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Multi-line molecular observations are an ideal tool for a systematic study of the physico-
chemical processes in the Interstellar Medium (ISM), given the wide range of critical
densities associated with different molecules and their transitions, and the
dependencies of chemical reactions on the energy budget of the system. Recently high
spatial resolution of typical shock tracers — SiO, HNCO, and CHzOH - have been
studied in the potentially shocked regions in two nearby galaxies: NGC 1068 (an AGN-
host galaxy) (Huang et al., Astron. Astrophys., 2022, 666, A102; Huang et al., in prep.)
and NGC 253 (a starburst galaxy) (K.-Y. Huang et al, arXiv, 2023, preprint,
arXiv:2303.12685, DOI: 10.48550/arXiv.2303.12685). This paper is dedicated to the
comparative study of these two distinctively different galaxies, with the aim of
determining the differences in their energetics and understanding large-scale shocks in
different types of galaxies.

1 Introduction

The evolution of galaxies is impacted by many key physical and chemical
processes in the interstellar medium (ISM) that are often associated with star-
formation, Active Galactic Nuclei (AGN), large-scale outflows, and shocks. In
this context, nearby galaxies that host starburst and AGN-dominated environ-
ments are prime laboratories for the investigation of these feedback mechanisms
and their impact on the ISM.

An AGN is considered a manifestation of a mass-accreting supermassive black
hole (SMBH) at the center of galaxies, which convert gravitational potential energy
and kinetic energy into radiation and powers the jet and the associated multi-
phase mass outflow. As AGNs are often identified by prominent point sources
in the K band with an associated hard X-ray peak and a bright and compact radio
continuum source, the gas chemistry in the nuclear regions of AGN-host galaxies
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is often considered to be X-ray dominated regions (XDRs). Moreover, AGN-
dominated galaxies are often thought to have an enhanced cosmic ray ioniza-
tion rate (CRIR) and radiation field compared to normal spiral galaxies such as
the Milky Way. NGC 1068 is a nearby (D = 14 Mpc,* 1” ~ 70 pc) Seyfert 2 galaxy and
is considered to be the archetype of a composite AGN-starburst system. The
proximity of this galaxy makes it an ideal target for studying in detail the feedback
of the AGN activity at its central r ~ 200 pc circumnuclear disc (CND). It also
allows the simultaneous study of the starburst (SB) activities at the outer r ~ 1-1.5
kpc SB ring with the SB ring being spatially resolved from the AGN feedback from
the central region of the galaxy. The molecular gas in the CND of NGC 1068 was
shown to be outflowing? in multi-line CO, HCN, and HCO" observations.?* The
deprojected outflow velocity of NGC 1068 at the CND region was estimated
ranging between 85-200 km s~ ! with the increase in radial distance that runs
between r ~ 50-200 pc.? The outflowing molecular gas in the CND of NGC 1068 is
a manifestation of ongoing AGN feedback,’ for the outflow is likely launched by
the interaction between the molecular gas in the CND and both AGN ionized wind
and the radio jet plasma.? This interaction has produced a large-scale molecular
shock on spatial scales of up to r = 400 pc from the AGN and likely triggers rich
shock chemistry signatures across the CND.*

Starburst galaxies are extremely luminous systems that are powered by bursts
of massive star formation. Strong stellar feedback induced by high star-forming
rates (SFR) can trigger multi-phase outflows that involve ionized, neutral, and
molecular gas. As starburst activities inject a significant amount of energy into the
ambient environment, starburst galaxies are also important targets to study the
feedback mechanisms in the ISM. NGC 253 is a barred spiral galaxy that is almost
edge-on with an inclination of 76°,” and is one of the nearest starburst systems (D
~ 3.5 + 0.2 Mpc (ref. ®)). NGC 253 is considered a prototype of nuclear starburst
with an SFR of ~2 M, yr~ ' coming from its central molecular zone (CMZ),”* which
is half of its global SF activity. The CMZ of NGC 253 spans about 300 x 100 pc
across.” A large-scale outflow in NGC 253 has been revealed by multi-wavelength
observations: in X-rays,'*'* Ha,"” molecular emission,*™® and dust."” This large-
scale outflow is thought to be driven by the galaxy's starburst activity,'® for
there are no signs of AGN influence'*° despite there being a bright compact radio
source associated with the nucleus of the galaxy.>® The deprojected outflow
velocity of NGC 253 was estimated as ranging between 110-360 km s~ which
increases with distance above the plane up to r ~ 1 kpc.” The presence of shocks
in NGC 253 has been suggested by the detection of two molecular shock tracers,
HNCO and SiO,**** as well as the detection of Class I CH;OH masers,* and the
enhanced fractional abundances of CO,.*

Both silicon monoxide, SiO, and isocyanic acid, HNCO, are well-known shock
tracers,**" and have been observed in nearby galaxies.?>****>"*® The simultaneous
detection of HNCO and SiO has been found to be very useful for the character-
ization of different types of shocks (e.g. fast versus slow shocks) in NGC 1068,***°
NGC 1097, in the nearby weakly barred spiral galaxy IC 342 which hosts
moderate starburst activities,*** and in NGC 253.* 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 (v = 50 km s ') shocks.*® Once silicon is in the
gas phase, it is expected to quickly react with molecular oxygen or a hydroxyl
radical to form SiO.** An enhanced gas-phase SiO abundance could thus be
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a sensitive indicator of the heavily shocked regions. The formation of HNCO has
been suggested to be mainly on the icy mantles of dust grains,** or possibly in the
gas phase with subsequent freeze-out onto the dust grains when the temperatures
are low.” Regardless of how it forms, icy mantles sputtering associated with low-
velocity (vs = 20 km s~ ') shocks can lead to an enhanced abundance of HNCO in
the gas phase. The good correlation between HNCO and SiO revealed in Galactic
dense molecular cores by Zinchenko et al.?® hinted 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
suppress the HNCO abundance. A follow-up survey over sources towards the
Galactic Center performed by Martin et al.*® reveals that HNCO can however also
be heavily destroyed by UV radiation in PDR regions (later also found in NGC 253
in Martin et al.*!). On the other hand, chemical modelling of HNCO and SiO in
NGC 1068 performed by Kelly et al.*® confirmed that the HNCO abundance can be
suppressed in high-velocity shocks due to the destruction of its precursor, the
molecule NO. In fact, Kelly et al.’*® showed that HNCO can also be thermally
desorbed from the surface of dust grains when the gas and dust remain coupled at
higher gas densities (15, = 10" em™°). Hence HNCO is a complex molecule to
interpret and may not be a unique tracer of shock activity.

In our two recent works, we presented the observations of multiple transitions
of HNCO and SiO observed with ALMA towards both the CND of NGC 1068 ** and
the CMZ of NGC 253 (Huang et al.,*). These two studies have shown clear
signatures of shocks in these two different environments under the influence of
shocks from potentially multiple origins.

In this paper we revisit these observational results and present an astro-
chemical modeling study with the aim of comparing these two galaxies in HNCO
and SiO. For completeness, we shall also include a brief comparison with the
results from our most recent work (Huang et al., in prep.) where we explore the
shock properties as traced by CH;0H in the CND of NGC 1068. The aim will be (1)
to determine whether these three species (HNCO, SiO, and CH;OH) are uniquely
sensitive to certain type(s) of shocks in the two galaxies in consideration; (2) to see
if we can get a handle on determining the shock origins in these regions; and
finally (3) to explore the possibility of differentiating the energetics of these
shocks (e.g. AGN-driven or starburst-driven) in different types of galaxies.

In Section 2 we briefly summarize the observations of HNCO and SiO in NGC
253 and NGC 1068. In Section 3 we describe our chemical modeling analysis of
HNCO and SiO. Section 4 covers a brief discussion of CH;OH. In Section 5 we
discuss the shock properties that each species is tracing, their shock history and
structure of the shocks. We also explore the potential in differentiating the shock
chemistry in the AGN-dominated versus starburst environments, on the basis of
these two galaxies - NGC 1068 and NGC 253. Our conclusions are summarized in
Section 6.

2 Summary of previous observational results

In Huang et al. 2022*° we examined the potential shock signatures traced by
HNCO and SiO in the CND of NGC 1068 at a spatial resolution of ~56 pc, which is
comparable to the size of a giant molecular cloud (GMC), using ALMA observa-
tions. Fig. 1 shows some of the line intensity maps from Huang et al** from
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Fig.1 The two example intensity maps, HNCO (4-3) and SiO (2-1), from the CND of NGC
1068 (two maps on the right, adapted from Huang et al.*®) relative to the layout of the
galaxy. Top left: dust continuum map of NGC 1068 including the SB ring, adapted from
Garcia-Burillo et al.;? bottom left: a schematic adapted from Garcia-Burillo et al.,* illus-
trating the relative layout of the AGN wind, the molecular disk/torus, and the line of sight of
the observer for NGC 1068.

HNCO and SiO, and their relevant layout with the outflow and the host galaxy
itself shown in the dust continuum map adapted from Garcia-Burillo et al.?

In Huang et al,,*® the same pair of shock tracers, HNCO and SiO, were used to
study the CMZ of NGC 253 at higher spatial resolution of ~28 pc using ALMA
observations as part of the ALCHEMI large program. Fig. 2 shows examples of the
line intensity maps from Huang et al.** of HNCO and SiO, and their relevant
layout with the outflow and the host galaxy itself with maps adapted from Bolatto
et al™

We list below the main observational results and the remaining open ques-
tions from these two previous studies that are relevant to the current work:

(1) From both studies it was confirmed that HNCO and SiO are consistently
tracing very different gas components. HNCO tends to trace cooler and denser gas
components than those traced by SiO. The high gas temperatures (few hundreds
K) traced by SiO signal the evidence of strong shock heating.

(2) In NGC 1068, the discussion of the chemical origin(s) of the two species in
Huang et al. 2022*° is based on the prior chemical modeling performed by Kelly
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Fig.2 The two example intensity maps, HNCO (4-3) and SiO (2-1), from the CMZ of NGC
253 (two maps on the bottom, adapted from Huang et al.°) relative to the layout of the
galaxy. Top panels: maps illustrating the multi-phase galactic wind in NGC 253, adapted
from Bolatto et al** and reference therein.

et al. 2017% with only low CRIR assumed for the CND ({ = ¢,). In the latter, SiO
was clearly associated with strong shocks, yet the chemical origin of HNCO could
either be weak shocks or thermal sublimation in denser gas (ny, = 10* cm )
environment. The chemical modeling performed by Huang et al*® strongly
supports the fast-shock origin of SiO and slow-shock origin of HNCO in the cases
tailored for the high cosmic-ray ionization rate (CRIR) environment (£ = 10°7¢,,
{o = 1.3 x 107" 57! is the standard galactic CRIR) of NGC 253. Huang et al.*
shows higher CRIR not only affects both HNCO and SiO abundances in shock
chemistry, but makes the thermal sublimation an unviable route in enhancing
HNCO abundance.

(3) With well-constrained gas density and gas temperature inferred from the
RADEX modeling coupled with Bayesian inference processes that are informed
with observational data, Huang et al.*® have shown it to be possible to further infer
the age since the last shock episode with each shock tracer. This is because the
shock influence timescale is inversely proportional to the gas density. Gas
components showing different gas temperatures suggest that they are at different
post-shock cooling stages relative to this shock influence timescale.

(4) 1t remained unclear, however, whether the weak shock episode traced by
HNCO and the strong shock episode evidenced by SiO - both in NGC 1068 and
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NGC 253 - point to the same occurrence of shock. In other words, it is possible
that the two types of shock episodes arise from events that are not associated in
causality. However, if one associates the weak shock episode and the strong shock
episode to be the same occurrence of shock event, Huang et al.*® showed that
there is a global trend in the age of shocks, which increases from the inner to the
outer regions of the CMZ of NGC 253.

(5) The chemical origin of the observed HNCO at gas density ng, ~ 10° ecm™
remains unclear. Neither shock scenarios nor thermal sublimation can account
for the HNCO abundance observed at this low gas density in the CMZ of NGC 253.

The summary of key properties concerning these two galaxies that will be used
in the current work are listed in Table 1. The listed fractional molecular abun-
dance is derived based on the observational data and the gas property inference
via radiative transfer modeling presented by Huang et al. (2022)* and Huang
et al.*® We call this observation-based fractional abundance Xg,ecies,obs: IN
particular, from the gas property inference performed by both previous studies,
both molecular gas density (ny,) and the molecular total column density per
species (Nunco and Nsio) can be obtained. These gas properties can lead to an
estimate of an “observation-based” fractional molecular abundance by the
following relation:

3

Nspecies Nspecies - Nspecies
~

nHzAchnudnff nHzﬂbeamnff nHz X 0beam X 10

Xspccics,obs = 3 (1)
where Az.ouq refers to the line-of-sight dimension of the gas component in
consideration, fpeam stands for the beam size of the observation, and 7¢ is the
beam filling factor which is a parameter illustrating the source size relative to the

05> S
5- As an approximation, we use the beam

beam size as defined b =2
v e 0beam2 + 9S

Table 1 List of physical and chemical properties of the CND in NGC 1068 and the CMZ of
NGC 253 based on previous observational studies®

NGC 1068 NGC 253
Property CND Ref. CMZ Ref.
Beam size [pc] 56 (a) 28 (b)
ng [HNCO] 10’ to 10° (a) 10°-10° (b)
141,[S10] 10° to 10* (a) 10>-10* (b)
XHNGO,0bs =(2.71 x 10 "? to 1.21 x =(2.65 x 10”2 to 6.60 x
1079 1079
Xsi0,0bs =(1.13 x 1079 =(2.47 x 10 % to 1.61 x
1077)
¢ [o) 1.0-10.0 (¢) 10°-10° (d, e, fand
g
Voutflow [KM  85-200 (h) 110-360 (@)

s7]

¢ References: (a) Huang et al. 2022;* (b) Huang et al.** (submitted); (c) Scourfield et al. 2020*
- CRIR inferred from multi-] CS emissions in the CND region of NGC 1068; (d) Holdship
et al. 2021;" (e) Harada et al. 2021;* (f) Holdship et al. 2022;* (g) Behrens et al. 2022;*

(h) Garcia-Burillo et al. 2019;* (i) Westmoquette et al. 20112 - this estimate is up to radial
distance of 1 kpc.
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size of the observation (fpeam) as the estimate of the line-of-sight dimension of the
gas component (Azgouq), and in the final inequality we used the 1.0 as the upper
limit for the 7.

3 Modeling shock chemistry

As mentioned earlier, for NGC 1068, Huang et al. (2022)* did not model the
chemistry but based our conclusions on prior modeling work by Kelly et al.*® Here,
therefore, we present a chemical modeling analysis that covers the most
comprehensive set of physical and chemical conditions which takes both galaxies
- NGC 1068 and NGC 253 - into consideration.

The chemical modeling was performed with the open source time dependent
gas—grain UCLCHEM code® (https://uclchem.github.io) in order to further explore
the chemical origin of the observed HNCO and SiO emissions in these two
distinctively different galaxies. UCLCHEM is a 3-phase gas-grain chemical
modelling code that incorporates user-defined chemical networks to produce
chemical abundances along user-defined physics modules that can simulate
a variety of physical conditions.

We perform modeling cases that cover the physical conditions measured from
the CND of NGC 1068 and the CMZ of NGC 253 - this includes a wide CRIR range
(€ =1.0-10¢,, {o = 1.3 x 107"7 s is the standard galactic CRIR), slow (vs = 10
km s™") versus fast (v; = 50 km s~ ') shocks, and a wide range of molecular gas
densities ny,. The chosen CRIR range is based on the existing CRIR
measurements**™*® in these two extragalactic environments. In particular, in the
CND of NGC 1068, the inferred CRIR based on multi-transition CS observations
ranges between { = 1.0-10.0%,.** And in the CMZ of NGC 253, the measured CRIR
based on multi-molecule, multi-transition observations is estimated to be ~{ =
10°7°%,,%*® which is a few orders of magnitude higher than NGC 1068. A brief
summary of the parameter space explored in our chemical modeling is listed in
Table 2.

UCLCHEM v3.1 includes an improved sputtering module in the parameterized
C-shock model following Jiménez-Serra et al.*® as well as a 3-phase chemistry where
chemistry is computed for the gas phase, the grain surfaces, and the bulk ice. These
improvements, compared to the model used in Kelly et al,*® ensure a better
treatment of the sputtering of refractory species, such as Si-bearing species, during
the shock process. Aside from these technical differences, the work by Kelly et al.
2017% only covers the modeling with standard galactic CRIR ().

Table 2 The parameter space explored in our chemical modelling. Note that {o = 1.3 x
107" st and Xsj gaso = 4.07 x 107°

Variable Grid

Gas density,” ny, [em ™) [10%, 10%, 10°, 109

C-shock velocity, Vpocr [km s [10.0, 50.0]

CRIR ¢ [¢o] [1.0, 10.0, 10°, 10%]

Physical model Shock or non-shocked scenario

“ Gas density refers to the pre-shock gas density in the shock scenario, and the initial gas
density in the non-shocked scenario.

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 181-198 | 187
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In Fig. 3-6 we show the results of our modeling for four gas density setups
(nw, = 103 to nyy, =106 cm ™ °, ordered from Fig. 3 to 6) with two shock velocities
(v¢=10km s 'and vy =50 km s’l) to represent the slow and fast shock scenarios,
and these two shock scenarios are shown in the left (slow shock) and right (fast
shock) panels respectively. In each row we show the modeling results using
different CRIR from the top row (lowest CRIR) to bottom row (highest CRIR). In

Vshock = 10 km/s, C= 1.0(0 Vshock = 50 km/s, C= 1.0(0
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Fig.3 Chemical abundances as a function of time for slow shock (vs = 10 km s™) models
(left panel) and fast shock (vs = 50 km s~%) models (right panel). The pre-shock gas density
in the shock models and the gas density in non-shock 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: [CRIR (£) = %o, ICRIR (¢) = 10%0], [CRIR ({) = 10%¢], and [CRIR = 10°¢]. The
dashed, colored horizontal lines indicate the lower limit of the species fractional abun-
dances "measured” from our RADEX-Bayesian inference based on observational data and
with an assumed hydrogen column density, for HNCO (blue) and SiO (orange) respec-
tively. The fractional abundance values used are the minimum derived values among the
studied GMC-sized regions in the two galaxies. In the top 4 figures the “measured” frac-
tional abundances are cited from observations towards the CND of NGC 1068 which was
found of lower CRIR with corresponding colors for each species when observed cases are
available. On the other hand, the "measured” fractional abundances in the bottom 4
figures are cited from observations towards the CMZ of NGC 253, as found with higher
CRIR.
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Fig. 4 Asin Fig. 3 but for a pre-shock gas density of 10* cm™>.

particular, in each figure (e.g. Fig. 3) the top two rows are models at lower CRIR for
the CND of NGC 1068, and the bottom two rows are models at higher CRIR for the
CMZ of NGC 253. Each Figure is associated with one specific gas density e.g. Fig. 3
at a gas density ny, = 10° cm . In each figure we also overlay the minimum
fractional abundances as constrained by the observations in NGC 1068 and NGC
253 respectively, Xgpecies,obsy Which was explained earlier in Section 2 with the
corresponding gas density and CRIR.

First of all for the SiO abundance (orange solid curves), it is clear that fast-
shock chemistry dominates over slow-shock chemistry. While slow shocks can
also enhance the SiO abundance, the enhancement is still more than 2 orders of
magnitude lower than the enhancement arising from fast shocks. The case for the
HNCO abundance (blue solid curves) is reversed, where its enhancement is
dominated by slow-shock chemistry. The only exception is in the least dense gas
environment (ny, = 10° cm ™, Fig. 3), where the enhancement of HNCO in none
of the cases is sufficient to reach the minimum observed, Xinco,obs-

In general, high CRIR suppresses the abundances of all shock tracers of
interest, especially the highest CRIR tested, { = 10°¢,. In the denser gas envi-
ronments (1, = 10°™° em™°) such suppression seems less severe.
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Fig. 5 As in Fig. 3 but for a pre-shock gas density of 10° cm™>. The dashed, green hori-
zontal lines in the top 4 figures indicate the lower limit of the species fractional abun-
dances of methanol "measured” from our RADEX-Bayesian inference based on
observational data and with an assumed hydrogen column density for the CND of NGC
1068.

4 Methanol in the CND of NGC 1068

Methanol (CH3;0H) can be formed efficiently in cold environments (12-20 K)
through repeated hydrogenation of CO on interstellar ices®*** as well as via the
radical-molecule H-atom abstraction reaction.* Sources of energy such as shocks
can remove CH;OH from the grain surface and enhance the gas-phase CH;OH
either through a sputtering process or sublimation. Although gas-phase forma-
tion routes of CH;OH have also been proposed, it cannot account for the observed
CH;0H in general.®*® CH3;OH has been therefore also proposed as a good
candidate tracer of shocks in the ISM, although it has also been detected in cold
and quiescent environments such as pre-stellar cores®*® where alternative non-
thermal desorption processes aside from shocks may be needed.

In Fig. 3-6 we also display the CH;0H fractional abundances (in green solid
curves) over slow versus fast shock chemistry. It is clear that both slow shock and
fast shock are able to enhance the CH;OH abundance to comparable levels. This
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Fig. 6 As in Fig. 3 but for a pre-shock gas density of 106 cm™.

is consistent with prior modeling work,* where CH;OH was shown enhanced for
a large span of shock velocities. One of the key pieces of information to differ-
entiate the shock origin - fast or slow shock - of the observed CH;0H is the gas
temperature. In the slow-shock scenario the gas temperature can only reach a few
hundred Kelvin, while in the fast-shock scenario the gas temperature can reach
up to a few thousand Kelvin. Note that, however, a measured low gas temperature
does not necessarily mean only slow-shock origin, for it could arise from a gas
component that experienced full post-shock cooling down from even a few
thousand Kelvin.

Such degeneracy will be an interesting piece of knowledge when one wants to
reconstruct the shock structure and shock history in the target field. As pointed
out by Huang et al.,* it remains unclear whether the fast shock episode traced by
SiO and the slow shock episode traced by HNCO are caused by the same shock
occurrence. It is possible that they arise from the same shock events but belong to
different parts of the gas structure, or they could be triggered by sporadic events
that are not linked at all. As CH;OH is enhanced to comparable levels in both fast
shock and slow shock, how well matched in its spatial distribution and the gas
properties it traces compared to the other shock-tracing species (e.g. HNCO and
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SiO) will be critical to the overall understanding of the shock structure and history
reconstruction.

For instance, our preliminary analysis of methanol data in the CND in NGC
1068 from Huang et al., in prep. indicates that CH;OH is tracing similarly high-
density and cold (T < 50 K) gas components as HNCO in the CND regions. In
terms of the chemical origin of the observed CH;0H, it could arise from the post-
shock cooling condition gas under the influence of both fast and slow shocks.
One should therefore be careful in using these three species at once to portrait the
shock structure in the field. The degeneracy and the great complexity are inevi-
table when we include more and more molecular tracers in consideration, but we
want to emphasize that with careful analysis and interpretation it will at the same
time provide enormous potential in fully reconstructing the shock structure and
history with well-covered parameter space measured from observations.

5 Discussion
5.1 Spatial distribution of shocked gas in the two galaxies

Although observed with lower spatial resolution (~56 pc), the HNCO emission
tends to be more spatially extended than SiO in the CND of NGC 1068 (e.g. Fig. 1),
as pointed out by Huang et al.*® It is different for the case of CMZ in NGC 253,
where HNCO and SiO emission seems to be co-spatial in most transitions, see
Fig. 2 for example.

There are a few possible reasons concerning such differences in the two
systems:

o The spatial offset between HNCO and SiO identified in the CND of NGC 1068
(but not in the CMZ of NGC 253) could arise from the difference in the sensitivity
levels of the two sets of observations. In other words it is possible that SiO in NGC
1068 is also extended throughout the CND rather than just localized in the East
and West spots of the CND.

e As NGC 253 is more edge-on, it is possible that the difference is due to
a difference in viewing angle.

e The less extended SiO emission in the CND of NGC 1068 could instead arise
from chemical differential across the CND of NGC 1068. It is possible that SiO is
highlighting the strongly shocked gas layer(s) and HNCO is mapping out more
extended and weakly shocked region, potentially correlated to the geometry of the
AGN-driven, large-scale outflow. Meanwhile the shocks induced in the CMZ of
NGC 253 may originate from the mini-starburst events in each GMC, rather than
from an ordered, large-scale outflow.

5.2 Weak shock tracers — degeneracy with non-shock chemistry

As we mentioned in earlier sections (Section 1 and Section 4), both HNCO and
CH;0H can also be enhanced via thermal sublimation of the ices induced by
events other than shocks. In Fig. 7 we show a chemical model for a gas density
ny, = 10° cm ™ in its chemical evolution of the gas being warmed by the presence
of star forming processes (including outflows), and/or X-ray or cosmic rays
instead of being shocked. This shows that both HNCO and CH;OH abundances
can be enhanced in a warm-gas environment without shocks particularly at low
CRIR cases ({ = 1.0-10.0¢,, top two panels). This degeneracy (shock chemistry or
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Fig. 7 As in Fig. 3 but for the non-shock models with gas density 10° cm™>. The dashed,
green horizontal lines in the top 4 figures indicate the lower limit of the species fractional
abundances of methanol “measured” from our RADEX-Bayesian inference based on
observational data and with an assumed hydrogen column density for the CND of NGC
1068.

thermal sublimation) will impact more the interpretation of the CND in NGC
1068, where lower (than in NGC 253) CRIR values were reported.**

5.3 Shock history reconstruction in both galaxies and the shock origin

In NGC 253 it remains unclear whether the fast shock episodes traced by SiO are
associated with the slow shock episodes traced by HNCO; however if one asso-
ciates the shock timescales traced by these two species there seems to be a trend
of increasing shock ages from the inner to the outer region of the CMZ. Such
trend could be related to the large-scale outflow that stems from the nuclear
region due to starburst activities. On the other hand, it remains possible that the
shock episodes traced by HNCO and SiO were triggered by sporadic, localized
events which are only sensitive to their neighboring environment.

In the case of NGC 1068, however, due to the poorly constrained gas temper-
ature, it is still difficult to gauge such shock timescales and make comparison
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across the CND region. Future observations of more transitions of both species
are needed to properly constrain the gas temperature.

5.4 Shock chemistry in the two environments - NGC 1068 and NGC 253

5.4.1 Velocities of AGN-driven vs. starburst-driven outflows. As it is also often
thought that AGN-driven outflows can be more powerful than those starburst-
driven, we also inspected the outflow velocities from the two systems reported
in the literature as listed in Table 1. It seems in fact that the outflow velocities are
pretty comparable, and both velocities are high enough to trigger both fast and
slow shocks in their sphere of influence. There is no fundamental difference from
this aspect for the two galaxies in consideration.

5.4.2 Cosmic-ray ionization rate (CRIR). Generally the CRIR in the CMZ of
NGC 253 is a few orders of magnitude higher than in the CND of NGC 1068. From
Section 3 it was clear that the three shock-tracing species are all sensitive to CRIR,
where high CRIR is suppressing the abundances of these species regardless of the
gas density and shock velocity.

The assumed CRIR for the CND in NGC 1068 is based on the modeling con-
ducted by Scourfield et al.** using multi-] CS observations. CS is often considered
a dense gas tracer and could be more embedded in the gas clumps, therefore could
be more shielded from radiation and cosmic rays. Indeed Scourfield et al.** showed
that the gas densities traced by CS are generally at 7y, ~ 10 to 10" em ™, which are
much higher than the densities traced by the CRIR tracer adopted for the NGC 253
study, e.g. Holdship et al.””. A follow-up study of H;0" and SO in NGC 1068 should
be done to see if the derived CRIR may in fact be different from the CS study.*

6 Conclusions

We have revisited the shock chemistry of two nearby galaxies, the AGN-host galaxy
NGC 1068 and the starburst galaxy NGC 253, by analysing three shock tracers: SiO,
HNCO, and CH3;0H. We presented a chemical modelling study of these two
distinctively different environments and explored the potential of using HNCO
and SiO in determining the shock structure and history, as well as in probing the
origin(s) of shocks in the nuclei of the two galaxies. We also briefly discussed the
potential of using CH;0H as an additional shock tracer. We briefly summarize
here our main conclusions:

(1) SiO can only be enhanced by fast shocks, HNCO can only be enhanced by
slow shocks, and CH3;OH can respond to the presence of both slow and fast
shocks.

(2) Generally a high CRIR suppresses the chemical abundances of all three
shock tracers, especially for the highest CRIR case explored, { = 10°%,,.

(3) In the lower CRIR regimes ({ = 1 to 10{,), the abundance of HNCO and
CH,;O0H can also be enhanced by thermal sublimation instead of shocks. This has
to be taken into careful consideration when interpreting results especially from
the CND of NGC 1068.

(4) There are more similarities than differences in the properties traced by
HNCO and SiO in both systems. Follow-up studies, including the observations of
more transitions of these species for NGC 1068, are needed to better constrain the
gas properties of the shocked gas.
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