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Next-generation radio experiments such as the Radio Detector of the upgraded Pierre Auger Ob-
servatory and the planned GRAND and BEACON arrays target the detection of ultra-high-energy
particle air showers arriving at low elevation angles. These inclined cosmic-ray air showers de-
velop higher in the atmosphere than vertical ones, enhancing magnetic deflections of electrons and
positrons inside the cascade. We evidence two novel features in their radio emission: a new polar-
ization pattern, consistent with a geo-synchrotron emission model and a coherence loss of the radio
emission, both for showers with zenith angle θ ≳ 65◦ and strong enough magnetic field amplitude
(typical strength of B ∼ 50µT). Our model is compared with both ZHAireS and CoREAS Monte-
Carlo simulations. Our results break the cannonical description of a radio signal made of Askaryan
and transverse current emission only, and provide guidelines for the detection and reconstruction
strategies of next-generation experiments, including cosmic-ray/neutrino discrimination.

I. INTRODUCTION

Radio detection of air showers is a robust and reli-
able technique to probe the low fluxes of astroparticles
at ultra-high energies [1, 2]. The radio signal from near
vertical air showers, induced by primary particles arriving
with zenith angles up to ∼ 60◦, has been extensively de-
scribed in the past decade, with theoretical descriptions
matching numerical simulations and experimental data
[3, 4]. Yet, next-generation experiments such as Auger-
Prime Radio [5, 6], BEACON [7], and GRAND [8], now
target air showers with very inclined arrival directions
with zenith angles θ > 65◦. The main reason for this
is to increase their sensitivity, exploiting the large radio-
emission footprints of these showers [1, 9].

In this work, we demonstrate that the existing theo-
retical descriptions require to be broadened to enfold the
case of inclined air showers, resulting in a new paradigm
for the nature of radio emission.
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II. NEW PARADIGM FOR RADIO EMISSION
AND ASSOCIATED SIGNATURES

When an ultra-high-energy cosmic ray enters the at-
mosphere, it produces an air shower, i.e., a cascade
of high energy particles. At energies ϵe > 88MeV,
electrons and positrons in the cascade undergo signifi-
cant Bremsstrahlung radiation, with attenuation length
lrad = X0/ρair = 3.67 × 102 m(ρair/1 kgm

−3)−1, where
X0 = 36.7 g cm−2 is the electron radiation length.

In the commonly adopted paradigm of radio emission
by air showers, the major process, called “geomagnetic
emission” or “transverse current” emission, is produced
by electrons and positrons drifting laterally at the front
of the shower, through the competing effects of magnetic
deflection and particle scattering through elastic colli-
sions with air-molecules, and hence producing a time-
varying transverse current [10]. A second process, the
“Askaryan” mechanism, in which electrons from the air
atoms accumulate in the shower front, creating a net neg-
ative charge excess in the shower plane, was shown to
represent ∼ 10% of the total radio emission for vertical
air showers, and less than a few % for very inclined air
showers [11–13].
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A. Characteristics of very inclined air showers

In this study, we define very inclined air showers
as those induced by primary particles arriving with
zenith angles θ > 65◦. Cosmic-ray air showers reach
their maximum longitudinal development around an
atmospheric depth of Xmax ∼ 650 − 750 g cm−2. We
assume that the air density decreases with altitude
following the Linsley model [14], with a 5-layer ex-
ponential dependency, while accounting for the Earth
curvature. Very inclined cosmic-ray showers develop in
the low-density upper layers of the atmosphere ≳ 10km
above sea level. They propagate over longer distances
than near-vertical ones. In the following, the air density
ρair(θ) is evaluated at the location of the maximum
shower development Xmax, at a geometrical distance dobs
away from the impact point of the cascade on the ground.

B. Change in emission mechanisms

While the term “synchrotron emission” canonically
refers to the radiation emitted by charges moving on pe-
riodic helical trajectories due to magnetic deflections, the
term “geo-synchrotron radiation” as defined in previous
literature [16, 17] refers to pairs of e+ and e− gyrating
for a fraction of a full circle. Still, many of the char-
acteristics of classical synchrotron emission, such as the
spectral shape at high frequencies and the cutoff at a
critical frequency also apply to geo-synchrotron emission
from particles traversing incomplete arcs [18].

For vertical air showers, geo-synchrotron emission was
shown with simulations and in data to have a negli-
gible contribution, except in the GHz regime [19, 20].
Indeed, due to multiple Coulomb scattering, a net fric-
tion force acts on the particles, which then diffuse along
the transverse direction instead of gyrating on arcs and
radiating a forward-beamed synchrotron pulse. In the
following, we conservatively estimate the regime where
geo-synchrotron emission is allowed, assuming a free syn-
chrotron path ignoring multiple Coulomb scattering.

A transition from transverse currents to geo-
synchrotron emission was predicted in [15] if par-
ticles radiate before undergoing Bremsstrahlung
interactions, i.e., for lsyn/lrad < 1, where lsyn ∼
1353m (ϵe/88MeV)

2
3 (B sinα/50µT)−

2
3 (ν/50MHz)−

1
3

[15] is the synchrotron cooling length, with B the
geomagnetic field and α the geomagnetic angle between
the shower arrival direction and the local geomagnetic
field. We adopt the same formalism but rather assume
that the condition lsyn/lrad < 1 indicates the regime
where a non-negligible geo-synchrotron component is
allowed in addition to the transverse current emission.
From this, one derives

lsyn
lrad

∼ 3.7
( ϵe
88MeV

)2
3

(
50µT

B sinα

)2
3
(
50MHz

ν

)1
3

×
(

ρ

1 kg/m3

)
. (1)

In Figure 1 (left), the orange line represents the variation
of the ratio lsyn/lrad as a function of ρair and θ, assuming
Xmax = 650 g cm−2 and taking the density at Xmax (Sec-
tion IIA), for typical values of B = 56µT, ν = 50MHz,
sinα = 1 at the critical energy ϵe = 88MeV. We find
that a geo-synchrotron component can contribute to the
emission of inclined air showers, i.e., lsyn/lrad < 1, for
ρair ≲ 0.29 kgm−3 (θ ≳ 73◦).
In Figure 1 (right), the orange thick [thin] line corre-

sponds to lsyn/lrad = 1 in the (ν, ρ) phase space, for mag-
netic field strengths B = 56µT [B = 25µT] correspond-
ing to GRAND [Auger] sites respectively. The orange line
delimits the regions where the geo-synchrotron compo-
nent can contribute to the radio emission (above the line)
or not (below the line). Consistently to Eq. (1), it ap-
pears that for showers with ρair < 0.37 kgm−3 (θ > 68◦)
and GRAND magnetic field strength, a geo-synchrotron
contribution is allowed starting from frequencies of tens
of MHz and above. For more vertical showers, ρair >
0.37 kgm−3(θ < 68◦), frequencies of at least hundreds
of MHz are requiredto allow for a geo-synchrotron con-
tribution. On the other hand, for the lower amplitude
magnetic field of the Auger site, geo-synchrotron emis-
sion is only allowed at higher frequencies of hundreds of
MHz, even for showers with ρair < 0.2 kgm−3 (θ ∼ 80◦).
The polarization pattern expected from such a geo-

synchrotron emission was already described in earlier
work, which predicted the emergence of a “clover-leaf”
pattern for the v × (v × B) polarization component of
vertical showers at GHz frequencies [17, 19] (v and B
being the shower axis and the local magnetic field di-
rection, respectively). Detecting this feature with future
experiments would be a support to our geo-synchrotron
description.

Next to a synchrotron interpretation, a direct con-
sequence of the deflection of electrons and positrons in
Earth’s magnetic field is that from a macroscopic point
of view, a moving dipole is induced [10], that could lead
to a similar polarization pattern. Both, geo-synchrotron
and dipole components should become more prominent
moving to less dense air. We, however, do not provide
an estimate on the relative strength of the synchrotron
component compared to the dipole emission, which is to
be investigated in future works.

C. Coherence loss

The radio emission of air showers is dominated by the
superposition of individual emissions by particles in the
shower around the point of maximal longitudinal devel-
opmentXmax. If all particles in the shower emit in phase,
the emissions will interfere constructively (coherent sig-
nal). Alternatively, the emitted power will sum up and
the resulting incoherent signal is expected to be weaker
by a factor of

√
N , where N is the number of radiators.

Coherence for radio emission from a high-energy parti-
cle cascade is given by its longest projected length scale.
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FIG. 1. Left: Synchrotron ratio lrad/lsyn (orange line) and incoherence ratio llat/lcoh (grey line), as a function of air density
at 50MHz, for GRAND site Dunhuang magnetic field strength of 56µT. The dotted line indicates the limit where the ratios
are equal to 1. Both ratios increase with decreasing air density and the transition to a regime where geo-synchrotron emission
is expected (predicted in [15]) is reached for ρair < 0.29 kgm−3 (θ > 73◦), while the transition to incoherent radio emission
is expected for ρair < 0.27 kgm−3 (θ > 75◦). Right: Incoherence and synchrotron transitions (gray: llat/lcoh = 1 and orange:
lsyn/lrad = 1) in the frequency ν and air density ρ parameter space, for GRAND (thick lines) and Auger (thin lines) magnetic
field strengths. For each case, the region below the gray [orange] line, is a region where a coherent [without significant geo-
synchrotron] emission is expected, while above the line, an incoherent [with significant geo-synchrotron] emission is expected.

Due to Cerenkov effects [21, 22], the shower longitudinal
profile is strongly compressed and the projected shape of
the cascade front becomes the leading scale. To study
the radio signal coherence, we assume that the emission
between the center of the shower plane and a position at
a lateral distance llat from Xmax is coherent if their path
length difference to the observer is below half a wave-
length, i.e., for δ < λ/2 where δ ∼ l2lat/2dobs, with dobs
the distance to the observer. From this, we derive the
spatial coherence length lcoh, which quantifies the largest
extent over which the radio signal is coherent. Setting
δ = λ/2, we get lcoh =

√
(c/ν)dobs where ν is the fre-

quency of the radio signal.

Inclined showers propagate in a less dense medium
than near-vertical showers, resulting in a longer mean free
path of collision of deflected particles and a larger shower
lateral extent. To study the radio signal coherence
dependency with zenith angle we extract dobs(θ) from
Monte-Carlo simulations (Section IIA). The shower lat-
eral extent is computed using the formalism of Ref. [10].
Taking into account magnetic deflection and interac-
tion with air, the transverse particle acceleration in
the shower front at time t is expressed as d2xt/dt

2 =
c3eB sinα/[ϵe exp(−t/τ)], where xt is the particle trans-
verse position (orthogonal to the shower axis) and τ =
lrad/c the Bremsstrahlung energy loss timescale [10]. It
yields xt(t) = τ2c3eB sinα (et/τ−1−t/τ)/ϵe. The shower
lateral extent is then expressed as llat = 2xt(t = τ),
where the factor 2 accounts for the dynamics of positrons
and electrons. This derivation leads to a lateral ex-
tent llat ∝ ρ−2, B, which was confirmed by CORSIKA
simulations for inclined air showers with zenith angle
θ ≳ 65◦ [23].

The radio signal is expected to be coherent if the
shower lateral extent is smaller than the coherence
length, i.e., for llat/lcoh < 1, which implies (llat/lcoh)

2 <
1, and incoherent otherwise. From our formalism this
yields:(
llat
lcoh

)2

=
ν l2lat
c dobs

∼ 0.018
( ν

50MHz

)(
B sinα

50µT

)2

×
( ϵe
88MeV

)−2
(

ρ

1 kgm−3

)−4 (
dobs[ρ]

10 km

)−1

.(2)

On the left-hand panel of Figure 1, the gray line corre-
sponds to the ratio (llat/lcoh)

2 and defines the coherent
(when the ratio is above the dotted line) and incoher-
ent (ratio below the dotted line) regimes as a function of
air shower density, for typical particle energy at Xmax:
E0 = 88MeV, B = 56µT, ν = 50MHz and sinα = 1.
It shows that llat/lcoh > 1, i.e., the emission is inco-
herent, for inclined air showers with ρair < 0.27 kgm−3

(θ > 75◦), while llat/lcoh < 1 for more vertical showers.
In the right-hand panel of Figure 1, we also represent
with a gray thick line the transition from coherent (below
the line) to incoherent emission (above the line) in the (ν,
ρ) phase space, for the GRAND magnetic field configura-
tion. Similarly to the geo-synchrotron case, we find that
the transition to incoherent emission is expected at low
frequencies for inclined showers and high frequencies for
near-vertical ones. Auger’s lower magnetic field strength
(thin gray line, B = 25µT) simply shifts the transition
to higher frequencies. This shows that the radio signal
is expected to remain coherent for inclined showers de-
tected at Auger, but not necessarily at locations with
higher magnetic field amplitude.
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Such a coherence loss will decrease the magnitude of
the radio signal. This attenuation can be modeled, as-
suming that the total electric field Etot measured at the
observer location x at time t, is given by the sum of the
individual contributions from N particles located in a
plane perpendicular to the shower axis at Xmax:

Etot =
N∑
i=0

Ei cos (kix− ωit+ φi) , (3)

with ki, ωi and ϕi the wave number, angular frequency
and phase angle of the ith particle. One can then derive
the radiation energy by averaging the squared electric
field over time, Eobs

rad =
〈
|Etot|2

〉
. Assuming that all N

particles at Xmax emit in phase at the same wave num-
ber, and modeling the distribution of the energy content
in a plane perpendicular to the shower axis with a top-hat
distribution along a line, we derive an analytical formula
(see Appendix A) which predicts an attenuation of the
observed radiation energy for inclined air showers and
the transition from a regime where Eobs

rad ∝ N2 (coherent
emission) to a regime where Eobs

rad ∝ N (randomly dis-
tributed phases), when decreasing the air density. This
feature could also be observed by future experiments and
such a detection would validate our model of the coher-
ence loss.

III. MICROSCOPIC SIMULATIONS

We compare the new emission signatures and regimes
presented in the previous section with predictions of nu-
merical simulations, with the ZHAireS and CoREAS mi-
croscopic Monte-Carlo codes.

First, we investigated the polarization signatures by
computing the v × (v ×B) projection of the electric field
amplitude in a plane perpendicular to the shower axis, for
various shower parameters and GRAND-site Dunhuang
magnetic field strength (BGRAND = 56µT ).

Figure 2 (left) typically displays the case of a shower
with zenith angle θ = 77◦. We observe a po-
larization pattern peaked along the diagonal axes of
the (v ×B;v × (v ×B)) plane that vanishes along the
main axes, both for simulations with ZHAireS and
CoREAS. This “clover-leaf” polarization pattern is ob-
served throughout the (ν, ρ) phase-space where geo-
synchrotron can contribute significantly (above the or-
ange lines in Fig. 1, right-hand panel). The pattern can-
not be described by the current macroscopic radio emis-
sion descriptions, neither by the transverse current nor
by the Askaryan [2], emissions. It confirms the existence
of a third type of emission that accounts for ∼ 10% of the
total radio signal amplitude. The geo-synchrotron com-
ponent modeled in section II B could explain this pat-
tern. Indeed, we expect that the individual emission of
the electron/positron pairs will interfere constructively
and destructively to give rise to a clover-leaf like polar-
ization pattern with four maxima of emissions, as was

discussed in [17, 24].
We also evaluated the geomagnetic radiation energy

predicted by ZHAireS and CoREAS as a function of air
density, i.e., of zenith angle, following the method of
Ref. [11, 25]. We correct for any dependency on the az-
imuth and zenith angle or the primary energy by dividing
by E2

em sinα2 (with Eem the shower electromagnetic en-
ergy). We use a set of ∼ 10 000 ZHAireS and CoREAS
showers with antennas on a star-shape layout, with zenith
angle θ between [40◦ − 87◦] for ZHAireS ([65◦ − 85◦]
for CoREAS), various azimuth angles ϕ and primary
particle energy E between [0.1 − 4] EeV for ZHAireS
([2.5− 158] EeV for CoREAS).
The results are shown in the right-hand panel of Fig. 2,

where we present the geomagnetic radiation energy as a
function of air density and zenith angle for different mag-
netic field values. When going from high to low densities,
the radiation energy first increases following a scaling in
Erad

geo ∝ (1 − p0 + p0 exp [p1(ρXmax − ⟨ρ⟩)])2, as expected

from [13, 25], with ⟨ρ⟩ = 0.3 kgm−3, p0 ∼ 0.5 and p1 ∼
−2.7m3/kg for Auger, p0 ∼ 0.25 and p1 ∼ −1.8m3/kg
for GRAND, due to the different frequency band and also
the stronger magnetic field amplitude resulting in a larger
current at lower densities. For GRAND parameters, how-
ever, it then drops by almost 1.5 orders of magnitude for
air densities below ρair = 0.3 kgm−3 (θ ∼ 70◦). This
radio emission cut-off is consistent with the incoherent
regime described above and is qualitatively reproduced
by our analytical modeling (Appendix A, black line). In
contrast, for Auger magnetic field, the geomagnetic radi-
ation energy increases almost continuously when lowering
the density and only a small slope change is observed at
the lowest densities. The splitting at the lowest densities
can be reproduced by our model (black lines) when con-
sidering different sinα values, as the “effective” magnetic
field strength is given by B sinα. This result is consis-
tent with the absence of a significant cut-off observed at
Auger.

While the GRAND and Auger results are displayed for
two different frequency bands, the main differences be-
tween both results arise from the change in the magnetic
field, consistent with Eq. 2, which predicts scaling of the
coherence ratio with B2 while the scaling with frequency
is linear.

IV. CONCLUSIONS AND PERSPECTIVES

Inclined cosmic-ray air showers develop higher in the
atmosphere than near-vertical ones and are expected to
exhibit novel features that challenge our interpretation
of radio emission. The lower air density should en-
hance magnetic deflections resulting in the emergence
of a new polarization pattern, explainable with a geo-
synchrotron emission model, and a coherence loss due to
the larger shower lateral extension. Three different emis-
sion regimes are identified depending on the air density
and magnetic field strength: (1) at the highest densi-
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FIG. 2. Left: Projected component of the filtered electric field amplitude in the 50 − 200MHz band for the v × (v × B)
polarization, from a ZHAireS simulation of a shower with zenith angle θ = 77◦. The emission is strongest along the diagonal
axis of the shower plane and follows a “clover-leaf” pattern. The same pattern is also observed with CoREAS simulations.
Right: Geomagnetic radiation energy as function of air density, zenith angle and sinα for GRAND magnetic field with ZHAireS
simulations in the 50 − 200MHz band (left panel, colored dots) and CoREAS simulations with Auger magnetic field in the
30 − 80MHz band (right panel, colored dots). On both plots, the black lines follow our analytical modeling of the coherence
effects discussed in Appendix A. For Auger, the three solid lines correspond to sinα = 1, 0.7, 0.3 (bottom, middle and top).
For GRAND, the two solid lines correspond to sinα = 1, 0.8 (bottom and top). On both plots, the red dashed lines indicate
the radiation energy expected if no coherence loss effects are modeled.

ties, the widely documented coherent transverse current
emission, (2) at intermediate densities, a coherent emis-
sion with an additional component consistent with geo-
synchrotron emission, (3) at the lowest densities, inco-
herent emission.

Our model is in agreement with two observational fea-
tures predicted by both ZHAireS and CoREAS Monte-
Carlo simulations, for strong enough magnetic field (typ-
ical strength of B ∼ 50µT): we observe a “clover-leaf”
polarization pattern in the v× (v×B) polarization and
a cut-off in the emitted radiation energy of showers with
zenith angle θ ≳ 70◦.

The new polarization pattern brings about a new
paradigm in air shower radio emission as it breaks the
current assumption of a radio signal made of transverse
current and Askaryan emission only [1, 2, 12, 26]. This
implies that new reconstruction methods, accounting for
this paradigm, are needed to prepare next-generation ex-
periments that will target these very inclined air showers.

Our study also shows that the location of radio-
detection experiments on the Earth can be chosen ac-
cording to the geomagnetic field strength to enhance
or suppress the cosmic-ray detection rate, depending on
the scientific objectives. Finally, since neutrino-induced
showers develop typically at higher densities than cosmic-
ray ones [11], no coherence loss nor clover-leaf pattern is
expected in their emission, which could be valuable for
cosmic-ray/neutrino discrimination.

The coherence loss could serve to suppress the cosmic-
ray detection rate and reduce the background contamina-
tion, while the clover-leaf emission should help discrimi-
nating between primaries via the polarization.
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Appendix A: Coherence effects from a particle
population

To compute the observed radiation energy, we assume
that the total electric field Etot measured at the observer
location x at time t, is given by Eq. 3.
We consider that all particles emit radio waves with

the same wave number k = 2π/λ and with the same am-
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plitude E0. The radio signal frequency ν = c/λ is set
to 50MHz, as this value is covered by both Auger and
GRAND frequency ranges and is representative of most
of the power contained in those ranges. Because the geo-
magnetic deflections dominate the spatial distribution of
the particles, we assume the source to extend along a one-
dimensional line in the v ×B direction (i.e., we neglect
the width of the particle distribution in the v × (v ×B)
direction). The scale of this spatial extent, llat as de-
fined in section IIC, can be derived from the extent of
the particle energy content in the shower plane. COR-
SIKA simulations performed in [23] showed that ∼ 90%
of the particle energy is contained within llat, making it
a reasonable proxy to estimate the extent of the parti-
cle distribution. Although being a simplification likely
overestimating the width of the distribution, within that
scale, we assume the particle distribution to be uniform
and describe it with a top-hat function.

We then divide the shower lateral extent in Nbins of
length llat/Nbins and containing each N̄ = N/Nbins par-
ticles with the same energy, so that we get:

Etot = N̄

Nbins∑
j=0

E0 cos (kx− ωt+ φ0 +∆φj) , (A1)

where we defined ∆φj = φj − φ0, the phase difference
between the jth and the 0th bin, which we chose to be

centered on Xmax. The phase differences ∆φj depend
on the shower lateral extent llat and are given by ∆φj =
2πδj/λ, where λ is the wavelength and the δj are the path
differences between the Xmax - shower core distance and
the path from the center of the jth bin and the shower
core. Assuming that the refractive index n is roughly
equal to 1 along both paths and as we have llat ≪ dobs,
we find: δj = j2l2lat/(2N

2
binsdobs).

Finally, the observed radiation energy is obtained by
averaging over time the squared electric field at the ob-
server location. The squared electric field has a peri-
odicity T = 2π/ω, hence we average this quantity by
numerical integration over one period of time:

Eobs
rad =

〈
|Etot(t)|2

〉
T
=

ω

2π

∫ 2π/ω

0

|Etot(t)|2dt .(A2)

The result is expressed as Eobs
rad = Emodel

rad (ρ)f(ρ) where
Emodel

rad (ρ), is the radiation energy expected from the ex-
isting theoretical descriptions of the radio emission and
f(ρ), is our correction due to the coherence effects, given
by solving Eq. A2. We recall that we expect a scal-
ing in Emodel

rad ∝ 1/(1 − p0 + p0 exp [p1(ρxmax − ⟨ρ⟩)])2
from [25] which finally yields: Eobs

rad = Af(ρ)/(1 − p0 +
p0 exp [p1(ρxmax − ⟨ρ⟩)])2 where A, is a normalization
factor that can be adjusted, ⟨ρ⟩ = 0.65 kgm−3 and p0
and p1 are fitting parameters.
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[20] R. Šmı́da et al., Phys. Rev. Lett. 113, 221101 (2014).
[21] K. D. de Vries et al., Phys. Rev. Lett. 107, 061101 (2011).
[22] K. Werner, K. D. de Vries, and O. Scholten, Astroparti-

cle Physics 37, 5 (2012), arXiv:1201.4471 [astro-ph.HE].
[23] M. Guelfand, S. Chiche, K. Kotera, S. Prunet, and

T. Pierog, arXiv e-prints , arXiv:2310.19612 (2023),
arXiv:2310.19612 [astro-ph.HE].

[24] T. Huege and H. Falcke, Astronomy & Astrophysics 412,
19 (2003), arXiv:astro-ph/0309622 [astro-ph].

[25] C. Glaser et al., Journal of Cosmology and Astroparticle
Physics 2016, 024 (2016).

[26] P. Schellart et al., Journal of Cosmology and Astroparti-
cle Physics 2014, 014 (2014).

https://doi.org/10.7566/JPSCP.9.010018
https://doi.org/10.7566/JPSCP.9.010018
http://arxiv.org/abs/1507.07769
https://doi.org/10.1016/j.ppnp.2016.12.002
https://doi.org/10.1016/j.ppnp.2016.12.002
https://doi.org/10.1103/physrevlett.116.241101
https://doi.org/10.1103/physrevlett.116.241101
https://doi.org/10.1038/nature16976
https://doi.org/10.22323/1.358.0395
https://doi.org/10.48550/arXiv.1604.03637
http://arxiv.org/abs/1604.03637
https://doi.org/https://doi.org/10.1016/j.nima.2022.167889
https://doi.org/https://doi.org/10.1016/j.nima.2022.167889
https://doi.org/https://doi.org/10.1016/j.nima.2022.167889
https://doi.org/https://doi.org/10.1016/j.nima.2022.167889
https://doi.org/10.1007/s11433-018-9385-7
https://doi.org/10.1007/s11433-018-9385-7
https://doi.org/10.1007/s11433-018-9385-7
https://doi.org/10.1088/1475-7516/2018/10/026
https://doi.org/10.1088/1475-7516/2018/10/026
https://doi.org/10.1016/j.astropartphys.2007.11.012
https://doi.org/10.1016/j.astropartphys.2007.11.012
https://doi.org/10.1016/j.astropartphys.2022.102696
https://doi.org/10.1016/j.astropartphys.2022.102696
https://doi.org/10.1103/physrevd.89.052002
https://doi.org/10.1103/physrevd.89.052002
https://doi.org/10.1088/1475-7516/2023/01/008
https://doi.org/10.1088/1475-7516/2023/01/008
http://arxiv.org/abs/2203.04364
http://arxiv.org/abs/2203.04364
https://doi.org/10.48550/ARXIV.ASTRO-PH/9911331
https://doi.org/10.48550/ARXIV.ASTRO-PH/9911331
https://doi.org/10.1103/physrevd.105.023014
https://doi.org/10.1103/physrevd.105.023014
https://doi.org/10.1016/s0927-6505(02)00245-1
https://doi.org/10.1016/s0927-6505(02)00245-1
https://doi.org/10.1051/0004-6361:20041873
https://doi.org/10.1051/0004-6361:20041873
https://doi.org/10.1103/PhysRevE.84.056602
https://doi.org/10.1103/PhysRevE.84.056602
http://arxiv.org/abs/1007.4146
http://arxiv.org/abs/1007.4146
https://doi.org/10.48550/arXiv.1307.7566
http://arxiv.org/abs/1307.7566
https://doi.org/10.1103/PhysRevLett.113.221101
https://doi.org/10.1103/PhysRevLett.107.061101
https://doi.org/10.1016/j.astropartphys.2012.07.007
https://doi.org/10.1016/j.astropartphys.2012.07.007
http://arxiv.org/abs/1201.4471
https://doi.org/10.48550/arXiv.2310.19612
http://arxiv.org/abs/2310.19612
https://doi.org/10.1051/0004-6361:20031422
https://doi.org/10.1051/0004-6361:20031422
http://arxiv.org/abs/astro-ph/0309622
https://doi.org/10.1088/1475-7516/2016/09/024
https://doi.org/10.1088/1475-7516/2016/09/024
https://doi.org/10.1088/1475-7516/2014/10/014
https://doi.org/10.1088/1475-7516/2014/10/014

	Loss of coherence and change in emission physics for radio emission from very inclined cosmic-ray air showers
	Abstract
	Introduction
	New paradigm for radio emission and associated signatures
	Characteristics of very inclined air showers
	Change in emission mechanisms
	Coherence loss

	 Microscopic simulations
	Conclusions and perspectives 
	Acknowledgments
	Coherence effects from a particle population
	References


