% Universiteit
id; Leiden
The Netherlands

A giant molecular cloud catalogue in the molecular disc of the
elliptical galaxy NGC 5128 (Centaurus A)

Miura, R.E.; Espada, D.; Hirota, A.; Henkel, C.; Verley, S.; Kobayashi, M.I.N.; ... ; Komugi,
S.

Citation

Miura, R. E., Espada, D., Hirota, A., Henkel, C., Verley, S., Kobayashi, M. I. N., ... Komugi,
S. (2021). A giant molecular cloud catalogue in the molecular disc of the elliptical galaxy
NGC 5128 (Centaurus A). Monthly Notices Of The Royal Astronomical Society, 504(4),
6198-6215. d0i:10.1093/mnras/stab1210

Version: Submitted Manusript (under Review)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/3263974

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/3263974

2104.12442v1 [astro-ph.GA] 26 Apr 2021

arxXiv

MNRAS 000, 1-19 (2020) Preprint 27 April 2021 Compiled using MNRAS IXTEX style file v3.0

A Giant Molecular Cloud Catalog in the Molecular Disk of the Elliptical
Galaxy NGC 5128 (Centaurus A)

R. E. Miura,'* D. Espada,z’3 A. Hirota,!* C. Henkel > S. Verley,3’7 M. 1. N. Kobayashi,g’9 S. Matsushita,'?
F. P. Israel,!! B. Vila-Vilaro,*!? K. Morokuma-Matsui,!3"'4 J. Ott,!> C. Vlahakis,!® A. B. Peck,!” S. Aalto,!®

M. R. Hogerheijde,!*?° N. Neumayer,?! D. Tono,"?? K. Kohno,'*?3 H. Takemura,'??> S. Komugi®*

I National Astronomical Observatory of Japan, National Institutes of Natural Sciences, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan

2SKA Organisation, Jodrell Bank, Lower Withington, Macclesfield, Cheshire SK11 9FT, UK

3Deparmmento de Fisica Teorica 'y del Cosmos, Campus de Fuentenueva, Universidad de Granada, E18071-Granada, Spain

4 Joint ALMA Observatory, Alonso de Cérdova, 3107, Vitacura, Santiago 763-0355, Chile

5 Max-Planck-Institut fiir Radioastronomie, Auf dem Hiigel 69, 53121, Bonn, Germany

Dept. of Astronomy, King Abdulaziz University, PO Box 80203, 21589 Jeddah, Saudi Arabia

TInstituto Universitario Carlos I de Fisica Tedrica y Computacional, Facultad de Ciencias, E-18071 Granada, Spain

8 Department of Earth and Space Science, Graduate School of Science, Osaka University, 1-1 Machikaneyama-cho, Toyonaka, Osaka 560-0043, Japan
9 Astronomical Institute, Tohoku University, Aoba, Sendai, Miyagi, 980-8578, Japan

19Academia Sinica Institute of Astronomy and Astrophysics, 11F of Astro-Math Bldg, AS/NTU, No.1, Section 4, Roosevelt Rd, Taipei 10617, Taiwan, Republic of China

WSterrewacht Leiden, Leiden University, PO Box 9513, 2300 RA, Leiden, The Netherlands

2European Southern Observatory, Alonso de Cérdova 3107, Vitacura, Santiago, Chile

13 Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 3-1-1 Yoshinodai, Chuo-ku, Sagamihara, Kanagawa 252-5210, Japan
Y Institute of Astronomy, School of Science, The University of Tokyo, 2-21-1 Osawa, Mitaka, Tokyo 181-0015, Japan

15 National Radio Astronomy Observatory, PO Box O, 1003 Lopezville Road, Socorro, NM 87801, USA

16 National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, VA 22903-2475, USA

7 Gemini Observatory, 670 N’Aohoku Pl, Hilo 96720-2700, Hawaii, HI, USA

8Dep. of Space, Earth and Environment, Chalmers University of Technology, Onsala Space Observatory, SE-43992 Onsala, Sweden

19 Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands

20 Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, 1098 XH, Amsterdam, The Netherlands

2 Max Planck Institute for Astronomy (MPIA), Konigstuhl 17, D-69121 Heidelberg, Germany

22The Graduate University for Advanced Studies (SOKENDAI), 2-21-1 Osawa, Mitaka, Tokyo, 181-0015, Japan

2 Research Center for the Early Universe, School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
24 Division of Liberal Arts, Kogakuin University, 2665-1, Hachioji, Tokyo 192-0015, Japan

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

We present the first census of giant molecular clouds (GMCs) complete down to 10° M and within the inner 4 kpc of the nearest
giant elliptical and powerful radio galaxy, Centaurus A. We identified 689 GMCs using CO(1-0) data with 1" spatial resolution
(~ 20pc) and 2 kms~! velocity resolution obtained with the Atacama Large Millimeter/submillimeter Array (ALMA). The
I(CO)-N(H») conversion factor based on the virial method is Xco = (2 + 1) x 1020 cm™2(K kms~!)~! for the entire molecular
disk, consistent with that of the disks of spiral galaxies including the Milky Way, and Xco = (5 +2) x 10° cm™2(K kms~1)~!
for the circumnuclear disk (CND, within a galactocentric radius of 200 pc). We obtained the GMC mass spectrum distribution
and find that the best truncated power-law fit for the whole molecular disk, with index y ~ —2.41 + 0.02 and upper cutoff mass
~ 1.3 x 107 Mg, is also in agreement with that of nearby disk galaxies. A trend is found in the mass spectrum index from
steep to shallow as we move to inner radii. Although the GMCs are in an elliptical galaxy, the general GMC properties in the
molecular disk are as in spiral galaxies. However, in the CND, large offsets in the line-width-size scaling relations (~ 0.3 dex
higher than those in the GMCs in the molecular disk), a different Xco factor, and the shallowest GMC mass distribution shape
(y = —1.1 £ 0.2) all suggest that there the GMCs are most strongly affected by the presence of the AGN and/or shear motions.

Key words: ISM: clouds — galaxies: ISM — ISM: molecules — galaxies: individual (NGC 5128) — galaxies: elliptical and
lenticular, cD

1 INTRODUCTION

Giant Molecular Cloud (GMC) properties and the scaling relations
* E-mail: rie.miura@nao.ac.jp are in general compatible in different regions of the Milky Way disk
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and in other galaxies across a wide range of environments (e.g. Bo-
latto et al. 2008). The properties of the molecular clouds depend
primarily on the balance between their kinetic and gravitational po-
tential energy, and in general molecular clouds are seen to be bound
elements with velocity dispersions counter-balancing self-gravity, as
seen in the Milky Way (Heyer et al. 2009), nearby dwarf galaxies
(Bolatto et al. 2008), the Large Magellanic Cloud (LMC, Wong et al.
2011), nearby spiral galaxies (e.g. Rosolowsky et al. 2007; Miura
etal. 2012; Donovan Meyer et al. 2013; Druard et al. 2014; Colombo
et al. 2014; Hirota et al. 2018; Faesi et al. 2018), and starbursts (e.g.
Rosolowsky & Blitz 2005; Leroy et al. 2015). In environments with
high ambient pressure and/or strong interstellar radiation field such as
in the Galactic Center and/or starburst (SB) regions (Oka et al. 2001;
Leroy et al. 2015; Miura et al. 2018), the GMCs can be characterized
by velocity widths which are 0.5-1 dex higher than the average in the
disks of spiral galaxies. If the surface densities of the clouds are high
enough to balance the collapse due to gravitational potential and the
internal pressure, they may be found as gravitationally bound entities
(Leroy et al. 2015; Sun et al. 2018). On the other hand, in the low
density regime, external pressure may be needed to play a role in
confining the GMCs (Oka et al. 2001).

Early-type galaxies are thus good candidates to find potential dif-
ferences in the GMC properties because of the higher stellar surface
densities, interstellar radiation, and more diverse multi-phase inter-
stellar medium (ISM). Unfortunately, the identification and study of
GMCs with high resolution in early-type galaxies is largely miss-
ing. An exception is the high angular resolution study (~ 20 pc) of
the lenticular galaxy NGC 4526. Utomo et al. (2015) found that al-
though GMCs are gravitationally bound in this object, they are denser,
more luminous, and exhibit greater velocity dispersions than simi-
larly sized Galactic GMCs. However, additional studies to resolve
GMC:s in other early-type galaxies are still needed.

A natural step is to study the parameter space of GMCs within
the environments of a giant elliptical galaxy. This kind of study in
massive elliptical galaxies has been hampered because they are less
frequently found nearby, contain significantly less molecular gas, and
the distribution is more compact than similarly sized spiral galax-
ies. However, in some cases the molecular gas in elliptical galaxies
present rotating disk-like structures along their optical major axes
(Young 2002). Most of the published interferometric observations of
molecular gas in elliptical galaxies (e.g. Crocker et al. 2011; Alatalo
et al. 2013) have not been of sufficient spatial resolution and sensitiv-
ity to address the detailed GMC properties as performed for nearby
disk galaxies.

The Atacama Large Millimeter/submillimeter Array (ALMA) is
providing an excellent view on what the molecular properties of truly
elliptical galaxies are (e.g. Boizelle et al. 2017; Temi et al. 2018; Vila-
Vilaro et al. 2019). Many of the studied objects are thought to have
their gas re-accreted by gas rich mergers later in their evolution. CO
line widths are seen to be broader (10 times) in group-centered
elliptical galaxies than Galactic molecular clouds (Temi et al. 2018).
Molecular gas filaments are seen in the central ~6.5 kpc of the ellip-
tical NGC 1275, probably representing pressure-confined structures
created by turbulent flows (Lim et al. 2017). However, these observa-
tions have not been able to resolve (spatially and kinematically), and
with sufficient signal to noise, a sufficiently large number of GMCs
in elliptical objects.

Here we present the GMC properties within the molecular disk of
the closest giant elliptical galaxy, NGC 5128, which is the host of the
radio-source Centaurus A (hereafter Cen A). Cen A is at a distance
of only D ~ 3.8 Mpc (Harris et al. 2010, 1”’= 18 pc) and it is therefore
by far the most adequate target in the class of giant elliptical galaxies
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as well as powerful radio galaxies for studies of their molecular gas
with high resolution. Indeed, Cen A is a peculiar case of an elliptical
galaxy whose gaseous component has been supplied a few 0.1 Gyr
ago by the accretion of a HI rich galaxy (e.g. Struve et al. 2010).
Along the dust lane of the elliptical galaxy there is a molecular gas
component of mass ~ 10% Mg as probed by various molecular lines
(e.g. Phillips etal. 1987; Eckartet al. 1990; Rydbeck et al. 1993; Liszt
2001; Espada et al. 2009; Espada 2013; McCoy et al. 2017), partially
seen in the form of kpc scale spiral features (Espada et al. 2012). The
dust lane is along the minor axis, different to other ellipticals where
disks are usually along the major axis (Young 2002). The molecular
gas is associated with other components of the interstellar medium,
such as ionized gas traced by the Ha line (e.g. Nicholson et al.
1992), near infra-red continuum (Quillen et al. 1993), submillimeter
continuum (e.g. Hawarden et al. 1993; Leeuw et al. 2002), and mid-
IR continuum emission (e.g. Mirabel et al. 1999; Quillen et al. 2006).
In the inner hundreds of parsecs there is a circumnuclear disk (CND)
of 400 pc total extent (~ 24””) and a P.A. = 155°, perpendicular to the
inner jet, at least as seen in projection (Espada et al. 2009). The total
gas mass in this component has been estimated to be 9 x 107 Mg
(Israel et al. 2014, 2017). More detailed studies of the CND with
higher resolutions of ~ 5 pc in CO(3-2) and CO(6-5) have revealed
the complexity of the molecular gas distribution and kinematics in
that region, with multiple internal filaments and shocks (Espada et al.
2017).

Due to the same origin of the gas in the extended disk and in the
CND as aresult of the galaxy accretion, the properties of the ISM are
probably similar, and likely different from those of late-type spiral
galaxies. For example, a nearly constant metallicity is found with
radius (Israel et al. 2017). By comparing with PDR models, it is in-
ferred that the far UV radiation field strength varies from 55 to 550 G
(a measure of the strength of the FUV radiation field normalized to
the Habing field, see Habing 1968), and total hydrogen densities vary
between 500 and 5000 cm™3. The emission line properties through-
out the disk of Cen A are similar to those in spiral galaxies at least to
a first approximation (Parkin et al. 2014). Nevertheless, the central
gas probably differs from the more extended component due to its
proximity to the AGN and shear motions may be stronger there. An
estimate for the average gas to dust mass ratio is around 100, albeit
for the CND it is larger ~275 (Parkin et al. 2012; Israel et al. 2017).
This is probably due to dust sputtering produced by X-rays in the
central regions or dust reduction close to the jets (Parkin et al. 2012).

In this paper we aim at providing a census of the GMCs as traced
by CO(1-0) down to GMC masses of 10° M and within the inner
4 kpc of an elliptical galaxy, from the tenuous outskirts of its molec-
ular disk to molecular clumps close to the powerful AGN, using high
resolution (~ 20 pc), sensitivity (10 mJy/beam in 2 km s~! channels),
and dynamic range observations obtained with ALMA. The obser-
vations were presented in Espada et al. (2019) (Paper 1) in the context
of a study of the star formation (SF) law across the molecular disk of
Cen A. The outline of this paper is the following. The observations
as well as the data reduction are presented in § 2. In § 3, we show the
methods for the identification of GMCs and estimation of parame-
ters in the CO(1-0) GMC catalog. In § 4, we present the main GMC
properties and derive scaling relations, which we compare with sim-
ilar studies of other galaxies from the literature. We also provide a
measure of the Xco conversion factor using the virial method for the
entire molecular disk and also for the CND. In § 5, we discuss the
large Xco found toward the CND, study the stability and pressure
balance of the GMCs, calculate their virial parameters, and obtain
GMC mass spectra for different regions within the molecular disk,



which we compare with other observational studies and numerical
calculations.

2 OBSERVATIONS AND DATA REDUCTION

We present observations of the CO(1-0) line (vrest=115.271 GHz)
for a mosaic region, 5'x1/4 with a P.A. (North to East) of 120°,
covering the dust lane of Cen A. The datasets were obtained as part
of program 2013.1.00803.S (P.I. D. Espada). The observing setup,
datasets, and calibration strategy were already introduced in Paper 1,
so for more information please refer to that paper. Here we only
provide a summary.

CO(1-0) line data were obtained with the 12m, 7m and Total Power
(TP) arrays and therefore the final combined maps have information
from small to large spatial scales. The observations were carried out
with a Nyquist sampled configuration of 46 pointings in the 12m
array and 19 in the 7m array. The half power beam width (HPBW) at
115 GHz is 507’6 and 86’8 for a 12m and 7m antenna, respectively.
The TP raster map covered a field of 405’ x 189”’.

The calibration of the data was performed with the Common As-
tronomy Software Applications package (CASA; McMullin et al.
2007). Each of the interferometric datasets was calibrated indepen-
dently and concatenated after subtracting line-free continuum emis-
sion. We generated a CO data cube limiting the velocity range be-
tween 242 — 820 kms~! with 2.0 kms~! resolution using TCLEAN
task in CASA 5.4, Briggs weighting and a robust parameter of 0.5.
Finally, the mosaicked CO(1-0) interferometric 12m plus 7m data
cube was later combined using feathering with the TP cube.

The total flux of the final image is 9690 Jy kms~!. The CO(1-0)
total flux in a region of 116" x 45" along a P.A. of 125° as probed
by Israel et al. (2014) agrees to within 10% (~ 4500Jy km s~h.
The CO(1-0) cube has a typical noise level of 10 mJy beam™' per
2 kms~!channel. The angular resolution of the final images is 1736
x 17703 (or 24x20 pc), with a P.A. of 613 (HPBW).

Thanks to ALMA’s high angular resolution, sensitivity as well as
dynamic range, we were able to resolve the molecular component
into tens of parsec scale clouds. The CO(1-0) integrated intensity
map of the inner molecular component of Cen A is shown in Fig. 1,
obtained as explained in Paper 1 by smoothing the CO(1-0) data cube
to calculate masks that were later applied to the original data cube.
The velocity field and velocity width maps were also presented in
Paper1.

3 CO(1-0) GMC CATALOG

We identified Giant Molecular Clouds (GMCs) with the CPROPS
package (Rosolowsky & Leroy 2006) and derived cloud properties.
The CPROPS algorithm searches for emission in connected discrete
regions (so called islands) above 40~ and velocity width of 4 kms~!.
These islands are extended to include all adjacent pairs of channels
that have emission above 20-. The parameters we use in CPROPS
are THRESH=4, EDGE=2. The cloud decomposition was done by the
CPROPS default setting. In addition, we set the minimum peak of an
island to 6 o (MINPEAK=6). Meanwhile, it excludes other islands
that does not fulfil the requirement of two spatial resolution elements
(i.e. twice the synthesized beam of ~ 1’”) as minimum projected
area, and/or have a low signal-to-noise ratio S/N < 50~ in flux. We
excluded cloud candidates outside the primary beam response at a
60 % power level in order to minimize uncertainties due false detec-
tions at the edges of the field of view and primary beam correction.
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Also, the algorithm compares the moments of the emission to dis-
tinguish separated and combined clouds. If moments vary by more
than a set fraction by combining the two clouds, they are categorized
as distinct. This is controlled by parameters SIGDISCONT and FS-
CALE, and we use the defaults 1 and 2, respectively (i.e. > 200% flux
variation in merging a cloud would be significant).

A total of 689 GMCs were identified by the algorithm and their
properties are listed in Table 1. The table presents the cloud id, the
cloud position in relative coordinates (in arcsec) relative to the cen-
ter position of the AGN at @ = 13225m275615 6 = —43°01708/80
(AR.A., ADecl.), the GMC mean velocity (visr), the velocity dis-
persion (oy ), the size before beam deconvolution (o) X Oin), the
radius (R), the CO(1-0) flux density (Sco(1-0)), and the virial mass
(Myir). The nomenclature and convention is as in Miura et al. (2018),
except that they used CO(2-1) instead of the CO(1-0) line. We use
the CPROPS measurements, which are obtained by extrapolation of
the emission profiles to the zero intensity level. The radius is calcu-

1atedasR:l.9l\/[0'2 —o2 22 —g2 |12 where

major beam minor beam
Obeam 18 the synthesized beam size, and opyjor and ominer the extrap-
olated rms sizes of the GMC’s major and minor axis. The virial mass
is obtained using equation M, = 189 AVZ R [Mo], which assumes
that clouds are spherical and in virial equilibrium, with a volume
density profile described by a truncated power law p o r~1 (Scoville
etal. 1987). AV is the full width at half maximum (FWHM) velocity
line width in kms™! expressed as AV = 2v21n2 oy . We note that
usually the assumption for the cloud shape is often spherical with a
uniform density gradient, but it is obvious that this is not always true
in practice. However, virial masses are expected to depend weakly on
cloud shape (within 10% for a cloud aspect ratio difference of about
an order of magnitude, Bertoldi & McKee 1992). As for changes
due to different density profiles, the assumption of r~! is probably
the most realistic, but if proportional to r~2 the actual virial masses
would only decrease by ~ 30 % from the derived ones assuming 7~
(MacLaren et al. 1988).

The bootstrapping method (with 10000 repetitions) was used to
derive the uncertainty of each parameter in CPROPS. We note that
this uncertainty does not include the intrinsic error of the spatial
and velocity resolution limits of the CO(1-0) data nor the CO flux
measurements. However, we include these sources of uncertainty in
the Xco factor later discussed in § 4.3.

The CO(1-0) luminosity is given by L/CO(I—O)
(c*/2kB) Sco-1) Vgm Pi- o Lio(_g 325 X

107 Sco(1-0) Vggs Di [K kms~! pc?], being ¢ the light speed,
kp the Boltzmann constant, Sco(1—g) the integrated CO(1-0) line
flux density in Jy kms™!, v p is the observed frequency in GHz,
and Dy, the luminosity distance to the source in Mpc (Solomon
& Vanden Bout 2005). The luminosity mass of the clouds was
calculated as Mgys = 4.3 Lé:O(l—O) (e.g. Bolatto et al. 2013), where
the 4.3 factor corresponds to an Icg — N(H;) conversion factor of
Xco =2 X 102 cm=2 (K kms~)~!. This is the Xco factor we use
unless mentioned otherwise for the CND (see § 4.3).

The GMC locations and sizes (effective major and minor diame-
ters) are shown in Fig. 2 overlaid on the integrated intensity CO(1-0)
map. We separated the GMCs which belong to the CND, molecular
arms, parallelogram structure, and the outermost disk, as explained
in Paper1. We have excluded the GMCs within a radius of 2" from
the galaxy center with the velocity range between 534 kms~! —
564 kms~! to avoid contamination due to cleaning residuals from
the strong absorption lines towards the AGN (e.g. Espada et al. 2010).
The number of identified GMCs which fall in this category is only

MNRAS 000, 1-19 (2020)
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Figure 1. CO(1-0) integrated intensity map of the molecular disk of Cen A. Contour levels are at 3,7, 15,25 and 40 o, where o= = 0.14 Jybeam™ kms~!.
The synthesized beam is shown as a filled red ellipse at the left bottom corner. The white regions inside the map were masked (see §2 and Paper1 for details).

five. A caveat in the identification procedure is that due to the warping
of Cen A’s disk, different molecular components may appear along
the line of sight (e.g. Quillen et al. 2010). However, our spectral res-
olution is good enough to be able to separate different GMCs along
the line of sight.

Next we calculate the completeness limit of our GMC survey by
performing false-source injection tests. This allows us to investigate
the robustness of the obtained cloud properties and mass spectrum
shapes. This is necessary because we would be unable to distinguish
clouds above a given limit based on the sensitivity estimate if the
clouds were located in crowded regions of such as the spiral arms
or the parallelogram structure. In other words, blending effects may
effectively raise the completeness limit.

In our tests, the masses of the fake GMCs range from
log(M[Mg]) = 4.85 to 7.50, with a bin increment of 0.3. Once
a mass is given, the velocity width o, and radius R are uniquely de-
fined by the empirical scaling laws M o o'ﬁ and M o R? (Solomon
et al. 1987). The fake GMCs are placed in the original data cube
assuming three dimensional Gaussian profiles. The locations of the
fake GMCs are chosen randomly within the data cube. We generated
in total 1800 individual fake GMCs per mass bin except for the two
most massive bins (log(M[Mg]) = 7.0 and 7.3), where we gener-
ated 200 and 50. This is because we focus on the lower mass end in
order to probe the completeness limit. We then fed the simulated data
cube into CPROPS with the same setting as we used for the original
datacube (see § 3).

A fake GMC is defined as “recovered” if a GMC is successfully
identified as a new GMC (i.e. in addition to the already existing
GMCs) in the data cube, within the synthesized beam and one ve-
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locity channel of its input location, or “non-recovered” otherwise. In
Fig. 3 (top panel) we present the detection rate of the fake GMCs as
a function of cloud mass.

The fake GMCs can be either well separated from any of the pre-
viously identified GMCs in our catalog (we call them “not blended”;
circle symbols in Fig.3 Top and Bottom panels), or located close
(within its radius and velocity width) to a previously identified GMC
(“blended”; triangle symbols in Fig. 3 Top panels). In our tests, the
number of blended fake GMCs per mass bin is in the range 15 — 160,
or about 1% — 10% of the total.

We find that most clouds in the mass bin log(M[Mg]) = 5.3 and
above are recovered by CPROPS as far as the GMCs are well isolated,
and the detection rate is overall above 90 %. In the log(M[M]) =
5.0 bin the detection rate drops down to about 10 %, which means
that we are largely incomplete in that regime. For fake GMCs that
are located close (position and velocity) to any of the pre-existing
GMCs in the data cube (i.e. blended case), the detection rate remains
less than about 20 % in mass bins log(M [Me]) < 7.0.

In Fig. 3 (bottom panels) we also present statistics of the ratio of the
main properties (mass, radius, and velocity width) for the recovered
fake GMCs in our experiment, in the not blended case. We define the
recovered property (mass, radius, or velocity width) ratio as the ratio
between the derived property of the GMC as obtained by CPROPS
and the original input of the fake GMC. All the property ratios are
very close to unity at mass bins log(M[Mg]) = 5.3.

We also separate in Fig. 3 the detection rate and recovered property
ratios by region, i.e. for the fake GMCs located in the spiral arms,
the parallelogram region, and the CND, which are probably the most
crowded regions (either physically or in projection) and where blend-
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Figure 2. The identified GMCs in Centaurus A, overlaid on the CO integrated intensity image. The gray contour is at a 5 o~ level (0.7 Jy kms~!). The sizes
of ellipses are equivalent to the effective major and minor radii of the GMCs. The four distinct regions are color coded. The magenta, brown, green, and blue
ellipses indicate the GMCs which are in the CND (central 220x400 pc, P.A.=155°), the spiral arms (Espada et al. 2012), the parallelogram structure region, and
the outskirts of the molecular disk region, respectively. We limit the identification of the GMCs in the CND to the velocity range of less than 534 kms~! or

more than 564 kms~! (see § 3 for details).

ing effects in the identification may be most severe. We find that the
detection rate for log(M[Mg]) > 5.3 becomes only slightly worse
(> 85%) in the spiral arm region compared to that of the entire
area (or the parallelogram region). In the CND the detection rate
for log(M[Mg]) > 6.0 is also > 85 %, and we adopt this value as
our completeness limit. We note that the number of fake GMCs is
more limited (N = 239 in total) and there are less data points per
mass bin. The recovered mass, radius and velocity width ratios as a
function of mass for these three regions are in agreement with the
trends observed for the entire area, i.e. they are very close to unity.

In summary, we adopt a conservative completeness limit of
log(M[Mg]) = 6.0, which ensures that the detection rate of the
artificially-injected sources is above 85% in the different regions,
and that the GMC properties are recovered well when the GMCs are
not blended. CPROPS has difficulties separating well the blended
cases, especially at the low mass regime, but physically having mul-
tiple GMCs with a similar location and velocity may mean that they
belong to the same complex. The most affected region by blending
effects is probably the spiral arms, but compared to other regions
the detection rate only decreases by about 10%, and the recovered
property ratio trends are comparable to the other regions.

4 RESULTS

4.1 GMC Properties

The velocity dispersion oy, radius R (after beam deconvolution),
and luminosity of the GMCs in the molecular disk of Cen A spans 1—
25 kms~!, 7-96 pc, and 1.6 X 10*-6.9%x 10°K kms™! pc2, respec-
tively. The median oy of all GMCs is 6.3 kms~!. Excluding GMCs
in the CND the median is 6.1 km s_l, and for those GMCs in the
CND, the median is twice that value, 12.4 km s~!. The median radius
and luminosity of all GMCs is 38 pc and 2.5 x 10° K kms~! pc2.

Fig. 4 shows the variation of velocity dispersion and size in bins
of 100 pc with distance from the galaxy center. We find that both
quantities are remarkably flat, but the increase of the velocity disper-
sion is apparent in the inner few hundred pc. To derive distances we
assumed a simple geometry where the CND can be characterized by
a disk of 200 pc radius, inclination of 60°, and P.A. of 155°(Espada
et al. 2017), while for larger radii the molecular disk has an (aver-
aged) inclination of 80°and a P.A. of 120°(Quillen et al. 2010). Note
that we did not correct the GMC properties for inclination.

Table 2 presents the number of identified GMCs in each region and
the total CO luminosities compared to those obtained for the GMCs,
with and without the extrapolation in CPROPS. For the CO(1-0)
luminosity of all the GMCs, we obtain 2.63 x 108 K kms~! pc2.
Therefore, 76 % of the total CO(1-0) luminosity from the molecular
disk (3.47 x 103K kms~! pcz) arises from molecular gas in GMCs
with masses above 10° Mq. The remaining 24% of the CO(1-0)
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luminosity mostly comes from the outer region (less than half of
the CO luminosity there is recovered in GMCs) and parallelogram
structure, likely in the form of smaller GMCs (< 10° Mg).

There is a trend in the sense that the percentage of molecular gas
arising from GMCs with masses larger than 10° M, is smaller with
increasing radius. For example, in the spiral arms (inner regions),
most of the CO(1-0) emission arises from identified GMCs (81%
even without extrapolation), while in the outer disk most of the gas is
in a diffuse component or in low-mass (<105 Mg) GMCs. We note
that the extrapolated CO luminosity of the GMCs in the spiral arms
exceeds the total CO luminosity directly obtained from the CO(1-0)
map. This means that the extrapolation below 2 o down to zero-
intensity in CPROPS results in an overestimation of the individual
luminosities. This might be because in the spiral arms the GMCs are
too crowded (spatially and in velocity), and thus the extrapolation
becomes uncertain (see also Fig.3). The percentage of molecular
gas in the form of GMC:s in the outer regions is about half of the total
CO luminosity. This means that more than half of the CO luminosity
in the outer regions may arise from smaller GMCs (< 105 M, o)

In the case of the CND region, this radial trend does not hold. The
CO(1-0) luminosity in GMCs is 72 % and 33 % of the total CO(1-0)
luminosity (13.4x 100K kms™! pc2) with and without extrapolation
cases, respectively. This will be further discussed with the use of
GMC mass spectra in § 5.4.

4.2 Line Width - Size Scaling Relation

In this section we study the line width - size scaling relation, which
has been seen to hold at various scales and measures the turbulent
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conditions of the molecular interstellar medium (e.g. Larson 1981).
It is generally seen that this relation increases as a power of radius R
[pc] such as in our Galaxy oy = 0.72 RO-5 kms™! (Solomon et al.
1987; Heyer et al. 2009). However, quiescent molecular clouds and
those in extreme environments such as starbursts present offsets with
respect to each other of up to a factor of 10 in velocity dispersion
(e.g. Oka et al. 2001).

The relation of these two parameters for the GMCs in the molecular
disk of Cen A is plotted in Fig. 5. Next we compared with other works
in the literature, including the lenticular galaxy NGC 4526 (Utomo
et al. 2015) and the spiral galaxy M51 (Colombo et al. 2014), where
GMC identification and parameter calculation were carried out using
CPROPS with a procedure similar to that presented here, and their
corresponding datasets also have a similar resolution (20 — 40 pc,
2 — 10 kms~!) and sensitivity (2 x 105 = 5 x 10° M). Although
there are many studies in the literature reporting GMC properties
obtained using CPROPS as the choice of decomposition algorithm
(e.g. Heyer et al. 2001, 2009; Oka et al. 2001; Wong et al. 2011;
Bolatto et al. 2008; Donovan Meyer et al. 2013; Leroy et al. 2015;
Miura et al. 2018; Hirota et al. 2018), we limited the comparison
to the two datasets above since the derived cloud properties may be
a strong function of the limiting spatial and spectral resolutions, as
well as the sensitivity of the input data and decomposition parameters
(e.g. Hughes et al. 2013; Leroy et al. 2016).

We find that the velocity dispersions of GMCs in the molecular
disk of Cen A are offset from the standard line width - size relation
for the Milky Way disk (indicated as a dashed line, Solomon et al.
1987). The offset is 0.14 dex from the standard relation (see Fig. 5).
The GMCs identified in the CND are located at projected separations



1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
Distance from the galaxy center [pc]

[}
o
T

wv
o
T

Radius [pc]
& &

N
o
T

=
o
T

1 1 1 1 1 1 1
%0 500 1000 1500 2000 2500 3000 3500 4000
Distance from the galaxy center [pc]
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distance from the galaxy center. Each data point is the median derived for the
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the values for the GMCs in that bin. The dashed lines show the median values
for all GMCs. The shaded area corresponds to the CND region (~ 200 pc
radius). See § 4.1 for the simple assumptions made for the geometry of the
disk in order to calculate distances.

from the center of 5 to 11"/, where the rotation curve flattens (e.g.
Fig. 9 in Espada et al. 2017), so we do not expect that the galactic
rotation contribution to the velocity dispersion is large compared to
further out in the galaxy disk. We also plot the GMCs within the
CND with a different symbol to show the clouds possibly affected
by the extreme environments in the central regions of Cen A. The
GMCs near the CND region tend to have larger velocity widths for a
given radius than the rest, and the offset is 0.43 dex higher than the
standard Galactic disk line width - size relation, or ~ 0.3 dex higher
than those in the GMCs in the molecular disk. We note that they are
also offset from Galactic Center clouds (dot-dashed line in Fig. 5,
Oka et al. 2001). GMCs with large velocity widths are also reported
in the centers of galaxies such as M 51 and M 83 (Colombo et al.
2014; Hirota et al. 2018). Within the GMCs of the molecular disk of
Cen A we have not found regional variations in this scaling relation,
except in the CND region.

There is some level of correlation between the velocity dispersion
and the radius of the GMCs in the molecular disk of Cen A, with
a correlation coefficient p = 0.43, (0.46 when excluding the CND
clouds). This is in contrast with the lack of correlation in the early
type (lenticular) galaxy NGC 4526 for ~100 resolved (~ 20 pc) GMCs
(Utomo et al. 2015), with a correlation coefficient of p = —0.15.
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4.3 Ico — N(H;) Conversion Factor and Virial Parameters in
Cen A

We report for the first time in this object the Icg — N (Hp) conversion
factor (Xco factor) obtained using the virial method. In this method
the CO luminosities and the virial masses of the clouds are compared
to derive the Xco factor (McKee & Ostriker 2007; Bolatto et al.
2013).

Fig. 6 shows the tight correlation between virial masses and CO(1-
0) luminosities for the identified GMCs (with a correlation coefficient
of 0.72). The best fit slope is 4.4 + 2.0, which yields a conversion fac-
tor of Xco = (2 = 1)x1029 cm™2 (K kms~!)~1. For the estimation of
the uncertainty of the Xcg factor, we assumed a 5% gain uncertainty
in the absolute amplitude calibration of the CO data (quoted from the
ALMA Proposer’s Guide and confirmed with the observed calibra-
tors), and about 40-50% uncertainty in the cloud property measure-
ments (i.e. luminosity and virial masses), as well as the fitting error
itself. This conversion factor is similar within the error bar to the
standard Milky Way disk value (Xco=2x102cm=2 (K kms~ 1)1,
Solomon et al. 1987; Strong et al. 1988; Heyer et al. 2009; Bolatto
et al. 2013).

There is a certain amount of scatter in Fig. 6. No regional variations
in this scaling relation are found, except in the CND. The data points
for the CND are preferentially found toward higher Xcq factor values.
There are some outliers at low (high) X0 factor regimes, but these
are mostly in the external (inner) regions of the CND. We used a
color scale in Fig. 6 to represent the distance of each GMC to the
center.

The resulting conversion factor for the CND is larger than that of
the molecular disk, Xco = (5 +2) x 1020 cm™2 (K kms~!)~L. The
total molecular mass of all the GMCs in the CND is 8.6 x 107 Mg
using Xco = 5X 1029 cm=2 (K kms~1)~1, or3.5%x107 Mg if we use
a constant Xcg = 2 x 1020 cm=2 (K kms~!)~L. The former value is
consistent with the previously obtained value by Israel et al. (2017),
(9.1£0.9)x107 Mg.

Fig. 7 shows the variation of Xco in bins of 100 pc as a function
of the distance from the galaxy center. We find that the X factor
is flat at Xco = 2x 1020 em=2 (K kms~1)~! for radii > 200 pc, but
we see a tentative trend where Xco gradually increases toward the
galaxy center to values ~ (2 — 3)x larger, which is then translated
into an increase in the luminosity mass and gas surface density. Note
that the minimum number of GMCs per bin within the molecular
disk occurs in the CND, but it is still around 10.

Fig. 8 shows the histogram of the virial parameters of the identified
GMCs in Cen A. The median value of ay; is 1.0 (the standard
deviation is 0.8), as expected because the used Xcg factor is the
same as that we obtain for the molecular disk of Cen A. We do not
find any regional variation in the virial parameters. For the GMCs
in the CND, if we use a common Xcq factor, we find values that
are slightly offset, with a median value of @y, = 2.8 (the standard
deviation is 1.5).

5 DISCUSSION
5.1 The Large Xco Factor in the CND

The conversion factor obtained for the CND, Xco = (5 £2) X
102 em=2 (K kms~ 1)1, is large compared to that in other regions
in the molecular disk of Cen A and other galaxy centers. Larger
values for the CND were already reported by Israel et al. (2014)
using an independent method based on modeling with Large Velocity
Gradient (LVG) analysis of the CO spectral line energy distribution

MNRAS 000, 1-19 (2020)
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globally toward the CND. The value Israel et al. found is Xco = 4
x1020 cm=2 (K kms~1)~! with an uncertainty of a factor of 2, which
is consistent with our result.

A possible reason for this larger value than the Galactic Xcg is low
metallicity conditions. In the low metallicity regime, examples are
dwarf galaxies such as LMC (Xco =~ 4% 102 cm=2 (K kms~ 1)1,
Fukui et al. 2008) and the SB dwarf galaxy NGC 5253 (Xco = 4%
1029 ecm=2 (K kms~")~!, Miura et al. 2018). The Xcq obtained by
virial mass analysis depends on the physical resolution of the obser-
vations (e.g. Bolatto et al. 2013), in the sense that studies with finer
spatial resolution systematically return lower Xcq than coarser reso-
lution studies. The resolution obtained in dwarf galaxy observations
is usually better, so the X factor would be even higher when scaled
to our resolution. At any rate, the increase of the conversion factor in
the CND is probably not due to lower metallicity conditions because
Israel et al. (2017) showed that the metallicity in the disk of Cen A
is relatively constant 0.7 - 0.8 Zg both in the CND and in the outer
disk regions.

The large Xco factor toward the CND of Cen A is a remarkable
result because it is the opposite trend to that seen in the central
parts of galaxies and in molecule-rich SBs such as mergers where
Xco is often depressed (Bolatto et al. 2013; Sandstrom et al. 2013).
The Xco factor in galaxy centers including the Galactic Central
Molecular Zone appear to be 3—10 times lower than the Galactic
disk conversion factor, which is likely due to a combination of lower
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opacities partly because of larger line widths (e.g. Garcia-Burillo
et al. 1993; Sodroski et al. 1995; Dahmen et al. 1998; Meier &
Turner 2001; Oka et al. 2001; Israel et al. 2003, 2006; Israel 2009b,a;
Watanabe et al. 2011; Papadopoulos et al. 2012). Although the large
line width condition may also apply to the CND of Cen A, still we
find a larger Xco factor. This can be due to a combination of higher
excitation conditions together with the existence of molecular gas that
is CO-dark (e.g. Papadopoulos et al. 2012, 2018). Since the radiation
field due to SF in the CND is expected to be very low (Israel et al.
2017, Paper I) the reason for the lower CO abundances may be the
energetic radiation and cosmic rays from the AGN. We can exclude
the possibility that it is simply due to a resolution effect because other
studies of centres of galaxies and SBs were observed with coarser
resolution, so the Xco factor would be even lower when scaled to
our resolution.

A consequence of the larger Xco factor in the CND is that we
confirm the large average gas-to-dust mass ratio when compared to
the outer disk as found by Parkin et al. (2012) and Israel et al. (2014).
Parkin et al. (2012) obtained a gas-to-dust mass ratio of 275 for the
CND assuming the standard Milky Way Xcg factor, which would
be further increased to 690 if we use our larger Xcq factor. Possible
causes of the large gas-to-dust mass ratio might be dust sputtering
by X-rays originating in the AGN or the removal of dust by the jets
(Parkin et al. 2012), although there are further uncertainties caused
by the assumed dust properties (Israel et al. 2017).
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5.2 Gas Pressure Balance

In Fig. 9 we present the CO(1-0) luminosity mass as a function of
cloud radius for the GMCs in the molecular disk of Cen A. This is
compared with other nearby galaxies and our Galaxy. Most GMCs
in the molecular disk of Cen A are aligned along the line of surface
density of Ty, ~ 300 Mg pc™? (the best fit is 315 + 52 Mg pc™2),
higher than the general trend for the molecular clouds in our Galaxy
and other nearby galaxies. The GMCs in the CND of Cen A are
aligned along the line of a surface density of Ty, ~ 103 Mg pc_z,
similarly to the GMCs in the lenticular NGC 4256 (Utomo et al.
2015). The higher surface densities found with respect to other spiral
galaxies for a given physical scale, together with the higher line
widths, are likely related to differences in the environment.

We probe the role of external pressure in confining molecular
clouds with the relation of 0"2, /R and the gas mass surface density
(Fieldetal. 2011) in Fig. 10. The V-shaped curves in Fig. 10 show the
pressure-bound virial equilibrium solutions for six different external
pressures. In short, the scaling coefficient o2/Ris given by:

o P

& (C1Z2+ E)’ (D

where C| is a constant, P, is the external pressure and X is the gas

surface density (equivalent to Eq. 8 in Field et al. 2011). Therefore,
when X is high compared to the external pressure, the gravitationally
bound GMCs will be located in the plot along the straight line, but
when the external pressure is high enough the GMCs will be located
above it.

In Fig. 10 we also see that the clouds close to the CND are charac-
terized by relatively higher surface densities (Zy, > 103 Mo pc2)
and 0"2, /R (= 3km?s~2 pc™!), compared to other GMCs in Cen A.
Assuming the conversion factor for the GMCs in the CND as ob-
tained from the virial method, the data points are seen to be clustered
along the line of gravitationally-bound conditions (see top panel of
Fig. 10) . If, on the other hand, we use the standard Milky Way disk
conversion factor (bottom panel of Fig. 10) , the GMC masses would
be lower and then the data points move to the left (i.e. lower surface
densities) by a factor of ~ 2.5, and external pressures of P/kp ~ 100
to 107 cm™3 K would be needed to support the GMCs in the CND
in addition to the self-gravity. Other than in the CND, we have not
found any evidence for potential regional variations in the relation
0"2/ /R vs gas mass surface density.

Sun et al. (2020) compare the dynamical equilibrium pressure vs
internal cloud pressure for GMCs in a sample of spiral galaxies. It
is noted there that in environments with a large stellar content, such
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for the geometry of the disk in order to calculate distances.

as in bulges, there might be higher dynamical equilibrium pressures.
This will certainly be the case in Cen A. Also, we see that in Cen A,
gas velocity dispersions are larger in these environments than in
spirals, leading to higher dynamical equilibrium pressure as well. So
overall we hypothesize that dynamical equilibrium pressures in the
GMCs of Cen A will be higher in general to those in disk galaxies,
especially in the central regions of the elliptical galaxy. We see that
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respectively.

in Cen A gas surface densities are typically larger than in spirals,
which together with the larger velocity dispersion yields that internal
cloud pressures would also be higher in spiral galaxies. However,
calculating dynamical equilibrium pressures and comparing them to
turbulent pressures in Cen A (and how they may relate to the local
SFR) is out of the scope of this paper.

5.3 Comparison of Virial Parameter with those in other
Early-type Galaxies

In this section we compare the virial parameters (@i, = My;/Mgas)
obtained in § 4.3 (see also Fig. 8) with those obtained for molecular
clouds/associations in other early type galaxies, using a common
Milky Way disk Xco factor reference.

Utomo et al. (2015) found that, in the lenticular NGC 4526, ay;;; =
1.26 and the standard deviation is ~0.15 dex, but some clouds close
to the galactic center were also characterized by larger values, ay;,
=~ 3.5. This is in contrast with Temi et al. (2018), who claimed that
in some resolved GMCs (or giant molecular associations) in two
elliptical galaxies, NGC 5846 and NGC 5044, the GMCs had larger
virial parameters (ayi>14).

Therefore the slightly higher values in the CND in the case of a
common Xcg factor would mean unbound conditions probably due
to shear in the central regions or caused by other dynamical effects,
similar to the case of NGC4526 (Utomo et al. 2015). At any rate
we can discard extreme cases such as those reported by Temi et al.
(2018) in the molecular disk of Cen A.

5.4 GMC Mass Spectra Across the Molecular Disk of
Centaurus A

The shape of the GMC mass spectrum is known to vary across the
different regions of galaxy disks (e.g. Williams & McKee 1997;
Rosolowsky et al. 2007). While in some regions smaller GMCs are
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predominant due to the destruction of larger clouds caused by stel-
lar feedback and dynamical effects such as shear motions, in other
regions a larger population of GMCs may exist due to mechanisms
that bring small clouds together such as in the density waves of spiral
arms (e.g. Wilson & Scoville 1990; Dobbs 2008; Meidt et al. 2015;
Hirota et al. 2018).

In Fig. 11 we show the GMC mass spectrum of the molecular disk
of Cen A. To determine the optimal bin size, we used an automated
bin size selection as implemented in numpy. The algorithm chooses
the ‘Sturges’ estimator (Sturges 1926) because it is designed for rel-
atively small data sets (< 1000 data points). This estimator assumes
that the data is distributed as a normal Gaussian distribution and the
bin size is defined as log,(n) + 1, where n is the number of data
points.

There is evidence for significant truncation in the mass distribu-
tions at their upper ends (see Fig. 11 and Table 3). We fitted the
cumulative mass function to a truncated power-law form using a
completeness mass limit of 100 M, which is also equivalent to the

median mass we obtain for all the identified GMCs in Cen A. The
truncated mass function is given by:

|

where M, is the upper cutoff mass, Ny the number of GMCs more
massive than 21/ (7+D) My, and 7y is the power-law index (Williams &
McKee 1997; Rosolowsky et al. 2007).

We used the bootstrapping method to calculate the uncertainties
of the power-law fitting parameters. First we changed each of the
individual GMC masses assuming a normal probability function with
a mean log M and a standard deviation of 0.434(6M /M) (where M
is the GMC mass and § M its uncertainty) and then generated a mass
spectrum using the same procedure as explained above. Then we
fitted the mass spectrum using the orthogonal distance regression
method, taking into account the uncertainties in both the x and y-
axis. For the x-axis error we use the size of each mass bin, and for
the y-axis, the error in each bin is the square root of the number
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(brown), and iii) excluding the GMCs in the CND (magenta) (see § 5.4 for details). The mass spectrum for the derived virial masses is presented as well (black).
The vertical line indicates the lower limit of the mass that is used for the fitting, 10° M . Note that the mass spectra of cases (i)—(iii) are very close to each
other and data points/curves overlap. (Bottom) The mass spectra of the GMCs belonging to the different regions: i) CND (magenta, gray), ii) spiral arms
(brown), iii) parallelogram structure (green), and iv) outer disk (blue). For the CND we used either Xco =5 X 102 cm=2(K kms™')™! (magenta) or Xco =
2% 1020 cm™2(K kms~!)~! (gray). The color code is the same as in the GMC identification plot in Fig. 2.

of clouds in that bin. We repeated this 10,000 times and used the
standard deviation of the fitting parameters of all those simulated
histograms as their errors.

The obtained best-fit parameters are given in Table 3. To calcu-
late the mass spectrum we have considered four different cases:
(i) using different conversion factors to derive the molecular gas
masses, i.e. Xco = 5 % 1029ecm=2(K kms~")~! for the GMCs in
the CND and Xcg = 2 X 1020 cm_z(K kms~1)~! for the rest, (ii)
using the same conversion factor for all GMCs, equal to Xco =

2 x 109 em=2(K kms~1)~L, Gii) including all GMCs except the
GMC:s in the CND, and (iv) the virial masses. To fit the mass spec-
trum, we note that we excluded GMCs with masses of > 1.2x107 M,
because the low number statistics to calculate the mean of the high
mass end bins (only one GMC per bin) would bias the fit. We find
similar index parameters in these four cases, y =~ —2.4 to —2.6, which
means that y does not strongly depend on the used conversion factor
nor usage of CO(1-0) luminosity mass or virial mass.

We obtained mass spectra for the four distinct regions of the molec-
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ular disk as described in § 1 (see also Paper 1): (i) CND, (ii) spiral
arms, (iii) ’parallelogram’ region (i.e. high surface density region as
seen in projection), and (iv) the outermost region of the molecular
disk. The GMCs associated with each of these regions are indicated
with different color codes in Fig. 2, and the association of each indi-
vidual GMC is provided in Table 1. For the mass distribution fitting,
similarly as indicated earlier, we also note that in the arms region we
excluded the most massive GMC, with a mass of 3 x 10’ Mg, and in
the parallegram region we excluded the second most massive GMC,
with a mass of 1.2 x 107 M (i.e. just two most massive GMCs are
excluded among all).

There is a trend of steeper mass spectrum shapes with larger radii.
The mass spectra of the outermost regions of the molecular disk
and the parallelogram structure have a relatively steeper shape (y =
—-3.02 + 0.08 and —2.78 + 0.03, respectively) than that of the spiral
arm region (y = —1.75 £ 0.05).

The obtained parameters and the observed trend are robust. To
check how sensitive the parameters of the mass distribution fits are to
the completeness/confusion limit, we also obtained these parameters
using 0.5 x 10® Mg and 2 x 10® Mg as limits. While the values
of the parameters change slightly, these are not substantially large.
Using these two limits, the slope changes only by + 0.1-0.2 for the
various assumptions of different Xco, same Xco, all regions except
CND, and virial masses. The trend of the parameters observed across
the different regions (from low to high values: outer, parallelogram,
spiral arms, CND) also remains largely unchanged for this range of
completeness limits.

We note that in a crowded region, as mentioned in § 3, an identified
GMC may possibly be blended and composed of multiple smaller
GMCs. As a test, we investigate how the mass spectrum would look
like if GMCs were in fact composed of two smaller and equally mas-
sive GMCs (e.g a GMC with a mass of 10’ M is divided into two
GMCs with masses of 5 x 10% M) and then calculate the spectrum
index in the same manner. In this test we obtained mass spectrum
indexes of —2.23+0.03, -2.87+0.03, -3.19+0.03, and —1.11+0.20
for the spiral arms, parallelogram, outer, and CND regions, respec-
tively. Although the index tends to be smaller (i.e. fit is steeper) in
this test compared to our results, we confirm that the derived spec-
trum indexes remain similar, and the trend of steeper mass spectrum
shapes with larger radii still remains.

We also note that there must be a break in the mass spectrum of
the parallelogram and outer regions whose y < —2, because the total
CO luminosity estimated from the single index exceeds the actual
observed luminosity by more than a factor of two. The break point
will likely occur around or below the completeness limit and the
steepness would not change by more than +0.5.

A steep shape of the mass spectrum indicates that the population
of lower mass GMCs is more dominant than that of the most massive
clouds. The massive GMCs in the parallelogram region and outer
disk may not be formed due to a lack of a mechanism that facilitates
the agglomeration of molecular clouds. Alternatively massive GMCs
may be destroyed by strong stellar radiation fields from young mas-
sive stars formed in the molecular disk or from the radiation field
of the elliptical galaxy itself. In fact, the star formation efficiency
is seen to be higher toward the outer regions (Paper I). In the case
of the spiral arm regions of Cen A (shallower mass spectrum of
y = —1.75 £ 0.05), massive GMCs are likely formed by collisional
agglomeration of smaller clouds in the spiral density wave (Dobbs
2008).

The mass spectrum of the CND is characterized by an even shal-
lower slope, y = —1.1 + 0.2. This may be partly due to the lack of
GMC s in the low-mass end range. The total mass of the identified
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GMC:s in the CND region accounts for most (72 %) of the total CO
luminosity (§4.1 and table 2), so the diffuse and extended molec-
ular component is not likely to be a dominant contributor. Even if
the low-mass end of GMCs is not completely traced, the number of
GMCs with masses ~ 10° M would not exceed 40, which is close
to the prediction from the fit. The impact of missing the lower mass
GMCs can also be examined by integrating the fitted mass spectra
(Hirota et al. 2018). The ratio of cloud mass integrated from a certain
low mass limit Mgy, to the highest cloud mass Myjgp, and the total
mass from M,y = 0 is given by (1 — (Mlow/Mhigh)y+2) (see Eq. 15
in Hirota et al. 2018). The lowest and highest mass limits for the
CND mass spectra are 2 X 100 Mg and 107 Mg, respectively (see
Fig. 11). Then, for y = —1.1 the ratio is ~ 0.76, which is close to
72 %. Thus the above mentioned 72% of molecular gas in GMC
form indicate that the spectral index would not significantly decrease
due to non-detections of low-mass GMCs. We also note that we had
excluded 5 GMCs with ~ 3 x 10° Mg, in the central region within
a velocity range between 534 and 564 km 51 (§ 3). However, even
adding these clouds, the low-mass end would still be significantly
deficient compared to the other regions.

The shallower mass spectrum of the CND may be partly related to
the agglomeration of molecular clouds along the observed molecular
filaments, but the situation is more complex because other mech-
anisms are likely playing a role as well. The massive GMCs that
originally formed at the arm regions and migrated to the CND (gas
collides and loses angular momentum - unlike the stars) might be
disrupted. Strong shocks with large shear motions may be an impor-
tant mechanism to destroy the largest clouds in the CND although we
note that these shocks are located within the inner 100 pc (Espada
etal. 2017). Also, small (<10° M o) molecular clumps and unbound
diffuse molecular gas may have been selectively destroyed due to
strong radiation by the AGN, while massive and denser clouds can
resist longer such effect (Vollmer & Duschl 2001; Hocuk & Spaans
2010, 2011; Namekata et al. 2014).

5.4.1 Comparison with GMC mass spectra in other galaxies

Finding different shapes of the mass spectra across different regions
in a given galaxy is not uncommon in the literature. Note that here
we only compare our results with studies where maps have a similar
spatial resolution (~ a few 10 pc) and the same cloud identification
method. This is because the shapes of the mass spectra can be largely
biased by the method used to decompose the clouds (Colombo et al.
2015).

Steeper shapes of the mass spectrum (y < —2) are found in another
early-type galaxy (although of lenticular SO type), NGC 4526 (y =
—2.39; Utomo et al. 2015), in the outer disk of spiral galaxies (y <
—2.3 to —2.6; Rosolowsky 2005; Gratier et al. 2012, see also Rice
et al. 2016) and in the inter-arm regions (y ~ —2.5; Colombo et al.
2014), as well as in the Large Magellanic Cloud (y < —2; Wong
et al. 2011). On the other hand, shallower slopes are found in the
spiral arms of M 51 (y ~ —1.8; Colombo et al. 2014), M 33 and our
Galaxy (y ~ —1.4 to —1.6; Gratier et al. 2012; Rosolowsky 2005).
Therefore the newly formed spiral arms of Cen A already have similar
properties as those of late type spiral galaxies.

In the case of Cen A the cutoff mass is about 107 M, at intermedi-
ate radii although we note that the most massive GMCs (> 107 M)
are found toward the molecular spiral arm region. This cutoff mass
is similar to that of the GMCs in the disk regions of spiral galaxies
such as M 51 (Colombo et al. 2014). However, it doubles that of the
SO galaxy NGC 4526, My =4 X 100 Mg (Utomo et al. 2015). The



most massive GMC is in the spiral arm feature, and has a size of
around 91 pc, width of 20 km/s, exceeding by a factor of two or three
the median of all GMCs in the molecular disk of Cen A, and stands
out by a factor of more than 25 in CO(1-0) luminosity. It has similar
characteristics to the largest GMC found in NGC 628, which has sur-
vived and grown probably because it is located at the intersection of
the co-rotation radius and one of its spiral arms (Herrera et al. 2020).
This confirms that in Cen A the spiral pattern is an important mech-
anism where smaller clouds are aggregated to form larger GMCs,
similarly to late type disk galaxies, and this mechanism might not
be present in NGC 4526, or other destructive mechanisms are more
dominant. In fact, Utomo et al. (2015) argue that in NGC 4526 the
properties of GMCs might be dominated by a high stellar radiation
field (although this situation is probably also common to Cen A),
which may destroy large molecular clouds. It is probably in the less
massive and lower surface density GMCs located at the disk outskirts
of Cen A where the mass spectrum shape is most similar to that in
NGC 4526, probably due to GMCs being similarly affected by that
mechanism.

‘We found that the mass spectrum index of the CND inCen Aisy =
—1.1 £ 0.2. A shallow mass spectrum (y = —1.4) and smaller cutoff
mass (1.9 x 10° M) were found in the inner regions of NGC 4526
compared to other regions (Utomo et al. 2015). The situation is
similar in the nuclear bar of M51 where the mass spectrum presents
anindex of y = —1.3, and a similar truncation for cloud masses above
M~55%x100M o (Colombo et al. 2014). In both studies a constant
Xco =2%x102 cm™2 (K kms™!)~! was assumed.

With the high linear resolution of a few 10 pc scale used here,
only a few other studies focused on a similar GMC identification
and the mass spectrum in regions close to an AGN. In addition,
they are mostly low luminosity AGNs and not as long-lived as in
Cen A given the large extent of the radio source. In M51°s nuclear
bar region a combination of mechanisms might be contributing to
cloud disruption and heating of the molecular gas, but it is difficult to
separate their individual contribution in the observed mass spectrum
(Colombo et al. 2014).

In the case of Cen A we favor a different X factor for the inner
and outer regions. However, if on the other hand we assume the same
Xco factor (i.e. Xco =2x1020 cm™2 (K kms~1)~1) for the CND and
for other regions in the molecular disk, the truncation in the mass
spectrum of the CND is smaller than in the other regions, a similar
trend to that seen in NGC 4526 and M51. The maximum mass in
the CND would then be 4.0 x 10° M. Another consequence of this
assumption would be that the GMCs will not be in virial equilibrium
and would need to be supported by external pressure.

5.4.2 Comparison with GMC mass functions in the context of
numerical calculations

Next we compare our observed GMC mass spectra with existing
numerical calculations in the literature. Kobayashi et al. (2017) pro-
posed a semi-analytical time evolution model of GMC mass func-
tions by considering multiple processes, i.e. cloud formation from a
magnetized interstellar medium through multiple episodes of com-
pression by H 11 regions and supernova remnants, cloud dispersal due
to stellar feedback by massive stars, cloud-cloud collisions, and gas
recycled to regenerate or grow pre-existing GMCs. In the case of
relatively low to mid GMC masses M < 103 Mo the cloud-cloud
collision terms are negligible, and thus the slope of the power-law can
be approximated by dN/dM « M “1-T/Ta | where Ty is the typical
dispersal time and 75 is the typical formation/mass-growth timescale
of GMCs.
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Applying this to the aforementioned regions with steeper mass
spectra, those outside Cen A’s CND, the molecular cloud forma-
tion timescale would be relatively long compared to the destruction
timescale in the parallelogram structure and outer disk, while the
formation timescale would be relatively short in the spiral arm re-
gion. The situation of arms, parallelograms, and outer regions can
be explained within this framework, where GMC mass spectrum is
formed due to the balance between formation process and destruc-
tion process. However, the situation in the CND is less clear. To be
able to reproduce an index for the CND of y = —1.1, the dispersal
time would have to be 10 times longer than the formation timescale.
However due to the radiation and energetics close to an AGN, the
dispersal time would be expected to be shorter (i.e. strong and fast
impact on cloud disruption) than under normal conditions. The dy-
namical timescale is short in the CND, and the destruction timescale
due to shear is also presumably short (e.g., ~ 1 — 4 Myr; Jeffreson
et al. 2018).

Since the number density of GMCs is likely higher in the CND
than in the outer regions, cloud-cloud collisions may dominate other
processes (e.g., ISM phase transitions driven by H 11 regions and/or
supernova remnants). However, such collisional processes easily pro-
duce steep slopes because the mass-growth rate due to collisions is
larger for more massive clouds (Kobayashi et al. 2017). A shallow
slope of y = —1.1 cannot be reproduced unless the collisional ker-
nel, which governs the collision rate, has almost no mass-dependence
(Kobayashi et al. 2018).

All these points indicate that, to explain the observed flat spectrum,
destruction in massive clouds has to be less efficient in the CND than
in other regions so that 74 is somehow longer in massive clouds. In
other words, in the CND the conditions must be considerably different
to that in the arms and inter-arm regions of disk galaxies and not easily
reproducible with numerical calculations currently available in the
literature. We note that the shallower cloud mass spectrum in the
circumnuclear regions is not simply a question related to the AGN
because this trend is often found in centers of other disk galaxies
(e.g. Colombo et al. 2014).

To understand the mechanism that shapes the mass spectrum in
the CND, further models including AGN activity are needed. These
should take into account how much gas falls into the CND via the
arms, how much is lost or entrained by the action of the jet (e.g. Wag-
ner et al. 2012), and how much efficiently the GMCs are destroyed
due to the impact of radiation and winds (e.g. Wagner et al. 2013).

6 SUMMARY

We present the first census of Giant Molecular Clouds (GMCs) com-
plete down to 10° Mo and within the inner 4 kpc of the molecular
disk of the nearest giant elliptical and powerful radio galaxy, Centau-
rus A. This is obtained by means of high angular/spectral resolution
and high sensitivity ALMA CO(1-0) data. We combined ALMA
12m, 7m and TP array data in order to have complete information
from small to large spatial scales and recover all the flux. We have
successfully resolved the molecular disk of Centaurus A into tens of
parsec scale GMCs using CPROPS. Our main results are:

(i) We have identified a total of 689 GMCs across the dust lane of
Centaurus A. They are characterized by a median size of 38 pc. The
median velocity dispersion is 6.1 kms™!, while in the CND they are
characterized by larger velocity width of 12.4 kms~!.

(i) We found that the GMCs in Centaurus A are offset by 0.14 dex
from the general line width - size relation found in nearby galaxies
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and the Galactic disk. GMCs in the CND systematically present the
largest offsets, 0.43 dex in average.

(iii) We have obtained the Xco factor using the virial method
for the first time in this object. It is Xco = (2 £ 1) X
1029 cm™2(K kms~1)~! in the molecular disk. In the CND we find
instead Xcg = (5 +2) x 1020 em™2(K kms~!)~!. The larger value
of the CND is in good agreement with a previous independent mea-
surement by Israel et al. (2014). It is not likely that this is due to a
metallicity dependence because the metallicity has been shown to be
almost constant across the molecular disk (0.7-0.8 Zg; Israel et al.
2017).

(iv) GMC:s are located along a line of surface density of Xy, ~
300 M pc™2, higher than the general trend for the molecular clouds
in our Galaxy and other nearby galaxies, but similar to those in the
Galactic Center. In general, external pressure is not needed to support
the GMCs (if Xco =5 X 1020 cm—2 (K kms~1)~! near the center)
and can be gravitationally bound.

(v) We obtained the GMC mass spectrum and found that the
best fit of a truncated power law for the entire molecular disk is
consistent with that found in other disk (spiral and lenticular) galaxies
(y =~ —2.41+0.02, upper cutoff mass M, ~ 1.3x 107 Mg). However,
in the arms and the CND the fitted curves are shallower, with indices
of y =—-1.75+0.05 and —1.1 £ 0.2, respectively.

(vi) The different shapes of the mass spectra in the outer regions
of the molecular disk and CND of Cen A, transit from steep to
shallow as we move from outer to inner radii. This implies that the
properties of GMCs are transformed when they flow from the outer
to the central regions. In the arms massive GMCs are likely formed
by collisional agglomeration of smaller clouds in the spiral density
wave. In the CND the massive GMCs that originally formed in the
arm regions and migrated to the CND might be disrupted by the effect
of the AGN and intense shear. Other competing mechanisms such as
AGN radiation can be disrupting lower mass GMCs, resulting in the
shallow shape of the mass spectrum.
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Table 1. Properties of Giant Molecular Clouds in the Molecular Disk of Centaurus A
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ID (Aa, A6)? VLSR oy Omgj X Omin (P.A.)® R¢ Sco(1-0) Myi®  Regiond
" (kms™)  (kms™h) (pc) (pe)  (ykms™')  (10* M)
1 (97.2,-47.4) 259 53+0.7 23 x 19 (33°) 36 +3 8.8+1.0 107 + 28 P
2 (99.0, —44.3) 261 4.8 +£0.5 29 x 18 (=70°) 40+4 99 +0.8 99 + 24 P
3 (103.9, -51.5) 266 64+13 22 x 17 (5°) 32+5 60+13 136 + 68 P
4 (89.0, -30.9) 270 5.0+0.7 29 x 13 (87°) 32+3 73+£09 86 + 26 P
5 (101.4, -48.0) 266 6.9 +0.5 36 x 19 (23°) 46 +3 219+1.4 232 +42 P
6 (106.3, —58.1) 275 7.1+£0.6 56 x 46 (—-16°) 95+7 29.1 £ 1.7 505+ 107 P
7 (87.3,-26.3) 274 95+0.5 39 %29 (3°) 62 +2 505+ 1.9 581 + 68 P
8 (98.3,-47.2) 276 7.3+£0.6 28 x 22 (3°) 44 +3 13.0+£0.9 249 + 52 P
9 (90.4, -34.3) 273 4.8 +0.9 23 x 15 (73°) 31+4 6.5+0.9 77 + 30 P
10 (112.6,-57.7) 278 62+1.1 37 x 17 (-9°) 4 +7 10414 176 = 65 P

For details about how the parameters were calculated please refer to § 3. The GMC IDs are in order of increasing velocity (in
the Local Standard Rest frame). Table 1 is published in its entirety online in machine-readable format. The first ten lines are
shown here for guidance regarding the format and content.
2 Intensity-weighted peak position relative to the AGN position at a=13125m275615s, & = —43°01708”805.
 Major and minor axes of the GMCs without beam deconvolution. The position angles are indicated inside the parentheses,
measured counterclockwise from north to east.
¢ Radius and virial masses are not presented for the GMCs whose minor axis is too small to calculate a deconvolved minor

axis.

4 Identification code of the region where the GMC is located (C: CND, S: Spiral arms, P: Parallelogram, O: Outer disk) The

C stands for the five excluded GMCs in the CND that fall within a velocity range between 534 and 564 kms™!).

Table 2. Total CO luminosities compared to those in GMCs

Number of GMCs  Total CO luminosity CO luminosity in GMCs
(106K kms~! pc?) (106K kms~! pc?)

Extrapolation®  No extrapolation®

CND 23 13.4 9.6 (72 %) 4.4 (33 %)
Arms 138 71.4 89.7 (126 %) 57.5 (81 %)
Parallel 299 134.9 108.1 ( 80 %) 58.5 (43 %)
Outer 229 127.3 55.4 (44 %) 25.1 (20 %)
Total 689 347.0 262.8 (76 %) 145.6 (42 %)

2 The CO(1-0) luminosity from all the GMCs in each region with flux extrapolation down
to zero-intensity (see § 3 and §4.1).
b The CO(1-0) luminosity from all the GMCs in each region without flux extrapolation
down to zero-intensity (above 2 o~ level.)
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