relative
ngles coincident with the filament’s emission. A value of AM > 

 indicates a preferentially parallel alignment of the magnetic 
eld with the intensity structure. A value of AM < 0 indicates a
referentially perpendicular alignment of the magnetic field with 
he intensity structure. 

 RESULTS  

n this section, we report our results from the analyses described
bove. In Section 4.1 , we report on the morphology of the struc-
ures and in Section 4.2 , we discuss the coherence of the struc-
ures in both PV ( 4.2.1 ) and PPV space ( 4.2.2 ). The results of 
he magnetic field analysis are detailed in Section 4.3 , where
e discuss the orientation of the LFs with the magnetic field

 4.3.1 ) as well as the alignment measurement and HRO anal-
sis ( 4.3.2 ). Lastly, in Section 4.4 we report the comparison of 
he HNCO 4(0,4)–3(0,3) line intensities to other molecular lines 
ound with ACES. 

.1 The morphology of LFs and SFs 

e report on the physical sizes of the LFs and SFs in Table 2 .
y our selection and definition, the SFs have shorter projected 
engths, typically a few pc (1.3–3.4 pc), while the LFs have lengths
f tens of pc (10–49 pc). We note that we do not account for pro-
ection effects, so these lengths should be considered to be lower
imits (more in Section 5.5.1 ). The widths on the other hand are
ore similar between the structure classes. All filaments range 
etween 0.1 and 0.2 pc in their width (FWHM), except LF 3, with
 width of about 0.7 pc. 
The axis ratios are smaller for the SFs (between 14 and 21)

han the LFs (between 46 and 590). The curvature for all the
Fs is roughly the same (26–27◦) while the LFs vary from 29 to
1◦. The position angles reported in Table 2 indicate that all the
laments tend to be relatively aligned with the Galactic Plane, 
ith only two structures with position angles greater than 30◦ (SF 
 at 43◦ and LF 2 at 47◦). 
We note that we report different lengths and widths for the LFs

n this work than were found in D. M. Paré et al. ( 2026 ). D. M.
aré et al. ( 2026 ) provided simpler structure estimates that were
omputed on convolved data, resulting in different properties. For 
xample, they report larger filament widths than those reported 
ere due to the convolution. 
MNRAS 550, 1–25 (2026)
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Figure 4. The LFs identified in this work appear to trace the CMZ orbital streams, while the SFs are embedded within CMZ cloud structures. This image 
shows the LFs and SFs identified in this work on top of the kinematic decomposition of Mopra HNCO data created by J. D. Henshaw et al. ( 2016a ) (grey 
background points). The darkness of the grey points is proportional to the peak intensity of each point’s spectral component. The closed ellipse orbital 
model from D. L. Walker et al. ( 2025 ) is shown as a grey line. The coloured points correspond to LF 1 (red), LF 2 (orange), and LF 3 (yellow), SF 1 (green), 
SF 2 (cyan), and SF 3 (magenta). Light blue boxes are included to help identify the location of the SFs. The extraction of PPV points for the LFs and SFs 
is discussed in Section 3.4 . We refer the reader to D. L. Walker et al. ( 2025 ) and related resources for an interactive 3D CMZ viewer. 
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.2 The kinematic properties of LFs and SFs 

.2.1 LFs and SFs are largely coherent in both PP and PV space 

e report the central velocities, approximate velocity extents,
nd velocity gradients for each structure in Table 2 . The central
elocity is taken from the channel at the peak of emission within
he structure. The velocity extent is the range from the minimum
o maximum velocity channel where emission associated with
he structure is seen. We show the PV diagrams along the LF
nd SF spines in Fig. 3 ). The LFs are extended in velocity space,
panning a velocity range of 40–70 km s−1 . However, since they
re also quite long, their velocity gradients are small, ranging
rom 0.03 to 0.7 km s−1 pc−1 . The SFs are much more compact
nd only extend from 10 to 18 km s−1 . With their small lengths,
hough, their velocity gradients range from 0.6 km s−1 pc−1 to 2.3
m s−1 pc−1 . Nearby parsec-scale filaments in the Galactic disc
ave typical longitudinal velocity gradients of ∼ 1–2 km s−1 pc−1 

J. Bally et al. 1987 ; X. Lu et al. 2018 ; B. Hu et al. 2021 ), while the
arge-scale filaments in the disc show similar or smaller velocity
radients (S. E. Ragan et al. 2014 ). Overall, the velocity extents
NRAS 550, 1–25 (2026)
nd gradients of the LFs and SFs seem to be within the typical
ange expected for the respective scales within the Galactic disc. 
The LFs appear more diffuse in both PP and PV space com-
ared to the compact PV structure of the SFs seen in Fig. 3 ;
owever, they are coherent across their lengths. The LFs show
onsistent emission across their lengths in the HNCO 4(0,4)–
(0,3) PP and PV diagrams, with small gaps, most notably LF
 between 16 and 21 pc ( 0 . 5◦ � � � 0 . 55◦). Additionally, LF 3
as brighter emission on the right side of the PV diagram that
ould be consistent with an alternate slope (dashed cyan line: 1.0
m s−1 pc−1 ) compared with the main velocity gradient (white
ashed line: 0.6 km s−1 pc−1 ). 
The SFs are consistently bright and compact across their

engths in both the PP and PV diagrams (Fig. 3 ). SF 1 has mul-
iple bright peaks throughout. SF 2 has two potential paths in
P space, of which the lower was chosen, which shows bright,
oherent emission in PV space. Such filament twisting, splitting,
r merging has been seen in a number of filaments across spatial
cales, for example, > 10 pc scale Filament 5 from C. Zucker
t al. ( 2018 ) and the ∼ 1 pc scale G32.02 + 0.06 filament towards
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Figure 5. A qualitative comparison of POS magnetic field orientations from FIREPLACE (yellow lines) with the LFs shows that LF 1 ( top ) is mostly 
perpendicular, LF 2 ( middle ) is mostly parallel, and LF 3 ( bottom ) is mixed. Greyscale shows the HNCO 4(0,4)–3(0,3) moment 0 map (integrated over 
the velocity extent of the structure) with yellow line segments indicating magnetic field pseudo-vectors derived from the FIREPLACE survey. The line 
segment lengths are scaled by percentage polarization. Inset rectangles indicate the length of a pseudo-vector at the 5 per cent level and the 5 pc length 
scale. 
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 high-mass star-forming region in C. Battersby et al. ( 2014 ). SF 3
lso has multiple bright peaks and potentially a slightly diverging 
tructure in PV space, such that two velocity gradients were fit.
he white line is reported in Table 2 (0.6 km s−1 pc−1 ) while an
lternate, steeper slope can be seen in cyan (2.6 km s−1 pc−1 ). 
.2.2 The LFs trace the orbital streams in PPV space 

e compare the LFs in HNCO 4(0,4)–3(0,3) to the orbital streams
dentified via spectral line decomposition in J. D. Henshaw et 
l. ( 2016a ) (Fig. 4 ) of Mopra HNCO 4(0,4)–3(0,3) data. Similar to
MNRAS 550, 1–25 (2026)
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Figure 6. Few FIREPLACE POS magnetic field orientations overlap 
with the three SFs (SF 1 at top , SF 2 in the middle , and SF 3 on the 
bottom ), however those that do show relative angles of about 30◦ (SF 
2) and 90◦ (SF 3). HNCO 4(0,4)–3(0,3) moment 0 is shown in greyscale 
with the magnetic field orientation displayed as yellow line segments. The 
locations of the SFs within the larger fields of view are indicated with 
green rectangles. The extent of SF 2 is marked as a red shape since it is 
not bright in HNCO moment 0, as shown in the middle panel. Inset boxes 
show scale bars of 0.5 pc. 
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ther literature LFs (e.g. C. Zucker et al. 2015 , 2018 ; N. Schneider
t al. 2010 ), these structures show small gaps. The J. D. Hen-
haw et al. ( 2016a ) scousepy decomposition shows the over-
ll view of the dense CMZ gas. In Fig. 4 the centroids of the
ndividual spectral line components are shown as grey points,
NRAS 550, 1–25 (2026)
ith a darkness directly proportional to their peak intensity.
e describe the method for extracting PPV points of the LFs
nd SFs in Section 3.4 . These LF and SF points are shown in
 rainbow of colours, with cyan boxes surrounding the SFs. All
f the LFs and SFs are associated with structures in the J. D.
enshaw et al. ( 2016a ) decomposition, with the LFs largely on
op of the orbital streams. The D. L. Walker et al. ( 2025 ) CMZ
rbital model is shown as a grey closed ellipse in Fig. 4 for
eference. 
LF 1 is shown as red points in Fig. 4 and lies along a dense, high
elocity stream that is below the dust ridge in PP space (see Fig. 1 ),
ut closely follows the orbital ellipse from D. L. Walker et al.
 2025 ). The dust ridge is seen in the PPV plot in lower velocity
hannels with a higher Mopra HNCO scousepy centroid point
ensity. SF 3 (magenta points in Fig. 4 ) is embedded within the
ust ridge between clouds d and e/f in PP space, however its
entral velocity is slightly lower ( −4.0 km s−1 ) than cloud d (19
m s−1 ) or cloud e/f (28 km s−1 ) (C. Battersby et al. 2025a ; D. L.
alker et al. 2025 ). 
SF 2 (cyan points in Fig. 4 ) lies within a complex network of SFs

see middle panel of Fig. 2 ) in the Sgr B2 Extended region. This
egion contains a very high density of points from J. D. Henshaw
t al. ( 2016a ) that is extended in PPV space. The existence of a
mall, highly coherent filamentary structure (SF 2) within the
mmense kinematic complexity of this region, just southeast of 
gr B2, is worthy of further study. 
SF 1 (green points in Fig. 4 ) was selected to be a highly isolated
tructure just west of the M0.8-0.2 Ring (M. Tsuboi et al. 2015 ; M.
onhebel et al. 2024 ; N. O. Butterfield et al. 2024b ). In the PPV
lot, we confirm that it is isolated and associated with a small
luster of points identified by J. D. Henshaw et al. ( 2016a ) in their
cousepy decomposition. At a central velocity of 4.4 km s−1 , SF
 is at a lower velocity than the M0.8-0.2 Ring’s systemic velocity
f 37.5 km s−1 (M. Nonhebel et al. 2024 ), Sgr B2 (62 km s−1 ),
nd Sgr B2 extended (28 or 58 km s−1 ) (D. L. Walker et al. 2025 ).
owever, its line width (see Table 2 of 7.3 km s−1 ) is consistent
ith a position within the CMZ (see Section 5.1 ). 
LF 2 (orange points in Fig. 4 ) shows an intriguing velocity
ignature: it is relatively close in PPV space to SgrA ∗ and has an
xtended velocity structure spanning −22 to 20 km s−1 . The ve-
ocity extent of LF 2 nearly connects it from SgrA ∗ (lower velocity
hannels) to the x2 orbital ellipse model from D. L. Walker et al.
 2025 ) (upper velocity channels). Such extended velocity features
EVFs) have been hypothesized to be critical exchange points
etween CMZ orbital families (M. C. Sormani et al. 2019 ). EVFs
n ACES data are the subject of a follow-up publication (Lipman
t al., in preparation). LF 2 is co-located with a small cluster of 
oints identified previously in HNCO 4(0,4)–3(0,3) with Mopra
J. D. Henshaw et al. 2016a ). 
Lastly, LF 3 (yellow points in Fig. 4 ) is at very negative velocities

owards the edge of the orbital streams (D. L. Walker et al. 2025 )
nd follows the kinematically identified structures from J. D.
enshaw et al. ( 2016a ) very well. LF 3 is associated with a region
f the CMZ, colloquially referred to as the ‘wiggles’, identified
n J. D. Henshaw et al. ( 2016c ) as an area where gravitational
nstabilities could result in a sinusoidal pattern in velocity space,
s can be seen in the PV diagram in Fig. 3 . 
Overall, LFs 1 and 3 trace our best guess at the current 3D
MZ orbital model well in PPV space, and not just individual
oints, but over their entire > 10 pc lengths. LF 2 also lies near
he orbital model, however, its velocity extent may connect the
rbital stream with the region surrounding Sgr A ∗. SFs 2 and 3
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re associated with CMZ molecular clouds, and SF 1 is isolated
n both position and velocity space. 

.3 Connection with magnetic fields 

.3.1 Qualitative comparison of POS magnetic field with filament 
rientations 

e now compare the orientation of the LFs and SFs with the
agnetic field orientation derived from FIREPLACE. The mag- 
etic field derived from FIREPLACE is known to largely trace 
he far-infrared dust emission (D. Paré et al. 2024 ). Therefore, in
 follow-up work, we compare the FIREPLACE magnetic field 
rientations with the far-infrared dust emission (D. M. Paré et al. 
026 ). We note that the comparison of the alignment (parallel ver-
us perpendicular) of filament axes and magnetic field directions 
s subject to significant projection effects. We direct the reader 
o Sections 5.5.1 and 5.5.2 for more details on these geometric 
imitations. 
As the first step in our comparison of filament orientation 
ith POS magnetic field orientations, we qualitatively assess 
hether or not the magnetic field derived from FIREPLACE 

races the selected LFs and SFs. Fig. 5 presents the HNCO 4(0,4)–
(0,3) moment 0 maps of LF 1 (top), LF 2 (middle), and LF
 (bottom) with the FIREPLACE pseudo-vectors overlayed as 
ellow line segments. We report our overall assessment of the 
elative magnetic angle for each structure in the last column of 
able 2 . 
In the top panel of Fig. 5 , we see that for LF 1, the magnetic
eld is largely perpendicular to the filament orientation, partic- 
larly in regions with lower moment 0 intensity. In regions of 
igher moment 0 intensity the magnetic field orientation tends to 
e more parallel and the percentage polarization measurements 
re generally lower ( < 2 per cent). However, we observe an en-
ancement in percentage polarization ( > 5 per cent) at � = 0 . 5 ◦,
 = −0 . 1 ◦ which is where the moment 0 intensity of the filament
s weakest. While there is significant variation in both the per-
entage polarization and the filament orientation, we conclude 
hat the magnetic field is generally perpendicular to the filament 
rientation. 
LF 2 is shown in the middle panel of Fig. 5 , which shows

hat the magnetic field is generally well-aligned (parallel) with 
his structure. In fact, the magnetic field even appears to curve 
o follow the filament orientation where the structure exhibits a 
ink at ( �, b) = (0.01◦, −0 . 01◦). However, the curvature of the
agnetic field is observed throughout the larger field of view, 
o this curvature could be a result of a foreground or large-scale
tructure (see Section 5.5.2 ). We see a systematically larger per-
entage polarization ( p ∼ 3–5 per cent) in Northern Galactic lat-
tudes for LF 2 compared to the Southern extent of the structure.
n the Southern region the percentage polarization is generally 
nly 1−2 per cent. 
In the bottom panel of Fig. 5 , one can see that the magnetic
eld local to LF 3 shows a mix of parallel, perpendicular, and
ther rotations with respect to the filament. The POS magnetic 
eld orientations are parallel to the filament orientation in the 
orthernmost portion of the filament. Progressing South along 
he filament length are many regions where the magnetic field 
s either rotated or perpendicular with respect to the filament 
rientation. The magnetic field local to LF 3 displays more spatial
ariation than what is observed for the other two LFs. Percentage 
olarization is generally constant along the length of LF 3, with
alues ranging from 1 per cent to 2 per cent. We do, however,
bserve larger polarization percentages of ≥5 per cent on either 
ide of the LF. This is especially apparent in the southern-most
ortion of the LF at � = 359 . 45◦. Looking throughout the length
f the structure, there does appear to be a channel of decreased
ercentage polarization that traces the moment 0 intensity of LF 
, similarly to what was found for LF 1. 
LF 3 crosses one of the prominent non-thermal filaments 

NTFs) that are observed throughout the GC (e.g. F. Yusef- 
adeh & M. Morris 1987a ; F. Yusef-Zadeh et al. 2022 ; D. M. Paré,
. C. Lang & M. R. Morris 2022 ). The location and orientation
f this NTF is shown as a green rectangle in the bottom panel
f Fig. 5 . While we see highly polarized vectors that may be
ssociated with the NTF above and below LF 3, neither the HNCO
oment 0 structure nor the FIREPLACE magnetic field pseudo- 
ectors that coincide with the LF appear to be influenced by the
resence of this NTF. 
Fig. 6 shows zoom-ins of all three of the chosen SFs. The SFs
re small structures, and because of the lower resolution of the
IREPLACE survey (19.6 arcsec) few pseudo-vectors coincide 
ith the SFs. In fact, there are no pseudo-vectors coinciding with
F 1 (upper panel of Fig. 6 ). We are therefore unable to evaluate
ow the magnetic field compares to the orientation of this struc-
ure. 
SF 2 is shown in the middle panel of Fig. 6 . This SF is very

aint in the larger HNCO moment 0, but is more obvious in the
maller velocity range moment 0 or peak intensity maps (Figs 1
nd 2 ). To more clearly demonstrate its extent on this plot, the
utline of SF 2 in peak intensity is shown as a red contour in
ig. 6 . The orientation of the SF is aligned with the orientation
f the rectangular box marking its location in the middle panel
f Fig. 6 . The magnetic field subtends a 30◦ angle with respect to
he orientation of this SF. 
SF 3 is shown in the bottom panel of Fig. 6 . We observe

oughly four Nyquist-sampled pseudo-vectors that coincide with 
his structure. The two eastern pseudo-vectors are perpendicu- 
ar to the SF orientation, and the two western pseudo-vectors 
ubtend an angle of ∼ 30◦ with respect to the SF orientation. 
here is an apparent gradient of magnetic field orientation where 
he pseudo-vectors are increasingly aligned with the structure 
rom east to west. The orientation of these vectors matches the
arger-scale field pseudo-vectors so may be related to larger-scale 
rocesses. 

.3.2 Histogram of relative orientation analysis of magnetic field 
lignment with filaments 

e use the PRS method proposed by (D. L. Jow et al. 2018 , see
lso Section 3.5 ) to quantitatively analyse the relative orientation 
etween the local intensity structure of the LFs and the mag-
etic field revealed by the FIREPLACE survey as discussed in 
ection 3.5 . To match the resolution of SOFIA data, we convolved
he integrated intensity (moment 0) maps of HNCO from ACES 
ata to the 19.6 arcsec resolution of the FIREPLACE survey to
erive the intensity gradient. 
To investigate the trend of AM with intensity, we calculate AM

n different intensity bins, each with an equal number of data
oints. The typical number of pixels per bin is ∼100. Since the
xtent of the SFs is about 2 pc ( ∼ 50 arcsec , at the distance of 
.2 kpc), we don’t have adequate POS magnetic field orientations 
long the SFs for statistical analysis. We therefore only display the
M results for the three larger LFs studied in this work. Fig. 7
MNRAS 550, 1–25 (2026)
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Figure 7. A quantitative comparison of structure alignment with magnetic field shows a range of orientations between the LFs and FIREPLACE 
magnetic field pseudo-vectors. Plots of the AM calculated for LF 1 (top left), LF 2(top right), and LF 3 (bottom left). The bottom right plot displays 
the average AM values found for the three LFs. The values AM > 0 and AM < 0 correspond to the magnetic field being oriented preferentially parallel 
or perpendicular to the iso-intensity contours, respectively. 
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resents the behaviour of AM in different intensity bins for each
f the three LFs. We also show the average AM over the set of 
hree LFs. 
In Fig. 7 we see a range of AM trends for the different LFs. Here
e describe some trends, but first note that most AM values for
he three LFs are close to zero. A value of zero would represent
 random distribution of relative orientation, and considering
he uncertainties, we consider these to be possible, not definitive
rends. The quantitative results discussed in this section are in
greement with the qualitative orientation comparison presented
n Section 4.3.1 . 
LF 1 exhibits negative AM values at lower integrated intensity

egimes, indicating a preferentially perpendicular magnetic field
rientation compared with intensity structure. At the highest in-
egrated intensity regime, however, the AM transitions to positive
ndicating a parallel preferential orientation between magnetic
eld and intensity structure. The opposite trend is observed for
F 3, where the AM is initially positive at lower integrated inten-
ity regimes and then becomes negative in the highest integrated
ntensity regime. Meanwhile, the AM values in LF 2 are positive,
eaning that the magnetic field is preferentially aligned with
parallel to) the intensity structures. We determine the average
M values for the range of integrated intensity regimes studied
n the individual LFs. The average AM distribution is shown in
he lower right panel of Fig. 7 . The average trend exhibits negative
Ms in the lower integrated intensity regimes and largely positive
Ms at higher intensity regimes. The connection between the
agnetic field and the LFs is explored in more detail in D. M. Paré
t al. ( 2026 ) where a larger sample of LFs is studied. For the LFs
NRAS 550, 1–25 (2026)
hat overlap with D. M. Paré et al. ( 2026 ) we find a ∼70 per cent
verlap in filament masks. 

.4 Comparison with other molecular emission lines 

e compare the distribution and brightness of the HNCO 4(0,4)–
(0,3) integrated line intensity in the SFs and LFs with other
olecular tracers included in ACES: SiO (2–1), CS (2–1), SO 3(2)–
(1), HC3 N (11–10), H13 CO+ (1–0), and H13 CN (1–0). Their spec-
roscopic parameters are summarized in Table 1 . For the com-
arison, all data sets were reprojected into a common spatial
rid. We then integrated over the velocity extent (Table 2 ) of 
ach object for each molecular tracer. In this work, we present
omparative figures and discussion for SF 1 only, as it is the
ost isolated and therefore simplest of the sample. We leave
 more detailed analysis of the other structures for follow-up
orks. We present overall line ratios and correlation coefficients
n Table 3 for all three LFs and all three SFs, described later in this
ection. 
Fig. 8 compares the spatial distribution of the HNCO 4(0,4)–
(0,3) integrated line intensity (background) with that of the
ther molecular tracers (coloured contours) in ACES for SF 1.
ost of the molecular emission roughly follows the spatial dis-
ribution of the HNCO 4(0,4)–3(0,3) gas, with the exception of 
he H13 CO+ (1–0) emission showing a more clumpy distribution
cross the entire region. The physical conditions along SF 1 seem
o vary, with most of the brightest integrated intensities found
owards its northern part. The distribution of the HC3 N (11–
0) emission tracing warmer gas (A. Rodriguez-Franco, J.



ACES filaments in the CMZ 15

Table 3. Integrated line intensity ratios with HNCO. 

Object SO 3(2)–2(1) HC3 N (11–10) SiO (2–1) H13 CN (1–0) H13 CO+ (1–0) CS (2–1) 

LF 1 1.21 1.48 1.14 0.97 2.69 0.26 
LF 2 0.96 1.03 1.06 0.69 2.20 0.22 
LF 3 1.21 2.38 2.10 0.87 2.51 0.17 
SF 1 3.27 6.34 3.99 4.02 – 1.10 
SF 2 3.72 4.66 5.37 4.68 8.57 1.41 
SF 3 3.21 4.06 4.60 5.81 10.16 1.41 

Note. For each object, integrated line intensity (average moment 0, or W , in units K km s−1 ) 
ratio (HNCO/line) for emission within the masked area (see Sections 3.3 and 3.4 ), with 
W > 2 K km s−1 . Fig. 10 (left) summarizes this table. 
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artin-Pintado & A. Fuente 1998 ; E. F. van Dishoeck & M. R.
ogerheijde 1999 ; S. Martín et al. 2008 ; J. F. Chapman et al. 2009 ;
. Miettinen 2014 ; Y.-X. He et al. 2021 ), with critical density com-
arable to that of the HNCO 4(0,4)–3(0,3) transition (see Table 3 ),
s heavily concentrated towards the north, and almost completely 
bsent in the south, suggesting the presence of a temperature 
radient. In its northern part, the brightest SiO (2–1) emission 
onnects, at least in projection, with another structure around � 
0 . 726◦, b ∼ −0 . 193◦ showing similar levels of SiO (2–1) emis-

ion, suggesting the presence of shocks. To derive the exact excita- 
ion conditions of the gas along SF 1, complementary data (more
ransitions of the same species) are needed. 
In order to investigate the kinematics in the central region 
f SF 1, the orange rectangle (3.5 arcsec ×16.5 arcsec) in each
anel of Fig. 8 is used to produce the PV diagrams in Fig. 9 .
ach PV diagram was generated by integrating the emission of 
ach line within the defined area along the short spatial axis of 
he rectangle. Each panel of Fig. 9 shows HNCO 4(0,4)–3(0,3) in
ackground greyscale and other molecular tracers as coloured 
ontours. 
In Fig. 9 , the brightest HNCO 4(0,4)–3(0,3) emission (back- 
round) is broad along the radial velocity axis, extending from ∼
 3 km s−1 to ∼ + 9 km s−1 . At the same time, it originates from
 narrow angular scale (with a peak between angular offsets of 
6 arcsec and ∼9 arcsec). This is consistent with gas affected by
trong turbulence, which are typical conditions of the gas within 
he CMZ. Most of the molecular gas traced by the rest of the ACES
pectral lines (contours) closely follows the HNCO 4(0,4)–3(0,3) 
mission distribution. In particular, the SiO (2–1), HC3 N (11–10), 
13 CO+ (1–0), and H13 CN (1–0) emissions appear quite clumpy 
n phase-space, while the CS (2–1) emission is the most extended 
mong all observations. Interestingly, the H13 CO+ (1–0) emission 
trongly anti-correlates with the HNCO 4(0,4)–3(0,3) emission, 
urrounding it in phase-space, possibly reflecting different excita- 
ion mechanisms or strong opacity effects. The SO 3(2)–2(1) emis- 
ion distribution is smooth, resembling a single gas structure, 
imilar to that seen in SiO (2–1), and slightly red-shifted with re-
pect to the HNCO 4(0,4)–3(0,3) bulk emission, suggesting simi- 
ar excitation mechanisms. No evident large-scale expanding mo- 
ions (e.g. arc-like signature for bubbles, faint high velocity com- 
onents for outflows, etc.; D. Lutz et al. 2020 ; M. Luisi et al. 2021 ;
. K. Stuber et al. 2021 ; L. Bonne et al. 2022 ) are present in the
entral part of SF 1, in any of the observed transitions, suggesting
hat the gas kinematics for SF 1 is likely dominated by the ambient
urbulence and not by a local source. A similar analysis for the
est of the objects listed in Table 2 is intended for a follow-up
ublication. 
n

Fig. 10 (left) shows the integrated line intensity ratios 
HNCO/X molecular species) (see Table 3 for the tabulated val- 
es). We order the ratios according to the Spearman correlation 
ank values for LF2 and LF3 (see Fig. 10 (right)). We determine
he ratios for emission within the masked area (Sections 3.3 and
.4 ) where W (line) and W (HNCO 4(0,4)–3(0,3)) > 2 K km s−1 .
he lowest ratios for both LFs and SFs are those with CS (2–1),
hile the highest ratios are those with H13 CO+ (1–0). We note 
hat for SF1 the number of pixels with W(H13 CO+ (1–0)) > 2 K
m s−1 is negligible, so we do not include this in our analysis.
or every ratio, the SFs show systematically higher values than 
Fs, i.e. the HNCO 4(0,4)–3(0,3) emission is enhanced in SFs 
ith respect to the other lines, compared to LFs. This suggests
hat line intensity ratios may help to distinguish the SF and LF
opulations. 
Fig. 10 (right) shows the Spearman rank correlation coeffi- 
ients, ρ. 2 We find that the strongest correlations are those be-
ween HNCO 4(0,4)–3(0,3) and SO 3(2)–2(1), for all the struc- 
ures, followed by HC3 N (11–10) and SiO (2–1). We note that
he H13 CO+ (1–0) emission in SF1 is especially faint and clumpy, 
ikely noise dominated (see Fig. 8 ), so we do not include it in
he analysis. SF2 is located in the Sgr B2 extended region (see
iddle panels in Fig. 1 ). The complexity of Sgr B2 may explain
he generally low ρ ( ∼ 0) found for SF2. Interestingly, this object
as the largest velocity gradient and the highest median N(H2 ) 
see Table 2 ). Overall, LFs show higher ρ than SFs, which show
 larger scatter and include cases with weak or no correlation.
espite the larger spatial extent of LFs, their molecular emis- 
ion shows moderate to strong correlations across most lines, 
uggesting a relatively coherent chemical structure over parsec 
cales. The correlation ranks between HNCO 4(0,4)–3(0,3) and 
13 CN (1–0), and between HNCO 4(0,4)–3(0,3) and H13 CO+ (1–
) are especially useful to differentiate the SF and LF populations.
s a summary, this analysis shows that we can differentiate the SF
nd LF populations using line intensity ratios and the Spearman 
orrelation rank. 
HNCO is usually a good tracer of low velocity shocks (e.g.
. J. Rodríguez-Fernández et al. 2010 ; G. Kelly et al. 2017 ) and
ts gas-phase abundance is the result of grain mantle evapora- 
ion induced by shock waves. Another excellent tracer of (high- 
elocity, ∼ 20 −50 km s−1 ) shocks is SiO (e.g. J. Martin-Pintado
MNRAS 550, 1–25 (2026)

ot monotonic. 
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Figure 8. A comparison between HNCO 4(0,4)–3(0,3) and a variety of molecular species seen with ACES in SF 1 largely shows good correlation, but 
with some interesting exceptions and potential trends. Integrated intensity maps of HNCO 4(0,4)–3(0,3) (background) from −5 km s−1 to + 13 km s−1 
and SiO (2–1), CS (2–1), HC3 N (11–10), H13 CO+ (1–0), SO 3(2)–2(1), and H13 CN (1–0) (contours) of SF 1. Contour levels are listed as (species: minimum, 
increment, number of contours) in the following for their reconstruction in units of Jy beam−1 km s−1 : (SiO (2–1): 0.016, 0.033, 10); (H13 CO+ (1–0): 
0.013, 0.007, 10); (CS (2–1): 0.022, 0.099, 10); (SO 3(2)–2(1): 0.023, 0.047, 10); (HC3 N (11–10): 0.012, 0.027, 10); and (H13 CN (1–0): 0.019, 0.034, 10). The 
minimum contour in each case is calculated as the average standard deviation between the two low-emission regions depicted by the dashed-line black 
squares. The orange rectangle represents the area used to produce the PV diagrams in Fig. 9 , with the origin depicted by the black arrow. The ALMA 

synthesized beam size is shown as a red ellipse for the HNCO 4(0,4)–3(0,3) transition, and as black open-dashed ellipses for the other species. 
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Figure 9. A comparison of the HNCO 4(0,4)–3(0,3) PV diagram across SF 1 (from Fig. 8 ) with other molecular line species shows that most molecular 
lines generally follow the HNCO 4(0,4)–3(0,3), however, with some interesting deviations. PV diagrams of HNCO 4(0,4)–3(0,3) (background), SiO (2–1), 
CS (2–1), HC3 N (11–10), H13 CO+ (1–0), SO 3(2)–2(1), and H13 CN (1–0) (contours) of SF 1 from the area represented by the orange rectangle in Fig. 8 . 
Contour levels are listed as (species: minimum, increment, number of contours) in the following in units of Jy beam−1 km s−1 : (SiO (2–1): 0.0020, 0.0020, 
8); (H13 CO+ (1–0): 0.0010, 0.0010, 7); (CS (2–1): 0.0100, 0.0050, 8); (SO 3(2)–2(1): 0.0050, 0.0030, 9); (HC3 N (11–10): 0.0005, 0.0012, 7); and (H13 CN (1–0): 
0.0010, 0.0020, 7). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/550/3/stag1119/8706659 by guest on 30 July 2026



18 C. Battersby et al.

M

Figure 10. For each object, (left) a comparison of the integrated line intensity (average moment 0, or W , in units K km s−1 ) ratio (HNCO/line) 
and (right) the Spearman correlation rank between W (line) and W (HNCO), for emission within the masked area (see Sections 3.3 and 3.4 ), with 
W > 2 K km s−1 , we note that for SF1, the number of pixels with W(H13 CO+ (1–0)) > 2 K km s−1 is negligible. Circle redish markers show the ratio 
values for LFs, and square blueish markers for SFs. The values for the line intensity ratios are tabulated in Table 3 . Correlations with ρ > 0 . 6 , in darker 
red highlight strong correlations, correlations in light orange-red show moderate correlations ( ρ = [0.4–0.6]), and those with ρ = ( −0.2, 0.4), in blue, 
show that there is no monotonic/linear correlation. 
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3 If one of these objects were foreground, the ACES spatial resolution 
would correspond to an even smaller physical size, which would imply 
an even smaller linewidth based on the size–linewidth relationship. 
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t al. 1992 ). SiO abundance is specifically enhanced by sputtering
f silicate grains, hence, bright SiO emission often traces shocked
olecular gas (e.g. I. Jiménez-Serra et al. 2005 , 2008 , 2010 ). In
he Galactic Centre, the characteristics (size and H2 densities)
f the SiO emission regions are different from those observed in
he Galactic disc, interpreted as evidence for large-scale or global
hocks (J. Martín-Pintado et al. 1997 ). These two shock tracers
HNCO and SiO) are chemically different, and the line intensity
atio between HNCO and SiO should trace how fast, or strong, the
hock is in each region (G. Kelly et al. 2017 ; Y.-X. He et al. 2021 ;
. Y. Huang et al. 2023 ). Therefore, we could explain the higher
NCO 4(0,4)–3(0,3)/SiO (2–1) ratios in the three SFs, compared
ith the three LFs, if shocks are faster (stronger) in the LFs. If 
hocks in the SFs 2 and 3 are especially slower (weaker), a lower
bundance of SiO is thus expected along the SF, which would
lso explain the low correlation (Spearman rank correlation co-
fficients of −0.19 and 0.30) between HNCO 4(0,4)–3(0,3) and
iO (2–1) in these regions. On the other hand, in the LFs, where
he HNCO 4(0,4)–3(0,3)/SiO (2–1) ratio is lower, the SiO abun-
ance would be higher indicating the presence of higher-velocity
hocks (I. Jiménez-Serra et al. 2008 ; G. Kelly et al. 2017 ) and a
etter match between these two shock tracers ( ∼0.5–0.7). An in-
epth analysis of the chemistry of these objects is intended for a
ollow-up publication. 

 DISCUSSION  

.1 These filamentary structures are most likely located 
ithin the CMZ 

e consider the observed properties of the filamentary struc-
ures reported in this work and assess whether or not they are
ocated within the CMZ. The evidence we consider for each
tructure is: the HNCO 4(0,4)–3(0,3) spectral line width, the
resence of shocked gas tracers, and possible association with
nown CMZ features. Based on this evidence, we assert that it is
NRAS 550, 1–25 (2026)
ikely that each of these filamentary structures is located within
he CMZ. 
The first piece of evidence we evaluate is the HNCO 4(0,4)–
(0,3) spectral linewidth (FWHM; Table 2 ), which is the average
eam-scale linewidth of each structure over its entire mask (see
ection 3.4 ). Molecular gas in the CMZ tends to be more turbulent
n parsec scales than in the disc of the Galaxy by an order of 
agnitude (M. Heyer & T. M. Dame 2015 ; R. Shetty et al. 2012 ;
. Kauffmann et al. 2017 ), meaning that the spectral linewidth is
n often-used tool for discerning CMZ versus foreground objects.
he size–linewidth relation in the CMZ follows an approximate
rend of σ = σ0 R0 . 7 (R. Shetty et al. 2012 ), and J. Kauffmann et al.
 2017 ) reported a best-fitting intercept of σ0 = 5 . 5 ± 1 . 0 km s−1 .
he ACES data have an FWHM spatial resolution of 0.1 pc at
he distance of the CMZ, 3 which we convert to an effective ra-
ius (as in R. Shetty et al. 2012 ) using equation ( 1 ), which gives
eff = 0 . 06 pc . At this size scale, the characteristic CMZ linewidth
ased on the above expression is σ = 0 . 8 km s−1 or FWHM = 1 . 8
m s−1 . In all cases, the average structure FWHM is at least 2 ×
his value. 
Secondly, we consider the detection of molecular line species
hich trace dense gas, hot gas, and shock chemistry as additional
vidence suggesting a likely placement within the CMZ. The fil-
mentary structures were identified as significant detections in
NCO 4(0,4)–3(0,3), which traces low-velocity shocks and dense
as (references in Table 1 ). The line ratios for each object with six
ther molecular species are reported in Table 3 . The results in the
able clearly show that these filaments are seen in a wide vari-
ty of molecular lines, including SiO (2–1) (tracing high-velocity
hocks), SO 3(2)–2(1) (tracing shocks/dense gas), and HC3 N (11–
0) (tracing low velocity shocks/dense gas). 
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Finally, some of the filamentary structures (LF 1, LF 3, SF 2,
nd SF 3) have clear associations with known CMZ structures 
hile others have only a tentative association (LF 2 and SF 1). We
escribe the associations of LF 1, LF 3, SF 2, and SF 3 in the next
ection ( 5.2 ), which all appear to be nested within well-known
MZ structures. On the other hand, SF 1, while near the M0.8-
.2 ring region (M. Nonhebel et al. 2024 ), is much more isolated.
owever, its average line width ( FWHM = 7 . 3 km s−1 ; Table 2 )
nd bright emission across shock-tracing molecular species (Ta- 
le 3 and Figs 8 and 9 ) suggest that it is still likely within the CMZ.
inally, LF 2 does not lie directly on an orbital stream (Fig. 4 ),
owever, it may connect the SgrA ∗ region with the orbital stream
s an EVF. Additionally, its line width ( FWHM = 8 . 5 km s−1 ; Ta-
le 2 ) and emission in many molecular species (Table 3 ) similarly
ndicate a likely position within the CMZ. 

.2 Connection with the 3D structure of the CMZ 

he motion of the dense gas in the CMZ is often described in
erms of either orbital streams or a twisted ellipse on which the
ulk of gas and molecular clouds tend to follow on the projected
lane of the sky (Y. Sofue 1995 ; S. Molinari et al. 2011 ; J. M. D.
ruijssen et al. 2015 ; J. D. Henshaw et al. 2016a ; M. C. Sormani &
. T. Barnes 2019 ; Y. Sofue 2022 ; D. Lipman et al. 2025 ; D. L.
alker et al. 2025 ). As reported in Section 4.2 , LF 1 and LF 3 fol-
ow these orbital streams in PPV space. The orbital stream plotted 
n Fig. 4 was a by-eye best-fitting ellipse calculated by D. L. Walker
t al. ( 2025 ) based on the results of the 3DCMZ paper series (C.
attersby et al. 2025a , b ; D. Lipman et al. 2025 ; D. L. Walker et al.
025 ). This paper series focuses on dense CMZ gas contained 
ithin molecular clouds. However, the correspondence between 
his orbital model and the extended streams which we identify 
s LF 1 and LF 3 in this work in PPV space is encouraging. We
herefore suggest that using LFs to help define and fit the 3DCMZ
rbital streams may be a fruitful avenue for pursuit. 
LF 1 exists below the Sgr B2 region in PP space, but appears

n much higher velocity channels than typically associated with 
he dust ridge. Clouds along the dust ridge show strong evidence 
n favour of lying on an orbital stream on the near side of the
MZ in front of SgrA ∗ (M. J. Reid et al. 2009 ; F. Nogueras-Lara
t al. 2021 ; D. Lipman et al. 2025 ; D. L. Walker et al. 2025 ) The
osition of LF 1 in PPV space places it near the edge of most
roposed geometric orbits, and likely on the far-side of the orbit
Y. Sofue 1995 ; S. Molinari et al. 2011 ; J. M. D. Kruijssen et al.
015 ; D. L. Walker et al. 2025 ; D. Lipman et al. 2025 ). LF 1 also
xhibits a similar velocity dispersion and longitudinal length as 
F 3, which appears to be associated with the ‘wiggles’ region. 
he wiggles region displays significant quasi-periodic variability 
n velocity space, possibly driven by gravitational instabilities to- 
ards the edge of the orbital stream (J. D. Henshaw et al. 2016c ;
. D. Henshaw et al. 2020 ). 
As described in some detail in Section 4.2.2 , LF 2 is at an

ntriguing point in PPV space and unravelling the origin of this
tructure could affect our understanding of accretion towards 
r outflow from the central region of the Galaxy. LF 2 lies just
bove the 50 km s−1 cloud in PP space, and at an angle of 47◦,
s the most inclined of our filament sample. In velocity, LF 2 is
entred at −9.6 km s−1 , about 60 km s−1 from the orbital stream
containing LF 1 and the 50 and 20 km s−1 clouds) closest to
t in position. However, its upper velocity extends to 20 km s−1 ,
early connecting the region surrounding SgrA ∗with this orbital 
tream. Its large velocity extent (44 km s−1 ) over a relatively small
ongitude extent (about 0.03◦) would classify it as an EVF (see e.g.
. C. Sormani et al. 2019 ). Such structures are the topic of an
CES paper in preparation where their nature will be described 
n more detail (Lipman et al., in preparation). 
Both SF 2 and SF 3 appear to be kinematically related to clouds
long the ‘dust ridge’. SF 2 lies deep within a complex filamentary
etwork in the Sgr B2 extended region (see middle panels of Fig.
 ). The nature of this region, and why it is home to this complex
lamentary network, is not presently known. SF 3 connects dust 
idge clouds d and clouds e/f. Morphologically (bottom plot in 
ig. 2 ), SF 3 appears as a stretched-out filament parallel to the
alactic plane and loosely connecting these two clouds, like the 
tretchy dough remaining as you pull apart two lumps. The broad
elocity width in PV space agrees with potential stretching of the
louds along the continuous dust ridge feature. 

.3 Connection with inflow, shear, and ‘overshooting’ 
tructures in the CMZ 

he gas structures of the CMZ are strongly influenced by the
MZ’s unique place in the Galaxy, and it may be the case that
he structures identified in this work emerge from the dynamical 
nteractions between clouds and their environment. 
In the previous section ( 5.2 ) we describe that LFs 1 and 3 reside

n close correspondence to the bulk gas content of orbital streams
een in Fig. 4 . They also lie in proximity to the proposed apocen-
res of the CMZ streams, sites where collisions may occur with
nflowing material (S. N. Longmore et al. 2013 ; L. D. Anderson
t al. 2020 ; J. Wallace et al. 2022 ). Hydrodynamic simulations
f these locations in the CMZ orbits have also shown increased
hear and turbulence in these locations (M. C. Sormani et al.
020 ; R. G. Tress et al. 2020 ; H. P. Hatchfield et al. 2021 ). In this
egion, one might expect to see extreme shear in CMZ clouds and
iolent collisions (e.g. R. G. Tress et al. 2020 ; H. P. Hatchfield et al.
021 ) with other gas in the stream, leading to increased density
nd velocity dispersion. The extreme shear in the structures can 
lso be seen in the molecular line data from Table 1 . LFs 2 and 3
oth show moderate to strong correlations between the HNCO 

mission and other shock tracers such as SiO and HC3 N. The
trong correlations may suggest that these regions represent the 
ocations of the strongest shock interaction in the shear motions 
xperienced by the gas along the orbital streams or in the shocks
nduced by the accretion or overshooting gas on CMZ clouds. 
LF 2 is a particularly interesting source with respect to its
PV structure and chemistry. The structure has strong Spearman 
orrelation coefficients between HNCO 4(0,4)–3(0,3), SO 3(2)–
(1) (0.65), and HC3 N (11–10) (0.7), indicating the gas is strongly
hocked. The kinematics of the filamentary structure also sup- 
ort the idea of LF 2 experiencing strong shear. The PV diagram
or this structure in Fig. 3 shows a notable peak in brightness at
he highest offset distances. This may correspond to a collision 
etween this gas flow and the gas moving independently at its
estination. Additionally, as seen in the PPV diagram of Fig. 4 ,
F 2 shows a sharp increase in dispersion around � = 0◦.The
road and longitude-isolated velocity feature of LF 2 resembles 
he EVFs identified as stream collision sites with inflowing and 
vershooting gas material on CMZ orbits by M. C. Sormani &
. T. Barnes ( 2019 ), lending credence to the hypothesis that LF 2
epresents a similar collision, though perhaps on a different scale. 
The broad velocity extent of LF 2, in addition to its position
ear SgrA ∗ and proximity to the 50 km s−1 cloud, could support
he connection of the structure to inflowing material, as the PV
MNRAS 550, 1–25 (2026)
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tructure of the gas seems to show extreme stretch and shear
imilar to what is seen from inflowing material from the dust
anes on to the CMZ. Because of its velocity structure and line-
f- sight position near SgrA ∗ in projection, it appears LF 2 may
e a candidate for inflowing material between the CMZ ring and
he CND. However, further analysis is required to understand
hether this feature is representative of material inflowing from
he dust lanes, overshooting material raining back down on the
MZ streams, or gas transport from the 100 pc stream inward
owards the CND surrounding Sgr A ∗. 

.4 Insights from magnetic fields 

hocks, turbulence, and magnetic fields are often invoked to
xplain the existence of large-scale filamentary structures, each
f which is dynamically important in the CMZ. According to S.
u, S. Ji & A. Lazarian ( 2019 ), shocks tend to produce filaments
erpendicular to a magnetic field, while anisotropic turbulent
ixing of gas produces parallel filaments; the ion-neutral decou-
ling may determine the minimal width of observed filaments.
owever, we note that POS filament axes and magnetic field
ectors are subject to projection effects, which impose a signifi-
ant geometric limitation on the interpretation of magnetic field
eometrical association. 
We observe a diversity of configurations in magnetic field
lignment across the LFs studied. LF 1 exhibits a predominantly
erpendicular magnetic field orientation, LF 2 displays a parallel
eld, and LF 3 shows a range of alignments. 
The perpendicular orientation observed in LF 1 is consistent
ith expectations for high column density structures within
ighly supersonic compressible MHD turbulence (S. Xu et al.
019 ; Y. Hu, K. H. Yuen & A. Lazarian 2019 ; J. R. Beattie & C.
ederrath 2020 ). This trend is also seen through observations of 
igh column structures in the Galactic disc (J. D. Soler 2019 ).
owever, we note that this perpendicular alignment is not always
een in observational studies of high column density structures in
he GC, possibly because of the prevalence of shear in the CMZ
D. M. Paré et al. 2025 ). 
Perpendicular or parallel alignment of magnetic field and fil-
mentary structures can reveal the underlying physical mecha-
isms. A perpendicular alignment can occur due to shock com-
ression in the presence of a strong magnetic field that primarily
ompresses gas along the magnetic lines, resulting in structures
riented perpendicular to the magnetic field. Conversely, parallel
rientations, like those seen in LF 2 and LF 3, are indicative
f MHD turbulence or shear. The underlying dynamics of com-
ressible MHD turbulence involve the perpendicular turbulent
ixing of density fluctuations, leading to elongated structures
hat align with the local magnetic field (S. Xu et al. 2019 ; Y. Hu
t al. 2019 ). Alternatively, shear can drag the magnetic field in
he direction of the cloud orbital motion, leading to a parallel
lignment. 

.5 Known uncertainties 

.5.1 Limitations of morphological analysis 

his work focuses on the presentation of a small representative
ample of LFs and SFs. There are uncertainties in both the iden-
ification of the structures and the derivation of their proper-
ies. We refer the reader to the ACES paper series (S. N. Long-
ore & ACES Team 2025 ; A. Ginsburg & ACES Team 2025 ; D.
NRAS 550, 1–25 (2026)
alker & ACES Team 2025 ; X. Lu & ACES Team 2025 ; P. Hsieh &
CES Team 2025 ) for details on the statistical noise in the ACES
ata. 
In a follow-up paper (D. M. Paré et al. 2026 ) we use the RHT
ethod to identify a larger sample of LFs. In that work, we iden-
ify 12 LFs total and recover the three reported here with high fi-
elity. Unsurprisingly, the exact boundaries of our structures and
hose using the method from D. M. Paré et al. ( 2026 ) differ slightly,
ut they largely trace the same structure (70 per cent overlap).
tructure identification in the hierarchical ISM is a perpetual
hallenge as structures do not have clean boundaries, nor are they
nherently well-defined. Properties derived will depend upon the
lassification methods imposed. In this work, we focused on the
uantitative analysis of structures that were initially identified by
ur team, but in the future, we hope to implement survey-wide
lament identification to the ACES data. 
All of the physical properties (Table 2 ) derived in this work
epend not only upon the defined structure boundaries, which
re themselves uncertain as noted above, but also on the sys-
ematic errors. While we describe some statistical errors in Sec-
ion 3.3 , there are systematic errors of unknown magnitude. Dust
pacity, temperature, flux, and distance uncertainties result in a
actor of two uncertainty in the calculation of masses in Monte
arlo simulations from C. Battersby et al. ( 2010 ). Additionally,
NCO 4(0,4)–3(0,3)is just one molecular line tracer and has its
wn abundance and excitation uncertainties. Due to similar un-
ertainties as tested in C. Battersby et al. ( 2010 ) we expect that the
ystematic errors in our analysis are of a similar magnitude and
utweigh the reported statistical errors. 
For example, the widths of the filaments are uncertain and

racer-dependent. The ACES 3 arcsec beam is about 0.1 pc on the
ky at a Galactic Centre distance of 8.2 kpc, which means that
ur filament widths are between slightly less than 1 beam and
 beams wide. Since we perform a full profile fit (using RadFil
. Zucker & H. H.-H. Chen 2018 ) we can centroid with higher
ccuracy than a beamwidth. These widths are calculated at every
ixel along the spine of the filament, so the single ‘width’ reported
ctually corresponds to an average across the entire length. The
lament widths we report in Table 2 are deconvolved from the
eam as described in Section 3.3 with an uncertainty of 0.07 pc
s determined by the standard deviation of the widths. However,
he properties are dependent upon our data set and choice of 
NCO 4(0,4)–3(0,3), and would vary depending on the tracer
nd resolution of the data set. Because the structure widths are
lose to the beam size, they may be narrower in higher resolution
ata and would likely vary depending on molecular line tracer
bserved (see e.g. Fig. 8 ). 
It should be noted, as referenced in Section 3.3 , that by mea-
uring the morphology of SFs and LFs via the available POS
rojections, we lack information regarding the radial dimension
f observation. Specifically, any structure aligned in the radial
imension along the line of sight will be subject to foreshorten-
ng, resulting in an underestimation of the length. Additionally,
 structure aligned with the radial dimension may appear to have
 stronger curvature, whereas a structure aligned along the line
f sight projection may appear more linear. 
Assuming a mean orientation of LFs and SFs with respect

o the CMZ along the projected line of sight, one would expect
he lack of radial position information to give rise to a system-
tic overestimation or underestimation of curvature in projected
 �, b) space. In other words, if LFs and SFs were found to be
argely perpendicular to their orbits around the CMZ, we would
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nd shorter measurements and higher curvatures around cen- 
ral longitudes and longer measurements and linear curvatures 
round outer longitudes. Conversely, if LFs and SFs were found to
ccur in more parallel orientation with respect to their orbits, we 
ould expect to see shorter, more curved structures at outer lon-
itudes and longer, more linear structures at central longitudes. 
hough the data we have analysed in this paper is insufficient in
ample size to draw specific conclusions, we highlight this area of 
ncertainty here insofar as it may prove relevant to further work.
n particular, the orientation of these structures could be used to
etter trace the morphology of 3D kinematic orbital streams (as 
resented in Section 5.2 ). 

.5.2 Potential line of sight magnetic field contributions 

t is important to consider that the magnetic field inferred from
he FIREPLACE survey may originate from foreground, magne- 
ized structures. The FIREPLACE team concluded that the field 
oinciding with the prominent CMZ clouds in high I214 emission 
as likely local to the CMZ (D. Paré et al. 2024 ). The LFs and
Fs observed in this work, however, do not coincide with high
214 emission. We therefore cannot rule out the possibility that the 
agnetic field is tracing a different magnetized structure located 
long the line of sight. However, we note that since HNCO 4(0,4)–
(0,3) traces high-density gas and FIREPLACE POS magnetic 
eld orientations are density-weighted along the line of sight, it 
s likely that we are tracing the same structures. 
To help evaluate this possibility, we return to Fig. 5 . Trends

n the magnetic field shown in the top and middle panels of 
ig. 5 are also observed in surrounding pseudo-vectors that do 
ot coincide with the filamentary structures. For example, the 
bserved curvature in the magnetic field coinciding with LF 2 in
ig. 5 , which seems to follow the bend of the filament, is observed
hroughout the field of view of Fig. 5 . This curve in the magnetic
eld could therefore be tracing a larger structure. However, the 
ercentage polarization and magnetic field orientation in the LF 3 
egion do seem to be influenced by the presence of this structure,
s can be seen in the bottom panel of Fig. 5 . Percentage polar-
zation coinciding with the filament is a few per cent lower than
urrounding pseudo-vectors. This behaviour could indicate that 
he FIREPLACE magnetic field local to this LF is tracing the fila-
entary structure rather than some other magnetized structure. 
Follow-up polarimetric observations with higher spatial res- 
lutions help resolve this potential complication. The ACES 
LMA observations have an order of magnitude improved an- 
ular resolution compared to the FIREPLACE observations. Po- 
arimetric ALMA observations with a similar resolution will yield 
dditional pseudo-vectors coinciding with the LFs and SFs. The 
arger number of pseudo-vectors will improve our ability to assess 
he relative alignment of the magnetic field both by eye and using
uantitative methods like the PRS. In D. M. Paré et al. ( 2026 ), we
erform a more comprehensive comparison with magnetic fields 
sing a larger sample of LFs. 

 CONCLUSIONS  

ew data from the ALMA large program ACES reveal om- 
ipresent filamentary structure in the molecular gas of the CMZ 
n scales from tenths to tens of parsecs. In this paper, we focus
n the HNCO 4(0,4)–3(0,3) molecular line, generally thought to 
race dense gas and low-velocity shocks. We demonstrate the 
reponderance of filamentary structures in the CMZ and quan- 
itatively analyse a small representative sample of them. Within 
he CMZ, we identify two main categories of filaments: LFs (with
engths of the order of ∼10 pc) and SFs (with lengths of the
rder of ∼1 pc). There may be a yet unexplored distribution of 
tructures between the two identified here, and we do not identify
 complete sample of structures nor demarcate definitive bound- 
ries of these classifications. We identify three example structures 
n each category and present quantitative measurements towards 
hese six objects. Below we summarize the main conclusions of 
his work and outline potential directions for future research. 

(i) The three LFs we study have 2D projected lengths of 32, 9.8,
nd 49 pc, widths (FWHM) of 0.16, 0.18, and 0.69 pc, and position
ngles with respect to the Galactic plane of 7◦, 47◦, and 27◦. They
re largely coherent in velocity space with a few gaps. The line
idths (FWHM) of the LFs are 4.7, 8.5, and 4.3 km s−1 . 
(ii) The three SFs we study have 2D projected lengths of 1.3,
.1, and 3.4 pc, widths (FWHM) of 0.08, 0.12, and 0.14 pc, and
osition angles with respect to the Galactic plane of 43◦, 29◦, and
8◦. They are coherent in velocity space and have line widths
FWHM) of 7.3, 4.4, and 6.9 km s−1 . 
(iii) Two of the LFs (LF 1 and LF3) clearly trace the CMZ
rbital streams in PPV space, making such structures potentially 
seful for studies of the 3D structure and mass flows of gas in the
MZ. 
(iv) LF 2 matches the properties (compact structure, high ve- 

ocity extent) of an EVF. It appears as though LF 2 may connect
he SgrA ∗ region with the orbital streams, making it an excel-
ent candidate for gas inflow to the central region and worthy of 
urther study. 
(v) Two of the SFs (SF 2 and SF 3) are part of large, complex
lamentary networks of similarly sized filamentary structures. 
F 1 was chosen for its relative isolation, but otherwise appears
imilar to the other SFs. 
(vi) We investigate the alignment between the LFs and SFs 
ith POS magnetic field orientations from the FIREPLACE sur- 
ey. We perform a quantitative analysis of the magnetic align- 
ent with the LFs and find that one is largely perpendicular,
nother parallel, and the third mixed. However, the alignment 
aries across the LFs and as a function of HNCO intensity, and
here seems to be no clear relation between the magnetic field and
he high-density portions of the filaments. The SFs are analysed 
ualitatively, but the overlapping vectors are minimal. 
(vii) We compute line intensity ratios and Spearman correla- 

ion coefficients between the HNCO 4(0,4)–3(0,3) maps and a 
ariety of other molecular lines (see Fig. 10 and Table 1 ) and
verplot the moment 0 maps for SF 1. SO 3(2)–2(1) (HC3 N (11–
0) and SiO (2–1)) usually show a strong (moderate) correlation 
ith HNCO 4(0,4)–3(0,3), while H13 CO+ (1–0) and H13 CN (1–0) 
how a weaker correlation. There is a variety in the correlations
cross both the LF and SF samples. The line intensity ratios
NCO/line and correlation ranks successfully differentiate the 
F and SF populations. Initial investigation into the morphology 
f the different tracers suggests that further analysis of the chemi-
al signatures of these structures will provide critical information 
n decoding their physical origin. 

In this work, we present a narrative of predominantly filamen- 
ary structure in CMZ molecular gas as well as a quantitative
tudy of a sample of three objects in each of two main classes
f CMZ filamentary structures (SFs and LFs). Follow-up works 
tudy a larger sample of EVFs in the CMZ (Lipman et al., in
MNRAS 550, 1–25 (2026)
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reparation) and the connection between a larger sample of LFs
nd POS magnetic field orientations (D. M. Paré et al. 2026 ).
dentifying a larger sample of both LFs and SFs will be critical in
etermining their origins. And finally, comparing the emission
rom different molecular lines has the promise to provide clues
nto their formation mechanisms. 
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OFTWARE  

he work completed in this paper made extensive use of the fol-
owing open-source astronomy software packages: astropy (As- 
ropy Collaboration 2013 , 2018 , 2022 ), spectral-cube (A. Gins-
urg et al. 2019 ), pvextractor (A. Ginsburg et al. 2016a ), re-
roject (T. Robitaille, C. Deil & A. Ginsburg 2020 ), FilFinder
E. W. Koch & E. W. Rosolowsky 2015 ), RadFil (C. Zucker & H.
.-H. Chen 2018 ), glue (A. A. Goodman 2012 ; C. Beaumont, A.
oodman & P. Greenfield 2015 ; T. Robitaille et al. 2019 ), numpy
C. R. Harris et al. 2020 ), and matplotlib (J. D. Hunter 2007 ).
his project also made use of CARTA for data visualization and 
xploration (A. Comrie et al. 2021 ). 

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 cite the
ppropriate works, which include S. N. Longmore & ACES Team 

 2025 ) and the data papers: continuum (A. Ginsburg & ACES
eam 2025 ) and cubes in high-resolution (D. Walker & ACES 
eam 2025 ), medium-resolution (X. Lu & ACES Team 2025 ), and
ow-resolution (P. Hsieh & ACES Team 2025 ) spectral windows. 
ote that all papers should be cited for use of any data; the con-
inuum imaging relied on the line papers, and vice versa. 
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