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Abstract

The Central Molecular Zone (CMZ) of the Milky Way is fed by gas inflows from the Galactic disk along almost
radial trajectories aligned with the major axis of the Galactic bar. However, despite being fundamental to all
processes in the nucleus of the Galaxy, these inflows have been studied significantly less than the CMZ itself. We
present observations of various molecular lines between 215 and 230 GHz for 20 clouds with |¢| < 10°, which are
candidates for clouds in the Galactic bar due to their warm temperatures and broad lines relative to typical
Galactic disk clouds, using the Atacama Large Millimeter/submillimeter Array Atacama Compact Array. We
measure gas temperatures, shocks, star formation rates, turbulent Mach numbers, and masses for these clouds.
Although some clouds may be in the Galactic disk despite their atypical properties, nine clouds are likely
associated with regions in the Galactic bar, and in these clouds, turbulent pressure is suppressing star formation. In
clouds with no detected star formation, turbulence is the dominant heating mechanism, whereas photoelectric
processes heat the star-forming clouds. We find that the ammonia (NH3) and formaldehyde (H,CO) temperatures
probe different gas components, and in general, each transition appears to trace different molecular gas phases
within the clouds. We also measure the CO-to-H, X-factor in the bar to be an order of magnitude lower than the
typical Galactic value. These observations provide evidence that molecular clouds achieve CMZ-like properties
before reaching the CMZ.
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1. Introduction

The Central Molecular Zone (CMZ) is a region of
molecular gas at high density and pressure within the inner
~250 pc of the Milky Way (M. Morris & E. Serabyn 1996;
J. D. Henshaw et al. 2023). The CMZ is contained within the
Galactic bar, which has a semimajor axis length of about
3.5kpc and a semiminor axis length of around 1kpc (e.g.,
A. B. A. Queiroz et al. 2021; M. Lucey et al. 2023), although
some have proposed that it may be longer (C. Wegg et al.
2015; J. Bland-Hawthorn & O. Gerhard 2016; M. C. Sormani
et al. 2022). Two important families of closed orbits in a
bar potential are x; and x, orbits (e.g., G. Contopoulos &
P. Grosbgl 1989). x; orbits are elongated roughly parallel to
the major axis of the bar and can form cusps and self-
intersecting loops, whereas x, orbits are more circular, closer
to the bar center, and elongated roughly parallel to the minor
axis of the bar. Shocks mainly form at the self-intersections of
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material on x; orbits or at the x;—x, orbit intersections
(E. Athanassoula 1992). The CMZ is suggested to be
associated with material on x, orbits (J. Binney et al. 1991;
R. Fux 1999; M. C. Sormani et al. 2015; L. A. Busch et al.
2022), and the gas transitioning from x; to x, orbits is
believed to form bar lanes that feed the CMZ.

While the CMZ has been extensively studied at many
wavelengths (e.g., F. K. Baganoff et al. 2003; T. Oka et al.
2005, 2019; M. Goto et al. 2008; P. A. Jones et al. 2012;
J. M. D. Kruijssen et al. 2014; R.-z. Yang et al. 2015;
A. Ginsburg et al. 2016), the bar dust lanes and inflows have
been relatively neglected. M. C. Sormani & A. T. Barnes
(2019) calculate the gas inflow rate along the Milky Way bar
lanes to be 2.71]3 M. yr~! using previous observations of
'2CO and a simple geometrical model of the inner Galaxy, but
simulations show more complex dynamics, such as inflowing
gas overshooting the CMZ and subsequently colliding with the
bar lane on the opposite side (M. C. Sormani et al. 2019),
which reduces the CMZ gas accretion rate to 0.8 4= 0.6 M, yr~ '
(H. P. Hatchfield et al. 2021). S. R. Gramze et al. (2023)
suggest that this is an overestimate based on evidence that the
CO-to-H, X-factor in the bar region may be significantly lower
than the standard Galactic value.
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Observations and simulations have shown that the bar
inflows induce strong shocks, large shears, and collisions with
gas clouds (R. Fux 1999; Z. Li et al. 2016). D. J. Marshall et al.
(2008) find that the gas and dust distributions of the inflows
overlap but are offset, which may be due to shock destruction
of the dust material. H. S. Liszt (2006) conclude that the
presence of localized wide lines, indicating extremely large
velocity gradients, in this region results from material crossing
standing shocks along the inner edge of the inflows. It has also
been suggested that clouds such as Bania 2 (B2; A. A. Stark &
T. M. Bania 1986) and G5, the cloud at (¢, b) = (+5.4, -0.4)
(S. R. Gramze et al. 2023), which have broad lines, warm
temperatures, and shocked gas, are sites of high-velocity
cloud—cloud collisions along the bar lanes (R. Fux 1999;
M. C. Sormani et al. 2019).

Star formation may be suppressed by the aforementioned
extreme processes in the Galactic bar, but also more generally
in the bar regions of barred galaxies (E. Athanassoula 1992).
However, observations of star formation in the bar region have
been largely limited to nearby galaxies, and the effect of these
dynamics on star formation efficiency is still poorly understood
(S. Diaz-Garcia et al. 2021; F. Maeda et al. 2023). For
example, D. S. Meier & J. L. Turner (2001) find that star
formation in IC 342 may be triggered by shocks at the
intersection of x; and x, orbits, where molecular gas driven
toward the nucleus by the bar potential collides with gas on the
inner orbits. D. S. Meier et al. (2008) observe a similar
presence of dynamically induced star formation at the
intersection of the nuclear bar orbits of the galaxy Maffei 2.
Meanwhile, D. Reynaud & D. Downes (1998) find that star
formation in NGC 1530 is strong at the center of the galaxy
and at the ends of the bar but weak along the length of the bar,
and they conclude that it is likely inhibited by shocks and
shears in the bar lanes. Similarly, observations of four nearby
barred galaxies by P. A. James & S. M. Percival (2016) show
the existence of a central peak and outer ring of strong star
formation, but also a region between the two where the star
formation is strongly suppressed. And, with a sample of over
1000 galaxies, M. Vera et al. (2016) show that strong-barred
galaxies have lower star formation efficiencies than galaxies
with weak or no bars.

In this paper, we have selected 20 clouds that are candidates
for being in the Milky Way Galactic bar region outside the
CMZ, including several located within B2 and GS5. These
clouds show bright NH; (3, 3) emission in the Mopra H,O
Southern Galactic Plane Survey (HOPS; see A. J. Walsh et al.
2011; C. R. Purcell et al. 2012; S. N. Longmore et al. 2017),
have line widths greater than a few kilometers per second, and
exhibit gas temperatures warmer than typical clouds in the
Galactic disk (210-20K). We use the Total Power (TP)
antennas of the Atacama Large Millimeter/submillimeter
Array (ALMA) Atacama Compact Array (ACA) to observe
several molecular lines from these 20 clouds in order to probe
physical parameters including temperature, shocks, ionization,
star formation, and turbulence, and to investigate where these
clouds are located. In Section 2, we describe the observations,
ancillary data, and data reduction procedure. In Section 3, we
discuss the locations of the clouds. In Section 4, we calculate
and compare the temperature, turbulence, star formation rates
(SFRs), shock properties, and masses of the clouds. In
Section 5, we discuss the relationships between the cloud
properties, and we conclude in Section 6.
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2. Observations and Data Reduction
2.1. Sample Selection

We selected 20 clouds from HOPS that may be in the Milky
Way Galactic bar region. The clouds were selected on the basis
of bright, large-scale NH; (3, 3) emission, which is only
observed toward a few objects, and which indicates that the gas
temperatures may be warmer than typical clouds in the Galactic
disk. In addition, several of the clouds have ammonia line
widths much broader than typical clouds in the Galactic disk.
The combination of these two properties suggests that the
clouds may not be located in the Milky Way disk but rather be
part of the central Galactic bar.

The spatial distribution of the 20 selected clouds is shown in
Figure 1. We discuss the location of these clouds in the Galaxy
in Section 3.

2.2. ALMA Observations and Data Reduction

The clouds were observed with the ALMA-ACA between
2021 May and 2023 May (project codes: 2019.2.00068.S,
2021.2.00001.S, 2022.1.00591.S; PI: Ott, J.) using both the
7 m array and the TP antennas. We analyze the TP data in this
work. The spectral windows used cover lines of several
important molecules: the carbon monoxide isotopologues '>CO,
13C0, and C'®0; the shock tracers SiO (e.g., P. Schilke et al.
1997) and methanol (CH3OH; e.g., D. S. Meier &
J. L. Turner 2005); formaldehyde (H,CO), from which the
gas temperature can be determined (e.g., J. G. Mangum &
A. Wootten 1993; A. Ginsburg et al. 2016); the dense
molecular gas tracer HC5N (e.g., D. S. Meier et al. 2011;
E. A. C. Mills et al. 2018); and the radio recombination line
H30a. The observing parameters of the spectral windows and
the specific lines are shown in Table 1.

We used the default ALMA Pipeline Reduction, which
utilized the Common Astronomy Software Application
(CASA) versions 6.2.1.7-6.4.1.12 (The CASA Team et al.
2022). We visually inspected and selected the velocity and
channel ranges without any spectral features for the presence of
continuum emission. If found, the continuum was subtracted.

The native full width at half-maximum (FWHM) beam
sizes of the observations are between approximately 28"
and 30”. We smooth the cubes to all have the same beam
size of 31”. For each cloud, we also regrid the cubes to match
the '*CO J=2—1 pixel size of 27935 and velocity
resolution of 0.332kms™'. In this channel width of
0.332kms ™!, the loms rms noise over the line-free channels
varies from about 0.22 to 0.28 Jybeam '. We also convert
from intensity I, in units of Jybeam ' to a brightness
temperature (kelvins), in which case the rms noise ranges
from about 5.2 to 7.7 mK.

2.3. ALMA Maps

To make integrated intensity (“moment 0”’) maps, we set a
cutoff at 4o,,s, then integrate over the velocity range of the
cloud in *COJ=2— 1, which is observed for all clouds and
is less contaminated with foreground and background emission
than the more common isotopologue '’CO J=2— 1. The
velocity range of each cloud is given in Table 2. We also
generate intensity-weighted velocity (“moment 17), intensity-
weighted velocity dispersion (“moment 2”), and peak intensity
maps for each cube. For these images, we again use a 40,
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Figure 1. Spatial distribution of the 20 molecular clouds in our sample. The background and associated color bar is the integrated intensity of NH3 (3, 3) from HOPS
(A.J. Walsh et al. 2011; C. R. Purcell et al. 2012; S. N. Longmore et al. 2017). The overlays are our 3C0O J =2 — 1 moment 0 maps from ALMA. The clouds G5 at
(¢, b) = (+5.4, —0.4), Bania 1 (B1; T. M. Bania et al. 1986) at (£, b) = (—5.4, +0.4), and Bania 2 (B2; A. A. Stark & T. M. Bania 1986) at (£, b) = (+3, +0.2) are
marked with large orange ellipses. The colored shapes around each of the clouds in our sample correspond to our categories, first mentioned in Section 3 and refined in
Section 5.4. The pink diamonds indicate the clouds that are highly turbulent and have no detected star formation; these are the most likely to be in the bar region. The
red circles indicate the clouds with detected star formation but low turbulence; these are likely to be typical star-forming regions in the Galactic disk. Lastly, the blue
squares indicate the clouds with low turbulence and no detected star formation; these are likely to be typical non-star-forming clouds in the Galactic disk.

Table 1
Observing Parameters for Each Spectral Window
Rest Fre- Bandwidth No. of
Spectral Line quency (GHz) (GHz) Channels
Si0J=5—14 217.1050 0.25 512
H,CO J =351 — 2 218.7601 0.25 512
H,CO J =393 — 205 218.2222 0.25 512
HC3N J =24 — 23 218.3247 0.25 512
CH;0H 218.4401
J =45 —3p

c®oJ=2-1 219.5604 0.25 1024
Bcos=2-1 220.3987 0.25 1024
2coJ=2—-1 230.5380 0.25 2048
H30« 231.9009 2 2048

pixel cutoff, as well as a 50 threshold on the moment 0 map,
where o is estimated as

0 & NN Oms Av. €))

Here, N is the number of channels integrated over for the
moment 0 map, and Ay =0.332kms " is the channel velocity
width. Although N varies across a single map, since we also
use a 40, cutoff when creating integrated intensity maps, we
set N to be constant at the number of channels corresponding
to the full integration velocity range, which is likely more than
the actual number of channels integrated over for most pixels.
This effectively corresponds to the error assuming no masking in

the integrated intensity map, which represents a maximum
possible N, and thus a constant “maximum” ¢. We then
calculate ratio maps between each of the lines and both '*CO
J=2—1and >CO J=2 — 1 using the respective moment 0
maps. For each moment O ratio map, R = %, between lines i
0
and j, we calculate a corresponding error map, where the error
OR is

2 2
R = R (iﬂ)+ N )
M My

where My = [I,dv is the integrated intensity of a line, and o is
the error of the moment 0 map (Equation (1)). Although this
equation does not hold under all circumstances, we use it as an
approximation of the error for the integrated intensity ratios.
We note that although o is assumed to be constant across each
moment 0 map, as discussed above, the ratio error maps are not
constant since they are also functions of the individual moment
0 maps. The same holds for the temperature error maps
described in Section 4.1.

We also create position—velocity (PV) diagrams for each
cube using the packages pvextractor'' and spectral-
cube'? (A. Ginsburg et al. 2019). We select a path going
through the main regions of each cloud, then calculate the PV
diagram using the cloud velocity range, with an extra
20kms ™' on each side.

All clouds display clear emission for all three carbon
monoxide isotopologues, although some other lines do not

" hips: //github.com/radio-astro-tools /pvextractor
'2 hitps:/ /github.com/radio-astro-tools /spectral-cube
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Table 2
Locations of All Clouds
Cloud 14 b NH3 (1, 1) Av Visr Vint D RGal Dref
(deg.) (deg)) (kms™") (kms™") (kms™") (kpe) (kpe)
G008.67 8.67 —0.37 3.314+0.13 35.10 +0.19 24-52 34403 48+ 1.0 1)
G008.40 8.40 -0.29 2.38 +0.08 36.79 + 0.07 31-42 45+1.0 3.8+2.1 ?2)
G006.92 6.92 —0.23 2.73+0.23 19.21 £ 0.26 5-35 35+1.0 47+33 ?2)
G006.56 6.56 —0.30 24.34 +£1.98 7.41 +0.04 —10 to 45 69+ 1.0 1.6 £ 0.6 3)
G005.75 5.75 0.23 27.43 +£1.93 70.11 £ 0.27 31-100 7.0+ 1.0 14+0.5 3)
G005.49 5.49 —0.08 20.35 +£2.48 53.57 £ 0.16 25-95 7.0+ 1.0 1.3+0.5 3)
G005.38 5.38 —0.12 27.36 + 2.06 38.16 + 0.18 0-75 7.1+1.0 1.3+0.5 3)
G003.43 343 —0.35 3.54 +0.22 —25.36 £0.26 —50to 5 25+1.0 57+5.0 3, 4)
G003.09 3.09 0.16 42.17 £ 0.64 151.06 £+ 0.41 90—200 7.5+ 1.0 0.8 +0.3 3)
G003.02 3.02 —0.07 38.43 £ 0.62 42.17 £ 1.00 —48 to 145 75+ 1.0 0.8+0.3 3)
G002.96 2.96 —0.19 34.09 + 0.63 97.16 + 0.59 30—130 7.5+ 1.0 0.8 +0.3 3)
G002.51 2.51 —0.03 37.74 £+ 0.96 8.21 £0.53 —351t0 20 7.6+ 1.0 0.7+0.2 3)
G001.93 1.93 0.11 30.61 + 1.59 23.64 + 0.63 2-76 7.7+1.0 05+0.2 3)
G358.48 358.48 —0.38 2.80 £0.17 —1.67 £0.06 —17 to 30 25+1.0 57+5.0 3)
G354.61 354.61 0.47 2.30 +0.20 —20.57 +£0.09 —35to —9 123 +22 42+1.8 5)
G353.41 353.41 —0.36 3.73+0.15 —15.44 £ 0.20 —25to —4 20+0.7 6.2+5.0 1)
G351.77 351.77 —0.49 3.05+0.23 —3.23 +£0.25 —15to 20 2.0+0.1 6.2 +5.0 6)
G351.58 351.58 —0.34 4.22+0.28 —92.18 £0.28 —105 to —80 52+1.0 3.1 +14 (@)
G350.18 350.18 0.02 24.32 +1.37 —66.50 +0.13 —90 to —49 6.2 +£0.8 23+0.7 4, 8)
G350.10 350.10 0.09 21.10 £ 0.94 —69.25 £ 0.16 —85to —45 6.2 +0.8 23407 8)

Note. The clouds we take to be inside the bar have their names underlined and in bold. The NH; (1, 1) line width and its associated error are calculated as the FWHM of a
Gaussian fit to the spectrum of a circular area around the peak integrated emission pixel in the Cube Analysis and Rendering Tool for Astronomy (A. Comrie et al. 2021).
The central velocity of each cloud, vy, and its associated error are calculated from the H,CO J = 33 — 2, data cubes as the mean of a Gaussian fit to the spectrum of the
1" box centered on the pixel with maximum integrated intensity. vi,, indicates the velocities over which the emission is integrated for the maps detailed in Section 2.3, as
determined by the extent of the cloud in '*CO J = 2 — 1 emission. For clouds with no kinematic distance error reported, we take the error to be 1.0 kpc and note that the
actual error may be larger. The distance references are as follows: (1) F. Motte et al. (2022); (2) A. Y. Yang et al. (2022); (3) This work; (4) S. N. Longmore et al. (2017); (5)

C. Jones et al. (2013); (6) S. D. Reyes-Reyes et al. (2024); (7) J. A. Green & N. M. McClure-Griffiths (2011); (8) G. Nandakumar et al. (2016).

Table 3

Targeted Lines Detected in Each Cloud

Cloud SiO

H,CO (331—220)

HyCO (303—202)

HC3N

CH;0H

H30«

NH; (2, 2)

NH; (6, 6)

G008.67
G008.40
G006.92
G006.56
G005.75
G005.49
G005.38
G003.43
G003.09
G003.02
G002.96
G002.51
G001.93
G358.48
G354.61
G353.41
G351.77
G351.58
G350.18
G350.10

SNENENEN

SN NN N N N N NENENENENE

v

INENEN

SN N N N N NENENENE

AN N N N S NN N N N N NENENENEN

v

ANENENE

SSENENENENS:

<

NENENENEN

AR N N N N NN NN

SNENENENENENE:

ENENENENEN

SN NN N N N N NENENENE NS

SNENENENE

Note. We consider a detection to be at the 40,5 level, the same as the cutoffs for the integrated intensity maps. 2co0j=2—-1,Bcos=2-1,Cc®0J=2—1,
NH; (1, 1), and NH;3 (3, 3) were detected in all clouds.

have a significant detection. The detected lines for each cloud
are shown in Table 3. We show the integrated intensity maps of
all clouds for each line in Figure 2, and the PV diagrams in
Figure 3. The full figure sets for these figures are available in

the online journal.

2.4. Ancillary Data

2.4.1. HOPS

We use HOPS for measurements of metastable ammonia

inversion transitions with (J, K)= (1, 1), (2, 2), (3, 3), and
(6, 6), for which the rotational temperature is similar to
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longitude. The light blue boxes are 1’ boxes centered on the pixel with peak HyCO (393—20,) integrated intensity. The green arrows indicates the slices along which the

PV diagrams are taken. The blue circles in the bottom left corner of each map

indicate the 31”7 ALMA beam size. The pink lines in the top left corner of each map

indicate a physical size of 1 pc. The uncertainties on these physical sizes may be large as they are proportional to the distance uncertainties. The complete figure set (9
images), which contains integrated intensity maps for all targeted molecular lines, is available in the online journal. We show H,CO (393—2,) integrated intensity here
because it gives a good representation of the cloud structure of the denser gas.

(The complete figure set (9 images) is available in the online article.)

the gas kinetic temperature (S. Huettemeister et al. 1995;
J. Ott et al. 2005). HOPS used the 22m Mopra radio
telescope, which has a main-beam FWHM of 2’ at 12 mm
(. S. Urquhart et al. 2010), and covered a velocity range of
—200 to 200 km s ', which may exclude parts of the bar dust
lanes that are at even higher velocities. Further observation
details about the HOPS ammonia catalog can be found in
C. R. Purcell et al. (2012).

The clouds were initially selected to be bright in NH;3
(3, 3) emission, and all clouds are observed in the NH; (1, 1)
line, although not all clouds have significant NH3 (2, 2)
or (6, 6) emission. The ammonia line detections are also
shown in Table 3. For each cloud, we select a region that
covers the full extent of the cloud, which in general is larger
than the ALMA field of view (FOV) of the cloud. We then
make a moment O map of each region for all four ammonia
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Figure 3. PV diagrams of all lines for G008.67 along the slice depicted in Figure 2. The velocity axis extends 20 km s ' beyond the range of the cloud determined
with '*CO (given in Table 2) in both directions. The complete figure set (20 images), which contains PV diagrams for all clouds in our sample, is available in the

online journal.
(The complete figure set (20 images) is available in the online article.)

lines using the same velocity range as used for the ALMA
moment maps.

2.4.2. Spitzer

We additionally use data from two Spitzer Galactic plane
surveys, the Galactic Legacy Infrared Midplane Survey Extra-
ordinaire (GLIMPSE; E. Churchwell et al. 2009; GLIMPSE
Team 2020) and the Multiband Imaging Photometer Galactic
Plane Survey (MIPSGAL; G. H. Rieke et al. 2004; S. J. Carey
et al. 2009; MIPSGAL Team 2020). We use the cutout service of
the Infrared Science Archive to take 10’ wide images containing
the central location of each cloud in the 4.5 and 8 ym bands of
the Infrared Array Camera (G. G. Fazio et al. 2004) from
GLIMPSE. We also take 30’ wide images of the same locations

in the 24 yum band of MIPS, then regrid to match the pixel
spacing of the GLIMPSE data using the reproject'’
package.

3. Cloud Locations

As mentioned in Section 2.1, the clouds in the sample are
candidates for being in the Galactic bar region due to their
bright and broad NH; (3, 3) emission. We also note that we
find fewer clouds with similar properties at |¢| > 10° in the
HOPS data. Although the locations are uncertain, we take the
clouds with a NH; (1, 1) line width greater than 10km s~ to
lie along the Galactic bar. We note that, for all 11 clouds in this

13 https://github.com/astropy /reproject
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Figure 4. The longitude—velocity (/-v) distribution of the cloud sample overlaid on CO J =1 — 0 emission from M. Bitran et al. (1997), in blue. The black vertical
stripes are the velocity spectra of each of the clouds, located horizontally at the cloud’s longitude. The colored shapes and symbols along each of the velocity spectra
are centered on the central velocity of each cloud, and they correspond to the same categories as in Figure 1. The pink diamonds indicate the clouds that are highly
turbulent and have no detected star formation; these are the most likely to be in the bar region. The red circles indicate the clouds with detected star formation but low
turbulence; these are likely to be typical star-forming regions in the Galactic disk. Lastly, the blue squares indicate the clouds with low turbulence and no detected star
formation; these are likely to be typical non-star-forming clouds in the Galactic disk. The approximate locations of several important features are also circled.

selection, the line widths are in fact all above 20 km s_l, and for
all nine clouds not in this selection, the line widths are all below
5kms™', indicating two distinct populations rather than a
continuum of line widths. The broad-lined clouds are likely to be
in the Galactic bar; however, we note below that two of the
clouds in this selection may have Galactic longitudes beyond the
extent of the bar. This is also further discussed in Section 5.4.
We thus consider a total of nine clouds to be in the Galactic bar
region, and we assume that they lie along the Galactic bar’s
major axis. We use a Galactic center distance of 8178 £ 26 pc
(R. Abuter et al. 2019) and an angle between the Galactic bar
and the line of sight of 30°+2° (C. Wegg et al. 2015) to
calculate the distance and Galactocentric radius of each cloud.
We also include a 1kpc uncertainty along the line of sight to
account for finite bar thickness. We adopt previous distance
measurements using Galactic kinematics or associations with
nearby cloud complexes for the clouds not in the bar, noting that
these distances may be highly uncertain.

The longitude—velocity (/~v) diagram in Figure 4 can also
provide information about the location of the clouds. We see that
many of the clouds are consistent with being outside the bar
region in the Galactic disk, which is the generally flat feature at all
longitudes between velocities of about —50 and 50kms ™', and
the dust lane features are at higher velocities than all of the clouds
in the sample. This is expected given that the HOPS data extend
only to :i:200kmsfl, which cuts out much of the dust lane
emission. However, we note that processes such as cloud—cloud
collisions in the Galactic bar region can create features in the {~v
diagram that extend over a wide range of velocities (M. C. Sorm-
ani et al. 2019). For example, S. R. Gramze et al. (2023) find that
the G5 region around £ = 5%4 is likely undergoing a cloud—cloud
collision and covers a velocity range from approximately 0 to
200kms~'. We therefore continue to consider the aforemen-
tioned nine broad-lined clouds to be in the Galactic bar. We

discuss these bar clouds in more detail in Appendix A, and we
discuss the clouds not in the bar below.

3.1. Clouds Not in the Galactic Bar

G008.67, also known as IRAS 18032-2137, is included in
the ALMA Three-millimeter Observations of Massive Star-
forming regions (ATOMS) survey (T. Liu et al. 2020), which
uses kinematic distances calculated from the APEX Telescope
Large Area Survey of the Galaxy (ATLASGAL; J. S. Urquhart
et al. 2018). G008.67 is reported to have a distance of 5.2 kpc
in the ATOMS survey. It is also included in the ALMA-IMF
Large Program (F. Motte et al. 2022), which also uses
ATLASGAL kinematic distances but includes revisions made
possible by other surveys such as the Bar and Spiral Structure
Legacy Survey (M. J. Reid et al. 2014). We adopt the ALMA-
IMF kinematic distance of 3.4 + 0.3 kpc.

G003.43. S. N. Longmore et al. (2017) note that the narrow
velocity dispersion of G003.43 is consistent with being outside
the Galactic center. Although they adopt a kinematic distance
of 21.1 kpc, they find that the probability of the cloud being at
the far kinematic distance is low. They conclude that it likely
lies on the nearside of the Galactic bar but are unable to
calculate a kinematic distance given its proximity to the
Galactic center. The cloud central velocity indicates that it is
likely local to the Sun, on the order of 1kpc, so we adopt a
distance of 2.5 kpc but note this is highly uncertain.

G358.48 does not have a previously reported distance. We
assume that its near kinematic distance is more likely than its
far kinematic distance, since HOPS has a 3.2 kpc sensitivity
limit for typical 400 M., clouds with the NHj3 (1, 1) transition
(C. R. Purcell et al. 2012), and its central velocity also indicates
it as being local to the Sun, so we adopt the same distance of
2.5 kpc as for G003.43.
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Figure 5. Top-down projection view of our cloud distribution. In this cartoon,
the bar is at an angle of 30° with respect to the Sun, has a semimajor axis of
3.5 kpc, and a semiminor axis length of 0.75 kpc. The black line along the bar
axis extends to a Galactic longitude of +10° in both directions. The blue curves
within the bar and the circle at the center of the bar are cartoon depictions of the
bar inflows and the CMZ. The clouds, denoted by the red dots, are placed at
their respective distances with uncertainties along the lines of sight, denoted by
the light blue dashed lines, as per Table 2. These uncertainties may be
underestimates, particularly for kinematic distance measurements, which are
highly uncertain at small Galactic longitude; see Section 3 for further
discussion. Several clouds, particularly those in the bar, overlap in the diagram
and are indistinguishable from other nearby clouds.

G354.61. Although G354.61 appears to be associated with
the clump B, its central velocity does not match, as can be
seen in Figure 4. C. Jones et al. (2013) find its kinematic
distance to be 12.3 2.2 kpc.

G353.41, also known as IRAS 17271-3439, is reported to
have a kinematic distance of 3.1 kpc in the ATOMS survey, but
we instead adopt the revised kinematic distance of
2.0 + 0.7 kpc from ALMA-IMF.

G351.77, also known as IRAS 17233-3606, is reported to
have a distance of 1.34kpc in the ATOMS survey. This is
consistent with the ALMA-IMF distance of 2.0 & 0.7 kpc.
S. D. Reyes-Reyes et al. (2024) find a consistent distance of
2.0 £ 0.1 kpc using astrometric data from Gaia Data Release 3
(Gaia Collaboration et al. 2016, 2023) for sources associated
with the cloud, which we adopt.

G351.58, also known as IRAS 17220-3609, is reported to
have a distance of 8.0kpc in the ATOMS survey, although
J. A. Green & N. M. McClure-Griffiths (2011) place it at a
distance of 5.2kpc using kinematic estimates from maser
emission. We adopt the latter since it agrees with the kinematic
assessment of the cloud as belonging to the near 3 kpc arm,
which is evident in Figure 4.

Nilipour et al.

G350.18 and G350.10. Although the two clouds at the most
negative Galactic longitude, G350.18 and G350.10, have line
widths above our cutoff of 10kms™', we find that their
Galactic longitudes are likely beyond the extent of the Galactic
bar. If they do lie along the major axis of the bar, the bar
would have to extend to over 4 kpc in the negative Galactic
longitude (see Figure 5). Indeed, it has been suggested that
the bar may extend out to Skpc, or possibly even longer
(C. Wegg et al. 2015; M. C. Sormani et al. 2022), so these
clouds may lie near or around the tip of the bar, but we cannot
conclude with certainty that these clouds belong to the Galactic
bar region. We discuss the locations of these clouds further in
Section 5.4. We refer to previous kinematic measurements of
their distances, of which there are several.

G350.10, also known as IRAS 17160-3707, is reported to
have a distance of 10.53 kpc in the ATOMS survey, although
G. Nandakumar et al. (2016) adopt a distance of 6.2 kpc using
the kinematics determined by C. Quireza et al. (2006a). We
adopt a value of 6.2 £ 0.8 kpc, as it matches other kinematic
distances to this cloud, which range from 5.7 to 7.3 kpc
(J. L. Caswell & R. F. Haynes 1987; E. Peeters et al. 2002;
S. Fatndez et al. 2004). Although the cores of G350.10 and
G350.18 are separate as seen in the Spitzer data (see
Section 4.3), the two appear to be linked in the ammonia and
CO maps. S. N. Longmore et al. (2017) also consider the two
clouds to be two components of the same young massive
cluster progenitor gas cloud candidate. We therefore adopt the
same distance to G350.18 as that of G350.10.

For these clouds, we also calculate a Galactocentric radius
using their distance estimates and Galactic longitudes and
latitudes. The locations of all clouds are summarized in
Table 2, as well as the references for the distance estimates.
Our reclassification of G350.18 and G350.10 leaves nine
clouds as most likely to lie in the Galactic bar region. We show
a top-down projection of the distribution in Figure 5.

4. Results
4.1. Gas Temperature
We calculate gas temperatures for all of the clouds using
emission from ammonia and formaldehyde.
4.1.1. Ammonia Temperature

We first calculate the rotational temperature using ammonia
lines for each cloud following the same procedure outlined in
J. Ott et al. (2005). We find that the NH; (1, 1) hyperfine
structure lines are generally narrow, so we assume that the
ammonia emission is optically thin, in which case the column
density of an ammonia inversion doublet can be calculated as

13
777 x 10°J(J + 1) fﬂadV
v K?

N, K) = 3)
(C. Henkel et al. 2000), where the column density N, rest
frequency v, and integrated main-beam brightness temperature
have units of per square centimeter, GHz, and Kkm sfl,
respectively. We have only metastable (/ = K) inversions, and
the rotational temperature between two such states can be

found from the equation
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where AFE is the energy level difference between the NHj
(J’, J") and NH; (J, J) transitions in K, and g,, =1 for para-
ammonia (i.e., NH; (1, 1) and (2, 2)), and g,, =2 for ortho-
ammonia (i.e., NH; (3, 3) and (6, 6)). We note that the
abundance ratio of para- and ortho-ammonia also introduces
some additional uncertainty that propagates into the column
density and ammonia temperatures calculations.
Solving for the rotational temperature gives

—AE

NJ',J") - N(,J) '
ln(gopu’>(21’+ 1>) ln(gopu)au 1>)
For each cloud, we calculate a temperature map of T,, T3, and
T3¢, or the largest possible subset of the three given that some
clouds do not have significant NH; (2, 2) or (6, 6) emission, by
applying Equations (3)—(5) to the pairs of ammonia moment 0
maps, as well as a 5o cutoff (Equation (1)) on both moment 0

maps. We also calculate estimated ammonia temperature error
maps using the equation

2 1y \2 2
6TJJ,T_\/(6N(J,J)) +(51\7(1,1)) e
NWJ', T N, J)

&)

T =

777 x 108 JUJ + 1)
o
v K?

where o is the error of the integrated intensity map
(Equation (1)). This equation assumes 0N < N, or equivalently
oK fTde. The ammonia (3, 3)—(1, 1) (T3) temperature maps
for all clouds are shown in Figure 6. The corresponding error
maps are shown in Figure 20 in Appendix B.

Although it does not factor into our analysis below, we note
that the only four clouds with detections of NH3 (6, 6) are
G003.09, G003.02, G002.96, and G002.51, which are the
clouds associated with B2, highlighting the extreme nature of
this large cloud complex that is the closest region of bright NH3
(3, 3) emission to the CMZ (Figure 1).

To get a single temperature value for each pair of ammonia
lines, we take the temperature and error at the brightest pixel in
the NH;3 (3, 3) moment O map. We show rotation diagrams (or
Boltzmann diagrams) of the ammonia lines and the resultant
temperature values in Figure 7.

ON(J, K) =

s

4.1.2. Formaldehyde Temperature

Next, we calculate the gas temperature based on the line ratio
of H2CO (32]—220) to H2CO (303—202). We take the ratio
between the integrated intensity maps of the two lines,
described in Section 2.3, enforcing a 30 cutoff (Equation (1))
on both moment 0 maps. We then use the formula

T5 K] = 590RZ co + 2.88Rm,co + 234, (7

which is a polynomial fit to the gas temperature and formalde-
1,321 — 230)dv .
m (A. Ginsburg et al.
2016) derived from the radiative transfer code RADEX
(F. F. S. van der Tak et al. 2007). This fit uses an assumed
gas density of n(H,) = 10* cm 3. Unlike ammonia, formalde-
hyde is an asymmetric top molecule, so the excitation of
different transitions, and in turn the line ratio, depend on the

hyde line ratio Ry,co =

Nilipour et al.

H, density, although the gas temperature has only a weak
density dependence for most of the line ratios we observe
(Ru,co S 0.3; A. Ginsburg et al. 2016). We discuss this further
in Section 5.1. We also calculate temperature error maps,

ST;[K] = %51% = 1080RSR + 2.886R, 8)

where 6R is the error on the formaldehyde ratio (Equation (2)).
These errors are likely underestimates for regions where the gas
temperature is greater than about 80 K. The resultant
formaldehyde temperature maps are shown in Figure 8. We
also show the error maps in Figure 21 in Appendix B.

The formaldehyde and ammonia temperature depend
differently on physical conditions, so a comparison between
the two may reveal some insight into the cloud structure.
Howeyver, their observations are at different resolutions, so to
compensate, we return to the formaldehyde data cubes and
regrid them to the same spatial and velocity resolution as the
HOPS ammonia cubes. We create a regridded temperature map
using the same procedure as above, then take the temperature
(Equation (7)) and error (Equation (8)) at the pixel with peak
NH; (3, 3) integrated intensity.

We find that the peak NH3 (3, 3) pixel often lies far from the
peak emission of the formaldehyde lines, and in one case lies
outside the ALMA FOV of the corresponding cloud. The
average angular offset between the two peaks is 126, and the
average physical offset is 2.23 pc, although the uncertainty on
the latter may be large due to the individual distance
uncertainties. We thus also calculate a potentially more
representative formaldehyde temperature value by taking the
mean of the temperature map at its original resolution within a
1" box centered on the pixel with maximum H,CO
J=303 —2p, integrated intensity (light blue boxes in
Figure 8). We take the error on this temperature to be the
mean of the temperature error map within the same box.

We use this same box to calculate representative values for
other properties of the ALMA data, such as the line widths
(Section 4.2) and ratio maps.

4.1.3. Ammonia versus Formaldehyde Temperature

A direct, quantitative comparison between the ammonia and
formaldehyde temperature measurements is difficult because of
the factor of 4 difference in beam size between the HOPS and
ALMA data and the spatial distance between the peak NH; (3,
3) and H,CO J=3093 —2p, emission. We still plot the
correlations between them in Figure 9, but we find no
significant correlation between the ammonia and formaldehyde
temperature. However, there is a clear correlation between the
ammonia temperatures calculated using the NH; (1, 1) and (2,
2) emission versus that using the NH; (1, 1) and (3, 3)
emission, as well as between the formaldehyde temperature
taken at the pixel with peak NHj (3, 3) emission versus that
averaged over a 1’ box centered at the peak H,CO
J =303 — 20, emission, both of which are expected.

The lack of any correlation between the ammonia and
formaldehyde temperatures indicates they may be tracing gas
components at different densities and optical depths. As
discussed in more detail in Section 5.1, the properties derived
from these two molecules, and indeed from many of the
molecular lines we observe, are inconsistent with a single gas
component.
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Figure 6. Ammonia (3, 3)—(1, 1) rotational temperature (7;3) maps for each cloud, on the same color scale, plotted in Galactic coordinates. Clouds are ordered by
Galactic longitude. The light blue boxes indicate the ALMA FOV for the cloud. The pink circles are the 2’ Mopra HOPS beam, each centered on the pixel with peak
NH; (3, 3) integrated intensity. The blue circles in the bottom left corner of each map indicate the 31” ALMA beam size for comparison. The blue lines in the top right
corner of each map indicate a physical size of 1 pc. The uncertainties on these physical sizes may be large as they are proportional to the distance uncertainties.

4.2. Turbulence due to processes such as turbulence rather than thermal
We calculate a line width for each ALMA line by fitting a broadening. .
. , We can calculate the expected degree of thermal broadening
Gaussian to the mean spectrum of the 1’ box centered . e
h ak vixel in the H _ S J for each cloud. Assuming local thermal equilibrium (LTE), the
on the peak pixel in the H,CO J=303 — 20, integrate thermal one-dimensional velocities of molecules should follow

intensity map. One cloud exhibits two velocity components a Maxwell—Boltzmann distribution. The thermal FWHM is
in its spectrum, so we fit a double Gaussian and take the wider

of the two. Figure 10 shows that there is no correlation kT )72
between the formaldehyde temperatures and line widths of Avy, = (8 In2=8 k) , )
the clouds, which is expected if the line broadening is Himy

10
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Figure 9. Correlations between different temperature measures. Mean Tiy,co denotes the average formaldehyde temperature within a 1’ box centered on the pixel with
peak H,CO J = 33 — 2, integrated intensity, whereas Pixel T,co denotes the formaldehyde temperature at the pixel with maximum NHj (3, 3) integrated intensity
once regridded to the ammonia resolution. T, represents the ammonia temperature calculated using NH3 (1, 1) and (2, 2), taken at the pixel with peak NH; (3, 3)
integrated intensity, and 73 is the ammonia temperature calculated using NH; (1, 1) and (3, 3) at the same pixel. The dashed blue line in each plot indicates identical

temperature estimates.

Figure 10, the turbulent line widths are significantly greater
than the thermal line widths, which range from ~0.4 to
1.6kms™"'. The line width contribution from bulk motion is
also small, on the same order as the thermal contribution,
indicating that the gas is dominated by turbulence. The one
exception is G005.49, which has an estimated bulk motion line

width contribution nearly equal to the total line width
(~10km sfl); however, this is a cloud for which there is no

detection of HyCO J=3,; — 25, and thus no formaldehyde
temperature. For this cloud, we can expect that its line width is

dominated by some ordered motion.

The turbulent FWHM line widths, which largely dominate
the total FWHM line widths, of formaldehyde for the clouds
range between ~4 and 25km s~ '. The molecular clouds in the
Galactic disk studied by R. B. Larson (1981) have a three-
dimensional rms velocity dispersion between ~0.4 and
9kms~'. The one-dimensional FWHM and three-dimensional

rms velocity dispersions are related by

Av = ((81n2)/3 Vims.

The rms velocity dispersion range of the clouds
~3-20kms~', which lies between the values expected of

(11)

is

13
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Figure 10. H,CO FWHM line width against formaldehyde temperature. Both
are calculated over a 1’ box centered on the pixel with peak H,CO
J = 303 — 20 emission. The dashed blue line indicates the thermal line width
as a function of temperature, Equation (9).

clouds in the Galactic disk and clouds in the CMZ, the latter of
which have FWHM line widths on the order of 10-50 kms ™'
(e.g., M. Tsuboi et al. 2015). This suggests that some of the
clouds in the sample may indeed be exposed to some of the
extreme conditions of the CMZ.

We can approximate the sound speed of the cloud by

assuming an isothermal gas with equation of state
P = pkgT/(umy), in which case the sound speed is
¢s = kpTi/(pmp) . (12)

The three-dimensional Mach number, assuming isotropic
turbulence, is then M = vy ,./c,, wWhere v,y is the turbulent
three-dimensional rms velocity dispersion of Equation (11).
The calculated Mach numbers range from 7 to 45. These values
also lie between those typical of molecular clouds in the
Galactic disk (<10;e.g., X. D. Tang et al. 2018; J. Syed et al.
2020) and those observed in the CMZ (225;e.g., J. D. Hens-
haw et al. 2016; J. Kauffmann et al. 2017).

We take the errors in the total line widths to be the errors on
the Gaussian fits, then propagate accordingly to get errors on
the Mach numbers.

4.3. Star Formation

We can calculate the ionizing photon production rate, Q,
from measurements of H30q, via

O(Hna)
?

ap

-1
— 3.99 x 1024( ) L
cm? s /\erg s7em™3
( v ) p Y [Rdv
>< —_— R
GHz /\ kpc ) | Jy km s~!

(N. Scoville & L. Murchikova 2013; G. J. Bendo et al. 2017;
W.-J. Kim et al. 2018), where «ap is the case B effective
recombination coefficient, and ¢, is the emissivity, both of
which are functions of electron density and temperature.

To estimate the electron temperature, we use the Galactic

disk electron temperature gradient from C. Quireza et al.
(2006b),

T.[K] = (5780 % 350) + (287 £ 46)Rgalkpc],

13)

(14)
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which is an empirical fit to HII regions with electron
temperatures derived from radio recombination line and
continuum measurements, and Galactocentric distances calcu-
lated via radial velocity measurements. We can also confirm
that these fall under the upper limit on the electron tempera-
ture given by the line width of our H30« observations. The
thermal contribution to the line width is Gaussian and has an
FWHM of

15)

1/2
Avg, = (SInZkBTe)

my

(R. Rivera-Soto et al. 2020), which is the same form as
Equation (9) but replacing the kinetic temperature with electron
temperature. Pressure broadening is proportional to v~ %, so it is
negligible at the H30« frequency (E. Keto et al. 2008). Thus,
the total H30« line should be Gaussian and have an FWHM of

Av = JAVE + Avfy,

where Avg, is the dynamical contribution from unresolved bulk
motions. We find that electron temperature calculated from
Equation (14) is indeed below the upper limit set by
Equation (15) (using the Gaussian line width calculated in
Section 4.2) for all the clouds with H30« detections.

Whereas the value of the electron temperature can affect
the ionizing photon production rate Q by a factor of up to
~?2.5 over a temperature range from 3000 to 15,000 K, the
electron density has a relatively small effect on Q, with less
than a 15% variation in both the recombination coefficient and
emissivity over a density range from 10% to 10°cm >
(G. J. Bendo et al. 2017). We estimate the electron density
using the fits of n, against the diameter of Galactic HII
regions by L. K. Hunt & H. Hirashita (2009). To calculate
sizes for the clouds, we collapse the H30a PV diagram
along the velocity axis to create a one-dimensional cloud
profile, then fit a Gaussian. We take the angular diameter of
the cloud to be 4 times the standard deviation of the fitted
Gaussian, then calculate a physical size using the distance to
the cloud. Although this is an inaccurate estimate for
elongated clouds, we find that the integrated intensity maps
of H30« are roughly circular, shown in Figure 11 (which
also includes the overlain PV diagram path). The resulting
cloud sizes all lie within the range of 0.3 and 5 pc, which
is covered by the K. Kim & B. Koo (2001) sample of compact
Galactic HII regions; Hunt & Hirashita finds a best-fit
regression of

(16)

A7)

Using these calculated electron densities and temperatures,
we interpolate the tables of ap and ¢, values published by
P. J. Storey & D. G. Hummer (1995). We calculate errors on
these values using a simple Monte Carlo simulation, assuming
a normal distribution for 7, and n.. To calculate the integrated
flux density of H30« from our moment 0 maps, we use a 1’ box
centered on the pixel with peak H30« integrated intensity, then
take

log n, [cm™3] = 2.8 — log D [pc].

_ 2kB 1/2

fFV dv [Jy kms~1] = /TB dv d9, (18)

C.2

where fTB dv is the moment 0 map.
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Figure 11. H30« integrated intensity maps with white contours, for clouds with detections, calculated as described in Section 2.3. The light blue boxes are 1’ boxes
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Table 4
H30« Derived Quantities
Cloud Av T, D300 n, fF dv log,, O
(kms™") X (po) (em™) (Jykms™" s
G008.67 27.21 £ 1.04 7170.24 £+ 512.06 0.73 £0.09 860.28 £ 100.02 28.94 £+ 0.07 47.76 £ 0.09
G354.61 38.99 £2.09 6993.59 + 665.36 434 £0.79 145.23 £ 26.39 5.50 £ 0.05 48.12 £0.17
G353.41 26.62 £0.22 7558.10 + 1588.27 0.79 £0.28 798.87 £ 279.99 147.07 £ 0.08 48.00 £ 0.34
G351.77 10.18 £+ 0.81 7560.89 £ 545.06 0.29 £ 0.04 2174.67 + 308.14 13.31 £0.17 46.98 +0.24
G351.58 2541 £ 1.07 6677.77 + 566.97 1.25+£0.24 504.76 £ 97.14 61.63 £ 0.06 48.42 £0.18
G350.18 26.62 +1.78 6446.82 + 422.08 1.98 +£0.29 318.40 + 45.86 1.95 £ 0.05 47.06 £ 0.12
G350.10 28.15 £ 0.24 6448.32 4 422.37 1.62 £0.21 390.11 £51.41 135.03 £0.10 48.90 £0.12

The quantities derived from the H30« line, including the
ionizing photon production rate Q, are shown for all the clouds
with H30« detection in Table 4. The resultant Q values are
mostly consistent with that of a main-sequence O star, which
has a log;, O value between 47.88 for an 09.5 star and 49.64
for an O3 star (F. Martins et al. 2005).

Using the derived Q, n., and ap values, we can estimate the
radius of a Strémgren sphere, which represents a region ionized
by a single O-type star, using the equation

1/3
30
s (47ra3n2) . e

e

We find that the radii derived from this calculation agree with
the measured radii of the H30«a emission within a factor of 4,
with an average ryzo./rs ratio of 2.2. Although n,, and thus ap
and Q, is calculated using the diameter of the cloud in H30a,
the relationship between them is nonlinear, and so, this
provides a check of internal consistency within the calculations.
We also calculate upper limits on Q values for the clouds
without significant H30«v detections. We take the upper limit
on the integrated flux density to be
2
fFv dv [Jykms™!] < Zszy

c

oVN, (20)
where o is the error on the H30aw moment O map (Equation (1)),
and N is the number of pixels in a 1’ box on the map. We use
the electron temperature gradient (Equation (14)) to estimate
electron temperatures for each cloud, and choose the mean of
the electron densities of clouds with H30« detections to be an
estimate of the electron density of clouds with no detection. We
interpolate the electron temperature density and temperature to
get ap and €, values, then calculate a photoionizing photon
production rate with Equation (13); we take a 20 upper limit of
twice this Q value. The same method is also applied to
calculate errors on the Q values for clouds with H30«a
emission.

We plot Spitzer images for clouds with detections in
Figure 12, with H30« contours, and in Figure 13, with
H,CO J = 33 — 2, contours. There is generally a correlation
between the presence and location of H30«a and both 8 and
24 ym emission, although G003.43 displays 24 um emission
consistent with the location of formaldehyde emission but does
not have an H30« detection. We can also estimate the SFR in

the clouds from 24 ym emission using the relationship from
D. Calzetti et al. (2007),

SFR [M yr~'] = 1.27 x 10738(Loy ,m [erg s~1])08850, (21)

16

where L4 ;m = vL(v). This relation is derived from extra-
galactic star-forming regions, so it may not be fully applicable
to the clouds in our sample, but it can be used as an
approximation. For comparison, we also calculate an SFR from
the ionizing photon production rate using a conversion from Q
to SFR of 7.29 x 10>*M_ yr'/s™' (E. J. Murphy et al.
2011), which is calculated using STARBURST99 (C. Leitherer
et al. 1999) and also applies primarily to the galactic scale. It
also assumes solar metallicity and a constant SFR over about
100 Myr.

The 24 pym MIPSGAL processing pipeline masks artifacts in
the data, which are particularly prevalent around bright sources
(D. R. Mizuno et al. 2008). Most of the clouds with H30«
emission, which are also bright in the mid-IR, are thus masked,
as can be seen in Figures 12 and 13. To mitigate this effect, we
interpolate the missing values, although this is imperfect as the
masked pixels are generally around the brightest locations. We
thus treat the resultant SFR values as lower limits.

We integrate the 24 yum emission, which is given in units of
MlJy st™!, over a 2/ box centered on the location with peak
H30« integrated intensity. We choose a larger box size than for
calculating the H30a flux density because we expect the
emission to be more extended, as the 24 ym emission comes
from dust around the star-forming region whereas H30«
emission comes from, or closer to, the ionized region. We
convert these fluxes into luminosities using their distances, then
calculate the SFR with Equation (21).

To calculate errors on the SFR of these clouds, as well as
upper limits on the clouds with no detection, we use the
uncertainty maps provided by MIPSGAL. For the clouds with
detections, we add the pixel errors in quadrature over the
integration box and multiply by the pixel spacing to get a flux
density error; for the other clouds, we take the mean over the
uncertainty map and multiply by the square root of the number
of pixels in a 2’ box and the pixel spacing. We then propagate
the distance error and the errors in the parameters of
Equation (21) appropriately to get an error. We again use a
20 detection as an upper limit. We note that these errors, as
well as the errors for the SFR calculated with H30«, are likely
underestimates, as there is additional uncertainty from the
stochastic distribution around the initial mass function (IMF)
for small clusters.

To remove scatter due to cloud size, we calculate an SFR
density (Xsgr) by dividing over the physical area of integration
in units of squared parsecs. For the 24 um data, this area is a 2/
box taken at the cloud distance. For the H30« detections, some
of the integrated intensity data is masked by our 40, cut, as
seen in Figure 11, so the area is slightly less than a 1’ box at the
cloud distance. For the H30« upper limits, the area is the full 1/
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box at the cloud distance. We note that, since Q is proportional
to D?, the Ygpg calculated with H30« is not directly dependent
on distance, but there is still a weak dependence on distance
given Equations (14) and (17). Additionally, since L4 ;m is
also proportional to D?, and the SFR calculated with 24 um
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Figure 12. Three-color Spitzer images of the clouds with Spitzer detections, with GLIMPSE 4.5 pym, GLIMPSE 8 pim, and MIPSGAL 24 um in blue, green, and red,
respectively, plotted in Galactic coordinates. If the clouds also have H30« detections, the contours show H30« integrated intensity; otherwise, the contours show
H,CO J = 3p3 — 2, integrated intensity. The light blue boxes in each image depict the ALMA FOV. The white lines in the top left corner of each map indicate a
physical size of 1 pc. The uncertainties on these physical sizes may be large as they are proportional to the distance uncertainties. The 24 pm data contains artifacts at
bright spots, so they are masked by the MIPSGAL processing pipeline.
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emission is proportional to Lzoﬁffno, the Xgpr calculated with

24 pm emission has a weak inversely proportional dependence
on distance.

A comparison between the two Ygrr measures is shown in
Figure 14. The values generally agree for the clouds that are
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Figure 13. Same as Figure 12, but with H,CO J =

detected in both. We are also able to place stricter upper limits
using H30« due to the higher sensitivity of ALMA.

D. Calzetti et al. (2007) notes that emission at 8 um is
correlated with star formation, but it also depends strongly on
metallicity and size, so we do not calculate an SFR using the
8 um emission from GLIMPSE. We note, however, that 8 ym
emission is present for all clouds that exhibit 24 ;sm emission.
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303 — 207 integrated intensity contours for all clouds.
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4.4. Shocks

Both methanol (CH30H) and SiO are associated with the
presence of shocks (P. Schilke et al. 1997; D. S. Meier &
J. L. Turner 2005), although they trace different shock
velocities. CH3;0H can be formed on grain mantles then
evaporated into the gas phase through weak shocks with
v, < 10km s} (E. A. Bergin et al. 1998). On the other hand,

18
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-7.0

evaporation of SiO into the gas phase requires more energetic
grain processing through grain core or mantle erosion, which
can occur in shocks with vy 2 25 km s ' (G. Garay et al. 2000).

SiO is detected in all clouds except G005.75 and G005.49,
and CH3OH is detected in all clouds except G005.49.

4.4.1. SiO

We can calculate the column density of SiO, with several
assumptions. We assume optically thin emission, LTE, a
Rayleigh—Jeans approximation, and negligible background.
Then, the column density is

3kB Qrot Eu

Tzdv
)
“ (87T3VSH2)(818K81) kp Tex f f

(J. G. Mangum & Y. L. Shirley 2015), where Q. 1is
the partition function, g; are the degeneracies, p is the
dipole moment of the molecule, S is the intrinsic line
strength, E, is the upper energy level, T, is the excitation
temperature of the gas, and f is the beam filling factor. For a
linear molecule like SiO, we have g;,=2J+ 1, gxk=g;=1,

Qo = S320(2J + Dexp(—1), and § = 5.
tomic molecule, the rotational energy levels are E;~
hBJ(J + 1), where B = % is the rotational constant of the
molecule. For SiO in particular, the dipole moment is
1 =3.0982 Debye (J. W. Raymonda et al. 1970), and the
rotational constant is B=21787.5 MHz (E. Lowry Manson

et al. 1977). The column density is proportional to

(22)

For a dia-

Orot (Tex) exp (TL) which has a global minimum at T =

31.72K. We find that the difference between the column
density assuming 7., =31.72K and at the LTE case of
Tex =Ty (where we take to be the formaldehyde gas
temperature to be the gas kinetic temperature sampled by
SiO since the formaldehyde temperature is more likely to
sample denser gas than the ammonia temperature) is less than
the uncertainty in the integrated intensity of SiO J=5 —4,
which we take to be within the same 1’ box that the
formaldehyde temperature is calculated in. However, at a gas

density of n(Hz):104cm_3, which we assumed when
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calculating the formaldehyde temperature, the SiO

J=5—4 line is subthermally excited (Tex < Ty). With
RADEX, we find that the SiO column density derived from

the LTE assumption is insufficient to explain the observed
line intensity. Indeed, for nearly all of the clouds in the
sample, either n(H,) or N(SiO) must be 1 to 3 orders of
magnitude higher, or the kinetic temperature of the gas phase
traced by SiO must be significantly higher than that traced by
formaldehyde. As we are unable to further constrain the H,
number density or the gas kinetic temperature sampled by
Si0O, we treat the SiO column densities calculated under the
assumption of LTE as lower limits on the true column density.
We also assume the beam filling factor is 1, although it may
be lower, in which case the calculated column densities will
be lower limits; however, if the beam filling factors for the
SiO and CO observations are similar, then the SiO
abundances N(SiO)/N(H,) are independent of the beam
filling factor.

We also calculate column densities of '*CO and C'®O
J=2—1 to obtain SiO abundances. Since it is likely these
lines are optically thin, compared to their isotopologue '*CO,
we can again use Equation (22)."* These lines are likely to be
closer to LTE than the subthermally excited SiO
J=5—4 line.

We use the '°C/"°C and '°0/'®0 isotope abundance ratios,
respectively, which increase with Galactocentric radius
(W. D. Langer & A. A. Penzias 1990). We use the equations

12C/13C = (7.5 + 1.9)Rga + (7.6 + 12.9) (23)

and

160 /180 = (58.8 & 11.8)Rgy + (37.1 & 82.6) (24)
from T. L. Wilson & R. T. Rood (1994). The '*CO column
densities derived from the two isotopologues agree well. The
SiO abundances derived from both, where we have assumed a
typical '*CO-to-H, abundance ratio of 10™* for dense clouds
(e.g., J. H. Lacy et al. 1994; E. B. Burgh et al. 2007), largely
agree within error bars.

Shocks can enhance the abundance of SiO to values greater
than 10 ' compared to ambient values of 10~ '*-10'!
(P. Schilke et al. 1997; G. Garay et al. 2000), and they have
been shown to enhance abundances to values as high as 10 at
extreme velocities (J. Martin-Pintado et al. 1992). Many of the
clouds in our sample exhibit SiO abundances above 10*10,
with some exceeding 107, indicating that the gas in these
clouds are likely undergoing shocks.

4.4.2. Methanol

We use the line ratio of CH;0H J=4,, — 3, to Bco
J=2 —1 to assess the weak shocks associated with methanol
emission. We take the mean value of the 1’ box centered on the
pixel with peak H,CO J = 33 — 2, emission, and we take the
error to be the mean of the ratio error map within the same box.

The values derived for all properties above are reported in
Table 5.

!4 Values for ;1 and B for CO taken from https://spec.jpl.nasa.gov /.
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Table 5
Clouds Properties Derived in Section 4
Cloud Ti, T3 Tinco AV, 0303202 M log,o Ssrr, 1300 108 Ssrraaum  N(SIO)/N(H, (°CO)  N(SiO)/N(H,) (C'*0) CH;0H/"*CO
(K) (K) (K) (kms ') Mo yr'pe ) (Mo yrpe )

G008.67  19.59 +1.29 33.98 + 1.18 68.87 + 1.53 5.17 + 0.07 7474013 =522 +0.09 >-5.50 >-10.2 >-10.7 0.0442 + 0.0004
G008.40  23.59 + 3.38 34.96 + 2.86 40.45 + 1.76 4.34 £ 0.06 8.25 +0.22 <-7.80 <—6.00 >-10.3 >-10.6 0.0072 + 0.0003
G006.92 2028 + 3.47 33.56 £3.16 35.09 + 1.85 471 £ 0.09 9.65 + 0.32 <—7.43 <—5.86 >-9.82 >-10.1 0.0387 4 0.0016
G006.56  42.36 + 13.18 85.63 & 16.02 69.98 £3.17  12334+0.10  18.05+ 043 <747 <—6.29 >-9.72 >-9.53 0.0076 + 0.0008
G005.75  37.64 £ 10.92 74.34 £ 12.19 11.03 £0.24 <-7.37 <—6.68 0.0073 + 0.0025
G005.49 . 122.16 + 86.33 9.43 +£0.16 <-7.41 <—6.58
G005.38  35.05 + 6.98 71.68 + 8.05 3551+£1.70 1826+0.15  37.65+£0.95 <-7.42 <—6.55 >-9.32 >-9.05 0.0328 + 0.0015
G003.43  19.69 + 1.62 27.37 + 1.83 4925 +2.84 4.66 £ 0.04 8.00 & 0.24 <-7.55 >—6.09 >-9.94 >-10.3 0.0703 £ 0.0016
G003.09  46.89 +£2.17 77.88 £ 1.90 10267+ 141 25714008  31.19+ 024 <—743 <—6.66 >-9.09 >—8.98 0.0812 = 0.0003
G003.02  31.48 +1.75 72.09 +2.33 4754 +194  1538+025 4581 +1.04 <-17.30 <—6.56 >-8.96 >-8.55 0.0159 + 0.0041
G002.96  33.89 +£4.34 63.03 £4.22 38.18 £4.43 1197 +0.13  23.83+ 141 <—747 <—6.56 >-9.73 >-9.41 0.0084 =+ 0.0015
G002.51  30.56 + 1.91 52.16 % 1.60 4935+245 21394028  37.51+1.06 <-7.61 <—6.46 >-938 >-9.34 0.0280 =+ 0.0006
G001.93  33.15+£6.19 59.59 + 5.68 2676 £1.81 1499+ 023  35.17+£1.32 <-7.55 <—6.64 >9.96 >-9.66 0.0134 + 0.0009
G358.48  31.08 +6.21 37.13 £ 4.10 48.85 +2.28 5.49 + 0.06 9.53 +0.25 <-7.52 <591 >-10.1 >-10.5 0.0251 =+ 0.0006
G354.61  29.67 £5.36 38.40 £3.72 68.56 +£2.16 6.46 + 0.10 9.47 +0.21 —5.89+0.17 >-551 >-9.95 >-10.3 0.0363 = 0.0003
G353.41  18.98 +0.97 31.02 +0.94 69.79 + 0.71 751+£0.07 1095+0.12  —4.66+0.34 >-5.00 >-10.1 >-10.50 0.0316 =+ 0.0002
G351.77 1697 £1.89 32.09 +1.78 129.70 4 0.69 8.12 4+ 0.08 8624009  —501+0.08 >-551 >-9.41 >-9.84 0.1030 = 0.0002
G351.58 1839 +2.21 36.10 & 1.99 127.70 £ 1.97 7.54 +£0.12 8.04+£0.15  —499+0.18 >-5.86 >-9.58 >-10.23 0.1674 + 0.0007
G350.18 2036 £ 3.36 32.65 +£3.11 3457 £3.07 6.23+007 12794059  —6.09 +0.12 >-5.89 >-11.0 >—11.3 0.0063 + 0.0010
G350.10  24.92+2.76 39.04 +2.24 53.15 + 1.32 6.73+£0.06  11.24+0.18  —476+0.12 >-5.15 >-9.94 >-102 0.0323 =+ 0.0003

Note. The clouds we take to be inside the bar, per the discussion in Sections 3 and 5.4, have their names underlined and in bold.
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Table 6
Mass Estimates of Each Cloud Using the Three Isotopologues of CO

Mass Estimate Mass Estimate Mass Estimate

Cloud (*?co) (*co) (C'®0)
(M, x 10°) (M, x 10%) (M, x 10°)
G008.67 53405 43404 9.1+08
G008.40 13.6 £ 3.0 68+15 13.0+£29
G006.92 18405 0.7+02 13404
G006.56 1165+ 17.8 115+ 18 78+1.2
G005.75 142 +2.1 0.9+0.1 0.3+ 0.0
G005.49 45407 0.4+0.1 0.020 £ 0.003
G005.38 349452 15402 0.6 +0.1
G003.43 0.5+02 02+0.1 03+0.1
G003.09 276.7 + 39.8 27.1+39 17.8+2.6
G003.02 311.6 +44.8 159 +23 6.1 £0.9
G002.96 84.6 + 12.1 41406 24+03
G002.51 537+76 5.0+0.7 33405
G001.93 48.6 + 6.9 2.1+03 0.9+0.1
G358.48 27+1.1 20+08 39+15
G354.61 462 + 83 323+58 60.0 + 10.8
G353.41 34+12 35+12 7.0+24
G351.77 20+0.1 35+02 71405
G351.58 52+1.0 40+08 104 +2.0
G350.18 77 +1.0 1.8+0.2 27+03
G350.10 248 +32 9.8+ 1.3 155420

Note. The clouds we take to be inside the bar, per the discussion in Sections 3
and 5.4, have their names underlined and in bold.

4.5. Mass

We calculate masses for each cloud using the IZCO, 13CO,
and C'®0 integrated intensity maps. As in Section 4.4, we
calculate the column density maps of '>CO and C'®O,
assuming they are optically thin, then use '*C / 3C and
16O/ %0 isotope abundance ratios (Equations (24) and (23))
to convert to column density maps of '2CO. From this, we
multiply by the typical '*CO-to-H, abundance ratio of 10~* to
estimate the H, column density. For the two clouds without
detections of H,CO (3,;—2,9), we estimate the Kkinetic
temperature to be the ammonia (3, 3)-(1, 1) temperature. In
contrast, for the '2CO, which is unlikely to be optically thin
compared to '>CO and C'®O, we multiply the integrated
intensity by the CO-to-H, X-factor of 2.3 x 10*°cm 2
(Kkms™")~" derived by A. W. Strong et al. (1988). We also
multiply by the factor 0.8, the typical '*CO J=2 — 1/
J=1—0 line ratio (A. K. Leroy et al. 2009).

For each cloud, we integrate the three derived H, column
density maps, then multiply by the molecular weight per hydrogen
molecule, jiy; = 2.8, which accounts for cosmic abundance ratios
(e.g., J. Kauffmann et al. 2008), to calculate an estimated cloud
mass. We define the extent of the cloud to integrate over using a
50 (Equation (1)) cutoff on the integrated intensity map of H,CO
J =303 — 202, because the extent of the cloud is less clear on the
CO maps, even for the less abundant isotopologues.

The masses derived from all three CO isotopologues are
shown in Table 6. We also plot several other properties derived
against Galactic longitude in Figure 15.

5. Discussion
5.1. Ammonia and Formaldehyde Thermometers

As noted in Section 4.1.3, based on our data and temperature
determination methods, there appears to be no correlation
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between the formaldehyde and ammonia temperatures of the
clouds, indicating that the two thermometers may be tracing
different gas in the clouds or some of the methods to derive the
gas temperatures are not applicable to these clouds. The critical
densities of the ammonia lines are lower than those of the
formaldehyde lines, and so, the ammonia temperature generally
traces more diffuse gas than the formaldehyde thermometer
(A. Ginsburg et al. 2016). This may explain why the hot
molecular cores seen in the formaldehyde temperature maps are
generally not present in the ammonia temperature maps
(Figures 6 and 8), although this may also be in part due to
the smaller ALMA beam size of the formaldehyde data
compared to the Mopra beam size of the ammonia data.

In Figure 16, we plot the Mach number, Xgpg, SiO
abundance, and CH;OH/'?CO line ratio against the ammonia
and formaldehyde temperature for each cloud. The ammonia
temperature is well correlated with the turbulent Mach number,
whereas the formaldehyde temperature is not. Although
the Mach numbers are calculated using the formaldehyde
temperatures and line widths, the result would be similar
if the Mach numbers were calculated using ammonia since the
thermal line widths (calculated from Equation (9) with the
ammonia temperatures) are small compared to the observed
ammonia line widths. On the other hand, the opposite is true for
correlations with the CH;0H/ 13CO line ratio, which is a weak
shock tracer. No strong correlations are apparent for any other
properties. Given that the molecules all seem to trace different
phases of the gas, each of which likely has different physical
properties, strong correlations are not expected.

Another notable feature is that the clouds with the highest
ammonia temperatures (73 > 50 K) all do not have detected
star formation; in other words, all the clouds with detected star
formation (with both 24 ym and H30a emission) are at
comparatively lower ammonia temperatures. This is not
observed with the formaldehyde temperature.

There are several possible reasons for these differences. It may
be that formaldehyde is more sensitive to heating from star
formation, giving the distinct core structure in the formaldehyde
temperature maps, and that ammonia is more sensitive to
turbulent heating, resulting in a strong correlation with Mach
number. Although neither formaldehyde temperatures nor
ammonia temperatures appear to correlate with the SiO
abundance, the stronger correlation with the methanol line ratio
may indicate that formaldehyde is more sensitive to weak shocks
that do not necessarily cause turbulence in the gas. Methanol
emission, although associated with shocks, has also been found
to be suppressed at sites of star formation due to direct
photodissociation or inefficient production from CO on dust
grains (e.g., D. S. Meier et al. 2014; T. Saito et al. 2017), so star
formation is unlikely to explain the correlation between
formaldehyde and methanol. A simpler explanation may be that
formaldehyde and methanol are chemically similar, whereas the
nitrogen atom in ammonia may make it chemically different
from methanol. Indeed, astrochemical theory and experiments
have shown that both formaldehyde and methanol can be, and
likely are, produced by successive hydrogenation of CO on ice
and dust grains in molecular clouds (e.g., K. Hiraoka et al. 1994;
N. Watanabe & A. Kouchi 2002; A. Potapov et al. 2017).

Furthermore, while the ammonia temperature is largely
independent of H, density (e.g., J. Ott et al. 2005),
formaldehyde is an asymmetric top molecule, and thus, the
H, density affects the excitation of the different energy levels.
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Figure 15. Derived cloud properties plotted against Galactic longitude. The red diamonds are clouds with 24 ym detections, while the blue circles are clouds without.
The ammonia temperatures are the value of the ammonia (3, 3)—(1, 1) temperature maps at the pixel with peak NHj (3, 3) integrated intensity. The formaldehyde
temperatures are the average formaldehyde temperature taken over the 1’ box centered on the pixel with peak H,CO J = 3¢3 — 20, integrated intensity.

Although the asymmetry in formaldehyde is very small
(J. G. Mangum & A. Wootten 1993), making it useful for
measuring molecular cloud kinetic temperatures (e.g.,
M. R. Hogerheijde et al. 1995; Y. Ao et al. 2013; A. Ginsburg
et al. 2016; X. D. Tang et al. 2018), most of these studies that
survey a large area or multiple clouds typically assume a
constant n(H,) across the sample. For example, A. Ginsburg
et al. (2016) assumes n(H,) = 10*cm ™ for most analyses,
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although they also calculate kinetic temperatures with a
constant n(H,) = 10°cm ™ and n(H,) = 10° cm 2. Similarly,
X. D. Tang et al. (2018) assumes a constant n(H,) = 10°cm ™3
across their sample of ATLASGAL clumps. However, given
the variety of clouds in our sample, particularly in their location
and possible environment, assuming a constant H, density is
likely an oversimplification. We therefore also explore the H,
densities required to explain the observed formaldehyde
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Figure 16. Derived cloud properties plotted against both ammonia and formaldehyde temperatures. The red diamonds are clouds with 24 pm detections, while the
blue circles are clouds without. The ammonia temperatures are the value of the ammonia (3, 3)—(1, 1) temperature maps at the pixel with peak NHj (3, 3) integrated
intensity. The formaldehyde temperatures are the average formaldehyde temperature taken over the 1’ box centered on the pixel with peak H,CO J = 303 — 29,

integrated intensity.

emission using the ammonia temperature as the Kkinetic
temperature of the gas.

For each cloud, we estimate the column density of H,CO
using a N(H,CO)-to-N(H,) abundance ratio of 1.2 x 107°
(A. Wootten et al. 1978; A. Ginsburg et al. 2016), where we
use the H, column densities derived from the LTE calculations of
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13C0 and C'®0 in Section 4.4.1. In Section 4.5, we also calculate
the H, density directly using the 'CO emission and a CO-to-H,
X-factor; however, as discussed in Section 5.5, we find that this
is likely less accurate, particularly for clouds in the bar.

We use RADEX to calculate the Ry,co line ratio at the cloud’s
ammonia temperature (73), HyCO J=3p3 — 29, line width,
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the two derived H,CO column densities, and a range of H,
volume densities (n = 10%5-10’ cm73). We then interpolate
and attempt to calculate the H, volume density given the
observed line ratio for both column densities. The line width,
line ratio, and column densities are taken to be the average
within the same 1’ box that the formaldehyde temperature is
calculated in.

We find that, for all but four of the clouds, there is no H,
density for which the expected line ratio from RADEX matches
the observed line ratio. The four clouds for which there is an H,
density at which the two agree are the four clouds where the
formaldehyde and ammonia temperatures from Section 5.1
agree within uncertainties. In the cases where Ty,co > 713, the
formaldehyde column density must be several orders of
magnitude higher for there to be a H, density at which the
colder T); can explain the observed line ratio. On the other
hand, for the clouds where Ty,co < T3, there is no combination
of formaldehyde column density and H, density at which the
warmer 7’3 can explain the observed line ratio.

Given that the critical densities of the ammonia lines are
orders of magnitude lower than those of the formaldehyde lines
(Y. L. Shirley 2015; A. Ginsburg et al. 2016), we expect that
the two temperatures trace different density components of the
gas. This is further complicated by the significant difference in
beam size of the two observations. We therefore do not
necessarily expect the two to agree, although we do not
conclude that one traces the overall properties of the clouds
better than the other. More data at a comparable resolution are
needed to better understand the relationships between the
ammonia and formaldehyde thermometers.

5.2. Star Formation and Turbulence

We note in Section 5.1 that the clouds with higher ammonia
temperatures all do not have 24 ym or H30« detections. At the
same time, we see in Figure 16 that these clouds have the
highest Mach numbers (M > 15) in the sample. This indicates
that the turbulence in these clouds may be inhibiting star
formation to some degree.

We plot the Yspr measured by H30« against the Mach
number in Figure 17. Although there is no direct inverse
correlation between the two, we find that all the clouds with
detected star formation are at relatively low Mach numbers; in
other words, the highly turbulent clouds are not star forming.

It is well known that the SFR in the CMZ is significantly
lower than expected given the high gas densities and that this
discrepancy may be due to turbulent pressure (S. N. Longmore
et al. 2013; J. M. D. Kruijssen et al. 2014; A. T. Barnes et al.
2017). The relationship between SFR and turbulence is less
understood on the scale of individual molecular clouds, as
turbulence can both create density fluctuations needed for local
collapse (e.g., M.-M. Mac Low & R. S. Klessen 2004) and also
prevent global cloud collapse (e.g., C. Federrath et al. 2016).
Meanwhile, star formation itself can inject energy into the
surrounding gas, enhancing turbulence (H.-S. Yun et al. 2021);
we see that, although the clouds with detected star formation
are comparatively less turbulent, their Mach numbers still
indicate supersonic motions, likely caused by dynamical
activities related to stellar feedback. We conclude from our
observations that the turbulent pressure is suppressing star
formation in the clouds with high Mach numbers.
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Figure 17. Xgpgr, as measured by H30a emission, plotted against Mach
number. The red points indicate clouds with a significant H30« detection, and
the blue points indicate clouds without one, for which an upper limit is given.

5.3. What Is Heating the Clouds?

The gas temperatures of most of the clouds in our sample are
well above the typical values in the Galactic disk of ~10-20 K,
and some are well above the CMZ average of ~60 K (A. Gin-
sburg et al. 2016).

There are likely four main heating mechanisms for molecular
clouds here: radiative photoelectric heating, X-ray heating,
cosmic-ray heating, and turbulent heating (e.g., Y. Ao et al.
2013).

Although the Galactic center and CMZ regions have an
elevated X-ray luminosity (M. P. Muno et al. 2004; T. Yuasa
et al. 2008) and cosmic-ray ionization rate (F. Yusef-Zadeh
et al. 2007; N. Indriolo et al. 2015), we do not expect this to be
the case for the Galactic bar and disk regions in which the
clouds in our sample lie. A. Ginsburg et al. (2016) finds that,
although in some regions of the CMZ heating from cosmic rays
may be important, the energetics of the CMZ are largely
dominated by turbulent heating. X-ray heating and cosmic-ray
heating can thus be disfavored as heating mechanisms in these
clouds.

In the clouds with no detections of H30«a or Spitzer 24 ym
emission, it is highly unlikely that radiation plays a major role
in heating since the nondetection of these indicates the lack of
high-mass stars. Thus, for these clouds, the most likely heating
mechanism is turbulence. We can estimate the temperature due
to turbulent heating:

1/6 —1/3
n L
Ty = 62
b (104'5 cm*3) (5 pc)
~1/3
" dv/dr /( VEwnm )K
5km s~ pc! 20kms~')

which is a simplified analytic solution to the turbulence-
dominated thermal equilibrium equation, assuming gas den-
sities n < 10° cm_3, where L is the size of the cloud, dv/dr is

(25)
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Figure 18. Observed formaldehyde temperature plotted against the estimated
temperature from turbulent heating (Equation (25)). The red diamonds are
clouds with 24 ym detections, while the blue circles are clouds without. The
blue line indicates where the two temperatures are equal. For clouds
corresponding to points below the blue line, the turbulence-driven estimated
temperature is greater than the observed temperature, so turbulence is (more
than) sufficient to explain the observed temperature. For clouds corresponding
to points above the blue line, turbulence is insufficient to explain the observed
temperature.

the velocity gradient of the cloud, and Vgwyy is the observed
FWHM line width (Y. Ao et al. 2013).

Since the structure of the formaldehyde emission is generally
more complex than the H30« emission, we fit a circular two-
dimensional Gaussian around the peak H,CO (3;1—250)
emission to calculate the cloud angular diameter, rather than
fit a one-dimensional Gaussian to the flattened PV diagram as
in Section 4.3. We again take the angular diameter to be 4 times
the standard deviation of the Gaussian fit, then calculate the
physical size of the cloud using its distance.

We use the cloud velocity gradients measured in Section 4.2
and assume a gas density of 10*cm >, the same as used to
derive Equation (7), although we note that the estimated
turbulent kinetic temperature depends relatively weakly on the
gas density, cloud size, and velocity gradient compared to the
line width. We calculate the estimated turbulence-driven
kinetic temperatures of all our clouds and plot the results
against the observed formaldehyde temperatures in Figure 18,
noting the clouds that are detected with Spitzer.

We see that, for the clouds with no detected Spitzer
emission, or in other words, with no detected star formation,
turbulent heating is generally sufficient to explain the observed
temperatures of the clouds, but for the clouds with detected
Spitzer emission, it is generally insufficient. We can then
expect that turbulence is the dominant heating mechanism in
the clouds without star formation, whereas radiation is
dominant in the clouds with star formation.

Although turbulence is likely heating the non-star-forming
clouds, it is uncertain what exactly is causing the turbulence.
High-velocity shocks could be one potential mechanism
driving turbulence. Such shocks would be traced by SiO
(J. Martin-Pintado et al. 1992; P. Schilke et al. 1997; G. Garay
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et al. 2000), but we find no correlation between the SiO
abundances and the kinetic temperature (see Figure 16). Our
analysis of the SiO column densities in Section 4.4.1 suggests
that the kinetic temperature of the gas phase traced by SiO is
possibly significantly higher than that traced by formaldehyde,
and given such a multiphase scenario, a correlation between
properties of phases traced by different molecules is not
expected. We also note that, due to the likely subthermal
emission of the SiO J=5 —4 line, the SiO abundances
calculated in Section 4.4.1 are lower limits. However. the
values do appear to be, on average, higher for clouds in the bar
(see Figure 15), and in general are elevated above ambient
values of 10~'*-10~"" (P. Schilke et al. 1997; G. Garay et al.
2000). On the other hand, shocks at lower velocity, as traced by
methanol, may also be contributing to turbulence and heating.
We do see a weak correlation between the methanol line ratio
and the formaldehyde temperature, as noted in Section 5.1,
although this is complicated by the fact that the clouds with star
formation also appear to show elevated methanol line ratios.
We can see in the integrated intensity maps in Figure Set 2 that
the methanol emission is slightly more extended than the SiO
emission for many clouds, indicating that weak shocks may be
prevalent on a wider scale, potentially heating the gas,
generating turbulence, and mildly elevating the SiO abundance
as well. As such, shocks may be a reasonable source for the
observed turbulence, particularly for the clouds in the bar,
although the exact source is uncertain. The uncertainty is
compounded by the assumption of gas in a single phase in our
calculations, whereas the clouds are certainly much more
complex.

5.4. Where Are the Clouds Located?

In Section 3, we discussed the locations of the clouds based
primarily on their line widths and prior kinematic distance
determinations. With the greater context of the various
properties we have derived, we provide further evidence that
some of the clouds in the sample lie in the Galactic bar region.

We initially considered all clouds with an NH; (1, 1) line
width greater than 10kms ™' to be on the Galactic bar, since
such broad lines are atypical for clouds in the Galactic disk.
However, we noted that the two clouds at the most negative
Galactic longitude, G350.18 and G350.11, are at Galactocentric
radii around 4 kpc, which may be beyond the extent of the
Galactic bar, and so preliminarily concluded that they do not lie
in the bar region, despite having broad lines. However, given
that the bar may extend to 5kpc or greater (C. Wegg et al.
2015), it is possible that these two clouds are in the region
around the tip of the bar, where gas accumulates at the
apocenter of x; orbits. With our ALMA observations, we find
that these two clouds have relatively narrow formaldehyde line
widths, and note that their Mach numbers and ammonia
temperatures, both of which are calculated independent of
distance, are lower than all of the other clouds we assumed to
be in the bar. We thus still consider these two clouds to be part
of a separate population from the nine clouds in the bar region.

In fact, we can broadly categorize the clouds in our sample
into three groups. The first is highly turbulent clouds with no
detected star formation. The Mach numbers of these clouds are
all greater than 15, and many match or exceed values expected
in the CMZ (225). Although we cannot calculate Mach
numbers for G005.49 and G005.75 since they are not detected
with the H,CO J=3,; — 2,9 line, we include them in this
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group because they are associated with the same cloud complex
G5 as G003.58; have very high ammonia temperatures, as do
the other clouds in this group (73 > 50K); and also do not
exhibit any star formation. Furthermore, G005.49 is the only
cloud for which the bulk motion, as measured by the velocity
gradient in Section 4.2, appears to dominate the line width,
indicating that some gradient-inducing process, such as shear,
rotation, or a cloud—cloud collision, is affecting the cloud. In
total, there are nine clouds in this group, and these nine are the
same as the clouds we considered to be in the Galactic bar in
Section 3. As previously noted, seven of these clouds are
associated with either G5 or B2, both of which have been
suggested to be high-velocity collisions in the Galactic bar
region, possibly between the dust lanes and overshooting gas
(R. Fux 1999; M. C. Sormani et al. 2019; S. R. Gramze et al.
2023). The other two clouds in this group, G006.56 and
G001.93, have not previously been studied in detail, but their
similar features to the clouds in G5 and B2 indicate that they
may also be undergoing collisions, perhaps as they cross the
nearside dust lane, or subject to other extreme physical
processes in the Galactic bar region. In particular, G001.93
appears to be located spatially near the CMZ, so it may belong
to a collision between the dust lane and CMZ itself, which is a
second type of extended velocity feature observed in the
dynamical simulations of M. C. Sormani et al. (2019), or it may
be subject to conditions closer to those in the CMZ. We
conclude that, regardless of whether these clouds are under-
going high-velocity collisions, the extreme processes in the
Galactic bar region are inhibiting gravitational collapse and
suppressing star formation.

The second group contains stars with detected star formation
but low turbulence. As noted in Section 5.2, the eight clouds
with 24 ym detections, seven of which are also detected with
H30q, exhibit Mach numbers comparable to typical molecular
clouds in the Galactic disk (<10), so these are likely normal
Galactic disk star-forming regions. G350.18 and G350.11,
which may lie around the tip of the Galactic bar, belong to this
group. If these two clouds are indeed near the end of the bar,
this may indicate that the processes causing the observed
turbulence and inhibited star formation in the Galactic bar
nearer to the Galactic center, such as collisions and shears, are
less prominent around the edge of the Galactic bar, because
these two clouds do not exhibit such turbulence or suppressed
star formation. This may agree with previous observations of
nearby barred galaxies that show inhibited star formation along
the length of the bar but strong star formation at the center and
ends of the bar (e.g., D. Reynaud & D. Downes 1998;
P. A. James & S. M. Percival 2016).

The remaining three clouds, G008.40, G006.92, and
G358.48, exhibit neither turbulence nor star formation. These
are also likely typical Galactic disk molecular clouds with
unusually bright NH; (3, 3) emission, and they may become
star forming in the future.

We note here that while the calculation of Ygpr is weakly
dependent on distance, as noted in Section 4.3, the detection or
nondetection of star formation is enough to distinguish between
our three groups. The only other properties calculated in
Section 4 that are dependent on distance are the SiO abundance
(Section 4.4.1) and mass (Section 4.5). However, we do not use
these properties when distinguishing between our three groups.
We do note that the SiO abundance may be generally elevated
for clouds in the bar (see Figure 15), consistent with the
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increased presence of strong shocks in the bar. We also discuss
a relationship between the calculated mass and cloud location
in Section 5.5.

We find that all of the clouds likely to be in the bar are
located on the nearside of the bar, at positive Galactic
longitudes. This may be due to projection effects of the bar.
At a bar angle of 30° (C. Wegg et al. 2015), a Galactic
longitude of —10° along the bar major axis corresponds to a
Galactocentric radius of nearly twice that of a Galactic
longitude of 10°. In other words, the farside of the bar is
contained within a much smaller longitude range: assuming a
semimajor axis of 3.5 kpc, the bar extends 8°4 in the negative
longitude direction but 16° in the positive longitude direction.
Furthermore, the distance from the Sun to the farside of the bar
is greater than that to the nearside of the bar: a cloud on the bar
major axis at —5° would be about 2.5 kpc farther than a cloud
on the bar major axis at 5°. The combination of these two
projection effects may make observing clouds on the farside of
the bar more difficult than clouds on the nearside of the bar.

5.5. X-factor in the Bar

The mass estimates calculated using the eq]uation of LTE
(Equation (22)) and the integrated intensities of 3CO and C'*0O
agree to within a factor of about 2-3, although there is one
outlier for which it seems most of the C'®0 lies outside the
extent of the cloud as defined by a 50 cutoff on the H,CO
J =303 — 2¢2. On the other hand, the mass calculated using the
integrated intensity of '>CO and the typical Galactic X-factor of
23x10%cm 2 (Kkms )™ is quite discrepant from the
other two estimates, as seen in Figure 19. In particular, for the
clouds most likely to be on the bar, the X-factor calculation
significantly overestimates the mass compared to the LTE
calculations, whereas the difference is smaller for the clouds
not on the bar.

K. Ferricre et al. (2007) find the X-factor in the Galactic
center region to be lower than the typical Galactic value, on the
order of 10" cm™2 (Kkms™")"!. S. R. Gramze et al. (2023)
find a similar value of 1.5 x 10" ecm™? (Kkms ")~ for G5,
and conclude that the lower value extends beyond just the
Galactic center, although they note that the special conditions
of G5 may not be representative of the entire bar lane. Our
findings provide further evidence that this reduced X-factor
value does indeed extend along the Galactic bar, which is
consistent with the dynamically disturbed nature of clouds on
the bar. If we take the LTE mass estimate with '*CO to be more
representative of the true cloud mass, then we can calculate an
X-factor for each cloud in the bar, the average of which is
(1.59+0.5) x 10 em™ (Kkms™")~!, where the uncertainty
is taken to simply be the standard deviation over the sample.
This value is consistent with that calculated by S. R. Gramze
et al. (2023) and indicates that the standard Galactic X-factor is
an overestimate by 10-20 times in this region.

S. R. Gramze et al. (2023) suggest that this discrepancy is
due to low O?tical depth, since the typical X-factor of
23%x10°%cm > (Kkms "' assumes optical thickness
(A. W. Strong et al. 1988). We estimate the optical depth for
each of the clouds using a root finding algorithm on the
equation

e~

L,(*CO) 1 -
IV(13CO) - 1 — e M2/Re ’

(26)
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Figure 19. Top: mass estimate calculated using the integrated intensity of '*CO
and an X-factor of 2.3 x 10® cm™2 (Kkms~})™! against the mass estimated
calculated using the integrated intensity of '>CO using the equation of local
thermal equilibrium. The blue circles are the clouds likely to be in the bar
region as per the discussion in Section 5.4, and the red diamonds are the clouds
likely not in the bar region. The blue line indicates where the two mass
estimates are equal. Bottom: ratio of the two mass estimates against Galactic
longitude. The colors and symbols are the same as above.

where I, is the integrated intensity of the line, 7y, is the optical
depth of '>CO, and Rc is the '*C / 13C isotope abundance ratio
(Equation (23)). We use the average integrated intensity over a
1’ box centered on the pixel with maximum '2CO integrated
intensity. The resulting optical depth values are shown in
Table 7.

We see that the optical depths of the clouds on the bar are
significantly lower than those not on the bar, and are mostly
within the optically thin regime. Since the optical depth is
strongly dependent on Rc, we also perform the calculation
assuming a constant Rc =40 (S. R. Gramze et al. 2023) to
ensure that this difference is not only due to the large
uncertainty of the dependence of Rc on the Galactocentric
radius (Equation (23)). These are also shown in Table 7.
Although taking Rc =40 increases the optical depths of the
clouds in the bar, they are still all lower than those of the clouds
outside the bar, and we note that the values using Equation (23)
are likely more reflective of the actual optical depth. We thus
conclude that the lower optical depth of the clouds on the bar is
the likely cause of the reduced X-factor for these clouds, in
agreement with S. R. Gramze et al. (2023). This gives further
evidence that the X-factor in the bar region as a whole is lower
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Table 7
Optical Depth of '>CO for the Clouds, Calculated Using an R¢ Value
Following Equation (23) or Using Rc = 40

Cloud 712 (Equation (23)) T12 (Rc = 40) Location
G008.67 24 22 Out
G008.40 14 16 Out
G006.92 14 13 Out
G006.56 1.0 3.2 In
G005.75 0.087 2.1 In
G005.49 0.085 1.8 In
G005.38 0.47 2.7 In
G003.43 11 9.1 Out
G003.09 0.78 4.3 In
G003.02 0.35 3.5 In
G002.96 0.097 3.1 In
G002.51 1.9 7.2 In
G001.93 0.11 3.7 In
G358.48 20 16 Out
G354.61 16 16 Out
G353.41 32 23 Out
G351.77 25 18 Out
G351.58 12 16 Out
G350.18 8.8 14 Out
G350.10 12 19 Out

Note. The location column indicates whether the cloud is inside or outside the
bar, as per the discussion in Section 5.4.

than the typical Galactic value, and the previously reported
values of the mass inflow rate into the CMZ (M. C. Sormani &
A. T. Barnes 2019; H. P. Hatchfield et al. 2021), which use the
Galactic X-factor, are overestimates.

We previously noted that the masses estimated from the
integrated intensities of '>*CO and C'®0 agree to within a factor
of about 2-3, excluding one outlier. Interestingly, we note that
there are nine clouds for which the mass estimate from C'3O is
greater than that from ISCO, and these nine clouds are the
clouds likely to be on the bar. Over these clouds (excluding the
outlier for which Mciso/Masg = 19), the average ratio is
Mcisg/Mcisg = 2, whereas for the 11 clouds not on the bar, the
average ratio is Mg/ Masg = 0.5. One possible reason for
this discrepancy is the uncertainty in location of the clouds,
since, although the two mass estimates scale equivalently with
distance, they are dependent in different ways on Galacto-
centric radius, as per the '*C/"*C and '°0/'®0 isotope
abundance ratios (Equations (23) and (24)). It may also be
that these abundance ratios themselves do not apply to the
clouds, or the Galactic bar region as a whole, in the same way
as the typical Galactic X-factor does not apply.

6. Conclusion

We observed the molecular lines SiO J=5—4, H,CO
J= 321 — 220, HzCO J= 303 — 202, HC3N J=24— 23,
CH;0H J=4y,—3,, C®0 J=2—1, PCO J=2—1,
CO J=2—1, and H30a with the ALMA-ACA for 20
clouds with Galactic longitudes |¢| < 10° that are outside the
CMZ. These clouds were selected from the HOPS survey,
which covers velocities from —200 to 200 km s~ ' and Galactic
latitudes |b| < 5°, for their bright and broad NH; (3, 3)
emission. These spectral lines and bands probe several
important processes (e.g., P. Schilke et al. 1997; D. S. Meier
& J. L. Turner 2005; J. Ott et al. 2005; D. Calzetti et al. 2007;



THE ASTROPHYSICAL JOURNAL, 977:37 (33pp), 2024 December 10

A. Ginsburg et al. 2016), and we measure temperatures, shocks,
turbulence, Ygpr, and masses for all the clouds. We also used
observations of the metastable ammonia inversion transitions
with (J, K)=(1, 1), (2, 2), (3, 3), and (6, 6) from HOPS to
measure ammonia temperatures, as well as the 4.5, 8, and
24 ym bands from Spitzer as tracers of star formation.

We found that, although the clouds do not share a velocity
with the large-scale dust lanes feeding the CMZ, nine of them
have similar properties to clouds that do have those velocities,
such as high Mach numbers and ammonia temperatures. It is
possible that these clouds are associated with the dust lanes but
have been accelerated to velocities closer to zero by collisions.
Of these clouds, most are associated with the known clumps
G5 and B2, which may be sites of dust lane gas that has
overshot the CMZ and is colliding with the dust lane on the
opposite side (R. Fux 1999; M. C. Sormani et al. 2019;
S. R. Gramze et al. 2023), although at least two of the clouds
that we expect to lie on the Galactic bar have not been
previously studied in detail. Furthermore, we showed that
turbulence in the clouds along the Galactic bar, possibly from
high-velocity collisions, is inhibiting star formation, as all of
the clouds with high turbulence are not star forming. Heating
solely from turbulent pressure is sufficient to heat these clouds
to their observed temperatures, whereas photoelectric heating is
dominant in the star-forming clouds.

Simple modeling and calculations with RADEX, which
assumes a single gas phase, suggest that all transitions are
inconsistent with a single gas temperature and density.
Different molecules appear to trace different gas phases in
the molecular clouds. Ammonia appears to trace colder gas in
the clouds, formaldehyde appears to trace warm gas, and SiO
may be tracing shocked and hot gas, with each of these gas
phases likely at a different density. A more detailed analysis
that accounts for the complex, multiphase nature of the clouds
can be carried out with further data, including observations of
ammonia at comparable resolution.

We found that the typical A. W. Strong et al. (1988)
CO-to-H, X-factor of 2.3 x 10*°cm™2 (Kkms ")~ signifi-
cantly overestimates the mass of clouds in the bar, and that this
overestimation is likely due to the lower optical thickness of the
2CO in these clouds compared to those outside the bar. We
measured the average X-factor for these clouds to be
(1.59+0.5) x 10" ecm ™ (Kkms~")~!, which is comparable
to the value of 1.5 x 10 cm 2 (Kkms ")~! obtained by
S. R. Gramze et al. (2023) from observations of the cloud G5,
which they also find to have optically thin, or slightly optically
thick, 'CO. Gramze et al. note that G5 may not be
representative of gas in the bar, but our findings suggest that
this reduced X-factor indeed applies to the bar region as a
whole, in which case previous measurements of the CMZ gas
inflow rate (M. C. Sormani & A. T. Barnes 2019; H. P. Hatch-
field et al. 2021) are overestimates.

Our observations of clouds located in and out of the Galactic
bar region highlight the dynamical activity of the Galactic bar
outside of just the CMZ. Although some recent statistical
surveys of barred galaxies suggest that star formation is
environmentally independent and not lower in the bar region
(e.g., K. Muraoka et al. 2019; S. Diaz-Garcia et al. 2021;
M. Querejeta et al. 2021), we have shown that, in the Milky
Way, turbulence and other extreme processes along the bar lane
inflows, induced by the bar potential, suppress star formation,
an observation that has been reported for both individual barred
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galaxies and statistical studies (e.g., A. D. Tubbs 1982;
D. Reynaud & D. Downes 1998; P. A. James & S. M.
Percival 2016; F. Maeda et al. 2023). Our findings further
provide evidence that molecular clouds acquire CMZ-like
properties as they travel along the bar inflows, prior to reaching
the CMZ itself. This transitional region of the Milky Way
merits further study and observation as a link between the
Galactic disk and the CMZ, and a deeper understanding of its
dynamics can provide insight into the inner Galaxy as a whole.
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Appendix A
Clouds in the Galactic Bar

As noted in Section 3, for the clouds we assume to be in the
Galactic bar, we calculate distances using the geometry of the
bar and the Galactic longitudes of the clouds, assuming they lie
along the Galactic bar’s major axis.

G005.75, G005.49, and G005.38 are spatially associated
with the cluster G5, which has observational evidence
suggesting that it is the site of a cloud—cloud collision between
the dust lane on the nearside of the Galaxy and gas that
originated from the dust lane on the farside of the Galaxy and
overshot the CMZ (S. R. Gramze et al. 2023). The line-of-sight
velocities of these three clouds are all consistent with that of
G5, which S. R. Gramze et al. (2023) found to extend from as
low as 0-200kms~'. We adopt geometric distances of
7.0+ 1.0, 7.0+ 1.0, and 7.1 £ 1.0 kpc for these three clouds,
respectively.

G003.09, G003.02, and G002.96 are spatially associated
with the cluster B2, which has also been suggested to be a
similar site of a collision between the dust lane and
overshooting material from the other side, or gas accreting onto
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X, orbits in the bar region (M. C. Sormani et al. 2019). G002.51
may also be associated with the same clump. Although the
central velocities of these four clouds are not similar, B2 itself
extends over a velocity range greater than 150kms '
(R. Fux 1999), so these clouds likely belong to B2 given their
aforementioned broad lines. We adopt geometric distances of
7.5+ 1.0kpc for GO003.09, G003.02, and G002.96, and
7.6 £ 1.0 kpc for G002.51.

G006.56 and G001.93 are not associated with known
clusters in the bar but still exhibit broad lines, so we consider
them as likely to be in the bar. We adopt geometric distances of
69+1.0kpc and 7.7+ 1.0kpc for these two clouds,
respectively.

Appendix B
Temperature Error Maps

As mentioned in Section 4.1.1, we include the ammonia
temperature error maps for each cloud in Figure 20. Likewise,
as mentioned in Section 4.1.2, we include the formaldehyde
temperature error maps for each cloud in Figure 21.
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Figure 20. Ammonia (3, 3)—(1, 1) temperature error maps for each cloud, with the same overlays as Figure 6.
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Figure 21. Formaldehyde temperature error maps for each cloud, with the same overlays as Figure 8.

Appendix C
Velocity Gradient Fitting

To determine the velocity gradients of the clouds, we fit a

plane of form
z=ax+by+c (ChH

to the H,CO (393—2() intensity-weighted velocity (“moment
1) map of each cloud, where z is the velocity, (x, y) are the sky
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pixel coordinates, and (a, b, c) are fit constants. We take the

velocity gradient magnitude to be dv/dr = \Ja*> + b2, which
can be converted to units of kilometers per second per parsec
using the distance to the cloud. We multiply this by the beam
size in radians to estimate the contribution of bulk motion to
the line width.

In Figure 22, we show an example of the gradient fitting
procedure for cloud G008.67.
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