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ABSTRACT

Context. HNCO and SiO are well-known shock tracers and have been observed in nearby galaxies, including the nearby (D = 3.5 Mpc)
starburst galaxy NGC 253. The simultaneous detection of these two species in regions where the star-formation rate is high may be
used to study the shock history of the gas.

Aims. We perform a multi-line molecular study of NGC 253 using the shock tracers SiO and HNCO and aim to characterize its gas
properties. We also explore the possibility of reconstructing the shock history in the central molecular zone (CMZ) of the galaxy.
Methods. Six SiO transitions and eleven HNCO transitions were imaged at high resolution 1”76 (28 pc) with the Atacama Large
Millimeter/submillimeter Array (ALMA) as part of the ALCHEMI Large Programme. Both non local thermaldynamic equilibrium
(non-LTE) radiative transfer analysis and chemical modeling were performed in order to characterize the gas properties and investigate
the chemical origin of the emission.

Results. The nonLTE radiative transfer analysis coupled with Bayesian inference shows clear evidence that the gas traced by SiO has
different densities and temperatures than that traced by HNCO, with an indication that shocks are needed to produce both species.
Chemical modeling further confirms such a scenario and suggests that fast and slow shocks are responsible for SiO and HNCO
production, respectively, in most GMCs. We are also able to infer the physical characteristics of the shocks traced by SiO and HNCO
for each GMC.

Conclusions. Radiative transfer and chemical analysis of the SiO and HNCO in the CMZ of NGC 253 reveal a complex picture
whereby most of the GMCs are subjected to shocks. We speculate on the possible shock scenarios responsible for the observed
emission and provide potential history and timescales for each shock scenario. Observations of higher spatial resolution for these two
species are required in order to quantitatively differentiate between the possible scenarios.

Key words. galaxies: ISM — galaxies: individual: NGC253 — astrochemistry — galaxies: starburst — ISM: molecules
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1. Introduction

Many key physical and chemical processes in the interstellar
medium (ISM) influence the evolution of galaxies. These pro-
cesses are often associated with star formation, active galactic
nuclei (AGN), large-scale outflows, and shocks. In this con-
text, starburst galaxies are prime laboratories for the investi-
gation of these feedback mechanisms and their impact on the
ISM. As for probing these physical and chemical processes in
external galaxies, multi-line multi-species molecular observa-
tions are an ideal tool, given the wide range of critical den-
sities associated with different molecular transitions, and the
dependencies of chemical reactions on the energy budget of the
ISM. Past observations have suggested several useful molecules
for tracing specific regions within a galaxy, such as HCO
and HOC™", which are associated with the photon-dominated
regions (PDRs; e.g., Savage & Ziurys 2004; Garcia-Burillo et al.
2002; Gerin et al. 2009; Martin et al. 2009b), and HCN and CS
with dense gas (e.g., Gao & Solomon 2004; Bayet et al. 2008;
Aladro et al. 2011). In reality, especially in the extragalactic con-
text where the beam size often encompasses at least several par-
secs, it is seldom the case that a single gas component can be
identified by observations of just one or two molecular species
(Kauffmann et al. 2017; Pety et al. 2017; Viti 2017; Tafalla et al.
2021). This is because the same species can often be found
in diverse environments, and multiple transitions of the same
species do not necessarily come from the same gas component.
As a result, molecular tracers that are uniquely sensitive to cer-
tain environments are considered extremely valuable in charac-
terizing the physical and chemical conditions of the gas.

As starburst activities inject a significant amount of energy
into the ambient environment, starburst galaxies are particu-
larly important targets for studying the feedback mechanisms
in the interstellar medium (ISM). Induced by high star-forming
rates (SFRs), strong stellar feedback can trigger outflows of
ionized, neutral, and molecular gas. NGC 253 is a barred spi-
ral galaxy that is almost edge-on with an inclination of 76°
(McCormick et al. 2013). Being one of the nearest starburst sys-
tems (D ~ 3.5 = 0.2 Mpc, Rekola et al. 2005), NGC 253 is also
one of the most studied starburst galaxies. The central molecu-
lar zone (CMZ) of NGC 253 spans about 300 X 100 pc across
(Sakamoto et al. 2011), and contains more than ten well-studied
giant molecular clouds (GMCs); it has been observed in the con-
tinuum as well as in molecular emissions (e.g., Sakamoto et al.
2011; Leroy et al. 2015, 2018; Levy et al. 2022). NGC 253 is a
prototype of nuclear starburst with an SFR of ~2 Mg yr™! com-
ing from its CMZ (Leroy et al. 2015; Bendo et al. 2015), which
is half of its global star formation activity.

A large-scale outflow in NGC 253 has been revealed by multi-
wavelength observations: in X-rays (Strickland et al. 2000, 2002),
Ha (Westmoquette et al. 2011), molecular emission (Turner
1985; Bolatto et al. 2013; Walter et al. 2017; Krieger et al. 2019),
and dust (Levy et al. 2022). This large-scale outflow is thought to
be driven by the galaxy’s starburst activity (McCarthy et al. 1987),
for there are no signs of AGN influence (Miiller-Sanchez et al.
2010; Lehmer et al. 2013) despite there being a bright radio source
associated with the nucleus of the galaxy (Turner & Ho 1985).
Aside from coherent large-scale outflows, the presence of shocks
and turbulence are also complementary sources of mechanical
energy in the ISM feedback processes. The signature of shocks
in NGC 253 has been suggested by the detection of HNCO and
SiO (Garcia-Burillo et al. 2000; Meier et al. 2015), the detection
of Class I methanol masers (Humire et al. 2022), and the enhanced
fractional abundances of CO? (Harada et al. 2022).
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Both silicon monoxide, SiO, and isocyanic acid, HNCO,
are well-known shock tracers (Martin-Pintadoetal. 1997,
Hiittemeister et al. 1998; Zinchenko et al. 2000; Jiménez-Serra
et al. 2008; Martin et al. 2008; Rodriguez-Ferndndez et al.
2010), and both have been observed in nearby galaxies (e.g.,
Garcia-Burillo et al. 2000, 2010; Meier & Turner 2005, 2012;
Useroetal. 2006; Martinetal. 2009a, 2015; Meier et al.
2015; Kelly et al. 2017; Huang et al. 2022) as well as Galactic
sources such as star-forming regions (e.g., Mendoza et al. 2014;
Podio et al. 2017; Hernandez-Gomez et al. 2019; Gorai et al.
2020; Nazari et al. 2021; Canelo et al. 2021; Colzi et al. 2021),
evolved stars (e.g., Velilla Prieto et al. 2015, 2017; Rizzo et al.
2021), and quiescent GMCs in the Galactic center (Zeng et al.
2018). The formation of HNCO has been suggested to take place
mainly on the icy mantles of dust grains (Fedoseev et al. 2015),
or possibly in the gas phase with subsequent freeze-out onto the
dust grains when the temperatures are low (Lépez-Sepulcre et al.
2015). Regardless of how it forms, ice-mantle sputtering asso-
ciated with low-velocity (v, < 20kms™!) shocks can lead to
an enhanced abundance of HNCO in the gas phase. The obser-
vations of HNCO toward a sample of Galactic center sources
(Martin et al. 2008) have revealed a high contrast observed in
its abundance between regions under the influence of shocks
and intense radiation fields, showing its potential as a shock
tracer. This high contrast was also shown in a sample of galaxies
(Martin et al. 2009a) despite the low-resolution single-dish
observations used. In fact, Kelly et al. (2017) show that HNCO
can also be thermally desorbed from the surface of dust grains
when the gas and dust remain coupled at higher gas densities
(n2 = 10*cm™3). Therefore, HNCO may not be a unique
tracer of shock activity. On the other hand, a high abundance
of silicon in the gas phase can only be explained by significant
sputtering from the core of the dust grains by high-velocity
(vs = 50kms™") shocks (Kelly et al. 2017). Once silicon is in
the gas phase, it is expected to quickly react with molecular
oxygen or a hydroxyl radical to form SiO (Schilke & Walmsley
1997). An enhanced gas-phase SiO abundance could therefore
be a sensitive indicator of the heavily shocked regions.

Potentially, the simultaneous detection of HNCO and SiO
in a gas where shocks are believed to take place could provide
us with a comprehensive picture of its shock history. Indeed,
these two species have already been proposed for the charac-
terization of different types of shocks (fast versus slow) in the
AGN-hosting galaxies, such as NGC 1068 (Kelly et al. 2017;
Huang et al. 2022) and NGC 1097 (Martin et al. 2015); in the
nearby weakly barred spiral galaxy IC 342, which hosts moder-
ate starburst activity (Meier & Turner 2005; Usero et al. 2006);
and in the nearby starburst galaxy NGC 253 (Meier et al. 2015).
For example, in NGC 253, which is the subject of this work,
HNCO 4%4-3%3 was found to be distinctively prominent in the
outer CMZ with the HNCO(4%%-3%3)/SiO(2-1) intensity ratio
dropping dramatically toward the inner disk, which suggests a
decrease in shock strength as well as a dissipation of any shock
signature by HNCO in the presence of strong radiation fields
(Meier et al. 2015).

In this work, we present ALMA multitransition observations
of both HNCO and SiO toward NGC 253 observed as part of the
ALMA large program, “ALMA Comprehensive High-resolution
Extragalactic Molecular Inventory” (ALCHEMI, Martin et al.
2021). ALCHEMI covers wide and thorough spectral scans of
the CMZ of NGC 253 in the frequency range of 84.2-373.2 GHz,
and provides a comprehensive molecular view towards the CMZ
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of NGC 253, allowing a systematic study of both the physical
and chemical properties of this nearby galaxy. In the broader
sense, ALCHEMI provides a uniform molecular template for
an extragalactic starburst environment where systematic uncer-
tainties are minimized, and enables a direct comparison of
the ISM properties with the active star-forming environments
within the Milky Way CMZ (Martin et al. 2021). The great
wealth of ALCHEMI data has so far unveiled many important
properties of NGC 253, including its high cosmic-ray ioniza-
tion rate (CRIR; Holdship et al. 2021, 2022; Harada et al. 2021;
Behrens et al. 2022). ALCHEMI has also led to the first detec-
tion of a phosphorus-bearing molecule in extragalactic sources
(Haasler et al. 2022), the identification of new methanol maser
transitions (Humire et al. 2022), and the use of HOCO" as a
tracer of the chemistry of CO? (Harada et al. 2022).

This work is structured as follows. In Sect. 2, we describe
the detection of multiple transitions of HNCO and SiO in the
ALCHEMI data set. In Sect. 3, we present the molecular-line-
intensity maps, and the spectral-line energy distribution (SLED)
of HNCO and SiO, which are populated by the measured
velocity-integrated line intensity from all the available excitation
levels. In Sect. 4, we describe the performed nonlocal thermo-
dynamic equilibrium (nonLTE) radiative transfer analysis and
chemical modeling in order to constrain the physical conditions
of the gas and the chemical origin of the emission. In Sect. 5,
we further explore the comparison and physical interpretation
of our results, combining both radiative transfer modeling and
chemical modeling results, and discuss the potential origins of
the shocks. We summarize our findings in Sect. 6.

2. Observation and data
2.1. ALCHEMI data

We briefly summarize the observational setup used to acquire the
ALCHEMI survey data. Full details regarding the data acqui-
sition, calibration, and imaging are provided by Martin et al.
(2021). The ALMA Large Program ALCHEMI (project code
2017.1.00161.L and 2018.1.00162.S) imaged the CMZ within
NGC 253 in the ALMA frequency Bands 3, 4, 5, 6, and 7.
The rest-frequency coverage of ALCHEMI ranged from 84.2
to 373.2 GHz. The nominal phase center of the observations is
a(ICRS) = 00"47™33%.26, §(ICRS) = —25°17"17".7. A common
rectangular area with a size of 50” x 20" (850 x 340pc) at a
position angle of 65° was imaged to cover the central nuclear
region in NGC 253. The final angular and spectral resolution of
the image cubes generated from these measurements were 1”76
(~28 pc Martin et al. 2021) and ~10km s~!, respectively. A com-
mon maximum recoverable angular scale of 15" was achieved
after combining the 12m Array and Atacama Compact Array
(ACA) measurements at all frequencies.

From the ALCHEMI data, we extracted the ~176 (28 pc) res-
olution cubes of the CMZ of NGC 253 for the 11 HNCO tran-
sitions and 6 SiO transitions listed in Table 1. In this work we
only analyze the main isotopologue species for both molecules.
Also note that we only studied the K, = 0 transitions of HNCO
although in the ALCHEMI data sets some K, # O transitions
are also detected. This choice is made so that we focus on the
most robust detections, with the best signal-to-noise ratio (S/N)
across the CMZ. K, = 0 components are generally well above
the 100 level in the detected emission, while for K, = 1 com-
ponents, out of the ten regions surveyed, only two GMCs are
detected at <3 ~ 5 — o The higher energy K, > 2 components
are significantly weaker. For the sake of consistency, we ana-

lyze only the K, = 0 components for all the GMC regions. For
SiO, only the vibrational ground states (v = 0) were considered.
Table 1 lists relevant spectroscopic information for all HNCO
and SiO transitions studied in this article. The continuum sub-
traction and imaging processes performed for the data used in
this paper are described in Martin et al. (2021). The representa-
tive spectra of all HNCO and SiO transitions used in the current
work are shown in Appendix A.

2.2. Extraction of spectral-line emission

In order to extract integrated spectral-line intensities from our
data cubes, we use CubeLineMoment! (Mangum et al. 2019),
which employs a set of spectral and spatial masks to extract inte-
grated intensities for a defined list of target spectral frequencies.
As noted by Mangum et al. (2019), the CubeLineMoment mask-
ing process uses a brighter spectral line —whose velocity struc-
ture over the galaxy is most representative of our science target
lines (HNCO and SiO) in the same spectral cube— as a veloc-
ity tracer of the inspected gas component. Final products from
the CubeLineMoment analysis include moment O (integrated
intensity; Jy km sTH, 1 (average velocity; km s71), and 2 (veloc-
ity dispersion; kms~') images masked below a 3o threshold
(channel-based).

We selected 12 GMC regions with an aperture size equal to
the ALCHEMI beam size. These regions, listed as follows, were
then subjected to a quantitative analysis, which is described from
Sect. 3 onward: GMC 1a, 1b, 2a, 2b, 3, 4, 5, 6, 7, 8a, 9a, and
10. The choice of these regions is based on the regions identi-
fied by Leroy et al. (2015) using dense gas tracers, and details
are also discussed further by Behrens et al. (2022). In particu-
lar, the line intensity peaks in some of the GMCs on our line
intensity maps are often shown to be offset from the nominal
GMC positions identified by Leroy et al. (2015) in the outskirts
of the CMZ. From our HNCO and SiO maps, we adopt the clos-
est peaks to the GMC positions provided by Leroy et al. (2015)
for the data with the optimal S/N. These newly designated loca-
tions are GMC 1a, 1b, 2a, 2b, 8a, and 9a. The 12 selected GMC
locations are listed in Table 2 and marked in white solid circles
on the maps shown in Figs. 1 and 2.

For the selected transitions used in this work, our line-
intensity extraction with CubeLineMoment also includes assess-
ment for potential contamination from neighboring lines.
Following the procedure described by Holdship et al. (2021),
only two lines were found with line contamination beyond
the flux uncertainties: HNCO 12 1,—11¢,1; with 34% contam-
ination from HC3N 29-28 v = 0 (263.79230800 GHz), and
SiO 7-6 with 35% contamination from OCS 25-24 v = 0
(303.99326170 GHz). The correction concerning these line con-
taminations was applied to the measured line intensities before
further analysis was performed.

3. Velocity-integrated line intensities

In Figs. 1 and 2, we present the velocity-integrated line-intensity
maps from HNCO (40'4—30,3), HNCO (109,10—90), and SiO 2-1
transitions. The remaining intensity maps from other observed
transitions of the two species studied in the current work are pre-
sented in Figs. B.1-B.3. For each transition map, we also over-
laid all the 12 GMC regions listed in Table 2, and the ALCHEMI
beam size in the lower left corner in each map. The line

! https://github.com/keflavich/cube-line-extractor
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Table 1. HNCO and SiO transitions used in this work.

Transition @

Species Rest frequency E, Ay g, mJybeam ! to K@
[GHz] (K] [s7']

HNCO 404-303 87.9252 10.55 9.024e-06 9 0.062
S05—40.4 109.9057 15.82 1.803e-05 11 0.040
60.6—505 131.8857 22.15 3.163e-05 13 0.027
707-60.6 153.8651 29.54 5.078e-05 15 0.020
80.8—707 175.8437 3798 7.643¢e-05 17 0.015
90.9-8038 197.8215 47.47 1.095¢e-04 19 0.012
100,10—90.9 219.7983 58.02 1.51e-04 21 0.010
120.12-110.11 263.7486 82.28 2.631e-04 25 0.007
130,13—120,12 285.7220 9599 3.355¢-04 27 0.006
1401413013 307.6939 110.76  4.201e-04 29 0.005
150,15—140.14 329.6644 126.58 5.178e-04 31 0.004
SiO 2-1 86.847 6.25 2.927e-05 5 0.063
32 130.269 12.50 1.058e-04 7 0.028
4-3 173.688 20.84 2.602e-04 9 0.015
54 217.105 3126  5.197e-04 11 0.010
6-5 260.518 4376  9.118¢e-04 13 0.007
7-6 303.927 58.35 1.464e-03 15 0.005

Notes. We use HNCO and SiO molecular data from Niedenhoff et al. (1995), Sahnoun et al. (2018), Balanca et al. (2018) via the LAMDA database
(Schéier et al. 2005). @The transition quantum number labeling and the rest frequency data are from the Cologne Database for Molecular Spec-
troscopy (CDMS) catalog https://cdms.astro.uni-koeln.de/ (Miiller et al. 2001, 2005; Endres et al. 2016). ®The conversion factor from

[mJy beam™] to [K] described in Sect. 3 in each transition is provided.

intensities have been converted from [Jy beam ! kms™!] to
[K km s~']; the conversion factors are listed in Table 1.

3.1. Spatial distribution of the line emission

Looking at the spatial distribution of the line emission, the
brightest emission often occurs in the inner CMZ (e.g., GMC
3/6/7) for most transitions of SiO and HNCO, except for HNCO
404-303 where GMC la in the outermost CMZ is the bright-
est region as shown in Fig. 1a. Meier et al. (2015) found HNCO
40.4—303 to be distinctively prominent in the outer CMZ, which
is consistent with what we find here. On the other hand, these
authors also found that the HNCO(44—3¢3)/SiO(2-1) ratio
drops toward the inner CMZ. Meier et al. (2015) suggested that
this could be due to the decreasing shock strength and the erased
shock chemistry of HNCO in the presence of a dominating cen-
tral radiation field, or due to the different dependencies on tem-
perature in the partition function of each species, because SiO is
a linear molecule and HNCO is an asymmetric top (Meier et al.
2015). We want to highlight that such trends in the HNCO/SiO
intensity ratio do not apply to the higher-J transition pairs, as
we have already seen that the higher-J] HNCO transitions are
brighter in the inner CMZ (see also the comparison in Fig. 1),
as are all the SiO transitions. Such complexity cannot be cap-
tured by single-transition observations, which demonstrates the
importance of the multi-line observations and analysis we per-
form here. The trend of the intensity ratio of these two species
from our data is briefly discussed in Sect. 3.2.

Within each GMC region, we further extract the beam-
averaged line intensities across all available J transitions, and
build up the so-called spectral-line energy distribution (SLED)
by populating the same diagram with the line intensities ordered
according to transition upper-level energy, E, [K]. Figures 3 and 4
show the HNCO and SiO SLEDs, respectively. In both sets of
SLEDs, we group all the collected results by color to highlight the
similarities and differences in shape (the “magnitude” of the lad-
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Table 2. All 12 selected NGC253 GMC positions described in
Sect. 2.2.

GMC RA(ICRS) Dec(ICRS)
(00P 47™)  (=25°17")
GMCla 3139344 2877822
GMC1b 3250494 25827
GMC2a 3231985 217379
GMC2b 3233449 187886
GMC3 3288056 217552
GMC 4 3289736 197968
GMC5 3352112 17412
GMC 6 33%3312 157756
GMC7 3336432 1377272
GMC8a 3339443 1077888
GMC9a 341287 1277040
GMC10 3432360 07836

der, and where the ladder peaks in terms of E,,) among the GMCs.
In particular, it is clear that the excitation conditions for HNCO
vary substantially from one GMC to another. Globally, there is a
distinction between the inner (GMC 3, 4, 5, 6, 7, represented with
colored SLEDs in Fig. 3) and the outer (SLEDs in black in Fig. 3)
regions of the CMZ. In the inner CMZ, we also find variation in
the shapes of the molecular ladders, suggesting that interesting
physics and chemistry are taking place. This variance among the
subset of GMCs in the inner CMZ can be grouped as follows:
GMC3 and GMC6 (in cyan), GMC4 and GMCS (in green), and
GMCT7 (in orange). The first two groups -GMC3,6 and GMC4,5—
have the brightest emission at mid-J excitation, between J = 7-6
and J = 12-11, across all HNCO transitions. Nevertheless, the
GMC3,6 group has greater overall line intensities than GMC4/5.
GMCT7 tends to peak at lower E,, suggesting that HNCO may be
tracing colder gas in the inner CMZ. The SiO SLEDs (Fig. 4) have
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Fig. 1. Velocity-integrated line intensities in [Kkm s7'] of the HNCO
transitions: (4%4-3%%) and (10%1°-9%%)_ in (a) and (b), respectively.
These two transitions are representative of the drastic variation in the
trend of brightness from outer to inner GMCs. The rest of the HNCO
line intensity maps are provided in Appendix B. The studied GMC
regions as listed in Table 2 are labeled in white text on the map. The
ALCHEMI 1776 x 1’/6 beam is displayed in the lower-left corner of the
map.

very similar shapes across all the GMCs, as also seen in the inten-
sity maps over different J levels.

We note that neither HNCO nor SiO traces GMCS5 particu-
larly well in most of the transitions. Also, absorption features
—due to the fact that line emission is observed against the strong
continuum toward the center of the galaxy and self-absorption
in the potentially optically thick regime in GMC5- have been
reported from multiple ALCHEMI studies with different species
(Meier et al. 2015; Humire et al. 2022). Such features are also
seen in our data for GMCS5. To interpret the values extracted
from this region requires extra caution and a proper radiative-
transfer modeling involving strong continuum emission in the
background, which is beyond the scope of the present study.
Additionally, in GMC10, there is a lack of detection in most tran-
sitions as shown in gray points in the SLEDs in Figs. 3 and 4.
As a result, we do not discuss these two regions (GMC 5, 10)
any further.

3.2. Line-intensity ratios

Variations in specific molecular line ratios are often used as
probes of the physical characteristics and energetic processes
in galaxies (see detailed discussion by Krips et al. 2008). This

SiO(2-1)

-25°17'05" 100 pc
10"

15"

20"

Dec (ICRS)

25n

30"

0"47m34.5°

34.0° 33.5° 33.0°

RA (ICRS)

32.5° 32.0°

Fig. 2. Velocity-integrated line intensities of the SiO (2-1) transition
in [Kkms™']. The remaining SiO line-intensity maps are provided in
Appendix B. The studied GMC regions as listed in Table 2 are labeled
in white text on the map. The ALCHEMI 176 X 1”76 beam is displayed
in the lower-left corner of the map.

method relies on the assumption that the ratio of spectral-line
intensities may be proportional to the ratio of column densities,
under the assumption of optically thin LTE.

The SiO/HNCO molecular line intensity ratios have often
been used as an indicator of shock strength in the past (e.g.,
Meier et al. 2015; Kelly et al. 2017), with SiO often referred to
as a strong-shock tracer and HNCO a weak-shock tracer. How-
ever, Meier et al. (2015) find that the higher SiO(2-1)/HNCO
(494-3%3) ratio in the inner CMZ of NC253 than in the outer
regions may not be explainable by the shock strength alone. In
the discussion by Meier et al. (2015), two additional arguments
were evoked besides the difference in shock strengths to explain
the trend of (SiO 2-1/HNCO 4%%-303): the erased shock signa-
tures due to photodissociation regions (PDRs) or UV fields and
the different dependence of the partition function (Z) on temper-
ature (at LTE).

The partition function of both species, Zynco and Zsio, can
be approximated to be proportional to «7%/? and «T for asym-
metric tops and linear rotors, respectively. To test whether the
difference in partition function could explain the observed trends
in NGC 253 apart from the differentiation in their chemical
abundances, we chose two pairs of SiO and HNCO transitions,
SiO (2-1) and HNCO (4%4-3%3) and SiO (7-6) and HNCO
(10%19-99%9) based on the close upper-level excitation energy
state within each pair (~10K and ~58 K, see Fig. C.1). More-
over, the line intensity ratios from these two pairs cannot be
well explained by optically thin LTE: the latter would imply
SiO(7-6)/HNCO (10%1°-9%9)] > [SiO(2-1)/HNCO (4°4-3%3) in
all GMCs. In Fig. C.1, we see the opposite trend (see also
Table 3) between the two pairs of ratios.

Finally, we remark that our conclusion that the gas is not in
optically thin LTE remains valid regardless of the dependence of
the partition functions on temperature. The assumption of opti-
cally thin LTE implies a single excitation temperature. In our
case, when we compare different pairs of SiO/HNCO ratios from
different J levels, the associated partition function should remain
the same for each molecule. In this regard, we conclude that
the regions we investigated are generally not exhibiting optically
thin LTE emission. One final caveat concerning the line inten-
sity ratio and the partition function is that, at higher gas temper-
atures, the vibrational contribution of the partition function may
be relevant and is transition-level dependent. This may affect our
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derivation of physical quantities such as the column density (e.g.,
Endres et al. 2016; Carvajal et al. 2019) but as this may be rel-
evant only for this initial LTE analysis, we do not discuss this
further. In the following modeling section, we therefore remove
the optically thin LTE assumption from our analysis.

4. Modeling analysis

The relative distribution of the observed line intensities of SiO
and HNCO across the CMZ and over the excitation levels is
likely a consequence of chemical as well as physical differen-
tiation across the CMZ. In this section, we present our nonL.TE
radiative-transfer and chemical modeling in parallel in order to
disentangle the chemical from the physical effects and ultimately
attempt to characterize the shock history of the gas.

Unlike the analysis performed by Holdship etal. (2021,
2022), and Behrens et al. (2022), where these authors cou-
pled the radiative-transfer code RADEX with the chemical code
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UCLCHEM and performed a Bayesian inference, we intentionally
separated the two modeling processes and performed them in
parallel. One of the advantages of this approach is that we inde-
pendently obtain the best fit for the abundances, which require
to be consistent for either model to be validated. We describe
our nonLTE radiative-transfer modeling analysis with RADEX in
Sect. 4.1, and the chemical modeling with UCLCHEM in Sect. 4.2.

4.1. NonLTE radiative-transfer analysis

For the nonLTE analysis, we used the radiative-transfer
code RADEX (van der Tak et al. 2007) via the Python package
SpectralRadex? (Holdship et al. 2021) using HNCO and SiO
molecular data (Niedenhoff et al. 1995; Sahnoun et al. 2018;
Balanga et al. 2018) from the LAMDA database (Schoier et al.
2005). This allows us to account for how the gas density and

2 https://spectralradex.readthedocs.io
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Table 3. SiO/HNCO line intensity ratios.
Ratio pair la 2b 3 4 6 7 8a 9a
Isoe-1/lincodes—3) 050 038 139 401 264 107 050 038
O ratio (0.107) (0.079) (0.294) (0.826) (0.548) (0.227) (0.106) (0.081)
Tsio7—6) /THNCOU0n 90y 0.82 - 0.2 031 041 0.4 0.1 -
O ratio (0.179) ) (0.026) (0.065) (0.086) (0.029) (0.025) )

temperature affect the excitation of the transitions in the nonLTE
regime and to constrain three physical parameters of interest: gas
density (ny»), gas temperature (7i,), and the modeled species
total column density (Ngpecies) as well as the beam-filling factor
(1760)-

We coupled the RADEX modeling with a Bayesian inference
process to infer gas properties in order to properly sample the
parameter space and obtain reliable uncertainties. The posterior
probability distributions and the Bayesian evidence are derived
with the nested sampling Monte Carlo algorithm MLFriends

(Buchner 2016, 2019) using the UltraNest package® (Buchner
2021). Similarly to the approach adopted by Huang et al. (2022),
we assume priors of uniform or log-uniform distribution within
the determined ranges (given in Table 4) and assume that the
uncertainty on our measured intensities is Gaussian so that our
likelihood is given by P(dld) ~ exp(-3x?), where y? is the chi-
squared statistic between our measured intensities and the RADEX
output for a set of parameters 6.

3 https://johannesbuchner.github.io/UltraNest/
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Table 4. Prior range adopted for our parameter space explored in the
RADEX-Bayesian inference process described in Sect. 4.1.

Variable Range Distribution type
Gas density, ny, [cm™] 102-108 Log-uniform
Gas temperature, Ty, [K] 10-800 Uniform
N(SiO) [cm™?] 1012-10'8 Log-uniform
N(HNCO) [cm™?] 10'2-10"8 Log-uniform
Beam filling factor, ng 0.0-1.0 Uniform
Notes. The beam-filling factor is defined as: ng = %
GMB+6’S

In general, this analysis is confined by the assumption that
all of the molecular transitions arise from a single and homoge-
neous gas component. This assumption can only offer an aver-
aged view for the gas properties given the limited resolution of
the observations, and the different critical densities of the avail-
able transitions. Despite that, if variations in gas temperature and
density within each GMC region are not too steep, the inference
should still be able to provide an indication of the average gas
properties in the nonLTE study.

Figures 5-7 show the most representative cases of the poste-
rior distribution among the sampled GMC regions. The remain-
ing GMC cases are shown in Appendix D. The inferred gas
properties from our GMCs are also listed in Table 5. Owing to
the high quality of the ALCHEMI data and the ample number
of transitions per species, most of the inferred gas properties
are well constrained, which is a real benefit for further physi-
cal interpretation. In some circumstances, when RADEX fitting
struggles to find a good solution, it may produce a solution where
both ny, and Ty, are at the edges of the parameter space, with
either (low-ny,, high-Tyiy) or (high-ny,, low-Tiiy); this is a well-
known degeneracy in the ny,—T\in space. However, we did not
find this to happen often. It is also worth noting that for some
GMCs (e.g., GMC 6 and 1la), we did find cases with an optical
depth —as predicted by RADEX-Bayesian analysis— of greater
than unity for some of the SiO and/or HNCO transitions; this
is compatible with our conclusion in Sect. 3.2 concerning non
optically-thin LTE conditions.

Overall, HNCO appears to trace denser and cooler gas com-
ponents compared to SiO across all the GMCs. On the other
hand, the HNCO total column density is systematically lower
than SiO. This suggests the two species trace distinctively differ-
ent gas components. The total column density of each species is
a function of gas density, emission-region size, and the fractional
(relative to hydrogen) abundance of the species. If one assumes
the beam-filling factors from HNCO and SiO are comparable
(e.g., GMC 9a — Fig. 7), suggesting the emission region traced
by both species is also comparable, this suggests that the frac-
tional abundance of HNCO may be systematically smaller than
that of SiO.

We also want to highlight that the gas temperature probed
by SiO in most GMC:s is hot (7" > 400 K), hinting at the pres-
ence of shock heating. The two exceptions are GMC 2b and 8a,
but both are still relatively warm (7' > 200 K). If both require
shocks, these suggest that the two groups of GMCs are simply
at different post-shock cooling stages or that they are affected by
different types of shocks.

There are a few GMCs that are particularly interesting. The
gas traced by HNCO in GMC 1a points to a relatively low gas
density (np ~ 10° cm™3) and high gas temperature (Tyip, ~
230 K) compared to the rest of the GMCs traced by HNCO. The
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Fig. 5. Bayesian inference results for the gas properties traced by HNCO
(green) and SiO (blue) of the GMC 1a region. The corner plots show the
sampled distributions for each parameter, as displayed on the x-axis.
The 1D distributions on the diagonal are the posterior distributions for
each explored parameter; the remaining 2D distributions are the joint
posterior for the corresponding parameter pairs on the x- and y-axes.

chemical modeling performed by Kelly et al. (2017) with a stan-
dard CRIR (=1.3 x 10~'7 s7!) showed that thermal sublimation
cannot account for the HNCO enhancement with such low den-
sity for the gas and dust, which are not well coupled. How-
ever, in the case of NGC 253, multiple works have revealed high
CRIR (~107'#~10"""s71) for all GMCs (Holdship et al. 2021,
2022; Harada et al. 2021; Behrens et al. 2022). We discuss this
further in Sect. 4.2.1. On the other hand, the gas traced by HNCO
in GMC 7 points to a very low gas temperature (T ~ 24 K)
compared to all the other GMCs. In Sect. 4.2.2, we will fur-
ther explore the possibility of thermal sublimation of HNCO
at low temperatures. It is also interesting to compare GMCs
of comparable temperature (7, > 50), as traced by HNCO in
GMCs 4 and 6: here we find that GMC 6 has a higher abundance
of HNCO (by a factor of two) than GMC 4. This was already
suggested by the SLEDs shown in Sect. 3, where the HNCO
SLED of GMC 6 showed greater brightness overall than GMC
4 despite their peaks all leaning towards a similar E,. Finally,
caution needs to be taken when interpreting our HNCO observa-
tions in GMC3, as although it appears that both gas density and
gas temperature are constrained, in reality the ny, peak and Ty,
peak point to two degenerate sets of solutions. We list the best fit
with best likelihood values in Table 5.

4.2. Chemical modeling

The RADEX and Bayesian inference process is “blind” to chem-
istry in so far as the chemistry behind each species is not
taken into consideration: this may result in chemically unfeasi-
ble “best-fit” parameters. In this section, we therefore perform
chemical modeling with the open-source time-dependent gas-
grain UCLCHEM* code (Holdship et al. 2017) in order to further

4 https://uclchem.github.io
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Table 5. Inferred gas properties traced by HNCO and SiO from the Bayesian inference processes over four selected regions across GMCla-9a
(Cols. 2-5).

GMC  Species log(nn,) Tiin logo(Nspecies) N Tdissipation Tshock Tshock,joint
[em™’] (K] [cm™2] [yr] [yr]
la HNCO 292703 230.1*)35 15687032 0.82°013  ~10*  >Tissipation ~10°
Sio 237704 472, 1012‘; };’; 1633*03¢ 03607 ~10° ~T gissipation -
2b HNCO 4337013 39.827807 15.025039  0.54%031  ~10°  >Tigipuion 210
Si0 221%)% 201 39+§g7sg7 16587018 017060 ~10° >T gissipation -
3@ HNCO >6 <100 1544709 0.28%04 10! > Tdigsipation  ~10°
SiO  3.93%042  649.40710883 1573088 0.09*0%%  ~10°] ~T dissipation
4 HNCO  6.73%0%  64.9073%56 15.00°118 0317045 ~10'  >Tgipwion = ~10°
Si0O 40705} 6140871352 1593*131 0.06%00  ~10° ~T dissipation -
6 HNCO  6.017}17  57.09713219 15367078 033704 ~10'  >Tgipaion  ~10°
SiO 4207050 5159070281 1653709 0.05*002  ~10° ~T dissipation -
7 HNCO 5867128  24.28+332 15327047 045038 ~10'  >Tggipaion  ~10°
Si0  2.85%0% 6562471919 16.027048 0421924 ~j0* ~T dissipation -
8a HNCO  4.13701%  8541%1%:3 14957043 0. 57*3 gg ~10°  >Tgsepation  210°
SiO 2167019 250.24*1%2  16.58*00  0.16703¢  ~10° >Tgissipation -
9a HNCO  4.20707¢  49.7179¢2 15177962 051703 ~10°  >Tgigipaion  ~10°
Sio 2517 %  501.0371%33  16.21%037  0.25%0-0 ~10° ~T dissipation -

Notes. We also list the relevant shock timescales derived in Sect. 5.2 (Cols. 6-8). “The bi-modality of inferred gas properties in GMC 3 traced by

HNCO is explained in Sect. 4.1.
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Fig. 6. As in Fig. 5, but for GMC7, as a representative region for the
inner GMCs.

disentangle and constrain the chemical origin of the observed
HNCO and SiO emissions. UCLCHENM is a gas-grain chemical
modeling code that incorporates user-defined chemical networks
to produce chemical abundances along user-defined physics
modules that can simulate a variety of physical conditions.
Compared to the older version of UCLCHEM used by
Kelly et al. (2017), the latest UCLCHEM v3.1 includes updated
chemistry and physics modules. Of importance to this study,
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Fig. 7. As in Fig. 5, but for GMC9a, as a representative region for the
outer GMCs.

UCLCHEM v3.1 includes an improved sputtering module in
the parameterized C-shock model following Jiménez-Serra et al.
(2008) as well as a three-phase chemistry where chemistry is
computed for the gas phase, the grain surfaces, and the bulk
ice. These improvements ensure a better treatment of the sput-
tering of refractory species such as Si-bearing molecules during
the shock process. Aside from these technical differences, we
also tailored our modeling for NGC 253, using a much higher
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CRIR than the standard galactic CRIR; that is, we used { =
103734, while £y = 1.3x 1077 57! is the standard galactic CRIR
(Holdship et al. 2021, 2022; Harada et al. 2021; Behrens et al.
2022).

Chemical modeling with UCLCHEM typically involves two
evolutionary stages. In our models, Stage 1 starts with the gas
in diffuse atomic or ionic form and follows the chemical evo-
lution of the gas and ices undergoing free-fall collapse up to a
final density at the end of Stage 1. Based on the recipe described
by Holdship et al. (2017), the initial elemental abundances are
assumed to be solar. The temperature is set at 10 K. The output
of this stage is a model of a typical quiescent molecular cloud.
In our case, we assume that the gas-phase elemental abundance
of Si has been depleted from solar level (Si/H~4.07 x 1075,
Lodders 2003) so that 99% of the Si is incorporated into the
grain cores.

In Stage 2, we explore both shock (Sect. 4.2.1) and non-
shock (Sect. 4.2.2) scenarios. For the shock models, we run a
grid where we vary the following parameters: pre-shock gas den-
sity, post-shock gas temperature, shock velocity, and CRIR (or
{). In Table 6, we list the parameter space explored in our Stage
2 chemical modeling analysis.

For the post-shock gas, we assume that the post-shock gas
temperature 7 post—shock 1S ~50 K in order to cover most low tem-
peratures measured in Sect. 4.1 as well as the dust tempera-
tures (Ty; = 35K) measured by Leroy etal. (2015) and the
kinetic temperature (7 ~ 50K) measured in less-dense gas
(nw2 ~ 10* cm™?) by Mangum et al. (2019).

4.2.1. Effects of the passage of C-shock(s) on the GMCs of
NGC 253

The left panels of Figs. 8—11 show examples of our C-shock
modelings. From our grid of models, we selected v, = 10kms™!
and v; = 50kms~! as the most representative cases from our
velocity grid for the slow and fast shock scenarios, respectively.
In each figure, we present cases associated with a specified pre-
shock density, such as ny> = 10° cm™3, and each plot within the
figure shows a case study with a specific combination of shock
velocity (vs) and CRIR (¢).

In each case, we plot the time evolution of the gas-phase
molecular abundances of: HNCO (blue), SiO (orange), and Si
(green). We also plot the gas temperature over time (red dashed)
following the heating due to the shock as well as the mini-
mum abundance imposed by the best fit from RADEX analysis
(dashed horizontal lines), which is discussed in Sect. 5.1.

Overall, we see an enhancement of the SiO abundance during
both slow (s = 10kms™") and fast (v, = 50km ™) shocks, with
the fast shocks leading to a much higher SiO abundance than
achieved during the slow shocks. In the fast-shock condition, our
main formation route of SiO depends on the gas density. In the
lowest gas density case (ny> = 10° cm™), it is through the gas-
phase reaction:

SiOH* + €~ — SiO + H, 1)
while for higher density gas (ng, > 10* cm™), the formation of
SiO is mainly through the following gas-phase reaction:
Si+ OH — SiO + H. 2)

The main destruction route is via cosmic-ray induced photore-
actions (expressed as “CRPHOT” in Eq. (3)) and/or other ionic
particles (e.g., H;0™, Hg', H*) such as:

SiO + CRPHOT — Si + O, 3)
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SiO + H30" — Si + H,O0. 4

We also see that a high CRIR (£ = 10°) appears to further
suppress the chemical abundances of SiO. In the higher density
cases (np > 10% cm™?), this is due to the fact that the most effi-
cient formation route for SiO is via neutral-neutral reactions of
Si with OH (Eq. (2)). In a high-CRIR environment, both OH and
Si are dissociated and ionized, respectively, more efficiently. In
the lowest density case (ny, = 10% cm™3), the formation route
described in Eq. (1) is also much less efficient at higher CRIR.

It is clear that SiO is heavily enhanced by fast-shock sputter-
ing across the densities studied. The inferred gas densities traced
by SiO in Sect. 4.1 are ny; < 10* cm™>, and in these regimes the
SiO enhancements are all dominated by fast-shock chemistry.

In contrast, in most cases, HNCO is enhanced in slow (vs =
10km s~!) shocks rather than in fast shocks. Our main formation
route of HNCO is on the dust grains followed by desorption:

NH + CO — HNCO, (5)

which is not viable when the ices are fully sputtered as in the
fast-shock scenario, causing the associated low abundance of
HNCO. Meanwhile, the destruction of HNCO is mainly through
two gas-phase routes:

HNCO + CRPHOT — NH + CO, 6)

)

However, for cases with pre-shock gas density g, = 103 cm™,

none of the shock scenarios lead to sufficient HNCO to be
detectable. The formation route described in Eq. (5) is never
efficient enough at such low gas density. Nevertheless, our ear-
lier analysis suggests some GMCs have a gas density of ~nyp =
10 cm™?; for example, GMCla. The HNCO in this cloud cannot
therefore be matched by any shock model. We speculate that this
failure to reproduce a sufficient abundance of HNCO may be due
to one of the following reasons: (1) An incomplete gas or surface
HNCO network in our chemical modeling. (2) A best-likelihood
case in the RADEX-inferred gas properties that is not necessarily
chemically feasible; for example, a fit in the [npyy, Tkin, column
density] space can be chemically unfeasible if the best-fitn and T
cannot lead to abundances predicted by chemical modeling that
lead back to the best fit of the column density. We investigate
this possibility in Sect. 5.1. (3) Observationally, we may also be
averaging over a multi-component gas that is denser and more
compact within our beam. (4) HNCO may not be tracing the
shocked gas in these low-density GMCs but may be enhanced
by a different physical or chemical process. We explore this lat-
ter possibility in Sect. 4.2.2 with nonshock chemistry.

Finally, we note that Behrens et al. (2022) found that the
inferred CRIR (¢) is bimodal for GMC 1, with a main peak
at 103y and a second peak at 10y, although the model with
low CRIR was considered likely to be unphysical (Behrens et al.
2022). Hence, in Fig. F.1 we also show the C-shock chemical
modeling with a CRIR of { = {p and ¢ = 10y. We indeed also
find that with a lower CRIR, the HNCO abundance increases.
However, it is still about ten times lower than the “observed”
value, as further discussed in Sect. 5.1. The chemical model with
low CRIR is still not able to explain our measurements toward
GMC la.

HNCO + Hf — NHj + CO.

4.2.2. Chemical evolution of nonshocked gas

As mentioned above, HNCO may be the product of thermal sub-
limation rather than shock sputtering as long as the gas and dust
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Table 6. Parameter space explored in our chemical modeling.

Variable

Grid

Pre-shock/Initial gas density, g, [cm™]
C-shock velocity, vghock [kms™']

CRIR ¢ [4o]

Physical model

Post-shock gas temperature, T [K]

[103, 10%, 10°, 10%]
[5.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0]
[10%, 10°]
Shock or nonshocked scenario
50

Notes. We note that £, = 1.3 x 1077 s7! and Xsj gas0 = 4.07 x 1075.

are well coupled. In order to test whether such a mechanism can
efficiently boost the HNCO abundance in the gas where densi-
ties are as low as 10° cm™ we use UCLCHEM to model the chem-
ical evolution of a gas that is warmed up without the presence
of shocks. This scenario could be representative of gas being
warmed by the presence of star-forming processes (including
outflows), and/or X-ray or cosmic rays. The physical module
within UCLCHEM allows the temperature to increase over time.

We adopt two typical maximum temperatures inferred from
HNCO observations, namely 50K and 200K, which capture
most of the temperature ranges traced by HNCO as presented
in Sect. 4.1, and the low temperatures measured in the literature
as discussed earlier (Leroy et al. 2015; Mangum et al. 2019). We
show the results of this modeling in the panels on the right in
Figs. 8—11. From these figures, it is clear that neither HNCO nor
SiO is sufficiently enhanced to match any of the observations.
We test this scenario also with a lower CRIR (¢ = 1{y, Fig. F2)
and find that only cases with high temperatures (200 K) and
dense gas (ngp > 10* cm™3) show a noticeable enhancement of
HNCO abundance. However, none of the best-fit physical prop-
erties of any of our GMCs are consistent with such combinations
of density and temperature. We also note that for GMCs (GMC
2b, 7) that probed even lower gas temperatures traced by HNCO
than the lowest-T case tested here, of namely 50K, given that
none of the 50K cases could reproduce sufficient HNCO, we
expect no thermal sublimation to be feasible at these GMCs.

In summary, we do not find a reasonable nonshock model
that can produce the high HNCO abundance we observe from
the CMZ of NGC 253, particularly for gas densities as low as
10° cm™3.

5. Discussion

5.1. Are the RADEX-inferred gas properties chemically
feasible?

The RADEX-inferred gas properties are the gas density (ny2),
gas temperature (7yi,), and the column density of the species
(Nunco and Ngip). Chemical models, on the other hand, are pro-
vided with initial densities and temperatures and compute the
chemical abundances of HNCO and SiO as a function of time. In
this section, we attempt to determine whether the physical con-
ditions inferred by our radiative-transfer inference analysis are
compatible with the chemistry. The column density of a species
can also be related to its chemical abundances predicted from
chemical modeling, via the following on-the-spot approximation
(Dyson & Williams 1997):

Nspecies =ng X Nua X Xspecies
~ng X N2 X 2RGMC,i X Xspecies(nHZs Us, ), (8)

where ng is the beam filling factor, ny, is the hydrogen col-
umn density, Xspecies 1 the fractional abundance of our species

(with respect to the total number of atomic hydrogen nuclei), and
Romc; is the radius of the GMC in consideration. We assume
spherical clouds and approximate the line-of-sight depth with
the plane-of-sky “diameter” of a GMC, namely 2 X Rgmc, to be
multiplied with the gas volume density for the estimate of col-
umn density. As the chemically predicted abundance is depen-
dent on various factors, we express it as Xgpecies(1H2, Us, -..) in the
last equality. Nypecies, as defined using the above expression, must
therefore be less than or equal to

Nspecies <1.0x IH2 Bayesian X 28 pcX Xspecies(nHZ,Bayesian, Us, ~--)max’

©))

where the beam-filling factor, which may range between 0.0 and
1.0, was here assumed to be equal to 1 in order to obtain an upper
limit on this estimate. The cloud diameter was taken to be the
size of the beam, and we consider only the maximum abundance
derived from the chemical models.

In other words, the above relationship determines whether
the column density (estimated by the radiative-transfer analy-
sis) can be reproduced by the chemical models computed with
the parameters derived from the radiative-transfer modeling. The
results of this verification are reported in Tables 7 and 8 for all
our GMCs.

Indeed, this verification confirms what we qualitatively
found in Sect. 4.2.1, namely that in cases where the best fit
for the pre-shock gas density is ng = 10°cm™ (case solely
for GMC 1a), we cannot reconcile the HNCO column density
inferred by the radiative-transfer analysis with what is chemi-
cally feasible. For all the other cases, the relationship in Eq. (2)
is satisfied.

In addition, we mentioned in Sect. 4.2.1 that we saw
an enhancement of SiO abundance during both slow (vs =
10kms™") and fast (vs = 50kms~!) shocks, but the fast shocks
lead to a much higher SiO abundance than the slow shocks. More
specifically, we find that the “enhanced” SiO abundance via slow
shocks is insufficient compared to the RADEX-inferred results
for the low -density case, that is ny; = 10° cm™ (top figure in
the left panel of Fig. 8), using the same relation in Eq. (9). For the
case where ny; = 10*cm™3, although the predicted SiO result-
ing from slow shocks is sufficient, the high temperature mea-
sured from RADEX in these cases (GMC 4 and 6), T > 500K, is
not expected in the slow-shock models. This again reinforces the
conclusion we drew in Sect. 4.2.1, that the abundance enhance-
ment of SiO is dominated by fast-shock sputtering across the
densities studied.

5.2. Physical interpretation of the gas properties

The current understanding of the shock chemistry as traced by
HNCO and SiO is built upon many previous studies. The good
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Fig. 8. Chemical abundances as a function of time for shocked (left panel) and nonshocked gas (right panel). The pre-shock gas density in the shock
models and the gas density in nonshock models is 10° cm™. The red dashed curve represents the temperature profile, with the temperature scale on
the vertical axis on the right, also in red. For the shock models, within each panel we present from top to bottom: [shock velocity (v;) = 10kms™!,
CRIR (£) =10%%], [shock velocity (v5) =50kms™", CRIR (£)=10%/,], [shock velocity (v,) = 10kms™', CRIR ()= 10°Z], and [shock velocity
(v,) =50kms™~!, CRIR = 10°;]. The two selected temperatures for the nonshock models are 50 K and 200 K. The colored horizontal dashed lines
indicate the lower limit of the species fractional abundances “measured” from our RADEX-Bayesian inference based on observational data and
with an assumed hydrogen column density; see Sect. 5.1, for HNCO (blue) and SiO (orange), respectively. The fractional abundance values used
are the minimum derived values among GMCs. For example, the SiO reference line (orange) is from values “measured” at GMC 7 as listed in
Table 5, which provides the lowest “measured” fractional SiO abundance among all cases with gas density ny, lower than 10° cm™.

correlation between HNCO and SiO revealed in Galactic dense
molecular cores by Zinchenko et al. (2000) suggests that both
species trace shocks, although the absence of HNCO in the
higher velocity wings observed in the SiO spectral profile also
hinted to the fact that high-velocity shock conditions may sup-
press the HNCO abundance. However, a follow-up survey over
sources towards the Galactic center performed by Martin et al.
(2008) reveals that HNCO can also be heavily destroyed by
UV radiation in PDR regions (later also found in NGC 253
in Martin et al. 2009a). On the other hand, chemical model-
ing of HNCO and SiO in NGC 1068 performed by Kelly et al.
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(2017) confirmed that the HNCO abundance can be suppressed
in high-velocity shocks due to the destruction of its precursor,
the molecule NO. The analysis of HNCO and SiO in this work
leads us to the conclusion that in at least most of the GMCs,
HNCO and SiO emission can only be explained by the presence
of shocks.

With this clear association between shock chemistry and our
observed HNCO and SiO emission, the highly varying inferred
gas properties across the GMCs may be the result of indepen-
dent shock episodes. In this section, we use the physical prop-
erties inferred by the radiative transfer analysis coupled with
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Fig. 9. As in Fig. 8, but for a pre-shock gas density in (a) and a gas density in (b) of 10* cm™.

the assumption that each GMC is subjected to the passage of a
shock to estimate a rough timescale of the history of the shocks.
Specifically, the “dissipation time” (Tgissipation) 1 defined as the
timescale when the velocity of ions and neutrals is equal, and
can be viewed as the timescale over which the shock dissi-
pates, or alternatively the shock-influence timescale. Tgissipation 15
estimated by dividing the shock-dissipation distance described
by Holdship et al. (2017) by the shock velocity, and depends
solely on the pre-shock gas density. The larger the gas den-
sity, the shorter the timescale. From the post-shock temperature
of the gas (derived from the UCLCHEM modeling), we can also
roughly estimate the post-shock cooling timescale (Tghock) rela-
tive (O Tgigsipation- 1he two timescales can be qualitatively related
in the following way:

Hot(T > 400 K) :Tgpock ~ Tdissipation »
Half-way cooling(T" ~ 200 K) :Tgnock > Tdissipations
Cold(T < 100K) :Tgnock > Tdissipation-

(10)

If the gas component remains hot, with the inferred gas tem-
perature (Tyi,) from the RADEX-Bayesian inference described
in Sect. 4.1 being higher than 400 K, the region is possibly still
under the influence of a shock episode, and therefore the age
of the shock (Tghock) 1S comparable to the dissipation timescale
(Tdissipation)- The same logic is applied to the remaining two cases,
that is, the half-way cooling and cold-gas conditions. Using
Eq. (10), the inferred age of the shock (7hock) from each species
for each GMC is listed in Col. 7 of Table 5.

Making one further assumption that the HNCO and SiO
observed arise from the same shock episode, we can also take the
intersection of both shock timescales and derive the joint shock
timescale, Tshock joint- If there is no intersection between the SiO-
shock timescale and HNCO-shock timescale, it may indeed be
that the two molecules arise from different shock episodes, not-
ing however that an “intersection” between the two timescales
does not necessarily prove the opposite. The resulting “joint”
shock timescale (Tghock joint) from this qualitative comparison is
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Fig. 10. As in Fig. 8, but for a pre-shock gas density in (a) and a gas density in (b) of 10° cm™3. The auxiliary line that indicates the lower limit
of SiO (orange) fractional abundances “measured” from our RADEX-Bayesian inference is missing compared to Figs. 8 and 9 in the current case
because observationally we do not find any GMC that is associated with such a high gas density.

listed in the final column of Table 5 and displayed qualitatively
in the bottom panel of Fig. 12. The Tgock joine f GMCs (GMC
4, 6, 7) from the inner CMZ tends to be smaller than that of the
outer GMC:s. In other words, this suggests the shocks in the inner
GMC:s tend to be younger (Tsnock joint ~ 103 yr) than those in the
outer GMCS (Tghock joint = 10° yr).

5.3. Origin(s) of the shocks

In this section, we qualitatively explore the possible origin(s)
of the shocked environments probed via our HNCO and SiO
observations. We propose three main possible scenarios that can
lead to shocks within individual GMCs, as illustrated in Fig. 12:
(1) shocks induced by outflowing material from “burst(s)” of
star formation in the central region of each GMC (marked in
black labels); (2) turbulent shocks induced by star-formation
episodes in scattered locations within each GMC (marked with
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purple label); and (3) shocks induced by cloud—cloud collisions
(marked with the orange label). In Fig. 12, we also place the
relative layout of two possible line-of-sight (LOS) orientations
relative to the physical setting in individual GMCs, which is not
necessarily aligned with the galactic plane of NGC 253. We use
the ALCHEMI beam (1”7.6 ~ 28 pc) as the GMC size —plotted
as a solid blue circle— noting that of course GMCs will be of
different sizes.

As the first potential source of shocks, the outflow can either
induce: (1a) turbulent shocks on the working surface between the
outflow and the ambient material (setup la in Fig. 12), or (1b)
could also directly push the ambient material along the normal
direction, and create “bow” shocks along the outflow (setup 1b
in Fig. 12). Both setups are marked in black labels in Fig. 12.

For the second potential shock source, the HNCO and SiO
emission could also be an ensemble from random locations and
determining a timeline such as Tgockjoint in Sect. 5.2 for the
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Fig. 11. As in Fig. 8 but for a pre-shock gas density in (a) and a gas density in (b) of 10° cm™. The auxiliary line that indicates the lower limit
of SiO (orange) fractional abundances “measured” from our RADEX-Bayesian inference is missing compared to Figs. 8 and 9 in the current case
because observationally we do not find any GMC that is associated with such a high gas density.

Table 7. Comparison between the observations-inferred species column  Table 8. Comparison between the observation-inferred species column

density and the chemical modelings for HNCO. density and the chemical modelings for SiO.
GMC LHS RHS LHS <RHS? GMC LHS RHS LHS <RHS?
la 101568 101264 NO la 101633 10!74! YES
2b 1015.02 1019.04 YES 2b 1016.58 1017.25 YES
3 1015.44 1019.82 YES 3 1015.73 1018.97 YES
4 1015.09 1021.38 YES 4 1015.93 1019.60 YES
6 1015.36 1020.66 YES 6 1016,53 1019.73 YES
7 101332 10205 YES 7 106021078 YES
8a 1014.95 1018.84 YES 8a 1016.58 1017.20 YES
9a  10'317 1089 YES 9a  10'¢2! 107 YES

Notes. LHS and RHS refer to the left-hand-side and right-hand-side of ~Notes. LHS and RHS refer to the left-hand-side and right-hand-side of
the inequality described in Eq. (9). the inequality described in Eq. (9).
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Fig. 12. Sketch (not to scale) of the three possible sources for star-formation induced shocks in the GMCs within the NGC 253 CMZ. We illustrate
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of shocked gas in each GMC. We assume the size of individual GMCs is comparable or larger than the ALCHEMI beam 176 ~ 28 pc. The shocks
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the associated outflow in pale green), (b) sporadic/fragmented turbulent shock events that are scattered both temporally and spatially throughout
the GMC (label in purple, with green and red asterisks), and (c) the cloud-cloud collision leading to shock episodes (label in orange).

shock episodes would not be possible. This scenario is labeled outer GMCs (GMC 1a, 2b, 8a, 9a) because these regions are

in purple circles and text in Fig. 12.

believed to be located at the intersections of a few dynamical

Finally, we show the scenario where the shocks are caused orbits of the galaxy, including bar orbits and nuclear ring (see
by cloud—cloud collisions, which may occur especially near the Harada et al. 2022; Humire et al. 2022, and reference therein).
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We note that cloud—cloud collisions in our own Galaxy and
Large Magellanic Cloud (LMC) seem to occur at a moderate
velocity ~10-20km s~ (Li et al. 2018; Fukui et al. 2015) hint-
ing at episodes of only weak shocks. However, cloud—cloud col-
lisions at higher velocities can still occur at the intersections of
dynamical orbits as proposed by Harada et al. (2019) for M83,
and we expect a similar case applies to NGC 253.

We briefly discuss these scenarios below. Garcia-Burillo
et al. (2017) speculate on the presence of nondissociative shocks
(traced by C>H) generated by the highly turbulent interfaces
between the outflow and neighboring molecular gas in the cir-
cumnuclear disk (at scales of a few hundred parsecs) as well as in
the starburst regions of the AGN-host galaxy NGC 1068. In our
individual GMCs, although at the much smaller physical scales
of a few parsecs, we may be witnessing a similar scenario, but
on smaller scales. However, from our intensity maps, we do not
see the extended morphology that suggests such structure (e.g.,
see Fig. 2 by Garcia-Burillo et al. 2017); there is also the possi-
bility that our spatial resolution with HNCO and SiO observa-
tions is just not sufficient to resolve such morphology within the
beam-sized clump. Also, Holdship et al. (2021) showed that the
enhanced C?H abundance could arise from either a high CRIR
or shocks that occur within a timescale of 10° years, with the
latter being less likely due to the timescale being very short.
From our inferred shock timescales, the shock scenario does not
appear to be entirely impossible. The other possible setup is that
the star-formation-induced outflow can directly push against the
ambient material along the normal or perpendicular direction,
and create shocks along the outflow propagation. This creates
a “single” shock episode that sweeps across the gas traced by
both HNCO and SiO, possibly in different layers, because they
seem to trace quite different gas densities in most of our GMCs.
In this case, if the shocked gas components probed by HNCO
and SiO can trace back to the same shock episode, we can fur-
ther pin down the “age” of such shocks with Tgock joint as dis-
cussed in Sect. 5.2. The inferred age of this hypothesized “sin-
gle” shock is listed in Table 5 for each GMC, and is also shown
qualitatively in the bottom panel of Fig. 12. Of course, episodic
shocks may be happening in random locations within the GMCs
if star formation is ongoing. To determine the locations of such
sporadic shock episodes, we would need observations of higher
spatial resolution.

As a final note, globally the shock episodes throughout the
CMZ may link to large-scale dynamical structures, such as
an interface with the large-scale outflow. However, the spatial
extent of our SiO and HNCO observations do not seem to be
strongly tied with this possibility.

6. Conclusions

We analyzed six SiO transitions and eleven HNCO transitions
imaged at GMC scales in the CMZ of NGC 253 with ALMA as
part of the ALMA Large program ALCHEMI. Below, we briefly
summarize our main conclusions:

1. Unlike the SiO SLEDs, the HNCO SLEDs differ in shape
across the GMCs, hinting at substantial variations in at least
the excitation conditions in the gas traced by HNCO across
the GMCs.

2. Through radiative-transfer modeling using RADEX coupled
with a Bayesian inference process, we successfully char-
acterized the gas properties traced by these two molecular
species and find them to be distinctively different.

3. Through radiative-transfer and chemical modeling, we find
that the most likely physical scenario has the SiO emission
arising from fast shocks while the HNCO emission arises
from slow shocks.

4. We are able to infer the physical characteristics of the shocks
traced by SiO and HNCO for each GMC, in particular the
age of shocks traced by each species in each GMC.

5. We propose three possible shock scenarios that could explain
the observed SiO and HNCO emission (see Fig. 12).

We conclude that the HNCO and SiO emission from the CMZ

of NGC 253 are indeed associated with shocks potentially of dif-

ferent origins. Future higher spatial resolution observations are
needed in order to further discern among those shock scenarios.
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Appendix A: Spectra of molecular transitions

In this section, we show the spectra from all the SiO (Fig. A.1)
and HNCO (Fig. A.2) transitions used in the current work. The
spectra are extracted from the representative region - GMC 6 -

as listed in Table 2.
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Fig. A.1. Spectra extracted from GMC 6, for all SiO transitions. used
in this work. The solid vertical line marks the rest frequency of each
transition, and the dashed vertical line(s) the adjacent or blending line.
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Fig. A.2. Spectra extracted from GMC 6, for all HNCO transitions. used in this work. The solid vertical line marks the reference target transition
with respect to the systemic velocity of nge 253 (vy,s = 258.8 km s!), and the dashed vertical line the adjacent or blending line.
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Appendix B: Additional intensity maps

In this section, we display the velocity-integrated intensity maps
for the remaining HNCO and SiO transition that are not shown

in the main text.
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Fig. B.1. Remaining velocity-integrated line intensities in [K km s7'] of HNCO transitions: (5-4)/(6-5)/(8-7)/(9-8)/10¢.10-90.6/(13-12), ordered
accordingly from (a) to (f). We note that the HNCO (8-7) transition is close to the 183 GHz water line.
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Fig. B.2. Velocity-integrated line intensities in [K km s'] of HNCO (13-12), (14-13), and (15-14) transitions.
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Fig. B.3. Velocity-integrated line intensities in [K km s™'] of the remaining SiO transitions: SiO (3-2) up to (7-6).
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Appendix C: Line intensity ratio maps

In this section, we display the intensity ratio maps described in Sect. 3.2.
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Fig. C.1. Line-intensity ratio maps of two selected pairs: SiO(2-1) and HNCO (4(4-3¢3), and SiO(7-6) and HNCO 10(5,10-90.)-
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Appendix D: Additional corner plots for
GMC2b/3/5/9a/10

The RADEX-Bayesian inference results for the remaining
GMCs: GMC 2b, 3, 4, 6, and 8a.
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Appendix E: Comparison of the predicted intensity
from the RADEX-Bayesian inference analysis
with observed values: A posterior predictive

check (PPC)

We perform a posterior predictive check for the inferred gas

100 4

80 -

Line Intensity (K km/s)

20 A

100

80 A

Line Intensity (K km/s)

20 A

100

80

Line Intensity (K km/s)

20 A

Huang, K.-Y., et al.: A&A 675, A151 (2023)

inference process. This is to verify that our posterior distribu-
tion produces a distribution for the data that is consistent with
the actual data, which is the velocity-integrated intensity in our

case. We sample the predicted line intensities from our posterior
between the 16th and 84th percentiles, and plot these against
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the observed line intensities. The comparisons are shown in
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Fig. E.1. The posterior predictive checks (PPCs) of all HNCO transitions, GMC 1a-6, ordered accordingly from (a) to (f). The observed line
intensity is in marker with uncertainty in line segment. The predicted line intensity is in colored band overlaid in the background.
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intensity is in marker with uncertainty in line segment. The predicted line intensity from RADEX-Bayesian analysis is in colored band overlaid in

the background.
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Appendix F: Additional cases explored in chemical
modeling

Figure F.1 shows the outputs of the extra chemical models we
performed, where we varied the CRIR. With a standard galactic
CRIR (¢ = &, top panel in Fig. F.1) in the slow-shock scenario
at the low-density of n = 103 cm™) case, it is possible to enhance
the HNCO abundance to a higher level, which is in contrast with
other higher CRIR conditions (lower panels in Fig. F.1). How-

ever, we note this enhancement is still insufficient to achieve the
lower limit imposed by the RADEX result (blue dashed horizon-
tal line).

Figure F.2 shows the nonshock models with ¢ = ¢ for tem-
peratures of T=50 K (left panel) and T=200 K (right panel),
respectively. At higher gas density (n > 10* cm™), it shows
HNCO abundance can also be enhanced in the absence of shocks
with low CRIR, ¢ = ¢, and high temperature T=200 K.
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Fig. F.1. Alternative cases with pre-shock gas density ny> = 10° cm™ in a slow shock scenario (v, = 10 km/s, where we compare cases of CRIR
from 1£ (top) to 10°Z, (bottom). It is clear that an higher CRIR could further suppress the HNCO abundance enhanced via slow shocks.

A151, page 31 of 32



Huang, K.-Y,, et al.: A&A 675, A151 (2023)

Nyy = 103cm‘3, =1.0¢, Nyo = 103cm‘3, =1.0¢,
V4 V4
10-6 {4 = HNCO X, nfin = 10-6 4 = HNCO =
F o Qi [0] [ - Qi [
i [~ Sio HNCOrmoekmn 5 8 |~ S0 £
g 107° £ —— Si =l 100 B g 10° £ ——Si &
2 (] 0 (]
< 10712 3 < 10712 3
_____________ -=" @ s @
10-15 . . . 0 10-15 = ===== s . 0
1071 10 103 10° 1071 10 103 10°
Nyy = 104cm‘3, =1.0¢
I 200
107° 1 HNCO SiORADEX. i < <
9 | = SiI0 A g g g
-G _9 | — i ] =~
g 1 S HNCOmsd 100 B & &
93 s % 2 N3 g
1074 == £ £
o |pmmmmm e - @ ) 8
10_ T T T O 10_ T T T O
1071 10! 103 10° 107! 10! 103 10°
Nyy = 105cm‘3, =1.0C Nyp = 105cm‘3, ¢=1.0¢
L 200 r==-200
1074 —— HNCO f 1076 E
9 -~ SiO o g o
8 _ . S o _ =1
g 1071 —© L1008 & 1077 ©
>&h min 8_ >2 8.
10712 1 € 10712 1 IS
15 & 15 ’g)
10~ T T T 0 10~ T T T 0
1071 10! 103 10° 1071 10! 103 10°
Ny = 106CIT1_3, =1.0¢, Ny = 106cm‘3, =1.0¢,
L 200 == 200
¥ pv4
10-4 = HNCO = =
g g
2 > g S
9 - (% -
a 100 O 2 100 O
< g X g
,min & ,min &
@ 13
0 0
(@ (b)

Fig. F.2. Alternative chemical models without shocks with temperature = 50 K (left panel) and with temperature = 200 K (right panel) using a low
CRIR of ¢ = 1. At this cooler temperature, even with low CRIR, the HNCO abundance cannot be enhanced to a reasonable level to be matched
with observational results.
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