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ABSTRACT

NGC 5128 (Centaurus A) is one of the best targets to study AGN feedback in the local Universe. At 13.5 kpc from the galaxy, optical
filaments with recent star formation lie along the radio jet direction. This region is a testbed for positive feedback, here through
jet-induced star formation. Atacama Pathfinder EXperiment (APEX) observations have revealed strong CO emission in star-forming
regions and in regions with no detected tracers of star formation activity. In cases where star formation is observed, this activity
appears to be inefficient compared to the Kennicutt-Schmidt relation. We used the Atacama Large Millimeter/submillimeter Array
(ALMA) to map the '2CO(1-0) emission all along the filaments of NGC 5128 at a resolution of 1.3” ~ 23.8 pc. We find that the CO
emission is clumpy and is distributed in two main structures: (i) the Horseshoe complex, located outside the HI cloud, where gas is
mostly excited by shocks and where no star formation is observed, and (ii) the Vertical filament, located at the edge of the HI shell,
which is a region of moderate star formation. We identified 140 molecular clouds using a clustering method applied to the CO data
cube. A statistical study reveals that these clouds have very similar physical properties, such as size, velocity dispersion, and mass, as
in the inner Milky Way. However, the range of radius available with the present ALMA observations does not enable us to investigate
whether or not the clouds follow the Larson relation. The large virial parameter a.;, of the clouds suggests that gravity is not dominant
and clouds are not gravitationally unstable. Finally, the total energy injection in the northern filaments of Centaurus A is of the same
order as in the inner part of the Milky Way. The strong CO emission detected in the northern filaments is an indication that the energy
injected by the jet acts positively in the formation of dense molecular gas. The relatively high virial parameter of the molecular clouds
suggests that the injected kinetic energy is too strong for star formation to be efficient. This is particularly the case in the Horseshoe
complex, where the virial parameter is the largest and where strong CO is detected with no associated star formation. This is the
first evidence of AGN positive feedback in the sense of forming molecular gas through shocks, associated with low star formation
efficiency due to turbulence injection by the interaction with the radio jet.

Key words. methods:data analysis - galaxies:individual:Centaurus A - galaxies:evolution - galaxies:interactions - galaxies:star for-

mation - radio lines:galaxies

1. Introduction

Active galactic nuclei (AGN) are assumed to play a major
role in regulating star formation. The so-called AGN negative
feedback is often invoked to explain the small number of mas-
sive galaxies compared to the predictions of the A-CDM model
(Bower et al. 2006; Croton et al. 2006; Harrison et al. 2012;
Dubois et al. 2013; Werner et al. 2014). On the contrary, AGN
with pronounced radio jets are prone to positive feedback (Zinn
et al. 2013). In particular, in high-redshift radio galaxies, opti-
cal emission was found to be aligned with the radio morphol-
ogy. Such alignment is interpreted as the result of overpressured
clouds in the intergalactic medium from the radio jet, triggering
star formation in the direction of the radio jet (McCarthy et al.
1987; Begelman & Cioffi 1989; Rees 1989; de Young 1989).
Evidence of so-called jet-induced star formation was recently

* This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2015.1.01019.S.

** Table A.1 and a catalogue of the molecular clouds are only
available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat2J/A+A/XXX/XXX

found at low (van Breugel et al. 2004; Feain et al. 2007; Inskip
et al. 2008; Elbaz et al. 2009; Reines et al. 2011; Combes 2015)
and high redshift (Klamer et al. 2004; Miley & de Breuck 2008;
Emonts et al. 2014). Recent studies were also conducted with
numerical simulations to study the effect of radio jets on star for-
mation in the host galaxy or along the jet direction (Wagner et al.
2012; Gaibler et al. 2012; Bieri et al. 2016; Fragile et al. 2017).

The widely studied nearby galaxy NGC 5128 (also known
as Centaurus A) is the perfect target to study the radio jet-gas
interaction. This galaxy hosts a massive disc of dust, gas, and
young stars in its central regions (Israel 1998) and is surrounded
by faint arc-like stellar shells (at a radius of several kpc around
the galaxy) in which HI gas has been detected (Schiminovich
et al. 1994). Aligned with the radio jet, CO emission has been
observed in the gaseous shells (Charmandaris et al. 2000). In
addition, Auld et al. (2012) detected a large amount of dust (~
10° My,) around the northern shell region.

Optically bright filaments are observed in the direction of the
radio jet (Blanco et al. 1975; Graham & Price 1981; Morganti
et al. 1991). Galaxy Evolution Explorer (GALEX) data (Auld
et al. 2012) and young stellar clusters (Mould et al. 2000; Re-
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jkuba et al. 2001) indicate that star formation occurs in these
filaments. These so-called inner and outer filaments are located
at a distance of ~ 7.7kpc and ~ 13.5kpc from the central galaxy,
respectively. The inner and outer filaments show distinct kine-
matical components, i.e. a well-defined knotty filament and a
more diffuse structure, as highlighted by optical excitation lines
(VIMOS and MUSE; Santoro et al. 2015a,b; Hamer et al. 2015).
Recently Santoro et al. (2016) identified a star-forming cloud
in the MUSE data that contains several HII regions. Some of
these regions are currently forming stars, whereas star formation
seems to have recently stopped in the others.

In Salomé et al. (2016a), we mapped the outer filaments
(hereafter the northern filaments) in '>CO(2-1) with APEX. The
molecular gas was found to be very extended with a surprisingly
CO bright region outside the HI cloud. We found that star forma-
tion does not occur in this CO bright region. In the other part of
the filaments, star formation appears to be inefficient compared
to the Kennicutt-Schmidt law (Salomé et al. 2016b). However,
the jet-gas interaction seems to trigger the atomic-to-molecular
gas phase transition (Salomé et al. 2016a), suggesting that posi-
tive feedback is occuring in the filaments.

The goal of this paper is to understand why the molecular
gas in the northern filaments of Centaurus A does not follow
the Kennicutt-Schmidt law, and whether there is a difference
between the eastern CO bright region and the rest of the fila-
ments. To do so, we decided to observe the CO emission seen
with APEX at high resolution in order to resolved GMCs. In this
paper, we present recent ALMA observations of the '2CO(1-0)
line along the northern filaments of Centaurus A. The data and
a method to extract clouds are presented in section 2. In Sec-
tion 3, we analyse the data and conduct a statistical analysis of
the clouds. We discuss our results in section 4 and conclude in
section 5.

2. From CO emission to individual clouds
2.1. ALMA data

We mapped the '>CO(1-0) emission in the northern fila-
ments of Centaurus A with the 12 m array of the Atacama Large
Millimeter/submillimeter Array (ALMA) during Cycle 3 using
Band 3 receivers (project ADS/JAO.ALMA#2015.1.01019.S).
The map covers a region of 6.1"x4.3’ and consists in a mosaic
of 34 pointings, each with an integration time between 140 and
430s. The baselines ranged from 15 m to 704 m, providing a
resolution of 1.30” x 0.99” (PA = 81.5°). At the distance of
Centaurus A (3.8 Mpc, 1”7 ~ 18.3 pc; Harris et al. 2010), this
corresponds to a beam size of 23.8 X 18.1 pc. The largest angular
scale recovered by the interferometer is 14" , which corresponds
to about 260 pc at the distance of Centaurus A.

The data were calibrated using the Common Astronomy
Software Applications (CASA) and the supplied script. Owing
to the primary beam correction, the noise level of the map is
not uniform and higher on the edge of map. The histogram of
the noise level peaks at 6.5 mJy/beam at a spectral resolution of
1.47 km.s™!.

2.2. Cloud identification method

To identify clouds in the ALMA data, we first used a Gaus-
sian decomposition method developed by Miville-Deschénes
et al. (2017). This algorithm allows recovery of the signal, even
at low signal-to-noise ratio. Clustering is then made with a
threshold descent similar to the clumpfind algorithm (Williams
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et al. 1994), but applied on a cube of the integrated flux (see
Miville-Deschénes et al. 2017 for the details).

‘We kept the structures with a size larger or equal to the beam
size. We also discarded those with central velocities outside the
range —350 < Veenr < —100 km.s™! (where CO(2-1) has been
detected; Salomé et al. 2016a) or velocity dispersion higher than
oy ~ 50km.s™!. The clustering method we used enables us to re-
construct a data cube of the modelled signal. We then applied the
clumpfind algorithm (Williams et al. 1994) on this cube with five
equally spaced threshold values from 6.5 to 58.5 mJy/beam. Af-
ter deleting spurious clumps smaller than the beam, we obtained
a catalogue of 140 GMCs. The map of the integrated CO inten-
sity (Fig. 1) shows small bright spots that are likely associated
with barely resolved giant molecular clouds (GMCs). Figure 1
also shows the maps of the central velocity and velocity disper-
sion of the GMCs.

2.3. Effect of large-scale filtering

In Salomé et al. (2016a), we observed the '2CO(2-1) line
with APEX along the northern filaments of Centaurus A. We de-
termined that the total molecular gas mass is (9.8+0.6)x 10’ M.
With ALMA, the mass derived from the '>CO(1-0) emission is
much smaller 2.5 x 107 Mg; i.e. 1.73 x 107 M, when we exclude
three structures that lie outside the region previously observed
with APEX. In particular, in the CO bright region discovered
by Salomé et al. (2016a), the total mass recovered by ALMA is
1.24 x 107 My, a factor of 5 smaller than the mass derived from
the CO(2-1) from APEX (6.3 + 0.2) X 107 M.

Such a difference can be partly explained by short-spacing
filtering. The northern filaments have also been mapped with the
Atacama Compact Array (ACA) during Cycle 3. These data will
be presented in a future paper, however we already determined
that the molecular gas mass is a factor of 4 higher than that de-
rived with the data from the ALMA 12 m array alone. The differ-
ence of mass between ALMA and APEX may also result from
the CO(2-1)/CO(1-0) ratio used to derive the mass with APEX
(0.55; following Charmandaris et al. 2000). Taking into account
the factor of 4 due to the short-spacing filtering, we estimate that
the CO(2-1)/CO(1-0) ratio is about 0.7-0.8. This will be the sub-
ject of a third forthcoming paper, where we will compare the
CO(1-0) emission from ALMA with high-J CO transitions ob-
served with APEX in the CO bright region, and discuss the ex-
citation of gas in this region.

3. Results
3.1. Spatial distribution of molecular clouds

Figure 1 shows the maps of the CO(1-0) intensity, central
velocity, and velocity dispersion of the clouds extracted with
the method presented in section 2.2). The distribution shows
that most of the gas is distributed in low filling factor struc-
tures over the whole region, at the present noise level (rms ~
113 mJy.km.s™"), as suggested by the three distinct unresolved
and dynamically separated clumps previously found in archival
ALMA CO(2-1) data (Salomé et al. 2016b). The intensity map
reveals the clumpy structure of molecular gas in the northern fil-
aments of Centaurus A from which we could identify different
complexes.

As expected from previous APEX data (Salomé et al. 2016a),
most of the CO(1-0) emission comes from the eastern part of the
filaments (almost 77% of the mass). In this region, the velocity
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Fig. 1: Top left: Map of the moment O of the ALMA data produced with CASA. We reported, in black contours, the structures extracted by the
method presented in section 2.2. We indicate the location of the radio jet in grey contours. Top right: Integrated CO intensity map in mJy.km.s™!
of the molecular clouds seen in CO(1-0) with ALMA. Bottom: Maps of the central velocity relative to Centaurus A (left) and velocity dispersion
(right) in km.s™! of the clouds. The area of the three maps corresponds to the dashed box in the moment 0 map. The full line and dashed contours
represent the HI emission (Schiminovich et al. 1994) and the region observed with ALMA, respectively. The CO emission is clumpy and covers

only a small fraction of the region mapped with ALMA.

map (Fig. 1 - bottom left) shows the possible existence of coher-
ent filamentary structures that present a horseshoe-like shape,
along which molecular clouds are distributed. The clouds in the
Horseshoe complex have higher velocity dispersions (Fig. 1 -
bottom right) than in the other molecular clouds of the northern
filaments.

To put the CO emission in context, Fig. 2 presents the spa-
tial relationship with other tracers, namely far-UV (FUV), dust
emission, Ha, HI, and young star clusters. In the eastern region,
the structure observed in CO follows the dust emission observed
with Herschel with a similar morphology. The Horseshoe com-
plex is also associated with a similar structure seen in Ha emis-
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Fig. 2: Distribution of the ALMA CO(1-0) emission in relation to star formation regions. 7op: CO intensity map with contours of the GALEX
FUV (left - Neff et al. (2015a)) and Herschel FIR (right) emission. Bottom: The colour map represents the Ha emission seen with CTIO. In all
four images, the black contours represent the HI emission and the black dashed line corresponds to the area observed with ALMA. The crosses on
the bottom right image indicate the position of the young star clusters from Rejkuba et al. (2001).

The Horseshoe complex, which corresponds to the bright CO emission from Salomé et al. (2016a), is not associated with young stellar clusters. In
contrast, the Vertical filament (at the edge of the HI shell) is associated with He, FUV emission, and young stellar clusters (Rejkuba et al. 2001),
and is likely forming stars. It is not established whether the northern FUV emission is associated with young stars as it was not included in Rejkuba
et al. (2001).
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sion. In contrast, there is no FUV emission associated with the
Horseshoe complex or young stellar clusters.

While CO emission covers all the dust emission in the east-
ern region, it only covers a small fraction of dust emission in the
HI cloud. Most of the CO emission in the HI cloud is distributed
in a vertical filament located at the edge of the HI cloud. This
filament is likely a single coherent structure as it does not show
significant difference in the central velocity (Fig. 1). This fila-
ment also does not seem to be highly turbulent with velocity dis-
persions lower than 6 — 7 km.s~!. The Vertical filament follows
a filament seen in Ha with CTIO (Fig. 2), and is also aligned
with FUV emission that is likely produced by young stellar clus-
ters found by Rejkuba et al. (2001). This tends to indicate that
the Vertical filament is a region of star formation, contrary to the
Horseshoe complex where the Ha emission is mostly excited by
shocks (Salomé et al. 2016a).

In addition to the Vertical filament, the HI cloud also contains
a few isolated structures seen in CO. In particular, the peak of
HI emission is associated with only two small CO structures.
Interestingly, all the isolated CO structures within the HI cloud
may be star-forming regions as they are associated with FUV
emission and young stellar clusters. This also seems to be the
case for the CO emission located in the south that is associated
with a bright spot of both FUV and dust emission.

The molecular clouds observed with ALMA seem to present
two star formation regimes. Molecular gas in the Horseshoe
complex forms stars very inefficiently and the Ha emission is
excited by shocks, whereas in the Vertical filament and isolated
clouds the CO emission is associated with recent star formation.

3.2. Giant molecular clouds

In this section we discuss the physical properties of the
clouds, looking for differences between the Horseshoe complex
and star-forming regions. In Fig. 3 and Table 1, we report the
statistics of the radius, velocity dispersion, mass, surface den-
sity, and density.

Size - The angular radius is defined as the emission-weighted
radius. We used the implementation made by Miville-Deschénes
et al. (2017) that is based on the inertia matrix

a‘§ 0'25

‘”‘[vi(s £l (1

where

7 = Dmluleser o
ZpixSCO
ixSi 0—6,)?

o2 = ZpSco@=8) 3
Zl’iXSCO
l'xSi a — a; 6—6,'

o, = ZoSeol@=a)0=0) @

Zm'xSCO

with @,0 the central coordinates of the cloud. The size is given by
the eigenvalues of y, where the largest and smallest half-axis of
the cloud Ry, and Ry, are the maximum and minimum eigen-
values. We assume that the GMCs are prolate and adopt the fol-
lowing definition of the angular radius:

Rang = (Rmameianin)l/3 . 5

Finally, the physical radius is given by R = Dy tan(Rgy), where
Dy is the luminosity distance. The minimum radius found is lim-
ited by the resolution (R ~ 14.1 pc, about 1.4 times the res-
olution). The distribution of radius is rather narrow; 54% of the
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Fig. 3: Histogram of the properties of the giant molecular clouds. Top: Characteristic radius and velocity dispersion. Middle: Molecular gas mass
and surface density. The red dashed line in the left plot is the best fitting power law for masses M > 9 x 10* M. Bottom: Volume density and virial
parameter. The vertical red dashed lines correspond to the lower limits due to resolution or sensitivity. In the six plots, we added the histograms of
GMCs of the Milky Way (Miville-Deschénes et al. 2017). The clouds were separated in two groups: (i) the Horseshoe complex in blue, where gas
is excited by shocks; and (ii) the star-forming clouds in green, associated with Ha, FUV emission, and young stellar clusters.

GMC s are larger than twice the resolution and smaller than three  due to the way clumpfind identifies structures. Because of lack
times the resolution (Fig. 3 - top left). The larger value of R is of larger scale structures in the data (due to interferometry fil-
38.4 pc, about four times the resolution. This narrow range is tering), clumpfind tends to split potentially larger coherent struc-
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tures in a collection of individual clumps, missing associations.
Adding short-spacings will enable us to determine more robustly
the spatial-scale distribution of molecular gas.

Velocity dispersion - We defined the central velocity of the
clouds as the emission-weighted mean velocity (v) and the ve-
locity dispersion o, as follows:

> vSco(v)dv
- 6
v 5, Scol) ©
_ (2w ScoMdv
oy = \/ S Sco) )2, @)

where S ¢o(v) is the average CO spectrum of a single cloud, con-
structed by adding all the voxels of the data cube identified by
clumpfind, and dv is the channel width. The GMCs have veloc-
ity dispersions lower than 11 km.s™!, with an average value of
54+14kms™".

Mass - The CO luminosity was derived using the relation of
Solomon et al. (1987),

Lip =325 % 107 ScoAv DE v 2 (1 +2)72, (8)
where Av is the FWHM and ScoAv = J; ScoAv; is the to-
tal integrated emission of the cloud. The mass is then esti-
mated by applying a CO-to-H, conversion factor of aco =
4.3 M,.(K.km.s™!.pc?)~! (Bolatto et al. 2013). The total mass of
the GMCs is ~ 1.6 x 10" M. This represents about 63% of the
mass extracted from the CO(1-0) ALMA data by the Gaussian
decomposition and clustering methods. The mass distribution of
the clouds is shown in Fig. 3 (middle left). The mass ranges from
7.8 %103 to 6.1 x 10° M, with a mean value of 1.1 x 10° My. We
fitted the high mass part of the distribution using a power-law
dN/dlog(M) oc M~ assuming a 1/ VN uncertainty for each data
point. For M > 9.3 x 10* M, we obtain & = 0.75 + 0.18. This
value is consistent with that found for giant molecular clouds in
general (a ~ 0.8 for M > 10* Mg, Solomon et al. 1987; Kramer
et al. 1998; Heyer et al. 2001; Marshall et al. 2009).

Surface density - The angular area of a cloud is defined as
A = NpixdQ, where Ny is the number of pixels on the sky
and dQ is the solid angle of a single pixel. Dividing the mass
by this area in squared parsecs, we obtain the surface density
2h,. The histogram of the GMCs surface density is rather nar-
row with an average value of 46.5 + 19.1 Mg.pc™2. In particular,
the histogram does not show low surface densities comparable to
the outer Milky Way. This is likely due to the sensitivity of the
ALMA observations. At the present noise level, the lower limit
detectable at 30 is Ico > 1.75 K.km.s™!, which corresponds to a
surface density Xy, > 7.64 Mg.pc™? (the vertical red dashed line
on the middle right panel of Fig. 3).

The probability distribution function of the surface density
shows a log-normal shape (Fig. 4). The best fitting model has
a location parameter ¢ = 0.29 + 0.11 and a scale parameter
o = 0.66 = 0.08 (see Fig. 4). Using numerical simulations
of compressive supersonic flows, Kritsuk et al. (2007, 2011)
showed that the surface density histogram is found to be log-
normal in the absence of gravity. When including gravity in the
simulations, the histogram at high density deviates from log-
normal in the form of a power-law tail. In the northern filaments
of Centaurus A, the PDF of the GMCs surface density does not
show a power-law behaviour at high surface density. This sug-
gests that the contribution of gravitation is small.

0.16

0.14

Number of sources
o
o
[e5]

0.00
10!

10!

’q:l()g'(]V”J/<]\7]1J >)

Fig. 4: Probability distribution function of the H, column density of
the clouds. The x-axis shows the normalised column density. The red
dashed line shows the best fitting log-normal (o = 0.66 + 0.08, u =
0.29 £0.11).

Volume density - The gas density of each cloud is defined by

_3M 1
4nR3 (u+ fu,)my’

®

ng

where 1 = 2.4 to take heavy elements into account and fy, is the
molecular gas fraction. As previously found by Salomé et al.
(2016a), the filaments are mostly molecular thus, we assume
fu, = 1. The GMCs cover a large range of densities from 3.0
to 98.8 cm™ with an average density of 39.2 + 19.3 cm™ (see
Fig. 3 - bottom left).

3.3. Larson’s relations

Mass-size relation - The top left panel of Fig. 5 shows the rela-
tion between the mass and the size of the CO clouds. We added
the 2D histograms of the molecular clouds in the Milky Way
(Miville-Deschénes et al. 2017). The giant molecular clouds of
the northern filaments of Centaurus A are consistent with the dis-
persion for molecular clouds in the inner Milky Way. We tried a
bisector linear regression Y versus X and X versus Y to estimate
the variation of mass with the radius. The index of the power law
is larger than that found for the Milky Way (Miville-Deschénes
et al. 2017). However, the dispersion of the points in the M — R
plot is of the same order as the range of radius available with the
present ALMA observations (less than one order of magnitude),
therefore fitting a linear relation is not really significant yet.

Velocity-size relation - The o, — R relation is shown in the top
right panel of Fig. 5. For this plot, the data points also agree with
the 2D histogram of the Milky Way distribution. However, there
is no correlation between o, and R for the molecular clouds of
the northern filaments. Again, this is likely due to the small cov-
erage in the spatial scale of the present observations. In addition
to oy — R, we explored various relations between o, and other
cloud parameters. The velocity dispersion and the mass are well
correlated (Pearson coefficient of 0.66), as well as o, and (ZR),
with a Pearson coefficient of 0.68.

Spatial frequencies - We found that the GMCs identified with
clumpfind in the northern filaments of Centaurus A have physi-
cal properties distributed in the range of the values found for the
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Table 1: Statistics (mean and mean absolute deviation) of the giant molecular clouds properties. For comparison, we list the properties of clouds
in M 33, M 51, the Large Magellanic Cloud, and the Milky Way (Hughes et al. 2013; Miville-Deschénes et al. 2017).

Quantity Horseshoe SF clouds M33 LMC M51 MW
Radius (pc) 22.0+4.1 212+33 51+13 16 +5 48+14 315
oy (km.s™! 56+1.6 49+12 38+07 16+04 64x18 40
Mass (10° M) 1.1+0.8 1.2+0.8 - - - 1.5
Sy, Mo.pc™®)  451+182 513+21.0 4620 219 180 £82 28.6
Density (cm™) 37.5+18.4 45.0+22.1 - - - 24.1
Qyir 120+7.0 80+44 2109 16+03 1.7+x04 -

MI[ M, ]

T

o, [ km.s™!

o, [ km.s™!

o, [ km.s™!

10*

10°
SR M, .pe! ]

Fig. 5: Plot of the Larson’s relations for the giant molecular clouds (black points). The top row shows the M — R (left) and o — R (right) relations.
The bottom row shows the o — M (left) and o — R (right) relations. We also plot the 2D histograms and the best fitting relations (colour scale
and black line) for the molecular clouds in the Milky Way (Miville-Deschénes et al. 2017). The molecular clouds in the northern filaments of
Centaurus A are consistent with those of the Milky Way. We also indicate the limits on the radius and velocity dispersion that can be reached
owing to resolution or filtering effects (18.1 < R < 260 pc, o, > 1.25 km.s™'; horizontal and vertical black lines).

Milky Way. However, ALMA does not enable us to fully explore
this. As an interferometer, ALMA only recovered the spatial fre-
quencies between 1.3” and 14” (from 18.1 to 260 pc). It is now
essential to add observations at higher resolution to reach cloud
radii smaller than 10 pc and short-spacing observations for radii
larger than 260 pc. We plan to revisit the Larson relations for the
large structures in a forthcoming paper in which we will combine
ALMA data with our recent ACA observations.

3.4. Excitation of the clouds

In this section, we focus on the fields of view previously
observed in the northern filaments with MUSE (Santoro et al.
2015b). Observations include the principal excitation optical
lines Ha 16562.8, [NII] 16583, HB 14861.3, [O111] 14959, 5007,
[OI] 26366, and the two [SII] 16716, 6731 lines. Figure 7 shows
the velocity map of the He and CO emission, with the same
colour scale. By simply comparing the colour of the maps at
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the location of the CO structures, we clearly found that CO
is blueshifted with respect to Ha. A pixel-by-pixel compari-
son shows that the velocity CO is on average blueshifted by
VCO — VHe = =353 £23.2km.s7L.

We computed pixel-by-pixel BPT diagrams based on the Ha,
[N11], Hg, [O111], [O1], and [S1I] lines from MUSE (Fig. 6; Bald-
win et al. 1981; Kewley et al. 2006). Each line was fitted by
a Gaussian at each spatial resolution element (see Hamer et al.
2014 for the details) to measure the flux. Figure 8 shows a map of
the different regions regarding the excitation process within the
velocity range —330 < v < =120 km.s™!. The structures covered
by the MUSE field of views are mostly excited by energy in-
jection from the radio jet or shocks. The small inclusion excited
by star formation claimed by Santoro et al. (2016) is spatially
coincident with one CO structure.
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Fig. 6: Pixel-by-pixel BPT diagrams of the CO clumps with MUSE.
The black line represents the empirical separation of star formation
(green) and AGN/shock-ionised regions (blue). The dotted line shows
the extreme upper limit for star formation (Kewley et al. 2006). The red
points correspond to the composite regime.

4. Discussion

Stability of the clouds - For each GMC extracted from the
ALMA data, we derived the free-fall time tg and the dynamical
time tqy, Of the clouds. These timescales are defined by

~12

ty = 44x10 (C£_3) yr (10)
R o, \!

tyn = 9.8% 10° (E)(kms-l) . 11

The free-fall time is about twice as long as the dynamical time,
ie. tagn ~ (44 £ 1.2) x 10° yr and tg ~ (8.3 £ 2.3) x 10° yr.
Equivalently, this translates into a virial parameter, a.i =
502R/(GM) ~ tff/tﬁyn, with an average value of 11.1 + 6.6.
This suggests that the molecular clouds in the northern fila-
ments of Centaurus A are not gravitationally bounded structures.
We separated the clouds in two groups: (i) the Horseshoe com-
plex, where gas is excited by shocks, and (ii) the star-forming
clouds, associated with Ha, FUV emission and young stellar
clusters. The histogram of the virial parameter does not show
any bimodality (Fig. 3) however, the virial parameter tends to be
smaller in the star-forming clouds than in the Horseshoe com-
plex.

Pressure - The internal pressure of the clouds is given by

Pac = pyor = 401 x 1071 (2 (2

2
o ) \m s") dyn.cm™, (12)

where p, is the molecular gas volume density and oy is the ve-
locity dispersion of the clouds. On average, we found an internal
pressure Py = (6.0 + 4.7) x 107!! dyn.cm™2. Based on X-ray
emission, Kraft et al. (2009); Croston et al. (2009) derived ISM
pressures of ~ 1072 dyn.cm™2 around the inner radio lobes and
the northern middle lobe. In the X-ray knots observed by XMM-
Newton in the northern middle lobe, a thermal pressure has been
estimated to be of the order of ~ 107! dyn.cm™2 (Kraft et al.
2009). Based on these values, Neff et al. (2015b) derived lower
limits of the pressure for the radio features observed at 327 MHz

The northern filaments of Centaurus A with ALMA

with the VLA. For the diffuse radio emission, these authors esti-
mated that the pressure is of the order of 0.5—1x 107! dyn.cm™2.
They also found similar values for the radio knots related to the
X-ray knots from Kraft et al. (2009). However, the pressures de-
rived by Neff et al. (2015b) are parametrised by the pressure
scaling factor 7. The internal pressure we derived for the CO
clouds in the northern filaments of Centaurus A is larger than
that estimated from X-ray and radio emission (Kraft et al. 2009;
Croston et al. 2009; Neff et al. 2015b). Such a difference might
be explain by a pressure scaling factor higher that previously
estimated (7 ~ 10; Neff et al. 2015b). Moreover, the previous
estimates of the pressure are average values over a large region.
It is likely that the pressure is locally higher. One example is the
inner radio lobes where the radio pressure is one order of mag-
nitude higher than in the outer parts (Neff et al. 2015b).

Energy injection rate - Following Miville-Deschénes et al.
(2017), we evaluated the energy injection rate in the clouds. It
has been seen numerically (see review by Hennebelle & Falgar-
one 2012) that turbulent energy decays in one dynamical time if
it is not maintained. Therefore the energy dissipation rate is sim-
ply the kinetic energy divided by the dynamical time. Here we
make the assumption that turbulence has reached a steady state
where energy injection is balanced by energy dissipation. This
is corroborated by Neff et al. (2015b) who argued that energy
is frequently injected into the outer radio lobes on timescales of
the order of 10 Myr, comparable to the dynamical time measured
here (~ 4 Myr). In that case the energy injection rate is:

1 Mo

Einj=_2 R .

(13)

We found Eiy; = (1.1 £ 1.2) X 10% Lo, which is a value similar to
what is observed in the inner part of the Milky Way where stars
are forming actively (Miville-Deschénes et al. 2017).

General scenario - The comparison of the physical properties of
the molecular clouds in the northern filaments with those seen in
the Milky Way is instructive. Even though the molecular clouds
in the northern filaments have physical properties, such as size,
mass, and velocity dispersion, close to what is seen in the Milky
Way, there is a fundamental difference when studied in detail. It
appears that the virial parameter is key. In the Horseshoe region,
where no star formation is detected, the virial parameter has a
rather broad distribution peaking at a,;; = 12.0 + 7.0 (see Fig.
3 and Table 1). This distribution is similar to that of molecular
clouds seen in the outer part of the Milky Way, where the star
formation efficiency is also low. Miville-Deschénes et al. (2017)
argued that the formation of molecular clouds in the outer Milky
Way could be related to the dynamical action of infalling matter
from the Galactic halo and not by self-gravity or stellar feedback
in the disc. The molecular clouds in the Horseshoe region could
have a similar origin, whereas in this case the dynamical action
of the jet would provide the extra pressure to make the gas tran-
sits to the cold phase.

Interestingly, the virial parameter of the star-forming regions
of the northern filament (Fig. 3 bottom right, green curve) peaks
at a lower value around a;; = 8, which indicates that self-gravity
has a more important dynamical role for these clouds compared
to the Horseshoe region. On the other hand, ay;; is still higher
on average than in the inner Milky Way, where it peaks at values
between 4 and 5 (Miville-Deschénes et al. 2017). This could ex-
plain why the star formation efficiency in the northern filaments
of Centaurus A is smaller than in the Milky Way.
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Fig. 7: Velocity maps in km.s™!' of the Ha (leff) and CO emission (right). The black contours in the left panel represent the ALMA CO(1-0)

emission distribution. The colour scale is the same for both maps, with a velocity range —330 < v < —120 km.s~

thus clear that the CO is blueshifted compared to the Ha emission.

-42°49'00" }

20" '.

40"

50'00"

20"

40"

.285
RA (J2000)

32s 30s 13h26m26s

! relative to Centaurus A. It is

Flux (10-20 erg/s/cm?)

ot
W

13h26m?28.00s
RA (J2000)

32.00s

Fig. 8: Maps of the Ha-[NII] flux from MUSE (leff) and the excitation processes of the CO structures (right). The black contours represent
the ALMA CO(1-0) emission distribution. The BPT diagram was computed for the velocity range —330 < v < —120 km.s™!. Star formation is
represented in green and AGN or shocks are indicated in blue. Red corresponds to a composite of star formation and AGN/shocks. The CO clouds
in the Horseshoe complex are associated with shock-excited He emission, except for one clump that is associated with the star-forming region

from Santoro et al. (2016) and young stellar clusters.

These results indicate that energy injected in a system by an
external source (infall or AGN feedback for instance) can trigger
the formation of molecular gas and formation of stars, but at a
level lower than that seen in disc galaxies. This suggests that the
Schmidt-Kennicutt relation would only apply to a self-regulated
system in which self-gravity and stellar feedback are in balance.
In other situations, the surface density of molecular gas alone is
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not a good proxy for the star formation rate. Finally, the presence
of FUV emission indicates the presence of a population of ~
100 Myr stars and suggests different evolutionary stages for the
Horseshoe complex and the Vertical filament. These differences
could be due to the history of the local kinetic energy injection
by the expanding radio jet. However, it is still possible that stars
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are forming in the Horseshoe complex if they are obscured by
dust.

5. Conclusion

In this article, we have presented observations of the >CO(1-
0) in the northern filaments of Centaurus A at high resolu-
tion with the Atacama Large Millimeter/submillimeter Array
(ALMA). The region mapped with ALMA corresponds to the
region observed with APEX by Salomé et al. (2016a). The res-
olution of ALMA (1.3” ~ 23.8 pc) reveals the clumpy structure
of the molecular gas, as previously predicted by Salomé et al.
(2016b). However, the present data recover only 20% of the to-
tal molecular gas mass found by APEX. Such a difference is
likely due to spatial filtering by the interferometer. Recent obser-
vations with the ACA reveals that most of the molecular gas is
distributed in more extended structures (Salomé et al., in prep.).

We used the Gaussian decomposition and clustering meth-
ods developed by Miville-Deschénes et al. (2017) to extract the
signal from the data. The CO emission follows the morphology
of the He emission. We identified two structures in the north-
ern filaments. First, the Horseshoe complex in the bright CO re-
gion discovered by Salomé et al. (2016a) is associated with Ha
emission but not with FUV emission and young stellar clusters.
A pixel-by-pixel BPT diagram with optical emission lines from
MUSE shows that the CO clouds covered by the MUSE field of
views are mostly excited by energy injection from the radio jet
or shocks. Second, the Vertical filament is located at the edge of
the HI cloud. Aligned with He, FUV emission, and young stellar
clusters, the Vertical filament is likely a region of star formation.

Applying the clumpfind algorithm on the result of the Gaus-
sian decomposition, we extracted 140 molecular clouds. These
clouds have size, velocity dispersion, and mass of the same or-
der than molecular clouds in the Milky Way. The range of radius
available with the present ALMA observations (less than one or-
der of magnitude) does not enable us to investigate whether the
clouds follow the Larson relation or not.

We derived an estimate of the internal pressure of the clouds.
On average, we found an internal pressure of (6.0 = 4.7) X
107" dyn.cm™2. This is about one order of magnitude higher that
what was derived using X-ray (Kraft et al. 2009; Croston et al.
2009) and radio emission (Neff et al. 2015b). However, the pres-
sures derived by these authors are average values over a large
region and pressure is likely higher locally.

Finally, we found that the free-fall time is about twice the
dynamical time. This indicates that the molecular clouds are not
gravitationally unstable. The derived rate of kinetic energy in-
jected in molecular clouds is similar to the typical value found in
the inner Milky Way (Miville-Deschénes et al. 2017). However,
the star formation rate in the filaments of Centaurus A is much
lower than that in the Milky Way. This suggests that, while the
energy injected by the jet-gas interaction triggers the HI-to-H;
phase transition, it is high enough to limit gravitational collapse,
especially in the Horseshoe complex where no star formation is
observed.
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Table A.1: Properties of some molecular clouds extracted with the method presented in section 2.2. The velocities are relative to Cen A (visg ~
545 km.s™"). A catalogue of all the GMCs is available on-line.

Cloud R ScoAv Veent Av My, 2y,
(pe)  Jykms™) (kms™') (kms™!) Mg) (My.pc2)

1 33.39 2.909 -180.97 16.65 1.90 x 10° 425.08
2 29.31 2.338 -275.31 11.01 1.52 x 10° 443.50
3 24.55 1.591 -228.34 11.58 1.04 x 10° 430.25
4 32.94 3.579 -227.82 20.20 2.33 x 10° 537.56
5 26.90 1.841 -186.42 14.60 1.20 x 10° 414.79
6 30.44 1.907 -226.01 14.67 1.24 x 10° 335.25
7 38.33 3.359 -202.54 12.97 2.19 x 10° 372.53
8 31.30 1.271 -206.29 5.73 8.28 x 10° 211.42
9 24.70 1.101 -176.68 10.77 7.18 x 103 293.93
10 19.60 0.774 -223.42 14.97 5.04 x 10° 328.09
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