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CPRT: Bridging Theory and Observation in the SKA Era Chan et al.

Realizing the full scientific potential of the SKA requires not only revolutionary
instrumentation but also accurate modeling of light propagation in an evolving,
expanding Universe, in order to translate intensity and polarization data into phys-
ical insight about magnetic fields and cosmic plasma. When all-sky cosmological
polarized radiative transfer (CPRT) calculations meets SKA observations, theory
and data interlock to deliver a predictive, and testable picture of the evolving
magneto-ionic Universe. This synergy transforms polarization observations—
assembled into empirical maps of diffuse emission and rotation-measure (RM)
grids of discrete sources—from descriptive data products into powerful astrophys-
ical probes, advancing our understanding of cosmic magnetism across space and
time.

The CPRT formalism—derived from fundamental conservation laws and incor-
porating relativistic, cosmological, and full radiative-transfer effects—provides a
robust platform and a common framework for observers, theorists, and simulation
experts to pursue shared scientific goals. Observers gain synthetic templates to
interpret RM grids and polarization maps; theorists can directly confront models
of magnetogenesis and magnetic-field evolution with data; and simulation experts
obtain a post-processing tool to transform cosmological magneto-hydrodynamic
(MHD) outputs into observable skies. Furthermore, CPRT serves as a powerful
testbed when traditional RM-based methods reach their limitations—for exam-
ple, in interpreting complex Faraday spectra, disentangling multiple intervening
magnetized media, or achieving a coherent picture when diverse observational
diagnostics—such as dispersion measure, synchrotron emission and spectral in-
dex, and dust polarization—are combined.
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1 Introduction

Magnetic elds are a fundamental but elusive component of the Universe. They permeate every
known cosmic environment, from stellar interiors and galactic disks to the tenuous laments of
the intergalactic medium that form the cosmic web (see also Sun et al., 2026; Mao et al., 2026;
Curtin et al., 2026). They are crucial in shaping the behavior of baryonic matter: guiding charged-
particle transport, in uencing gas dynamics and thermal balance, mediating feedback from stars
and active galactic nuclei, and governing the acceleration and con nement of cosmic rays (Beck,
2015; Subramanian, 2016). On cosmological scales, magnetic elds are expected to be broadly
coupled to baryonic ows, resulting in a spatial correlation with the lamentary cosmic web de ned

by the underlying dark-matter distribution (e.g. Ryu et al. 2008; Vazza et al. 2014), though this
correspondence can be modi ed by turbulence, reconnection, and feedback processes. Yet the
origin, strength, and structure of these vast magnetic elds remain poorly constrained (Vazza et al.,
2018; Bruggen et al., 2020). Understanding this hidden magnetic component is essential for a
complete physical picture of structure formation, galaxy evolution, and cosmic plasma processes.

In parallel, advances in both observational capability and theoretical modeling have set the stage
for a breakthrough in our understanding of cosmic magnetism, from compact sources to the largest
structures in the Universe.

On the observational side, broadband polarimetric observations from the path nders and precursors
to the Square Kilometre Array (SKA) such as the Australian SKA Path nder (ASKAP; McConnell

et al., 2020; Gaensler et al., 2025), the Low-Frequency Array (LOFAR; van Haarlem et al., 2013;
Shimwell et al., 2017, 2026) , the MeerKAT array (Jonas and MeerKAT Team, 2016; Taylor and
Legodi, 2024), and the Murchison Wide eld Array (MWA; Tingay et al., 2013; Lenc et al., 2016)

have enabled wide- eld, high-sensitivity polarization studies across a broad frequency range. These
observations, together with complementary measurements from other instruments, have revealed a
wealth of polarized phenomena, ranging from Faraday-complex Galactic structures (e.g. Haverkorn,
2015; Dickey et al., 2022; Heywood et al., 2022), odd radio circles (e.g. Norris et al., 2025; Pal
et al., 2026), to extreme range of magneto-ionic conditions traced by extragalactic fast radio bursts
(e.g. Michilli et al., 2018; Xu et al., 2022; Pandhi et al., 2024, 2025). These discoveries have
demonstrated how wide-band, high-dynamic-range polarimetry can now probe magnetic elds
across vastly di erent physical scales, cumulating to the SKA. They have also demonstrated that
the magnetized Universe is far richer and more intricate than previously known, while highlighting
the need for next-generation tools to interpret this growing wealth of data.

On the theoretical front, cosmological magneto-hydrodynamic (MHD) simulations have matured
into powerful tools for exploring the evolution of cosmic magnetic elds from early seeding to
large-scale ampli cation. These simulations generate theoretical universes by evolving a cubic
comoving volume through cosmological time, tracking the coupled dynamics of plasma, turbulence,
and magnetic elds. State-of-the-art codes such as ENZO (Bryan et al., 2014), RAMSES (Teyssier,
2002; Fromang et al., 2006), and AREPO (Springel, 2010; Pakmor and Springel, 2013; Pillepich
et al., 2018) solve the MHD equations self-consistently, revealing how turbulence, shear ows,
and feedback processes strengthen and distribute magnetic energy throughout the cosmic web
(Vazza et al., 2014; Marinacci et al., 2018; Pakmor et al., 2024). With adaptive and moving-mesh
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techniques, these models bridge scales from megaparsec laments to sub-kiloparsec galactic cores,
permitting magnetic elds to emerge as dynamically active agents that in uence gas accretion,
feedback, and the thermal history of the Universe.

However, connecting such simulated volumes directly to real observations is non-trivial. The
radiation detected by telescopes at a given observing frequency does not represent the sequential
evolution of a single simulation cube; rather, it arises from light emitted by spatially distinct regions

of the Universe at di erent lookback times. Observational data are therefore an integration along
the observer's past light cone a convolution of emission from sources at varying emitted epochs.

In contrast, simulation snapshots correspond to comoving volumes evaluated at discrete cosmic
times, which cannot be simply stacked or cross-correlated to what an observer would measure along
the light cone in polarized emission. Simple visualizations or synthetic map-making based on a
shapshot of simulation cubes neglect this causal structure and risk introducing arti cial artifacts.

When emission from di erent epochs within the same comoving domain is cross-correlated, one
e ectively compares a region of the Universe with itself at multiple evolutionary stages. This self-
mapping produces spurious coherence and arti cial patterns, a limitation that can be understood
in topological terms as akin to the constraints implied by Brouwer's xed-point theorem (see e.g.
Starr, 2011; Farmakis and Moskowitz, 2013). These artifacts a ect our interpretation of simulated
observables and lead to an unjust comparison between simulations and data.

To overcome these limitations and establish a direct, physically consistent link between simulations
and polarization observations, a covariant Cosmological Polarized Radiative Transfer (CPRT)
formalism (Chan et al., 2019; On et al., 2019) has been developed. It constructs observables
directly on the observer's past light cone, tracing the full Stokes parameter&i—*,—+° along
sightlines through an evolving, magnetized universe. By explicitly incorporating all relevant
radiative processes emission, absorption, Faraday rotation, and Faraday conversion (a propagation
e ect that converts linear polarization into circular polarization, and vice versa) and by self-
consistently accounting for both local and global e ects in a fully covariant, frequency-dependent
manner, CPRT ensures that each line of sight captures radiation from the correct cosmic epoch and
spatial location, thereby bringing theoretical simulation frontiers onto the observational plane.

Observationally, polarization data are typically interpreted using Rotation Measure (RM) synthesis
(Brentjens and de Bruyn, 2005; Van Eck et al., 2026; Carcamo et al., 2026) and &*- tting (e.qg.
O'Sullivan et al., 2012; Oberhelman et al., 2026). RM synthesis reconstructs the Faraday depth
distribution from the observed polarization data, whereas &* tting constrains parameterized
models of the magneto-ionic medium through direct tting of the Stokes spectra. In the simplest
case where a single, Faraday rotating screen lies in front of a polarized background source
the full CPRT formalism reduces to the classical linear relation between polarization angle and
wavelength squared, from which the RM is de ned. In this sense, RM can be understood as a
special case of CPRT under highly simpli ed physical conditions.

More generally, the observed complex polarization, %o{= & 2°  8*1 20) can be expressed
in terms of the Faraday dispersion function, 1g°, which describes the distribution of polarized
emission as a function of Faraday depth g along the line of sight. This relation is derived within a
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forward model in which the observed polarization arises from the linear superposition of emission

components undergoing Faraday rotation. However, real astrophysical environments often vio-
late these simplifying assumptions, particularly when synchrotron emission and Faraday rotation
are co-spatial within inhomogeneous magneto-ionic media, giving rise to Faraday-thick structures
and complex, wavelength-dependent depolarization. While multiple Faraday-thin components can
often be treated as a linear superposition, such mixed emitting and rotating regions introduce
additional ambiguities. Under these circumstances, reconstructing or interpreting the underlying
magneto-ionic structure becomes increasingly non-unique. RM synthesis may su er from am-

biguities in Faraday depth space, while QU tting can exhibit degeneracies between competing

parametric models. The CPRT framework provides the complementary, physically self-consistent
radiative-transfer approach: starting from physical models of magnetized plasma, it predicts the
full frequency-dependent Stokes observables that telescopes measure.

The CPRT formalism generates full-Stokes observables and synthetic RMs from magnetized media,
matched to telescope's frequency coverage. When forward-modeled through SKAs measurement
equations the mathematical description of how the telescope records the sky CPRT makes it
possible to compare simulated and observed data on equal terms. Speci cally, it allows

~

Direct comparison of synthetic and observed polarized sky, or RM maps,

" Deep insights and understanding of depolarization and polarization enhancement behaviors,

Quantitative analysis of the relative importance of di erent physical mechanisms at play in
di erent environments and cosmological epochs,

~ Testing of how well the RM grid recovers true underlying magnetic- eld statistics (see also
O'Sullivan et al., 2026; Loi et al., 2026),

~ Generating high- delity polarization templates on which advanced statistical and inverse-
modeling techniques can be applied to reconstruct the three-dimensional magnetic mor-
phology and its evolutionary history, thereby providing insights to discriminate between
primordial and astrophysical seeding scenarios.

This approach provides a realistic and observation-ready framework that connects theory and mea-
surement, integrating cosmological MHD simulation advances, realistic modeling of observables,
and the broadband polarimetric capabilities of the SKA. In doing so, it establishes a physically
grounded basis for interpreting SKA polarization data and RM synthesis and &*- tting results. By
linking physically motivated forward modeling with observational inference, CPRT closes the loop
between simulations and observations, enabling robust predictions and self-consistent interpretation
of the magneto-ionic Universe across cosmic time and scales.

2 The CPRT Formalism, Rotation Measure, and Cosmic Magnetism Diagnostics

Atthe heartofthe CPRT framework lies the fundamental equation governing how polarized radiation
is generated, absorbed, and modi ed as it propagates through magnetized plasma in an expanding
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Universe. The CPRT equation, in the co-moving frame, reads:
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(Chan et al., 2019), where "~ @— D— E are the absorption coe cients, n are the emission coe cients,
5 is the Faraday rotation coe cient, 6 and are the Faraday conversion coe cients. The invariant
Stokes parameters are related to the usual Stokes parameters by » | J EWY& * + YT ea3
The radiation path length B changes with respect to redshift | in a at Friedmann-Robertson-Walker
(FRW) universe is given by

B2 0t g104 gl p3, 2)

T 5 5 , 5 ,
(see e.g. Peacock, 1999), whergis the Hubble parameter,_g m-gand _g are the dimension-
less energy densities of relativistic matter and radiation, non-relativistic matter, and a cosmological
constant (dark energy with an equation of state of F 1), respectively. The subscript 0" denotes
that the quantities are measured at present (i.e. | = 0).

The widely used magnetic diagnostics, Rotation Measure (RM) R, is de ned as

R=1j°o 2 =1jj o 2_ (3)

where i is the rotation of the linear polarization angle, and _ the observing radiation wavelength.
RM is stemmed from Equation 1. The full derivation can be found in On et al. (2019). Here we
summarize the key steps to highlight the di erent assumptions used to derive the RM guantity.

If cosmological e ects are negligible, Equation 1 reduced to the standard PRT equation:

@ D
d N 5
aB = 5 A , - (4)
6 N

When emission and absorption are negligible and Faraday conversion can be ignored, the simpli ed
two-component 1&—*° transfer reduces to
mn # n # n #
d & 0 5 &
dB* - 5 0 * ®)
It has the sole Faraday rotation coe cient 5, which is determined by the properties of free electrons
and the magnetic eld along the line-of-sight. For plasma consisting of both thermal electrons and

non-thermal electrons, the Faraday rotation coe cient is given by
"

ot = 9h, Ont= Z1?7— W= nt k_ (6)
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(Pacholczyk, 1977; Jones and O'Dell, 1977), in the limit &f 11 3. Here, z_pis the thermal
electron number densitygsis the non-thermal electron number density,= cos\ is the magnetic
eld strength along the line of sight, where \ is the angle between the eld and the line of sight;
| = 2 a is the angular frequency of radiation, |, = 4 = o_tfi?e< 12 s the plasma frequency;,
| g = 14 «< ¢2°is the electron gyro-frequency, the factor 21.9:\54% '”WYV ,for 2§ 1,
assuming an isotropic distribution of non-thermal electrons with a pf)wer-law energy spectrum of
index ?, with \he low-energy cut-o . Using Equation 5 and the de nition of linear polarization
angle, it can be shown that the change in the linear polarization angle along the line-of-sight is
di 1 1 ed d& 5 @
dB 2 *2 &2 dB aB 2
In a su ciently weak magnetic eld where Iz |, if the plasma has only thermal electrons,
or non-thermal electron number density is insigni cant, a direct integration of equation (7) with
5 = B yields 1

24% B
itB°=io, W . dB=c_ B> 1B . (8)
If non-thermal electron number density is non-negligible, the RM is given by
43 B
R1BO =< . dB =!E> :B® |, 1Hd 9)

where = is the total electron number density, and the weighting factor of di erent populations of

= contributing to the Faraday rotation e ectbeing *B°=1 1B°»1 Z!?1%W{, with *B° the

local fraction of non-thermal electrons. If only thermal electrons are present, 1B° = 0 such that

1B° =1, the widely-used formula in RM analysis of magnetized astrophysical media is recovered:
Bag =e—thlB)o kléb

R1BC = 0e812 — - radm? e 10
g PC cm3 G (10)

As such, RM or the Faraday depth obtained through Rotation Measure Synthesis is not only

a derived observable constructed from Stokes &, and *, but its interpretation in terms of physical
magneto-ionic conditions along the line of sight implicitly assumes that all the simplifying con-
ditions listed above are valid. RM synthesis reconstructs the Faraday depth spectrum by Fourier
transforming the complex polarization as a function 8f providing a powerful diagnostic of
multi-component structures. Complementarily, &*- tting models the observed?%and *1 20

spectra using parametric physical or phenomenological descriptions (e.g. O'Sullivan et al., 2012).
Both approaches relax the single-screen assumption and are useful tools for identifying Faraday
complexity, such as multiple emitting or rotating regions or co-spatial emission and rotation. How-
ever, to achieve full, unambiguous interpretive power, theoretical modeling of the complete Stokes
spectra and polarization maps is needed to disentangle the contributions from di erent components
and propagation e ects. In this context, the CPRT framework provides a fundamentally di erent
approach: rather than inferring structure from observables, it forward-models the generation and
propagation of polarized radiation by incorporating emission, absorption, Faraday rotation, and
Faraday conversion self-consistently within an evolving cosmological setting.
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Figure 1: Anillustration of an all-sky CPRT framework employing a ray-tracing method. The CPRT equation

is solved along each light ray (shown in red), which is labelled by three parameters: the cosmological redshift
I, which links to the light travelled distance (or time) and the position on the celestial sky \—-q°. The observer
is located at the center (I = 0). .

The CPRT framework makes this possible by allowing di erent types of ray-tracing calcula-
tions: from single-ray con gurations (well suited to distant, compact sources), to pencil-beam
calculations i.e., a harrow bundle of neighboring rays sampling a small solid angle for extended
astrophysical objects and di use media, and to full all-sky implementations (see Fig. 1) for studies
of the Milky Way, and the cosmic web.

Examples of some of the CPRT data products for di erent astrophysical applications are illustrated
in Fig. 2. Column (i) illustrates the redshift evolution of the Stokes parameters along a single ray
propagating through highly rare ed intergalactic plasma, where the rapid variations in &—*—+ at
low redshift arise as the ray encounters denser and more strongly magnetized regions. Column
(i) presents pencil-beam maps of the degree of linear polarization and the change in polarization
angle for a simulated galaxy cluster (Barnes et al., 2018), demonstrating how spatial variations in
the magneto-ionic medium translate into observable polarization structure. Column (iii) shows an
all-sky linear polarization obtained by applying the CPRT formalism to a magnetic universe model
(Chanetal., 2019), in which cosmological MHD simulation outputs are mapped onto the observer's
past light cone to construct a full-sky polarized signal.

This exibility enables CPRT to bridge the gap between detailed theoretical modeling and broadband
polarimetric observations across all cosmic environments, and to provide physically grounded
predictions for interpreting or validating results from RM synthesis and &*- tting, particularly

in regimes where spectral and spatial polarization complexity leads to degeneracies or non-unique
solutions.

3 Scienti ¢ Gains and Synergies Between Observations, Simulations, and Theory

The Cosmological Polarized Radiative Transfer (CPRT) framework represents a major step
toward uniting theoretical modeling and observation in the SKA era. By generating synthetic
all-sky full Stokes spectra, polarization maps, and RM grids, CPRT enables true apple-to-apple
comparison between simulations and observations allowing pixel-by-pixel, statistically robust
tests of magneto-ionic models. This shared framework places observers and theorists within the
same interpretive space, ensuring that both communities can assess magnetic- eld predictions on
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