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ABSTRACT

Aims. We present a detailed analysis of Atacama Large Millimeter/submillimeter Array (ALMA) Bands 7 and 9 data of CO, HCO*,
HCN, and CS, augmented with Plateau de Bure Interferometer (PdBI) data of the ~200 pc circumnuclear disc (CND) and the ~1.3 kpc
starburst ring (SB ring) of NGC 1068, a nearby (D = 14 Mpc) Seyfert 2 barred galaxy. We aim to determine the physical characteristics
of the dense gas present in the CND, and to establish whether the different line intensity ratios we find within the CND, as well as
between the CND and the SB ring, are due to excitation effects (gas density and temperature differences) or to a different chemistry.
Methods. We estimate the column densities of each species in local thermodynamic equilibrium (LTE). We then compute large
one-dimensional, non-LTE radiative transfer grids (using RADEX) by using only the CO transitions first, and then all the available
molecules to constrain the densities, temperatures, and column densities within the CND. We finally present a preliminary set of
chemical models to determine the origin of the gas.

Results. We find that, in general, the gas in the CND is very dense (>10° cm™) and hot (T > 150 K), with differences especially in the
temperature across the CND. The AGN position has the lowest CO/HCO™, CO/HCN, and CO/CS column density ratios. The RADEX
analyses seem to indicate that there is chemical differentiation across the CND. We also find differences between the chemistry of the
SB ring and some regions of the CND; the SB ring is also much colder and less dense than the CND. Chemical modelling does not
succeed in reproducing all the molecular ratios with one model per region, suggesting the presence of multi-gas phase components.
Conclusions. The LTE, RADEX, and chemical analyses all indicate that more than one gas-phase component is necessary to uniquely
fit all the available molecular ratios within the CND. A higher number of molecular transitions at the ALMA resolution is necessary
to determine quantitatively the physical and chemical characteristics of these components.

Key words. galaxies: active — galaxies: individual: NGC 1068 — galaxies: ISM — galaxies: nuclei — molecular processes —
radio lines: galaxies

1. Introduction

Galaxy evolution is now thought to depend on feedback mech-
anisms whereby star formation is inhibited at some point in the
galaxy’s lifetime either by an active galactic nucleus (AGN) or
by stellar feedback through winds and supernovae. Up to now

* Tables 5-11 are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

it has been very difficult to capture the observational signatures
of mechanical feedback directly, but recent molecular emission-
line observations are opening a new window on this aspect of
galaxy evolution by the detection of molecular outflows (e.g.
Aalto et al. 2012; Feruglio et al. 2010; Veilleux et al. 2013;
Combes et al. 2013; Cicone et al. 2014; Garcia-Burillo et al.
2014, hereafter Paper I). Signs of radiative feedback in galac-
tic nuclei are complicated by the interplay of a central starburst
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with an AGN. Most of the gas in galaxy centres resides in
molecules, and because most galaxy centres tend to be obscured
by dust, it is crucial to identify the chemical nature of the gas
involved and to determine the physical conditions that are most
prone to lead to a starburst; hence, submillimeter molecular trac-
ers have become one of the most important probes of physical
conditions in galaxy nuclei. Through comparison with models,
molecular abundances, and line ratios can be used to infer phys-
ical conditions, but also to constrain the chemical reactions that
drive molecule formation and destruction in irradiated regions.
Molecular abundances in starburst and AGN-dominated galax-
ies are usually interpreted through models for photon-dominated
regions (PDRs) and X-ray dominated regions (XDRs), and are
among the best diagnostics for disentangling massive star forma-
tion and the influence of an AGN (Meijerink et al. 2007; Bayet
et al. 2009). More recently, in an attempt to interpret the obser-
vations of molecules that may arise from very dense and possi-
bly shocked gas, chemical gas-grain models as well as shocks
models have also been used to interpret molecular lines in these
galaxies (e.g. Aladro et al. 2013).

Massive stars usually form in huge concentrations of dense
(n(Hy) ~ 10° cm™?) and warm (T > 50 K) molecular gas, which
are able to survive disruptive forces (winds or radiation) from
nearby newly formed stars longer than the gas in the local inter-
stellar medium (ISM; e.g. Zinnecker & Yorke 2007). Molecules
constitute a significant fraction of the interstellar gas and, be-
cause of their high critical densities, trace the dense regions
where star formation takes place (e.g. Omont 2007). Moreover,
in general and at large scales, the overall abundance of molecules
is determined by the density of the gas, which favours their for-
mation, and the energetic processes, such as UV or X-ray radi-
ation, which in general tend to destroy molecules. Subject to a
proper interpretation, observations of molecules can be used to
(i) trace the matter that is the reservoir or leftover of the star for-
mation process; (ii) trace the process of star formation itself; and
(iii) determine the influence of newly-formed stars or an AGN on
their environments and hence the galaxy energetics.

Although '>CO is the most common tracer of the global
molecular reservoir, for the nearest sources we now have an
inventory of species that allow us to study in detail the differ-
ent gas components within a galaxy as well as its energetics
(e.g. Garcia-Burillo et al. 2002; Wang 2004; Usero et al. 2004;
Fuente et al. 2008; Aalto et al. 2011; Martin et al. 2011; Aladro
et al. 2013; Costagliola et al. 2011; Kamenetzky et al. 2011;
Watanabe et al. 2014). A common trend observed in recent sur-
veys is a chemical diversity and complexity that is hard to ex-
plain with a one-component gas phase. As with our own Galaxy,
it is becoming clear that different molecules will trace differ-
ent regions of a galaxy (e.g. Meier & Turner 2005, 2012; Usero
et al. 2006; Garcia-Burillo et al. 2010) from the cold, relatively
low density molecular gas traced by CO, to highly shocked re-
gions, traced by e.g. SiO, and finally to very high density star
forming clouds (traced by e.g. CS and possibly CH3;0H). Often
high abundances of particular species such as HCO* are auto-
matically attributed to the presence of strong PDRs, since this
molecule is indeed abundant in the presence of a strong UV field,
regardless of the metallicity, cosmic ray ionization rate or den-
sity of the galaxy (Bayet et al. 2009). Nevertheless, this species
is also highly enhanced when the cosmic ray or X-ray ioniza-
tion rates are high, regardless of the UV field (Bayet et al. 2011;
Meijerink & Spaans 2005). This apparent degeneracy is com-
mon to most molecules and again reflects the fact that chemistry
is a non-linear process influenced by a combination of energetics
and physical conditions.
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Galaxies characterized by both AGN and vigorous circum-
nuclear star formation present a complex combination of ener-
getic processes, including UV-rays and X-rays plus shocks asso-
ciated with AGN feedback, which can take over the processing
of ISM in the circumnuclear regions (e.g. Combes 2006). For
these objects, the connection between the starburst and the cen-
tral AGN is still unknown, although large amounts of dense cir-
cumnuclear gas imply that the two regions must interact. There
is no unique molecular tracer for such dense gas in these com-
plex systems; theoretical models (e.g. Bayet et al. 2008, 2009)
show that all the molecules that ought to be detectable in AGN
plus starburst systems are also characteristics of “pure” starburst
galaxies. High-resolution imaging of molecular line emission
is a key to disentangling the contribution of the starburst from
that of the AGN component in composite systems. Observations
seem to indicate that abundance ratios of HCN/HCO* may help
trace the dominating energetic processes (e.g. Krips et al. 2008,
2011; Aalto et al. 2011; Loenen et al. 2008); however, the chem-
istry of both these species is highly dependent on the physical
conditions of the gas as well as on its energetics. Galaxies where
starbursts and AGN are both present therefore require both high
spatial resolution and targeted multi-species, multi-line observa-
tions to disentangle and characterize the energetics and chemical
effects of the molecular gas.

One of the most studied examples of a composite star-
burst/AGN galaxy is NGC 1068, a prototypical nearby
(D ~ 14 Mpc) Seyfert 2 galaxy, which is the subject of numer-
ous observational campaigns focussed on the study of the fu-
elling of its central region and related feedback activity using
molecular line observations (e.g. Usero et al. 2004; Israel 2009;
Kamenetzky et al. 2011; Hailey-Dunsheath et al. 2012; Aladro
etal. 2013). Interferometric observations of CO, as well as HCN,
HCO™, CS, and SiO (e.g. Tacconi et al. 1994; Schinnerer et al.
2000; Garcia-Burillo et al. 2010; Krips et al. 2011; Tsai et al.
2012) clearly show that molecular tracers of dense gas are es-
sential to spatially resolve the distribution, kinematics, and exci-
tation of the circumnuclear gas of NGC 1068 and to study the re-
lationship between the r ~ 1—1.5 kpc starburst (SB) ring and the
r ~ 200 pc circumnuclear disc (CND) located around the AGN.
A summary of interferometric observations of NGC 1068 can be
found in the accompanying Paper I, and references therein. We
summarize below the main results of Paper I and the aims of the
present work.

In order to probe the bulk of the dense molecular gas in
the r ~ 2 kpc disc of NGC 1068, we carried out Atacama
Large Millimeter/submillimeter Array (ALMA) Cycle O obser-
vations in Bands 7 and 9 of several molecular transitions, namely
CO (3-2) and (6-5), HCO" (4-3), HCN (4-3), and CS (7-6)
within the r ~ 200 pc CND as well as in the ~1-1.5 kpc SB ring.
The data and their reduction are detailed in Paper I. We list be-
low the main observational results of Paper I that are relevant to
this work:

— We found evidence from several tracers that the kinemat-
ics of the dense molecular gas (n(Hy) > 10° cm™) from
r ~ 50 pc out to r ~ 400 pc are shaped by a massive
(Mgas ~ 2.7 X 107 My) outflow, which reveals the signature
of mechanical feedback produced by the AGN. The outflow
involves a sizeable fraction (>50%) of the total gas reservoir
in this region.

— Molecular line ratios derived from the ALMA data show
significant differences between the SB ring and the CND.
Furthermore, line ratio maps at the 20-35 pc resolution of
ALMA show up to order-of-magnitude changes inside the
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Fig. 1. CO (3-2) velocity-integrated intensity map, measured in Jy/beam kms~! over a 460 kms~! window, obtained with ALMA (see Paper I
Fig. 4 for more details). The central position is the phase tracking center (J2000( RA,, Dec,) = (02"42™40:771), (-00°00'47"84)). Top panel: map
encompassing the circumnuclear disc (CND) and the starburst ring. Bottom panel: same as above except zoomed in on the CND region. The filled
ellipses in the lower right corners represent the spatial resolution of the observations.

CND. Changes are correlated with the UV/X-ray illumina-
tion of the molecular gas at the CND by the AGN. Overall,
these results hint at a strong AGN radiative feedback on the
excitation/chemistry of the molecular gas.

In the present paper, we concentrate on the chemical analysis
of the gas within the CND and towards a particularly promi-
nent star-forming knot of the SB ring, with the aim of quantify-
ing the chemical differentiation and of determining the chemi-
cal origin of such differentiation. This is the highest resolution
multi-line/multi-species chemical study of this object to date,
and allows us, for the first time, to spatially resolve and study
sub-regions within the CND.

This paper is sub-divided as follows: in Sect. 2 we re-
port the molecular line ratios and briefly describe the sub-
regions of the CND, as determined by our ALMA observa-
tions in Paper I; in Sect. 3 we analyse the data by performing
local thermodynamical equilibrium (LTE) calculations, as well
as radiative transfer modelling with RADEX, developed by

Van der Tak et al. (2007). In Sect. 4, we attempt to interpret the
data via chemical modelling; in Sect. 5, we list our conclusions.

2. Molecular line ratios
2.1. Methodology

Figure 1 shows the velocity-integrated intensity map of CO(3-2)
in the disc of NGC 1068 obtained with ALMA. This is a re-
production of Fig. 4 from Paper I and can be used as a refer-
ence “chart” for the present paper. In Figs. 2 to 6, we present
the molecular line ratios of the velocity-integrated intensities, in
Top X Av units (K kms™), used for our study of the CND and
the SB ring. Prior to deriving the line ratios, all the maps have
been referred to the same tracking centre first and then degraded
to the lower/common spatial resolution of the data used to de-
rive each line ratio. The degrading is performed in the plane of
the sky by an adequate Gaussian convolution kernel specifically
adapted for each line ratio.
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Fig.2. Left: velocity-integrated intensity ratios CO(3-2)/CO(1-0) in the CND as well as in the SB ring. Right: CO(6-5)/CO(3-2) and
CO(2-1)/CO(1-0) in the CND. The filled ellipses represent the spatial resolutions used to derive the line ratio maps: 2” x 1.1” PA = 22° for
CO(3-2)/CO(1-0) and CO(2-1)/CO(1-0); 0.6” x 0.5” PA = 60° for CO(6-5)/CO(3-2).
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Fig. 3. Velocity-integrated intensity ratios HCN(4-3)/HCN(1-0) (left) and HCO*(4-3)/HCO™" (1-0) (right) across the CND as well as in the
SB ring. The filled ellipses in the lower right corners represent the spatial resolutions used to derive the line ratio maps: 6.6” X 5.1” PA =

157¢, for both panels.

We show, and subsequently in our analysis use, line ratios
which can be considered independent, given the limited number
of different intensities available for each region. To that purpose,
we combined the ALMA maps presented in Paper I with a set
of interferometric images of NGC 1068 obtained by the IRAM
Plateau de Bure Interferometer (PdBI) for the lower-J transitions
of the same molecular species observed by ALMA, but with spa-
tial resolutions that are comparatively lower in the PdBI maps.
In particular, some of the ratios make use of the PdBI data
for CO(1-0) and CO(2-1) (taken from Schinnerer et al. 2000),
HCO*(1-0) and HCN(1-0) (taken from Garcia-Burillo et al.
2008; Usero et al., in prep.), and CS(2—1) transitions (taken from
Tacconi et al. 1997).

The adopted methodology for all the analyses, except for that
in Sect. 3.2.3, required that all interferometric images, obtained
with original spatial resolutions that range from 20 to 350 pc
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for the CND (see Table 1 for details), and from 100 pc (for the
CO(3-2)/CO(1-0) ratio) to 400 pc (for the rest) for the SB ring,
first had to be degraded down to the lower/common spatial res-
olution of the two transitions involved in each case. For the
SB ring, the downgrade to 400 pc in spatial resolution is required
in order to recover the emission from the SB ring of the HCN (1—
0) and HCO™" (1-0) PdBI data. Intensities were calculated by in-
tegrating inside a common 460 km s~! velocity window (-230,
230 km s~! relative to the systemic velocity). We also used a
common 30 clipping threshold on the intensities when we de-
rived the ratios to enhance the reliability of the images. For the
sake of simplicity, the figures are all centred around the same
nominal position of the phase tracking centre adopted in Paper I
(J2000( RA,, Dec,) = (02"42™40:771), (—00°00"4784)).

None of the maps used to derive the line ratios include short-
spacing correction, however, we estimate that the amount of flux
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Fig.4. Zoomed in velocity-integrated intensity ratios HCN(4-
3)/HCN(1-0), HCO*(4-3)/HCO*(1-0) and CS(7-6)/CS(2-1) in the
CND. The filled ellipses represent the spatial resolutions used to derive
the line ratio maps: 2” x 0.8”, PA = 19° for HCN(4-3)/HCN(1-0) and
HCO*(4-3)/HCO*(1-0); 6.6” x 3.2"” PA = 16° for CS(7-6)/CS(2-1).

filtered in the interferometric images used in this work starts to
be significant only at scales >6". This is well above the lowest
spatial resolution of any of the line ratio maps used in this work,
where we purposely use fluxes extracted from single apertures
that range from ~0.5” to ~5” to minimize the bias due to the
lack of short spacings.

In our analysis of line ratios, we also use single-dish
(IRAM 30m) estimates of the '2C/'3C isotopic line ratios for
CO, HCN, and HCO™ to constrain the opacity range of the solu-
tions (Papadopoulos & Seaquist 1999; Usero et al. 2004; Usero,
priv. comm.).

2.2. The ALMA “topology” of NGC 1068

From Figs. 2 to 6 and also summarizing the findings from
Paper I, we find that overall molecular line ratios show signif-
icant differences between the SB ring and the CND. In par-
ticular, ratios that measure the excitation of CO, HCN, and
HCO* (like the 3-2/1-0 ratio of CO or the 4-3/1-0 ratio of
HCN or HCO") are a factor of 2-5 higher in the CND on
average. Furthermore, mixed ratios that involve transitions of
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Fig.5. HCN(4-3)/CO(3-2), CS(7-6)/CO(3-2) and HCN(4-3)/
HCO*(4-3) velocity-integrated intensity ratios in the CND. The filled
ellipses represent the spatial resolutions used to derive the line ratio
maps: 0.6” x 0.5” PA = 60°, for all panels.

different species having distinctly different critical densities, (for
example, HCN(1-0)/CO(1-0) or HCN(1-0)/HCO*(1-0)), are
also a factor 2-5 higher in the CND relative to the SB ring. Taken
at face value, this result hints at a comparatively higher exci-
tation and/or enhanced abundances of dense gas tracers in the
CND. Disentangling excitation from chemistry effects is crucial
if we are to interpret the observed differences between the SB
and the CND, and it is one of the aims of this paper.

As discussed in Paper I, molecular line ratios at the full res-
olution of our ALMA data (~0.3”7-0.5", or 20-35 pc at the as-
sumed distance of 14 Mpc) allow us to measure significant dif-
ferences within the CND. In the following, we define five spa-
tially resolved sub-regions inside the CND, denoted as E Knot,
W Knot, AGN, CND-N, and CND-S (see Fig. 1, lower panel).
The E and W Knots coincide with the two emission peaks in
the CO ALMA maps of the CND. The AGN knot corresponds
to the position of the central engine. The CND-N and CND-
S knots are located north and south of the AGN locus in the
CND ring, and close to the contact points of the jet-ISM working
surface. They are therefore prime candidates to explore shock-
driven chemistry related to the molecular outflow discussed in
Paper I. We list the coordinates of all sub-regions in Table 2.
The remarkable differences in all line ratios across the CND
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Table 1. Original spatial resolution in parsecs for all (ALMA as well as PdBI) molecular transitions used in this paper.

Transition Spatial resolution Average spatial resolution (pc) Instrument
CO (1-0) 2" x 1.1” (140 pc x 77 pc) 109 PdB!

CO (2-1) 2" x 1.1”7 (140 pc X 77 pc) 109 PdB!

CO (3-2) 0.6” x 0.5” (42 pc x 35 pc) 39 ALMA Band 7
CO (6-5) 0.4” x0.2” (28 pc x 14 pc) 21 ALMA Band 9
HCO™ (1-0) high-res. 2" % 0.8” (140 pc x 56 pc) 98 PdBI?
HCO* (1-0) low-res.  6.6” x 5.1” (460 pc x 350 pc) 405 PdBI?
HCO™" (4-3) 0.6” x 0.5” (42 pc x 35 pc) 39 ALMA Band 7
HCN(1-0) high-res. 2" % 0.8” (140 pc x 56 pc) 98 PdBI?
HCN(1-0) low-res. 6.6” x 5.1” (460 pc x 350 pc) 405 PdBI?
HCN (4-3) 0.6” x 0.5” (42 pc x 35 pc) 39 ALMA Band 7
CS (2-1) 6.6” X 3.2” (462 pc x 224 pc) 343 PdBI?

CS (7-6) 0.6” x 0.5” (42 pc x 35 pc) 39 ALMA Band 7

Notes. We assume a distance of 14 Mpc. (" Schinnerer et al. (2000); ® Garcfa-Burillo et al. (2008);  Tacconi et al. (1997) .

sub-regions may be associated with an uneven degree of illu-
mination of molecular gas by UV/X-ray photons from the AGN
(see discussion in Sect. 7 of Paper I).

As already mentioned, line ratios show a notable differen-
tiation between the CND and the SB ring taken as a whole. In
an attempt to optimize the information derived from the high-
resolution data used in this work, we have identified a represen-
tative star-forming knot along the SB ring, where a maximum
number of molecular lines are detected. We have taken this posi-
tion as a reference in our comparison with the conditions derived
individually for the CND knots. This helps put the results on an
equal footing thanks to the use of similar apertures. The chosen
SB ring knot is located in the southern region of the pseudo-
ring (see Fig. 1) and coincides with a strong Paa emission peak.
We take this knot as representative based on similar line ratios
measured in an ensemble of 12 molecular star-forming knots de-
tected in the dense gas tracers of the SB ring (see Sect. 5 of
Paper I). Furthermore, the use of fluxes extracted from a sin-
gle <5” aperture is preferred to adopting line ratio values aver-
aged over the whole SB ring at scales >20", as we thus minimize
the amount of flux filtered out in the interferometric images used

A28, page 6 of 21

Table 2. Coordinates, and RA and Dec offsets relative to the AGN,
of the five regions within the CND and the star-forming knot of the
SB ring.

Name RA Dec (ARA, ADec) ()
E Knot  02:42:40.771  -00:00:47.84 0.9,0.1)

W Knot  02:42:40.630 —00:00:47.84 (-1.3,0.1)
AGN 02:42:40.710  -00:00:47.94 0, 0)
CND-N  02:42:40.710  —00:00:47.09 (0, 0.85)
CND-S  02:42:40.710  —00:00:49.87 (0, 0.07)
SBring 02:42:40.317 -00:01:01.84 (-5.9,-14)

in this work, which starts to be relevant only at scales >6", as
discussed in Sect. 2.1.

As a frame of reference, we list in Table 1 the original aper-
ture sizes in parsec for each transition prior to the spatial resolu-
tion downgrade. We report in Table 3 the individual line intensi-
ties and in Table 4, in the common (lowest) spatial resolution, all
the intensity ratios with their errors for each sub-region within
the CND, as well as in the SB ring knot. The uncertainties in
Table 4 have been estimated from the errors in the individual
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Table 3. Molecular velocity-integrated intensities, measured in K km s, for each region within the CND as well as in the starburst ring.

Molecule E Knot W Knot AGN CND-N CND-S SBring
CO(1-0) 597.33 500.47 310.87  203.57 29823  115.29
CO(2-1) 1480.28  823.21 773.35 554.65  482.57 -
CO(3-2) 2346.72  1587.95 911.03 833.28  429.84  160.51
CO(6-5) 2712.7 93720  1024.85 783.62  366.60 -
HCO*(1-0)  404.37 236.20 152.15 178.47 91.69 20.22
HCO*(4-3) 251.18 82.18 82.52 58.09 27.73 222
HCN(1-0) 821.32  466.06 29149 31271  143.12 19.84
HCN(4-3) 639.47 233.47 174.29 130.02 75.58 222
CS(2-1) 18.46 20.28 20.97 21.07 14.54 0.56
CS(7-6) 8.26 5.23 8.33 7.61 6.89 —

Notes. The errors in the intensities are not listed, but for our analysis are taken to be 15% for the ALMA Band 7 data, 30% for Band 9 data, and
10% for the PdBI data (see Table 4). For the CND, all the high resolution (35 pc) data have been reduced to a spatial resolution of 100 pc (1.4”).
The conversion to Jy/beam is 1 K = 0.215 Jy/beam for the CO(3-2) transition.

Table 4. Molecular ratios of velocity-integrated intensities (and their error in brackets — see Sect. 2.2), measured in K kms™!, rounded to the first
decimal point in most cases, for each region within the CND as well as in the starburst ring.

Ratios E Knot W Knot AGN CND-N CND-S SB ring
CO2-1)/(1-0) 2.5(0.4) 1.6 (0.2) 2.5(0.4) 2.7(0.4) 1.6 (0.2) -
CO(3-2)/(1-0) 3.9(0.7) 3.2(0.6) 2.9(0.5) 4.1 (0.7) 1.4 (0.3) 1.4(0.3)
CO(6-5)/(3-2) 1.2 (0.4) 0.6 (0.2) 1.1 (0.4) 0.9 (0.3) 0.9 (0.3) -
HCO*(4-3)/HCO*(1-0) 0.6 (0.1) 0.3 (0.1 0.5 (0.1) 0.3 (0.1) 0.3 (0.1) 0.1 (0.01)
HCN(4-3)/CO(3-2) 0.3 (0.1) 0.1 (0.03) 0.2 (0.04) 0.16 (0.03) 0.18 (0.03) 0.01 (0.003)
HCN(4-3)/HCN(1-0) 0.8 (0.1) 0.5 (0.1) 0.6 (0.1) 0.4 (0.1) 0.5(0.1) 0.1 (0.02)
HCN(4-3)/HCO*(4-3) 2.5(0.5) 2.8 (0.6) 2.1(0.4) 2.2(0.5) 2.7 (0.6) 1(0.2)
CS(7-6)/CO(3-2) 0.004 (0.001)  0.0033 (0.001)  0.0091 (0.002)  0.0091 (0.002)  0.0160 (0.003) -
CS(7-6)/(2-1) 0.4 (0.1) 0.25 (0.04) 0.4 (0.1) 0.4 (0.1) 0.5 (0.1) -

Notes. For the CND, all the high resolution (0.5 or 35 pc) data have been reduced to a spatial resolution of 100 pc (1.4”). Note that for the
CS(7-6)/(2-1) ratio the common spatial resolution is 350 pc. For the SB ring the CO(3-2)/(1-0) ratio was measured at the common resolution of

100 pc, while the rest of the ratios were measured at 400 pc.

intensities, which we take to be 15% for Band 7 data, 30% for
Band 9 data, and 10% for the PdBI data.

In the next two sections, we will perform different analyses
with the common aim of (i) estimating the column densities of
each species across the CND and SB ring knot by combining
LTE analyses and RADEX computations; (ii) determining the
gas density and temperature of each region within the CND, as
well as the SB ring knot via RADEX modelling, and by combin-
ing the results from (i) and (ii); and (iii) attempting to determine
the origin of the chemistry with the chemical and shock model
UCL_CHEM (Viti et al. 2004, 2011).

3. Data analysis: the physical characteristics
of the gas within the CND and SB ring

3.1. LTE analysis

In an environment that is in LTE the total column densities of the
observed species can be obtained from observations of a single
transition, provided the kinetic temperature (7%) of the gas is
known and that the emission in that transition is optically thin.
In LTE at temperature Ty, the column density of the upper level u
of a particular transition is related to the total column density via
the Boltzmann equation:

Nz
- gue_Eu/ka ’

ey

where N is the total column density of the species, Z is the parti-
tion function, g, is the statistical weight of the level u, and E,, is

its energy above the ground state. If optically thin, and assuming
a filling factor of unity, the column density N, is related to the
observed antenna temperature:

2

= @
Ay

where I is the integrated line intensity (in K kms™!) over

frequency.

For all our analyses, where we are working with ratios of
transitions with similar beams, line ratios under these approx-
imations can be considered meaningful, and Eq. (1) is suffi-
cient. In Table 5, we present the LTE total column densities for
each species calculated for several kinetic temperatures (from 50
to 250 K, although the LTE calculations were performed from 10
to 300 K) and from each transition, for each region of the CND,
as well as for the SB ring. Note that we have made the implicit
assumption that all our transitions are optically thin. In real-
ity, this is likely not the case and hence the derived LTE col-
umn densities are a lower limit: if (i) the emitting gas were in
true LTE; (ii) each transition were optically thin; and (iii) the
beam and velocity filling factors were the same for each tran-
sition, then the same total column density at a specific temper-
ature should be obtainable from each transition. This is clearly
not the case, and in fact differences in molecular ratios of differ-
ent transitions can be quite instructive. For CO, in most cases,
the differences are within an order of magnitude with the ex-
ception of the column density derived from the CO (6-5) line.
At times these column densities differ by slightly more than an
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order of magnitude when compared with the column density de-
rived from the J = 1-0 line, especially in the case of CND-S.
However, for HCO* and HCN the J = 4-3 transition gives a
much lower column density than the J = 1-0 line, suggesting
that the high J lines may be optically thick (see Sect. 3.2.1) or
sub-thermally excited. From Table 5 we note that for most tem-
peratures the E Knot is characterized by larger column densities
than the other regions. Within the CND, the least chemically rich
region seems to be CND-S. Nevertheless, the differences in col-
umn densities across the CND rarely exceeds one order of mag-
nitude. In general, when comparing the CND and the SB ring in
Table 5, we find that the SB ring contains gas with lower col-
umn densities by at least one order of magnitude compared to
the CND, in agreement with the analysis of the molecular ratios
presented in Paper 1.

We may be able to better evaluate the chemical richness
across the CND and potential differences between the CND and
the SB ring by looking at column density ratios derived exclu-
sively from the transitions observed with ALMA:

Within the CND: Krips et al. (2008, 2011) RADEX simu-
lations yield an upper limit for the average kinetic temperature
within the CND of 200 K; as we shall see later (see Sect. 3.2)
our RADEX analysis of the individual components within the
CND yields temperatures in the range of ~60-250 K. Therefore,
taking an intermediate kinetic temperature of 150 K, the ratio
of the CO to HCN column densities derived, respectively, from
CO(3-2) and HCN(4-3) lines (whose levels have similar lower
and upper energies) varies from ~2700 in the E Knot to >5000 in
the W Knot, hinting at the highest and lowest abundance of the
high density tracer HCN in the E Knot and W Knot, respectively.
The ratio of the CO to HCO™ column densities derived from
CO(3-2) and HCO™"(4-3) is lowest in the E Knot (~11700) and
AGN (~13700) and highest in the W Knot (~23 300), with the
ratios in the CND-S and CND-N both quite high as well (19 500
and 17 800). Thus, the AGN and the E Knot could be the regions
where most energetic activity is occurring since HCO* can be
enhanced by cosmic ray, X-ray, or UV activity.

We only have a single high J transition of CS observed
with ALMA. If we make the very simplistic assumption that
high J CS preferentially trace dense, shielded, and hot (due to
shocks) gas, then we can use the ratio of the CO to CS column
densities derived from the CO(6-5) and CS(7-6), respectively,
across the CND to obtain an idea of the diversity in the hotter
gas across this region. We find that this ratio is lowest for the
AGN and the CND-S (~5500-6000) and highest for the E Knot
(33000), which could be an indication that the AGN and the
CND-S are characterized by a high fraction of hot (shocked) gas,
while the E Knot is the coolest region in the CND. Of course the
above analysis is hampered by the fact that the ALMA transi-
tions may suffer more of optical depth effects and hence the LTE
approximation may be less valid.

CND vs. SB ring: Both the column density ratios, CO/HCN
and CO/HCO", estimated from the ALMA data are much higher
in the SB ring, ~50000 and ~90 000, respectively, than in the
CND where the highest are ~5000 and ~23 000, respectively,
indicating that both HCN and HCO* are more abundant in the
CND unless vibrational excitation by infrared photons is in fact
responsible for the different ratios, a possibility we shall explore
in a future paper. The fact that CO (and hence H;) is abundant but
other common species remain under-abundant may be an indica-
tion that the gas has a relatively low density, traced by CO but not
by higher density tracers, such as HCN and CS. This explanation
would also be consistent with the relatively low HCN/HCO™ ra-
tio found in the SB ring, with HCN being a high density tracer.
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In conclusion, a simple LTE analysis provides us with the
first clear indication that chemical differentiation exists across
the CND and between the CND and the SB ring. In the next sub-
section we present the results obtained by producing a rotation
diagram of CO (for which we have four transitions) for all the
regions within the CND to assess whether each sub-region of the
CND can in fact be modelled by a single gas phase component.

3.1.1. CO rotation diagram

Since we have more than two CO transitions for each region
within the CND, and making the assumption that LTE condi-
tions hold, that the lines are optically thin, and that we are mostly
in the Rayleigh-Jeans regime, we can use Eq. (1) to construct a
rotation diagram that relates the column density per statistical
weight of a number of molecular energy levels to their energy
above the ground state. The assumption that the lines are opti-
cally thin may of course not be valid, especially as in dense gas
the '2CO is well known to be often optically thick. The rotation
diagram is a plot of the natural logarithm of N, /g, versus E,/k
and, if the above mentioned assumptions hold, is a straight line
with a negative slope of 1/T;y. The temperature inferred from
such a diagram is often referred to as the rotational temperature
and it is expected to be equal to the kinetic temperature if all the
levels are thermalized (Goldsmith & Langer 1999).

Figure 7 shows the rotation diagrams (with error bars — note
that the errors are the absolute uncertainty in a natural log of
N, /g.) for each of our regions, namely, E Knot, W Knot, AGN,
CND-N, and CND-S. The uncertainties were calculated (via
standard propagation of errors) assuming the error on the level
column densities are 10% for the first two transitions, 15% for
the J = 3-2, and 30% for the highest J. Deviations from these
errors would not be large enough to dramatically change the re-
sults. The derived rotational temperatures are, 58 K, 41 K, 50 K,
52 K, and 37 K, respectively. The errors on the rotational temper-
atures are around 5-7 K. However, the AGN and CND-S regions
may be better represented by a two-component fit (not shown),
which yields 25 K and 67 K for the AGN region, and 15 K
and 54 K for the CND-S region. The rotational temperatures de-
rived from the rotation diagrams ought to be considered as lower
limits of the excitation and kinetic temperatures (Goldsmith &
Langer 1999). The CO column density can also be quantified
using the rotation diagram: we find that the CND-N and CND-S
have the lowest CO column density at ~2—3 X 10'% cm~2, while
the AGN, the W Knot, and the E Knot CO column densities are
3% 10'%, 5 x 100 and 7 x 10'® cm™2, respectively. Compared
to the values from Table 5, they are at least one order of magni-
tude lower. This can be due to a combination of effects: firstly,
referring to Eq. (24) in Goldsmith & Langer (1999) and assum-
ing optically thin emission, this would lead to the ordinate of
the rotation diagram to be considerably below its correct value
(Goldsmith & Langer 1999). Secondly, as already mentioned, a
single component does not always fit the data; taking into con-
sideration a two-component fit would boost the column density
in all cases. The main conclusion to take away from this rotation
diagram analysis is that, even within each region of the CND,
the gas can not be characterized by a single phase.

3.2. RADEX analysis of the CND

Krips et al. (2011) performed an extensive and detailed analy-
sis of the northern region of the CND with the radiative trans-
fer code RADEX developed by van der Tak et al. (2007). They
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Fig. 7. Rotation diagrams for CO in the AGN (top left); E Knot (top middle); W Knot (top right); CND-S (bottom left); CND-N (bottom right).
The black solid squares show the data with error bars, which correspond to those of the integrated intensities (errors are of the order of 10-30%).

used the ratios of several transitions of CO, HCN, and HCO*
and found the molecular gas to be quite warm (7T, > 200 K)
and dense (n(H,) ~ 10* cm™).

In this section, in a similar manner to Krips et al. (2011),
we perform a RADEX analysis with all the available molecu-
lar ratios for each region of the CND. Such modelling is lim-
ited by the assumption that all the molecular transitions sample
the same gas. Although we adopt such an assumption by defi-
nition, we note that this assumption is crude, given the different
critical densities of the available transitions, together with differ-
ent physical and energetic conditions required for each chemical
species to form (see Sect. 4). Nevertheless, if variations in tem-
perature and density within each sub-region of the CND are not
too steep, a RADEX analysis should still be able to give us an
indication of the average gas density and temperature and the
likely range of column densities present.

In order not to duplicate the Krips et al. (2008, 2011) analy-
ses, we shall not discuss in detail the results of each simulation,
nor the “goodness” and limitations of the best y? fit(s). Rather
we will concentrate on the differences in the physical character-
istics among the sub-regions of the CND obtained from the best
RADEX fits.

RADEX offers three different possibilities for the es-
cape probability method: a uniform sphere, an expanding
sphere (LVG), and a plane parallel slab. We used all three meth-
ods but, like Krips et al. (2011), we did not find significant differ-
ences for the best fits; we therefore present the results from uni-
form sphere models. The collisional rates used for the RADEX
calculations were taken from the LAMBDA database (Schoier
et al. 2005) and are computed with a H; as collisional partner.
We have used a background temperature of 2.7 K; this may not
be completely appropriate for the AGN region.

We have performed three different grids of models, which
we discuss in the next three sub-sections.

3.2.1. CO fitting

We first used all our CO data as well as the '>CO/'3CO line
intensity ratios of 14, 10, and 14 for the CO(1-0), CO(2-1),
and CO(3-2) transitions taken from Papadopoulos & Seaquist
(1999). The isotopic line intensity ratios were measured with a

very large beam of 14-21" (>950 pc), and are hence averages
for the entire CND. By adopting the same '>CO/!3CO line in-
tensity ratio for each region within the CND, we are favouring,
a priori, a common opacity that may not be a valid assumption
(see below). As an intrinsic '2C/!3C ratio we used 40; this ratio is
well known to vary across clouds within our Galaxy (e.g. Milam
et al. 2005), as well among galaxies (e.g. Henkel et al. 2014).
For NGC 1068, Aladro et al. (2013) finds an upper limit to the
isotopic ratios '>C/!3C of 49, while Krips et al. (2011) find a ra-
tio of 29. We did vary this ratio for a subset of our RADEX grid
and did not find large enough differences to substantially change
our conclusions.

We construct a large grid of spherical models with the
following parameters:

1. Gas density: n(H,) = 103-107 cm™3.

2. Kinetic temperature: Ty, = 10-500 K.

3. Column density/line-width:
N('2CO)/AV = 10"4-10* cm™%/km s~!.

For a total of over 14 000 models.

We use all possible combinations of independent CO ratios:
2-1/1-0; 3-2/1-0; 6-5/3-2, 2CO(1-0)/*CO(1-0), '2CO(2-1)/
13CO(2-1), and '2CO(3-2)/3CO(3-2). Using all the available
interferometric data has the advantage that we have more ra-
tios than parameters to fit, but has the disadvantage that the
ALMA observations used for the ratios involving the 3-2 and the
6->5 lines are degraded to a linear resolution of ~100 pc. Within
such a region it is very unlikely that we have a single homo-
geneous gas component: here we are deriving an average of the
gas density and temperature provided that all the transitions used
are tracing similar gas components within the ~100 pc beam. We
shall always report results from a reduced /\(2 fitting, where, K,
the number of degrees of freedom is taken to be equal to N — n
where N is the number of intensity ratios, and » is the number of
fitted parameters; to be accurate, our reduced ,\(2 is in fact strictly
speaking not a standard y? but a minimization function that we
define as:

1 6
Xoea = 7 D lI0g(Ro) ~ log(Run) /o 3)
i=1

A28, page 9 of 21


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424116&pdf_id=7

A&A 570, A28 (2014)

E Knot: N(CO)/AV=3 x10'® cm~*/kms ! 020

18-

161

W Knot: N(CO)/AV=10"" cm*/kms™!

AGN: N(CO)/AV=3 x10" cm~*/kms~!

0550 2

0.525

0.500

0.475

0.450

0.425

1.8
0.400

0.375 1.6 0.02

4.0 4.5 5.0 5.5 6.0 6.5 7.0 . 4.0 4.5 5.0 5.5
logyo n [em™]

logyg n [em

6.0 65 70 0350 4.0 45 5.0 5.5 6.0 6.5 7.0

3 logyy 1 [em™3]

CND-N: N(CO)/AV=5 x10' cm~%/kms~*

0.20 2.6 0.20

240 Z80s

CND-N: N(CO)/AV=3 x10'" cm~?/kms~" _
R

2.4F

4.0 4.5 5.0 5.5 6.0 6.5 7.0 4.0 4.5 5.0 5.5
logyy n [em™3]

logyy n [em™3]

6.0 6.5 7.0 4.0 4.5 5.0 5.5 6.0 6.5 7.0

logyo n [em™]

Fig. 8. y? fit results from the RADEX CO simulations of the excitation conditions within the E Knot (top left), W Knot (top middle), AGN (top

right), CND-S (bottom left) and CND-N (bottom middle and right).

where R, and Ry, are the observed and modelled ratio, respec-
tively, and o represents the uncertainty of the observed ratio.

Examples of the best fits are shown in Fig. 8. Table 6 sum-
marizes the best fit CO column densities (divided by the line-
width), gas density and gas kinetic temperatures for each region
within the CND.

The opacity regimes probed by our RADEX solutions vary
among the regions but also within the best density and temper-
ature solutions: for example in the E Knot, the best fit model
plotted in Fig. 8 (top left), for a density of 10° cm™ and a tem-
perature of 60 K, gives an opacity, 7, of ~0.2 for the / = 1-0 line
(which may be surprising given the low '*13CO (1-0) observed
ratio) to a 7 of just below 2 for J > 4. Towards the AGN, on the
other hand, the best fit model plotted in Fig. 8 (top right), gives
an opacity, which is still low for the J = 1-0 line, but up to close
to six for the 6-5 line for temperatures of the order of 200 K and
densities of the order of 103 cm™. The RADEX solutions con-
firms what we found via the rotation diagram, namely that not
all our transitions for each position are optically thin and that
a single gas-phase component is not sufficient to match all the
CO transitions within each sub region of the CND.

Although the conclusions we can draw from these fits are
qualitative in nature, we find: i) for all the regions, but the
E Knot, within the CND, the gas is hot with an average Ty >
150 K. These high temperatures are probably a consequence of
X-rays or cosmic rays, and/or mechanical heating as it is un-
likely that the UV would penetrate sufficiently within the gas to
heat it to such high average temperatures. In fact, for cosmic rays
alone to heat the gas to such temperatures, ionization rates ought
be as high as 107'* s7! (Bayet et al. 2011) or even 107!3 57!
(Meijerink et al. 2011). The E Knot seems to have the lowest
temperature (<80 K). The hottest components are the W Knot,
the AGN and, according to one solution (see Fig. 8, bottom mid-
dle panel), the CND-N; ii) although the gas densities for each
component are less well constrained than the temperatures, the
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gas in the CND is on average dense (>10* cm™), in agreement
with the findings by Krips et al. (2011); iii) the column densities
for CO are around 10'7-10" cm~2.

3.2.2. A RADEX grid computed with multi-species ratios

We now, independently, attempt to find the best density
and temperature of the gas using ratios of all the avail-
able molecules and their isotopes. For our first grid we
use all the independent ratios: CO(2-1/1-0); CO(3-2/1-0);
CO(6-5/3-2); '2CO(1-0)/"*CO(1-0), '2CO(2-1)/*CO(2-1),
12C0O(3-2)/'3CO(3-2), HCN(4-3/1-0), HCO*(4-3/1-0), CS(7-
6/2-1), HCN(4-3)/HCO*(4-3), HCN(4-3)/CO(3-2), CS(7-
6)/CO(3-2), H'?CO*(1-0)/H'3CO*(1-0), and H'’CN(1-0)/
H'3CN(1-0). We used the same line H">?CN(1-0)/H"*CN(1-0)
and H'?CO(*1-0)/H'*CO*(1-0) ratios of 18 and 24, respec-
tively (Papadopoulos & Seaquist 1999; Usero et al. 2004; Usero,
priv. comm.) for each region within the CND. In order to use
four different species, we need to constrain a set of parameters,
namely the CO column density and the ratios among molecular
abundances. We varied the gas density and temperature as in our
first RADEX grid in Sect. 3.2.1 for several molecular column
density ratios (see Table 7) spanning from N(CO)/AV = 5x 10"
to 10" cm™?/kms™!, N(HCO®)/AV = 10" to 103 cm™2/kms~!,
N(HCN)/AV = 10" to 10" em™?/kms~!, N(CS)/AV = 10'! to
10" cm™2/kms~! (resulting in a grid of over 10000 models).
We define a set of models to be a sub-grid of the same individ-
ual column densities for each linewidth. Of course, these sets are
not exhaustive and do not cover all the possible column densities
ratios, but they were guided by the range of column densities de-
rived in LTE. As for the previous RADEX grid, we shall not dis-
cuss the results in detail, as similar RADEX analyses have been
performed by Krips et al. (2008, 2011) and our average densi-
ties and temperatures confirm their general conclusions. Here we
mainly concentrate on variations within the CND. However, we
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Fig.9. Log of x? fits results from the RADEX simulations of the excitation conditions within the E Knot (top left and middle), the W Knot (top
right), the AGN (middle row), the CND-S (bottom left and middle), the CND-N (bottom right) using all the available transitions.

note that our reduced y? fits are much poorer than those obtained
for the CO fits, an indication of the presence of multiple gas
components within each region. Hence, for this RADEX grid
we shall report results from the log of the reduced y? fitting. We
note also that for each region, we always obtain more than one
solution in density and temperature for the same set of column
densities (see later), as well as the same density and temperature
for more than one set of column densities.

Table 8 reports a summary of all our results and Fig. 9 shows
our best fits. We discuss region by region below.

For the E Knot Sets 1, 2, 6, and 7 (see Table 7) give the same
reduced y? (see Fig. 9); one of the results from the RADEX
CO analysis was that the best fit gas densities were always
above 10* cm™: we therefore use this lower limit as a further
constraint and we are left with Sets 1 and 7, because the others all
give gas densities below 10* cm™3. Set 7 gives multiple solutions
in the ny — Tk plane: the high temperature (~400 K) solution, al-
though in agreement with the RADEX results from Krips et al.
(2011; which was however an average across a larger area), is the
less likely given the findings from the CO RADEX analysis. For
the W Knot Set 7 has the lowest reduced y? fit, with gas density
and temperature solutions consistent with the CO RADEX anal-
ysis. For the AGN, Sets 3, 6, and 7 yield the same reduced Xz and
more than one solution in the density-temperature plane. For the
CND-S, Set 2 and Set 7 yield the best fits. Finally, for the CND-
N only Set 7 provides the best fit.

All regions, but the CND-N and the W Knot, can be fitted
by more than one set, but equally, all regions can be fitted by the
same set, implying that we cannot exclude that all the regions are
chemically similar, with common ratios of HCN/HCO* = 100,
CO/HCN = 10*, CO/HCO" = 10°, and CO/CS = 10°. In this sce-
nario, we note that the HCN/HCO™ abundance ratio is very high
compared to those found in extragalactic environments, although
chemically an abundance ratio of 100 is in fact feasible in both
dense (10* cm™) PDR gas and star forming (nyg > 10° cm™)
gas (Bayet et al. 2008, 2009), because of the high abundance of
HCN. Hence, it may be an indication of very dense gas present.
We also find that the AGN and the CND-N are the hottest re-
gions and that the lowest limit for the gas density is 10° cm™.
We note again here that vibrational excitation by infrared pho-
tons may provide an alternative explanation for the observed
ratios in this hot gas. In fact, several authors, (e.g. Sakamoto
et al. 2010), found that HCN, and possibly other species, in-
cluding HCO* and CO, can be excited by infrared pumping
in AGN- or starburst-dominated galaxies, and very recently,
Gonzdlez-Alfonso et al. (2014) reported far-infrared pumping of
H,O by dust in NGC 1068. If one takes into consideration the
CO column densities as derived by the RADEX CO only analy-
sis, then Set 1 is the best fit for the E Knot, while both Set 6 and
7 fit the AGN well, with Set 6 yielding a higher average density
and temperature, that may be more consistent with the environ-
ment of the AGN. In this scenario, the chemical ratios for the
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E Knot are 10, 5 x 10*, 5 x 10°, and 5 x 10* for HCN/HCO*,
CO/HCN, CO/HCO*, and CO/CS, respectively, while for the
AGN they are 10, 104, 10°, and 10*.

This excitation analysis does not allow us to distinguish
whether the differences in intensity ratios across the CND are
due to different energetics or simply differences in the density
of the regions. We again underline that we have used a large
number of ratios involving several transitions for which we only
had low resolution data (100 pc and lower) and the ALMA data
were all degraded to 100 pc resolution. In particular, the use of
the CS(7-6)/(2—1) ratio is dubious considering that the CS(2-1)
observations were obtained with a beam three times the average
of that for the other lines (see Table 1). Ultimately, that this anal-
ysis does not conclusively reveal a chemical differentiation may
just be a consequence of the fact that it uses data with a degraded
resolution, while in fact the observed molecular line ratios show
dramatic changes of up to an order of magnitude inside the CND
on the spatial scales probed by ALMA (see Paper I). Hence, in
the next section, we reduce the number of molecular ratios to
those obtained at the highest spatial resolution in our analysis to
test the robustness of our results so far.

3.2.3. RADEX analysis of ALMA data only

For this grid of models, we used only ALMA data, apart from the
intensities for the isotopic ratios. We used the following inten-
sity ratios: CO(6-5/3-2); HCN(4-3)/HCO*(4-3), HCN(4-3)/
CO(3-2), CS(7-6)/CO(3-2), and '2CO(3-2)/'3CO(3-2), where
the latter ratio has been included to help constrain the
N(X)/A(V). In general, we find that this grid yields a better re-
duced log y*. More importantly, by reducing the size of the emis-
sion region it is more likely that the emission may arise from gas
with similar physical conditions. Figure 10 and Table 9 present
the best fits for four of our regions. For the CND-S, we could not
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perform this analysis as the CS(7-6) line intensity was too weak
at its original spatial resolution. We note that (i) for this RADEX
analysis the best fits are never given by a unique set; (ii) the solu-
tions for the gas densities are all consistent with the higher end
of the density solutions found from the previous multi-species
RADEX analysis, and especially the CO RADEX analysis. This
is consistent both with the fact that HCN and CS are tracers
of high density gas (unlike CO) and with the fact that a 35 pc
beam is more likely to encompass an average higher density gas
than a 100 pc beam; (iii) apart from the E Knot, none of the
sets producing the best fits coincide with those found in the pre-
vious RADEX analysis, again underlining the need to perform
RADEX analysis with data of the same (high) spatial resolution
if one wants to characterize the chemical differentiation across
the CND.

For the E Knot both Set 2 and Set 7 yield a best fit (see
Table 7). Both sets constrain the kinetic temperature once again
to around 60 K, confirming that this region is the coolest within
the CND. For the W Knot, the best fits are provided by either
Set 2 or Set 6, with Set 6 yielding best fits gas density and tem-
perature closer to the previous RADEX analyses fits; the AGN is
best fitted by Set 4 and the best fit density and temperature is in
agreement with previous RADEX analyses; the CND-N is best
fitted by Set 3.

The column density ratios are listed in Table 9. Favouring the
solutions from this analysis, we find that the AGN has the low-
est CO/HCO*, CO/HCN, and CO/CS ratios; the E Knot and the
W Knot have the highest CO/HCO™* and CO/HCN ratios (if Set 2
is favoured); while HCN/HCO™ is constant, at 10, across the
CND with the possible exception of the E Knot where it is 100
(if Set 7 is favoured). In order to use these ratios as tracers of the
dominating energetic process(es) within each CND component,
they need to be compared with chemical models, as we shall do
in Sect. 4. We emphasize here that, while this analysis benefitted
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of the excitation conditions of the SB ring.

from the use of all (but one) ratios of transitions observed at the
highest spatial resolution, it still suffers from the use of a single
transition for three of the four molecules. This potentially leads
to biases, especially with respect to gas density estimation.

3.8. RADEX analysis of the SB ring

For the starburst ring, only the following observations are
available: CO (3-2), CO (1-0), HCO* (4-3), HCO* (1-0),
HCN (4-3), and HCN (1-0). We therefore perform the
RADEX analysis on the following ratios: CO(3-2)/(1-0),
HCO*(4-3)/(1-0), HCN(4-3)/(1-0), HCN(1-0)/CO(1-0), and
HCN(1-0)/HCO*(1-0), the three isotopic line intensity ra-
tios for the CO transitions, H'3CO*(1-0)/H'2CO*(1-0) and
H'3CN(1-0)/H'>CN(1-0). The isotopic ratios are again from
Papadopoulos & Seaquist (1999); Usero et al. (2004; Usero,
priv. comm.). We use the same sets as in Table 7 and find that
the best fits are for Sets 6 (Fig. 11) and 7, both yielding a gas
density ranging from 3 x 10* to 3 x 10° cm™~3; the temperature is
less constrained with a maximum value around 60 K.

In terms of molecular ratios, if we take the results from the
RADEX fit in Sect. 3.2.3, then the SB ring has similar ratios as
the W Knot or the E Knot, however, with quite different physical
conditions. From Fig. 11, it is clear that, once we exclude tem-
peratures below ~30 K (the SB ring being a site of high star for-
mation activity), then the gas density and temperature are quite
well constrained to 5 x 10*~10° cm ™3 and ~40 K.

Without high spatial resolution data for the SB ring, we
cannot quantitatively determine the chemical differentiation be-
tween the CND and the SB ring, but it seems that the SB ring
has an average temperature much lower than that in the CND.
This implies that the differences in line intensities may be, at
least partly, due to excitation effects i.e. a lower gas temperature
may lead to a lower HCO"(4-3), and HCN(4-3) intensity, for
example, which would justify the lower HCN(4-3)/HCN(1-0)
and HCO*(4-3)/HCO*(1-0) ratios (see Table 4). A larger num-
ber of transitions at high spatial resolution will be required to
determine, with RADEX, whether this scenario is valid.

4. Chemical modelling

Aladro et al. (2013) observed the nucleus of NGC 1068 with
the IRAM 30-m single dish telescope in the 4 ~ 3 mm range
in several molecules including, CO, HCO* and HCN. Despite
the lack of spatial resolution they attempted to disentangle the
different gas components and energetics with the use of time
dependent gas-grain chemical and PDR models. The main con-
clusions of Aladro et al. (2013) were that molecules usually

assumed to be PDR tracers can, in fact, also arise from dense
gas that is shielded from the UV. They also found that a high
cosmic ray ionization, possibly together with an enhanced (com-
pared to a standard) radiation field, was needed to explain most
of the molecular abundances. They found that shocks were not
necessary, although they could not rule them out. While their
modelling constrained some of the energetics, it could not pro-
vide any physical information on the different gas components.
Here, we use the UCL_CHEM model (Viti et al. 2004, 2011)
to determine the best physical characteristics of each individual
component within the CND by comparing the ratio of theoreti-
cal column densities with the ratio of observed column densities
derived from the RADEX analysis.

UCL_CHEM is a 1D time dependent gas-grain chemical and
shock model. It is an ab initio model in that it computes the evo-
lution as a function of time and density of chemical abundances
of the gas and on the ices starting from a complete diffuse and
atomic gas. For the present calculations we used the code in a
single point mode (i.e. depth-independent) and was run in two
Phases in time (which we shall call Phases I and II) so that: the
initial density in Phase I was ~100 cm™3. During Phase I, the
high density gas is achieved by means of a free-fall (or modified)
collapse, in a time determined by the final density (which we var-
ied). The temperature during this phase is kept constant at 10 K,
and the cosmic ray ionization rates and radiation fields are at
their standard Galactic values of = 5x 107'7 s7! and 1 Draine,
or 2.74 x 1073 erg/s/cm?, respectively. Note that the collapse in
Phase I is not meant to represent the formation of protostars,
but it is simply a way to compute the chemistry of high den-
sity gas in a self-consistent way starting from a diffuse atomic
gas, i.e. without assuming the chemical composition at its final
density. In reality, we do not know how the gas reached its high
density and we could have assumed any other number of den-
sity functions with time. For simplicity, we adopt free-fall col-
lapse. Atoms and molecules are allowed to freeze onto the dust
grains forming icy mantles. Non-thermal evaporation is also in-
cluded (Roberts et al. 2007). Both gas and surface chemistry are
self-consistently computed. Once the gas is in dynamical equi-
librium again, Phase I is either allowed to continue at constant
density for a further million of years, or is stopped. In Phase II,
UCL_CHEM computes the chemical evolution of the gas and
the dust after either an assumed burst of star formation or AGN
activity has occurred. The temperature of the gas increases from
10 K to a value set by the user, and sublimation from the icy
mantles occurs. The chemical evolution of the gas is then fol-
lowed for about 5x 10° years. In both phases of the UCL_CHEM
model, the chemical network is based on a modified UMIST data
base (Woodall et al. 2007). The surface reactions included in this
model are assumed to be mainly hydrogenation reactions, allow-
ing chemical saturation when possible.

There are several free parameters involved in the setting up
of chemical models. We have kept fixed the initial elemental
abundances at the standard solar metallicity ISM abundances
compared to the total number of hydrogen nuclei; here we list
the most abundant initial elemental abundances, namely, C, O, N
and S which are, respectively, 2.7 x 1074, 4.9 x 1074, 6.8 x 107>
and 1.3 x 1073; see Asplund et al. (2009) for a complete list.
We then explored the parameter space for the quantities listed in
Table 10. In particular, we varied:

1. The final gas density at the end of the collapse. Note that
for the models where a shock is simulated this density
corresponds to the pre-shock density.
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HCN/HCO*.

2. The temperature, 100 K and 200 K, during Phase II; the
range of final densities and temperatures in Phase II explored
reflect the best fits found in this and previous studies of
NGC 1068.

3. The radiation field (G,); although the range of radiation
fields investigated is somewhat arbitrary, our aim was to
explore the influence of relatively high values, typical of
starburst galaxies, on the observed molecules, and hence
we picked three representative values of a low (1 Draine),
medium (10 Draine) and high (500 Draine) radiation field.

4. The cosmic ray ionization rate ({); note that in our chemical
models the cosmic ray ionization flux is also used to “mimic”
an enhanced X-ray flux, which is why we choose such a large
range. This approximation has its limitations because X-rays
ionize and heat gas much more efficiently than cosmic rays;
however, the trends in some ions, including HCO®, are the
same for CRs and X-rays for a fixed gas temperature, which
is what is assumed in these models.

5. The length of time at which the dense gas is quiescent in
Phase I, where either Phase I was stopped once the final den-
sity was reached (we shall call these the S models), or we
allowed Phase I to run for a further 1-2 x 10° years (L mod-
els). Phase I in the S models lasts for different times depend-
ing on the final density; for reference, 5 x 10° yrs for a final
density of 10* cm™ up to 5.4 x 10° yrs for a final density of
2 x 10° cm~3. However, since models differing only in this
parameter gave very similar solutions we shall not discuss
this parameter any further.

6. Finally we also ran some models simulating the presence
of shocks (in Phase II). For these models we adopted a
representative shock velocity of 40 km s~!. The shocks
in UCL_CHEM are treated in a parametric form as in
Jimenez-Serra et al. (2008), which considers a plane-parallel
C-Shock propagating with a velocity v through the ambient
medium.

Details of this version of UCL_CHEM can be found in Viti et al.
(2011).

Before performing a qualitative comparison we need to note
explicitly that even at the highest spatial resolution of the ALMA
data, the gas is extended to ~35 pc and hence the emission can-
not be from a single density component: hence we do not expect
one chemical model to fit all the molecular ratios. Moreover,
without any further information of the size/geometry we are
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constrained in using ratios of fractional abundances, which do
not necessarily represent the ratio of column densities if the
emission region varies from molecule to molecule. Hence, we
ran each model for different sizes to achieve two representative
visual extinctions of 2 and 10 mag, for the same gas density.
The exact choice of A, is not important for these calculations
because we are then using column density ratios. However, it
is important to choose an A, below and one above the typical
extinction at which the gas is shielded by UV radiation. Note
that all the analysis and comparisons of the abundances from the
chemical models are performed at the last time step of Phase II.
In fact, as discussed later, and as also discussed in Aladro et al.
(2013) and more generally in Bayet et al. (2008) and Meijerink
et al. (2013), the effects of time dependence cannot be ignored
in energetic extragalactic environments such as AGNs.

We shall now compare theoretical ratios (in log in Fig. 12)
with the RADEX solutions from Sect. 3.2.2 as well as
Sect. 3.2.3. As the chemical model is single point, we estimated
the theoretical column densities, a posteriori, from the fractional
abundances using the “on the spot” approximation:

N(X) =X xA, x N(Hp), “)

where Ay is the visual extinction and N(H») is equal to 1.6 X
10> cm™2, the hydrogen column density corresponding to
Ay = 1 mag (Dyson & Williams 1997). Hence, the column den-
sity derived is not cumulative, but the column density at a par-
ticular visual extinction. Of course, the derived and cumulative
column densities would be equivalent if the fractional abundance
of species X were the same at all the A, (which is not the case).
In Fig. 12 the left and right panels correspond to models ran at
low and high A,, respectively. It is worth noting that since we
are using logarithmic values of column density ratios, we are
“insensitive” to small differences. Note also that Models 25-27
are not shown in the figure, but will be discussed below.

Our multi-species RADEX analyses give several possible so-
lutions for the molecular line ratios (e.g. Table 8), which we will
now compare with the grid of chemical models from Fig. 12.
We report our results in Tables 11 and 12, where we compare
the log of the molecular ratios from our chemical models with
the solutions from Sects. 3.2.2 and 3.2.3, respectively.

Tables 11 and 12 are hard to interpret because not only can
each region be fitted by more than one set of column densities
but also, as expected, there is no one single model that can ex-
plain the set of all ratios; this is of course consistent with the
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fact that we need more than one gas component to characterize
each sub-region. We now attempt to remove some of the chemi-
cal model solutions by taking into consideration the density con-
straints provided by the RADEX analyses: the latter analysis ex-
clude a density <10* cm™3, therefore, we shall exclude a priori
all models with a gas density of 10* cm™3. For the matching of
the ratios involving HCO*, we shall also exclude chemical mod-
els where neither the radiation field nor the cosmic ray ionization
rate are enhanced: this implies that the CO/HCO™ abundance ra-
tio in all regions can be matched by Model 9 for Set 7. The ratio
in the E Knot can also be matched by Model 5 for Sets 1 or 2,
and in the W Knot and the CND-S by Model 5 for Set 2; and,
finally, for the AGN by Model 15 for Set 4. The other ratio in-
volving HCO" is the HCN/HCO™ ratio: this ratio can only be
matched by Model 15 for all our regions with different sets, im-
plying that the gas emitting HCO* in the CND must be subjected
to an enhanced cosmic ray ionization field but that it must also
be quite dense. We note that Set 7 cannot match the CO/HCN ra-
tio, which is well matched by Model 15 for all our regions but,
again, for different sets. The CO/CS can only be matched by
models with high temperatures (24 for the E Knot with Set 1,
and 18 or 24 for the AGN for Sets 3 or 6) or very high densities
(e.g. Model 6 for the CND-S for Set 2). The HCN/CS ratio, for
most best fit models, seems to require the presence of shocks i.e.
if HCN and CS are co-spatial then shocks must be invoked. The
presence of shocks is consistent with the findings from Paper 1.
Considering the many possible combinations of chemical sets
and chemical models one can have for each sub-region we can-
not draw any further conclusions. Nevertheless, the message that
can be extracted from our chemical modelling is that the chem-
istry is not the same in every sub-region of the CND, and that
provided there is chemical differentiation across the CND then
a simplified picture with three dominant gas phases emerges for
all regions: a “low” density (10° cm ™) region, and a higher den-
sity (=10° cm™?) region, both with a cosmic ray ionization rate
(and/or X-ray activity) enhanced by a least a factor of 10, as well
as a component of shocked gas. We cannot draw conclusions on
differences in gas densities, temperatures or energetics within the
CND from this preliminary modelling. While it may not be sur-
prising that the chemistry differs across the CND, this is the first
chemical study that, using high spatial resolution observations
coupled with a chemical model that includes gas-grain interac-
tions, explicitly disentangles the different chemistries, albeit in a
qualitative manner.

There are several caveats that should be considered when
comparing chemical models with RADEX results. Firstly, while
RADEX provides a solution for the average density and tem-
perature, these chemical models calculate the chemistry at a
fixed, homogeneous density, and temperature. Therefore they do
not calculate the average molecular ratios across the regions,
but the molecular ratio at a particular density, visual extinc-
tion, and temperature. Hence it is reasonable to employ mul-
tiple chemical models to reproduce the chemical composition
of our gas. Secondly, as RADEX is an excitation and radiative
transfer model, the chemical effects of an enhanced UV, cos-
mic ray or X-ray irradiation on the chemistry are “embedded” in
the input column densities. While we have not, by any means,
exhausted the parameter space of chemical modelling, we con-
firm that within each CND component more than one gas phase
is present and that more transitions of the same species need
to be observed with ALMA resolution to determine the physi-
cal characteristics across the CND with confidence. Moreover,
we note that the models used here are time dependent, while
we only compared ratios at chemical equilibrium. In fact, some

of our ratios, in particular HCN/HCO*, are well known to be
very time dependent in both dense gas (see Fig. 1 from Bayet
et al. 2008) as well as in X-ray dominated environments, such
as AGNs, (see Meijerink et al. 2013) so multiple gas phases can
co-exist spatially and temporally. This attempt at chemical mod-
elling was preliminary and a proper theoretical investigation in-
cluding PDR, gas-grain, and XDR models will be presented in a
forthcoming paper.

5. Conclusions

We performed a chemical analysis of the dense gas within the
CND and the SB ring with the aim of quantifying the chemical
differentiation across the CND, and we attempt a determination
of the chemical origin of such differentiation. From our analysis
we can draw the following conclusions:

— A simple LTE analysis shows that: the E Knot has a richer
molecular content than the rest of the CND, and the least
chemically rich region is CND-S. The SB ring has a lower
molecular content than the CND. From the CO/HCN ratios,
as derived from the transitions observed with ALMA, we
may deduce that the E Knot is the most abundant in high
density molecular tracers, while the W Knot is the least abun-
dant; from the CO/HCO™ ratio, we see that the AGN and the
E Knot are the regions where most energetic activity is hap-
pening; from the CO/CS high J column density ratio, we also
deduce that the E Knot may be the coolest region, while the
AGN and the CND-S may be the hottest.

— A rotation diagram analysis of CO leads to the following ro-
tational temperatures: 58 K, 41 K, 50 K, 52 K, and 37 K for
the E Knot, W Knot, AGN, CND-N, and CND-S, respec-
tively, with typical errors of 5-7 K. The rotational tempera-
tures are lower limits, assuming that the emission is optically
thin and in LTE.

— A RADEX analysis of the CO ratios, including rare iso-
topologues, indicates that the lowest temperature component
within the CND is the E Knot, which also has the lowest
CO column density. The AGN, the W Knot, and possibly
the CND-N positions have the highest temperatures (7 >
150 K). The average gas density is always above 10* cm™3.

— A RADEX analysis of all the independent ratios with the
species CO, HCN, HCO*, and CS gives multiple solu-
tions in terms of column densities as well as densities and
temperatures. From this analysis alone we cannot discern
whether the differences in molecular ratios across the CND
are due to chemical diversity or differences in physical con-
ditions or a combination of the two (which of course are not
independent).

— A RADEX analysis performed with a reduced number of ra-
tios using only ALMA data at the highest spatial resolution
gives better contraints, in particular in terms of absolute val-
ues for the column densities, although the E Knot and the
W Knot still have multiple solutions for the ratios of col-
umn densities. With this analysis, we confirm our LTE find-
ings that the AGN has the lowest CO/HCO™*, CO/HCN, and
CO/CS ratios, while the E Knot and W Knot have the high-
est CO/HCO™ ratio and the W Knot, and possibly the E Knot,
have the highest CO/HCN ratio. This analysis yields a lower
limit for the gas density of 5 x 10> cm™ for the E Knot and
higher densities for all the other components. The hottest
region is the AGN, while the coolest is the E Knot.
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Table 12. Summary of the best fit chemical model(s) for the molecular ratios in the different components in the CND using the best fit RADEX

solutions from Sect. 3.2.3.

Region Set log(Ratio)agex Model Ay (mag) n(H)(cm™) T (K) G, (Draine) ¢ (1077s7h)
E Knot 7 CO/HCO* =6 9 2 100 100 10 1
10 10 10* 100 10 10
CO/HCN =4 10 10 10* 100 10 10
HCN/HCO* =2 17 2 2 x10° 100 1 1
16 10 5x10° 100 1 1
CO/CS =5 14 2 10° 100 1 10°
13 10 10* 100 1 5% 10°
HCN/CS =1 25 (early times) - 10* - 1 1
E Knot, W Knot 2 CO/HCO* =5.7 5 2,10 10° 100 1 10
20 2 100 200 1 1
CO/HCN =4.7 15 2 2% 10° 100 10 1
14 10 10° 100 1 10°
HCN/HCO* =1 3 2 100 100 1 1
18 2 10° 200 1 1
15 10 2% 10° 100 10 1
CO/CS =3.7 6 10 100 100 1 10
HCN/CS =0 14 2 10° 100 1 10°
13 10 10* 100 1 5x10°
27 (late times) - 10° - 1 1
W Knot (CND-N) 6 (3) CO/HCO* =5 13 2 10* 100 1 5x10°
CO/HCN =4 10 10 10* 100 10 10
HCN/HCO* =1 3 2 100 100 1 1
18 2 10° 200 1 1
15 10 2% 10° 100 10 1
CO/CS =4 18 2 10° 200 1 1
24 2 10° 200 10 1
HCN/CS =0 14 2 10° 100 1 10°
13 10 10* 100 1 5% 10°
27 (late times) - 10° - 1 1
AGN 4 CO/HCO* =4 15 2 2% 10° 100 10 1
CO/HCN =3 12 2 10* 100 1 500
HCN/HCO™* = 3 2 10° 100 1 1
18 2 10° 200 1 1
15 10 2% 10° 100 10 1
CO/CS =3 7 2 10* 100 10 1
HCN/CS =0 14 2 10° 100 1 10°
13 10 10* 100 1 5% 10°
27 (late times) - 10° - 1 1

— A RADEX analysis of the SB ring leads to the conclusion
that it may be chemically similar to the W Knot, but with
substantially lower gas density and temperature.

— Finally, we attempt to determine the main driver of the chem-
istry in the CND with a time dependent gas-grain chemical
models, UCL_CHEM. We compare a relatively large grid
of chemical models with solutions provided by the RADEX
grids. This comparison proves to be rather difficult and does
not lead to any strong quantitative conclusion. However,
chemical modelling seems to indicate that there has to be
a pronounced chemical differentiation across the CND and
that each sub-region could be characterized by a three-phase
component ISM. In this scenario, we find that two of the gas
phases are at different densities but are both subjected to a
high ionization rate, and one gas component is comprised of
shocked gas where most likely the CS (and possibly some of
the HCN) arises from.

In conclusion, the LTE, RADEX, and chemical analysis all indi-
cate that more than one gas-phase component is necessary to fit
all the available molecular ratios uniquely. With the improved
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spatial resolution of ALMA, we expect this result to be con-
firmed by studies of other extragalactic systems also. Chemically
this is certainly not unexpected. For example, HCO™ is usually
the product of ion-molecule reactions involving C* and CO*.
These ions are only abundant in regions where CO can effi-
ciently dissociate via reactions with He*; while high fluxes of
cosmic and/or X-rays can lead to a high ionization fraction even
in dense environments, usually they also lead to low abundances
of HCN and CS (e.g. Bayet et al. 2011). Even for the same
molecular species, radiative transfer studies of multi-transition
observations of nearby starburst galaxies have shown that dif-
ferent J lines will peak at different gas densities and temper-
atures. Hence, our somewhat degenerate results are consistent
with multiple gas phases spatially and temporally co-existing.
Finally, we emphasize that this analysis did not take into con-
sideration infrared pumping, which in fact may be responsible
for the excitation of several of the observed transitions, as has
been recently shown to be the case for high-lying H,O lines
(Gonzalez-Alfonso et al. 2014).

It is clear from our preliminary analysis that a higher num-
ber of molecular transitions, including vibrationally excited
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transitions, at ALMA resolution is necessary to determine the
chemical and physical characteristics of each sub-region within
the CND. In a future paper, we shall attempt a more thorough
modelling, that will include 2D maps as well as principal com-
ponent analysis to investigate the relationship between the dif-
ferent species across the structures in the maps, as well as a de-
tailed analysis of the individual spectra with the use of a larger
suite of chemical, PDR, XDR and non LVG line radiative trans-
fer models.
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Table 5. Total beam averaged column densities (in cm~2) for CO, HCO*, HCN, and CS derived using single transitions for a range of temperature
assuming LTE and optically thin emission for the CND components, as well as for the SB ring.

T(K) EKnot W Knot AGN CND-N CND-S SBring
COJ=1-0
50.0 1.4(18)  1.2(18) 7.5(17) 4907 7.2(17) 2.8(17)
100.0 2.7(18)  2.3(18)  1.4(18) 9.3(17) 1.4(18) 5.3(17)
150.0 4.0(18) 3.4(18) 2.1(18) 1.4(18) 2.0(18) 7.7(17)
200.0 5.3(18) 4.4(18) 2.8(18) 1.8(18) 2.6(18) 1.0(18)
250.0 6.6(18)  5.5(18) 3.4(18) 2.2(18) 3.3(18) 1.3(18)
COJ=2-1
50.0 1.1(18)  6.2(17) 5.8(17) 4.2(17) 3.6(17)
100.0 2.7(18) 1.0(18) 9.9(17) 7.1(17)  6.2(17)
150.0 2.7(18) 1.5(18) 1.4(18) 1.0(18) 8.7(17)
200.0 3.5(18) 1.9(18) 1.8(18) 1.3(18) 1.1(18)
250.0 4.3(18) 2.4(18) 2.2(18) 1.6(18) 1.4(18)
COJ =32
50.0 1.1(18)  7.4(17) 4.2(17) 3.9(17) 2.0(17) 7.5(16)
100.0 1.6(18) 1.1(18) 6.1(17) 5.6(17) 29(17) 1.1(17)
150.0 2.1(18)  1.4(18) 8.2(17) 7.5(17) 3.9(17) 1.4(17)
200.0 2.7(18) 1.8(18) 1.0(18) 9.417) 4.9017) 1.8(17)
250.0 3.2(18) 2.2(18) 1.2(18) 1.1(18) 59(17) 2.2(17)
COJ=6-5
50.0 1.7(18)  5.8(17) 6.3(17) 4.8(17) 2.3(17)
100.0 1.0(18) 3.6(17) 4.0(17) 3.0(17) 1.4(17)
150.0 1.1(18) 3.7(17) 4.0(17) 3.1(17) 1.4(17)
200.0 1.2(18) 4.0(17) 4.4(17) 3.407) 1.6(17)
250.0 1.3(18) 4.5(17) 5.0(17) 3.8(17) 1.8(17)
HCO* J =1-0
50.0 1.3(15) 7.4(14) 4.8(14) 5.6(14) 2.9(14) 6.4(13)
100.0 2.4(15) 1.4(15) 9.2(14) 1.1(15) 5.5(14) 1.2(14)
150.0 3.6(15) 2.1(15) 1.4(15) 1.6(15) 8.2(14) 1.8(14)
200.0 4.8(15) 2.8(15) 1.8(15) 2.1(15)  L.I(15) 2.4(14)
250.0 5.9(15) 3.5(15) 2.2(15) 2.6(15) 1.3(15) 3.0(14)
HCO* J =4-3
50.0 1.1(14)  3.5(13)  3.5(13)  2.5(13)  1.2(13)  9.5(11)
100.0 1.4(14) 4.6(13) 4.6(13) 3.2(13) 1.5(13) 1.2(12)
150.0 1.8(14) 6.0(13) 6.0(13) 4.2(13) 2.0(13) 1.6(12)
200.0 2.2(14) 7.4(13) 7.4(13) 52(13) 2.5(13) 2.0(12)
250.0 2.7(14) 8.8(13) 8.8(13) 6.2(13) 3.0(13) 2.4(12)
HCNJ =10
50.0 1.3(16)  7.5(15) 4.7(15) 5.0(15) 2.3(15) 3.2(14)
100.0  2.5(16) 1.4(16) 9.0(15) 9.6(15) 4.4(15) 6.1(14)
150.0 3.7(16) 2.1(16) 1.3(16) 1.4(16) 6.5(15) 9.0(14)
200.0 5.0(16) 2.8(16) 1.8(16) 1.9(16) 8.6(15) 1.2(15)
250.0 6.2(16) 3.5(16) 2.3(16) 2.4(16) 1.1(16) 1.5(15)
HCN J =4-3
50.0 4.6(14) 1.7(14) 1.3(14) 9.4(13) 5.5(13) 1.6(12)
100.0 6.0(14) 2.2(14) 1.6(14) 1.2(14) 7.1(13) 2.1(12)
150.0 7.8(14) 2.9(14) 2.1(14) 1.6(14) 9.3(13) 2.7(12)
200.0 9.7(14) 3.6(14) 2.7(14) 2.014) 1.2(14) 3.4(12)
250.0 1.2(15) 4.3(14) 3.2(14) 24(14) 1414 41012
CSJ=2-1
50.0 33(14)  3.7(14) 3.8(14) 3.8(14) 2.6(14) 1.0(12)
100.0 6.2(14) 6.8(14) 7.0(14) 7.0(14) 49(14) 1.9(13)
150.0 9.1(14) 5.0(14) 1.0(15) 1.0(15) 7.2(14) 2.8(13)
200.0 1.2(15)  1.3(15) 1.4(15) 1.4(15) 9.4(14) 3.7(13)
250.0 1.5(15) 1.6(15) 1.7(15) 1.7(15) 1.2(15) 4.5(13)
300.0 1.8(15) 1.9(15) 2.0(15) 2.0(15) 1.4(15)
CSJ=7-6
50.0 24(13)  1.5(13) 5.2(13) 2.2(13) 2.0(13)
100.0  2.4(13) 1.5(13) 5.4(13) 2.3(13) 2.0(13)
150.0 3.0(13) 1.9(13) 6.5(13) 2.7(13) 2.5(13)
200.0 3.5(13) 2.2(13) 7.7(13)  3.2(13)  2.9(13)
250.0 4.1(13)  2.6(13) 9.0(13) 3.8(13) 3.4(13)

Notes. The transitions observed with ALMA were degraded to a resolution of ~100 pc. a(b) Stands for a x 10°.
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Table 6. Physical and chemical characteristics of the five selected sub-
regions within the CND (see Fig. 6) as derived by a RADEX analysis
of the CO emission only.
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Table 7. The seven sets of RADEX models using all available transi-
tions. Columns 2-5 are the adopted column densities, in units of cm™
where a(b) stands for a x 10°.

Region N(CO)/AV n(H,) Ty Set CO HCO* HCN CS
(em)/(kms™)  (em™) (K) 1 507 112)  1(13)  1(13)
E Knot 3 x 10" >10° 60-80 2 5(17)  1(13)  1(14)  1(14)
W Knot 108 10°-10°  160-250 3 (18 1(13) 114 1(14)
AGN 3 %107 >3 x10*  120-200 4 1(18)  1(14)  1(15) 1(15)
CND-S 10'8 >10* 160 5 1(asy 14 14 115
CND-N 3% 107 >3x10*  120-200 6 (19 14 1715 1(15)
5x 10! >3x10*  60-100 7 (19 1d3)  1ds5) 114

Table 8. Physical and chemical characteristics of the five sub-regions within the CND as derived by a RADEX analysis of
the all the available independent ratios, and using the lower limit of the gas density as derived by the CO RADEX fitting as a
constraint.

Region Set N(CO)N(HCO*) N(CO)N(HCN) N(HCN)/N(HCO*) N(COYN(CS) n(H,)(em™) Ty (K)
EKnot 1 5(5) 5(4) 10 5(4) 10° 80-160
7 1(6) 1(4) 12) 1(5) 105-10° 100
W Knot 7 1(6) 1(4) 12) 1(5) ~10° >100
AGN 7 1(6) 1(4) 12) 1(5) 10°5-5 x 10° 200
3 1(5) 1(4) 10 14) ~2x 100 60-250
6 1(5) 1(4) 10 14) >5x 106 160-250
CND-S 7 1(6) 1(4) 12) 1(5) 10° 100-120
2 5(5) 5(4) 10 53) >2x 100 40-60
CND-N 7 1(6) 1(4) 12) 1(5) 105-10° 160-240

Notes. For the parameters of the sets (Col. 2), see Table 7. a(b) Stands for a x 10°.

Table 9. Physical and chemical characteristics of the five sub-regions within the CND as derived by a RADEX analysis of
only the high resolution ALMA ratios, and using the lower limit of the gas density as derived by the CO RADEX fitting as a
constraint.

Region Set N(CO)N(HCO*) N(CO)N(HCN) N(HCN)/N(HCO*) N(COYN(CS) n(H,)(ecm™) Ty (K)
EKnot 7 1(6) 1(4) 12) 1(5) 5% 105-106 60
2 5(5) 5(4) 10 53) >10° 60
W Knot 2 5(5) 5(4) 10 53) >5 % 10° 60-100
6 1(5) 1(4) 10 14) 2% 10° 150
AGN 4 1(4) 13) 10 13) >3 x 10 80-250
CND-N 3 1(5) 1(4) 10 14) 3 x10° 100-160

Notes. For the parameters of the sets (Col. 2), see Table 7. a(b) Stands for a x 10°.
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Table 10. Grid of chemical models.

Model N° £ (s™') G, (Draine) T(K) Tfinal/preshock (cm™)  Shock

1 1 1 100 10 N
2 1 1 100 10° N
3 1 1 100 106 N
4 10 1 100 10 N
5 10 1 100 10 N
6 10 1 100 10° N
7 1 10 100 10* N
8 1 10 100 10° N
9 1 10 100 10° N
10 10 10 100 10 N
11 1 500 100 10 N
12 500 1 100 10* N
13 5000 1 100 10 N
14 10° 1 100 10° N
15 10 1 100 2% 10° N
16 1 1 100 5% 10° N
17 1 1 100 2% 10° N
18 1 1 200 10 N
19 1 1 200 10 N
20 1 1 200 10° N
21 10 1 200 10° N
22 1 10 200 106 N
23 10 1 200 10 N
24 1 10 200 10 N
25 1 1 - 104 Y
26 10 1 - 10° Y
27 1 1 - 10° Y

Notes. Note that we have run each model for two different visual extinctions, 2 and 10 mag as well as for different Phase I times (see text). The
cosmic ray ionization rate, the radiation field, the gas temperature, and the gas density of Phase II are listed in Cols. 2-5.
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Table 11. Summary of the best fit chemical model(s) for the molecular ratios as derived from the RADEX analysis in Sect. 3.2.2.

Region log (Ratio)adex Model Ay (mag) n(Hy)(em™) Ty (K) G, (Draine) ¢ (107757
All CO/HCO* =6 9 2 100 100 10 1
10 10 10* 100 10 10
CO/HCN =4 10 10 10* 100 10 10
HCN/HCO* =2 17 2 2 x10° 100 1 1
16 10 5x10° 100 1 1
CO/CS =5 14 2 10° 100 1 10°
13 10 10* 100 1 5x10°
HCN/CS =1 25(early times) - 10* - 1 1
E Knot CO/HCO* =5.7 5 2,10 10° 100 1 10
20 2 100 200 1 1
CO/HCN =4.7 15 2 2 % 10° 100 10 1
14 10 10° 100 1 10°
HCN/HCO* =1 3 2 100 100 1 1
18 2 10° 200 1 1
15 10 2 % 10° 100 10 1
CO/CS =4.7 24 10 10° 200 10 1
HCN/CS =0 14 2 10° 100 1 10°
13 10 10* 100 1 5x10°
27(late times) - 10° - 1 1
AGN CO/HCO* =5 13 2 10* 100 1 5% 10°
CO/HCN =4 10 10 10* 100 10 10
HCN/HCO™ = 3 2 100 100 1 1
18 2 10° 200 1 1
15 10 2 % 10° 100 10 1
CO/CS =4 18 2 10° 200 1 1
24 2 10° 200 10 1
HCN/CS =0 14 2 10° 100 1 10°
13 10 10* 100 1 5x10°
27(late times) - 10° - 1 1
CND-S COMCO* =5.7 5 2,10 10° 100 1 10
20 2 106 200 I 1
CO/HCN = 4.7 15 2 2 % 10° 100 10 1
14 10 10° 100 1 10°
HCN/HCO* =1 3 2 100 100 1 1
18 2 10° 200 1 1
15 10 2 % 10° 100 10 1
CO/CS =3.7 6 10 100 100 1 10
HCN/CS =0 14 2 10° 100 1 10°
13 10 10* 100 1 5x10°
27(late times) - 10° - 1 1
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