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Abstract. One of the major science goals of square kilometre array (SKA) is to understand the role played
by atomic hydrogen (HI) gas in the evolution of galaxies throughout cosmic time. The hyperfine transition line
of the hydrogen atom at 21-cm is one of the best tools to detect and study the properties of HI gas associated
with galaxies. In this paper, we review our current understanding of HI gas and its relationship with galaxies
through observations of the 21-cm line both in emission and absorption. In addition, we provide an overview
of the HI science that will be possible with SKA and its precursors and pathfinders, i.e., HI 21-cm emission and
absorption studies of galaxies from nearby to high redshifts that will trace various processes governing galaxy

evolution.
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1. Introduction

Galaxy evolution is driven by the interplay between
stars and different phases of gas. Hydrogen, the most
abundant element in the Universe, is present in a wide
range of gas phases (e.g., McKee & Ostriker 1977,
Kulkarni & Heiles 1988; Wolfire et al. 1995; Snow &
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McCall 2006)—cold molecular (H) gas (temperature,
T ~ 10 K; density, n > 10% cm™3) cold (T ~ 100 K;
n ~ 30 cm~3) and warm (T ~ 10* K; n ~ 0.3 ecm ™)
atomic (HI) gas, warm ionized (HI) gas (T ~ 10*
K; n ~ 0.3 cm™3) and hot ionized gas (T ~ 10°
K; n ~ 1073 cm™3). Hydrogen is also observed in a
wide range of structures, from molecular clouds and
HII regions in the interstellar medium (ISM) of galax-
ies, atomic discs and the circumgalactic medium (CGM;
typically defined as the region within the virial radius or


http://crossmark.crossref.org/dialog/?doi=10.1007/s12036-022-09875-y&domain=pdf
http://orcid.org/0000-0002-6095-7627

103  Page 2 of 28

a few 100 kpc around galaxies; Tumlinson et al. 2017),
to large-scale intergalactic medium (IGM).

Galaxies initially evolved using their hydrogen reser-
voir obtained during reionization, which was subse-
quently replenished due to accretion from the IGM and
mergers. The ionized gas accreted from the IGM and the
CGM converts to atomic hydrogen gas that can eventu-
ally convert to molecular gas in the ISM. This involves
multiple processes, such as gas cooling, radiative
recombination and molecule formation on dust grains.
The molecular gas phase is the reservoir from which
stars are formed in the ISM. The atomic gas thus consti-
tutes a crucial intermediary phase in the cosmic baryon
cycle that has a direct impact on the star formation rates,
stellar masses and metallicities of the galaxies. While at
one hand, the atomic gas modulates the star formation
activity in galaxies, it also gets affected by the radiative,
chemical and mechanical feedback associated with star-
formation (e.g., Cox & Smith 1974; Wolfire et al. 1995;
Gent et al. 2013; Gatto et al. 2015; Naab & Ostriker
2017). Therefore, to understand the physical processes
that drive the cosmic evolution in the global star-
formation rate density (Madau & Dickinson 2014), it is
vital to trace the evolution of the atomic gas associated
with galaxies. The galaxy ecosystem is additionally reg-
ulated by the large-scale environment that is observed to
significantly affect the morphology and star-formation
rate (SFR) of galaxies (e.g., Dressler 1980; Balogh et al.
1999; Baldry et al. 2006; Peng et al. 2010; Fossati et al.
2017). The atomic gas in gas-rich galaxy discs is more
extended than the stellar component and is therefore,
highly vulnerable to distortions caused by environmen-
tal effects, such as tidal interactions and ram pressure
stripping (e.g., Yun et al. 1994; Sancisi et al. 2008;
Chung et al. 2009; Mihos et al. 2012; Brown et al.
2017). Hence, the hierarchical structure formation pro-
cess of galaxies including merger and accretion leave
discernible imprints in the atomic gas phase.

The HI 21-cm line is one of the best probes of the
atomic hydrogen gas in and around galaxies. The hydro-
gen atom emits a photon at 21-cm or 1420 MHz during
the transition of an electron between the hyperfine levels
in the 1s ground state. Despite being a highly forbidden
transition, the HI 21-cm line is observable, thanks to
the large amount of atomic hydrogen in the Universe.
Occurring in radio frequencies, this radiation from the
hydrogen atom penetrates through dust clouds and pro-
vides us a more complete view of the ISM than that by
visible light. van de Hulst first predicted the observa
bility of the HI 21-cm line in 1944. Subsequently, HI
21-cm emission from the milky way was observed by
Ewen & Purcell (1951), Muller & Oort (1951) and
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Pawsey (1951). When it comes to HI 21-cm absorp-
tion, the first detections of absorption from the milky
way were reported by Hagen er al. (1954) and Hagen
& McClain (1954). Thereafter, Roberts (1970) detected
for the first time HI 21-cm absorption associated with
an extragalactic radio source, Centaurus A, followed by
the observation of intervening HI 21-cm absorption at
z = 0.69 towards the background radio source 3C 286
by Brown & Roberts (1973).

Since the first observations, the HI 21-cm line has
proved to be a powerful probe of the structure, kine-
matics and physical conditions of the atomic gas in our
own and other galaxies. One of the major science drivers
behind the creation of square kilometre array (SKA)
is to understand the role of HI gas in the formation
and evolution of galaxies (Staveley-Smith & Oosterloo
2015). The objective of this review article is to provide
an overview of the various HI 21-cm studies to date, of
galaxies from nearby to high redshifts, both via emis-
sion (Section 2) and absorption (Section 3), and the
HI galaxy science that is being/will be carried out with
SKA and its pre-cursors and pathfinders (Section 4). For
cosmological HI 21-cm studies, we refer the readers to
other reviews in the same volume that cover aspects
related to the epoch of reionization (EoR), post-EoR HI1
power spectra and HI intensity mapping.

2. Hi 21-cm emission

Over the last two decades, much progress has been
made in observations of HI gas in the milky way
(MW) and nearby galaxies. Several galactic all-sky
low-resolution surveys, such as the Effelsberg-Bonn
Hr survey (EBHIS; Kerp et al. 2011), the galactic all-
sky survey (GASS; McClure-Griffiths er al. 2009), the
galactic Arecibo L-band feed array Hi survey (GALFA-
HI; Peek et al. 2011), and the HI 47 survey (HI4PI;
HI4PI Collaboration et al. 2016) were used to unravel
the volume density distribution of the gaseous disk up
to its borders, to study the MW halo (Ford et al. 2008;
Winkel et al. 2011; Moss et al. 2013; Hammer et al.
2015; Kerp et al. 2016; Lenz et al. 2016) and the disk—
halo interaction (Ford et al. 2010; McClure-Griffiths
et al. 2010; Lenz et al. 2015; Rohser et al. 2016). The
high resolution galactic plane surveys, such as the Cana-
dian galactic plane survey (CGPS; Taylor et al. 2003),
the southern galactic plane survey (SGPS; McClure-
Griffiths et al. 2005), the VLA galactic plane survey
(VGPS; Stil et al. 2006) and the HI, OH, recombination
line survey of the milky way (THOR; Beuther et al.
2016) have been instrumental in the study of the mul-
tiphase structure of HI gas (e.g., Strasser et al. 2007,
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Dickey et al. 2009) and in the discovery of galactic
shells and filaments that give clear evidence of the injec-
tion of energy into the ISM by supernova explosions
(e.g., Dawson et al. 2011). A detailed discussion of HI
studies of the MW, however, is beyond the scope of this
paper.

In the following sections, we discuss how HI 21-cm
emission observations allow us to understand various
aspects of nearby galaxies, such as the relationship
between star formation and gas (Section 2.2), the
effect of environment on galaxies (Section 2.3), the
distribution of dark matter and angular momentum (Sec-
tion 2.4), structure of HI disk (Section 2.5), turbulence
in the ISM (Section 2.6), the relationship between HI1
gas and galaxy properties (Section 2.7) and the average
neutral gas content of galaxies (Section 2.8).

2.1 Hi emission surveys

Several HI emission line surveys on single dish radio
telescopes, such as the HI Parkes all sky survey
(HIPASS; Meyer et al. 2004) and the Arecibo fast legacy
ALFA survey (ALFALFA; Giovanelli et al. 2005) have
been used to measure the global HI properties of nearby
galaxies, such as the HI mass function (HIMF; the dis-
tribution function of galaxies as a function of HI mass;
Zwaan et al. 2003, 2005; Martin et al. 2010; Haynes
et al. 2011), contribution of different galaxy popula-
tions to the HIMF (Dutta et al. 2020; Dutta & Khandai
2021), environmental dependence of the HIMF (Moor-
man et al. 2014; Jones et al. 2018; Said et al. 2019),
the clustering of Hi-selected galaxies (Passmoor et al.
2011; Martin et al. 2012; Papastergis et al. 2013; Guo
et al. 2017), the HI velocity width function (Moorman
et al. 2014) and scaling relations of atomic gas frac-
tion with galaxy parameters (e.g., Catinella et al. 2010,
2013).

At the same time, spatially-resolved observations of
nearby galaxies are critical to understand the structure
and dynamics of galaxies. A number of HI emission
line surveys on radio interferometers such as ‘The
Westerbork HI survey of irregular and spiral galaxies’
(WHISP; van der Hulst et al. 2001), “The HI nearby
galaxy survey’ (THINGS; Walter et al. 2008), ‘faint
irregular galaxies GMRT survey’ (FIGGS; Begum et al.
2008b), ‘The local volume Hi survey’ (LVHIS; Koribal-
ski 2008), ‘Survey of HI in extremely low-mass dwarfs’
(SHIELD; Cannon et al. 2011), ‘The Westerbork hydro-
gen accretion in local galaxies survey’ (HALOGAS;
Heald et al. 2011), ‘Local irregulars that trace luminos-
ity extremes, The HI nearby galaxy survey’ (LITTLE
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THINGS; Hunter et al. 2012) and ‘very large array sur-
vey of ACS nearby galaxy survey treasury galaxies’
(VLA-ANGST; Ott et al. 2012) have increased the num-
ber of galaxies for which high-quality, high-resolution
HI emission data are available. For example, THINGS,
a high spectral (<5 km s~!) and spatial (~6") reso-
lution HI emission survey using the very large array
(VLA), has observed 34 nearby galaxies at distances
3 < D < 15 Mpc leading to a spatial resolution of
~100-500 pc. While the THINGS sample comprises of
galaxies with HI masses of (0.01-14) x 10° Mg, LIT-
TLE THINGS focuses on nearby dwarf galaxies using
VLA HI observations of 37 dwarf irregular and four
blue compact dwarf galaxies at D < 10 Mpc. FIGGS,
along with its extension FIGGS2 (Patra et al. 2016b),
is a much larger survey of HI gas in faint dwarf irreg-
ular galaxies, comprising of ~75 galaxies (median HI
mass 3 x 107 Mg) at D < 10 Mpc, observed with
high spectral resolution (<3 km s~!) and multi-spatial
resolution (5”—40") observations using the giant metre-
wave radio telescope (GMRT). Observations from the
above surveys have been used to investigate the relation
between HI gas and star formation, galaxy morphology,
mass and environment, as discussed in the following
sections.

2.2 Star formation in galaxies

The process of star formation is central to galaxy
evolution since itdrives the consumption of gas in galax-
ies as well as the evolution of gas in the baryon cycle.
Here, we discuss star formation and its relation with H1
gas.

2.2.1 Gas accretion  Galaxies accrete gas from the
IGM to sustain their star formation via two modes
(Keres et al. 2005; Dekel et al. 2009). In the first mode
called as the ‘hot mode’ (T ~ 10° K) accretion, the gas
is shock heated, once it enters the dark matter halo and
remains part of the hot halo. The gas will cool radia-
tively if it reaches sufficiently high density and settle
onto a disc (Rees & Ostriker 1977). Recent simula-
tions have highlighted the importance of a second mode
of accretion called cold mode (T ~ 10* K) accretion,
where cold gas flows along filaments directly into the
disk. Cold mode accretion is predominant in low-mass
(halo mass M}, < 10'" M) galaxies residing in low-
density and high-redshift environments, while hot mode
accretion dominates in high-mass (M, > 10'! M)
galaxies evolving in high-density environments. While
direct kinematic evidence of gas accretion is rare, there
are potential indirect signatures of gas accretion onto
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galaxies (Putman 2017), including observations of HI
filaments and tails around galaxies, extra-planar HI gas
clouds, and extended and warped or lopsided HI spi-
ral discs (e.g., Sancisi et al. 2008; de Blok ef al. 2014;
Leisman et al. 2016; Xu et al. 2021).

2.2.2 Starformation, stellar mass and metallicity The
scaling of SFR with other galaxy properties, such as
mass (or surface densities) of stars and cold gas pro-
vides insights into the complex processes governing
galaxy evolution, such as efficiency of gas consump-
tion, mechanisms for gas replenishment and connection
between the instantaneous SFR and gas reservoir. The
SFR and stellar masses (M,) of star-forming galax-
ies are observed to correlate with each other, which is
termed as the main sequence (Elbaz ef al. 2007; Noeske
et al. 2007). Galaxies falling on the main sequence are
typically young, actively star-forming blue disks. The
more massive, passive galaxies form the red sequence
which comprises of old stellar populations, where star
formation has been quenched. This quenching could
arise as a result of gas depletion due to environmental
interactions as discussed in Section 2.3. However, few
quenched galaxies are found to have large reservoirs of
Hi gas despite very little star formation (e.g., Geréb et al.
2016, 2018; Bait et al. 2020). The H1 gas distribution
in these galaxies has diverse nature, such as large and
diffuse rings, low surface brightness discs and counter
rotation between the gas and the stars. The gas deple-
tion time-scales in these galaxies are extremely high
(~10-100 Gyr) owing to their large gas fractions and
low SFRs.

Along with SFR and M., the gas phase metallicities
(Z) in the ISM represent the fundamental quantities of
galaxies. The more massive galaxies are found to be
more chemically enriched (the mass—metallicity rela-
tion, MZR; Lequeux et al. 1979), while galaxies with
higher SFRs tend to have lower metallicities for a given
stellar mass (the fundamental metallicity relation, FMR;
Mannucci et al. 2010). It has been suggested that the
FMR could be driven by a more fundamental relation
between stellar mass, metallicity and HI mass or neutral
gas fraction (Bothwell et al. 2013; Lagos et al. 2016;
De Rossi et al. 2017). The dependence of metallicity
on SFR could be a byproduct of the dependence on the
gas density, via the Kennicutt—Schmidt relation that we
discuss next.

2.2.3 Star formation and HI gas  The surface den-
sity of SFR (Xgpr) is observed to strongly correlate
with the cold gas surface density (Xg,) in late-type
galaxies, which is called as the Kennicutt—Schmidt (KS)
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law (Schmidt 1959, 1963; Kennicutt 1989, 1998):
Ysrr = AZN (D

gas’

where Xgrr is the surface density of SFR (in Mg kpc_2
yr‘l), Ygas 1s the gas surface density (in Mg pc_z)
and A is a constant of proportionality. Kennicutt (1998)
found index N ~ 1.4 using the sum of HI and molecular
gas (H») for the total gas surface density and for values
averaged over galactic disks. However, varying values
of N were found in different studies, especially with
spatially resolved measurements of the KS law (Bigiel
et al. 2008). de los Reyes & Kennicutt Robert (2019)
revisited the KS law in local star-forming and dwarf
galaxies on galaxy-averaged scales, and found that spi-
rals lie on a tight relation (with N = 1.4140.07), while
dwarfs lie below this relation.

When the KS law was explored by focusing only on
the molecular phase of the gas, i.e., the phase more
directly related to star formation, spatially resolved
studies generally found N~1 (e.g., Leroy et al. 2013,
but see also Shetty er al. 2014). At the same time,
observational studies always found a KS law with
N~1.4 when only the atomic gas in galaxies was con-
sidered, albeit inefficient compared to the molecular
phase. This was especially so for star-forming dwarf
galaxies and low surface brightness (LSB) galaxies
whose ISM is atomic gas dominated, no matter whether
the KS law used values averaged over galaxy disks
or used spatially resolved values (Wyder et al. 2009;
Roychowdhury et al. 2009, 2011, 2014; Bigiel et al.
2010; Elmegreen & Hunter 2015; Patra ef al. 2016a).
Bigiel et al. (2010) claimed that in the outer regions of
galaxy disks of normal galaxies, the spatially resolved
KS relation has a steep slope. Roychowdhury et al.
(2015) though looked at the spatially resolved KS law
in HI-dominated regions of both normal and dwarf
galaxies including the outer regions of normal galaxies
(Figure 1), and found a KS law with only a slightly
steeper slope of N ~ 1.5. This was found to be a fac-
tor of 10 or more inefficient compared to the molecular
gas KS law. Through comparison with simulations, they
suggested that the atomic gas KS law exists because
stellar and supernova feedback set up the physical con-
ditions in ISM that is dominated by the atomic phase
of gas.

2.3 Galaxy environment

The distribution of galaxies in the Universe forms a
cosmic web, consisting of voids, filaments and clus-
ters. Here, we discuss properties and HI observations of
galaxies residing in these different environments.



J. Astrophys. Astr. (2022) 43:103

0 w w
FIGGS 400pc ——
THINGS 400 pc ——
THINGS 1 kpc ——
At Bluedisks control —— 1Gyr -

Bluedisks main

Log (Egrr/ (M., yr™" Kpc?))
w

S

.5 L
-6 . . . . .
-0.5 0 0.5 1 15 2
Log (Sggs / (M., Pc?))
Figure 1. The resolved mean Kennicutt—Schmidt (KS)

relation using Xy for Xy, from Roychowdhury et al. (2015),
shown with the labeled colored lines for dwarf irregular
galaxies from the FIGGS survey (Begum et al. 2008b) and
Hi dominated regions of spirals galaxies from the THINGS
(Walter ef al. 2008) and Bluedisk (Wang et al. 2013, ~10
kpc scales) surveys. The 1o error on the fits and their overlap
are represented by the grey shaded area. Dotted beige lines
indicate various constant gas depletion timescales. The black
line represents the 2Xy,-based KS law for nearby spirals from
Leroy et al. (2013), the brown contour indicates the relation as
seen on 750 pc scales within the optical discs of nearby spirals
by Bigiel et al. (2008), and the yellow open circles represent
the median Xggr in similar X, bins in the very outer discs
of spirals from the THINGS survey measured by Bigiel ef al.
(2010) at 1 kpc scales with the scatter indicated by the error
bars. In contrast to Bigiel er al. (2010) and Roychowdhury
et al. (2015) measured the gpr more accurately to arrive at
the mean KS relations, while foregoing the sensitivity to the
scatter in the relations.

2.3.1 Clusters and groups  There is well-established
observational evidence that galaxy properties such as
SFR (e.g., Balogh et al. 1999; Poggianti et al. 2000),
morphology (e.g., Dressler 1980) and gas content (e.g.,
Dénes et al. 2014) have a strong dependence on the
environment. Dressler (1980) found that red, gas-poor,
elliptical (early-type) galaxies are more common in
high-density environments, such as clusters, whereas
blue, gas-rich, spiral (late-type) galaxies dominate the
field population (known as the ‘density-morphology
relation’). Similarly, the fraction of blue star-forming
spiral galaxies in clusters is higher at intermediate
reshifts than that in local clusters (termed as the
‘Butcher—Oemler effect’; Butcher & Oemler 1978).
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These effects suggest that galaxies in high-density envi-
ronments lose their gas quickly and stop forming stars,
while galaxies in low-density environments tend to
accrete fresh gas and keep forming stars. Various possi-
ble processes have been proposed for the transformation
of star-forming spiral galaxies into passive elliptical
galaxies in clusters. These include: (i) strong ram pres-
sure stripping (e.g., Gunn et al. 1972) that can strip the
cold gas that fuels star formation, leading to quench-
ing on short time scales (e.g., Roediger & Briiggen
2006; Bekki 2014; Boselli et al. 2014); (ii) galaxy
strangulation/starvation, where the weakly-bound dif-
fuse hot halo gas from the galaxy is stripped leading
to quenching of the star formation once the gas sup-
ply is exhausted (e.g., Larson et al. 1980); (iii) tidal
interactions that lead to distortions of stellar and gas
distributions (e.g., Byrd & Valtonen 1990; Moore ef al.
1998).

The HI disks of galaxies are ideal tracers of such
environmental processes due to their sensitivity to exter-
nal perturbations. Studies of statistically large samples
show that galaxies in high-density environments tend to
have lower Hi gas than those in average-density environ-
ments (e.g., Giovanelli & Haynes 1985; Solanes et al.
2001; Chung et al. 2009; Healy et al. 2021). The degree
of HI depletion in groups and clusters is found to be
related to the morphology of galaxies with early-type
and dwarf spirals being more depleted (Solanes et al.
2001; Kilborn et al. 2009). The high-density environ-
ment is also found to affect the connection of Hi gas with
galaxy properties with the scaling relations of HI with
stellar mass and color of galaxies being significantly
offset towards lower gas fractions in clusters (Cortese
etal. 2011).

High-resolution HI observations have revealed sig-
natures of ram pressure stripping, such as truncated
HI discs, one-sided HI tails, lopsided HI morphologies
and enhanced SFR on the leading side for galaxies
in nearby clusters (e.g., Cayatte et al. 1990; Vollmer
et al. 2001; Chung et al. 2009; Yoon et al. 2017), and
also in groups (e.g., Verdes-Montenegro et al. 2001;
Rasmussen et al. 2008; Jaffé er al. 2012; Hess & Wilcots
2013). Further, HI observations of galaxies hosting
transient phenomena, such as Gamma ray bursts, super-
novae, fast-evolving luminous transients and fast radio
bursts have found disturbed Hi gas and high column den-
sity rings indicative of mergers and interactions with
nearby galaxies in dense environment (Arabsalmani
et al. 2015, 2019; Roychowdhury et al. 2019; Kaur
et al. 2022). Studies of clusters and groups have also
provided evidence that galaxies in cluster outskirts and
groups undergo pre-processing before they fall into
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the cluster itself (e.g., Zabludoff & Mulchaey 1998;
Poggianti et al. 1999; Kantharia et al. 2005; Catinella
etal. 2013; Hess & Wilcots 2013). Particularly for satel-
lite galaxies, the environmental suppression of HI gas
at fixed M, and specific SFR is shown to begin in the
group regime, before galaxies reach the cluster environ-
ment (Brown et al. 2017). A recent study has revealed
that there are large quantities of unaccounted HI gas in
the intergalactic space between galaxies of low mass
(M, < 10%3 M) groups (Roychowdhury ez al. 2022),
which might be a pointer towards pre-processing of H1
gas during group assembly.

2.3.2 Voids In the other extreme, the voids provide
us with environments that are largely unaffected by
the complex processes in high-density environments.
Void galaxies are expected to evolve in relative solitude
and be less evolved since they typically form at later
stages than those in denser regions (e.g., Aragon-Calvo
& Szalay 2013). Observations show that void galax-
ies are in general smaller, bluer, later type with higher
SFRs than their counterparts in the field (e.g., Rojas
et al. 2004; Patiri et al. 2006; von Benda-Beckmann
& Miiller 2008; Hoyle et al. 2012; Moorman et al.
2014, 2016). However, it was suggested that the dif-
ference in SFR of void galaxies could be attributed
to the morphology-density relation (Patiri et al. 2006;
Park et al. 2007). Indeed, at a fixed luminosity and
morphology, the brighter void galaxies (M; < —16.5)
have statistically identical colors and SFRs as those
of galaxies in the field (e.g., Kreckel et al. 2012),
while the fainter dwarfs in voids have higher spe-
cific SFRs than their average density counterparts (von
Benda-Beckmann & Miiller 2008; Moorman et al.
2016).

Similarly, HI gas content of brighter void galaxies
was found to be statistically indistinguishable from
galaxies in average densities (Kreckel et al. 2012), while
low-luminosity galaxies in voids are systematically
more gas-rich than those in denser regions (Pustilnik &
Martin 2016). Recent high-resolution HI surveys with
VLA and GMRT have lead to the discovery of several
unusual objects that show signs of interaction and gas
accretion. For example, approximately linear triplets of
gas-rich galaxies (e.g., Beygu et al. 2013; Chengalur
& Pustilnik 2013; Chengalur et al. 2017) were found,
which could be due to material flow along the filament.
Other triplets include DDOG68, a very metal-poor galaxy,
in which two massive components have already merged
(Ekta Chengalur & Pustilnik 2008) and the third compo-
nent is connected to the primary galaxy by a low surface
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brightness HI bridge (Cannon et al. 2014). Kreckel et al.
(2011) found a void dwarf galaxy with an extremely
extended HI disk, signs of an HI cloud with anomalous
velocity, misalignment between kinematic minor and
major axes and misalignment between HI and optical
axes. Kurapati (2020) found that Hr disks in void galax-
ies are ~4.5-5 times more extended than that of the
optical disks. Thus, recent HI studies provide support
for the idea that voids host at least some galaxies with
highly unusual evolutionary histories. Further, Kreckel
et al. (2012) observed 55 brighter dwarfs in voids using
the Westerbork synthesis radio telescope (WSRT). They
detected HI emission in 41 galaxies and identified 18
Hi-rich companions. In their HI observations of 25 gas-
rich dwarfs in the Lynx-Cancer void, Kurapati (2020)
detected three galaxies that are part of triplets, two, that
are merger remnants and six that have a non-interacting
companion. These studies suggest that the small-scale
clustering of galaxies in voids could be similar to that
in higher density regions. Finally, there have also been
detections of molecular gas in the larger void galaxies
(e.g., Das et al. 2015).

2.4 Kinematic studies

The rotation curves of galaxies are derived by measuring
velocities of gas or stars at different radii using emission
lines in the optical spectra arising from the ionized gas or
the HI 21-cm line. The rotation curves derived from Hi1
extend up to large radii compared to the optical rotation
curves, thus allowing us to probe the mass distribution
out to much larger radii. These are essential for studies
of angular momentum and dark matter properties of
galaxies as discussed here.

2.4.1 Tilted ring model The HI kinematics of galax-
ies have traditionally been modeled using the tilted ring
model (Figure 2; Rogstad et al. 1974), where we assume
that the gas is confined to a thin disc and flows at a
constant speed at a specific radius from the center. A
rotating disk galaxy can be described by a set of con-
centric rings, each of which is assumed to be in circular
motion and is characterized by center, systematic veloc-
ity, rotation velocity, position angle of the major axis
and inclination angle. However, parameters, such as
center and position angle may not change much with
the radius for well-behaved galaxies. One of the widely
used approaches to derive HI rotation curves is by fit-
ting a tilted ring model on the 2D velocity fields that
are determined from the 3D data cubes. However, rota-
tion curves derived in this way are expected to suffer
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from systematic effects, such as beam smearing (flat-
tening of the velocity gradient in the central region of
a galaxy due to finite resolution of the beam). There
are software packages available (e.g., TIRIFIC, Jézsa
et al. (2007); 3D-BAROLO, Di Teodoro & Fraternali
(2015); FAT, Kamphuis et al. (2015)) that fit the tilted

Figure 2. Schematic diagram showing the tilted ring model,

reproduced from Rogstad et al. (1974).
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ring model directly on the 3D data cube and include
effects, such as beam smearing. Kurapati et al. (2018b)
find that the rotation curves derived using 3D approach
give steeper rotation curves in the inner regions com-
pared to that derived using 2D approach as expected
(Figure 3), since 3D routines are less affected by beam
smearing.

2.4.2 Dark matter distribution It is well known that
there is a discrepancy between the amount of mass
inferred from the flat rotation curves of spiral galax-
ies and the visible mass in the form of stars and gas.
The commonly used hypothesis to explain this discrep-
ancy is that a halo of unseen dark matter that interacts
with the baryonic matter only gravitationally. The dark
matter density distribution can be modeled by decom-
posing the observed rotation curves into contribution
from gas, stars and dark matter (e.g., de Blok et al.
2001; Begum & Chengalur 2004; Oh et al. 2011, 2015;
Kurapati et al. 2018a, 2020). The standard A cold
dark matter (ACDM) simulations predict that the dark
matter halo has a cuspy density profile with the den-
sity distribution in the inner regions following a power
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Figure 3. Hidata and kinematics for the galaxy J0630+23 (from the study of Kurapati et al. 2020). Top left: Hi distribution
of the galaxy overlaid on the SDSS g-band data. Top right: Position velocity diagram with the rotation curves obtained using
3D (FAT) and 2D (Rotcur) approaches overlaid on them. Bottom left: Velocity field of the data. Bottom right: Velocity field

of the best fitting FAT model.
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Figure 4. Scaled dark matter density profiles (different galaxies are shown with different symbols) derived using 3D
approach rotation curves (left) and 2D approach rotation curves (right). The black dotted line represents the NFW halo (with
a ~ —1) and the blue dashed line is the best-fit isothermal halo model. Figure reproduced from the study of Kurapati er al.

(2020).

law: p ~ r%, with « = —1 (Navarro et al. 1996,
1997). More recent simulations have shown that the
inner slope has a dependence on mass with « lying in
the range of —0.8 to —1.4 (Ricotti 2003; Ricotti ef al.
2007; Del Popolo 2010, 2012; Di Cintio et al. 2014).
In contrast to this, observations of dwarf and low sur-
face brightness galaxies, where dark matter dominates
throughout the galaxy and the effects of uncertainties in
stellar mass to light ratio are minimal, typically found
that the dark matter halo has a core towards the cen-
ter (e.g., de Blok et al. 2001; de Blok & Bosma 2002,
Oh et al. 2011, 2015). This is called as the cusp-core
problem.

Various solutions have been proposed to resolve this
problem. For example, baryonic feedback processes
were invoked in simulations to generate cores from orig-
inal cuspy distributions (e.g., Governato et al. 2010;
Pontzen & Governato 2012; Read et al. 2016a). How-
ever, there is no complete consensus on the effectiveness
of this mechanism, since some simulations found that
the density profile of dark matter is consistent with
cuspy profiles even after including baryonic outflows
(e.g., Ceverino & Klypin 2009; Marinacci et al. 2014).
Other solutions suggest that there are residual system-
atic effects in determining the rotation curves such as
beam smearing (e.g., van den Bosch et al. 2000), incor-
rectly measured inclination angles (e.g., Rhee et al.
2004; Read et al. 2016b), improperly modeled pres-
sure support (e.g., Rhee et al. 2004; Valenzuela et al.
2007; Pineda et al. 2017) or unmodeled non-circular
motions (e.g., Rhee er al. 2004; Valenzuela et al. 2007,
Oman et al. 2017). All of these can lower the inner rota-
tion velocities and thus, give a false impression of cores.
Kurapati et al. (2020) investigated the impact of system-
atic effects on dark matter density profiles by measuring

the slopes from the rotation curves derived through 2D
and 3D approaches. They found that the average slope
obtained from 3D fitting is consistent with the NFW
profile, while the slope obtained using the 2D approach
is closer to what would be expected for an isother-
mal profile. Figure 4 shows the plot of the scaled dark
matter density versus the scaled radius from Kurap-
ati et al. (2020). The left panel shows density profile
obtained using 3D rotation curve, which is consistent
with the cuspy NFW profile. The right panel shows
density profile derived using the 2D rotation curve.
This is not consistent with the NFW profile, but is in
good agreement with the best-fit isothermal model in
contrast to the 3D rotation curve. More recently, lanja-
masimanana et al. (2020) used MeerKAT observations
to model the dark matter distribution of a nearby galaxy
using a 3D approach. They found that both the NFW
and isothermal models fit the derived rotation curves
within the formal errors.

2.4.3 Angular momentum and mass correlation The
specific angular momentum (j) and mass (M) of
galaxies are observed to strongly correlate with each
other and with other parameters, such as morphology
(e.g., Fall & Efstathiou 1980; Fall 1983). In the standard
CDM scenario of galaxy formation, galaxies are thought
to have acquired their angular momentum through tidal
torquing between neighboring halos (Peebles 1969).
These models predict that jy of dark matter halo scales
with its mass as jg Mﬁlﬂ. A similar scaling relation
isexpected for the baryons, if one assumes that baryonic
matter and dark matter have similar angular momen-
tum distributions at early times and if j, is conserved
throughout the formation of galaxies. Indeed, such a
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scaling relation was obtained for the stellar component,
although the constant of proportionality depends on the
galaxy morphology (Fall 1983; Romanowsky & Fall
2012; Fall & Romanowsky 2018).

However, recent observational studies have indicated
that the baryonic relation is more nuanced than a sim-
ple jp Mg/ 3 relation. The stellar j, — M, relation
and gaseous j, — M, relations were found to follow
unbroken power laws, j o« M%, over a wide range of
stellar and gas masses, with o, ~ 0.55 £ 0.02 for the
J« — M, relation for galaxies in the stellar mass range
of 107-10'"'5 Mg (Posti er al. 2018, 2019), while a
steeper slope (o ~ 1.01£0.04, Mancera et al. (2021);
0.89 £ 0.05, Kurapati et al. (2021)) was found for the
Jg — M, relation. There has not been a consensus on the
nature of the baryonic j, — My, relation among differ-
ent authors. Obreschkow & Glazebrook (2014) used all
major baryonic components of spiral galaxies and found
a tight correlation between j,, Mp and bulge fraction
(B)- They found that the j, M]f /3 relation holds across
the entire sample, although the galaxies with equal
bulge fractions followed ap ~ 1 trend. Some studies
have found that the dwarf galaxies have higher j, com-
pared to the bulge-less spirals (e.g., Butler ef al. 2017,
Chowdhury & Chengalur 2017; Kurapati et al. 2018b,
2021), while others have found that the j, — My, relation
is best fit by a single power law (e.g., Elson 2017; Lutz
et al. 2018; Murugeshan et al. 2020; Mancera et al.
2021).

The j, of a galaxy can evolve since various inter-
nal and external processes (e.g., accretion, mergers and
ram pressure stripping) can redistribute the angular
momentum of baryons. Kurapati ef al. (2021) found that
the early-type galaxies with large well-rotating disks
that show signs of recent gas accretion have excess jg
compared to other galaxies. This suggests that the kine-
matics of the baryonic component of gas-rich galaxies
are affected by cold flows and late-stage mergers. In
addition, j, may depend on the environment since dif-
ferent processes dominate in different environments.
Kurapati et al. (2018b) found that j, of void dwarfs
is similar to that of field dwarfs. Murugeshan et al.
(2020) studied the effects of the environment on galax-
ies (in low- and intermediate-density environments) in
the atomic gas fraction (fym)—integrated disc stabil-
ity parameter (¢ o j,/Mp) space. They found that
galaxies that are currently interacting (or have recently
interacted, thereby accreting HI from their smaller com-
panions) show enhanced fa, and lower g values. Using
high-resolution ASKAP observations of galaxies in
the Eridanus super group, Murugeshan ef al. (2021)
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found that these galaxies deviate significantly and lie
below the fum—¢g relation, in contrast to the galaxies in
low-density environments that follow the relation con-
sistently.

2.5 Vertical structure of Hi1 disks

The vertical structure of HI disks is linked with star
formation since the conversion of gas into stars criti-
cally depends on gas volume densities (Bacchini et al.
2019). It further determines the effectiveness of stel-
lar feedback in creating a super-shell or chimney and
polluting the CGM with higher metallicity gas. Direct
observation of the 3D gas distribution in galaxies is not
possible due to the line-of-sight integration effect. How-
ever, it is possible to estimate it using theoretical models
assisted by observations. A galactic disk is considered as
a multi-component system consisting of stellar, atomic
and molecular gas disks in vertical hydrostatic equilib-
rium under their mutual gravity in the external force
field of the dark matter halo. It is then possible to set
up the joint Poisson—-Boltzmann equation of hydrostatic
equilibrium and solve it numerically. The solutions to
this equation at every radius can provide a detailed 3D
distribution of different galactic components (Narayan
& Jog 2002; Banerjee & Jog 2008; Banerjee et al. 2010;
Patra et al. 2014).

Using this method, Banerjee et al. (2011) estimated
the HI vertical scale heights in four dwarf galaxies
from the FIGGS survey. They found thick HI disks
that flare as a function of radius in all their galaxies.
A constant vertical gas velocity dispersion (8 km s~!)
as a function of radius was used in this study. How-
ever, observations show that this velocity dispersion can
significantly vary from galaxy to galaxy and as a func-
tion of radius. To address this issue, Patra (2020a)
carried out similar modeling in a sample of 23 dwarf
galaxies from the LITTLE THINGS survey considering
a variable velocity dispersion determined from fitting
the HI spectra in different radial annuli. They found that
the HI scale height in dwarf galaxies increases from a
few hundred parsecs at the center to a few kilo-parsecs
at the edge. They also found the median axial ratio to
be 0.4, which is much higher than that in spiral galax-
ies. These studies conclude that thick HI disks in dwarf
galaxies originate naturally under the assumption of
hydrostatic equilibrium. Patra (2020b) further used the
same technique on a sample of eight spiral galaxies from
the THINGS survey and found similar flaring HI disks.
The HI scale height increases from a few hundred par-
secs at the center to ~1-2 kpc at the edge. The median
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axial ratio was found to be 0.1, indicating much thinner
HI disks than that in dwarf galaxies. In addition, very
low axial ratios were found for three galaxies, suggest-
ing that they could be potential super-thin galaxies.

2.6 Turbulence in ISM

Turbulence in ISM is known to be a driving factor
behind morphology, dynamics and star formation of
galaxies (Elmegreen & Scalo 2004). Observations in the
MW (Crovisier & Dickey 1983; Green 1993) and dwarf
and spiral galaxies (Begum et al. 2006; Dutta ez al. 2008,
2009; Dutta & Bharadwaj 2013) show that the col-
umn density power spectrum assumes power law over
large length scale ranges. Nandakumar & Dutta (2020)
implemented a variant of column density and line-of-
sight velocity power spectrum estimator introduced in
Dutta (2016), which uses the visibilities measured by
interferometers directly. Combining VLA and uGMRT
observations, they report the existence of a single power
law power spectrum in NGC 5236 over two decades
of length scales. They also report the first ever mea-
surement of the line-of-sight velocity power spectrum
in any external spiral galaxy. Using results from sim-
ulations and the measured slope, they conclude that
the large-scale turbulence is generated by compressive
forcing that probably originated from self gravity and
instabilities in the disk. Since the energy cascade from
the large-scale is of the same order as that by insta-
bilities in the ISM through supernovae feedback, this
has significant implication on the evolution of the disk
morphology and star formation efficiency.

2.7 Scaling relations

We discuss here some of the scaling relations between
global properties of galaxies involving HI gas that
provide us with insights into the complex processes
governing galaxy formation and evolution.

2.7.1 H1 size-mass relation  The scaling relation
between HI mass (My;) and diameter of the HI disk
(Dwr) defined at a Hi surface density of 1 M pc™2 was
first parameterized by Broeils & Rhee (1997) as:

log(Duy) = 0.5 log(Mpuy) — 3.32, 2)

where Dy is in kpc and My; is in Mg pcfz. Subse-
quent HI surveys have confirmed that the relation holds
true for a wide range of galaxy masses and morpholo-
gies, such as large spirals (e.g, Verheijen & Sancisi
2001; Swaters et al. 2002; Wang et al. 2013; Lelli et al.
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2016a; Ponomareva et al. 2016), late-type dwarf galax-
ies (e.g, Swaters et al. 2002; Begum et al. 2008b; Lelli
etal. 2016a), early-type spirals (e.g., Noordermeer et al.
2005) and irregulars (e.g., Lelli et al. 2016a). The ultra-
diffuse galaxies that have extreme ratios of stellar mass
to stellar scale length and were discovered in HI surveys
of isolated environments (e.g., Leisman et al. 2017)
were also found to follow the HI size—mass relation
(Leisman et al. 2017; Gault et al. 2021). We expect
galaxies residing in groups and clusters to lose gas due
to various environmental processes, such as ram pres-
sure stripping. However, galaxies in groups and clusters
were also shown to follow the above relation as long as
their discs are not too disrupted and the diameter can
be traced out to 1 Mg pc2 (Verheijen & Sancisi 2001;
Chung et al. 2009). Wang et al. (2016) have obtained a
remarkably tight HI size—mass relation with a scatter of
~0.06 dex, based on HI sizes for more than 500 galax-
ies from various projects, ranging over five decades in
HI mass. They found that the scatter does not change
as a function of galaxy luminosity, HI richness or mor-
phology, which indicates a constant average HI surface
density within Dy for most galaxies. Stevens et al.
(2019) analytically derived the HI size—mass relation
of galaxies and showed that the relation can be used
to constrain galaxy formation and evolution theories,
where the success of any model or simulation is based
on its ability to accurately reproduce the scatter, slope
and zero point of this relation.

2.7.2 Baryonic Tully—Fisher relation  The Tully—
Fisher (TF) relation is a tight correlation between the
luminosity of a disk galaxy and its rotational velocity
(Tully & Fisher 1977). This relation has been found
to hold for rotating galaxies of various morphologies
(e.g., Chung et al. 2002; Courteau et al. 2003; den Hei-
jer et al. 2015; Karachentsev et al. 2017), in different
environments (e.g., Willick 1999; Abril-Melgarejo et al.
2021), and over a large wavelength range (e.g., Verhei-
jen & Sancisi 2001; Ponomareva et al. 2017). Hence,
the relation has become a major tool to place tight con-
straints on galaxy formation and evolution models (e.g.,
Navarro & Steinmetz 2000; Maccio et al. 2016).
However, this relation breaks down for velocities
smaller than 100 km s_l(McGaugh et al. 2000). This
regime is mainly dominated by low-mass galaxies,
where cold gas mass is comparable to or greater than the
stellar mass. When the stellar mass is replaced with the
baryonic mass, one recovers a single, tight linear rela-
tion that spans over ~5 dex in baryonic mass (Begum
et al. 2008a; McGaugh 2012; Lelli ez al. 2016b, 2019).
This is called as the baryonic TF relation (bTFr), the
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most fundamental form of TF. The definition of circu-
lar velocity is shown to significantly alter the resulting
BTFr (Brook et al. 2016; Ponomareva et al. 2017; Lelli
et al. 2019). Lelli et al. (2019) analysed a sample of
175 spirals based on different velocity definitions, such
as Ws, rotation velocity derived from the integrated H1
spectrum, Viga, velocity measured at the flat part of the
rotation curve; and Vpax, maximum velocity measured
from the rotation curve. They found that the tightest
BTFr and steepest slope is given by the Vp, method.
The intrinsic scatter of the BTFr is lower than the pre-
dictions from ACDM cosmology (Dutton 2012) and the
BTFr slope with Vpy is higher than the slope expected
in ACDM models (McGaugh 2012). The galaxy for-
mation and evolution models predict that the BTFr
residuals correlate with galaxy size and surface bright-
ness (Desmond & Wechsler 2015). In contrast to this,
the observed BTFr residuals do not show any correlation
with galaxy radius (Lelli ez al. 2019). A curvature at the
low-mass end of BTFr was predicted by some semi-
analytical galaxy formation models (Trujillo-Gomez
et al. 2011; Desmond 2012), but Iorio et al. (2017)
found that dwarf irregulars lie exactly on the BTFr
with no evidence for curvature. However, Hi-rich low
surface brightness galaxies classified as ultra-diffuse
galaxies were found to be clear outliers from the BTFr
with circular velocities much lower than galaxies with
similar baryonic mass (Mancera et al. 2019). Further,
Ponomareva et al. (2021) used a sample of 67 galax-
ies to study the BTFr over a period of ~1 billion year
(0 < z <0.081) and found that all the galaxies are con-
sistent with the same relation independent of redshift.

2.8 Stacking studies

Two observational approaches have been used to quan-
tify the amount of HI in the Universe, namely, using H1
21-cm emission at z < 0.2 and using Ly-« absorption
at z > 2 (see Section 3.1.4). At intermediate redshifts,
there are limited observational probes of the HI content
leading to the cosmic mass density of HI being poorly
constrained. Stacking the HI 21-cm emission from a
large sample of galaxies with accurate redshifts, can
be used to measure the average HI content of different
galaxy populations at intermediate redshifts. However,
despite efforts, there were no statistically significant
detections of stacked HI 21-cm emission at z 2 0.2
(e.g., Lah et al. 2007; Kanekar et al. 2016; Rhee et al.
2018). Recently, Bera et al. (2019) detected a stacked HI1
21-cm emission signal at ~7¢ significance from a sam-
ple of 445 blue star-forming galaxies at 0.2 < z < 0.4
using UGMRT. Their results implied an average HI mass
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of 5 x 10° My, and no significant evolution in the cos-
mic HI mass density over z &~ 0—0.4. Chowdhury et al.
(2020b) reported the first detection (at ~4.5¢0 signif-
icance) of stacked HI 21-cm emission at z ~ 1 from
7653 star-forming galaxies over 0.74 < z < 145
using uGMRT. They estimated an average HI mass
of 10'© My, which is similar to the average stellar
mass of the sample. Combining with the average SFR
estimated from stacked 1.4 GHz continuum emission,
they derived an average HI depletion time of ~1.5 Gyr.
The cosmic HI mass density estimated from this study
is consistent within the uncertainties with the measure-
ments at z < 1, but is lower by a factor of ~2 than
the measurements at z > 2. The above study was fol-
lowed by an independent detection of stacked HI 21-cm
emission at z & 1.3 that led to similar results (Chowd-
hury et al. 2021).

3. Hi 21-cm absorption

H1 21-cm absorption studies provide significant and
complementary insights into the atomic gas in galaxies.
HI absorption has both advantages and disadvantages
compared to HI emission. The main disadvantage of H1
emission observations is that they are limited by the
distance of the emitting source due to the weakness
of the 21-cm transition. HI emission can be observed
only in the relatively local Universe (z < 0.1) in
reasonable time with the capabilities of the current
radio telescopes. On the other hand, the detectability
of HI absorption depends only on the strength of the
background radio continuum source and the HI gas
cross-section of the galaxy. Besides being a redshift-
independent probe of the atomic gas in galaxies, HI
absorption can be observed at very high spatial reso-
lution, i.e., ~milliarcsec (mas) scales with very long
baseline interferometry (VLBI), if there is a bright
enough background source, which is not possible with
HI emission.

A disadvantage intrinsic to Hr absorption technique is
that it provides information about the atomic gas only in
the regions where there is sufficiently bright background
radio continuum emission, which may not extend over
the full gaseous structure being probed. Another disad-
vantage of HI absorption studies is that estimates of the
neutral hydrogen column density (N (HI)) is dependent
on the excitation or spin temperature (7s) of the 21-cm
transition and the fraction of the background radio con-
tinuum source, which is covered by the absorbing gas
(f¢) in case of unresolved source, and these parameters
are usually difficult to constrain observationally. The
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optical depth integrated over the HI 21-cm absorption
line profile in velocity space ([ tdv; km s~ is directly
related to N(HI) (cm~2) and inversely related to 7 (K)
of the gas, as follows (Field 1959; Kulkarni & Heiles
1988):

N(HI) [em™2] = 1.823 x 10'8 7} [K]
x /tdv [km s~ '], (3)

where T; represents the effective spin temperature,
which is the N (HI)-weighed harmonic mean spin tem-
perature of different gas clouds along the line of sight
that give rise to the absorption. The 21-cm optical depth
corrected for covering factor ( f;) is given by:

AS
, 4
(ch):| @

where § is the flux density of the background radio
continuum source and A S is the depth of the absorption
line. For optically thin gas, Equation (3) reduces to:

N(HI) [em™2] = 1.823 x 10'8

T, [K] [ AS L
X 7. /de[kms ]. (5)

It is possible to put limits on 7 by comparing N (HI)
obtained from HI 21-cm absorption with that obtained
independently from HI 21-cm emission (e.g., Kanekar
et al. 2001a; Dutta et al. 2016), HI Lyman-« absorp-
tion (e.g., Srianand et al. 2012; Kanekar et al. 2014) or
X-ray absorption (e.g., Allison ef al. 2015; Moss et al.
2017) of the same source. Note that each of the above
methods have their limitations. For example, HT 21-cm
emission and absorption can be detected simultaneously
only at z < 0.1 and even then the angular scales probed
by emission observations will be much larger than that
probed by absorption. Comparison of HI 21-cm absorp-
tion with Ly-o absorption in the ultraviolet (UV) or
optical spectra of the background source is affected by
uncertainties arising from the assumptions that the radio
and UV/optical sightlines are aligned and they trace the
same gas phase. Similarly, comparison with the total
column density of hydrogen from X-ray absorption to
obtain an upper limit on 7y is based on the assumption
that the radio and X-ray spectra probe similar sightlines
through the gas.

The covering factor, f, can be directly constrained
using high spatial resolution (mas- or pc-scale) VLBI
redshifted HI 21-cm line observations. However, the
limited frequency coverage of current VLBI facilities
restricts such observations to few sources at low red-
shifts (e.g., Morganti ef al. 2013; Srianand et al. 2013;

T = —log [1 —
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Biggs et al. 2016). Alternatively, we can indirectly con-
strain f; from the core fraction by comparing the flux
density of the core component of the background radio
source at high spatial resolution from VLBI images
with the total flux density at the lower spatial resolu-
tion (arcsec- or kpc-scale) at which the absorption is
observed (e.g., Kanekar et al. 2009a; Gupta et al. 2012;
Srianand et al. 2012). This method assumes that the core
of the radio source is spatially aligned with the optical
source.

HI 21-cm absorption line technique can be used to
study both the gas located in/around foreground galax-
ies that lie along the line of sight to a background radio
continuum source (i.e., intervening absorption, see e.g.,
Dutta 2019), and the gas located in the radio contin-
uum source itself, typically an active galactic nucleus
(AGN) (i.e., associated absorption, see e.g., Morganti &
Oosterloo 2018). We discuss how intervening HI 21-cm
absorption has been used to study the physical proper-
ties of the neutral gas phase in different types of galaxies
in Section 3.1 and how associated HI 21-cm absorption
has been used to probe AGN feeding, and feedback and
AGN-galaxy co-evolution in Section 3.2. Examples of
intervening and associated HI 21-cm absorption lines
are shown in Figure 5.

We note that in addition to studying the HI gas in
galaxies and AGNs, HI 21-cm absorption lines in con-
junction with OH 18-cm absorption lines and metal
absorption lines (assuming they trace the same gas)
detected in high-resolution optical spectra can be used
to place stringent constraints on the variation in the fun-
damental constants of physics, such as combination of
the fine structure constant, the proton-to-electron mass
ratio and the proton gyromagnetic ratio over cosmologi-
cal scales (e.g., Wolfe et al. 1976; Chengalur & Kanekar
2003; Srianand et al. 2010; Kanekar et al. 2012; Rah-
mani et al. 2012; Gupta et al. 2018a). Further, precise
redshifts obtained from HI1 21-cm absorption line obser-
vations in multiple epochs can be used to constrain the
secular redshift drift or the cosmic acceleration (Darling
2012; Jiao et al. 2020). However, a detailed discussion
of such studies is beyond the scope of this paper.

3.1 Intervening HI absorption

3.1.1 H1 absorption in the milky way  Observations
of H1 21-cm absorption have been instrumental in shed-
ding light on the physical conditions, such as the thermal
state of the neutral gas. In the cold neutral medium
(CNM), the spin temperature is coupled with the kine-
matic temperature (7i; Field 1959; Bahcall & Ekers
1969; Roy et al. 2006), whereas in the warm neutral
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(a) Cartoon showing how HI 21-cm absorption can be used to probe gas in radio-bright sources (associated

absorption) and gas around foreground galaxies (intervening absorption). (b) Example of intervening HI 21-cm absorption
detected using GMRT from a z = 0.15 galaxy (marked by G) at a projected separation of ~8 kpc from a background radio
quasar (marked by Q) (reproduced from Dutta et al. 2017c). The contours show the 1.4 GHz radio continuum emission. (c)
Example of associated H1 21-cm absorption detected using GMRT against the core of an extended radio source at z = 1.2
(reproduced from Aditya ef al. 2021). The contours show the 640 MHz continuum emission from the radio source.

medium (WNM), T can provide an upper limit on 7Ty
(Field 1958; Liszt 2001; Kim et al. 2014). Addition-
ally, the linewidths of individual HI 21-cm absorption
components detected in high-velocity resolution spec-
tra can place constraints on the gas 7i (Lane et al. 2000;
Kanekar et al. 2001b; Koley & Roy 2019). There have
been extensive studies based on HI 21-cm absorption,
temperature, column density and filling fraction of the
neutral gas phase in the MW (e.g., Heiles & Troland
2003; Kanekar et al. 2003; Mohan et al. 2004; Begum
et al. 2010; Roy et al. 2013; Murray et al. 2015, 2018;
Patra et al. 2018). Combining with HI emission obser-
vations, a key result from the above studies is that a
significant fraction (*20-50%) of the HI gas in the MW
is present in the thermally unstable regime with T ~
500-5000 K, i.e., outside the stable range predicted by
steady-state two-phase models of the neutral gas. This
suggests that dynamical processes, such as turbulence,
supernovae and magnetic fields could be driving the
gas from the stable to the unstable phase (Audit & Hen-
nebelle 2005; de Avillez & Breitschwerdt 2005).

To probe the effect of the above processes on gas
dynamics in the ISM, there have been HI 21-cm
absorption studies of the magnetic field and turbulence
in the MW (e.g., Heiles & Troland 2004, 2005; Roy
etal. 2008). The Zeeman effect in radio-frequency spec-
tral lines is one of the most direct methods to measure
the strength of the magnetic field (Troland & Heiles
1982). While Zeeman-splitting of the H1 21-cm absorp-

tion line has been detected in only one extraglactic
source (Kazes et al. 1991; Sarma et al. 2005), using
such measurements in the MW, Heiles & Troland (2005)
found that magnetic field dominates thermal motions in
the CNM, and that magnetism and turbulence are in
approximate equipartition.

3.1.2 Hi absorption in galaxies at small projected sep-
arations from quasars  As motivated earlier, it is
challenging to detect the diffuse gas around galax-
ies in emission as we go beyond the local Universe,
but it can be detected in absorption towards a bright
background source, e.g., AGN or quasar. Depend-
ing on the location of the background source with
respect to the foreground galaxy, we can probe dif-
ferent components of the galaxy, such as the ISM in
the galactic disc, extended HI disc, outflows, inflows,
high velocity clouds and tidal streams in the halo
or CGM around the galaxy. Although absorption line
technique probes gas only along the line of sight,
we can map the gas distribution in a statistical man-
ner provided there is a sizeable sample of pairs of
background sources and foreground galaxies. Apply-
ing this method, there have been numerous studies of
the different gas phases around galaxies. Such stud-
ies have shown that the gaseous haloes or the CGM
is a crucial component of galaxies and observations
of different gas phases in the CGM can place use-
ful constraints on models of galaxy formation and
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evolution (see for a review, Tumlinson et al. 2017).
Due to the inverse dependence of its optical depth
on Ty, HI 21-cm absorption is an excellent tracer
of the cold neutral gas in the ISM and CGM of
galaxies.

There have been several surveys of HI 21-cm absorp-
tion from foreground galaxies at z < 0.4 that were
selected to lie at small project separations or impact
parameters (<50 kpe) from a background radio-loud
quasar (e.g., Carilli & van Gorkom 1992; Gupta et al.
2010; Borthakur et al. 2011; Zwaan et al. 2015;
Borthakur 2016; Reeves et al. 2016; Dutta et al.
2017c). Dutta et al. (2017¢c) found a weak (*~30) anti-
correlation between HI 21-cm optical depth and impact
parameter from galaxies. The covering fraction or inci-
dence of HI 21-cm absorption similarly decline with
increasing impact parameter with an average incidence
of ~20% within 30 kpc for an optical depth sensi-
tivity of [zdv = 0.3 km s~!. The optical depth
and incidence also tend to be larger near the galaxy
major axis, suggesting that the majority of the absorb-
ing gas is co-planar with the extended HI discs of
galaxies. This is further supported by the properties of
metal absorption lines of Call and Nal detected in the
optical spectra of background quasars, which suggest
that most of the HI absorbers detected around low-
z galaxies trace the diffuse extended HI discs rather
than the dusty star-forming discs of galaxies. On the
other hand, the HI 21-cm optical depth and incidence
are not found to depend significantly on the galaxy
properties, such as luminosity, stellar mass, color and
SFR.

3.1.3 H1 absorption in Mgll-selected galaxies It is
difficult to extend the above type of studies to z = 0.5,
where there is a dearth of large, wide-field galaxy spec-
troscopic surveys. However, absorption lines can be
used to select galaxies in a luminosity-unbiased way.
In particular, the Mgil doublet lines, AL2796, 2803,
have been used extensively to probe the gaseous haloes
of z < 2 galaxies (e.g., Bergeron 1986; Steidel er al.
1994; Churchill et al. 2000; Chen et al. 2010; Nielsen
et al. 2013; Rubin er al. 2018; Dutta et al. 2020b,
2021). Moreover, strong MgII absorption lines, i.e.,
those with rest-frame equivalent width of Mg11 12796
line W,M gl > 1 A, have been found to trace gas with
high HI column densities (N (Hr) 2 10720 ¢cm=2, Rao
et al. 2006). Therefore, HI 21-cm observations of Mg 11
systems can be used to trace the neutral gas at z < 1.5,
a crucial redshift range over which the global star
formation rate density declines and where the Lyman-«
line cannot be observed from the ground.
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Taking advantage of large samples of Mg 11 absorbers
detected in the optical spectra of quasars from sur-
veys, such as the Sloan digital sky survey (SDSS; York
et al. 2000), there have been several searches of H1 21-
cm absorption in MgII systems (e.g., Briggs & Wolfe
1983; Lane 2000; Kanekar et al. 2009b; Gupta et al.
2009, 2012; Dutta et al. 2017a,b). Based on these
studies, the average detection rate of HI 21-cm absorp-
tion in samples of strong Mgl systems is ~10-20% for
a sensitivity of [ tdv = 0.3 km s~!. This incidence is
found to remain constant within the uncertainties over
the redshift range z =~ 0.3-1.5 (Gupta et al. 2012;
Dutta et al. 2017a). Similarly, the redshift evolution
in the number density per unit redshift of HI 21-cm
absorbers in strong Mgl systems is found to be con-
sistent with that of a non-evolving population, although
these results currently are limited by large uncertainties
due to small number statistics. Next, the detection rate
of HI 21-cm absorption is found to be higher towards
background quasars with flat or inverted spectral index
and small linear sizes, indicating that the absorbing gas
is patchy with characteristic size <100 pc (Gupta et al.
2012). Further, the Hi 21-cm absorption detection rate
is shown to increase with the equivalent width of Mg1I
and Fe Il (Gupta et al. 2012; Dutta et al. 2017b). Equiva-
lent width ratio cuts of Mg 11, MgT and FeII that increase
the probability of detecting high N (HI) gas also lead to
higher detection rate of HI 21-cm absorption. In addi-
tion, stronger HI 21-cm absorption and higher detection
rate are found towards quasars which are more reddened
due to dust in the absorbing gas (Dutta et al. 2017b). All
these results point towards a close link between metals,
dust and cold HI gas in absorption-selected galaxies at
z < 1.5,

3.1.4 Hi1 absorption in Ly-a-selected galaxies  Apart
from MgI1, strong HI Ly-o absorption in the spectra
of background quasars is a well-established probe of
the gas around galaxies. Specifically, damped Lyman-«
absorbers (DLAs) with N (HI) > 2x 102° cm~2 and sub-
DLAs with N(Hi) ~ 10'°-2 x 102 cm~2are found to be
the major reservoirs of HI gas over 2 < z < 4 (Péroux
et al. 2005; Prochaska et al. 2005; Wolfe et al. 2005;
Noterdaeme et al. 2012). While the number (<100) of
(sub-)DLAs detected at z < 1.5 is relatively less due
to the requirement of UV spectra of quasars (e.g., Rao
et al. 2017), thousands of (sub-)DLAs have been iden-
tified at z > 1.8 from SDSS (e.g., Noterdaeme et al.
2012). There have been several efforts to connect the
properties of (sub-)DLAs (column density, metallicity)
with the properties (stellar mass, atomic and molecular
gas mass and SFR) of the associated galaxies (e.g., Rao
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et al. 2011; Péroux et al. 2012; Chengalur et al. 2015;
Fumagalli et al. 2015; Srianand et al. 2016; Krogager
et al. 2017; Kanekar et al. 2018a,b; Mackenzie et al.
2019). From such studies, the success rate of detecting
DLA galaxies is found to be higher for the high metal-
licity systems, and DLAs are generally thought to be
associated with faint, gas-rich galaxies.

Complementary to the above, HI 21-cm absorption
studies of DLAs detected towards radio-loud quasars
offer important insights into the physical conditions
of the neutral gas in galaxies (e.g., Wolfe et al. 1985;
Carilli ez al. 1996; Chengalur & Kanekar 2000; Kanekar
& Chengalur 2003; Curran ef al. 2010; Srianand et al.
2012; Kanekar et al. 2014). The above studies indicate
that fraction of cold gas traced by HI 21-cm absorp-
tion in z > 2 DLAs is small with a detection rate of
~20% for a sensitivity of [ tdv = 0.3 km s~!. Esti-
mates of spin temperature of the gas from comparison
of N(HI) from Ly-a absorption and optical depth from
21-cm absorption imply that a significant fraction of
the HI gas in z > 2 DLAs traces the WNM (Srianand
et al. 2012; Kanekar et al. 2014). The relatively low
CNM fraction (=10-20%) in z > 2 DLAs inferred
from HI 21-cm absorption studies is consistent with
similar low molecular (H,) fraction seen in such DLAs
(Noterdaeme et al. 2008). Further, the anti-correlation
observed between the gas metallicity and 7 in DLASs
(Kanekar et al. 2009¢) also suggests that the high T val-
ues obtained in z > 2 DLAs arise due to larger WNM
fractions in the low-metallicity environment typical in
such DLAs, likely due to fewer radiative cooling routes.
The spin temperature shows a redshift evolution with a
larger number of z > 2.4 DLAs having 7y = 1000 K
leading to the 75 distribution of z > 2.4 DLAs being
significantly different than that of z < 2.4 DLAs and
also that of the MW (Kanekar et al. 2014). In addition,
the incidence of HI 21-cm absorption in DLAS is found
to decline by a factor of ~3 from z < 1to z > 2. The
above results are indicative of a decline in the cold gas
fraction in galaxies with cosmic time.

3.1.5 Spatially-resolved studies of H1 gas in galax-
ies The scarcity of strong extended background radio
sources means that there are only few spatially-resolved
studies of HI gas in absorption. Dutta et al. (2016)
reported detection of HI 21-cm absorption from the
extended HI disc of a z & 0.02 galaxy over an area of
~2 kpc? against one of the lobes of a background radio
source. The optical depth is observed to vary by more
than a factor of seven over the extent of the radio source
of &7 kpc at the redshift of the galaxy (Figure 6). VLBI
spectroscopic studies have been possible in case of few
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z < 0.1 H1 21-cm absorbers (Lane et al. 2000; Keeney
et al. 2005; Borthakur et al. 2010; Srianand et al. 2013;
Biggs et al. 2016; Gupta et al. 2018b). These studies
infer the sizes of coherent HI gas structures to be 220—
30 pc. Variations in the HI optical depth by a factor of
~2-5 over scales of <10-100 pc have been observed in
denser gas in galaxies probed by extended background
radio emission (Srianand et al. 2013; Biggs et al. 2016).
Variations in the HI optical depth with time in few cases
also suggest that the HI gas is patchy over pc-scales
(Wolfe et al. 1982; Kanekar & Chengalur 2001; Allison
et al. 2017). The small-scale patchiness of the Hr 21-
cm absorbing gas is further supported by VLBI imaging
observations of the background radio sources and obser-
vations of Hy absorption along the same sightlines (e.g.,
Gupta et al. 2012; Srianand et al. 2012; Dutta et al.
2015).

3.2 Associated H1 absorption

The majority of bright extragalactic radio sources are
powered by radio jets produced in the central AGN
of galaxies (Condon et al. 1998). While the physical
mechanisms that trigger the AGN activity is an area
of ongoing research, it is believed that gas funneled
to the central regions of a galaxy either via secular
processes or interactions and mergers play a key role
in activating the AGN activity (Hopkins et al. 2008).
Outflows induced by radio jets from the AGN can
either ignite or suppress star-formation activity in galax-
ies, i.e., both positive and negative AGN feedback can
strongly impact the evolution of the host galaxies and
the environment (Schawinski ef al. 2006; Maiolino et al.
2017). It is thus evident that gas flows play a vital role
in the co-evolution of AGN and galaxies (Fabian 2012).
Hi1 21-cm absorption is a well-utilized tool to study the
distribution and kinematics of the neutral gas in cen-
ters of active galaxies. It can be used to study the cold
ISM gas in the vicinity of AGN, and probe fueling and
feedback processes associated with AGN in the form of
neutral gas inflows and outflows (e.g., Hota & Saikia
2005; Teng et al. 2013; Morganti & Oosterloo 2018).

3.2.1 Hi absorption in low-z AGN  There have been
numerous studies of HI 21-cm absorption in differ-
ent samples of radio-loud AGNs at low redshifts. One
of the first systematic surveys of associated HI 21-cm
absorption was conducted by van Gorkom et al. (1989),
who found evidence for higher occurrence of absorp-
tion lines redshifted relative to the systemic velocity. In
contrast to this, subsequent studies have found higher
occurrence of blueshifted absorption (e.g., Vermeulen
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Figure 6. GMRT HI 21-cm absorption spectra towards the lobes and core of a background extended radio source from the
study of Dutta et al. (2016). H1 21-cm absorption is detected towards the southern lobe from the extended Hi disc of a z ~ 0.02
galaxy, but is not detected towards the core or the northern lobe. The white contours represent the HI emission detected from
the galaxy and the blue line represents the outermost contour of the 1.4 GHz continuum emission of the radio source that

extends over 7 kpc at the redshift of the galaxy.

et al. 2003), indicating that disentangling gas flows
in the circumnuclear regions are complex. The overall
detection rate of HI 21-cm absorption associated with
z < 0.4radio AGNsis found to be ~20-30% (e.g., Mor-
ganti et al. 2001; Vermeulen et al. 2003; Curran et al.
2006; Gupta et al. 2006; Allison et al. 2012; Chandola
et al. 2013; Geréb et al. 2015; Maccagni et al. 2017,
Glowacki et al. 2017; Murthy et al. 2021).

However, the detection rate of HI 21-cm absorption
is found to vary across different classes of AGNs. The
properties of the absorbing HI gas are found to depend
on the radio continuum emission with higher incidence
(~30-60%) in compact young radio sources (com-
pact steep-spectrum and giga-Hertz-peaked spectrum
sources) compared to extended radio sources (S15%),
due to a high gas covering factor (e.g., Pihlstrom et al.
2003; Vermeulen et al. 2003; Gupta et al. 2006; Chan-
dola et al. 2013; Maccagni et al. 2017). Compact
radio sources also show higher frequency of blueshifted
and broad or asymmetric absorption lines implying
the presence of unsettled gas (e.g., Geréb et al. 2015;
Glowacki et al. 2017). The physical conditions in the
ISM of the host galaxy, such as presence of dust
are additionally found to influence the occurrence of
associated HI absorption. Based on their mid-infrared
colors, dusty gas-rich radio AGN are found to exhibit
higher incidence (~40-70%) of HI absorption com-
pared to dust-poor sources (e.g., Chandola & Saikia
2017; Maccagni et al. 2017). While low-excitation radio

galaxies (LERGs) are found to yield overall lower detec-
tion rate of HI absorption compared to high-excitation
radio galaxies (HERG?S), is likely due to the suppressed
star formation, LERGs with compact radio emission
and bright mid-infrared colors give rise to high detec-
tion rate (*70%; Chandola & Saikia 2017).

Further, radio galaxies are found to have two times
higher HI absorption detection rate compared to radio
quasars (Gupta et al. 2006), consistent with the unifica-
tion model, where the circumnuclear structure obscures
a radio galaxy or type-2 AGN, while quasars or type-1
AGN are unobscured. However, high incidence (~80%)
of Hr absorption has been observed in radio-selected red
quasars that likely represent early dust-obscured phase
of AGN (Carilli et al. 1998a). In addition, HI absorp-
tion is found to be highly prevalent (*~84%) in radio
AGN present in galaxies undergoing mergers (Dutta
et al. 2018, 2019). Radio-loud mergers show signif-
icantly stronger (*5x) HI absorption and also higher
(A3 x) occurrence of redshifted absorption compared to
non-merging radio AGNs. This indicates that the merg-
ing process is efficient in funneling large quantities of
neutral gas to the galaxy centers and that could be linked
with triggering of the AGN activity.

3.2.2 Hi absorption in high-z AGN and redshift evolu-
tion While the above studies have found more than
150 associated HI 21-cm absorbers at z<1, endeav-
ors to detect these absorbers at z > 1 have met with
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Figure 7. Velocity-integrated HI 21-cm optical depth (left) and detection rate of HI 21-cm absorption (right) as a function
of redshift in flat-spectrum radio sources from the study of Aditya & Kanekar (2018a).

low detection rates (<10%; e.g., Curran et al. 2008,
2013a; Aditya et al. 2016; Aditya & Kanekar 2018a, b;
Grasha et al. 2019). There are currently only 12 detec-
tions of associated HI 21-cm absorption at z > 1
(Uson et al. 1991; Moore et al. 1999; Ishwara-Chandra
et al. 2003; Curran et al. 2013b; Aditya et al. 2021;
Aditya & Kanekar 2018a; Adityaeral. 2021; Dutta et al.
2020a; Chowdhury et al. 2020a; Gupta et al. 2021b).
Curran et al. (2013a) argued that a high UV luminos-
ity of the AGNSs at high redshifts is likely the dominant
cause for the low detection rate at high redshifts. In a
flux-limited sample, the AGNs at high redshifts would
have systematically higher UV luminosities owing to
the Malmquist bias. The strong UV radiation would ion-
ize the surrounding neutral gas, leading to lowering of
HI column density and detection rate. Further, Curran
et al. (2013a) predicted a cut-off AGN UV luminosity
of 102> W Hz™!, above which they claim that all the
neutral gas in the AGN surroundings would be ionized
and HI 21-cm absorption cannot be detected.

It should be noted, however, that the observed Hi1
21-cm absorption strength depends critically on the
fraction of the background radio source that is covered
by the foreground neutral gas. As mentioned in Sec-
tion 3.2.1 the HI detection rate is known to be higher
in compact AGNs compared to extended sources. In
addition, the AGN orientation with respect to the gas
disk and the gas spin temperature are strong factors
that affect HI 21-cm absorption strength. Aditya et al.
(2016) and Aditya & Kanekar (2018b) conducted a sur-
vey using GMRT in a sample of 92 uniformly-selected
flat-spectrum radio sources at 0 < z < 3.6 (Figure 7).
The radio sources in their sample are either compact
or core-dominated, indicating that the gas covering fac-
tor is nearly uniform across the sample. They found

a significant dependence (at =3¢ significance) of HI
21-cm absorption strength on redshift and UV, and 1.4
GHz radio luminosities of the AGNs, with lower H1 21-
cm absorption strength at higher redshifts and higher
luminosities. While a high UV luminosity of the AGN
would ionize the neutral gas as discussed above, a high
radio luminosity would raise the gas spin temperature;
both these effects would lower the HI 21-cm absorption
strength and detection rate. Further, a redshift evolution
in the gas properties, for example, higher spin tem-
peratures in systems at high redshifts as observed in
intervening DLAs (Section 3.1.4), could also cause a
low absorption strength at high redshifts. Based on non-
detection of associated HI1 21-cm absorption in a sample
of 29 AGNs at 0.7 < z < 1 with uGMRT, Murthy
et al. (2022) found that the strength of the HI absorption
towards extended radio sources is significantly (*30)
weaker at 0.7 < z < 1 than at z < 0.25, which they
attribute to a redshift evolution in the physical condi-
tions of the HI gas due to either a low HI column density
or a high 7 in high-z AGN environments.

Grasha et al. (2019) conducted a survey of HI
21-cm absorption in a sample of 145 compact sources
at 0.02 < z < 3.8. While their results confirm a
low detection fraction at high redshifts, they do not
find a correlation between HI absorption detection rate
and 1.4 GHz luminosity. Further, they do not find any
detections in AGNs with UV luminosities higher than
10> W Hz~!, supporting the hypothesis of Curran
et al. (2013a). However, Aditya et al. (2021,7?) have
reported detections of associated HI 21-cm absorption
towards two compact AGNs at z ~ 1.2 and z ~
3.5, respectively, which have UV luminosities >10?3
W Hz~!, demonstrating that neutral gas can indeed
survive in the host galaxies of AGNs with high UV
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luminosities. Future surveys that can compare the HI
21-cm absorption properties in statistical samples with
similar luminosities at different redshifts, and in sam-
ples at similar redshifts, but with different luminosities,
will be able to break the above degeneracy and test for
redshift evolution.

Furthermore, the presence of dust as indicated by
red colors and strong MgII absorption in the optical
spectra of radio quasars have been observed to lead to
an increased detection rate of associated HI absorption
(Carilli et al. 1998a; Ishwara-Chandra et al. 2003; Dutta
et al. 2020a). The HI 21-cm absorption in such systems
is typically observed to be kinematically offset from the
Mg11 absorption in the optical spectra of the quasars.
This could be due to the HI gas in the vicinity of these
AGNs having small-scale structures that give rise to dif-
ferent absorbing components, and the optical and radio
sightlines probing different volumes of the gas (Dutta
et al. 2020a).

3.2.3 Spatially-resolved studies of H1 gas in AGN
The definitive way to trace the circumnuclear regions in
radio galaxies is through high-spatial resolution (mas)
observations using VLBI. Atz < 0.1, HI 21-cm absorp-
tion line can be used to trace the structure and kinematics
of the circumnuclear regions, if the radio continuum
emission is sufficiently bright and extended at mas-
scales (see Araya et al. 2010; Morganti & Oosterloo
2018), for compilations of HI VLBI observations of
AGN:Ss. Such observations have uncovered a variety of
circumnuclear HI structures including discs, tori, rings
and bars (e.g., Taylor 1996; Carilli et al. 1998b,Cole
et al. 1998; Peck et al. 1999; Mundell et al. 2003; Mor-
ganti et al. 2011). In addition, high-spatial resolution
observations reveal feeding and feedback phenomena
associated with the AGN traced through HI gas inflows
and outflows, particularly in young radio sources. These
observations show that most of the fast (>1000 km s~")
and massive (up to few tens of Mo yr—!) Hi outflows
are driven by radio jets from the AGN (e.g., Oosterloo
et al. 2000; Morganti et al. 2004, 2013; Schulz et al.
2018, 2021). Furthermore, these outflows often trace a
clumpy medium and different stages in the interaction
between radio jets and ISM clouds. It has been more
challenging to obtain direct evidence of HI gas fuel-
ing the central AGN due to difficulty in distinguishing
between infalling and rotating gas. However, few high-
spatial resolution observations of HI absorption do show
signatures of infalling gas clouds fueling the AGN activ-
ity (e.g., Araya et al. 2010; Struve & Conway 2010;
Srianand et al. 2015).
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4. Hi 21-cm science with SKA and its
pre-cursors/pathfinders

The unmatched sensitivity and resolution of the SKA
(Dewdney et al. 2009) will allow us to address a wide
variety of open questions in the field of galaxy evolu-
tion using the H1 21-cm line. In preparation for SKAI,
a large number of surveys with SKA pathfinders, e.g.,
upgraded GMRT (uGMRT; Gupta et al. 2017), Aper-
ture tile in focus (APERTIF; Oosterloo et al. 2009), and
pre-cursors, e.g., Australian SKA pathfinder (ASKAP;
Hotan et al. 2021), MeerKAT (Jonas 2016), are being
planned/conducted. We discuss here the prospects for HI
21-cm emission and absorption science with the above
facilities.

4.1 HI emission science

Due to the intrinsic faintness of the HI 21-cm emission
line, HI mapping of galaxies has been feasible only up
to z ~ 0.2 with the existing radio telescopes, except
for a few objects that were detected using long integra-
tion times. The COSMOS HI large extragalactic survey
(CHILES) has acquired the highest redshift direct HI
detection to date at z ~ 0.376 (Fernandez et al. 2016).
More recently, there has been tentative detection of HI
emission from a strongly lensed galaxy at z ~ 0.407
(Blecher et al. 2019). SKA precursors are extending
the scope of HI 21-cm emission studies of galaxies by
improving the observational capabilities in radio astron-
omy, such as sensitivity, survey speed and resolution.
We discuss here some of the major ongoing/upcoming
H121-cm emission surveys with ASKAP and MeerKAT
that include: (i) wide-area shallow surveys for cosmol-
ogy, (ii) medium-area deep surveys to study individual
galaxies and their environmental dependence and (iii)
medium to narrow-area deep surveys to study the
redshift evolution of galaxies.

The widefield ASKAP L-band legacy all-sky blind
survey (WALLABY; Koribalski et al. 2020), the wide-
area shallow survey being carried out using ASKAP,
proposes to observe ~75% of the sky (—=90° < § <
30°) up to z ~ 0.26. It is estimated that around 500,000
galaxies will be detected over the entire survey area
(assuming 30" angular resolution) with ~1000 of them
being spatially well-resolved (with >10 beams). This
survey will give a complete 3D sampling of the south-
ern sky, which can be used to refine cosmological
parameters using the spatial and redshift distribution
of low-mass gas-rich galaxies. WALLABY early sci-
ence results (Reynolds et al. 2019; Lee-Waddell et al.
2019; Elagali et al. 2019; Kleiner et al. 2019; For et al.



J. Astrophys. Astr. (2022) 43:103

2019) include the discovery of new dwarf galaxies and
HI debris in galaxy groups.

The HI component of the MeerKAT international
GHz tiered extragalactic exploration (MIGHTEE) sur-
vey is a medium-deep, medium-wide survey that covers
a?20 deg2 area out to z ~ 0.6 (Jarvis et al. 2016; Mad-
dox et al. 2021). The combination of MeerKAT data and
existing extensive multiwavelength data would allow
studies of the (i) HIMF as a function of redshift, (ii)
Hr kinematics including BTFr and dark matter distribu-
tion of dwarfs, (iii) HI gas properties as a function of
environment, (iv) redshift evolution of the neutral gas
content over the past five billion years and (iv) spectral
stacking to detect HI below the detection limit.

The MeerKAT fornax survey (MFS; Serra et al. 2016)
is a medium-deep survey to observe a region of ~12
deg?, reaching a projected distance of 1.5 Mpc from the
center of the Fornax cluster. This survey will cover a
wide range of environments from cluster center to out-
skirts, which will allow studies of the HIMF down to
10° Mg, as a function of the environment. In addition,
the HI morphologies of resolved galaxies (at resolu-
tion ~1 kpc and N(HI) sensitivity of few times 10'°
cm™2) in the Fornax cluster can be used to study the
environmental processes as a function of cluster-centric
radius.

The MeerKAT observations of nearby galactic
objects—observing southern emitters (MHONGOOSE;
de Blok et al. 2016) survey is a medium-deep pointed
MeerKAT HI survey of 30 nearby galaxies (55 h per
field) to study the low-column density environment
down to a 3¢ N(HI) limit of <10'® cm™2, which is
a few hundred times fainter than the typical HI disks in
galaxies. This survey is expected to directly detect the
effects of cold accretion from the IGM and the links
with the cosmic web. This is the first survey to com-
bine high N (HI) sensitivity and high spatial resolution
over a large field-of-view, and will therefore, probe the
connection between galaxies and the IGM in the nearby
Universe at an unprecedented level.

The deep investigation of neutral gas origins (DINGO;
Meyer 2009; Duffy et al. 2012) survey is a deep
medium-wide survey that aims to observe ~180 deg?
of the sky up to z ~ 0.4 with ASKAP. The survey
targets fields covered by the galaxy and mass assem-
bly survey (Driver ef al. 2011), and therefore, has rich
ancillary data including galaxy redshifts, stellar and
star-formation properties, and environmental catalogs.
The full DINGO survey aims to detect all galaxies with
My > 10° M within the survey area up to z < 0.1
to sample below the knee of the HIMF. Through stack-
ing, DINGO aims to detect HI in different halo mass
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(M, = 10"2-10" M) and redshift (0.25 < z < 0.4)
bins. In total, DINGO expects to detect >10* galaxies
up toz < 0.4.

The looking at the distant Universe with MeerKAT
array (LADUMA; Holwerda et al. 2012; Blyth et al.
2018) survey being carried out using MeerKAT will
be the deepest HI 21-cm emission survey. Uisng 3424
h of observations in a single pointing in the extended
Chandra deep field south, this survey will probe the
HI gas in emission for the first time up to z ~ 1.4
through direct and stacked detections. LADUMA will
study the HI mass function and the connection between
HI gas and galaxy properties as a function of redshift
and environment, and the redshift evolution of the BTFr
and the cosmic HT density.

Looking further ahead, the SKA will provide break-
through observations with its unprecedented sensitivity,
sky coverage and spatial resolution. The full SKA
will allow mapping of individual galaxies at 1” res-
olution out to z ~ 1, an order of magnitude deeper
than the current interferometers, and reach the same
angular resolutions that are now achieved for the local
group out to ~10 Mpc. In addition, the SKA will
provide enough survey speed to detect HI emission
from around a billion galaxies over (3/4)th of the sky
out to z ~ 2 (Yahya et al. 2015). The SKA will
provide the possibility to study tidal interactions and
minor mergers in unprecedentedly large galaxy sam-
ples, hence, allowing us to investigate the accretion
and removal rates from interaction, and their depen-
dence on environment and time. Further, the SKA will
allow the study of kinematics of HI halos, which gives
essential information about the exchange of material
and angular momentum between galactic disks and
the IGM (Marinacci et al. 2010a, b). With the SKA,
it will be possible to study the HI mass function up
to higher redshifts (z ~ 1). The slope, scatter and
zero-point of the BTFr can be studied as a function of
redshift, cosmic environment and global galaxy prop-
erties with the SKA, since it provides adequate angular
resolution and column density sensitivity to image the
HI1 kinematics at higher redshifts, as well as survey
volumes that encompass all cosmic environments.

4.2 H1 absorption science

Despite extensive efforts by the community as detailed
in Section 3, the relatively small number of HI 21-cm
absorbers detected to date (*60 intervening absorbers;
~150 associated absorbers, only 12 at z > 1) hinders
our ability to utilize these absorbers to trace the evolu-
tion of neutral gas and its interplay with galaxies across
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cosmic time. The main technical limitations affecting
HI1 21-cm absorption searches so far have been small
bandwidths and restricted frequency ranges due to the
presence of strong radio-frequency interference (RFI).
It has thus been challenging to conduct blind absorption
line searches in statistical samples (see, however, Dar-
ling et al. 2011; Grasha et al. 2020), leading to biases
due to small sample sizes and different optical/UV pre-
selection techniques that complicate the interpretation
of results. The instantaneous large bandwidths, broad
frequency coverage in low-RFI environments and high
survey speed of the new telescopes are enabling large,
blind and wide-area surveys of HI 21-cm absorption,
e.g., search for HI absorption with APERTIF (SHARP;
Maccagni et al. 2017), first large absorption survey in
Hi (FLASH; Allison et al. 2021) and MeerKAT absorp-
tion line survey (MALS; Gupta et al. 2016). SHARP
will search for HI 21-cm absorption up to z ~ 0.26
in the northern hemisphere using the new APERTIF
system on WSRT. In the southern hemisphere, FLASH
will search for HI 21-cm absorption over the intermedi-
ate redshift range, 0.5 < z < 1.0, using ASKAP, while
MALS will search for absorption over 0 < z < 1.5
using MeerKAT.

By searching for absorption along tens of thou-
sands of sightlines towards radio sources down to ~15
mly over ~1000-30000 deg?, the above surveys are
expected to produce several hundreds of intervening
absorbers and thousands of associated absorbers out
to z ~ 1.5. These surveys will not just expand the
sample sizes of HI 21-cm absorbers by over an order
of magnitude, being blind surveys they will enable
us to trace the cosmic evolution of cold neutral gas
content in galaxies in a systematic and unbiased way
using homogeneous flux-limited samples. Comparison
of HI absorbing gas properties across different classes
of normal and active galaxies with high statistical
confidence will also become possible with such large
samples. Early science results are already beginning to
demonstrate the potential of these large surveys, e.g.,
searches towards dust-obscured, reddened, lensed and
radio-selected sources (Glowacki et al. 2019; Combes
et al. 2021; Mahony et al. 2022), new constraints on
the column density distribution, number density and
covering factor of HI absorbers from blind samples
(Allison et al. 2020; Sadler et al. 2020; Gupta et al.
2021a).

In addition, the increased sensitivity and almost
continuous frequency coverage over 125-1460 MHz
offered by the uGMRT is allowing us to conduct blind
H1 21-cm absorption surveys up to higher redshifts
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and in redshift ranges that were previously inacces-
sible to radio interferometers in relatively RFI-free
environments. For example, uGMRT has enabled new
detections of intervening HI 21-cm absorbers in z ~
2 DLAs (Kanekar 2014) and associated HI 21-cm
absorbers in the intermediate redshift range 0.7 < z <
1.0 (Aditya 2019; Murthy et al. 2022), at z &~ 1 (Dutta
et al. 2020a; Chowdhury et al. 2020a), at z &~ 2 (Gupta
etal.2021b)and at z ~ 3.5, the highest redshift at which
HI 21-cm absorption has been detected to date (Aditya
etal. 2021). Based on blind, dust-unbiased surveys with
uGMRT at z < 0.4 and at 2 < z < 5, the number of
HI 21-cm absorbers per unit redshift is estimated to be
<0.14atz =~ 0.18 and <0.048 at z ~ 2.5 for 50 N(HI)
threshold of 5 x 10'® cm™2 and Ty = 100 K (Gupta
et al. 2021a,b). These surveys also constrain the cover-
ing factor of CNM gas to be 0.022 at impact parameters
between 50 and 150 kpc from z < 0.4 galaxies and
<0.2 in 2 < z < 3 DLAs. Further, from an unbiased
survey of HI 21-cm absorption over 0.7 < z < 1.5
towards radio sources in the DEEP2 fields, Chowdhury
et al. (2020a) detected two of the highest optical depth
Hi 21-cm absorbers (N(HI) > 10?> cm™2) at z &~ 1.2
that are associated with reddened AGNs with low rest-
frame radio and UV luminosities.

Building upon the knowledge gained through the
above studies, ongoing and future HI 21-cm absorption
surveys with the pathfinders, pre-cursors and eventu-
ally SKA, will put more stringent constraints on cold
HI gas properties in galaxies and their redshift evolu-
tion by covering larger redshift pathlengths and will
also open up new discovery space. Proposed HI 21-cm
absorption surveys with SKA1-MID (350-1050 MHz)
are expected to reach spectral line sensitivities of <0.1
mlJy and detect several thousand intervening absorbers
and a few hundred outflows over z & over 10000 deg?
up to z &~ 3, while surveys with SKA1-LOW (50-350
MHz) are expected to reach sensitivities of <0.5 mJy
and discover new galaxies and quasars through Hr 21-
cm absorption over the as of yet poorly explored redshift
range of 3 < z < 8 (Morganti et al. 2015b). Subse-
quently, SKA2 will facilitate measurements of mass,
size and kinematics of normal galaxies and detailed
studies of cold gas flows in radio galaxies over almost
the full range of cosmic time (Kanekar & Briggs 2004).
As a final point, it is noted that the SKA will enable us
to test the importance of the role of magnetic fields in
galaxy formation and evolution through measurement
of Zeeman splitting and rotation measure synthesis in
MW and external galaxies (Robishaw et al. 2015; Heald
et al. 2020). For example, observations of Faraday rota-
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tion measure and Zeeman splitting in the HI 21-cm
absorption line arising from DLAs and MgII systems
could be used to constrain the evolution of magnetic
fields in galaxies across cosmic time (Farnes et al.
2017).

5. Conclusion

In this review, we have discussed different HI 21-cm
emission and absorption studies of the atomic hydrogen
gas in galaxies, which fuels and regulates star formation
in galaxies along with being a key input to under-
stand how various physical processes govern galaxy
formation and evolution. Further ahead, the SKA will
revolutionize our knowledge of the role of HI gas in
galaxy evolution. Studying the neutral gas distribution
and kinematics of galaxies in statistical samples in dif-
ferent environments and as a function of cosmic time is
vital to develop a holistic understanding of galaxy evo-
lution. Indeed, this is one of the key science drivers for
the development of SKA. The combination of unprece-
dented sensitivity, resolution and wide receiver bands
of the SKA will permit us to image the HI gas in emis-
sion in galaxies in the local volume at resolutions of
<100 pc and in a substantial number of high-z galaxies
for the first time. Complementary to sensitive HI emis-
sion observations, blind, wide-area HI absorption line
surveys will uncover several thousands of intervening
and associated absorbers that will trace the HI gas in
galaxies up to the earliest cosmic epochs.

Finally, HI 21-cm surveys with SKA pre-cursors
and eventually, SKA will provide exciting avenues
for multi-wavelength follow-up studies to combine
emission and absorption line observations and connect
multiphase gas in and around galaxies (e.g., Morganti
et al. 2015a; Neeleman et al. 2017; Kanekar et al.
2018b; Combes et al. 2019; Péroux et al. 2019; Weng
et al. 2021). There will be ample scope for synergy
with recent and upcoming telescopes in other wave-
lengths that will trace different gas phases, e.g., cold
molecular gas using (sub-)mm observations with the
Atacama large millimeter/submillimeter array and the
northern extended millimeter array, warm ionized gas
using optical/IR observations with the extremely large
telescope, the James webb space telescope and the
thirty meter telescope, and hot-ionized gas using X-ray
observations with eROSITA and Athena. Therefore, in
the coming few decades, we will be able to address
some of the key open questions in galaxy evolution:
what is the role played by HI gas in the evolution of
galaxies, how does the connection between HI gas, other
gas phases and galaxy properties vary as a function of
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galaxy environment and cosmic time, how do gas flows
drive the co-evolution of AGN and galaxies over cosmic
time.
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