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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.

2



21cm forest with SKA

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-𝛼 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-𝛼 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-𝛼 forest is mainly used at the
end stage of reionization (𝑧 fi 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 𝜏a , 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, ℎ? is Planck’s constant, 𝐴10 represents the Einstein coefficient for
the hyperfine 21 cm transition, with a value of 2.85 � 10�15 s�1, governing the likelihood of
spontaneous emission, and 𝑘� is the Boltzmann constant. 𝑛HI„𝑥” is the neutral hydrogen number
density at position 𝑥 along the line of sight (LoS), 𝑏„𝑥” = „2𝑘B𝑇K„𝑥”�𝑚H”1�2 is the Doppler
parameter, in which 𝑚H is the hydrogen atom mass, 𝑇K„𝑥” is the gas kinetic temperature, and 𝑇S„𝑥”
is the spin temperature, which characterizes the relative population of the two hyperfine energy
levels of neutral hydrogen. 𝑢„𝜈” � 𝑐„𝜈 � 𝜈21 cm”�𝜈21 cm, where 𝜈21cm � 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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