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The thermal intracluster medium (ICM) can be observed via its interaction with
Cosmic Microwave Background photons, known as the Sunyaev-Zeldovich (SZ)
effect. This effect produces an observable signal at radio to sub-mm wavelengths
which probes the pressure of the ICM. The SKA will be sensitive to the thermal
SZ effect in its highest frequency band, 5b. In this Chapter, we show that the
SKA will provide a high-resolution, high-sensitivity view of the thermal SZ
effect, allowing detailed observations of pressure substructures in clusters while
retaining sensitivity to the large-scale global ICM emission.
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1 Introduction

Galaxy clusters, massive gravitationally bound structures existing at the intersection of filaments in
the cosmic web, are excellent probes of both astrophysics and cosmology thanks to their sensitivity
to underlying cosmological parameters (Allen et al., 2011) along with the interactions of their
constituent galaxies, intracluster medium and dark matter (Kravtsov and Borgani, 2012). The
intracluster medium (ICM), a hot (~ keV) plasma pervading the galaxy cluster structure interacts
both thermally and dynamically with its environment. It provides a sensitive probe of the dark-
matter-dominated total mass (Pratt et al., 2019) and an observationally inexpensive but robust method
for detecting clusters. The thermal ICM is detected in X-rays, where it emits via Bremsstrahlung
and line emission processes, and in the radio to sub-millimetre waveband, where inverse Compton
scattering of Cosmic Microwave Background (CMB) photons creates a distortion of the CMB
background emission known as the Sunyaev-Zeldovich (SZ) effect (Sunyaev and Zeldovich 1970;
for a recent review, see Mroczkowski et al. 2019). Although there are multiple variations of the
SZ effect (kinetic, relativistic, etc), in this Chapter we focus on the thermal SZ (tSZ) effect in the
non-relativistic approximation.

The strength of the tSZ signal is proportional to the line-of-sight integral of the electron pressure,
whereas the X-ray signal roughly scales with the integral of the square of the electron density along
the line of sight (Sarazin, 1985). This difference makes high-resolution tSZ observations a valuable
complement to X-ray measurements, as tSZ observations:

1. are more sensitive to the outskirts of clusters where the squared density dependence of X-ray
makes the signal faint;

2. are less sensitive to clumps of cooler gas along the line of sight, which produce biases in the
X-ray measurements;

3. in combination with X-ray data allow for the extraction of temperature information with less
uncertainty than constraints from fitting to X-ray spectra.

Moreover, the surface brightness of the tSZ signal is independent of redshift, in contrast to X-ray
flux, which diminishes with redshift as (1 + z)* due to cosmological dimming (Carlstrom et al.,
2002). This makes the tSZ effect a powerful tool to detect high-redshift clusters and possibly
characterize their dynamical states, provided the sensitivity to the low surface brightness signal and
the angular resolution to resolve cluster substructure are sufficient.

SZ-based cluster catalogues derived from instruments such as Planck (e.g. Planck Collaboration
2016a), the South Pole Telescope (e.g. Bleem et al. 2020) and the Atacama Cosmology Telescope
(e.g. Hilton et al. 2021) have been used to derive constraints on standard cosmological parameters
such as Qp, and og as well as the dark energy equation of state parameter w, and to put upper
limits on neutrino masses (e.g. Hasselfield et al. 2013; Planck Collaboration 2016b; Bocquet et al.
2024). However, the instruments that have produced these SZ catalogues have provided relatively
low angular resolution views at ~ arcmin resolution, suitable for measuring global (integrated)
ICM properties rather than resolving ICM substructure. In comparison, X-ray observations with
instruments such as Chandra have allowed detailed views of ICM substructure at ~ arcsec resolution,
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enabling the detailed study of physical processes, e.g. those associated with possible acceleration
mechanisms of intracluster cosmic rays.

Recently, updated instruments have begun to achieve higher resolution SZ effect observations.
These include both single-dish instruments, such as MUSTANG/MUSTANG-2 on the Green Bank
Telescope (e.g. Ferrari et al. 2011, Orlowski-Scherer et al. 2022, Romero et al. 2023) and the
NIKA/NIKA?2 camera on the IRAM telescope (e.g. Ruppin et al. 2018, Adam et al. 2018b,
2024), and interferometers such as ALMA (e.g. Kitayama et al. 2016, Basu et al. 2016, Di
Mascolo et al. 2023, van Marrewijk et al. 2024) and NOEMA (e.g. Muioz-Echeverria et al.
2025). These higher-resolution observations have begun resolving substructures, such as disrupted
pressure morphologies and asymmetries in the distribution of the ICM, particularly in disturbed or
merging systems, thereby providing insight into the physical processes governing cluster evolution.
However, there are trade-offs between higher frequency (better angular resolution and stronger tSZ
signal, but also higher atmospheric noise), and interferometric observations (which resolve out
large scale emission) vs single-dish observations (which suffer more from systematics, atmospheric
contamination and generally have lower angular resolution). SKA-MID, observing in Band 5b
(8.3-15.4 GHz), will fill a unique niche amongst these instruments, and provide competitive high-
resolution views in reasonable observation times, as we will show in this Chapter.

The next decade will revolutionize our ability to probe high-redshift (z > 0.6) galaxy cluster
formation, thanks to new X-ray instruments (e.g. NewAthena; Cruise et al. 2025) and sub-mm
observatories (Simons Observatory; SO Collaboration 2019, 2025). SKA-MID, with its high
sensitivity and spatial resolution, offers unique capabilities for studying cluster dynamics and
imaging substructures through tSZ. Using Band 5’s shorter baselines, SKA will detect the redshift-
independent tSZ signal and observe clusters in a single pointing. SKA will map pressure profiles
at small-to-intermediate radii and, utilizing its longer baselines, reveal detailed substructures like
AGN bubbles and pressure discontinuities.

Thanks to lower-frequency radio observations, we also know that the ICM hosts a non-thermal
component, as relativistic electrons gyrating in the intracluster magnetic fields give rise to diffuse
synchrotron emission on Mpc scales (Ferrari et al., 2008; van Weeren et al., 2019). The presence
of these relativistic electrons is thought to be primarily linked to turbulence and shocks generated
during cluster mergers (Brunetti and Jones, 2014). Combining SKA-MID Band 5 with Bands 1
and 2 (and possibly SKA-LOW) will allow the investigation of diffuse non-thermal emission from
the ICM and surrounding filamentary structures, as well as galaxy evolution in clusters. This
will significantly advance cluster science by providing deeper insights into the physical processes
governing cluster evolution, gas dynamics, and the impact of extreme cluster environments on
galaxy evolution.

In this Chapter, we present an exploration of the SZ observations that will be possible with the
SKA using simulations and mock analysis procedures. In Sect. 2, we describe the simulation setup
employed throughout the studies presented in Sect. 3. We begin by exploring the mass-redshift space
that will be accessible with the SKA (Sect. 3.1) and investigating the prospects for constraining
pressure profiles (Sect. 3.2). Then, we assess the possibilities for observing cluster substructure
such as turbulent fluctuations (Sect. 3.3) and ICM shocks (Sect. 3.4). Finally, in Sect. 4, we compare
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SKA array AA4 (no MeerKAT), 133 antennas

Observation length 10 hours (-5 < HA < 5)

Declination -30°

uv-range for analysis | < 10°1

Frequency band 5b 8.3-10.8 GHz 12.9-15.4 GHz
Primary beam FWHM (from Gaussian fit) 7.25 arcmin 4.89 arcmin
Sensitivity Naturally weighted image 0.402 uJy beam™"  0.569 uJy beam™!
Synthesized beam Naturally weighted image 3.3 x 3.0 arcsec 3.2 x 2.8 arcsec

Table 1: Instrumental parameters used for simulations. The image sensitivities and synthesized beams
quoted incorporate the given uv-range.

potential SKA configurations, the effects of observing at higher frequency bands (which have been
considered for the SKA) and discuss synergies with other instruments.

2 Modelling framework

2.1 Simulations and mock observations

All the simulations and mock observations presented in this work are generated using SKASZ',
a custom pipeline integrating several submodules from the RASCIL’? and SKA Science Data
Processor® (SKA SDP; Broekema et al. 2015, Farnes et al. 2018) libraries. The baseline-level
sensitivity estimates are obtained on-the-fly using a dedicated porting of the python backend of
the official SKA Sensitivity Calculator*. We refer to the documentation of the individual packages
and to the SKASZ code base for further details.

2.2 SKA parameters

In Table 1 we collect together the instrumental parameters we use for the simulations. We note that
the current baseline design for AA4 does not include Band 5 receivers on the MeerKAT antennas
so we exclude them except where explicitly mentioned (this will be explored further in Section 4.2).
We assume the two tunable 2500 MHz bands will be placed within the 5b frequency range to avoid
the expected radio frequency interference at 10.8 — 12.8 GHz. We use the untapered primary beam
model provided in the SKA SDP library, and quote the full width at half maximum (FWHM) given
by a Gaussian fit to the central lobe for reference.

Since the large-scale cluster emission is only significant on baselines with length $ 10°1 (see
Figure 1), we cut off our simulated data at this uv-distance for analysis purposes. In a real
observation, the longer-baseline data would be used to constrain and subtract foreground and
background radio sources. Due to the very large number of these longer baselines, sensitivity to
these confusing sources will be very high and therefore removal will be very accurate.

https: //github.com/lucadimascolo/skasz
Zhttps://gitlab.com/ska-telescope/external /rascil-main
3https://gitlab.com/ska-telescope/sdp
“https://gitlab.com/ska-telescope/ost/ska-ost-senscalc
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2.3 Cluster model

As a baseline cluster model, we assume the Arnaud et al. (2010) (hereafter A10) model which
relates cluster mass® Mso and redshift to a generalized Navarro-Frenk-White (gNFW) pressure
profile (Nagai et al., 2007). The pressure profile is given by

ap

Msoo P(r), (1)

P(r)=P _—
()= P50 S oI,

where ap = 0.12 is a fitted parameter encoding a variation of pressure profile with mass. Psqg is a
characteristic pressure derived from self-similarity arguments (Nagai et al., 2007) and is given by

2/3
_ JZEN 2 -3
Psgo = 1.65x 107 h(2)*} | —————|  h3 keVem . 2
500 () 3x 107 hT Mg 70 @)
P(r) is a normalized pressure profile given by
P
P(r) = - (3)

(rfr)y [L+ (rfr)e] B0

where r; is a characteristic size for the cluster and is related to the physical cluster radius rsgg
by another parameter cso9 = rs00/rs. AlO gives ‘universal’ parameters [Py, cs00,7,@,B] =
[8.403h7_03/2, 1.177,0.3081, 1.0510, 5.4905] based on their fit to a sample of nearby, relaxed clus-
ters. We use this model with these particular parameters unless stated otherwise.

3 tSZ observations with the SKA

In this section, we present some simulations exploring situations where we expect that the high
resolution and sensitivity of the SKA will provide constraints which are complementary to cluster
observations with other instruments.

Due to the relatively small primary beam size of the SKA in Band 5b, we expect the primary use
case will be follow up observations of clusters detected with other instruments rather than blind
surveys. Our simulations therefore assume prior knowledge of a cluster at the given position.

3.1 Mass-redshift distribution

As broadly discussed in the introduction, among the key advantages of the SZ effect is the redshift
independence of its surface brightness. This opens the possibility of probing the structure and
thermodynamics of the ICM from the local Universe to the most massive systems at z =~ 2 in a
nearly uniform way across cosmic time. In the context of radio-interferometric observations of the
tSZ effect, the main limitations to the detection of the tSZ effect are posed by the combination of

3 As reference mass definition, Msg, we consider the mass enclosed within rsgg, the radius within which the average
density equals 500x the cosmic critical density at the cluster’s redshift.
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Figure 1: Representative examples of cluster profiles in uv-space (lines, right-hand axes) compared to the
SKA-MID baseline distribution for a 10 hour observation (AA4, no MeerKAT; histograms, left-hand axes).
‘5bi’ and ‘Sbii’ refer to the lower and upper frequency bands within 5b, respectively. Solid (dashed) lines
show cluster signal profiles in 5bi (5bii). In the left-hand plot, z = 0.5 and mass is indicated in the legend;
in the right-hand plot Msop = 5 X 10'*My, and redshift is indicated in the legend. The vertical line indicates
the uv-range used for analyses of the SZ effect. In real observations, the longer baselines would be used for
removal of contaminating radio sources.

the finite instrumental sensitivity and the mismatch between the range of angular scales probed in a
given observations and the one characteristic of the targeted clusters. To forecast the capabilities of
SKA-MID in mapping the tSZ signature of galaxy clusters, fully accounting for its transfer function
and expected noise properties, we derive mass-redshift detection thresholds for different SKA-MID
configurations (Fig. 2). As reference observing setup, we consider an on-source integration time of
10 hours and two spectral bands each covering a 2.5 GHz bandwidth (consistent with Table 1).

To estimate the expected significance level, we bootstrap over realizations of a y? minimization
operation assuming a matched filter detection experiment. For a galaxy cluster with given mass
M50 and redshift z, we generate 1,000 model visibilities by projecting the SZ signal obtained
from the corresponding self-similar A10 universal pressure profile (see Sect. 2.3) and injecting
independent noise realizations. For each resulting mock observation, we compute the expected
signal-to-noise ratio under the assumption of using the same A10 tSZ template as filter kernel,
reducing the detection problem to a one-parameter fit for the overall tSZ amplitude. We then
average over the resulting distribution of signal-to-noise estimates to obtain the reference integrated
significance for the given model. To map the range of cluster masses and redshift, we repeat this
operation over a fine grid of (Msgo,z) values. In Fig. 2 we show as solid lines the resulting 5o
thresholds for the AA* and AA4 configurations. Although the AA* setup will allow for probing a
large fraction of the massive galaxy clusters in the redshift range z =~ 0.25 — 2, the extension to AA4
will open the possibility of a systematic tSZ exploration of the ICM properties of galaxy clusters
over the entire mass-redshift regime probed by wide-field survey experiments.

In addition to the planned AA* and AA4 setup, we include forecasts for the SKA-MID AA4
capabilities when integrating the Band 5b receivers on the MeerKAT antennae, operating either as
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a standalone subarray or in correlation with the SKA dishes. The inclusion of MeerKAT antennae
will be discussed further in Section 4.2.

Planck
ACT
SPT
m— AA* (SKA only)
= AA4 (SKA only)
== AA4 (MeerKAT only) T
AA4 (full)
—— ALMA Band 1
------- ALMA Band 1 WSU
ALMA Band 2 WSU

1015 -

Ms00 [Mo]

0| R —

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Redshift

Figure 2: tSZ detection thresholds as a function of cluster mass and redshift for different SKA configurations,
assuming a target significance of 5o, for 10 hours of on-source integration and a dual-band spectral setup
(2 x 2.5 GHz; see Table 1 for details). The solid lines denote the sensitivity estimates for the nominal
SKA-MID AA* and AA4 array configuration, i.e., comprising only the 15m-dish subarray (“SKA only”). To
assess prospects for an enhancement of SKA-MID capabilities for SZ applications, we further plot as dashed
lines the sensitivity limits obtained when considering Band 5b receivers on the MeerKAT 13.5m antennae
as a distinct subarray (“MeerKAT only”) and correlated with the 15m dishes (“full”). For comparison, we
further show as gray points the galaxy clusters from the available SZ wide-field surveys: Planck (Planck
Collaboration, 2016a), SPT/SPT-3G (Bleem et al., 2020; Bleem et al., 2024; Kornoelje et al., 2025), ACT
(Hilton et al., 2021; ACT/DES/HSC Collaboration, 2026). For consistency with the observing constraints
for SKA, we included only the galaxy clusters with declination < 30°. As additional reference, we plot the
detection threshold curves for ALMA with the current Band 1 configuration, as well as with forecasts for
Band 1&2 after the full deployment of the WSU (Carpenter et al., 2023). All the ALMA simulations are
computed assuming the most compact configuration available for the 12-meter array.

As the main point of comparison, we perform a similar analysis to derive detection thresholds for
ALMA given the same 10-hour observation length. Currently, ALMA is the facility that is most
similar to SKA in terms of observing capabilities (i.e., achievable angular resolution, optimization
for targeted SZ observations instead of wide-field detection surveys). For our simulations, we
specifically consider observations in Band 1, currently providing the highest SZ sensitivity among
the available spectral bands. Due to a combination of sensitivity, amplitude of the tSZ signal, and
range of spatial scales probed in an observation, other bands and other configurations would result
in mass thresholds higher than reported for Band 1. We further show the expected capabilities
after the integration of the Wideband Sensitivity Upgrade (WSU; Carpenter et al., 2023), for Band
1 as well as for Band 2, the only WSU-ready spectral band to date. For all the reported cases,
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we simulate the observations adopting the most compact configuration for the main 12-meter
array. Further, we do not include any complementary measurements with the compact 7-meter
array, as we consider the case where large-scale information could be integrated from wide-field
survey data. Although AA* and the MeerKAT subarray will be limited to higher mass than what
the current ALMA capabilities can reach, the comparison clearly shows that the SKA-MID AA4
will be equally or more competitive than ALMA in terms of SZ detection sensitivity for low- to
intermediate-redshift clusters (z < 1). This poses SKA-MID as a key facility for future SZ studies,
capable of extending targeted cluster observations to low-mass clusters and providing a natural
counterpart to state-of-the-art high-resolution SZ facilities.

We would like to provide some final remarks. First, despite the competitive mapping speed in
comparison to other high-frequency tSZ instruments, SKA-MID will still be limited to targeted
observations, complementing the capability of state-of-the-art and prospective wide-field survey
facilities. Second, the simulations are performed assuming no contamination from synchrotron
emitting sources. This will be discussed further in Section 4.4. Finally, in our analysis, we are
assuming the pressure distribution of the simulated clusters to be spherical and to follow an A10
radial profile. Clearly, any deviations from spherical symmetry (as in the case of merging systems)
could bias the detectability of the SZ signal. At the same time, departures from the universal profile
can be expected either due to the specific dynamical state of the system or to general evolution
of the average pressure distribution with respect to the self-similar expectation. The latter is
particularly relevant in the low-mass end of the cluster/group population, where feedback processes
can dominate the thermal evolution of the ICM haloes. As we will discuss in Sect. 3.2, though,
the tSZ sensitivity and resolving power of SKA will provide the means for quantifying the level of
these deviations and building a comprehensive model of ICM pressure.

3.2 Pressure profile constraints

Under a simple gravitational collapse model, cluster pressure profiles are expected to be self-similar
(e.g. Bertschinger 1985, Kaiser 1986). Understanding how observed pressure profiles deviate from
this expectation as a function of mass, redshift and/or merger history helps to shed light on the
cluster formation process and how baryonic physics alters the simple gravitational collapse process
(e.g. Pearce et al. 2000, Maughan et al. 2012, Li et al. 2023). Typically, pressure profiles are fit
by averaging over a sample of clusters (assuming, in general, spherical symmetry), using tSZ data
for the outskirts and X-ray pseudo-pressure for the inner parts where high resolution is needed (e.g.
Ghirardini et al. 2019). However, it is known that X-ray constraints are subject to biases from
clumping, and lack of precision in temperature due to the requirement to fit a spectrum to extract
this information. Pressure profile fits using tSZ data alone are therefore desirable.

As a case study, we simulate clusters with the pressure profiles derived in McDonald et al. (2014)
using a sample of high-redshift SZ-selected clusters observed in X-ray with Chandra. The properties
of the average profiles for a relaxed and un-relaxed subsample are summarized in Table 2.

We analyze the cluster simulations using McApawm (Feroz et al., 2009), an analysis software de-
signed specifically for interferometric observations of the tSZ effect. McApam employs a forward-
modelling approach to perform Bayesian analysis and produce cluster model parameter constraints,
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Subsample (z)  (Msp0) Po cs00 ¥ a B
High-z, CC 0.82 472 3.70 2.80 021 230 3.34
High-z, NCC 0.82 4.2 391 150 005 170 5.74

Table 2: Parameters used for cluster pressure profile constraint simulations, taken from McDonald et al.
(2014). The two subsamples are cool-core (‘CC’) and non-cool-core (‘NCC’). In the real cluster samples,
the mean mass and redshifts were slightly different between the subsamples; here we keep them the same as
the overall means for simplicity.

Parameter Prior (scenario 1) Prior (scenario 2)
05 / arcmin U[0.0025, 5] U[0.0025, 5]
Yiot / aremin® N (Yior, 0.2Y50) U[107>,1073]
0% U[0.0,1.0] U[0.0,1.0]

a U[0.1,3.5] U[0.1,3.5]

B 5(B) U[3.0,7.5]

Table 3: Priors used on parameters for our pressure profile analysis, in the two scenarios outlined in the text.
We use an observational formulation of the GNFW model for this analysis; 6 is the angular equivalent to
rs, and Yo represents the total Compton-y parameter integrated out to infinity. U[x1, x] indicates a uniform
prior between limits x; and x,, while N (u, o) represents a normal distribution. % is used to indicate the true
(input) value of a parameter used to create the simulation.

calculating the likelihood in the uv-plane to exploit the uncorrelated, Gaussian-distributed nature
of the noise.

We consider two scenarios for deciding which parameters to vary in our analysis of the simulated
clusters. In the first scenario, the cluster has been detected and characterized by a lower-resolution
SZ survey, so we have constraints on the integrated Compton-y parameter and on 3, which defines
the slope of the pressure profile at large radius. In the second scenario, the cluster has been detected
in some other waveband and so we wish to assume minimal prior information on any of the pressure
profile parameters. We give the priors that we assume in these two scenarios in Table 3.

Results are presented in Figures 3 and 4. Figure 3 shows the inferred constraints on the pressure
profile of a non-cool-core cluster based on a single 10-day observation, using both 5b subbands,
under the two scenarios. For comparison, we also show the pressure profile constraints based on
the 20-cluster sample from McDonald et al. (2014). The SKA observation of a single cluster gives
constraints that are comparable with the constraints from the stacked X-ray observations, particu-
larly in the core where the X-ray constraints suffer from the lack of precision in the temperature
measurements. The constraints are clearly better in the outskirts when prior information on the
large-scale properties is incorporated, however even in scenario 2 with the uninformative priors
useful information is recovered out to ~ rsp9. We find that the inclusion of the lower-frequency
subband aids slightly in the recovery of the larger scales, however most of the pressure profile is
reconstructed well using the higher-frequency subband only. This means that the lower-frequency
subband can be leveraged in the case that diffuse non-thermal emission must be disentangled from
the tSZ effect; this will be discussed further in Section 4.4.
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Figure 3: Pressure profile constraints derived from a simulated 10 hour observation of a non-cool-core
cluster with the SKA (orange bands) compared to the constraints from the stacked X-ray observations of
the 20-cluster non-cool-core sample from McDonald et al. (2014) (blue bins). Both SKA 5b subbands are
included in these simulations. In the left-hand plot, prior constraints on the large-scale cluster parameters
have been assumed; in the right-hand plot, all parameters are varied. The black vertical dashed line shows
the cluster rsqg.

Figure 4 shows the results from fitting 10 realizations of the cool-core cluster simulation simultane-
ously, emulating a stacked fit to a sample of 10 clusters, or alternatively a 100-hour observation of
a single cluster. In this case we have used only the higher-frequency subband. The pressure profile
constraints derived are comparable to or better than the 20-cluster sample X-ray constraints (which
are much more precise in the core than the corresponding non-cool-core X-ray constraints due to
the strong X-ray emission from the cool, dense core) over all of the radial range. In scenario two,
the large-scale constraints are biased downward. This is due to the combination of degeneracies
inherent in the GNFW model (see Perrott et al. (2019) for more detail on these issues) and could
be alleviated by placing a more restrictive prior on Y based on the cluster’s redshift and estimated
mass, and/or using a non-parametric model (e.g. Olamaie et al. 2018).

We note that these are idealized simulations not including effects such as departures from spherical
symmetry, imperfect removal of radio sources, etc. These constraints therefore represent a best-case
scenario, but give promising indications for the potential of the SKA in constraining high-redshift
cluster pressure profiles.

3.3 Turbulent pressure fluctuations

Galaxy clusters grow through subcluster mergers and continuous accretion from the cosmic web,
which drive shocks that heat the intracluster gas. In cluster cores, feedback from active galactic
nuclei (AGN) further injects energy via episodic outbursts. A fraction of the energy released,
whether from large-scale structure formation or from AGN activity, cascades into turbulence that
dissipates and contributes to gas heating. Turbulence is expected to be the dominant source of
non-thermal pressure support in the ICM (Vazza et al., 2016), and thus a major contributor to the
hydrostatic mass bias affecting mass estimates derived from X-ray and SZ observations under the

10
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Figure 4: Pressure profile constraints derived from a joint analysis of simulated 10x 10 hour observations
of a cool-core cluster with the SKA (orange bands) compared to the constraints from the stacked X-ray
observations of the 20-cluster cool-core sample from McDonald et al. (2014) (blue bins). Only the upper
SKA subband is included in these simulations. In the left-hand plot, prior constraints on the large-scale
cluster parameters have been assumed; in the right-hand plot, all parameters are varied. The black vertical
dashed line shows the cluster Rsq.

assumption of thermal hydrostatic equilibrium (Angelinelli et al., 2020). This bias remains one of
the main challenges for precision cluster cosmology.

Turbulence in the ICM can be directly measured through high-resolution X-ray spectroscopy by
detecting the Doppler shift and broadening of emission lines. This has recently become possible
with the Hitomi and XRISM satellites. However, such observations are extremely resource-intensive
and therefore limited to the cores of massive nearby clusters (Hitomi Collaboration, 2016; XRISM
Collaboration, 2025a,b). As an alternative, turbulence can be indirectly probed by analyzing
thermodynamic fluctuations driven by the turbulent velocity field (Gaspari et al., 2014; Zhuravleva
et al., 2023). This approach has been applied in X-rays, which trace ICM density fluctuations
(Dupourqué et al., 2024; Heinrich et al., 2024), and more recently through the tSZ effect, which
is sensitive to pressure fluctuations (Khatri and Gaspari, 2016; Romero et al., 2023; Adam et al.,
2025).

In this section, we assess the sensitivity of the SKA to the power spectrum of pressure fluctuations in
galaxy clusters, as a tracer of turbulence. A comprehensive sensitivity analysis across cluster mass,
redshift, and input power spectrum parameters is beyond the scope of this study. Instead, we focus
on evaluating how well SKA can recover a known input power spectrum using a representative test
case. Specifically, we simulate the signal from a massive cluster with Msgy = 7x10'* M, at redshift
z = 0.5, a configuration chosen to match the spatial scales accessible to SKA tSZ observations.

We model the ICM pressure as the sum of a smooth thermal hydrostatic component and pressure
fluctuations,

P(x1,x2,x3) = P(r) + 6P(x1,x2,x3), )

where P(r) denotes the radial pressure profile and §P(xy, x2, x3) the pressure fluctuations. Here,
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x1,2,3 refers to the spatial coordinates and r to the radius in 3D. The cluster mean pressure profile
is modeled using the generalized NFW (gNFW) profile corresponding to the morphologically
disturbed case from Arnaud et al. (2010). The pressure fluctuations are modeled as lognormal
variations following the power spectrum defined by

kipexp (__k2 1L2 ) exp (—k%DLﬁis)

3D inj

&)

Pspp(kip) = op

/ 47rk§’D+2exp (_ = 1L_2.) exp (_ngchiis) dksp

The parameter op represents the root-mean-square amplitude of the pressure fluctuations, « the
spectral slope in the inertial range, Liy; the injection scale, and Lg;s the dissipation scale. We adopt
op = 0.4 and Lj,; = 0.4 Rsqo, following ensemble-average constraints derived from the NIKA2
LPSZ sample (Adam et al., in prep.). These values correspond to a kinetic-to-thermal pressure
ratio of approximately 14%, based on the scaling relation from Zhuravleva et al. (2023), and thus a
similar value of the hydrostatic mass bias. The spectral slope is fixed to @ = —11/3, consistent with
a Kolmogorov cascade (Kolmogorov, 1941), and the dissipation scale is set to Lqis = 1 kpc. The
latter choice has negligible impact on the results, as it lies well below the observational sensitivity
limits.

The mock Compton-y images of the clusters are generated using the PITSZI software (Adam
et al., 2025), through the Model class, and subsequently processed with the SKA mock observation
pipeline using the parameters listed in Table 1. Figure 5 illustrates an example of the input mock
cluster and the corresponding reconstructed images obtained after simulated observations, both with
and without instrumental noise. We note that the input signal is dominated by the smooth radial
pressure profile, while secondary tSZ fluctuations trace the underlying pressure inhomogeneities.
The reconstructed map is affected by the SKA instrument response, which suppresses large-scale
modes and smooths small-scale structures, producing characteristic ringing around the cluster.
Under the adopted observational setup, the cluster is well recovered even in the presence of noise,
and deviations from spherical symmetry are visible by eye.
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Figure 5: Mock cluster simulation in the presence of SZ fluctuations. Left: input SZ Compton parameter
map. Middle: output map without noise contribution. Right: output map with noise contribution.

We analyze the mock data in real space using the InferenceFluctuation subpackage of PITSZI,
which performs forward fitting of the relevant fluctuation parameters. The tSZ fluctuation map,
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Ay/y x W, is computed as the difference between the Compton-y map and the thermal hydrostatic
model, normalized by the latter. The region of interest is defined as a circular aperture of radius
Rs00/2, where the sensitivity to fluctuations is optimal; this region is used to construct the weight
map W. The Compton-y map, thermal hydrostatic model, weight map, and resulting tSZ fluctuation
map are shown in Figure 6. The power spectrum of the tSZ fluctuations is extracted and compared
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Figure 6: tSZ fluctuation data. Left: SKA mock Compton parameter map. The map was smoothed with a
10 arcsec Gaussian (FWHM) for visual purpose and contours are every 20~. Middle left: Compton parameter
model for the thermal hydrostatic component. Middle right: weight map W. Right: tSZ fluctuation map,
multiplied by the weight.

to a pressure fluctuation model that incorporates line-of-sight projection, instrumental effects, and
observational noise. The filtering introduced by the instrument is quantified through simulations
and applied as an effective transfer function. The tSZ fluctuation power spectrum is computed over
the range kop = 1/0s00 ~ 1/3 arcmin™! to kop = 1/10 arcsec™!, linearly binned into 30 intervals.
The noise contribution is estimated via Monte Carlo simulations, and the full noise covariance
matrix is included, accounting also for the variance of the input model due to the stochastic nature
of the signal. The resulting power spectrum model is then given by

M(kZD) = P&y/i(o'Pa Linj) + Anoise X Pnoisea (6)

where we fit for the pressure fluctuation power spectrum parameters, o and Liyj, as well as Apjse,
the normalization of the noise contribution over which we marginalize.

In Figure 7 (left panel), we show the measured tSZ fluctuation power spectrum along with the
noise contribution. The right panel presents the corresponding constraints in the parameter space.
Under the adopted observational setup, SKA exhibits excellent sensitivity to the pressure fluctuation
power spectrum, even for a single cluster and accounting for intrinsic model variance. For this input
model, the normalization is recovered to within ~ 15%, and the injection scale to within ~ 10%.

Although this study is limited to a single test-case cluster, it demonstrates that SKA will be highly
sensitive to pressure fluctuations in the ICM with just a few hours of observations.

3.4 Merger-driven shocks

Shock fronts represent the large-scale counterpart to tSZ fluctuations induced by merger activity
throughout cluster evolution (see also Sect. 3.3 above) and have a profound impact on evolution of
ICM halos (Markevitch and Vikhlinin, 2007). Their propagation initiates the thermalization of the
kinetic energy injected in the ICM by merger episodes, while inducing local deviations in the overall
equilibrium of ICM particle populations (in the form of, e.g., different ionization and temperature
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Figure 7: Left: 2D power spectrum of the tSZ fluctuations. The data points are given in black. We report
the error bars arising from the noise only (black) and when accounting for the model variance (grey). The
green line and contours correspond to the noise Anpise X Proise- Lhe blue line and contours are for the tSZ
fluctuation median confidence interval (Psy/3(0p, Linj)). The magenta line and shaded region give the
model best-fit and intrinsic scatter (model intrinsic variance only), which increases on large scales. The red
line gives the total best-fit model M (k;p). In the given setup, no extra background was included and the data
are all positive because we are not considering the cross-spectra of two datasets. Right: recovered constraint
in the parameter space. Contours correspond to 68% and 95% confidence. The red crosses give the input
parameter values.

states for the ions and electrons in the post-shock region; Vink et al. 2015). Concurrently with
turbulence, shock ICM compression plays a central role in the process of (re)acceleration of the
non-thermal population of ICM electrons up to relativistic energies (Brunetti and Jones, 2014).
While widely expected, though, mergers with a clean geometry and clearly defined shock fronts (as
opposed to shock-heated gas) are rare. This is due to a combination of projection and geometrical
effects, as well as of the specific dynamical configuration of a merger event. As a result, shock fronts
have been unambiguously detected in only a handful of galaxy clusters (Markevitch, 2006; Bourdin
et al., 2013; Wang et al., 2016; Russell et al., 2022; Norseth et al., 2025) and mostly in the X-ray
band, leaving the specific mechanisms controlling the shock-driven heating largely unconstrained.

Here we explore the expected performance of SKA-MID in measuring features in the tSZ surface
brightness of galaxy clusters associated with shock fronts and, in general, dynamically driven
pressure discontinuities. To date, tSZ studies of shock fronts have been limited to a few, extreme
individual cases (e.g. Planck Collaboration, 2013; Erler et al., 2015; Basu et al., 2016; Di Mascolo
etal., 2019), or to stacking experiments, (e.g. Anbajagane et al., 2024). This is a direct consequence
of the limited sensitivity or spatial dynamic range (or combination, thereof) of the available SZ
facilities. The tSZ effect however offers key advantages compared to X-ray measurements. First, the
linear dependence on ICM density allows for probing shock-driven discontinuities at large cluster-
centric distances, providing a counterpart to the relic identification at radio wavelengths. Second,
standard shock conditions predicts the density contrast between the upstream and downstream ICM
to saturate asymptotically to a maximum factor 4 increasing Mach number M. On the other hand,
the amplitude of shock-driven pressure jumps increases proportionally to M?, making the tSZ
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Figure 8: Selection of shock models employed in the forecast analysis. For all panels, we are considering
a cluster with mass Msopp = 5 x 10'* Mg, at redshift z = 1, and a shock front with a Mach number M = 3
at a distance rsgg from the cluster centre. Model A: spherical shock cone, square cosine azimuthal variation
of the Mach number. Model B: same as A, but for an ellipsoidal shock surface. Model C: same as A, but
for a shallower post-shock pressure profile. Model D: same as C, but for a shallower azimuthal variation
of the Mach number. The top row shows the input model while the bottom row shows a corresponding
simulated SKA observation. For visualization purposes, the images are generated adopting a uv taper with
an equivalent kernel width of 3.

effect a much more sensitive probe of strong shocks compared to X-ray (see e.g. Churazov et al.
2021). This may become particularly relevant when merger shocks are actually not homogeneous
but show significant fluctuations on small spatial scales. X-ray surface brightness studies may reveal
a fraction of the shock which only covers a small area of the shock surface but has high (spatially
variable) Mach number. It should be noted, however, that radio emission related to acceleration of
cosmic ray electrons may need to be disentangled. We will discuss this further in Sec. 4.4.

Still, the projected amplitude of pressure discontinuity depends severely on the specific merger
configuration and morphological parameters (e.g., azimuthal geometry and strength variability,
line-of-sight aperture radius of the shock surface, post-shock pressure evolution), and the same
inference of the shock properties relies on our ability to disentangle their degenerate observational
effects. We thus focus our analysis on constraining the expected significance level of shock-like
structures in Band 5b AA4 observations by marginalizing over different shock configurations. In
particular, we bootstrap over mock tSZ observations based on a simplified shock model. We consider
the global ICM pressure distributions to be characterized by an A10 profile, and perturb the pressure
structure by adding a three-dimensional shock front. For simplicity, we assume the shock surface to
be rotationally symmetric with respect to an axis lying (i.e., assuming the merger to happen) on the
plane of the sky. Further, we fix the Mach number and assume the pressure discontinuity to follow
standard Rankine-Hugoniot jump conditions with instantaneous ion-electron re-equilibration. For
each model iteration, we then randomly sample the following model parameters:
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* Cluster-centric distance. In this experiment, we always consider a physical setup consistent
with post-core passage scenario. We however change the distance of the shock front from the
centroid of the global pressure distribution, reflecting the heterogeneity observed in real systems.

* Projected geometry. Merger-driven shocks exhibit a great variety of geometries, as a result of the
complex interplay of multi-scale plasma processes within the ICM, and of the non-linear assembly
history of cluster haloes. To encode the impact of plane-of-sky geometry on the simulation, we
parameterize the shock surface as an ellipsoidal section, and vary the ratio of the axes parallel
and perpendicular to the axis of symmetry (see Models A and B in Fig. 8).

* Downstream pressure profile. The injection of thermal energy in the post-shock region inher-
ently makes the ICM pressure structure depart from a radial universal scaling. To avoid spurious
discontinuities in the downstream region, we thus model the spatial evolution of the shock-driven
pressure increase as 6P /Py = sin® (Fx%?) x h(x), where x is the radial distance from the cluster
centroid in units of shock cluster-centric distance rg, and & (x) is a top-hat function equal to one
for 0 < x < 1 and zero otherwise. The indices @ and a» control the steepness of the transition
from the shock-enhanced to the universal ICM pressure (see Models A and C of Fig. 8).

* Azimuthal decrease of Mach number. The properties of shocks increasingly deviate from
an ideal planar case when considering off-axis regions of the shock front. The net effect is an
azimuthal decrease of the amplitude of the shock-driven pressure discontinuity. Following, e.g.,
Wang et al. (2018), we model the Mach number variation as a function of the azimuthal angle
¢ as cos? (¢/po), where ¢y and B are free parameters of our model and control the azimuthal
cut-off of the shock structure and steepness of the reduction (see Models C and B of Fig. 8).
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Figure 9: Detection significance of shock fronts as a function of Mach number for massive clusters (Msoo =
5 x 10'* Mo, left panel; Msoy = 1 x 1015 Mg, right panel) at redshift z = 0.50 (red) and z = 1.00 (yellow).
The shaded regions summarize the distribution of significance level values obtained for the set of shock
parameters explored in our analysis. The markers and the error bars denote the median and 16™ and 84
percentile ranges of the distribution of significance estimates for each Mach number, respectively. The dotted
horizontal line denotes the 5o~ detection limit.

The result of this analysis are summarized in Fig. 9. To estimate the detection significance,
we adopt the same optimization approach used in Sect. 3.1, but consider as matched kernel the
projected tSZ model obtained from the shock-driven increase in the ICM pressure 6P, for each
corresponding shock realization. Not surprisingly, the detection levels exhibit significant scatter
for all the considered Mach numbers. At the same time, this analysis shows how SKA-MID will
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be capable of detecting the tSZ signal from shock fronts with a high signal-to-noise ratio (> 10)
practically independently of redshift and for a relatively short integration time (10 hours on source;
see Table 1 for further details).

Clearly, the characterization of ICM shock fronts will not be limited to their identification. The
extensive spatial coverage will allow for the detailed tSZ mapping of ICM structures and spatially
resolved inference of their thermodynamic properties. To derive realistic forecasts, we move beyond
the simplified model employed above and consider a simulated equivalent of a known merging
system. In particular, we consider the hydrodynamical simulation by Zhang et al. (2015, 2018),
specifically tuned to reproduce the observational properties of the famous galaxy cluster El Gordo
(ACT-CL J0102-4915, z = 0.870; Marriage et al. 2011). We generate mock observations using the
observational setup introduced in Table 1, but consider different SKA-MID configurations. The
resulting comparison is shown in Fig. 10. The comparison between the mock tSZ images generated
using the nominal AA* and AA4 setups (i.e., only comprising the SKA subarray) clearly highlights
the significant improvement that will be offered by the AA4 Band 5b integration.

Model AA* (SKA only) AA4 (SKA only)  AA4 (MeerKAT only) AA4 (SKA full)
4F T T T T B T T T 7 F T T T 7 F T T T 7 F T T T 7
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Figure 10: Mock observations of the SZ effect from El Gordo (ACT-CL J0102-4915, z = 0.870; Marriage
et al. 2011). The input model (first panel) is based on the hydrodynamical simulation by Zhang et al.
(2015, 2018). The second and third panels show the mock images obtained from the nominal AA* and
AA4 SKA-MID configurations. The fourth and fifth panels provide an additional comparison of the tSZ
imaging capabilities of the MeerKAT antennae as a standalone subarray or correlated with the SKA dishes,
respectively.

4 Discussion

4.1 Comparison to AA*

The mass-redshift thresholds explored in Section 3.1 and displayed in Figure 2 clearly display the
importance of the full SKA-MID configuration for tSZ studies with the SKA. A similar case can be
observed in the comparison of Figure 10, demonstrating the fundamental impact of the improved
spatial coverage and sensitivity of the AA4 configuration over AA* for achieving high-fidelity SZ
imaging. Although some limited SZ science may be done with AA*, unlocking the SKA’s potential
as an effective high-resolution tSZ instrument relies crucially on the increased density of short
baselines offered by the full AA4 configuration.

4.2 Inclusion of MeerKAT antennas

Although not part of the main development roadmap for SKA-MID, funding dedicated to the Band
5b upgrade of MeerKAT has recently been secured by the Italian Institute for Astrophysics. The
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Figure 11: Left: baseline distributions for a 10 hour observation in AA4 configuration, including SKA-MID
antennas only, MeerKAT antennas only, and all baselines (Band 5bii; histograms, left-hand axis). We note
that the ‘all baselines’ observation includes SKA-only, MeerKAT-only and SKA x MeerKAT baselines and
therefore contains more visibilities than the sum of the SKA-only and MeerKAT-only observations. Dashed
lines show example A10 cluster signal profiles in Sbii, with Msgy = 5 X 10'*M,, and redshift as indicated
in the legend. The vertical line indicates the uv-range used for analyses. Right: comparison between
pressure profile constraints on the McDonald et al. (2014) non-cool-core average cluster, based on a 10-hour
observation using the AA4 subarray configurations, using the same colour scheme as the left-hand plot.

left-hand plot in Figure 11 illustrates the SKA-MID A A4 baseline distribution with and without the
MeerKAT antennas. It is clear that the inclusion of MeerKAT would greatly increase the sampling
of uv-distances relevant to cluster scales, increasing not only sensitivity but image fidelity.

As seen in Section 3.1, the enhanced large-scale sensitivity of MeerKAT compared to the SKA array
will provide an immediate boost compared to SKA-MID AA*, bringing forward the capability to
detect and characterize the tSZ signal from intermediate-mass systems prior to the full SKA-MID
deployment. However, it is the full correlation of the two subarrays and the corresponding increase
of short and intermediate baselines that will unlock the full capabilities of SKA-MID in advancing
tSZ science, enabling high-fidelity imaging of the ICM even for galaxy clusters at z = 2 with a mass
as low as Mspp ~ 5 x 1013 M.

We further explore the potential for improvement with MeerKAT antennas included by repeating the
pressure profile analysis from Section 3.2. The right-hand plot in Figure 11 shows the improvement
in cluster pressure profile constraints when the MeerKAT antennas are included. The cluster
is analysed under scenario two (uninformative priors); it can be seen that the pressure profile
reconstruction is improved across the whole radial range when MeerKAT antennas are included, and
particularly in the outer region where the extra large-scale information improves the reconstruction
significantly. A qualitative comparison of the improvement that will be brought in the context of
resolved tSZ imaging by the integration of the MeerKAT subarray can also be found in Figure 10.
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Frequency band Aln(2) of

Sbii 232(17.6-35.0) 0.34(0.29 - 0.45)
S5+ 27.2(252-38.5) 0.29 (0.13-0.35)
6 57.3(25.8-62.3) 0.10(0.015-0.31)

Table 4: Results from the Bayesian uv-plane analysis of five realizations of two 10-hour simulated observa-
tions, at Bands 5bii, 5+ and 6. The log-evidence difference AIn(ZZ) is calculated for a cluster model with
cavities with respect to a cluster model with no cavities; a value > 5 generally indicates a strong detection.
oy is the error on the suppression factor estimate, which indicates how useful the observation will be for
constraining this factor, and hence for investigating the astrophysics of the cavity contents. In each case we
report the median from the 5 realizations, and the lower and upper bounds in brackets.

4.3 Higher frequency bands

There are two prospective extensions to the baseline SKA-MID frequency configuration. These are
Band 5+ (22.5 — 25 GHz) and Band 6 (36.25 — 38.75 GHz; Conway et al. 2020). In terms of tSZ
effect observations, there will be a trade-off between the greater amplitude of tSZ signals at these
higher frequencies, versus the higher anticipated noise levels and the increase in baseline lengths
as measured in A, resolving out more of the large scale structure. We therefore anticipate that these
higher-frequency bands will be of most benefit for observing small-scale substructures.

We illustrate the potential advantages of the higher-frequency bands by considering SZ observations
of ICM cavities: circular regions in the ICM where there is a lack of X-ray emission, typically aligned
with large-scale jets from the central active galactic nucleus (AGN). These cavities are generally
considered to be an indicator of AGN feedback injecting energy into the ICM and disrupting cooling
flow activity, however there is an open question regarding the contents of the cavities which SZ
observations can aid in answering. SKA observations of ICM cavities have already been explored
in Geris and Perrott (2025); here we showcase one particular cavity configuration that shows the
advantage of higher-frequency observations.

We simulated a cluster of mass Msop = 5x 10'*M and z = 1.5. We then added a pair of cavities to
the simulated y-map, with a radius of 60 kpc (6.9 arcsec) and a suppression factor of 0.99 compared
to the global ICM signal (Abdulla et al., 2019). We simulated observations at each of Bands 5bii,
5+ and 6, adding noise according to the Braun et al. (2019) noise model, rescaled to match the
current sensitivity calculator at Band 5bii. Maps made from two simulated 10-hour observations
are shown in Figure 12 at each frequency band, showing the improved detection significance at
higher frequency. We also analysed the simulations at each frequency as in Section 3.2 both with
and without including cavities in the fitted model, to obtain a detection significance estimate. In
Table 4 we report the detection significances and constraints on the suppression factor, showing the
utility of the higher-frequency bands for detecting these smaller-scale features.

4.4 Synergies with other SKA frequency bands

As noted in our simulation sections, at Band 5b we expect there will be significant contamination
to the tSZ signal from synchrotron radio signals, both compact (AGN, radio galaxies) and diffuse
(cluster halos, relics, etc). We expect that the longer baselines of the Band 5b observations will be
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Figure 12: Example (dirty) images of ICM cavities in a z = 1.5 cluster after two 10-hour observations, with
Band 5bii (left), 5+ (centre) and 6 (right). It can be seen that as the frequency increases, sensitivity to the
global ICM decreases, but sensitivity to the smaller-scale cavities increases. The model cavity positions are
shown with dashed grey circles for comparison, and the synthesised beams are shown with white ellipses in the
bottom left-hand corner of each plot. These images have been made with visibilities with Vu? + v2 < 100 kA.

very effective at removing the compact sources (see Fig. 1), however the diffuse sources, covering
similar angular scales to the tSZ signal, will require a different treatment.

Since the spectral indices of these sources are steep (typically @ < —1, for § o< v?), lower-frequency
SKA observations will be much more sensitive to these synchrotron sources (and much less sensitive
to the tSZ signal, which gets fainter at lower frequency with @ ~ +2, in the Rayleigh-Jeans regime).
In addition, lower-frequency observations with the SKA will have better sensitivity to large angular
scales than Band 5b since the baselines (as measured in A1) will be shorter. The combination of
these two factors means that a short observation in Band 1 or 2, or even with SKA-LOW, will be
sufficient to characterize the diffuse sources (see also Cassano et al. 2026, de Gasperin et al. 2026,
Gitti et al. 2026, Pal et al. 2026, Santra et al. 2026, Vacca et al. 2026). The diffuse sources can
then be removed or jointly modelled with the SZ signal, making use also of the in-band spectral
variation of the different types of sources within Band 5b.

As well as a challenge, this presents an opportunity: with the combination of frequency bands, the
SKA will simultaneously probe the bulk thermal component and its substructures, tSZ fluctuations
as a diagnostic of ICM turbulence, and the diffuse radio synchrotron emission associated with
relativistic electrons and magnetic fields (see also Akahori et al. 2026, Cuciti et al. 2026, Ignesti
et al. 2026, Loi et al. 2026, O’Sullivan et al. 2026).
connected, SKA will offer a unique opportunity to study them together with a single instrument,

Since these components are intricately

down to low mass and up to high redshifts.

4.5 Synergies with other instruments

The capability of SKA-MID Band 5b to perform wide-field SZ imaging at high angular resolution at
centimetre wavelengths will be uniquely complementary to observations from current and upcoming

(sub)millimetre-wave facilities. The most straightforward aspect will be the extension of the
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spectral coverage over a frequency regime that is minimally biased by contributions from relativistic
and kinematic SZ contributions, enhancing the spectral modelling of the thermal SZ signal in
combination with information from large-aperture single-dish instruments such as MUSTANG2
(Dicker et al., 2014), NIKA2 (Adam et al., 2018a) (and their prospective upgrades(’), TolTEC
(Wilson et al., 2020) and MUSCAT (Tapia et al., 2024), or interferometric instruments such
as NOEMA (Neri and Sdnchez-Portal, 2023), ALMA (Wootten and Thompson, 2009), and its
forthcoming WSU (Carpenter et al., 2023).

The wide extent of the field of view compared to the aforementioned facilities and the resulting
mapping speed will also allow SKA-MID to serve as an efficient high-resolution counterpart to
low-resolution wide-field SZ measurements available from survey experiments like the ongoing
SPT-3G (Benson et al., 2014), Simons Observatory (SO Collaboration, 2019, 2025), and CCAT
(CCAT-Prime Collaboration, 2023). These will be essential to integrate large-scale information and
enable a high-dynamic range imaging and characterization of the SZ structure of galaxy clusters.
On a longer timescale, the Atacama Large Aperture Submillimeter Survey (AtLAST; Mroczkowski
et al. 2025) and CMB-HD (Sehgal et al., 2019) will deepen such a synergy by bridging the gap
between high-resolution, small-field tSZ imaging and large-scale, low-resolution surveys, opening
in combination with SKA-MID to a high-sensitivity, multi-frequency coverage of the radio and SZ
signature of galaxy clusters.

On the X-ray side, the combination of SKA-MID tSZ measurements with data from existing
telescope as e.g. Chandra (Weisskopf et al., 2002), XMM-Newton (Jansen et al., 2001), eROSITA
(Predehl et al., 2021), or XRISM (XRISM Collaboration, 2024) will enable a powerful joint
inference of the thermodynamic and kinematic properties of the ICM up to z ~ 2; see also
Kurahara et al. (2026) for a detailed exploration of SKA-XRISM synergies. Future missions such
as NewAthena (Cruise et al., 2025), AXIS (Koss et al., 2025), LEM (Patnaude et al., 2023), and
HUBS (Cui et al., 2020) will introduce significant improvements in terms of effective area, field
of view, energy and/or spatial resolution, further enhancing the possibility of achieving a thorough
characterization of the ICM physical state.

5 Conclusion

In this Chapter, we have demonstrated that the SKA will be a powerful tool for tSZ observations.
Observing in Band 5b, the compact core of antennas provides sensitivity to the large angular scales
necessary for observations of the global intracluster medium, while the longer baselines provide
a high-resolution tSZ view of cluster substructures. These characteristics will enable the SKA to
detect clusters at masses and redshifts competitive with other current and near-future SZ instruments;
constrain cluster profiles with a precision equivalent to or better than X-ray observations; detect and
constrain pressure fluctuations as a tracer of turbulence; and detect intracluster medium shocks.

We have also demonstrated that the SKA would be even more powerful if the MeerKAT antennas
were equipped with Band 5 receivers. This would boost the number of short baselines, dramatically
increasing the SKA’s sensitivity to cluster-scale emission. Another improvement could be made

Shttps://greenbankobservatory.org/portal/gbt/instruments/mustang-3/
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by observing at the proposed higher frequency bands, 5+ and Band 6, where the higher SZ signal
amplitude provides better sensitivity to smaller-scale cluster features such as cavities and shocks.

The SKA’s tSZ observations will be highly complementary to observations at other frequencies
with the SKA, as well as observations in other wavebands with current and future instruments.
Combining high-resolution, high-sensitivity observations of clusters at wavelengths from radio
through to X-ray will open up new horizons for thoroughly understanding the astrophysics of
clusters and the thermodynamics of the intracluster medium.
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