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A MULTI-SCALE INVESTIGATION
INTO THE DIAGNOSTIC
POTENTIAL OF THE
HCN/HCOTRATIO FOR AGN
AND STARBURST ACTIVITY IN
NEARBY GALAXIES

J. Butterworth, S. Viti and Y. Wang. Currently under review for publication
in Astronomy & Astrophysics. Reprinted here in its entirety.

Abstract

The identification of active galactic nuclei (AGN) and starburst (SB) regions
in galaxies is crucial for understanding the role of various physical processes in
galaxy evolution. Molecular line ratios, such as the HCN/HCO™ ratio, have
been proposed as potential tracers of these distinct environments. This paper
aims to assess the reliability of the HCN/HCO™ ratio, from J = 1-0 to J = 4-3
transitions, as a diagnostic tool for differentiating AGN and SB activity across
a diverse sample of nearby galaxies. We focus on evaluating the effect of spa-
tial resolution on the robustness of these ratios and investigate the underlying
physical conditions that drive observed variations. We compile observations of
HCN and HCOT™ lines across multiple J transitions from various sources, cover-
ing different galaxy types, including Seyferts, starbursts, and (ultra-)luminous
infrared galaxies (U/LIRGs). The observations span spatial scales from cloud-
sized regions (tens of parsecs) to kiloparsec scales. We analyse the behaviour
of these ratios at varying resolutions and employ non-LTE radiative transfer
models to infer the physical conditions that drive the observed ratios. We find
that the HCN/HCO™ ratio from higher J transitions (e.g. J = 4-3) can differ-
entiate between AGN and SB activity when observed at high spatial resolution
(< 100 pc). This distinction occurs around unity, with HCN/HCO < 1 being
observed in SB-dominated and > 1 in AGN-dominated regions. However, at
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lower resolutions, contamination from multiple emission sources and beam av-
eraging effects destroy these distinctions. Radiative transfer modelling suggests
that elevated HCN/HCO™ ratios in AGN-dominated regions are largely driven
by an enhancement in HCN abundance relative to HCO™, likely due to high-
temperature chemistry or increased excitation. Our study confirms that the
HCN/HCOY ratio, particularly of higher J transitions, can be a reliable tracer
of AGN versus SB activity if observations are conducted at sufficiently high spa-
tial resolution. However, caution must be exercised in interpreting these ratios
at larger spatial scales due to contamination effects. Further high-resolution
observations are needed to refine the conditions under which these ratios serve
as reliable diagnostics.

5.1 Introduction

Understanding the processes that drive galaxy evolution is a key challenge in
astrophysics, and differentiating between the influence of active galactic nuclei
(AGN) and starburst (SB) activity plays a crucial role in this endeavor. AGN
and SB regions represent two dominant sources of energy in galaxies, each sig-
nificantly impacting the physical and chemical environment of the interstellar
medium (ISM). Identifying and characterizing these regions helps to unravel
the mechanisms governing star formation, chemical enrichment, and feedback
processes in galaxies.

Molecular line ratios have been used as a means of interpreting dense non-
stellar gas environments, both galactic and extragalactic, for many years (Paglione
et al. 1998; Kohno 2005; Izumi et al. 2016; Imanishi et al. 2023). For example, by
comparing same-J molecular lines of molecules with similar intrinsic properties
(i.e. critical density, n..;;, excitation temperature, T,,) one can probe addi-
tional properties of that environment, such as cosmic ray ionisation rate and
metallicity. These properties influence the excitation of these molecules within
the ISM, and thus the intensity of their transitions. HCN and HCO*have been
used in such a way for this very reason. As they possess transitions with high
critical densities, these molecules trace the dense component of the gas within
the ISM, such as in Giant Molecular Clouds (GMCs). The excitation of these
molecules within these regions are driven by collisions with Hy and radiative
excitation (Shirley 2015). Kohno et al. (2001) first proposed the ‘HCN diagram’
which uses the HCN(1-0) /HCO™(1-0) alongside HCN(1-0)/ CO (1-0) ratios in
order to differentiate between those galaxies with prominent X-ray dominated
regions (XDRs) versus starburst galaxies (Kohno et al. 2003; Kohno 2005). The
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HCN/CO ratio has been used in recent years as a tracer of the ’dense gas frac-
tion‘ by making use of HCN’s notably higher critical densities, assuming the use
of same J transitions (e.g. Leroy et al. 2017). The critical densities of the J=1-0
transitions of CO and HCN are 10% cm™2 and 10° cm ™3 respectively (Flower
2001; Shirley 2015). The HCN/HCOratio, across multiple J-transitions have
been proposed as a means of tracing AGN versus starburst activity (Loenen
et al. 2007; Izumi et al. 2013; Izumi et al. 2016; Butterworth et al. 2022) lead-
ing to varying results. HCN(1-0)/HCO™ (1-0) does show some variance between
certain AGN and SB environments, typically with HCN(1-0)/HCO™(1-0)>1 in
AGN- and <1 in SB-dominated regions (Kohno 2005). Some studies have found
that this is not always the case; for example a statistical study conducted by
Privon et al. (2020) in which they surveyed a sample of 58 resolved, local lumi-
nous infrared galaxies (LIRGs) and ultra luminous infrared galaxies (ULIRGs),
concluded that an enhancement in the HCN/HCO™ (1-0) line ratio could not be
shown to be correlated to the AGN activity, and so HCN/HCO™ ratios are not a
dependable method for tracing AGN regions located within galaxies. In Butter-
worth et al. (2022) it was also found that observations of HCN(1-0)/HCO™(1-0)
were not able to accurately differentiate between regions located in the AGN-
dominated gas of circumnuclear disk (CND) of the nearby composite galaxy
NGC 1068 and regions located in the galaxy’s starburst ring. The higher J
HCN(4-3)/HCO™ (4-3) ratio, however, was able to differentiate these regions at
both higher and lower resolutions. Butterworth et al. (2022) also investigated
other possible AGN activity tracers, such as HCN(4-3)/CS(7-6) and HCN(4-
3)/CS(2-1) and found that HCN(4-3)/CS(2-1) could clearly show a distinction
between CND and SB regions at high resolution, but at low resolution the dis-
tinction was no longer clear. These results beg the question as to under which
conditions and for which sources may these ratios be able to be used as a tracer.
Furthermore, understanding the situations under which these ratios are effec-
tive may provide a better understanding of the underlying physical and chemical
processes responsible for the observed variations in these ratios.

In terms of physical processes that may lead to the observed increased in-
tensity of HCN lines with relation to lines of similar properties (such as same J
HCO™lines), high temperature reactions have been proposed to be responsible
for an enhancement in HCN abundance observed in regions near AGN within
nearby extragalactic sources compared to sources within high star-forming re-
gions, such as SBs (Izumi et al. 2016). This scenario is one whereby neutral-
neutral reactions with high reaction barriers are enhanced (Harada et al. 2010),
thus leading to the possible enhancement of HCN and the depletion of HCO™
via newly available formation and destruction paths, respectively. Addition-
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ally, the higher temperatures could increase HCN excitation, relative to HCO™
and CS, without necessarily changing their relative abundances (Imanishi et al.
2018a). The results from Butterworth et al. (2022) obtaining column density
estimates of HCN, HCO%and CS within NGC 1068 would imply that an in-
creased HCN abundance is the driving factor. It must be noted though that
the HCN/HCO™ratio is dependent on multiple environmental properties, such
as temperature and density, thus efforts to overcome degeneracies should be
used when conducting analysis using these ratios (Viti 2017; Butterworth et al.
2022).

While in Butterworth et al. (2022) the HCN/CS ratio, in particular HCN(4-
3)/CS(2-1), showed some promise as a tracer of AGN vs SB activity at high
resolution there is currently a lack of common resolution observations of these
lines across nearby galaxies for a homogeneous study to be conducted. As
a result of the close proximity in frequency of same-J HCN and HCOTlines
they are often covered in the same sideband of observations, resulting in a
far larger available dataset in nearby galaxies at varying resolutions. We have
therefore performed a multi-scale, multi-source investigation into the use of
HCN/HCO*molecular line ratios in order to constrain the situations under
which it is appropriate to use this ratio as a tracer of AGN or SB activity. This
kind of study is necessary to overcome bias inherent to single source and/or
single spatial resolution studies. In Sect. 5.2 we provide a summary of the data
collated for this study. Section 5.3 presents an analysis of various molecular
ratios at both high and low spatial resolution. In Sect. 5.4 we perform non-
LTE analysis of the line intensities used for the ratios in Sect. 5.3. We do this
as a means of investigating whether this analysis, which incorporates multiple
ratios at once can provide an understanding of the physical conditions leading to
the trends observed in the intensity ratios. Moreover, whether the use of these
models may more clearly distinguish between galactic types. We summarise our
findings in Sect. 5.5.

5.2 Data

In total this study examines a sample of 110 sources, including multiple regions
within the same galaxy. Our sample of galaxies are of numerous types (e.g.
Seyfert, Starburst, (U)LIRG) and have been observed at various spatial reso-
lutions. These variances of resolution, from sub-GMC scale to galactic scale,
require that classification of each region. The type classification of sources in
this paper depends on resolution: high-resolution observations reflect specific
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regions within a galaxy, while lower-resolution observations capture more global
characteristics. The spatial resolutions of these observations range from cloud
scale at 25 pc to galactic scale at 20 kpc, the details of these resolutions and how
sources are grouped are described in Section 5.3. Classifications are taken either
from the source of the data used, or in ambiguous cases from the NASA /IPAC
Extragalactic Database (NED) (Helou et al. 1995). Taking NGC 1068 as an ex-
ample, as a composite galaxy, NGC1068 contains both an AGN and a starburst
ring. With the use of high resolution interferometers, like the Atacama Large
Millimeter /submillimeter Array (ALMA), the emission from these regions (and
even from prominent sub-regions within) may be obtained independently from
one another. The full list of sources, their respective observed transitions of
HCN and HCO™Talong with their respective references are given in Appendix
5.A.

In the case of observations of the same object with the same instrument at
the same resolution, which resulted in similar intensities only one result was in-
cluded. In order to properly examine the effect upon the observed intensity ratio
by the observational spatial resolution, we accumulated data for each source,
grouped by spatial resolution. For some sources, similar (but not the same) spa-
tial resolution observations have been grouped in one category, for varying or
the same transition. Within each category, we then deconvolved the intensities
by assuming the observation with the lowest resolution was the source size and

using the equation , ,

ISource = (W) IBeam; (51)

b

where Isource is the source averaged peak intensity, 6 is the source size (as
defined by the lowest-resolution observation in the category), 6, is the beam
size, and Igeqm is the original intensity as defined in the archive or paper. This
is the same approach as taken in Butterworth et al. (2022) and based upon
the approach used to handle beam dilution taken in Kamenetzky et al. (2011);
Aladro et al. (2013, 2015). The spatial resolution bins were chosen in an effort
to group observations based upon likely physical scales, while also maintaining
a reasonably similar spatial resolution variation (<2).

5.3 Molecular line ratios

In this section we shall investigate how each J-transition ratio behaves within
each respective resolution group before then evaluating the effect of the spatial
resolution of the observation upon these ratios. HCN and HCO™ are tracers of
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Figure 5.1: A bar swarm plot of the HCN/HCO™" intensity ratios observed at ~ 25
pc in regions of nearby galaxies. The colour of each bar displays the corresponding
J-transition of the HCN(J-(J-1))/HCO™ (J-(J-1)) presented. These results were taken
from our works, these works are referenced for each source and are given in Table 5.2.

dense gas, with their J=1-0 rotational transition lines possessing critical den-
sities of ~10° cm ™2 and ~5 x 10*em™3 (at ~ 10K, Shirley 2015), respectively.
Thus, any observed variances in same-J transitions of these similar molecules
may be used to trace unique processes that may not be investigated in single
molecule studies. Butterworth et al. (2022) found that HCN(4-3)/HCO™ (4-3)
ratios had the ability to clearly distinguish between AGN and SB-dominated
regions within NGC 1068. Therefore, in this section, we discuss each ratio in
turn, with a particular focus on how well the ratio separates AGN-dominated
regions from SB-dominated regions. In the cases where (U)LIRG sources are
present they are also discussed. We take the typical size of GMCs (10s of par-
secs), as a somewhat arbitrary conceptual cut-off between what we refer to as
‘high’ resolution and ‘low’ resolution within this study.

5.3.1 Cloud-scale and higher resolution

Firstly, we shall now cover the molecular line ratios observed at < 50pc. The
intensities for these sources have been taken from studies (see Appendix 5.A)
that use a beam size aperture comparable to the size of each region. As such,
sources such as NGC1808-ring are located within SB ring of NGC 1808 itself
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Figure 5.2: Same as Fig. 5.1 but ~ 50 pc resolution.

and is not an annuli encompassing the entire SB ring. The molecular line ratios
from these sources are plotted in Figures 5.1-5.2. We focus first on the highest
resolution group, up to 25 parsecs (Fig. 5.1). Here we possess an equal number
of AGN and Starburst sources though only in the high-J, J = (3-2) and J =
(4-3) ratios. As can be seen the HCN(4-3) /HCO™ (4-3) ratio clearly separates
the sources around unity, with AGN-dominated sources >1 and SB-dominated
sources <1. This behaviour is consistent with the results of Butterworth et al.
(2022). HCN(3-2)/HCO™(3-2) however, observed in the torus of NGC 1068 and
within the Circinus galaxy, may still trace AGN and Starburst activity though
with the distinction no longer occurring around unity.

Figure 5.2 shows the behaviour of these ratios at up to 50 parsec scale.
The designated names for each sub-region within each galaxy are as defined
in their original papers, see Appendix 5.A for the reference of each source.
The HCN(4-3)/HCO™ (4-3) ratio at this resolution again very clearly separates
SB-dominated sources and AGN-dominated sources, with the AGN- and SB-
dominated sources each separated above and below 1, respectively. The HCN(1-
0)/HCO™(1-0) ratio notably does not separate the two types of regions at this
resolution. The HCN(1-0)/HCO™(1-0) is shown to be larger than 1 when ob-
served in regions of the central molecular zone (CMZ) of NGC 253 (Meier et al.
2015; Butterworth et al. 2024). This is comparable to observations of this ratio
at the AGN-position of NGC 1068 at ~ 50pc that shows a value of unity. For
each of these cases, there are possible explanations, at the AGN position there
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is a notable ‘cavity’ of emission from HCN and HCO™, likely resulting from the
ionized gas outflow known to exist in NGC 1068 (Garcia-Burillo et al. 2014;
Huang et al. 2022; Vollmer et al. 2022). It is worthwhile to compare this obser-
vation to that of the higher resolution observation of the torus of NGC 1068,
whereby high-J transitions are also able to trace between AGN and SB regions.
In the case of the CMZ of NGC 253, super star clusters (SSCs) are located
within each of these observations; if high temperature chemistry resulting in an
increased HCN abundance is a contributing factor then the high temperature
of these regions may result in an increase of this ratio (Rico-Villas et al. 2020,
2022; Butterworth et al. 2024). Regardless, these results concur with the re-
sults of Privon et al. (2020) that the HCN(1-0) /HCO(1-0)"does not trace AGN
activity unambiguously.

5.3.2 Extended Resolution

At ~100 pc and 500 pc scale, respectively, Figures 5.3 and 5.4 represent an
intermediate group of resolutions between cloud-scale and galactic scale obser-
vations. In this regime, contamination from multiple emission sources must be
considered, affecting the reliability of molecular line ratios as tracers. As such
a new designation of composite (C) sources has been added to each plot. These
are sources that contain both an AGN and a SB. This is particularly evident
in Figure 5.4, as at this resolution (~ 500 pc) it is likely that the beam is no
longer resolving a single source, such as a GMC. This is evident in the variance
between both Figures 5.3 and 5.4, and also how they compare to the higher
resolution observations covered in Figures 5.1-5.2. At the ~ 100pc resolution
shown in Figure 5.3 it can be seen that the regions of the CND of NGC 1068,
that were also present in Figure 5.2, now show a greater homogeneity in the
HCN(1-0)/HCO™(1-0) ratio at the AGN-position, no longer appearing to be
located around 1. This is likely a result of the observation extending beyond
the cavity observed around the AGN of NGC 1068 within the CND. Observa-
tions of the SB-ring of NGC 613 at this resolution appear to show that once
again that HCN(1-0)/HCO™(1-0) does not clearly distinguish between AGN-
and SB-dominated regions. Similarly, the HCN(4-3) /HCO™ (4-3) ratio, though
only observed in the CND and SB-ring of NGC613, at this resolution does not
clearly trace either region. At the resolution covered by Figure 5.4 (~ 500 pc)
significant contribution from multiple emission sources is likely. For example
NGC 3351, though classified as a star-forming galaxy, shows a significantly high
HCN(1-0)/HCO™(1-0) ratio of ~ 1.7 Jiménez-Donaire et al. (2017); Garcia-
Rodriguez et al. (2023). This is consistent with Butterworth et al. (2022) in
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that ratios at high resolution that were once able to distinguish between AGN
and SB activity, no longer maintain that diagnostic power at low resolution.
This is also seen in overlap of ratio once lower resolution observations of sources
are considered by other studies, such as Izumi et al. (2016).

5.3.3 Galactic-scale Resolution

Figures 5.5 and 5.6 contain primarily single dish low resolution observations of
nearby galaxies. These observations, particularly in Fig. 5.6, begin to encom-
pass entire galaxies, providing a general overview of global molecular gas distri-
butions across the different galaxy types. As can be seen, at both ~ 2kpc (Fig-
ure 5.5) and at ~ 20kpc 5.6 resolution, the distinction between AGN-dominated
and SB-dominated regions has mostly broken down, particularly the distinction
around unity observed in the cloud-scale observations. This trend appears to
occur regardless of the chosen transition. This behaviour is to be expected as
the resolution of the observations increase the contamination of multiple emis-
sion regions, alongside with possible dilution effects beginning to take hold. Of
some note perhaps is the fact that in general, non-ULIRG galaxies with a known
AGN appear to show ratio values greater than 1 regardless of transition, with
a minor exception within errors for NGC 5194. This distinction however is un-
dermined perhaps with the greater variance observed in the remaining galaxy
types. These results agree with the ambiguity previously observed in smaller
sample studies attempting to distinguish between AGN and SB galaxies on these
scales, such as in Kohno (2005), Krips et al. (2008) and Israel (2023).

5.4 Non-LTE Analysis

As shown by looking at the line intensity ratios, the high-J transitions of HCN
and HCO™are able to distinguish between AGN and starburst activity, at high
resolution. In this section we explore, via the use of radiative transfer modelling,
whether this is the result of an enhancement of HCN abundance with respect
to HCO™, as was the conclusion in Butterworth et al. (2022) and other studies
(Izumi et al. 2016; Imanishi et al. 2023).

To determine the physical conditions from each observation, we followed
a similar methodology of combining SpectralRadex and UltraNest, as de-
fined in (Holdship et al. 2021b), (Huang et al. 2023) and (Butterworth et al.
2024). SpectralRadex employs the use of the radiative transfer modelling code
RADEX (van der Tak et al. 2007). The physical conditions constrained within
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Figure 5.3: Same as Fig. 5.1 but ~ 100 pc resolution.
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Figure 5.4: Same as Fig. 5.1 but ~ 500 pc resolution.
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160 5.4. NON-LTE ANALYSIS

our modelling are: neutral gas density (np2), kinetic temperature (Ti,) and
the total column density of both HCN and HCO*. The posterior probabil-
ity distributions are obtained with the nested sampling Monte Carlo algorithm
MLFriends (Buchner 2016, 2019). This algorithm has been integrated into our
analysis by using the Python package UltraNest ' (Buchner 2021). We make
the assumption that the prior distributions of our parameters are uniform or
log-uniform; these priors are given in Table 5.1. These priors were chosen to
sample a physically reasonable parameter range: a gas density, nya, between
103 and 107cm ™3 covers the range of densities of gas in which we would expect
HCN and HCO™, and this range also includes the critical densities of the tran-
sitions covered in this paper. The kinetic temperature range of 20 — 200 K was
dictated by the range of temperatures covered by the collisional data of both
HCN and HCO™, as sourced from the Leiden Atomic and Molecular Database
(LAMDA Denis-Alpizar et al. 2020; van der Tak et al. 2020; Navarro-Almaida
et al. 2023). The column density ranges were chosen in an effort to cover the
range of diffuse to dense regions possibly probed by such a study considering
such varying spatial scales. We assume that the uncertainty on our measured
intensities, and thus ratios, are Gaussian such that the likelihood is given by
P(0]d) ~ exp(—3x?), where x? is the chi-squared statistic between our measured
intensities and the RADEX output for each set of physical parameters 6. In order
to obtain as many ratios as fitted parameters we only perform this modelling
on sources that have at least observations of two discrete J-transitions of HCN
and HCO™of the same source at the same resolution. We then fit the respective
HCN(J-(J-1))/HCO™ (J-(J-1)) ratios along with the respective excitation ratios
(e.g. HCN(J-(J-1)/HCN(I-(I-1), where J>I) thus obtaining at least 4 ratios for
each source-resolution pair.

This analysis offers an estimate of the average gas properties for each obser-
vation across our sources with multiple transitions, assuming that all the fitted
transitions within resolution-source pair originate from the same gas component.

Figure 5.7 presents all of the ratios produced from the resulting column
densities of HCN and HCO*by the RADEX analysis. All the predicted column
density results for each resolution for each source are shown together. The (ny2)
and (Tiin) parameters have a known degeneracy in RADEX models resulting from
the similar excitation conditions that may occur for molecules such as HCN and
HCO*within high-temperature, low-density and low-temperature high-density
conditions (Viti 2017; Butterworth et al. 2022). As a result of this degeneracy,
the focus of the discussion is upon the resulting column densities ratios. A

Ihttps://johannesbuchner.github.io/UltraNest/
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Table 5.1: Parameter space allowed as a prior for the nested sampling of the HCN
and HCOTRADEX models across the various sources.

Variable Range Distribution type
Gas density, nyz [em™] 103 — 107 Log-uniform
Kinetic temperature, Tk, [K] 20 — 200 Uniform
N(HCN) [cm™2] 102 — 10'7 Log-uniform
N(HCO™") [em™] 102 — 107 Log-uniform

representative posterior distribution resulting from the sampling of the CND-S
region of NGC 1068 is provided in Appendix 5.B.

Considering each galaxy type first, we find that, generally, to explain the ob-
served line intensities found in defined AGN-dominated systems, a high (> 15)
N(HCN)/N(HCO™) ratio is required; this is the case for all sources, except
the AGN position of NGC 1068. This source was remarked upon, particu-
larly in relation to the NGC 1068 Torus observations that showed a higher
HCN/HCOintensity ratio in J(3-2) but similar in the J(4-3) ratio. In fact for
HCN and HCO%their column density ratios within both these regions are simi-
lar, with the low column density ratio of NGC1068-AGN resulting from the low
intensity ratios observed at this resolution (see Section 5.3.1). The low NGC
1068 Torus N(HCN)/N(HCO™) ratio is likely driven by the similarly relatively
low J(4-3) ratio observed in this region, when compared to other regions within
the CND of NGC 1068. The ‘composite’ sources mostly comprise of low spatial
resolution (> 2000 pc) observations that encompass both an AGN as well as SB
regions. As such they do appear to reside in a middle ground between the AGN
and SB regions.

Our starburst group, consisting of the most discrete sources, is also the most
consistent group in terms of predicted N(HCN) /N(HCO™) ratio, with all sources
constrained to within one order of magnitude. For these sources there seems
to be less impact of resolution upon predicted column density ratio. This is
perhaps due to the fact that they do not experience the same ‘contamination’
effect from AGN activity. Finally, the (U)LIRG sources appear to mostly occupy
the same range of column density ratio values as the SB sources, with the
exception of 3 sources, IRAS 16090-0139, IRAS 22206-2715 and IRAS 22491-
1808. These sources, each observed as a part of the work done by Imanishi
et al. (2023), are notable for their relatively high HCN/HCOTintensity ratios
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Figure 5.7: A swarm plot of the resulting N(HCN)/N(HCO™) ratios obtained by
fitting the observed intensity ratios of HCN and HCO™to RADEX models. The dashed
horizontal line shows the points at which N(HCN)/N(HCO™')=1. The shape of each
point shows the resolution at which the ratios was obtained.

relative to the rest of the ULIRG sources. This clear enhancement of HCN
relative to HCOTwithin these sources is comparable to AGN sources at the
same resolution. This may imply that the enhancement of the HCN resulting
from the AGN may be observed within certain AGN at ~ 500 pc. We note that
chemical models have suggested that HCOTmay experience an enhancement in
abundance via the destruction of CO with HJ in regions of high cosmic ray
ionisation rate, such as those predicted in ULIRGS (Klippenstein et al. 2010).
The abundance of HCOTas influenced by varying degrees of cosmic rays has
been shown by models to be highly dependent on many factors, such as density,
and may even result in an anti-correlation between cosmic ray ionisation rate
and HCO*abundance in some cases (Bayet et al. 2011; Meijerink et al. 2011;
Gaches et al. 2019). Nevertheless it is possible that the variations observed
in the HCN/HCO™ratio within different ULIRGs may be contributed to by
the enhancement of HCN. More observations of these sources alongside more
observations of HCN and HCO'within ULIRGs may be necessary first before
strong conclusions can be made.
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5.5 Summary and conclusion

In this paper we have used observations HCN/HCOTratios across many nearby
extragalactic sources that are dominated by varying active processes (AGN, star
formation) at multiple spatial scales. Doing this has allowed us to more precisely
defined the conditions (e.g. required spatial resolution, type of source) under
which the HCN/HCO™ratio may be used as a tracer of AGN or SB activity.
Furthermore, we have also investigated whether radiative transfer modelling
may be used in order to further distinguish between types of sources where
intensity ratios cannot. Our main conclusions are as follows:

e The intensity ratios of HCN/HCOappears to be able to trace AGN ac-
tivity vs starburst activity in approximately cloud scale resolution (25-
50pc). At lower resolutions,(> 100pc), however, contamination from mul-
tiple emission sources leads to an evident stochastic nature of this ratio.
This is particularly prominent at extremely low resolution observations
that are approximately galactic-scale.

e Of the HCN/HCO™ratios higher J-transitions, such as J=3-2 and J=4-3,
are favoured. Ratios of these transitions show the greatest trends away
from unity, above in the case of AGN-dominated regions, and below in the
case of SB-dominated. This is consistent with the conclusions of Butter-
worth et al. (2022) that found HCN(4-3) /HCO™ (4-3) to be a significantly
better tracer than HCN(1-0)/HCO™(1-0) in NGC 1068.

e Radiative transfer models were used to interpret the likely causes for the
observed increase of HCN/HCO ™ within AGN-dominated regions. As has
been proposed and supported by previous studies the likely cause is an en-
hancement in HCN abundance relative to HCO™ (Izumi et al. 2016; Iman-
ishi et al. 2018a). This theory is supported by our models. The AGN-
dominated sources (with the exceptions located at the center of NGC1068)
all appear to show notable enhancements of HCN when compared to the
SB sources.

e ULIRG sources with multiple transitions of HCN and HCO " show a similar
trend of column densities as to that of SB sources. Given the fact that
there are some exceptions to this, this means that tracing the AGN activity
of ULIRGs may be possible as long as one uses modelling. Consideration

however, must be given to other external properties likely to affect the
HCN/HCO"ratio within ULIRGs.
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A further expansion of the number of same-J observations of HCN and
HCO™"across nearby galaxies at the high resolutions available thanks to modern
interferometers can only further inform us of the processes that produce the
observed enhancement of HCN in AGN-dominated regions. Furthermore, our
understanding of why this relation may further confirm whether it may, or may
not, be used for galaxies like ULIRGs and/or whether should be restricted to
cloud-scale active regions.
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5.A  Appendix: Summary of Sources

Table 5.2: A table of the data used throughout this paper of HCN and HCO ™ lines
at varying resolutions in multiple nearby galaxies. The naming system given in the
original paper have been given where appropriate. Given spatial scale are merely
estimates. References, given in order of appearance in the table: 1 - Sliwa & Downes
(2017); 2 - Gracia-Carpio et al. (2008); 3 - Israel (2023); 4 - Kawamuro et al. (2019); 5
- Sato et al. (2022); 6 - Tristram et al. (2022); 7 - Nishimura et al. (2024); 8 - Tan et al.
(2018); 9 - Imanishi et al. (2023); 10 - Aladro et al. (2015); 11 - Krips et al. (2008); 12
- Butterworth et al. (2022); 13 - Garcia-Burillo et al. (2008); 14 - Garcia-Burillo et al.
(2019); 15 - Imanishi et al. (2020); 16 - Hsieh et al. (2012); 17 - Izumi et al. (2013); 18
- Imanishi & Nakanishi (2013); 19 - Ueda et al. (2021); 20 - Audibert et al. (2021); 21
- Meier et al. (2015); 22 -Butterworth et al. (2024); 23 - Jiménez-Donaire et al. (2017);
24 - Zhang et al. (2014); 25 - Audibert, A. et al. (2019); 26 - Miyamoto et al. (2017);
27 - Tzumi et al. (2015)

Spatial Scale Transition Instrument Galaxy Reference

(pe) Type
ARP 220 E
410 (1-0) PdBI ULIRG 1
ARP 220 W
410 (1-0) PdBI ULIRG 1
ARP 220
11092 (1-0) IRAM30m C 2
3898 (3-2) IRAM30m C 2
5506 (4-3) JCMT C 3
Arp 193
15000 (1-0) IRAM 30m ULIRG 2

5271 (3-2) IRAM 30m ULIRG 2
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Arp 299 A 91 (3-2) ALMA band6 ULIRG
6500 (1-0) IRAM 30m ULIRG 2 910 (3-2) ALMA band6 ULIRG
2284 (3-2) IRAM 30m ULIRG 2 ESO 286-G035
Arp 299 B+C 96 (3-2) ALMA band6 ULIRG
6500 (1-0) IRAM 30m ULIRG 2 960 (3-2) ALMA band6 ULIRG
Arp 55 ESO 320-G030
25000 (1-0) IRAM 30m ULIRG 2 58 (3-2) ALMA band6 ULIRG
Circinus 580 (3-2) ALMA band6 ULIRG
24  (3-2) ALMA band6 SB 4 1342
24 (4-3) ALMA Band7 SB 4 508 (1-0) IRAM 30m  SB
712 (211)  APEX SB 5 178 (3-2) IRAM 30m  SB
20 (4-3) ALMABand7 SB 6 252 (4-3) JCMT SB
ESO 140-1G002 1C 4734
305 (3-2) ALMA band6 ULIRG 7 106 (3-2) ALMA band6 ULIRG
3050 (3-2) ALMA band6 ULIRG 7 1060 (3-2) ALMA band6 ULIRG
ESO 173-G015 IC 5179
49  (3-2) ALMA band6 ULIRG 7 58 (3-2) ALMA band6 ULIRG
490 (3-2) ALMA band6 ULIRG 7 580 (3-2) ALMA band6 ULIRG

ESO 221-1G10

IRAS 00091-0738

355 (2-1) ALMA  ULIRG
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330 (3-2) ALMA ULIRG 265 (3-2) ALMA  ULIRG 9
290 (4-3) ALMA ULIRG 220 (4-3) ALMA  ULIRG 9

IRAS 00188-0856 IRAS 09022-3615
435 (2-1) ALMA ULIRG 361 (3-2) ALMA band6 ULIRG 7
355 (3-2) ALMA ULIRG 3610 (3-2) ALMA band6 ULIRG 7
290 (4-3) ALMA ULIRG IRAS 10378+1108
IRAS 00456-2904 355 (2-1) ALMA  ULIRG 9
390 (2-1) ALMA ULIRG 375 (3-2) ALMA  ULIRG 9
280 (3-2) ALMA ULIRG IRAS 1211240305
325 (4-3) ALMA ULIRG 46300 (1-0) IRAM 30m ULIRG 2
IRAS 01166-0844 130 (4-3) ALMA  ULIRG 9
405 (2-1) ALMA ULIRG IRAS 13120-5453
220 (3-2) ALMA ULIRG 213 (3-2) ALMA band6 ULIRG 7
250 (4-3) ALMA ULIRG 2130 (3-2) ALMA band6 ULIRG 7
IRAS 01569-2939 IRAS 16090-0139
435 (2-1) ALMA ULIRG 410 (2-1) ALMA  ULIRG 9
270 (3-2) ALMA ULIRG 370 (3-2) ALMA  ULIRG 9
365 (4-3) ALMA ULIRG 330 (4-3) ALMA  ULIRG 9
IRAS 032501606 IRAS 17208-0014
415 (2-1) ALMA ULIRG 26000 (1-0) IRAM 30m ULIRG 2
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9137 (3-2) IRAM 30m ULIRG 2 IRAS F05189-2524
IRAS 17208-014 281 (3-2) ALMA band6 ULIRG 7
285 (3-2) ALMA band6 ULIRG 7 2810 (3-2) ALMA band6 ULIRG 7
2850 (3-2) ALMA band6 ULIRG TRAS F10565-+2448
IRAS 17578-0400 234 (3-2) ALMA band6 ULIRG 7
92 (3-2) ALMA band6 ULIRG 7 2340 (3-2) ALMA band6 ULIRG 7
920 (3-2) ALMA band6 ULIRG IRAS F14378-3651
IRAS 19542+1110 368 (3-2) ALMA band6 ULIRG 7
391 (3-2) ALMA band6 ULIRG 7 3680 (3-2) ALMA band6 ULIRG 7
3910 (3-2) ALMA band6 ULIRG IRAS F17138-1017
TRAS 22206-2715 122 (3-2) ALMA band6 ULIRG 7
380 (2-1) ALMA  ULIRG 9 1220 (3-2) ALMA band6 ULIRG 7
365 (3-2) ALMA  ULIRG M51
295 (4-3) ALMA  ULIRG 9 1150 (1-0) IRAM 30m AGN 10
TRAS 22491-1808 M82
190 (2-1) ALMA  ULIRG 9 391 (4-3)  JCMT SB 3
260 (3-2) ALMA  ULIRG 9 789 (1-0) IRAM30m SB 11
195 (4-3) ALMA  ULIRG 9 277 (3-2) IRAM30m SB 11
TRAS 233653604 M82-NE
40000 (1-0) IRAM 30m ULIRG 2 470 (1-0) IRAM 30m SB 10
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M83 1190 (3-2) ALMA band6 ULIRG 7
600 (1-0) IRAM 30m  SB NGC5135
Maf2 76  (3-2) ALMA band6 ULIRG 7
414 (1-0) IRAM 30m  SB 760 (3-2) ALMA band6 ULIRG 7
145 (3-2) IRAM 30m  SB NGC6240
205 (4-3)  JCMT SB 15000 IRAM 30m ULIRG 2
Mrk 231 5271 IRAM 30m ULIRG 2
26000 (1-0) IRAM 30m ULIRG 145 ALMA band6 ULIRG 7
9137 (3-2) IRAM 30m ULIRG 1450 ALMA band6 ULIRG 7
Mrk 331 NGC695
10000 (1-0) IRAM 30m ULIRG 2 19000 IRAM 30m ULIRG 2
3514 (3-2) IRAM 30m ULIRG NGC7771
Mrk273 7800 IRAM 30m ULIRG 2
23000 (1-0) IRAM 30m ULIRG 2741 IRAM 30m ULIRG 2
8083 (3-2) IRAM 30m ULIRG NGC1068
NGC2369 1950 IRAM 30m C 10
56 (3-2) ALMA band6 ULIRG 1926 IRAM 30m  AGN 3
560 (3-2) ALMA band6 ULIRG 1326 JCMT AGN 3
NGC3110 956 JCMT AGN 3
119 (3-2) ALMA band6 ULIRG 2443 APEX AGN 5
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NGC1068-AGN 43 (1-0) ALMA  SB 12
43 (1-0) ALMA AGN 12 43 (43) ALMA  SB 12
43 (4-3) ALMA AGN 12 98 (1-0) PdBI  SB 13
98 (1-0) PdBI AGN 13 NGC1068-SSB-b
NGC1068-CND-N 43 (1-0) ALMA  SB 12
43 (1-0) ALMA AGN 12 43 (43) ALMA SB 12
43 (4-3) ALMA AGN 12 NGC1068-SSB-c
98 (1-0) PdBI AGN 13 43 (1-0) ALMA  SB 12
NGC1068-CND-S 43 (43) ALMA  SB 12
43 (1-0) ALMA AGN 12 NGC1068-W-Knot
43 (4-3) ALMA AGN 12 43 (1-0) ALMA AGN 12
98 (1-0) PdBI AGN 13 43 (43) ALMA AGN 12
NGC1068-E-Knot 98 (1-0) PdBI  AGN 13
43 (1-0) ALMA AGN 12 NGC1068 Torus
43 (4-3) ALMA AGN 12 10 (4-3) ALMA AGN 14
98 (1-0) PdBI AGN 13 10 (3-2) ALMA AGN 15
NGC1068-NSB-a NGC1097
43 (1-0) ALMA SB 12 1940 (1-0) IRAM 30m AGN 3
43 (4-3) ALMA SB 12 1335 (3-2) JCMT AGN 3

NGC1068-SSB-a 2460 (2-1) APEX AGN 5
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NGC1097 center NGC2146
249 (3-2) SMA AGN 16 2334 (1-0) IRAM 30m SB 11
249 (1-0) ALMA Band 3 AGN 17 808 (3-2) IRAM 30m SB 11
249 (4-3) ALMA Band 7 AGN 17 NGC253
NGC1097 ring 164 (3-2) IRAM 30m SB 3
249 (3-2) SMA SB 16 468 (1-0) IRAM 30m SB 21
249 (1-0) ALMA Band 3 SB 17 232 (4-3) JCMT SB 3
249 (4-3) ALMA Band 7 SB 17 593 (2-1) APEX SB 5
NGC1365 35 (1-0) ALMA Band 3 SB 22
2876 (1-0) IRAM 30m AGN 3 NGC253 SSC-1*
1011 (3-2) IRAM 30m AGN 3 28 (1-0) ALMA SB 23
NGC1614 28 (2-1) ALMA SB 23
469 (4-3) ALMA Band7 SB 18 28 (3-2) ALMA  SB 23
8006 (1-0) LMT SB 19 28 (4-3) ALMA SB 23
NGC1808 NGC253 SSC-4*
670 (1-0) IRAM 30m SB 3 28 (1-0) ALMA SB 23
NG(C1808-CND 28 (2-1) ALMA SB 23
14 (4-3) ALMA Band 7 AGN 20 28 (3-2) ALMA SB 23
NGC1808 ring 28 (4-3) ALMA SB 23
14 (4-3) ALMA Band 7 SB 20 NG(C253 SSC-7*
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28 (1-0) ALMA SB 23 2729 (1-0) IRAM 30m C 3
28 (2-1) ALMA SB 23 959 (3-2) IRAM30m C 3
28 (3-2) ALMA SB 23 1879 (3-2) JCMT C 3
28 (4-3) ALMA SB 23 1354 (4-3) JCMT C 3

NG(253 SSC-9* NGC3256
28 (1-0) ALMA SB 23 6346 (2-1) APEX  AGN 5
28 (2-1) ALMA SB 23 4333 (1-0) LMT C 19
28 (3-2) ALMA SB 23 NGC3351
28 (4-3) ALMA SB 23 196 (1-0) ALMA Band3 SB 23
NG(253 SSC-13* NGC3627
28 (1-0) ALMA SB 23 869 (1-0) IRAM 30m C 3
28 (2-1) ALMA SB 23 441 (4-3) APEX C 24
28 (3-2) ALMA SB 23 NGC3628
28 (4-3) ALMA SB 23 1137 (1-0) IRAM 30m SB 3
NGC253 SSC-14* 399 (3-2) IRAM 30m SB 3
28 (1-0) ALMA SB 23 576 (4-3) APEX SB 24
28 (2-1) ALMA SB 23 NGC4038
28 (3-2) ALMA SB 23 3385 (1-0) IRAM 30m SB 3
28 (4-3) ALMA SB 23 1189 (3-2) IRAM 30m SB 3
NGC3079 NGC4102
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2314 (1-0) IRAM 30m AGN 3 1045 (1-0) IRAM 30m AGN 23
813 (3-2) IRAM 30m AGN 3 1045 (1-0) IRAM 30m AGN 11
NGC4254 NGC5236
436 (1-0) ALMA Band3 SB 23 628 (1-0) IRAM30m C 3

NGC4321 312 (4-3) JCMT C 3
2247 (1-0) IRAM 30m SB 3 678 (2-1) APEX c 5
790 (3-2) IRAM30m SB 3 312 (4-3) JCMT c 8
407 (1-0) ALMA Band 3 SB 23 NGC613-CND

NGC4418 16  (4-3) ALMA Band 7 AGN 25
819 (4-3) SMA LIRG 17 61 (1-0) ALMA Band 3 AGN 26
5514 (2-1) APEX c 5 61 (4-3) ALMA Band 7 AGN 26
2205 (4-3) APEX C 24 NGC613 ring

NCGC4569 16 (4-3) ALMA Band7 SB 25
2280 (1-0) IRAM 30m C 11 61 (1-0) ALMA Band3 SB 26

NG C4945 61 (4-3) ALMA Band7 SB 26
882 (2-1) APEX SB 5 NGC6240

NGC5033 14585 (1-0) ITRAM 30m C 3
2301 (1-0) IRAM 30m AGN 3 5125 (3-2) IRAM 30m Cc 3
1584 (3-2) JCMT AGN 3 7398 (4-3) APEX C 24

NCGC5194 NGC660
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5.A.

APPENDIX: SUMMARY OF SOURCES

1632 (1-0) IRAM 30m SB 3 152 (4-3) ALMABand7 SB 27
573 (3-2) IRAM 30m SB 3 NGC7469 center
NGCO6946 152 (4-3) ALMA Band 7 AGN 27
735 (1-0) IRAM 30m  SB 3 UGC 05101
258 (3-2) IRAM 30m  SB 3 24000 (1-0) IRAM 30m ULIRG 2
365 (4-3) JCMT SB 8 UGC 11763
NGC6951 374 (3-2) ALMA band6 ULIRG 7
3271 (1:0) IRAM30m  C 11 VII Zw 31
NGC7469 33000 (1-0) IRAM 30m ULIRG 2
4000 (1-0) IRAM30m  C 10
9000 (1-0) IRAM 30m ULIRG 2
3163 (3-2) IRAM 30m ULIRG 2
9379 (1-0) IRAM 30m AGN 3
6457 (3-2)  JOMT AGN 3
4656 (4-3)  JOMT AGN 3
NGC7469(B)
152 (4-3) ALMA Band 7 SB 27
NGCT7469(C)
152 (4-3) ALMA Band7 SB 27

NGC7469(D)
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5.B Appendix: The Posterior Distri-
bution of the CND-S of NGC 1068
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Figure 5.8: The resulting posterior distribution of the CND-S region of NGC 1068 as
defined in Butterworth et al. (2022) across the 4 parameters of Kinetic temperature,
neutral gas density and column densities of HCN and HCO™.
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