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1
Introduction

The active galactic nuclei (AGN) were first detected in optical wavelengths by E. A.
Fath, a doctoral candidate at the University of California, in the year 1909. Fath
was studying a few spiral ‘nebulae’ (which we now know to be galaxies) including the
Andromeda nebula and NGC 1068. He found that NGC1068 exceptionally showed five
emission lines and had a diffuse nucleus that merged into the surrounding nebulosity
(Fath 1909).∗ He went on to conclude that these are star clusters surrounded by gas
whose condition varies from nebula to nebula. Fath does not seem to have paid further
attention to NGC1068 but slowly more such sources were discovered and it became
harder to ignore them. In 1917, Silpher found a similar source NGC4151 (Slipher 1917)
and Hubble in his seminal work of 1926 made a special note of NGC4051, NGC1068
and NGC4151 (Hubble 1926).

Seyfert was the first to study these sources systematically and showed that only some
galaxies exhibited very broad nuclear emission lines (Seyfert 1943) and a certain class
of AGN are now called Seyfert galaxies in his honour. The big push to the field,
however, came from advances in the techniques of radio astronomy. The advent of
radio astronomy led to the discovery of discrete radio sources which were believed to
be associated with Galactic stars (e.g. Bolton, Stanley & Slee 1949)†.

∗ In his paper of 1909, Fath said:

The only known sources of continuous spectra are luminous solids, liquids, very
dense gases or possibly masses of gas of great thickness. To produce bright lines
or bands we require gases or vapors rendered luminous by heat, electric discharges
or chemical change... These are, for the most part, well established experimental
facts...

† In their Nature paper reporting the localisation of radio sources, Bolton, Stanley & Slee (1949)
proposed that these are of Galactic origin. Decades later Bolton confessed that he had believed
that these sources were extragalactic but the implied (then unbelievably) extreme energetics made
him fear that the referee would put the publication of their paper on hold (Kellermann 2013).
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Soon enough, it was found that some of the brightest radio sources could be associated
with galaxies with the first such associations including those of Cygnus A (e.g. Mills &
Thomas 1951; Baade & Minkowski 1954), 3C 295 (Minkowski 1960), and 3C273 which
was associated with a star-like optical source (Schmidt 1963). This was quickly followed
by the discovery of many such star-like radio sources – ‘quasi-stellar’ radio sources or
quasars – including the famous 3C 48. Once the extragalactic origin of these sources was
established, the enormous energy output of these sources suggested that they should
be associated with very massive black holes (e.g. Salpeter 1964). Quasars turned out to
be the brightest and the most distant sources known, immediately offering possibilities
to address various cosmological questions (see Shields 1999 and Kellermann 2013 to
learn more about the history of AGN studies). Thus it was that AGN brought about
a paradigm shift in the field of astronomy and have continued to be of great interest
(i) in their own right, (ii) for their role in the evolution of galaxies, as well as (iii) for
being probes of various astrophysical phenomena.

In the context of this thesis, the AGN are most interesting for their role in the evolution
of their host galaxies. However, it is not entirely possible to leave out many aspects of
the AGN which make them equally interesting in their own right since these two aspects
(in fact, all the three mentioned above, although we shall try to ignore the third one)
are not completely detached from each other. For our work, we have chosen to focus
on radio-loud AGN (Sect. 1.1.2) and their impact on the interstellar medium (ISM)
of their host galaxies, with particular emphasis on the cold-atomic and cold-molecular
gas components (Sect. 1.2). However, we will start at the beginning and try to make
our way towards the main themes of interest.

1.1 What is an AGN?

We now believe that an AGN is the result of gas being accreted onto the supermassive
black hole (SMBH) in the centre of galaxies. Observationally, the nucleus of a galaxy
is considered active if the compact nuclear region exhibits a non-stellar radiative com-
ponent and outshines the stellar component, that is, the amount of radiation arising
from the nuclear region of the galaxy is higher than the rest of the galaxy put together.

1.1.1 AGN Classification schemes

Classification is one of the first things to do to understand a population better. His-
torically the AGN are classified based on their morphology and the properties seen in
the bands they are observed at. Though this is not the best way to classify AGN, the
terminology has stuck. For example, they are classified based on radio morphology as
Fanaroff and Riley (FR) type I or type II sources; based on optical emission-line prop-
erties as Seyfert 1, Seyfert 2, Low Ionisation Nuclear Emission-line Region Galaxies
(LINERs); as blazars in the high-energy regime (Stein, O’Dell & Strittmatter 1976).
AGN emit in a broad range of the electromagnetic spectrum and hence a single source
can be an FR-II-Seyfert-1 blazar!

Schemes based on unification models (e.g. Barthel 1989; Urry & Padovani 1995) pro-
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vide a more meaningful classification based on a combination of intrinsic properties of
the AGN and orientation effects. In this classification scheme, an AGN is radiatively
efficient (radiative-mode): the potential energy of the accreting gas is efficiently con-
verted to electromagnetic radiation, which is the dominant form of energy output, or
radiatively inefficient (jet-mode): collimated, two-sided jets comprise of the dominant
energy output and the amount of radiation produced is comparatively lower.

In radiative-mode AGN, the accretion of gas onto the SMBH happens through a
geometrically-thin accretion disc. The extreme conditions in this region around the
accretion disc will result in high energy radiation as well as extreme ionised gas kine-
matics (for example, clouds with velocities of thousands of km s−1 that result in broad
optical emission lines). In jet-mode AGN, the thin accretion disc is believed to be ab-
sent and a geometrically-thick structure is present in its place resulting in an inefficient
accretion. This results in the launching of collimated, two-sided jets.

Further away, the SMBH is surrounded by obscuring structures, either dusty molecular
discs or the disc of the host galaxy. Depending on the orientation of the AGN with
respect to the observer, the AGN is further classified either as Type 1 (unobscured):
the line of sight is close to the polar axis of the obscuring material, in which case
the nucleus is directly visible, and Type 2 (obscured): where the line of sight passes
through the obscuring material (see Heckman & Best 2014 and references therein for
all the details).

1.1.2 Radio AGN

The focus of this thesis is on radio AGN and hence this class merits an additional
description here. A fraction of the AGN are quite bright in radio wavelengths. In
fact, these ‘radio-loud’ AGN are the most luminous radio sources known. The emis-
sion process is mainly the non-thermal synchrotron emission by relativistic electrons
accelerated in a magnetic field. Many of them exhibit impressive radio morphologies
consisting of jets, lobes and hotspots. Such radio sources span parsec to Mpc scales
and happen to be the most spectacular structures imaged.

Host galaxies

Radio AGN are generally found in massive elliptical galaxies. The incidence of a radio
AGN in a massive galaxy depends on the luminosity of the AGN (L1.4GHz) as well as
the stellar mass of the galaxy (M∗). The fraction of massive galaxies hosting radio
AGN (fradio) depends on the stellar mass as fradio ∝ M∗

2.5 (Best et al. 2005). While
0.01% of galaxies with M∗ = 3 × 1010M� host a radio AGN, this fraction goes over
30% for galaxies withM∗ = 5×1011M�. For any given stellar mass bin, AGN with low
radio luminosity (L1.4GHz < 1024 W Hz−1) greatly outnumber their high-luminosity
counterparts. This is especially pronounced in massive galaxies M∗ ∼ 1011 M� where
only 1% of the galaxies host such bright powerful AGN while 30% of the galaxies host
low-luminosity radio sources (e.g. Best et al. 2005; Sabater et al. 2019).
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Figure 1.1 – Radio images
of AGN belonging to different
Fanaroff-Riley types. Left: The
famous FR II source Cygnus A.
Right: An FR I radio source,
3C 31. (Image courtsey: NRAO)

(Further) Classification

The morphology of a radio AGN depends on factors such as the orientation of the source
relative to the observer and the environment in which the radio jets are expanding.
Sources that span many tens of kpc are classified based on the distance between the
brightest radio features on either side of the nucleus following the Fanaroff and Riley
(FR) classification scheme (Fanaroff & Riley 1974). It is an FR I source if this distance
is less than half the total extent of radio emission, and is an FR II source otherwise.
It has been found that FR II sources are higher in radio luminosity and the divide
between the two occurs at L178MHz ∼ 1026 W Hz−1or L1.4GHz ∼ 3 × 1025 W Hz−1.
Figure. 1.1 shows the examples of sources belonging to these two classes. Of course,
there are sources exhibiting a hybrid morphology and this division is not as sharp.

For the more compact radio sources, the classification is more based on the shape of
their radio spectral energy distribution (SED). The broad-band synchrotron spectrum
of radio sources can be characterised by the power law of the form Sν ∝ ν−α where Sν is
the source flux density at frequency ν and α is the spectral index. Sources with α < 0.5
are called the flat-spectrum radio sources where the line of sight is very close to the
radio jet axis. The compactness of these sources could either be intrinsic or the effect of
orientation. Sources whose radio spectra show a turnover, that is, a spectrum peaking
at a particular frequency (νp) and falling off on either side, are collectively called the
peaked-spectrum sources. Depending on where this peak is, they are further classified
as giga-hertz peaked spectrum (GPS) sources (0.5 < νp < 5 GHz), high-frequency
peakers (νp > 5 GHz) and medium-frequency peakers (νp < 1 GHz). Further, based
on their linear size and morphology they are classified as compact symmetric objects
(CSOs) and compact steep spectrum (CSS) sources (see O’Dea & Saikia 2021 for an
excellent review on compact radio sources). CSOs have radio lobes on both sides and
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have linear sizes < 1 kpc. The linear sizes of CSS sources range between 500 pc and
20 kpc and additionally, they are expected to have a steep spectrum (α > 0.5) at high
frequencies.

Various hypotheses have been put forth to explain the nature of these compact radio
sources. Popular scenarios include these sources being short-lived transients, young
sources, sources that are frustrated due to the dense ambient interstellar medium (ISM)
and sources with radio emission enhanced by high star-formation activity. However,
based on the host-galaxy properties of compact sources and the extended ones, and
models on the evolution of radio sources, it is clear that a sub-set of these compact
radio sources are indeed young radio AGN that will go on to become large radio sources.
In sources that are compact either due to frustration due to a dense ISM or due to
their young age, the interaction between the jets and the ambient gas is expected to
be the strongest and hence also the impact they may have on their host galaxies. We
shall carry out a detailed study of one such source in this thesis. Overall, different
morphologies of radio AGN represent different stages of their life cycle as (at least
some of) the radio jets break out of the ambient ISM, expand through the host galaxy
and enter the intergalactic medium transforming from compact pc-scale sources to huge
Mpc-scale radio galaxies.

The (radio-) AGN life cycle

The fact that different stages of the life of an AGN are reflected in radio sources of
different morphologies leads to the question, what is the lifespan of an AGN? This
can be answered by estimating how long the matter should accrete onto the SMBH to
explain the observed local black-hole mass function (e.g. Marconi et al. 2004). Such
studies have found that the accretion goes on for ∼108 to 109 years.

The next question to arise is whether this accretion and hence the AGN activity hap-
pens in one instance or is episodic. At optical wavelengths, it has been possible to
‘catch’ some of the AGN when they were switched off (see, for example, Lintott et al.
2009) and thereby place a limit on the duration of the activity to be ∼104 yr to 105 yr.

In the case of radio AGN, the age of the source can be estimated from the age of
the electron population. If the dominant emission mechanism in these sources is syn-
chrotron emission, the radio SED will follow the relation Sν ∝ ν−α. To put it simply,
the radio SED of the sources where electrons are being injected continuously is different
from the SED of the source where the supply of electrons has been stopped, that is, the
latter sources will show an ultra-steep radio spectrum (α > 1.2) at high frequencies.
These radio SEDs can be used by the radiative cooling models to estimate the age of
the radio sources (e.g. Jaffe & Perola 1973). Such spectral ageing studies have found
the life-cycle of radio AGN to be ∼107 yr to 108 yr (see Saikia & Jamrozy 2009 and
Morganti 2017a for more).

The best demonstration of this episodic radio-AGN activity can be found in the so-
called double-double radio galaxies where multiple pairs of radio lobes of different ages
are found aligned with each other (e.g. Schoenmakers et al. 2000b; Kaiser, Schoenmak-
ers & Röttgering 2000; Schoenmakers et al. 2000a; Saripalli, Subrahmanyan & Udaya
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Figure 1.2 – A double-double radio galaxy
J0116−473 (Saripalli, Subrahmanyan &
Udaya Shankar 2002). The large diffuse
radio lobes believed to arise from an earlier
episode of activity while the smaller bright
radio lobes are from the most recent episode
of activity.

Shankar 2002; Konar et al. 2006; Saikia, Konar & Kulkarni 2006). Figure 1.2 shows
a clear example of one such sources. More recently, in the last decade or so, with the
advent of sensitive low-frequency radio instruments such as the Low-Frequency AR-
ray (LOFAR), there have been many discoveries of remnant radio galaxies where the
central engine has turned off and is no longer ejecting fresh electrons and the radio
emission from the earlier episode is slowly fading away, and of restarted radio galaxies
which consist of large-scale diffuse radio emission from the previous episode and a new
bright compact radio source in the centre (e.g. Shulevski et al. 2015b,a, 2017; Brienza
et al. 2018, 2020, 2021). Even more recently, studies seem to be suggesting that in these
restarted radio sources, the fresh electron supply to these old lobes may not entirely be
cut off as the new activity starts but instead electrons may still be flowing into those
older lobes at a low level (e.g. Brienza et al. 2018; Jurlin et al. 2020; Kukreti et al.
2021). We will deal with such a restarted radio source in this thesis.

1.2 AGN and galaxy evolution

Given that enormous energy is given out during an AGN activity (typically an AGN
outshines the entire galaxy put together) and given also the strong evidence that this
activity is episodic, it is natural to expect this released energy to have an impact on the
host galaxy. Theoretically, a small fraction of the energy released by the AGN activity
is sufficient to remove the gas from the entire galaxy (e.g. Silk & Rees 1998). Various
observational findings too seem to indicate a link between AGN and the evolution of
galaxies. The existence of a tight correlation between the SMBH masses and the bulge
velocity dispersion suggests a co-evolution of the SMBH and the galaxy. Powerful radio
AGN in the centres of galaxy groups and clusters have been found to heat up the gas
in the intra-group and intra-cluster medium (e.g. Tremblay et al. 2012; Liu et al. 2021,
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Figure 1.3 – X-ray image
of MS 0735+7421 showing
the cavity in X-ray emission
(blue colour) caused by the
radio jets (shown in red) at
the scales of hundreds of kpc.
In the background is the op-
tical image from the Hub-
ble Space Telescope (McNa-
mara et al. 2005)

2019; Vagshette et al. 2017; Vagshette, Naik & Patil 2019; Irwin et al. 2019). One such
demonstration of the impact of radio jets at hundreds of kpc is shown in Fig. 1.3. Such
findings suggest that on large spatial scales (about hundreds of kpc), the radio jets can
prevent cooling and the accretion of gas onto the galaxies and thereby prevent star
formation and hence their growth (e.g. McNamara & Nulsen 2007, 2012; Fabian 2012).
Many quasars have been found to have radiation-driven winds with huge mass-outflow
rates of a few tens to thousands of M� yr−1 (e.g. Pounds & Page 2006; Tombesi et al.
2012; Maiolino et al. 2012) which can empty the host galaxy of gas.

Inspired by the amount of energy released by the AGN activity, theoretical, semi-
analytical and numerical models of galaxy evolution have incorporated this AGN ‘feed-
back ’ (e.g. Bower et al. 2006; Croton et al. 2006; Ciotti et al. 2017). These simulations
primarily consider two modes of AGN feedback: quasar mode and radio or mainte-
nance mode. In quasar mode, the radiatively efficient AGN drives winds through the
host galaxy and empties it of cold gas (e.g. Springel, Di Matteo & Hernquist 2005; Di
Matteo, Springel & Hernquist 2005; Choi et al. 2012; Costa et al. 2018). The radio
mode feedback involves radio jets acting on many tens of kpc and keeping the gas in
the intracluster medium hot thereby preventing the cooling and accretion of gas onto
the galaxies. Such simulations have been able to solve some of the problems of galaxy
evolution such as the cooling problem in clusters and explaining the galaxy luminosity
function (Bower et al. 2006; Croton et al. 2006).

However, as has been rightly pointed out by many (e.g. Kormendy & Ho 2013), simu-
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lations do not shed any new light on the exact mechanisms through which the energy
transfer and hence an influence on galaxy evolution happens. Moreover, with the cur-
rent spatial resolution, these simulations also do not include many other modes of
impact the AGN have on their host galaxies, for example, the kpc-scale impact of the
radio jets. After all, the radio jets propagate through the host galaxy before reaching
the spatial scales where they do have an impact on the intergalactic medium. More-
over, most of the sources remain embedded in the dense ISM of the host galaxy for a
long time. Would they not then be expected to affect the ambient ISM significantly?
In the last two decades, various studies have shown that this indeed is the case. Since
this interplay between radio AGN and the ambient ISM is the theme of interest for
this thesis, we shall deal with it in some detail in the following section.

1.3 Radio AGN and the ISM

Over the last two decades, evidence has been piling up to show that radio jets contribute
to both positive and negative feedback in their host galaxies: there have been findings
of enhanced star formation in the regions where the radio jets interact with the ISM
(e.g. Croft et al. 2006; Salomé, Salomé & Combes 2015; Santoro et al. 2016) and these
jets have also been found to drive massive multiphase gas outflows and cause the ISM
to become more turbulent (see Morganti 2017b and references therein for more). Here,
we shall discuss the negative feedback effects from radio AGN with a focus on the cold
atomic and molecular gas components.

1.3.1 Impact on the cold atomic gas (H i)

The cold atomic gas component in radio AGN is studied primarily via the 21-cm
hyperfine transition of neutral hydrogen (H i) (van de Hulst 1951). H i in galaxies
tends to be distributed as large-scale discs, circumnuclear discs and also gas clouds
with anomalous velocities not conforming with regular rotation. To understand the
nature of the jet-ISM interaction in these sources, we should be able to trace atomic
gas in the nuclear regions. This is best achieved by the H i 21-cm absorption studies
(see Morganti & Oosterloo 2018 for an in-depth review).

H i absorption studies offer unique advantages over emission studies. Since the detection
of gas depends only on the strength of the background radio continuum, it can be
detected even at very high spatial resolutions (a few pc). Since the gas needs to be in
front of the radio continuum to be detected in absorption, it is also relatively easier
to constrain the kinematics of the gas. This is illustrated in Fig. 1.4. For example,
in a spectrum, a blue-shifted feature indicates gas flowing towards us. In the case of
emission, it is difficult to say whether that is the gas approaching us from the other
side of the SMBH and hence falling towards the AGN or an outflow from the AGN
towards us, a confusion that is not often encountered in absorption studies.

The strength of the 21-cm transition being low, direct detection of H i emission requires
extremely long integration at higher redshifts. H i absorption, again, does not suffer
from this drawback. Thus it can be used to trace a variety of phenomena such as
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Figure 1.4 – A cartoon from Mor-
ganti & Oosterloo (2018) illustrat-
ing how H i 21-cm absorption can
help constrain the kinematics. An
outflowing gas cloud would give rise
to a shallow blue-shifted wings in
the absorption profile while the ab-
sorption from gas in a disc would
give a deep profile centred close to
the systemic velocity.

the blueshifted outflowing gas clouds that are driven by the radio jets, infalling gas
clouds – the potential fuel for the SMBH, turbulent circumnuclear discs and large-
scale quiescent gas discs. In addition, using H i absorption, such phenomena can also
be studied over a range of redshifts providing insights about the evolution of the impact
of radio AGN on their host galaxies over cosmic times. One of the main results from
the H i absorption studies is that the AGN do impact the ambient ISM significantly
and drive fast outflows, removing gas from the nuclear region of the host galaxies.

At low redshifts

A wealth of information about the H i in radio AGN at low redshifts has been amassed
via H i 21-cm absorption studies for more than three decades (e.g. Roberts 1970; De
Young, Roberts & Saslaw 1973; Mirabel 1989; Conway & Blanco 1995; O’Dea, Baum &
Gallimore 1994; Morganti, Oosterloo & Tsvetanov 1998; Gallimore et al. 1999; Morganti
et al. 2001; Peck & Taylor 2001; Gupta et al. 2006; Chandola et al. 2012; Geréb,
Morganti & Oosterloo 2014; Geréb et al. 2015; Maccagni et al. 2017; Chandola &
Saikia 2017; Chandola, Saikia & Li 2020). These studies include detailed mapping of
individual sources at various spatial scales and wavelengths, studies of large samples
aiming to understand the trends in the incidence and kinematics of cold gas over various
classes of radio AGN.

Studies of large samples of radio AGN have shed light on the statistics of the incidence
of H i and the nature of the interaction between H i and radio AGN in different classes
of sources. The H i 21-cm absorption studies by Geréb et al. (2015) and Maccagni
et al. (2017) form the largest sample of radio AGN searched for H i 21-cm absorption
so far. Their study included 250 radio sources of compact and extended morphologies
representing different stages of evolution of the radio AGN and also spanned two orders
of magnitude in radio luminosity. They found an H i 21-cm absorption detection rate
of ∼27% across the entire range of radio luminosity covered. They also found that
radio sources at the low-luminosity end (L1.4GHz < 1023 W Hz−1) mostly show nar-
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Figure 1.5 – Variety of H i structures traced by absorption. Left: The H i disc resolved in
absorption (red contours) against the radio lobes of Centaurus A. Right: The spatially resolved
blue-shifted absorption feature arising from the fast H i outflow in 4C 12.50 driven by the radio
jet. (Image courtsey: Raffaella Morganti; Struve & Conway 2010 and Morganti et al. 2013)

row absorption features indicative of gas settled in rotating discs. Broad blue-shifted
absorption features, which may represent unsettled gas, were detected only in higher
luminosity sources. They found that the sources with disturbed gas were also of com-
pact radio morphology (kpc scale) and rich in heated dust (as ascertained from their
mid-infrared colours). The chance of detecting H i was much more (∼30%) in compact
radio sources compared to the older extended radio sources (∼15%).

Detailed mapping of H i in the nuclear regions at high spatial resolutions (kpc scales
down to a few tens of pc; e.g. Conway & Blanco 1995; Taylor et al. 1999; van Langevelde
et al. 2000; Struve & Conway 2010; Morganti et al. 2013; Maccagni et al. 2014; Mahony
et al. 2013; Schulz et al. 2018, 2021) has found H i distributed in circumnuclear discs
(Fig. 1.5), in the form of high-velocity outflows (Fig. 1.5), and infalling gas clouds
towards the SMBH. The very long baseline interferometry H i absorption studies of the
outflowing H i, in particular, have found that the ISM in the nuclear region of the radio
galaxies consists of a diffuse component as well as clumpy gas clouds which interact
directly with the radio jets. The H i mass outflow rates detected range from 0.2 to 50
M� yr−1.

All these studies combined point to an interesting scenario where the impact of the
radio AGN on the ISM depends on the stage of evolution of the radio AGN with the
compact radio sources coupling strongly with the ISM as compared to the extended
radio sources. This further suggests that a radio AGN may have a significant impact
on the host galaxy over a certain period of its life span and thus contribute to this
negative feedback effect. If the AGN activity is also episodic, then this impact over
multiple cycles of activity could either deplete the cold gas in the nuclear region of
the host galaxies or increase the turbulence of the gas sufficiently to prevent any star
formation or accretion onto the SMBH.
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Scenario at higher redshifts

If we are to understand the role of radio AGN in galaxy evolution, such studies are
to be expanded to higher redshifts, where the galaxies are younger and the galaxy
assembly is vigorous. However, the scenario at high redshifts is in stark contradiction
to the results at lower redshifts. Most of the searches for H i 21-cm absorption have
been carried out only in compact radio sources (e.g. van Gorkom et al. 1989; Uson,
Bagri & Cornwell 1991; Carilli & van Gorkom 1992; Carilli et al. 1998; Vermeulen et al.
2003; Pihlström, Conway & Vermeulen 2003; Gupta et al. 2006; Yan et al. 2016; Aditya,
Kanekar & Kurapati 2016; Aditya et al. 2017; Aditya & Kanekar 2018a,c; Allison et al.
2015). Thus we lack information on how the incidence and kinematics of H i vary in
different classes of radio AGN at higher redshifts. Additionally, the number of radio
sources detected in H i 21-cm absorption also decreases with redshift. One of the main
reasons proposed for this is the selection effect, which causes radio sources studied at
higher redshift to also have high restframe UV luminosity, which in turn ionises the
cold gas (e.g. Curran et al. 2008), although, how UV luminosity may ionise all the
gas in and around the radio galaxy is a matter of debate. Another reason could be
the intrinsic decrease in the cold gas content at higher redshifts (e.g. Aditya, Kanekar
& Kurapati 2016; Aditya & Kanekar 2018c). We have tried to break this degeneracy
between the two causes for one class of radio AGN in this thesis. Expanding similar
studies to large samples encompassing sources that are at different stages of evolution
and hence presenting a clearer picture of the interplay between the radio AGN and
the ISM at higher redshifts is one of the much-awaited results from the wide-field H i
surveys in the immediate future (e.g. Chowdhury, Kanekar & Chengalur 2020b; Allison
et al. 2020, 2021).

Complementing H i absorption with other probes

While H i absorption is a unique probe of the cold gas in the nuclear region of the
radio AGN host galaxies, it is not without any shortcoming. The dependence on a
background radio continuum to detect the foreground gas poses at least two challenges:
(i) The spatial extent of the gas traced is dictated by the background continuum;
thus it is usually not possible to trace the nuclear gas in its entirety but instead, the
kinematics and distribution are inferred based on the observed H i 21-cm absorption
profile. (ii) In the case of an unresolved background continuum, as usually is the case
as we move to higher redshifts, it may not be straightforward to ascertain the origin of
H i absorption; for example, if the absorption arises from a satellite galaxy along the
line of sight towards a bright radio source, the absorption may still appear close to the
systemic velocity mimicking a regular quiescent galactic or circumnuclear disc leading
to an interpretation far from reality.

While the emission studies do not suffer from this handicap, we saw at the start of
Sect. 1.3.1, that it is much more difficult to constrain the kinematics of the gas based
on the observed emission profile alone in the case of disturbed gas. Moreover, in many
cases, the spatial resolution that can be achieved by the H i absorption observations
is much higher than other probes of cold gas. Thus a combination of emission and
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Figure 1.6 – An example illustrating the utility of combining multiple tracers to constrain the
kinematics of gas (Tremblay et al. 2016). CO(2-1) absorption, redshifted by a few hundreds
of km s−1 was detected in Abell 2597 BCG at kpc-scale spatial resolution. Earlier H i 21-cm
absorption observations probing much smaller spatial scales (pc-scale) had detected similar
absorption features showing that these gas clouds are falling towards the SMBH in the very
central region of the galaxy.

absorption studies of different phases of gas can be employed successfully to constrain
the kinematics of cold gas and hence the impact of the radio AGN on the ambient ISM.
Figure 1.6 shows such an example for a combination of molecular gas traced by CO
and H i detected in absorption.

1.3.2 Impact on the cold molecular gas

Cold molecular gas is of particular interest for feedback studies since it is the direct
fuel for star formation. Since H2, the most abundant molecule, is not easily observable
in emission, different transitions of CO are some of the most commonly used tracers of
molecular gas. With the advent of instruments such as the Atacama Large Millimeter
Array (ALMA) and the NOrthern Extended Millimeter Array (NOEMA), the number
of detailed studies of cold gas in radio AGN is rapidly increasing, providing very in-
teresting insights into the nature of impact of the AGN on the ambient ISM (Feruglio
et al. 2010; Alatalo et al. 2011; Aalto et al. 2012; Cicone et al. 2014, 2012; Viti et al.
2014; García-Burillo et al. 2014; Impellizzeri et al. 2019; Matsushita, Muller & Lim
2007; Krause, Fendt & Neininger 2007; Dasyra & Combes 2012; Combes et al. 2013;
Morganti et al. 2015; Dasyra et al. 2016; Oosterloo et al. 2017; Oosterloo et al. 2019;
Morganti et al. 2021; Nesvadba et al. 2021).



1

1.3: Radio AGN and the ISM 13

Firstly, these studies have shown that the cold molecular gas forms the most massive
component of the AGN driven outflows (e.g. Oosterloo et al. 2017, 2019; Combes et al.
2013; Dasyra et al. 2016; Veilleux et al. 2020). The molecular-gas mass-outflow rate can
range from a few to many hundreds of M� yr−1. These studies have covered radio AGN
of different luminosities, redshifts, and evolutionary stages and have traced the jet-ISM
interaction over multiple transitions and species of molecules (e.g. CO, HCN, HCO+).
NGC1068 – the first AGN discovered – happens to be one of the extensively studied
cases of AGN driven outflows. This source is found to have a circumnuclear disc that is
strongly disturbed by the AGN which is driving a strong molecular gas outflow with a
mass outflow rate of ∼60 M� yr−1 (García-Burillo et al. 2014; see Fig. 1.7). In another
Seyfert galaxy, also hosting a radio source, IC 5063, the radio jets are found to drive fast
outflows in the central region (Morganti et al. 2015; Dasyra et al. 2016; Oosterloo et al.
2017). In the case of M51, Matsushita, Muller & Lim (2007) found that the radio jets
are disturbing the rotating molecular disc in the galaxy and similarly, in NGC4258, the
magnetic field of the radio jet is found to be interacting with the rotating gas (Krause,
Fendt & Neininger 2007). Young radio sources have also been observed in CO emission
and prove to be interesting targets for tracing jet-ISM interactions. PKS 1549−79 is
a spectacular case where there is co-existence of accretion and outflow and Oosterloo
et al. (2019) found that the AGN appears to be self-regulating the flow of gas into the
nuclear regions. PKS 0023−26 on the other hand shows that the feedback component
that the radio jets are most famous for – maintenance mode feedback at intergalactic
scales (see Sect. 1.2) – in fact, also occurs at galactic scales. In this case, the radio jets
drive fast outflows at sub-kpc level, and over much larger scales, they form a cocoon
in which the cold gas is heated up (Morganti et al. 2021). The outflow velocities of
the gas found in many of these sources are lower than the escape velocity of their host
galaxies. Thus, most of the outflows will eventually rain back on the host galaxy.

Most of these sources studied also happen to be powerful optical AGN, that is, they have
high bolometric luminosities. Hence, although the radio jets certainly contribute to the
observed disturbance and outflows significantly, it is not always possible to completely
disentangle the contribution of the radiation winds and the radio jets towards negative
feedback within the galaxy. In some cases, like IC 5063, the location of the outflow
coincides with the radio jets, strongly suggesting that radio jets are the main drivers
of the outflow. But the presence of a strong optical AGN makes it difficult even in
such cases to clearly distinguish the impact of the radio jets from that of the radiation
winds. We have addressed this aspect in one detailed case study in this thesis.

1.3.3 Impact on ionised gas

Although not the focus of this thesis, for the sake of completion, we briefly mention the
impact of radio AGN on ionised gas. The presence of ionised gas outflows due to jet-
ISM interaction are known for a long time now (see Tadhunter 2008). These outflows
in radio AGN can be traced via emission lines in the optical/IR spectra. The most
commonly used tracer is the [O III] λ5007 line. This line originates from the narrow-line
region, very close to the SMBH and hence is a good tracer of the impact of AGN on the
ambient ISM. These ionised gas outflows show up as broad (full width at half maximum
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Figure 1.7 – The outflow in
NGC1068 from García-Burillo
et al. (2014). The figure shows
the residual velocity field after
subtracting the regular rotation,
with the contours showing the radio
source. The outflow in the form
of red- and blue-shifted gas can be
seen clearly.

> 500 km s−1) asymmetric features in the spectrum. Although AGN in general exhibit
ionised gas outflows, studies have shown that gas with extreme kinematics is found
only in radio-loud AGN (Mullaney et al. 2013). Outflows that are spatially extended
are found to be driven by radio jets (e.g. Husemann et al. 2013; Nesvadba et al. 2017).
Similar to cold atomic and molecular gas components, ionised gas outflows are more
often seen in young or restarted radio sources. The associated mass outflow rates are
usually only a few M� yr−1 (e.g. Holt, Tadhunter & Morganti 2008), much lower than
the atomic and the molecular gas components.

1.3.4 Numerical simulations

There has also been significant progress in studies seeking to model the jet-ISM in-
teraction on kpc-scales. Numerical simulations (Sutherland & Bicknell 2007; Wagner,
Bicknell & Umemura 2012; Mukherjee et al. 2016, 2018a,b) show that radio jets, de-
spite being collimated structures, can impact the host galaxy significantly over a large
volume if the ambient ISM is clumpy. This impact depends on the power of the radio
jets. High-power jets (>1045 erg s−1) will break out of the gas more quickly compared
to their low-power counterparts. The low-power jets remain trapped in the ISM while
trying to break through the gas, continuously injecting their energy into the ISM and
their impact over time becomes very pronounced. Also, younger radio jets that are
still embedded within the host galaxy, understandably deposit more energy into the
ISM than the older radio sources. They also suggest that if these expanding jets are
inclined towards such a clumpy disc, their impact on the gas is stronger and they will
also drive sub-relativistic outflows that can increase the velocity dispersion of the gas
even beyond the physical extent of the radio jets.
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Various observations over the years have been able to test some of the assumptions and
predictions of these numerical simulations such as the presence of clumpy ISM, radio
jets impacting the ISM even far away via shocks, and the low-luminosity jets having a
stronger impact (see Sect. 1.3.2). For example, Morganti et al. (2021), Zovaro et al.
(2019), Nesvadba et al. (2021) have shown that radio jets increase the turbulence of
gas over large distances beyond their physical reach. Fine-tuned simulations of the
cold gas outflow in IC 5063 (Mukherjee et al. 2018a) have shown that the simulations
now are indeed quite sophisticated and can reproduce the kinematics of fast, jet-driven
outflows.

Detailed observations tracing the interaction between the multiphase gas and radio jets
spanning a wide range of radio properties would help fine-tune these simulations further
which could then inform large-scale cosmological simulations. This thesis combines
detailed mapping of jet-ISM interaction with such simulations for this purpose.

1.4 This thesis

The earlier sections have made it clear that to understand the role of radio AGN in
the evolution of their host galaxies, we need to carry out (i) a detailed study of the
jet-ISM interaction over multiple ISM phases and the energetics involved; this requires
high spatial resolution, multiwavelength studies which can, at the moment, be carried
out only at low redshifts; (ii) studies of samples of AGN over a wide redshift range to
understand how the interaction between the ISM and the radio plasma evolves; this
is carried out much more easily for the cold atomic gas component via the H i 21-cm
absorption especially given the low-frequency capabilities and the wide-band coverage
of the new radio telescopes such as the Karl V. Jansky Very Large Array (JVLA) and
the upgraded Giant Metrewave Radio Telescope (GMRT).

We have adopted a two-pronged approach in this thesis where we used relatively new
highly sensitive instruments like the JVLA, updraded GMRT and NOEMA to study the
cold gas component, both atomic and molecular, in an individual source in detail and
also carry out studies of samples of radio AGN over two redshift ranges: 0.26 < z < 0.4
and 0.7 < z < 1.0 to understand how the cold gas properties in radio AGN evolve with
cosmic time.

Chapter 2 presents a detailed study of the jet-ISM interaction in a low-luminosity
radio galaxy, B2 0258+35. We use the VLA and the European VLBI Network (EVN)
H i absorption observations to map the atomic gas in detail. We then compare the
kinematics of H i with the single-dish CO(1-0) observations, model the H i absorption
profile and compare our results with the numerical simulations of radio jets expanding
into a clumpy medium to understand the nature of jet-ISM interaction better.

Chapter 3 is a continuation of the study of the jet-ISM interaction in B2 0258+35.
Here we present NOEMA CO(1-0) observations of the cold molecular gas in the cen-
tral few kpc of the radio galaxy. The high spatial resolution and sensitivity of the
observations allow us to quantify the impact of the radio jets on the cold ISM of the
host galaxy and also make a comparison with the numerical simulations to help verify
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their predictions. Our findings have implications for cosmological simulations seeking
to include the feedback from radio AGN.

Chapter 4 is an H i absorption study in a sample of 26 radio AGN at 0.25 < z < 0.4
using the JVLA, a continuation of the studies by Geréb et al. (2015) and Maccagni
et al. (2017) at z < 0.25. Here, we investigate the rate of incidence of H i absorption
in different classes of radio AGN and compare it with the trends observed at lower
redshifts. We also model the absorption to understand the cold gas kinematics and
combine it with the kinematics of ionised gas to obtain a clearer picture of the impact
of radio jets on their host galaxies.

Chapter 5 continues the JVLA study to even higher redshifts: 0.7 < z < 1.0 using
the upgraded GMRT. Here we search for H i absorption in a sample of 29 radio AGN
chosen in the same way as the JVLA sample and the samples of Geréb et al. (2015) and
Maccagni et al. (2017). Here we investigate two main hypotheses proposed to explain
the difference in the H i absorption detection rates at low and high redshifts: (i) the
selection bias leading to high-z sources having high UV and radio luminosity and (ii)
the cosmic evolution of the cold-gas content. The high sensitivity of the upgraded
GMRT allows us to break this degeneracy for the class of extended radio sources which
had not been possible for earlier studies.

Chapter 6 presents a rare case of resolved H i absorption from a faint galaxy in
the same environment as the background radio source 3C 433. We use the VLA H i
absorption observations, the Gran Telescopio CANARIAS (GTC) optical continuum
and Hα observations to study the kinematics of cold gas in this galaxy as well as the
nature of the interaction between the radio lobe and the galaxy. This study shows how
faint galaxies, which would be missed even by the deep H i emission surveys, could be
studied via H i absorption provided high spatial resolution and suitable background
radio continuum are available.
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Abstract

Low-luminosity radio-loud active galactic nuclei (AGN) are of importance in studies
concerning feedback from radio AGN since a dominant fraction of AGN belong to this
class. We report high-resolution Very Large Array (VLA) and European VLBI Network
(EVN) observations of H i 21cm absorption from a young, compact steep-spectrum
radio source, B2 0258+35, nested in the early-type galaxy NGC 1167, which contains
a 160 kpc H i disc. Our VLA and EVN H i absorption observations, modelling, and
comparison with molecular gas data suggest that the cold gas in the centre of NGC 1167
is very turbulent (with a velocity dispersion of ∼ 90 km s−1 ) and that this turbulence is
induced by the interaction of the jets with the interstellar medium (ISM). Furthermore,
the ionised gas in the galaxy shows evidence of shock heating at a few kpc from the
radio source. These findings support the results from numerical simulations of radio
jets expanding into a clumpy gas disc, which predict that the radio jets in this case
percolate through the gas disc and drive shocks into the ISM at distances much larger
than their physical extent. These results expand the number of low-luminosity radio
sources found to impact the surrounding medium, thereby highlighting the possible
relevance of these AGN for feedback.

https://doi.org/10.1051/0004-6361/201935931
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2.1 Introduction

Active galactic nuclei (AGN) have long been of importance in studies of galaxy evo-
lution. The energy emitted by an active supermassive black hole (SMBH) is believed
to affect its host galaxy in a number of different ways, collectively referred to as AGN
feedback. These effects can range from regulating the growth of the SMBH (which
can explain the relation between the SMBH mass and the velocity dispersion of the
galactic bulge; e.g. Silk & Rees 1998), and the possible quenching of the star formation
via massive gas outflows (Harrison et al. 2018, and references therein), to preventing
the cooling of the gas in hot halos, which in turn can prevent massive galaxies from
forming (e.g. Croton et al. 2006; McNamara & Nulsen 2012, and references therein).

It is thought that radio-loud AGN play an important role mostly in the last: by
preventing the cooling of the circumgalactic and intergalactic gas through their large-
scale radio lobes, they prevent the accretion of gas onto the galaxy. This effect has been
clearly observed in a number of relatively bright radio AGN that have been studied in
X-rays (e.g. McNamara et al. 2009; Randall et al. 2011; Cavagnolo et al. 2011; Fabian
2012).

However, over the past years evidence has been building up to show that radio AGN
also affect the host galaxy directly through radio jet–ISM interactions (e.g. Oosterloo
et al. 2017; Rodríguez-Ardila et al. 2017; Fabbiano et al. 2018; Maksym et al. 2018;
Wang et al. 2011; Finlez et al. 2018; Alatalo et al. 2015; Croston et al. 2008). Low-
luminosity radio AGN (L1.4 GHz . 1024.5W Hz−1) are of interest to studies concerning
this mechanical mode of feedback since they greatly outnumber their high-luminosity
counterparts (Best et al. 2005).

Recent numerical simulations (e.g. Cielo et al. 2018; Mukherjee et al. 2018a) also sup-
port the importance of this mode of feedback from radio AGN. They predict that jets
expanding into a clumpy gas disc affect the gas kinematics significantly. The extent of
this impact depends on the orientation of the jets with respect to the gas disc, among
other parameters. If the jets expand directly into the gas disc, then the simulations
predict that they will induce fast outflows of multi-phase gas as well as strong tur-
bulence. These simulations further predict that the jet–ISM interaction will generate
expanding cocoons that shock the gas in the disc and also affect the star formation
rate in the regions surrounding the AGN activity. The gas may also, in turn, affect the
evolution of the radio source itself (e.g. morphology and age; Mukherjee et al. 2018b).

This mechanical feedback is best studied by probing the kinematics of different phases
of gas affected by the radio jets. Such detailed studies of radio jet–ISM interactions can
provide constraints to quantify the AGN feedback effects, which can be incorporated
into the simulations of galaxy evolution. In order to gain a better understanding of how
this actually happens, we need to expand the number of cases for which detailed, high-
resolution observations of multiple phases of the gas are available so that a comparison



2

2.1: Introduction 19

with the predictions of numerical simulations is possible.

We present here one such study of a nearby (z = 0.0165; Wegner, Haynes & Giovanelli
1993), low-luminosity (L1.4GHz = 2.1 × 1023 W Hz−1; Shulevski et al. 2012) radio
source: B2 0258+35. This source is nested in a gas-rich galaxy, NGC 1167, and appears
to be interacting strongly with the ISM. The galactic H i is well studied (Struve et al.
2010a) and so are the properties of the radio source (Sanghera et al. 1995; Giroletti,
Giovannini & Taylor 2005; Brienza et al. 2018). This radio galaxy is thus a good
candidate to understand the nature of jet–ISM interactions and the possible impact
the radio source has on the ambient medium.

B2 0258+35 is classified as a compact steep-spectrum (CSS) source (Sanghera et al.
1995). The sources in this class are compact with their synchrotron spectrum peaking
at a few hundred MHz and are generally considered to be young (e.g. O’Dea 1998).
Earlier radio continuum studies of B2 0258+35 (Giroletti, Giovannini & Taylor 2005)
have found the radio source to be about 1 kpc in size, consisting of a core and two jets
(see Fig. 2.1, inset). The northern jet is comparatively faint and the southern jet is bent
sharply. This asymmetry both in brightness and morphology suggests an interaction
with the ISM, similar to that seen in IC 5063 (Morganti, Oosterloo & Tsvetanov 1998).
The age of B2 0258+35 is estimated to be between 0.4 Myr (Brienza et al. 2018) and 0.9
Myr (Giroletti, Giovannini & Taylor 2005). Following the correlation between the age
and the size of the source (Orienti & Dallacasa 2014; Murgia 2003), it has also been
found that the source is smaller than expected for this age, given an unconstrained
expansion. This suggests that it may have been confined within the host galaxy for a
protracted length of time (Brienza et al. 2018). However, we note that a hypothesis
based on the above-mentioned correlations alone is quite uncertain, but as we show in
the subsequent sections, the H i absorption and CO emission studies further strengthen
this hypothesis.

The host galaxy, NGC 1167, was further found to host large-scale (∼ 240 kpc) ex-
tremely low surface brightness radio lobes (Shulevski et al. 2012), about ∼ 110 Myr
old (Brienza et al. 2018), which make up only 3% of the total source luminosity (4.75
mJy arcmin−2 at 145 MHz). Though such low surface brightness may imply that these
structures are remnants of a previous activity, their spectral indices have been found to
be ‘normal’ and not ultra-steep as expected for these sources (Brienza et al. 2018). Var-
ious possibilities have been put forth to explain this feature, including in situ particle
reacceleration, multiple duty cycles, dense ISM smothering the large-scale jets that are
still being fuelled at a low level, and magnetic draping enhancing the mixing within the
lobes while suppressing the same between the radio lobes and the surrounding medium
(Brienza et al. 2018; Adebahr, Brienza & Morganti 2019).

NGC 1167 is a gas-rich (MH i = 1.5 × 1010 M�) early-type galaxy, with a regularly
rotating 160 kpc H i disc (seen in emission; Fig. 2.1). The disc has very regular kine-
matics within a radius of 65 kpc, and only in the very outer parts does it show signs
of interactions, likely with a satellite galaxy. This indicates that the galaxy has not
undergone a major merger in the last few billion years.

H i has also been detected in absorption against the CSS source with the WSRT (Struve
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Telescope νobs on-source BW vel. resln beam-size PA RMS RMS
(map) (cube)

(1) (2) (3) (4) (5) (6) (7) (8) (9)
VLA 1.3965 5.85 6.25 21 1.13 × 0.98 -75.11 340 840
EVN∗ 1.4054 6.6 16 6.7 0.04923 × 0.04136 61.32 100 410

Table 2.1 – Observation details. The columns are: (1) Telescope used; (2) Central frequency
of the band (GHz); (3) On-source time in hours; (4) Bandwidth (MHz); (5) Velocity resolution
(km/s); (6) Beam size; (7) Beam position angle (◦); (8) RMS noise on the continuum map
(µJy beam−1); and (9) RMS noise on the spectral cube at a velocity resolution mentioned in
(5) (µJy beam−1channel−1).
∗Participating antennas: Effelsberg (Germany), Westerbork (the Netherlands), Jodrell-Bank
(the United Kingdom), Medicina (Italy), Noto (Italy), Onsala (Sweden), Torun (Poland).

et al. 2010a) at a low spatial resolution (∼ 10 kpc; Fig. 2.1). CO (1-0) emission
has also been detected from NGC 1167 (Prandoni et al. 2007; O’Sullivan et al. 2015;
Bolatto et al. 2017). The galaxy had originally been optically classified as a Seyfert 2
galaxy (Ho, Filippenko & Sargent 1997). However, more recent observations show that
the central optical AGN has a LINER (low ionization nuclear emission-line region)
spectrum (see Emonts 2006). NGC 1167 is also a part of the CALIFA survey and
their integral field unit (IFU) studies further confirm the LINER nature of the nucleus
(Gomes et al. 2016).

Here, we present high-resolution Very Large Array (VLA) and European VLBI Net-
work (EVN) H i absorption studies of the central CSS source B2 0258+35. We detect
resolved, unusually broad H i absorption that closely matches the CO emission profile,
pointing towards a circumnuclear structure that is being disturbed as a result of strong
interaction with the expanding radio jets.

In Section 2 we describe the VLA and EVN observations. We present the results in
Section 3, discuss the implications of our results for studies seeking to quantify AGN
feedback in Section 4, and provide a summary in Section 5.

Wherever required we have assumed a flat universe with H0 = 67.3 km s−1Mpc−1,
ΩΛ = 0.685, and ΩM = 0.315 (Planck Collaboration et al. 2014). At z=0.0165, 1′′
corresponds to 0.349 kpc.
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Figure 2.1 – Large-scale H i disc seen in emission along with the velocity field (in colour).
The eastern portion of the rotating disc is the approaching side. H i is seen in absorption
within a radius of ∼ 10 kpc (angular resolution of the WSRT observations ∼ 29′′; Struve et al.
2010a). The large-scale low surface brightness radio lobes (WSRT observations with a beam of
39′′ × 33′′; Shulevski et al. 2012) are shown as black contours. The contours start at 400µJy
beam−1 and increase by a factor of 2. The central CSS source (at 22 GHz with VLA A-array
at an angular resolution of 0.12′′ Giroletti, Giovannini & Taylor 2005) is shown in the inset.
The position angle of the H i disc is 75◦ (Struve et al. 2010a), while that of the CSS source is
132◦ (Giroletti, Giovannini & Taylor 2005).
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2.2 Observations and data reduction

2.2.1 Very Large Array observations

The H i observations with the VLA A-array were carried out in October 2008 (Proposal
ID: AS0955) for a total on-source time of 5.82 hours. A bandwidth of 6.25 MHz, centred
at the redshifted H i line frequency of 1396.5 MHz, subdivided into 64 channels was used
as the set-up. This gave us a raw velocity resolution of 21 km s−1. 3C147 was used for
flux calibration and 0319+415 for phase and bandpass calibration. The details of the
observations are listed in Table 2.1. The observations were carried out when the VLA
was being upgraded to the EVLA. The digital signal from the EVLA antennas had to
be converted to analogue signals before being fed to the correlator, and this caused
aliasing of power in the bottom 2 MHz of the band in all the EVLA-EVLA baselines.
These baselines were flagged to avoid complications in solving for bandpasses and gains.
Data were reduced in ‘classic’ AIPS (Astronomical Image Processing Software). After
the initial flagging of EVLA-EVLA baselines and bad data, antenna-dependent gains,
and bandpass solutions were determined using the observations on the calibrators. The
gain solutions were further improved iteratively through the self-calibration procedure
(imaging and phase-only self-calibration cycles until the continuum map showed no
further improvement) after which a round of amplitude and phase self-calibration and
imaging was done. Then the continuum model was subtracted from the calibrated
visibilities and the residual uv data affected by radio frequency interference (RFI) were
flagged. The final continuum model was subtracted from the calibrated multi-channel
uv dataset. Residual continuum emission was removed by fitting a linear polynomial
to each visibility spectrum. Finally, the continuum-subtracted data were shifted to the
heliocentric frame. This dataset was then imaged to obtain the spectral cube.

The continuum map has an RMS noise of ∼ 340 µJy beam−1 and a restoring beam
of 1.11′′ × 1.02′′ with a position angle of -75.11◦. This was made using ROBUST=-
2 weighting, averaging all the line-free channels together. The peak flux density of
the target is 1.08 ± 0.05 Jy beam−1. The integrated flux density is 1.97 ± 0.10 Jy.
The uncertainty on the flux density scale at the observed frequency is assumed to be
5% (Perley & Butler 2017). The continuum-subtracted spectral cube has the same
restoring beam as the continuum map. The noise on the cube is ∼ 840 µJy beam−1

channel−1 for a channel width of 21 km s−1, without any spectral smoothing.

2.2.2 EVN observations

The phase-referenced H i observations with the European VLBI Network (EVN) were
carried out in October 2012 (Project ID: ES070) for a total on-source time of 6.6 hours.
We used a bandwidth of 16 MHz subdivided into 512 channels. Data reduction was
carried out using ‘classic’ AIPS. The details of the observations are listed in Table 2.1.

We corrected for the instrumental delay, and then for delay and rate as a function of
time after initial flagging of bad data, carried out bandpass calibration, and applied the
solutions to the target. We then self-calibrated the target dataset to further improve
the gain solutions. The self-calibration iterations are similar to those performed for
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the VLA data, but with the solution interval being shortened progressively from 30
minutes to 2 minutes for phase-only self-calibration. We applied these gain solutions
to the UV data, subtracted the final continuum model from the calibrated UV data,
and then flagged the residuals for RFI. We subtracted residual continuum emission by
fitting a second-order polynomial to each visibility spectrum and imaged the residual
UV data to obtain a spectral cube after shifting to the heliocentric frame.

The final continuum map (obtained with natural weighting ROBUST = 5 and aver-
aging all the channels together) has an RMS noise of 100 µJy beam−1 and a beam of
49.23 mas x 41.36 mas with a position angle of 61.32◦. The peak flux of the target is
95 mJy beam−1 and the integrated flux is 193 mJy. This was also estimated from the
AIPS task JMFIT with a single component Gaussian fit.

The spectral cube was also obtained with natural weighting (ROBUST = 5) and with
the same restoring beam as the continuum map. The cube has an RMS noise of 0.4
mJy beam−1 channel−1 for a channel resolution of 6.7 km s−1. We also tried other
weighting schemes (uniform and robust) and found that the H i absorption (see Section
6.3) was detectable only in the spectral cube obtained with natural weighting.

2.3 Results

2.3.1 Continuum structure

Figure 2.2 shows the VLA continuum map of B2 0258+35 with the higher resolution 22
GHz map of Giroletti, Giovannini & Taylor (2005) overlaid. In the VLA map the source
is slightly resolved and is about 1 kpc in size. Higher resolution observations (Sanghera
et al. 1995; Giroletti, Giovannini & Taylor 2005) have shown that B2 0258+35 has
plume-like lobes. In addition, there is a bright knot ∼ 0.1′′ south-east of the core.
Further to the south-east the southern jet undergoes a sharp bend. There is no bright
spot or bending in the northern jet. This asymmetry between the northern and the
southern jets is reflected in our VLA map at a spatial resolution of ∼ 0.35 kpc. We note
that the integrated flux density from our observations is consistent with that from the
WSRT observations at a resolution of ∼ 10.1 kpc (1.8 Jy; Struve et al. 2010a) within
the flux measurement errors. Thus, there is no significant radio continuum outside the
central ∼ 1 kpc region.

With the EVN we recover only three components (see Fig. 2.3): the faint unresolved
core (with an integrated flux density of ∼ 2.5 mJy), the bright extended knot (∼ 185
mJy) coincident with the peak of the VLA map and about 75 mas in size, and another
knot ∼ 0.2′′ south-east of the bright knot (∼ 5 mJy), also resolved with an angular
size of ∼ 55 mas. We do not detect any jet-like structures connecting the core and
this bright spot. The total integrated flux density is ∼ 193 mJy, corresponding to
about 10% of the flux density recovered with the VLA observations. Thus, the rest of
the continuum flux is diffuse and distributed over length scales larger than the largest
recoverable angular scale of our EVN array, ∼ 200 mas (which corresponds to 80 pc).
B2 0258+35 has also been observed with the VLBA at 1.6 GHz by Giroletti, Giovannini
& Taylor (2005). They report the detection of the bright knot and the core, but not
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Figure 2.2 – Top left: VLA continuum map of B2 0258+35 ( beam size: 1.13′′ × 0.98′′; red
contours). The contour levels start from 1 mJy beam−1 (3σ) and increase by a factor of two.
The 3σ negative contours are shown in grey and the beam is shown in the bottom left corner
of the image. The regions from which the H i absorption spectra are extracted are labelled.
The 22 GHz VLA map (by Giroletti, Giovannini & Taylor 2005, beam size: 0.12′′ × 0.12′′)
is overlaid in blue contours to show the underlying continuum structure. These contours start
from 325 µJy beam−1 (5σ) and increase by a factor of two. Bottom left, bottom right, and
top right: The absorption spectra extracted from the regions are in black in the continuum
map. The spectra have been Hanning-smoothed and resampled to a velocity resolution of ∼ 42
km s−1.
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Figure 2.3 – The VLBI map of
B2 0258+35 (beam size: 0.04923′′

× 0.04136′′; red contours). The
contours start at 400 µJy beam−1

(4σ) and increase by a factor of
two at each step. The 4σ negative
contours are shown in grey and the
beam is shown in the bottom right
corner of the map. The black cross
marks the VLBI core. The 22 GHz
VLA image from Giroletti, Giovan-
nini & Taylor (2005) is overlaid in
blue contours for reference, as in
Fig. 2.2. Only 10% of the total
VLA flux is recovered.

the third component to the south of the bright knot. They measure a total flux density
of 243 mJy over the entire radio source, consistent with our measurement within the
flux measurement errors. However, the peak flux density we measure is an order of
magnitude higher than their measurement. These differences could be due to the much
higher spatial resolution (a beam size of 10.4 mas × 4.3 mas) of their observations.

2.3.2 H i absorption

We detect slightly resolved H i absorption against the radio continuum in our VLA
data. The absorption profiles against different parts of the continuum are shown in
Fig. 2.2. Since the continuum is only a few beams across, we extracted the spectra
from regions sufficiently far apart so that each spectrum extracted is from a different
beam element: against the northern jet, the region including the core and the bright
knot, and the southern jet. We see strong absorption against the continuum in the
beam elements covering the bright knot, and the southern jet. We also detect weak
absorption against the northern jet. The full width at zero intensity (FWZI) of these
H i absorption profiles is ∼ 545 km s−1 against the southern jet and the hotspot, while
it is ∼ 500 km s−1 against the northern jet. The column density of the gas detected at
the locations shown in Fig. 2.2 are consistent with each other within the measurement
errors; they range from (3 ± 0.6) × 1020 cm−2 against the northern jet to (2.2 ± 0.1)
× 1020 cm−2 against the hotspot. This was estimated by assuming a spin temperature
of 100 K and a covering factor of unity.

In addition, Fig. 2.4 shows a comparison between the integrated VLA and the WSRT
H i absorption profiles (Struve et al. 2010a). Given the smaller bandwidth of the VLA
observations and the higher noise level, the two profiles are in good agreement with
each other. Thus, the higher spatial resolution of the VLA observations does not result
in non-detection of a significant fraction of H i.

With the EVN observations, we do not detect any absorption at the location of the
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Figure 2.4 – Integrated VLA
(blue) and WSRT (red) H i ab-
sorption profiles. The profiles are
in excellent agreement with each
other, implying there is no diffuse
component lost in continuum and
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peak of the knot or the southern blob or against the core. However, we do find an
absorption feature when integrated over the region of the knot (see Fig. 2.5). The
absorption profile has an FWZI of ∼ 322 km s−1 and a peak absorption of -0.85 mJy.
Since a considerable amount of the continuum flux density is resolved out at the VLBI
scale, the peak of the recovered absorption is ∼ 5 times lower than that of the VLA
absorption spectrum. However, the H i column density derived is (1.70 ± 0.21) × 1020

cm−2, which is consistent with the column density measured against the knot from the
VLA spectrum. This detection thus implies a uniform coverage of the radio continuum
by the absorbing gas and hence a covering factor of unity.

2.4 Discussion

With the information collected, we first wanted to investigate whether the H i seen in
absorption is a part of the large-scale disc and is distributed over a few tens of kpc or is
co-spatial with the jet and if so, whether there is any signature of jet–ISM interaction.
We did this by comparing the absorption profile with a model absorption profile arising
from the large-scale disc and then combining this with the results from molecular gas
emission.

2.4.1 Origin of H i absorption

The shape of the absorption profile, in general, depends on the distribution of gas and
on the morphology of the background radio source. As Fig. 2.1 shows, the large-scale
H i disc has a position angle of 75◦ and the approaching side of the disc is towards
the knot and the southern jet of B2 0258+35 . The radio continuum in our case is
asymmetric with the southern knot; the southern jet is considerably brighter than the
northern jet (see Section 2.3.1) and has a position angle of 132◦. If the absorption solely
arose from H i belonging to this large disc, the southern lobe would give rise to much
stronger absorption compared to the northern lobe. Thus, the integrated absorption
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Figure 2.5 – Integrated H i ab-
sorption spectrum against the knot
(Fig. 2.3) recovered with the EVN.
The spectrum has been Hanning-
smoothed to a velocity resolution of
54 km s−1. The RMS noise on the
Hanning-smoothed spectrum is 30
µJy and the FWZI of the absorp-
tion feature is ∼ 322 km s−1.

profile would be asymmetric with stronger absorption towards the blueshifted velocities.
Furthermore, the absorption profile towards the southern jet (for example, at position
‘a’ shown in Fig. 2.2) should have a blueshifted wing instead of a redshifted one, unlike
what is observed. To produce a symmetric absorption profile, the absorbing gas and
hence also the radio jets should be along the minor axis of the rotating disc, which is
not the case here (see Fig. 2.1).

This can be illustrated by modelling the H i absorption arising from an H i disc around
the radio source, in this case the galactic H i disc. The parameters involved in this
modelling are the rotation curve of the disc, inclination and position angles, and the
velocity dispersion of the gas.

In the nuclear regions of the galaxy, the major contribution to the rotation curve comes
from the stellar component of the galaxy and the SMBH. The SMBH mass of NGC
1167 is 4.4 × 108 M� (Kormendy & Ho 2013). For a stellar velocity dispersion of 219.6
km s−1 (Ho et al. 2009) the black hole sphere of influence extends up to ∼ 40 pc. To
estimate the contribution to rotation by the stellar component, we used the Hernquist
(1990) model with an effective radius of 6.7′′ and a total stellar mass of 1.3 × 1013 M�
as parameters (Noordermeer & van der Hulst 2007). The resulting rotation curve in
the inner 1 kpc region of NGC 1167 is shown in Fig. 2.6, left panel. We note that the
rotation curve is essentially flat at 300 km s−1 even in the very central region of the
galaxy.

The inclination (38◦) and the position angles (75◦) of the disc have been well con-
strained by Struve et al. (2010a). In addition, we assume a velocity dispersion (σ)
of 20 km s−1, a typical value observed in the central regions of early-type galaxies.
However, Struve et al. (2010a) have found that a model with a velocity dispersion of 9
km s−1 explains the H i rotation curve of NGC 1167 very well. Hence, our assumption
of 20 km s−1 for the velocity dispersion is quite conservative. The resulting absorption
profile is shown in Fig. 2.6, right panel. The profile is asymmetric (as explained ear-
lier), unlike the observed profile and does not match the observed location of the peak
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Figure 2.6 – Left panel: Rotation curve for NGC 1167 in the inner 1 kpc. In the inner
regions the major contributions to the rotation curve come from the stellar component and
the supermassive black hole. Right panel: Observed absorption profile (blue) and the model
absorption profile (in red) for the large-scale H i disc.

absorption. This supports our hypothesis that the absorbing H i has kinematics that
are quite different from the large H i disc.

An extreme possibility that can give rise to an absorption profile centred at the systemic
velocity is that the gas does not have any rotational motion, but is entirely chaotic.
Another possibility that can lead to a symmetric H i absorption profile is that the disc
has undergone a warp in the central few kiloparsecs of the galaxy with an orientation
such that the kinematical minor axis in the inner region coincides with the jet axis.
In this case all absorption should appear close to the systemic velocity and the large
width of the absorption would also imply a large dispersion of H i .

However, the resolved H i absorption spectra shown in Fig. 2.2 do show a sign of rota-
tion with the absorption centroid shifting redwards as we move towards the northern
jet. Thus, we argue that the absorption arises from a kiloparsec-scale gas disc with
a velocity dispersion higher than that of the large H i disc (further supported by the
nature of CO emission; see the following subsection) whose orientation is different from
that of the large H i disc.

2.4.2 Comparison with molecular gas

In order to further strengthen this hypothesis about the morphology and kinematics of
the absorbing H i, we make use of the available information on molecular gas. Observed
in emission, the distribution of gas traced by the molecular component is independent of
the size and asymmetry of the background continuum. Thus, when combined with the
absorption studies, it can provide further insights into the kinematics and morphology
of the gas under investigation.

CO(1-0) emission has been detected from NGC 1167 by many studies: Prandoni et al.
(2007), O’Sullivan et al. (2015) and Bolatto et al. (2017). The first two studies have
made use of IRAM single-dish observations, while the last one is an interferometric
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study with the Combined Array for Research in Millimeter-wave Astronomy (CARMA).
The single-dish observations detect CO(1-0) emission from the central ∼ 8 kpc (23′′;
the resolution of the telescope) region of the galaxy. The interferometric observation
of Bolatto et al. (2017) has a larger field of view, but is of poorer sensitivity. They
report the detection of very faint CO emission from the region outside the IRAM field
of view, but are not sensitive to the emission seen by IRAM in the central part of the
galaxy. Furthermore, the CO detected by Bolatto et al. (2017) is coincident with the
low-level star formation sites in NGC 1167 reported by Gomes et al. (2016), and thus
we only consider the deeper IRAM observations of CO in the central region for our
discussion.

The IRAM emission spectra presented by Prandoni et al. (2007) and O’Sullivan et al.
(2015) agree with each other in their line widths (FWHM of 261 ± 36 km s−1 and 233
± 47 km s−1 respectively) and in the integrated emission: 0.93 ± 0.14 K km s−1 and
1.18 ± 0.1 K km s−1 respectively (shown in Fig. 2.7, bottom panel).

The integrated CO(1-0) emission profile is shown in the bottom panel of Fig. 2.7. The
profile is inverted and plotted in arbitrary units for ease of comparison with the H i
absorption profile. As mentioned earlier, the rotation curve for the galaxy is approxi-
mately flat at 300 km s−1 even within the inner kiloparsec region (Fig. 2.6, left panel).
Thus, we would expect the CO emission profile to be double-horned if it formed a
regularly rotating disc. This is not the case, which suggests that the kinematics of CO
is not dominated by rotation. This supports our earlier hypothesis of the presence of
a kiloparsec-scale turbulent gas disc. Assuming the gas to be entirely chaotic, we find
an upper limit to the velocity dispersion of CO to be ∼ 90 km s−1, estimated via a
single-component Gaussian fit to the emission profile of O’Sullivan et al. (2015), which
has a higher signal-to-noise ratio compared to that of Prandoni et al. (2007).

Next, we find (as can be seen in Fig. 2.7) that the line widths of the CO emission and
the H i absorption profiles match, as do the natures of the two profiles. This suggests
that these two components of gas (molecular and atomic) are spatially coincident, and
hence CO is distributed within the central few kiloparsecs of the host galaxy. Thus,
this spatial coincidence suggests that the H i seen in absorption is also dominated by
turbulence rather than bulk rotation. In addition, the covering factor of the gas is
unity since we detect H i absorption against the entire radio source. We thus posit
that the gas seen in H i absorption and CO emission forms a kiloparsec-scale disc into
which the radio jets are expanding and injecting turbulence, causing the observed line
profiles.

The line ratio CO(2-1)/CO(1-0) can also be used to investigate the presence of turbu-
lence. This line ratio, as reported by O’Sullivan et al. (2015), is unity, which is twice
the expected value (of 0.5) for quiescent molecular gas in normal ISM (e.g. Peñaloza
et al. 2017) and similar to the value observed in other cases of strong jet–ISM interac-
tion (for example IC 5063; Oosterloo et al. 2017). This further supports the presence
of strong turbulence in the medium.

The presence of turbulence has been observed in other objects for example, in 3C326N
(Guillard et al. 2012) and in NGC1266 (Alatalo et al. 2015). Following a similar
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Figure 2.7 – Comparison between the H i emission profile (top panel, red: Struve et al. 2010a);
CO emission profiles, inverted and in arbitrary units for ease of comparison (bottom panel,
blue dotted: Prandoni et al. 2007; black dashed: O’Sullivan et al. 2015); and the WSRT
H i absorption profile (bottom panel, red). The CO emission profile does not match the H i
emission profile, implying that the CO emission does not arise from the molecular counterpart
of the large H i disc. The H i absorption and the CO emission profiles match, implying that
CO and absorbing H i are spatially coincident.

approach to that used for these sources, we estimated the turbulent component of
energy associated with the gas. The turbulent kinetic energy is given by Eturb = 3/2
Mmolσ

2 (e.g. Guillard et al. 2012). The molecular gas is likely to be more massive
than the atomic gas in the nuclear regions and hence will contain most of the turbulent
energy. We estimate this energy associated with the molecular phase by assuming
a velocity dispersion (σ) of 90 km s−1. We would like to note here that the value
of velocity dispersion was derived assuming the gas to be entirely chaotic with no
systematic motion. The turbulent energy estimated in this way will thus be an upper
limit. To estimate the molecular gas mass, we assume a range of values for the CO to
H2 conversion factor (XCO): 0.2 ×1020 (K km s−1)−1, a conservative value representing
optically thin turbulent gas; 0.4 ×1020 (K km s−1)−1 representing dense gas in ultra-
luminous infrared galaxies; and 2 ×1020 (K km s−1)−1, the Galactic value (Bolatto,
Wolfire & Leroy 2013). The corresponding molecular gas masses are 8.8 × 106 M�, 1.8
× 107 M�, and 8.8 × 107 M�. With these assumptions, we derive a turbulent kinetic
energy (in the molecular phase) of 2.1 × 1054 erg, 4.3 × 1054 erg, and 2.1 × 1055 erg,
respectively, corresponding to the XCO factors mentioned above.
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Figure 2.8 – BPT diagrams showing the line ratios (Emonts 2006) of the off-nuclear regions
of B2 0258+35 . The blue stars represent the line ratios from the spectrum extracted from
the south-western region, offset by ∼ 1.4 kpc from the nucleus, with PA=64◦. The red dots
represent the line ratios from the spectrum extracted at a similar distance off the nucleus in the
north-eastern region. The points clearly lie in the LINER portion of the diagram, suggesting
the presence of shocks.

2.4.3 Can jets cause this turbulence?

In B2 0258+35, we find that both the H i absorption and the CO emission profiles
suggest that the gas is turbulent. We suggest that radio jets expanding through the
gas are the main cause of this turbulence (see Sections 2.4.1 and 2.4.2). The effect of
radiation or wind is unlikely to be significant since the optical AGN in B2 0258+35 is
characterised by a LINER spectrum (Gomes et al. 2016) with only weak emission lines.

For a scenario where jets are expanding in the presence of a gas disc, the numerical
simulations (e.g. Mukherjee et al. 2018b) predict that when the jets are perpendicular
to the plane of the disc, they break out of the ISM quickly (. 100 kyr). They also give
rise to energy bubbles, which expand laterally into the gas disc generating radial gas
outflows at velocities as high as ∼ 500 km s−1. The jets that are partially inclined to the
gas disc or in the plane of the disc evolve much more slowly, and in the process also get
deflected by the gas clouds. They too launch expanding bubbles in the gas disc, which
evolve slowly. These simulations further predict that the mean velocity dispersion of
the gas increases by several times its initial value, up to a few hundred kilometres per
second, both at the point of direct interaction with the jet head and further out, as the
energy bubble thus created spreads over the entire disc (e.g. Mukherjee et al. 2018a,
section 3 (v)).

The jet power of B2 0258+35 is ∼ 1044 erg s−1, based on the scaling relation between
cavity power (jet power) and radio luminosity (Cavagnolo et al. 2010). Over a time
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span of ∼ 0.4 Myr (the lower limit on the age of the AGN; Brienza et al. 2018), the
jets are capable of depositing a total of ∼ 1057 erg. Thus, the radio jets appear to
be capable enough to provide the energy required to support the maximum level of
turbulence even if only 1% of the total energy in the jet is converted to turbulent
energy. However, we note that the jet power estimation is quite uncertain owing to
the large scatter of about an order of magnitude in the scaling relation and several
uncertainties in estimating the energy losses. For example, in the case of another low-
luminosity radio AGN IC 5063 (Morganti et al. 2015), the jet power estimated using
this prescription was shown to be an order of magnitude lower than that required to
create the observed velocity dispersion in gas (Mukherjee et al. 2018b). If the jet power
turns out to be higher, the efficiency required is even lower.

2.4.4 Impact of the radio continuum on the host galaxy

In order to understand the effect of B2 0258+35, which is ∼ 1 kpc in size, on its host
galaxy, we need to explore whether the impact of the radio jets is limited only to the
central kpc region or extends to larger radii. Various multiwavelength studies have
shown the effects of radio jets can indeed span distances much larger than the size of
the radio jets.

Mahony et al. (2016) found, using IFU spectroscopy of 3C 293, ionised gas outflows with
linewidths >500 km s−1 at 12 kpc from the nucleus along the radio axis and outflows
with linewidths as high as 300 km s−1 at distances as far as ∼ 3.5 kpc perpendicular
to the radio axis. Similarly, in 4C 31.04 (Zovaro et al. 2019), it was found that the
jet-induced shocks extend to regions four times the size of the observed radio lobes.
Rodríguez-Ardila et al. (2017) report the presence of two expanding ionised gas shells
that are spatially coincident with the radio jets. Fabbiano et al. (2017, 2018) suggest,
via deep Chandra imaging and spectroscopy, that the radio jets of ESO 428-G014 give
rise to ∼ 2-3 kpc extended X-ray emission along the major axis of the radio source. In
NGC 6764, the interaction between the parsec-scale radio jets and the ISM is thought
to be one of the causes of subkiloparsec-scale radio bubbles (Kharb, Lister & Cooper
2010). Maksym et al. (2017) and Wang et al. (2010) also find evidence, via X-ray
studies, of the jet–ISM interaction shaping the inner kpc region of the host galaxies of
NGC 3396 and NGC 4151, respectively.

Predictions from the numerical simulations of jets expanding at an inclination to a
clumpy gas disc (e.g. Sutherland & Bicknell 2007; Cielo et al. 2018; Mukherjee et al.
2018a,b) agree with these findings. They predict that the jet flow will be channelled
through the disc in different directions, which can ionise the gas even in the regions far
from the radio jets.

We can investigate the presence of such an effect in B2 0258+35 using the long-slit
spectroscopy presented by Emonts (2006). In this study, the slit is aligned with the
major axis of the host galaxy (PA = 64◦), far removed from the radio axis (PA=132◦).
The spectra have been extracted at the location of the nucleus and at the off-nuclear
regions 4′′ south-east and north-west of the nucleus. Thus the off-nuclear spectra are
extracted at a distance of ∼ 1.3 kpc from the nucleus, perpendicular to the radio axis.
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The [O III]/Hβ, [NII]/Hα, and [S II]/Hα line ratios are plotted on diagnostic diagrams
introduced by Baldwin, Phillips & Terlevich (1981), here referred to as BPT diagrams
in Fig. 2.8. We see that the line ratios clearly fall in the low-ionisation nuclear emission-
line region (LINER; Heckman 1980) part of the diagram. This is further confirmed by
the IFU study of Gomes et al. (2015), who present a very detailed BPT diagram up to a
diameter of ∼ 30 kpc of NGC 1167. Except for the low surface brightness star-forming
spiral arms, the remaining regions clearly fall in the LINER portion of the diagram.

LINER spectra can be explained by various mechanisms such as photoionisation either
by nonstellar UV continuum or shocks, or evolved stars. From the IFU analysis, Gomes
et al. (2016) identify two regions in the disc of NGC 1167 (see their Fig. 1): the inner
region (∼ 4′′; 1.4 kpc) is characterised by high equivalent width Hα emission, suggesting
that evolved stars alone cannot be the source of ionisation, and the outer region with
a lower equivalent width where the LINER spectrum can be explained by pAGB stars.
Thus, wide-spread shocks are the most plausible cause of the LINER spectra in the
inner region. A major merger cannot be the reason for these shocks because such a
possibility has already been ruled out by Struve et al. (2010a). We thus suggest that
they are a result of the interaction between the radio jets and the ISM as described
earlier.

It is more challenging to ascertain whether this interaction has an effect on the rest
of the disc, outside the inner few kpc. Interestingly, it is worth noting here that in a
study of group dominant galaxies, O’Sullivan et al. (2015) have found that NGC 1167
lies in the red sequence of quenched galaxies. However, with the present data, it is not
possible to ascertain whether this could have, at least partly, resulted from the AGN
activity. High-resolution mapping of molecular and ionised gas may shed further light
in this direction.

2.4.5 Impact of the host galaxy on the radio continuum

As discussed in the earlier sections, the radio jets in B2 0258+35 appear to be expanding
into a gas disc, injecting a significant amount of turbulence into the disc. If this is
the case, numerical simulations (e.g. Mukherjee et al. 2018a) predict that the ISM
strongly influences the overall morphology of the radio continuum. A strong jet–ISM
interaction, in addition to generating the shocks described above, would also launch
subrelativistic winds perpendicular to the plane of the galaxy. These winds resemble
the wide-angle outflows seen associated with AGN winds or nuclear starburst activities
(see Fig. 13 in Mukherjee et al. 2018b), but are driven by the pressure of escaping jet
plasma. Buoyancy further contributes to the propagation and expansion of the bubbles
to large radii. The parameters of the jet-disc simulations presented in Mukherjee et al.
2018a are not fine-tuned to be an accurate representation of B2 0258+35. Nevertheless,
simulation D in that paper, representing 1045 erg s−1 jets propagating at 45◦ into an
inhomogeneous disc does reproduce several of the features of B2 0258+35.

In order to facilitate the comparison, we generate a synthetic radio surface brightness
image from simulation D, using the approach described in Bicknell et al. (2018); this
approach was also used to simulate the jet–ISM interaction in IC 5063 (Mukherjee
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Figure 2.9 – Left panel: Cartoon of the possible scenario explaining the observed properties
of B2 0258+35 and the host galaxy NGC 1167. The host galaxy is viewed edge-on. Right
panel: Synthetic radio (1.4 GHz) surface brightness map from the simulation of the jet en-
tering an edge-on gas disc at an angle of 45◦. The regions in yellow contours indicate the
bright radio jets, while the blue contours are the diffuse radio emission produced by the plasma
percolating through the gas disc. The image has been obtained at an arbitrary instance in the
simulation for qualitative comparison. The remarkable similarity should be noted between the
radio jets in this map (yellow contours) and the morphology of B2 0258+35 (Fig. 1 inset) in
the absence of any fine-tuning. This further supports the proposed strong jet–ISM interaction
in B2 0258+35.

et al. 2018b). The main aim of this exercise is to illustrate the effect of ISM on the
radio continuum and investigate whether the low surface brightness radio lobes can
originate from such jet–ISM interactions. The synthetic radio image at 1.4 GHz was
obtained at a time of 9.8× 105 yr, chosen so that the extent of the radio jets matches
the observed size of the radio jets in B2 0258+ 35. The radio structure thus obtained
is a result of radio plasma expanding into a turbulent, inhomogeneous disc of gas and
is shown in the right panel of Fig. 2.9.

There is a remarkable similarity between the morphology of the radio jets obtained
from the simulations (see the yellow contours in Fig. 2.9, left panel) and B2 0258+
35. In the synthetic image, the northern jet is clearly disrupted by its interaction with
the ISM, but maintains a generally straight path; the southern jet has a sharp bend,
which is the result of its path being obstructed by a dense cloud. There is also a hot
spot in the jet approximately halfway between the core and the deflection point. The
difference in the jet morphologies is the result of the fractal, log-normal distribution
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of density in the ISM, leading to an approximately straight path in one jet, but to
a substantial obstruction in the other. There is, of course, a difference between the
observation and the synthetic image. In the source, the southern jet is deflected to the
east; in the simulation, the southern jet is deflected to the west. This feature may be
the result of the random distribution of dense clumps or the gravitational field of the
galaxy and requires attention in more detailed simulations. Nevertheless, we conclude
that the asymmetry in the radio continuum is a result of a strong jet interaction with
an inhomogeneous disc.

As noted earlier, this interaction also results in kiloparsec-scale bubbles whose overall
direction is different from the jets and is determined by buoyancy of the jet plasma in
the gravitational field of the galaxy. However, the kiloparsec-scale simulations do not
follow the evolution of the jet lobes and the bubble beyond 4 kpc, so that a comparison
with the large, low surface brightness radio structures on 100 kpc scales observed in B2
0258+ 35 (see Fig. 1) is not possible at this time. Moreover, as can be seen in Fig. 10,
the subrelativistic winds have only spread out to a diameter of 6 kpc in this duration,
while the radio lobes in question are 240 kpc in size. Hence, the faint radio structures
produced by the simulations with the present jet, galaxy, and ISM parameters do not
explain the large radio structures. As shown in Brienza et al. (2018), these lobes do
not show spectral steepening, and it has been suggested that they represent a previous
episode of activity that switched off no more than a few tens of Myr ago, or that they
are the result of large-scale jets that have been temporarily disrupted and smothered,
but that are still fuelled, albeit at a low rate, by the nuclear engine (perhaps similar
to what is happening in Centaurus A; e.g. McKinley et al. 2018; Morganti et al. 1999).
In this scenario, the kiloparsec-scale bubbles in the model could be the connecting
structure keeping the fuelling channel open. This is schematically represented in Fig.
2.9, left panel.

2.5 Summary

We have presented high-resolution VLA-A array and EVN H i absorption observations
of B2 0258+35, a low-power radio AGN in a gas-rich host galaxy NGC 1167, which also
hosts large (240 kpc) radio lobes. With our VLA observations, the continuum source
and the absorption, is slightly resolved. We detect absorption all against the source,
and the profile also exhibits a slight asymmetry towards the blueshifted velocities. At
VLBI scales most of the continuum is resolved out, and we detect only ∼ 10% of
the total continuum seen with the VLA. We also detect a weak absorption feature
in the integrated VLBI spectrum of the bright knot seen along the southern jet and
the estimated H i column density is in agreement with that estimated from the VLA
observations. This implies a uniform screen of gas in front of the background radio
source.

We modelled the H i 21cm absorption and find that the kinematics of the absorbing gas
should be different from the large H i disc. CO(1-0) emission was also detected from
the host galaxy NGC 1167 and the emission profile agrees well with the integrated H i
absorption profile suggesting that CO and H i are co-spatial and are being affected by
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the radio jets to a similar extent. The line ratio CO(2-1)/CO(1-0) ≈ 1 further supports
this hypothesis. We conclude that the radio source is interacting with the ambient gas,
causing the observed turbulence, which has also affected the morphology of the radio
source. Assuming the kinematics of molecular gas to be entirely chaotic, we find that
the upper limit to the turbulent kinetic energy in the medium is ∼ 1055 erg. We also
find that the radio jets, in this case, are capable of depositing this amount of turbulence
in the medium within 0.4 Myr, the estimated age of the radio source. The optical line
ratios ([O III]/Hβ, [NII]/Hα and [S II]/Hα) in the regions a few kiloparsecs from the
radio nucleus suggest that the emission there arises from shocks caused by the jet–ISM
interaction. All these results support the fact that low-luminosity radio AGNs are
capable of affecting the ISM significantly and hence contribute to negative feedback in
their host galaxies.

We further compare our results with the predictions from numerical simulations and
conclude that the interactions of the jets with an inhomogeneous disc are likely to be
the cause of the widespread shocks, quenched star formation, and low surface brightness
radio bubbles resulting from plasma leaking out in the direction perpendicular to the
plane of the galaxy, possibly over multiple episodes of AGN activity. High-resolution
mapping of ionised and molecular gas and targeted simulations can shed further light
on the jet–ISM interaction in B2 0258+35.
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Abstract

The energy emitted by active galactic nuclei (AGN) may provide a self-regulating
process (AGN feedback) that shapes the evolution of galaxies. This is believed to
operate along two modes: on galactic scales by clearing the interstellar medium via
outflows, and on circum- galactic scales by preventing the cooling and accretion of gas
onto the host galaxy. Radio jets associated with radiatively-inefficient AGN are known
to contribute to the latter mode of feedback. However, such jets could also play a role
on circum-nuclear and galactic scales, blurring the distinction between the two modes.
We have discovered a spatially-resolved, massive molecular outflow, carrying ∼75% of
the gas in the central region of the host galaxy of a radiatively-inefficient AGN. The
outflow coincides with the radio jet 540 pc offset from the core, unambiguously pointing
to the jet as the driver of this phenomenon. The modest luminosity of the radio source
(L1.4GHz = 2.1 × 1023 W Hz−1) confirms predictions of simulations that jets of low-
luminosity radio sources carry enough power to drive such outflows. Including kpc-scale
feedback from such sources – comprising of the majority of the radio AGN population
– in cosmological simulations may assist in resolving some of their limitations.

https://doi.org/10.1038/s41550-021-01596-6
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3.1 Introduction

The contribution of various classes of active galactic nuclei (AGN) to feedback and
the scales at which they operate are yet to be well characterised. In this context, the
models of galaxy evolution only consider large, powerful radio AGN that are capable
of heating the intergalactic medium and thereby preventing the gas from accreting on
to the host galaxy (McNamara & Nulsen 2012).

However, recently various studies have found that radio AGN also have an impact on
galactic scales where the radio jets interact strongly with the interstellar medium (ISM)
and drive multi-phase outflows, of which dense cold gas is the most massive component
(Veilleux et al. 2020). Numerical simulations predict that such jet-ISM interactions
could also be strong in low-luminosity radio AGN where the jets spend more time
embedded within the host galaxy (Sutherland & Bicknell 2007; Wagner, Bicknell &
Umemura 2012; Mukherjee et al. 2016; Mukherjee et al. 2018b). Observationally, to
understand the impact of radio jets on the ISM, we need to spatially resolve the site
of jet-ISM interaction and also be able to disentangle the contribution of the radiation
from the optical AGN and of the radio jets to the observed impact on the cold gas. Such
studies have so far not been possible. We present the case of a low-luminosity radio
AGN where spatially resolved molecular gas observations have shown the presence of
a massive outflow that is entirely driven by the radio jets.

The source under consideration, B2 0258+35, is a radio galaxy which consists of a
bright, kpc-scale structure and large, low-surface brightness radio lobes ∼240 kpc in
size. The kpc-scale emission represents the current phase of activity which started
only between 400 thousand and 900 thousand years ago (Brienza et al. 2018; Giroletti,
Giovannini & Taylor 2005). The central radio source is nested in NGC 1167 (z =
0.0165∗), a gas-rich, massive early-type galaxy and the optical AGN in NGC 1167
is found to be radiatively inefficient (Ho 2009). It has been suggested that the cold
gas in the inner few kiloparsecs of the galaxy shows signatures of disturbed kinematics
(Murthy et al. 2019). Furthermore, the diffuse large-scale lobes are caused by a previous
phase of activity and indicate that B2 0258+35 is a radio source which has undergone
multiple episodes of activity (Shulevski et al. 2012; Brienza et al. 2018). Thus, its
properties make B2 0258+35 an important case for tracing the interaction between the
radio jets and the ambient gas. We use the cold molecular gas as a tracer for this
purpose because it has been found to be typically the most massive component (i.e.
more massive than the warm ionised gas) of AGN-driven outflows.

3.2 A massive molecular outflow

To probe the distribution and kinematics of the cold molecular gas in the nuclear
region of B2 0258+35, we carried out CO(1-0) observations with NOrthern Extended
Millimeter Array (NOEMA) at an angular resolution of 1.9′′ × 1.5′′. At the redshift of

∗ We assume a flat Universe with H0 = 67.3 km s−1 Mpc−1, ΩΛ = 0.685, and ΩM = 0.315
(Collaboration et al. 2014). At z = 0.0165, 1′′ corresponds to 0.349 kpc.
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the source, this corresponds to a spatial extent of 540 pc. We detect a circumnuclear
molecular gas structure, ∼3 kpc in size and a quiescent CO ring, ∼10 kpc in radius
(see Fig. 3.1). Figure 3.2 shows that the kinematics of the ring is consistent with the
regular rotation of the galaxy (Struve et al. 2010a) (see Methods). The kinematics of
the gas in the central few kiloparsec, however, entirely deviates from this large-scale
regular rotation.

The kinematics of the circumnuclear gas are of particular interest since this gas is
spatially coincident with the radio jets. As can be seen from the velocity dispersion
map (Fig. 3.1 bottom-right) and the position-velocity plots of Fig. 3.2, the gas barely
shows sign of regular rotation, suggesting that any disc structure that may have existed
has been mostly disrupted. The velocity dispersion presented in Fig. 3.1 shows that
the gas is particularly disturbed in the region 540 pc south-east of the radio core where
the southern radio jet undergoes a sharp bend. At this location, the gas exhibits a
particularly high velocity dispersion (with a maximum value of ∼250 km s−1) and
is outflowing at large velocities, blueshifted up to 500 km s−1 with respect to the
systemic velocity (see Fig. 3.2). Furthermore, the CO emission is also significantly
brighter in this region compared to the rest of the circumnuclear structure (see Fig.
3.1 top-right). This CO ‘hotspot’, corresponding to the location of the outflowing gas,
suggests that the gas in this region may have a different (higher) excitation temperature
or originates from optically thin gas as a result of the mechanism that is producing the
outflow (Oosterloo et al. 2017, 2019). These findings, especially the spatial offset from
the radio core, strongly suggest a link between the outflow and the radio jet instead of
the outflow being driven by the nucleus itself.

Depending on the choice of CO to H2 conversion factor, the mass of the molecular gas
(MH2) in the entire circumnuclear structure ranges between (6.7± 0.7)× 106 M� and
(15.7 ± 1.6) × 106 M� (see Methods for mass and outflow rate estimates). The mass
of the gas that is disturbed by the interaction ranges between (5.0 ± 0.7) × 106 M�
and (11.7± 1.6)× 106 M�. Thus, about 75% of the emission arising from this region
is associated with the outflowing component. We derive a mass outflow rate ranging
between 5 M� yr−1 and 10 M� yr−1. This implies that within the short life-span of
the radio jet, lasting only for a few million years, the kpc-scale molecular gas reservoir
will be entirely depleted. The escape velocity of the galaxy estimated based on the H i
rotation curve (Struve et al. 2010a) is ∼500 km s−1, higher than the outflow velocities
observed. Thus the gas depleted from the nuclear region will rain down onto the galaxy
at a later time.

3.3 Radio jet as the trigger of the molecular outflow

The location and the properties of the molecular-gas outflow suggest that the radio jet
is responsible for the massive outflow observed in B2 0258+35. The energetics of the
phenomena involved support this scenario.

The estimated kinetic power of the gas associated with the molecular gas outflow (Holt
et al. 2006) ranges between 1.8 × 1041 erg s−1 and 1.9 × 1042 erg s−1. NGC 1167 has
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been classified as a low-luminosity optical AGN (LLAGN) with a spectrum typical of
low-ionisation nuclear emission-line region (LINER) galaxies (Ho 2009) and the X-ray
studies show that the AGN is not Compton thick (Fabbiano et al. in preparation).
Estimates of the bolometric luminosity of the AGN range between 3 × 1041 erg s−1

and 7 × 1042 erg s−1 (see Methods for details on these estimates). Thus, radiation can
drive the outflow only if the bolometric luminosity is at the higher end of the estimated
range and the optical AGN transfers energy to the ISM with a very high efficiency.
This, combined with the outflow being offset from the nucleus at the location where
the jet is bent, makes it unlikely that radiation can explain the observed outflow and
its properties.

On the other hand, estimates of the radio-jet power (Willott et al. 1999; Cavagnolo
et al. 2010) range between 8.2×1043 erg s−1 and 1.3×1044 erg s−1 (see Methods), about
two orders of magnitude higher than the gas kinetic power. We note that the estimate
of the jet power is based on various correlations (see Methods) that may underestimate
the actual jet power for low-luminosity radio sources (Mukherjee et al. 2018a). As
such, the estimate obtained here should be regarded as a lower limit. Nevertheless,
this shows that the radio jet can drive the observed outflow even at a low efficiency.

The possibility of low-luminosity radio jets impacting the surrounding medium has
been suggested by earlier studies, which however have limitations compared to the
results presented here. Those studies have focussed on Seyfert galaxies, low-z quasars
with low-luminosity radio jets (Capetti et al. 1996; Wilson & Raymond 1999; Morganti
et al. 2015; García-Burillo et al. 2014; Venturi et al. 2021; Jarvis et al. 2019; Husemann
et al. 2019), and on a number of LLAGN (Alatalo et al. 2011; Combes et al. 2013;
Riffel, Storchi-Bergmann & Riffel 2014; Rodríguez-Ardila et al. 2017; Fabbiano et al.
2018). In the group of radiatively efficient AGN (Seyferts and quasars), the effect of the
nuclear wind and radiation, and the effect of the radio jets are difficult to disentangle
and hence it is not possible to quantify the role and impact of the latter. In the case
of LLAGN, the impact of the jet is only indirectly inferred as a consequence of the
low bolometric luminosity and hence the inability of the radiation/wind to drive the
outflows; however, there has been no direct evidence to date showing that the radio
jets are indeed the cause of such outflows. Moreover, a majority of these cases only
show the presence of less massive warm-ionised gas outflows which are not significant
in the context of feedback. In a small subset where molecular gas outflows do exist,
the outflow has not been localised with respect to the radio jet.

The best example of the impact of a low-luminosity radio jet on the molecular gas has
been observed in the Seyfert 2 galaxy IC 5063 (Morganti et al. 2015; Oosterloo et al.
2017; Mukherjee et al. 2018a). Here the jet-ISM interaction has been ‘caught in action’
by the high-spatial resolution observations that enabled the localisation of the cold-gas
outflow which showed that radio jets could be the main driver of the outflow. However,
in this case, the optical AGN is powerful and hence it is not possible to completely
exclude the effect of the strong nuclear radiation on the outflow.

Thus, B2 0258+35 is the first and the clearest case where a young, low-luminosity
radio jet is unambiguously found to be responsible for driving a massive molecular gas
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outflow which has also been spatially localised. Furthermore, detailed optical integral
field unit (IFU) mapping of the host galaxy (Gomes et al. 2016) shows that the rotation
axis of the ionised gas is tilted with respect to the stellar axis, suggesting that the gas
is disturbed. However, the velocity field of the ionised gas shows that the anomalous
velocities are well below 500 km s−1. Thus, even if present, the outflow of ionised gas
would be weak and less massive compared to the molecular gas outflow, as often is the
case with AGN driven outflows (Veilleux et al. 2020).

3.4 Comparison with a hydrodynamic jet-ISM simu-
lation

The results presented here are of significance to theoretical models of jet-ISM interac-
tions in that they confirm some of their predictions. Numerical simulations (Suther-
land & Bicknell 2007; Wagner, Bicknell & Umemura 2012; Mukherjee et al. 2016, 2017;
Mukherjee et al. 2018a,b) have shown that radio jets, despite being collimated struc-
tures, can impact the host galaxy significantly over a large volume when expanding
into a clumpy ISM. Broadly speaking, they predict that (i) this impact is large in the
early phase of their life; (ii) low-luminosity jets remain trapped in the ISM while trying
to break through the gas, continuously injecting their energy into the ISM and their
impact over time becomes very pronounced. Our results show that this indeed is the
case in B2 0258+35.

To explore this further, we compare our observations with a relativistic hydrodynamical
simulation of jet-ISM interactions from Mukherjee et al. (2018b). The simulation is
not a tailored simulation for B2 0258+35, so this comparison is meant to qualitatively
illuminate the underlying physics rather than represent a quantitatively accurate model
of the source. The particular simulation we chose for the purpose is Simulation D, in
which a relativistic jet of power Pjet = 1045 erg s−1 propagates through a thick galactic
disc with a clumpy gas distribution at a tilt angle of 45◦, a choice based on the results
from H i absorption studies (Murthy et al. 2019) which indicate that the radio jets are
very likely in the process of expanding into a gaseous disc.

A jet with an order of magnitude lower power would be at the lower limit of being
capable of generating the outflow seen in B2 0258+35, since velocities reached by clouds
when dispersed in energy-driven jet bubbles typically scale as P 0.2

jet (Wagner & Bicknell
2011). The jet power implied by the jet-driven ISM dynamics is between 1044 erg s−1

and 1045 erg s−1, and is therefore approximately an order of magnitude larger than the
jet power obtained from radio-power scaling relations.

Figure 3.3 shows a series of mid-plane density slices perpendicular to the y-axis of the
simulation that highlight the evolution of the jet-disc system. The lower-density jet-
plasma of the backflow in the cocoon, secondary jet streams within the disc, and the
bow-shock bounded bubble are also clearly visible. The disc in the simulation is 4 kpc
in diameter and by 0.2 Myr the jet has processed the ISM in the central 2 kpc. The
jet-ISM interactions are quite complicated and most of the gas in the central region
is strongly dispersed by the jet. The dispersion of dense gas is the strongest during
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the first few 100 kyr, and by 0.8 Myr, a substantial amount of jet plasma is venting
through chimneys perpendicular to the disc reducing the energy coupling between jet
and gas. The main jet streams interact directly with clumps in their path and become
deflected or split, brightening in radio emission as a result of shocks, while generating
strong gas velocity dispersions and outflows.

Intriguingly, we see a similar effect in B2 0258+35, where the massive outflow and a
strong deflection in the radio continuum are located co-spatially along the southern
jet. Moreover, we also do not see a disturbance in the gas along the much weaker
counter jet. As the simulation shows, asymmetric signatures of jet-ISM interactions
are expected if the ISM is clumpy (Gaibler, Khochfar & Krause 2011). In one direction,
northern in this case, the main jet stream may be propagating through a diffuse inter-
cloud medium, while the southern jet may be directly hitting a molecular cloud. Such
asymmetries in radio morphology is often seen in radio sources, for example, IC 5063
(Morganti et al. 2015).

The density slices also show a largely evacuated central 0.5 kpc region that was cleared
by the jet, a feature reminiscent of the apparent eradication of the inner kpc disc of
B2 0258+35 in the observations.

We looked for signatures of high-velocity bulk outflows at different time snapshots of
the simulation and at different lines-of-sight through the simulation box to compare
with the observations (see Fig 3.4 and Methods for more details). We find that regions
of jet-ISM interactions show enhanced velocity dispersions of the dense phase (gas
with densities n > 100 cm−3), and that clouds hit directly by the main jet streams
may be accelerated to beyond 500 km s−1, consistent with our observations. The
signatures of cloud acceleration from our simulations are also offset from the centre.
These dense gas dispersion and outflow signatures are the strongest at around 200 kyr
since the start of the jet activity, and drop as jet plasma gradually leaks out of the
galaxy. The simulation suggests, therefore, that the inner jet in B2 0258+35 driving
the outflow shown in Fig. 3.2 is likely younger than a Myr, in line with the estimated
age of 0.9 Myr or less by various observational studies (Giroletti, Giovannini & Taylor
2005; Brienza et al. 2018). Bulk outflow velocities are also higher the closer the jet is
aligned to the line of sight. Together with the imposed 38◦ inclination of the disc to the
line-of-sight, a simulation similar to that used in the comparison study here, but fully
tailored in its initial conditions to B2 0258+35, can constrain the three-dimensional
orientation of the jet.

3.5 Relevance of radio jets for feedback

The results on B2 0258+35 are relevant in the broader context of AGN feedback.
Radio-loud AGN are commonly found in massive galaxies like NGC1167 (i.e. M∗ ≥
1010.5M�). It has been shown that 30% of massive galaxies host radio sources with
luminosities less than 1023 W Hz−1, compared to less than 1% of the massive galaxies
hosting powerful radio sources (logL1.4 GHz ≥ 25 W Hz−1) (Best et al. 2005; Sabater
et al. 2019). Furthermore, various studies have also shown that cold gas is more com-
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monly present in the nuclear region of young radio sources (Morganti & Oosterloo
2018). Thus, our results highlight that the galactic-scale impact of low-power radio
galaxies may represent an important component – so far largely neglected – for models
of AGN feedback, provided the radio emission can efficiently couple with the surround-
ing medium, which our results suggest to be the case.

This makes these AGN (and their impact) relevant for cosmological simulations.
B2 0258+35 is a restarted radio galaxy with a short time gap of a few tens of Myr
between the dimming of one phase of radio emission and the starting of the new episode
(Brienza et al. 2018). Our results illustrate that even in the renewed phase of activity,
the radio jet is able to impact the host galaxy significantly. This recurrent impact of the
AGN on the host galaxy over multiple cycles is one of the requirements of cosmological
simulations to explain the observations (Genel et al. 2014; Sijacki et al. 2015; Schaye
et al. 2015; Crain et al. 2015).

The inclusion of kpc-scale feedback from low-luminosity radio sources may also help re-
solve some of the tensions that exist between observations and simulations (Weinberger
et al. 2017). At the moment, cosmological simulations have neither the spatial resolu-
tion nor the dynamic range in density to capture kpc-scale outflows in detail. However,
the first steps in including these features are being taken (Dubois et al. 2012, 2013; Tal-
bot, Bourne & Sijacki 2021) and they highlight the significance of jet-driven outflows.
In the future, as computational power increases and AGN feedback will be modelled
in more detail with zoom-in simulations, observations of multi-phase outflows, and in
particular observations of cold molecular outflows similar to our study, will provide
invaluable constraints on parameters such as the amount of gas affected, interaction
timescales, energy deposition rate, gas redistribution and turbulence generated.
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Figure 3.1 – CO emission from NGC 1167. The left panel shows the distribution and
the velocity field of the large-scale (∼10 kpc radius) ring and the inner nuclear region. The
kinematics of the ring is regular and consistent with the large H i disc (Struve et al. 2010a).
The panels on the right show the zoom-in of the nuclear region (i.e. the inner few kpc). The
top-right panel shows the total intensity map and the bottom-right panel shows the velocity
dispersion map. The beam is shown in the bottom right corner of the images and has a size of
1.9′′ × 1.5′′ with a position angle of 29.2◦. The black contours represent the radio continuum
emission at 8.5 GHz (Giroletti, Giovannini & Taylor 2005). The radio core is marked with a
cross. The brightest CO emission and the highest velocity dispersion are observed in a region
offset to the south-east from the radio core where the southern radio jet bends strongly. The
region considered to estimate the mass of the kinematically disturbed outflowing gas (also see
Fig. 3.2) is marked by the white dashed lines in the total intensity map (top right).
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Figure 3.2 – Kinematics of the cold gas. Left panel shows the position-velocity (PV)
plot of the large-scale gas disc in colour scale and that of the circumnuclear gas in contours,
both extracted along the major axis of the large-scale gas disc. This plot highlights the extreme
difference in the kinematics of the regularly rotating disc and the disturbed gas in the nuclear
region. The contour levels start at 0.15 mJy/beam and increase by a factor of

√
2 . The right

panel shows the PV diagram of the circumnuclear gas extracted along the radio axis as shown
in the right-panel inset. The systemic velocity and the radio core are indicated in the right
panel. The kinematics of the gas distinctly deviates from regular rotation and the outflow is
offset to the south-east of the radio core (see also Fig. 3.1). The contour levels start at 0.15
mJy/Beam and increase in steps of 0.15 mJy/Beam.
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Figure 3.3 – Snapshots from the simulations. Mid-plane logarithmic density slices of
simulation D from Mukherjee et al. (2018b) at y = 0 showing the evolution of the jet-disc
system. The jet plasma is in blue, the dense clouds in orange-red. Ablated gas and shocked
ambient medium is in yellow. The strongest interactions occur within the disc where the main
jet stream hits clouds head-on. These regions show enhanced velocity dispersions and bulk
velocities up to 500 km s−1 (see PV diagrams in Methods), and are location of sharp jet
deflection and splitting. While the outer disc is dispersed but remains largely intact, the inner
0.5 kpc region is largely cleared of gas by the jet by ∼ 1 Myr.
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Figure 3.4 – Synthetic position-velocity diagrams. Top row: PV diagrams of the dense
gas (number density greater than 100 cm−3) in simulation D from Mukherjee et al. (2018b)
along the line-of-sight and the slits shown in the corresponding panels of the bottom row. The
jet-cloud interactions at 0.2 Myr produce signatures of enhanced velocity dispersions with some
clumps accelerated to beyond 500 km s−1, seen as strong spiky features in the PV diagrams.
Bottom row: Left panel shows the line-of-sight velocity dispersion (second moment) of dense
gas ((number density greater than 100 cm−3). Right panel: the mean velocity (first moment)
showing the rotating disc; the broad-band radio emission is shown in grey scale. The emissivity
of the jet plasma is assumed to be proportional to p1.8, where p is the plasma pressure (Wagner
& Bicknell 2011).
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3.6 Methods

3.6.1 Target information.

B2 0258+35 is a low-luminosity radio AGN (L1.4GHz = 2.1×1023 W Hz−1). It consists
of a compact-steep spectrum (CSS) source, about 1 kpc in size (Giroletti, Giovannini
& Taylor 2005), and diffuse 240 kpc low-surface brightness radio lobes (Shulevski et al.
2012). The radio spectrum of the central CSS source peaks at 70 MHz, typical of
sources belonging to this class. The kpc-sized inner source consists of a core and
asymmetric jets (see Fig. 3.1). The radio emission is the brightest in the region of
where this jet is bent. The age of the central source is estimated to range between
0.4 Myr to 0.9 Myr (Brienza et al. 2018). The large-scale low-surface brightness radio
lobes have been estimated to be about 110 Myr old (Brienza et al. 2018). A detailed
spectral-index study suggests that they are not old remnants but instead are still being
fuelled at a very low rate, perhaps from some ‘leakage’ form the central source (Murthy
et al. 2019). It has also been suggested that the duty cycle of this AGN is short with a
time gap between the two episodes of activity no more than a few tens of Myr (Brienza
et al. 2018).

The host galaxy, NGC 1167, is a gas-rich (MH i = 1.5×1010 M�) early-type galaxy, with
a 160 kpc diameter regularly-rotating H i disc. The disc has very regular kinematics
within a radius of 65 kpc, and shows signs of interactions, perhaps with a satellite
gaalxy, only in the very outer parts. This suggests that the galaxy has not undergone a
major merger in the last few billion years (Struve et al. 2010a). CO(1-0) emission from
the central 8 kpc of the galaxy has been detected earlier using single-dish observations
(O’Sullivan et al. 2015) and very faint CO emission from a region outside the central
8 kpc was detected using interferometric observations of poorer sensitivity than the
single-dish studies (Bolatto et al. 2017). Our observations at higher spatial resolution
and sensitivity show that the CO emission at large scales arises from a large ring of
molecular gas (see Fig. 1) of ∼10 kpc diameter. This ring shows regular rotation
consistent with that of the large H i disc and overlaps with low-level star-formation
activity along faint spiral arms-like structures (Gomes et al. 2016).

3.6.2 Observations and data reduction.

The NOEMA observations of CO(1-0) in B2 0258+35 (Proposal ID: S20BH) were car-
ried out over five observing runs in October and November, 2020 with the telescope
in C configuration with either nine or ten antennas. The setup included the lower
and the upper sidebands centred at 96.7 GHz and 112.24 GHz respectively, each of
bandwidth of bandwidth 7.72 GHz subdivided into 3859 channels, giving us a spectral
resolution of 2 MHz or 5.2 km s−1. We used 3C84 for bandpass calibration, 2010+723,
LKHA101, MWC349, 0420-014 and 081+202 for flux calibration over different observ-
ing runs, and J0304+338 for phase and amplitude calibration. We observed the target
source, B2 0258+35, for 10.5 hours in total.

We carried out calibration, flagging of bad visibilities, and averaging the two polar-
isations using standard pipelines in Grenoble Image and Line Data Analysis Soft-
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ware (GILDAS) package∗. Then we exported the calibrated uv tables in uvfits format
for further reduction and analysis in Astronomical Image Processing Software (AIPS)
(Greisen 2003). Since our primary focus is on the CO(1-0) emission, we further reduced
only the data from the upper side band which covered the frequencies of interest. We
first self-calibrated the data: initially a few cycles of phase-only self-calibration fol-
lowed by a round of amplitude and phase self-calibration. Then we subtracted a first
order polynomial from each calibrated visibility spectrum to obtain the continuum-
subtracted uv data.

To improve the signal-to-noise ratio, we Hanning-smoothed the data and averaged 2
channels together and imaged the continuum-subtracted uv data to obtain the spectral
cube. We made the cube with natural weighting to obtain maximum sensitivity. The
cube has an angular resolution of 1.93′′ × 1.5′′ with a position angle of 29.2◦, a spectral
resolution of 42 km s−1, an RMS noise of 0.4 mJy beam−1 per 42 km s−1 channel. We
extracted the moment maps from this cube by using a mask to include emission above
3-σ in the line-channels.

3.6.3 Molecular gas mass, mass outflow rate, kinetic power.

We detect a large-scale CO ring as well as a circumnuclear structure. We estimated
the molecular gas mass of the entire circumnuclear gas, the outflow i.e., the gas mass
corresponding to the CO hotspot (see Fig. 1) and also the CO ring. This was done
using the relation MH2

= αLCO where MH2
is the molecular mass in solar mass units,

LCO is the CO line luminosity and α is the conversion factor. We estimated the CO
line luminosity using the standard relation LCO = 3.25 × 107 SCO ∆v ν−2

obs D
2
L(1 +

z)−3 K km s−1pc2 where SCO ∆v is the velocity integrated CO line flux (Solomon
& Vanden Bout 2005). To estimate the molecular gas masses, we first extracted the
flux from the large ring, the circumnuclear gas and the outflowing component in the
circumnuclear gas. For the outflowing component, we extracted the flux from the CO
hotspot that overlaps with the southern radio jet, marked in Fig. 3.1 top-right panel,
because the outflowing gas offset from the radio core as seen in the PV diagram shown
(Fig. 3.2) arises entirely from this hotspot.

We assumed a range of values for the conversion factor: (i) typical for Milky Way-like
galaxies (Daddi et al. 2010), α = 3.4 M�(K km s−1pc2)−1, (ii) for ultra luminous infra-
red galaxies (ULIRGs) where the ISM is more turbulent due to star formation activity
(Downes & Solomon 1998), α = 0.8 M�(K km s−1pc2)−1 and (iii) for highly turbulent
optically thin gas (Bolatto, Wolfire & Leroy 2013), α = 0.34 M�(K km s−1pc2)−1.
For the regularly rotating large ring, we have used α = 3.4 M�(K km s−1pc2)−1

typical of quiescent gas. For the gas in the circumnuclear region, including the outflow,
we have estimated H2 mass using the other two conversion factors more suitable for
turbulent gas. The resulting H2 masses are presented in Table 3.1. We find that the
mass associated with the outflowing component corresponds to 75% of the CO emission
from the circumnuclear region.

We followed the prescription in Harrison et al. (2018) to estimate the mass outflow rate.
∗ http://www.iram.fr/IRAMFR/GILDAS
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Following Fig. 3.2, we assume that the centroid of the outflowing gas is∼1.5′′ offset from
the radio core. This corresponds to an offset of ∼540 kpc from the core. We estimated
the outflow velocity using the expression (Rupke & Veilleux 2013) vout = vshift + 2σ
where vshift, the velocity offset of the broad emission wing of the spectrum with respect
to the systemic velocity, is 93 km s−1 and σ of the line is 182 km s−1 estimated via a
Gaussian fit to the blueshifted emission wing. We obtain an outflow velocity of ∼458
km s−1. That gives a timescale of τdyn ∼1.1 Myr for the gas to reach its present location
from the centre. The mass outflow rate will then be Ṁ = MCO/τdyn M�yr −1. We
obtain a mass outflow rate ranging between 4.5 M�yr−1 to 10.5 M�yr−1 depending
on the choice of α as mentioned before. The range of values for different values of α
are tabulated in Table 3.1.

We estimated the kinetic power of the outflow following Holt et al. 2006, using the
expression Ė = 6.34× 1035 Ṁ/2 (v2

out + FWHM2/1.85) erg s−1 where Ṁ is the mass
outflow rate, vout is the rest-frame outflow velocity and FWHM is the full width at
half maximum of the emission profile of the outflow. We measured the FWHM of the
outflow to be 430 km s−1 by fitting a Gaussian profile to the emission spectrum. For
the range of mass outflow rates, we obtain a kinetic power in the range 1.8 × 1041 erg
s−1 to 1.9 × 1042 erg s−1 (see Table 3.1).

3.6.4 Bolometric luminosity and radio power estimates.

NGC 1167 was studied as part of a sample of radiatively inefficient AGN by Ho et al.
(1997); Ho (2009). We derived the range of bolometric luminosity in two ways fol-
lowing their estimates using Hα and the X-ray luminosity derived from Chandra
observations (Ho et al. 1997; Ho 2009). Using their fluxes and the updated dis-
tance to NGC 1167 (Struve et al. 2010a), the Hα luminosity of the nuclear region
is logLHα = 40.25 erg s−1. This can be converted in bolometric luminosity using the
relation: Lbol = 2.34× 1044(LHα/42)0.86 erg s−1; resulting in logLbol = 42.87 erg s−1.
The X-ray luminosity of the nuclear regions of NGC 1167 is logL2−10keV = 40.32 erg
s−1. Adopting the conservative bolometric correction (Ho 2009) CX = Lbol/LX ≈ 15.8
we obtain a bolometric luminosity of logLbol = 41.52 erg s−1.

The values of 2− 10 keV X-ray luminosity of NGC 1167 reported in the literature are
varied, with the values for log (L2−10keV erg s−1) being as low as 39.6 based on XMM-
Newton observations (Akylas & Georgantopoulos 2009), 40.32 based on higher spatial
resolution Chandra observations (Ho 2009), and 42.07 based on ASCA data (Panessa
et al. 2006), the last value being obtained after correcting for an absorption due to a
Compton-thick AGN. Thus, there is no consensus in the literature about whether the
AGN is Compton thick and consequently about the 2−10 keV X-ray luminosity. How-
ever, new Chandra/NuSTAR observations clearly show that the AGN is not Compton
thick (Chandra cycle-22, program 22700176; PI: Fabbiano; in preparation), implying
that no correction for absorption needs to be applied. The consequent estimate of 2–10
keV X-ray luminosity is in agreement with the earlier reported value of log (L2−10keV erg
s−1) = 40.32. Adopting the conservative bolometric correction CX = Lbol/LX ≈ 15.8
(Ho 2009), we obtain a bolometric luminosity of log(Lbol erg s−1) = 41.52.
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The kinetic power of a radio jet is, despite its fundamental importance, a quantity dif-
ficult to derive. Relations have been proposed using the radio luminosity as a proxy of
the jet power motivated by the results and correlation found with the optical emission
lines (Willott et al. 1999) or the energy required to inflate X-ray cavities (Cavagnolo
et al. 2010) although their limitations have also been emphasised (Godfrey & Shabala
2016). For low-luminosity radio jets, it has been found that these relations may actu-
ally underestimate the jet power (Mukherjee et al. 2018a). Despite the uncertainties,
we derive the jet power of B2 0258+35 using these scaling relations. Using the relation
proposed by Willott et al. (1999) Pjet ≈ f3/2 3×1038(L151 MHz/1028W Hz−1 sr−1)6/7 W
with the luminosity at 150 MHz (Brienza et al. 2018) logL150 MHz = 24.42 W Hz−1

and assuming f = 10, a parameter taking into account uncertainties like, for example,
fraction of energy in non-radiating particles (see Godfrey & Shabala 2016) for a dis-
cussion). In this way we obtain a jet power of Pjet = 43.91 erg s−1. Using the relation
(Cavagnolo et al. 2010), Pjet = 5.8 × 1043(L1.4 GHz/1040)0.7 erg s−1, we derive a jet
power of logPjet = 44.13 erg s−1.

3.6.5 Simulations: properties and synthetic PV diagrams.

The simulation we used to support the interpretation of our observations is simulation
D in Mukherjee et al. (2018b). This is a 3-dimensional grid-based single-fluid simulation
whose numerical scheme is capable of treating a large dynamic range in density, tem-
perature, and velocity, and therefore tracing fast hot diffuse outflows, capturing shocks
propagating into rapidly cooling media, following dense turbulent gas, and tracing cold
outflows. For details on the setup of simulation D see Section 2 in Mukherjee et al.
(2018b) and their Table 2 for relevant parameters. The simulation employs a jet with
power 1045 erg s−1 interacting with the interstellar medium of a gas-rich disc galaxy
in a volume of 4 × 4 × 8 kpc3 with a grid resolution of 6 pc. The system consists of
radio jets propagating through a thick galactic disc of diameter 4 kpc. The radio jets
are tilted at an angle of 45◦ with respect to the disc, and for the construction of PV
diagrams described below, the disc itself is seen at an angle of 38◦ from the edge-on
view.

Our observations suggest that the gas in the central few kpc of the galaxy is entirely
disturbed and the disc, if any, is destroyed to a large extent. Thus, assuming there was
a gas disc to begin with, we need to assume its orientation. The host galaxy NGC 1167
has an inclination angle of 38◦. It can be seen from Fig. 3.1 that the kinematics of
the gas in the central few kpc is distinct from the large-scale rotation of the galaxy
suggesting that it could have a different orientation compared to the large disc. The
two stable planes of orientation possible for the circumnuclear disc are: (a) the same
as the large-scale disc; (b) perpendicular to the large-scale disc. The latter possibility
would imply that the disc is much more edge-on compared to the large disc. However,
the observed velocity gradient does not agree with this possibility if a part of the disc is
in regular rotation. Thus it is more likely that the circumnuclear disc is along the same
plane as the large disc. Hence we chose an inclination angle for the galactic disc that is
close to that of NGC1167. We further note that the precise angle between the jet and
the disc is not known. However, the jet in B2 0258+35 is unlikely to be perpendicular
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to the disc and is likely inclined substantially towards the disc (Murthy et al. 2019),
and hence we chose a simulation with a jet tilt angle of 45◦ for this comparison.

The estimation of the jet power of B2 0258+35 involves uncertainties (see the previous
subsection). As deduced for the case of IC 5063 (Mukherjee et al. 2018a), the jet
power may be an order of magnitude higher than what is inferred from the radio
power, justifying the choice of a simulation with higher jet power. We emphasize that
this simulation is not a precise representation of the jet-disc system of B2 0258+35 and
a comparison is meant to be illustrative of how jets can generate cold dense outflows
which may resemble the observed outflow in B2 0258+35.

In the top two panels of Fig. 3.4 we show the rotation field of dense gas, above a number
density, n, of 100 cm−3, with temperatures typically in the range of few tens to few
1000 K, together with synthetic broad-band radio emission contours and the two slit
orientations used to produce the PV diagrams. The simulation time is t = 0.2 Myr
after jet injection (see second panel in Fig. 3.3). These slit placements are equivalent
to the region used for the observational data to produce Fig. 3.2. The rectangular slits
are 2 kpc long and 0.45 kpc high.

In the two panels in the bottom row of Fig. 3.4 we show position-velocity diagrams of
the dense gas (density n > 100 cm−3) in the simulation extracted from the slits placed
along the major axis of the disc or along the jet (see corresponding top-row panels) at
time t = 0.2 Myr since jet injection. Strong gas dispersion along the region impacted
by the jet and acceleration of individual clumps are clearly seen as broad spiky features
in the PV diagram.

The features in the PV diagrams obtained from the simulations, including the shape of
the rotation curve and the amount and location of dispersion seen, depend strongly on
the stage of the jet-ISM interaction (the time-snapshot chosen from the simulations)
and on the viewing angle of the system. As with the jet orientation with respect
to the disc, the viewing angle with respect to the jet is not well-constrained by the
observations, so we inspected over 200 combinations of snapshot times and viewing
angle with respect to the jet, for which the disc inclination to the line of sight was
38◦. We found that snapshots at approximately 200 kyr since jet injection show the
strongest velocity dispersions with values exceeding 150 km s−1 in regions of jet-ISM
interactions and exceeding 400 km s−1 around clouds directly impacted by the jet. Near
the jet head, where the main jet stream is strongly deflected, bulk outflows exceeding
500 km s−1are generated. At later times, for example, at 0.8 Myr (see third panel in
Fig. 3.3), only weak bulk outflows were seen, as jet plasma increasingly vents through
the porous ISM into the galactic halo.

The results by Mukherjee et al. (2018b) show that jets that are more closely aligned
with the disc exert stronger feedback onto the disc ISM, and the jet may indeed be
closer to the plane of the disc than the 45◦ in the simulation. The uncertainty in the
inclination of jet to disc must always be considered in conjunction with the uncertainty
in the inclination of the line-of-sight to the disc and that to the jet. Assuming a disc
inclination of 38◦ with respect to the line-of-sight, we found that the closer the main
jet streams are aligned to the line of sight, the stronger the outflow signatures become.
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A stronger alignment will, however, also reduce the offset of the outflow signature from
the core. From the qualitative comparisons we performed here, we find that the jet
is likely substantially inclined toward the line of sight but a simulation tailored to
B2 0258+35 and a detailed analysis of the radio morphology is required to properly
constrain the three-dimensional orientation of the jet and the inclination of the jet
relative to the disc.

The synthetic PV diagrams from the simulation display signatures of dispersed gas and
accelerated clouds in both the redshifted and blueshifted halves, while the observations
only show a one-sided outflow. There are two possible reasons for this discrepancy.
One is that, in generating the synthetic PV diagrams, we did not take into account
absorption along the line-of-sight. The CO gas is likely optically thick and a redshifted
outflow may exist but be obscured by the disc. The other is that the ISM in B2 0258+35
is even clumpier than that in the simulations and that the approaching jet encounters
a large clump, leading to brightening and deflection of the radio plasma, and while the
receding jet is propagating through much lower density media.

Despite the fact that the simulation we used for comparison was not specifically tai-
lored to B2 0258+35, the strong, off-center outflow features and the timescales they
are generated on, the jet deflections, and the clearance of gas in the central regions
indicate that some of the physics of the jet-ISM interactions captured in the simulation
are indeed operating in B2 0258+35.

Table 3.1 – The estimates of molecular gas masses, mass outflow rate and kinetic power of
the outflow.

α MH2
MH2

MH2
Ṁ Ė

(ring) (circumnuclear) (outflow)
(K km s−1pc2)−1 (× 107 M�) (× 106 M�) (× 106 M�) (M�yr−1) (× 1041 erg s−1)

(1) (2) (3) (4) (5) (6)
3.4 (18.0±0.7) - - - -
0.8 - (15.7±1.6) (11.7± 1.6) (10.5±1.4) (4.1± 0.6)
0.34 - (6.7 ± 0.7) (5.0± 0.7) (4.5±0.6) (1.75± 0.24)

The columns are: (1) The CO to H2 conversion factor: for Milky Way-like galaxies (Daddi et al. 2010),
α = 3.4 M�(K km s−1pc2)−1; for ULIRGs where the ISM is more turbulent due to star formation
activity (Downes & Solomon 1998), α = 0.8 M�(K km s−1pc2)−1; for highly turbulent optically thin
gas (Bolatto, Wolfire & Leroy 2013), α = 0.34 M�(K km s−1pc2)−1; (2),(3) and (4) The molecular
gas masses of the large ring, the circumnuclear disc and the outflow respectively corresponding to the
value of α in (1); (5) The mass outflow rate corresponding to (1), (6) The kinetic power of the outflow,
also corresponding to the α listed in (1).
SCO∆v values for the ring, circumnuclear gas and the outflow are: (3.8±0.2) Jy km s−1, (1.5±0.2)
Jy km s−1, and (1.1±0.2) Jy km s−1 respectively.
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Abstract

We present an H i 21-cm absorption study of a sample of 26 radio-loud active galactic
nuclei (AGN) at 0.25 < z < 0.4 carried out with the Karl G. Jansky Very Large Array.
Our aim was to study the rate of incidence of H i in different classes of radio AGN,
the morphology and kinematics of the detected H i, and the nature of the interaction
between the H i and the radio source at these redshifts. Our sample consists of 14
sources with sizes of up to tens of kpc and 12 compact sources (< a few kpc) in the
radio-power range 1025.7 W Hz−1 – 1026.5 W Hz−1. We detect H i in five sources,
corresponding to a detection rate of ∼19%. Within the error bars, this agrees with the
detection rate found at lower redshifts. We find that the rest-frame UV luminosities of
most of the sources in the sample, including all the detections, are below the proposed
threshold above which the H i is supposed to have been ionised. An analysis of the
optical emission-line spectra of the sources shows that despite their high radio powers,
about one-third of the sample, including two detections, are low-ionisation sources.
The radio continuum emission from the sources detected in H i is unresolved at ∼5
to 10 kpc scales in our observations, but shows extended structure on parsec scales.
We analysed the H i 21-cm absorption spectra of the detections to understand the
morphology and kinematics of H i. The absorption profiles are mostly complex with
widths between the nulls ranging from ∼60 km s−1 to 700 km s−1. These detections

https://doi.org/10.1051/0004-6361/202141566 
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also exhibit remarkably high H i column densities in the range ∼1021 cm−2 to 1022 cm−2

for Tspin=100 K and unit covering factor. Our modelling of the H i 21-cm absorption
profiles suggests that in two sources the gas appears to be disturbed, and in three
cases, including one with disturbed H i, the majority of the absorption is consistent
with it arising from an H i disc. Despite the high radio power of our sources, we do not
detect fast outflows. However, the optical emission lines in these detections show the
presence of significantly disturbed gas in the nuclear regions in the form of very wide
and highly blueshifted emission-line components. Since some of our detections are also
low-ionisation AGN, it is quite possible that this disturbance is caused by the radio
jets. Overall, our findings point towards a continuation of the low-z trends in the H i
detection rate and the incidence of H i in radio AGN up to z ∼ 0.4.

Keywords:

galaxies: active – radio lines: galaxies – galaxies: ISM

4.1 Introduction

Understanding the distribution and properties of gas, in particular the cold neutral
atomic and molecular phases, is crucial to understanding the evolution of galaxies.
Molecular gas is now increasingly being detected in galaxies across a wide redshift
range (e.g. Tacconi et al. 2018; Neeleman et al. 2018; Kanekar et al. 2018; Decarli et al.
2019; Aravena et al. 2019; Neeleman et al. 2020; Kanekar et al. 2020). Neutral atomic
hydrogen has also been studied extensively via the 21cm emission line in the nearby
universe. At higher redshifts, stacking experiments have provided information about
the average H i content in galaxies even out to z ∼1. (Bera et al. 2019; Chowdhury
et al. 2020, 2021). However, beyond the Local Universe, H i 21-cm emission has been
detected from individual galaxies up to z = 0.376 (Fernández et al. 2016) with most
of the studies limited to z . 0.2 (e.g. Catinella et al. 2008; Catinella & Cortese 2015;
Verheijen et al. 2007; Hess et al. 2019; Blue Bird et al. 2020; Gogate et al. 2020),
although only with very deep integrations.

The detection of the H i 21-cm absorption line on the other hand depends on the
strength of the background radio continuum and hence, can be achieved with short
integration times, even at much higher spatial resolution, and higher redshifts where
direct detection of emission is not yet possible. Thus, H i 21-cm absorption has been
used extensively to study atomic gas in quiescent (e.g. Kanekar et al. 2009; Gupta et al.
2009; Kanekar et al. 2014) and radio-loud active galaxies (see Morganti & Oosterloo
2018, for a review).

In the case of radio-loud active galactic nuclei (AGN), H i 21-cm absorption enables us
to trace cold gas close to the centre of the galaxy that is being affected directly by the
AGN. At low redshifts, there have been many H i 21-cm absorption studies of several
types of radio AGN (e.g. van Gorkom et al. 1989; Morganti et al. 2001; Vermeulen
et al. 2003; Gupta et al. 2006; Curran et al. 2008; Aditya & Kanekar 2018c). Geréb
et al. (2015) and Maccagni et al. (2017) did a detailed study of one such large sample
of radio AGN (∼250 sources) observed with the Westerbork Synthesis Radio Telescope
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(WSRT). The radio power of the sources ranged from 1022.5 W Hz−1 to 1026.2 W
Hz−1. The study consisted of compact and extended radio sources in the redshift
range 0.02 < z < 0.25 and found H i in a variety of morphologies, essentially an H i
‘zoo’.

This study, with a 3σ optical depth sensitivity of ∼1%, found a detection rate of ∼27%
across the entire range of radio powers covered. They found that radio sources at the
low-power end (L1.4GHz < 1023 W Hz−1) mostly show narrow absorption features in-
dicative of gas settled in rotating discs. Broad blueshifted absorption features, which
may represent unsettled gas, were detected only in higher power sources. They found
that the sources with disturbed gas were also of compact radio morphology (kilopar-
sec scale) and rich in heated dust (as ascertained from their mid-infrared colours).
Furthermore, they found that in compact radio sources the detection rate was ∼30%,
while in the extended sources it was ∼15%. Similarly, dust-poor sources had a lower
detection rate compared to the sources rich in heated dust. This study supported the
findings of earlier work (e.g. Vermeulen et al. 2003; Gupta et al. 2006) based on much
smaller samples. A study of ionised gas in this sample further supported the finding
that compact, high radio-luminosity sources cause more disturbance in the surrounding
gas (Santoro 2018).

These results point to an interesting scenario where extended (older) radio sources no
longer directly interact with the gas in the central region of the galaxy, while compact
radio sources (young or restarted), which are still embedded within their host galaxies,
strongly couple with the interstellar medium (ISM) and thereby induce a strong dis-
turbance in the gas (negative feedback). This coupling is predicted by the simulations
of radio jets expanding into the ambient ISM (e.g. Wagner & Bicknell 2011; Mukherjee
et al. 2016, 2018a,b; Bicknell et al. 2018). This suggests that a radio AGN may have
a significant impact on the host galaxy over a certain period of its life span and thus
contribute to this negative feedback effect. Hence, it is desirable to conduct studies
such as that of Maccagni et al. (2017) over a range of redshifts, which would tell us
how the effect of radio jets on the ISM varies as a function of cosmic time and of the
type of the radio source.

However, as we go to higher redshifts, the number of radio sources detected in H i 21-cm
absorption decreases. One of the main reasons proposed for this is the selection effect,
which causes radio sources studied at higher redshift to also have high restframe UV
luminosity, which in turn ionises the cold gas (e.g. Curran et al. 2008). Another reason
could be the intrinsic decrease in the cold gas content at higher redshifts (e.g. Aditya,
Kanekar & Kurapati 2016; Aditya & Kanekar 2018c). Blind H i 21-cm absorption
surveys at high redshifts can address the issue of selection effects. Such surveys have
started and have already found cold gas reservoirs in low-luminosity radio sources even
at z > 1 (Chowdhury et al. 2020) and suggest that selection effects could indeed be the
cause of the apparent small number of the detections at high redshifts. At the moment,
most studies of H i 21-cm absorption at higher redshifts have focused on compact radio
sources or flat-spectrum sources for which the detection rate at low redshifts has been
found to be higher. Thus, we lack a large sample of radio sources of different radio
powers and morphologies corresponding to different stages of evolution of the radio
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sources at these redshifts that would allow us to make an analysis similar to that in
Maccagni et al. (2017).

This work is a continuation of the study by Geréb et al. (2015) and Maccagni et al.
(2017) to higher redshifts. In this paper we present a pilot study of a sample of 26
radio sources selected using similar criteria. We used the Karl G. Jansky Very Large
Array (JVLA) covering down to frequencies ∼ 1 GHz, corresponding to z ∼ 0.4 for the
H i 21-cm line, to search for H i in these radio sources.

We present the sample selection, observations and data reduction in Sect. 4.2 and
describe the properties of the sample at different wavelengths in Sect. 4.3. We present
the H i and continuum results in Sect. 4.4. Finally, we discuss the results in Sect.
4.5, where we also compare our findings with other studies from the literature and
summarise in Sect. 4.6.

We have assumed a flat universe with H0 = 67.3 km s−1Mpc−1, ΩΛ = 0.685, and ΩM
= 0.315 (Planck Collaboration et al. 2014) for all our calculations. For the redshift
range 0.26 < z < 0.4 covered by our sample, 1′′ ranges between 4.2 kpc and 5.5 kpc.

4.2 Sample selection, observations and data reduction

Our sample was constructed by cross-matching the Faint Images of the Radio Sky at
Twenty-Centimeters (FIRST; Becker, White & Helfand 1995) and the Sloan Digital
Sky Survey Data Release 13 (SDSS DR13; Albareti et al. 2017) catalogues, similar to
those used by Geréb et al. (2015) and Maccagni et al. (2017) in the redshift range 0.26 –
0.4, the highest redshift accessible with the JVLA L band. We used the telescope in A
configuration since this provides the highest possible spatial resolution, corresponding
to a few kpc, at the redshifted H i 21cm frequency. The observations were carried out
under the projects 15A-065 (performed between 21 August and 20 September 2015),
18A-425 (performed on 17 May 2018) and 19A-031 (performed between 04 August and
18 September 2019).

We selected a total of 30 radio sources whose FIRST flux density ranged between 400
mJy beam−1 and 800 mJy beam−1. The flux cutoff was chosen to limit the integration
time to ∼30 minutes per source without compromising on the optical depth sensitivity
(∼1% without any spectral smoothing, comparable to Maccagni et al. 2017).

We observed suitable flux calibrators at the start of each observing block. Each target
was observed for 30 minutes. These target observations were interleaved with obser-
vations of the corresponding phase calibrator. We used a 32 MHz band subdivided
into 1280 channels, giving us an unsmoothed spectral resolution of around 6.5 km s−1

to 8 km s−1, depending on the redshift. We used the second WIDAR IF to cover the
radio continuum in the first observing run (15A-065), while in the later runs we only
used the 32 MHz band for spectral line observations.

We reduced the data using the classic Astronomical Image Processing Software (AIPS;
Greisen 2003). After flagging the bad data through visual inspection, we used the flux
and phase calibrators to determine the antenna-dependent gain and bandpass solutions.
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Then we used self-calibration to improve the gain solutions. Here, we performed a few
cycles of imaging and phase-only self-calibration and then one round of amplitude and
phase self-calibration and imaging. We subtracted the continuum model from the cali-
brated visibilities and flagged the residual data for radio frequency interference (RFI).
Then, to subtract any residual continuum emission, we fit a second-order polynomial
to the line-free channels of each visibility spectrum. We produced the final line cube
after de-redshifting the uv data to the systemic velocity of the target using the redshift
provided by the SDSS DR13 catalogue.

The continuum and spectral beam sizes and RMS noise levels we achieved are listed
in Table 4.3. We made the continuum images by averaging all the line-free channels
and using two weighting schemes: robust weighting of –1 (to produce an image of
the continuum structure at a high enough spatial resolution without compromising
on sensitivity) and natural weighting (giving the maximum sensitivity). The spatial
resolution of the images we obtain ranges from ∼1′′ to 3.8′′ with ROBUST −1 weighting
and between 2′′ and 5′′ for natural weighting. The range of beam sizes depends on the
RFI conditions (i.e. how much flagging was needed) during the observations.

The spectral cubes were made with natural weighting and with the same restoring
beam as the naturally weighted continuum image. We reach a typical continuum RMS
noise of a few hundred µJy beam−1. The typical RMS on the spectral cubes is ∼2.5
mJy beam−1 per 6.5 to 8 km s−1 channel.

The RFI at the observed frequencies has significantly affected the quality of the data.
The data on three sources, SDSS J085451+621850 at 1120.7 MHz, SDSS 111141+355337
at 1088.6 MHz, and SDSS J114539+442022 at 1092.8 MHz, are entirely affected by RFI,
and hence are unusable. For many other targets, large chunks of channels are affected
by RFI. However, we included them in our analysis since if the H i 21-cm absorption pro-
file is a few hundred km s−1 wide (as is often the case for H i in radio galaxies) the line,
if present, would be expected to be detected in the uncontaminated channels around
the contaminated ones. However, we note that very narrow (� 50 km s−1) absorption
features may still be lost. Finally, for SDSS J112434+161651, the SDSS redshift was
found to be incorrect (see also Sect. 4.3.2). Thus, in total our final sample consists of
26 sources. For two more sources (SDSS J075622+355442 and SDSS 172109+354216),
the RFI situation is quite bad and the spectra are barely acceptable. In the case where
we reject them, the sample consists of 24 objects.

For calculating optical depths and the H i column density (detection and limits) we
use the naturally weighted continuum images and cubes. For the discussion of the
morphology of the radio continuum emission we use the higher resolution continuum
images made with ROBUST −1 weighting. The spectra of the H i 21-cm non-detections
are presented in Fig. 4.9 and the continuum images are presented in Fig. 4.10. The
observation details including the spatial resolution of the naturally weighted continuum
images and those made with ROBUST −1 weighting are given in Table 4.3.

To complement the H i 21-cm search, we also analysed the optical spectra available
from the SDSS DR13 database to probe ionised gas kinematics in the sources in our
sample. The line-flux measurements provided by SDSS are all estimated by fitting a
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single-component Gaussian to the emission lines. However, in many cases, the lines are
better fit with multiple Gaussian components. Hence, we re-analysed the spectra. We
considered the [O III]λλ4958,5007 doublet, Hα and [N II]λλ6548,84, the [S II]λλ6717,30
doublet, and the [O II]λλ3726,28 doublet whenever available for our analysis. For the
fitting of the lines we largely followed the approach described in Santoro et al. (2018).
However, we did not fit and subtract a stellar continuum as in Santoro et al. (2018), but
instead fit a second-order polynomial locally around the emission lines simultaneously
along with the Gaussian components.

For the [O III]λλ4958,5007 doublet we assumed a kinematic component consisting of
two Gaussians separated by fixed widths corresponding to the width between the dou-
blet lines, and of the same FWHM. The line ratio of the 5007 line to the 4959 line was
fixed to 3.0 for each component. The fitting was done using the python implementa-
tion of the Markov chain Monte Carlo method by Foreman-Mackey et al. (2013). For
the rest of the lines, we kept the number of kinematic components the same as that
obtained for [O III]λλ4958,5007 doublet and varied all other parameters according to
the emission line being fit. For the Hα and [N II]λλ6548,84 lines we fixed the ratio of
the line strength of [N II]λ6584 to [N II]λ6548 to 3:1; for the [O II]λλ3726,28 doublet
the ratio of the 3728 to the 3726 line was fixed to 1.5:1. We then measured the flux of
the line by integrating the area under the Gaussian components. In the case of multi-
ple components the measured flux is the total flux from all the components. The full
width at half maximum (FWHM) values we measured for the kinematic components
of ionised gas for the sources detected in H i 21-cm absorption are listed in Table 4.1,
and the flux measurements for all the sources are presented in Table 4.6.

For SDSS J112434+161651 we derive a redshift∼0.67 using the weak [O III]λλ4958,5007
doublet and the Hα lines, while the redshift listed in DR13 is ∼0.28. Thus, as men-
tioned earlier, we excluded this source from our sample.

4.3 Properties of the sample

4.3.1 Radio properties

Figure 4.1 shows the distribution of our sources in the radio luminosity-redshift space
compared to Maccagni et al. (2017). The rest-frame 1.4 GHz radio luminosity of the
objects of our sample ranges from 4× 1025 W Hz−1 to 4× 1026 W Hz−1, comparable
to the most powerful sources in the sample of Geréb et al. (2015) and Maccagni et al.
(2017). Most of the studies at higher redshifts have radio powers ranging from 1027

W Hz−1 to 1029 W Hz−1 (e.g. Aditya, Kanekar & Kurapati 2016; Aditya et al. 2017;
Aditya & Kanekar 2018a; Curran et al. 2008, 2011a, 2017), higher than that of the
sources in our sample. Hence our sample serves as a bridge between the low- and
high-redshift associated H i 21-cm absorption studies. Within our sample, we find that
the detections are concentrated in the lower radio-power portion of our sample.

The radio continuum images of the sample are presented in Fig. 4.10. Of the 26
sources, 12 sources are unresolved in our JVLA observations. These images show the
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radio continuum emission on spatial scales ranging from 5 kpc to 20 kpc. However, high
spatial resolution very long baseline interferometry (VLBI) images with milliarcsecond
resolution at higher frequencies are available at the Astrogeo database∗. Ten of these
sources are unresolved with the JVLA, and one source remains unresolved even on VLBI
scales (corresponding to ∼50 pc to 200 pc), while the rest exhibit extended features
at scales of a few tens of mas. Of the sources unresolved in our sample that have a
classification available in the literature, one is classified as a compact steep spectrum
source (CSS), another is classified as a gigahertz peaked-spectrum (GPS) source, and
one other has been classified as a peaked-spectrum source (Callingham et al. 2017).
These types of sources are considered young radio sources (e.g. O’Dea 1998). The
rest are classified as flat-spectrum sources or blazars. The sources that are compact
at VLBI scales may still have extended low surface-brightness emission on kiloparsec
scales at lower frequencies. The presence of this emission can only be investigated
with deep low-frequency observations which are planned using the LOFAR surveys.
Such a morphology, of bright compact emission along with a diffuse extended low-
frequency emission component, is usually associated with young or restarted sources
where the kiloparsec-scale diffuse emission is not the dominant component of radio
emission. Thus, we argue that even if this emission is present in these sources, they
will still remain core-dominated.

All our H i 21-cm detections are unresolved at the resolution of our images (. 5 kpc),
although they exhibit more complicated structures on VLBI scales. A more detailed
discussion will be presented in Sect. 4.5.

4.3.2 Optical properties

Optical magnitudes

Figure 4.2 shows the distribution of K-corrected (Chilingarian, Melchior & Zolotukhin
2010; Chilingarian & Zolotukhin 2012) r-band absolute magnitudes of the sources in
our sample compared to that in Maccagni et al. (2017). The magnitudes range from
−23.4 < Mr < −19.6. In comparison, the magnitudes of the sources studied by
Maccagni et al. (2017) lie in the range −24 < Mr < 18.5. Thus, in terms of stellar
mass, of which Mr is a good proxy, our sample overlaps with that of Maccagni et al.
(2017).

Ionised gas and optical spectra

Emission from the ionised gas present in the surroundings of the AGN provide addi-
tional useful information on the coupling of radio jets with the ISM. Many studies (e.g.
Santoro et al. 2018) have shown that broad kinematic components, indicative of gas
with disturbed kinematics, are seen more often in the emission lines of ionised gas than
in H i 21-cm absorption profiles. Thus, they seem more suited to trace the jet-ISM
interaction. However, the ionised gas outflows are typically less massive than the cold

∗ http://astrogeo.org/vlbi_images/. The VLBI images shown in this paper were made by Leonid
Petrov.

http://astrogeo.org/vlbi_images/
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Source z FWHM[OIII] FWHM[OIII] vcomponent2

component 1 component 2
(km s−1) (km s−1) (km s−1)

(1) (2) (3) (4) (5)
J090151+030423 0.2875 390 ± 51 870 ± 260 -650 ± 150
J142904+025140 0.2931 423 ± 141 - -
J145239+062738 0.2671 705 ± 35 1410 ± 117 -300 ± 160
J145845+372022 0.3332 - - -
J234107+001833 0.2767 1457 ± 94 - -

Table 4.1 – The [O III]λλ4958,5007 line widths of the AGN detected in H i 21-cm absorption.
The columns are: (1) Source name, (2) SDSS DR13 redshift, (3) FWHM in km s−1 of the
narrow kinematic component which is at the systemic velocity of the AGN, (4) FWHM in
km s−1 of the second, wide component that is offset from the systemic velocity, (5) Centroid
of the second component in km s−1.

gas outflows. Hence it is useful to combine these two diagnostics (ionised gas and H i)
for a more complete picture of the condition of gas in the nuclear region of radio AGN.

We find that for half of the sources in our sample, the fitting of the line profiles requires
two components, suggesting a more complex kinematics of the ionised gas. We used
the flux ratios derived using these measurements to construct the BPT diagram shown
in Fig. 4.3. One of the H i 21-cm detections, SDSS J145845+372022, is a blazar with a
featureless optical spectrum (Massaro et al. 2009), and hence could not be shown in the
BPT diagram. We find that despite being powerful radio sources, ten of the sources
in the sample lie in the star-forming – composite or LINER region of the diagram.
This also includes two of the sources detected in H i 21-cm absorption. However, the
equivalent width of the [O III]λλ4958,5007 line for eight of these sources is greater than
5 indicating that these are high-excitation radio galaxies (Best & Heckman 2012). The
[O III]λλ4958,5007 lines are not detected for the other two sources.

4.3.3 UV Luminosities

We estimated the rest-frame UV luminosity of the sources following the prescription of
Curran et al. (2008). We used the SDSS u and g bands to estimate the rest-frame 1216
flux density (S1216) by fitting a power-law spectrum, and then estimated the luminosity
by using the expression 4πD2

LS1216/(1 + z). For some of the sources, far-UV and near-
UV magnitudes are available from the Galaxy Evolution Explorer (GALEX). The UV
luminosities derived using GALEX measurements are comparable to those obtained
from the SDSS magnitudes. However, we note that using the SDSS magnitudes for
the purpose would ensure that the estimated values correspond to the emission from
the nuclear region, while the GALEX measurements may include emission from the
entire galaxy. Hence we used the UV luminosity values estimated from the SDSS
magnitudes. The UV luminosity of our sources as a function of redshift is shown in
Fig. 4.4. The UV luminosity of our sources ranges from 1018 W Hz−1 to 1023.2 W
Hz−1. All the sources with the exception of one have UV luminosities below 1023 W
Hz−1, the cutoff proposed by Curran et al. (2008) corresponding to the luminosity of
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Figure 4.1 – Comparison of the radio
power of our sample with that of Maccagni
et al. (2017).

an unobscured quasar. Other studies at similar redshifts also consider sources with
similar UV luminosities (e.g. Aditya & Kanekar 2018c,a; Aditya et al. 2017). At higher
redshifts, however, the UV luminosities of most of the sources studied except, for
example, Chowdhury, Kanekar & Chengalur (2020b) are above this threshold value.

4.3.4 WISE colours

Figure 4.5 shows the distribution of our sources in the Wide-field Infrared Survey
Explorer (WISE) colour-colour plot. This plot can be used to classify the galaxies ac-
cording to their dust content based on the colours derived from the three WISE bands
(W1, W2, and W3). Colour W2−W3, corresponding to 4.6µm − 12µm, is sensitive to
the presence of dust; W1−W2, which corresponds to 3.6µm − 4.6µm, is sensitive to
the presence of heated dust. We would expect an enhancement in both these colours in
dust-rich galaxies hosting an AGN, while the dust-poor galaxies would not show any
enhancement in either colour. This kind of plot is used by Maccagni et al. (2017) to
investigate the relation between the dust content of the host galaxy and the detection
rate of H i in absorption. They have found that the H i 21-cm detection rate is higher
(∼40%) for sources in the mid-IR-bright region (i.e. the AGN with enhanced dust).

Given their high radio power, our sources are mostly located in the region corresponding
to the sources dominated by AGN radiation, as can be seen in Fig. 4.5. All our H i
21-cm detections also fall in the same region of the plot where the detection rate was
found to be higher by Maccagni et al. (2017).
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Figure 4.2 – Normalised histogram showing a comparison of the K-corrected absolute r-band
magnitudes of our sample with that of Maccagni et al. (2017)

Figure 4.3 – BPT diagram for the sample. Shown are the H i 21-cm detections (blue dots)
and the H i 21-cm non-detections (red dots). One of the detections, J1458+3720, does not
have any ionisation lines, and hence could not be included in the diagram. Most of the sources
that require double Gaussian components to fit their emission lines are also the more powerful
AGN (in the Seyfert region of the diagram).
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Figure 4.4 – UV luminosities of the sources
in the sample. See the text for details of the
limit indicated by the horizontal line.

4.4 Results

We detect H i 21-cm absorption in 5 out of the observed 26 sources. Below we present
the statistics of the detection rate and the multiwavelength properties of the detected
objects. A comparison with other low- and high-redshift H i 21-cm absorption studies
is done in Sect. 4.5. A more detailed modelling of some of the H i 21-cm absorption
spectra is done in Sect. 4.5.4.

4.4.1 H i 21-cm absorption detections

We detect H i 21-cm absorption in 5 out of 26 sources for which a usable spectrum was
obtained. This gives a detection rate∗ of 19% +10%

−5% .

The H i 21-cm absorption spectra of the detections are shown in Fig. 4.6. The ab-
sorption profiles we detect have a full width at zero intensity (FWZI) ranging from
∼60 km s−1 to ∼700 km s−1. The H i column densities range between 8 × 1020 cm−2

and 1022 cm−2 assuming a Tspin of 100 K. The details of our observations are listed
in Tables 4.4 and 5.2. We reached a 3σ optical depth limit of . 1% for most of the
targets, similar to that achieved by studies at lower redshift (e.g. Geréb et al. 2015;
Maccagni et al. 2017). In addition, this limit is almost constant over the redshift range
covered. For the detections we estimated the H i column density using the standard
formula NH i = 1.82×1018(Tspin/cf )

∫
τdv cm−2 where τ is the optical depth estimated

by using the peak flux density of the radio continuum, Tspin is the gas spin tempera-
ture assumed to be 100 K for all purposes, and cf is the covering factor assumed to
be unity. For the non-detections, we estimated the 3σ upper limit to the H i column
density by first deriving a 3σ optical depth limit using the peak flux density of the
radio continuum and then assuming a Gaussian absorption profile with an FWHM of
50 km s−1 and a gas spin temperature of 100 K as has been done by Maccagni et al.
(2017). Two of the H i detections have already been reported as part of other stud-
ies (SDSS J90151+030423 and SDSS J145845+372022 by Yan et al. 2016 and Aditya
& Kanekar 2018c, respectively)†. We make a comparison with these studies in Sect.
4.4.2.
∗ We estimate 1σ error bars based on binomial statistics using Cameron (2011)
† These observations were carried out independently at almost the same time.
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Figure 4.5 – WISE colour-colour plot for
our sample. The dashed lines indicate the
cutoffs of the WISE colours we used to
classify our sources.

Figure 4.3 shows where the H i 21-cm detections are located in the BPT diagram. These
sources show a variety of optical properties, from composite or LINER to Seyfert-like
(i.e. high-excitation) spectra. This is in agreement with that found for the sample
presented in Maccagni et al. (2017) where there was no significant difference in the H i
21-cm detection rate between Seyfert galaxies and LINERs (see also Santoro 2018).
Furthermore, in Fig. 4.4 we see that the rest-frame UV luminosity of the H i 21-cm
detections is below the proposed threshold of 1023 W Hz−1. Additionally, as can be
seen in Fig. 4.5, in the WISE colour-colour diagram, the detections lie in the region
corresponding to high detection rate at low redshifts.

4.4.2 Properties of the H i detections

SDSS J090151+030423 (PKS 0859+032)

Our JVLA H i 21-cm absorption spectrum of SDSS J090151+030423 (hereafter J0901+0304)
is shown in Fig. 4.6. The absorption has two components: a shallow component,
blueshifted by ∼80 km s−1 from the systemic velocity, and a narrow deep absorption
∼240 km s−1, redshifted with respect to the systemic velocity. Both the components
have an FWZI of ∼120 km s−1. The H i 21-cm absorption was already reported from
independent observations by Yan et al. (2016). Even though the frequency range is
affected by RFI, multiple observations with the VLA and the GMRT (Yan et al. 2016),
and the JVLA (this work) agree on the two-component profile. Additionally, in the
GMRT observations of Yan et al. (2016), where the band is unaffected by RFI, a shallow
broad absorption component, ∼140 km s−1 wide, blueward of the narrow absorption
is present. The quality of our data does not allow us to confirm this feature.

Yan et al. (2012) have performed optical observations of this radio source and they
report a slightly different redshift of z = 0.2872 compared to that provided in the
SDSS DR13 catalogue: z = 0.2875. From their optical and NIR observations, Yan
et al. (2012) further suggest that the host galaxy is an Sc galaxy (based on the SED
templates from Mannucci et al. 2001) and its optical and NIR images suggest that it
may be an interacting system with some diffuse structure extending to the north-east
of the main galaxy. We discuss the interpretation of the absorption profile also taking
into account the difference in the systemic velocity in Sect. 4.4.2.
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Figure 4.6 – H i 21-cm absorption spectra of the sources. The heliocentric frequencies, in
MHz, are given at the top of each panel. The frequency ranges affected by RFI are shown in
grey.
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The radio continuum is unresolved at the arcsec resolution of our observations (Fig.
4.10 and Table 4.3). We measure a total flux density of 380 ± 40 mJy. Our measure-
ment is consistent with that of Yan et al. (2016). We measure a peak optical depth of
7% and derive a total H i column density (including both the absorption features) of
(8.3±0.5)×1020 cm−2. The high-resolution VLBI image (∼3 mas resolution, Fig. 4.7)
shows that the radio continuum is extended with a jet-like structure ∼100 pc in size,
in projection. The source is classified as a GPS source by Yan et al. (2016) suggesting
that it is a young radio AGN.

The optical emission lines were fit with a narrow and a broad component (see Table
4.1). The broad component is significantly blueshifted by ∼650 km s−1, suggesting the
presence of kinematically disturbed gas in the circumnuclear region. The optical line
ratios place J0901+0304 in the composite region between LINERs and star-forming
galaxies in the BPT diagram (see Fig. 4.3) implying that the optical AGN is not
very powerful. Multiple kinematic components in the optical spectrum could be a
source of uncertainty in the redshift estimate which may affect the interpretation of
the absorption lines (see Sect. 4.5.4).

SDSS J142904+025142 (PKS1426+030)

The H i 21-cm absorption spectrum of SDSS J142904+025142 (hereafter J1429+0251)
is shown in Fig. 4.6. The RFI affecting a big chunk of the channels right at the centre
notwithstanding, the line appears to be very broad, with a maximum FWZI of ∼700
km s−1. The deeper component of the absorption appears to be ∼100 to 200 km s−1

wide and centred at the systemic velocity. The spectrum also shows shallow wings
on either side. Since parts of the spectrum are affected by RFI, it is not possible to
characterise the absorption profile completely. Using only the channels not affected by
RFI, we measure a peak optical depth of 3% and derive a lower limit to the H i column
density of (10.2± 0.6)× 1020 cm−2.

J1429+0251 is unresolved in our JVLA observations, and we measure a peak continuum
flux density of 810 mJy beam−1. The high-resolution C-band VLBI image is shown
in Fig. 4.7. The radio source consists of two lobes and is ∼100 pc in projection. It
has been classified as a peaked-spectrum source by Callingham et al. (2017) suggesting
that this source is a candidate young radio galaxy.

The optical spectrum of J1429+0251 consists of a weak [OIII] doublet and [NII]+Hα
lines that are well fit with a single kinematic component. We do not see any sign of
disturbance in the nuclear regions in the optical emission lines. In Fig. 4.3 we see that
the source lies along the border between the Seyfert and LINER regions of the BPT
diagram.

SDSS J145239+062738 (TXS1450+066)

The H i 21-cm absorption spectrum of SDSS J145239+062738 (hereafter J1452+0627)
is shown in Fig. 4.6. The radio source is unresolved in our JVLA continuum image.
It has been classified as a flat-spectrum source (Healey et al. 2007) and as a quasar
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Figure 4.7 – VLBI continuum images of the detections at the highest resolution available,
taken from the Astrogeo VLBI image database. The contours start at 3σ and increase by steps
of 2. The 3σ negative contours are shown in grey. All the images are at X band except that
of J1429+0251, which is at C band. These images are from Petrov (2021), Schinzel et al.
(2017), Gordon et al. (2016), and Beasley et al. (2002) and are used to model the absorption
in Sect. 4.5.4. The radio core is assumed to be at the centre of the image (corresponding to
an offset of 0 mas in RA and in Dec) for all sources except for J0901+0304 for which the
assumed centre is to the south of the centre of the image.
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(Souchay et al. 2012). The Hubble Space Telescope (HST) optical image shows that the
host galaxy has a dust lane aligned along the radio source∗. The galaxy also exhibits
a tidal tail suggesting that it may have undergone a merger.

The H i 21-cm absorption profile is significantly wide with a FWZI ∼800 km s−1. We
also note that the profile is centred on the systemic velocity with the peak absorption
redshifted by ∼200 km s−1. A more shallow absorption component is seen on the
blueshifted side. This happens to be a high-opacity absorber with a peak optical depth
of ∼20%. We derive a high total H i column density of (13.2 ± 0.2) × 1021 cm−2, two
orders of magnitude higher than the typical H i seen in absorption in radio galaxies.
This is, however, similar to the H i column density measured in the nuclear region of
galaxy mergers hosting radio AGN (Dutta, Srianand & Gupta 2018).

The high-resolution VLBI X-band image is shown in Fig. 4.7. The radio continuum is
about ∼50 pc in projection. The VLBI image shows multiple bright components. It
could either be a core with the jets on either side seen almost in the plane of the sky, or
a core and a one-sided jet. A detailed spectral index study clarifying the morphology
is not available.

We find that J1452+0627 is a high-ionisation source and is located in the Seyfert region
of the BPT diagram (Fig. 4.3). From the fitting of the optical emission lines from the
SDSS spectrum, we find that the lines, except the [O II]λλ3726,28 doublet, consist of
two kinematic components (see Table 4.6). Both the components are very wide (∼700
km s−1 and ∼1400 km s−1). The second component is blueshifted by ∼300 km s−1.
These results indicate significant disturbance in the nuclear region. The width of the
narrower kinematic component is close to the width of the H i 21-cm absorption line.
This suggests that it might be possible that both the components of gas (ionised and
neutral) are being affected by the radio jets, as has been seen in other cases at low
redshifts (e.g. Morganti et al. 2009, see also Sect. 4.5.4).

SDSS J145845+372022 (B3 1456+375)

The H i 21-cm absorption spectrum of SDSS J145845+372022 (hereafter J1458+3720) is
shown in Fig. 4.6. The absorption profile is very narrow with FWZI ∼60 km s−1 and is
blueshifted by ∼40 km s−1. We measure a peak optical depth of 33% and an integrated
H i column density of 1.2 ± 0.1) × 1021 cm−2. This absorption has been reported by
Aditya & Kanekar (2018c). They too find the absorption to be blueshifted. Our
continuum flux density measurement agrees with that reported by Aditya & Kanekar
(2018c) within the errors. The total H i column density we measure after a reanalysis
of their data (proposal ID: ddtB190) is consistent with our JVLA estimate given above,
although the value reported in Aditya & Kanekar (2018c) is slightly lower.

J1458+3720 is classified as a blazar (e.g. Massaro et al. 2009; D’Abrusco et al. 2014).
Consistent with the classification as a blazar, the optical spectrum and, in particular,
the continuum looks featureless, possibly due to the power-law emission from the nu-
clear region dominating over the stellar component. The redshift has been estimated

∗ The HST image is available at the Mikulski Archive for Space Telescopes (MAST).
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from weak absorption lines which may have contributed to the uncertainty in the red-
shift. At VLBI scales, the radio source shows two extended features in addition to a
bright core. The JVLA continuum image is shown in Fig. 4.10 and the high-resolution
VLBI image is shown in Fig. 4.7.

SDSS J234107+001833 (PKS2338+000)

The H i 21-cm absorption spectrum of SDSS J234107+001833 (hereafter J2341+0018)
is shown in Fig. 4.6. The profile is broad with an FWZI ∼550 km s−1. We find that the
peak absorption is redshifted from the centre by ∼50 km s−1. The absorption profile
is complex, consisting of relatively shallow red- and blueshifted components along with
the deep absorption. We obtain a peak optical depth of 6.4% and a total H i column
density of (1.8 ± 0.6) × 1021 cm−2.

The radio source is unresolved in our observations and is smaller than ∼10 kpc. The
high-resolution VLBI X-band image is shown in Fig. 4.7. The projected size is only
∼120 pc as measured in the X-band image. We used the VLBI X- and S-band images
to make a spectral index map (not shown) and found that the radio continuum has
an inverted-spectrum core and a one-sided jet. We measure a flux density of 443
mJy beam−1 with the JVLA at 1.11 GHz. If we are to extrapolate the measured flux
densities of the inverted-spectrum core (∼70 mJy) and the steep spectrum jet (∼270
mJy) at X band to the redshifted H i 21-cm frequency of 1.11 GHz by assuming spectral
indices of 0.3 and −0.7 respectively (spectral indices measured between X and S bands),
we would expect to measure a flux density of ∼500 mJy, which is in agreement with
our measurement at 1.11 GHz. Hence, we conclude that the dominant component of
the radio emission is concentrated in the central ∼120 pc.

The SDSS spectrum of J2341+0018 shows strong emission lines on top of stellar contin-
uum. Therefore, it is unlikely to be a blazar source, as has been suggested by D’Abrusco
et al. (2014). We find that all four emission lines (the [O III]λλ4958,5007 doublet, Hα
and [N II]λλ6548,84 lines, the [S II]λλ6717,30 doublet, and the [O II]λλ3726,28 doublet)
are well fit with a single kinematic component. However, these lines are significantly
broad (FWHM ∼1400 km s−1), indicating disturbed kinematics. Furthermore, as can
be seen from the location of the galaxy in the BPT diagram (Fig. 4.3), we find that
optically it is a low-ionisation source and lies in the composite region between LINERs
and star-forming galaxies.

4.5 Discussion

4.5.1 Occurrence and properties of H i in the sample

Of the 26 sources with usable H i 21-cm absorption spectra in our sample, we detected
H i in 5 sources. The detection rate is around 19% (slightly higher if we exclude more
targets affected by RFI). Taking into account the uncertainties due to low number
statistics, this fraction is, to first order, consistent with the results of Maccagni et al.
(2017).
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We find that all the detections have unresolved radio continuum at the redshifted
21cm frequency at an angular resolution of ∼3′′ corresponding to ∼20 kpc (Fig. 4.10),
and all of them show extended features in VLBI images at parsec-scale resolution (see
Fig. 4.7). J1452+0627 and J0901+0304 are peaked-spectrum sources, which suggests
that they are young. J1458+3720 is classified as a blazar and has the least extended
structure in the VLBI image. J2341+0018 is classified as a flat-spectrum source; a
classification is not available in the literature for J1429+0251. Furthermore, from the
SDSS image, we find that J1452+0627 is a merger.

The line widths (FWZI) of our detections range from ∼60 km s−1 in J1458+3720 to
∼700 km s−1 in J1429+0251. The H i column densities we derive assuming a spin
temperature of 100 K and a covering factor of unity range from 8×1020 cm−2 to ∼1022

cm−2. As detailed in Sect. 4.5.3, in J0901+0604 and J1452+0627 the absorption profile
is consistent with H i being distributed in a disc. Additionally, in the latter source we
find that the H i very likely has a high velocity-dispersion. In J1458+3720 the H i
clouds on galactic scales, farther away from the nuclear region, are likely to produce
the observed absorption profile. In the case of J2341+0018 we find that a quiescent
H i disc can explain only a part of the observed profile. In the study of Maccagni et al.
(2017) it was found that broad and asymmetric H i 21-cm absorption profiles indicating
disturbed H i kinematics arose in higher power compact sources. However, we do not
find extreme outflows of H i despite the high radio power of the sources (see Sect. 4.5.4
for details).

4.5.2 Comparison with other samples

In the literature, there are about 60 other sources searched for H i 21-cm absorption in
the redshift range 0.25 < z < 0.4 with 11 detections of H i 21-cm absorption (Carilli &
van Gorkom 1992; Pihlström, Conway & Vermeulen 2003; Vermeulen et al. 2003; Yan
et al. 2016; Aditya & Kanekar 2018a,c; Gupta et al. 2006; Curran et al. 2019, 2017,
2006; Ostorero et al. 2017; Curran et al. 2011a; Grasha et al. 2019). Combining all
these searches in the literature with our sample, we find an overall detection rate of
16% +6%

−5%, again consistent within the errors with the detection rate at low redshifts.

Likewise, these studies have also found that compact radio sources have a higher H i
21-cm detection rate in this redshift range, similar to what is seen at lower redshifts.
Only the recent single-dish study of Grasha et al. (2019) does not seem to agree with
these results∗. In addition, a blind search for associated H i 21-cm absorption with the
Australian SKA Pathfinder Array (ASKAP) at 0.34 < z < 0.79 by Allison et al. (2020)
suggests that there is a difference between the H i 21-cm absorption detection rate at
low redshifts (e.g. Maccagni et al. 2017) and the redshift range they cover. However,
they agree that their non-detection of associated H i 21-cm absorption is consistent with
the low-z results if all the 14 sources in their sample are extended radio sources: their
3σ optical depth limit may be much higher than reported in that case as the covering
factor for extended radio sources is less than unity. Since at the spatial resolution of
∗ Intriguingly, a few sources known to have H i 21-cm absorption, for example NGC1275 and 3C459

(Morganti et al. 2018, 2001, respectively), were not detected by Grasha et al. (2019), although
their data appear to be sensitive enough to detect them.
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ASKAP it is not possible to ascertain the radio morphology of the sources in their
sample, it is also not possible to test the difference in the detection rates between their
sample and the low-z studies.

Earlier studies at much higher redshifts have proposed that the rest-frame UV luminos-
ity of the AGN could affect the presence of H i in radio AGN and hence the H i 21-cm
detection rate, although whether and by how much the UV luminosity could affect the
presence of H i is still a matter of discussion. To explore this further we investigated the
relation between the type of optical AGN and the detection of H i 21-cm absorption,
and the direct relation to UV luminosity. To this end, we constructed the BPT diagram
for our sample of objects. An analysis of the sample of Maccagni et al. (2017) shows
that there is no significant difference between the detection rate in the AGN falling
under the category of LINERs and the powerful optical AGN falling in the ‘Seyfert’
region of the BPT diagram (Santoro 2018). Our detections are also distributed among
these two regions and we too do not see any skewed distribution of detections. If the
optical AGN ionising the cold gas were the reason for the H i 21-cm non-detections,
then we would expect LINERs (where the optical AGN are not expected to be strong)
to show a higher detection rate compared to the powerful optical AGN. We do not
see such a trend in our study. However, our conclusions are limited by small number
statistics. In any case, in our sample we find that most of the sources are below the
proposed UV luminosity cutoff of 1023 W Hz−1 corresponding to the luminosity of
unobscured AGN (see Fig. 4.4; Curran et al. 2008).

A comparison of our H i 21-cm detection limit with the results of H i 21-cm emission
studies could be insightful to understand the cause of non-detections. At low redshifts,
Maccagni et al. (2017) found that their NH i detection limit in absorption, even after
stacking all the non-detections, was higher than the typical H i column density of the gas
found in early-type galaxies. Though there is a study of stacking H i in 21cm emission
at the redshift range of our interest (Bera et al. 2019), we find that their sample is
dominated by blue star-forming galaxies, and they do not detect H i by stacking red
galaxies alone. Hence a comparison similar to that done by Maccagni et al. (2017) is
not possible at the moment for our sample.

Overall, our findings hint towards the continuation of the trends proposed at lower
redshifts by various studies (e.g. Maccagni et al. 2017; Gupta et al. 2006; Vermeulen
et al. 2003).

4.5.3 The origin of H i 21-cm absorption

Detailed high spatial resolution studies have found the H i seen in absorption in radio
galaxies to exhibit a variety of structures: regularly rotating gas discs, high-velocity
clouds, gas flowing outwards via direct interaction with radio jets, and gas falling
towards the supermassive black hole (SMBH) (e.g. Struve & Conway 2010; Morganti
et al. 2013; Schulz et al. 2018, 2021). Usually, symmetric H i 21-cm absorption profiles
centred at or close to the systemic velocity, which are a few hundred km s−1wide,
are attributed to rotating discs, while broader and asymmetric absorption profiles,
blueshifted from the systemic velocity, are associated with gas outflows. Relatively
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Source M∗ vrot Radio axis Inclination
(1011 M�) (km s−1) ◦ ◦

(1) (2) (3) (4) (5)
J0901+0304 1.2 220 0 +55
J1452+0627 2.6 300 80 −40
J2341+0018 6.0 360 18 −10

The columns are: (1) Radio source, (2) Stellar mass estimated as described in 4.5.4,
(3) Rotation velocity (4) Position angle of the radio source, (5) Inclination angle
used to obtain the models shown in Fig. 4.8.

narrow redshifted profiles sometimes arise from galactic clouds along the line of sight
and sometimes from gas clouds falling into the SMBH. The kinematics of the absorbing
gas can thus shed light on the nature of the interplay between the radio source and the
surrounding ISM.

However, via H i 21-cm absorption we are only able to trace the gas present in front of
the radio continuum. So the shape of the absorption profile also strongly depends on
the morphology and the size of the radio continuum. For the detections reported in
this paper the radio continuum appears to be ∼100 pc in size, and shows jet structures
in all cases except J1458+3720 (see Fig. 4.7); the absorption profiles exhibit multiple
features in all the cases except J1458+3720.

Thus, the shape of the H i 21-cm absorption profile could be the result of a complex
continuum structure even if the H i is distributed in a regularly rotating disc. In
order to ascertain the contribution to the absorption of a regularly rotating disc and
gas with disturbed kinematics, we performed a simple modelling for the three sources
with the most complex H i 21-cm absorption profiles (J0901+0304, J1452+0627, and
J2341+0018), as described in the next section. For the remaining two sources the
spectra are either affected by RFI (J1429+0251), limiting the possibility of comparison
with a model, or are very narrow (J1458+3720). For these sources a more qualitative
approach was adopted.

The H i 21-cm absorption profile of J1429+0251 appears to be significantly broad
with shallow wings and is symmetric and centred at the systemic velocity. The high-
resolution VLBI image (Fig. 4.7) shows the presence of two radio lobes. Since the
absorption profile is mostly symmetric, it is very likely that the absorption arises from
a gas disc seen against these lobes. However, since some of the line channels are af-
fected by RFI the shape of the absorption profile is uncertain, and we cannot rule out
the presence of any gas deviating from regular rotation.

The absorption profile of J1458+3720 is quite narrow (FWZI ∼60 km s−1) and blue-
shifted by ∼45 km s−1. The radio source has been classified as a blazar (Massaro
et al. 2009). Thus, the radio jets are expected to be close to the line of sight and
perpendicular to the gas disc. Hence it is more likely that the absorption arises from
gas clouds away from the nucleus, which usually show up as narrow absorption lines
offset from the systemic velocity.
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4.5.4 Possible H i discs in J0901+0304, J1452+0627, and J2341+0018

We modelled the H i 21-cm absorption in these three cases to assess whether for the
given radio continuum the profiles can indeed arise from a regularly rotating disc. The
shape of the absorption profile depends strongly on the shape of this background con-
tinuum structure. Since the radio sources are unresolved in our observations, we need
higher resolution radio images that clearly resolve them. At the redshifted H i 21cm
frequency, there are no observations available that clearly resolve the radio structure.
However, as mentioned in the earlier sections, VLBI images at the desirable spatial
resolution are available at much higher radio frequencies. Thus, for our purposes we
used the VLBI X-band images (8 GHz), which are the highest spatial resolution images
available (see Fig. 4.7). This entails an assumption that the radio continuum structure
as seen at 8 GHz is similar to that at the redshifted H i 21cm frequency of ∼1 GHz. It is
also quite possible that an additional diffuse kiloparsec-scale radio emission is present
at the redshifted H i 21cm frequency that is missed by higher frequency radio obser-
vations. However, that is unlikely to be the major continuum component giving rise
to absorption. As discussed in Section 4.2, the high-frequency high-resolution image
of J2341+0018 does indeed represent the dominant part of the radio continuum. We
do not have enough spectral information available for J0901+0304 and J1452+0627 to
draw a similar conclusion. However, as we show below, the X-band continuum struc-
ture can already almost entirely reproduce the observed absorption profile in both the
cases.

We used the centre of the radio sources shown in Fig. 4.7 as the location of the core,
and hence the centre of the H i disc being modelled, except in the case of J0901+0304.
Here we assumed a core to be slightly to the south of the centre shown in Fig. 4.7
(more details below). We note that a spectral-index study will be needed to confirm
the location of the core in all these cases.

The parameters involved in this modelling are the velocity dispersion of gas, the incli-
nation and the position angles, and the rotation curve of the galaxy. The sources under
consideration have SDSS photometry available. We estimated the stellar masses using
the correlation between the K-corrected g−r colour and the mass-to-light ratio (Bell
et al. 2003). We then used the baryonic Tully–Fisher relation (McGaugh et al. 2000) to
estimate the rotation velocity. Furthermore, in the absence of detailed studies available
for the host galaxies, we assumed that the rotation curve is flat in each case. The stellar
masses obtained and the corresponding rotation velocities are tabulated in Table 4.2.

The other important parameters are the position angle (PA) and the inclination angle
of the disc. We considered H i discs that are parallel to the radio axis. We note that if
the disc is perpendicular to the radio axis, the main radio structure would be aligned
with the minor axis of the disc which would result in a narrow profile centred on the
systemic velocity, unlike the observed complex profiles. In the case of J1452+0627 the
HST image shows that the dust lane is aligned with the radio source, supporting our
assumption. This suggested alignment of H i discs and radio axes in our detections
is intriguing since radio jets are usually found to be perpendicular to the gas discs
(Morganti & Oosterloo 2018, and references therein). To obtain the model absorption
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Figure 4.8 – Model H i 21-cm absorption profiles for J0901+0304, J1452+0627, and
J2341+0018 overlaid on the observed spectra. The velocity dispersion of the gas is men-
tioned in the figures. The model profile of J0901+0304 is shifted by 70 km s−1 to show that
the relative strengths of the two components and their separation are well reproduced by the
model. See Sect. 4.5.4 for more details.

profiles, we only varied the inclination angle by hand. The PA of the radio source
used, and hence that of the model H i disc and the inclination angle, are also given in
Table. 4.2.

The absorption profile of J0901+0304 consists of two components, one redshifted and
the other blueshifted with respect to the systemic velocity. Yan et al. (2016) report a
slightly different redshift (see Sect. 4.4.2) according to which the shallow component is
at the systemic velocity and the narrow deep component is redshifted. Based on this
finding, they hypothesise that the shallow absorption feature arises from an H i disc,
while the redshifted narrow profile could be due to an infalling high-velocity cloud.
However, we find that using the SDSS DR13 redshift value shows that the absorption
profile essentially straddles the systemic velocity, indicating that the H i detected in
absorption is more likely in a disc. Given the apparent uncertainty in the redshift of
this source, we applied our model to verify how well a disc structure could reproduce
the absorption.

The model absorption profile for J0901+0304, shown in Fig. 4.8, was obtained for a
radio core that is slightly to the south of the centre shown in Fig. 4.7. We chose this to
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be the location of the radio core since the observed double-horn profile was reproduced
only for a radio source consisting of a core and two radio jets. The profile we obtain is
quite similar to the observed spectrum, with the same velocity separation between the
two components and also their relative strengths. However, the profile is offset towards
bluer velocities by ∼70 km s−1 compared to the observed profile. We note that this
could be due to uncertainties on the redshift of J0901+0304. However, the remarkable
similarity in the shape of the profile suggests that the absorption is indeed very likely
from a disc.

For J1452+0627, which is a merger, the absorption profile we obtain matches the
observed spectrum quite well. However, we find that the velocity dispersion needed to
explain the profile is quite high, ∼45 km s−1. In comparison, typical H i discs are found
to have a velocity dispersion of ∼10 km s−1 (e.g. Struve et al. 2010a). A lower velocity
dispersion in our model gives rise to narrower profiles that do not match the observed
spectrum. Our model thus suggests that the gas seen in absorption is distributed in a
turbulent gas disc quite similar to that seen in B2 0258+35 (Murthy et al. 2019). The
optical emission lines for this source consist of two kinematic components, both wide
and one blueshifted by ∼300 km s−1, indicating a significant disturbance in the nuclear
region of this galaxy. This further supports the suggested high velocity-dispersion of
H i.

For J2341+0018, our model reproduces only the deep absorption component at the
systemic velocity. The blueshifted component we obtain is deeper than the observed
blueshifted wing. We were not able to obtain the redshifted feature for any inclination
angle. Although redshifted absorption profiles indicating infalling gas clouds are not
uncommon, they tend to be narrower and deeper compared to what is observed here.
We note that our model consists of a single regularly rotating H i disc. Any warp in the
disc, which our model does not account for, might very well give rise to such features.
Thus, we conclude that an H i disc alone is not able to explain the asymmetries in the
observed profile in the case of J2341+0018.

We conclude that the observed absorption profiles in J0901+0304 and J1452+0624 are
consistent with the H i arising from regularly rotating discs (a disc with high velocity
dispersion in the latter case). In the case of J2341+0018, a quiescent H i disc can
only explain the deep absorption component, while it does not reproduce the shallow
redshifted and the blueshifted wings. Intriguingly, at least for the three objects where
the modelling has been done, the profiles are explained only if the H i discs are aligned
with (or close to) the position angle of the radio (VLBI) continuum emission. This is
surprising since circumnuclear discs are often suggested and found to be perpendicular
to the radio axis (e.g. Cygnus A by Struve & Conway 2010 and Centaurus A Struve
et al. 2010b).

4.6 Summary

We have carried out a pilot search for H i 21-cm absorption in a sample of 30 radio-
loud AGN with the JVLA-A array expanding the study at low redshifts by Geréb et al.
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(2015) and Maccagni et al. (2017). Our sample spans the redshift range from 0.25
to 0.4. Of the 26 sources making up our final sample, in our observations, at spatial
scales of ∼5-15 kpc, the radio continua of 12 sources are unresolved, while the other 14
are resolved. We detect H i 21-cm absorption in five sources, which gives an H i 21-cm
detection rate of ∼19%. This agrees with the detection rate obtained by combining our
sample with the sources studied in the same redshift range available in the literature.
All five of our detections are in compact radio sources and one of these is also a merger.
Thus, our results expand the result at low redshift providing a comparable detection
rate, albeit with a large error bar due to the small number statistics.

The absorption profiles we detect range from being quite narrow (FWZI ∼60 km s−1)
to very wide (FWZI ∼700 km s−1), and are mostly of a complex nature. The H i
column densities range from 8 ×1020 cm−2 to 1022 cm−2. The radio sources in our
sample are more powerful than those typically studied at low redshifts. We also find
that the optical ionisation lines in about half the sample exhibit broad blueshifted
kinematic components, indicating a significant disturbance in the nuclear region. How-
ever, despite the high radio power, many of them are low-ionisation sources. We also
find that the UV luminosities of most of our sources and all our detections are below
the proposed threshold above which all the cold gas is supposed to have been entirely
ionised.

An analysis of the H i absorption spectra shows that in two cases the observed profile
is consistent with the H i distributed in a gas disc. In one more case we find that a
quiescent disc cannot explain the asymmetries in the profile, while in another H i clouds
on galactic scales away from the nuclear region could be responsible for the observed
profile. The ionised gas shows multiple kinematic components in some of the detections
further supporting the presence of disturbed gas. We cannot ascertain the morphology
of the absorbing gas in one other case as quite a few line channels are affected by
RFI. However, given the symmetry and the width of the line in this case (FWZI ∼700
km s−1; similar to that seen in high-power sources at low redshifts; Maccagni et al.
2017), it is likely that the absorption, in this case, arises from a combination of a gas
disc and disturbed gas.

Since our findings suggest that it is very likely that the detection rate of H i is similar
(and hence quite high), even at the redshift range covered, the next step is to expand
the sample size to include more sources of different radio powers and covering different
regions in various parameter spaces like the WISE colour-colour and the BPT diagrams.
This will allow us to carry out a more detailed analysis of the interplay between H i
and the radio source in different classes of AGN at these redshifts. The ongoing and
upcoming H i 21-cm surveys will also contribute in this direction, although they will
need follow-up at subarcsecond resolutions to ascertain the continuum structure of the
AGN and the morphology of the absorbing gas.
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Table 4.3 – Observations details
Source z νobs ∆t BW ∆v Beamrobust PArobust RMSmap,robust Beamnatural PAnatural RMSmap,natural RMScube

(MHz) (mins) (MHz) (km s−1) (′′×′′) (◦) (µJy beam−1) (′′×′′) (◦) (µJy beam−1) (mJy beam−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

SDSS J003058+011600 0.3748 1033.17 30 32 7.25 2.53 × 1.93 -67.71 300.00 2.53 × 1.93 -49.57 270 4.7
SDSS J075622+355442 0.3191 1076.75 30 32 6.96 0.95 × 0.95 45.00 301.49 2.34 × 2.28 42.90 273 3.0
SDSS J083825+371037 0.3962 1017.26 40 32 7.37 2.10 × 1.60 -73.73 567.79 2.75 × 2.34 81.14 2000 2.6
SDSS J090151+030423 0.2875 1103.18 40 32 6.79 2.82 × 1.72 60.28 220.94 4.11 × 2.15 52.45 570 2.6
SDSS J102844+384437 0.3621 1042.71 40 32 7.19 2.11 × 1.59 -73.98 270.42 2.94 × 2.45 75.81 510 2.4
SDSS J110655+190912 0.3400 1059.87 30 32 7.05 2.08 × 1.62 79.61 282.88 2.94 × 2.49 -58.55 330 3.4
SDSS J112342+125214 0.3178 1077.88 30 32 6.95 0.95 × 0.95 45.00 231.13 2.37 × 2.04 -39.23 350 3.2
SDSS J112833+324323 0.3695 1037.11 30 32 7.23 1.87 × 1.49 48.50 705.32 2.46 × 2.29 44.08 1700 3.9
SDSS J114409+005436 0.2955 1096.33 30 32 6.84 1.99 × 1.54 59.14 328.38 2.58 × 2.07 4.59 500 4.0
SDSS J115324+493109 0.3339 1092.83 40 32 6.85 1.54 × 1.34 16.32 241.32 1.96 × 1.76 32.65 260 6.0
SDSS J123413+475351 0.3736 1034.06 40 32 7.25 1.84 × 1.63 16.13 822.12 2.61 × 2.40 47.22 1300 2.5
SDSS J140416+411749 0.3604 1044.09 30 32 7.17 3.18 × 1.77 -89.97 405.29 4.30 × 2.71 78.25 1000 2.5
SDSS J140854+302103 0.2897 1101.29 30 32 6.80 3.83 × 1.44 72.94 171.41 5.15 × 2.04 65.62 200 2.6
SDSS J142904+025140 0.2931 1098.44 40 32 8.82 1.87 × 1.58 69.21 194.97 2.51 × 2.08 -16.77 460 2.3
SDSS J145239+062738 0.2671 1120.93 40 32 6.68 1.67 × 1.54 -80.35 109.12 2.54 × 2.19 0.70 400 3.1
SDSS J145338+035933 0.3697 1036.81 30 32 7.22 2.61 × 2.05 62.77 203.01 4.03 × 2.62 49.73 450 2.3
SDSS J145845+372022 0.3332 1065.28 30 32 7.03 1.92 × 1.68 66.10 239.28 4.92 × 2.90 52.45 385 3.0
SDSS J145859+041614 0.3916 1020.66 40 32 7.34 3.93 × 1.46 78.10 130.72 2.69 × 2.24 69.38 670 3.2
SDSS J150720+364245 0.3837 1026.53 30 32 7.29 1.36 × 1.36 45.00 248.06 4.55 × 2.67 73.55 700 2.5
SDSS J152503+110744 0.3326 1065.86 30 32 7.03 3.13 × 1.85 68.22 414.76 4.45 × 2.42 58.27 1350 2.5
SDSS J153617+462734 0.3696 1037.09 30 32 7.22 3.55 × 1.56 81.58 182.38 4.99 × 2.65 76.01 600 2.0
SDSS J162214+090421 0.2917 1099.61 30 32 6.82 3.43 × 1.81 62.60 215.21 5.29 × 2.38 56.72 340 2.5
SDSS J164734+270558 0.2822 1107.86 30 32 6.70 1.91 × 1.54 -76.26 179.17 3.33 × 2.45 70.37 370 2.0
SDSS J165547+232931 0.3931 1019.53 30 32 7.35 1.87 × 1.69 -69.72 161.10 2.66 × 2.52 57.55 180 2.7
SDSS J172109+354216 0.2832 1106.87 30 32 6.70 1.93 × 1.51 -67.95 243.45 2.66 × 2.32 87.85 950 2.0
SDSS J234107+001833 0.2767 1112.54 30 32 6.70 2.37 × 1.79 -78.35 454.57 3.33 × 2.45 -47.97 2500 2.2
SDSS J085451+621850 0.2673 1120.74 RFI
SDSS J111141+355337 0.3048 1088.60 RFI
SDSS J114539+442022 . 0.2997 1065.05 RFI

The columns are: (1) Source name, (2) SDSS DR13 redshift, (3) redshifted H i 21-cm line frequency in MHz, (4) On-source time in minutes, (5) Bandwidth of the observations in
MHz, (6) Spectral resolution in km s−1, (7), (8) and (9) Beam size, position angle and RMS of the continuum image made with ROBUST −1 weighting (10), (11) and (12) Beam
size, position angle and RMS of the continuum image made with natural weighting, (13) RMS noise on the cube made with natural weighting with the same beam parameters as
the naturally weighted continuum image.
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Table 4.4 – The radio properties of the AGN detected in H i 21-cm absorption.
Source z Sν (int) Sν (peak) ∆v RMSspec τpeak

∫
(τ dv) NHI L1.4GHz LUV

(mJy) (mJy beam−1) (km s−1) (mJy beam−1) (%) (km s−1) ×1020 (cm−2) (W Hz−1) (W Hz−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

SDSS J090151+030423 0.2875 380.0 371.0 6.79 2.6 7.0 4.53 ± 0.30 8.25 ± 0.55 26.0 21.4
SDSS J142904+025140 0.2931 845.0 810.0 8.82 2.3 3.0 5.59 ± 0.31 10.19 ± 0.60 26.32 18.8
SDSS J145239+062738 0.2671 300.0 228.4 6.68 3.1 20.7 72.68 ± 1.35 132.49 ± 2.47 25.6 20.4
SDSS J145845+372022 0.3332 194.0 183.0 7.03 3.0 33.7 6.72 ± 0.62 12.26 ± 1.13 25.6 21.2
SDSS J234107+001833 0.2767 443.1 429.5 6.7 2.2 6.4 9.64 ± 0.33 17.58 ± 0.65 25.9 20.6

The columns are: (1) Source name, (2) SDSS DR13 redshift, (3) Integrated radio continuum flux in mJy, (4) Peak flux density in mJy beam−1, (5) Velocity resolution of the H i
21-cm spectra in km s−1, (6) RMS noise on the spectrum at the velocity resolution listed in (5) in mJy beam−1, (7) Peak optical depth (8) Integrated optical depth in km s−1(9)
H i column density in units of 1020 cm−2 estimated assuming a Tspin= 100 K and cf = 1, (10) Rest-frame 1.4GHz radio luminosity in log scale, (11) Rest-frame UV luminosity
in log scale.
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Table 4.5 – Derived parameters for the H i 21-cm non-detections.

Source z Sν (int) Sν (peak) ∆s τ NHI L1.4GHz LUV Continuum
(mJy) (mJy beam−1) (mJy beam−1) (cm−2) W Hz−1 W Hz−1 morphology

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
SDSS J003058+011600 0.3748 416.3 189.0 1.0 0.017 20.22 25.92 - e
SDSS J075622+355442 0.3191 506.25 130.0 0.7 0.017 20.21 25.6 22.83 e
SDSS J083825+371037 0.3962 482.2 442.4 0.6 0.004 19.63 26.34 21.00 c
SDSS J102844+384437 0.3621 787.0 600.0 0.7 0.003 19.53 26.39 20.74 e
SDSS J110655+190912 0.3400 970.0 190.0 1.0 0.016 20.2 25.83 19.81 e
SDSS J112342+125214 0.3178 273.2 204.6 1.1 0.016 20.19 25.8 20.98 e
SDSS J112833+324323 0.3695 393.0 371.3 1.5 0.012 20.08 26.2 20.03 c
SDSS J114409+005436 0.2955 335.0 350.0 1.0 0.008 19.92 25.97 21.47 c
SDSS J115324+493109 0.3339 2060.0 1000.0 0.9 0.002 19.43 26.53 23.20 e
SDSS J123413+475351 0.3736 372.4 353.2 0.6 0.005 19.73 26.19 22.73 c
SDSS J140416+411749 0.3604 300.0 272.5 1.0 0.012 20.06 26.04 20.9 c
SDSS J140854+302103 0.2897 393.0 235.4 0.6 0.008 19.89 25.77 20.44 e
SDSS J145338+035933 0.3697 475.0 421.5 0.7 0.005 19.69 26.25 22.34 e
SDSS J145859+041614 0.3916 940.0 250.0 0.9 0.011 20.02 26.08 21.67 e
SDSS J150720+364245 0.3837 539.0 482.0 0.9 0.005 19.75 26.35 22.89 e
SDSS J152503+110744 0.3326 537.6 512.2 0.6 0.004 19.59 26.24 - c
SDSS J153617+462734 0.3696 308.7 198.4 0.4 0.007 19.86 25.93 20.86 e
SDSS J162214+090421 0.2917 356.3 256.5 0.5 0.006 19.81 25.81 20.49 e
SDSS J164734+270558 0.2822 650.0 470.0 0.5 0.003 19.51 26.04 21.10 e
SDSS J165547+232931 0.3931 318.7 312.3 0.7 0.006 19.82 26.18 20.6 c
SDSS J172109+354216 0.2832 228.4 212.11 0.6 0.008 19.91 25.7 22.59 c
SDSS J085451+621850 0.2673 RFI
SDSS J111141+355337 0.3048 RFI
SDSS J114539+442022 0.2997 RFI
The columns are: (1) Source name, (2) SDSS DR13 redshift, (3) Integrated radio continuum flux in mJy, (4) Peak flux density in mJy beam−1, (5) RMS
noise on the spectrum in mJy beam−1after Hanning smoothing it to a spectral resolution close to 50 km s−1, (6) 3σ optical depth limit, (7) 3σ limit on
the H i column density in log scale estimated assuming a Tspin= 100 K and cf = 1, (8) Rest-frame 1.4GHz radio luminosity in log scale, (9) Rest-frame UV
luminosity in log scale, (10) Continuum morphology as seen in our observations: e is extended; c is compact. Sources with the ratio Sν(peak)/Sν(int)> 0.9
were considered compact and the rest extended sources. The UV luminosity was estimated using the SDSS u- and g-band magnitudes. The values are
left blank where the photometry was not available.
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Table 4.6 – The optical line fluxes and the line ratios derived from the SDSS spectra.

Source z H i Kinematic [OIII] [NII] Hα Hβ [OIII]/Hβ [NII]/Hα
flag components flux flux flux flux

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
SDSS J003058+011600 0.3748 0 0 - - - - - -
SDSS J075622+355442 0.3191 0 0 - - - - - -
SDSS J083825+371037 0.3962 0 1 33.07 - - 7.55 0.64 -
SDSS J085451+621850 0.2673 0 1 - 76.83 55.15 - - 0.14
SDSS J090151+030423 0.2875 1 2 27.26 100.31 145.71 21.45 0.10 -0.16
SDSS J102844+384437 0.3621 0 2 95.00 151.11 95.23 26.25 0.55 0.20
SDSS J110655+190912 0.3400 0 1 30.07 - - 5.18 0.76 -
SDSS J111141+355337 0.3048 0 2 235.52 18.53 69.21 42.26 0.74 -0.5
SDSS J112342+125214 0.3178 0 2 186.66 - - 18.48 1.00 -
SDSS J112833+324323 0.3695 0 0 - - - - - -
SDSS J114409+005436 0.2955 0 1 52.57 105.29 41.22 4.05 1.11 0.40
SDSS J114539+442022 0.2997 0 2 96.36 111.45 29.96 15.17 0.80 0.57
SDSS J115324+493109 0.3339 0 2 577.55 1357.01 1013.28 1018.82 -0.24 0.12
SDSS J123413+475351 0.3736 0 1 249.85 3508.60 273.73 1111.90 -0.64 1.10
SDSS J140416+411749 0.3604 0 1 54.87 - - 12.92 0.62 -
SDSS J140854+302103 0.2897 0 2 57.15 - - 11.48 0.69 -
SDSS J142904+025140 0.2931 0 1 24.90 51.58 46.70 8.31 0.47 0.04
SDSS J145239+062738 0.2671 1 2 366.76 382.93 339.60 25.07 1.16 0.05
SDSS J145338+035933 0.3697 0 1 - 72.97 28.24 - - 0.41
SDSS J145859+041614 0.3916 0 2 159.13 112.11 132.13 23.73 0.82 -0.07
SDSS J145845+372022 0.3332 1 0 - - - 4.42 - -
SDSS J150720+364245 0.3837 0 1 30.068 81.83 31.48 4.35 0.83 0.41
SDSS J152503+110744 0.3326 0 2 341.84 231.15 220.52 41.74 0.91 0.02
SDSS J153617+462734 0.3696 0 2 403.69 95.64 163.60 52.27 0.88 -0.23
SDSS J162214+090421 0.2917 0 0 - - - - - -
SDSS J164734+270558 0.2822 0 0 - - - - - -
SDSS J165547+232931 0.3931 0 2 209.02 74.18 107.25 36.69 0.75 -0.16
SDSS J172109+354216 0.2832 0 2 961.08 - - 89.27 1.03 -
SDSS J234107+001833 0.2767 1 1 146.74 692.62 810.68 140.26 0.01 -0.06
The columns are: (1) Source name, (2) SDSS DR13 redshift, (3) H i 21-cm detection flag: 0 = non-detection, 1=detection, (4) Number of kinematic
components (from the [O III]λλ4958,5007 line), (5) [O III]λλ4958,5007 flux, (6) [N II]λλ6548,84 flux, (7) Hα flux, (8) Hβ flux, (9) log10([OIII]/Hβ), (10)
log10([NII]/Hα). In case of multiple kinematic components, the flux listed is the total flux of all the components.
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4.7 The H i 21-cm spectra of the non-detections

Figure 4.9 – Spectra of the non-detections. The heliocentric frequency, in MHz, is indicated
at the top of each panel. The grey shaded region shows the velocity ranges affected by RFI.
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Figure 4.9 – Continued.

4.8 The continuum images of the radio sources

Figure 4.10 – Radio continuum images of the sources in our sample. The contours start at
4σ and increase by steps of two. The RMS noise and the beam sizes are listed in Table 5.2.
The 4σ negative contours are shown in grey.



4

84 Chapter 4

Figure 4.10 – Continued.
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Abstract

We present a search for associated H i 21-cm absorption in a sample of 29 radio-loud active
galactic nuclei (AGNs) at 0.7 < z < 1, carried out with the upgraded Giant Metrewave Radio
Telescope. We detect H i 21-cm absorption against none of our target AGNs, obtaining 3σ
upper limits to the optical depth of . 1% per 50 km s−1 channel. The radio luminosity of
our sources is lower than that of most AGNs searched for H i 21-cm absorption at similar
redshifts in the literature and, for all targets except two, the UV luminosity is below the
threshold, 1023 W Hz−1, above which the H i in the AGN environment has been suggested to
be completely ionised. We stacked the H i 21-cm spectra to obtain a more stringent limit of
≈ 0.17% per 50 km s−1 channel on the average H i 21-cm optical depth of the sample. The
sample is dominated by extended radio sources, with 24 of them being extended on scales
of tens of kpc. Including similar extended sources at 0.7 < z < 1.0 from the literature,
and comparing with a low-z sample of extended radio sources, we find statistically-significant
(≈ 3σ) evidence that the strength of H i 21-cm absorption towards extended radio sources is
weaker at 0.7 < z < 1.0 than at z < 0.25, with a lower detection rate of H i 21-cm absorption
at 0.7 < z < 1.0. Redshift evolution in the physical conditions of H i is the likely cause of
the weaker associated H i 21-cm absorption at high redshifts, due to either a low H i column
density or a high spin temperature in high-z AGN environments.
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5.1 Introduction

To understand the role of active galactic nuclei (AGNs) and, in particular, that of radio-loud
AGNs in the evolution of galaxies, it is important to understand the mass of, and physical
conditions in, the neutral atomic gas in AGN environments. H i 21-cm absorption is a good
probe to study atomic hydrogen (H i) in such systems as it can trace cold gas at high spatial
resolution and can also help to constrain the kinematics of the absorbing gas. Furthermore,
such H i 21-cm absorption studies can be used to trace H i in radio galaxies out to high
redshifts, even at z & 4 (see Morganti & Oosterloo 2018, for a review).

At low redshifts, H i 21-cm studies have shown that cold gas is found more often in young and
restarted radio sources and in mergers, and less often in older extended radio sources (e.g.
Morganti et al. 2001; Gupta et al. 2006; Vermeulen et al. 2003; Geréb et al. 2015; Maccagni
et al. 2017; Dutta, Srianand & Gupta 2018, 2019). Maccagni et al. (2017) used by far the
largest such H i 21-cm absorption study of low-z AGNs, covering 248 AGNs at z < 0.25,
to show that disturbed gas is found almost exclusively in young or restarted radio sources,
while the H i seen in extended radio sources mostly arises from quiescent rotating gas discs.
Detailed studies of the interaction between the radio jets and the interstellar medium (ISM)
have shown that the jets interact directly with the ISM and thereby increase the turbulence
and also drive massive cold gas outflows (e.g. Morganti et al. 2013, 2015, 2016; Mahony et al.
2013; Murthy et al. 2019). This suggests that radio AGNs have a direct impact on their host
galaxies and that the nature of the impact depends on the evolutionary stage of the AGN. A
recent study, extending the work of Maccagni et al. (2017) to higher redshifts, suggests that
these trends continue to hold out to z ∼ 0.4 (Murthy et al. 2021).

To determine the impact of radio AGNs on galaxy evolution, H i 21-cm absorption studies
have to be extended to higher redshifts, into and beyond the epoch of galaxy assembly (e.g.
Shapley 2011). A number of such studies have been carried out over the last three decades (e.g.
de Waard, Strom & Miley 1985; Uson, Bagri & Cornwell 1991; Carilli & van Gorkom 1992;
Carilli et al. 1998; Moore, Carilli & Menten 1999; Röttgering, de Bruyn & Pentericci 1999;
Ishwara-Chandra, Dwarakanath & Anantharamaiah 2003; Vermeulen et al. 2003; Pihlström,
Conway & Vermeulen 2003; Yan et al. 2016; Curran et al. 2011b, 2019; Allison et al. 2015;
Aditya, Kanekar & Kurapati 2016; Aditya et al. 2017; Aditya & Kanekar 2018a,c; Aditya 2019;
Aditya et al. 2021), with detections of H i 21-cm absorption obtained out to z ≈ 3.6. The main
clear result of these studies is that the detection rate of H i 21-cm absorption in radio-loud
AGNs decreases as one moves to higher redshifts.

Two distinct reasons have been proposed for the observed drop in the H i detection rate with
redshift. The first is that the high-z samples suffer from a Malmquist bias, due to which the
observed high-z AGNs have a systematically higher luminosity than the low-z ones. A high
rest-frame 1.4 GHz radio luminosity may excite H i to the upper hyperfine level (increasing
the effective spin temperature), while a high rest-frame 1216 UV luminosity may ionise the
gas (reducing the H i column density). Both effects would reduce the H i 21-cm absorption
strength, which could lead to the non-detection of H i 21-cm absorption (Aditya, Kanekar
& Kurapati 2016; Aditya & Kanekar 2018c; Curran et al. 2008; Curran & Whiting 2012).
Alternatively, redshift evolution of either the cold gas content or the H i spin temperature in
AGN environments could also account for the low H i 21-cm detection rate at high redshifts
(Aditya, Kanekar & Kurapati 2016; Aditya & Kanekar 2018c).

In order to break the degeneracy between these two possible causes, one has to study AGN
samples with similar luminosities at different redshifts, or samples with similar redshift dis-
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tribution but different luminosities. Further, since the detection rate has been found to be
different for compact and extended radio sources at low redshifts (Morganti et al. 2001; Gupta
et al. 2006; Geréb et al. 2015; Maccagni et al. 2017), studies should also control for radio mor-
phology. Finally, the sample size should be large enough so that the results are not dominated
by Poisson errors.

Aditya & Kanekar (2018c, see also Aditya, Kanekar & Kurapati 2016) studied the H i 21-
cm absorption properties of a uniformly selected sample of flat spectrum radio sources over
a wide range of redshifts, finding a significant difference in the detection rate of H i 21-cm
absorption in sources at z > 1 and those at lower redshifts. However, the high-z sources of
their sample were also of high UV and radio luminosity, and it was hence not possible to
break the above degeneracy. Aditya & Kanekar (2018a) extended such H i 21-cm studies to
a sample of gigahertz-peaked spectrum (GPS) sources, obtaining the first detections of H i
absorption in GPS sources at z > 1. That study found no evidence for a difference in the H i
21-cm detection rate at different redshifts, perhaps due to the small size of the high-z sample.
More recently, Grasha et al. (2019) studied a large sample of GPS sources over a wide redshift
range and also found a higher H i 21-cm detection rate at low redshifts. Unfortunately, their
sample too is affected by the luminosity bias discussed above. Indeed, very few sources at
z & 1 with low rest-frame UV luminosities have so far been searched for H i 21-cm absorption
(e.g. Curran et al. 2013a,b). The combination of small sample size and heterogeneous radio
morphology in these AGNs has meant that it has not been possible to ascertain whether the
high-z H i 21-cm detection rate in different classes of radio AGNs is the same as that at low
redshifts (after controlling for the UV luminosity) or if there is indeed redshift evolution of the
gas properties in AGN environments. Recent detections of high-opacity H i 21-cm absorbers
at z ≈ 1.2 in blind H i searches (Chowdhury, Kanekar & Chengalur 2020b) further suggest
that selection effects may indeed play a role in the low detection rate of H i 21-cm absorption
at high redshifts. However, since the number of such high-z searches is small, it is still not
possible to rule out redshift evolution in the gas properties.

Further, at high redshifts, most H i 21-cm searches have predominantly been in compact radio
sources, that is, compact steep spectrum (CSS) sources, GPS sources, compact symmetric
objects (CSOs), and flat spectrum sources. Thus, at high redshifts, there is also a lack of
studies sampling different radio morphologies that represent different stages of the evolution
of radio AGNs, which has been done at z < 0.25 by Geréb et al. (2015) and Maccagni et al.
(2017).

We present here a search for H i 21-cm absorption in a sample of radio AGNs at 0.7 < z < 1.0
carried out with the upgraded Giant Metrewave Radio Telescope (GMRT). Our aim is to
understand the rate of incidence of H i 21-cm absorption at these redshifts and the redshift
evolution of the H i content and temperature in AGN environments.

We present the sample selection, observations, data analysis, and results in Sect. 5.2, a discus-
sion in Sect. 5.3, and a summary in Sect. 5.4. Throughout the paper, we assume a flat Λ cold
dark matter cosmology, with H0 = 67.3 km s−1Mpc−1, ΩΛ = 0.685, and ΩM = 0.315 (Planck
Collaboration et al. 2014). For the redshift range 0.7 < z < 1.0 covered by our sample, an
angular size of 1′′ corresponds to a spatial size of ≈ 7.4− 8.2 kpc.



5

88 Chapter 5

Figure 5.1 – Distribution of radio luminosities as a function of redshift. Our sample is shown
in red, and the searches reported in the literature are shown in black. At z < 0.25, the plot
shows the sample of Maccagni et al. (2017). At z > 0.25 the searches are from Carilli & van
Gorkom (1992), Carilli et al. (1998), Pihlström, Conway & Vermeulen (2003), Vermeulen
et al. (2003), Gupta et al. (2006), Orienti, Morganti & Dallacasa (2006), Curran et al. (2006,
2011b), Allison et al. (2015), Yan et al. (2016), Curran et al. (2017), Ostorero et al. (2017),
Aditya & Kanekar (2018a,c), Aditya (2019), Curran et al. (2019), Grasha et al. (2019),
Mhaskey et al. (2020), and Murthy et al. (2021).

5.2 Sample, observations, data analysis, and results

5.2.1 Sample selection

The AGNs of our sample were selected by cross-matching the Faint Images of the Radio Sky
at Twenty-Centimeters (FIRST; Becker, White & Helfand 1995) survey and the Sloan Digital
Sky Survey Data Release 9 (SDSS DR9; Ahn et al. 2012) catalogues. Initially, we observed 20
sources that had a FIRST peak flux between 50 mJy beam−1 and 270 mJy beam−1. This was
done to keep the rest-frame 1.4 GHz radio luminosity below 1027 W Hz−1, that is, covering
lower rest-frame 1.4 GHz radio luminosities than those targeted by earlier surveys for high-z
H i 21-cm absorption (e.g. Aditya & Kanekar 2018a).

However, we found that most of the sources of our initial sample were classified as ‘quasars’ by
the SDSS. Thus, we observed 14 more sources, classified as ‘galaxies’, to obtain a mix of optical
AGN properties. As can be seen in Fig. 5.1, the typical rest-frame 1.4 GHz radio luminosity
of our sample is indeed systematically lower than that of most AGNs at similar redshifts with
H i 21-cm absorption searches. Figure 5.2 shows that the rest-frame UV luminosity is also
low, < 1023 W Hz−1, for most of our targets (see Sect. 5.3.2 for more details).
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Figure 5.2 – Comparison of the UV luminosities of the sources in our sample (red circles),
the extended radio sources in the sample of Aditya (2019) (blue triangles), and the extended
sources in Maccagni et al. (2017) (blue squares: detections; blue crosses: non-detections). The
dashed horizontal line marks the threshold UV luminosity LUV = 1023 W Hz−1, above which it
has been argued that the radiation from the AGN ionises the H i in and around its host galaxy.

5.2.2 Observations

We used the Band-4 receivers of the upgraded GMRT to search for H i 21-cm absorption
against 34 radio AGNs at 0.7 < z < 1.0 (proposal IDs: 35_079 and 36_070; PI: Murthy).
The data for three sources (SDSS J085448+200630, SDSS J021755-012150, and SDSS J030313-
001453) were heavily affected by radio frequency interference (RFI) close to the H i 21-cm line
frequency, and a usable spectrum could not be obtained. We hence excluded these sources
from our sample. For two more sources (SDSS J162734+200048 and SDSS J100742+590809),
the SDSS redshifts were found to be incorrect upon inspection of the emission lines in the
optical spectra. This meant that the GMRT observations did not cover the redshifted H i
21-cm line frequency. After excluding the above five sources, we are left with a final sample
of 29 sources.

The on-source time for each target ranged between 10 minutes and 270 minutes, chosen to
reach a 3σ optical depth sensitivity of 1% per 50 km s−1 channel. A suitable flux calibrator
(3C48, 3C147, or 3C286) was observed at the start of each run, and scans on the target were
interleaved with those on a nearby phase calibrator. The sources of proposal 35_079 were
observed with the GMRT software backend (GSB) with a bandwidth of 16.67 MHz centred at
the expected redshifted H i 21-cm line frequency and subdivided into 512 channels, yielding
a raw spectral resolution of ≈ 12.5 km s−1. For the remaining sources, observed in proposal
36_070, we used the GMRT wideband backend (GWB) with a bandwidth of 25 MHz centred
at the redshifted H i 21-cm line frequency and subdivided into 4096 channels, giving a raw
spectral resolution of ∼ 2.5 km s−1. The expected redshifted H i 21-cm line frequencies lie in
the range ≈ 717− 827 MHz. The observational details are summarised in Table 5.1
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5.2.3 Data analysis

We used the ‘classic’ Astronomical Image Processing Software (aips; Greisen 2003) package
to analyse the data. Initially, we used visual inspection to identify non-functioning antennas
and data affected by RFI or other time-dependent issues and edited these data out. We
then determined the antenna-based gains and bandpass shapes from the data on the flux
and phase calibrators. For each source, we further improved the gain solutions through an
iterative self-calibration procedure. This involved a few rounds of imaging and phase-only
self-calibration. This was then followed by amplitude and phase self-calibration and imaging.
We then inspected the antenna-based gains and the residual visibilities to further identify
bad data and edited all such data out. We then repeated the self-calibration, imaging, and
inspection procedure until the continuum image showed no further improvement and no bad
data were identified in the residual visibilities.

Next, we subtracted out the final continuum model from the calibrated visibilities, and fur-
ther, for some sources, subtracted out a first- or second-order polynomial from each visibility
spectrum to remove any residual continuum emission. For each source, we then made a spec-
tral cube, shifting the uv data to the systemic AGN velocity, using the optical redshift from
the SDSS catalogue. In the case of the GWB data, which had a native velocity resolution
of ∼2.5 km s−1, we averaged four channels before imaging, to obtain a spectral resolution of
∼10 km s−1.

The continuum images were made by averaging all the line channels together and have angular
resolutions of ∼ 3′′−6′′ and ∼ 7′′−10′′ for robust = −1 and natural weighting, respectively.
The RMS noise on the continuum images is typically a few hundred µJy beam−1. The
robust= −1 continuum images are shown in Appendix 5.6. We classified sources as resolved
if the ratio of the peak flux to the integrated flux density, as measured from our highest
angular-resolution image, is less than 0.9.

5.2.4 H i spectra

The spectral cubes were made using natural weighting, with the same restoring beam as the
naturally weighted continuum images; the RMS noise on the cubes is typically≈ 1 mJy beam−1

per ∼10 km s−1 channel. Our final H i 21-cm absorption spectra were obtained by taking a cut
through the AGN location in each cube. In the case of resolved radio sources, we extracted the
peak continuum flux and the spectrum against the radio ‘core’, corresponding to the location
of the host galaxy as determined from the SDSS optical image. We note that this flux estimate
corresponds to a region of size ≈ 50 − 70 kpc (the spatial extent of the synthesised beam at
the AGN redshift), and will include not only the radio core but also extended emission within
the region. The H i 21-cm spectra of the 29 sources of the sample are shown in Fig. 5.5, and
show no evidence for detections of H i 21-cm absorption.

We used the flux densities measured from the naturally-weighted continuum images to estimate
the 3σ limits on the peak H i 21-cm optical depth (τ3σ). To estimate τ3σ, we used the root-
mean-square (RMS) noise on the spectra smoothed to a velocity resolution of 50 km s−1

and the core flux density. Our 3σ upper limits on the peak H i 21-cm optical depth lie
in the range 0.3% to 2%, per 50 km s−1, with a median 3σ optical depth limit of 0.7%.
Finally, we used the above τ3σ values to infer 3σ upper limits on the H i column density
(NH i), assuming a Gaussian absorption profile with a full width at half maximum (FWHM)
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of 50 km s−1(e.g. Maccagni et al. 2017; Murthy et al. 2021), via the standard expression
NH i = 1.82× 1018(Tspin/cf)

∫
(τ dV) cm−2, where Tspin is the spin temperature and cf is the

covering factor. Our H i column density limits further assume Tspin = 100 K and cf = 1. A
summary of our results is provided in Table 5.2.

5.2.5 H i stacking

Stacking H i 21-cm absorption spectra improves the average H i 21-cm optical depth sensitivity,
allowing one to probe the average cold-gas properties of the sample at lower H i opacities.
However, unlike the situation for H i 21-cm emission stacking (e.g. Chowdhury et al. 2020,
2021), the associated H i 21-cm absorption may be offset from the optical redshifts, with the
centroid either blueshifted or redshifted with respect to the systemic velocity. Stacking based
on the optical redshifts may then not cause the individual H i 21-cm signals to align with each
other; if so, the signal-to-noise ratio on the stacked spectrum may not improve ∝ 1/

√
N , as

expected for N stacked spectra. However, Geréb, Morganti & Oosterloo (2014) stacked the
spectra of all the detections of associated H i 21-cm absorption in their sample and found that
the stacked H i 21-cm absorption profile was indeed centred at the systemic velocity, with a
FWHM of ≈ 110 km s−1. This suggests that, on average, the sensitivity to the average H i
21-cm absorption indeed improves on stacking the H i 21-cm signals after alignment using the
optical redshifts.

We stacked the H i 21-cm spectra of the sources in our sample following the method of Geréb
et al. (2013, see also Geréb, Morganti & Oosterloo 2014; Maccagni et al. 2017). After aligning
the H i 21-cm spectra in their rest frames, we converted them to optical depth units. Then
we smoothed the spectra to a velocity resolution of ≈ 50 km s−1 and finally co-added them,
using the inverse variance of each spectrum as the weight in the average. The final stacked
H i 21-cm spectrum is shown in Fig. 5.3, at a resolution of 50 km s−1, and yields no evidence
of H i 21-cm absorption. The 3σ upper limit on the stacked H i 21-cm opacity is τ3σ ∼ 0.17%,
per 50 km s−1 channel.

5.3 Discussion

5.3.1 Radio morphology

Our GMRT radio continuum images of the AGNs of the sample are shown in Fig. 5.6. We find
that 21 sources are resolved in the GMRT images, while eight are unresolved, at an angular
resolution of ≈ 4′′ − 6′′ (i.e. a spatial resolution of ≈ 35 − 40 kpc at the AGN redshift). As
mentioned in Sect. 5.1, earlier studies have found a higher detection rate of H i absorption
in compact (CSS or GPS) radio sources. Given our relatively coarse angular resolution, not
all the eight sources that are unresolved in our images would be intrinsically compact sources.
To investigate this further, we used flux density estimates from various surveys – the 74 MHz
VLA Low-frequency Sky Survey (Lane et al. 2014), the 150 MHz TIFR-GMRT Sky Survey
(Intema 2016), the 365 MHz Texas Survey (Douglas et al. 1996), and the 1.4 GHz FIRST
survey – as well as individual measurements available in the literature to estimate their radio
spectral energy distributions (SEDs). We explored whether any of the sources exhibit peaked
spectra and hence are likely to be GPS or CSS, and which sources are likely to be extended
on galactic scales, although unresolved in our images.

Two of the unresolved sources (J084051+443959 and J101557+010913) are clearly GPS sources,
with the SEDs showing a peak above 1 GHz (O’Dea & Saikia 2021). A further two sources,
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Figure 5.3 – Stacked spectrum obtained after stacking the spectra of the 29 non-detections of
H i absorption. The non-detection of H i 21-cm absorption in the stacked spectrum yields a 3σ
upper limit of ≈ 0.17% per 50 km s−1 on the H i 21-cm opacity.

J093150+254034 and J160325+143816, show inverted spectra, with peaks between 74 MHz
and 408 MHz, while J221029+010843 shows a flattening of the spectrum at low frequencies,
. 150 MHz; all three are likely to be CSS sources (O’Dea & Saikia 2021). The last three
unresolved sources (J110426+492824, J075815+441608 and J075707+273633) show a simple
power-law SED between 74 MHz and ≈ 5 GHz, Sν ∝ να with a spectral index . −0.7 (e.g.
Ishwara-Chandra et al. 2010; Hardcastle et al. 2016; Mahony et al. 2016; Williams et al. 2016;
Jurlin et al. 2021; Kukreti et al. 2021). This typical synchrotron spectrum, with no evidence
for self-absorption, indicates that these sources are likely to have an extended radio morphol-
ogy, with sizes greater than tens of kiloparsecs. We thus have 24 extended radio sources and
five compact ones in the sample.

5.3.2 UV and radio luminosities

It has been suggested (Curran et al. 2008; Curran & Whiting 2012) that the lack of detections
of associated H i 21-cm absorption in high-z AGNs is due to the high UV luminosity of the
AGNs that have so far been searched for H i 21-cm absorption. Curran et al. (2008) argue
that there exists an AGN UV luminosity threshold of 1023 W Hz−1, above which the H i in
and around the AGN host galaxy is completely ionised.

We estimated the rest-frame 1216 flux density (S1216) of the AGNs of our sample from the
SDSS u- and g-band magnitudes and then obtained the UV luminosity (L1216) using the
expression 4πD2

LS1216/(1 + z) where DL is the AGN luminosity distance (e.g. Curran et al.
2008). Figure 5.2 compares the distribution of the UV luminosities of the AGNs of our sample
with that of the extended radio sources of the low-z sample of Maccagni et al. (2017). The UV
luminosity of our AGNs ranges from 1018 W Hz−1 to 1023.7 W Hz−1 with the median value
being 1.2× 1022 W Hz−1, while the median LUV for the low-z sample is 1.2× 1019 W Hz−1.
However, all but two of our AGNs have rest-frame UV luminosities below 1023 W Hz−1; our
sample thus allows us to test the hypothesis of a UV luminosity threshold that results in the
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Figure 5.4 – Comparison of the velocity-integrated H i 21-cm optical depth between the ex-
tended radio sources of the Maccagni et al. (2017) sample (blue squares for detections and
arrows for non-detections) at z < 0.25 and all the sources of our sample (red arrows). We
have also included the extended radio sources from the study of Aditya (2019) (black arrows) at
0.7 < z < 1.0, which are combined with our sample for the analysis (see Sect. 5.3.3 for more
details). The velocity-integrated H i 21-cm optical depth has been estimated for both samples
uniformly.

paucity of H i 21-cm absorption detections at high redshifts.

The distribution of the rest-frame 1.4 GHz radio luminosities of our sample is shown in Fig.
5.1, along with the data for the z < 0.25 AGNs of Maccagni et al. (2017) and all the searches in
the literature at 0.25 < z < 1.0 (e.g. Aditya & Kanekar 2018a,c; Aditya 2019; Yan et al. 2016;
Grasha et al. 2019; Carilli et al. 1998; Salter et al. 2010). The 1.4 GHz radio luminosity of our
sources ranges from 1026.3 W Hz−1 to 1027.4 W Hz−1. The figure shows that the typical radio
luminosity of the AGNs of our sample is significantly lower than that of AGNs at z ≈ 0.5−1.0
that have been earlier searched for H i absorption: the median 1.4 GHz luminosity of our
sample is ∼6 × 1026 W Hz−1, nearly an order of magnitude lower than that of sources at
similar redshifts in the literature (median 1.4 GHz luminosity ∼5× 1027 W Hz−1). However,
the typical 1.4 GHz luminosity of our AGNs is systematically higher than that of the low-z
sample of Maccagni et al. (2017).

We note that, as mentioned in Sect. 5.2.1, the SDSS classification of some of the AGNs
is ‘galaxy’ while it is ‘quasar’ for the rest, and this may suggest a possible difference in
the orientation that thereby impacts the detection of H i 21-cm absorption. However, our
sample is dominated by extended radio sources and none of these show a flat radio SED. This
implies that for none of these sources the line of sight is along the radio-jet axis as a quasar
classification would suggest. Hence we argue that orientation effects are not significantly
different for the sources classified as quasars in the SDSS compared to the rest of the sample.
Furthermore, Curran et al. (2008) have shown that for LUV < 1023 W Hz−1, the H i 21-cm
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detection rate among the sources classified as quasars or otherwise is comparable.

5.3.3 Redshift evolution of the detection rate of H i 21-cm absorption

To test for evolution in the detection rate of H i 21-cm absorption, one has to compare with
a low-redshift comparison sample with properties similar to that of the target sample. The
study of Maccagni et al. (2017) is the largest at z < 0.25 and consists of sufficient number
of sources in different sub-samples (based on morphology) for a statistical analysis. Thus we
compare our sample with that of Maccagni et al. (2017).

At low redshifts, Maccagni et al. (2017) find a difference in the detection rates of H i 21-
cm absorption between extended and compact radio sources: extended radio sources have a
detection rate of ∼16%, while compact radio sources have a higher detection rate of ∼30%
(Geréb, Morganti & Oosterloo 2014; Geréb et al. 2015; Maccagni et al. 2017). The lower H i
21-cm detection rate in extended radio sources could be due to (i) a low covering factor or
(ii) orientation effects. The low-z studies have found that most of the H i arises from gas
settled in a disc, in which case the chance of detecting H i absorption strongly depends on
the orientation of the disc with respect to the radio source. However, Geréb, Morganti &
Oosterloo (2014) show that, even without correcting for a low covering factor, the detection
rate of 16% in extended radio AGNs is consistent with the H i 21-cm absorption arising from
a quiescent gas disc.

Since our sample is dominated by extended radio sources, we compare the detection rate
of H i 21-cm absorption in these sources to that in the extended radio sources of Maccagni
et al. (2017). We note that it is not possible to make a similar comparison with studies at
0.25 < z < 0.7 due the small number of extended radio sources searched for H i absorption.

The integrated H i 21-cm optical depth has been estimated uniformly for all the sources in
both the samples. We note that the covering factor has not been considered for estimating
the H i 21-cm optical depth in both high- and low-z samples. The median spatial resolution
for the two samples is comparable: for our sample it is ∼56 kpc while that for Maccagni et al.
(2017) sample is 42 kpc. Thus, we argue that a correction for covering factor is not necessary
for this study.

Our H i 21-cm optical depth sensitivity is similar to that of Maccagni et al. (2017). Figure 5.4
compares the velocity-integrated H i optical depth of all 29 sources in our sample and that of
the extended radio sources in the sample of Maccagni et al. (2017). It is clear that the H i 21-cm
optical depth sensitivity of our observations is sufficient to detect H i 21-cm absorbers similar
to those seen by Maccagni et al. (2017) at z < 0.25. Further, as mentioned in Sect. 5.2.5,
we stacked the 29 H i 21-cm spectra but did not obtain a detection of the stacked H i signal,
with the 3σ upper limit τ3σ = 0.17% per 50 km s−1 channel on the stacked H i 21-cm optical
depth.

All of the extended radio sources of Maccagni et al. (2017) have UV luminosities lower than
1023 W Hz−1. Of the 24 extended radio sources in our sample, one has UV luminosity above
the proposed cutoff limit; we exclude this source from the comparison, in order to ensure that
all the sources being compared are below the UV luminosity threshold. Further, we include
the extended radio sources searched for H i 21-cm absorption at 0.7 < z < 1.0 reported in
the literature. Most of the sources that have been searched for H i 21-cm absorption with
sensitivity comparable to our sample in this redshift range (Carilli et al. 1998; Vermeulen
et al. 2003; Salter et al. 2010; Yan et al. 2016; Aditya & Kanekar 2018a,c) are only compact
radio sources. The study of Aditya (2019) alone consists of five extended radio sources with
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UV luminosity below 1023 W Hz−1. Including these five sources, we have a final high-z sample
of 28 extended radio sources with no detection of H i 21-cm absorption at 0.7 < z < 1.0.

We thus obtain a detection rate of 0+6.6% in the high-z sample, where the errors are 1σ
Gaussian errors taking into account small-number statistics (Gehrels 1986). In the low-z
sample, Maccagni et al. (2017) obtain 17 detections of H i 21-cm absorption from 108 extended
sources, yielding a detection rate of 15.7+4.8

−3.8%. While the H i 21-cm detection rate appears
higher in the low-z sample, the relatively small size of the high-z sample implies that the
difference between detection rates has < 2σ significance.

However, since the low-z sample contains both detections and non-detections of H i 21-cm
absorption, while the high-z sample contains only non-detections, a proper comparison be-
tween the values of the H i 21-cm optical depths requires the use of survival analysis (e.g.
Isobe, Feigelson & Nelson 1986). We hence further carried out a two-sample Peto-Prentice
generalised Wilcoxon test for censored data (Feigelson & Nelson 1985; Isobe, Feigelson &
Nelson 1986; Isobe & Feigelson 1990) to compare the distributions of velocity-integrated H i
21-cm optical depths in the low-z and high-z samples after estimating the value uniformly
for both the samples. We find that the null hypothesis that the H i 21-cm optical depths of
the two samples are drawn from the same distribution is rejected (p-value ≈ 0.0029) at ∼ 3σ
significance. We thus find statistically significant evidence that the H i 21-cm optical depth
in low-z extended radio AGNs are higher than in extended AGNs at high redshifts.

5.3.4 Cause of the evolution of the detection rate

UV luminosity

All sources of the two samples have UV luminosities < 1023 W Hz−1. The exact effect of UV
luminosity on cold gas in the host galaxy is unclear and even if not a complete ionisation of
gas, the UV luminosity, may still result in a decrease in the H i 21-cm absorption strength.
However, below 1023 W Hz−1, such an inverse correlation between the H i 21-cm absorption
strength and UV luminosity is not seen in earlier studies (e.g. Aditya & Kanekar 2018a,c;
Curran et al. 2008, 2013a). Based on these results we argue that the effect of UV luminosity
is not significant in the observed difference in the H i 21-cm optical depths of the two samples.
A study with much larger sample size spanning a wide range of UV luminosities, possible only
with deep wide-field H i surveys, will be able to probe this further.

Radio luminosity

Next, we consider the contribution of rest-frame 1.4 GHz radio luminosity to the observed
difference in the H i 21-cm optical depth in the two samples. The H i spin temperature could
be affected by the radiation from the AGN in the region close to the radio source (Bahcall
& Ekers 1969). Furthermore, most of the H i 21-cm absorption in radio AGNs arises from
gas within a few kiloparsecs of the central radio source (Morganti & Oosterloo 2018). Thus
it is possible that high radio luminosity would have resulted in an increased Tspin in high-z
sources. In that case a higher optical depth sensitivity would be required to detect the gas of
similar NH i as the low-z absorbers. Though the radio luminosity in our sample is lower than
that of most of the sources studied so far, it is at least three orders of magnitude higher than
that of the low-z sources.

However, in the sample of Maccagni et al. (2017), which spans three orders of magnitude in
radio luminosity, there is no dependence of the integrated H i 21-cm optical depth on the rest-
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frame 1.4 GHz radio luminosity in the entire sample. Furthermore, at z > 0.25, the studies
reported in the literature for sources with L1.4GHz < 1027 W Hz−1 (the median luminosity of
our sample), the integrated H i 21-cm optical depths do not appear to be correlated with the
rest-frame 1.4 GHz luminosity (see, for example, Aditya & Kanekar 2018a,c). Thus although
we cannot rule out the impact of radio luminosity on the ambient H i, based on the empiri-
cal evidence, we argue that it is unlikely that radio luminosity could significantly affect the
detection rate of H i 21-cm absorption.

Redshift evolution of the physical conditions of HI

It thus appears that neither the UV nor the 1.4 GHz radio luminosities of the AGNs of our
sample are likely to significantly affect our low detection rates of H i 21-cm absorption at
z ≈ 0.7− 1.0. Thus, the lower H i 21-cm optical depth in the high-z AGN sample is likely to
arise due to redshift evolution in H i conditions in AGN environments at z < 1. This could
arise either because the H i spin temperature in the radio-AGN host galaxies is higher at
high redshifts, as has been observed for the high-z damped Lyman-α absorbers (e.g. Kanekar
et al. 2014), or because the H i column density is lower in high-z AGN environments. An
independent estimate of the H i column density would be needed to disentangle the high-Tspin

and the low-NH i scenarios.

5.3.5 Low-luminosity radio sources and unbiased surveys

Low-luminosity radio sources, with rest-frame 1.4 GHz luminosities . 1025 W Hz−1, dominate
the radio AGN population at all redshifts (e.g. Best et al. 2005; Willott et al. 2001; Simpson
et al. 2012; Pracy et al. 2016; Šlaus et al. 2020). It is hence imperative to study conditions in
H i 21-cm in the environments of low-luminosity radio sources of different radio morphologies,
and different optical and host-galaxy properties, at all redshifts to obtain a complete picture
of the role of radio AGNs in the evolution of their host galaxies. Unfortunately, targeted H i
21-cm absorption studies of such ‘typical’ radio AGNs at z & 1 would require large amounts
of observing time with the best radio telescopes today, and are hence unlikely to be feasible
for large AGN samples. However, a large number of such low-luminosity AGNs would lie
within a given pointing and the instantaneous H i 21-cm coverage of radio interferometers
such as the upgraded GMRT, MeerKAT (Booth & Schaye 2009), and the Australian Square
Kilometer Array Pathfinder (ASKAP; Johnston et al. 2008). It will hence be possible to
use deep observations of individual sky fields with these telescopes to obtain unbiased H i
21-cm spectra of all the low-luminosity AGNs within the pointing and with redshifts such
that the H i 21-cm line lies within the redshift coverage of the telescope. Indeed, one of the
first such surveys has already yielded the detection of redshifted H i 21-cm absorption in a
low-luminosity (≈ 1025 W Hz−1) AGN at z ≈ 1.2 (Chowdhury, Kanekar & Chengalur 2020b).

A further advantage of such wide-field, unbiased surveys is that they would remove the intrinsic
bias against dusty sightlines that arises when targeting objects with known (optical) redshifts.
The very ability to measure an optical redshift may bias one against the sightlines that are
likely to produce the strongest H i 21-cm absorption. Such unbiased H i 21-cm absorption
surveys have already yielded a number of new detections of redshifted H i 21-cm absorption
(e.g. Allison et al. 2015, 2020, 2021; Chowdhury, Kanekar & Chengalur 2020b; Mahony et al.
2021). When combined with follow-up high spatial resolution continuum imaging and studies
of the optical properties of the AGNs and their host galaxies, these will provide valuable
insights into the role of radio AGNs in the evolution of galaxies.
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5.4 Summary
We report a deep GMRT search for associated H i 21-cm absorption in 29 radio AGNs at
0.7 < z < 1. Our non-detections of H i 21-cm absorption yield 3σ optical depth limits of
τ3σ . 1% per 50 km s−1 channel, comparable in sensitivity to low-z searches for associated
H i 21-cm absorption. We also stacked the 29 H i 21-cm spectra, aligning on the optical AGN
redshifts, to improve the average H i 21-cm optical depth sensitivity; this yielded the 3σ optical
depth limit τ3σ < 0.17% on the average H i 21-cm optical depth of the sample.

Most of the AGNs of our sample have UV luminosities < 1023 W Hz−1, which is lower than
the threshold UV luminosity that has been suggested to lower the detection rate of H i 21-cm
absorption at high redshifts. The radio luminosities of the AGNs of the sample are also lower
than those of a number of AGNs that have yielded detections of H i 21-cm absorption. Thus,
neither the UV nor the radio luminosity of the AGNs of the sample is likely to be the cause
of the low detection rate of H i 21-cm absorption.

Our sample is dominated by extended radio sources. Restricting ourselves to extended radio
sources and including five such sources from the literature, and excluding all sources with
UV luminosity above 1023 W Hz−1, we obtain a sample of 28 extended radio sources at
0.7 < z < 1.0 with LUV < 1023 W Hz−1 with searches for, but no detection of, associated
H i 21-cm absorption. We compare our sample at 0.7 < z < 1.0 with that of the extended
radio sources in Maccagni et al. (2017) at z < 0.25. Though the detection rates between
the two samples appear consistent within 2σ Gaussian errors, a statistical analysis of the
distributions of the H i 21-cm optical depths of the two samples finds statistically significant
(∼ 3σ) evidence that the strength of H i 21-cm absorption is lower at high redshifts. The
relative low UV and radio luminosities of the AGNs of our sample indicate that this result is
unlikely to arise due to a Malmquist bias in the high-z sample. We conclude that our results
suggest redshift evolution in the physical conditions of H i in AGN environments at z < 1,
with high-z AGNs having either high spin temperatures or low H i column densities, resulting
in weaker H i 21-cm absorption.
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Table 5.1 – Observation details
Source z νobs ∆t BW ∆v Beamrobust PArobust RMSmap,robust Beamnatural PAnatural RMSmap,natural RMScube

(MHz) (mins) (MHz) (km s−1) (′′×′′) (◦) (µJy beam−1) (′′×′′) (◦) (µJy beam−1) (mJy beam−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

J000353+121024 0.7632 805.54 265 25 2.27 4.35 × 3.68 46.19 75 6.12 × 5.43 -3.74 125 1.2
J023333-041240 0.8786 756.09 75 16.66 12.93 4.43 × 3.36 49.65 163 9.71 × 7.86 10.74 499 0.8
J074345+232841 0.7764 799.56 60 16.66 12.19 5.2 × 3.11 68.72 233 8.98 × 5.4 80.6 382 1.3
J075707+273633 0.8183 781.14 85 16.66 12.5 3.88 × 3.03 44.27 118 6.78 × 5.9 42.53 282 1.0
J075815+441608 0.7808 797.58 45 16.66 12.19 4.2 × 2.9 40.42 135 7.88 × 5.02 61.32 210 1.4
J082223+543824 0.8588 764.13 50 16.66 12.76 4.04 × 2.89 -2.24 100 7.53 × 5.25 21.83 181 0.8
J082325+445854 0.7956 791.04 40 16.66 12.33 4.17 × 3.12 29.58 148 9.35 × 7.86 38.15 318 1.2
J083337+221247 0.8098 784.80 60 16.66 12.44 11.79 × 4.35 -87.02 221 16.38 × 9.86 -89.94 358 0.8
J083417+601946 0.7167 827.38 45 16.66 11.82 4.71 × 3.02 7.15 131 9.58 × 6.85 22.53 217 1.6
J084051+443959 0.7693 802.76 125 25 2.3 5.81 × 2.78 73.92 65 8.9 × 4.09 83.88 65 1.5
J090835+415046 0.7336 819.30 45 16.66 11.9 4.61 × 2.78 54.56 265 7.98 × 4.43 63.07 417 2.1
J093000+250005 0.7407 815.98 45 16.66 11.96 6.75 × 3.1 81.05 229 10.13 × 5.46 84.23 571 1.5
J093150+254034 0.8124 783.71 248 25 2.3 5.62 × 2.56 86.84 455 7.96 × 3.92 85.72 560 1.3
J101557+010913 0.7795 798.20 55 16.66 12.19 4.54 × 3.4 69.66 238 8.87 × 7.96 76.79 795 1.2
J110117+331647 0.9353 733.93 65 16.63 13.27 4.33 × 3.32 48.69 480 9.74 × 5.44 56.04 856 1.5
J110426+492824 0.8995 747.77 35 16.66 13.02 4.34 × 3.22 12.27 123 9.02 × 6.08 44.97 208 1.3
J110716+053310 0.8850 753.53 10 16.66 12.93 4.96 × 3.48 70.17 1684 9.47 × 8.72 87.83 3800 3.7
J112723+530058 0.9252 737.76 13 25 2.48 8.4 × 3.44 -70.54 275 9.43 × 6.17 -71.74 535 2.5
J113019+101526 0.7869 794.86 80 25 2.3 3.69 × 3.11 -7.13 200 5.91 × 3.71 31.99 365 1.5
J113042+303134 0.7367 817.86 40 16.66 11.92 5.85 × 3.0 75.45 214 9.27 × 5.42 77.91 501 1.5
J120331+304902 0.9557 726.26 45 25 2.52 4.8 × 3.31 -35.46 300 5.84 × 5.31 11.07 300 1.4
J122451+433519 0.9479 729.16 40 25 2.5 9.29 × 2.93 85.75 152 11.92 × 4.63 -89.23 173 1.2
J131110+343916 0.79067 793.21 270 25 2.3 5.01 × 3.58 82.19 40 8.73 × 5.3 58.17 734 0.7
J131151+460844 0.8284 776.84 240 25 2.35 6.28 × 3.17 40.92 70 8.95 × 5.36 45.27 76 0.9
J132754+122308 0.9494 728.63 70 25 2.51 4.63 × 3.95 -31.7 120 6.93 × 5.25 39.89 170 1.0
J160325+143816 0.9818 716.707 40 25 2.5 5.08 × 4.06 -39.1 190 6.7 × 5.21 43.43 225 1.3
J214711+012833 0.8811 755.08 95 16.66 12.93 10.62 × 3.74 -32.58 527 13.14 × 9.4 39.73 1000 1.0
J221029+010843 0.7443 814.27 40 16.66 11.98 4.43 × 2.88 55.05 457 8.61 × 5.21 32.4 1000 1.9
J225404+005420 0.9388 732.60 30 25 2.5 6.28 × 3.1 48.76 210 5.97 × 4.84 9.97 400 1.3
J021755-012150 0.9028 746.48 40 16.66 12.2 RFI
J030313-001453 0.7000 835.53 45 16.66 11.7 RFI
J085448+200630 0.7777 799.01 60 25 2.29 RFI

The columns are: (1) source name; (2) SDSS DR9 redshift; (3) redshifted H i 21-cm line frequency in MHz; (4) on-source time in minutes; (5) bandwidth of the observations in MHz, (6) spectral
resolution in km s−1; (7), (8), and (9) beam size, position angle, and RMS of the continuum image made with ROBUST −1 weighting; (10), (11), and (12) beam size, position angle, and RMS of
the continuum image made with natural weighting; (13) RMS noise on the cube made with natural weighting with the same beam parameters as the naturally weighted continuum image.
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Table 5.2 – Derived parameters for the H i 21-cm non-detections.

Source z Sν (int) Sν (peak) ∆s τ NHI L1.4GHz LUV Continuum
(mJy) (mJy beam−1) (mJy beam−1) (cm−2) W Hz−1 W Hz−1 morphology

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
J000353+121024 0.7632 279.0 156.0 0.43 0.78 19.87 26.7 18.89 e
J023333-041240 0.8786 96.0 81.9 0.31 0.99 19.98 26.4 22.32 e
J074345+232841 0.7764 503.4 180.6 0.50 0.86 19.92 27.0 23.10 e
J075707+273633 0.8183 276.0 273.6 0.40 0.42 19.61 26.8 22.03 c
J075815+441608 0.7808 227.3 222.2 0.66 0.92 19.95 26.7 18.14 c
J082223+543824 0.8588 346.9 267.7 0.35 0.29 19.45 26.9 21.61 e
J082325+445854 0.7956 574.3 82.0∗ 0.56 2.19 20.32 27.1 22.60 e
J083337+221247 0.8098 299.4 211.8 0.29 0.42 19.60 26.8 22.14 e
J083417+601946 0.7167 189.6 160.2 0.53 0.84 19.91 26.5 22.12 e
J084051+443959 0.7693 136.2 135.6 0.52 1.06 20.01 26.4 22.24 c
J090835+415046 0.7336 294.0 218.7 0.62 0.85 19.91 26.6 22.59 e
J093000+250005 0.7407 593.7 474.3 0.61 0.32 19.49 27.0 22.49 e
J093150+254034 0.8124 203.0 202.0 0.51 0.67 19.81 26.7 21.45 c
J101557+010913 0.7795 97.8 98.7 0.55 1.52 20.16 26.3 23.73 c
J110117+331647 0.9353 283.6 251.0 0.62 0.73 19.85 26.9 22.80 e
J110426+492824 0.8995 355.2 349.6 0.56 0.43 19.62 27.0 22.05 c
J110716+053310 0.885 925.4 370.0 1.48 1.16 20.05 27.4 22.80 e
J112723+530058 0.9252 358.0 304.0 1.33 0.90 19.94 27.0 21.96 e
J113019+101526 0.7869 578.3 367.0 0.66 0.54 19.72 27.1 21.92 e
J113042+303134 0.7367 586.4 381.9 0.66 0.55 19.72 27.0 22.83 e
J120331+304902 0.9557 190.0 173.0 0.75 1.18 20.05 26.8 22.39 e
J122451+433519 0.9479 460.9 394.4 0.63 0.39 19.58 27.2 22.06 e
J131110+343916 0.7906 153.9 127.4 0.31 0.74 19.85 26.5 20.02 e
J131151+460844 0.8284 215.9 182.3 0.37 0.64 19.79 26.7 20.22 e
J132754+122308 0.9494 604.0 148.0∗ 0.44 1.00 19.98 27.3 22.12 e
J160325+143816 0.9818 379.1 372.7 0.62 0.57 19.74 27.1 21.83 c
J214711+012833 0.8811 179.9 143.5 0.40 0.77 19.87 26.7 20.58 e
J221029+010843 0.7443 324.3 319.8 0.74 0.65 19.80 26.8 20.80 c
J225404+005420 0.9388 647.4 581.5 0.59 0.32 19.49 27.3 21.92 e

The columns are: (1) source name; (2) SDSS DR9 redshift; (3) integrated radio continuum flux in mJy; (4) peak flux density in mJy beam−1; (5) RMS noise
on the spectrum after smoothing it to around 50 km s−1, in mJy beam−1; (6) 3σ optical depth limit assuming cf = 0.5; (7) 3σ limit on the H i column
density in log scale estimated assuming a Tspin= 100 K; (8) rest-frame 1.4 GHz radio luminosity in log scale; (9) rest-frame UV luminosity in log scale; (10)
continuum morphology as seen in our observations – e: extended, c: compact. Sources with a ratio Sν(peak)/Sν(int) > 0.9 were considered compact and the
rest extended sources. The UV luminosity was estimated using the SDSS u- and g-band magnitudes.
∗In this case the optical image showed that the radio core does not overlap with the peak radio emission. So we extracted the flux density from the beam
element corresponding to the location of the radio core.
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5.5 H i 21-cm spectra

Figure 5.5 – Spectra of the non-detections. The heliocentric frequency, in MHz, is marked
on top of each panel. The velocity ranges affected by RFI are shown as grey shaded regions.
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Figure 5.5 – Continued.
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5.6 Continuum images of the radio sources

Figure 5.6 – Radio continuum images of the sources in our sample. The contours typically
start at 4σ and increase in steps of

√
2 . The RMS noise and the beam sizes are listed in Table

5.2. The 4σ negative contours are shown in grey.
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Figure 5.6 – Continued.
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Abstract

The neutral atomic gas content of galaxies is usually studied in the H i 21cm emission line of
hydrogen. However, as we go to higher redshifts, owing to the weak strength of the transition,
we need very deep integrations to detect H i emission. The H i absorption does not suffer from
this dependence on distance as long as there is a sufficiently bright radio source to provide
the background continuum. However, resolved H i absorption studies of galaxies are rare.
We report one such rare study of resolved H i absorption against the radio galaxy 3C433
at z = 0.101, detected with the Very Large Array (VLA). The absorption was known from
single-dish observations, but owing to the higher spatial resolution of our data, we find that
the absorber is located against the southern lobe of the radio galaxy. The resolved kinematics
shows that the absorber has regular kinematics with an H i mass & 3.4 × 108 M� for Tspin=
100K. We also present deep optical continuum observations and Hα observations from the
Gran Telescopio CANARIAS (GTC), which reveal that the absorber is likely to be a faint
disc galaxy in the same environment as 3C 433, with a stellar mass of ∼ 1010 M� and a star-
formation rate of 0.15 M� yr−1 or less. Considering its H i mass, H i column density, stellar
mass, and star-formation rate, this galaxy lies well below the main sequence of star forming
galaxies. Its H i mass is lower than the galaxies studied in H i emission at z ∼ 0.1. Our GTC
imaging has revealed, furthermore, interesting alignments between Hα and radio synchrotron

https://doi.org/10.1051/0004-6361/202039114
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emission in the H i companion and in the host galaxy of the active galactic nucleus as well as in
the circumgalactic medium in between. This suggests that the shock ionization of gas by the
propagating radio source may happen across a scale spanning many tens of kpc. Overall, our
work supports the potential of studying the H i content in galaxies via absorption in the case
of a fortuitous alignment with an extended radio continuum source. This approach may allow
us to trace galaxies with low H i masses which would otherwise be missed by deep H i emission
surveys. In conjunction with the deep all-sky optical surveys, the current and forthcoming
blind H i surveys with the Square Kilometre Array (SKA) pathfinder facilities will be able to
detect many such systems, though they may not be able to resolve the H i absorption spatially.
Phase 1 of the SKA, with its sub-arcsecond resolution and high sensitivity, will be all the more
able to resolve the absorption in such systems.

Keywords: galaxies: active – radio lines: galaxies – galaxies: ISM – galaxies: individual:
3C 433

6.1 Introduction

Neutral atomic hydrogen (H i) plays an important role in the formation and evolution of
galaxies. Hence, attaining a deeper understanding of this component of gas in galaxies (i.e.
the content, distribution, kinematics, etc.) is of interest in the study of galaxy evolution.
The H i content, traced by the 21cm line, in galaxies in the local Universe has been studied
extensively in emission (e.g. Wright 1971; Rogstad, Lockhart & Wright 1974; Sancisi 1976; van
der Kruit & Allen 1978; van der Hulst 1979; van der Hulst et al. 1987; Oosterloo & Shostak
1993; Barnes et al. 2001; Koribalski et al. 2004; Giovanelli et al. 2005b,a; Catinella et al.
2010, 2012; Spekkens et al. 2014; Odekon et al. 2016; Jones et al. 2018). These studies have
provided insights into the relation between H i content and stellar mass, galaxy structure, star-
formation rate, etc. There have also been extensions of such studies beyond the local universe
(e.g. Catinella et al. 2008; Catinella & Cortese 2015; Verheijen et al. 2007; Hess et al. 2019;
Bera et al. 2019; Blue Bird et al. 2020; Gogate et al. 2020). However, even with very deep
integrations, direct detections of H i in emission have so far been from gas-rich, star-forming
galaxies (≥ 2 × 109M�; e.g. Zwaan, van Dokkum & Verheijen 2001; Catinella et al. 2012;
Fernández et al. 2016; Hess et al. 2019) and mostly for redshifts below z ∼ 0.1.

H i absorption studies do not suffer from this limitation of redshift because the detection
of H i in this case is possible with short integration times provided there is a strong radio
continuum in the background. Hence, H i absorption studies have been employed extensively
to study atomic gas in damped Lyman-α systems and MgII absorbers (e.g. Kanekar et al.
2009; Gupta et al. 2009; Kanekar et al. 2014) and the host galaxies of active galactic nuclei
(AGN; e.g. Morganti, Tadhunter & Oosterloo 2005; Morganti et al. 2013; Allison et al. 2015;
Aditya, Kanekar & Kurapati 2016; Aditya et al. 2017; Chowdhury, Kanekar & Chengalur
2020a; Morganti & Oosterloo 2018, and references therein) as well as in the study of the
distribution of H i in the halo of galaxies (e.g. Gupta et al. 2010; Borthakur 2016; Dutta et al.
2017). However, by design, these studies have mostly focused on compact radio sources.

In cases where the absorption is detected against an extended radio continuum, it is possible
to study the absorber in greater detail. The properties of H i at parsec scales have been probed
against the extended radio continuum using very long baseline interferometry techniques (e.g.
Borthakur et al. 2010; Srianand et al. 2013; Gupta et al. 2018; Schulz et al. 2018). When it
is possible to resolve H i absorption at kpc scales, we can extract information that is similar
to what we obtain from H i emission studies on the distribution and kinematics of cold gas
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at galactic scales. Yet, there have only been a few studies so far where a galaxy has been
imaged in H i absorption at kpc scales; for example, the intervening spiral galaxies towards
3C 196 at z ∼ 0.4, PKS 1229−021 at z ∼ 0.395 (Kanekar & Briggs 2004) and the spiral galaxy
UGC 00439 at z ∼ 0.02 of a quasar-galaxy pair (Dutta et al. 2016). A great deal can also
be inferred even when the absorption itself is unresolved, but knowledge of the background
radio structure at a higher spatial resolution is available, which can be used to constrain the
nature of the absorbing gas via modelling (e.g. Briggs 1999; Briggs, de Bruyn & Vermeulen
2001; Murthy et al. 2019).

With the commencement of large, deep, blind H i surveys planned with the Square Kilometre
Array (SKA) and its pathfinder and precursor facilities, which are capable of simultaneously
covering a large redshift range, there is the potential to expand such studies to large numbers
and to gain particularly valuable insights at higher redshifts.

Here, we present an example of such a study of resolved H i absorption towards the radio galaxy
3C433. As we detail below, 3C 433 has a highly asymmetric radio morphology with most of
the flux density arising from the southern lobe. The H i absorption was detected towards
3C 433 by Mirabel (1989) using the Arecibo telescope. Due to the brightness asymmetry in
the radio continuum, the authors proposed that the absorption is likely to arise against the
southern lobe. Since the large size of the lobe could provide an extended background, this
system is a good candidate for carrying out a resolved H i study in absorption.

The peculiar radio morphology of 3C 433, as seen in Fig. 6.1, has already been discussed in
various studies (e.g. van Breugel et al. 1983; Parma, de Ruiter & Cameron 1991; Black et al.
1992; Leahy et al. 1997). It has a projected angular size of 58′′, corresponding to a linear size
of 110 kpc. It has a weak radio core at the base of a highly collimated jet expanding to the
north. The jet is initially slightly curved and has a gap in the middle. There is no similar
jet-like feature to the south. Instead, the southern lobe has a large opening angle (80◦) right
at the beginning and contributes to ∼ 85% of the radio emission from this source at 1.4 GHz.
The southern lobe does not exhibit a relaxed morphology but, instead, it protrudes at the end
of the lobe as if it has been pinched. It also contains a hotspot and various complex and fine
structures (see e.g. Fig. 19 in Leahy et al. 1997). Thus, in the Fanaroff & Riley (1974, FR)
classification scheme, 3C 433 is a hybrid-morphology source exhibiting an FR I radio jet and
an FR II radio lobe. In addition, the southern lobe has a faint wing on the western side, which
appears to lie at the same angle from the core as the outer emission in the northern lobe. This
emission gives 3C 433 an X-shaped appearance (e.g. Lal & Rao 2007; Gillone, Capetti & Rossi
2016).

The host galaxy of the 3C 433 is a part of an interacting pair, enclosed in a common envelope
(see Fig. 6.1; Matthews, Morgan & Schmidt 1964; van Breugel et al. 1983; Baum et al. 1988;
Smith & Heckman 1989; Black et al. 1992). It has been found to have young stellar population
with ages 0.03 < tYSP < 0.1 Gyr (Tadhunter et al. 2011), which is very likely formed due
to the ongoing interaction. Miller & Brandt (2009) have carried out X-ray observations with
Chandra and find diffuse X-ray emission in the soft-band, which curves along the east side of
the southern lobe in the 0.5 - 2 keV smoothed image.

In order to localise and, if possible, resolve the H i absorber, we observed 3C433 with NSF’s
Karl G. Jansky Very Large Array (VLA) in the B configuration. Furthermore, to better
characterise the absorber, we also obtained deep, narrow, and medium band optical continuum
and Hα images of the field with the Gran Telescopio CANARIAS (GTC). Interestingly, we
find that the absorption is due to an intervening disc galaxy with a redshift close to that
of 3C 433. This allows us to study the properties of the galaxy in detail and explore the
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possibility of an interaction between the radio lobe of 3C 433 and the galaxy, as well as its
effect on the observed morphology of the radio lobe.

We describe our radio and optical observations in Sect. 2, present our results in Sect. 3,
and discuss the possible origin of the H i absorption and its implications in Sect. 4. Finally,
we summarise our findings in Sect. 5. We have assumed a flat universe with H0 = 67.3
km s−1Mpc−1, ΩΛ = 0.685, and ΩM = 0.315 (Planck Collaboration et al. 2014) for all our
calculations. 3C 433 is at z = 0.1016±0.0001 (an optical systemic velocity of 30458.9 km s−1;
Schmidt 1965; Hewitt & Burbidge 1991) where 1′′ corresponds to 1.943 kpc.

6.2 Observations and data reduction

6.2.1 VLA observations

Our VLA observations were carried out in July 2002 with antennas in B configuration (project
id: AM0730). We observed 3C 433 for 4.5 hours in total. Because the observations were
performed before the upgrade to the VLA wideband WIDAR correlator, only a single Stokes
parameter (RR) was used in order to cover a sufficiently wide bandwidth of 6.2 MHz subdivided
into 127 channels. The observations consisted of interleaved scans on the flux and bandpass
calibrator (3C 48), the phase calibrator (B2 2113+29), and the target.

The data reduction was done in ‘classic’ AIPS (Astronomical Image Processing Software).
We first flagged the bad baselines and bad data. Then determined the antenna-dependent
gain and bandpass solutions using the data on calibrators. We then iteratively improved
the gain solutions via self-calibration. Initially, we carried out a few cycles of imaging and
phase-only self-calibration. Then carried out a round of amplitude and phase self-calibration
and imaging. We then subtracted the continuum model from the calibrated visibilities and
flagged the residual UV data affected by radio frequency interference. We fit a second-order
polynomial to the line-free channels of each visibility spectrum. Finally, we imaged this UV
data to get the spectral cube.

We made the continuum map using robust weighting of -1, averaging all the line-free channels
together. It has a restoring beam of 5.39′′ × 4.72′′ with a position angle of -89.27◦ and has
an RMS noise of ∼ 2.6 mJy beam−1. We made the spectral cube with the same weighting
and the same restoring beam as the continuum map. It has an RMS noise of ∼ 1.2 mJy
beam−1 channel−1 for a channel width of 12.5 km s−1, without any spectral smoothing. The
H i moment maps (shown in Fig. 6.1 and Fig. 6.4) were produced from this spectral cube by
adding the channels across which the absorption was found.

The peak flux density of the target is 1.3 ± 0.1 Jy beam−1. The integrated flux density is
14.2 ± 0.7 Jy. The southern lobe contains ∼ 85% of the total flux density (∼ 13 Jy). The
uncertainty on the flux density scale at the observed frequency is assumed to be 5% (Perley
& Butler 2017).
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Figure 6.1 – Left panel: Optical image of 3C 433 environment from GTC is shown in the
background. Black contours show the radio continuum at 1.12 GHz as observed with the VLA.
Contours start from 4σ (13 mJy beam−1) and increase by a factor of 2. Our VLA radio image
has a beam of 5.39′′× 4.72′′, shown in the bottom right corner. Blue contours show the 3.6
cm map by Black et al. (1992). Contour levels start from 30µJy beam−1 (3σ) and increase by
a factor of two. The region in the white box is blown up in the two images on the right panel.
The radio core of 3C 433 as identified by van Breugel et al. (1983) is marked with a black cross.
Right panel (bottom): Blow-up of the image in the left panel with the H i column density
(NHI) contours shown in white. The NHI contours start from 0.7 ×1018(Tspin/f) cm−2 and
increase in steps of 0.3 ×1018(Tspin/f) cm−2. The image clearly shows that the H i absorber
overlaps with an optical galaxy. Right panel (top): Hα contours (from GTC) overlaid on
the optical image. The Hα contours levels are: (2.7, 3.2, 3.7, 4.3, 4.9, 5.4, 6 and 6.4) ×
10−18 erg s−1 cm−2. The 3.6cm radio contours (same as that in the left panel) are shown in
blue.
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Figure 6.2 – GTC imaging of the galaxy at the location of the H i absorption. Shown: the
r-band continuum image (left), the narrow-band image with both Hα and continuum included
(middle), and the continuum-subtracted Hα image (right). The galaxy is indicated by the black
arrow in each panel. The details on these images are given in Sect. 6.3.

More recent VLA observations of 3C 433 from 2017 (project id: 17B-016) are available in
the archive. A part of these observations was carried out in spectral line mode with a 16
MHz band, centred at the redshifted Hi 21cm frequency, subdivided into 1024 channels. Thus,
these data have a significantly better spectral resolution that would enable us to study the
absorption profile in greater detail. Unfortunately, these observations are severely affected by
RFI and the data are unusable.

6.2.2 Optical and Hα data

Optical narrow and medium band images of 3C 433 were taken with the GTC on 11 Sept 2017
(project GTC48-17B), using the Optical System for Imaging and low-Intermediate-Resolution
Integrated Spectroscopy (OSIRIS). The Hα emission line was captured using the tunable
narrow-band filter f723/45, centred at a wavelength of 7234 Å with a full width at half the
maximum intensity (FWHM) of 20 Å. The continuum emission was observed with the medium-
band order sorter filter f666/36, which has a central wavelength of 6668 Å and an FWHM
of 355 Å. This corresponds to r-band wavelengths and is free of emission lines. The total
on-source exposure time was 1 h in the narrow-band filter, divided into 15 dithered exposures
of 250 sec. For the medium-band filter, this was 25min, with 15 dithered exposures of 100 sec.
The observations were performed in queue mode under seeing conditions of roughly 1′′.

We reduced the data using the Image Reduction and Analysis Facility (IRAF; Tody 1986).
After a standard bias subtraction and flat-fielding, we co-added the images in each filter
while removing cosmic ray. Because the wavelength tuning is not uniform for the OSIRIS
narrow-band filters, the effective field of view is significantly smaller than the unvignetted 7.8′

coverage of the CCD, and background gradients are introduced in the narrow-band imaging.
We removed these background gradients as best as possible by fitting a 2-D polynomial to
the background emission and subtracting this from the narrow-band image. We used the
same technique to produce the medium-band image of the continuum. We then subtracted
the medium-band continuum image from the narrow-band image to obtain an image with
only Hα emission. We did this by scaling down the raw counts of the continuum image by
a factor 5.75 (derived empirically) and then subtracted that from the narrow-band image.
In the resulting Hα image, any remaining background gradient was removed by fitting the
background separately across RA and Dec while manually excluding emission from galaxies,
stars and artefacts, and then subtracting a 2D average of these RA and Dec fits from the Hα
image. Due to the large uncertainty in absolute astrometry of the GTC data, we shifted the
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Figure 6.3 – Integrated H i ab-
sorption spectrum from the VLA.
The spectrum has been shifted to
the restframe of 3C 433 i.e. z =
0.1016 ± 0.0001. We see that
the peak absorption is only ∼ 50
km s−1blueshifted with respect to
the systemic velocity of 3C 433.
The VLA spectral cube has an RMS
noise of 1.2 mJy beam−1 and a ve-
locity resolution of 12.5 km s−1.

final GTC images by 2′′ to align with the existing Hubble Space Telescope (HST) imaging.
We would like to note here that the artefacts associated with the point or highly nucleated
sources seen in the Hα images are unavoidable. Spatial shifts of a small fraction of a pixel
and/or small differences in seeing size between the continuum and narrowband images will
always produce such artefacts.

We do not have an absolute calibration for our GTC images since we did not observe a
standard star, as that would have resulted in a large increase in the overhead time for these
queue-mode observations. Fortunately, a part of the field covered by our observation has
been observed by the Sloan Digital Sky Survey (SDSS) and, hence, the SDSS stars could be
used for calibration. To this end, we first extracted the point sources in our image using
SExtractor (Bertin & Arnouts 1996). The software generated a catalogue of sources from
which we selected those sources with CLASS_STAR > 0.85 and FLAG < 4. This was done
to ensure that we selected only the point sources which are not saturated. We extracted the
instrumental magnitudes for these stars from SExtractor via the MAG_AUTO parameter.
We cross-matched the stars thus obtained with the stars in the SDSS Data Release 12 r-
band catalogue (Alam et al. 2015). Thence, we obtained the zero-point magnitude by taking
the difference between the SDSS magnitude and the magnitude obtained from SExtractor.
The final zero-point magnitude is the mean of the zero-point magnitudes thus obtained. We
obtained a final zero-point magnitude of 26.71 ± 0.49 for our continuum image. The GTC
images, corrected for the astrometric offset using the HST imaging as mentioned above, align
with the SDSS stars.

As we go on to explain in the sections to follow, a faint galaxy located close to the edge of
the southern radio lobe of 3C 433 is of particular interest for this work. Figure 6.2 shows
the medium-band, narrow-band, and Hα GTC images of this galaxy. We used GALFIT
(Peng et al. 2002, 2010) to characterise this galaxy. We used a cutout of the field (123 × 134
pixels), including the galaxy, as the input to GALFIT. We fit for the centre of the galaxy,
integrated r-band magnitude, effective radius (re), axial ratio, and the sky background. The
initial guess for the centre of the galaxy, effective radius, and the axial ratio were determined
visually. The initial guess for the integrated r-band magnitude was input from the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS) r-band catalogue (Chambers
et al. 2016; Flewelling et al. 2016) in which the galaxy is detected. We fine-tuned the initial
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Figure 6.4 – H i absorption velocity field
with the contours of the radio continuum of
3C 433 (from the VLA observations) over-
laid. Contour levels and the beam (shown
in the bottom right corner) are as in Fig.
6.1.

parameters over a few iterations and found that the final fit values agreed within the error
bars. This galaxy has also been detected in the Pan-STARRS g-band image. We extracted
the g-band integrated magnitude of the galaxy following the same procedure as mentioned
for our continuum image using SExtractor and GALFIT on the Pan-STARRS image. We
have summarised the fit parameters in Table 6.1.

Then we performed aperture photometry in continuum using the Astropy Photoutils package
(Bradley et al. 2019). We used circular apertures of radii varying from 0.1re to re. We did not
extend beyond the unit effective radius for the presentation of the surface brightness profile
due to the presence of a bright source to the south of the galaxy whose contribution would
become significant beyond that distance. The choice of circular aperture was motivated by
the high axial ratio of the galaxy (see Sect. 6.3) as obtained from GALFIT. We discuss the
parameters obtained in Sect. 6.3.2.

6.3 Results

The radio and the optical data both show interesting and new features. We describe them
below, including the optical properties of both the host galaxy of 3C 433 and its environment.
We then focus only on the H i absorber in the discussion in Sect. 6.4.

6.3.1 Radio continuum and the H i absorption

Our VLA continuum map of 3C 433 is shown in Fig. 6.1, left panel in black contours. Due to
low spatial resolution, the fine structures and the hot-spot in the southern lobe mentioned in
Sect. 6.1 are smoothed out in our continuum map. However, the X-shaped morphology and
the brightness difference between the northern and southern lobes are evident.

As expected, we detected the H i absorption and, interestingly, we find that the absorption
is confined to the southern part of the southern lobe. The location of the H i absorption is
indicated by the white contours in Fig. 6.1 (bottom-right panel). As mentioned in Sect. 6.1,
Mirabel (1989) had suggested that the H i absorption may arise towards the southern radio
lobe since it contains most of the flux. Our observations clearly show that the H i is confined
(in projection) to a small part of the lobe. This is essential for the interpretation of the origin
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Filtre Magnitude Reff (′′) Axial ratio
(1) (2) (3) (4)
r 16.61±0.15 3.3±0.4 0.88±0.02
g 17.22±0.08 2.6±0.3 0.93±0.07

Table 6.1 – Summary of the GALFIT parameters. The columns are: (1) Filtre; (2) Integrated
apparent magnitude; (3) Effective radius (′′); (4) Axial ratio

of the absorption, as we discuss in Sect. 6.4. The integrated H i absorption profile extracted
from the region detected in H i absorption is shown in Fig. 6.3. The absorption is ∼ 50 km s−1

blue-shifted from the systemic velocity of 3C 433, which is in agreement with that reported
by (Mirabel 1989). The integrated absorption line is ∼ 40 mJy deep and has a full width at
zero intensity (FWZI) of ∼ 80 km s−1.

The H i column density distribution is shown in Fig. 6.1, bottom-right panel. The average H i
column density is (1.0 ± 0.2) × 1018 (Tspin/f) cm−2 where Tspin is the gas spin temperature
and f is the covering factor which, in this case, is unity on the account of the absorber being
resolved. The absorber is ∼ 60 kpc, in projection, from the radio core of 3C 433 identified
by van Breugel et al. (1983). The velocity field is shown in Fig. 6.4 and Fig. 6.5 shows the
position-velocity (PV) diagram along the major axis of the absorber. We find that the velocity
gradient is smooth throughout the structure, and is probably related to rotation.

There is a steep gradient in the brightness of the southern lobe and the flux density decreases
away from the region overlapping with the detected H i. The average flux density in the region
immediately northwards of the absorber is ∼ 700 mJy beam−1. Using this and assuming an
absorption profile of the same FWHM as the detected integrated absorption (60 km s−1),
we derive a 3σ H i column density sensitivity of 7.5 × 1017 (Tspin/f) cm−2 towards regions
northwards of the absorber. Similarly, the average flux density to the south of the absorber is
∼ 50 mJy beam−1. That gives us a 3σ sensitivity of 9 × 1018 (Tspin/f) cm−2 in the regions
south to the absorber. Thus, if there is more of H i in the region northwards that is covered
by the radio continuum, we would have been able to detect it but not towards the southern
regions, where the continuum emission drops rapidly.

6.3.2 Optical and Hα counterparts of the H i absorber

As can be seen from Fig. 6.1, a faint galaxy is present, in projection, at the location of the H i
absorption and, hence, it is of interest as a possible candidate giving rise to the absorption.
Because of this, we characterised this galaxy further using the methods described in Sect. 6.2.
The galaxy is shown clearly in Fig. 6.2 and has an effective radius, re = 3.3′′, that is, 6.3 kpc
and an axial ratio of 0.88. Fig. 6.8 shows the surface brightness profile of this galaxy up to
one effective radius. We find that an exponential disc fits the surface brightness profile very
well.

We measured an r-band integrated apparent magnitude of mr = 16.61. As mentioned in Sect.
6.2, this galaxy has also been detected by Pan-STARRS in g-band with an integrated apparent
magnitude, mg = 17.22. Thus, the K-corrected (Chilingarian, Melchior & Zolotukhin 2010;
Chilingarian & Zolotukhin 2012) g−r colour of the galaxy is 0.46. Using the correlation
between the mass-to-light ratio and the K-corrected g−r colour given by Bell et al. (2003), we
obtain a stellar mass M∗ ∼ 6.7 × 1010 M� for the galaxy.

Our GTC observations reveal an interesting morphology for the Hα emitting gas in this galaxy
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Figure 6.5 – H i position-velocity diagram
of the absorber galaxy extracted along the
major axis of the H i absorption (i.e. ∼
63◦, visually determined). Contour levels
are: 3.5, 7.3, 11.7, 16.0, and 20.4 mJy
beam−1. The systemic velocity of 3C 433
is 30458.9 km s−1.

as shown in Fig. 6.1 top-right panel. We detected Hα emission from the central stellar region
of the galaxy and also along the eastern edge. It is worth noting that this outer Hα blob
coincides with the outer boundary of the radio lobe (see Fig. 6.1). We come back to this
aspect in Sect. 6.4. One possibility is the presence of an interaction between the radio lobe
and the galaxy, and that this component of Hα emission is due to shock excitation of the gas
resulting from this.

The total Hα flux from the galaxy is 5 × 10−16 erg cm−2 s−1 while the emission from only
the central region is ∼ 2 × 10−16 erg cm−2 s−1. With these Hα fluxes, we can estimate
the star-formation rate (SFR) using the Kennicutt-Schmidt law (Kennicutt 1998). Assuming
that all the Hα emission detected from the galaxy arises from star formation activity, we
obtain a star-formation rate (SFR) of 0.11 M� yr−1. If only the Hα emission arising from the
centre of the galaxy is due to star formation (while the eastern Hα component is due to shock
excitation), we obtain a lower limit to the SFR of 0.035 M� yr−1. The SFR is lower even if
we are to infer it from other tracers such as the infrared (IR) luminosity: following Kewley
et al. (2002), we use the relation SFR (IR) ∼ 2.7 × SFR (Hα)1.3 and find that SFR(IR)
ranges from 0.15 M� yr−1 to 0.034 M� yr−1 for the two cases mentioned above.

We note here that the H i centre of the galaxy is offset from the optical centre (Fig. 6.1,
bottom-right panel). The left panel of the same figure shows the location of the optical galaxy
with respect to the radio lobe (at higher spatial resolution than our VLA map; blue contours).
We find that the radio continuum does not intercept the galaxy in its entirety since the latter
is located at the boundary of the former. Therefore, it is likely that a part of the H i disc
could be missing due to the absence of background radio continuum in that region. Thus, the
mismatch between the H i and optical centres could be due to the non-detection of a part of
the H i disc.
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Figure 6.6 – Hα image of 3C433 and its environment. Left: Low surface-brightness emission
in the circum-galactic environment of 3C 433, showing the companion galaxy to the south and
several Hα emitting regions. The white dots are mostly the residuals of saturated foreground
stars that could not be accurately subtracted. The black and dark blue contours show the low-
and high-resolution VLA radio continuum images previously shown in Fig. 6.1. The contour
levels are at 0.2, 0.5, 1.0, 1.5, 2.0 mJy beam−1 for the high-resolution data (blue) and 15,
60, 700 mJy beam−1 for the low-resolution data (black). Light blue contours highlight the Hα
emission shown in more detail on the right-hand side. The contour levels are at 4.3, 6.4,
12.8, 25.7, 47 percent of the peak intensity. Light-blue dashed line visualizes the direction
perpendicular to the Hα structure in the center. Right: Hα emission in the central radio
galaxy, shown at two different contrasts.

6.3.3 Hα in the host galaxy of 3C 433

3C433 is associated with one of the galaxies in an interacting pair surrounded by a common
envelope (Matthews, Morgan & Schmidt 1964). Earlier optical broad-band, narrow-band
Hα and spectroscopic studies of the system have shown clear Hα filaments, a young stellar
population, and signs of recent disturbance in the form of distorted dust lanes (e.g. Baum
et al. 1988; de Koff et al. 1996, 2000; Holt et al. 2007; Tadhunter et al. 2011).

Our optical image of 3C 433 and its environment is shown in Fig. 6.1. It is of much better
sensitivity and has a superior angular resolution compared to the Pan-STARRS r-band image.
We clearly see the optical counterpart of 3C 433 along with its companion galaxy. Additionally,
we also clearly detect shells around this interacting pair, very likely caused due to their
interaction.
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Figure 6.7 – HST image of [OIII]
detected with filter FR533N18
centered at 5515.7 (νrest =5007).
Overlaid are the contours of our
Hα image (light blue) and VLA
radio continuum (dark blue) from
Fig. 6.6. The Hα emission follows
the [OIII] emission, which, in turn,
traces the outline of the inner radio
jet.

10 kpc
HST [OII]

Figure 6.6 shows the Hα emission-line image of radio galaxy 3C433 and its circumgalactic
environment. The Hα emission at the location of the host galaxy of 3C 433 shows an elongated
structure, previously seen by Baum et al. (1988). The total extent of the Hα structure is ∼10′′
(∼19 kpc). The brightest patch of Hα emission corresponds to the peak in the continuum
image, hence we argue that this is most likely the core of 3C 433.

A plume of Hα emission is seen to stretch roughly 4′′ (∼8 kpc) north-east of the centre of the
radio galaxy (see image in Fig. 6.6, top-right panel). This plume extends almost perpendicular
to the radio axis. It could represent gas that is either being driven out of or being accreted
onto the centre of the galaxy. Further to the north, at 9′′ (∼17 kpc) distance from the radio
galaxy, another region of enhanced emission appears in the Hα image. This region aligns with
what appears to be a companion galaxy in the continuum image. It is not clear whether this
emission is from the Hα-emitting gas in this companion galaxy, or residual emission left over
from the continuum subtraction.

Fig. 6.7 shows the Hα emission in the centre of 3C 433 overlaid onto a Hubble Space Telescope
narrow-band image of [OIII] emission. The Hα emission shows a distribution that is very
similar to the [OIII]-emitting gas in the inner 12 kpc. In turn, the [OIII] emission traces
the inner radio jet. It is therefore likely that both the [OIII] and a large fraction of the Hα
emission in the inner 12 kpc trace gas that is under the influence of the propagating radio jets.
It is plausible that the radio jets have shock-ionized the gas, or even triggered star formation.

In addition to the co-alignment of Hα and [OIII] in the inner 12 kpc, the Hα stretches further
out to the north-west than the [OIII], in what was classified as a curving filament by Baum
et al. (1988). The overall distribution of the Hα emission resembles a gaseous disc with an
extent of ∼19 kpc, but this would have to be verified by observing the kinematics. If confirmed,
this structure would be misaligned with the main radio axis by ∼40◦. However, it is interesting
to note that the outer faint wings of radio emission that give the 3C 433 its X-shape, lie at
an angle of ∼ 90◦ with the optical structure and, thus, parallel to its minor axis, possibly
corresponding to the rotation axis (see light-blue dashed line in Fig. 6.6). This would suggest
that the central black hole and its accretion disk underwent a significant precession recently,
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Figure 6.8 – Surface brightness profile of
the absorber galaxy. For representation,
we limit this to one effective radius. See
Sect. 6.3 for details.

possibly during the current episode of radio-AGN activity, whereby the jet direction changed
by ∼50◦ in the plane of the sky. It is quite possible that such a precession may have been
triggered by the ongoing galaxy interactions, and is the mechanism (of the many mechanisms
proposed to explain the X-shape in radio galaxies; Cotton et al. 2020; Hardcastle et al. 2019)
responsible for the observed X-shape of 3C 433.

6.3.4 The circumgalactic environment of 3C 433

The Hα image of Fig. 6.6 shows several other interesting features. At least three blobs of Hα
emission are seen at distances of roughly 8, 23, 15, and 23 arcsec (16, 29, 45 kpc) from the
centre of the radio galaxy. These blobs are marked with a black arrow in Fig. 6.6. Regions R1
and R2 only appear in the tunable filter image (Hα+continuum) and not in the continuum
image, while the southernmost region (R3) has a higher contrast in the tunable filter compared
to the continuum image. These three regions of enhanced Hα, therefore, most likely represent
real emission-line regions. There may be other regions of Hα emission, for example, ∼7′′
south-west of R3, but due to stronger underlying continuum at those locations, we cannot
confirm this.

The northernmost region (R1) appears to be a weak emission-line feature stretching from the
radio host galaxy. Interestingly, the three emission-line regions lie along an arc that follows
the outer edge of the southern radio lobe. This could be tidal debris from material that is
being redistributed across the circum-galactic environment of 3C 433. We hypothesise that
the alignment with the outer edge of the radio source may occur because this circum-galactic
material is being shocked and ionized by the propagating radio source, similar to what has
been seen in Coma A (Morganti et al. 2002) and the Beetle Galaxy (Villar-Martín et al.
2017). The Hα regions are also aligned in the direction of the H i companion, although a
direct connection between this circumgalactic gas and the H i companion is not apparent from
our data.

6.4 Discussion
Our spatially resolved H i absorption observations of 3C 433 have shown that the absorption
arises against the southern radio lobe, about 60 kpc away from the radio core. We find that
the central velocity of the H i absorption is only ∼ 50 km s−1 blueshifted from the systemic
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velocity of 3C 433 (see Fig. 6.3), confirming that it belongs to the same environment. This
combination of having the absorption spatially resolved and the absorber belonging to the
same environment, and yet being located so far away from the central region of the background
AGN, makes this system a rarity.

6.4.1 The H i absorber: a disc galaxy

What we observe in 3C 433 is different from the results commonly obtained from H i absorption
studies of the gas associated with the radio AGN host galaxies. Those studies have mostly
found that the H i absorption arises from the central (kpc) regions close to the core of the
radio AGN (see Morganti & Oosterloo 2018, for an overview).

Instead, in this case, our optical image shows the presence of a galaxy coincident with the
location of H i absorption. We propose that the H i detected in absorption belongs to this
galaxy located in front of the southern radio lobe. The peak of the H i absorption is only ∼
50 km s−1 bluewards of the systemic velocity of 3C 433 and, hence, very likely also belongs to
the same environment. The galaxy has a stellar mass of ∼ 6.7 × 1010 M�. It has a surface
brightness profile (see Fig. 6.8) characteristic of a disc galaxy.

Assuming a spin temperature of ∼ 100 K, a value typical of H i on galactic scales (e.g.
Borthakur et al. 2010, 2014; Srianand et al. 2013; Reeves et al. 2015; Dutta et al. 2016;
Reeves et al. 2016, and references therein), we obtain an average H i column density of ∼ 1.0
× 1020 cm−2. For spiral galaxies, the average column density of the H i disc is about 6 ×
1020 cm−2 (Wang et al. 2016), quite higher than our absorber galaxy. Instead, Serra et al.
(2012) found that in gas-rich early-type galaxies, the typical column densities are around 1020

cm−2, which is very similar to what we observe. This suggests that our galaxy is a gas-rich
early-type galaxy, which is also consistent with the fact that it lies off the star-forming main
sequence (see Sect. 6.4.2).

Using this H i column density of the gas, we obtain the mass of the detected H i as ∼ 3.4 ×
108 M�. As mentioned in Sect. 6.3.1, it is likely that a portion of the galaxy has not been
intercepted by the radio continuum. Since it is only a small part of the galaxy, we argue that
the actual H i mass could at most be ∼ 7 × 108 M� (i.e. twice the estimated mass, assuming
that half the disc has not been detected). This gives us an atomic gas fraction (fHI) of 0.008
for the galaxy.

As discussed in Sect. 6.4.3, there is a possibility of an interaction between the galaxy and
the radio lobe. If this is the case, the spin temperature of H i could be higher. Assuming a
Tspin of 1000 K for H i, gives an H i mass of ∼ 3.4 ×109 M� and an fHI of 0.08. There is a
possibility that the observed absorption could also arise from a tail of tidal debris formed, for
example, due to the ongoing merger event. We exclude this scenario since we do not see the
presence of such prominent and large-scale structures in our optical image.

6.4.2 Comparison with galaxies observed in H i emission in the local Universe
and beyond

As mentioned earlier, studies of spatially resolved H i absorption have been carried out, be-
yond the local universe, for only two intervening absorbers where the absorber galaxy and
background radio source are of entirely different redshifts. A few cases have been presented in
the literature of H i absorption due to intervening galaxies that belong to the same environ-
ment, (for example, B2 1321+31, J1337+3152, 3C 234, PKS 1649-062; Emonts 2006; Srianand
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et al. 2010; Pihlstrom 2001, Mahony priv. comm., respectively). However, the H i absorption
in all these cases is unresolved due to which a detailed study of the absorber has not been
possible. Unlike these systems, for 3C 433, it has been possible to characterise the absorber
and, hence, to carry out a comparison with the samples of galaxies studied in H i emission –
in the local universe and beyond.

At redshifts comparable to, or higher than that of, 3C 433 (i.e. z ≥ 0.1), there are not many
studies of H i emission in galaxies (e.g. Catinella & Cortese 2015; Hess et al. 2019; Verheijen
et al. 2007; Gogate et al. 2020). The stellar masses of the galaxies included in such studies
are comparable to that of our galaxy, while their H i masses range from 2 × 109 M� to a few
times 1010 M�, considerably greater than the H i mass of our galaxy. Similarly, their SFRs
are between 0.3 M� yr−1 and 35 M� yr−1, much higher than that in our case.

Thus, this galaxy, detected via H i absorption, belongs to a population of galaxies which would
be missed by the deep H i emission surveys. We note that this is likely to be a Malmquist bias
since the emission studies are biased towards detecting the most HI-rich galaxies which is not
the case with absorption studies.

Furthermore, we compare this galaxy with those studied in the local universe (e.g. the xCOLD
GASS sample by Saintonge et al. 2017). Figure 6.9 shows the properties of the H i absorber
compared to galaxies of this sample. The rectangle indicates the range of SFR of the galaxy
depending on whether the detected Hα emission arises entirely from the SFR activity or not
(see Sect. 6.3.2). We find that the galaxy lies well below the star-forming main sequence. The
upper limit to the atomic gas fraction obtained by considering a Tspin of 1000 K is comparable
to the galaxies lying below the main sequence. However, a more reasonable estimate of fHI

obtained by assuming a Tspin of 100 K is lower even compared to the galaxies lying below the
main sequence.

Finally, given that the absorber galaxy belongs to a different population compared to those
studied at similar redshifts, it is also interesting to test whether this galaxy conforms with the
baryonic Tully-Fisher relation (bTFR) (McGaugh et al. 2000). To check the consistency with
the baryonic Tully-Fisher relation, we need to determine the rotational velocity of the galaxy.
We used 3D Barolo (Di Teodoro & Fraternali 2015) to this end and found that the inclination
of the galaxy is low (≤ 20◦) and, hence, it is not quite possible to constrain the rotational
velocity. However, assuming an inclination angle of 20◦ results in a rotational velocity of ∼
120 km s−1, for which the galaxy is consistent with the bTFR (McGaugh et al. 2000). For
lower inclination angles, however, the galaxy is off the relation.

6.4.3 Is the radio lobe interacting with the galaxy?

The detected H i absorption is only ∼ 50 km s−1 blueshifted with respect to the systemic
velocity of 3C 433 and, hence, the absorbing galaxy belongs to the same group of galaxies as
3C 433. Because of this, it is of interest to investigate the possibility of an interaction between
the galaxy and the radio AGN. Figure 6.1 shows the location of the galaxy with respect to the
radio lobe. We find that the end of the radio lobe is not relaxed but, instead, protruded as if
pinched at the corners. Intriguingly, the location of the galaxy and especially the majority of
the Hα emission arises, in projection, from the same region where the lobe appears pinched.
It is quite possible that the radio lobe is interacting with the galaxy at this point and has
acquired the observed morphology as a result.

Hα emission lends support to this possibility. Fig. 6.1 shows in detail the location of Hα
emission with respect to the radio lobe. We find that the emission has two components one
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Figure 6.9 – SFR−M∗ plane for xCOLD GASS sample from Saintonge et al. (2017) with
our H i absorbing galaxy marked in blue rectangle (colour-coded on the atomic gas fraction).
The black dots represent H i non-detections in their sample while the grey contours represents
the distribution of the SDSS galaxy population. The absorber galaxy is marked in a rectangle
to represent the range of SFR derived; see Sect. 6.3.2 for details. The fH i, which corresponds
to the ratio between MHI and (M∗+ MHI), for our H i absorber galaxy ranges between –1.1 to
–2.1 (in logscale) for a Tspin of 1000 K and 100 K respectively. For plotting, we consider a
Tspin of 1000 K. ©AAS. Reproduced with permission.

arising from the central part of the galaxy and another located along the eastern boundary of
the galaxy. It is very likely that these two components arise from two HII regions belonging
to a spiral arm of the galaxy (see Fig. 6.2). Interestingly, the Hα blob along the eastern
boundary of the galaxy also coincides with the boundary of the radio lobe in projection.
Hence, we cannot rule out that an interaction with the radio lobe may be the cause of this
blob. The radio lobe may have shock-ionised the gas in the galaxy, giving rise to the observed
Hα morphology. As has been seen in other cases, for example in Coma A (Tadhunter et al.
2000; Morganti et al. 2002) and the Beetle galaxy (Villar-Martín et al. 2017), interactions
between radio plasma and gas are very much capable of producing such structures. In fact, in
3C 433 we observe such an effect within the AGN host galaxy as well as on the circumgalactic
scales: in the radio host galaxy 3C433, the Hα follows [OIII] emission that aligns with the
inner radio jet (Fig. 6.7), while blobs of Hα emission are also found to align along the edge
of the southern radio lobe in the circumgalactic environment between 3C433 and the H i
companion (Fig. 6.6).

However, we would like to note that the morphology of the galaxy does not seem disturbed
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and the H i kinematics of the galaxy appear regular. Hence, we suggest that if there is any
interaction between the radio lobe and the galaxy, it is only present at a mild level. A further
investigation of this scenario of interaction is possible by studying the spectral index of the
southern radio lobe at the location of the galaxy. In the presence of an interaction of radio
plasma with the interstellar medium of the galaxy, the electrons at those sites of interaction
would be re-accelerated (e.g. Harwood et al. 2013). Hence, we would expect the spectral index
in those regions to be flatter compared to other regions of the lobe. A spectral index study
of 3C 433 has been carried out by (Lal & Rao 2007), however, the spatial resolution of their
study was not high enough to resolve the southern lobe sufficiently. Thus, a high-resolution
spectral index study (that may be carried out with, for example, LOFAR Two Meter Sky
Survey Shimwell et al. 2017) would help confirm this scenario.

Although it is very unlikely, it might also be possible that the observed Hα features are
produced by the interaction of the radio lobe with the gas in the circumgalactic environment,
which does not belong to the galaxy but overlaps with it only in projection. However, we do
not have enough evidence to conclude either way based solely on the available data.

6.4.4 Blind H i absorption surveys in the SKA era

As we see in the previous sections of this paper, resolved H i absorption against an extended,
bright-enough radio continuum can trace neutral hydrogen gas in galaxy populations beyond
the local universe which would otherwise be missed by the current deep H i emission surveys.
With the SKA pathfinder facilities and the SKA itself, it may be possible to expand the
number of such studies since they provide a large field of view and a simultaneous coverage
of a large range of redshift, thus increasing the chance of detection of H i absorption from
intervening galaxies along the line of sight of an extended radio source in a single pointing.

Deep optical images of a large part of the sky are already available (e.g. SDSS, Pan-STARRS)
and so are deep images of the radio sky at relatively high spatial resolution (e.g. VLASS,
FIRST, LOFAR). A cross-match between the two would provide candidate systems where the
extended radio emission overlaps, in projection, with a galaxy. Since the blind H i absorption
surveys presently planned with the SKA pathfinders do cover a large area of the sky, it is
possible to conduct a similar study of all these systems in a quasi-blind manner, without a
preceding optical spectroscopic survey to ensure that the galaxy is in the foreground.

Apart from the chance alignment of extended, bright radio AGN and galaxies, high spatial
resolution is another crucial requirement for such studies. Even at relatively low redshifts, for
example at z ∼ 0.2, to be able to barely resolve a 50 kpc radio galaxy (∼ 4 beam elements;
typical size of a high-redshift radio galaxy, e.g. Kanekar & Briggs 2004), the angular resolution
needed is ∼ 3′′. The current and forthcoming blind H i absorption surveys planned with
the SKA-pathfinder facilities, namely, APERTIF (Oosterloo et al. 2009), MeerKat (Booth &
Schaye 2009) and ASKAP (Johnston et al. 2008), will at best achieve an angular resolution
of 6′′ (by MeerKAT). Thus, further resolving the absorber galaxy which would only overlap
with a small portion of the radio continuum may not be possible. However, even if unresolved,
such studies will still be able to provide a census of low H i mass galaxy population beyond
the local universe, while the more detailed H i mapping of galaxies in absorption may have to
wait until SKA phase 1, whose sub-arcsecond angular resolution even at low frequencies (up
to z ∼ 0.85) and unprecedented sensitivity have the potential to expand the study of such
systems to statistical samples.
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6.5 Summary
In this paper, we present an H i, Hα, and optical continuum study of the H i absorber against
the radio galaxy 3C433. The peculiar radio morphology of 3C 433, namely, the bright south-
ern lobe, provides a favourable extended background continuum to resolve the foreground
absorber. The absorber is only ∼ 50 km s−1 blueshifted from 3C433 and, hence, it belongs
to the same environment.

Our resolved H i absorption data obtained with the VLA in B array show that the absorber
does not exhibit any sign of disturbance and has regular kinematics. With the help of our
continuum and Hα images from GTC, we find that the absorber is a disc galaxy located at
the boundary of the southern radio lobe. This galaxy has a stellar mass of ∼ 1010 M� and a
maximum star-formation rate of ∼ 0.15 M� yr−1. We estimate the H i mass of this galaxy to
be ∼ 3 × 108 M� and, furthermore, we find that the H i column density of the gas and star
formation properties are representative of a gas-rich early-type galaxy off the star-forming
main sequence.

We compare this result with the properties of galaxies detected in H i in the local universe
as well as at redshifts ∼ 0.1. We find that for the given H i and stellar mass, and the star-
formation rate, it is consistent with the galaxies in the local universe. However, the deep
H i emission surveys at similar redshifts as our galaxy still have not detected galaxies of H i
masses as low as this.

Since the absorber galaxy belongs to the same environment as 3C 433, we also investigate the
possibility of an interaction between the southern radio lobe and the galaxy. Interestingly, we
find that in projection, the galaxy is located at the boundary where the radio lobe exhibits a
protruded morphology. The Hα emission from the galaxy shows two HII regions, one of which
coincides with the boundary of the radio lobe. Together with the fact that Hα emission is also
aligned with the radio continuum in the host galaxy of 3C 433 and at a few other locations
along the southern radio lobe, this points to an interesting scenario where the radio AGN is
directly interacting with a neighbouring galaxy.

Our study shows that in the case of a favourable alignment of a galaxy in front of an extended,
bright-enough radio source, we can trace galaxy population in H i that would otherwise be
missed by deep H i emission surveys. The deep blind H i absorption surveys with the SKA-
pathfinder facilities, in conjunction with the deep optical images available from the all-sky
surveys, may be able to detect more systems of this kind, although they will fall short of the
desired spatial resolution to resolve the absorption. The SKA phase 1 with sub-arcsecond
resolution and high sensitivity out to high redshifts has the potential to extend the reach of
such studies.
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7
Conclusions and future outlook

In this thesis we have presented a study of the interplay between radio-loud active galactic
nuclei (AGN) and the interstellar medium (ISM) by studying the incidence of cold atomic gas
(H i) in samples of radio AGN spanning two redshift ranges, 0.25 < z < 0.4 and 0.7 < z < 1
and by carrying out a detailed multi-wavelength study of jet-ISM interaction in B2 0258+35
and 3C433. In this chapter, we present the conclusions of each of these studies and the future
outlook.

7.1 Chapter-wise summary

Chapter 2: Feedback from low-luminosity radio AGN: B2 0258+35

• This is a detailed study of the jet-ISM interaction in a young, compact steep spectrum,
low-luminosity radio galaxy: B2 0258+35 which is nested in a gas-rich early-type galaxy,
NGC1167. We mapped the neutral atomic gas content via H i 21-cm absorption using
the Very Large Array (VLA) and the European VLBI Network (EVN).

• With the VLA we detected H i 21-cm absorption against the central bright radio
source. The follow-up high spatial resolution EVN observations showed that the H i
is distributed all across the central radio source. The CO(1-0) emission from earlier
single-dish observations showed that the CO emission profile matches the H i absorp-
tion profile well suggesting that both the phases of gas have similar kinematics and
morphology. Furthermore, the CO was also found to have a high velocity dispersion
of ∼ 90 km s−1. We modelled the H i absorption that could arise from the large-scale
galactic H i disc and found that it cannot explain the observed absorption profile. This
led to the conclusion that the observed cold gas is present as a kinematically distinct,
turbulent circumnuclear disc.

• We compared our observations with the numerical simulations of young radio jets ex-
panding into a clumpy gas disc and found a striking similarity, without any fine-tuning,
between the shape of the radio jets in the simulations and that of B2 0258+35. These
simulations also predict that the radio jets in this case percolate through the gas disc
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and drive shocks into the ISM at distances much larger than their physical extent. Fur-
thermore, simulations also predict that the radio plasma, while expanding through the
disc, also leaks out in the direction perpendicular to the disc leading to the formation of
low-surface brightness radio structures. Intriguingly, both these features are observed
in our source where the ionised gas in the galaxy shows evidence of shock heating at a
few kpc from the nuclear and large ∼ 240 kpc, extremely low-surface brightness radio
lobes are observed along with the central bright radio source.

• Overall, combining VLA and EVN H i absorption observations, modelling and numer-
ical simulations, we concluded that the radio jets of B2 0258+35 are expanding into a
circumnuclear gas disc injecting strong turbulence into the ambient gas. These results
expanded the number of low-luminosity radio sources found to impact the surrounding
medium, thereby highlighting the possible relevance of these AGN for feedback.

Chapter 3: A low-luminosity jet depleting the cold gas from the central region of
its host galaxy

• In this chapter we presented the follow-up CO(1-0) observations of B2 0258+35 carried
out with the NOrthern Extended Millimeter Array (NOEMA).

• Our observations showed that the molecular gas is distributed in the form of a 10 kpc
radius ring and a kpc-scale circumnuclear structure. The large CO ring follows the
regular rotation of the galaxy while the kinematics of the circumnuclear gas is entirely
distinct.

• The circumnculear gas hardly shows any sign of regular rotation. Instead, we discovered
a massive molecular outflow carrying∼ 75% of the gas in the central few kpc. As in many
cases, the molecular gas happens to be the most massive component of the outflow also
in B2 0258+35. Our high spatial resolution observations allowed us to spatially resolve
this outflow and showed that it is ∼ 540 pc offset from the nucleus and coincides with
a sharp bend in the southern radio jet.

• An analysis of the energetics of the phenomena involved showed that the bolometric
luminosity is low and cannot drive the outflow while the radio jet power is two orders of
magnitude higher than the gas kinetic power of the outflow. This, along with the outflow
being spatially resolved and coincident with the bend in the radio jet, unambiguously
establishes the radio jet as the sole driver of this outflow.

• This is the first case where such a massive molecular outflow has been spatially resolved
and shown to be driven solely by low-luminosity radio jets. These findings also helped
confirm the predictions of numerical simulations that low-power radio jets can also
significantly impact their host galaxies. Thus this study suggested that the inclusion of
feedback from low-luminosity radio AGN, which form the majority of the radio AGN
population in cosmological simulations may help resolve some of their limitations.

Chapter 4: The H i absorption zoo: JVLA extension to z ∼ 0.4

• In this chapter we extended the low-z studies on the incidence and kinematics of cold in
radio AGN by Geréb et al. (2015) and Maccagni et al. (2017) to z ∼ 0.4 using the Karl
G. Jansky Very Large Array (JVLA), where we searched for H i 21-cm absorption in 26
radio AGN at 0.25 < z < 0.4 with an aim to study the morphology and kinematics of
cold gas in different classes of radio AGN.
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• Our sample consisted of 14 extended radio AGN (∼ tens of kpc in size) and 12 compact
sources (< a few kpc). We detected H i 21-cm absorption in five sources, all of which
are compact radio sources and obtained an overall detection rate of ∼ 19%, consistent
within the errors with the detection rate at z < 0.25. The absorption profiles are mostly
complex with widths between zero flux density ranging from ∼ 60 km s−1 to 700 km s−1.
These detections also exhibit remarkably high H i column densities in the range ∼ 1021

cm−2 to 1022 cm−2 for Tspin=100 K and unit covering factor.

• The radio luminosity of the sources in the sample range from 1025.7 WHz−1 to 1026.5 WHz−1

and the rest-frame UV luminosities of most of the sources in the sample, including all
the detections, are below the proposed threshold above which the H i is supposed to
have been ionised.

• We modelled the H i 21-cm absorption profiles and found that the gas in two sources
appears to be disturbed and in three cases including one with disturbed H i, most of
the absorption is consistent with it arising from an H i disc.

Chapter 5: Redshift evolution of the H i detection rate in radio AGN

• This chapter is a further extension of our JVLA study of cold gas in a sample of radio
AGN to higher redshifts. We used the upgraded Giant Metrewave Radio Telescope
(GMRT) to search for H i absorption in a sample of 29 radio-loud AGN at 0.7 < z < 1.0.

• Our observations reach a 3σ optical depth sensitivity of ∼ 1% or better, similar to the
low-z studies. However, we did not detect H i 21-cm absorption in any of our sources.
We stacked the spectra to obtain a more stringent optical depth limit of ∼ 0.17% and
yet do not detect any H i 21-cm absorption.

• The radio luminosity of our sources is lower than most of the sources studied at similar
redshifts in the literature, and for all sources except two, the UV luminosity is also
below the threshold, of 1023 W Hz−1, proposed by some studies above which the cold
gas in the host galaxy may be completely ionised.

• Our sample is dominated by extended radio sources with 24 of them being extended
over tens of kpc. Combining similar sources from the literature with our sample, and
the sources with UV luminosity above 1023 W Hz−1, we find evidence for a significant
difference in the H i 21-cm detection rate in extended radio sources at z < 0.25 and
0.7 < z < 1.0. Since the UV or radio luminosity is not likely to be the cause of non-
detections, we suggest that the cosmic evolution of the cold-gas content in radio AGN
host galaxies is the cause behind this difference in the detection rates.

Chapter 6: A case of resolved H i absorption against a radio galaxy

• In this chapter we presented a rare case of the detection of resolved H i 21-cm absorption
against the southern radio lobe of 3C 433 at z = 0.101, observed with the Very Large
Array (VLA) and the deep optical continuum observations and Hα observations from
the Gran Telescopio CANARIAS (GTC).

• The resolved H i kinematics showed that the absorber has regular kinematics with an H i
mass & 3.4 × 108 M� for Tspin= 100K. We find the absorber to be faint disc galaxy in
the same environment as 3C 433, with a stellar mass of ∼ 1010 M� and a star-formation
rate of 0.15 M� yr−1 or less. Considering its H i mass, H i column density, stellar mass,
and star-formation rate, this galaxy lies well below the main sequence of star forming
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galaxies. Its H i mass is lower than the galaxies studied in H i emission at z ∼ 0.1 in
the literature.

• We also found interesting alignments between Hα emission from the H i absorber and
radio emission from the lobe suggesting an interaction between the radio lobe and the
disc galaxy. We also found a similar alignment of Hα emission and the radio continuum
in the circumgalactic medium and in the host galaxy of the AGN itself implying that
the shock ionisation of gas by the propagating radio source may happen across a scale
spanning many tens of kpc.

• Our study highlighted the possibility of studying faint galaxies via H i 21-cm absorption
which would otherwise be missed even by the deep H i emission surveys.

7.2 Future outlook
Various studies in the literature mentioned in Chapter 1 and the work presented in this
thesis amply demonstrate the need for extensive multiwavelength follow-up at a range of
spatial resolutions, tracing multiple phases of gas (ionised, cold-atomic, cold-molecular etc.)
to characterise the nature of jet-ISM interaction in a radio galaxy. Then, to probe how such
an interaction varies over the life of a radio AGN, such studies will have to be expanded to
include radio sources of different morphologies (GPS, CSS, extended radio sources etc.) in
large enough numbers to obtain quantitative results. Understanding the role of radio AGN
in the evolution of their host galaxies further requires such studies to be expanded to a wide
range of redshifts.

7.2.1 An unbiased census of H i at all redshifts

Cold atomic gas in radio galaxies has been studied extensively for many decades now (see
Morganti & Oosterloo 2018 for more details). Especially at low redshifts (z < 0.25), there
have been studies of H i in large samples of radio sources (Geréb, Morganti & Oosterloo 2014;
Geréb et al. 2015; Maccagni et al. 2017), and very detailed mapping of jet-ISM interaction at
very high spatial resolutions (e.g. Taylor et al. 1999; Morganti et al. 2013; Schulz et al. 2018,
2021). At higher redshifts too, numerous sources have been searched for H i absorption and
such studies, (e.g. Vermeulen et al. 2003; Aditya & Kanekar 2018b,c; Aditya et al. 2021 and
Chapters 4 and 5 of this thesis), although not as large as the low-z samples, have provided
many crucial insights about the incidence and kinematics of H i in radio galaxies even up to
z ∼ 3.6.

However, most studies, at all redshifts, have been based on sources for which a redshift was
known beforehand. This biases the samples against the sources that have high gas column
densities (and hence are obscured). This effect would be especially more pronounced as we
move to higher redshifts. Furthermore, Fig. 5.1 of Chapter 5 shows that the radio luminosities
of the sources studied at high redshifts are more than two orders of magnitude higher than
the low-z sources. Low-luminosity radio sources with rest-frame 1.4 GHz luminosities .
1025 W Hz−1 dominate the radio AGN population at all redshifts (e.g. Best et al. 2005;
Willott et al. 2001; Simpson et al. 2012; Pracy et al. 2016; Šlaus et al. 2020). Thus, unbiased
surveys searching for H i 21-cm absorption in low-luminosity sources is crucial to constrain
the contribution to feedback from radio AGN.

Deep, wide-field, blind H i 21-cm absorption surveys from the local Universe even out of z ∼ 4
are already being carried out by various radio facilities: the Square Kilometer Array (SKA)
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pathfinder and precursor facilities such as APERTIF (Oosterloo et al. 2009), MeerKAT (Booth
& Schaye 2009), Australian SKA Pathfinder (ASKAP; Johnston et al. 2008), and the upgraded
GMRT (Gupta et al. 2017). First results from these surveys are already coming out (Allison
et al. 2015; Gupta et al. 2018; Chowdhury, Kanekar & Chengalur 2020b; Allison et al. 2020;
Gupta et al. 2021a,b; Combes et al. 2021; Allison et al. 2021; Mahony et al. 2021) and show
great promise in this direction with the detections of high column density (> 1021cm−2) gas
in low-luminosity sources (Chowdhury, Kanekar & Chengalur 2020b).

A statistical analysis of the rate of incidence of H i 21-cm absorption in various classes of radio
AGN at different redshifts will require follow-up optical observations to obtain the redshifts to
all the radio sources in such deep fields. To further probe the kinematics of gas and the nature
of jet-ISM interaction, these results will have to be followed up with high spatial resolution
radio continuum observations at the redshifted H i 21-cm frequency, as well as observations of
different phases of gas (ionised, warm molecular, cold molecular etc.).

High spatial-resolution follow-up observations at the redshifted H i 21-cm frequency is possible
with the VLBI facilities for searches at low redshifts. At higher redshifts such observations
may have to wait for the SKA. However, as we showed in Chapter 4, much can also be inferred
about the kinematics and morphology of H i at higher redshifts by modelling the absorption
using the available high spatial resolution, high frequency (i.e. higher than the redshifted
H i 21-cm frequency) radio continuum images. This may help interpret the high-z H i 21-cm
absorption features towards radio AGN detected by the large, blind, high-z H i surveys.

7.2.2 Follow-up studies of multi-phase jet-ISM interaction

With the advent of sensitive instruments at radio bands such as ALMA and NOEMA and
the upcoming large spectroscopic surveys such as The William Herschel Telescope Enhanced
Area Velocity Explorer (WEAVE), it will now become possible to trace multiple phases of gas
in radio AGN. However, at the moment, it is not possible to carry out similar wide-field deep
blind surveys of other phases of gas in radio AGN as is possible for cold atomic gas. Even
targeted studies for large-enough samples at a high-enough spatial resolution which enable
a statistical analysis of the nature of jet-ISM interaction has not been possible as of now
due to these facilities being highly oversubscribed. Thus, in the near future, molecular-gas
observations will have to be of sources that have been pre-selected to have an ongoing jet-ISM
interaction determined via large H i and optical spectroscopic surveys.

Since many of the excellent facilities for this purpose are located in the southern hemisphere
(ALMA and VLT), the follow-up of sources detected by the upgraded GMRT, MeerKAT and
ASKAP surveys will allow us to characterise the impact of radio jets on the ambient medium
in terms of the energetics involved, the amount of gas affected, interaction timescales, energy
deposition rate, gas redistribution and turbulence generated, all of which are crucial if we are
to understand the contribution of radio AGN to feedback and hence to galaxy evolution.
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Superzware zwarte gaten (in het Engels supermassive blackholes of SMBH’s) bevinden zich in
de centra van zware sterrenstelsels. Wanneer er materie uit de omgeving wordt opgeslokt door
het SMBH, verandert deze in een aktieve galactische kern (active galactic nucleus, AGN, in
het engels). Hoewel het grootste deel van de materie door de SMBH wordt opgeslokt, wordt
een deel van de energie die daar bij vrijkomt als straling weer uitgezonden. Deze straling heeft
zoveel enrgie dat het over het hele elektromagnetische spectrum kan worden waargenomen. In
sommige gevallen wordt een klein deel van de materie uitgespuwd in de vorm van gebundelde
stromen gas (jets genaamd) die op radiogolflengten te zien zijn. AGN’s die radiojets uitstoten
worden radioluide AGN’s genoemd. Figuur 1 toont een aantal van zulke bronnen. Ondanks
het feit dat deze objecten enorm veel energie uitzenden, hebben we pas na tientallen jaren
onderzoek in verschillende disciplines van de sterrenkunde (enig) begrip verkregen van wat
deze AGN’s zijn.

De AGN’s werden voor het eerst gedetecteerd via licht uit het optische deel van het spectrum
door E.A. Fath in het jaar 1909. Fath bestudeerde een aantal ‘spiraalnevels’ (inmiddels we-
ten we dat deze nevels spiraalvormige sterrenstelsels zijn), waaronder de Andromedanevel en
NGC 1068. Hij ontdekte dat NGC 1068 uitzonderlijk was omdat het vijf emissielijnen bezat
en een diffuse kern had die opging in de omringende nevel. Hij concludeerde verder dat NGC
1068 bestond uit sterrenhopen, omgeven door gas waarvan de eigenschappen verschillen van
nevel tot nevel en besteedde geen verdere aandacht aan NGC 1068. Er werden echter meer
en meer dergelijke bronnen ontdekt en tegen het einde van de jaren ’40 werden deze bron-
nen systematisch bestudeerd op optische golflengten en gekarakteriseerd aan de hand van de
eigenschappen van de emissielijnen in hun spectra.

De volgende grote stap voor dit vakgebied kwam door de vooruitgang van de radioastronomie.
Toen de radio-ingenieurs hun instrumenten afstemden om signalen uit de ruimte te meten,
vonden zij onder andere bronnen met zeer sterke straling, alsof het ‘radiosterren’ waren.
Vervolgstudies toonden aan dat deze sterachtige radiobronnen geassocieerd konden worden
met bepaalde sterrenstelsels. Hun extreme helderheid impliceerde dat ze verbonden zouden
moeten zijn aan zeer zware zwarte gaten. Sommige van deze bronnen bleken de helderste
en verst verwijderde bronnen te zijn die we in het heelal kennen. Dit opende de deur om
verschillende kosmologische theorieën te testen en leidde tot een revolutie in de sterrenkunde.

De AGN’s beïnvloeden de evolutie van hun eigen moederstelsels door de enorme hoeveelheden



142

Figuur 1 – Enkele
voorbeelden van
radio-AGN. De
radiojets strekken
zich uit tot op
grote afstanden en
vormen spectacu-
laire structuren.
De radio-emissie
zelf is onzichtbaar
voor het menselijk
oog, daarom zijn
de kleuren op deze
afbeeldingen niet
echt. Met dank aan:

NRAO

energie die ze uitstralen. Deze energie blaast het gas - de brandstof voor stervorming - uit
het moederstelsel en verhindert op deze manier de groei daarvan. Dit wordt AGN-feedback
genoemd. Verschillende kosmologische computersimulaties gebruiken deze AGN-feedback om
eigenschappen van het waargenomen heelal te verklaren. Astronomen hebben bijvoorbeeld
een vrij scherpe bovengrens gevonden voor hoe groot een sterrenstelsel kan zijn het nabije
heelal, alsof de sterrenstelsels niet verder mogen groeien dan een bepaalde massalimiet. Om
dit te verklaren, wordt er een component toegevoegd aan de modellen voor de evolutie van
sterrenstelsels. Deze beschrijft de energie die via AGN-feedback in het moederstelsel wordt
geïnjecteerd en waardoor het koude gas wordt verwijderd en de stervorming stopt. Hoewel de
rol van AGN’s in de evolutie van hun moederstelsels algemeen wordt aanvaard, zijn de exacte
mechanismen waarmee de terugkoppeling plaatsvindt nog niet duidelijk. Er zijn bijvoorbeeld
veel varschillende soorten AGN en er is een grote diversiteit in hoe een AGN hun moederstels
kunnen beïnvloeden.

In dit proefschrift hebben we ons gefocust op radio-AGN’s en hebben we geprobeerd te begrij-
pen hoe zij het koude gas in hun moederstelsels beïnvloeden. Dit doen we omdat de invloed
van radio-AGN’s op schalen kleiner dan de grootte van het moederstelsel in de modellen van
de evolutie van sterrenstelsels tot nu toe grotendeels genegeerd is. Voor dit werk hebben we
één individueel sterrenstelsel, B2 0258+35 in detail bestudeerd. We hebben ook de fysische
omstandigheden van atomair gas in een selectie van radio-AGN’s in verschillende kosmologi-
sche tijdperken bestudeerd. Hiervoor hebben we gebruik gemaakt van een aantal gevoelige
radiotelescopen over de hele wereld: de Very Large Array (VLA) in de VS, de vernieuwde
Giant Metrewave Radio Telescope (GMRT) in India, de NOrthern Extended Millimeter Ar-
ray (NOEMA) in Frankrijk en de European VLBI Network-telescoop (EVN) die verschillende
telescopen in meerdere landen met elkaar verbindt en ze omvormt tot één reuzentelescoop die
waarnemingen kan doen met een zeer hoge scherpte.

Wij hebben hoofdzakelijk twee fasen van koud gas bestudeerd: moleculair gas met als tracer
koolmonoxide (CO) en neutraal atomair gas met als tracer waterstof (H i). Waterstof is het
meest voorkomende element in het heelal. Moleculaire waterstof is echter niet gemakkelijk te



143

Figuur 2 – Een illustratie van hoe
HI met absorptie wordt gemeten.
Deze illustratie toont een radio-
AGN met jets en zijn moederstelsel.
Het moederstelsel heeft zowel wol-
ken als een enorme schijf van neu-
traal atomair waterstof. De wolken
en de delen van de schijf die tussen
de AGN-jets en ons in liggen, ver-
zwakken het licht van de AGN, wat
in het spectrum te zien is als een
‘dip’. Met dank aan: Raffaella Mor-

ganti.

detecteren. Naast waterstof zijn er verscheidene andere moleculen aanwezig, in veel kleinere
hoeveelheden. Deze moleculen kunnen worden gebruikt als tracers voor moleculair waterstof.
CO is er daar één van en kan worden gedetecteerd wanneer deze moleculen botsen met wa-
terstofmoleculen, dardoor energie krijgen, en afkoelen door straling uit te zenden. Telescopen
zoals NOEMA detecteren deze emissie en onthullen zo de toestand van moleculair gas in de
bestudeerde bronnen.

De emissie van neutraal atomair waterstof is zeer zwak en daarom moeilijk te detecteren voor
AGN’s die zeer ver weg zijn. Hierom hebben we, in plaats van naar tekenen van emissie te
zoeken, gezocht naar tekenen van absorptie door H i. Wanneer het gas zich voor een heldere
bron bevindt die als een ‘fakkel’ fungeert, zal het een deel van de straling van deze bron
absorberen en daardoor zal die minder helder lijken (net zoals mist het licht van lampen
verzwakt). Dit verzwakken gebeurt slechts over een specifiek frequentiebereik, terwijl de bron
helder blijft op de andere frequenties. Met gevoelige radiotelescopen zoals de VLA, EVN en
GMRT is het mogelijk deze verzwakkingen te meten en zo de aanwezigheid van atomair gas
waar te nemen. Figuur 2 illustreert dit absorptiefenomeen.

Dit proefschrift

De hoofdstukken 2 en 3 beschrijven de wisselwerking tussen radiojets en het omringende koude
gas in het nabij gelegen radiosterrenstelsel B2 0258+35. We hebben deze bron gekozen omdat
hij een vrij zwakke bron is. Radio-AGN’s van vergelijkbare helderheden komen vaker voor
in grote sterrenstelsels dan AGN’s met hoge helderheden. Deze bron vertegenwoordigt dus
de meerderheid van de radio-AGN-populatie die in grote sterrenstelsels wordt gevonden. We
hebben ontdekt dat de radiojets de gasschijf in het centrum van het moederstelsel doorboren
en het koude moleculaire gas met hoge snelheden wegblazen. We hebben ook ontdekt dat de
electromagnetische straling van de AGN-activiteit in dit geval niet sterk genoeg is om bij te
dragen aan het verwijderen van koude gas. Enkel de radiojets zijn hier dus verantwoordelijk
voor. We schatten dat het centrum van het moederstelsel in fractie van zijn levensduur van
moleculair gas ontdaan zal zijn. We hebben onze resultaten ook vergeleken met voorspellingen
op grond van numerieke simulaties van radiojets die uitdijen in het omringende gas en vinden
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dat onze resultaten veel van deze voorspellingen bevestigen. Dit is de eerste studie die aantoont
dat zulke doorsnee radio-AGN’s inderdaad in staat zijn om significante feedback te veroorzaken
binnen het moederstelsel. Dit resultaat suggereert sterk dat de feedback van radio-AGN’s op
schalen kleiner dan de grootte van het moederstelsel in kosmologische modellen mee moet
worden genomen.

Er zijn uitgebreide onderzoeken gedaan naar de eigenschappen van neutraal atomair gas in
radio-AGN’s tijdens de verschillende stadia van hun leven op de (bij benadering) huidige
leeftijd van het heelal. Om de relevantie van AGN-feedback voor de evolutie van sterrenstelsels
te begrijpen, hebben we vergelijkbare studies nodig voor verschillende tijdvakken van het
heelal. De hoofdstukken 4 en 5 bevatten studies die met dit doel zijn uitgevoerd. Met de
VLA hebben we gezocht naar H i absorptie in radio-AGN’s die ongeveer 3,5 miljard jaar
geleden bestonden. Wij hebben hiermee aangetoond dat neutraal atomair gas op dat moment
in de geschiedenis van het heelal ongeveer even vaak voorkomt en op een vergelijkbare manier
beweegt in deze bronnen als in onze waarnemingen van het bronnen in huidige heelal. Met
behulp van de vernieuwde GMRT hebben we verder gezocht naar neutraal atomair gas in
radio-AGN’s van bijna 7 miljard jaar geleden. Hieruit bleek dat de fysische eigenschappen
van neutraal atomair gas anders zijn dan in dezelfde soort bronnen in het huidige heelal. Wij
konden dit nieuwe inzicht verschaffen dankzij de hoge gevoeligheid van de vernieuwde GMRT
een zorgvuldige selectie van de AGN.

H i absorptie kan worden waargenomen in elke bron die rijk is aan atomair gas dat zich voor een
heldere radio-AGN bevindt. Het kan dus gebruikt worden om sterrenstelsels te bestuderen
die moeilijk op een andere manier te detecteren zijn. In hoofdstuk 6 presenteren we een
voorbeeld van de detectie van een zwak sterrenstelsel dat gezien wordt doordat het straling
van een uitgebreide achtergrond verduistert. Deze zeldzame, toevallige superpositie van het
zwakke sterrenstelsel en de radiobron maakte het voor ons mogelijk om het sterrenstelsel tot
in detail te bestuderen. Dit werk diende als een voorbeeld van hoe zulke superposities ons in
staat stellen om zwakke sterrenstelsels te detecteren die anders in andere studies zouden zijn
gemist.

In dit proefschrift hebben meerdere radiotelescopen bebruikt om verschillende fasen van koud
gas te onderzoeken met verschillende ruimtelijke resoluties en op verschillende kosmische tijd-
stippen. Dit heeft geresulteerd in een aantal nieuwe inzichten over de impact die radio-AGN’s
kunnen hebben op hun moederstelsels en hoe deze impact kan variëren met de leeftijd van het
heelal. Grote onderzoeken met vele duizenden bronnen die gepland zijn met radiotelescopen
zoals de vernieuwde GMRT en de Square Kilometer Array-pathfinderfaciliteiten zullen ons een
ongeëvenaard beeld geven van de wisselwerking tussen de radio-AGN’s en hun moederstelsels,
waardoor ons begrip van de evolutie van sterrenstelsels revolutionair zal veranderen.
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