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ABSTRACT
We present results from a search for the H I 21-cm line in absorption towards 16 bright radio sources with the six-antenna
commissioning array of the Australian Square Kilometre Array Pathfinder. Our targets were selected from the 2-Jy sample,
a flux-limited survey of the southern radio sky with extensive multiwavelength follow-up. Two sources were detected in H I

absorption including a new detection towards the bright Fanaroff–Riley Type II radio galaxy PKS 0409−75 at a redshift of
z = 0.674. The H I absorption line is blueshifted by ∼3300 km s−1 compared to the optical redshift of the host galaxy of
PKS 0409−75 at z = 0.693. Deep optical imaging and spectroscopic follow-up with the GMOS instrument on the Gemini-South
telescope reveal that the H I absorption is associated with a galaxy in front of the southern radio lobe with a stellar mass of
3.2–6.8 × 1011 M�, a star formation rate of ∼1.24 M� yr−1, and an estimated H I column density of 2.16 × 1021 cm−2, assuming
a spin temperature of Tspin = 500 K and source covering factor of Cf = 0.3. Using polarization measurements of PKS 0409−75
from the literature, we estimate the magnetic field of the absorbing galaxy to be ∼14.5 μG, consistent with field strengths
observed in nearby spiral galaxies but larger than expected for an elliptical galaxy. Results from this pilot study can inform future
surveys as new wide-field telescopes allow us to search for 21-cm H I absorption towards all bright radio sources as opposed to
smaller targeted samples.

Key words: galaxies: active – galaxies: individual: (PKS 0409−75) – galaxies: ISM – radio lines: galaxies.

1 IN T RO D U C T I O N

It is well established that the brightest extragalactic radio sources are
produced by synchrotron-emitting radio jets launched from a central
active galactic nucleus (AGN; Condon 1989; Condon et al. 1998;
Mauch & Sadler 2007; Condon, Matthews & Broderick 2019). The
precise conditions required to trigger and form these jets remains an
active area of research but the presence of cold gas as a source of fuel
for the central AGN is a critical component. As such, studying the
distribution and kinematics of cold gas at the cores of active galaxies

� E-mail: elizabeth.mahony@csiro.au

is crucial to understanding the fuelling and feedback processes that
shape their evolution. Observing the dynamics and kinematics of
the gas can provide some of the most direct evidence for fuelling
(Maccagni et al. 2014; Tremblay et al. 2016; Chandola, Saikia &
Li 2020) and feedback processes (Morganti, Tadhunter & Oosterloo
2005; Dasyra & Combes 2012; Morganti et al. 2013; Tadhunter et al.
2014; Oosterloo et al. 2019; Herrera-Camus et al. 2020; Schulz et al.
2021) in AGN.

Searching for H I 21-cm absorption against bright radio sources
is a highly effective tool in probing the dynamics of the cool,
neutral gas, particularly beyond the nearby Universe (z > 0.2) where
emission-line studies require prohibitively long integration times
(see Morganti, Sadler & Curran 2015; Morganti & Oosterloo 2018
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H I absorption towards PKS 0409−75 1691

and references therein). In addition to being detectable out to large
redshift, 21-cm absorption line studies have the advantage of directly
tracing the gas at the position of the radio AGN, are more sensitive
to the colder gas, and have the potential to probe gas at higher spatial
resolution (e.g. Beswick, Pedlar & Holloway 2002; Beswick et al.
2004; Morganti et al. 2013; Schulz et al. 2018).

van Gorkom et al. (1989) carried out one of the first systematic
searches for H I absorption in radio-loud AGN with the Very Large
Array (VLA), detecting H I in 13 per cent of the 29 radio galaxies
observed. Since then, there have been numerous studies searching
for H I absorption using different source selections (Morganti et al.
2001; Gupta & Saikia 2006; Curran et al. 2008; Allison et al. 2015;
Geréb et al. 2015; Maccagni et al. 2017; Murthy et al. 2021). These
searches typically detect the presence of neutral gas in approximately
30 per cent of sources (Geréb et al. 2015; Maccagni et al. 2017),
although this varies significantly according to the sample selection.
Numerous studies have reported higher detection rates in compact
radio sources ranging from 32 to 57 per cent (Pihlstrom, Conway
& Vermeulen 2003; Vermeulen et al. 2003; Gupta & Saikia 2006;
Chandola, Gupta & Saikia 2013; Maccagni et al. 2017; Murthy et al.
2021) while a study of galaxy mergers found H I absorption in
84 per cent of the sample (Dutta, Srianand & Gupta 2018, 2019).
By comparison, Maccagni et al. (2017) report a detection rate of
∼15 per cent for extended radio sources and Murthy et al. (2021) did
not detect any H I 21-cm absorption lines towards the 14 resolved
radio sources in their sample.

The majority of these studies have been carried out at low
redshifts largely due to the available frequency coverage of most
interferometers, such as the Westerbork Synthesis Radio Telescope
(WSRT; Vermeulen et al. 2003; Geréb et al. 2015; Maccagni et al.
2017), the VLA (van Gorkom et al. 1989; Morganti et al. 2005;
Murthy et al. 2021), and the Australia Telescope Compact Array
(ATCA; Allison et al. 2012b; Glowacki et al. 2017). In addition,
the relatively narrow bandwidths meant that prior knowledge of
the redshift of the radio source was needed to ensure the H I 21-
cm line was observable in the frequency range available. This was
particularly true for observations carried out prior to significant
upgrades of the ATCA and VLA which increased the available
bandwidth from 2 × 128 MHz to 2 × 2048 MHz frequency windows
for ATCA (Wilson et al. 2011) and from 100 MHz to 2–8 GHz
(depending on the spectral resolution and frequency coverage) for
the VLA (Perley et al. 2011). This requirement of prior knowledge of
the spectroscopic redshift introduces various selection biases since
the optical magnitude of the galaxy needs to be sufficiently bright
to obtain a redshift measurement. An increasing number of high-
redshift searches (z > 1) have been performed using the Giant
Metrewave Radio Telescope (GMRT; Curran et al. 2008, 2013;
Aditya 2019; Aditya et al. 2021), significantly enhanced thanks to the
recent upgrade which increased the instantaneous bandwidth from
32 to 400 MHz and increasing the available frequency coverage from
50 to 1500 MHz (Aditya, Kanekar & Kurapati 2016; Aditya 2019;
Dutta et al. 2020).

The advent of new facilities with wider bandwidths, including
the Australian Square Kilometre Array Pathfinder (ASKAP; Hotan
et al. 2021), MeerKAT (Jonas & MeerKAT Team 2016), Westerbork
Aperture Tile in Focus (AperTIF; Oosterloo et al. 2009), and the
upgraded GMRT (Gupta et al. 2017), have opened up a much larger
frequency window to search for H I in absorption. Importantly, the
large instantaneous bandwidth (∼300 MHz for ASKAP and Apertif
and ∼400 MHz for uGMRT and MeerKAT), and relatively radio
frequency interference (RFI)-free spectrum allow us to search for
absorption lines without prior knowledge of the redshift. This has

been demonstrated by the recent detection of several H I absorption
systems where the redshift of the background radio source was not
known before the observations (Allison et al. 2015, 2020; Moss et al.
2017; Glowacki et al. 2019; Chowdhury, Kanekar & Chengalur 2020;
Sadler et al. 2020).

This paper presents a search for H I absorption towards 16 powerful
radio galaxies with the Boolardy Engineering Telescope Array
(BETA); the six-element commissioning array of ASKAP (Hotan
et al. 2014; McConnell et al. 2016). The sources were selected from
the 2-Jy sample (Wall & Peacock 1985; Tadhunter et al. 1993) to
ensure there was sufficient radio continuum to be able to detect
H I absorption with the six antennas of ASKAP-BETA. Section 2
describes the sample selection, observations, and data reduction of
the ASKAP-BETA observations and Section 3 presents the results
of the ASKAP-BETA search for H I absorption. Section 4 describes
follow-up optical observations carried out with the Gemini-South
telescope. We discuss the properties of the H I absorption detection
and implications for similar detections in upcoming large absorption
line surveys in Section 5 before concluding in Section 6.

2 RADI O O BSERVATI ONS

2.1 Sample selection

A sample of 16 bright radio galaxies was selected from the 2-Jy
sample (Wall & Peacock 1985); a complete, flux-density limited
sample of sources brighter than 2 Jy at 2.7 GHz. An extensive
campaign of multiwavelength follow-up has been carried out for
2-Jy sources at declinations δ < +10◦, steep spectral indices
(α4.8

2.7 < −0.5)1 and redshifts between 0.05 <z < 0.7 (Tadhunter et al.
1993). This includes high-resolution radio imaging (Morganti et al.
1999), deep optical imaging and spectroscopy (Ramos Almeida et al.
2011), mid- and far-infrared (IR) imaging (Dicken et al. 2008, 2012)
and X-ray observations (Mingo et al. 2014). The completeness of the
multiwavelength follow-up make it an ideal sample to search for H I

absorption as it is a radio-selected sample, yet has the accompanying
multiwavelength data needed to provide redshifts and luminosities
without introducing additional selection effects based on the optical
properties (e.g. such as those introduced by selecting sources with
existing spectroscopic data from large optical surveys which can add
an additional optical flux-limit). Only sources with redshifts z > 0.2
were included to ensure the H I line would fall in the frequency range
observed which can trace the H I line from 0.2 < z < 1.

A summary of the properties of these 16 radio galaxies is given
in Table 1. All sources have been classified according to their radio
morphology [Fanaroff–Riley Type I/II (FR I/FR II) or compact steep
spectrum (CSS) objects] and their optical spectral properties [narrow-
or broad-line radio galaxy (NLRG/BLRG) or quasi-stellar object
(QSO)] given in Tadhunter et al. (1993) and Morganti, Killeen &
Tadhunter (1993). We also list the measured flux densities at 4.8 GHz
(both the core and total flux measurements as given in Morganti et al.
1993) and at 850 MHz from the Rapid ASKAP Continuum Survey
(RACS; McConnell et al. 2020; Hale et al. 2021).

1Sν∝να and the sub/superscripts refer to the frequency range in GHz between
which the spectral index was measured.
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1692 E. K. Mahony et al.

Table 1. Properties of the 2-Jy sources that were searched for H I absorption with ASKAP-BETA. The radio morphology class refers
to either an FR I/II radio galaxy or a CSS and are taken from Morganti et al. (1993), as are the total and core flux densities measured
at 4.8 GHz. The optical classification is determined from the spectroscopic properties and defined as either a QSO, NLRG, or BLRG as
designated in Tadhunter et al. (1993). The final column lists the 850 MHz flux density from the RACS. All flux densities are listed in Jy.

Source RA (J2000) Dec. (J2000) z Radio cl. Opt. cl. Stot,4.8 GHz Score,4.8 GHz S850 MHz

PKS 0023−26 00h25m49.s16 −26◦02
′
12.′′6 0.322 CSS NLRG 3.41 Unresolved 11.6

PKS 0035−02 00h38m20.s52 −02◦07
′
40.′′7 0.220 (FR II)a BLRG 2.64 0.662 9.1

PKS 0039−44 00h42m08.s98 −44◦14
′
00.′′5 0.346 FR II NLRG 1.17b No core 5.7

PKS 0105−16 01h08m16.s90 −16◦04
′
20.′′6 0.400 FR II NLRG 1.17 <0.002 6.3

PKS 0117−15 01h20m27.s10 −15◦20
′
16.′′6 0.565 FR II NLRG 1.6 No core 7.1

PKS 0235−19 02h37m43.s45 −19◦32
′
33.′′3 0.620 FR II BLRG 1.44 <0.0002 6.8

PKS 0252−71 02h52m46.s16 −71◦04
′
35.′′3 0.563 CSS NLRG 1.58 Unresolved 8.8

PKS 0409−75 04h08m48.s49 −75◦07
′
19.′′3 0.693 FR II NLRG 4.25 No core 19.6

PKS 1136−13 11h39m10.s70 −13◦50
′
43.′′6 0.554 FR II QSO 1.9 No core 6.2

PKS 1151−34 11h54m21.s79 −35◦05
′
29.′′1 0.258 CSS QSO 2.78 Unresolved 7.6

PKS 1306−09 13h08m39.s12 −09◦50
′
32.′′5 0.464 CSS NLRG 1.9 Unresolved 5.6

PKS 1547−79 15h55m21.s65 −79◦40
′
36.′′3 0.483 FR II BLRG 1.38 <0.003 6.1c

PKS 1602+01 16h04m45.s32 +01◦17
′
51.′′0 0.462 FR II BLRG 1.13 0.065 6.8

PKS 1938−15 19h41m15.s07 −15◦24
′
31.′′3 0.452 FR II BLRG 2.34 No core 9.2

PKS 2135−14 21h37m45.s17 −14◦32
′
55.′′8 0.200 FR II QSO 1.38 0.121 5.8

PKS 2135−20 21h37m50.s01 −20◦42
′
31.′′6 0.635 CSS BLRG 1.53 Unresolved 5.2

Notes. aBrackets indicate an uncertain radio morphology for this object.
bFlux densities published in Morganti et al. (1999) for this object.
cFlux density for this source was obtained from the initial RACS catalogue available from the CSIRO ASKAP Science Data Archive
(CASDA).2

2.2 ASKAP-BETA

Observations were carried out using ASKAP-BETA over the period
from 2014 November to 2016 February. This six-element interferom-
eter had baselines ranging from 37 to 916 m, leading to a synthesized
beam of approximately 1.5 arcmin at 850 MHz when using natural
weighting.

The majority of sources were observed over the frequency range
711.5–1015.5 MHz corresponding to H I redshifts in the range 0.4
< z < 1.0. Five targets were observed at higher frequencies (967.5–
1271.5 MHz) which covers the redshift range 0.2 < z < 0.4,
however, this frequency range is more strongly affected by RFI from
satellites and aircraft, with approximately 30–50 per cent of the data
being flagged. Each target was placed at the phase centre of the
central beam, with the remaining eight beams arranged in a diamond
footprint (see Allison et al. 2015 for more details). The primary
flux calibrator, PKS B1934−638, was observed for short scans of
5–15 min in each beam at the beginning of each observing run. A
summary of the ASKAP-BETA observations is given in Table A1.

The data were reduced using a custom-built MIRIAD pipeline
as described in detail by Allison et al. (2015). In summary, the
data were separated into 64 subbands corresponding to the 4–
5 MHz beam-forming frequency intervals used by ASKAP-BETA
and each subband then reduced independently using the standard
flagging, calibration, and imaging MIRIAD tasks. Processing each
subband separately provided not only the advantage of allowing
parallelization of the data reduction, but also corrected for the discrete
jumps in the gain solutions at the edge of the beam-forming intervals.

The continuum subtraction was performed in two steps: first, by
subtracting the CLEAN components generated from a continuum
image of each subband from the visibilities using UVMODEL, and
then by fitting a second-order polynomial using UVLIN to subtract

2https://research.csiro.au/casda/

any residual flux from continuum sources that were not sufficiently
removed from the visibilities. Finally, a spectrum was extracted at
the peak flux density of the target source (which were all unresolved
by ASKAP-BETA) at the full spectral resolution of 18.5 kHz which
corresponds to a rest-frame velocity resolution of 5.5–7.8 km s−1.
For consistency, the data were re-reduced after the completion of all
observations to ensure the same version of the pipeline was used for
all targets.

After reducing each observation independently, the extracted
spectrum for each target was averaged and weighted by the inverse-
variance measured across the channel images. For more details on
the data processing, we refer the reader to Allison et al. (2015).

3 R ESULTS

H I 21-cm absorption was detected in 2 of the 16 targets observed
with ASKAP; one associated with PKS 0023−26 at a redshift of
z = 0.322 (Vermeulen et al. 2003) and a new detection towards
PKS 0409−75 at a redshift of z = 0.674. The H I spectra are shown
in Fig. 1. Here, we display a small fraction of the total bandwidth
around the expected frequency of the H I 21-cm line determined
from the optical redshift of the radio galaxy. An example of the
full spectrum obtained from ASKAP-BETA is shown in Fig. B1.
The primary aim of this work is to search for associated absorption,
but the wide bandwidth provided by ASKAP-BETA also allows us to
search for any intervening absorption along the line of sight. No other
detections of H I 21-cm absorption were observed in this sample, but
given the small sample size and amount of bandwidth flagged due to
RFI at the lower frequencies this is not unexpected.

3.1 H I properties of the sample

While this paper presents a comparatively small sample of 16 targets
that were searched for H I 21-cm absorption, a detection rate of
12.5 per cent (2/16) may appear to be at the lower end of the range of

MNRAS 509, 1690–1702 (2022)
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H I absorption towards PKS 0409−75 1693

Figure 1. ASKAP-BETA spectra of 16 sources selected from the 2-Jy sample showing the fractional absorption (the measured flux density in absorption (�S)
divided by the continuum flux density (Scont)) for a small range around the optical redshift of the host galaxy (marked by the arrow). H I 21-cm absorption is
observed in PKS 0023−26 at z = 0.322 and PKS 0409−75 at z = 0.674, highlighted by the blue shaded boxes. Small artefacts can be seen in the spectrum of
PKS 0409−75 corresponding to a channelization error at the edges of the 1 MHz coarse channels. This issue was discovered during the ASKAP commissioning
period and has since been corrected. The impact of RFI from aircraft and satellites is much greater at the higher frequencies (corresponding to zH I < 0.4).
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previously reported detection rates for associated 21-cm absorption
(Morganti et al. 2001; Vermeulen et al. 2003; Curran et al. 2008;
Chandola et al. 2013; Geréb et al. 2015; Maccagni et al. 2017; Dutta
et al. 2018; Murthy et al. 2021). However, a number of uncertainties
make it difficult to confirm this and carry out a fair comparison with
previous studies. The biggest factors contributing to this are: (1) the
wide range in integration time (and therefore sensitivity reached)
for objects in the sample as all observations were carried out in
an opportunistic fashion during the commissioning period, and (2)
the large range of radio continuum source structure of our sample.
The latter leads to highly uncertain covering factors (Cf) which can
change the optical depth and H I column density limits by orders of
magnitude.

The covering factor is often estimated by using the ratio of core to
total flux density (‘R’) which provides a measure of the compactness
of the radio source, limited by the spatial resolution of the available
data (see e.g. Kanekar et al. 2009a). For compact sources (i.e. such as
those classified as CSS in Table 1), this gives a covering factor of Cf

= 1 which is the typically assumed Cf for most 21-cm absorption line
studies, driven by the fact that most samples are selected based on
source compactness, or a minimum core flux density (e.g. Morganti
et al. 2001; Maccagni et al. 2017). In addition, we also need to
make an assumption about Tspin, the harmonic mean spin (excitation)
temperature over the line-of-sight gas. At z < 1, the measured spin
temperatures on sightlines through galaxies range from 100 to 1000 K
(Kanekar et al. 2014; Allison 2021) so in the absence of a direct
measurement for these sources we assume a spin temperature of
Tspin = 500 K. This value was chosen as the approximate mid-point
of the range of observed Tspin, but could easily change the estimated
NH I by a factor of 2 if Tspin is similar to the Milky Way value of
∼300 K (Dickey et al. 2009; Murray et al. 2018), or ∼1000 K as
observed in some damped Lyman α systems (DLAs; e.g. Kanekar
et al. 2009b, 2014) and in the central regions of AGN (Bahcall &
Ekers 1969; Holt et al. 2006).

Having measured the absorption fraction ( �S
Scont

), and using these
assumptions for Cf and Tspin we can calculate the optical depth (τ )
and NH I from the following equations:

τ = − ln

(
1 − �S

CfScont

)
. (1)

NHI = 1.823 × 1018Tspin

∫
τdν. (2)

In Table 2, we calculate NH I using both Cf = 1 and Cf = R where
this information was available. The core-total flux density ratios
(R) were calculated from the higher resolution 4.8 GHz radio data
observed with either the VLA or ATCA as given in Table 1 (Morganti
et al. 1993). Assuming a source covering factor of 1 is reasonable for
compact radio sources but is unphysical for extended radio sources
with little core flux and will significantly underestimate NH I. On the
other hand, our detection of H I absorption towards PKS 0409−75
demonstrates that using the core-total flux density ratio is also not
always representative of the true covering factor (see Section 5.1).

Although the average spectral noise reached in these observations
is similar to that achieved in similar studies using ASKAP-BETA
(e.g. Allison et al. 2015; Moss et al. 2017; Glowacki et al. 2019;
Sadler et al. 2020), these studies primarily focused on compact radio
sources and therefore assumed a uniform source covering factor,
similar to the majority of H I absorption searches carried out with
other radio telescopes. Due to the large uncertainties associated with
estimating the covering factor when including resolved or highly
extended radio sources from the 2-Jy sample, it is challenging to
carry out a fair comparison on the detection rate in this sample

Table 2. Fractional absorption (�S/Scont) and H I column density measure-
ments for 2-Jy sources observed with ASKAP-BETA. For sources where
no H I absorption was detected we report 3σ upper limits per channel and
assume a velocity width of 30 km s−1 to calculate an upper limit for NH I. Due
to the large uncertainties in the covering factor for this sample, we present
two values of NH I to indicate the range of column densities probed by these
observations depending on the assumed Cf. A spin temperature of Tspin =
500 K is used throughout.

Source R �S
Scont

NH I (Cf=R) NH I (Cf=1)
(cm−2) (cm−2)

PKS 0023−26 1.0 0.0122 1.49 × 1021 1.49 × 1021

PKS 0035−02 0.335 <0.050 <4.1 × 1021 <1.37 × 1021

PKS 0039−44 – <0.050 – <1.37 × 1021

PKS 0105−16 0.002 <0.014 <1.91 × 1023 <3.83 × 1020

PKS 0117−15 – <0.009 – <2.46 × 1020

PKS 0235−19 0.0001 <0.009 <2.46 × 1024 <2.46 × 1020

PKS 0252−71 1.0 <0.010 <2.73 × 1020 <2.73 × 1020

PKS 0409−75a – 0.0107 – 2.16 × 1021

PKS 1136−13 – <0.0075 – <2.05 × 1020

PKS 1151−34 1.0 <0.029 <7.93 × 1020 <7.93 × 1020

PKS 1306−09 1.0 <0.0063 <1.72 × 1020 <1.72 × 1020

PKS 1547−79 0.002 <0.013 <1.78 × 1023 <3.55 × 1020

PKS 1602+01 0.061 <0.0078 <3.50 × 1021 <2.13 × 1020

PKS 1938−15 – <0.012 – <3.28 × 1020

PKS 2135−14 0.096 <0.093 <2.65 × 1022 <2.54 × 1021

PKS 2135−20 1.0 <0.021 <5.74 × 1020 <5.74 × 1020

Note. aA source covering factor of Cf = 0.3 was assumed for this source as discussed
in Section 5.1.

with previous studies. In the remainder of this paper, we focus
on the two detections of H I absorption towards PKS 0023−26 and
PKS 0409−75.

3.2 H I absorption in PKS 0023−26

PKS 0023−26 is a compact steep spectrum radio source at z =
0.32188 ± 0.00004 (Santoro et al. 2020) with a linear size of 1.97 kpc
(Tzioumis et al. 2002). The radio source is identified with an mv

= 19.5 galaxy (Wall & Peacock 1985) and deep optical and IR
follow-up have found evidence for active star formation (Tadhunter
et al. 2002; Holt et al. 2007; Dicken et al. 2012). Recent ALMA
observations of this source also reveal that it is extremely rich in
molecular gas (Morganti et al. 2021).

Observations with ASKAP-BETA reveal H I absorption at
1074.4 MHz. To derive the properties of the H I line, we used
FLASHFinder,3 an automated line finding and characterization tool,
full details of which are described in Allison, Sadler & Whiting
(2012a). A single Gaussian component with a rest-frame FWHM
= 133.5+18.9

−16.5 km s−1, peak optical depth τ = 0.0122 ± 0.0014, and
redshift zH I = 0.32184 ± 0.00003 provided the best fit to the data.
This best-fitting model is shown in Fig. 2 where the systemic velocity
has been set to the optical redshift of z = 0.32188 (Santoro et al.
2020). Since PKS 0023−26 is a known CSS source [with Very Long
Baseline Interferometry (VLBI) imaging confirming a linear extent
<2 kpc; Tzioumis et al. 2002], we assume a covering factor of 1 and
a spin temperature of 500 K to obtain a H I column density of

NH I = 1.49 × 1021

(
Tspin

500K

)(
Cf

1.0

)−1

cm−2. (3)

H I 21-cm absorption was previously detected in this source by
Vermeulen et al. (2003) using the Westerbork Synthesis Radio

3https://github.com/drjamesallison/flash finder
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H I absorption towards PKS 0409−75 1695

Figure 2. Top: H I absorption detected in PKS 0023−26 where the velocity
axis is defined with reference to the optical redshift z = 0.32188. The solid
line shows the best-fitting parameters of a single Gaussian component with
FWHM = 133.5 km s−1 and peak optical depth τ = 0.0122. The dashed
lines show the line parameters, and the additional component reported by
Vermeulen et al. (2003), shifted to the same systemic velocity for comparison.
Bottom: The residual spectrum after subtraction of the best-fitting parameters
determined by FLASHfinder (solid grey line) and the residual spectrum after
subtraction of the parameters reported in Vermeulen et al. (2003) (blue dashed
line).

Telescope (WSRT). Due to the larger sensitivity of the WSRT
array compared to ASKAP-BETA, these observations revealed two
components of the absorption line: a deeper component centred
close to the systemic velocity of the galaxy (v = −30 km s−1,
�v = 126 km s−1 with peak optical depth τ = 0.0093) and a
second, shallower component blueshifted from the systemic (v =
−174 km s−1, �v = 39 km s−1 with peak optical depth τ = 0.002).4

Fig. 2 overlays these line fits to visually compare with the single
Gaussian component identified in the ASKAP-BETA spectrum.
The shallower component is not recovered in the ASKAP-BETA
observations due to the higher noise levels, but while the velocity
width is similar, the deeper component shows a slight change in peak
optical depth between the WSRT and ASKAP-BETA observations.
This is mostly clearly seen in the residual spectra after subtracting
these two different fits as shown in the bottom panel of Fig. 2. The
uncertainties associated with the peak optical depth measurements
indicate they are within 2σ and therefore any possible variability
is unlikely to be statistically significant. To further verify this, the
line parameters reported by Vermeulen et al. (2003) were subtracted
from the ASKAP-BETA spectrum and the residual spectrum run
through the FLASHfinder line-finding tool to search for evidence of
an absorption feature remaining. No significant lines were detected
confirming that the measured line parameters are consistent with
each other within the noise.

4We note that the rest-frame velocities measured in the WSRT observations
are defined from the most accurate redshift available at the time of publication
of z = 0.322 (di Serego Alighieri et al. 1994).

Figure 3. Top: Spectrum and best-fitting model to the H I absorption
line detected towards PKS 0409−75. The dashed lines plot the individual
Gaussian components and the solid line shows the combined fit. Bottom:
Residual spectrum after subtraction of the best-fitting parameters shown in
the top panel. The velocity axis is given with respect to the optical redshift
shown in Section 4.3 with the shaded regions showing the 1σ and 3σ errors
(zopt = 0.6746 ± 0.00024).

3.3 H I absorption in PKS 0409−75

PKS 0409−75 is a powerful FR II radio galaxy with a projected
linear size of 85 kpc (Large et al. 1981; Morganti et al. 1999).5 The
host galaxy is a magnitude mV = 21.6 galaxy which is resolved into
two components and displays extended emission in [O II]λ3727 (di
Serego Alighieri et al. 1994). Fitting stellar population models to the
optical spectrum, Holt et al. (2007) found that PKS 0409−75 has a
very young stellar population with an age of approximately 0.02 Gyr.
The extended emission in [O II], a young stellar population, and
complicated optical structure, point towards recent merger activity
in this galaxy.

ASKAP-BETA observations revealed H I absorption detected
along the line of sight to PKS 0409−75, at a frequency of 848.5 MHz.
Using the FLASHfinder line-fitting tool the absorption line is best fit
by two Gaussian components as shown in Fig. 3; a narrow line with
FWHM = 14.8+1.1

−0.9 km s−1, peak redshift z = 0.67431 ± 0.00005,
and peak optical depth 0.0050 ± 0.0003 and a broader component
with FWHM = 80.1+2.2

−1.9 km s−1, redshift z = 0.67443 ± 0.00005,
and peak optical depth 0.0074 ± 0.0001. However, the most striking
feature of this detection is that the H I absorption is at a redshift of
zH I = 0.674, offset from the systemic velocity of the host galaxy
(determined by the optical redshift of z = 0.693) by more than
−3300 km s−1.

Such an extreme velocity offset implies that the neutral gas
detected via the 21-cm absorption signal is not associated with
PKS 0409−75 itself, but more likely originates from a nearby
galaxy in the surrounding environment of this powerful radio source.
Although there is some evidence for merger-related activity in the

5PKS 0409−75 is also sometimes referred to as PKS 0410−75 (e.g. in the
NASA Extragalactic Database; https://ned.ipac.caltech.edu/).
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host galaxy of PKS 0409−75 (Ramos Almeida et al. 2011), the
velocity offset is significantly larger than what is typically asso-
ciated with tidal features. Tidal features associated with individual
galaxies or galaxy pairs are typically less than 200 km s−1 (Bekki,
Koribalski & Kilborn 2005; Koribalski 2020) while the spread of
tidal debris in galaxy groups or clusters can be larger, up to ∼500
and ∼1000 km s−1, respectively (Saponara et al. 2018; Lee-Waddell
et al. 2019; Namumba et al. 2021). A velocity difference of more
than 3000 km s−1 has not been observed and is unlikely in a bound
system.

Previous deep optical imaging of PKS 0409−75 presented in
Ramos Almeida et al. (2011) shows evidence for a separate galaxy
co-incident with the southern radio lobe, however, no spectroscopic
information was available to indicate if this galaxy is at the same
redshift as the H I absorption line.

4 O P T I C A L F O L L OW-U P O F P K S 0 4 0 9−7 5

To verify that this galaxy observed in previous optical images could
be a possible association of the H I feature, additional imaging
and longslit spectroscopy were obtained using the Gemini-South
telescope.

4.1 Optical imaging

Follow-up multiband imaging of PKS 0409−75 was carried out
on 2017 August 28 using the Gemini Multi-Object Spectrograph
(GMOS) on the Gemini-South 8-m telescope (ProgID number GS-
2017B-Q-63). The 5.5 arcmin field was centred on PKS 0409−75
and a 300 s exposure time used in each of the g

′
, r

′
, and i

′
filters

with the aim of reaching limiting magnitudes of approximately g
′

= 23.9, r
′ = 23.5, and i

′ = 23.3. The total exposure time in each
band was split into 4 × 75 s individual exposures to aid in cosmic
ray rejection. The seeing conditions during the observations ranged
from 0.7 to 0.8 arcsec.

The data were reduced using the standard Gemini IRAF packages
and a gri-colour image made using the ASTROPY and APLPY packages
(Astropy Collaboration 2018; Robitaille 2019). No standard stars
were observed during the imaging observations, so the median
photometric zero-points measured for each GMOS-S filter6 were
used when calculating optical magnitudes.

4.2 Longslit spectroscopy

Longslit observations of PKS 0409−75 were taken with the GMOS
on the Gemini-South telescope on 2017 September 16 as part
of the same observing programme (GS-2017B-Q-63). In order to
distinguish between the two possible optical associations detected
in previous Gemini imaging, we orientated a 1.5 arcsec slit at a
position angle of 133 deg to obtain spectra of both the host galaxy
of PKS 0409−75 and the nearby galaxy at the position of the eastern
radio lobe.

The observations were taken using the R400 grating with central
wavelengths of 700 and 705 nm which allowed for dithering across
the CCD chip gaps to obtain continuous spectral coverage from 490
to 910 nm. Using 2 × 2 binning resulted in pixel sizes of 0.16 arcsec
spatially and 0.15 nm in the spectral direction. 6 × 900s exposures
were taken for each central wavelength leading to a total on source
integration time of 3 h. GCALflat observations were taken in between

6https://www.gemini.edu/instrumentation/gmos/calibrations#PhotStand

the science observations while bias images and CuAr arc exposures
were taken at the end of the night.

Standard Gemini IRAF tasks were used for bias subtraction,
flat-fielding, wavelength calibration, and sky subtraction for each
exposure independently. The 2D spectra for each configuration were
then combined to increase the S/N before extracting two apertures
for each combined 2D spectrum; one at the position of the host
galaxy of PKS 0409−75 (denoted ‘galaxy A’ hereafter) and another
at the position of the galaxy at the position of the eastern radio lobe
(‘galaxy B’). The data were flux calibrated using an observation of
a standard star (CD-34 241) taken on 2017 August 21. No telluric
calibration was performed meaning the atmospheric A band is still
evident in the resulting spectra. Once calibrated, the 1D spectra were
combined using the IRAF SCOMBINE task.

The reduced spectra of both galaxies were then run through the
MARZ web-based redshifting software (Hinton et al. 2016) to identify
the redshift of both sources.

4.3 Optical properties of PKS 0409−75

A three-colour image compiled from g
′
-, r

′
-, and i

′
-band observations

is shown in Fig. 4 overlaid with contours from 8 GHz ATCA
observations (Morganti et al. 1999), which shows an elliptical galaxy
at the position of the southern radio lobe. For ease of reference, we
denote the host galaxy of PKS 0409−75 ‘galaxy A’ and the galaxy
coincident with the southern radio lobe ‘galaxy B’ hereafter. We also
note that the radio contours shown in Fig. 4 have much higher spatial
resolution due to the higher observed frequency and longer baselines
provided by the ATCA, resulting in a synthesized beam of 0.′′7 × 1.′′2
compared to the ∼1.′5 resolution provided by ASKAP-BETA. The
continuum source is unresolved in the ASKAP-BETA observations
presented here and therefore we cannot directly determine if the

Figure 4. Gemini GMOS gri-image of PKS 0409−75 and surrounding
galaxies. The double nucleus in PKS 0409−75 reported in Ramos Almeida
et al. (2011) is clearly visible (galaxy A), as is a possible companion galaxy
to the south-east (galaxy B). Radio contours from higher resolution 8 GHz
ATCA observations are overlaid in blue, with the synthesized beam shown
in the bottom left corner. The grey lines mark the position of the slit used in
the Gemini-GMOS longslit observations discussed in Section 4.3. Standard
image orientation is used with North up and East to the left.
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H I absorption towards PKS 0409−75 1697

Figure 5. Gemini-South GMOS longslit spectra of PKS 0409−75. The top panel shows the spectrum for the host galaxy (galaxy A in Fig 4) and the bottom
panel shows the spectrum of galaxy B. Both spectra are shown in the observed frame with the dashed lines marking commonly observed lines at the redshift of
each source (z = 0.6939 and z = 0.6746 for sources A and B, respectively) and show where these features would lie at the observed redshift. Not all of these
features are necessarily evident in the spectrum. The grey shaded area corresponds to the A-band atmospheric absorption feature.

absorption line is detected along the line of sight to one of the radio
lobes from the ASKAP-BETA data alone.

Fig. 5 shows the spectra obtained from the Gemini-GMOS
observations of galaxies A (top) and B (bottom). Both the optical
imaging and spectroscopy confirm the complex nature of the host
galaxy of PKS 0409−75 (galaxy A), with the three-colour (gri)
image showing clear evidence for a double nucleus as previously
shown in Ramos Almeida et al. (2011). The spectrum of galaxy A
is similar to that observed by di Serego Alighieri et al. (1994) and
also shows extended [O II] and [O III] emission as discussed in Holt
et al. (2007).

The redder optical colours for galaxy B on the other hand suggest
that this is more likely to be a early-type galaxy. The spectrum of
galaxy B shows [O II] emission, as well as evidence for weak [O III]
emission and the Ca II H and K absorption lines, placing the source
at a redshift z = 0.6746 ± 0.00024. This is very similar to the
redshift of the absorption line detected with ASKAP-BETA (within
∼50 km s−1), confirming galaxy B as the association of the H I 21-cm
absorption line.

5 D ISCUSSION

5.1 Properties of the H I absorbing galaxy towards
PKS 0409−75

Our targeted follow-up observations of this source at optical wave-
lengths indicate that the H I 21-cm absorption system detected with
ASKAP-BETA is associated with galaxy B in front of the eastern
radio lobe of PKS 0409−75. Using the redshift of galaxy B (z
= 0.6746 ± 0.00024) as the systemic velocity, Fig. 3 shows that
the H I feature detected is slightly blueshifted compared to the
systemic velocity, but consistent within the redshift error of 42 km s−1

derived from the optical follow-up.7 The fact that most of the 21-
cm absorption is observed blueward of the systemic velocity could
indicate that only a portion of the H I in galaxy B is being detected
in absorption. This is somewhat verified by the optical image shown
in Fig. 4 which shows that galaxy B is not entirely in front of
the background radio lobe of PKS 0409−75, but higher resolution
images in both the radio and optical are needed to confirm this.
The peak of the radio emission is offset from the centroid of galaxy
B meaning that an offset of ∼75 km s−1 might be expected for a
typical galaxy rotation velocity of ∼150 km s−1 if this sightline was
probing only a small fraction of the galaxy (Reeves et al. 2016).
The width of the H I line is broader than typically observed for
intervening galaxies where the mean of the distribution is ∼30 km s−1

(Curran et al. 2016), however, this could be explained by the fact that
diffuse continuum emission from the background radio lobe could
be illuminating multiple sightlines through galaxy B. We also looked
for evidence of rotation along the slit, but as a larger aperture was
needed to get sufficient S/N to detect the weak emission lines there
was no clear indication of any rotation.

To calculate the H I column density, we assume a covering factor
of 0.3, roughly estimated based on the flux ratio between the two
radio lobes (the eastern lobe contains ∼60 per cent of the total flux),
combined with the fact that galaxy B intercepts approximately half of
the radio lobe as shown in Fig. 4. Again assuming a spin temperature
Tspin = 500 K and using the measured integrated optical depth of
0.71 ± 0.01, equations (1) and (2) give a 21-cm H I column density
of

NH I = 2.16 × 1021

(
Tspin

500K

)(
Cf

0.3

)−1

cm−2. (4)

7The redshift error is estimated using the Penalized Pixel-Fitting (PPXF)
software (Cappellari 2017).
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1698 E. K. Mahony et al.

We estimate a star formation rate (SFR) of 1.24 M� yr−1 using
the PPXF software (Cappellari 2017) to fit and measure the flux of
the [O II] emission and following the Kennicutt relation (Kennicutt
1998). Since the Balmer lines were not detected in the longslit
observations it was not possible to do any extinction correction when
calculating the SFR so this value represents a rough estimate. It
should also be noted that [O II] emission is not typically the best
tracer to estimate the SFR due to contamination of AGN or shocks
which can also produce [O II] emission (Maddox 2018). However,
there is no strong evidence for AGN activity in galaxy B and the
moderate amount of star formation is consistent both with the H I

column density and typical SFR of early-type galaxies (Serra et al.
2012; Davis et al. 2014).

Using the SEXTRACTOR source finding software (Bertin & Arnouts
1996), we measure optical magnitudes of g

′ = 21.32 ± 0.11, r
′ =

20.13 ± 0.04, and i
′ = 18.90 ± 0.03 using the AUTOMAG option

for the absorbing galaxy (galaxy B). The r
′
-band image was used as

the detection image for all filters to ensure that a common aperture
was used for the source finding. These optical magnitudes were
corrected for Galactic extinction using Aλ values given by Schlafly
& Finkbeiner (2011) and K-corrected to give a rest-frame (g

′ −
r

′
) colour of 1.12 mag using the method in Chilingarian, Melchior

& Zolotukhin (2010). Galaxy B was also detected in the VISTA
Hemisphere Survey (VHS; McMahon et al. 2013, 2021) with source
name VHS J040849.12−750721.5 and magnitudes J = 17.10 and
Ks = 15.48 mag. Using (g

′ − r
′
) colour combined with the J −/Ks

−band magnitudes, and following the stellar M/L ratios as a function
of optical−near-IR colours (Bell et al. 2003), we estimate the stellar
mass of galaxy B to be approximately 3.2–6.8 × 1011 M�. At this
stellar mass, the optical colours are slightly redder (∼0.1 dex) than
that of typical red sequence galaxies in low-density environments
(Hogg et al. 2004). Both the SFR and stellar mass estimates assume
a modified Salpeter initial mass function (Kennicutt 1983; Bell & de
Jong 2001).

In summary, the H I absorption line detected with ASKAP is
associated with an early-type galaxy along the line of sight to the
radio lobe of PKS 0409−75. The H I column density is similar to
column densities observed in some nearby early-type galaxies, and
consistent with H I emission-line studies that show ∼40 per cent of
early-type galaxies show H I emission (Serra et al. 2012). The optical
colours and stellar mass are also similar to that observed in samples
of luminous red galaxies (LRGs) at z ∼ 0.7 (Maraston et al. 2013;
Ching et al. 2017).

5.2 Polarization properties of PKS 0409−75

Previous narrow-band radio polarization observations of
PKS 0409−75 at 3 and 6 cm showed an asymmetry in the
fractional polarization and Faraday rotation between the two radio
lobes (Morganti et al. 1999). More specifically, the observed Faraday
rotation, rotation measure (RM; the integral of the line-of-sight
magnetic field weighted by thermal electron density) of the eastern
lobe exceeds that of the western lobe by approximately 300 rad m−2.
While this difference could be produced within or in the vicinity of
the lobes, the presence of coherent magnetic fields in the intervening
galaxy towards the eastern lobe could also be responsible for the
observed Faraday rotation difference. The presence of small-scale
turbulent magnetic fields in the intervening galaxy could probably
explain the stronger depolarization seen towards the eastern lobe.

Assuming that the RM difference between the lobes can be fully
attributed to the absorber galaxy, and using an ionization fraction

of 0.1 (He, Ng & Kaspi 2013) to convert neutral column density to
electron column density, the coherent magnetic field strength, B, in
the absorber galaxy can be estimated as

B

14.5μG
=

(
�RMrest−frame

804.3 rad m−2

) (
Tspin

500K

)−1

. (5)

A spin temperature Tspin of 500 K, rest-frame Faraday rotation
difference between the two lobes �RMrest−frame of 804.3 rad m−2

corresponds to a coherent magnetic field strength of 14.5 μG in
the absorber galaxy. The derived magnetic field strength in the z =
0.674 absorber galaxy is broadly consistent with the total magnetic
field strengths measured in local spiral galaxies (Beck & Wielebinski
2013; Beck 2015), as well as the large-scale coherent disc magnetic
field strength measured in a z = 0.439 galaxy (Mao et al. 2017).
However, this estimated field strength is higher than that expected
in elliptical galaxies (Seta et al. 2021). A more in-depth study of
the broad-band polarimetric properties of PKS 0409−75, including a
more detailed estimation of the magnetic fields in the absorber galaxy
and its implications on the build-up of galactic magnetic fields over
cosmic time will be presented in Seta et al. (in preparation).

5.3 The detection of H I absorption against a radio lobe

Only a handful of H I absorption lines have been detected against
the lobes of radio galaxies, primarily due to selection effects of
previous samples that have focused on compact radio sources where
the chances of detecting H I absorption within the host galaxy of the
radio source are much greater. The few detections of H I absorption
against a radio lobe have been discovered serendipitously, similar to
the case presented here, rather than from a comprehensive survey
searching for absorption against extended radio sources.

A recent study by Murthy et al. (2020) reported H I absorption
against the radio lobe of 3C 433. In that case, the absorber is a
faint disc galaxy with stellar mass of ∼1010 M� blueshifted by only
∼50 km s−1 from the systemic velocity of the host galaxy, but has a
similar line width of ∼80 km s−1. Based on this small difference in
velocity, combined with some evidence of disturbed morphology in
the southern radio lobe led the authors to suggest that the radio lobe
could be interacting with the absorbing galaxy. Similar detections of
H I absorption against extended radio sources have been detected in
nearby galaxies 3C 234 (Pihlström 2001) and B2 1321+31 (Emonts
2006), again where the measured velocity of the H I absorption
signature is very close to the systemic velocity of the radio AGN
host galaxy.

The most distant H I absorption line against a radio lobe detected
prior to this discovery was in the radio galaxy PKS 1649−062 at
z = 0.236 (Curran et al. 2011). In this case, the H I absorption
is redshifted 116 km s−1 compared to the systemic velocity, with
the authors suggesting that the absorber is an intervening galaxy
gravitationally bound to the system or possibly associated with a large
galactic disc with r ≈ 200 kpc in PKS 1649−062 (Curran et al. 2011).
These examples all highlight that the detection of 21-cm absorption
lines in radio galaxies can trace a number of different situations, and
additional multiwavelength data, especially in the optical, is often
vital in the analysis and interpretation of these systems.

Unlike these previous detections, in PKS 0409−75 the velocity
offset of ∼3300 km s−1 is too large for the radio lobe to be directly
impacting the absorbing galaxy. Instead, the 21-cm absorption line
detected towards this powerful radio galaxy is associated with a
foreground galaxy in front of the south-eastern radio lobe.
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5.4 Implications for large absorption line surveys

Despite being one of the brightest sources in the radio sky, this
is the first time H I absorption has been searched for in this radio
source. One reason for this is the fact that as a clearly extended radio
source without a strong radio core, PKS 0409−75 would generally
not have been included in typical searches for H I absorption but a
more significant reason is our ability to now search for the 21-cm H I

line in absorption over a wide bandwidth at all redshifts between 0.4
< z < 1.0 with the advent of the ASKAP. This allows us to probe the
neutral gas properties of galaxies at these intermediate redshifts for
the first time (see e.g. Allison et al. 2015, 2021; Sadler et al. 2020),
bridging the gap between H I studies at lower redshifts (e.g. Darling
et al. 2011), and QSO DLA studies at higher redshifts (Kanekar et al.
2014; Neeleman et al. 2016; Rao et al. 2017).

The detection of H I absorption against the lobe of PKS 0409−75
gives some insight into the range of H I absorption lines that could
be detected by upcoming large H I 21-cm absorption line surveys
being carried out with SKA pathfinders such as the First Large
Absorption Line Survey in H I (FLASH; Allison et al. 2021) and the
MeerKAT Absorption Line Survey (MALS; Gupta et al. 2016) which
will explore intermediate redshifts from 0.4 < z < 1.5 in addition to
surveys such as the Search for H I Absorption with AperTIF (SHARP;
e.g. Adams & van Leeuwen 2019) and the Widefield ASKAP L-band
Legacy All-sky Blind surveY (WALLABY; Koribalski et al. 2020)
which will detect H I 21-cm absorption at redshifts 0 < z < 0.26.
While the sample size presented here is too small to extrapolate the
expected detection rate of H I towards extended radio sources, we
note that PKS 0409−75 is one of five objects in the sample that have
clearly extended radio structure with no detectable radio emission
from the core. Searching for absorption towards all bright radio
sources regardless of underlying source structure over a wide area of
sky, such as planned for the upcoming FLASH survey, will provide
the first estimate of the typical detection rate towards extended radio
sources. This study also highlights the need for deep multiwavelength
follow-up observations to understand the properties of H I absorbers
that will be detected in these large surveys.

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

We have carried out a search for 21-cm H I absorption against 16
bright southern radio sources with 0.2 < z < 0.7 using ASKAP-
BETA, the commissioning array of the ASKAP. This study revealed
two detections of H I absorption; one in the compact steep spectrum
source PKS 0023−26 at z = 0.322 and another towards the radio
galaxy PKS 0409−75. The former shows similar line properties to
that reported by Vermeulen et al. (2003), with no significant evidence
for variability in the H I line. The absorption towards PKS 0409−75
at z = 0.674 has not been detected previously and is blueshifted from
the systemic velocity of the host galaxy by ∼3300 km s−1. Follow-
up optical imaging and spectroscopy with GMOS on Gemini-South
confirmed that the H I absorption is associated with a foreground
galaxy in front of the eastern radio lobe. Using the optical and radio
data combined, we estimate this galaxy to have a stellar mass of
3.2–6.8 × 1011 M� and an H I column density of 2.16 × 1021 cm−2.
Using archival polarization measurements of PKS 0409−75 from
Morganti et al. (1999), we provide an estimate of the magnetic field
in the foreground galaxy of ∼14.5 μG, giving the first estimate of
the magnetic field of a normal galaxy at z ∼ 0.7.

Although only a small sample was searched for H I absorption in
this work, it provides a pilot study of what could be detected by future
large absorption line surveys such as the FLASH (Allison et al. 2021),

currently being carried out with ASKAP. Having a sufficiently bright
background radio source was the primary selection criteria used to
define this sample, with no further constraints on the source size
or optical properties (with the exception that the H I absorption line
would be in the frequency range observable with ASKAP). The result
of this broader selection criteria led to the detection of absorption
towards the lobe of PKS 0409−75 as its extended radio structure and
large velocity offset from the host galaxy means that it would likely
have been excluded from many previous searches for H I absorption.
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Geréb K., Maccagni F. M., Morganti R., Oosterloo T. A., 2015, A&A, 575,

A44
Glowacki M. et al., 2017, MNRAS, 467, 2766
Glowacki M. et al., 2019, MNRAS, 489, 4926
Gupta N., Saikia D. J., 2006, MNRAS, 742, 738
Gupta N. et al., 2016, Proc. Sci., MeerKAT Science: On the Pathway to the

SKA. SISSA, Trieste, PoS#14
Gupta Y. et al., 2017, Curr. Sci., 113, 707
Hale C. L. et al., 2021, preprint (arXiv:2109.00956)
He C., Ng C.-Y., Kaspi V. M., 2013, ApJ, 768, 64
Herrera-Camus R. et al., 2020, A&A, 635, A47
Hinton S. R., Davis T. M., Lidman C., Glazebrook K., Lewis G. F., 2016,

Astron. Comput., 15, 61
Hogg D. W. et al., 2004, ApJ, 601, L29
Holt J., Tadhunter C., Morganti R., Bellamy M., González Delgado R. M.,
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APPEN D IX A : A SKAP-BETA O BSERVATIONS

ASKAP-BETA observations of 16 sources selected from the 2-Jy
sample of southern radio galaxies were observed between 2014
November and 2016 February. Table A1 details the observation data,
schedule block ID number (SBID), and median spectral noise across
the full bandwidth for each observation of this sample.

Table A1. ASKAP-BETA observations of sources selected from the 2-Jy
sample. Columns are (1) Source name, (2) date of observation, (3) ASKAP-
BETA Scheduling Block ID (SBID), (4) duration of observations, (5) median
spectral noise across the full band, (6) median fractional absorption noise (i.e.
σ /Scont).

Source Date SBID t σ σ /Scont

(h) mJy/bm/ch (per cent)

Band 1 observations: (711.5–1015.5 MHz)
PKS 0105−16 2015-Sep-11 2538 4.5 43.3 0.68

2015-Sep-11 2541 4.5 58.0 0.86
2015-Dec-10 3302 2.5 33.6 1.02

Total 7.0 0.47
PKS 0117−15 2015-Jun-25 1998 6.5 35.5 0.53

2015-Sep-12 2546 3.0 57.5 0.72
2015-Dec-10 3302 2.5 36.3 0.47

Total 12.0 0.31
PKS 0235−19 2014-Sep-15 636 3.0 28.4 0.40

2015-Dec-10 3302 3.0 38.9 0.52
Total 6.0 0.31

PKS 0252−71 2014-Nov-11 1070 3.5 22.6 0.23
2015-Sep-12 2546 3.0 57.3 0.61
2015-Oct-01 2675 5.0 26.0 0.28
2015-Oct-02 2680 4.0 25.9 0.28
2015-Dec-12 3317 3.0 28.7 0.31
2015-Dec-13 3321 6.0 20.2 0.22

Total 24.5 0.11

Table A1 – continued

Source Date SBID t σ σ /Scont

(h) mJy/bm/ch (per cent)

PKS 0409−75 2014-Nov-20 1143 3.5 45.6 0.10
2015-May-05 1753 4.0 20.7 0.11
2015-Aug-28 2483 3.0 29.2 0.15
2015-Sep-19 2591 5.0 24.6 0.11
2015-Sep-30 2668 5.0 22.2 0.11
2015-Oct-04 2687 6.0 21.6 0.10
2016-Feb-14 3577 7.0 23.5 0.13

Total 41.5 0.05
PKS 1136−13 2014-Nov-22 1147 2.0 34.0 0.50

2014-Nov-23 1150 2.0 32.5 0.48
2015-Dec-18 3394 3.0 29.8 0.49
2016-Jan-28 3469 4.0 51.2 0.80
2016-Jan-29 3470 4.0 47.8 0.81
2016-Feb-03 3500 3.0 55.8 0.87

Total 18.0 0.25
PKS 1306−09 2014-Nov-20 1143 3.5 54.9 0.60

2015-Jul-11 2093 3.0 50.7 0.61
2015-Oct-03 2681 4.0 26.8 0.49
2015-Dec-10 3303 3.5 33.3 0.52
2015-Dec-19 3399 3.5 30.4 0.51
2016-Jan-28 3469 7.0 51.0 0.87
2016-Jan-29 3470 5.0 42.7 0.79
2016-Jan-30 3475 6.0 42.5 0.78

Total 35.5 0.21
PKS 1547−79 2014-Nov-14 1096 3.0 23.6 0.51

2016-Jan-28 3469 5.0 42.1 0.88
Total 10.5 0.44

PKS 1602+01 2015-Jul-11 2093 4 43.8 0.51
2015-Dec-10 3308 4 29.0 0.43
2015-Dec-19 3399 3.5 30.0 0.42

Total 11.5 0.26
PKS 1938−15 2015-Jul-14 2127 3.0 32.9 0.31

2015-Sep-12 2546 3.0 43.7 0.44
Total 6.0 0.41

PKS 2135−20 2016-Jan-28 3468 2.5 67.1 1.26
2016-Jan-29 3472 2.0 68.7 1.31
2016-Jan-30 3480 3.0 57.4 1.11

Total 7.5 0.69

Band 2 observations: (967.5–1271.5 MHz)
PKS 0023−26 2015-Nov-23 3184 3.0 50.1 0.50
PKS 0035−02 2015-Nov-24 3190 4.0 94.9 1.68
PKS 0039−44 2015-Nov-23 3185 3.0 84.8 1.68
PKS 1151−34 2015-Nov-23 3182 3.0 66.4 0.97
PKS 2135−14 2015-Nov-23 3184 3.0 52.1 3.10

APPENDI X B: A SKAP-BETA SPECTRA

ASKAP-BETA provided a full bandwidth of 304 MHz covering a
redshift range of 0.4 < z < 1 for objects observed at a central
frequency of 863.5 MHz. Fig. B1 shows an example spectrum
obtained from one observation of PKS 0409−75 demonstrating the
full bandwidth covered for all observations and the lack of radio
frequency interference at these frequencies. The top axis shows the
redshift of the 21-cm H I line and the bottom axis shows the frequency
shifted into the barycentric reference frame (νbary).
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Figure B1. Full spectrum of a 5 h observation of PKS 0409−75 observed on 2015 September 30. The grey band signals the 5σ noise level calculated from
the rms of the image per channel. H I absorption is clearly detected at a frequency of 848 MHz. Some single channel noise peaks are seen occasionally (e.g. at
937.5 MHz) as well as artefacts due to correlator errors such as that seen around 990 and 776 MHz.
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