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Abstract

We compare embedded young massive star clusters (YMCs) to (sub-)millimeter line observations tracing the
excitation and dissociation of molecular gas in the starburst ring of NGC 1365. This galaxy hosts one of the
strongest nuclear starbursts and richest populations of YMCs within 20 Mpc. Here we combine near-/mid-IR
PHANGS-JWST imaging with new Atacama Large Millimeter/submillimeter Array multi-J CO (1-0, 2-1 and
4-3) and [CI] (1-0) mapping, which we use to trace CO excitation via Rs» =Icou-3y/Icoe-1) and
R21 :ICO(Zfl)/ICO(lfo) and dissociation via RCICO:I[CI](lfo)/ICO(Zfl) at 330 pc resolution. We find that the
gas flowing into the starburst ring from northeast to southwest appears strongly affected by stellar feedback,
showing decreased excitation (lower R,;) and increased signatures of dissociation (higher Rcico) in the
downstream regions. There, radiative-transfer modeling suggests that the molecular gas density decreases and
temperature and [CI/CO] abundance ratio increase. We compare Ry, and Rcico with local conditions across the
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regions and find that both correlate with near-IR 2 m emission tracing the YMCs and with both polycyclic
aromatic hydrocarbon (11.3 m) and dust continuum (21 m) emission. In general, Rcico exhibits ~0.1 dex tighter
correlations than R,,, suggesting C I to be a more sensitive tracer of changing physical conditions in the NGC 1365
starburst than CO (4-3). Our results are consistent with a scenario where gas flows into the two arm regions along
the bar, becomes condensed/shocked, forms YMCs, and then these YMCs heat and dissociate the gas.

Uni ed Astronomy Thesaurus concepts: Interstellar medium (847); Molecular gas (1073); Young massive clusters
(2049); Stellar feedback (1602); Starburst galaxies (1570); Interstellar line emission (844); Barred spiral galaxies
(136); CO line emission (262); AGN host galaxies (2017); Dust continuum emission (412)

1. Introduction

The interplay between star formation and the interstellar
medium (ISM) is a key topic in our understanding of galaxy
evolution. Star formation happens in cold molecular gas (e.g.,
see review of Kennicutt & Evans 2012) and then young
massive stars (often found in young massive clusters, or
YMCs) drive energetic winds and radiation that may heat up or
destroy giant molecular clouds, a process known as stellar
feedback (e.g., see reviews by Chevance et al. 2020, 2022). An
active galactic nucleus (AGN), if present, can also have a
significant impact on the host galaxy’s ISM and star formation,
known as AGN feedback (e.g., see reviews by Cicone et al.
2018 and Harrison et al. 2018). Across the universe, much star
formation occurs in gas-rich, turbulent, and high-surface-
density regions (e.g., Tacconi et al. 2020). To understand
how feedback processes operate in such intense environments,
the local starburst galaxy population, and especially starburst-
ing galaxy centers, represent key targets where we can observe
the physical state of the molecular gas and the impact of stellar
feedback in the greatest detail.

Thanks to high-resolution optical, e.g., LEGUS (Calzetti
et al. 2015), PHANGS-HST (Lee et al. 2022), PHANGS-
MUSE (Emsellem et al. 2022), MAD (Erroz-Ferrer et al. 2019),
and TIMER (Gadotti et al. 2019), and millimeter-wave
imaging, e.g., NUGA (Combes et al. 2019), PHANGS-ALMA
(Leroy et al. 2021a), and GATOS (Garcia-Burillo et al. 2021),
we have made great strides in understanding the interplay of
molecular gas, star formation, and stellar feedback in normal
galaxy disks, e.g., feedback timescales (Grasha et al. 2018;
Kruijssen et al. 2019; Chevance et al. 2020; Kim et al. 2022;
Pan et al. 2022), pressure and turbulence (Sun et al. 2020;
Barnes et al. 2021, 2022), outflows of AGNs (Audibert et al.
2019; Garcia-Burillo et al. 2021; Saito et al. 2022a, 2022b), to
name a few. However, the nuclear starbursts, which contain a
significant to dominant fraction of a host galaxy’s star
formation and especially the most massive (Mg 10° Me)
YMC:s, are still far from being well understood.

NGC 1365 is among the most actively star-forming local
galaxies (SFR = 16.9 Mg yr '; Leroy et al. 2021a) and hosts
the richest populations of YMCs in the local ~20 Mpc universe
(Kristen et al. 1997; Galliano et al. 2008; Whitmore et al.
2023). At a distance of 19.57 £0.78 Mpc (1 = 95 pc; Anand
et al. 2021a, 2021b), its nuclear starbursting ring (R~
1.8 kpc; Schinnerer et al. 2023) is fed by gas flowing inward
along bar lanes of its well-known 17 kpc long stellar bar
(Lindblad 1999). An optical/radio/X-ray AGN is also well
known at its center (e.g., Veron et al. 1980; Turner et al. 1993;
Morganti et al. 1999; Fazeli et al. 2019). Based on the first data
of PHANGS-JWST (Lee et al. 2023), 37 My 10°M, and
age 10Myr YMCs are found within the central ~3kpc x
2.5 kpc area (Whitmore et al. 2023), more numerous than in
any other galaxy within ~20 Mpc.

In this work, we utilize the first PHANGS-JWST mid-IR
imaging along with new and archival Atacama Large
Millimeter/submillimeter Array (ALMA) multi-J (1-0, 2-1,
and 4-3) CO and [CI] (1-0) line mapping to assess how tracers
of CO excitation, dissociation, and other molecular gas
properties relate to the location and likely evolution of
embedded YMC:s in this rich inner region of NGC 1365.

The spectral line energy distribution (SLED) of CO is a
powerful tool to constrain gas temperature and density (e.g.,
Goldreich & Kwan 1974; Israel et al. 1995; Bayet et al.
2004, 2006; Papadopoulos et al. 2007, 2010; Greve et al. 2014;
Kamenetzky et al. 2014; Zhang et al. 2014; Israel et al. 2015; Liu
et al. 2015; Rosenberg et al. 2015; Kamenetzky et al. 2016, 2017).
The CO (4-3) transition has more than an order of magnitude
higher critical density and upper-level energy (E,—4/kg = 55.32 K,
Nerie. ~ 4 % 10* cm™; Meijerink et al. 2007) than the ground 1-0
transition (E,_;/kg = 5.53 K, ngq. ~3 x 10° cm™).>’ Therefore,
a higher R4; = Icou-3y/Icoa—oy line ratio generally means a
higher density and temperature of gas, but the actual shape of
the CO SLED (e.g., traced by both a mid-J ratio
Ry =Icou-3/lcoe—1y and a low-J ratio Ry =
Icoe-1y/Ico -0y 1s important to distinguish the effects of
changing density, temperature, and other ISM properties (e.g.,
turbulent line width) that may relate to the stellar feedback.

Meanwhile, the C1I offers an additional potential diagnostic
on the feedback affecting the dissociation of CO. CI
originates from a thin dissociation layer in photon-dominated
regions (Langer 1976; de Jong et al. 1980; Tielens &
Hollenbach 1985a, 1985b; Hollenbach et al. 1991) exposed
to the UV radiation of H Il regions (Hollenbach & Tielens 1997,
Kaufman et al. 1999; Wolfire et al. 2022). Cosmic rays and
X-rays from YMCs and AGNs, known as the cosmic-ray
dominated regions (Papadopoulos 2010; Papadopoulos et al.
2011, 2018) and X-ray dominated regions (XDRs; Maloney
et al. 1996; Meijerink & Spaans 2005; Meijerink et al. 2007;
Wolfire et al. 2022), respectively, can drastically increase C I
abundances and lead to a high C1/CO line ratio (Rcyco; Israel
et al. 2015; Salak et al. 2019; Izumi et al. 2020).

Because embedded YMCs and AGNs exert intense radiative
and mechanical feedback, they should in principle have a
strong effect on the surrounding gas, which should manifest as
observable variations in the CO SLED and the C1/CO ratios.
However, isolating the effects of this feedback is challenging
due to the lack of high-resolution, multi-/ CO and CI
observations and high-resolution, high-sensitivity mid-IR
imaging in the past. Therefore, in this Letter, we use the new
JWST+H+ALMA data and present the first multi-/ CO and CI +
embedded YMC study to trace the molecular gas properties and

¥ Although practically these lines can be moderately excited and detectable
even at lower densities (e.g., Scoville 2013; Shirley 2015).
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feedback in the bar-fed central starbursting environment in
NGC 1365.

2. Observations and Data
2.1. JWST Observations

Full descriptions of the PHANGS-JWST observations
(Program ID: 02107; PI: J. Lee) are given by Lee et al.
(2023). We provide a brief summary of the observations and
processing used for NGC 1365 here. The galaxy was observed
during two Near Infrared Camera (NIRCam) and four Mid-
Infrared Instrument (MIRI) visits. The resulting NIRCam
mosaic covers the central 4.6a 2. 9(26.2x 16.5 kpc) and
the MIRI mosaic covers 3.8a 2. §(21.@x 14.8 kpc). The
NIRCam F200W, F300M, and F360M filters cover primarily
the stellar continuum. The MIRI F1000W and F2100W filters
primarily cover dust continuum imaging. In addition, the
NIRCam F335M and MIRI F770W and F1130W filters recover
mostly emission associated with polycyclic aromatic hydro-
carbon (PAH) bands in addition to an underlying stellar and
dust continuum. Hereafter, we refer to the bands by their
corresponding wavelengths: 2 m for F200W, 11.3 m for
F1130W, and 21 m for F2100W.

We use PHANGS-JWST internal release versions “vOp4p2”
for NIRCam and “vOp5” for MIRI. Lee et al. (2023) describe
the data reduction used for these first results, including
modifications to the default JWST pipeline®® parameters, our
customized 1/f noise reduction (destriping) and background
subtraction for the NIRCam images, the subtraction of MIRI
“off” images, and how we set the absolute background level in
the MIRI images.

JWST’s high sensitivity results in saturation of pixels on top
of the AGN and the brightest star-forming complexes. In this
work, because we convolve the JWST images to the 3”5
resolution of CO (4-3) and [CI] (1-0) lines, the saturation of
brightest emission needs to be fixed. Here we use a point-
spread function (PSF) curve-of-growth analysis to match the
unsaturated outskirts of each bright saturated spot, i.e., the
center of NGC 1365 (where the AGN is located) and the three
bright star-forming complexes to the north.

Next, these images are PSF-matched to our common
resolution of 3”5, corresponding to the ALMA CO (4-3)
beam in this work. We use the WebbPSFsoftware to generate
the PSFs and the photutils software to create convolution
kernels (with fine-tuned TopHatWindow). The images are then
resampled with the reprojection software in Python to the
same world coordinate system and pixel scale.

2.2. ALMA Observations of CO (1-0), (2—1) and (4-3), and
[cn (1-0)

We have obtained new ALMA Atacama Compact Array
(ACA; 7 m) Band 8 observations (program 2019.1.01635.S; PI:
D. Liu) that map the CO (4-3) and [CI] (1-0) from the inner
part of NGC 1365. The CO (4-3) observations at 458.53 GHz
cover the inner 75 x 22 (7.3 x 2.1 kpc?) using a 19-pointing
mosaic and on-source integration time of ~1hr and had
Toys~ 550 K. The [CI] (1-0) observations at 489.48 GHz
covered the same area using a 23-pointing mosaic and an on-
source integration time of ~8 hr with Ty, ~ 500-1000 K. The
raw data were reduced using the standard ALMA calibration

38 https: / /jwst-pipeline.readthedocs.io
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pipeline with the CASA software (the CASA Team et al.
2022).

We also reduced archival ALMA 12 m+7 m observations of
CO (1-0) (2015.1.01135.S; PI: F. Egusa; 2017.1.00129.S; PL:
K. Morokuma) and 12 m+7 m observations of CO (2-1)
(2013.1.01161.S; PI: K. Sakamoto), including the CO (1-0)
and (2-1) total power (TP) data.

After running the ALMA pipeline, we imaged and processed
our data into data cubes using the PHANGS—ALMA pipeline’”
(Leroy et al. 2021b). Then we used the spectral _cube *°
software to convolve our cubes to the common beam of 3”5
matching the coarsest C 1 data.

The native resolution of the CO (1-0) and (2—-1) data are 2”4
and 0”31, respectively. Based on the arrays used, these images
have maximum recoverable scales (MRSs) of ~80 and 40 ,
respectively. Our CO (4-3) and [C 1] (1-0) data have 374-3"5
beams and 15 —20 MRSs. For CO (1-0) and (2-1) the short
spacing is corrected with the PHANGS—-ALMA pipeline using
their TP data; however, other lines lack the short-spacing
correction. We considered using the archival 12m-only ALMA
CO(3-2) data for this galaxy but found that its poor u —v
coverage made it not useful in the analysis presented.

We expect only a minor percentage of missing flux for our CO
(4-3) and [CT] (1-0) data (e.g., 25%). Indeed, our total CO (4-3)
line luminosity within a radius ~14 is 5.3 x 10* Kkms ™' pc?,
which is more than half of the total Herschel/SPIRE Fourier
transform spectrometer CO (4—3) luminosity within a ~43 beam
(7.3 x 10°+12 x 10’ Kkms ™ pcz; Liu et al. 2015), scaled to
the same distance. Simulations of visibilities mimicking similar
ACA Band 8 observations also reveal that the missing flux is
minimal at relatively bright line emission spots ( 10%;D. Liu
et al. 2022).

We collapsed the data cubes into moment maps using the
PHANGS-ALMA imaging and post-processing pipeline. We
specifically focus on the “strict,” high-confidence mask, which
is constructed using a watershed algorithm with relatively high
clipping values (Rosolowsky & Leroy 2006; Rosolowsky et al.
2021) and so expected to include only significant detections.
We build a single common strict mask by combining the
individual masks for CO (1-0), CO (2-1), CO (4-3), and [C]]
(1-0), then we extracted moment maps for each line therein.
The error maps are also measured from the data cube, then
computed for moment maps following the standard procedures
implemented in the PHANGS—-ALMA pipeline. In our final
moment-0 maps, the signal-to-noise ratio is 5-200 for
CO (4-3), 5-100 for [CI] (1-0), and much higher, 20-250,
for CO (1-0) and CO (2-1). We create line-ratio maps from
every pair or lines at the best common resolution of 3”5 and
use them to compute correlations and CO SLEDs.

2.3. Auxiliary Data Products and Complementary Information

We use the YMC catalog from Whitmore et al. (2023, this
Issue) to determine the locations where CO and C1 line fluxes
are extracted and studied. It contains 37 YMCs with the Hubble
Space Telescope (HST) or JWST photometry-derived masses
Mz~ 1 x10°-2 x 10" M, and ages ~1-8 Myr.

We use the CO (2-1) line-of-sight decomposition and orbital
time information from Schinnerer et al. (2023, this Issue) for

39 https://github.com/akleroy /phangs_imaging_scripts
spectral-cube.readthedocs.io
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discussions relating to line velocity dispersion. Schinnerer et al.
(2023) present the 0”3 resolution CO (2-1) data and
decomposition of each line-of-sight spectrum into multiple
Gaussian components with the ScousePy software (Henshaw
et al. 2016, 2019). They find that multiple velocity components
exist in the system, and individual components have a typical
line width ~19kms '. We use this value as the micro-
turbulent line width ~ for our later radiative-transfer calcul-
ation. They derive a dynamical timescale tqy, ~ 20 Myr at
R=15 ~475pc, which is roughly the radius of the dynami-
cally cold inner gas disk in this starburst ring system. This
timescale is used as a context for discussion in this work.

3. Results and Discussion
3.1. Spatial and Kinematic Structure

In Figure 1 we present the ALMA and JWST data at their native
resolution (~6 pc at 2 m, ~30pc for CO (2-1), and ~60 pc at
21 m) and the multi-/ CO and CI ratio maps at their common
resolution of 3”5 (~330 pc). We define Ry; = Icoe—1)/Icoa —o) to
trace the low-J CO excitation, Ry, = Icou—3)/Icoe—1) for the mid-
J excitation, and Reico = Jicn 10/ Icoe—1) s a tentative tracer of
CO dissociation.

We also label four regions in this study to facilitate the later
discussion: (i) the “Northern Arm,” which is where the gas
flows in from northeast along the bar; (ii) the “Mid-Southwest”
region, which is the downstream location of the gas coming
from the Northern Arm (and we call the Northern Arm the
upstream of the Mid-Southwest region); (iii) the “Southern
Arm,” similar to the Northern Arm, is the location of gas
flowing in from the southeast along the bar; (iv) the “Mid-East”
region, considered as the downstream of the Southern Arm.
The Northern Arm and Mid-Southwest region both belong to
the “northern bar lane” as defined in Schinnerer et al. (2023),
and the Southern Arm and Mid-East region correspond to the
“southern bar lane” therein. The Northern Arm alone is also
emphasized as the “region 1” in Whitmore et al. (2023).

The CO emission mostly arises from the prominent starburst
ring, oriented from northeast to southwest, but exhibits a highly
asymmetric distribution within this ring. The 2 m stellar
emission, which is much less affected by dust attenuation than
HST optical images, reveals a more symmetric distribution than
CO. We show the azimuthal profiles of the CO, 2, 11.3 and
21 m emission along the starburst ring in Figure 2. These
profiles are measured from the radially averaged emission at
each azimuthal angle using a common annulus at our working
resolution of 3”5. Here, = 0° corresponds to the receding side
of the major kinematic axis with a position angle (PA) of 220°,
and = 180° (—180°) to the approaching side. All azimuthal
profiles show a peak at Rax _ 1501, corresponding to the
Northern Arm region. The 2 m profile shows the least
azimuthal variation, of about 50% (with a maxima-to-minima
ratio of 1.9), whereas the other three profiles show large
variations ~80%—-95%, with a maxima-to-minima ratio of 8.5,
6.0, and 19.4, for CO, 11.3 m, and 21 m, respectively.

The Northern Arm peak ( ~ 150°) in the azimuthal profiles
mainly consists of three extremely massive star clusters,
YMC29, 33, and 28, corresponding to Galliano et al.’s
(2005, 2008) mid-IR ID M4, M5, and M6, and Sandqvist et al.
’s (1995) radio 20 cm/6 cm ID D, E, and G, respectively.
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In Figure 3 we show the distribution of YMCs on the HST
RGB and JWST 2 m image, and indicate the dust lanes by
two pairs of curved arrows. The CO (2-1) emission contours
broadly match the dust lanes in the Northern and Southern Arm
regions but appear to be narrow at the edge of dust lanes. Such
dust lanes in barred galaxies are usually seen as a result of
dissipative processes in the gaseous component, and the widely
accepted view is that they delineate shocks in the interstellar
gas (e.g., see reviews by Sellwood & Wilkinson 1993, Buta &
Combes 1996, and Lindblad 1999; see also Pastras et al. 2022
for detailed simulations).

In addition to the gas and dust lanes, we also highlight in
Figure 3 the YMCs younger than ~3 Myr and more attenuated
than Ay~8 mag with cyan squares and yellow stars,
respectively. The majority of the most massive, young, and
attenuated YMCs sit in the Mid-Southwest and Mid-East
regions.

The multi-J CO and C1 line-ratio maps exhibit a significant
asymmetry, as well. The Northern Arm region shows a factor
of 1.5-2x higher excitation and dissociation than other
regions, as traced by Ry, and Rcico. In particular, the Ry, and
Rcico peaks coincide with the YMC ID 29 in the Northern
Arm, which also corresponds to the mid-IR source M4 in
Galliano et al. (2005, 2008). It has the highest CO excitation
(R4 ~0.51 £0.01, Ry; ~0.924+0.01) and shows the most
signs of dissociation (Rcico ~ 0.17). The distributions of low-J
excitation, R, mid-J excitation, R4, and our photodissociation
tracer, Rcico, also appear distinct from one another. R,; shows
a more symmetric, smooth distribution than the other two line
ratios. The 10gRy; is above —0.1 in most regions, indicating
that CO (2-1) is almost thermalized in the regions we study.
The R4, and Rcyco ratios have much larger dynamical ranges,
and both peak in the Northern Arm. However, Ry, is depressed
whereas Rcico is enhanced in the Mid-Southwest region, and
their trends are the opposite in the Southern Arm region.

The molecular gas has complex, rapidly changing kinematics
in these regions. Panels (d) and (g) in Figure 1 show the line-of-
sight velocity and line velocity dispersion maps. The Northern
and Southern Arm regions correspond to locations where
molecular gas flows inward along the bar. The dissipative gas
flow in such a strong bar potential can trigger shocks at the
leading edge of the bar, appearing as dust lanes following the
orbital skeleton (e.g., Athanassoula 1992; Sellwood &
Wilkinson 1993; Buta & Combes 1996; Lindblad 1999; Pastras
et al. 2022; Sellwood & Masters 2022; see also Figure 1 of
Maciejewski et al. 2002). In the Southern Arm, the enhanced
R4>, nonenhanced Rcico, lack of YMCs, and elevated velocity
dispersion ~ 50kms ' (Figure 1(g)) may suggest a scenario
wherein shocks triggered at the edge of dust lanes are
compressing the gas and hence highly exciting the mid-J CO,
but not leading to significant CO dissociation or higher C1I
abundance in this region. However, in other cases, e.g., the
Northern Arm, when the gas is so dense and even fragments to
trigger intensive star formation and hence stellar feedback, the
effect of shocks can be mixed with the stellar-feedback effect.
Future observations of shock tracers like SiO or HNCO for
less-destructive shocks (e.g., Usero et al. 2006; Garcia-Burillo
et al. 2010; Meier et al. 2015; Kelly et al. 2017) will be the key
to shed light on this shock scenario.

In panel (d) of Figure 1 we also highlight the well-known
ionized gas outflow (Phillips et al. 1983; Sandqyvist et al. 1995;
Hjelm & Lindblad 1996; Lindblad 1999; Sakamoto et al. 2007;



THE ASTROPHYSICAL JOURNAL LETTERS, 944:L19 (15pp), 2023 February 20 Liu et al.

a) CO(2-1) momO b) 2um (Star-dom.) c) logl0 (C0O21/CO10)

i —

Northern Arm

Mid-Southwest

O
O
=2 Region
= Mid-East
Region
Southern l‘ m N

Kkms™! <EEEENNTT ~ D\jysr!
0 500 1500 3000 0 50 100 200 -0.3-0.2-0.1 0.0 0.1

11.3um (PAH-dom.) f)  logl0 (CO43/CO21)

-:ikm g1 A VIV dES T

1400 1500 1600 1700 1800 0 500 1000 2000 —0.75-0.60 —0.45 -0.30

CO(2-1) mom2 21um (Dust-dom.) i) logl0O (CI10/CO21)

kms~1 AT DMy srt
0 10 20 30 40 50 0 50010002000 4000 -1.20 -1.05 —0.90 —0.75

Figure 1. ALMA and JWST images of NGC 1365. Left column (a), (d), (g): native-resolution (0”3) ALMA CO (2-1) integrated intensity (mom0), line-of-sight
velocity (mom1), and velocity dispersion (mom?2); see also Schinnerer et al. (2023). Middle column (b), (e), (h): JWST stellar-continuum-dominated NIRCam 2 m,
PAH-dominated MIRI 11.3 m, and dust-continuum-dominated MIRI 21 m, all at native resolutions; see also Whitmore et al. (2023). Right column (¢), (f), (i): ratio
maps in logarithmic scale for Ry; = Icoe—1)/Icoa -0y Raz = Icow—3)/Icoe—1), and Reico = Iicn (1-0y/Ico@—1) at the common resolution of 3”5 (beam is shown in
bottom left). Same contours of Ico2- 1) at 400, 1000, 1500, 2000, and 3000 K km s! are shown in all panels. The four regions mentioned in this work are highlighted
in panel (a). The cone in panel (d) represents the known ionized gas outflow with a half-opening angle 50°, cone axis inclination 35°, and PA 126° (Hjelm &
Lindblad 1996; see also Sandqvist et al. 1995; Lindblad 1999; Venturi et al. 2018; Gao et al. 2021) and the white line indicates the disk kinematic major axis at PA
220° (Jorsater & van Moorsel 1995; Lindblad 1999).

Lena et al. 2016; Venturi et al. 2018; Gao et al. 2021). We do C I molecular outflows in AGN host galaxies (e.g., Saito et al.
not find a high R4, or enhanced Rcjco peaking at the center and 2022a, 2022b, with Rcico ~ 1). This agrees with Schinnerer
extending along the outflow cone, unlike the cases of known et al. (2023), who find no evidence for the ionized outflow to
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Figure 2. Panels (a)—(d) are the CO (2-1) line-integrated intensity, 2, 11.3, and
21 m images, PSF-matched to our 3”5 resolution. A common annulus is
shown in all panels with radius =0.9 + 0.2 kpc, inclination 40°, and PA 220°
(white solid line; Lindblad 1999). Panels (e)—(f) show the normalized azimuthal
profiles of the four upper panels and R4y, Rcico. and R,; line ratios as a
function of azimuthal angle measured from the PA of the receding side of the
kinematic major axis. Dark green, light green, dark red, and light red shading
represents the Northern Arm, Mid-Southwest, Southern Arm, and the Mid-East
regions, respectively.
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intersect the molecular gas disk, and with Combes et al. (2019),
who find that this region lacks a molecular gas outflow (and
instead shows evidence for inflow).

3.2. Zoom-in Views and CO and C1 Excitation

We examine the aforementioned regions in more detail in
Figure 4. We first draw hexagonal apertures centered on bright
YMCs (Whitmore et al. 2023), CO peaks that do not coincide
with a YMC (based on Figure 4, hereafter YMC-free CO
peaks, labeled as CO.N1/N2 and CO.S1/S2/S3 for those in
the Northern and Southern Arms, respectively), and the galaxy
center, each with a 330 pc diameter. Then, we take the pixel
value at the hexagon center from the 3”5 resolution moment-0
map for each line, and show their normalized CO and C1 SLED
in the right panels of Figure 4. The hexagons in the left panels
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Figure 3. YMCs (Whitmore et al. 2023) overlaid on HST RGB (F814W/
F555W /F438W) image (top) and JWST F200W (2 m) image (bottom). All
YMCs are shown as red circles. Symbol sizes, from smallest to largest, indicate
masses from ~10%° Mg to ~10"" M. Cyan squares are YMCs with an age
less than ~3 Myr, and yellow stars are YMCs with an attenuation Ay > 8 mag.
We show these YMCs for the context of the discussion in Section 3.1 of this
work. See Whitmore et al. (2023) for the original and detailed study of
these YMCs.

are then color-coded by their mid-J excitation, R4;. In this way
we can clearly see how gas in the apertures is excited.

The most (mid-J) excited aperture is YMC29 (M4),
coinciding with the brightest CO peak in the Northern Arm, with
R4y =0.504+0.01 (and R,y =0.92£0.01, Ry =0.46+£0.01).
Its stellar age is estimated as ~3 Myr (with a ~0.4-0.6 dex
uncertainty; Whitmore et al. 2023). The least (mid-J) excited
aperture we analyzed is YMC 12 (M3) in the Mid-Southwest
region, with R4, = 0.24 £ 0.02. However, its low-J excitation is
still quite high, with R;; =0.98 £0.02. It is also very young,
with a stellar age ~3 Myr (with a similarly large uncertainty;
Whitmore et al. 2023). Other YMCs and YMC-free CO peaks
have Ry, values in between these two extreme cases.

Based on the motion of gas along the dust lanes and starburst
ring (Figures 1-3), the Northern Arm is upstream of the Mid-
Southwest region, and the Southern Arm is upstream of the
Mid-East region. Gas enters the system first via the Northern/
Southern arms then moves to the Mid-Southwest/Mid-East
regions, forming the starburst ring. Along the Northern Arm,
gas moves from the less-excited CO.N2 location to the highly
excited CO.N1 position. Then, in about a quarter of the orbital
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Figure 4. Left panels: CO (2-1) and 2 m zoom-in images of the Northern Arm, Mid-Southwest, Mid-East, and Southern Arm regions (from top to bottom).
Hexagons indicate YMCs identified by Whitmore et al. (2023; with numbers indicating their ID from that Letter), YMC-free CO peaks (labeled “CO.N1-N2” and
“C0O.S1-S3” in Northern and Southern regions, respectively, visually identified from this work), and the galaxy center. The “M2”—“M6” labels indicate YMCs that
have a mid-IR counterpart from Galliano et al. (2005). The “J” label indicates that YMC 3 has a radio counterpart from Sandqvist et al. (1995). All images have the
same field of view of 10 (~950 pc) and color scaling as in Figure 1. Hexagons have the same diameter of 3”5 (~330 pc). The black arrows at left indicate the
upstream-to-downstream directions. Right panels: CO and C I SLEDs of the hexagons centered at YMCs or YMC-free CO peaks in the corresponding upper/lower
four left image panels. Hexagons and SLEDs are color-coded by their Ry, (see the bottom color bar). Solid and dotted lines represent upstream and downstream
regions, respectively. The center’s CO SLED is shown as the dashed line in the lower panel. These CO and C I SLEDs are used for the radiative-transfer modeling

fitting in Section 3.2, with gas properties reported in Table 2.

time, i.e., ~5 Myr, the gas will arrive in the Mid-Southwest
region, where the CO excitation is decreasing again. It is
expected that gas will move from the Mid-Southwest region
toward the Southern Arm and possibly trigger collision and
compression. Similarly, starting from the Southern Arm, the
gas moves from CO.S3 to the CO.S2 and CO.S1 positions, then
circles to the Mid-East region and heads toward the Northern

Arm. The youngest YMCs are found in these possibly colliding
areas, e.g., YMC 3 (J) and YMC 28 (M6, G), which both have
an age ~1Myr and are highlighted as yellow stars in
Figure 3.'

4! This gas colliding scenario is similar to the hypothesis of the formation of
the youngest super star cluster RCW 38 in the Milky Way (Fukui et al. 2016).
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