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Large-Scale Structure Cuciti et al.

The large-scale distribution of galaxies in the Universe forms an intricate, inter-
connected network known as the cosmic web. Cosmological simulations within
the standard �−CDM framework successfully reproduce this filamentary struc-
ture and predict that the nodes and filaments are filled with tenuous plasma at
temperatures ranging from 105–108 K. The hottest and luminous plasma in the
nodes corresponds to the intra-cluster medium, while the cooler, more tenuous,
gas extends along filaments and cluster outskirts. Galaxies and galaxy groups
form and flow along these filaments before accreting onto galaxy clusters (the
nodes), outlining the dynamical evolution of large-scale structures. During this
process, enormous amount of energy is dissipated through complex plasma pro-
cesses that can be traced by radio emitting electrons. Despite strong theoretical
support for this picture, observational validation remains limited. While massive
clusters have been widely detected across various wavelengths, cluster outskirts
and the diffuse intergalactic medium within filaments has remained elusive due
to their extremely faint emission. The advent of highly sensitive radio facilities
such as LOFAR, uGMRT, and MeerKAT has recently enabled a few successful
detections of emission from comparatively denser regions of the cosmic-web.
These include radio megahalos, permeating the entire cluster volume, as well as
bridges of radio emission connecting cluster pairs. In this chapter, we summarize
current theoretical insights into the cosmic web, discuss observational strategies
and recent discoveries, and highlight how the forthcoming Square Kilometre Ar-
ray (SKA) is expected to transform our understanding of the cosmic web and the
distribution of baryons in the Universe.
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1 Introduction

In the standard �-cold dark matter (�CDM) cosmological paradigm, the large-scale structure (LSS)
in the Universe emerges through the continuous accretion of matter and the hierarchical merging of
smaller structures, ultimately leading to the formation of gravitationally bound structures (Springel
et al., 2006). This process gives rise to a complex network of matter distribution in the late Universe,
commonly referred to as the cosmic web. The cosmic web is composed of massive galaxy clusters
connected by �lamentary structures, interspersed with vast voids and intermediate two-dimensional
sheets.

The state-of-the-art cosmological simulations, typically including both hydrodynamics and dark
matter solvers within the �CDM framework (Dolag et al., 2008; Li et al., 2008), have yielded some
of the most detailed visual and quantitative dynamical representations of the cosmic evolution to
date (Boylan-Kolchin et al., 2009; Nelson et al., 2019). In these simulations, galaxy clusters, the
most massive gravitationally bound systems, form at the intersections of matter �laments.. These
nodes represent the densest regions of the cosmic web, where gas and dark matter �ow along
�laments to fuel the continued growth of these massive structures (Boylan-Kolchin et al., 2009).
When multiple massive nodes come closer, they even form superclusters (Bagchi et al., 2017;
Einasto et al., 2019). The intergalactic medium in the cosmic �laments is found to be not so hot or
dense (105 Ÿ ) Ÿ 107 K and � 10 �5 particles per cm3) like the intracluster medium (ICM, which
is 107 Ÿ ) � 10 8 K and � 10 �3 particles per cm3) and is termed as the Warm Hot Intergalactic
Medium (WHIM; Davé et al., 2001). The over dense regions are dominated by dark matter (DM)
followed by luminous baryonic gas, or the intergalactic medium that is eventually forced to fall into
the deep potential of these DM channels.

While optical surveys have successfully detected the underlying dark matter distribution of the
Universe, tracked by galaxies, the vast reservoirs of intergalactic and intra-cluster medium-which
makes up the dominant fraction of baryonic matter in the cosmic web (Lovisari et al., 2021)
can only be traced through di�use emissions such as X-rays, Sunyaev�Zel'dovich (SZ) signals,
or synchrotron radio radiation. Unlike optical surveys, di�use X-ray and radio emissions, which
primarily depend on the dynamical activity of large-scale structures (Feretti et al., 2012), can also
reveal their evolutionary stages and involved thermal and non-thermal plasma physics.

The dynamical evolution of the LSS leads to frequent mergers and interactions, releasing enormous
amounts of energy. In particular, the energy released during merger between massive galaxy
clusters is of the order of 1064 erg. This energy dissipates through complex plasma processes,
heating the ICM and surrounding regions, and generating shocks as well as hydro and magneto-
hydrodynamic (MHD) instabilities (e.g. Roettiger et al., 1999; Takizawa and Naito, 2000; Paul
et al., 2011). The hot ICM emits X-rays primarily via thermal bremsstrahlung, whereas shocks and
MHD turbulence accelerate charged particles (Bykov et al., 2008; Brunetti and Lazarian, 2011)
and amplify cluster-scale magnetic �elds (Beresnyak and Miniati, 2016). The relativistic particles
subsequently lose energy through synchrotron radio emission (Feretti et al., 2012; Brunetti and
Jones, 2014). Spectacular evidence of these non-thermal phenomena in galaxy clusters are Mpc-
sized di�use radio sources, such as radio halos and radio relics. Radio halos are centrally located
sources, typically following the X-ray emission of the cluster (Cassano et al., 2026). Radio relics
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are found at the periphery of clusters and have elongated shapes (Pal et al., 2026). Radio halos
are powered by turbulence, injected in the ICM during merger events, whereas particles in radio
relics are accelerated by merger driven shock waves (Brunetti and Jones, 2014; van Weeren et al.,
2019). These di�use radio sources represent unique laboratories for investigating the mechanisms
of energy dissipation, particle acceleration and magnetic �eld ampli�cation during the formation
of the LSS of the Universe.

Beyond testing these predictions of �-CDM cosmology, deep radio observations of galaxy clusters
and the cosmic web will probe the distribution of matter on cosmic scales, measure the growth
and geometry of structure and critically confront both the �-CDM paradigm and compelling non-
standard alternatives. For an example, modi�ed gravity and dynamical dark energy scenarios predict
a scale- and redshift-dependent growth rate, leading to measurable signatures in redshift-space dis-
tortions and the HI 21 cm power spectrum (Maartens et al., 2015; Bull et al., 2015). More relevant
to this chapter, a signi�cant fraction of baryons inferred from early-Universe measurements remains
undetected at low redshift. As discussed earlier, cosmological simulations with standard �-CDM
suggest that most of these baryons reside in the warm�hot intergalactic medium (WHIM) within
�laments, though direct con�rmation remains limited (Shull, 2012), leaving room for alternative
interpretations. Alternative dark matter models, such as warm or self-interacting dark matter, sup-
press small-scale clustering and alter �lament thickness, halo abundance, and void statistics (Bode
et al., 2001; Vogelsberger et al., 2012). Primordial non-Gaussianity would introduce a characteristic
scale-dependent bias on ultra-large scales (Camera et al., 2015), while deviations from statistical
isotropy could manifest as anomalous radio dipoles in wide-area continuum surveys (Bengaly et al.,
2018). Collectively, these observables enable critically test the fundamental assumptions underlying
mainstream and alternative cosmological models.

While galaxy clusters are routinely detected in X-rays (Bulbul et al., 2024), as well as through SZ
(Planck Collaboration et al., 2016) and radio observations (see van Weeren et al., 2019; Paul et al.,
2023, for reviews), their outskirts, the �lamentary connections between clusters, and supercluster
environments remain largely unexplored. This di�culty primarily arises due to the low surface
brightness (both radio and X-ray) of emission in these regions that are believed to host the warm�hot
intergalactic medium (WHIM), characterized by exceedingly low densities and temperatures.

The advent of new-generation low-frequency radio telescope array such as LOFAR, MeerKAT, and
the upgraded GMRT�o�ering unprecedented sensitivity�has however opened up the possibility
of detecting extremely faint, di�use sources on scales extending beyond individual galaxy clusters.
Low frequency observations have the unique capabilities of tracing extremely aged plasma and
extremely ine�cient phenomena, such as those common in galaxy clusters and outside (de Gasperin
et al., 2026). LOFAR has recently discovered that some clusters host Megahalos, di�use sources
�lling the volume of clusters up to their periphery (Cuciti et al., 2022). In a few cases, LOFAR
detected large radio structures connecting pre-merging clusters, called radio bridges (Govoni et al.,
2019; Botteon et al., 2020). The direct observations of radio emission from cosmic �laments has
not been achieved yet, but stacking experiments reveal evidence of excess of radio emission in
overdense regions of the cosmic web (Vernstrom et al., 2021). These discoveries represent the �rst
steps in the exploration of the LSS of the Universe in the radio band.
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In the future, the SKA, with its proposed unparalleled sensitivity and survey speed, is expected to
discover thousands of galaxy clusters in a new regime of mass and redshift which revolutionize
the cluster abundance studies (Cassano et al., 2015; Maartens et al., 2015; Cassano et al., 2026).
In synergy with upcoming large galaxy-redshift, X-ray and Sunyaev�Zeldovich (SZ) surveys, the
galaxy cluster observation with SKA provides a powerful cosmological tool to well constrain
the cosmological parameters, e.g., matter density l< , Hubble constant �, and matter �uctuation
amplitude f8 (Allen et al., 2011). This capability enables SKA to break degeneracies between
competing models and tightly constrain early-Universe physics (Bull et al., 2015).

In this chapter, we �rst review the current theoretical understanding of the LSS (Section 2). We then
discuss recent discoveries of extended radio emission beyond the usual galaxy cluster halo (Section
3). Finally, we outline how radio galaxies�within clusters, superclusters, and even voids�can
inform us about the evolution of the LSS (Section 4). In each section, we also highlight the prospects
for future SKA observations in the AA4 era.

2 Theoretical understanding of large-scale structures in the Universe

The formation of large-scale structures in the Universe is a fundamental prediction of cosmological
theories and broadly corroborates with the observational �ndings (Sahni and Coles, 1995). Within
the standard �CDM framework, the cosmic web arises from the gravitational ampli�cation of small
primordial density perturbations in an otherwise nearly homogeneous early Universe. Observations
of the Cosmic Microwave Background (CMB) revealed a primordial �uctuations of order � 10�5

and exhibited nearly Gaussian statistics, consistent with predictions from in�ationary models of the
early Universe (Collaboration et al., 2020; Komatsu et al., 2011; Baumann et al., 2009).

Since in the �CDM paradigm the non-relativistic (�cold�) dark matter dominates the matter density
in the Universe, it collapses �rst under gravity into overdense regions, giving rise to a web-like
network of dark matter haloes and �laments (White and Rees, 1978; Springel et al., 2005). In this
scenario, baryonic matter, subsequently falls into these dark-matter potential wells, cools radiatively,
and forms stars, galaxies and groups that trace the underlying dark-matter distribution in the Universe
(Blumenthal et al., 1984; Mo et al., 2010).

On su�ciently large scales, the evolution of density perturbations is well described by linear pertur-
bation theory (Peebles, 1980), whereas at smaller scales, non-linear collapse through gravitational
instabilities, mergers, and the emergence of the cosmic-web morphology become crucial for un-
derstanding galaxy, group, and cluster formation (Bond et al., 1996; Vogelsberger et al., 2020).
While the Zel'dovich approximation provides a �rst-order analytical description of this anisotropic
collapse, numerical simulations becomes essential for modelling the full non-linear evolution of
dark matter haloes, �laments and cosmic-web in the Universe (Asgari et al., 2023).

2.1 Cosmological simulations of LSS

In the era of ever-increasing computational power and advances in numerical methods and statistical
tools, it is now feasible to simulate large fractions of the Universe in a �nite, expanding volume
(Springel et al., 2001; Boylan-Kolchin et al., 2009; Nelson et al., 2002). In the history of cosmologi-
cal simulations, the �rst signi�cant milestone is generally considered to be the N-body integration by
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Press and Schechter (1974), which modeled the mass distribution of bound clumps formed through
hierarchical clustering. Over the last few decades, the development of faster numerical methods and
the advent of increasingly powerful processors have enabled a large number of extensive cosmo-
logical simulations, e.g., Millennium (Springel et al., 2005), Millennium-II (Boylan-Kolchin et al.,
2009), Bolshoi (Klypin et al., 2011), Illustris, and IllustrisTNG (Vogelsberger et al., 2014; Nelson
et al., 2018; Springel et al., 2018).

Figure 1: Left panel: A projection map of dark-matter density overlaid with the average Mach number
of shocks along the line of sight. All the gravitationally-collapsed structures (shown in orange/white) are
surrounded by successive shock surfaces (in blue), which encode their formation histories. Right panel: A
projection map combining gas temperature (colour) and shock Mach number (brightness). Red indicates
10 million Kelvin gas at the centres of massive galaxy clusters; the bright outer structures trace di�use
intergalactic-medium gas being shock-heated at the boundaries between cosmic voids and �laments. Image
credit: IllustrisTNG Collaboration.

The Millennium Simulation (Springel et al., 2005) was the �rst true cosmological scale simulation.
The simulation was performed using GADGET (Springel, 2005) cosmological code that followed
the growth of structures using 21603 dark-matter particles within a cubic volume of approximately
2.23 billion light-years on a side. This simulation provided the �rst robust testbed for compar-
ing theoretical predictions with observational data, revealing remarkable agreement between the
geometric properties of simulated superclusters and those observed in the 2-degree Field Galaxy
Redshift Survey (2dFGRS; Colless et al. 2001, 2003; see also Einasto et al. 2007a,b). Adopting
a �CDM cosmology, the Millennium Simulation demonstrated that dark matter evolves from an
initially smooth, nearly uniform distribution into a highly clustered state (Springel et al., 2006),
with galaxies forming along these dark matter structures.

The recent IllustrisTNG (Nelson et al., 2018; Pillepich et al., 2018; Springel et al., 2018; Nelson
et al., 2019) simulations are comparatively smaller in size than the Millennium simulation, however,
include more physics, especially baryonic physics and magnetohydrodynamics that helps visualizing
the luminous features of the LSS. Tracing the evolution of baryonic particles in IllustrisTNG
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facilitates its use as an ideal simulation for studying gas distribution at the outskirts of the galaxy
clusters (see Figure 1), and the dynamics of the warm hot intergalatic medium (WHIM) in the
�laments, the part of the Universe that is yet to be explored observationally. Transient events
associated with structure formation, such as mergers, drive non-thermal processes including shocks
and turbulence at cluster peripheries and along �lamentary boundaries (Figure 1). These phenomena
and the particle acceleration mechanisms that they trigger are discussed in more detail in Section 2.3.

2.2 Identi�cation of cosmic-web and its components through algorithms

The visual appearance of the LSS of the Universe reveals a tapestry of dense and underdense
regions. Yet, the quantitative identi�cation of these structures, extending well beyond megaparsec
scales, remains a major observational challenge. The main bottleneck lies in the lack of su�ciently
deep all-sky surveys across the relevant wavebands. X-ray observations currently o�er the most
direct probe of the tenuous intergalactic medium (IGM; Bregman 2007; Nicastro 2018). However,
an all-sky X-ray survey with the required depth is not feasible with existing instruments. Even the
sensitivity of eROSITA (Merloni, 2012; Predehl, 2021), the deepest all-sky X-ray survey to date,
falls short of detecting the extremely faint emission from cluster outskirts and the tenuous �laments
of the cosmic web (Eckert, 2015; Ursino, 2016; Tuominen, 2022). Moreover, achieving surveys
signi�cantly deeper than eROSITA is unlikely in the near future.

Radio observations face similar limitations. The expected synchrotron surface brightness from
cluster outskirts and cosmic-web �laments is exceedingly low (Vernstrom et al., 2017; Govoni
et al., 2019). Moreover, as this di�use emission typically exhibits a steep radio spectrum, they
are expected to be detected only at low-frequency observations (Vazza et al., 2015b; Brunetti and
Jones, 2014). Incidentally, only a few arrays currently operate at su�ciently low frequencies and
with wide sky coverage, such as LOFAR, uGMRT, MWA, and LWA. However, even the deepest
LOFAR surveys, including LoTSS and targeted deep �elds, have yielded only tentative detections
or statistical hints of emission beyond galaxy clusters that we discuss in the section 3.

These observational constraints underscore that detecting cosmic-web structures requires targeted,
extremely sensitive observations. This, in turn, highlights the importance of robust, algorithmic
identi�cation of the cosmic web and its components using existing all-sky optical surveys. Structure-
�nding algorithms can reconstruct the LSS by predicting the locations of massive nodes that may
host radio mega-halos, the geometry and orientation of �laments and superclusters, and their
physical conditions through the analysis of all-sky survey data aided by cosmological simulations
(as elaborated in subsequent sections). The resulting catalogues of promising targets enable the
optimization of deep, pointed observations with current sensitive radio facilities and, in the near
future, with SKA (e.g. Sousbie, 2011; Libeskind et al., 2018; Oak and Paul, 2024). By directing
observations toward the most promising regions of the cosmic web, these methods substantially
enhance the likelihood of detecting its extremely faint radio signatures.

2.2.1 Identi�cation of structures from simulated mock catalogues

Cosmological simulations trace the time evolution of a representative patch of the Universe. Snap-
shots saved at di�erent redshifts are analysed to probe the underlying theoretical framework. Each
snapshot contains information on how matter and energy densities evolve under the in�uence of
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gravitational forces arising from the matter distribution. This evolving distribution naturally gives
rise to the theoretically expected components of the LSS of the Universe, especially those beyond
the galaxy clusters. Because these components exhibit distinct physical properties, dynamics,
and geometries, a wide range of structure-�nding algorithms has been developed over the past few
decades (Bond et al., 1996; Cautun et al., 2014; Libeskind et al., 2018) to quantitatively characterize
the cosmic web and to aid in predicting its observable signatures with current and future facilities.
Among these structures, dark matter halos (observationally, galaxy clusters) and �laments (the con-
nective framework of the cosmic web) are of particular interest, as they lie at the interface between
observational data and theoretical predictions (Knebe et al., 2011; Tempel et al., 2014).

Dark matter halos are the densest regions on large scales and are typically identi�ed as locally
overdense, gravitationally bound systems. Algorithms developed for this purpose, collectively
known as halo �nders, are widely employed in cosmological analyses. Most halo �nders (Knebe
et al., 2011; Onions et al., 2012; Knebe et al., 2013; Gupta and Paul, 2023) are based on either
the spherical overdensity (SO) method (Press and Schechter, 1974) or the Friends-of-Friends (FoF)
algorithm (Davis et al., 1985), with many extensions combining features of both approaches.
More advanced methods, such as the ROCKSTAR algorithm (Behroozi et al., 2013), use full
six-dimensional phase space and temporal information to robustly identify substructures and tidal
features. The recently developed MITRO algorithm (Gupta and Paul, 2023) instead applies mass
overdensity criterion to isolate actual gravitationally bound structures.

In contrast, �lament identi�cation is more challenging. The average dark matter density in �laments
is roughly two orders of magnitude lower than in halos at the nodes of the cosmic web (Cautun
et al., 2014), and their complex, elongated morphologies further complicate automated detection.
Consequently, most �lament-�nding methods rely on geometrical or morphological criteria (see
Libeskind et al., 2018, and references therein). Recently, machine-learning�based classi�ers have
also been employed to characterize �lamentary structures (Buncher and et al., 2020; Inoue et al.,
2022; Awad et al., 2023). Using the DisPerSE �lament �nder (Galárraga-Espinosa et al., 2024),
a comprehensive catalogue of cosmic �laments has been constructed from the MillenniumTNG
simulation, enabling detailed studies of their global properties across cosmic time. These theoret-
ical advances in mapping and characterizing the LSS strongly motivate deeper, multiwavelength
observational studies, which will not only help validate and constrain cosmological models but also
re�ne our understanding of underlying astrophysical processes.

2.2.2 Identi�cation of structures from large scale surveys

At present, the most detailed and deepest all-sky surveys are available at optical wavelengths (e.g.
SDSS, Pan-STARRS, Gaia; Ahumada 2020; Chambers 2016; et al. 2023). However, optical obser-
vations primarily yield data on individual galaxies, cannot directly image the di�use intergalactic
medium and, therefore, o�er little information about the baryonic content distributed within the
cosmic web (Shull, 2012). Nevertheless, the wide-area coverage and precise redshift measurements
make SDSS extremely valuable for identifying suitable regions in three dimensions, thereby en-
abling targeted follow-up observations at wavelengths relevant to the detection of di�use material
and the WHIM (Oak and Paul, 2024, and Devika P. C. et al., in prep.). Since optical wavelengths
predominantly trace stellar emission rather than the di�use ICM, the identi�cation of galaxy clus-
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ters from the optical redshift surveys is necessarily indirect and often computationally demanding.
Typically, this is accomplished using clustering or group-�nding algorithms, most commonly based
on the FoF or SO methods as described in section 2.2.1.

Figure 2: SDSS galaxies overplotted by identi�ed
interacting clusters (Oak and Paul, 2024).

Numerous studies have sought to identify and
characterize galaxy clusters using such optical
datasets over the past decades (e.g., Yoon, 2008;
Tempel, 2012). However, the early system-
atic attempts to identify merging clusters, ex-
tending beyond simple cluster detection�were
made by Tempel (2017). More recently, Oak
and Paul (2024) presented a detailed analysis of
the dynamical states of interacting cluster sys-
tems, identifying massive nodes and probable
�lamentary connections within the cosmic web
(see Fig. 2). The authors also reported indi-
cations of di�use emission (especially in radio
waves) associated with selected cosmic nodes,
as seen in survey maps. A second catalogue
of similar �ndings has been reported very re-
cently by Wen (2024). The extensive list of
nodes identi�ed in these two studies o�ers a
valuable resource for future deep searches for di�use emissions, particularly in the context of de-
tecting the di�use intergalactic medium within the cosmic web�an e�ort poised to bene�t greatly
from the projected capabilities of SKA in future.

Simulations indicate that, besides clusters near nodes, rare con�gurations exist where chains of
massive clusters form wall-like superclusters. The Shapley Supercluster, identi�ed by Somak
Raychaudhury in 1989 (Raychaudhury, 1989), was the �rst major example, and many superclusters
have since been catalogued (e.g. Einasto et al., 1996; Chow-Martínez et al., 2014; Sankhyayan et al.,
2023; Liu et al., 2024). These studies have revealed extensive networks of interacting cosmic-web
nodes and numerous superclusters Sankhyayan et al. (2023), highlighting regions of concentrated
luminous baryonic matter (Cautun et al., 2014; Dolag et al., 2006) through comparison with
cosmological simulations. Moreover, simulations predict that shocks, turbulence, and accretion
�ows associated with structure formation in these regions will produce low-level di�use radio
emission (Vazza et al., 2015b; Vernstrom et al., 2017; Brown and Rudnick, 2017).

Observational e�orts targeting known superclusters have already begun to uncover tentative di�use
radio emission in inter-cluster �laments and bridges, both in LOFAR surveys (Duchesne and et al.,
2022; Botteon et al., 2022) and in targeted observations connecting massive clusters (Govoni
et al., 2019), demonstrating that algorithmically identi�ed supercluster regions are ideal for deep,
low-frequency radio observations with current facilities and the upcoming SKA (see Section 4).
Consequently, robust supercluster catalogs not only map the LSS but also provide critical guidance
for targeted searches of the faint di�use radio signatures of the cosmic web.
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2.3 Predictions for di�use radio emission from the components of cosmic web

The growth of cosmic structures is intertwined with the release of shock waves, at whose surface the
kinetic energy of infalling gas gets dissipated into gas thermalisation (e.g. Sunyaev and Zeldovich,
1972; Ryu et al., 2003; Bykov et al., 2008). Around all most massive structures in the cosmic web,
i.e. from clusters of galaxies to the �laments connecting them, strong M � 10 � 102 accretion
shocks (where M = EB•2B is the Mach number, EB is the shock velocity and 2B is the local sound
speed) should exist over cosmological timescales, and mark the approximate transition from smooth
rarefying Universe and the overdense cosmic regions undergoing the virialisation process.

A couple of decades of cosmological numerical simulations has established a picture in which the
number statistics of shocks in the Universe is predicted to be dominated by structure formation
shocks driven by gravity (e.g. Miniati et al., 2000; Ryu et al., 2003; Vazza et al., 2011), with only
a minor contribution from non-gravitational processes (e.g. Kang et al., 2007; Schaal et al., 2016).
On the other hand, the bulk of the dissipation of infall kinetic energy happens in the 2 � M � 4
range, at overdensities in the range of matter halos. Such shocks are often associated with accretions
and mergers within massive halos, and are supposed to be a main contributor of the enrichment of
the intracluster/intragroup medium with cosmic rays (e.g. Pfrommer et al., 2006; John et al., 2019).

From the theoretical viewpoint, however, the regime of weak (M � 5) shocks is also the one
at which making predictions of Di�usive Shock Acceleration (DSA, O'C Drury et al. e.g. 1996;
Malkov and Drury e.g. 2001; Kang and Ryu e.g. 2013) gets more di�cult, owing to a number of
physical and numerical uncertainties, in particular related to the uncertain �micro�-details of shock
acceleration models (e.g. Bykov et al., 2019, and discussion therein). In addition to shocks, the
acceleration and re-acceleration of cosmic ray electrons, protons and heavier nuclei by large-scale
plasma motions stirred by the same matter accretion events have been proposed to be provided by
Fermi-type acceleration (e.g Brunetti and Jones, 2014, and references therein).

Finally, the ampli�cation of magnetic �elds is also predicted to follow the growth of cosmic
structures, via the small-scale dynamo ampli�cation (e.g. Dolag et al., 1999; Schekochihin et al.,
2004; Subramanian et al., 2006; Donnert et al., 2018), although the reality is likely to be more
complex than the ideal MHD picture usually explored via cosmological simulations or theory (e.g.
Rincon et al., 2016). This ampli�cation process in the highly turbulent plasmas is deemed to be
su�cient to explain the typically observed � `G magnetisation levels in clusters of galaxies (e.g.
Beresnyak and Miniati, 2016), while its e�ciency is probably much less in cluster outskirts and
in cosmic �laments, owing to the shorter available turbulent forcing timescales and to the mostly
super-sonic nature of turbulence there (e.g. Brüggen et al., 2005; Vazza et al., 2014).

While `G magnetic �elds have been successfully measured in galaxy clusters (e.g. Govoni et al.,
2002; Ensslin et al., 2003; Vacca et al., 2010; Bonafede et al., 2010, 2013), only limits in the order of
� 0•075�0•25 `G were derived for nearby large cosmic �laments using LOFAR (e.g. Locatelli et al.,
2021; Hoang et al., 2023), while the stacking detections by Vernstrom et al. (2021) and Vernstrom
et al. (2023) derived tentative values in the range � 30 � 60 nG for the magnetisation of the radio
emitting fraction of �laments (see Sec.3.2). The average radio spectrum of emission inferred from
the latter observations is also compatible with a simple � ¹aº / a�1 spectrum, consistent with the
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theoretical predictions from DSA for the acceleration of relativistic electrons by high Mach number
shocks (e.g. Keshet et al., 2004).

Therefore, the exciting possibility of directly detecting the radio signal from strong shocks in
�laments with upcoming radio facilities will be crucial: it could be used to inform us about the
level of magnetisation in regions where a dynamical memory of magnetic seed �elds should still be
present, which ultimately can lead to understand the origin of cosmic magnetism (e.g. Vazza et al.,
2021; Carretti and Vazza, 2025), which is presently up for several possible generation mechanisms
(e.g. Barrow et al., 1997; Subramanian, 2016; Vachaspati, 2021). Based on modern numerical
simulations of the evolution of primordial magnetic �elds, jointly with the additional release of
magnetic �elds from galaxies, in Section 3.4 we present the updated analysis for the realistic
chances of detecting the radio signature of structure formation shocks from the cosmic web with
the upcoming SKA telescopes.

3 Observations of components of cosmic-web in radio and the role of SKA in future

Although SKA is expected to revolutionise our knowledge of the non-thermal components through
the cosmic web, big steps forward have been taken in the past few years with SKA precursors and
path�nders. In this Section we discuss these recent descoveries, some of the open points and the
expectations for SKA observations derived from cosmological simulations.

3.1 Beyond galaxy clusters: radio Megahalos

Using LOFAR observations, Cuciti et al. (2022) found four clusters where the radio halo is embedded
in an emission that is more than 30 times larger in volume but 20 � 30 times lower in emissivity
and has a shallower surface brightness pro�le than radio halos (Fig. 3). This sources, named
�Megahalos�, �ll the volume of the clusters, up to at least '500

1, therefore reaching the most
peripheral regions of galaxy clusters. The surface brightness of the radio halos at the center of these
clusters can be well �tted with an exponential function in the form � = �04�A•A4 , as it is usually done
for radio halos (Balboni et al., 2024). The surface brightness of megahalos instead departs from the
exponential function and remains fairly constant over a wide range of distances from the clusters'
centre (Fig. 3). X-ray observations of galaxy clusters show that over the same range of radii, the
thermal gas density usually goes down by a factor of �few (Ghirardini et al., 2019), which means
that the non-thermal components become energetically relevant in the external region of clusters.
This demonstrate that megahalos can give us important constraints about the characteristics of
the plasma in clusters' outskirts. So far, spectral information is only available for two megahalos
and it is based on marginal detections with LOFAR at 54 MHz. Constraining the spectrum of
di�use sources is of paramount importance to understand the acceleration mechanisms that power
them (e.g. Brunetti et al., 2008). The available data on these two megahalos suggest a spectrum
U � �1•6, steeper than radio halos (U � �1•3), indicating that the mechanisms of acceleration
must be ine�cient. For this reason, turbulence was proposed as a good candidate (Nishiwaki et al.,
2024), but further information about the spectrum of megahalos is needed.

1 ' 500 is the radius within which the mean mass over-density of the cluster is 500 times the cosmic critical density at
the cluster redshift. The mass enclosed in a sphere with radius '500 is " 500.
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Figure 3: Blue: simulated gas density distribution (Vazza et al., 2019). Orange: LOFAR image of the
megahalo in Zwcl 0634.1+4750. Grey: LOFAR image of the radio halo in Zwcl 0634.1+4750. Inset:
Surface brightness pro�le of the radio emission in Zwcl 0634.1+4750 (Cuciti et al., 2022).

Another illustrative case is that of the massive cluster PLCK G287.0+32.9. Using uGMRT obser-
vations, Salunkhe et al. (2025) reported di�use radio emission extending over ¦ 3 Mpc with two
components. The second component has a steep spectrum (U Ÿ �1•5) and a nearly �at surface-
brightness pro�le, consistent with the characteristics of a radio megahalo, detected for the �rst
time at frequencies higher than those probed by LOFAR. Subsequent deep MeerKAT observations
by Rajpurohit et al. (2025) reported even more extended emission from the cluster. Owing to its
higher sensitivity and superior angular resolution at gigahertz frequencies, MeerKAT revealed a
greater number of discrete sources and several extended �lamentary features within the peripheral
region of halo, which may account for the deviation in the surface-brightness pro�le (giving the
second halo component) reported earlier. To address, this point, which may in principle a�ect all
the detected megahalos, we simulated a LOFAR observation of a galxy cluster with a radio halo
and added hundreds of faint (2-3 f level) point sources spread over the cluster region (Cianfaglione
et al., submitted). We subtracted them from the uv-data with usual procedures and computed the
surface brightness pro�le after the subtraction. The resulting pro�le does not show any signi�cant
deviation from the exponential law, suggesting that in the detected megahalos the second component
cannot be entirely explained by the presence of faint sources that have not been properly subtracted,
However, the contrasting results in the case of PLCK G287.0+32.9 warn us that extreme caution is
needed in distinguishing genuine cluster-scale emission from blended components. In this respect,
the combination of SKA-Low, with its superior surface-brightness sensitivity and wide uv-coverage,
and SKA-Mid, with its higher resolution and sensitivity, will be crucial in disentangling overlap-
ping structures and provide precise spectral mapping to constrain the dominant particle-acceleration
processes in cluster outskirts.
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The discovery of megahalos triggered the �rst cosmological simulation aimed at reproducing the
di�erent components of di�use emission in galaxy clusters. Speci�cally, Beduzzi et al. (2023)
simulated one galaxy cluster following the position of radio emitting particles during the life-
time of the cluster. They showed that the cluster's peripheral regions can be �lled with electrons
that have been energised by turbulence up to energies su�cient to emit at LOFAR frequencies.
The same simulation also suggests that in some cases, depending on the epoch of the simu-
lation and on the observing line of sight, the radio emission produced by those electrons has
a surface brightness pro�le resembling the ones observed in megahalos (Beduzzi et al., 2024).

Figure 4: Mass�redshift diagram for all clusters in the
Planck sample (red dots). Red �lled dots indicate clusters
included in the Planck LoTSS DR2 sample, while black dots
represent clusters from the ACT catalogue. Stars mark clus-
ters hosting megahalos. Solid lines show the region where
megahalos are detectable with LoTSS, and the dashed line
indicates the region where they are expected to be detectable
with SKA-Low. Adapted from Cuciti et al. (2022).

Although still limited to a few cases, the
observation of megahalos demonstrates
that relativistic electrons and magnetic
�elds �ll the whole volume of clusters,
and that we can use radio observations to
probe the dynamics of large-scale struc-
tures and the dissipation energy mecha-
nisms therein.

3.1.1 The role of SKA

Fig. 4 shows the mass�redshift diagram
for the Planck clusters in the second data
release of the LOFAR Two Meter Sky Sur-
vey (LoTSS, Shimwell et al., 2022) (black
dots). Interestingly, megahalos (stars) are
all located in the most massive clusters
of the sample, suggesting that a propor-
tionality between the megahalo brightness
and the cluster mass is at play (as for ra-
dio halos). The three solid lines show
the expected mass�redshift relation tak-
ing into account the cosmological surface
brightness (SB) dimming (SB/ ¹1 ¸ Iº�4 )
and assuming a power-law dependence of
the large-scale emission surface brightness

with the mass of the clusters (SB / "V, where we considered three possibilities for V, Cuciti et al.,
2022). As the large-scale emission in ZwCl 0634.1+4750 is detected at around 3f, we impose
the condition that the lines go through that point in the diagram to set the normalization. With
these assumptions, the region of the mass-redshft diagram where we expect to be able to observe
megahalos with LoTSS observation is the region on the top left of the solid lines in Fig. 4. In fact,
the four megahalos discovered in Cuciti et al. (2022) are all located in this region. Botteon et al.
(2022) found emission �lling the entire volume of the cluster Abell 2255 and Cianfaglione et al.,
(in prep.) discovered two new megahalos and two candidate ones, also in massive clusters lying in
the expected parameter-space region. This reinforces our idea that we might be seeing just the tip
of the iceberg of a widespread phenomenon that could be unveiled with deeper observations.
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Given the steep spectrum of megahalos, SKA-Low is the most suitable instrument to detect them,
however, the combination with SKA-Mid will be crucial to address the spectral properties of these
sources, needed to disentangle the underlying physical mechanisms, and to identify discrete sources
embedded in the di�use emission. With one hour SKA-Low observation we estimated an rms noise
of 11.6 `Jy/beam with a beam of 9•100� 7•4 00(using briggs=0) at a central frequency of 200 MHz.
Considering a steep spectrum for megahalo of �1•6, this would mean that SKA-low would be � 3
times more sensitive than LOFAR HBA for the detection of megahalos (black dashed line in Fig. 4).
This will give us the possibility to search for megahalos in the vast majority of the clusters of the
Planck sample (red dots in Fig. 4). We also note, that being SKA in the Southern Sky, we will be
able to exploit also the SZ catalogue from the Atacama Cosmology Array (ACT), which is more
complete than Planck, especially at high redshift.

3.2 Accretion and external shocks

In addition to merger shocks, which are usually found around '500, galaxy clusters are expected
to be surrounded by accretion shocks, which should be located around 2 � 3'200 (� 5 Mpc from
the center of a massive cluster). With respect to merger-induced shocks, which typically have
Mach numbers of the order of a few, the temperature of the upstream intergalactic medium is low
compared to the already shock heated gas in the vicinity of galaxy clusters, leading to much stronger
shocks with Mach numbers of 10-100. Accretion shocks are sites of e�cient energy conversion
where the gravitational energy of infalling material is converted into thermal energy. Therefore,
accretion shocks play a signi�cant role in the de�nition of the dynamics of galaxy clusters and the
thermalization of the ICM. Accretion shocks are expected to not only accelerate particles, but they
should also align magnetic �eld, thus producing highly polarised synchrotron radiation. Vernstrom
et al. (2023) stacked all-sky radio maps in polarisation at the position of pairs of luminous red
galaxies and they detected a stacked polarised signal, with polarisation fractions of �20%, which
is interpreted as the organisation of local magnetic �elds by strong shock waves both at the cluster
peripheries and between clusters. These works also allowed the authors to estimate magnetic �eld
strength in �laments to be in the range 30 � 60 nG, based on equipartition and IC arguments.
Although the assumption of equipartition can be questioned given the little knowledge we have
about the plasma conditions in �laments, it shall be noticed that similar values of magnetic �elds
where also inferred using the complementary approach of testing di�erent magnetic �eld models
dynamically evolved with cosmological MHD simulations (similar to the ones used in Sec. 3.4),
and assuming conservative e�ciencies for the injection e�ciency of relativistic electrons by cosmic
shock waves (Vernstrom et al., 2023). The same set of simulations and magnetic �eld models have
been validated against several other radio observations (e.g. Carretti and Vazza, 2025, for a recent
review) hence the range of magnetic �elds inferred by the stacking of �laments is presently well
supported by data. These results are also in line with upper limits on magnetic �eld strength given
by Locatelli et al. (2021) based on the non-detection of di�use emission between cluster pairs with
LOFAR. Hou et al. (2023) stacked the low frequency radio data from OVRO-LWA of 44 X-ray bright
clusters and found a signi�cant (4-5f) excess around 2•5'500. Interestingly, such radio emission is
coincident with a previously claimed W�ray signal detected in stacked Fermi observations, which
was interpreted as inverse-Compton emission from accretion shocks.
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3.3 Bridges and �laments

Regions in-between cluster pairs are at the crossroads between the denser and hotter ICM regions
and the colder and rare�ed cosmic web, thus representing an ideal target to study thermal and non-
thermal gas outside galaxy clusters. In this respect, LOFAR observations have discovered large-scale
radio emission (3 Mpc long, projected) between the pre-merging clusters A399 and A401, called
�radio bridge� (Fig. 5, Govoni et al., 2019). A similar emission has also been found between
the pre-merging clusters 1758N-S (Fig. 5, Botteon et al., 2020). The point to point radio X-ray
analysis of these bridges reveals a good correlation between the thermal and non-thermal emission
(Botteon et al., 2020; de Jong et al., 2022), suggesting that they are connected and originate from
similar volumes. Pignataro et al. (2024b) have used deep LOFAR LBA observations and obtained
the spectral index distribution in the bridge connecting A399 and A401. Using LOFAR LBA,
HBA, and uGMRT observations, they performed a multi-frequency spectral study of the bridge.
Between 60 MHz and 144 MHz, they found an integrated spectral index value U = �1•44 � 0•16.
They also found that the radio spectrum shows a signi�cant steepening between 144 and 400 MHz.
Such a steepening can be explained in a turbulent re-acceleration framework, assuming that the
acceleration timescales are longer than �200 Myr. Although based only on a marginal detection of
the A1758 bridge at 53 MHz, Botteon et al. (2020) constrained the spectral index of the bridge to
be U144" � I

53" � I = �1•65 � 0•27.

Govoni et al. (2019) proposed that radio bridges may result from �rst-order Fermi (Fermi-I) re-
acceleration of a volume-�lling population of fossil relativistic electrons by weak shocks under
favorable projection e�ects. Alternatively, Brunetti and Vazza (2020) suggested that the synchrotron
emission from radio bridges could be a result of second-order Fermi (Fermi-II) re-acceleration,
where turbulence plays a major role in amplifying magnetic �elds and re-accelerating particles.
This simulation predicts that the emission of bridges should have steep spectra ad should be more
volume �lling with respect to the case of shock acceleration. Although the statistics is still scarce,
the steep spectrum of bridges, combined with the fact that the bridge emission is volume �lling,
suggests turbulence as the main mechanism for particle acceleration.

More recently, two new candidate radio bridges have been discovered: in the clusters pairs A2061�
A2067 (Pignataro et al., 2024a) and A3016�A3017 (Hu et al., 2025), which however do not �ll
entirely the space between the clusters. In these two cases, one of the two clusters does not host a
radio halo, which might be the reason for the observed �gap� in the bridges. However, there is no
correlation between the radio and X-ray point to point surface brightness in these systems, therefore
the possibility that they are linked to the interaction with a sub-group is still open.

In addition, bridges of radio emission have been found also �lling the space between clusters and
groups. A famous example is in the Coma cluster, connecting with the NGC4839 group (Bonafede
et al., 2021). Another bridge has been recently found with MeerKAT observations in the Shapley
supercluster, connecting A3562 and the group SC1329�313 (Venturi et al., 2022).

While bridges arise from the dynamical activity that takes place through cosmic �lament, they
still represent exceptional places in the Universe, where matter is compressed and heated by the
upcoming merger between two clusters. The diluted and colder plasma in the �laments of the
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