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Radio Halos Cassano et al.

Giant radio halos (RHs) are diffuse, Mpc-scale synchrotron sources observed in a
growing fraction of galaxy clusters. They trace relativistic particles and magnetic
fields in the intracluster medium (ICM), providing a unique window into non-
thermal processes and their role in cluster evolution. RHs are primarily found
in merging systems, supporting models in which turbulence generated during
cluster collisions re-accelerates pre-existing electrons to the energies required
for the observed radio emission. In this scenario, the occurrence, power, and
spectral properties of RHs depend on the energetics of cluster mergers, with
the most massive and dynamically disturbed clusters hosting the most powerful
halos. Low-frequency observations are crucial to uncover ultra-steep-spectrum
RHs, a key prediction of turbulent re-acceleration models, and are expected to
arise from less energetic merger events. LOFAR has enabled statistical studies of
large cluster samples, placing robust constraints on RH occurrence and spectral
trends. In this Chapter, we model RH formation and evolution using Monte Carlo
simulations calibrated on LoTSS-DR2 findings, and we present predictions for
SKA-Low in the AA4 configuration. Our results show that SKA will probe an
unprecedented region of cluster mass and redshift space, detecting at least ∼ 2500
RHs up to 𝑧 ≈ 0.6, including ≳ 1000 ultra-steep-spectrum systems, and revealing
halos in clusters down to ∼ 1014 𝑀⊙ and out to 𝑧 ≈ 1. These surveys will provide
stringent tests of turbulent re-acceleration models and significantly advance our
understanding of non-thermal processes in galaxy clusters.
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1 Introduction

Giant Radio Halos (RHs) are diffuse, Mpc-scale synchrotron radio sources with steep spectra
(𝛼 > 1, with 𝑓𝜈 ∝ 𝜈−𝛼) observed in the central regions of a fraction of galaxy clusters (e.g. Feretti
et al., 2012; van Weeren et al., 2019; Cassano et al., 2023). They trace the energy content and
distribution of relativistic particles and magnetic fields in the intracluster medium (ICM), thus
providing unique insights into the non-thermal components of clusters and their role in cluster
formation and evolution.

Although RHs are predominantly found in dynamically disturbed, merging clusters—consistent
with the idea that turbulence generated during mergers powers particle re-acceleration (Brunetti
and Jones, 2014; van Weeren et al., 2019)—recent observational results are revealing a more
complex picture. A handful of apparently relaxed systems host large-scale diffuse emission (e. g.
Kale et al., 2019). For instance, the cool-core cluster CL1821+643 contains a giant RH despite
its regular X-ray morphology (Bonafede et al., 2014; Savini et al., 2018). Similarly, deep LOFAR
observations of the Perseus cluster uncovered Mpc-scale diffuse emission well extending beyond
the central mini-halo (van Weeren et al., 2024). However, weak-lensing analyses have revealed
evidence of a past merger in Perseus (HyeongHan et al., 2025), suggesting that low-contrast or
older merger events—undetectable through traditional X-ray morphology alone—may still inject
turbulence sufficient to sustain cluster-wide synchrotron emission. Also, a statistical study with
LOFAR (see also Sect.3) shows that a non-negligible fraction of clusters classified as more relaxed
exhibit RH-like emission (Cassano et al., 2023).

According to the turbulent re-acceleration scenario, turbulence generated during cluster mergers
re-energizes pre-existing populations of relativistic electrons—either fossil or secondary—to the
energies required to produce the observed synchrotron emission (Brunetti et al., 2001; Petrosian,
2001; Brunetti and Lazarian, 2016). In these models, the occurrence and spectral properties of RHs
depend on both the merger history and the mass of the host cluster, which determine the available
turbulent energy budget. A key prediction is that RHs preferentially form in massive, energetic
mergers, whereas they are rarer in less massive systems, where the weaker turbulence leads to very
steep radio spectra that become under-luminous at GHz frequencies (Cassano et al., 2006, 2010;
Donnert et al., 2013; Brunetti and Vazza, 2020). A possible way to incorporate within this framework
the emerging evidence of RHs in less dynamically disturbed systems is to assume that these halos are
produced during less significant dynamical events, which generate weaker perturbations in the ICM
and, consequently, lower levels of turbulent energy. Future XRISM Resolve observations will be
essential to test whether weak or steep-spectrum radio halos are powered by modest ICM turbulence.
Current measurements indicate generally low small-scale turbulence (𝜎𝑣 ≈ 115–170 km s−1; non-
thermal pressure fractions of a few percent; XRISM Collaboration et al., 2025b,c,a). Cosmological
simulations, however, suggest that these can be explained by spatially localized and patchy turbulent
regions, without requiring extremely steep turbulence spectra (Vazza and Brunetti, 2025).

This theoretical framework is also consistent with the observed radio bimodality between radio-loud
and radio-quiet clusters (Cassano et al., 2013; Kale et al., 2015; Cuciti et al., 2021, 2023) and is
supported by the discovery of ultra-steep-spectrum halos (Brunetti et al., 2008; Dallacasa et al.,
2009; Di Gennaro et al., 2021b; Santra et al., 2024).
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An additional contribution to diffuse cluster-scale emission may arise from secondary electrons
produced in hadronic collisions between cosmic-ray (CR) protons and thermal ions in the ICM
(Dennison, 1980; Blasi and Colafrancesco, 1999). Although 𝛾-ray observations constrain this
mechanism to be sub-dominant in the generation of classical RHs (Ackermann et al., 2016; Brunetti
et al., 2017; Adam et al., 2021), it may still contribute to the formation of fainter, “off-state” halos
in more relaxed systems (Brunetti and Lazarian, 2011; Brown et al., 2011; Donnert et al., 2013;
Cassano et al., 2015).

Recent LOFAR surveys, in particular the LoTSS-DR2 (Shimwell et al., 2022), have dramatically
expanded the sample of known RHs (Botteon et al., 2022a), allowing the study of their radio flux
density and redshift distributions, which have been found to be in line with the expectations of the
re-acceleration scenario (Cassano et al., 2023). It was also found that the fraction of clusters with
radio halos increases with the cluster mass, confirming the leading role of the gravitational process of
cluster formation in the generation of radio halos. Furthermore, the combination of CHEX–MATE
observations (CHEX-MATE Collaboration et al., 2021), based on a homogeneous and deep XMM-
Newton follow-up of hundreds of SZ-selected clusters, with LoTSS-DR2 and MeerKAT data has
opened the way to spatially resolved studies of the connection between the thermal and non-thermal
components of the ICM. These works (Balboni et al., 2024, 2025a) enable both global and spatially
resolved analyses of radio-halo properties and their dependence on cluster mass, redshift, and
dynamical state, showing that more disturbed systems tend to host brighter and more extended
halos than relaxed clusters. In addition, MeerKAT follow-ups of CHEX–MATE clusters allow the
detection of new radio halos (Balboni et al., 2025b), supporting the radio power–mass relation and
suggesting that radio-halo emissivity is the main driver of this correlation.

In this Chapter, we adopt the turbulent re-acceleration scenario as constrained by the LoTSS-DR2
study of Planck clusters to model the expected population of RHs across cosmic time. Using Monte
Carlo simulations that link cluster merger histories, magnetic fields, and particle acceleration, we
predict the occurrence, luminosity functions, and spectral properties of RHs in the context of
forthcoming SKA-Low surveys. In particular, we explore the discovery potential of SKA-Low in
AA4 configuration, whose expected sensitivities (∼20 𝜇Jy/beam at 150 MHz at a resolution of 10
arcsec Braun and et al. 2019) will enable the detection and characterization of the full population
of RHs, including faint and ultra-steep-spectrum systems. These observations, combined with
ongoing LOFAR and MeerKAT, and future SKA-Mid observations, will open a new window on the
non-thermal life cycle of galaxy clusters and on the physics of turbulent particle acceleration in the
ICM.

A ΛCDM cosmology (𝐻0 = 70 km s−1 Mpc−1, Ω𝑚 = 0.3, ΩΛ = 0.7) is adopted.

2 Advances from MeerKAT Studies

The MeerKAT telescope has provided major advances in our understanding of diffuse, cluster-scale
synchrotron emission. Owing to its excellent 𝑢𝑣-coverage, high surface-brightness sensitivity,
and ∼10 arcsec resolution at 1.28 GHz, MeerKAT has revealed that radio halos are not smooth,
amorphous structures but often contain filamentary substructures — narrow, elongated regions of
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(a) VLA 1.4 GHz image (Feretti et al., 1997) (b) WSRT 350 MHz image (Pizzo and de Bruyn,
2009)

(c) LOFAR 150 MHz image (Botteon et al., 2020)

Figure 1: The radio halo in the galaxy cluster Abell 2255 observed with different radio facilities.

enhanced synchrotron emission within the intracluster medium (ICM). Such features, typically a
few to tens of kpc wide and extending up to several hundred kpc, have been detected in numerous
systems, including Abell 3667, RXC J1825.3+3026, and several MGCLS clusters (Knowles et al.,
2022; Riseley et al., 2022; Botteon et al., 2023, 2024, 2025). These suggest that magnetic-field
amplification and turbulent enhanced synchrotron emissivity energy are distributed in a patchy,
filamentary fashion (Brunetti and Jones, 2014; Knowles et al., 2022).

MeerKAT has also played a pivotal role in uncovering radio halos at intermediate and high redshifts
(𝑧 ≳ 1; Phuravhathu et al., 2025; Magolego et al., 2025; Sikhosana et al., 2025) and in estab-
lishing the population of ultra-steep spectrum radio halos (e.g. Knowles et al., 2022; Rajpurohit,
2021; Magolego et al., 2025). These findings demonstrate that cluster-scale synchrotron emission
was already established at earlier epochs than previously confirmed, implying efficient turbulence
generation and magnetic-field amplification during structure formation. In addition, the discovery
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of halos with very steep integrated spectra (𝛼 ≳ 1.7–2.0) is consistent with the USSRH category
predicted by turbulent re-acceleration models (Cassano et al., 2006; Brunetti and Jones, 2014).

MeerKAT has also provided a substantial leap forward in the study of cluster magnetic fields
and polarization. In Abell 2142, Pagliotta et al. (2025) derived a mean central magnetic field of
𝐵0 ≃ 9.5 ± 1.0 𝜇G and a magnetic-field power spectrum extending from ∼ 7 to 470 kpc. Using
the “Synchrotron Intensity Gradient” (SIG) technique, Hu et al. (2024) mapped the orientation of
magnetic fields in merging systems such as RXC J1314.4−2515 and El Gordo, finding alignment
with the merger axis and small-scale turbulence. MeerKAT has also detected polarized filaments
within halos and relics, tracing coherent magnetic features embedded in a turbulent ICM (de
Gasperin et al., 2022).

3 Advances from LOFAR and the LoTSS Surveys

The advent of the LOw Frequency ARray (LOFAR) has revolutionized the study of diffuse,
cluster-scale radio emission by providing unprecedented sensitivity to low–surface-brightness,
steep-spectrum sources in the 120–168 MHz band. LOFAR fundamentally changed our view
of diffuse emission in galaxy clusters by combining high sensitivity and angular resolution with
excellent coverage of short baselines, enabling the recovery of both compact and extended structures
with high fidelity.

A striking example is provided by the galaxy cluster Abell 2255. As shown in Fig. 1, the well-
known radio halo in this system was first imaged with the Very Large Array (VLA; Feretti et al.
1997) and later with the Westerbork Synthesis Radio Telescope (WSRT; Pizzo and de Bruyn 2009).
The LOFAR image (Botteon et al., 2020, Fig. 1,panel c) reveals an unprecedented wealth of radio
features, ranging from filamentary structures on scales of a few tens of kiloparsecs to diffuse
cluster-scale emission. This comparison highlights LOFAR’s ability to unveil the full complexity
of non-thermal phenomena in the intracluster medium, which had remained hidden in previous
observations. Deep LOFAR imaging of the same cluster has unveiled pervasive synchrotron radio
emission filling essentially the entire cluster volume and extending up to (or beyond) the virial
radius, reaching up to ∼ 5 Mpc linear size or more, suggesting non-thermal components filling
even the cluster outskirts (Botteon et al., 2022b). Additional observations revealed that some radio
halos can be embedded within vast, ultra-diffuse envelopes of synchrotron emission — so-called
megahalos (Cuciti et al., 2022). LOFAR also discovered synchrotron emission in the form of radio
bridges connecting pairs of massive clusters (e.g. Govoni et al., 2019; Botteon et al., 2018). These
evidences prove the presence of relativistic plasma on very large scale that could be better explored
by SKA-Low (Cuciti et al., 2026).

Since 2015, LOFAR’s wide-area surveys, particularly the LOFAR Two-metre Sky Survey (LoTSS;
Shimwell et al. 2017, 2019, 2022), have transformed our understanding of radio halos, relics, and
mini-halos, extending detections to fainter and more distant systems than previously accessible and
offering an unprecedented detailed view of these diffuse structures.

Using an SZ-selected sample of 309 Planck clusters, Botteon et al. (2022a) identified more than
seventy radio halos, nearly doubling the number of known systems, and providing the first ho-
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mogeneous statistical view of cluster-scale synchrotron emission at 150 MHz. These observations
confirmed that RHs are predominantly associated with merging and dynamically disturbed clusters,
but also revealed new cases of diffuse emission in systems showing intermediate or relatively relaxed
morphologies (Cassano et al., 2023). The resulting 𝑃150 MHz–𝑀500 correlation (see Fig.2, b)), span-
ning more than three orders of magnitude in radio power, shows a clear bimodality that separates
merging from relaxed systems. Moreover, part of the observed scatter appears to originate from the
different merger histories of clusters, reinforcing the scenario in which turbulence generated during
mergers powers radio halos (Cuciti et al., 2023).

Building on these results, Cassano et al. (2023) compared the LoTSS–DR2 statistics with Monte
Carlo predictions based on turbulent re-acceleration theory. They found an excellent agreement
between observed and predicted distributions of RH number counts as a function of flux density and
cluster redshift. The occurrence of RH correlates strongly with merger activity and cluster mass, in
line with turbulent re-acceleration models. Moreover, the fact that the fraction of clusters hosting
RHs in LoTSS is higher than that measured in higher-frequency uGMRT observations suggests the
presence of radio halos with very steep spectra (𝛼 ≳ 1.8), detectable only at low frequencies, as
predicted by these models. Several haloes with very steep spectra were detected at lower frequencies
(e.g. Brunetti et al., 2008; Macario et al., 2013; Wilber et al., 2018; Duchesne et al., 2021; Bruno
et al., 2021; Rajpurohit et al., 2023), thus supporting the idea that such a population might exist.
An important step to constrain the spectrum of RHs has been carried out by Di Gennaro et al.
(2021a,b), who observed a small sample of massive clusters at high redshift (𝑧 ≥ 0.6) with LOFAR
and then followed up the detected halos with the uGMRT. In line with models, about 50% of these
radio halos exhibit a very steep spectral index (i.e. 𝛼 ≥ 1.5 between 150–650 MHz) and are found
among the less massive clusters in that sample.

4 Detecting Radio Halos in Deep Radio Surveys

In Fig. 2, a) we show the measured radio powers (red points) and upper limits (green triangles)
of cluster radio halos from the LoTSS-DR2 as a function of redshift. This diagram allows us to
explore the minimum radio power of a halo that can be detected in a given survey, based on its
sensitivity and angular resolution. We also report an analytic expression, previously used in several
works (e.g. Cassano et al., 2010, 2012; Cassano et al., 2023), to estimate the minimum integrated
flux density of a radio halo detectable in a survey under the assumption that the halo is considered
detected when the integrated flux within 2 × 𝜃𝑒 (with 𝜃𝑒 being the angular size corresponding to
the 𝑒-folding radius 𝑟𝑒) reaches a given signal-to-noise ratio 𝜉. In this case, the total flux density
within 2 × 𝜃𝑒 can be expressed as 𝑓min(< 2 𝜃𝑒) ≃ 0.75 𝑓min(< 3 𝜃𝑒) ≃ 𝜉

√
𝑁𝑏 × 𝐹rms, where 𝑁𝑏 is

the number of independent beams within 2 × 𝜃𝑒. It follows that the minimum detectable flux is:

𝑓min(< 3 𝜃𝑒, 𝑧) ≃ 4.44 × 10−3 𝜉

(
Frms

10𝜇Jy

) (
10 arcsec

𝜃𝑏

) (
𝜃𝑒 (𝑧)
arcsec

)
[mJy] (1)

where 𝐹rms is the rms noise level (in 𝜇Jy beam−1) and 𝜃𝑏 is the beam full width at half maximum
(FWHM) in arcseconds.
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(a) Radio power of halos (red points) and upper limits
(green triangles) as a function of redshift from the
LoTSS-DR2. The minimum radio power derived from
Eq. 1 is shown as black line for LoTSS and as blu line
for SKA-Low (parameters are as in figure panel) .
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(b) Radio power- mass relation: black points and
arrows are RHs and upper limits from the LOFAR
sample, blue stars and arrows are RHs and upper
limits in Cuciti et al. (2021). The horizontal colored
lines show the sensitivity of SKA-Low at different
redshifts (see figure panel).

Figure 2: Radio power of halos and detection thresholds as a function of redshift.

The corresponding minimum radio power 𝑃min(𝑧) is reported in Fig. 2, a) as a black line for
the LoTSS-DR2 surveys and as a blue line for a SKA-Low survey. The LoTSS line has been
computed assuming a survey sensitivity of 𝐹rms = 200 𝜇Jy beam−1, and an effective beam size
𝜃𝑏 (𝑧) that depends on redshift, corresponding to a fixed physical scale of 150 kpc. We also assume
𝜃𝑒 corresponding to 𝑟𝑒 = 170 kpc, which is approximately the median 𝑒-folding radius derived for
known radio halos. With this choice of parameters, Eq. 1 with 𝜉 = 5 reproduces well the envelope
traced by the observational upper limits as a function of redshift. It is essential, particularly for
low-frequency radio observations, to carefully assess the impact of confusion noise. Although
LoTSS-DR2 is still well above the confusion limit, the much higher sensitivity of the SKA may
be significantly affected. For a one-hour SKA-Low observation, we estimate an rms noise of
𝐹rms = 20 𝜇Jy, beam−1 with a 10-arcsec beam (using Briggs = 0) at a central frequency of 150
MHz. Under these conditions, a SKA-Low continuum survey would already be confusion-limited
(Braun, 2014; Braun and et al., 2019). Besides classical confusion noise, the identification of diffuse
radio halos may also be affected by residual emission from compact and extended radio galaxies
embedded within the cluster volume. This effect becomes increasingly important for low-surface-
brightness halos and at high redshift, where the angular extent of the diffuse emission is reduced.
Accurate source subtraction and multi-resolution imaging strategies will therefore be essential to
fully exploit the sensitivity of SKA-Low.

The blue line in Fig. 2,a illustrates how the improved sensitivity of SKA-LOW relative to LOFAR
would enable the potential detection of radio halos even in clusters where LOFAR observations
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could only provide upper limits. This relation therefore defines, at each redshift, the minimum
radio power of a detectable halo within the sample, and can also be used in the 𝑃150–𝑀500 plane
to determine, at each redshift, the population of RHs and upper limits that SKA-Low will be able
to probe (Fig.2,b.). It is clear that observations with SKA-Low at relatively low redshifts (𝑧 ≤ 0.3)
will unveil the population of RH in low massive clusters as 𝑀500 ∼ 2 − 3 × 1014 𝑀⊙, while at very
high redshift 𝑧 ≳ 1 only quite massive clusters 𝑀500 ≳ 4 − 5 × 1014 𝑀⊙ would be accessible to
SKA-Low.

The relation provided by Eq.1 will be adopted in the following analysis to compare theoretical
expectations with the observed number of radio halos (see Sect. 6 for details).

5 Models of diffuse radio emission in galaxy clusters

A detailed description of the theoretical model adopted in this work can be found in Cassano and
Brunetti (2005) and Cassano et al. (2006), with applications to predictions of RH statistics for
future surveys with LOFAR, Apertif/WSRT, and ASKAP presented in Cassano et al. (2010, 2012);
Cassano et al. (2023). In this Section, we summarise the key aspects of this theoretical framework
and discuss its main implications for the statistical properties of RHs and their connection to the
thermodynamical and dynamical state of galaxy clusters. The updated model is calibrated against
the latest observational constraints from the LoTSS-DR2 and is employed here to derive predictions
for forthcoming SKA-Low observations.

We consider a scenario in which giant RH forms during cluster–cluster mergers, as turbulence
generated in the ICM re-accelerates relativistic electrons. The properties and cosmic evolution of
RHs are modelled using a Monte Carlo approach that follows the hierarchical growth of dark matter
halos through the extended Press–Schechter formalism (Lacey and Cole, 1993). For each merger
event in the simulated merger trees, the injection of turbulence is estimated within the volume swept
by the infalling subcluster, bounded by ram-pressure stripping effects. The total turbulent energy is
computed as a fraction 𝜂𝑡 (∼ 0.1–0.3) of the 𝑃 𝑑𝑉 work done by the subcluster during its passage
through the main cluster. In these models the turbulent energy, acceleration rate and magnetic field
per unit volume are considered constant within the RH volume (i.e. homogeneous models, Cassano
et al., 2010).

A key prediction of turbulent re-acceleration models is that the synchrotron spectrum of RHs steep-
ens above a characteristic frequency 𝜈𝑠, determined by the balance between particle acceleration and
radiative losses (e.g. Fujita et al., 2003; Cassano and Brunetti, 2005). The value of 𝜈𝑠 traces the ener-
getics of the merger event and scales with the acceleration efficiency 𝜒 and the mean magnetic field
strength ⟨𝐵⟩ in the emitting volume as 𝜈𝑠 ∝ ⟨𝐵⟩, 𝜒2/(⟨𝐵⟩2 + 𝐵2

cmb)
2, where 𝐵cmb = 3.2(1+ 𝑧)2, 𝜇G

represents the equivalent magnetic field of the cosmic microwave background (Cassano et al., 2006,
2010). Monte Carlo simulations of cluster merger histories allow us to estimate 𝜒 based on the rate
of turbulence generation and physical ICM conditions, and to derive the resulting dependence of 𝜈𝑠
on cluster mass, redshift, and merger parameters (see e.g. Cassano and Brunetti, 2005).

The model includes three main parameters: the fraction of turbulent energy, 𝜂𝑡 ; the typical halo
radius, 𝑅𝐻 ; and the average magnetic field strength, ⟨𝐵⟩. Their effects on predicted RH statistics
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have been explored extensively in previous studies (e.g. Cassano et al., 2006, 2008). Here, we
adopt a reference set of parameters — ⟨𝐵⟩ = 2 𝜇G (consistent with Bonafede et al. 2010), 𝜂𝑡 = 0.2,
and 𝑅𝐻 ≃ 400 kpc — which has been shown to reproduce the observed RH statistics at both low
(LOFAR) and high (uGMRT) frequencies (Cassano et al., 2019; Botteon et al., 2021; Di Gennaro
et al., 2021b). Most notably, this model successfully reproduces the statistical properties of RHs
observed in the LoTSS-DR2 survey, including their redshift and flux density distributions and their
occurrence as a function of cluster mass (Cassano et al., 2023). Furthermore, based on our previous
works on the RH statistics at 1.4 GHz (e.g. Cassano et al., 2006) and on the comparison between
LOFAR and uGMRT RH statistics for high-z clusters (e.g. Di Gennaro et al., 2021a) we expect the
general conclusions presented here to remain robust against reasonable variations of the adopted
parameters.

5.1 Occurrence of radio halos

In the framework of the adopted scenario, the population of RHs is expected to consist of a diverse
mixture of sources with different spectral properties. More massive (and hence hotter) clusters
tend to host halos with flatter spectra, whereas less massive systems are predicted to produce
steeper-spectrum halos.

To estimate the occurrence of RHs in a survey at a given observing frequency, 𝜈𝑜, we assume that
only halos with a spectral steepening frequency 𝜈𝑠 ≥ 𝜈𝑜 are detectable. Energetic arguments suggest
that halos with 𝜈𝑠 ≥ 1 GHz are associated with the most powerful merger events in the Universe,
since only such extreme interactions can inject sufficient turbulence on megaparsec scales to sustain
the acceleration of relativistic electrons radiating above 1 GHz (Cassano and Brunetti, 2005).

Within this framework, the fraction of clusters hosting RHs increases with cluster mass, as more
massive systems experience stronger turbulent motions (e.g. Vazza et al., 2006; Hallman et al.,
2011) and are therefore more likely to generate a radio halo. This expectation is consistent with
GHz-frequency surveys, which detect RHs predominantly in the most massive and dynamically
disturbed clusters (e.g. Cassano et al., 2013; Cuciti et al., 2015, 2021). Conversely, RHs with lower
𝜈𝑠—that is, halos characterized by ultra–steep–spectrum emission (USSRHs, 𝛼 > 1.8 between
250–600 MHz.) are expected to be more common. These halos can originate from less energetic
phenomena, such as major mergers between lower-mass systems or minor mergers involving massive
clusters, both of which occur more frequently throughout cosmic time.

Cassano et al. (2012) showed that the fraction of clusters hosting RHs increases toward lower
observing frequencies, and that the amplitude of this increase depends on the mass and redshift of
the parent clusters—being more pronounced for less massive and higher-redshift systems.

In Fig. 3,a) we show the expected fraction of clusters hosting RHs with 𝜈𝑠 ≥ 150 MHz (black solid
line) as a function of virial mass and redshift (see legend and caption), assuming the reference
model parameters ⟨𝐵⟩ = 2, 𝜇G and 𝜂𝑡 = 0.2. At all redshifts, this fraction increases with cluster
mass. Fig. 3,b) shows the fraction of these RHs that are predicted to have ultra-steep spectra
(150 < 𝜈𝑠 < 600 MHz) under homogeneous models. The fraction of very steep-spectrum halos
decreases with increasing cluster mass and varies with redshift. For instance, at 𝑧 ≃ 0.05, ∼80–90%
of RHs in clusters with 𝑀𝑣 ∼ 8 × 1014 M⊙ (𝑀500 ∼ 4 × 1014 M⊙) are expected to be very steep,
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(a) Expected fraction of clusters
with RHs with 𝜈𝑠 ≥ 150 MHz as
a function of the cluster mass.

(b) Expected fraction of RH with
very steep radio spectra (𝜈𝑠 < 600
MHz) as a function of the cluster
mass.

(c) RH luminosity function at
𝜈𝑜=150 MHz. In all panels, the
lines refer to z=0 − 0.1 (black line),
0.2 − 0.3 (blue line), and 0.5 − 0.6
(red line).

Figure 3: Model expectations at 150 MHz from (Cassano et al., 2023).

dropping to ∼40% for clusters with 𝑀𝑣 ∼ 1.4 × 1015, 𝑀⊙ (𝑀500 ∼ 7 × 1014 M⊙). At higher
redshifts, the predicted fraction of USSRH rises for clusters of similar mass, reflecting stronger
inverse Compton losses and the evolving merger rate.

5.2 The radio halo luminosity function

The luminosity functions of radio halos (RHLFs) with 𝜈𝑠 ≥ 𝜈0 (i.e. the expected number of halos
per comoving volume and radio power “observable” at frequency 𝜈0) can be estimated by :

𝑑𝑁𝐻 (𝑧)
𝑑𝑉 𝑑𝑃(𝜈0)

=
𝑑𝑁𝐻 (𝑧)
𝑑𝑀 𝑑𝑉

/
𝑑𝑃(𝜈0)
𝑑𝑀

, (2)

where 𝑑𝑁𝐻 (𝑧)/𝑑𝑀 𝑑𝑉 is the theoretical mass function of radio halos with 𝜈𝑠 ≥ 𝜈0, that is obtained
by combining Monte-Carlo calculations of the fraction of clusters with RHs and the Press &
Schechter (PS) mass function of clusters (e.g. Cassano et al., 2006). We estimate 𝑑𝑃(𝜈0)/𝑑𝑀 from
the radio power-mass correlation which is given by (Cuciti et al., 2023):

log
(

𝑃150MHz

1024.5W/Hz

)
= 𝐵 log

(
𝑀500

1014.9 𝑀⊙

)
+ 𝐴 (3)

with 𝐴 = 1.1±0.1 and 𝐵 = 3.59±0.48, which has a measured scatter 𝜎𝑟𝑎𝑤 ∼ 0.4 (see Cuciti et al.,
2023).

The RHLFs at three different redshifts are reported in Fig. 3, c). As already discussed in previous
papers, the shape of the RHLF flattens at low radio powers because of the expected decrease in the
efficiency of particle acceleration in the case of less massive clusters. However, the flattening at low
power is less relevant than that expected considering observations at higher frequency because of
the presence of radio halos with low values of 𝜈𝑠 contributing to the low power end of the luminosity
function. Finally, we note that the normalisation of the RHLFs decreases with increasing redshift
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due to the evolution with 𝑧 of both the cluster mass function and the fraction of galaxy clusters with
RHs (Fig. 3, a); see also Cassano et al., 2006).

The predictions presented in this work rely on the observed 𝑃150 MHz–𝑀500 scaling relation, which
is characterized by uncertainties in both slope and normalization, as well as by an intrinsic scatter
of 𝜎raw ∼ 0.4 dex (Cuciti et al. 2023). Variations within the currently allowed range of these
parameters mainly affect the predicted number of radio halos close to the survey detection threshold.
However, previous studies based on the same Monte Carlo framework have shown that the main
trends discussed here remain robust against reasonable variations of the adopted scaling relation
and model parameters. In particular, the increase of radio-halo occurrence with cluster mass, the
expected presence of a large population of ultra-steep-spectrum halos, and the substantial gain in
discovery space provided by SKA-Low are preserved within the current observational uncertainties.

6 Expected number of RH in SKA-Low

In this Section, we present model predictions for the number of RHs detectable by SKA-LOW in
AA4 configuration. As a reference, we adopt the same set of model parameters used in previous
works (⟨𝐵⟩ = 2 𝜇G, 𝜂𝑡 = 0.2, 𝑅𝐻 ≃ 400 kpc; Sect.4).

For SKA-LOW, the effective sensitivity and resolution determine the minimum flux 𝑓𝑚𝑖𝑛 (𝑧) that a
RH can have to be detected. The number of RHs within a redshift interval Δ𝑧 = 𝑧2 − 𝑧1 and with
flux above 𝑓𝑚𝑖𝑛 (𝑧) can be calculated by integrating the RHLF (Eq. 2):

𝑁
Δ𝑧

𝐻
=

∫ 𝑧=𝑧2

𝑧=𝑧1

𝑑𝑧′
𝑑𝑉

𝑑𝑧′

∫
𝑃𝑚𝑖𝑛 ( 𝑓 ∗𝑚𝑖𝑛

,𝑧′ )

𝑑𝑁𝐻 (𝑃(𝜈𝑜), 𝑧′)
𝑑𝑃(𝜈𝑜) 𝑑𝑉

𝑑𝑃(𝜈𝑜) (4)

The determination of 𝑓𝑚𝑖𝑛 (𝑧) is now based on the expected sensitivity and resolution of SKA-Low
(e.g., 𝐹𝑟𝑚𝑠 ∼ 20 𝜇Jy/beam and 𝜃𝑏 ∼ 10′′; Braun and et al., 2019). Given this sensitivity, the
minimum radio power of detectable halos is derived and shown in Fig.2, a) and Fig.4 as a function
of redshift. This provides a prediction of the RH population that would be observable in SKA-Low
surveys over a given sky area. The predicted cumulative number of RHs (𝑁𝐻 (< 𝑧)) and their
distribution per redshift bin (𝑁𝐻 (𝑧,Δ𝑧)) can be obtained by applying Eq. 4 across the redshift range
of interest.

We estimate that SKA1-Low could be able to detect up to ∼ 2600 out to 𝑧 ∼ 0.6 in the southern
hemisphere. For comparison, the maximum number of halos detectable by LoTSS would be∼ 1800,
in this case in the northern hemisphere. SKA-Low promises a tangible gain in the RH detection
with respect to its precursors and pathfinders.

7 Radio halos at high-z

7.1 The lesson of LOFAR and MeerKAT

The detection of radio halos with redshift greater than 0.6 (Cassano et al., 2019; Di Gennaro et al.,
2021a, 2025) is one of the main achievements of LOFAR 150 MHz observations. Despite the
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increase with 𝑧 of the Inverse Compton losses of the radio emitting electrons (𝑑𝐸/𝑑𝑡 ∝ (1 + 𝑧)4),
the LOFAR observations of a small sample of 19 Planck clusters in the redshift range 0.6 ≤ 𝑧 ≤ 0.9
revealed an occurrence rate of about 50%, in the mass range of 4− 8× 1014 M⊙ (Di Gennaro et al.,
2021a). This fraction decreases to ∼ 9% (Di Gennaro et al., 2025) for a larger sample of clusters
from the Massive and Distant Clusters of WISE Survey (MaDCoWS; Gonzalez et al., 2019) in
LoTSS-DR2, with lower masses (𝑀 = 1 − 6 × 1014 M⊙) and higher redshifts (0.78 ≤ 𝑧 ≤ 1.53).
Despite the bias in cluster selection, these results, along with serendipitous MeerKAT detections
(Phuravhathu et al., 2025; Magolego et al., 2025; Sikhosana et al., 2025), indicate that diffuse Mpc-
scale radio emission may already be present at earlier epochs. Moreover, and more importantly,
these observations suggest 𝜇G magnetic field levels also at 𝑧 ∼ 0.7−1, meaning a fast amplification
of magnetic field seeds when the Universe was only 5–7 Gyr old if we assume radio halos are
produced by turbulent re-acceleration mechanisms (Cassano and Brunetti, 2005). Consistent with
this scenario, high-frequency follow-up observations with uGMRT Bands 3 and 4 of a sub-sample
of Planck clusters hosting diffuse radio emission (Di Gennaro et al., 2021b) show that clusters in the
“low”-mass bin (i.e., 𝑀500 < 5× 1014 M⊙) exhibit ultra-steep integrated spectra (𝛼 > 1.5), whereas
those in the “high”-mass bin (i.e., 𝑀500 > 5 × 1014 M⊙) display flatter spectra (𝛼 ∼ 1 − 1.3). This
result is naturally limited by small-number statistics: the LOFAR–uGMRT follow-up included only
nine clusters, of which only five were detected up to 650 MHz. Nevertheless, theoretical models
designed to reproduce the radio halo statistics in nearby clusters (Cassano et al., 2023) are in a good
agreement with these observations.

An important factor to take into account in the study of diffuse radio emission at high redshift is
the proper subtraction of the radio emission associated with galaxies. For compact sources (i.e.,
those with sizes equal to the observing beam), this can be taken into account with a proper uv-cut.
However, at extremely high redshift, the size of the radio halo can be of a few beams, making
the subtraction from the uv plane difficult. For extended sources (i.e., extended radio galaxies
and radio phoenices), a proper uv-subtraction is impossible, as the radio emission from the source
could blend with that of the radio halo. For both cases, reaching high resolutions (sub-/arcsecond)
is crucial. It has been shown that observations with the International LOFAR Telescope (ILT) at
multiple resolutions can disentangle the different sources of radio emission (HLavacek-Larrondo
et al., 2025). Spectral index studies at high resolution can also help, as compact and extended radio
galaxies are expected to have flatter spectral indices (𝛼 ∼ 0.7 − 1.2; Pinjarkar et al., 2025).

7.2 The expectations from SKA observations

Despite the number of distant radio halos discovered with LOFAR and MeerKAT in the past few
years, the current instrument sensitivities are limiting the detections to the most massive (and radio
powerful) clusters (see black line in Fig. 2, a)). Given the current sensitivities of a standard 8-hour
LOFAR observation of ∼ 200 𝜇Jy beam−1 and resolution of ∼ 20′′, Di Gennaro et al. (2025) has
shown that radio halos at 𝑧 ∼ 0.6 with radio power of 𝑃150MHz > 1.5×1024 W Hz−1 can be detected.
This minimum radio power increases by a factor of 3 and 10, for 𝑧 ∼ 1.0 and 𝑧 ∼ 1.5, respectively.
The work-around could be increasing the observing time, but this would be very time-demanding
as a 100-hour observation reaches a noise of ∼ 55 𝜇Jy beam−1 (Tasse et al., 2021). These long
observations are therefore not feasible for large surveys of high-𝑧 clusters, such as the Atacama
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Figure 4: Distribution of galaxy groups and clusters in the mass–redshift plane from current X-ray and SZ
surveys (e.g. PSZ, eROSITA, SPT, ACT). Lines define for each redshift the minimum mass of clusters that
will be efficiently probed by SKA-Low in its AA4 configuration (solid line) and by LoTSS-DR2 (dashed line).

Compact Telescope (ACT; Calabrese et al., 2025; Aguena et al., 2026), the South Pole Telescope
(SPT; Bocquet et al., 2019), the SRG/eROSITA All-Sky Survey (eRASS; Bulbul et al., 2024) and,
in the future, Euclid (Euclid Collaboration et al., 2022).

This picture will change with SKA-Low, where 1 hour of observations will be enough to reach a
sensitivity of ∼ 20 𝜇Jy beam−1 at a resolution of ∼ 10′′, at the same frequency as LOFAR (i.e.
150 MHz, see blue line in Fig. 2). The main issue of these observations is that they reach the
confusion limit, and consequently, separating diffuse radio emission and compact/extended radio
galaxies will be challenging. The combination with SKA-Mid observations, which have higher
resolutions and are not subject to confusion limits, will be crucial to extrapolating the flux density
of the emission associated with the galaxies, assuming a standard spectral index. The number
counts presented in this work should therefore be regarded as an optimistic estimate based on
thermal-noise sensitivity. In practice, confusion noise, imperfect subtraction of embedded radio
galaxies, calibration artefacts, and surface-brightness limitations may reduce the completeness of
radio-halo samples near the detection threshold. Nevertheless, the combination of SKA-Low with
higher-resolution SKA-Mid observations is expected to mitigate these effects substantially, enabling
robust identification of diffuse cluster-scale emission.

8 The promise of SKA-Low AA4 cluster surveys

The SKA-Low telescope, particularly in its AA4 configuration, will provide an unprecedented view
of diffuse non-thermal emission from galaxy clusters across the southern sky. This region includes
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the richest compilation of massive clusters currently known, thanks to recent and ongoing X-ray and
Sunyaev–Zel’dovich (SZ) surveys such as eROSITA, SPT, and ACT (Fig. 4). These surveys span
a wide region of the mass–redshift plane, extending to high redshift (𝑧 ≳ 1) and probing the most
massive systems in the Universe. As shown in Fig. 4, SKA-Low surveys in AA4 configuration will
have access to a large fraction of these clusters, specifically: more than 4600 clusters at 𝑧 < 0.6 and
more than 700 at (𝑧 ≳ 0.6).

SKA-Low AA4 will enable the detection and characterization of radio halos in a mass range above
𝑀500 ∼ 1014 𝑀⊙ and up to 𝑧 ∼ 1. The combination with SKA-Mid observations, which offer higher
resolution and are not affected by confusion limits, will be crucial for subtracting the contribution
of radio galaxies and AGN from the diffuse emission.

This capability will allow us to systematically probe the onset and evolution of non-thermal phe-
nomena in clusters at earlier cosmic epochs, where current observations are extremely limited.
In particular, SKA-Low surveys will: (i) provide the first statistically meaningful census of radio
halos and ultra-steep-spectrum halos (USSRHs) in high-redshift systems 𝑧 > 0.6; (ii) test turbulent
re-acceleration models in a cosmologically evolving environment; and (iii) reveal the connection
between cluster mass assembly and the emergence of relativistic plasma and magnetic fields in the
intracluster medium.

While the exact number of detectable radio halos depends on the adopted scaling relations and
observational limitations, the predicted increase in discovery space relative to current LOFAR
surveys remains substantial. Therefore, the qualitative conclusions of this work are not expected to
be significantly affected by present uncertainties.

In summary, SKA-Low AA4 will complement and extend northern-sky surveys such as LoTSS,
enabling a complete view of diffuse cluster emission across the sky and opening a new observational
window on the formation and evolution of cosmic structure.
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