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Abstract. This review summarizes recent studies of the cold neutral hydrogen gas associated with galaxies
probed via the HI 21-cm absorption line. HI 21-cm absorption against background radio-loud quasars is a
powerful tool to study the neutral gas distribution and kinematics in foreground galaxies from kilo-parsec to
parsec scales. At low redshifts (z < 0.4), it has been used to characterize the distribution of high column
density neutral gas around galaxies and study the connection of this gas with the galaxy’s optical properties.
The neutral gas around galaxies has been found to be patchy in distribution, with variations in optical depth
observed at both kilo-parsec and parsec scales. At high redshifts (z > 0.5), HI 21-cm absorption has been used
to study the neutral gas in metal or Lyman − α absorption-selected galaxies. It has been found to be closely
linked with the metal and dust content of the gas. Trends of various properties like incidence, spin temperature
and velocity width of HI 21-cm absorption with redshift have been studied, which imply evolution of cold
gas properties in galaxies with cosmic time. Upcoming large blind surveys of HI 21-cm absorption with next
generation radio telescopes are expected to determine accurately the redshift evolution of the number density
of HI 21-cm absorbers per unit redshift and hence understand what drives the global star formation rate density
evolution.
Keywords. Galaxies—absorption lines—interstellar medium.

1. Introduction
The interstellar medium (ISM) of a galaxy is a complex
and dynamic system with constant interplay of matter,
momentum and energy between the various ISM phases
and the stars. The phase structure of the ISM is hence
a direct probe of various complex astrophysical processes that take place inside a galaxy. In addition, the
ISM mediates between the stellar- and the galactic-scale
processes. The accreting ionized gas from the intergalactic medium (IGM) passes though the different ISM
phases before getting converted to stars. On the other
hand, galactic winds, outflows and fountains populate
the IGM with metals. Diffuse ionized hydrogen gas and
metals have been observed to extend up to few hundreds of kilo-parsec around galaxies, constituting the
circumgalactic medium (CGM; Tumlinson et al. 2017).
The large-scale multi-phase gas distribution in the CGM
around galaxies, due to infalls, outflows and mergers, is
again intricately linked with the ISM and the star formation in galaxies. Therefore, the ISM and CGM phases
are expected to contain an imprint of the collective
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outcome of all the processes that shape the star formation history of the Universe (Hopkins & Beacom 2006).
In this review, we focus on the neutral gas phase in
and around galaxies. In particular, we review studies of
the cold neutral hydrogen gas as probed using the tool of
HI 21-cm absorption. In Sections 2 and 3, we introduce
the neutral gas phase and HI 21-cm absorption, respectively. We discuss results from studies of distribution
of cold neutral gas around low-z galaxies in Section 4,
dependence of cold neutral gas on metals and dust at
high-z in Section 5, and the redshift evolution of cold
gas properties in Section 6. We conclude by discussing
future prospects in Section 7.

2. The neutral gas phase
The neutral gas phase in and around galaxies acts as
the intermediary phase between the accreting ionized
gas from the IGM and the molecular gas phase in the
stellar disc that gets converted to stars. It thus is the
reservoir from which molecules and stars form and
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consequently plays a crucial role in galaxy formation
and evolution. The HI disc around galaxies is the component that gets affected the most by tidal interactions
and mergers, since it is more extended than the stellar
disc, typically by more than a factor of two (Haynes
et al. 1979; Rosenberg & Schneider 2002; Oosterloo
et al. 2007; Sancisi et al. 2008; Chung et al. 2009; Mihos
et al. 2012). Therefore, in the hierarchical structure formation models, galaxy formation is expected to leave its
imprint on the atomic gas mass density and its evolution
with redshift.
The neutral gas exists in two dominant phases, the
cold neutral medium (CNM; T ∼ 100 K, n ∼ 30 cm−3 )
and the warm neutral medium (WNM; T ∼ 104 K,
n ∼ 0.3 cm−3 ). Field et al. (1969) demonstrated that
the CNM and the WNM can coexist in pressure equilibrium, such that the neutral gas can be considered as a
two-phase medium. Observations of the Milky Way and
nearby galaxies also provide evidence for a two-phase
neutral medium (e.g. Dickey et al. 1983; Kulkarni &
Heiles 1987; Wolfire et al. 1995; Mebold et al. 1997;
Braun 1997; Dickey et al. 2000). Wolfire et al. (1995)
and Wolfire et al. (2003) investigated the thermal balance of the WNM and CNM phases in the Galactic ISM.
They found that their two-phase model, with thermal
pressure in the range ∼103−4 K cm−3 , is in good agreement with observations of the Galactic ISM. In addition,
the pressure equilibrium in their model depends on
the gas phase abundance, dust abundance, metallicity,
absorbing column density and radiation field. However, note that Heiles & Troland (2003) found that a
large fraction, i.e. about 50% of the WNM lies in the
thermally unstable region of 500–5000 K. The heating
mechanisms in the neutral ISM are dust photoelectric
heating, cosmic ray heating, X-ray heating and heating
by C i ionization, with dust photoelectric heating being
the dominant heating mechanism. Radiative cooling by
emission of the fine-structure lines, C ii* λ158μm and
O i* λ63μm, dominates at n  1 cm−3 (T  2000 K),
while electron recombination onto positively charged
grains and radiative losses from resonant transitions like
Lyman-α dominate at n  0.1 cm−3 (T  7000 K).
3. HI 21-cm absorption
The neutral gas in the ISM can be detected and studied
via the HI 21-cm line, which originates in the hyperfine
splitting of the 1s electronic ground state of hydrogen
atom. Predicted by H.C. Van de Hulst in 1945 (van de
Hulst 1945), HI 21-cm emission from our Galaxy was
first detected in 1951 (Ewen & Purcell 1951; Muller

J. Astrophys. Astr.

(2019) 40:41

& Oort 1951; Pawsey 1951). Since then the HI 21cm emission line has proved to be a powerful tool for
studying the distribution, amount, kinematics, and temperature of the neutral gas in our Galaxy as well as other
galaxies. In the local Universe (z 0.2), blind HI 21cm emission-line surveys using single-dish telescopes
have provided reliable measurements of the cosmological HI mass density (Rosenberg & Schneider 2002;
Zwaan et al. 2005a; Hoppmann et al. 2015; Jones et al.
2018), and spatially resolved HI imaging using interferometers have traced the large scale dynamics of galaxies
(van der Hulst et al. 2001; Zwaan et al. 2001; Verheijen et al. 2007; de Blok et al. 2008; Walter et al. 2008;
Begum et al. 2008; Catinella & Cortese 2015). Rotation curves derived from HI 21-cm emission maps of
galaxies have provided evidence for the existence of
dark matter (Bosma 1978, 1981a, b; van Albada et al.
1985; Rubin et al. 1985; Begeman 1987; Broeils 1992).
However, the flux of the HI 21-cm emission signal is
inversely proportional to the square of the distance to the
unresolved emitting gas. Hence, sensitivities of present
day radio telescopes make it difficult to directly map HI
emission from z  0.2 galaxies. The highest redshift
(z = 0.376) HI 21-cm emission detection to date (Fernández et al. 2016) has been possible due to very long
integration (178 hours) using the Karl G. Jansky Very
Large Array (VLA). Besides direct detection of HI 21cm emission from galaxies, there have been several HI
21-cm emission line stacking experiments which have
studied the average HI properties of different samples
of galaxies (Lah et al. 2007, 2009; Delhaize et al. 2013;
Rhee et al. 2013, 2018; Kanekar et al. 2016). In addition
to stacking, intensity mapping and cross-correlation of
HI 21-cm emission with optical galaxy surveys (e.g.
Chang et al. 2010; Masui et al. 2013) can complement
individual HI line surveys and probe the average HI
emission of galaxies upto higher redshifts (z ∼ 1).
Unlike HI 21-cm emission, the detectability of HI 21cm absorption is not limited by distance of the absorbing
gas and depends only on the strength of the background
radio sources and HI 21-cm absorption cross-section
projected on the sky by the galaxies. Therefore, HI 21cm absorption line studies can complement the emission
line surveys to trace the evolution of the atomic gas component in galaxies. The first Galactic detections of HI
21-cm absorption were reported by Hagen et al. (1954),
Hagen & McClain (1954) and Hagen et al. (1955). Clark
et al. (1962) was the first to use extragalactic radio
sources to probe Galactic HI 21-cm absorption, followed by Shuter & Gower (1969) and Heiles & Miley
(1970). The first detection of extragalactic HI 21-cm
absorption was from the radio galaxy, Centaurus A
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(Roberts 1970). Thereafter, Brown & Roberts (1973)
detected HI 21-cm absorption at z = 0.692 towards the
background quasar 3C 286. Subsequently, HI 21-cm
absorption has been used to probe the atomic gas in
galaxies upto higher redshifts (see Kanekar et al. 2014,
for a compilation), starting with detections of HI 21-cm
absorption at z > 1 by Wolfe & Davis (1979), Wolfe
et al. (1981) and Wolfe et al. (1985).
Further, HI 21-cm emission line observations of
nearby dwarf and spiral galaxies indicate that properties
of the CNM phase and ∼100 pc- to 2 kpc-scale structures detected in the HI gas are closely linked with the
in-situ star formation in galaxies (e.g. Tamburro et al.
2009; Bagetakos et al. 2011; Ianjamasimanana et al.
2012). However, identification of CNM gas through HI
21-cm emission is not straightforward as it depends on
Gaussian decomposition of the emission line profiles.
In the absence of absorption line measurements, it is not
known whether the HI 21-cm emission line components
exhibiting smaller line widths (and hence assumed to
correspond to CNM) are truly cold. Therefore, the contributions due to turbulent motions and the processes
driving the observed properties of HI gas are poorly constrained. Moreover, HI 21-cm emission studies usually
do not have sufficient spatial resolution to detect parsecscale structures. On the other hand, HI 21-cm absorption
is an excellent tracer of the CNM phase (Kulkarni &
Heiles 1988), and can be used to study parsec-scale
structures in the HI gas using sub-arcsecond-scale spectroscopy (e.g. Srianand et al. 2013).
The
 HI 21-cm optical depth integrated over velocity ( τ dv in km s−1 ) is related to the column density
of neutral hydrogen, N (HI) (cm−2 ), spin temperature
Ts (K) of the gas, and the fraction Cf of the background radio source covered by the absorbing gas, as
(e.g. Rohlfs & Wilson 2000):

18 Ts
τ dv,
(1)
N (HI) = 1.823 × 10
Cf
where the HI 21-cm line is assumed to be optically thin.
Note that if there are a number of HI gas clouds at different phases along the line-of-sight giving rise to the
absorption line, then the effective Ts measured would
be the column density-weighted harmonic mean of the
Ts of the different clouds. The inverse dependence of
the HI 21-cm optical depth on Ts , coupled with its very
low transition probability and its resonance frequency
falling in the radio wavelengths, make the HI 21-cm
absorption line a good tracer of high column density
cold HI gas without being affected by dust and luminosity biases. Hence, the HI 21-cm absorption line can
be used to investigate:
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1. the thermal state of the HI gas, since the HI 21cm optical depth depends inversely on Ts , which
is known to follow the gas kinetic temperature
in the CNM (Field 1959; Bahcall & Ekers 1969;
McKee & Ostriker 1977; Wolfire et al. 1995; Roy
et al. 2006), and can be coupled to the gas kinetic
temperature via the Lyman − α radiation field in
the WNM in case of a two-phase medium (Liszt
2001);
2. the kinetic temperature of the gas can also be constrained using the thermal widths of the individual HI 21-cm absorption components, subject to
the Gaussian modeling (e.g. Lane 2000; Kanekar
et al. 2001);
3. the parsec-scale structure in the absorbing gas via
sub-arcsecond-scale spectroscopy (e.g. Srianand
et al. 2013; Biggs et al. 2016; Gupta et al. 2018b);
4. the magnetic field in the CNM using Zeeman
splitting (Heiles & Troland 2004);
5. the filling factor of cold gas in the ISM/CGM of
galaxies;
6. the underlying potential using the overall velocity
width of the HI 21-cm absorption lines;
7. the temporal and spatial variation in fundamental constants of physics like electromagnetic fine
structure constant, the proton-to-electron mass
ratio and the proton g-factor (Wolfe et al. 1976;
Carilli et al. 2000; Chengalur & Kanekar 2003;
Kanekar et al. 2010, 2012; Rahmani et al. 2012).
Next, we discuss some of the limitations of the HI
21-cm absorption line technique. The main limitation
when estimating N (HI) from HI 21-cm absorption is
that the two parameters − Ts and Cf in Equation 1, cannot usually be well-constrained. Comparison of both HI
21-cm emission and absorption spectra can be used to
estimate Ts . Such studies are possible in our Galaxy and
nearby galaxies (e.g. Wakker et al. 2011; Keeney et al.
2011; Dutta et al. 2016). Though it should be noted that
the angular scales probed by HI 21-cm emission are
usually larger than that by HI 21-cm absorption. Therefore, N (HI) obtained from HI emission maps represents
average HI surface density, while the cold gas traced by
HI 21-cm absorption could be much clumpier, implying
that there will be uncertainties in comparing HI emission to absorption. However, such comparisons of HI
emission and absorption are not feasible at high redshifts as explained above. Hence, for identifying and
studying the ISM of high redshift galaxies, one usually has to rely on absorption lines detected towards
bright background sources like quasars and gamma ray
bursts. In such cases, Ts can be estimated if there is
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Figure 1. Schematic diagram to illustrate how spectra of
background quasars are used to probe the gas around foreground galaxies. The projected separation between the quasar
and galaxy is termed as the impact parameter.

independent measurement of N (HI) from Lyman − α
absorption in optical or ultraviolet (UV) spectra. However, this technique suffers from uncertainties regarding
how much of the HI gas traced by Lyman − α absorption is associated with the 21-cm absorbing gas, and
whether the radio and optical lines-of-sight are aligned.
The second parameter, Cf , is usually taken to be unity
for lack of sufficient information about the extent of the
absorber and the background radio source. This can be
estimated by comparing the flux density of the radio
source at high spatial resolution (parsec-scales), from
Very Long Baseline Interferometry (VLBI) observations at the redshifted HI 21-cm line frequency, with
the total flux density at the lower spatial resolution (usually kilo-parsec-scales) at which absorption is observed
(e.g. Kanekar et al. 2009a; Gupta et al. 2012). However,
VLBI observations of the radio sources may not always
be available, especially at lower frequencies as required
for the high redshift absorbers.
HI 21-cm absorption can be classified into two categories: (a) intrinsic and (b) intervening. The former
probes neutral gas associated with the Active Galactic
Nucleus (AGN) and its environment, and can be used to
constrain models of formation and evolution of AGN,
as well as the feedback they provide to their host galaxies (see for a review Morganti & Oosterloo 2018). The
latter probes the neutral gas in foreground galaxies and
can be used to study how galaxies form and evolve with
time. Here we concentrate on the latter category. See
Figure 1 for an illustration of quasar absorption line
technique to study the gas associated with intervening
galaxies.

4. Distribution of cold neutral gas around low-z
galaxies
Absorption lines seen in the spectra of background
quasars whose sightline happen to pass through the discs
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or halos of foreground galaxies (we refer to such fortuitous associations as quasar-galaxy-pairs or QGPs from
hereon), allow us to probe the physical, chemical and
ionization state of gas in different environments such as
the stellar discs, extended HI discs, high velocity clouds,
outflows, accreting streams and tidal structures. The
main drawback of quasar absorption line spectroscopy
is that it probes the gas only along the pencil beam
sightline. This issue can be addressed by compiling
a large homogeneous and statistically significant sample of absorbers. The relationship between absorption
strength and impact parameter (projected separation
between quasar sightline and galaxy centre) obtained
from a large number of quasar sightlines passing near
foreground galaxies can then be used to statistically
determine the gas distribution in and around galaxies. Considerable progress has been made in mapping
the distribution of gas in the CGM or galaxy halos
using absorption from Lyman − α (Chen et al. 2001;
Prochaska et al. 2011; Tumlinson et al. 2013; Stocke
et al. 2013; Borthakur et al. 2015), Mg ii (Chen et al.
2010; Kacprzak et al. 2012; Churchill et al. 2013;
Nielsen et al. 2013; Bordoloi et al. 2014a), and other
metals like C ii, C iii, C iv, Si ii, Si iii, Si iv, O vi (Tumlinson et al. 2011; Werk et al. 2014; Bordoloi et al. 2014b;
Liang & Chen 2014). Such studies have shown that the
CGM can extend upto the virial radius (∼100s of kpc);
is typically cool ( 105 K, i.e. below the virial temperature); is likely to be bound to the dark matter halo
of the galaxy (within ∼±200 km s−1 of the galaxy); is
multiphase in nature; and becomes progressively more
ionized with increasing distance from the galaxy centre.
In addition to the above, the Lyman − α absorbing gas
is found to be ubiquitous around both star-forming and
passive galaxies, while the metals are found to be more
patchy in distribution.
Here we are interested in probing the high column
density HI gas around galaxies. Such gas is usually traced by damped Lyman − α absorbers (DLAs;
N (HI)≥ 2×1020 cm−2 ) and sub-DLAs (N (HI)∼ 1019
− 2×1020 cm−2 ) (see Wolfe et al. 2005; Péroux et al.
2005). Thanks to large spectroscopic surveys like the
Sloan Digital Sky Survey (SDSS; York et al. 2000),
thousands of DLAs are known at z > 1.8, and they
are found to trace the bulk (∼80%) of the HI gas
at 2 ≤ z ≤ 4 (Prochaska et al. 2005; Noterdaeme
et al. 2009, 2012). However, atmospheric cutoff of light
below 3000 Å restricts ground-based observations of
DLAs at z < 1.5. UV spectroscopic observations with
the Hubble Space Telescope (HST) have identified ∼70
low-z (z < 1.65) DLAs and sub-DLAs till date (Rao
et al. 2006, 2011; Meiring et al. 2011; Battisti et al.
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2012; Turnshek et al. 2015; Neeleman et al. 2016; Rao
et al. 2017). Using ground-based imaging studies of z <
1 DLAs, Rao et al. (2011) have found an anti-correlation
(Spearman rank correlation coefficient, rs = −0.34 at
3σ level of significance) between N (HI) and impact
parameter (b), with median b = 17 kpc. They also do
not find any correlation between galaxy luminosity and
N (HI) and no significant evidence that galaxies at larger
b are more luminous. Similar trend of N (HI) decreasing with b is found by Rahmani et al. (2016) using
X-Shooter observations of z ∼ 0.6 DLA host galaxies and by Péroux et al. (2012) using integral field unit
observations of H α emission from DLAs at 1 < z < 2.
At z > 2, Krogager et al. (2012) have found an anticorrelation (rs = −0.6) between N (HI) and b, as well
as correlation between metallicity and b, consistent with
simulations that contain feedback mechanisms to control the star formation (Fynbo et al. 2008; Pontzen et al.
2008).
At z = 0, Zwaan et al. (2005b), using HI 21-cm
emission maps of local galaxies, have found that N (HI)
decreases with galactocentric radius. Further, they have
calculated the two-dimensional probability function of
HI column density and impact parameter, and found that
the distribution of b and luminosities of z < 1 DLA
host galaxies can be explained on the basis of the local
galaxy population. Based on their conditional probability distribution of N (HI) and b, the expected median b
for systems with log N (HI) > 20.3 (cm−2 ) is 8 kpc.
However, Rao et al. (2011) found that a significantly
higher fraction of low-redshift DLA host galaxies are
at larger b values, with luminosities less than the characteristic luminosity, which may hint at an evolution
in the HI sizes of galaxies with redshift. Similar studies of HI 21-cm emission in nearby dwarf galaxies have
found that their HI column density distribution function
falls off significantly faster at high N (HI) compared to
that in DLAs and the local luminous galaxy population (Begum et al. 2008; Patra et al. 2013). Hence, the
extent of high N (HI) gas around them is likely to be
much smaller and in order to detect gas with high N (HI)
from dwarf galaxies one must probe them at very small
impact parameters.
While Lyman − α absorption and HI 21-cm emission
trace the neutral gas around galaxies, HI 21-cm absorption towards radio-loud quasars is an excellent tracer of
the CNM phase in galaxies. A detailed study of cold HI
gas in the outer disks and halos of galaxies is required to
understand where and how the infalling/circumgalactic
gas condenses into the ISM. There are usually two
approaches to map the distribution of gas around galaxies using quasar absorption lines: (i) galaxy-blind or
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absorption-selected approach, where one searches for
intervening absorption towards a background quasar
and then tries to identify the associated host galaxy,
and (ii) absorption-blind or galaxy-selected approach,
where one selects a galaxy in close proximity to a background quasar (i.e. a QGP) without prior knowledge
of any absorption along the quasar sightline, and then
proceeds to search for absorption at the redshift of the
galaxy towards the quasar. The advantage of the second
approach over the first is that it is not biased against
dusty sightlines (which are more likely to be conducive
to the presence of cold gas), and hence it is expected to
trace gas associated with the general galaxy population
without any biases.
Following the second approach, HI 21-cm absorption searches from low-z (z < 0.4) QGPs have
revealed a weak anti-correlation between the HI 21cm optical depth and impact parameter (Carilli & van
Gorkom 1992; Gupta et al. 2010; Borthakur et al. 2011;
Borthakur 2016; Zwaan et al. 2015; Reeves et al. 2016).
However, the number of low-z QGPs in these studies
was too small to characterize the distribution of cold HI
gas around galaxies. With a view to map the distribution of high column density (N (HI) ≥ 1019 cm−2 ) cold
(T ∼ few 100 K) HI gas around low-z galaxies, Dutta
et al. (2017c) have carried out a systematic survey of
HI 21-cm absorption in a homogeneous sample of 55
z < 0.4 QGPs (40 of which are in the statistical sample)
towards radio sources at b ∼0–35 kpc. The main results
from this study are highlighted below.

1. Radial profile of cold HI gas around low-z galaxies: The strength and covering factor of HI 21-cm
absorption decreases, albeit slowly, with increasing impact parameter, radial distance along the
galaxy’s major axis and distances scaled with the
effective HI radius (see Figure 2). There is a weak
anti-correlation (rank correlation
 coefficient=
−0.20 at 2.42σ level) between τ dv and b. The
covering factor of HI 21-cm absorbers decreases
+0.09
from 0.24+0.12
−0.08 at b ≤ 15 kpc to 0.06−0.04 at
b = 15–35 kpc. The 3σ τ dv sensitivity for
this estimate is 0.3 km s−1 , which corresponds to
N (HI) = 5 × 1019 cm−2 , for a Ts of 100 K typical
of CNM and Cf of unity.
2. Azimuthal profile of cold HI gas around low-z
galaxies: There is tentative evidence that the distribution of the HI 21-cm absorbers is likely to
be co-planar with that of the HI disk. The absorption strength and covering factor are higher when
the radio sightline passes near the galaxy’s major
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Figure 2. Bottom: Integrated HI 21-cm optical depth as a
function of radial distance from galaxy’s centre, scaled with
the effective HI radius (see for details Dutta et al. 2017c).
The solid and open circles represent measurements and 3σ
upper limits (for typical velocity width of 10 km s−1 ) of the
HI 21-cm detections and non-detections, respectively. The
small circles are for galaxies with luminosity, L B ≤ 1010
L  , while the large circles are for galaxies with L B > 1010
L  . The typical error in the optical depth measurements is
shown at the bottom left of the plot. The horizontal dotted line
marks the optical
 depth sensitivity used for the covering factor
estimate, i.e. τ dv = 0.3 km s−1 , and the vertical dotted line
marks the median scaled radial distance. Top: The covering
factor or detection rate of HI 21-cm absorbers is shown in two
different radial distance bins demarcated at the median value.
The circles, diamonds and squares are for all the galaxies,
galaxies with L B ≤ 1010 L  and galaxies with L B > 1010
L  , respectively. Both the optical depth and incidence of HI
21-cm absorption are weakly anti-correlated with distance
from galaxy’s centre.

axis. Further, the covering factor is maximum for
sightlines that pass near the major axis of edge-on
galaxies.
3 Dependence of cold HI gas distribution on host
galaxy properties: The strength and covering
factor of HI 21-cm absorbers is not found to
depend significantly on the host galaxy properties, i.e. luminosity, stellar mass, colour, surface
star formation rate density and redshift. Hence,
it is surmised that the distribution of HI 21-cm
absorbers is more sensitive to geometrical parameters than physical parameters related to the star
formation in galaxies.
4. Nature of cold HI gas around low-z galaxies:
No correlation is found between HI 21-cm optical depth and equivalent widths of Ca ii and Na i
absorption lines detected in the optical spectra
of the quasars. The observed equivalent ratios
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of Ca ii and Na i suggest that most of the HI
21-cm absorbers observed around low-z galaxies
are not tracing the dusty star-forming disks, but
rather the diffuse extended HI disks. Further, the
observations suggest that cold gas clouds in the
extended disks/halos of galaxies have small sizes
(parsec to sub-parsec scale) and are patchy in distribution (see Figure 3). Indeed, there have been
observations of structures in the HI gas around
galaxies from parsec-scales (Srianand et al. 2013;
Dutta et al. 2015) to kilo-parsec-scales (Dutta
et al. 2016). This is further supported by four
times higher incidence of HI 21-cm absorption
around z < 1 DLA host galaxies (i.e. absorptionselected sample) compared to the galaxy-selected
sample of QGPs. From the fact that ∼60% of
z < 1 DLAs have cold gas that can produce
detectable HI 21-cm absorption, we infer that
the HI gas distribution around low-z galaxies that
contribute to the DLA population is patchy, with
a covering factor of ∼30% within ∼30 kpc.
5. Dependence of cold neutral gas on metals and
dust
Currently it is not possible to extend the study of low-z
QGPs, as described in Section 4, to higher redshifts
(i.e. z > 0.5) due to the difficulty of constructing
large spectroscopic samples of galaxies at high redshifts. Hence, the usual practice to study cold gas at
high redshifts has been to search for HI 21-cm absorption towards radio-loud quasars that show strong metal
or Lyman − α absorption in their optical and UV spectra, i.e. absorption-selected approach. As mentioned in
Section 4, the Lyman − α line cannot observed from
ground at z < 1.5. The Mg ii doublet lines, λλ 2797,
2803, offer the best way to probe high N (HI) systems
in the absence of direct observations of Lyman − α.
Mg ii absorption detected towards background quasars
have proved to be excellent tools to probe the gaseous
halos of z  2 galaxies (Lanzetta et al. 1987; Sargent
et al. 1988; Bergeron & Boissé 1991; Steidel & Sargent 1992; Steidel 1995; Nestor et al. 2005; Prochter
et al. 2006; Quider et al. 2011; Zhu & Ménard 2013). At
0.5≤ z ≤3.5, systematic searches of HI 21-cm absorption in samples of Mg ii systems and DLAs towards
radio-loud quasars have estimated the detection rate or
the CNM filling factor as 10–20% (Briggs & Wolfe
1983; Kanekar & Chengalur 2003; Curran et al. 2005;
Gupta et al. 2009; Kanekar et al. 2009b; Curran et al.
2010; Srianand et al. 2012; Gupta et al. 2012; Kanekar
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Figure 3. Left: SDSS r -band optical image of a QGP, overlaid with the HI emission contours of the foreground (z = 0.02)
galaxy in white, and the outermost contour of the 1.4 GHz continuum of the background radio source in blue (see for details
Dutta et al. 2016). Centre: GMRT 1.4 GHz continuum contours of the radio source that is extended over 7 kpc at the redshift
of the foreground galaxy. The contour levels are plotted as 2.5 × (−1,1,2,4,8,…) mJy beam−1 , where solid (dashed) lines
correspond to positive (negative) values. At the bottom left corner of the image the restoring beam is shown as an ellipse.
The continuum peaks of the core, the northern lobe and the southern lobe are identified as C, L1 and L2 respectively. The
vertical lines indicate the projected separation between these components at the redshift of galaxy. Right: GMRT HI 21-cm
absorption spectra towards the different continuum components, as marked in the left panel. The best-fitting single Gaussian
profile to the HI 21-cm absorption towards L2 is overplotted in solid red line, and the residuals from the fit are plotted below
in cyan. This fit is also overplotted on the spectra towards L1 and C. The vertical tick marks the position of the peak optical
depth detected towards L2. The HI 21-cm optical depth varies by a factor of ≥7 over 7 kpc at similar impact parameter of
25 kpc from the galaxy.

et al. 2013, 2014). Spin temperature (Ts ) measurements
derived using HI 21-cm optical depth and N (HI) measured from DLAs, suggest that most of the gas along
these sightlines trace the diffuse WNM phase, and only
a small fraction of the total N (HI) is associated with
the CNM phase (Srianand et al. 2012; Kanekar et al.
2014). This is supported by observations of typically
low (∼10–20%) molecular fractions of H2 in z > 1.8
DLAs (Noterdaeme et al. 2008), as well as physical
conditions inferred in DLAs using C ii* and Si ii* fine
structure lines (Neeleman et al. 2015). In addition, there
are indications for an anti-correlation between Ts and
the gas phase metallicity (see Kanekar et al. 2014, and
references therein).
Strong Mg ii absorbers (rest equivalent width of Mg ii
λ2796, WMg ii ≥ 1 Å) at z < 1.65 have been shown to
trace gas with high neutral hydrogen column densities,
like DLAs and sub-DLAs (Rao et al. 2006). However,
strong Mg ii systems sample a wide range of galaxy
impact parameters, over ∼10–200 kpc (Nielsen et al.
2013). Hence, such absorbers can trace gas in a wide
variety of environments like star-forming discs, CGM,
galactic winds and outflows. To study the cold dense gas
around galaxies, other parameters like equivalent width
ratios of metal lines are required to select sightlines that
probe low impact parameters. Rao et al. (2006) have
demonstrated that equivalent width ratios of Mg ii, Mg i

and Fe ii absorption can be used to pre-select DLAs
more successfully than by just using WMg ii . Further
insights into the origin and physical conditions prevailing in the strong Mg ii systems and DLAs can be
obtained by studying their associated HI 21-cm absorption. Gupta et al. (2009, 2012) have shown that the
HI 21-cm detection rate in strong Mg ii systems can be
enhanced with appropriate equivalent width ratio cuts
of Mg ii, Fe ii and Mg i. Recently, Dutta et al. (2017b)
have proposed an efficient Fe ii absorption-based selection technique to detect high N (HI) cold gas at high-z.
The detection rate of HI 21-cm absorption increases
with the absorption strength of Fe ii, and additional constraints on Fe ii (rest equivalent width of Fe ii λ2600,
WFe ii ≥1 Å) gives a higher (by a factor of ∼4) detection rate of HI 21-cm absorption compared to a pure
Mg ii-based selection.
Further, the properties of cold gas detected through
HI 21-cm absorption are found to be closely linked with
the metal and dust content of the gas. Dutta et al. (2017b)
have found that HI 21-cm absorption arises on an average in systems with stronger metal absorption. Stacking
of SDSS optical spectra of background quasars shows
that the average equivalent widths of various metal lines
among HI 21-cm absorbers are higher by a factor of
∼3–4 than that found in non-absorbers (Figure 4, left
panel). In addition, quasars with HI 21-cm absorption
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Figure 4. Left: The median stacked spectrum of SDSS quasars at 0.5 < z < 1.5 which are (not) detected in HI 21-cm
absorption is shown as the red dashed (black solid) line (see for details Dutta et al. 2017b). The difference of the stacked
spectrum of HI 21-cm non-detections from that of the detections is shown as the green line at an arbitrary offset in the y-axis
for clarity. The various rest wavelengths of transitions of Mg ii, Mg i, Cr ii, Mn ii, Fe ii and Zn ii are marked by vertical
dotted lines. The systems which show HI 21-cm absorption, also show systematically stronger metal absorption (i.e. larger
equivalent widths of the metal lines by ∼ 3 − 4σ ) than those which do not. Right: The geometric mean stacked spectrum of
SDSS quasars at 0.5 < z < 1.5 which are (not) detected in HI 21-cm absorption is shown as the red dashed (black solid)
line (see for details Dutta et al. 2017b). The differential reddening, E(B − V ), is 0.05. HI 21-cm absorption on an average
causes more reddening in the quasar spectra, indicating the presence of more dust.

detected towards them are found to be systematically
more reddened than those without absorption (Figure 4,
right panel), and there is a tendency for the detection rate of HI 21-cm absorbers to be higher towards
more reddened quasars. Further, HI 21-cm absorption
searches towards radio-selected red quasars have usually resulted in a higher detection rate than that obtained
for optically-selected DLAs (e.g. Carilli et al. 1998;
Ishwara-Chandra et al. 2003). There have also been
detections of HI 21-cm and molecular line absorption
towards gravitationally-lensed systems that have high
visual extinction (Carilli et al. 1992; Chengalur et al.
1999; Kanekar & Briggs 2003). Hence, all the above
imply that HI 21-cm absorption is more likely to arise
in metal-rich dusty cold gas.

6. Redshift evolution of cold neutral gas
The global star formation rate density (SFRD) of the
Universe peaks at z ∼ 2, followed by a decline
towards z = 0 (Madau & Dickinson 2014). The redshift evolution of the SFRD is expected to be imprinted
in the ISM/CGM of galaxies, because the physical
conditions and the volume filling factors of different
gas phases depend on various feedback mechanisms
associated with the in-situ star-formation. Therefore,
mapping the redshift evolution of different gas phases
will provide deeper understanding of the physical
processes that drive the global star formation in the Universe. Even more relevant for understanding the SFRD
evolution is how the fraction of cold gas (which acts as

the reservoir for star-formation) is evolving with redshift, which is not well-constrained from observations.
The cosmic mass density of HI, HI , shows a mild
(factor of ∼2–3) decrease from 2 < z < 4 to z ∼ 0.2
(Rhee et al. 2018). This is modest compared to an order
of magnitude decrease in the SFRD over the same redshift range. This implies that the processes leading to
the conversion of gas to stars need to be understood
directly via observations of cold atomic and molecular gas. Indeed recent results using ALMA indicate that
the cosmic molecular gas density peaks at z ∼ 1.5 and
drops by a factor of ∼ 6.5 to z ∼ 0 (Decarli et al. 2019),
matching the evolution of the cosmic SFRD. Hence, the
emerging picture is that cold gas content is the driving
force behind the star formation history.
HI 21-cm emission and absorption measurements
have been used to study in detail the CNM phase in
the ISM of the Milky Way (Heiles & Troland 2003;
Roy et al. 2013). It has been observed that ∼60%
of the atomic gas is in the WNM phase and ∼50%
of the WNM lies in the thermally unstable range of
500–5000 K. Jenkins & Tripp (2001) also arrived at
similar conclusions based on excitation of neutral carbon using UV spectroscopy. The ideal, i.e. dust- and
luminosity-unbiased, way to estimate the redshift evolution of the cold gas fraction would be to conduct
blind HI 21-cm absorption searches. However, this has
not been possible till recently due to limited receiver
bandwidths and hostile radio frequency interference
environment, though the situation is now improving
with the advent of Square Kilometer Array (SKA)
pre-cursors and induction of wide-band receivers in
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Figure 5. Redshift evolution of detection rate (left) and number density per unit redshift (right) of HI 21-cm absorbers. The
triangles, squares and circles represent estimates based on QGPs, strong Mg ii systems and DLAs, respectively, from literature
compilations (Lane 2000; Gupta et al. 2009, 2012; Srianand et al. 2012; Kanekar et al. 2009b, 2014; Dutta et al. 2017c, b, a).
The open symbols represent estimates that have been corrected for partial coverage whenever possible (see for details Gupta
et al. 2012). The dashed and dotted lines in the right panel shows for reference the redshift evolution of the number of strong
Mg ii absorbers (WMg ii ≥ 1 Å) per unit redshift (Prochter et al. 2006), and the number of DLAs per unit redshift (Rao et al.
2006), respectively. The solid line is the curve for non-evolving population of HI 21-cm absorbers normalized at z = 1.3. The
next challenge for HI 21-cm absorption line studies would be to reduce the large uncertainties, statistical and systematic, on
these measurements, through blind unbiased searches for absorbers.

existing telescopes. Till date, HI 21-cm absorption studies have been typically conducted in samples of QGPs
(see Section 4) or absorption-selected samples (see Section 5). Figure 5 summarizes the detection rates of
HI 21-cm absorption and the number density per unit
redshift of HI 21-cm absorbers (n 21 ) obtained using
different techniques at different redshifts. No significant evolution is observed in the detection rate and n 21
among strong Mg ii systems over 0.3 < z < 1.5. However, comparing HI 21-cm studies of z > 2 and z < 1
DLAs, it can be seen that the cold gas fraction in DLAs
may be declining with redshift, with the detection rate
being ∼3 times lower at z > 2 compared to z < 1.
Besides the evolution in incidence, Kanekar et al.
(2014) have found evidence for redshift evolution in
DLA spin temperatures. The Ts distribution of z > 2
DLAs is found to be significantly different from that
of z < 2 DLAs, and the high temperatures in high-z
DLAs are attributed to lower fractions of CNM. Further,
Dutta et al. (2017b) have found an increasing trend of
the velocity width of the HI 21-cm absorption lines with
redshift. A possible explanation for this is that the typical HI 21-cm absorber may be probed by larger mass
galaxy halos at high-z (for a given metallicity). In addition, taking into account the evolution of size and luminosity of galaxies with redshift, the radius of the cold HI
gas around a galaxy that gives rise to HI 21-cm absorption is likely be much higher at high-z than what is seen
at low-z for a galaxy with same optical luminosity.
While we have made progress in understanding the
nature of cold HI gas in galaxies and its redshift

evolution, it can be seen that we are still limited by statistical uncertainties due to the small number of detections
and different sample selection techniques at different
redshifts. Hence, increasing the number of HI 21-cm
detections over 0 < z < 2, such that we can uniformly trace the evolution of cold gas in galaxies in
a dust- and luminosity-unbiased way, is one of the
major motivations of the upcoming blind HI 21-cm
absorption line surveys using the SKA pathfinders and
pre-cursors, e.g. FLASH/ASKAP, MALS/MeerKAT,
SHARP/Apertif (Gupta et al. 2016; Maccagni et al.
2017).

7. Summary and future perspectives
We have discussed in this work the results from different efforts to study the cold neutral gas in and around
galaxies using HI 21-cm absorption. Some of the key
results from these studies are summarized here.
• The cold neutral gas around z < 0.4 galaxies,
as traced by HI 21-cm absorption, has a weakly
declining radial profile, with an average covering factor of 0.16+0.07
−0.05 within 30 kpc. Based on
geometrical and chemical analysis, the HI 21-cm
absorbers are likely tracing the diffuse extended
HI disc around galaxies. The cold HI gas is
patchily distributed around galaxies and can have
variations in the optical depth at both parsec- and
kilo-parsec-scales.
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• The detection rate and optical depth of HI 21cm absorption over 0.5 < z < 1.5 are correlated
with the equivalent width of metal line absorption
like Mg ii and Fe ii. They are further correlated
with the reddening of the background quasar.
Thus, the presence and amount of cold HI gas
in the vicinity of high-z galaxies appear to be
closely related to the metal and dust content of
the gas.
• The incidence and number density per unit redshift of HI 21-cm absorbers in strong Mg ii
absorbers do not seem to evolve over 0.3 < z <
1.5, albeit the uncertainties are still large. The
incidence of HI 21-cm absorbers in DLAs, on the
other hand, seem to show a stronger evolution,
i.e. it increases by a factor of ∼3 from z > 2 to
z < 1. The spin temperature of DLAs also show
a redshift evolution, with z > 2 DLAs having
significantly higher Ts .
HI 21-cm absorption towards background radio-loud
quasars has thus proved to be an effective tool to map
the distribution of cold neutral gas around foreground
low-z galaxies, as well as study the neutral gas in the
vicinity of high-z galaxies selected via Mg ii absorption or DLAs. The next step is to increase the number
of sightlines searched for HI 21-cm absorption and the
number of detections through blind surveys as mentioned in Section 6. The large number (few hundreds)
of HI 21-cm absorption detection is expected to accurately characterize the redshift evolution of cold gas
in galaxies. Here we identify few prospects involving
multi-wavelength observations that are promising for
interpreting the existing and upcoming results with HI
21-cm absorption.
1. High resolution (R ∼ 40000) optical spectroscopy of quasars which show HI 21-cm
absorption will enable detailed comparison of the
kinematics of metals and HI gas, and confirm
with higher significance the various trends of HI
with metals and dust as found using low resolution optical spectra (e.g. Srianand et al. 2012).
2. Sub-arcsecond-scale imaging of the background
radio sources will allow us to quantify the covering factor of cold gas and study its small scale
structure (e.g. Gupta et al. 2012).
3. OH and CO absorption spectroscopy of HI 21cm absorbers will facilitate comparison of the
kinematics and structure of neutral and molecular
gas phases in and around galaxies (e.g. Gupta
et al. 2018a; Combes et al. 2019).
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4. Identifying the host galaxies of high-z HI 21cm absorbers using optical integral field unit
spectroscopy (e.g. MUSE/VLT) and molecular
emission with e.g. ALMA, is essential to connect
the properties of the galaxies with the absorbing
gas (e.g. Péroux et al. 2019). Such observations
are also required to link the neutral gas around
galaxies with their ionized and molecular gas
content, and hence understand the mechanisms
through which galaxies acquire the fuel for forming stars.
The upcoming surveys will provide interesting targets for follow-up multi-wavelength observations as
outlined above. In addition, existing and planned widearea multi-object/integral field optical spectroscopic
surveys like Calar Alto Legacy Integral Field Area
(CALIFA; Sánchez et al. 2012), Sydney-AustralianAstronomical-Observatory Multiobject Integral-Field
Spectrograph (SAMI; Croom et al. 2012), SDSS Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA; Bundy et al. 2015) and WEAVE (Dalton et al.
2012), will complement the HI 21-cm surveys in associating the absorption with the galaxies.
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