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ABSTRACT

We present new HCN and HCO* (J = 3-2) images of the nearby star-forming galaxies (SFGs) NGC 3351, NGC 3627, and NGC 4321.
The observations, obtained with the Morita ALMA Compact Array, have a spatial resolution of ~290-440 pc and resolve the in-
ner Ry; < 0.6-1kpc of the targets, as well as the southern bar end of NGC 3627. We complement this data set with publicly
available images of lower excitation lines of HCN, HCO™, and CO and analyse the behaviour of a representative set of line ratios:
HCN(3-2)/HCN(1-0), HCN(3-2)/HCO™(3-2), HCN(1-0)/CO(2-1), and HCN(3-2)/CO(2-1). Most of these ratios peak at the galaxy
centres and decrease outwards. We compare the HCN and HCO* observations with a grid of one-phase, non-local thermodynamic
equilibrium (non-LTE) radiative transfer models and find them compatible with models that predict subthermally excited and optically
thick lines. We study the systematic variations of the line ratios across the targets as a function of the stellar surface density (Zgur),
the intensity-weighted CO(2-1) ({Ico)), and the star formation rate surface density (Xsrr). We find no apparent correlation with Xggg,
but positive correlations with the other two parameters, which are stronger in the case of (Ico). The HCN/CO—(Ico) relations show
<0.3 dex galaxy-to-galaxy offsets, with HCN(3-2)/CO(2-1)—(Ico) being ~2 times steeper than HCN(1-0)/CO(2-1). In contrast, the
HCN(3-2)/HCN(1-0)—(Ico) relation exhibits a tighter alignment between galaxies. We conclude that the overall behaviour of the line

ratios cannot be ascribed to variations in a single excitation parameter (e.g., density or temperature).

Key words. galaxies: star formation — radio lines: galaxies — radio lines: ISM — galaxies: individual: NGC 3351 —

galaxies: individual: NGC 3627 — galaxies: individual: NGC 4321

1. Introduction

Gas volume density (n; hereafter, density) is a key parame-
ter of star formation (SF) theories since it regulates the onset
and timescale of the gravitational collapse of molecular clouds
(McKee & Ostriker 2007; Klessen & Glover 2016). Unfortu-
nately, density is also an elusive quantity from an observa-
tional point of view. In the last decades, the J=1-0 lines of

* Cosmic Origins Of Life (COOL) Research DAO, coolresearch.io

HCN and HCO™ have been widely adopted as proxies for the
dense molecular phase in external galaxies (Helfer & Blitz 1997;
Gao & Solomon 2004; Gracia-Carpio et al. 2008). Compared
with the low-J lines of CO (the default bulk gas tracer), HCN and
HCO™ lines have ~30-40 times stronger dipoles (Schoier et al.
2005) and lower opacities, thus requiring ~1-2 dex higher den-
sities to be effectively excited. This would favour the HCN
and HCO* emission being dominated by dense gas close the
phase that is actually forming stars. Based on this assump-
tion, several surveys have derived constraints on SF theories by
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studying how the CO and HCN (or HCO") emission correlates
with the star formation rate (SFR) within galaxies (Usero et al.
2015; Gallagher et al. 2018b; Jiménez-Donaire et al. 2019) or
among different galaxy populations (Gao & Solomon 2004;
Gracid-Carpio et al. 2008; Garcia-Burillo et al. 2012).

The assumption that HCN and HCO™" lines are tracers of
dense gas mass has been questioned by some studies of Galactic
clouds (Kauffmann et al. 2017; Pety et al. 2017; Barnes et al.
2020; Tafallaetal. 2021). In agreement with recent simula-
tions (Jones et al. 2021), those studies have found that the total
HCN(1-0) and HCO*(1-0) luminosities of some clouds have
significant contributions from gas at moderate or even low
volume densities (~10?73cm™). This can be explained by a
decrease in the effective density for excitation due to radiative
trapping (Scoville & Solomon 1974), and by the fact that den-
sity PDFs of molecular clouds are bottom-heavy.

It is thus mandatory to revise the excitation of the HCN(1-0)
and HCO*(1-0) lines in an extragalactic context. The HCN or
HCO™ J=3-2 lines are ideal tools for this purpose since their
fiducial critical densities for excitation are 21 dex higher (Shirley
2015), thus reducing the contribution from low-density gas. Due
to their faintness, observations of the J=3-2 lines in exter-
nal galaxies have been relatively scarce and mostly limited to
bright sources (e.g., Gracia-Carpio et al. 2008; Saito et al. 2018;
Tan et al. 2018). Very few works have observed them in nor-
mal, star-forming galaxies (SFGs; Ltir < 10' L), let alone
resolving their spatial distributions. Dedicated J = 3-2 observa-
tions can help to understand the general behaviour of the J = 1-0
lines, which, regardless of the ambiguities pointed out by Galac-
tic studies, remain more accessible in nearby galaxies.

In this series of papers, we report on 290-440 pc resolu-
tion images of the HCN(3-2) and HCO*(3-2) emission in three
SFGs obtained with the Morita Atacama Compact Array (ACA).
This first paper describes the new data, which we compare
with previous interferometer images of lower-excitation lines
(HCN(1-0), HCO*(1-0), CO(1-0), and CO(2-1)). We use this
data set to resolve and discuss the excitation of HCN and HCO*
across the discs of SFGs for the first time. In a subsequent paper
(hereafter Paper II), we study the distribution of the molecular
interstellar medium (ISM) properties across the three galaxies
by means of a detailed multi-zone radiative transfer modelling.

2. Sample selection

The motivation for our HCN(3-2) and HCO™*(3-2) observa-
tions was to resolve the excitation of these species in SFGs,
which has been poorly studied so far (Sect. 1). To select the tar-
gets for the ACA, we searched the ALMA archive for nearby
SFGs with available high-quality maps of lower-excitation lines
(i.e., HCN(1-0), HCO*(1-0), and low-J CO). We selected
NGC 3351, NGC 3627, and NGC 4321 (Table 1), which are the
brightest objects in a small HCN(1-0) and HCO* (1-0) survey by
Gallagher et al. (2018b), belong to the PHANGS-ALMA sample
(Leroy et al. 2021b), and have a rich ancillary data set.

The targets are barred spiral galaxies with Milky Way-like
stellar masses and SFRs, hosting negligible (NGC 3351) to weak
(NGC 3627: LINER; NGC 4321: Hii/LINER) nuclear activ-
ity (Hoetal. 1997; Gadotti et al. 2019). However, they show
different gas morphologies over the inner disc regions studied
here (Fig. 1, bottom). NGC 3351 hosts a prominent starburst
ring (SFR ~ 0.6 M; Gadotti et al. 2019; Linden et al. 2020) at
~0.4 kpc radius, where dynamical resonances have piled up the
gas at the two contact points with the bar (Leaman et al. 2019;
Williams et al. 2021). NGC 3627 hosts interaction-triggered gas
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inflows through the spiral arms and bar (Iles et al. 2022) that
enhance the star formation rate in the bar ends through gas com-
pression (Murphy et al. 2015; Watanabe et al. 2019). NGC 4321’s
powerful bar is flanked by two spiral-like dust lanes down to the
nuclear region, where they join a ~0.6 kpc-long secondary bar
(Garcia-Burillo et al. 1998; Erwin 2004) that is parallel to the
main one. At our ~290—440 pc resolution, some of these morpho-
logical features are partly blurred (e.g., compare colours and con-
tours in Fig. 1-bottom), but still recognisable in some line maps.

3. Data and physical parameters
3.1. Molecular line data
3.1.1. New ACA band-6 observations

We obtained new band-6 (211-275 GHz) observations with the
ACA in ALMA Cycle 6 under project 2018.1.01530 (PL: A.
Usero). We simultaneously observed HCN(3-2) and HCO™ (3-2)
(~265-267 GHz sky frequency) in the three target galaxies.
Table 2 presents a summary of the observations. The data were
acquired during April and May 2019, with 11 antennas available
in all but a few cases. We observed a single pointing towards the
inner discs of NGC 3351 and NGC 4321 - the full width at half
maximum (FWHM) of the primary beam at the observing fre-
quency is 39” —and a three-pointing linear mosaic in NGC 3627.
The footprints are shown in Fig. 1 (bottom). The spectral setup
included two 1.875 GHz spectral windows centred on the red-
shifted HCN(3-2) and HCO*(3-2) lines with a spectral resolu-
tion of 1.938 MHz (~2.2kms™").

The raw ACA data were calibrated with the ALMA cal-
ibration pipeline implemented in the CASA software (ver-
sion 5.4.0-70; McMullin et al. 2007). We only added a few
minor flags when one of the antennas showed an unexpected
amplitude or phase behaviour in the point-source calibrators.
Next, we processed the calibrated measurement set (MS) files
with the PHANGS-ALMA pipeline (version 2.0; for details,
see Leroy et al. 2021a). The pipeline generated CLEANed,
continuum-subtracted line cubes corrected for primary beam
attenuation, expressed in Kelvin units, with a pixel size of 0.84",
and a typical beam of ~5.8" x4.2”. We confirmed that the output
cubes had good quality and did not show apparent emission in
the residuals. We also verified that the statistics of negative val-
ues is similar in channels with and without line emission, sug-
gesting that the CLEANing — performed on ~8.8kms~! chan-
nels as a tradeoff between resolution and the signal-to-noise
ratio (S/N) — was as deep as possible given our sensitivity. As
a final step, we brought all the data cubes to a common angular
and spectral resolution using the GILDAS software package'.
The elliptical Gaussian beam was rounded to 6” (~290-440 pc)
by convolution with a Gaussian kernel. Velocity channels were
bilinearly interpolated onto a 10kms~' grid. We truncated the
images where the primary beam correction is >4. For each line
cube, we generated a noise map by measuring the rms over chan-
nels outside the velocity range of the galaxy (Table 2).

We checked if the observations filter out a significant fraction
of extended emission above their maximum recoverable scale
(MRS; ~30” =~ 1.6-2.4kpc). We compared the fluxes of the
PHANGS-ALMA CO(2-1) maps of our targets derived from
ACA observations with and without short-spacing corrections at
matching resolution. Since CO(2-1), HCN(3-2), and HCO*(3-2)
have similar rest frequencies, the beam sizes and MRS of
the 7 m-array observations are similar. We found that, on a

! https://www.iram.fr/IRAMFR/GILDAS/
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Table 1. Main properties of our targets.

NGC Morph. RA]2000 DeCJ2000 D M* SFR i PA Vsys,LSR Scale at 6”
type (hh:mm:ss.s) © Mpc)  (10"°Mg) (Moyr™ () () (kms™h) (kpc)
3351 SB(r)b 10:43:57.8 11:42:13.2 10.0 2.3 1.3 45 193 775 0.29
3627 SAB(s)b 11:20:15.0 12:59:29.4 11.3 6.8 3.8 57 173 715 0.33
4321 SAB(s)bc 12:22:54.9 15:49:20.3 15.2 5.6 3.6 38 156 1572 0.44

Notes. Column description: Source name; morphological type (de Vaucouleurs et al. 1991); centre coordinates from Lang et al. (2020; they coin-
cide with the phase centre of the ACA observations, except for NGC 3627, whose phase centre was at [11:20:15.7, 12:59:09.9]); distance from
Jacobs et al. (2009; NGC 3351 and NGC 3627) and Freedman et al. (2001; NGC 4321; for details, see Anand et al. 2021); total stellar mass and
SFR (Leroy et al. 2021b); inclination, position angle, and systemic velocity (Lang et al. 2020); and physical scale at our working resolution of 6”.

pixel-by-pixel basis within our S/N-clipped regions (see
Sect. 3.1.3), the 7 m array alone missed ~5% (NGC 3351), ~10%
(NGC 3627), and ~18% (NGC 4321) of the CO(2-1) flux recov-
ered by the 7m+Total Power observations. These percentages
only show small spatial variations. These are upper bounds for
the percentage of flux filtered out by our 7m-only observations
of HCN(3-2) and HCO*(3-2), since the distribution of the HCN
and HCO™ emission in galaxy discs is radially more compact than
that of CO (e.g., Gallagher et al. 2018b; Jiménez-Donaire et al.
2019). A related issue is that CLEAN might not recover faint
emission that remains below the noise level in individual channels
(Leroy et al. 2021a). This could explain why some integrated
intensity maps (Fig. 1) show signatures of negative sidelobes
(amplified by the primary beam correction), whereas the line
cubes do not. The statistics of integrated intensity values points
to a mean deficit at ~1o-level in NGC 4321 and less significant
in the other two galaxies. The impact of this on the spatially
integrated flux could be important, but, on a pixel-by-pixel
basis, it would remain <20% for the S/N > 5 regions that we
select for analysis. Finally, we emphasise that, since the spatial
distributions and S/N of HCN(3-2) and HCO*(3-2) are similar,
any flux loss would affect them in a very similar way.

3.1.2. Archival data

We complement our new ACA data with previous line obser-
vations of our three targets (Table 3). Gallagher et al. (2018b)
obtained ~5” resolution HCN(1-0) and HCO™(1-0) images
with the ALMA 12m array. They applied short-spacing cor-
rections using IRAM 30m images from the EMPIRE survey
(Jiménez-Donaire et al. 2019) and project 058-16 (PI: A. Usero).
Gallagher et al. (2018b) also collected CO(1-0) images and
homogenised them to a common angular resolution of 8. Those
for NGC 3351 and NGC 3627 were fetched from the BIMA
SONG survey (Helfer et al. 2003). They combined BIMA inter-
ferometer observations with short-spacing information from the
NRAO 12-m antenna at Kitt Peak. The NGC 4321 image was
part of the ALMA Science Verification program? and combined
observations with the 12m, 7m, and Total Power arrays. We
obtained CO(2-1) line cubes from the PHANGS-ALMA sur-
vey (public data release — version 4.0, Leroy et al. 2021b). These
data have high spatial resolution (1.5”-1.7" ~ 71-121 pc) com-
parable to typical giant molecular cloud (GMC) scales, high
sensitivity, and broad (u,v) coverage from the combination of
the 12m, 7m, and Total Power arrays. Throughout this paper,
we derive bulk molecular gas properties from these high-quality
CO(2-1) data, rather than from the CO(1-0) images.

2 https://almascience.eso.org/alma-data/
science-verification

All of these line cubes have a wider Field of View (FoV)
than our ACA images. We convolved them to our working res-
olution of 6” x 10kms~', resampled them on the voxel grids
of the ACA data, and scaled them to Kelvin units when neces-
sary. In the case of the 8”-resolution CO(1-0) data, we scaled
the CO(2-1) maps at 6" by the CO(1-0)/CO(2-1) ratio maps
at 8” to generate artificial 6”’-resolution CO(1-0) images. From
a study of nearby galaxies at similar resolution (Saito et al., in
prep.), we expect this approximation to be accurate within <5%.
Noise maps were generated as in Sect. 3.1.1.

As a reference, we quote in Table 3 the effective excitation
densities defined by Shirley (2015) in terms of detectability (den-
sity needed to generate a 1 Kkms™! line). Other definitions exist
(e.g., Leroy et al. 2017) but these values already illustrate that the
relative strength of the lines could vary across <3 dex in density.

3.1.3. Generation of moment maps

We generated moment maps by integrating the line cubes over
a certain velocity window. Rather than fixing the same broad
window across an entire galaxy, we adapted the window edges
to the line emission within each pixel. This allowed us to recover
the emission without lowering the S/N where lines are narrow.
Otherwise, ~20% of the sightlines detected in HCN(3-2) and/or
HCO*(3-2) would have been misclassified as non-detections.

Specifically, we considered pixels where the line peak within
the galaxy velocity range is higher than 1.50hanne1. We fitted a
single Gaussian to the line in each pixel and afterwards: (1) If the
fit simultaneously satisfied that its velocity centroid lied within
the galaxy-wide velocity range, its FWHM did not exceed this
range, and its area had a S/N > 5, then we placed the window
limits at the 5% level of the fitted Gaussian. (2) If any of these
criteria were not fulfilled, we adopted the limits derived in the
same way from the high-S/N CO(2-1) line. (3) If the CO(2-1) fit
did not meet these criteria either, we adopted the galaxy velocity
range. Once the velocity window was determined, we calculated
the velocity-integrated moments of order O (integrated intensity,
Line), 1 (mean velocity), and 2 (velocity dispersion). Moment
uncertainties follow the standard formulas of error propagation.

We consider that a molecular line is detected when the S/N of
the integrated intensity is >5. This strict criterion mainly selects
pixels with the velocity windows defined by method (1) and
where methods (1) and (2) typically differ by <5%.

3.1.4. Intensity-weighted cloud-scale CO(2-1) intensity

At their 1.5”-1.7" (71-121 pc) resolution, the CO(2-1) lines
from PHANGS-ALMA are good proxies for cloud-scale
properties (Sunetal. 2018, 2020; Leroy etal. 2021b). This
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Fig. 1. Integrated intensity maps at 6” resolution of NGC 3351, NGC 3627, and NGC 4321 from left to right. Top and middle rows: HCN(3-2)
and HCO™*(3-2) maps. The white contours correspond to S/N =5 and the grey circles represent the 6” beam. Offsets are relative to the positions
in Table 1. Bottom row: PHANGS-ALMA CO(2-1) maps. Black contours correspond to 10, 30, 50, and 70% of the maximum in each CO(2-1)
image at the native ~1.5” resolution. The white circles indicate the fields of the HCN(3-2) and HCO*(3-2) observations with the ACA.

information is partly blurred by beam dilution if the lines are
directly convolved to a coarser resolution. To remedy this prob-
lem, Leroy et al. (2016) put forward an alternative scheme to
construct intensity-weighted averages of cloud-scale proper-
ties from high resolution data. Here we follow the modified
approach by Gallagher et al. (2018a, their Eq. (1)) to construct
the intensity-weighted average of the CO(2-1) integrated inten-
sity over 440 pc apertures (hereafter (1&)21>440pc or just {Ico))
from the 1.5"—1.7"-resolution maps. We correct (Ico) for galaxy
inclination by applying a cosine factor, as in Sun et al. (2022).
Barring differences in the CO conversion factor, (Ico) would
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be a good proxy for the cloud-scale surface density, but also of
the gas volume density when the spatial resolution is fixed (e.g.,
Leroy et al. 2016; Gallagher et al. 2018a; Utomo et al. 2018).

3.2. Ancillary environment and SFR data

The stellar surface density (Zg,,) traces the gravitational poten-
tial in the inner discs of massive galaxies, since stars dominate
their mass budget (Casasola et al. 2017). We derive Zg,, from
the 3.6 um continuum images taken with Spitzer/IRAC as part
of the S*G survey (Sheth et al. 2010; Mufioz-Mateos et al. 2013;
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Table 2. Summary of the new ACA observations.

NGC Obs. time Mosaic No.EB (u,v)lengths MRS Native beam rms noise™ (oehannel)  Jy/K™
(h) (m) ) ("x") (mK)

3351 5.0 1 pointing 4 7.0-44.2 33 5.75x4.12 2.0 2.07

3627 8.6 3-point linear 6 7.0-44.7 29 5.78 x 4.23 1.8 2.07

4321 4.3 1 pointing 3 7.0-44.5 34 5.88 x4.27 2.1 2.06

Notes. Column description: Galaxy name; Total observing time; Number of pointings; Number of execution blocks (EB); Total range of (u,v)
baseline lengths; maximum recoverable scale (MRS); native elliptical resolution of the synthesised beam; RMS noise of the cubes at the phase
centre; Jansky-to-Kelvin conversion factor. Frequency-dependent properties correspond to the HCN(3-2) rest frequency. (¥ Measured at the final

6” x 10kms~! resolution. * Measured at the phase centre.

Table 3. Molecular lines studied in this paper.

Lines Observations
Name Viest njflffzo K 05 O channel Telescope Ref.
(GHz)  (cm™) @) (mK)
HCN(3-2) 26589 7.3x10* 6 1.8-2.2 ALMA (7 m) 1
HCO*(3-2) 267.56 6.8x10° 6 1.8-2.0 ALMA (7 m) 1
HCN(1-0) 88.63 4.5x10° 5 2.4-5.0 ALMA (12m) + IRAM30m 2
HCO*(1-0) 89.19 5.3x10? 5 42-6.6 ALMA (12m) + IRAM30m 2
CO(1-0) 11527  ~10*D 8 - BIMA+NRAO12m or ALMA (12m+7m+TP) 3
CO(2-1) 230.54  ~10%® 1.5-1.7 5.6-16.7 ALMA (12 m+7 m+TP) 4

Notes. Column description: Line name; rest frequency; effective excitation density from Shirley (2015) at Tx = 20 K () CO lines are not included,
S0 we quote a reasonable guess); native angular resolution of the data products; RMS noise per channel at the phase centre of each convolved and
reprojected cubes (6” x 10kms™'); telescope; and reference (see Sect. 3.1.2 for details).

References. (1) This paper; (2) Gallagher et al. (2018b) and Jiménez-Donaire et al. (2019); (3) Helfer et al. (2003) for NGC 3351 and NGC 3627

and ALMA Verification Program for NGC 4321; (4) Leroy et al. (2021b).

Querejeta et al. 2015)3. We subtracted a flat background equal
to the mode value in signal-free regions. There was no need to
remove any foreground star over the studied regions. The light-
to-mass calibration follows Leroy et al. (2008):

leal’

_slar 1
Mo pc? W

where i stands for the disc inclination. This recipe disregards
potential variations in the mass-to-light ratio and other contribu-
tions to the 3.6 um emission (Meidt et al. 2012, 2014).

Our star formation rate surface density (Zspr) combines
unobscured (traced by He) and obscured (traced by the 24 um
continuum) emission from massive stars, as in Kennicutt et al.
(2009). Other SFR tracers yield qualitatively the same results in
our targets (Gallagher et al. 2018b). We use the Convolved and
OPTimised (COPT) Ha maps from the PHANGS-MUSE survey
(DR 2.2, Emsellem et al. 2022), which have a Gaussian point
spread function (PSF) of ~1”, and the 24 um MIPS maps from
the Spitzer archive, which we processed as the 3.6 um data. We
combine their flux densities (/) to derive Zgpr, with He typically
accounting for $20% of the total:

Iy, +0.02 124Mm
ergs~! cm2sr-!

ZSFR

Moy ko 945.43

0s(i). 2)

We convolved these data sets to our 6” working resolution. We
applied a Gaussian kernel to the Ha images and the IDL routines
by Aniano et al. (2011) to the 3.6 um and 24 um maps.

3 https://sha.ipac.caltech.edu/applications/Spitzer/
SHA/

4. Integrated moments from the ACA band-6 data

Figure 1 displays in colour scale the integrated intensity maps
of the HCN(3-2) and HCO™"(3-2) lines. In the bottom row, the
CO(2-1) maps and their corresponding high resolution contours
(~1.5") are shown as reference. Their higher S/N and spatial res-
olution help us identify the morphological features described in
Sect. 2. We detect and resolve the HCN(3-2) and HCO*(3-2)
emission at S/N > 5 (white contours) over: (1) the inner star-
forming ring of NGC 3351; (2) the centre and the southern bar
end of NGC 3627; and (3) the centre and the base of the spi-
ral arms of NGC 4321. To first order, the spatial distributions
of the HCN(3-2) and HCO*(3-2) lines are similar to that of
CO(2-1), though restricted to more compact regions. The latter
results from a combination of lower S/N and steeper radial gradi-
ents in the integrated intensities (Sect. 6). In closer detail, Fig. 1
also shows some significant differences between HCN(3-2) and
HCO™(3-2) that we discuss in Sects. 5 and 6.

We do not present mean velocity nor velocity dispersion
maps. However, we have inspected them to confirm that all
lines listed in Table 3 have similar spectral shapes on a pixel-
by-pixel basis. The mean velocities of the different lines are
in good agreement in the three targets. In the worst case, each
line shows a median deviation in absolute value of ~16kms™!
with respect to CO(2-1). This amounts to only 1.6 times the
channel width. We check the consistency of the velocity dis-
persion of the lines in Fig. 2. Specifically, we bin the sightlines
of all three galaxies by the velocity dispersion of the high-S/N
CO(2-1) line and represent the mean and the standard devi-
ation for each line within each bin. Here, the lowest values
(~1520kms™") are typical of the discs, while the highest
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Fig. 2. Velocity dispersion of each observed line compared with that of
CO(2-1) at 6” resolution. We split the data into ten bins and show the
means (squares) and the +o standard deviations (bars) for each bin. The
black dashed line represents the 1-to-1 relation.

ones (~50-100kms~!) are found towards centres, where the
unresolved rotation curve gradients and/or the increased turbu-
lence broaden the linewidths (Shetty et al. 2012; Sun et al. 2020;
Miura et al. 2021; Krieger et al. 2021). We find that all trends are
mutually consistent within the scatter, since they agree within
<25% with the one-to-one relation (with some systematic devia-
tions both at lower and higher values). In summary, we can rea-
sonably consider that all lines have similar shapes, so that line
ratios do not strongly depend on velocity. Thus, we can safely
study the excitation conditions along each sightline from the
integrated intensity maps.

5. Line ratios as a probe of the dense gas excitation

We construct line ratio maps from the integrated intensity maps
of the six lines in Table 3. We use them to explore how the
excitation conditions vary across our targets. Specifically, we
focus on: (1) Same-species ratios (e.g., HCN(3-2)/HCN(1-0),
HCO*(3-2)/HCO™* (1-0)), which represent our most direct prox-
ies for the excitation of each molecule; (2) Same-transition ratios
(e.g., HCN(3-2)/HCO™*(3-2), HCN(1-0)/HCO™*(1-0)), which
help us single out the effects of chemistry; (3) HCN/CO ratios
(e.g., HCN(3-2)/CO(2-1), HCN(1-0)/CO(2-1)), which are fre-
quently used to infer dense gas fractions in external galaxies
(Sect. 1). Other possible ratios are combinations of these ones
or lack an intuitive interpretation.

Line ratios are sensitive to several parameters such as den-
sity, chemical abundances, opacity or temperature. Here, we
define the line ratios so that the critical density is higher for the
numerator than for the denominator (Table 3), which helps us
discuss the potential effects of density. Unless otherwise stated,
in the following we only take lines of sight (pixels) where
all lines are detected at >50 significance into account. This
criterion suppresses possible noise-driven artefacts, although
it can introduce a selection bias that we discuss whenever
appropriate.
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Figure 3 displays the maps of a subset* of the line ratios
that we discuss in Sects. 5-6. To first order, these ratios peak
at the galaxy centres and tend to decrease outwards, although we
recognise in most panels the morphological features that were
apparent in Fig. 1. The only exception to this radial behaviour
is the HCN(3-2)/HCN(1-0) ratio in NGC 3351, which actually
peaks on the two contact points of the star-forming ring.

5.1. HCN and HCO" line ratio statistics

Figure 4 presents the histograms per galaxy of line ratios
HCN(3-2)/HCO*(3-2), HCN(1-0)/HCO™*(1-0), HCN(3-2)/
HCN(1-0), and HCO*(3-2)/HCO™" (1-0) (the statistics of these
and other ratios is also summarised in Appendix A as a reference
for future studies). The plots show that the maximum span of
each ratio over our sample is ~0.6—1 dex. Part of the broad scat-
ter comes from variations within each galaxy, since the multiple
peaks or wings of the histograms are associated with different
morphological features (Fig. 3). In addition, some ratios exhibit
significant galaxy-to-galaxy differences. Clear examples are
the almost disjoint histograms of HCN(1-0)/HCO*(1-0) in
NGC 3627 and NGC 3351. Figure 5 presents a complementary
view, where the ratios are plotted against each other. The
leftmost panel shows that, to first order, the two 3-2/1-0 ratios
tend to align with the same 1-1 relation. This implies that
the excitation of HCN and HCO™ is covariant to a significant
degree, although we still see a non-negligible scatter in our data.
We can infer similar conclusions from the HCN-to-HCO™" ratios
shown in the middle panel. In contrast, the rightmost panel
shows a weaker correlation between HCN(3-2)/HCO*(3-2)
and HCN(3-2)/HCN(1-0), which actually might be induced by
HCN(3-2) being present in the two axes.

Our ranges of fixed-transition HCN/HCO" ratios are compa-
rable to those reported in the literature, dominated by the active
galactic nuclei (AGN) and starburst galaxies, whereas our fixed-
species 3—2/1-0 ratios tend to be lower. However, these compar-
isons could be biased by differences in resolution and the lack of
complete studies (Sect. 1). Larger and more homogeneous sam-
ples are needed to robustly assess any differences in excitation.
Figure A.2 is an expanded version of Fig. 4 that includes data
from a comprehensive set of studies.

5.2. Comparison with non-local thermodynamic equilibrium
models

We run basic non-local thermodynamic equilibrium (non-LTE)
calculations to explore the excitation regime of HCN and HCO*
in our targets. We use RADEX (van der Tak et al. 2007) for
radiative-transfer calculations, supplied with radiative and colli-
sional coefficients from the Leiden Atomic Molecular DAtabase
(LAMDA; Schoier et al. 2005). Escape probabilities assume an
homogeneous sphere geometry. We disregard the hyperfine split-
ting of the HCN rotational lines and only consider collisions with
H; molecules. For HCN, we build a grid of single-phase RADEX
models that spans a broad range of each of the three free param-
eters: the kinetic temperature (Tx; 10-100K), the H, volume
density (n; 10-108 cm™), and the HCN abundance per velocity
gradient ((HCN]/Vv; 1071°-107% pc (km s~!)~!). We build a par-
allel HCO™ grid on the same assumptions.

4 Here we skip the HCO*(3-2)/HCO*(1-0) and HCN(1-0)/HCO* (1-0)
maps. As in Sect. 5.1, they are similar to the HCN(3-2)/HCN(1-0) and
HCN(3-2)/HCO™(3-2) ones, respectively.
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Fig. 3. Colour maps of the HCN(3-2)/HCO*(3-2), HCN(3-2)/CO(2-1), HCN(1-0)/CO(2-1), and HCN(3-2)/HCN(1-0) line ratios from top to
bottom. We only represent pixels where all lines are detected at >50. The grey dashed ellipses indicate galactocentric radii of 200 and 700 pc.
Black contours correspond to five equispaced levels from 17% to 83% of the maximum value in each panel.
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Out of the grid of HCN models, we select those consis-
tent with the observations in our targets. Specifically, we choose
models that predict: (1) HCN(3-2)/HCN(1-0) ratios consistent
with the 5th-95th percentile range of the observations (0.08—
0.35); (2) HCN(3-2) brightness temperatures >6 mK (our 30
level)’. The selected models invariably predict HCN(3-2) lines
that are subthermally excited and, in a clear majority of cases,
optically thick. The predicted HCN(1-0) lines tend to be opti-
cally thicker and closer to thermalisation®. We filtered the HCO*
grid in a similar manner and found similar conclusions.

This simple comparison provides us with some indications
of the dependence of the lines on the excitation parameters.
For example, in the regime of subthermal optically thick emis-
sion, HCN brightness temperatures are sensitive to Tk, but also
to the number of photons generated by collisions, which tends
to enhance the excitation temperature and is proportional to
n*[HCN]/Vv (Scoville & Solomon 1974). The dependence on
the latter parameter weakens as the lines approach thermalisa-
tion, so it tends to be stronger for HCN(3-2) than for HCN(1-0).

6. Empirical line ratio relations

Observations of HCN(1-0) and HCO*(1-0) in nearby galaxies
at (sub-)kiloparsec scales have revealed systematic variations in

> Dilution in area and velocity could make the observed brightness
temperature lower than the intrinsic one, but not higher.

6 je., the J,(T) — J,(2.73K) factor is closer to its thermal value
(Tex = Tx) for HCN(1-0) than for HCN(3-2). J, and T, are the radia-
tive transfer equation and the excitation temperature of each transition,
respectively.
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the line/CO and Xggg/line ratios as a function of environment
parameters such as X, (e.g., Useroetal. 2015; Bigiel et al.
2016; Gallagher etal. 2018b; Jiménez-Donaire et al. 2019;
Querejeta et al. 2019; Sanchez-Garcia et al. 2022), or cloud-
scale properties such as (Ico) (Gallagheretal. 2018a;
Neumann et al. 2023). These relations have important impli-
cations for the internal and SF properties of the clouds, on the
assumption that the HCN(1-0) and HCO™* (1-0) lines are reliable
proxies for the dense gas mass (Sect. 1). In this section, we
compare these relations with those inferred from our HCN(3-2)
and HCO™(3-2) observations. Only for these purposes, we have
homogenised the data of the three galaxies to their best common
physical resolution (440 pc ~ 6"”/-9").

Figure 6 shows the systematic variations over the three tar-
gets in: the J=3-2 HCN/HCO" ratio, the two HCN/CO line
ratios, and the HCN 3-2/1-0 excitation ratio. We plot them
as a function of Xy, (left), (Ico) (middle), and Xgpg (right).
Once differences in X, calibration or CO transition are taken
into account, the HCN(1-0)/CO relations are consistent with
Gallagher et al. (2018a,b), where these data were taken from, as
well as with other fits derived from larger galaxy samples (e.g.,
Usero et al. 2015; Jiménez-Donaire et al. 2019).

To discuss how line ratios vary, we focus on the binned trends
shown in the figure. They represent the overall behaviour over
the S/N-selected pixels inside the ACA FoV, but do not necessar-
ily represent the behaviour over an entire galaxy. To mark where
this might happen, we proceed as follows. For each Zg,, bin (or
other x-axis quantity) we sum the total CO(2-1) flux from all
the pixels that belong in the bin and lie: either (1) anywhere in
the galaxy, or (2) only in the region that we selected for analysis.
When the (2)-to-(1) ratio is less than 0.8, we consider that the bin
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Fig. 6. Same line ratios as in Fig. 3 plotted against X, (left), (Ico) (middle), and Xspr (right) on a pixel-by-pixel basis (grey points). All panels
have the same vertical and horizontal span in dex for an easier comparison. For each line ratio and galaxy, the colour squares and vertical bars
represent the mean and the +10 standard deviation within bins of the x-axis parameter. The squares are white-filled where the mean value does

not necessarily represent the whole galaxy (Sect. 6).

value is not necessarily representative, which we indicate with a
white-filled square. In some panels the trends bend where white-
filled squares set in, suggesting that these values suffer from a
selection bias.

Within the limited dynamic range covered by the data,
most panels of Fig. 6 (left and middle) show that the line ratios

are enhanced when Xy,  and/or (Icp) increase. The overall
agreement between Xy, and (lco) trends mostly reflects that
the stars and CO emission are similarly distributed over galaxy
discs (e.g., Leroy et al. 2008). The main differences between
rows are the steepness of the trends in individual galaxies and
the importance of galaxy-to-galaxy offsets. On the one hand,

A96, page 9 of 13



Garcia-Rodriguez, A., et al.: A&A 672, A96 (2023)

there is a range of ~2 in the overall slopes, with the sense
that HCN(3-2)/CO(2-1) > HCN(3-2)/HCN(1-0) > HCN(3-2)/
HCO™"(3-2) * HCN(1-0)/CO(2-1). On the other hand, galaxy-
to-galaxy offsets up to ~0.3 dex are apparent in some panels and
can contribute significantly to the overall scatter. The clearest
exception is the HCN(3-2)/HCN(1-0)—(Ico) relation shown
in the bottom-middle panel, where the three galaxies are well
aligned. This tight correlation is an example that line ratios can
track the average properties of the molecular gas measured at
higher spatial resolution (Gallagher et al. 2018a).

Unlike in the X, and (Ico) panels, there are no robust trends
in the Zgpr panels, which also show a higher scatter per bin. This
suggests that the energy input provided by star formation does
not have a net impact on the excitation of the lines (Sect. 7). We
cannot discard that mechanisms other than SF might operate or
even dominate gas heating in our regions of study (e.g., turbu-
lence dissipation, cosmic rays; Mills 2017, for examples in the
Galactic CMZ).

7. Discussion: Drivers of line ratio relations

We briefly discuss some implications of Fig. 6 for the excita-
tion of HCN (they apply to HCO* as well). We focus on the
trends against (Ico), which are barely affected by the potential
selection biases mentioned in Sect. 6 and are easier to interpret
in terms of cloud properties. (Ico) is a good proxy for density
(Sect. 3.1.4) and, since CO(2-1) is optically thick and easy to
thermalise under normal conditions, it is also sensitive to Tk.
For the sake of the argument, let us assume that all trends in
each galaxy were driven by density, with other excitation param-
eters kept fixed. Based on Sect. 5.2, the different thermalisa-
tion degree of CO(2-1), (highest), HCN(1-0), and HCN(3-2),
(lowest) would qualitatively explain why HCN(3-2)/CO(2-1),
HCN(1-0)/CO(2-1), and HCN(3-2)/HCN(1-0) tend to increase
with (Ico), and why the HCN(3-2)/CO(2-1) trends are steeper
than the HCN(1-0)/CO(2-1) ones. Within this picture, differ-
ences in Tg between galaxies could shift (/cp), thus generat-
ing galaxy-to-galaxy offsets. However, those offsets should then
be similar for all ratios, which is not the case (e.g., HCN(3-2)/
HCN(1-0) vs. HCN(3-2)/CO(2-1)). Therefore, line ratios
should also be sensitive to the parameter driving the offsets
(Tx in this example).

This particular example illustrates that, at a more general
level, the line ratios in Fig. 6 must be regulated by at least two
parameters. Density and temperature are two appealing candi-
dates, since both directly can affect the x- and y-axis quantities.
To quantify their relative importance we must model the line
ratios on a pixel-by-pixel basis, which motivates our Paper II.

8. Summary

We present new ACA observations of the HCN(3-2) and
HCO*(3-2) line emission in the nearby SFGs NGC 3351,
NGC 3627, and NGC 4321. At a spatial resolution of ~290-
440 pc, we detected and resolved the two lines in the inner
Rga <1kpc of the three targets, as well as in the southern bar
end of NGC 3627. We complemented these data with available
interferometer images of the CO(1-0), CO(2-1), HCN(1-0),
and HCO*(1-0) lines. This data set enabled an analysis of
the empirical relations of HCN and HCO™ in SFGs at sub-
kiloparsec scales. This kind of analysis has been typically
focussed on brighter AGN and starburst galaxies; in spite of
that, SFGs host most of the SF in the local Universe. We
focus on the behaviour of the set of line ratios (HCN(3-2)/
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HCO*(3-2), HCN(3-2)/CO(2-1), HCN(1-0)/CO(2-1), and
HCN(3-2)/HCN(1-0)). We find the following main results:

— The chosen line ratios peak at the galaxy centres and tend to
decrease mildly as we move outwards. The only exception is
HCN(3-2)/HCN(1-0) in NGC 3351, which rather peaks at
two off-centre contact points between the inner ring and the
dust lanes of the bar (Rgy = 400 pc).

— For analysis, we selected pixels where all lines are detected
at a >S50 significance. Over them, the ratios vary by
<0.6—1dex (total range), with median values of 0.14 for
HCN(3-2)/HCN(1-0), 0.17 for HCO*(3-2)/HCO*(1-0),
1.17 for HCN(3-2)/HCO™*(3-2), and 1.40 for HCN(1-0)/
HCO*(1-0).

— We compared our observations with a grid of one-zone non-
LTE radiative transfer models from RADEX. We varied the
kinetic temperature (10-100 K), the H, volume density (10—
103 cm™), and the HCN abundance per velocity gradient
(10719-107% pc (km s~')~!). The models compatible with our
HCN observations predict that HCN(1-0) and HCN(3-2) are
subthermally excited and likely optically thick, with the for-
mer being somewhat closer to thermalisation.

— We explored the mean trends of our reference line ratios
as a function of Xy, (representing the environment), (Ico)
(cloud-scale properties) and Xspr (SF) in each galaxy. No
line ratio correlates with Xggr, which implies that either they
are not significantly affected by temperature or that SF does
not dominate the gas heating in our target galaxies. In con-
trast, most ratios increase as a function of both (Ico) and Zg,,
in each galaxy, with the former being less affected by selec-
tion biases and, thus, more robust.

— Within each galaxy, the slopes of the trends (in the
log—log space) vary by a factor of ~2, with the
HCN(3-2)/CO(2-1)-{Ico) relations being two times steeper
than HCN(1-0)/CO(2-1)-{Ico). The trends also show
<0.3 dex galaxy-to-galaxy offsets that can dominate the total
scatter in some cases (e.g., HCN(1-0)/CO2-1)-(Ico)). An
exception is HCN(3-2)/CO(2-1)-{Ico), for which the offsets
are negligible.

We finally discuss the implications of the different slopes
and galaxy-to-galaxy offsets of these empirical relations. We
conclude that the systematic variations in the HCN/CO and
HCN(3-2)/HCN(1-0) line ratios are not strictly ruled by a single
excitation parameter. However, a detailed modelling is needed to
separate the effects of parameters such as density and tempera-
ture in each case.
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Appendix A: Summary of line ratios

As a potential reference for future studies, we present here the
typical values of a set of key line ratios derived from the six line
maps per galaxy. Table A.1 summarises the percentiles of ratios
measured in the S/N-selected regions in NGC 3351, NGC 3627,
and NGC 4321. For a comprehensive view of their systematic
variations across galaxy discs, we plot their binned trends as a
function of Zg,, in Fig. A.1. Most line ratios tend to increase
along with X, with varying slopes.

To put our spatially resolved measurements of HCN(3-2)
and HCO"(3-2) into context, we compare them in Fig. A.2
with observations from the literature, dominated by AGN and
starburst galaxies. The histograms representing our three tar-
get galaxies are the same as in Fig. 4. Here we add black dots
that correspond to measurements from a heterogeneous (in terms

Table A.1. Representative line ratios within our galaxy sample

of samples and spatial resolution) but comprehensive set of
studies. Single-dish, spatially unresolved ratios are taken from
Gracid-Carpio et al. (2008, labelled GCO08), Krips et al. (2008,
KO08), Aaltoetal. (2007, A07), Pérez-Beaupuits et al. (2007,
PB07), and Juneau et al. (2009, J09). Spatially resolved ratios
are taken from Izumi et al. (2013, Iz13; AGN and starburst peaks
of NGC 1097 from their Table 8), Saito et al. (2018, S18; five 3"-
apertures in the LIRG VV 114 from their Table 2), Imanishi et al.
(2019, Im19; 25 (U)LIRG centres at ~500-pc resolution), and
Ledger et al. (2021, L21; seven regions of three (U)LIRGs from
their Table 4). There is a clear contrast between the fixed-
transition HCN-to-HCO™ ratios (two leftmost panels) and the
fixed-species 3—2/1-0 ratios (two rightmost panels). In the for-
mer two, the overlap between our data and the literature values
is significant. In the latter two, our 3-2/1-0 data clearly cluster
at the lower range of the literature.

Line ratio Whole sample NGC 3351 NGC 3627 NGC 4321
16% 50% 84% 16% 50% 84% 16% 50% 84% 16% 50% 84%
CO(2-1)/CO(1-0) 0.682 0.781  0.912 0.802 0912 0.976 0.723  0.789  0.838 0.636  0.701  0.766
HCN(1-0)/CO(2-1)  0.055 0.074 0.108 0.095 0.106 0.119 0.040  0.057 0.067 0.064 0.075 0.098
HCO*(1-0)/CO(2-1)  0.044 0.054 0.064 0.054 0.063 0.067 0.041 0.045 0.053 0.047  0.055 0.063
HCN(3-2)/CO(2-1) 0.006 0.012 0.019 0.011 0.015 0.017 0.005 0.012 0.023 0.006  0.009 0.022
HCO*(3-2)/CO(2-1)  0.006 0.009 0.014 0.009 0.011 0.014 0.007  0.010 0.020 0.005  0.007 0.011
HCN(3-2)/HCN(1-0)  0.099 0.143  0.250 0.105 0.141  0.156 0.115 0205 0.340 0.089 0.121 0.214
HCO*(3-2)/HCO*(1-0)  0.122 0.175 0.258 0.140  0.180 0.233 0.156 0222 0.371 0.105  0.137 0.186
HCN(1-0)/HCO*(1-0) 1.186 1.401 1.761 1.587 1.746  1.936 0971 1.234 1.337 1.234 1406 1.681
HCN(3-2)/HCO*(3-2) 0.872 1.164 1.746 0993 1.218 1.789 0.677 1.109 1.293 0909 1.249 2.040

Notes. For each line ratio indicated in the leftmost column, we show the 16, 50, and 84™ percentiles of values measured on a pixel-by-pixel
basis in the whole sample of galaxies and in each galaxy separately. In all cases, only pixels where S/N> 5 for all the lines are considered.
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Fig. A.1. Binned trends of the line ratios in Table A.1 (plus the line/CO(1-0) ones) as a function of X,,. Symbols are defined as in Figure 6.
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Fig. A.2. Histograms per galaxy of four line ratios as in Fig. 4. Here we show literature data as black dots for comparison. In each row, the
label corresponds to the paper from which the measurements are taken (see text for details), while a light-blue shaded bar indicates the 25"-75%
percentile range of the data set and a vertical segment indicates the median.
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