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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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