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21cm forest with SKA

The 21 cm forest, manifesting as absorption features in the spectra of distant radio
sources, is caused by neutral hydrogen in the intervening cosmic structures. It
provides a unique opportunity to directly probe the neutral intergalactic medium
(IGM) during the epoch of reionization. In particular, this phenomenon offers a
distinctive probe of small-scale structures during the epoch of reionization (EoR),
and can be used to sensitively constrain the thermal history of the early universe.
However, real measurement of the 21 cm forest signals has been hindered by the
high sensitivity required to detect the weak individual absorption lines, and the
unavailability of high-redshift radio-bright sources at the EoR. In the past decade,
significant progress has been made to make the 21 cm forest measurement actually
feasible and promising. These include the development of new statistical observ-
ables to enhance the sensitivity of measurements with a reasonable observation
time, the revision of the expected number counts of background radio-loud quasars
in light of recent observations, and the development of deep-learning-based tools
to extract physical information more efficiently and accurately. More importantly,
methods have been proposed to break the degeneracy between astrophysical effects
from the early galaxies and various physical effects that influence the formation of
small-scale structures. Therefore, with the advent of the Square Kilometre Array
(SKA), it is very promising to utilize the 21 cm forest to probe both the heating
effect from early structure formation, or possibly from exotic energy-injection
processes, and a range of fundamental physics, such as the dark matter properties,
the neutrino mass, the running spectral index, and the relative velocity between
dark matter and baryons. In this chapter, we provide a comprehensive overview
of recent efforts in the field of 21 cm forest research, and discuss observational
strategies and prospects for constraining the first galaxies and the fundamental
physics with 21 cm forest observations using the upcoming SKA-Low.
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1 Overview of the 21 cm Forest

The 21 cm forest refers to the absorption features caused by neutral hydrogen (HI) observed against
high-redshift (high-z) radio-loud sources such as quasars. This phenomenon occurs when cold
neutral hydrogen in the intergalactic medium (IGM) or minihalos along the line of sight absorbs
radiation from background sources, imprinting characteristic absorption lines onto their spectra. It
is a unique method to probe the early universe, complementing approaches such as tomography and
power spectrum analyses while providing distinct insights(e.g. Carilli et al., 2002; Furlanetto and
Loeb, 2002; Furlanetto, 2006).

An instructive analogy is the well-known Lyman-« forest, which is absorption lines from neutral
hydrogen seen in quasar spectra(e.g. Weinberg, 2003; McQuinn, 2016). Like the 21 cm forest, it
probes the IGM along the line of sight, but differs in key ways. The Lyman-« forest appears in the
UV/optical and traces warmer, ionized or partially neutral gas, while the 21 cm forest, seen in radio,
is sensitive to cold neutral hydrogen. Moreover, whereas the Lyman-a forest is mainly used at the
end stage of reionization (z < 6), the 21 cm forest can explore higher redshifts during the initial
stage of reionization.

One of the key quantities that characterize the 21 cm forest is the optical depth t,, which quantifies
the degree of absorption experienced by radio waves due to neutral hydrogen(e.g. Furlanetto and
Loeb, 2002; Furlanetto, 2006). The optical depth of a cloud of hydrogen can be expressed as
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Here, c is the speed of light, &, is Planck’s constant, Ao represents the Einstein coefficient for
the hyperfine 21 cm transition, with a value of 2.85 x 107! s~!, governing the likelihood of
spontaneous emission, and kg is the Boltzmann constant. nyy(x) is the neutral hydrogen number

density at position x along the line of sight (LoS), b(x) = (2kpTk(x)/mp)'/?

is the Doppler
parameter, in which my is the hydrogen atom mass, Tk (x) is the gas kinetic temperature, and 75 (x)
is the spin temperature, which characterizes the relative population of the two hyperfine energy
levels of neutral hydrogen. u(v) = c¢(v — v21 ¢m)/V21 ecm» Where vaicm = 1420.4 MHz is the rest-
frame frequency of the 21 cm transition, and v(x) is the velocity of the hydrogen gas projected to

the LoS, including the peculiar velocity and the Hubble flow.

When the optical depth is small, the absorption lines are weak and appear only as subtle fluctuations
in the background spectrum. Conversely, a larger optical depth produces deeper and more prominent
absorption features, reflecting regions of higher density or lower temperature in the neutral hydrogen
gas. Because the strength and shape of these lines are sensitive to the local density, temperature,
and ionization state of the IGM, analyzing the 21 cm forest enables us to infer the small-scale
distribution of matter and to trace the thermal evolution of the IGM during the early stages of
cosmic history.

The 21 cm forest is complementary to the 21 cm emission line, which is observed as a diffuse
signal from neutral hydrogen itself. While the emission signal is typically measured over large
areas of the sky using statistical methods such as power spectrum analysis or tomographic imaging,
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Figure 1: Schematic view of 21 cm forest. Credit: SKAO, Sherwood-relics, International Gemini Observa-
tory, Tomas Soltinsky.

which thereby offers a global view of the IGM during cosmic dawn and the Epoch of Reionization,
the 21 cm forest provides a high-resolution, line-of-sight probe of the intervening gas, revealing
detailed information about small-scale structures and local physical conditions. Together, these
approaches offer a comprehensive picture: the emission line maps the large-scale distribution
of neutral hydrogen, whereas the forest targets the finer details of gas density, temperature, and
kinematics along a discrete line of sight.

Observations of the 21 cm forest using next-generation radio telescopes, such as the Square Kilo-
metre Array (SKA), are poised to provide transformative insights into cosmic structure formation
and reionization(e.g. Ciardi et al., 2015; de Lera Acedo et al., 2026). These studies promise to
deepen our understanding of the early universe by probing the distribution and properties of neutral
hydrogen along the line of sight(e.g. Bag et al., 2026; Barkana et al., 2026).

This chapter provides a comprehensive overview of theoretical modeling, numerical simulations,
data-analysis techniques, and observational strategies for studying 21 cm forest and its connection
to high-redshift radio sources in the context of future SKA-Low observations.

2 Modelling the 21 cm forest

2.1 Analytical vs numerical approach

Absorption features in the spectra of high-z quasars induced by intervening minihalos and dwarf
galaxies have been investigated with a semi-analytic approach by e.g. Furlanetto and Loeb (2002),
Furlanetto (2006), Meiksin (2011), Xu et al. (2011), and Shimabukuro et al. (2014). Semi-analytic
approaches can provide detailed modeling for small-scale structures that are currently impossible
to resolve for numerical hydrodynamical simulations, but can be important for 21 cm forest signals,
for which the main contributors of the absorption are small-scale structures. We need to model the
density, temperature, and ionization profiles not only for the hydrogen gas within dark matter halos,
but also for the infalling gas surrounding halos. In particular, the cool and dense gas in the infalling
region surrounding halos could have a major contribution to the optical depth when the gas has not
been sufficiently heated by the X-rays (Xu et al., 2011). The semi-analytic approach also has the
advantage of being able to explore a large parameter space due to its efficient modeling. Similar
advantages have fully-analytic models, one of which was developed for the 1D power spectrum of
the 21 cm forest by Shao et al. (2025).
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On the other hand, numerical hydrodynamical simulations combined with radiative (RT) transfer
can provide more detailed models of the IGM during the Epoch of Reionization. Examples of
numerical simulations which have been used for 21 cm forest studies include Aurora (Pawlik et al.,
2017; Bhagwat et al., 2022), CRASH (Ciardi et al., 2012, 2013), Sherwood-Relics (Puchwein et al.,
2023; §oltinsky et al., 2021, 2023) and others (Carilli et al., 2002; Xu et al., 2009; Semelin, 2016;
Naruse et al., 2024). From such simulations, we extract, along each line of sight, the hydrogen
number density ny, neutral fraction xyy, kinetic and spin temperatures (7x, Ts), and the peculiar
velocity of the gas vpe.. With this information we can calculate the 21 cm forest optical depth in
discrete form at pixel i in the LOS with Npix pixels in total as
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where 6v is the velocity width of the pixels, H(z) is the Hubble parameter, nyy = npxpr, u; =
VH,j + Vpec,j and vy is the Hubble velocity. However, most simulations include only the ionizing
(UV) radiation that drives reionization, while neglecting the contribution of X-ray photons. The
latter, however, play a crucial role in determining the thermal state of the IGM and hence the 21 cm
forest signal. Owing to their long mean free path,
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where ¢ is the matter overdensity contrast and Ex is the energy of the X-ray photon. Since the
mean free path increases rapidly with photon energy (Ax o E)3() and decreases in dense or neutral
regions, X-ray photons can penetrate far beyond local ionized bubbles, heating large volumes of the
IGM. Therefore, their effect is often approximated as a spatially homogeneous background, whose
luminosity can be parameterized as (Furlanetto, 2006)
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where the fx is the X-ray background radiation efficiency and the SFR is the star formation rate,
which preheats the IGM in the post-processing of cosmological simulations, rather than following
the more computationally expensive RT of the photons. Differently from analytic approaches, the
numerical simulations mentioned above are computationally expensive, and hence it is difficult to
explore a large parameter space with them.

An alternative approach that requires less computational resources is to utilize semi-numerical
tools. For example, the 21cMFAST code (Mesinger et al. 2011; Murray et al. 2020, but see also
Mack and Wyithe 2012) has been widely used to vary the X-ray background radiation, as well as
the reionization and dark matter models and to investigate the impact on the 21 cm forest (e.g.
Ewall-Wice et al., 2014; Thyagarajan, 2020; Shao et al., 2023; Soltinsky et al., 2025). Combining
the semi-numerical tools with the semi-analytic modeling, a high enough dynamic range can thus
be reached to model in detail both the large-scale environment and the small-scale physics driving
the signal (Shao et al., 2023).
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Figure 2: The differential number density of synthetic 21 cm forest absorption features at z = 9 (top row
panels), 7.5 (middle row panels) and 6 (bottom row panels). Each panel shows cases in which the X-ray
efficiencies, fx = 0.01 (blue curves), fx = 0.1 (fuchsia curves) and fx = 1 (orange curves) is assumed. From
left to right various effects on the 21 cm forest are tested, namely strength of Lya coupling of the Ts, redshift
space distortions, topology and timing of reionization. This figure is taken from Soltinsky et al. (2021).

2.2 Effect of assumptions implemented in the modelling

In the previous section, we discussed various analytical, semi-analytical, and numerical approaches
that have been used to model the 21 cm forest, each with its own advantages and limitations.
Despite their methodological differences, these models are generally built upon a set of simplifying
assumptions regarding the thermal and ionization state of the intergalactic medium and the relevant
radiative processes. In what follows, we describe some of these assumptions and how they affect
the detectability of the 21 cm forest signal.

During the end stages of the reionization the universe is expected to be filled with a homogeneous
Lya photons background strong enough for the spin temperature to be coupled to the gas kinetic
temperature via the Wouthuysen-Field effect (Wouthuysen, 1952; Field, 1958). Hence, typically it
is assumed that 7s = Tk, which allows us to avoid the complex calculation of 7s. However, this
is not necessarily the case, and in fact the spin temperature could also be partially coupled to the
radio background temperature. As a result, the 21 cm forest absorption can be modestly increased
or decreased in comparison to a s = Tk case, depending on the redshift evolution of 7 (Semelin,
2016; §01tinsk}’/ et al., 2021). This is shown in the leftmost column panels in Fig. 2, where the
distribution of the absorption lines in the simulated 21 cm forest spectra is shown when the 75 = Tx
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approximation was assumed (dashed curves), a full computation of 75 was performed (solid curves)
and weak Ly coupling was considered (dotted curves).

Another common approximation is to omit the effect of redshift space distortions (RSD), which
can increase the optical depth of individual absorption features and clusters them together. As a
consequence, the inclusion of RSD can boost the high 7, tail of the distribution of absorption
features by up to an order of magnitude (Semelin, 2016; Soltinsky et al., 2021) as we can see in the
middle left column of Fig. 2, as well as the 1D power spectrum at small scales (Soltinsky et al.,
2025). We note that hydrodynamical simulations naturally produce the gas peculiar velocity fields,
Vpec, Which can then be used to incorporate the effect of RSD into the 21 cm forest modeling.

On the other hand, Soltinsky et al. (2021) found that the hydrodynamical response of the gas to the
inhomogeneous (patchy) reionization has a modest effect (see the middle right column panels in
Fig. 2). The structures in the neutral islands of the IGM which have not yet experienced reionization
(and thus Jeans pressure smoothing) produce 21 cm forest absorption features which are only slightly
stronger than those in a case of homogeneous reionization.

Besides the morphology of the reionization, the timing can affect the detectability of the 21 cm
forest too. For example, in the rightmost middle panel of Fig. 2, which corresponds to z = 7.5, the
model in which the reionization is completed at z; = 6.7 (dashed curves) has slightly suppressed
signal relatively to the model with z; = 5.3 (solid curves) because the reionization has progressed
faster and more IGM is ionized and hot. For comparison a case of no reionization and no X-ray
heating (ie. Ts = Tx = Tag = 2.73K (1 +6)?3(1 + 2)2/(1 + zgec), Where Tyq is the adiabatic
temperature, zgec = 147.8 (Furlanetto et al., 2006), and xpy; = 1) is indicated by dotted black curves.
Recent observations of the large spatial fluctuations in the Ly« forest opacity (Becker et al., 2015;
Bosman et al., 2022), the presence of damping wings in the Ly« forest spectra from neutral islands at
Z < 6 (Spina et al., 2024; Becker et al., 2024; Zhu et al., 2024; Sawyer et al., 2025), Lya equivalent
widths (Nakane et al., 2024), thermal widths of Ly« forest transmission spikes at z > 5 (Gaikwad
et al., 2020), clustering of Ly emitters (Weinberger et al., 2019), deficit of Ly emitting galaxies
around extended Lya absorption troughs (Kashino et al., 2020; Keating et al., 2020; Christenson
et al., 2021), long dark gaps in the Lya forest (Zhu et al., 2021) and Lyg forest (Zhu et al., 2022),
mean free path of ionizing photons at z = 6 (Becker et al., 2021; Cain et al., 2021; Zhu et al., 2023;
Gaikwad et al., 2023), the cross-correlation of the Lya forest-[O 1] emitters (Kakiichi et al., 2025)
and the cosmic microwave background measurement of the electron scattering optical depth (Pagano
et al., 2020) are consistent with the reionization not being completed before z ~ 6 (e.g. Kulkarni
et al., 2019; Nasir and D’Aloisio, 2020; Choudhury et al., 2021; Qin et al., 2021). For alternative
explanations and the evidence against this see D’Aloisio et al. (2015), Davies and Furlanetto (2016),
Chardin et al. (2017), Meiksin (2020) and Zheng et al. (2026). However, if the late-end reionization
scenario is indeed correct, we can expect large islands of neutral hydrogen to persist until z ~ 6
(e.g. Lidz et al., 2007; Mesinger, 2010), and hence the 21 cm forest absorption might be detectable
at such low redshift if the gas is not preheated above Ts ~ 100K (Soltinsky et al., 2021).

Furthermore, one of the open questions in the field is how much do minihalos contribute to the
21 cm forest absorption (Furlanetto, 2006; Xu et al., 2011; Kadota et al., 2023; Naruse et al., 2024),
as minihalos are difficult to model in numerical simulations due to the large dynamic range required.
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Indeed, large simulation boxes are needed to capture the rarest and most massive halos, but at the
same time the modeling of minihalos requires fine resolution. Therefore, most studies employing
cosmological simulations focus on the 21 cm forest originating from the diffuse IGM only (e.g.
Ciardi et al., 2013; Soltinsky et al., 2021). Additionally, feedback processes may easily suppress
the absorption signature from minihalos (Meiksin, 2011; Park et al., 2016; Nakatani et al., 2020). It
has been shown, though, that the presence of minihalos impacts the evolution of reionization itself
(Ciardi et al., 2006; Yue et al., 2009; Chan et al., 2024), and therefore can indirectly affect also the
21 cm forest.

Finally, often the effect of the background radio-loud quasar radiation on the proximate 21 cm forest
is omitted. By postprocessing cosmological hydrodynamical/RT simulations with a multifrequency
1D RT simulations incorporating quasar spectrum from the UV to X-ray photons to model the
impact of the quasar radiation on its surroundings, Soltinsky et al. (2023) found that not only the
signal is completely suppressed close to the quasar due to the Hu bubble pre-ionized by the UV
radiation from the galaxies populating this region, but can be partially suppressed far away from
the quasar because of the heating driven by the X-ray photons emitted by the quasar itself. It should
be noted that, because of their long mean free path, X-ray photons penetrate the IGM beyond the
ionization front far away from the background radio-loud quasar.

3 Evaluating 21 cm forest with the SKA

3.1 Direct observation of spectra & sensitivity

Previous works propose a direct counting method to detect the 21 cm absorption lines imprinted by
cold neutral hydrogen in and around minihalos and dwarf galaxies along the sightlines to bright,
high-redshift radio sources (e.g. Furlanetto and Loeb, 2002; Furlanetto, 2006; Xu et al., 2011). In
this approach, the optical depth of a minihalo is determined by the neutral hydrogen number density,
the spin temperature of the gas, and the line profile function that describes the velocity dispersion
of the gas. The optical depth depends on the impact parameter, which corresponds to the maximum
distance along the line of sight at which significant absorption occurs.

By modeling the halo mass function and the internal and ambient gas properties of each minihalo,
the cumulative number of absorption features per unit redshift is given by

— —ﬂ'r%(M,T)dM,

dN(>71) dr /Mmax dN

dz dz Ju,,, dM
where Z—; is the comoving line element, j—ﬁ is the halo mass function, and r, (M, 7) is the maximum

impact parameter for which the optical depth exceeds 7.

This direct counting strategy requires the high sensitivity and kHz-level frequency resolution of
instruments to detect weak absorption signals (with 7 ~ 0.01-0.1). Ultimately, the statistical distri-
bution of these 21 cm absorption lines provides a powerful tool to probe small-scale cosmological
fluctuations and to constrain key parameters such as the neutrino mass, the running spectral index,
and dark matter particle mass(Shimabukuro et al., 2014). Similarly, Soltinsky et al. (2021) have
used the direct counting strategy for the 21 cm absorption lines originating from the diffuse IGM
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rather than minihalos. They also suggest that a null-detection of these features in observations by
SKA1-low or SKA2-low can be translated to a lower limit on the X-ray background radiation.

3.2 Statistical measurements & sensitivity

In statistical analysis, the brightness temperature of the 21 cm forest. The brightness temperature
includes not only information about the optical depth but also contains information about the
background radio source. This can be expressed as
TS(§’ Z) - Ty(& Z)

-

0Tp(8,v) ~ T2

(8,2), (5)

where § denotes the unit vector along the line of sight (i.e., the observing direction), 7 is the spin

temperature of neutral hydrogen, and 7, is the brightness temperature of the background radiation,
which is related to the flux density of the background radio source.

Compared with direct detection, statistical analysis methods, such as increased variance (Mack
and Wyithe, 2012), power spectrum (Thyagarajan, 2020; Shao et al., 2023), wavelet transform
(Shimabukuro et al., 2025) and topological data analysis(Shimabukuro, 2026), have significantly
improved the observability of the 21 cm forest. First of all, statistical methods effectively suppress
noise through signal superposition. Even if individual absorption lines are difficult to distinguish,
they can still extract the overall statistical characteristics and significantly improve the signal-to-
noise ratio. Secondly, they are less sensitive to instrumental calibration errors. By analyzing the
spatial or frequency correlation of signals, the impact of systematic errors can be reduced. In
addition, statistical methods have relatively relaxed requirements for data resolution. Even if the
observational resolution is limited, they can still constrain the signal characteristics by measuring
the amplitude of fluctuations on different scales.

3.2.1 Power spectrum

The power spectrum is one of the most commonly used statistical analysis methods in cosmology
and astronomy(e.g. Acharya et al., 2026a). It quantitatively describes the fluctuation characteristics
of signals at different scales through Fourier transform. In the study of the 21 cm forest, Thyagarajan
(2020) first proposed the application of one-dimensional (1D) power spectrum along the line of
sight, and it has been shown that this 1D power spectrum analysis can effectively suppress the
impact of cosmic variance and significantly improve the signal-to-noise ratio of the observed signal.
Shao et al. (2023) further found that the 1D power spectrum of the 21 cm forest has an important
scientific value, capable of breaking the degeneracy between dark matter properties and intergalactic
medium temperature in traditional observations, thereby achieving simultaneous constraints on the
mass of dark matter particles and the history of cosmic heating. Similarly, when the 1D power
spectrum is computed from the transmitted 21 cm forest flux, Soltinsky et al. (2025) have found
that the measurement of this statistical observable can be used to constrain both the thermal and
ionization state of the high-z IGM even with an observation of a few radio-background sources.
These groundbreaking discoveries provide a new theoretical framework for studying early universe
physics using the 21 cm forest.

The observed frequency-dependent brightness temperature 673 (8, v) can also be represented in
terms of the line-of-sight distance r, as 6T (8, ;). The Fourier transform of 6Té(§, r,) is defined
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as:
ST’ (3, k||) = / 6T}, (8,rz) et dr. (6)

The corresponding one-dimensional power spectrum is

- 2 1
P (8, ky) = |6T" (8, k —. 7
(8, ) = [6T" (5. ky)| (Arz) ™
The factor 1/Ar, serves as the normalization factor, with Ar, denoting the length of the sightline
in question. By extracting multiple segments of neutral regions from the spectra of different

radio sources, we can obtain the expected value of the one-dimensional power spectrum P (k) =
(P (3, ky)).

The uncertainties in 21 cm forest observations primarily stem from the thermal noise of the
interferometer array and the sample variance in power spectrum measurements. The sample variance
of the one-dimensional power spectrum can be expressed as PS = op (k) /v/Ny X N,,,, where op (k)
is the standard deviation of P(k), Ny represents the number of independent measurements on
different neutral patches of Ar;, and N, is the number of independent modes in each k-bin from
each measurement. Regarding the thermal noise error, Shao et al. (2023) follows the approach
taken by Thyagarajan (2020), assuming each spectrum is measured twice separately, or the total
integration time is divided into two halves, and the cross-power spectrum is practically measured
to avoid noise bias. Under this measurement scheme, the integration time for each measurement
of the spectrum is 69 5 = 0.56¢, resulting in an increase in the thermal noise on the spectrum by a
factor of V2. Then, the uncertainty in the 1D power spectrum due to thermal noise is given by

2272

z1sys

Aeff

PN =

Ar, )
2QAv, 619 5

where Acfr/Tsys represents the sensitivity of the telescope array, Q = 7(6/ 2)? is the solid angle
of the telescope beam, 8 denotes the angular resolution, and Av, is the total observing bandwidth
corresponding to Ar,. For Ny measurements, the thermal noise PV will further decrease by a factor

of VNj.

Figure 3 shows the 1D power spectra that we have simulated. The left panel displays the 1D power
spectra corresponding to different heating histories in the CDM model, where fx =0, 0.1, 1, and
3 represent different heating histories. As fx increases, the temperature of the IGM rises, leading
to a significant suppression of the power spectrum across all scales. The right panel illustrates the
1D power spectra for the CDM model without heating and for WDM models with particle masses
of 10 keV, 6 keV, and 3 keV, respectively. A lower mwpwm reduces small-scale density fluctuations,
thereby suppressing the small-scale power spectrum. Unlike heating effects, the influence of dark
matter properties is primarily reflected in changes to the slope of the power spectrum, rather than
a significant suppression of the overall amplitude. The dotted lines and dashed lines represent the
thermal noise corresponding to the sensitivities of the SKA1-LOW and SKA2-LOW, respectively,
for which we have adopted parameters of Acg/Tsys = 800 m?/K and 4000 m?/K. Additionally, Shao
et al. (2023) has assumed an integration time of 100 hours on each source, a spectral resolution of

10
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Figure 3: The expected 1D power spectrum of the 21 cm forest for different fx (left panel) and mwpwm (right
panel), with S159 = 10 mJy. This figure is taken from Shao et al. (2023).

1 kHz, and 100 observed neutral segments. Because heating and dark matter effects leave distinct
imprints on the 21 cm forest 1D power spectrum, the two can be disentangled, allowing us to
simultaneously probe the thermal history of the Universe and the properties of dark matter.

3.2.2 Wavelet Scattering Transform

Shimabukuro et al. (2025) introduced the wavelet scattering transform (WST) to study the 21 cm
forest beyond the power spectrum. WST is a multi-scale method that decomposes a signal into scale-
dependent coefficients and is well suited to complex data with nested structures and non-Gaussian
features. Applied to the 21 cm forest brightness temperature, it captures localized fluctuations
and cross-scale interactions through wavelet filters of different sizes. Its nonlinear modulus and
averaging operations also make it stable against small perturbations and robust to instrumental and
astrophysical noise. The resulting coefficients include first-order terms (S1), which trace intensity
variations at individual scales, and second-order terms (S,), which quantify hierarchical coupling
between scales.

The WST first convolves the 21 cm forest brightness temperature spectrum 67j with a family of
wavelets i/ ;(x). In the WST, the scale index j determines the dilation of the wavelet filter, that is,
how much the wavelet is stretched or compressed in scale, while the orientation index [ specifies the
direction of the wavelet. Small j corresponds to fine structures or rapid oscillations (small scales),
whereas large j captures broad, slowly varying patterns (large scales). Different / values allow the
WST to extract directional features from various orientations in the data. However, [ is redundant
in one-dimensional 21 cm forest spectrum data.

The hierarchical coefficients start with the spatial mean
So = (6Tp), ©)

which encodes global information such as the average brightness temperature. Localised fluctuations
atscale jj are captured by the first-order coeflicients obtained after convolution, modulus, and spatial
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Figure 4: (left) first-order WST coefficient for CDM model, CDM + fx = 0.1, 0.3 models and Warm Dark
Matter(WDM) models with different WDM mass. (right) second-order WST coefficient for CDM model.
This figure is taken from Shimabukuro et al. (2025).

averaging,

st = (16T v, 0)])- (10)

To probe cross-scale structure, the modulus field |6Tb * Y j1| is convolved with a second wavelet of
scale j,; taking the modulus again and averaging yields the second-order coefficients

37 = <“5Tb*¢jl(x)|*¢jz(X)’>, (11

which quantify how structures at scale j; modulate those at scale j, and thus encode higher-order,
non-Gaussian statistics.

In Fig.4, we show the first and second orders of the WST coefficient. The left panel shows the
scale-dependent first-order scattering coefficients, (S), as a function of the wavelet scale j(= j)
for five cosmological models: cold dark matter (CDM) with fx = 0.0, 0.1, and 0.3, and warm
dark matter (WDM) with particle masses of 3keV and 6keV. In all cases, (S;) falls off rapidly
with increasing j, indicating that small-scale fluctuations dominate the WST response; models with
more free-streaming (higher fx or lighter WDM) yield systematically lower amplitudes at each
Jj- The right panel presents the second-order scattering coefficients, S», as a function of the scale
pair (j1, j2). The strongest cross-scale coupling occurs at the smallest scales (low j; and j,), and
S5 declines steeply as either index increases, reflecting the decreasing interaction between widely
separated scales.

3.2.3 Sample size and statistical problem

As discussed above, the 21 cm forest is expected to provide a powerful probe of large-scale structure
and galaxy formation in the high-z Universe. However, even with the SKA, the number of sufficiently
bright background radio sources at such redshifts is expected to be limited (Takeuchi et al., 2016,
and references therein). The total number of usable sightlines may reach only a few tens to ~ 100
over the full survey. In contrast, the high frequency resolution of the SKA yields a very large

12



21cm forest with SKA

] AT 04
| : (Stes 4
= > £3°% " F3le |
. ha | ( - f‘?“;""l': .V} | 03
N \ a:‘t" - |
X [ S, ¢ ekl | ‘
/ v > \ . vt | 02
hi ‘ 1l ‘ ‘ |
Y, ‘ \ oq 33 T
T { o 0.1
2
‘ | 00 i
\\\\\ ~. J‘ 130 135 140 145 150 155
\\\ H frequency [MHz]
§§\ Noise space
o rwwray e os o corocted
o PCaavrCay . convertional
10
h2 o
0.5 . - M ° . u‘
o e 4 7 (%) o -
~ e ".". a " oof o L . . H
g Yo e .« ¢ g
e SR, " o e
os - R
. . 01 ° .
1o .
.
Extracted feature (PCs) el . 00
Feature space embedded in a noise space I : edocofcgenveiues e

Figure 5: A schematic description of the high-dimensional principal component analysis (PCA) of the 21 cm
forest. Left panel: Structure of the HDLSS data and their analysis. Even if we have significant important
features, because of the existence of a huge noise sphere, they are completely embedded in the observed data.
The high-dimensional PCA can subtract the noise sphere and enables to extract the desired features (Takeuchi
et al., 2024). Right panel: Application to the simulated 21 cm forest. Top panel shows the optical depth of
the realization of the 21 cm forest based on the Illustis TNG simulation. Bottom-left panel shows the result
of the high-dimensional PCA applied to the simulated 21 cm forest data. Bottom-right panes compares the
eigenvalues (contributions) obtained from the classical and high-dimensional PCA.

spectral data dimension. Thus, the observational dataset naturally falls into a regime where the
sample size n is much smaller than the data dimension d.

Consider a d-dimensional parent population with covariance matrix £; > O and eigenvalues
A1 > A3 > -+ > A4 > 0. From this population we draw n independent samples X, ..., X, (d > n)

and construct the data matrix X = (X1,...,X,). The sample covariance matrix is S= lf( X7, which
becomes rank-deficient when n < d. In practice, principal component analysis (PCASlis often used
to extract dominant structures, but in this regime the leading eigenvalues can be strongly biased by
high-dimensional noise.

A useful correction is obtained by considering the dual representation Sp = %f( TX and modifying
the sample eigenvalues A; as
i

- A 1 ~ A
/liz/li_n_—i trSp — /lj (i:I,...,n—l). (12)
=

This estimator removes the high-dimensional noise contribution and provides a more stable char-
acterization of physically meaningful variance components.

To illustrate this point, we constructed a mock sample of 21 cm forest spectra from the Illustris
TNG simulation'. Even when significant physical features are present, they can be masked by high-
dimensional noise in conventional PCA. Figure 5 shows that the corrected analysis enables more

1https ://www.tng-project.org/media/.
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Figure 6: The posterior distributions of log;, fx and {(xur) from a Bayesian statistics analyses based on 1D
power spectrum of 21 cm forest corresponding to 1 and 20~ confidence regions. True values of the log;, fx
and (xgr) are indicated by the crosses with corresponding colour to the contours. This figure was taken from
Soltinsky et al. (2025) and modified.

robust extraction of such features, which will be important for exploring the spatial distribution and
evolution of the 21 cm forest in the SKA era.

3.2.4 Practical limitations: frequency-dependent systematics and validation

The sensitivity estimates discussed above can be optimistic if they neglect frequency-dependent
instrumental and analysis systematics (e.g., residual bandpass structure, beam chromaticity and
the associated sidelobe-induced mode-mixing of foreground emission, and RFI-related spectral
structure(e.g. Burba et al., 2026)). Such effects are known to complicate low-frequency 21 cm
analyses with precursor/pathfinder facilities (e.g., GMRT/uGMRT, MWA, LOFAR, and HERA;
Pacigaetal. 2013; Beardsley etal. 2016; Ewall-Wice et al. 2016; Patil et al. 2017; Mertens et al. 2020;
Abdurashidova et al. 2022, 2023) . Mitigating these effects will require improved bandpass/beam
characterization and end-to-end validation tests (e.g., injection and null tests). While the brightest
targets may, in principle, enable high-spectral-resolution follow-up, we emphasize that in the near
term (early commissioning and science verification) the most robust SKA results are expected to
come from large-scale spectral statistics of the 21 cm forest. Such measurements can constrain the
mean 21 cm optical depth and hence place lower limits on the IGM spin temperature, as well as
provide coarse constraints on the reionization history (e.g., Thyagarajan, 2020).

4 Physics from the 21 cm forest

4.1 Astrophysics

The hot and ionized bubbles of the IGM have been explored extensively through the observations
of the Lya forest signal. On the other hand, the studies of the cold and neutral islands of the
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intergalactic gas lag behind. Fortunately, the 21 cm forest signal has a potential to be one of the few
probes of such regions in the IGM. Given its sensitivity to the kinetic and spin temperature of the
IGM (see. Eq. 1 and 2) it has been suggested that this signal can be used to constrain the thermal
state of the neutral IGM at z > 6 and the radiation that pre-heats these regions including the X-ray
background radiation (Xu et al., 2009, 2011; Ewall-Wice et al., 2014; Shao et al., 2023). An example
of such constraining power, which was already mentioned in Sec. 3.2.1, is presented in Fig. 6 for
which mock observations of 1D power spectrum of the 21 cm forest from 10 PSO J0309+27-like
quasars (Belladitta et al., 2020) each over 50 hr by the SKA1-low was assumed. However, if the
neutral gas is pre-heated to > 100 K, the 21 cm forest absorption is suppressed to < 1% leaving the
signal likely undetectable (Ciardi et al., 2013; Soltinsky et al., 2021). Given this, a null-detection of
the 21 cm forest signatures can be translated to lower limits on the X-ray driven pre-heating (Mack
and Wyithe, 2012; §01tinsk}’/ et al., 2021, 2025). For instance, if the observations described above
were to result in a null detection, lower limits on fx defined by the solid black curve in Fig. 6 can
be acquired. Such results would be important as the X-ray background radiation and the history of
its sources are still largely unconstrained.

Recent JWST observations provide relevant context for this uncertainty. Deep JWST spectroscopy
has revealed a higher-than-expected incidence of AGN signatures among galaxies at z > 4-7,
including faint broad-line (type-1) AGNs identified with NIRSpec (e.g., Harikane et al., 2023),
and has also reported compelling evidence for accreting black holes in very high-redshift galaxies
(e.g., Maiolino et al., 2024; Goulding et al., 2023). At the same time, many JWST-identified
AGN candidates are generally undetected or only weakly constrained in X-rays, suggesting that
the emerging high-z AGN population does not yet translate into a well-determined early X-ray
background (e.g., Maiolino et al., 2025; Mazzolari et al., 2024). This motivates treating the
amplitude and spectral properties of X-ray preheating (often summarized by fx) as an uncertain
but testable ingredient, and highlights the 21 cm forest as an independent probe of the neutral-IGM
thermal history.

In addition, the ionization state of the IGM, and hence the reionization history, can be probed
with the 21 cm forest too (Xu et al., 2009; Soltinsky et al., 2025). Such constraints would be
complementary to numerous measurements based on the Lya forest (e.g. Gaikwad et al., 2023;
Durovéikova et al., 2024; Greig et al., 2024) and CMB (e.g. Pagano et al., 2020) observations as we
can see in Fig. 6.

The 21 cm forest absorption features can be suppressed by not only the background X-ray radiation
but also by the X-ray photons emitted by the background radio-loud quasar as mentioned in Sec. 2.2.
The extent of such quasar near-zone in the 21 cm forest spectra is sensitive to the integrated lifetime
of the background quasar as opposed to the Ly« forest near-zone size, which is dictated by the latest
quasar accretion episode. Therefore, the 21 cm forest in the proximity of the background radio-loud
quasars can be used to test models of supermassive black hole growth (Soltinsky et al., 2023).

Besides constraining the mechanics driving the quasars, Ewall-Wice et al. (2014) suggest that the
21 cm forest features in the tomographic 21 cm power spectrum provide information on the high-z
radio-loud quasar population. More information on these sources can be found in Sec. 5.
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4.2 Cosmology

The 21 cm forest is an essential tool for probing small-scale cosmological structures and dark
matter properties. By analyzing the absorption lines produced by neutral hydrogen in minihalos,
this technique enables exploration of early universe dynamics and the thermal history of the IGM.
The 21 cm forest is particularly useful for studying small-scale structures that are beyond the reach
of other methods such as the Lyman-a forest. One of its key applications is the investigation of
ultralight dark matter (ULDM), including axion-like particles (ALPs), which suppress small-scale
structures via quantum pressure effects. The number of 21 cm absorption lines can be used to
constrain ULDM masses as low as 107!8 eV, far surpassing the capabilities of Lyman-a forest
observations(Shimabukuro et al., 2020a). Additionally, scenarios involving axion-like particles
in post-inflationary Peccei—Quinn symmetry breaking can also be probed, in which isocurvature
perturbations enhance small-scale structures and increase the number of 21 cm absorption lines.
This allows for the detection of ALP masses ranging from 10~!8 eV to 107 eV, depending on the
temperature dependence of the axion mass(Shimabukuro et al., 2020b).

Beyond dark matter, the 21 cm forest also provides insights into astrophysical and dynamical
processes that affect structure formation. The relative velocity between dark matter and baryons,
a result of different evolution rates before photon decoupling, suppresses the growth of minihalos.
This suppression reduces the number of 21 cm absorption lines, and its scale dependence thereby
makes it an important observable for testing early structure formation models(Shimabukuro et al.,
2023). Primordial black holes (PBHs) introduce shot noise isocurvature modes, which enhance the
formation of minihalos and increase the number of absorption lines. However, PBHs with masses
larger than 10M, can heat the IGM via accretion, counteracting this enhancement. This complex
interplay allows the 21 cm forest to provide constraints on PBH abundances, complementing other
observational techniques(Villanueva-Domingo and Ichiki, 2023). Furthermore, the 21 cm forest
can also probe the presence of long-lived scalar field configurations, such as oscillons arising
from ultralight axion-like fields, which generate additional small-scale fluctuations and enhance the
number of 21 cm absorption lines. By analyzing the statistical distribution of these lines, the 21 cm
forest offers a way to detect non-trivial dark matter structures and distinguish them from standard
cold dark matter models(Kawasaki et al., 2021).

4.3 Exotic physics

In addition to astrophysical sources, exotic energy-injection processes—including dark matter anni-
hilation (Cang et al., 2025; Nishizawa et al., 2025), dark matter decay(Sun et al., 2025; Facchinetti
et al., 2024), Hawking radiation (Cang et al., 2022), and PBH accretion (Villanueva-Domingo and
Ichiki, 2023)—can inject energetic particles into the IGM.

Electromagnetic cascades of these particles can heat and ionize the IGM, raising its temperature
and ionization fraction. As illustrated in Vasiliev and Shchekinov (2013); Villanueva-Domingo
and Ichiki (2023), additional heating and ionization from these processes tend to suppress both the
optical depth and the 21 cm absorption signal.

While energy injection from astrophysical sources and decaying dark matter generally scales with
the dark matter density p. (Sun et al., 2025), the annihilation rate scales as p> and can be significantly
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enhanced by structure formation at redshifts targeted by the 21 cm forest (Cang et al., 2025). Machine
learning—based analyses have recently highlighted the potential of convolutional neural networks
to constrain such annihilation scenarios directly from simulated 21 cm signals (Nishizawa et al.,
2025). Energy injection from PBHs may receive characteristic boosts at relevant redshifts, either
through violent explosions of light PBHs (< 10'3 g) reaching the end of their lives via Hawking
evaporation (Cang et al., 2022), or through amplified accretion luminosity of massive PBHs (with
initial mass > 10 M) that undergo substantial mass growth via accretion (Zhang et al., 2025).
These characteristic boosts and evolutionary features can enhance their impact on the IGM and
potentially help break degeneracies with background astrophysical processes. Complementary to
these approaches, studies of small-scale dark matter clumping (Sikder et al., 2025) show that the
enhanced substructure can further amplify the annihilation signal, leaving distinctive imprints on
the large-scale 21 cm power spectrum.

Conversely, interactions between dark matter and baryons can transfer heat from the IGM to the
dark matter, thereby lowering the IGM temperature (Muifioz and Loeb, 2018; Barkana, 2018; Flitter
and Kovetz, 2024). Such dark matter—induced cooling has been proposed to explain the unusually
deep global 21 cm signal reported by EDGES (Bowman et al., 2018). In the context of the 21 cm
forest, this cooling is expected to increase the optical depth and enhance the absorption features.

4.4 Parameter inference

In order to effectively utilize the 21 cm forest for investigating astrophysics, cosmology, and exotic
physics, parameter estimation is a crucial step. In this section, we explore different parameter
estimation techniques to accurately analyze the 21 cm forest signal, particularly in complex physical
environments. These methods include Fisher matrix analysis, Bayesian inference, and deep learning,
which help extract key information from the 21 cm signal(e.g. Acharya et al., 2026b).

To put different approaches on a clear footing, parameter inference methods for the 21 cm forest
can be broadly grouped into (i) explicit-likelihood approaches, which require specifying an analytic
likelihood (e.g., Fisher forecasts and MCMC with an assumed likelihood for binned bandpowers),
and (ii) implicit-likelihood (likelihood-free) approaches, commonly referred to as simulation-based
inference (SBI), which learn posteriors/likelihoods from forward simulations.

In this context, neural networks such as normalizing flows and U-Nets are not alternatives to SBI but
are widely used building blocks within SBI frameworks: normalizing flows for density estimation,
and U-Nets for data compression and feature extraction.

A common explicit-likelihood choice is a Gaussian likelihood for the (binned) power spectrum,
1 -1 ’ ’
P(Dla) x exp _5 Z(Pobs(k) - Pmodel(kla)) Ckk/ (Pobs(k ) - Pmodel(k |0)) » (13)
k.k’

where the covariance Cgy includes both thermal noise and sample (cosmic) variance. This Gaus-
sian, bandpower-based likelihood is an approximation whose validity depends primarily on the
effective number of independent modes/sightlines and the degree of non-Gaussianity in the sig-
nal and its covariance, rather than on S/N alone; in noise-dominated regimes the likelihood often
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becomes more nearly Gaussian, whereas sparse sampling and non-Gaussian covariances can bias
Gaussian-likelihood inference.

Studies in the 21 cm literature have shown that SBI can yield accurate posteriors with training sets
smaller than the number of forward-model evaluations required for traditional MCMC (Saxenaet al.,
2023; Prelogovi¢ and Mesinger, 2023). For the 21 cm forest, however, generating the simulation
training set can remain costly due to the required dynamic range and cross-scale modelling. This
motivates amortized pipelines that combine SBI with fast emulators for the forward model.

As an example of amortized inference using neural density estimators within SBI frameworks, Sun
et al. (2025) proposed a method that combines generative normalizing flows (GNF) with inference
normalizing flows (INF) for data augmentation and parameter inference. This method first utilizes
GNF to generate high-fidelity 1D power spectra based on a small number of samples, ensuring that
the coefficient of determination (R?) between the generated results corresponding to each parameter
and the simulation results exceeds R> > 0.99. Subsequently, the observed or fiducial model’s P (k)
is mapped to the posterior distribution through a bijection transformation by an INF:

0(6 | P) = [ fp'(6)] [detJ 1], (14)

achieving millisecond-level parameter inference.

As shown in Figure 7, under low heating (Tx =~ 60 K), the posterior matches the Fisher ellipse.
However, in strongly heated, non-Gaussian regimes, the Fisher matrix fails to provide accurate
errors, while the normalizing flow approach reliably recovers the true mwpwm and Tx. This pro-
vides an efficient and reliable analysis pipeline for the ongoing SKA 21 cm forest observations.
Deep learning enhances computational efficiency, overcoming the resource demands of simulation-
based methods, while maintaining excellent performance in non-Gaussian environments for robust
parameter inference.

Another likelihood-free inference approach employs a U-Net architecture to denoise the 21 cm
forest flux spectrum, followed by XGBoost regression for parameter inference. Patil et al. (2026)
have shown that such parameter inference analysis based on the 1D power spectra acquired from
a U-Net denoised 21 cm forest outperforms traditional Bayesian methods. Moreover, omitting the
power spectrum entirely and using latent features of the 21 cm forest flux spectrum yields even
tighter constraints on the IGM properties and/or alleviates the requirements on the integration time
of the observations.

Although deep learning and likelihood-free inference methods provide powerful tools, challenges
remain in areas such as model interpretability, handling complex astrophysical signals, and reducing
computational resource demands. Future research will focus on refining these techniques to improve
parameter-estimation accuracy and to develop efficient, reliable analysis pipelines for ongoing SKA
21 cm forest observations.

18



21cm forest with SKA

@ — INF (b) — INF

——  Fisher ——  Fisher
75 750
<6 /;) < 600

| 2 <

45} 450

1 6 8 45 60 75 i 6 8 450 600 750

mwpu (keV) Tk (K) mwpm (keV) Tk (K)

Figure 7: The posterior distributions for mwpm and Tx with the inference normalizing flow and Fisher
matrix under different heating levels. The figure is taken from Sun et al. (2025).

5 High-redshift radio sources

5.1 General high-z sources
5.1.1 Fast Radio Bursts as an independent probe

Fast Radio Bursts (FRBs) are highly energetic transients of cosmic origin that are widely distributed
across the whole sky(e.g. Caleb et al., 2026; Curtin et al., 2026). The FRB continuum signal expe-
riences dispersion while passing through the intervening ionized medium, including both Galactic
and extragalactic components, which is quantified as the dispersion measure (DM). Although the
origin of these events is still mysterious, the DM measurements are accurate enough to quantify the
amount of plasma they pass through.

During the epoch of reionization (EoR), when the intergalactic medium (IGM) transitioned from
a neutral to an ionized state, the DM measurements of FRBs could serve as a potential alternative
probe of the ionized IGM, complementary to the 21 cm forest that traces the neutral hydrogen
component (Fialkov and Loeb, 2016; Yoshiura and Takahashi, 2018). Recent studies have found
that it is possible to constrain the physical state of the IGM (characterized by the mean IGM
temperature, the midpoint and width of reionization, and Thomson scattering optical depth) with
only ~ 100 — 1000 FRBs observed during EoR (Pagano and Fronenberg, 2021; Heimersheim et al.,
2022; Maity, 2024). Furthermore, for a given cosmology, FRBs have the potential to constrain the

19



21cm forest with SKA

astrophysics of reionization (Maity, 2024; Shaw et al., 2024).

In addition, it has been demonstrated that the sky-averaged DM and its angular variance can
potentially distinguish between different reionization histories, as they are directly connected to the
typical sizes of ionized bubbles. We require ~ 1000 FRBs distributed over the entire EOR window,
under ideal conditions, to place constraints on the typical bubble sizes using the variances (Shaw
et al., 2024), and reionization topologies can be further probed with an order of magnitude higher
number of FRBs (Ziegler et al., 2024).

However, the question remains regarding the detection prospects of high-redshift FRBs (z > 5).
At present, highly magnetized and rapidly rotating magnetars are considered the most promising
progenitors of FRBs, which are expected to arise from the deaths of massive Pop III stars. Given
the increasing evidence for these massive stars during the EoR and the improved sensitivity of the
upcoming SKA telescopes, there is a strong potential to detect a large number of FRBs during the
EoR (Fialkov and Loeb, 2017; Hashimoto et al., 2020; Gupta et al., 2025), which would provide
an ionized-gas counterpart to the neutral-gas information revealed by the 21 cm forest, together
offering a more complete picture of the early Universe.

5.1.2  Radio galaxies

In 2018, the EDGES experiment reported the first detection of the global 21 cm differential
brightness temperature (Bowman et al., 2018), revealing an absorption trough at redshift z ~ 17
with a depth of 67}, ~ —500 mK. This signal is roughly twice as deep as that predicted by standard
models, which assume a radio background dominated by the CMB. Early radio-loud galaxies
capable of producing an excess radio background comparable to the CMB could potentially explain
such a deep signal (Feng and Holder, 2018; Reis et al., 2020; Fialkov and Barkana, 2019; Mirocha
and Furlanetto, 2019), and consequently leave detectable imprints on 21 cm forest signals.

However, for typical atomic-cooling galaxies (ACGs) to achieve the depth observed by EDGES, the
required radio background strength would exceed the current ARCADE? upper limits (Fixsen et al.,
2011) by orders of magnitude (Mirocha and Furlanetto, 2019; Reis et al., 2020). Furthermore, the
corresponding star-formation rate density would also surpass the limits inferred from UV luminosity
functions by nearly two orders of magnitude (Mirocha and Furlanetto, 2019).

In contrast, molecular-cooling galaxies (MCGs), which reside in minihalos with masses < 106M®,
as opposed to ACGs that inhabit halos with masses > 108M (Muifioz et al., 2022), are more sus-
ceptible to feedback from Lyman—Werner radiation. This radiation photodissociates H> molecules,
suppressing further star formation and thereby causing the radio emission from MCGs to decline
naturally once a Lyman—Werner background is established. As a result, MCGs are considered a
plausible candidate population capable of generating a radio background strong enough to explain
the EDGES depth without violating ARCADE2 constraints (Cang et al., 2025).

Nevertheless, several concerns have been raised regarding the original EDGES analysis of sky-
temperature data (Hills et al., 2018; Sims and Pober, 2020; Cang et al., 2025), including the
modeling of foregrounds, calibration residuals, and the parameterization of the cosmic 21 cm
signal. Most recently, Cang et al. (2025) re-analyzed the EDGES sky-temperature data, jointly
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forward-modeling the foregrounds, calibration residuals, and the cosmic signal expected from
MCQG radio galaxies. Their analysis found that an excess radio background is in fact decisively
disfavored by the data. Moreover, a subsequent measurement by SARAS3 (Bevins et al., 2022)
found no evidence for the 21 cm signal initially reported by EDGES. Therefore, the existence of a
strong 21 cm global signal—and consequently of early radio galaxies responsible for it—requires
further experimental verification and more careful characterization of foregrounds and instrumental
systematics.

5.2 Background sources for 21 cm forest observations

We now turn to bright radio-loud quasars, which are the primary background sources for 21 cm
forest observations. Among the various types of high-redshift sources discussed above, bright
radio-loud quasars are of particular importance for 21 cm forest observations. Detecting the 21 cm
forest requires such luminous background radio sources, since the absorption features are imprinted
on their spectra as the signal passes through intervening neutral hydrogen. The limited number of
suitable sources has long been one of the main challenges for practical 21 cm forest detection.

The number of radio-loud quasars identified at z > 5.5 (i.e., before the completion of reionization)
has recently increased. Specifically, this number has more than quadrupled since the previous
edition of the SKA Science Book (2015), now exceeding 30 known sources (e.g., Fan et al., 2001;
McGreer et al., 2006; Jiang et al., 2009; Willott et al., 2010; Zeimann et al., 2011; Bafiados et al.,
2015,2021,2023; Wang et al., 2019; Belladitta et al., 2020; Liu et al., 2021; Ighina et al., 2021, 2023,
2024, 2025; Endsley et al., 2023; Gloudemans et al., 2022, 2023; Wolf et al., 2024). In addition,
both the redshift and brightness ranges of radio-loud quasars have expanded. For example, the most
distant radio-loud quasar has been detected at z ~ 7 (Bafados et al., 2024), while the brightest one
shows a flux density of 110.6 + 13.8 mJy at 150 MHz (Bafiados et al., 2018). Alternative potential
background sources include gamma-ray burst afterglows (loka and Mészaros, 2005; Ciardi et al.,
2015) and radio galaxies (Drouart et al., 2020). With these newly discovered background radio
sources, the prospects for detecting the 21 cm forest have significantly improved.

The SKA itself also holds great promise for detecting radio-loud quasars. Recently, the Australian
Square Kilometre Array Pathfinder (ASKAP) discovered six new radio-loud quasars at z > 5.5
through the combination of the Rapid ASKAP Continuum Survey (RACS) and deep, wide-area
optical/near-infrared surveys (Ighina et al., 2025), demonstrating the SKA’s powerful potential
in this field. Using a physically motivated model, Niu et al. (2025) predicted the observational
prospects of SKA-Low for high-z radio-loud quasars. As shown in Figure 8, their results indicate
that a one-year sky survey with SKA-Low could detect approximately 20 radio-loud quasars atz ~ 9,
each bright enough that, in principle, high-spectral-resolution follow-up could resolve individual
21 cm absorption lines. These quasars will serve as crucial background sources for future studies
of the 21 cm forest.

It is worth noting that the discovery of new quasars relies on spectroscopic observations in the op-
tical and near-infrared bands to determine their redshifts. For quasars in the epoch of reionization,
the Lyman-a break in their spectra is redshifted into the infrared due to cosmic expansion. Mean-
while, spectral features in the near-infrared are crucial for efficiently identifying quasars among the
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Figure 8: Predicted redshift distribution of radio-loud quasars observable with one year of SKA-Low
observations. The “21 cm Forest Survey” refers to high-spectral-resolution observations suitable for 21 cm
forest analysis. The figure is taken from Niu et al. (2025).

numerous point sources detected in radio observations (e.g., Liu et al., 2021; Yang et al., 2023;
Euclid Collaboration et al., 2024) . Therefore, future observations of high-z radio-loud quasars will
require a combination of SKA and advanced infrared telescopes. Niu et al. (2025) assessed the
observational prospects of Euclid (Euclid Collaboration et al., 2022) and the Nancy Grace Roman
Space Telescope (Spergel et al., 2015) for radio-loud quasars at z ~ 9. Their results show that both
space-based infrared surveys can detect the majority of radio-loud quasars at z ~ 9 that SKA-Low
could observe with resolved individual 21 cm lines. The synergy between SKA and space-based
infrared telescopes will provide a crucial foundation for identifying radio-loud quasars that serve
as background sources for 21 cm forest studies at the highest redshifts.

We may also note that JWST has detected more high-z AGNs than previously expected in the
pre-JWST era (Harikane et al., 2023), and black holes with higher masses compared to those
predicted by the local M.—M. relation (Maiolino et al., 2024). These black holes have masses
of ~ 10°~108, M, indicating that SMBH seeds formed efficiently and grew rapidly during the
Cosmic Dawn and EoR (Goulding et al., 2023; Jeon et al., 2025). Although attempts to detect the
radio emission from JWST-detected AGNs have not revealed strong signals (Mazzolari et al., 2024;
Gloudemans et al., 2025), this does not rule out the possibility that some of them are radio-loud.
Even if only a small fraction of these high-z black holes enter a radio-loud phase, they could serve
as potential background sources for 21 cm forest observations.

6 Summary & Discussion

The 21 cm forest, seen as neutral hydrogen (HI) absorption lines in the spectra of distant radio
sources, is a unique probe of small-scale cosmic structure and the thermal history of the early
universe. Recent progress has made both theoretical and observational studies increasingly feasible.
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Its modeling includes analytic, semi-analytic, hydrodynamical, and semi-numerical approaches:
analytic methods efficiently explore large parameter spaces, while numerical simulations capture
the detailed physics of the intergalactic medium (IGM). In particular, hydrodynamic simulations
with radiative transfer allow sophisticated modeling of absorption features and their astrophysical
dependence. Statistical tools such as the 1D power spectrum and WST are particularly valuable
for data analysis. The power spectrum improves signal-to-noise and helps separate astrophysical
and dark matter effects, whereas WST captures non-Gaussian structures, localized fluctuations,
and cross-scale interactions. The 21 cm forest can constrain the thermal and ionization state of
the IGM, supermassive black hole growth, reionization history, and cosmological physics such as
ultralight dark matter, primordial black holes, and baryon-dark matter relative velocities. The SKA
will greatly enhance the sensitivity of these observations, enabling major progress in early-universe
studies.

We should prioritize refining observational strategies and analysis pipelines to optimize SKA
data for 21 cm forest measurements. Because the forest signal appears as an extremely weak,
narrow-band absorption feature on bright continuum spectra, the main near-term limitations are
likely to come from spectral systematics rather than raw sensitivity alone. Key priorities there-
fore include controlling frequency-dependent instrumental effects—such as residual bandpass/gain
ripples, beam chromaticity, polarization leakage, ionospheric variability, and spectral structure
from imperfect RFI flagging—through improved calibration, robust quality assessment, and end-
to-end validation, including signal-injection tests, null tests, and independent pipeline cross-checks.
Accurate modeling of the intrinsic spectra of background radio sources is also essential to dis-
tinguish genuine absorption from calibration-induced structure. Given these limitations, AA* and
science-verification observations will likely first provide robust constraints from large-scale spectral
statistics, such as the mean optical depth, the IGM spin temperature, and the ionization history,
before enabling detailed individual-line studies and tighter model discrimination.

In parallel, a statistical sample of high-redshift FRBs offers an independent probe of the IGM
evolution and morphology, complementing 21 cm observations. With the sensitivity of the SKA,
detecting such events during the reionization epoch may become feasible. This will require close
integration with multi-wavelength observations, especially from JWST, Euclid, and the Nancy
Grace Roman Space Telescope. Combining SKA radio data with deep optical/IR imaging and
spectroscopy will allow robust identification, redshift measurement, and physical characterization of
high-redshift radio-loud quasars, galaxies, and FRB hosts. Such synergy is crucial for constructing
reliable background-source samples for 21 cm forest studies and for cross-validating interpretations
of absorption features. Optical/IR data constrain the ionization state of the IGM and reionization
history, while the 21 cm forest probes small-scale structure and thermal conditions. Future work
should focus on coordinated surveys, joint analysis pipelines, and statistical frameworks for multi-
wavelength cross-correlation.

Finally, expanding parameter-estimation methods with Bayesian inference and deep-learning-based
likelihood-free approaches will greatly improve both the accuracy and efficiency of data analysis.
Traditional methods such as Fisher analysis and MCMC remain powerful, but are limited by Gaus-
sian assumptions and computational cost. Future work should therefore emphasize flexible Bayesian

23



21cm forest with SKA

frameworks that can handle non-Gaussian, multi-modal, and otherwise complex likelihoods, es-
pecially in regimes of strong heating or low signal-to-noise. At the same time, deep-learning
approaches enable rapid posterior estimation in high-dimensional spaces without requiring explicit
likelihoods. Integrating these methods into analysis pipelines will allow more robust extraction of
astrophysical and cosmological information from SKA data, helping to fully realize the potential of
the 21 cm forest as a probe of the early Universe.
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