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A B S T R A C T 

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 13 CO(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 per cent 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 13 CO 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 ( α′ 

HCN 

and α′ 
HCO 

+ ) 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. 

Key words: ISM: clouds – galaxies: individual: M31 – submillimetre: ISM. 
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 I N T RO D U C T I O N  

ecause of their relatively high dipole moments compared to CO, 
olecules such as HCN, CS, NH 3 , N 2 H 

+ , and HCO 

+ , have long
een regarded as tracers of the dense gas (i.e. n(H 2 ) � 10 4 cm 

−3 )
omponent of molecular clouds. In the Milky Way such dense gas has
een long known to be intimately associated with the star formation 
rocess (e.g. Lada et al. 1974 ; Myers et al. 1987 ; Lada 1992 ). In
xternal galaxies, this connection was perhaps best illustrated in 
he well-known study of Gao & Solomon ( 2004 ) who reported a
ignificant correlation between the far-infrared (FIR) and HCN(1–0) 
uminosities in a large sample of star-forming galaxies. Since the 
IR luminosity is a proxy for the global star formation rate (SFR)
nd HCN luminosity a proxy for the mass of dense molecular gas
 M dg ) in a galaxy, this finding indicated the existence of a linear star
ormation law for galaxies, connecting the global SFR with the mass
f dense molecular gas within them. Subsequent observations were 
ble to extend the Gao–Solomon relation and the linear ‘dense gas’
tar formation law to clouds in the Milky Way (Wu et al. 2005 ; Lada
t al. 2012 ; Jim ́enez-Donaire et al. 2019 ). 

Studies of local Milky Way clouds using infrared dust extinction 
easurements rather than molecular line emission to trace the 
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olecular mass showed that the SFR was more tightly correlated 
ith the mass of gas at high column density ( A K � 0.8 mag) than
ith the total cloud mass (i.e. A K > 0.1 mag; Lada, Lombardi &
lves 2010 ). Because of the stratified, filamentary geometry of 
olecular clouds in the Galaxy, the higher dust column densities 

i.e. A K � 0.8 mag) typically correspond to the densest [i.e. n (H 2 ) >
0 4 cm 

−3 ] regions of the Giant Molecular Clouds (GMCs). This is
upported by numerous lines of empirical and theoretical evidence 
ncluding recent 3D extinction maps (Zucker et al. 2021 ) of local
louds, models of a cloud’s radial structure (Bergin et al. 2001 )
nd numerical simulations of cloud formation and evolution (Bisbas, 
chruba & van Dishoeck 2019 ). Thus, the Galactic star formation law
erived from extinction measurements was in apparent agreement 
ith the extragalactic relation derived by Gao & Solomon from 

CN measurements. 
Due to complications in interpreting the HCN observations, 

stimating the actual densities required for its detection remained 
ncomfortably uncertain (Evans et al. 2020 ). In the case of HCN
mission, this is because it is often optically thick, and radiative
rapping can reduce the density required to excite the molecule to
etectable levels. At T k = 20 K, the critical density required for
n optically thin HCN(1–0) line to be detectable is n crit (HCN) =
 × 10 5 cm 

−3 , while radiative trapping can reduce the ef fecti ve
xcitation density for detection to n eff (HCN) = 4.5 × 10 3 cm 

−3 , if the
ine is optically thick (Shirley 2015 ). Indeed, recent mapping studies
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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f HCN in nearby Galactic molecular clouds found the HCN emission
o be e xtended be yond the boundaries of the high extinction–high
ensity regions traced by dust in the clouds (Kauffmann et al. 2017 ;
ety et al. 2017 ; Shimajiri et al. 2017 ; Barnes et al. 2020 ; Dame &
ada 2023 ). While observations of entire local GMCs are still rare,

hese observations have cast some doubt on the use of HCN and
imilar molecules to trace dense gas and therefore on the nature of
he star formation law derived from the Gao–Solomon relation. 

Ho we ver, a recent and detailed study of the Perseus cloud, a local
ilky Way GMC, now suggests that molecules like HCN are in fact

ood dense gas tracers and with proper calibration can even be used to
race the densest gas defined by dust extinction measurements within
olecular clouds. 1 Specifically, Dame & Lada ( 2023 ) obtained the
rst deep and spatially complete surv e y of HCN emission from an

ndividual molecular cloud (the Perseus cloud) and combined the
urv e y with existing and complete infrared dust extinction maps
Zari et al. 2016 ) to investigate the relation between HCN and dust
olumn density. Similar to earlier studies they found HCN emission
o be extended beyond the extinction identified high-density regions
f the cloud with 60 per cent of the emission originating in regions
elow 0.8 mag of infrared e xtinction. Although radiativ e transfer
odelling indicated that the HCN emission arose from gas with

ensities ranging from ∼200 to 35 000 cm 

−3 , they found the average
olume density in the HCN emitting gas to be 10 4 cm 

−3 , in line
ith expectations for the ef fecti ve excitation density for optically

hick emission and indicating that HCN was still reasonably tracing
igh-density gas. To produce a dense gas calibrated αHCN , Dame &
ada used their data to measure the total HCN luminosity of the
loud and the infrared extinction maps to measure the dense gas
ass. Combining the two measurements, they were able to produce
 direct, empirical deri v ation of the dense gas conversion factor,

HCN = 

M dg 

L HCN 
= 92 M � (K km s −1 pc 2 ) −1 , considerably higher than

he generally adopted value of 10 (Gao & Solomon 2004 ). Whether
r not these Perseus results are characteristic of molecular clouds in
eneral remains to be determined. 
Complete maps of individual molecular clouds in HCN emission,

ither in our own Galaxy or in external galaxies, are still rare
aking the few existing determinations of αHCN in the Milky Way,

ased on incomplete mapping observations (e.g. Kauffmann et al.
017 ; Pety et al. 2017 ; Shimajiri et al. 2017 ) uncertain. There
re no direct measurements of αHCN in individual GMCs within
xternal galaxies. Because the knowledge of the dense gas contents
f molecular clouds are so important for star formation studies, direct
easurements of αHCN in molecular clouds of an external galaxy are

ighly desirable. Although sufficiently deep observations of HCN
re possible with modern interferometers, direct determinations of
HCN also require reliable measurements of the dense gas masses
nd these are best obtained from observations of the dust that, up
o now, were only possible in the nearby clouds of the Milky Way.

ith the recent deployment of wide-band continuum receivers on the
ubmillimetre Array (SMA), resolved interferometric measurements
f dust emission have been obtained for the first time from individual
MCs in the nearest spiral galaxy, M31 (Forbrich et al. 2020 ; Viaene

t al. 2021 ). As a result, measurements of dust derived masses are
o w av ailable for a significant sample of clouds in M31. Acquisition
f high-resolution HCN observations of these clouds would enable
oth the first direct measurements of αHCN in an external galaxy as
NRAS 525, 5565–5574 (2023) 

 Here, we follow the convention that dense gas is defined to be gas abo v e the 
 K = 0.8 (or A V = 7.3) magnitude threshold. 
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ell as a determination of the extent of cloud to cloud variations in
he HCN conversion factor. 

In the following paper, we report the results of a pilot study of
CN(1–0), HCO 

+ (1–0), HNC(1–0), and continuum emission in a
ample of six resolved GMCs in the Andromeda Galaxy (M31)
btained with the NOEMA telescope at ∼100 GHz. Since, as we
how in this paper, the 100 GHz continuum is contaminated by
ree–free emission, we combine our NOEMA observations with the
MA continuum observations at 230 GHz to make the first direct
easurements of α′ 

HCN and α′ 
HCO + towards molecular clouds in an

xternal galaxy. 
In Section 2 , we describe the NOEMA and SMA observations.

n Section 3 , we report the results of both the molecular line and
ontinuum observations. In Section 4 , we analyse the data and
eport our determinations of the dense gas conversion factors, αHCN 

nd αHCO + . We also separately discuss comparisons of the HCN
nd HCO 

+ observations and the HCN and HNC observations. In
ection 5 , we summarize the results of the paper. 

 OBSERVATI ONS  

.1 Sample selection 

he target GMCs selected for study here are a subset of a much
arger population of GMCs identified and mapped in an earlier SMA
urv e y of 230 GHz continuum and CO emission across M31. The
argets for the SMA surv e y were dra wn from the Herschel survey
f Giant Molecular Associations (GMAs) in M31 by Kirk et al.
 2015 ). For this study, we selected a handful of the brightest 230-
Hz continuum sources detected in the SMA experiment (Forbrich

t al. 2020 ; Viaene et al. 2021 ). Besides increasing the likelihood of
etecting HCN emission in these clouds, this selection strategy also
llowed for an assessment of the complementary ability to detect
00-GHz continuum emission with NOEMA. 
Five of the six selected GMCs (all apart from K 190) are associated

ith H II regions as determined by the presence of 10 GHz VLA
ontinuum sources within their boundaries. The nominal radio flux
ensity of these candidate H II regions ranges from twice to twenty
imes that of the Orion Nebula (K176 and K191, respectively),
here our experiment was designed to detect Orion-like H II regions

Toomey et al. in preparation). 

.2 NOEMA obser v ations 

he six GMCs from the SMA sample were observed with NOEMA
n the 3 mm band and in track-sharing mode, in programmes S20AX
K026, K191, and K213) and W20BN (K136, K176, and K190).
he spectral set-up included a 3 mm continuum band, as well as
pectral lines HCN(1–0), HCO 

+ (1–0), HNC(1–0), and 13 CO(1–0).
n S20AX, a total of 19 h of o v erall telescope time was collected
n three separate occasions in 2020 July and August, with weather
onditions ranging from good to excellent. Observations for W20BN
ielded 17.5 h of o v erall telescope time in 2021 May, collected on
our separate occasions with weather conditions ranging from poor to
xcellent. Spectral windows ranging in width from 192 to 320 MHz
ere set up for the targeted spectral lines, at a resolution of 62.5 kHz,

nd the continuum was co v ered in the full band (16 GHz times two
olarizations) at a resolution of 2 MHz. 
Calibration (bandpass, phase, amplitude, and flux) was done

sing standard methods implemented in GILDAS/CLIC pipeline.
maging and deconvolution used standard methods implemented in
ILDAS/MAPPING. For the continuum, we first filtered 30 MHz
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Table 1. Observed sample. 

[KGF2015] RA/Dec 230 GHz cont. (SMA) HCN(1–0) (NOEMA) 
(J2000) synth. beam size (arcsec) rms (mJy) synth. beam size (arcsec) rms (mK km s −1 ) 

26 00:41:30.3 + 41:04:55 4.5 × 4.0 0.19 4.4 × 4.1 83 
191 00:44:01.6 + 41:49:09 4.2 × 3.3 0.40 4.4 × 4.1 96 
213 00:42:13.5 + 40:51:21 4.3 × 3.7 0.31 4.4 × 4.1 88 

136 00:44:30.1 + 41:51:48 5.6 × 4.7 0.20 4.4 × 4.2 57 
176 00:45:00.3 + 41:28:36 8.1 × 5.1 0.24 4.4 × 4.1 74 
190 00:44:30.6 + 41:56:34 4.9 × 4.2 0.17 4.5 × 4.2 47 
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2 For a comparison of simultaneously obtained 12 CO(2–1) and 13 CO(2–1) 
data, obtained with the SMA (see Viaene et al. 2021 ). 
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round each of the expected line frequencies before imaging it. We 
omputed the LSB and USB fluxes inside ellipses designed to cover 
he detected emission and we merged the LSB and USB ( u , v)
ables with a correction for the spectral index before re-imaging 
he combined continuum ( u , v) table, even though the spectral index
tself cannot be reliably determined from the two sidebands due to the
imited frequency baseline for this purpose. Due to the non-detection 
f K190 and indications of different spectral indices in K213, these 
argets were separately imaged in the two sidebands. 

For lines, we resampled the spectra to a velocity grid of 200
hannels of 1 km s −1 spacing and centred on the line rest frequency
t the systemic velocity of the targeted cloud. We then subtracted a 0th 
rder baseline out of each visibility, obtained outside of a window of
0 MHz around the line rest frequency. We imaged and deconvolved 
he data without support first. We then defined a large circular support
f 25 arcsec radius to impro v e the CLEANing convergence. The data
ere then converted from Jy beam 

−1 to K. We experimented with 
 primary beam correction but found that for the targets concerned 
he correction was limited to < 5 per cent, below other sources of
ncertainty, including the knowledge of the primary beam shape. The 
mages thus have not been corrected for the primary beam shape. 

.3 SMA obser v ations 

ere, we only make use of the 230 GHz wide-band continuum 

nd 13 CO(2–1) maps obtained in our SMA programme towards 
he NOEMA targets. Details regarding the SMA observations were 
reviously reported in Forbrich et al. ( 2020 ) and Viaene et al. ( 2021 ).
f interest here we note that the synthesized SMA beam size was
ominally very similar to that of the NOEMA observations reported 
ere as shown in Table 1 . Each SMA measurement also consisted
f a full observing track providing a good range in ( u , v) coverage.
he HPBW primary beam was 55 arcsec corresponding to ∼200 pc 
t 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

3 CO data were binned to a velocity resolution of 1.3 km s −1 . 

 RESULTS  

or a general overview of our results, we first present integrated 
mission maps of individual transitions as well as the continuum. 
e then next address the question of what the comparison of the
 mm and 1 mm continuum emission is telling us about the emission
echanism before discussing the molecular emission, with a focus 

n HCN. 

.1 Integrated emission maps 

aps showing the extent of the HCN(1–0), HCO 

+ (1–0), HNC(1–0), 
nd 13 CO(1–0) emissions in the targeted GMCs are shown in Fig. 1 .
he three images in each row separately summarize the observations 
or each individual source. These transitions have all been observed 
imultaneously by NOEMA at very similar nominal sensitivity and 
t identical spatial sensiti vity. Any dif ference in the spatial extent of
mission in different transitions thus is not due to spatial filtering.
his observation extends to comparisons with our SMA data, which 
ave similar ( u , v) coverage and hence spatial sensitivity. Note that
e did not detect significant emission from HCN, HCO 

+ , or HNC
rom one source, K190, and it is not included in the figure or later
nalysis of the line observations. 

Emission from 

13 CO(1–0) is found to be detected o v er the largest
rojected area in each source. 2 The HCN(1–0) and HCO 

+ (1–0) 
mission is detected o v er v ery similar areas, indicating that the
mission from these molecules is approximately co-spatial at the 
ensitivity of our observations. The emission in both molecular 
ransitions also appears to be broadly co-spatial with the continuum 

mission, although the HCN emission can extend over slightly 
arger areas than the continuum emission. Ho we ver, the HNC(1–
) emission is systematically detected o v er smaller areas. This is
ost striking in sources K136 and K213, where within the area that

mits HCN(1–0) and HCO 

+ (1–0) the emission of HNC(1–0) splits 
p into smaller, distinct sources. This indicates that the emission of
NC(1–0) is either intrinsically weaker than the emission in HCN(1–
) and HCO 

+ (1–0), or it is confined to smaller volumes, or both. This
nding is compatible with those of our millimetre-wav elength surv e y
f largely starless cores in the Pipe Nebula (Forbrich et al. 2014 ),
here HNC was detected in fewer cores that HCN or HCO 

+ . On
arger (kpc) scales, this finding is also compatible with the ratios,
eported in Jim ́enez-Donaire et al. ( 2019 ), of stacked integrated
ntensities for HNC/HCN of << 1, also indicating weaker HNC than
CN emission. 

.2 The cm, 3 mm, and 1 mm continuum: fr ee–fr ee 
ontamination 

he combination of our SMA, NOEMA, and VLA observations 
llows us to assess the nature of the observed emission, particularly
here H II regions are present. While we would expect the ther-
al (greybody) dust emission in the millimetre and submillimetre 
av elength range, an y detections of H II re gions in the centimetre
avelength range would be due to free–free emission, which due to

ts power -law beha viour could contaminate the fluxes measured in
he millimetre wavelength range. 

While a full inventory of X band (8–12 GHz) centimetre- 
avelength detections towards the Herschel GMAs in M 31 will 
e published by Toomey et al. (in preparation), we here use their
MNRAS 525, 5565–5574 (2023) 
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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, ... σ
extent of the 230 GHz (SMA) continuum (blue dashed), 13 CO(1–0) (green), and (left) HCN(1–0) (red), (centre) HNC(1–0) (red), and (right) HCO 

+ (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 ( 13 CO(1–0)). 
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Figure 1. continued. 

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 ν ∝ ν−0.1 for free–free emission. 
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ata to assess any free–free contamination in the 3 mm (NOEMA)
nd 1 mm (SMA) bands for the present NOEMA sample. Assuming
hat the entire centimetric emission is from free–free processes in H II

egions, it is possible to estimate the corresponding contamination at 
avelengths of 3 and 1 mm, assuming and extrapolating S ν ∝ ν−0.1 

or free–free emission. 
These measurements are summarized in Fig. 2 and in Table 2 ,

here the observed fluxes and free–free contamination fractions are 
isted at each wavelength. Fig. 2 shows that the free–free emission
ompletely dominates the flux in the 3 mm continuum in more than
alf of the sample (i.e. sources K26, K136, and K176), where the
 mm emission can be entirely explained as free–free emission. At 
 mm, the average free–free contamination for the entire sample 
s 71 ± 35 per cent. At 1 mm (230 GHz), the average free–free
ontamination is 13 ± 7 per cent. All continuum detections at 1 mm
re clearly dominated by thermal dust emission. This is a key factor
or using the dust continuum as a measure of dust and cloud mass
hen calculating mass-to-light ratios ( α) for molecular emission in 
he next section. 

The degree of free–free contamination is not obvious from differ- 
nces in the continuum maps at the tw o w avelengths, although in
 few cases the 3 mm emission is clearly offset from the 1 mm
ontinuum emission. While the 1 mm continuum is dominated 
y thermal dust emission, it may still be preferentially detecting 
mission from warmer dust next to H II regions. 

 ANALYSI S  A N D  DI SCUSSI ON  

ased on the dust continuum detections of individual clouds at 
30 GHz, we can expand our previous work on direct measurements
f αCO to the traditional dense-gas tracers HCN and HCO 

+ . As
iscussed abo v e, their detections appear to be largely cospatial with
hat of the continuum emission. Thereafter, we intercompare the 
CN, HCO 

+ , and HNC emissions. 

.1 Assessing HCN as a high-density tracer 

ecause of the much higher dipole moment of HCN compared to
O and the fact that early surv e ys of Milk y Way GMCs found HCN
mission to be considerably less extended (e.g. R HCN ∼ 1 pc; Wu
t al. 2005 ) in clouds than CO emission (e.g. R CO ∼ 30–100 pc;
ice et al. 2016 ; Miville-Desch ̂ enes, Murray & Lee 2017 ), HCN
as been long regarded as a tracer of the higher density ( n (H 2 )
 10 4 cm 

−3 ) gas in molecular clouds (e.g. Gottlieb et al. 1975 ;
olomon, Downes & Radford 1992 ; Jackson et al. 1996 ; Helfer &
litz 1997 ; Evans 1999 ; Gao & Solomon 2004 ; Wu et al. 2005 ;

im ́enez-Donaire et al. 2019 , etc.). Ho we ver, recent deep and more
ensiti ve mapping observ ations of nearby molecular clouds has found
CN emission to be considerably more extended arising in regions 
ith extinctions below those (e.g. A K ≥ 0.8 mag) associated with 

ctive star formation and gas densities � 10 4 cm 

−3 (e.g. Kauffmann
t al. 2017 ; Pety et al. 2017 ; Shimajiri et al. 2017 ; Evans et al. 2020 ;
afalla, Usero & Hacar 2021 ; Dame & Lada 2023 ). This suggests that
 significant fraction ( ∼30–60 per cent) of the HCN emission from
 cloud may originate in regions with densities n (H 2 ) ∼ 10 3 cm 

−3 , a
 alue significantly belo w both the critical density and the densities
ost closely associated with active star formation. For example, in 

heir e xhaustiv e and deep surv e y of the Perseus cloud Dame & Lada
 2023 ) detected HCN emission o v er ∼50 per cent of the 12 CO( J =
 −1) emitting area of that cloud. 
In the GMCs of M31, Viaene et al. ( 2021 ) found that the areal

xtent of 13 CO emission was typically 70 per cent of that of 12 CO.
MNRAS 525, 5565–5574 (2023) 
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Table 2. Radio properties. 

[KGF2015] S 10 GHz S 99 GHz S 230 GHz F ff (99 GHz) F ff (230 GHz) 
(mJy) (mJy) (mJy) (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 
213S 0.61 ± 0.04 1.42 ± 0.05 6.35 ± 0.91 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 (3 σ ) 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. 
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onsequently, if our NOEMA observations in M31 had the same
bsolute sensitivity that Dame & Lada had for Perseus, we would
xpect to see HCN emission extended over a significant fraction of
he 13 CO emitting area. Ho we v er, e xamination of Fig. 2 clearly shows
hat this is not the case. This is not surprising since M31 is roughly
000 times more distant than Perseus. Our NOEMA observations
ppear only sensitive enough to be detecting the tips of the HCN
icebergs’. Because HCN emission has been found to be also a good
racer of total mass column density (Tafalla et al. 2021 ; Dame &
ada 2023 ), we are likely detecting only the highest column density
as in M31 GMCs with our current HCN observations. The same is
ikely true for the optically thin 230 GHz dust continuum emission,
nd the near-coincidence of the two tracers in M31 suggests that
hese measurements are both ef fecti vely and independently tracing
he same material, which happens to be the highest column density
as in the clouds. Ho we ver, it is difficult to quantitatively determine
he corresponding column and volume densities of this gas with any
ertainty. Analogy with the Perseus cloud would suggest that the
mission we observed is dominated by the kind of high densities
i.e. A K � 0.8 mag, n(H 2 ) � 10 4 cm 

−3 ] associated with imminent
r active star formation in the Milky Way. Ho we ver, we caution
hat comparisons with the Perseus cloud are limited by the fact that it
emains to be determined if the Perseus cloud or any single molecular
loud can be considered as representative of GMCs in general. 

.2 Determination of α′ 
HCN and α′ 

HCO 

+ 

ollowing our earlier work (Forbrich et al. 2020 ; Viaene et al. 2021 ),
e calculate α′ , the mass-to-luminosity ratio for the dust: 

α′ = 

M dust 

L 

here M dust is the dust mass in units of solar mass (M �) and L
s the luminosity of the molecular transition under consideration,
xpressed in units of K km s −1 pc 2 . Although this ratio converts
he HCN or HCO 

+ emission to a dust mass, not a total mass, α′ 

an be scaled to a more standard conversion factor for the total
ass ( α) by assuming a gas-to-dust ratio. Having confirmed that the

ontinuum emission at 230 GHz is indeed dominated by thermal
ust emission, we can proceed to a relatively direct measurement
f α′ 

HCN and α′ 
HCO + . Ho we ver, we first need to correct the 230 GHz

ux ( S ν) for the estimated free–free emission before then converting
he continuum flux to a dust mass employing the relation M dust =
 νd 2 /( κνB ν( T d )) using the parameters assumed in our earlier studies
i.e. κν = 0.0425 m 

2 kg −1 , T d = 20 K , d = 780 kpc). 
While, in contrast to our earlier determinations of α′ 

CO at 230 GHz,
he HCN(1–0), HCO 

+ (1–0), and 230 GHz continuum data have not
een obtained simultaneously, with identical ( u , v) co v erage, their ( u ,
NRAS 525, 5565–5574 (2023) 
) co v erage and resulting resolution are very similar (see Table 1 and
ig. 1 ). While in a few cases, the resolution is practically identical,

he synthesized beam area otherwise differs by values ranging from
0 per cent to a factor of 2 (in the case of K176). We do not,
o we ver, consider spatially resolved αHCN and αHCO + measurements,
ut obtain the values of α using only integrated measures of the
uminosities and masses as described below. 

Although in the present analysis we generally follow the procedure
escribed in Forbrich et al. ( 2020 ), we do not require the detection
f both HCN (or HCO 

+ ) and the dust continuum in a joint mask,
ut instead we separately e v aluate the molecular luminosities and the
ust masses each within their respective 3 σ contours. This maximizes
he signal in a situation where two types of emission are already
argely coincident. The spatially integrated HCN spectra within
he 3 σ contours that were used to calculate the line luminosities
re shown in Fig. 3 . The lines are clearly detected, with hints
f hyperfine structure, which ho we v er cannot be e xtracted with
ufficient accuracy. We have additionally extracted the HCN and
CO 

+ luminosities within the 3 σ contours of 13 CO in an attempt to
lso capture faint extended HCN and HCO 

+ , including by extracting
CN spectra in-between the nominal 3 σ contours of 13 CO and HCN.
s a result, we found only insignificant changes to the total line

uminosities and hence α′ values, indicating that any faint extended
mission has no significant impact on our measurements, most likely
ince any such emission is below our sensitivity cut-off in M31.
o we ver, e ven though no additional emission is added by integrating
ithin the 13 CO contours, the uncertainty of the deri ved v alues for
′ 
HCN would still increase significantly due to the larger projected
rea co v ered. 

We present the resulting α′ 
HCN and α′ 

HCO + measurements in Table 3 .
he average value of α′ 

HCN is 1.1 ± 0.7 M � (K km s −1 pc 2 ) −1 . The
ispersion in the average is relatively large, mostly due to source
213 which seems to be an outlier both in the value of αHCN and its
ncertainty. The average without K213 is 0.80 ± 0.21 M �(K km s −1 

c 2 ) −1 which indicates a relatively small variation ( ∼25 per cent) in
he cloud-to-cloud value of αHCN in these clouds. For a gas-to-dust
atio similar to that of the Milky Way, this measurement corresponds
o a value of αHCN ∼ 109 ± 23 M � (K km s −1 pc 2 ) −1 . Although
uggestive, the sample is too small at this time to be able to draw any
efinitiv e conclusions re garding the general uniformity of the dense
as conversion factor in the M31 cloud population. For K190, with
ndetected HCN, we obtain a nominal limit of α′ 

HCN > 1 . 3 M �(K
m s −1 pc 2 ) −1 , when conserv ati vely assuming the 3 σ limit of HCN
ithin the 13 CO 3 σ contour. Source K190 does not constitute an
utlier when compared with the other sources. 
Ideally, we would compare our M31 measurements with those

f nearby clouds in the Milky Way, but with very few exceptions,
+ 
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Figure 3. HCN spectra extracted from the 3 σ 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] L HCN L HCO + M dustcorr α′ 
HCN α′ 

HCO + 
(K km s −1 pc 2 ) (K km s −1 pc 2 ) (M �) (M � (K km s −1 pc 2 ) −1 ) (M � (K km s −1 pc 2 ) −1 ) 

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 
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3 Use of the 13 CO emitting area in this context is reasonable in light of the 
fact that the deep surv e y 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 12 CO 
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heir entirety. The recent HCN observations of the Perseus molecular 
loud by Dame & Lada ( 2023 ) offer such a rare exception for the
ost nearby clouds. We can compare the values of α′ 

HCN found 
ere with that reported for the Perseus cloud. As mentioned earlier, 
ame & Lada ( 2023 ) used a complete surv e y of HCN to obtain a

obust measurement of the cloud’s total HCN luminosity and directly 
ompared it with the dense gas mass of the cloud derived from
etailed observations of the dust (Zari et al. 2016 ). This yielded a
irect measurement of the dense gas αHCN . Assuming a gas-to-dust 
atio of 136, characteristic of the Milky Way, their measurement 
orresponds to α′ 

HCN = 0.68 M �(K km s −1 pc 2 ) −1 . 
We cannot yet make a direct comparison of the Dame & Lada

esult with the values in Table 3 because in the former study the
′ 
HCN corresponds to a dense gas conversion factor where the HCN 

uminosity corresponds to the HCN luminosity from the entire cloud 
nd the mass is the mass of dense gas (i.e. A K ≥ 0.8 mag) of the
loud, whereas in Table 3 the HCN luminosity only corresponds to 
he area of each cloud with detectable emission lines and not to that
f the whole cloud and the mass corresponds to the mass of the HCN
mitting area of the cloud. Ho we ver, we can attempt to determine the
CN luminosity that might originate in the rest of a cloud by spatially
 e
ntegrating all the pixels within the 13 CO emission area of each cloud
hat do not contain already detectable HCN emission according to 
he moment 0 map. 3 Performing this e x ercise, we did not detect any
dditional HCN emission in any of the clouds. Ho we ver, from the
 σ upper limits of the moment 0 maps we can estimate upper limits
o the total HCN luminosity for each source, assuming that an area
ith a size of the 13 CO-emitting region is filled with HCN emission

t the 3 σ level. From this exercise, we found the upper limits to
he total HCN luminosity to be on average a factor of 2 abo v e the

easured values in Table 3 . Assuming the dust masses derived in
able 3 correspond to dense gas masses we use these upper limits
n L(HCN) to calculate lower limits to α′ 

HCN and find them to range
rom > 0.26 to > 0.84 with an average of α′ 

HCN > 0.5 ± 0.2 which
s 74 per cent of the Dame & Lada value for the Perseus cloud.
his corresponds to αHCN > 68 for a gas-to-dust ratio of 136. Given
MNRAS 525, 5565–5574 (2023) 

mitting area. 
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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 ± 0.2 
176 1.2 ± 0.2 
191 0.8 ± 0.2 
213N 1.0 ± 0.2 
213S 1.2 ± 0.2 
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hat these are lower limits, it appears that, from comparison with the
ame & Lada result, our measurements are consistent with the notion

hat the values of α′ 
HCN derived from our NOEMA observations for

31 GMCs correspond to dense gas conversion factors where the
30 GHz dust continuum emission measured by the SMA and the
CN emission measured by NOEMA in these cases both trace the
ense gas in these clouds. Similar considerations would apply to our
CO 

+ observations. 
A second rele v ant example is that of the W49 cloud, a site of

igh-mass star formation at a distance of 11 kpc, reported by Barnes
t al. ( 2020 ). F or the conv ersion of HCN luminosity to dense gas
t A V > 8 mag, this study found αHCN = 30 M �(K km s −1 pc 2 ) −1 ,
orresponding to α′ 

HCN = 0 . 22 M �(K km s −1 pc 2 ) −1 , where we again
ssume a standard gas-to-dust ratio of 136, as in the Perseus case
bo v e. This value is slightly below our results in M31 but still broadly
ompatible. 

The methodology of Dame & Lada ( 2023 ) differs slightly from the
ne used here in that the former study calculated cloud masses using
xtinction calibrated emission maps from the Herschel satellite (Zari
t al. 2016 ), whereas here we obtained cloud masses from a standard
rocedure using continuum observations made at a single frequency
230 GHz). It is of some interest to e v aluate the extent to which
hese different approaches might affect the derived cloud masses
nd thus αs. To perform such a consistency check, we obtained a
ust mass for the entire Perseus cloud from the Planck 217 GHz
ontinuum map of the region, assuming the same parameters of dust
emperature and opacity used for the procedure adopted here for the

31 clouds (see abo v e and F orbrich et al. 2020 ; Viaene et al. 2021 ).
o define the cloud mass, we use a contour corresponding to the outer
oundary of the cloud at A K = 0.1 mag, based on the conversion of
he matching Planck τ 353 GHz map, as discussed in Lewis, Lada &
ame ( 2022 ). We find a total dust mass of 193 M �, which leads to
 conversion factor of α′ 

HCN = 3 . 5 M � (K km s −1 pc 2 ) −1 , or αHCN =
70 M � (K km s −1 pc 2 ) −1 if we assume a gas-to-dust ratio of 136.
his value does not correspond to the dense gas αHCN , since it
pplies to the total cloud mass. This is in excellent agreement with
he analogous value (500) derived for the whole cloud based on
xtinction mapping in Dame & Lada ( 2023 ). No such comparison is
vailable for HCO 

+ . 

.2.1 Comparison of HCN and HCO 

+ emission 

t is a direct corollary of the determination of very similar values
or α′ 

HCN and α′ 
HCO + as well as the near-cospatial emission that we

nd a ratio of the HCN and HCO 

+ luminosities of close to unity.
hile both molecules are collisionally excited, one of them is an

on, which means that the ratio will not only be affected by the
atio of critical densities but also the ionization. When compared
o HCN(1–0), the critical density of HCO 

+ (1–0) is nearly an order
f magnitude lower. The HCN/HCO 

+ ratio thus depends on gas
ensity, with HCO 

+ fa v oured at lower densities. In high-density gas,
he abundance of HCO 

+ decreases due to the faster recombination
ith electrons (e.g. Papadopoulos 2007 ). These two effects suggest

hat HCN should be brighter than HCO 

+ in high-density gas. Perhaps
ore importantly, differences between the two molecules could also

eflect differences in abundance, since the abundance of HCO 

+ (1–0)
ould be enhanced by ionization in H II regions when compared with
ore quiescent regions. 
As before, we extract the HCN(1–0) and HCO 

+ (1–0) intensities in
 joint mask, where both lines are detected abo v e S/N > 3. Contrary
o the comparison between HCN and HNC (see below), all sources
NRAS 525, 5565–5574 (2023) 
how very similar morphologies in both transitions, including both
omponents of K213. In all cases, the intensity ratio is compatible
ith a value of unity, with only minor and insignificant differences,

s listed in Table 4 . 
Our range of observed ratios is compatible with the values reported

y Brouillet et al. ( 2005 ) using single-dish data. We have one
ource in common with Brouillet et al. ( 2005 ), since K026 is
oincident with source D. Our ratio of I (HCO 

+ )/ I (HCN) = 1.0 ± 0.3
s compatible with that found by Brouillet et al. ( 2005 ), which
s I (HCO 

+ )/ I (HCN) = 1.9 ± 0.8. More generally, they detect
oth lines in eight clouds and find that the HCO 

+ emission is
n average 20 per cent stronger than the HCN emission, but with
ow significance. In the Large Magellanic Cloud, HCO 

+ /HCN flux
atios of 0.5–0.8 have been reported (e.g. Galametz et al. 2020 and
eferences therein). 

Our finding of a flux ratio of HCO 

+ /HCN ∼1 with cospatial
mission either means that very dense gas is observed, such that
he difference in critical density of the transitions no longer matters,
r the HCO 

+ emission could be enhanced due to ionization in H II

egions. We note that the linewidths of HCN and HCO 

+ are similar
s well, supporting the idea that both trace the same gas, but the
inewidths cannot be measured at high confidence due to the S/N of
he spectra, particularly where the hyperfine structure of HCN(1–0)
s concerned. 

.3 Comparison of HCN and HNC emissions 

hile the HCN emission is not al w ays cospatial with HNC, as
escribed abo v e, this leav es us with HCN/HNC as another rele v ant
arameter in describing the physical conditions in the observed
MCs. 
The line ratio HCN/HNC is ≈1 in cold, dark clouds, but it has been

hown to vary by a factor of > 10, depending on T kin and n (H 2 ), since
NC is converted into HCN at higher temperatures (Goldsmith et al.
986 ; Schilke et al. 1992 ). More recently, based on a comparison
ith kinetic temperatures from NH 3 assumed to be cospatial, and
n much smaller scales ( < 0.1 pc) than those considered in this
ork, the intensity ratio HCN(1–0)/HNC(1–0) has been proposed as
 proxy measurement for ambient temperature (Hacar, Bosman & van
ishoeck 2020 ), assuming that the emission is cospatial, including
ith NH 3 , which is used for kinetic temperature calibration. This is
articularly rele v ant since HCN and HNC transitions can often be
bserved simultaneously with the same observational set-up, limiting
he impact of observational systematics and uncertainties. 

To obtain intensity ratios, we integrate the HCN(1–0) and HNC(1–
) emissions in joint masks where both lines are detected abo v e
/N > 3. This analysis excludes K190, where the lines were not
etected, and it also excludes the two interesting cases of K136 and
213S, where the HCN and HNC emissions clearly comes from very
ifferent areas, with only limited o v erlap (see Fig. 1 ). The resulting
ntensity 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 2.4 ± 0.4 
176 2.5 ± 0.3 
191 3.5 ± 0.7 
213N 2.5 ± 0.3 
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he resolution of our measurements cluster around I (HCN)/ I (HNC)
2.5, with just one marginal outlier at a slightly higher value. The

atios are listed in Table 5 . 
At face value, these measurements indicate a corresponding kinetic 

mmonia temperature of about 25 K, while the measurement for 
191 may be as high as 35 K, but the difference in the measured

atios is not significant. Additionally, the relation reported by Hacar 
t al. ( 2020 ) has scatter on a similar scale as our measurement
ncertainties. For the regions where we detected cospatial HCN 

nd HNC emissions, one would thus expect corresponding ammonia 
inetic temperatures between 20 and 40 K. Ho we ver, the fact that
 of our 6 targets do show detections in both HCN and HNC that
re not cospatial indicates that there may be no generally applicable 
onversion of the intensity ratio to temperature for these sources. 

 SU M M A RY  

e report observations of HCN(1–0), HCO 

+ (1–0), HNC(1–0), 
3 CO(1–0), and 100 GHz continuum emission obtained towards 
 GMCs in M31 using NOEMA. These clouds were previously 
dentified, resolved and imaged at 230 GHz in both CO(2–1) and 
ontinuum emission with the SMA. Results of our analysis of these 
bservations are summarized as follows: 

(i) The maps of the five clouds that show HCN(1–0), HCO 

+ (1–
), and HNC(1–0) emissions indicate that in each cloud the emission
rom these molecules is spatially resolved and o v erlapping with very
imilar spatial extents, while emission from 

13 CO(1–0) is observed 
 v er much larger areas. The continuum emission at both 100 and
30 GHz spatially o v erlaps and is similarly extended as the HCN,
CO 

+ (1–0), and HNC(1–0) emissions, consistent with the notion 
hat the continuum observations trace the dense gas component of 
he GMCs. 

(ii) In the five clouds with radio-detected H II regions, comparison 
f the continuum emission at 100 and 230 GHz with existing VLA
bservations at 10 GHz shows that free–free emission accounts for 
2–100 per cent of the continuum flux at 100 GHz, but only 6–
3 per cent of the emission at 230 GHz demonstrating the need
or continuum observations at the higher frequencies to obtain 
ccurate measurements of thermal dust emission and consequently 
ust masses in such clouds. 
(iii) We directly derive the dust mass conversion factor or mass- 

o-light ratio, α′ 
HCN , by comparing the total luminosity of HCN to 

he dust mass derived from the 230 GHz continuum observations 
orrected for the measured free–free contamination in the clouds. 
e find a mean of < α′ 

HCN > = 1 . 1 ± 0 . 7 M � (K km s −1 pc 2 ) −1 ,
here the standard deviation is dominated by a single out- 

ier. Removing the outlier cloud results in < α′ 
HCN > = 0 . 80 ±

 . 21 M � (K km s −1 pc 2 ) −1 . Under the assumption that the gas-to-
ust ratio is similar to that of the Milky Way, this latter measurement
orresponds to a value of αHCN ∼ 109 ± 23 M � (K km s −1 pc 2 ) −1 . 

(iv) While higher than most previously reported HCN conversion 
actors, our measurement of αHCN is compatible with the dense 
as calibrated value (92 M � (K km s −1 pc 2 ) −1 ) recently derived by
ame & Lada ( 2023 ) based on an analysis of complete HCN and
ust extinction maps of the Perseus molecular cloud. The relatively 
lose agreement of these measures could imply that the HCN gas
onversion factors we derive here for M31 likely correspond to dense
as conversion factors, but this will have to be checked on a larger,
ore diverse sample of GMCs in both the Milky Way and M 31. 
(v) Similar to our HCN determination, for HCO 

+ , we find a
alue of α′ 

HCO + = 0 . 81 ± 0 . 29 M � (K km s −1 pc 2 ) −1 . With the same
ssumptions for the gas-to-dust ratio as before, we obtain a value for
HCO + ∼ 110 M � (K km s −1 pc 2 ) −1 . 
(vi) We find an enhanced ratio of HCO 

+ /HCN ∼1, but it remains
nclear whether this is due to high densities or an enhanced 
bundance of HCO 

+ in the vicinity of H II regions. 
(vii) Based on work by Hacar et al. ( 2020 ) comparing HCN(1–0)

o HNC(1–0) emission ratios with ammonia kinetic temperatures, 
e conclude from the emission ratios in our sample that the typical

emperatures traced by our HCN observations are T ∼ 25 K, with an
ncertainty of about 10 K. 
(viii) When comparing HCN(1–0) and HCO 

+ (1–0) emissions, we 
nd the ratio to be compatible with unity in all cases. Our results are
ompatible with previous single-dish observations of M31 reported 
y Brouillet et al. ( 2005 ). 
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orbrich J. , Öberg K., Lada C. J., Lombardi M., Hacar A., Alves J., Rathborne

J. M., 2014, A&A , 568, A27 
orbrich J. , Lada C. J., Viaene S., Petitpas G., 2020, ApJ , 890, 42 
alametz M. et al., 2020, A&A , 643, A63 
ao Y. , Solomon P. M., 2004, ApJ , 606, 271 
oldsmith P. F. , Irvine W. M., Hjalmarson A., Ellder J., 1986, ApJ , 310, 383
ottlieb C. A. , Lada C. J., Gottlieb E. W., Lilley A. E., Litvak M. M., 1975,

ApJ , 202, 655 
acar A. , Bosman A. D., van Dishoeck E. F., 2020, A&A , 635, A4 
elfer T. T. , Blitz L., 1997, ApJ , 478, 233 

ackson J. M. , Heyer M. H., Paglione T. A. D., Bolatto A. D., 1996, ApJ , 456,
L91 

im ́enez-Donaire M. J. et al., 2019, ApJ , 880, 127 
MNRAS 525, 5565–5574 (2023) 

http://dx.doi.org/10.1093/mnras/staa1814
http://dx.doi.org/10.1086/321625
http://dx.doi.org/10.1093/mnras/stz405
http://dx.doi.org/10.1051/0004-6361:20034354
http://dx.doi.org/10.3847/1538-4357/acb438
http://dx.doi.org/10.1146/annurev.astro.37.1.311
http://dx.doi.org/10.3847/1538-4357/ab8938
http://dx.doi.org/10.1051/0004-6361/201423913
http://dx.doi.org/10.3847/1538-4357/ab68de
http://dx.doi.org/10.1051/0004-6361/202038641
http://dx.doi.org/10.1086/382999
http://dx.doi.org/10.1086/164692
http://dx.doi.org/10.1086/154021
http://dx.doi.org/10.1051/0004-6361/201936516
http://dx.doi.org/10.1086/303774
http://dx.doi.org/10.1086/309865
http://dx.doi.org/10.3847/1538-4357/ab2b95


5574 J. Forbrich et al. 

M

K  

K
L
L  

L
L
L
M
M  

P
P
R  

S  

S
S
S
T
V
W  

Z  

Z

T

auffmann J. , Goldsmith P. F., Melnick G., Tolls V., Guzman A., Menten K.
M., 2017, A&A , 605, L5 

irk J. M. et al., 2015, ApJ , 798, 58 
ada E. A. , 1992, ApJ , 393, L25 
ada C. J. , Gottlieb C. A., Litvak M. M., Lilley A. E., 1974, ApJ , 194,

609 
ada C. J. , Lombardi M., Alves J. F., 2010, ApJ , 724, 687 
ada C. J. , Forbrich J., Lombardi M., Alves J. F., 2012, ApJ , 745, 190 
ewis J. A. , Lada C. J., Dame T. M., 2022, ApJ , 931, 9 
iville-Desch ̂ enes M.-A. , Murray N., Lee E. J., 2017, ApJ , 834, 57 
yers P. C. , Fuller G. A., Mathieu R. D., Beichman C. A., Benson P. J.,

Schild R. E., Emerson J. P., 1987, ApJ , 319, 340 
apadopoulos P. P. , 2007, ApJ , 656, 792 
ety J. et al., 2017, A&A , 599, A98 
ice T. S. , Goodman A. A., Bergin E. A., Beaumont C., Dame T. M., 2016,

ApJ , 822, 52 
NRAS 525, 5565–5574 (2023) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
chilke P. , Walmsley C. M., Pineau Des Forets G., Roueff E., Flower D. R.,
Guilloteau S., 1992, A&A, 256, 595 

himajiri Y. et al., 2017, A&A , 604, A74 
hirley Y. L. , 2015, PASP , 127, 299 
olomon P. M. , Downes D., Radford S. J. E., 1992, ApJ , 387, L55 
afalla M. , Usero A., Hacar A., 2021, A&A , 646, A97 
iaene S. , Forbrich J., Lada C. J., Petitpas G., Faesi C., 2021, ApJ , 912, 68 
u J. , Evans Neal J. I., Gao Y., Solomon P. M., Shirley Y. L., Vanden Bout

P. A., 2005, ApJ , 635, L173 
ari E. , Lombardi M., Alves J., Lada C. J., Bouy H., 2016, A&A , 587, A106
ucker C. et al., 2021, ApJ , 919, 35 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
© The Author(s) 2023. 
Open Access article distributed under the terms of the Creative Commons Attribution License 
e, distribution, and reproduction in any medium, provided the original work is properly cited. 
D
ow

n
loaded from
 https://academ

ic.oup.com
/m

nras/article/525/4/5565/7257558 by :: user on 01 O
ctober 2024

http://dx.doi.org/10.1051/0004-6361/201731123
http://dx.doi.org/10.1088/0004-637X/798/1/58
http://dx.doi.org/10.1086/186442
http://dx.doi.org/10.1086/153280
http://dx.doi.org/10.1088/0004-637X/724/1/687
http://dx.doi.org/10.1088/0004-637X/745/2/190
http://dx.doi.org/10.3847/1538-4357/ac5d58
http://dx.doi.org/10.3847/1538-4357/834/1/57
http://dx.doi.org/10.1086/165458
http://dx.doi.org/10.1086/510186
http://dx.doi.org/10.1051/0004-6361/201629862
http://dx.doi.org/10.3847/0004-637X/822/1/52
http://dx.doi.org/10.1051/0004-6361/201730633
http://dx.doi.org/10.1086/680342
http://dx.doi.org/10.1086/186304
http://dx.doi.org/10.1051/0004-6361/202038727
http://dx.doi.org/10.3847/1538-4357/abe629
http://dx.doi.org/10.1086/499623
http://dx.doi.org/10.1051/0004-6361/201526597
http://dx.doi.org/10.3847/1538-4357/ac1f96
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 OBSERVATIONS
	3 RESULTS
	4 ANALYSIS AND DISCUSSION
	5 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

