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To probe the sources of ultra-high energy cosmic-rays, the next generation of radio experiments
such as GRAND, BEACON and AugerPrime Radio are now focusing on the detection of air-
showers arriving with very inclined trajectories. These inclined showers have a large footprint
that allows us to instrument large surfaces at low costs, but their radio emission exhibits numerous
features that differentiate them from vertical ones. Using Monte-Carlo simulations, we evidence
here two major novel features of cosmic-ray inclined showers: a significant drop of more than one
order of magnitude in the geomagnetic emission amplitude and a new polarization pattern. We
explain the former by a coherence loss in the radio emission of inclined air-showers, while the
latter possibly indicates a synchrotron emission becoming relevant at large zenith angles. These
two effects depend both on the magnetic field amplitude and are challenging to describe with
the existing interpretations of the radio emission but could affect the detection and reconstruction
strategies of next generation experiments.
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vertical inclined

Figure 1: (Not to scale) Sketch of a vertical and an inclined air-shower. The blue star indicates the Xyax
position of each shower. Inclined air-showers develop at higher altitude, hence lower density in the atmosphere
and over longer distances than vertical ones. The sketch also shows that Earth curvature and the asymmetry
of the atmospheric density around the shower axis should be considered for inclined air-showers.

1. Introduction

Radio detection of high-energy astroparticles has been extensively studied over the past decade.
Experimental progresses in cosmic-ray detection from CODALEMA [1], LOPES [2], AERA [3]
and LOFAR [4] fed the development of accurate Monte-Carlo simulations and of theoretical models,
providing a deep understanding of the radio emission processes [5, 6]. The radio emission from
vertical showers is now well understood and can be interpreted as the coherent sum of two main
mechanisms: the geomagnetic emission, coming from the deflection of charged particles in the
shower by the Earth’s magnetic field and the time variation of the resulting transverse current;
and the charge-excess emission coming from the accumulation of negative charges in the shower
front due to the ionization of air-atoms. The objective of the community is now to increase the
sensitivity and to target other messengers, gamma-rays and neutrinos, at ultra-high-energy (UHE).
This motivates the development of next generation experiments with gigantic detection surfaces
and more efficient detection methods with a focus on radio techniques to address the low fluxes at
UHE [7, 8]. Inclined air-showers are particularly well-suited for this purpose as their large radio
footprints allow us to sample the signal with sparse arrays and cover large surfaces at low costs.
Yet, their radio emission exhibits numerous features that differentiate them from vertical showers
making their understanding challenging with the existing theoretical models [9, 10]. In Section 2
we present the main characteristics of inclined showers. We then evidence in Section 3 two new
features of inclined air-shower radio emission: a suppression of the radiated energy and a new
polarization signature at low densities and high magnetic field amplitude. Eventually in Section 4,
we discuss how the current theoretical models should be refined to account for these two effects
that we link respectively to a loss of coherence and a synchrotron component.

2. The challenge of inclined air-showers

When a particle cascade develops in the atmosphere, the total number of particles increases
until it reaches a maximum, and then decreases. The atmospheric grammage Xp,x at which the
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Figure 2: (Left) Full band radiated geomagnetic energy as a function of air-density from ZHAireS simulations
with GRAND magnetic field configuration (B = 55 uT, i = 60.79°). The colors code for the zenith angle.
When going from high to low air-density, the radiated energy first increases up to p,;; = 0.3kgm™ (6 ~ 70°)
and then drops by almost 1.5 order of magnitude for the lowest densities (the most inclined showers). (Middle)
Radiated energy, filtered in the 50 — 200 MHz band, as a function of air-density from CoREAS simulations
with GRAND magnetic field. The colors code for sin @, with @ the geomagnetic angle. The plot shows a

similar trend to the results with ZHAireS simulations, i.e., an increase of the radiated energy followed by a

drop at the lowest densities. The colors attest of a deviation from a scaling of the radiated energy as sin o’

(Right) Radiated energy as a function of air-density from CoREAS simulations with AERA magnetic field

configuration (B = 24.6 uT, i = —35.2°) and frequency band (30 — 80 MHz). The plot shows almost no
2

cut-off at low densities and the radiated energy roughly scales in sin a~.
maximal number of particles is reached depends mainly on the particle nature and not on its arrival
direction. As a consequence, inclined cosmic-ray air-showers will develop in higher, hence lower
density atmosphere than vertical ones. This is illustrated in Fig. 1, where we highlight some
differences between vertical and inclined showers that are relevant in our framework. It can be
seen that inclined showers develops over much longer distances than vertical ones, resulting in
a more diluted signal. This long development also implies that Earth curvature has to be taken
into account when modeling the atmosphere and setting the antennas positions on ground. The
inclined shower trajectory will also create an asymmetry of the radio footprint related to a different
integrated refractive index and time arrivals of the signal between "early" antennas (located below
the shower axis) and "late" antennas (above the shower axis) [11, 12]. Eventually, the lower density
for inclined showers should impact the radio emission processes as discussed in [9, 10, 15]. In the
next Section we aim at characterizing quantitatively the impact of air-density on the radio emission
with Monte-Carlo simulations.

3. Radio signal dependency with air-density

3.1 Evidence for a suppression of the radiated energy of inclined air-showers

To compute the radio-signal dependency with air-density, we calculated with ZHAireS Monte-
Carlo simulations [13] the radiated energy for showers with various inclination. We used a set of
~ 10000 showers with antennas on a star-shape layout, with zenith angle 6 between [40° — 80°],
various azimuth angles ¢ and primary particle energy & between [0.1 — 4] EeV. The magnetic field
amplitude is set to Bgeo = 55 T and its inclination to i = 60.79° following the values at the GRAND
experiment candidate site, in Dunhuang, China.

As discussed in [9], for inclined showers, the charge-excess contribution to the radio signal
becomes negligible relatively to the geomagnetic one. We can therefore assume that the radiated
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geomagnetic energy, Erudgeo 1S an accurate proxy for the total radiated energy by the air-shower.
Ead geo 18 calculated following the method proposed in [14], i.e., by integrating the v x B component
of the radio energy fluence f,xp = €ocAt|Eyvxp |2 (with E, the electric field integrated over the time
window of length Az, €y, the vacuum permittivity and c the speed of light in vacuum) using antennas
located on the v X (v X B) axis and assuming a radial symmetry of the radio signal. Finally, we
divide the result by & sin?, (with @, the geomagnetic angle and & the shower electromagnetic
energy) to correct the result from any dependency with the primary energy and azimuth angle. We
get:

2negcAt [T
Eéﬁg(f, (I), 9) = ml |Egeo(l")|2}’ dr (1)

Here, r d; (with r, the distance of a given antenna from the shower core) can be re-expressed as
D% wd,, with Dx

max ?

the distance between Xy, and the shower core, and w, the angular deviation

to the shower axis from Xy.x, such as tan(w) ~ w = r/Dx It should be noted that rigorously,

the Xi.x-observer distance should be used instead of the X,.x-shower core distance. However,
in practice the radio footprint extends only to small viewing angles (~ up to 3°) and we can thus
assume that both quantities are roughly equal.

The result is displayed as a function of air-density or zenith angle, on the left-hand of Fig. 2, for
the full band electric field. It can be seen that when going from high to low densities, the radiated
energy first slightly increases (for 6 between 40° to 70°) and then decreases (for € above 70°),
with a cut-off of more than 1.5 orders of magnitude for the most inclined showers. This result is
confirmed with CoOREAS simulations [16] on the middle panel of Fig. 2, where a similar behavior is
observed in the GRAND frequency band (50 — 200 MHz). On the other hand, in the right-hand of
Fig. 2, we present the radiated energy as a function of air-density using this time the magnetic field
configuration and frequency band of the Auger site AERA in Malargiie (B = 24.6 uT, i = —35.2°).
It should be noted that although different frequency band are depicted on the 3 plots, no significant
deviation from the filtering is expected between the full band, GRAND and Auger case, as the peak
of the radio signal spectrum (around tens of MHz) is included in each of the considered band. In
the right-hand of Fig. 2, it can be seen that when lowering the density, the radiated energy almost
always increases and only a mild cut-off is observed for p < 0.1kgm™3.
associated cut-off of the radiated energy for GRAND magnetic field values are unexpected features
that are not predicted by any existing theoretical description of the radio emission. Indeed, in the
classical picture, one would expect that when lowering the density it would increase the mean free

This decrease and the

path of collision of positrons and electrons in the shower, resulting in a stronger current and a
stronger geomagnetic emission. However, our results suggest that for low air-densities coupled with
high magnetic field values, the current theoretical descriptions of the radio emission are no longer
valid and should be refined to account for these new effects.

3.2 Evidence for a new polarization signature

We also studied, with Monte-Carlo simulations, how the polarization should be modified for
inclined air-showers. On the left panel of Fig. 3 we represented, from ZHAireS simulations, the
v X (v X B) component of the full band electric field (E,x,xp), for a shower with zenith angle
6 = 38°. As the transverse current from the geomagnetic emission is polarized along the —v X B
direction, the only contribution to E, x,xp should come from the charge-excess emission. This
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Figure 3: Projected component of the full band peak electric field along v X (v X B) from Monte-Carlo
simulations for (left), a ZHAireS simulation with zenith angle 6 = 38°, (middle), a ZHAireS simulation with
zenith angle 6 = 72° and (right), a COREAS simulation with zenith angle 6 = 85°. The results are shown
in the [v X B; v X (v x B)] plane, perpendicular to the shower axis, where v and B are unitary vectors.
The left-hand plot shows a pattern that follows the usual projection of the charge excess emission along the
v X (v X B) axis. The middle and the right-hand plot however, show a polarization pattern that cannot be
described by the existing theoretical models of the radio emission and hints toward a new emission taking
over the charge excess for inclined air-showers.

is confirmed by the footprint that follows the expected pattern for the v X (v X B) projection of
the charge excess, i.e., an emission that is peaked along the v X (v X B) axis and reaches 0 along
the v X B axis. On the middle and right panel of Fig. 3, we also represent the full band E\,x,x B,
but respectively for ZHAireS and CoREAS simulations of a shower with zenith angle 8 = 72°
(respectively 8 = 85°). Here we can see, with both simulations, that the emission follows a "clover-
leaf pattern", i.e., is peaked on the diagonal axes and vanishes along the v X B and v X (v X B)
directions. This pattern, that is observed for inclined air-shower simulations, can not be described
by the current theoretical descriptions of the radio emission assuming only a transverse current
and charge excess contribution. It can only be explained by a weaker charge excess emission (as
discussed in [9]) and the emergence of new type of emission dominant over the charge excess for
low air-densities. This new polarization pattern could potentially come from synchrotron emissions
as suggested by geo-synchrotron models which predicted a clover-leaf like pattern, similar to the
one observed in Fig. 3, in the GHz band for vertical showers [19]. In the next Section, we propose
a model to characterize this new emission.

4. Refined modeling of the radio emission

In the previous section, we evidenced, with Monte-Carlo simulations, two new effects in the
radio emission of air-showers for low air-density, pair, and high Earth magnetic field amplitude,
Bgeo: a suppression of the radiated energy and a new polarization pattern. These effects become
significant for inclined (6 > 70° ) air-showers, but are not predicted by any existing theoretical
description of the radio emission. In this section, we propose how the current models of the radio
emission should be refined to account for these new effects.

4.1 Conditions for a coherent signal in the radio emission of air-showers

As discussed in Section 3.1, the suppression of the radiated energy of inclined air-showers
appears to be linked to a low air-density, combined with a high magnetic field amplitude. This
suggests that it could be related to the shower lateral extent, Ly, which itself depends on both of
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these parameters. Indeed, lowering the air-density should increase the mean free path of collision
of electrons and positrons, while increasing the magnetic field should enhance the deflection, both
resulting in a larger shower lateral extent. If we assume that the radio emission is emitted around
Xmax»> then we can construct with L, the spatial coherence length given by:

Lo = 20N @)

Llat

where A is the wavelength of the emission and Dy, ., the distance between Xpax and the shower
core. This condition arises from the fact that if particles in a plane perpendicular to the shower axis
at Xnmax radiate in phase, then the only phase difference at the observer position will come from
the different particle locations, i.e., from the plane lateral extension.The spatial coherence length
hence allows us to quantify if am observer located at Dy, from the plane, will receive radiations
in phase or not, depending on whether we have L, < L. (for a coherent emission, constructive
interferences) or Ly > L. (for an incoherent emission).

In Eq. 2, Dy, can be computed from Monte-Carlo simulations, while Lj,; needs to be
determined. Using the formalism of [17], we can express the transverse acceleration of particles in
the shower as d’x;/dt> = c3eB/[e. exp(—t/71)], with x;, the particle transverse position (orthogonal
to the shower axis), T = [;q/ ¢ the Bremsstrahlung energy loss timescale and lp,q = Xo/pair ~ 3.67 X
10 m (pair/1 gem™3) "1, where Xy = 36.7 gcm™? is the electronic radiation length. Integrating the
transverse acceleration as a function of time we get x, (1) = t2c’eB (e!/T — 1 —t/1)/€,. The shower
lateral extent L, is then derived as Ly, = 2x((t = 7), where the factor 2 account for the deflection
of both positrons and electrons. We represent L, and the coherence length L. on the left panel of
Fig. 4. We can see see that for p,;; = 0.3kg m~3, i.e. for 6 < 75°, we have Ly < L. and therefore
expect coherent emission. However, for more inclined air-showers, i.e., for p,; < 0.3kg m™3
(8 > 75°) we have a transition to a regime where Li,; > L. and incoherent emission is expected.
The transition from coherent to incoherent emission matches well with the suppression of the radio

_Llal/L

energy and suggest that for inclined showers an attenuation in e < is expected.

4.2 Conditions for synchrotron emission in the radio emission of air-showers

For low air-densities and high magnetic field values we also expect charged particles in
the shower to undergo an enhanced magnetic deflection with associated synchrotron emission.
We use the theoretical framework developed by C. James in [18] and assume that a non neg-
ligible synchrotron emission is expected if particles can radiate before losing their energy, i.e.,
for lsynch < Irad, With lpq, the Bremsstrahlung energy loss length which is given by [y, ~
1157 m (e,/88 MeV)?/3(B/50 uT)~%/3(v/80MHz)~'/3 | the synchrotron cooling length derived
in [18]. Both lengths are represented in the right panel of Fig. 4 as a function of frequency for
GRAND and Auger magnetic field values (respectively 55 uT and 24.6 uT). The sin a value (with
a the geomagnetic angle) is set to 1 for GRAND site and to 0.5 for Auger site, according to the
values favored by the magnetic field inclination at each location. Also, as we are looking to the
dynamics of particles around Xy,,x, the particle energy &,, is set to the critical energy E. ~ 80 MeV.
We can see on Fig. 4 that for frequencies around 50 — 200 MHz, the model from [18] predicts,
with GRAND magnetic field value, a transition to a regime where a non negligible synchrotron
emission is expected for inclined air-showers (for 8 > 75°). However, for the same zenith angle,
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Figure 4: (Left) Shower lateral extent (L1,) and spatial coherence length (L. ), as a function of air-density. The
color code shows the normalized radiated energy. The plot shows that we have Liy; < L. and expect a coherent
emission for p,ir 2 0.3kg m~3 and Ly, > L., i.e., expect an incoherent emission for p,ir < 0.3kg m~3. This
result is consistent with the radiated energy which drops significantly once the coherence is lost. (Right)
Transition lines from a regime with no expected synchrotron component to a regime with non negligible
synchrotron contribution for GRAND (blue line) and Auger (orange line) magnetic field configurations. The
plot shows that for GRAND magnetic field configuration, the transition to a regime with non negligible
synchrotron contribution is expected for 6 > 75° at frequencies between 50 — 200 MHz. On the other hand,
for Auger, frequencies of ~ 1 GHz are required to see this transition with the same zenith angle.

frequencies of ~ 1 GHz are needed to observe the same transition with Auger magnetic field strength
and inclination. This suggests that the new polarization pattern observed for inclined showers in
Section 3.2, with Monte-Carlo simulations using GRAND magnetic field configuration, could be
well explained by our synchrotron model but should be hardly visible with Auger magnetic field.

5. Conclusion

104
Incoherent —— coherence
Inclined cosmic-ray air-showers de- fransverse + radiation
. . . synchrotron ()
velop higher in the atmosphere than verti- 5 —— synchrotron
= “ X —
cal ones and show numerous features that £ 58 Lateral
. . . c S
make their understanding more challenging. 4§, g8 Coherent
In this study, we explored, with ZHAireS and 9 538 fransverse current
S
:

/\

CoREAS Monte-Carlo simulations, the ra- 103 1
dio emission of these inclined showers. This

allowed us to evidence two major novel fea-

)\

107! 10°

tures: a suppression of the radiated energy p [kg.m~3]

and the emergence of a new polarization pat- . .
g WP z p Figure 5: Characteristic lengths of relevant physical ob-

servables in air-showers. Three distinct regimes can be
identified: (1) athigh densities we expect a coherent trans-
modeling of the air-shower radio emission to  verse current emission, (2) at intermediate densities, the
account for these new effects that we linked radio emission combines a coherent transverse current

respectively to: a loss of coherence in the emission with a synchrotron-like pattern, (3) at the lowest
densities, an incoherent emission is expected.

tern for low air-densities and high magnetic
field values. We then developed a refined

radio signal and an additional synchrotron
contribution for inclined air-showers. Our results are summarized in Fig. 5, where the characteristic
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lengths of the various processes at play are displayed. This allowed us to evidence 3 distinct regimes
as a function of air-density: (1) at high densities we retrieve a coherent transverse current emission
as predicted by the former models, (2) at intermediate densities we find an additional coherent
synchrotron contribution to the transverse current emission, (3) at the lowest densities we find that
an incoherent radio emission is expected. These regimes are highly dependent on the magnetic field
amplitude and have strong implications: (1) they show that the current description of radio signals
made of a transverse current and a charge excess contribution only is no longer valid for inclined
air-showers; (2) they show that the radio emission cut-off is site dependent and could be used to
either enhance the cosmic-ray detection or attenuate it, depending on the By, value. Particularly,
as neutrino showers develop deeper in the atmosphere than cosmic-rays, their radio emission should
not be subject to any cut-off. As a consequence, choosing a site with high magnetic field value
could be interesting to perform cosmic-ray/neutrino discrimination.
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