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ABSTRACT

We present a catalogue of 453 molecular clouds in M31 extracted from CO J=1-0 data observed with CARMA using a
dendrogram. Our clouds have the mean values of 2.8 km s~!, 22.1 pc and 103> M, for the velocity dispersion, radius and mass,
respectively. The velocity dispersion shows a weak anti-correlation with the galactocentric radius. The clouds in M31 show
mean and median values of 2.0 and 1.4, respectively, for their virial parameters, indicating that most of them are grayitationally
bound. Our dendrogram analysis identifies 35 sources with multiple velocity components, which we classify as molecular cloud
complexes. We study the size-velocity dispersion and size-mass relationships for the clouds in M31, finding, the,slopes of
0.43+0.05 and 1.36+0.06 for the former and the latter, respectively. Our size-velocity dispersion relationship.agreeswith those of
Milky Way (MW) and M31 clouds. The slope of our size-mass relationship is shallower than those in clouds and cloud complexes
of the MW. We find offsets between the isosurfaces of the clouds and star formation rate (SFR) peaks iniM3/, supporting the
scenario where the evolutionary state of individual sources plays a role in the Kennicutt-Schmidt (KS)71aw at parsec scales. We

find a slope of 0.66+0.07 for the KS law, which is slightly lower than the values of ~0.8 for MW_ clouds:
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1 INTRODUCTION

The proximity (780 kpc, McConnachie et al. 2005) of M31 makes
this galaxy an excellent laboratory for the study of the physical prop-
erties of molecular clouds and star-forming regions. The molecular
gas in M31 has been studied before using interferometers and also
single-dish telescopes (Loinard & Allen 1998; Loinard et al. 1999;
Nieten et al. 2006; Rosolowsky 2007). Dassa-Terrier et al. (2019)
identified 12 molecular clumps towards the circumnuclear region of'
M31 using CO J=1-0 observations taken with the IRAM interferom=
eter at ~13 pc resolution. They found that the clumps aresunbeund,
but this result was biased by their velocity dispersion measurements
limited by the velocity resolution of ~5 km s~!. Seyeral studies
have focused on comparing the physical propertiessof-the clouds of
M31 with those of the Milky Way. Usin BIMA\observations, Sheth
et al. (2000) found that six molecular cloud complexes (MCCs) in
the northeastern spiral arm of M31 show a size-velocity dispersion
relationship (Larson’s first law) and(the virial parameter (@, the
ratio between the virial mass and the ‘source mass) comparable to
those of the Milky Way. Combiningrinterferometric and single dish
observations, Loinard & Allen (1998) studied an extended cloud lo-
cated at ~2 kpc from theM31 centre, finding that the surface density
derived from the COfemission is about a factor of 10 too low for
the gas to be gravitationally bound. Another study by Rosolowsky
(2007) found that giafit,molecular clouds (GMCs) of M31 show a
mean ay; of ~2"consistent with that of the Milky Way. In contrast,
higher values of'ay;, within ~5-10 have been found for M31 clouds
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(Schruba et al. 2019), supporting the idea that the clouds are un-
bound. Thus, the'similarity of Milky Way clouds to those of M31 is
quite controversial.

Recently, Lada et al. (2024) discovered that 43% of 163 12co
GMCs in/M31 are gravitationally bound. Their sample of GMCs
was observed with the Submillimeter Array and selected from a cat-
alogue of GMCs or associations of GMCs identified using the 250
pm emission. The study by Lada et al. (2024) supports again the idea
that many properties of the clouds in M31 are very similar to those
of the Milky Way. This similarity is quite striking since both galaxies
have different merger histories that could have affected the formation
and evolution of clouds (Hammer et al. 2007; Lada et al. 2024). We
believe it would be interesting to study if the relationships between
the physical parameters of M31 clouds holds when source extraction
is performed directly from 3D data of a larger observed area, which
would allow to obtain a greater number of objects existing along
different lines of sight in M31 (Chemin et al. 2009) and likely a wide
distribution of the physical properties. In addition, the cloud proper-
ties can be used to infer information about the environment around
them since the properties of the host galaxy such as radiation field,
feedback mechanisms, ISM pressure, metallicity, etc., can regulate
the formation and evolution of molecular clouds (Schruba et al. 2019;
Ballesteros-Paredes et al. 2020).

The formation of stars is a key element in the evolution of galaxies.
It is known that the surface density of the star formation rate (ZggRr)
is related to the gas surface density (Zgas) in the form of Xggr o
Z;,;S‘, which is called the Kennicutt-Schmidt law (Kennicutt 1998).
Bigiel et al. (2008) found that there is a relationship of the type
Z‘,SFRocZII}J2 with the slope N=1.0+0.2 for seven spiral galaxies on
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sub-kpc scales. This slope was also obtained for the star formation
rate versus mass relationship for Milky Way clouds (Lada et al.
2012). Ford et al. (2013) discovered the ZSFR“ZII\{IZ relationship with
the slope N=0.60+0.01 in M31 at sub-kpc scales, implying that the
Kennicutt-Schmidt relationship is not superlinear in M31.

This work aims to create a sample of GMCs for M31 by apply-
ing a dendrogram to CARMA data in the position-position-velocity
space, which will create the largest cloud sample for M31 so far.
Then, we will determine the physical properties of our sample and
study the size-velocity dispersion and size-mass relationships, which
will allow rechecking the similarity between the M31 clouds and
those of the Milky Way that has been proposed before (Sheth et al.
2000; Rosolowsky 2007; Lada et al. 2024), but now using a larger
number of objects extracted from 3D data. We will also investigate
if the Kennicutt-Schmidt law found by Ford et al. (2013) holds when
determined based on a cloud-by-cloud analysis, which is different
from their method based on a pixel-by-pixel analysis. Our work is
organized as follows. We describe data reduction in Section 2, while
the extraction of GMCs using a dendrogram analysis is explained
in Section 3.1. The determination of the source properties and the
analysis of multiple gas components along the line of sight of several
clouds are presented in Sections 3.2 and 3.3, respectively. We study
the size-velocity dispersion relationship in Section 3.4 and the size-
mass relationship in Section 3.5. The Kennicutt-Schmidt law for our
M31 sample is presented in Section 3.6. Finally, the conclusions are
given in Section 4.

2 DATA REDUCTION

We used observations available in the CARMA database!. The ob-
servations were carried out between 2011 and 2014 (Projects C0803,
C0957, C1200, and C1126) using the compact D and E configura-
tions. The CO J=1-0 line at 115.271 GHz was observed with one
spectral window of 255 channels, providing a spectral resolution of
0.727 km s~!. The CARMA observations covered parts of the 5 kpc
and 10 kpc rings of M31 (see Figure 1).

We carried out the data reduction following the standard reduc-
tion procedures using MIRIAD (Sault et al. 1995). The passband
calibration was done using bright sources, usually 3C84 of'3C454.3.
Data with bad baselines, atennas, and/or time-ranges Were flagged.
Uranus or the compact HII region MWC349 was used, as flux cali-
brator. The calibrated visibilities were imaged in MIRIAD with the
task MOSSDI that uses the CLEAN algorithm"of Steer (Steer et al.
1984). Then, we obtained a cleaned data ctube of the CO J=1-0 tran-
sition with the synthesized beam of 7.0 x4.1"4(27 pc x 16 pc at the
distance of M31).

Using MIRIAD, we also combined the CARMA data with CO J=1-
0 IRAM 30m observations of M31 (Nieten et al. 2006) for correcting
the missing flux due to extended spatial scales filtered out by the
interferometric observations..The spectral resolution of the CARMA
data was degraded tothat 6f 2.5 km s ™! of the IRAM 30m data before
the combination,/Thus, we obtained a combined data cube of the CO
J=1-0 transition with'noise levels of ~200-300 mK. Caldi-Primo &
Schruba (2016) applied a similar method to the same data set for
addressing the problem of the missing flux. The data cube has spatial
pixels.of 2/"%X2” and spectral pixels of 2.5 km s~ 1.

! http://carma-server.ncsa.uiuc.edu:818 1/asp/carmaQuery.cgi
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Figure 1. Integrated intensity map of the CO J=1-0line emission of M31
in units of K m s~ (Nieten et al. 2006). The greeh line ‘indicates the region
mapped with CARMA.

3 RESULTS
3.1 Cloud extraction

To study the cloud properties)in M31 we extracted clouds using the
Python package ASTRODENDRO 0.2.0 (Rosolowsky et al. 2008),
which decomposes data sets into hierarchical structures called leaves,
branches, and“trunks. For the computation of the dendrogram, we
specified a minimum intensity value of a pixel of 30, a minimum
significance value of 20~ as the minimum difference in the peak
intensity between neighbouring structures, and a minimum number of
pixels (min_npix) equal to the number of pixels (21) contained in 2.5
the'telescope-beam solid angle. The min_npix value is the minimum
value that a leaf has to have to be considered an independent identity.
The min_npix of 21 is a conservative value. Smaller min_npix values
lead to the identification of small spurious sources, while on the other
hand, a min_npix value greater than 21 leads to real leaves merging
with a branch or another leaf. We applied the dendrogram analysis
to the combined CO J=1-0 data cube in position-position-velocity
space. Thus, we identified 488 sources indicated in Figure 2. A
region of the CO J=1-0 data cube has noise levels greater than in
the rest of the observed areas due to differences in the amount of
available visibility data. The noise levels in both high and low noise
regions are average values measured across three spatial areas of
the data cube. Importantly, the noise levels remain relatively stable,
regardless of the aperture size used for measurement. We calculated
the noise levels using line-free channels with a resolution of 2.5 km
s~!. We used 0=300 mK for the area with greater noise levels, while
0=230 mK was used for the remaining regions.

Our research focuses on the study of dendrogram leaves, which
are considered molecular clouds. Towards several clouds, we observe
more than one velocity component, categorizing them as molecular
complexes. In our analysis, 35 out of the 488 sources showed multi-
ple velocity components. No threshold was used when determining
the velocity dispersion of the identified M31 clouds; however, we
exclude sources from our analysis when the velocity dispersion was
influenced by instrumental resolution (refer to Section 3.2). Figure
3 shows a portion of the dendrogram for the CO(J=1-0) emission.

920z Asenuer go uo 1sanb Aq £42/078/€8ZZIeIS/SeIUW/EE0] 0 L /I0p/3]01lB-80UBAPER/SEIUW/WO02 dNO"dIWapee//:sdly Woi) PaPEojUMO(]



Figure 4 provides examples of the dendrogram extraction of three
specific clouds.

3.2 Cloud properties

The dendrogram provides the velocity dispersion o, as well as the
major axis radius (op,;) and minor axis radius (oyiy) of the best-fit
to the identified cloud. Following Rosolowsky & Leroy (2006), we
calculated the deconvolved one-dimensional size of a cloud by:

2 172 o2 1/2
O_d — 0_2 _ major 0_2 _ __minor (1)
r magj 8 1n(2) min 8 Ip(2)

where Opyjor and Opinor are the major and minor axes, respec-

tively, of the telescope beam. Then, we multiplied the 0';1 value by
1.91 to obtain the spherical radius r¢ of a cloud (Rosolowsky & Leroy
2006).

The deconvolved velocity dispersion is calculated by:

AZ
d_ [ 2__58
=N T8 m(2)

2

where A, is the the channel width.

Table A1 gives the cloud number, the Right Ascension and Dec-
lination in epoch J2000 coordinates, the cloud radius r¢, and the
velocity dispersion 0'51 obtained for the identified clouds in M31. We
do not provide the values of r. and/or O"fl in Table A1 when equa-
tions 1 and/or 2 yield indeterminate values. Out of the 453 clouds
in our catalog (excluding the molecular cloud complexes), 118 have
indeterminate values for r¢ and/or od. In the analysis that follows,
we have considered only 335 sources, unless stated otherwise.

The integrated flux of the CO J=1-0 emission for each source is
calculated by the dendrogram (Rosolowsky & Leroy 2006) using the
following equation:

Fco = Z T Apix Av @)
i

where T; is the intensity in a given pixel measured in Kelvin, Apix

is the pixel area in arcsec?, and Ay is again the channel#vidth inki
-1

s

In addition, we have estimated the mass (M) for the sources in
M31 (listed in Table A1) using the above COdflux,in the following
expression:

b
180 x 3600

where d is the distance to M31 equal to 785 kpc (McConnachie
et al. 2005), Xco=1.9x102%c¢m™2 [K km s~!]7! is the CO-to-H,
conversion factor (Strongs=&.Mattox 1996), and my, is the mass of
a hydrogen moleculéyin kg. The factor of 1.36 is included in the
above equation to account for helium. The mass of our M31 clouds
is not corrected by metallicity since there does not appear to be a
clear gradientyin ‘metallicity with the galactocentric radius in M31
(Bhattacharya etal. 2022).

To.estimate ‘errors of the above properties we use the bootstrap
method following Rosolowsky & Leroy (2006). We generate a simu-
lated cloud by replacing the flux in all the spectral pixels of an original
cloud randomly. This was done for each cloud 100 times, allowing for
repeated draws. Then, we recalculated the cloud properties using a

2
M. = 1.36 ( ) Food? X&om, &)
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Table 1. Pearson correlation coefficients and p-values.

Data set Correlation coefficient p-value
od versus R/R25 -0.29 8.72x1078
rc versus R/R25 0.08 0.14
log;o(M,) versus R/R25  0.02 0.77

dendrogram for each of those trial clouds. The error of each property
is the standard deviation of the recalculated quantities for each trial
cloud. The final error for each cloud property is obtained rescaling
the standard deviation by the root squared of the oversampling rate
( 1.1331A®maj®mm
pix
FWHM values, respectively, of the synthesized beam) to account for
the lack of independence of some pixels in each source. The errors
of other cloud properties derived from the op,j. Oins O"id yand Fgo
values were calculated through error propagation. We'calculate a

and/or the

, where Op,; and Op;, are the major and minor

‘major

2.35

Omin ~ 62“3“5‘", while a large error in the veloCity -dispersion is de-

termined when the oy ~ %, that is, when the o), opin and oy
values are close to their resolution limits:

The distribution of the 0'\,d, rc and Mgovalues is given in Figure 5,
where we indicate the mean values of 2.8 Jan s~! for the o, of 22.1
pc for the r¢, and of 5.2 for the'log; o (M.).

We also present the values of these parameters as a function of
the galactocentric radius (R) normalized by R,5 (the optical radius
equal to 21.55 kpc) in, Figure 6. We give in Table 1 the Pearson
correlation coefficients and’p-values for the values given in Figure
6, which show thatithere is no correlations of R/R25 versus r. and
R/R25 versusilogi(Mc). At the same time, there is a weak inverse
correlation between R/R25 and o°{l.

Following Colombo et al. (2019), we also determined the virial
mass of the sources as:

large error in the source radius when the oyyj >

Mp= 1040 o-2re., (5)

where we use the a'\ﬁl values for o . The virial mass for our source
catalogue is given in Table Al. The top panel of Figure 7 shows the
M, values versus the M. values for our M31 clouds. We calculated
the virial ratio ayj; = A]/\[,["“ (Bertoldi & McKee 1992) for these
sources as well. Bound clouds are characterized by ayir < 2, while
unbound clouds are characterized by ay;, > 2. We find that 114 out
of 336 clouds in the top panel of Figure 7 have values above the line
M,ir=2M.. This indicates that 66% of our clouds are gravitationally
bound. The bottom panel of Figure 7 depicts a histogram of the ay;,
values. We find a median value of 1.4 and a mean value of 2.0 for our
ayir values. Our mean ayj, value agrees with that of 2.0+0.3 found
by Rosolowsky (2007) for clouds in M31. However, our mean ay;; is
lower than the 5.6+0.55 reported for a sample of disk clouds in M31
(Deng et al. 2025). This discrepancy may arise because the resolution
of their data is a factor of ~3 coarser than ours, which could mean
that some of their objects are cloud complexes rather than individual
clouds.

It has been proposed that pressure confinement by the diffuse
ambient medium is an important driver for high a,;; values found in
M31 (Schruba et al. 2019). We found that there is a weak dependence
between the source mass and the ay;, (see Figure 8) in the form of
Qyip < M9'34, which contradicts the relationship @y o« M “2/3 ex-
pected for sources confined by external pressure (Bertoldi & McKee
1992). Our best fit to our data is listed in Table 2.
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Figure 2. Peak intensity map of the CO J=1-0 transition in units of Kelvin. The red, black, blue, and green contours show the boundaries of 488 sources identified
using a dendrogram. The extent of each source is outlined using a 3o~ threshold. This figure must be enlarged considerably to visualize details of the identified
objects. A o of 300 mK was used for identifying sources in the regions where the majority of the sources are outlined with green contours, while a o of 230
mK was used for identifying sources elsewhere. The blue contours outline 35 sources with multiple velocity components identified in our dendrogram analysis.
The spectra of 11 of these multiple velocity component sources and of 29 randomly selected sources (outlined with red contours) are shown in Figure 10. All the
sources with multiple components and the 29 sources outlined with red contours are labeled with a number following the numbering in Table Al. The best-fit
ellipses that follow the source isosurfaces are also indicated.
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Figure“4., Top:.the red ellipse is the best-fit to cloud 40 on the peak intensity map of CO J=1-0 (left panel) and on a position-velocity map (center panel)
identified byithe dendrogram. The position-velocity map is extracted along a path horizontal to the X axis, passing through the center of the ellipse in the left
panel. The red contour corresponds to 3¢ in the left panel. The right panel shows a portion of the dendrogram, with cloud 40 highlighted in red. Medium: the
same,as.in the top but for cloud 143. Bottom: the same as in the top but for cloud 399.
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Figure 5. Histograms showing the distribution of the 0"‘,1 (top panel), rc
(medium panel) and M, (bottom panel). Red lines are the mean values of 2.8
km s‘l, 22.1 pc and 5.2 Mg, for 0'51 , r'e, and log10(M,), respectively.

Table 2. Best fit parameters for the ayi; = a MCN relationship.

Data set a N Ceorr p-value

10~1.5820.33 6.47x10~7

Our data 0.34+0.07 0.27

Considering Larson’s first law we can relate the.velocity dispersion

2
and source radius with the surface density (%) as ‘:—CV = (%) .

This relationship expected in the case of virialization is shown in
Figure 9, where we have also plottedyour, data. The X values are
estimated as the ratio between theeloud mass over the exact area of
the structure provided by our dendrogram analysis. We find a rela-

2
tionship of the form Toemul = 2:0450-1850.9940-12 yith 4 correlation

coefficient of 0.40 when fitting our data given in Figure 9. The slope
of 1 we found is consistent with the concept of virialization. The pa-
rameter a = 1072-04 i just a factor of ~1.5 greater than the threshold
that distingtishes'between bond and unbound sources, as indicated
in Figure 9. Thissupports the conclusion that the majority of our
sources are bound.

‘Additionally, we have included data on M31 clouds from Lada
etal. (2024) in Figure 9. We can see in this figure that our values
align well with those reported by Lada et al. (2024). Recently, Lada
et al. (2025) found that most of the M31 clouds studied in Lada et al.

MNRAS 000, 1-13 (2015)
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Figure'6. Normalized galactocentric radial distribution of 0'51 (top panel), r¢
(medium panel), and cloud mass (bottom panel). The red line in each panel
shows the mean value.

(2024) are either in or near virial equilibrium, due to a combination of
surface pressure and gravity. To reach this result, the authors studied

2
the surface density versus internal pressure (piy(r) = Z(r) %) pro-
files of the M31 clouds, demonstrating that these profiles follow the
expected relationship of pj,¢ ~ >2 found in hydrostatic equilibrium.

3.3 Sample of CO J=1-0 spectra

We show a sample of 40 spectra in Figure 10, which were integrated
over the exact area of sources selected randomly and highlighted with
red (29 sources) or blue (11 out of 35 sources with multiple velocity
components) contours in Figure 2. The source number of the 40
selected sources in Figure 2 is the same as indicated in Table Al.
The exact area (Aexact) of the sources is the area of the structure in
the sky and it is determined by our dendrogram analysis. This area is

1 AEXHC[ 3 1
Nomrrri which in turn
; : t _ t_
is used to determine the axes (O'g‘a‘}c = [Oma and o055 = foin)
of an ellipse with an exact area of the structure with a position angle
(PA) also provided by our dendrogram analysis. These ellipses with

the exact area of the identified sources will be used in Section 3.6,

used to derive a factor given by f =
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Figure 7. Top panel: the M values as a function of the M4 values forthe
clouds of M31. The blue line is M;;=2M.. 114 of the sources (336)’shown
in this figure have values above the blue line. Bottom. panel: distribution of
the ;i parameter for the sources of M31 with a median value of 1.4 (dashed
red line). ay;y=2 is indicated with the dashed-blue line (the threshold between
gravitationally bound and unbound objects).

where we will study the relationship'between the star formation rate
(SFR) and the source mass“\(derived from the CO J=1-0 line flux
measured over the isosurface.in-our dendrogram analysis).

We see in Figure 2 that'the ellipses defined by the best-fit param-
eters follow well/the boundaries of the source isosurfaces. Here we
only use the ellipses’to extract CO J=1-0 spectra to study sources
with multipleyveloeity components. The velocity of the gas com-
ponent identifiedyin our dendrogram analysis is also marked in the
spectra of \Figure 10. This figure reveals that there are multiple ve-
loc¢ity components along the line of sight in different sources towards
M31. More than one velocity component is picked up by our den-
drogram analysis along several lines of sight in our data as there are
overlapped contours towards the sources outlined with blue contours

Qyir
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Figure 8. Mass as a function of the a;; for the sources in M31:, The dash-blue
line is a fit to our data (see Section 3.2).
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Figure 9. The values derived for our sample in M31. The threshold between
bound and unbound sources is indicated with the dashed-red line, while the
blue line is the best fit to our data (see Section 3.2). The case of virialization
is indicated with the red line. The filled red circles are data taken from a
previous study (Lada et al. 2024).

in Figure 2. These multiple velocity component sources are marked
in Table A1l. We find 35 sources that are in regions where there is
more than one velocity component along the line of sight: 16 sources
with two velocity components and 1 source with three velocity com-
ponents. Of these 35 objects, 10 have indeterminate values of the
deconvolved radius and/or velocity dispersion (see Table Al).

3.4 Size versus velocity dispersion

We plotted values of 7. versus 0'\‘,1 in Figure 11, where for comparison
purposes we have also included the values derived by Rosolowsky
(2007) for M31 clouds observed with the BIMA interferometer. The
BIMA data have a spatial resolution within 7.1-14.0 arcsec and a
spectral resolution within 2.03-3.04 km s~!. We fitted the relation-

MNRAS 000, 1-13 (2015)
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Figure 10. Spectraintegrated over the exact area of forty sources identified with a dendrogram and shown with red (31 sources) and blue (11 multiple velocity
identified by our dendrogram analysis. The next part of this figure continues below.
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o M31 (this work)
= M31 (Rosolowsky et al.)
Fit to our data (o, < r

0.-'13)

c

o, [km/s]

10° 10’ 102
r. [pcl

Figure 11. Source radius as a function of the o-vd parameter. The blue circles
are the values obtained in this study, while the filled pink squares are values
previously calculated for clouds of M31 (Rosolowsky 2007). The blue line is
a fit to our data (see Section 3.4).

ship between the r versus 0'\71 for the M31 sources using the KMPFIT
module of the Python package Kapteyn (Terlouw & Vogelaar 2016),
finding oy = 1070-160.07 r8-43i0'05 with the Pearson correlation
coefficient of 0.43. As seen in Figure 11, the crf and r¢ values we
derive for M31 are in agreement with those derived by Rosolowsky
(2007). The slope of 0.43 found for the M31 clouds are in agreement
with that for Milky Way (MW) clouds (Garcia et al. 2014; Rice et al.
2016) and also with that of 0.40+0.07 reported by Lada et al. (2024)
for a sample of 117 clouds in M31.

3.5 Size versus mass

We have also plotted the radius versus the mass for our M31 clouds
in Figure 12. In this figure, we have also included data for MW
molecular cloud complexes (MCC) studied by Garcia et ald(2014)
and Nguyen-Luong et al. (2016). The MCC masses derived by,both
authors were determined considering a slightly different X factor than
the one used in our study, thus their masses were rescaled considering
our X factor. Figure 12 reveals that the radii“and*masses of our
M31 clouds are lower than those of MW MCCs\(Garcia et al. 2014,
Nguyen-Luong et al. 2016). We have alsoyincluded data for M31
clouds, as calculated by Rosolowsky (2007) and“Lada et al. (2024),
in Figure 12. The comparison showsthat our mass measurements are
greater than those reported by Lada etial.(2024) for radii between
~10 and ~20 pc. However, our mass.estimates align with those of
Lada et al. (2024) for radii’larger than ~20 pc. In addition, our data
matches the findings from=Rosolowsky (2007), as seen in Figure
12. The masses of giant molecular clouds (GMCs) in the MW, as
determined by Heiderman et al. (2010) and Evans et al. (2014) using
extinction maps, are also’included in Figure 12. Their sources show
smaller masses and.radii than those of our M31 clouds.

Using’the KMPFIT module, we fitted our M31 data together with
the data from Rosolowsky (2007) and Lada et al. (2024) given in
Figure 12, finding the best-fit parameters a and N together with
the correlation coefficient (C¢orr) given in Table 3. Fitting the data
for MW MCCs from Garcia et al. (2014) and Nguyen-Luong et al.
(2016), we found the parameters a and N listed also in Table 3. The

T
« M31 (this work)
= M31 (Lada et al.)
M31 (Rosolowsky et al.) ]
MW MCC (Garcia et al.)

MW MCC (Nguyen-Luong et al.)

-+ MW GMC (Heiderman et al.)

2 MW GMC (Evans et al.)

Fit to M31 data (M, o« 723%)

||—Fit to MW data from Reference (M, oc r%%)

o e e

1\/1(: [1Vl 0]

102

10° 10" 102
r. [pc]

Figure 12. Radius versus mass for the clouds identified in M31. We also
include here data derived previously for M31 clouds (Roselowsky 2007; Lada
etal. 2024), MW MCCs (Garcia et al. 2014; Nguyen-Luong et al. 2016), and
MW clouds (Heiderman et al. 2010; Evans/€t'al. 2014)¢ The blue line is a fit
to our data together with data from references((Rosolowsky 2007; Lada et al.
2024), while the black line is a fit to MW MCCs«(see Section 3.5).

Table 3. Best-fit parameters for the Mg = a rl¥ relationship.

Data set a N Ceorr
Our data + data from Lada etal. 103212008 1364006  0.73
and Rosolowsky.et al.

MW data of MCCs 102484019 2 06+£0.10  0.87

slope a 0f2.06 is stepper than that found for the clouds in M31, which
implies that the mass of the clouds studied in M31 does not scale
with radius in the same way as in the MW MCCs. In our analysis,
we determined a slope of 1.06+0.05 when fitting only our data. This
slope is shallower than the 1.36 obtained by fitting all the data for
M31 included in Figure 12. The slope of 1.36 is also shallower than
the 1.9 slope derived for MW GMCs (Nguyen-Luong et al. 2016).

3.6 Star formation

We used the surface density map of star formation (see Figure 13)
obtained by Ford et al. (2013) to infer the star formation rate (SFR)
values for the clouds identified in our study, which are plotted as
a function of the source mass in Figure 14. In these plots and our
analysis we have included only the 453 sources with one velocity
component identified in our dendrogram analysis (Section 3.3). This
is necessary since the contribution of the SFR to each source is
unknown when there is an overlap of sources along the line of sight.
For calculating the SFR values, we first extracted the values of the
surface density of SFR in units of Mg yr~! kpc_2 from the exact areas
of the sources identified in our dendrogram analysis, then multiplied
each value by its exact source area in units of kpcZ. The surface
density map of SFR was derived using the FUV and 24 ym emission,
and it has a FWHM beam-width of 6””and a pixel size of 1.5””(Ford
et al. 2013), which are very close to those of our CARMA CO J=1-
0 data. The 453 red ellipses in Figure 13 have the exact area of
the sources extracted with the dendrogram approach. These ellipses
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Figure 13. Surface density map of star formation in units of Mg yr~! kpc=2
from a previous work (Ford et al. 2013). Red ellipses (having the exact area of
the structure) were determined from the best-fits to the sources identified by
our dendrogram analysis. The black rectangle is a region zoomed in Figure
15.

follow well the boundaries of the source isosurfaces (see Figure 2). A
close-up of this figure is presented in Figure 15, where we can see that
the extracted clouds do not always coincide with the emission peaks
of the SFR map. This is consistent with the findings that young star
clusters in M31 with ages of < 1072 yr are closer to GMCs than older
star clusters (Peltonen et al. 2023). The resolution of our observations
is lower than the mean separation of 100-300 pc between GMCs and
Hu regions (Chevance et al. 2020), which allows us to see an offset
between the emission peaks of molecular clouds and star-forming
regions in M31. Schruba et al. (2010) found a scale dependence of
the depletion time (Hp mass over SFR) on the spatial resolution,
ranging from 75 pc to 1.2 kpc in M33. At large scales, the depletion
time reflects a mean value of the sampled region, while at scales
(75 pc) of individual objects, the depletion time depends on_their
evolutionary state. This dependence agrees with the offsets between
the clouds and the emission peaks of the SFR map in Figufe 13 This
dependence is also thought to be responsible for the increase in’'the
slope dispersion in the Kennicutt-Schmidt law of nearby. star-forming
galaxies at a high spatial scale of 100 pc compated-to-lower spatial
scales >1 kpc (Pessa et al. 2021).

We find that there is a correlation betweén the SFR values and the
M, values in Figure 14, which we fit using the’KMPFIT module.
The best-fitting parameters of the SER = a MCN relationship of our
M31 data are given in Table 4. Our slope,of 0.66 supports the idea
that the Kennicutt-Schmidt law is notsuperlinear on scales of ~22 pc
(Ford et al. 2013) in M31. Our slope of 0.66 agrees within its error
bars with that of 0.6 obtained.by, Ford et al. (2013) based on a pixel
by pixel basis, which'is different from the methodology used in our
work to study the Kennicutt-Schmidt law. The slope of 0.66 found
for our M31 clouds is slightly lower than those of ~0.8 derived for
MW clouds’(Ladawet-dl. 2012; Nguyen-Luong et al. 2016). This can
be seen.when we compare our best fit with that for MW clouds (refer
to Figure'14).

Our best'fit in Figure 14 shows SFR values for M31 that are
slightly lower than those for Milky Way clouds by a factor of 2.5
for cloud masses of 10° Mg. However, this comparison must be
taken with some caution, as the SFR values for the local clouds were

Clouds and Star Formation in M31 11

T
o M3l (our data)
Fit to our data (SFRocM®66)

——SFRoxM®® for MW clouds (Nguyen-Luong et al.)

10-6 | | |
103 10* 10° 108 107
M. [Ms)]

Figure 14. M, versus the SFR for the clouds identified in M31. The blue line
is the fit to our M31 data, while the red liné.is a fit to’data of MW clouds
obtained previously (Nguyen-Luong et al. 2016):

Table 4. Best fit parameters for the'SER=a MV relationship.

Data a N Ceorr

Our data, 1077094034 0.66+£0.07 0.47

Table 5 Best fit parameters for the SFR=a aY. relationship.

vir

Data a N Ceorr p-value

Ourdata 107378003 0224006 020 3.4x107*

estimated through counting of YSO (young stellar objects) with ages
of ~2 Myr (Dib et al. 2025), which differs from the methodology
applied to calculate the SFR values for M31. The surface density
map of SFR for M31 was derived from FUV emission and 24 ym
emission, which are sensitive to star formation timescales of ~5-100
Myr (Kennicutt & Evans 2012). Our comparison of the SFR values
between M31 and the Milky Way assumes that the SFR in M31 has
been constant over a period of ~100 Myr. Another caveat regarding
our SFR values is that the surface density map of SFR used in our
study was derived through a linear combination of FUV and 24 um
emission based on calibrations for entire galaxies (Leroy et al. 2008;
Ford et al. 2013). This method may not be applicable at the cloud
scales in M31. Fortunately, the CO and SFR data used in our study
have high spatial resolutions, which enables an effective comparison
of our cloud masses and SFR values with those of Milky Way clouds.

In addition, we find a weak dependence between the SFR and
the virial ratio (shown in Figure 16), which was expected due to the
weak dependence between the M. and a;, as well as the dependence
between the SFR and M.. The best-fit parameters for our data given
in Figure 16 are listed in Table 5.
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Figure 15. A zoomed region of the surface density map of star formation in
units of Mg yr~! kpc=2 shown in Figure 13. The ellipses in red are best-fits
to CO J=1-0 clouds obtained with our dendrogram analysis.

Qlyir

Figure 16. The ay;j; ratios represented as a function of the SFR values for our
sample of clouds. The blued line shows the best fit to ourdata:

4 CONCLUSIONS

We identified 453 clouds in M31 by cemputing a dendrogram to CO
J=1-0 data observed with CARMA in the/position-position-velocity
space. In addition, we identified\35 sources that show multiple ve-
locity components, which are, considered cloud complexes. Using
the information obtained from*the dendrogram analysis, we calcu-
lated the radius (r¢), velocity dispersion (0'51 ), CO-based mass (M)
and virial mass (M. ). forthe clouds and cloud complexes in M31.
The cloud catalogue presented here is the largest for M31 so far. In
addition, .we examined the relationships between size and velocity
dispersion, size and mass, as well as star formation rate and mass for
the.cloudsin M31. The main conclusions of our study are as follows:

@) For the clouds in M31 we found mean values of 2.8 km s~ !,

22.1 pc, and 5.2 Mg for the 0'\‘,1, re, and log o (M), respectively.
We did not find a correlation of the galactocentric radius with r¢ or

logyg(Mc). On the other hand, we discovered a weak anti-correlation
between the galactocentric radius with the o-vd value. The clouds in
M31 reveal values of 2.0 and 1.4 for the mean and median, respec-
tively, of their virial parameters. Our findings indicate that 66% of
the clouds in M31 appear to be gravitationally bound. Additionally,

our analysis of the relationship between (:—C‘z and the surface density
(Zc) supports the idea that the majority of the objects studied in M31
are indeed bound.

(ii)) We carried out nonlinear least-squares fitting of the size-
velocity dispersion relationship of our data using the KMPFIT mod-
ule of Python, finding a slope of 0.43+0.05, which agrees with those
found previously for clouds of the Milky Way and M31.

(iii) We compared the size and mass values of our clouds with
those of the Milky Way and other M31 clouds. We found a slope of
1.36:0.06 when fitting our data together with reference data for M31.
This slope is shallower than the 2.06 value obtained for molecular
cloud complexes of the Milky Way. In addition, our slopeof 1.36,is
also shallower than that of 1.9 found for clouds in the Milky Way
(Nguyen-Luong et al. 2016). This result shows that the mass’ of our
studied clouds in M31 does not scale with radius in the same way as
in clouds and cloud complexes of the Milky"Way. The slope of 1.36
is steeper than the 1.06+0.05 calculated when fitting only our M31
data.

(iv) Finally, we found that the ellipses that best fit the isosurfaces
of the identified clouds in M31 do not always coincide with emission
peaks of a surface density map‘of SER, which was somewhat expected
since the mean separation_of GMCs and H regions is 100-300
pc (Chevance et al. 2020),xsmuch larger than the spatial resolution
of our CARMA observations! These offsets are in agreement with
previous findings about the dependence of the depletion time (H;
mass/SFR) on the'evelutionary state of individual objects at pc scales.
We found 4 slope.of 0.66+0.07 for the Kennicutt-Schmidt law. This
slope indicates that the Kennicutt-Schmidt law is not superlinear at
scales of approximately 22 pc in M31. Additionally, our slope agrees
with that calculated by Ford et al. (2013) despite the difference in the
methodologies used to study the Kennicutt-Schmidt law. Our slope
of 0:66 is slightly lower than those previously derived for clouds in
the Milky Way.
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Table A1. Properties of six clouds and four cloud complexes extracted from the CO J=1-0 data cube using a dendrogram. The complete list of 453 clouds and
35 cloud complexes is available as supplementary material.

Source number  RA [J2000]  Dec [J2000] . o’ M. My;© SFRY
) ) (po) (kms™')  (x10*Mg)  (x10*Mg)  (x107* Mg yr™h)

1 11.2243 41.5261 5.61 1.06 2.82 0.66 0.624 +£0.013
2 11.2475 41.5274 2.12+2.52  4.101.05 2.461 £ 0.015
3 11.2553 41.5297 13.94+4.89  2.04+0.61  3.21+1.84 6.05+4.18 0.876 + 0.021
4 11.2718 41.5975 2.16+3.22 0.287 £ 0.012
5 11.2599 41.5397 20.60+9.17  2.98+2.36  8.78+2.85  19.06+31.37 3.338 + 0.060
6° 11.2715 41.5392 19.32 4.04+6.30
78 11.2575 41.5448 19.4049.14  3.65+2.41  9.09+2.83  26.81+37.58
82 11.2757 41.5498 0.86 2.69+1.74
9 11.2635 41.5521 16.94+4.95  2.93+1.09  6.79+1.58  15.17+12.11 1.789 + 0.042
10 11.3001 41.5842 6.95 1.01 4.57 0.74

2 A cloud complex with multiple velocity components identified in our dendrogram analysis.

b Our dendrogram analysis does not provide the values for re and/or o, for some sources. In this table, o~y and.r¢ are deconvolved
values. In some cases, there are no errors listed for these columns because the bootstrap method (see Section 3.2) dees not yield errors
for certain parameters used in error propagation calculations.

¢ We cannot calculate the M, value for some sources due to the unavailability of their o, and/or r. values, We also are unable to derive
the error for the M,;; value for some sources because the error for o~y and/or r. are/is not available.

435 cloud complexes that do not have an SER value due to their multiple velocity components along the line.of sight, which complicates
the inference of the SFR contribution from each component.
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