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ABSTRACT
Cold neutral gas is a key ingredient for growing the stellar and central black hole mass
in galaxies throughout cosmic history. We have used the Atacama Large Millimetre Array
to detect a rare example of redshifted 12CO (2–1) absorption in PKS B1740–517, a young
(t ∼ 1.6 × 103 yr) and luminous (L5 GHz ≈ 6.6 × 1043 erg s−1) radio galaxy at z = 0.44 that
is undergoing a tidal interaction with at least one lower mass companion. The coincident H I

21-cm and molecular absorption have very similar line profiles and reveal a reservoir of cold
gas (Mgas ∼ 107−108 M�), likely distributed in a disc or ring within a few kiloparsecs of
the nucleus. A separate H I component is kinematically distinct and has a very narrow line
width (�vFWHM � 5 km s−1), consistent with a single diffuse cloud of cold (Tk ∼ 100 K)
atomic gas. The 12CO (2–1) absorption is not associated with this component, which suggests
that the cloud is either much smaller than 100 pc along our sight line and/or located in low-
metallicity gas that was possibly tidally stripped from the companion. We argue that the gas
reservoir in PKS B1740–517 may have accreted on to the host galaxy ∼ 50 Myr before the
young radio AGN was triggered, but has only recently reached the nucleus. This is consistent
with the paradigm that powerful luminous radio galaxies are triggered by minor mergers and
interactions with low-mass satellites and represent a brief, possibly recurrent, active phase in
the life cycle of massive early-type galaxies.

Key words: galaxies: evolution – galaxies: high redshift – galaxies: ISM – galaxies: struc-
ture – radio lines: galaxies.

1 IN T RO D U C T I O N

It is now well established that supermassive black hole (SMBH)
mass in galaxies is strongly correlated with the properties of their

� E-mail: jallison.astro@gmail.com

stellar bulge, namely velocity dispersion, luminosity, and mass (see
Kormendy & Ho 2013 for a review). This correlation implies that
the evolution of massive galaxies is physically connected to the
growth of their SMBH. However, given the disparate scales of the
sphere of influence of the SMBH (∼1 pc) and the stellar bulge of a
massive galaxy (∼1 kpc), the exact physical mechanisms building
such a relationship are not yet clear. Models invoke both negative

C© 2018 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/482/3/2934/5144222 by U
niversity of W

estern Australia user on 24 M
arch 2021

http://orcid.org/0000-0003-0436-4680
http://orcid.org/0000-0002-3005-9738
http://orcid.org/0000-0002-1136-2555
http://orcid.org/0000-0003-0436-4680
http://orcid.org/0000-0003-2983-815X
http://orcid.org/0000-0003-3021-8564
http://orcid.org/0000-0002-9482-6844
http://orcid.org/0000-0002-6243-7879
mailto:jallison.astro@gmail.com


Cold gas feeding a young radio galaxy 2935

(Silk & Rees 1998; Fabian 1999; King 2003) and positive feedback
from the SMBH (e.g. Ishibashi & Fabian 2012; Silk 2013), during
a particularly active phase known as quasar-mode feedback, or reg-
ulation of SMBH growth by the stellar bulge itself (e.g. Umemura
2001). Alternatively, such a tight correlation between bulge size
and SMBH may simply arise indirectly as a natural consequence
of several major galaxy mergers averaged overtime (e.g. Jahnke &
Macciò 2011).

It is clear that a ready supply of cold gas (kinetic temperature
Tk � 104 K) is a common factor driving both stellar mass and
SMBH growth in massive galaxies. At low to intermediate red-
shifts, the most radiatively efficient active galactic nuclei (AGN),
with high accretion rates (Lbol � 0.01 LEdd),1 are typically hosted
by star-forming galaxies with a central young stellar population
and ample cold gas reservoirs (e.g. Kauffmann et al. 2003, 2007;
Kauffmann & Heckman 2009; LaMassa et al. 2013). This class of
luminous AGN has a rapidly evolving volume density, which mir-
rors that of the global star formation rate (e.g. Ueda et al. 2003;
Shankar, Weinberg & Miralda-Escudé 2009). In contrast, AGN that
are radiatively inefficient (i.e. Lbol � 0.01 LEdd), but emit synchro-
ton radiation at radio wavelengths, are typically hosted by higher
mass passive galaxies that are globally poor in neutral gas (e.g.
Best & Heckman 2012; see Heckman & Best 2014 for a review).
Regular mechanical feedback from their radio jets (i.e. radio mode
feedback) is thought to regulate the cooling of gas from the halo on
to these massive galaxies and is an important factor in quenching
further growth (e.g. Nulsen & Fabian 2000; Croton et al. 2006). At
higher redshifts (z > 1.5), there is evidence for a reversal in the
stellar masses of these two populations, consistent with downsizing
of SMBH growth over cosmic time (Delvecchio et al. 2017).

Although this two-flavour model elegantly explains the observed
duality of the AGN population, and the role of SMBHs in galaxy
evolution, the detailed mechanics of how the gas reaches the nucleus
are not yet well determined from observation. In the case of radia-
tively efficient AGN (i.e. Seyferts, high excitation radio galaxies,
and quasars), the cold gas is thought to originate from an existing
cold reservoir and loses angular momentum through secular pro-
cesses and merger events (e.g. Hopkins & Hernquist 2006; Hopkins
et al. 2008). For radiatively inefficient AGN (i.e. LINERS and low-
excitation radio galaxies), the mechanism by which gas reaches the
centre of the galaxy is less clear. The simplest model that reproduces
the observed correlation between accretion rate and radio jet power
(e.g. Allen et al. 2006; Hardcastle, Evans & Croston 2007, see also
Russell et al. 2013) is that the galactic halo supplies the AGN with
hot gas via Bondi accretion (Bondi 1952). However, this simplified
model assumes spherical symmetry of the accreting material and
negligible angular momentum. A more plausible scenario predicted
by recent hydrodynamic simulations is that cool gas clouds con-
dense out of the hot halo as a result of turbulence, which in turn
is regulated by heating from the radio jets, and lose their angular
momentum through collisions close to the Bondi radius (e.g. Gas-
pari, Ruszkowski & Oh 2013; Li & Bryan 2014). Direct evidence
for this chaotic cold accretion is seen both from filamentary gas
structures in well-resolved nearby cool-core clusters (e.g. Salomé
et al. 2006; Lim, Ao & Dinh-V-Trung 2008; McNamara et al., 2014;

1Lbol is the total bolometric luminosity of the AGN and LEdd is the Ed-

dington luminosity limit, defined as LEdd = 4πGmpc

σT
MSMBH; where G is

the gravitational constant, mp is the proton mass, c is the speed of light in
vacuum, σ T is the electron Thomson scattering cross-section, and MSMBH

is the SMBH mass.

Russell et al., 2016) and inward radial motion of individual atomic
and molecular gas clouds seen in absorption towards radio AGN
(e.g. David et al. 2014; Maccagni et al. 2014; Tremblay et al. 2016;
Maccagni et al. 2018).

The most luminous and strongly accreting AGN are thought to
be triggered by interactions between galaxies, which efficiently re-
move angular momentum from the cold gas and funnel it towards
the nucleus (e.g. Sanders et al. 1988; Hopkins et al. 2008; Ellison
et al. 2011), briefly, but significantly, elevating the activity above
that generated by stochastic accretion of the gas. While major merg-
ers between gas-rich massive galaxies are thought to trigger quasars
and drive the formation of massive spheroids throughout the history
of the Universe (e.g. Treister et al. 2012), minor mergers and inter-
actions (with a mass ratio greater than 3) can also trigger efficient
AGN accretion in otherwise passive galaxies. Nearby powerful radio
galaxies that are not in the centres of massive cool-core clusters are
typically associated with an ongoing minor merger or interaction,
indicating that the gas is efficiently accreted through tidal stripping
(Ramos Almeida et al. 2011, 2012). Direct evidence of ongoing star
formation and radio AGN activity triggered by a minor interaction
has been seen in the young (t ∼ 105 yr) compact steep spectrum
(CSS) radio galaxy MRC B1221–423 (Johnston et al. 2005, 2010;
Anderson, Johnston & Hunstead 2013).

Clearly, measuring the kinematics and abundance of cold neutral
gas in the host galaxies of AGN is crucial to understanding their
prevalence and evolution throughout cosmological history. How-
ever, due to current limitations on the sensitivity and observable
bands of radio telescopes, most of our knowledge of the cold gas
associated with AGN comes from studying nearby objects. Ab-
sorption lines, which are effectively detectable at any luminosity
distance for a given population of background sources, afford us
an opportunity to extend our knowledge of the cold gas in active
galaxies beyond z ∼ 0.1 to cosmological distances. Particularly
neutral atomic hydrogen (H I), which is abundant in the interstellar
medium (ISM) and readily detectable via the 21-cm and Lyman α

lines, is an effective tracer of neutral gas in galaxies to high redshift
(see Kanekar & Briggs 2004; Morganti, Sadler & Curran 2015; and
Wolfe, Gawiser & Prochaska 2005 for reviews).

In the case of detecting the cold gas feeding radio-loud AGN
at cosmological distances (i.e. z � 0.1), there has been mixed
success (e.g. Uson, Bagri & Cornwell 1991; Carilli et al. 1998;
Moore, Carilli & Menten 1999; Ishwara-Chandra, Dwarakanath &
Anantharamaiah 2003; Vermeulen et al., 2003; Curran et al., 2011a;
Curran et al. 2013; Allison et al., 2015; Yan et al. 2016; Aditya
et al. 2017; Aditya & Kanekar 2018), due primarily to the low-
detection rates associated with luminous AGN (see e.g. Curran &
Whiting 2010) and the targeted nature of these searches driven by
limitations in usable radio bands and survey speeds of existing ra-
dio telescopes. However, new pathfinder telescopes to the planned
Square Kilometre Array (SKA) provide an exciting opportunity to
survey the cold gas in active galaxies using the 21-cm absorption
line. Recently, Allison et al. (2015; hereafter A15) and Moss et al.
(2017) successfully demonstrated this with the Australian Square
Kilometre Array Pathfinder (ASKAP; Johnston et al. 2007). The
combination of a wide instantaneous bandwidth (300 MHz), and
a band that at frequencies below 1 GHz is typically clear of radio
frequency interference (see e.g. Allison et al. 2017), enables 21-cm
line surveys to be carried out without the need for existing spec-
troscopically determined redshifts. Future wide-field 21-cm line
surveys with telescopes such as ASKAP will search for the cold gas
in thousands of radio galaxies (Maccagni et al. 2017; Morganti &
Oosterloo 2018).
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Table 1. Selected properties of PKS B1740-517 and its host galaxy.

Property Value Unit Reference

RA(J2000) 17h 44m25.s450 Fey, Gordon & Jacobs
(2009)

Dec.(J2000) −51◦44′43.′′79 Fey et al. (2009)
�θ src 52 mas King (1994)
S843 MHz 8.2 Jy Mauch et al. (2003)
W4 (22μm) 7.9 mag Wright et al. (2010)
W3 (12μm) 10.5 mag Wright et al. (2010)
W2 (4.6μm) 13.3 mag Wright et al. (2010)
W1 (3.4μm) 14.4 mag Wright et al. (2010)
Ks 15.3 mag Skrutskie et al. (2006)
R 20.8 mag Burgess & Hunstead (2006)
bJ >21.5 mag Burgess & Hunstead (2006)
z 0.4413 A15
P1.4 GHz 3.0 × 1027 W Hz −1 This work
L5 GHz 6.6 × 1043 erg s−1 This work
L12μm 5.8 × 1045 erg s−1 This work
L3.4μm 3.7 × 1044 erg s−1 This work
L[O II] λ3727

a 1.0 × 1041 erg s−1 A15
L[O III] λ5007

a 3.4 × 1041 erg s−1 A15
L2−10 keV 6.2 × 1044 erg s−1 A15
NH,X 1.2 × 1022 cm−2 A15
M∗ ∼5 × 1010 M� This work

acorrected for Galactic extinction (Av ≈ 0.66 mag; Schlegel, Finkbeiner &
Davis 1998).

In this paper, we present results from observations with the Ata-
cama Large Millimetre Array (ALMA) of PKS B1740–517, a com-
pact (�dsrc ∼ 300 pc) GHz-peaked-spectrum (GPS) radio source
associated with a luminous AGN at a redshift of z = 0.44. A15
discovered H I absorption in the host galaxy of this source using
the ASKAP Boolardy Engineering Test Array (BETA; Hotan et al.
2014; McConnell et al. 2016). Here, we have used ALMA to search
for 12CO (2–1) emission and absorption, tracing the cold molecular
component of the neutral gas, and to provide a stronger constraint on
the high-frequency continuum and hence spectral age of the source.
We also present further ASKAP observations of the H I absorption
line, allowing us to better constrain the kinematics of the line-of-
sight atomic gas. We structure the paper as follows. In Section 2, we
describe the properties of PKS B1740–517 and its immediate en-
vironment. We present a brief description of our observations and
data analysis in Section 3. We present our results in Section 4 and in
Section 5, we discuss the implications for understanding this radio
galaxy and future searches for molecular absorption at cosmological
distances. We summarize our conclusions in Section 6. In all dis-
tance calculations dependent on cosmological parameters, we adopt
a flat � cold dark matter cosmology with H0 = 70 km s−1 Mpc−1,
	M = 0.3, and 	� = 0.7.

2 PK S B 1 7 4 0 - 5 1 7 : A D I S TA N T YO U N G R A D I O
G A L A X Y

We summarize the known properties of PKS B1740–517 and its
host galaxy in Table 1. The radio source is bright (S843 MHz = 8.2 Jy;
Mauch et al. 2003) and resolved by very long baseline interferom-
etry (VLBI; King 1994) into two compact (�10 mas) components
separated by 52 mas. The radio spectral energy distribution (SED)
is peaked at about 1 GHz indicating that it is an intrinsically young
source and/or strongly confined by a dense ambient medium.

The redshift of z = 0.44 (corresponding to a comoving distance of
approximately 1700 Mpc) was first determined using the 21-cm line

in absorption and later confirmed through measurement of the opti-
cal spectrum (A15). The optical spectrum is typical of an emission-
line radio galaxy and exhibits radiatively efficient accretion on to
the AGN (EW[O III] = 23.73 ± 0.95 Å, [O III]/H β = 5.60 ± 1.43;
A15). The [O III] λ5007 line has two peaks that are separated by
approximately 500 km s−1 in radial velocity. These velocity compo-
nents are spatially resolved by GMOS long-slit observations (A15)
into two distinct components separated by 1.3 kpc, indicating ei-
ther rotating circumnuclear, or outflowing, ionized gas, on scales
extending beyond the central region of the AGN.

The AGN is X-ray luminous (L2−10 keV ≈ 6.2 × 1044 erg s−1)
when compared with other young compact radio galaxies (e.g.
Tengstrand et al. 2009; Siemiginowska et al. 2016). Fitting a simple
absorption and power-law model to the X-ray spectrum reveals an
intrinsic absorbing medium with hydrogen column density NH,X ∼
1022 cm−2 (A15). However, the photon spectral index is particularly
hard (� ≈ 0.8), which may indicate either secondary emission from
scattering and a Compton-thick medium (NH,X > 1024 cm−2), or
inverse Compton scattering in the radio lobes (e.g. Ostorero et al.
2010).

At near and mid-infrared wavelengths, photometry from the two
micron all sky survey (Skrutskie et al. 2006) and the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010) indicates a
massive host galaxy with M∗ ∼ 5 × 1010 M�, assuming a stellar
mass-to-light ratio of M∗/L ∼ 0.6 (Meidt et al. 2014). The rest-
frame WISE colours ([3.4]−[4.6] = 0.67 and [4.6]−[12] = 3.4)
are typical for a Seyfert-like AGN.

In Fig. 1, we show a three-colour optical image of the imme-
diate environment, constructed from g′r′i′-band observations with
the 8-m Gemini-South telescope by A15. At least two candidate
companion galaxies can be seen within a projected distance of ap-
proximately 11 kpc, which are connected to PKS B1740–527 by a
bridge of emission that indicates a possible ongoing tidal interac-
tion. We also show the optical spectrum of one of these candidate
companion galaxies, which based on the [O II] λ3727 and blended
Mg emission lines has a redshift z = 0.44080 that is consistent
with that of PKS B1740–517. There is therefore evidence that this
radio galaxy is located within an interacting group, which may have
triggered the most recent activity.

3 O BSERVATI ONS AND DATA

3.1 The Atacama Large Millimetre Array

Millimetre wavelength observations of PKS B1740–517 were car-
ried using ALMA on 2016 July 20 to detect either line emission
or absorption from the J = 1 → 2 rotational transition of Carbon
Monoxide (12CO). Our observations were prepared and submitted
using Cycle-3 Phase-II version of the ALMA Observing Tool.2

PKS B1740–517 was observed for a total of 23 min, in three scans
each bracketed by 30-s observations of a nearby phase calibrator
(J1753 − 5015). A further 5-min observation of J1924-2914 was
used for calibration of the flux scale and spectral bandpass.

We centred one baseband on the expected frequency of 159.9 GHz
for the redshifted 12CO (2–1) line, with 3840 × 0.488 MHz chan-
nels (�v ≈ 0.9 km s−1) spanning rest-frame radial velocities in the
range v ≈ ±1760 km s−1. After Hanning smoothing, the effective
resolution is twice the channel spacing, �v ≈ 1.8 km s−1. We used

2https://almascience.nrao.edu/documents-and-tools/cycle3/alma-ot-refm
anual
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Cold gas feeding a young radio galaxy 2937

Figure 1. Left: A three-colour optical image of PKS B1740–517 constructed from g′r′i′-band observations with the 8-m Gemini-South telescope (A15). At
least one candidate companion galaxy (b) is evident, and a possible tidal interaction. To the south east, off the slit, we also see evidence of a possible second
companion. The diagonal blue lines indicate the position and width of the slit. Overlaid are ALMA 152 GHz continuum contours at 20 per cent intervals of the
peak continuum (S152 GHz = 74.3 mJy). Right: Gemini spectra extracted at the position of PKS B1740–517 (a) and candidate companion galaxy (b). Identified
spectral lines are as labelled.

the other three available basebands to provide a sensitive contin-
uum flux density measurement of PKS B1740–517 at 150 GHz.
These were centred at sky frequencies of 146, 148, and 158 GHz,
each with 128 channels spanning a bandwidth of 1875 MHz. At
159.9 GHz, the primary beam full width at half-power of the 12-m
antennas is 33 arcsec, and the array configuration, spanning baseline
lengths between approximately 15.1 m and 1.1 km, is sensitive to
angular scales between about 0.35 and 26 arcsec with an elongation
by a factor of approximately 2 in the East–West direction.

Data importing, flagging, and calibration were carried out using
version 4.5.3 of the CASA3 package (McMullin et al. 2007) and the
standard ALMA science pipeline tools.4 Using visibility data from
the continuum bands, we generated a two-term Taylor multifre-
quency synthesis image with uniform weighting, giving a resolution
of 0.33 × 0.76 arcsec at 152 GHz. The continuum emission from
PKS B1740–517 is unresolved by our ALMA observations and has
a total flux density of 72.5 ± 0.3 mJy at 152 GHz. However, we
note that future observations with ALMA that use the maximum
16-km antenna baseline (�θpsf ≈ 26 mas at 150 GHz) would be
well matched to the known source separation (�θ src = 52 mas at
2.3 GHz; King 1994).

Imaging of the 12CO (2–1) spectral line band was carried out
using two different approaches for detecting absorption and emis-
sion, respectively. For detecting 12CO (2–1) absorption towards the
continuum source, we imaged the visibilities at the full 2 km s−1 ve-
locity resolution. Since the continuum source is not resolved with
uniform weighting, we used natural weighting (with a resolution of
0.5 × 1.1 arcsec) to maximize detected signal to noise and extracted
the spectrum from the cube at the position of peak continuum flux
density. We fitted a first-order polynomial to the continuum, which
was then used to normalize the spectrum to units of percentage
absorption. We show the spectrum in Fig. 2, overlaid with the H I

absorption detected with ASKAP. Although 12CO (2–1) absorption
is clearly detected above the RMS noise level of 3.1 per cent per
2 km s−1, there is a noticeable absence of molecular gas detected
at the velocity of the narrower deeper H I component. We also do

3http://casa.nrao.edu
4https://almascience.nao.ac.jp/documents-and-tools/cycle-2/alma-pipelin
e-reference-manual
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Figure 2. ALMA spectrum of PKS B1740–517 showing 12CO (2–1) ab-
sorption towards the radio-loud AGN. Superposed is the average ASKAP
21-cm spectrum showing H I absorption. The data are given as a fraction of
the total continuum flux density measured at that transition. The ALMA and
ASKAP data have been binned to velocity resolutions of 2.0 and 5.6 km s−1,
respectively. The velocity axis is given in the rest frame defined by the
broader H I and CO absorption (at z = 0.44185), which is consistent with the
AGN rest frame defined by the centroid of the double-peaked [O III] λ5007
emission line (see A15).

not detect any 12CO (2–1) emission in this spectrum towards the
continuum source above the RMS noise level of 1.98 mJy beam−1

per 2 km s−1.
For detecting 12CO (2–1) emission within the host galaxy, we

first imaged and subtracted the continuum directly from the visi-
bilities using UVSUB, followed by a first-order polynomial using
UVCONTSUB3 to remove any residual signal. We then formed a
data cube in 10 km s−1 velocity bins, again using natural weighting
to optimize detected signal to noise. We extracted the flux density
spectrum by summing pixels per spatial resolution element within
1.75 arcsec (a projected distance of 10 kpc) of PKS B1740–517.
This spectrum (Fig. 3) shows no evidence of 12CO (2–1) emission
above the RMS noise level of 2.10 mJy per 10 km s−1.
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Figure 3. ALMA spectrum showing no evidence of CO (2–1) emission
within a projected distance of 10 kpc of PKS B1740–517. The data have
been binned to a velocity resolution of 10 km s−1. The velocity axis is as
defined in Fig. 2.

3.2 The Australian SKA Pathfinder

Further 21-cm observations of PKS B1740–517 were undertaken
as part of ASKAP commissioning and early science verification.
We used two developmental stages of this telescope – the six-
antenna BETA (ASKAP–BETA) and ASKAP-12 (Hotan et al. 2014;
McConnell et al. 2016) – which differ principally in the design of
their Phased Array Feeds (PAFs; Hay & O’Sullivan 2008) and back-
end. ASKAP-12 is equipped with new Mark II PAFs, which have
improved sensitivity at 1400 MHz (Chippendale et al. 2015) and
will be used for the completed ASKAP telescope. We used the
same observing strategy as described by A15, whereby we pointed
the telescope at PKS B1740–517 and maximum S/N PAF beams
were electronically formed in an on-sky pattern that included a cen-
tral beam on the source. For each observation, we included a short
15-min scan of PKS B1934–638 to calibrate the flux scale (using
the model of Reynolds 1994) and to obtain initial solutions for the
antenna gains. Further self-calibration, continuum-subtraction, and
imaging of the target field were carried out using the MIRIAD5

package (Sault, Teuben & Wright 1995) as described by A15, but
using a higher 1-MHz resolution to form the coarse-channel data
(see Allison et al. 2017).

Increased backend capacity means that ASKAP-12 forms PAF
beams at 1 MHz intervals (c.f. 4- and 5-MHz intervals for ASKAP–
BETA). The element weights used to form PAF beams are applied
uniformly in these intervals before channelization at full 18.5-kHz
resolution. This process creates discontinuous jumps in amplitude
and phase as a function frequency, which typically dominates the
bandpass on these scales. In the case of ASKAP–BETA, these in-
tervals in frequency equate to radial velocities �v > 1000 km s−1 at
zH I = 0.44, and so on these scales we can simply fit and subtract any
residual continuum signal in the target spectrum using UVLIN (see
A15). However, for the smaller beam-forming intervals of ASKAP-
12, this approach would lead to subtraction of real spectral features
with linewidths �v > 300 km s−1 at zH I = 0.44. In the case of
PKS B1740–517, we did not detect any significant features in the
ASKAP–BETA spectra with these linewidths. Furthermore, since

5http://www.atnf.csiro.au/computing/software/miriad/

the ASKAP-12 data contribute only an additional 11 per cent to
the S/N in the average spectrum, this effect is unlikely to influ-
ence detection of broad features that already exist in the BETA
data.

We summarize our observations in Table 2. The source is not
spatially resolved by either ASKAP–BETA or ASKAP-12. The av-
eraged spectrum (shown in Fig. 2) was constructed to have optimal
S/N by weighting each observation by its inverse variance, with
a resulting RMS fractional continuum absorption of 0.07 per cent
per 5.6 km s−1 at the H I line. Two distinct velocity components are
seen in H I absorption. The third component, a possible broad �v

≈ 300 km s−1 outflow reported by A15, remains tentative, and cor-
roborating evidence from either deeper observations or other gas
transitions are needed to resolve its authenticity.

4 R ESULTS

4.1 Constraints on the line-of-sight cold gas

Using ALMA, we have detected 12CO (2–1) absorption in the host
galaxy of PKS B1740–517. In Fig. 2, we show the ALMA spec-
trum overlaid with the H I absorption detected with ASKAP. Since
information about the gas kinematics encoded in the spectrum is
limited by the spatial extent of the continuum source, it is diffi-
cult to determine the 3D motion of the gas from the unresolved
absorption spectrum alone. However, the absorption lines allow us
to probe the neutral gas at small scales towards the AGN, and we
can use the known continuum source morphology, the line-of-sight
gas kinematics, and simple priors for the gas distribution to infer
likely models. In the following, we discuss our interpretation of
the features seen in the ALMA and ASKAP spectra, and how the
former has allowed us to further constrain our understanding of the
cold gas in the host galaxy.

4.1.1 The broad absorption – a circumnuclear reservoir

The H I absorption in PKS B1740–517 has two distinct spectral com-
ponents that are separated by a radial velocity of �v ≈ 115 km s−1.
The broader component has an FWHM of approximately 60 km s−1

and a redshift that is consistent with the centroid of the double-
peaked [O III] λ5007 emission line, indicating that the gas motion
is symmetric about the galactic nucleus. The coincident 12CO (2–1)
line has a similar width and is therefore unlikely to arise in a single
molecular cloud; the velocity dispersion is significantly larger than
observed in any Galactic molecular cloud and the inferred linear
size would be larger than a few kiloparsecs (Larson 1981; Solomon
et al. 1987; Heyer et al. 2009). It is more likely that the CO absorp-
tion is arising from several blended spectral features from individual
parsec-scale molecular clouds embedded in a larger gaseous struc-
ture with a velocity gradient.

In Fig. 4, we show in detail the absorption spectrum, which re-
veals sub-structure in both the H I and 12CO (2–1) lines centred at
v ≈ 0 km s−1. The molecular absorption possibly has more sub-
structure, albeit at higher resolution and lower signal to noise;
several individual components are apparent with widths �v ∼
10 km s−1. If the molecular gas is optically thick to 12CO (2–1)
then the seemingly low-absorbed fraction of the total continuum
(i.e. less than 100 per cent) is likely the result of patchy obscu-
ration of the background source as a function of radial velocity
(see e.g. Wiklind & Combes 1997). This would be consistent with
CO absorption through a line-of-sight distribution of discrete cold
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Cold gas feeding a young radio galaxy 2939

Table 2. Summary of our observations using the ASKAP–BETA and ASKAP−12 telescopes (Hotan et al. 2014;
McConnell et al. 2016). Each observation is assigned a unique scheduling block identification (SBID) number for that
telescope. tint denotes the on-source observing time. σ chan is the rms noise per 18.5 kHz channel at the H I line, as a
fraction of the continuum flux density. Scont is the total continuum flux density measured using the full bandwidth.

SBID Date Frequency band ASKAP antennasa tint σ chan Scont

(MHz) (h) (per cent) (Jy)

ASKAP–BETA
93b 2014 June 24 711.5−1015.5 1, 8, 9, 15 11.5 0.24 8.0
315b 2014 Aug 03 711.5−1015.5 1, 3, 6, 8, 15 3.0 0.59 7.9
514b 2014 Sept 01 711.5−1015.5 1, 6, 8, 15 11.9 0.20 7.4
1808 2015 May 14 711.5−1015.5 1, 3, 6, 8, 9, 15 12.0 0.17 7.4
1994 2015 June 25 711.5−1015.5 1, 6, 8, 15 7.5 0.80 8.5
2009 2015 June 27 711.5−1015.5 1, 6, 8, 15 11.0 0.47 6.6
3073 2015 Nov 09 711.5−1015.5 1, 3, 6, 8, 15 6.0 0.32 6.8
3085 2015 Nov 11 711.5−1015.5 1, 3, 6, 8, 15 12.0 0.22 6.9
3086 2015 Nov 12 711.5−1015.5 1, 3, 6, 8, 15 12.0 0.22 6.8
3088 2015 Nov 13 711.5−1015.5 1, 3, 6, 8, 15 12.0 0.22 6.9

ASKAP-12
3304 2017 Jan 31 799.4−1039.4 1, 2, 4, 5, 6, 10, 12, 13, 2.0 0.16 8.3

14, 19, 24, 26, 27, 28

aSee Hotan et al. (2014) and Lee-Waddell et al. (in preparation) for details of the ASKAP–BETA and ASKAP-12
antenna positions.
bOriginally published by Allison et al. (2015).

Figure 4. An enlarged version of the absorption spectrum shown in Fig. 2,
highlighting the velocity structure at v ∼ 0 km s−1 that may indicate illumi-
nation of a gaseous ring or disc.

molecular cores, while the H I absorption arises from more diffuse
cold-phase atomic structures as observed in the ISM of the Milky
Way and Local Group galaxies (see e.g. Heiles & Troland 2003;
Gibson et al. 2005; Braun et al. 2009; Braun 2012).

From VLBI at 2.3 GHz (King 1994), we know that the source
components are separated in projection by approximately 300 pc
and each has a size less than approximately 50 pc, which are thus
likely to be fully subtended by any coherent structure in the fore-
ground ISM. Assuming uniformly distributed optically thick CO
clouds (τ > 1) of radius rmol and filling factor fmol within a roughly
spherical volume of characteristic radius R, the expected areal
covering fraction (allowing for overlapping clouds) is then given
by

〈cmol〉 ≈ 1 −
[

1 − 3

4

( rmol

R

)2
]nmol

, (1)

where

nmol = fmol

(
R

rmol

)3

. (2)

For the Milky Way ISM, fmol � 1 per cent and rmol ∼ 10 pc, gives
〈cmol〉 � 86 per cent for R ∼ 2 kpc (typical of the radial extent of
molecular discs in massive early-type galaxies; e.g. Davis et al.
2013). Assuming that the molecular gas has a velocity dispersion
per opaque cloud of ∼ 4 km s−1, we estimate a covering fraction
of less than ∼10 per cent over a total line width of ∼50 km s−1,
which is consistent with the absorbed fraction of total continuum
flux density seen in the ALMA spectrum.

The H I absorption, which is assumed to trace the more diffuse
cold gas, appears to have two prominent peaks, separated by a radial
velocity of �v ≈ 20 km s−1. Such symmetric double-peaked struc-
ture could arise from a gaseous disc, or ring, which is illuminated by
continuum emission from the compact double radio source. Given
that the flux densities of the source components are in the ratio
∼ 4:1 (King 1994), it may seem surprising that the optical depths of
the two peaks are almost equal. However, several effects, including
the detailed radial velocity distribution of the H I gas in front of
each source (including turbulence) and differences in the physical
conditions of the gas at different positions, could easily account for
this.

Using the separation of the velocity peaks (�v) and source com-
ponents (�dsrc), we can then obtain an approximate estimate of the
line-of-sight extent of the neutral gas (�dgas). For gas moving in a
circular orbit with velocity vcirc with respect to the galactic centre,
the radial velocity separation observed in the absorption spectrum
is given by (see Fig. 5)

�v ≈ vcirc cos (i) cos (φ) cos (θ ), (3)

where

cos (θ ) = �dsrc

�dgas
, (4)

and i and φ are angles of the plane of rotation with respect to our
sight line and the projected source-AGN axis, respectively. We can
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Figure 5. A schematic diagram (not to scale) showing the relative positions
of the AGN (origin), radio source component (star), and absorbing gas
(cloud). The gas is assumed to be moving in a circular orbit with velocity
vcirc. The plane of rotation is centred on the origin and orientated with
inclination angle i to the line of sight and position angle φ with respect
to the radio source axis. The component of velocity in the direction of the
observer is indicated.

then infer the line-of-sight extent of the absorbing gas by rearranging
this expression, as follows

�dgas ≈ vcirc

�v
cos (i) cos (φ) �dsrc. (5)

Following this simple geometrical argument, large radial velocities
imply that the absorbing gas is close to the radio source, while gas
that is much further away will have an observed radial velocity
close to zero. Deviations from a regular circular orbit will result in
an error in the inferred radial distance of the absorbing gas. Given
that �dsrc ∼ 300 pc, �v ∼ 20 km s−1, 0 ≤ i ≤ 90◦, and 0 ≤ φ ≤ 90◦,
and assuming vcirc ∼ 200 km s−1, we estimate that the illuminated
absorbing gas lies radially within �dgas ∼ 2 kpc of the AGN. A15
found similar double-peaked structure in the [O III] λ5007 emission
line, separated by �v ∼ 500 km s−1 and resolved into two spatially
distinct components separated by 1.3 kpc, indicating a possible ion-
ized counterpart to the neutral gas seen in absorption. The neutral
and ionized gas detected towards PKS B1740–517 are thus consis-
tent with a disc or ring within a few kiloparsecs of the AGN.

We can estimate the column density of neutral atomic and molec-
ular gas from the integrated absorption line strength in the ASKAP
and ALMA spectra. In general, the column density of a gaseous
species X populating an upper level u of a transition u → l,
with optical depth τX(ul) integrated over rest-frame velocity v, is
given by

NX(u) = 8π

c3

1

Aul

ν3
ul

ehνul/kBTul − 1

∫
τX(ul) dv, (6)

where νul is the rest frequency, Aul is the Einstein coefficient for
spontaneous emission, and Tul is the excitation temperature. The
total column density for species X is calculated by multiplying this
by the partition function and dividing by the relative population of

the upper level u, giving

NX = 8π

c3

ν3
ul

gu

f (Tul)

Aul

∫
τX(ul) dv, (7)

where

f (Tul) = Q(Tul) eEl/kBTul

1 − e−hνul/kBTul
, (8)

gu is the statistical weight of u, El is the lower energy level, and
Q(Tul) is the partition function assuming a single excitation temper-
ature (e.g. Wiklind & Combes 1995).

For the 21-cm line of H I, hνul � kBTul and Aul = 2.85 × 10−15 s−1,
giving

NH I ≈ 1.823 × 1020

[
Tspin

100 K

] [ ∫
τH I dv

1 km s−1

]
cm−2, (9)

where Tspin is the excitation temperature for the spin–flip transi-
tion. Since our observations with ASKAP and ALMA do not re-
solve the spatial structure of PKS B1740–517, we can only esti-
mate the average optical depth over the source cross-section, giving∫

τHI dv ≈ 0.549 ± 0.019 km s−1. If the H I does not subtend all of
the source then this can underestimate the true column of atomic
gas along our line of sight. However, we note that the source com-
ponents have an angular size less than 10 mas, which corresponds to
a physical scale of approximately 57 pc at z = 0.44. This is similar
to the scales typically measured for coherent absorbing H I struc-
tures resolved in studies of the Local Group (e.g. Braun 2012 and
references therein) and distant galaxies (e.g. Lane, Briggs & Smette
2000; Gupta et al. 2012; Srianand et al. 2013; Borthakur et al. 2014;
Biggs et al. 2016; Dutta et al. 2016; Gupta et al. 2018), implying
that the covering factor may well be close to unity.

In the absence of independent measurements of the H I column
density from Lyman α absorption or 21-cm line emission, a canon-
ical spin temperature of Tspin ∼ 100 K is often adopted based on the
typical value for H I in the Milky Way (e.g. Heiles & Troland 2003).
However, given the proximity of the atomic gas to PKS B1740–517,
a luminous AGN that is a strong source of continuum radiation both
at 21-cm and Lyman α wavelengths, the spin temperature could
be significantly larger than this value (Bahcall & Ekers 1969). For
example, Holt et al. (2006) used an independent estimate of the
neutral gas column from extinction to derive a spin temperature
lower limit of 3000 K in absorbing gas in the host galaxy of the
obscured quasar PKS 1549–79. For PKS B1740–517, A15 com-
pared the total hydrogen column density from the X-ray spectrum
and the total integrated H I 21-cm optical depth from the ASKAP
spectrum to estimate an upper limit for the spin temperature of
Tspin � 2430 ± 1050 K. We therefore consider spin temperatures
in the range 100–2000 K, giving an average H I column density in
front of the source in the range NH I ∼ 0.1–2 × 1021 cm−2. Assum-
ing that the atomic gas has a scale height h ∼ 150 pc (so that the
disc obscures both source components) and a radial extent ∼2 kpc
from the AGN, we obtain an enclosed mass for H I in the range
MH I ∼ 0.3–6 × 107 M�.

For the J = 2 → 1 rotational transition of 12CO,
Aul = 7.36 × 10−7 s−1 (e.g. Chandra, Maheshwari & Sharma
1996) and we can use the rigid-rotor approximation, so that
h νul/kB ≈ 2(Jl + 1)B = 4B and El/kB ≈ Jl(Jl + 1)B = 2B, where
the rotational constant B ≈ 2.766 K. In the Milky Way ISM, the
typical temperature of the CO gas is ∼16 K (Heyer et al. 2009).
However, close to a radio-loud active galactic nucleus the CO could
be excited to higher temperatures through shocks and turbulence in
the gas (e.g. Papadopoulos et al. 2008; Dasyra & Combes 2012).
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Under the assumption that Tul � B, the partition function can be ap-
proximated by Q(Tul) ≈ Tul/B. Assuming an excitation temperature
Tul � 10 K, we obtain a 12CO column density of

NCO � 1.5 × 1016

[∫
τCO dv

5 km s−1

]
cm−2. (10)

As with the H I absorption, the 12CO (2–1) optical depth integrated
over the line shown in Fig. 2 is an average over the total source
cross-section. However, unlike the H I, the molecular gas is dis-
tributed in clumpy dense clouds, which significantly reduces the
covering fraction against the continuum source. Given this uncer-
tainty about the covering fraction, we obtain a lower limit for the
integrated optical depth of

∫
τCO dv � 4.78 ± 0.47 km s−1. We es-

timate a lower limit to the average CO column density in front of
the source of 1.5 × 1016 cm−2 and, for a Milky Way 12CO-to-H2

abundance ratio in dense clouds of ZCO ∼ 1 × 10−4 (e.g. Sofia
et al. 2004), a corresponding cold H2 column density lower limit of
NH2 � 1.5 × 1020 cm−2. We note that the 12CO-to-H2 abundance
ratio can be two orders of magnitude lower in the diffuse ISM than
in dense clouds, in which case the total H2 column density in front
of the radio AGN could be much higher than this lower limit (Burgh,
France & McCandliss 2007).

We can compare this lower limit with the non-detection of
12CO (2–1) emission on the same sight line to see if they are con-
sistent. Assuming optically thick CO emission from the molecular
clouds, and LCO(2–1) = LCO(1-0), the H2 column density is given by

NH2 ≈ 1.22 × 103 XCO (�θmaj �θmin)−1 ν−2
obs

∫
SCO dv cm−2, (11)

where XCO is the CO-to-H2 conversion factor, in units of
cm−2 [K km s−1]−1, �θmaj and �θmin are the major and minor axes,
respectively, of the spatial region from which the spectrum was mea-
sured, in units of arcsec, νobs is the observed frequency in GHz, and∫

SCO dv is the line integrated flux density in units of mJy km s−1.
For the ALMA spectrum shown in Figs 2 and 4, the spatial resolu-
tion is 0.5 × 1.1 arcsec and the observed frequency is 159.9 GHz.
We assume a line width of 400 km s−1 for the undetected line (based
on typical rotation velocities of molecular discs in massive galax-
ies; Helfer et al. 2003; Davis et al. 2013) and measure an RMS
of 1.98 mJy per 2 km s−1, giving a 5σ detection limit for the line
integrated flux density of 279 mJy km s−1. However, the detected
absorption will act to disguise any possible emission, effectively
lowering our detection sensitivity to emission over that region of
the spectrum. We take the somewhat conservative approach and
add the missing integrated flux density in the absorbed region of
the spectrum, equal to 300 mJy km s−1, giving an upper limit for
undetected emission of

∫
SCO dv < 579 mJy km s−1.

The XCO conversion factor depends on the physical proper-
ties of the molecular gas, including density, temperature, and
metallicity (see Bolatto, Wolfire & Leroy 2013 for a review). At
solar metallicities in the inner disc of the Milky Way, XCO ≈
2 × 1020 cm−2 [K km s−1]−1, but can take significantly lower val-
ues in the low-density turbulent gas of ultraluminous infrared
galaxies (XCO ≈ 0.4 × 1020 cm−2 [K km s−1]−1), or higher values
in low-metallicity environments. A sub-solar CO-to-H2 conversion
factor could be expected for molecular gas near to the radio source,
where heightened temperatures and turbulence could lead to op-
tically thin CO emission (as for example the jet-driven molecular
outflows seen in IC 5063; Oosterloo et al. 2017). Without further
information, we use XCO for molecular gas in the Milky Way, which
gives NH2 � 1 × 1022 cm−2, consistent with the lower limit esti-
mated from the absorption line. Using the same disc model as the

atomic gas, we use our two limits on the H2 column density to
calculate an enclosed mass for cold molecular gas in the range
MH2 ∼ 0.9 − 60 × 107 M�.

We note that both the H I and H2 masses inferred here are consis-
tent with the lower end of the mass distributions for nearby massive
early-type galaxies with detected neutral gas (e.g. Young et al. 2011;
Serra et al. 2012). However, we stress that our estimates are only for
line-of-sight gas detected in absorption towards the radio source,
and may underestimate the total masses in the host galaxy. In Fig. 3,
we show that no 12 CO(2–1) emission is detected within a projected
distance of 10 kpc of PKS B1740–517 to the same level as seen
towards the nucleus. It is possible that most of the cold gas detected
in absorption was accreted from its companion through tidal inter-
action, in which case a future gas-rich minor merger may increase
the gas mass significantly (e.g. Davis et al. 2015).

The H I and H2 column densities equate to a total gas surface
mass density in the range �gas ∼ 4.4–221 M� pc−2 (with a 37-
per cent correction for helium and metals). The Kennicutt–Schmidt
law (Kennicutt 1998) then gives a star formation rate surface density
in the range �SFR ∼ 0.002–0.5 M� yr−1 kpc−2 in the direction to-
wards the AGN. We separately estimate the total star formation rate
from the O [II] λ3727 emission line (see Fig. 1) using the following
relationship given by Kewley, Geller & Jansen (2004),[

SFR

M� yr−1

]
= (6.58 ± 1.65)

[
L[OII]

1042 erg s−1

]
. (12)

This is an upper limit since there is likely to be significant con-
tribution to the emission line from AGN-driven ionization. The
O [II] λ3727 luminosity, corrected for Galactic extinction, is L[OII]

≈ 1.01 × 1041 erg s−1, giving a total SFR � 0.66 M� yr−1. The
spectrum was extracted over a region of 0.7 arcsec (equal to 4 kpc
at z = 0.44), giving an average SFR surface density upper limit of
�SFR � 0.05 M� yr−1 kpc−2. We therefore do not find evidence for
any significant ongoing star formation (i.e. starburst behaviour) in
PKS B1740–517. This may not be surprising given both the time-
scales involved in triggering the AGN following an interaction and
the suppression by several orders magnitude of star formation effi-
ciency seen in minor mergers involving massive early-type galaxies
at lower redshifts (e.g. van de Voort et al. 2018).

4.1.2 The narrow H I absorption

We consider next the physical origin of the deeper narrow H I

absorption, which rather strikingly has no associated CO absorp-
tion in the ALMA spectrum. Under our previously stated assump-
tions about the AGN rest frame, this component of the atomic
gas is blue shifted by 115 km s−1 with respect to the nucleus and
hence has radial motion towards the observer. However, the line
width (�vFHWM < 5 km s−1) is inconsistent with jet-driven gas out-
flows that are typically associated with young radio sources (e.g.
Morganti, Tadhunter & Oosterloo 2005; Holt, Tadhunter & Mor-
ganti 2008). Hydrodynamic simulations of interactions between
radio jets and the ISM (e.g. Wagner, Bicknell & Umemura 2012;
Mukherjee et al. 2018) predict dispersion velocities between ∼100
and 1000 km s−1, resulting from turbulence generated as the jet
passes through disc. It is unlikely that the gas could be accelerated
by the jet to more than 100 km s−1 and retain such a low dispersion.

We show in Fig. 6 the H I spectrum for each epoch observed with
ASKAP. Although the narrow line is undersampled it does move
systematically with respect to the observed frequency grid as a result
of the orbital motion of the Earth, thus indicating that it has a finite
width on scales comparable to the resolution of the telescope. For
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Figure 6. Spectra showing H I absorption for each of the 11 epochs observed with ASKAP. The red line in each panel is the variance-weighted arithmetic
mean of the data from all observations. Note that the effect of averaging over the line, which moves with respect to a fixed frequency grid, is to smooth out
structures on the scale of a single channel spacing. The difference spectra (blue filled) are shown in the panels below each epoch and are given in units of the
RMS noise per channel. We attribute the symmetrically distributed noise artefacts at the position of the deep narrow component to regridding the undersampled
component to a common channel.
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example, between 2015 November 9 and November 11 the line peak
is seen to cross channels, thereby inverting the profile shape. In order
to measure the line width we repeat the method described by A15,
jointly modelling the narrower H I component as the superposition
of two Gaussians and taking into account the spectral resolution
of the telescope by convolving with the fine filter bank response
(Tuthill et al. 2012). Assuming no astrophysical variation in the
absorption line over the time-scale of a few years (no variation in
the equivalent width is evident), we obtain an FHWM line width for
the deep narrow component of �vFHWM = 4.77+0.07

−0.07 km s−1. Since
this equates to a kinetic temperature upper limit of Tk � 500 K,
we are likely seeing absorption through a single diffuse structure
of cold neutral medium (CNM; Tk ∼ 100 K, e.g. Heiles & Troland
2003; Wolfire et al. 2003). Surprisingly, this feature is devoid of
the 12CO (2–1) absorption detected elsewhere towards PKS B1740–
517.

Before discussing a physical interpretation for the absence of
CO absorption associated with the narrow H I line, we should first
consider that the subtended continuum emission may be too faint
at mm-wavelengths to sufficiently detect any CO that is present.
Assuming that the flux density ratio of the two source components
at 2.3 GHz can be extrapolated to all frequencies, this interpretation
would imply that the narrow H I line is located in front of the weaker
component, giving a large peak optical depth of τH I � 0.9. Assum-
ing a spin temperature in the range 100–500 K (set by the upper
limit on the kinetic temperature), the average column density of the
atomic gas is then between NH I ∼ 1 and 5 × 1021 cm−2, consistent
with a cold CNM structure. If the detected 12CO (2–1) absorption
is seen only in front of the stronger component then given the 3.9:1
ratio of the source components at 2.3 GHz (King 1994), we pre-
dict a peak absorbed fraction of approximately 16 per cent. If the
molecular gas has a similar distribution and physical state in front
of both source components, then any absorption associated with the
weaker component is expected to have a peak in the ALMA spec-
trum (Fig. 4) of approximately 4 per cent. The RMS per 2 km s−1

is 3 per cent of the total continuum flux density, which for a single
molecular cloud of velocity dispersion �v ∼ 4 km s−1 (Heyer &
Dame 2015) would give a 3σ detection limit on the peak of ap-
proximately 6 per cent. The ALMA data are therefore consistent
with not detecting 12CO (2–1) absorption, if the sight line giving
rise to the narrow H I line is seen only towards the weaker source
component.

4.1.3 An accreting cold atomic gas cloud?

It is also possible that our sight line misses the dense molecular gas
entirely, particularly if the H I structure giving rise to the narrow
line is much smaller than the supposed large-scale disc associated
with the broader absorption line. If we assume that the molecular
clouds are well mixed with the cold atomic gas, then we can use
equation (1) to estimate the expected relative covering fraction for
different sizes of the absorbing region. We further assume that since
molecular clouds likely form in the CNM they will have on average
a larger volume-filling fraction than in the large-scale warm ISM, so
that fmol/fCNM � 30 per cent. For an absorbing region in the atomic
gas extending R = 100 pc along our line of sight, we estimate an
upper limit molecular covering fraction of ∼90 per cent, which
decreases to ∼34 per cent for R = r = 10 pc. This would suggest
that the gas giving rise to the narrow H I line is distributed on scales
smaller than 100 pc. The atomic cloud/structure clearly has very
different kinematics to the aforementioned disc, and may be on a

non-circular orbit that will eventually accrete on to the AGN itself.
Evidence is found for similar non-circular kinematics of individual
clouds detected in absorption in nearby radio AGN (e.g. Maccagni
et al. 2014; Tremblay et al. 2016; Maccagni et al. 2018).

4.1.4 A low-metallicity cloud in the tidal stream?

Alternatively, this narrow component of the H I line may arise in
atomic gas that has physically distinct properties to that of the
broader H I and CO absorption. In their 21-cm absorption survey
of quasar-galaxy pairs using the Green Bank Telescope and Jansky
Very Large Array, Borthakur et al. (2011, 2014) report a similarly
deep (τ ∼ 1.37) and narrow (�v ∼ 1.1 km s−1) H I absorption line in
UCG 7408, a low-metallicity ([O/H] ≈ −0.4) dwarf galaxy towards
the background quasar J122106.854 + 454852.16. The line width
is consistent with cold-phase atomic gas with a kinetic temperature
upper limit of Tk � 26 K, much lower than is typically measured for
CNM clouds in the Milky Way (Tk ∼ 60 K; e.g. Heiles & Troland
2003; Murray et al. 2018). This is also seen in well-studied low-
metallicity environments in the local Universe; for example, in both
the Large (e.g. Dickey et al. 1994; Marx-Zimmer et al. 2000) and
Small Magellanic Clouds (e.g. Dickey et al. 2000) where CNM
temperatures are typically Tk � 40 K. It is therefore possible that
the absence of 12CO (2–1) absorption associated with the narrow
H I absorption in PKS B1740–517 is the result of the gas having
lower metallicity than that seen in the broader absorption. Lower
gas-phase metallicity produces fewer dust grains to catalyse H2

formation and shield the molecular gas from the background UV
radiation field, thereby requiring a higher column density of cold
atomic gas to self-shield the molecular gas. Our estimate of the H I

column density of CNM that gives rise to the narrow absorption
line would require a metallicity that is approximately an order of
magnitude lower than solar for H2 not to form (Krumholz, McKee &
Tumlinson 2009). This is a lower limit since the relative abundance
of CO to H2 is known to decrease strongly as a function of metallicity
(e.g. Wolfire, Hollenbach & McKee 2010; Bolatto et al. 2013).

Could this lower metallicity gas be external to the host galaxy
of PKS B1740–517? In Fig. 1, we see possible evidence of an on-
going tidal interaction between the radio galaxy and at least one
candidate companion galaxy, including a possible tidal stream.
The radial velocity of one companion in the AGN rest frame is
�v ≈ −220 km s−1, consistent with cosmological N-body simula-
tions of an interacting central galaxy and low-mass satellite with a
combined stellar mass of M∗ ∼ 5 × 1010 M� (Moreno et al. 2013).
The similarity in direction and magnitude of the radial velocities
of the companion and the narrow H I line suggests that we may be
seeing absorption through a cold atomic structure within the gas that
forms a stream between the two galaxies. It is therefore possible
that the absence of CO absorption associated with the narrow H I

absorption in PKS B1740–517 is evidence for low-metallicity gas
that is being tidally stripped from a companion satellite galaxy.

We note that a dense H I structure in the outskirts of the host
galaxy (see e.g. Bland-Hawthorn et al. 2017) could also lack CO
gas as a natural consequence of the metallicity gradient. However,
the observed radial velocity of this structure with respect to the
compact radio source would mean that it is distinctly non-circular
at these large radii (see Fig. 5), indicating a tidal interaction either
way. In future, more sensitive optical spectroscopy of the tidal fea-
ture seen in the Gemini image would enable stronger constraints
to be made on the kinematics of the ionized gas both in the can-
didate companion and tidal bridge, enabling stronger tests of these
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Figure 7. The integrated SED of PKS B1740–517 at radio wavelengths,
compiled using our data and those in the literature. The frequency axis is
given in the observer rest frame. The dashed line denotes a best-fitting model
that includes optically thick and thin power-law spectra, and a continuous-
injection break at frequencies higher than 16 GHz. References for the data:
Hur17 – Hurley-Walker et al. (2017); Jac11 – Jacobs et al. (2011); Int17
– Intema et al. (2017); Lar81 – Large et al. (1981); Cam94 – Campbell-
Wilson & Hunstead (1994); Mau03 – Mauch et al. (2003); Tin03 – Tingay
et al. (2003); Wal75 – Wall, Shimmins & Bolton (1975); Mas08 – Massardi
et al. (2008); Wri94 – Wright et al. (1994); McC12 – McConnell et al.
(2012); Gregory et al. (1994) – Gre94; Hea07 – Healey et al. (2007); Ric06
– Ricci et al. (2006); Lop07 – López-Caniego et al. (2007); Pla11 – Planck
Collaboration VII (2011); Kem14 – Van Kempen et al. (2014).

scenarios. Furthermore, observations of the cold gas at higher spatial
resolution, using an extended configuration of ALMA, and VLBI
at 21-cm wavelengths, would enable better determination of the
geometry of the absorbing gas with respect to the radio source.

4.2 Evidence for a young radio AGN

Data from our ALMA observations at 150 GHz and the ALMA
calibrator catalogue at 97.4 GHz (Van Kempen et al. 2014) allow
us to determine the SED of the radio continuum well above the
peak frequency, from which we can estimate the spectral age of the
radio galaxy. Furthermore, we can use the high-frequency end of the
radio SED to confirm whether the source has a compact double (i.e.
consistent steep-spectrum behaviour from the lobes and hot spots)
or core-jet morphology (a flat-spectrum component).

In Fig. 7, we show the integrated SED at radio wavelengths, which
is typical of a compact GPS source (�d� 1 kpc) exhibiting optically
thick and thin synchrotron emission above and below ν ∼ 1 GHz,
respectively (see O’Dea 1998). The ALMA data show a clear break
from a single synchrotron power law at ν � 20 GHz, from which
we conclude that both components identified by King (1994) are
probably associated with the hot spots and lobes of a compact double
source. We model the SED using the following parametrization of
Moffet (1975), adapted to include a high-frequency spectral break
that accounts for synchrotron ageing with continuous injection of
new electrons (Kardashev 1962; Murgia 2003),

S(ν) =

⎧⎪⎪⎨
⎪⎪⎩

Sp

1−e−1

(
ν
νp

)−αtk
[
1 − e

−
(

ν
νp

)−αtk−αtn ]
, if ν ≤ νbr

S(νbr)
(

ν
νbr

)αtn−0.5
, otherwise

(13)

where vp and vbr are the peak and break frequencies, αtk and αtn are
the optically thick and thin spectral indices, respectively, and Sp is
the peak flux density.

Least-squares fitting gives vp = 786 MHz, vbr = 16 GHz,
αtk = 1.4, αtn = −0.71, and Sp = 8.1 Jy. The optically thick spectral
index is consistent with the distribution seen in samples of other
peaked-spectrum radio sources (e.g. de Vries, Barthel & O’Dea
1997; O’Dea 1998; Snellen et al. 1998; Callingham et al., 2017).
These are typically shallower than the theoretical value predicted
for homogeneous self-absorption (αtk = 2.5; e.g. Kellermann &
Pauliny-Toth 1981) and differences are attributed to either clumpy
self-absorption or free–free absorption from a foreground inhomo-
geneous medium. At frequencies above the spectral peak, the opti-
cally thin spectral index is consistent with the canonical injection
index of αin = −0.7.

We estimate the age of the source using the following relationship
(e.g. Murgia 2003)

tsyn = 5.03 × 104 B−1.5 [(1 + z) νbr]
−0.5 yr, (14)

where B is the magnetic field flux density in mG and νbr is the
break frequency in GHz. Assuming equipartition of the cosmic ray
and magnetic field energy densities, equal energy densities of elec-
trons and protons, and source component sizes of �θ ∼ 10 mas, we
estimate a magnetic flux density of B ∼ 3.4 mG. This gives an ap-
proximate spectral age for the source of tsyn ∼ 1600 yr. We note this
estimate of the source age involves several assumptions, including
magnetic field uniformity, equipartition, and electron mixing (see
e.g. Tribble 1993; Jones, Ryu & Engel 1999; Blundell & Rawl-
ings 2000) and should therefore be considered a useful order of
magnitude measurement of the source age. The linear separation
of the source components (�dsrc ∼ 300 pc) implies an expansion
velocity of vexp ∼ 0.3 c, which is consistent with the distribution
of directly measured velocities in the literature (see e.g. de Vries
et al. 2009 and references therein). Since the unresolved emission
could be dominated by the younger hot spots, we caution that the
source may be older than our estimate based on the integrated SED.
However, in the case of intrinsically compact radio sources such
as PKS1740–517, estimates of the age from spectral modelling
are typically consistent within an order of magnitude with esti-
mates from hotspot advancement (see e.g. Murgia 2003). Therefore,
the uncertainty in source age is unlikely to affect our conclusions
about the relative time-scales for the galaxy interaction and AGN
triggering.

The flux density data shown in Fig. 7 span more than 30 yr
of observations, and are therefore potentially subject to both in-
trinsic source variability and external propagation processes, such
as Galactic interstellar scintillation or relative motion of an inho-
mogeneous medium at the source. PKS B1740–517 is an intrinsi-
cally compact double radio source with no evident Doppler beam-
ing. Such ‘galaxy-type’ peaked-spectrum sources (as opposed to
‘quasar-type’; Snellen et al. 1998) typically exhibit low levels of
variability less than 10 per cent on year time-scales (see e.g. O’Dea
1998; Jauncey et al., 2003; Liu, Song & Cui 2009; Orienti, Dalla-
casa & Stanghellini 2010). Intrinsic variability at this level could
be due to adiabatic expansion of the self-absorbed young source
as it advances through the ISM of the host galaxy (Stanghellini
et al. 1997; Orienti et al. 2010, see also Tingay et al. 2015). In the
case of PKS B1740–517, Gaensler & Hunstead (2000) carried out
a time series analysis of observations at 843 MHz spanning almost
10 yr with the Molongolo Observatory Synthesis Telescope, detect-
ing variability at the level of ∼6.3 per cent over a characteristic
time-scale ∼6.8 yr. At higher frequencies above the turnover, King
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(1994) and Jauncey et al. (2003) report a systematic decrease in
flux density at 2.3 GHz of ∼1 Jy (16 per cent) over almost 2 yr of
observations with the Mount Pleasant 26-m telescope. At 8.4 GHz,
they did not find evidence of changes in the flux density at a similar
level.

In Table 2 we give the total continuum flux density of
PKS B1740–517 measured from each observation with ASKAP.
The standard deviation as a fraction of the median is 8.4 per cent.
Although this is consistent with the previously measured low-level
variability in this source, it is possible that these variations are the
result of relative changes in antenna gain between observations of
the calibrator PKS B1934–638 and PKS B1740–517. We test for
this by measuring the standard deviation in flux density for other
point sources within the same field. We choose sources that have a
flux density greater than 30 times their local image RMS, so that we
can detect any systematic behaviour in flux density at the level of
∼ 10 per cent. We only select those sources that are located within
the full width at half-power of the PAF beam, thus avoiding any
error contribution associated with sources at the edge of an imper-
fectly formed PAF beam. We obtain a median standard deviation of
〈σ 〉 = 10.2 ± 1.4 per cent and a median correlation coefficient with
the PKS B1740–517 flux density of 〈ρ〉 = 0.5 ± 0.1, indicating that
systematic errors in the flux density are a significant component of
the variance. This is consistent with the error estimated by Bhan-
dari et al. (2018) for their ASKAP pilot survey for transients and
variables. In conclusion, the emission from PKS B1740–517 may
vary at the level of � 10 per cent over time-scales of a few years,
but this is not sufficient to affect our conclusions about its spectral
behaviour, morphology, or age.

5 D ISCUSSION

5.1 PKS B1740–517 – triggered by an interaction?

PKS B1740–517 is a distant young radio galaxy that seems to be
undergoing at least one tidal interaction with a lower mass satellite
galaxy. We see evidence for a reservoir of cold atomic and molecular
gas distributed in an inner disc or ring and a distinct diffuse atomic
gas cloud that appears to have different kinematics, and possibly
physical properties, to that of the settled gas. This gas could have
accreted on to the host galaxy during tidal interaction with a gas-
rich lower-mass companion. The difference in physical properties
could be the result of the location of the absorbing gas, where star
formation and gas mixing towards the centre of the host galaxy
could act to enrich the accreted gas.

The luminosity of the [O II] λ3727 line in the companion spectrum
is L[OII] ≈ 1.9 × 1040 erg s−1, which using equation (12) (Kewley
et al. 2004) gives a star formation rate of SFR ≈ 0.13 M� yr−1. This
implies that the companion galaxy has sufficient gas mass (Mgas ∼
108 M�) to supply that detected in the host galaxy of PKS B1740–
517. The dynamical time-scale for the interaction (based on the
projected separation and relative radial velocity) is significantly
longer than the age of the AGN (tdyn ∼ 5 × 107 yr), implying that
the gas accreted on to the host galaxy well before the most recent
episode of activity and may have been prevented from fuelling
the AGN by a burst of star formation that has only recently been
quenched.

This scenario is strikingly similar to that seen in the radio galaxy
MRC B1221–423, a young (t ∼ 105 yr) CSS source that appears to
be undergoing a minor merger with a companion galaxy (Johnston
et al. 2005). Since this source is at a lower redshift (z = 0.1706;
Simpson et al. 1993), and is older and therefore more extended than

PKS B1740–517, radio imaging reveals a highly distorted morphol-
ogy including a 180◦ bent jet that is possibly due to interaction with
a highly dense medium (Johnston et al. 2010). The neutral gas in
MRC B1221–423 (seen in H I absorption against the radio contin-
uum) appears to be infalling towards the nucleus at a velocity of
∼250 km s−1. In their study of this radio galaxy using the VIsible
Multi Object Spectrograph (VIMOS) integral field unit (IFU) on the
Very Large Telescope (VLT), Anderson et al. (2013) found several
stellar populations of different ages, associated with dynamically
unstable gas during successive periapses of the companion orbit.
The radio source was triggered about 100 Myr after the most recent
closest approach, indicating that this is the time-scale for gas to
be able to sink to the nucleus. We suggest that a similar scenario
may have occurred in the host galaxy PKS B1740–517, whereby
we are seeing the activity from the most recent periapsis and accre-
tion of gas. A future resolved study of the ionized emission from
PKS B1740–517 and its companion using the NIRSpec IFU on the
James Webb Space Telescope (Purll et al. 2017) would confirm this
interpretation.

This sequence and time-scale of events are consistent with that
seen for minor mergers in massive early-type galaxies at lower
redshifts; in a study of 25 nearby dust-lane-selected early types,
Shabala et al. (2017) find that those with radio-loud AGN tend to
have older starburst ages and lower star formation rates, pointing to
delayed onset of black hole accretion following the merger. More
generally, emission-line AGN are found to host on average stellar
populations that are a few hundred Myr older than their more vigor-
ously star-forming counterparts (e.g. Schawinski et al. 2007; Wild,
Heckman & Charlot 2010). Furthermore, the prevalence of highly
accreting AGN identified in galaxies pairs and mergers is also found
to peak amongst those that are either post-merger or in the closest
pairs, occurring later in the interaction than the onset of star forma-
tion (Ellison et al. 2013). PKS B1740–517 is a rare example of the
early stage in a brief active phase of a massive early-type galaxy that
is triggered by interactions and minor mergers with smaller com-
panions. If this is the most recent event then it is possible that older
AGN activity may have been triggered by previous orbits of the
companion. We propose that radio emission from such recurrent
activity could be detected using new low-frequency radio arrays
at high surface brightness sensitivity, for example the Murchison
Widefield Array (Bowman et al. 2013; Tingayet al. 2013) and in the
future SKA-Low.

5.2 Molecular absorption in distant radio galaxies

Finding molecular absorption lines at cosmological distances is an
important probe of the physical conditions and chemistry of cold
gas in the ISM of galaxies at earlier epochs (e.g. Henkel et al.
2005; Bottinelli et al. 2009; Muller et al. 2014). In addition to their
importance as a tool for determining the role of the neutral ISM in
galaxy evolution, absorption lines also provide a useful independent
means of determining key parameters in cosmology and fundamen-
tal physics. If several species are detected under conditions where
the excitation is determined by the cosmic microwave background
(CMB) radiation, then their relative strength can be used to indepen-
dently determine the CMB temperature at that redshift (Wiklind &
Combes 1997; Muller et al. 2013). Furthermore, comparison of the
redshifts of several lines within the same absorber can be used to
examine possible cosmological evolution of the electron to proton
mass ratio, the fine structure constant and the proton gyromagnetic
ratio (e.g. Wiklind & Combes 1997; Murphy et al. 2001; Darling
2003; Murphy et al. 2008; Curran et al. 2011b; Kanekar 2011;
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Ellingsen et al. 2012; Kanekar et al. 2012; Kanekar et al., 2015;
Kanekar, Ghosh & Chengalur 2018, see also the review by Curran,
Kanekar & Darling 2004), thereby testing fundamental physics.

Surveys for molecular absorption lines in the spectra of bright
radio sources should be observationally efficient at finding cold
molecular gas in galaxies at cosmologically significant distances.
This is principally due to absorption being observable at any lu-
minosity distance, provided there exists a sufficiently bright back-
ground source of emission. However, in practice molecular absorp-
tion has proven to be relatively difficult to detect at redshifts much
beyond z ∼ 0.1. Including this work, only six molecular absorbers
have been detected at cosmological distances. Only one of these
was discovered in a genuinely blind search for molecular absorp-
tion (PKS B1830–211; Wiklind & Combes 1996b), and subsequent
searches (e.g. Kanekar et al. 2014) have not yielded detections.
The key limiting factor is thought to be impact parameter because
the molecular component of the ISM is more centrally concen-
trated than atomic gas in galaxies. This interpretation is certainly
borne out in the detected systems; three are intrinsic to the host
galaxy of the radio source: PKS B1740–517 at z = 0.441 (this
work), PKS B1413 + 135 at z = 0.247 (Wiklind & Combes 1994,
1997), and B1504 + 377 at z = 0.685 (Wiklind & Combes 1996a).
The three intervening absorbers were all found to have sufficiently
low-impact parameter that they gravitationally lens the background
quasar: B0218 + 357 at z = 0.685 (Wiklind & Combes 1995),
PKS B1830–211 at z = 0.886 (Wiklind & Combes 1996b, 1998;
Muller et al. 2014), and PKS B0132–097 at z = 0.765 (Kanekar
et al., 2005; Wiklind, Combes & Kanekar 2018).

Careful selection of targets is therefore key to detecting more
molecular absorbers at cosmological distances. The host galax-
ies of CSS and GPS radio sources, with existing detections of
cold gas through H I 21-cm absorption, are one possible avenue
of investigation. Of the three known intrinsic molecular absorbers,
PKS B1740–517 and PKS B1413 + 135 have an intrinsically com-
pact source morphology. These sources are intrinsically compact
and therefore should not extend beyond the stellar disc of their
host (O’Dea 1998), increasing the probability of detecting line-of-
sight molecular gas in absorption. Of course these radio galaxies
are not representative of the normal galaxy population and there-
fore any conclusions drawn about the molecular gas content should
be considered in the context of their hosts. Several surveys are
planned to carry out wide-field blind searches for H I 21-cm absorp-
tion with pathfinder telescopes to the SKA. A summary of these
in the context of intrinsic absorption is provided by Morganti &
Oosterloo (2018; see also Maccagni et al. 2017), and include the
First Large Absorption Survey in H I with ASKAP (e.g. Johnston
et al. 2007; Allison et al. 2016), the MeerKAT Absorption Line
Survey (Gupta et al. 2016), the MeerKAT International GHz Tiered
Extragalactic Exploration Survey (Jarvis et al. 2017), and the Search
for H I Absorption with AperTIF (e.g. Oosterloo et al. 2009). To-
gether, these surveys are expected to detect H I absorption in the host
galaxies of several thousand radio sources, spanning redshifts from
the nearby Universe to z ∼ 1.44. Although this seems promising,
confined and/or young radio sources typically have steep spectral
indices (α ∼ −1), meaning that their flux density at 200 GHz can
be two orders of magnitude lower than at 1 GHz. In order to de-
tect molecular absorption with an observed optical depth τ ∼ 0.1
within a reasonable observing time with ALMA, we require the
source to be brighter than S200 GHz ∼ 10 mJy at 200 GHz, which
corresponds to S1 GHz ∼ 1 Jy at 1 GHz. The proportion of detected
H I absorbers with a radio continuum brighter than 1 Jy is expected
to be ∼1 per cent (e.g. Condon et al. 1998; Mauch et al. 2003)

of which ∼10–30 per cent will be intrinsically compact and young
radio galaxies (e.g. O’Dea 1998). Although this means that only
a few detections with these surveys will provide useful targets for
molecular absorption line detection, this will greatly improve the
existing sample of high-redshift systems currently known.

6 C O N C L U S I O N S

Using ALMA, we have detected a rare example of 12CO (2–1) ab-
sorption at z = 0.44 in the host galaxy of the luminous GPS radio
source PKS B1740–517. Comparison of the CO and H I absorption
line profiles suggests that the CO is distributed in a more clumpy
medium of dense clouds, while the H I seems to be more consistent
with larger diffuse structures. We argue that the broader atomic and
molecular absorption lines arise from a central reservoir of cold gas
(Mgas ∼ 107 − 108 M�), likely distributed as a disc or ring within
a few kiloparsecs of the active nucleus. A separate kinematically
distinct deep (τ peak � 0.2) and narrow (�vFWHM � 5 km s−1) H I ab-
sorption line is consistent with a single diffuse cold atomic structure
(Tk ∼ 100 K). The absence of molecular gas suggests that either this
structure is much smaller than 100 pc along our line of sight and/or
that it arises from lower metallicity gas, perhaps from a companion
galaxy.

Examination of optical imaging and spectroscopy from previous
observations by A15 with the Gemini-South telescope reveals at
least one candidate lower mass companion galaxy that appears to
be undergoing a tidal interaction. The dynamical time-scale for this
interaction is approximately 50 Myr, implying that the onset of the
radio AGN, which we estimate to be only ∼1600 yr old, is delayed
with respect to the bulk accretion of gas from the companion. This
is consistent with previous studies of the relative time-scales of
mergers, star formation and AGN triggering in massive galaxies.
PKS B1740–517 is a luminous and young radio galaxy that pro-
vides a rare opportunity to study the cold gas content of massive
early-type galaxies at cosmological distances. Future surveys for
H I 21-cm absorption will provide further targets for follow-up ob-
servations with ALMA, but will require careful selection based on
the morphology and spectral behaviour of the source.
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