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The redshifted spectral emission from neutral hydrogen (Hi) at rest wavelength
𝜆 = 21 cm can be used as a tracer of large-scale structure and its evolution.
Within the Hi intensity mapping method, sufficient signal-to-noise is achieved by
integrating the line emission within large voxels over a wide sky area and line of
sight depth which allows access to the largest scales of the matter distribution.
The resulting tomographic maps usually feature low angular and high redshift
resolution. The SKAO will be able to conduct Hi intensity mapping experiments
observing up to 20, 000 deg2 over a wide range of redshifts. For SKA-Mid, we
will employ the array in a fast-scanning single-dish mode using Band 1 and 2 to
access 0 < 𝑧 < 3, mapping an enormous volume with fast survey speed, allowing
for the possibility of a commensal survey producing high angular resolution maps
via the on-the-fly imaging of the visibilities. For SKA-Low, we will focus on deep
observations to detect the Hi signal in a frequency band matching 3 < 𝑧 < 6. In
this chapter, we will give an overview of Hi intensity mapping with the SKAO,
including an outline of planned surveys, a discussion of observational challenges,
and methodology for power spectrum methodology and forecasts. We present
predictions on the constraining power on ΛCDM cosmology from Hi intensity
mapping data via power spectrum, and other observables such as bi-spectrum and
Hi stacking. We also demonstrate the synergy power of Hi intensity mapping with
other cosmological surveys.
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1 Introduction

Large-scale structure (LSS) surveys provide measurements of the evolution of the distribution of
matter across cosmic time, allowing us to address fundamental and fascinating questions such
as the nature of dark matter, dark energy, and gravitational physics on the largest length scales.
In the recent decade, the field has moved into an era of precision cosmology deriving tighter
constraints on cosmological model parameters. New results have been driven by technological
advances in optical astronomy resulting in greater sensitivities, angular resolution precision, and
the ability to survey large volumes over wide redshifts, most notably DESI (Aghamousa et al., 2016;
DESI Collaboration et al., 2025a), the Euclid satellite mission (Euclid Collaboration et al., 2020),
and the upcoming Rubin Telescope of the LSST (LSST DESC et al., 2018; Ivezić et al., 2019).
However, advanced measurements also opened more questions as inconsistencies and discrepancies
between different cosmological probes and surveys have been found, often termed tensions, see Di
Valentino et al. (2021) for a review. The understanding and untangling of observational systematics
and astrophysical nuisance parameters is now more important than ever as any impactful new
conclusions such as constraints on Dark Energy will be highly scrutinised and require confirmation
through multiple surveys, probes and tracers.

The ubiquitous neutral hydrogen (Hi) gas has been suggested as an excellent tracer for galaxies
and dark matter acting as a new and complementary probe of the LSS to optical observations.
As Hi is the most fundamental element to baryonic processes, it has the additional benefit of
tracing dark matter evolution and structure formation throughout cosmic history from dark ages
to epoch of reionization and late-time astrophysics and cosmology. Radio telescopes can observe
cold Hi gas via the redshifted 21 cm emission line, however, the line is faint in emission restricting
resolved observations to individual galaxies to the local Universe. The SKAO has the ability to
continuously observe redshifted Hi emission with frequencies 0.05 < 𝜈 < 1.42 GHz resulting
in redshift 27 < 𝑧 < 0 coverage albeit instrumental abilities will highly fluctuate for different
frequencies and targeted Hi epoch. Cosmological LSS surveys using Hi as a resolved tracer for
galaxies will only be probable for 𝑧 < 0.4 for AA4, the full SKA baseline design (SKA Cosmology
SWG et al., 2020).

The intensity mapping (IM) technique circumvents limitation by averaging the collective emission
from many unresolved galaxies within large “voxels”, producing Hi intensity maps with lower
angular resolution but retaining high spectral resolution (Bharadwaj et al., 2001; Battye et al., 2004;
Wyithe et al., 2008; Chang et al., 2008). This observing strategy is akin to Epoch of Reionization
(EoR) surveys, however the targeted Hi is now in shielded areas within dark matter haloes and
hence acting as dark matter tracer rather than the inter-galactic gas. In this chapter, we consider
Hi IM experiments where Hi traces LSS and hence targets constraining the cosmological model, a
boundary usually loosely defined as 𝑧 = 6, though the exact end of the EoR is among the science
goals of the SKAO.

The Hi IM approach dramatically increases the survey speed compared to traditional galaxy surveys
and achievable sensitivity on the large cosmological scales of interest to measure the Baryon
Acoustic Scale which allows constraints on Dark Energy parameters across Cosmic times (Chang
et al., 2008). Hi IM can be conducted via varying instrumental set-ups, usually designed to derive
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greatest sensitivities on the largest scales > 1 deg with a large collecting area for instantaneous
high sensitivities. Examples of such telescopes include single-dish telescopes, dish interferometers,
cylindrical dish interferometers, and aperture arrays.

The most commonly used observing strategy for cosmological Hi IM at low redshifts is the use
of single-dish telescopes with a field-of-view varying between arcmins and degree scales which
scan the skies by either drift mode or fast scanning. Hi IM experiments have been conducted at
most single-dish telescopes with suitable frequency coverage and radio quiet environment and most
previous measurements are considered as SKAO pathfinder experiments, including the Green Bank
telescope (Chang et al., 2010; Masui et al., 2013; Switzer et al., 2013; Wolz et al., 2022), Murriyang
(Parkes) Telescope (Anderson et al., 2018; Li et al., 2021a), and FAST telescope (Hu et al., 2020; Li
et al., 2023; Yang et al., 2025). Dish interferometers for Hi IM circumvent the technical challenges
of a large single-dish and - if purpose built- are usually designed with a dense core for increased
sensitivities for the largest scales. For example, the Indian Giant Metrewave Radio Telescope
(GMRT, see e.g. Ghosh et al. 2011; Chakraborty et al. 2021; Elahi et al. 2024) consisting of 30
fully steerable 45m dishes has been conducting several Hi IM campaigns at intermediate redshifts
𝑧 ∼ 2.2. The HIRAX experiment is currently under construction with the ultimate goals to operate
1024 6m dishes targeting 0.78 < 𝑧 < 2.55 (Newburgh et al., 2016; Crichton et al., 2022). SKAO
pathfinder experiments in the context of Hi IM are described in Elahi et al. (2026).

Arguably one the most pertinent experiments in the build-up to the SKAO is the single-dish Hi
IM survey conducted with MeerKAT, the MeerKAT Large Area Synoptic (MeerKLASS1, Santos
et al. 2017). In this experimental set-up, each dish of the array simultaneously observes the same
sky area and the auto-correlations of the recorded visibilities are used to create sky maps (Santos
et al., 2015). Within MeerKLASS, a fast scanning approach is employed in lieu of a drift scan
which fully leverages the gain stabilities on a 90 min intervals to scan 300 square degree sky area.
The fast scans are done in constant elevation to minimise atmospheric and ground spill fluctuations
and each sky area is scanned up to 30 times (Wang et al., 2021). A monumental benefit of this
survey is the commensal creation of high-resolution maps from the visibility data via On-the-fly
mapping approaches (Paul et al., 2025; Chatterjee et al., 2025; Mangla et al., 2025). Even though
sensitivities are too low to target the cosmological Hi signal, there is a wealth of astrophysics as
well as cosmology information within the data which can be obtained from continuum maps and
polarisation cubes. An intriguing aspect is the prospect of transient detection within the repeated
blocks of observations, an overview is provided in Chatterjee et al. (2026).

As MeerKAT currently contains about one third of dishes compared to the full Baseline Design
of SKA-Mid, the MeerKLASS experiment is highly indicative to the SKA capabilities as usual
considerations of scalability and resolution between MeerKAT and SKA are much diminished for
the single-dish case. MeerKLASS has successfully conducted several pilot surveys with signal
detections at 𝑧 ∼ 0.4 (Cunnington et al., 2023; MeerKLASS Collaboration et al., 2025; Carucci
et al., 2025) and is currently surveying the Southern Skies at 0.5 < 𝑧 < 1.5 aiming at a BAO
detection. A full overview of MeerKLASS in the context of SKAO can be found in chapter
Cunnington&Wang et al. (2026).

1https://meerklass.org/
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MeerKAT observations have also been used to derive the first interferometric detection of the Hi
IM signal at redshift, 𝑧 ∼ 0.4 (Paul et al., 2023) using deep tracking observations, with a follow-up
upper limits derived from mosaicked MIGHTEE observations (Mazumder et al., 2025). The signal
obtained from MeerKAT visibilities contains mostly information on cosmic Hi evolution and its
relation to dark matter haloes. However, it should be noted that for higher redshifts 𝑧 > 2, visibility
data from the SKA-Mid might be the only avenue for BAO constraints from the SKAO in the near
future, an overview is provided in Mazumder et al. (2026).

Generally, synergies between Hi IM surveys with the SKAO and more traditional observational
campaigns for cosmology at optical/near-infrared frequencies have been shown to be potentially
transformational and have drawn significant interest by the community over the past decade, since
the previous SKA Science Book (see Maartens et al., 2015, for cosmology). The panorama of such
cosmological surveys is vast, but the state of the art is certainly set by the Dark Energy Spectroscopic
Instrument (DESI, DESI Collaboration: Abareshi et al., 2022; DESI Collaboration: Abdul-Karim
et al., 2025), the Legacy Survey of Space and Time at the Vera C. Rubin Observatory (LSST, Ivezić
et al., 2019; The LSST Dark Energy Science Collaboration: Mandelbaum et al., 2018), and the
European Space Agency’s flagship, the Euclid satellite (Laureijs et al., 2011; Euclid Collaboration:
Mellier et al., 2025). In addition to so-called Stage V galaxy redshift surveys envisaged for the
coming decades (like MegaMapper, Schlegel et al. 2022, or the Wide-field Spectroscopic Telescope,
Mainieri et al. 2024), which will allow for transformational synergies (see e.g. Barberi-Squarotti
et al., 2024).

If the aforementioned experiments/facilities in the optical and near-infrared bands arguably exhaust
the state of the art for the study of the cosmic LSS, the cosmology community is putting a significant
effort at lower frequencies as well. A new generation of telescopes targeting the cosmic microwave
background (CMB) is taking over from the highly successful campaigns of the last decade, most
notably the Planck satellite (Planck Collaboration et al., 2020b), the Atacama Cosmology Telescope
(Louis et al., 2025), and the South Pole Telescope (Camphuis et al., 2026a). Among them, the
Simons Observatory (Abitbol et al., 2025) will deliver an order-of-magnitude improvement in
sensitivity and mapping speed over previous CMB experiments, enabling high-resolution, low-
noise measurements of temperature and polarisation anisotropies across a broad range of angular
scales. In the further future, Stage-4 CMB (Abazajian et al., 2016) observations will provide a
transformative leap, combining unprecedented sensitivity, angular resolution, and sky coverage to
enable next-generation constraints on inflation, neutrino physics, dark matter, and the growth of
cosmic structure.

The compiled science case for cosmology with the SKAO has been presented in SKA Cosmology
SWG et al. (2020). In this chapter, we follow the proposed survey and science cases of previous
work in SKA Cosmology SWG et al. (2020), and provide updated SKAO predictions for 0 < 𝑧 < 6.
SKA-Mid will be limited to 𝑧 < 3 for Hi IM, however, SKA-Low provides further capabilities to
conduct Hi IM surveys for 3 < 𝑧 < 6. These experiments would be conducted commensally with
EoR observations and cosmology forecasts using the higher frequencies are presented within this
chapter.

This chapter reviews the baseline Hi IM capabilities of the SKAO to constrain ΛCDM cosmology
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for 0 < 𝑧 < 6. However, owing to the immense advancement in theory, pipeline and data analysis
methodology, there are several chapters dedicated to reviewing progress in individual areas, e.g.
methodology in Spinelli et al. (2026), simulations and models in Ronconi et al. (2026), and
cosmology with higher-order statistics in Majumdar et al. (2026).

2 SKA Hi Intensity Mapping Survey

2.1 Observational parameters

This chapter focuses on baseline predictions for cosmology with Hi IM given a set of standard
survey definitions. As previously mentioned following SKA Cosmology SWG et al. (2020), we
focus on single-dish IM with SKA-Mid and commensal SKA-Low observations for this chapter,
defined as follows.

• Wide Band 1 Survey : SKA-Mid AA4 in Band 1 with redshift range 𝑧 = 0.35 − 3 covering
20, 000 deg2 and an integration time of 𝑡tot = 10, 000 hrs on sky.

• Deep SKA1-LOW Survey : SKA-Low AA4 with 100 deg2 sky coverage and an integration
time of approximately 𝑡tot = 5, 000 hrs on sky using data from sub-bands at frequencies
200 − 350MHz, equivalent to 3 < 𝑧 < 6.

The following forecasts are based on Fisher forecasts, formalism outline in section 3. Unless
otherwise specified, we do not include any errors introduced by observational systematics in the
prediction as the goal of this chapter is to determine the best case constraining power of the Hi
Intensity Mapping with the SKAO. Observational challenges are discussed in the following section,
and more details on the realities of large Hi IM surveys including ‘Lessons learned’ can be found
in the pathfinder and precursor chapters Elahi et al. (2026).

2.2 Observational challenges

The Hi signal is inherently faint, and sub-mK sensitivity is required per volume element to detect
the 21 cm brightness temperature fluctuations directly, although statistical detections of the power
spectrum are possible with higher noise levels. Beyond raw sensitivity, the main challenges
surrounding 21 cm cosmology with SKAO are due to systematic contamination from instrumental
effects and bright foreground emission.

2.3 Foreground separation

Foreground contamination from Galactic synchrotron and free-free emission, plus similar extra-
galactic components, is around four orders of magnitude brighter than the target 21 cm signal away
from the Galactic plane. The foreground emission spectra are spectrally smooth, and the emission
is greatest on large angular scales, providing a useful distinction from the rapidly spectrally-varying
21 cm signal that can be used to separate it from these other components. The 21 cm signal does
have smooth (low-𝑘 ∥ ) radial modes however, which are difficult to unambiguously distinguish from
foregrounds, while leakage of polarised foregrounds can exhibit significant spectral variability. The
loss of these larger-scale modes of the 21 cm field can generally be tolerated as long as the scales
of interest (e.g. the BAO scale) are relatively unaffected.
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The foreground emission is not perfectly reconstructed by the instrument however; in particular, the
chromaticity and angular structure of the primary beam modulates the otherwise spectrally-smooth
emission, introducing spurious spectral structure that can obscure a significant fraction of the
Fourier space spanned by the observations. Without very accurate models of both the foreground
emission and instrumental response, it is difficult to cleanly subtract this contamination. One
approach, common for interferometric experiments, is to excise all of the data in the contaminated
‘foreground wedge’ or ‘pitchfork’ region of Fourier space. This significantly reduces the number of
modes available for measuring the 21 cm signal, but removes the need to make detailed models of
the sky and instrument. Great care must be taken to avoid additional leakage of modes from within
this ‘foreground avoidance’ region into the rest of the Fourier space, e.g. through internal reflection
effects and ringing due to missing data.

Another approach is to use data-driven (or ‘blind’) foreground removal methods that seek to learn
the spectral structure of the data, e.g. through principal component analysis, and subtract out
the modes with the largest variance (Wolz et al., 2014; Alonso et al., 2015; Switzer et al., 2015;
Cunnington et al., 2021; Spinelli et al., 2021). This has been most successfully applied to auto-
correlation observations, e.g. with GBT, Parkes, and MeerKAT. Increasing numbers of modes
must be subtracted for more complex instrumental responses, which also has the effect of removing
a substantial fraction of the 21 cm signal itself. This ‘signal loss’ must be corrected for; this is
typically done by injecting mock Hi signals and cleaning those along with the real data to estimate
a ‘transfer function’ that can then be applied to recover a Hi power spectrum that has been corrected
for signal loss (Switzer et al., 2015; Cunnington et al., 2023b).

Some approaches have trialled the use of Machine Learning or Bayesian forward modeling using
Bayesian methods for the foreground separation, though generally methods have not been advanced
enough for data application.

2.4 Calibration

Uncertainties in the foreground and instrument models also present challenges for calibration of
the data. A variety of methods are used to calibrate these components, depending on whether
interferometric or autocorrelation observations are being made. For instance, autocorrelation
measurements are affected by gain variations that drift in time in a stochastic way – often called 1/ 𝑓
noise. This can be mitigated by scanning the telescope quickly across the sky, so angular separations
of interest are covered before the gain drift becomes significant (Li et al., 2021b; Irfan et al., 2023).
Internal calibration references can also be used to correct for the gain drifts. Filtering of the data time
series can also be used to suppress this effect, particularly if the gain drifts are strongly correlated in
frequency. Other calibration parameters, such as the overall flux scale, bandpass, pointing error can
be calibrated by observing bright astrophysical sources, which must be modelled. Contributions
to the system temperature due to the atmosphere and ground are generally also accounted for via
modelling. Several existing pipelines are capable of performing most of the required calibration
tasks, and have been used on MeerKLASS data, namely KATcali presented in Wang et al. (2021)
and MuSEEK.

Interferometric observations correlate out 1/ 𝑓 noise, but must still determine the per-antenna
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receiver gains as a function of time and frequency. Some radio arrays are designed with a high
level of redundancy (i.e. many baselines of the same length and orientation) to aid calibration, but
for the SKAO arrays, sky-based calibration will generally be required. This effectively compares
the observations at any given point in time with a detailed sky model, perhaps around a bright
source, and assumes that any differences between the model and observations can be attributed
to multiplicative gains. For high dynamic range, wide-field observations of the kind the SKAO
arrays are capable of, this is likely to require a large and detailed sky model, and may well need
to be iteratively constructed from SKAO observations, as existing source catalogues etc. are not
sufficiently complete. Sky model errors can also cause part of the signal to be erroneously absorbed
into the calibration solutions, resulting in additional spectral and temporal structure. Smoothing
the gain solutions can help reduce the severity of the gain errors.

2.5 Specific challenges for the SKAO

Some specific calibration challenges have been observed with SKAO precursors that may also be
applicable to the SKAO arrays. For SKAO-MID, one is the ‘zebra stripes’ observed in MeerKLASS
survey data, caused by a time-dependent gain non-linearity effect as the dishes scan past a bright
out-of-band transmitter on the horizon. This leads to large ripple structures in the observed maps.

Another involves the chromaticity of the primary beam; low-level ripples are observed in the
beam width as a function of frequency, which appear to be associated with standing waves set up
between the edges of the metal plates used to build the dish surface and the feed (Matshawule
et al., 2021). This frequency structure of the beam will convolve with any input signal, generating
extra temperature fluctuations along frequency. Such fluctuations are small and will not impact the
Hi signal directly but can be problematic when convolved with strong temperature contaminants
that are usually smooth in frequency. This is particularly true for the ground pickup and sky
foregrounds. Ground pickup can be dealt with in the time domain by keeping the dish elevation
constant. Convolution with sky foregrounds, such as the hot galactic synchrotron, has been shown to
affect foreground removal and introduce mode coupling in the Hi power spectrum. There will also
be the additional complication of multiple beam shapes caused by the use of a heterogeneous array
made of MeerKAT, MeerKAT+ and SKA-Mid dishes. While this can in principle be dealt with at
the mapmaking level, either through beam deconvolution or simple re-smoothing to a common low
resolution, this is yet to be explored in practice. A good knowledge of the beam through holographic
measurements will be crucial for this process (de Villiers, 2023).

For SKAO-LOW, the mutual coupling artifacts – shifted copies of the sky signal caused by multiple
signal paths being combined in the correlator – have also affected precursors such as HERA, and
have the potential to be a limiting systematic if they cannot be modelled accurately enough.

3 Models and methodology

The primary aim of Hi Intensity Mapping is detecting the Hi signal via the power spectrum
𝑃Hi(𝑘, 𝜇, 𝑧) acting as a tracer for the matter power spectrum 𝑃m(𝑘, 𝑧). 𝑃Hi(𝑘, 𝜇) can be modelled
as

𝑃Hi(𝑘, 𝜇, 𝑧) = 𝑇
2
Hi(𝑧)

(
𝑏Hi(𝑧) + 𝑓 (𝑧)𝜇2

)2
𝑃m(𝑘, 𝑧) (1)
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where 𝑏Hi is the Hi bias, 𝑇
2
Hi the averaged Hi brightness temperature, and 𝑓 the growth factor.

The power spectrum is a function of wavenumber 𝑘 and 𝜇 which is the cosine 𝑘 ∥/𝑘 between the
wave-vector and the line of sight. the Hi temperature and the Hi bias are degenerate and constraints
on individual parameters can only be achieved by obtaining directional constraints of redshift space
distortions.

The overall amplitude of the power spectrum scales with the mean Hi brightness temperature which
can be calculated via

𝑇Hi(𝑧) = 180ΩHi
ℎ (1 + 𝑧)2

𝐻 (𝑧)/𝐻0
mK , (2)

where ΩHi is the global density of the Hi gas. ΩHi can be modelled via

ΩHi(𝑧) = 0.00067432 + 0.00039 𝑧 − 0.000065 𝑧2 . (3)

which is based on the fitting function in SKA Cosmology SWG et al. (2020) but incorporate results
from MeerKLASS intensity mapping (Cunnington et al., 2023a).

The Hi bias is usually modelled with an empirical model, for example using hydrodynamical
simulations (Villaescusa-Navarro et al., 2018) which leads to

𝑏Hi(𝑧) = 0.842 + 0.693 𝑧 − 0.0459 𝑧2 . (4)

Note that this base theoretical model can be extended to incorporate the Alcock–Paczynski effect,
modulations of Primordial Non-Gaussianity and other effects.

In order to predict survey constraints, basic observational effects such as beam convolution and
additive instrument noise need to be modelled. The instrument noise for auto-correlations can be
written as

𝜎N(𝜈) =
3𝑇sys(𝜈)√︃

2 𝛿𝜈 𝑁dish 𝑡tot 𝜃
2
FWHM/𝐴sur

. (5)

where 𝑇sys is the system temperature of the telescope, 𝛿𝜈 the frequency width of the maps, 𝑁dish the
number of dishes used in the observation, 𝑡tot the total on sky survey time, 𝜃FWHM the full-width
half maximum of the dish beam, and 𝐴sur the total survey area. The noise contribution in the power
spectrum space can be calculated via 𝑃N = 𝑉pix𝜎

2
N, where𝑉pix is the comoving volume of one pixel.

The resulting power spectrum is

𝑃Hi(𝑘, 𝜇, 𝑧) = 𝑃Hi(𝑘, 𝜇, 𝑧) B2
beam(𝑘, 𝜇, 𝑧) + 𝑃N(𝑧) . (6)

For our predictions, the telescope beam is assumed a Gaussian function with uniform width, i.e.
effects of differing dishes are neglected.

The fiducial cosmological model used is ΛCDM , with parameters determined by the 2015 Planck
analysis (TTTEEE+lowP) (Ade et al., 2016). The values used are the same as in SKA Cosmology
SWG et al. (2020) and are listed for reference in Table 1.
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Ωb ℎ
2 Ωc ℎ

2 ℎ ln(1010 𝐴s) 𝑛s 𝜏 Σ𝑚𝜈 [eV]
0.02225 0.1198 0.6727 3.094 0.9645 0.079 0.06

Table 1: The fiducial values used for the flat ΛCDM cosmology, as measured by Planck 2015 (Ade et al.,
2016).

4 Hi power spectrum

In the following, we investigate the constraining power on the standard model of cosmology
from measurements of the Hi auto power spectrum, 𝑃HI(𝑘, 𝜇, 𝑧), for the Wide Band 1 Survey.
Following the methodology developed in Berti et al. (2023, 2024); Autieri et al. (2025), we construct
synthetic data sets of 𝑃HI(𝑘, 𝜇, 𝑧) observations and conduct a Bayesian analysis to constrain the
cosmological parameters from SKAO Hi intensity mapping measurements alone and combined
with CMB.2 In this section, we assume a Planck 2018 fiducial cosmology, and we model the signal
and uncertainties to mimic SKA measurements as described above. In the modelling for the Hi
power spectrum we include non-linearities and Alcock-Paczynski effects. From the synthetic data
set for the 𝑃HI(𝑘, 𝜇, 𝑧) monopole and quadrupole at six equispaced effective redshifts in the range
𝑧 ∈ [0, 3], we constrain the cosmological parameters {Ω𝑏ℎ

2,Ω𝑐ℎ
2, 𝐻0, 𝜏, 𝑛𝑠, ln(𝐴𝑠)}. Along with

the parameters describing theΛCDM model, for each redshift bin we vary a set of nuisances relative
to the Hi likelihood function, i.e. the shot noise and combinations of the brightness temperature,
the Hi bias, and the growth rate. We study two different cases, one in which we assume some
prior knowledge on the brightness temperature and the Hi bias can be inferred by other observations
(labelled as optimistic) and one in which we vary all the nuisances imposing wide flat priors (labelled
as pessimistic).

The forecasted constraints from this analysis are shown in Figure 1. Results using the SKAO Hi
power spectrum synthetic data set alone (left panel) suggest that Hi intensity mapping could provide
constraints competitive with state-of-the-art observations. In particular, in all the considered scenar-
ios, we obtain a constraint on 𝐻0 comparable with the estimate coming from CMB measurements.
Already in the pessimistic scenario we find 𝐻0 = 67.39 ± 0.44 km s−1 Mpc−1 to be compared
with the Planck alone constraint 𝐻0 = 67.36 ± 0.54 km s−1 Mpc−1 (Planck Collaboration et al.,
2020b). In the optimistic case we are able to further reduce the error on 𝐻0 to 0.29 km s−1 Mpc−1.
This is due to the fact that, in particular in the lowest bin, the Hi IM data set is sensitive to the
growth of structure at non-linear scales, which is not well probed by CMB data and mostly aided by
the BAO information that is modeled through the Alcock-Paczynski effect in the Hi IM data sets.
Additionally, in both cases we observe a strong correlation in the 𝐻0 − Ω𝑐ℎ

2 plane. This feature
is ascribable to the dependence on the matter power spectrum. A measure of the Hi multipoles
would fix the shape of the matter power spectrum that can be shown to be dependent on Ω𝑚ℎ. This
implies that Ω𝑚ℎ

2, and consequently Ω𝑐ℎ
2, is correlated with ℎ and 𝐻0. This correlation is pivotal

when combining intensity mapping data with CMB measurements.

We also test if and how Hi intensity mapping could improve the current constraints on ΛCDM
when used in combination with other probes. We thus constrain the cosmological parameters using

2The likelihood code used for this analysis is available at https://github.com/mberti94/topk.
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the synthetic data set we construct along with Planck 2018 CMB observations. We emphasize
that, when the synthetic data are combined with real observations, we are primarily interested in
the resulting error bars, while the resulting marginalized means serve primarily as a check that the
method successfully recovers the input fiducial cosmology. As shown in the right panel of Figure
1, adding the Hi power spectrum multipoles to the CMB, significantly increases the constraining
power on Ω𝑐ℎ

2 and 𝐻0. This gain is due to the combination of opposite correlation directions
between the CMB and the Hi power spectrum on these cosmological parameters. The combination
between the two significantly reduces the degeneracy, thus improving on the estimated error already
within the pessimistic case. For example, we obtain 𝐻0 = 67.34 ± 0.17, where the error is more
than three times smaller than the result from Planck alone.

Measurements of the Hi power spectrum will also be instrumental in further improving the con-
straints on the neutrino mass. As presented in Autieri et al. (2025), we expand the methodology
presented above to accurately model massive neutrino cosmology and forecast constraints on the
total neutrino mass Σ𝑚𝜈 . We present the results of our analysis in Figure 2. We find that the Hi
synthetic data sets alone are able to provide upper limits on Σ𝑚𝜈 comparable with single-instrument
CMB observations. At the 95% confidence level, we obtain Σ𝑚𝜈 < 0.287 eV in the optimistic case
and Σ𝑚𝜈 < 0.425 eV in the pessimistic case, to be compared with the Planck alone upper limit of
Σ𝑚𝜈 < 0.280 eV. We note that the more recent analysis obtained combining SPT, ACT, and Planck
together Camphuis et al. (2026b) provide rather more stringent results than IM alone, with an upper
limit of Σ𝑚𝜈 < 0.19 eV at the 95% confidence level. When Planck 2018 data are added to the HI
power spectrum, the constraints significantly improve with respect to HI alone results, similarly in
both the considered cases, with Σ𝑚𝜈 < 0.105 (optimistic) and Σ𝑚𝜈 < 0.126 eV (pessimistic).

We conclude that Hi auto power spectrum SKAO observations will provide a new, competitive
cosmological probe, complementary to CMB and pivotal for gaining statistical significance on the
cosmological parameters constraints.

4.1 Baryon Acoustic Scale

As a tracer of the large-scale structure, Hi temperature fluctuations will include imprints of the
baryon acoustic oscillations (BAO). The BAO feature can be used as a very robust probe of the
expansion history of the Universe -and thus, dark energy- through the Alcock-Paczynski effect
(Albrecht et al., 2006). In order to forecast the SKAO sensitivity, we adapt the template-based
approach applied to galaxy surveys to the LIM case, shown to be also robust against beyond-ΛCDM
physics at early times (Bernal et al., 2020). We consider only Hi autocorrelations; sensitivity is
expected to significantly improve when combined with galaxy clustering in a multi-tracer analysis.

The template adopted for the Hi power spectrum Legendre multipoles is

𝑃ℓ (𝑘) =
2 ℓ + 1
2𝛼3

iso

∫ 1

−1
d𝜇A

[
1 + 𝛽(𝜇′)2

1 + (𝑘 ′ 𝜇′ 𝜎p)2

]2

𝑃dw(𝑘 ′, 𝜇′) B(𝑘 ′, 𝜇′) Lℓ (𝜇) + Dℓ (𝑘) , (7)

where A is an overall amplitude encoding ⟨𝑇Hi𝑏Hi𝜎8⟩, the term in brackets accounts for redshift
space distortions at large and small scales, 𝑃dw is the partially de-wiggled matter linear matter
power spectrum which accounts for the smearing of the BAO due to bulk nonlinear clustering -
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Figure 1: Forecasted joint constraints (68% and 95% confidence regions) and marginalized posterior
distributions on cosmological parameters from the Hi power spectrum alone (left panel) or in combination with
Planck data (right panel). Here, the label "Planck 2018" stands for the TT, TE, EE + lowE + lensing likelihoods
and data sets Planck Collaboration et al. (2020b); Planck Collaboration V (2020); Planck Collaboration III
(2020). Dashed gray vertical lines mark the fiducial cosmology used to construct the 𝑃HI synthetic data sets.
Figure adapted from Berti et al. (2024).
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Figure 2: Forecasted joint constraints (68% and 95% confidence regions) and marginalized posterior
distributions on cosmological parameters and the total neutrino mass from the Hi power spectrum alone (left
panel) or in combination with Planck data (right panel). Here, the label "Planck 2018" stands for the TT, TE,
EE + lowE + lensing likelihoods and data sets Planck Collaboration et al. (2020b); Planck Collaboration V
(2020); Planck Collaboration III (2020). Dashed gray vertical lines mark the fiducial cosmology used to
construct the 𝑃HI synthetic data sets. Figure adapted from Autieri et al. (2025).
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computed assuming a fiducial cosmology and following the expression in Wang et al. (2013), and
depends on the characteristic velocity dispersion length parameter 𝜎v, as adopted by the Euclid
Consortium (Euclid Collaboration et al., 2025)-, and B accounts for the beam suppression, which
we assume to be Gaussian with full-width half maximum 𝜃FWHM. In the expression above, 𝑘 and
𝜇 are the observed wavenumber and cosine 𝑘 ∥/𝑘 between the wave-vector and the line of sight,
obtained after transforming redshifts and positions on the sky to a three-dimensional map. This
step requires the assumption of a fiducial cosmology, and therefore the observed quantities may
differ from the true ones, 𝑘 ′ and 𝜇′, if the assumed cosmology does not match the true one. Their
relationship is given by Ballinger et al. (1996)

𝑘 ′ =
𝑘 𝛼

1/3
AP

𝛼iso

[
1 + 𝜇2

(
1

𝛼2
AP

− 1

)]1/2

𝜇′ =
𝜇

𝛼AP

[
1 + 𝜇2

(
1

𝛼2
AP

− 1

)]−1/2

. (8)

Here, 𝛼iso and 𝛼AP are the isotropic dilation and the anisotropic distortion in the distances, respec-
tively, and are related to rescaling of scales along and transverse to the line of sight as

𝛼∥ = 𝛼iso 𝛼
2/3
AP =

[𝐻 (𝑧)𝑟d]fid

𝐻 (𝑧)𝑟d
, 𝛼⊥ =

𝛼iso

𝛼
1/3
AP

=
𝐷𝑀 (𝑧) 𝑟d

[𝐷𝑀 (𝑧) 𝑟d]fid , (9)

respectively, where 𝐻 is the Hubble parameter, 𝐷𝑀 is the comoving angular diameter distance, and
𝑟d is the sound horizon at radiation drag, and we distinguish between the fiducial choices and the
actual values.3 We do the forecast in terms of 𝛼iso and 𝛼AP, which present lower degeneracies, and
then transform to 𝛼∥ and 𝛼perp. Finally, Dℓ is a set of piecewise cubic spines, with coefficients 𝒂

different for each multipole and patch observed, that model potential deviations from the template
in the broadband of the power spectrum multipoles, as implemented in DESI (Chen et al., 2024).
We do not consider any density field reconstruction to sharpen the BAO feature (Eisenstein et al.,
2007), since even if it has been adapted to LIM (Obuljen et al., 2017), its performance has not been
tested in the presence of foregrounds.

Then, our set of parameters for the forecast is {𝛼iso, 𝛼AP, A, 𝛽, 𝜎p, 𝜎v, 𝜃FWHM, 𝒂}. We perform a
different forecast for each redshift bin considered (as specified in Table 2), marginalize analytically
over 𝒂, following Chen et al. (2024), and choose fiducial values
{1, 1, ⟨𝑇Hi𝑏Hi⟩2, 𝑓 /𝑏Hi, 5 Mpc, 5 Mpc, 1.22𝑐/(𝜈obs𝐷)}, respectively. We consider a situation
with no knowledge about 𝜃FWHM, and another one with a 10% prior on it -which return simi-
lar results as no varying 𝜃FWHM at all-. Forecast marginalized sensitivities are shown in Fig. 3 and
summarized in Table 2.

The large telescope beam of the SKA-MID antennas may limit the potential of BAO analyses, as
it sets a sensitivity limit in the determination of 𝐷𝑀/𝑟d, especially at high redshift. Nonetheless,
we also find that a very limited information of the beam (i.e., a 10% prior information on the
beam size) retains a large fraction of the information. In any case, we find that the measurements
of 𝛼∥ will be competitive with DESI BAO measurements DESI Collaboration et al. (2025b).
More importantly, the combination of both LIM and spectroscopic galaxy surveys will boost the

3We need to include the difference between the fiducial and actual 𝑟d, because it determines the position of the BAO
in our template, and changes in its value are completely degenerate with 𝛼iso.
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𝑧eff 0.45 0.65 0.85 1.05 1.25 1.45 1.65 1.85 2.10 2.40 2.80

𝜎(𝛼∥ ) 0.010 0.011 0.012 0.016 0.018 0.023 0.029 0.040 0.047 0.065 0.067

𝜎(𝛼⊥) 0.011 0.016 0.024 0.042 0.057 0.058 0.063 0.090 0.10 0.16 0.21

𝜌(𝛼∥ , 𝛼⊥) −0.49 −0.49 −0.43 −0.46 −0.40 −0.29 −0.20 −0.18 −0.16 −0.11 0.00

Table 2: Marginalized forecast (relative) sensitivity of the SKA-Mid Hi wide survey to the Hubble parameter
and the comoving angular diameter distance, expressed directly in terms of 𝛼∥ and 𝛼⊥, respectively, using a
10% uncertainty prior in the size of the beam. We also report the expected degeneracy/correlation between
the parameters of interest at each redshift bin.

0 1 2 3

z

10−2

10−1

100

σ
(α

i)

α‖

α⊥
Free beam

Beam prior

Figure 3: Marginalized forecast (relative) sensitivity of the SKAO-MID Hi wide survey to the Hubble
parameter (red) and the comoving angular diameter distance (blue), expressed directly in terms of 𝛼∥ and
𝛼⊥, respectively. We show results without assuming any knowledge of the size of the beam (solid lines), and
applying a Gaussian prior of 10% uncertainty (dashed lines).

overall BAO sensitivity, breaking parameter degeneracies with nuisance parameters and calibrating
potential unknown systematic errors. These measurements will be essential to determine the nature
of dark energy and whether it can be explain with a cosmological constant or it is indeed dynamical.

4.2 Turnover scale

Alongside the detection of BAO in the Hi power spectrum (discussed in the previous section),
another key large-scale feature is the turnover in power on scales larger than the BAO. This turnover,
usually denoted 𝑘0, corresponds to the horizon size at matter–radiation equality and can be precisely
calculated theoretically, making it a valuable standard ruler probe that is independent of the sound
horizon. In this way, the turnover provides complementary information to BAO, helping to break
degeneracies that affect sound-horizon-based measurements (see e.g. Farren et al., 2022). A first
detection of this feature was reported with the WiggleZ survey (Poole et al., 2013), and more recent
galaxy surveys are beginning to improve these constraints (Bahr-Kalus et al., 2023; Alonso et al.,
2024). However, probing these ultra-large scales (𝑘 ≲ 0.016 ℎMpc−1) is extremely challenging for
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Hi IM survey 𝑧min 𝑧max Area [deg2] Volume [(Gpc/ℎ)3] 𝑡obs [hrs] 𝑃0/𝑃N 𝛼>0

SKA-Mid Band 1 0.35 3 20,000 221.6 10,000 7.3 13.1𝜎

Galaxy survey 𝑁gal

Stage III spectro-𝑧 0.6 1.1 4,000 4.7 500×103 1.9 0.87𝜎
Stage III photo-𝑧 0.2 1.05 5,000 7.0 200×106 700.3 2.3𝜎
Stage IV spectro-𝑧 0.4 1.6 14,000 46.8 21×106 7.2 5.9𝜎
Stage IV photo-𝑧 0.3 3 20,000 225.6 10×109 445.9 16.9𝜎

Table 3: Statistical significance of turnover detections (𝛼>0) for intensity mapping with the SKAO and
comparison with hypothetical galaxy surveys in optical and near-infrared wavelengths. No consideration has
been given to the impact from redshift uncertainties in the photo-𝑧 surveys.

optical surveys due to limited volumes, while Hi intensity mapping at radio wavelengths is ideally
suited to this task, offering rapid access to vast cosmological volumes.

The turnover in the Hi power spectrum, 𝑃Hi, can be constrained by using a model-independent
fitting approach (following Poole et al., 2013) in which the power spectrum around the turnover is
fit with a piecewise parabolic model:

log10

(
𝑃Hi(𝑘)

[mK2 ℎ−3 Mpc3]

)
=

{
log10(𝑃0)

(
1 − 𝛼 𝑥2) 𝑘 < 𝑘0

log10(𝑃0)
(
1 − 𝛽 𝑥2) 𝑘 ≥ 𝑘0 ,

(10)

where
𝑥 =

log10(𝑘/[ℎ/Mpc]) − log10(𝑘0/[ℎ/Mpc])
log10(𝑘0/[ℎ/Mpc]) . (11)

This fit estimates the turnover scale 𝑘0 together with three additional parameters. 𝑃0 is the peak
amplitude of the power spectrum, while 𝛼 and 𝛽 govern the parabolic decline of power on either
side of the turnover. Importantly, 𝛼 is not simply a nuisance parameter: if confidence intervals
favour 𝛼 > 0, this constitutes statistical evidence for the presence of a turnover. Forecasts of the
𝛼 constraint from SKA-Mid Band 1 intensity mapping, compared with those from optical galaxy
surveys, are shown in Table 3 (see Cunnington, 2022, for more details).

The recovered turnover scale 𝑘0 can then be translated into a standard ruler, since its physical scale
is set by the horizon size at matter–radiation equality. By mapping this to a dilation parameter, one
can obtain a distance measurement that is directly sensitive to the Hubble constant, 𝐻0. Forecasts
indicate that SKA-Mid intensity mapping could achieve a ∼ 2% constraint on 𝐻0 from the turnover
feature alone (Cunnington, 2022).

4.3 Ultra-large scales

As Hi IM can easily probe very large areas of the sky in a timely manner, it is very well suited to
study physical phenomena on very large cosmological scales. Such science cases are discussed on
their own in the SKAO science chapters: Camera et al., 2026 for tests of gravity and Fonseca et al.,
2026 for ways to probe the very early universe.
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4.4 Synergies

The scientific potential of Hi IM is greatly enhanced when one correlates it with other datasets.
On one hand we can break degeneracies between cosmology and galactic astrophysics but we are
also less sensitive to systematics as we expected them to be uncorrelated between different datasets.
The simplest example is the one corresponding to the first detection of the Hi cosmological signal,
cross-correlation between Hi IM and spectroscopic galaxy surveys Chang et al. 2008, which was
followed by more cross-correlation detections e.g. in Masui et al. (2013); Wolz et al. (2022);
Cunnington et al. (2023). In addition, cross-correlation between Hi and photometric galaxy survey
can be used to probe the redshift distribution of the galaxy sample, giving a novel clustering redshift
estimate (Cunnington et al., 2019).

The more elaborate synergies is the so-called multi-tracer technique (Seljak, 2009) which corre-
sponds to joint inference and has a game changing potential in bias-like parameters.

There has been an extensive literature looking at synergies between Hi IM and spectroscopic and
photometric galaxy surveys, CMB, gravitational wave observatories and LIM with other lines. Here,
we showcase one example of synergies between SKA-Mid Hi IM and DES. For other examples, we
refer the reader to SKA Cosmology SWG et al. (2020) as well as dedicated chapters in this Science
Book, i.e. (Baker et al., 2026; Fonseca et al., 2026).

We perform a forecast for SKA-Mid in cross-correlation with Dark Energy Survey (DES), focusing
on the constraints on the bias parameters of the tracers and the redshift scatter of the galaxy sample.
We simulate log-normal mock observations in RA = (13,83) and Dec= (-55.5,-18), corresponding
to the potential overlap between the SKA-Mid Wide Band 1 Survey and DES surveys. The galaxy
catalogue is generated according to the redshift distribution 𝑑𝑁/𝑑𝑧 and the photometric redshift
uncertainty 𝜎𝑧 derived from the DES Year 3 (Y3) Meta-Calibration sample (Myles et al., 2021) in
a simulation box with a sky area of 2100 deg2 ranging from redshift 𝑧 = 0.4 − 1.1, corresponding
to the third tomographic bin with an effective redshift of 𝑧eff = 0.74. The photometric redshift
uncertainty is approximated as 𝜎𝑧 = 0.02, consistent with the DES RedMaGiC characterization
(Porredon et al., 2021). We model the power spectra for the galaxy, the Hi, and their cross following
Appendix A of Rubiola et al. (2022). We choose a fiducial cosmology model as reported in Planck
Collaboration et al. (2020a) with the Hi bias 𝑏Hi = 0.9, the galaxy bias 𝑏𝑔 = 1.5, and the redshift
scatter 𝜎𝑧 = 0.02. We generate 100 realizations of the mock observations, and average the 3D
power spectrum into power spectrum monopoles for calculating the mean and the covariance of the
signal. Since we are interested mostly in the redshift scatter, we only consider the galaxy auto and
the cross-power spectrum.

Using this simulation pipeline, we then vary the fiducial parameters to perform Fisher matrix
forecast (see e.g. Eq. (43) of Euclid Collaboration et al. 2020). We choose a step size of 1% for
calculating the partial derivatives.

The results are shown in Figure 4. The forecasts show that for a cross-correlation analysis between
DES and SKA-Mid, we will be able to achieve the constraints of 𝑏HI = 1.5± 0.09, 𝑏𝑔 = 0.9± 0.05,
𝜎𝑧 = 0.02 ± 0.003, resulting in a ∼ 8% measurement of the redshift scatter of the galaxy sample.
Comparing with the case using only the galaxy auto-power spectrum, we find that the constraints
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Figure 4: Corner plot showing the forecasted 1𝜎 and 2𝜎 confidence regions for the parameters {𝑏HI, 𝑏𝑔, 𝜎𝑧}
from the joint DES and SKA-Mid Wide Band 1 analysis. The diagonal panels show the marginalized 1D
distributions, while the off-diagonal panels show the 2D parameter covariances.

improve by a factor of ∼ 2.5.

4.5 Bi-spectrum

Cosmological constraints are typically derived from the power spectrum. The inclusion of the
Hi bispectrum, alongside the traditional two-point statistic, provides notable improvements in
parameter forecasts by breaking degeneracies and enhancing precision, as demonstrated in recent
analyses of galaxy survey data and simulations (Philcox and Ivanov, 2022; Jung et al., 2023; Philcox
et al., 2022; Chudaykin et al., 2025; Bakx et al., 2025). Even under Gaussian initial conditions,
higher-order correlators become non-zero due to the nonlinear evolution of structure under gravity.
The leading higher-order statistic is the bispectrum- i.e. the Fourier transform of the three-point
correlation function-which for Hi takes the form

⟨𝛿𝑇Hi(𝒌1) 𝛿𝑇Hi(𝒌2) 𝛿𝑇Hi(𝒌3)⟩ = (2𝜋)3 𝛿D(𝒌1 + 𝒌2 + 𝒌3) 𝐵Hi(𝒌1, 𝒌2, 𝒌3), (12)

where the Dirac delta function enforces momentum conservation.

The Hi bispectrum is primarily employed for its significant constraining power on the primordial
Universe and in the presence of non-Gaussian initial conditions, as described in Fonseca et al.
(2026). Furthermore, its late-time gravitational component serves as a powerful probe for extract-
ing a wide range of cosmological information, as discussed in Majumdar et al. (2026). In this
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Figure 5: Same as Fig. 1 but for the HI bispectrum alone (left panel) or in combination with Planck
data (right panel). Both panels show the pessimistic and optimistic foreground scenarios, corresponding to
𝑘 ∥ ,min = 0.005, ℎ,Mpc−1 and 𝑘 ∥ ,min = 0.001, ℎ,Mpc−1, respectively.

section, we use the Hi bispectrum from SKA-Mid Band 1 to forecast constraints on the standard
ΛCDM cosmological parameters. Following Karagiannis et al. (2022), we perform Fisher fore-
casts based on a tree-level model, which is restricted within the perturbative regime. The model
incorporates redshift-space distortions (RSD) and a second-order bias expansion, while theoretical-
error covariance terms account for the impact of neglected one-loop corrections. To assess the
impact of foreground contamination, we also consider two large-scale cut in the bispectrum analy-
sis. The full parameter set, encapsulating the main sources of uncertainty in our model, includes
five cosmological parameters and eleven additional nuisance parameters per redshift bin4 After
marginalising over the nuisance parameters, the resulting cosmological 1-𝜎 forecasts are presented
in Fig. 5. Although the bispectrum results are not competitive with those from the power spectrum
analysis (see Fig. 1), they still provide a notable improvement when combined with Planck data.
Moreover, the joint use of the power spectrum and bispectrum could further enhance the cosmolog-
ical constraints achievable with SKAO (Karagiannis et al., 2022; Randrianjanahary et al., 2024).
Finally, the impact of foreground cuts on the bispectrum-based forecasts is found to be minimal.
We adopt a foreground-avoidance approach, excluding from the analysis all Fourier modes with
𝑘 ∥ < 𝑘min

∥ , where radio foregrounds—dominated by spectrally smooth Galactic synchrotron and
free-free emission—contaminate the long-wavelength radial modes (Liu and Tegmark, 2011; Shaw
et al., 2014, 2015). We consider 𝑘min

∥ = 0.001 ℎ/Mpc (optimistic) and 0.005 ℎ/Mpc (pessimistic)
to bracket the impact of foreground contamination on our forecasts.

4These are the HI IM bias coefficients, the AP multiplicative factors, the growth rate, the shot-
noise terms and the FOG amplitudes, i.e. the full free parameters vector considered is 𝜽 (𝑧𝑖) ={
𝜔b, 𝜔c, ℎ, ln(1010𝐴s), 𝑛s ; 𝐷𝐴(𝑧𝑖), 𝐻 (𝑧𝑖), 𝑓 (𝑧𝑖), 𝑏1 (𝑧𝑖), 𝑏2 (𝑧𝑖), 𝑏𝑠2 (𝑧𝑖), 𝜎𝑃 (𝑧𝑖), 𝜎𝐵 (𝑧𝑖), 𝑃𝜀 (𝑧𝑖), 𝑃𝜀𝜀𝛿

(𝑧𝑖), 𝐵𝜀 (𝑧𝑖)
}
.,

all treated as free.
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Figure 6: Forecasts for the constraints on the neutral hydrogen density and the potential observational
systematics using emission line stacking of single-dish intensity mapping data with the Wide Band 1 Survey.
The first three panels from left to right show the forecasts on the fractional constraints on the model parameters.
The rightmost panel shows the forecasts for the constraints on ΩHi using stacking (“SKAO IM Stacking“)
at 𝑧 ∼ 0.5 − 2.5. For comparison, a selection of current measurements using Hi emission line observations
(Jones et al., 2018; Rhee et al., 2018; Bera et al., 2019; Hu et al., 2019; Chowdhury et al., 2020; Chen et al.,
2021; Xi et al., 2021; Ponomareva et al., 2023; Rhee et al., 2023; Sinigaglia et al., 2025) are shown. SKAO is
capable of probing the Hi density at 𝑧 > 1, which was thought to be only observable through the absorption
line of damped Lyman alpha systems (e.g. Crighton et al. 2015).

4.6 Hi stacking

Emission line stacking is a powerful probe of the gas content of galaxies. Stacking measurements
using Hi intensity maps have been made using the Parkes telescope (Tramonte et al., 2019; Tramonte
and Ma, 2020), the Canadian Hydrogen Intensity Mapping Experiment (Amiri et al., 2023), and the
MeerKAT telescope (Chen et al., 2025). The detection using the precursor MeerKAT telescope,
as presented in Chen et al. (2025), reveals that the Hi stacking can be used to constrain potential
systematic effects as well as the Hi density of the Universe.

Following the data analysis pipeline described in Chen et al. (2025), we generate mock observations
of Hi signal. A catalogue of overlapping spectroscopic galaxies is also generated, and the Hi signal
can then be stacked onto the positions of the galaxies. The signal is then processed into stacking
measurement as described in Spinelli et al. (2026). The Hi signal is then rescaled in each redshift so
that the Hi density ΩHi(𝑧) follows the scaling relation described in Hu et al. (2019). Furthermore,
an oscillation systematic component, found in the data analysis of Chen et al. (2025), is added to
the mock simulation. The amplitude of the oscillating systematics is chosen to be 𝐴sys = 0.1 and
the frequency 𝜈sys = 20 MHz, which is motivated by observational data. A total of 100 realisations
are generated to calculate the mean Hi signal as well as its covariance.

The simulation pipeline is then used to calculate the Fisher matrix by varying the model parameters,
which then gives the forecasted constraints of the stacking measurement. In total, we model three
parameters, the Hi density ΩHi, the amplitude of the oscillating systematics 𝐴sys and the frequency
of the systematics 𝜈sys. We choose a step size of 0.01 of the fiducial values to calculate the partial
derivatives of the mean signal and the covariance, which are needed for the calculation of the

19



Hi Intensity Mapping L. Wolz et al.

Fisher matrix. The results are shown in Figure 6. Using the single-dish intensity mapping data
from the Wide Band 1 survey, stacking measurements will be able to precisely constrain ΩHi as
well as the systematics. In particular, we find that 𝜎(ΩHi)/ΩHi = {0.054, 0.069, 0.062, 0.095}
at 𝑧 ∼ {[0.5, 1.0], [1.0, 1.5], [1.5, 2.0], [2.0, 2.5]}. The constraining power is comparable to the
emission line observations using radio interferometry at 𝑧 ∼ 0.0, with the unique ability of probing
high redshifts up to 𝑧 ∼ 2.5.

4.7 Dark Matter

With intensity mapping, ‘no photon is left behind’. That is, we collect all integrated emission from
Hi; hence, we are sensitive to all sources containing cold gas, even the smallest dark matter haloes
dense enough to host some, and that typically go undetected in standard observational techniques.
This unique feature of Hi intensity mapping makes it a powerful probe of cosmological scenarios
in which the low-mass end of the halo mass function is modified compared to the standard ΛCDM
model.

For instance, if dark matter is of particle origin, the perfectly ‘cold’ assumption is an asymptotic
one. Actually, the particle mass determines the streaming velocity and sets a specific cut-off in the
halo mass function, that is, the minimum mass of existing dark matter haloes and their abundance
(Liu et al., 2024). In particular, and counter-intuitively, in universes in which structure formation
is slightly suppressed, Hi is forced to cluster in the most massive —and more biased— dark matter
haloes, increasing the expected Hi signal power spectrum (Carucci et al., 2015). Forecasts indicate
that, assuming an intensity mapping survey with SKA1-LOW with an area of ≈ 3 − 6 deg2 at
𝑧 = 3 − 5, we will be able to rule out a 4 keV DM model with 5000 hours of observations, with a
statistical significance larger than 3𝜎 (Carucci et al., 2015). In general, this is a unique observational
feature of Hi intensity mapping, which can be observed in any cosmological scenario that modifies
structure formation (Carucci et al., 2017), turning a small-scale, hard-to-detect feature into a strong,
large-scale effect on the Hi intensity mapping power spectrum.

5 Summary

Hi Intensity Mapping provides a new independent tracer of the large scale structure measuring the
cosmic Hi abundance and distribution through cosmic time 0 < 𝑧 < 6 with unprecedented precision.
The SKA1 Wide Band 1 Survey in combination with the Deep SKA1-LOW Survey will provide a
new indispensable legacy dataset for Hi science and cosmology. If a commensal observing mode
is employed, the SKA-Mid Wide Band 1 Survey will be incredibly efficient in using the SKA-Mid
telescope time and provide visibility data to produce radio continuum maps for a wealth of science
cases as well as enabling slow transient science; more details are provided in Chatterjee et al.
(2026). In this chapter we showcased the potential of the probe through a selection of forecasts on
constraints on standard cosmology, using standard probes such as the Hi power spectrum, Baryon
Acoustic Oscillations, the turnover scale, the bi-spectrum and Hi stacking. Furthermore, Hi IM will
provide an excellent addition to cosmology with synergies, adding large scales and high redshift
resolution over a continuous range of redshifts. More extensive forecasts including non-ΛCDM
cosmologies and tests of General Relativity are presented in chapters Camera et al. (2026) and
Fonseca et al. (2026).
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