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Abstract

The Milky Way’s Central Molecular Zone (CMZ) is the largest concentration of dense molecular gas in the
Galaxy, the structure of which is shaped by the complex interplay between Galactic-scale dynamics and extreme
physical conditions. Understanding the 3D geometry of this gas is crucial, as it determines the locations of star
formation and subsequent feedback. We present a catalog of clouds in the CMZ using Herschel data. Using
archival data from the APEX and MOPRA CMZ surveys, we measure averaged kinematic properties of the clouds
at 1 and 3 mm. We use archival ATCA data of the H,CO (1, o—1,1) 4.8 GHz line to search for absorption towards
the clouds, and 4.85 GHz Green Bank Telescope (GBT) C-band data to measure the radio continuum emission. We
measure the absorption against the continuum to provide new constraints for the line-of-sight positions of the
clouds relative to the Galactic Center, and find a highly asymmetric distribution, with most clouds residing in front
of the Galactic Center. The results are compared with different orbital models, and we introduce a revised toy
model of a vertically oscillating closed elliptical orbit. We find that most models describe the position—position—
velocity structure of the gas reasonably well, but find significant inconsistencies in all cases regarding the near
versus far placement of individual clouds. Our results highlight that the CMZ is likely more complex than can be
captured by these simple geometric models, along with the need for new data to provide further constraints on the
true 3D structure of the CMZ.

Unified Astronomy Thesaurus concepts: Galactic center (565); Molecular clouds (1072)

1. Introduction (see reviews by M. Morris & E. Serabyn 1996; A. Bryant &

The Milky Way’s Central Molecular Zone (CMZ; the inner A. Krabbe 2021; J. D. Henshaw et al. 2023).
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Figure 1. Top panel: HIGAL column density map of the CMZ. White boxes denote the regions that were treated separately when creating the cloud catalog using
dendrograms (see Section 3.1). Center panel: ATCA H,CO (1, ¢—1,,;) minimum intensity map. Bottom panel: GBT C-Band continuum map. Contours show the top-
level structures (leaves) identified using dendrograms. Numbers in the bottom panel correspond to the structure IDs in Table 1 and subsequent tables.

This structure has generally been viewed as some form of
eccentric orbit with a Galactocentric radius ~100 pc, and is
therefore often referred to as the “100 pc stream” (S. Molinari
etal. 2011; J. M. D. Kruijssen et al. 2015). This view is broadly
accepted, and is supported by observations of more face-on
extragalactic nuclei, which often also show ring- or spiral-like
circumnuclear orbits on similar physical scales (e.g.,
M. S. Peeples & P. Martini 2006; S. Comerén et al. 2010;
S. K. Stuber et al. 2021; J. Sun et al. 2024).

The exact 3D geometry of our own CMZ, however, remains
an open and debated topic. Understanding the 3D structure is
important, as it is intimately tied to significant Galactic-scale
processes, such as the gas flows along the bar toward the
Galactic Center, the distribution of dense gas and star
formation, and the transport of material from the circumnuclear
orbit toward Sgr A* (e.g., M. G. L. Ridley et al. 2017,
M. C. Sormani et al. 2019; M. C. Sormani &
A. T. Barnes 2019; M. C. Sormani et al. 2020; R. G. Tress
et al. 2020).

The difficulty in observationally determining the 3D
structure of the CMZ is due to our perspective from within
the Galactic plane. There is significant extinction along the line
of sight, and we see the structure edge-on and have to rely on
less direct measurements, such as position—position—velocity
(PPV) information, to infer possible geometries. Using such
methods, three main categories of potential geometries have

emerged: (i) nuclear spiral arms (e.g., Y. Sofue 1995a;
M. G. L. Ridley et al. 2017), (ii) closed, vertically oscillating
elliptical orbits (e.g., S. Molinari et al. 2011; Y. Sofue 2022),
and (iii) an open, eccentric orbit that appears as a pretzel-
shaped open gas stream in projection (J. M. D. Kruijssen et al.
2015). All of these models can be considered more generally as
possible perturbations of x,-like orbits (J. Binney et al. 1991;
R. G. Tress et al. 2020).

J. D. Henshaw et al. (2016, 2023) compared these three
models and concluded that while the S. Molinari et al. (2011)
elliptical orbit matches the projected b structure, it is a poor fit
to the gas kinematics, confirming the conclusions of
J. M. D. Kruijssen et al. (2015). They concluded that both
the spiral arms and open streams models provide a reasonable
fit to the PPV data, but that there are significant disagreements
in the locations of specific molecular clouds and star-forming
regions, namely whether they are in front of or behind the
Galactic Center (the location of Sgr A™).

A key piece of the puzzle in understanding the 3D geometry
of the CMZ is then to obtain stronger constraints on the line-of-
sight positions of molecular clouds and, ultimately, the
distances to them. Several studies have placed constraints on
the positions and even distances of a handful of CMZ clouds
(e.g., Q.-Z. Yan et al. 2017; F. Nogueras-Lara et al. 2021), but
a comprehensive catalog of the clouds and their relative
positions and distances does not yet exist. In C. Battersby et al.
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(2025a, 2025b, hereafter Papers I and II), data from the
Herschel Infrared Galactic plane survey (HiGAL; S. Molinari
et al. 2010) were used to produce dust column density and
temperature maps of the inner 300 pc of the Galaxy. Using the
dust column density map, dendrograms were used to
characterize the full hierarchical structure and measure global
properties of the dense gas in the CMZ. This represents the first
step toward understanding the 3D distribution of the CMZ gas.

In this paper, we focus on the peaks in this hierarchy—the
molecular clouds. Using the results from Papers I and II as a
foundation, we produce a comprehensive catalog of CMZ
clouds and measure their physical and kinematic properties,
and determine whether they are likely in the foreground or the
background relative to the Galactic Center.

To constrain the line-of-sight positions of molecular clouds
within the CMZ, we use a technique that utilizes the absorption
of background continuum emission by foreground gas. This
method has been previously applied in the CMZ using a variety
of tracers, such as OH, H,CO, and H1 (e.g., N. Z. Scoville 1972;
T. Sawada et al. 2004; Q.-Z. Yan et al. 2017; Y. Sofue 2022) to
constrain the 3D structure of the CMZ.

The analysis presented in this paper builds upon these efforts
by applying this technique to a comprehensive catalog of CMZ
clouds derived from the Herschel data, and uses (H,CO
110-1;,1) data from the ATCA CMZ survey (A. Ginsburg et al.
2015) and 4.8 GHz continuum data from the Green Bank
Telescope (GBT; C. J. Law et al. 2008). The fundamental
assumption is that the Galactic Center is filled with a relatively
uniform background of diffuse free—free and synchrotron
emission. Clouds located in front of a significant portion of
this continuum will exhibit strong absorption features, while
clouds behind the bulk of the continuum will show little to no
absorption. Please see Sections 3.4 and 3.5 for more details
about this method and the associated caveats.

We then compare the absorption results with the kinematic
information derived from 3 mm HNCO and 1 mm H,CO
emission from the MOPRA (P. A. Jones et al. 2012) and APEX
(A. Ginsburg et al. 2016) CMZ surveys to ensure the
absorption is physically associated with each cloud. Our results
are then compared with various models of the 3D geometry of
the CMZ. An overview of the data used is given in Section 2.
The results are presented in Section 3. A discussion of the
results and the comparison with 3D models of CMZ dense gas
geometry is given in Section 4. Conclusions are given in
Section 5.

2. Data
2.1. Herschel Dust Column Density

The data that lay the foundation for this study come from the
HiGAL. Full details of the observations can be found in
S. Molinari et al. (2010). To summarize, the survey observed
the Galactic plane from |/| < 70° and |b| < 1° at 70, 160, 250,
350, and 500 ym using the Spectral and Photometric Imaging
Receiver and the Photodetector Array Camera and Spectro-
meter. The corresponding beam sizes in each band are ~6”,
127, 18", 25", and 40", respectively (A. Traficante et al. 2011).

In Paper I, modified blackbody fits to the observed data were
used to determine the spectral energy distribution (SED). This
was then used to create a column density map of the CMZ,
which is shown in Figure 1. We refer the reader to Paper I for a
detailed description of the SED fitting and estimation of the

Walker et al.

dust column densities and temperatures. In this paper, we use
the column density map to identify structures and produce a
catalog of CMZ clouds.

2.2. MOPRA 3 mm CMZ Line Survey

To measure kinematic properties of the clouds, we utilize
data from the MOPRA 3 mm CMZ survey. We use data from
the 83-95 GHz portion of the survey (P. A. Jones et al. 2012).
The angular resolution of the survey is 39”, and the spectral
resolution is 2kms ', A total of 15 molecular tracers were
observed, spanning a range in excitation conditions and critical
densities. For our purposes, we choose to focus on three
specific tracers, namely HNCO (44 4—303), HCN (1-0), and
HC;N (10-9). We select these lines as they are typically used
as “dense gas” tracers. These lines are therefore well suited to
our goals, as we are interested primarily in the densest parts of
the CMZ gas—the molecular clouds. In particular, the HNCO
(404-303) emission from this survey has been shown to
reliably trace the underlying kinematics of the dense gas in the
CMZ (J. D. Henshaw et al. 2016).

2.3. APEX I mm CMZ Line Survey

In addition to the 3 mm molecular line data, we also use
the I mm data from the APEX line survey of the CMZ
(A. Ginsburg et al. 2016). The angular resolution of the survey
is 30”, and the spectral resolution is 1kms~'. The primary
target lines for this survey were the para-H,CO transitions at
~218 GHz, along with the '*CO and C'®*0 (2-1) transitions.
There were many other lines detected in the spectral windows;
however, we choose to focus only on the aforementioned
primary target lines. In particular, we use the H;CO (39 3—2¢2)
line as our primary tracer at 1 mm, as it most reliably traces the
dense gas that we are interested in. The higher excitation
para-H,CO lines have lower signal-to-noise ratio (SNR), and
while the CO isotopologs are well detected, they are abundant
throughout the CMZ and along the line of sight, complicating
their spectra (e.g., Figure 2).

2.4. ATCA and GBT Data

We use archival data from the ATCA CMZ survey (PIL:
Adam Ginsburg, project C3045, A. Ginsburg 2019'%). Speci-
fically, we use the 1, o—1, ; transition of H,CO at 4.82966 GHz
to search for absorption signatures toward CMZ clouds. The
velocity resolution of the survey is 1.9kms ', and the
synthesized beam is 4.84 x 1'49. See A. Ginsburg et al.
(2015) for further survey details. The footprint of this survey
covers most of the CMZ, but unfortunately it misses a few
significant regions, including Sgr C, and portions of Sgr B2 and
the 20km s~ cloud (Figure 1).

We also use data from the GBT CMZ pilot survey (A. Gin-
sburg 2016)*° to search for the absorption of the same H,CO
4.82966 GHz line. However, this pilot survey only covers a
portion of the CMZ, namely the dust ridge, which spans from
G0.2534-0.016 (the Brick) to Sagittarius B2. We therefore only

!9 The data for the ATCA survey can be found at doi:10.7910/DVN/
ROSUCE.

20 The data for the GBT CMZ pilot survey can be found at https://dataverse.
harvard.edu/dataset.xhtml?persistentld=doi: 10.7910/DVN /I2U8GK, and the
data reduction information can be found at https://github.com/keflavich/
GBTLimaBrickH2CO.
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Figure 2. Averaged spectra toward source 31 for all six of the molecular line tracers that we considered. Note that the y-axes are scaled independently for clarity.

use these data to verify the results from the ATCA data, and do
not use them for analysis.

Finally, we use the GBT CMZ C-band (4.85 GHz)
continuum maps from C. J. Law et al. (2008) to measure the
radio continuum emission toward CMZ clouds. While the
angular resolution of these data (2.5") is considerably coarser
than the other data sets used here, it is the only publicly
available 4.8 GHz continuum map that covers the entire CMZ.
The coverage is shown in Figure 1. Where direct comparisons
between the ATCA and GBT data are made (e.g., Section 3.5),
the ATCA data are reprojected onto the same pixel grid as
the GBT.

3. Results
3.1. Cloud Catalog

In Paper 11, we used the Herschel column density map shown
in Figure 1 to produce a catalog of the structures in the map.
This was done using dendrograms, specifically with the
astrodendro Python package.”’ To briefly summarize,
dendrograms characterize the hierarchical structure in data,
which is represented as a “tree,” where substructures are
classified as “branches,” and local maxima at the highest level
of the branch structures are called “leaves.”

2! https: //dendrograms.readthedocs.io/en/stable/

We previously reported the full hierarchy of the dendrogram
in Paper II, which used a single set of parameters to identify the
structure of all of the dense gas in the CMZ. In this paper, we
are explicitly interested in the top-level structures (the leaves),
which in this context we assume to represent individual
molecular clouds. Initially, we compute the dendrogram using
the same parameters as in Paper II, namely a minimum
threshold of 2 x 10?? cm ™2, an increment between structures of
5 x 10** cm ™2, and a minimum number of pixels of 20. Due to
the hierarchical nature of the interstellar medium, the resulting
dendrogram is influenced significantly by the choice of these
parameters, such that changes in the thresholds would impact
the resulting source catalog. Our choice of parameters is
ultimately guided by prior knowledge of certain “clouds” that
are already known in the CMZ (e.g., “the Brick,” the dust ridge
clouds, and the 20kms~' and 50 km s ! clouds), such that
they are identified as leaves in the dendrogram.

Given the significant dynamic range in column densities in
the CMZ, we find that a single dendrogram with a single set of
parameters only identifies the most prominent clouds as leaves,
namely those in the upper-left and lower-right quadrants of the
CMZ “ring” (see Figure 1). This is not surprising, but for our
purposes of identifying clouds throughout the ring and
comparing with 3D models of the gas geometry, it is crucial
that we capture more of the lower density clouds, which still
represent maxima in contrast to their local surroundings.


https://dendrograms.readthedocs.io/en/stable/
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To overcome this limitation, we treat the upper-right and
lower-left quadrants of the oo-shaped structure individually,
and compute dendrograms for these regions separately. This is
done by masking the map outside of these quadrants, which are
identified visually. We also lower the increment between
structures from 5 x 102 cm 2 to 2 x 1072 cmfz, as the density
contrast in these regions is lower. The dendrogram threshold is
also increased to 3 x 1072 cm72, and the minimum number of
pixels is unchanged. Similarly, for the “Three Little Pigs”
clouds (C. Battersby et al. 2020), we decrease the increment to
1 x 10**cm 2 due to the low density contrast between the
clouds. The threshold and number of pixels are unchanged.

We also explicitly change one of the leaves. In the original
catalog, G0.2534-0.016 (a.k.a. “the Brick”) was identified as a
much more extended structure than is typically presented in the
literature. Visual inspection of the molecular line emission
discussed in the following subsections shows that this extended
region of the cloud is kinematically distinct. We therefore
explicitly force a higher threshold of 7 x 10**cm? for this
region in order to isolate the known extent of the cloud.
Figure 1 shows the approximate footprint of the regions that
were treated separately.

The leaf catalogs generated from these multiple dendrograms
are then concatenated into a single catalog representing all of
the clouds identified. We then prune the catalog to remove
specific leaves that are identified at much lower and higher
latitudes (=0.25 < b < 0.1). The reasons for removing these
leaves are (i) it is not clear that they actually reside in the CMZ,
and (ii) they show little-to-no significant line emission in any of
the tracers used in this paper. The concatenated and pruned
cloud catalog is then re-indexed according to Galactic
longitude, increasing from negative to positive longitudes. As
this procedure for structure identification differs from that used
in Paper II, the leaves in the two catalogs are not identical. We
refer the reader to Table 1 in Paper II, which provides cross-
matching between the two catalogs, where applicable.

The resulting cloud catalog is shown via contours in
Figure 1, with numbered structure indices overlaid. A total of
31 clouds are identified. Table 1 presents a complete overview
of the catalog, along with various physical and kinematic
properties, the measurements of which are described in the
following subsections.

3.2. Cloud Physical Properties

As the input map is already in units of column density, it is
straightforward to extract physical quantities of the clouds.
Median and maximum column densities are computed directly
from the dendrogram catalog. The mask for each leaf is then
mapped onto the corresponding Herschel dust temperature
maps (see Paper I) to extract median and maximum dust
temperatures within the clouds. The column density of each
cloud is then used to determine the mass via

M = iy, mu fNszA (1

where M is the mass, py is the mean molecular weight,
assumed to be 2.8, myy is the mass of atomic hydrogen, Ny, is
the H, column density, and A is the area. A distance of 8.1 kpc
is assumed for all clouds to estimate their areas, radii, and
masses, which is the distance to the Galactic Center (Gravity
Collaboration et al. 2019). The actual distances to individual
clouds will vary from this value, but given that we only expect
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variations of £100pc (1%—-2%), this serves as a reasonable
estimate.

We note that the measured column densities, masses, and
dust temperatures are dependent on a number of assumptions.
In particular, we assume a fixed dust opacity index, 5 of 1.75 in
Paper I. However, Y. Tang et al. (2021a, 2021b) estimated /3
throughout the CMZ by combining AzZTEC LMT data with
Bolocam, Plack, and Herschel data. Their results suggest that 3
ranges from 2.0-2.4, showing a positive correlation with
column density. This means that their reported column
densities and dust temperatures are slightly different than what
we report here and in Paper 1. Despite this, we find that the
column densities and dust temperatures toward the clouds in
our catalog are broadly consistent with those presented in
Y. Tang et al. (2021a), with typical differences ~12%, and as
much as 25%. The median temperature and column density
errors reported in Paper I are 11% and 25%, respectively. The
differences with the results from Y. Tang et al. (2021a) are
therefore well within the systematic uncertainties.

Overall, we find that the clouds range in mass from
~1 x 10* to 1 x 10° M., with a median of 6 x 10* M.
Radii range from 1.4-8.7 pc, with a median of 3.4 pc, and are
calculated as the effective radius of a circle with an area
equivalent to that of the source. Averaged dust temperatures are
15-29 K, with a median of 22 K. Averaged column densities
are 2.8 x 10°-3.6 x 10~ cm % with a median of 8.7 x
10%* cm ™2 (see Table 1).

3.3. Cloud Kinematic Properties

To measure averaged kinematic properties of the clouds in
our catalog, we explored a total of eight molecular lines—three
at 3mm and five at 1 mm (Sections 2.2 and 2.3). For every
cloud in the catalog, we produced an individual mask
corresponding to the area of the dendrogram leaf. Using these
masks, we extract spatially averaged spectra, integrated
intensity maps, velocity maps (moment 1), and velocity
dispersion maps (moment 2) for each of the eight lines for all
clouds. We note that these are naive moment maps that do not
account for multiple velocity components. These are accounted
for later when performing multicomponent Gaussian fitting
(see also Appendix A).

An example of the averaged spectra toward source 31
(G1.651) is shown in Figure 2. The two higher-energy
transitions of para-H,CO are not shown, as the SNR is low.
This example shows a wide variety of spectral complexity,
notably for HCN, 13CO, and C'30. This is commonly observed
toward all clouds, which is not unexpected, as these molecules
are very abundant both in the CMZ and along the line of sight.

The remaining molecular lines are those from HC3;N, HNCO,
and H,CO. These are all tracers of denser gas, and so in principle
they should more accurately trace the underlying cloud
kinematics compared to the other lines. From the group of lines
at 3 mm, we choose the HNCO (4(4—3¢p3) as our primary
kinematic tracer, as it is typically brighter than HC;N. HNCO
(404-303) has also been shown to reliably trace the dense gas
throughout the CMZ (J. D. Henshaw et al. 2016, 2019). From
the lines at 1 mm, we choose H,CO (3p3—2¢,). Though it is
comparatively faint, it is the brightest of the three para-H,CO
transitions, and the spectra from the CO isotopologs are too
complex. H;CO emission at 218 GHz also traces the dense,
warm gas throughout the CMZ (A. Ginsburg et al. 2016).



Table 1
Properties of the Cloud Catalog

# Area 1 b Median Peak Mass Radius Median Peak VHNCO OHNCO VH,COo OH,CO Colloquial

Nu, Nu, Ty Ty name

() © © (em %) (em %) M) (po) X) X) (km s~ (kms™ " (kms (kms

1 57 —0.525 —0.044 4.7E+22 6.7E+22 6.0E+04 4.3 23 26 —102 6 —102 5 “e
2 236 —0.492 —0.135 4.9E+22 1.9E+23 2.9E+05 8.7 24 28 -56 9 -55 8 Sgr C
3 22 —0.439 —0.001 4.1E+22 54E+22 2.1E+04 2.7 24 26 —-90 8 —-91 5 e
4 66 —0.405 —0.223 4.8E+22 1.6E+423 8.1E+04 4.6 23 25 —27, 20 13, 8 19 2
5 13 —0.392 0.018 4.2E+22 5.2E+422 1.2E4+04 2.0 23 25 —78 5 —-77 6
6 97 —-0.312 -0.132 3.7E+22 8.2E+22 8.7E+04 5.6 24 26 -29, -21 5,12 —28 5
7 18 —0.299 0.032 34E+22 4.5E422 1.4E+04 24 25 26 —173, -37 11,5 -35 4
8 12 —0.135 0.023 3.6E+22 5.6E+22 1.1IE+04 2.0 26 28 —54, 15, 62 9,15,6 —48, 64 55
9 78 —0.120 —0.081 1.6E+23 4.2E+423 3.1E+05 5.0 21 26 15 12 15 12 20kms™!
10 22 —0.021 —0.071 1.2E+23 1.8E+423 6.2E+04 2.7 24 25 48 11 46 13 50 kms !
11 37 0.014 -0.016 44E+22 7.1E+22 3.8E+04 34 29 32 —11, 45, 14 9,9,8 —11, 51 9,9
12 22 0.035 0.032 4.2E+22 6.6E+22 2.2E+04 2.7 29 32 86 7 86 8 e
13 12 0.068 —0.076 1.1E+23 1.6E+23 3.0E+04 1.9 21 22 50 9 51 10 Stone
14 9 0.105 —0.080 1.0E+23 1.4E+23 2.2E+04 1.7 22 23 53 9 54 9 Sticks
15 49 0.116 0.003 5.3E+22 1.1E+423 6.2E4+04 4.0 25 28 52 11 52 11
16 8 0.143 —0.083 8.9E+22 1.0E+23 1.5E+04 1.6 22 23 —15, 57 3,8 —15, 58 3,10 Straw
17 31 0.255 0.020 1.4E+23 2.7E+23 1.0E+05 3.1 21 24 18, 37, 70 16, 7, 14 14, 36 8, 15 Brick
18 33 0.327 —0.195 2.8E+22 7.1E+22 24E+04 32 22 27 16 10
19 20 0.342 0.060 4.8E+22 9.9E+22 2.5E4+04 2.6 23 26 -2 13 1 10 B
20 70 0.342 —0.085 3.8E+22 6.9E+22 6.3E+04 4.7 25 28 90 18 94 11 Sailfish
21 9 0.379 0.050 8.7E+22 1.3E+23 1.9E+04 1.7 21 24 8, 39 14, 4 8, 39 9,3 C
22 26 0.413 0.048 9.7E+22 2.0E+23 6.2E+04 2.9 21 23 19 11 18 10 D
23 54 0.488 0.008 1.4E+423 3.9E+23 2.0E+05 4.1 20 22 28 11 31 10 E/F
24 6 0.645 0.030 2.0E+23 2.3E+23 2.8E+04 1.4 19 20 53 12 50 13 e
25 104 0.666 —0.028 3.6E+23 2.1E+24 1.1E406 5.8 20 25 62 12 52,70 6,9 Sgr B2
26 101 0.716 —0.090 1.4E+23 2.3E+23 3.2E+05 5.7 20 22 28, 58 15, 11 25, 59 14,7 G0.714
27 128 0.816 —0.185 9.0E+22 1.4E+423 2.7E+05 6.4 19 20 39 15 42 11
28 147 0.888 —0.044 9.1E+22 1.4E+423 3.0E+05 6.8 19 20 14, 26, 84 11, 30, 8 9, 84 11,7
29 229 1.075 —0.049 8.5E+22 1.7E+23 4.6E+05 8.5 18 23 74, 85 16, 6 80 10
30 45 1.601 0.012 9.7E+22 1.7E+23 1.0E+05 3.8 16 17 48, 58 5,11 54 6 G1.602
31 43 1.652 —0.052 1.0E+23 1.8E+23 1.0E+4-05 3.7 15 16 50 6 52 5 G1.651

Note. Shown for each source is the exact leaf area in parsecz, central coordinates in degrees (/, b), median and peak column density (Ny,), mass, radius, median and peak dust temperature (7,), central velocity (v) and
velocity dispersion from Gaussian fitting (o) for both HNCO and H,CO, and colloquial name in the literature. Where multiple velocity components are observed, the central velocities and dispersions of each are given.
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Figure 3. Overview of the HNCO emission within the dendrogram leaves determined from the HiGAL dust continuum emission. Shown are maps of the peak
intensity (top), and the velocity field (bottom). Note that this is a naive first moment map, and does not account for multiple velocity components (see Section 3.3).

Figure 3 shows an overview of the HNCO emission throughout
our CMZ cloud catalog.

Having selected our two main kinematic tracers, we fit the
averaged HNCO and H,CO spectra for all clouds in the
catalog. This is done using multiple-component Gaussian
fitting using pyspeckit, which uses the Levenberg—Mar-
quardt algorithm. For each cloud, we provide an initial guess
for the number of components (which is determined by-eye),
and the amplitude, central velocity, and FWHM of each
component. pyspeckit generally does a good job of fitting
the spectra with rough initial guesses, but in the few cases
where fitting is poor, we provide revised input parameters and
redo the fitting. We caution that this method of identifying
multiple clouds via Gaussian fitting is inherently degenerate, as
an arbitrary or even infinite number of components can be fit to
the data. We acknowledge that the kinematic properties of the
clouds reported in Table 1 assume that these Gaussian
components correspond to real clouds.

The best-fitting central velocities and velocity dispersions for
the averaged HNCO and H,CO are presented in Table 1. We
note that while there is generally good agreement between the
results from fitting HNCO and H,CO, there are discrepancies.
Most notably, there are several clouds for which the HNCO
spectra show additional velocity components that are not
obviously seen in H,CO. This may be due to the fact that the
HNCO is generally a factor-of-a-few to an order-of-magnitude
brighter, and so fainter components are better detected, but it
could also be that the two lines are not tracing exactly the same
cloud material.

Based on the averaged HNCO emission, the central
velocities of the cloud components range from ~—100 to
+90kms ', and velocity dispersions range from 3 to
30kms ™', with a median of 10kms™". Of the 31 clouds in
the catalog, we find that 19 are well described by a single
Gaussian component, eight are well described by two
components, and four are well described by three components.
Note that this is a simplistic approach to capture the average
kinematic properties of the clouds, namely their central
velocities and velocity dispersions. Detailed spectral decom-
position on a pixel-by-pixel basis shows that the velocity
structure in CMZ clouds is considerably more complex (e.g.,

J. D. Henshaw et al. 2016, 2019). However, this is beyond the
scope of what is needed for the analyses presented in this work.

3.4. Formaldehyde 4.8 GHz Absorption

Formaldehyde (H,CO) is effective at absorbing at centimeter
wavelengths, and can even be seen in absorption against the
cosmic microwave background (CMB). By searching for deep
absorption that is correlated both spatially and kinematically,
we aim to use the strength of H,CO absorption toward the
clouds in our catalog to constrain whether they are likely to be
in front of or behind the Galactic Center. The underlying
assumption here is that the Galactic Center is filled with diffuse
ionized gas, and that a cloud on the near side of the CMZ will
show absorption deeper than 2.73 K, whereas a cloud on the far
side will not.

Our primary tracer for absorption is the H,CO (1;0-1;)
4.82966 GHz line. There are no publicly available high-
resolution maps of the line that cover all of the clouds in our
catalog. The best available data come from the ATCA CMZ
survey, which observed the majority of the inner CMZ at ~3”
resolution (A. Ginsburg et al. 2015). The footprint ranges from
0.795 to 359.436 in longitude, and —0.674 to +0.624 in
latitude, effectively covering catalog structures 3-25, although
structures 4 and 18 lie just outside of the latitude coverage of
the survey. Of the 31 clouds in our catalog, 21 have full or
partial coverage with the ATCA data (see Figure 1).

For each of the 21 clouds for which we have corresponding
H,CO (1;0-1,,) data, we create spatially cropped subcubes
within the corresponding dendrogram masks, then extract
spatially averaged spectra. We find that all of the regions show
some level of absorption, ranging from —3 to —100 K.

To determine whether the absorption is physically associated
with a cloud, we investigate several diagnostics. We compare
the averaged H,CO (1;0-1;,;) absorption with the HNCO
emission at 3mm and H,CO emission at 1 mm to check
whether they occur at the same velocities. We then compare the
morphology of the integrated H,CO (1, ¢—1; ) intensity with
that of the H,CO and HNCO integrated emission. We also take
position—velocity slices along the major axes of the clouds to
search for correlated absorption.
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Figure 4. Overview of the emission and absorption toward source 17 (“the Brick™). Top-left panel: cloud-averaged spectra of '*CO (dashed black line) and H,CO
(1y0-1y,1) (solid black line). The filled regions indicate the 10 (dark gray) and 3¢ (light gray) rms noise level. Top-right panel: PV slice of H,CO (1, -1, ) taken
along the major axis of the cloud. Bottom-left panel: integrated H,CO (1, o—1, ;) intensity. Bottom-center panel: integrated HNCO (4 4—33) intensity. Bottom-right

panel: C-band (4.85 GHz) continuum.

The emission and absorption profiles of the clouds are often
complex, but in general, where we see significant absorption, it
is well correlated with the velocity of the emission at millimeter
wavelengths, and correlated in PV-space. An example of this is
shown in Figure 4. There are also cases where things are more
ambiguous, in particular near to Sgr A* and Sgr B2 there is
apparent strong H,CO (1,0-1;;) emission. In general, such
emission is not expected to be observed, and is likely an artifact
in the data caused by positive sidelobes that can accompany
strong absorption features (i.e., the inverse of “negative bowls”
that are commonly observed near bright emission in interfero-
metric data). There are also cases of genuine emission, most
notably in the dust ridge cloud C (G0.038+0.04), where there
is a bright H,CO maser (A. Ginsburg et al. 2015).

The maximum absorption depth (minimum intensity) for
each cloud is measured from the spatially averaged spectrum,
and is restricted such that the depth is measured within the
dispersion about the centroid velocity of the molecular line
emission. Where there are multiple velocity components seen
in emission, this process is repeated within the dispersion about
each velocity component, and the source IDs are split (e.g., 1a,
1b). The measured depths are given in Table 2, along with
other measurements that are described in the following
subsections.

3.5. Absorption against the Centimeter Continuum

Centimeter continuum emission is widespread throughout
the CMZ (e.g., C. J. Law et al. 2008; I. Heywood et al. 2022).
In addition to simply measuring the absorption depth, we also
use the relative strength of H,CO absorption against the
centimeter-continuum background toward the clouds to provide
additional constraints on their line-of-sight position relative to
the Galactic Center.

To achieve this, we use the C-band (4.85 GHz) continuum
data from the GBT CMZ survey (C. J. Law et al. 2008). This
survey covers all of the clouds in our catalog, though because
we are comparing directly to the line absorption, we only
consider the 21 sources for which we have the ATCA data. For
each cloud, we measure the median continuum intensity to
obtain a representative value of the continuum level toward the
cloud.

In cases where a cloud has multiple velocity components, we
explored several methods to account for this when measuring
the median continuum emission. Initially, we opted to use the
morphology of the integrated HNCO emission intensity maps
to create spatial submasks within which to measure the
continuum level. In practice, this was difficult to implement
due to the coarse angular resolution of the data and significant



Table 2
Near/Far Cloud Assignments Based on H,CO (1;¢-1;1) Absorption and 4.85 GHz Continuum Emission

No. Min rms SNR Median Fractional Median Fractional Tmin Tmin \%4 o Near Cloud
H,CO H,CO H,CO Continuum Absorption Continuum Absorption (Weight) (Mask) or Name
(I10-11,1) (1o-111) (1o-111) (Weight) (Weight) (Mask) (Mask) Far
) ) (X) X) (kms™") (kms™")

3 —2.8 1.22 2.30 6.1 2.15 6.1 2.15 0.15 0.15 -90 8 F
5 —11.5 1.73 6.65 6.0 0.52 6.0 0.52 0.23 0.23 —78 5 N
6a —1.8 0.57 3.16 4.2 2.37 5.9 3.3 0.09 0.09 -29 5 F
6b —2.6 0.57 4.56 4.6 1.82 5.8 2.28 0.09 0.09 -21 12 F
Ta —18.5 1.62 11.42 5.3 0.29 6.6 0.36 0.22 0.19 -73 11 N
7b -39 1.62 241 4.1 1.04 7.4 1.88 0.26 0.17 -37 5 N
8a =53 1.38 3.84 6.0 1.13 12.7 2.4 0.17 0.10 —-54 9 U
8b -0.3 1.38 0.22 11.9 35.0 11.9 34.87 0.10 0.10 15 15 F
8¢ —4.1 1.38 2.97 6.3 1.55 11.5 2.81 0.17 0.11 62 6 U
9 —-8.0 1.01 7.92 21.1 345 21.1 2.64 0.04 0.04 15 12 LN* 20kms™!
10 —-97.0 2.05 47.32 75.3 0.78 75.3 0.78 0.03 0.03 48 11 N? 50 kms™~!
11a -9.9 1.68 5.89 17.1 1.73 27.5 2.78 0.09 0.06 —11 9 U*
11b 9.0° 1.68 5.35 8.8 0.97 25.2 2.8 0.16 0.06 45 9 u?
11c -9.7 1.68 5.77 9.0 0.93 25.4 2.62 0.16 0.06 14 8 U*
12 —6.2 1.65 3.76 24.0 3.87 24.0 3.87 0.06 0.06 86 7 u?
13 —15.3 2.17 7.05 16.2 1.06 16.2 1.06 0.12 0.12 50 9 LN* Stone
14 —11.4 1.72 6.63 13.0 1.14 13.0 1.14 0.12 0.12 22 9 LN?* Sticks
15 —7.1 0.78 9.10 24.1 3.38 24.1 3.38 0.03 0.03 52 11 U?
16a —23.5 2.10 11.19 9.3 0.39 0.19 -15 3 N Straw
16b —-21.0 2.10 10.00 13.8 0.66 18.7 0.89 0.13 0.10 57 8 N Straw
17a —42.7 1.14 37.46 7.2 0.17 11.9 0.28 0.13 0.09 18 16 N Brick
17b —46.7 1.14 40.96 8.7 0.19 14.3 0.31 0.11 0.08 37 7 N Brick
17¢ -9.8 1.14 8.60 3.5 0.36 16.0 1.63 0.20 0.07 70 14 LN Brick
19 —-35.4 1.42 24.93 8.0 0.23 8.0 0.23 0.15 0.15 -2 13 N
20 -3.5 0.92 3.80 7.8 2.21 7.8 2.21 0.11 0.11 90 18 F Sailfish
2la —19.8 2.62 7.56 5.8 0.29 7.5 0.38 0.35 0.26 8 14 N C
21b —-7.7 2.62 2.94 4.8 0.62 8.4 1.09 0.39 0.23 39 4 N C
22 —45.4 1.62 28.02 6.6 0.15 6.6 0.15 0.19 0.19 19 11 N D
23 —22.3 0.64 34.84 7.8 0.35 7.8 0.35 0.07 0.07 28 11 N E/F
24 -9.9 2.31 4.29 5.2 0.53 5.2 0.53 0.34 0.34 53 12 U
25 —13.3 0.33 40.30 28.2 2.12 28.2 2.12 0.01 0.01 62 12 LNP Sgr B2

Notes. Shown for each velocity component for each source is the absorption depth (minimum of the cloud-averaged ATCA H,CO 4.8 GHz line), the rms of the H,CO spectrum, the SNR of the absorption relative to the
rms, the median of the C-band continuum emission (GBT, 4.85 GHz) + 2.73 K to account for the absorption against the CMB, the fractional absorption (median C-band continuum divided by the absolute absorption
depth), the optical depth sensitivity (7min), and the velocity and velocity dispersion of each component from the Gaussian fitting of the HNCO emission. The median continuum and fractional absorption values, and Tyin
are given twice, corresponding to the different masking techniques discussed in Section 3.5. This comparison includes 21/31 clouds due to incomplete coverage of the ATCA data. The penultimate column denotes
whether a (sub)cloud is determined to be on the near (N), likely near (LN), or far (F) side of the CMZ, and the final column gives the colloquial cloud name where appropriate. Sources marked with an asterisk

? These are more uncertain as they are very near to Sgr A* in projection, which complicates this analysis method due to localized strong radio continuum emission.

® This is Sagittarius B2, which contains many embedded high-mass star-forming regions, and therefore radio continuum emission. We place Sgr B2 on the near side due to arguments given in Section 3.5.

¢ Note that source 11b has a positive value for the minimum H,CO value, due to apparent emission at the velocity of this component. This source is very close to Sgr A* in projection, and so this may be an artifact in the
data (see Appendix B).
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Figure 5. An example of the different masking approaches used to account for
multiple velocity components when determining their fractional absorption
against the radio continuum. The source shown is 17 (“the Brick™), which has
at least three velocity components. Top-row panels: peak intensity maps for
each of the velocity components. Center-row panels: masks based upon the
relative weights of the peak intensities of each component. Each pixel value is a
value between 0 and 1, according to the fractional value of the peak intensity of
the given component relative to the sum of the peak intensities of all
components. Bottom-row panels: traditional binary masks, where for a given

pixel, a value of 1 is assigned to the component with the greatest peak intensity
value.
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overlap between the multiple components. Ultimately, we
decided to implement two different methods based on the peak
HNCO intensity. For each velocity component, we create a
peak intensity map of the HNCO emission within a velocity
range defined by the velocity dispersion of the component
about the centroid velocity. Using these maps, the following
techniques are then used:

1. Peak intensity masking. For a given pixel within the
dendrogram mask for a given source, the values of the
peak intensities of each component are compared. The
pixel in the submask corresponding to the velocity
component with the greatest peak intensity is assigned a
value of 1, while those in the remaining components are
assigned NaN.

2. Peak intensity weighting. At each pixel within the
submasks for each velocity component, the pixel is
assigned a value corresponding to the fractional value of
the peak intensity of that component relative to the sum
of the peak intensities of all components. This effectively
assigns a weight to every pixel for each component, such
that the value for one component is between 0 and 1, and
the sum of all submasks at a given pixel is equal to 1.

An example of resulting masks is shown in Figure 5 for
source 17 (“the Brick”), which has at least three velocity
components. The results of the two methods are broadly similar
in that they capture the relative 2D morphological prominence
of each component.

Using these masks, we revise our C-band continuum
measurements and report two different values. We report the
median weighted value, which simply applies the fractional

10
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pixel-weighting for each velocity component, as well as the
median masked value, which applies the more traditional
binary mask per component before measuring the median value
of the continuum.

Having measured both the median continuum emission and
maximum spatially averaged absorption depth for each source,
we then take the ratio of the continuum divided by the
absorption depth for each of the two masking methods in order
to obtain a measure of the fractional absorption. When
calculating this ratio, we add 2.73 K to the median continuum
level to account for the fact that H,CO (1,91, ;) can be seen
in absorption against the CMB.

Under the assumptions that the absorption is due to the cloud
material, and that the continuum emission arises from optically
thin free—free or synchrotron emission that fills that Galactic
Center at a constant level within ~100pc, this fractional
absorption gives a simplified diagnostic with which to
determine whether a cloud is more likely to be in the
foreground or the background of the Galactic Center. If a
cloud is in the foreground, then we would expect this ratio to be
<1 (H,CO absorption dominated), whereas if it is in the
background, we would expect it to be >1 (continuum emission
dominated). All measurements for the absorption depth,
median continuum, and fractional absorption are given in
Table 2.

While this approach works well in many cases, it is fairly
crude, as it assumes a smooth continuum background. In
reality, this is not the case, particularly in regions with strong
localized continuum emission such as Sgr A* and Sgr B2. Sgr
A" in particular is very bright in continuum, and connects to the
larger scale, radio-bright Arched filaments. Sgr B2, and to a
lesser extent Sgr C, are also very bright due to the embedded
high-mass star formation. This means that our approach breaks
down in these regions. For example, Sgr B2 has deep correlated
absorption across the cloud, but the embedded continuum
emission is so bright that the fractional absorption value would
place it solidly on the far side of the CMZ, which is
inconsistent with the consensus in the literature (e.g.,
T. Sawada et al. 2004; M. J. Reid et al. 2009; D. Chuard
et al. 2018). Additionally, the footprint of the ATCA CMZ
survey is such that some of Sgr B2 is not covered, though the
Sgr B2 Main and North regions are included.

A similar issue is seen for the 20kms™' cloud in that we
again see deep, correlated absorption, but the very strong radio
continuum from the nearby (in projection) Sgr A* dominates
and so our method once again breaks down. This is true for all
clouds that are close to Sgr A*. For the 20 km s7! cloud, the
ATCA map is missing a significant chunk of data right through
the center of the cloud, which means that any analysis using
these data needs to be taken with caution. Given the depth of
the absorption and how correlated it is in both position and
velocity, we conclude that it is more likely that Sgr B2 and the
20km s~ cloud are on the near side of the CMZ.

In the two cases of Sgr B2 and the 20 km s7! cloud, we use
this more qualitative assessment of the absorption depth and
position—velocity correlation of the absorption (Section 3.4).
For the remainder of sources, we use the results from the
fractional absorption analysis to determine whether a cloud is
more likely to be on the near or far side of the CMZ, or whether
the results are inconclusive. Of the clouds/components in our
sample, we conclude that five are likely are the far side, 18 are
on the near side, and eight are uncertain. The primary cause of
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these uncertainties is projected proximity to Sgr A* and Sgr B2.
A discussion of these uncertainties is given in Appendix B. The
resulting near/far assignments are given in Table 2.

To assess the significance of the absorption measurements,
we approximate the minimum detectable optical depth as

Tmin = —ln(l — 2)

Trms )
Tsc + Tcms
where T, is the lo rms of the mean H,CO (1;¢-1; ;)
spectrum, Tgg is the median background as measured by the
4.85 GHz continuum, and Tcyp is the brightness temperature
of the CMB =2.73 K. T}y, is estimated by taking the standard
deviation of the line-free channels in each mean spectrum per
cloud, where the line-free channels are identified by-eye. The
values of T}, and the SNR with respect to the absorption depth
are reported in Table 2, along with two values of 7y,
corresponding to the two different masking approaches used to
measure the radio continuum discussed earlier in this Section.

The values of 7, range from 0.01-0.39, with all values
being significantly <1. This indicates that we have sufficient
sensitivity to detect H,CO absorption against the CMB alone
for all clouds in our sample, in the absence of any additional
background continuum. In the cases of nondetection, the
absence of absorption combined with the low 7, values
strongly suggests that these clouds are located behind the bulk
of the free—free emitting region.

The combination of low 7, values (<0.39) and measured
SNR for detected absorption features allows us to assess the
reliability of our near/far classifications. Near-side classifica-
tions, which are based on positive detections of absorption
significantly deeper than 2.73 K, are generally the most robust,
particularly where the SNR is high. Our far-side classifications
are supported by the lack of detected absorption despite having
sufficient sensitivity to detect it if present.

There are more marginal cases, where we do see absorption
that is only slightly deeper than 2.73 K, or where the SNR is low
(<30, e.g., sources 3, 7b, 8a, and 8c). In these cases, it’s difficult
to definitively say if a cloud is on the near side with a low optical
depth or on the far-side. Source 21b also has a low SNR (2.94);
however, this is dust ridge cloud C, which is known to have a
H,CO maser at the source velocity (A. Ginsburg et al. 2015) that
contaminates the spectrum, and so we classify this source as
being on the near-side based on the other analyses presented
here. There are also cases where we maintain an “uncertain”
classification despite clear absorption and a good SNR, mostly
in regions near Sgr A* and Sgr B2 where bright conti-
nuum emission and potential data artifacts complicate the
interpretation.

4. Discussion

Having created a CMZ cloud catalog and, where possible,
assigning them to either the near or far side of the CMZ with
respect to the Galactic Center, we now compare these results
with models of the 3D orbital geometry.

4.1. Can the CMZ Really be Described by an Ellipse?

The idea that the ~100 pc stream of gas orbiting the Galactic
Center can be modeled by a closed ellipse is not a new one.
J. Binney et al. (1991) interpreted the CMZ as roughly elliptical
X, orbits. Based on Herschel data, S. Molinari et al. (2011)
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proposed a twisted infinity-shaped elliptical orbit that has a
radius of ~100 pc and introduces a vertical oscillation to match
the projected distribution of the dense gas. While this model
does a reasonable job of describing the projected structure of
the gas in [ and b, it has a few notable caveats. First, the
position of Sgr A is significantly offset from the geometric
center of the orbit and is placed closer to the near side of the
ring (though this is not necessarily problematic, see the
discussion later in this subsection). Second, the model assumed
a constant orbital velocity. Finally, comparison with detailed
kinematic analysis of the dense CMZ gas shows that the model
is not consistent with the observed structure in position—
velocity space (J. M. D. Kruijssen et al. 2015; J. D. Henshaw
et al. 2016, 2023).

We revisit this model in an effort to address some of these
caveats and explore whether a simplified parametric description
of an x, orbit can better describe the observed [bv structure of
the gas. We initialize an elliptical orbit in Cartesian coordinates
as:

x = acos(p) 3)
y = —bsin(¢) “4)
7z = zpsin(—2¢ + «) )

where a and b are the semiaxes, ¢ is the azimuthal angle, and «
represents a phase offset. The factor of 2 in the sinusoidal term
gives rise to the characteristic projected oo shape in Ib space.
This form of ellipse is very similar to that in S. Molinari et al.
(2011), but one crucial difference is that we do not assume a
constant orbital velocity, but rather a constant angular
momentum. That is, the velocity along the orbit is obtained
assuming that the z-component of the angular momentum is
constant (L, = v4R = constant). This is not exactly true either
in the case of x,-orbits, but is it a much better approximation
than a constant orbital velocity.

To fit the model parameters to the data, we initially set the
geometric center of the orbit to be equal to the position of Sgr
A" in [ and b (—0.0558 deg and —0.0462 deg, respectively).
The reasoning for this is that if an elliptical orbit is related to an
x,-orbit, then it ought to be centered on the location of the
minimum of the global gravitational potential, which is likely
Sgr A*, given that the centroid of both the nuclear star cluster
and nuclear stellar disk coincide closely with the position of
Sgr A* (e.g., F. Nogueras-Lara 2022; M. C. Sormani et al.
2022). However, we found that this resulted in a poor fit to the
data regardless of other orbital parameter choices. The offset in
latitude does match the data well, but the longitudinal offset
does not—the orbit is significantly offset toward negative
longitudes compared to the positions of the clouds. We find
that an offset equal in magnitude to the longitude of Sgr A*, but
in the opposite direction, does a very good job of matching the
data. We find that an orbit centered on [/, b] = [0.05, —0.0462]
degrees matches the cloud distribution well (see Figure 7).

Though this longitudinal offset is an explicit by-eye match to
the data, the offset may be explained by various expected
processes. In particular, numerical simulations show that gas
accretion onto the CMZ via bar-driven inflow is unsteady,
which can significantly perturb the gas (M. C. Sormani et al.
2018), and has been proposed to explain the highly asymmetric
longitudinal dense gas distribution observed in the CMZ (as
visible in Figure 1). Furthermore, simulations show that while
the structure of the CMZ gas is well described by a ring-like
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Figure 6. Geometric toy model of a 3D vertically oscillating elliptical orbit. Left panel: a top-down view of the orbit in Cartesian coordinates. Center panel: Galactic
longitude vs. latitude. Right panel: Galactic longitude vs. velocity. The blue solid lines correspond to the segments of the model that are in front of the Galactic Center,
and the red dotted lines correspond to those behind the Galactic Center. The star marker denotes the location of Sgr A*, and the inverted triangle shows the center of

the orbit.

structure when time-averaged, it is highly variable as a function
of time, with substantial asymmetries and irregular structures
when observed at any individual snapshot (see, e.g., Figure 6 of
R. G. Tress et al. 2020). Given that we can only observe the
real CMZ in a single discrete snapshot, it is reasonable to
expect that it may be irregular and asymmetric. Simulations
presented in E. Emsellem et al. (2015) also demonstrate a
decoupling of Sgr A* from the circumnuclear gas ring, with
offsets of up to 70 pc. In summary, we do not expect that the
CMZ should look like a simple ring centered on Sgr A* at any
given instantaneous snapshot, and so the longitudinal offset
from Sgr A* of ~0.09 deg (13 pc in projection at 8.1 kpc) for
the elliptical model presented here is minor and could easily be
explained by the turbulent CMZ gas dynamics.

Given these central coordinates, we find that the following
parameters fit the data reasonably well: a = 90 pc, b = 55 pc, 2o
= 12.5pc, and vy = 130km s~ ', where z, is the height of the
orbit, and v, is the initial tangential velocity. We also add a
rotation about the z-axis (i.e., the angle between the orbital
major axis and the Sun—Galactic Center line), . We find that
0 = 25 deg provides the best match to the data. The resulting
orbit>* is shown in Figure 6.

Note that the model parameters were chosen through a by-
eye process. The motivation here is simply to investigate
whether a closed elliptical orbit can do a good job of describing
the [bv structure of the dense gas. A thorough exploration of the
parameter space and proper physical modeling is deferred to a
subsequent paper in this series.

4.2. Qualitative Comparison with 3D Models of CMZ
Geometry

Using the near/far assignments of clouds determined in
Section 3.5, we can directly compare these with existing
models of the 3D structure of the dense gas in the CMZ. As
discussed in Section 1, there are broadly three main flavors of
geometrical models that are commonly discussed in the
literature. To recap, these models interpret the gas structure
as (i) two spiral arms (e.g., Y. Sofue 1995a; M. G. L. Ridley
et al. 2017), (ii) a vertically oscillating, closed ellipse (e.g.,
S. Molinari et al. 2011; Y. Sofue 2022; see also the updated
model described in Section 4.1), and (iii) an open, eccentric

22 The code used to generate this toy model is available at: https://github.
com/CentralMolecularZone /3D_CMZ.
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orbit that appears as a pretzel-shaped collection of gas streams
in projection (J. M. D. Kruijssen et al. 2015).

In the following, we compare our cloud near/far assign-
ments with four specific versions of these models: spiral arms
(Y. Sofue 1995a), closed ellipse with constant orbital velocity
(S. Molinari et al. 2011), closed ellipse with constant angular
momentum (this paper), and the open stream model
(J. M. D. Kruijssen et al. 2015). The Ib projections of these
four models are shown in Figure 7, and are labeled as “Sofue,”
“Molinari,” “Ellipse,” and “KDL,” respectively. Note that
Y. Sofue (1995a) did not provide an explicit model for their
spiral arm interpretation. The “Sofue” model shown in all plots
in this paper is an approximation of the spiral arms model that
is based upon the J. M. D. Kruijssen et al. (2015) model
(J. D. Henshaw et al. 2016).

In Figure 7 (and all subsequent Figures), each model is
divided into near and far components. Red dotted segments of
the orbit are those that are behind Sgr A*, and blue solid
segments are in front of Sgr A*. Overlaid on each model are the
clouds from the catalog presented in this paper, excluding those
beyond [/~ 1 deg, as (i) they are likely not part of the
circumnuclear stream, and (ii) we do not have absorption data
there. Circular markers show the 21 clouds for which we have
absorption data, the sizes of which correspond to the cloud
mass. The color of the markers corresponds to the near or far
assignment of the cloud, where blue indicates absorption
dominated (i.e., near side) and red indicates emission
dominated (i.e., far side). Gray markers are uncertain due to
low SNR, and confusion or artifacts in the ATCA data from
Sgr A* and Sgr B2 (see Appendix B).

We see that all four models generally do a reasonable job of
describing the /b distribution of the clouds, which is to be
expected, as this is how they were defined. Folding in the near/
far assignments of the clouds, we begin to see clearer
differences between the models. Overall, the KDL model
provides to best match to our results in /b space. The spiral
arms model shows the least consistency with our cloud
positions, which places the so-called “Three Little Pigs” clouds
(IDs 13, 14, 16; C. Battersby et al. 2020), and the 20 and
50kms ' clouds (IDs 9 and 10) on the far side. We find that
these clouds all show significant absorption, which we interpret
as them being more likely to be in front of the Galactic Center.
However, this region is notoriously difficult to interpret,
particularly the 20 and 50kms ™' clouds, as the clouds reside
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Figure 7. Colored lines show the 2D projection of four separate orbital models in position—position (top-left panel: J. M. D. Kruijssen et al. (2015) [KDL]; top-right
panel: Y. Sofue (1995b) [Sofue]; bottom-left panel: S. Molinari et al. (2011) [Molinari]; bottom-right panel: a vertically oscillating elliptical orbit, similar to that of
S. Molinari et al. (2011) [Ellipse]). Note that the spiral arms model from Y. Sofue (1995a) is not explicitly presented in their paper—the visualization shown here is
adapted from two streams of the J. M. D. Kruijssen et al. (2015) model, as presented in J. D. Henshaw et al. (2016). The blue solid lines correspond to the regions of
the orbital models that are in front of the Galactic Center, and red dotted lines correspond to those behind the Galactic Center. Markers correspond to the positions of
the clouds in the catalog presented in this paper, the sizes of which are related to the cloud mass. Colored circles show clouds for which both ATCA H,CO (1, -1, )
data and GBT 4.8 GHz continuum data are available. The marker colors correspond to the presence of deep (>2.73 K) absorption at the velocity of the cloud emission,
which is correlated in position and velocity. Blue markers correspond to the presence of such absorption and are concluded to more likely be in the foreground,
whereas red markers do not show such absorption and are more likely to be in the background relative to the Galactic Center. Gray hatched markers are uncertain due
to low SNR, and/or artifacts in the ATCA data. Open black square markers correspond to clouds in the catalog for which these data are not available. In the bottom-
right panel, the structure ID for each source is given alongside the corresponding marker. The star marker denotes the location of Sgr A*, and in the lower-right panel,
the inverted triangle shows the center of the orbit.

very close to Sgr A* in projection (a detailed review can be multiwavelength studies of these clouds. In general, they found
found in J. D. Henshaw et al. 2023). In our approach, this good agreement between the near/far placements of clouds
proximity complicates the analysis due to the very bright radio between their methods and ours, but there are some outliers,
continuum emission, and artifacts in the ATCA line data such as this one. We refer the reader to Paper IV for a detailed
(Section 3.5.) comparison between their results and those presented in this
One notable outlier with the two elliptical models and the paper.
open stream model is source 6, which lies in the lower-right Figure 8 shows the same model versus cloud comparison,
quadrant of the orbit. Our analyses tentatively place this cloud this time in Iv space. Here the cloud markers are scaled
on the far side of the CMZ. There is absorption at the cloud independently along both axes, corresponding to the
velocity, but it is very weak (Table 2). If this interpretation is effective radius and velocity dispersion of each. In this
correct, then this is inconsistent with the elliptical and open projection, the differences between the models are more
stream models, and it is consistent with the spiral arms model. pronounced. In particular, the S. Molinari et al. (2011)
In a separate paper in this series, D. Lipman et al. (2025, elliptical model provides a very poor fit the /v data, and
hereafter Paper IV), using independent methodologies based on captures very little of the higher-velocity emission (see also
IR extinction, were unable to confidently assign a near/far J. M. D. Kruijssen et al. 2015; J. D. Henshaw et al.
placement for this cloud, though their results tentatively 2016, 2023). In contrast, the similar elliptical model
suggest that the lower-velocity component (6a) is likely on presented in Section 4.1 is more consistent with the data.
the near side. This highlights the requirement for independent, The primary reason for this difference is the assumption of
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Figure 8. Colored lines show the 2D projection of four separate orbital models in longitude—velocity (top-left panel: J. M. D. Kruijssen et al. (2015) [KDL]; top-right
panel: Y. Sofue (1995b) [Sofue]; bottom-left panel: S. Molinari et al. (2011) [Molinari]; bottom-right panel: a vertically oscillating elliptical orbit, similar to that of
S. Molinari et al. (2011) [Ellipse], though they assume constant orbital velocity, whereas we assume constant angular momentum). As in Figure 7, the solid blue lines
correspond to the regions of the orbital models that are in front of the Galactic Center, and dotted red lines correspond to those behind the Galactic Center. Markers
correspond to the positions of the clouds in the catalog presented in this paper. The sizes of the markers in / and v correspond to their angular radius and velocity
dispersion, respectively. Colored circles show clouds for which both ATCA H,CO (1, o1, ) data and GBT 4.8 GHz continuum data are available. The marker colors
correspond to the presence of deep (>2.73 K) absorption at the velocity of the cloud emission, which is correlated in position and velocity. Blue markers correspond to
the presence of such absorption and are concluded to more likely be in the foreground, whereas red markers do not show such absorption and are more likely to be in
the background relative to the Galactic Center. Gray hatched markers are uncertain due to low SNR, and/or artifacts in the ATCA data. In the case of multiple velocity
components, each pixel in the leaf for a given component is assigned a weight according to the fractional peak intensity relative to the integrated peak intensity across
all components. When evaluating the fractional absorption for each velocity component, these masks are applied to the radio continuum maps in order to apply a
relative weight to each component based on the morphological distribution of the peak intensity (Section 3.5). Square markers correspond to clouds in the catalog for
which the relevant data are not available. The background gray points correspond to the spectral decomposition of MOPRA HNCO data as presented in J. D. Henshaw
et al. (2016). The star marker denotes the location of Sgr A*, and in the lower-right panel, the inverted triangle shows the center of the orbit.

constant orbital velocity in the S. Molinari et al. (2011) The updated ellipse, spiral arms, and open stream models
model, whereas we assume constant angular momentum. We each provide a good fit to the majority of the observed Iv
therefore conclude that while the S. Molinari et al. (2011) structure, though there are certain regions that are not well
model describes the /b structure well, it is not a suitable described by any models, such as the extended material beyond
model based on kinematic arguments. Sgr B2 (I Z 0.65 deg), and the central region of the Iv plot at
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I~ 0.0-0.4, and v~20-40kms~'. We discuss these poorly
fitted regions in more detail in Section 4.4. All three models
place the dust ridge (the clouds between [ ~ 0.2-0.5deg
and v~ 0-40km sfl) and Sgr B2 on the near side, which
is consistent with other observational constraints on these
regions (e.g., M. J. Reid et al. 2009; D. Chuard et al. 2018;
F. Nogueras-Lara et al. 2021).

Disagreements between these three models are more
apparent when looking at the near/far positions of the clouds.
The updated ellipse and spiral arm models are broadly
consistent with each other in that they place the lower-velocity
segments of the streams in the foreground, and the higher-
velocity segments in the background. The lower-velocity near-
side segments show good agreement with our near/far
assignments, with the exception of sources 6 and 8, which
we place on the far side based on the lack of absorption. This is
potentially resolved by the J. M. D. Kruijssen et al. (2015)
model, where the far-side stream is very close to the lower-
velocity near-side stream in /v space.

The most significant discrepancies can be seen in the higher-
velocity portion of the orbits. The updated ellipse and spiral
arms models place this material on the far side, whereas the
open stream model places it all on the near side. Placing this
gas on the near side is consistent with the fact that it contains
the “Three Little Pigs” and 20 and 50 km s ! clouds, which, as
discussed earlier, we conclude are in the foreground based on
deep absorption. However, as can be seen in Figure 8, our
analyses place some of the clouds belonging to this high-
velocity gas on the far side also. This mix of near and far-side
clouds in the higher-velocity segment is not consistent with any
of the current orbital models. Overall, we see that the KDL
model provides the best match to our near/far assignments in /v
space, the ellipse and Sofue models have more near/far mis-
classifications, particularly in the higher-velocity gas, and the
Molinari model shows the least consistency in both [bv
structure and near/far assignments.

In summary, we find that all of the models have some level
of inconsistency with the data. The S. Molinari et al. (2011)
model is ruled out based on kinematic arguments. The spiral
arm model from Y. Sofue (1995a) and the toy elliptical model
presented in this work describe the /bv structure reasonably
well, but there are inconsistencies with the placement of clouds
in the Sgr A region, some of which are placed on the far side, in
conflict with our radio absorption analysis, which places them
on the near side. The J. M. D. Kruijssen et al. (2015) model is
the most consistent in /by space, and does a good job of
matching both the observed structure and many of the near/far
placements. However, there are still some inconsistencies,
particularly in their higher-velocity near-side stream, in which
we find clouds that are concluded to be on the far side based on
our analyses in this paper. Furthermore, an open stream as
presented in J. M. D. Kruijssen et al. (2015) has not been
successfully reproduced in simulations (L. Armillotta et al.
2020; R. G. Tress et al. 2020).

4.3. Quantitative Comparison with 3D Models of CMZ
Geometry

To provide a more quantitative comparison between the
different orbital models, we use several metrics to assess how
well each model matches the observational data in [bv space
and in terms of near/far classification at the locations of the
clouds in our catalog.
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We first preprocess the data by resampling all four orbital
models onto a common grid of Ibv points, each with a near/far
classification. The near and far classifications are mapped to 0
and 1, respectively. The model points and the data from our
catalog in Table 2 are then standardized in /by space using the
RobustScaler from scikit-learn. This method centers
the data by subtracting the median and scales it according to the
interquartile range (IQR), reducing the influence of significant
outliers compared to methods that use mean and standard
deviation. However, while RobustScaler adjusts for out-
liers and brings each feature onto a comparable scale, it does
not address differences in units between the dimensions or
account for correlations between them.

For the /bv comparison, we calculate the overall distance
between each model and the data in 3D using the Mahalanobis
distance metric via the cdist function in scipy. The
Mahalanobis distance metric accounts for the covariance
structure of the data, effectively handling the different units
and correlations between the [bv dimensions. This provides a
more accurate measure of similarity in /bv space compared to a
standard Euclidean distance. The overall distance between the
data and the model is then computed as the average minimum
normalized [bv distance, on a scale of 0-1.

Figure 9 shows the distribution of the scaled difference
between the cloud catalog and the model points for each
dimension in [bv. We see that all models tend to perform worse
in velocity space, especially the Molinari model, likely due to
the complex kinematics in the CMZ.

To assess the near/far predictions, we use a k-nearest
neighbors (kNN) approach via scitkit-learn’s Near-
estNeighbors functionality. For each cloud, we find the
k-nearest model points in Ibv space and take a weighted vote of
their near/far predictions, where the weight of each neighbor is
based on the inverse of the distance between it and the data,
effectively giving more weight to the closest neighbors. The
choice of k for the number of neighbors is set to v'N, where N
is the number of points in the model. This is a typical “rule of
thumb” for a good starting point, and we confirm that the
following results are robust up to at least k ~ n/4, where n is
the number of model points. We finally compute the near/far
accuracy (on a scale of 0-1) as the weighted sum of correct
predictions divided by the total sum of weights.

We find that the KDL model performs best overall, with
good [bv matching (distance of 0.22) and near/far accuracy
(71%). The Sofue model shows a slightly better I/bv match
(0.19) but lower near/far accuracy (64%). The ellipse model
presented in this work ranks third, with the largest /bv distance
(0.28) and reasonable near/far accuracy (55%). The Molinari
model performs poorest overall, particularly in near/far
predictions (37%), and with the second largest /bv distance
(0.25). The results of these analyses are summarized in Table 3.

We find that the absolute near/far accuracy scores vary as a
function of k in kNN, but the relative ranking of the model
scores is unchanged. Beyond a k-value of n/4, the number of
neighbors begins to approach a significant fraction of the total
sample size, and the resulting scores tend to become noisier and
less stable as k increases. We also test the sensitivity to the
strength of the distance-based weighting. The model accuracy
shown in the second column of Table 3 weights each neighbor
as 1/d“, where d is the distance between the data and the
neighboring model point and o = 1. As we increase this from
a =1 — 2, we find that the accuracy scores for the Sofue and
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Figure 9. Distribution of differences between the scaled observed cloud positions and the nearest model points for each orbital model in longitude (/), latitude (), and
velocity (v). The box plots display the median (orange horizontal line), interquartile range (IQR; box boundaries represent the 25th and 75th percentiles), and whiskers
extending to the most extreme non-outlier data points. Outliers, shown as individual circles, are data points that fall beyond 1.5 times the IQR from the box edges.

Table 3
Quantitative Comparison of Orbital Models
Model Near/Far Near/Far Paper IV by
Accuracy Accuracy Method Distance
a=1 a=2
KDL 74% 80% 64% 0.22
Sofue 62% 59% 64% 0.19
Ellipse 58% 67% 55% 0.28
Molinari 36% 34% 41% 0.25

Note. The near/far accuracy shows the percentage of clouds in our catalog are
correctly classified as near or far side for each model. The two separate
columns for this show the different accuracy scores corresponding to the
strength of the distance-based weighting in the k-nearest neighbor analysis,
where « is the exponent in the 1/d“ weighting scheme. Shown also is the
agreement between the model and the data using the method from Paper IV, as
summarized in Section 4.3. The /bv distance is the average minimum of the
normalized distances between the data and the model.

Ellipse model begin to converge, and eventually flip such that
the Ellipse model performs better when giving more weight to
closer neighbors. This trend is robust to further increases in a.
We therefore also report the scores for o = 2 in Table 3.

An independent method for quantifying the comparison
between the models and the data is presented in Paper IV. We
refer the reader to D. Lipman et al. (2025) for a detailed
explanation of this method. In brief, the /bv distance calculation
is performed similarly to the method presented here, instead
using min-max scaling and a Euclidean distance metric. To
assess the near/far classification accuracy, the authors instead
impose a distance threshold (0.25 in normalized /bv space),
where the minimum distance between the model and the data
must be within this threshold in order to be considered a
positional match. If a source is a match in /bv space, then the
near/far classification of the data and model are compared, and
if they agree, then this is added to the accuracy score for that
model. The result of applying this method to the data presented
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in this paper is also shown in Table 3. Overall, we find that the
accuracy scores and relative model ranking are comparable to
those using the kNN method.

These results support our earlier qualitative assessment that
the KDL model provides the best overall match to the
observational data, and most accurately predicts the near/far
classification of the clouds. However, they also highlight that
significant discrepancies remain between all current models and
the observed CMZ structure.

The poor performance of the Molinari model, particularly in
near/far predictions, quantitatively confirms our earlier con-
clusion that it is not a suitable description of the CMZ structure.
While our updated ellipse model shows improvement,
especially in near/far accuracy, its relatively poor /bv matching
suggests that this simple closed elliptical orbit may be too
restrictive to fully describe the observed gas distribution, or that
our parameter choices for the model are not well optimized.
More in-depth modeling and statistical analyses of such an
orbit will be explored in a subsequent paper in this series.

Overall, these analyses reinforce the need for more complex
models of the CMZ’s 3D structure. While the open stream
configuration of the KDL model appears to best match the data
presented in this work, it does not fully explain the underlying
gas distribution. Obtaining more precise observational con-
straints on cloud distances will be crucial for discriminating
between competing models of the CMZ’s 3D geometry, and
developing improved ones.

4.4. What Are the Origins of the Poorly Constrained Structures
atl > 0.7

As noted in the previous Section, none of the existing
models of the CMZ’s 3D structure provide an exact match to
the data. This is true in Ibv space generally, but it is even more
pronounced in lv space.

One region of the CMZ that is not well described by any of
the models in /bv space is the material beyond Sgr B2, roughly
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between 0.7 < [ < 1.1. The bulk of the gas in this region,
which contains our sources 27, 28, and 29, falls outside of the
Ibv extents of all of the models discussed here. Sources 30 and
31 are also not captured by any of the models, but they are
much farther out from the CMZ at ~1{.J6, and so we do not
include these in the context of 3D CMZ models.

A possible explanation for this 0.7 < [ < 1.1 region is that it
is related to material that is flowing into the CMZ from the bar.
It is well established that the Galactic bar drives mass into the
CMZ along the dust lanes (e.g., M. C. Sormani &
A. T. Barnes 2019). The so-called 173 complex, which is
connected to this 0.7 < [ < 1.1 region in velocity, is considered
to be a strong candidate for infalling material that is directly
interacting with the main CMZ ring-like structure, as evidenced
by extended velocity features (e.g., M. C. Sormani et al. 2019;
R. G. Tress et al. 2020). Given that these regions are connected
in both position and velocity, it is plausible that this material is
also part of the interaction between the CMZ and the inflowing
gas, and is therefore unlikely to be well described by a simple
geometric model of the circumnuclear orbit.

Another possibility is that the material at ~1° is over-
shooting the CMZ. Simulations demonstrate that a significant
fraction (up to 70%) of the material accreted via the dust lanes
on one side of the CMZ may overshoot the main orbit, and then
be accreted onto the main orbit at the opposite side
(M. C. Sormani et al. 2019; H. P. Hatchfield et al. 2021).

4.5. The Asymmetric CMZ

It has long been noted that the projected distribution of dense
gas in the CMZ is highly asymmetric. The majority of the
dense gas and molecular clouds are at positive longitudes, and
mostly concentrated in the dust ridge and the Sgr B2 complex,
extending out to the 1.3 complex and beyond (see Figure I;
e.g., J. Bally et al. 1988; S. Molinari et al. 2011; S. N. Long-
more et al. 2013b).

While this longitudinal asymmetry is well established, the
distribution of molecular clouds in front of versus behind the
Galactic Center is not known. In other words, do we see any
similar asymmetries in the dense gas along the line of sight?
Although we do not have measurements of the line-of-sight
distances of the clouds in this work, we do now have the first
complete catalog of CMZ clouds with constraints on their
relative positions, and so we can begin to explore this question.

As can be seen in Figure 7, the majority of the clouds in our
catalog are more consistent with being in front of the Galactic
Center, with 13 clouds in the foreground, four in the
background, and four are uncertain. This changes to 18
foreground, five background, and eight uncertain when
accounting for multiple velocity components (see Figure 8 and
Table 2). Of the 18 in the foreground, 13 of these are at
0°<1<0.7. In summary, of the 23 sources with near/far
assignments, 78% are on the near side, and 57 % are at [ > 0°.
The CMZ molecular cloud distribution is strongly asymmetric
along the line of sight, with the majority of clouds residing in
front of the Galactic Center, most of which are at positive
longitudes.

As discussed in Section 4.1, such asymmetries are not
necessarily unexpected, as they are commonly seen in
simulations as a result of the unsteady flow of material along
the dust lanes toward the CMZ (e.g., M. C. Sormani et al.
2018). Combined with the effects of feedback and overshooting
material, it is common to see asymmetries and highly perturbed
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structure in such simulations (R. G. Tress et al. 2020). Strong
asymmetries are also seen in observations of extragalactic
CMZs, such as the inner circumnuclear ring in M83, where as
much as two-thirds of the material are contained on one side of
the ring (D. Callanan et al. 2021).

5. Conclusions

We have presented a catalog of clouds in the CMZ along
with their global physical and kinematic properties (Table 1).
We obtain new constraints on the line-of-sight positions of 21
CMZ clouds relative to the Galactic Center using radio
molecular line absorption analysis (Section 3.4, Table 2). We
have also introduced an updated version of a geometric model
describing the CMZ gas as a closed, vertically oscillating
eccentric orbit (Section 4.1).

Using these new constraints on which clouds are in front of
versus behind the Galactic Center, we compare our results with
four different models of the 3D geometry of the CMZ gas. We
find that no single model in the literature adequately fits our
results. The open stream model from J. M. D. Kruijssen et al.
(2015) shows the most consistency with the data, though there
are still discrepancies between the near/far placement of
several clouds, particularly in the higher-velocity gas stream,
and the physical origin of such an orbit is not clear. The KDL
model, and indeed all of the models discussed here, could
benefit from incorporating updated constraints on the gravita-
tional potential, along with newer, higher-resolution data that
uncovers more of the hierarchy of the molecular gas in lbv
space (e.g., the recent “ACES” ALMA Large Program [ID:
2021.1.00172.L]). However, we caution that these models can
be susceptible to over-fitting without more direct constraints on
the line-of-sight distances.

We also find that the distribution of molecular clouds in the
CMZ is highly asymmetric along the line of sight, with the
majority of clouds residing in front of the Galactic Center, and
at positive longitudes.

These results highlight that the CMZ is significantly more
complex than can be captured by relatively simple geometric
models (see, e.g., simulations in R. G. Tress et al. 2020), and
that the gas distribution likely deviates from simple x,-like
orbits, with gas that may be overshooting, inflowing from
larger Galactic radii, or inflowing toward the Galactic Center.
This reinforces the need for more observational data that can
provide stronger, more direct constraints on the line-of-sight
positions of CMZ clouds. In the context of this paper, targeted
high angular resolution molecular line absorption data would
facilitate much more precise analyses of the substructure of the
absorbing gas. In the context of the wider 3D CMZ project, the
use of more novel, multiwavelength techniques, such as maser
proper-motion measurements, dust extinction methods using
JWST data, and X-ray echoes through molecular clouds from
past Sgr A™ flaring events, promises to provide new constraints
on the line-of-sight positions of molecular clouds, and
ultimately the true present-day 3D geometry of the dense
CMZ gas.
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Data Availability

The relevant data products and code used for this paper and
other papers in this series are made available at https://
centralmolecularzone.github.io/3D_CMZ/. The data products are
hosted at Harvard DataVerse (DOI:10.7910/DVN/AKC2HH):
https:/ /dataverse.harvard.edu /dataverse/3D_CMZ.
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An interactive version of the 3D models and cloud catalog
presented in this paper are made available at https://3d-cmz-
models.streamlit.app/.

Software: This research primarily made use of the following
software packages: CASA (J. P. McMullin et al. 2007),
astropy, a community-developed core Python package for
Astronomy (Astropy Collaboration et al. 2013; A. M. Price-W-
helan et al. 2018; Astropy Collaboration et al. 2022),
astrodendro, a Python package to compute dendrograms of
astronomical data (http: //www.dendrograms.org/), APLpy, an
open-source plotting package for Python (T. Robitaille &
E. Bressert 2012), spectral-cube (https://spectral-cube.
readthedocs.io/en/latest/), and radio-beam (https://radio-
beam.readthedocs.io/en/latest/).

Appendix A
Multicomponent Gaussian Fitting

As outlined in Section 3.3, we select both HNCO and H,CO
as our primary lines to probe the global kinematic properties of
the clouds in our catalog. For the purpose of this paper, we are
interested only in the general kinematics, i.e., the centroid
velocity and velocity dispersion, as we are simply comparing
with the PPV structure of various models of 3D CMZ structure.
Thorough decomposition of the spectra is beyond the scope of
this work, and has already been presented for the full CMZ
using HNCO in J. D. Henshaw et al. (2016). We therefore opt
to fit Gaussian components to each cloud-averaged spectrum to
obtain these properties. To do this, we use pyspeckit, and
for each cloud, we manually inspect the mean spectrum and
initialize guesses for the number of components, along with the
amplitude, velocity, and FWHM of each component. These
guesses are passed to pyspeckit via the specfit
functionality, which returns the best fits to the specified
components.

Figure Al shows examples of the fits to the HNCO and
H,CO emission for three sources (8, 17, and 31). These sources
are selected to demonstrate the range in spectral complexity in
terms of varying numbers of components, blended components,
and cases of poor SNR. This also supports the choice of HNCO
as our main tracer, as it is almost always brighter than H,CO,
often revealing fainter velocity components that are not clearly
seen otherwise.
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Figure Al. Spatially averaged spectra and associated Gaussian fits for HNCO (left panel) and H,CO (right panel), for sources 8 (top row), 17 (center row), and 31
(bottom row). The black dotted line shows the data, and the red solid line shows the resulting fit. Fit parameters (amplitude, centroid velocity, FWHM, and velocity
dispersion) are shown in the legend in the upper-left corner of each panel.
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Appendix B
Absorption Analysis: Cases of Near/Far Ambiguity

In Section 3.5 we highlighted that there are eight cases for
which we are unable to confidently determine whether a cloud
is on the near of far side of the CMZ. The sources are 8a, 8c,
11a, 11b, 11c, 12, 15, and 24 (see Table 2). Here we provide
figures for each of these clouds to show the various absorption
and emission features. The Figures are equivalent to Figure 4.

Figure B1 shows source 8. The components 8a and 8c have
systemic velocities of —54 kms ™' and 62 kms ™", respectively.
At these velocities, we do see some absorption, but it is very
low SNR, and does not show clear correlation in the PV slice.
Combined with fractional absorption values that are slightly
>1, we conclude that their near/far assignment is uncertain.

Figure B2 shows source 11. The components 11a, b, ¢ have
systemic velocities of —11km sfl, 45km sfl, and 14km sfl,
respectively. Though there is clear absorption toward the lower-
velocity components, there is very bright apparent emission at
the velocity of the higher component. It is not clear whether this
is real, as we don’t necessarily expect bright emission in the line
outside specific circumstances (e.g., H,CO masers, none of
which are seen at this location). This source is also very close to
Sgr A* in projection, and has corresponding bright C-band
continuum in the field. So while we acknowledge that there is
potential absorption toward 11a and 11 ¢, suggesting near-side
positions, we cannot confidently conclude this given the current
data, and decide to mark this whole source as uncertain.

Figure B3 shows source 12. The systemic velocity is
86kms™', at which we do see shallow absorption with a

Velocit)é (km/s)

-200 -150 -100 -50 50
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maximum depth of ~6 K. However, this source is near to Sgr
A" and the arched filaments in projection, which means that the
C-band continuum and resulting fractional absorption values
are large. So while the weak absorption suggests being on the
near side, the fractional absorption suggest the opposite. We
therefore do not assign a near/far placement for this source.

Figure B4 shows source 15. The systemic velocity is
52km s~ Similarly to source 12, we do see absorption at this
velocity, but due to the proximity to the arched filaments in
projection, we also have bright C-band continuum, leading to
large fractional absorption values. There is also apparent H,CO
(110-14,1) emission here, but again we do not know if it is real
emission or an artifact. The apparent emission and absorption
of H,CO (14-1,,1) are both strongly correlated in position—
velocity, across different positions, but the same velocity range.
Given all of these uncertainties, we do not assign any near/far
position for this source.

Finally, Figure B5 shows source 24. The systemic velocity is
53kms~'. While there is some weak absorption around this
systemic velocity, and within the velocity dispersion of the
source, it does not peak at 53 km s~ '. In fact, there is apparent
emission at this velocity. This source is very close to the main
Sgr B2 complex, both in position and velocity, and is likely
part of the larger cloud complex that connects to the dust ridge.
In this case, it could be argued that it is likely on the near side
of the CMZ. However, given that the Sgr B2 complex is
kinematically complicated, and the fact that we do not see deep
absorption at the systemic velocity, we do not assign any near/
far position for this source.
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