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ABSTRACT

The Central Molecular Zone (CMZ) of the Milky Way is fed by gas inflows from the Galactic disk,
but despite being fundamental to all processes in the inner Milky Way, these inflows are much less
well-understood than the CMZ itself. We observed 25 clouds in the Galactic disk with |¢| < 10° which
are candidates for gas accreting onto the CMZ due to their warm temperatures and broad lines. We
present observations of the SiO J =5 — 4, HoCO J = 351 — 299, HoCO J = 393 — 202, HC3N
J:24—>23, CH3OHJ:422—>312, C180J22—>1, lchJZQ—)l, 12COJ:2—>1, and H30«
spectral lines with the Atacama Large Millimeter/submillimeter Array (ALMA) Atacama Compact
Array (ACA). We measure temperatures, shocks, star formation rates, and turbulent Mach numbers
for all of these clouds, providing a grid of cloud properties within the inner Galaxy. We find that
although the clouds likely do not lie along the CMZ inflows, there are several clouds associated with
regions that may be undergoing high velocity collisions. We also look into the differences in properties
and kinematics probed by the ammonia and formaldehyde thermometers.

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. The CMZ is con-
tained within the Galactic bar, which has a radius of
about 5 kpc (Bland-Hawthorn & Gerhard 2016). A non-
axisymmetric bar potential allows for two primary closed
orbits, the x; and xo orbits (Contopoulos & Grosbgl
1989). x; orbits are elongated parallel to the major axis
of the bar and can form cusps and self-intersecting loops,
whereas x5 are closer to the Galactic center and are elon-
gated parallel to the minor axis of the bar. Shocks that
are formed at the self-intersections of material on x
orbits drive gas to xa orbits (Binney et al. 1991). This
material on xz orbits comprises the CMZ (Sormani et al.
2015), and the gas transitioning from x; to xo orbits are
believed to form bar lanes that feed the CMZ.

While the CMZ has been extensively studied at many
wavelengths (eg. Kruijssen et al. 2014; Jones et al. 2012;
Ginsburg et al. 2016; Oka et al. 2005), the bar lanes
and inflows have been relatively neglected. Sormani
& Barnes (2019) calculated the gas inflow rate to be
2.7712 Mg, 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 (Sor-
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mani et al. 2019), which reduces the CMZ gas accretion
rate to 0.84:0.6 Mg, yr~! (Hatchfield et al. 2021). It has
been suggested that clouds such as Bania 2 (B2; Stark
& Bania 1986) and G5, which have broad lines, warm
temperatures, and shocked gas, are sites of cloud-cloud
collisions along the bar lanes (Sormani & Barnes 2019,
Gramze et al in press).

As gas flows along the bar lanes toward the CMZ, it
is believed to undergo many processes that inhibit star
formation (Krumholz et al. 2017), but observations of
such processes have been limited. However, studying
the properties and dynamics of these gas flows is essen-
tial to understanding the inner galaxy as a whole. In
this paper, we have selected 25 clouds in the Galactic
bar region, including several located within B2 and G5
and excluding the CMZ, that show bright NHsz (3,3)
emission in the Mopra HOPS survey (Walsh et al. 2011;
Purcell et al. 2012; Longmore et al. 2017) and that have
broad lines (2 10 km/s) and gas temperatures warmer
than typical clouds in the Galactic disk (2 10-20 K). We
use the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) Atacama Compact Array (ACA) to ob-
serve several molecular lines from these 25 clouds in
order to probe physical parameters including tempera-
ture, shocks, ionization, star formation, and turbulence,
and to investigate whether these clouds are comprised
of molecular gas that is feeding or that has overshot the
CMZ. In Section 2 we describe the observations, ancil-
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2 NILIPOUR ET AL.

lary data, and data reduction procedure. In Section 3
we calculate and compare the temperature, turbulence,
and star forming properties of the clouds. In Section
4 we look into the shock properties of the clouds. In
Section 5 we discuss the locations of the clouds and the
relationships between their properties, and we conclude
in Section 6.

2. OBSERVATIONS AND DATA REDUCTION
2.1. ALMA Observations and Data Reduction

The spatial distribution of the 25 selected clouds are
shown in Figure 1. Using a Galactic Center distance of
8178 £26 pc (Abuter et al. 2019) and an angle between
the Galactic bar and the line-of-sight of 30° £ 2° (Wegg
et al. 2015), we can calculate the distance and Galac-
tocentric radius of each cloud. We also include a 1 kpc
uncertainty along the line-of-sight to account for finite
bar thickness. The locations of each cloud are detailed
in Table 1. However, we note in Section 5 that it is likely
that many of the clouds in our sample are not located on
the bar, and so the Galactocentric radii and distances
may be inaccurate for the individual clouds.

The clouds were observed with the ALMA ACA
between May 2021 and May 2023 (project codes:
2019.2.00068.S, 2021.2.00001.S, 2022.1.00591.S; PI: Ott,
J.) using both the 7m array and the Total Power (TP)
antennas. We focus primarily on the TP data in this
work. The spectral windows used cover several impor-
tant spectral lines: the carbon monoxide isotopologues
200 =2 =1, BCO J =2 — 1, and C'®CO
J = 2 — 1; the shock tracers SiO J = 5 — 4 (Schilke
et al. 1997) and CHsOH J = 435 — 312 (Meier & Turner
2005); the formaldehyde lines HoCO J = 303 — 22 and
HyCO J = 395 — 291; the dense molecular gas tracer
HC3N J = 24 — 23 (Mills et al. 2018); and the radio
recombination line H(30)a. The observing parameters
of the spectral windows are shown in Table 2.

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 received 8 TP spectral cubes per cloud,
for a total of 200. Some of the TP data was processed
with the Single Dish Pipeline version 2022.2.0.64, which
was affected with an issue causing spurious dark and
bright spots in the data cubes; these were later repro-
cessed and found to fulfill the quality assurance stan-
dards. We recorded the velocity and channel ranges
without any spectral features and those covering the tar-
get cloud for each cube.

The native FWHM beam size of the observations are
between approximately 28” and 30”. We smooth the
cubes to all have the same beam size of 31”. For each
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Cloud L b Raar [kpc] D [kpc]
1 8.68 -0.37  1.97£0.09 6.54+£1.04
2 8.41 -0.29 1.924+0.08 6.58+£1.04
3 6.91 -0.23 1.64£0.08 6.81+£1.05
4 6.56 -0.30  1.57£0.07 6.86£1.05
6 5.75 0.23 1.40+0.07 7.00+1.06
7 5.49 -0.08 1.35£0.07 7.04+£1.06
8 5.38 -0.12  1.32£0.07 7.06 £1.06
10 3.43 -0.35 0.89+0.05 7.42+1.07
13 3.09 0.16 0.81+£0.04 7.49+1.08
14 3.02 -0.07  0.79£0.04 7.50£1.08
15 2.96 -0.19  0.78 £0.04 7.52+1.08
17 2.51 -0.03 0.67£0.04 7.61+£1.08
18 1.93 0.11  0.52+0.03 7.73+1.09
19 35848 -0.38 0.45+0.03 857*1.14
20 354.60 047 1.85+£0.14 9.82+1.25
21 36342 -0.36 2.36+0.19 10.29+£1.30
22 351.79 -049 3.15+£0.27 11.02+£1.39
23 351.58 -0.34 3.25+£0.29 11.12+£1.40
24 350.18 0.02 4.04+0.38 11.85+1.51
25 350.11  0.09 4.09+0.39 11.89+1.51

Table 1. Locations of all clouds.

cloud, we also regrid the cubes to match the *CO J =
2 — 1 pixel size and velocity resolution, resulting in a
pixel size of 2.935” and a velocity resolution of 0.332 km
s~1. We then convert from intensity I, in units of Jy

beam ™! to a brightness temperature using the equation

: I GHz\?/ 7 x”
T = 1.222 x 10° Y 1
B x 10 (Jy beam_1 ) ( v? > <9minemaj > ( )

where v is the line rest frequency and 0pmaj = Omin = 317
are the FWHM beam size along the major and minor
axes of our smoothed data. To remove baselines, we
also subtract a linear fit to the line-free channels.

2.2. ALMA Maps

To make moment 0 (integrated intensity) maps, we
set a cutofl at 40,5, where we take o, to be the root-
mean-square noise (rms) over the line-free channels, then
integrate over the velocity range of the cloud in CO
J = 2 — 1, which is observed for all clouds and is
less contaminated than the more common isotopologue
1200 J =2 — 1. We also generated moment 1 (inten-
sity weighted velocity), moment 2 (velocity dispersion),
and moment 8 (peak intensity) maps from each cube
using a 5o cutoff on the moment 0 map. We estimate

0~ VNopms Av (2)
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Figure 1. Spatial distribution of the 25 molecular clouds. The background is NHs (3,3) from the Mopra HOPS survey (Walsh
et al. 2011; Purcell et al. 2012; Longmore et al. 2017). The overlays are our **CO J = 2 — 1 moment 0 maps from ALMA. The
clouds G5 at (¢,b) = (+5.4,—0.4), Bania 1 (Bania et al. 1986) at (¢,b) = (—5.4,4+0.4), and Bania 2 (Stark & Bania 1986) at

(£,b) = (+3,+0.2) are circled in red.

Spectral Line Rest Frequency (GHz) Bandwidth No. of Channels
Si0J=5—4 217.10498 0.25 512
HaCO J = 301 — 220 218.760066 0.25 512
H2CO J = 303 — 202 218.222192 0.25 512
HC3N J =24 — 23 218.324723 0.25 512
CH30H J = 420 — 312 218.44005000
c*0J=2->1 219.560358 0.25 1024
BcoJ=2-1 220.3986842 0.25 1024
2cog=2-1 230.538 0.25 2048
H(30)a 231.9009278 2 2048

Table 2. Observing parameters for each spectral window.

where N is the number of channels integrated over for
the moment 0 map and Av = 0.332 km s~ ! is the veloc-
ity resolution. We then calculated ratio maps between
each of the lines and both '2CO J = 2 — 1 and '3CO
J =2 — 1 using the respective moment 0 maps and the
peak intensity maps. For each moment 0 ratio map, we
calculate a corresponding error map, where the error dR

is
g1 2 g9 2
dR =R <_r1> +<_7\r2>

where M; = f I,dv is the integrated intensity of line
i, 0; is the error of the moment 0 map (Eq. 2), and
R = % is the ratio between lines 1 and 2. We note
that although o is assumed to be constant across each
moment 0 map (i.e. the rms of each pixel is assumed

3)
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to be the same), the ratio error maps are not constant
since they are also functions of the individual moment 0
maps as well. The same holds for the temperature error
maps described in Section 3.

We also create position-velocity (PV) diagrams
for each cube using the packages pvextractor and
spectral-cube (Ginsburg et al. 2019). We select a path
going through the main regions of each cloud, then cal-
culate the PV diagram using the cloud velocity range,
with an extra 10 km s~! on each side.

All clouds display clear emission for all three carbon
monoxide isotopologues, though some other lines do not
have a significant detection. The detected lines for each
cloud are shown in Table 3.

2.3. Ancilllary Data
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4 NILIPOUR ET AL.

Cloud No. \ Sio \ H2CO (321 — 220) \ H2CO (303 — 202) \ HCsN \ CH;0H \ H(30)ax \ NH; (2,2) \ NH; (6,6) \

1 v v v v v v v

2 v v v v v

3 v v v v v

4 v v v v v v

6 v v v v

7 v

8 v v v v v

10 v v v v v v v

13 v v v v v v v
14 v v v v v v v
15 v v v v v v
17 v v v v v v
18 v v v v v

19 v v v v v v

20 v v v v v v v

21 v v v v v v v

22 v v v v v v v

23 v v v v v v v

24 v v v v v v

25 v v v v v v v

Table 3. Lines detected in each cloud. '?CO J =2 — 1, 3CO J =2 =1, C®0 J =2 — 1, NH; (1,1), and NH; (3, 3) were

detected in all clouds.

2.3.1. HOPS

We use the H5O Southern Galactic Plane Sur-
vey (HOPS) (Walsh et al. 2011;
2012; Longmore et al. 2017) 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 the gas kinetic temperature
(Ott et al. 2005; Huettemeister et al. 1995). HOPS used
the 22 m Mopra radio telescope, which has a main beam
FWHM of 2’ at 12 mm (Urquhart et al. 2010). Further
observation details about the HOPS ammonia catalog
can be found in Purcell et al. (2012).

The clouds were all initially selected to be bright in
NH; (3,3) emission and all clouds were observed in the
NH; (1,1), though not all clouds had significant NHg
(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 FOV of the cloud. We
then make a moment 0 map of each region for all four
ammonia lines using the same velocity range as used for
the ALMA moment maps.

Purcell et al.

2.3.2. Spitzer

We additionally use data from two Spitzer Galactic
plane surveys, the Galactic Legacy Infrared Midplane
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Survey Extraordinaire (GLIMPSE; Churchwell et al.
2009) and the Multiband Imaging Photometer Galac-
tic Plane Survey (MIPSGAL; Rieke et al. 2004, Carey
et al. 2009). We use the cutout service of the Infrared
Science Archive (IRSA) to take 10’ wide images contain-
ing the central location of each cloud in the 4.5 and 8
pm bands of the Infrared Array Camera (IRAC; Fazio
et al. 2004) from GLIMPSE. We also take 30’ wide im-
ages of the same locations in the 24 ym band of MIPS,
then regrid to match the pixel spacing of the GLIMPSE
data using the reproject package.

Emission at 8 um, which is generally dominated by
polycyclic aromatic hydrocarbons (PAHs), can be used
as an indicator of star formation, because it traces free-
free emission well (Rahman & Murray 2010; Cohen &
Green 2001). Photoionization from UV sources, such as
massive stars, gives rise to free-free emission, while UV
photons at lower energies simultaneously excite PAHs,
which then emit at several vibrational transitions, in-
cluding several in the 8 pm band (Allamandola et al.
1989). Near the centers of star-forming regions, where
PAHs may be destroyed by extreme UV (EUV) and
X-ray photons (Povich et al. 2007), the 8um band is
weakened but continues to contain some dust continuum
emission.
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FEEDING THE CMZ 5

24 pm emission, which is dominated by thermal emis-
sion from hot dust, also indirectly traces star formation,
though it probes deeper into Hi1 regions than PAH emis-
sion (Watson et al. 2008).

3. GAS TEMPERATURES

We calculate gas temperatures for all of the clouds
using emission from ammonia and formaldehyde.

3.1. Ammonia Temperature

We first calculate the rotational temperature using
ammonia lines for each cloud following the same pro-
cedure outlined in Ott et al. (2005). Assuming the am-
monia emission is optically thin, the column density of
an ammonia inversion doublet can be calculated as

777 x 108 J(J + 1)
v K?

N(J,K) = / Todo  (4)
(Henkel et al. 2000), where the column density N, rest
frequency v, and integrated main-beam brightness tem-
perature have units cm™2, GHz, and K km s~!, respec-
tively. We have only metastable (J = K) inversions,
and the rotational temperature between two such states
can be found from the equation

N(J,J Na2J +1 —AF
(J 7‘]) — gOP(‘]) J + exp< ) (5)
N(J, J) gop(‘]) 2J+ 1 TJJ/

where AFE is the energy level difference between the NHj
(J',J") and NH3 (J, J) transitions in K, and go, = 1 for
para-ammonia (i.e. NHsz (1,1) and (2,2)) and gop = 2
for ortho-ammonia (i.e. NHs (3,3) and (6,6)).

Solving for the rotational temperature gives

—AFE
T]J’ =

(6)

ln( N(J',J) N(J,J) )

smnGrn) ~ (e

For each cloud, we calculate a temperature map of T2,
T13, and T34, or the largest possible subset of the three
given that some clouds do not have significant NHjs (3, 3)
or (6,6) emission, by applying Eqs. 4 - 6 to the pairs
of ammonia moment 0 maps, as well as a 5o cutoff (Eq.
2 on both moment 0 maps. We also calculate ammonia
temperature error maps,

T2 [(dN(J',J) 2+ AN(J, )\ > o
AFE N(J',J) N(J,J)

777 x 1013 J(J + 1)
dN(J,K) = » 7ehd
where o is the error of the integrated intensity map (Eq.
2). The ammonia temperature and error maps for all

clouds are shown in Figure 2
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To get a single temperature value for each pair of am-
monia lines, we take the temperature and error at the
brightest pixel in NHs (3,3) moment 0 map. We show
rotation diagrams (or Boltzmann diagrams) of the am-
monia lines and the resultant temperature values in Fig-
ure 3

3.2. Formaldehyde Temperature

Next, we calculate the gas temperature based on the
line ratio of H,CO (321 — 220) to Ho,CO (303 — 202). ‘We
take the ratio between the integrated intensity maps of
the two lines, described in Section 2.2, enforcing a 3o
cutoff (Eq. 2) on both moment 0 maps. We then use
the formula

Te = 590R}, 0o + 2.88Rm,co + 23.4 (8)

which is a polynomial fit to the gas temperature and

J I,(321—2290)dv Ca
flv(303—>202)dv (Glnh_

burg et al. 2016) derived from the radiative transfer code
RADEX (Tak et al. 2007). This fit uses an assumed
gas density of n(Hz) = 10* em ™3, though the gas tem-
perature has only a weak dependence on the assumed
density. The resultant formaldehyde temperature and
error maps are shown in Figure 4. We also calculate
temperature error maps,

formaldehyde line ratio Ry,co =

dTe = 1080RdR + 2.88dR (9)
where dR is the error on the formaldehyde ratio (Eq. 3).

Ideally, we would like to calculate the formaldehyde
temperature at the same spatial location as the ammo-
nia temperature. To do so, we return to the formalde-
hyde 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 (Eq. 8)
and error (Eq. 9) at the pixel with peak NHj3 (3,3)
integrated intensity.

We find that the peak NHj (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 corre-
sponding cloud. 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 HyCO J = 3p3 — 202 integrated intensity
(light blue boxes in Figure 4). 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 val-
ues for other properties of the ALMA data, such as the
linewidths (Section 3.4) and ratio maps.
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(a)

Figure 2. a) Ammonia temperature maps for each cloud, on the same color scale. The light green boxes indicate the ALMA
FOV for the cloud. The pink circle is the Mopra HOPS beam, centered on the pixel with peak NHj (3,3) integrated intensity.
The blue circles indicate the ALMA beamsize for comparison. continued on next page

316 3.3. Ammonia vs. Formaldehyde Temperature 324 the ammonia and formaldehyde temperature. However,
25 there is a clear correlation between the ammonia tem-
26 peratures calculated using the NH3 (1,1) and (2,2) emis-
w7 sion versus that using the NHs (1,1) and (3,3) emis-

sir A direct, quantitative comparison between the ammo-
ais nia and formaldehyde temperature measurements is dif-
s ficult because of the large difference in beamsize between X
120 the HOPS and ALMA data and the spatial distance be- ¥ Sion, as well as between the formaldehyde temperature

21 tween the peak NHj (3,3) and HoCO J = 303 — 202 taken at the pixel with peak NHj (3,3) emission versus
’ a0 that averaged over a 1’ box centered at the peak HoCO

s22 emission. We still plot the correlations between them in Y i
31 J = 393 — 202 emission, both of which are expected.

23 Figure 5, but we find no significant correlation between
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NH3 (3,3)-(2,2) Temperature Error
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Figure 2. b) Ammonia temperature error maps for each cloud, with the same overlays as a).

sz The lack of any correlation between the ammonia 32 ponents in its spectrum, so we fit a double Gaussian and
s and formaldehyde temperatures indicates they are likely s take the wider of the two. Figure 6 shows that there is
su tracing different gases. We compare the two thermome- 31 no correlation between the temperatures and linewidths
336 ters in more detail in Section 5.2. as of the clouds, which is expected if the line broadening
us 1s due to processes such as turbulence rather than ther-
sr mal broadening. We can calculate the expected degree
s Of thermal broadening for each cloud.

0 Assuming local thermal equilibrium, the thermal one-
31 dimensional velocities of molecules should follow a
32 Maxwell-Boltzmann distribution,

337 3.4. Temperature vs. Linewidth

18 We calculate a linewidth for each ALMA line by fit-
10 ting a Gaussian to the mean spectrum of the 1’ box
a0 centered on the peak pixel in the HoCO J = 3p3 — 202
sa integrated intensity map. One cloud exhibits two com-
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NH3 Boltmzann Diagram
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Figure 3. Ammonia emission Boltzmann diagrams for all clouds. The points for each cloud are shifted down 3 dex relative to

the previous cloud.

f() =(’”“H)m exp(— L0

—_— 1
27Tk‘BTk QkBTk ( 0)

where p is the mean molecular weight of the gas, my
is the mass of the hydrogen atom, kp is Boltzmann’s
constant, and T}, is the kinetic temperature of the gas.
The thermal FWHM is then

kBTk)m (11)

Avgy = (81112
pmeg

For formaldehyde, p = 30. Taking the calculated
formaldehyde temperatures of each cloud to be rep-
resentative of the kinetic temperature, we can calcu-
late a thermal linewidth, then calculate a nonthermal
linewidth corresponding to large- and small-scale veloc-
ity variations and motions, using

Avgen = 4/ Av? — Avfh

The nonthermal linewidths are significantly greater than
the thermal linewidths, which range from ~ 0.2-0.5 km
s~!, indicating that the gas is dominated by turbulence
and other non-thermal motions.

(12)

s The FWHM linewidths of formaldehyde in the clouds
sn ranges between ~4-50 km s~!. The molecular clouds
s in the Galactic disk studied by Larson (1981) have a
a3 three-dimensional rms velocity dispersion between ~0.4-
s 9 km s7!'. The one-dimensional FWHM and three-

a5 dimensional rms velocity dispersions are related by

376 A’Ul/g =\ 8ln2/3vrms

s7 The rms velocity dispersion range of our clouds is ~3-
w6 40 km s™!, with an average of 9.3 km s~!, which lies
a9 between the values expected of clouds in the Galactic
30 disk and clouds in the CMZ, the latter of which have
s FWHM linewidths on the order of 10-50 km s=! (eg.
2 Tsuboi et al. 2015). This suggests that our cloud sample
;3 may be intermediate between the clouds of the Galactic
sss disk and the clouds in the extreme conditions of the
385 CMZ

s We can approximate the sound speed of the cloud by
s7 assuming an isothermal gas with equation of state P =
s pkpT /(pmy), in which case the sound speed is

389 Cs =/ kBTk/MmH

(13)

3

<]

(14)
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Figure 4. Formaldehyde temperature maps for each cloud, on the same color scale. The light blue boxes are 1’ boxes centered
on the pixel with peak HoCO J = 303 — 202 integrated intensity. The blue circles indicate the beamsize. Clouds 6 and 7 do
not show any HaCO J = 321 — 220 emission and thus do not have formaldehyde temperature maps. continued on next page
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Figure 4. b) Formaldehyde temperature error maps for each cloud, with the same overlays as a).

30 where g = 2.34 is now the mean molecular weight s disk (< 5; eg. Tang et al. 2018, Syed et al. 2020) and
s1 of a molecular cloud (Syed et al. 2020). The three- a0 those observed in the CMZ (= 25; eg. Kauffmann et al.
32 dimensional Mach number, assuming isotropic turbu- 0 2017, Henshaw et al. 2016).

203 lence, is then M = wv4/cs, where vpys is the non- w1 We take the errors in the total linewidths to be the
s+ thermal three-dimensional rms velocity dispersion of Eq. 4«2 errors on the Gaussian fits, then propagate accordingly
35 13. The calculated Mach numbers range from 7 to 45, 3 to get errors on the Mach numbers.

36 with an average of 18.7 + 12.7. These values also lie be-

37 tween those typical of molecular clouds in the Galactic 3.5. Star Formation
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Figure 5. Correlations between different temperature mea-
sures. Mean Th,co denotes the average formaldehyde tem-
perature within a 1’ box centered on the pixel with peak
H2CO J = 303 — 202 integrated intensity, whereas Pixel
Thu,co denotes the formaldehyde temperature at the pixel
with maximum NHs (3,3) integrated intensity once regrid-
ded to the ammonia resolution. T2 represents the ammonia
temperature calculated using NHs (1,1) and (2,2), taken at
the pixel with peak NHj (3,3) integrated intensity, and Ti3
is the ammonia temperature calculated using NHs (1,1) and
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w05  We can calculate the ionizing photon production rate,
a6 (), from measurements of H30«, via
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(Scoville & Murchikova 2013; Bendo et al. 2017; Kim
et al. 2018) where ap is the effective recombination co-
efficient and ¢, is the emissivity, both of which are func-
tions of electron density and temperature.

To estimate the electron temperature, we use the
Galactic disk electron temperature gradient from
Quireza et al. (2006),

(15)

T. = (5780 = 350) + (287 + 46) Rga[kpc] (16)
which is an empirical fit to Hir regions with electron
temperatures derived from radio recombination line and
continuum measurements, and Galactocentric distances
calculated via radial velocity measurements. However,
we can also set an upper limit on the electron tempera-
ture using the linewidth of our H30a observations. The
thermal contribution to the linewidth is Gaussian and
has a FWHM of

T 1/2
kB e) (17)

mu

Avyy, = (81112

(Rivera-Soto et al. 2020), which is the same form as Eq.
11 but replacing the kinetic temperature with electron
temperature. Since the H30« is at a high enough fre-
quency for pressure broadening, which is proportional to
v~ to be negligible (Keto et al. 2008), the total H30a
line should be Gaussian and have a FWHM of

Av = /Av3 + Avgy

where Awvgy is the dynamical contribution from unre-
solved bulk motions. Thus, for the clouds whose electron
temperature calculated from Eq. 16 is greater than the
upper limit set by Eq. 17 (using the Gaussian linewidth
calculated in Section 3.4), we instead use the latter as an
upper limit on the electron temperature, with an error
derived from the linewidth uncertainty of the Gaussian
fit.

Whereas the value of the electron temperature can af-
fect the ionizing photon production rate @ by a factor
of up to ~2.5 over a temperature range from 3000 to
15000 K, the electron density has a relatively small ef-
fect on Q, with less than a 15% variation in both the
recombination coefficient and emissivity over a density
range from 10% and 10° cm™3 (Bendo et al. 2017). We
estimate the electron density using the fits of n. against
diameter of galactic Hir regions by Hunt & Hirashita

(18)
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(2009). To calculate sizes for our clouds, we collapse
the H30a PV diagram along the velocity axis to create
a 1D cloud profile, then fit a Gaussian. We take the
angular diameter of the cloud to be 40, then calculate a
physical size using the distance to the cloud, assuming
it lies on the Galactic bar. The resulting cloud sizes all
lie within the range of 1 and 10 pc, which is covered by
the Kim et al. (2018) sample of compact Galactic Hi
regions; Hunt & Hirashita finds a best-fit regression of
log ne [em ™3] = 2.8 —log D [pc] (19)
Using these calculated electron densities and temper-
atures, we interpolate the tables of ap and €, values
published by Storey & Hummer (1995). We calculate
errors on these values using a simple Monte Carlo sim-
ulation, assuming a normal distribution for T, and n..
To calculate the integrated flux density of H30a from
our moment 0 maps, we use a 1’ box centered on the
pixel with peak H30« integrated intensity, then take

2 2
kv / / Ty dv dQ  (20)

C

/Fv dv [Jy km s™1] =

where [T dv is the moment 0 map.

The quantities derived from the H30« line, including
the ionizing photon production rate @, are shown for all
the clouds with H30« detection in Table 4. The resul-
tant () values are all consistent, within error bars, with
O stars, which have log;,Q values between 47.88 for an
09.5 star and 49.64 for a an O3 star (Martins et al.
2005).

We also calculate upper limits on @ values for the
clouds without significant H30a detections. We take
the upper limit on the integrated flux density to be

2/€Bl/2

c2

/Fv dv [Jy km s71] < oV N (21)
where o is the error on the H30aw moment 0 map (2) and
N is the number of pixels in a 1’ box on the map. We
use the electron temperature gradient (16) to estimate
electron temperatures for each cloud, and use the mean
of the electron densities of clouds with H30« detections
as an estimate for the electron density of clouds with no
detection. We use an ap and €, value interpolated from
the electron temperature and density and calculate a
photoionizing photon production rate using Eq. 15; we
take a 20 upper limit of twice this @ value. The same
method is used to calculate errors on the @ values for
clouds with H30« emission.

Figure 7 shows that there is generally a correlation
between the presence and location of H30« and both 8
pm and 24 pm emission, though there are also a few

NILIPOUR

49

S

49

<9

49

o

49!

©

500

501

502

50

&

50

R

505

501

=

507

50;

&

50!

©

51

15

511

512

51

@®

51

I

515

51

o

517

51

©

51!

©

520

52

=

52

]

52

@

524

525

521

S

52

X

528

529

530

53

=

532

53,

@

53

r

53!

o

536

53

2

538

53

©

54

S

54

=

542

54

&

54

i

545

546

ET AL.

clouds with 24 pym emission consistent with the location
of formaldehyde emission that do not display any emis-
sion in H30a. We can estimate the star formation rate
in the clouds from 24 pym emission using the relationship
from Calzetti et al. (2007),

SFR Mg yr '] = 1.27 x 107 (Lagym [ergs s~1])0-#8%°

(22)
where Losum = vL(v). This relation is derived from
extragalactic star-forming regions, so may not be fully
applicable to our clouds. For comparison, we also cal-
culate a star formation rate from the ionizing photon
production rate using a conversion from ) to SFR of
7.29 x 107°* Mgyr~—!/s~! (Murphy et al. 2011), which
is calculated using STARBURST99 (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 pm MIPSGAL processing pipeline masks ar-
tifacts in the data, which are particularly prevalent
around bright sources (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 Figure
7. To mitigate this effect, we interpolate the missing
values, though this is imperfect as the masked pixels are
generally around the brightest locations.

We integrate the 24 pm emission, which is given in
units of MJy/sr, 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 be-
cause we expect the emission to be more extended, as
the 24 pm 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 Eq. 22.

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 Eq.
22 appropriately to get an error. We again use a 20
detection as an upper limit.

A comparison between the two SFR measures is shown
in Figure 8. The values generally agree, though us-
ing H30a tends to underestimate the SFR compared to
value derived from 24 um emission. We are also able to
place stricter upper limits using H30a.
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FEEDING THE CMZ

Cloud No.  Aw [km s7%) T. [K] dusoa [PC] ne [cm.s] [ Fodv [Jy kms™']  log;,@ [s7]
1 2721 £1.04 6346.62 £ 362.44 1.85£0.35 341.40 £64.64 28.94 £ 0.07 48.28 £0.14
20 38.99 £ 2.09 6310.61 £ 362.45 3.51£0.49 179.77 £25.03 5.50 £ 0.05 47.90 £ 0.12
21 26.62 £ 0.22 6457.10 £ 370.49 5.36 £0.68 117.70 £15.03 147.07 £ 0.08 49.37+£0.12
22 10.18 £0.81 < 2267.33 £359.82 2.50£0.35 252.32 £34.97 13.31 £0.17 48.10 £ 0.17
23 2541 £1.07 6713.92 £ 389.49 3.63+0.46 173.90 £21.97 61.63 £ 0.06 49.07 £0.12
24 26.62 £1.78 6939.81 £ 411.34 4.92+0.68 128.36 £17.80 1.95+0.05 47.64 £0.12
25 28.15+0.24 6952.76 £+ 412.73 4.13+£0.54 152.65+19.84 135.03 £0.10 49.48 £0.12

Table 4. H30« derived quantities.

13

Calzetti et al. (2007) notes that emission at 8 pm.
while correlated with star formation, also depends
strongly on metallicity and size, so we do not calcu-
late a SFR using the 8 ym emission from GLIMPSE.
We note, however, that 8 pm emission is present for all
clouds that exhibit 24 pm emission.

4. SHOCKS

Both methanol (CH3OH) and SiO are associated with
the presence of shocks (Meier & Turner 2005; Schilke
et al. 1997), though they trace different shock velocities.
CH30H can be formed through grain mantle evapora-
tion, which may result from weak shocks with vs < 10
km s! (Bergin et al. 1998). On the other hand, SiO for-
mation requires more energetic grain processing through
grain core or mantle erosion, which can occur in shocks
with vg > 25 km s71 (Garay et al. 2000).

SiO and CH3OH are both detected in all clouds except
cloud 7.

4.1. SiO

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

N 3kB Qrot e Eu Tde
ot = X
tot 8m3vSu? )\ 919K91 P kpTox f

2

3)
(Mangum & Shirley 2015), where Qo1 is 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, Tey is the excitation temperature of
the gas, and f is the beam filling factor. Assuming LTE,
we have Tex = T). Although the formaldehyde and SiO
may not trace the same gas, we take the formaldehyde
gas temperature to be the kinetic temperature of the
SiO. For a linear molecule like SiO, we have g; = 2J+1,
g = g1 = 1, Qrot = Y 5o(2J + 1)exp(—%), and
S = ﬁ For a diatomic molecule, the rotational en-
ergy levels are E; ~ hBJ(J + 1), where B = ;- is the
rotational constant of the molecule. For SiO in particu-
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lar, the dipole moment is u = 3.0982 Debye (Raymonda
et al. 1970) and the rotational constant is B = 21787.5
MHz (Lowry Manson et al. 1977). We assume the beam
filling factor is 1.

We use the average integrated intensity of SiO J =
5 — 4 within the same 1’ box that the formaldehyde
temperature is calculated in to derive column density
values. We note that the minimum formaldehyde tem-
perature across the clouds is about 25 K, and at a fre-
quency of 217 GHz, so Figure 3 of Mangum & Shirley
(2015) tells us to expect that our column density calcu-
lations with the Rayleigh-Jeans approximation and as-
suming negligible background should agree within 1% to
column densities calculated without these assumptions
(though still assuming optically thin emission and LTE)
for the majority of the clouds.

We also calculate column densities of 13CO and C'80
J =2 — 1 to obtain SiO abundances. Since it is likely
these lines are optically thin, compared to their isotopo-
logue '2CO, we can again use Eq. 23. CO is also a linear,
diatomic molecule, so the only changes apart from the
frequency are the dipole moments and rotational con-
stants of the molecules, which are p = 0.11046 Debye
and B = 55101.011 MHz for '*CO, and are y = 0.11079
Debye and B = 54891.420 MHz for C'¥Q!.

The 2C/13C and 0/*®0 isotope abundance ratios
increase with Galactocentric radius (Langer & Penzias
1990). We use the equations

R2o/MBC = (754 1.9)Raa + (7.6 + 12.9) (24)

and

60/180 = (58.8 4 11.8) Rgal + (37.1+82.6)  (25)

from Wilson & Rood (1994). The CO column densi-
ties derived from the two isotopologues agree well; the
SiO abundances (N(SiO)/N(Hsz) derived from both are
shown in Figure 9, where we have assumed a 2CO to
H, ratio of 10~%.

! Values taken from https://spec.jpl.nasa.gov/
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Spitzer

Cloud 20

Cloud 21
Cloud 1

354°40" 38 36' 34 32

Cloud 22 Cloud 23 Cloud 24

Cloud 25

Figure 7. Three-color Spitzer images of the clouds with H30a emission, with GLIMPSE 4.5 pym, GLIMPSE 8 pm, and
MIPSGAL 24 pm in blue, green, and red, respectively. The contours show H30« integrated intensity, and the orange boxes
depict the ALMA FOV. The 24 um data contains artifacts at bright spots, so they are masked by the MIPSGAL processing
pipeline.

&3  Shocks can enhance the abundance of SiO to values 633 We use the line ratio of CH3OH J = 499 — 315 to
e greater than 1010 compared to ambient values of 10712 & 13CO J = 2 — 1 to assess the weak shocks associated
o5 to 10711 (Schilke et al. 1997; Garay et al. 2000), and e with methanol emission. We take the mean value of the
s2s they have been shown to enhance abundances to values e 1’ box centered on the pixel with peak HoCO J = 343 —
s2r as high as 1076 at extreme velocities (Martin-Pintado 637 202 emission, and we take the error to be the mean of
o8 et al. 1992). Many of the clouds in our sample exhibit e the ratio error map within the same box.

s20 SiO abundances above 10719, with some exceeding 1077, &  Figure 10 shows that the methanol line ratio is well-
e30 indicating that the gas in these clouds are likely under- o correlated with the formaldehyde temperature, but it
en going shocks. 22 has no correlation with the ammonia temperature.

632 4.2. Methanol 643 5. DISCUSSION
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SFR Comparison
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Figure 8. Comparison of SFR calculated using H30«

emission versus that calculated using 24 pum emission from
Spitzer. The blue line assumes the two are equal.
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Figure 9. Comparison of SiO abundances calculated using
the column density of **CO and *CO. The dashed black line
assumes the two are equal. The two methods are consistent
with each other, as expected.

5.1.

We show the distribution of SFR, temperature, turbu-
lent Mach number, and SiO abundance ratio on Galac-
tocentric radius, assuming that the clouds lie on the bar,
in Figure 11. Similarly, Figure 12 show the same prop-
erties as a function of position along the bar. We find
that the SFR appears to be higher at further distances
from the Galactic Center, with star formation largely in-
hibited for clouds closer to the Galactic Center. On the
other hand, the clouds at a smaller Galactocentric radius
appear to be more turbulent, which may be inhibiting
star formation. There also appears to be a strong asym-
metry between the SFR and turbulence of clouds on the
near and far sides of the bar.

Temperature, traced by both ammonia and formalde-
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Figure 10. CH3;0H/'CO line ratio as a function of
formaldehyde temperature.

hyde, appear to be less position dependent, as do shocks,
traced by SiO abundance. This may be expected, as
both turbulence and star formation can cause heating
and shocks.

However, while there is a known asymmetry in the
CMZ (eg. Sormani et al. 2018), we do not expect it to
be this prominent nor extend out to a radius of over 4
kpc. Additionally, our sample at £ < 0 and £ > 0 covers
complementary Galactocentric radii, with the clouds at
¢ < 0 mostly at Rgal > 2 kpc and clouds at ¢ > 0
mostly at 0.5 < Rga < 2 kpc, which makes it difficult
to directly compare all the clouds.

Figure 13 shows the uncertainty involved in the posi-
tions of the clouds in our sample. Even if all the clouds
do lie on the Galactic bar, the clouds on the near and
far sides of the bar are likely in different regions of the
bar. In particular, the geometry on the far side of the
bar is much more uncertain due to projection effects.

To determine whether or not the clouds do lie on
the bar, we can look at the locations of the cloud on
a longitude-velocity, or ¢-v, diagram. This is shown in
Figure 14. We see that many of the clouds are consistent
with being in the Galactic disk, which is the generally
flat feature at all longitudes around a velocity of 0 km/s,
and the dust lane features are at higher velocities than
all of our clouds. This indicates that the clouds are likely
not in the Galactic bar. However, the groups of clouds
around ¢ = 5.4° and ¢ = 2.5° appear to be associated
with the cloud clumps G5 and B2, respectively. G5 may
be the location of gas from the far side dust lane that
has overshot the CMZ and is colliding with the near side
dust lane, and B2 may be the location of gas in the near
side dust line colliding with the CMZ itself (Sormani
et al. 2018). The clouds in these associations may be
the most interesting candidates for additional analysis.

Regardless of position, we find an inverse relationship
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Figure 11. Distribution of properties as a function of Galactocentric distance.
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between SFR and turbulent Mach number, which may
support the idea that turbulence inhibits star formation.

5.2. Temperature

The formaldehyde and ammonia thermometers appear
to be tracing different gas in the clouds. The ammonia
temperature is well-correlated with the turbulent Mach
number, whereas the formaldehyde temperature is not.
On the other hand, the opposite is true for correlations
with the CH3OH/!3CO line ratio, which is a weak shock
tracer. Furthermore, the hot molecular cores seen in
the formaldehyde temperature maps are generally not
present in the ammonia temperature maps.

There are several possible reasons for this difference.
It may be that formaldehyde is more sensitive to heat-
ing from star formation and that ammonia is more sen-
sitive to turbulent heating. Formaldehyde may also be
more sensitive to shock heating, or that shocks from
SF enhance methanol abundance more than turbulent
shocks do. Ammonia generally traces more diffuse gas
than formaldehyde, so the difference may also be due
to differences in the properties and kinematics of gas
at different densities. More analysis is needed to better
understand the relationships between the ammonia and
formaldehyde thermometers.

6. CONCLUSION
We observed the molecular lines SiO J = 5 — 4,
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H,CO J = 397 — 290, H,CO J = 303 — 202, HCgN
J=24— 23, CHgOH J =499 — 319, ClSO J=2— 1,
BCOJ=2—1,2CO J =2 — 1, and H30a for 25
clouds in the inner Galactic disk outside the CMZ. These
spectral lines probe several processes, and we measure
temperatures, shocks, turbulence, and SFRs for all the
clouds.

We find that the properties of the clouds are consistent
with not being on the Galactic bar, but several of the
clouds are likely associated with regions of high velocity
gas collisions. These clouds in particular should be the
subject of future study. We further find that turbulence
may be inhibiting star formation in many of the clouds
in our sample, and that the ammonia and formaldehyde
temperatures may be tracing different gases, though fur-
ther investigation is needed for these findings.

AN would like to thank Dr. Juergen Ott, Dr. David
Meier, and Dr. Brian Svoboda for their research guid-
ance, the National Radio Astronomy Observatory for
the opportunity to complete this summer research, and
Dr. Mattia Sormani for helpful discussion about the
Galactic bar.

Software: Python, IPython (Perez & Granger 2007),
NumPy (Harris et al. 2020), Matplotlib (Hunter 2007),
SciPy (Virtanen et al. 2020), Astropy (The Astropy Col-

laboration et al. 2022) , spectral-cube (Ginsburg et al.
2019), CASA (The CASA Team et al. 2022)
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