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probe the most powerful sources in the Universe

understand the origin of ultra-high energy cosmic rays
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The preparation of GRAND requires a deep understanding of the radio signal 
emission processes



Charge excess emission


• Accumulation of negative 
charges close to the shower 
core


• Radial polarisation


• ≈ 10% of the amplitude of the 
total emission for vertical air 
showers


Geomagnetic emission


• Induced dipole with 


• Polarisation along - 


• Main contribution to the 
radio signal


→
𝐁geo

𝒗 × 𝑩
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Radio signal from extensive air-showers - CLASSICAL picture

Schröder (2017)

2 main sources for the radio emission

vertical air-showers: well known, mature and verified

Inclined air showers: still several challenges, trending topic

(Schlüter et al. 2022, Chiche et al. 2022) 
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Next-generation experiments target (GRAND, BEACON, AugerPrime…) very inclined air-
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How do all these characteristics affect the radio emission?

decreasing ρ

• development at lower air density

• development over longer trajectories

• particles more deflected —> larger lateral shower extension —> coherence loss?

Enhanced effect of B!

• particles more deflected —> geo-synchrotron emission?

Next-generation experiments target (GRAND, BEACON, AugerPrime…) very inclined air-
showers



Condition for synchrotron emission
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high energy particles. At energies ✏e > 10MeV, electrons
and positrons in the cascade undergo Bremstrahlung
scattering, with attenuation length lrad = X0/⇢air ⇠
3.67 ⇥ 103 m(⇢air/1 g cm�3)�1, where X0 = 36.7 g cm�2

the electronic radiation length. The produced electrons
and positrons are also deflected by the Earth magnetic
field in opposite directions, with Larmor radius rL ⇠
3.3⇥104 m(✏e/100MeV)(B/10µT)�1, with B the Earth
magnetic field.

In the commonly admitted paradigm of radio emis-
sion by air-showers, two processes account for most of
the electromagnetic signal. The major process, called
“geomagnetic emission”, is produced by electrons and
positrons drifting at the front end of the shower, through
the competing e↵ects of magnetic deflection and particle
scattering mentioned above, and hence producing a time-
varying current [11]. In the other process, called “charge
excess” or “Askaryan” mechanism, electrons from the air
atoms accumulate in the shower front, creating a net neg-
ative charge excess along the shower core, comparatively
to the outskirts. The latter mechanism was shown to
represent ⇠ 10% of the total radio emission for vertical
air-showers, and less than few % for very inclined air-
showers [12].

We demonstrate in the following sections that this de-
scription breaks down for very inclined air-showers, re-
quiring a drastic revision of the existing paradigm.

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 ✓ > 75�. Cosmic-ray air-showers typically reach
their maximum longitudinal development around a gram-
mage of Xmax ⇠ 400 � 700 g cm2. We assume that the
air density decreases with altitude following the Lins-
ley model [13], with a roughly exponential dependency.
Hence very inclined showers develop in the upper lay-
ers of the atmosphere, where the air density is partic-
ularly low. By geometrical construction, these showers
also propagate over longer distances than vertical ones.

The altitude and distance at which air-showers develop
can be roughly estimated by

h(✓) ⇠ h0 + a✓ + b✓2 + c✓3 (1)

dobs(✓) ⇠ d0 + f exp g✓ , (2)

with h0 = �8.25, a = 0.79, b = �0.0145, c =
0.000105, d0 = 2.10�5, f = 0.187, g = 14.7. These for-
mulae correspond to empirical fits to microscopic numeri-
cal simulations performed with ZHAiRes. The air density
⇢air and the distance from the observer dobs are read in
the simulation at the location of the maximum shower
development (Xmax).

B. Synchrotron signatures

FIG. 1. Characteristic lengths (to be updated). [”Incoher-
ence” for the label]

Historically, synchrotron radiation was believed to be
the main source of the radio emission (originally coined
“geosynchrotron” emission). In the framework of vertical
air-showers, it was however shown to have a negligible
contribution, except in the GHz regime [? ].
In principle, a non negligible synchrotron component is

expected if particles can radiate before undergoing Brem-
strahlung interaction, i.e., for lsyn/lrad < 1, where lsyn =

1157m (�/Z)
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[14] is the synchrotron cooling length. From this we
derive (see also [14]),
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Figure 1 represents the variation of the ratio lsyn/lrad
as a function of ⇢air and hence of ✓ (Eq. ??), for typical
values of B = 50µT, ✏e = 88MeV, ⌫ = 80MHz (red solid
lines). We find that a synchrotron component is expected
to contribute to the emission of inclined air-showers, i.e.,
lsyn/lrad < 1, for ⇢air < 0.32 kgm�3 (✓ > ⇤ ⇤ ⇤�).
[Explain Fig. ?? where the parameter space in B

and nu is covered. and then rephrase next para-
graph accordingly]
On the other hand, for lower magnetic field values, for

example B = 25µT, then synchrotron emission can be
only observed at higher frequencies of ⇠ 1GHz, even for
showers with ✓ = 80�, as illustrated in Fig. ??. This
suggests why no such component has been yet observed
at the Pierre Auger Observatory, but should observed for
di↵erent locations on the Earth. see one of the figures
[Describe briefly expected signature: clover leaf

pattern, cite Tim’s paper.]

C. Coherence loss

The radio emission of air-showers can be described as
the superposition of the individual emissions by particles
in the shower around the point of maximal longitudinal
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Figure 1 represents the variation of the ratio lsyn/lrad
as a function of ⇢air and hence of ✓ (Eq. ??), for typical
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The lower air-density for inclined showers should favor geo-synchrotron radiation

see also C. James (2022)

C. James (2022)

Xmax
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showers with ✓ = 80�, as illustrated in Fig. ??. This
suggests why no such component has been yet observed
at the Pierre Auger Observatory, but should observed for
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The radio emission of air-showers can be described as
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Non negligible synchrotron component expected if: 
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The lower air-density for inclined showers should favor geo-synchrotron radiation

see also C. James (2022)
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7.2. Comparison with microscopic numerical simulations 139

Figure 7.6: Colormaps of the [v ⇥ (v ⇥ B)] electric field component in the shower plane,
simulated with ZHAireS and filtered in the 50 � 200 MHz band, for (left ) a shower with
zenith angle ✓ = 38

� and (right) a shower with zenith angle ✓ = 72
�. For the left-hand

plot, the pattern follows the expected polarization from the projection of the charge-excess
emission on the [v ⇥ (v ⇥ B)] axis. On the other hand, on the right-hand plot, the amplitude
is the strongest along the diagonal axis in the shower plane and follows a “clover-leaf” pattern.
Similar results can be observed with CoREAS simulations.

polarization pattern is observed, both for simulations with ZHAireS and CoREAS, throughout
the (⌫, ⇢) phase-space where the synchrotron contribution is expected to be significant (above
the orange lines in Fig. 7.2, right-hand panel). The pattern cannot be described by the current
macroscopic descriptions of the radio emission (Section 3.2.8), neither by the transverse-current
nor by the Askaryan emission (Section 3.2.2, 3.2.3). Hence it confirms the existence of a third
type of emission, with a [v ⇥ (v ⇥ B)] component that accounts for ⇠ 10% of the total radio
signal amplitude. The synchrotron component modeled in section 7.1.2 could explain this new
emission, an assumption even more strengthened by the correspondence between the observed
clover-leaf and the synchrotron polarization pattern predicted in the geo-synchrotron emission
(Huege and Falcke 2005), as previously shown in the right-hand panel of Fig. 7.3.

To support our synchrotron model, we also simulated with CORSIKA 8 the radio emission
from an electron-positron pair with the same energy, moving vertically downwards in an uni-
form magnetic field, and with an observer at ground level on the symmetry axis. The resulting
contribution to the [v⇥(v⇥B)] component of the radio fluence in the [50�200] MHz frequency
band is shown in Fig. 7.7. The left-hand panel represents the emission of an individual elec-
tron, the middle panel shows the emission of an individual positron and the right-hand panel
is for the superposition of both emissions. It can be seen that the individual emission from
electrons or positrons do not lead to a full clover-leaf pattern. Moreover, for each particle,
the emission peaks are slightly displaced from the diagonal axes. Yet, when considering the
superposition of both emissions, some parts interfer destructively and others constructively,
so that the resulting fluence follows a clover-leaf like pattern, similarly to the one observed in
Fig. 7.6. This is a strong signature supporting that the new polarization component seen in
Monte-Carlo simulations could be explained by our synchrotron model.

Using the same simulation, we also computed the (v ⇥B) component of the radio emission
emitted by an electron-positron pair, which is shown in Fig. 7.8 . Once again, the total fluence
(right-hand panel), results from constructive and destructive interferences of the individual
electron and positron emissions. Interestingly, the (v ⇥ B) fluence seems to be peaked at the
shower core and decreases when moving away from it. Moreover, we observe that the pattern
is not rotationally symmetric but shows larger values close to the [v ⇥ (v ⇥ B)] axis.
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emission on the [v ⇥ (v ⇥ B)] axis. On the other hand, on the right-hand plot, the amplitude
is the strongest along the diagonal axis in the shower plane and follows a “clover-leaf” pattern.
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the (⌫, ⇢) phase-space where the synchrotron contribution is expected to be significant (above
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emission, an assumption even more strengthened by the correspondence between the observed
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To support our synchrotron model, we also simulated with CORSIKA 8 the radio emission
from an electron-positron pair with the same energy, moving vertically downwards in an uni-
form magnetic field, and with an observer at ground level on the symmetry axis. The resulting
contribution to the [v⇥(v⇥B)] component of the radio fluence in the [50�200] MHz frequency
band is shown in Fig. 7.7. The left-hand panel represents the emission of an individual elec-
tron, the middle panel shows the emission of an individual positron and the right-hand panel
is for the superposition of both emissions. It can be seen that the individual emission from
electrons or positrons do not lead to a full clover-leaf pattern. Moreover, for each particle,
the emission peaks are slightly displaced from the diagonal axes. Yet, when considering the
superposition of both emissions, some parts interfer destructively and others constructively,
so that the resulting fluence follows a clover-leaf like pattern, similarly to the one observed in
Fig. 7.6. This is a strong signature supporting that the new polarization component seen in
Monte-Carlo simulations could be explained by our synchrotron model.
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shower core and decreases when moving away from it. Moreover, we observe that the pattern
is not rotationally symmetric but shows larger values close to the [v ⇥ (v ⇥ B)] axis.
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rdr f (r, ϕ) (Glaser et al., 2016)



Summary
2 major new features in the radio emission of very inclined showers

Radiation energy cut-offClover-leaf pattern

Linked to a loss of coherenceLinked to synchrotron radiation

Refine our understanding of the radio emission: Transverse-current + Askaryan 
description no more valid

Could strongly affect detection/reconstruction strategies of future experiments

Could help for cosmic-ray/neutrino discrimination
15
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Figure 7.6: Colormaps of the [v ⇥ (v ⇥ B)] electric field component in the shower plane,
simulated with ZHAireS and filtered in the 50 � 200 MHz band, for (left ) a shower with
zenith angle ✓ = 38

� and (right) a shower with zenith angle ✓ = 72
�. For the left-hand

plot, the pattern follows the expected polarization from the projection of the charge-excess
emission on the [v ⇥ (v ⇥ B)] axis. On the other hand, on the right-hand plot, the amplitude
is the strongest along the diagonal axis in the shower plane and follows a “clover-leaf” pattern.
Similar results can be observed with CoREAS simulations.

polarization pattern is observed, both for simulations with ZHAireS and CoREAS, throughout
the (⌫, ⇢) phase-space where the synchrotron contribution is expected to be significant (above
the orange lines in Fig. 7.2, right-hand panel). The pattern cannot be described by the current
macroscopic descriptions of the radio emission (Section 3.2.8), neither by the transverse-current
nor by the Askaryan emission (Section 3.2.2, 3.2.3). Hence it confirms the existence of a third
type of emission, with a [v ⇥ (v ⇥ B)] component that accounts for ⇠ 10% of the total radio
signal amplitude. The synchrotron component modeled in section 7.1.2 could explain this new
emission, an assumption even more strengthened by the correspondence between the observed
clover-leaf and the synchrotron polarization pattern predicted in the geo-synchrotron emission
(Huege and Falcke 2005), as previously shown in the right-hand panel of Fig. 7.3.

To support our synchrotron model, we also simulated with CORSIKA 8 the radio emission
from an electron-positron pair with the same energy, moving vertically downwards in an uni-
form magnetic field, and with an observer at ground level on the symmetry axis. The resulting
contribution to the [v⇥(v⇥B)] component of the radio fluence in the [50�200] MHz frequency
band is shown in Fig. 7.7. The left-hand panel represents the emission of an individual elec-
tron, the middle panel shows the emission of an individual positron and the right-hand panel
is for the superposition of both emissions. It can be seen that the individual emission from
electrons or positrons do not lead to a full clover-leaf pattern. Moreover, for each particle,
the emission peaks are slightly displaced from the diagonal axes. Yet, when considering the
superposition of both emissions, some parts interfer destructively and others constructively,
so that the resulting fluence follows a clover-leaf like pattern, similarly to the one observed in
Fig. 7.6. This is a strong signature supporting that the new polarization component seen in
Monte-Carlo simulations could be explained by our synchrotron model.

Using the same simulation, we also computed the (v ⇥B) component of the radio emission
emitted by an electron-positron pair, which is shown in Fig. 7.8 . Once again, the total fluence
(right-hand panel), results from constructive and destructive interferences of the individual
electron and positron emissions. Interestingly, the (v ⇥ B) fluence seems to be peaked at the
shower core and decreases when moving away from it. Moreover, we observe that the pattern
is not rotationally symmetric but shows larger values close to the [v ⇥ (v ⇥ B)] axis.



16

Clover-leaf pattern and geo-synchrotron emission

Chapter 7. Underlying physical processes of air-shower radio emission 140

v � B [m]v � B [m]v � B [m]

f v�
(v�

B)
[ev

/m
2 ]

�1000 �500 0 500 1000�1000

�750

�500

�250

0

250

500

750

1000
C8 CoREAS - vxvxB - e�

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

⇥10�15

v�
(v

�B
)[m

]

�1000 �500 0 500 1000�1000

�750

�500

�250

0

250

500

750

1000
C8 CoREAS - vxvxB - e+

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

⇥10�15

�1000 �500 0 500 1000�1000

�750

�500

�250

0

250

500

750

1000
C8 CoREAS - vxvxB - e� + e+

1

2

3

4

5

6

⇥10�16

Figure 7.7: CORSIKA 8 simulation of the radio emission from an electron-positron pair, with
the same energy, moving downwards in a uniform magnetic field. The observation is performed
in a plane perpendicular to the symmetry axis and the plots display the [v⇥(v⇥B)] component
of the energy fluence, filtered in the 50� 200 MHz frequency band. The left-hand panel shows
the individual emission of the electron, the middle panel is for the individual positron emission,
and the right-hand panel shows the superposition of both emissions. The constructive and
destructive interferences between the positron and electron emission give rise to a clover-leaf
emission pattern, similarly to what is observed in Monte-Carlo simulations. Plots provided by
Nikolaos Karastathis.

Radiation energy of the clover-leaf emission

To evaluate the contribution of the clover-leaf emission to the radio signal, we can estimate the
dependency of its radiation energy with air density. For simplicity, we use only the [v⇥(v⇥B)]

component of the clover-leaf emission, since the (v ⇥ B) component cannot be distinguished
easily from the geomagnetic emission. Let us consider an antenna on a starshape layout, at
given (!, ⌘) angles in the shower plane, with ! the angular deviation from the shower axis
and ⌘ the angle with respect to the (v ⇥ B) axis (Fig. 3.12). The [v ⇥ (v ⇥ B)] component of
the electric field can be written as

Ev⇥(v⇥B)(⌘, !) = Ece

v⇥(v⇥B)
(⌘, !) + Ecl

v⇥(v⇥B)
(⌘, !) , (7.22)

where Ece

v⇥(v⇥B)
and Ecl

v⇥(v⇥B)
are the [v⇥(v⇥B)] electric field components of the charge-excess

and clover-leaf emission respectively. We can see from Fig. 7.6, that the clover-leaf emission
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Figure 7.8: CORSIKA 8 simulation of the (v ⇥ B) energy fluence component, emitted by an
electron-positron pair, with the same energy, moving downwards in a uniform magnetic field
and filtered in the 50 � 200 MHz frequency band. The left-hand panel shows the individual
electron emission, the middle panel is for the individual positron emission, and the right-hand
panel shows the superposition of both emissions. Plots provided by Nikolaos Karastathis.

CORSIKA8 simulation of an electron/positron pair in a uniform magnetic field

e− e+ e+ + e−

(Credits to Nikolaos Karastathis)
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Figure 7.7: CORSIKA 8 simulation of the radio emission from an electron-positron pair, with
the same energy, moving downwards in a uniform magnetic field. The observation is performed
in a plane perpendicular to the symmetry axis and the plots display the [v⇥(v⇥B)] component
of the energy fluence, filtered in the 50� 200 MHz frequency band. The left-hand panel shows
the individual emission of the electron, the middle panel is for the individual positron emission,
and the right-hand panel shows the superposition of both emissions. The constructive and
destructive interferences between the positron and electron emission give rise to a clover-leaf
emission pattern, similarly to what is observed in Monte-Carlo simulations. Plots provided by
Nikolaos Karastathis.

Radiation energy of the clover-leaf emission

To evaluate the contribution of the clover-leaf emission to the radio signal, we can estimate the
dependency of its radiation energy with air density. For simplicity, we use only the [v⇥(v⇥B)]

component of the clover-leaf emission, since the (v ⇥ B) component cannot be distinguished
easily from the geomagnetic emission. Let us consider an antenna on a starshape layout, at
given (!, ⌘) angles in the shower plane, with ! the angular deviation from the shower axis
and ⌘ the angle with respect to the (v ⇥ B) axis (Fig. 3.12). The [v ⇥ (v ⇥ B)] component of
the electric field can be written as

Ev⇥(v⇥B)(⌘, !) = Ece

v⇥(v⇥B)
(⌘, !) + Ecl

v⇥(v⇥B)
(⌘, !) , (7.22)

where Ece

v⇥(v⇥B)
and Ecl

v⇥(v⇥B)
are the [v⇥(v⇥B)] electric field components of the charge-excess

and clover-leaf emission respectively. We can see from Fig. 7.6, that the clover-leaf emission
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Figure 7.8: CORSIKA 8 simulation of the (v ⇥ B) energy fluence component, emitted by an
electron-positron pair, with the same energy, moving downwards in a uniform magnetic field
and filtered in the 50 � 200 MHz frequency band. The left-hand panel shows the individual
electron emission, the middle panel is for the individual positron emission, and the right-hand
panel shows the superposition of both emissions. Plots provided by Nikolaos Karastathis.

CORSIKA8 simulation of an electron/positron pair in a uniform magnetic field

e− e+ e+ + e−

The magnetic deflection of an  pair give rise 
to clover-leaf emission pattern 

e−/e+

(Credits to Nikolaos Karastathis)


