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ABSTRACT

We present a study of giant molecular cloud (GMC) properties in the Andromeda galaxy (M31) using CO(3-2) data from the
James Clerk Maxwell Telescope (JCMT) in selected regions across the disc and in the nuclear ring, and comparing them with
CO(1-0) observations from the Institut de Radioastronomie Millimetrique (IRAM) 30m telescope in the same regions. We find
that GMC:s in the centre of M31 generally exhibit larger velocity dispersions (o) and sizes (R) compared to those in the disc,
while their average surface density (¥) and turbulent pressure ( Pyyp,) are lower. This low turbulent pressure in the central region
is primarily due to the low density of molecular gas. The estimated GMC properties depend on the choice of CO transitions.
Compared to CO(1-0), CO(3-2) exhibits smaller velocity dispersion and equivalent radius but higher surface density. These
differences highlight the distinct physical conditions probed by different molecular gas tracers. We estimate the virial parameter
ayir X 02R/ % and find that most molecular clouds exhibit high values (oi; ~ 4-6) for both CO transitions, indicating that they
are unbound. Furthermore, clouds in the nuclear ring display even larger ay;: values of <100, suggesting that they may be highly
dynamic, short-lived structures, although they could potentially achieve equilibrium under the external pressure exerted by the

surrounding interstellar medium.
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1 INTRODUCTION

Star formation plays a crucial role in the evolution of galaxies, as
it shapes the galaxy and contributes to the enrichment of heavy
elements. Molecular clouds, the birthplaces of stars, are essential
for understanding star formation theories, as their properties di-
rectly reflect the conditions for star formation and stellar feedback.
Studies of resolved molecular clouds in the Milky Way enable the
establishment of ‘universal’ scaling relations among the properties
of the giant molecular clouds (GMCs), including the size, velocity
dispersion, and mass, collectively known as Larson’s laws (Larson
1981; Bolatto et al. 2008). These correlations suggest that the GMCs
are in rough virial equilibrium, reflecting a balance state between
self-gravity and turbulence in clouds. Supporting this, studies of the
fractal distributions of young stars in nearby galaxies, such as the
Magellanic Clouds, have found a 2D fractal dimension of about 1.5—
1.9, indicating that stars form in regions dominated by supersonic
turbulence (Sun et al. 2018a; Miller et al. 2022). However, subsequent
observations show that GMC properties vary with environments (e.g.
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Hughes et al. 2013; Leroy et al. 2015; Faesi, Lada & Forbrich 2018;
Sun et al. 2018b, 2022; Rosolowsky et al. 2021) and deviate from
Larson’s relations globally, both in the Milky Way (Heyer et al. 2009)
and other nearby galaxies (e.g. Hughes et al. 2013; Liu et al. 2021,
2022; Choi et al. 2023, 2024).

To understand the cloud—environment correlation, it is essential
to conduct spatially resolved observations that span a wide range of
environments. In particular, investigations by Heyer et al. (2009) and
Field, Blackman & Keto (2011) have manifested the importance of
the size-linewidth—surface density relation as a valuable diagnostic
for the connection between molecular cloud properties and their
surrounding environments in the Milky Way. Subsequently, molec-
ular gas surveys in nearby spiral galaxies at sub-kpc or even GMCs
scales have also enabled a close investigation of GMC properties and
their scaling relations, such as the HERACLES (HERA CO-Line
Extragalactic Survey; Leroy et al. 2009), and NGLS [James Clerk
Maxwell Telescope (JCMT) Nearby Galaxies Legacy Survey; Wilson
et al. 2012]; PAWS (PdBI Arcsecond Whirlpool Survey; Schinnerer
et al. 2013), CANON (CArma and NObeyama Nearby galaxies;
Donovan Meyer et al. 2013), PHANGS-ALMA (Physics at High
Angular resolution in Nearby Galaxies; Leroy etal. 2021), WISDOM
(mm-Wave Interferometric Survey of Dark Object Masses; e.g. Liu
et al. 2021). According to the results from these surveys, it is found
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Figure 1. The footprint of selected regions in M31, similar to that presented in Li et al. (2020a), overlaid with Herschel/SPIRE 250 um maps (Smith et al.
2012). The 12 HASHTAG fields on the disc are labelled ‘a-k’ and ‘Raster’ (field ‘R’), while the nuclear ring field is labelled ‘N’.

that clouds close to galactic centres and bars generally have higher
surface density, mass and velocity dispersion (Sun et al. 2018b, 2020;
Rosolowsky et al. 2021; Williams et al. 2023), indicating the impact
of galactic environments on GMC properties.

As the closest massive spiral galaxy, M31 provides the most
detailed view of the GMCs in a representative spiral galaxy (D ~
780kpc, where 1arcsec ~ 3.8 parsec; McConnachie et al. 2005;
de Grijs & Bono 2014). It is also a useful contrast to our own
Galaxy because M31 is the only other massive spiral galaxy in the
Local Group, which bears similarity to the Milky Way. Moreover,
there exists a wealth of high-resolution multiwavelength observations
that capture both the gaseous and stellar components of M31 in
great detail, unparalleled by any other external galaxies. M31 has
a large bulge (Yin et al. 2009), a prominent star-forming ring at
a galactocentric distance of 10kpc, and less prominent spiral arms
(Gordon et al. 2006). The origin of this morphology is still debated.
Possible explanations include a recent head-on collision between
M31 and a satellite galaxy (Block et al. 2006) or a bar in M31°s stellar
disc (Athanassoula & Beaton 2006), which may account for the ring
and the less prominent spirals. Additionally, M31’s supermassive
black hole is extremely quiescent (Li et al. 2011), and there is no
ongoing star formation in the central region. This raises interesting
questions about how the GMC properties vary across these distinct
environments.

Previous IRAM 30m CO(1-0) emission line survey data across the
M31 disc (Nieten et al. 2006) has revealed the global structure and
kinematics of cold gas in M31, enabling investigations of the GMC
properties and dynamical conditions across M31. It is found that
the linewidth is higher in the spiral arms and lower in the inter-arm
region, with an average value of 10 km s~! over the whole disc. This
difference could be attributed to higher turbulent energy injected by
more active star-forming activities in spiral arms. Subsequently, a
study combining the CARMA survey of Andromeda observations
(Athikkat-Eknath et al. 2022) and IRAM 30m observations found no
significant correlation between GMC linewidth and star formation
rate at scales of ~100pc in M31 (Caldd-Primo & Schruba 2016).
Using the same data set, Sun et al. (2018b) reported a much higher
virial parameter in M31 (and M33) compared to nearby galaxies.
The virial parameter is defined as the ratio between the cloud’s
kinetic energy and its gravitational potential energy, implying that
the molecular gas in M31 may be largely unbound. More recently,
Dassa-Terrier, Melchior & Combes (2019) analysed IRAM PdBI
CO(1-0) observations within the central 250 pc of M31 and identified
12 clumps with significantly higher velocity dispersion that deviate
from the size-linewidth relation, indicating that they may not be in
virial equilibrium. However, these studies primarily focus on small
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Table 1. Basic information of the selected regions.

ID RA(J2000) DEC(J2000) PA(°) Coverage(')
a 00:46:31.0 +42:11:51.5 160.7 2x2
b 00:45:34.8 +41:58:28.5 145.7 2x2
c 00:44:37.2 +41:52:35.6 145.0 2x2
d 00:44:59.2 +41:55:10.5 141.0 2x2
e 00:44:26.5 +41:37:12.7 153.0 2x2
f 00:43:03.3 +41:24:16.2 130.0 2x2
g 00:42:21.4 +41:06:21.1 130.0 2x2
h 00:44:03.1 +41:42:39.3 130.0 2x2

i 00:44:13.2 +41:35:17.1 130.0 2x2
j 00:45:26.9 +41:44:54.6 37.7 2x2
k 00:43:52.2 +41:33:48.9 37.7 2x2
R 00:44:40.9 +41:27:25.2 37.7 4x4
N(CO(3-2)) 00:42:58.3 +41:18:18.5 335.0 2x 4%
N(CO(1-0)) 00:42:58.3 +41:18:18.5 335.0 1.5x4.5

“The coverage of N(CO(3-2)) corresponds to the black solid rectangle in
Fig. 3 right panel.

regions in the disc and neglect the nuclear region due to a deficiency
of molecular gas there (Melchior & Combes 2017; Li et al. 2019).
The only exception is the PdBI observations (Dassa-Terrier et al.
2019), which have a much higher resolution (~3arcsec) and are
difficult to compare with other observations. Therefore, a systematic
comparison of GMC properties and their scaling relations across
the entire galaxy at similar scales is still essential to understand the
cloud—-environment correlation in M31.

The purpose of this study is to determine the GMC properties and
their scaling relations in M31 using high-resolution CO observations
in selected regions. These regions span a wide range of physical
environments that span the whole disc, including the nuclear region,
spiral arms, and interarm regions, which allow the construction of
a representative molecular clump sample. The GMCs are identified
through IRAM 30m CO(1-0) and JCMT CO(3-2) observations. The
CO(3-2) observations in the disc are from the HARP and SCUBA-2
High-Resolution Terahertz Andromeda Galaxy Survey (HASHTAG)
project (Li et al. 2020a; Smith et al. 2021), while the CO data
in the nuclear region are from our newly obtained observations
covering a gas-rich arm within the central kpc. The footprint of
the selected regions is shown in Fig. 1 and the basic information is
listed in Table 1. Subsequently, cloud-scale molecular gas properties,
including surface density, size, and velocity dispersion, are measured
and the turbulent pressure and the virial parameter are estimated
based on CO(1-0) and CO(3-2) data, respectively. Variations in
GMC properties with environments are also analysed and discussed.
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We describe the data reduction and clump property estimation in
Section 2. The analysis of the properties of the clumps, including
the correlations between size, linewidth, and surface brightness, is
presented in Section 3. We discuss our results in Section 4 and
summarize our findings in Section 5.

2 DATA REDUCTION AND ANALYSIS

2.1 Observations and data reduction

We retrieved CO data from the literature: (1) CO(1-0) data from
IRAM 30m toward the M31 nuclear ring (Li et al. in preparation);
(2) CO(3-2) data from JCMT towards M31 nuclear ring (Li et al. in
preparation); (3) CO(3-2) observations mapping 12 selected regions
in the M31 disc as part of HASHTAG (Li et al. 2020a), a JCMT
large programme towards M31; (4) IRAM 30m CO(1-0) map fully
sampled an area of 2° x 0.5° in the disc (Nieten et al. 2006). CO(3-
2) and CO(1-0) data have an angular resolution of 15 and 23 arcsec,
and a channel width of 0.42kms~! and 2.6 kms~', respectively. The
regions are selected to span various physical environments in M31,
with detailed selection criteria described in Smith et al. (2021).

For (1) and (2), the data reduction follows Li et al. (in preparation),
with the main steps described below. For (3) and (4), we use
the archival data from the literature (Nieten et al. 2006; Li et al.
2020a). The IRAM 30m CO(1-0) observations of the nuclear ring
are obtained with a total integration time of 20h, resulting in a
typical RMS of 5.5mK in 10.4kms~! channel. The CO(1-0) data
reduction follows a standard procedure and is summarized as follows.
We employ the CLASS in GILDAS' software package developed by
IRAM to examine and process the spectra. First, we checked the
quality of individual spectra to ensure there were no spikes or bad
channels. Then we performed platform correction on each FTS
spectrum using the script FtsPlatformingCorrection5.class.”? The
antenna temperature 7, is converted to the main beam brightness
temperature by Tinp = Tx Fefr/imb, With the main beam efficiency
Nmb = 0.78 and the forward efficiency F.; = 0.94 at 115 GHz.

Data reduction of CO(3-2) observations (2) and (3) follows
the standard procedure for JCMT heterodyne observations and is
described in detail in Li et al. (2020a). The main steps are summarized
below. We first reduce the data using the ORAC-DR pipeline in the
STARLINK software, which can automatically deal with bad spectra.
Following Li et al. (2020a), we truncate the spectra to a width of
200km s~! to account for the narrow width of the lines compared to
the wide bandwidth. This truncation avoids unnecessary noise in the
velocity range without significant signals. For the data in the nuclear
ring, we adopted a velocity range between —600 and 0 kms~!. Then
we convert the data from Heliocentric to the Local Standard of Rest
and correct the temperature with a main beam efficiency of 0.64.
For a better comparison with the CO(1-0) data, we smoothed the
angular resolution to 23 arcsec and the channel width to 2.6kms™!,
respectively, to match those of CO(1-0) data.

2.2 Cloud identification

To obtain the properties of molecular clumps® in these fields,
we first need to identify these structures. Given the variations in

Uhttp://www.iram.fr/IRAMFR/GILDAS
Zhttp://www.iram.es/IRAMES/mainWiki/AstronomerOfDutyChecklist
3Here a clump is used as a technical definition of a GMC identified using the
method detailed below.
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system temperatures, integration times, and unstable receptors, the
signal-to-noise ratio (S/N) differs within and between each field. To
facilitate accurate structure identification, the use of S/N cubes is
more suitable. We then obtained S/N cubes for both transitions by
dividing the reduced cubes with noise maps generated from line-free
channels. This approach helps ensure that the resulting cubes provide
a reliable representation of the structures while accounting for
variations in the S/N ratio across the data set. Li et al. (2020a) used the
ClumpFind algorithm (Williams, de Geus & Blitz 1994) to identify
structures. Here we use another widely used algorithm, PYCPROPS
(Rosolowsky et al. 2021), which is an improved version of CPROPS
(Rosolowsky & Leroy 2006), as a PYTHON package. Rosolowsky
et al. (2021) point out that ClumpFind makes it easier to produce
false structures owing to noise. Compared with ClumpFind, CPROPS
can identify structures at low S/N, avoid false structures caused
by noise, and better identify non-Gaussian structures. CPROPS also
provides error estimates using bootstrapping, which samples the data
with replacement and calculates the required properties for each new
sample. This approach provides a robust measure of uncertainty for
the derived properties. Here we sample 1000 times, with the standard
deviation of the set taken as the uncertainty of the needed property. In
addition, ClumpFind is designed for decomposing data into smaller
substructures like clumps, while CPROPS is sensitive to the size of
GMCs. The beam size of our data reaches 23 arcsec (~90 pc), so
using CPROPS is more appropriate. PYCPROPS is faster than CPROPS and
has some improvements in the algorithm, providing a better structure
analysis.

Now we summarize the PYCPROPS algorithm. First, we need a
Boolean mask, marking regions that are most likely to have signals
and omitting low S/N data. To make full use of the data, the
S/N threshold is selected accordingly. In regions where the S/N
is lower, a lower threshold is adopted to ensure that the available
data are effectively incorporated. Therefore, for both CO(3-2) and
CO(1-0) emission lines, S/N > 2 is adopted in regions g, h, k
(Fig. 1), and the nuclear ring (N); and for other regions, S/N >
3 is adopted. The algorithm then uses the dendrogram method
(Rosolowsky et al. 2008) in the ASTRODENDRO package to identify
local maxima and catalogue them. Identification is mainly regulated
by four criteria. (1) The maxima need to be significant enough,
that is, a maximum separates from nearby maxima in the same
catalogue above an interval §. The recommended § is twice the noise,
which can better balance noise filtering and structure identification
(Rosolowsky et al. 2008). (2) The minimum pixels N containing the
maxima, to eliminate too small and poorly defined structures. (3)
The minimum spatial and spectral separation distance dp, and vy,
between maxima, to better resolve each structure. (4) The difference
of the measured properties such as flux and size above a threshold
s, to test the uniqueness of the structures. Unsatisfactory maxima
will be discarded. The remaining maxima will be ‘seeds’ to be
grown to the defined edge by the watershed algorithm (van der Walt
et al. 2014) in the SCIKIT-IMAGE package and finally become the
‘structures’.

For our data, a default § is adopted. The beam size is close to 90 pc,
similar to that of Rosolowsky et al. (2021). To search for structures
close to the resolution limit, which is also the GMC size in crowded
conditions, we set parameters the same as Rosolowsky et al. (2021),
that is, dmin = 0, Vyin = 0, s = 0. We chose N = 16 for minimum
pixels, with a pixel size of 7.5 arcsec. We note that the specific choice
of the parameters has an insignificant effect on our conclusions, as
our primary objective is to consistently identify GMC-sized clumps
for robust statistical analysis and comparison of cloud properties
across M31. This approach is inherently insensitive to the properties
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of individual clouds. We also tested S/N thresholds of 2 and 3 in
all regions and found that only a small number of clumps were
added or removed, with the results varying by less than 20 per cent.
Importantly, our main conclusions remain unaffected. It should be
noted that we do not match the identification results between CO(3-
2) and CO(1-0). Differences between the two sets of data may
result in part from the initial resolution, sensitivity, and data quality.
If we consider matching the results, some true structures may be
discarded due to a mismatch with poor-quality data. Nevertheless, we
believe that the results remain reasonably comparable, considering
the accuracy of the algorithm. The differences between the two
transitions will be discussed in Section 3.4.

2.3 Property estimation

After identifying the structures, we can estimate their properties.
The RMS of the size of the structures on three axes was calculated
as (Rosolowsky et al. 2021)

2 ZiEC I =1y

Ol = M
Fros ZieC T’

where 7; is the measured brightness temperature, /; is the coordinate
on each axis, x,y,v, [ is the intensity (temperature) weighted
mean coordinate value, and summation range i € C is all pixels
of each structure. Due to sensitivity limitations, signals below the
limit cannot be detected, resulting in a smaller estimated size.
We thus extrapolate the size to 0K sensitivity and correct for
resolution effects. The final velocity dispersion is (Rosolowsky et al.

2021)

vz,chan’ (2)

where 0, exirap 18 the extrapolating size and o, chan 1S the equivalent

Gaussian width of a velocity channel (Rosolowsky & Leroy 2006)
A,

Oy,chan = E

A, is the velocity channel width (velocity resolution). The equivalent
radius is (Rosolowsky & Leroy 2006)

R = 1.91/01n4j,d0min.a> )

where 04,4 and oying are sizes along the major and minor axes
of the structure deduced from o, ops and oy o5, corrected for effects
from resolution (Rosolowsky & Leroy 2006)

/ 2 2 .
0jd = Oj extrap — O-beam(] = maj, min), ()

where Opeam is the rms beam size, 1.91 is a widely used param-
eter (Rosolowsky & Leroy 2006). CO luminosity is estimated as
(Rosolowsky et al. 2021)

Leo = Apix Y TiAy, (6)
ieC

— 2
0y = Uv,exlrap — O,

3

where A, is the projected area of the pixels of the structure. The
mean surface density is (Rosolowsky et al. 2021)
Mgs  acoLcou-o
Siot = —o = 000, )
TR TR
where My, is the gas (luminosity) mass, R is the GMC radius,
oo 1s the CO-to-H, conversion factor converting CO luminosity or
intensity to molecular mass or surface density. Conventionally, the
conversion is performed on the basis of CO(1-0) emission. Therefore,
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when dealing with CO(3-2) data, it is necessary to convert the CO(3-
2) luminosity to the CO(1-0) luminosity using the intensity ratio,
denoted as Rj;:

Lcoia-2)
R31

We adopted the mean Rj3; value of each region on the disc based
on the measurements from Li et al. (2020a). For region a, we use
a mean value of R3; over the whole disc. Assuming turbulence is
isotropic, molecular clouds are spherical, and the velocity dispersion
is distributed all over turbulence, the internal turbulent pressure is
estimated as (Sun et al. 2020)

®

Lco(i-0) =

2
P = po, = % (9)

The virial parameter can intuitively reflect the internal motion of
clouds. For spherical clouds, the virial parameter is estimated as
(Sun et al. 2018b)

2K M 502R

e = T = 2% (10)
T Uy My fGMys

2
2R

where M, = G is the virial mass, i.e. cloud mass in virial
equilibrium while gravitational potential energy is equivalent to
twice the kinetic energy. f is the geometric factor. For clouds

5o,

. . . 1-% .
density distribution following p oc r~*, f = | 5. If expressed in
-5
surface density X, this relation could be rewritten as (Sun et al.

2018b)

v

R 5

which is the size-linewidth relation with virial parameter and surface
density. The CO-to-H; conversion factor can also be estimated from
the virial mass and luminosity (Bolatto, Wolfire & Leroy 2013)

M vir

Qo= ——— (12)
Lcoq-o)

2
G
2 = fOlVlr Trzmol (11)

which assumes clouds are in virial equilibrium. If considering
external pressure exerted by the surrounding environment (e.g.
atomic gas and stars), the relation among velocity dispersion, radius,
and surface density is (Field et al. 2011)

o _1irg 4 2P (13)
X =7
R 3 el Emol

which is the size—linewidth relation with surface density and external
pressure. Here I' is a form factor, which is % for a constant density
sphere and 0.73 for an isothermal sphere of critical mass, which is
defined as the maximum mass of a cloud that is stable for a given
pressure and kinetic energy. P. is the external pressure.

3 RESULTS

3.1 Cloud morphology

In Figs 2 and 3, we show the contours of the identified clouds
in each region for CO(3-2) (black) and CO(1-0) (white). The
catalogue of the identified clouds is given in Tables Al and A2.
Given that we use the corrected value from equations (2) and (5),
structures with extrapolated sizes smaller than the rms width of
resolution under Gaussian assumption (0, chan, Obeam) are discarded.
As a result, correction for finite spatial beam and velocity channel
is made and only robust structures will be retained. However, this
selection process can increase discrepancies between CO(3-2) and
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Figure 2. Contours of the identified clumps of CO(3-2) (black) and CO(1-0) (white) of region a-k. The clumps identified with the CO(3-2) emission
lines are labelled with black numbers. The contour levels are 1, 2, 3, 5, 10, 15, and 20 o, with 1o corresponding to 0.05 Kkm s~1. The black rectangles
represent regions without CO(3-2) observations. The background images are Herschel/SPIRE 250 um maps (Smith et al. 2012). Region a has no CO(1-0)

data.

CO(1-0) due to variations in data quality. In certain regions, the
outcomes from the two methods may not align. Nevertheless, the
PYCPROPS algorithm offers improved accuracy in avoiding false
structures and selecting reliable ones. Consequently, the number
of structures identified using PYCPROPS will be lower compared to
those identified using ClumpFind. However, the overall distribution
of these structures remains consistent with the distribution reported
in Li et al. (2020a). It is important to note that different transitions
reflect distinct physical conditions, which can lead to variations in
the identification results. However, we believe that the identified
structures are still sufficiently reliable within the context of each
transition.

3.2 GMC properties

In this section, we show the distribution of the properties of the
clouds with galaxy radius and a comparison between CO(3-2) and
CO(1-0).

3.2.1 Velocity dispersion

Fig. 4 shows the radial distribution of extrapolated and corrected
velocity dispersion and mean value in each region between CO(3-2)
and CO(1-0). In the case of CO(3-2), the velocity dispersion ranges
from 1.2 to 12.5 kms~!, with the highest value exceeding 10kms™!
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within the nuclear ring. A larger scatter is also exhibited in the nuclear
ring relative to the disc. For CO(1-0), the velocity dispersion spans a
range of 0.8—11.5km s™!. Due to the low S/N in the nuclear ring, only
one structure is identified that shows little difference from the disc
(Fig. 3). Region R shows a large scatter of velocity dispersion due to
arelatively large spatial extent. Some structures in regions i, R show
large velocity dispersion surpassing 10 km s~!. The right panel of Fig.
4 provides a clearer illustration of the trend by comparing the mean
values between the two transitions. The mean velocity dispersion
in region i is the largest, presumably due to the averaging effect
in this crowded environment, where component blending along the
line of sight is more likely to occur. In addition, most of the regions
are located below the dashed one-to-one line, indicating the velocity
dispersion estimated from CO(1-0) is, in general, larger than from
CO(3-2).

3.2.2 Equivalent radius
A spherical geometry is assumed since our resolution is smaller than

typical molecular gas disc thickness (~100 pc). The equivalent radius
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is thus calculated using equation (4), and the results are shown in
Fig. 5. The radii show a wide range for both CO(3-2) and CO(1-0),
from tens of pc to ~300 pc. One structure in the nuclear ring has a
large radius, while others show little difference from the disc. Large
radii are mainly in region R for CO(1-0). Mean radii are relatively
concentrated in the comparison figure in the right panel, indicating
a relatively regular situation across these regions. Furthermore, the
data points are concentrated below the one-to-one line in the figure,
indicating that the estimated radii based on CO(1-0) are generally
larger than those based on CO(3-2).

3.2.3 Mean surface density

The mean surface density of the clouds estimated with equation
(7) is shown in Fig. 6. Nieten et al. (2006) pointed out that the
CO-to-H; conversion factor in M31 is unlikely to vary much. There-
fore, we assume a constant conversion factor aco = 4.35Mg pc~>
(Kkms=")~! (Bolatto et al. 2013). This value is derived from the
Milky Way disc and is widely used as a canonical conversion
factor (Bolatto et al. 2013). The adoption of a constant value can
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conveniently calculate and compare properties, but the influence of
varying conversion factors should also be kept in mind and will
be discussed in detail in Section 3.3.4. The mean surface density
remains below 200 Mg pc2, with a majority around 10 Mg pc2,
and does not exceed 100 M, pc~2 for CO(1-0). Individual structures
show a high surface density in the disc, whereas in the nuclear
ring, the mean surface density is significantly lower. It should be
noted that certain values in the data set exhibit large errors. Since
PYCPROPS does not directly provide errors through bootstrapping,
we estimate the error using the error propagation formula. However,
it is important to note that the estimated error can be significantly
influenced by the values themselves. Hence, care should be taken
when considering the error values. Furthermore, it is observed
that the mean surface density derived from CO(3-2) is generally
higher than that derived from CO(1-0). The physical meanings for
the differences between these two transitions will be discussed in
Section 3.4.

3.2.4 Mean internal turbulent pressure

The turbulent pressure reflects the level of gas turbulence. While
internal pressure can arise from various sources such as thermal
motion and magnetic fields, numerous studies suggest that these
contributions are relatively minor compared to turbulence (e.g.
Larson 1981; Solomon et al. 1987). Therefore, for simplicity, we
assume that the turbulent pressure represents the internal pressure,
and thus the observed velocity dispersion directly reflects the level of
turbulence. We also assume spherical clouds with constant density,
and isotropic turbulence, using equation (9) to calculate the mean
turbulent pressure, and the result is presented in Fig. 7. The turbulent
pressure varies greatly with the galactic radius. It ranges from 107 to
10° K em™3 for CO(3-2), and from 10! to 10° Kcm™3 for CO(1-0).
The error is also estimated from the error propagation formula. The
scatter of turbulent pressure estimated from CO(3-2) is generally
larger than from CO(1-0).
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Table 2. Best-fitting parameters of the correlations.

Transition Disc Nuclear ring Total
Size-linewidth relation CO(3-2) oy = (0.29 4 0.22)RO-61+0-17 oy = (0.00 & 0.00) R2-22+1.682 oy = (0.10 & 0.08) RO-85+018
o, = CR? CO(1-0) oy = (0.47 & 0.29) R0-2+0.12 One point o, = (0.49 4 0.28) R0->2+0.12
Virial parameter CO(3-2) 3.59+£0.35 83.84 £44.80 3.62+0.37
i CO(1-0) 5.60 £ 0.55 One point 5.62 4 0.54
External pressure CO(3-2) 1.85+0.40 4.10+3.21 1.95 £ 0.40
Pe (103 Kcm™3) CO(1-0) 6.12+0.82 One point 6.11 4 0.81
CO-to-H; conversion factor CO(3-2) 11.76 £ 1.23 175.79 £ 92.67 11.81 £ 1.27
aco [Mg pc2(K km s~1)~1] CO(1-0) 20.42 4 1.88 One point 20.44 +1.88

Notes. Best-fitting results of the relations discussed in Section 3.3 using KAPTEYN from two transition lines, and from disc, nuclear ring, and all data,

respectively.

@The value of the fitted C for the nuclear ring, obtained from the CO(3-2) data, is quite small, approximately 10~*kms~!, and the error is ~10=3 kms~!.

3.3 Relations between properties

Many observations have found certain relationships among the
properties of molecular clouds, which may reveal the condition of
the clouds. Larson (1981) found that there are correlations among
the size, velocity dispersion, and mass of molecular clouds, i.e.
o x L?, ZGTM o o2, p oc L?, which provide some understanding
of the physical conditions of clouds. The first relation, also called
the ‘size-linewidth relation’, is thought to reflect properties of
turbulence, o o L*, where the different index o represents different
kinds of turbulence. For example, o = % for highly compressible
turbulence and strong shock dominant, @ = % for incompressible
turbulence (Larson 1981; Kolmogorov 1991; Padoan et al. 2016).
Larson obtained « = 0.38, which is often explained as subsonic
turbulence in incompressible flows. The second relation indicates
self-gravitational equilibrium. The third relation indicates a constant
column density for all molecular clouds, with 8 ~ —1 obtained by
Larson. The ‘Larson’s Laws’ are ceaselessly reexamined. Solomon
et al. (1987) found o ~ 0.5 using data from 273 clouds, and many
other studies also support the result, suggesting that turbulence in
ISM is often compressible and supersonic. This is also supported
by the fractal dimension found in the Small Magellanic Cloud and
Large Magellanic Cloud (LMC; Sun et al. 2018b; Miller et al. 2022),
indicating supersonic turbulence in star-forming clouds. Heyer et al.
(2009) observed '3CO emission lines of a range of molecular clouds
and found that the column density of the clouds is varied so
that the velocity dispersion also depends on the column density,
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o = (ZZR%)*, which reflects the clouds in virial equilibrium.
Other extragalactic studies also found the same dependence (e.g.
Leroy etal. 2016). The slope of the relation is still in debate. Izquierdo
et al. (2021) simulated the evolution of molecular clouds in the
galactic disc and found that « varies from 0.3 to 1.2.

In this section, we will explore the relations between cloud
properties and compare them with those of other studies.

3.3.1 Size-linewidth relation

Larson (1981) pointed out a relation between size and velocity
dispersion, o, = CR?, and different studies attained diverse C and
a. Fig. 8 shows our data compared to relations from other studies.
Data from CO(3-2) is highly similar to CO(1-0). Both deviate far
from the central molecular zone of the Milky Way and, in principle,
coincide with the Milky Way disc but are a little lower. There is also
little difference between the nuclear ring and the disc. We utilized
the least-squares fitting method implemented in the kmpfit module
in the PYTHON package KAPTEYN to fit the data, which accounts for
uncertainties in both quantities. The results are listed in Table 2. The
CO(1-0) data in the nuclear ring cannot be fitted since only a single
data point exists. The limited number of data points available in this
region is possibly attributed to the deficiency of molecular gas in
the nuclear region (Li et al. 2019). We calculate the Spearman’s
coefficient and the p value, which are 0.24, 0.06 for CO(3-2),
and 0.28, 0.03 for CO(1-0), suggesting a weak positive correlation.
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The slope of the fitted size-linewidth relation of CO(1-0) is 0.52,
consistent with the canonical value (Solomon et al. 1987), while
that of CO(3-2) is steeper. The disc exhibits a slope of 0.61, while
including the nuclear region results in an even steeper slope of 0.85.
We caution that this high value is largely influenced by a single cloud
with the highest ocoi-2). Nevertheless, even excluding this point
results in a slope of 0.64, which remains steeper than the canonical
value 0.5. A steep slope could indicate that the turbulence is highly
compressible. Some studies also got steeper relations, e.g. 0.6 in a
variety of extragalactic systems (Bolatto et al. 2008) as well as the
entire Galactic plane (Miville-Deschénes, Murray & Lee 2017), 0.8
in the LMC (Wong et al. 2011) and a nearby dwarf galaxy NGC 404
(Liu et al. 2022), 1.2 in the nearby barred spiral galaxy NGC 5806
(Choi et al. 2023). On the other hand, a high-resolution survey based
on JCMT CO(3-2) observations toward the Milky Way first quadrant
reported a shallower slope of 0.3 (Colombo et al. 2019), indicative
of subsonic turbulence.

3.3.2 Size-linewidth—surface density relation and virial parameter

More universally, the incorporation of surface density into the
size-linewidth relation (Heyer et al. 2009), as depicted in Fig. 9,
allows for a concise description of Larson’s scaling relations. This
size-linewidth—surface density relation provides a more accurate
representation of the clouds’ physical condition. Additionally, the
slope of the relation is a direct reflection of the virial parameter o,
(equation 10). iy = 1 represents virial equilibrium without surface
pressure or magnetic support, while ay;, = 2 represents marginally
bound clouds (Sun et al. 2018b), as shown by solid and dashed
lines in Fig. 9. Most of the CO(3-2) data points are located above
the two lines, albeit with significant scatter. Notably, the four data

points corresponding to the nuclear ring deviate greatly from the disc
points toward the upper left corner. On the other hand, CO(1-0) data
are relatively concentrated and collectively located above the two
lines.

To quantify the dynamical state of different environments, we fit
fSGa}l%/li;g of the disc and the nuclear ring
respectively using the KAPTEYN package. The results are listed in
Table 2. Here, we adopt f = %0, corresponding to a density profile
p o< R71. All fitted oy, are greater than 1. For CO(3-2), ay;, is 3.59
in the disc, indicating that the clouds are slightly unbound. As for
the nuclear ring, a; > 1, suggesting that the gas is unbound and
highly turbulent. It is noteworthy that the error for this value is quite
large, which may be partly due to the small number of points. On
the contrary, the o, estimated from CO(1-0) is approximately twice
the CO(3-2) estimates, indicating an unbound state of the molecular
clouds traced by CO(1-0).

We also calculated the virial parameters of individual clouds
and the resultant radial distribution is shown in Fig. 10. The virial
parameter of the nuclear ring clouds derived from CO(3-2) data is
collectively higher than that in the disc, while for CO(1-0), there is
no clear trend and the data points exhibit larger scatter.

Fig. 11 displays the distribution of the virial parameter as a function
of the cloud mass. The majority of the data points lie above the line
representing o = 2. Notably, the points from the nuclear ring of
CO(3-2) are situated in the upper left corner. Overall, the CO(1-0)
data show little difference compared to CO(3-2). Additionally, there
is a clear trend of decreasing ay; with increasing gas mass. The
Spearman’s coefficient and p value are —0.59, 10~ for CO(3-2)
and —0.53, 107% for CO(1-0). A similar anticorrelation has been
observed in the Milky Way (Zhang et al. 2016; Veltchev et al. 2018),
M33 (Muraoka et al. 2023), as well as in NGC404 (Liu et al. 2022),

the virial parameter oy =

MNRAS 538, 2445-2462 (2025)
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suggesting that more massive clouds tend to be more gravitationally
bound.

3.3.3 Size-linewidth—surface density relation with external
pressure

An alternative explanation for the high «; is external pressure,
which helps to maintain equilibrium. Field et al. (2011) introduced
a size-linewidth—surface density relation that incorporates external
pressure, as expressed in equation (13), which allows us to estimate
the external pressure. The variations of the specific form factors
have a minimal impact on the results, so we adopt a form factor
I' = 0.73, consistent with Field et al. (2011). Fig. 12 illustrates the
size-linewidth—surface density relation that incorporates external
pressure for both CO(3-2) and CO(1-0). Data points span a range
from 10' to 10* K cm™3. Comparatively, the CO(1-0) data points are
all positioned above the straight line representing zero pressure, while
some CO(3-2) data lie below. The external pressures fitted are listed
in Table 2. In particular, the nuclear ring exhibits pressure higher than
that of the disc, albeit with considerable uncertainty. Furthermore, the
CO(3-2) pressure values are lower than those derived from CO(1-0).

3.3.4 CO-to-H, conversion factor

The CO-to-H, conversion factor aco is a crucial parameter for
estimating cloud mass. In the previous analysis, we assumed a
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constant conversion factor. However, it varies with environments and
is influenced by factors such as optical depth, kinetic temperature,
and metallicity (Bolatto et al. 2013; Teng et al. 2023; Ramambason
et al. 2024). To further explore its effects, we now employ the
method proposed by Bolatto et al. (2013) to estimate the conversion
factor under the virialization assumption using equation (12). The
luminosity of CO(3-2) is converted to the luminosity of CO(1-0)
using the Rj; of each field of Li et al. (2020a). The viral mass
and luminosity relation for both CO(3-2) and CO(1-0) are shown in
Fig. 13, from which we can estimate the conversion factor. The
estimated conversion factors differ significantly from the typical
value observed in the Milky Way disc (4.35Mg pc=2 (Kkms~!)™!),
as depicted by the solid line in Fig. 13. A dashed line representing
a 10 times higher aco = 43.5Mg pc~2 (Kkms~!)~! is also shown.
The data points for both CO(3-2) and CO(1-0) in the disc generally
fall between the two lines, indicating a conversion factor higher
than the standard value of 4.35 Mg pc~2 (Kkm s~!)~!. Interestingly,
while the nuclear ring shows little difference from the disc for CO(1-
0), there is a significant distinction for CO(3-2). This disparity can
be mainly attributed to the higher velocity dispersion and radius
of the CO(3-2) cloud in the nuclear ring compared to the disc.
The results of the conversion factor obtained using KAPTEYN are
presented in Table 2. In fact, the fitted cco is 2—4 times higher than
the standard value for CO(3-2) and CO(1-0) in the disc, while the
aco from CO(3-2) in the nuclear ring is much higher than in the
disc.
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Figure 13. Left: relation between virial mass and luminosity from CO(3-2). Solid and dashed lines represent the conversion factor oy =
4.35,43.5Mg pc~2 (Kkms~")~!. Right: relation between the viral mass and the luminosity of CO(1-0).

3.4 CO transition comparison

The choice of CO transitions has a non-negligible influence on cloud
property measurements. Notable differences exist between CO(3-
2) and CO(1-0). For example, CO(1-0) data are more dispersed, and
the identified structures differ in number and properties. The velocity
dispersion and the equivalent radius of CO(3-2) are generally smaller
than those of CO(1-0), with smaller scatters, while the surface density
and turbulent pressure are higher. We believe that these differences
are mainly due to three factors.

First, data quality plays a critical role. The initial spatial and
spectral resolution of the CO(3-2) data is better than that of CO(1-
0). For example, in the nuclear ring, CO(1-0) identifies only a
single structure, potentially missing others with significant velocity
dispersion. Even after smoothing the resolution to match between
the transitions, CO(3-2) may still detect additional small structures
that do not fully merge. Consequently, these disparities persist in the
overall comparison.

Second, the algorithm and selection criteria also contribute to the
differences. As shown above, the structures identified in CO(3-2)
and CO(1-0) are not identical. Due to the selection process, even
when both transitions detect structures at the same location, their
properties may differ, or some structures may be excluded because
of insufficient spatial and spectral resolution. Consequently, we did
not rely on strictly corresponding structures. None the less, the
structures identified in each transition are robust, and considering
them representative of their respective regions still provides valuable
insights.

Finally, the different CO transitions reflect distinct physical states,
which we believe to be the most fundamental factor. CO(3-2) has a
higher transition energy and critical density compared to CO(1-0),
and it often traces warmer, denser gas (Wilson et al. 2009). In contrast,
CO(1-0) is easier to excite and is typically used to map the overall
extent of the gas. Consequently, the equivalent radius from CO(1-0)
is expected to be larger, and its surface density is lower than that of
CO(3-2). Since the noise level differs between the two transitions
in terms of H, mass, with CO(1-0) data being deeper, we tested
identifying clouds using a higher CO(1-0) threshold to match the
H; mass sensitivity of CO(3-2). The conclusion remains unchanged
even with this adjustment, suggesting an intrinsic difference between
the two transitions. As suggested by Li et al. (2020a), the intensity
of CO(3-2) may be lower than CO(1-0), especially in quiescent
environments where CO(1-0) might be the dominant emission, with
CO(3-2) contributing only a small fraction. In such cases, weaker

structures traced by CO(3-2) might be missed, even if they exist. In
contrast, in regions where CO(3-2) dominates, the situation can be
reversed, leading to a mismatch in the identified structures.

We consider the primary cause of the observed differences to
be the distinct transition states, with data quality and selection
factors being secondary. In the future, if instruments with similar
observational capabilities can sufficiently mitigate the effects of data
quality, the combination of multiple transitions will enable more
precise constraints on the properties of molecular clouds.

4 DISCUSSION

4.1 Property distributions and comparison

Turbulence is one of the main factors impacting the properties of
clouds, which can be quantified by the velocity dispersion. The
velocity dispersion of atomic (Stilp et al. 2013) and molecular
hydrogen (Caldt-Primo et al. 2013; Girard et al. 2021) is ~10km s ™!
in the Local Group galaxies, typical for self-virialized clouds. In
contrast, clouds in regions with high ambient pressure (e.g. the
Galactic centre; Oka et al. 2001) tend to show higher velocity
dispersion. Other mechanisms, e.g. magnetic fields and external
pressure, might also act to support or confine the clouds, influencing
the dynamical state of molecular clouds, changing the internal
structure, and thereby affecting star formation. The presence of
larger structures in a galaxy, such as spirals, bars, and rings, is often
associated with specific conditions such as high pressure (Oka et al.
2001), abundant molecules (Wilson et al. 2012), and low gas density
(Heyer, Carpenter & Snell 2001).

The large velocity dispersion may reflect violent turbulence. From
the CO(3-2) data, we found that velocity dispersion in the nuclear
ring is on average larger than in the disc. It is well established that gas
in galactic centres behaves differently from that in discs (Oka et al.
2001; Li et al. 2019). Numerous studies have found that the velocity
dispersion is higher in galactic bars or bulges (e.g. Sun et al. 2020;
Rosolowsky et al. 2021). Dassa-Terrier et al. (2019) measured the
velocity dispersion of molecular gas in M31’s circumnuclear region,
with an average value of 6.8 & 1.3kms™!, which aligns with our
results of ~6 km s~! in the nuclear ring. Studies also indicate larger
dispersion in the spiral arms (e.g. Sun et al. 2018b) than interarm
regions, which is also the case in our study since the interarm region
(Region h) generally has a lower o. Some studies suggest that the
observed velocity dispersion may include significant contributions
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from galactic motion (e.g. Utomo et al. 2015; Choi et al. 2023),
potentially leading to overestimations. We estimated the velocity
gradients for each cloud by performing least-squares fitting of the
central velocity and position on a pixel-by-pixel basis. The resulting
gradients are small, less than 0.3 km s~! pcfl, consistent with the
findings of Rosolowsky (2007). Consequently, we did not apply any
corrections.

The equivalent radius in the nuclear ring is generally larger than
in the disc for the CO(3-2) data, suggesting that molecular gas in
the nuclear ring may be more extended, whereas gas in the disc
tends to clump more easily. Despite this, the mean surface density
in the nuclear ring is relatively low, even though it has a relatively
large velocity dispersion and equivalent radius. This is expected since
M3l is a galaxy with low molecular gas density and star formation
rate (Sun et al. 2018b). Our estimated surface density is less than
200 Mg, pc~2, consistent with the findings of Sun et al. (2018b),
and supporting previous observations that the centre of M31 lacks
molecular gas (Melchior & Combes 2017; Dassa-Terrier et al. 2019).
Additionally, studies have found that the velocity dispersion may be
larger in regions with low gas density compared to that estimated
from virialized gas (e.g. Heyer et al. 2001), which is also observed
in the centre of M31.

The turbulent pressure in the nuclear ring is quite low compared
to that in the disc. This is likely due to the ring’s lower surface
density, despite the higher mean velocity dispersion. It is noteworthy
that our estimation of the turbulent pressure may be subject to
uncertainties due to the limitations of our study. Firstly, we use
a constant conversion factor, which should actually vary with the
environment. Studies have found that the conversion factor can be
lower due to high metallicity (Bolatto et al. 2013), and higher if the
[C1]/CO ratio is high (Ramambason et al. 2024). Li et al. (2020b)
found that the [C1]/CO ratio in M31’s circumnuclear region is
higher than in the disc, suggesting that the conversion factor may
be higher. Therefore, we could be underestimating the gas mass and,
consequently, the turbulent pressure in the nuclear ring. For more
accurate measurements, we should use varying conversion factors
correlated with metallicity or [C11] intensity (Bolatto et al. 2013;
Sun et al. 2020; Ramambason et al. 2024). Secondly, the 13 selected
regions in our study cover only a limited portion of the galaxy’s radius
and may not fully represent the overall environmental conditions.
More observations are needed to better understand the trends across
the galaxy.

4.2 Size-linewidth relation comparison

The size-linewidth relation is a reflection of the underlying turbu-
lence within molecular clouds. Our data for both CO(3-2) and CO(1-
0) follow the classical distribution o o< R% found in the Milky Way’s
disc (Solomon et al. 1987, fig. 8), which suggests highly compressible
supersonic turbulence or virial equilibrium. This is consistent with
the relation found in a spiral arm of M31 (Rosolowsky 2007). In
comparison, the size—linewidth relation in Milky Way’s centre lies
well above (Kauffmann et al. 2017), which is mainly attributed to a
much higher velocity dispersion (Oka et al. 2001). The generally
lower velocity dispersions observed in M31 suggest a relatively
quiescent environment throughout the galaxy.

In particular, our data fall slightly below the classical relation, as
illustrated in Fig. 8. If we expect our estimated properties to align with
Solomon et al. (1987), we might consider that we are underestimating
the velocity dispersion or overestimating the equivalent radius.
However, underestimating velocity dispersion seems unlikely, as
most factors — whether related to physical state and environment (Sun
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et al. 2018b) or observational effects (Caldi-Primo & Schruba 2016)
— tend to increase it. Overestimating the equivalent radius, on the
other hand, is more plausible. The minimum pixel number (N = 16)
we set in the algorithm may be too large, causing some structures to
merge and inflating the radius estimates. Additionally, as discussed
by Dassa-Terrier et al. (2019) regarding velocity resolution, our low
angular resolution might lead to the omission of smaller structures.
It is also possible that the observed clouds genuinely have different
properties. Given the quiescent environment of the M31 disc, GMCs
are expected to exhibit lower turbulence due to less energy injection
from star formation activities. Similarly, recent ALMA-ACA 7m
Array CO(2-1) mapping of M33 revealed that the velocity dispersion
of M33 GMC is intrinsically lower (Muraoka et al. 2023). This could
be attributed to the presence of low surface density clouds supported
by lower velocity dispersion, as observed in 12 other external galaxies
(Bolatto et al. 2008). Overall, these results show minimal differences
between the two transitions.

4.3 Size-linewidth—surface density relation and virial
parameter analysis

The size-linewidth—surface density relation is a size-linewidth rela-
tion considering surface density, which provides a better constraint
on molecular cloud state. The «y; derived from this relation is
3.59 for CO(3-2), as listed in Table 2, indicating a state close to
marginally bound. In comparison, Sun et al. (2018b) estimated o,
~ 10 in the M31 disc, though their calculation uses a fixed equivalent
radius based on the beam size. The velocity dispersion could be
overestimated due to factors such as beam smearing and overlapping
components, which are commonly found in high-density regions or
highly inclined galaxies. Additionally, other factors, such as stellar
winds, interstellar shocks and/or magnetic fields, can significantly
contribute to the velocity dispersion, especially in low-density
environments where the cloud’s self-gravity is weaker, leading to
an elevated o;;. Furthermore, the average of the surface density over
a large area can reduce the estimated X, which further contributes to
an overestimation of a;. In fact, some identified GMCs may consist
of multiple components, leading to an overestimation of their size.
As the cloud size approaches the thickness of the disc, the spherical
approximation may not be valid, and a spheroidal geometry should
instead be adopted. If we approximate the cloud size using a 3D mean
radius of a spheroidal cloud following Rosolowsky et al. (2021),
the estimated oy would generally decrease by 30-40 percent.
Since we did not correct for the galaxy inclination or large-scale
motion, it is reasonable to assume that our results also contain
such deviations, suggesting that the true o,; might be lower and
closer to virial equilibrium. As Sun et al. (2022) pointed out, if the
clouds are anisotropic and thus inclination correction is adopted,
ayir would decrease by 40 percent. Furthermore, the potential for
an axisymmetric ellipsoid would deviate from a spherical potential
by a geometric factor 8 = (arcsin e)/e. Here, e is the eccentricity
defined by the axial ratio of the cloud, which is generally smaller than
observed due to the projection of a prolate cloud, as demonstrated
by Li et al. (2013). Including this correction in the virial mass
My = Sf"gg) would result in a <20 per cent decrease in the ;.
Finally, the presence of undetected ‘CO-dark’ clouds could result
in an underestimation of M,,s and contribute to the overestimation of
ayir (equation 10). In the centre of M31, the strong [C 1I] emissions
observed by Herschel suggest a strong radiation field and low surface
density (Li et al. 2020b), indicating the probable presence of a
significant amount of CO-dark gas in this region. It is also found

G20z Iudy Lo uo 3senb Aq G1E/808/S12/v/8€S/a101E/SEIUW/WOD dNO"DIWSPEdE//:SA)Y WO PEPEOJUMO(



that there are dust-traced clouds with no CO emission at a scale of
30 pc in the CARMA survey, suggesting the existence of CO-dark
gas (Athikkat-Eknath et al. 2022).

The ay; estimated from CO(1-0) is higher, ~6. As mentioned
above, CO(1-0) has a lower surface density and larger equivalent
radius compared to CO(3-2). Furthermore, CO(1-0) traces a larger
portion of molecular gas, which may blend more components and
exacerbate the beam-smearing effect, leading to higher velocity
estimates than CO(3-2). Taking into account these factors, the oy
estimated from CO(1-0) is expected to be higher than that from
CO(3-2).

The nuclear ring shows a significant difference from the disc,
with ay;; ~ 100. Similarly, Dassa-Terrier et al. (2019) reported an
average i, of 140 in the M31 circumnuclear region, indicating high
values as well. They suggested that these molecular clouds are not
in virial equilibrium but instead are unbound, temporary aggregates
of smaller virialized structures. Miville-Deschénes et al. (2017) also
noted that true virial equilibrium is rare, with molecular clouds being
dynamic and short-lived. Achieving virial equilibrium in the nuclear
region is particularly challenging. The strong gravitational potential
and dynamically complex environment induce large-scale motions,
broadening the linewidth. Additionally, Li et al. (2020a) found that
the gas temperature in M31’s circumnuclear region is significantly
higher than that in the disc, likely due to heating by the old stellar
population, which can increase thermal pressure. Meanwhile, the
low-density conditions make the gas more susceptible to intense
radiation (Li et al. 2020b), further enhancing turbulence. Together,
these factors contribute to the elevated «,; observed in the nuclear
ring.

The interpretation of «,; should be considered with caution.
Traditional «y;; only considers self-gravity and often assumes iso-
lated, spherical, uniform-density clouds. However, molecular clouds
are dynamic, compressible, irregular, and influenced by galactic
environments, such as tidal forces. To more accurately reflect the state
of molecular clouds, future analyses should incorporate corrections
for additional factors, including external gravity (Liu et al. 2021;
Ramirez-Galeano et al. 2022).

4.4 External pressure explanation

One possible explanation for the high «,; observed in the M31
nuclear region is external pressure. When external pressure is taken
into account, we find that the pressure required to maintain virial
equilibrium ranges from 10! to 10* Kem™3 (Fig. 12). Notably, our
estimated internal turbulent pressure ranges from 10! to 106 Kcm™3
(Fig. 7), which is higher than the external pressure required to
maintain balance. This is in line with the findings of Sun et al. (2020),
suggesting that the turbulent pressure exceeds the external dynamic
equilibrium pressure. In comparison, Field et al. (2011) estimated
that the external pressure required for Galactic GMCs lies between
10* and 107 K cm ™3 based on '3CO(1-0) observations (Heyer et al.
2009). Despite this difference, our results are consistent with the
typical theoretical pressure for the neutral ISM of ~5 x 10° K cm™3
(Elmegreen 1989), as well as the observed pressure in individual
Galactic GMCs of ~10° K cm™ (e.g. Lada et al. 2008). Therefore,
the molecular clouds in M31 could be confined by external pressure
from the surrounding interstellar medium, particularly the atomic
gas, which balances turbulent pressure alongside self-gravity. This
idea is aligned with the fact that M31 is rich in atomic gas (Braun et al.
2009). However, atomic gas is relatively scarce in the centre of M31
(Braun et al. 2009), casting doubt on this explanation. None the less,
preliminary estimates of external pressure in the nuclear ring region,

M31 cloud property 2457

based on warm ionized gas (Li et al. 2025, submitted), suggest values
of 10°~% K cm™3, indicating that confinement by warm gas may be a
viable alternative. It is important to note that this explanation mainly
considers self-gravity, turbulent pressure, and interstellar medium
pressure. Other factors, such as magnetic fields, external gravitational
potential, or stellar feedback, may also play important roles and
should be considered in interpreting the dynamical state of GMCs. A
comprehensive analysis of the dynamical equilibrium of M31 GMCs
is beyond the scope of this paper and will be addressed in future
work.

4.5 Virial-based CO-to-H, conversion factor estimate

We estimate the CO-to-H, conversion factor using a virial-based
method (Bolatto et al. 2013), which assumes that the molecu-
lar clouds are in virial equilibrium. In the M31 disc, we find
a large conversion factor from the CO(3-2) observations, oco ~
10Mg pc~2(Kkms~!)~! (Table 2), which is much higher than the
canonical value of 4.35 (Bolatto et al. 2013). The wide dispersion of
the data points indicates substantial variation in the factor. Estimates
from CO(1-0) are even higher than those from CO(3-2), likely due
to larger velocity dispersion and equivalent radius, which results in
a higher virial mass. Additionally, the estimated conversion factor in
the nuclear ring is considerably higher than in the disc.

The high conversion factor seems unlikely, as there are few
reported cases where the virial-based method yields values exceeding
a dozen. Across M31, a conversion factor close to the canonical
value has been derived using dust column density from Herschel
observations (Smith et al. 2012), suggesting that the conversion factor
in M31 is consistent with typical expectations. Resolution plays a
role in these estimates, with lower resolution generally leading to
higher conversion factors (Bolatto et al. 2013). Since we smoothed
the data to a lower resolution, this may have contributed to the
higher factors. Smoothing dilutes CO intensity, reducing luminosity
and thus elevating oco. Additionally, the choice of parameters
results in larger cloud sizes, and the virial-based method is sensitive
to how clouds are defined. Some of the identified clouds may
actually be composites of multiple physical clouds, which are not
in virial equilibrium, leading to overestimated conversion factors.
To investigate the impact of resolution, we attempted to identify
clouds using CO(3-2) data at its original resolution. The resultant
®co@-2 in the disc is smaller (~5.5 Mg pc~2(Kkms~!)~!) and closer
to the canonical value, confirming that the conversion factor is
indeed sensitive to resolution. Applying geometric and projection
corrections would further reduce the virial mass (Li et al. 2013) and
thus the virial-based conversion factor, as discussed in Section 4.3.
However, due to the low S/N of the original data, the identified
clouds are biased toward denser, more gravitationally bound regions.
Nevertheless, the nuclear region still shows a substantially higher
conversion factor than the disc, indicating that the environments in
these two regions are quite different.

Furthermore, the presence of ‘CO-dark’ clouds in regions with
intense radiation fields or low metallicity can increase the conversion
factor. Although the metallicity in M31’s centre is high (Draine
et al. 2014), our results indicate a higher ¢ in the nuclear ring.
This may be attributed to the intense radiation field from old stellar
populations as manifested by the high [C1]/CO(3-2) line ratio in
Herschel observations (Li et al. 2020b). This strong FUV radiation
field could dissociate CO molecules and produce more CO-dark gas
traced by [C1I] emission, leading to an elevated aco factor.

Since the virial-based estimation of aco depends on the virial
parameter, and an exceptionally high oo appears unlikely, a more
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plausible explanation could be that the clouds are not truly in virial
equilibrium. As discussed in Section 4.3, the clouds in M31 exhibit
a large virial parameter and are not gravitationally bound. If this
is indeed the case, the conversion factor could be much lower and
closer to the canonical value of 4.35.

5 SUMMARY

We utilized CO(3-2) data from the JCMT and CO(1-0) data from the
IRAM 30m telescope to estimate properties of molecular clouds in
the nuclear ring and selected regions in the disc of M31, exploring
the relationships between these properties. Our main findings are as
follows:

(1) The velocity dispersion and size of molecular clouds in the
nuclear ring are generally larger than those in the disc, while the
mean surface density and turbulent pressure are lower. This suggests
that the nuclear ring may have a unique environment, with the lower
turbulent pressure likely attributed to the reduced surface density.
Additionally, the assumption of a constant CO-to-H, conversion
factor could influence the observed differences between the nuclear
ring and the disc.

(i1) The estimated velocity dispersion and equivalent radius of
CO(3-2) are smaller than those of CO(1-0), while the surface density
and turbulent pressure are higher. The choice of CO transition has
a significant impact on the results. Apart from data quality and
algorithm selection bias, the fundamental cause is the different
physical conditions reflected by different transitions.

(iii) The derived ;. values from the size-linewidth—surface
density relation are greater than 1, suggesting that the clouds are
not in virial equilibrium, with even higher values in the nuclear
ring. This indicates that the clouds in this region may be short-
lived and dynamic structures. Overestimating velocity dispersion
and underestimating surface density can impact the accuracy of oy,
estimates. Caution is needed when interpreting high traditional o,
values, as molecular clouds are also influenced by factors such as
external gravitational potential.

In the future, improved observations will allow for more precise
estimates of cloud properties, enabling us to account for the influence
of various factors and gain a deeper understanding of the relationships
between them and the conditions of molecular clouds.
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APPENDIX A: CLUMP CATALOGUE

The following tables list the main properties of identified clumps
within each field from CO(3-2) and CO(1-0) data, respectively, using
the PYCPROPS algorithm. The ID letters represent the field names, and
the numbers mark each cloud. Position, radius, line-of-sight velocity,
velocity dispersion, and luminosity are also given.

ID RA DEC v Oy LCO Mmo]
(J2000) (J2000)  (kms~h) (pc) (kms™")  (10*Kkms~' pc?) (10°Mp)
(1 ) (3) 4 (6) @) ®)
al 11.641 42.195 —452 96.3 +£21.8 27409 24+05 5.14+1.1
a2 11.621 42.190 —44.2 114.3 +34.0 32412 0.5+0.1 1.1+0.1
bl 11.397 41.972 —49.4 80.1 £ 14.5 29405 14406 25+1.0
b2 11.387 41.986 —53.0 50.9+22.2 1.74+0.6 0.5+0.4 0.8+0.7
b3 11.378 41.981 —56.1 40.0+11.8 3.740.6 0.6+0.4 1.1+0.7
cl 11.156 41.885 —109.2 64.4+13.8 3.8+0.7 1.0+0.2 14402
c2 11.140 41.879 —95.7 102.0 + 8.1 41407 7.0+1.2 105+ 1.8
c3 11.164 41.882 —98.8 88.4+11.7 3.7+0.7 34408 51+1.3
d1 11.262 41.922 —77.1 96.9+9.0 52406 41406 78+1.2
d2 11.237 41.924 —81.5 1263+ 9.6 45404 155+1.7 293+3.3
el 11.108 41.629 —55.6 83.44+7.6 6.0+£0.7 52+1.0 10.7+£2.0
f1 10.781 41.411 —70.4 38.8+7.2 46412 12402 58409
el 10.598 41.109 —5143 99.8 +19.0 6.6+1.8 0.5+0.0 1.4+0.1
22 10.588 41.093 —507.1 56.2+£18.2 1.8+0.8 0.2+0.0 0.7+0.1
hil 11.013 41.705 —74.9 59.0 +41.6 12408 0.3+£0.7 1.4+28
h2 11.013 41.711 —85.0 79.6 + 18.9 32+1.1 0.4+0.1 1.9+0.5
il 11.053 41.586 —89.4 81.24+7.4 8.7+0.9 63+1.1 19.4+34
i2 11.054 41.595 —924 91.5+7.4 95+1.2 5.0+1.0 15543.0
jl 11.372 41.751 —80.2 75.6 £10.2 42406 2.1+£0.3 3.8+0.5
2 11.352 41.753 —87.9 97.5+8.8 46+0.6 51409 93+ 1.6
j3 11.361 41.735 —97.2 774+7.8 35406 2.7+0.6 4941.1
4 11.368 41.753 —93.7 107.5+£9.0 45407 5.84+0.7 105+1.3
k1 10.953 41.557 —115.3 51.4410.5 56+1.6 0.7+0.1 2.1+0.3
k2 10.969 41.564 —113.9 79.2 4+ 10.1 63+1.1 2.7+0.6 8.442.0
R1 11.247 41.474 —201.3 93.3+11.8 1.6+0.4 3.5+0.8 484+1.1
R2 11.180 41.468 —213.5  136.7+£423 49+13 0.5+0.1 0.7+0.1
R3 11.156 41.499 —170.6 541+ 11.1 2.7+0.5 0.8+0.1 1.0£0.1
R4 11.141 41.484 —176.3  114.6+18.4 3.940.6 25409 34412
R5 11.160 41.442 —204.8 34.6+10.5 34+1.7 0.4+0.1 0.5+0.1
R6 11.159 41.451 —214.0 74.1415.6 53422 0.7+0.4 1.0+£0.5
R7 11.186 41.443 —181.5 90.0 +18.1 53+1.0 1.0+0.2 14403
RS 11.116 41.459 —186.7 13854229 52409 22409 31412
R9 11.095 41.448 —191.7 80.6 +19.5 23+1.4 0.5+0.1 0.7+0.1
R10 11.187 41.489 —171.7 97.4 4 18.1 37408 0.940.1 1.240.1
RI1 11.194 41.445 —213.2 98.4+24.7 29+0.8 14408 1.9+ 1.0
R12 11.177 41.445 —214.1 87.0+17.5 45415 0.84+0.3 1.1+04
R13 11.200 41.437 —197.0  107.0+16.3 27408 1.54+04 2.0+0.6
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Table A1 — continued

ID RA DEC v R oy Lco Mmol
(J2000) (J2000) (kms~1) (pc) (kms~!)  (10*Kkms~!pc?) (10’ Mgp)
eY)] 2 3) 4 (%) (6) @) 8)
R14 11.194 41.420 —202.1 87.0 £ 13.7 29407 0.7+0.1 1.0+0.1
R15 11.184 41.429 —208.2 96.2 +21.3 3.9+0.9 1.0£0.2 14403
R16 11.210 41.482 —181.7 98.0 + 18.3 40+13 1.1+02 1.5+0.2
R17 11.201 41.484 —158.8 88.5+ 14.3 46+1.4 1.7+£0.5 24406
RIS 11.211 41.493 —158.9 61.6+11.0 47+13 23404 32405
R19 11.187 41.478 —168.3 77.1+£10.8 58+1.0 1.5+£0.2 20402
R20 11.151 41.459 —190.7  167.0+14.4 3.84+0.6 28403 39404
R21 11.162 41.420 —203.0 104.6 +7.6 54+0.5 6.7+0.8 9.1+1.1
R22 11.143 41.405 —205.1  139.0+£24.5 3.6+09 1.7+05 23407
R23 11.118 41.430 —204.6 4594738 3.6+0.8 1.6+0.5 22407
R24 11.135 41.427 —205.0 107.6 £9.8 49407 29403 3.94+04
R25 11.206 41.472 —172.5 9734123 43405 2.0+0.7 27+1.0
R26 11.207 41.463 —181.9  131.9+135 48+0.7 3.14+02 42403
R27 11.233 41.488 —167.1 50.9 & 12.1 22405 22404 3.0+05
R28 11.226 41.477 —174.1 81.6+13.8 4.0+0.8 1.7+0.3 23404
R29 11.173 41.452 —1882 933+6.8 6.4+0.7 50404 6.9+0.6
R30 11.185 41.465 —187.2 128.5+7.7 59405 152+ 1.7 20.7+2.3
R31 11.169 41.441 —189.2  100.1+22.9 54+1.1 1.5+04 20406
R32 11.179 41.434 —191.6 913+ 12.4 41407 24406 3.34+09
R33 11.156 41.444 —227.5 433+ 12.6 26408 0.6+0.5 0.8+0.7
R34 11.154 41.424 —227.7 332492 47423 0.4+0.1 0.5+0.1
N1 10.771 41275 —-157.6 81.6+13.7 72416 0.8+0.1 0.6+0.0
N2 10.748 41.287 —163.6  168.9+268  12.5+2.0 1.4+0.6 09+0.4
N3 10.756 41.260 —194.4 98.8 & 30.6 29407 0.5+0.1 0.3+0.0
N4 10.743 41.260 —205.8  106.34+20.9 3.1+1.1 0.4+0.1 0.3+0.0

Notes.(1) The ID of identified clouds within each field.

(2) Right ascension of identified clouds centre.

(3) Declination of identified clouds centre.
(4) Velocity of identified clouds centre.

(5) Equivalent radius of identified clouds.
(6) Velocity dispersion of identified clouds.
(7) Total luminosity of identified clouds.
(8) Luminosity mass of identified clouds.
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Table A2. Clump properties from CO(1-0).

M31 cloud property 2461

D RA DEC v R o Lco Minol
(J2000)  (J2000)  (kms~') (pe) (kms™h)  (10*Kkms~!pc?)  (10°Mg)
bl 11396 41971 —-513  1225+94  48+05 13.1+2.1 57409
b2 11394 41.983 —480  1164+11.6 39+038 62+ 1.4 27£0.6
b3 11383 41.984 —-536  76.0+100 35+0.5 40+ 1.1 17+05
cl 11142 41.876 —-953 1498497  52+05 202+3.3 88+ 1.4
2 11173 41871 -92.0 593+46  4.1+04 144+ 1.4 6.3+0.6
c3 11163 41.883 —989  111.6+79 76+14 17.3+4.0 75+ 1.7
c4 11134 41876  —1162  1047£328 25+07 15404 0.7+0.2
c5 11156 41865  —1181  93.6+107 34405 83+ 1.8 3.6+0.8
dl 11261 41919 —-782  1293+76 59+£06 27.6+£3.9 1204 1.7
d2 11237 41.925 —-802  147.5+73 71407 46.6 £ 4.5 20.3+£2.0
el 11129 41.619 —-535  109.0+274 3.1+£1.1 3.0£0.3 1.340.1
e2 11109 41.630 556  117.1+73 54404 25.6+£2.9 1.14+13
fl 10748 41409  —1003 8594101  6.6%1.1 2.6+0.2 11+0.1
2 10779 41405 —-70.1  1344+74  63+05 253+ 1.7 11.04+038
3 10771 41.405 —-869  140.1+75 72406 26.7£2.1 11.6 0.9
gl 10612 41.104  —4798  60.8+277 77435 24+28 L0+12
g2 10589 41.092  -5085 111.1+149 82413 73£2.1 32£0.9
g3 10604 41106  —5080  99.74+85  7.5+09 6.7+13 29£05
g4 10591 41113 —5357  96.8+159  4.0+08 2.0£0.3 0.9£0.1
hi 11013 41714 —-864  173.0+£103  6.7+05 203£2.7 88+1.2
i1 11055 41600  —109.9 14594143 7.9+1.0 11.1£0.6 48403
i2 11059 41576 —814  109.6+68  72+08 21.9+2.1 9.5+0.9
i3 11.055 41589 —922 1582457 10.1+0.6 83.1+43 36.1+1.9
il 11373 41751 —-813  1292+103 47+05 14.9+23 6.5+1.0
j2 11352 41754 —88.1 1128+£78  50£0.5 202+23 88+£1.0
i3 11367 41752 —948  133.4+94 68+£12 23.843.1 10.3 + 1.4
4 11362 41.736 —97.1 99.4+£64  6.0+0.8 20.2+3.0 88+ 1.3
k1 10.966  41.579 -96.1  79.1+£193  6.6+24 L7+£0.1 0.7+0.0
k2 10952 41558  —1161  81.5+48  6.5+07 10.6 & 1.2 4.6+0.5
k3 10971 41562  —1162  1439+68  6.1+04 27.6 +2.2 12.0+0.9
RI 11055 41474  —1214 16474107 1034038 29.4£3.5 12.841.5
R2 11226 41520  —153.0  769+13.0 6.0%1.0 43+04 1.9+0.2
R3 11187 41553  —1481  68.6+264 25+15 0.9+0.2 0.440.1
R4 11.198 41531  —1574 160.6+39.6 33%1.1 23402 1LO£0.1
RS 11130 41424 —2100 161.6+11.1 9.4+1.0 16.5+2.1 7.2£0.9
R6 11191 41420  —201.0 131.8+159 6.0%1.0 47+04 2.0+0.2
R7 11186 41445  —2135 9874132 47+14 41408 1.84+04
RS 11151 41446 —208.0  183.5%152 10.0%05 9.8+0.7 43+03
R9 11176 41455  —199.5  170.5+134 10.2+1.1 16.3+ 1.1 7.1£05
RI0O 11194 41439  —1908 1644+20.0 6.3+1.1 9.9+0.6 43+03
RI1  11.183 41483  —1745 198.6+323 62406 77£05 33£02
RI2 11180 41433  —2007  965+83  115+£1L5 83+1.3 3.6+0.6
RI3 11213 41493  —1850 1182+158 45+1.1 3.6+0.2 1.54+0.1
R4 11206 41484  —161.1 1285+537 68+£16 55403 2440.1
RIS 11127 41396  —231.6  250.1+248 6.84+0.5 11.94£0.6 52£0.3
RI6  11.087 41435  —1984 169.4+141 3.6+04 73405 32402
R17 11160 41422  -201.2 251.3+140 8.0+06 22.6+3.3 9.8+ 15
RI§ 11138 41395  —2102 2759+136 7.0+04 40.6 +5.6 17.7+2.4
R19 11166 41513  —1657 17894234 52410 74£04 32402
R20 11141 41485  —1757 1647+117 43+05 17.5+3.7 7.6+ 1.6
R21 11121 41456  —187.8  220.6+114 6.2+04 29.0£3.5 126+ 1.5
R22 11212 41500  —1612 1415+125 65+0.6 13.9433 6.0+ 1.4
R23 11234 41490  —1669 147.3+106 44+04 19.5+42 85+ 1.8
R24 11208 41467  —1805 177.0+127 63+05 19.94+1.0 8.7+0.4
R25 11184 41464  —187.1  160.7+67  6.0+04 49.7+33 21.6+ 1.4
R26  11.158 41463  —1882 1823483 41403 301425 13.1+11
R27 11103 41421  -209.7 1414481 47+04 252+2.6 1.0+ 1.1
R28 11102 41409  —2218 123.6+140 43+£06 11.5+27 5012
R29 11208 41516  —1954 13464198 29408 29402 13401
R30 11246 41478  —199.7 161.1+156 73413 11.94+0.9 52404
R31  11.196 41490  —2064  71.0+384  0.8+03 04£0.1 0.2£0.0
N1 10751 41283  —163.1  1223£266 65%1.5 42+26 18+1.1
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