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Abstract

We present the results of ALMA-ACA 7m array observations in 2cou =2-1), Bcoy=2-1), and
C'®0(J =2-1) line emission toward the molecular-gas disk in the Local Grou up spiral galaxy M33 at an angular
resolution of 7”31 x 6750 (30 x 26 pc) We combined the ACA 7m array “CO(J = 2-1) data with the IRAM
30m data to compensate for emission from diffuse molecular-gas components. The ACA+IRAM combined
2CO(J = 2-1) map clearly depicts the cloud-scale molecular-gas structure over the M33 disk. Based on | the ACA
+IRAM '2CO(J = 2-1) cube data, we cataloged 848 molecular clouds with a mass range from 10°-10° M. We
found that high-mass clouds (>10° M) tend to associate with the 8 m bright sources in the spiral arm region,
while low-mass clouds (<10° M..) tend to be apart from such 8 um bright sources and to exist in the inter-arm
region. We compared the cataloged clouds with GMCs observed by the IRAM 30 m telescope at 49 pc resolution
(IRAM GMC), and found that a small IRAM GMC is likely to be identified as a single molecular cloud even in
ACA+IRAM CO data, while a large IRAM GMC can be resolved into multiple ACA+IRAM clouds. The velocity
dispersion of a large IRAM GMC is mainly dominated by the line-of-sight velocity difference between small
clouds inside the GMC rather than the internal cloud velocity broadening.

Unified Astronomy Thesaurus concepts: Triangulum Galaxy (1712); Local Group (929); Molecular clouds (1072);

Interstellar medium (847)

Supporting material: machine-readable table

1. Introduction

The interstellar medium (ISM) is one of the crucial components
in galaxies because stars are formed by the contraction of
molecular ISM. In the Milky Way (MW), a large fraction of
molecular ISM is in the form of giant molecular clouds (GMCs:
Sanders et al. 1985), whose typical size and mass are a few
x10-100 pc and 10*-10° M., respectively. It is essential to
investigate the properties and formation/evolution processes of
GMCs because they are known to be major sites of high-mass star
formation, which eventually drives the evolution of galaxies.
Original corttent from this Wotk may be us-ed under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

So far, a lot of studies have investigated various GMC
properties and their relationships. In the MW, Larson (1981)
found that the internal velocity dispersions of the molecular
clouds are well correlated with their sizes and masses, and also
reported that these correlations (i.e., scaling relations) can be
expressed as the power-law form. Solomon et al. (1987)
measured the velocity dispersions, sizes, virial masses, and CO
luminosities for 273 GMCs in the Galactic disk, and found that
the velocity dispersion is proportional to the 0.5 power of the
size. They also found a tight relationship, over four orders of
magnitude, between the virial mass and the CO luminosity with
a power-law slope of ~0.8.

Such GMC studies were expanded to the Local Group
galaxies outside the MW. Fukui et al. (2008) performed a CO
survey toward the Large Magellanic Cloud (LMC) at a spatial
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resolution of ~40 })C, and identified 272 GMCs with a mass
range from 2 x 10%to 7 x 10° M, (see also Fukui et al. 1999).
In addition, Kawamura et al. (2009) examined spatial
comparisons of these GMCs with young star clusters (YSCs)
and H II regions and found that the GMCs can be classified into
three types: (1) GMCs associated with no HII regions nor
YSCs, (2) GMCs associated only with small HII regions, but
with no YSCs, and (3) GMCs associated with both YSCs and
large H1I regions. Such a classification of GMCs according to
the activities of high-mass star formation likely reflects their
evolutionary sequence. In addition, GMC surveys have been
often conducted toward M33, which is one of the nearest spiral
galaxies (e.g., Engargiola et al. 2003; Rosolowsky et al. 2007;
Gratier et al. 2012; Miura et al. 2012; Corbelli et al. 2017).
These studies identified more than 100 GMCs (in particular,
more than 500 GMCs by Corbelli et al. 2017) over the M33
disk at ~50pc resolution, and discussed timescales and the
evolutionary stages of GMCs based on the comparison with
HTI regions and YSCs as well as the LMC studies.

High-angular resolution observations by millimeter-wave
interferometers enabled us to perform unbiased GMC surveys
even toward external spiral galaxies. Colombo et al. (2014)
reported the GMC catalog, which contains ~1500 individual
objects in the grand-design spiral galaxy MS51 at ~40pc
resolution using data from the PdBI Arcsecond Whirlpool
Survey (Schinnerer et al. 2013). They proposed that large-scale
dynamical processes and feedback from high-mass star
formation cause environmental variations in the GMC proper-
ties and mass distributions, and also suggested that ~30% of
GMCs in M51 are unbound. More recently, the PHANGS-
ALMA survey mapped CO(J=2-1) line emission at ~1”
resolution toward 90 nearby star-forming galaxies (Leroy et al.
2021). In particular, Rosolowsky et al. (2021) identified 4986
molecular clouds at a common 90 pc resolution and measured
their properties for 10 subsamples. They found that the physical
properties of clouds vary among galaxies, both as a function of
Galactocentric radius and as a function of the dynamical
environment (e.g., bar, spiral arm, and inter-arm).

However, these earlier studies for external spiral galaxies are
likely biased toward the massive (>10°M.) population of
molecular clouds except for the case of M33 (e.g., a small
GMC down to 2.4 x 10*M,, is recovered by Corbelli et al.
2017). To understand the complex hierarchical structures of
molecular gas and also to understand the evolution of
molecular clouds in galaxies, smaller and less massive
(<10° M) molecular clouds should be investigated (e.g., the
slope of molecular cloud mass functions changes with
evolution processes; Kobayashi et al. 2017, 2018). Thus, we
need further molecular-cloud surveys covering such less
massive clouds in nearby galaxies as a complementary study
to the PHANGS-ALMA survey.

In this paper, we present the results of a new CO(J=2-1)
survey toward almost the whole molecular-gas disk of M33
conducted with the Atacama Compact Array (ACA) stand-alone
mode of ALMA. The distance to M33 is estimated to be 840 kpc
(Freedman et al. 1991; Galleti et al. 2004); thus, 1” corresponds
to 4 pc. The inclination of M33 is 55° (Koch et al. 2018). Its
proximity and relatively small inclination angle have enabled
many researchers to study the ISM and high-mass star formation
over the wide area of the M33 disk at the few x10pc scale
(Engargiola et al. 2003; Rosolowsky et al. 2007; Gratier et al.
2010; Onodera et al. 2010; Tosaki et al. 2011; Gratier et al. 2012;
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Table 1
General Properties of M33

Parameter Value Reference
IR center (J2000): [€))]

RA. 1"33m5039

decl. 30°3937"
Distance 840 kpc 2), (3)
LSR velocity 170 km s~ 4)
Inclination 55° 5)
Position angle 21° 5)
Stellar mass 4.8 x 10° M, 6)
Molecular gas mass 3.1 x 10° M, “4)

References. (1) Skrutskie et al. (2006), (2) Freedman et al. (1991), (3) Galleti
et al. (2004), (4) Druard et al. (2014), (5) Koch et al. (2018), (6) Corbelli et al.
(2014).

Miura et al. 2012; Onodera et al. 2012; Druard et al.2014;
Miura et al. 2014; Corbelli et al. 2017; Gratier et al. 2017). In
addition, recent studies based on ALMA 12 m array observations
revealed complicated internal molecular-gas structures within
some especially massive (~10° M) GMCs of M33 at the 1-2 pc
scale (e.g., Muraoka et al. 2020; Tokuda et al. 2020; Kondo et al.

2021; Sano et al. 2021). Thus, M33 is a unique target to
investigate the hierarchical structure of molecular gas in face-on
spiral galaxies from parsec to kiloparsec scales. The basic
properties of M33 are summarized in Table 1. The main
purposes of the new ACA observations are to obtain the spatial
distribution in CO(J = 2-1) emission with higher sensitivity and
higher angular resolution compared to earlier studies on M33 and
to identify low-mass (<10° M.) clouds as well as high-mass
(>10° M) clouds. This surely becomes an important step to
understanding the hierarchical structures of molecular gas and
the evolution of molecular clouds in galaxies.

The structure of this paper is as follows. In Section 2, we
describe the detail of the ACA observations and data reduction.
Then, we present the overall molecular-gas structures in
CO(=2-1) emission at ~30pc resolution in M33 in
Section 3. In Section 4, we describe the procedure of cloud
decomposition based on 12CO(J =2-1) cube data, and
summarize the basic properties of cataloged molecular clouds.
In Section 5, we examine the scaling relations for the molecular
clouds in M33. We compare the cataloged molecular clouds in
this study with the earlier GMC catalog in M33 summarized by
Corbelli et al. (2017) in Section 6. Finally, we discuss the
relationship between the properties of molecular clouds and the
high-mass star formation in M33 in Section 7.

2. Observations and Data Reduction

Observations toward M33 were carried out in Band 6
(211-275 GHz) with the ACA 7 m antennas between 2019
August and 2021 August (;i)roject code 2018.A.00058.S). The
target molecular lines were '>CO(J = 2-1), '*CO(J = 2-1), and
C! O(J =2-1). The bandwidths of the correlator settings were
117.19 MHz with 1920 channels for the '>CO line and
960 channels for the *CO and C'®0 lines. The target field
was the rectangle with the size of 1100” x 1180” (4.5 kpc x
4.8 kpc), covering most of the molecular-gas disk of M33. The
total number of mosaic fields is 3129. In addition to this, we
retrieved the ALMA archival data (project code 2017.1.00901.
S and 2019.1.01182.S), which also observed the molecular-gas
disk of M33 by ACA 7m antennas with almost the same
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Figure 1. Three-color composite image constructed from the B band (blue), V
band (green), and Ho (red) images of M33 taken with the Mayall 4 m telescope
(Massey et al. 2006, 2007). The yellow line indicates the observed field of the
project code 2018.A.00058.S, and the green line indicates that of
2017.1.00901.S and 2019.1.01182.S.

spectral settings as our observations. Prior to the imaging
process, we concatenated all visibilities obtained in each
science goal with a total number of 36. This data reduction
strategy is the same as the previously published large-scale
ACA mapping project on the Small Magellanic Cloud
(SMC; Tokuda et al. 2021). Figure 1 shows the eventually
observed field.

We used Common Astronomy Software Application
(CASA) package (McMullin et al. 2007) version 5.4.0 in the
data reduction. We applied the standard calibration scheme
provided by the ALMA observatory while we performed the
imaging process. We used the tclean task with the multi-
scale deconvolver (Kepley et al. 2020) to recover extended
emission as much as possible. In the tclean task, we applied
the natural weighting and used the auto-multithresh
procedure to automatically identify regions containing emis-
sion in the dirty and residual images. We continued the
deconvolution process until the intensity of the residual image
attains the ~10 noise level. The beam size and the rms noise
level for each emission are summarized in Table 2.

To evaluate the missing flux of the ACA observations, we
measured the global 12CO(J = 2-1) luminosities over the M33
disk obtained by the ACA 7 m antennas and by the IRAM 30 m
telescope (Druard et al. 2014). We found the global
2CO(J =2-1) luminosity with ACA 7m antennas L&oS™ =
7.6 x 10° Kkms ™' pc® over the observed region, and that with
the IRAM 30m telescope L™ = 2.1 x 107 Kkms™' pc?
for the same area. This indicates the global missing flux of
2CO(J =2-1) emission of 60%—70%, which mainly corre-
sponds to diffuse components of molecular gas. To compensate
for such diffuse components, we combined the ACA 7 m array
2CO(J=2-1) data with the IRAM 30m data using the
feather task. Hereafter, we refer to the pre-combined ACA

Muraoka et al.

7m array '*CO(UJ=2-1) data as “stand-alone ACA
2CO(J = 2-1)” data, and to the combined '>*CO(J = 2-1) data
as “ACA+IRAM '>CO(J = 2-1)” data. The beam size and the
rms noise level of ACA+IRAM '>CO(J = 2-1) data are the
same as those of the stand-alone ACA 12CO(J =2-1) data.

The final reduced CO cubes in FITS format are available on
Zenodo.'®

3. CO Maps

From the reduced three-dimensional cube data, we examine
the zeroth moment (i.e., velocity-integrated intensity) in
2CO( =2-1) and *CO(J = 2-1) emission. To minimize the
effect of the noise, we determined the velocity channel in
which the CO emission is expected to appear using the atomic
(H1) data (Koch et al. 2018) as follows. First, we convolved the
H1 data, whose original angular resolution is 20”7, to 40” in
order to reduce the effect of the anomalous HI velocity
components. Then, we regridded them to match our CO data
and determined the representative HI velocity Vi, in each
Pixel. Finally, we calculated the zeroth moment in

2CO(J =2-1) emission from V., —30km s oto Viep

+30kms~'. Although Rosolowsky et al. (2007) reported that
90% of the velocity separation between CO and H1I is within
20kms ™', each CO line typically has a velocity width of
5-10kms~". In fact, we found that some molecular clouds
dropped ~30% of CO flux if we apply the velocity range of
Viep = 20 km s L. To correctly measure the CO intensity in
M33, we needed the velocity range of V., = 30 km s~ ! for the
calculation of the '*CO(J =2-1) zeroth moment. We also
calculated the 13CO(J =2-1) zeroth moment from Vi,
—30kms™' to Viep +30kms™ .

Figure 2 shows the integrated intensity maps in
"2CO(J =2-1) from the stand-alone ACA data and the ACA
+IRAM data, respectively. These '*CO(J = 2—1) maps clearly
depict the molecular-gas structure within M33 at 30pc
resolution. We can easily find a lot of individual molecular
clouds over the M33 disk. The ACA+IRAM '*CO(J =2-1)
map properly recovers diffuse components of molecular gas,
which are missed in the stand-alone ACA map. We show an
evident case, '2CO(J=2-1) integrated intensity map for
GMCs associated with the giant HII region NGC 604, in
Figure 3.

The integrated intensity map in '*CO(J = 2—1) emission over
the M33 disk is shown in the left panel of Figure 4. A lot of
13CO(J =2-1) sources are detected. They correspond to
moderately dense gas whose density is >10° cm > within the
'2CO cloud. The zoomed-in view of the NGC 604 region is
shown in the right panel of Figure 4.

Note that we found no significant C'80(J = 2-1) emission in
the ACA map. The rms noise level of 22 mK yields a 3¢ upper
limit of 66 mK. To check the validity of the upper limit, we
retrieved the ALMA archival data (project code 2017.1.00461.
S) and examined the CISO(J =2-1) emission in a GMC
associated with NGC 604. We found that the peak temperature
of the strongest C'®0(J = 2-1) emission is ~1 K at an angular
resolution of 073 (1.2 pc) and its spatial extent is less than 1”.
Then, we convolved the C'®0(J = 2-1) emission to 7”5 and
found that the peak temperature decreases down to ~30 mK,
which corresponds to 1.4¢ in the ACA C'®*O(J =2-1) map.
Thus, we consider that the beam smearing effect makes

' DOI:10.5281/zenodo.8157657.
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Figure 2. Integrated intensity maps in '>CO(J = 2—1) from the stand-alone ACA data (left) and the ACA+IRAM data (right). The yellow rectangle indicates the
NGC 604 region. A zoomed-in view of this region is shown in Figure 3. The synthesized beam is shown in the lower left corner.

Table 2
Properties of Each Line Emission

Line Beam Size rms Noise Level Velocity Resolution
2coy =2-1) 7731 x 6”50 (30 pc x 26 pc) 39 mK 0.7 kms™!
Bcoy =2-1) 7772 % 6”86 (31 pc x 27 pc) 30 mK l4kms™!
c®oyu=2-1 7782 % 6”796 (31 pc x 28 pc) 22 mK 1.6kms™!

C'"0(J=2-1) emission undetectable in the ACA 30pc
resolution map.

4. Cloud Decomposition

As shown in Figure 2, the structure of molecular clouds is
highly complex and hierarchical over the M33 disk. To identify
individual emission structures in an objective way and to
investigate the properties of molecular clouds, we employed
PYCPROPS (Rosolowsky et al. 2021), a Python implementa-
tion of the algorithm to catalog molecular clouds, CPROPS
(Rosolowsky & Leroy 2006). We use the ACA+IRAM
2CO(J = 2-1) data in the following analyses.

First, we convolved the ACA+IRAM '*CO(J = 2-1) cube
data to 7”5 in order to identify molecular clouds by a circular
beam. Then, we made masked cube data using cprops_mask
provided by Rosolowsky et al. (2021). The criteria of the
emission mask are that high significance emission is required to
be more than 40 in continuous three velocity channels and low
significance emission, which is adjacent to high significance
emission, is required to be more than 30 in continuous three
velocity channels at least over the size of the ACA 7”5 beam.
Although the default settings of cprops_mask are 40 and 20
for high and low significance masks, respectively, we found
that the emission masks with these default settings are not

suitable for the ACA+IRAM '2CO(J=2-1) cube data. In
particular, the low significance mask does not reject fake
emission (i.e., noise) at the cloud edge. Thus, we carefully
tuned the rms thresholds, and finally, we adopted 3o for low
significance masks.

PYCPROPS first searches for all local maxima in the
emission-masked cube data and measures the peak temperature
in each local maximum, 7;,,x. When a local maximum has at
least one other neighbor whose peak temperature is Terges
PYCPROPS compares Tyax and Tperee. The neighbor is rejected
if Thax — Terge 18 less than 20, which means that such a local
maximum is likely a noise fluctuation. The criterion of 20 is a
default value recommended by Rosolowsky et al. (2008). Then,
PYCPROPS determines if the spatial and spectral separations
between local maxima are adequate or not. We adopted the
beam size (7”5) as a minimum spatial separation and also
adopted 7km s~ ' as a minimum spectral separation, which
corresponds to a typical velocity width of a GMC with the size
of ~30pc considering the Galactic size-line-width relation
(Solomon et al. 1987). If either spatial separation or spectral
separation between local maxima does not satisfy the above
threshold, the local maximum which has a smaller T, is
rejected. Through these processes, PYCPROPS identifies a set
of significant local maxima. We treat these local maxima as
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Figure 3. Zoomed-in view of the NGC 604 region in Figure 2. Diffuse molecular-gas components between bright GMCs are well recovered. The synthesized beam is

shown in the lower left corner.
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Figure 4. Integrated intensity map in '>CO(J = 2—1) emission of M33 obtained by the ACA 7 m array (left) and its zoomed-in view of the NGC 604 region (right).

The synthesized beam is shown in the lower left corner.

seeds to assign all the emission to molecular clouds. To do this,
we use a watershed algorithm, which associates all the cube
pixels in the emission-masked data with a local maximum.

Some pixels are already assigned to a single local maximum,
while the remainder (including rejected local maxima in the
above processes) are assigned to any of the local maxima by
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Figure 5. Frequency distributions of the ratio between the extrapolated value and the observed value for the second moment of the major axis (o,;; left), that of the

minor axis (omin; center), and velocity dispersion (right), respectively.

the watershed algorithm. More details on the PYCPROPS
algorithm are summarized in Rosolowsky et al. (2021). Finally,
PYCPROPS identified 886 molecular clouds.

PYCPROPS gives the basic properties of the identified
clouds, including the extrapolated second moment of the
emission along the major and minor axes Oy, and Op, in
parsec, the position angle of the major axis ¢, the extrapolated
velocity dispersion 0, x, and the integrated 2Co = 2-1) flux
S within each cloud. The extrapolated cloud properties are
calculated to reduce observational bias (Rosolowsky &
Leroy 2006). In Figure 5, we showed frequency distributions
of the ratio between the extrapolated value and the observed
value for cloud size and velocity dispersion. The extrapolated
value is typically 10%—20% larger than the observed value.

We calculated the intrinsic spherical radius R by the
deconvolution of the ACA+IRAM beam, gpeam, as follows:

R = 1'91\/(01211aj - U%eam)o.s(o'%nin - U%eam)O'S . (1

Here, opeam 18 calculated as 775 x 4 = 30, where the factor of 4
is the spatial size in parsec of 1”7 at the distance of M33
(840 kpc). The coefficient 1.91 converts the rms size to the
effective spherical radius of the cloud (e.g., Solomon et al.
1987; Rosolowsky & Leroy 2006). We treat R as the intrinsic
spherical radius of each molecular cloud. Note that if o, is
smaller than opeam, the resultant R is not properly defined. We
do not consider such small clouds further in this paper.

We also deconvolved the velocity dispersion o, ey as
follows:

(72 h
2 v,chan
oy = Uv,ext - ) (2)

27

where 0, chay 1S the velocity resolution element, which is related
to the velocity channel width (AViy., =0.7km s7h as
Oy,chan = Avchan/(2 V21n2).

We do not consider molecular clouds lying at the edge of the
ACA field-of-view (FOV) further because the primary beam
correction causes larger uncertainties in the obtained properties
of molecular clouds. Thus, we consider 848 molecular clouds
after excluding small clouds with undefined radius and clouds
at the edge of ACA FOV from the originally identified clouds
by PYCPROPS. Figure 6 shows the spatial distribution of 848
molecular clouds, whose deconvolved sizes and the measured
position angle are represented, in the M33 disk.

4.1. Luminosities and Masses

From the basic properties of molecular clouds, we calculated
additional properties such as the CO luminosity Lco = SD?
where D =840kpc and cloud masses. The luminosity-based
mass (for '>CO, hereafter Mco), which includes the helium
contribution, is calculated as

Mco 435 Xco Lco —

= 4. Ry,
M, 20 x 10°cm2(Kkms)! Kkms'pc? '

3

where Xco is CO-to-H, conversion factor and R,; is the
2CO( =2-1)/"2CO(J = 1-0) intensity ratio. We adopted a
constant Xco of 4.0 x 10%° cm 2 (Kkm sfl)f1 (Gratier et al.
2017) over the M33 disk. To determine the appropriate R;;
value in this study, we examined the preexisting single-dish
measurements of '>CO in M33 for J = 1—0 (Tosaki et al. 2011)
and J = 2—1 (Gratier et al. 2010; Druard et al. 2014) transitions.
We found that the average R, in M33 is 0.60, but this value is
lower than the previously reported R,; of 0.8 (Druard et al.
2014). In the MW, the reported R,; is 0.64 (Yoda et al. 2010).
In addition, recent studies reported that the mean of R,; in
nearby galaxies is 0.6-0.7 (e.g., den Brok et al. 2021; Yajima
et al. 2021; Leroy et al. 2022). These R,; values are consistent
with the newly obtained one in M33, 0.60. Thus, we adopted a
constant Ry_;/1_o of 0.60 across the M33 disk in this study.
Note that, as pointed out by Yajima et al. (2021), R,; varies
within an individual galaxy; in fact, R,; in M33 varies from
position to position, typically ranging from 0.4-0.8. Therefore
we consider that the assumption of a constant R,_;/;_o over
the M33 disk yields an error of about 30%. From the emission
masks and PYCPROPS parameters, the detection limit of Mo
is calculated to be 3 x 10> M., while the actual lowest mass of
the molecular clouds is 7 x 10° M.

In Figure 6, each molecular cloud is color coded according to
its Mco, ie., red ellipses represent high-mass clouds
Mco > 10° M) and blue ellipses indicate low-mass clouds
(Mo < 10° M.,). In addition, the spatial comparison between
molecular clouds and Spitzer /IRAC 8 um emission (Dale et al.
2009) is displayed. In the spiral arm region, many high-mass
clouds are associated with the strong (typically >2 My sr ')
8 um emission, which likely traces high-mass star-forming
regions (e.g., Calzetti et al. 2005; Wu et al. 2005; Calzetti et al.
2007; Crocker et al. 2013). On the other hand, low-mass clouds
tend to be apart from such 8 yum bright sources and to exist in
the inter-arm region.
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Figure 6. Distribution of 848 molecular clouds in M33 superposed on the ACA+IRAM combined '>CO(J = 2—1) peak temperature map (left) and the map of Spitzer /
IRAC 8 pm flux obtained by Dale et al. (2009; right). The molecular clouds are represented as ellipses, whose sizes and orientation indicate the extrapolated and
deconvolved major and minor axes, and the measured position angle. Red ellipses represent high-mass clouds (Mco > 10° M,.)) and blue ellipses indicate low-mass
clouds (Mco < 10° M_)). The black line indicates the eventually observed field by ACA.

We examine the mass fraction of the molecular clouds to the
total molecular gas over the ACA-observed area. The total
mass of the molecular clouds is derived to be 1.6 x 10° M., by
summing up their Mo values. We calculated the global ACA
+IRAM '“CO(J/=2-1) of 2.0 x 10" Kkms 'pc? which
yields the total molecular gas mass of 2.9 x 108 M..'” Thus,
the mass fraction of molecular clouds to the total molecular gas
is 55%. This is similar to the case in M51; Pety et al. (2013)
reported that about half of the CO luminosity arises from
molecular clouds and the other half from diffuse components of
molecular gas.

We also calculated the virial mass as My;, = 1040 Raf for a
spherical and virialized cloud with a density profile of p o< !
(Bolatto et al. 2013). Its relationship to Mco is discussed in
Section 5.

4.2. 3CO(1 =2-1) Emission

We examined '>CO(J = 2-1) emission for each cloud. The
criteria for the detection of 13CO(J:2—1) emission are as
follows. First, we drew the 12CO(J:Z—]) spectrum at the
2cou=2-1) peak of each cloud and defined the Iline
channels, which are successive velocity channels where
significant 12CO(J =2-1) emission exists. Then, we examined
the COU =2-1) spectrum within the line channels. If

7 The 12CO( = 2-1) data obtained bz IRAM 30 m telescope (Druard et al.
2014) gives its luminosity of 2.1 x 10" K km s~ pc2 within the ACA FOV
(see Section 2). If we assume Xco of 4.0 x 10%° cm™2 (K km s~ ! and R, of
0.6, this luminosity yields the total molecular gas mass of 3.0 x 10% M, which
is well consistent with the molecular gas mass of 2.9 x 10% M, derived from
ACA+IRAM '>CO(J = 2-1) data.

PCO(2-1)/ *CO(2-1) intensity ratio

001 1 1 1 1 1
0 1 2 3 4 5 6

Galactocentric radius [kpc]

Figure 7. 13CO(] =2-1)/ 2coy =2-1) intensity ratio (R;3,12) as a function
of the Galactocentric radius for the *CO(J = 2-1) detected clouds in M33.

13CO(J =2-1) emission exceeds 4o for successive 2 channels
or exceeds 30 for successive 3 channels, we treat the
3CO(J = 2-1) emission as temporarily detected. In addition,
we calculated the '*CO(J = 2-1) integrated intensity within the
line channels, and derive its signal-to-noise ratio (S/N). If the
S/N of the temporarily detected BCO@W =2-1) intensity
exceeds 3, we finally treat the 13CO(J =2-1) emission as
significantly detected. We confirmed significant '*CO(J = 2—1)
emission for 173 clouds, and thus the resultant *CO(J = 2-1)
detection rate is 20%.

We examined the *CO(J = 2-1)/ 2CO(J =2-1) intensity
ratio (hereafter R;3/,,) for the BCOW = 2-1) detected clouds.
We found that R;3,;, in M33 is almost constant on the
Galactocentric radius as shown in Figure 7, and the typical
Ry3/12 is ~0.1. This value is similar to that in the disk of M51



THE ASTROPHYSICAL JOURNAL, 953:164 (16pp), 2023 August 20

(den Brok et al. 2022), and also similar to that for the /=1 —0
transition (i.e., "?CO(J = 1—0)/"*CO(J = 1—0) ratio) measured
in nearby galaxy disks (e.g., Paglione et al. 2001; Hirota et al.
2010; Watanabe et al. 2011; Muraoka et al. 2016; Cao et al.
2017; Cormier et al. 2018; Yajima et al. 2019; Morokuma-
Matsui et al. 2020; Topal 2020; Cao et al. 2023).

4.3. Catalog Description

We summarized the properties of 848 clouds in M33 as a
catalog, which do not include small clouds with undefined radii
and clouds at the edge of ACA FOV. We assigned the ID
number of the clouds in order of increasing the Galactocentric
radius. Table 3 presents the first 10 and last 10 clouds of the
catalog, and the full version is available online.

The uncertainty of each property was evaluated using a
bootstrapping method implemented in PYCPROPS. Consider-
ing that the cloud consists of N data points, we generated a trial
cloud by N times random sampling of the data allowing the
same data to be sampled more than once. Then, we measured
the properties of the trial cloud. We repeated the resampling
and remeasuring 10,000 times for each cloud, and evaluated the
uncertainties. The final uncertainty in each property is the
median absolute deviation of the bootstrapped values scaled up
by the square root of the oversampling rate, which corresponds
to the number of pixels per beam size. This scaling accounts for
the fact that pixels within the same beam are not independent
(i.e., correlated with each other).

In this molecular-cloud catalog, we noted the S/N of
2CO(J = 2-1) brightness temperature at the CO peak position
in each GMC. As reported in Rosolowsky & Leroy (2006), the
CPROPS algorithm requires a minimum S/N of 10 for stable
recovery of cloud properties. Since our catalog includes 147
molecular clouds whose S/N is lower than 10, we examine the
properties of such low-S/N clouds in the following analyses.
The minimum S/N of the cataloged cloud is 6.1. In addition,
we checked a GMC counterpart identified with the IRAM 30 m
telescope (Corbelli et al. 2017). We compare the two catalogs
in Section 6.

4.4. Basic Properties of Cataloged Molecular Clouds

Figure 8 shows the frequency distributions of the radius R
and the velocity dispersion o, for the cataloged molecular
clouds in M33. R ranges from 6.8-72 pc, and o, ranges from
1.0-6.1kms™'. Their medians are 34pc and 2.8kms ',
respectively. Note that, as pointed out by Hughes et al.
(2013), such distributions of the cloud radius and the velocity
dispersion depend on both the spatial and the velocity
resolutions of the input data cube because ISM in galaxies
generally has a hierarchical structure from parsec to kiloparsec
scales. We also examined the frequency distributions of Mo
and My, as shown in Figure 9. Mo ranges from 6.7 x 10° to
2.6 x 10°M,, and My; ranges from 1.1 x 10* to 1.9 x
10°M,. Their medians are 9.9 x 10*and 2.8 x 10° M,
respectively. Both for Mco and My;, the dynamic range of
mass is more than two orders of magnitude, which is wider
than earlier M33 studies (e.g., Rosolowsky et al. 2007; Gratier
et al. 2012; Corbelli et al. 2017). The low-S/N (<10) clouds
typically show smaller radii and smaller velocity dispersions
compared to the high-S/N clouds. However, some low-S/N
clouds have large virial masses (>10° M..) although their CO
luminosity masses are almost small (<10° M_). We discuss the
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origin of the discrepancy between Mco and My, for the low-
S/N clouds in Section 5.2.

5. Scaling Relations

Starting with the pioneering work by Larson (1981), a lot of
earlier studies suggest that basic properties of molecular clouds
are quantitatively related to each other via some kind of scaling
relations, which are often referred to as “Larson’s laws.” In this
section, we examine such scaling relations based on our
molecular-cloud catalog.

5.1. Size—Line-width Relation

The first Larson’s law relates the cloud radius R in parsecs to
the velocity dispersion o, in kilometers per second, which is
expressed as 0, = 0.72R"* for the MW (Solomon et al. 1987).
This relation is considered to reflect the turbulent condition
inside the molecular clouds. Figure 10 shows the relation
between R and o, for 848 molecular clouds in M33,
distinguishing the low-S/N and high-S/N clouds. The overall
distributions in the radius—velocity dispersion plane are similar
between the two cloud types; many clouds show smaller
velocity dispersion than the Galactic R—o, relation at a given
radius regardless of the '*CO S/N. This trend can be evaluated
more quantitatively by deriving the coefficient of the R-o,
relation, o,R*>. The average o,R* for 848 clouds is
0.48 £ 0.13, which is significantly smaller than the Galactic
a,R%, 0.72.

To explain the origin of such a smaller velocity dispersion,
we examine the R—o, relations based on the two earlier GMC
catalogs in M33 (Rosolowsky et al. 2007; Corbelli et al. 2017).
We found that the averaged o,R’> are 0.54+0.11 and
0.50 £ 0.17 for the Rosolowsky et al. (2007) catalog and the
Corbelli et al. (2017) catalog, respectively, although the
linewidth of small (<20pc) clouds in the Corbelli et al.
(2017) catalog is comparable to the MW as pointed out by
Braine et al. (2018). This suggests that the velocity dispersion
of the GMC in M33 is intrinsically smaller than the
Galactic GMCs.

Here, we consider the physical mechanism to change the
velocity dispersion in molecular clouds. Earlier studies
reported that the velocity dispersion at a given cloud radius
is higher in the Galactic Center (Oka et al. 2001) and
30 Doradus in the LMC (Wong et al. 2017, 2019), which are
associated with active star-forming regions, compared to the
Galactic R—o, relation (Solomon et al. 1987). In contrast to
this, the quiescent cloud PGCC G282.92-32.40 (Ade et al.
2016), which is referred to as the “Planck Cold Cloud
(PCC),” in the LMC shows a smaller velocity dispersion than
the Galactic R—o, relation (Wong et al. 2017, 2019). From
these observational facts, Wong et al. (2019) suggested that
local energy injection by star formation feedback plays an
important role in the turbulence of molecular clouds. In other
words, it is unlikely that a molecular cloud without active
star-forming regions increases its velocity dispersion. Con-
sidering that the R—o, relation obtained in M33 is similar to
that in the PCC, it is suggested that many molecular clouds in
M33 are not associated with active star formation like the
PCC. However, this contradicts the fact that more than 70%
of clouds in M33 are associated with star-forming regions
(e.g., Gratier et al. 2012, A. Konishi et al. 2023, in
preparation). Indeed, Figure 6 shows that many high-mass



Table 3
List of Cataloged Molecular Clouds
D RA. Decl. Real Visr R o, Mco My, Laco 2co s/N Lisco Riz/n é b/a  IRAM ID
(deg.) (deg.) (kpc)  (kms™") (pc) (kms™") (10* M.) (10* M) (Kkms (Kkms ") )

(1) 2) 3) “4) ) (6) @) ®) ) (10) (11) (12) (13) 14 (15 (16)
1 2346415  30.65744  0.07 -168 173444  37+09 38420 242 +86 1.83 4+ 0.08 10.0 <0.36 <0.20 24 5.0 149
2 2346366  30.66494  0.07 —202 202+42 46406 165+33  644+120  650+0.13 18.2 <0.35 <0.05 -75 21

3 2346754  30.66369  0.10 —187 4634102 25405 102445 30.8 + 8.8 2.76 £ 0.12 10.6 <032 <0.11 25 3.3 156
4 2345834  30.65327  0.11 —162 190+69 29409 25+1.6 167+ 7.8 1.46 + 0.06 12.4 <0.25 <0.17 —61 1.4

5 2346560  30.66952  0.14 —203 381439 29+04  187+38 324+6.1 3.61 £ 0.09 223 <0.47 <0.13 —62 20 177
6 2346754  30.65494  0.16 —168 482+25 40+02 1254469 784451  2094+0.10 95.8 2644011 013 +0.01 36 12 149
7 23.45495  30.65035  0.17 -163 126+109 24+10 1.1+0.1 75452 1.20 + 0.07 75 <0.20 <0.17 41 42

8 2345301  30.65869  0.17 —165 357+34 24402 187+26 21.8 +3.1 7.37 £ 0.07 413 0524011 007+001 -8 23 151
9 2345543 30.66535  0.18 —-177 394467 46107 92405 884 +184  2.6240.10 14.9 <0.39 <0.15 -27 13 160
10 2345494  30.66452  0.18 —187 259+60 20405 37422 10.5 + 4.0 3.15 4 0.09 135 <0.23 <0.07 —64 19 160
839  23.65535  30.58110  4.69 —174 205+88 25405 7.6+33 194455 3.00 £ 0.12 12.0 <0.37 <0.12 43 12 326
840  23.65583  30.57610  4.74 —176 322468 22403 8.7+3.5 16.7 £ 4.0 3.47 £0.09 19.3 <0.33 <0.10 69 15 326
841  23.65965  30.54693  5.05 —154 133493  18+08 17+1.1 45+32 1.38 £ 0.10 7.1 <0.18 <0.13 -15 57

842  23.66347  30.51901  5.36 —152 386+64 27404  132+48 300 + 6.7 2.49 +0.09 16.5 <0.34 <0.14 —56 39 252
843 23.67514  30.54941 536 —165 1724102  1.8+07 17418 55437 1.08 + 0.07 8.0 <0.35 <0.33 62 2.0

844  23.67173  30.53649  5.39 —161 167+87 1.8+06 18409 56432 1.25 +0.08 93 <0.27 <0.22 27 15

845  23.67512  30.54024 543 158 249+42 21403 172436 113426 6.57 £0.12 30.8 0.8440.17  0.13+0.03 3 1.3 291
846  23.67899  30.54273  5.50 —164 356+96 20+04 64+17 141+ 45 2.08 +0.08 15.5 <0.46 <0.22 73 32 291
847  23.67461  30.52941 551 —156 421476 21+04 81+15 18.7+523 1.74 + 0.09 11.9 <0.26 <0.15 —66 2.0 290
848  23.67362  30.51608  5.59 —155 366+ 144 22403 92409 182+52 3.10 £ 0.15 11.2 <0.37 <0.12 -75 12 253

Note. (1) ID number of the cloud. (2)—(3) >CO(J = 2—1) peak position of the cloud in equatorial coordinates (J2000) in degree. (4) Galactocentric radius of the cloud from the IR center of M33 (1"33M50%9, 30°39/37")
in units of kiloparsec. (5) Radial velocity in the local standard of rest in units of km s~'. (6) Deconvolved radius of the cloud including uncertainty in units of parsec. (7) Deconvolved velocity dispersion including
uncertainty in units of km s . (8) Luminosity mass based on 12Co( = 2-1) flux including uncertainty in units of 10* M. (9) Mass of the cloud inferred from the virial theorem including uncertainty in units of 10* M.
10) 2Co( = 2-1) intensity at its peak position of the cloud including uncertainty in units of K km sTLan s /N of 2coy =2-1) brightness temperature at its peak position. (12) Becoy =2-1) intensity at
12CO(J = 2-1) peak position of the cloud including uncertainty in units of K km s ™', or its 3¢ upper limit. (13) "*CO(J = 2—1)/12C0(J = 2-1) intensity ratio at "?CO(J = 2—1) peak position of the cloud including
uncertainty, or its 3o upper limit. (14) Position angle of the major axis of the cloud, which is measured counterclockwise from north to east, in units of degree. (15) Ratio between the major and minor axes after the
deconvolution by the observing beam (7”5). (16) GMC counterpart identified with the IRAM 30 m telescope (Corbelli et al. 2017).

(This table is available in its entirety in machine-readable form.)
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Figure 8. Frequency distributions of the radius (R; top) and the velocity
dispersion (o,; bottom) for the cataloged molecular clouds in M33. A shaded
column indicates high-S/N clouds and a white column corresponds to low-S /N
clouds.

clouds are associated with 8 um bright sources (see also
Figure 15). Alternatively, Bolatto et al. 2008 examined the
variation in ¢,R* for 12 external galaxies and found a trend
that extragalactic GMCs falling under the Galactic R-o,
relation have lower surface densities (Xgmc) than corresp-
onding clouds in the MW. GMCs in SMC and NGC 4605
show Xgmc ~ 45 M, pc'2 and ,R%> = 0.37. Both values are
lower than GMCs in the other 10 external galaxies, while
similar to those in M33 (Xgmc=30-40 M, pc_2 and
0,R*> =0.4-0.5). This suggests that low-surface density
molecular clouds can be maintained even by the small
turbulence (i.e., small velocity dispersion), which results in
the observed R—o, relation in M33 (see also Ohno et al.
2023).

5.2. CO Luminosity Mass—Virial Mass Relation

Figure 11 shows a relationship between Mco and My;, for
848 molecular clouds in M33. Both masses seem to be well
correlated, whereas My, is generally larger than Mco. A
similar trend is also reported by Corbelli et al. (2017). In
particular, the low-S/N clouds show larger My;, at a given
Mco; the median of the virial parameter «,, which is defined

10
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Figure 9. Frequency distributions of the 2co luminosity-based mass (Mco;
top) and the virial mass (My;; bottom) for the cataloged molecular clouds in
M33. A shaded column indicates high-S/N clouds and a white column
corresponds to low-S/N clouds.

as My;i,/Mco, is 5.3 for the low-S/N clouds. Since clouds in
virial equilibrium show a & 1-3 (Miville-Deschénes et al.
2017), most of the low-S/N clouds are gravitationally
unbound (a > 3). On the other hand, the median of « for
the high-S/N clouds is 2.0, and 68% of the high-S/N clouds
are gravitationally bound (a < 3). Considering that the R—o,
relation is not different between the high-S/N clouds and
low-S/N clouds, the CO intensity emitted from the low-S/N
cloud may be simply weak. This is consistent with the low-
surface density molecular clouds in M33 (see Section 5.1). In
Figure 11, we can see most of the clouds are virialized
(v <3) at the high-mass end. We discuss the physical
meaning of this trend in Section 7.

6. Comparison with Earlier GMC Catalog

Based on the ACA+IRAM '>CO(J =2-1) data of M33,
we cataloged 848 molecular clouds. In this section, we
compare the ACA+IRAM cloud catalog with the earlier
GMC catalog generated by Corbelli et al. (2017). To give a
fair comparison between the two catalogs, we extracted 362
GMCs from the Corbelli et al. (2017) catalog which are



THE ASTROPHYSICAL JOURNAL, 953:164 (16pp), 2023 August 20

10 ——

T

| Typical Error

LN B ) T T T LI B B N |

Velocity dispersion [km s']

r ool L 1 1 | I T N |

().33 10

Radius [pc]

Figure 10. Radius—velocity dispersion (R—o,) relation for the molecular clouds
in M33. Red dots indicate high-S/N clouds and open squares indicate low-S /N
clouds. The solid line indicates the relation for the Galactic clouds
(0, = 0.72R*’: Solomon et al. 1987). The dashed vertical and horizontal lines
indicate the resolution limits obtained from the spatial and velocity resolutions
of the ACA+IRAM "*CO(J = 2-1) data.
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Figure 11. Comparison between the virial mass (My;) and the 2co
luminosity-based mass (Mco) for the molecular clouds in M33. Red dots
indicate high-S/N clouds and open squares indicate low-S /N clouds. The filled
area in blue indicates 1 < Myi/Mco <3, in which clouds are in virial
equilibrium. The vertical line indicates the detection limit derived from the
emission masks and PYCPROPS parameters.

located within the ACA FOV. Hereafter, we refer to the
GMCs in the Corbelli et al. (2017) catalog as “IRAM
GMCs.” This comparison between the two catalogs provides
new insights into the hierarchical structure of molecular gas.
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6.1. Mass Function

First, we investigate the cloud mass distributions for the two
catalogs. The cumulative mass distribution function can be
expressed by truncated power-law functions as follows:

M y+1
M > M) = — -1
NM' > M) M{(ﬂ%) },

where M, is the maximum mass in the distribution, v indicates
how the cloud mass is distributed, and N, is the number of
clouds more massive than 2"/ (VH)MO (e.g., Rosolowsky 2005).
To determine the fitting range of the cloud mass distributions,
we estimated the completeness limit of molecular clouds by
reference to Engargiola et al. (2003). They reported that the
lowest mass molecular cloud in their GMC survey is of order
2% 10*M_ and also estimated the completeness limit of
1.5 x 10° M, which is about 7 times larger than the lowest
mass. If we apply such a linear scaling between the two masses
to our molecular-cloud catalog, the completeness limit is
estimated to be 5 x 10* M, because the lowest mass cloud is
7 x 10° M, (see Section 4.1). Note that we recalculated the
GMC masses in the Corbelli et al. (2017) catalog by assuming
Ry,;=0.6 and adopted 8.4 x 10*M. as the completeness
limit.'®

Figure 12 shows the cumulative cloud mass functions fitted
by the truncated power-law functions. Note that we treated N,
as a free parameter (i.e., independent of ) in this study to
achieve the best fitting. We obtained v= —1.60 for the ACA
+IRAM cloud catalog and v= —1.48 for the Corbelli et al.
(2017) catalog, respectively. Considering that Braine et al.
(2018) obtained y= —1.65 for all 566 GMCs in the Corbelli
et al. (2017) catalog, the cloud population of the ACA+IRAM
cloud catalog is similar to that of the Corbelli et al. (2017)
catalog. However, the truncated power-law fitting for the ACA
+IRAM cloud catalog deviates from the mass spectrum at the
high-mass side (especially from 5 x 10°to 2 x 10°M..); the
number of clouds in this mass range is significantly less than
the expectation by the truncated power-law function and also
less than that in the Corbelli et al. (2017) catalog. Such a
decrease in the high-mass clouds in the ACA+IRAM cloud
catalog is presumably due to the difference in the spatial
resolutions of CO data; some large IRAM GMCs identified
with the 49 pc beam can be resolved into multiple cloud
components in the ACA+IRAM CO data at 30 pc resolution.
This yields a decrease in the number of GMCs at the high-mass
side. Indeed, we examined a one-to-one comparison between
ACA+IRAM clouds and IRAM GMCs and found that 170
IRAM GMCs are resolved into two or more ACA+IRAM
clouds. Figure 13 shows the comparison of the cloud
identification between the two CO data. A small IRAM
GMC is identified as a single molecular cloud even in the ACA
+IRAM CO data, while a large IRAM GMC is resolved into
multiple ACA+IRAM clouds.

“

6.2. Origin of Velocity Dispersion in IRAM GMCs

As described above, a large IRAM GMC (typically its Mco
is larger than 3 x 10°M_)) can be treated as an association of

18 Corbelli et al. (2017) reported that the completeness limit is 6.3 x 10* M,
in their GMC catalog. The assumption of R,; = 0.6 in this study yields the
corrected completeness limit of 6.3 X 10% x (0.8/0.6) = 8.4 x 10" M.
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Figure 12. Cumulative cloud mass functions from the ACA+IRAM catalog (left) and the Corbelli et al. (2017) catalog (right). The red dashed lines indicate the fitting
results by the truncated power-law functions. The vertical lines show the completeness limit in each plot.

multiple ACA+IRAM clouds. Investigating such correspon-
dence is beneficial for the comparison between the properties of
individual molecular clouds and the average properties of their
association. In particular, we focus on the origin of the
observed velocity dispersion (linewidth) of a large IRAM
GMC, which is likely composed of two factors; (1) the line-of-
sight relative velocity between internal ACA+IRAM clouds
and (2) velocity dispersions of individual ACA+IRAM clouds.
Here we examine which factors mainly contribute to the overall
velocity dispersion for 77 IRAM GMCs, which are resolved
into three or more ACA+IRAM clouds.

To quantify the line-of-sight velocity difference between
multiple ACA+IRAM clouds, we first defined the weighted
center of line-of-sight velocities between the clouds as follows:

v — Z?:lli Vi
=
Sk

where I; and v; are the 2CO(J = 2-1) intensity at the CO peak
position (Column 10 in Table 3) and the line-of-sight velocity
(Visr; Column 5 in Table 3) of the ith ACA+IRAM cloud,
respectively. n is the number of ACA+IRAM clouds included
in a large IRAM GMC. Using this v,, we calculate the
representative velocity difference between internal ACA
+IRAM clouds as follows:

, &)

Do L —vp)?
i=1

n
>

i=1

(6)

Vdiff =

In addition, we calculate the weighted mean of velocity
dispersions of individual ACA-+IRAM clouds as follows:

n
§ IiUv,i
i=1

n 9

S

i=1

@)

Oy, mean —
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where o, ; is the velocity dispersion of the ith ACA+IRAM
cloud.

Figure 14 shows the velocity dispersion of the IRAM GMC
as a function of vy and that of 0, mean- A clear correlation
between vg; and the velocity dispersion of the IRAM GMC,
with the Spearman’s rank correlation coefficient 7, of 0.59, can
be seen, while o, ean Seems nearly constant (2—4 km sfl) and
its correlation with the velocity dispersion of the IRAM GMC
is weak (r, = 0.28). This suggests that the velocity dispersion
of a large cloud is mainly dominated by the line-of-sight
velocity difference between small clouds inside the GMC in the
case of vy >2km s~!, while the velocity dispersion of
individual internal clouds determines the overall velocity
dispersion of the GMC if vy is less than 2 km s L

7. Properties of Molecular Clouds and High-mass Star
Formation

As shown in Figure 6 (and also described in Section 4.1),
many high-mass clouds are associated with the strong 8 yum
emission in the spiral arm region, while low-mass clouds tend
to be apart from such 8 yum bright sources and to exist in the
inter-arm region. Here, we quantitatively evaluate the relation-
ship between the molecular clouds and the 8 pum bright sources.
To do this, we regridded the IRAC 8 pm map (Dale et al. 2009)
to match the ACA+IRAM '*CO(J =2-1) map and obtained
mean 8 ym flux by averaging the pixel values included within
each molecular cloud. Then, we constructed the cumulative
distribution functions (CDFs) both for 423 high-mass clouds
and 425 low-mass clouds. Figure 15 clearly shows that the
8 um bright sources are closely associated with high-mass
clouds rather than low-mass clouds; the strong (>2 MJysr ')
8 um emission is found in 72% of high-mass clouds, but only
in 36% of low-mass clouds, respectively. Note that this trend
does not change even if we exclude the diffuse components of
8 um emission (see the Appendix). Our result indicates that
high-mass star formation tends to be associated with high-mass
clouds rather than low-mass clouds. Such a trend is consistent
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with the extensive study by Corbelli et al. (2017); they
identified mid-infrared (MIR) emission with GMCs and found
that a GMC with bright MIR sources tends to have a large CO
luminosity mass.

Since high-mass star formation generally starts from the
gravitational instability of molecular gas, the virial parameter
«, which expresses the degree of gravitational binding, is
useful to examine star formation in molecular clouds. Figure 16
shows « as a function of Mg for each ACA+IRAM cloud in
M33. o generally decreases (i.e., becomes more unstable
against gravitational collapse) with the increase in Mco. A
similar trend is also observed in the MW (e.g., Miville-
Deschénes et al. 2017) and external galaxies (IC 342; Hirota
et al. 2011). In M33, high-mass clouds whose mass is larger
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Figure 16. Virial parameter « as a function of the '?CO luminosity-based mass
(Mco). The filled area in blue indicates 1 < « < 3, in which clouds are in virial
equilibrium. Red dots indicate high-S /N clouds and open squares indicate low-
S/N clouds.

than 10° M, seem to be almost virialized; in other words, the
self-gravitation is predominant rather than the internal
turbulence of the cloud. This indicates that the high-mass star
formation likely onsets within such high-mass clouds by the
gravitational instability, which is well consistent with the
observed feature; many high-mass clouds are associated with
8 um bright sources (Figures 6 and 15). In addition, a large «
for the low-S /N clouds with a median of 5.3 can be explained;
the low-S/N clouds largely correspond to low-mass clouds,
which are gravitationally unbound and not associated with star-
forming regions.

Finally, we briefly discuss the evolution of molecular clouds.
In M33, many high-mass clouds exist in the spiral arm region,
while the inter-arm region is dominated by low-mass clouds.
Since the 8 ym bright sources are loosely along spiral arms in
M33, the stellar potential may play a vital role in the
accumulation (and the resultant mass growth) of molecular
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clouds. The evolution of molecular clouds crossing the spiral
arm and the high-mass star formation within them are often
discussed for grand-design spiral galaxies such as M51 (Egusa
et al. 2011) and IC 342 (Hirota et al. 2011) based on the
interferometric CO(J = 1—0) observations at a spatial resolu-
tion of a fewx 10 pc. In M51, Egusa et al. (2011) suggested that
smaller molecular clouds collide to form smooth giant
molecular associations (GMAs) at spiral arm regions and then
star formation is triggered in the GMA cores. Hirota et al.
(2011) divided the GMC:s in the spiral arm of IC 342 into two
categories according to whether they are associated with star
formation activity or not, and reported that the GMCs with HII
regions are typically more virialized and massive compared to
the GMCs without HII regions. These results are consistent
with the picture of molecular clouds and the high-mass star
formation in M33 although it is a flocculent galaxy whose
spiral arm structures are relatively weak. In a forthcoming
paper, we will report a detailed study on the evolutionary stage
of GMCs based on the comparison with HII regions (A.
Konishi et al. (2023, in preparation). Although the GMC
evolution in M33 was investigated in earlier studies (e.g.,
Miura et al. 2012; Corbelli et al. 2017), the new ACA
CO(J =2-1) data enable us to study the dense gas formation
based on *CO(J = 2-1) emission as well as the evolution of
basic properties of clouds (e.g., size, linewidth, mass, and virial
parameters).

8. Summary

We have performed ALMA-ACA 7 m array observations in
?CO(J =2-1), ’CO(J =2-1), and C'*0O(J =2-1) line emis-
sion toward the molecular-gas disk in M33 at an angular
resolution of 7”31 x 6750 (30 x 26 pc). We combined the
ACA 7m array '*CO(J = 2-1) data with the IRAM 30 m data
to compensate for diffuse molecular-gas components. The
summary of this work is as follows:

1. The ACA+IRAM combined '*CO(J = 2—1) map clearly
depicts the cloud-scale molecular-gas structure over the
M33 disk. In addition, we detected a lot of >CO(J = 2-1)
sources which correspond to moderately dense molecu-
lar gas.

2. We decomposed individual cloud components from the
ACA+IRAM '°CO(J=2-1) cube data employing
PYCPROPS, and cataloged 848 molecular clouds with a
mass range of 10°to 10°M.. We found that high-mass
clouds (Mco > 10° M,,) tend to associate with the 8 ym
bright sources in the spiral arm region, while low-mass
clouds (Mco < 10° M..)) tend to be apart from such 8 ym
bright sources and to exist in the inter-arm region.

3. We found that most of the molecular clouds in M33 show
smaller velocity dispersions than the Galactic R-o,
relation at a given radius. This is presumably due to
low-surface density molecular clouds, which may be
maintained even by the small turbulence.

4. We found that a small IRAM GMC is identified as a
single molecular cloud even in ACA+IRAM CO data,
while a large IRAM GMC (typically its Mco is larger
than 3 x 10°M_) can be resolved into multiple ACA
+IRAM clouds. The velocity dispersion of a large IRAM
GMC is mainly dominated by the line-of-sight velocity
difference between small clouds inside the GMC rather
than the internal cloud velocity broadening.
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5. Based on the comparison between Mco and My, for
ACA+IRAM clouds, we found that high-mass clouds in
M33 are almost virialized. This indicates that the high-
mass star formation likely onsets within such high-mass
clouds by the gravitational instability.
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Appendix
Diffuse Emission Subtraction for IRAC 8 yum Data

In Section 7, we measured 8 pm flux as a proxy for star
formation activity in M33. Generally, star formation rates
(SFRs) are estimated from Ha (and also far-infrared emission
such as 24 pm) luminosities by assuming that all the Ha
emitting gas is ionized by the local star-forming region.
Although the typical size of an H I region is ~0.1-10 pc in the
MW (e.g., Kennicutt 1984; Garay & Lizano 1999), Ha maps
for nearby galaxies often show 100 pc scale (or more) ionizing
gas distributions. The theoretical studies showed that clumpy
density structures of ISM allow for larger escape fractions of
ionizing radiation (e.g., Haffner et al. 2009, and references
therein). This indicates that the Ha emitting gas is not
necessarily ionized by the local star-forming region, and thus
the diffuse components of Ha emission should be considered
for the estimation of SFRs. Such diffuse components are also
observed in the IRAC 8 ym map that we used.

To extract the compact 8 ;zm emission which directly reflects
the star formation from the diffuse components, we applied
HlIphot, an IDL software developed by Thilker et al. (2000).
Following the procedures in Liu et al. (2011), we subtracted the
diffuse components from the 8 ym map. Figure 17 shows the
same as Figure 15, but using the 8 ym flux without diffuse
components. The general trend found in Figure 15 does not
change; the 8 um bright sources are closely associated with
high-mass clouds rather than low-mass clouds.
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