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A B S T R A C T 

We present new ALMA observations of CO, CN, CS, HCN, and HCO 

+ absorption seen against the bright and compact radio 

continuum sources of eight galaxies. Combined with archi v al observ ations, they re veal two distinct populations of molecular 
clouds, which we identify by combining CO emission and absorption profiles to unambiguously reveal each cloud’s direction 

of motion and likely location. In galaxy discs, we see clouds with low velocity dispersions, low line-of-sight velocities, and a 
lack of any systemic inflow or outflow. In galactic cores, we find high velocity dispersion clouds inflowing at up to 550 km s −1 . 
This provides observational evidence in fa v our of cold accretion on to galactic centres, which likely contributes to the fuelling of 
active galactic nuclei. We also see a wide range in the CO(2-1)/CO(1-0) ratios of the absorption lines. This is likely the combined 

effect of hierarchical substructure within the molecular clouds and continuum sources which vary in size with frequency. 

K ey words: galaxies: acti ve – galaxies: clusters: general – radio continuum: galaxies – radio lines: ISM. 
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 I N T RO D U C T I O N  

ur understanding of the molecular gas in the Universe’s most 
assive galaxies has been built upon theory, simulations, and 

bservations (e.g. O’Dea et al. 1994 ; Pizzolato & Soker 2005 ;
aspari et al. 2011 ; McNamara et al. 2016 ; Gaspari et al. 2018 ;
li v ares et al. 2019 ; Rose et al. 2019b ; Fabian et al. 2022 ). Theories

an be applied to study molecular gas on a wide range of spatial
cales. Ho we ver, simulations are often limited by computational 
o wer, and observ ations are constrained by telescope capabilities. 
or observations of extragalactic sources, molecular gas is most 
eadily observed in emission, but this typically limits us to scales of
0 5 M � or more. They are therefore orders of magnitude away from
esolving cold gas into individual clouds – the scales on which key 
rocesses such as star formation and active galactic nucleus (AGN) 
ccretion occur. 

An alternative technique to study molecular gas is via absorption 
ines against a bright and compact background continuum source. 
his technique is advantageous because its sensitivity is many orders 
r magnitude higher than emission. As a result, the molecular gas 
an be studied on much smaller scales. The iconic radio galaxy 
entaurus-A was the first system to be studied in this way (Israel et al.
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990 ). Of particular advantage is that this system’s radio continuum
mission and absorbing clouds lie within the same galaxy, meaning 
hat any redshifted absorption unambiguously indicates movement 
owards the galaxy centre along the line of sight. This is in contrast
o both emission lines and extrinsic absorption lines (i.e. absorption 
ound due to the chance alignment of a background quasar and an
ntervening galaxy, e.g. Wiklind & Combes 1996 , 1997b ). In these
ases, there is ambiguity as to whether the observed gas lies in front
f or behind the core of the galaxy, so its direction of motion is
nclear. 
Unfortunately, finding molecular absorption like that in Centaurus- 
 requires an extremely bright and compact radio continuum source, 

o a lack of similar observations followed o v er the next two
ecades. Ho we ver, with the much improved angular resolution and
ensiti vity of fered by the Atacama Large Millimeter/submillimeter 
rray (ALMA), the last decade or so has been more fruitful and
any more intrinsic absorption line systems have now been found, 
ostly in group and cluster environments (e.g. David et al. 2014 ;
remblay et al. 2016 ; Ruffa et al. 2019 ; Rose et al. 2019a , b , 2020 ;
ameno et al. 2020 ). With these adv ancements, indi vidual cases of
olecular and atomic absorption have now been suggested as being 

ue to clouds within the circumnuclear disc and/or accreting on to
he central supermassive black hole (e.g. Tremblay et al. 2016 ; Rose
t al. 2019b ; Izumi et al. 2023 ; Morganti et al. 2023 ; Oosterloo,
organti & Murthy 2023 ). 
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Rose et al. ( 2019b ) presented the first multitarget study of intrinsic
olecular absorption with ALMA observations of CO(1-0) and
N(1-0). Added to Centaurus-A, NGC 5044, and Abell 2597,

his raised the total number of intrinsic molecular absorption line
ystems to eight. Initial results from this surv e y appeared to show
hat molecular absorption in such galaxies is surprisingly common,
ith a detection rate of around 40 per cent. Additionally, although
ost of the absorbing gas clouds had no significant line-of-sight

elocity towards or away from their galaxy centre, a slight bias for
louds to be moving towards their galaxy’s centre appeared to be
resent. 
Subsequent observations of the edge-on elliptical brightest cluster

alaxy Hydra-A have shown that higher order transitions and a wider
ix of molecular tracers can be particularly ef fecti ve at detecting

ntrinsic molecular absorption (Rose et al. 2020 ). In this paper
e therefore present new ALMA observations of eight galaxies
ith bright radio continuum sources. The observations co v er CO(2-
), CN(2-1), HCO 

+ (2-1), and HCN(2-1) in many systems with
olecular absorption already detected via other lines. These new

bserv ations of fer a significant impro v ement – detecting man y more
olecular absorption regions and with a higher sensitivity. Combined
ith CO(2-1) observations, we can therefore study the bulk motions
f the absorbing clouds in the context of each galaxy’s molecular
mission. Since the strength and detectability of a galaxy’s molecular
bsorption is proportional to the brightness of the background radio
ontinuum source, most members of our sample are brightest cluster
alaxies. Most also contain at least 10 8 M � molecular gas. 

We try to be e xhaustiv e in studying all known intrinsically absorb-
ng systems. Although a handful of additional intrinsic molecular
bsorption systems are known, they are without high-resolution
bservations of the molecular emission. These include Allison et al.
 2019 ), Combes & Gupta ( 2024 ), and Emonts et al. ( 2024 ). Shortly
efore the publication of this paper, Tadhunter et al. ( 2024 ) have also
hown intrinsic molecular absorption in PKS1814–63. The galaxy
ontains a close to edge-on on molecular gas disc, with narrow
bsorption features against the central radio continuum. It is therefore
onsistent with our analysis. 

The rest of this paper is laid out as follows. In Section 2 we give
etails on our sample, and present moments maps and spectra. We
lso detail our data reduction methods. In Section 3 we calculate
xcitation temperatures and column densities for the absorbing gas
n each system, as well as molecular masses from the emission. In
ection 4 we discuss our findings and the potential implications.
ection 5 summarizes our findings. We assume Lambda cold dark
atter cosmology with �M 

= 0 . 3 and �� 

= 0 . 7, and a Hubble
onstant of H 0 = 70 km s −1 Mpc −1 . 

 DATA  

.1 Sample 

e present ALMA observations of molecular gas in 12 galaxies.
he main details of these observations are given in Table 1 , with

urther technical details available from the ALMA Science Archive.
urther information on the location and redshift of each source is
iven in Table 2 , while Table 3 gives each galaxy’s classification
nd summarizes its molecular emission properties. More details
n each source’s more general properties are given in an online
ppendix. 

The largest set of data we use is from ALMA project
021.1.00766.S (P.I. Tom Rose), which aimed to detect CO(2-1),
N(2-1), HCO 

+ (2-1), and HCN(2-1) in several galaxies known to
NRAS 533, 771–794 (2024) 
ave molecular absorption from other lines. This project followed
n from a surv e y of 23 X-ray-selected brightest cluster galaxies
2017.1.00629.S, P.I. Alastair Edge) which aimed to detect CO(1-0)
bsorption against the galaxies’ radio cores (see Rose et al. 2019b , in
hich more details on the sample selection can be found). In brief, by

electing the host cluster from its diffuse X-ray emission, this surv e y
as not biased to central galaxies with any particular orientation of

heir AGNs. 
In this paper we aim to provide analysis of the bulk motions of

ll known intrinsic molecular absorption lines which have comple-
entary high-resolution molecular emission line observations, so

ata from a number of other projects are also presented. In Table 1 ,
e show the project from which each observation originated. We
o not include NGC 1275, which has low significance absorption
eported by Nagai et al. ( 2019 ). Subsequent IRAM (Institut de Ra-
ioastronomie Millim ́etrique) observations with NOEMA (NOrthern
xtended Millimeter Array) at higher sensitivity do not find molec-
lar absorption in this system (project W22CK). 

.2 Data reduction 

e produce data cubes from the ALMA observations using mea-
urement sets available from the National Radio Astronomy Obser-
 atory (NRAO) Archi ve. We processed the data with CASA version
.6.3.22, a software package produced and maintained by NRAO
McMullin et al. 2007 ). From the measurement sets provided, we
ade continuum-subtracted images using the CASA tasks tclean

nd uvcontsub . In tclean , we have used a hogbom deconvolver
nd produced images with the narrowest possible channel widths.
or our moments maps, we use a data cube made with natural
eighting to minimize noise. In most cases, we extract our spectra

rom data cubes made with uniform weighting, which optimizes
he angular resolution of the data. This limits contamination from
patially extended molecular emission in the spectra. Ho we ver, where
o detectable emission is present close to the radio core, we extract
pectra using a cube made with natural weighting. 

The moments maps we show are produced from the CO(2-1)
bservations of each galaxy, except for Circinus, NGC 1052, and
GC 5044. In Circinus and NGC 1052, we show high angular

esolution HCO 

+ (3-2) and CO(3-2) emission, respectively. In NGC
044, the CO(2-1) observation has a clear detection of emission, but
s of very poor angular resolution. On the other hand, the CO(1-
) observation is less strong, but is of higher angular resolution.
e therefore show an intensity map made from the CO(1-0) data,

ut velocity and velocity dispersion maps made from CO(2-1)
ata. 
We produce our maps using the CASA task immoments . Normally
oment 0 maps are made using all channel values in each spaxel.
o we ver, for sources with a large beam and overlapping emission

nd absorption, we use ‘includepix = [0,100]’, i.e. all pixel values
rom 0 to an arbitrarily large value. This prevents the negative
bsorption fluxes wiping out positive emission at other velocities.
fter producing these maps, we therefore estimate the summed
alue of the remaining positive noise in an emission free region, and
ubtract it from the whole image. This may bias the o v erall intensity
ap to be lower than reality because ne gativ e noise will ef fecti vely

e subtracted from higher significance emission twice. Ho we ver,
his method more accurately displays the emission seen against the
adio core. Additionally, this method only affects the moment 0
aps. 
Our moments 1 and 2 maps are made with > 4 σ emission, which

e find to give the best appearance. To reduce noise in the data cubes,
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Table 1. The ALMA observations presented in this paper. 

Source Ang. FOV Int. Obs. Line(s) Cont. flux Project 
res. time date density code 

(arcsec) (arcsec) (s) (yyyy-mm-dd) (mJy, GHz) 

NGC 6868 0 .81 58.8 5100 2018-01-25 CO(1-0) 41, 107 2017.1.00629 
NGC 6868 0 .11 25 1400 2021-11-20 CO(2-1), CN(2-1) 33, 234 2021.1.00766 
NGC 6868 0 .16 34.4 2800 2021-11-19 HCO 

+ (2-1), HCN(2-1) 36, 169 2021.1.00766 
Abell S555 0 .63 56 2800 2018-01-23 CO(1-0) 32, 103 2017.1.00629 
Abell S555 0 .14 25.8 3700 2022-07-20 CO(2-1), CN(2-1) 23, 226 2021.1.00766 
Abell S555 0 .26 33.2 1800 2022-07-05 HCO 

+ (2-1), HCN(2-1) 25, 175 2021.1.00766 
Hydra-A 2 .07 57 2700 2018-07-18 CO(1-0) 99, 103 2017.1.00629 
Hydra-A 0 .26 26 5700 2018-10-30 CO(2-1), CN(2-1) 60, 223 2018.1.01471 
Hydra-A 0 .34 33.5 5100 2018-11-16 HCO 

+ (2-1), HCN(2-1) 95, 168 2018.1.01471 
Abell 2597 0 .43 26 10 900 2013-11-17 CO(2-1) 15, 213 2012.1.00988 
Abell 2597 0 .17 34.2 2700 2021-11-25 HCO 

+ (2-1), HCN(2-1) 14, 170 2021.1.00766 
Abell 2390 0 .40 59.0 8000 2018-01-07 CO(1-0) 22, 98 2017.1.00629 
Abell 2390 0 .58 30.4 4800 2022-05-20 CO(2-1) 11, 192 2021.1.00766 
Abell 2390 0 .21 42.1 900 2021-11-22 HCO 

+ (2-1), HCN(2-1) 14, 138 2021.1.00766 
RXCJ0439.0 + 0520 0 .18 29.8 2600 2022-07-22 CO(2-1), CN(2-1) 72, 195 2021.1.00766 
RXCJ0439.0 + 0520 0 .30 41.4 1300 2021-12-04 HCO 

+ (2-1), HCN(2-1) 85,141 2021.1.00766 
Abell 1644 1 .74 57 2800 2018-08-21 CO(1-0) 67, 103 2017.1.00629 
Abell 1644 0 .47 25.9 1300 2022-06-08 CO(2-1), CN(2-1) 38, 225 2021.1.00766 
Abell 1644 0 .19 33.3 1700 2022-07-22 HCO 

+ (2-1), HCN(2-1) 39, 175 2021.1.00766 
Circinus 0 .027 16.7 5600 2019-07-14 CO(3-2), HCO 

+ (4-3), 
HCN(4-3) 

37, 259 2018.1.00581 

Circinus 0 .020 22.5 5400 2019-06-07 HCO 

+ (3-2) 29, 350 2018.1.00581 
NGC 4261 0 .26 24.7 1900 2018-01-19 CO(2-1) 253, 236 2017.1.00301 
NGC 4261 0 .18 16.8 2300 2018-01-21 CO(3-2), HCO 

+ (4-3), 
HCN(4-3) 

223, 348 2017.1.01638 

NGC 5044 0 .74 54 2400 2018-09-20 CO(1-0) 32, 107 2017.1.00629 
NGC 5044 1 .89 25 1400 2012-01-13 CO(2-1) 45, 228 2011.0.00735 
NGC 5044 0 .18 34.4 2600 2022-07-22 HCO 

+ (2-1), HCN(2-1) 38, 170 2021.1.00766 
NGC 1052 0 .48 54.0 1200 2016-05-26 CO(1-0) 794, 108 2015.1.00591 
NGC 1052 0 .03 26.2 600 2015-10-23 CO(2-1) 443, 223 2015.1.01290 
NGC 1052 0 .13 16.8 4300 2015-08-16 CO(3-2) 333, 344 2013.1.01225 
NGC 1052 0 .26 62.8 700 2017-07-28 HCN(1-0) 1020, 88 2016.1.00375 
IC 4296 0 .40 25 1700 2014-07-23 CO(2-1) 190, 226 2013.1.00229 

Table 2. Details on the position and redshift of each source. All redshifts are barycentric and use the optical convention. RC3 is the Third Reference 
Catalogue of Bright Galaxies (de Vaucouleurs et al. 1991 ). Velocities are in km s −1 . 

Source RA, Dec. (J2000) z ∗ Redshift reference v ∗ v mol − v ∗

NGC 6868 20:09:54.1, −48:22:46.3 0.0095 ±0.0001 (FORS) Rose et al. ( 2019b ) 2830 ±30 −60 ±30 
Abell S555 05:57:12.5, −37:28:36.5 0.0446 ±0.0001 (MUSE) Rose et al. ( 2019b ) 13364 ±30 −190 ±40 
Hydra-A 09:18:05.7, −12:05:44.0 0.0544 ±0.0001 (MUSE) Rose et al. ( 2019b ) 16294 ±30 120 ±50 
Abell 2390 21:53:36.8, + 17:41:43.7 0.2304 ±0.0001 (VIMOS) Hamer et al. ( 2016 ) 69074 ±30 170 ±40 
RXCJ0439.0 + 0520 04:39:02.3, + 05:20:43.7 0.2076 ±0.0001 (VIMOS) Hamer et al. ( 2016 ) 62237 ±30 210 ±60 
Abell 1644 12:57:11.6, −17:24:34.1 0.0473 ±0.0001 (MUSE) Rose et al. ( 2019b ) 14191 ±30 −60 ±40 
Circinus 14:13:09.9, −65:20:21.0 0.00145 ±0.00001 (NED) Ursini et al. ( 2023 ) 434 ± 3 –
IC 4296 13:36:39.1, −33:57:57.3 0.01247 ±0.00003 (NED) Ruffa et al. ( 2019 ) 3738 ±10 −60 ±50 
Abell 2597 23:25:19.7, −12:07:27.7 0.0821 ±0.0001 (MUSE) Tremblay et al. ( 2018 ) 24613 ±30 20 ±40 
NGC 5044 13:15:24.0, −16:23:07.6 0.0092 ±0.0001 (MUSE) Rose et al. ( 2019b ) 2761 ±30 30 ±40 
NGC 1052 02:41:04.8, −08:15:20.8 0.00498 ±0.00002 (RC3) de Vaucouleurs et al. ( 1991 ) 1492 ± 5 –
NGC 4261 12:19:23.2, + 05:49:29.7 0.0073 ±0.0001 (OHP) Matsumoto et al. ( 2001 ) 2200 ±30 −10 ±40 
Centaurus-A 13:25:27.6, −43:01:09.0 0 . 00183 ± 0 . 00002 (NED) Crook et al. ( 2007 ) 547 ±5 –
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hese maps have sometimes been made using a slightly smoothed 
mage. This smoothing is typically done using a Gaussian kernel 
ith dimensions equal to the image’s beam. The impact this has on

he ef fecti ve image resolution is sho wn in the figure captions, and
s also indicated by the beam size on each image. This smoothing
eans we can capture the velocity and velocity dispersion of more 

xtended emission. 

t

.3 Moments maps and spectra 

n Figs 1 –12 , we show intensity , velocity , and velocity dispersion
aps made with each galaxy’s molecular emission. We indicate 

he location of each galaxy’s compact and unresolved radio con- 
inuum source with a cross, against which we extract the spectra of
O(1-0), CO(2-1), CN(2-1), HCO 

+ (2-1), and HCN(2-1). Typically, 
he ALMA observations span velocities from around −1500 to 
MNRAS 533, 771–794 (2024) 
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M

Table 3. The classification of each galaxy and a brief summary of the molecular emission properties, including masses estimated in Section 3.3 . Inclinations 
are taken from the HyperLeda data base – these sometimes differ from estimates of the inclination of the CO disc. For sources whose morphology and 

velocity distribution indicate a molecular disc, we estimate that disc’s inclination using cos i = 

√ 

[( b/a) 2 − r 2 0 ] / [1 − r 2 0 ] , where a is the semimajor axis 

length, b the semiminor axis length, and r 0 is the disc thickness (Tully et al. 1998 ). We also assume circular disc and r 2 0 = 0 . 2, as suggested by Tully et al. 
( 1998 ). As described in Section 3.3 , molecular masses are estimated using a flux density ratio of F ul = 3.2, but values as low as 2.14 have been reported 
(see Ruffa et al. 2022 ). As well as the quoted errors, which are estimated from noise in the spectra, this will introduce an additional systematic uncertainty. 

Source Galaxy type Inclination/ ◦ Molecular morphology Molecular mass/M �

NGC 6868 Elliptical 41 0.5 kpc wide disc inclined at ≈ 70 ◦ 1.3 ±0 . 2 × 10 8 

Abell S555 Unknown – Plume of 2.5 kpc as measured along l.o.s. 5.6 ±0 . 5 × 10 8 

Hydra-A Elliptical-S0 79 5 kpc molecular disc inclined at ≈ 90 ◦ 3.1 ±0 . 2 × 10 9 

Abell 2390 Irregular – Plume of 15 kpc as measured along l.o.s. 2.2 ±0 . 2 × 10 10 

RXCJ0439.0 + 0520 Irregular – Plume of 9 kpc as measured along l.o.s. 1.3 ±0 . 4 × 10 10 

Abell 1644 Irregular – Clumps distributed along an arc 1.6 ±0 . 3 × 10 9 

Circinus Sb spiral 64 Spiral arms inclined at ≈ 65 ◦ (Izumi et al. 2018 ) –
IC 4296 Elliptical 90 0.5 kpc wide disc inclined at ≈ 68 ◦ (Ruffa et al. 2019 ) 2.3 ±0 . 2 × 10 7 

Abell 2597 Elliptical 68 Irregular central 7 kpc, faint emission to 30 kpc 4.6 ±0 . 5 × 10 9 

NGC 5044 Elliptical 43 One or two weak clumps 200–500 pc from 2.4 ±0 . 4 × 10 7 a 

the AGN, plus further clumps out to 6 kpc 
NGC 1052 Elliptical 70 Gas poor with 5 . 3 × 10 5 M � CND (Kameno et al. 2020 ) –
NGC 4261 Elliptical 56 200 pc wide disc inclined at ≈ 61 ◦ (Boizelle et al. 2021 ) 2.1 ±0 . 2 × 10 7 

Centaurus-A S0 45 Dense gas along dust lane (Wild, Eckart & Wiklind 1997 ) 1 . 4 ± 0 . 2 × 10 9 b 

Note. a The molecular mass quoted for NGC 5044 is from the central 0.7 kpc. Within 6 kpc, a mass of 5.1 ×10 7 M � is found by David et al. ( 2014 ). b The 
molecular mass of Centaurus-A is taken from Parkin et al. ( 2012 ). 
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 1500 km s −1 , though we see no absorption or emission features
utside the ranges shown in the spectra. On each spectrum, a red line
hows the best fit. Where the absorption o v erlaps with emission, the
mission has been subtracted and is shown by a dashed yellow line. 

Sometimes, absorption from other lines is also present. Abell
644 has CS(5-4) absorption. Hydra-A has several more molecules
etected in absorption than we show, including HCO 

+ (1-0) HCN(1-
), H 2 C(3-2), and 13 CO(2-1). These can be seen in Rose et al. ( 2020 ),
long with the best fits. NGC 1052 has several more lines shown by
ameno et al. ( 2020 ). Finally, NGC 6868, Abell 2597, Abell 2390,
ydra-A, and NGC 4261 have H I absorption. We clearly distinguish

hese H I spectra by showing them in green. In Fig. 13 , we also show
CO 

+ (2-1) and HCN(2-1) spectra seen against the central radio
ource of the iconic radio galaxy Centaurus-A, from Wiklind &
ombes ( 1997a ). 

.4 Line fitting 

o determine the optimal fit for each spectrum, we first identify the
inimum number of components required by incrementally adding
aussian lines. We do this until no channel contains > 5 σ emission

nd the root mean square (RMS) value of the fitting region is less
han 1.5 times that of the remainder of the spectrum. This threshold
rovides a good fit while not introducing unnecessary or unwarranted
omplexity. 

We then perform an initial fit using Python ’s SciPy library.
pecifically, we use the curve fit minimization algorithm. Our
tting procedure is similar for both emission and absorption lines.
o we ver, when a spectrum contains overlapping emission and

bsorption features, the absorption must be masked while we first
t to the emission. This fit to the emission is then subtracted from

he spectrum before fitting to the absorption. We do this masking by
ye, which we find to be ef fecti ve. Additionally, we find that using a
easonable range of masking boundaries results in minimal changes
o the ultimate fits. 

After making a best fit to a spectrum, we find the noise level.
e take this to be the RMS of the continuum emission, excluding
NRAS 533, 771–794 (2024) 
e gions e xhibiting emission or absorption features. Then, 10 000
imulated spectra are generated based upon the observed spectrum
nd the initial best fit. At each velocity channel, a pseudo random
alue is drawn from a Gaussian distribution centred at 0 and with a
ispersion equal to the RMS noise. This value, which may be positive
r ne gativ e, is then added to the original spectrum’s best-fitting value
or that velocity channel. 

After repeating this for all velocity channels, a new simulated
pectrum is produced. For each simulated spectrum, we then find a
est fit in the same way as for the original spectrum. The 1 σ upper
nd lower error bounds are then defined by the values that delineate
he 15.865 per cent highest and lowest results among the 10 000 fits.
his ensures that 68.27 per cent of the fitted parameters fall within

he 1 σ range. 
Where the emission and absorption o v erlap, we do not account

or errors from fitting to the emission propagating through to the
bsorption fits. This is because the former are generally much smaller.

The best-fitting parameters for each spectrum are shown in Table 4 .
he noise and channel width of each spectrum is shown in Table 5 . 

 M O L E C U L A R  G A S  PROPERTIES  

.1 Excitation temperatures 

he excitation temperature, T ex , of a two-level system is defined in
erms of the number of particles in the upper state, n u and lower state,
 l : 

n u 

n l 
= 

g u 

g l 
exp 

(
− hν

kT ex 

)
, (1) 

here g is the statistical weight of each state. The excitation
emperature should not be confused with the more familiar thermal
emperature. Rather, it is the temperature that would be expected to
roduce the ratio of particles in the different energy levels when local
hermodynamic equilibrium applies. 

For optically thin gas in local thermodynamic equilibrium, the
O(1-0) and CO(2-1) v elocity-inte grated optical depths are related
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Figure 1. Intensity , velocity , and velocity dispersion maps of NGC 6868 made from CO(2-1) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of several different molecular lines are extracted and sho wn belo w. An H I spectrum also extracted against the radio core is 
shown in green (Tom Oosterloo, private communication). The dashed yellow lines show CO emission subtracted from the spectra. The flux map has a beam size 
of 0 . 17 × 0 . 14 arcsec . F or the v elocity and v elocity dispersion maps, the smoothing applied increases the size to 0 . 24 × 0 . 19 arcsec . 
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Figure 2. Intensity , velocity , and velocity dispersion maps of Abell S555 made from CO(2-1) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of several different molecular lines are extracted and shown below. The CO(1-0) observation has a larger beam size than the 
other observations, so its spectrum contains some of the more extended emission. The moments maps have a beam size of 0 . 26 × 0 . 19 arcsec . 
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Figure 3. Intensity, velocity, and velocity dispersion maps of Hydra-A made from CO(2-1) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of several different molecular lines are extracted and shown below. An H I spectrum also extracted against the radio core 
is shown in green (Taylor 1996 ). Several more molecules are detected in absorption than presented here, including HCO 

+ (1-0) HCN(1-0), H 2 C(3-2), and 
13 CO(2-1). Spectra of these lines are shown in (Rose et al. 2020 ). Due to the complex nature of the absorption, we do not show best fits in the spectra abo v e, 
but they can also be seen in (Rose et al. 2020 ). The moments maps have a beam size of 0 . 27 × 0 . 20 arcsec . 
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Figure 4. Intensity , velocity , and velocity dispersion maps of Abell 2597 made from CO(2-1) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of several different molecular lines are extracted and sho wn belo w. An H I spectrum also extracted against the radio core is 
shown in green (Hern ́andez et al. 2008 ). The dashed yellow line shows subtracted CO emission. The moments maps have a beam size of 0 . 77 × 0 . 62 arcsec . 
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Figure 5. Intensity , velocity , and velocity dispersion maps of Abell 2390 made from CO(2-1) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of several different molecular lines are extracted and sho wn belo w. An H I spectrum also extracted against the radio core is 
shown in green (Hern ́andez et al. 2008 ). The dashed yellow line shows subtracted CO emission. The flux map has a beam size of 0 . 80 × 0 . 73 arcsec . For the 
velocity and velocity dispersion maps, the smoothing applied increases the size to 0 . 90 × 0 . 85 arcsec . 
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Figure 6. Intensity , velocity , and velocity dispersion maps of RXCJ0439.0 + 0520 made from CO(2-1) emission. The crosses indicate the location of the radio 
continuum source, against which the spectra of several different molecular lines are extracted and sho wn belo w. The dashed yellow line shows subtracted CO 

emission. The moments maps have a beam size of 0 . 41 × 0 . 30 arcsec . Note that a slightly smaller field of view is shown in the velocity and velocity dispersion 
maps. 
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Figure 7. Intensity , velocity , and velocity dispersion maps of Abell 1644 made from CO(2-1) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of se veral dif ferent molecular lines are extracted and sho wn belo w. The dashed yello w line sho ws subtracted CO emission. 
Note that the angular resolution of the CO(1-0) observation is much larger than in CO(2-1) – 1.74 arcsec versus 0.47 arcsec. The emission subtracted from the 
CO(1-0) spectrum is therefore from the more extended structures visible in the CO(2-1) map, and not from closer to the radio core. The moments maps have a 
beam size of 0 . 67 × 0 . 54 arcsec . 
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Figure 8. Intensity , velocity , and velocity dispersion maps of Circinus made from HCO 

+ (3-2) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of several different molecular lines are extracted and shown below. The dashed yellow lines show the emission subtracted from 

each spectrum. The moments maps have a beam size of 0 . 022 × 0 . 019 arcsec . 
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Figure 9. Intensity , velocity , and velocity dispersion maps of NGC 4261 made from CO(2-1) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of different molecular lines are extracted and shown below. The HCN(4-3) and HCO 

+ (4-3) lines are serendipitous detections 
found in archi v al data and unfortunately are close to the edge of the spectral range. An H I spectrum also extracted against the radio core is shown in green 
(Jaffe & McNamara 1994 ). The moments maps all have a beam size of 0 . 29 × 0 . 24 arcsec . 
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Figure 10. Intensity , velocity , and velocity dispersion maps of NGC 5044 made from CO(1-0) and CO(2-1) emission. The crosses indicate the location of 
the radio continuum source, against which we extract spectra of three molecular lines. The CO(1-0) flux map has a beam size of 0 . 54 × 0 . 47 arcsec . For the 
CO(2-1) velocity and velocity dispersion maps, the beam size is 2 . 2 × 1 . 2 arcsec . 
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y ∫ 
τ21 d v ∫ 
τ10 d v 

= 2 
1 − e −hν21 /kT ex 

e hν10 /kT ex − 1 
, (2) 

here h and k are the Planck and Boltzmann constants, ν10 and ν21 

re the rest frequencies of the CO(1-0) and CO(2-1) lines, and T ex is
he excitation temperature (Bolatto et al. 2003 ; Godard et al. 2010 ;

angum & Shirley 2015 ). According to equation ( 2 ), the ratio of
O(2-1)/CO(1-0) v elocity-inte grated optical depths can be in the

ange of 0 to 4. These, respectively, correspond to the extreme cases
here kT ex << h ν and kT ex >> h ν. 
For each galaxy where we have CO(1-0) and CO(2-1) absorption,

e estimate the ratios of the v elocity-inte grated optical depths and
he implied excitation temperatures. These are shown in Table 6 .

e generally estimate a single excitation temperature for each
ystem’s absorption, even though in many cases separate components
re clearly present. This is because these components o v erlap
ignificantly and are heavily degenerate. RXCJ0439.0 + 0520 is the
NRAS 533, 771–794 (2024) 
xception, where the two components of absorption are separated by
00 km s −1 . We therefore calculate two excitation temperatures. 
Many of the CO(2-1)/CO(1-0) ratios in Table 6 fall outside

he feasible range of 0–4 and therefore give a ne gativ e e xcitation
emperature. The excitation temperature may be negative when
 u /g u > n l /g l , which is possible if there is pumping by a maser
Lo 2005 ). Ho we ver, this ef fect is not possible in CO. Therefore, one
r more of the assumptions made in our calculations is incorrect. 
One possibility is that the gas is not in local thermodynamic

quilibrium, i.e. the excitation temperature may vary between the
ifferent rotational levels. If the CO(1-0) excitation temperature is
0 K and the CO(2-1) excitation temperature is 5 K, then a ratio
n the v elocity-inte grated optical depths of 5.6 is expected. This
emperature difference is at the more extreme end of what could be
xpected, but is still far from explaining the ratios of over 10 which
e see in the absorption lines of some systems. 
A second assumption implicit in our calculations is that the size of

he continuum source does not change between the frequencies of the
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Figure 11. Intensity , velocity , and velocity dispersion maps of NGC 1052 made from CO(3-2) emission. The crosses indicate the location of the radio continuum 

source, against which the spectra of three different molecular lines are extracted and shown below. The moments maps have a beam size of 0 . 28 × 0 . 23 arcsec . 
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O(1-0) and CO(2-1) lines. This can alter the line of sight at different
requencies, changing how the clouds intercept the continuum. We 
xplore this possibility in more detail in our discussion. In the mean
ime ho we ver, we proceed to estimate molecular column densities
ssuming the ground state excitation temperature of the molecular 
as is 5 K for all of the molecular lines. 

.2 Absorption column density estimates 

he line-of-sight column density, N tot , of an optically thin molecular 
bsorption region is 

 

thin 
tot = Q ( T ) 

8 πν3 
ul 

c 3 

g l 

g u 

1 

A ul 

1 

1 − e −hνul /kT ex 

∫ 
τul d v , (3) 

here Q ( T ) is the partition function, c is the speed of light, A ul is
he Einstein coefficient of the observed transition, and g the level 
e generac y, with the subscripts u and l representing the upper and
o wer le v els (Godard et al. 2010 ; Mangum & Shirle y 2015 ). 
The assumption of optically thin absorption in equation ( 3 ) is
nappropriate for some of our data. To account for this, a correction
actor from Mangum & Shirley ( 2015 ) can be applied to give the
ollowing more accurate column density: 

 tot = N 

thin 
tot 

τ

1 − exp ( −τ ) 
. (4) 

his gives the column density of the absorbing molecule as a number
ensity per square cm. 
Table 7 shows the column densities estimated using the abo v e

quations, each object’s molecular absorption lines and the best fits 
hown in Table 4 . By far the most dominant error in our calculations
f the column densities is the gas excitation temperature, T ex . We
herefore use only the central estimate of the v elocity-inte grated 
ptical depth in our calculations. 
MNRAS 533, 771–794 (2024) 
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Figure 12. Intensity , velocity , and velocity dispersion maps of IC 4296 made from CO(2-1) emission. The crosses indicate the location of the radio continuum 

source, against which the spectrum of CO(2-1) is extracted and sho wn belo w. The dashed yellow line shows subtracted CO emission. The moments maps have 
a beam size of 0 . 63 × 0 . 57 arcsec . 

Figure 13. Spectra extracted from along the line of sight to the central radio continuum source of Centaurus-A, from Wiklind & Combes ( 1997a ). Fits to the 
spectra can also be seen in that paper. Note that the velocity range of this spectrum is much narrower than in many of the preceding figures. 
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Table 4. The best-fitting parameters for the Gaussian fits made to each 
spectrum in Figs 1 –12 . Amplitudes are normalized to the continuum strength. 
Absorption lines have a ne gativ e amplitude and emission lines a positive 
amplitude. For Hydra-A, we refer readers to Rose et al. ( 2020 ). 

Source Line A v cen σ

(km s −1 ) (km s −1 ) 

NGC 6868 CO(1-0) 0 .075 + 0 . 011 
−0 . 010 94 + 23 

−25 85 + 17 
−15 

−0 .21 + 0 . 02 
−0 . 02 −45 + 1 −1 6.5 + 0 . 4 −0 . 4 

−0 .10 + 0 . 02 
−0 . 02 33 + 1 −1 4.4 + 0 . 5 −0 . 4 

CO(2-1) 0 .24 + 0 . 02 
−0 . 02 83 + 7 −7 131 + 11 

−10 

−0 .19 + 0 . 02 
−0 . 02 −68 + 3 3 − 13 + 3 −2 

−0 .80 + 0 . 06 
−0 . 04 −49 + 1 −1 3.9 + 0 . 4 −0 . 3 

−0 .37 + 0 . 03 
−0 . 04 −38 + 1 −1 3.3 + 0 . 8 −0 . 4 

−0 .11 + 0 . 01 
−0 . 01 22 + 3 −2 24 + 3 −2 

CN(2-1) −0 .33 + 0 . 02 
−0 . 02 −64 + 2 −2 13 + 1 −1 

−0 .63 + 0 . 05 
−0 . 05 −48 + 1 −1 4.5 + 0 . 4 −0 . 4 

−0 .36 + 0 . 04 
−0 . 04 −38 + 1 −1 3.3 + 0 . 5 −0 . 4 

−0 .18 + 0 . 02 
−0 . 02 35 + 1 −1 5.4 + 0 . 7 −0 . 6 

HCN(2-1) −0 .11 + 0 . 02 
−0 . 02 −73 + 1 −1 4.5 + 2 . 0 −0 . 9 

−0 .41 + 0 . 03 
−0 . 03 −57 + 3 −1 15 + 2 −3 

−0 .46 + 0 . 02 
−0 . 02 −48 + 1 −1 4.6 + 0 . 3 −0 . 3 

−0 .083 + 0 . 01 
−0 . 01 29 + 2 −2 16 + 2 −2 

HCO 

+ (2-1) −0 .19 + 0 . 01 
−0 . 01 −72 + 2 −1 10 + 1 −1 

−0 .72 + 0 . 03 
−0 . 02 −48 + 1 −1 8.9 + 0 . 4 −0 . 4 

−0 .05 + 0 . 01 
−0 . 01 −40 + 2 −2 9.1 + 2 −2 

−0 .17 + 0 . 01 
−0 . 01 33 + 1 −1 10 + 1 −1 

Abell S555 CO(1-0) 0 .05 + 0 . 01 
−0 . 01 −186 + 11 

−10 260 + 20 
−20 

−0 .14 + 0 . 02 
−0 . 02 276 + 1 −1 7.2 + 1 . 0 −0 . 9 

CO(2-1) −0 .09 + 0 . 02 
−0 . 02 182 + 3 −3 10 + 4 −3 

−0 .61 + 0 . 02 
−0 . 02 272 + 1 −1 11 + 1 −1 

CN(2-1) −0 .26 + 0 . 01 
−0 . 02 176 + 1 −1 16 + 1 −1 

−0 .46 + 0 . 02 
−0 . 02 269 + 1 −1 13 + 1 −1 

HCN(2-1) −0 .32 + 0 . 01 
−0 . 01 177 + 1 −1 20 + 1 −1 

−0 .58 + 0 . 02 
−0 . 02 271 + 1 −1 13 + 1 −1 

HCO 

+ (2-1) −0 .41 + 0 . 02 
−0 . 02 179 + 1 −1 18 + 1 −1 

−0 .74 + 0 . 02 
−0 . 02 271 + 1 −1 15 + 1 −1 

Abell 2597 CO(2-1) 0 .12 + 0 . 01 
−0 . 01 99 + 16 

−14 195 + 24 
−32 

−0 .07 + 0 . 01 
−0 . 01 150 + 10 

−9 77 + 9 −8 

−0 .29 + 0 . 02 
−0 . 02 236 + 3 −2 7.6 + 0 . 7 −0 . 6 

−0 .25 + 0 . 02 
−0 . 02 269 + 3 −2 11 + 1 −1 

−0 .26 + 0 . 03 
−0 . 02 336 + 3 −2 4.7 + 0 . 6 −0 . 6 

−0 .16 + 0 . 03 
−0 . 03 354 + 3 −2 3.9 + 1 . 0 −0 . 7 

HCN(2-1) −0 .31 + 0 . 02 
−0 . 02 147 + 1 −1 11 + 1 −1 

−0 .18 + 0 . 02 
−0 . 02 197 + 1 −1 8.3 + 1 −1 

−0 .76 + 0 . 01 
−0 . 01 257 + 2 −2 22 + 1 −1 

−0 .60 + 0 . 02 
−0 . 02 331 + 2 −2 21 + 1 −1 

HCO 

+ (2-1) −0 .40 + 0 . 02 
−0 . 02 148 + 1 −1 10 + 1 −1 

−0 .89 + 0 . 02 
−0 . 02 246 + 3 −3 45 + 4 −3 

−0 .43 + 0 . 05 
−0 . 06 320 + 3 −3 24 + 5 −4 

−0 .41 + 0 . 06 
−0 . 07 357 + 2 −3 14 + 2 −2 

Abell 2390 CO(1-0) −0 .15 + 0 . 02 
−0 . 03 128 + 2 −2 20 + 3 −3 

−0 .015 + 0 . 02 
−0 . 02 190 + 5 −4 50 + 5 −4 

CO(2-1) 0 .25 + 0 . 02 
−0 . 02 −140 + 20 

−20 330 + 30 
−30 

−0 .74 + 0 . 04 
−0 . 03 147 + 4 −4 45 + 2 −2 

Table 4 – continued 

Source Line A v cen σ

(km s −1 ) (km s −1 ) 

−0 .62 + 0 . 02 
−0 . 02 275 + 5 −5 62 + 4 −4 

HCN(2-1) −0 .81 + 0 . 02 
−0 . 02 145 + 2 −2 45 + 2 −2 

−0 .44 + 0 . 02 
−0 . 02 283 + 4 −4 45 + 4 −4 

HCO 

+ (2-1) −0 .86 + 0 . 05 
−0 . 05 126 + 5 −5 52 + 3 −3 

−0 .78 + 0 . 03 
−0 . 03 260 + 7 −7 65 + 5 −5 

RXCJ0439.0 + 0520 CO(1-0) −0 .040 + 0 . 002 
−0 . 002 34 + 3 −3 54 + 3 −3 

CO(2-1) 0 .031 + 0 . 002 
−0 . 002 300 + 80 

−70 430 + 120 
−100 

−0 .11 + 0 . 01 
−0 . 01 22 + 3 −3 62 + 3 −3 

−0 .15 + 0 . 01 
−0 . 01 550 + 1 −1 16 + 1 −1 

CN(2-1) −0 .13 + 0 . 02 
−0 . 02 64 + 1 −1 7.4 + 1 −1 

−0 .17 + 0 . 02 
−0 . 02 553 + 1 −1 9.8 + 1 −1 

HCN(2-1) −0 .04 + 0 . 01 
−0 . 01 66 + 2 −2 13 + 2 −2 

−0 .16 + 0 . 01 
−0 . 01 554 + 2 −2 14 + 2 −2 

HCO 

+ (2-1) −0 .07 + 0 . 01 
−0 . 01 66 + 1 −1 18 + 1 −1 

−0 .09 + 0 . 01 
−0 . 01 551 + 1 −1 19 + 1 −1 

Abell 1644 CO(1-0) 0 .032 + 0 . 002 
−0 . 002 −6 + 12 

−11 110 + −
−0 .033 + 0 . 004 

−0 . 004 −9 + 3 −3 17 + 3 −2 

CO(2-1) −0 .13 + 0 . 01 
−0 . 01 −58 + 5 −5 32 + 3 −3 

−0 .40 + 0 . 03 
−0 . 03 −19 + 1 −1 2.4 + 0 . 3 −0 . 3 

−0 .25 + 0 . 03 
−0 . 03 −7 + 2 −1 1.6 + 0 . 3 −0 . 2 

−0 .63 + 0 . 03 
−0 . 03 1 + 2 −3 14 + 2 −1 

−0 .06 + 0 . 01 
−0 . 01 115 + 5 −5 37 + 5 −5 

CN(2-1) −0 .24 + 0 . 02 
−0 . 02 −73 + 2 −2 10 + 1 −1 

−0 .81 + 0 . 05 
−0 . 05 −6 + 3 −3 21 + 3 −2 

−0 .12 + 0 . 04 
−0 . 04 110 + 7 −7 98 + 12 

−11 

CS(5-4) −0 .32 + 0 . 01 
−0 . 01 −4 + 1 −1 14 + 1 −1 

HCN(2-1) −0 .36 + 0 . 03 
−0 . 03 −74 + 3 −3 7.0 + 4 −3 

−0 .27 + 0 . 04 
−0 . 05 −31 + 4 −4 32 + 5 −4 

−0 .26 + 0 . 05 
−0 . 05 −17 + 3 −3 3 + 3 −1 

−0 .62 + 0 . 06 
−0 . 06 2 + 2 −2 16 + 4 −3 

−0 .18 + 0 . 01 
−0 . 01 111 + 5 −6 58 + 6 −6 

HCO 

+ (2-1) −0 .38 + 0 . 01 
−0 . 01 −69 + 1 −1 15 + 1 −1 

−0 .68 + 0 . 05 
−0 . 04 −18 + 3 −3 14 + 2 −2 

−0 .35 + 0 . 05 
−0 . 05 0 + 2 −2 7 + 3 −2 

−0 .53 + 0 . 06 
−0 . 06 15 + 4 −3 10 + 2 −2 

−0 .23 + 0 . 01 
−0 . 01 105 + 2 −2 56 + 4 −3 

Circinus CO(3-2) 0 .80 + 0 . 03 
−0 . 03 −16 + 3 −3 60 + 3 −3 

−0 .65 + 0 . 03 
−0 . 03 12 + 1 −1 15 + 2 −1 

HCN(4-3) 0 .97 + 0 . 02 
−0 . 02 1 + 2 −2 77 + 2 −2 

−0 .51 + 0 . 03 
−0 . 03 7 + 2 −2 28 + 2 −2 

HCO 

+ (3-2) 0 .25 + 0 . 02 
−0 . 01 −12 + 4 −4 77 + 14 

−12 

−0 .25 + 0 . 01 
−0 . 01 −1 + 3 −3 20 + 2 −1 

−0 .26 + 0 . 01 
−0 . 01 55 + 3 −3 21 + 2 −2 

−0 .07 + 0 . 01 
−0 . 01 417 + 4 −4 29 + 5 −5 

HCO 

+ (4-3) 1 .40 + 0 . 02 
−0 . 02 −5 + 2 −2 77 + 2 −1 

−0 .79 + 0 . 03 
−0 . 03 8 + 1 −1 25 + 1 −1 

NGC 4261 HCN(4-3) −0 .015 + 0 . 005 
−0 . 005 82 + 2 −1 5.9 + 3 . 7 −2 . 2 

−0 .018 + 0 . 002 
−0 . 002 104 + 14 

−7 54 + 11 
−7 

HCO 

+ (4-3) −0 .015 + 0 . 012 
−0 . 006 

+ 
− 76 + 8 −6 8 + 5 −3 

−0 .007 + 0 . 003 
−0 . 002 108 + 20 

−20 58 + 17 
−16 
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Table 4 – continued 

Source Line A v cen σ

(km s −1 ) (km s −1 ) 

NGC 5044 CO(2-1) −0 .18 + 0 . 03 
−0 . 03 283 + 1 −1 6.0 + 1 . 3 −1 . 1 

HCN(2-1) −0 .24 + 0 . 01 
−0 . 01 281 + 1 −1 6.3 + 0 . 7 −0 . 6 

HCO 

+ (2-1) −0 .29 + 0 . 01 
−0 . 01 281 + 1 −1 8.4 + 0 . 6 −0 . 5 

NGC 1052 CO(1-0) −0 .066 + 0 . 011 
−0 . 010 18 + 17 

−17 43 + 9 −8 

−0 .049 + 0 . 012 
−0 . 012 121 + 20 

−31 39 + 11 
−9 

CO(2-1) −0 .027 + 0 . 04 
−0 . 04 −93 + 7 −7 29 + 7 −6 

−0 .073 + 0 . 03 
−0 . 03 66 + 4 −4 68 + 4 −4 

HCN(1-0) −0 .010 + 0 . 001 
−0 . 001 33 + 20 

−18 100 + 20 
−13 

−0 .018 + 0 . 002 
−0 . 002 117 + 4 −3 15 + 6 −2 

−0 .025 + 0 . 002 
−0 . 002 190 + 3 −2 25 + 5 −3 

IC 4296 CO(2-1) −0 .19 + 0 . 01 
−0 . 02 −39 + 1 −1 6.3 + 0 . 7 −0 . 6 

−0 .70 + 0 . 01 
−0 . 01 −12 + 1 −1 8.1 + 0 . 3 −0 . 2 
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Table 5. The RMS noise per channel and channel width of the ALMA spectra 
presented in this paper. These spectra are extracted from an approximately 
beam sized region centred on the continuum. 

Source Line RMS noise Channel width 
(mJy beam 

−1 ) (km s −1 ) 

NGC 6868 CO(1-0) 0 .40 1 .3 
CO(2-1) 1 .44 0 .6 
CN(2-1) 0 .79 0 .4 

HCN(2-1) 1 .01 0 .8 
HCO 

+ (2-1) 0 .57 0 .8 
Abell S555 CO(1-0) 0 .36 1 .4 

CO(2-1) 1 .28 0 .7 
CN(2-1) 1 .20 0 .7 

HCN(2-1) 1 .09 0 .9 
HCO 

+ (2-1) 1 .16 0 .9 
Hydra-A CO(1-0) 0 .77 1 .4 

CO(2-1) 1 .15 0 .4 
CN(2-1) 0 .57 0 .7 

HCN(2-1) 0 .49 0 .5 
HCO 

+ (2-1) 0 .46 0 .5 
Abell 2597 CO(2-1) 0 .18 4 .3 

HCN(2-1) 0 .53 1 .0 
HCO 

+ (2-1) 0 .60 1 .0 
Abell 2390 CO(1-0) 0 .22 1 .9 

CO(2-1) 0 .82 1 .0 
HCN(2-1) 0 .51 1 .2 

HCO 

+ (2-1) 0 .56 1 .2 
RXCJ0439.0 + 0520 CO(1-0) 0 .59 1 .9 

CO(2-1) 0 .25 0 .9 
CN(2-1) 0 .87 0 .9 

HCN(2-1) 0 .87 1 .2 
HCO 

+ (2-1) 1 .03 1 .2 
Abell 1644 CO(1-0) 0 .48 1 .4 

CO(2-1) 1 .13 0 .7 
CN(2-1) 1 .0 0 .7 
CS(5-4) 1 .03 0 .7 

HCN(2-1) 0 .85 0 .9 
HCO 

+ (2-1) 0 .87 0 .9 
Circinus CO(3-2) 1 .6 0 .9 

HCN(4-3) 2 .2 0 .8 
HCO 

+ (3-2) 0 .65 1 .1 
HCO 

+ (4-3) 2 .3 0 .8 
NGC 4261 CO(2-1) 0 .53 5 .1 

CO(3-2) 0 .38 13 .7 
HCN(4-3) 0 .47 13 .2 

HCO 

+ (4-3) 0 .38 13 .2 
NGC 5044 CO(2-1) 0 .78 1 .3 

HCN(2-1) 0 .71 0 .8 
HCO 

+ (2-1) 0 .81 0 .8 
NGC 1052 CO(1-0) 1 .72 15 .3 

CO(2-1) 0 .48 20 .2 
HCN(2-1) 1 .74 20 .2 

IC 4296 CO(2-1) 0 .43 1 .3 
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.3 Molecular mass estimates 

he molecular mass associated with CO emission can be estimated
sing the following relation from Bolatto, Wolfire & Leroy ( 2013 ): 

 mol = 

1 . 05 × 10 4 

F ul 

( 

X CO 

2 × 10 20 cm 

−2 

K km s −1 

) (
1 

1 + z 

)

×
(

S CO 	v 

Jy km s −1 

)(
D L 

Mpc 

)2 

M �, (5) 

here M mol is the mass of molecular hydrogen, X CO is a CO-
o-H 2 con version factor , z is the source’s redshift, S CO 	v is the
mission integral, and D L is the luminosity distance in Mpc. F ul is
n approximate conversion factor for the expected flux density ratios
f the CO(1-0) and CO(2-1) lines, where u and l represent the upper
nd lower lev els. F or CO(1-0), F 10 = 1 and for CO(2-1), we adopt a
alue of F 21 = 3 . 2 from Braine & Combes ( 1992 ), which has been
sed by similar studies (e.g. David et al. 2014 ; Tremblay et al. 2016 ;
ose et al. 2019b ). Ho we ver, F ul is a major source of uncertainty,
ith lo wer v alues of 2.32 reported by Oca ̃ na Flaquer et al. ( 2010 )

nd Ruffa et al. ( 2019 ) and a value of 2.14 by Ruffa et al. ( 2022 ). 
To ensure our mass estimates are comparable with similar studies,

e use the standard Milky Way CO-to-H 2 conversion factor of X CO =
 × 10 20 cm 

−2 (K km s −1 ) −1 in our calculations. Ho we ver, this is
nother considerable source of uncertainty. In the brightest cluster
alaxy RXJ0821 + 0752 for example, Vantyghem et al. ( 2017 ) use
3 CO emission to constrain the conversion factor and find it to be
oughly half of the Galactic value. 

The molecular mass we find for each source within the region
hown on each integrated flux map is given in Table 3 . In NGC
261, we find a mass of 2 . 1 ± 0 . 3 × 10 7 M �. This is similar to the
 . 6 ± 0 . 4 × 10 7 M � found by Ruffa et al. ( 2023 ) when using F 21 =
 . 14 and X CO = 2 × 10 20 cm 

−2 (K km s −1 ) −1 , but is higher than
he 1 . 1 × 10 7 M � found by Boizelle et al. ( 2021 ) with F 21 = 0 . 7 and
 CO = 3 . 1 × 10 20 cm 

−2 (K km s −1 ) −1 . 

 DISCUSSION  

.1 Velocity distribution of molecular absorption lines –
vidence of cold gas inflow 

n Fig. 14 , we use the best-fitting central velocities to show his-
ograms of the absorption line velocities for the galaxies shown
NRAS 533, 771–794 (2024) 
n Figs 1 –13 . The top panel shows all intrinsically absorbing
ystems known to us with complementary high-resolution molec-
lar emission-line observations. In the middle panel, we show the
bsorption regions found in galaxies possessing a molecular disc
ith an inclination angle of 45 ◦ < i ≤ 90 ◦ (where i = 90 ◦ equates

o an edge-on disc). In the lower panel, we show those which have
o such disc. When making these histograms, we use the molecular
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Table 6. Flux density ratios and the implied excitation temperatures. 
RXCJ0439.0 + 0520 has two clearly disconnected absorption features suffi- 
ciently strong in both spectra to calculate individual excitation temperatures 
(the first values given are for the absorption feature at the systemic velocity). 
1 For Hydra-A, we estimate the excitation temperature from the higher 
sensitivity HCO 

+ (2-1) and (1-0) observations (Rose et al. 2020 ). 

∫ 
τ21 dv ∫ 
τ10 dv 

T ex (K) 

NGC 6868 7.1 + 1 . 8 −1 . 8 −15 + 4 −15 

Abell S555 9.5 + 0 . 8 −0 . 8 −10.0 + 0 . 9 −1 . 1 

Hydra-A 3.3 + 0 . 2 −0 . 3 
1 11 . 1 + 1 . 4 −1 . 3 

Abell 2390 10.7 + 1 . 7 −1 . 4 −8.9 + 1 . 1 −1 . 4 

RXCJ0439.0 + 0520 3.4 + 0 . 3 −0 . 3 , 10.6 + 1 . 3 −1 . 2 48 + 44 
−16 , −9.2 + 0 . 9 −1 . 3 

Abell 1644 37 + 17 
−9 −4.1 + 0 . 5 −0 . 5 

Abell 2597 > 5 –

NGC 5044 > 2 –

NGC 1052 1.2 + 0 . 1 −0 . 1 5.9 + 0 . 5 −0 . 5 

s
T

d  

p
b  

a
r  

a
e
d

d
a
a
m  

i  

v

s
i
c  

t
t
o
w  

s  

v
g

4

W  

t
w

1

H
1
H
–

a
l
e  

c
 

t  

o  

k
b

e  

c  

t  

1  

2  

t  

a
w
s  

T  

k  

n
 

c  

o  

e  

t
t
s  

o  

t  

m  

b  

a
h  

o

d
w  

f  

1  

d
m
i

r  

M  

1  

b  

e
h  

t

o  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/1/771/7723693 by guest on 20 August 2024
pecies in which each source’s absorption lines are best resolved. 
his is typically HCO 

+ , but is sometimes another species. 1 

In the top panel, around two-thirds of the absorption regions 
etected are evenly distributed within 100 km s −1 of the zero velocity
oint. The remaining third are spread across a redshifted wing 
etween 100 and 550 km s −1 . The distribution of velocities is
symmetric, with the equally blueshifted side lacking any absorption 
e gions. F or edge-on or close to edge-on molecular discs, the
bsorption regions are spread symmetrically about 0 km s −1 . When 
xcluding sources with an edge-on or close to edge-on molecular 
isc, the bias for redshifted absorption is particularly strong. 
Due to the way absorption lines are formed, each gas cloud’s 

irection of motion with respect to the nucleus is known without 
mbiguity – since an absorbing cloud must lie between the observer 
nd the continuum, redshift (i.e. a positiv e v elocity) indicates 
o v ement towards the galaxy centre. The only exception to this

s when the relativ e v elocity is near zero and comparable to the
elocity error, typically 10–30 km s −1 . 

The high degree of asymmetry in Fig. 14 therefore provides 
trong evidence of molecular gas migrating towards galaxy centres 
n significant quantities, particularly when excluding edge-on and 
lose to edge-on discs. In Fig. 15 , we also show the infall velocity of
he absorption regions versus the velocity dispersion, as found from 

he Gaussian fitting procedure. This shows two distinct populations 
f molecular clouds. In discs, we see narrow absorption features 
ith no net mo v ement towards the galaxy centre. Where our line of

ight does not pass through a disc, the absorption is caused by high
elocity dispersion clouds. Most of these are moving towards the 
alactic centre along the line of sight at hundreds of km s −1 . 

.2 The location of absorbing molecular clouds 

ith the velocity distribution shown in Fig. 14 , it is interesting
o consider the different regions and environments within a galaxy 
here absorbing molecular clouds may lie, and how this would 
 For each galaxy, we use NGC6868 – HCO 

+ (2-1), Abell S555 – HCO 

+ (2-1), 
ydra-A – HCO 

+ (2-1), Abell 2597 – HCO 

+ (2-1), Abell 2390 – HCO 

+ (2- 
), RXCJ0439.0 + 0520 – HCO 

+ (2-1), Abell 1644 – HCO 

+ (2-1), Circinus –
CO 

+ (3-2), NGC 4261 – HCO 

+ (4-3), NGC 5044 – HCO 

+ (2-1), NGC 1052 
HCN(1-0), IC 4296 – CO(2-1), Centaurus-A – HCN(2-1). 

p  

a  

o  

o
A  

b  

i  
ffect their properties. This is particularly important given that we 
ack information regarding their proximity to their galaxy’s centre, 
ven if we know their RA, Dec., and line-of-sight velocity with
ertainty. 

In Fig. 16 we show a simplified bird’s eye view of our line of sight
o a galaxy with an edge-on disc of molecular gas. Perhaps the most
b vious re gion in which clouds may lie is within the large, typically
pc scale distribution of molecular gas (which will not necessarily 
e a disc). We label this as region 1. 
These kpc gas distributions are normally studied in ensemble via 

mission. Ho we ver, in the Milky Way it is possible to study molecular
louds via emission on smaller mass scales due to their proximity. In
he Galaxy, cold gas tends to be clumpy and assembled into clouds of
0s to 1000s of solar masses (Roman-Duval et al. 2010 ; Gong et al.
016 ). There is also no known net flow of gas towards or away from
he galaxy centre, and any orbital velocities will be perpendicular, or
lmost perpendicular, to our line of sight. These properties, combined 
ith their relatively stable environment, give the clouds low line-of- 

ight velocities and velocity dispersions of a few km s −1 or less.
herefore, if the clouds we detect via absorption are from similar
pc scale distributions of molecular gas, they are likely to produce
arrow absorption features with low line-of-sight velocities. 
For a kpc distribution of gas, the probability of its constituent

louds aligning with the continuum is heavily dependent on our line
f sight. The probability will be maximized for an edge on disc
.g. Hydra-A. In this case, any change in inclination will reduce
he line-of-sight column density of molecular gas and thus reduce 
he chance of a cloud-continuum alignment. Therefore, when we 
how the absorption regions detected in edge-on or close to edge-
n discs in the central panels of Figs 14 and 15 , the probability
hat the absorption has arisen from gas within each galaxy’s disc is

aximized. As a result of this, there is likely to be a strong correlation
etween the inclination angle of a molecular disc and the number of
bsorbing clouds of this type – with edge-on discs like Hydra-A 

aving the most absorbing clouds. It will likely be rare for face-on
r close to face-on molecular discs to have this type of absorption. 
Molecular absorption may also originate from a circumnuclear 

isc – a fast-rotating structure largely composed of gas and dust, 
hich orbits the central supermassive black hole, and is typically a

ew pc to a few tens of pc in size. This region is labelled as ‘2’ in Fig.
6 . Although this region is of much lower mass than the galaxy-wide
istribution of molecular gas, its proximity to the continuum source 
eans an individual cloud’s chance of aligning with the continuum 

s higher. 
The circumnuclear disc is a highly energetic region which sur- 

ounds an AGN, and is composed of molecular and atomic gas. In the
ilky Way for example, the circumnuclear disc has an inner radius of

.5 pc and extends out to around 7 pc, comparable to the supermassive
lack hole’s sphere of influence (Oka et al. 2011 ). Due to the highly
nergetic nature of this region, its molecular clouds would likely 
ave a high velocity dispersion, which would be imprinted on to
heir molecular absorption lines. 

A galaxy’s circumnuclear disc is also typically composed of gas 
n elliptical orbits (Izumi et al. 2023 ; Solanki et al. 2023 ). If these
re aligned such that neither the semimajor or semiminor axes are
arallel to the line of sight, an apparent line-of-sight velocity can
rise. In this way, elliptical orbits may induce a line-of-sight velocity
f up to 200 km s −1 (Rose et al. 2024 ). Ho we ver, the orientation
f the orbit will rarely maximize the apparent line-of-sight velocity. 
dditionally, an inclination of the elliptical orbit will reduce it further
y a factor of sin i. Therefore, the red and blueshifted velocities
nduced by this will typically be 100 km s −1 or less. Importantly,
MNRAS 533, 771–794 (2024) 
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Table 7. Column densities estimated at 5 K. The temperature used to calculate the column densities is the dominant uncertainty, so we do not give errors 
below. 

Absorption column density/cm 

−2 

CO CO CN HCN HCO 

+ HCN HCO 

+ 

Source (1-0) (2-1) (2-1) (2-1) (2-1) (4-3) (4-3) 

NGC 6868 1 × 10 16 1 × 10 17 1 × 10 15 1 × 10 14 1 × 10 14 – –

Abell S555 (absorption at ≈180 km s −1 ) – 6 × 10 15 3 × 10 14 8 × 10 13 8 × 10 13 – –

Abell S555 (absorption at ≈270 km s −1 ) 6 × 10 15 9 × 10 16 6 × 10 14 1 × 10 14 2 × 10 14 – –

Hydra-A 4 × 10 15 2 × 10 16 1 × 10 14 3 × 10 13 6 × 10 13 – –

Abell 2597 – 7 × 10 16 – 8 × 10 14 1 × 10 15 – –

Abell 2390 6 × 10 16 1 × 10 18 – 1 × 10 15 2 × 10 15 – –

RXCJ0439.0 + 0520 (absorption at ≈40 km s −1 ) 1 × 10 16 4 × 10 16 6 × 10 13 5 × 10 12 1 × 10 13 – –

RXCJ0439.0 + 0520 (absorption at ≈550 km s −1 ) 1 × 10 16 1 × 10 16 1 × 10 14 2 × 10 13 1 × 10 13 – –

Abell 1664 – 1 × 10 17 3 × 10 15 6 × 10 14 5 × 10 14 – –

Circinus a – – – – – 2 × 10 14 5 × 10 14 

NGC 4261 – – – – – 1 × 10 13 4 × 10 12 

NGC 5044 – 8 × 10 15 – 1 × 10 13 2 × 10 13 – –

NGC 1052 2 × 10 16 3 × 10 16 – – – – –

IC 4296 – 1 × 10 17 – – – – –

a Circinus also has a CO(3-2) column density of 1 × 10 17 /cm 

−2 . 

Figure 14. Upper : the velocities of all intrinsic molecular absorption regions detected (known to the authors) with complementary high-resolution molecular 
emission observations. The bias for positive velocities implies movement of the absorbing molecular gas towards the galaxy centres. Each galaxy’s systemic 
velocity has an error of 30 km s −1 or less. Hydra-A has exceptionally high-quality data, with 12 individually resolved absorption regions. To ensure a fair 
comparison, for this source we show the number of individually resolved absorption regions after smoothing to 5 km s −1 spectral bins. Middle : same as abo v e, 
but only for galaxies with a disc of molecular gas inclined at 45 ◦ < i ≤ 90 ◦ (i.e. edge-on or close to edge-on). All absorption regions here are narrow ( σ< 9km s −1 ), 
except one in each of NGC 6868 and Centaurus-A. Lower: same as upper, but excluding galaxies with a disc of molecular gas inclined at 45 ◦ < i ≤ 90 ◦. 
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Figure 15. The infall velocity of molecular clouds versus their velocity 
dispersion, using the molecular line in which each system’s absorption is 
best detected. In the top plot, we show the absorption regions detected in all 
sources. In the middle, we show those detected in molecular discs inclined 
at 45 ◦ < i ≤ 90 ◦ (i.e. edge-on or close to edge-on). This orientation makes 
our ef fecti ve line of sight through the disc as high as possible, maximizing 
the likelihood of absorption from its molecular clouds. At the bottom, we 
show absorption regions from galaxies which do not have a molecular disc 
inclined at 45 ◦ < i ≤ 90 ◦. In these cases, there is a strong bias for redshifted 
absorption with high velocity dispersions. The grey band indicates the typical 
uncertainty in the recession velocity of each source (see Table 2 ). 
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Figure 16. A bird’s eye view of our line of sight to the radio continuum of an 
edge-on disc galaxy. Gas clouds producing molecular absorption lines may be 
classified as coming from three regions, as labelled above. Clouds from region 
1 lie within the galaxy’s kpc distribution of molecular gas, which is readily 
visible via molecular emission. Region 2 clouds are within the circumnuclear 
disc surrounding the supermassive black hole. The elliptical nature of these 
orbits can induce small red and blueshifted line-of-sight velocities. Clouds 
from region 3 originate from the circumnuclear disc and are likely falling 
towards the galaxy centre. This may be due to cloud-cloud collisions which 
have caused them to lose angular momentum. If the line of sight changes 
such that the galactic disc is no longer seen edge-on, the relative probability 
of absorption coming from regions 2 and 3 increases. 
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he apparent line-of-sight velocities from this effect have an equal 
robability of being red or blueshifted, since the sign of the velocity
imply depends on the observed direction of rotation. Therefore, the 
luster of absorption regions in the lower panels of Figs 14 and 15 ,
hich have a roughly symmetric distribution of velocities between 
100 and 100 km s −1 , are likely to be from this region. 
Numerical simulations suggest that a fraction of a galaxy’s 
olecular gas exists, at least in part, as a population of relatively

mall clouds within radii of a few tens to hundred of parsecs
Pizzolato & Soker 2005 ; Gaspari, Brighenti & Temi 2015 ; Gaspari
t al. 2018 ). These clouds are expected to undergo inelastic collisions, 
eading to angular momentum loss and their funnelling towards 
he central supermassive black hole, ev entually pro viding it with
uel (Vollmer, Beckert & Duschl 2004 ). For regions with a high
elocity dispersion like the circumnuclear disc, these cloud–cloud 
ollisions are particularly likely. Therefore, regions 2 and 3 of Fig.
6 may be composed of clouds originating from the circumnuclear 
isc, which have undergone collisions and are migrating towards the 
upermassive black hole. Therefore, absorption from this region may 
e expected to be have a wide velocity dispersion, as well as being
edshifted. To estimate the possible speeds these clouds may attain, 
e can consider them to be in freefall. If all the lost gravitational
otential energy is converted to kinetic energy, then 

 = 

[
2G M 

(
1 

r 1 
− 1 

r 0 

)]0 . 5 

, (6) 

here v is the cloud velocity after falling from stationary at a height
 0 to r 1 towards a mass M . 

The exact radii at which clouds will begin to fall is uncertain.
o we ver, we can make estimates based on the size of the circum-
uclear disc detected in Circinus. At the centre of the galaxy, Izumi
t al. ( 2023 ) infer the presence of a 1 . 7 × 10 6 M � supermassive
lack hole (plus a molecular mass one order of magnitude lower).
f freefalling from 2 to 1 pc, a velocity of 90 km s −1 is reached. At
.5 pc, the velocity reaches 150 km s −1 . A velocity matching that of
he 420 km s −1 HCO 

+ (3-2) absorption feature would be reached at a
adius of 0.09 pc (1 . 9 × 10 4 au). 

The clusters in our sample with the more massive central galaxies
.g. Abell 2390 and Abell 2597 have black hole masses around
hree orders of magnitude higher than Circinus. Depending on the 
ize of the circumnuclear discs, infall may therefore be considerably 
aster. 
MNRAS 533, 771–794 (2024) 
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M

Figure 17. For a background continuum whose size varies with frequency, the relative strengths of optically thin absorption from different molecular lines may 
be influenced by how the cloud is positioned relative to the line of sight. Here we show the line of sight to the 115 GHz continuum in yellow, and the more 
compact 230 GHz continuum in orange. For the alignment on the left, our line of sight passes through no CO(2-1) thick gas, giving a low CO(2-1)/CO(1-0) 
ratio. For the alignment on the right, the line of sight to the 230 GHz continuum passes through a considerable column density of CO(2-1) thick gas, giving a 
high CO(2-1)/CO(1-0) ratio. 
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.3 The fate of infalling molecular clouds 

igs 14 and 15 represent convincing evidence of cold molecular
as flowing into galactic centres at hundreds of km s −1 . Ho we ver,
he infall of these clouds may not be modelled well by freefall.
nstead, with some initial angular momentum, they are likely to
nter stable elliptical orbits rather than falling directly on to the
upermassive black hole and providing the AGN with fuel. The radii
f these stable orbits is likely extremely low, and probably sub-
arsec. At this proximity to the galaxy centre, the molecular gas is
ikely to rapidly change into an atomic and/or ionized phase. The wide
elocity dispersion of the H I gas in Abell 2597 and Abell 2390 (Figs 4
nd 5 ) may be a manifestation of this effect, with the outer layers of
he infalling clouds being e v aporated and their velocity dispersion
ncreasing. Ultimately, a fraction of the gas we see migrating towards
he galactic centres may contribute to the fuelling of the AGN, with
he rest likely to be ejected by radio jets and lobes in what are often
een as molecular outflows (e.g. Morganti et al. 2015 ; Ruffa et al.
022 ; Papachristou et al. 2023 ) and ionized outflows (e.g. Harrison
t al. 2018 ; Choi et al. 2020 ; Laha et al. 2021 ; Singha et al. 2021 ). 

.4 Cloud structure 

he breakdown in our excitation temperature calculations of Section
.1 and the resulting ne gativ e temperatures imply a false premise
n our assumptions of thermodynamic equilibrium, homogeneous
louds, and a continuum source which does not change in size with
requency. Ho we ver, we ruled out a lack of non-local thermodynamic
quilibrium as the cause because its effect is too small. Instead,
NRAS 533, 771–794 (2024) 
 continuum that changes in size with frequency, combined with
he hierarchical structure of the molecular clouds, could explain the
therwise impossible CO(2-1)/CO(1-0) molecular line ratios. 
Molecular gas concentrations are predicted to have a hierarchical

tructure. This consists of dense, star-forming cores up to 0.1 pc in
iameter, ∼ 0 . 1 pc wide filaments, ∼ 1 pc wide clumps, and ∼ 1 –10-
c-sized clouds (Bergin & Tafalla 2007 ). In Fig. 17 , we show a
implified version of molecular clouds consisting of three layers:
 dense core, a medium density layer, and a lower density outer
ayer. In the lowest density layer, there are few collisions between
 2 and CO molecules. This leaves almost all CO molecules in the
round state. Therefore, only (1-0) absorption can be produced via
he promotion of molecules to the first excited state. Few molecules
ill be in other states, so absorption from higher order lines is
ot produced. The medium density layer will have more collisional
xcitation occurring between H 2 and CO molecules, making CO(2-1)
he dominant absorption line. 

Additionally, due to the 115 GHz interval in the CO(1-0) and
O(2-1) frequencies, different parts of the core may dominate at
ifferent frequencies due to spectral index variations or synchrotron
pacity effects. This would produce a continuum which is smaller at
igher frequencies. 
On the left side of Fig. 17 , we show a 230 GHz continuum

hich passes through only the most diffuse parts of the obscuring
loud. Since all the molecules are in the ground state, no CO(2-
) absorption is produced. The slightly larger 115 GHz continuum
asses through a large volume of low-density gas, leading to strong
O(1-0) absorption. The resulting CO(2-1)/CO(1-0) ratio is very

mall. 
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On the right side of Fig. 17 , we show a 230 GHz continuum
hich passes through a large volume of CO(2-1) thick gas. On 

he other hand, the volume of CO(1-0) thick gas passed through 
y the 115 GHz continuum is significantly lower than in the first
rrangement. Thus, there is a much larger v elocity-inte grated optical 
epth ratio than the limit of 4 predicted by equation ( 2 ). 
The combined effect of the molecular cloud structure and the 

arying size of the continuum source can therefore produce a 
ider range of CO(2-1)/CO(1-0) ratios than would be possible for 
omogeneous clouds which obscure a continuum whose size does not 
ary with frequency. It can also lead to apparently negative excitation 
emperatures. 

 C O N C L U S I O N S  

e present analysis of intrinsic molecular absorption lines – those 
here the background radio continuum and the gas which absorbs 

t are within the same system. Our data include many new CO, CN,
CN, and HCO 

+ absorption lines, as well as CO(2-1) emission. In
hese objects, the line’s redshift unambiguously reveals the speed 
nd direction of motion of the absorbing gas, allowing us to study its
ulk motions. Our main conclusions are as follows: 

(i) In galaxies where our line of sight passes through an edge-on 
r close to edge-on disc of molecular gas, we find low velocity
ispersion clouds (typically < 9 km s −1 ) with no net inflow our
utflow (Figs 14 and 15 ). In these respects, the clouds are similar
o those seen throughout of the Milky Way. This is to be expected,
iven that an edge-on alignment maximizes our ef fecti ve line of
ight through the galaxy’s disc. Therefore, the chance of the disc’s
olecular clouds aligning with the continuum and causing absorption 

s maximized. 
(ii) When excluding discs, we find that absorption regions have 

ignificantly different properties. They have wide velocity disper- 
ions (typically > 9 km s −1 ), and in terms of their line-of-sight
elocities, appear to split into two groups. One has red and blueshifted 
ine-of-sight velocities between −100 and 100 km s −1 . We argue that
hese clouds are likely within the circumnuclear disc surrounding 
he AGNs and that their small line-of-sight velocities are a result
f elliptical orbits about the galaxy centre (Fig. 16 ). A second
roup has line-of-sight velocities of around 100–550 km s −1 , with no
lueshifted counterpart. These e xclusiv ely positiv e v elocities imply 
he bulk mo v ement of molecular gas towards the galaxy centre. We
nterpret this as evidence of cold accretion on to the galactic centres,
hich is likely to contribute to AGN fuelling. 
(iii) We find a wide range in the CO(2-1)/CO(1-0) ratios of the 

bsorption regions. In around half of cases, the ratio implies a non-
h ysical neg ative excitation temperature. We show that the high 
O(2-1)/CO(1-0) ratios can be explained by variation in the structure 
f the continuum source with frequency, combined with substructure 
n the molecular clouds. 
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