
MNRAS 511, 5287–5300 (2022) https://doi.org/10.1093/mnras/stab3135 
Advance Access publication 2021 October 30 

Inv estigating v ariations in the dust emissi vity index in the Andromeda 

Galaxy 

G. Athikkat-Eknath , 1 ‹ S. A. Eales, 1 M. W. L. Smith , 1 A. Schruba, 2 K. A. Marsh 

3 

and A. P. Whitworth 

1 

1 School of Physics and Astronomy, Cardiff University, Queen’s Buildings, The Parade, Cardiff CF24 3AA, UK 

2 Max-Planck-Institut f ̈ur Extr aterrestrisc he Physik, Giessenbachstr 1, D-85748 Garching, Germany 
3 Infrared Processing and Analysis Center, CalTech, 1200E California Boulevard, Pasadena, CA 91125, USA 

Accepted 2021 October 22. Received 2021 October 22; in original form 2021 March 26 

A B S T R A C T 

Over the past decade, studies of dust in the Andromeda Galaxy (M31) have shown radial variations in the dust emissivity index 

( β). Understanding the astrophysical reasons behind these radial variations may give clues about the chemical composition of 
dust grains, their physical structure, and the evolution of dust. We use 12 CO( J = 1 −→ 0) observations taken by the Combined 

Array for Research in Millimeter -wa ve Astronomy and dust maps derived from Herschel images, both with an angular resolution 

of 8 arcsec and with spatial resolution of 30 pc, to study variations in β across an area of ≈18.6 kpc 2 in M31. We extract 
sources, which we identify as molecular clouds, by applying the ASTR ODENDR O algorithm to the 12 CO and dust maps, which 

as a byproduct allows us to compare continuum emission from dust and CO emission as alternative ways of finding molecular 
clouds. We then use these catalogues to investigate whether there is evidence that β is different inside and outside molecular 
clouds. Our results confirm the radial variations of β seen in previous studies. However, we find little difference between the 
average β inside molecular clouds compared with that outside molecular clouds, in disagreement with models that predict an 

increase of β in dense environments. Finally, we find some clouds traced by dust with very little CO, which may be either clouds 
dominated by atomic gas or clouds of molecular gas that contain little CO. 

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

lthough primarily known for its obscuration effects on starlight, 
nterstellar dust plays many other important roles in the interstellar 
edium (ISM): heating the ISM through the photoelectric effect 

Draine 1978 ), providing a cooling mechanism via its infrared 
mission in dense regions, shielding molecules from dissociating 
adiation, and even providing a surface for catalysing the formation 
f hydrogen molecules (Gould & Salpeter 1963 ; Hollenbach & 

alpeter 1971 ). Many authors have suggested that the continuum 

mission from interstellar dust can be used to trace the mass of gas
n galaxies (e.g. Eales et al. 2012 ; Magdis et al. 2012 ; Gro v es et al.
015 ; Scoville et al. 2016 , 2017 ; Janowiecki et al. 2018 ; Liang et al.
018 ; Tacconi et al. 2018 ), as an alternative to traditional tracers
ike carbon monoxide (CO). Ho we ver, this method can only work
f the properties of dust are universal, or if their variation with the
nvironment or epoch is known. 

The dust emissivity index ( β) is an important property that acts as
 modifier to the shape of the blackbody spectrum which describes 
he emission from dust. In the optically thin limit (where the optical
epth τ � 1), the specific intensity of dust emission is given by 

 ν ∝ B ν( T ) νβ, (1) 
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here B ν( T ) is the Planck function and ν is the frequency. Smith et al.
 2012 ) have used Herschel observations to investigate the properties
f the dust in the Andromeda Galaxy (M31), disco v ering that β
aries radially within the galaxy’s disc. This general trend has been
onfirmed by Draine et al. ( 2014 ) using independent Herschel data
or M31 but with a different method. Variations in β have also been
eported in two other large spiral galaxies within the Local Group,
he Milky Way (MW) and the Triangulum Galaxy (M33). In M33,
here is evidence for radial variations in β and dust temperature, both
f which decrease with the galactocentric radius (Tabatabaei et al. 
014 ). So far, ho we v er, we hav e v ery little understanding of what is
ausing such radial variations. Tabatabaei et al. ( 2014 ) have found
hat β is higher in regions where there is molecular gas traced by
2 CO( J = 2 −→ 1) or strong H α emission in M33 but the authors
id not investigate whether there is any difference in β between low-
ensity and high-density environments at the same radius. In the MW, 
he Planck team have shown that β decreases from smaller Galactic 
ongitudes to larger Galactic longitudes (Planck Collaboration XI 
014 ; see their fig. 9). The y hav e also found an increase in β by
0.23 in the regions dominated by molecular gas along the line of

ight when compared with the more diffuse atomic medium (Planck 
ollaboration XIV 2014 ; see their fig. 12), although, as in M33, it

s not clear whether the increase of β in dense environments is the
xplanation of any radial variation in β. 

Radial variations in β have also been seen in galaxies outside 
he Local Group. In a sample of 61 galaxies from Key Insights into
earby Galaxies: F ar-Infrared Surv e y with Hersc hel (KINGFISH),

http://orcid.org/0000-0002-7301-3879
http://orcid.org/0000-0002-3532-6970
http://orcid.org/0000-0003-0107-7803
mailto:g.athikkat.eknath@gmail.com


5288 G. Athikkat-Eknath et al. 

M

Figure 1. Map of dust emissivity index ( β) made from PPMAP . The maroon–yellow part shows the region of the β map o v erlapping the 12 CO( J = 1 −→ 0) map 
made with CARMA, partially co v ering the inner ring at 5 kpc and the dusty, star-forming ring at 10 kpc. 
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unt et al. ( 2015 ) have found that the radial effects of β can vary from
ne galaxy to another (see their fig. 10). For example, some galaxies
ho w negati ve radial gradients (e.g. NGC 0337, NGC 3049, NGC
077, NGC 4559, and NGC 4725), whereas others show positive
adial gradients (e.g. NGC 1482, NGC 3773, NGC 4321, and NGC
594). Evidence for variation in the global values of β has come from
 study of the gas and dust in 192 galaxies in the JCMT dust and gas
n Nearby Galaxies Le gac y Exploration (JINGLE) project (Lamperti
t al. 2019 ; Smith et al. 2019 ). The authors find correlations between

and properties such as stellar mass, stellar mass surface density,
etallicity, H I mass fraction, star formation rate (SFR), specific SFR,
FR surface density, and the ratio of SFR and dust mass for these
alaxies. The strongest positive correlation is found between β and
tellar mass surface density. 

Our study focuses on variations in dust properties, in particular the
ust emissivity index ( β), within M31. Due to its proximity to us (at a
istance of ≈785 kpc; McConnachie et al. 2005 ), we can learn about
roperties of dust and the ISM in M31 at the scale of individual
olecular clouds. M31 also provides a unique perspective as the

iggest spiral galaxy in the Local Group, with the added incentive
hat we can observe the galaxy from the outside, unlike observing the

W from within, which limits us from getting a global view of our
alaxy and has problems such as superimposed sources at different
istances along the line of sight. 
There are many archi v al data sets containing observations of M31

n different wavebands (Thilker et al. 2005 ; Braun et al. 2009 ;
alcanton et al. 2012 ; Planck Collaboration XXV 2015 ), including
 ey f ar-infrared and submillimetre observations from the Herschel
xploitation of Local Galaxy Andromeda (HELGA) surv e y (Fritz
t al. 2012 ; Smith et al. 2012 ) and 12 CO( J = 1 −→ 0) observations
Nieten et al. 2006 ) made using the 30-m telescope at the Institut
e Radioastronomie Millim ́etrique (IRAM) to trace the distribution
f molecular gas o v er the whole galaxy. We take advantage of the
igh-resolution observations co v ering a part of M31 obtained with
he Combined Array for Research in Millimeter -wa ve Astronomy
CARMA) inteferometer to trace molecular gas (Schruba et al., in
reparation). The central research question this work attempts to
ddress is: Are the radial variations in the dust emissivity index ( β)
NRAS 511, 5287–5300 (2022) 

s  
n the Andromeda Galaxy caused by an increase of β in dense-
olecular-gas regions? As such, we measure and compare β in

ense-molecular-gas regions with β in non-dense regions. 
Given the evidence from Fermi (Abdo et al. 2010 ), Planck (Planck

ollaboration XIX 2011 ), and Herschel (Pineda et al. 2013 ) that
here is CO-dark molecular gas in the MW, probably because of
hotodissociation of the CO molecule (Hollenbach & Tielens 1997 ),
e trace clouds in two different ways, using CO emission and
ust continuum emission. This allows us to carry out the additional
nteresting project of comparing the cloud catalogues produced by
he two different methods. 

This paper is structured as follows: We first describe the observa-
ional data that are used in this work (Section 2). Next, we outline our
ource extraction methodology (Section 3), followed by our results
Section 4) and discussion (Section 5). Finally, we summarise our
onclusions in Section 6. 

 OBSERVATI ONS  

.1 CARMA sur v ey of Andromeda 

e use a map of the 12 CO( J = 1 −→ 0) integrated intensity obtained
rom observations of M31 made using the CARMA interferometer.
he data were taken as part of the ‘CARMA Surv e y of Andromeda’

Schruba et al., in preparation) across an angular area of 365 arcmin 2 

nd an on-sky physical area covering 18.6 kpc 2 , which includes parts
f M31’s inner 5 kpc gas ring and 10 kpc dusty, star-forming ring
Habing et al. 1984 ). This corresponds to a deprojected physical
rea of ≈84.6 kpc 2 at our chosen distance to M31 (785 kpc) and
nclination (77 ◦). The region covered in our work is highlighted
n Fig. 1 . The high-resolution CARMA data were combined with
bservations from the IRAM 30-m telescope (Nieten et al. 2006 ),
o capture the emission at large angular scales missed by the
nterferometric data (Cald ́u-Primo & Schruba 2016 ; Schruba et al.,
n preparation). Without this correction, 43 per cent of the CO flux
ould have been lost (Cald ́u-Primo & Schruba 2016 ). The data
ere merged using the immerge task from the data reduction

oftware MIRIAD (Sault, Teuben & Wright 1995 ), which performs

art/stab3135_f1.eps
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The IRAM astrometric offset should not be more than 2.3 arcsec. We 

1 PPMAP produces a map of the total mass surface density of interstellar 
matter (gas + dust) using a dust mass opacity coefficient of κ300, PPMAP 

= 0.010 m 

2 kg −1 . Here, we convert the PPMAP results to the surface density 
of dust alone using κ350 = 0.192 m 

2 kg −1 (Draine 2003 ) and a gas-to-dust 
ratio of 100. 
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 linear combination of the low-resolution and high-resolution data 
ubes in Fourier space. The data were merged using unit weights 
or the single-dish data at all spatial frequencies, which leaves the 
ARMA beam unchanged (Schruba et al., in preparation). The 
erged CARMA + IRAM data have a pixel scale size of 2 arcsec and

he beamwidth is ∼5.5 arcsec or 20 pc. For our analysis, we convolve
he 5.5 arcsec 12 CO( J = 1 −→ 0) map with a Gaussian kernel of full

idth at half-maximum (FWHM) θkernel = 

√ 

θ2 
8 arcsec − θ2 

5 . 5 arcsec = 

.8 arcsec to obtain a resulting map with a FWHM of 8 arcsec – the
f fecti ve resolution of our dust observations (see Section 2.2). The
ap is then reprojected to match the 4 arcsec pixel scale size of our

ust maps in order to ensure consistent pix el-by-pix el analysis across
he CO and dust data. 

Cald ́u-Primo & Schruba ( 2016 ) give a 1 σ error in the molecular
as mass surface density derived from their CO observations, on 
he assumption of a line width of 10 km s −1 , of 0.83 M � pc −2 . We
ave estimated the error in the molecular column density using the 
obust empirical technique of calculating the standard deviation in 
roups of pixels. This is a conserv ati ve technique since the error will
lso include a contribution from the variance in the distribution of
he molecular gas. We find no evidence for a variation in sensitivity
cross the image and estimate that the 1 σ sensitivity of our CO
ntegrated intensity map is 1.20 K km s −1 . If we adopt a constant
on version factor , X CO = 1.9 × 10 20 cm 

−2 (K km s −1 ) −1 (Strong
 Mattox 1996 ), this corresponds to a molecular gas mass surface

ensity of 3.63 M � pc −2 . We do not account for helium in our molec-
lar gas mass surface density ( 	 H 2 ) calculations. The molecular 
as mass surface density including helium can be calculated using 
 gas , mol = 1 . 36 × 	 H 2 . 

.2 PPMAP algorithm applied to Herschel observations 

mith et al. ( 2012 ) have produced dust temperature ( T dust ), dust
missivity index ( β), and dust mass surface density ( 	 dust ) maps
f M31 by applying spectral energy distribution (SED) fitting to 
ontinuum emission observations made by Herschel centred at 
avelengths of 70, 100, 160 and 250, 350, 500 μm. In their work,
mith et al. ( 2012 ) convolved all Herschel images to the resolution
f the lowest resolution image and made the assumption that all dust
as at a single temperature along the line of sight. 
Since then, Marsh, Whitworth & Lomax ( 2015 ) have created a

ay of increasing the spatial resolution of maps of the dust properties
hrough a procedure called point process mapping ( PPMAP ). When 
pplied to the Hersc hel data, PPMAP pro vides data products with
n angular resolution of 8 arcsec, roughly corresponding to the 
esolution of the shortest Herschel wavelength (70 μm). By removing 
he requirement to convolve the images to Herschel ’s lowest angular 
esolution of 36 arcsec (at 500 μm), PPMAP allows us to probe spatial
cales of ≈30 pc. 

PPMAP discards the assumption that the T dust and β along the 
ine of sight is uniform, with the only key assumption being that dust
mission is in local thermal equilibrium and is optically thin. Through
he application of PPMAP to Herschel observations, Whitworth et al. 
 2019 ) have produced T dust , β, and 	 dust maps of M31 (see their
gs 2b and c), which we use in our analysis in this paper. PPMAP

roduces estimates of the dust mass surface density in each pixel at
 set of discrete dust temperatures and emissi vity v alues. In creating
heir dust maps, Whitworth et al. ( 2019 ) have used 12 values of dust
emperature ( T dust = 10.0, 11.6, 13.4, 15.5, 18.0, 20.8, 24.1, 27.8,
2.2, 37.3, 43.2, and 50.0 K) and four values of dust emissivity index
 β = 1.5, 2.0, 2.5, and 3.0). We ha ve a v eraged o v er these intervals
o create a map of 	 dust and maps of the mass-weighted T dust and β
alues. We choose to perform our analysis on the average T dust , β,
nd 	 dust maps because these are what we need for comparison with
he work of Smith et al. ( 2012 ) and Draine et al. ( 2014 ). This is also a

ore conserv ati ve approach than using the data in each PPMAP slice
ecause although Marsh et al. ( 2015 ) have tested the PPMAP slice
esults using synthetic observations of the MW, there have been no
uch tests done using synthetic observations on extragalactic scales. 
urther details about the PPMAP algorithm can be found in the work of
arsh et al. ( 2015 ), with the full method for creating the M31 maps

escribed in Whitworth et al. ( 2019 ). We hav e remo v ed a scaling
actor from the 	 dust map for our analysis. 1 

The minimum value in our map of dust mass surface density is
 dust 	 0.05 M � pc −2 , which corresponds roughly to a 5 σ detection.
e focus on the CARMA-observed region within the PPMAP dust 
aps (see Fig. 1 ) for ease of comparison of dust properties with

bservations of 12 CO( J = 1 −→ 0). The rise in β with galactocentric
adius in the central 3 kpc of M31 followed by a fall in β beyond
his radius, first seen by Smith et al. ( 2012 ), has been confirmed by

hitworth et al. ( 2019 ) in their reanalysis of the original Herschel
ata using PPMAP . 

.3 H I ancillary data 

e use the H I column density map of M31 obtained by Braun et al.
 2009 ) using the Westerbork Synthesis Radio Telescope (WSRT) 
rray at an angular resolution of 30 arcsec and spatial resolution of
110 pc. The observed H I in M31 has a smooth distribution with a

clumping factor’ of ≈1.3 (Leroy et al. 2013 ). Therefore, although
hese data do not match the resolution of our CO and dust maps,
he H I map provides an estimate of the contribution of the smooth
 I distribution at the position of a molecular cloud. We emphasize

hat our estimate of the H I contribution at the scale of an individual
loud is at best a rough estimate. The H I map has not been corrected
or opacity effects as the best method of doing this is still uncertain.
ocalised opacity corrections can lead to an increase of the inferred
 I gas mass by ≈30 per cent or more (e.g. Braun et al. 2009 ; Koch

t al. 2021 ), and so this an additional uncertainty in our estimates of
he contribution of H I at the position of a cloud. The data have a pixel
cale size of 10 arcsec, which we reproject into 4 arcsec × 4 arcsec
ixels to match the PPMAP map projection. We focus on the CARMA-
bserv ed re gion within this reprojected map. The 1 σ sensitivity of
he H I column density map is 4.05 × 10 19 cm 

−2 , corresponding to
n atomic gas mass surface density value of 0.32 M � pc −2 . We do
ot account for helium in our atomic gas mass surface density ( 	 H I )
alculations. 

.4 Astrometric offsets 

e estimate the astrometric accuracy of the instruments as the 
WHM of the beam divided by the signal-to-noise ratio of the
ointing source observations. Typical pointing calibrator observa- 
ions reach a signal-to-noise level of ≈10. Therefore, we estimate 
hat the CARMA object positions are accurate to within 0.5 arcsec.
MNRAS 511, 5287–5300 (2022) 
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xpect that the positions of objects from the raw Herschel maps are
ccurate to 2 arcsec. 2 We do not think these astrometric offsets are
ikely to be significant because the smallest area of a cloud in our
ource extraction has been taken as 10 pixels (see Table 1 ), making
 cloud much larger than the beam of the CO map and the ef fecti ve
eam of the dust map. 

 S O U R C E  E X T R AC T I O N  

.1 Dendrogram 

 common method for accessing the hierarchical structure of
olecular clouds is to use a dendrogram. A dendrogram allows

s to se gre gate the denser re gions from the more diffuse regions
nd access any nested substructure. We compute dendrograms for
he CO and PPMAP maps using the PYTHON package ASTR ODENDR O

.2.0 (Rosolowsky et al. 2008 ). This package allows us to construct
n empirically moti v ated segmentation of ‘clouds’ within our data.
f we adopt the analogy within the ASTR ODENDR O documentation, 3 

 dendrogram can be represented as a ‘tree’ with a trunk, and
he nested structures of this trunk are called ‘branches’, which
ontain substructures in the form of ‘leaves’. The resulting sources
molecular clouds) extracted by our computed dendrograms are
nalogous to leaves on the tree. 

The dendrogram computation requires the specification of three
arameters. 

(i) The minimum intensity value of a pixel ( min value ): The
endrogram will discard any pixels fainter than this threshold. 
(ii) The minimum significance value for a leaf (nested structure)

o be identified as an independent object ( min delta ): If the
ifference between a new local maximum pixel value (peak of
rospective structure) and the last pixel value examined in an existing
tructure (point at which the new structure may be merged on to the
xisting one) is greater than this parameter, a structure is considered
o be significant enough to be independent. 

(iii) The minimum size (defined in number of pixels) required to
dentify a structure as an independent object ( min npix ): If the
umber of pixels in a structure does not match or exceed this value,
he structure is merged with an existing structure. 

For our work, we select these parameter values carefully as de-
cribed in Sections 3.2 and 3.3. Further details about the dendrogram
lgorithm can be found in the documentation of the ASTR ODENDR O

ackage and in the work of Rosolowsky et al. ( 2008 ). 

.2 Identifying molecular clouds with CO 

e choose to run the dendrogram on the CO integrated intensity map
ather than trying to find clouds in the original CO data cube. Our
easoning for this is as follows: Firstly, although the CO linewidth
nformation would allow us to distinguish whether a cloud found by
he dendrogram is a single source or multiple clouds along the line of
ight, knowledge of the 3D structure of the gas does not provide any
enefit in understanding the cause of the spatial variation in the dust
missivity index as we do not have access to matching information
n our dust emissivity index map. Moreover, the CO method could
NRAS 511, 5287–5300 (2022) 

 SPIRE astrometry-corrected maps, readme: http:// archives.esac.esa.int/ hsa/ 
egacy/HPDP/ SPIRE/ SPIRE-P/ ASTROMETRY/README.html 
 ASTR ODENDR O documentation: 

https:// dendrograms.readthedocs.io/en/ stable/ 

a
w  

i  

o

T

till suffer from the problem that approximately one-third of the
olecular gas may not contain any CO (see Section 1) and so would

ot give us a perfect benchmark catalogue of clouds to compare all
ther catalogues with. In order to make as direct a comparison as
ossible of the two tracers (CO and dust) for finding clouds, we
ompute the dendrogram on the CO integrated intensity map. 

The input parameters used for our source extraction are listed
n T able 1 . T o calculate the 1 σ noise threshold, we select a region
ithin our smoothed and reprojected map where we see no obvious

ources and calculate the standard deviation ( σ std ) of pixel values.
ur minimum detection threshold ( min value ) is 3 σ , which we

dd to a mean background level of 0.97 K km s −1 to account for a
iffuse constant level of CO present beneath denser structures. For
ur minimum structure significance threshold ( min delta ), we
hoose a value of 2 σ . This means that clouds will have a peak CO
ntensity of at least 5 σ abo v e the mean background level. The final
ey requirement for our dendrogram extraction is that an independent
tructure should have a minimum size ( min npix ) of 10 pixels.
his size threshold is larger than the beam area (calculated using the
iameter as the FWHM = 8 arcsec) divided by the area of one pixel.
Clouds are defined as the objects at the highest level of the

endrogram hierarchy (i.e. dendrogram ‘leaves’), containing no
ested substructures. We find 140 sources from our CO observations
hich we assume are molecular clouds traced by CO. 

.2.1 Determining the gas and dust properties of clouds 

he molecular gas mass surface density in a pixel, 	 H 2 , is related to
he CO intensity in the pixel, I CO , by 

 H 2 = I CO × X CO × m ( H 2 ) , (2) 

here m (H 2 ) is the mass of a hydrogen molecule. We adopt a constant
 CO = 1.9 × 10 20 cm 

−2 (K km s −1 ) −1 from Strong & Mattox ( 1996 ).
e calculate the total CO-traced molecular gas mass in each cloud

y multiplying the gas mass surface density values by the area of a
ixel and summing over all gas mass values in the dendrogram leaf.
We also calculate the dust-mass-weighted mean T dust and mean
for our clouds using the pixels corresponding to our dendrogram

eaves in these maps. We calculate the total dust mass in a cloud
y multiplying the 	 dust values from the PPMAP map by the area of
 pixel and summing over all dust mass values in the dendrogram
eaf. The CO-traced molecular gas-to-dust ratio (GDR) is obtained
or each cloud by 

O - traced molecular GDR = 

M H 2 

M dust 
, (3) 

here M H 2 is the total CO-traced molecular gas mass in the cloud
nd M dust is the total mass of dust in the cloud. 

The gas mass surface density of atomic hydrogen in a pixel is
iven by 

 H I = N (H) × m (H) , (4) 

here N (H) is the column density of atomic hydrogen obtained from
he H I map and m (H) is the mass of a hydrogen atom. The total
tomic gas mass in the cloud, M H I , is calculated by multiplying 	 H I 

ith the area of a pixel and summing over all atomic gas mass values
n the dendrogram leaf. The total (molecular + atomic) GDR is
btained by 

otal GDR = 

( M H I + M H 2 ) 

M 

. (5) 

dust 

http://archives.esac.esa.int/hsa/legacy/HPDP/SPIRE/SPIRE-P/ASTROMETRY/README.html
https://dendrograms.readthedocs.io/en/stable/
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Table 1. Input dendrogram parameters for source extraction. 

Data Minimum value Minimum structure significance value Minimum no. of pixels 
min value min delta min npix 

CO 4.57 K km s −1 2.40 K km s −1 10 
Dust 0.44 M � pc −2 0.296 M � pc −2 10 
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Figure 2. Adaptation of fig. 6 from Planck Collaboration XIX ( 2011 ) 
showing the correlation between the dust optical depth τ at 857 GHz 
and the total gas column density. The dashed vertical red line at N 

tot 
H ≈

8 . 0 × 10 20 H cm 

−2 shows the threshold abo v e which e xcess thermal emission 
from dust traces CO-dark molecular gas. The dashed vertical red line at 
N 

tot 
H ≈ 5 . 0 × 10 21 H cm 

−2 shows the threshold at which the gas column 
density becomes dominated by the molecular gas traced by CO emission. The 
lower black dotted horizontal line shows the τ 857 GHz value used to calculate 
the min value dendrogram parameter for our 	 dust map. The difference 
between the black dotted lines shows the τ 857 GHz value used to calculate 
the min delta dendrogram parameter. All of our clouds have a peak dust 
mass surface density of 	 dust ≥ 0.74 M � pc −2 (equation 6), equi v alent to 
a peak optical depth of τ 857 GHz ≥ 3.0 × 10 −4 (upper black dotted line). 
Credit: Planck Collaboration XIX (2011), A&A, 536, A19, reproduced with 
permission © ESO. 
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To propagate the error in molecular GDR values, we make the 
pproximation that the noise from the CO map dominates o v er error
ontributions from PPMAP dust measurements. To propagate the error 
n total GDR values, we add the noise from both the CO and H I maps
n quadrature. We neglect systematic errors from PPMAP . The error
n the CO intensity and H I column density within each cloud are
alculated using N pix , beam 

× √ 

N pix , cloud /N pix , beam 

× σstd , where σ std 

s the standard deviation of pixel values within a region of each map
here we see no obvious sources. N pix,beam 

is the number of pixels in
he beam and N pix,cloud is the number of pixels in a cloud. 

We calculate the radial distance of a cloud from the centre of
31 (RA: 00 h 42 m 44 . s 33; Dec: 41 ◦16 ′ 7 . ′′ 5; Skrutskie et al. 2006 )

ssuming that the pixel with the peak intensity marks the centre of
he cloud. The distance to Andromeda used in this work is 785 kpc
McConnachie et al. 2005 ) and Andromeda’s inclination angle is 77 ◦

Fritz et al. 2012 ). 

.2.2 Determining dust properties in non-dense regions 

e compare the values of β and T dust in the pixels within our clouds
ith the values of the pixels that fall outside the clouds (non-dense

egions). We identify all the pixels that fall within the non-dense 
egions by masking out pixels within our dendrogram leaves. We 
plit the pixels into two radial bins (5–7.5 and 9–15 kpc) and create
istograms of T dust and β values at these radii, both inside and outside
ense regions (see Section 4.2). 

.3 Identifying molecular clouds with dust 

e also apply the dendrogram algorithm to our dust mass surface 
ensity map and identify sources (dendrogram ‘leaves’) that we 
ssume are molecular clouds traced by dust. Our moti v ation for
nding dust-selected clouds stems from the existence of molecular 
as in the MW which is not traced using the traditional CO method
see Section 1). 

Our dendrogram parameter selection is based on the work of the 
lanck team (Planck Collaboration XIX 2011 ) and allows us to 
xtract a similar number of clouds as in our CO-selected catalogue. 
ig. 2 is an adaptation of fig. 6 from Planck Collaboration XIX
 2011 ) showing the correlation between the optical depth of dust
t a frequency of 857 GHz ( τ 857 GHz ) versus the combined atomic
nd molecular gas column density ( N 

tot 
H ) in the MW. The colour

cale shows the number density of pixels on a logarithmic scale. 
t N 

tot 
H below 0.8 × 10 21 H cm 

−2 , the observed correlation between
857 GHz and N 

tot 
H (blue circles) follows a linear relationship in linear 

pace (modelled by the red line). Abo v e N 

tot 
H ≈ 5 × 10 21 H cm 

−2 ,
 

tot 
H is dominated by contributions from CO, and τ 857 GHz is visibly 
onsistent with the observed linear correlation. An excess of τ 857 GHz 

s seen between these two column density values (marked by the 
ertical red dashed lines) as the blue circles deviate from the linear
elationship. This deviation from the modelled linear relationship is 
ttributed by the Planck team to CO-dark molecular gas. 

We select the optical depth of dust τ 857 GHz = 3.0 × 10 −4 (see 
ighest black dotted line in Fig. 2 ) to derive our input dendrogram
arameters because it roughly corresponds to the upper limit of the
eviation seen between the blue circles and the red line. This allows
s to select a min value below this (see lowest black dotted line
n Fig. 2 ) and possibly pick up regions of CO-dark molecular gas.
 frequency of 857 GHz roughly corresponds to a wavelength of
50 μm. We substitute our chosen τ 857 GHz = 3.0 × 10 −4 and the
ust mass absorption coefficient, κ350, Draine = 0.192 m 

2 kg −1 (from 

raine 2003 ), into equation (6) to find the corresponding 	 dust : 

	 dust = 

τ857 GHz 

κ350 , Draine 
= 

3 . 0 × 10 −4 

0 . 192 m 

2 kg −1 
= 0 . 74 M � pc −2 . (6) 

F or consistenc y with the 3:2 ratio of min value : min delta
sed to create our CO-selected catalogue, we split this 	 dust =
.74 M � pc −2 value using the same ratio and obtain the min value
nd min delta for our dust-selected source extraction. The input 
endrogram parameter values are listed in Table 1 . Using these
arameters, we find 196 clouds. The spatial resolution of the Planck
bservations ( ≈0.3 pc; Planck Collaboration XIX 2011 ) is, of course,
uch finer than our resolution. Therefore, our observations will not 

e as sensitive to CO-dark molecular gas as the Planck observations
f the MW. 
We calculate the total CO-traced molecular gas mass within our 

ust-selected clouds by finding the corresponding pixel locations in 
he CO map, and following the methodology described in Section 3.2. 
MNRAS 511, 5287–5300 (2022) 
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Figure 3. Map of 12 CO( J = 1 −→ 0) intensity from CARMA + IRAM, convolved to 8 arcsec resolution and reprojected to 4 arcsec pixel size. Orange contours 
show the 140 sources extracted using a dendrogram. 

Figure 4. Map of dust mass surface density produced by PPMAP at 8 arcsec resolution and 4 arcsec pixel size. Black contours show the 196 sources extracted 
using a dendrogram. 
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Figure 5. Cloud mass functions for CO-selected (teal) and dust-selected 
(black) catalogues, for cloud masses greater than 10 4.9 M �. The histograms 
show the number of clouds per mass interval. The scatter points show the 
central mass value in each bin. The brown dashed line shows the best-fitting 
power law to the cloud mass function. 
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Table 2. Cloud mass function best-fitting results and reduced χ2 . 

Data Best-fitting α exponent Reduced χ2 

CO 1.98 ± 0.24 1.38 
Dust 2.06 ± 0.14 0.74 
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e also calculate the total dust mass of each cloud, CO-traced 
olecular GDR, and total GDR as described in Section 3.2. 
Fig. 3 shows our CO-selected clouds and Fig. 4 shows our dust-

elected clouds. 

 RESULTS  

.1 Properties of extracted clouds 

e obtain two molecular cloud catalogues: one of clouds traced by 
O (Table A1 ) and one of clouds traced by dust (Table A2 ). In this

ection, we provide our analysis of the cloud properties. 
Fig. 5 shows the distribution of molecular cloud masses for our 

O-selected and dust-selected catalogues. We fit a power-law model 
o our cloud masses using the SCIPY Levenberg–Marquardt least- 
quares minimization package LMFIT . We fit a power law of the
orm: 

 N cloud = kM 

−α
H 2 

d M H 2 , (7) 

where d N cloud is the number of molecular clouds in the mass
nterval ( M H 2 , M H 2 + d M H 2 ), k is a normalization factor, M H 2 is
he total CO-traced molecular gas mass of the cloud, and α is the
ower-la w e xponent. 
Since the CO map is used to calculate the molecular gas mass of

ll dust-selected clouds, only the clouds with at least a 3 σ detection
n the CO map have been included in our fits. Of 196 dust-traced
louds, 177 have a CO detection abo v e this threshold. The molecular
as masses of the CO-selected clouds range from 3.9 × 10 4 ≤ M cloud 

7.1 × 10 5 M �. The molecular gas masses of the dust-selected 
louds with a 3 σ CO detection range from 1.8 × 10 4 ≤ M cloud ≤
.3 × 10 6 M �. We only include clouds with a molecular gas mass
 10 4.9 M � = 7.9 × 10 4 M � in our fitting because the decrease in the

umber of clouds at lower masses suggests that our mass functions 
re increasingly incomplete at lower masses. We bin data from both 
atalogues into 22 bins that are equidistant in logarithmic space 
etween the mass limits 10 4.9 and 10 6.2 M �. Our fits are performed
n linear space and we assume Poisson errors. 

The best-fitting α values for clouds from each catalogue and the 
educed χ2 parameter for our fits are given in Table 2 . The reduced
2 parameter for both catalogues is close to 1, indicative of a good
t. The slope values of ≈2 are similar to measurements of the slope
f the cloud mass function in the MW and nearby galaxies (e.g. Rice
t al. 2016 ; Rosolowsky et al. 2021 ). They are also similar to the
alue for M31 by Kirk et al. ( 2015 ): α = 2.34 ± 0.12. 

Table 3 shows the 16th, 50th, and 84th percentiles of cloud
roperties for both the CO-selected and the dust-selected clouds. 

.2 Radial variations in dust properties of clouds traced by CO 

ig. 6 shows the mean T dust , mean β, CO-traced molecular GDR, and
he total GDR as a function of radius for clouds from the CO-selected
atalogue. We find that our extracted clouds are located within two
anges of radius: between 5 and 7.5 kpc and between 9 and 15 kpc,
eflecting the inner ring at ≈5 kpc and the dusty star-forming ring at
10 kpc. 
Fig. 7 shows the mean T dust and mean β in these two radial bins,

oth for the pixels inside and outside clouds. The left-hand column
f Fig. 7 shows histograms of the T dust . We see that the median T dust 

ncreases with the galactocentric radius. The distributions of T dust for 
ixels inside clouds but at different radii are significantly different 
two-sided Mann–Whitney U test, P -value � 0.01; see Table 4 for
ull results), as are the distributions of T dust for the pixels outside
louds ( P -value � 0.01). However, the temperature difference is 
airly small. The average T dust is 1.57 K higher for the clouds in the
0 kpc ring than for the clouds in the 5 kpc ring, and the average
 dust is 0.32 K higher for the pixels outside the clouds in the 10 kpc
ing than for the pixels outside the clouds in the 5 kpc ring. In both
adial bins, the distributions of T dust inside and outside molecular 
louds are significantly different ( P -value � 0.01), although again 
he difference in temperature is actually quite small, 	 0.6 −0.7 K. 

The right-hand column of Fig. 7 shows our most interesting result,
ith histograms of β in pixels inside and outside molecular clouds, 

plit into the two radial bins. The distributions of β for pixels inside
louds at different radii are significantly different (two-sided Mann–
hitney U test, P -value � 0.01; see Table 4 for full results), as are

he distributions of β for the pixels outside clouds ( P -value � 0.01).
he average β is 0.34 lower for the clouds in the 10 kpc ring than

or the clouds in the 5 kpc ring, and the average β is 0.24 lower for
he pixels outside the clouds in the 10 kpc ring than in the 5 kpc ring.
ur result is consistent with the decreasing trend in β with increasing
alactocentric radius (going from β ≈ 2.5 to β ≈ 1.9) disco v ered 
y Smith et al. ( 2012 ) beyond a radius of 3.1 kpc. Our result is also
n agreement with the results from other Herschel observations of 

31 by Draine et al. ( 2014 ), which found larger β in the central
7 kpc than in the outer disc (see their fig. 13). Although Draine

t al. ( 2014 ) find a shallower decrease in β beyond � 7 kpc than
mith et al. ( 2012 ), our result agrees with the general trend found
y both studies of a radial decrease in β between the radii of 5 and
5 kpc. 
In both radial bins, the distributions of β inside and outside molec-

lar clouds are significantly different ( P -value � 0.01). However, the
ore interesting aspect of our result is that there is a much smaller

ifference between the average β inside molecular clouds compared 
o outside molecular clouds in both radial bins. The median value of

is only greater by 0.07 inside clouds in the 5 kpc ring and is actually
MNRAS 511, 5287–5300 (2022) 
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Table 3. Statistical properties of clouds extracted from the 12 CO( J = 1 −→ 0) map and dust mass surface density 
map. Values have been rounded to 1 decimal place. 

Properties CO-selected Dust-selected 

No. of sources extracted 140 196 
50 84 th 

16 th percentile total CO-traced molecular gas mass in 
cloud (M �) 

9.4 23 . 0 
6 . 0 × 10 4 7.1 20 . 6 

2 . 6 × 10 4 

50 84 th 
16 th percentile total dust mass in cloud (M �) 2.8 7 . 0 1 . 8 × 10 3 5.5 10 . 4 

2 . 4 × 10 3 

50 84 th 
16 th percentile density-weighted average T dust in cloud (K) 15.6 17 . 1 

14 . 3 14.6 15 . 9 
13 . 8 

50 84 th 
16 th percentile density-weighted average β in cloud 2.1 2 . 3 2 . 0 2.2 2 . 5 2 . 0 

50 84 th 
16 th percentile molecular GDR of cloud 34.5 48 . 3 

25 . 8 14.1 25 . 8 
7 . 2 

50 84 th 
16 th percentile total GDR of cloud 80.0 107 . 6 

54 . 5 55.1 70 . 1 
34 . 9 

50 84 th 
16 th percentile equi v alent radius of cloud (pc) 36.9 50 . 8 

29 . 7 47.8 68 . 7 
33 . 3 

Figure 6. Radial distribution of gas and dust properties of clouds from the CO-selected catalogue. Each scatter point represents a dendrogram leaf (molecular 
cloud). The light-grey crosses show the 16th, 50th, and 84th percentiles of each cloud property in the 5–7.5 kpc radial bin and the 9 –15 kpc radial bin. First row: 
radial distribution of mean T dust in each cloud. Second row: radial distribution of mean β in each cloud. Third row: radial distribution of CO-traced molecular 
GDR of each cloud. Fourth row: radial distribution of total (H I + H 2 ) GDR of each cloud. The GDR error bars have been calculated using the method described 
in Section 3.2.1. 
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ess by 0.03 inside the clouds in the 10 kpc ring. Therefore, we find
o evidence for the radial variations in β in M31 being caused by a
arge change in β in regions of dense gas. 
NRAS 511, 5287–5300 (2022) 

m  
.3 The gas-to-dust ratio in clouds found using the two methods

he left-hand column of Fig. 8 shows histograms of the CO-traced
olecular GDR of clouds from both of our cloud catalogues. The

art/stab3135_f6.eps


Dust emissivity index in M31 5295 

Figure 7. Distribution of T dust and β inside (navy) and outside molecular clouds (shaded teal) from the CO-selected catalogue. Top left: T dust distribution for 
pixels in the radius range 5–7.5 kpc. Top right: β distribution for pixels in the radius range 5–7.5 kpc. Bottom left: T dust distribution for pixels in the radius 
range 9–15 kpc. Bottom right: β distribution for pixels in the radius range 9 –15 kpc. In all four plots, the histogram of pixels outside clouds has been rescaled 
to have the same height as the histogram of pixels inside clouds. The navy blue dashed vertical line shows the median value of T dust and β inside clouds. The 
teal dash–dotted vertical line shows the median value outside clouds. 

Table 4. Two-sided Mann–Whitney U -test results for T dust and β inside and outside molecular clouds at the inner and outer ring, and distributions of 
molecular GDR and total GDR for CO-traced and dust-traced clouds with at least a 3 σ detection. 

Samples being compared Sample sizes (no. of pixels/clouds) U statistic P -value 

T dust inside clouds in inner ring versus outer ring Inner ring = 734; outer ring = 2672 4.0 × 10 5 1.3 × 10 −31 

T dust outside clouds in inner ring versus outer ring Inner ring = 9807; outer ring = 50 826 2.1 × 10 8 8.0 × 10 −169 

T dust inside versus outside clouds in the inner ring Inside clouds = 734; outside clouds = 9807 4.4 × 10 6 9.5 × 10 −25 

T dust inside versus outside clouds in the outer ring Inside clouds = 2672; outside clouds = 50 826 4.9 × 10 7 1.0 × 10 −130 

β inside clouds in inner ring versus outer ring Inner ring = 734; outer ring = 2672 1.7 × 10 6 1.0 × 10 −211 

β outside clouds in inner ring versus outer ring Inner ring = 9807; outer ring = 50 826 3.8 × 10 8 �0.01 
β inside versus outside clouds in the inner ring Inside clouds = 734; outside clouds = 9807 3.1 × 10 6 8.9 × 10 −10 

β inside versus outside clouds in the outer ring Inside clouds = 2672; outside clouds = 50 826 7.7 × 10 7 1.3 × 10 −31 

Molecular GDR for CO-traced versus dust-traced clouds CO-traced clouds = 140; dust-traced clouds = 177 2.3 × 10 4 3.8 × 10 −38 

Total GDR for CO-traced versus dust-traced clouds CO-traced clouds = 140; dust-traced clouds = 177 1.9 × 10 4 7.7 × 10 −17 

m
i
t
t
T  

h  

o
t
(  

l

5

5

S  

t  

a  

H
w  

v  

v  

d  

J  

β

0
e  

O  

i  

m  

C  

w
g  

fi  

p  

w  

o
c  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/4/5287/6414546 by C
ardiff U

niversity user on 28 M
arch 2022
edian molecular GDR of clouds from the dust-selected catalogue 
s roughly half the value for the CO-selected catalogue. We compare 
he two distributions using a Mann–Whitney U test, finding that 
he distributions are significantly different ( P -value � 0.01; see 
able 4 for full results). The right-hand column of Fig. 8 shows
istograms of the total (H I + H 2 ) GDR of clouds from both of
ur cloud catalogues. We compare the two distributions using 
he Mann–Whitney U test, again finding a significant difference 
 P -value � 0.01), with the GDR for the dust-selected clouds being
ower than the GDR for the CO-selected clouds. 

 DISCUSSION  

.1 Dust emissivity index inside and outside molecular clouds 

mith et al. ( 2012 ) have found radial variations in β in M31, with
he value of β decreasing from 	 2.5 at a radius of 3 kpc to 	 1.8
t 12 kpc. Draine et al. ( 2014 ) have also found, using a different
erschel data set and a different method, the same general trend, 
ith β decreasing from a value of 	 2.35 at a radius of 3 kpc to a
alue of 	 2.0 at a radius of 12 kpc. Some possible causes of these
ariations are large grain coagulation or the accretion of a mantle in
enser environments since some dust models (e.g. K ̈ohler, Ysard &
ones 2015 ) predict that this will lead to an increase in the value of
by 0.3 −0.5. 
In our study, we find a much smaller difference (of order 0.03–

.07) between the median values of β in low-density and high-density 
nvironments at the same radius than the much larger radial change.
ur results are similar to the findings of Roman-Duval et al. ( 2017 )

n the Magellenic Clouds, who find no correlation between β and gas
ass surface density at spatial scales of 75 pc in the Large Magellenic
loud and 90 pc in the Small Magellenic Cloud. Our result contrasts
ith the increase in β found along sightlines dominated by molecular 
as in the MW by Planck Collaboration XIV ( 2014 ). The Planck team
nd that β increases from 1.75 in the atomic medium of the Galactic
lane to 1.98 in the molecular medium. Our result also contrasts with
hat has been found in M33 where β (from SED fitting of Herschel
bservations at ≈150 pc spatial scales) is strongly and positively 
orrelated with molecular gas traced by 12 CO( J = 2 −→ 1) emission
Tabatabaei et al. 2014 ). The authors do not attempt to separate
MNRAS 511, 5287–5300 (2022) 
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Figure 8. Histograms showing the number of clouds from the CO-selected and dust-selected catalogues and their CO-traced molecular GDR and total GDR. 
Top: clouds from the CO-selected catalogue. Bottom: clouds from the dust-selected catalogue. The hatched regions indicate clouds with a GDR measurement 
and the non-hatched regions represent an upper limit. The vertical dashed lines indicate the median GDR values for each hatched histogram. 
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ffects of radius on β from the effects of a dense environment in their
tudy. Therefore, the apparent increase in β in dense environments
n M33 might be caused by a radial gradient that is unconnected
o gas density but caused by there being more clouds at small
adii in the galaxy. We note that our study is the first one that
as tried to separate the effect of gas density and radius on β in
31, although we examine a smaller dynamic range in galactocentric

adii. 
To explore the possibility that our results are the consequence of

ur choice of dendrogram parameters, we have run the dendrogram
ith a set of parameters that resulted in a peak CO threshold of 3 σ

ather than 5 σ . We found that our results were very similar. 
Our strong conclusion therefore is that in M31, molecular gas

urface density is not the driver of radial variations in β at 30 pc
patial scales. This suggests that, at these spatial scales, large grain
oagulation in dense environments is not having a big effect on β.
he only alternative is that there is some genuine radial change in the
omposition or the structure of the dust grains as we mo v e out through
he galaxy. What these changes are is still a mystery, although one
peculative possibility is that there is a radial change in the ratio of
arbonaceous and silicate dust grains, perhaps caused by a changing
/Si abundance ratio. 

.2 CO-dark gas? 

n Section 4.3, we have compared the GDR distributions of clouds
rom the two catalogues, finding that the GDR for the dust-selected
louds is significantly lower than for the CO-selected clouds. Fig. 8
hows that there are clouds in the dust-selected catalogue with
olecular GDR below ≈16, which are not found in the CO-selected

atalogue. Figs 9 and 10 show the o v erlap of our CO-selected and
ust-selected clouds. Alongside dust-selected clouds with low CO
NRAS 511, 5287–5300 (2022) 
mission, we serendipitously find some CO-selected clouds with low
ust emission. We are uncertain of the astrophysical meaning of these
louds. 

One possible explanation for clouds in the dust-selected catalogue
ith low molecular GDR is that they may simply be ephemeral

tructures in atomic gas. We have investigated this by adding in the
tomic gas mass and finding the total (H I + H 2 ) GDR of clouds
see right-hand column of Fig. 8 ). Ho we ver, e ven after adding in the
tomic gas mass, we find some dust-selected clouds with lower total
DR than those of any of the CO-selected clouds. 
Are the clouds showing lower levels of CO simply because they

re smaller, which might suggest that they are not genuine molecular
loud structures? To answer this question, we have compared the
hysical sizes and total masses of the clouds in our dust-selected
atalogue. We have found the total ISM mass of each cloud by
ultiplying the dust mass surface density of our cloud by a constant
DR of 100 (Hildebrand 1983 ) and calculating the total dust mass
f the cloud as described in Section 3.3. We have used the dust mass
ather than the CO to estimate the total ISM mass because we want
o examine the possibility that there are molecular clouds made up
f a large proportion of CO-dark gas. As for the physical size, we
ave simply taken the area of each cloud in square parsec. 
The top panel of Fig. 11 shows the total ISM mass versus the
olecular GDR in the dust-selected clouds coloured by cloud size.
he bottom panel shows the total ISM mass versus total GDR
f clouds. We find that there is still a population of large clouds
 ≥0.03 kpc 2 ) with ISM mass greater than 10 6 M � and low total GDR
 � 50). There are some clouds with total GDR below ≈32 that are
ot found in the CO-selected catalogue. 
One possibility is that these are real molecular clouds with low

evels of CO, i.e. clouds that are largely made up of CO-dark gas. The
lternativ e e xplanation remains that these structures are largely made
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Figure 9. Map of 12 CO( J = 1 −→ 0) intensity taken from CARMA + IRAM, convolved to 8 arcsec resolution and reprojected to 4 arcsec pixel size. Orange 
contours show the 140 sources from the CO-selected catalogue. The red contours show the sources from the dust-selected catalogue. 

Figure 10. Map of dust mass surface density produced by PPMAP at 8 arcsec resolution and 4 arcsec pixel size. The black contours show the 196 sources from 

the dust-selected catalogue. The blue contours show the sources from the CO-selected catalogue. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/4/5287/6414546 by C
ardiff U

niversity user on 28 M
arch 2022
MNRAS 511, 5287–5300 (2022) 

art/stab3135_f9.eps
art/stab3135_f10.eps


5298 G. Athikkat-Eknath et al. 

M

Figure 11. Top row: total ISM mass (inferred from the dust) versus CO-traced molecular GDR of dust-selected clouds. Bottom row: total ISM mass (inferred 
from dust) versus total GDR of dust-selected clouds. The points are coloured by cloud size given in terms of its physical area in square kiloparsec. The circles 
represent dust-selected clouds with at least a 3 σ detection in the CO map. The triangles represent dust-selected clouds with less than a 3 σ detection in the CO 

map. The dashed horizontal black line shows the lowest molecular GDR obtained (GDR ≈ 16) and lowest total GDR obtained (GDR ≈ 32) in clouds from the 
CO-selected catalogue. 
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p of atomic gas, perhaps the result of source confusion along the
ine of sight. Although we have tried to correct for the contribution
f atomic gas, we are limited by the resolution of the available
adio data. The HARP and SCUBA-2 High-Resolution Terahertz
ndromeda Galaxy (HASHTAG) surv e y currently underway at the

ames Clerk Maxwell Telescope , which will give a higher resolution
iew of the dust, and a new Very Large Array survey, which will give
 higher resolution view of the atomic gas, will help to distinguish
etween these two possibilities. 

 SUMMARY  

31 forms an excellent test bed for understanding the variations
n dust properties and the interplay of dust and gas in a spiral
alaxy similar to our own. We investigate whether radial variations
n the dust emissivity index ( β) are caused by an increase of β
n dense-molecular-gas regions in M31. We probe the ISM of

31 at significantly impro v ed spatial resolution ( ≈30 pc) com-
ared with previous studies, using combined CARMA + IRAM
2 CO( J = 1 −→ 0) observations and Herschel observations of the
ust which have been reanalysed using the PPMAP algorithm. We
se a dendrogram to create molecular cloud catalogues in two
ays: using CO and dust as a tracer. Our key findings are as

ollows: 

(i) We see a radial variation in β in agreement with previous
tudies (e.g. Smith et al. 2012 ; Draine et al. 2014 ; Whitworth et al.
019 ), with a decrease in β going from the inner ring to the outer
usty, star-forming ring. 
(ii) We find no evidence for radial variations in β being caused

y an increase of β in dense-molecular-gas regions at radii between
-7.5 kpc and 9-15 kpc. 
NRAS 511, 5287–5300 (2022) 
(iii) We find a population of clouds in our dust-selected catalogue
ith lower median CO-traced molecular GDR than in our CO-

elected catalogue. These may be clouds containing CO-dark molec-
lar gas, although we are unable to rule out the possibility that these
tructures are confused with features in the atomic phase of the ISM.

We conclude that an increase of β in dense-molecular-gas regions
s not the prominent driver of the radial variations in β in M31. 
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