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H i absorption with the SKA Mahony et al.

Observing the 21-cm H i line in absorption provides a powerful means of tracing
the cold neutral gas in normal and active galaxies across cosmic time. The fre-
quency coverage and sensitivity of SKAO will allow us to detect H i in absorption
from 𝑧 = 0 to beyond 𝑧 = 6, enabling the characterisation of the properties of cold
gas in and around galaxies at all epochs. This chapter summarises recent advances
in absorption-line studies, lessons learned from precursor surveys, and updates the
science case presented in Kanekar and Briggs (2004a) and Morganti et al. (2015),
focusing on the capabilities enabled by the SKA design baseline, Array Assembly
4 (AA4). We expand on these earlier works by presenting new opportunities
to simultaneously search for OH 18-cm absorption, an efficient tracer of diffuse
molecular gas that complements the atomic gas traced by H i absorption, as well
as the need for sub-arcsecond scale spectroscopic imaging and multi-wavelength
data from large surveys. These advances will allow SKAO absorption surveys to
address key questions surrounding the fuelling and feedback cycles of AGN and
the evolution of the cold neutral gas across cosmic time.
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1 Introduction

Neutral atomic hydrogen (H i) is a fundamental ingredient in cosmic star formation and galaxy
evolution, and plays a key role in the baryon cycle by tracing how gas is accreted, processed to form
molecular gas (H2) and stars, and expelled in and around galaxies via various feedback mechanisms
(e.g. Péroux and Howk, 2020). Observations of the 21-cm line of H i in emission and absorption
provide a unique probe of the interstellar medium (ISM), enabling measurements of atomic gas
content, kinematics, structure, and cold atomic gas (∼100 K) fraction across different environments
and epochs. H i gas observed in 21-cm absorption also serves as a probe of a crucial reservoir
fueling central active galactic nuclei (AGN; Morganti and Oosterloo, 2018), thereby regulating
black hole growth and linking the availability of neutral gas (H i + H2) to feedback processes that
shape galaxy evolution. A key scientific goal for the SKAO will be to chart the evolution of H i
over cosmic time, building a direct link between the neutral gas reservoirs of galaxies, their star
formation histories, and AGN fuelling and feedback processes.

Large-area surveys of the 21-cm H i line in emission using single dish telescopes, such as HIPASS
(Koribalski et al., 2004; Meyer et al., 2004) and ALFALFA (Haynes et al., 2011), and spatially
resolved radio interferometric H i images from THINGS (Walter et al., 2008), and more recently
WALLABY (Koribalski et al., 2020) and MHONGOOSE (de Blok et al., 2024) have built a detailed
picture of the H i content of galaxies in the local Universe and its connection to environment and
star formation. At higher redshifts (𝑧 ≳ 1.7), Ly𝛼 absorption studies using ground based optical
telescopes provide constraints on the neutral gas reservoir (e.g. Wolfe et al., 2005; Prochaska and
Wolfe, 2009; Noterdaeme et al., 2012), while 21-cm emission line stacking analyses have been
employed to estimate the average H i content of galaxy populations out to 𝑧 ∼ 1 (e.g. Lah et al.,
2007; Delhaize et al., 2013; Rhee et al., 2018; Chowdhury et al., 2020, 2022; Bera et al., 2023;
DePalma et al., 2025).

Despite these advancements through H i 21-cm emission and Ly𝛼 absorption line techniques,
significant gaps remain in our knowledge of the H i properties of galaxies especially at 𝑧 ∼ 0.1 − 3,
a period when galaxies undergo massive transformation as the star-formation rate of galaxies peaks
and rapidly declines (Madau and Dickinson, 2014). An alternative, and complementary, approach is
to detect the H i 21-cm line in absorption against bright background radio continuum sources. Since
the H i 21-cm absorption strength depends on the brightness of the background radio continuum
source rather than the distance to the absorber, and is inversely sensitive to the spin temperature
of the gas, it is an excellent probe of the cold atomic gas (Kulkarni and Heiles, 1988). Therefore,
H i 21-cm absorption-line observations offer a powerful and redshift-independent probe for tracing
cold gas in normal and active galaxies.

Due to its radio-quiet sites, broad frequency coverage and sensitivity, SKAO will be the first
observatory capable of detecting the 21-cm H i absorption line across all redshifts. This capability
opens the door to systematic studies of cold gas from the local Universe out to the epoch of
reionisation, offering a direct window into the neutral gas properties of galaxies across cosmic time.
The wide instantaneous bandwidth also makes OH an inseparable part of the H i absorption search,
since both lines fall within the same observing band at overlapping redshifts. OH forms efficiently
in cold atomic gas alongside H2 and serves as a tracer of diffuse molecular gas — the so-called
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’CO-dark’ gas — that is neither detectable in CO nor H i emission (e.g., Liszt and Lucas, 1999;
Balashev et al., 2021). The prospects for OH detection are therefore an integral part of the H i
absorption science case presented here. This chapter builds on the H i absorption case presented in
Kanekar and Briggs (2004b) and Morganti et al. (2015), and includes discussion of OH throughout.
H2 is discussed where necessary to contextualise the role of OH as a bridge between the atomic and
molecular ISM phases.

1.1 Key Observables

Absorption-line studies fall in two categories: (i) intervening absorption - when absorbing gas (𝑧abs)
is unrelated to the background source at 𝑧em, with a working definition that the difference in 𝑧em and
𝑧abs, expressed in Doppler shift, is higher than 3000 kms−1 (e.g., Wolfe et al., 1986; Ellison et al.,
2002). The absorbing gas in these cases correspond to the interstellar or circumgalactic medium
of an intervening galaxy or intragroup medium (see Fig. 1). (ii) Associated absorption: when 𝑧em

≈ 𝑧abs, the absorbing gas may be associated with the AGN, its host galaxy, a nearby companion
galaxy, outflows driven by its feedback, or infalling material.

Figure 1: Schematic of intervening H i absorption (left) and associated H i absorption (right).

The principal observable in H i absorption studies is the line optical depth, 𝜏(𝑣), which describes
the fractional attenuation of background radio continuum as a function of velocity:

𝜏(𝑣) = − ln
(
1 + Δ𝑆(𝑣)

𝑐f𝑆c(𝑣)

)
, (1)

where Δ𝑆(𝑣) is the continuum-subtracted absorption line depth (in Jy), 𝑆c(𝑣) is the continuum flux
density (in Jy), and 𝑐f is the covering factor representing the fraction of the radio continuum flux
covered by the absorbing gas. In the optically thin regime, the H i column density is given by:

𝑁HI = 1.823 × 1018𝑇s

∫
𝜏(𝑣) 𝑑𝑣 cm−2, (2)

where 𝑇s is the spin temperature of the gas (in Kelvin), and the integral is over velocity in km s−1

(Draine, 2011). Accurate derivation of 𝑁HI thus depends on independent constraints or assumptions
about both 𝑇s and 𝑐f . In addition, the full width at half maximum (FWHM) of 21-cm absorption
line detected in a high-resolution spectrum yields a direct measurement of (or stringent upper limit
on) the kinetic temperature (in Kelvin), 𝑇𝑘 = 21.866×Δ𝑣2 (McClure-Griffiths et al., 2023).

The spin temperature 𝑇s is a measure of the excitation of the 21-cm transition, and depends on a
combination of collisional excitation, Ly𝛼 pumping, and coupling to the local radiation field (Field,
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1958; Liszt, 2001). In the cold neutral medium (CNM), where densities are higher (𝑛 ∼ 100 cm−3),
𝑇s ≈ 𝑇k ∼ 100 K. In contrast, the warm neutral medium (WNM) has lower densities and higher
temperatures, leading to 𝑇s ∼ 1000–10,000 K. If the total H i column density associated with the
absorbing gas is independently known from 21-cm emission or Ly𝛼 absorption line, then 𝑇s can be
inferred under suitable assumptions of 𝑐f (e.g. Kanekar et al., 2014; Allison, 2021). The covering
factor in principle is determined by the parsec-scale structure of the gas, which in turn depends
sensitively on the stellar feedback processes, though Braun (2012) suggests that cosmological
intervening absorbers with high H i column densities are likely to arise in atomic clouds of ∼ 100 pc
linear size which are self-opaque in the 21 cm transition.

Instantaneous wideband coverages of modern radio telescopes enables simultaneous searches of
OH main and satellite lines in absorption. OH lines can provide independent constraints on H2

fraction in the CNM. OH is most commonly observed in the 18-cm ground state transitions which
occur at rest frequencies of 1665.402 and 1667.359 (main lines), and 1612.231 and 1720.530 MHz
(satellite lines). The relative strengths of these lines in the local thermodynamic equilibrium (LTE)
are 1612:1665:1667:1720 MHz = 1:5:9:1. The typical abundance ratios observed in the Galaxy
are ∼ 10−7 (e.g. Li et al., 2018). They often exhibit maser emission in regions associated with
high-density and far-infrared (FIR) radiation, and can provide additional constraints on the neutral
gas conditions in normal and active galaxies. For an optically thin cloud, the integrated OH optical
depth of the 1667 MHz line is related to the OH column density 𝑁(OH) through

𝑁 (OH) = 2.24 × 1014 𝑇ex

∫
𝜏1667(𝑣) d𝑣 cm−2, (3)

where 𝑇ex is the excitation temperature in Kelvin and 𝜏1667(𝑣) is the optical depth of the 1667 MHz
line at velocity 𝑣 (in km s−1).

Note that the 𝑐f of the H i 21-cm and OH 18-cm absorbing gas in Equations 2 and 3 even for the
same absorber could be different (Gupta et al., 2018a). Although these various parameters introduce
degeneracy and uncertainty, H i and OH absorption lines have proven to be an excellent probe of
the properties of the cold neutral gas in the Milky Way (e.g. Li et al., 2018; Dawson et al., 2022;
Rugel et al., 2025), and deliver some of the most stringent (< 10−6) constraints on the fractional
variations of fundamental constants of physics (Kanekar et al., 2005; Uzan, 2011). Large sensitive
searches with SKAO, aided by sub-arcsecond scale spectroscopy with SKA-VLBI, can potentially
alleviate these limitations and help build a more complete dust-unbiased view of extragalactic ISM.

1.2 H i absorption studies in the pre-SKA era

The past decade has seen the emergence of H i absorption line surveys enabled by wideband
receivers and correlators on modern radio facilities. These surveys mark a transition from searches
based on targets selected from optical spectroscopic catalogues to large untargeted surveys capable
of obtaining unbiased estimates of cold gas associated with normal and active galaxies. This
includes dedicated large absorption line surveys at ASKAP (0.4 < 𝑧 < 1.0; Allison et al., 2022)
and MeerKAT (0 < 𝑧 < 1.4; Gupta et al., 2016), as well as large H i 21-cm emission line surveys
with FAST (𝑧 < 0.4; Zhang et al., 2025) and intensity mapping experiments (0.8 < 𝑧 < 2.5) such as
Canadian Hydrogen Intensity Mapping Experiment (CHIME; CHIME Collaboration et al., 2025)
and the Hydrogen Intensity and Real-time Analysis eXperiment (HIRAX; Newburgh et al., 2016).
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Typically, prior to the advent of these new wideband receivers, AGN with known redshift and
compact morphology were observed for associated absorption line studies (e.g. Vermeulen et al.,
2003; Gupta et al., 2006; Geréb et al., 2015; Aditya et al., 2017; Maccagni et al., 2017; Grasha et al.,
2019). For intervening absorption line searches the targets have been sight lines with indications
of large H i column densities, 𝑁(H i), suggested by the presence of damped Ly𝛼 absorber (DLA;
𝑁(H i) > 2× 1020 cm−2; Kanekar and Chengalur, 2003; Srianand et al., 2012; Kanekar et al., 2014)
or Mg ii absorption (Briggs and Wolfe, 1983; Lane, 2000; Gupta et al., 2009; Curran, 2010; Dutta
et al., 2017a) or a galaxy at a low impact parameter (Carilli and van Gorkom, 1992; Gupta et al.,
2010; Reeves et al., 2016; Dutta et al., 2017a). Only a handful of OH absorbers are known at present
(Chengalur and Kanekar, 2003; Kanekar et al., 2005; Combes et al., 2023), and these have rarely
been systematically searched in galaxies (Gupta et al., 2018a).

Although targeted studies can provide an estimate of the cold gas fraction in a specific class of
radio loud AGN or galaxies probed by DLA or Mg ii absorption, they often lack the statistical
power to explore trends and correlations across diverse galaxy populations. The interpretation
is also complicated by selection methods used to define optical spectroscopic samples and the
possibility of an associated dust-bias (e.g. Krogager et al., 2015). The ongoing precursor surveys
offer an opportunity to fill this gap and also identify rare or extreme systems for detailed follow-ups.
These untargeted radio surveys have the potential to uncover populations of absorbers that may
have been missed in previous targeted searches. The ongoing searches have already revealed new
absorption-line systems that would have been missed in traditional targeted searches. These include
absorption detected against the radio lobes of galaxies rather than the central core (Murthy et al.,
2022b; Mahony et al., 2022) and absorbers with no signatures of high 𝑁(H i) in their optical spectra
(Gupta et al., 2022; Deka et al., 2024), and very high optical-depth lines that require wide-area
coverage to uncover uncommon systems (Su et al., 2022; Aditya et al., 2024; Yoon et al., 2025).

The next two sections explore primary science goals for associated and intervening absorbers, and
synergies with multi-wavelength observations.

2 Absorption line studies as a probe of AGN fuelling and feedback

Understanding the physics of AGN fuelling and feedback is a key science goal for the SKAO, and
observations of the cold gas provides crucial insight into the processes that regulate the growth
and activity of AGN. Associated H i absorption lines offer a powerful means of tracing the cold
neutral gas in the immediate environments of radio AGN, shedding light on the complex interactions
between the central engine and its surrounding interstellar medium (ISM).

2.1 Detailed studies at low-redshift

At low-redshifts (𝑧 ≲ 0.25) H i absorption studies against AGN allow us to probe the cold gas in the
very proximity of their SMBH (≲ 1 kpc). Over time, different surveys at low-redshifts (≲ 0.25, e.g.
van Gorkom et al., 1989; Gallimore et al., 1999; Gupta et al., 2006; Maccagni et al., 2017; Chandola
et al., 2020) discovered hundreds of H i absorption lines associated to the circumnuclear regions
of AGN (Morganti and Oosterloo, 2018). In the nearby Universe the detection rate of associated
H i absorption is ∼ 30% (Maccagni et al., 2017) above a peak optical depth of 𝜏pk ∼ 0.08 and is
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independent of redshift and radio power (Fig. 2 left panel). Compact AGN with sizes typically
less than 15 kpc (i.e. sources where the jets are embedded within the host galaxy) show not only
higher detection rates but also broader lines indicative of more perturbed kinematics (Fig. 2 right
panel). The occurrence of H i absorption may vary across different classes of AGN, with extended
(>15 kpc) radio sources showing much lower (∼15%; Chandola et al., 2013) and those associated
with merging galaxy pairs showing much higher (∼85%) detection rates (Dutta et al., 2019).

Figure 2: Left panel: Distribution of radio luminosities of sources searched for absorption as a function of
redshift (Fig. 1 of Murthy et al., 2022a). The JVLA high redshift sample of Murthy et al. (2022a) is shown
in red while other surveys are shown in black. In particular, at 𝑧 < 0.25 is shown the sample of Maccagni
et al. (2017). At 𝑧 > 0.25 the searches are from Carilli et al. (1992, 1998); Pihlström et al. (2003); Vermeulen
et al. (2003); Gupta and Saikia (2006); Orienti et al. (2006); Curran et al. (2006, 2011); Allison et al. (2015);
Yan et al. (2016); Curran et al. (2017); Ostorero et al. (2017); Aditya and Kanekar (2018a); Aditya (2019);
Curran et al. (2019); Grasha et al. (2019); Mhaskey et al. (2020); Murthy et al. (2021). Right panel: Full
width at 20% of the intensity of the H i detections vs. the radio power of the sources (Fig. 4 of Maccagni
et al., 2017). Sources are classified in compact (red) and extended (blue) according to the extent of their radio
continuum. The dashed line indicates the mean of the distribution of rotational velocities of the sources of
the sample. The fine dashed line shows the 3𝜎 upper limit of the distribution of line-widths.

Most H i absorption lines trace the neutral atomic phase of the circumnuclear disk, revealing the
structure and dynamics of gas that may be directly feeding the central black hole. However, the
detailed kinematics and profiles of these lines can also unveil other processes at play. Absorption
lines with a more complex morphology not explained by a rotating disk (5% of the detections, see
Morganti et al., 2005; Geréb et al., 2015; Maccagni et al., 2017) can be classified into two groups:
narrow redshifted lines and broad blue-shifted wings. Narrow redshifted lines have been mostly
found in bright early type galaxies (van Gorkom et al., 1989) and likely trace gas that is falling
towards the AGN because of turbulence, as often seen in bright cluster galaxies in the molecular
gas phase (see, for example, Tremblay et al., 2016, 2018; Tamhane et al., 2022), and also detected
by H i absorption lines (see, for example, Jaffe, 1990; Taylor et al., 1999; Saraf et al., 2023).

Broad (> 100 km s−1) blue-shifted wings can trace H i outflows entrained by the AGN radio
jets (most commonly), but also radiative winds (see Fig. 3 for some examples). Given that
most gas involved in feeding and feedback mechanisms is in the cold phase (e.g. Fluetsch et al.,
2019; Murthy et al., 2022b), H i absorption studies can provide some of the strongest evidence
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for AGN jets accelerating and clearing gas from a galaxy. Some well-studied examples include
IC5063 (Morganti et al., 1998), 4C12.50 (Morganti et al., 2013), 3C293 (Mahony et al., 2013)
and NCG1266 (Alatalo et al., 2011)); see Morganti and Oosterloo (2018) and Morganti (2024) for
a comprehensive overview. These sources typically have outflow rates ranging from a few solar
masses to tens of solar masses per year in atomic gas, often far higher than the outflow rates detected
in ionised gas (Mahony et al., 2016). However, the presence of a blue-shifted wing alone should
be treated with caution. For example, even though the H i absorbing system of IC5063 has extreme
velocities of ≈ 700 km s−1, final evidence that the H i outflow is caused by expansion of the radio
jets has been provided only by follow-up sub-arcsecond resolution VLBI observations (Oosterloo
et al., 2000).

Figure 3: Some examples of fast outflows detected via H i absorption studies: TXS 1245-197 (left panel) at
𝑧 = 1.25 is one of the highest redshift detections of a distinctive blue-shifted wing indicative of a fast outflow
(Aditya and Kanekar, 2018a); and 4C12.50 (middle and right panels), where VLBI observations pinpoint
the location of the H i outflow to the hotspot of the radio lobe (Morganti et al., 2013).

High resolution observations which resolve the H i line against the radio continuum can reveal the
true nature of the H i gas, if it is outflowing and what is causing its acceleration (see e.g. Morganti
et al., 2013; Schulz et al., 2018; Murthy et al., 2024). SKA-VLBI will enable direct resolution
of H i absorption lines, while also allowing simultaneous study of the radio continuum properties
of background sources. This combination of sensitivity and pc-scale resolution will facilitate
spatially resolved studies of circumnuclear disks, jet–ISM interactions, and pc-scale outflows,
vastly expanding the statistical sample of AGN and providing a more complete view of cold gas
kinematics and feedback across cosmic time. Further details on the potential of SKA VLBI H i
absorption studies are given in the VLBI papers in this collection.

2.2 Building statistical samples of H i absorbers

In addition to studies of individual systems, statistical analyses of samples of associated absorbers
can reveal how the presence and properties of cold gas relate to AGN characteristics such as
accretion mode and AGN type. Previous studies have found a notable fraction of detections occur
toward compact, peaked-spectrum sources (Pihlström et al., 2003; Gupta and Saikia, 2006; Yoon
et al., 2025), which are typically interpreted as young or confined radio AGN (O’Dea and Saikia,
2021). These sources may be embedded in dense circumnuclear gas, increasing the likelihood of
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detecting absorption. Studies have also highlighted potential links between H i absorption and the
IR galaxy colours (Chandola and Saikia, 2017; Glowacki et al., 2017; Curran and Duchesne, 2018)
or accretion mode of the central black hole, with cold-mode accretors more likely to show higher
instances of absorption compared to hot-mode accretors (Chandola and Saikia, 2017; Chandola
et al., 2020). These findings suggest that H i absorption can be used as a potential diagnostic of
AGN evolutionary stage and feedback processes.

The sample shown in Fig. 2 represents the combination of many individual targeted surveys carried
out with multiple telescopes over the past two decades—a global, long-term effort required to build
even a modest census of H i absorbers. The emergence of large, untargeted surveys with SKA
precursors has transformed the search for H i absorption. The First Large Absorption Survey in H i
(FLASH; Allison et al. 2022) takes advantage of ASKAP’s large field of view afforded by its phased
array feeds to carry out a wide-area survey searching for H i in absorption in the redshift range
0.42 < 𝑧 < 1. FLASH searches for H i absorption towards all radio sources brighter than 30 mJy
south of declination +15◦, making it the first ‘all-sky’ search for H i absorption. The MeerKAT
Absorption Line Survey (MALS; Gupta et al. 2016) takes a different approach; observing ∼400
pointings centered at radio sources brighter than 200 mJy at 1 GHz to search for H i absorption out
to 𝑧 = 1.5 towards all the radio sources (≳5 mJy) within the MeerKAT primary beam. In addition
to SKA-precursor surveys, recent drift-scan surveys with FAST – FASHI and CRAFTS – have
conducted untargeted searches over large areas of the sky, detecting 51 H i absorption systems at
𝑧 < 0.09 (FASHI; Zhang et al. 2025) and 34 systems out to 𝑧 = 0.35 (CRAFTS; Hu et al. 2025).
These surveys maximize on the sensitivity of a large single-dish to probe absorption towards lower
luminosity radio sources, complementing the precursor surveys FLASH and MALS.

Early results from FLASH already demonstrate how this new observing approach is shedding fresh
light on the properties of H i absorbers. As expected, a large fraction of detections are associated
with young, compact radio sources, consistent with previous targeted studies. However, FLASH is
also uncovering rarer populations of absorbers, including systems with exceptionally high optical
depths and those detected against the extended radio lobes of galaxies (Su et al., 2022; Mahony et al.,
2022; Aditya et al., 2024; Yoon et al., 2025). Yoon et al. (2025) show examples of H i absorption
lines detected in the FLASH pilot survey, illustrating both the survey’s large field of view and its
wide instantaneous bandwidth.

2.3 The evolution of H i absorption detection rates

The enhanced low-frequency coverage of radio telescopes over the last two decades has also enabled
us to push targeted absorption line searches out to higher redshifts, usually with prior knowledge
of the galaxy redshift (e.g. Vermeulen et al., 2003; Gupta et al., 2006; Murthy et al., 2022a; Aditya
et al., 2024). Despite efforts over the past three decades, only a handful of absorption systems are
known at 𝑧 > 1: nine systems at 1 < 𝑧 < 2, and five systems at 2 < 𝑧 < 3.5 (see Deka et al., 2024;
CHIME Collaboration et al., 2025, for the latest detections).

Even though affected by low number statistics and by the fact at higher redshifts only the most
powerful radio sources (≳ 1026 W/Hz) have been observed, the detection rate of associated H i
absorption decreases with redshift (see also Curran et al., 2008; Aditya and Kanekar, 2018a; Su
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et al., 2022; Aditya et al., 2024). At 2 < 𝑧 < 3.5, the detection rate is only 1.6+3.8
−1.4% (Gupta et al.,

2021b).

The evolution of the detection rate of H i absorption is still unclear and remains a subject of debate.
With its combination of wide frequency coverage and spectral-line sensitivity, the SKAO will
directly test whether this evolution reflects intrinsic changes in the AGN population with redshift
or arises from observational biases, such as the orientation of the radio source, UV emission
photoionising the neutral gas or higher 𝑇spin of the gas which would decrease the observed optical
depth of the lines for the same column density of the gas (Gupta and Saikia, 2006; Curran and
Whiting, 2012; Aditya and Kanekar, 2018b).

2.4 Feedback processes at cosmic noon

Galaxy-scale outflows are ubiquitous in massive galaxies at cosmic noon (1 ≲ 𝑧 ≲ 3), but their
role in quenching star-formation is strongly debated (e.g. Förster Schreiber and Wuyts, 2020).
The SKAO will significantly advance our understanding of the mechanisms powering AGN-driven
outflows, the amount of mass ejected by these outflows and quantify the impact that these outflows
have on star-formation processes.

Outflows driven by luminous AGN at 𝑧 ∼ 2 are often assumed to be radiation-driven because the
energy injection rates correlate with the AGN bolometric luminosity and are sufficiently large to
drive the observed outflows (e.g. Fiore et al., 2017). However, compact radio jets have been shown
to be a crucial feedback mechanism in radio-quiet quasars at 𝑧 < 0.2 (e.g. Jarvis et al., 2019).
Furthermore, radio jets may become increasingly important outflow drivers as galaxies start to
exhaust their cold gas reservoirs (e.g. Roy et al., 2021), and Heckman et al. (2024) propose that
radio jets are the main drivers behind the quenching of star formation in all massive galaxies across
cosmic time.

As discussed in the previous section, at low redshifts there are a number of radio galaxies that
show evidence for jet-driven outflows (Morganti et al., 2005; Mahony et al., 2013; Morganti et al.,
2013; Schulz et al., 2018). Additionally, optical studies of the ionised gas show that these jet-driven
outflows can impact the gas throughout the host galaxy via turbulence and heating processes created
by the jets as they propagate through the clumpy ISM (Mahony et al., 2016; Mukherjee et al., 2018).
Aditya and Kanekar (2018a) and Aditya (2019) reported the first detections of cold gas outflows
detected in H i absorption beyond the local Universe. Using GMRT to search for H i absorption
in peaked spectrum sources at 𝑧 > 1, they reported that five out of the six sources detected in H i
absorption also show evidence for broad blue-shifted features indicative of fast-outflows, the most
extreme of which exhibits a mass outflow rate of 78 𝑀⊙ yr−1. Although still small numbers at
present, the higher detection rate of outflowing material, and the higher outflow rates than that seen
in the local Universe, indicates that outflows could be more prevalent, and carry more mass and
energy at intermediate redshifts.

Both simulations and observations of AGN-driven outflows at 𝑧 ∼ 2 suggest that most outflowing
mass is likely to be found in the neutral and molecular phases (e.g. Herrera-Camus et al., 2019;
Belli et al., 2024), but these phases are poorly characterised observationally at 𝑧 ∼ 2 compared to
the warmer ionised phase. Ly𝛼 absorption has been used for this purpose (e.g. Moretti et al., 2025)
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but generally traces more extended, lower column density H i (e.g. Zwaan et al., 2005) and may
therefore be a less direct probe of the dense outflowing gas. Recent works showed that cold gas in
the AGN environment (including outflows) can be efficiently selected and studied in details using
molecular hydrogen UV transitions that are conveniently shifted in the optical band for 𝑧 ≳ 2.5
(Noterdaeme et al., 2019, 2021, 2023). Additionally, JWST has enabled the use of Na i 5891,5897Å
absorption as a tracer of neutral gas outflows at cosmic noon (e.g. Davies et al., 2024). However,
the relationship between Na i column density and H i column density has only been measured for a
few sources outside the Milky Way. Detections of H i 21-cm absorbers at 𝑧 ∼ 2 will provide large
samples of galaxies to accurately calibrate optical and UV tracers of neutral outflows.

Combining deep, high resolution multi-band radio continuum observations from SKAO with optical
spectroscopy will enable us to measure radio spectral indices and jet powers for 𝑧 ∼ 2 galaxies and
explore the role of radio jets in powering outflows, as well as the impact of radio jets on the
interstellar medium of the host galaxy. Using broadband radio spectra, it may be possible to infer
both the jet kinetic power and ISM properties, providing a direct link between jet energetics and
their impact on the host galaxy (Young et al., 2025).

2.5 H i absorption at high redshift

Much of the science discussed above, particularly examination of outflows and AGN feedback, is
possible at higher redshifts with SKA-Low. The frequency range and sensitivity of SKA-Low will
provide the ability to observe H i absorption at unprecedented redshifts (𝑧 > 3).

SKA-Low AA4 will not be sensitive enough for wide-area, untargeted surveys, especially as the
observed flux densities of even the most luminous radio galaxies rapidly become faint at 𝑧 > 3.
Naturally, any wide area continuum surveys conducted with SKA-Low could be used to search
for H i absorption, but this science case is unlikely to be enough justification for such a survey on
its own. Hence, above 𝑧 = 3, where only SKA-Low can probe, targeted observations of known
compact, bright radio sources would provide the best scientific return. However, the wide field-
of-view of SKA-Low will enable absorption searches against all sources in the field, providing the
opportunity for serendipitous detections beyond the primary target.

A key question is what impact do radio jets have on their host galaxies in the early Universe? Can
short (≤ 100 kyr) bursts of powerful radio jets successfully quench star formation in massive high-z
radio galaxies as seen in deep JWST surveys (Nanayakkara et al., 2024)? If caused by radio jets
with 𝐿500MHz > 1026 they may be too rare to be detected in the deep, narrow surveys probed by
JWST and can only be studied by selecting these sources from wide-area surveys when they are in
the short-lived radio-loud phase.

2.6 Tracing the multi-phase gas

The cold atomic gas traced by H i absorption represents just one phase of the complex interstellar
and circumgalactic medium. Understanding how this atomic component connects to the molecular
and ionised phases is critical for interpreting the physical conditions, kinematics, and fueling
mechanisms in galaxies. The combination of H i absorption with OH 18-cm absorption lines and
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high-resolution ionised and molecular gas observations is therefore essential for a complete view
of the gas cycle in galaxies, particularly around AGN and in dense environments.

Recent studies have demonstrated the diagnostic power of combining H i and CO data in the same
systems (see for example, PKS 1718-649 and PKS B1740-517, Maccagni et al., 2014, 2016, 2018;
Allison et al., 2015, 2019). Such comparisons reveal the physical and dynamical transition between
atomic and molecular phases, and the balance between inflow and feedback. Currently, the main
limitation is the small number of known molecular absorption line systems in OH and CO (Kanekar
and Chengalur, 2008; Combes and Gupta, 2024). SKAO observations will extend these studies to
much larger and more diverse samples, enabling systematic investigation of how the cold gas phases
co-exist and evolve across cosmic time.

2.6.1 Multi-phase Gas in Cluster Environments

In cluster and group environments, the detection of H i 21-cm absorption provides a powerful
tool to investigate the evolution of cold atomic gas in dense environments, where molecular and
ionized gases are commonly observed. This is particularly significant in the case of interacting
galaxies within cluster environments, where filamentary structures of cooling gas flows fuel the
central galaxies. Molecular Hydrogen Emission Galaxies (MOHEGs), particularly those found in
cluster environments, can be ideal targets for studying the relationship between these different gas
phases due to their abundance of molecular hydrogen (Ogle et al., 2010). One such example is
3C 218, the radio galaxy at the center of the Hydra A cluster, where multi-wavelength observations
reveal a complex interplay between various gas phases associated with the intra-cluster medium
(ICM). As seen in Fig. 4, gas filaments in this system are detected across multiple phases, offering
valuable insights into the transition between neutral, molecular, and ionized gas, enhancing our
understanding of the complex dynamics of AGN fuelling and feedback and provide direct evidence
for cold gas accretion in cluster cores.

2.6.2 Molecular absorption in front of Brightest Cluster Galaxies (BCG)

At low redshift, molecular absorption is easier to detect, since the high spatial resolution achievable
is crucial to separate it from molecular emission: the continuum in the millimeter domain is in
general limited to the tiny core. The local radio sources rich in gas are frequently detected, such
as Centaurus A, and they are also frequent in cool-core clusters, in front of the BCG (Rose et al.,
2024).

In these cool-core clusters, cooling gas fuels the central AGN while feedback processes expel some
gas, to prevent excessive star formation. Radio jets are sculpting cavities in the hot X-ray gas,
in virial equilibrium with the cluster potential (e.g. Fabian, 2012), but it can be difficult to know
whether the emitting gas towards the BCG is infalling or outflowing. Absorption line detections can
be used to determine the direction of motion. In a vast majority, the gas is infalling, supporting the
cooling (Bera et al., 2023). When detected, the H i 21-cm absorption tends to be broader, tracing
gas not only in front of the radio core, but also the radio lobes. An example of infalling molecular
gas is displayed in Fig. 4. SKAO surveys will uncover many more such absorbers, providing an
unprecedented view of cooling gas filaments in clusters and the fueling of central AGN.

12



H i absorption with the SKA Mahony et al.

Figure 4: Molecular gas in BCGs. From left to right; IFU observations of 3C 218 (Hydra A) from Hamer
et al. (2014) showing the continuum image made by collapsing the H𝛼 cube (panel A), flux map (B), velocity
field relative to the galaxy redshift (C), and FWHM which broadens at the centre of the velocity gradient (D).
CO(2–1) emission detected with IRAM (Hamer et al., 2014) and VLA H i absorption toward the Hydra A
core (Dwarakanath et al., 1994).

With the sensitivity and sky coverage of SKAO, it will be possible to identify many more such
systems through large H i absorption surveys, providing a statistical view of cold gas in BCGs and
their surroundings. Follow-up with ALMA and JWST will enable detailed comparisons between
the atomic, molecular, and ionized components, offering new insights into how AGN feedback
regulates cooling and star formation in dense environments.

3 Absorption line studies as a probe of cold atomic gas in and around galaxies

The star formation history of the Universe is primarily driven by the gas content of galaxies and
their star formation efficiency. H i 21-cm line absorption is an excellent tracer of the CNM and can
reveal the processes leading to the conversion of atomic gas into molecular gas and eventually into
stars. Primarily due to the technical limitations imposed by narrow bandwidths and a hostile radio
frequency environment the earlier searches of intervening 21-cm absorption lines, summarized in
Section 1.2, focused on quasar sight lines from optical surveys with indications of high H i column
density. Here we present key results, complications due to different pre-selections methods and
advancements possible with the SKAO.
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3.1 Cosmic evolution of CNM fraction

DLAs detected in the optical and ultraviolet spectra of distant quasars trace the bulk of neutral
H i in the Universe (Noterdaeme et al., 2009). Consequently, these provide a unique laboratory
to measure physical conditions in neutral gas and build-up of metals associated with galaxies out
to 𝑧 ∼ 6. Typical ionization structure of DLAs at 𝑧 ≳ 1.8, studied at high-resolution at large
optical telescopes, indicates that DLAs predominantly trace WNM. While C ii fine-structure lines
are ubiquitously detected in DLAs (Wolfe et al., 2003) they may arise from both WNM and CNM
(Balashev et al., 2022). The more suitable CNM tracers, such as C i and H2 have been detected in
DLAs with a fairly low (≲ 10%) detection rate (Noterdaeme et al., 2008; Jorgenson et al., 2010;
Balashev and Noterdaeme, 2018). While detailed analysis of excitation of their levels provided
precise constraints on the physical conditions (Balashev et al., 2019; Klimenko and Balashev,
2020), they trace, unlike the 21-cm absorption line, only the part of CNM associated with molecular
hydrogen (Balashev and Kosenko, 2024).

The H i 21-cm absorption line measurements of DLAs towards radio bright quasars have yielded
detection rates (10-20%) similar to the H2 searches (Srianand et al., 2012; Kanekar et al., 2014). The
lack of 21-cm absorption in DLAs, even when H2 is detected, suggests that the H2 components seen
in DLAs are compact (≤15 pc) and contain only a small fraction (≤10 per cent) of the DLA’s total
𝑁(H i). An anti-correlation observed between the spin temperature, which represents the column-
density weighted mean of the spin temperatures along the sight line, and gas metallicity suggests
that the higher WNM fraction implied by higher 𝑇s values is related to fewer gas cooling routes
(Kanekar et al., 2009c). The spin temperature measurements from these observations independently
confirm that DLAs at 𝑧 > 2 are primarily tracing the WNM. DLAs at lower redshifts show lower
spin temperatures implying an evolution in CNM fraction with cosmic time (Kanekar et al., 2014).

At 𝑧 ≲ 2 Ly𝛼 falls below the atmospheric cut-off and the DLA samples are thus small (Neeleman
et al., 2016), owing to the need for space-based UV observations and the lower incidence of DLAs at
these redshifts. It has been shown using Hubble Space Telescope (HST) spectroscopic observations
that about 36% of Mg ii absorbers with rest equivalent widths, W𝑟 (Mg ii𝜆2796) > 0.5Å and
W𝑟 (Fe ii𝜆2600) > 0.5Å are DLAs (Rao et al., 2006). Specifically, absorbers with W𝑟 (Mg ii𝜆2796)
> 1Å typically have 𝑁(H i) ∼ 1019−20 cm−2. Consequently, at 0.2 < 𝑧 < 1.8 primarily Mg ii
absorbers with large equivalent widths have been used to pre-select sight lines to search for H i
21-cm absorption. A 21-cm absorption detection rate of 10-20% is achieved in these studies (Gupta
et al., 2009; Kanekar et al., 2009b; Curran, 2010), with higher detection rates for absorbers with
metal line ratios implying higher H i column density (Gupta et al., 2012; Dutta et al., 2017a). As
further discussed below, there is little evidence of the evolution of CNM fraction with redshift
revealed through the studies based on Mg ii absorption.

The major boost in 21-cm absorption line studies described above has been due to the large
spectroscopic catalogues from the SDSS (York et al., 2000), and the availability of suitable low-
frequency coverage (<1 GHz) at the Green Bank Telescope (GBT), the Giant Metrewave Telescope
(GMRT) and the Westerbork Synthesis Radio Telescope (WSRT) in the 2000s. However, cold
gas as traced by H i 21-cm absorption is likely to be metal-rich and associated with dust, as
metals and dust promote efficient cooling into the cold neutral phase. The dust in the absorbing
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gas introduces a bias against quasars with dust-rich absorption systems in surveys such as SDSS
(Krogager et al., 2015, 2016; Fall et al., 1989; Ellison et al., 2008; Pontzen and Pettini, 2009; Fynbo
et al., 2013). While, in principle, dust-bias can be corrected statistically (Krogager et al., 2019), the
inhomogeneous optical and infrared colour criteria used to select optical spectroscopic targets still
make this practically impossible. Different pre-selection methods based on the presence of a DLA or
a Mg ii absorber, depending on the redshift range, further complicate the interpretation of the 21-cm
absorption detection rate. This limitation can be naturally overcome through large, untargetted 21-
cm absorption line surveys enabled by wide frequency coverage and large instantaneous bandwidth
offered by SKAO. An early ASKAP search at 0.4 < 𝑧 < 1 reported in Sadler et al. (2020) and Yoon
et al. (2025) provides a first glimpse at the population of intervening H i absorption lines that future
surveys should reveal in large numbers (see also Hu et al., 2025, for initial FAST results at 𝑧 < 0.4).

Figure 5: Left: Zoomed-in plot of OH-main and satellite lines detected in the MeerKAT UHF-band spectrum
Right: Corresponding molecular absorption lines obtained with ALMA tracing denser gas. The differences in
the absorption line profiles of different species are due to gas physics, structure and the frequency-dependent
structure of the background radio source over 0.5 - 200 GHz (details and full L- and UHF-band spectra
covering 580 – 1670 MHz are given in Gupta et al., 2021a; Combes et al., 2021).

In the near future, FASHI, FLASH and MALS will provide first constraints on the evolution of CNM
covering factor at 𝑧 < 1.4 (e.g. Allison, 2021). Various ongoing intensity mapping experiments
may extend these to higher redshifts (𝑧 ∼ 2.5). Fig. 5 shows zoomed-in MeerKAT UHF-band
spectra of the quasar PKS 1830-211 (𝑧𝑒𝑚 = 2.1). Instantaneous wideband coverage, covering 580
- 1015 MHz as shown in Combes et al. (2021), also enables us to simultaneously search for the OH
main and satellite lines in absorption.

OH lines can provide independent constraints on the evolution of H2-bearing CNM fraction, with
first constraints coming from MALS, and eventually SKA (Balashev et al., 2021). Moreover, ISM
models and observations indicate that OH provides a complementary view between H i and CO, as
tracers of CNM. In particular, OH traces diffuse molecular gas (CO-dark gas, i.e. not traced by
CO; Rugel et al., 2025), and therefore does not suffer from the H i depletion towards the center of
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the galaxies caused by H i/H2 transition at high pressure. Consequently, in disk models, the OH
radical remains distributed in a thick plane, like the H i, that flares with galactocentric radius. This
is reflected in the broad velocity extent of the H i and OH absorption lines in comparison to dense
gas tracers detected at mm wavelengths (e.g. Combes et al., 2021).

Figure 6: Left: Number of DLAs (open circles) and 21-cm absorbers (stars) per unit redshift range as
a function of redshift. The incidences of 21-cm absorbers are estimated for optical depth cut-off, To =
0.3 km s−1 based on DLAs and Mg ii systems at 2 < 𝑧 < 3.5 and 0.5 < 𝑧 < 1.3, respectively (Gupta et al.,
2012) and nearby galaxies at 𝑧 ∼ 0.1 (Dutta et al., 2017b). The curve for non-evolving population of 21-cm
absorbers normalized at 𝑧 = 1.3 is also plotted. Note that To = 0.3 km s−1 corresponds to 𝑁 (H i) ≈ 5 × 1019

for an assumed Ts = 100 K. Right: The expected incidence rate of absorption systems with 𝑁 > 𝑁 (OH) as
a function of 𝑁 (OH). The violet line indicates the averaged incidence rate, while the blue region represents
0.68 confidence region, based on the distribution (shown by red lines), calculated assuming a range of
expected physical conditions and constrained H2 column density distribution, reproduced from Balashev
et al. (2021).

The most crucial metric for any absorption line survey is the sensitivity function, 𝑔(T , 𝑧), repre-
senting the number of spectra in which it is possible to detect absorption of a given strength i.e.
integrated optical depth (T ) at a given redshift (𝑧). The total or integrated completeness-corrected
redshift path of the survey at the 𝑗 th T -interval and 𝑘th redshift-interval considering all sight lines,
is then given by

Δ𝑧(T𝑗) ≡ 𝑔(T𝑗) =
∑︁
𝑘

𝑔(T𝑗 , 𝑧𝑘)Δ𝑧𝑘 . (4)

The incidence or number of absorbers per unit redshift (𝑛𝑎𝑏𝑠) with integrated optical depth greater
than some threshold (T𝑗) can then be estimated as

𝑛𝑎𝑏𝑠 =

𝑁𝑎𝑏𝑠∑︁
𝑖=1

1
Δ𝑧(T𝑖)

, (5)

where the sum extends over all the absorbers (𝑁𝑎𝑏𝑠) with T𝑖 ≥ T𝑗 , and 𝑔(T𝑖) is the redshift path
over which the 𝑖th absorber could be detected. This readily explains the direct dependence of
absorption line survey yield on the survey speed to obtain large number of sensitive wideband
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spectra. Fig. 6 (left panel) shows incidences of DLAs (𝑛DLA) – the discrepancy at 0.1 < 𝑧 < 2
between the measurements from DLAs from unbiased surveys (Neeleman et al., 2016) and Mg ii-
based selection (Rao et al., 2006) is apparent.

Fig. 6 (left panel) also shows incidences of 21-cm absorbers (𝑛21) based on samples of nearby
galaxies (∼0.1), Mg ii systems (0.5 < 𝑧 < 1.5) and DLAs (2 < 𝑧 < 3.5). These different pre-
selection methods and large uncertainties limit the constraints on the evolution of CNM fraction.
Larger samples and uniform redshift coverage from FLASH and MALS will improve these over
0 < 𝑧 < 1.5, and the low-frequency coverage of the upgraded GMRT may enhance constraints
at 2 < 𝑧 < 3.5 (Gupta et al., 2021b). Independent constraints on CNM fraction at intermediate
redshifts (0.8 < 𝑧 < 2.5) may also come from the absorption line searches based on intensity
mapping experiments with CHIME (CHIME Collaboration et al., 2025) and HIRAX (Newburgh
et al., 2016).

Currently, only four intervening OH absorbers are known at present. These sightlines have OH
column densities, log 𝑁(OH) > 15. In the Galaxy, such column densities are associated with the
dense molecular ISM. The estimated incidence rate of OH at 𝑧 ∼ 3 based on constrained H2 column
density distribution is shown in Fig. 6 (see Balashev et al., 2021, for details). Based on this, one
can see that at 𝑧 ∼ 3 to detect a single OH absorption at the sensitivity limits corresponding to
log 𝑁(OH) < 14 total absorption path lengths in excess of 1000 will be needed. While ongoing
surveys may be able to achieve this, significant enhancement in the number of known OH absorbers
will come from SKAO, especially in intermediate redshifts 𝑧 ∼ 1 − 2, where the CNM incidence
rate is expected to be larger.

In addition to probing physical conditions in gas at high-𝑧, the absorption lines seen in the spectra
of distant QSOs can be used to place constraints on the space and time variations of different
dimensionless fundamental constants of physics (see Uzan, 2011, for a review). As H i and OH
absorption line frequencies depend differently on 𝛼 – the fine structure constant, 𝜇 – the electron-
proton mass ratio and 𝑔𝑝 – the proton gyromagnetic ratio, relative shifts between the observed
frequencies of these lines can be used to constrain the variations of these fundamental constants
of physics (Chengalur and Kanekar, 2003). Because the frequency scales at radio telescopes are
known to be well-defined and compared to optical / ultraviolet lines the radio lines are more sensitive
to the variation of fundamental constants (e.g. Darling, 2004; Kanekar et al., 2005; Rahmani et al.,
2012; Gupta et al., 2018a; Su et al., 2025). A major limitation is the availability of suitable H i
and OH absorbers required for this purpose. The next major improvement (1 part in 107) in these
constraints may come from the large samples of H i and OH absorbers from wide area, untargetted
surveys.

3.2 Origin of absorbing gas

While it is well established that strong Mg ii absorption lines and DLAs typically arise from the
gas within galaxies, the exact nature and the underlying physical process driving the gas seen in
absorption is still a matter of debate and may evolve significantly with redshift (e.g. Fynbo et al.,
2018; Neeleman et al., 2018; Kanekar et al., 2020). These studies demonstrate that mergers and
interactions with other galaxies, and ram pressure striping due to hot gas in group and cluster
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Figure 7: Left: Total intensity H i 21-cm emission map of Klemola31A, member of a galaxy group at
𝑧 = 0.029, in autumn colour gradient (increasing 𝑁(H i) from brown to yellow) overlaid on the RGB cutout
of DSS image. Also shown are the observed (white) and TIRIFIC tilted- ring model (green) moment-0
contours, and the location of background quasar PKS 2020-370 (𝑧𝑒𝑚 = 1.048) probing the outer disk. Right:
Comparison of the absorption profiles Ca ii, Na i, and H i 21-cm absorption associated with Klemola 31A
towards the background quasar PKS 2020-370. The best-fitting Voigt profiles (components identified with
red vertical dotted lines) are overplotted. The zero velocity scale is defined at 𝑧𝑎𝑏𝑠 = 0.028725. The joint
H i emission and absorption line analysis providing constraints on the kinematics and spin temperature of
absorbing, along with depletion pattern inferred from metal absorption lines, suggest an extra-planar origin
of the absorbing gas (see Maina et al., 2022, for details).

environments, also play an important role in defining the gas structures in the circumgalactic
medium. A weak anti-correlation between the H i 21-cm absorption optical depth and impact
parameter from galaxies has been reported based on searches in the vicinity of galaxy at 𝑧 < 0.4
(Gupta et al., 2013; Dutta et al., 2017b). Wide-area, untargetted surveys will provide a more complete
view of the cold gas structures in and around galaxies. Of particular interest are investigations of
21-cm absorbers and DLAs at low-redshift where H i gas is also detected in emission (e.g. Dutta
et al., 2016; Boettcher et al., 2022; Maina et al., 2022). Such investigations help in recognizing
the galactic processes that contribute to the absorbing gas in different environments (Fig. 7), and
will be useful for interpreting the origin of high-𝑧 absorbers. Currently, only a handful of such
investigations have been reported. The ongoing emission-absorption surveys such as FASHI, MALS
and WALLABY may provide samples for systematic exploration.

Besides enabling first steps towards understanding the absorber-galaxy relationship, low-𝑧 absorp-
tion line studies have also facilitated mapping of parsec-scale structure of the absorbing gas through
very long baseline interferometry (VLBI) which offers milliarcsecond (mas) resolution. The struc-
ture and the size distribution of neutral gas are required for determining the true 21-cm absorption
optical depth and spin temperature (Briggs and Wolfe, 1983), and relevant for understanding the
processes that determine the stability of these clouds (Mac Low and Klessen, 2004). However,
the lack of suitable low-frequency receivers at existing VLBI facilities has severely limited such
studies, particularly at higher redshifts. Presently, mas-scale spectroscopy has been possible only
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for a handful of cases at 𝑧 < 0.1, implying coherent gas structures larger than >30 pc (e.g. Keeney
et al., 2005; Borthakur et al., 2010; Srianand et al., 2013; Gupta et al., 2018b). At higher redshifts,
in the absence of VLBI spectroscopic capabilities, mas-scale continuum imaging has been used
to put constraints on the covering factor of absorbing gas and infer spin temperatures (Kanekar
et al., 2009a; Gupta et al., 2012; Curran et al., 2013). The typical upper limit on the extent of
radio emission from these observations is ∼300 pc, consistent with the lower limits on the sizes
of absorbing clouds inferred from low-𝑧 VLBI spectroscopic observations. While this justifies
the practice of using a single covering factor to correct for the partial coverage of radio emission,
large scale studies enabled by suitable low-frequency (<1 GHz) receivers are essential to test this
explicitly. Constraints on the parsec-scale structure of the ISM will also come from variability
studies of absorption lines (Kanekar and Chengalur, 2001; Allison et al., 2017; Srianand et al.,
2022; Combes et al., 2023). Variability studies over several decades may also produce the first
constraints on cosmic acceleration (Darling, 2012).

3.3 The 21-cm forest

The search for the ‘21-cm forest’, i.e. multiple weak 21cm absorption features from the cold neutral
intergalactic and circumgalactic medium along sightlines to powerful high-redshift radio sources,
has been a unique and long-standing science case for the SKA (Carilli et al., 2002; Ciardi et al.,
2015). Simulations suggest that a 21cm-forest signal should be detectable out to redshifts as high
as 𝑧 ∼ 10 (Ma et al., 2020), and the frequency coverage of SKA-Low allows the H i line to be traced
to 𝑧 ∼ 27. However, the most distant radio sources currently known are only at 𝑧 ∼ 7 (Bañados
et al., 2025). At slightly lower redshifts, i.e. 5 < 𝑧 < 6, there are numerous bright compact targets
with 𝑆150 ≫ 100 mJy (e.g. van Breugel et al., 1999; Drouart et al., 2020; Capetti and Balmaverde,
2024) which could be considered prime targets for in-situ and intervening absorption searches. We
note that the fainter radio sources lying at 𝑧 > 6.5 are within the Epoch of Reionisation (EoR). As
implied by observations of the Gunn-Peterson effect (Gunn and Peterson, 1965) in quasar spectra
at 𝑧 > 6 (e.g. Becker et al., 2001; Fan et al., 2006), these high-redshift radio sources could probe
intervening neutral hydrogen before it is completely reionised. For a further discussion of this topic,
we refer the reader to the EoR papers in this collection.

3.4 Probing the multi-phase ISM

The physical conditions in the multi-phase ISM are influenced by a number of physical processes
such as metallicity, dust, in situ star formation, cosmic rays and various feedback processes. Multi-
wavelength data constraining these are crucial to understand the occurrence and the origin of
gas detected in H i and OH absorption. At high redshifts, molecular absorption lines have been
challenging to detect since the majority of synchrotron radio sources generally exhibit steep spectra,
and the K-correction further reduces their millimeter flux, thereby reducing the number of suitable
background sources. Currently only 14 high-redshift (0.1 < 𝑧 < 3.5) molecular absorption line
systems with H i 21-cm absorption are known, evenly split between associated and intervening
detections. While the derived H i column densities vary from 1019 cm−2 to 1022 cm−2, the H2

ones vary from 1020 cm−2 to 1023 cm−2 (Combes and Gupta, 2024). Naturally, larger samples of
H i and OH absorbers from ongoing surveys will expand these studies to investigate the chemical
composition of the cold gas at high redshifts (e.g., Combes et al., 2021).
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In turn, as previously noted, H2 can be efficiently detected at high-𝑧 in absorption using electronic
transitions (UV in rest-frame), providing a complementary and detailed view of the CNM (Noter-
daeme et al., 2008; Srianand et al., 2010). Interestingly, H2 is found in at least the same proportion
in proximate DLAs as in intervening DLAs (Noterdaeme et al., 2019), despite the efficient dissocia-
tion of H2 by AGN UV radiation. The most efficient way to find H2 was found to use spectroscopic
survey facilities, such as SDSS, DESI and 4MOST facilities to preselect H2 (Balashev et al., 2014)
and subsequently follow-up at high-resolution at large optical telescopes e.g. VLT and KECK,
or ELT in near future. The statistical analysis of the emergent samples (Noterdaeme et al., 2008,
2018; Balashev et al., 2019), as well as detailed analysis of individual systems (Balashev et al.,
2017; Noterdaeme et al., 2017, 2021; Balashev et al., 2025) indicate a wide diversity of physical
properties, environment and nature of the CNM gas associated with detected H2. Despite the usual
mismatch between the sightlines and the sizes of the optical and radio emitting regions of AGNs,
21-cm absorption provides a powerful synergy with UV–optical studies of the CNM, as it traces
a larger fraction of the cold neutral gas—not only the H2-bearing component. Multi-wavelength
follow-up of large samples of H i and OH absorbers to detect corresponding metal and molecular
absorption lines will be essential to understand the interplay of different phases of ISM.

4 H i absorption observations with SKA-AA4

The SKAO’s sensitivity and frequency coverage will open a new discovery space for both associated
and intervening H i and OH absorption systems, allowing us to trace the evolution of cold gas from
the nearby Universe to 𝑧 > 6, connecting the era of peak star formation and AGN activity to the
earliest stages of galaxy assembly.

4.1 Wide-area absorption-line surveys with the SKA

Fig. 8 shows the peak optical depths achievable for a range of integration times (1–12 hrs per
pointing) against background sources with flux densities of 10 mJy, 100 mJy, and 1 Jy. These
calculations assume a 5𝜎 detection (per channel) and Briggs weighting with robustness 0. No
spectral binning was used for these estimates meaning that binning spectrally by a factor of 2-4
could reduce these limits slightly with a trade-off in spectral resolution. These estimates assume
use of the continuum mode at the default spectral resolution, however zoom modes could be used
to achieve higher spectral resolution depending on the specific science aims. Sensitivity is poorest
in the range 1.5 < 𝑧 < 3 due to the 13.5m MeerKAT antennas not being equipped with receivers
that operate below 580 MHz. Nevertheless, 1 hr per pointing would probe peak optical depths of
𝜏𝑝𝑘 > 0.02–0.1, and the wide bandwidth of SKA allows coverage of the redshift range 0.5 < 𝑧 < 3
in a single observation using the full 700 MHz bandwidth.

Table 1 summarises possible SKAO absorption-line surveys, updated from Morganti et al. (2015).
Observations with SKA-Mid will explore the redshift range 0 < 𝑧 ≲ 3, providing large samples of
both associated and intervening 21-cm absorbers suitable for statistical studies of cold gas evolution
and AGN feedback. For OH absorbers, redshift paths in excess of a few 1000 will be essential. At
higher redshifts, SKA-Low will extend these studies into the largely unexplored regime 3 < 𝑧 < 6,
probing cold gas in the very early stages of galaxy evolution.
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Figure 8: Peak optical depth limits reached for integration times ranging from 1 - 12hr, against a 10 mJy,
100 mJy and 1 Jy background continuum source. Assumes a 5𝜎 detection threshold and no spectral binning.

Table 1: Approximate peak optical depth sensitivity and spectral resolution for representative SKA H i
absorption surveys using the default spectral resolution in continuum mode. This assumes a 5𝜎 detection
against background sources of 10, 30 and 100 mJy for comparison. Sightline numbers assume a 104 deg2

survey and are estimated from the RACS-low and LOTSS radio source counts.

Survey Redshift Source flux 𝜏pk limit Spatial res. Spectral res. Sightlines
(mJy) (arcsec) (km s−1) (104 deg2)

SKA-Mid 0 < 𝑧 < 3 100 ∼ 0.02–0.1 ∼ 1–2 3–11 ∼ 28000
AA* 30 ∼ 0.07–0.5 ∼ 90000

SKA-Mid 0 < 𝑧 < 3 100 ∼ 0.01–0.07 ∼ 1–2 3–11 ∼ 28000
AA4 30 ∼ 0.05–0.3 ∼ 90000

10 ∼ 0.2–0.7 ∼ 230000
SKA-Low 𝑧 > 3 100 ∼ 0.07 ∼ 5–8 5–8 ∼ 1000

AA* 30 ∼ 0.5 ∼ 2600
SKA-Low 𝑧 > 3 100 ∼ 0.04 ∼ 5–8 5–8 ∼ 1000

AA4 30 ∼ 0.2 ∼ 2600
10 ∼ 0.4 ∼ 5500

4.2 Expected detection rates for a wide-area survey with the SKA

Estimating the number of 21-cm absorption systems that future SKA surveys will detect remains
highly uncertain, largely due to the poorly constrained redshift distribution of radio-loud AGN at
high redshifts, the uncertainity on the cold-gas fraction and how this evolves with redshift. Ongoing
large-area surveys with ASKAP and MeerKAT will provide critical constraints on these quantities,
enabling more reliable predictions over the coming years.
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Nonetheless, the optical depth limits shown in Fig. 8 allow a first-order estimate of the number
of absorption systems that may be detectable, summarised in Table 1. As a representative case,
we consider a shallow, wide-area survey covering ∼ 10, 000 deg2 with ∼ 2 hours of integration
per pointing. For SKA-Mid (Band 1, centred near 700 MHz), this would require roughly 5, 000
pointings, given an effective field of view of ∼ 2.0 deg2. At these integration times, peak optical
depth limits range from 𝜏pk ≈ 0.07 at low redshift to 𝜏pk ≈ 0.5 at 𝑧 ∼ 3, using the AA* array at the
native spectral resolution (∼ 4–11 km, s−1). Based on radio source counts from the Rapid ASKAP
Continuum Survey (RACS-low; Hale et al. 2021), such a survey would include roughly 90,000
background sources with peak flux densities above 30 mJy. The increased sensitivity of AA4
would enable searches for absorption against fainter background sources, increasing the number
of sightlines to 230 000 for sources with flux densities greater than 10 mJy. Naturally, the strong
absorber population will be detectable towards even fainter sources.

At higher redshift, a comparable 10, 000 deg2 survey with SKA-Low (𝑧 > 3) would require only
∼ 500 pointings due to its much larger field of view (∼ 20 deg2), corresponding to ∼ 1, 000
observing hours in total at 2 hours per pointing. Estimating the number of detectable absorption
lines remains very uncertain, as the redshift distribution of radio sources at 𝑧 > 3 remains poorly
constrained. However, recent results from JWST and LOFAR indicate the existence of a substantial
population of high-redshift massive galaxies, many of which are known to host radio jets (e.g.
Gloudemans et al., 2022; Nanayakkara et al., 2024; Roy et al., 2024). Using source counts from
the LOFAR Two-metre Sky Survey (LoTSS; Shimwell et al. 2026; Hardcastle et al. 2025) combined
with radio luminosity functions indicating that only ∼ 1% of radio-loud AGN lie at 𝑧 > 3, this
yields roughly 5,000 sightlines over the survey area. These observations would reach optical depth
limits comparable to the SKA-Mid survey at similar spectral resolution.

The detection rate in previous H i absorption surveys varies significantly, depending on the sample
selection and optical depth limits reached. Adopting a conservative detection rate of 1–3% from
similar untargeted searches (e.g. Gupta et al., 2021b; Su et al., 2022; Hu et al., 2025), a 10, 000 deg2

SKA-Mid survey could yield ∼ 2000–7000 absorbers, while SKA-Low might detect a few hundred
systems at 𝑧 > 3. Even under conservative assumptions, SKA will increase H i 21-cm absorber
samples from the current few hundred to thousands across 0 < 𝑧 < 6, enabling statistically robust
subdivision by redshift, radio luminosity, AGN type as well as studies of spin-temperature evolution,
and the changing cold-gas fraction over more than 12 Gyr of cosmic history. As previously noted,
with only a handful of known OH absorbers, the OH detection rate is even more uncertain. However,
based on the incidence rates estimated by Balashev et al. (2021), SKA-Mid surveys could plausibly
detect tens of OH absorbers, providing the first statistical constraints on diffuse molecular gas across
cosmic time.

4.3 Targeted follow-up observations

Wide-area, untargeted surveys with SKA-AA4 will identify large samples of H i and OH absorption
systems, revealing galaxies selected purely by their cold gas content. These surveys, combined
with other selection criteria, can provide candidates for deeper, targeted follow-up observations
designed to probe weaker absorption features and provide detailed information on the kinematics,
structure, and origin of the absorbing gas, and even test invariance of fundamental constants of
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physics. Signatures of outflows, for instance, are often seen at optical depths of 𝜏 < 0.01, requiring
longer integration times to reach suitable limits, particularly at redshifts 1.5 < 𝑧 < 3.

At the highest redshifts (𝑧 > 3), the 21-cm H i line will shift into the SKA-Low frequency range.
As an example we look at the detectability of associated H i absorption in one of the most luminous
radio galaxies at 5 < 𝑧 < 6; GLEAM J0856+0224 (at 𝑧 = 5.55 and with 𝑆150MHz ≈ 0.9 Jy, Drouart
et al., 2020). Fig. 9 shows a simulated H i absorption line observation with MWA phase 3 and
SKA-AA4. This assumes a Gaussian absorption profile of width 100 km s−1 and a maximum peak
optical depth of 𝜏𝑝𝑘 = 0.01. For the MWA we assume 256 tiles, overlapping coarse channels
to provide contiguous spectral coverage and an rms noise of 13.4 mJy per 200 kHz channel from
12 hours integration. For SKA-Low we use the same exposure time and assume all observations are
at high elevation with SKA-Low AA4 providing us with an RMS of 2.2 mJy per 18 kHz channel.
We see a clear detection with SKA-Low and a marginal one at best with MWA.
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Figure 9: Simulations of 12 hour observations of associated H i absorption in GLEAM J0856+0224 at
𝑧 = 5.55 for a Gaussian profile line of width 100 km s−1 and maximum depth of 𝜏 = 0.01 (input spectrum
shown by the grey line). The left panel shows what would be observed with MWA Phase 3 with an RMS
of 13.4 mJy per 200 kHz channel, and the right panel shows SKA-Low AA4 with an RMS of 2.2 mJy per
18 kHz channel.

The balance between wide-area, untargeted surveys and deeper, targeted follow-up observations
will be key to advancing our understanding of H i absorption in the SKA era. Untargeted surveys
will provide large, unbiased samples of H i -rich galaxies and identify candidates that can then be
followed up with deeper, pointed observations. The optimal balance between these approaches
will be informed by the ongoing SKA precursor surveys, which are already demonstrating the
complementary nature of large survey programmes that efficiently uncover new absorbers, and
deeper targeted observations that reveal more detailed gas kinematics. The frequency coverage of
SKAO will enable us to push the study of H i to redshifts beyond 𝑧 > 3, tracing the evolution of
cold neutral gas over more than 10 billion years of cosmic history.

5 Conclusions

Over the past decade, H i absorption studies have progressed from small, heterogeneous samples to
large, systematic surveys with SKA precursors, revealing new absorber populations and expanding
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our view of cold gas in galaxies. Instantaneous wide bandwidths for the first time are enabling
simultaneous searches of OH absorption, capable of delivering independent constraints on H2 gas
fraction and excitation conditions.

5.1 Science outcomes

Observations of the H i 21-cm and OH 18-cm lines in absorption with the SKAO will provide a
statistical census of these absorbers across cosmic time, tracing both associated and intervening
systems from 𝑧 = 0 to 𝑧 > 6, including the 21-cm forest. These surveys will allow us to explore
the following key science goals and will provide crucial observational constraints that can inform
galaxy evolution simulations.

1. Identification and characterisation of neutral gas outflows at all redshifts, but especially at
“cosmic noon” (𝑧 ∼ 1–2), providing crucial constraints on AGN feedback and its impact on
galaxy evolution.

2. Measurements of the CNM and H2 (OH) fraction revealing processes associated with con-
version of H i gas to cold gas and eventually stars over cosmic time.

3. Discovery of new populations of gas-rich, optically faint or dust-obscured associated and
intervening absorbers, to resolve the long-standing question of expected dust-bias in optically-
selected samples.

4. The most stringent constraints on variations of fundamental constants of physics, and first
constraints on cosmic acceleration.

5. Through sub-arcsecond scale spectroscopy (SKA-VLBI), constraints on parsec-scale structure
of cold neutral gas in normal and active galaxies, and its relationship with stellar and AGN
feedback processes.

5.2 Challenges and lessons learned from SKA precursors

Experience from precursor surveys provides essential guidance for planning SKA-AA4 observa-
tions. These surveys have highlighted, and in many cases helped overcome, several challenges
that must be considered when designing absorption-line surveys with the SKA. Radio-frequency
interference (RFI) remains a key concern. Even though both SKA telescopes are built on radio-
quiet sites, the presence of RFI can still impact observations. This can either be due to aircraft
or satellites overhead, or via tropospheric ducting which can transport radio waves across large
distances. While affected data or contaminated frequency ranges can be flagged, this results in a
loss of redshift coverage for spectral-line surveys that cannot be recovered.

Bandpass stability is another key issue for spectral line surveys. The need for a flat, stable bandpass
over wide frequency range is critical to achieve the science goals discussed in this chapter, particular
for the detection of weak, broad absorption features, and exploration of line variability. Lastly,
spectral-line observations produce extremely large datasets, making automated pipelines for line
extraction, data verification and quality control, and stacking essential to fully exploit the data
from SKAO absorption surveys. These challenges are already being addressed by the large teams
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conducting current absorption-line surveys, but more advanced and efficient methods will be needed
to tackle more sensitive and larger data volumes from SKAO.

5.3 Synergies with multi-wavelength data

Maximising the scientific return of H i absorption studies with the SKAO will depend on comple-
mentary multi-wavelength data and high-resolution follow-up observations. While the SKAO will
provide unparalleled sensitivity for detecting the 21-cm and OH lines across cosmic time, inter-
preting these signals requires optical and infrared photometry and spectroscopy to secure redshifts
for distinguishing between associated and intervening absorbers, and performing stacking analyses.
Large optical and infrared spectroscopic surveys such as DESI (DESI Collaboration et al., 2024)
and 4MOST (de Jong et al., 2012) will provide large number of spectra to distinguish between
associated and intervening absorbers, as well as information on stellar populations, AGN diagnos-
tics and gas physics in absorber host galaxies. Detailed follow-up observations with existing and
planned facilities such as ALMA and ngVLA in radio, and JWST, VLT, KECK and ELTs in optical
/ IR will allow characterization of individual systems and their multi-phase ISM in greater depth.
Together, these facilities will provide a comprehensive, multi-phase picture of the gas, dust, AGN
and star-formation processes shaping galaxy evolution.
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