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Abstract

The neutral hydrogen gas, H1 , present in the local environments of Active
Galactic Nuclei (AGNs), can be probed through Hri 21 ¢cm absorption stud-
ies. Both the distributional and the kinematical properties of the gas can
be studied through this technique. Such studies can help us understand
the physics of the centrally located AGN, since the surrounding gas may
be the source of the fuel for the AGN activity. The gas may be supplied
to the central regions either by slow accretion or by the triggering of gas
infall by galaxy mergers, after which it can get consumed by the central
black hole. Conversely, the centrally located AGN may also play an ac-
tive role in regulating the star formation and the growth of its host galaxy
through the effects of mechanical feedback. The AGN heats the gas present
in the nuclear regions and drives it out, causing outflows of gas from the
central areas. These outflows result in the quenching of star formation in
the central regions and may even end the active state of the nucleus in
some cases. Associated HI 21 cm absorption studies can be used to detect
inflows and outflows of neutral hydrogen gas, relative to the central AGN.
For example, HI 21 cm absorption lines that are redshifted relative to the
AGN indicate infalling gas, while blueshifted absorption lines indicate the

presence of outflowing gas.

Studies of associated H1 21 cm absorption can also be used to test AGN
unification schemes. These models argue that the various observational
classifications of AGNs arise due to orientation effects, and the different
lines of sight to the nucleus. For example, these schemes predict that the
line of sight towards broad-line AGNs is perpendicular to the plane of the
dusty torus, while that towards narrow-line AGNs is close to the plane of

the torus and the thick disk. The central region and the active nucleus



itself are typically obscured in the latter case. As such, in AGN unification
schemes, detections of associated H1 21 cm absorption are expected to be
systematically more common in sightlines towards narrow-line AGNs, as

compared to those towards broad-line systems.

There are more than a hundred searches for associated HI 21 cm absorption
in the literature, with ~ 50 detections, mostly at low redshifts, and with
only 4 detections at high redshifts, z > 1. The first sample of reasonable
size was that of van Gorkom et al.| (1989)) who searched for absorption in
29 AGNs in the local Universe, detecting absorption in four systems. They
found that all the four detections showed evidence for infalling neutral gas.
However, at intermediate redshifts, 0.2 < z < 0.7, Vermeulen et al.| (2003])
found that outflows were more common than inflows, in their sample of
57 sources with 19 detections. While the two results suggest a redshift
evolution in the nuclear environment, it is difficult to interpret the results
due to the small number statistics. Later studies have not been able to shed

much light on this issue.

The typical reported detection fraction of associated Hi 21 cm absorption at
z < 1is 2 30% (e.g. Gupta et al., 2006; Vermeulen et al., 2003). Conversely,
at z > 1 there have been 25 searches with just 4 known detections of
associated HI 21 cm absorption. The detection fraction at z > 1 is thus
16fé3%. While the detection fraction at z > 1 is just half the value at
z < 1, suggesting redshift evolution in the strength of associated Hr1 21
cm absorption, the difference between the detection rates at low and high
redshifts is not significant due to the large uncertainty in the detection
fraction at z > 1. This is because only a small number of sources have
so far been targetted at high redshifts in searches for associated HI 21 cm

absorption.

Moreover, most of the studies in the literature at all redshifts have targetted
highly heterogeneous samples. The samples typically include AGNs with
different radio morphologies, and different characteristics (e.g. blazars, ra-

dio galaxies, compact steep spectrum sources, etc.). The heterogeneity of



the sample makes it difficult to separate redshift evolution from differences

in the AGN samples at different redshifts.

Recently, |Curran and Whiting| (2010) proposed that the reason for a lower
strength of Hr 21 cm absorption at high redshifts might be that high-z AGN
samples typically contain sources with high radio and/or UV luminosities. A
high AGN luminosity in the UV and/or radio wavebands can lead to a lower
H1 21 ecm optical depth, either by ionizing the H1 in the AGN environment
and thus reducing the Hi column density, or by altering the H1 hyperfine
level populations, and thus increasing the spin temperature. However, the
sample of AGNs used by the authors to test the above hypothesis was also
highly heterogeneous, containing all the AGNs that had been searched for
associated HI 21 cm absorption till then. The heterogeneity of the sample

makes it difficult to interpret their results.

In this thesis, we have targetted a large and uniformly selected AGN sam-
ple, with a large number of sources at high redshifts, z > 1, to probe the
dependence of the strength of associated H1 21 cm absorption on redshift,
UV and radio luminosity, AGN colour, etc., as well as to study any red-
shift evolution in the gas kinematics (e.g. infall versus outflow, line widths,
etc.). We have used source compactness as our primary selection criterion in
choosing our target sample. This is because compact radio sources are more
likely to be fully covered by an intervening medium than extended sources.
The apparent (i.e. measured) optical depth of the absorbing medium would
hence be similar to its true optical depth for a compact source, while it
may be much smaller than its true optical depth for an extended source.
Thus, at a given apparent optical depth sensitivity, the chances of detecting
Hr1 21 cm absorption are much higher for compact AGNs. Our use of source
compactness as the main selection criterion thus significantly improves the

probability of our detecting H1 21 cm absorption towards our target sources.

Flat-spectrum and Gigahertz-Peaked-Spectrum (GPS) radio sources are two
classes of compact AGNs. The typical spectrum of an AGN is “steep”
at low radio frequencies, with a higher flux density at lower frequencies;

the emission is presumed to be synchrotron radiation from ultra-relativistic



electrons. However, the radio spectra of flat-spectrum sources and GPS
sources are either flat or inverted at low frequencies, due to synchrotron self-
absorption in a compact and optically thick medium. We have hence chosen
flat-spectrum and GPS sources as our targets for the survey for associated
Hi 21 e¢m absorption. Our primary survey targetted flat-spectrum sources,
as these typically have a somewhat higher flux density at the low frequencies
of the redshifted H1 21 c¢m line than GPS sources, and hence yield a higher
optical depth sensitivity.

The targets for our primary survey for associated HI 21 cm absorption were
chosen from the Caltech-Jodrell Bank Flat-spectrum (CJF) sample (e.g.
Taylor et al., |1996]). The sources in the CJF sample have the following
characteristics: (1) they have flat radio spectra, with a spectral index « >
—0.5 (for S, o v*) between 1.4 and 4.8 GHz, (2) the redshifts for most
CJF sources are available in the literature (e.g. Lawrence et al.), and (3) the
sample is nearly complete, comprising of all sources north of a declination
of +35° and with 4.8 GHz flux density > 350 mJy. 29 sources of the CJF
sample, mostly at z < 0.7, have searches for associated redshifted H1 21 cm
absorption in the literature. In this thesis, we used the GMRT to search
for H1 21 c¢m absorption from 74 new CJF sources whose redshifts are such
that their redshifted H1 21 cm absorption line lies at frequencies covered by
the GMRT 325 MHz, 610 MHz, or 1420 MHz receivers, i.e. 300 — 360 MHz,
570 — 670 MHz, and 1000 — 1437 MHz. 21 of these sources are at z < 0.4,
46 sources at 1.1 < z < 1.5, and 7 at 3.0 < z < 3.6. Including the 29 CJF
sources with literature searches for associated HI 21 cm absorption, our full
flat-spectrum target sample consists of 103 sources. The sensitivity of the
GMRT observations was chosen so as to at least match the sensitivity of

the observations of the literature sample.

Further, in a second survey for redshifted associated Hi 21 cm absorption,
we targetted a sample of GPS sources, selected from the literature (e.g.
Labiano et al., 2007)), at declinations observable with the GMRT and whose
redshifted H1i 21 cm line frequencies lie in the above GMRT bands. 23

sources of this sample, mostly at z < 0.7, have searches for associated H1 21



cm absorption in the literature. During this thesis, we carried out searches
for redshifted H1 21 c¢cm absorption in 12 new GPS sources of this sample,
9 at z < 04, and 3 at 1.1 < z < 1.5. Again, the sensitivity of the new
observations was chosen to match the sensitivity of the observations of the

literature sample.

We used the GMRT 1420 MHz, 610 MHz and 327 MHz receivers, respec-
tively, for AGNs in the redshift ranges z < 04, 1.1 < z < 1.5, and
3.0 < z < 3.6. The GMRT hardware correlator was used for the obser-
vations of the initial pilot survey of 24 CJF sources, while all remaining
sources were observed using the GMRT software correlator. The typical ve-
locity resolution was =~z 10—30 km s~! for all observations, while the velocity
coverage was ~ 4000 — 16000 km s~!, depending on the observing band and
correlator. This provided both good sensitivity to narrow H1 21 cm absorp-
tion components, as well as sufficient coverage to detect wide absorption,
with line widths < 1000 km s~!. The total GMRT observing time for the
CJF and GPS samples was ~ 200 hours, with 75 hours in the 1420 MHz
band, 90 hours in the 610 MHz band, and 45 hours in the 327 MHz band.

We used the Astronomical Image Processing System (AIPS) software pack-
age to analyse all our GMRT data, following standard procedures for low-
frequency imaging and spectroscopy. The data on 11 sources of the CJF
sample and 5 sources of the GPS sample were found to be affected by ra-
dio frequency interference (RFI); these sources were hence excluded from
our analysis. We obtained clean spectra for 63 sources of the CJF sample,
and 7 sources of the GPS sample, allowing deep searches for H1 21 cm ab-
sorption towards these AGNs. This yielded a total of five confirmed, and
one tentative, new detections of redshifted H1 21 cm absorption. Three of
the confirmed detections are at z =~ 1.2, while the tentative detection is at
z ~ 3.5. We have thus roughly doubled the number of detections of H1 21

cm absorption at z > 1 in this thesis.

We used the uniformly-selected sample of 92 flat-spectrum AGNs (63
sources observed by us and 29 sources from the literature) to test the de-

pendence of the strength of associated H1 21 cm absorption on redshift,



low-frequency spectral index, rest-frame 1216 A UV luminosity, rest-frame
1.4 GHz radio luminosity, and AGN (R-K) colour. We find no evidence
that the strength of H1 21 cm absorption depends on the radio spectral in-
dex (within the flat-spectrum AGN population) or on the (R-K) colour. We
find, for the first time, statistically significant evidence for redshift evolution
in the strength of the HI 21 cm absorption in a uniformly-selected sample.
However, we also find statistically significant evidence that the strength of
the H1 21 cm absorption is anti-correlated with AGN luminosity at both
rest-frame UV and rest-frame 1.4 GHz frequencies. Since the high-z AGNs
of our sample also have high UV /radio luminosities, it is not at present
possible to separate between the two possible scenarios of redshift evolution
in, or luminosity dependence of, the strength of the Hi 21 c¢m absorption.
Similar results (at higher statistical significance) were obtained on combin-
ing the CJF and GPS samples together to obtain a large sample of compact
radio sources with H1 21 cm absorption studies. Observations of a sample at
intermediate redshifts and luminosities would be critical to break the degen-
eracy between the two possible effects. We have already carried out some of
these observations during this thesis using the Green Bank Telescope, and
plan to continue this project with the new 550 — 900 MHz receivers of the
upgraded GMRT.

The individual chapters of the thesis are summarised below.

In Chapter 1, we give a brief introduction to AGNs and their classification,
gas infall and outflow, and finally, discuss the physics of the H1 21 cm line.
We then describe studies of associated HI 21 cm absorption and provide

details of the previous work done in this field.

In Chapter 2, we discuss the relation between H1 21 cm absorption and radio
source compactness, the main selection criterion that was used to choose
our target samples. We initially describe the physics of synchrotron self-
absorption, which is believed to be the cause for the flat and inverted nature
of the spectra of radio sources. We explain why such sources with flat and in-
verted spectra are likely to be compact, and hence, to have strong associated

H1 21 c¢m absorption. We next list the characteristics of the Caltech-Jodrell



Flat-spectrum (CJF) sample (e.g. Taylor et al., [1996)), from which we chose
targets for our primary survey for redshifted Hi 21 ¢cm absorption. We then
move to our secondary sample, consisting of Gigahertz-Peaked Spectrum
(GPS) sources, and describe the GPS source characteristics that were used
to select our targets from the GPS literature (e.g. Labiano et al., 2007)).
We finally list the sources of our two target samples that were searched for
associated H1 21 cm absorption during this thesis, and also provide details
of the sources belonging to the two samples that already have HI 21 cm

absorption searches in the literature.

In Chapter 3, we describe the observational details of the CJF and GPS
samples and the techniques that were employed to analyse the data. We
initially explain our sensitivity goals, which were based on the sensitivities
of earlier Hi 21 cm absorption studies of similar sources in the literature. We
then describe the observational strategy, including details of the observing
frequency, the bandwidth, the velocity resolution, the velocity coverage and
the on-source time. We then describe the data analysis procedure that was
followed for all sources, in the AIPS package, and that was used to obtain
the final H1 21 c¢m absorption spectra. This includes the details of data
editing, calibration, imaging, self-calibration, and spectroscopy. Finally, we
provide details of the 11 CJF and 5 GPS sources where strong RF1 prevented

us from obtaining clean Hi 21 c¢m absorption spectra.

In Chapter 4, we provide the details of all sources with usable H1 21 cm
absorption spectra, obtained from our analysis. We obtained 5 confirmed
new detections and one new tentative detection of associated Hi 21 cm
absorption from our analysis of the CJF and GPS samples. Of these, two
detections are at z < 0.4, 3 are at z ~ 1.2, while one (tentative) detection
is at z = 3.530. In total, our analysis has yielded associated H1 21 cm
absorption spectra for 63 sources (4 detections and 59 non-detections) from
the CJF sample, and 7 sources (2 detections and 5 non-detections) from the

GPS sample.

In Chapter 5, we discuss the properties of the six AGNs with detections

of associated HI 21 cm absorption. The confirmed detections are towards



TXS 00034380 at z = 0.229, B3 14564375 at z = 0.333, TXS 19454513 at
z = 1.223, TXS 12004045 at z = 1.226, and TXS 1245-197 at z = 1.275,
while the single tentative detection is towards TXS 0604+728 at z = 3.530.
Before our survey, only 4 associated H1 21 c¢m absorbers were known at

z > 1; we have thus nearly doubled this number.

The source B3 14564375 is classified as a red quasar in the literature (e.g.
Glikman et al) 2012); the detection of HI 21 cm absorption towards this
source is consistent with the hypothesis that the red colour in the optical
band is caused due to dust extinction, although the derived H1 column

density is not particularly high.

The GMRT image of TXS 19544513 at 640 MHz shows a triple structure,
with a prominent core and two extended lobes, that are aligned nearly per-
pendicular to the VLBI-scale core-jet structure (e.g. Xu et al., [1995). The
misalignment could arise either due to a twisted radio jet or due to restarted
AGN activity with a spin-flip of the central supermassive black hole. We
find that the H1 21 cm absorption is blueshifted from the AGN redshift by
~ 330 km s~!, indicating outflowing neutral gas, possibly being driven out
due to the ram pressure from the radio jet. We find that this AGN has a high
intrinsic 1216 A UV luminosity of ~ few x 10> W Hz~!, demonstrating
that neutral hydrogen gas can indeed survive in AGN environments in the

presence of high UV luminosities, contrary to suggestions in the literature.

We find that the H1 21 cm absorption towards TXS 12004045 is also signifi-
cantly blueshifted from the AGN redshift. The spectrum shows a strong nar-
row component, along with a weak wide feature with a span of ~ 600 km s~ !,
suggesting the presence of disturbed gas. Again, the absorption appears to
arise in outflowing neutral gas possibly being pushed by the radio jet to

high velocities.

We detect wide H1 21 cm absorption towards the source TXS 1245-197, with
a span of ~ 328 km s~! between the 20% points of the line. The source
is classified as a Compact Symmetric Object in the literature (Sokolovsky

et al., 2011). The large velocity width in the H1 21 c¢cm absorption profile



could arise due to absorption against both VLBI-scale radio lobes, or due

to disturbed gas that is interacting with the AGN jets.

Finally, if the tentative detection at z = 3.530 towards TXS 0604+728 is
confirmed, this would be the highest redshift at which H1 21 cm absorption

has ever been detected.

In Chapter 6, we use the 92 flat-spectrum sources, including 63 sources
observed by us and 29 sources from the literature, to test the dependence
of the strength of HI 21 cm absorption on redshift, and AGN radio/UV
luminosity, spectral index and colour. The tests were based on both the
fraction of HI 21 cm detections, and two-sample Peto-Prentice tests, in sub-
samples obtained by dividing the full sample at the median value of the

parameter under consideration (e.g. redshift, luminosity, etc.).

Upon dividing the sample of 92 flat-spectrum AGNs at the median redshift,
we find, using a Peto-Prentice test, that the strength of HI 21 cm absorption
is weaker (at &~ 30 significance) in the high-z sample than in the low-z sam-
ple. This is the first statistically significant evidence for redshift evolution

in the strength of H1 21 cm absorption in a uniformly-selected sample.

However, we also find that the Hr 21 cm absorption strength is higher in
AGNSs with low rest-frame UV or rest-frame radio luminosities, at = 3.50
significance. The strength of the Hr 21 cm absorption thus depends on both
redshift and AGN luminosity, being weaker at high redshifts and high AGN
luminosities. Unfortunately, most of the AGNs of our sample with high
radio/UV luminosities also lie at high redshifts, and it is hence not possible
to break the degeneracy between AGN luminosity and redshift evolution
as the primary cause, if any, of the weaker H1 21 cm absorption at high

redshifts and high luminosities.

We find no evidence that the strength of Hi 21 cm absorption depends on
the low-frequency spectral index (a proxy for radio source compactness,
and thus, the covering factor), indicating that it is unlikely that the low
strength of H1 21 cm absorption in the high-z sample has arisen due to the

low-frequency radio emission being dominated by extended, steep-spectrum



structure, and hence, a low covering factor. We also do not find any signif-
icant difference in the distributions of the spectral index in the low-z and
high-z sub-samples, implying that it is unlikely that the high-z AGNs in

our sample have systematically low covering factors.

Finally, we have included 27 GPS sources (7 observed by us and 20 from the
literature) to construct a large sample of 119 compact AGNs with searches
for associated H1 21 cm absorption. This is by far the largest sample of
compact AGNs that has been searched for associated HI 21 cm absorption
till date. We continue to find a statistically significant dependence of the
strength of HI 21 cm absorption on both redshift and AGN luminosity.
Again, it is currently not possible to break the degeneracy to identify the
primary cause, since most of the high luminosity AGNs in our sample lie at
high redshifts.

On dividing either the sample of 92 flat-spectrum AGNs or the full sample
of 119 compact AGNs at the median (R-K) colour, we find no evidence that
the strength of the Hi 21 c¢m absorption depends on AGN colour. We thus
do not find evidence to support the hypothesis that the red AGN colour

might arise due to dust reddening and a high Hi column density.
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Introduction

The Interstellar Medium (ISM) of a galaxy consists of a variety of ingredients like
dark matter particles, interstellar gas, interstellar dust, cosmic rays, electromagnetic
radiation, interstellar magnetic field and gravitational field. The interstellar gas is
primarily composed of hydrogen (H) and helium (He) persisting from the Big Bang,
with atomic hydrogen (Hi) being one of the most important components. Further, it is
known that in the Milky Way approximately 60% of the gas is in HI regions — regions
where the hydrogen is predominantly atomic (e.g. |[Draine, 2011). Many researchers
are particularly interested in understanding the physical properties of Hi gas. This
is mainly because Hi forms the main reservoir for star formation in a galaxy, and
thus has an important influence on the evolution of the galaxy with cosmic time. It is
hence worthwhile to study neutral hydrogen gas to get insights regarding the structural
properties and evolution of galaxies.

This thesis investigates the distribution and kinematical properties of the neutral
hydrogen gas present in the surrounding environments of active galactic nuclei (AGNs;
see section 1.2). It mainly tries to test whether these properties evolve with redshift.
In this chapter, we provide a brief description of supermassive black holes, describe the
structure of AGNs, the various classifications of AGNs, interaction of the gas with the
black hole in the form of inflows and outflows, the physics of H1 21 ¢m absorption, and
previous absorption studies of neutral hydrogen gas associated with the AGNs using

the Hr1 21 cm line, and finally, give an outline of the current thesis.
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1.1 Supermassive black holes

Many galaxies have very bright nuclei, so bright that the central tiny region is more
luminous than the rest of the galaxy. Emission from the nuclear region is bright at all
wavelengths and the spectrum is not like that observed from stars. The luminosity is
known to vary on short time scales, even shorter than a day in some cases. The centres
of such galaxies are assumed to be powered by Supermassive Black Holes (SMBHs;
e.g. |[Ferrarese and Merritt, 2000). This is because the most efficient conversion of mass
to energy occurs during the accretion of matter onto a black hole. A black hole is a
mass condensation which forms a singularity (e.g. Raine and Thomas| 2014) in space,
and from which not even light can escape if it crosses the event horizon. Black holes
can be indirectly “seen” by observing mass and light that are affected by its strong
gravitational field.

Observational work indicates that SMBHs with masses in the range (106 < Mgy <
10%% Mg) exist in the centres of all massive galaxies (e.g. Ferrarese and Merritt, [2000;
Kormendy and Gebhardt} 2001} |Kormendy and Richstone, [1995). Many studies have
found tight scaling relations between the mass of the SMBH and various parameters
of the host galaxy, including the stellar bulge mass, the stellar velocity dispersion and
the stellar concentration index (e.g. [Ferrarese and Merritt, 2000; |Gebhardt et al., [2000;
Graham and Driver, |2007; |Haring and Rix, 2004; [Hopkins et al., 2007; [Magorrian et al.,
1998; Marconi and Hunt, [2003)). These relations suggest that the SMBH and the host
galaxy have a common evolutionary process, with the SMBH mass growing during
the galaxy’s evolution. The SMBH is believed to grow in two main ways: one is by
coalescence with another SMBH, and the second through the accretion of gas and dust
onto the black hole. The accretion process by the black hole is believed to be radiatively
efficient (e.g. Marconi et al., [2004; [Merloni and Heinz, 2008; Shankar et al.| 2004]).

1.2 Active Galactic Nuclei

Supermassive black holes that are located in the central regions of galaxies and that
actively accrete gas and dust, producing copious amounts of radiation, are known as
active galactic nuclei. Due to the conservation of angular momentum, the accreting
mass forms a flattened structure around the black hole, a so-called accretion disc. The

size of this disc is expected to be small (~ 1072 pc, e.g., [Peterson, 1997), and it
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rotates at high speeds, emitting large amounts of radiation at all wavelengths (see, e.g.,
Magorrian et al., |1998; Peterson, 1997} Rees, |1984). Moving radially outward from the
centre of the AGN, fast moving clouds exist at a distance of =~ 100 light days from the
black hole. The circumnuclear region consisting of these fast moving clouds is known
as the ‘broad-line region’ (BLR; see Fig. . These clouds produce the broad emission
lines seen in some AGN spectra (e.g. Baldwin, 1997)).

According to the standard model of AGNs (e.g. Antonucci,|1993;|Urry and Padovani,
1995)), a torus consisting of dust and gas surrounds the black hole and the accretion
disk (see Fig. . The size of this torus is &~ 1 — 10 pc. These dusty toroidal structures
have been directly imaged recently, due to the advancements in technology (e.g. |Jaffe
et al.,|2004; Tristram et al., [2009; van der Wolk et al., 2010). Models of infrared spectral
energy distributions from AGN-heated dust (e.g. Nenkova et al., 2008} |Privonl [2009)
provide further evidence for the existence of AGN tori. At a distance of ~ 100 light
years from the central black hole, projected in directions perpendicular to the accretion
disk, narrow-line regions (NLRs) exist. These regions comprise of small, low-density gas
clouds moving at lower velocities than the gas in the broad-line region and producing
the narrow emission lines seen in some AGN spectra. On larger scales (tens of parsecs),
clouds of ionized, atomic and molecular gas have been detected in a few sources (e.g.
Hicks et al.l 2009; Lo, 2005; |[Peck and Taylor, 2001} |Schinnerer et al.l 2000).

In about 15 — 20% (e.g. Kellermann et al., |1989) of the AGN population, material
around the black hole is found to escape and form jets in directions perpendicular to
the accretion disk. These jets are sometimes seen to extend out to Mpc scales, far
larger than the size of the AGN host galaxies (tens of kpc). The jets are composed of a
plasma of relativistic electrons. The relativistic electrons follow a magnetic field helix
created by the differential rotation of the black hole and the accretion disk (e.g. |[Meier]
et al., [2001)). These electrons emit radiation at radio wavelengths. Black holes with
strong radio emission are called “radio-loud” AGNs and the ones with weak or no radio
emission are referred to as “radio-quiet” AGNs. The radio-loud and radio-quiet AGNs
are differentiated based on the radio to optical flux-density ratio, R. Radio-loud AGNs
have R > 10, whereas radio-quiet AGNs have R < 10 (Kellermann et al., [1989)). The
following description and Fig. provide further details regarding the classification of
the two types of AGNs (Peterson, 1997)).
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Figure 1.1: Schematic illustration of an AGN, adapted from |Urry and Padovanil (]1995[).
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AGN
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BROAD LINE

BL LACS FSRQ

FR- FRUI l
BLRG RADIO QUASAR
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Figure 1.2: AGN classification. The abbreviations used in the figure are (1) AGN, the ac-
tive galactic nucleus, (2) RADIO QUIET, the class of radio-quiet AGNs (see section[[.2.1)),
(3) SEYFERT 1, the Seyfert type 1 galaxies, (4) SEYFERT 2, the Seyfert type 2 galaxies,
(5) RADIO LOUD, the class of radio-loud AGNs (see section[1.2.2), (6) NARROW LINE,
the class of narrow line radio galaxies, (7) FR-I, the Fanaroff-Riley I radio galaxies, (8)
FR-II, the Fanaroff-Riley II radio galaxies, (9) BROAD LINE, the class of broad line ra-
dio galaxies and radio quasars, (10) BLRG, the broad-line radio galaxies, (11) FSRQ, the
flat-spectrum radio quasars, (12) SSRQ, the steep-spectrum radio quasars.
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1.2.1 Radio-Quiet AGNs

The most common radio-quiet galaxies are classified as “Seyfert galaxies”; here, the
AGN host galaxy has the morphology of a spiral disk (e.g. Petersonl, [1997)).

Seyfert Type 1: These are radio-quiet galaxies that have a bright star-like nucleus
and strong continuum emission over far-infrared (FIR) to X-ray wavelengths. The
spectra of these sources contain broad emission lines of width ~ 1000 km/s.

Seyfert Type 2: These are radio-quiet galaxies with weak continuum emission
and narrow emission lines, with widths of &~ 100 km/s.

Seyfert galaxies with properties intermediate between type 1 and type 2 are labelled as

type 1.2, 1.5 and so on.

1.2.2 Radio-Loud AGNs

The classification of radio-loud AGNs is based on their morphology and opti-
cal/ultraviolet properties.

Narrow Line Radio Galaxies (NLRGs): The Fanaroff-Riley I and Fanaroff-Riley
IT radio galaxies are together referred to as narrow-line radio galaxies. These objects
have emission-line widths similar to those of Seyfert 2 galaxies.

Fanaroff-Riley I (FR-I) radio galaxies: These sources have extended morphol-
ogy, with a core, radio jet and radio lobes. They often have symmetrical jet structures
that become fainter as one approaches the outer extremes. Because of this feature,
they are also called edge-darkened sources. The spectra of these sources contain nar-
row emission line features.

Fanaroff-Riley II (FR-II) radio galaxies: These sources are more luminous
than FR-I radio galaxies. The jets are knotty with bright lobes and hot-spots at the
ends. In contrast to the FR-I counterparts, the luminosity of these sources falls off
towards the nucleus. The jets in these sources are often well collimated and one-sided.

Their spectra also contain narrow-line emission features.

Broad-Line Radio Galaxies: The continua and the emission line regions of
these sources resemble those of Seyfert 1 galaxies.
Radio Quasars: These sources are mainly characterised by high UV, radio and

X-ray luminosities, outshining the rest of the galaxy. Many of these systems are
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located at high redshifts, z > 1. The luminosities of these sources are known to be
highly time-variable, with changes on time scales of a few days to a few years. These
sources are often compact in size or observed to have one-sided jets. Radio quasars are
further classified as Steep-Spectrum Radio Quasars (SSRQs) and Flat-Spectrum Radio
Quasars (FSRQs), based on their radio spectral indices of & < —0.5 and a > —0.5,

respectively (where the flux density S, at a frequency v is given by S, o v?).

BL Lacs: These sources have strong continuum emission along with rapid flux
variability and high polarization. The continuum extends from radio to ~-ray
frequencies. The emission lines are either weak or absent.

BL Lacs and a group of FSRQs which have very strong optical variability are collec-
tively classified as blazars. The jet originating from the AGN is assumed to be oriented
towards the observer in this class of objects, which accounts for the rapid variability
and high polarization of the optical emission.

Various authors have tried to unify the various AGN types by invoking its as-
symmetric structure (see Figure e.g. [Urry, [2004). The different AGN classes are
interpreted as the manifestations of different orientations of the AGN towards the line-
of-sight. For example, when the line-of-sight is aligned close to the axis of the radio
jet, then the central broad-line region is unobscured by the torus and the thick galactic
disk. Such systems are classified as broad-line radio galaxies. In the case of BL Lacs
and blazars, the line-of sight is within few degrees of the direction of the axis of the jet.
In the case of the narrow-line radio galaxies, the line-of-sight is likely to be oriented
close to the plane of the torus, and the thick disk. In such a case, the narrow-line
regions that are projected in directions normal to the plane of the torus are visible.
FR-I and FR-II radio galaxies are examples of narrow-line radio galaxies, in which the
narrow-line regions and the radio lobes are oriented close to the plane of the sky.

Despite the current understanding of the physical properties and structure of AGNs,
several critical questions still remain unanswered. How does the SMBH that is located
in the centre of the galaxy accrete mass and dust, and what constitutes the material
which is fueling the AGN? The circumnuclear gas clouds could provide the necessary
mass to trigger and fuel the centrally located AGN, but the exact accretion mechanism

and the geometries of these cloud structures remain ambiguous till date. The follow-
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ing section sheds light on some of the prominent accretion mechanisms and processes

studied so far.

1.3 Inflow mechanisms

The angular momentum of the ambient gas in a galaxy must be reduced by several
orders of magnitude before it is ‘fit’ for consumption by the black hole. In particular,
the specific angular momentum of the matter located at a radius of a few kpc must be
reduced by ~ 4 orders of magnitude before it is consumed by the SMBH (Jogee, [2006)).
There is no known universal accretion mechanism that operates efficiently from scales of
several kpc down to the last orbit of the black hole. Gravitational torques, dynamical
friction (acting on massive circumnuclear gas clumps), hydrodynamic torques, and
viscous torques are some of the mechanisms that remove the angular momentum from
the gas component and channel it to small scales. These different mechanisms are of
different relative importance at different radii in a galaxy. Their relative importance
also differs when dealing with a strongly interacting galaxy versus an isolated one.
Following is a brief description of the prominent scenarios in which these mechanisms

come into play.

1.3.1 Cold gas accretion

Gallagher et al. (1977), [Ekers (1978) and |Gunn| (1979) have suggested that the radio
activity of the AGN might be associated with the presence of cold gas. This was further
tested using larger samples by |Walsh et al.| (1989). Kotanyi and Ekers (1979) showed
that the rotation axis of the cold gas is usually aligned with the radio axis. Further, van
Gorkom et al.| (1989) used the Very Large Array to search for HI 21 ¢cm absorption in
a well-defined sample of radio galaxies. They found that gas inflows are more common
than outflows in local AGNs. There has been an increasing consensus that cold gas
might be the main component of the gas mass which fuels the central AGN.

Binney| (1977) pointed out the possible significance of cold gas accretion from the
intergalactic medium (IGM), necessary for the formation of galaxies. Several recent
simulations have shown that galaxies can indeed accrete cold gas from the IGM along
filaments, without being shock heated (e.g. Brooks et al., 2009; Kaufmann et al., |2006;
Keres and Hernquist|, 2009; [Keres et al., 2005; |[Peek et al., 2008). Further, the amount
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of gas mass required to switch on a quiescent black hole is relatively small. Gas masses
as little as ~ 10 — 10° Mg, could be sufficient to trigger an AGN (e.g. van Gorkom!
et all [1989) over its maximum lifetime of ~ 10% yrs (Leahy et al., [1989). Considering
that only small amounts of gas are required to trigger black holes, the slow accretion
of cold gas from larger scales to the central regions of the galaxy may be a relevant

mechanism to cause nuclear activity.

1.3.2 (Galaxy mergers

Mergers and galaxy interactions disturb the galaxy potential and can channel the gas
to the central regions. For example, mergers can cause tidal interactions, which may
enhance cloud-cloud collisions, and hence, remove angular momentum from the gas.
The low angular momentum gas can get stirred to the nuclear regions and eventually
fuel the AGN. The orbits of interacting galaxies play an important role; direct collisions
are more efficient in channeling gas to the central regions than retrograde encounters
(e.g. Di Matteo et al., [2008]).

A number of studies have searched for signatures of disturbances in radio galaxies.
Signs of disturbance have been found mainly in optical and infrared bands; signs of
interaction include tails, fans, bridges, shells and dust lanes (e.g. |Canalizo et al., [2007}
Heckman et al., 1986 [Lin et al., 1988 Smith and Heckman, [1989; [Tasse et al., 2008;
Wu et all |1998). Most radio galaxies (~ 85%) indeed show signatures of disturbances,
in the form of merging and/or interaction (e.g.|[Heckman et al., [1986; Roche and Eales,
2000)). Interestingly, however, a one-to-one correspondence between galaxy mergers and
AGN activity does not seem to exist. This indicates that mergers are unlikely to be the
primary mechanism for initiating AGN activity (e.g. Struve et al.l 2010)). Thus, while
interactions of gas-rich objects may cause nuclear activity, galaxy mergers are not a

necessary condition to trigger AGN activity.

1.3.3 Accretion of hot X-ray emitting gas

It is believed that most early-type galaxies are embedded in a hot X-ray emitting halo
(see, e.g., Mo et al., 2010). The hot X-ray emitting gas can directly accrete into the
vicinity of the black hole and can feed the central engine. Evidence for such accretion
have been found in a few cases (e.g. Balmaverde et al. 2008; Best et al., [2006). Allen

et al. (2006]) have recently found a correlation between the jet power and the accretion
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rate of the hot gas, which implies that the hot X-ray emitting gas could be an important
component of the fuel that powers the central AGN. Recent simulations also support
the result that galaxies can efficiently accrete hot gas. In particular, the accretion is
predicted to be more efficient in massive (Mpq, > 3 x 1011 M) galaxies (e.g. (Croton

et al., [2006)).

1.4 Outflows and feedback

For a long time, the active nucleus was thought to be ‘inert’, in the sense that it has no
impact on the host galaxy. It was believed that gas and dust could get accreted onto
the AGN, and the gas could escape and form jets, without significant effects on the
growth of the galaxy. However, recent simulations have shown that AGNs can regulate
the growth of galaxies through the effects of mechanical feedback (e.g. |Croton et al.|
2006; [Hopkins et al., 2005; |Springel et al., 2005). Feedback is the process of transferring
energy back to the IGM, and hence regulating gas collapse and star formation in the
AGN host galaxy. The AGN heats the gas present in the nuclear region and drives it
out, causing outflows of neutral, warm and/or hot gas (e.g. de Vries et al.,|2002). These
outflows result in the quenching of star formation in the central regions and possibly
even end the active state of the nucleus (e.g. Fabian, [2012)). This feedback effect due
to the nuclear activity has gained prominence in recent years due to the discovery of
massive gas outflows in a growing number of galaxies with AGNs. Many questions
are still open, in particular with regard to the driving mechanism of these outflows.
These questions have implications for understanding how ubiquitous the AGN-related
feedback is, and whether it is linked to specific phases in the life of an AGN or is a
recurrent phenomenon.

The kinetic interaction of the radio jet with gas in the ISM provides a possible
mechanism for driving gas outflows. However, this mechanism has been criticized on
the grounds that the opening angle of the jet is quite narrow and hence it is likely
to affect only a small fraction of the ISM (e.g. [Loeb and Furlanettol, |2013). However,
recent simulations (e.g. [Wagner and Bicknell, 2011; Wagner et al.l [2012) have shown
that this mechanism is indeed effective, especially when the radio source is in its initial

phase and surrounded by a porous clumpy medium. This is because a large cocoon
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of disturbed and outflowing gas is created around the radio jet due to the interaction
with the radio plasma, thus affecting a much larger region of the galaxy.

Feedback from massive stellar outbursts which drive galactic superwinds is also
believed to be critical to the evolution of galaxies. The cosmological models of galaxy
evolution which do not implement the effect of stellar feedback have been found to show
star formation rates (SFRs) ~ 10 times the SFRs observed in galaxies (e.g. Hopkins
et al., 2012} [Katz et al., 1996} [Somerville and Primack, [1999; [Springel and Hernquistl,
2003). The necessity for stellar feedback also arises due to the fact that the amount
of baryons in real galactic discs is much lower than the amount of cool gas found in
cosmological simulations (e.g. White and Frenk| [1991). This is especially found to be
true in low-mass galaxies.

However, galactic winds seem to have a complex multi-phase structure (e.g. Hopkins
et al.,2012)). The physical structures in these winds seem to depend on the interactions
between winds caused by multiple feedback mechanisms operating on different spatial
and temporal scales. Any single feedback mechanism incorporated in the simulations
fails to reproduce the observed winds (e.g. Hopkins et all 2012)). Hence, despite its
acknowledged importance, the effect of feedback on galaxy evolution is sparsely under-
stood. Also, it is unclear which of the two prominent mechanisms, AGN-induced feed-
back and supernovae outbursts, dominates the regulation of star formation. Blueshifted
absorption features indicate gas outflows from the AGN. Detections of such blueshifted
features can be used to trace the importance of feedback at different redshifts, and in
different AGN types. Very long baseline interferometry (VLBI) in the redshifted Hr 21
cm line (see section 1.5) can be used for follow-up observations of the detected ab-
sorption features. Such studies may be used to determine the location of gas outflows,
and hence to determine whether they are likely to arise from AGNs or supernovae (e.g.

Morganti et al., 2013).

1.5 Physics of the Hi 21 cm line

The physical properties of atomic hydrogen present in galaxies can be probed via a
hyperfine transition in the ground state of the H atom. This transition gives rise to
radio emission or absorption at a wavelength of 21.1 cm. The transition occurs when

the electron reverses its spin relative to that of the proton. Here, the higher energy
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state is the one in which the two spins are parallel, and the lower energy state is the
one in which the two spins are anti-parallel. van de Hulst (1944) predicted that this
transition should be observable in astronomical objects, and in 1951 two groups (Ewen
and Purcell, 1951; Muller and Oort,, |1951) reported the detection of emission from
interstellar neutral hydrogen. The frequency of this transition has been determined in
the laboratory to be 1420.405752 MHz (Kerr} [1968).

The number of atoms present in the upper and lower states, in a gas cloud that is
in thermodynamic equilibrium, are related to the gas temperature by the Boltzmann

distribution law,

M _ 91— (hw/kT) (1.1)
no 9o

where n1 and ng are the number of atoms in the upper and lower states respectively,
g1 and gg are the statistical weights of the upper and lower levels, respectively, v is the
transition frequency, h and k are the Planck and Boltzmann constants, respectively, and
T is the excitation temperature. While equation applies to gas in thermodynamic
equilibrium, which is not the case for astrophysical systems, we can use this relation
to define a quantity with dimensions of temperature that describes the distribution of
atoms in the two hyperfine states. This line excitation temperature is called the spin
temperature, T, of the HI 21 cm line.

The spin temperature of the gas is influenced by a number of factors, including the
gas kinetic temperature and the temperature of the radiation field at the 21 c¢m line
frequency and at the Lyman-a frequency (e.g. Field, [1958; |Liszt, 2001). In gas clouds
of high density and far away from radio or ultraviolet sources, collisions dominate
over the other effects, and the spin temperature is approximately equal to the kinetic
temperature. This is the situation in cold gas clouds in normal galaxies. However, the
timescale of collisions is much longer in low-density regions, and spin temperatures here
are typically somewhat lower than the gas kinetic temperature (e.g. |Liszt} 2001)).

The spin temperature is related to the neutral hydrogen column density Npj along

the path by the equation (e.g. Kerr, [1968:; |Spitzer, [1968)

Nar = 1.823 x 10'® x T x /Tdv, (1.2)

where [ 7dv is the velocity integral of the Hi 21 cm optical depth 7. Here, Ny is in

em™2, T, is in K, dv in km s~L.

12
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The spin temperature is a quantity of much interest as it provides information on
the temperature of the Hi gas. However, it should be emphasized that, for a multi-
phase medium, the spin temperature is the column-density-weighted harmonic mean of
the spin temperatures of different HI phases along the line of sight. T hence contains
the information about the fraction of gas in cold and warm phases. Furthermore, T
is biased towards cold gas: for example, the inferred T is only ~ 200 K, if the gas is
equally distributed between two phases of temperature ~ 100 K and ~ 10* K.

Studies in the past have tried to estimate the spin temperatures of clouds in the
galaxy using HI 21 e¢m emission and absorption spectroscopy. More than 80% of the
measurements in the Milky Way yield Ty < 350 K (see, e.g., [Braun and Walterbos,
1992)). |Dickey (1995) studied a few nearby spiral galaxies, and found the average spin
temperatures to be 155 K for M31, 335 K for M33 and 180 K for the Large Magellanic
Clouds. Other studies of nearby galaxies (e.g. (Carilli et al., [1992; [Reeves et al.l 2015
have also obtained T values in the range 100 — 200 K. In the case of damped Lyman-«

0% cm?, Kanekar

absorbers (DLAs), a class of quasar absorbers which have Ny > 2 x 1
et al| (2014) found that there is a statistically significant difference between the spin
temperature distributions in their high-z and low-z DLA samples, and an even more
significant difference between the spin temperature distributions in DLAs and in the
Milky Way. However, there are also a few high-z DLAs with low spin temperatures, in

the 100 — 300 K range (e.g. Kanekar et al., 2014} York et al., 2007)).

1.6 Associated HI 21 cm absorption studies

Studies of the kinematics of gas present in and around AGN host galaxies can provide
insights into the physics of active nuclei. Understanding the distribution and kinematics
of different components of the circumnuclear gas is important both to study the fuelling
of the radio activity and to probe AGN feedback.

Atomic gas in the host galaxies of radio-loud AGNs can be probed through ab-
sorption studies in the H1 21 cm line. An important advantage of using H1 21 cm
absorption studies (as compared to HI 21 cm emission studies) is that the detectability
of the absorption depends only on the strength of the background source. Therefore,
Hi 21 ¢m absorption can probe neutral gas in systems present at high redshifts, where it

is not possible to detect the gas in emission (e.g. [Kanekar and Briggs|, 2004; Morganti,
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1. INTRODUCTION

2012)). For the same reason, HI 21 cm absorption can also be detected with high spatial
resolution observations, which is again not possible for H1 21 ¢m emission. This makes
H1 21 c¢cm absorption suitable to study atomic gas in the circumnuclear environments of
AGNSs, particularly for systems at high redshifts. But, as a downside, it gives a view of
the distribution of HI which is limited to the regions covering a background continuum
source.

An estimate of the gas spin temperature T is required in order to compute the Hi
column densities of AGNs with searches for H1 21 cm absorption. In the vicinity of an
AGN, the bright radio continuum source can change the hyperfine level populations, and
hence alter the spin temperature, yielding values as high as T ~ 8000 K (e.g. |[Bahcall
and Ekers, [1969; [Maloney et all 1996). This is far larger than spin temperatures in
the Milky Way or nearby galaxies, and comparable to values seen in high-z DLAs.
Unfortunately, we do not have any direct estimates of the spin temperature of the HI in
AGN environments. Typical assumed spin temperatures in the literature are 100 K or
1000 K, implying a range of at least an order of magnitude in the Ny estimates from
this assumption alone. It would hence be more appropriate to work with the measured
H1 21 cm optical depths, rather than the inferred Hi column densities. While we will
follow this practice in this thesis, we will also provide inferred Hi column densities
for all our targets, assuming a spin temperature of 100 K, for comparisons with the
literature.

Associated Hi 21 cm absorption studies can be used to probe the kinematics of
gas relative to the AGN. The immediate surroundings of AGN are characterized by
extreme physical conditions, where the interplay between the enormous amounts of
energy released from the nucleus and the ISM takes place. Hence, it is critical to probe
the kinematical properties of the gas present in these regions. Absorption features
which are redshifted from the systemic velocity indicate the presence of inflowing gas,
whereas blueshifted features are the signatures of gas outflows.

Associated H1 21 c¢m studies can also be used to probe AGN unification schemes
(e.g.Barthel, [1989). These schemes try to unify various AGN classes by proposing that
the properties of the different AGN types arise due to their different orientations to the
line of sight (see the discussion in Section 1.2). For example, if the line of sight towards
the central nucleus is parallel to the plane of the disk, we tend to observe the narrow-

line regions, since these regions are projected in directions normal to the plane of the
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1.7 Previous Associated H1 21 cm absorption studies

disk. Conversely, if the line of sight is close to the axis of the jet, the centrally located
broad-line region is likely to be visible, since this region is not obscured by the torus or
the thick disk along such a sightline. In such a scenario, detections of associated Hr1 21
cm should be systematically more common in narrow-line radio galaxies since the line
of sight is close to the gaseous disk. Tentative evidence for this effect has been obtained
by Morganti et al.| (2001]), but for a relatively small sample of AGNs at low redshifts
(z <0.5).

1.7 Previous Associated Hi 21 cm absorption studies

At present, more than fifty radio sources have been detected with associated H1 21 c¢m
absorption. Most of the target sources in these studies are limited to low or intermediate
redshifts (z < 1) and have flux densities > 100 mJy. Sources with high flux densities are
usually targetted, to maximize the sensitivity to Hr 21 cm absorption. The detection
rate is & 15 — 20% in extended radio galaxies (e.g. Emonts et al., [2010; |Gupta et al.,
2006; Morganti et al., 2001]), and is higher (=~ 30 —40%) in the more compact gigahertz-
peaked spectrum (GPS) and compact steep spectrum (CSS) sources (e.g. |Gupta et al.,
2006; [Vermeulen et al.| 2003). There appears to be a tendency for the compact sources
to be more often detected in HI1 21 cm absorption. Finally, only a small fraction of the
sources detected in HI 21 cm absorption have been followed up using high-resolution
VLBI observations (e.g. Morganti et al., 2013). Such VLBI observations are the key to
identifying the location of the absorbing gas in the AGN host galaxy.

Searches for associated H1 21 cm absorption have been carried out for the past three
decades, but physical conditions in neutral gas in AGN environments are still unclear.
The first systematic search for Hi 21 cm absorption in radio galaxies was performed
by van Gorkom et al.| (1989)), as mentioned earlier. The authors obtained detections
in 4 out of 29 observed sources. Absorption lines in all four sources were found to
be redshifted from the systemic velocities. This preponderance of redshifted Hi 21 c¢m
absorption has been interpreted as evidence of cold gas falling into the nucleus (van
Gorkom et al.| [1989). However, in more recent years, HI 21 cm absorption has been
detected in several samples of radio galaxies, out to intermediate redshifts, z ~ 0.9,
and with detection rates < 40% (e.g. |Gupta et al., 2006; Morganti et al., 2000} [2005;
Pihlstrom et al., 2003; Vermeulen et al.| 2003|). Blueshifted absorption against the
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1. INTRODUCTION

nucleus was detected at least as frequently as redshifted absorption in these samples.
These results indicate that both infall and outflow may be important in AGN envi-
ronments. Later searches for HI 21 cm absorption in larger but heterogeneous samples
(e.g. |Curran et al.l 2008; (Geréb et al., [2015) have been unable to shed much light on
whether or not inflowing neutral gas is the main component of the AGN fuel.

The aforementioned studies of associated HI 21 c¢m absorption have found a wide
range of absorption line profiles, ranging from narrow (< 100 km s~!) to broad (=
1000 km s~!) line widths. The features are also found to have a wide range of velocity
offsets from the respective systemic velocities. The absorption profiles indicate that the
gaseous structures around the central nucleus have complex morphologies (e.g. |Geréb
et al.l |2015; |Gupta et al., [2006). For example, narrow lines with widths < 100 km s~!
and small velocity offsets from the systemic redshifts would indicate gas clouds with low
velocity dispersion, probably rotating in the circumnuclear disk. Conversely, broader
absorption features indicate the presence of unsettled gas, probably interacting with the
central radio source. Interactions between the neutral gas and the radio jet are likely
to produce absorption lines with the largest widths. Such wide absorption features
are typically found to be blueshifted from the systemic velocity and most commonly
detected in compact sources (e.g. |Geréb et all 2015; |(Gupta et al., [2006; [Pihlstrom
et al) [2003). This indicates that compact sources might be the best targets to search
for radio source-gas interactions and AGN-driven outflows.

Morganti et al.| (2001)) observed a sample of extended radio galaxies selected from
the 2-Jy sample of [Wall and Peacock| (1985)), to test AGN unification schemes. They
observed the following trends in their sample. HI 21 cm absorption was detected in
only one FR-I source out of an observed sample of 10 FR-I radio galaxies. In the case
of FR-II radio galaxies, they detected HI 21 cm absorption in three out of four NLRGs,
while absorption was not detected in any of four BLRGs. These findings are largely
consistent with the predictions of the unified scheme (see, e.g., |[Pihlstrom et al., [2003}
van Ojik et al., [1997). They also found that the detections of H1 21 c¢m absorption
in two out of three NLRGs were blueshifted from the systemic velocity. This means
that it would be too simplistic to attribute the neutral gas just to the torus. The gas
could be widely distributed in the thick disk and its dynamics could be resulting in
blueshifted and redshifted absorption features.
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1.8 Outline of the thesis

Hi 21 c¢m absorption studies provide a useful probe to test the redshift evolution of
the distribution of neutral hydrogen gas in AGN environments (e.g. Kanekar and Briggs,
2004). Unfortunately, most of the previous surveys of associated Hi 21 cm absorption
are limited to low redshifts (z < 1) (e.g. (Gupta et al., [2006; Morganti et al., [2001}
Vermeulen et al.| [2003), and with only a handful of such searches at z > 1 (e.g. Curran
et al} 2013; Gupta et al., [2006) present in the literature. Some of these searches have
fairly low sensitivities. In fact, there are only four known associated Hi 21 cm absorbers
at z > 1; these are 3C190 at z ~ 1.2 (Ishwara-Chandra et al., 2003), J15454+4751 at
z ~ 1.3 (Curran et al., 2013), MG J04144+-0534 at z ~ 2.6 (Moore et al., [1999), and
TXS 0902+343 at z ~ 3.4 (Uson et al., [1991). Most of these searches, particularly
the ones at high redshifts (e.g. Curran et all 2013} Gupta et al.l 2006)), have targeted
heterogeneous samples. The main barrier to using H1 21 cm absorption studies to probe
redshift evolution in AGN environments is the dearth of such studies, and detections
of absorption, at higher redshifts. Also, the heterogeneous samples in the literature
make it difficult to separate redshift effects in the AGN environment from differences
in the AGN types observed at different redshifts. We have hence chosen to carry out
a survey for redshifted associated HI 21 cm absorption in a large, uniformly-selected

AGN sample, distributed over a wide redshift range, in the present thesis.

1.8 Outline of the thesis

Despite the wide range of studies, our understanding of the distribution and kinematics
of neutral gas in AGN environments at high redshifts, and the redshift evolution of these
quantities, is still quite poor. Presently, there are ~ 25 searches for associated Hi 21
cm absorption available at z > 1, but only four known associated H1 21 ¢m absorbers.
An important question that arises when we examine the searches at high redshifts is
why the number of associated H1i 21 cm absorbers at z 2 1 is so small, while there
are ~ 50 known absorbers at low redshifts, z < 1. Even in the samples searched at
z < 1, the detection fraction appears to be significantly higher at low redshifts, z < 0.4,
compared to that at intermediate redshifts (0.4 < z < 1). Do the apparent differences in
the number of detections and the detection rate imply a real phenomenon, indicating
redshift evolution in the AGN environment ? Or, are these just a manifestation of

heterogeneous sample selection 7
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1. INTRODUCTION

The main objective of this thesis is to test whether the properties of the neutral
hydrogen gas in AGN environments, including the detection fraction, the kinematics
(e.g. infall versus outflow), the profile characteristics (e.g. broad versus narrow lines),
etc., show any evolution with redshift. We have used a uniformly selected, large sample
of AGNs for this purpose. The following is a chapter-wise outline of this thesis.

In Chapter 2, I explain the criteria used to obtain a uniform AGN target sample,
as well as to maximize the detection rate of HI 21 c¢cm absorption, based on previous
studies. I then provide a detailed listing of the AGNs of our sample, along with their
various characteristics. In Chapter 3, I describe the Giant Metrewave Radio Telescope
(GMRT) observations that were carried out to acquire the data on which this thesis is
based. Besides the observational details, this chapter also discusses the procedures that
were used in the analysis of the GMRT data. In Chapter 4, I summarize the results
from our observational programme. This chapter presents the final H1 21 cm absorption
spectra for all our targets, discusses the routes used to confirm the detections of H1 21
cm absorption, describes the sources that did not yield usable spectra due to radio
frequency interference, and provides the final observational results, including the flux
density, the root-mean-square (RMS) spectral noise, the H1 21 c¢cm optical depth (or
limits on this quantity) and the derived HI column density (or limits on this quantity)
for all the sources of our sample. In Chapter 5, I discuss in detail the new detections of
associated HI 21 cm absorption that were obtained in this thesis, including the nature
of the Hr 21 cm absorption profiles and the AGN characteristics. Chapter 6 describes
the results from a detailed statistical analysis of the strength of redshifted Hr 21 cm
absorption in different sub-samples of our full sample. This includes the dependence of
the H1 21 c¢m opacity on redshift, AGN radio and ultraviolet luminosity, AGN spectral
index, etc.. Finally, in Chapter 7, I provide a summary of the thesis and comment on

future avenues for research in this field.
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The Target Samples:
Flat-Spectrum and
Gigahertz-Peaked Spectrum

Sources

In this chapter, we discuss the criterion of radio-source compactness which was used
to select the sources in our sample. We briefly describe the physics of synchrotron
emission and synchrotron self-absorption. We then discuss the inverted spectra and
flat spectra characteristics, that were used to identify compact AGNs. Finally, we give
the details of the Caltech-Jodrell Bank Flat-spectrum (CJF) source catalogue and the
Gigahertz Peaked Spectrum (GPS) samples from the literature, from which the target

sources were selected.

2.1 Radio-source compactness

A large fraction of the known radio sources at high redshifts (z > 1) remain unsearched
for associated HI 21 cm absorption. Searches for Hi 21 ¢cm absorption in AGNs over a
wide range of redshifts are essential to probe possible redshift evolution in the neutral
gas in AGN environments. The problem with using samples which have been searched
earlier in the literature is that the samples are highly heterogeneous, making it difficult

to distinguish redshift evolution from differences in AGN type. We hence aimed to
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2. THE TARGET SAMPLES: FLAT-SPECTRUM AND
GIGAHERTZ-PEAKED SPECTRUM SOURCES

put together a large, uniformly-selected sample of AGNs, out to high redshifts z = 1.
The primary selection criterion is targeted at maximizing the detection rate of H1 21
cm absorption in the sample. This would enable us to trace the distribution and
kinematical properties of the neutral hydrogen in and around AGN hosts.

A number of studies, mostly targetting AGNs at z < 1, have established that the in-
tegrated HI 21 cm optical depth ([ 7dv) is anti-correlated with the spatial extent of the
radio emission (e.g. Gupta et al., 2006; Pihlstrom et al., 2003). For example, |Pihlstrom
et al. (2003) found that the smaller Gigahertz Peaked-Spectrum (GPS) sources (with
sizes < 1 kpc) have larger Hr 21 cm optical depths compared to the larger Compact
Steep-Spectrum (CSS) sources (with sizes > 1 kpc). |Gupta et al| (2006) found that
the detection rate of HI 21 cm absorption is highest for compact sources and lowest
for the sources with extended continua in their sample of 96 sources. Such an inverse
correlation between the integrated optical depth and the linear source size is expected
because, when the linear size of the source is small, the foreground obscuring gas is
likely to cover a larger fraction of the radio flux density. This will result in a larger
covering factor, f, which takes values between 0 and 1. When f < 1, for extended

sources, the apparent optical depth, 74, is much less than the true optical depth,
Tapp = —IN(1 — f+ fe77), for 0 < f <1, 74 < 1 (2.1)

Here 7 is the true optical depth of the intervening medium. Compact radio sources
have covering factors f =~ 1 and their apparent optical depth is hence very similar to
the true optical depth. At a fixed optical depth sensitivity, the chances of detecting
associated HI1 21 cm absorption are thus higher towards compact radio sources. We
have hence used source compactness as the principal criterion for selecting our target

AGN sample.

2.2 Synchrotron self-absorption

Compact AGNs can be identified by examining their radio spectra. The steep-spectrum
nature, with a higher flux density at low radio frequencies, of the typical radio spec-
tra of AGNs implies that the radio emission is non-thermal in nature (see, e.g., [Shu,
1991). The emission is presumed to be synchrotron radiation from ultra-relativistic

electrons with energies of typically about 1 GeV, moving in weak magnetic fields of
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2.2 Synchrotron self-absorption

. >V
V4

Figure 2.1: Radio spectrum of a compact source undergoing synchrotron self-absorption.

vy represents the turnover frequency.

about 10~* gauss (e.g. Kellermann and Owenl, [1988). For a power-law electron energy
distribution, oc E~P, the spectrum follows a power-law (S o< v® ) shape at radio frequen-
cies (e.g.Shul [1991)). The radio spectrum has a spectral index of @« = —(p —1)/2 (refer
Fig. . However, at low radio frequencies, the relativistic electrons themselves ab-
sorb the emitted synchrotron photons; this is referred to as synchrotron self-absorption.
Synchrotron self-absorption causes a turn-over in the spectrum, and results in lower
flux densities at low radio frequencies. The self-absorbed spectrum has a positive spec-
tral index, o = 5/2, at frequencies below the turnover frequency; note that this is
independent of the power-law index of the electron energy distribution (see Fig. [2.1
and [Shu, 1991).

The turnover frequency represents a boundary in the frequency domain, between
the optically thick and optically thin regimes of the emitting source. Compact and
dense emitting regions can absorb synchrotron photons up to higher frequencies, com-
pared to extended regions. Thus, compact sources are optically thick to synchrotron
emission at higher frequencies than sources with extended radio emission. The
turnover frequency thus depends on the compactness of the emitting source. In fact,
the turnover frequency for a homogeneous, self-absorbed, incoherent synchrotron radio

source with a power-law electron energy distribution depends on the angular extent of
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2. THE TARGET SAMPLES: FLAT-SPECTRUM AND
GIGAHERTZ-PEAKED SPECTRUM SOURCES

the radio source as Vg < Bl/552/59*4/5(1 + 2)1/5, where B is the magnetic field in
gauss, the flux density at the peak S is in Jy, z is the redshift, and the angular size 0
is in milli-arcsec (e.g. [Kellermann and Pauliny-Toth, [1981). This means that compact
regions would have higher turnover frequencies, whereas radio sources with larger
linear extents would have turnovers at low radio frequencies. In extremely compact
sources, synchrotron self-absorption can occur up to very high radio frequencies, giving
rise to spectral turnovers in the GHz range. These sources are classified as Gigahertz
Peaked Spectrum (GPS) sources (e.g. (O’Dea, 1998). Some of these sources peak at
tens of GHz, which are further classified as High-Frequency Peakers (HFPs) (e.g.
Dallacasa et al., 2002; Edge et al. 1998). An inverse relation between the turnover
frequency and the linear extent of the radio source can be inferred from these studies.
Accordingly, |O’Deal (1998) found the relation t4,4, o< 17995 between the turnover
frequency Ve, and the largest linear extent [ of the radio source for his sample of

GPS sources.

2.3 GPS and Flat-spectrum sources

GPS sources are known to be extremely compact, with sizes < 1 kpc. It is now widely
agreed that these sources correspond to the early stages of the evolution of powerful
radio sources (e.g. [Fanti et al., |1995; Readhead et al., [1996; Snellen et al., 2000). The
radio emitting region grows and expands within the interstellar medium of the host
galaxy, before breaking out to become a powerful radio source. It is thus interesting to
study the gaseous environments in which these sources are engulfed. The ambient gas
reservoirs could provide the necessary fuel to the central AGN for its activity.
Flat-spectrum radio sources are another class of compact sources, which are charac-
terized by a spectral index of a = 0 at low radio frequencies, up to ~ 5 GHz. At higher
frequencies the spectra bend to steeper power-laws. The flattening at low frequencies
results from the superposition of the emission from several synchrotron-self-absorbed
regions, each of which peaks at different frequencies (e.g. |Cotton et al., [1980; [Keller-
mann and Pauliny-Toth, [1969). Hence, the radio emission arises from multiple emitting

components lying within a spatially compact region. The low-frequency radio spectrum
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2.4 The target samples

of these sources is typically complex, sometimes showing multiple weak peaks and dips,
and a simple power-law form does not provide a good representation of the spectrum.
However, a power-law with a small value of a (= 0) provides a good identifier of such
sources.

We chose the flat-spectrum criterion to choose the target sample for our primary
survey for associated HI 21 cm absorption in high-redshift AGNs, for the following rea-
sons. First, the flat-spectrum criterion implies that the sources are relatively compact.
Second, the low-frequency flux densities of flat-spectrum sources are typically higher
than those of typical GPS sources, due to the flat spectra of the former class and the
inverted spectra of the latter class. Since typical flat-spectrum sources have higher flux
densities than typical GPS sources at their redshifted Hi 21 cm line frequency, they
require shorter integration times to achieve the same optical depth sensitivity. The
selection of flat spectrum sources thus provides a balance between source compactness
and low-frequency radio flux density, both critical for searches for redshifted H1 21 c¢m
absorption

Besides the above primary survey in flat-spectrum sources, we also undertook a
secondary survey for associated HI 21 cm absorption in GPS sources. There have been
a few surveys in the past that searched for associated Hi 21 cm absorption in GPS
sources, but these searches were at fairly low redshifts, z < 1.0 (e.g. |Gupta et al., [2006;
Pihlstrom et al.l |2003). It has been shown by |Gupta et al.|(2006) that, at low redshifts,
GPS sources have the highest detection rate of associated H1 21 cm absorption, ~ 60%.

However, there are almost no searches in GPS sources at high redshifts, z 2>

2 1, in
the literature. We hence chose to target GPS sources at high redshifts, z > 1, in
our secondary survey, aiming to study the detection rates and kinematic properties of

associated neutral gas in the environments of GPS sources as a function of redshift.

2.4 The target samples

The Caltech-Jodrell Bank Flat-spectrum (CJF) sample (Henstock et al., [1995; Pearson
and Readhead) [1988; [Polatidis et al.l [1995; Taylor et all [1996) was used to select the
target flat-spectrum AGNs for our primary survey. The following are the properties
of the sources in the CJF sample which are important for the associated HI 21 cm

absorption search: (1) All the sources have declinations (d) > 35° and hence can be
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observed using the GMRT, (2) All the sources in the sample have flat spectra, with
ad$d > —0.5 (S, oc v?), implying that the sources are compact, (3) accurate redshifts
are available for most of the sources in the CJF sample, from the follow-up optical
spectroscopy (e.g. Henstock et al., |1997), (4) the CJF sources are all relatively bright
at radio frequencies, with 4.85 GHz flux densities > 350 mJy (e.g. Taylor et al., [1996),
(5) VLBI information is available for all CJF sources, at frequencies of ~ 1 — 5 GHz,
providing additional details of their spatial structure (e.g. [Polatidis et al.l |1995; Taylor,
et al., [1996), and (6) low-frequency flux density estimates are available for all CJF
sources from the 327 MHz Westerbork Northern Sky Survey (WENSS) (Rengelink
et al., [1997)) or the 365 MHz Texas survey (Douglas et al., [1996), and, from the 1.4
GHz Faint Images of the Radio Sky at Twenty-cm (FIRST) survey (Becker et al., [1995])
or the NRAO VLA Sky Survey(NVSS) (Condon et al.,[1998). The 1.4 GHz and 327/365
MHz flux densities can be used to infer the flux densities of the CJF sources at their
redshifted H1 21 cm line frequencies, and (7) prior to this thesis, the detection rate of
Hi1 21 c¢m absorption in the CJF sample was ~ 40 %, mostly for sources at z < 1 (e.g.
Gupta et al 2006 Vermeulen et al., 2003]).

The CJF sources appear to form a complete radio-selected sample, since they all
have 4.85 GHz flux densities > 350 mJy. However, the CJF flux density measurements
extend over multiple observing epochs, so it is possible that AGN variability might
cause a few sources to fall out of the CJF sample and others to be part of the sample.
As such, the CJF sample is a “nearly-complete”, radio-selected sample.

There are a total of 293 sources in the CJF sample, distributed over redshifts
0 < 2z <4.0. 29 sources of the sample have been searched earlier in the literature for
associated HI 21 ¢m absorption (see Table [2.1)). We decided to cover all the remaining
CJF sources that could be observed with the GMRT. We have compiled a sample of
74 CJF sources, out of which 21 lie at redshifts < 0.4, 46 are in the redshift range
1.0 < z < 1.5 and 7 are in the redshift range 3.0 < z < 3.6. These sources could be
observed using the GMRT’s 1420 MHz, 610 MHz and 325 MHz receivers to search for
associated HI 21 cm absorption. Table lists these sources in order of increasing
redshift.

Our full flat-spectrum sample thus consists of 103 sources, including 29 sources
from the literature and 74 sources that were observed during the course of this thesis.

The distribution of this full sample of sources is as follows: 40 sources at redshifts
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< 0.4, 8 sources in the redshift range 0.4 < z < 1.0, 48 sources in the redshift range
1.1 < z < 1.5 and 7 sources in the redshift range 3.0 < z < 3.6. It should be noted
that we have not observed 8 CJF sources whose redshifted Hr 21 cm line frequencies lie
in the GMRT bands, five at 1.1 < z < 1.5 and three at 3.0 < z < 3.6, due to their low
flux densities that would require large integration times to achieve good optical depth
sensitivity. These eight sources are listed in Table All remaining CJF sources with
redshifted H1 21 cm line frequencies lying in the GMRT bands have been included in
our survey.

For our second survey, we have put together a sample of 58 GPS sources at de-
clinations observable with the GMRT, and whose H1 21 cm line frequencies redshift
into the GMRT bands, from the GPS literature (de Vries et al.l 2007; Labiano et al.,
2007; Randall et al., 2011; [Stanghellini et al., [1998). The selection criteria are that the
sources should have inverted spectra, with the turn-over frequency lying between 300
MHz and 5 GHz, which is the definition of a GPS source (e.g. Labiano et al., [2007).
Out of the 58 sources, 23 sources either have earlier searches for H1 21 ¢m absorption in
the literature or have been included in the CJF target sample (refer Table . Of the
remaining 35 sources, 10 have redshifts < 0.4, 4 are in the range 1.1 < z < 1.5 and 21
sources lie at redshifts 1.9 < z < 4.0. We have observed 12 sources at redshifts < 0.4
and 1.1 < z < 1.5 using GMRT. These sources are listed in Table Two sources
have been excluded from the sample since these have low flux densities (see Table .

In the next chapter, we discuss the details of the observations carried out for this
thesis, and the data analysis techniques that were used to produce the Hi 21 cm ab-

sorption spectra.
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Table 2.1: The 29 CJF sources with associated HI 21 cm absorption searches available in

the literature, listed in order of increasing redshift.

Source z Vo1 em
MHz
TXS 1146+596 | 0.011 1405.2
TXS 0316+413 | 0.018 | 1395.8
B3 06514410 0.022 | 1389.8
TXS 11014384 | 0.030 | 1379.0
TXS 1744+557 | 0.030 | 1379.0
TXS 16524398 | 0.034 | 1373.7
TXS 1254+571 | 0.042 | 1363.2
TXS 1807+698 | 0.051 1351.5
TXS 0402+379 | 0.055 | 1346.4
TXS 11444352 | 0.063 | 1336.2
TXS 2200+420 | 0.069 | 1328.7
TXS 1946+708 | 0.101 | 1290.1
TXS 0309+411 | 0.134 | 1252.6
IVS B1622+665 | 0.201 | 1182.7
S5 1826+79 0.224 | 1160.5
TXS 2021+614 | 0.227 | 1157.6
TXS 2352+495 | 0.238 | 1147.3
TXS 08314557 | 0.241 1144.6
TXS 19434546 | 0.263 | 1124.6
TXS 10314567 | 0.459 973.5
TXS 1355+441 | 0.646 862.9

=
OO C|OC|([C| OO |W[U O[T (||| WM~ &
o

S4 0108+-38 0.669 | 851.1 10
TXS 1504+377 | 0.672 | 849.8 10
TXS 0923+392 | 0.695 | 838.0 9

S5 0950474 0.695 | 838.0 9

TXS 16424690 | 0.751 811.2

S4 1843435 0.764 | 805.2 9
TXS 1543+480 | 1.277 | 623.8 11
TXS 02484430 | 1.311 614.6 1

Notes:
#The column shows the redshifted Hi 21 c¢m line frequencies.
PThe column shows the literature references for associated HI 21 cm absorption searches.

References: (1)Gupta et al.|(2006); (2)De Young et al.| (1973)); (3)Orienti et al.| (2006)); (4)van Gorkom|
let al] (1989); (5)Chandola et al| (2013); (6)Dickey| (1982)); (7)Morganti et al| (2009); (8)Peck et al|
(1999); (9)Vermeulen et al.| (2003); (10)Carilli et al| (1998b); (11)Curran et al.|(2013).
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2.4 The target samples

Table 2.2: The 74 CJF sources whose HI 21 cm line frequencies redshift into the GMRT
bands.

Source z Vo1 em *| Band ®| Siacw: €| Sses mme C| Svay oo ©
MHz MHz mJy mJy mJy
TXS0344+405 0.039 1367.1 1420 496.3 1628.0 505.8
TXS0733+597 0.041 1365.1 1420 560.6 814.0 564.1
S5 2116481 0.084 1310.3 1420 286.5 351.0 289.1
TXS1418+4-546 0.153 1232.4 1420 787.9 745.0 784.1
S4 0749+-54 0.200 1183.7 1420 803.3 271.0 709.2
TXS0003+380 0.229 1155.7 1420 572.2 589.0 574.3
S4 1356447 0.230 1154.8 1420 693.3 111.0 544.8
TXS0010+405 0.255 1131.8 1420 1650.9 3932.0 1873.1
TXS1719+357 0.263 1124.6 1420 819.2 680.0 796.7
B3 02514393 0.289 1101.9 1420 230.4 227.0 229.8
TXS0716+714 0.300 1092.6 1420 726.6 1647.0 834.8
TXS1700+685 0.301 1091.8 1420 338.0 602.0 372.9
S5 1928473 0.302 1090.9 1420 3950.2 4628.0 4058.9
JVASJ1010+8250 | 0.322 1074.4 1420 503.4 684.0 532.1
TXS0424+-670 0.324 1072.8 1420 696.1 1460.0 796.7
JVAS J1458+-3720 | 0.333 1065.2 1420 214.6 238.0 218.7
JVASJ2005+7752 | 0.342 1058.4 1420 1059.6 806.0 1005.6
TXS0035+367 0.366 1039.8 1420 843.6 2094.0 1015.0
TXS0954+658 0.368 1038.3 1420 729.4 630.0 707.9
JVASJ0929+5013 | 0.370 1036.5 1420 522.0 246.0 447.2
TXS0110+495 0.389 1022.6 1420 666.8 1174.0 753.1
TXS1030+415 1.117 671.0 610 473.2 805.0 618.3
TXS0249+383 1.122 669.4 610 662.7 1153.0 877.0
TXS 06004442 1.136 665.0 610 948.6 1844.0 1418.0
JVASJ1048+7143 | 1.150 660.7 610 736.3 678.0 705.9
8C1305+804 1.183 650.7 610 784.8 2158.0 1334.2
TXS 23564390 1.198 646.2 610 420.6 1231.0 558.5
TXS 0821+394 1.216 641.1 610 1480.8 3415.0 2061.1
TXS1954+513 1.223 639.8 610 1587.6 3092.0 2270.2
TXS1105+437 1.226 638.1 610 300.4 403.0 352.0
TXS1015+359 1.228 637.5 610 615.2 517.0 560.2
TXS1432+422 1.240 634.1 610 308.1 328.0 318.7
TXS 09454408 1.249 631.6 610 1599.5 2711.0 2002.7
JVASJ1153+8058 | 1.250 631.3 610 1343.1 1388.0 1367.9
TXS1020+400 1.254 630.2 610 1122.6 2102.0 1582.0
JVASJ1044+8054 | 1.260 628.5 610 828.0 634.0 715.7
TXS 06414392 1.266 626.8 610 442.8 510.0 852.7

Continued on next page
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2. THE TARGET SAMPLES: FLAT-SPECTRUM AND
GIGAHERTZ-PEAKED SPECTRUM SOURCES

Source z Vot em @ | Band b | Siagu> © | Ssos mme @ | Suay o ©

MHz MHz mJy mJy mJy

TXS 05374531 1.275 624.4 610 651.9 920.0 925.9
TXS1656+571 1.281 622.7 610 939.6 2837.0 1734.3
TXS 07074476 1.292 619.7 610 1018.9 1232.0 1119.3
TXS0833+416 1.301 617.3 610 412.0 421.0 444.0
TXS2138+-389 1.306 616.0 610 614.1 611.0 612.5
TXS2319+444 1.310 614.9 610 364.0 471.0 421.0
TXS 0850+581 1.318 612.9 610 1101.7 2122.0 1802.2
TXS1240+381 1.318 612.7 610 550.2 419.0 471.8
TXS2007+659 1.325 610.9 610 508.4 967.0 732.7
S5 2353481 1.344 606.0 610 520.5 571.0 411.7
JVAS J2236+7322 | 1.345 605.7 610 267.6 341.0 307.7
TXS1342+663 1.351 604.2 610 638.5 284.0 400.9
TXS 0035+413 1.353 603.7 610 691.7 567.0 702.6
TXS1739+522 1.375 598.1 610 806.9 1251.0 1042.1
TXS1442+637 1.380 596.8 610 689.1 364.0 474.8
TXS 10304611 1.401 591.6 610 461.9 736.0 591.0
TXS1010+350 1.410 589.4 610 355.5 443.0 405.0
TXS2229+695 1.413 588.7 610 508.5 512.0 510.7
TXS 08204560 1.418 587.3 610 1449.4 1807.0 1551.7
TXS 0805+410 1.418 587.3 610 584.0 514.0 522.1
TXS 08044499 1.436 583.1 610 1114.5 602.0 720.2
TXS0145+386 1.442 581.7 610 344.7 160.0 217.4
TXS 09174624 1.446 580.7 610 945.7 1682.0 1463.0
JVAS J2311+4543 | 1.447 580.5 610 378.2 229.0 279.6
JVASJ1101+7225 | 1.460 577.4 610 1245.0 3044.0 2142.1
TXS 08594470 1.470 575.1 610 1754.9 3373.0 2962.3
TXS 22534417 1.476 573.7 610 1894.7 1165.0 1378.9
TXS 03404362 1.484 571.8 610 513.2 585.0 541.3
JVAS J17474+4658 | 1.484 571.8 610 304.7 417.0 369.3
TXS0859+681 1.499 568.4 610 550.5 409.0 458.4
TXS1427+543 3.013 353.9 325 1028.3 2495.0 2372.0
TXS 08004618 3.033 352.2 325 828.2 686.0 683.4
S5 0014+81 3.366 325.3 325 692.5 688.0 688.3
TXS 06424449 3.396 323.1 325 452.4 716.0 712.8
TXS 06204389 3.469 317.8 325 808.0 1558.0 1573.1
TXS 06044728 3.530 313.6 325 1041.0 1933.0 1964.0
TXS 07494426 3.589 309.5 325 710.0 539.0 534.2

Notes:
#The column shows the redshifted Hr 21 c¢m line frequencies.
PThe column shows the GMRT receiver band used to search for associated HI 21 cm absorption.
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2.4 The target samples

¢The column lists the 1.4 GHz flux densities, from the FIRST or NVSS surveys (Becker et al., [1995}
[Condon et al.l [1998§].

4The column lists the 325 MHz or 365 MHz flux densities from the WENSS or Texas surveys (Douglas
let al.|, 1996} Rengelink et al.| [1997).

¢ The column lists the inferred flux density at the redshifted HI 21 cm line frequency, obtained by
interpolating between the flux densities at 1.4 GHz and 325/365 MHz.
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2. THE TARGET SAMPLES: FLAT-SPECTRUM AND
GIGAHERTZ-PEAKED SPECTRUM SOURCES

Table 2.3: The 23 GPS sources with searches for associated H1 21 cm absorption available

in the literature, listed in order of increasing redshift.

Source z Vo1 em
MHz
TXS 0116+319 0.060 | 1340.0
B3 1315+415 0.066 | 1332.5
TXS 1404+286 0.077 | 1318.9
TXS 09024468 0.085 | 1309.1
TXS 19464708 0.101 | 1290.1
TXS 07294562 0.104 | 1286.6
GB6 J12474+6723 | 0.107 | 1283.1
TXS 1345+125 0.122 | 1266.0
TXS 1601-222 0.141 1244.9
PKS 1934-63 0.181 1202.7
S3 0428+20 0.219 | 1165.2
TXS 2021+614 0.227 | 1157.6
TXS 0941-080 0.228 | 1156.7
TXS 0554-026 0.235 | 1150.1
TXS 23524495 0.238 | 1147.3
TXS 20504364 0.354 | 1049.0
TXS 11174146 0.362 | 1042.9
TXS 13234321 0.368 | 1038.3
8C 23424821 0.735 818.7
TXS 2149+056 0.740 816.3
TXS 15184046 1.296 618.6
TXS 20554055 1.381 596.6
TXS 1351-018 3.707 301.8

=]
w|w||olr|~|~|~|lr[r|l~|~]|~|o||w|o| ]| s]o]e]w @
o

Notes:
#The column shows the redshifted Hi 21 c¢m line frequencies.
PThe column shows the literature references for associated HI 21 cm absorption searches.

References: (1)Vermeulen et al.| (2003); (2)Saikia et al.|(2007); (3)Pihlstrom et al.| (2003); (4)Chandola|
let al| (2011)); (5)van Gorkom et al.| (1989); (6)Véron-Cetty et al.| (2000); (7)Gupta et al.| (2006);
(8)Curran et al] (2008); (9)Carilli et al.| (1998b])

30



2.4 The target samples

Table 2.4: The 12 GPS sources whose HI 21 cm line frequencies redshift into the GMRT
bands.

Source z Va1 em *| Band | S1a am: ©| Ss2s mmz Y| Svay o ©

MHz MHz mJy mJy mJy

B3 08014437 0.123 | 1264.8 1420 346.0 89.0 322.4
TXS 1540-077 | 0.172 | 1211.9 1420 1509.1 1650.0 1525.9
TXS 03204053 | 0.179 | 1204.7 1420 2794.3 7130.0 3159.9
TXS 18194671 | 0.221 | 1163.3 1420 301.3 454.0 317.9
TXS 1151-348 | 0.258 | 1129.0 1420 6440.0 1090.0 4650.6
TXS 11084201 | 0.299 | 1093.4 1420 1195.3 681.0 1082.2
TXS 0019-000 | 0.305 | 1088.4 1420 265.0 287.0 2985.7
TXS 0240-217 | 0.314 | 1080.9 1420 1254.9 1120.0 1229.9
TXS 05074179 | 0.416 | 1003.1 1420 704.7 1700.0 898.7
TXS 2121-014 1.158 658.2 610 1087.1 1780.0 1467.2
TXS 12004045 | 1.226 638.1 610 1146.6 1390.0 1292.7
TXS 1245-197 | 1.275 624.3 610 5136.1 8890.0 7199.0

Notes:
#The column shows the redshifted Hi 21 c¢m line frequencies.
PThe column shows the GMRT receiver band used to search for associated HI 21 ¢cm absorption.
¢The column lists the 1.4 GHz flux densities, from the FIRST or NVSS surveys (Becker et al., [1995}
|Condon et al.l [1998).
9The column lists the 325 MHz or 365 MHz flux densities from the WENSS or Texas surveys
let al., 1996} Rengelink et al.| [1997).
¢ The column lists the inferred flux density at the redshifted Hi 21 cm line frequency, obtained by
interpolating between the flux densities at 1.4 GHz and 325/365 MHz.
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2. THE TARGET SAMPLES: FLAT-SPECTRUM AND
GIGAHERTZ-PEAKED SPECTRUM SOURCES

Table 2.5: The sources from the CJF and GPS samples with low inferred flux densities
at the redshifted Hi 21 cm line frequencies.

Source z Vo1 em *| Band | St gms | Ss2s vz Y| Svay e ©
MHz MHz mJy mJy mJy
NGC 3468 * 0.025 | 1385.5 | 1420 45.1 - 45.1 f
CJ2 15344501 | 1.121 | 669.7 610 212.9 59.0 111.4
7C 155045815 | 1.324 | 611.2 610 190.0 80.0 116.3
CJ2 13084471 | 1.113 | 672.2 610 130.5 119.0 124.6
S5 0454484 1.340 | 607.0 610 294.5 137.0 190.1
TXS 1851+488 | 1.250 | 631.3 610 238.2 186.0 208.2
S4 0636+68 3.180 | 339.8 325 192.4 58.0 58.0
BZQ J15264+6650 | 3.020 | 353.3 325 87.7 - -8
B3 18394389 3.095 | 346.9 325 142.7 73.0 73.0
PKS 2126-15 " | 3.268 | 332.8 325 590.1 97.0 100.5

Notes:
#The column shows the redshifted Hi 21 c¢m line frequencies.
PThe column shows the GMRT receiver band used to search for associated H1 21 cm absorption.
¢The column lists the 1.4 GHz flux densities, from the FIRST or NVSS surveys (Becker et al., [1995;
[Condon et al.| [1998).
9The column lists the 325 MHz or 365 MHz flux densities from the WENSS or Texas surveys (Douglas
let al.l [1996}; Rengelink et al.l [1997).
¢ The column lists the inferred flux density at the redshifted Hi 21 cm line frequency, obtained by
interpolating between the flux densities at 1.4 GHz and 325/365 MHz.
f The flux density at 325 MHz is not available in the literature. However, since the redshifted Hr 21 cm
line frequency is close to 1.4 GHz, we have assumed that the flux density at the redshifted Hi 21 cm

line frequency is the same as that at 1.4 GHz.
€The flux density at ~ 325 MHz is not available in the literature.

" These are GPS sources.
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3

Observations and Data Analysis

In this chapter, we discuss the details of the observations that were carried out as part of
our two GMRT surveys for associated HI 21cm absorption from neutral gas associated
with compact AGNs, selected from the CJF and GPS samples. We then describe in

detail the data analysis techniques that were employed in analysing the observed data.

3.1 The GMRT observations

3.1.1 CJF sources

The GMRT was used to observe the 74 sources of the CJF sample that did not have
earlier searches for associated H1 21 cm absorption. GMRT’s 327 MHz, 610 MHz and
1420 MHz receivers were used to observe the sources at 3.0 < z < 3.6, 1.1 < z < 1.5 and
z < 0.4, respectively. The first 24 sources of the sample were observed in an initial, pilot
GMRT survey in November 2008 in GMRT Cycle 15. Out of these 24 sources, 6 were
in the redshift range 3.0 < z < 3.6 and 18 were in the range 1.1 < z < 1.5. The GMRT
hardware correlator (the “GHB”) was used as the backend for these observations. The
observations used a bandwidth of 4.0 MHz for the 327 MHz band observations and
8.0 MHz for the observations in the 610 MHz band. Each 4/8 MHz band was centred
at the redshifted H1 21 cm line frequency of the target source, and was subdivided
into 256 channels using the GHB. The velocity resolution was ~ 14.1 — 16.5 km s
and the velocity coverage was ~ 3600 — 4200 km s~! for the sources at redshifts 1.1 <
z < 1.5. For the sources at redshifts 3.0 < z < 3.6, the velocity resolution was
~13.3 — 15.5 km s~ ! and the velocity coverage was ~ 3400 — 3900 km s .
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3. OBSERVATIONS AND DATA ANALYSIS

Another 37 sources of the full sample were observed in GMRT Cycle 26 in the period
April-September 2014. 19 of these 37 sources have redshifts 1.1 < z < 1.5, 17 are at
z < 0.4, and the last source is at z = 3.013. The GMRT software correlator (“GSB”)
was used as the backend for these observations. Bandwidths of 16.7 MHz or 33.3 MHz
were used for all observations, centred at the redshifted H1 21 cm line frequency. The
observing bands were divided into 512 channels each, using the high-resolution mode
of the GMRT software correlator. For the sources at redshifts z < 0.4, the velocity
resolution and coverage were ~ 7.1—9.6 km s~! and ~ 3600—4900 km s~ !, respectively,
when a bandwidth of 16.7 MHz was used. The velocity resolution and coverage were
~ 14.3 —19.0 km s~! and ~ 7300 — 9700 km s~ !, respectively, when a bandwidth of
33.3 MHz was used. For the sources at redshifts 1.1 < z < 1.5, the velocity resolution
and coverage were ~ 14.5 — 17.3 km s~ ! and ~ 7400 — 8900 km s~ !, respectively,
when a bandwidth of 16.7 MHz was used. The values were ~ 29.1 — 34.4 km s~ ' and
~ 14900 — 17600 km s~ ' when a bandwidth of 33.3 MHz was used. Finally, the single
source at z = 3.013 was observed using a bandwidth of 16.7 MHz; this yielded a velocity
resolution of ~ 13.8 km s~! and a velocity coverage of ~ 7050 km s~ .

The remaining 13 sources of the CJF sample were observed in GMRT Cycle 28,
during the period May—August 2015. 4 of the 13 sources have redshifts z < 0.4, while
the remaining 9 sources are at z =~ 1.1. The GSB was again used as the backend
for these observations. All observations used a bandwidth of 16.7 MHz, centred at
the expected redshifted Hi 21 cm line frequency of each source, and sub-divided into
512 channels. The resolution and coverage were, respectively, ~ 7.5 — 9.2 km s
and ~ 3600 — 4900 km s~ !, for sources at z < 0.4, and ~ 15.2 — 16.7 km s~! and
A 7400 — 8900 km s~!, respectively, for sources at 1.1 < z < 1.5.

The sources with tentative HI 21 cm absorption detections were followed up with
re-observations, to confirm the reality of the absorptions. The GSB was used as the
backend for these observations. A bandwidth of 4.2 MHz, centred at the expected red-
shifted H1 21 cm line frequency of each source, and sub-divided into 512 channels, was
used for observing the sources TXS 0003+380, TXS B3 1456+375 and TXS 1954+513.
This provided higher velocity resolution of 2.1 km s~!, 2.3 km s~! and 3.8 km s7!,
respectively, and coverage of ~ 1075 km s~ !, ~ 1178 km s~! and ~ 1946 km s~ !,
respectively, for the sources TXS 00034380, B3 1456+375 and TXS 1954+4-513. The
source TXS 0604+728 was re-observed two times using a bandwidth of 16.7 MHz,
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3.1 The GMRT observations

sub-divided into 512 channels, and centred at the redshifted Hr 21 cm line frequency.
However, the data from the follow-up observations were strongly affected by RFI (see
Section ; we have hence listed the observational details from the first observation,
for the source TXS 0604+728 in Table

For most sources, the velocity coverage was sufficient to detect wide (FWHM <
1000 km s~1) absorption features, while the velocity resolution allowed good sensitivity
to even relatively narrow (= 20 km s~!) spectral components. The velocity resolution
was poorest for 8 sources, at z ~ 1.1 — 1.5, that were observed with a bandwidth of
33.3 MHz sub-divided into 512 channels, yielding a resolution of ~ 30 km s~!. For
these sources, the search for absorption was carried out without smoothing the spectra;
this is discussed in more detail later.

Our sensitivity goals were set based on the known distribution of Hi 21 cm optical
depths in the CJF sources with Hi 21 cm absorption studies in the literature; these are
plotted versus redshift in Fig. It is clear from the figure that the lowest integrated
Hr 21 cm optical depth amongst detections in the literature is ~ 0.59 km s~'. We
hence aimed to detect HI 21 cm absorption of this strength in all our targets at = 50
significance. This implies a required H1 21 cm optical depth RMS noise of &~ 0.015 per
~ 8 km s~! and ~ 0.008 per ~15 km s~! channel. The estimates of the source flux
densities at the redshifted H1 21 c¢m line frequencies, listed in Table were used to
compute the on-source times.

The source flux densities at the respective redshifted H1 21 cm line frequencies were
inferred by interpolating between the measured flux densities at 1.4 GHz (from the
FIRST or NVSS surveys; [Becker et al.| (1995]); Condon et al. (1998)) and at 325 MHz
or 365 MHz (from the WENSS and Texas surveys; Douglas et al| (1996)); Rengelink
et al.|(1997)). The typical on-source times were = 1 hour for sources observed with the
610 MHz and 1420 MHz receivers, ~ 3 hours for sources observed with the 327 MHz
receivers.

The data were recorded by following the usual pattern of observing a standard
flux calibrator at the start or end of each run, and with long observations (scans of
~ 30 — 40 minutes) of the target source bracketed by short observations (scans of
~ 5 — 6 minutes) on a nearby phase calibrator. One or more of the flux calibrators
3C48, 3C147 and 3C286 were used for all observations, with scans of &~ 7-minute

duration. Nearby compact sources, within = 10° of the target source, were chosen from
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3. OBSERVATIONS AND DATA ANALYSIS
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Figure 3.1: The figure shows the velocity-integrated H1 21 cm optical depths of the CJF
sources from literature studies, plotted against redshift. Detections and non-detections of

H1 21 ecm absorption are shown as filled and hollow triangles, respectively.

the VLA calibrator manual for phase calibration. The flux and/or phase calibrators
were also used to calibrate the system passband; no additional observations of bandpass
calibrators were carried out.

The details of the observations of the 74 sources of the CJF sample are summarized
in Table in order of increasing source redshift. The columns of the table are (1) the
source name, (2) the right ascension, RA, (3) the declination, DEC, (4) the redshift of
the source, z, (5) the redshifted H1 21 cm frequency, 121 ¢m, in MHz (6) the estimated
flux density at v21 ¢m, Sy, in mJy (7) the date of observation, (8) the correlator that
was used for the observations, GSB/GHB, (9) the bandwidth, BW, in MHz (10) the
resolution, in kHz, (11) the velocity coverage, in km/s, (12) the velocity resolution, in

km/s, and (13) the on-source time, in minutes.
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3.1 The GMRT observations

3.1.2 GPS sources

12 GPS sources (from our full sample of 58 systems) that did not have earlier searches
for redshifted H1 21 cm absorption were observed using the GMRT during this thesis.
The observations were carried out in the period October—December 2015, in GMRT
Cycle 29, using the GSB as the backend. 9 sources of the sample are at z < 0.4
and were observed with the 1420 MHz receivers, while 3 sources lie at 1.1 < z < 1.5
and were observed with the 610 MHz receivers. A bandwidth of 16.7 MHz was used
for all observations, centred at the expected redshifted Hi 21 cm line frequency of
each source, and sub-divided into 512 channels. This yielded a velocity coverage of
~ 3900 — 5000 km s~! and a velocity resolution of ~ 7.7 — 9.8 km s~ for sources at
2z < 0.4, and of ~ 14.9 — 15.6 km s~! and ~ 7600 — 8000 km s~!, respectively, for
sources at 1.1 < z < 1.5. The two sources TXS 12004045 and TXS 1245-197 showed
tentative detections of H1 21 c¢m absorption in their spectra. Hence, these sources were
re-observed, using the GSB as the backend, to confirm the reality of the absorptions.
Again, a bandwidth of 16.7 MHz was used for the observations, centred at the expected
Hi 21 cm line frequency of each source, and sub-divided into 512 channels. The velocity
resolution and velocity coverage were, respectively, =~ 15.5 km s~ and ~ 7800 km s~ .
Again, for all sources, the velocity coverage was sufficient to ensure good sensitivity
to even wide absorption, while the velocity resolution was sufficient to detect narrow
absorption components.

Our sensitivity requirements were based on the known distribution of the Hi 21 ¢m
optical depths in the GPS sources with HI 21 cm absorption studies in the literature.
For these sources, the integrated HI 21 cm optical depths are plotted as a function of
redshift in Figure [3.2] It is clear from the figure that the lowest detected integrated
H1 21 cm optical depth and the most stringent 3o upper limit on the integrated optical
depth are a factor of ~ 5 — 10 lower than the second-lowest 30 upper limit on the
integrated optical depth (= 0.15 km s~!). Since the former two quantities are likely to
be outliers of the present distribution, we chose to use the second lowest 30 upper limit
on the H1 21 cm optical depth in the literature GPS sample, i.e. 0.15 km s™!, to set
our sensitivity goals. We aimed to detect HI 21 cm absorption of this strength in all
our targets at > 5o significance. This implies a required Hi 21 cm optical depth RMS

noise of ~ 0.0037 per ~ 8 km s~! channel and ~ 0.0022 per ~ 15 km s~! channel.
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Figure 3.2: The figure shows the velocity-integrated HI 21 cm optical depths of the GPS
sources from literature studies, plotted against redshift. Detections and non-detections of

HI 21 ecm absorption are shown as filled and hollow triangles, respectively.

The source flux densities at the respective redshifted H1 21 cm line frequencies were
inferred by interpolating between the measured flux densities at 1.4 GHz (from the
FIRST or NVSS surveys; Becker et al.| (1995]); Condon et al. (1998)) and at 325 MHz
or 365 MHz (from the WENSS and Texas surveys; Douglas et al| (1996)); Rengelink
et al. (1997)). These flux densities are listed in Table and were used to estimate
the on-source integration times (&~ 1 hour in all cases). The observing procedure was
the same as that for the CJF sample, described in Section

The details of the observations of our 12 GPS targets are summarized in Table
in order of increasing AGN redshift. The columns of this table are the same as those

of Table listed at the end of Section
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3.2 Data Analysis

3.2 Data Analysis

The GMRT measures the complex visibilities arising from radiation from some region
of the sky, usually centred on the source of interest. The data are recorded by the cor-
relator in the Long Term Accumulated (LTA) data format. We used the Astronomical
Image Processing System (AIPS) software package to analyse all our GMRT data. The
data were first converted from the LTA format to the Flexible Image Transport Sys-
tem (FITS) format, which can be read by AIPS programs, using the GMRT programs
“listscan” and “gvfits”. Each FITS file was then imported into AIPS using the task
FITLD, which yields a multi-source, multi-channel visibility dataset. The U-V datafile
was initially indexed, using the task INDXR; this indexing speeds up the access to the
actual data.

The first step in the data analysis is editing of the data to remove corrupted visibili-
ties, arising due to non-working antennas, radio frequency interference (RFI), correlator
effects, etc. The calibrator data from a single frequency channel of each data set were
initially inspected to identify antennas that were “dead” throughout the observing
session, or times at which individual antennas were not working. In the case of the
observations with the hardware correlator from 2008, all data were inspected, baseline
by baseline, to remove baseline-specific data affected by correlator errors (known to be
common with the GHB). The AIPS tasks VPLOT and UVPLT were used to examine
the data and identify antennas or time ranges with systematic problems. A list of such
“bad” antennas, time ranges, or baselines were specified in an ASCII file in a format
that could be read with the AIPS task UVFLG. Later, the flags for a single channel
were applied to all channels of the dataset. The data editing was done independently
for the two polarizations.

For a radio interferometer, the measured complex visibilities must be calibrated to
obtain the true visibilities, before one carries out the 2-D Fourier transform to obtain
the sky image. In general, the complex gains G;(v,t) depend on baseline, frequency,
and time. The calibration of radio interferometers is based on two critical simplifying
assumptions, first that the complex gain on any baseline can be factored into the
product of two antenna-based gains, i.e. G;j(v,t) = fi(v,t) X fj(v,t), where i and j
denote antenna numbers, and second, that the antenna-based gains themselves can be

factored into the product of two functions, one of which [denoted by g;(¢)] depends
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solely on time and the other of which [denoted by B;(v)] depends solely on frequency.
The time-dependent part, g;(t), is usually referred to as the antenna-based system gain,
while the frequency-dependent part, B;(v), is referred to as the antenna-based system
bandpass. The two functions are estimated separately, via the procedure below.

The first step in determining the antenna-based gains, g;(t), is to set the flux density
scale by estimating the flux density of the primary calibrators (3C48, 3C147 or 3C286)
at the observing frequency. This was done using the task SETJY on the above single-
channel dataset, using the Perley-Butler flux scale (Perley and Butler, |2013). The task
CALIB was then used to solve for the antenna-based complex gains for both the primary
(i.e. flux) and secondary (i.e. phase) calibrators, using a typical solution interval of
2 minutes. Next, the task GETJY was used to estimate the flux density of the phase
calibrator, scaling from the known flux density of the primary calibrator. Finally, the
task CLCAL was used to interpolate between phase calibrator scans to obtain the
antenna-based complex gains on the target source. The calibrated data were then
again inspected for time-specific intermittent RFI or other baseline-dependent effects,
using the tasks VPLOT, UVPLT and TVFLG, and corrupted data were further edited
out. This calibration and editing procedure was carried out iteratively until no bad
calibrator data remained. The final flag and calibration tables were then copied over
to the multi-channel visibility data set.

Next, we determined the antenna-based system bandpass, B;(v), from the multi-
channel visibility data sets. We typically used the flux calibrator to derive the bandpass
solutions, due to the high signal-to-noise here. In some cases, the phase calibrator was
sufficiently bright to be used to calibrate the bandpass, and this allowed us to also
track any changes in the bandpass shape with time. The antenna-based bandpasses
B;(v) were derived by normalizing the function at one channel (i.e. setting the visibility
amplitude of this channel to unity and the phase to zero), chosen to be in a line-free
part of the spectrum and also somewhat distant from the falling edges of the bandpass.
We also divided the visibilities at all channels by the visibility at this channel (referred
to as “channel-0"), as this has been found to provide more stable bandpass solutions.

After solving for the bandpass, the solutions were inspected using the task POSSM,
for the RR and LL polarizations separately. In some cases, antenna-based RFI was
seen, or large oscillations were observed in the bandpass shapes. In such situations,

additional flagging was carried out to remove the affected data (in some cases, by
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removing the antenna itself), and we then again solved for the bandpass solutions. The
process was carried out iteratively until clean bandpass solutions were obtained for all
antennas.

The antenna-based complex gain and bandpass solutions were then applied to the
data of the target source using the task SPLIT. The bandpass calibration was carried
out using the nearest bandpass solutions (in time). This yielded a calibrated multi-
channel visibility dataset on the target source. An initial spectrum was obtained by
vector averaging the visibilities using POSSM, to test for strong absorption, RFI, or
other systematic patterns.

The next step in the analysis procedure is to self-calibrate the data on the target
source and also produce a good continuum image of the field. For this purpose, and to
reduce the data size, a number of line- and RFI-free channels were averaged together to
produce a “channel-0” dataset. Before the averaging, the task CLIP was used to remove
strong RFI from the channels that were to be averaged together. The task AVSPC was
then used to carry out the averaging; in this process, care was taken to retain sufficient
frequency resolution so that the images would not be affected by bandwidth smearing
at the edges of the GMRT primary beam. This produced a channel-averaged visibility
dataset consisting of typically 10— 20 channels, of resolution =~ 0.5 MHz, ~ 1 MHz, and
~ 2 MHz, for observations in the 327 MHz, 610 MHz and 1420 MHz bands, respectively.
These channel-0 datasets were used for the purpose of imaging and self-calibration.

The task IMAGR was used to carry out the imaging procedure: we typically imaged
a region out to the first null of the GMRT primary beam at the observing frequency.
A 3-D imaging procedure was used, based on faceting of the 3-D sky into multiple 2-D
planes. This is to avoid the large errors that arise when the small-field approximation is
used to produce the image through a simple 2-D Fourier inversion. In the 3-D imaging
technique, the field is split into a number of facets, where each facet is imaged by
shifting the phase centre to the centre of the facet. The facet size is chosen so that
the small field approximation holds true for each facet. The task SETFC was used
to choose the facets for each target source, with care being taken to ensure sufficient
overlap of the facets for accurate imaging of sources at the facet edges.

The imaging procedure used a “robust” weighting scheme (ROBUST=1 in AIPS),
under which the visibilities were given intermediate weights between “natural” weight-

ing (in which the weights are the reciprocals of the variance of the error in the visibili-
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ties) and “uniform” weighting (where the weights are the reciprocals of the local density
of the visibilities). This provides a reasonable balance between the higher sensitivity
that is obtained in natural weighting and the better point spread function and imaging
characteristics that are obtained in uniform weighting.

Finally, the shortest baselines (typically, within 500 metres) were excluded from the
imaging and self-calibration procedure to reduce the effect of RFI. Further, the sidelobes
of the synthesized beam were reduced by tapering the data at long UV distances and
before holes in the UV coverage, so as to avoid sharp breaks in the UV coverage.

The task IMAGR was used to “CLEAN” and deconvolve the image, assuming that
sources in the sky can be represented by delta functions. The CLEAN’ing was typically
stopped when the peak image residual (after subtracting CLEAN components) was
about three times the root-mean-square noise on the image. The resulting image was
then used to self-calibrate the UV visibilities, using the task CALIB, again excluding
the short baselines. CLEAN components up to the first negative in each facet were used
for the self-calibration, to ensure that only real sources are used. The typical solution
interval was 2 minutes. The self-calibrated data were then again imaged, using IMAGR,
and the new image further used for self-calibration. This procedure was carried out
iteratively, typically involving 3 rounds of phase-only self-calibration and 2 rounds of
amplitude-and-phase self-calibration, until the final image did not improve on further
self-calibration. The CLEAN components of the final image (again, up to the first
negative component in each facet) were then subtracted from the calibrated visibilities
using the task UVSUB, and the residuals inspected for systematic effects with the
tasks UVPLT and VPLOT. Any data showing systematic features were removed, using
a combination of CLIP and UVFLG. The iterative self-calibration procedure was then
re-run until the final image did not improve on further self-calibration and data editing.

Most of the target sources were found to be unresolved by the GMRT synthesized
beam. Their flux densities were measured by fitting a single-Gaussian model to a small
region of the image plane around the target, using the task JMFIT.

Next, the calibration and flag tables that were obtained from the above self-
calibration procedure were copied back and applied to the original calibrated multi-
channel, single-source UV visibility dataset. All CLEAN components of the final contin-
uum image were then subtracted out from this calibrated multi-channel dataset, using

the task UVSUB. Any residual continuum emission was further subtracted via a linear
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baseline fit to line- and RFI-free spectral regions, using the task UVLIN. A final round
of baseline-by-baseline flagging, to edit out intermittent RFI, was then done using the
task SPFLG (again for RR and LL polarizations separately). The residual visibilities
were then shifted to the heliocentric frame using the task CVEL (note that the GMRT
does not do online Doppler tracking). The final, multi-channel, continuum-subtracted
visibilities in the heliocentric frame were then imaged in all channels using IMAGR,
with natural weighting to increase the sensitivity, to obtain a three-dimensional spectral
cube. A spectrum was extracted from this cube by taking a cut along the frequency
axis at the location of the AGN. The final spectrum was then obtained by subtracting
out a second-order polynomial fit to line- and RFI-free regions, to compensate for any

residual bandpass effects.
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Table 3.1: Observational details of the 74 CJF sources. Sources are listed in the order of increasing redshift.

b

d

Name RA DEC z V21 em™| Svar em Date Cor. °| BW | Res. Vel. Res. | Time
cov.
MHz mJy MHz | kHz | km/s | km/s | min
TXS 03444405 03h48m00.0s | +40d43m59s | 0.039 | 1367.1 505.8 3-7-2014 GSB 33.3 | 65.1 7321.6 14.3 75
TXS 07334597 07h37m30.1s | +59d41m03s | 0.041 | 1365.1 564.1 28-7-2014 GSB | 33.3 | 65.1 7321.6 14.3 60
S5 2116481 21h14m01.2s | +82d04m48s | 0.084 | 1310.3 289.1 28-5-2015 GSB | 16.7 | 32.6 | 3840.0 7.5 60
TXS 14184546 14h19m46.6s | +54d23m15s | 0.153 | 1232.4 784.1 20-5-2014 GSB | 33.3 | 65.1 8140.8 15.9 60
S4 0749+54 07h53m01.4s | +53d53m00s | 0.200 | 1183.7 709.2 28-7-2014 GSB | 33.3 | 65.1 8448.0 16.5 60
TXS 00034380 00h05mb57.2s | +38d20mlbs | 0.229 | 1155.7 574.3 3-7-2014 GSB | 33.3 | 65.1 8642.6 16.9 90
TXS 0003+380 ¢ | 00h05m57.2s | +38d20m15s | 0.229 | 1155.7 547.3 19-10-2015 | GSB 4.2 8.1 1075.2 2.1 60
S4 1356+47 13h58m40.6s | +47d37mb8s | 0.230 | 1154.8 544.8 19-5-2014 GSB | 33.3 | 65.1 8652.8 16.9 60
TXS 00104405 00h13m31.1s | +40d51m37s | 0.255 | 1131.8 | 1873.1 20-5-2014 GSB | 33.3 | 65.1 8857.6 17.3 60
TXS 17194357 17h21m09.5s | +35d42m16s | 0.263 | 1124.6 796.7 20-5-2014 GSB 33.3 | 65.1 8908.8 17.4 60
B3 02514393 02h54m42.6s | +39d31m35s | 0.289 | 1101.9 229.8 30-5-2015 GSB 16.7 | 32.6 | 4556.8 8.9 60
TXS 07164714 07h21mb3.4s | +71d20m36s | 0.300 | 1092.6 834.8 21-6-2014 GSB 33.3 | 65.1 9164.8 17.9 60
TXS 17004685 17h00m09.3s | +68d30m07s | 0.301 | 1091.8 372.9 28-5-2015 GSB 16.7 | 32.6 | 4556.8 8.9 60
S5 1928473 19h27m48.5s | +73d58m02s | 0.302 | 1090.9 | 4058.9 20-5-2013 GSB | 33.3 | 65.1 9164.8 17.9 60
S5 1003+-83 10h10m15.8s | +82d50m14s | 0.322 | 1074.4 532.1 19-5-2014 GSB | 33.3 | 65.1 9318.4 18.2 60
TXS 04244670 04h29m06.0s | +67d10m17s | 0.324 | 1072.8 796.7 21-6-2014 GSB | 33.3 | 65.1 9318.4 18.2 60
B3 14564375 14h58m44.8s | +37d20m22s | 0.333 | 1065.2 218.7 28-5-2015 GSB 16.7 | 32.6 | 4710.4 9.2 75
B3 14564375 © 14h58m44.8s | +37d20m22s | 0.333 | 1065.2 148.4 19-10-2015 | GSB 4.2 8.1 1177.6 2.3 90
S5 2007+77 20h05m30.9s | +77d52m43s | 0.342 | 1058.4 | 1005.6 20-5-2014 GSB 33.3 | 65.1 9472.0 18.5 75
TXS 00354367 00h37m46.1s | +36d59mlls | 0.366 | 1039.8 | 1015.0 21-6-2014 GSB | 33.3 | 65.1 9625.6 18.8 60
TXS 09544658 09h58m47.2s | +65d33mbbs | 0.368 | 1038.3 707.9 28-7-2014 GSB 33.3 | 65.1 9625.6 18.8 60
CJ2 0925+504 09h29m15.4s | +50d13m36s | 0.370 | 1036.5 447.2 28-7-2014 GSB | 33.3 | 65.1 9676.8 18.9 60
TXS 0110+495 01h13m27.0s | +49d48m24s | 0.389 | 1022.6 753.1 3-7-2014 GSB 33.3 | 65.1 9779.2 19.1 60
TXS 10304415 10h33m03.7s | +41d16m06s | 1.117 | 671.0 618.3 28-4-2014 GSB 16.7 | 32.6 | 7475.2 14.6 60

Continued on next page
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Name RA DEC z V21 em®| Suvay w” Date Cor. °| BW | Res. Vel. Res. | Time ¢
COV.

MHz mJy MHz | kHz km/s | km/s | min

TXS 02494383 | 02h53m08.9s | +38d35m25s | 1.122 | 669.4 | 877.0 | 31-8-2014 | GSB | 33.3 | 65.1 | 14950.4 | 29.2 60
TXS 06004442 | 06h04m35.6s | +44d13m59s | 1.136 | 665.0 | 1418.0 | 17-11-2008 | GHB | 8.0 | 31.3 | 3609.6 | 14.1 45
S5 1044471 10h48m27.6s | +71d43m36s | 1.150 | 660.7 | 705.9 | 15-5-2014 | GSB | 16.7 | 32.5 | 7577.6 | 14.8 60
8C 13054804 13h06m05.7s | +80d08m21s | 1.183 | 650.7 | 1334.2 | 28-6-2014 | GSB | 33.3 | 65.1 | 15411.2 | 30.1 60
TXS 23564390 | 23h58m59.9s | +39d22m28s | 1.198 | 646.2 | 558.5 | 25-11-2008 | GHB | 8.0 | 31.3 | 3712.0 | 14.5 60
TXS 08214394 | 08h24m55.55 | +39d16m42s | 1.216 | 641.1 | 2061.1 | 25-11-2008 | GHB | 8.0 | 31.3 | 3737.6 | 14.6 30
TXS 19544513 | 19h55m42.7s | +51d31m49s | 1.223 | 639.8 | 2270.2 | 28-4-2014 | GSB | 16.7 | 32.6 | 7833.6 | 15.3 60
TXS 19544513 ¢ | 19h55m42.7s | +51d31m49s | 1.223 | 639.8 | 1514.3 | 13-5-2015 | GSB | 4.2 | 81 | 19456 | 3.8 90
TXS 11054437 | 11h08m23.5s | +43d30mb54s | 1.226 | 638.1 | 352.0 9-8-2015 | GSB | 16.7 | 32.6 | 7833.6 | 15.3 60
TXS 10154359 | 10h18m11.0s | +35d42m39s | 1.228 | 637.5 | 560.2 | 28-4-2014 | GSB | 16.7 | 32.6 | 7833.6 | 15.3 60
TXS 14324422 | 14h34m05.7s | +42d03m16s | 1.240 | 634.1 | 318.7 | 24-8-2015 | GSB | 16.7 | 32.6 | 7884.8 | 15.4 60
TXS 09454408 | 09h48m55.3s | +40d39m45s | 1.249 | 631.6 | 2002.7 | 25-11-2008 | GHB | 8.0 | 31.3 | 3814.4 | 14.9 45
S5 1150481 11h53m13.0s | +80d58m29s | 1.250 | 631.3 | 1367.9 | 28-6-2014 | GSB | 33.3 | 65.1 | 15820.8 | 30.9 60
TXS 10204400 | 10h23m11.5s | +39d48m15s | 1.254 | 630.2 | 1582.0 | 28-4-2014 | GSB | 16.7 | 32.6 | 7936.0 | 15.5 60
S5 1039+81 10h44m23.0s | +80d54m39s | 1.260 | 628.5 | 715.7 | 28-6-2014 | GSB | 33.3 | 65.1 | 15923.2 | 31.1 60
TXS 06414392 | 06h44m53.7s | +39d14m48s | 1.266 | 626.8 | 852.7 | 25-11-2008 | GHB | 8.0 | 31.3 | 3814.4 | 14.9 60
TXS 05374531 | 05h41m16.2s | +53d12m26s | 1.275 | 624.4 | 925.9 | 25-11-2008 | GHB | 8.0 | 31.3 | 3840.0 | 15.0 60
TXS 16564571 | 16h57m20.7s | +57d05mb4s | 1.281 | 622.7 | 1734.3 | 14-5-2014 | GSB | 16.7 | 32.6 | 8038.4 | 15.7 60
TXS 07074476 | 07h10m46.1s | +47d32m1ls | 1.292 | 619.7 | 1119.3 | 19-9-2014 | GSB | 33.3 | 65.1 | 16128.0 | 31.5 | 100
TXS 08334416 | 08h36m36.9s | +41d25m55s | 1.301 | 617.3 | 444.0 | 31-8-2014 | GSB | 33.3 | 65.1 | 16179.2 | 31.6 60
TXS 21384389 | 21h40m16.9s | +39d11m45s | 1.306 | 616.0 | 612.5 | 15-5-2014 | GSB | 16.7 | 32.6 | 8140.8 | 15.9 60
TXS 23194444 | 23h22m20.3s | +44d45m42s | 1.310 | 614.9 | 421.0 | 24-8-2015 | GSB | 16.7 | 32.6 | 8140.8 | 15.9 60
TXS 08504581 | 08h54m42.0s | +57d57m30s | 1.318 | 612.9 | 1802.2 | 25-11-2008 | GHB | 8.0 | 31.3 | 3916.8 | 15.3 45
TXS 12404381 | 12h42m51.4s | +37d51m00s | 1.318 | 612.7 | 471.8 | 28-4-2014 | GSB | 16.7 | 32.6 | 7833.6 | 15.3 60
TXS 20074659 | 20h07m28.8s | +66d07m23s | 1.325 | 610.9 | 732.7 | 28-4-2014 | GSB | 16.7 | 32.6 | 8140.8 | 15.9 60

Continued on next page
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Name RA DEC z V21 em”| Svay em Date Cor. ©°| BW | Res. Vel. Res. | Time
cov.

MHz mJy MHz | kHz km/s | km/s | min

S5 2353481 23h56m22.8s | +81d52mb2s | 1.344 | 606.0 411.7 | 25-11-2008 | GHB | 8.0 | 31.3 | 3968.0 15.5 60
JVAS J2236+4-7322 | 22h36m38.6s | +73d22mb53s | 1.345 | 605.7 307.7 16-8-2015 GSB 16.7 | 32.6 8243.2 16.1 60
TXS 13424663 13h44m08.7s | +66d06m12s | 1.351 | 604.2 400.9 9-8-2015 GSB | 16.7 | 32.6 | 8294.4 16.2 60
TXS 00354413 00h38m24.8s | +41d37m06s | 1.353 | 603.7 702.6 | 17-11-2008 | GHB | 8.0 | 31.3 | 3968.0 15.5 60
TXS 1739+522 17h40m37.0s | +52d11m43s | 1.375 | 598.1 1042.1 15-5-2014 | GSB | 16.7 | 32.6 | 8345.6 16.3 60
TXS 14424637 14h43m58.6s | +63d32m26s | 1.380 | 596.8 474.8 28-6-2014 | GSB | 33.3 | 65.1 | 167424 | 32.7 60
TXS 1030+611 10h33m51.4s | +60d51m07s | 1.401 | 591.6 591.0 | 17-11-2008 | GHB | 8.0 | 31.3 | 4070.4 15.9 60
TXS 1010+350 10h13m49.6s | +34d45m51s | 1.410 | 589.4 405.0 9-8-2015 GSB | 16.7 | 32.6 | 8499.2 16.6 60
TXS 22294695 22h30m36.5s | +69d46m28s | 1.413 | 588.7 510.7 15-5-2014 | GSB | 16.7 | 32.6 | 8499.2 16.6 30
TXS 0820+560 08h24m47.2s | +55d52m43s | 1.418 | 587.3 | 1551.7 | 17-11-2008 | GHB | 8.0 | 31.3 | 40704 15.9 40
TXS 0805+410 08h08mbH6.7s | +40d52m4bs | 1.418 | 587.3 522.1 17-11-2008 | GHB 8.0 31.3 | 4070.4 15.9 60
TXS 0804+499 08h08m39.7s | +49d50m37s | 1.436 | 583.1 720.2 | 17-11-2008 | GHB | 8.0 | 31.3 | 4121.6 16.1 60
TXS 01454386 01h48m24.4s | +38d54m05s | 1.442 | 581.7 2174 16-8-2015 GSB 16.7 | 32.6 8601.6 16.8 90
TXS 0917+624 09h21m36.2s | +62d15mb2s | 1.446 | 580.7 | 1463.0 | 17-11-2008 | GHB | 8.0 | 31.3 | 4147.2 16.2 60
JVAS J2311+4543 | 23h11m47.4s | +45d43mb6s | 1.447 | 580.5 279.6 24-8-2015 | GSB | 16.7 | 32.6 | 8601.6 16.8 60
S5 1058472 11h01m48.8s | +72d25m37s | 1.460 | 577.4 | 2142.1 14-5-2014 | GSB | 16.7 | 32.6 | 8652.8 16.9 60
TXS 08594470 09h03m04.0s | +46d51m04s | 1.470 | 575.1 | 2962.3 | 17-11-2008 | GHB | 8.0 | 31.3 | 4172.8 16.3 30
TXS 22534417 22h55m36.7s | +42d02mb3s | 1.476 | 573.7 | 1378.9 | 25-11-2008 | GHB | 8.0 | 31.3 | 4172.8 16.3 60
TXS 03404362 03h43m29.0s | +36d22m12s | 1.484 | 571.8 711.3 17-11-2008 | GHB 8.0 31.3 | 4224.0 16.5 60
B3 17464470 17h47m26.6s | +46d58mbls | 1.484 | 571.8 369.3 9-8-2015 GSB | 16.7 | 32.6 | 8755.2 17.1 30
TXS 0859+681 09h03mb3.1s | +67d57m23s | 1.499 | 568.4 458.4 31-8-2014 | GSB | 33.3 | 65.1 | 17561.6 | 34.3 45
TXS 14274543 14h29m21.9s | 4+54d06m1lls | 3.013 | 353.9 2372.0 5-5-2014 GSB 16.7 | 32.6 7065.6 13.8 90
TXS 08004618 08h05m18.2s | +61d44m23s | 3.033 | 352.2 683.4 | 22-11-2008 | GHB | 4.0 | 15.6 | 3404.8 13.3 180
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Name RA DEC z V21 em”™| Svay em Date Cor. | BW | Res. Vel. Res. | Time

cov.
MHz mJy MHz | kHz km/s | km/s | min
S5 0014481 00h17m08.5s | +81d35m08s | 3.366 | 325.3 688.3 22-11-2008 | GHB 4.0 15.6 | 3686.4 14.4 180
TXS 06424449 06h46m32.0s | +44d51m17s | 3.396 | 323.1 712.8 23-11-2008 | GHB 4.0 15.6 | 3712.0 14.5 120
TXS 06204389 06h24m19.0s | +38d56m49s | 3.469 | 317.8 1573.1 | 23-10-2013 | GHB 4.0 15.6 | 3788.8 14.8 180
TXS 06044728 06h10m48.9s | +72d48mb3s | 3.530 | 313.6 1964.0 | 23-10-2013 | GHB 4.0 15.6 | 3814.4 14.9 210
TXS 07494426 07h53m03.3s | +42d31m31s | 3.589 | 309.5 534.2 23-11-2008 | GHB 4.0 15.6 | 3891.2 15.2 180

Notes:

%1921 em is the redshifted Hi 21 cm line frequency.

®S,.1 ... is the flux density of the source at the redshifted Hr 21 cm line frequency. This was estimated by interpolating between the 1.4 GHz and
325/365 MHz flux densities from the literature.

¢The column shows the correlator that was used for the observation, GSB/GHB.

4The on-source times are rounded to the nearest multiple of 15m.

¢ These details are for the follow-up observations.
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3.3 Sources affected by RFI

From our data analysis, we found that the data on 11 sources from the CJF sample
were strongly affected by RFI. Clean RFI-free spectra could not be obtained for these
sources, and we have hence excluded them from the sample, and our subsequent anal-
ysis. Below, we provide a few details on the spectra of these sources, and the reasons
for their exclusion.

1. S4 1356447, z = 0.230 : This source was observed using the 1420 MHz receivers,
using a bandwidth of 16.7 MHz centred at 1154.80 MHz and sub-divided into 512 chan-
nels, with the GSB as the correlator. Strong RFI features spanning 2 50 channels, near
the redshifted Hi 21 cm line frequency, were found to be present in the data, affecting
~ T0% of the baselines. Other channel ranges were found to be affected by strong
narrow-band RFI, in &~ 60% of the baselines. Since even the remaining baselines are
likely to be affected by low-level RFI, it is very difficult to obtain a reliable RFI-free
spectrum; we hence chose to exclude this source from the sample.

2. B3 02514393, z = 0.289 : The 1420 MHz receivers were used for these obser-
vations, with a bandwidth of 16.7 MHz centred at 1101.94 MHz and sub-divided into
512 channels, with the GSB as the correlator. The data were found to be corrupted by
multiple broadband and narrowband RFT features in all baselines and throughout the
observing time.

3. TXS 07164714, z = 0.300 : This source was observed with the 1420 MHz re-
ceivers, with a 16.7 MHz band centred at 1092.62 MHz, and sub-divided into 512 chan-
nels, with the GSB as the correlator. Three strong and broad (width ~ 70 channels)
RFTI features were visible in the data, affecting all baselines, and present throughout
the observing period.

4. TXS 17004685, z = 0.301 : The source was observed with the 1420 MHz
receivers, with a 16.7 MHz band centred at 1091.77 MHz and sub-divided into 512
channels, with the GSB as the correlator. The data of all baselines were found to be
corrupted by wideband RFI features spanning ~ 120 channels, and present throughout
the observations.

5. S5 1928473, z = 0.302 : The source was observed with the 1420 MHz receivers,
with a 33.3 MHz band centred at 1090.86 MHz and sub-divided into 512 channels, with
the GSB as the backend. Multiple RFI patterns, each extending over =~ 40 channels,
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were evident in the data, in all baselines and observing times.

6. JVAS J10104-8250, z = 0.322 : The 1420 MHz receivers were used for these
observations, with a central frequency of 1074.44 MHz, and a bandwidth of 33.3 MHz
sub-divided into 512 channels, and the GSB as the correlator. Multiple wideband RFI
features spanning = 1520 channels were visible on all baselines, and at all observing
times. Broadband RFT covering a large number of channels was also visible in ~ 80%
of the data.

7. TXS 0249+383, z = 1.122 : The observations used the 610 MHz receivers, with
a 33.3 MHz band centred at 669.37 MHz and sub-divided into 512 channels, with the
GSB as the correlator. Broadband RFI was found to be present in all channels and
throughout the observation, on all baselines. Strong narrowband RFI was also seen in
individual channels.

8. 8C 13054804, z = 1.183 : The source was observed using the 610 MHz receivers,
with a bandwidth of 33.3 MHz centred at 650.67 MHz and sub-divided into 512 chan-
nels, with the GSB as the correlator. Wideband patchy RFI features were seen on
all baselines during most of the observing times, with the worst data arising at the
higher frequencies of the band. Some individual channels were also affected by strong
narrowband RFI.

9. TXS 21384389, z = 1.306 : The source was observed with the 610 MHz receivers,
using a 16.7 MHz bandwidth centred at 615.96 MHz and sub-divided into 512 channels,
and the GSB as the correlator. The final Stokes-I spectrum showed a wide absorption
feature spanning ~ 180 channels, but there were clear differences in the strength of the
absorption in the RR and LL polarizations: the absorption was not visible in the LL
polarization. Attempts were made to salvage the spectrum by careful data editing, but
no strong patterns were visible on inspecting the time-frequency plane in SPFLG. It is
clear that the data are affected by RFI that is either causing the strong absorption in
the RR polarization or suppressing it in the LL polarization. Since we cannot separate
between these possibilities, we chose to exclude this source from the sample.

10. TXS 0859+681, z = 1.499 : The source was observed with the 610 MHz re-
ceivers, using a 33.3 MHz bandwidth, centered at 568.39 MHz and sub-divided into 512
channels, with the GSB as the correlator. Wideband RFI patterns covering all channels
were visible in the data, on all baselines and at all observing times, strongly affecting

the lower frequency channels. Some of the individual channels were also affected by
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strong narrowband RFI, in all the baselines.

11. TXS 00144813, s = 3.033 : This source was observed on multiple occasions
using the 325 MHz receivers. Bandwidths of 4 MHz and 16 MHz, sub-divided into 256
(GHB) and 512 (GSB) channels, respectively, and centered at 352.20 MHz, were used
for the observations. All data were severely affected by RFI, on all baselines.

Finally, the spectra of 5 sources from the GPS sample, TXS 1540-077 at z = 0.172,
TXS 03204053 at z = 0.179, TXS 1151-348 at z = 0.258, TXS 0019-000 at z =
0.305, and TXS 0240-217 at z = 0.314, show a clear ripple across the observing band.
This may have arised due to time variability in the antenna bandpass shapes that
was not calibrated out. Attempts to excise these ripples by careful data editing were
unsuccessful. Wide-band RFI features, spanning ~ 50 — 80 channels, were visible in
~ 70% of the data in these sources, making it impossible to obtain clean spectra. These

5 GPS sources were hence excluded from our sample and from later discussion.
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Table 3.2: Observational details of the 12 GPS sources.

d

Name RA DEC z V21 em” | Svar em Date Cor. ¢| BW | Res. Vel. Res. Time
cov.

MHz mJy MHz | kHz | km/s | km/s | min

B3 08014437 08h04mb4.9s | +43d35m37s | 0.123 | 1264.8 322.4 27-10-2015 | GSB 16.7 | 32.6 | 3942.4 7.7 120
TXS 1540-077 | 15h43m01.7s | -07d57m07s | 0.172 | 1211.9 | 1525.9 | 6-12-2015 | GSB | 16.7 | 32.6 | 4147.2 8.1 90
TXS 03204053 | 03h23m20.3s | +05d34m12s | 0.179 | 1204.7 | 3159.9 | 21-10-2015 | GSB 16.7 | 32.6 | 4147.2 8.1 45
TXS 1819+671 | 18h19m44.4s | +67d08m47s | 0.221 | 1163.3 | 317.9 6-12-2015 | GSB | 16.7 | 32.6 | 4300.8 8.4 390
TXS 1151-348 11h54m21.8s | -35d05m29s | 0.258 | 1129.0 | 4650.6 | 23-10-2015 | GSB 16.7 | 32.6 | 4454.4 8.7 60
TXS 11084201 | 11h11m20.1s | +19d55m36s | 0.299 | 1093.4 | 1082.2 | 22-10-2015 | GSB | 16.7 | 32.6 | 4556.8 8.9 90
TXS 0019-000 | 00h22m25.4s | +00d14m56s | 0.305 | 1088.4 | 2985.7 | 21-10-2015 | GSB | 16.7 | 32.6 | 4608.0 | 9.0 60
TXS 0240-217 02h42m35.9s | -21d32m26s | 0.314 | 1080.9 | 1229.9 | 22-10-2015 | GSB 16.7 | 32.6 | 4659.2 9.1 60
TXS 05074179 | 05h10m02.4s | +18d00m42s | 0.416 | 1003.1 | 898.7 | 22-10-2015 | GSB | 16.7 | 32.6 | 5017.6 9.8 60
TXS 2121-014 21h23m39.1s | -01d12m35s | 1.158 | 658.2 1467.2 | 12-12-2015 | GSB 16.7 | 32.6 | 7628.8 14.9 30
TXS 12004-045 | 12h03m21.9s | +04d14m19s | 1.226 | 638.1 1292.7 | 11-12-2015 | GSB | 16.7 | 32.6 | 7833.6 | 15.3 60
TXS 12004045 | 12h03m21.9s | +04d14m19s | 1.226 | 638.1 1675.2 | 15-08-2016 | GSB 16.7 | 32.6 | 7833.6 15.3 105
TXS 1245-197 | 12h48m23.9s | -19d59m19s | 1.275 | 624.3 | 7199.0 | 11-12-2015 | GSB | 16.7 | 32.6 | 7987.2 | 15.6 60
TXS 1245-197 ¢ | 12h48m23.9s | -19d59m19s | 1.275 | 624.3 8302.2 | 16-08-2016 | GSB 16.7 | 32.6 | 7987.2 15.6 135

Notes:

2121 em is the redshifted Hr 21 c¢m line frequency.

PS,01 o, is the flux density of the source at the redshifted H1 21 cm line frequency. This was estimated by interpolating between the 1.4 GHz and

325/365 MHz flux densities from the literature.

¢The column shows the correlator that was used for the observation, GSB/GHB.

4The on-source times are rounded off to the nearest multiple of 15m.

¢ These details are for the follow-up observations.
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Results

In this chapter, we present the results of our data analysis. We display the spectra of
all sources of the CJF and GPS samples that had reliable RFI-free data. We discuss in
detail all sources with detections of Hi 21 c¢m absorption. Finally, we provide a tabular
summary of our results, which include the integrated H1 21 cm optical depths (or limits

on this quantity), and the equivalent H1 column density (or limits).

4.1 The Caltech-Jodrell Flat Spectrum sample

Except for two sources, TXS 0344+405 and TXS 19544513, all sources in the CJF
sample are compact and unresolved in the GMRT images at the respective redshifted
Hr 21 cm line frequencies. Hence, we have fitted a single Gaussian component to a
small region around the target source, using the task JMFIT, to measure the source
flux densities. Our measured flux densities are listed in Table TXS 0344+405 and
TXS 19544513 both show extended radio structures, consisting of a central core and
two extended emission components, with a typical FR-II morphology (see Figure .
Since our aim is to search for neutral gas in the environments of compact AGNs, we
have considered only the core components of these two sources in our analysis.

We have obtained three new confirmed detections and one new tentative detection of
associated HI 21 cm absorption from our analysis of the 74 CJF sources. Out of the 74
target sources, the spectra of 59 sources were consistent with noise, with no evidence
for any significant absorption. The GMRT data towards the remaining 11 sources

were severely affected by RFI around the redshifted Hi 21 cm line frequency, and it
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was not possible to obtain reliable, RFI-free spectra for these sources (see Section
for details). The GMRT Hi 21 cm absorption spectra of the 63 sources (3 confirmed
detections, 1 tentative detection, and 59 non-detections) with usable data are displayed
in Figure [4.2] in order of increasing redshift. For the two sources TXS 0344+405 and
TXS 1954+513, we have provided absorption spectra at the peaks of the core and the
extended emission components, in the figure. We did not detect any absorption in the
spectra towards the source TXS 03444405, against either the core or the radio lobes.
In the case of TXS 19544513, strong Hi 21 ¢cm absorption was detected in the spectrum
towards the radio core, while no absorption was detected in the spectra towards the
two lobes.

For all sources, the panels of the figure show flux density (in mJy) plotted against
velocity (in km/s) relative to the source redshift. Except for the four detections, and the
sources that were observed using a velocity resolution of ~ 30 kms™!, all the spectra
have been Hanning-smoothed and re-sampled, to reduce the effect of Gibbs ringing.
The shaded regions in the spectra indicate channels that were corrupted by RFI. Note
that the RMS noise values on the final spectra were obtained over the RFI-free and line-
free channels. The final spectra of two sources, TXS 0954+658 and S5 2007477, show
a clear ripple across the observing band that may have arisen due to time variability
in the antenna bandpass shapes that could not be calibrated out. Attempts to excise
these ripples by data editing were unsuccessful. Since the peak-to-peak spread of the
ripple is relatively low, the spectra may still be used to constrain the presence of strong
absorption. Hence, for these two sources, we conservatively computed our limits on the
Hi 21 cm optical depth (and thence, on the HI column density) as 3 x the peak-to-peak
spread in the optical depth.
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Figure 4.1: The left panel shows the GMRT 1367.1 MHz continuum image of the
source TXS 03444405, showing the core, and two radio lobes extended towards north-
west and south-east directions. The positive contour levels extend from 1.8 mJy/Bm
to 921.6 mJy/Bm, in steps of v/2, while the single negative (dashed) contour is at
—1.8 mJy/Bm. The right panel shows the GMRT 638.9 MHz continuum image of the
source TXS 19544513, displaying the core, and two radio lobes extended in the north and
south directions. The positive contour levels extend from 2.0 mJy/Bm to 1024.0 mJy/Bm,
in steps of v/2, while the single negative (dashed) contour is at -2.0 mJy/Bm.
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4.1.1 Hi1 21 cm detections in the CJF Sample

1. TXS 0003+380, z = 0.229 :

This source was initially observed on 3/7/2014, using the 1420 MHz receivers. A
bandwidth of 16.7 MHz, centered at 1155.74 MHz, and sub-divided into 512 channels
was used for the observations, with the GSB as the backend. 3C48 was used for flux
calibration, while 0029+349 was used for phase calibration. The on-source time was
~ 94 minutes. A narrow absorption line with ~ 18¢ significance was detected in
the initial spectrum. To confirm the reality of the line, we re-observed the source on
19/10/2015, using a bandwidth of 4.2 MHz split into 512 channels. This provided a finer
velocity resolution of 2.1 km/s. Again, the source 3C48 was used as the flux calibrator,
and 00294349 was used for phase calibration. The on-source time was &~ 62 minutes
in the second run. The absorption line was again detected in the spectrum. The peak
of the absorption profile in both the spectra is blueshifted by ~ 40 km/s from the
source redshift. The absorption line was detected with > 10c significance in both the
observing runs, suggesting that the absorption is likely to be real.

The radio source in the continuum image is compact, with no extended structure.
A single gaussian was fitted to the source using the task JMFIT. The peak flux density
of the source is 547.34+0.2 mJy. The integrated optical depth of the line is 1.9434+0.057
km/s.

2. B3 14564375, z = 0.333 :

The initial observations of this source were carried out on 28/5/2015, using the
1420 MHz receivers. A bandwidth of 16.7 MHz, sub-divided into 512 channels, and
centred at a frequency of 1065.23 MHz, was used for the observations, with the GSB
as the software backend. The standard calibrator 3C286 was observed to calibrate the
flux density scale and the system passband, and the source 14164347 was observed to
calibrate the phases. The on-source time was &~ 75 minutes. A narrow absorption line
with ~ 140 significance was detected in the initial spectrum. We hence re-observed
the radio source on 19/10/2015 to confirm the reality of the absorption. We used a
bandwidth of 4.2 MHz, split into 512 channels, for this observation, which provided
a finer velocity resolution of 2.3 km/s. Again, the sources 3C286 and 1416+347 were
used for flux and phase calibration. The on-source time in the second observing run

was =~ 92 minutes. The absorption line was again detected in the second observing run.
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4.1 The Caltech-Jodrell Flat Spectrum sample

The peak of the absorption line is blueshifted from the source redshift by ~ 62 km/s in
both spectra. The detection of the absorption line in both observing runs, separated
by few months, suggests that the absorption is likely to be real.

The continuum radio source is compact and unresolved in the GMRT image at
1065 MHz. The peak flux density of the source is estimated to be 148.4+0.1 mJy. The
integrated optical depth of the line is 3.834 + 0.079 km/s.

3. TXS 19544513, z = 1.223 :

The source was first observed on 28/04/2014, using the 610 MHz receivers. A
bandwidth of 16.7 MHz, centred at 639.82 MHz and sub-divided into 512 channels,
was used for the observations, with the GSB as the correlator. The standard flux
calibrators 3C286 and 3C295 were observed to calibrate the flux density scale and the
system passband. No phase calibrator was used since the target source is known to be
compact at low radio frequencies. The on-source time was ~ 60 minutes. A narrow
absorption feature with ~ 8¢ significance was detected in this initial spectrum. To
confirm the reality of the absorption feature, we re-observed this source on 13/5/2015.
A bandwidth of 4.2 MHz, sub-divided into 512 channels, was used for the second
observing run, to obtain a finer spectral resolution of 3.8 km/s. 3C286 was again used
to calibrate the flux density scale and the system bandpass. The on-source time was
~ 90 minutes in this second observing run. The absorption line was re-detected in
the spectrum obtained from the second observation. The peak of the absorption line
is blueshifted from the source redshift by ~ 325 km/s in both the spectra. Since the
absorption line was detected in both the observing runs, it is likely that the absorption
is real.

The GMRT 640 MHz continuum image of the source shows extended emission
structure, with three distinguishable components: a central core and two extended
lobes in north and south directions. We fitted a 3-component Gaussian model to the
source (using the task JMFIT), to estimate the flux densities. The peak and the
integrated flux densities of the core are 1221.3 + 0.6 mJy/Bm and 1254.1 + 1.2 mJy
respectively. The peak and integrated flux densities of the northern and the southern
lobes are 247.9 + 0.7 mJy/Bm and, 403.4 + 1.6 mJy, and, 184.0 £ 0.7 mJy/Bm and,
198.14+1.3 mJy, respectively. The core appears to be marginally resolved since the peak
and the integrated flux densities have slightly different values. We have used the peak
core flux to compute the integrated Hi 21 cm optical depth. The integrated optical
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depth of the detected HI 21 cm absorption feature is 0.716 & 0.037 km s~ 1.
4. TXS 06044728, z = 3.530 :

The radio source was observed three times using the GMRT 327 MHz receivers. The
first observations, on 23/11/2008, used a bandwidth of 4 MHz, centred at 313.55 MHz
and sub-divided into 256 channels, with the GHB as the correlator. 3C147 was used as
the flux calibrator, and 07394703 as the phase calibrator. The total on-source time was
~ 220 minutes. A strong and wide absorption feature was detected in this observing
run, with > 200 statistical significance after integrating over the full absorption profile.
The feature was seen in the two independent polarizations, with consistent strengths in
both the cases. Follow-up observations to confirm the reality of the feature were carried
out on 23/10/2013, and on 08/02/2015. The follow-up observations were carried out
using the GSB as the correlator, with a bandwidth of 4.2 MHz, sub-divided into 512
channels. No phase calibrator was observed, as it was possible to self-calibrate the UV
data with the earlier GMRT image of the field. The data from the follow-up observing
runs were strongly affected by RFI, and it was not possible to either confirm or rule
out the reality of the absorption feature. The detection towards this source will hence

be referred to as a tentative detection in our further discussions.

4.1.2 Results for the CJF sample

Table [4.I] summarizes the results from the GMRT observations of the CJF sample, with
the sources ordered in increasing redshift. The listed velocity resolutions are for the
Hanning-smoothed and re-sampled spectra. Note that the quoted velocity resolutions
and RMS noise values for S5 1150+81, S5 1039+81, TXS 07074476, TXS 08334416
and TXS 1442+637 are without Hanning-smoothing and re-sampling. These sources
were observed using a bandwidth of 33.3 MHz, yielding velocity resolutions of ~ 30 km
s~1. Also, the sources with detections were observed using better velocity resolutions
in the confirming observation runs. We have hence listed the velocity resolutions and
RMS noise values from the higher resolution spectra, without Hanning-smoothing and
re-sampling. All the upper limits on the integrated Hr 21 cm optical depths for the

sources in the literature assumed a line FWHM of 100 km s~ 1.

For consistency with
the literature, we smoothed the spectra of all our non-detections to a resolution of

100 km s~! before computing the 3¢ limits on the integrated Hi 21 cm optical depths.
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4.1 The Caltech-Jodrell Flat Spectrum sample

Figure 4.2: The GMRT Hr 21 cm spectra for the 63 CJF sources with usable data. All

spectra have been Hanning-smoothed and re-sampled. The shaded channels in the spectra

are corrupted by RFI.
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The GMRT Hi 21 cm
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The GMRT Hr 21
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The GMRT Hi 21 c¢m spectra for the 63 CJF sources (continued).
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The GMRT Hi 21 c¢m spectra for the 63 CJF sources (continued).
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The GMRT Hi 21 c¢m spectra for the 63 CJF sources (continued).
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The GMRT Hi 21 c¢m spectra for the 63 CJF sources (continued).
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4. RESULTS

The GMRT Hr 21 c¢m spectra for the 63 CJF sources (continued).
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Finally, we assumed a spin temperature of 100 K to estimate the HI column densities

for all target sources.

The columns of Table [4.1] are (1) the source name, (2) the source redshift, z (3) the
observing frequency, v21cm , in MHz, (4) the source flux density, S, , measured using
JMFIT, in mJy, (5) the velocity resolution Av of the final spectrum, in km/s, (6) the
RMS noise AS on the final spectrum at the velocity resolution listed in column (5), in
mJy, (7) the integrated HI 21 cm optical depth f 7dv in km s™1, or, for non-detections,
the 30 upper limit on [ 7dv, assuming a FWHM of 100 km s~1, (8) the column density

Np7 in em™2, or, for non-detections, the 30 upper limit on N7 assuming a line FWHM

of 100 km s~ 1.
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4.1 The Caltech-Jodrell Flat Spectrum sample

Table 4.1: The 63 target sources, selected from the CJF sample, in order of increasing
redshift.

Source z Volem S,P° Av AS [rdve© Ngrd
MHz mJy km s~! | mJy km 57! %x10%° cm ™2
TXS 0344-+405 % 0.039 | 1367.08 | 24.340.4 28.6 1.7 <14 < 26
TXS 03444405 5E| 0.039 | 1367.08 | 82.4+0.4 28.6 1.8 < 4.9 < 8.9
TXS 03444405 YW 0.039 | 1367.08 | 89.14+0.4 28.6 2.0 <5.5 <10
TXS 07334597 | 0.041 | 1364.46 | 502.8 £0.1 28.6 1.5 < 0.67 <1.2
S5 2116481 0.084 | 1310.33 | 137.240.5 14.9 1.2 <14 <25
TXS 14184546 | 0.153 | 1231.92 | 595.6 +0.1 31.7 2.4 <15 <27
S4 0749+54 0.200 | 1183.67 | 533.3+0.2 32.9 2.7 <18 <21
TXS 00034380 | 0.229 | 1155.74 | 547.3+0.2 2.1% 1.7 | 1.943+0.057 | 3.54+0.11
TXS 00104+405 | 0.255 | 1131.79 | 358.9+0.2 34.5 2.3 <14 <25
TXS 17194357 | 0.263 | 1124.62 | 262.4+0.2 34.7 1.4 <12 <22
TXS 04244670 | 0.324 | 1072.81 | 719.1+0.3 36.4 2.9 < 0.89 < 1.6
B3 14564375 0.333 | 1065.57 | 148.4+0.1 2.3% 3.8 | 3.8344+0.079 | 6.9840.15
S5 2007477 0.342 | 1058.42 | 660.0 & 0.2 36.9 | 24.3 <9.9 <18
TXS 00354367 | 0.366 | 1039.82 | 581.2 4+ 0.2 37.5 1.2 < 0.51 <0.93
TXS 09544658 | 0.368 | 1038.30 | 1104.8 +£0.2 | 37.6 | 20.1 <58 <11
CJ2 09254504 0.370 | 1036.79 | 310.4=+0.1 37.7 1.6 <12 <22
TXS 01104495 | 0.389 | 1022.61 | 615.4 4+ 0.2 38.2 1.6 <0.43 <0.78
TXS 10304415 | 1.117 | 670.95 | 636.6 +0.4 29.1 2.2 < 0.69 <13
TXS 0600+442 | 1.136 | 664.98 | 1260.7+0.6 | 28.2 4.9 <0.71 <13
S5 1044+71 1.150 | 660.65 | 1522.9+0.5 | 29.5 2.9 <0.38 < 0.69
TXS 23564390 | 1.198 | 646.22 | 643.04+0.5 28.9 1.2 < 0.42 < 0.76
TXS 08214394 | 1.216 | 640.97 | 2532.8+0.4 | 29.2 5.1 < 0.44 < 0.80
TXS 19544513 CR| 1.223 | 639.82 | 1221.3+0.6 3.8% 2.3 | 0.716 £ 0.037 | 1.271 +0.064
TXS 19544513 5 | 1.223 | 639.82 | 184.0+£0.7 3.8% 1.9 <0.33 < 0.60
TXS 1954+513 N | 1.223 | 639.82 | 247.9+0.6 3.8% 1.9 < 0.56 <1.0
TXS 11054437 | 1.226 | 638.09 | 406.5+0.3 30.6 1.3 <0.70 <13
TXS 10154359 | 1.228 | 637.52 | 702.7+0.3 30.5 1.3 <0.43 <0.78
TXS 14324422 | 1.240 | 634.10 | 286.1+0.3 30.8 1.2 < 0.95 <17
TXS 09454408 | 1.249 | 631.57 | 2026.0+0.5 | 29.7 2.8 < 0.30 < 0.55
S5 1150481 1.250 | 631.29 | 1788.1+0.6 | 30.9* | 8.8 <1.1 < 2.0
TXS 10204400 | 1.254 | 630.17 | 1496.5+0.5 | 30.9 3.6 < 0.51 <0.93
S5 1039481 1.260 | 628.49 | 726.5+0.3 31.1* | 5.2 <15 <28
TXS 06414392 | 1.266 | 626.83 | 417.7+0.3 29.9 1.5 < 0.68 <1.2
TXS 05374531 | 1.275 | 624.35 | 711.34+0.5 30.0 1.2 <0.32 < 0.59
TXS 1656+571 | 1.281 | 622.71 | 1456.34+0.5 | 31.3 4.9 <0.74 <14
TXS 07074476 | 1.292 | 619.72 | 1022.5+0.2 | 31.5* | 1.4 < 0.30 < 0.54
TXS 0833+416 | 1.301 | 617.29 | 432.2+0.1 31.6* | 1.8 < 0.63 <11
TXS 23194444 | 1.310 | 614.89 | 378.440.2 31.7 1.3 < 0.65 <19

continued on the next page

71




4. RESULTS

Source z Vatem S,° Av AS J[rdv*© Ngrd
MHz mJy km s~! | mJy km s~ ! x10%° cm—?
TXS 0850+581 1.318 | 612.77 | 998.6 £0.5 30.6 2.0 < 0.37 < 0.68
TXS 1240+381 1.318 | 612.77 | 547.2+£0.3 31.8 1.6 < 0.63 <11
TXS 20074659 1.325 | 610.92 631.1+04 31.9 2.3 < 0.76 <14
S5 2353481 1.344 | 605.97 | 581.6+0.6 30.9 2.7 < 0.87 <16
JVAS J2236+7322 | 1.345 | 605.71 270.7+0.3 32.2 1.3 < 0.97 <18
TXS 13424663 1.351 | 604.17 231.8+£0.2 32.3 1.1 < 0.98 <18
TXS 00354413 1.353 | 603.65 541.8 £ 0.6 31.0 2.1 < 0.76 <14
TXS 17394522 1.375 | 598.06 | 1006.7 +0.5 32.6 2.9 < 0.58 <11
TXS 14424637 1.380 | 596.80 656.6 £0.5 32.7% 5.4 <13 <23
TXS 1030+611 1.401 | 591.58 692.1+0.5 31.7 3.1 < 0.87 <16
TXS 10104350 1.410 | 589.37 520.1 £ 0.4 33.1 1.8 < 0.67 < 1.2
TXS 22294695 1.413 | 588.64 291.4+£0.2 33.1 2.7 < 1.7 <31
TXS 08204560 1.418 | 587.43 | 1507.7£0.1 31.9 2.5 < 0.34 < 0.62
TXS 0805+410 1.418 | 587.43 512.3+0.8 31.9 2.0 < 0.69 <13
TXS 0804+499 1.436 | 583.08 682.6 + 0.5 32.1 3.6 < 0.95 < 1.7
TXS 0145+386 1.442 | 581.65 207.4+0.2 33.6 1.3 <1.2 <22
TXS 09174624 1.446 | 580.70 975.6 £ 0.5 32.3 4.2 < 0.79 <14
JVAS J2311+4543 | 1.447 | 580.46 156.4 +0.2 33.6 1.7 <22 < 3.9
S5 1058472 1.460 | 577.40 | 1499.7+0.5 33.8 2.3 < 0.31 < 0.57
TXS 08594470 1.470 | 575.06 | 2819.5+0.4 32.6 6.2 < 0.43 < 0.78
TXS 22534417 1.476 | 573.66 | 1255.2+0.5 32.6 4.5 <0.71 <13
TXS 03404362 1.484 | 571.82 291.4+0.5 33.0 4.7 < 3.0 < d.5
B3 17464470 1.484 | 571.82 187.9£0.5 34.1 4.2 < 4.5 < 8.2
TXS 14274543 3.013 | 353.95 | 2402.7 £0.7 27.6 7.4 < 0.44 < 0.81
TXS 08004618 3.033 | 352.19 858.5+0.5 26.6 6.7 <1.2 <21
TXS 06424449 3.396 | 323.11 3106 + 1.1 29.0 4.2 <29 <5.2
TXS 06204389 3.469 | 317.83 | 13186+ 1.3 29.5 3.7 < 0.20 < 0.37
TXS 06044728 3.530 | 313.55 | 1890.9+1.9 29.9% 3.5 4.29+0.28 7.824+0.51
TXS 0749+426 3.589 | 309.52 537.5+0.6 30.3 2.0 < 0.76 <14

Notes:

#The Spectrum has not been Hanning-smoothed and re-sampled.

PFlux densities are measured using the task JMFIT.

©The upper limits on the integrated H1 21 cm optical depth assuming a line FWHM of 100 km s~ .

4The HI column density is calculated for an assumed spin temperature of 100 K.
For the sources TXS 03444405 and TXS 1954+513, CR corresponds to the core, SE to the south-east
lobe, NW to the north-west lobe, S to the south lobe, and N to the north lobe.
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4.2 The Gigahertz-Peaked Spectrum sample

4.2 The Gigahertz-Peaked Spectrum sample

The seven GPS sources with RFI-free spectra were found to be compact in the GMRT
continuum images at the respective redshifted H1 21 c¢m line frequencies. We have hence
fitted a single Gaussian model to a small region around each source, to estimate their
flux densities. Table[4.2]lists the measured flux densities of the seven sources. We have
obtained two new detections and 5 non-detections of associated Hi 21 cm absorption
from our analysis. Figure displays the GMRT Hi1 21 cm absorption spectra of the
7 GPS sources, in order of increasing redshift. For all sources, the panels of the figure
show flux density (in mJy) plotted against velocity (in km s—!), relative to the source
redshift. Except for the two detections, all spectra have been Hanning-smoothed and
re-sampled. Note that the RMS noise values on the final spectra were obtained over

RFI- and line-free channels.

4.2.1 Hi1 21 cm detections in the GPS sample

The two new detections of associated HI 21 cm absorption are towards TXS 1245-197
at z = 1.275, and TXS 1200+045 at z = 1.226. We briefly discuss the observations and
results for these sources below.

1. TXS 12004045, z = 1.226 :

The source was initially observed using the GMRT 610 MHz receivers on
10/12/2015, using the GSB as the correlator. A bandwidth of 16.7 MHz, sub-divided
into 512 channels, and centred at 638.13 MHz, was used for the observations. The
source 3C147 was used for flux calibration and bandpass calibration, while 1150-003
was used for phase calibration. The total on-source time was ~ 46m in the initial
observing run. A strong and narrow absorption line, with &~ 120 significance, was de-
tected in the spectrum. Along with this, a wide weak feature was also visible, at low
significance.

To confirm the reality of the absorption, we re-observed the source on 15/8/2016
with the 610 MHz receivers, with an on-source time of ~ 105 minutes. These obser-
vations used a bandwidth of 16.7 MHz, sub-divided into 512 channels and centred at
644.33 MHz, again with the GSB as the correlator. Both the narrow absorption feature

and the wide, weak absorption (spanning =~ 500 km s~!) were clearly detected in the
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new spectrum, in both polarizations. It is hence likely that both the narrow and the
wide absorption features in the spectra are likely to be real.

The continuum source is compact in the GMRT image, and its 640 MHz flux
density was measured to be to be 1675.2 = 0.4 mJy. The integrated H1 21 cm optical
depth of the absorption line is 2.52 + 0.12 km/s.

2. TXS 1245-197, z =1.275 :

The source was initially observed using the GMRT 610 MHz receivers on
10/12/2015, using the GSB as the correlator. A bandwidth of 16.7 MHz, sub-divided
into 512 channels, and centred at 624.35 MHz, was used for the observations. The stan-
dard calibrator 3C147 was observed to calibrate the flux scale and the system passband.
A separate phase calibrator was not observed since the target is itself a phase calibrator
for the VLA. The on-source time was ~ 55 minutes in the initial observing run. The
data analysis yielded a strong narrow absorption feature, along with a weak, wide wing.
We hence re-observed the source on 16/8/2016 to confirm the tentative detections, us-
ing the same settings and a total on-source time of ~ 130 minutes. The strong narrow
feature was clearly detected in the second observing run; however, a combination of low
sensitivity and intermittent weak RFI meant that it was not possible to confirm the
reality of the wide absorption feature. We conclude that the narrow absorption feature
is definitely real, but that the weak feature will require additional observations to con-
firm its reality. The continuum source is compact and shows no signatures of extended
emission. The peak flux density of the source was measured to be 8302.2+ 0.6 mJy, via

a single-Gaussian fit. The integrated H1 21 cm optical depth is 3.477 4 0.083 km s~ .

4.2.2 Results for the GPS sample

Table [4.2] summarizes the results for the 7 GPS sources which had reliable data. The
columns of this table are the same as those of Table The quoted velocity resolutions
correspond to the Hanning-smoothed and re-sampled spectra. The upper limits on the
integrated HI 21 cm optical depths assume a line FWHM of 100 km s~!, while the H1

column densities are computed for an assumed spin temperature of 100 K.
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Table 4.2: The 7 GPS sources, in order of increasing redshift.

NAME z Va1 S,* Av® | AS J[rdv © Nur?
MHz mJy km s~' | mly km s~! %102 cm ™2

B3 08014437 | 0.123 | 1264.83 | 407.7+0.1 15.4 1.42 < 0.58 <11

TXS 18194671 | 0.221 | 1163.31 | 434.1+£0.2 16.8 1.74 < 0.85 <15

TXS 1108+201 | 0.299 | 1093.46 | 1448.7 0.2 17.9 3.93 < 0.44 < 0.81

TXS 0507+179 | 0.416 | 1003.11 | 504.2+0.3 19.5 1.11 <041 < 0.75

TXS 2121-014 | 1.158 | 658.20 | 2095.2+0.4 29.7 3.56 < 0.38 < 0.69
TXS 1200+045 | 1.226 | 638.09 | 1675.24+0.4 15.3 2.32 2.52£0.12 4.59 +£0.22
TXS 1245-197 | 1.275 | 624.35 | 8302.2 £ 0.6 15.6 7.88 | 4.530£0.062 | 8.26+0.11

Notes:
2Flux densities are measured using the task JMFIT.
PThe quoted velocity resolutions are for the Hanning-smoothed and re-sampled spectra.
€ The upper limits on the integrated H1 21 cm optical depth assume a line FWHM of 100 km s™*.

4The HI column density is calculated for an assumed spin temperature of 100 K.
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Figure 4.3: The GMRT Hi 21 cm absorption spectra of the 7 GPS sources with usable
data.
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Flux density [mJy]

The GMRT Hi 21 cm absorption spectra of 7 GPS sources (continued).

R o e o R B T
5 ] 1
- 4 O —
0r ] = i ]
L i E—SO— —
5L ] ey L i
r 1 12 - .
i ] §-100 - .
- - U B 7
-10 | = 3 I ]
- i = - m
C ] -150 |- -
-15 | . i ]
- 1200+045 z=1.226 1 [ 1245-197 2=1.275 ]
ool N e N B B
-4000 -3000 -2000 -—-1000 0 —-2000 -1000 0 1000 2000
Velocity [km/s] Velocity [km/s]

7



4. RESULTS

78



Detections

In this chapter, we will discuss the characteristics of the six AGNs with new detections

of redshifted H1 21 c¢m absorption.

5.1 Detections in the CJF sample

5.1.1 TXS 0003+380, ~ = 0.229

The radio source is extremely compact in the GMRT continuum image at 1156 MHz,
with no evidence of any extended emission. The milli-arcsec scale VLBI map at 2.32
GHz shows a prominent core, along with a weak signature of a jet projected towards
the south-west (Fey and Charlot} [2000). The spectrum is extremely flat at low radio
frequencies, with a spectral index of &« = —0.03 between 1.4 GHz and 4.8 GHz (Condon
et all [1998; |Gregory and Condon, 1991). The flux density of the source at radio
wavelengths is known to vary rapidly, over a time-scale of 2-20 days (Heeschen, [1984)).
A possible reason for such ‘flickering’ is that the radiation is beamed towards the
observer (Ghisellini et al., [1993). Optical and X-ray studies of this source also find
evidence for strong blazar characteristics (e.g. Massaro et al., [2009)).

The GMRT HI 21 cm absorption spectrum towards TXS 00034380 is shown in
Figure 5.1} The absorption could be occurring either against the radio core or against
beamed emission from the components in the radio jet. The absorption line is relatively
narrow, with a full width of 44 km s~! between the 20% points. While the H1 21 cm
absorption appears blueshifted from the source redshift of z = 0.229 (Stickel and Kuehr,
1994)), we note that the latter authors do not quote an uncertainty on the AGN redshift.
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Figure 5.1: GMRT Hi 21 cm absorption spectrum towards TXS 0003+380, at z = 0.229.
The top axis indicates the frequency in MHz, while the bottom axis indicates velocity with
respect to z = 0.229.
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5.1.2 B3 1456+375, z = 0.333

B3 14564375 is unresolved in the GMRT 1065 MHz image, and is extremely compact in
the 5 GHz VLBI map (Helmboldt et al., 2007)), with a largest linear size of ~ 10 mas.
The spectrum is very flat at low radio frequencies, with spectral index o = —0.02
(S o v*) between 408 MHz and 1.4 GHz (Condon et al., [1998; [Ficarra et al., 1985),
steepening slightly to & = —0.27 between 1.4 GHz and 5 GHz (Helmboldt et al., [2007).
The source has been classified as a blazar in the literature, based on its optical and
near-infrared properties (e.g. Davenport et all [2015; Massaro et al., |2009). Our line-
of-sight is hence likely to lie close to the direction of any jet emission. In addition, the
optical to near-infrared continuum of the source falls steeply, with R-K = 5.14 mag,
causing it to be classified as a “red” quasar by (Glikman et al.| (2012).

The GMRT Hi 21 cm absorption spectrum towards B3 1456+375 is displayed in
Figure The absorption profile appears blueshifted from the AGN redshift (z =
0.33343 £ 0.00017; [Schneider et al., 2005), with the deepest absorption blueshifted by
—62 km s~!'. However, it should be noted that the uncertainty in the source redshift
means that the velocity offset is consistent with 0 km/s within 20 significance. The
spectrum does not show any signatures of disturbed kinematical features, and the
absorption is quite narrow, with a width of ~ 19 km s~! between the 20% points. The
Hi column density associated with the absorption feature is (6.98 & 0.15) x 10%° cm~2,
assuming Ty = 100 K. Given that the line-of-sight appears aligned with the jet direction,
the detected H1 21 cm absorption is likely to arise either against the core or against
beamed emission from the radio jet. In either case, since the viewing angle is small,
the absorbing gas is likely to lie above the plane of the dusty torus.

For red quasars, the high extinction at optical wavebands is believed to be caused
by dust extinction (e.g. Webster et al.l [1995)). However, it has also been suggested in
the literature that not all red quasars are necessarily dusty systems (e.g. Benn et al.,
1998)). |Carilli et al.| (1998a) searched for HI 21 cm absorption in a small sample of
radio-loud red quasars at intermediate redshifts (z ~ 0.7), to test whether the red
AGNs are intrinsically red or are reddened by dust at the AGN redshift. Associated
Hr1 21 cm absorption was detected towards 4 AGNs out of a sample of 5, which provided

weak circumstantial evidence for dust-reddening of the AGNs. The current detection
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Figure 5.2: GMRT spectrum of H1 21 cm absorption towards B3 14564375, at z = 0.333.

of associated HI 21 cm absorption towards the red quasar B3 14564375, at z = 0.333,

is consistent with the dust-reddening hypothesis.

5.1.3 TXS 1954+513, z =1.223

The GMRT 640 MHz continuum image of TXS 1954+513, displayed in the top left
panel of Figure shows a central core and two emission components extended in the
north and south directions. The two extended lobes can also be clearly seen in the
1.41 GHz image of |Xu et al.| (1995)). The two extended sources have equal separations
from the radio core, and hence the triple radio emission structure is likely to be in
the plane of the sky. The total linear extent of the radio source is =~ 20", which is
~ 170 kpc at z = 1.223. A 3-component Gaussian model was fitted to the emission

structure to measure the intensities of individual components, using the task JMFIT,
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as described in Chapter 4. The integrated flux densities are (1254.1 + 1.2) mJy (core),
(403.4 £ 1.6) mJy (northern lobe) and (198.1 £ 1.3) mJy (southern lobe). The core
emission is marginally resolved, with a peak flux of (1221.30 &+ 0.69) mJy/Bm, the
northern lobe is highly resolved, with a peak flux of (247.904+0.66) mJy/Bm, while the
southern lobe is also marginally resolved, with a peak flux of (184.00+0.69) mJy/Bm.
The emission from the core dominates the total intensity, with approximately 70% of
the total source flux density of 1855.6 + 2.4 mJy. The source has a spectral index of
a = —0.2 (S = v*) between 640 MHz (our GMRT estimate) and 1.41 GHz (Condon
et al.l [1998)), which flattens to a = 0.01 between 1.4 GHz and 4.8 GHz (Gregory and
Condon), (1991)).

Interestingly, Massaro et al.| (2009) have found that TXS 19544513 has the charac-
teristics that are typical of a blazar; the optical spectrum shows broad emission lines,
the source has a high X-ray luminosity of ~ 10*® erg s~!, and the radio spectrum be-
tween 1.4 GHz and 5 GHz is extremely flat. Recently, a few other authors (e.g. Healey
et al., 2008; Xie et al. 2007)) have also classified this source as a blazar. Blazars are
known to have a dominant radio core, along with a flat radio spectrum. They are
expected to be oriented towards the line-of-sight, with the core-jet emission enhanced
due to beaming. As such, they are not expected to show extended lobe emission. It is
puzzling that TXS 19544513 shows characteristics of a blazar, since the radio images
at 640 MHz and 1.4 GHz clearly show structures comprising a core and two radio lobes,
that are oriented close to the plane of the sky.

However, the milli-arcsec scale VLBI map at 1.6 GHz (Xu et al. [1995), which
resolves the central component of the GMRT 640 MHz emission, clearly shows a one-
sided jet emanating from the core. The core-jet structure appears to be projected
towards the east. The fact that a one-sided jet is seen suggests that the detected jet
emission has been amplified by relativistic beaming, which would imply that the jet is
oriented in our direction. Further, it is evident that there is a misalignment between the
one-sided VLBI core-jet structure and the large-scale north-south lobes, detected in the
1.41 GHz and 640 MHz images. Such strong misalignments between the milli-arcsec-
scale and the arc-sec scale radio structure have been detected earlier in a number of
AGNs, mainly in BL Lac objects (Conway and Murphy, (1993; |Pearson and Readhead,
1988; |Wehrle et al., [1992), and recently in a few core-dominated triple radio structures

(Marecki et al., [2006). There are different models in the literature that can account for
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these misalignments; these include twisted radio jets that arise due to interaction with
the ambient medium or due to the precession of the axis of the central supermassive
black hole (Appl et al., |1996; Conway and Murphy, 1993), and restarted AGN activity
accompanied by a flip in the spin of the central black hole, that has possibly arisen due
to a galaxy merger event (Marecki et al., [2006).

TXS 19544513 is only the fifth known associated H1 21 cm absorber at z > 1.
The top-right panel in Figure [5.3| shows the Hi 21 cm absorption spectrum obtained
by taking a cut through the spectral cube at the location of the peak flux of the core
emission in the 640 MHz GMRT continuum image (shown in the top left panel of the
Figure . The two lower panels show spectra obtained by taking cuts through the
locations of the peak flux of the two extended components; these show no evidence for
Hi 21 cm absorption. The peak of the absorption is blueshifted from the AGN redshift
(z = 1.2230 £ 0.0001; [Lawrence et al., 1996) by ~ 328 km s~! . The full width between
the 20% points is ~ 40 km s~!. The line width is quite narrow compared to the median
line width of ~ 166 km/s between 20% points in the Vermeulen et al. (2003) and Geréb
et al. (2015)samples.

The three panels of Figure show the optical depth (in units of 1000 x 7) plotted
against velocity, in km s~!, with respect to the AGN redshift. The left panel shows the
spectrum at the location of the peak flux of the radio core, while the middle and right
panels, respectively, show the spectra at the locations of the peak flux of the southern
and northern lobes respectively. Note that the optical depth sensitivities of the spectra
towards the peaks of the northern and southern lobes are sufficient to detect H1 21 cm
absorption of the same strength as that of the main absorption component seen against
the core, but not to detect the weaker absorption component. We can thus rule out the
possibility that the cloud producing the strong HI 21 cm absorption covers both the
core and either of the lobes, but cannot rule out the possibility that the gas producing
the weaker H1 21 cm absorption might cover all three source components.

The blueshift of the peak of the H1 21 c¢cm absorption from the AGN redshift of
z = 1.223 indicates that this is a case of gas outflow from an AGN. The detected Hi1 21
cm absorption may arise against either the VLBI core, or the VLBI-scale eastward
pointing radio jet. In either case, since the jet is likely to point close to our line-of-sight
towards the core, the gas cloud appears to be moving in the direction of the radio jet

and away from the core. The gas cloud may be being driven out by the ram pressure
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The top-left panel shows the continuum image at 640 MHz. The positive

contour levels extend from 2.0 mJy/Bm to 1024.0 mJy/Bm, in steps of /2, while the single
negative (dashed) contour is at -2.0 mJy/Bm. The top-right panel displays the H1 21 cm
absorption spectrum towards the core component of the radio source. The bottom-left

and bottom-right images display the absorption spectra towards the two lobes that are

extended in the north and south directions.
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Figure 5.4: GMRT H1 21 cm absorption spectra towards (left panel) the radio core,

(middle panel) the northern lobe, and (right panel) the southern lobe. In all three spectra,
optical depth (in units of 1000 x 7 ) is plotted against velocity, in km s, relative to the
AGN redshift of z = 1.2230. It is clear that the optical depth sensitivity towards the two
lobes is sufficient to detect HIi 21 cm absorption of the same strength as that seen towards
the radio core.

of the jet, as suggested by recent numerical simulations (Wagner and Bicknell, 2011}
Wagner et al., 2012]).

We estimated the rest-frame UV (1216 A) luminosity of TXS 19544513 by extrap-
olating from its measured R and B magnitudes (Monet et al., 2003) to infer its flux
density at 1216 x (1 + z) A (z = 1.223), and thence, its luminosity at this wavelength.
Monet et al.| (2003)) obtained R = 17.34 and B = 18.87 from the second epoch of the
USNO-B catalogue, with somewhat different values (R = 17.47 and B = 18.44) obtained
in the first epoch. We have used the second-epoch magnitudes since the second-epoch
R-band magnitude was obtained using a faint photometric standard, unlike the other
measurements. This yielded Ly &~ 1.7 x 1023 W Hz ™!, the highest UV luminosity at
which associated HI 21 cm absorption has been detected at any redshift (Curran and
Whiting), |2010; |Curran et al., 2008). This is also the first case of detection of associ-
ated HI 21 cm absorption above the UV luminosity threshold of Ly = 102 W Hz ™1,
suggested by |Curran and Whiting (2010). This shows that neutral hydrogen can in-
deed survive in AGN environments in high UV luminosities. We note that using the
first-epoch R-band and B-band magnitudes of the USNO-B catalogue yields an even
higher UV luminosity, Lyy ~ 3.7 x 1023 W Hz ™!, indicating that our conclusion that
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5.1 Detections in the CJF sample

TXS 19544513 has a high rest-frame UV luminosity is not affected by the use of the

second-epoch data.

5.1.4 TXS 06044728, z = 3.530

Our tentative detection of Hi 21 cm absorption at z = 3.530 towards TXS 06044728
is shown in Figure [5.5] Unfortunately, follow-up GMRT observations of the source
were repeatedly affected by RFI and we were hence unable to confirm the reality of
the absorption line. If the detection is confirmed, this would be the highest redshift
at which H1 21 cm absorption has ever been detected, surpassing the two absorbers
at z ~ 3.39 towards TXS 0902+343 (Uson et al., [1991)) and PKS 02014113 (Kanekar
et al., 2007).

The absorption feature appears symmetric around the AGN redshift, and is ex-
tremely wide, with a width of ~ 850 km/s between the 20% points. For comparison,
all the associated HI 21 cm absorbers in the samples of Vermeulen et al. (2003) and
Geréb et al.| (2015) have widths between 20% points < 825 km/s, with a median value
of ~ 166 km/s.

The radio source is unresolved in the GMRT 314 MHz image, but a complex core-jet
morphology is visible in the milli-arcsecond-scale VLBI map at 5 GHz (Britzen et al.,
2007)) and the arcsecond-scale VLA image at 1.4 GHz (e.g. [Taylor et all [1996). The
largest linear size of the radio source is =~ 10 arcsecs. The source has a spectral index of
a = —0.35 (S o< v*) between 1.4 GHz (Condon et al.,|1998) and 4.8 GHz (Taylor et al.,
1996), steepening marginally to a = —0.4 at lower frequencies, between 314 MHz (our
GMRT measurement) and 1.4 GHz. The wide absorption feature could arise against
different radio source components in the core and the jets.

Finally, TXS 06044728 also has a high estimated UV luminosity of ~ 4.2 x 102 W
Hz~!. If the detection is confirmed, then it would be the second case of a detection
of associated HI 21 cm absorption towards an AGN with a UV luminosity higher than
the threshold of 10?3 W Hz~!, above which |Curran et al.| (2008) argue that Hr 21 cm

absorption should not be detected.
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Figure 5.5: GMRT spectrum of Hi 21 c¢cm absorption towards TXS 0604+728, at z =
3.530.
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5.2 Hi 21 cm absorption detections in the GPS sample

5.2.1 TXS 1200+045, z = 1.226

TXS 12004-045 is unresolved in the GMRT 638 MHz continuum image, while the 1.6
GHz VLBI image shows a three-component structure (Liu et al., 2007). It is not clear
whether the three VLBI emission components arise from a core and two lobes or from a
one-sided core-jet structure. We note that component-A, which is by far the brightest
of the three components detected in the 1.6 GHz VLBI image of Liu et al.| (2007) lies
at one end of the structure; this suggests that the source has a core-jet structure.

The GMRT HI1 21 cm absorption spectrum towards TXS 12004045 is displayed in
Figure [5.6| The absorption is likely to arise against the strongest of the three compo-
nents (component A) in the VLBI image of |Liu et al.| (2007) as the other two source
components are quite weak implying a high Hr 21 cm opacity to produce detectable
Hr1 21 cm absorption.

The spectrum shows a narrow absorption with a line width of ~ 125 km/s be-
tween 20% points, along with a wider and weaker absorption feature with a span of
~ 500 km/s, extended towards the source redshift. The reality of both the narrow
and wide absorption features has been confirmed through two GMRT observing runs
(see Section . Interestingly, the deepest Hi 21 cm absorption feature is signifi-
cantly blueshifted from the AGN redshift of z = 1.22597 £+ 0.00084 (Hewett and Wild,
2010)), by ~ 2300 km/s. This suggests that the absorption arises in outflowing gas (at
z &~ 1.208), perhaps pushed by the radio jet to high velocities. Also, the detection of the
wider absorption feature indicates the presence of disturbed gas, that might indicate
a jet-cloud interaction. Finally, the absorber towards TXS 12004045 is the seventh

known associated HI 21 c¢cm absorber at z > 1.

5.2.2 TXS 1245-197, z = 1.275

The sample of GPS sources was selected based on the criterion that the sources have
inverted spectra, with the peak frequency lying between 300 MHz and 5 GHz (e.g.
Labiano et al.,[2007). TXS 1245-197 has an observed turnover frequency of ~ 400 MHz;
the turnover frequency in the source rest-frame is ~ 900 MHz. The inverted spectrum
in a GPS source is believed to arise due to synchrotron self-absorption in a compact

radio emission region, probably in the early stages of AGN evolution (see Section [2.3)).
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Figure 5.6: The GMRT Hi 21 cm absorption spectrum towards TXS 12004045, at z =
1.226.
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However, the VLBI 2.3 GHz and 8.6 GHz images of TXS 1245-197 (e.g. |Sokolovsky
et al., 2011)) show two prominent parsec-scale radio lobes, along with a fainter extended
structure. Sokolovsky et al. (2011) found the two lobes to have comparable flux densities
at both 2.3 and 8.6 GHz, and to have steep spectra between the two frequencies, with
spectral indices of —0.72 and —0.59. The authors hence classified the source as a
Compact Symmetric Object (CSO), as the steep spectra make it unlikely that either
source component arises from a compact core.

CSOs are powerful extragalactic radio sources that show emission on both sides of
an AGN, and have sizes < 1 kpc (e.g. Wilkinson et al., [1994). Relativistic beaming is
believed to be small or non-existent in these objects owing to their orientation close to
the plane of the sky. Hence, the two brightest VLBI source components in TXS 1245-
197 are likely to correspond to parsec-scale lobes at the ends of VLBI-scale jets, with
the core remaining undetected at radio frequencies.

TXS 1245-197 is compact and unresolved in the GMRT 624 MHz continuum image,
shown in the left panel of Figure with a flux density of 8302.2 + 0.6 mJy. If
the steep spectra of the two compact components of the 2.3 GHz and 8.6 GHz VLBI
images of Sokolovsky et al.| (2011]) extend to low frequencies, these components would
dominate the 624 MHz flux density. The radio core is faint at 2.3 GHz and is likely
to have an inverted or flat spectrum; it is hence unlikely to contribute significantly
to the 624 MHz emission detected with the GMRT. As such, the detected Hr 21 cm
absorption (see the right panel of Figure is likely to arise against one or both of
the radio lobes detected in the VLBI image. The HI 21 c¢m absorption profile has a
width of ~ 325 km /s between 20% points, and has an extended wing that is blueshifted
from the source redshift. The large velocity width could arise either due to absorption
against both radio lobes, or possibly from disturbed gas that is interacting with the
AGN jets (e.g. Geréb et al., 2015). Finally, the detection towards TXS 1245-197 is the

sixth known associated H1 21 c¢m absorber at z > 1.
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Figure 5.7: The left panel shows the GMRT continuum image of 1245-197 at 624 MHz.
The contour levels extend from 9.0 mJy/Bm to 4608.0 mJy/Bm, in steps of v/2. The panel
at the right shows the GMRT HI1 21 cm absorption spectrum towards TXS 1245-197, at
z = 1.275.
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Discussion

6.1 The Caltech-Jodrell Bank Flat-Spectrum sample

6.1.1 A uniformly-selected flat-spectrum sample

There are more than 50 detections of associated Hi 21 cm absorption reported till now,
with the vast majority of the absorbers detected at low redshifts, z < 1 (e.g. |Curran
and Whiting} |2010; |Geréb et al., 2015 (Gupta et al., |2006; [Vermeulen et al., 2003)). The
typical reported detection fraction of H1 21 cm absorption in associated systems at low
redshifts is 2 30% (e.g. [Pihlstrom et al., 2003; Vermeulen et al., 2003). Conversely, as
noted in Chapter 1, most of the searches for associated Hi 21 cm absorption at high
redshifts (z > 1) have been unsuccessful, with only four detections in the literature.
With 25 searches available in the literature at z > 1 (e.g. |Curran et al.l 2013} |Gupta
et al., [2006), the detection rate is 16f§3%, where the errors are from small number
Poisson statistics (e.g. |Gehrels| [1986]). While the detection fraction of associated HI 21
cm absorption at z > 1 has only half the value at low redshifts, the difference between
the two detection fractions is not statistically significant due to the large uncertainty
in the high-z detection fraction. This is simply due to the fact that few high-z AGNs
have so far been targetted in H1 21 cm absorption studies. Larger target samples are
needed to test whether the detection rate of associated HI 21 cm absorption is indeed
lower at high redshifts.

Moreover, most studies of associated H1 21 ¢cm absorption (e.g. |Curran et al., 2013;
Gupta et al., 2006) have targetted highly heterogeneous AGN samples at all redshifts.
The heterogeneity of the samples makes it difficult to distinguish between possible
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redshift evolution in the AGN environment and differences in the AGN samples at
different redshifts. For example, Gupta et al. (2006) carried out an analysis of 96 AGNs,
mostly at low to intermediate redshifts, z < 1. They found little evidence for redshift
evolution in either the detection rates of H1 21 cm absorption or in the distribution of the
Hr1 21 c¢m optical depths. However, their sample was highly heterogeneous, consisting
of 21 large radio galaxies, 13 flat-spectrum radio sources, 35 compact steep spectrum
sources, and 27 GPS sources. The heterogeneity of the sample makes it difficult to
reliably interpret the observational data.

An alternative explanation for the tentative result that the strength of associated
Hi 21 cm absorption may be weaker at high redshifts stems from the luminosity bias in
most AGN samples used in such studies. High-z AGN samples typically contain more
objects with higher rest-frame UV and radio luminosities. |Curran et al.| (2008) suggest
that the high AGN luminosity in the UV and/or radio wavebands can lead to a lower
Hi 21 cm optical depth, either by ionizing the neutral hydrogen (and thus reducing the
Hi column density) or by altering the hyperfine level populations (and thus increasing
the spin temperature; e.g. [Field, 1959). |Curran et al. (2008, 2013|) have argued that
the high luminosities of the high-z AGNs are the primary causes of the (tentative) low
detection rate of the H1i 21 c¢cm absorption. We note, however, that the AGN samples
of |[Curran et al.| (2008}, 2013) were also highly heterogeneous, containing all the AGNs
that had been searched for Hi 21 c¢cm absorption in the literature.

We have hence put together a large sample of uniformly-selected sources, selected
from the CJF sample, as described in chapter 2, to investigate the dependence of the
Hi 21 cm absorption strength on both redshift and AGN luminosity. Our full sample
consists of 92 sources selected from the CJF sample, which includes 63 sources from our
observations (the sources with usable spectra) and 29 from the literature. The sample
contains 16 detections of HI 21 ¢cm absorption (including our three confirmed detections
towards TXS 0003+380, B3 1456+375, and TXS 1954+513, and our tentative detection
towards TXS 0604+728) and 76 non-detections, yielding upper limits to the H1 21 cm
optical depth. This is by far the largest sample of uniformly-selected AGNs that has
been searched for associated H1 21 cm absorption. The sample covers a large redshift
range, 0.01 < z < 3.6, with a significant number of sources at z > 1. The sources
from our GMRT observations are listed, in order of increasing redshift, in Table

The columns of this table are (1) the AGN name, (2) the AGN redshift, z, (3) the
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6.1 The Caltech-Jodrell Bank Flat-Spectrum sample

integrated HI 21 cm optical depth or, for HI 21 ¢m non-detections, the 3o upper limit
to the Hr 21 cm optical depth, in km s~!, assuming a Gaussian line profile with a line
FWHM of 100 km s~!, (4) the logarithm of the AGN luminosity Lyy (in W Hz™1) at
a rest-frame wavelength of 1216 A, i.e. L{;, = Log[Lyv /(W Hz™1)], (5) the logarithm
of the AGN luminosity Ly 4 gy, (in W Hz_l) at a rest-frame frequency of 1.4 GHz, i.e
L) 4 am. = Log[Li4 gu=/(W Hz™1)], (6) the AGN spectral index around the redshifted
Hi 21 cm line frequency, a9 ¢m, and (7) the AGN colour between the R- and K-
bands, i.e. the difference between its measured R- and K-magnitudes, (8, 9) the two
UV /optical wavebands, and the measured magnitudes therein that were used to infer
the AGN’s rest-frame 1216 A UV luminosity, (10) Ref. UV, the references for the
measured optical and ultraviolet luminosities that were used to infer the rest-frame
1216 A luminosity (following the procedure of |Curran and Whiting (2010)), and (11)
Ref. RK, the references for the R- and K-band magnitude measurements.

The sources from the literature are listed in Table [6.2l The first 9 columns of this
table are the same as those of Table The remaining columns are (10) Ref. Hr ,
the references for searches for associated HI 21 cm absorption in the literature, (11)
Ref. UV, the references for the measured optical and ultraviolet luminosities that were
used to infer the rest-frame 1216 A luminosity (following the procedure of (Curran and
Whiting| (2010)), and (12) Ref. RK, the references for the R- and K-band magnitude
measurements.

The luminosity at a rest-frame wavelength of 1216 A for each AGN was estimated
by following the prescription of Curran and Whiting (2010). We first determined
the flux density Fyy at the wavelength 1216 x (1 + z) A for each AGN, by using
a power-law spectrum to interpolate between its measured flux densities at two optical
and/or UV wavebands in the literature. The luminosity at the rest-frame wavelength
of 1216 A was then inferred from the expression Ly = 47TD§‘GNFUV/(1 + z), where
D ¢ is the AGN’s luminosity distance. For 5 AGNs, TXS 2021+614, TXS 04244670,
TXS 06004442, TXS 10204400 and TXS 2253+417, the flux density is known only at a
single optical waveband, which is quite distant from the redshifted 1216 A wavelength.
These systems hence do not have a listed rest-frame 1216 A luminosity in Table

The radio spectral indices of the AGNs were computed from their flux densities at
the redshifted H1 21 cm line frequency and at the nearest frequency with a flux density

estimate in the literature. The latter frequency was usually 1.4 GHz, from the FIRST
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6. DISCUSSION

or the NVSS surveys (Becker et al., [1995; (Condon et al.,|{1998)). Finally, the R-K colour
could only be inferred for a total of 58 AGNs of the full sample of 92 systems; the
remaining sources have information in the literature at only a single optical waveband.

In the following sections, we will examine the dependence of the H1 21 ¢cm detection
fractions and the distribution of H1 21 cm optical depths on redshift, radio spectral
index, AGN radio and UV luminosities, and the (R-K) colour.

6.1.2 Redshift evolution

Figure displays the velocity-integrated H1 21 cm optical depth, in logarithmic units,
plotted as a function of redshift, for our full sample of 92 sources. It is clear that
our GMRT observations, particularly at 1.1 < z < 1.5, are sensitive enough that
the 30 upper limits on the integrated Hi 21 c¢m optical depths of our non-detections
are sufficiently stringent to rule out opacities that are comparable to those of the
detections of H1 21 cm absorption. Further, it is clear from the figure that most of
the detections are concentrated at low redshifts, z < 1, with 13 detections at z < 1,
and just 3 detections at z > 1. On dividing the full sample at a median redshift
of zmeq = 1.200, the low-z sample has 13 detections and 33 non-detections, whereas
the high-z sample has 3 detections (this includes the tentative detection at z = 3.530
towards TXS 0604+728) and 43 non-detections. The detection rates of Hr 21 cm
absorption are 28J_ré0% and 775% for the 2z < Zmed and z > z,eq Tegimes, respectively
(see Figure . The detection rate in the sample at z > 2,04 is 4fg% when the single
tentative detection towards TXS 0604+728 is excluded from the sample. The errors
on the detection fractions are computed using small-number Poisson statistics (e.g.
Gehrels, [1986]). Although the detection rate appears to be lower in the high-z sample,
the difference in detection rates has only = 2.1c significance, once Poisson errors are
taken into account. The difference in detection rates has a significance of ~ 2.40 when

the tentative detection towards TXS 06044728 is excluded from the sample.
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Table 6.1: The 63 CJF sources observed using the GMRT, listed in order of increasing redshift.
Hz ' and L} , ¢, = Log[L1.4 G- /W Hz 1.

Note that L}, = Log[ Lyy /W

Source z [ rdv v | Lhs e | @21 em P RFRK | Band 1¢ Band 2¢ | Ref. | Ref.f
km s~ ! mag mag mag uv RK
TXS 03444405 0.039 <6.3 21.34 23.23 1.70 0.6 NUV=20.1 B=14.0 1,2 2,3
TXS 07334597 0.041 <0.67 19.69 24.24 -0.28 -1.8 | FUV=20.9 | NUV=20.5 1,1 2,3
S5 2116481 0.084 <14 21.25 24.31 -0.67 1.5 NUV=17.8 B=14.8 1,2 2.3
TXS 14184546 0.153 <1.5 21.71 25.48 0.58 4.7 FUV=18.7 | NUV=18.0 1,1 4,3
S4 0749+-54 0.200 <1.2 20.71 25.68 0.35 2.5 FUV=21.8 | NUV=20.1 1,1 4,3
TXS 00034380 0.229 | 1.943 £0.057 | 20.62 25.80 0.49 3.6 FUV=21.9 | NUV=21.6 1,1 2.3
TXS 00104405 0.255 <14 21.24 25.72 1.37 2.2 FUV=22.2 | NUV=20.7 1,1 2.3
TXS 17194357 0.263 <1.2 21.90 25.61 0.74 3.2 FUV=19.6 | NUV=19.8 1,1 2.3
TXS 04244670 0.324 <0.89 - 26.24 -0.46 - - - - -
B3 14564375 0.333 | 3.834 £0.079 | 20.65 25.58 -0.41 5.1 FUV=23.7 | NUV=21.3 1,1 2,6
S5 2007477 0.342 <9.9 22.03 26.25 0.09 3.5 B=19.1 R=17.3 2,2 2,6
TXS 00354367 0.366 <0.51 21.56 26.26 -0.17 2.4 FUV=21.3 | NUV=20.8 1,1 2,3
TXS 09544658 0.368 <5.8 21.96 26.55 0.01 3.3 FUV=20.4 | NUV=19.7 1,1 2,3
CJ2 0925+504 0.370 <1.2 22.75 26.00 0.38 2.3 FUV=18.4 | NUV=17.8 1,1 2,6
TXS 01104495 0.389 <0.43 21.09 26.34 -0.01 2.4 NUV=21.5 R=17.8 1,2 2,3
TXS 10304415 1.117 <0.69 23.32 27.30 -0.61 - u=19.4 g=19.5 7,7 -
TXS 06004442 1.136 <0.71 - 27.61 -0.37 - - - - -
S5 1044471 1.150 <0.38 23.26 27.70 -0.97 4.7 NUV=19.8 R=17.5 1,2 2.3
TXS 23564390 1.198 <0.42 22.36 27.36 -1.16 - NUV=22.0 B=20.9 1,2 -
TXS 08214394 1.216 <0.44 23.55 27.97 -0.75 3.0 NUV=19.2 u=18.5 1,7 2,3
TXS 19544513 1.223 | 0.698 +0.036 | 23.23 27.75 0.06 2.4 B=17.9 R=17.3 2,2 2,3
TXS 11054437 1.226 <0.70 23.04 27.18 -0.38 - NUV=20.7 u=19.4 1,7 -
TXS 10154359 1.228 <0.43 24.31 27.42 -0.02 - FUV=20.5 | NUV=18.1 1,1 -
TXS 14324422 1.240 <0.95 22.62 27.04 0.10 - NUV=21.9 u=20.4 1,7 -

continued on next page
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Source z [ rdv Lyv ®| Lia g, | @1 em | R-K¢| Band 19 Band 2¢ | Ref. °| Ref.f
km s~ ! mag mag mag uv RK
TXS 09454408 1.249 <0.30 23.93 27.89 -0.46 2.5 FUV=19.4 | NUV=18.3 1,1 2,3
S5 1150+-81 1.250 <1.1 23.54 27.84 -0.33 3.3 FUV=20.7 | NUV=19.3 1,1 2,3
TXS 10204400 1.254 <0.51 - 27.77 -0.78 3.1 - - - 2.3
S5 1039+-81 1.260 <1.5 23.90 27.46 0.01 2.9 B=19.7 R=17.5 2,2 2,3
TXS 06414392 1.266 <0.68 22.64 27.22 0.79 - B=20.5 R=19.4 2,2 -
TXS 05374531 1.275 <0.32 22.84 27.46 0.01 2.7 NUV=18.7 B=18.8 1,2 2.3
TXS 16564571 1.281 <0.74 23.56 27.77 -0.54 - NUV=19.2 B=18.0 1,2 -
TXS 07074476 1.292 <0.30 23.86 27.63 -0.15 1.4 NUV=18.4 B=17.0 1,2 2.3
TXS 08334416 1.301 <0.63 24.06 27.26 -0.02 0.2 FUV=19.1 | NUV=18.2 1,1 2,3
TXS 2319+444 1.310 <0.65 22.41 27.20 -0.05 - NUV=22.2 R=19.2 1,2 -
TXS 0850+581 1.318 <0.37 23.53 27.63 -0.26 - FUV=21.4 | NUV=20.1 1,1 -
TXS 12404381 1.318 <0.63 23.53 27.37 0.01 2.9 FUV=20.6 | NUV=19.2 1,1 2,3
TXS 2007+659 1.325 <0.76 22.51 27.44 -0.26 - NUV=22.0 R=20.3 1,2 -
S5 2353481 1.344 <0.87 22.30 27.41 -0.53 2.9 NUV=22.9 B=19.9 1,2 28
JVAS J2236+4-7322 | 1.345 <0.97 22.64 27.08 -0.01 - NUV=21.8 R=19.8 1,2 -
TXS 13424663 1.351 <0.98 22.74 27.02 1.23 4.3 NUV=21.6 u=20.8 1,7 2,3
TXS 00354413 1.353 <0.76 23.12 27.39 0.35 - FUV=23.9 | NUV=21.6 1,1 -
TXS 17394522 1.375 <0.58 23.73 27.67 0.51 3.1 FUV=20.3 | NUV=19.3 1,1 2,3
TXS 14424637 1.380 <1.3 23.90 27.51 0.05 2.0 FUV=20.8 | NUV=19.3 1,1 2.3
TXS 10304611 1.401 <0.87 23.56 27.53 -0.37 5.3 NUV=19.1 u=19.3 1,7 2,3
TXS 10104350 1.410 <0.67 23.94 27.41 -0.43 - FUV=23.5 | NUV=20.3 1,1 -
TXS 22294695 1.413 <1.7 24.47 27.15 0.64 - V=19.6 R=20.1 9,2 -
TXS 08204560 1.418 <0.34 23.69 27.87 -0.26 - FUV=20.5 | NUV=19.5 1,1 -
TXS 0805+410 1.418 <0.69 23.32 27.40 -0.07 - NUV=20.5 u=19.3 1,7 -
TXS 08044499 1.436 <0.95 23.45 27.54 0.31 - NUV=19.9 u=21.2 1,7 -
TXS 01454386 1.442 <1.2 23.54 27.02 0.58 1.7 NUV=19.8 R=17.5 1,2 2,3

continued on next page
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Source z [ rdv v | L e | @21 em P RFK | Band 1 ¢ Band 24 | Ref | Ref. f

km s™! mag mag mag uv RK

TXS 0917+624 1.446 <0.79 23.22 27.70 0.23 3.2 | NUV=20.9 u=19.6 1,7 2,3
JVAS J2311+44543 | 1.447 <2.2 22.82 26.90 0.76 - NUV=21.7 R=19.1 1,2 -
S5 1058472 1.460 <0.31 24.27 27.89 -0.21 1.9 FUV=18.6 | NUV=17.8 1,1 2,3
TXS 0859+470 1.470 <0.43 23.54 28.17 -0.23 - u=19.4 g=19.3 7,7 -
TXS 2253+417 1.476 <0.71 - 27.82 0.30 - - - - -
TXS 03404362 1.484 <3.0 22.75 27.19 0.35 - B=20.8 R=19.7 2,2 -
B3 17464470 1.484 <4.5 23.43 27.00 0.54 - NUV=19.8 R=19.1 1,2 -
TXS 14274543 3.013 <0.44 23.77 28.66 -0.60 - u=21.8 g=20.2 7,7 -
TXS 0800+618 3.033 <1.2 23.67 28.22 -0.05 - NUV=20.1 R=19.6 1,2 -
TXS 06424449 3.396 <29 24.47 27.86 0.72 2.9 B=19.5 V=18.5 5,0 2.3

TXS 06204389 3.469 <0.20 24.28 28.50 -0.16 2.4 B=20.9 V=19.1 10, 10 | 2,11
TXS 0604+728 3.530 | 4.294+0.28 23.96 28.64 -0.38 - NUV=22.4 B=20.9 1,2 -

TXS 0749+426 3.589 <0.76 24.60 28.14 0.16 2.4 g=18.8 r=17.8 7,7 2,11

2The column shows the inferred rest-frame 1216 A AGN luminosity, obtained by extrapolating from measurements in two nearby optical and/or
ultraviolet bands. For some AGNs (indicated by a “~” in this column), the UV luminosity could not be obtained as the AGN flux density is only
available at a single optical waveband in the literature.

b a1 em is the AGN spectral index at frequencies around the redshifted AGN HI 21 cm line frequency.

¢ For sources with “-” entries, the flux density is not known in the K-band; the (R-K) colour hence could not be obtained.

4The two UV /optical bands and the measured magnitudes therein, that were used to infer the rest-frame 1216 A UV luminosity.

©f References for the ultraviolet, optical and infrared band measurements, which were used to obtain the inferred 1216 A UV luminosities (following
the procedure of [Curran and Whiting|(2010)), and the (R-K) colour : (1) Bianchi et al.|(2014), (2) [Monet et al.|(2003), (3) |Cutri et al.|(2003), (4)
[Urry et al.|(2000), (5) [Fedorov et al.|(2011), (6) |Chen et al.|(2005) (7) |Abazajian et al.|(2009), (8) |Cutri et al.|(2013), (9) [Véron-Cetty and Véron|
(2010), (10) [Souchay et al.|(2015), (11) [Kuhn|(2004).

¢ The first and second entries correspond to the 1st and 2nd UV /optical bands, respectively.

f The first and second entries correspond to the R and K bands, respectively.
Note: The typical uncertainties on the measurements in the different wavebands are (1) 0.1 mag (NUV), (2) 0.2 mag (FUV), (3) 0.05 mag (u), (4)
0.3 mag (B), (5) 0.02 mag (g), (6) 0.2 mag (V), (7) 0.01 (r), (8) 0.3 mag (R), (9) 0.07 mag (K).
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6. DISCUSSION

However, it appears from Figure that the measured integrated H1 21 cm opti-
cal depths in the sub-sample at low redshifts are higher than the typical upper limits
in the high-z sub-sample. Hence, to test whether there is indeed a difference in the
distribution of HI 21 cm optical depths in the two sub-samples, we used the Astro-
nomical Survival analysis package, ASURV (Isobe et al., [1986). The two-sample tests
in ASURV take into account the possibility that some of the measurements may be
censored, i.e. may be upper or lower limits, as is the case with our integrated Hi1 21
cm optical depths. Within ASURV, a Peto-Prentice generalized Wilcoxon test finds
evidence with 3o significance that the low-z and high-z sub-samples (again separated
at the median redshift) are drawn from different distributions. When the tentative
detection towards TXS 0604+728 is excluded from the sample, the hypothesis that
the two samples are drawn from the same distribution is excluded at 3.4¢ significance.
This is the first statistically significant evidence for redshift evolution in the Hr1 21 cm
optical depths associated with AGN environments from a uniformly-selected sample.

We thus find that high-z AGNs have significantly weaker associated H1 21 cm ab-
sorption than low-z AGNs. This could arise due to a variety of reasons: (1) lower gas
contents in high-z AGN environments, implying lower H1 column densities, (2) higher
gas spin temperatures in high-z environments, as has been seen for intervening galaxies
towards AGNs, the damped Lyman-a systems (e.g. Kanekar et al. 2014), or (3) lower
covering factors in the high-z AGN sample. Unfortunately, in the case of associated
AGNs, we do not have direct estimates of the HI column density, and hence cannot esti-
mate the gas spin temperature. Hence, while it is possible that the neutral gas in AGN
environments indeed mainly consists of the warm neutral medium (as has been shown
to be the case for damped systems; e.g. Kanekar and Chengalur| (2003)); Kanekar et al.
(2014)), it is difficult to directly test this hypothesis. We will initially consider the low
covering factor hypothesis to account for the low detection rate of Hi 21 cm absorption,

before investigating the low gas content and high spin temperature possibilities.

100



Table 6.2: The 29 CJF sources with Hi 21 cm absorption searches available in the literature, listed in order of increasing redshift.
Note that L}, = Log[ Lyv /W Hz '] and L} , o, = Log[L1.4 gu- /W Hz 1.

10T

Source z [ rdv v | Liacrs | 021 em °| RRK | Band 1¢ Band 2 ¢ Ref. f | Ref. &
km s~ ! mag mag mag uv RK
TXS 11464596 | 0.011 53+ 1.8 20.30 23.09 0.26 2.3 NUV=19.7 u=14.6 1 1,7 2,3
TXS 03164413 | 0.018 1.3 20.61 25.13 1.05 -0.2 FUV=16.3 | NUV=15.5 2 1,1 2,3
B3 06514410 0.022 <0.82 18.69 23.35 0.60 -1.0 | FUV=20.5 | NUV=19.6 3 1,1 2,3
TXS 11014384 | 0.030 <0.63 21.28 24.18 0.17 -1.7 B=13.3 V=129 4 14,14 | 14,3
TXS 17444557 | 0.030 <1.2 19.53 24.02 0.22 -3.1 FUV=20.1 | NUV=18.8 5 1,1 2,3
TXS 16524398 | 0.034 <24 21.58 24.56 -0.12 -1.3 FUV=15.7 | NUV=15.2 4 1,1 2.3
TXS 12544571 | 0.042 33.9+3.8 20.51 24.06 -0.57 6.1 u=15.2 g=13.9 12 7,7 2,3
TXS 18074698 | 0.051 <1.6 20.91 25.00 1.05 0.2 FUV=18.0 | NUV=17.0 4 1,1 2.3
TXS 04024379 | 0.055 | 0.98 +0.11 19.88 25.31 -0.29 3.6 B=19.2 R=17.2 7 2,2 2,8
TXS 11444352 | 0.063 <1.1 20.26 24.75 0.54 -0.9 FUV=20.2 | NUV=19.3 5 1,1 2,3
TXS 22004420 | 0.069 <0.95 20.30 25.78 -0.14 2.0 B=15.9 V=14.7 4 21,20 | 19,6
TXS 19464708 | 0.101 15.8 £ 4.6 18.60 25.35 -0.33 1.3 B=18.3 R=16.4 8 2,2 2,3
TXS 0309+411 | 0.134 <0.92 18.48 25.23 0.08 1.5 B=18.0 R=16.8 5 2,2 2,3
IVS B16224-665 | 0.201 <1.7 20.00 25.24 0.53 2.9 B=18.1 R=16.4 3 2,2 2,3
S5 1826479 0.224 <15 21.28 25.57 0.59 2.1 FUV=20.8 | NUV=21.2 9 1,1 2,3
TXS 2021+614 | 0.227 <0.21 - 26.43 0.07 3.3 - - 9 - 2,3
TXS 23524495 | 0.238 1.7 20.84 26.46 -0.09 2.9 B=21.1 V=19.6 9 16, 16 2.3
TXS 08314557 | 0.241 0.58 21.39 27.03 -0.15 0.3 FUV=20.7 | NUV=22.1 9 1,1 2,3
TXS 19434546 | 0.263 2.9 20.85 26.46 -0.45 1.4 NUV=21.6 B=19.6 9 1,2 2,8
TXS 10314567 | 0.459 <0.76 19.90 26.96 -0.20 - u=23.9 g=22.8 9 7,7 -
TXS 1355+441 | 0.646 19 20.60 26.94 -0.34 - NUV=24.6 u=22.2 9 1,7 -
S4 0108+-38 0.669 46 £ 7 21.63 26.95 1.16 - NUV=22.2 R=20.2 10 1,17 -
TXS 15044377 | 0.672 | 27.20 +£0.04 | 20.30 26.95 -0.21 - u=24.3 g=22.5 13 7,7 -
TXS 09234392 | 0.695 <0.54 23.47 27.49 -0.38 1.7 FUV=19.2 | NUV=17.5 9 1,1 17,3

continued on next page
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Source 2 [ rdv Liv?® Liyon. | @21em ] RRKS| Band19 | Band2? | Ref. ¢| Ref. ! | Ref. ¢
km s~} mag mag mag Hr1 uv RK
S5 0950+74 0.695 <14 21.65 27.15 0.92 - B=19.5 R=18.6 9 2,2 -
TXS 16424690 | 0.751 <0.69 22.66 27.34 0.03 - B=19.1 R=18.6 9 2,2 -
S4 1843435 0.764 <6.0 24.66 27.55 -0.03 - B=17.2 R=16.5 9 2,2 -
TXS 1543+480 | 1.277 | 9.69+£0.53 | 22.08 27.36 -0.23 6.3 | NUV=22.8 u=22.6 11 1,7 7,3
TXS 02484430 | 1.311 <14 23.10 27.84 0.22 -0.9 | NUV=21.0 V=17.6 1 1,18 2,3

Notes:

2The column shows the inferred rest-frame 1216 A AGN luminosity, obtained by extrapolating from measurements in two nearby optical and/or
ultraviolet bands. For some AGNs (indicated by a “~” in this column), the UV luminosity could not be obtained as the AGN flux density is only
available at a single optical waveband in the literature.
P91 em is the AGN spectral index at frequencies around the redshifted AGN Hi 21 cm line frequency.
¢For the sources with “~” entries, the flux density is not known in the K-band; the (R-K) colour hence could not be obtained.
4The two UV /optical bands and the measured magnitudes therein, that were used to infer the rest-frame 1216 A UV luminosity.
References for associated HI 21 cm absorption searches : (1)Gupta et al.|(2006); (2)De Young et al.|(1973); (3)Orienti et al.|(2006); (4)van Gorkom|
let al.|(1989); (5)Chandola et al.|(2013); (6)Dickey|(1982); (7)Morganti et al.|(2009); (8)Peck et al.|(1999); (9)Vermeulen et al.|(2003); (10)Carilli
et al.|(1998b); (11)Curran et al.|(2013); (12) [Gallimore et al.|(1999); (13) [Kanekar and Chengalur|(2008).
e References for the ultraviolet, optical and infrared waveband measurements, which were used to obtain the inferred 1216 A UV luminosities
(following the procedure of |Curran and Whiting|(2010)), and the (R-K) colour: (1) [Bianchi et al.|(2014), (2) [Monet et al.|(2003), (3) [Cutri et al.|
(2003), (4) [Urry et al.|(2000), (5) [Fedorov et al.|(2011), (6) |Chen et al.|(2005) (7) |Abazajian et al.|(2009), (8) |Cutri et al.|(2013), (9) [Véron-Cetty|
land Véron|(2010), (10) [Souchay et al.|(2015), (11) |[Kuhn|(2004), (12) |Qi et al.|(2015), (13) |Zacharias et al.|(2015), (14) Massaro et al.|(2004), (15)
[Roser et al.|(2008), (16) |Zacharias et al.|(2004), (17) [Healey et al.|(2008), (18) |[Rao et al.|(2006), (19) [Howard et al.|(2004), (20) |O’Dell et al.|(1978),
(21) Raiteri et al.|(2009).
f The first and second entries correspond to the 1st and 2nd UV /optical bands, respectively.
&The first and second entries correspond to the R and K bands, respectively.

Note: The typical uncertainties on the measurements in the different wavebands are (1) 0.1 mag (NUV), (2) 0.2 mag (FUV), (3) 0.05 mag (u),
(4) 0.3 mag (B), (5) 0.02 mag (g), (6) 0.2 mag (V), (7) 0.3 mag (R), (8) 0.07 mag (K).
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6.1 The Caltech-Jodrell Bank Flat-Spectrum sample

6.1.3 Dependence on the radio spectral index

A possible reason for the lower strength of associated H1 21 cm absorption in the high-z
AGNs is that the low-frequency radio emission in the latter is dominated by extended
structure. Although our target sources have been chosen from the CJF sample, with
flat spectral indices, a > —0.5 (Taylor et al., 1996)), the CJF spectral index criterion
is based on the flux densities at relatively high frequencies, 1.4 GHz and 4.85 GHz.
It is hence possible that the radio emission at the low redshifted H1 21 ¢m absorption
frequency is dominated by steep-spectrum extended structure, rather than by the flat-
or inverted-spectrum radio core.

Such a scenario can be tested by estimating the covering factor from the fraction of
the total radio flux density measured in high-resolution Very Long Baseline Interferom-
etry (VLBI) continuum images at or near the redshifted Hr 21 cm line frequency (e.g.
Kanekar et al., 2009, 2014)). Unfortunately, VLBI observations at frequencies below
1 GHz are technically challenging and are hence not available for most of the sources
of our sample, especially for the systems at z = 1. We will hence instead use the
spectral index 91 ¢m at the redshifted H1 21 cm frequency as a proxy for compactness
of the AGN. A flat or inverted spectrum at low radio frequencies would indicate a
core-dominated source, and a relatively high covering factor (f ~ 1), whereas a steep
spectrum would indicate extended radio structure and a possible low covering factor
(f < 1). If the integrated Hr 21 c¢cm optical depths indeed depend on the spectral in-
dex, or if the high-z sample has a systematically steeper spectral index than the low-z
sample, it would suggest that a low covering factor may be the cause of the lower Hi 21
cm optical depths at high redshifts.

Figure[6.3]shows the integrated optical depths of the 92 CJF sources plotted against
the low-frequency spectral index, aoi1 ¢n. Clearly, there are a few sources which have
@21 ¢m < —0.5, but the majority of the sources have flat radio spectra, with indices
close to 0. In addition, the median spectral index, a9y ¢, = —0.015, is also very close to
zero, indicating that the sample is dominated by compact objects, with as; ¢, > —0.5.

Finally, a Peto-Prentice two-sample test finds that the two sub-samples, separated
at the median ag ¢, are consistent (within ~ 1.30 significance) with being drawn from
the same distribution. Excluding the tentative detection towards TXS 0604+728 has

little effect on this result; the two sub-samples remain consistent (now within ~ 1.10
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Figure 6.1: The integrated H1 21 cm optical depths of the full sample of 92 CJF sources,
plotted as a function of redshift. The 63 sources observed by us using the GMRT are
represented by squares, and the 29 literature sources are represented by triangles. Filled
symbols indicate detections of Hi 21 c¢m absorption, while open symbols indicate upper
limits on the H1 21 cm optical depths. The dashed vertical line indicates the median
redshift of the sample, z,,.q = 1.2.
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Figure 6.2: The detection rates of Hi 21 ¢cm absorption for the sub-samples with z < z,eq

and z > Zmed-
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Figure 6.3: The integrated H1 21 cm optical depth of the 92 CJF sources plotted against
the low-frequency spectral index, a1 ¢ The spectral indices are computed at frequencies
near the redshifted H1 21 cm line frequency. The 29 literature sources are shown as triangles,
and the 63 sources from our observations are shown as squares. Filled symbols represent
detections, whereas open symbols represent upper limits on the integrated H1 21 c¢m optical
depth. The dashed vertical line indicates the median low-frequency spectral index of the

sample, a21 ¢m,med = —0.015.
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significance) with being drawn from the same distribution. Hence, we conclude that
there is no significant evidence that the apparent low strength of Hi 21 cm absorption in
the high-z sample has arisen due to the low-frequency radio emission being dominated
by extended, steep-spectrum structure, and hence, a low AGN covering factor. We will
further consider the possibility that all low-z AGNs have high covering factors, while

high-z AGNs have low covering factors, in Section [6.1.5

6.1.4 Dependence on ultraviolet and radio luminosity

As discussed in Section the lower strength of the associated Hi 21 cm absorption
in the high-z AGN sample could arise due to these AGNs having higher UV and/or
radio luminosities (Curran et al., [2008]). A high UV /radio luminosity could reduce the
amount of neutral gas in the AGN environment and/or increase its spin temperature.
Figures and show, respectively, the rest-frame 1216 A UV and the rest-frame
1.4 GHz radio luminosities of the CJF sample plotted against redshift. It is apparent
from the figures that the high redshift AGNs are biased towards higher ultraviolet
and radio luminosities. Again, upon dividing the full sample at a median redshift of
Zmed = 1.2, a Gehan-Wilcoxon test finds that the null hypothesis that the rest-frame
UV luminosities of the two sub-samples are drawn from the same distribution is rejected
at = 7.70 significance. Similarly, the test also finds that the null hypothesis that the
rest-frame 1.4 GHz radio luminosities of the high-z and low-z samples are drawn from
the same distribution is rejected at ~ 7.8¢ significance. Hence, we conclude that there
is a strong bias in our target sample towards high ultraviolet and radio luminosities
for the systems at high redshifts. Finally, we also find that the rest-frame 1216 A UV
luminosities and the rest-frame 1.4 GHz radio luminosities of the sources in our sample
are strongly correlated (see Figure , with a Kendall-tau value of ~ 0.64 (=~ 9¢
significance).

We hence examine the possibility that the apparent redshift evolution in the H1 21
cm optical depths could have arisen due to the above luminosity bias. Figure shows
the integrated H1i 21 cm optical depths of the AGNs of our sample, plotted against
their rest-frame 1216 A UV luminosities, while Figure shows the integrated optical
depths plotted against the rest-frame 1.4 GHz radio luminosities (with all quantities in
logarithmic units). The dashed vertical lines in the two figures indicate the median UV

and radio luminosities, Lyvmeqd = 102254 W Hz"'and Ly 4 GHzmed = 1027 W Hz7 1,
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Figure 6.4: The rest-frame 1216 A UV luminosities of 87 CJF sources of the sample
plotted, in logarithmic units, against the AGN redshifts. The dashed horizontal line indi-
cates the median UV luminosity, Ly mea = 1022 W Hz71, and the dashed vertical line
indicates the median redshift, z,,.q = 1.2. The squares and triangles represent the sources
from our observations and the sources from the literature, respectively. Filled and open

symbols represent detections and upper limits on the integrated Hi 21 cm optical depths,
respectively.
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Figure 6.5: The rest-frame 1.4 GHz radio luminosities of the full sample of 92 CJF
sources plotted, in logarithmic units, against the AGN redshifts. The dashed horizontal
line indicates the median radio luminosity, L1.4 Gz mea = 102717 W Hz~!, and the dashed
vertical line indicates the median redshift, z,,.q = 1.2. The squares and triangles represent
the sources from our observations and the sources from the literature, respectively. Filled
and open symbols represent detections and upper limits on the integrated H1 21 cm optical
depths, respectively.
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Figure 6.6: The rest-frame 1.4 GHz radio luminosities of 87 CJF sources of the sample
plotted, in logarithmic units, against the rest-frame 1216 A UV luminosities, in loga-
rithmic units. The dashed vertical line indicates the median UV luminosity, Lyv,med =
102264 W Hz~', and the dotted horizontal line indicates the median radio luminosity of
L4 g, = 102717 W Hz—1,
observations and the sources from the literature, respectively. Filled and open symbols

represent detections and upper limits on the integrated Hi 21 cm optical depths, respec-

tively.
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6.1 The Caltech-Jodrell Bank Flat-Spectrum sample

respectively. It is clear from both figures that most detections of H1 21 c¢m absorption
lie in the low-luminosity regions. Also, it appears that the measured integrated Hr 21
cm optical depths of sources with low luminosities are higher than the typical 3o upper
limits of those with high luminosities. A Peto-Prentice two-sample test for censored
data finds that the null hypothesis that the Hi 21 cm optical depth distributions of
low- and high-luminosity sub-samples are drawn from the same distribution is rejected
at 3.60 significance for the rest-frame 1216 A UV luminosity, while it is rejected at 3.3¢
significance for the rest-frame 1.4 GHz radio luminosity. When the single tentative
detection towards TXS 06044728 is excluded from the sample, the hypotheses are
rejected at 3.90 and 3.60 significance, respectively.

We thus find that there is statistically significant evidence for a dependence of the
strength of associated HI 21 ¢m absorption in our target sample on redshift, rest-frame
1216 A ultraviolet luminosity, and rest-frame 1.4 GHz radio luminosity, but not on
the low-frequency radio spectral index. Weaker Hi 21 cm absorption is obtained at
higher redshifts and higher radio and/or UV luminosities. Unfortunately, most of the
luminous AGNs of our sample are also located at high redshifts (see Figures and,
implying that it is currently not possible to break the degeneracy between the three
possibilities and identify the primary cause, if any, for the weakness in the HI 21 cm
absorption. Searches for HI 21 cm absorption in either a low-luminosity AGN sample
at high redshifts, or a high-luminosity sample at low redshifts would be required to
break the degeneracy.

6.1.5 Effects of varying covering factor

In Section [6.1.3] we found no evidence for the hypothesis that the weaker Hi 21 cm
absorption in the high-z AGN sample might arise due to extended (and steep-spectrum)
radio emission and hence, a low covering factor. However, a critical assumption in
computing the integrated optical depths in the present analysis is that the gas covering
factor is unity for all the systems. Such an assumption could lead to a large difference
between the apparent and true optical depth, particularly for certain classes of AGNs
with extended emission structures. For example, in Fanaroff-Riley type-11 (FR-II)
radio galaxies, the radio emission is dominated by large-scale radio lobes (e.g. |(O’Dea,
1998)). It is possible that the neutral gas is concentrated near the AGN core, and

hence does not extend to the large-scale lobes. As a result, the neutral gas would not
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Figure 6.7: The integrated Hi 21 cm optical depths of 87 sources of the CJF sample
plotted against the rest-frame 1216 A UV luminosities. The dashed vertical line indicates
the median UV luminosity, Lyv,mea = 102264 1 Hz~1. The sources from our observa-
tions and from the literature are represented by squares and triangles, respectively. Filled
and open symbols represent detections and upper limits on the Hr 21 cm optical depth,
respectively.
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Figure 6.8: The integrated H1 21 cm optical depths of the full CJF sample of 92 sources
plotted against the rest-frame 1.4 GHz radio luminosities. The dashed vertical line indicates
the median radio luminosity, L1.4 GHz,med = 102717 W Hz~!'. The sources from our
observations and from the literature are represented by squares and triangles, respectively.
Filled and open symbols represent detections and upper limits on the H1 21 cm optical
depth, respectively.
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obscure a significant fraction of the total radio flux density, yielding a low covering
factor and hence a low apparent H1 21 c¢m optical depth. In this section, we consider
the possibility that the covering factor may be very different in different AGNs, with
values significantly different from unity:.

We note, at the outset, that our results that suggest either redshift evolution and/or
AGN luminosity dependence in the Hi 21 cm optical depth are unchanged if all the
AGNs have low covering factors. Further, if only the low-z AGNs have low covering
factors, then their Hi 21 cm optical depths would have been under-estimated due to the
assumption of f = 1. Low covering factors for the low-z AGNs would hence increase
the significance of the observed redshift evolution and AGN luminosity dependence of
the H1 21 c¢cm optical depth. We hence consider three other possibilities: (1) AGNs at
all redshifts have random covering factors, uniformly distributed between 0 and unity,
(2) low-z AGNs have high covering factors, f ~ 1, while high-z AGNs have random
covering factors, uniformly distributed between 0 and unity, and (3) low-z AGNs have
high covering factors, f ~ 1, while high-z AGNs have systematically low covering
factors, f =~ 0.1.

In the first scenario, in which AGNs at all redshifts have random covering factors
lying between 0 and 1, a Peto-Prentice test finds that the null hypothesis that the
low-z and high-z sub-samples are drawn from the same distribution is rejected at 3.0c
significance, while it is rejected at 3.30 significance when the tentative detection towards
TXS 0604+728 is excluded from the full sample. These results are very similar to the
case in which a uniform covering factor of unity is assumed for all the sources. Further,
a Peto-Prentice test finds that the hypotheses that the two sub-samples in the low
and high UV luminosity regimes are drawn from the same distribution are rejected
at 3.50 (retaining TXS 0604+728) and 3.80 (excluding TXS 0604+728) significance.
Similarly, the test also rejects the hypotheses that the two sub-samples at low and high
1.4 GHz radio luminosities are drawn from the same distribution at 3.2¢ (retaining TXS
0604+728) and 3.50 (excluding TXS 0604+728) significance. Hence, it is clear that
there is no significant change in the results if random covering factors, lying between 0
and 1, are assumed for the AGNs instead of a uniform value of unity.

In the second scenario, we assume random covering factors between 0 and 1 for the
AGNs at high redshifts, at z > 1, while the low-z AGNs are assumed to have a high
covering factor, f ~ 1. Here, the null hypotheses that the low-z and high-z sub-samples
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are drawn from the same distribution are rejected at 2.20 (retaining TXS 0604+728)
and 2.30 (excluding TXS 0604+728) significance. The hypotheses are rejected at 3.00
(retaining TXS 0604+4728) and 3.10 (excluding TXS 0604+728) significance for the
high and low UV luminosity sub-samples. Finally, for the sub-samples at low and high
radio luminosities, the hypotheses are rejected at 2.50 (retaining TXS 0604+728) and
2.60 (excluding TXS 0604+728) significance. While the statistical significance at which
the null hypotheses are rejected is somewhat lower than for the case of unity covering
factors, it appears clear that the results here are not significantly different.

Finally, in the third scenario, we assume f ~ 1 for all low-z AGNs, and f ~ 0.1 (i.e.
a low covering factor) for all high-z AGNs. Here, the null hypotheses that the low- and
high-z sub-samples are drawn from the same underlying distribution are rejected at
far lower statistical significance, 0.80 (retaining TXS 0604+728) and 1.00 (excluding
TXS 0604+728) significance. Similarly, in the case of UV luminosity sub-samples,
the hypotheses are rejected at ~ 1.90 and =~ 2.0c0 significance, when retaining and
excluding TXS 0604+728, respectively. Finally, in the case of radio luminosity sub-
samples, the hypotheses are rejected at =~ 1.20 and = 1.40 significance, when retaining
and excluding TXS 0604+728, respectively. Thus, if the high-z AGNs indeed have
systematically lower covering factors than the low-z AGNs, the evidence for redshift
evolution and UV /radio luminosity dependence in the H1 21 cm optical depths is not
statistically significant.

Hence, to test if the high redshift AGNs indeed have low covering factors, we have
examined the distribution of low-frequency spectral indices, @21 ¢m, computed around
the redshifted H1 21 cm line frequencies (see Section , as a function of redshift.
We assume that the low-frequency spectral index can be treated as a proxy for the
covering factor: AGNs with extended radio structure would typically have asoi ¢n <
—0.5, while compact AGNs would have a9 ¢ 2 0. Figure plots the low-frequency
spectral index o1 ¢, against redshift, for the 92 sources of our sample. If the high-z
AGNs systematically have extended radio structure and hence, low covering factors, the
spectral indices at high redshifts should typically be < —0.5. However, no such bias is
apparent in the figure. In fact, when the low-z and high-z sub-samples are separated at
the median redshift of z = 1.2, the null hypothesis that they are drawn from the same
distribution is ruled out at only ~ 1.2¢0 significance by a Gehan-Wilcoxon two-sample

test. The spectral indices of the high-z and low-z sub-samples thus appear consistent

115



6. DISCUSSION

with being drawn from the same underlying distribution. It hence appears unlikely
that the high-z AGNs of our sample have systematically lower covering factors than
their low-z counterparts.

In summary, our results suggesting that the Hi 21 cm optical depths depend on
the AGN redshift and/or the radio/UV luminosity appear to be robust in the two
cases where we have assumed random covering factors for all sources, and random
covering factors for the high-z sample, with f = 1 for the low-z systems. The sole
scenario in which the null hypothesis that the AGN sub-samples are drawn from the
same distribution is not rejected at 2 30 significance is one in which the high-z AGNs
have systematically (and significantly) lower covering factors than the low-z AGNs.
However, this scenario appears quite unlikely since there is no significant difference
between the low-frequency spectral indices of the low-z and high-z sub-samples, which
is likely to have arisen if the two sub-samples indeed had very different covering factors.
We hence conclude that our results do not appear to strongly depend on the assumption

that the AGNs of our sample have a uniform covering factor of unity.

6.1.6 Dependence on the R-K colour

As discussed earlier in Section Webster et al.| (1995) have pointed out that, for
red quasars, the redder colours seen in the optical wavebands as compared to the near-
infrared ones could be caused by dust extinction. However, it has also been noted in
the literature that not all red quasars are dusty systems (e.g. Benn et al., [1998)). While
Carilli et al.| (1998a) detected associated HI 21 cm absorption in four red quasars out
of a target sample of five, providing support for the dust reddening hypothesis, their
sample size is very small and limited to intermediate redshifts, z =~ 0.7. We have hence
obtained the (R-K) colours (see Tables and of the AGNs in our CJF sample,
to test the dust reddening hypothesis. Unfortunately, near-infrared data were available
for only 58 of the 92 systems of the sample, and our analysis is hence limited to these
98 systems.

Figureshows the integrated H1 21 cm optical depth plotted versus (R-K) colour
for the above 58 AGNs. Of the 12 AGNs with HI 21 c¢m detections, five have relatively
red colours, (R-K) > 3. Further, 3 of these five systems lie at the top right of the
figure, indicating both red colours and high integrated Hi 21 cm optical depths: for
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Figure 6.9: The low-frequency spectral index aws ¢, computed around the redshifted
Hri 21 cm line frequency, plotted as a function of redshift. The 63 sources from our ob-
servations and the 29 sources from the literature are plotted as squares and triangles,
respectively. The dashed vertical line indicates the median redshift, z,,.q = 1.2, and the

dashed horizontal line indicates the median spectral index, as1 ¢ = —0.015.
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these systems, the red colours are likely to arise due to the presence of high columns of
gas and associated dust at the AGN redshift.

To test the dependence of the strength of the Hr 21 ¢cm absorption on the (R-
K) colour, we divided the sample of 58 systems at the median (R-K) value of 2.38,
and carried out two-sample tests on the high-(R-K) and low-(R-K) sub-samples. A
Peto-Prentice two-sample test for censored data finds that the null hypothesis that the
sub-samples are drawn from the same underlying distribution is rejected at only 1.4c
significance. The two sub-samples are thus consistent with being drawn from the same
distribution, and we find no statistically significant evidence for a dependence of the
strength of HI 21 cm absorption on the (R-K) colour of the AGN. Our results based
on the CJF sample thus do not provide support for the dust-reddening hypothesis. We
will return to this issue at the end of this chapter, carrying out the same analysis on

the combined CJF and GPS samples.

6.2 The Gigahertz Peaked Spectrum sample

As mentioned in Chapter 2, besides the primary survey in flat-spectrum sources, we
also undertook a secondary survey for associated H1 21 cm absorption in GPS sources.
We constructed a sample of 58 GPS sources, of which 23 sources had previous searches
for Hi 21 cm absorption available in the literature. As described in Chapter 3, we
searched 12 GPS sources for associated HI 21 cm absorption using GMRT; seven of
these yielded usable HI 21 cm spectra.

Table gives the relevant details of our 7 GMRT targets; the columns of this
table are (1) the AGN name, (2) the AGN redshift, (3) the integrated H1 21 cm optical
depth, or, for non-detections, the 3o upper limit to this quantity, assuming a Gaussian
profile with a line FWHM of 100 km s~!, (4) the logarithm of the AGN luminosity Lyy
(in W Hz71) at a rest-frame wavelength of 1216 A, i.e. Li, = Log[Lyy /(W Hz1)],
(5) the logarithm of the AGN luminosity L1 4 gp, (in W Hz71) at a rest-frame frequency
of 1.4 GHz, i.e. L}, qy, = LoglLiigu,/(W Hz™Y)], (6) the low-frequency spectral
index of the AGN, between the redshifted Hi 21 cm line frequency and the nearest
frequency with a flux density estimate in the literature (usually 1.4 GHz, from the
FIRST or NVSS surveys; [Becker et al. (1995); |Condon et al. (1998)), (7) the AGN
colour (R-K) between the R- and the K-bands, (8, 9) the two UV /optical wavebands
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Figure 6.10: The Hi 21 cm optical depth, in logarithmic units, plotted against (R-K)
colour. The dashed vertical line indicates the median colour of 2.38. The sources from
our observations are represented as squares, while those from the literature are represented
as triangles. The HI 21 c¢m absorption detections are shown as filled symbols and non-

detections as open symbols.
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and the measured magnitudes therein, that were used to infer the AGN rest-frame
1216 A UV luminosity, (10) Ref. UV, the references for the optical/UV luminosities that
were used to infer the rest-frame 1216 A luminosity, and (11) Ref. RK, the references
for the R- and K-band magnitude measurements. Similar details for the 23 sources of
the literature are listed in Table here, the first nine columns are the same as in
Table The remaining columns are (12) Ref. H1 , the references for searches for
associated HI 21 cm absorption in the literature, (13) Ref. UV, the references for the
optical /UV luminosities that were used to infer the rest-frame 1216 A luminosity, and
(14) Ref. RK, the references for the R- and K-band magnitude measurements.

While the sample of GPS sources with Hi 21 c¢m absorption studies is relatively
small, just 30 systems, we examined the sample for trends with redshift, UV /radio
luminosity, and low-frequency spectral index. Figure plots the integrated Hr 21
cm optical depth of the 30 GPS sources against redshift. It is clear that the bulk of
the sample is at very low redshifts; indeed, the median redshift of the GPS sample
iS Zmeq = 0.23. Using this median redshift to divide the sample into low-z and high-
z sub-samples, a Peto-Prentice two-sample test finds that the null hypothesis that
the two sub-samples are drawn from the same distribution is rejected at only ~ 1.60
significance. We thus find no significant evidence for redshift evolution; this is perhaps
not surprising, given the fact that most of the targets are at very low redshifts (22
of the 30 AGNs have z < 0.42). We also do not find statistically significant evidence
that the HI 21 cm optical depths depend on either the rest-frame 1216 A UV or rest-

frame 1.4 GHz radio luminosities. Dividing the sample at the median UV and radio

luminosities into low- and high-luminosity sub-samples (see Figures [6.12| and [6.13)),

the null hypothesis that the two sub-samples are drawn from the same underlying
distribution is rejected at ~ 1.30 (UV) and ~ 0.9¢ (radio) significance. We thus do not
find significant evidence that the strength of the H1 21 c¢cm absorption in GPS sources
depends on the AGN UV /radio luminosity. Again, we emphasize that our present
GPS sample is dominated by low-redshift, low-luminosity AGNs, and is also relatively
small; it is hence not best-suited to probe the dependence of the strength of H1 21 cm

absorption on redshift or luminosity.
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Table 6.3: The sample of 7 GPS sources searched for H1 21 cm absorption using the GMRT, listed in order of increasing redshift.
Note that L}, = Log[ Lyv /W Hz '] and L} , o, = Log[L1.4 gu- /W Hz 1.

Source z [rdv? v Pl Liacrs €| 021 em 9 RFK©| Band 1f | Band 2 | Ref. | Ref. "
km s7! mag mag mag uv RK
B3 08014437 0.123 <0.58 19.70 25.13 0.61 1.4 NUV=22.7 | B=17.8 1,2 2,7
TXS 1819+671 | 0.221 <0.85 20.60 25.67 -0.27 0.7 NUV=22.1 | B=18.9 1,2 2,7
TXS 1108+201 | 0.299 <0.44 19.90 26.48 0.38 2.9 u=21.8 g=20.9 44 2,7
TXS 0507+179 | 0.416 <0.41 21.56 26.31 -0.70 - B=20.2 R=19.0 2,2 -
TXS 2121-014 | 1.158 <0.38 21.53 27.84 -0.39 - NUV=23.9 | R=23.3 1,5 -
TXS 1200+045 | 1.226 2.524+0.12 23.21 27.80 -0.15 2.7 NUV=20.4 | u=18.9 1,3 5,8
TXS 1245-197 | 1.275 | 4.530 £0.062 | 22.44 28.52 -0.43 - NUV=22.1 | B=21.8 1,6 -

Notes:
2The column shows the integrated Hi 21 cm optical depth or, for HI 21 ¢cm non-detections, the 3o limit to the Hr 21 cm optical depth, in km s~ !,
assuming a line FWHM of 100 km s™*.
PThe column shows the inferred 1216 A UV luminosities, obtained by extrapolating from measurements in two nearby optical bands (following the
procedure of |Curran and Whiting|(2010)).

¢The column shows the rest-frame 1.4 GHz radio luminosities.

4091 om is the AGN spectral index at frequencies around the redshifted AGN HI 21 cm line frequency.

¢ For sources with “~” entries, flux densities are not known in the infrared waveband; the (R-K) colour hence could not be obtained.

f The measurements at the two UV /optical bands that were used to infer the 1216 A UV luminosities.

& References for the ultraviolet, optical and infrared band measurements, that were used to obtain the inferred 1216 A UV luminosities (following
the procedure of |Curran and Whiting| (2010)), and the R-K magnitudes : (1) [Bianchi et al.|(2014), (2) Monet et al.|(2003), (3) |Abazajian et al.|
(2005), (4) |Adelman-McCarthy et al.|(2008), (5) [de Vries et al.|(2007), (6) [Flesch|(2015), (7) [Cutri et al.|(2013), (8) [Lawrence et al.|(2007).

&The first and second entries correspond to the 1st and 2nd UV /optical bands, respectively.

B The first and second entries correspond to the R and K bands respectively.
Note: The typical uncertainties on measurements in the different UV, optical and near-IR wavebands are (1) 0.1 mag (NUV), (2) 0.2 mag (FUV),
(3) 0.05 mag (u), (4) 0.3 mag (B), (5) 0.2 mag (V), (6) 0.3 mag (R).
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Further, we find no evidence for the dependence of Hi 21 c¢m absorption strength
on the low-frequency spectral index, a9 ¢n. Figure plots the integrated HI 21 cm
optical depth of the 30 GPS sources against ao; ¢p,. Upon dividing the sample at the
median spectral index of as1 ¢n = 0.0, the null hypothesis that the two sub-samples,
separated at the median a9 ¢y, are drawn from the same distribution is rejected at
~ 0.70 significance. Also, we do not find any bias in the distribution of asoi ¢, as a
function of redshift, in our GPS sample. Figure [6.15] plots the low-frequency spectral
index, a91 ¢m, as a function of redshift, for the 30 GPS sources. When the low-z
and the high-z sub-samples are separated at the median redshift of z = 0.23, the null
hypothesis that they are drawn from the same distribution is ruled out at only ~ 1.6¢0
significance by a Gehan-Wilcoxon two-sample test. Hence, we conclude that we find
neither significant evidence for the dependence of the strength of Hi 21 cm absorption
on the low-frequency spectral index, nor a redshift bias in the low-frequency spectral
index, for our sample of 30 GPS sources.

Finally, we also do not find any significant evidence for the dependence of H1 21 cm
absorption strength on the (R-K) colour of the GPS sources of our sample. Figure
plots the integrated H1 21 cm optical depth as a function of (R-K) colour, for the
30 GPS sources. Dividing the sample at the median (R-K) colour of 2.0, the null
hypothesis that the low-(R-K) and high-(R-K) sub-samples are drawn from the same
underlying distribution is rejected at ~ 1.9¢ significance. Hence, the two sub-samples
appear consistent with being drawn from the same underlying distribution. We note,
however, that it is difficult to test the above hypothesis with the present, rather small,
GPS sample.
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Table 6.4: The 23 GPS sources with Hi 21 cm absorption searches available in the literature, listed in order of increasing redshift.
Note that L}, = Log[ Lyv /W Hz '] and L} , o, = Log[L1.4 gu- /W Hz 1.

Source z [rdv? v Pl Lha ams €| @21 em ¢ RFRK©| Band 1°f Band 2°° | Ref 8| Ref. | Ref.'
km s7! mag mag mag Hi uv RK
TXS 01164319 0.060 | 5.924+0.13 | 18.85 25.29 -0.22 -2.1 NUV=20.5 B=16.7 5 1,2 22
B3 13154415 0.066 | 2.10+0.33 | 19.08 24.38 0.51 -1.6 | NUV=21.7 u=20.1 4 1,5 2,3
TXS 14044286 0.077 | 0.84 £0.16 | 20.34 24.98 1.05 -1.7 FUV=20.2 | NUV=18.4 7 1,1 2,3
TXS 0902+468 0.085 | 4.10+0.51 | 19.00 24.65 -0.07 0.1 u=18.5 g=16.6 4 7,7 2,3
TXS 194647087 | 0.101 | 15.8+4.6 | 19.75 25.29 0.60 1.3 B=18.3 R=16.4 10 2,2 24
TXS 07294562 0.104 <0.59 19.30 24.90 -0.20 -0.4 B=16.3 R=13.4 4 2,2 2.3
GB6 J12474+6723 | 0.107 | 3.70 £0.27 | 19.78 24.78 0.72 0.5 FUV=22.9 | NUV=22.6 2 1,1 2.3
TXS 13454125 0.122 | 1.66 =0.09 | 20.30 26.26 -0.39 2.0 NUV=19.7 B=17.0 7 1,8 10, 3
TXS 1601-222 0.141 <1.8 18.99 25.59 -0.03 2.6 B=20.8 R=18.8 7 2,2 10, 12
PKS 1934-63 0.181 | 0.0340.01 | 21.56 26.95 0.63 1.3 NUV=21.8 B=17.2 6 1,2 11,11
PKS 0428+20 0.219 2.0 20.74 26.59 0.20 3.4 B=20.4 R=18.6 1 2,2 2,12
TXS 202146147 | 0.230 <0.21 20.40 26.34 0.57 3.3 B=19.3 R=17.5 1 2,2 2,3
TXS 0941-080 0.228 <0.69 20.90 26.55 -0.40 2.1 FUV=21.8 | NUV=21.6 1 1,1 10,3
TXS 0554-026 0.235 <34 20.60 25.92 0.43 4.4 B=18.3 R=16.5 1 2,2 2,3
TXS 235244957 | 0.240 1.7 21.32 26.53 0.05 2.9 B=18.3 v=17.7 1 13,13 2,3
TXS 20504364 0.354 4.2 22.08 27.10 0.55 -0.2 B=18.0 R=17.2 1 2,2 2,14
TXS 11174146 0.362 <0.33 18.01 26.92 -0.28 3.3 u=23.9 g=21.8 1 5,5 2,12
TXS 13234321 0.368 0.41 18.50 27.24 -0.35 4.9 u=22.9 g=20.5 1 5,5 2.3
8C 23424821 0.735 <0.41 21.36 27.77 -0.27 - B=214 R=20.0 1 2,2 -
TXS 21494056 0.740 <9.3 22.27 26.86 0.68 - NUV=22.4 R=20.2 9 1,10 -
TXS 15184046 1.296 <0.35 21.76 28.17 0.13 4.4 u=23.2 g=23.1 7 9,9 2,12
TXS 20554055 1.381 <0.78 22.16 28.02 -0.83 - NUV=23.2 R=23.4 7 1,10 -
TXS 1351-018 3.707 <0.014 23.93 27.98 0.46 - g=20.2 r=19.3 8 5,5 -

o[dures winajoadg paxesd z}Iayesiy) o[, 29
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Notes:
2The column shows the integrated H1 21 cm optical depth or, for HI 21 ¢cm non-detections, the 3o limit to the Hr 21 cm optical depth, in km s~ !,
assuming a line FWHM of 100 km s™*.
PThe column shows the inferred 1216 A UV luminosities, obtained by extrapolating from measurements in two nearby optical bands (following the
procedure of |Curran and Whiting| (2010)).

¢The column shows the rest-frame 1.4 GHz radio luminosities.

Q91 em is the AGN spectral index at frequencies around the redshifted AGN Hi 21 cm line frequency.

¢ For sources with “-”

entries, flux densities are not known in the infrared waveband; the (R-K) colour hence could not be obtained.

f The measurements at the two UV /optical wavebands that were used to infer the 1216 A UV luminosities.

8References for associated HI 21 cm absorption searches: (1)Vermeulen et al.|(2003); (2)Saikia et al.|(2007); (3)Pihlstrom et al.|(2003); (4)Chandolal
let al.| (2011); (5)van Gorkom et al.|(1989); (6)Véron-Cetty et al.|(2000); (7)Gupta et al.|(2006); (8)Curran et al.|(2008); (9)Carilli et al.|(1998b);
(10) (1999).

i References for the ultraviolet, optical and infrared band measurements, that were used to obtain the inferred 1216 A luminosities (following the
procedure of [Curran and Whiting| (2010)), and the R-K magnitudes : (1) Bianchi et al.|(2014), (2) Monet et al.| (2003), (3) [Cutri et al.|(2003),
(4) [Fedorov et al.|(2011), (5) [Abazajian et al.|(2009), (6) Healey et al.|(2008), (7) |Abazajian et al.|(2005), (8) |Surace and Sanders|(2000), (9)
[Adelman-McCarthy et al.|(2008), (10) |de Vries et al.|(2007), (11) |Qi et al.|(2015), (12) [Lawrence et al.|(2007), (13) |[Zacharias et al.|(2004), (14)
[Lucas et al.|(2008), (15) [Ellison et al.|(2005).

" The first and second entries correspond to the 1st and 2nd UV /optical bands, respectively.

! The first and second entries correspond to the R and K bands respectively.
J These sources are also part of our CJF sample.

Note: The typical uncertainties on measurements in the different UV, optical and near-IR wavebands are (1) 0.1 mag (NUV), (2) 0.2 mag (FUV),
(3) 0.05 mag (u), (4) 0.3 mag (B), (5) 0.2 mag (V), (6) 0.01 (r), (7) 0.3 mag (R).
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6.3 The combined sample of 119 compact AGNs

6.3 The combined sample of 119 compact AGNs

The primary criterion for selecting the target sources of our CJF and GPS samples
was source compactness. In the earlier sections of this chapter, we provided results
for the two samples separately. In the present section, we combine the two samples
to construct a large (albeit not complete) sample of compact sources with searches for
associated H1 21 cm absorption. Our full sample then consists of 119 AGNs, 92 from
the CJF sample and 27 from the GPS sample (taking into account the fact that 3
sources are common to the two samples). This is by far the largest sample of compact
AGNs that has been searched for associated Hi 21 cm absorption so far.

Figure displays the integrated HI 21 cm optical depth, in logarithmic units,
plotted as a function of redshift. The CJF sources are represented as squares, while the
GPS sources are represented as triangles. Filled symbols represent detections of H1 21
cm absorption, while open symbols represent upper limits on the H1 21 cm optical depth.
Upon dividing the full sample at the median redshift of z,,.4 = 0.7, indicated by the
dashed vertical line in the plot, a Peto-Prentice two-sample test for censored data finds
that the hypothesis that the low-z and high-z sub-samples are drawn from the same
underlying distribution is rejected at 4.1c significance. If the tentative detection of
absorption at z = 3.530 towards TXS 06044728 is excluded, the same null hypothesis
is rejected at ~ 4.4¢ significance. This is the strongest evidence so far for redshift
evolution in the strength of Hi 21 cm absorption in AGN environments.

However, it is again clear, from Figures and that the AGNs of the high-z
sub-sample have significantly higher rest-frame UV and radio luminosities than those of
the low-z sub-sample. Separating the data into two sub-samples by the median redshift,
Zmed = 0.70, a Gehan-Wilcoxon two-sample test finds the null hypothesis that the two
sub-samples are drawn from the same distribution to be rejected at ~ 9.7¢ significance
(UV) and = 10.30 significance (radio). It is thus clear that there is a strong bias in the
high-z sample towards higher UV and radio luminosities.

Figures and plot the integrated H1i 21 cm optical depths of the AGNs
of the sample versus their rest-frame 1216 A UV and 1.4 GHz radio luminosities, re-
spectively, with the dashed vertical line in each figure indicating the median UV or
radio luminosity (Lyvimes = 10220 W Hz7! and Ligguzmes = 10270 W Hz71). A

Peto-Prentice two-sample test finds the null hypothesis that the low-luminosity and
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Figure 6.11: The integrated Hi 21 cm optical depths of the sample of 30 GPS sources,
plotted as a function of redshift. The 7 sources observed by us using the GMRT are
represented by squares, and the 23 literature sources are represented by triangles. Filled
symbols indicate detections of Hi 21 c¢m absorption, while open symbols indicate upper
limits on the Hi 21 cm optical depth. The dashed vertical line indicates the median
redshift of the sample, z,,.q = 0.23.
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Figure 6.12: The integrated Hi 21 cm optical depths plotted against rest-frame
1216 A UV luminosities, for the sample of 30 GPS sources. The dashed vertical line
represents the median UV luminosity of Lyvmes = 1026 W Hz~!. The squares and
triangles in the plots represent the sources from our observations and the sources from the
literature, respectively. Filled and open symbols represent detections and upper limits on
the integrated H1 21 cm optical depths, respectively.
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Figure 6.13: The integrated HI 21 cm optical depths plotted against rest-frame 1.4 GHz
radio luminosities, for the sample of 30 GPS sources. The dashed vertical line represents
the median radio luminosity of L1 4 ¢rzmed = 10265 W Hz~!. The squares and triangles
in the plots represent the sources from our observations and the sources from the litera-
ture, respectively. Filled and open symbols represent detections and upper limits on the
integrated H1 21 cm optical depths, respectively.
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Figure 6.14: The integrated H1 21 cm optical depths, in logarithmic units, plotted
against the low-frequency spectral indices, for the sample of 30 GPS sources. The dashed
vertical line represents the median spectral index of asy ¢, = 0.0. The squares and tri-
angles in the plots represent the sources from our observations and the sources from the
literature, respectively. Filled and open symbols represent detections and upper limits on
the integrated H1 21 cm optical depths, respectively.
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Figure 6.15: The low-frequency spectral index, as1 m, plotted as a function of redshift,
for the 30 GPS sources. The dashed vertical line represents the median redshift of z = 0.23.
The squares and triangles in the plots represent the sources from our observations and the
sources from the literature, respectively. Filled and open symbols represent detections and
upper limits on the integrated Hi 21 cm optical depths, respectively.
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Figure 6.16: The HI 21 c¢m optical depth, in logarithmic units, plotted against (R-K)
colour. The dashed vertical line indicates the median colour of 2.0. The sources from our
observations are represented as squares, while those from the literature are rep- resented
as triangles. The HI 21 c¢m absorption detections are shown as filled symbols and non-

detections as open symbols.
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high-luminosity sub-samples are drawn from the same distribution to be rejected at
~ 3.40 significance (UV) and =~ 3.3¢ significance (radio). Excluding the tentative de-
tection towards TXS 06044728, the null hypothesis in both cases is rejected at ~ 3.60
significance.

Next, the integrated optical depth, in logarithmic units, is plotted against the low
radio frequency spectral index, aa1 ¢m, in Figure The low radio frequency spectral
index acts as a proxy for compactness of the AGN, as discussed in Section Divid-
ing the full sample at a median spectral index of a9y ¢, = —0.023, the null hypothesis
that the low-a91 ¢ and high-aws ¢ sub-samples are drawn from the same distribu-
tion is rejected at ~ 0.90 significance. When the single tentative detection towards
TXS 06044728 is excluded from the sample, the null hypothesis is rejected at ~ 0.7c
significance. Hence, the two sub-samples are consistent at being drawn from the same
underlying distribution. Thus, we find no evidence that the strength of the Hi 21 cm ab-
sorption depends on the low-frequency radio spectral index. It is thus unlikely that the
lower strength of HI 21 cm absorption in the high-z sample has arisen due to the high-
z sample being dominated by AGNs with low covering factors. Further, Figure [6.23
plots the low-frequency spectral index against redshift, for the sample of 119 compact
AGNs. Dividing the full sample at the median redshift of z = 0.7, a Gehan-Wilcoxon
two-sample test finds that the null hypothesis that the low-z and high-z sub-samples
are drawn from the same distribution is rejected at ~ 1.9¢ significance. Hence, we
do not find strong evidence for a bias in the distribution of the spectral indices as a
function of redshift. We conclude that it is unlikely that the high-z AGNs of our sample
have systematically lower covering factors than their low-z counterparts.

Finally, Figure plots the integrated Hi 21 cm optical depth, in logarithmic
units, as a function of (R-K) colour for the 78 compact AGNs of our sample for which
this colour could be obtained (the near-IR data were not available for the remaining 41
sources). Dividing the sample at the median (R-K) colour of 2.36, the null hypothesis
that the low-(R-K) and high-(R-K) sub-samples are drawn from the same distribution
is rejected at =~ 0.9¢ significance. Our results for the full sample of compact AGNs
thus do not support the dust-reddening hypothesis.

We thus find that the strength of Hi 21 c¢cm absorption in the full sample of 119
compact AGNs shows a statistically significant dependence on redshift, the AGN rest-
frame 1216 A UV luminosity, and the AGN rest-frame 1.4 GHz radio luminosity. While
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6.3 The combined sample of 119 compact AGNs

the statistical significance of the redshift dependence is marginally stronger than that
of the dependence on the two luminosities, the strong correlation between redshift and
luminosity in the present sample means that it is not possible to break the degeneracy
between the two possibilities of redshift evolution and high AGN luminosity as the
primary cause of the lower strength of associated H1 21 cm absorption in high-z active

galactic nuclei.

133



. DISCUSSION

[AV)

i

!
g | ?
S ¢ ? -
v @g T
- 7 .
o | 7 ]
.3—1— ! _
oL ; 4 ]

Redshift [z]

Figure 6.17: The integrated Hi 21 cm optical depths of the sample of 119 sources, which
includes 92 CJF sources and 27 GPS sources, plotted as a function of redshift. The CJF
sources are represented by squares, while the GPS sources are represented as triangles.
Filled symbols indicate detections of H1i 21 cm absorption, while open symbols indicate
upper limits on the Hi 21 cm optical depths. The dashed vertical line indicates the median
redshift of the sample, z,,.q = 0.7.
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Figure 6.18: The rest-frame 1216 A UV luminosities of 114 compact sources of the full
sample plotted, in logarithmic units, against the AGN redshift. The dashed horizontal line
indicates the median UV luminosity, Lyyvmea = 10°2° W Hz~! and the dashed vertical
line indicates the median redshift, z,,.4 = 0.7. The squares and triangles in the plots
represent the sources from our observations and the sources from the literature, respectively.
Filled and open symbols represent detections and upper limits on the integrated Hi 21 cm

optical depths, respectively.
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Figure 6.19: The rest-frame 1.4 GHz radio luminosity of the full sample of 119 compact
sources, plotted against the redshift. The dashed horizontal line indicates the median
radio luminosity, L1 4 ¢Hz med = 102793 1 Hz~! and the dashed vertical line indicates
the median redshift of z,,.q = 0.7. The squares and triangles in the plots represent the
sources from our observations and the sources from the literature, respectively. Filled and
open symbols represent detections and upper limits on the integrated Hi 21 cm optical
depths, respectively.
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Figure 6.20: The integrated Hr1 21 cm optical depths of the 114 compact AGNs of our full
sample, which includes 87 CJF sources and 27 GPS sources, plotted against their rest-frame
1216 A UV luminosities. The CJF sources are represented by squares, while the GPS sources
are represented as triangles. Filled symbols indicate detections of HI 21 cm absorption,
while open symbols indicate upper limits on the H1 21 cm optical depth. The dashed vertical
line indicates the median UV luminosity of the sample, Lyv,med = 10220 W Hz—L
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Figure 6.21: The integrated HI 21 cm optical depths of the 119 compact AGNs of our
full sample, which includes 92 CJF sources and 27 GPS sources, plotted against their rest-
frame 1.4 GHz radio luminosities. The CJF sources are represented by squares, while the
GPS sources are represented as triangles. Filled symbols indicate detections of Hi 21 cm
absorption, while open symbols indicate upper limits on the H1 21 cm optical depth. The
dashed vertical line indicates the median radio luminosity of the sample, L1 4 Grzmed =
102703 W Hz=1
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Figure 6.22: The integrated Hi 21 cm optical depth plotted as a function of low-frequency
spectral index, gy ¢m, for the sample of 119 sources. The CJF sources are represented
by squares, while the GPS sources are represented as triangles. Filled symbols indicate
detections of H1 21 cm absorption, while open symbols indicate upper limits on the Hi 21
cm optical depth. The dashed vertical line indicates the median spectral index of the

sample, as1 ¢ = —0.023.
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Figure 6.23: The low-frequency spectral index, as ¢m, plotted as a function of redshift
for the sample of 119 sources. The CJF sources are represented by squares, while the
GPS sources are represented as triangles. Filled symbols indicate detections of Hr 21 cm
absorption, while open symbols indicate non-detections. The dashed vertical line indicates
the median redshift of the sample, z = 0.7, while the dotted horizontal line indicates the
median low-frequency spectral index of the sample, asy ¢, = —0.023
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Figure 6.24: The integrated H1 21 cm optical depth, in logarithmic units, plotted
against (R-K) colour. The CJF sources are represented by squares, while the GPS sources
are represented as triangles. Filled symbols indicate detections of HI 21 cm absorption,
while open symbols indicate upper limits on the Hi 21 cm optical depth. The dashed
vertical line indicates the median (R-K) colour of 2.36.
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7

Summary and Future Work

In this chapter, we provide a summary of the observations carried out, and the new
results obtained, during the course of this thesis. We will also discuss new avenues for

future research that are indicated by our results.

7.1 GMRT surveys for associated Hi 21 cm absorption

This thesis is based on GMRT searches for redshifted associated H1 21 cm absorption in
two samples of compact AGNs at a wide range of redshifts. Radio source compactness
was used as the primary criterion to select our target sources as gas lying towards
compact sources is more likely to cover the background source and hence, to have a
higher covering factor, and a higher apparent H1 21 cm optical depth. All searches were
carried out using the 1420 MHz, 610 MHz and 325 MHz receivers of the GMRT.

Our primary survey for associated H1 21 cm absorption was of a sample of 74 flat-
spectrum AGNs, selected from the Caltech-Jodrell Bank Flat-spectrum (CJF) sample.
The CJF sample is a nearly complete sample, with all sources having flux densities
> 350 mJy at 4850 MHz and flat radio spectra, with o > 0.5 (where S, « ) at
low radio frequencies. The flat-spectrum criterion implies that our target sources are
likely to be compact. 21 AGNs of our sample are at low redshifts, z < 0.4, 46 at high
redshifts 1.1 < z < 1.5, and 7 at very high redshifts, 3.0 < z < 3.6. Besides our 74
targets, there are 29 CJF sources with HI 21 c¢m absorption searches in the literature,
yielding a full sample consisting of more than 100 sources. This is the first survey for

associated H1 21 c¢cm absorption in a large and uniformly-selected AGN sample.
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Our second survey for associated Hi 21 ¢m absorption targetted Gigahertz-peaked
spectrum (GPS) sources, which are also known to be extremely compact, with sizes
< 1 kpc. Our sample of 12 GPS sources consisted of 9 AGNs at z < 0.4, and 3
at 1.1 < z < 1.5. 23 other GPS sources were found to have searches for Hr 21 cm
absorption in the literature, yielding an initial GPS source sample of 35 sources.

We used the AIPS software package to analyse all our GMRT data. Standard
procedures of low-frequency imaging and spectroscopy were followed in analysing the
data. The data on 11 sources of the CJF sample and 5 sources of the GPS sample were
found to be affected by RFI; these sources were hence excluded from our analysis. We
obtained clean spectra for 63 sources of the CJF sample, which include 3 confirmed
detections, one tentative detection and 59 non-detections of redshifted H1 21 cm ab-
sorption. We obtained clean spectra for 7 sources of the GPS sample, which include 2
confirmed detections and 5 non-detections. For the non-detections, the typical optical
depth RMS noise is ~ 0.004 per ~ 30 km s~! channel for the CJF sample, while it
is ~ 0.002 per ~ 15 km s~! channel for the GPS sample. Of the six new detections,
three confirmed detections are at z =~ 1.2, while the single tentative detection is at
z =~ 3.5. We have thus roughly doubled the number of detections of associated H1 21
cm absorption at z > 1 in this thesis. Further, if confirmed, the tentative detection at

z = 3.530 would have the highest redshift of any detection of H1 21 ¢m absorption.

7.2 AGNs with detections of HI 21 cm absorption

We have obtained a total of five new confirmed detections and one new tentative de-
tection of associated HI 21 cm absorption, from our two surveys of the CJF and the
GPS samples. Out of these, 2 detections, towards TXS 0003+380 and B3 1456+375,
are at z =~ 0.3. The absorption profiles towards both AGNs are narrow, with full width
between the 20% points < 100 km s~!; further, in both cases, the H1 21 c¢m absorp-
tion is blueshifted relative to the AGN. The optical spectra of both AGNs show blazar
characteristics (e.g. [Davenport et al., |2015; Massaro et al., 2009). In both sources, the
H1 21 ecm absorption may arise against either the AGN core or beamed emission from
the radio jet. The source B3 1456+375 is classified as a red quasar (e.g.|Glikman et al.|
2012); our detection of associated H1 21 cm absorption towards this source is consistent

with the hypothesis that the red AGN colour is due to reddening by foreground dust.
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Our three new detections of associated HI 21 cm absorption at z = 1.2 are towards
TXS 19544513 (from the CJF sample), and TXS 12004045 and TXS 1245-197 (both
from the GPS sample). Of these, while TXS 19544513 is classified as a blazar (e.g.
Healey et al., 2008; Massaro et al., 2009; Xie et al. [2007), the GMRT image shows a
core-dominated triple structure, with the two radio lobes aligned nearly perpendicular
to the VLBI-scale core-jet structure (Xu et al., [1995). This misalignment may arise
either due to a twisted radio jet or due to restarted AGN activity with a spin-flip of the
central SMBH. The H1 21 cm absorption towards this source is likely to arise against
either the milli-arcsec scale core or the milli-arcsec scale radio jet. The absorption is
blueshifted from the blazar redshift of z = 1.2230, consistent with a scenario in which
the H1 “cloud” that gives rise to the absorption is being driven out by the radio jet that
is aligned close to our line-of-sight. The AGN has a high intrinsic rest-frame 1216 A
UV luminosity, ~ (1.7 — 3.7) x 102> W Hz~!. Our detection of HI 21 cm absorption in
this source demonstrates that neutral hydrogen can survive in AGN environments in
the presence of high UV luminosities, contrary to recent suggestions in the literature.

The second of our detections at z ~ 1.2, TXS 12004045, is compact in the GMRT
638 MHz image, whereas the 1.6 GHz VLBI image (Liu et al.l 2007)) shows a three-
component structure. The three VLBI emission components may arise from either
a core and two lobes, or a one-sided core-jet structure. The Hi 21 cm absorption
could arise against any of the three VLBI components. The absorption is significantly
blueshifted from the AGN redshift of z = 1.226, by ~ 2300 km s~!'. A weak extended
absorption feature, with a span of ~ 600 km s~!, is also visible in the spectrum,
indicating the presence of disturbed gas. The wide absorption profile as well as the
large blueshift from the AGN suggest that the absorption may arise in outflowing gas
that is being pushed by the radio jets to high velocities.

The third of our z ~ 1.2 detections, TXS 1245-197, has two prominent parsec-scale
radio lobes in the 2.3 GHz VLBI image (Sokolovsky et al., 2011)). Both lobes have steep
radio spectra, with comparable flux densities. The source is classified as a Compact
Symmetric Object, as it appears unlikely that the radio core might give rise to such
steep-spectrum emission. The Hr1 21 cm absorption profile has a width of ~ 325 km s~!
between 20% points, with a wide weak wing extending blueward from the AGN redshift.

The large velocity width could arise either due to absorption against both radio lobes,
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or possibly from disturbed gas that is interacting with the AGN jets (e.g. |Geréb et al.|
2015)).

Finally, we obtained a tentative detection of Hi 21 cm absorption towards
TXS 0604+728, at z = 3.530. The putative HI 21 cm absorption is extremely wide,
with a spread of ~ 850 km s~! between the 20% points. The radio source has a complex
core-jet structure, on angular scales ranging from milli-arcsecs to ~ 10 arcsecs (Britzen
et al., [2007; [Taylor et al.{1996). The wide absorption could arise against different radio
source components in the core and the radio jets. Unfortunately, we have so far not
been able to confirm the tentative detection since the data from the later runs were
corrupted by RFI. If confirmed, this would the highest redshift at which Hi 21 cm

absorption has ever been detected.

7.3 Redshift evolution and AGN luminosity dependence

Our GMRT observations of 74 CJF sources gave 63 sources with usable Hr 21 cm
absorption spectra. A further 29 CJF sources have searches for associated Hi 21 c¢m
absorption in the literature, yielding a full sample of 92 uniformly-selected flat-spectrum
sources. Dividing the sample at its median redshift z,.; = 1.2, we find that the
low-z sample has 13 detections and 33 non-detections, while the high-z sample has 3
detections and 43 non-detections; these imply HI 21 cm detection rates of 281’%0% and
7:61%, respectively. Although the detection rate appears lower in the high-z sample, the
difference between the two detection rates has only = 20 significance, due to the large
Poisson errors. However, a Peto-Prentice two-sample test on the integrated H1 21 cm
optical depths of the AGNS of the two sub-samples finds that the low-z and high-z AGN
sub-samples are unlikely to be drawn from the same distribution, at ~ 3¢ significance,
with the high-z AGN sample having a weaker strength of H1 21 cm absorption. This is
the first statistically significant evidence for redshift evolution in the strength of Hi 21
cm absorption in AGN environments, obtained from a uniformly-selected sample.

We find no evidence that the lower strength of Hi 21 ¢m absorption in the high-
z sub-sample might arise due to the lower-frequency radio emission being dominated
by extended, steep-spectrum radio structure, and hence a lower AGN covering factor.
Further, we also find no significant difference in the low-frequency spectral indices of

the low-z and high-z sub-samples, implying that it is unlikely that the high-z AGNs in
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our sample have systematically steeper spectral indices, and hence low covering factors.
We also find that our results do not depend strongly on the assumption that all the
AGNs in our sample have a uniform covering factor of unity.

However, we find that there is a significant bias in the intrinsic AGN luminosities
in our sample, with the high redshift AGNs having higher rest-frame 1216 A UV and
1.4 GHz radio luminosities. A Peto-Prentice two-sample test finds that the integrated
Hr1 21 cm optical depths in the low- and high-luminosity sub-samples are unlikely to
be drawn from the same parent distribution at = 3.5¢ significance. The strength of
the H1 21 cm absorption is higher in the AGNs with low rest-frame 1216 A UV and Jor
1.4 GHz radio luminosities. We thus find from our sample of 92 CJF sources that there
is statistically significant evidence for a dependence of the strength of the Hi 21 c¢m
absorption on redshift, and rest-frame 1216 A UV and 1.4 GHz radio luminosity, with
the absorption weaker at high redshifts and high luminosities. The fact that most of
the high-luminosity AGNs of our sample lie at high redshifts means that it is currently
not possible to break the degeneracy between the effects of redshift evolution and high
intrinsic luminosity, to identify the primary cause for the weaker Hi 21 c¢cm absorption
in high-z, high-luminosity active galactic nuclei.

We have combined our GPS sample of 27 sources, including 7 from our observations
and 20 from the literature, with our CJF sample, to construct a sample of 119 compact
AGNs with searches for redshifted associated H1 21 cm absorption. This is by far
the largest sample of compact AGNs that has been searched for associated HI 21 cm
absorption till now. We continue to find that the strength of the H1 21 c¢cm absorption
shows a strong dependence on both redshift and AGN luminosity, with weaker Hr 21
cm absorption in AGNs at high redshift and high UV /radio luminosity. Unfortunately,
the pattern that most of the high-luminosity AGNs are at high redshifts persists in this
sample. Thus, although we have formally established that the strength of Hi 21 c¢m
absorption depends on both redshift and AGN luminosity, our current samples do not
allow us to break the degeneracy between these two possible causes of the weakening
of the H1 21 e¢m absorption.

In summary, this thesis has demonstrated that uniformly-selected AGNs with high
UV /radio luminosities, and located at high redshifts, show weaker associated Hr 21 cm
absorption, than similarly-selected AGNs with low UV /radio luminosities and located

at low redshifts. The possible causes of the weaker absorption in high-z, high-luminosity
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AGNs are (1) lower amounts of neutral gas in high-z AGN environments, due to either
lower amounts of gas in galaxy environments at high redshifts, or ionization of the neu-
tral gas by the UV photons from the AGN, and (2) higher spin temperatures in high-z
AGN environments, due to either a preponderance of warm gas in high-z galaxies (sim-
ilar to the situation in high-z DLAs; Kanekar et al., 2014) or a higher spin temperature
(different from the kinetic temperature), due to the high AGN UV /radio luminosity.
Unfortunately, the luminosity bias in our sample, with the higher-luminosity AGNs
located at higher redshifts, implies that the present dataset does not allow us to dis-
tinguish between the above possibilities, and identify the primary cause, if any, of the
decline in the strength of the H1 21 cm absorption in the high-z, high-luminosity sample;

this will be the focus of future studies.

7.4 Future Work

This thesis has made progress in both finding new associated HI 21 cm absorbers at high
redshifts (where we have doubled the number of detections of absorption at z > 1), and
showing clearly that the strength of Hr 21 cm absorption depends on the AGN redshift
and the AGN UV /radio luminosity. However, much work remains to be done in both
these areas. First, the typical current upper limits on the HI1 21 cm column density
for the non-detections are ~ 2 x 10%° cm~2 x (T,/100 K) (see Tables and .
While these appear to be extremely tight limits, ruling out the presence of Hi 21 cm
column densities similar to those seen in high-z DLAs, this is true only for an assumed
spin temperature of 100 K. If the gas spin temperature is indeed ~ 1000 K, due to
either more warm gas in high-z galaxies or higher spin temperatures due to the AGN
UV /radio luminosity, the limits would be much less constraining, ~ few x 10! cm=2.
It would hence be interesting to carry out extremely deep GMRT searches for H1 21 cm
absorption in a sub-sample of bright high-z AGNs, to rule out the possibility of high
H1 column densities even for high gas spin temperatures.

Next, breaking the degeneracy between redshift evolution and AGN UV /radio lu-
minosity is clearly critical for our understanding of AGN environments and evolution.
There are two direct ways of addressing this issue, via HI 21 cm absorption studies
of either (1) a sample of low-luminosity AGNs at high redshifts z 2 1, or (2) a sam-
ple of high-luminosity AGNs at low redshifts, z < 1. The first of these possibilities

~
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would require very deep integrations to achieve good Hi 21 cm optical depth sensitivity
on low-luminosity AGNs; the second approach, identifying AGNs with high UV /radio
luminosity at z < 1, is hence likely to be more fruitful. We have hence compiled a
sample of 38 AGNs, again selected from the CJF sample, at redshifts 0.65 < z < 1.1,
all of which have UV luminosities > 10%26* W Hz™!, i.e. greater than or equal to
the median rest-frame 1216 A UV luminosity of our present sample. We have already
carried out Green Bank Telescope HI 21 cm spectroscopy of 19 systems of the sample,
at 0.65 < z < 1.0. The data analysis will be completed shortly and should yield some
insight on the primary dependence of the strength of Hi 21 c¢m absorption. We also
plan to use the new 550 — 900 MHz receivers of the upgraded GMRT to carry out a
search for associated H1 21 cm absorption in all 38 high-luminosity AGNs of this sam-
ple, which should provide enough statistical leverage to clearly distinguish between the
two possibilities of redshift evolution and luminosity dependence.

Finally, poor low-frequency coverage in today’s radio telescopes and strong RFI
have meant that there is a large hole at z ~ 1.5 — 3.0 in the redshift coverage of
searches for associated HI 21 cm absorption. The new 250 — 500 MHz band of the
upgraded GMRT will, for the first time, allow deep absorption surveys of large AGN
samples in this redshift range. We have already used these receivers to carry out a
search for H1 21 c¢m absorption in 13 GPS sources at 1.8 < z < 3.0, and plan to carry
out a detailed survey of all CJF and GPS sources that lie in this redshift range in the
future. This will enable us to trace the distribution of the neutral hydrogen in AGN
environments all the way out to very high redshifts, z ~ 4, using a uniformly-selected

sample of compact active galactic nuclei.
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Appendix A

We have used three statistical tests for data analysis in this thesis; these are the Peto-
Prentice two-sample test, the Gehan-Wilcoxon test, and the generalized Kendall’s tau
rank correlation test. All these three tests can be performed using the tools that are
available in the Astronomical Survival Analysis (ASURV) software package (Isobe et al.,
1986)). In the following, I will briefly introduce the ASURV package, and further, T will
describe the characteristics of these three tests.

Astronomers often search for a particular property in a sample of celestial objects,
and end up failing to detect the property in all the objects. In such a case, the observed
data consist of both detections and non-detections. Standard statistical tests cannot be
employed in the data analysis in such situations. However, certain statistical analysis
techniques, called ‘survival analysis’, have been developed which deal with these issues.
The non-detections are labelled as ‘censored’ data points, i.e. upper or lower limits, in
these techniques.

ASURV is a software package consisting of various statistical techniques from sur-
vival analysis, that are relevant to many situations in astronomy. This package can
be operated independently of other computer softwares, and can be run by selecting
options from a menu. The various tools that the package provides are the maximum-
likelihood estimator of a censored distribution, several two-sample tests, correlation
tests and linear regressions (Feigelson and Nelson, (1985} Isobe et al., [1986).

The package mainly uses non-parametric methods that make no assumptions about
the distribution from which the sample is drawn. Maximum-likelihood techniques are
frequently used to characterize the distribution. Such non-parametric techniques are
particularly suitable for astronomical studies since the underlying distribution of the

data sample is usually unknown. Further, the tools in the package are broadly classified

151



as ‘univariate’ and ‘bivariate’. In univariate methods, only a single variable of a sample
is involved. These methods determine the distribution from which the censored sample
is drawn, as well as compare it with another censored sample. Bivariate methods test
whether a censored variable is correlated with another variable of the data and, if so,
measure the empirical relation between the two variables.

The Peto-Prentice and Gehan-Wilcoxon tests are univariate methods that test
whether two samples are drawn from the same distribution. While the Peto-Prentice
test compares two censored samples, the Gehan-Wilcoxon test compares two uncen-
sored samples. These tests return a test statistic and a ‘p’ value, that are used to reject
the null hypothesis that the two samples are drawn from the same distribution. Both
of these tests are generalizations of the well-known Wilcoxon and logrank two-sample
tests for uncensored data. Among all the two-sample tests provided in the package, the
Peto-Prentice test is known to be least affected by differences in the patterns of the
censored variable in the two samples.

Apart from the above mentioned univariate methods, we have also used the bivariate
Kendall’s tau test in this thesis. A tau test is a non-parametric technique that is used to
test the statistical dependence of two variables in a sample, by using a tau coefficient.
The Kendall’s tau coefficient is a test statistic that is used to measure the ordinal
association between two variables. That is, the coefficient is a measure of the similarity
of the orderings of ranked data. Labelling the relative positions of the measurements
within the variable is called ranking. The Kendall’s tau coefficient lies in the range
—1 < 7 < 1. The value will be high, 7 ~ 1, when the measurements of the two
variables have a similar rank, 7 = 0 when the two variables are independent, and low,

7 =~ —1, when the measurements of the two variables have opposite ranks.
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