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Several observational and theoretical studies have suggested that the observed
arm-length asymmetries in extragalactic radio sources are primarily driven by
interactions between radio jets and an inhomogeneous ambient medium, although
orientation effects may also contribute to the observed asymmetry. However,
the observational evidence supporting these interpretations comes from only a
small sample of FR II radio sources, in which the brighter hotspots are typically
found on the side of the shorter jet arm. We aim to investigate the interactions
between powerful jets and their surrounding environments in radio sources, with
a particular focus on how these interactions shape the morphology and asym-
metry of the radio lobes. The unprecedented sensitivity and angular resolution
of the Square Kilometre Array Observatory (SKAO) will facilitate the discovery
and detailed characterization of asymmetric radio sources across a wide range of
physical scales and redshifts. Using a combination of 3D magnetohydrodynamic
simulations and observational data from the SKAO, one can explore the influence
of clumpy interstellar and intergalactic media on jet propagation and the resulting
asymmetries in radio sources at various redshifts. The study will analyze how
environmental factors, such as density and turbulence, decelerate jets, leading to
observable asymmetries in smaller, higher-redshift sources. In this chapter, we
review existing simulation and observational results on jet-environment interac-
tions in radio galaxies and discuss how SKAO capabilities will further advance
our understanding of AGN feedback and its role in shaping large-scale cosmic
structure.
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1 Introduction and Motivation

Active galactic nuclei (AGN) are powered by accretion onto supermassive black holes (SMBHs)
and are among the most energetic objects in the Universe. A fraction of AGN produce collimated,
relativistic jets that can travel tens to hundreds of kiloparsecs, inflating large radio lobes and cavities.
As these jets propagate through the interstellar medium (ISM), circumgalactic medium (CGM), and
intracluster medium (ICM), they strongly influence both the appearance of radio emission and the
thermal and dynamical state of the surrounding gas.

Once a jet is launched, the environment becomes a key driver of its evolution. At low redshift,
edge-darkened Fanaroff–Riley (Fanaroff and Riley, 1974) Type I (FR-I) radio galaxies are usually
found in rich clusters, while edge-brightened FR-II systems tend to reside in poorer environments
(Hill and Lilly, 1991). FR-IIs generally have higher radio luminosities than FR-Is, although the
two classes show considerable overlap (Best, 2009; Miraghaei and Best, 2017). They also interact
differently with their environments: FR-Is inject relatively gentle, continuous heating into cluster
cores (e.g. Churazov et al., 2001; Fabian, 2012), whereas FR-IIs produce powerful shocks that can
influence gas and satellite galaxies over hundreds of kiloparsecs (e.g. Rawlings and Jarvis, 2004;
Shabala et al., 2011).

The Fanaroff–Riley (FR) classification is strongly influenced by jet–environment interactions on
kiloparsec scales. If the jet is slowed by entrainment of ambient gas (Bicknell, 1995) or by stellar
winds (Komissarov, 1994; Perucho et al., 2014), it becomes unstable and transitions into an FR-I
morphology. If entrainment is weak, the jet maintains collimation and produces an FR-II structure
with hotspots at the terminal shocks. Other mechanisms, such as jet stalling in a rising pressure
atmosphere (Massaglia et al., 2016) or failure of an initially conical jet to collimate (Alexander,
2006; Krause et al., 2012), can also lead to eventual jet disruption and FR-I–like structures.

A particularly interesting and rare class of radio AGN is the hybrid morphology radio sources
(HyMoRS), where one lobe exhibits FR-I morphology and the opposite lobe shows FR-II mor-
phology (Gopal-Krishna and Wiita, 2000; Gawroński et al., 2006; Kapińska et al., 2017; Harwood
et al., 2020; Kumari and Pal, 2022; Manik et al., 2025). Although extremely uncommon (< 1%;
Gawroński et al. 2006; Manik et al. 2025), these sources are excellent laboratories for studying
environmental effects, since the two jets originate from the same central engine and differences
between the lobes primarily reflect the environments the jets encounter.

Radio galaxies often exhibit significant asymmetries between their two lobes in terms of arm length,
flux density, spectral index, and polarisation. Typical arm-length ratios (𝑄 = 𝑙long/𝑙short) are in the
range 𝑄 ∼ 1.1 − 1.5, although extreme cases can exceed 𝑄 > 2. Similarly, flux density ratios
between the two lobes (𝑅 = 𝑆bright/𝑆faint) commonly lie in the range 𝑅 ∼ 2 − 5, and occasionally
reach values greater than∼ 10 (e.g. Manik et al., 2025). Polarisation asymmetries are also frequently
observed, largely due to differential Faraday depolarisation along the two lines of sight through the
magnetoionic medium. Such asymmetries provide important diagnostics of jet propagation and
the interaction between radio jets and their surrounding environment. These asymmetries contain
important clues about jet physics, environmental density gradients, interactions with neighbouring
galaxies, and relativistic beaming effects. The observed asymmetry in radio galaxies can be
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attributed to two broader reasons: (i) jet-environment interaction and (ii) relativistic effect in
jets, even when the jet and counter jets are intrinsically the same. The interaction between jet
and environment can differ not only due to the density of the ambient medium, but also due to
whether the ambient medium is a non-relativistic thermal plasma medium (for radio galaxies) or a
relativistic non-thermal plasma medium (for inner jets due to episodic jet activity in episodic radio
galaxies). Of course, some ambient medium could be a mixture of both types. However, progress
in understanding these asymmetries has long been limited by the sensitivity and dynamic range of
previous radio surveys, which often miss faint counter-jets and low surface-brightness lobes.

At the extreme end of the asymmetry distribution are single-lobe radio galaxies, in which one lobe
is either undetected or exhibits a flux density at least an order of magnitude lower than that of the
opposite lobe. Early examples of such highly asymmetric systems were reported by Harris et al.
(1984), while later studies identified remarkable cases such as CGCG 049-033, where a prominent
jet and lobe are visible on only one side of the nucleus (Bagchi et al., 2007). These objects provide
valuable constraints on extreme environmental asymmetries or propagation effects that can strongly
influence jet evolution.

Direct evidence of jet–environment interaction is also observed in cases where radio jets collide
with companion galaxies or dense gas clouds. One of the best-known examples is Minkowski’s
object, where the radio jet from the galaxy NGC 541 is believed to trigger star formation in a nearby
gas-rich system (Croft et al., 2006). Another recent example is RAD-12, where interaction between
a radio jet and a neighbouring galaxy produces clear morphological distortions and complex radio
structures (Hota et al., 2022). Although fewer than a dozen such jet–galaxy interaction systems
are currently known, they provide unique laboratories for studying positive AGN feedback and
jet-induced star formation.

Radio jets and lobes can also interact with structures on larger scales, such as galaxy filaments. In
some cases, the flow of intrafilament medium can bend or distort radio lobes. For example, Edwards
et al. (2010) reported a radio galaxy whose lobes appear bent due to motion through a large-scale
filament associated with the cluster Abell 1763. Recently, Manik et al. (2025) presented a new
sample of 53 giant radio quasars (GRQs) discovered from the TGSS survey and investigated their
large-scale environments. They found that at least ∼ 13% of the sources reside within galaxy groups
or clusters, with a comparable fraction located in the vicinity of cosmic filaments. Furthermore,
GRQs at higher redshifts tend to exhibit enhanced jet asymmetry, suggesting a stronger role of
environmental effects in shaping radio source morphology at early cosmic epochs. In a more
recent study, Mahato et al. (2026) performed a statistical analysis of giant radio galaxies (GRGs)
embedded in cosmic web filaments, showing that jet–filament alignment, rather than mere proximity
to filaments, plays a key role in regulating the maximum source size. In this picture, GRGs with
jets oriented at large angles to the filament spine can expand into lower-density, void-facing regions
and grow to Mpc scales, whereas those aligned along the filament are more confined.

The interplay between radio morphology and the thermal environment is strikingly illustrated by the
peculiar giant radio galaxy J0011+3217 (Figure 1; Kumari et al. 2024). LoTSS 144 MHz imaging
reveals misaligned primary lobes spanning ∼1 Mpc alongside a one-sided diffuse secondary wing
extending ∼0.85 Mpc, a wing-to-lobe ratio of ∼85%. The XMM-Newton X-ray map shows that
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Figure 1: Left: LoTSS 144 MHz radio continuum image of the peculiar giant radio galaxy J0011+3217,
with white contours overlaid. The main source (Dec ∼ 32◦16′–32◦18′) displays two bright primary lobes
and a large one-sided diffuse secondary wing extending ∼ 0.85 Mpc to the south and west constituting
∼85% of the primary lobe extent, unprecedented among known X-shaped radio galaxies. Right: The same
radio contours overlaid on the XMM-Newton smoothed X-ray map (0.5–2 keV). The X-ray emission peaks
strongly toward the north, tracing the hot intracluster medium of the galaxy cluster Abell 7 (𝑧 = 0.104,
𝑀500 = 3.71 × 1014 𝑀⊙), whose centre lies ∼1.2 Mpc from the radio source. The offset between the
X-ray peak and the radio morphology, combined with the one-sided distortion of the secondary wing, is
consistent with ram pressure exerted by the intracluster medium as J0011+3217 moves through the outskirts
of Abell 7. This system illustrates how the large-scale thermal environment can impose dramatic, asymmetric
morphological distortions on a megaparsec-scale radio source (Kumari et al., 2024).

the cluster Abell 7 dominates the thermal emission to the north, while the radio source itself sits
in the cluster outskirts where X-ray surface brightness is low. The morphological asymmetry
and southward distortion of the secondary wing are attributed to ram pressure from the ambient
intracluster medium, providing a vivid, directly observed example of how large-scale thermal
environment drives extreme radio asymmetry on megaparsec scales.

On scales of tens to hundreds of kiloparsecs, environmental structure predominantly governs lobe
evolution rather than jet dynamics. Semi-analytic dynamical models (Kaiser and Alexander, 1997;
Blundell and Rawlings, 2000; Turner and Shabala, 2015; Hardcastle, 2018) and numerical simula-
tions (Hardcastle and Krause, 2013, 2014) predict that lobe growth and luminosity evolution depend
strongly on the ambient density profile; X-ray observations corroborate these predictions (Arnaud
et al., 2010). Compact radio AGN are more common in low-mass hosts and sparse environments
(Shabala, 2018), consistent with scenarios in which extended emission falls below present surface-
brightness sensitivity limits (Shabala et al., 2017; Turner et al., 2018). Deep observations of the
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giant lobes of 3C 31 support this interpretation (Heesen et al., 2018).

Because the environment regulates lobe expansion and radiative evolution, estimates of jet kinetic
power, AGN lifetime, and the total energy available for feedback are inherently environment de-
pendent. This dependence is critical because AGN feedback plays a central role in shaping the
bright end of the galaxy luminosity function (Silk and Rees, 1998; Croton et al., 2006; Bower et al.,
2006). Quantifying radio-source environments, for example via galaxy clustering, therefore pro-
vides a direct connection between galaxy-formation models and radio-lobe evolution. Semi-analytic
frameworks that incorporate environmental information (Turner and Shabala, 2015) successfully
reproduce many observed properties of radio galaxies. Furthermore, joint modelling of radio
AGN and galaxy populations (Shabala and Alexander, 2009; Raouf et al., 2017) demonstrates
that simultaneously matching both sets of observables places strong constraints on AGN feedback
prescriptions.

The Square Kilometre Array Observatory (SKAO) will significantly advance our ability to study
these processes. With its exceptional sensitivity, angular resolution, and dynamic range, SKA-Mid
and SKA-Low will detect faint counter-lobes, relic plasma, restarted jets, and subtle morphological
asymmetries that have been undetectable so far. The SKAO will enable detailed morphological,
spectral, and polarization studies across a wide range of redshifts and environments, providing a
comprehensive view of both young and evolved radio sources.

By enabling precise measurements of radio asymmetry and jet–environment interactions, the SKAO
will provide powerful constraints on models of jet propagation, AGN feedback, and the co-evolution
of SMBHs and their host galaxies. This chapter explores the physical origins of asymmetry, the
diagnostic power of high-sensitivity observations, and the potential of combining SKAO data with
multiwavelength surveys to advance our understanding of AGN feedback and its role in shaping
large-scale cosmic structure.

2 Background: Jet Asymmetry and Environmental Influence

2.1 Origin of Asymmetry in Radio Sources

Extragalactic radio sources, particularly those associated with powerful radio-loud AGN, often
display pronounced asymmetries in their large-scale structures. These asymmetries are observed
in several key forms: differences in the apparent lengths of the two jets (arm-length asymmetry),
variations in the brightness or flux densities of the lobes (flux asymmetry), and disparities in the
polarization and spectral properties between the two sides. The studies of such asymmetries are
not merely observational curiosities; they provide fundamental insights into the physical processes
governing jet formation, propagation, and their interaction with the surrounding medium.

On parsec scales, relativistic beaming and Doppler boosting can account for a substantial portion
of the observed brightness differences, as the approaching jet appears enhanced while the receding
jet is deboosted. However, at kiloparsec and megaparsec scales, where jet speeds become sub-
relativistic, orientation effects alone are insufficient to explain the observed asymmetries. Instead,
environmental factors become dominant. Differences in the external medium, such as variations
in gas density, pressure, temperature, magnetic field configuration and thermal/nonthermal nature,
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can influence jet propagation and confinement. A jet encountering a denser region of the interstellar
or intracluster medium experiences greater deceleration and enhanced radiative losses, producing
shorter, brighter, or more distorted lobes compared to its counterpart.

The observed arm-length ratio (𝑄 = 𝑙long/𝑙short) and flux ratio (𝑅 = 𝑆bright/𝑆faint) are therefore
crucial quantitative indicators of such effects (e.g. Gopal-Krishna and Wiita, 2004; Manik et al.,
2025). Statistical analyses of these parameters across radio galaxy samples have demonstrated
correlations with environmental asymmetry indicators, suggesting that interaction with asymmetric
gas distributions significantly contributes to the overall radio morphology.

2.2 Jet–Environment Coupling

The interaction between relativistic jets and their environments is inherently hydrodynamic and
magnetohydrodynamic in nature. Depending upon whether there is significant entrainment of
thermal matter into the jets or not, the jet will assume either FR-I or FR-II morphology. FR-I jets
then propagate to inflated plumes without any hotspots at the jet head, and there will be no backflow
of non-thermal plasma emanating from the jets. However, when an FR-II jet propagates through the
ambient media, it drives two kinds of shocks, one of the strong bow shocks around the jet-head and
a jet termination shock (sometimes called backward shock) at the jet head, which is the termination
point. The non-thermal plasma of the jet naturally has to pass through the jet-termination shock
before emanating from the jet-head and forming a cocoon of shocked relativistic plasma.

The advance speed of the jet head, 𝑣ℎ, depends on both the jet’s kinetic power (𝑃 𝑗) and the
external ambient medium density (𝜌𝑎). If the ambient medium is a thermal medium of temperature
𝑇 ∼ 107 − 108K, then the rest mass density will play a role, and the momentum balance equation
for the jet head can be written as (Kaiser et al., 2000):

𝑣ℎ =

√︄
𝑃 𝑗

𝑐 𝐴ℎ 𝜌
0
𝑎

(1)

where 𝐴ℎ is the jet head cross-sectional area, and 𝜌0
𝑎 is the rest mass density of the ambient medium,

and 𝑐 is the speed of light. However, this is a semi-relativistic equation and will work only when the
jet-head is moving with a non-relativistic speed, which is almost always the case in single or double
radio galaxies. Thus, a density contrast between the two sides of the host galaxy can naturally lead
to unequal jet lengths and brightness.

However, when the jet-heads of inner jets of episodic radio galaxies move with relativistic speed
through non-thermal plasma of outer lobes, dumped in the previous episodes, this equation will
have to be replaced by a formula derived by Konar and Hardcastle (2013), which is given by

𝛽ℎ =
1

1 +
√︃

𝛽 𝑗 𝑐 𝐴ℎ 𝑤𝑎

𝑃𝑗

(2)

where 𝛽ℎ and 𝛽 𝑗 are the hotspot speed and the jet bulk speed in units of c, 𝑤𝑎 is the relativistic
enthalpy density of the ambient medium, and the other variables are already defined. This equation
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has to be used for the inner jets for double-double radio galaxies. In this case, not only density
contrast can lead to asymmetry in jets, but also the relativistic beaming and deeming effect due to
relativistic hotspot motion will give rise to observable structural asymmetry at the jet heads of the
inner jets of double-double radio galaxies.

Numerical simulations have shown that when a jet interacts with an inhomogeneous or clumpy
environment, the resulting shocks and turbulence can produce complex, asymmetric morphologies.
Dense clouds in the path of the jet can induce local deflections, generate secondary shocks, and
trigger radiative cooling (Gaibler et al., 2011; Yates-Jones et al., 2021). These processes not only
modify the radio appearance of the source but also influence the energy transfer from the jet to the
surrounding gas, an essential aspect of AGN feedback.

Observationally, polarization asymmetries provide additional evidence of environmental influence.
The so-called Laing–Garrington effect (Laing, 1988; Garrington et al., 1988), in which the lobe on
the jet side appears less depolarized, is generally attributed to differences in the line-of-sight Faraday
depth. In this scenario, the receding lobe is viewed through a longer magnetoionic path length in
the surrounding medium, resulting in stronger depolarization. These polarization gradients serve
as probes of the magnetized environment around radio galaxies, linking asymmetry to the structure
of the circumgalactic medium.

In addition to environmental effects, asymmetries in flux density and spectral index may also arise
due to light travel time effects when the jets are inclined to the line of sight. Because the approaching
and receding lobes are observed at slightly different evolutionary times, the lobes may appear to
have different spectral ageing signatures and brightness levels. Consequently, apparent asymmetries
may occur even if the jets are intrinsically symmetric.

2.3 Implications for Galaxy and Cluster Evolution

Jet–environment coupling has broader implications beyond morphology. The kinetic energy de-
posited by AGN jets heats the surrounding gas, regulates cooling flows in clusters, and suppresses
star formation in massive galaxies. Environmental asymmetry modulates this feedback process: a
jet encountering denser gas transfers energy more efficiently but advances more slowly, leading to
asymmetric cavity structures and uneven heating. Understanding the statistical distribution of asym-
metry parameters, therefore, provides indirect constraints on the efficiency and spatial distribution
of AGN feedback.

In summary, the observed asymmetries in extragalactic radio sources arise from a complex interplay
between intrinsic jet properties and external environmental conditions. Distinguishing between
these contributions requires high-sensitivity, high-resolution observations combined with physical
modelling and simulations. The SKAO, with its unparalleled imaging capabilities, is poised to
deliver precisely the data needed to disentangle these effects, offering new insights into both the
microphysics of jet propagation and the macroscopic impact of AGN on cosmic structure formation.

2.4 Jet Propagation Through Thermal and Non-thermal Ambient Medium

Konar and Hardcastle (2013) reported structural asymmetries in the inner jet heads of several
double-double radio galaxies, where the hotspot on one side appears compact and nearly spherical,
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whereas the hotspot on the opposite side exhibits a more elongated or conical morphology. In their
Fig. 6, they presented some examples of the structural asymmetry in the observed images of inner
jet heads and interpreted it to be due to relativistic jet-head motion, where Equation 2 will hold good
for momentum balance at the jet head. As per their interpretation, the round hotspot is approaching
us, and the conical jet-head side is receding from us. For inner jet-heads, the ambient medium is
non-thermal plasma with little entrained thermal matter in it. Therefore, while the rest mass density
is very low, the internal energy of the non-thermal medium contributes sufficient mass via 𝐸 = 𝑚𝑐2,
leading to a relativistic mass density given by 𝜌𝑎 =

𝜖+𝜌0
𝑎𝑐

2

𝑐2 . Consequently, the ambient medium
becomes dense enough to create the hotspot at the inner jet-heads (Konar and Hardcastle, 2013).

3 The Role of the SKAO in Studying Asymmetry

Throughout this chapter, we adopt the current SKAO array assembly terminology. AA* refers to the
initially funded deployment comprising 144 SKA-Mid dishes (80 SKA dishes together with the 64
MeerKAT dishes) and 307 SKA-Low stations, while AA4 denotes the full design baseline consisting
of 197 SKA-Mid dishes and 512 SKA-Low stations (Braun et al., 2024). Unless otherwise stated,
quoted sensitivities and angular resolutions refer to the AA4 design baseline.

3.1 Advancing Beyond Current Capabilities

Over the past few decades, radio interferometers such as the VLA, LOFAR, and MeerKAT have
provided critical insights into the structure and dynamics of radio galaxies. These facilities have
revealed a variety of asymmetric and hybrid morphology radio sources (HyMoRS), offering tanta-
lizing evidence of the complex interplay between jets and their environments (Gopal-Krishna and
Wiita, 2000; Harwood et al., 2020; Kumari and Pal, 2022; Manik et al., 2025). However, even the
most sensitive current instruments face limitations in surface-brightness sensitivity, dynamic range,
and polarization accuracy. As a result, faint counter-lobes, diffuse relic plasma, and low-level po-
larization structures often remain undetected, hindering our ability to fully characterize asymmetry
and its physical origin.

Current state-of-the-art surveys each probe only part of the parameter space required for compre-
hensive studies of radio-source asymmetry. LoTSS provides excellent low-frequency sky coverage
through its wide-area survey (Shimwell et al., 2026), while the LoTSS deep fields programme
reaches 𝜇Jy-level sensitivities comparable to those achieved by MIGHTEE (Shimwell et al., 2025;
Hale et al., 2025a). Furthermore, imaging with the international LOFAR baselines delivers sub-
arcsecond angular resolution at comparable sensitivities (de Jong et al., 2024). However, these deep
and high-resolution observations are currently limited to relatively small sky areas. MIGHTEE
attains similar continuum sensitivities at GHz frequencies but over a more limited sky coverage. The
SKAO will bridge this gap by combining sub-arcsecond angular resolution with 𝜇Jy beam−1 con-
tinuum sensitivity across large sky areas, enabling statistically robust investigations of radio-source
asymmetry across a wide range of redshift, luminosity, and environment.

The SKAO, at its AA* and AA4 configurations, will overcome these limitations by delivering
an unprecedented combination of sensitivity, angular resolution, and frequency coverage. SKA-
Mid, operating primarily between 0.35 and 15.4 GHz, will achieve sub-arcsecond resolution and
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sub-𝜇Jy sensitivity, enabling the detection of low-surface-brightness features and precise flux and
polarization measurements. SKA-Low, covering frequencies below 350 MHz, will trace the oldest,
steep-spectrum electron populations, revealing fossil emission and spectral-curvature asymmetries
that encode the past dynamical history of jets. At low frequencies, SKA-Low AA4 is expected
to achieve continuum sensitivities of ∼ 5–10 𝜇Jy beam−1 at ∼ 150 MHz in one-hour integrations
(Braun et al., 2024), representing roughly an order-of-magnitude improvement over the median
sensitivity of LoTSS DR3. This improvement will substantially increase the accessible volume for
detecting fossil plasma, relic lobes, and remnant radio galaxies.

These capabilities will allow researchers to probe both compact and extended radio sources across
a wide range of redshifts. For nearby galaxies, the SKAO will resolve fine-scale jet structures,
identifying interaction zones with dense gas clouds. For high-redshift sources, where environmental
effects are amplified by evolving intergalactic conditions, SKA-Mid will provide the first statistically
robust measurements of asymmetry parameters, bridging the gap between individual case studies
and population-level analyses.

3.2 Quantifying Environmental Influence

A major strength of the SKAO lies in its ability to link radio morphological asymmetry with inde-
pendent tracers of the surrounding environment. By combining SKAO continuum and polarization
maps with complementary datasets from next-generation optical and X-ray surveys, such as LSST,
Euclid, and eROSITA, one can quantify local galaxy density, thermal gas distribution, and magnetic
field structure around radio sources.

Multi-frequency polarimetric observations will enable high-precision Faraday rotation measure
(RM) mapping, providing a direct probe of the magnetoionic environment. Variations in RM
and depolarization between the two lobes can be used to infer differences in electron density and
magnetic field strength, thereby establishing whether one jet propagates through a denser or more
turbulent region. The combination of SKA-Mid and SKA-Low polarimetry will, for the first time,
allow continuous frequency coverage from tens of MHz to several GHz, yielding reliable rotation
measure synthesis and detailed depolarization modelling.

Furthermore, environmental asymmetry can be statistically quantified through correlations between
measured radio asymmetry parameters, arm-length ratio (𝑄), flux ratio (𝑅), and depolarization
ratio (𝐷𝑃), and environmental indicators such as galaxy overdensity, X-ray luminosity, or cluster
richness. Such cross-correlations, possible only with the large samples expected from SKAO
surveys, will directly test the long-standing hypothesis that jet asymmetries are primarily driven by
external density gradients rather than intrinsic jet properties.

3.3 Transforming Population Studies

The SKAO has formally approved no Key Science Projects or large-area continuum surveys. Never-
theless, a plausible future science case is a wide-area SKA-Mid Band-2 continuum survey reaching
sensitivities of order 𝜎 ∼ 2 𝜇Jy beam−1 rms over several thousand square degrees. Such a survey
would combine the depth currently achieved only in targeted MeerKAT deep fields with sky cov-
erage comparable to the largest existing radio surveys, enabling the construction of unprecedented
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samples of resolved radio galaxies suitable for asymmetry studies.

For comparison, LoTSS DR3 spans approximately 88% of the northern sky at 144 MHz with a
median sensitivity of ∼ 92 𝜇Jy beam−1 and catalogues nearly 13.7 million radio sources (Shimwell
et al., 2026). MIGHTEE DR1 reaches sensitivities of ∼ 1.3–2.7 𝜇Jy beam−1 at GHz frequencies
but over only ∼ 20 deg2 (Hale et al., 2025a). The EMU survey is expected to detect approximately
40 million radio sources over most of the southern sky at a sensitivity of ∼ 20 𝜇Jy beam−1 (Norris
et al., 2021a). A future SKA-Mid continuum survey combining MIGHTEE-like depth with LoTSS-
like sky coverage would provide an unprecedented sample of well-resolved radio AGN, enabling
population-scale studies of jet asymmetry, environmental influence, and AGN feedback across
cosmic time.

In addition to large-scale surveys, targeted deep fields with SKA-Mid and SKA-Low will probe
faint, high-redshift AGN and low-power radio galaxies, where asymmetry may be most sensitive
to environmental variation. These observations will establish a crucial empirical foundation for
theoretical models of jet–environment coupling and AGN feedback.

3.4 Complementarity with Simulations and Theory

The SKAO’s data products will not only enable observational advances but also provide essential
constraints for numerical modelling. Three-dimensional hydrodynamic and magnetohydrodynamic
(MHD) simulations can replicate jet propagation through non-uniform media, predicting the result-
ing distributions of arm-length and brightness asymmetries under varying conditions of ambient
density, turbulence, and magnetic field geometry. Comparison between such simulations and
SKAO observations will refine our understanding of jet dynamics, entrainment processes, and the
microphysics of shock acceleration.

Through these synergies, the SKAO will transform asymmetry studies from a primarily qualitative
domain into a quantitative, multi-dimensional science. The combined observational and theoretical
framework will enable robust inference of jet power, environmental density contrasts, and the
efficiency of energy transfer between AGN and their host environments.

4 Methodology and Observational Approach

4.1 Defining and Measuring Asymmetry Parameters

A rigorous study of radio-source asymmetry requires well-defined quantitative metrics that capture
the geometric, radiative, and polarization properties of the two lobes. The arm-length ratio (𝑄),
flux density ratio (𝑅), and depolarization ratio (𝐷𝑃) are among the most widely used observables
for quantifying large-scale asymmetries.

• Arm-length ratio (𝑄 = 𝑙long/𝑙short): This parameter quantifies the relative extension of the
two lobes and serves as a measure of propagation asymmetry (e.g. Gopal-Krishna and Wiita,
2004; Manik et al., 2025). Values of 𝑄 > 1 indicate that one jet has advanced farther into
the surrounding medium, potentially due to differences in the external density or jet–medium
interaction. In well-studied samples of FR-II radio galaxies, 𝑄 typically lies in the range
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1.1–1.5 (e.g. Best et al., 1995; Gopal-Krishna and Wiita, 2004), although extreme cases
can reach 𝑄 > 2–3, occasionally exceeding 𝑄 ∼ 4–5 in the most asymmetric sources (e.g.
Bagchi et al., 2007; Manik et al., 2025). Giant radio sources tend to display somewhat
larger asymmetries on average, consistent with propagation through more inhomogeneous
large-scale environments (Manik et al., 2025).

• Flux density ratio (𝑅 = 𝑆bright/𝑆faint): This ratio compares the integrated brightness of the
two lobes (e.g. Gopal-Krishna and Wiita, 2004; Manik et al., 2025). Deviations from unity
may arise from Doppler boosting, adiabatic expansion losses, or environmental confinement
affecting energy dissipation in each lobe. Typical values in FR-II radio galaxies lie in the
range 𝑅 ∼ 1.5–4, with a median close to 𝑅 ∼ 2 (e.g. Gopal-Krishna and Wiita, 2004). In
moderately asymmetric sources, 𝑅 reaches 5–10, while in extreme cases – including single-
lobe or highly one-sided radio galaxies – values of 𝑅 ≳ 20 have been reported (Bagchi et al.,
2007).

• Depolarization ratio (𝐷𝑃 = 𝑝1/𝑝2, where 𝑝𝑖 is the fractional polarization of lobe 𝑖): This
parameter traces asymmetries in the magnetoionic environment along the two lines of sight,
arising from differential Faraday depolarization between the approaching and receding lobes,
the well-known Laing–Garrington effect (Laing, 1988; Garrington et al., 1988). The radio
lobe on the same side as the approaching jet generally exhibits higher fractional polarization
because its emission traverses a shorter column of the magnetoionic halo of the host galaxy,
whereas the receding lobe’s emission passes through a longer path through that halo, accu-
mulating greater Faraday depolarization. The lobe on the same side as the approaching jet
typically exhibits higher fractional polarization (i.e., less depolarization) because its line of
sight traverses less of the magnetized halo. Observed values of 𝐷𝑃 span a wide range; in
moderately asymmetric sources 𝐷𝑃 ∼ 1.5–3, but ratios exceeding 𝐷𝑃 ∼ 5–10 are found in
sources embedded in dense, magnetized cluster atmospheres (e.g. Garrington et al., 1991;
Gopal-Krishna and Wiita, 2004). Since 𝐷𝑃 is sensitive to both Faraday depth and mag-
netic turbulence along the line of sight, it provides an independent environmental diagnostic
complementary to 𝑄 and 𝑅.

With the sub-arcsecond imaging fidelity and 𝜇Jy beam−1-level sensitivity of the SKA-Mid, these
parameters can be measured for statistically meaningful samples across a wide range of redshifts.
High dynamic range imaging will also enable the detection of diffuse, low-surface-brightness
structures, ensuring that both the primary and counter lobes are robustly characterized.

4.2 Spectral Index and Injection Index Asymmetry

In addition to geometric and polarization asymmetries, differences in spectral properties between
the two lobes can provide important diagnostics of particle acceleration and energy losses. A useful
parameter in this context is the spectral index asymmetry,

Δ𝛼 = 𝛼jet − 𝛼counterjet,

which quantifies the difference in spectral steepening between opposite lobes (Manik et al., 2025).
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The spectral properties of radio lobes are closely linked to the efficiency of particle acceleration at
the jet termination shocks. The strength of these shocks depends on the relativistic Mach number
(𝑀) of the jet fluid with respect to the hotspot frame rather than the host galaxy frame (Konar and
Hardcastle, 2013). If the hotspot advances too rapidly, the effective Mach number may decrease;
in the limit 𝑀 < 1, a strong termination shock may not form at the jet head. Since the efficiency of
particle acceleration depends on the Mach number, differences in jet–environment interaction on
the two sides may lead to variations in the injection spectral index.

Previous studies (Konar et al., 2006; Jamrozy et al., 2007; Konar et al., 2008; Nandi et al., 2010;
Konar et al., 2012, 2013; Patra and Pal, 2024) have generally constrained a single injection spectral
index for both lobes of a radio galaxy due to limitations in sensitivity. The sensitivity and wide
frequency coverage of the SKAO will enable this measurement to be performed separately for the
two lobes, allowing a direct test of injection index asymmetry.

The SKAO will also allow detailed comparisons between the injection spectral indices of inner
and outer lobes in double–double radio galaxies (DDRGs). For example, Konar and Hardcastle
(2013) reported similar injection spectral indices in the inner and outer doubles of several DDRGs
and interpreted this as evidence for comparable jet powers in the two activity episodes. With the
improved sensitivity and resolution of the SKAO, these results can be tested with much larger
samples and with spatially resolved spectral analysis of hotspot regions.

Moreover, the detailed hotspot structures of both inner and outer jets can be studied with unprece-
dented sensitivity, providing new insights into jet dynamics, particle acceleration processes, and
the microphysics of relativistic shocks.

4.3 Theoretical Predictions for Asymmetry in FR-II Sources

Dynamical models of classical FR-II radio sources predict explicit scalings between source linear
size 𝐷, radio continuum luminosity 𝐿𝜈 , and the properties of the ambient atmosphere (e.g. Shabala
and Godfrey, 2013; Kaiser and Alexander, 1997; Willott et al., 1999). For an atmosphere with a
power-law density profile

𝜌(𝑟) = 𝜌0

(
𝑟

𝑟0

)−𝛽
,

the analytic scalings (see Eqs. 1 and 4 of Shabala and Godfrey 2013) can be written as

𝐷 ∝ 𝜌−𝑎0 , 𝑎 ≡ 1
5 − 𝛽

, (3)

and

𝐿𝜈 ∝ 𝜌
(5+𝑠)/12
0 𝐷 𝐵, 𝐵 ≡ 3 − 4 + 𝛽

3

(
5 + 𝑠

4

)
, (4)

where 𝑠 is the electron energy power-law index at injection (typical values 𝑠 ≈ 2.0–2.5; see Kaiser
and Alexander 1997; Turner et al. 2018).

Substituting Equation 3 into Equation 4 gives a direct dependence of radio luminosity on ambient
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density,

𝐿𝜈 ∝ 𝜌
(5+𝑠)/12
0

(
𝜌−𝑎0

)𝐵
= 𝜌

𝑝

0 , (5)

𝑝 ≡ 5 + 𝑠

12
− 𝑎 𝐵 =

5 + 𝑠

12
− 1

5 − 𝛽

[
3 − 4 + 𝛽

3

(
5 + 𝑠

4

)]
. (6)

These relations allow immediate predictions for asymmetry when the two sides of the host have
different characteristic densities. Let 𝑟 ≡ 𝜌1/𝜌2 be the density contrast between side 1 and side 2.
Then

• the predicted arm-length ratio is

𝑄 ≡ 𝐷1
𝐷2

= 𝑟−𝑎 = 𝑟−1/(5−𝛽) , (7)

• the predicted luminosity ratio is
𝑅𝐿 ≡ 𝐿1

𝐿2
= 𝑟 𝑝, (8)

where 𝑎 and 𝑝 are given by Equations 3 and 6, respectively.

Here, 𝑠 ≈ 2–2.5 denotes the typical slope of the power-law electron energy distribution at the
hotspot, as indicated by standard dynamical and spectral-ageing models (e.g. Kaiser and Alexander,
1997; Willott et al., 1999; Turner et al., 2018). Assuming the typical values of 𝛽, between 0
and 2, evaluating Equation 6 for the commonly used parameter combinations yields the following
exponents for the luminosity–density relation 𝐿𝜈 ∝ 𝜌

𝑝

0 :

(𝛽, 𝑠) 𝑝

(0, 2.0) 0.4500
(0, 2.5) 0.5250
(2, 2.0) 0.7500
(2, 2.5) 0.8750

As a concrete illustration, for a modest density contrast 𝑟 = 2 (i.e. one side twice as dense as the
other) we obtain:

arm-length ratio 𝑄 = 𝑟−1/(5−𝛽)

(for 𝑟 = 2): 𝑄(𝛽 = 0) = 2−0.20 ≈ 0.871, 𝑄(𝛽 = 2) = 2−1/3 ≈ 0.794,

So the jet advancing into the denser medium is predicted to be noticeably shorter.

The corresponding luminosity ratios for 𝑟 = 2 are

𝑅𝐿 (𝑟 = 2) = 2𝑝 ⇒


(𝛽 = 0, 𝑠 = 2.0) : 𝑅𝐿 ≈ 20.45 ≈ 1.37,
(𝛽 = 0, 𝑠 = 2.5) : 𝑅𝐿 ≈ 20.525 ≈ 1.44,
(𝛽 = 2, 𝑠 = 2.0) : 𝑅𝐿 ≈ 20.75 ≈ 1.68,
(𝛽 = 2, 𝑠 = 2.5) : 𝑅𝐿 ≈ 20.875 ≈ 1.83.

These examples show that even modest density asymmetries (𝑟 ∼ 2) produce measurable differences
in both arm length and lobe luminosity, with the effect amplified for steeper atmosphere profiles
(larger 𝛽) and larger injection indices 𝑠.

13



Exploring Jet-Environmet Interation in Radio Sources With SKAO Pal et al.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Density Ratio (ρ1/ρ2)

1.0

1.5

2.0

2.5

3.0
A

rm
-L

en
gt

h
R

at
io

(Q
)

β = 0
β = 2
ERQs (Manik et. al.,2025)

0.8 1.0 1.2 1.4 1.6 1.8 2.0

Length Ratio (D1/D2)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

L
u

m
in

os
it

y
R

at
io

(L
1/

L 2
)

s = 2.0

s = 2.5

Figure 2: Predicted structural asymmetry for FR-II sources. Left: Arm-length ratio 𝑄 = 𝐷1/𝐷2 as a
function of the ambient density contrast 𝑟 = 𝜌1/𝜌2. The curves drawn for 𝛽 = 0 and 𝛽 = 2. Grey points
correspond to the estimated asymmetry properties of extended radio quasars from Manik et al. (2025). Right:
Luminosity ratio 𝑅𝐿 = 𝐿1/𝐿2 as a function of density contrast 𝑟 = 𝜌1/𝜌2, with curves shown for typical
electron energy power-law index at injection 𝑠 ∼ 2 − 2.5.

4.3.1 Caveats

The analytic scalings above assume simplified conditions (self-similar expansion, no spatially vary-
ing electron ageing beyond the assumed injection slope, and a direct mapping between lobe pressure
and emitted luminosity). In practice, additional effects, including spectral ageing, departures from
equipartition, local re-acceleration, and magnetic-field inhomogeneities, introduce scatter and may
modify the observed luminosity asymmetry. Nevertheless, Equations 7 and 8 provide useful base-
line expectations to compare with SKAO observations and with synthetic radio maps derived from
MHD simulations.

The analytical relations above establish the baseline expectations for how asymmetric environments
imprint measurable signatures on FR-II morphology. Density contrasts of only a factor of two
can already produce arm-length ratios of 𝑄 ∼ 1.2–1.4 for realistic atmospheric slopes (𝛽 = 0–
2), while the corresponding luminosity asymmetries depend sensitively on the injection index 𝑠,
with steeper electron spectra amplifying the environmental dependence. These theoretical curves
therefore provide a physically grounded framework against which observational measurements
of arm-length, flux density, spectral index, and depolarization asymmetries can be interpreted.
Importantly, they also define the dynamic range and sensitivity required to detect such asymmetries
in faint high-redshift sources. In this context, next-generation facilities such as the SKAO will
enable population-level tests of these predictions, allowing the role of environmental gradients, jet
composition, and plasma ageing to be disentangled with unprecedented precision.

4.4 Survey Strategy and Source Selection

A future wide-area continuum survey with SKA-Mid, if undertaken as part of a future SKAO science
programme, would provide the primary dataset for statistical studies of radio-source asymmetry. For
detailed analysis, a representative subsample of sources spanning a wide range of radio luminosities
(1023–1027 W Hz−1), redshifts (𝑧 ∼ 0.1–2), and morphological classes (FR I, FR II, and HyMoRS)
will be selected.
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Complementary deep observations in well-studied extragalactic fields (e.g., COSMOS, ELAIS-S1,
and GOODS-South) will offer higher sensitivity to low-surface-brightness emission and provide
access to extensive multiwavelength ancillary data. These deep fields will be critical for detecting
faint counter-jets, relic lobes, and relic plasma that are essential for disentangling beaming from
environmental effects.

Source selection will emphasize completeness and uniformity, ensuring that asymmetry statistics are
not biased by orientation or selection thresholds. Automatic source extraction and morphological
classification pipelines, supported by machine-learning algorithms trained on SKA Pathfinder data,
will be used to identify double-lobed systems and measure structural parameters systematically.

4.5 Cross-matching and Environmental Characterization

Quantifying the environments of SKAO-detected radio galaxies is essential for interpreting jet
asymmetry. Multiwavelength cross-matching will provide the host and environmental parameters
needed to link asymmetry measures to underlying physical conditions.

Optical and infrared surveys (LSST, Euclid, JWST) will supply redshifts, stellar masses, and local
galaxy-density estimates. X-ray missions (e.g. eROSITA, Chandra) will map the hot intragroup
and intracluster medium, yielding constraints on external density, pressure, and temperature. Spec-
troscopic surveys such as 4MOST (de Jong et al., 2019) and DESI (DESI Collaboration et al., 2025)
will add velocity-dispersion and dynamical information for clusters and groups.

Combining these datasets will allow the construction of a multi-parameter database linking radio
asymmetry measures (𝑄, 𝑅, 𝐷𝑃, Δ𝛼) to physical environmental variables such as density contrast,
magnetic field strength, and ambient pressure. Correlation analyses across this parameter space will
test the hypothesis that environmental inhomogeneity is the dominant driver of large-scale radio
asymmetry.

4.6 Simulations and Model Comparisons

Numerical simulations are essential for interpreting observed asymmetries in physical terms. Mag-
netohydrodynamic (MHD) and hydrodynamic simulations of jet propagation in stratified or clumpy
media can reproduce a wide range of observed morphologies, including arm-length and brightness
disparities (Gaibler et al., 2011; Yates-Jones et al., 2021).

Model grids will be generated varying key parameters such as jet kinetic power, environmental
density gradient, and magnetic field configuration. Synthetic radio maps derived from these
simulations, convolved to SKAO-like resolution and noise levels, will be directly compared with
observations. This comparison will constrain physical quantities such as jet advance speed, energy
dissipation efficiency, and the role of magnetic fields in stabilizing or distorting jets.

The integration of observational data, statistical modelling, and high-resolution simulations will
enable a physically grounded interpretation of the SKAO’s asymmetry measurements. In turn, these
results will feed back into refined models of jet confinement, AGN feedback, and the influence of
large-scale environment on radio-source evolution.
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5 Science Outcomes Enabled by SKAO

The SKAO will open an unprecedented observational window for understanding the physical origin
and cosmic evolution of radio source asymmetry. Its combination of high sensitivity, wide fre-
quency coverage, and sub-arcsecond angular resolution will enable both population-level statistical
studies and detailed investigations of individual systems. The ability to detect faint, extended, and
low-surface-brightness features will significantly advance our understanding of jet-environment
coupling, AGN duty cycles, and the feedback mechanisms that regulate galaxy evolution.

5.1 Tracing Faint and Aged Radio Lobes

One of the major advances expected from the SKAO is the ability to detect relic and remnant
radio lobes in a statistically significant fraction of radio galaxies. Although such structures have
already been identified in a limited number of sources in current low-frequency surveys, their true
occurrence rate remains uncertain because of sensitivity limitations. These low-surface-brightness,
steep-spectrum features trace previous episodes of AGN activity and therefore provide important
constraints on AGN duty cycles.

SKA-Low, operating at frequencies below 350 MHz, will be particularly sensitive to this aged
synchrotron emission, enabling the detection of faint relic plasma that remains invisible in most
existing surveys. This will allow systematic studies of past jet activity and the processes that
lead to morphological asymmetry. In particular, identifying asymmetric relic structures will help
determine whether environmental confinement or intermittent jet activity is the dominant driver of
the observed morphological differences.

5.2 Quantifying Jet–Environment Interactions

High dynamic range imaging from SKA-Mid will allow precise mapping of brightness and polar-
ization asymmetries across radio lobes and jets. By combining these data with X-ray and optical
surveys, it will be possible to correlate asymmetry parameters with host galaxy properties, in-
tergalactic medium density, and local cluster conditions. This will enable quantitative tests of
hydrodynamical models that describe jet deceleration and energy transfer. The SKAO will provide
an unprecedented opportunity to investigate how environmental density gradients and magnetic
fields influence jet propagation and radiative losses.

5.3 Population Statistics and Evolution with Redshift

With its wide-field survey capability, the SKAO will detect millions of radio sources across cosmic
time, enabling statistical characterization of asymmetry as a function of redshift, radio power, and
host morphology. Such large datasets will allow researchers to distinguish between intrinsic and
extrinsic asymmetry drivers through population-level correlations. The combination of deep SKA-
Mid and SKA-Low continuum surveys with optical and infrared data from LSST, Euclid, and JWST
will help trace the co-evolution of AGN jets and their host galaxies, offering direct insights into
how AGN feedback has evolved over billions of years.
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5.4 Polarization and Magnetic Field Diagnostics

SKAO’s exceptional polarization sensitivity will enable detailed studies of Faraday rotation and
depolarization asymmetry between the two lobes of radio galaxies. These diagnostics are powerful
tools for probing magnetized plasma around jets and within the surrounding medium. By construct-
ing rotation measure (RM) maps with high spatial precision, the SKAO will reveal how magnetic
fields modulate jet stability and energy dissipation. This will further clarify the role of magnetic
collimation and environmental magnetization in producing observed asymmetries.

5.5 Discovery of Rare and Transitional Sources

The SKAO’s sensitivity to both compact and diffuse emission will facilitate the discovery of rare
hybrid and transitional systems, such as hybrid morphology radio sources (HyMoRS; Gopal-Krishna
and Wiita 2000; Gawroński et al. 2006; Kapińska et al. 2017; Harwood et al. 2020; Kumari and Pal
2022; Manik et al. 2025) and double–double radio galaxies (DDRGs; Konar and Hardcastle 2013),
that offer unique insights into AGN intermittency and jet evolution. These sources provide natural
laboratories for studying the interplay between intrinsic jet physics and asymmetric environmental
conditions. Large samples of such systems will allow the development of new evolutionary models
connecting jet reorientation, feedback episodes, and large-scale structure growth.

5.6 Synergy with Multiwavelength and Numerical Studies

Finally, the SKAO’s science outcomes will be amplified through synergy with next-generation
observatories and simulations. Joint analyses with X-ray data from Athena, optical/IR data from
JWST and Euclid, and spectroscopic data from the 4MOST survey (de Jong et al., 2019) will provide
a multi-phase view of jet–environment interactions. In parallel, magnetohydrodynamical (MHD)
simulations incorporating realistic density fields and feedback prescriptions will help interpret
SKAO’s observations within a coherent theoretical framework. Together, these efforts will enable a
comprehensive, multiwavelength picture of asymmetry formation and its role in the cosmic baryon
cycle.

6 Synergies and Staged Delivery

The scientific potential of the SKAO in studying jet asymmetry and environmental influence will be
realized progressively through its staged deployment and through coordinated synergy with other
major astronomical facilities. The phased approach, beginning with SKA-Low and SKA-Mid and
later progressing toward the AA4 design baseline, ensures that key science goals can be achieved
incrementally while also guiding the refinement of data analysis techniques, calibration strategies,
and theoretical modelling.

6.1 Staged Delivery: From AA* to AA4

The initial SKAO deployment (AA*) will already represent a transformative leap in radio astronomy.

• SKA-Low (50–350 MHz) will be essential for detecting faint, steep-spectrum, and aged
synchrotron plasma associated with relic lobes and diffuse emission. Its sensitivity to low-
frequency spectral curvature will help trace spectral ageing and identify remnant structures
that encode the history of jet activity and asymmetry formation.
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• SKA-Mid (0.35–15.4 GHz) will provide sub-arcsecond resolution and high dynamic range
imaging, enabling detailed mapping of brightness, polarization, and spectral index asymme-
tries in both compact and extended radio galaxies. Polarimetric observations will allow pre-
cise determination of Faraday rotation gradients and magnetic field configurations, yielding
insights into the magneto-ionic environment and its asymmetrical effects on jet propagation.

Even during early operations (AA1–AA2), SKA pathfinder and precursor data (MeerKAT, ASKAP,
uGMRT, LOFAR) will support preparatory science. These data can establish baseline asymmetry
statistics and inform optimal survey strategies for SKA-Mid.

With Array Assembly 4 (AA4), full-sensitivity imaging will extend studies to sub-𝜇Jy levels,
revealing asymmetric emission in high-redshift AGN and faint populations of radio-quiet quasars.

A potential future expansion of the SKAO array beyond the AA4 design baseline could further extend
both the frequency coverage and maximum baseline length, yielding substantial improvements in
sensitivity and angular resolution. This will enable the detection of extremely faint counter-jets,
low-luminosity sources at high redshifts (𝑧 > 3), and small-scale features such as jet knots or
shock fronts. Combined with temporal monitoring, this will allow time-domain studies of evolving
asymmetry, precession, and episodic activity across AGN lifecycles. However, the scope, technical
specifications, and timeline of any such expansion remain to be defined.

6.2 Synergies with Other Observatories

SKAO science will be strengthened through coordinated multiwavelength observations, each provid-
ing complementary constraints on the AGN-environment system. X-ray facilities (Chandra, XMM-
Newton, Athena) will map the hot gas that shapes jet propagation. Optical and IR surveys (LSST,
Euclid, JWST) will supply host-galaxy properties and merger histories. Millimetre/submillimetre
observatories (ALMA, ngVLA) will trace cold gas and dust affected by jet-driven feedback. High-
resolution MHD simulations and radiative-transfer modelling will further aid interpretation by
linking SKAO observables to underlying jet–environment interactions.

6.3 Progressive Science Returns

The staged delivery of the SKAO ensures that critical science outcomes will be achieved early, even
before full deployment. Pilot surveys conducted during AA* and AA4 commissioning will provide
essential test cases for source finding, morphological classification, and polarization calibration
pipelines. These early datasets will also enable cross-comparison with existing surveys, such as the
LOFAR Two-Metre Sky Survey (LoTSS; Shimwell et al. 2017, 2022), the MeerKAT International
GHz Tiered Extragalactic Exploration (MIGHTEE; Jarvis et al. 2016; Hale et al. 2025b), and the
Evolutionary Map of the Universe (EMU; Norris et al. 2021b), thereby establishing continuity in
the study of radio source asymmetry.

As the SKAO progresses from AA* to the full AA4 design baseline, the scope of scientific discovery
will expand dramatically, from resolving individual jet-environment interactions to constructing a
statistically robust evolutionary framework for AGN asymmetry across cosmic time.
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7 Future Enhancements and Prospects

The scientific impact of the SKAO will continue to expand through advances in data-processing
techniques, theoretical modelling, and coordinated observations with complementary facilities.
The combination of increasingly sophisticated analysis methods and multiwavelength datasets
will further enhance our ability to probe jet–environment interactions and the evolution of radio
asymmetries across cosmic time.

7.1 Enhanced Instrumentation and Capabilities

The current AA4 design baseline for SKA-Mid covers frequencies between 0.35 and 15.4 GHz
through Bands 1, 2, and 5 (Bonaldi et al., 2024). Investigations requiring observations at fre-
quencies above 15 GHz will rely on complementary facilities such as ALMA and the ngVLA.
Joint observations with these instruments will extend the spectral coverage available for studies
of compact jet cores, hotspots, and particle acceleration processes. Within its planned frequency
range, SKA-Mid will provide continuous multi-band polarimetric coverage capable of delivering
high-fidelity Faraday rotation and depolarization measurements. Integration of SKA-Mid with
existing VLBI networks, including the African VLBI Network and the European VLBI Network,
will provide milliarcsecond-scale angular resolution for mapping compact jets, hotspots, and shock
fronts, linking parsec- and kiloparsec-scale asymmetries (Cegłowski et al., 2013).

7.2 Computational and Analytical Advances

The vast data volumes produced by SKAO surveys necessitate innovative approaches to data han-
dling and interpretation. Machine-learning and artificial intelligence (AI) frameworks, trained on
precursor datasets from MeerKAT, ASKAP, and LOFAR, will enable the automatic identification
and classification of asymmetric morphologies across the vast source populations expected from
future SKAO surveys. These methods will help recognize rare phenomena such as hybrid morphol-
ogy radio sources (HyMoRS), restarted jets, and precessing systems, cases where manual inspection
would be infeasible.

Advanced statistical modelling, including Bayesian inference and neural simulation-based analyses,
will allow direct comparison between observational distributions and theoretical predictions of
jet–environment coupling. This will help constrain physical parameters such as jet power, density
contrast, and magnetization, providing quantitative insights into asymmetry formation.

7.3 Theoretical and Multi-Physics Modelling

Coupled magnetohydrodynamic and radiative transfer simulations, combined with cosmic-ray trans-
port and shock-cooling physics, will be crucial for interpreting SKAO observations (Gaibler et al.,
2011; Yates-Jones et al., 2021). These models will reproduce the morphological evolution of asym-
metric jets in clumpy or stratified media, predicting observables such as arm-length ratio, spectral
curvature, and polarization gradients. When compared with high-fidelity SKAO observations, such
models will enable stringent tests of jet stability, entrainment, and feedback efficiency across a
broad range of redshifts and environments.
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7.4 Broader Astrophysical Impact

The insights gained from SKAO’s study of jet asymmetry extend far beyond radio galaxy morphol-
ogy. By tracing how AGN inject energy into the circumgalactic and intergalactic media, SKAO
observations will illuminate fundamental processes governing galaxy evolution, quenching, and
large-scale structure formation. Moreover, asymmetric jet systems can serve as unique probes of
anisotropic environments, cluster weather, and the role of cosmic magnetism in shaping extragalactic
systems.

Ultimately, the SKAO, through its synergy with future facilities like Athena, JWST, Euclid, and
the ngVLA, will play a central role in the next generation of multiwavelength astrophysical studies,
enabling a comprehensive understanding of the interplay between black holes, jets, and their cosmic
environments.

Compared with current facilities and surveys such as LoTSS, MIGHTEE, and EMU, the SKAO
will combine significantly improved sensitivity, angular resolution, polarization fidelity, and survey
speed within a single observatory. This capability will enable asymmetry studies to progress
from investigations of individual sources and small samples to population-scale analyses involving
hundreds of thousands of radio galaxies across a broad range of environments and cosmic epochs.

8 Conclusions

Jet asymmetry in extragalactic radio sources remains one of the most powerful probes of how
relativistic outflows interact with their surrounding environments. The observed differences in
arm length, flux density, spectral index, and polarization between opposite lobes encode vital
information about both the intrinsic properties of the jets and the external media through which
they propagate. Understanding the physical drivers of these asymmetries is therefore fundamental
to disentangling the relative roles of jet dynamics, environmental structure, and feedback processes
in galaxy evolution.

The unprecedented capabilities of the SKAO, in sensitivity, angular resolution, and broadband
polarization fidelity, will revolutionize our capacity to explore these questions. SKA-Low and
SKA-Mid will together enable comprehensive mapping of radio galaxies across a wide redshift
range, capturing both active and relic emission components with unmatched detail. By correlating
radio asymmetry parameters with environmental indicators derived from optical, infrared, and X-
ray surveys, the SKAO will provide direct empirical tests of jet–medium coupling and feedback
models.

Through a combination of deep imaging, polarization diagnostics, and large statistical samples,
SKAO observations will finally allow the community to:

• Distinguish between intrinsic and environmental origins of asymmetry across diverse AGN
populations;

• Quantify the efficiency and spatial scale of jet-driven feedback within different galactic and
cluster environments;
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• Trace the evolution of jet asymmetry and feedback strength from the nearby Universe to the
epoch of early galaxy formation; and

• Constrain the physical conditions, density, pressure, and magnetization, governing jet propa-
gation in realistic cosmic settings.

By coupling these observations with next-generation simulations and machine-learning-based anal-
ysis pipelines, the SKAO will transform our theoretical and empirical understanding of radio galaxy
asymmetry and its cosmological implications. In doing so, the SKAO will not only address long-
standing questions about jet physics but also establish radio asymmetry as a precise diagnostic tool
for probing the structure and evolution of the cosmic environment from the local Universe to high
redshift.
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