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ABSTRACT

The fate of cooling gas in the centers of galaxy clusters and groups is still not well understood, as
is also the case for the complex processes of triggering star formation in central dominant galaxies
(CDGs), re-heating of cooled gas by AGN, and the triggering/“feeding” of supermassive black hole
outbursts. We present CO observations of the early type galaxy NGC 5044, which resides at the center
of an X-ray bright group with a moderate cooling flow. For our analysis we combine CO(2-1) data
from the 7m antennae of the Atacama Compact Array (ACA), and the ACA total power array (TP).
We demonstrate, using the 7m array data, that we can recover the total flux inferred from IRAM 30m
single dish observations, which corresponds to a total molecular mass of about 4× 107 M⊙. Most of
the recovered flux is blueshifted with respect to the galaxy rest frame and is extended on kpc-scales,
suggesting low filling factor dispersed clouds. We find 8 concentrations of molecular gas out to a radius
of 10 arcsec (1.5 kpc), which we identify with giant molecular clouds. The total molecular gas mass is
more centrally concentrated than the X-ray emitting gas, but extended in the north-east/south-west
direction beyond the IRAM 30m beam. We also compare the spatial extent of the molecular gas to
the Hα emission: The CO emission coincides with the very bright Hα region in the center. We do
not detect CO emission in the fainter Hα regions. Furthermore, we find two CO absorption features
spatially located at the center of the galaxy, within 5 pc projected distance of the AGN, infalling at
255 and 265 km s−1 relative to the AGN. This indicates that the two giant molecular clouds seen in
absorption are most likely within the sphere of influence of the supermassive black hole.

Keywords: galaxies:clusters:general – galaxies: ISM – galaxies: active – galaxies: groups: individual
(NGC 5044)

1. INTRODUCTION

Corresponding author: Gerrit Schellenberger

gerrit.schellenberger@cfa.harvard.edu

The increasing density of hot X-ray emitting gas to-
wards the centers of galaxy clusters and groups predicts
short cooling times resulting in large amounts of cold
gas (e.g., Fabian 1994; Salomé & Combes 2003; David
et al. 2014). Also, simulations show that the densest
parts of the Hα filaments can cool to molecular clouds
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with masses of several 1× 107 M⊙ (Gaspari et al. 2017).
Active galactic nuclei (AGN) have been found to be a
significant re-heating source, and may resolve the con-
flict between larger apparent cooling rates and minimal
star formation in X-ray luminous groups and clusters.
Cold molecular gas has been found to form in the cen-
tral dominant galaxies (CDGs) of several systems (e.g.,
Edge 2001; Salomé & Combes 2003, and more recently
Tremblay et al. 2016; Vantyghem et al. 2017; O’Sullivan
et al. 2018; Rose et al. 2019a). In these studies sin-
gle dish CO measurements have turned out to be es-
sential to reveal the total molecular gas resulting from
cooling in the centers of groups and clusters (McNa-
mara & Nulsen 2007; Russell et al. 2014; McNamara
et al. 2016; Russell et al. 2016, 2017a,b). However, in
order to make a comparison to feedback models, a more
precise location of these cold gas reservoirs is needed:
Are they associated in small or large clouds, or fully
diffuse? High resolution interferometry measurements
(e.g., with the Atacama Large Millimeter/submillimeter
Array, ALMA) have found small (wrt the total CO flux)
clouds of CO (David et al. 2014; Temi et al. 2018; Oli-
vares et al. 2019). However, the integrated mass of these
clouds is inconsistent with the single dish measurements,
indicating that the large baselines of ALMA are unable
to capture a large fraction of the molecular gas (Olivares
et al. 2019). ALMA alone cannot provide a comprehen-
sive picture of the cold gas in clusters and groups. The
Atacama Compact Array (ACA) with its shorter base-
lines closes the gap with single dish measurements. The
ACA is composed of 12 7m antennae (7m array) used in
interferometry mode and 4 12m antennae used in total
power mode (TP array). The configuration of the ACA
ensures superb coverage of short baselines, and a spatial
resolution close to 5 ′′.

NGC 5044 is one of the X-ray brightest galaxy groups
in the sky. The wealth of multifrequency data avail-
able for this object makes it an ideal candidate to study
the correlations of gas properties over a broad range of
temperatures. Hα filaments, [CII] line and CO emis-
sion show that some gas must be cooling out of the hot
phase (David et al. 2014; Werner et al. 2014). Prior
studies using exceptionally deep, high-resolution X-ray
data have shown that the hot gas within the central re-
gion has been perturbed by at least three cycles of AGN
outbursts (David et al. 2009; Giacintucci et al. 2011;
David et al. 2017). David et al. (2014) have spatially
resolved clumps of molecular gas from CO 2-1 line emis-
sion in the central early type galaxy with ALMA. Also
in NGC 5044 most of the emission that has been de-
tected in single dish observations with the IRAM 30m
telescope was missed by the early ALMA measurements,

despite ALMA having lower noise levels and thus higher
sensitivity. However, the ALMA observation misses the
shortest baselines needed to recover the full flux. In or-
der to understand the cooling processes in the centers
of clusters and groups, one needs to have a full cen-
sus of the giant molecular clouds, including their precise
position in spatial and velocity space, to enable a useful
comparison with competing models for the feedback pro-
cess. This requires observations with interferometers in
multiple array configurations to cover the different sizes
and scales of molecular clouds. Hα and [CII] λ158µm
observations (Werner et al. 2014) show that in the case
of NGC 5044 the filaments of cooling gas extend out to
8 kpc, while multiphase gas in the X-rays has been de-
tected out to 15 kpc (David et al. 2017). Cold gas CO
measurements confirm the existence of Giant Molecu-
lar Clouds (David et al. 2014) in the central 2 kpc, with
sizes below 800 pc. However, single dish measurements
show that most of the gas must be on larger scales.

Our early (Cycle 0) ALMA observation of NGC 5044
has also been analyzed by Temi et al. (2018), who found
results consistent with David et al. (2014) for the most
significant clouds in terms of cloud location and size.
Almost all central clouds and the ones located north-
west of the AGN are confirmed, while 9 clouds, mostly
in the east, are unconfirmed and 2 new ones are de-
tected. The physical properties of the confirmed ones
are in good agreement with David et al. (2014). To
extend these measurements in terms of covered spatial
scales, we present new ACA observations of the galaxy
group NGC 5044.

In section 2 we describe the ACA data products and
processing. Section 3 presents our main results, includ-
ing a comparison of the 7m array spectrum with the
IRAM 30m spectrum, estimates of the total molecular
mass in the system and on which scales the gas is dis-
tributed, the detection of clouds and a comparison to the
David et al. (2014) findings, and the two absorption fea-
tures in the spectrum. Section 4 gives a comparison of
the detected molecular clouds with the ones detected in
other systems and simulations, and discusses the virial
equilibrium in these clouds. We also constrain the phys-
ical distance of the clouds seen in absorption, and the
implication for AGN feedback. Our findings are sum-
marized in section 5.

In this paper we assume a flat ΛCDM cosmology
with H0 = 70 km s−1 Mpc−1, and Ωm = 0.3. We
adopt a systemic velocity of 2757 km s−1 (heliocentric)
for NGC 5044 and a luminosity distance of 31.2Mpc

(Tonry et al. 2001), which gives a physical scale in the
rest frame of NGC 5044 of 1 ′′ = 150 pc. Uncertainties
are given at the 1σ level throughout the paper.
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2. ALMA DATA REDUCTION

NGC 5044 was observed in cycle 4 with two different
ALMA configurations (compact and extended) and with
the ACA (7m array plus antennae for total power mea-
surements). An observing log of all ALMA and ACA
CO(2-1) observations of NGC 5044, including the cycle
0 observation and the recent total power (TP) ALMA
single dish observation, is given in Table 1. The last
row in Tab. 1 indicates the usage of each dataset in this
paper. Note that the detailed analysis of the cycle 4
12m array data will be presented in a subsequent paper.
However, we list here the cycle 4 12m array observations
for completeness. Only the highest resolution cycle 4 ob-
servations are used for the absorption study in section
3.6. Details about the ALMA cycle 0 observation can be
found in David et al. (2014). The two ALMA observa-
tions taken in cycle 4 were mosaics of 11 pointings with
a Nyquist sampling covering a region of approximately
60 ′′ by 60 ′′ centered on NGC 5044. The 7m observation
was a single pointing centered on NGC 5044 and cover-
ing a region of about 40 ′′ diameter. The TP observation
covers a region of about 55 ′′

× 55 ′′ scanned in raster
mode. Fig. 1 shows the range of angular and physical
scales sampled by the ACA and ALMA for the differ-
ent array configurations. As can be seen in this figure,
the combination of all ALMA and ACA observations
provides a nearly complete census of the total molecular
mass and the detection of individual molecular clouds in
NGC 5044 on scales up to the TP field of view. We use
the 7m array data for comparisons between the ALMA
and IRAM measurements, showing that the total single
dish flux is recovered in the interferometer observations
(e.g., Figs. 2, 5). We also use the 7m array image cubes
for the cloud detection, to have slightly higher spatial
resolution. We combine the 7m array data with the To-
tal Power array (7m + TP = ACA) to measure the total
CO emission at larger radii (> 12arcsec), where the 7m
array sensitivity drops. In the following we describe the
processing steps beyond the standard pipeline.

2.1. 7m array

All ACA and ALMA observations were configured to
provide four spectral windows within Band 6, each with
a bandwidth of 185MHz. One of the spectral windows
was centered on the CO(2-1) line at 228.397GHz. The
central frequencies for the other three spectral windows
were 226.418GHz, 242.314GHz, and 244.244GHz. The
correlator configuration was similar for all cycle 4 obser-
vations.

The 7m data were calibrated with CASA version 4.7.2
(McMullin et al. 2007) using the ALMA pipeline scripts,
but CASA version 5.4.0 was used for the subsequent

imaging. Several phase self-calibration steps improved
the noise level of the continuum image by a factor of 2.7,
and the final solutions were applied to the spectral win-
dow containing the CO(2-1) emission. Continuum sub-
traction was performed with the CASA tool uvcontsub
using the emission in the line-free regions. The CASA
tool tclean was used to generate data cubes from the
continuum subtracted measurement set. Unless other-
wise noted, we used a Briggs weighting with a robust
parameter of 1, and the multiscale deconvolver (Corn-
well 2008, with scales set to 0 and 3). For the iterative
clean algorithm we applied the auto-multithresh mask-
ing algorithm with the noisethreshold= 4.5, and side-

lobethreshold= 1.25, to clean until a threshold of 0.3σ
is reached. The synthesized beams and the root mean
square (rms) sensitivities in 10 km s−1 velocity channels
are shown in Table 1 for all data sets, although we focus
here on the ACA data.

2.2. Total Power array

The TP array data were recorded in nine schedule
blocks between October and December 2018, out of
which six were recorded using four antennae, two blocks
with three antennae, and one block with two antennae.
The science spectral window contains 2048 channels over
a 2GHz bandwidth. We used CASA version 5.4.0 to
apply the pipeline calibration and flagging of bad data.
On-off single dish calibration was used to measure Tsys,
and NGC 5044 was scanned in raster mode.

Imaging was achieved through the CASA task
sdimaging with a spheroidal gridding function and
10 km s−1 channel width. We ran the pipeline task
hsd_baseline to subtract the baseline inferred through
position switching. The baseline is not flat due to spatial
and spectral variability in the response. After creating
an image cube we used imcontsub on the line free chan-
nels to fully subtract continuum emission.

In order to combine the 7m and TP array image cubes
we regridded the TP image cube to match the 7m di-
mensions, and divided by the 7m primary beam (PB) to
have a common PB attenuation. After combining the
image cubes with the CASA task feather we corrected
the resulting image cube for the 7m PB.

3. ACA RESULTS

The primary objective of our ACA 7m array obser-
vation was to recover the CO(2-1) emission that was
resolved out in our earlier ALMA observation, but de-
tected in the single dish IRAM 30 m observation. A
comparison between the IRAM 30m, ALMA cycle 0,
and 7m spectra is shown in Fig. 2. For this purpose,
we also reprocessed the cycle 0 data with the latest
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Table 3. Cloud properties

ID 〈v〉 σ Mmol r SNR

(km s−1) (km s−1) (107 M⊙) (′′)

1 60 ± 5 21 ± 10 1.16 ± 0.12 2.2 19

2 -31 ± 15 21 ± 8 1.19 ± 0.11 2.0 15

3 -172 ± 7 10 ± 6 0.74 ± 0.06 2.8 13

4 -109 ± 12 16 ± 9 0.81 ± 0.08 1.4 12

5 -216 ± 6 10 ± 6 0.53 ± 0.05 2.0 12

6 -124 ± 10 10 ± 7 0.37 ± 0.04 7.6 10

7 -269 ± 12 16 ± 15 0.24 ± 0.04 2.2 8

8 -542 ± 4 < 5 < 0.01 2.2 5

0 -174 ± 153 277 ± 96 3.34 ± 0.18 1.0

Note—Velocity centroid, velocity dispersion, molecular
mass, and projected distance from the continuum source
of the detected clouds. ID0 corresponds to all emission not
included in detected clouds.

Table 4. Comparison between Cycle 0 and
ACA detected clouds

ACA Cycle 0 C0 〈v〉 fC0

Cloud ID Cloud ID (km s−1) (%)

(1) (2) (3) (4)

1 18 59 87

2 13 -38 28

3 6, 7, 8 -160 80

4 9 -113 10

5 2,3,4 -230 89

6 10 -132 25

Note—Columns are the detected cloud in
the ACA data (1), see also Table 3), the
corresponding cloud detections in the Cy-
cle 0 data (2), from David et al. (2014),
the average velocity (3) and the fraction
of the ACA cloud mass found in corre-
sponding Cycle 0 clouds (4).

uum source. We exclude these clouds from the following
considerations since the noise level at large offset angles
(2.5 kpc) is about three times larger than in the phase
center of the same observation. This can lead to false
detections by the CLUMPFIND algorithm.

Two clouds from the Cycle 0 data could not be clearly
identified in the ACA image cube (Cycle 0 ID 11 and 15),
although they are located very close to the center. Cy-

Table 5. Gaussian fits to the AGN absorption features.

Velocity FWHM Amplitude Mass Radius SNR

(km s−1) (km s−1) (mJy) (103 M⊙) (pc)

255.5± 0.3 6.6± 0.3 9.5± 0.8 7 4 15

264.7± 0.4 6.3± 0.4 7.2± 0.8 6 4 9

Note—The two Gaussian fits to the 12m spectrum extracted within
an aperture representing the beam size (center in Fig. 8). Masses
and radii have been estimated from the linewidth, assuming the
velocity-radius relation, and that the system is in virial equilib-
rium.

cle 0 cloud ID 15 has the lowest mass of all the detected
clouds (3× 105 M⊙), so it is likely below the detection
threshold of the ACA data. Cloud 11 has a large molec-
ular mass (4× 106 M⊙), but also a very broad velocity
distribution causing the flux in the 10 km s−1-channels
to be below the ACA sensitivity (which is worse than
the Cycle 0 threshold).

We also calculate for each ACA detected cloud the
fraction of molecular mass that was detected as a Cycle
0 cloud (Column 4 in Table 4). As seen already in the
spectrum (Fig. 2), the fluxes of ACA clouds 1, 3 and
5 have been almost entirely captured by the Cycle 0
observation, while the other clouds are more extended
and cannot be fully detected by the ALMA 12m array.

3.6. Absorption features in the AGN spectrum

In section 3.4 we noted the detection of two absorp-
tion features with respect to the emission of the AGN
in the inverted (negative) image cube. We analyse the
ALMA cycle 4 extended array data (see Tab. 1) with
superior spatial resolution to characterize the nature of
this absorption feature.

We detect two absorption features at a velocity of
∼ 260 km s−1 in the continuum subtracted CO(2-1)
spectrum (Fig. 8 shows the absorption in the contin-
uum spectrum for three apertures) at the location of the
central continuum source (AGN). The proximity of the
absorption features to the AGN, at least as seen in pro-
jection, can be estimated from the extent of the 230GHz

continuum emission. We note that David et al. (2014)
detected one absorption line in the continuum spectrum
of the ALMA cycle 0 data of NGC 5044 with a velocity
of 260 km s−1, and a linewidth of 5.2 km s−1.

To obtain the best spatial resolution, we imaged the
12m cycle 4 extended array observation using a Briggs
robust parameter of -2, selecting only baselines longer
than 1000 kλ, and a velocity bin of 2000 km s−1 (to max-
imize the S/N). This produced a restoring beam of 0.08 ′′
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rial (since NGC 5044 lacks significant star formation,
see Werner et al. 2014). We detect molecular CO(2-1)
emission out to about 2 kpc (the TP observations are
sensitive to more than 3 kpc), while it is possible that
a more extended component of CO is hidden below our
detection threshold. Assuming there is a connection be-
tween the atomic and molecular gas components, a more
extended molecular component at a level comparable to
the rms in the 0th moment maps and with a uniform ex-
tent over 8 × 8 kpc2, can increase total molecular mass
to ∼ 108 M⊙.

4.1.1. Feedback models

In contrast to Bondi accretion, the chaotic cold accre-
tion (CCA) model (e.g., Gaspari et al. 2013; Voit et al.
2015a; Tremblay et al. 2016; Gaspari et al. 2017) predicts
the condensation of cold clouds out of the turbulent at-
mosphere. These clouds will eventually “rain” on the
SMBH, and trigger feedback.

The simulations for the CCA model (Gaspari et al.
2018) include hydrodynamics, cooling, heating, and,
most importantly, turbulence at sub-pc resolution. Pre-
dictions include small clouds with large line-of-sight ve-
locities and small velocity dispersions (thus larger vol-
ume filling factors ∼ 2%) close to the SMBH. Molecular
gas with smaller line-of-sight velocities and larger dis-
persions are located at larger distances to the central
AGN. In any case, turbulent pressure is key to prevent
clouds from collapsing. Any significant turbulence will
also prevent high star formation rates.

Prior studies using deep, high-resolution X-ray data
have shown that the hot gas within the central region of
NGC 5044 has been perturbed by at least three cycles
of AGN outbursts and the motion of the central galaxy
within the group potential. Cavities at various distances
from the AGN have been related to the oldest outburst
(Giacintucci et al. 2011), intermediate outbursts (David
et al. 2009), and the most recent AGN activity cycle
(David et al. 2017). The mechanical heating by AGN-
inflated cavities is sufficient to offset radiative cooling of
the gas within the central 10 kpc.

A contrasting feedback description by McNamara
et al. (2016) claims that feedback from the AGN is stim-
ulated through buoyantly rising cavities which lift low
entropy gas, with molecular clouds forming in the wakes
of the uplifted cavities (“updraft model”). Significant
turbulence should exist in the wakes of the rising bubbles
leading to density fluctuations and cooling as discussed
by Gaspari et al. (2013). Brighenti et al. (2015) suggest
that those cavities trigger episodes of enhanced cooling.
As shown in Fig. 9 the cavities (red) are aligned in
NW-SE direction, while the Hα filaments and the CO

are elongated perpendicular to this axis. The updraft
model makes a clear link between the cold, molecular
gas and the rising bubbles, and one would expect a spa-
tial correlation between the two.

4.1.2. Hα in NGC 5044

To draw a link between the cavities and cold gas we
have to take into account the distribution of warm, line-
emitting ionized gas in NGC 5044 traced by Hα emis-
sion. NGC 5044 was observed with MUSE in four nights
from Jan. 17, 2015 to Feb. 3, 2015, for seven expo-
sures of 820 sec each (PI: Hamer). MUSE provides a
spectroscopic data cube on a rectangular 1 ′

× 1 ′ field,
with a spectral coverage of (4800−9000)Å. The MUSE
data were reduced using the v2.6.2 ESO MUSE pipeline
within the Zurich Atmosphere Purge (ZAP) software
(Soto et al. 2016). More details on the MUSE data re-
duction will be given in a subsequent paper (Sun et al.,
in prep.).

Here, we include the MUSE Hα image (Fig. 9) and
the central velocity map (Fig. 10) to compare with the
ALMA data.

We find an S-shape distribution in Hα observations.
Within the central 3 kpc the cold CO emitting gas is
aligned well with the Hα filaments along a NE-SW axis
(white/black-dashed contours in Fig. 9). Resolved CO
clouds (Temi et al. 2018) in the center are aligned along
the same axis, while some clouds are located at the outer
edge of the Hα filaments (filled white circles in Fig. 9).
At larger distances, we do not detect CO emission and
the Hα filaments are bent toward the N-S direction. The
cavities are distributed along a NW-SE axis (red ellipses
in Fig. 9), which seems to be uncorrelated with the CO
emission. We note that an intermediate-distance cavity
in the south is located between the Hα filaments, and
seems to be partly surrounded by it. This could be an
indication that there is a connection between the cavities
and the Hα filaments. However, we also see molecular
clouds in other region of the central part of the galaxy,
unrelated to cavities. Based on our finding we cannot
exclude either, the CCA or the updraft model for the
feedback processes in NGC 5044.

The velocity structure of the Hα filaments shown in
Fig. 10 shows a trend of blueshifted gas to the NW and
redshifted emission to the SE. In the central 2 kpc (Fig.
10), we find some similarities between the CO and the
Hα filamental velocity structure, although the resolution
of the two maps is very different.

4.1.3. Comparing the molecular clouds in NGC 5044 with

CCA model predictions

Simulations of the CCA model predict molecular gas
to be in a certain location of the velocity shift – veloc-
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of a short central cooling time and an X-ray bright cool
core). A possible explanation for this is that the AGN
in NGC 5044 is currently not in an active phase, and the
galaxy group has not experienced recent mergers, allow-
ing the formation of molecular gas through the cool-
ing processes in the center. The gas depletion timescale
for the molecular gas in NGC 5044 is at least 800Myr,
given the current upper limit for the star formation rate
estimated from a combination of FUV and MIR data
(0.073M⊙ yr−1, Werner et al. 2014), which is in agree-
ment with central dominant galaxies in galaxy groups
(O’Sullivan et al. 2018). However, the duty cycle of the
outbursts in NGC 5044 is about 108 yr, so most of the
molecular mass will be reheated.

4.3. Cloud Properties

4.3.1. Virial equilibrium in detected clouds

Knowing the sizes of the newly detected molecular
clouds is important to derive other quantities. We ap-
plied the CASA task imfit to the 0th moment maps of
the individual clouds to measure the extent (beam de-
convolved) from our ACA data. We can derive (beam
deconvolved) sizes for clouds 1 to 5, where we define the
size as the square root of the product of the two fit-
ted FWHM along the major and minor axis. We find
308± 22 pc, 684± 10 pc, 717± 16 pc, 538± 24 pc, and
541± 21 pc for the first 5 clouds, all with axis ratios
around 2, except cloud 2 which is almost circular. The
other clouds are not resolved. Together with the cloud
mass, M , and the velocity dispersion, σv (both given in
Tab. 3), we can test whether virial equilibrium is es-
tablished using the expression for the virial parameter
α (Bertoldi & McKee 1992),

α =
5Rσ2

v

GM
, (4)

that gives the ratio of kinetic and gravitational energy.
Perfect virial equilibrium is established for α = 1. For
the five resolved clouds, we find α of typically around 8.
Due to the large uncertainties of the cloud velocity dis-
persions, these values are also very uncertain. However,
we can derive an average, α = 8.6± 3.4. The ACA de-
tected clouds are much closer to bound structures than
smaller clouds detected in cycle 0 data by Temi et al.
(2018) which have α ranging from 30 to 650 (250 on av-
erage). Due to its shorter baselines, the 7m array is able
to detect large scale emission (see Fig. 1), which traces
the size of the clouds more accurately. However, even
values of α = 8 are at the upper end of what has been
found by simulations of molecular clouds in the Milky
Way (Dobbs et al. 2011), and those clouds are still con-
sidered globally unbound. The dispersion timescale, r

σv

,

is on the order of a few Myr (up to 35Myr), which sets
an upper limit for the lifetime of the clouds.

For two of the clouds (IDs 2 and 5), we find rotational
characteristics in the 1st moment maps, from which we
estimate maximum velocity difference within each cloud
by eye to be on the order of 20 to 40 km s−1. This can
be used to derive a dynamical mass, if we assume rota-
tional support. However, the typical timescale for one
rotation is several times above the dispersion timescale.
Therefore, we do not assume that the clouds are actually
globally in rotation, but consist of smaller sub-clouds in
motion. The combination of the 7m array data with the
higher resolution 12m array will enable us to resolve the
clouds better and measure the average density and the
radius. We will present this in a subsequent paper.

4.4. Molecular clouds in absorption

The spectrum of the central AGN, which is visible
in the continuum image as a point source, shows two
clouds in absorption (Fig. 8). The two clouds must
reside within a projected distance of 5 pc to the AGN
(resolution of the continuum image). For comparison,
the sphere of influence of the central black hole,

Ra = GMbh/σ
2
∗ ≈ 17 pc , (5)

where Mbh = 2.3× 108 M⊙ and σ∗ = 237 km s−1, is
more than three times larger than the upper limit of the
projected distance of the two clouds from the black hole.
If the infalling clouds are actually located within the
sphere of influence of the black hole, they will eventually
likely be accreted.

4.4.1. Absorbing cloud properties

As described in Tremblay et al. (2016) we can calculate
the mass of an absorbing molecular cloud from the line
width assuming virial equilibrium,

Mcloud ≈
Rcloudσ

2

G
. (6)

For the two absorption line features at 255 and
265 km s−1, we determine masses around (6× 103 −

7× 103)M⊙ (see Tab. 5). The expected size can be de-
rived from the scaling relation by Solomon et al. (1987),

σ = (1.0± 0.1)× S0.50 ± 0.05km s−1 , (7)

where the size S is given in parsec. With Eq. 7 we find
a cloud size of roughly a factor of 2 smaller than the
observed (unresolved) upper limit on the central contin-
uum source extent (5 pc radius). We can estimate, from
the integrated absorption signal, the H2 column density
of the absorbing material to be roughly 2.3× 1021 cm−2.
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Given the estimated mass and size of the cloud, we ob-
tain a density of 400 cm−3, which is comparable to that
of a GMC. The line widths and densities of the clouds
along the line of sight result in a turbulent pressure of
about P

kB

= 1.9× 106 Kcm−3, which is in agreement
with the hot gas pressure of ∼ 2× 106 Kcm−3 (David
et al. 2014). However, cloud mass and size estimates are
based on scaling relations, so it is hard to conclude if the
absorbing clouds are really in pressure equilibrium with
the surrounding gas. Following the argument by Field
et al. (2011) the external pressure of the hot gas implies
a maximum mass of the the molecular cloud under the
assumption of a stable equilibrium. For the absorbing
clouds in NGC 5044 this maximum mass is about 30
times higher than the derived masses from Eq. 6.

4.4.2. Distance to the AGN

Tremblay et al. (2016) found CO absorption in A2597,
and inferred the absorbing material location was close
to the central black hole of A 2597 (about 1 kpc in pro-
jection). The authors also find, at a similar velocity, HI
absorption from a VLBA observation (resolution about
20 pc). In NGC 5044 we find CO absorption at a pro-
jected distance of less than 5 pc. If the real separation
of the absorbing clouds from the AGN is close to the
projected distance, we have detected molecular clouds
much closer to the AGN than previously observed in a
cooling flow system.

In the following we try to derive the real separation of
the absorbing clouds from the AGN. Brüggen & Scan-
napieco (2016) show that various timescales have to be
considered when estimating the lifetime of a molecu-
lar cloud in the environment of X-ray bright gas. The
time after which a cloud is destroyed by a shock induced
through the motion within the ICM is the cloud crushing
timescale,

tcc =

(

Text

Tcloud

)0.5
Rc

vh
≈ 7Myr , (8)

where Tcloud ≈ 10K (Braine & Combes 1992) and
Text ≈ 0.8 keV k−1

B (David et al. 2017) are the cloud and
surrounding gas temperatures, respectively, Rc ≈ 2 pc

is the cloud radius, and vh = 260 km s−1 is the velocity
of the cloud. Thermal conduction will heat up the cold
cloud within the evaporation time,

tevap =
Rc

vh

100

f(M)
≈ 0.8Myr , (9)

where f(M) = 1. This timescale is a lower limit and
can be longer in the presence of magnetic fields. Cool-
ing of the cloud through radiation would also decrease
this timescale, but is not considered here. The third
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Figure 12. Infall simulation showing velocity (red) and
distance of the cloud to the AGN (blue) as a function of
time. The different linestyles refer to initial distances of
the cloud (350 pc: dashed, 85 pc: solid, 10 pc: dotted). For
each initial distance the cloud reaches the observed veloc-
ity (260 km s

−1) after different time (350 pc: 7 Myr, 85 pc:
800 kyr, 10 pc: 21 kyr), and at a different (final) distance to
the AGN (350 pc: 27 pc, 85 pc: 22 pc, 10 pc: 8 pc).

timescale to be considered is the Kelvin-Helmholtz in-
stability timescale,

tKH ≈ 5
Rc

vh

[

1 + 4(γ − 1)
vh
csc

]0.5

≈ 240Myr , (10)

where γ = 7
5

is the adiabatic index for CO, and csc ≈

6.6× 10−2 km s−1 is the sound speed in the cloud. We
conclude that the infalling cloud should last for at least
400 kyr, if not destroyed by cloud-cloud collisions.

Given the lifetime of the cloud we can calculate how
close the cloud is to the AGN when reaching a relative
velocity of 260 km s−1, assuming only gravity accelerates
the cloud towards the supermassive black hole (SMBH).
As shown in Fig. 12 a cloud, falling from a distance of
350 pc (85 pc, 10 pc), will reach our threshold velocity
at a distance of 27 pc (22 pc, 8 pc) after 7Myr (800 kyr,
21 kyr). If we take the evaporation timescale as our
threshold for the cloud lifetime, we conclude that the
cloud is 22 pc or closer to the SMBH. This is very close
to the sphere of influence of the SMBH (17 pc, see Eq
5). Assuming a uniform distribution of clouds, there is
a 17 pc

22 pc
≈ 80% chance that the two clouds are within

the sphere of influence of the black hole. Given all our
assumptions (clouds with mass 104 M⊙ initially at still,
falling within the thermal conduction time), this means
that the absorbing clouds in NGC 5044 are closer to the
black hole than the clouds in A 2597, but are also orders
of magnitude smaller.
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We note that in the scenario described above we as-
sume a cloud falling onto the SMBH through gravity
only. However, in the CCA model (see Section 4.1.3
clouds share the same velocity of the hot gas until they
dynamically separate from the hot gas after some time,
and leaving less time for the cloud to fall toward the
SMBH.

4.4.3. Spatial variability of the AGN absorption features

The NGC 5044 continuum source (AGN) is variable
on timescales of years at mm wavelengths (Alastair
Edge, private communication), implying an upper limit
on the size of at least one component of the source of
∼ 1 pc. With our four ALMA/ACA observations (be-
tween 2012 and 2018) we estimate a linear decline of
the continuum source flux at 229GHz of −1.6mJy yr−1.
Our ALMA CO(2-1) observations also allow us to place
limits on the spatial extent of the AGN: At 244GHz

(highest frequency spectral window), the beam size is
70×40mas (10.5×6 pc). Even with this small beam, the
continuum source appears unresolved. The CASA task
imfit is able to deconvolve the source and places con-
straints on the physical extent (10×7mas, or 1.5×1.0 pc,
with 10% and 90% relative 1σ uncertainties along the
major and minor axis, respectively). The absorption
features in the spectrum of the continuum source sug-
gest spatial variability (see Section 3.6), which cannot
be confirmed with an alternative analysis mode. Deeper
observations are needed to confidently confirm the weak-
ened second absorption line in the western half of the
continuum source.

If the variability feature is real, we suggest two sce-
narios, (1) the CO emission of a cloud on the eastern
side of the absorbing cloud partially covers the contin-
uum source and fills (compensates) the absorption, and
(2) the continuum source is extended near the ALMA
resolution, and two different clouds cover two parts of
the continuum source (e.g., core and jet). For (1), ad-
ditional CO(2-1) emission is needed to fill in the ab-
sorption line on the eastern side of the core, where the
265 km/s absorption line is less visible. The flux of this
absorbed line would correspond to the emission of a
cloud of ∼ 1.4× 105 M⊙. However, we can also estimate
the mass from the line width of the absorbing cloud, as-
suming virial equilibrium, which results in a mass 50
times lower than the “required” mass, if emission com-
pensates the absorption feature on one side. We also
do not see any other signs of CO(2-1) emission in the
continuum spectrum of the source, and scenario (1) is
likely ruled out.

For the scenario (2), we estimated the feasibility with
a basic simulation of two spatially separated continuum

sources, each having an absorption feature at a different
velocity (see Fig. 13 left panel). These two sources could
represent a core and a jet. However, active jet spec-
tra are typically steeper then the core spectra, which
can make them hard to be detected at mm wavelengths.
By smoothing the image cube spatially with a Gaussian
about 3 times the separation of the two emitting con-
tinuum sources, we get an image consistent with a point
source at the ALMA resolution (Fig. 13 right panel),
which shows a very similar spatial dependence of the
absorption as in NGC 5044.

From the variability of the continuum source flux (on
timescales of years), the unresolved nature of the point
source at the highest frequency being not perfectly con-
sistent with the beam shape, and the possibility of spa-
tial variability of the absorption features, we have in-
dications that the continuum source in NGC 5044 has
a physical extent of a factor of a few below the ALMA
resolution (15 pc).

4.4.4. Feedback energy

NGC 5044 has the largest known reservoir of cold
molecular gas of any dominant galaxy in a cooling-flow
group, and three epochs of AGN activity are visible
as cavities in its hot gas (David et al. 2009; Giacin-
tucci et al. 2011; David et al. 2017). In section 4.4.2
we concluded that the two molecular clouds visible as
absorption features in the spectrum of the continuum
source are most likely within the sphere of influence of
the AGN. We can now estimate the energy input to the
AGN by those infalling clouds.

Within 800 kyr two clouds of total mass 1.3× 104 M⊙

might fall onto the SMBH, which gives a mass accretion
rate for this line of sight of 0.016M⊙ yr−1. The possi-
ble feedback energy from the infalling cloud, assuming
the mass - energy equivalence, is about 1.2× 1056 erg,
assuming a 50% accretion efficiency and that 1% of the
available energy is turned into radiation or powering the
jet. This will be a lower limit for the accretion rate,
since a shorter infall is possible. If the cloud is located
at the sphere of influence, it covers a solid angle of about
80 deg2 as seen from the location of the black hole. Inte-
grating over the whole sphere, the total mass accretion
rate is 6M⊙ yr−1, which is far above any typical mass
accretion rate for central dominant galaxies, and it is
about 550 times the Bondi accretion rate. This is an
upper limit in case clouds are distributed everywhere
around the SMBH.

For a distance close to the AGN (∼ 5 pc) and a line
of sight velocity (260 km s−1), the free-fall timescale is
about 140 kyr, which implies a mass deposition rate of
∼ 0.09M⊙ yr−1. The energy rate (assuming again a ra-
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Figure 13. Left: Hypothetical distribution of two sources (red circles) with different spectra (shown in orange and blue). Right:

After convolution with a larger Gaussian only one point source is visible, but the spatial variability of the absorption spectrum
(tested at two different points as shown by the black circles) is similar to our observations of NGC 5044.

diative efficiency of 0.5%) is 2.6× 1043 erg s−1, which is
several orders of magnitude higher than the bolometric
X-ray or integrated radio luminosity of the AGN, and
also 2 times higher than the total cavity power (south-
ern cavity plus smaller northern cavities, see David et al.
2009) which is related to several AGN outburst in the
past. This implies that more than half of each infalling
cloud does not reach the AGN.

In the literature we find comparable galaxy groups in
a similar dynamical state as NGC 5044, having a cen-
trally peaked, relaxed X-ray morphology with a short
central cooling time (Hudson et al. 2010; Voit et al.
2015b; O’Sullivan et al. 2017). However, examples like
NGC 4636 and NGC 5846 show much less cold, molec-
ular gas than NGC 5044. The radio power at GHz
frequencies of NGC 5044 is about an order of magni-
tude higher than these two galaxies, which should in-
dicate stronger feedback, preventing the formation of
cold gas (O’Sullivan et al. 2018). Also the cavity power
and star formation rate are highest for NGC 5044, com-
pared to NGC4636 and NGC5846. However, the cavity
radio spectrum shows by far the steepest spectral index
for NGC 5044 (α of 1.9 or higher, while the other two
galaxies have ∼ 0.65, see O’Sullivan et al. 2011). This
indicates that the visible signs of major feedback are
not recent for NGC 5044, while the other two galaxies
had more recent outbursts of the AGN. We note that
other cavities in NGC 5044 reported by David et al.
(2009, 2017) appear to be related to more recent AGN
outbursts, but are much smaller then the one with the
steep radio spectrum. NGC 5044 may thus have had
longer to replenish its CO reservoir since the last major
AGN outburst.

5. SUMMARY

We report the analysis of the ALMA 12m extended ar-
ray data and the Atacama Compact Array (7m plus to-
tal power array) CO(2-1) data for the central dominant
galaxy of the nearby galaxy group NGC 5044. David
et al. (2014) found molecular gas in this galaxy, accu-
mulated in clouds, but the total emission detected in
this high resolution interferometer observation was far
below the single dish measurement. This discrepancy
motivated the additional observation of NGC 5044 with
ACA to cover short baselines. Our results can be sum-
marized as follows:

• ACA detects all of the emission that was missed
by the 12m ALMA observation and the ACA
measurement is consistent with the IRAM sin-
gle dish measurements. The total molecular gas
mass within a circular aperture of 15 ′′ radius is
6.5± 0.2× 107 M⊙.

• Extended emission beyond the IRAM single dish
beam size of 6 ′′ radius is detected in the SW-NE
direction with relative velocities of −100 km s−1.
The velocity range of the total CO(2-1) emission
ranges from −550 to 230 km s−1.

• The CLUMPFIND algorithm detects 10 individual
clouds in the ACA data, which account for about
70% of the total emission.

• An absorption feature (reported in David et al.
2014) can be quantified in great detail in the high
angular resolution dataset. The emission from the
continuum source (SMBH) features two absorp-
tion lines at 255 and 265 km s−1, where the latter
one is strongest in the western region, and not de-
tected in the eastern region. This means that the
continuum emission region is only slightly smaller
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than the PSF. Assuming virial equilibrium, we es-
timate the mass of the two absorbing clouds from
their line widths as a few thousand to 104 M⊙.
The two clouds are consistent with being in pres-
sure equilibrium with the surrounding gas.

• In projection, the absorbing structures lie within
5 pc (the continuum image resolution) of the cen-
tral source. By combining the thermal evapora-
tion timescale with constraints from the infall ve-
locity, we argue that the distance, from the ab-
sorbing clouds to the AGN, is less than 19 pc. As-
suming a uniform distribution of clouds, there is a
80% chance that the absorbing clouds are located
within the sphere of influence of the SMBH.
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