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We provide an overview of the eight SKAO Science Book chapters that motivate
the Epoch of Reionisation and Cosmic Dawn experiments with SKA-Low. We
describe the individual SKA-Low experiments and expected sensitivity - power
spectrum, tomography, 21-cm forest, cross-correlations, building on the broad
observational plan laid out in the 2015 SKA Science Book. Finally, we outline
features of the telescope that will be critical for the success of EoR/CD science,
e.g., beam apodization, substations, and multi-beaming.
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1 Introduction

Exploration of the early Universe with the 21 cm line of neutral hydrogen remains a field of
research with considerable observational and theoretical effort. As the most abundant element in
the Universe, and optically thin across redshift, neutral hydrogen is an excellent tracer of the state
of the intergalactic medium (IGM), encoding the thermal and ionisation history of the IGM as
a function of space and time, and providing a complementary probe to optical/infrared/sub-mm
measurements of galaxies. In the Cosmic Dark Ages (𝑧 > 30), before the first luminous sources, in
the Cosmic Dawn (𝑧 = 30 − 15), when the first stars and galaxies started to illuminate the cosmos,
and during the reionisation phase (𝑧 = 15−5.4), the hydrogen signal is a crucial tracer of the state of
the IGM. At early times, the power spectrum of brightness temperature fluctuations traces the matter
power spectrum, thereby providing information about cosmology. At late times, during the Cosmic
Dawn and Epoch of Reionisation, the power spectrum is dominated by spin-temperature fluctuations
and by ionised and neutral regions, which couple astrophysics to the hydrogen hyperfine state. The
current generation of low-frequency radio telescopes pursuing this signal does not have the surface
brightness sensitivity to fully explore the evolution of the signal over spatial scales and time via direct
imaging; instead, they focus on statistical measures that combine data at the expense of information
loss, e.g., the spherically-averaged power spectrum of brightness temperature fluctuations.

In this umbrella chapter, we review the key relations that connect observations to astrophysics
and present the experimental effort proposed by the Science Working Group to explore the early
Universe with the 21 cm line using the SKA-Low AA* and AA4 arrays. Details of the full suite of
science enabled by SKA-Low can be found in the other chapters from the EoR/CD Science Working
Group. Note that chapter authorship is alphabetical by surname, and contributions of each author
are contained within the text:

1. de Lera Acedo et al. (2026), "Observations of the Cosmic Dawn and Epoch of Reionization
with the SKAO: observational lessons from precursors and pathfinder instruments" – details
the considerable observational expertise and knowledge that has been gained over the past 15
years and multiple pathfinder experiments.

2. Chakraborty et al. (2026), "Synergies for the Epoch of Reionization and Cosmic Dawn" –
highlights both the science benefit of complementary probes, as well as how they can be used
to mitigate systematics so as to obtain a first 21 cm detection.

3. Barkana et al. (2026), "High-redshift signatures from the Cosmic Dawn and the Epoch of
Reionization" – provides a comprehensive overview of the astrophysical and cosmological
processes that shape the 21-cm signal during Cosmic Dawn and the Epoch of Reionization,
including both standard and exotic signatures potentially observable with SKA-Low.

4. Acharya et al. (2026b), "Machine Learning and the SKA for Cosmic Dawn and the Epoch
of Reionization" – outlines advances in machine learning techniques and their application to
SKA data and analysis

5. Acharya et al. (2026a), "Inferring cosmology and astrophysics from the 21 cm signal with
SKA-Low" – describes the utility of inference techniques for extracting astrophysical infor-
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mation from SKA data

6. Cang et al. (2026), "Exploring the Cosmic Dawn through the 21 cm Forest and high-redshift
radio sources with the SKA" – outlines the key astrophysical information that can be gained
from sightlines through the IGM to probe cold gas through absorption against background
continuum sources.

7. Bag et al. (2026), "Imaging the 21 cm signal from the Cosmic Dawn and Epoch of Reion-
ization and the connection with the global signal" – summarizes SKA-Low’s abilities to
tomographically image the 21-cm signal, the various methods proposed for quantitatively
analyzing this data, as well as the how SKA-Low could measure the global, sky-averaged,
signal.

8. Burba et al. (2026), "Foregrounds characterization and mitigation in the observations of the
CD/EoR with the SKA" – provides context and learnings from the precursor and pathfinder
experiments for foreground understanding and treatment.

Key contributions to the development of EoR/CD science with SKA-Low, and the experiments to
be undertaken, can be found in the first SKA Science Book. These are the foundations upon which
we build the experiments today (e.g. Ciardi et al. 2015a; Koopmans et al. 2015; Mellema et al.
2015). The Koopmans et al. (2015) chapter remains relevant for the over-arching experiments,
including tiered surveys, balance of beams, spectral bands, and overall observing time for each
experiment. Since 2015, however, our theoretical understanding has evolved significantly, and
with it our expectations around what is required to explore the signal. Advances in data science
and machine learning are also promising avenues for reducing unknown residuals (Ceccotti et al.,
2025; Nunhokee et al., 2025; Abdurashidova et al., 2026). In addition, cross-correlation studies
have emerged as fundamental for deeper astrophysical understanding as well as for mitigating the
systematics currently limiting the first generation interferometers and thus paving the way for a first
21 cm detection. In tandem with the Book chapters highlighted above, this updated chapter then
provides the opportunity to document some of the observational and theoretical considerations that
have emerged since that time, now that an array design is in place.

2 Astrophysics from the 21 cm line

The high-redshift 21 cm line (i.e. the cosmic 21cm signal), is sourced by the neutral hydrogen that
fills the intergalactic medium. As the most abundant element in nature, the evolution of hydrogen
reflects the evolution of the Universe. The 21-cm line corresponds to the hyperfine transition in the
ground state of neutral hydrogen, resulting from the energy difference between the parallel and anti-
parallel spin states of the proton and electron. Its detectability depends on the spin temperature of
hydrogen, which quantifies the relative occupancy of the two hyperfine states. The spin temperature
is determined by the properties of the gas and cosmic UV radiation fields, and can be expressed as,
(e.g. Field 1958; Furlanetto et al. 2006a):

𝑇−1
𝑆 =

𝑇−1
𝛾 + 𝑥𝑐𝑇

−1
𝐾

+ 𝑥𝛼𝑇
−1
𝑐

1 + 𝑥𝑐 + 𝑥𝛼
, (1)
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where 𝑇𝐾 is the gas kinetic temperature and 𝑇𝑐 ∼ 𝑇𝐾 is the colour temperature of the Ly-𝛼
radiative field. The coefficients 𝑥𝑐 and 𝑥𝛼 quantify the coupling of 𝑇𝑆 to the temperature of the
gas via collisions (only important in the IGM at 𝑧 ≳ 30) and absorption and re-emission of Ly-
𝛼 photons, respectively (Wouthuysen, 1952; Field, 1958). Intensity mapping observations then
measure the fluctuations in the brightness temperature, 𝑇𝐵, which can be expressed in terms of the
spin temperature from eq. (1), and the radio background temperature, 𝑇𝛾 (typically taken to be
the CMB, though see Chapter Barkana et al., 2026, for more exotic scenarios). This brightness
temperature contrast against the background is a function of both position and redshift, and can be
written as (e.g. Furlanetto et al. 2006b):

Δ𝑇𝐵 ≃
𝑇𝑆 − 𝑇𝛾

1 + 𝑧
𝜏𝜈 ≃ 9𝑥HI(1 + 𝛿) (1 + 𝑧)1/2

[
1 −

𝑇𝛾

𝑇𝑆

] [
𝐻 (𝑧)/(1 + 𝑧)
𝑑𝑣 ∥/𝑑𝑟 ∥

]
mK, (2)

where the final approximation assumes 𝜏𝜈 ≪ 1, and a cross-section for interaction of negligible
width. Here, 𝑥HI is the hydrogen neutral fraction, (1 + 𝛿) = 𝜌/𝜌̄ the density contrast, and 𝑑𝑣 ∥/𝑑𝑟 ∥
the velocity gradient along the line of sight. As seen from the above equations, the 21 cm signal
is sensitive to astrophysical and cosmological processes that heat and ionize the IGM. In the most
plausible scenario, this is done by X-ray and UV radiation from galaxies. Because these cosmic
radiation fields are sourced by the combined contribution of all galaxies, the 21-cm signal offers
a powerful way of studying not just the IGM directly, but also indirectly the birth and evolution
of the first galaxies, the vast majority of which are too faint to be seen even with powerful UV/IR
telescopes such as the James Webb Space Telescope (JWST; e.g. O’Shea et al. 2015; Qin et al.
2020).

Our understanding of these galaxies and how they shape the thermal and ionization state of the
IGM has evolved dramatically over the past few years. A wealth of data, most notably from the
Lyman alpha forest (e.g., Bosman et al., 2022; Qin et al., 2024), helped us narrow down the timing
of reionization, which ends later and begins earlier than previously believed (though see Lidz et al.
2007; Mesinger 2010). JWST has been finding a surprising number of bright galaxies at very
high redshifts (𝑧 ≥ 10; e.g. Donnan et al. 2023; Leethochawalit et al. 2023; McLeod et al. 2024).
The most popular explanations include increased star formation efficiencies and / or bursty star
formation (e.g. Dekel et al. 2023; Ferrara et al. 2023; Mason et al. 2023; Hutter et al. 2025]),
with unclear implications for the 21 cm signal (though see Davies et al. 2025; Chakraborty and
Choudhury 2025; Dhandha et al. 2025). The upper limits on the 21 cm power spectrum from SKA
precursor instruments point to a new source of IGM heating at 𝑧 ≥ 10 (The HERA Collaboration,
2022; Mertens et al., 2025; Trott et al., 2025); if this heating is driven by high mass X-ray binaries
(HMXBs), as seems most likely, the data would confirm theoretical claims that HMXBs forming
in metal poor (i.e., pristine) gas are significantly more X-ray luminous than any found in the local
universe (e.g. Fragos et al. 2013).

The fluctuations in eq. (2) can be measured directly (tomography) or statistically, for example
through a spatial power spectrum. Initial measurements are noise dominated, and so the power
spectrum metric is commonly used to improve the signal to noise, as well as to separate the cosmic
signal from the foregrounds that theoretically should occupy a well-defined region in the 2D power
spectrum. More mature measurements with SKA will result in images, which will fully unlock

8



21 cm Experiments at high redshift with SKAO EoR/CD SWG

the potential of this non-Gaussian signal in understanding the early Universe. The power spectrum
estimator is the Fourier-dual to the two-point correlation function, and is given by:

𝑃𝑇 ( |k|) =
1
Ω
⟨𝑇𝐵 (k′)𝑇†

𝐵
(k)𝛿(k, k′)⟩, (3)

where the ensemble average is over different orientations of the mode of length |k|, and Ω is the
observing volume. This equation demonstrates how the observing volume and spatial resolution
affect the number of modes available for power spectrum estimation, and therefore both the thermal
noise and sample variance.

In addition to the intensity mapping mode of observation using the CMB as the background, we
also expect to observe 21 cm absorption lines against high-redshift radio point sources during
reionization with SKA-Low (Ciardi et al., 2015b). These absorption lines, known as the 21 cm
forest in analogy to the Ly-𝛼 forest, provide a sensitive probe to the thermal history and small-scale
structures in the early Universe (e.g. Furlanetto and Loeb 2002; Xu et al. 2009, 2011). Absorption
of the continuum signal by intervening neutral gas is deepest for cold gas (small 𝑇K) with a high
column density (𝑛HI). The absorption level is quantified by the optical depth, 𝜏, with the normalised
measured signal (transmission) quantified as (Šoltinský et al., 2025):

𝐹 (𝜈) = 𝑆meas. (𝜈)
𝑆0

= exp (−𝜏), (4)

where the optical depth is given by:

𝜏 =
3ℎ𝑝𝑐3𝐴10

32𝜋3/2𝜈2
21𝑘𝐵

𝛿𝑣

𝐻 (𝑧)

𝑁∑︁
𝑗=1

𝑛𝐻𝐼, 𝑗

𝑏 𝑗𝑇𝑆, 𝑗
exp−

(𝑣𝐻,𝑖 − 𝑢 𝑗)2

𝑏2
𝑗

. (5)

Because the absorption is relative to the background source flux density, 𝑆0, the normalised signal
is invariant for given IGM conditions along the line-of-sight. Deviations from a perfect continuum
spectrum can then be quantified by the statistics of the mean-subtracted transmission:

𝛿𝐹 = exp (−𝜏) − 1. (6)

The line-of-sight (spectral) Fourier transform of this normalised transmission provides information
on the spatial scales of the absorbing gas, and we compute the 1D power spectrum:

𝑘𝑞𝑃(𝑘𝑞) = 𝑘𝑞
2𝜋
𝑛Δ𝜈

|𝛿𝐹 |2, (7)

with 𝑘𝑞 = 2𝜋𝑞/𝑛Δ𝜈 MHz−1, 𝑞 labelling wavemode, and 𝑛 frequency channels of spectral resolution
Δ𝜈. The equations presented here are appropriate for data that contain one continuum source with
absorption, and radiometric noise only. In practice, the field will contain many sources that
contribute spectral sidelobes, yielding a systematic error equivalent to the "EoR wedge", which
is a region of wavemode parameter space that is contaminated by smooth spectrum foregrounds
(Thyagarajan, 2020).

Identification of high-redshift radio-loud candidate sources is improving, with radio follow-up
of optically identified sources and SKA precursor telescopes playing a role in radio detections
(Saxena et al., 2018; Bañados et al., 2015). For SKA-Low AA2 and beyond, there will be sufficient
candidates to undertake early test observations and refine the observational strategy.
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Experiment Redshift Freq. (MHz) Station size (m) Data product
𝑇𝐵 power, poly spectra 5.5 < 𝑧 < 27 50–220 38, 15–18 Visibilities, 50 kHz, 2s

21cm Forest 5.5 < 𝑧 < 10 130–220 38 Image cubes, 5 kHz
HI tomography 5.5 < 𝑧 < 15 90–220 38, 15–18 Visibilities, 50 kHz, 2s

Table 1: Expected suite of experiments that will serve most of the science presented in EoR/CD chapters of
this book. Statistical measures are expected to be estimated across the full redshift range, while tomography
will be available below 𝑧 = 10. Frequencies > 220 MHz will not be used, allowing for extra bandwidth to
be traded for extra beams. ‘Visibilities’ refers to DI-calibrated (direction independent) and lightly averaged
visibilities.

3 Experiments with SKA-Low AA2, AA* and AA4

The AA* and AA4 array assemblies offer similar performance for EoR/CD science. While the AA2
array assembly, with its lack of short baselines, is suited to constructing a deep and high-resolution
sky model for instrument calibration, which requires good point source sensitivity and low sidelobe
contamination, and science verification and testing of data and pipelines. Table 1 describes the
expected types of key experiments that will serve the bulk of the EoR/CD science cases described in
the chapters of this book. Statistical measures are expected to be estimated across the full redshift
range, while tomography will be available below 𝑧 = 10. Frequencies > 220 MHz will not be used,
allowing for extra bandwidth to be traded for extra beams. The visibility datasets are proposed to be
calibrated (direction-independent calibration), and lightly averaged, with flagging and calibration
sky model metadata attached. Direction dependent calibration is proposed to occur outside of the
Observatory, by the science team.

The interpretation of these visibility, image, and power spectrum datasets is discussed in the Infer-
ence (Acharya et al., 2026a) and Machine Learning (Acharya et al., 2026b) chapters. The Inference
chapter reviews state-of-the-art simulation frameworks—including analytical, semi-numerical, nu-
merical, and emulator-based approaches—alongside inference techniques for a range of statistical
probes, from the power spectrum to higher-order statistics and field-level analyses. The Machine
Learning chapter surveys applications across the full data processing pipeline, from calibration,
foreground removal, and RFI mitigation to simulation-based inference and emulation.

Both visibility- and image-based datasets will also be used for cross-correlation of 21 cm with
other tracers, as described in the Synergies chapter Chakraborty et al. (2026) and summarised here.
Radio data can be correlated with cosmic backgrounds (e.g., CMB, Near Infrared), resolved galaxy
surveys, line intensity mapping data (e.g., star formation tracers such as CO, CII), and quasar spectra
(e.g., for 21 cm Forest studies). Scientifically, there is therefore a rich suite of experiments that
can provide astrophysical information on a range of scales. Cross-correlation of 21 cm data also
has several practical advantages, including providing independent systematics that may break key
degeneracies and matching radio data with a known signal to strengthen confidence in a detection.
Key challenges of cross-correlation include mismatched fields of view, sampling functions, and
spatial and spectral resolutions of datasets, which require careful data treatment and analysis to
avoid incorrect conclusions (Fronenberg and Liu, 2024). For the SKA-Low, which is likely to
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Figure 1: Flowchart of data and pipelines envisaged for SKA-Low experiments. Data from the SKAO
Science Data Processor are expected to be DI-calibrated and averaged visibilities. The direction-dependent
treatment of the data, quality assurance metrics, data products, and interpretation and inference will occur
outside of the Observatory, as part of the SRC Network and community-based pipelines.

begin operations before there is a significant number of 21 cm power spectrum detections at 𝑧 > 6,
cross-correlation can play a key early role in guiding observations and confirming (first) detections.

3.1 Data requirements

The EoR/CD community requires visibility measurements for 21 cm science. Visibilities are the
natural measurement space of an interferometer, sampling the Fourier transform of angular scales
as a function of frequency, thereby encoding lookback time. These raw data product dimensions are
(𝑢, 𝑣, (𝑤), 𝑓 ), where the curvature Fourier dimension 𝑤 will be handled through the measurement
equation. The data products for 21 cm science with SKA-Low are drawn from these frequency-
dependent visibilities:

• Power spectrum (and other higher-order statistics): (𝑢, 𝑣, 𝑓 ) → (𝑢, 𝑣, 𝜂) ∝ (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧);

• 21cm Forest (spectrum): (𝑢, 𝑣, 𝑓 ) → (𝑙, 𝑚, 𝑓 );

• 21 cm Tomography: (𝑢, 𝑣, 𝑓 ) → (𝑙, 𝑚, 𝑧);

• 21 cm/cross-tracer cross-correlation: (𝑢, 𝑣, 𝑓 ) → (𝑙, 𝑚, 𝑧),

where 𝑙, 𝑚 are the direction cosines in the sky frame.

Figure 1 shows a schematic of the data flow for EoR/CD experiments. The direction-dependent
treatment of the data, quality assurance metrics, data products, and interpretation and inference will
occur outside of the Observatory, as part of the SRC Network and community-based pipelines. From
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Figure 2: Sensitivity curves for 1000 h experiments with SKA-Low AA* and AA4 at 𝑧 = 6.1, as a function
of spatial wavenumber. These sensitivity estimates assume a foreground avoidance strategy, cutting out all
modes below the horizon plus a 0.1ℎ/Mpc buffer. Experiments with 18 m substations (green) allow for
measurements at larger angular scales. The black curve shows a simulated 21 cm signal from the EOS2021
simulation of Muñoz et al. 2022.

an instrumentation perspective, measurements of extended low-surface-brightness structures (power
spectrum and tomography) demand short baselines and excellent surface-brightness sensitivity over
scales ranging from tens of arcseconds to degrees, a design requirement that drives much of the
SKA-Low core layout. The 21 cm forest experiment, however, is a point source experiment, and
will require some longer baselines for precise sightlines (although very long baselines introduce
spectral sidelobes of other sources in the sky (i.e., mode-mixing), potentially leading to systematics
domination of the spectrum, Thyagarajan (2020)). Further details are provided in the chapter by
Cang et al. (2026).

3.2 Sensitivity of SKA-Low for high-redshift 21 cm experiments

SKA-Low has the design and sensitivity to fully explore the EoR and Cosmic Dawn eras, with
both statistical and direct-detection experiments of the redshifted 21-cm signal. Its performance
relative to the current generation of instruments is described in the chapter by de Lera Acedo
et al. (2026). There are many calculators that can predict sensitivity performance for each array
assembly, including both radiometric noise and sample variance. Example sensitivity curves for
different experiments and array assemblies for the power spectrum experiments are shown in Figures
2 and 3, as a function of spatial wavemode and redshift, respectively, using the SKA module of the
21cmSense tool1 (Pober, 2016; Murray et al., 2024). These calculators make modest assumptions
about loss of parameter space due to foregrounds, but experience with precursors has shown that
these estimates are optimistic, and actual performance will be degraded. Nonetheless, SKA-
Low’s superior sensitivity and flexibility enable experiments and analyses to be refined to deliver
transformational science.

1https://github.com/rasg-affiliates/21cmSense
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Figure 3: Sensitivity curves for 1000 h experiments with SKA-Low AA* and AA4 at 𝑘 = 0.21Mpc−1, as a
function of redshift. Colours are the same as in Figure 2.

4 Key features of AA* and AA4 for EoR science

SKA-Low will be the most flexible low-frequency telescope to date. It is the combination of its ex-
cellent snapshot and integrated surface-brightness sensitivity on scales from arcminutes to degrees,
its broadband frequency coverage, and its flexibility to shape and resize the sky response function
that makes SKA-Low an ideal telescope for EoR/CD experiments. Other crucial features that
EoR/CD experiments would use include instrumental spectral smoothness (Barry et al., 2016; de
Lera Acedo et al., 2017; Trott and Wayth, 2016), channel-based calibratability, and non-chromatic
instrumental sidelobes. The latter corresponds to the frequency dependence of the sidelobes of
the telescope’s primary beam, at angles from the zenith where sky-based calibration is inaccurate.
Sidelobe spectral structure imparts spectral chromaticity to residual signals outside the main cali-
bration field, mimicking the 21 cm signal and leaking power into the “EoR Window”, an area of
parameter space where the cosmological signal can be separated from smooth-spectrum continuum
sources (see, e.g., Liu and Shaw 2020 and references therin). SKA-Low has the ability to "apodize"
a station response to improve chromaticity of sidelobes, however this is imposed at the expense of
sensitivity, thereby requiring longer observing time for the same signal-to-thermal-noise ratio.

The AA* and AA4 arrays yield similar estimation performance for EoR/CD tasks (see Figure 3).
AA4 affords some incremental core sensitivity, but does not significantly alter the uv-coverage
or present other qualitatively different features. The principal features of AA*/AA4 for EoR/CD
science are (i) long baselines to build a deep and complete sky model for instrument calibration,
and point source sensitivity for 21 cm forest experiments; (ii) filled aperture coverage in the core
(central 1 km), yielding excellent snapshot surface brightness sensitivity on scales of relevance for
intergalactic neutral gas. AA* has poorer surface-brightness sensitivity than AA4, which more
closely resembles the filled-aperture (sea-of-elements) concept envisaged for the SKA-Low core.
Figure 4 shows the baseline-density of the core of the telescope for the AA* and AA4 configuration2.
In addition to the raw sensitivity of the base arrays, there are other aspects of the system that EoR/CD
will use (Trott et al., 2024):

• Substations - the ability to split a 35 m station of 256 dipoles into smaller units, consequently

2https://21cmsense.readthedocs.io/en/latest/tutorials/SKA_forecast.html
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Figure 4: Baseline distribution for a zenith snapshot with AA* (left) and AA4 (right). From D. Breitman.

leading to an increase in field-of-view and the availability of shorter baselines, but generally
leading to a lower sensitivity due to loss in total collecting area;

• Multi-beaming - the ability to have more than one beam on the sky, at the cost of reduced
bandwidth or number of stations;

• Beam apodization - the ability to apply frequency-dependent complex weights to the dipoles
in a station to shape the frequency-dependent primary beam, also increasing the field of view,
but decreasing the station’s sensitivity;

• Drift scans and pointed observations - flexibility to trade-off thermal noise sensitivity and
sample variance.

4.1 Substations

Each SKA-Low dipole is digitised, allowing a beamformed “station” to be flexibly defined across
different numbers of dipoles. Reducing the station size with fewer dipoles yields larger fields of
view and shorter baselines. Near the end of reionisation, the characteristic sizes of structures are
expected to have a comparable angular size to the primary beam at 190–210 MHz (Hayes and
Scarlata, 2023; Neyer et al., 2025). As such, forming larger fields of view with shorter baselines
provides access to scales of scientific interest that would otherwise be spatially inaccessible. At
some redshifts, EoR/CD SWG recommends to divide each full station in the core into a small
number of substations (3–4), with 15–18 m diameters, as presented in the SKAO Subarray and
Substation documentation. Figure 5 shows an example of the 18 m substation configuration and
beam at 100 MHz.

4.2 Multi-beaming

The proposed EoR/CD experiments would span 50-220 MHz for their science and provide a
sufficient spectral lever arm for smooth spectrum calibration. For a particular experiment, ∼10-
15 MHz of instantaneous bandwidth can be used for scientific analyses, avoiding excessive evolution
over the cosmic time spanned by the low- and high-frequency limits of the band, and ∼50–100 MHz
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Figure 5: Potential substation configuration for science at the end of reionisation. Here, 18m diameter
substations are composed from a full station, with the increased primary beam response shown in the top-
right, and its variability across the four substations in the bottom-left.

can be used for calibration and foreground characterisation. As such, EoR/CD would form 2–4
beams on the sky simultaneously while retaining sufficient bandwidth for calibration and science.
SKA-Low has 300 MHz of instantaneous bandwidth, but EoR/CD SWG would use only 75–
150 MHz at any one time, enabling multiple beams to formed on the sky "for free". This would
allow for analysis of 2-4 separate fields. With at least ∼1000-hour observations required on a single
deep field for Cosmic Dawn science and EoR tomography in AA4, the ability to trade bandwidth
for incoherent observations over multiple fields allows a trade-off of radiometric noise, redshift
coverage and sample variance (e.g., see Koopmans et al., 2015).

4.3 Beam apodization

Digitisation of dipoles allows individual complex beam weights to be applied to each dipole
(apodization), enabling subsequent shaping of the primary beam, at the potential cost of sensitiv-
ity. Given that the EoR/CD experiments require spectral smoothness and low residual sidelobe
chromaticity, this feature is useful. Frequency-dependent complex beam weights provide the most
flexibility for the observer to shape the beam for their science, including the ability to produce
a spectrally achromatic beam in some parts of the sky. Examples of station beam apodization
at 100 MHz and the East-West polarisation are shown in Figure 6, including (left) a real-valued
Gaussian taper with a characteristic size of the station diameter, and (right) a real-valued Gaussian
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taper with a characteristic size of half the station diameter. In general, apodization smooths the
beam, reduces inner sidelobes, but does not change outer sidelobes, which are controlled by the
discretisation of the dipoles.

Figure 6: Examples of station beam apodization at 100 MHz and the East-West polarisation. (Left) Real-
valued Gaussian taper with characteristic size of the station diameter; (right) real-valued Gaussian taper with
characteristic size of half of the station diameter. In general, apodization smooths the beam, reduces inner
sidelobes, but does not change outer sidelobes, which are controlled by the discretisation of the dipoles.

4.4 Drift and tracked scans

The proposed EoR/CD experiments would also leverage both tracked and drift scans. In the former,
the phase centre of the observation (a point on the celestial sphere) is tracked, and the beam-pointing
centre tracks it as well. Such an observation mimics a typical dish-based observation. In the latter,
drift scans will typically set the pointing centre to the zenith, with the sky rotating overhead.
The phase centre can be set to the zenith or phased to track across a small angular range within
the telescope’s primary beam to retain some short coherence. The tracked observations afford
the most coherent averaging of the data, with a consequent reduction in the noise level, because
the phase centre is unchanged, but at the cost of a time-dependent beam shape. The drift-scan
observations cannot coherently track a single field over long timescales (20 minutes for 5 degrees),
but they maintain a more stable single-beam model throughout the observation, which may be more
straightforward to handle in the analysis. However, it trades-off increased sky coverage against
integration time per unit area.

5 Outlook

The EoR/CD Science Working Group has had a coherent vision for the experiments and science
to be undertaken with SKA-Low since 2014. With new results and learnings from precursor
telescopes and experiments, such as LOFAR, MWA, HERA, and NenuFAR, we have refined the
observational strategy and added cross-correlation studies as one of the main science programs.
SKA-Low is the only telescope capable of imaging the 21 cm brightness temperature distribution
and has the flexibility and modularity needed to shape the observations to maximise science and
minimise systematics. Recent advancements with other probes of reionisation and cosmic dawn
have engendered tantalizing scientific puzzles that have demonstrated considerable interest within
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the broader astrophysics community; SKA-Low will only further stimulate activity in this area
with a complementary view of the cosmos, ushering in an irrevocable change in our picture of the
high-redshift universe in the next decade.
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