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Inclined air showers (typically with zenith angles 𝜃 > 60◦) feature a large effective geometric
acceptance, a high energy threshold, and broad sky coverage, making them a primary avenue for
ultra-high-energy cosmic ray (UHECR) and high-energy neutrino astronomy. However, traditional
inclined shower detection relies on large-scale arrays covering hundreds of square kilometers.
Small or compact arrays—such as LHAASO and the SKA-Low core—face severe challenges
in parameter reconstruction (e.g., primary energy, arrival direction, particle type, and 𝑋max) for
inclined events. Integrating recent breakthroughs, this paper systematically reviews advances in
inclined air shower detection, focusing on novel radio emission mechanisms, bi-effect magnetic
deflection models for secondary particles, and multi-observable reconstruction algorithms (electric
field, direction, energy, wavefront, etc.). Finally, we outline key challenges in event reconstruction
for ultra-dense and small-scale arrays.
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1. Introduction

When high-energy cosmic rays and neutrinos travel through the Earth’s atmosphere, they
undergo cascading collisions with atmospheric nuclei, generating extensive air showers (EAS)
containing billions of secondary particles. Air showers are categorized by their zenith angle into
nearly vertical showers (𝜃 < 60◦) and inclined showers (𝜃 ≥ 60◦). Compared to vertical showers,
inclined air showers traverse a drastically increased slant depth. Consequently, the electromagnetic
component is largely absorbed before reaching the ground, leaving a muon-dominated particle foot-
print. Simultaneously, the radio signals propagate hundreds of kilometers through the atmosphere,
creating an elliptically stretched footprint that extends over tens to hundreds of square kilometers
on the ground.

In recent years, numerous international observatories—including the Pierre Auger Observatory
(AugerPrime, AERA) [1, 2], Tunka-Rex [3], GRAND [4], TAROGE[5], and future experiments such
as BEACON/HERON [6, 7] have targeted inclined showers to overcome bottlenecks in ultra-high-
energy physics and neutrino detection. The Telescope Array (TA) [8] has extended its operational
range to 65◦–70◦ to increase effective exposure and sensitivity, while LHAASO [9] is likewise
working to extend its detection capability to large zenith angles. The primary advantages of
detecting inclined showers include:

• Broader sky coverage and higher event statistics: The inclined geometry significantly expands
the effective acceptance, dramatically boosting the collection rate of ultra-high-energy events.

• Unique signature for high-energy neutrinos: Deep inclined showers (downward-going or
Earth-skimming/upward-going) serve as a smoking-gun signature for ultra-high-energy neutrino
interactions in the atmosphere or crust.

• Self-calibration and Multi-Messenger cross-validation: Radio signals undergo negligible
atmospheric attenuation, providing a direct handle on the total electromagnetic energy (𝐸em).
Combined with ground particle arrays (muon detectors), this allows a clean decoupling of primary
cosmic-ray mass composition (e.g., protons vs. iron nuclei).

However, detecting inclined showers with small-scale or compact arrays (e.g., LHAASO or the
SKA-Low core, both ∼ 1 km2 ) presents severe technical challenges. Due to the large propagation
distances and asymmetric signal footprints, fewer antenna or particle stations are triggered. This
sparsity hampers signal profile analysis, causing the angular and energy resolutions of traditional
reconstruction algorithms to degrade substantially. Determining whether small, compact arrays can
achieve precise reconstruction of inclined air showers remains a pivotal question in the field.

2. Progress in Radio Emission Physics: The Geosynchrotron-Like Effect

Traditional cosmic-ray radio emission theory attributes the signal primarily to transverse geo-
magnetic currents—driven by the Lorentz force separating electron-positron pairs—along with the
Askaryan charge-excess effect resulting from an excess of negative electrons. In lower frequency
bands (e.g., 30–80 MHz), the superposition of these two mechanisms yields the familiar east-west
asymmetry in the electric field footprint.

However, in recent simulation and analytical work, studies of inclined showers (characterized
by low atmospheric density and strong geomagnetic fields) have revealed a distinct mechanism: the
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geosynchrotron-like effect [10, 11]. During the early high-altitude evolution of an inclined shower,
relativistic 𝑒+/𝑒− pairs (300 MeV ≤ 𝐸 ≤ 3 GeV) undergo significant trajectory curvature due to
the geomagnetic field in rarefied air, producing coherent synchrotron-like radiation.

Key physical signatures of the geosynchrotron-like effect include [10, 11]:
• The "Clover-Leaf" Pattern in North-South Polarization: Along the ®𝑣 × (®𝑣 × ®𝐵) polarization

axis, destructive interference along the axis produces a characteristic four-lobed "clover-leaf" pattern
in the energy fluence distribution. This has been found originally in higher frequency band [12],
and appeared in both analytical prediction and simulation analysis in lower frequency band (50-200
MHz).

• Coherence loss: In inclined air showers (𝜃 ≥ 70◦), radio emission loses spatial coherence as
lower atmospheric density (𝜌air) and geomagnetic deflections widen the shower’s lateral footprint
(𝑙lat) beyond its coherence length (𝑙coh). This coherence breakdown transitions the observed signal
from constructive superposition to an incoherent regime , causing a fluence drop of up to 1.5 orders
of magnitude in strong magnetic fields.

Cross-validated by Monte Carlo frameworks including CORSIKA8, CoREAS, and ZHAireS,
this mechanism has established a solid theoretical foundation, providing a crucial physical baseline
for high-frequency and ultra-dense arrays (such as SKA-Low). These insights offer a new framework
for modeling large-zenith-angle radio signals, underpinning event reconstruction pipelines currently
deployed in experiments like GRAND.

For small arrays with limited antenna coverage, this significantly reduces both the signal-to-
noise ratio (SNR) and the triggering efficiency for large-zenith-angle events. The radio footprint
of an inclined air shower on the ground can stretch over tens to hundreds of square kilometers,
far exceeding the area of small-scale arrays. As a consequence of coherence loss weakening the
overall signal amplitude, the number of antenna stations that can successfully trigger above the
noise threshold within a compact array decreases precipitously. This change in station multiplicity,
coupled with an asymmetric deflected footprint, causes traditional two-dimensional Lateral Distri-
bution Function (LDF) fits to easily become trapped in local minima, thereby severely degrading
the reconstruction precision for arrival direction, and mass composition.

3. The Bi-Effect Deflection Model for Secondary Particles

All the new features in radio emission originate from changes in secondary particles. Auger-
Prime [13] and ARGO-YBJ [14] have pioneered Geomagnetic corrector factor and the corresponding
azimuth modulation. But all these works are limited in zenith angle 𝜃 ≤ 60◦.

At a fundamental level, the radio footprint mirrors the spatial distribution and trajectory history
of secondary charged particles (such as 𝑒+/𝑒− and 𝜇+/𝜇−). In inclined showers, particles traverse
enormous slant depths, rendering classical symmetric lateral distribution functions (such as the
NKG function) less precise.

To model the lateral displacement of secondary particles along inclined trajectories, the Bi-
effect Model [15] has been introduced. This model decouples particle lateral shifts into two
interacting mechanisms:
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1. Non-magnetic Effects: Encompassing ionization energy loss, multiple Coulomb scatter-
ing, attenuation, high-altitude decay and etc. In a non-uniform atmosphere, these effects induce
asymmetric stretching in the lateral density profile and arrival time distributions.

2. Geomagnetic deflection effects: The Lorentz force bends opposing charges (such as electrons
and muons) in opposite directions within the plane perpendicular to the magnetic field. This spatial
separation shifts both the particle number center and energy center.

The model provides a generalized parameterization incorporating geomagnetic field compo-
nents and atmospheric parameters, applicable across diverse zenith angles, azimuth angles, primary
energies, and site locations (e.g., Pierre Auger Observatory, LHAASO, SKA-Low). When these pa-
rameters are known, the total deflection of particles could be predicted, as the example of LHASSO
as shown in Fig. 1. When the deflection parameter 𝑘mag could be obtained by fitting, subsequently,
the total deflection Δ®𝑟 (in meter) could be obtained directly form the map.

Figure 1: Example of particle deflections calculated with parameters for the LHAASO experiment. The
quantities 𝑘rad and 𝑘mag denote the deflection parameters for non-magnetic and geomagnetic effects, respec-
tively, with their ratio assumed to be −50 in this example. ®𝐵 denotes the magnetic field. The azimuth angle
ranges from −180◦ to 180◦, and the zenith angle ranges from 0◦ to 80◦ (Credits to Si-Zhe Wu).

In practical applications, the spatial deflections of particles have been calibrated for different
primary species (protons vs. iron nuclei). By enabling ground particle arrays to correct for
azimuthally modulated geomagnetic shifts, the Bi-effect Model establishes a framework for hybrid
particle-radio reconstructions.

4. Reconstruction Algorithms

4.1 For sparse antenna arrays

Transient cosmic-ray electric fields detected by antenna arms and readout electronics are subject
to environmental and system noise. For vertical showers, traditional matrix-inversion techniques
invert the antenna response equation𝑉 ( 𝑓 ) = ®𝐻 ( 𝑓 ) · ®𝐸 ( 𝑓 ) directly in the frequency domain to recover
horizontal components (𝐸𝑥 , 𝐸𝑦). However, near low-gain frequency bands, complex resonances,
or response nulls, the condition number of the response matrix explodes. This ill-conditioning
causes numerical inversion to diverge, amplifying background noise by orders of magnitude and
inducing severe high-frequency ringing and distortion in reconstructed time-domain waveforms.
Furthermore, inclined showers exhibit a substantial vertical electric field component (𝐸𝑧), which

4



P
o

S
(

A
R

E
N

A
2

0
2

6
)

0
2

0
Towards Detection of Inclined Air Showers with Smaller-Scale Radio Antenna Array? Chao Zhang

traditional 2D approaches fail to recover. The 𝜒2 minimization method has been introduced in
the forward-folding technique developed for 3D electric field reconstruction in the ARIANNA
experiment [16]. Building on this, we proposed an analytical least-squares (lsq) reconstruction
method based on complex antenna gain matrix inversion [17]. Validated on both simple tri-dipole
and complex Horizon antennas, this method reconstructs the peak amplitude of the electric field
with a standard deviation (std) of 4%, and better than 6% in the estimation of the energy fluence.

For reconstruction of direction and energy, both Lateral Distribution Function (LDF) and
Angular Distribution Function (ADF) algorithms have been adapted for inclined events. To capture
the steep signal gradient inside the Cherenkov ring at higher frequencies, updated LDF formulations
incorporate a inner-slope parameter 𝑝inner for 𝑟 < 𝑟0, alongside parameterized corrections for
the Cherenkov radius 𝑟0 as a function of 𝑋max. By refitting the parameterization of the charge
excess fraction, an accurate signal model has been built, and aresolution better than 5% with no
significant biases has been achieved in the energy reconstruction for the GRAND project [18]. For
ADF-based reconstructions, directional resolution reaches within 0.04◦ for the vast majority of
events. Additionally, to account for geomagnetic radiation suppression in low-density atmospheres
due to geosynchrotron-like effects, an air density correction (via spline fitting) was introduced.
This replaces traditional vertical-shower density corrections, enabling primary particle energy
reconstructions to achieve an intrinsic resolution within 10%, validated for both proton and iron
primaries [19].

For inclined atmospheric showers (e.g., zenith angle 𝜃 > 80◦), traditional wavefront models—or
those considering only an average refractive index—suffer from substantial errors due to atmospheric
refraction and propagation path deviations over long distances. In searching for neutrinos in
AugerPrime, an effective propagation correction factor 𝛾𝑛 is introduced to construct a spherical
wavefront fitting model constrained by 𝛾𝑛. Performance tests show that even at extreme zenith
angles reaching 87◦, this model precisely reconstructs the location of the emission maximum
(𝑋𝑟𝑎𝑑𝑖𝑜

𝑚𝑎𝑥 ) and the shower axis angle, significantly outperforming both the planar wavefront and
conventional average-refractive-index models [20].

4.2 For small dense arrays

We take the SKA-Low core as an example. For vertical air showers, SKA-Low has already made
progress in recent years. The SKA-low core in Western Australia deploys 57,344 SKALA antennas
within an area of 1 km2 (covering 50–350 MHz), forming an ultra-dense radio array [21]. Leveraging
the ultra-dense antenna layout of the SKA-Low core and advanced interferometric reconstruction
techniques, the array achieves an unprecedented precision of < 8 g/cm2 for 𝑋max while pushing the
effective threshold of radio detection down to the PeV scale [22]. This provides exceptional photon-
hadron discrimination to search for PeVatrons and study the microscopic structure of anomalous air
showers. Furthermore, by deploying a ground particle detector array within the core for hardware
triggers and retrieving voltage buffer data, SKA-Low enables fully commensal data acquisition
without interfering with standard radio astronomy observations, substantially expanding the physics
reach of radio interferometers in high-energy astrophysics.

Applying sparse-array inclined-shower reconstruction techniques to SKA-Low presents sev-
eral challenges. In this review, we just list some of them: first, the signal footprints of inclined
air showers often far exceed the physical boundary of the array, leading to partial footprint sam-
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pling and larger uncertainties in energy and 𝑋max reconstructions; second, hardware triggering
limits, as particle components of inclined showers arriving at the ground are muon-dominant while
electromagnetic signals are heavily attenuated, making it difficult for the core auxiliary particle
array to reach triggering thresholds; third, high-frequency wavefront phase coherence loss, since
higher-frequency components covered by SKA-Low (up to 350 MHz) traveling over long atmo-
spheric paths of hundreds of kilometers are highly susceptible to refractive index fluctuations that
destroy phase coherence; and fourth, complex low-elevation calibration, where near-horizon arrival
angles may severely degrade the directional pattern, cross-polarization, and mutual coupling of
SKALA antennas within the dense array, rendering isolated single-antenna pattern approximations
inapplicable.

5. Conclusions and outlooks

The study of inclined air showers via hybrid radio and surface particle detection is undergoing
a transformative shift from initial proof-of-concept demonstrations to high-precision quantitative
astroparticle physics. Recent progress in emission physics and particle transport—such as the
unveiling of high-altitude geosynchrotron-like effects, alongside the Bi-effect model enabled the-
oretically the foundation for large-zenith-angle observations. Concurrently, novel reconstruction
algorithms now enable unbiased 3D electric-field vector recovery and high energy resolutions in
sparse radio arrays. Despite these developments, fully exploiting small-scale or compact arrays
such as the SKA-Low core presents unique technical hurdles. Because inclined showers exhibit
asymmetric, highly stretched footprints that trigger a reduced signal footprint in compact configu-
rations, traditional reconstruction methods suffer from severe parameter degradation. Addressing
these limitations requires moving beyond classical lateral distribution fits toward specialized recon-
struction pipelines that can reliably extract primary energy, arrival direction, and mass composition.
Corresponding research are still undergoing, and will be reported later.
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