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ABSTRACT

We present an analysis of the properties of neutral hydrogen (H1) in 248 nearby (0.02 < z < 0.25) radio galaxies with S| 4gu, > 30 mJy
and for which optical spectroscopy is available. The observations were carried out with the Westerbork Synthesis Radio Telescope as
the last large project before the upgrade of the telescope with phased array feed receivers (Apertif). The sample covers almost four
orders of magnitude in radio power from log P} 4gn, =22.5 W Hz™! and 26.2 W Hz™'. We detect HI in absorption in 27% + 5.5% of
the objects. The detections are found over the full range of radio power. However, the distribution and kinematics of the absorbing H 1
gas appear to depend on radio power, the properties of the radio continuum emission, and the dust content of the sources. Among the
sources where H1 is detected, gas with kinematics deviating from regular rotation is more likely found as the radio power increases. In
the great majority of these cases, the HI profile is asymmetric with a significant blue-shifted component. This is particularly common
for sources with log Py 4gu, > 24 WHz™!, where the radio emission is small, possibly because these radio sources are young. The
same is found for sources that are bright in the mid-infrared, i.e. sources rich in heated dust. In these sources, the HI is outflowing
likely under the effect of the interaction with the radio emission. Conversely, in dust-poor galaxies, and in sources with extended radio
emission, at all radio powers we only detect H I distributed in a rotating disk. Stacking experiments show that in sources for which we
do not detect HI in absorption directly, the HI has a column density that is lower than 3.5 X 10" (Tspin/cy) cm™2. We use our results
to predict the number and type of H1 absorption lines that will be detected by the upcoming surveys of the Square Kilometre Array

precursors and pathfinders (Apertif, MeerKAT, and ASKAP).

Key words. radio lines: ISM — radio lines: galaxies — galaxies: nuclei — galaxies: ISM — infrared: ISM

1. Introduction

The interaction between the energy released by the active cen-
tral supermassive black hole (SMBH) and the surrounding in-
terstellar medium (ISM) plays an important role in galaxy
evolution. This interaction affects the star formation history
of the host galaxy and the observed relation between the
masses of the bulge and central black hole (e.g. Silk & Rees
1998, Bower et al. 2006; Ciotti et al. 2010; Faucher-Giguere &
Quataert 2012; Faucher-Giguere et al. 2013; King & Pounds
2015; King & Nixon 2015).

The actual effect of this interplay depends on the prop-
erties of the ISM and the type of active galactic nucleus
(AGN) in the host galaxy. Among the diverse families of ac-
tive AGN, radio AGN show radio jets expanding through the
ISM. This facilitates a detailed study of the effects of the nu-
clear activity on the kinematics of the different components
of the gas, i.e. the ionised gas (e.g. Tadhunter et al. 2000;
Holt et al. 2003; McNamara & Nulsen 2007; Holt et al. 2008;
Labiano 2008; Reeves et al. 2009; Fabian 2012), the molec-
ular gas (e.g. Garcia-Burillo et al. 2005; Feruglio et al. 2010;
Alatalo et al. 2011; Dasyra & Combes 2011; Guillard et al.
2012; Morganti et al. 2013b, 2015, 2016; Mahony et al. 2016;
Maccagni et al. 2016) and the atomic gas (e.g. Morganti et al.
2005a,b, 2013a; Lehnert et al. 2011; Allison et al. 2015). In ra-
dio AGN it is possible to estimate the age of the activity directly
from the peaked radio continuum spectrum and from the extent
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and expansion velocity of its radio jets. Hence, it is possible to
study the effects of the nuclear activity on the ISM at different
stages of its evolution.

Observations of the neutral hydrogen (HI) in early-type
galaxies, which are the typical hosts of a radio AGN, allow us
to study the cold gas in relation to their star formation and nu-
clear activity. A number of studies (e.g. Morganti et al. 2006;
Oosterloo et al. 2010a; Emonts et al. 2010; Serra etal. 2012,
2014) show that a significant fraction of early-type galaxies
(~40%) have H1 detected in emission, which can be found in
settled rotating disks and in unsettled configurations. The HT
may represent the reservoir of cold gas for the formation of
new stars in early-type galaxies, and, likely, also for the fu-
elling of the central SMBH. When the AGN are radio loud, H1
seen against the radio continuum has been used to study the
morphology and kinematics of the cold gas in their very cen-
tre (e.g. van Gorkom et al. 1989; Morganti et al. 2001, 2005b;
Vermeulen et al. 2003; Gupta et al. 2006). HT absorption lines
can trace a wide variety of morphologies and phenomena. In
some radio AGN, the detection of HI in emission and absorp-
tion has allowed us to associate the HI absorption lines de-
tected at the systemic velocity of the galaxy with a circumnuclear
rotating disk (e.g. van der Hulst et al. 1983; Conway & Blanco
1995; Beswick et al. 2002, 2004; Struve & Conway 2010;
Struve et al. 2010). Narrow (<50 km s~!) HI absorption lines
offset with respect to the systemic velocity have been in
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some cases associated with the fuelling of the radio sources
(e.g. Morganti et al. 2009; Maccagni et al. 2014). In a group of
radio galaxies, the shallow optical depth (7 < 0.05) and the blue-
shifted wings of the HI absorption lines trace a fast outflow
of neutral hydrogen driven by the expansion of the radio jets
(e.g. Morganti et al. 2005a, 2013a; Kanekar & Chengalur 2008;
Mahony et al. 2013; Geréb et al. 2015; Allison et al. 2015).

Absorption studies also have the advantage of allowing
us to detect the gas using relatively short radio observations
and reaching higher redshifts than emission studies, since
the detection in absorption does not depend on the redshift
of the source but only on the strength of the radio back-
ground continuum. Thus, HI absorption studies allow us to
study the impact of the radio nuclear activity on the ISM
in a variety of radio sources (e.g. Vermeulen etal. 2003;
Pihlstrom et al. 2003; Gupta et al. 2006; Emonts et al. 2010;
Allison et al. 2012, 2014; Chandola et al. 2013; Geréb et al.
2014, 2015; Chandola & Saikia 2017; Glowacki et al. 2017,
Curran et al. 2017). Among several results, these studies show
that in compact steep spectrum sources (CSS) and gigahertz
peaked sources (GPS), (i.e. sources that possibly represent
young radio AGN; Fantietal. 1995; Readhead etal. 1996;
O’Dea 1998) the H1 is detected more often. Collecting a large
sample also allows us to perform stacking experiments on the
sources where the HT is not detected, thus providing a complete
characterisation of the content of HI in radio AGN. Through
this technique, Geréb et al. (2014) show that in the direct non-
detections, the HI if present, it must have very low optical
depths (7 < 0.002) compared to the detections, suggesting a di-
chotomy in the properties of the neutral hydrogen in radio-loud
early-type galaxies.

Until now, to obtain a good trade-off between sensitivity
and observing time, HT absorption surveys have been focussing
on the high-power radio sources (log Pjigu, > 24 WHz™),
but low-power sources (log Piagu, < 24 WHz™!) in early-
type galaxies form the bulk of the radio AGN popula-
tion (Bahcall et al. 1997; Best et al. 2005; Sadler et al. 2007).
Hence, to fully understand the importance of radio AGN in
galaxy evolution scenarios it is crucial to investigate the inter-
play between the radio activity and ISM among sources of all
radio powers.

Here, we expand the work of Geréb et al. 2014, 2015 (here-
inafter G14 and G15) by extending the sample to low radio pow-
ers, i.e. log Piagn, =225 W Hz~!. The final sample combines
the sample of G14 and G15 with the sample presented here and
includes 248 sources. The survey presented here was constructed
to observe all the objects in a uniform way and to reach, even
for the weakest sources of the sample (S |46n, ~ 30 mly), opti-
cal depths of a few percent. The survey also provides a statisti-
cally significant sample in preparation of future HI absorption
surveys, which are about to start with the SKA pathfinders and
precursors.

We carried out the observations of our sample with the
Westerbork Synthesis Radio Telescope (WSRT) between De-
cember 2013 and February 2015. Over the same period, the
dishes of the telescope were refurbished and the receivers up-
graded to the phased array feed system, Apertif (Oosterloo et al.
2010b). Since the observations of this survey were carried out
up to the very last hours before the telescope closed for the fi-
nal upgrade, this survey is the last one undertaken with the old
WSRT.

This paper is structured as follows. In Sect. 2.1 we outline the
selection of the sample and describe the 1.4 GHz observations,
while in Sect. 2.2 we discuss how we can classify our sources
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depending on their mid-infrared (MIR) colours and the extension
of their radio continuum emission. In Sect. 3 we report the re-
sults of the survey. In particular, we analyse the occurrence of
H1in the sample (Sect. 3.1), we determine the main properties of
the detected absorption lines (Sect. 3.2), and we perform stack-
ing experiments to search for low column density HI, which is
undetectable by single observations (Sect. 3.3). Section 4 dis-
cusses the results of this survey focussing on the impact of the
radio source on the HI of the host galaxies. In Sect. 5 we use
the results from this work to predict how many and what type
of HI absorbers the upcoming surveys with the Square Kilome-
tre Array pathfinders may produce. Section 6 summarises our
results and conclusions. In Appendix A, we show the new HI
absorption lines we detected in the survey (see Fig. A.1) and the
main properties of all sources of the sample, such as redshift,
radio continuum flux, and radio power (see Table A.1).

Throughout this paper we use a ACDM cosmology, with
Hubble constant Hy = 70 km s~! Mpc‘1 and Q, = 0.7 and
QM = 03

2. Description of the sample
2.1. Sample selection and observations

We expand the sample of radio sources presented in G14 and
G15 to lower radio fluxes and radio powers. As in those stud-
ies, we selected the sources by cross-correlating the seventh
data release of the Sloan Digital Sky Survey catalogue (SDSS
DR7; Yorketal. 2000) with the Faint Images of the Radio
Sky at Twenty-cm catalogue (FIRST; Becker et al. 1995). The
sources lie above declination § > 10° and between 07"51™00°
and 17M22™25°% in right ascension. The sources are restricted
to the redshift range 0.02 < z < 0.25, which is the red-
shift interval covered by the WSRT observing band, 1150—
1400 MHz. The sample of G14 and G15 was limited to sources
brighter than 50 mJy and consists of 101 sources. In the present
study, we selected all sources that have radio core flux den-
sity 30 mJy < S| 46H, < 50 mJy. This includes 219 sources, of
which 183 were successfully observed before the telescope was
switched off for the upgrade of the receivers.

In 37 objects the observed band was affected by strong radio
interference making the data unusable. One source of 353 mly
(JO82133.60+470237.3) was not included in SDSS DR7, but
its spectrum became available with the DR9 data release.
This source falls in the field of view of the observation of
J082209.54+470552.9, and we include it in the final sample of
147 sources.

The observations were carried out in the period Decem-
ber 2013-Feb. 2015 (proj. num. R14A019 and R14B006). We
used a similar set-up of the telescope as in G14 and G15. We also
did not use a full synthesis (12 h) in order to observe as many
objects as possible. However, given that fewer WSRT dishes
were available at the time of our observations and to maintain
the same sensitivity as in G14 and G15, in all observations we
increased the integration time to six hours per source. The obser-
vational set-up consists of 1024 channels covering a bandwidth
of 20 MHz.

We reduced the data following a similar procedure to that
presented in G14 and G15 via the MIRTIAD package (Sault et al.
1995). The final HI data cubes have a velocity resolution
of 16km s~'. The median noise of the final spectra is
0.81 mJy beam™! and ~90% of the observations have a noise
level lower than 1.3 mJy beam™!. We created continuum images
using the line-free channels to measure the continuum flux den-
sity of the sources. However, because of the limited uv coverage
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of the observations, the beam of the observations is very elon-
gated, typically about 45" x 12", In Table A.1 we report a full
summary of the main radio properties of the sources.

For the analysis that follows, we combine the newly observed
147 low-power sources (30 mJy < S 4gH, < 50 mJy) with the
101 sources with S| 4gn; > 50 mJy presented in G14 and G15,
obtaining a sample of 248 sources.

2.2. Characterisation of the AGN sample

One goal of this survey is to determine the occurrence and prop-
erties of H 1 for the different types of radio sources present in our
sample. The sources of our sample lie in the massive end of the
red sequence (—24 < M, < =21, u—r ~ 2.7 = 0.6). Nine sources
are an exception (u—r < 2). Their SDSS images show that they
are undergoing a merger with a spiral galaxy or that they have
large tails of gas and stars, suggesting a recent or ongoing in-
teraction with a companion. These sources are different from the
bulk of our sample of early-type radio galaxies, hence, from here
on, we classify them as interacting and we denote them with grey
diamonds in all figures.

The MIR colours allow us to classify the galaxies accord-
ing to their dust content. For such a purpose, different stud-
ies (e.g. Wright et al. 2010; Stern et al. 2012; Jarrett et al. 2013;
Mingo et al. 2016) have used data from the all-sky Wide-field
Infrared Survey Explorer (WISE), which observed in four MIR
bands, i.e. 3.4 um (W1), 4.6 um (W2), 12 ym (W3), and 22 um
(W4). The W3 band is sensitive to the dust continuum and the
presence of polycyclic-aromatic hydrocarbons (PAHs), whose
emission lines peak at 11.3 ym and may trace the star forma-
tion activity in a galaxy (Lee et al. 2013; Cluver et al. 2014).
The luminosity at 12 um of dust-poor red-sequence galaxies
is dominated by the old stellar population and is similar to
the luminosity at 4.6 um, whereas galaxies rich in PAHs and
dust have enhanced luminosity at 12 gum, which increases their
W2-W3 colour. Starburst galaxies typically have W2-W3 > 3.4
(e.g. Rosario et al. 2013). The WI1-W2 colour is sensitive to
heated dust. When an AGN is present, as in the sources of our
sample, galaxies bright at 4.6 um are likely to have a dust-rich
circumnuclear region that is heated by the nuclear activity.

In this study, we cross-matched the sky coordinates
of each source with the WISE catalogue to extract the
WISE magnitudes, making use of the VizieR catalogue ac-
cess tool (Ochsenbein et al. 2000). We followed Mingo et al.
(2016) to distinguish between so-called dust-poor sources
(W1-W2<0.5 and W2-W3<1.6) and galaxies with MIR
emission enhanced by the dust continuum and PAHs,
which we call 12 um bright sources (WI-W2<0.5 and
1.6 < W2-W3 < 3.4); AGNs with hot dust in the circumnu-
clear regions (W1-W2>0.5); and dust-rich starburst galaxies
(W1-W2<0.5 and W2-W3 >3.4). Given that there are only
three starburst galaxies in our sample, with WI-W2~0.5, we
include them in the sample of AGN rich of heated dust, which
we name 4.6 um bright sources because of their enhanced flux at
this wavelength. In the following sections, we sometimes use the
generic name MIR bright sources to refer to 12 um bright and to
4.6 um bright sources altogether.

As shown in Fig. 1 and Table 1, half of the sources are classi-
fied as dust-poor (52%, indicated by green squares in this and the
following figures) while 27% are 12 um bright sources (indicated
by orange pentagons). Forty-two sources (17%) are classified as
4.6 um bright galaxies (indicated by black triangles).

Following G14, we classified the radio continuum emission
of the sample depending on the NVSS major-to-minor axis ratio
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12pm bright non-detection v
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Fig. 1. WISE colour—colour plot for the sources of the sample, separated
into HI detections (filled symbols) and HI non-detections (empty sym-
bols). Dust-poor galaxies are green squares, 12 um bright sources are
orange pentagons and 4.6 um bright sources are black triangles. Inter-
acting sources are grey diamonds. The dashed lines indicate the cut-ofts
of the WISE colours we used to classify our sources. Further details on
the classification of the sources are shown in Table 1.

versus the FIRST peak-to-integrated flux ratio. Figure 2 and
Table 1 show the classification for the sample of 248 sources,
where we designate 52% as compact sources (in red in the figure)
and 48% as extended sources (in blue). Compact sources typi-
cally have the radio continuum embedded in the host galaxy at
sub-galactic scales (sfew kilo-parsec), while extended sources
have radio continuum at super-galactic scales. For a group of ra-
dio AGN, the extent of their radio continuum emission can be
related to the age of the nuclear activity. Compact steep spec-
trum sources (CSS) and gigahertz peaked sources (GPS) are the
youngest family of radio AGN (O’Dea 1998; Murgia 2003; Fanti
2009; Sadler 2016; Orienti 2016), and in general, they can be
considered younger radio AGN than extended sources. A frac-
tion of the compact sources of our sample belong to this group
of young radio AGN (see G14 and G15).

3. Results

From the new observations presented in this paper (objects
with radio flux between 30 mJy < S| 46, < 50 mly), we detect
H1 absorption in 34 galaxies with 30 significance above the
noise level. Since the observations are relatively shallow, for the
weaker radio sources (S 1 4Guz ~ 30 mJy) we are sensitive to ab-
sorption lines with peak optical depth of Tpea ~ 0.08.

Following G15, we use the busy function (BF; Westmeier
et al. 2014) to measure the main properties of the lines in a uni-
form way, i.e. centroid, peak optical depth (7peax), integrated op-
tical depth ( f 7dv), full width at half-maximum (FWHM), and
full width at 20% of the peak flux (FW20). The detected lines
and fits produced by the BF are shown in Fig. A.1. In Table A.1
we summarise these parameters for each detection.

In the following, we discuss the results making use of the full
sample by combining the new data and the G14 and G15 data.
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Table 1. Statistics of the sample.

Number of sources Non-detections Detections Detection rate (%)

All sources 248 182 66 27+5.5
Radio continuum classification

Compact sources 131 89 42 32+79
Extended sources 108 91 17 16 £ 6.8
WISE colour classification

Dust-poor sources 129 112 17 13+£5.8

12 pum bright sources 68 42 26 38+ 11

4.6 um bright sources 42 26 16 38+ 16
Interacting sources 9 2 7 78 +27

Notes. Number of observed sources (1), number of HI absorption non-detections (2), number of H1 detections (3), and detection rates (4) for
all sources and different subsamples of compact and extended sources, based on the radio-continuum classification (see Fig. 2), dust-poor, 12 um
bright and 4.6 um bright sources, according to the WISE colour—colour plot (Fig. 1), and interacting sources.

T —— 1 1 " 1T T T T 1
A Extended non-detection A

201 o  Compact non-detection -
" A Extended detection A A
“ 18 e  Compact detection A
2 1.8K -
'g ¢ Interacting detection A A A
= {  Interacting non-detection
1.6 N i
2 n A
Zoab A a A A -
%5 N A A A
= A
Z.

1.2} ‘ A a A

Aa % AA .
1of A&\A A@%A@A ’&AAA& SBA4

0.2 0. -l 0.5 0.6 0.7 () 8

FIRST peak / integrated flux

Fig. 2. Radio morphological classification of the sample. Red circles
indicate compact sources, extended sources are indicated by blue tri-
angles, interacting sources are shown in grey diamonds. HI detec-
tions are indicated by filled symbols, while empty symbols represent
non-detections.

3.1. Occurrence of H1 in radio sources

Considering the full sample, we detected HI absorption in
66 sources out of 248, leading to a detection rate of 27% =+
5.5%". Compared to G14 and G15, we have now extended the
range of the sample to low radio powers (down to log P 4cuH,=
22.5 W Hz™1), and it is worth mentioning that, albeit with small
number statistics in some of the bins, the detection rate is similar
across the range of radio powers covered by the survey, as illus-
trated in the top left panel of Fig. 3. The top right panel of the
figure shows that we detect HI absorption lines, with a peak that
is three times above the noise level, in sources throughout the
entire range of fluxes. The bottom left panel shows that we de-
tect H1 in all redshift intervals. The absorption lines have a broad
range in peak optical depths, i.e. approximately between 0.3 and
0.003 (bottom right panel), and we detect lines across the full
range of optical depths to which we are sensitive. These results
confirm and extend what already observed in the subsample of
higher flux sources (S 1 46nz > 50 mJy) of G14 and G15.

! 'We compute the errors on the detection rates as the 95% confidence

level of a binomial proportion.
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In Table 1, we show the detection rate of HI absorption
depending on the classification of their radio continuum emis-
sion and of their WISE colours. We detect HI in all different
types of galaxies but with different detection rates. In the sources
that we classify as compact, HI is detected twice as often as
in the extended sources (32% + 7.9% and 16% =+ 6.8%, respec-
tively). This behaviour was also observed in G14 and in previ-
ous works on smaller and less homogeneously selected samples
(e.g. Emonts et al. 2010; Curran et al. 2011, 2013a,b).

For dust-poor galaxies the detection rate is low (13% +5.8%)
compared to 12 um bright sources (38% =+ 11%) and 4.6 um
bright galaxies (38% + 16%).

3.2. Kinematics of H1

Figure 4 shows the FW20 of the HI absorption lines versus the
radio power of the sources. The dashed horizontal line indicates
the mean of the distribution of rotational velocities of the sam-
ple?. The fine dashed horizontal line indicates the 30~ value of the
distribution of the rotational velocities. In this study, we consider
an H1 line broad when it has FW20 above this latter line. When
a line is broad, the HI cannot simply rotate within the galaxy,
but it must also have a component with non-ordered kinematics.
At high radio powers (log P14guz > 24 WHz ™), 30% + 15% of
the lines are broad.

Figure 5 shows the shift of the centroid of the line with
respect to the systemic velocity of the galaxy versus the ra-
dio power of the sources. At low radio powers (log Pjagu, <
24 WHz™ "), the majority of the lines are centred at the sys-
temic velocity (Av = 100 km s7h. At log Piagh, > 24 WHz !,
36% + 16% of the lines are offset with respect to the systemic
velocity.

As shown in the left panel of Fig. 4, broad lines are found
only in compact radio sources. One exception is 3C 305, which
is classified as extended according to our classification, but is
known to be a compact steep spectrum source of 4 kpc in size
(Jackson et al. 2003). The broad HT is known to trace a fast
outflow (Morganti et al. 2005a), which is consistent with what
found in this paper.

2 We determine the rotational velocity of the sources from their
K magnitude using the Tully-Fisher relation for red-sequence galax-
ies (den Heijer et al. 2015) and correcting for the average inclination of
the sources, measured from the axis ratio of the stellar body of the host
galaxies.
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Fig. 3. Top left panel: radio power distribution of the full sample and the detections. The sub-panel below shows the detection rate for each bin
of the histogram and the average detection rate (dashed line). Top right panel: radio continuum flux (S ; 4cu,) distribution of the full sample (open
bars) and of the detections (grey bars). Bottom left panel: redshift (z) distribution of the full sample of 248 radio sources and of the HI detections.
The sub-panel shows the detection rate for each bin of the histogram. Bottom right panel: distribution of the optical depth detection limits of the
full sample overlaid with the distribution of the optical depth of the peak of the detected absorption lines.

The lines that are broad in Fig. 4 also have a shifted centroid.
This because, as shown in G135, these lines have, apart from a
main component, a second, shallower component that extends
to blue-shifted velocities, which we call wing. Interestingly, the
majority of these wings are blue-shifted indicating that there is
at least a component of the gas outflowing.

At low radio powers (log Piagy, < 24 WHz™), we only
detect relatively narrow lines with the exception of the interact-
ing galaxies. At the sensitivity of our observations, we would
have not been able to detect broad and shallow wings with ra-
tio between the wing and peak of the absorption line <0.3, as
they would have been hidden in the noise. We know that in some
low-power radio sources, for example NGC 1266 (Alatalo et al.
2011) and IC 5063 (Oosterloo et al. 2000; Morganti et al. 2013b,
2015), H1 outflows can be present and are traced by a broad and
shallow (7 < 0.005) blue-shifted wing in the absorption line. If
these shallow and broad wings were present in the HI lines of
the low-power sources, we would not have detected them. De-
spite this limitation, it is interesting to see that the great majority
of the lines in low power sources are centred on the systemic ve-
locity (Fig. 5). This means that the dominant component traced
by the HT absorption is associated with settled gas.

In Fig. 4 (right panel), we show FW20 versus the radio power
of the sources, classifying sources according to their WISE
colours (see Fig. 1). Dust-poor sources do not show broad lines.

Mid-infrared bright sources (both at 12 yum bright and at 4.6 ym)
have broad lines if the radio power is log Pj4gu, > 24 W Hz L.

Figure 6 shows the FW20 versus the integrated optical
depth of the line, classifying the sources according to their
WISE colours. In dust-poor sources, we only detect narrow
HI1 lines (FW20 < 300 km s~') with integrated optical depth
21.5 km s~'. In 12 um bright and 4.6 um bright galaxies we de-
tect both shallow and broad lines. The histogram at the top of the
figure shows the estimated upper limit to the integrated optical
depth of the non-detections of each subgroup of galaxies. For
each source, this is equal to three times the noise of the spec-
trum in optical depth times the mean width of the detected lines
(145 km s7'). For most dust-poor galaxies the detection limit
is f 7dv > 1.5 km s~!. For ten dust-poor sources the detection
limit is lower and should allow us to detect the shallow broad
lines that we detected in the other sources, but we detect none in
these ten sources. This suggests that in dust-poor sources the H1
traced by the broad and shallow wings of the lines is absent.

3.3. Stacking in search for H I absorption

Sources where we do not directly detect an absorption line may
still have H 1 that can be uncovered with stacking techniques. In
a stacking experiment, the noise of the final stacked spectrum
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decreases with the square root of the number of stacked spectra.
Stacking the non-detections of our sample allows us to explore
the statistical presence of HT absorption at low optical depths.

In G14, we stacked the spectra of 66 non-detections with
S14cuz>50 mly, reaching a detection limit of 7 ~ 0.002
(30) without detecting any absorption. In this study, we stack
170 non-detections of the sample. We stack the spectra in optical
depth aligning them at the SDSS redshift. Figure 7 (left panel)
shows the final co-added spectrum. We reach a detection limit
of 7 = 0.0015 (30), without detecting any line. A non-detection
at such low optical depth confirms the results of G14. There, we
pointed out that the peak optical depth of the detected HT lines is
much higher than the detection limit reached by the stacking ex-
periment. This suggests a dichotomy between H1 detections and
HT non-detections. In the latter, if HI is present, it must have
much lower column densities or higher spin temperature (Tpin)
than in the former.

In Sect. 3.1, we point out that the detection rate of HI in ab-
sorption is higher in compact sources than in extended sources.
Likewise, it is higher in MIR bright sources than in dust-poor
sources. Here, we explore whether this can also be seen by stack-
ing the undetected objects belonging to these groups.

A43, page 6 of 22

We do not detect any absorption line either by stacking the
spectra of the compact non-detections (72 sources) or extended
non-detections (80 sources); see Fig. 7 (middle panel). We do not
detect any line either by stacking the dust-poor non-detections
(97 sources) or the MIR bright non-detections (71 sources), see
Fig. 7 (right panel). In Table 2, we show the 30 detection limits
of the stacked spectra for these subgroups. On average we reach
a detection limit of 7 ~ 0.003. These results suggest that a di-
chotomy in the presence of HI holds among all kinds of radio
sources in agreement with the dichotomy observed in the stack-
ing experiment of all non-detections.

4. Discussion
4.1. HI morphologies and kinematics in different radio AGN

HT absorption has been studied in radio AGN for many years.
Previous works (e.g. van Gorkom et al. 1989; Morganti et al.
2001, 2005b; Vermeulen et al. 2003; Gupta et al. 2006) have al-
ready suggested the possibility of a range of structures of the
absorbing material that can, to the first order, be identified from
the shape of the absorption lines. In some cases, this has been
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verified with follow-up high-resolution observations or by HI
emission observations (Beswick et al. 2004; Struve & Conway
2010; Struve et al. 2010; Mahony et al. 2013; Maccagni et al.
2014).

Absorption lines detected against the nuclear radio com-
ponent and close to the systemic velocity with narrow
(<100 km s7!) widths are likely the result of large-scale gas
disks (e.g. dust lanes) while broader profiles (a few hun-
dred km s™!) can result from a circumnuclear disk, such as
Cygnus A (Conway & Blanco 1995; Struve & Conway 2010)
and Centaurus A (van der Hulst et al. 1983; Struve et al. 2010;
Struve & Conway 2012). Distinguishing these structures is not
straightforward because, as for all absorption studies, the shape
and width of the line also depend on the structure of the back-
ground radio continuum.

Absorption lines with centroid offset with respect tothe
systemic velocity or lines with a broad (e.g. beyond the ex-
pected rotational velocity) red-shifted or blue-shifted wing,
can trace gas that is unsettled, either infalling or outflow-
ing, as in, for example NGC 315 (Morganti et al. 2009) PKS
B1718-649 (Maccagni et al. 2014), B2 1504 +377 (Kanekar
& Chengalur 2008), NGC 1266 (Alatalo et al. 2011), 4C 12.50
(Morganti et al. 2013b), and PKS B1740-517 (Allison et al.
2015).

In this work, we relate the HT morphologies traced by the 66
detected absorption lines of our sample to the radio power, ex-
tent of the radio continuum, and MIR colours of the associated
host galaxies. Figure 4 shows that in sources with log P 4gu; <
24 WHz!, we only detect narrow lines (excluding interact-
ing sources, see Sect. 2.2), while at log P 4cn, > 24 WHz!
we also detect lines that are broad because of an asymmetric
wing (with wing-to-peak ratio >0.3). Figure 5 shows that at ra-
dio powers below 10?* W Hz™! the lines are centred at the sys-
temic velocity, while above this threshold, the broad lines are
also offset by more than +100 km s~'. This suggests that, in
our sample, in sources with log P4y, < 24 WHz! the H1
lines trace a large-scale rotating disk, while in more powerful
sources the HI is not only rotating but it can also have un-
settled kinematics. If in a low power source, a broad line had

wing-to-peak ratio <0.3, the broad wing would have not been
detected at the sensitivity of our observations. Cases of lines
with such broad, shallow, and blue-shifted wings are known to be
present in low-power sources, such as NGC 1266 (Alatalo et al.
2011) and IC 5063 (Oosterloo et al. 2000; Morganti et al. 2013b,
2015). However, since these wings are very shallow, they do not
affect the FW20 of the bulk of the line, where the peak lies.
Hence, we can confirm that the deep absorption is on average
narrower in low-power sources.

Figures 4 and 5 also show that the sources where the HI
is unsettled have compact radio continuum (left panels), and
are MIR bright (right panels). Figure 6 shows that in dust-poor
galaxies we do not detect unsettled gas but only narrow and
deep H1 absorption lines. These results suggest that in dust-poor
sources the HI may be rotating in a disk. If, instead, the radio
AGN is powerful (log Pj4gu, > 24 WHz™!) and compact, i.e.
the jets are embedded within the host galaxy and the host galaxy
is MIR bright, then the H I may have unsettled kinematics, which
possibly originates from the interplay between the radio activity
and surrounding cold gas.

4.2. Stacking experiment and comparison with the ATLAS®P
sample

The absorption lines detected in our sample show that, depend-
ing on the radio power, they may trace HI with different kine-
matics. Nevertheless, the HI is detected with a detection rate
of 27% + 5.5% that is independent of the radio power of the
sources (see Sect. 3.2). The results of the stacking experiment
have shown no detection of HI absorption, even after expanding
the number of stacked sources compared to G15 (see Sect. 3.3).
This confirms a dichotomy in the presence and/or properties of
HT1in radio AGN. For the detections, the peak of the absorption
is often found at high optical depths (r > 0.01). In the non-
detections, if HT is present, then this peak must have a much
lower optical depth than in the detections or its detection must
be affected by orientation effects.

In order to investigate the origin of this dichotomy, we
compare our results with what is found for HI emission,i.e.
not affected by orientation effects and not limited by the
size of the continuum emission. We use the ATLAS?P sam-
ple (Cappellari et al. 2011) because it represents the only com-
plete volume-limited sample of early-type galaxies of the lo-
cal Universe (i.e. objects similar to the host galaxies of our
radio sources) with deep HI observations (Oosterloo et al.
2010a; Serraetal. 2012). The ATLAS3P sources represent
the low radio-power end of our sample, since they have
log Piagu; <22.5W Hz! (Nyland et al. 2017) and lie at fainter
magnitudes in the red sequence than our sample (-21.5 < M, <
—19) . Among the ATLAS?P sources, 139 were observed in HI.
HT has been detected in emission in the centre of 25% of these
sources, i.e. in the same region where we search for HI in the
sources of our sample. In most cases, the HT appears settled in
disk and ring morphologies, but there are many exceptions. HI is
not detected in the centre of 81 galaxies. A stacking experiment
on these sources allows us to determine the typical HI column
density, or its upper limit, in the centre of early-type galaxies.

Before stacking, we convert each spectrum to column
density, correcting for the beam (6, in arcminutes) of the
observation,

i~ 3.1x 107 .S - dv/6?,

where S is the flux per channel (dv). In Fig. 8, we show the result
of stacking the H I spectra of the 81 non-detections. An emission
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Table 2. Statistics of the stacking experiment.

Sample Number of sources 3 X rms [optical depth]
Non-detections 170 0.0015
Compact 72 0.0033
Extended non-detections 80 0.0027
4.6 um bright and 12 um bright non-detections 71 0.0033
Dust-poor non-detections 97 0.0027

Notes. Results of the stacking experiment for the non-detections and their subsamples based on the radio classification (compact and extended
sources) and on the WISE colour—colour plot (4.6 pm bright, 12 pm bright and dust-poor galaxies). Since no lines are detected in absorption, we
provide as upper limits three times the noise level of the final stacked spectrum.
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Fig. 8. Stacking in column density of the spectra of 81 ATLAS®P
sources undetected in HI emission.

line is detected with ~30 significance at the systemic velocity.
The FWHM of the line is ~200 + 50 km s~!.

The detection of HI in the early-type galaxies of ATLAS?P
shows that the majority have a low amount of HI that is below
the typical detection level but that can be recovered by stacking.
We use this detection to derive the corresponding optical depth if
this gas would have been observed in absorption. The integrated
column density of the emission line is Ny; ~ 2.1 x 10" cm™2.
The corresponding optical depth can be estimated as

N Nu,
1.8216 x 1018 x FWHM x Ty /c;

Cr
~0.06 x ,
Tspin

T

where ¢/ is the covering factor, i.e. the fraction of radio contin-
uum covered by the absorbed gas, and Ty, is its spin temper-
ature. The spin temperature of the HI can range between a few
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10? K in the extended disks to a few 10 K in the central re-
gions of AGN (Maloney et al. 1996; Kanekar et al. 2003, 2011;
Holt et al. 2008; Morganti et al. 2016). The detection limit we
reach by stacking the spectra of our sample (r = 0.0015, see
Table 2) can be converted to a column density, assuming that the
width of the absorption line is equal to the width of the emis-
sion line of the stacked ATLAS’P sources. This column den-
sity is Ngr= 3.5 X 1017 (Tpin/c ) cm™2. For Tgpin 2 100 K and
¢y = 1, this value is higher than the column density of the emis-
sion line of the stacked ATLAS?P sources. Therefore, the stack-
ing experiment in absorption cannot detect the low-column den-
sity gas we detect in the ATLAS?P sources. If a similar amount
of H1 as in the stacked ATLAS3P galaxies was present in our ra-
dio galaxies, we would expect (assuming ¢y = 1) HI absorption
in the stacked profile with optical depth in the range 7 ~ 10~* for
Topin ~ 100 K and 7 ~ 107 for higher temperatures, for example
Topin ~ 10° K. These values are approximately three times lower
than the detection limit we found in the stacking experiment for
our sample (see Table 2). Thus, the stacking of our radio galaxies
does not reach yet the sensitivity necessary to detect an amount
of H1 that is comparable to what was detected for the ATLAS?P.
Achieving these limits will only be possible with the larger sam-
ples provided by the new surveys (see Sect. 5).

From the amplitude of the HI detection obtained by stack-
ing the ATLAS3P sources, we can infer that the dichotomy be-
tween early-type galaxies with detected and undetected HT could
be due to a difference in the amount of HI between the two
groups. The H1 detected in emission in the ATLAS?P galaxies
(and column-density limited) is likely tracing only HT in large
galactic-scale structures. As described above, HT absorption can
also trace gas that is distributed in small scale, nuclear structures
as its detection depends only on the strength of the background
continuum. Thus, in the case of absorption, other effects can af-
fect the non-detection of HI. These effects can be orientation
effects, HT depletion in the nuclear region, or when only the
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warm component of HT (i.e. low optical depth for a given col-
umn density) is intercepted along the line of sight.

In compact sources the radio emission is embedded within
the host galaxy hence the detection of absorption should be
less affected by orientation effects of the absorbing struc-
ture (Pihlstrom et al. 2003; Curran et al. 2013a). However, the
stacking experiment of this class of objects does not reveal an
absorption line down to 7 ~ 0.003. This may suggest that orien-
tation effects are not the only explanation of why H1 is detected
(or not) in absorption. Nevertheless, among two subsamples of
sources we find hints that orientation effects contribute in de-
tecting HT absorption. In Fig. 10 of G14 we show that among
the high-power sources (log Py 4gn; > 24 W Hz™!) in the most
highly inclined galaxies (axial ratio of the stellar disk, measured
by SDSS, b/a < 0.6), we always detect HT at high column den-
sities (Ngy = 10" - ¢ £/ Tspin cm2). Among more face-on galax-
ies (b/a < 0.6), we do not always detect HI; when we detect
H1 the absorption lines can have lower column densities than
in edge-on sources. When a source is 4.6 um bright, the WISE
colours (W2-W4) allow us to estimate the orientation of the cir-
cumnuclear dust with respect to the AGN (Crenshaw et al. 2000;
Fischer et al. 2014; Rose et al. 2015). Among the 42 4.6 um
bright sources of our sample, 28 have W2-W4 < 6, which sug-
gests an unobscured AGN, i.e. the circumnuclear dust is face-
on with respect to the line of sight, while 14 have W2-W4 > 6,
which suggests an obscured AGN, i.e. the circumnuclear dust is
edge-on with respect to the line of sight. Among obscured AGN
the detection rate of H1is 50% +25%, while in unobscured AGN
the detection rate is 32% =+ 17%. These detection rates are differ-
ent, but they are consistent within the errors. Collecting a larger
sample of 4.6 um bright sources should allow us to decrease the
errors and understand if the difference in detecting HI in absorp-
tion among obscured and unobscured AGN holds.

A different spin temperature could also be relevant to ex-
plain the lack of HTI absorption in the stacking of the sources.
In addition to the high T, characteristic of circumnuclear gas
affected by the radiation from the AGN, the typical ISM has a
large warm component. A number of studies (e.g. Maloney et al.
1996; Kanekar et al. 2003, 2009, 2011; Curran et al. 2007) have
shown that in the typical ISM Ny;~ 2 x 10%° cm™2 is the
threshold column density for cold HI clouds (Tin < 500 K)
and that lower column density HT has higher spin temperature
(Tspin 2 600 K). The undetected galaxies could be dominated
by the low column density component, as the stacking of the
ATLAS?P galaxies suggests, implying that we observe mostly
gas at high spin temperature. For a fixed column density, the
optical depth decreases with increasing spin temperature. If in
central regions of the non-detections most of the HI was warm,
we would not have detected it in the stacking experiments of our
survey.

4.3. Impact of the radio activity on the cold ISM of galaxies

In Figs. 4 and 5 we point out that among high-power sources
(log Piacu, > 24 WHz™ ') 30% + 15% have broad HT1 lines and
that 36% + 16% have lines that are shifted with respect to the
systemic velocity. In Fig. 7 of G15 we show that among high-
power sources the broadest lines are also more asymmetric and
more blue-shifted with respect to the systemic velocity. We find
very few cases of red-shifted absorption and they are all associ-
ated with relatively narrow lines. Furthermore, symmetric broad
lines are detected only in interacting sources. All this seems
to favour a scenario in which the unsettled kinematics of the
HT1 we detect in absorption is due to an outflow driven by the
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Fig. 9. Radio power of the sources vs. 22 ym luminosity for the sources
of our sample and the ATLAS’P sample (A3D), which have been ob-
served in H1. The colour coding follows the WISE colour—colour plot
shown in Fig. 1. The dashed line denotes the fit to the MIR-radio rela-
tion estimated by Jarrett et al. (2013).

nuclear activity, rather than a scenario in which the HT is un-
settled prior to the triggering of the radio activity and may be
falling into the radio source to contribute to its feeding. Never-
theless, cases of red-shifted narrow lines have been found, pos-
sibly in objects similar to NGC 315 (Morganti et al. 2009) and
PKS B1718-649 (Maccagni et al. 2014).

In our sample, early-type radio sources rich in heated dust,
i.e. MIR bright sources, have a higher detection rate in HI
than dust-poor sources. Among high radio power sources, only
MIR bright sources show broad lines. Figure 9 shows the MIR-
radio relation (log Pi4cu, versus log,q Loy ym) for all sources
in our sample and for the sources of the ATLAS?P sample?.
We also show a linear fit to the relation taken from the litera-
ture (Jarrett et al. 2013). The ATLAS?P sample fits the relation
well in the low star formation end. As expected, most sources in
our sample are radio loud with respect to the relation. For the
most powerful part of our sample (log P 4gn, > 24 WHz™),
the detection of broad, asymmetric lines (see Figs. 4 and 5) sug-
gests that the energy released by the central AGN through the
radio jets can perturb the circumnuclear cold gas. Among the
galaxies of our sample that lie on the MIR-radio relation, HT is
detected either in narrow lines, most likely tracing a disk, or in
interacting sources. In these sources, the origin of the unsettled
kinematics and of the star formation may be attributed to the in-
teraction event itself.

The results of our survey are limited to AGN that were se-
lected according to their radio flux. Mullaney et al. (2013) inves-
tigated the impact of the radio power of the sources on the cir-
cumnuclear ISM in an optically selected sample of AGN. These
authors found that only AGN with radio power log,, Pi.4 gu, >
23 W Hz! show broad [OIII] lines and that compact radio cores
play a major role in perturbing this gas, which is in agreement
with the results of our study. Hence, it seems that AGN perturb
the surrounding ISM mainly via the mechanical power of their

3 We measure Ly, um from the magnitude found by WISE (W4).
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Table 3. Summary of various upcoming H1 21 cm absorption line surveys.

Survey Redshift ~ Time per pointing Spectral r.m.s. Sky coverage Total time Number
[H121 cm] [h] [mJy] [degz] [h] of lines of sight
Apertif —- SHARP 0-0.26 12 1.3 4000 6000 25000
(>30 mJy)
ASKAP - FLASH 0.4-1.0 2 3.8 25000 1600 65 000
(>90 mly)
ASKAP — Wallaby 0-0.26 8 1.6 30000 8000 132000
(>40 mly)
MeerKAT — MALS 0-0.57 1.4 0.5 1300 1333 16 000
(L-band) (>15 mly)
MeerKAT — MALS 0.40-1.44 1.7-2.8 0.5-0.7 2000 2125 33000
(UHF-band) (>15 mly)

Notes. The two-part MALS project, MALS L-band, and MALS UHF are targeted surveys focussing on relatively bright, high redshift background
sources to search the line of sight for intervening absorption. However, with the more than 1 x 1 deg® field of view of MeerKAT, a substantial
volume for each pointing is blindly, and commensally, probed both for associated and intervening absorbers. SHARP and WALLABY are both
commensal HI emission and absorption surveys, primarily investigating associated absorption. FLASH is a blind survey of the southern hemisphere
to detect HT absorption in intervening and associated systems at intermediate redshifts (z ~ 1).

radio jets. In our sample, we see the effects of the radio jets
expanding through the ISM in the ionised gas as well (Santoro
et al., in prep). The major role played by the radio nuclear activ-
ity in perturbing the ISM is also suggested when looking at the
H1 in compact and extended radio sources. The former, where
the radio jets have sub-galactic scales and are likely carving their
way through its ISM, show broader and more offset lines than
the latter, where the radio jets have already exited the galaxy;
see Figs. 4 and 5 (left panels).

5. Hl absorption detections in Apertif, ASKAP,
and MeerKAT

The main results of our survey show the importance of HI ab-
sorption studies to trace the presence of cold gas in the cen-
tral regions of early-type radio galaxies. Such studies allow
us to understand how HI relates to the other components of
the ISM, such as the warm dust, and how HTI interacts with
the nuclear radio emission. In particular, our survey shows that
the detection rate of HI in absorption does not change in the
range of redshifts and radio powers of the sample (0.02 < z <
0.25,log Pi4Gu, =22.5 WHz ! <log Piagu, < 262 W Hz ™).
Hence, HT absorption studies are the best tool to investigate the
occurrence of HT in sources at all redshifts and radio powers.

The upcoming blind HI surveys of the SKA pathfinders
and precursors, i.e. MeerKAT (Jonas 2009), the Australian
SKA Pathfinder, (ASKAP, Johnston et al. 2008), and Aper-
tif (Oosterloo et al. 2010b), will play a fundamental role in de-
tecting HT in absorption, shed new light on its structure and its
interplay with the radio nuclear activity, and they will be able to
determine the occurrence of HI and its optical depth distribution
down to low flux radio sources and intermediate redshift (z ~ 1).

In this section, we use the results of our survey to explore the
possibilities for expanding this work in the upcoming H1 surveys
and to explore how the different surveys will cover the parameter
space of radio sources and whether they will be complementary
in describing the presence and properties of the HI.

A number of large area, wide bandwidth absorption line
surveys are planned with next generation radio facilities. In
Table 3 (Gupta, in prep.), we show the frequencies, redshift
ranges, sky coverage, and flux limits of four of these surveys,
which we consider in this section. In particular, we consider the
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survey from the new Apertif system on the WSRT, the Search for
HT1 with Apertif (SHARP), the MeerKAT Absorption Line Sur-
vey (MALS) with the South African SKA precursor MeerKAT,
and two surveys with the ASKAP facility, i.e. the Wide-field
ASKAP L-band Legacy All-sky Blind surveY (WALLABY) and
the First Large Absorption Survey in HI (FLASH). A dedicated,
intermediate redshift survey, FLASH is searching for associated
and intervening absorption at 0.5 < z < 1.0. The WALLABY
is a large sky coverage survey to detect HI in emission, which
will also be sensitive to HT absorption at low redshifts. As with
the survey presented in this paper, we focus in this section on the
search for HT associated with the radio sources, although within
the surveys, intervening absorption systems will also be investi-
gated.

First, we simulate the continuum source population against
which absorption will be seen. We combine the parame-
ters of area, continuum sensitivity, and channel sensitivity
of the survey (listed in Table 3) with a luminosity function
from Mauch & Sadler (2007) and source number counts ex-
tracted from the simulations of Wilman et al. (2008). From this,
we can determine the luminosity—redshift parameter space cov-
ered by the various planned surveys, shown in Fig. 10. The figure
shows SHARP, MALS L band and MALS UHF, and the red-
shift ranges they cover. The WALLABY covers similar param-
eter space as SHARP, while FLASH and MALS UHF are both
at higher redshift. The flux limits and channel sensitivities of
the three surveys are well matched with each other, resulting in
continuous coverage of the parameter space with large dynamic
range at each redshift.

In Fig. 10, at low redshifts, SHARP in the northern hemi-
sphere and WALLABY in the south cover very similar param-
eter space with WALLABY’s larger volume containing more of
the rare, high luminosity, low redshift objects. These are the only
surveys probing low luminosity sources (L < 10** W Hz™").

At moderate redshifts, the MALS L-band survey is the only
survey probing 0.26 < z < 0.42, and will provide critical over-
lap with the intermediate redshift end of the MeerKAT deep
HI emission surveys.

At intermediate redshifts (z ~ 1), MALS UHF and FLASH
probe only the high luminosity sources, so care must be taken
when comparing the absorption population at intermediate and
low redshifts, as the continuum source populations are disparate
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Fig. 10. Coverage of the luminosity—redshift plane by upcoming ab-
sorption surveys. The parameter space is divided into cells of dz = 0.01
and dL = 0.1, and the colour coding indicates 0.1 (light), 1 (medium),
and 10 (dark shading) objects per cell. As expected, the majority of ob-
jects lie close to the flux limits of the surveys. At z < 0.26, SHARP in
the northern hemisphere and WALLABY in the south cover very similar
parameter space. The full MALS L-band survey covers 0 < z < 0.58,
but is the only survey probing intermediate redshifts, 0.26 < z < 0.42.
MALS UHF targets intermediate redshifts, 0.42 < z < 1. A similar
redshift range is covered by FLASH, but with brighter flux limits. For
clarity, we show the coverage of the plane out to z = 1, even though
both surveys extend to z = 1.44 with the same behaviour. The black
lines denote the minimum optical depth visible for sources of a given
flux with the channel rms values given in Table 3.

and, as we have seen here, the H1 can have different properties in
different types of radio sources. The relatively bright flux limit
of FLASH restricts the dynamic range in continuum sources, but
the large area will result in excellent statistics of both interven-
ing and associated absorbers, enabling evolution in the absorber
population to be probed.

After determining the distribution of continuum sources
available for each survey, we add the absorption population. We
assume that one out of three sources will have an associated ab-
sorber, regardless of the source flux or range of observable ab-
sorber depths. Figure 10 shows that for each source and survey
channel sensitivity, there is a minimum peak optical depth value
that is observable. In the figure, we denote three minimum ob-
servable peak optical depths with black lines (7 ~ 0.1, 7 ~ 0.02,
and 7 ~ 0.002).

Figure 10 shows that the different surveys complement each
other. In high-power radio sources (log P 4gn, = 10° W Hz ™),
these surveys will allow us to detect HI at 0.002 < 7 < 0.1 to
75 0.5,and 7 > 0.02 to z < 1. Hence, in powerful radio sources
we will be able to trace the evolution of the properties of HI with
redshift. However, the bulk of the population of radio sources has
low radio power and its HI absorption content will be explored
only by the low redshift surveys, for example the extension of
the research presented in this paper.

In the survey presented in this paper, we find a dichotomy in
the detection of HI, suggesting the gas has high optical depth in
the detections and very low optical depth in the non-detections.
From this, we assume two different distributions to model the
(unknown) intrinsic absorption population (see the top panel of
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Fig. 11. Top panel: two suggested intrinsic distributions for the fre-
quency of associated absorbers of a given optical depth. The primary
difference is at very low optical depth values, where the exponential-
shaped distribution is dominated by low values, whereas the other peaks
att ~ 0.08. Bottom panel: resulting observed optical depth distributions
for the SHARP survey, assuming absorbers are drawn from the two dis-
tributions in the fop panel. The solid lines indicate the average observed
distributions, while the shaded regions their dispersion.

Fig. 11) and to extract the distribution we expect to observe with
the SHARP survey. The exponential shape might naively be ex-
pected, since the most common, low column density HT clouds
correspond to very low optical depth absorption. On the contrary,
the second shape, which is modelled on a black-body curve, has
very few low optical depth absorbers while maintaining large
number of absorbers with moderate optical depth. For one out of
three sources, an absorber of a given optical depth is chosen ran-
domly from the visible 7 values, separately for the two intrinsic
distributions. No redshift evolution in the absorber population is
included.

The bottom panel of Fig. 11 shows the results of this ex-
ercise for the SHARP survey. The resulting observed distribu-
tions are sufficiently different and upcoming surveys should be
able to constrain the intrinsic distribution from which the ab-
sorbers are drawn. The observed optical depth distribution is a
convolution of the galaxy luminosity function and the intrinsic
optical depth distribution. Its shape depends from the fact that
most of the observed objects are assigned values of 7 > 0.1 and
are close to the flux limit of the observations. Thus, aside from
the normalisation, within this simplistic simulation the shapes
of the observed distributions from survey to survey are similar.
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The targeted aspect of MALS, with deep integrations of bright
sources, will help fill in the very low 7 values.

Some evolution of the absorption population is expected and
this should be seen in the optical depth distribution observed in
the intermediate redshift sources. Also, the occurrence of ab-
sorption as a function of optical depth and continuum flux will
be better determined from uniform, blind surveys, which pro-
vide information about the distribution of the absorbing gas in
galaxies.

Interestingly, the lack of absorption seen so far in the stack-
ing exercises indicates that very low optical depth values are not
common and this disfavours the exponential underlying optical
depth distribution. Larger samples of uniformly selected and ob-
served objects will strengthen this restriction.

6. Concluding remarks

In this paper, we presented new WSRT observations of 147 ra-
dio sources (30 mJy < S| 46n, < 50 mly, 0.02 < z < 0.25) ob-
served in search for HT absorption. We detected H1in 34 sources
(see Appendix A). We combined this sample with the sample of
101 sources with S 4guH, > 50 mly, observed in a similar way
and presented in G14 and G15. We classified the 248 sources
of the sample according to their radio continuum emission
(compact sources and extended sources) and to their WISE
colours (dust-poor, 12 um bright, and 4.6 um bright sources; see
Sect. 2.2). The vast majority of the sample lies above the MIR-
radio relation, suggesting the bulk of their radio emission comes
from the central AGN (see Sect. 4.3). We analysed the occur-
rence, distribution, and kinematics of the HI with the following
results:

Twenty-seven percent of radio-galaxies have H1 detected in
absorption associated with the source. The detection rate
does not vary across the range of redshifts and radio pow-
ers of the sample (see Sect. 3.1).

— AGN with radio-power log Pisgu, < 24 WHz™! only
show narrow HT absorption lines. Broad lines, which can
trace a significant component of HI unsettled by the
radio activity, are found only in powerful radio AGN
(log Piagu, > 24 WHZil).

— Compact sources show broad lines, tracing H I with unsettled
kinematics. Compact sources also show a higher detection
rate of HI than extended sources.

— Dust-poor galaxies, at all radio powers, show only narrow
and deep HT absorption lines (see Fig. 6), mostly centred at
the systemic velocity, suggesting that in these galaxies most
of the H1 is settled in a rotating disk.

— In MIR bright sources we detect HI more often than in
dust-poor sources. Above log Pj4gu; > 24 W Hz™!, these
sources often show broad lines, suggesting the HT has un-
settled kinematics.

— Three of the most powerful MIR bright sources show broad
(FWHM > 300 km s~!) HT lines with a blue-shifted wing.
These lines are likely to trace an outflow of neutral hydrogen
pushed out of the galaxy by the radio jets.

— The broad and asymmetric HI lines we detect all have a blue-
shifted wing, while broad lines with a red-shifted component
are not found. This may favour a scenario in which the kine-
matics of the HT are unsettled by the expansion of the nu-
clear activity, i.e. an outflow, rather than a scenario in which
the H1 is unsettled prior to the triggering of the radio activity
and may be falling into the radio source.
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— Stacking experiments on the non-detections of our sample do
not reveal a detection of HT absorption. In stacking the sub-
groups of sources where the detection rate of HI is higher,
i.e. compact sources and MIR bright sources, we still do not
detect any absorption line (see Sect. 3.3).

— As reference, we stack the non-detections of the ATLA
sample (Serra et al. 2012); we detect an HT emission line
with ~30 significance, tracing H1 with very low column den-
sity Ny~ 2.1 X 10'° cm™2. If all this HI was cold (Tspin <
100 K), the corresponding optical depth would be three times
lower than the detection limit of our stacking experiment in
absorption (see Table 2). If the HI was warmer, the opti-
cal depth would be even lower. Given that the HT has much
higher optical depths when is directly detected, this suggests
a bi-modality in the occurrence of HI in early-type galaxies.
Of these galaxies, 27% + 5.5% have H1, detectable in ab-
sorption with short targeted observations (4—6 h). The other
galaxies, if they are not completely depleted of it, have HT at
very low column densities or higher spin temperatures.

— Orientation effects do not seem to be the only explanation as
to why HT is detected (or not) in absorption. There are sug-
gestions that orientation effects may be important in partic-
ular subsamples of sources, such as powerful radio sources
where the host galaxy is edge-on and 4.6 ym bright sources.
However, these results are affected by the small number of
sources of these subsamples.

— The upcoming H1 absorption surveys of the SKA pathfinders
(SHARP with Apertif, MALS with MeerKAT, and FLASH
with ASKAP) will allow us to probe the HI optical depth
distribution for radio sources out to redshift z ~ 1. The
three surveys are complementary in the redshift intervals,
and only the combination of all three will allow us to in-
vestigate the HT content in radio sources of all radio powers
and at all redshifts. In particular, SHARP and WALLABY
are the only surveys which, at low redshifts (z < 0.26),
will allow us to probe the entire range of radio powers,
22 W Hz ! < log,, Piacn, <26 W Hz™!.
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Appendix A: Ancillary information on the sample 2015 in radio sources with 30 mJy < S|46n, < 50 mJy. In
Table A.1 we show the main properties of the sources and the pa-
Here, we show the 34 HTI absorption lines detected with the rameters of the detected lines measured using the busy function.

WSRT from observations between December 2013 and February
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Fig. A.1. H1 absorption detections. The data are shown in black, the BF fit is shown in red. The residuals of the fit are plotted in the bottom panels

along with the +30 noise level (horizontal dotted lines).
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Fig. A.1. continued.
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