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Ultra-high energy (UHE) multi-messengers!

v probe the most powerful sources in the Universe
v/ understand the origin of ultra-high energy cosmic rays




GRAND and GRANDproto300

GRAND: Giant radio array of 200 000 radio antennas over 200 000 km?

Detection of air showers induced by
ultra-high energy astroparticles
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GRAND and GRANDproto300

GRAND: Giant radio array of 200 000 radio antennas over 200 000 km?

Detection of air showers induced by
ultra-high energy astroparticles
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Radio signal from extensive air-showers - CLASSICAL picture

2 main sources for the radio emission
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vertical air-showers: well known, mature and verified

Inclined air showers: still several challenges, trending topic

(Schliter et al. 2022, Chiche et al. 2022) 4



Characteristics of inclined air-showers

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

showers - development at lower air density
- development over longer trajectories
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Characteristics of inclined air-showers

- development at lower air density
- development over longer trajectories
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How do all these characteristics affect the radio emission?
Enhanced effect of B!



Characteristics of inclined air-showers

- development at lower air density
- development over longer trajectories
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How do all these characteristics affect the radio emission?
Enhanced effect of B!

- particles more deflected —> geo-synchrotron emission?
- particles more deflected —> larger lateral shower extension —> coherence loss?
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Condition for synchrotron emission see also C. James (2022)

The lower air-density for inclined showers should favor geo-synchrotron radiation
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Condition for synchrotron emission see also C. James (2022)

The lower air-density for inclined showers should favor geo-synchrotron radiation

Inelastic collision
radiation length /4

Synchrotron
\% cooling length [,
Collision }/

lrad = Xo/Pair lyn ~1353m 2 |
~ 3.67 x 103 m (paiy /1 gem™3) 71 (66/88 MeV)3(B/50 uT)"3(w/50 MHz)™3

Non negligible synchrotron component expected if:
lsyn(BEarth) < lrad(pair) — lrad/ lsyn > 1
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Condition for synchrotron emission
% Synchrotron emissionif: |,/ lSyn > 1

GRAND frequency band v = (O(50 MHz ) and magnetic field (B = 56 uT)
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Conditions for a coherent radio signal

Collision

Spatial coherence length: [. = AD/L,,,
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Conditions for a coherent radio signal

Collision

Spatial coherence length: /. = /1D . From ZHAireS simulations

% Coherent radio emission only if shower lateral extent shorter
than coherence length: L, (0, » Bar) < leon

— ¢7*) (Scholten et al., 2007)
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Conditions for a coherent radio signal

Collision

Spatial coherence length: /. = /1D . From ZHAireS simulations

% Coherent radio emission only if shower lateral extent shorter
than coherence length: L, (0, » Bar) < leon
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Conditions for a coherent radio signal

Collision

Spatial coherence length: /. = /1D . From ZHAireS simulations

% Coherent radio emission only if shower lateral extent shorter
than coherence length: L, (0, » Bar) < leon
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Conditions for a coherent radio signal

% Strong radio emission only if shower lateral extent shorter than coherence length

Llat(pair ’ BEarth)/ lcoh <1 GRA;/NE fggge'\r/\lilyz?and
and magnetic field (B = 56
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Synchrotron and incoherence regimes

Coherent CLASSICAL radio emission:
Incoherent

GRAND frequency emission  ransverse Coherent
synchrotron transverse-current
band v = O(50 + Sy
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Synchrotron and incoherence regimes
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Comparison with
Monte-Carlo simulations



The clover-leaf pattern: a third type of radio-emission

v X v X B component: dominant contribution of Askaryan emission?
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v X v X B component: dominant contribution of Askaryan emission?
Expected pattern
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The clover-leaf pattern: a third type of radio-emission

v X v X B component: dominant contribution of Askaryan emission?
Expected pattern
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The clover-leaf pattern: a third type of radio-emission

v X v X B component: dominant contribution of Askaryan emission?
Expected pattern

¢ =270.00°, 6 =38.23°, E = 3.981 Eev
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Clover-leaf pattern: hints for a third type of emission that could

come from a synchrotron emission i3



Signature of coherence loss

Radiation energy as a function of the air density from Monte-Carlo simulations
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Signature of coherence loss

Radiation energy as a function of the air density from Monte-Carlo simulations
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Suppression in the radiation energy of inclined showers for GRAND magnetic field

Almost no suppression of the radiation energy for Auger
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Summary

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

Clover-leaf pattern Radlation energy cut-off

¢ =180.00°, 6 =71.61°, E = 3.981 Eev
400 o 1 7?‘:.‘; 0.8
_ 500 'g _ 'g 10
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x W' 1004
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-500 100 —
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0 —
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Linked to synchrotron radiation Linked to a loss of coherence

Could strongly affect detection/reconstruction strategies of future experiments

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

Could help for cosmic-ray/neutrino discrimination
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Clover-leaf pattern and geo-synchrotron emission

CORSIKAS simulation of an electron/positron pair in a uniform magnetic field
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Clover-leaf pattern and geo-synchrotron emission

v X (v X B)[m]

CORSIKAS simulation of an electron/positron pair in a uniform magnetic field
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The magnetic deflection of an e ~/e™ pair give rise
to clover-leaf emission pattern
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