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Abstract

The Central Molecular Zone (CMZ) is the largest reservoir of dense molecular gas in the Galaxy and is heavily
obscured in the optical and near-IR. We present an overview of the far-IR dust continuum, where the molecular
clouds are revealed, provided by Herschel in the inner 40° (|I| < 20°) of the Milky Way with a particular focus on the
CMZ. We report a total dense gas (N(H,) > 10* cm %) CMZ mass of ~2%% % 10" M., and confirm that there is a
highly asymmetric distribution of dense gas, with about 70%—75% at positive longitudes. We create and publicly
release complete fore/background-subtracted column density and dust temperature maps in the inner 40° (|/] < 20°)
of the Galaxy. We find that the CMZ clearly stands out as a distinct structure, with an average mass per longitude that
is at least 3% higher than the rest of the inner Galaxy contiguously from 1.8 > ¢ > —173. This CMZ extent is larger
than previously assumed, but is consistent with constraints from velocrty 1nformatron The inner Galaxy’s column
density peaks towards the S%rBZ complex with a value of about 2 x 10** cm 2, and typical CMZ molecular clouds
are about N(H,) ~ 10** cm ™. Typical CMZ dust temperatures range from ~12 35 K with relatively little variation.
We identify a ridge of warm dust in the inner CMZ that potentially traces the base of the northern Galactic outflow
seen with MEERKAT.

Unified Astronomy Thesaurus concepts: Galactic center (565); Star formation (1569); Dust continuum emission
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(412); Far infrared astronomy (529)

1. Introduction

Studies of the Milky Way afford unparalleled resolution and
allow for detailed study of the gas flows, star formation, and
feedback processes that drive galaxies. However, it is
challenging to gain a large-scale perspective of the structure
and dynamics of the Galaxy from our location embedded
within its midplane. The last few decades have provided
numerous comprehensive surveys of the plane of the Milky
Way from the radio (e.g., J. M. Stil et al. 2006; H. Beuther et al.
2016), to the submillimeter (e.g., F. Schuller et al. 2009;
E. Rosolowsky et al. 2010; J. E. Aguirre et al. 2011), the far-IR
(e.g., S. Molinari et al. 2010), the mid-IR (e.g., R. A. Benjamin
et al. 2003), and beyond.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Within our Galaxy, the inner few hundred parsecs have
drawn considerable interest. This region, the Central Molecular
Zone (CMZ), contains the largest reservoir of dense molecular
gas and is distinct from the rest of the Galaxy in its extreme
physical properties (e.g., M. Morris & E. Serabyn 1996;
J. D. Henshaw et al. 2023). The CMZ is at a distance of 8.2 kpc
(Gravity Collaboration et al. 2018, 2019; M. J. Reid et al.
2019). Gas from the Galaxy is funneled into the CMZ along the
bar in “dust lanes,” which then deposit the gas into the CMZ
(e.g., N. M. McClure-Griffiths et al. 2012; M. C. Sormani &
A. T. Barnes 2019; H. P. Hatchfield et al. 2020; Y. Su et al.
2024). Gas in the CMZ has been well documented to be much
more dense, hot, and turbulent than gas in the Galactic disk
(e.g., E. A. C. Mills & M. R. Morris 2013; C. Federrath et al.
2016; A. Ginsburg et al. 2016; J. Kauffmann et al. 2017;
N. Krieger et al. 2017; E. A. C. Mills et al. 2018a), with
stronger magnetic fields (e.g., T. Pillai et al. 2015;
N. O. Butterfield et al. 2024).
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While theoretical models reproduce many features of the
observed CMZ (e.g., J. M. D. Kruijssen et al. 2015a, 2019;
M. R. Krumholz & J. M. D. Kruijssen 2015; M. R. Krumholz
et al. 2017; L. Armillotta et al. 2019; H. P. Hatchfield et al.
2020; M. C. Sormani et al. 2020; R. G. Tress et al. 2020), many
open questions remain about the morphology and kinematic
properties of the gas and resulting star formation in the
Galaxy’s center. These issues, which are reviewed in detail in
J. D. Henshaw et al. (2023), include whether or not the CMZ
has an episodic star formation cycle, the reason for a
suppressed CMZ SFR despite its prodigious amount of dense
gas, and the origin and nature of CMZ turbulence. Central to
these questions is a measure of the dense gas clouds in the
CMZ and their 3D distribution. Since we lie in the disk plane,
we only view the Galactic Center edge-on, and while gas
kinematics (e.g., Y. Sofue 1995; M. Tsuboi et al. 1999;
J. D. Henshaw et al. 2016a) can give some clue as to its 3D
structure, key questions remain about the general orbital shape
of the gas and the physical relationship between different parts
of the CMZ.

In order to address these questions, observations at long
wavelengths are essential in order to peer through the high
extinction (e.g., R. Schodel et al. 2014) and robustly map out
the densest CMZ gas. Many continuum studies at (sub)
millimeter wavelengths have been conducted of the CMZ (e.g.,
ATLASGAL, BGPS, and targeted surveys; F. Schuller et al.
2009; J. Bally et al. 2010; A. Ginsburg et al. 2013; A. Ginsburg
et al. 2020; Y. Tang et al. 2021a, 2021b); however, from a
single flux measurement, it is not possible to unambiguously
resolve the well-known degeneracy between temperature and
column density. In this regard, the Herschel Hi-GAL survey
(S. Molinari et al. 2010, 2011a, 2016) has a considerable
advantage. observed the Galactic plane in five filters from
70-500 pum, making it possible to determine the continuum
spectral energy distribution (SED) along every line of sight and
thereby simultaneously fit for both the temperature and column
density. We improve on previous analyses (e.g., S. Molinari
et al. 2011a; Y. Tang et al. 2021a, 2021b) by performing a
consistent fore/background subtraction and SED fit across the
entire inner 40° of the Galaxy.

This paper is the first in a series whose aim is to uncover the
3D structure of our CMZ by cataloging key CMZ structures
and assessing the near-far distance likelihood of each. In this
paper, we describe the fore/background subtraction and SED
fitting of Herschel Hi-GAL data toward the inner 40° of the
Galaxy and derive the temperature and column density
distribution of the dense gas. In Paper II (C. Battersby et al.
2025) we segment these column density maps into their
hierarchical substructures and place the CMZ in a global
context. In Paper III (D. L. Walker et al. 2025) we perform a
detailed kinematic analysis of cloud structures in the CMZ to
identify contiguous structures in position—position—velocity
space. The detailed kinematic analysis of D. L. Walker et al.
(2025) also compares molecular line tracer emission and
absorption to help place these clouds on either the near- or far-
side of the CMZ. Paper IV (D. Lipman et al. 2025) compares
the Herschel dust emission for each cloud with its Spitzer 8 ym
and Herschel 70 ym dust extinction to help constrain the 3D
position of clouds in the CMZ.

This paper is organized as follows. In Section 2 we describe
the data used in this work. In Section 3 we describe the
methods by which we subtract a cirrus fore/background and
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derive dust temperature and column density maps and their
uncertainties. We also describe the public release of all data
products in Section 3.1.5. In Section 4 we present initial results
of the SED fits, report on overall properties and trends in these
data, and compare with previous work. In Section 5, we
measure the total dense gas mass, asymmetry, and extent of the
CMZ, identify the warm dust ridge, and compare with previous
work. We conclude in Section 6.

2. Data

The data used in this study were observed with Herschel as
part of the Hi-GAL Survey (Herschel Infrared Galactic Plane
Survey; S. Molinari et al. 2010, 2016), which covers the
Galactic Plane at || < 70° and |b| < 1°. The observing strategy
and data reduction for Hi-GAL generally are described in
S. Molinari et al. (2010) and A. Traficante et al. (2011) and for
the CMZ specifically in S. Molinari et al. (2011a). Briefly, the
Spectral and Photometric Imaging Receiver (M. J. Griffin et al.
2010) and the Photodetector Array Camera and Spectrometer
(A. Poglitsch et al. 2010) aboard Herschel observed the central
region of the Galaxy in Parallel mode in five photometric bands
centered at 70, 160, 250, 350, and 500 pm. The corresponding
beam sizes are about 6”, 12, 18”, 25”, and 36", respectively
(S. Molinari et al. 2016). The zero level offsets in the images
were derived by comparison with Planck/IRAS data (as in
J. Bernard et al. 2010), and are believed to be accurate within
about 15% (S. Molinari et al. 2011a). The Hi-GAL data
products were released publicly at http://vialactea.iaps.inaf.it,
as described in S. Molinari et al. (2016). The Herschel view of
our CMZ is shown in Figure 1.

3. Methods

In this Section, we outline the methods for removing fore/
background emission, deriving dust temperatures and column
density maps, and we describe uncertainties in these methods
and provide details on the public data release. For all of our
analyses, we assume a distance to the CMZ of 8.2 kpc (Gravity
Collaboration et al. 2018, 2019; M. J. Reid et al. 2019).

3.1. Methods to Derive the Dust Temperature and Column
Density Maps

3.1.1. Overview of Method

The interstellar medium is a mix of dust and gas in different
phases and at different temperatures. In this work, we
determine dust temperatures and column densities of the cold,
molecular gas (7'$ 30K, traced by dust) component only by
performing modified blackbody fits to Herschel data at the Hi-
GAL-observed wavelengths. We direct the interested reader to
the work of A. T. Barnes et al. (2017) who integrated Spitzer
data with these Herschel data to measure both the warm and
cold dust components within the inner CMZ. We also note that
a number of publications introduce more sophisticated fitting
approaches for determining the dust temperature and column
density toward the CMZ using Herschel data, namely the
PPMAP approach from K. A. Marsh et al. (2015, 2016) as well
as the Bayesian fitting approach from Y. Tang et al. (2021a,
2021b), which also incorporates data from the Large Millimeter
Telescope (LMT) using AzTEC. We provide a global
qualitative comparison with these works in Section 5.5.
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Figure 1. A Herschel view of the inner 7° of the Galaxy (red: 350 pum, green: 160 pm, blue: 70 pm). The main CMZ is clearly apparent as the bright concentration of
emission within the inner 4° longitude and 1° latitude, but there are additional features, such as Bania’s Clump 2 at £ ~ 3.2 at higher longitudes. The twisted inner ring
(S. Molinari et al. 2011a) is apparent in the inner 2° longitude, and some flaring up to higher latitudes is seen outside this.

Our comparatively simple approach is driven both by the
availability of suitable data sets across the inner 40° of the Galaxy
as well as by the fact that the intrinsic uncertainties of this
analysis (such as the dust opacity, assuming only one temperature
component; see more in Section 3.1.4) outweigh our measure-
ment uncertainties. While it is possible to reduce uncertainties by
attending to the detailed properties of a specific region, our
approach to solve for the properties of the entire inner 40° of the
Galaxy negates this possibility on a first pass. Therefore,
considering the high degree of intrinsic uncertainty to any fitting
approach, we aim to apply a relatively simple fitting method over
a very large area, and refer the reader to more detailed and
complex approaches in targeted regions (e.g., M. Etxaluze et al.
2011; K. A. Marsh et al. 2015; A. Schmiedeke et al. 2016).

At these wavelengths, the contribution of Galactic cirrus
emission is significant, and removal of this diffuse fore/
background component is necessary. We perform the cirrus
subtraction and modified blackbody fitting using the automated
methods described in C. Battersby et al. (2011) with one minor
change to use an automated threshold for the number of
iterations (detailed below). The methods are described briefly
below, but we refer the reader to C. Battersby et al. (2011) for a
more complete description of the method, including Figures. The
first step is to convolve and re-grid all of the images to a
common resolution (36"), pixel scale, and flux scale (MJy srfl).

These data products have been used already in S. N. Longmore
et al. (2012), D. L. Walker et al. (2015), J. D. Henshaw et al.
(2016a, 2016b, 2020), E. A. C. Mills & C. Battersby (2017),
A. T. Barnes et al. (2017, 2019), C. Battersby et al. (2020), and
H. P. Hatchfield et al. (2020, 2024).

3.1.2. Source Masks and Cirrus Emission

One of the first steps is to identify regions of significant
emission associated with dense clumps and cores (we term
these our ‘“source masks”) rather than Galactic cirrus. The
Galactic disk abounds with low-density gas and dust between
the stars (A. G. G. M. Tielens 2010; B. T. Draine 2011;
R. S. Klessen & S. C. O. Glover 2016). Far-IR radiation is
emitted by the dust grains in this diffuse, high-Galactic latitude
medium, known as the Milky Way cirrus. This cirrus emission

was first identified by IRAS (M. G. Hauser et al. 1984;
F. J. Low et al. 1984), and shortly thereafter, was seen to be
strongly correlated with the atomic gas column density
(F. Boulanger & M. Perault 1988) and heated by the general
interstellar radiation field. This cirrus emission has been
observed and analyzed in many studies since (e.g., Planck
Collaboration et al. 2014; S. Bianchi et al. 2017). This emission
is seen in Herschel wave bands (e.g., P. G. Martin et al. 2010)
and in this work is excluded from the source masks and
analyzed separately. For our analysis of the cirrus emission
(Section 3.1.2), we include the 70 pm data point; however, for
the analysis of structures within the source masks, this data
point is excluded, as it may be contaminated by the emission
from very small dust grains (e.g., F. Desert et al. 1990;
M. Compiegne et al. 2010). Additionally, as described in detail
in Paper IV (D. Lipman et al. 2025) 70 pm is seen in extinction
toward a number of regions in the CMZ and would not be
suitable as a measure of the dust emission.

The source masks and cirrus emission are identified through
an iterative, automated routine that defines progressively more
complete source masks with each iteration. This process is
adapted from C. Battersby et al. (2011) and is described in full in
that paper (see their Section 3.1, Figures 2-5). We summarize
the overall procedure below, as well as a few minor updates. As
in C. Battersby et al. (2011), we identify regions of significant
and contiguous emission (“‘source masks”) at 500 um where the
contamination from cirrus emission decreases (T. N. Gautier
etal. 1992; N. Peretto et al. 2010). The final cirrus emission map
is the remaining emission outside the final source masks
smoothed to large scales.

As the first iteration, we smooth the Hi-GAL 500 pym image
to 12/. After attempting a number of cirrus identification
schemes in C. Battersby et al. (2011), we found that a 1D
Gaussian fit in Galactic latitude provided a reasonable fit to the
cirrus emission over the Galactic Plane from b= —1° to +1°.
Therefore, we fit a 1D Gaussian in Galactic latitude to each
point in Galactic longitude of the smoothed image to construct
a Gaussian fit image (at each Galactic longitude, the best
Gaussian fit in latitude fills the latitude axis). We subtract the
Gaussian fit image from the original 500 pm image to produce
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a difference image. This difference image is then used to
estimate the noise (o.,) in the following way. In this image,
positive values contain signal as well as noise, while the
negative values should be noise only. Therefore, we mirror the
negative values about zero and fit a 1D Gaussian to the flux
distribution, which allows for an automated, approximate
estimate of the noise (o,) in each difference image. We then
apply a cutoff of 4250, to the difference image. Pixels
above this threshold define the first iteration source masks.

In the next iteration, cirrus emission is determined by
smoothing the 500 ym image, excluding the pixels inside the
source masks, and each step of the process repeats. In
C. Battersby et al. (2011), we performed 16 iterations to reach
the final source masks. However, the complexity and variation
within the inner 40° of the Galaxy for this work was better-
suited to an automated approach that could adapt to more or
fewer iterations as needed. We implemented an iterative cirrus
emission determination until the source mask cutoff value
converges. This convergence is defined as when the current
mask cutoff and the two iterations prior have a standard
deviation of <1 Mly st ! the lowest rms in the relevant
Herschel 500 um data (S. Molinari et al. 2016). We also
implement a minimum of 10 iterations, after which the cutoff
varies very little, as demonstrated in C. Battersby et al. (2011;
see their Figure 5). We then determine the final cirrus emission
maps by smoothing the Hi-GAL maps from 70-500 zm to 12/
resolution, excluding the final source masks.

These smoothed cirrus emission maps at each wavelength
are then used to produce a fore/background column density
and temperature map, using the same modified blackbody fit
process described in the following Section. The cirrus emission
maps at each wavelength are subtracted from the original data
maps to produce the source maps used for the modified
blackbody fitting described in Section 3.1.3. The released data
products show the cirrus-subtracted values inside the source
masks and the smoothed cirrus emission outside the source
masks. The label map denotes pixels inside the source masks
with a “1” and pixels outside with a “0”.

3.1.3. Modified Blackbody Fits within the Source Masks

We perform modified blackbody fits to each pixel within the
source masks (after the cirrus emission has been subtracted).
We include the Hi-GAL 160, 250, 350, and 500 ym data in
these fits. These data were convolved to the same resolution
(36"), pixel scale, and flux scale (MJysr—'). A detailed
discussion of uncertainties, both statistical and systematic, as
well as assumptions in applying this method can be found in
Section 3.1.4. Implicitly assumed in this work is that all of our
lines of sight (within the source regions) are dominated by Ho,
which is reasonable given the high column densities in the
CMZ (e.g., E. A. C. Mills & C. Battersby 2017). We exclude
the 70 um point, as it may be contaminated by the emission
from very small grains whose temperature distribution may
differ substantially from that of the large grains probed by the
other Herschel wavelengths (e.g., F. Desert et al. 1990;
M. Compiegne et al. 2010). We use the modified blackbody

19 We tried cutoffs between 3 and 6 Oms 1N quarter-o,, intervals and 4.250
matched sources picked by-eye best. The exact value is unimportant; the
properties vary smoothly above and below this value.
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expression in the form
3
So= (1 e (1)
ekt — 1)
where
T, = MHzmHHV’YN(HZ)' (2)

The variables in Equation (1) are: S, is the flux density as a
function of frequency, v, in units of Watts per steradian per
square meters per Hz. i is Planck’s constant, c is the speed of
light, k is the Boltzmann constant, and 7 is the temperature of
the material. 7, is defined by Equation (2) where py, is the
mean molecular weight for which we adopt a value of
P, = 2.8 (J. Kauffmann et al. 2008), my is the mass of a
hydrogen atom, N(H,) is the H, column density, x,, is the dust
opacity, and v is the gas-to-dust ratio. For the gas to dust ratio,
we adopt a standard value of 100. While this gas-to-dust ratio
is commonly used (e.g., C. Battersby et al. 2010, 2011;
A. T. Barnes et al. 2017), it is a largely unknown quantity,
without even clear uncertainties on the value (e.g., Z. P. Lv
et al. 2017; see Section 3.1.4 for more details). As in
C. Battersby et al. (2011), we derive a dust opacity as a
continuous function of frequency by fitting a power law to the
tabulated V. Ossenkopf & T. Henning (1994) dust opacities
over the relevant range of frequencies. The V. Ossenkopf &
T. Henning (1994) opacities assume an MRN (Mathis, Rumpl,
and Nordsieck) grain size distribution (J. S. Mathis et al.
1977). Specifically, we use the version of the Ossenkopf &
Henning model that assumes that the grains have thin ice
mantles and have undergone 10° yr of coagulation at a density
of 10°cm ™, which is a reasonable and common assumption
for these cold, dense clumps. This yields an expression for the
dust opacity of k, = ro(v/1p)?, where kg is 4.0 cng 1 for
vo=505GHz with a fixed § equal to 1.75, between the
standard values of 1.5 and 2. For this analysis, we opted for a
fixed O considering the limited data available and uncertain-
ties (see Section 3.1.4), but we direct the reader to Y. Tang
et al. (2021a) for work suggesting a dust spectral index of
between 2 and 2.4.

We used the package MONTAGE?" to stitch and re-grid
together images from the original Hi-GAL released 2° x 2°
tiles. For most of the analysis, we use a mosaicked image
containing the inner 7° (in longitude, the latitude extent is the
Hi-GAL coverage from b= —1° to 4+1°) of the Galaxy, from
¢{=+43.5° to —3.5°. This means that the automated cirrus
fore/background identification and subtraction were performed
over this entire region. We also mosaicked together the inner
40° in longitude of the Galaxy from £= +20° to —20°, and
performed cirrus fore/background identification and subtrac-
tion on this region. This complete inner 40° map is used in
Figure 4, while the inner 7° map is used in the rest of the
analysis. The resulting source-identified regions and column
densities unsurprisingly show slight variations between the two
maps in the overlapping region, due to slightly different
automated fore/background identification; however, these

differences are well within the quoted uncertainties (see
Section 3.1.4).

20 hitp:/ /montage.ipac.caltech.cdu/


http://montage.ipac.caltech.edu/
http://montage.ipac.caltech.edu/
http://montage.ipac.caltech.edu/
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3.1.4. Uncertainties in the Temperatures and Column Densities

The formal statistical errors on the derived dust temperatures
and column densities are strong functions of the parameter
values, with a median temperature error of 11% and a median
column density error of 25%. These are the errors in the
derived properties assuming 20% calibration uncertainty in the
Hi-GAL fluxes (S. Molinari et al. 2010). However, the intrinsic
and systematic errors are much higher. The definition and
subtraction of the cirrus emission is a unique source of error for
this analysis of Herschel data, since its structure and magnitude
are not known a priori. Other major sources of uncertainty are
the assumptions of the dust opacity and the gas-to-dust ratio.
We have very limited data on the validity of the commonly
used gas to dust ratio of 100 (e.g., Z. P. Lv et al. 2017). Due to
the different temperatures, densities, and other physical
properties in the Galactic Center (e.g., J. D. Henshaw et al.
2023), it is quite plausible that the gas-to-dust ratio may be
different, which would have a large impact on the inferred
quantities. The gas-to-dust ratio may be lower if there is a
higher metallicity at the Galactic Center, which would affect
our mass and density estimates linearly. Based on the Monte
Carlo error simulations of C. Battersby et al. (2010) using
similar analyses, we expect that our measured column densities
have a systematic uncertainty of about a factor of 2. However,
the C. Battersby et al. (2010) Monte Carlo simulations did not
include all possible sources of errors, including the gas-to-dust
ratio. So, the true systematic uncertainty may be even higher.
The relative uncertainty between regions in our maps, however,
is smaller, since many of these systematic uncertainties (such as
the choice of gas-to-dust ratio) apply equally to all regions.

Additionally, the ability of the 160-500 ym data to
accurately capture dust temperatures above 30K is quite
limited, as these data are really only sensitive to the cold dust
component with these fits. Therefore, in warmer temperature
regions, we would expect to have higher uncertainties, and if
the temperature is underestimated in our fits, then the column
density would be overestimated. We also note that since the
“sources” we identify flow gradually into the cirrus emission,
pixels near the edges of the source masks are highly uncertain.

Finally, these measurements are also uncertain due to the
inherent assumption that a single-temperature modified black-
body is a sufficient approximation to the physical environment.
There certainly exist temperature and column density
fluctuations on scales smaller than our beam, and along the
line of sight. These measurements, therefore, represent the
average properties of the regions along the line of sight and
within the beam.

3.1.5. Data Release

We release all of the analysis products from this work
(including fore/background-subtracted column density and
dust temperature maps over the inner 40° of the Galaxy) in
the 3D CMZ Harvard Dataverse: https://dataverse.harvard.
edu/dataverse/3D_CMZ. The data set for this paper is found in
the repository for Papers I and II: DOI:10.7910/DVN/
7DOJGS (C. Battersby et al. 2024). The Harvard Dataverse is
an online data repository that enables long-term data
preservation and sharing. The details of the data products
available are described in the Appendix as well as in the online
metadata. Project updates can also be found on the 3D CMZ
website: https://centralmolecularzone.github.io/3D_CMZ/.
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4. Results

We display the column density and dust temperature maps
derived in this work in the inner ~3.5 longitude of the Galaxy
in Figure 2 and discuss these results in Sections 4.1 and 4.2.
We compare dust temperatures across the CMZ in Figure 3 and
Section 4.2. We describe the results across the full inner 40°
longitude in Section 4.3 and in Figure 4. We describe key
insights from these results on the CMZ asymmetry, extent, and
total dense gas mass in Sections 5.1, 5.2, and 5.3. We identify a
ridge of warm dust in Section 5.4 and display it in Figure 5. We
also present a 2D histogram of the column density and dust
temperature points for the CMZ in Figure 6 with the warm dust
ridge highlighted. In Section 5.5 we compare with pre-
vious work.

4.1. Column Density in the CMZ

The column density map over the inner 3.5 longitude of the
Galaxy is shown in Figure 2. The peak column density in the
map is toward the SgrB2 complex with a value of about
2 x 10** cm™ 2. However, the peak density is observed toward
several pixels that are saturated in the Herschel data toward
SgrB2 North and Main,?' indicating a saturated pixels toward
very bright emission. Missing this bright emission (likely
associated with very high column density gas) and beam-
smearing of the relatively coarse Herschel data both act to
lower our measurement, and, additionally, the true column
density in this region is certainly higher (as demonstrated
with higher-resolution data; e.g., A. Schmiedeke et al. 2016;
A. Ginsburg et al. 2018; H. P. Hatchfield et al. 2020). ngically
“clouds” in the CMZ have edges at about N(H;) ~ 10~ cm 2
(this threshold was used to define the boundary of CMZ clouds
in the CMZoom survey; see C. Battersby et al. 2020) with
peaks of a few times 10>} cm ™2 in their centers.

These column densities are sufficient to absorb a substantial
fraction of the soft (E<4.5keV) X-ray emission in the
Galactic center, as can be seen in deep XMM-Newton images
(G. Ponti et al. 2015), where clouds like SgrB2, the Brick, and
Sgr C appear in silhouette. The CMZ is unique in our galaxy
for having an extremely large molecular gas fraction
(Ne2/Nu > 90%; Y. Sofue 2022). As a result, the Compton
thickness of clouds in this region is most correctly calculated
relative to the column density of molecular hydrogen. Taking
the cross section of H, to be 2.8x larger than H at high
energies (M. Yan et al. 1998), CMZ clouds would become
Compton thick for N(H,) > 5.4 x 10% cm™2. While only the
SgrB2 cloud exceeds this limit in our Galaxy’s center at these
resolutions, it is likely higher on smaller spatial scales, and a
number of other regions are within a factor of 2 (our estimated
uncertainty) of this value. Other galaxies may have even denser
central regions (e.g., S. K. Stuber et al. 2023). If a substantial
fraction of the gas exceeds these limits, and if the viewing
angle toward a central supermassive black hole is obscured by
this dense gas, then gas in the central R ~ 200 pc of galaxies
could play in obscuring extragalactic active galactic nuclei.

21 SgrB2 North and Main refer to the densest portions of the SgrB2 molecular
cloud, marked in Figure 1, and have coordinates of approximately
Qo0 = 174719588, 800 = —28°22'18”4  and  ayageo = 174720535,
612000 = 728023/3’.’0, respectively; please see A. Schmiedeke et al. (2016)
for more details.


https://dataverse.harvard.edu/dataverse/3D_CMZ
https://dataverse.harvard.edu/dataverse/3D_CMZ
https://doi.org/10.7910/DVN/7DOJG5
https://doi.org/10.7910/DVN/7DOJG5
https://centralmolecularzone.github.io/3D_CMZ/
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Figure 2. The CMZ contains an abundance of dense molecular gas that is highly asymmetric. This Figure presents the CMZ as seen in a three-color compilation (top),
in column density (middle), and dust temperature (bottom) from this work. Top panel: red is N(H,) (this work), green is 70 um (Hi-GAL; S. Molinari
et al. 2011a, 2011b), and blue is 8 m (GLIMPSE; R. A. Benjamin et al. 2003). Middle panel: map of the column density derived in this work over the CMZ shows a
high degree of asymmetry, with the majority of dense gas at positive longitudes (see Section 5.1) and a majority of mid-IR emission is at negative longitudes. We also
note the somewhat flatter scale height of dense gas in the inner degree that fans out at higher longitudes. Bottom panel: map of the dust temperature derived in this
work over the CMZ show generally low dust temperatures of about 15-20 K, with a peak near the center of the Galaxy with an interesting dust ridge morphology
discussed more in Section 5.4 and then decreasing toward positive longitudes. The temperature is generally lower at higher column densities (see Figure 6). These
maps are subject to a number of uncertainties, and particular care should be taken in the interpretation of points near the edges of source masks (as described in
Section 3.1.4). Contours in the middle and bottom plots indicate N(H,) = [1, 5, 10] x 10?? cm 2. The resolution of the column density and dust temperature maps are

36" (or 1.4 pc at the assumed CMZ distance) as described in Section 3.1.1.

4.2. Dust Temperature in the CMZ

In this work, we report on the dust temperature in the CMZ.
In molecular clouds, it is generally thought that at high
densities (n > 10*3 cm_3), molecular gas and dust particles are
sufficiently coupled, such that their temperatures should be well
matched (e.g., P. F. Goldsmith 2001; K. E. Young et al. 2004).
However, it is well documented that in the CMZ the measured
gas temperatures are significantly higher than the dust
temperatures (e.g., K. A. Marsh et al. 2016; Y. Tang et al.
2021a; J. D. Henshaw et al. 2023) despite their high densities.
This was reproduced in simulations by P. C. Clark et al. (2013)

and is also seen in other galaxy centers (e.g., J. G. Mangum
et al. 2013). Therefore, we do not expect that our dust
temperatures necessarily correspond to the molecular gas
temperatures in this region; however, they serve as an
independent tracer of temperature variation trends and describe
the thermal state of the dust component in this region.

The dust temperature map in the bottom panel of Figure 2
shows the range in dust temperatures derived in this work,*

22 There exist spurious pixels near the source edges with temperatures ranging
from 5-45 K, but the majority (99.5%) are within the stated range of 12-35 K.
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Figure 3. We find that dust temperature in the CMZ shows relatively small variation (from about 12 to 35 K) but is the highest in the inner CMZ, followed by what we
call the SgrB2 extended region, and lowest at higher Galactic longitudes. These rough delineations are defined by natural separations in the column density map as
described in Section 4.2 and do not correspond perfectly to Galactocentric radius or the SgrB2 region, but are meant to be characteristic approximations for describing
general trends. The top panel presents a map of our derived CMZ dust temperatures (for pixels where N(H,) > 6 x 10%> cm~?) and the delineation of three CMZ
regions (inner CMZ in yellow, SgrB2 extended in cyan, and outer CMZ in magenta). The bottom panel shows the histogram of pixels in the above map as a function
of temperature, showing again the overall CMZ in gray, inner CMZ in yellow, SgrB2 extended in cyan, and the outer CMZ in magenta.

from about 12 K to about 35 K with a median dust temperature
of 21 K and a standard deviation of 4 K. The highest dust
temperatures are in the very central regions of the CMZ, but
avoid the dense cloud regions.

Figure 3 shows both a map and histogram of dust
temperature across the CMZ. For this analysis, we divide
the CMZ into three approximate regions based on natural
separations in the column density map, in this case at
N(H,) =6 x 10*>cm 2. The three resulting regions are
approximately R < 100 pc (0.4°>¢> —0.6), SgrB2 (0.8 >
£>0.4), and R > 100 pc (1.8 > ¢ > 0.8), but the exact regions
are shown as contours in Figure 3. The top panel shows
the dust temperature map in grayscale (for pixels where
NH,) > 6 x 1022cm72) with the three regions shown as
colored contour edges. The bottom panel shows the histogram
of the temperature distribution for the CMZ overall (gray),
the inner 100 pc (yellow), the SgrB2 region (cyan), and the
outer 100 pc (magenta). We see that the highest dust
temperatures are found in the inner 100 pc, followed by the
SgrB2 region, with the lowest dust temperatures in the outer
100 pc region.

As can be seen in the bottom panel of Figure 2, there is a
ridge-like structure of increased dust temperature directly
above SgrA* and roughly parallel to the Galactic plane, sloping

to higher latitudes at about £~ 0.1, and patches of high dust
temperature directly above and below the Galactic Center,
outside the dense cloud complexes. We discuss this region, and
its potential association with Galactic outflows or massive stars
in Section 5.4.

The bottom panel of Figure 4 displays the dust temperature
for pixels with N(H,) > 10*? cm 2 as a function of Galactic
longitude, averaged along the latitude axis, with some negative
longitude slices missing high enough column density. The dust
temperature peaks at a Galactic longitude between £ = —0.5
and 0.5, is generally higher at more negative Galactic
longitudes and lower toward higher Galactic longitudes, with
the minimum continuous region of low dust temperature in the
1.6 cloud complex. The bottom two panels of Figure 2 display
the same N(H,) contours. The second contour level at a column
density of 5 x 10*>cm > corresponds to uniformly low dust
temperatures (7'< 25 K) and defines the key cloud structures
within the CMZ.

It is well documented that typical modified blackbody
fitting routines show an anticorrelation between high dust
temperature and high column density (e.g., C. Battersby et al.
2011; Y. Tang et al. 2021a), which we also see here. We plot
the column density versus dust temperature in Figure 6.
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Figure 4. The CMZ clearly stands out as the large, contiguous region of high column density gas in the inner 3° of the Galaxy. We estimate a longitude extent of the
CMZ of approximately 1°8 < £ < —1.3 (shown as the dashed gray line; see Section 5.2). This Figure displays the mass per unit Galactic longitude (summed over the

observed latitude range of b = +1°) derived in this work for the inner 40° (top

panel), 10° (middle panel), and 3° (bottom panel) of the Galaxy. The dark-blue line

shows the mass derived using the fore /background-subtracted column density maps and represents our best estimate of the true dense gas mass. The lighter-green line
has no fore/background subtraction (labeled Herschel mass, with BG) performed and therefore includes all of the diffuse cirrus emission along the line of sight. The
bottom panel also displays the median Herschel dust temperature at each longitude slice (for pixels with a column density of at least N(H,) = 10*> cm ™), showing a
modest average increase from the lowest dust temperatures at higher Galactic longitudes, to more negative Galactic longitudes.

4.3. The Inner 40° of the Galaxy

As part of this work, we stitched together (using MONTAGE
as described in Section 3.1) and created column density and
temperature maps in a systematic way for the entire inner 40°
of the Galactic Plane using the Hi-GAL data set. These are
publicly released, as described in Section 3.1.5. The automated
fore/background separation scheme was applied uniformly
across this region and, through qualitative comparison with the

ATLASGAL (T. Csengeri et al. 2014) and BGPS (A. Ginsburg
et al. 2013) catalogs, appears to have been successful in picking
out the highest column density structures.

Perhaps the most striking aspect of the inner 40° mosaics is
how clearly the CMZ stands out as by far the largest contiguous
region of high-density gas in the entire inner Galaxy (discussed
more in Section 5.2). This is most clearly seen in Figure 4,
which displays the differential mass per each longitude slice
(summed over the observed latitude range b = +1° latitude) for
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in this work, and Spitzer 8 ym emission (bottom) from R. A. Benjamin et al. (2003). The solid cyan contour on all images shows a dust temperature above 29 K,
highlighting the “warm dust ridge,” while the dashed green contours show other warm spots (7' > 29 K).
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Figure 6. A 2D histogram of the column densities and temperatures from this work over the entire CMZ indicates an anticorrelation between the two, with points
associated with the warm dust ridge at the high-temperature, low-column-density tail of the overall population. On the left is a 2D histogram of column density and
temperature measurements across the entire CMZ (within source masks). The highest column densities are associated with the lowest temperatures and vice versa. On
the right we overplot the 2D histogram of points associated with the warm dust ridge and find that this region is at the high-temperature, low-column-density tail of the
overall population.

the inner 40° (top panel), inner 10° (middle panel), and inner 4° clearly demonstrates the large, contiguous high-density region
(bottom panel). The dark-blue line is the calculated mass per that is the CMZ. The lighter-green line is with no fore/
longitude with our fore/background subtraction and most background subtraction, which shows a relatively flat mass
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Total Mass of Dense Gas in the CMZ over Different Areas, Calculated Using Herschel Data in This Work

CMZ Region Physical Scale®

(pc)

Main Values Are Fore/Background Subtracted, Ones in (Parentheses) Include Cirrus Emission

Table 1
Total Mass Positive Negative
M) (%) (%)
Inner 7° x 2°° 1000 x 280 2.8 x 107 (7.8 x 107) 74% (58%) 26% (42%)
Inner 4° x 2° 570 x 280 24 x 107 (5.0 x 107) 74% (60%) 26% (40%)
Inner 2° x 2° 280 x 280 1.5 x 107 (2.8 x 107) 69% (58%) 31% (42%)
Inner 1.05 x 1.05° 150 x 150 0.6 x 107 (1.0 x 107) 56% (52%) 44% (48%)
¢ = —1.05-2.25, b = + 0.75° 470 x 210 23 x 107 (4.1 x 107)
{=-1.0-17, b=+ 05 380 x 140 2.0 x 107 (3.1 x 107)
= —-113-18, b=+ 075" 440 x 210 22 x 107 (3.9 x 107)

Notes. The main values are thought to be more reliable using the dense gas mass; however, the numbers in parentheses refer to values that do not include fore/
background subtraction and are therefore contaminated by cirrus emission and are shown for reference as an upper limit of the gas detected by Herschel. The last two
columns are the percentage of the total mass that is at positive (£ > 0°) versus negative (£ < 0°) longitudes, and are only calculated for symmetric CMZ regions.
4 Assuming a Galactic Center distance of 8.1 kpc (Gravity Collaboration et al. 2019; M. J. Reid et al. 2019).

® All “inner” values are centered on ¢, b] = [0°, 0°].

¢ To match the region from K. Ferriere et al. (2007), who found a total mass of about 1.3 x 107 M.,
9'To match the region from G. Dahmen et al. (1998), who found a total mass of ~1.2-6.4 x 107 M,

“f To match the J. D. Henshaw et al. (2023) definition of the CMZ region.
f Extent measured from this work.

profile with only relatively small variations. Even in this entire
inner 40° view, SgrB2 clearly stands out as the densest region
of the inner Galaxy.

5. Analysis

5.1. Insights on the 3D CMZ from Dust Continuum: A Large
Asymmetry

The CMZ is highly asymmetric in longitude and latitude,
with the majority of dense gas at £>0° and at b < 0°. The
latitude asymmetry is only partly explained by the Sun’s
position above the Galactic plane (e.g., E. Rosolowsky et al.
2010; C. Battersby et al. 2011; A. A. Goodman et al. 2014),
and instead may be caused by the tilt of the inner Galaxy with
respect to the Milky Way’s disk midplane (see, for example,
Figure 1 in M. C. Sormani & A. T. Barnes 2019). We
investigate the longitude asymmetry in Table 1 across different
CMZ regions, finding that about 70%—75% of dense gas (with
the fore/background subtracted) in the CMZ is at positive
longitudes. This value drops to as low as 50%—-60% in the
images including fore/background, highlighting that this
asymmetry is restricted to the densest gas of the CMZ.

In the inner 7° Herschel view of the CMZ in Figure 1, the
immense brightness of the CMZ (from about 2° < ¢ < 359° and
0.5 < b < —0.5) compared with the rest of the inner Galaxy is
highlighted. The asymmetry of the CMZ is most prominent in
the derived column density map seen in Figure 2 as well as in
the differential mass plot in Figure 4. The top panel of Figure 2
shows an overview of the CMZ, including Herschel-derived
column densities (in red), Herschel 70 ym emission (green),
GLIMPSE 8 um emission (blue), and demonstrates intriguing
color variation. The inner 100 pc contains diffuse, widespread
mid-IR emission (blue and green) as well as dense gas (red).
The dense core of SgrB2 shows bright emission at all
wavelengths, containing dense, actively star-forming gas.
However, outside this central region, the 136 clouds at higher
longitudes show nearly pure red (dense gas) emission while
toward more negative longitudes, the mid-IR emission (blue
and green) dominates and extends above and below the plane.
Much of the £ < 0° mid-IR emission is diffuse, but there also

10

exist numerous compact sources, whose nature is debated (e.g.,
F. Yusef-Zadeh et al. 2009; C. M. Koepferl et al. 2015). Some
of these sources are known compact H1I regions in the Sgr E
region (L. D. Anderson et al. 2020) and show complex
morphologies that may indicate gas shearing as it enters the
CMZ (J. Wallace et al. 2022; S. R. Gramze et al. 2023). The
inner 100pc “streams” (S. Molinari et al. 201la;
J. M. D. Kruijssen et al. 2015a) can be seen as the infinity-
like shape in the dense gas (red) in Figure 2, and are
highlighted in the S. Molinari et al. (2011a) overview of the
CMZ seen with Herschel.

The asymmetry of the CMZ was first identified more than
30 yr ago (J. Bally et al. 1988) and has been noted many times
since (e.g., J. Bally et al. 2010; J. D. Henshaw et al. 2016b;
S. N. Longmore et al. 2017). While its origin has been a topic
of debate for some time, M. C. Sormani et al. (2018) presented
a simple explanation for this asymmetry based on 3D
hydrodynamic simulations. They posited that the key factor is
the unsteady flow of gas in a barred potential. Despite having a
point-symmetric starting point, the hydrodynamical simulations
of M. C. Sormani et al. (2018) develop asymmetries due to
unsteady gas flow that originates from a combination of the so-
called wiggle instability (Y. Mandowara et al. 2022), the
thermal instability, and bombardment of the CMZ from the bar
shocks. Since an asymmetry such as that observed in our CMZ
(in both magnitude and position) is common at many time steps
in their simulations, they suggest that the present-day
asymmetry is a transient feature that repeats often during the
lifetime of the Milky Way on timescales of tens of megayears.
Other mechanisms, such as stellar feedback, self-gravity, a live
stellar potential, or pre-existing large-scale asymmetries could
also contribute to create further asymmetries in the gas
distribution, and their contribution is not well constrained.
See J. D. Henshaw et al. (2023, Section 4.3.1) for more
discussion on this topic.

5.2. Insights on the 3D CMZ from Dust Continuum: Extent

In both Figures 1 and 4, the CMZ clearly stands out as being
denser and brighter than the rest of the inner Galaxy. It is the
largest contiguous region of high column density gas within the
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inner 40° of the Milky Way, and therefore is the largest
contiguous region of high column density gas in the entire
Galaxy.

Using the data shown in Figure 4, we estimate the average
mass Per longitude for the inner Galaxy to be about
5% 10° M, deg '. We then identify the region that is 3 this
value over a contiguous longitude range. This corresponds to a
longitude range of about 1.8>¢> —1.3. Based on the
contiguity of dense gas and separation from the rest of the
Galaxy as a significant overdensity, we conclude that the
longitude extent of the CMZ is 1.8 >¢>—1.3. Visual
inspection indicates that the dense gas spans about
b=+ 0.75 in latitude space.

Many previous works consider the CMZ to be only the inner
100pc  “streams” (e.g., S. Molinari et al. 201la;
J. M. D. Kruijssen et al. 2015; A. Ginsburg et al. 2016;
N. Krieger et al. 2017) of gas that extends from about
1° < ¢ < —0.7. However, J. D. Henshaw et al. (2023) and
references  within  defined this approximate region
(2:0 > ¢ > —173) as the {£, v} parallelogram that likely includes
both the CMZ as well as its interaction points with the dust
lanes. They therefore define the CMZ as the “mass-dominant
component” over 177> ¢> —1.0, which includes the 13
complex. Our measurements of the dense gas over the inner
40° of the Galaxy and observation of a clear, contiguous, and
significant overdensity of gas from about 1.8 >¢> —1.3
supports the idea that the CMZ is wider than previously
thought and connects with the {/, v} parallelogram.

5.3. The Total Dense Gas Mass of the CMZ

The column density map of the CMZ can be integrated to
estimate the total dense molecular gas mass of the CMZ. As
described in Section 3, we use the fore/background-subtracted
maps for our main analysis, but include constraints from the
maps with the fore/background included in Table 1 as well.
We consider any gas with a measured column density of
N(H,) > 10**cm 2 to be dense. Within the translation of high
column density dust seen with Herschel to the inference of
dense, molecular gas is several assumptions: (1) high column
density gas corresponds to high volume density gas, and
(2) dust seen with Herschel traces dense, molecular gas.
These assumptions are supported by the many studies (e.g.,
A. Ginsburg et al. 2016; N. Krieger et al. 2017; E. A. C. Mills
et al. 2018b) that find abundant dense, molecular gas in
the CMZ, with intensity peaks that largely correspond with the
Herschel data (E. A. C. Mills & C. Battersby 2017). We
estimate that most of the gas traced with Herschel observations
is likely n> 10* cm*3, and we refer to this as “dense,
molecular gas” throughout.

In order to estimate the total dense gas mass of the CMZ, we
integrate the column density map. We perform this integration
over several different areas of the CMZ and present the results
in Table 1. Over all of the different areas, we find total dense
gas mass values ranging from 0.6-2.8 x 10’ M, in the nominal
fore /background-subtracted maps, or 1.0~7.8 x 10" M, in the
images including fore/background emission, likely contami-
nated by cirrus emission. From the carefully defined CMZ area
from the review by J. D. Henshaw et al. (2023) of £/ = —10to
1?7, b=+ 0(.35, we find a total dense gas mass of the CMZ of
2.0 x10"M,, (3.1 x 10" M., without fore/background sub-
traction). Using the extent defined in this work of = —13 to
1:8, b=+ 0.75, we find a total dense gas mass of the CMZ of

11

Battersby et al.

2.2 x 10" M., (3.9 x 10" M, without fore /background subtrac-
tion), which we adopt as our standard value.

The total dense gas mass values in Table 1 are in line with
the typically quoted values of about 2-6 x 10’ M. (e.g.,
M. Morris & E. Serabyn 1996; G. Dahmen et al. 1998;
K. Ferriere et al. 2007; S. Molinari et al. 2011a; J. D. Henshaw
et al. 2023). Table 1 includes two regions for specific
comparison with previous works. We first compare with
K. Ferriere et al. (2007) who calculated a total molecular gas
mass using '*CO in the inner 150 pc of the CMZ of about
1.3 x 107 M., updated from Y. Sofue (1995) with a new Xco
factor, compared with our value of 0.6 x 10’ M(1.0 x 10" M.,
including fore/background). We also compare with
G. Dahmen et al. (1998), who calculated a CMZ mass over a
region of = —1°05-225, b=40.75 and found a value of
1.2 x 10" M, based on C'®*0 (with an upper limit of 6.4 x
10" M_). Our mass in this same region is 2.3 x 10’ M,
(4.1 x 10" M, including fore /background).

Astrophysical mass measurements are notoriously challen-
ging and have errors that are largely dominated by systematic
effects. These errors include the uncertainty in the dust opacity,
the Xco conversion factor, the separation of fore /background,
and are estimated to have an overall systematic uncertainty of
about a factor of 2 (C. Battersby et al. 2010). In this work, we
present masses derived using far-IR dust continuum. These
masses present a unique complement to the majority of mass
estimates in the literature, which are based on CO (and
isotopologue) emission. While the CO estimates have the clear
benefit of being able to more carefully select regions by
incorporating velocity information, it is also complicated by an
uncertain Xco factor and other excitation uncertainties (e.g.,
K. M. Sandstrom et al. 2013). The far-IR dust continuum
provides a relatively simple counterpoint that has orthogonal
benefits (relatively simple excitation process, optically thin
emission) and drawbacks (limited to plane-of-sky information,
dust opacity, and dust-to-gas ratio uncertainties). Overall, we
find an agreement within a factor of 2 between previous works
using CO and dust continuum emission in this work. This
agreement lends confidence to both approaches, and suggests
that the total dense mass of our CMZ is well established to be
about 22 x 107 M, (our value with a factor of 2 uncertainty,
using the CMZ region defined in this work, and in agreement
with the value derived in the region from J. D. Henshaw
et al. 2023).

5.4. A Ridge of Warm Dust

We find a ridge of relatively warm dust (>29 K) that runs
almost parallel to the Galactic Plane, just above SgrA™ from
about £=0.3 to /= —0.4 (see Figure 5, solid blue contour).
We identified this region based on its striking appearance in the
temperature map. The warm dust ridge blue contour is drawn at
a temperature of 29 K on a map smoothed with Gaussian kernel
of 5.6 pixels, which best described the overall shape of the
ridge. We also show other regions of warm dust (7 > 29 K) in
the central area with green dashed contours. These contours do
not form a clear ridge, but could plausibly be associated with
the Southern outflow lobe, though the connection is even more
tenuous. This warm dust ridge appears to be spatially related to
the polar arc identified in J. Bally et al. (1988) or Arm III in
Y. Sofue (1995). In J. D. Henshaw et al. (2016b), this region is
shown with a green contour in their Figures 9 and 11 and is
also discussed in J. M. D. Kruijssen et al. (2015).
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Figure 7. A quantitative comparison of column densities and temperatures from the literature with this work shows a decent amount of scatter, but an overall good
agreement, with the notable exception of the S. Molinari et al. (2011a) column densities. The left plot shows the column densities computed in this work on the x-axis
vs. the column densities in K. A. Marsh et al. (2017) in dark blue, Y. Tang et al. (2021a, 2021b) in purple, S. Molinari et al. (2011a) in orange, and the column
densities without background subtraction in yellow. Results of linear fits are shown with the dashed lines and expression of the same color. The right plot shows the
comparison between the dust temperatures for all regions with N(H,) > 10** cm™? from this work on the x-axis, and other regions in colors that match the left plot.
Linear fits are again displayed as dashed lines and expressions of the same color.

In this Section, we investigate the plausibility of initial
hypotheses for the cause of this warm dust ridge, which are:
(1) it is the base of the large outflows identified in MeerKAT
(I. Heywood et al. 2022), (2) it is associated with massive stars (as
suggested in, e.g., M. J. Hankins et al. 2019, 2020), or (3) where
the column density is low, the dust temperature is high, and this is
just a coincidence of low column density. We also note that
L. D. Anderson et al. (2024) suggested that part of this Galactic
Center Lobe may actually just be a foreground H1I region.

In order to investigate the first hypothesis, in Figure 5 we
compare the morphology of the warm dust ridge (cyan contour)
with the MeerKAT data. The warm dust ridge is largely within
the bounds of the MeerKAT-identified outflows and perpend-
icular to these outflow walls, forming a relatively long, thin ridge
that is plausibly at the Northern base of this outflow. It extends
into the outflow cavity in a bubble of continued warm dust. Based
on the morphology of the ridge, the first hypothesis is deemed
plausible but not confirmed. The Southern lobe may be associated
with the other warm spots, delineated with green dashed contours
in Figure 5, though the connection is speculative.

In the second hypothesis, the ridge of warm dust is thought to
be due to heating from young, still-forming or just formed
massive stars that follow the morphology of this structure.
Detailed maps, including some with temperature, from
M. J. Hankins et al. (2019, 2020) as well as from the GLIMPSE
survey (R. A. Benjamin et al. 2003), show mid-IR emission from
many young, massive star-forming regions in the CMZ. While
there are quite a few located in the central region of the warm
dust ridge just above SgrA*, there seems to be no special
association of the young, forming massive star population with
the morphology of the dust ridge or other warm spots. In
Figure 5 we show the warm dust contours on top of the Spitzer
8 um data from the GLIMPSE survey (R. A. Benjamin et al.
2003). The central bright massive star-forming regions can
clearly be seen at 8 um, but otherwise, a visual inspection shows
no trend with the morphology of the warm dust contours. The
same can be seen in the SOFIA data maps from M. J. Hankins
et al. (2019, 2020). We therefore conclude that it is unlikely that
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this dust ridge is solely caused by heating from young, massive
star-forming regions in the CMZ.

The third hypothesis is that since dust temperature and
column density are classically anticorrelated, perhaps the ridge
of warm dust is simply tracing a low-column-density region.
While it is certainly true that the warm dust ridge is associated
with a lower column density than the central ring of the CMZ,
it is far from the only region in the CMZ at a lower density. We
investigate this hypothesis in Figure 6, which shows a 2D
histogram of the column density versus dust temperature for all
points in the CMZ (in the inner 7° map as described in
Section 4.3) in gray and for the warm, dust ridge in purple. We
see this classic anticorrelation between column density and dust
temperature and find that the warm, dust ridge is simply a high-
temperature portion of the material, at a range of column
densities. Additionally, in Figure 2, while the warm dust ridge
appears as completely average in terms of its column density
(middle panel), it is quite striking in the dust temperature map
(bottom panel). Therefore, we see no evidence to support that
the warm dust ridge is a temperature enhancement determined
solely by its relatively low column density.

In conclusion, we find that the warm, dust ridge can be
plausibly placed at the base of the MeerKAT-identified outflows;
however, this association is still speculative. Additional
investigation is required to further explore this suggestion. It is
worth noting that this warm dust ridge is also seen in AZTEC
maps (Y. Tang et al. 2021a, 2021b) as well as previous Herschel
dust temperature maps (e.g., S. Molinari et al. 2011a).

5.5. Comparison with Previous Work
5.5.1. CMZ Column Densities and Dust Temperatures

We compare our dust temperature and column density
measurements with others in the literature, e.g., K. A. Marsh
et al. (2017), Y. Tang et al. (2021a, 2021b), and S. Molinari
et al. (2011a), which are based on the same data set but use a
variety of techniques. We present a quantitative comparison in
Figure 7. The left panel shows the comparison between the
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column densities, N(H,), along with linear fits, and the right
panel shows the comparison with dust temperatures along with
linear fits. These plots show a decent amount of scatter, but
overall good agreement between both dust temperatures and
column densities. The notable exception is a large disagreement
with the S. Molinari et al. (2011a) column densities.

To create Figure 7, we retrieved published data sets from the
hyperlinks indicated in publications for K. A. Marsh et al.
(2017) and Y. Tang et al. (2021a, 2021b) and via private
communication for S. Molinari et al. (2011a). We used the
package ASTROPY REPROJECT to reproject all of the data sets
onto the smallest footprint, which was Y. Tang et al. (2021a,
2021b). We convert all of the data to the same units, remove
NaNs, and then plot the pixel-by-pixel comparison between
each data set and the measurements in this work. Since the
pixel size is smaller than the beam, these points are not all
independent. We use the package NUMPY POLYFIT to perform
simple linear fits of each data set relative to the measurements
in this work. For both measurements, we only fit a line to
points with a column density N(H,) > 10%* cm ™ ? since this is
approximately the level of the background, making data below
this point less useful in comparison.

Each of these measurements has advantages and disadvan-
tages. Our work uniquely and uniformly provides the column
density and dust temperature measurements across the entire
inner 40° longitude of the Galaxy; therefore, we do not include
higher-resolution data available only in the CMZ. One
advantage of this approach is a comprehensive fore/back-
ground subtraction process, applied automatically over the
entire inner 40°. This fore/background subtraction process was
important for our purposes since the following papers in this
series are focused on the hierarchical cloud-scale and CMZ-
wide properties of the dense gas. However, we enthusiastically
refer the reader to other works (particularly K. A. Marsh et al.
2017; Y. Tang et al. 2021a, 2021b) for higher-resolution
column density and temperature maps in just the CMZ.

Here is a summary of the data sets to which we compare.
S. Molinari et al. (2011a) performed simple, non-fore/
background-subtracted SED fits to the Herschel data as part
of the initial data release. They utilized wave bands from
70-350 pm (as opposed to our 160-500 pm approach),
yielding a higher spatial resolution, but with possible
complications from the ambiguity of the 70 um data point,
which can be contaminated by the emission from very small
dust grains, (e.g., F. Desert et al. 1990; M. Compiegne et al.
2010). We also compare with K. A. Marsh et al. (2017), who
calculated dust temperatures and column densities from the
Herschel data using the “PPMAP” technique, which aims to
deconstruct different temperature components along the line of
sight to achieve an overall higher spatial resolution. Finally, we
compare with Y. Tang et al. (2021a, 2021b), who combined the
Herschel data analyzed in this work with extant Bolocam
(J. E. Aguirre et al. 2011; A. Ginsburg et al. 2013) and Planck
data (Planck Collaboration et al. 2011), and new data from
AZTEC on the LMT (Y. Tang et al. 2021b), to produce full dust
SEDs across the Galactic Center region (1.6 x 1.1 deg?). We
also refer the reader to A. T. Barnes et al. (2017), who utilized
the same data and fore/background subtraction approach as
this work, but extend the analysis to include both a cold dust
component (as we analyze here) as well as a warm dust
component using Spitzer data. We further synthesize with
A. T. Barnes et al. (2017) in Paper II of this series.
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As seen in the right panel of Figure 7, dust temperatures
show overall good agreement, including of the warm dust ridge
(Section 5.4). In addition to the linear fits shown on the plot, we
find that the overall ratio between each literature temperatures
and our temperatures (e.g., Tang temp/Battersby temp = ratio)
is as follows: the Y. Tang et al. (2021a, 2021b) ratio has a
median value of 1.07 and a standard deviation of 0.08; the
S. Molinari et al. (2011a) ratio is 1.06 £ 0.03; the background
temperatures have a ratio of 0.98 £ 0.03; and the K. A. Marsh
et al. (2017) ratio is 0.87 & 0.04. We note that the agreement
with S. Molinari et al. (2011a) and Y. Tang et al. (2021a,
2021b) is especially good in regions of high column density,
but in low-column-density regions, the variation can be higher,
with the Y. Tang et al. (2021a, 2021b) temperatures being
systematically higher overall. The overall trends in temperature
are consistent among our maps and the PPMAP results.
However, the PPMAP technique finds a uniformly lower dust
temperature. While this is likely partly due to the higher spatial
resolution in the PPMAP images, this cannot be the full
explanation, since we would expect not only deeper troughs but
also higher peaks if this were purely a resolution effect.

As can be seen in the left panel of Figure 7, the column
densities derived show overall reasonable agreement with
previous works in the literature (K. A. Marsh et al. 2017;
Y. Tang et al. 2021a, 2021b). In addition to the linear fits
shown on the plot, we find that the overall ratio between each
literature column density and our column density (e.g., Tang
column density /Battersby column density =ratio) is as
follows: the Y. Tang et al. (2021a, 2021b) ratio has a median
value of 0.84 and a standard deviation of 0.18; the S. Molinari
et al. (2011a) ratio is 11.4 £ 1.4; the background column
densities have a ratio of 1.41 £ 0.21; and the K. A. Marsh et al.
(2017) ratio is 2.1 £ 0.43. The column densities we report are
significantly lower than those from S. Molinari et al. (2011a).
Some difference is expected since that work did not subtract a
fore /background that can account for up to a factor of 2, and
they also used a relationship between 74, and Ny that is
calibrated at high galactic latitudes, which could be a factor of
2—4 higher in the plane (S. Molinari et al. 2011a). G. Ponti et al.
(2015) also found that column densities derived by S. Molinari
et al. (2011a) are larger than their constraints from X-ray
modeling by a factor of 5-10. Our values agree within
reasonable certainty with those of Y. Tang et al. (2021a,
2021b), but our values are systematically lower than those from
K. A. Marsh et al. (2017) by about a factor of 2. This is likely
due to a combination of factors. For one, our resolution is
lower, so high-column-density regions would be smeared out in
our maps and have a higher intrinsic column density in the
K. A. Marsh et al. (2017) approach. Second, our careful fore/
background subtraction technique removes some contaminat-
ing emission, which leads to a lower overall value of the
column density. Finally, the PPMAP temperatures are lower,
which would lead to a higher measured column density for
similar flux values. Additionally, each paper used slightly
different dust opacities, which can explain some amount of
discrepancy in the resulting column densities. As described in
more detail in Section 3.1.4, these discrepancies (with the
exception of the S. Molinari et al. 2011a column densities) are
in line with the intrinsic uncertainty expected in these
measurements of about a factor of 2 in the column densities.
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5.5.2. CMZ Gas Temperatures

Previous measurements of the gas temperature in the CMZ,
obtained using spectral line ratios, have reported gas
temperatures that are uniformly higher than measured dust
temperatures (e.g., R. Giisten et al. 1981; S. Huettemeister et al.
1993; Y. Ao et al. 2013; E. A. C. Mills & M. R. Morris 2013;
J. Ott et al. 2014; A. Ginsburg et al. 2016; K. Immer et al.
2016; N. Krieger et al. 2017; J. D. Henshaw et al. 2023). This is
also seen in simulations of the CMZ (P. C. Clark et al. 2013)
and is a consequence of the strong heating of the CMZ gas by
radiation, cosmic rays, and turbulence, which delays the
coupling between the gas and dust temperature until the
density reaches n~10"cm™>. The trend of CMZ gas
temperature measurements being consistently higher (generally
T > 60-200K) than dust temperatures is seen on both large
(~1pc) and small (<0.1pc) scales. Our results are in
agreement with this well-documented trend (e.g., N. Krieger
et al. 2017; J. D. Henshaw et al. 2023). However, the spatial
trends seen in dust temperature that are discussed in this paper
have not been yet reported in maps of the gas temperature, a
subject worthy of future investigation.

6. Conclusions

We have presented an overview of the far-IR dust continuum
perspective of the CMZ of our Galaxy. Using a careful fore/
background-subtraction approach and single-temperature mod-
ified blackbody fits to Herschel data, we have derived a
complete fore/background-subtracted column density and dust
temperature map of the inner 40° of the Galaxy. These maps
match the angular resolution of Herschel with an approximately
36" beam. These data generally agree with previous
measurements of the column density and dust temperature in
overlapping regions. These maps, and all other products from
this work, are made publicly available on the Harvard
Dataverse>> as described in Section 3.1.5. Below, we
summarize key conclusions drawn from this work:

1. The CMZ clearly stands out from the rest of the inner 40°
of the Galaxy as a large, contiguous region of high
column density in the Galaxy’s Center with an extent of
approximately 1°8 > ¢ > —1:3 in Galactic longitude.

2. We find typical CMZ cloud column densities to be
about 10%* cm ™2, with the highest peak at SgrB2 with
NMH,) =2 x 10**cm ™2 and several un-recovered satu-
rated pixels likely above this value.

3. The range of CMZ dust temperatures is relatively small,
from ~12-35K. The highest dust temperatures are
toward the inner 100 pc of the CMZ, followed by the
SgrB2 region, with the lowest dust temperatures outside
the inner 100 pc.

4. We report a total CMZ dense gas mass of
Mgense ~ Zf% x 10’ M. We confirm previous reports
of a highly asymmetric dense gas distribution in the
CMZ, with about 70%-75% of dense gas at positive
longitudes, and a slight latitude asymmetry as well, with
the majority of dense gas at b < 0°.

5. We identify a ridge of warm dust in the inner CMZ
from about 0.3 <¢< —04 and 0:2<b< —0.05 that

B https: / /dataverse.harvard.edu/dataverse/3D_CMZ
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potentially traces the base of the northern Galactic
outflow seen with MEERKAT.
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Appendix
Data Release

All data analysis products from this work are freely available
on the Harvard Dataverse at https://dataverse.harvard.edu/
dataverse/3D_CMZ. The data set for this paper can be found in
the repository for Papers I and II: doi:10.7910/DVN/7DOJG5
(C. Battersby et al. 2024). We describe here the data products,
and this information is also available in the Dataverse metadata.

24 http: //www.astropy.org
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The data products are all normalized to the same resolution
and pixel grid matching our lowest resolution at 36”, and are
provided for both the inner 7° of the Galaxy as well as the full
inner 40° of the Galaxy. For each region (inner 7° and inner
40° ), we provide:

1. a label map showing the location of the source masks
(e.g., higalcmz_column_density_inner40Odeg_label.fits),

2. a column density map with the fore/background-
subtracted column density inside the source masks and
the smoothed fore /background column density outside
the source masks (e.g., higalcmz_column_density_in-
ner40deg.fits),

3. a column density map with only the fore/background-
subtracted column density inside the source masks and
NaNs outside the source mask (e.g., higalemz_column_-
density_source_only_inner40Odeg.fits),

4. a column density map without any fore/background
subtraction (e.g., higalcmz_WITH_BG_column_densi-
ty_inner40deg.fits),

5. a temperature map with the fore/background-subtracted
temperature inside the source masks and the smoothed
fore /background temperature outside the source masks
(e.g., higalemz_temperature_inner40deg.fits),

6. a temperature map with the only the fore/background-
subtracted temperature inside the source masks and NaNs
outside the source mask (e.g., higalcmz_temperature_-
source_only_inner40deg.fits), and

7. a temperature map without any fore/background
subtraction (e.g., higalemz_WITH_BG_temperature_in-
ner40deg.fits).
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