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ABSTRACT

Nitrogen hydrides such as NH; and N,H* are widely used by Galactic observers to trace the cold dense regions of the interstellar medium. In
external galaxies, because of limited sensitivity, HCN has become the most common tracer of dense gas over large parts of galaxies. We provide
the first systematic measurements of N;H* (1-0) across different environments of an external spiral galaxy, NGC 6946. We find a strong correlation
(r > 0.98, p < 0.01) between the HCN (1-0) and N,H* (1-0) intensities across the inner ~8 kpc of the galaxy, at kiloparsec scales. This correlation
is equally strong between the ratios NoH* (1-0)/CO (1-0) and HCN (1-0)/CO (1-0), tracers of dense gas fractions (fiense). We measure an average
intensity ratio of N,H* (1-0)/HCN (1-0) = 0.15 + 0.02 over our set of five IRAM-30m pointings. These trends are further supported by existing
measurements for Galactic and extragalactic sources. This narrow distribution in the average ratio suggests that the observed systematic trends
found in kiloparsec-scale extragalactic studies of fense and the efficiency of dense gas (SFEgens) would not change if we employed N,H* (1-0)
as a more direct tracer of dense gas. At kiloparsec scales our results indicate that the HCN (1-0) emission can be used to predict the expected
N,H* (1-0) over those regions. Our results suggest that, even if HCN (1-0) and N,H* (1-0) trace different density regimes within molecular clouds,

subcloud differences average out at kiloparsec scales, yielding the two tracers proportional to each other.
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1. Introduction

Understanding the link between star formation and the available
molecular reservoir is crucial to comprehending how gas den-
sity regulates star formation over cosmic time. While a variety
of molecular lines are commonly employed to infer properties
of the sites of current or future star formation, the rotational
transitions of carbon monoxide (CO) have been the preferred
tracers of the bulk molecular ISM in the Milky Way and other
galaxies (e.g., Dame et al. 1987; Bally et al. 1987; Kuno et al.
2007) because of the CO abundance and low critical density
(~10%cm™).

Star formation has been shown to take place in the dens-
est parts of molecular clouds (e.g., Heiderman etal. 2010;
Lada et al. 2010, 2012; Evans et al. 2014). These dense and com-
pact regions are difficult to resolve in external galaxies. Lines
that are more difficult to excite, such as HCN (1-0), and their
ratio to low-density tracers, such as low-J CO, offer the best
way to routinely probe the physical conditions and distribution
of dense gas in external galaxies (e.g., Leroy et al. 2017). Over
the last decade, multiple extragalactic surveys have mapped
the dense gas content at low resolution (kiloparsec scales;
e.g., EMPIRE Bigiel et al. 2016; Jiménez-Donaire et al. 2019)
and high resolution (parsec scales; e.g., Gallagher et al. 2018b;
Querejeta et al. 2019; Besli¢ et al. 2021; Sanchez-Garcia et al.
2022; Eibensteiner et al. 2022). All these studies share a key
result: the HCN-to-IR ratio, an observational proxy for the star
formation efficiency of dense gas (SFEgense), depends on the
host galaxy and local environment. While these observed trends
are in contrast to a hypothesized constant SFEg.,sc above some

critical surface density as observed on much smaller scales in the
Milky Way (e.g., Lada et al. 2010, 2012; Evans et al. 2014), this
conclusion critically rests on our ability to estimate dense gas
masses.

In addition to dust continuum emission, nitrogen hydrides,
such as NHj3 and N,H*, are widely used in Galactic observa-
tions to trace cold and dense regions. NoH" is a very selec-
tive high-density tracer, as it only efficiently forms once CO is
heavily depleted (Bergin & Tafalla 2007), and therefore traces
cold dense gas. Recent studies in the Galaxy compared the
emission of dense gas tracers including HCN and N,H*, with
dust temperatures or visual extinction (e.g., Kauffmann et al.
2017; Pety et al. 2017; Barnes et al. 2020; Evans et al. 2020;
Patra et al. 2022; Dame & Lada 2023). The results in Orion,
Perseus, and W49 (Kauffmann et al. 2017; Pety et al. 2017,
Tafalla et al. 2021) show that N,H* is the only emission line
among the dense gas surveys that remains undetected at low den-
sities (Ny, < 102 ¢cm™2, ny, < 10* cm‘3), but efficiently emits at
higher densities, becoming the only truly density-selective tracer
in their sample.

Because radio observations of NH3; and N,H* in dif-
ferent extragalactic environments are very costly and sensi-
tivity limited, previous works have mainly focused on the
brightest targets: active galactic nuclei (AGNs), starburst
galaxies, and ultra-luminous infrared galaxies (ULIRGs; e.g.,
Mauersberger & Henkel 1991; Meier & Turner 2005, 2012;
Watanabe et al. 2014; Aladro et al. 2015; Martin et al. 2021).
We present the first extragalactic observations of NoH™ (1-0)
and HCN (1-0) in a wide range of dynamical conditions and
star formation properties sampled across an entire galaxy disk,
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Fig. 1. NGC 6946 with EMPIRE CO (1-0) contours overlaid on an
optical image. The contours illustrate the IRAM-30m '2CO (1-0) inte-
grated intensities. The millimeter observations have a resolution of
26" (~800 pc), indicated by the orange circle. The contours are drawn
at arbitrary intervals between 5 and 200 K kms~! to highlight the distri-
bution of the molecular gas disk. The yellow circles indicate the loca-
tions of our pointed N,H*(1-0) and HCN(1-0) observations, covering a
wide range of galactic environmental conditions: center (0), spiral arms
(1 and 2), interarm (4), and outskirts (3). The size represents the 28"
resolution of the IRAM-30m beam at ~86 GHz.

20h35m15%

NGC 6946. This nearby source (7.72Mpc, Anand et al. 2018)
is a gas-rich, very actively star-forming double-barred spiral
galaxy. The five positions observed cover very diverse environ-
ments within a galaxy disk. These include a central starburst, spi-
ral and interarm regions, as well as the outer disk. The selected
regions span 1.7dex (a factor of ~50) in star formation rate
(SFR) surface density. The observations presented here provide
a crucial benchmark to understand how well HCN performs as a
tracer of cold dense gas that favors N,H" emission, in a repre-
sentative external galaxy.

2. Observations and data reduction

We observed NGC 6946 with the IRAM-30m telescope from
2018 to 2020, using the 3mm band (E090) of the dual-
polarization Eight MlIxer Receiver (EMIR, Carter et al. 2012).
The observations presented here correspond to a total ~90h of
on-source observing time (see Table 2). We achieved an angular
resolution of ~28” at 86 GHz. Additional details on the observa-
tions, as well as NoH* (1-0) and HCN (1-0) data reduction and
analysis are given in Appendix A.

NGC 6946 belongs to the IRAM-30m survey EMPIRE
(Jiménez-Donaire et al. 2019), and thus a suite of high critical
density tracers as well as CO (1-0) and carbon isotopologs are
publicly available. These lines were mapped at ~30” resolution
across a total area of 4.5” x 6.5’; therefore, a direct compari-
son to common dense and bulk molecular gas tracers is possible.
For this study we used the CO (1-0) EMPIRE integrated inten-
sity maps of NGC 6946 (Jiménez-Donaire et al. 2019) to com-
pare the line ratios derived for each observed position in Fig. 1.
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Table 1. Main properties of NGC 6946.

Parameter Value Notes
RA (J2000) 20:34:52.35 H
Dec (J2000) +60:09:14.58 (1)
Morphology SAB(rs)cd 2)
Nuclear type Star-forming, HII 3)
Distance 7.72 Mpc “4)
Inclination 33° (®)]
P.A. major axis 242° ©6)
VLSR 50 km S_1 (1)
SFR 6.17 Mg yr! @)
log, (M) 10.39 log,y (M) Q)

References. (1) Schinnerer et al. (2006); (2) de Vaucouleurs et al.
(1991); (3) Goulding & Alexander (2009); (4) Anand et al. (2018); (5)
de Blok et al. (2008); (6) Crosthwaite (2002); (7) Leroy et al. (2019).

3. Results

N,H* (1-0) and HCN (1-0) were successfully detected at every
position with a peak signal-to-noise ratio higher than or equal
to 3. The spectra presented in Fig. A.1 show that the detected
line centroid of N,H* (1-0) agrees with the mean HCN (1-0)
velocity, and the two transition lines show similar line widths
within <5%, indicating that the presence of HCN-emitting gas is
always accompanied by gas emitting NoH* in our ~28"” beam
(~1kpe). It is not possible to resolve the hyperfine structure
(hfs) of these lines in the observed positions since the splitting
separation (~12km s! for HCN (1-0) and ~15kms™! for N,H*
(1-0)) is smaller than the measured line widths. Table 2 reports
the spectral line parameters derived for each emission line, in
every observed position.

The left panel of Fig. 2 shows our estimated N,H* (1-0)-to-
HCN (1-0) intensity ratios (In,u+/Incn) as a function of galac-
tocentric radius and observed position. We measure In,u+/Incn
ratios that range between 0.12 and 0.20 in NGC 6946, with a
mean value of 0.15 + 0.02 and a standard deviation of 0.03.
Our line ratios agree well with the range of observed In,u+/Incn
values in nearby starbursts, AGNs, and ULIRGs (see also
Fig. 4), as reflected by the purple area in the plot. This com-
pilation is available in Table B.1. The middle panel of Fig. 2
shows the HCN (1-0)-to-CO (1-0) intensity ratios (Iycn/Ico)
from EMPIRE (Jiménez-Donaire et al. 2019) extracted at the
same positions.

While Iyen/Ico systematically decreases by a factor of ~4
with increasing galactocentric distance, In,u+/Incn appears to
be constant across the galaxy disk. We compare our observa-
tions (yellow stars) to a compilation of literature measurements
in the left panel of Fig. 3, showing integrated intensities of NoH*
(1-0) as a function of HCN (1-0). This includes measurements of
resolved Galactic clouds (squares, Jones et al. 2012; Pety et al.
2017; Barnes et al. 2020; Yun et al. 2021) and kiloparsec-scale
regions in nearby galaxies (circles, Mauersberger & Henkel
1991; Watanabe et al. 2014; Aladro et al. 2015; Nishimura et al.
2016b; Takano et al. 2019; Eibensteiner et al. 2022). While these
data are taken at different resolutions (from 0.1 pc to 10 kpc), we
note that such measurements are scarce and constitute our only
source of comparison. It is clear from the plot that the strong
correlation between Iy,n+ and Iycn is observed across a wide
variety of systems. A fit to the global literature data (including
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Table 2. Summary of observations and spectral line parameters for each observed position.

Position RA (J2000) Dec (J2000) Radius  Line Int. intensity FWHM Vi (rms)  Obs. time  (Tsys)

[hh:mm:ss] "] [kpc] (1-0) [Kkms™'] [kms™'] [kms™!] [mK] [h] K]

(1) (2 (3

Pos-0 20:34:52.20  +60:09:14 0.0 HCN 11.12+0.01 14715 56+6 0.3 44.3 92
N,H* 1.83 £0.01 133+ 11 55+6 0.2

Pos-1 20:35:05.70  +60:10:52 5.1 HCN 0.33 £0.01 322 -32+4 0.5 10.0 112
NoH*  0.040+0.008 21+6 —28+3 0.4

Pos-2 20:35:11.88  +60:08:51 5.7 HCN 0.39 £0.01 31«2 -9+2 0.6 8.5 116
NoH*  0.067 £0.011 27+5 -6+2 0.5

Pos-3 20:34:22.86  +60:10:31 8.6 HCN 0.13+0.01 252 114+12 0.5 13.9 108
N,H* 0.026+0.006 30«8 11715 03

Pos-4 20:34:47.10  +60:07:59 33 HCN 0.26 £ 0.01 32+4 12612 04 13.2 99
NoH* 0.031+£0.007 206 131+15 0.3

Notes. (1) Average rms measured in a 4 km s™!' wide channel. (2) Total on-source time used to generate the final spectra after reduction. (3) Average

system temperature during observations.
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Fig. 2. Calculated Iy,y+ /Incn ratios (left) from our measurements and Iycn/Ico ratios (middle) from EMPIRE survey data (Jiménez-Donaire et al.
2019), as a function of galactocentric radius in NGC 6946. Each observed position is indicated. The right panel shows Iy,u+/Iucn as a function
of Iyen/Ico, illustrating that Iy,y+ /Incn remains approximately constant, while fyense changes by a factor of ~4. The purple region shows the
range of previous literature values found for the central regions of starburst galaxies, AGNs, and ULIRGs (e.g., Mauersberger & Henkel 1991;
Watanabe et al. 2014; Aladro et al. 2015; Nishimura et al. 2016b; Eibensteiner et al. 2022, but see also Fig. 4).

this work) yields
log In, 1+ global = (0.99 + 0.04) log Inen giobat — (0.87 £ 0.04). (1)

We measured the strength and significance of the correlation
between the derived intensities with the Spearman rank corre-
lation coefficient, » = 0.96, with a p-value < 0.001. We note that
this strong correlation between Iy,n+ and Iycn holds, while Inen
(and In,n+) varies across almost three orders of magnitude.

The right panel of Fig. 3 shows the correlation of In,u+/Ico
as a function of the commonly used fgense tracer, Inen/Ico, for
the same literature compilation. These plots indicate that the two
line ratios are correlated across several orders of magnitude, sug-
gesting that they are equally good at tracing variations in fyense.
A fit to all available data yields

IN2H+

I
= (1.00 £ 0.05) log <X
CO global

log ~(0.84 +0.06), (2)

Ico giobal
with 7 = 0.99, and p-value < 0.001. Figure 4 shows the observed
line ratio ranges for our literature compilation in detail, target-
ing nearby galaxies, starbursts, AGNs and ULIRGs, as well as
Milky Way regions. The solid line in the plot indicates a mean
value of 0.15 + 0.03 for the global In,y+/Incn ratio. The dashed
lines represent a 30~ deviation from this mean. Our average value

for NGC 6946 is in good agreement with the literature values,
within the uncertainties. In this broad comparison, the Orion
B cloud is the only clear outlier from the correlation with a
In,u+/Inen ratio that is three times smaller than the average
value of 0.15 found from the literature compilation. In contrast,
our sampled ratios in NGC 6946 are very compatible with those
found in low-metallicity environments such as the Large Mag-
ellanic Cloud (LMC), where we would expect important dif-
ferences in the chemical composition of the clouds due to its
deficiency in N-bearing molecules (Dufour et al. 1982). Lower
HCN/HCO" ratios have been measured in the low-metallicity
galaxies LMC and IC 10 (Nishimura et al. 2016a,b; Patra et al.
2022), compared to the normal star-forming disks sampled by
EMPIRE (Jiménez-Donaire et al. 2019).

4. Implications for extragalactic dense gas
observations

Several studies have questioned whether the low-J transitions
of HCN and HCO™, commonly used high critical density trac-
ers, actually trace cold dense gas emission (e.g., Pety et al.
2017; Kauffmann et al. 2017; Tafalla et al. 2021). While these
transitions have high critical densities, using this parame-
ter as an indication of dense gas is an oversimplification.
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Fig. 3. Correlation between N,H* (1-0), HCN (1-0) and CO(1-0) intensities and line ratios. Left: comparison between Iy,u+ and Iyen
in our observed locations (yellow stars), including available data for nearby galaxies (circles, Aladro etal. 2015; Watanabe et al. 2014;
Mauersberger & Henkel 1991; Nguyen et al. 1992; Eibensteiner et al. 2022; Nishimura et al. 2016b; Takano et al. 2019) and Galactic molecu-
lar clouds (squares, Jones et al. 2012; Pety et al. 2017; Barnes et al. 2020; Yun et al. 2021). The solid line represents a linear fit to the ensemble
data in both panels, showing that the two emission lines are strongly correlated (r > 0.98) across almost four orders of magnitude. The dashed
lines indicate a 30~ dispersion from the mean. Right: Ix,u+/Ico as a function of Iycn/Ico for NGC 6946 and the same literature compilation. The
two ratios, both proxies for the dense gas fraction, also remain well correlated across almost three orders of magnitude.
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Fig. 4. Ix,u+ /Incw ratios observed toward nearby galaxies (Aladro et al. 2015; Watanabe et al. 2014; Mauersberger & Henkel 1991; Nguyen et al.
1992; Eibensteiner et al. 2022; Nishimura et al. 2016b; Takano et al. 2019, and this work) and Galactic molecular clouds (Jones et al. 2012;
Pety et al. 2017; Barnes et al. 2020; Yun et al. 2021). For galaxies with several measurements, we represent their mean values with associated
uncertainties. The sizes of the circular markers are given in logarithmic scale. For visual reasons, the markers for the Galactic regions are scaled
with 500 and the markers in the extragalactic regions with 300. The solid line represents the mean value among all samples, while the dashed lines

indicate a 3o~ dispersion from the mean.

Among other effects, Shirley (2015) showed that radiative
trapping and excitation lower the effective critical density of
these lines by one or two orders of magnitude (see also
Jiménez-Donaire et al. 2017). This causes a large fraction of
the HCN emission to be subthermally excited (Leroy et al.
2017; Jones et al. 2023; Garcia-Rodriguez et al. 2023). More-
over, electron excitation can significantly contribute to its emis-
sivity (Goldsmith & Kauffmann 2017). In fact, HCN (1-0) has

L11, page 4 of 8

a higher critical density than that of NoH* (1-0) (4.7 x 103 vs.
6.1 x 10*cm™ at 10K, respectively), but the effective den-
sity is slightly higher for NoH" (1-0), which is significantly less
opaque than HCN (1-0) (Shirley 2015, see Table 1), even though
both lines show hfs. Some studies focusing on a small num-
ber of local clouds find extended regions with low-density gas
(50—100 cm™) that contribute significantly to the global emis-
sion seen in HCN and HCO* (Evans et al. 2020). In particular,



Jiménez-Donaire, M. J., et al.: A&A 676, L11 (2023)

Pety et al. (2017) and Kauffmann et al. (2017) find that the vast
majority of the HCN and HCO* luminosities come from regions
with Ay < 8 mag, while most dense star-forming cores are seen
at Ay > 8mag. Both studies also agree that N;H* is able to
selectively trace gas at much higher densities in Orion A and
Orion B, where at least 50% of its emission comes from regions
with Ay > 16 mag.

In addition, N,H" primarily originates from cold gas
(<20K). In contrast, HCN is often found to originate from
gas with moderate temperatures (>35K; e.g., Pety et al. 2017;
Barnes et al. 2020). One of the reasons why the N,H* molecule
is a particularly good tracer of cold dense gas is that it is
destroyed by CO via ion—neutral interactions (Meier & Turner
2005). In addition, N;H* formation depends on the available
amount of H;’ to react with N,, a process in which N, com-
petes with CO. In cold high-density gas, CO freezes out onto the
dust grains, eliminating the main N,H* destroyer and making
available more HJ to react with N, (Caselli & Ceccarelli 2012).
The combined result is a significant enhancement of the NoH*
abundance in cold and dense gas. Since the excitation conditions
are similar for No,H* (1-0) and HCN (1-0), it is the depletion of
CO that makes the N,H* (1-0) emission an ideal tracer of cold
dense gas. Consequently, NoH* yields a bright emission line
in the densest regions of molecular clouds (Caselli et al. 1999;
Bergin & Tafalla 2007), while in those same regions carbon-
bearing molecules freeze onto the dust grains (Tafalla et al.
2002; Bergin & Tafalla 2007). Recent Galactic work has shown
that while HCN (1-0) extends over a significant fraction of the
cloud, it scales linearly with the H, column density of the gas
(e.g., Tafallaetal. 2021; Dame & Lada 2023). In NGC 6946,
cloud-to-cloud variations are averaged out at the scales we
probe, yielding N;H* proportional to HCN emission. If indeed
N,H"* can selectively pick the densest and coldest regions (with
a typical Ay > 16 mag) and HCN mainly traces gas in regions
with Ay ~ 6—8 mag, our remarkably constant In,y+/Incn ratio
across the disk of NGC 6946 suggests that cloud structures are
similar and subcloud differences average out at kiloparsec scales,
yielding the two tracers proportional to each other.

The implications for extragalactic work are large. Over the
last two decades, many studies have extended the strong cor-
relation found by Gao & Solomon (2004) between HCN lumi-
nosity and IR-traced SFRs, from resolved galaxy disks (e.g.,
Usero et al. 2015; Gallagher et al. 2018b; Jiménez-Donaire et al.
2019) to individual cores in the Galaxy (e.g., Wuetal.
2005, 2010; Stephensetal. 2016; Shimajirietal. 2017).
Using HCN (1-0) to trace dense gas, Bigiel etal. (2016),
Jiménez-Donaire et al. (2019), and Neumann et al. (2023),
among others, find systematic variations in fyense and SFEgense
as a function of galactic environment. These results, however,
are subject to the interpretation of the HCN emissivity. Our
observations show a clear correlation between In,y+ and Iycn
within a prototypical star-forming galaxy, NGC 6946, over a
wide range of galactic radii, in regions with different morpholo-
gies (circumnuclear regions, spiral arms, and interarm region).
These results are also in agreement with existing measure-
ments for starbursts, ULIRGs, AGNs, and individual Galac-
tic regions, where we find a constant ratio across more than
three orders of magnitude in integrated intensities. This constant
In,u+/Incn provides evidence that the variation of HCN (1-0)
emission could be an interesting tool to estimate the cold dense
gas traced by NoH* (1-0) across approximately kiloparsec-size
regions. Moreover, ratios of other lines with different critical
densities such as Iycn/Ico and In,u+/Ico can interchangeably
be used as good indicators for fiense in other galaxies, at least

at kiloparsec scales, as previously pointed out by Leroy et al.
(2017) and Gallagher et al. (2018a). Additional kiloparsec-scale
observations, however, are needed to confirm the observed
trends in other nearby galaxies, including galaxy outskirts; high-
resolution observations are also needed.

The strong correlation we observe implies that the amount
of gas traced by HCN (1-0) is proportional to the amount of
star-forming high-density gas traced by N,H* (1-0) at kilo-
parsec scales. This is expected if the structure of individual
star-forming molecular clouds is similar overall among dif-
ferent clouds, and is scale-free. The shape of the probabil-
ity distribution of column densities (N-PDF) in the observed
molecular clouds is best described by power-law functions
(Kainulainen et al. 2009; Schneider et al. 2013; Lombardi et al.
2015; Abreu-Vicente et al. 2015) in their high-density regimes.
Kiloparsec-sized extragalactic observations capture ensembles
of molecular clouds, where we expect the resulting PDF of the
ensemble to reflect this power-law shape if the individual clouds
are indeed self-similar (e.g., independent of the scale). In that
case, the ratio of gas traced by HCN (1-0) and N,H* (1-0) (sen-
sitive to moderate to high column density thresholds) is expected
to be relatively constant. NoH* is selective of cold dense gas,
that is expected to ultimately form stars. It is interesting to find
bright NoH" emission in regions where HCN is also present,
because HCN often traces moderately dense warmer gas (e.g.,
Barnes et al. 2020). This suggests that when observing a large
region of another galaxy, it is common to find small highly
shielded regions where conditions are conducive for N,H™ to be
abundant, likely similar to the dark clouds found in our Galaxy.
Our observations suggest that these regions have an approxi-
mately constant proportion to the warmer more excited dense
gas, perhaps associated with photodissociation regions (PDRs),
that likely dominate HCN emission. This could make sense
given that the PDRs are natural products of star formation, and
the conditions where N,H* forms may be a relatively univer-
sal prerequisite to form stars. This adds significant weight to
the interpretation of extragalactic HCN measurements in terms
of tracing dense star-forming gas and the associated fyense and
SFEdense-

5. Summary and conclusions

In this work we study the relation between N,H* (1-0) and
HCN (1-0) across the disk of NGC 6946, based on extensive
observations with the IRAM-30m dish at ~90 GHz. We find that
the integrated intensities from the two emission lines are strongly
correlated within the galaxy disk at kiloparsec scales. Moreover,
this correlation is also extended to a wide range of physical envi-
ronments including Galactic clouds, nearby starburst galaxies,
AGNs, ULIRGs, and even low-metallicity regimes. Dense gas
fractions, as probed by Incn/Ico and In,u+/Ico, are also very
well correlated across several orders of magnitude. Our results
directly address recent discussions of varying fgense and SFEgense
within and across galaxies, and indicate that despite the known
caveats for HCN emission, this molecule can be used instead of
canonical Galactic dense gas tracers like NoH* to estimate fgense,
at least on kiloparsec scales.
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Appendix A: Observations and data analysis
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Fig. A.1. Individual spectra for each observed position as a function of the LSR velocity. The orange lines show the N,H* (1-0) spectrum, while
the blue lines show the HCN (1-0) emission divided by a factor of 5. The vertical dashed lines delimit the windows used to reduce the data and
derive the spectral line parameters. N,H* (1-0) shows good agreement with the mean HCN LSR velocity. Table 2 reports the derived spectral line

parameters.

The data were taken as part of projects 061-18, 055-20, 054-
20, and 159-20 (PI: M. J. Jiménez-Donaire). The E090 receiver
yielded an instantaneous bandwidth of 15.6 GHz per polariza-
tion, and used the fast Fourier transform (FFT) spectrometers
with 195kHz spectral resolution (FTS200, ~ 0.5kms™!) to
record the data. The observations were performed in five dif-
ferent positions, representative of distinct environments within
the nearby galaxy NGC 6946 (see Fig. 1). These were carried
out in wobbler-switching mode with a total ON-OFF throw of
+110” in azimuth and a wobbling frequency of 0.5 Hz. Four of
these positions were previously observed by Usero et al. (2015),
but those observations were not sensitive enough to detect NoH*
(1-0). Every position was observed only when the line emis-
sion in the OFF positions along the Azimuth axis could not
produce significant contamination. We did this by checking the
integrated intensity and velocity in the HERACLES CO (2-1)
cube of the target galaxy (Leroy et al. 2009). We tuned EMIR
with a local oscillator frequency of ~ 88.07 GHz, which allowed
us to simultaneously observe HCN (1-0) in the lower-outer sub-
band, and N,H" (1-0) transition in the lower-inner subband.
Additionally, other fainter transitions, such as dense gas iso-
topologs (H'3CN (1-0), H'*CO* (1-0), and HN'3C (1-0)), are
present in the observed band and will be analyzed in a future
paper. The angular resolution of the IRAM-30m at the frequency
of HCN (1-0) is 27.9”. This sets our working resolution, which
corresponds to a spatial resolution of ~ 0.92kpc at the dis-
tance of NGC 6946. Because the observations of NoH* (1-0) and

HCN (1-0) have similar beam sizes, aperture corrections are not
applied.

During the course of the observations, the focus of the
telescope was checked on planets (Mars and Saturn) or bright
quasars (K3-50A) at the beginning of each session and then
every ~ 3 hours. In addition, it was also checked at sunset and
sunrise if needed. We corrected the telescope pointing approx-
imately every 1-1.5 hours using point-like sources close to
NGC 6946, such as 2037+511, 12264023, 1928+738, and 1253-
055. We obtained a standard chopper wheel calibration every
~ 15 minutes to place the data on the antenna temperature scale
(T}). The weather conditions were good overall, and the mean
radiometer opacity at 225 GHz was measured at around 0.5.

The spectra for each observed location were calibrated with
MRTCAL' as part of the GILDAS? software package. The data
were then converted to main beam temperature (Typ) with
the available beam efficiencies from the IRAM documentation®
(Feg = 95% and B.g = 81% at 3 mm) following equation
Tvp = Fer/Ber X T. We extracted the target emission lines

using the Continuum and Line Analysis Single-dish Software*

! https://www.iram. fr/IRAMFR/GILDAS/doc/pdf/
mrtcal-prog-manual.pdf

2 https://www.iram.fr/IRAMFR/GILDAS/

3 https://publicwiki.iram.es/Iram30mEfficiencies
4 https://www.iram.fr/IRAMFR/GILDAS/doc/html/
class-html/class.html
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(CLASS). We subtracted a third-order polynomial baseline in
each spectrum, and avoided fitting the baseline within the veloc-
ity range of molecular emission by using the available CO veloc-
ity field maps from the EMPIRE survey. Thus, we omitted the
range of £150km s~! centered around the galactic mean CO (1-
0) velocity. The individual spectra were then re-gridded to have a
4kms~! channel width across the full bandpass, and averaged to
produce a final spectrum per observed location. For each posi-
tion, we calculated the integrated intensities by summing over
the velocity range containing bright molecular emission HCN (1-
0) (see dashed limits in Fig. A.1). Finally, we measured the root
mean square (rms) noise level of Ty at line-free channels of the
HCN and N,H™ spectra. These values and detailed information
about the observations can be found in Table 2.

Figure A.1 presents the resulting individual spectra obtained
for the five different positions shown in Fig. 1, plotted in main-
beam brightness temperatures and smoothed to a common spec-
tral resolution of 4 km s~!. The average rms noise level achieved
by the observations is 0.46 mK for the HCN (1-0) spectra and
0.34 mK for N,H* (1-0).

Appendix B: Literature data

The data presented in Table B.1 contains the most up-to-date
N>H"* (1-0) and HCN (1-0) observations in the literature. This
compilation includes the data used to construct Fig.3 and
Fig.4. Upper limits given by Nishimura et al. (2016a) were not
employed in the plots. When this compilation table is used, the
original studies providing the various data sets should be refer-
enced.

L11, page 8 of 8

Table B.1. Galactic and extragalactic N,H* (1-0) and HCN (1-0) line
measurements.

Source In,ue Tycn Resol.
[K km s™!] [K km s™!]
Orion-AD 0.005 0.03 0.11pc
Orion-B® 0.08 +0.01 1.5+02  0.05pc
CMZ® 32+2 212+ 1 2pc
SgrA® 57+0.5 31.4+0.2 2pc
SgrB2® 9.3+0.2 40.6+0.3 2pc
Sgrc® 24+02 184+0.3 2pc
G1.3® 170+0.2  1320+0.3 2pc
W49 0.17+0.01  1.38+0.06 3pc
IC 10® <011 034+0.01 4.9pc
LMC-N113© 0.80 £0.07  3.15+0.05 9.2pc
LMC-N159W®  032+0.06 1.53 +0.04 9.2pc
1C3427 2.1+04 264+0.6  340pc
M82® 1.65 + 0.04 23.6+04  428pc
NGC253® 10.6 +0.2 68.4+0.7  466pc
M83® 1.17 £ 0.05 102+0.1  554pc
NGC 6946%19  0.90 + 0.02 82+0.1 957 pc
NGC 69461 6.4 +0.5 574406  100pc
M51® 0.74 + 0.04 54+0.1 1 kpe
M51-P112 0.53 + 0.06 2.7+0.1 1 kpe
M51-p212 0.24 + 0.08 1.7+0.1 1 kpc
NGC 1068® 1.99+0.08 23.55+0.28 1.8kpc
NGC 1266(1? 0.17+0.03 1.89+0.04 3kpc
Arp220® 236+042 11.06+024 10.5kpc

Notes: (1): Yunetal. (2021) do not provide uncertainties; (2)
Pety etal. (2017); (3): Jonesetal. (2012); (4): Barnesetal.
(2020);  (5): Nishimuraetal. (2016a); (6): Nishimura et al.
(2016b); (7): Takanoetal. (2019); (8): Aladroetal. (2015); (9):
Mauersberger & Henkel (1991); (10): Nguyenetal. (1992); (11):
Eibensteiner et al. (2022); (12): Watanabe et al. (2014); (13): Davis
et al. in prep.
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