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ABSTRACT

To advance our understanding of the fuelling and feedback processes which power the Universe’s most
massive black holes, we require a significant increase in our knowledge of the molecular gas which
exists in their immediate surroundings. However, the behaviour of this gas is poorly understood
due to the difficulties associated with observing it directly. We report on a survey of 18 brightest
cluster galaxies lying in cool cores, from which we detect molecular gas in the core regions of
eight via carbon monoxide (CO), cyanide (CN) and silicon monoxide (SiO) absorption lines. These
absorption lines are produced by cold molecular gas clouds which lie along the line of sight to
the bright continuum sources at the galaxy centres. As such, they can be used to determine many
properties of the molecular gas which may go on to fuel supermassive black hole accretion and
AGN feedback mechanisms. The absorption regions detected have velocities ranging from -45 to
283 km s~! relative to the systemic velocity of the galaxy, and have a bias for motion towards the
host supermassive black hole. We find that the CN N = 0 - 1 absorption lines are typically 10
times stronger than those of CO J = 0 - 1. This is due to the higher electric dipole moment of the
CN molecule, which enhances its absorption strength. In terms of molecular number density CO
remains the more prevalent molecule with a ratio of CO/CN ~ 10, similar to that of nearby galaxies.
Comparison of CO, CN and HI observations for these systems shows many different combinations
of these absorption lines being detected.
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1 INTRODUCTION focus on emission, which probes gas within relatively large
areas and struggles to reveal how it behaves in more compact
regions. This includes areas of particular interest, such as the
surroundings of the most massive supermassive black holes.
As a result of this observational shortfall, there exists a sig-
nificant gap in our knowledge concerning the behaviour and
properties of the molecular gas surrounding active galactic
nuclei (AGN). While observations have been absent at this
level, simulations such as chaotic cold accretion have pre-
dicted that the large reservoirs of molecular gas we see obser-
vationally (e.g. Edge 2001), exist at least in part, as a pop-
ulation of relatively small clouds in the few hundred parsecs
around the cores of massive brightest cluster galaxies (e.g.
Pizzolato & Soker 2005; Gaspari et al. 2015; Gaspari et al.

* BE-mail: thomas.d.rose@durham.ac.uk 2018). The ensemble of molecular gas clouds which make up
t Lyman Spitzer Jr. Fellow.

Our understanding of how the molecular gas of cool-core
brightest cluster galaxies behaves is largely derived from
a mixture of theory (e.g. O'Dea et al. 1994; Nulsen et al.
2005; Pizzolato & Soker 2005; McNamara & Nulsen 2012;
McNamara et al. 2016), simulations (e.g. Gaspari et al.
2011) and emission line studies (e.g. Crawford et al. 1999;
Edge et al. 2002; Jaffe et al. 2005; Donahue et al. 2011;
Olivares et al. 2019). Although many theoretical works hy-
pothesise about the behaviour of this molecular gas across a
wide range of spatial scales, observational studies typically
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this reservoir are expected to undergo inelastic collisions,
causing them to lose angular momentum and be funneled
into the few hundred parsecs surrounding the supermassive
black hole, eventually providing it with fuel. One important
but currently missing observational constraint on this pro-
posed class of AGN feedback scenarios is to determine the
properties of the cooled gas such as the mass, temperature,
dynamics and its origins, as well as what fraction of it ul-
timately becomes fuel for future outbursts from the central
supermassive black hole.

A small number of recent studies of the molecular gas
in the central regions of massive galaxies have begun to fo-
cus on molecular absorption, rather than emission. Such ab-
sorption line studies have two principal benefits. First, ob-
serving absorption against a bright and unresolved back-
light makes it possible to study the behaviour and proper-
ties of molecular gas on much smaller scales than is achiev-
able from emission. Second, in absorption line studies using
a galaxy’s bright radio core as a backlight, redshifted ab-
sorption unambiguously indicates inflow while blueshifted
lines indicate outflow. In the case of emission lines, there
is ambiguity as to whether the gas being traced lies in
front of or behind the core of the galaxy. Despite these
advantages, molecular absorption studies remain rare, with
only a handful of absorbing systems having been found in
this way. In terms of brightest cluster galaxies, five asso-
ciated absorbers have been detected, where the absorption
is observed in the spectrum of the bright radio source spa-
tially coincident with the galaxy’s supermassive black hole
(David et al. 2014; Tremblay et al. 2016; Ruffa et al. 2019;
Rose et al. 2019; Nagai et al. 2019). A small selection of in-
tervening absorbers have also been detected in gravitational
lens systems, where absorption is observed in a galaxy sep-
arate from, but along the same line of sight as a distant and
bright radio continuum source such as a quasi-stellar object
(Combes 2008; Wiklind et al. 2018; Combes et al. 2019).

Two of the associated absorbers detected so far have
provided some indication of cold, molecular gas clouds falling
towards their host galaxy’s core and thus potentially going
on to fuel the supermassive black hole. These observations
of NGC 5044 by David et al. (2014) and of Abell 2597 by
Tremblay et al. (2016) both show regions of cold molecular
gas moving towards the galaxy centre at ~ 200 — 300 km s~ .
Additionally, Ruffa et al. (2019) and Rose et al. (2019) both
show molecular gas which appears to be in stable, slightly
elliptical orbits where they most likely drift in a turbulent
velocity field, rather than undergoing any significant inflow
or outflow.

The molecular gas detected in these systems provides
some evidence in line with theories and simulations which
predict a gradual drifting of molecular clouds towards a
galaxy’s central supermassive black hole. However, with such
a small number of detections having been made so far, it
is difficult to draw concrete conclusions about the typical
behaviour and properties of the molecular gas in the cen-
tral regions of massive galaxies and how it interacts with
the central supermassive black hole. Here we present the re-
sults of an Atacama Large Millimeter/submillimeter Array
(ALMA) survey of 18 brightest cluster galaxies, all of which
are extremely bright and core dominated in the radio. We
find evidence of cold gas in the core regions of eight of this
sample through the detection of molecular absorption lines.

As well as detecting CO absorption, the sample also reveals
several CN absorption lines, a tracer of dense gas in the pres-
ence of ultraviolet radiation. There is also a detection of one
SiO absorption line. Across the eight systems in which we
find molecular absorption, there are 15 new individual CO,
CN or SiO absorption lines detected.

This paper is laid out as follows. In §2 we give details
of the observations and introduce the sample, while §3 we
discuss the data reduction we have carried out. In §4 we
present the eight systems with detections of CO, CN and
SiO absorption lines. In §5 we show the sources which have
CO and CN emission, but lack absorption features and in
§6 we briefly discuss the sources which have no absorption
or emission features. In §7 we derive the CO and CN col-
umn densities from the observed absorption features. In §8
we discuss the significance and implications of our results
and in §9 we present our main conclusions. Throughout, we
assume a flat ACDM Universe with Hy = 70 km s~! Mpc~!,
Qpr=0.3 and Qx=0.7.

2 TARGET SAMPLE AND OBSERVED LINES

The observations presented in this paper are from an ALMA
Cycle 5 survey of core dominated brightest cluster galaxies
with extremely high flux densities (project 2017.1.00629.S).
In total, time was awarded for observations of 23 targets but
three observations were not attempted and two were not
sufficiently well calibrated to extract a reliable spectrum.
All 23 targets have unresolved emission at 85 - 110 GHz of
>10 mJy, so they are both bright and compact enough to
probe the behaviour of cold molecular gas along very nar-
row, uncontaminated lines of sight. In all but one case
our ALMA observations of each galaxy’s radio core
are unresolved. The exception to this is Abell 3112,
though we see no molecular absorption in this sys-
tem. For the interested reader, all of the observa-
tions presented in this paper, including all contin-
uum images, are publicly available via the ALMA
Science Archive as of September 20 2019.

The sample of 23 brightest cluster galaxies was drawn
from over 750 X-ray selected clusters with complete, multi-
frequency radio coverage (Hogan et al. 2015b) that ex-
tends to the sub-mm for the brightest sources (Hogan et al.
2015a). Each source has either a detection at 2 mm
above 7 mlJy (Hogan et al. 2015a), an AT20G 20 GHz
(Murphy et al. 2010) detection and/or is included in the
OVRO 40m 15 GHz monitoring sample (Richards et al.
2011). There are at most two sources below our declina-
tion limit (< 33°) not included in the original Cycle 5 re-
quest (Abell 2055 and Abell 2627) which meet these high
frequency selection criteria but are both potentially BL Lac
dominated and so are excluded to avoid issues of source
orientation (Green et al. 2017). Therefore, we are confident
that the sample studied is representative and an essen-
tially complete selection of the brightest mm-bright cores
in cluster centres. All of the objects observed, 11 of
which appear in the optical emission line sample
of Hamer et al. (2016), would most likely be clas-
sified as low-ionization nuclear emission-line regions
(LINERS) in terms of the line widths of their optical
spectra. We are not aware of any observations which
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Source CO(1-0) CN-A CN-B SiO(3-2)  Archival CO(2-1)  Archival HI
Hydra-A L4 X X - v X
S555 4 /X /X - - XX
Abell 2390 X X X VX - X
RXCJ0439.0+0520 VX XX XX XX - XX
Abell 1644 X/ X X - - X
NGC 5044 XX VX VX - VX XX
NGC 6868 4 VX VX - - VX
Abell 2597 X/ X X - v X
RXCJ1350.3+0940 X/ X/ X/ - - X
MACSJ1931.8-2634 X/ - - - - -
RXCJ1603.641553 X/ XX XX - - X
RXCJ0132.6-0804 XX* XX XX XX - -
MACSJ0242-2132 XX - XX XX - -
Abell 3112 XX XX XX - - XX
Abell 496 XX XX XX - - XX
Abell 2415 XX XX XX - - VX
Abell 3581 XX XX XX - - -
RXCJ1356-3421 XX XX XX XX - VX

- Not observed
XX Not detected in emission or absorption
v X Absorption detected, emission undetected
XV Absorption undetected, emission detected
vV Absorption and emission detected

Table 1. For the 18 sources observed in our survey, the above table highlights the lines for which observations have been carried out
and detections of emission and absorption lines have been made. We also indicate where archival CO(2-1) and HI observations and
detections are known. The top section of the table gives these details for the sources shown in Fig. 2 and 3, where we find
> 30 CO(0-1), CN-A and/or CN-B absorption lines. The CN-A and CN-B lines are produced when CN = 0 - 1 absorption,
which has hyperfine structure, is observed at low spectral resolution (a more detailed description of this is given in §3). In
the middle section of the table are the sources which have clear CO(1-0)/CN-A/CN-B emission but no > 30 absorption lines
(Fig. 4). In the lower section are the sources which do not show any > 300 CO(1-0) or CN-A/CN-B emission and absorption

along the line of sight the galaxy’s continuum source.

*Detected in emission on scales significantly larger than the beam size.

would suggest any of the sample could be classified
as Seyferts.

Observations were taken between 2018 January 02 and
2018 September 20. The survey focused on detecting emis-
sion and absorption due to transitions between the J = 0
and J = 1 rotational states of CO. Throughout the paper
we write this with the notation of ‘CO(1-0)” when making
general reference the line and when discussing its emission.
We also use ‘CO(0-1)’ specifically in reference to its absorp-
tion. This line acts as a tracer for molecular hydrogen at
temperatures of up to a few tens of Kelvin; H; is signifi-
cantly more abundant, but not directly observable at these
low temperatures!. As well as the spectral window in which
CO lines were anticipated, the brightest cluster galaxies were
observed in neighbouring spectral windows in order to esti-
mate the flux densities of their continuum sources. These

1 Assuming a carbon abundance equal to that of the Milky
Way gas phase, and that all gas phase carbon exists in CO
molecules, the ratio of carbon monoxide to molecular hydrogen is
CO/Hy =3.2 x 10™* (Sofia et al. 2004).

observations, which are done at a much lower spectral res-
olution, also provide serendipitous detections of CN lines
from the N = 0 - 1 transition. CN molecules are primar-
ily produced by photodiscociation reactions of HCN, and its
presence is therefore indicative of dense, molecular gas in
the presence of a strong ultraviolet radiation field (for a de-
tailed overview of the origins of CN, see Boger & Sternberg
2005). Additionally, models have shown that CN production
at high column densities can be induced by strong X-ray ra-
diation near active galactic nuclei (Meijerink et al. 2007).

As well as CO and CN lines, in one case SiO
absorption is also detected. This dense gas tracer
is often indicative of shocks due to outflows and
jet-cloud interactions, and its abundance is highest
around galactic centres (Rodriguez-Fernandez et al. 2006;
Rodriguez-Fernandez et al. 2010).

In Table 1, we summarise the observations and detec-
tions of CO, CN and HI lines which have been made both
in this survey and archival observations. The top section of
the table gives details for sources in which we see some form
of molecular absorption, discussed fully in §4. The middle
section shows sources later discussed in §5 in which we see
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Hydra-A S555 Abell 2390 RXCJ0439.04-0520 Abell 1644 NGC 5044
Observation date 2018 Jul 18 2018 Jan 23 2018 Jan 07 2018 Jan 11 2018 Aug 21 2018 Sep 20
Integration time (s) 2700 2800 8000 1300 2800 2400
CO(1-0) vel. resolution (km s™1) 2.7 2.6 3.1 3.0 2.6 2.5
CN vel. resolution (km s~1) 46 45 63 60 45 42
SiO(3-2) vel. resolution (km s~1) - - 54 - - -
Angular resolution (arcsec) 1.63 0.81 0.37 0.43 1.97 0.56
Spatial Resolution (kpc) 1.72 0.70 1.36 1.46 1.83 0.11
PWV (mm) 2.85 2.23 2.12 2.58 1.39 0.49
FoV (arcsec) 61.6 71.0 63.8 62.7 61.1 58.8
ALMA configuration C43-1 C43-5 C43-6 C43-5 C43-3 C43-5
Maximum spacing (m) 161 1400 2500 1400 500 1400
CO(1-0) noise/channel (mJy/beam) 1.00 0.45 0.25 0.76 0.65 0.59
CN noise/channel (mJy/beam) 0.16 0.064 0.030 0.11 0.10 0.073
SiO noise/channel (mJy/beam) - - 0.064 - - -
115 GHz cont. flux density (mJy) 81.5 12.8 7.7 72.0 41.8 14.6
CO(2-1) channel width (km s~!) - - - - - 1.3
CO(2-1) noise per channel (mJy) - - - - - 0.95

NGC 6868 Abell 2597 RXCJ1350.340940 MACSJ1931.8-2634 RXCJ1603.64+1553
Observation date 2018 Jan 25 2018 Jan 02 2018 Sep 16 2018 Jan 02 2018 Sep 16
Integration time (s) 5100 7300 5600 5300 1500
CO(1-0) vel. resolution (km s~1) 2.5 2.7 2.9 3.4 2.8
CN vel. resolution (km s~!) 42 48 53 - 51
Angular resolution (arcsec) 0.81 0.35 0.66 0.47 0.68
Spatial Resolution (kpc) 0.15 0.54 1.55 2.33 1.36
PWV (mm) 6.52 1.87 0.66 3.19 0.82
FoV (arcsec) 58.8 63.3 66.5 68.3 65.0
ALMA configuration C43-5 C43-6 C43-4 C43-6 C43-4
Maximum spacing (m) 1400 2500 784 2500 784
CO(1-0) noise/channel (mJy/beam) 0.53 0.34 0.31 0.24 0.62
CN noise/channel (mJy/beam) 0.064 0.054 0.047 - 0.12
115 GHz cont. flux density (mJy) 14.3 7.8 10.6 3.1 54.3
CO(2-1) channel width (km s~!) - 4.3 - - -
CO(2-1) noise per channel (mJy) - 0.23 - - -

Table 2. A summary of the ALMA observations presented in this paper, all of which were taken using ALMA band 3 and have a
frequency resolution of 977 kHz. The field of view (FoV) is defined as the FWHM of the primary beam. The last two rows of
the table also show the channel width and noise per channel of the archival CO(2-1) observations discussed later in §4 and shown in Fig.

2 and 3.

emission, but no absorption. The lower section gives details
for sources in which we see no molecular absorption or emis-
sion, discussed in §6. This table provides a useful reference
for the reader throughout the paper and helps to place our
detections within a wider context. Details of the observa-
tions for all sources in which we find evidence of molecular
gas from emission and/or absorption lines are given in Table
2.

Below we provide a short description of the previous
observations of each galaxy in our survey. We also highlight
any previous detections of HI absorption, a tracer of warm
atomic gas. In ambiguous cases where a source’s name is
often used to describe both the individual brightest cluster
galaxy and the wider cluster, we use the name in reference
to the former.

e Hydra-A is a giant elliptical galaxy with a close to
edge-on disk of dust and molecular gas lying at the centre of
an X-ray luminous cluster (Hamer et al. 2014). Hydra-A is
an archetype of a brightest cluster galaxy lying in a cooling
flow, with powerful radio jets and lobes projected outwards

from its centre (Taylor et al. 1990). These are surrounded by
cavities in the X-ray emitting gas of the intracluster medium
created by repeated AGN outbursts (McNamara et al. 2000;
Wise et al. 2007). Previous observations of Hydra-A show
extremely strong CO(1-2) absorption against the bright ra-
dio core (Tmax ~ 0.9) due to molecular gas moving away
from the galaxy centre at a few tens of km S_I(ROSG et al.
2019). HT absorption has been detected against the core of
the galaxy with a peak optical depth of T = 0.0015 (Taylor
1996).

e S555 is a relatively anonymous low X-ray luminosity
cluster selected by the REFLEX survey (Béhringer et al.
2004) which has a strong compact radio source (Hogan et al.
2015b), is known to be core dominated and has a signifi-
cant radio and gamma-ray flux density (Dutson et al. 2013).
Against the core of the galaxy, HI absorption has been
searched for, providing an upper limit of Tpax < 0.013
(Hogan 2014).

e Abell 2390 lies at the centre of a highly X-ray lu-
minous cluster (Lx ~ 10% erg s™1, Ebeling et al. 1996)
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with a significant cooling flow of 300 Mg yr~! (Allen et al.
2001). The galaxy has extended optical emission lines
(Le Borgne et al. 1991) and contains a significant mass of
dust showing up as strong absorption in optical and submil-
limetre continuum emission (Edge et al. 1999). Against the
core of the galaxy, HI absorption has been detected with
Tmax = 0.084 £ 0.011 (Hogan 2014).

e RXCJ0439.0+0520 has been found to be highly vari-
able in the radio, with significant changes occurring in its
15 GHz spectrum over year long timescales (Hogan et al.
2015b). Optical emission line studies also show a signifi-
cant Ha luminosity of 6 x 10*0 erg s~! (Hamer et al. 2016).
Against the core of the galaxy, HI absorption has been
searched for, providing an upper limit of Tmjax < 0.133
(Hogan 2014).

e Abell 1644 is a poorly studied source lying at the
centre of the brighter of two X-ray peaks in its host clus-
ter, which itself has evidence of gas sloshing (Johnson et al.
2010). HT absorption has been detected, though is yet to be
published.

e NGC 5044 is a highly perturbed brightest cluster
galaxy which contains a significant mass of multiphase gas.
It is surrounded by numerous cavities and X-ray filaments
which have been inflated by the AGN (Buote et al. 2004;
David et al. 2011; Gastaldello et al. 2013). CO(2-1) observa-
tions show significant emission and give an inferred molec-
ular gas mass of 6.1x107 Mg (Temi et al. 2018). CO(1-2)
absorption has also been observed due to a series of molecu-
lar gas clouds lying along the line of sight to the contin-
uum source, with velocities of approximately 250 km s~!
(David et al. 2014).

e NGC 6868 is poorly studied, though it has been found
to have a flat spectrum with a core flux density of 105 mJy
at 5 GHz (Hogan et al. 2015a). HI absorption has been ob-
served against the galaxy’s core at a velocity of v ~ 50
km s~! and FWHM ~ 80 km s~! (Tom Oosterloo, private
communications)

e Abell 2597 is a giant elliptical brightest cluster galaxy
surrounded by a dense halo of hot, X-ray bright plasma of
megaparsec scales. Observations by Tremblay et al. (2016);
Tremblay et al. (2018) show CO(2-1) emission at the sys-
temic velocity of the galaxy. There are also three distinct
regions of CO(1-2) absorbing molecular gas along the line
of sight to the galaxy’s radio core, with optical depths of
7 ~0.2 - 0.3 and velocities of 240 — 335 km s~ !.

¢ RXCJ1350.3+4+0940 lies in an extremely strong cool-
core cluster which, while selected as part of the ROSAT
Bright Source catalogue (RBS1322, Schwope et al. 2000),
was misidentified as a BL-LAC (Massaro et al. 2009;
Richards et al. 2011; Green et al. 2017) because it is domi-
nated by a 300 mJy, flat-spectrum radio core. Despite having
radio, optical, MIR and sub-mm properties which are simi-
lar to many of the best known cool-core clusters (e.g. Abell
1068, Abell 1835 and Zw3146), overall the galaxy remains
poorly studied (Hogan et al. 2015a; Green et al. 2016). How-
ever, around the core of the galaxy, HI absorption has been
searched for, giving an upper limit of Tmax < 0.0054 (Hogan
2014).

e MACSJ1931.8-2634 lies within an extremely X-ray
luminous cool-core containing large cavities and an equiva-
lent mass cooling rate of ~ 700 Mg yr~!in the central 50 kpc
(Allen et al. 2004, 2008). Clear structure exists within the
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cluster core and the brightest cluster galaxy itself is strongly
elongated in the North-South direction (Ehlert et al. 2011).
ALMA data at higher frequencies have recently been pub-
lished by (Fogarty et al. 2019) but no attempt to determine
the extent of any absorption against the core was made in
that paper.

e RXCJ1603.6+1553 is another relatively poorly stud-
ied cluster, likely due to its brightest cluster galaxy
being dominated by a flat-spectrum radio core. Like
RXCJ1350.340940, the source was selected in the ROSAT
Bright Source catalogue (RBS1552) but the bright radio core
led to the X-ray source being classified as a BL Lac. How-
ever, HI absorption has been detected close to the galaxy’s
systemic recession velocity with a peak optical depth of
Tmax = 0.125 and FWHM ~ 400 km s~!(Geréb et al. 2015).

e MACSJ0242.5-2132 contains one of the most ra-
dio powerful core sources in the sample presented in
Hogan et al. (2015a). The redshift of this source at z = 0.31
means that the HI absorption is strongly affected by RFI,
S0 no sensitive observations of this source have yet been at-
tempted.

e Abell 3112 has a strong source at its core in our ALMA
continuum image consistent with the position of the pub-
lished Long Baseline Array observation (citation?). However,
a second unresolved source is visible to the North-West of
the core consistent with a compact, off nuclear source seen in
archival HST imaging. The galaxy has an upper limit for HI
absorption of Tax < 0.007, made with the Australia Tele-
scope Compact Array (ATCA) and shown in Hogan (2014).

e Abell 496 is poorly studied, though has an upper limit
for HI absorption from the Very Large Array (VLA) pre-
sented by Hogan (2014).

¢ RXCJ0132.6-0804 is highly X-ray luminous
(3.6x10* erg s™! Bohringer et al. 2002) and core domi-
nated, with evidence of AGN activity (Hamer 2012). It also
has a highly variable radio flux density, with up to ~ 80 per
cent variability at 150 GHz found by Hogan et al. (2015b).

e Abell 2415 is poorly studied, though has an as yet
unpublished HI absorption detection from the Jansky VLA
from 2015 (PI: Edge) with an estimated peak optical depth
of Tmax = 0.02.

e Abell 3581 hosts one of the best studied, low red-
shift and radio loud brightest cluster galaxies, PKS 1404-
267 (Johnstone et al. 1998, 2005). The cluster shows evi-
dence of multiple AGN outbursts (Canning et al. 2013) and
ALMA observations detect strong CO(2-1) emitting gas fila-
ments (Olivares et al. 2019). Johnstone et al. (1998) present
a VLA spectrum showing no significant HI absorption.

e RXCJ1356.0-3421 is known to exhibit HI absorp-
tion with Tpmax = 0.125 and a full-width-zero-intensity of
~ 500 km s~! (Véron-Cetty et al. 2000), implying that a sig-
nificant column density of atomic gas is present in this sys-
tem. The X-ray properties of this cluster are consistent with
a strong cooling flow and it should therefore have been in-
cluded in the REFLEX cluster sample that is one of the
two primary X-ray samples that make up the parent sam-
ple for this study, but was assumed to be AGN dominated
(Somboonpanyakul et al. 2018).
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3 DATA PROCESSING AND THE ORIGIN OF
THE CN-A AND CN-B ABSORPTION LINES

The data presented in this paper were handled using CASA
version 5.1.1, a software package which is produced and
maintained by the National Radio Astronomy Observatory
(NRAO) (McMullin et al. 2007). The calibrated data were
produced by the ALMA observatory and following their
delivery, where needed we made channel maps at maxi-
mal spectral resolution. When converting the frequencies of
the observed CO(1-0) spectra to velocities, we use a rest
frequency of fco(1-0) = 115.271208 GHz. The CN absorp-
tion is more complex than that of CO due to its hyperfine
structure and the lower spectral resolution with which it
was observed. Two lines are seen in CN for each absorp-
tion region detected, with relative peak line strengths of
approximately 2:1. These two poorly resolved absorption
features are themselves composed of a mixture of hyper-
fine structure lines, details of which are given in Table 3
and Fig. 1. The CN lines covered by our observations are
of the N = 0 - 1 transition, which consists of nine hy-
perfine structure lines split into two distinct groups. The
stronger group being J = 3/2 - 1/2 transitions and the
weaker group J = 1/2 - 1/2 transitions. Throughout the
paper, the label CN-A is used to denote the stronger ab-
sorption line, and CN-B to denote the weaker line. We
use the intensity weighted mean of the component hyper-
fine structure lines to calculate the rest frequencies, result-
ing in fon-A = 113.49485 GHz and fon.g = 113.16883 GHz.
For the single detection of SiO(2-3), we use a rest frequency
of fsio(3-2) = 130.268610 GHz.

We use a range of sources to determine the velocity of
the emission and absorption features in each galaxy relative
to its recession velocity. The velocities we use for each galaxy
and their sources are listed in Table 4.

4 MOLECULAR ABSORPTION IN THE
CORES OF EIGHT BRIGHTEST CLUSTER
GALAXIES

From the sample of 18 brightest cluster galaxies observed, we
find > 30 evidence of molecular absorption in eight. Their
absorption spectra, each extracted from a region centred on
the continuum source with a size equal to the synthesized
beam’s FHWM, are shown in Fig. 2 and 3. The contin-
uum emission against which we see this absorption
is unresolved in all of these sources, and therefore
the absorption itself is not spatially resolved.

In Table 5, we show the central velocity, FWHM, am-
plitude, peak optical depth and velocity integrated optical
depth of the emission and absorption features. The values
and errors are calculated by performing Monte Carlo simu-
lations which re-simulate the noise seen in each spectrum,
along the same lines as described in Rose et al. (2019). To
summarise, for each observed spectrum the noise level is es-
timated from the root mean square (rms) of the continuum
source’s emission. This is calculated after excluding the re-
gion where the emission is clearly visible. Following this,
10 000 simulated spectra are produced. To make each simu-
lated spectrum, a Gaussian distribution is created for each
velocity channel. This distribution is centred at the inten-
sity in the observed spectrum for that particular velocity

channel, with a variance equal to the rms noise squared. A
value for the intensity is drawn at random from the Gaus-
sian distribution. When this has been done for all velocity
channels, a simulated spectrum is produced. For each of the
10 000 simulated spectra, Gaussian lines are fitted to the
absorption and emission line features. The values which de-
limit the 15.865 per cent highest and lowest results for each
of the fits give the upper and lower 1o errors, meaning that
68.27 per cent of the fitted parameters will lie within the 1o
range.

Below we describe the emission and absorption features
seen in each source.

e Hydra-A shows double peaked CO(1-0) emission due
to the edge-on orientation of its disk and the large beam
size of the observations. Close to the zero velocity point,
two CO(0-1) absorption features can be seen, one of which

is strong and extremely narrow (Tmax = 0.22J:%'_117 FWHM

= 5.21%“% km s~!). These are also matched by CN-A/CN-B
absorption lines. This feature appears stronger still in pre-
vious CO(1-2) absorption, where the optical depth peaks at
Tmax = 0.9. In order to show the CO(0-1) and CN-A/CN-B
absorption more clearly, we do not show the CO(1-2) absorp-
tion line of Hydra-A due to its significantly larger optical
depth. It can however be found in Rose et al. (2019).

e S555 shows a CO(1-0) emission line, as well as CO(0-1)
and CN-A/CN-B absorption lines at large redshifted veloci-
ties of ~ 270 km s~1. These high velocities imply significant
line of sight motion towards the mm-continuum source. The
combined integrated optical depth of the CN-A/CN-B ab-
sorption lines is around 20 times larger than that of CO(0-1),
implying a low molecular ratio of CO/CN.

e Abell 2390 has no visible CO(1-0) emission, but does
show CO(0-1), CN-A/CN-B and SiO(2-3) absorption lines.
All of these lines are wide, slightly skewed Gaussians centred
at a velocity of ~ 170 km s~!. Despite its large FWHM, the
absorption feature has a sharp onset in the high spectral
resolution CO(1-0) spectrum.

e J04394-05 has no CO(1-0) emission, though a wide
CO(0-1) absorption feature (FWHM= 1264:11% km s™!) is
present close to the zero velocity point, which is unique
among the sample in that there are no corresponding CN-
A/CN-B lines.

e Abell 1644 has a broad CO(1-0) emission region, but
no statistically significant CO(0-1) absorption. However,
strong CN-A/CN-B absorption is present at the centre of
the CO(1-0) emission.

e NGC 5044, which was previously found to have red-
shifted CO(1-2) absorption at ~ 300 km s~ (David et al.
2014), has corresponding CN-A/CN-B lines with a total
of around four times the velocity integrated optical depth.
However, perhaps due to the realtively high noise level, there
is no statistically significant CO(0-1) absorption feature.
Likewise, there is no clear CO(1-0) emission.

e NGC 6868 has the narrowest CO(1-0) emission fea-
ture of the sample (FWHM = 207?188 km s~!), though it
is consistent with the range of line widths found in sin-
gle dish studies (Edge 2001; Salomé & Combes 2003). At
the blueshifted edge of this emission there are two narrow
CO(0-1) absorption features. CN absorption centred on the
stronger, more blueshifted of the two CO(0-1) absorption
features is also present. As with the other sources, its CN-
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Figure 1. Our observations show detections of two CN lines, labelled as CN-A and CN-B throughout the paper. These are respectively
formed by the combination of five and four hyperfine structure lines, details of which are shown in Table 3. Our low spectral resolution
CN observations do not resolve this hyperfine structure, and as such, we treat each of the two groups of lines as single Gaussians during
our analysis. Here, we simulate the appearance of these two sets of lines for increasing FWHM and a constant, arbitrary peak intensity
to show how they appear as they blend together. The velocities are calculated using the intensity weighted mean of the CN-A and CN-B
line centres rather than the individual line frequencies (see Table 3). We also apply the same calculations to our CN spectra. Even
without including noise, the hyperfine structure lines merge together as the FWHM increases towards the CN channel widths of the
observations shown in Fig. 2 and 3 (~ 60 km s~!). Gaussian fits to these lines show that CN-B has the larger FWHM, consistent with the
observations. The slight asymmetry which is particularly prominent in the blended CN-B line is also seen in the majority of the spectra
shown in Fig. 2 and 3.

Line Rest frequency (GHz)
CO(1-0) 115.271208
CO(2-1) 230.538000
CN-A 113.49485
CN-B 113.16883
Si0(3-2) 130.268610
CN transition Rest frequency Relative
N,J,F - N’,J',F’ (GHz) intensity
1,3/2,3/2 — 0,1/2,1/2 113.48812 0.125
1,3/2,5/2 — 0,1/2,3/2 113.49097 0.333
1,3/2,1/2 — 0,1/2,1/2 113.49964 0.099
1,3/2,3/2 — 0,1/2,3/2 113.50890 0.096
1,3/2,1/2 — 0,1/2,3/2 113.52043 0.012
1,1/2,1/2 — 0,1/2,1/2 113.12337 0.012
1,1/2,1/2 — 0,1/2,3/2 113.14415 0.098
1,1/2,3/2 — 0,1/2,1/2 113.17049 0.096
1,1/2,3/2 — 0,1/2,3/2 113.19127 0.125

Table 3. Top: The rest frequencies used throughout this paper when converting from frequencies to velocities. The frequencies of the
CN-A and CN-B lines are the intensity weighted means of the component hyperfine structure lines. Bottom: The individual hyperfine
structure lines of CN existing in the frequency range of the observed absorption regions (Muller et al. 2005). From the hyperfine structure
lines listed here, the first five and last four each blend together to form two separate lines in the relatively low resolution observations.
When fitting to these two lines, we use an intensity weighted mean for the line frequency. For our lines labelled CN-A, this frequency is
113.49485 GHz and for those labelled CN-B, is 113.16883 GHz. In Fig. 1, we demonstrate how this hyperfine structure of CN blends to
give the CN-A and CN-B lines.
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8 Tom Rose et al.

Table 4. Stellar redshifts and their corresponding velocities used as zero-points for the spectra shown in Fig. 2, 3 and 4.
All redshifts are barycentric and use the optical convention. The stellar redshifts of Hydra-A, Abell 1644 and NGC 5044
are taken from Multi Unit Spectroscopic Explorer (MUSE) observations (ID: 094.A-0859). Further details of the MUSE
stellar redshift used for Abell 2597 can be found in Tremblay et al. (2018). The stellar redshifts of RXCJ1350.3+0940
and RXCJ1603.641553 are from the Sloan Digital Sky Survey (SDSS) (Abolfathi et al. 2018). The stellar redshift
of MACS1931.8-2634 is taken from Fogarty et al. (2019) and is found using MUSE observations. Crosschecking with
FOcal Reducer and low dispersion Spectrograph (FORS) observations of S555, Abell 1644, NGC 5044, and Abell 2597
provides redshifts in good agreement with those listed below. The redshifts used for Abell 2390 and RXCJ0439.04+0520
are taken from Visible Multi-Object Spectrograph (VIMOS) observations previously presented by Hamer et al. (2016)
and are based primarily on stellar emission lines. The observed wavelengths of the single stellar absorption line in these
two VIMOS spectra are consistent with the quoted redshifts. The VIMOS redshift of RXCJ0439.04+0520 also matches
that derived from the multiple absorption lines found from an archival William Hershel Telescope (WHT) observation
using the ISIS spectrograph.

Source Redshift Recession velocity (km s™!)  Redshift source
Hydra-A 0.0544+0.0001 16294+30 MUSE
S555 0.0446+0.0001 13364+30 MUSE
Abell 2390 0.2304+0.0001 69074+30 VIMOS
RXCJ0439.04+0520 0.2076+0.0001 62237+30 VIMOS
Abell 1644 0.0473+0.0001 14191+30 MUSE
NGC 5044 0.0092+0.0001 2761+30 MUSE
NGC 6868 0.0095+0.0001 2830+30 FORS
Abell 2597 0.0821+0.0001 24613+30 MUSE
RXCJ1350.34-0940  0.13255+0.00003 39737+10 SDSS
MACS1931.8-2634  0.35248+0.00004 105670+10 MUSE
RXCJ1603.64+1553  0.10976+0.00001 32905+3 SDSS

A/CN-B absorption has a much larger velocity integrated
optical depth than that of the CO(0-1). By this measure,
the two CN absorption lines are around 10 times stronger
than those of CO(0-1).

e Abell 2597 has previously been shown to have CO(2-1)
emission whose central velocity matches that of the galaxy’s
stellar recession velocity. There are also three narrow absorp-
tion features at velocities of between 240 and 335 km s~!
(Tremblay et al. 2016). These absorption features are also
detected at low resolution in CN-A/CN-B, but not in CO(0-
1). A weak CO(1-0) emission line is present in the spectrum.
However, this is centred at approximately the same velocity
as the CO(1-2) and CN-A /CN-B absorption features, rather
than close to the systemic velocity where the CO(2-1) emis-
sion is seen. This velocity difference between the weak but
broad CO(1-0) emission and stronger CO(2-1) emission in-
dicates that the warmer gas, which likely lies closer to the
core, traces gas with different dynamics compared with the
colder gas traced by the CO(1-0).

In many cases, it should be noted that our calculations
of the optical depths are simply lower limits. This is due
to the difficulty of establishing to what extent emission is
compensating for absorption in some spectra. For example,
in Abell 2390 there are hints of emission either side of the
absorption region, which could reduce the level of absorption
we infer. Where the emission is clearer, such as in NGC 6868
and Abell 16442, we can compensate for it. This is done
by fitting and subtracting a Gaussian line to the CO(1-0)
emission after excluding the velocity channels in which the
absorption regions lie. For the CN-A /CN-B lines, this effect

2 In the case of Abell 1644, the tentative absorption feature at
v ~ 0 km s~! is of less than 30 significance.

is unlikely to have an impact because it is only expected to
be present very weakly in emission (Wilson 2018).

5 SOURCES WITH EMISSION WHICH LACK
ABSORPTION LINES

As well as the eight brightest cluster galaxies which have
> 30 evidence of CO(0-1) and/or CN-A/CN-B absorption
lines there are three systems which have clear emission, but
no absorption features. The spectra of these sources are
shown in Fig. 4 and the best fit parameters for the absorp-
tion features are given in the lower section of Table 5. These
spectra are once again extracted from a region which is cen-
tered on each object’s continuum source and with a size
equal to the synthesized beam’s FHWM. This is the small-
est region from which the spectra can feasibly be extracted
and it therefore maximises the strength of any tentative ab-
sorption features which may be present.

The three sources which show CO(1-0) emission but
lack any absorption features are:

¢ RXCJ1350.3+0940, which also shows clear emission
from the CN-A and CN-B lines.

e MACSJ1931.8-2634, which is also known to show ex-
tended CO(3-2) and CO(4-3) emission (Fogarty et al. 2019).

¢ RXCJ1603.6-+1553, in which HI absorption has been
detected close to the systemic recession velocity of the galaxy
with a1 peak optical depth of ~ 10 and FWHM = ~ 400
km s™.
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Figure 2. CO(1-0) and CN-A /CN-B spectra from along the line of sight to each object’s continuum source, extracted
from a region with a size equal to the synthesized beam’s FHWM. The spectra shown here are those which show > 30 detections
of CO and/or CN absorption out of the sample of 18 observed. Each of the two CN lines shown is produced by the combination of several
of the molecule’s hyperfine structure lines (see Fig. 1 and Table 3 for further details). One source, Abell 2390, also shows a SiO(2-3)
absorption line detection. Where available, we also include archival observations of CO(2-1). The recession velocity on which each
spectrum is centred can be found in Table 4 and the error bars shown in the top-middle of each spectrum indicate the

systematic uncertainty of this value. Continued in Fig. 3.

6 SOURCES WITHOUT EMISSION AND
ABSORPTION LINES

As well as the detections shown in Fig. 2, 3 and 4, a large
number of the sources observed in our ALMA survey show
no clear evidence of emission, or of absorption along the
line of sight to their continuum source. The details of their
observations are given in Table A1 of Appendix A. We do not
show the spectra of these sources, though their observations,

including all continuum images, are publicly available via the
ALMA Science Archive from September 20 2019.

In total there are seven sources observed for which we
see no > 30 evidence of molecular gas along the line of sight
to their bright radio cores from emission or absorption, all
of which are listed below.

e MACSJ0242.5-2132
e Abell 3112
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Figure 3. CO(1-0) and CN-A/CN-B spectra extracted from regions centred on each object’s continuum source and with a size equal to

the synthesized beam’s FHWM. Continued from Fig. 2.

Abell 496
RXCJ0132.6-0804
Abell 2415

Abell 3581
RXCJ1356.0-3421

Additionally, none of the galaxies listed above have
CO(1-0) emission which is visible on larger galaxy-wide
scales, with the exception of RXCJ0132.6-0804. The ex-
tended CO(1-0) emission seen in this system follows the
morphology previously found with optical emission lines
(Hamer et al. 2016).

In systems such as those observed in our ALMA sur-

vey, the line of sight covering fraction of molecular gas is
expected to be less than its maximum physical value of 1. In
other words, molecular gas is not expected to exist along all
lines of sight to the galaxies’ bright radio cores. Therefore,
the lack of absorption lines in the systems listed above does
not necessarily mean that significant masses of cold molec-
ular gas are absent. Overall, the eight absorbing systems we
find from the sample of 18 observed implies a line of sight
covering fraction in line with expectations and is similar to
that predicted by accretion simulations, such as those by
Gaspari et al. (2018).

However, sources which have both CO(1-0) and CO(2-1)
observations (Hydra-A, NGC 5044 and Abell 2597) all show
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Figure 4. CO(1-0) and CN-A/CN-B spectra of sources which do not have > 30~ absorption features of either CO(0-1) or CN-A/CN-B
despite having significant masses of molecular gas in their cores, evidenced by clear CO(1-0) emission. These spectra are each extracted
from a region centred on the continuum source with a size equal to the synthesized beam’s FHWM. This is the smallest region from
which they can feasibly be extracted from and maximises the strength of any tentative absorption features in the spectra. The error
bars shown in the top-middle of each spectrum indicate the systematic uncertainty in the recession velocity on which each spectrum in

centered.

the higher energy CO(2-1) line to be significantly stronger in
both emission and absorption. It is therefore likely that our
8/18 detection rate is only indicating the covering fraction of
particularly cool molecular gas at a up to few tens of Kelvin.
Above ~ 50 K, the fraction of CO molecules occupying the
ground state energy level is negligible, and so CO(0-1) ab-
sorption from this line is no longer seen. Large proportions
of the molecular gas in the cores of these galaxies is likely
to exist at higher temperatures not traced well by CO(0-1),
as shown by Hydra-A, NGC 5044 and Abell 2597. There-
fore, the total covering fraction of molecular gas is likely to

be higher than indicated by the CO(1-0) and CN-A/CN-B?
observations alone.

7 COLUMN DENSITY ESTIMATES

Fig. 5 shows the relationship between the velocity integrated
optical depths of the CO(0-1) and CN-A/CN-B lines for the
eight sources in which they are detected. In the majority of
cases the sum of the CN-A and CN-B absorption, i.e. the
combination of all CN N = 0 - 1 hyperfine structure lines, is
~ 10 times as strong as that of CO(0-1). Using an estimated

3 Although our CN observations appear ~ 10 times stronger than
those of CO(0-1), they are likely to lack sufficient spectral reso-
lution to reveal all but the widest and strongest absorption lines.
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Source Region Veen (km s™!)  FWHM (km s~!)  Amplitude (mJy) Tmax f‘rdv (km s~1)
o 6 16

Hydra-A CO(1-0) emission 275 2357 % - -

CO(1-0) emission 158*1% 3461% - -

: CAD 0.1 0.4 0.01 0.06

CO(0-1) absorption ‘A -43.475 1 5.270% 0.2275%, LI7Y50

: R 1 5 0.02 0.2

CO(0-1) absorption ‘B -16%] 9%3, 0.05+0,02 0.570:2

. 2 4 0.002 0.2

CN-A absorption -2275 102+ 0.052% %50 5.675%

: 9 15 0.001 0.2

CN-B absorption 324, 15740 0.015*5 001 25455

S555 CO(1-0) emission -186+19 26015 - -

: 2 6 0.04 0.5

CO(0-1) absorption 27677 7% 0.16757%5 2,775

: 1 3 0.01 0.6

CN-A absorption 270"} 11373 0.2675%, 29.675%

: 4 11 0.004 0.8

CN-B absorption 265+, 210%11 0.08910,004 19.6198

: 2 4 0.1 0.9

Abell 2390 CO(0-1) absorption 16475 122%, 0.2275 28.275%

. 1 3 0.01 0.8

CN-A absorption 167} 200%%, 0.3179.01 63.5198

: 3 6 0.003 0.7

CN-B absorption 171 251%% 01375003 36.07;5

: : 30 100 0.007 3

SiO(2-3) absorption 12073, 400* 00 0.037 4 006 1575

: 3 10 0.002 0.3

RXCJ0439.040520  CO(0-1) absorption 35%3 126419 0.04179,002 5.4%03

Abell 1644 CO(1-0) emission 013 308*1Y - -

: 1 4 0.002 0.3

CN-A absorption -6 120%, 0.089*% 0 112707

: 5 10 0.002 0.3

CN-B absorption -117% 170%, 0.026 50 4.7

: 1 2 0.02 0.4

NGC 5044 CO(1-2) absorption 283*) 1475 0.1475% 2.2%05

: 4 10 0.01 0.5

CN-A absorption 280%, 101+ 0.0679:01 6.4795

: 10 19 0.00 0.5

CN-B absorption 2581, 103+ 0.024% 504 2.6557

NGC 6868 CO(1-0) emission 937 20718 - -

. CADY 1 2 0.04 0.4

CO(0-1) absorption ‘A -45% 1575 024755, 3.8%%5%

: 1 5 0.04 0.3

CO(0-1) absorption ‘B’ 32+, 107 0.12%%°0% 1.2%57

CN-A absorption 50t 101%% 0.379,% 34.47%%

: 2 4 0.01 0.6

CN-B absorption -5275 168*, 0.1275%, 22.775%
R 46 100

Abell 2597 CO(1-0) emission 2337 400% 00 - -

CO(2-1) emission —51182 330t43% - -

: CAD 1 12 0.03 0.6

CO(1-2) absorption ‘A 237% 1775 0297553 4.970%

CO(1-2) absorption ‘B’ 269, 211> 0.2374,% 4.87%7

CO(1-2) absorption ‘C’ 3367, 87 0.247%%% 2.2%04

CN-A absorption 279+ 15673, 0.367%9% 577

: 4 8 0.005 1

CN-B absorption 2737, 234%5 0.141+5 5% 341,

RXCJ1350.3+0940 CO(1-0) emission -50*€ 31814 - -
R 26 40

CN-A emission -14+%% 310%%) - -
. 30 50

CN-B emission -30%%, 1601, - -

MACSJ1931.8-2634 CO(1-0) emission 2475 17673 - -

RXCJ1603.6+1553 CO(1-0) emission 5017 31818 - -

Table 5. The central velocity, FWHM (equivalent to 2.355 o), amplitude, peak optical depth and velocity integrated optical depth for
the absorption and emission regions shown in Fig. 2, 3, 4. The velocity zero-point used for each source is given in Table 4. All velocities
are barycentric and use the optical convention. The values and errors are calculated by performing Monte Carlo simulations which
re-simulate the noise seen in each spectrum, along the same lines as described in Rose et al. (2019). The residuals of these best fits are
shown in Fig. B1, B2 and B3 in Appendix B.

610z 1snBny 20 uo Jasn AlsiaAiun weying Aq 6ZZE¥SS/8€ L 2Z1S/Seuw/c60 1 "0 L /I0p/108l1Sqe-]011iB-80UBAPE/SEIUW/WOD dNo"olWapeoe//:sdny WwoJj papeojumoq



Hydra-A
S555
Abell 2390
J0439
Abell 1644
NGC 5044
NGC 6868
Abell 2597

<oA@oOO®

y =x/10

0 20 40 60 80 100
J 7[CN-A + CN-B] dv / km s

Figure 5. The velocity integrated optical depths of the CN-A +
CN-B and CO(0-1) absorption lines. For most sources, the CN-
A 4+ CN-B absorption (i.e. the sum of the absorption from the
various hyperfine structure lines of the N = 0 — 1 transition), is
typically around ~10 times stronger than that of CO(0-1), indi-
cating a molecular number ratio of CO/CN ~ 10. The CN line
appears stronger in absorption than that of CO despite its lower
abundance because of its higher electric dipole moment.

excitation temperature and treating the absorption as opti-
cally thin, it is possible to calculate the total column density,
Niot, of the absorption regions, and therefore estimate the
CO/CN ratio of the absorbing gas. In general,

87v3 1 1
_ ul 81
Neot = QTex) — 3 02— f T dv, (1)

where Q(Tex) is the partition function, ¢ is the speed of
light, A,; is the Einstein coefficient of the observed transi-
tion and g the level degeneracy, with the subscripts u and [
representing the upper and lower levels (Godard et al. 2010;
Mangum & Shirley 2015).

The values from this calculation are given in Table 6 and
shown in Fig. 6. The CO/CN ratio we find for sources with
both CO and CN absorption ranges from ~ 9 to ~ 44. This
is similar to the values found by Wilson (2018) for nearby
galaxies from ALMA observations of CO and CN emission,
meaning that the gas we are seeing through absorption has
typical ratios of CO/CN.

Repeat observations of CN at high spectral resolution
would be required to fully understand the relationship be-
tween CN and CO. Additionally, in the three cases where
there are both CO(1-0) and CO(2-1) observations, the lat-
ter show stronger and clearer absorption lines. A survey of
CO(2-1) is therefore vital in order to show the CO gas in
more detail.

8 DISCUSSION

Following the works of David et al. (2014); Tremblay et al.
(2016); Ruffa et al. (2019); Rose et al. (2019), the eight de-
tections of molecular absorption we present significantly in-
creases the number of brightest cluster galaxies in which
cold, molecular gas has been observed in absorption against
the host galaxy’s bright radio core. These detections are
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Figure 6. The total line of sight CO and CN column densities of
the absorption regions shown in Fig. 2 and 3, values of which are
given in Table 6. These are mostly derived from the integrated
optical depths shown in Table 5 and Fig. 5. However, for NGC
5044 and Abell 2597, we use archival CO(2-1) observations which
show the absorption more clearly. The column densities are cal-
culated using Eq. 1 and assuming a gas temperature of 40 K. For
most sources, the CO/CN ratio is ~ 10.

made through CO absorption and emission lines, as well
as previously undetected CN lines. In seven out of eight
cases where there is a CO(0-1) detection there is also CN-
A /CN-B, with the exception being RXCJ0439.04+0520. Con-
versely, one source, NGC 5044 shows clear CN-A /CN-B ab-
sorption, but no CO(0-1) absorption despite having been
previously detected in CO(1-2) by David et al. (2014). A
weak CN line has previously been observed in the inter-
vening absorber G0248+430 (Combes et al. 2019) and was
one of many lines detected in the nearby galaxy Centarus-
A (Eckart et al. 1990; McCoy et al. 2017). However, these
detections are notable due to their rarity, with CN absorp-
tion lines being much less commonly observed than those of
CO. Further, the line has never previously been detected in
absorption against a brightest cluster galaxy’s bright con-
tinuum source, making our seven detections especially note-
worthy.

Fig. 7 shows a Venn diagram highlighting the detections
of CO, CN and HI which have been made for sources with a
complete set of observations for these lines. This emphasises
the wide range in the absorption properties of these systems
and implies that surveys searching for many different molec-
ular absorption lines are justifiable, even in cases which have
previous non-detections of HI and CO absorption.

8.1 Potential fuelling of supermassive black holes

In many cases, there is clear evidence of cold molecular gas
moving towards its host galaxy’s mm-continuum source at
significant velocities. S555, NGC 5044 and Abell 2597 all
have absorption regions with velocities towards the core of
> 250 km s~!. Abell 2390 also has redshifted absorbing gas,
albeit moving lower velocities. However, in this case the large
width of the absorption implies that there is likely to be
a systemic motion towards the core. Hydra-A, J0439+05,
Abell 1644 and NGC 6868 all have molecular gas moving at
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Source Temperature (K)  CO column density (cm~2)  CN column density (cm™2) CO/CN ratio
Hydra-A 20 5x 100 2x1013 32+
40 2x10"7 6x10'5 32+
80 7x10"7 2x10'° 32+
555 20 8x10'° 9x10'3 9+
40 3x10"7 3x10'0 9+2
80 1x10'8 1x10"7 92
Abell 2390 20 8x10'7 2% 1010 44%2
40 3x10'8 7x101 44%2
80 1x10% 3x10!7 44%2
J04394-05 20 2x10"7 - -
40 6x 107 - -
80 2x10'8 - -
Abell 1644 20 - 3x101 -
40 - 1x10'® -
80 - 4x10'0 -
NGC 5044* 20 4x10'0 2x101 2242
40 1x10'7 6x10" 202
80 5x10!7 2x10!6 20*%
NGC 6868 20 1x 10" 1x10'6 147}
40 5x 107 4x10'0 1471
80 2x10'8 1x10"7 14,
Abell 2597* 20 2x10"7 2% 1010 12,
40 7x 107 6x101° 117!
80 2x10'8 2x10'7 107!

Table 6. The CO column densities, CN column densities and molecular number ratio of CO/CN for the eight sources from Fig. 2 and
3 which have absorption regions detected. Due to its higher electric dipole moment, CN typically produces lines with a larger velocity

integrated optical depth than CO despite its lower abundance.

*For NGC 5044 and Abell 2597, where the are no detections of CO(0-1) absorption, we use the archival CO(1-2) absorption to estimate

the CO column density.

CO absorption CN absorption

S555
NGC 5044

NGC 6868
A2390
A2597

Hydra-A
A1644

RXCJ1350
A2415
RXCJ1603
RXCJ1356

HI absorption

[No CN, CO or HI absorption: Abell 3112, Abell 496J

Figure 7. Venn diagram showing the combination of absorption
lines which have been detected for sources which have a complete
set of CO, CN and HI observations. Note that the CO detec-
tion of NGC 5044 has been made with the (1-2) line and is
undetected in the (0-1) line.

lower blue and redshifted velocities, implying that the clouds
are drifting in non-circular orbits and not experiencing any
significant inflow or outflow. Overall our eight detections,
combined with those of NGC 5044 (David et al. 2014), Abell
2597 (Tremblay et al. 2016), Hydra-A (Rose et al. 2019) and
IC 4296 (Ruffa et al. 2019) do not present any evidence
of significantly blueshifted absorption. Though there are
some moderately blueshifted regions of molecular gas, over-
all there is a bias for motion towards the galaxies’ super-
massive black holes, as shown by Fig. 8. In the chaotic cold
accretion scenario, most clouds are expected to drift in the
large-scale turbulent field (with low veen), while only a few
outliers are found to reach velocities of several 100 km s~!
(see Gaspari et al. 2018), which is consistent with our find-
ings here. Nevertheless, the number of detections these con-
clusions are based upon remains small.
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Figure 8. Histogram showing the velocities of absorbing regions
detected for the nine such brightest cluster galaxy systems known
to date, which has a bias for redshifted absorption. Note that from
a combination of CO(0-1), CO(1-2) and CN-A/CN-B detections,
we represent each galaxy’s absorption feature(s) with the line
which best resolves the absorption. In most cases, this is CO(0-1).
However, for Abell 1644 we use CN-A and for Hydra-A, NGC 5044
and Abell 2597 we use CO(1-2). Also note that some sources have
multiple absorption regions. The histogram is also unweighted by
the velocity integrated optical depth of each absorption region due
to the uncertainties associated with doing this for the multiple
lines from different molecular species.

8.2 Constraining the location of the absorbing
clouds

It is physically plausible that the absorbing clouds
detected in these systems lie anywhere from a few
tens of parsecs from the central supermassive black
hole, to several kilo parsecs away. Indeed, many of
the galaxies in our sample have molecular gas seen
in emission out to several kpc, most notably Hydra-
A where we see an edge-on gas disc with a diameter
of 5 kpc. However, the covering fraction of molec-
ular gas as a function of radius significantly con-
strains the distance at which the gas is likely to be,
as predicted by simulations such as chaotic cold ac-
cretion (Gaspari et al. 2017). These simulations of
clumpy molecular gas condensation show that the
volume filling factor and internal density of molecu-
lar clouds are both inversely proportional to radius.
This means that the vast majority of dense clouds
which contribute to the line of sight absorption are
expected to reside in the inner region, within radii
of up to ~200 pc. Conversely, two properties of the
absorbing clouds imply that they lie outside the ap-
proximate broad line region/Bondi capture radius
in each system of a few tens of parsecs. First, the
fact that the clouds are detectable by CO(0-1) ab-
sorption implies that they are all relatively cool and
not being significantly heated by the high radiative
power of the central AGN. Given that dust grains
are found with ubiquity in interstellar gas, the ap-
proximate level of heating a molecular gas cloud will
experience can be demonstrated by providing an es-
timate for the equilibrium dust temperature. For a
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dust grain radiating with a black-body spectrum,
the balance between radiation and emission can be
written as

F=Q oT*, (2)

where F is the flux of the radiation field, Q is
the Planck average emissivity, o is the Stefan-
Boltzmann constant and T is the equilibrium tem-
perature. Alternatively,

L
47 R?

where the radiation field is assumed to be from a
point source of luminosity L at a distance R. The
AGN of brightest cluster galaxies such as those
in our survey have typical luminosities of 10% —
10 erg s~! (see Russell et al. 2013). For a dust grain
at a distance of 10 pc from a 10*? erg s~! point source,
the equilibrium temperature is therefore ~ 100 K,
assuming a Q value of 0.1 (an approximate value
from Draine & Lee 1984). The existence of cold
molecular gas clouds inside these distances, such as
those detected in our survey, is therefore unlikely.

A second property of the absorbing clouds which
implies that they lie outside the Bondi capture ra-
dius of ~ 10 pc is their velocities. Within these dis-
tances they would be expected to obtain highly red-
shifted velocities, perhaps of thousands of km s~ !,
due to the gravitational influence of the central su-
permassive black hole. For example, in Abell 2390
which has a 3 x 108 Mg supermassive black hole
(Tremblay et al. 2012), a circular orbit at 10 pc re-
quires a velocity of ~ 400 km s~!, something difficult to
maintain in such a turbulent environment.

=Q oT*, (3)

8.3 Comparison to Chaotic Cold Accretion
Simulations

More quantitatively, we have followed the same procedure
as described in §4 of Gaspari et al. (2018) to compute the
pencil-beam points in the main diagnostic plot of logo,
versus log |vshife| along the line of sight to the galaxy cen-
tre. As shown in Fig. 9, the distribution of blue points
(our ALMA detections in Table 5) is consistent with that
of CO and HI clouds in other galaxies (red and yellow; see
Gaspari et al. 2018), as well as with the simulated 1-30 con-
tours predicted by chaotic cold accretion simulations. Re-
garding bulk motions, the log mean and dispersion for our
points is log vghifg = 1.9 £ 0.5, which is comparable to that of
the points observed in Gaspari et al. (2018) simulations with
log vghife = 2.020.5. In terms of the turbulence, the log mean
and dispersion for our points is logo, ~ 1.6 £ 0.5, which is
analogous to that of the points observed in Gaspari et al.
(2018) simulations. It is important to note the two differ-
ent classes of clouds which the pencil-beam line of sight can
intersect: the high-velocity single cloud (bottom) and the
associations of multiple clouds that drift in the macro tur-
bulent atmosphere (top). Interestingly, we are increasingly
populating the bottom quadrants, owing to the high angular
resolution of ALMA. In future work we aim to enlarge the
sample of detections to further constrain this key relation-
ship between line broadening and velocity shift.

610z 1snBny 20 uo Jasn AlsiaAiun weying Aq 6ZZE¥SS/8€ L 2Z1S/Seuw/c60 1 "0 L /I0p/108l1Sqe-]011iB-80UBAPE/SEIUW/WOD dNo"olWapeoe//:sdny WwoJj papeojumoq



16 Tom Rose et al.

w
o

PENCIL

N
0
.

4
2

log 6y.10s/(km s™') — line broadening
- -
o wn
*
) 4
e

o
U

£,

05 1.0 15 20 25 30 35
log 71051/ (km s™!) — line shift

Figure 9. An analog to figure 4 of Gaspari et al. (2018), show-
ing the relation between the line of sight velocity dispersion (line
broadening) and the magnitude of the line of sight velocity (line
shift). This serves as a comparison between observational data
and the predictions from chaotic cold accretion simulations (1-30
green contours). The red and yellow points are observed systems
with HI and CO clouds from Gaspari et al. (2018), while the blue
points show our ALMA detections from Table 5. The ALMA de-
tections are statistically consistent with the distributions of previ-
ous data points and chaotic cold accretion predictions. It must be
noted that we include detections of the same absorption regions
from different molecular tracers because they likely trace different
clouds or different parts of the giant molecular associations along
the line of sight. Any emission seen is highly likely to originate
from large collections of clouds, though absorption may well be
detected due to single clouds along the line of sight.

8.4 Differences between the CO(1-0), CO(2-1)
and CN-A /CN-B observations

The significant differences which are seen between the
strengths of the CO(1-2) absorption line detections and the
lower energy CO(0-1) and CN-A/CN-B lines of NGC 5044
and A2597 have a number of possible explanations. First, the
CO(1-2) absorption is enhanced by a factor of three due to
its statistical weight. Second, due to the time difference be-
tween the observations of CO(2-1) and CO(1-0)/CN-A/CN-
B, the clouds may have moved across the line of sight to
the bright radio core. The time difference between the ob-
servations is approximately 5 years in the case of NGC 5044
and 6 years for Abell 2597, whereas individual clouds are
expected to take at least hundreds of years to cross the line
of sight; a relatively small molecular cloud with a diameter
of 0.1 pc and a large transverse velocity of 500 km s™1 will
take ~ 200 years to fully cross the line of sight, assuming a
point-like continuum source. A third explanation is that due
to the energy difference of the lines, molecular gas regions
of different temperatures are being revealed by the different
lines. The CO(1-2) absorption line will trace higher temper-
ature gas than the CO(0-1) and CN-A/CN-B lines due to its
higher excitation energy. Therefore, if there are multiple re-
gions of molecular gas of significantly different temperatures
along the line of sight, the lower and higher energy lines may
reveal different absorption features. However, in the case of
NGC 5044, absorption is detected in the low energy CN-
A/CN-B lines, but not the similarly low energy CO(0-1)

line. The same absorption region is nevertheless detected in
the higher energy CO(1-2) line, suggesting that whether or
not absorption is present is dependent on more than just
the gas temperature alone. A further factor which is likely
to play a large role in affecting the strength of the absorbing
regions across different lines is the molecular number ratio
of CO/CN. In the case of NGC 5044, the absorption may be
due to relatively warm gas with a low CO/CN ratio, result-
ing in modest CO(1-2) and CN-A/CN-B absorption, but no
clear CO(0-1) line.

8.5 Future observations

In Fig. 10 we show the relation between the continuum flux
density of the sources observed in this survey and the peak
optical depth of the absorption regions detected. This shows
no obvious correlation between the continuum flux density
of the sources and the number or strength of the absorption
regions detected. There is also no clear cut-off as a result of
potential detection limits for absorption regions in sources
with low continuum flux densities. One possible exception
to this is that the narrowest lines (which have the small-
est markers in Fig. 10) are only seen in higher flux density
systems, though only a small number of these are detected.
Additionally, the systems in which we find no absorption
regions, as indicated by the dashed vertical lines) have no
tendency for having low flux density continuum sources. We
are therefore unlikely to have met a low brightness detec-
tion limit, implying that searches for molecular absorption
in lower flux density sources are justified.

ALMA Cycle 6 observations of Hydra-A, which include
high spectral resolution CN N = 2 - 1 observations, show
that the molecular ratio of CO/CN is a factor which can
vary significantly between different absorption regions of the
same system. Absorption regions ‘A’ and ‘B’ (see Fig. 3) are
of a similar strength in CN N = 2 - 1, despite the large dif-
ference seen in both the CO(0-1) observations and previous
CO(1-2) observations (Rose et al. 2019). This implies that
there is a large disparity between the CO/CN ratio across
these two absorption regions and that the composite gas
clouds have very different histories e.g. the CO/CN molec-
ular number ratio can be changed if the molecular gas is
present in starburst regions. These observations of Hydra-A
will be presented in Rose et al. (in preparation). Detections
of several other molecular species in absorption which will
also be shown in Rose et al. (in preparation) also indicate
that molecular line survey strategies such as those used to
observe Arp 220 by Martin et al. (2011) may reap signifi-
cant rewards. This includes a significant increase in our un-
derstanding of the chemical and physical properties of the
molecular gas in the cores of brightest cluster galaxies as
well as its origins.

9 CONCLUSIONS

We have presented an ALMA survey of 18 brightest cluster
galaxies which lie in cool cores and have extremely bright
mm-continuum sources at their centres. We find molecular
absorption in eight of this sample via the detections of seven
CO(0-1) absorption lines, seven CN N = 1 - 0 lines and one
Si0(2-3) line, shown in Fig. 2 and 3.
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Figure 10. The relation between the continuum flux density of sources observed and the peak optical depths of their absorption regions.
The approximate size of the markers is proportional to the logarithm of the absorption region’s FWHM. Note that the CN-A and CN-B
lines are respectively composed of five and four hyperfine structure lines and are only observed at low spectral resolution, artificially
increasing their FWHM and preventing the detection of narrow lines. There is no apparent cut-off caused by the potential difficulties of
detecting molecular absorption in systems with a low continuum flux density, though the narrowest absorption regions are only detected
in the brightest sources. Additionally, the dashed vertical lines which mark the continuum flux densities of those sources in which no
absorption lines are seen do not cluster at low flux densities, also implying that we have not reached a low brightness detection limit.

Our survey doubles the number of systems in which
molecular absorption has been observed against a galaxy’s
bright continuum source from five to ten and provides new
molecular absorption lines for two of those systems previ-
ously discovered.

The absorption regions we detect have velocities of be-
tween -45 to 283 km s~! relative to the systemic recession
velocity of the galaxies and overall there is a bias for motion
towards the supermassive black holes, though this is found
from what is still a relatively small number of sources. Our
results appear to be consistent with the chaotic cold ac-
cretion scenario of Gaspari et al. (2018). This includes the
detection of drifting and infalling clouds with a covering frac-
tion of < 1 and the statistical line broadening/shift proper-
ties of the pencil-beam diagram (Fig. XX).

Given that we find eight absorbing systems from the
observed sample of 18, it is highly unlikely that a detection
rate this high could be produced by absorption at large dis-
tances. Instead, we have most likely found cases of absorp-
tion due to molecular gas at distances within which they
could feasibly be accreted onto the supermassive black hole
under the right conditions. At these distances of up to a few
hundred parsecs, slightly elliptical orbits would be expected
to produce offsets of just a few tens of km s™1, rather than
the hundreds of km s~! we see in some of our observations
i.e. these large velocities relative to the galaxies’ recession
velocities are not due to orientation effects.

We find that CN is a significantly stronger tracer of
molecular absorption than CO due to the molecule’s higher
electric dipole moment. From the eight sources which have
detections of both lines, the velocity integrated optical
depths are ~ 10 times higher for CN. This implies a typ-
ical molecular number ratio of CO/CN ~ 10.

The CO(1-2) line also appears to be a more effi-
cient tracer of molecular absorption than the lower en-
ergy CO(0-1) line. Observations of both lines now exist for
three sources: Hydra-A, Abell 2597 and NGC 5044. In all

cases, the absorption features appear significantly deeper
and clearer in the higher energy line.

With the additions of our survey, a complete set of CO,
CN and HI observations now exists for 14 sources (Fig. 7).
From these, many different combinations of absorption lines
are detected. For four sources, all three lines are detected
while for a further four only HI absorption is seen. Two
show both CO and CN absorption but not that of HI . One
source shows only CO absorption while another shows both
CN and HT absorption but not that of CO. For two sources,
none of the three absorption lines are seen. In relation to
future surveys, these results imply that non-detections of a
particular absorption line do not rule out subsequent detec-
tions of other lines.
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This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2017.1.00629.S. ALMA is a partnership
of ESO (representing its member states), NSF (USA) and
NINS (Japan), together with NRC (Canada), NSC and
ASIAA (Taiwan), and KASI (Republic of Korea), in coop-
eration with the Republic of Chile. The Joint ALMA Ob-
servatory is operated by ESO, AUI/NRAO and NAOJ. We
aslo use archival data: ADS/JAO.ALMA#2016.1.00533.S of
NGC 5044 and of Abell 2597.
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APPENDIX A: OBSERVATION DETAILS FOR SOURCES LACKING EMISSION AND ABSORPTION
LINES

Table A1 shows details of the observations for which no > 30~ detections of emission or absorption were made with either the
CO(1-0), CN-A or CN-B lines.

APPENDIX B: RESIDUALS OF ABSORPTION AND EMISSION LINE FITS

Fig. B1, B2 and B3 show the residuals for the spectra shown in Fig. 2, 3 and 4, calculated using the Gaussian best fits for the
emission and absorption lines which are given in Tab. 5.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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Molecular gas in the cores of BCGs

MACSJ0242.5-2132 Abell 3112 Abell 496 RXCJ0132.6-0804
Observation date 2018 Jan 12 2018 Jan 11 2018 Jan 13 2018 Jan 16
Integration time (s) 1300 1300 6800 2500
CO(1-0) vel. resolution (km s~!) 3.3 2.7 2.6 2.9
Frequency resolution (kHz) 977 977 977 977
Angular resolution (arcsec) 0.48 0.54 0.48 0.62
PWV (mm) 6.5 6.6 2.2 4.3
FoV (arcsec) 67.9 62.9 60.2 67.5
ALMA configuration C43-5 C43-5 C43-5 C43-5
Maximum spacing (m) 1400 1400 1400 1400
CO(1-0) noise per channel (mJy) 1.87 1.10 0.55 1.80
115 GHz cont. flux density (mJy) 39.6 30.4* 59.0 38.6

Abell 2415 Abell 3581 RXCJ1356.0-3421

Observation date 2018 Jan 23 2018 Sep 11 2018 Sep 11

Integration time (s) 5400 1700 1200

CO(1-0) vel. resolution (km s~!) 2.7 2.6 3.1

Frequency resolution (kHz) 977 977 977

Angular resolution (arcsec) 0.57 0.92 0.91

PWV (mm) 1.76 0.72 0.7

FoV (arcsec) 61.9 59.5 63.4

ALMA configuration C43-5 C43-4 C43-4

Maximum spacing (m) 1400 784 784

CO(1-0) noise per channel (mJy) 0.35 0.85 1.32

115 GHz cont. flux density (mJy) 27.2 59.1 25.9

Table Al. A summary of the ALMA observations in which no absorption or emission lines were detected, all of which were taken using
ALMA band 3. *The continuum source of Abell 3112 is extended to the North West, with a flux density peaking at 12.9 mJy.
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Figure B1. Fig. Bl and B2 are the residuals for the spectra shown in Fig. 2 and 3 and their Gaussian best fits as given in Table 5.
These are the sources which have CO and/or CN emission along the line-of-sight to their bright continuum sources. The only residual
plot which reveals detail not encapsulated by the Gaussian best fit is the CO(1-0) spectrum of Abell 2390. This is due to the saw tooth
shape of the absorption (see Fig. 2).
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Figure B2. Residuals for the spectra shown in Fig. 2 and their Gaussian best fits as given in Table 5. Continued from Fig. B1.
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Figure B3. Residuals for spectra shown in Fig. 4, calculated with their best fits as given in Table 5. These are the sources which have
CO and/or CN emission, but not absorption.
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