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ABSTRACT

We present dense-gas-tracing molecular observations of six resolved Giant Molecular Clouds (GMCs) in the Andromeda Galaxy
(M31). Using the NOEMA interferometer, we observed the transitions of HCN(1-0), HCO™ (1-0), and HNC(1-0), as well
as 13CO(1-0) and 100 GHz continuum emission. This complements our earlier work with the Submillimetre Array, including
resolved dust continuum detections of these clouds at 230 GHz. In this work, we first compare different continuum measurements
to conclude that the average free—free contamination of the observed flux is 71 percent at 3 mm but only 13 per cent at 1 mm,
confirming that emission at 3 mm is less reliable than that at 1 mm for calculating dust masses of star-forming clouds. While
the 3CO emission is more extended than both HCN and HCO™ emission, which in turn is more extended than HNC emission,
we find that both HCN and HCO™ are spatially coincident with, and similarly extended as, the 230 GHz dust emission. This
suggests that both the 230 GHz dust continuum and most importantly the HCN emission traces the dense gas component of
these GMCs. From comparison of the molecular emission with dust masses derived from the 230 GHz continuum emission, we
obtain the first direct measurements of the dust-mass-to-light ratios (otj;cy and o+ ) in GMCs of an external galaxy. For HCN,
the result is broadly similar to a measurement in the local Perseus cloud suggesting that these are indeed dense gas conversion
factors. A larger cloud sample will be required to assess whether HCN is tracing comparable cloud-scale density regimes across

the environments of M31.
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1 INTRODUCTION

Because of their relatively high dipole moments compared to CO,
molecules such as HCN, CS, NH3, N,H*, and HCO™*, have long
been regarded as tracers of the dense gas (i.e. n(Hy) 2> 10* cm™?)
component of molecular clouds. In the Milky Way such dense gas has
been long known to be intimately associated with the star formation
process (e.g. Lada et al. 1974; Myers et al. 1987; Lada 1992). In
external galaxies, this connection was perhaps best illustrated in
the well-known study of Gao & Solomon (2004) who reported a
significant correlation between the far-infrared (FIR) and HCN(1-0)
luminosities in a large sample of star-forming galaxies. Since the
FIR luminosity is a proxy for the global star formation rate (SFR)
and HCN luminosity a proxy for the mass of dense molecular gas
(My,) in a galaxy, this finding indicated the existence of a linear star
formation law for galaxies, connecting the global SFR with the mass
of dense molecular gas within them. Subsequent observations were
able to extend the Gao—Solomon relation and the linear ‘dense gas’
star formation law to clouds in the Milky Way (Wu et al. 2005; Lada
et al. 2012; Jiménez-Donaire et al. 2019).

Studies of local Milky Way clouds using infrared dust extinction
measurements rather than molecular line emission to trace the
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molecular mass showed that the SFR was more tightly correlated
with the mass of gas at high column density (Ax 2 0.8 mag) than
with the total cloud mass (i.e. Ay > 0.1 mag; Lada, Lombardi &
Alves 2010). Because of the stratified, filamentary geometry of
molecular clouds in the Galaxy, the higher dust column densities
(i.e. Ax = 0.8 mag) typically correspond to the densest [i.e. n(H,) >
10* cm~3] regions of the Giant Molecular Clouds (GMCs). This is
supported by numerous lines of empirical and theoretical evidence
including recent 3D extinction maps (Zucker et al. 2021) of local
clouds, models of a cloud’s radial structure (Bergin et al. 2001)
and numerical simulations of cloud formation and evolution (Bisbas,
Schruba & van Dishoeck 2019). Thus, the Galactic star formation law
derived from extinction measurements was in apparent agreement
with the extragalactic relation derived by Gao & Solomon from
HCN measurements.

Due to complications in interpreting the HCN observations,
estimating the actual densities required for its detection remained
uncomfortably uncertain (Evans et al. 2020). In the case of HCN
emission, this is because it is often optically thick, and radiative
trapping can reduce the density required to excite the molecule to
detectable levels. At T, = 20 K, the critical density required for
an optically thin HCN(1-0) line to be detectable is 7.y (HCN) =
3 x 10° cm™3, while radiative trapping can reduce the effective
excitation density for detection to 7 (HCN) = 4.5 x 10° cm 3, if the
line is optically thick (Shirley 2015). Indeed, recent mapping studies
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of HCN in nearby Galactic molecular clouds found the HCN emission
to be extended beyond the boundaries of the high extinction-high
density regions traced by dust in the clouds (Kauffmann et al. 2017;
Pety et al. 2017; Shimajiri et al. 2017; Barnes et al. 2020; Dame &
Lada 2023). While observations of entire local GMCs are still rare,
these observations have cast some doubt on the use of HCN and
similar molecules to trace dense gas and therefore on the nature of
the star formation law derived from the Gao—Solomon relation.

However, a recent and detailed study of the Perseus cloud, a local
Milky Way GMC, now suggests that molecules like HCN are in fact
good dense gas tracers and with proper calibration can even be used to
trace the densest gas defined by dust extinction measurements within
molecular clouds.' Specifically, Dame & Lada (2023) obtained the
first deep and spatially complete survey of HCN emission from an
individual molecular cloud (the Perseus cloud) and combined the
survey with existing and complete infrared dust extinction maps
(Zari et al. 2016) to investigate the relation between HCN and dust
column density. Similar to earlier studies they found HCN emission
to be extended beyond the extinction identified high-density regions
of the cloud with 60 per cent of the emission originating in regions
below 0.8 mag of infrared extinction. Although radiative transfer
modelling indicated that the HCN emission arose from gas with
densities ranging from ~200 to 35 000 cm ™3, they found the average
volume density in the HCN emitting gas to be 10* cm™3, in line
with expectations for the effective excitation density for optically
thick emission and indicating that HCN was still reasonably tracing
high-density gas. To produce a dense gas calibrated apycn, Dame &
Lada used their data to measure the total HCN luminosity of the
cloud and the infrared extinction maps to measure the dense gas
mass. Combining the two measurements, they were able to produce
a direct, empirical derivation of the dense gas conversion factor,
oHCN = LA:‘;gN =92 M,y (K km s~! pc?)~!, considerably higher than
the generally adopted value of 10 (Gao & Solomon 2004). Whether
or not these Perseus results are characteristic of molecular clouds in
general remains to be determined.

Complete maps of individual molecular clouds in HCN emission,
either in our own Galaxy or in external galaxies, are still rare
making the few existing determinations of aycn in the Milky Way,
based on incomplete mapping observations (e.g. Kauffmann et al.
2017; Pety et al. 2017; Shimajiri et al. 2017) uncertain. There
are no direct measurements of aycy in individual GMCs within
external galaxies. Because the knowledge of the dense gas contents
of molecular clouds are so important for star formation studies, direct
measurements of aycn in molecular clouds of an external galaxy are
highly desirable. Although sufficiently deep observations of HCN
are possible with modern interferometers, direct determinations of
ayen also require reliable measurements of the dense gas masses
and these are best obtained from observations of the dust that, up
to now, were only possible in the nearby clouds of the Milky Way.
With the recent deployment of wide-band continuum receivers on the
Submillimetre Array (SMA), resolved interferometric measurements
of dust emission have been obtained for the first time from individual
GMC:s in the nearest spiral galaxy, M31 (Forbrich et al. 2020; Viaene
et al. 2021). As a result, measurements of dust derived masses are
now available for a significant sample of clouds in M31. Acquisition
of high-resolution HCN observations of these clouds would enable
both the first direct measurements of aycn in an external galaxy as

!Here, we follow the convention that dense gas is defined to be gas above the
Ag = 0.8 (or Ay = 7.3) magnitude threshold.
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well as a determination of the extent of cloud to cloud variations in
the HCN conversion factor.

In the following paper, we report the results of a pilot study of
HCN(1-0), HCO*(1-0), HNC(1-0), and continuum emission in a
sample of six resolved GMCs in the Andromeda Galaxy (M31)
obtained with the NOEMA telescope at ~100 GHz. Since, as we
show in this paper, the 100 GHz continuum is contaminated by
free—free emission, we combine our NOEMA observations with the
SMA continuum observations at 230 GHz to make the first direct
measurements of ooy and oo+ towards molecular clouds in an
external galaxy.

In Section 2, we describe the NOEMA and SMA observations.
In Section 3, we report the results of both the molecular line and
continuum observations. In Section 4, we analyse the data and
report our determinations of the dense gas conversion factors, ayen
and ayco+. We also separately discuss comparisons of the HCN
and HCO™ observations and the HCN and HNC observations. In
Section 5, we summarize the results of the paper.

2 OBSERVATIONS

2.1 Sample selection

The target GMCs selected for study here are a subset of a much
larger population of GMCs identified and mapped in an earlier SMA
survey of 230 GHz continuum and CO emission across M31. The
targets for the SMA survey were drawn from the Herschel survey
of Giant Molecular Associations (GMAs) in M31 by Kirk et al.
(2015). For this study, we selected a handful of the brightest 230-
GHz continuum sources detected in the SMA experiment (Forbrich
et al. 2020; Viaene et al. 2021). Besides increasing the likelihood of
detecting HCN emission in these clouds, this selection strategy also
allowed for an assessment of the complementary ability to detect
100-GHz continuum emission with NOEMA.

Five of the six selected GMCs (all apart from K 190) are associated
with H1I regions as determined by the presence of 10 GHz VLA
continuum sources within their boundaries. The nominal radio flux
density of these candidate H1I regions ranges from twice to twenty
times that of the Orion Nebula (K176 and K191, respectively),
where our experiment was designed to detect Orion-like H I regions
(Toomey et al. in preparation).

2.2 NOEMA observations

The six GMCs from the SMA sample were observed with NOEMA
in the 3 mm band and in track-sharing mode, in programmes S20AX
(K026, K191, and K213) and W20BN (K136, K176, and K190).
The spectral set-up included a 3 mm continuum band, as well as
spectral lines HCN(1-0), HCO™(1-0), HNC(1-0), and '3CO(1-0).
In S20AX, a total of 19 h of overall telescope time was collected
on three separate occasions in 2020 July and August, with weather
conditions ranging from good to excellent. Observations for W20BN
yielded 17.5 h of overall telescope time in 2021 May, collected on
four separate occasions with weather conditions ranging from poor to
excellent. Spectral windows ranging in width from 192 to 320 MHz
were set up for the targeted spectral lines, at a resolution of 62.5 kHz,
and the continuum was covered in the full band (16 GHz times two
polarizations) at a resolution of 2 MHz.

Calibration (bandpass, phase, amplitude, and flux) was done
using standard methods implemented in GILDAS/CLIC pipeline.
Imaging and deconvolution used standard methods implemented in
GILDAS/MAPPING. For the continuum, we first filtered 30 MHz
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Table 1. Observed sample.
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[KGF2015] RA/Dec 230 GHz cont. (SMA) HCN(1-0) (NOEMA)
(J2000) synth. beam size (arcsec) rms (mJy) synth. beam size (arcsec) rms (mK kms™!)

26 00:41:30.3 + 41:04:55 45 x40 0.19 44 x 4.1 83
191 00:44:01.6 + 41:49:09 42x33 0.40 4.4 x 4.1 96
213 00:42:13.5 +40:51:21 4.3 x 3.7 0.31 44 x 4.1 88
136 00:44:30.1 + 41:51:48 5.6 x 4.7 0.20 44 x42 57
176 00:45:00.3 + 41:28:36 8.1 x 5.1 0.24 4.4 x 4.1 74
190 00:44:30.6 + 41:56:34 49 x 4.2 0.17 45x 42 47

around each of the expected line frequencies before imaging it. We
computed the LSB and USB fluxes inside ellipses designed to cover
the detected emission and we merged the LSB and USB (u, v)
tables with a correction for the spectral index before re-imaging
the combined continuum (u, v) table, even though the spectral index
itself cannot be reliably determined from the two sidebands due to the
limited frequency baseline for this purpose. Due to the non-detection
of K190 and indications of different spectral indices in K213, these
targets were separately imaged in the two sidebands.

For lines, we resampled the spectra to a velocity grid of 200
channels of 1 kms™! spacing and centred on the line rest frequency
at the systemic velocity of the targeted cloud. We then subtracted a Oth
order baseline out of each visibility, obtained outside of a window of
20 MHz around the line rest frequency. We imaged and deconvolved
the data without support first. We then defined a large circular support
of 25 arcsec radius to improve the CLEANing convergence. The data
were then converted from Jy beam™! to K. We experimented with
a primary beam correction but found that for the targets concerned
the correction was limited to <5 percent, below other sources of
uncertainty, including the knowledge of the primary beam shape. The
images thus have not been corrected for the primary beam shape.

2.3 SMA observations

Here, we only make use of the 230 GHz wide-band continuum
and '*CO(2-1) maps obtained in our SMA programme towards
the NOEMA targets. Details regarding the SMA observations were
previously reported in Forbrich et al. (2020) and Viaene et al. (2021).
Of interest here we note that the synthesized SMA beam size was
nominally very similar to that of the NOEMA observations reported
here as shown in Table 1. Each SMA measurement also consisted
of a full observing track providing a good range in (u, v) coverage.
The HPBW primary beam was 55 arcsec corresponding to ~200 pc
at the distance of M31, with spatial sensitivity to size scales of up to
~100 pc. The spectral resolution was 140 kHz per channel and the
13CO data were binned to a velocity resolution of 1.3 km s~'.

3 RESULTS

For a general overview of our results, we first present integrated
emission maps of individual transitions as well as the continuum.
We then next address the question of what the comparison of the
3 mm and 1 mm continuum emission is telling us about the emission
mechanism before discussing the molecular emission, with a focus
on HCN.

3.1 Integrated emission maps

Maps showing the extent of the HCN(1-0), HCO™ (1-0), HNC(1-0),
and '3CO(1-0) emissions in the targeted GMCs are shown in Fig. 1.

The three images in each row separately summarize the observations
for each individual source. These transitions have all been observed
simultaneously by NOEMA at very similar nominal sensitivity and
at identical spatial sensitivity. Any difference in the spatial extent of
emission in different transitions thus is not due to spatial filtering.
This observation extends to comparisons with our SMA data, which
have similar (u, v) coverage and hence spatial sensitivity. Note that
we did not detect significant emission from HCN, HCO*, or HNC
from one source, K190, and it is not included in the figure or later
analysis of the line observations.

Emission from '3CO(1-0) is found to be detected over the largest
projected area in each source.> The HCN(1-0) and HCO*(1-0)
emission is detected over very similar areas, indicating that the
emission from these molecules is approximately co-spatial at the
sensitivity of our observations. The emission in both molecular
transitions also appears to be broadly co-spatial with the continuum
emission, although the HCN emission can extend over slightly
larger areas than the continuum emission. However, the HNC(1-
0) emission is systematically detected over smaller areas. This is
most striking in sources K136 and K213, where within the area that
emits HCN(1-0) and HCO*(1-0) the emission of HNC(1-0) splits
up into smaller, distinct sources. This indicates that the emission of
HNC(1-0) is either intrinsically weaker than the emission in HCN(1-
0) and HCO™(1-0), or it is confined to smaller volumes, or both. This
finding is compatible with those of our millimetre-wavelength survey
of largely starless cores in the Pipe Nebula (Forbrich et al. 2014),
where HNC was detected in fewer cores that HCN or HCO™. On
larger (kpc) scales, this finding is also compatible with the ratios,
reported in Jiménez-Donaire et al. (2019), of stacked integrated
intensities for HNC/HCN of < <1, also indicating weaker HNC than
HCN emission.

3.2 The cm, 3 mm, and 1 mm continuum: free—free
contamination

The combination of our SMA, NOEMA, and VLA observations
allows us to assess the nature of the observed emission, particularly
where HII regions are present. While we would expect the ther-
mal (greybody) dust emission in the millimetre and submillimetre
wavelength range, any detections of HII regions in the centimetre
wavelength range would be due to free—free emission, which due to
its power-law behaviour could contaminate the fluxes measured in
the millimetre wavelength range.

While a full inventory of X band (8-12 GHz) centimetre-
wavelength detections towards the Herschel GMAs in M 31 will
be published by Toomey et al. (in preparation), we here use their

2For a comparison of simultaneously obtained '>CO(2-1) and '*CO(2-1)
data, obtained with the SMA (see Viaene et al. 2021).
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Figure 1. 230 GHz (SMA) dust continuum image of K026, K136, K176, K191, and K213 (top to bottom) with contour lines indicating the 3, 6, 12, ... o
extent of the 230 GHz (SMA) continuum (blue dashed), '*CO(1-0) (green), and (left) HCN(1-0) (red), (centre) HNC(1-0) (red), and (right) HCOT (1-0) (red).
The synthesized beam sizes are indicated in the lower left corner in blue (230 GHz dust continuum), red dashed contours (HCN, HNC, and HCO), and white
dashed contours (13CO(1-0)).
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Figure 2. Integrated flux densities of the observed sample, with continuum
fluxes from VLA (10 GHz), NOEMA (99 GHz), and SMA (230 GHz) obser-
vations. For the sources with the strongest free—free continuum contamination
in the millimetre range, dashed lines indicate extrapolations of the VLA
measurements, assuming S, o v=01 for free~free emission.

data to assess any free—free contamination in the 3 mm (NOEMA)
and 1 mm (SMA) bands for the present NOEMA sample. Assuming
that the entire centimetric emission is from free—free processes in H11
regions, it is possible to estimate the corresponding contamination at
wavelengths of 3 and 1 mm, assuming and extrapolating S, oc v=%!
for free—free emission.

These measurements are summarized in Fig. 2 and in Table 2,
where the observed fluxes and free—free contamination fractions are
listed at each wavelength. Fig. 2 shows that the free—free emission
completely dominates the flux in the 3 mm continuum in more than
half of the sample (i.e. sources K26, K136, and K176), where the
3 mm emission can be entirely explained as free—free emission. At
3 mm, the average free—free contamination for the entire sample
is 71 £ 35 percent. At 1 mm (230 GHz), the average free—free
contamination is 13 & 7 per cent. All continuum detections at 1 mm
are clearly dominated by thermal dust emission. This is a key factor
for using the dust continuum as a measure of dust and cloud mass

when calculating mass-to-light ratios («) for molecular emission in
the next section.

The degree of free—free contamination is not obvious from differ-
ences in the continuum maps at the two wavelengths, although in
a few cases the 3 mm emission is clearly offset from the 1 mm
continuum emission. While the 1 mm continuum is dominated
by thermal dust emission, it may still be preferentially detecting
emission from warmer dust next to H1I regions.

4 ANALYSIS AND DISCUSSION

Based on the dust continuum detections of individual clouds at
230 GHz, we can expand our previous work on direct measurements
of aco to the traditional dense-gas tracers HCN and HCO*. As
discussed above, their detections appear to be largely cospatial with
that of the continuum emission. Thereafter, we intercompare the
HCN, HCO™, and HNC emissions.

4.1 Assessing HCN as a high-density tracer

Because of the much higher dipole moment of HCN compared to
CO and the fact that early surveys of Milky Way GMCs found HCN
emission to be considerably less extended (e.g. Ryen ~ 1 pc; Wu
et al. 2005) in clouds than CO emission (e.g. Rco ~ 30-100 pc;
Rice et al. 2016; Miville-Deschénes, Murray & Lee 2017), HCN
has been long regarded as a tracer of the higher density (n(H,)
> 10* cm™®) gas in molecular clouds (e.g. Gottlieb et al. 1975;
Solomon, Downes & Radford 1992; Jackson et al. 1996; Helfer &
Blitz 1997; Evans 1999; Gao & Solomon 2004; Wu et al. 2005;
Jiménez-Donaire et al. 2019, etc.). However, recent deep and more
sensitive mapping observations of nearby molecular clouds has found
HCN emission to be considerably more extended arising in regions
with extinctions below those (e.g. Ax > 0.8 mag) associated with
active star formation and gas densities > 10* cm ™ (e.g. Kauffmann
et al. 2017; Pety et al. 2017; Shimayjiri et al. 2017; Evans et al. 2020;
Tafalla, Usero & Hacar 2021; Dame & Lada 2023). This suggests that
a significant fraction (~30-60 per cent) of the HCN emission from
a cloud may originate in regions with densities n(H;) ~ 10* cm ™3, a
value significantly below both the critical density and the densities
most closely associated with active star formation. For example, in
their exhaustive and deep survey of the Perseus cloud Dame & Lada
(2023) detected HCN emission over ~50 per cent of the ?CO(J =
2—1) emitting area of that cloud.

In the GMCs of M31, Viaene et al. (2021) found that the areal
extent of >*CO emission was typically 70 per cent of that of >CO.

MNRAS 525, 5565-5574 (2023)
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Table 2. Radio properties.

[KGF2015] S10GHz S99 GHz 8230 GHz F(99 GHz) F(230 GHz)
(mly) (mly) (mly) (per cent) (per cent)
26 1.06 £ 0.04 0.81 £0.03 4.44 £+ 0.60 100 17
191 2.37£0.03 2.60 £0.03 7.46 £ 0.57 72 23
213N 0.41 £0.04 1.49 £ 0.05 5.05+£0.78 22 6
2138 0.61 £0.04 1.42 £ 0.05 6.35 £ 091 34 7
136 0.78 £0.03 0.64 £ 0.02 3.54 £0.20 97 16
176 0.23 +0.01 0.17 £ 0.01 1.69 £ 0.23 100 10
190 <0.03(30) 0.11 £0.01 1.80 £0.16 <22 <1

Note. Flux errors are from Gaussian fitting and reflect source geometry. The estimated free—free contamination fraction in per cent is shown in columns 5 and 6.

Consequently, if our NOEMA observations in M31 had the same
absolute sensitivity that Dame & Lada had for Perseus, we would
expect to see HCN emission extended over a significant fraction of
the '3CO emitting area. However, examination of Fig. 2 clearly shows
that this is not the case. This is not surprising since M31 is roughly
2000 times more distant than Perseus. Our NOEMA observations
appear only sensitive enough to be detecting the tips of the HCN
‘icebergs’. Because HCN emission has been found to be also a good
tracer of total mass column density (Tafalla et al. 2021; Dame &
Lada 2023), we are likely detecting only the highest column density
gas in M31 GMCs with our current HCN observations. The same is
likely true for the optically thin 230 GHz dust continuum emission,
and the near-coincidence of the two tracers in M31 suggests that
these measurements are both effectively and independently tracing
the same material, which happens to be the highest column density
gas in the clouds. However, it is difficult to quantitatively determine
the corresponding column and volume densities of this gas with any
certainty. Analogy with the Perseus cloud would suggest that the
emission we observed is dominated by the kind of high densities
[i.e. Ax > 0.8 mag, n(H,) > 10* cm~3] associated with imminent
or active star formation in the Milky Way. However, we caution
that comparisons with the Perseus cloud are limited by the fact that it
remains to be determined if the Perseus cloud or any single molecular
cloud can be considered as representative of GMCs in general.

N / ,
4.2 Determination of aycy and ap .+

Following our earlier work (Forbrich et al. 2020; Viaene et al. 2021),
we calculate o', the mass-to-luminosity ratio for the dust:

_ Mdust
L

where My, is the dust mass in units of solar mass (Mg) and L
is the luminosity of the molecular transition under consideration,
expressed in units of K km s~! pc?. Although this ratio converts
the HCN or HCO* emission to a dust mass, not a total mass, o’
can be scaled to a more standard conversion factor for the total
mass (o) by assuming a gas-to-dust ratio. Having confirmed that the
continuum emission at 230 GHz is indeed dominated by thermal
dust emission, we can proceed to a relatively direct measurement
of ey and agy 4. However, we first need to correct the 230 GHz
flux (S,) for the estimated free—free emission before then converting
the continuum flux to a dust mass employing the relation Mg,y =
S,d*/(ic,B,(T,)) using the parameters assumed in our earlier studies
(i.e. k, = 0.0425m?*kg™", T, = 20K, d = 780 kpc).

While, in contrast to our earlier determinations of o/, at 230 GHz,
the HCN(1-0), HCO™(1-0), and 230 GHz continuum data have not
been obtained simultaneously, with identical («, v) coverage, their (i,

’
o
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v) coverage and resulting resolution are very similar (see Table 1 and
Fig. 1). While in a few cases, the resolution is practically identical,
the synthesized beam area otherwise differs by values ranging from
10 percent to a factor of 2 (in the case of K176). We do not,
however, consider spatially resolved aycn and agco+ measurements,
but obtain the values of « using only integrated measures of the
luminosities and masses as described below.

Although in the present analysis we generally follow the procedure
described in Forbrich et al. (2020), we do not require the detection
of both HCN (or HCO") and the dust continuum in a joint mask,
but instead we separately evaluate the molecular luminosities and the
dust masses each within their respective 3o contours. This maximizes
the signal in a situation where two types of emission are already
largely coincident. The spatially integrated HCN spectra within
the 30 contours that were used to calculate the line luminosities
are shown in Fig. 3. The lines are clearly detected, with hints
of hyperfine structure, which however cannot be extracted with
sufficient accuracy. We have additionally extracted the HCN and
HCO™ luminosities within the 3o contours of '*CO in an attempt to
also capture faint extended HCN and HCO™, including by extracting
HCN spectra in-between the nominal 3¢ contours of '*CO and HCN.
As a result, we found only insignificant changes to the total line
luminosities and hence «’ values, indicating that any faint extended
emission has no significant impact on our measurements, most likely
since any such emission is below our sensitivity cut-off in M31.
However, even though no additional emission is added by integrating
within the '3CO contours, the uncertainty of the derived values for
ayen Would still increase significantly due to the larger projected
area covered.

We present the resulting oy and ey measurements in Table 3.
The average value of aj;cy is 1.1 £ 0.7 Mg (K km s™! pc?)~!. The
dispersion in the average is relatively large, mostly due to source
K213 which seems to be an outlier both in the value of aycyn and its
uncertainty. The average without K213 is 0.80 & 0.21 Mo (K km s~!
pc?)~! which indicates a relatively small variation (~25 per cent) in
the cloud-to-cloud value of aycn in these clouds. For a gas-to-dust
ratio similar to that of the Milky Way, this measurement corresponds
to a value of ayeny ~ 109 £ 23 Mg (Kkms™! pc?)~!. Although
suggestive, the sample is too small at this time to be able to draw any
definitive conclusions regarding the general uniformity of the dense
gas conversion factor in the M31 cloud population. For K190, with
undetected HCN, we obtain a nominal limit of oy > 1.3 Mg(K
km s~! pc?)~!, when conservatively assuming the 3¢ limit of HCN
within the '*CO 3¢ contour. Source K190 does not constitute an
outlier when compared with the other sources.

Ideally, we would compare our M31 measurements with those
of nearby clouds in the Milky Way, but with very few exceptions,
no local clouds have been observed in either HCN or HCO" in
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Figure 3. HCN spectra extracted from the 30 contours of the corresponding moment 0 maps. The brightness temperature scale has been obtained from the

native flux densities together with the respective synthesized beam size.

Table 3. HCN luminosity to dust mass comparison.

/

[KGF2015] Lucn Lyco+ Maustcorr ohen Ohyeot
(Kkms~! pc?) (Kkms~! pc?) Mp) (Mg (Kkms~! pc?)~1 (Mg (Kkms~! pc?)~

26 1225 + 131 1221 + 271 654 + 73 0.53 £ 0.19 0.54 + 0.18

136 477 £ 172 436 £ 132 487 £ 67 1.02 + 0.51 1.12 + 0.49

176 386 + 106 595 + 157 347 £+ 60 0.90 £ 0.40 0.58 + 0.25

191 1886 + 104 1413 + 310 1420 + 155 0.75 + 0.22 1.00 £ 0.33

213 820 + 88 1097 + 483 1961 + 184 2.39 + 1.10 1.79 £ 0.96

their entirety. The recent HCN observations of the Perseus molecular
cloud by Dame & Lada (2023) offer such a rare exception for the
most nearby clouds. We can compare the values of oy found
here with that reported for the Perseus cloud. As mentioned earlier,
Dame & Lada (2023) used a complete survey of HCN to obtain a
robust measurement of the cloud’s total HCN luminosity and directly
compared it with the dense gas mass of the cloud derived from
detailed observations of the dust (Zari et al. 2016). This yielded a
direct measurement of the dense gas apycn. Assuming a gas-to-dust
ratio of 136, characteristic of the Milky Way, their measurement
corresponds to o}y = 0.68 Mg (K km s™! pc?)~!.

We cannot yet make a direct comparison of the Dame & Lada
result with the values in Table 3 because in the former study the
oy corresponds to a dense gas conversion factor where the HCN
luminosity corresponds to the HCN luminosity from the entire cloud
and the mass is the mass of dense gas (i.e. Ax > 0.8 mag) of the
cloud, whereas in Table 3 the HCN luminosity only corresponds to
the area of each cloud with detectable emission lines and not to that
of the whole cloud and the mass corresponds to the mass of the HCN
emitting area of the cloud. However, we can attempt to determine the
HCN luminosity that might originate in the rest of a cloud by spatially

integrating all the pixels within the '*CO emission area of each cloud
that do not contain already detectable HCN emission according to
the moment 0 map.? Performing this exercise, we did not detect any
additional HCN emission in any of the clouds. However, from the
30 upper limits of the moment 0 maps we can estimate upper limits
to the total HCN luminosity for each source, assuming that an area
with a size of the *CO-emitting region is filled with HCN emission
at the 30 level. From this exercise, we found the upper limits to
the total HCN luminosity to be on average a factor of 2 above the
measured values in Table 3. Assuming the dust masses derived in
Table 3 correspond to dense gas masses we use these upper limits
on L(HCN) to calculate lower limits to oy and find them to range
from >0.26 to >0.84 with an average of oy > 0.5 £ 0.2 which
is 74 percent of the Dame & Lada value for the Perseus cloud.
This corresponds to apcn > 68 for a gas-to-dust ratio of 136. Given

3Use of the '3CO emitting area in this context is reasonable in light of the
fact that the deep survey of the Perseus cloud by Dame & Lada (2023) found
the HCN emitting area of that cloud to be about 50 per cent of the total >CO
emitting area.
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that these are lower limits, it appears that, from comparison with the
Dame & Lada result, our measurements are consistent with the notion
that the values of o}y derived from our NOEMA observations for
M31 GMCs correspond to dense gas conversion factors where the
230 GHz dust continuum emission measured by the SMA and the
HCN emission measured by NOEMA in these cases both trace the
dense gas in these clouds. Similar considerations would apply to our
HCO™ observations.

A second relevant example is that of the W49 cloud, a site of
high-mass star formation at a distance of 11 kpc, reported by Barnes
et al. (2020). For the conversion of HCN luminosity to dense gas
at Ay > 8 mag, this study found ayeny = 30 Mg(K km s~! pc?)~!,
corresponding to ooy = 0.22 Mo (K km s~! pc?)~!, where we again
assume a standard gas-to-dust ratio of 136, as in the Perseus case
above. This value is slightly below our results in M31 but still broadly
compatible.

The methodology of Dame & Lada (2023) differs slightly from the
one used here in that the former study calculated cloud masses using
extinction calibrated emission maps from the Herschel satellite (Zari
et al. 2016), whereas here we obtained cloud masses from a standard
procedure using continuum observations made at a single frequency
(230 GHz). It is of some interest to evaluate the extent to which
these different approaches might affect the derived cloud masses
and thus as. To perform such a consistency check, we obtained a
dust mass for the entire Perseus cloud from the Planck 217 GHz
continuum map of the region, assuming the same parameters of dust
temperature and opacity used for the procedure adopted here for the
M31 clouds (see above and Forbrich et al. 2020; Viaene et al. 2021).
To define the cloud mass, we use a contour corresponding to the outer
boundary of the cloud at Ax = 0.1 mag, based on the conversion of
the matching Planck 7353 gy, map, as discussed in Lewis, Lada &
Dame (2022). We find a total dust mass of 193 My, which leads to
a conversion factor of oy = 3.5 Mg (Kkms™! pc?)~!, or apen =
470 Mo (Kkms™! pc?)~! if we assume a gas-to-dust ratio of 136.
This value does not correspond to the dense gas apcn, since it
applies to the total cloud mass. This is in excellent agreement with
the analogous value (500) derived for the whole cloud based on
extinction mapping in Dame & Lada (2023). No such comparison is
available for HCO™.

4.2.1 Comparison of HCN and HCO" emission

It is a direct corollary of the determination of very similar values
for agey and ajyoo+ as well as the near-cospatial emission that we
find a ratio of the HCN and HCO" luminosities of close to unity.
While both molecules are collisionally excited, one of them is an
ion, which means that the ratio will not only be affected by the
ratio of critical densities but also the ionization. When compared
to HCN(1-0), the critical density of HCO™(1-0) is nearly an order
of magnitude lower. The HCN/HCO™ ratio thus depends on gas
density, with HCO" favoured at lower densities. In high-density gas,
the abundance of HCO™ decreases due to the faster recombination
with electrons (e.g. Papadopoulos 2007). These two effects suggest
that HCN should be brighter than HCO™ in high-density gas. Perhaps
more importantly, differences between the two molecules could also
reflect differences in abundance, since the abundance of HCO™*(1-0)
could be enhanced by ionization in H 11 regions when compared with
more quiescent regions.

As before, we extract the HCN(1-0) and HCO™ (1-0) intensities in
a joint mask, where both lines are detected above S/N > 3. Contrary
to the comparison between HCN and HNC (see below), all sources
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Table 4. I(HCO™)/I(HCN) intensity ratios.

[KGF2015] I(HCO™)/I(HCN)
26 1.0£0.3
136 1.0£02
176 1.24+02
191 0.8+0.2
213N 1.0+02
2138 1.2+02

show very similar morphologies in both transitions, including both
components of K213. In all cases, the intensity ratio is compatible
with a value of unity, with only minor and insignificant differences,
as listed in Table 4.

Our range of observed ratios is compatible with the values reported
by Brouillet et al. (2005) using single-dish data. We have one
source in common with Brouillet et al. (2005), since K026 is
coincident with source D. Our ratio of (HCO™)/I(HCN) = 1.0 0.3
is compatible with that found by Brouillet et al. (2005), which
is I((HCO')/I(HCN) = 1.9 + 0.8. More generally, they detect
both lines in eight clouds and find that the HCO™ emission is
on average 20 percent stronger than the HCN emission, but with
low significance. In the Large Magellanic Cloud, HCO*/HCN flux
ratios of 0.5-0.8 have been reported (e.g. Galametz et al. 2020 and
references therein).

Our finding of a flux ratio of HCO*/HCN~1 with cospatial
emission either means that very dense gas is observed, such that
the difference in critical density of the transitions no longer matters,
or the HCO* emission could be enhanced due to ionization in H1l
regions. We note that the linewidths of HCN and HCO™ are similar
as well, supporting the idea that both trace the same gas, but the
linewidths cannot be measured at high confidence due to the S/N of
the spectra, particularly where the hyperfine structure of HCN(1-0)
is concerned.

4.3 Comparison of HCN and HNC emissions

While the HCN emission is not always cospatial with HNC, as
described above, this leaves us with HCN/HNC as another relevant
parameter in describing the physical conditions in the observed
GMCs.

The line ratio HCN/HNC is ~1 in cold, dark clouds, but it has been
shown to vary by a factor of > 10, depending on Ty, and n(H,), since
HNC is converted into HCN at higher temperatures (Goldsmith et al.
1986; Schilke et al. 1992). More recently, based on a comparison
with kinetic temperatures from NH; assumed to be cospatial, and
on much smaller scales (<0.1 pc) than those considered in this
work, the intensity ratio HCN(1-0)/HNC(1-0) has been proposed as
aproxy measurement for ambient temperature (Hacar, Bosman & van
Dishoeck 2020), assuming that the emission is cospatial, including
with NHj3, which is used for kinetic temperature calibration. This is
particularly relevant since HCN and HNC transitions can often be
observed simultaneously with the same observational set-up, limiting
the impact of observational systematics and uncertainties.

To obtain intensity ratios, we integrate the HCN(1-0) and HNC(1-
0) emissions in joint masks where both lines are detected above
S/N>3. This analysis excludes K190, where the lines were not
detected, and it also excludes the two interesting cases of K136 and
K213S, where the HCN and HNC emissions clearly comes from very
different areas, with only limited overlap (see Fig. 1). The resulting
intensity ratios for the four sources that show cospatial emission at
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Table 5. I(HCN)/I(HNC) intensity ratios.

[KGF2015] I(HCN)/I(HNC)
26 24+£04
176 25+03
191 35+£07
213N 25+03

the resolution of our measurements cluster around /(HCN)/I(HNC)
~ 2.5, with just one marginal outlier at a slightly higher value. The
ratios are listed in Table 5.

Atface value, these measurements indicate a corresponding kinetic
ammonia temperature of about 25 K, while the measurement for
K191 may be as high as 35 K, but the difference in the measured
ratios is not significant. Additionally, the relation reported by Hacar
et al. (2020) has scatter on a similar scale as our measurement
uncertainties. For the regions where we detected cospatial HCN
and HNC emissions, one would thus expect corresponding ammonia
kinetic temperatures between 20 and 40 K. However, the fact that
2 of our 6 targets do show detections in both HCN and HNC that
are not cospatial indicates that there may be no generally applicable
conversion of the intensity ratio to temperature for these sources.

5 SUMMARY

We report observations of HCN(1-0), HCO*(1-0), HNC(1-0),
13CO(1-0), and 100 GHz continuum emission obtained towards
6 GMCs in M31 using NOEMA. These clouds were previously
identified, resolved and imaged at 230 GHz in both CO(2-1) and
continuum emission with the SMA. Results of our analysis of these
observations are summarized as follows:

(i) The maps of the five clouds that show HCN(1-0), HCO™(1-
0), and HNC(1-0) emissions indicate that in each cloud the emission
from these molecules is spatially resolved and overlapping with very
similar spatial extents, while emission from '*CO(1-0) is observed
over much larger areas. The continuum emission at both 100 and
230 GHz spatially overlaps and is similarly extended as the HCN,
HCO™(1-0), and HNC(1-0) emissions, consistent with the notion
that the continuum observations trace the dense gas component of
the GMCs.

(ii) In the five clouds with radio-detected H II regions, comparison
of the continuum emission at 100 and 230 GHz with existing VLA
observations at 10 GHz shows that free—free emission accounts for
22-100 percent of the continuum flux at 100 GHz, but only 6—
23 percent of the emission at 230 GHz demonstrating the need
for continuum observations at the higher frequencies to obtain
accurate measurements of thermal dust emission and consequently
dust masses in such clouds.

(iii) We directly derive the dust mass conversion factor or mass-
to-light ratio, aj;cy, by comparing the total luminosity of HCN to
the dust mass derived from the 230 GHz continuum observations
corrected for the measured free—free contamination in the clouds.
We find a mean of < afjcy >= 1.1£0.7 Mg (Kkms™! pc?)~!,
where the standard deviation is dominated by a single out-
lier. Removing the outlier cloud results in < oy >=0.80 £
0.21 Mg (Kkms™! pc?)~!. Under the assumption that the gas-to-
dust ratio is similar to that of the Milky Way, this latter measurement
corresponds to a value of ayey ~ 109 & 23 Mg (Kkms™! pc?)~!.

(iv) While higher than most previously reported HCN conversion
factors, our measurement of aycn is compatible with the dense
gas calibrated value (92 Mg (Kkms~! pc?)~!) recently derived by
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Dame & Lada (2023) based on an analysis of complete HCN and
dust extinction maps of the Perseus molecular cloud. The relatively
close agreement of these measures could imply that the HCN gas
conversion factors we derive here for M31 likely correspond to dense
gas conversion factors, but this will have to be checked on a larger,
more diverse sample of GMCs in both the Milky Way and M 31.

(v) Similar to our HCN determination, for HCO*, we find a
value of apqr = 0.81 £0.29 Mg (Kkm s~ pc?)~!. With the same
assumptions for the gas-to-dust ratio as before, we obtain a value for
dHco+ ™ 110 M@ (Kkm 571 [)(:2)71 .

(vi) We find an enhanced ratio of HCOT/HCN~1, but it remains
unclear whether this is due to high densities or an enhanced
abundance of HCO™ in the vicinity of H1I regions.

(vii) Based on work by Hacar et al. (2020) comparing HCN(1-0)
to HNC(1-0) emission ratios with ammonia kinetic temperatures,
we conclude from the emission ratios in our sample that the typical
temperatures traced by our HCN observations are 7 ~ 25 K, with an
uncertainty of about 10 K.

(viii) When comparing HCN(1-0) and HCO™(1-0) emissions, we
find the ratio to be compatible with unity in all cases. Our results are
compatible with previous single-dish observations of M31 reported
by Brouillet et al. (2005).
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