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Résumé en français

Quelles sont les sources astrophysiques les plus puissantes dans l'univers ? Où sont-elles situées ? Quels sont les mécanismes qui les gouvernent ? Au cours des dernières décennies, nous avons détecté un nombre croissant de sources astrophysiques en coïncidence avec des émissions très énergétiques, typiques des phénomènes les plus violents se produisant dans l'univers. Ces sources sont diverses et peuvent inclure par exemple des explosions d'étoiles (supernovae), des jets astrophysiques tels que les sursauts gamma, les jets de blazars, ou encore des objets compacts telles que les étoiles à neutrons. Néanmoins, les mécanismes qui régissent leurs émissions aux plus hautes énergies restent peu contraints. Ainsi, afin de sonder l'univers énergétique, il est nécessaire de coupler toute l'information à notre disposition, via les messagers que ces sources nous envoie.

Historiquement, toute notre connaissance de l'univers repose sur la lumière visible, le photon agissant comme un messager de l'information entre la source et les détecteurs. À partir du 20e siècle, le développement de nouveaux instruments a permis de sonder l'univers à l'aide d'autres longueurs d'onde, au-delà de la bande visible. Ces longueurs d'onde transportent des informations complémentaires et permettent ainsi de dévoiler différentes structures de l'univers.

De la même manière, d'autres messagers que la lumière peuvent être détectés sur Terre et apporter des contraintes supplémentaires sur l'univers, telles que les particules faites de matière. Les rayons cosmiques en particulier jouent un rôle prépondérant dans le cadre de l'univers aux très hautes énergies. Les rayons cosmiques sont des noyaux atomiques (tels que des protons ou des noyaux de fer) se propageant dans l'univers à des vitesses colossales, proches de celle de la lumière. On distingue notamment les rayons cosmiques de ultra-haute énergie avec des énergies supérieures à 10 18 eV. Ces particules furent détectés pour la première fois en 1962 par John Linsley et sont considérées comme étant les plus énergétiques dans l'univers. Or, pour atteindre une telle énergie, il est nécessaire que les rayons cosmiques de ultra-haute énergie aient été accélérés par des sources puissantes à l'issu de phénomènes cataclysmiques, ce qui en fait un des traceurs principaux de l'univers à haute énergie. Pourtant, plus de 50 ans après leur détection, l'origine de ces particules reste inconnue. Cela s'explique d'une part par le très faible flux arrivant sur Terre aux plus hautes énergies, avec seulement 1 particule km -2 siecle -1 à 10 20 eV et d'autre part car les rayons cosmiques sont des particules chargées, ce qui implique qu'ils sont déviés par les champ magnétiques galactiques et extragalactiques au cours de leur propagation dans l'univers, complexifiant la reconstruction de la direction de la source. Pour mieux sonder l'univers, il est donc nécessaire de coupler les rayons cosmiques avec d'autres messagers de l'information. Typiquement, les photons gammas et les neutrinos de ultra-haute énergie sont des particules secondaires issues de l'interaction des rayons cosmiques de ultrahaute énergie soit au niveau de leur source ou au cours de leur propagation dans l'univers. Ces particules secondaires sont électriquement neutres, elles se propagent donc dans l'univers en lignes droites et permettent ainsi de remonter directement à la source dont elles proviennent. Les neutrinos en particulier, se propagent dans l'univers sans quasi aucune interaction ni atténuation, ce qui en fait les messagers les plus prometteurs pour identifier les accélérateurs cosmiques dans l'univers. Enfin, il est attendu que certains des évènements les plus puissants dans l'univers, comme la coalescence d'objets compacts génèrent des ondes gravitationnelles pouvant aussi être détectées sur Terre.

Dans ce contexte, un tournant décisif a été franchi avec la récente détection l'évènement GW170817 provenant de la coalescence de deux étoiles à neutrons. Cet évènement a été détecté en ondes gravitationnelles par la collaboration LIGO-Virgo, en coïncidence avec des contreparties électromagnétiques allant du domaine radio aux photons gammas. Cette détection a ainsi marqué l'avènement d'une nouvelle ère d'astronomie multi-messagers, démontrant clairement que la combinaison de plusieurs messagers provenant d'une source donnée pouvait apporter de plus fortes contraintes sur les mécanismes d'émission. En outre, les détecteurs actuels commencent désormais à atteindre la résolution temporelle suffisante pour pour mesurer la rapide variabilité temporelle de l'univers, permettant ainsi l'observation de puissantes sources transitoires. L'astronomie multi-messager et l'astronomie des phénomènes transitoires seront ainsi les clés pour dévoiler d'avantage les accélérateurs cosmiques, étant donné que la détection et l'association temporelle des premiers photons gammas et neutrinos de ultra-haute énergie ouvrira de nouvelles fenêtres astronomiques.

Néanmoins cette détection est un véritable défi et motive le développement de nouvelles expériences avec des surfaces de détection gigantesques afin de drastiquement augmenter leur sensibilité, résolution angulaire et couverture du ciel. Dans ce contexte, la radio détection d'astroparticules apparaît comme une méthode prometteuse. Lorsqu'une astroparticule de très haute énergie entre dans l'atmosphère, elle interagit avec l'air ambiant pour donner une cascade (gerbe) de particules secondaires. Il est possible de détecter directement les particules de la gerbe à la surface de la Terre, mais on s'attend aussi à ce que l'interaction de la gerbe avec le champ magnétique terrestre mène à l'émission d'ondes radios détectables sur Terre avec des antennes radios. La détection radio est une méthode peu cher, efficace et modulable, permettant de couvrir de très grandes surfaces à moindre coût. Cette méthode est ainsi parfaitement adaptée pour atteindre la sensibilité nécessaire pour détecter les très faibles flux d'astroparticules aux ultra-hautes énergies. Dans cette optique, les futurs détecteurs à ultrahaute énergie, tels que GRAND, BEACON, ou l'amélioration radio de l'observatoire Pierre Auger cherchent à détecter l'émission radio de gerbes de particules arrivant se développant dans l'atmosphère avec des trajectoires inclinées. Les gerbes inclinées présentent une large emprunte radio au sol qui peut ainsi être échantillonnée à moindre coût avec des réseaux d'antennes larges et peu denses. Toutefois, la détection radio sur de si grandes surfaces reste un territoire inconnu et nécessite d'adapter les méthodes détection actuelles pour les futurs détecteurs à grande échelle, ce qui soulève un certains nombre de défis techniques qui doivent être relevés. Cette thèse doctorat s'inscrit dans le contexte de l'expérience GRAND (Giant Radio Array for Neutrino Detection). GRAND vise à déployer 200 000 antennes radios sur 200 000 km 2 , dans plusieurs sites favorables dans le monde, à proximité de montagnes et isolé du bruit radio. De cette manière, GRAND vise à obtenir une sensibilité neutrino inégalée d'environ 10 -10 GeV cm -2 s -1 sr -1 au dessus de 5 × 10 17 eV, combinée avec une résolution angulaire de moins de un degré et d'une couverture complète du ciel après intégration sur une rotation terrestre. Dans cette optique, GRAND doit relever plusieurs défis majeurs de la radio détection à grande échelle tels que l'identification des signaux radios au sein du bruit ambiant, l'optimisation d'un réseau d'antenne à grande échelle pour maximiser l'efficacité de détection ou encore le développement de méthodes innovantes pour reconstruire les propriétés de la particule primaire initiant la gerbe de particules. Le travail présenté dans ce manuscrit met en avant les effort pionniers qui ont été réalisés pour relever les défis de la détection radio à grande échelle dans le contexte de l'expérience GRAND, ouvrant ainsi la voie à une astronomie multi-messagers à ultra-haute énergie avec des détecteurs de nouvelle génération.

Dans les chapitres 1 et 2, nous présentons le contexte actuel de l'astronomie multi-messagers à haute énergie et les contraintes amenées jusqu'à maintenant par les rayons cosmiques, les photons gammas, les neutrinos et les ondes gravitationnelles. Nous discutons ensuite dans le chapitre 3 les principaux principes de la radio détection d'astroparticules, nous passons en revue les détecteurs radios passés, actuels et à venir dans le chapitre 3 et introduisons l'expérience GRAND dans le chapitre 5. Enfin les chapitres 6 et 7 présentent nos réponses aux défis de la radio détection.

Spécifiquement afin de diminuer leur coûts et d'améliorer leur efficacité de trigger, les futurs détecteurs radios visent à implémenter une détection radio autonome, c'est à dire une détection de gerbes de particules à l'aide d'antennes radios seulement et sans trigger externe comme des détecteurs de particules. Développer une telle détection autonome est une des clés pour permettre la transition vers des détecteurs radios à grande échelle. Néanmoins, le domaine radio est fortement pollué par les émissions anthropogéniques et implémenter une détection autonome nécessite donc de développer des méthodes efficaces de rejet de bruit, sur la base du signal radio seulement. Dans cette perspective, en Section 6.1 nous avons exploré le potentiel de la polarisation du signal radio. Plus particulièrement, à partir de simulations numériques, nous avons étudié l'amplitude relative des mécanismes d'émissions principaux qui contribuent au signal radio, l'émission géomagnétique et l'émission d'excès de charges. Nous avons ainsi mis en évidence que l'émission d'excès de charges deviens quasiment négligeable comparativement au géomagnétique pour les gerbes de particules induites par des rayons cosmiques avec des trajectoires inclinées (possédant un angle zénithal θ > 65 • ). Par conséquent, la polarisation du signal radio s'accorde avec celle de l'émission géomagnétique, c'est à dire polarisée linéairement et orthogonale à la direction du champ magnétique local. Cette signature donne accès à un critère de sélection efficace pour rejeter le bruit radio environnant au niveau du système d'acquisition des données (DAQ), en se basant sur la projection du vecteur champ électrique mesuré le long de la direction du champ magnétique local. Indépendamment de la disposition des antennes, nos résultats montrent qu'une simple limite de coupure sur la polarisation permet d'atteindre un rejet de bruit avec une efficacité de 93% pour des sites favorables et d'environ 72% pour des sites non favorables, le tout combiné avec une efficacité de trigger sur les signaux de rayons cosmiques de 86% (93%) pour une limite de trigger de 3σ (5σ) sur l'amplitude totale du signal radio. Par ailleurs, nous montrons aussi que les gerbes de particules induites par les neutrinos présentent un rapport entre l'émission d'excès de charges et l'émission géomagnétique jusqu'à 10 fois plus grand que le rapport pour obtenu pour des gerbes générées par des rayons cosmiques. Bien que cette caractéristique complexifie le rejet de bruit fond par l'intermédiaire de la polarisation pour les gerbes neutrinos, elle fournit un critère de discrimination efficace entre les gerbes de neutrinos et de rayons cosmiques.

La préparation d'expériences de future génération motive aussi le besoin de simuler le signal radio de gerbes de particules de manière rapide et efficace, de sorte à pouvoir explorer de multiples configurations de détecteurs sur de vastes surfaces et aussi de développer de nouvelles méthodes de reconstruction des paramètres de la gerbe. À cet effet, en Section 6.2 nous présentons le Radio Morphing, un outil semi-analytique qui simule le signal radio émis par n'importe quel gerbe de rayons cosmiques à n'importe quelle position dans l'espace, à partir du signal de référence de quelques gerbes de particules à des positions données. La méthode du Radio Morphing est basé sur le principe d'universalité des gerbes atmosphériques qui considère que l'émission radio, supposée ponctuelle, peut être complètement caractérisée à partir de la connaissances de quelques paramètres au point de maximum de développement de la gerbe X max (densité de l'air, énergie, nombre de particules...). De cette manière, toute variation de l'émission radio entre différentes gerbes atmosphériques peut potentiellement s'expliquer en prenant en compte les variations de la gerbe à X max . Cette hypothèse est particulièrement vérifiée dans le cas de gerbes inclinées, pour lesquelles l'observateur à la surface de la Terre se trouve généralement très loin de la zone d'émission de la gerbe. En pratique, le principe du Radio Morphing repose sur (1) un scaling des traces du champ électrique (non filtré en fréquence) d'une gerbe de référence simulé avec ZHAireS à des positions données, afin d'obtenir le signal radio de n'importe qu'elle autre gerbe donnée aux mêmes positions données par rapport à X max ; et sur (2) une interpolation 2D, couplée à une extrapolation 3D afin d'en déduire le signal radio à n'importe quelle position souhaitée dans l'espace. En Section 6.2, nous présentons une nouvelle version du Radio Morphing et les améliorations majeures comparativement à la version initiale, en particulier en terme d'efficacité du scaling, du timing des signaux radios, des fluctuations gerbe à gerbe et de méthode d'interpolation. L'efficacité du Radio Morphing est obtenue à partir de comparaison avec des simulations ZHAireS analogues. Indépendamment des paramètres d'entrée, nous montrons ainsi que la nouvelle version du Radio Morphing permet de simuler l'émission radio de gerbes atmosphériques avec une erreur relative moyenne de moins de 10% sur l'amplitude au pic et une déviation standard associée en dessous de 20%, tout en réduisant le temps de calcul de plus de quatre ordres de grandeur.

Enfin, une compréhension profonde des processus d'émission des gerbes atmosphériques sera nécessaire pour assurer le succès des détections par les futures expériences radio. Dans le Chapitre 7, nous discutons le fait que les gerbes inclinées se développent significativement plus haut dans l'atmosphère et par conséquent à plus basse densité atmosphérique que les gerbes verticales. De ce fait, l'impact des déviations des particules de la gerbe par le champ magnétique terrestre est plus important et l'émission radio s'en retrouve modifiée. Nous étudions ainsi comment les modèles macroscopiques de l'émission radio, devraient être modifiées pour prendre en compte ces nouveaux effets. En particulier, du fait des déviations magnétiques accrues, nous prédisons l'émergence d'une nouvelle signature de polarisation, consistante avec un modèle d'émission synchrotron et une perte de cohérence dans l'émission radio due à une plus grand extension latérale de la gerbe. En outre, nous démontrons que notre modèle est conforté par les simulations Monte-Carlo de l'émission radio ZHaireS et CoREAS. Typiquement, pour des champ magnétiques avec une amplitude suffisamment élevée (B ∼ 50 µT), nous observons une signature de polarisation en forme de trèfle le long de l'axe ... et une coupure dans l'énergie rayonnée par les gerbes atmosphériques inclinées, avec un angle zénithal θ > 70 • . Cette nouvelle signature de polarisation, crée un nouveau paradigme de l'émission radio car elle rompt avec l'hypothèse d'un signal radio constitué d'émission de courant transverse et d'excès de charges seulement. Cela implique que de nouvelles méthodes de reconstruction, prenant en compte ce paradigme, sont nécessaires pour préparer les expériences de la génération à venir. La suppression dans l'énergie rayonnée des gerbes atmosphériques devrait aussi avoir un impact significatif sur les stratégies de détection des expériences à venir qui cibleront ces gerbes inclinées. En effet, notre étude montre que les site de détection des expériences radios peut être choisie de manière à avoir le champ magnétique terrestre local adéquate pour soit augmenter soit supprimer le taux de détection des rayons cosmiques, en fonction des objectifs scientifiques. En particulier, aucune coupure n'est attendue dans l'énergie rayonnée par les gerbes induites par des neutrinos, puisque celles-ci se développent à des densités plus élevées que les gerbes induites par des rayons cosmiques. Ainsi, il sera possible de s'appuyer sur la suppression de l'énergie rayonnée des gerbes induites par les rayons cosmiques afin de discriminer plus efficacement entre les gerbes de neutrinos et les gerbes de rayons cosmiques.

Dans ce contexte, les premières mesures de gerbes atmosphériques inclinées par les futurs détecteurs tels que GRANDProto300 seront décisives. Par exemple, le déploiement de GRANDProto300 fournira une opportunité de valider les méthodes de détection autonome développées en Section 6.1 dans un environnement avec un fond de bruit réaliste. GRAND-Proto300 permettra aussi de tester l'efficacité de différentes méthodes de reconstruction, incluant celle basée sur le Radio Morphing (Section 6.2). Enfin, GRANDProto300 testera les prédictions des simulations Monte-Carlo dans ces régimes extrêmes d'inclinaison de gerbe, où les simulations restent à être validées, confirmant ainsi potentiellement les prédictions discutées dans le Chapitre 7.

De plus fortes contraintes sur les sources astrophysiques à haute énergie devraient aussi émerger de la détection coïncidente de multiples messagers. Pour GRAND, l'un des principaux objectifs est bien sûr de reconstruire avec précision le primaire initiant la gerbe atmosphérique. Pour cela, nous avons montré en Section 6.1 et 7.1 que la polarisation du signal radio et que l'énergie rayonnée fournissent des moyens prometteurs de discriminer entre les rayons cosmiques et les neutrinos. De plus, des détections coïncidentes pourraient être possible en préparant les synergies entre différents détecteurs. Dans ce contexte, des réseaux multimessagers tel qu'AMON et des systèmes d'alertes en temps réel tel que le GCN devrait jouer un rôle significatif. Ces réseaux relieront des expériences avec des champs de vue complémentaires, permettant des observations de suivi efficaces. Enfin, de plus grandes avancées devraient être permises par le couplage entre les mesures expérimentales et les modèles théoriques des accélérateurs cosmiques. Toutes ces perspectives amènent à penser que la première observation de neutrino de ultra-haute énergie devrait se produire dans la décennie à venir. Une telle détection marquerait un tournant dans notre compréhension de l'univers à haute énergie, révélant potentiellement les sources des rayons cosmiques de ultra-haute énergie et marquant l'avènement d'une ère multi-messager à ultra-haute énergie. 
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Introduction

What are the sources of the highest energy astroparticles in the Universe? Where are they located? What are their acceleration mechanisms? Over the past decades, we have observed an increasingly large number of astrophysical sources in coincidence with high energy events, typical of the most violent phenomenon occurring in the Universe. However, the detailed mechanisms that drive these powerful emissions remain elusive. Because they can inject their strong power in their environment, high-energy sources are expected to accelerate astroparticles up to the highest energies. These particles can then be detected on Earth and constrain the source emissions. Cosmic-rays are charged atomic nuclei that travel in space at relativistic speed and bombard the Earth with colossal energies. Ultra-high-energy cosmic-rays in particular, with energies above 10 18 eV, are expected to be the most energetic particles in the Universe and were detected for the first time in 1962. Since then, these particles have been targeted by a large number of experiments, allowing us to probe the most powerful cosmic accelerators and suggesting that these should be of extra-galactic origin. However, the facts that cosmic-rays are deflected by galactic and extragalactic magnetic fields, that their flux at the highest energies drops below 1 particle km -2 yr -1 and that their energy is beyond the reach of the LHC, are major difficulties that make the identification of their sources challenging, using solely the information they convey.

In this context, a turning point has been achieved with the recent detection of the neutron star merger GW170817. This event detected both in gravitational-waves by the Ligo-Virgo collaboration and with coincident electromagnetic counterparts from radio waves to gammarays, has started a new era of multi-messenger astronomy. It clearly demonstrated that the combination of various messengers from a given source can bring stronger constraints on its emission mechanisms. Additionally, current detectors are now reaching the time-resolution needed to measure the rapid time-variability of the Universe, enabling the observation of powerful transient sources. Multi-messenger and time-domain astronomy will therefore be key to unveiling further the cosmic accelerators, as the detection and the real-time association of the first ultra-high-energy gamma-rays and neutrinos will open new astronomical windows.

This perspective motivates the development of next-generation experiments with gigantic detection surfaces to drastically improve their sensitivity, angular resolution and sky coverage. Radio detection of astroparticles could be a possibility to achieve this objective. Indeed, when a high energy astroparticle enters the atmosphere it induces an air shower, i.e., a cascade of secondary particles that emit radio waves, detectable at Earth surface. In particular, nextgeneration ultra-high-energy detectors such as GRAND, BEACON, and the radio upgrade of the Pierre Auger Observatory target the radio emission from inclined air showers induced by high energy astroparticles. These inclined showers have a large radio footprint on ground that can therefore be sampled at affordable costs with sparse, large-scale radio arrays. Hence, to prepare the future radio detectors it is necessary to adapt the current detection methods for large-scale radio arrays, raising several technical challenges that we need to address.

The work of this manuscript was performed in the context of the GRAND experiment, the Giant Radio Array for Neutrino Detection. GRAND aims at deploying 200 000 radio antennas over 200 000 km 2 , in favorable mountainous and radio-quiet locations across the Earth. Doing so, it will reach an unprecedented neutrino sensitivity of ∼ 10 -10 GeV cm -2 s -1 sr -1 above 5 × 10 17 eV, combined with a sub-degree angular resolution and a full time-integrated sky coverage. GRAND could therefore possibly identify the first ultra-high energy neutrino point-sources, allowing it to probe UHECRs origin and opening the path towards EeV neutrino astronomy. Towards this objective, GRAND will need to tackle several challenges of radio detection. These include: (1) the identification of air shower radio signals among the background noise without any external trigger, also referred to as autonomous radio detection; (2) the optimization of a large-scale radio array to maximize its detection efficiency; and (3) the development of innovative methods to reconstruct the properties of the primary particle initiating the air shower.

This manuscript present our solutions to pave the way towards such a large-scale radio array. In Chapters 1 and 2, we discuss the current context of high-energy multi-messenger astronomy and the constraints brought so far by cosmic-ray, gamma-ray, neutrino and gravitationalwave detections. We then introduce in Chapter 3 the main principles of air shower radio detection, we review the past, current and planned radio detectors in Chapter 4 and introduce the GRAND experiment in Chapter 5. Chapter 6 discusses the potential of the radio signal polarization to address the challenge of autonomous radio detection, while providing additional clues for neutrino/cosmic-ray discrimination. It then presents Radio Morphing, an innovative simulation tool that enables for a fast computation of air shower radio signals. Finally, Chapter 7 describes underlying physical processes of air-shower radio emission that will play a decisive role for the detection and reconstruction strategies of next-generation experiments.

Part I

Probing the high energy Universe with multi-messenger astronomy

Chapter 1

The advent of multi-messenger astronomy

1.1 Motivations for high energy multi-messenger astronomy

Over the past decades, an increasing number of violent cosmic phenomena have been detected.

The source emissions show a large diversity in terms of luminosity, duration or spectrum. Yet, these emissions need to be better characterized and many open questions remain concerning the source nature, environment, evolution and emission processes (Alves [START_REF] Batista | EuCAPT White Paper: Opportunities and Challenges for Theoretical Astroparticle Physics in the Next Decade[END_REF].

We distinguish in particular quiescent and transient emissions, i.e., short, violent and irregular emissions. The transient sky opened the path towards time-domain astronomy, allowing us to observe the rapid temporal variations of emissions over short time intervals, up to a few months. This temporal structure brings valuable information that can be used to constrain the source environment and emission mechanism, but also helps to reduce the background contamination of observations through time-dependent searches that increase the detection significance. With upcoming experiments drastically improving their sensitivity, angular and time resolution, combined observations of transient sources with complementary detectors becomes feasible. In this context, real-time alert and follow-up observations will be a key to probe the Universe at the highest energies. In particular, as transient sources can inject their powerful energy in their environment over short timescales, they are expected to accelerate astroparticles to the highest energy and could cast light on the most powerful cosmic accelerators in the Universe (see reviews by Murase andBartos 2019, Guépin et al. 2022).

In the quest to understand the most powerful cosmic sources, multi-messenger observations will be essential. The Universe, that we used to observe only with visible light until the 20th century, reveals new structures when observed with infrared, ultra-violet, X-ray or gamma-ray photons. All these wavelengths open new windows, bring complementary information and allow us to probe different environments and epochs. In the purpose of using every piece of information that we can, this multi-wavelength astronomy has extended to a multi-messenger astronomy with the detection of cosmic-rays [START_REF] Coleman | Ultra high energy cosmic rays The intersection of the Cosmic and Energy Frontiers[END_REF], neutrinos [START_REF] Ackermann | High-energy and ultra-high-energy neutrinos: A Snowmass white paper[END_REF][START_REF] Vieregg | Fundamental Physics with High-Energy Cosmic Neutrinos[END_REF]) and gravitational waves (Alves [START_REF] Batista | EuCAPT White Paper: Opportunities and Challenges for Theoretical Astroparticle Physics in the Next Decade[END_REF]. Combining these messengers will be key to unveiling the Universe at the highest energies (Alves [START_REF] Batista | Open Questions in Cosmic-Ray Research at Ultrahigh Energies[END_REF]).

The high energy messengers

Powerful sources are expected to trap cosmic-rays in strongly magnetized environments and accelerate them through various physical processes (see [START_REF] Bykov | Particle Acceleration in Relativistic Outflows[END_REF] for a review), pos-sibly including for example Fermi acceleration [START_REF] Fermi | On the origin of the cosmic radiation[END_REF][START_REF] Blandford | Particle acceleration by astrophysical shocks[END_REF] or magnetic reconnection [START_REF] Lyutikov | Magnetar giant flares and afterglows as relativistic magnetized explosions[END_REF][START_REF] Uzdensky | Magnetic Reconnection in Extreme Astrophysical Environments[END_REF]). The accelerated particles can then escape the source and be detected with satellites or ground-based experiments. Cosmic-rays can also interact either directly at the source or during their propagation in the Universe to produce neutral secondary messengers, high-energy neutrinos and gamma-rays. As a consequence, these messengers must be considered as part of a global picture and should bring us valuable information on the source they are coming from.

A common origin?

Cosmic-rays are expected to produce neutral secondary messengers, gamma-rays and neutrinos mainly through photohadronic and photonuclear interactions [START_REF] Kotera | The Astrophysics of Ultrahigh-Energy Cosmic Rays[END_REF][START_REF] Gaisser | Cosmic Rays and Particle Physics[END_REF]. For cosmic-ray protons, interaction with a photon background, for example from the Cosmic Microwave Background (CMB), or more generally the Extragalactic Background Light (EBL), leads to photopion production which follows the reaction

p + γ → ∆ + , (1.1)
where the ∆ + baryon is a resonance that decays through ∆ + → p + π 0 in roughly 2/3 of the cases, or through ∆ + → n + π + in 1/3 of the cases. The produced neutral and charged pions are unstable and will decay to produce gamma-rays and neutrinos respectively, unless they interact further with the photon and baryon backgrounds and lose energy to the surrounding medium via cascades. The decay processes read π 0 → γγ and π + → µ + +ν µ → ν µ +e + +ν e +ν µ .

The resulting gamma-rays and neutrinos created through these processes are expected to carry 10% and 5% of the initial proton energy respectively. For heavier nuclei of atomic mass A, photopion production is less likely to happen, since the interaction cross-section is smaller, and the produced gamma-rays and neutrinos end up with only (10/A)% and (5/A)% of the initial cosmic-ray energy. In Fig. 1.1, we represent the measured cosmic-ray, gamma-ray and neutrino fluxes expressed as E 2 dN/dEdAdΩdt, as a function of the particle energies (Alves [START_REF] Batista | Open Questions in Cosmic-Ray Research at Ultrahigh Energies[END_REF]). The figure shows that these particles are detected at energies separated by several orders of magnitudes, but also that they have the same energy density, which hints towards a possible common origin for these three messengers. In this scenario, cosmic-rays would act as a "reservoir", generating secondary neutrinos and gamma-rays and observations of a given messenger could bring constraints on the source or propagation environment of the others. For example in [START_REF] Fang | Linking high-energy cosmic particles by black-hole jets embedded in large-scale structures[END_REF], it is shown that powerful jets from black holes could supply the requirements to ensure a common origin of these messengers.

Yet, the picture might not be so simple. As neutrinos and gamma-rays are both produced through the decay of pions produced by cosmic-ray interactions, we would expect that the sources bright in gamma-rays should also be bright in neutrinos. However, it could be that sources that efficiently produce neutrinos, are embedded in a dense medium which favor protonproton interactions and neutrino production, but that are opaque to gamma-rays, providing them to escape the source environment [START_REF] Murase | Hidden Cosmic-Ray Accelerators as an Origin of TeV-PeV Cosmic Neutrinos[END_REF][START_REF] Murase | Hidden Hearts of Neutrino Active Galaxies[END_REF]. In that case it could result in an anti-coincidence between neutrino and gamma-ray fluxes.

Cosmic-rays

Cosmic-rays are charged, high energetic atomic nuclei, such as proton or iron nuclei, that travel through space at relativistic speed. They were identified as cosmic messengers for the first time in 1912 by Victor Hess [START_REF] Hess | Über Beobachtungen der durchdringenden Strahlung bei sieben Freiballonfahrten[END_REF]) and as particles made of matter in their majority in 1947 by Lattes, Occhialini, and Powell (Lattes et al. 1947).

Figure 1.1: Cosmic-ray, gamma-ray and neutrino energy spectra, and expected cosmogenic fluxes at the highest energy (from Alves [START_REF] Batista | Open Questions in Cosmic-Ray Research at Ultrahigh Energies[END_REF].

.

Cosmic-rays are the most energetic particles in the Universe and were even detected up to 3 × 10 20 eV [START_REF] Bird | The Fly's Eye results on the highest energy cosmic rays[END_REF]. To reach such high energies, these particles must have been accelerated by a powerful source in the Universe. Typically, cosmic-rays with energy E ∼ 1 GeV are known to be of Galactic origin with acceleration in solar flares or by supernova remnants. Cosmic-rays with energy between 10 9 -10 15 eV should also be of Galactic origin [START_REF] Abbasi | Search for EeV protons of galactic origin[END_REF][START_REF] Aab | Large-scale Cosmic-Ray Anisotropies above 4 EeV Measured by the Pierre Auger Observatory[END_REF]) and there is growing evidence that that supernova remnants could be the main accelerator [START_REF] Blasi | The origin of galactic cosmic rays[END_REF][START_REF] Amato | The origin of galactic cosmic rays[END_REF]) although this remain debated [START_REF] Cristofari | Acceleration of cosmic rays and gamma-ray emission from supernova remnants in the Galaxy[END_REF][START_REF] Cristofari | The Hunt for Pevatrons: The Case of Supernova Remnants[END_REF]). Yet, more than 50 years after their detection, the sources of very-high energy (E between 10 15 -10 18 eV) and ultra-high-energy cosmic rays (E > 10 18 eV) is still unknown [START_REF] Kotera | The Astrophysics of Ultrahigh-Energy Cosmic Rays[END_REF][START_REF] Batista | Open Questions in Cosmic-Ray Research at Ultrahigh Energies[END_REF][START_REF] Coleman | Ultra high energy cosmic rays The intersection of the Cosmic and Energy Frontiers[END_REF].

Two main difficulties make the identification of high-energy cosmic-ray sources challenging. First, the flux of cosmic-rays detected on the Earth follows an apparently smooth and steep power-law with negative power index ∼ -2.7. As a consequence, at 10 20 eV, we receive only 1 particle /km 2 /century, implying that large detection surfaces are needed to target these messengers. Second, cosmic-rays are deflected by Galactic and extragalactic magnetic fields which are poorly constrained [START_REF] Beck | Galactic and Extragalactic Magnetic Fields[END_REF][START_REF] Taylor | Extragalactic magnetic fields constraints from simultaneous GeV-TeV observations of blazars[END_REF]. Consequently, the directional information of the sources is lost, making their identification and subsequent follow-up observations even more challenging. The magnetic deflection these particles undergo depends on their rigidity, which is defined as the ratio of their momentum p to their charge Z, R = p/Z ∝ E/Z, with E, the particle energy hence high-energy light nuclei are less deflected than low-energy heavy nuclei. We should note that at ultra-high energies (10 18 eV and above), for a typical galactic magnetic field of a few µG, the Larmor radius of cosmic-rays is such that they cannot be confined in the Galaxy and should be of extragalactic origin (Pierre Auger Collaboration 2017).

Since their discovery, cosmic-rays have been detected by a wide range of experiments, with significant contributions at ultra-high energy from High-Resolution Fly's Eye (HiRes, Sokolsky and HiRes Collaboration 2011), the Telescope Array (TA, [START_REF] Abu-Zayyad | The surface detector array of the Telescope Array experiment[END_REF] and the Pierre Auger Observatory (The Pierre Auger Collaboration 2015). These experiments performed an indirect detection of the cascade of secondary particles induced by cosmic-rays when they enter the atmosphere. Thanks to these experimental efforts strong constraints have been put on cosmic-ray mass composition, arrival direction and spectrum up to ∼ 10 20 eV.

Gamma-rays

Gamma-rays are the most energetic photons of the electromagnetic spectrum. In Astrophysics, they are usually defined as photons with energy E ≳ 100 MeV. At the highest energies, gamma-rays have been detected with energies from tens of GeV to tens of TeV by experiments like HESS in Namibia (H. E. S. S. [START_REF] Collaboration | Galactic plane survey[END_REF], HAWC on the Sierra Negra volcano near Puebla, Mexico (The HAWC Collaboration 2023) or the Fermi space-based telescope [START_REF] Atwood | The Large Area Telescope on the Fermi Gamma-Ray Space Telescope Mission[END_REF]) see Sec. 1.6.2 for more details. More recently, the PeV frontier has been reached with the detection of the most energetic gamma-rays by the LHAASO and Tibet experiments in China [START_REF] Cao | The Large High Altitude Air Shower Observatory (LHAASO) Science Book[END_REF]Tibet AS γ Collaboration 2019). While Fermi is a satellite that performs direct gamma-ray detection, at energies above ∼ 300 GeV gammaray detection is indirect and rely on the measurement of the cascades of secondary particles (air shower), they induce when entering the atmosphere. HAWC for example, measure the Cherenkov light emitted by the passage of air shower particles in water tanks, located at ground. MAGIC and HESS and VERITAS rely on imaging atmospheric Cherenkov telescopes (IACTs) to detect, directly in the air, the Cherenkov light that is emitted from the air shower. Tibet and LHAASO, detect the particles from the cascades with scintillators (1.6.2). Gammarays have the advantage of being charged neutral particles, which implies that they are not deflected by magnetic fields in the Universe and directly track back to their sources. However, as shown in Fig. 1.2, at energies above ∼ 1 TeV, the Universe becomes opaque to gamma-rays, because of the pair production interactions they undergo while propagating (Sec. 2.3.2). For example at E = 1 PeV, on average, gamma-rays can only travel up to 10 kpc before inducing Klein-Nishina cascades in the Universe [START_REF] Dermer | High Energy Radiation from Black Holes: Gamma Rays, Cosmic Rays, and Neutrinos[END_REF], although they can travel up to ∼ 100 Mpc at E = 1 TeV.

Neutrinos

Neutrinos are neutral fermions with a very low mass, below 0.2 eV [START_REF] Formaggio | Direct measurements of neutrino mass[END_REF], that only interact through weak and gravitational interactions. They can be observed in three different flavors (electron, muon and tau) and oscillate in a quantum superposition of these three states during their propagation. They were predicted by Wolfgang Pauli in 1930 and detected for the first time in 1956 (Cowan et al. 1956). The first detection of astrophysical neutrinos was performed in 1987 by the Kamiokande II detector in Japan, in coincidence with the observation of supernova SN 1987A in the Large Magellanic Cloud [START_REF] Hirata | Observation of a neutrino burst from the supernova SN1987A[END_REF].

Neutrinos have been detected with energies from MeV to GeV by the Super-Kamiokande experiment (Super-Kamiokande Collaboration 2003) and from ∼ 10 GeV to ∼ 10 PeV by the IceCube experiment since 2013 (IceCube Collaboration 2013;[START_REF] Aartsen | First Observation of PeV-Energy Neutrinos with IceCube[END_REF]Aartsen et al. 2017). Since neutrinos mainly interact through weak interaction, they have a very low interaction cross-section, which imply that they can travel through cosmological distances without interacting. Furthermore, neutrinos are neutral particles, implying that there are not deflected by magnetic fields. Hence, neutrinos stand as some of the most promising messengers to probe powerful sources even in the the most distant Universe. . However, their low interaction cross-section makes their detection particularly challenging. Their detection often rely on the use very large surfaces volumes filled with a dense material in which the neutrino can interact to create particles that will emit Cherenkov light, amplified by photomultipliers inside the surface. Super-Kamiokande for example consists in a large cylindrical tank filled with 50,000 tons of ultra-pure water while IceCube is a cubic kilometer detector made of ice (Sec. 1.6). At energies above ∼ 10 17 eV, neutrinos are now targeted by several planned experiments such as GRAND (Álvarez-Muñiz et al. 2020), IceCube-Gen2 [START_REF] Aartsen | IceCube-Gen2: the window to the extreme Universe[END_REF] or BEACON [START_REF] Southall | Design and initial performance of the prototype for the beacon instrument for detection of ultrahigh energy particles[END_REF], since they could probe the origin of ultra-high-energy cosmic-rays and unveil the most powerful accelerators in the Universe (Section 2.3.3).

Gravitational waves

Gravitational waves are space distortions that propagate at the speed of light in vacuum c. They were first detected indirectly by [START_REF] Hulse | Discovery of a pulsar in a binary system[END_REF]Taylor in 1974 (Hulse and[START_REF] Hulse | Discovery of a pulsar in a binary system[END_REF] and directly in 2015 by the LIGO/Virgo collaboration (LIGO Scientific Collaboration and Virgo Collaboration 2016).

Gravitational waves are usually typical of the most violent phenomena in the Universe, as they are generated by cataclysmic events such as black holes, neutron star mergers or supernovae. They have the advantage of not being absorbed nor scattered by matter and can travel through the Universe unimpeded. Additionally, their amplitude decreases in 1/d, where d is the distance from the source. This implies that gravitational waves are a particularly efficient messenger to probe a wide range of powerful high energy sources, even at high redshift. Eventually, as gravitational waves propagate at the speed of light, they could be observed in coincidence with neutrinos and gamma-rays produced from the same sources and are promising to perform multi-messenger detections (Section 1.3).

Since 2015, more than 100 gravitational wave events have been detected and more are expected to come with the next run of LIGO/Virgo [START_REF] Abbott | LIGO: the Laser Interferometer Gravitational-Wave Observatory[END_REF][START_REF] Acernese | Advanced Virgo: a second-generation interferometric gravitational wave detector[END_REF] and incoming experiments as KAGRA (Kagra Collaboration 2019), the Einstein Telescope [START_REF] Maggiore | Science case for the Einstein telescope[END_REF] or LISA [START_REF] Amaro-Seoane | Laser Interferometer Space Antenna[END_REF], targeting different frequency range and/or allowing us to probe new sources and with more sensibilities and resolution (Section 1.6.4).

The new era of multi-messenger detections

The first observation by IceCube of a high-energy astrophysical neutrino in 2013 (IceCube Collaboration 2013) followed by the first detection of gravitational waves in 2015 (LIGO Scientific Collaboration and Virgo Collaboration 2016), started a new era of multi-messenger astronomy, enabling the observation of individual sources using multiple messengers to derive stronger constraints on their properties. GW170817 is one of the most spectacular examples [START_REF] Abbott | Observation of Gravitational Waves from a Binary Neutron Star Inspiral[END_REF]. This neutron star merger was detected in gravitational waves in coincidence with electromagnetic counterparts over the whole electromagnetic spectrum, from radio waves to gamma-rays and brought the proof of neutron star mergers being the source of short gamma-ray bursts. TXS0506+056 provides another example of a multi-messenger observation, with a very high energy neutrino (E ∼ 290 TeV) detected by IceCube and coincident observations by Fermi of a gamma flare (IceCube Collaboration 2018;[START_REF] Tanaka | Fermi-LAT detection of increased gamma-ray activity of TXS 0506+056, located inside the IceCube-170922A error region[END_REF], although the common origin of the emissions has not been clearly evidenced, contrarily to GW170817. This led to the first association between a high-energy neutrino and an astrophysical source, here a blazar flare, with a 3σ confidence level. IceCube also reported the detection of a neutrino in coincidence with AT2019dsg [START_REF] Stein | A tidal disruption event coincident with a high-energy neutrino[END_REF], a tidal disruption event linked to the interaction between a star and a supermassive black hole. A few hours later, a detection of optical photons, coming from the same direction, were reported by the Zwicky Transient Facility (ZTF). The probability of an accidental association is expected to be below ∼ 0.5%.

GW170817 and the other possible multi-messenger associations were followed by several high energy observations over the most recent years. Particularly, LHAASO reported the detection of photons with energy above 100 TeV and up to 1.4 PeV from a dozen of Galactic sources (Cao et al. 2021). This detection directly supports the existence of Galactic "Pevatrons" in our galaxy, i.e. comic-ray accelerators up to energies of 1 PeV. The existence of Galactic Pevatrons is also supported by the detection of sub-PeV diffuse gamma-rays (up to 957 TeV) from the Galactic disk (Tibet ASγ Collaboration 2021) reported by the Tibet ASγ collaboration. The measured fluxes are consistent with models of cosmic-ray acceleration, generating secondary gamma-rays through π 0 decay.

In October 2022, Fermi reported the detection of the brightest long gamma-ray burst ever observed, GRB 221009A [START_REF] Lesage | Fermi-GBM Discovery of GRB 221009A: An Extraordinarily Bright GRB from Onset to Afterglow[END_REF], with an isotropic-equivalent luminosity of L γ, iso = 9.9 × 10 53 erg/s. The tremendous luminosity of this GRB can in part be explained by its reported redshift of z = 0.151 from VLT observations (de Ugarte Postigo et al. 2022), way below the typical redshift of gamma-ray bursts around z = 1. Another striking feature of GRB 221009A is the coincident detection by LHAASO of more than 5000 photons with energy up to around 18 TeV [START_REF] Huang | LHAASO observed GRB 221009A with more than 5000 VHE photons up to around 18 TeV[END_REF]. This high-energy flux can hardly be explained by leptonic models of gamma-ray production, as typically expected for GRBs, because this flux should be attenuated by pair production interactions of gamma-rays with the extragalactic background light [START_REF] Das | Ultrahigh-energy cosmic-ray signature in GRB 221009A[END_REF]. However, some models suggest, that such a flux could potentially be expected in the case of UHECRs produced in the GRB environment and then interacting with cosmological radiation fields to create secondary gamma-rays (Alves Batista 2022).

In November 2022, the IceCube collaboration reported an excess of 79 +22 -20 muon-neutrinos, around TeV energies, associated with the nearby active galaxy NGC 1068 at 4.2σ confidence level (IceCube Collaboration 2022). This identification results from a search for neutrinos from 1.4. The ultra-high energy frontier 29 astrophysical sources from recorded data between 2011 and 2020. It clearly supports the scenario of hadronic particle acceleration taking place in AGNs, and then producing secondaries via proton-proton interactions.

All these detections are just a subset of the recent high-energy observations that led to a significant leap forward towards our understanding of the high-energy Universe. New experiments with drastically improved sensitivity are currently being developed and should lead to further detections. Yet, in the purpose of probing the most energetic sources one objective remain: developing ultra-high energy multi-messenger astronomy with the first detection of ultra-high-energy neutrinos and gamma-rays.

The ultra-high energy frontier

In this manuscript, we will refer to neutrinos and gammas with energies greater than 10 17 eV as ultra-high energy gamma-rays and neutrinos [START_REF] Bird | The Fly's Eye results on the highest energy cosmic rays[END_REF]). While UHECRs have been detected up to ∼ 3×10 20 eV, no ultra-high energy neutrino nor gamma-rays have been detected so far. Yet, power requirements necessarily imply that these particles originate from the most powerful sources in the Universe. Therefore, it is crucial to consider the information they carry to go further in our understanding of the high-energy Universe.

Typically, UHE neutrinos and gamma-rays are guaranteed to exist as secondaries from UHECRs through the interaction processes described in Section 1.2.1 [START_REF] Kotera | The Astrophysics of Ultrahigh-Energy Cosmic Rays[END_REF], making them a clear probe of hadronic acceleration. Additionally, being charged neutral, they can propagate in the Universe along straight lines without being deflected by magnetic fields. Hence, they could provide valuable clues to track back UHECR sources and tackle the longstanding mystery of their origin.

However, their detection present significant challenges. For instance, at high energy the Universe becomes opaque to gamma-rays due to pair production interactions, limiting their propagation to ∼ 1 Mpc at 10 18 eV. Nevertheless, it should be noted that they could still potentially be detected if produced by a powerful luminous source in the local Universe (Section 2.3.2). In such cases, models considering transient emissions are offer the most optimistic detection probability [START_REF] Murase | Ultrahigh-Energy Photons as a Probe of Nearby Transient Ultrahigh-Energy Cosmic-Ray Sources and Possible Lorentz-Invariance Violation[END_REF]. On the other hand, ultra-high-energy neutrinos can propagate in the Universe over cosmological distances without barely interacting, making them the most promising messengers to probe the high-energy Universe and unveil UHECR sources. Yet, their small interaction cross-section also implies that gigantic detection surfaces are needed to observe them.

As a result, in the purpose of breaking the ultra-high-energy frontier to detect the first ultra-high-energy neutrinos and gamma-rays, it is necessary to develop new experiments with innovative detection methods that can achieve an unprecedented sensitivity, angular resolution and sky coverage.

Requirements for efficient source detectability

Efficient detections of ultra-high energy messengers will require that four main requirements are fulfilled: (1) Sensitivity, to address the low fluxes at ultra-high energies, within reasonable integration time. (2) An accurate angular resolution to correlate detections with astrophysical sources. (3) A wide field of view to achieve a full sky coverage and probe all the regions of the Universe. (4) Finally, an efficient multi-messenger network and alert system will ensure coincident detections from various observatories. As a result, the experimental design needs to balance sensitivity, angular resolution, and field of view to maximize the instrument scientific potential. We review below these features.

Sensitivity

The sensitivity of an experiment is a measure of its ability to gather the messengers it is designed to observe. Sensitivity is closely related to the experiment's exposure, which is typically given in units of km 2 yr sr. In order to achieve high sensitivity, it is necessary to maximize the exposure, which can be accomplished by covering large detection areas, accumulating data over long periods of time, and observing over a wide field of view. Experiments with various designs were developed to optimize these different aspects. IceCube for example instrumented a cubic kilometer volume of ice to detect neutrinos (Aartsen et al. 2017), while Fermi benefits from a large field of view of 2.4 sr for the LAT instrument, allowing to monitor a wide range of the sky [START_REF] Atwood | The Large Area Telescope on the Fermi Gamma-Ray Space Telescope Mission[END_REF]. At ultra-high energies, the flux of astroparticles is significantly low and experiments with gigantic detection surfaces, from hundreds to hundred thousands of kilometer squares, are needed to address the challenge of their detection.

Angular resolution

The angular resolution defines the smallest angle that can be resolved by a detector. It is a crucial parameter to be able to correlate observations to the emitting point source. The angular resolution of an experiment is intimately tied to its design and technology and can also depend on the energy of the detected messengers. IACTs for example can achieve an angular resolution of ∼ 0.1 • [START_REF] Aleksić | Performance of the MAGIC stereo system obtained with Crab Nebula data[END_REF] for gamma-rays with energies above 1 TeV. In the context of ultra-high energy astronomy, the detection of neutral messengers, ultra-high energy neutrinos and gamma-rays, with good enough resolution, below ∼ 0.1 • [START_REF] Fang | Newly Born Pulsars as Sources of Ultrahigh Energy Cosmic Rays[END_REF], would provide an efficient way to directly track back the sources of UHECRs. For example, it was suggested that with the detection of at least ∼ 100 -1000 neutrino events with a sub-degree angular resolution, an association with a > 5σ detection of UHE neutrino source could be achieved [START_REF] Fang | The Highest-energy Cosmic Rays Cannot Be Dominantly Protons from Steady Sources[END_REF]. In this context, in-air neutrino detectors, such as Auger (The Pierre Auger Collaboration 2015), or the planned GRAND experiment [START_REF] Álvarez-Muñiz | The Giant Radio Array for Neutrino Detection (GRAND): Science and design[END_REF], should be more efficient than in-ice experiments as IceCube (Aartsen et al. 2017) or RNO-G [START_REF] Aguilar | Design and sensitivity of the Radio Neutrino Observatory in Greenland (RNO-G)[END_REF], since ice is usually structured in layers with varying refractive index, that bends the electromagnetic emissions and deteriorate the angular resolution.

Field of view

The field of view is related to the angular size of the sky that can be observed by a specific detector and is one of the relevant parameter to achieve a high sensitivity. It depends on the physical size and geometry of the detector, its location, as well as the energy of the targeted messenger. In this context, we distinguish steerable detectors which focus their observations on specific locations at given moment, from non-steerable detectors which constantly monitor the full part of the sky they have access to. Additionally, it is worh noting that because of the Earth's rotation, the experimental field of view can increase significantly when averaged over time. Having a wide field of view is a key feature to probe every regions of the Universe and evidence anisotropy with limited impact from the detector systematics. Usually, a full sky coverage is achieved by combing the field of view of detectors at various locations on Earth. In the context of transient and multi-messenger astronomy, a common field of view between experiments should allow for follow-up observations and coincident detections.

An efficient multi-messenger network and alert system

In addition to the experimental requirements mentioned above, successful detections will be achieved thanks to an efficient multi-messenger network and alert system. Multi-messenger 1.5. Requirements for efficient source detectability 31 Figure 1.3: Experimental characteristics of a non-exhaustive list of current or potential neutrino follow-up EM instruments (from [START_REF] Guépin | High-energy neutrino transients and the future of multi-messenger astronomy[END_REF] .

networks are described in [START_REF] Guépin | High-energy neutrino transients and the future of multi-messenger astronomy[END_REF]) but we review some of their main features. Neutrinos and gammas-rays propagate in the Universe undeflected by magnetic fields. Hence if generated by a powerful transient source, these messengers should arrive on Earth with similar time delays. This motivates the development of alert programs for coincident detections between these messengers.

IceCube for example has its own "Gold alert" system (Aartsen et al. 2017) and communicate neutrino detections with significant probabilities of being from astrophysical origin (∼ 50%) via a Gamma-ray Coordinate Network (GCN) alert (Barthelemy et al.), to allow for follow-up observations from steerable detectors. Meanwhile non-steerable detectors can also perform archival data analysis of the same region [START_REF] Dornic | Real-time follow-up of multi-messenger alerts with the ANTARES neutrino telescope[END_REF][START_REF] Kampert | Multi-messenger physics with the pierre auger observatory[END_REF].

On the other hand, dedicated networks for multi-messenger alerts are being developed. The Astrophysical Multimessenger Observatory Network (AMON), is a cyber-infrastructure that aims at enabling real-time and archival searches for multi-messenger sources [START_REF] Ayala Solares | The Astrophysical Multimessenger Observatory Network (AMON): Performance and science program[END_REF]. The AMON network currently connects all the following experiments: ANTARES, Auger, FACT, Fermi-GBM, Fermi-LAT, H.E.S.S., HAWC, IceCube, LCGOT, LIGO-Virgo, LMT, MASTER, Swift, MAGIC, VERITAS, ZTF. AMON relies on analysis algorithms to combine sub-threshold events from different observatories and enhance the significance of the detection. The AMON network can also receive and broadcast alerts through the GCN network for follow-up observations with minimal latency and has been distributing IceCube alerts since April of 2016.

Fig. 1.3 compiles a non exhaustive list of current and future detectors for follow-up electromagnetic observations along with their main characteristics, including band width, sensitivity, field of view and angular resolution. This list spans a wide range of the electromagnetic spectrum and demonstrates the importance of having a multi-messenger network that includes detectors across various energy regimes. By combining neutrino observations with electromagnetic detections from one or more of these instruments, we can gain a more complete understanding of the astrophysical sources of these messengers.

Current and future instruments

To expand our understanding of the high-energy Universe, we need to collect more data and improve the precision of our observations. For this purpose, we rely on a wide range of current and planned experiments which we discuss below. We should note that we omit here radio experiments which are addressed in a dedicated section (see Section 4).

Cosmic-ray detectors

The Pierre Auger Observatory is the current world largest cosmic-ray observatory (The Pierre Auger Collaboration 2015). Located on a vast plain known as the Pampa Amarilla in western Argentina, it covers a surface of approximately 3000 square kilometers. The Auger detection principle relies on a hybrid approach, combining 1660 water Cherenkov particle detector stations with 27 fluorescence detectors to detect the particles and optical light from the air shower induced by a cosmic-ray entering in the atmosphere. Auger started taking data since 2004 but the surface array reached its completion in 2008. In 2010 radio detectors were added to the observatory with the Auger Engineering Radio Array (AERA, Huege and Pierre Auger Collaboration 2019), among several extensions such as AMIGA (Pierre Auger Collaboration: A. Etchegoyen 2007). Auger can observe cosmic-rays with energies above 10 17 eV. Its main objective was to bring constraints on the origin of high-energy of cosmicrays from measurements of their energy, mass composition and arrival directions. The most notables of Auger results include measurements of the cosmic-ray spectrum and of the mass composition up to 10 20 eV (Section 2.2.1 and 2.2.3), as well as the evidence of an extragalactic cosmic-ray origin at the highest energies (Section 2.2.2). To adapt to the scientific objectives of the incoming decade, Auger is currently upgrading its layout to the "AugerPrime" design (The Pierre Auger Collaboration 2016). The upgrade is expected to be completed by 2025 and should include additional scintillators and radio antennas at each of the water Cherenkov detectors as well as an underground muon detector. Auger upgrade will also include a radio component, AugerPrime Radio [START_REF] Abreu | Expected performance of the AugerPrime Radio Detector[END_REF], that will enable for the detection of very inclined air showers. For this purpose, it will rely on surface detectors to trigger the radio antennas, focusing therefore mainly on showers with a non negligible particle content at ground. On the other hand some other experiments targeting these inclined showers, such as GRAND, will aim at implementing an autonomous radio detection (Section 5.5.1). The upgrade of the Pierre Auger Observatory should allow to bring valuable constraints on the mass composition and the flux suppression at the highest energies.

The Telescope Array (TA), is a cosmic-ray observatory located in Utah in the U.S.A [START_REF] Abu-Zayyad | The surface detector array of the Telescope Array experiment[END_REF][START_REF] Sagawa | Highlights from the Telescope Array Experiments[END_REF]. Being located in the Northern hemisphere, it allows to probe areas of the sky complementary to those observed by Auger. TA was launched in 2008 and is also a hybrid detector. It combines 507 plastic scintillator detectors (SD), with 3 fluorescence detectors to cover an area 700 km 2 . TA objectives were to measure cosmic-rays at the highest energies, but it also performed measurements down to 100 TeV to characterize the Galactic to extragalactic transition, thanks to its low energy extension "TALE" [START_REF] Abu-Zayyad | The Knee and the Second Knee of the Cosmic-Ray Energy Spectrum[END_REF]. TA main achievements so far, are the identification of a cosmic-ray excess at R.A.=144.0 • and Dec.=40.5 • with a maximum significance of 5.1 σ, the so-called "TA hotspot" and the characterization of the cosmic-ray spectrum at the highest energies. Particularly, TA provided complementary results to those obtained by Auger and confirmed the ankle at 10 18.61 eV and Figure 1.4: Upgraded and next-generation UHECR instruments with their main characteristics (from [START_REF] Coleman | Ultra high energy cosmic rays The intersection of the Cosmic and Energy Frontiers[END_REF] .

the flux suppression above 10 19.81 eV. TA is planning to upgrade to TAx4, i.e., to quadruple its detection area up to 2800 km 2 to increase its efficiency (Telescope Array Collaboration 2021).

GCOS, the Global Cosmic Ray Observatory is an envisioned very large-scale cosmic-ray observatory to measure the properties of the highest-energy cosmic-rays with unprecedented precision by the 2030s (Hörandel and GCOS Collaboration 2022;[START_REF] Coleman | Ultra high energy cosmic rays The intersection of the Cosmic and Energy Frontiers[END_REF]. In its last version, GCOS aims at covering a surface of 40 000 km 2 to reach an exposure of at least 2 × 10 5 km 2 yr with a full sky coverage within 10 years of operation. GCOS design is currently under discussion and will depend on the results obtained with the Auger Observatory and the Telescope Array in the coming decade.

GRAND, the Giant Radio Array for Neutrino Detection is presented in Chapter 5.

POEMMA, Probe of Extreme Multi-Messenger Astrophysics is described in Section 4.

In Fig. 1.4, we summarize the current and planned UHECRs detectors for the next decades along with their main characteristics. Several experiments are currently under construction or under upgrade. In the near-future, they should provide more sensitive and more precise measurements of cosmic-ray characteristics (Section 2.2).

Gamma-ray detectors

Fermi is a space telescope launched in 2008 that detects gamma-rays in a wide energy range 10 keV -300 GeV [START_REF] Atwood | The Large Area Telescope on the Fermi Gamma-Ray Space Telescope Mission[END_REF][START_REF] Meegan | The Fermi Gamma-ray Burst Monitor[END_REF]. Fermi is composed of two instruments, the Large Area Telescope (LAT) and the gamma-ray burst Monitor (GBM). The LAT, the primary instrument, it is a pair-conversion telescope that benefits from a wide field of view of 2.4 sr combined with a high angular resolution of 0.15 • . It has led to the identification and characterization of hundreds of transient and steady gamma-ray sources, including gamma-ray bursts, supernovae remnants, active galaxies, pulsars, etc [START_REF] Michelson | Fermi Gamma-ray Space Telescope: high-energy results from the first year[END_REF].

HESS, MAGIC and VERITAS are ground-based imaging atmospheric Cherenkov telescopes (IACTs) located in Namibia, the Canary Islands, and Arizona (USA) respectively (H. E. S. S. [START_REF] Collaboration | Galactic plane survey[END_REF][START_REF] Aleksić | The major upgrade of the MAGIC telescopes, Part II: A performance study using observations of the Crab Nebula[END_REF]Park and VERITAS Collaboration 2015). They detect gamma-rays using the same detection principle. Typically as shown in Fig. 1.3, their energy range goes from tens of GeV to hundreds of TeV, while they can reach an angular resolution of ∼ 0.1 • with a field of view of few degrees. As these detectors consist of steerable telescopes, they can react to alerts to perform follow-up observations. In this context, MAGIC is particularly efficient due to its faster slew speed and its shorter response delay.

CTA, the Cherenkov Telescope Array, is the natural continuation of HESS, MAGIC and VERITAS and is expected to be the major global observatory for very high energy gamma-ray astronomy over the next decade and beyond (Cherenkov Telescope Array Consortium 2019;[START_REF] Maier | Performance of the Cherenkov Telescope Array[END_REF]). CTA will consist of an array of 118 Cherenkov telescopes, of three different sizes, distributed over 2 sites, CTA-North with 19 telescopes at La Palma in the Canary Islands and CTA-South with 99 telescopes at Paranal in the Atacame desert (Chile), providing an almost full sky coverage. CTA will outperform all previous IACTs-based experiments on all possible characteristics. It will cover a wide energy range from 20 GeV to 300 TeV with an angular resolution down to two arc-minutes and a wide field of view of 10 • -20 • . Due to its large number of telescopes CTA will reach an effective area up to 5 × 10 6 km 2 at 10 TeV for CTA South, allowing either for combined observations with the full array for a high sensitivity or to monitor simultaneously several parts of the sky with sub-arrays. Multi-wavelength and multimessenger synergies will be some of the key objectives of CTA. In particular, as very-high energy neutrino sources are also expected to produce gamma-rays with similar energies, CTA high angular resolution could help to pinpoint the sources of neutrinos detected by IceCube or KM3Net for example. Such detections could also help identifiying cosmic-ray Pevatrons, which is one of the key science projects of CTA. Eventually, CTA wide field of view combined with its slew speed of 180 • /20 s should also make it particularly suitable for the detection and follow-up observations of transient sources.

HAWC the High Altitude Water Cherenkov, is a gamma-ray detector located on the flanks of the Sierra Negra volcano near the city of Puebla, Mexico, at an altitude of 4100 m a.s.l. [START_REF] Mostafá | The High-Altitude Water Cherenkov Observatory[END_REF]The HAWC Collaboration 2023). It consists of an array of 300 steel water tanks equipped with large-area photomultiplier tubes (PMTs) and covers a surface area of 22 000 m 2 . HAWC is a 100% duty cycle non steerable detector, with a wide field of view of ∼ 2 sr and that operates in the 0.1 Tev -100 Tev energy range. Due to its high energy threshold, HAWC can observe the brightest TeV sources. In the future, it should be able to provide alerts to CTA, allowing for follow-up observations. Tibet ASγ is a gamma-ray experiment located at Yangbajing (90.522 • E, 30.102 • N; Altitude 4300 m) in Tibet, China (Tibet AS γ Collaboration 2019). It combines an air shower array of 597 plastic scintillators over an area of 65 700 m 2 with a muon detector array of 64 water Cherenkov detectors underground, beneath the air shower array. Operating these two arrays in parallel allows to measure independently the electromagnetic and the muonic content of the air shower. As gamma-ray showers contains much less muons than cosmic-ray ones, this measurement provides an efficient discrimination between both primaries to focus on gammaray detection. Thanks to its detection principle and its large detection area, Tibet ASγ observed gamma-rays from TeV to PeV energies, with the detection of sub-PeV diffuse gammarays as main highlight (Tibet ASγ Collaboration 2021).

LHAASO, the Large High Altitude Air Shower Observatory is a hybrid gamma-ray detector located at Mt. Haizi (4410 m a.s.l) in Sichuan province, China [START_REF] Cao | The Large High Altitude Air Shower Observatory (LHAASO) Science Book[END_REF]. It has started operating in 2021 and is expected to detect gamma-rays with energies between 10 11 -10 15 eV and cosmic-rays between 10 12 -10 17 eV, thanks to a wide range of detectors. In particular, LHASSO combines electromagnetic particles detectors, with muon detectors, a water Cerekov detector array, IACTs and an electron-neutron detector array, covering in total a surface of a few square kilometers. LHASSO has already started reporting novel detections at the very high energy range (E > 100 TeV), including the observation of photons with energies up to 1.4 PeV from 12 Galactic sources, which are some of the highest energy gamma-rays observed to date.

Neutrino detectors

IceCube is an in-ice experiment initiated in 2010 for high energy astrophysical neutrino detection in the Antarctic (Aartsen et al. 2017). It combines an in-ice detector "IceCube", with a surface array "Ice Top". The ice detector consists of several strings regrouping a total of 5160 Digital Optical Modules composed of photomultipliers that detect the Cherenkov light from neutrino-induced cascades in ice. IceCube can detect two types of events: track events, associated with charged-current interaction of muon neutrinos, and cascade events from either charged-current interactions of electron and tau neutrinos or neutral current interaction of all three flavors. Track events allow for a better angular resolution and cascades events for better energy reconstruction. Since it started IceCube detected neutrinos between 10 TeV and 10 PeV. Some of IceCube main highlights include the identification of a neutrino point source at the 3σ confidence level, the Blazar TXS0506+056 in 2017 and the identification of the active galaxy NGC 1068 at the 4.2σ confidence level (as discussed in Section 1.3).

ANTARES, KM3NeT, Baikal-GVD and P-One are experiments dedicated to the detection of the Cherenkov light emitted by astrophysical neutrinos underwater [START_REF] Ageron | ANTARES: The first undersea neutrino telescope[END_REF]KM3NeT Collaboration 2019;[START_REF] Adrián-Martínez | Letter of intent for KM3NeT 2.0[END_REF]Baikal-GVD Collaboration 2018;[START_REF] Agostini | The Pacific Ocean Neutrino Experiment[END_REF]. ANTARES is the first neutrino telescope in the Mediterranean sea and the current largest neutrino detector in the Northern hemisphere. Completed in 2008, its detector is located 40 km offshore from Toulon at 2475m depth and consists of 12 mooring lines holding light sensor (optical modules) to detect the Cherenkov light from highenergy neutrinos. KM3NeT is the planned upgrade of ANTARES. It will have three so-called building blocks of 115 strings with 18 optical modules. Two of the three blocks will constitute the KM3NeT/ARCA detector designed for astrophysical neutrinos observation in the TeV-PeV range, while the other block constitute the KM3NeT/ORCA detector, that targets atmospheric neutrinos in the few-GeV range with a denser layout. Finally, Baikal-GVD and P-One are planned kilometer-sized detector in Lake Baikal and in the Pacific Ocean respectively. They are designed for neutrino detection in the TeV-PeV range. Similarly to IceCube, these detectors can detect either muon-track or cascade events and face the pollution from atmospheric neutrinos as main background, at least for the low energy end.

Gravitational-wave detectors

LIGO,Virgo and KAGRA are very large-scale, ground-based, Michelson intereferometers designed for gravitational waves detection [START_REF] Abbott | LIGO: the Laser Interferometer Gravitational-Wave Observatory[END_REF][START_REF] Acernese | Advanced Virgo: a second-generation interferometric gravitational wave detector[END_REF]Kagra Collaboration 2019). LIGO and Virgo form a global network of gravitational wave detectors that work together: they are sensitive to gravitational waves between 10 Hz to 10 kHz and can target the emission from various sources, such as black hole mergers, neutron star mergers, or black hole/neutron star mergers. In 2015, they performed the first direct detection of gravitational waves from a binary black hole merger (LIGO Scientific Collaboration and Virgo Collaboration 2016), validating the prediction from Einstein's theory of General Relativity [START_REF] Einstein | Zur Elektrodynamik bewegter Körper[END_REF]. In 2017 LIGO and Virgo detected the spectacular gravitational event GW170817 [START_REF] Abbott | Observation of Gravitational Waves from a Binary Neutron Star Inspiral[END_REF], with the coincident observation of the gamma-ray burst GRB 170817A by Fermi [START_REF] Goldstein | An Ordinary Short Gamma-Ray Burst with Extraordinary Implications: Fermi-GBM Detection of GRB 170817A[END_REF], as discussed in Section 1.3.

KAGRA is a detector located in Kamioka, Japan that started taking data in 2020 and will join the global network formed by LIGO and Virgo. KAGRA will be operating at the cryogenic temperature to reduce the thermal noise and improve the sensitivity of detections below 100 Hz. The addition of this third instrument to the network will significantly increase the angular resolution of the overall detector.

LISA and the Einstein Telescope are part of the planned third-generation of gravitationalwave detectors [START_REF] Amaro-Seoane | Laser Interferometer Space Antenna[END_REF][START_REF] Punturo | The Einstein Telescope: a third-generation gravitational wave observatory[END_REF][START_REF] Maggiore | Science case for the Einstein telescope[END_REF]). LISA will consist of a space-based three arms interferometer, in orbit around the Earth. Thanks to its setup, LISA will avoid the seismic noise and detect gravitational waves at much lower frequencies than ground based experiments, from below 10 -4 Hz to above 10 -1 Hz. This will allow to observe gravitational waves from the early Universe, beyond z ∼ 20, prior to the epoch of re-ionization, but also to target very massive black holes system from a few M ⊙ and up to 10 8 M ⊙ . The Einstein telescope (ET), will be a ground-based detector, buried a few hundred meters underground to reduce seismic and gravity-gradient noise. It will consist of three interferometers with 10 km long arms. Similarly to KAGRA it will use a cryogenic system to reduce the thermal noise. ET will operate in the 1 Hz -10 000 Hz frequency range, allowing it to target systems up to z ∼ 20. NANOgrav the North American Nanohertz Observatory for Gravitational Waves Nanograv Collaboration 2023 and EPTA the European Pulsar Timing Array EPTA Collaboration and InPTA Collaboration 2023, are both international collaboration that aim at detecting lowfrequency (in the nanohertz regime) gravitational waves with pulsar timing arrays. These observatories rely on the regular periodical emission of millisecond pulsars in order to spot correlations between delays induced by gravitational wave backgrounds. In June 2023, NANOgrav reported evidences for the first detection of an isotropic stochastic gravitational wave background from a 15-year archival data set. This publication was coordinated with the announcement from EPTA of evidence for low-frequency gravitational waves from a 25 years data-set. The detecions are expected to come from pairs of supermassive black holes found at the centers of merging galaxies and proved for the first time the feasibility of gravitational waves detection using pulsar timing arrays.

Identifying the cosmic accelerators

Experimental efforts are intimately linked to the development of new theoretical frameworks to understand the cosmic accelerators in the Universe. This implies building models that describe the acceleration of high energy astroparticles and their propagation from a wide range of parameters, but also the source environment, evolution and the interaction backgrounds in the Universe. Doing so, it is possible to estimate the flux of particles expected at Earth and provide guidelines for the detection strategies of future experiments. Inversely, these predictions can also be used to validate or invalidate models from experimental measurements.

Model of transient and steady sources

In order to be accelerated, charged cosmic-rays must be confined by a source with strong enough magnetic field, so that that the acceleration timescale of the particle at the source becomes lower than its escape timescale, t acc < t esc . As a result, for a source with magnetic field B, comoving size R and bulk Lorentz factor Γ the maximum acceleration energy of a particle with charge Ze can be estimated as E max = η -1 ZeβBR [START_REF] Matthews | Particle acceleration in astrophysical jets[END_REF][START_REF] Achterberg | Particle acceleration by ultrarelativistic shocks: theory and simulations[END_REF], with η, an efficiency factor. This condition is known as the Hillas criterion [START_REF] Hillas | The origin of ultra-high-energy cosmic rays[END_REF] and allows one to draw a first approximation of the UHECR candidate sources. As shown in the left-hand panel of Fig. 1.5 where the limits for E max = 10 20 eV are drawn, UHECR candidate sources must balance with their comoving size and their magnetic field strength.

In practice, the Hillas criterion is not sufficient to assess whether efficient particle acceleration can take place and a crucial additional aspect is the competition between the acceleration 1.7. Identifying the cosmic accelerators timescale and the adiabatic and radiative energy loss timescales [START_REF] Lemoine | Anisotropy vs chemical composition at ultra-high energies[END_REF][START_REF] Fang | The Highest-energy Cosmic Rays Cannot Be Dominantly Protons from Steady Sources[END_REF]. For transient sources in particular, the right-hand panel of Fig. 1.5 shows the maximal accessible proton energy as a function of the bolometric luminosity L bol and time variability t var for a Lorentz factor Γ = 10, while accounting for these losses [START_REF] Guépin | Can we observe neutrino flares in coincidence with explosive transients[END_REF]. Two regimes can be distinguished, adiabatic cooling is dominant at low luminosity, while synchrotron cooling dominates for high luminosity. For mild relativistic outflows (Γ = 10), luminosities above L bol = 10 44 erg are required to accelerate protons at energies above 10 18 eV. This limit can be reached by transient sources such as low-luminosity GRBs [START_REF] Zhang | Low-luminosity gammaray bursts as the sources of ultrahigh-energy cosmic ray nuclei[END_REF][START_REF] Boncioli | On the Common Origin of Cosmic Rays across the Ankle and Diffuse Neutrinos at the Highest Energies from Low-luminosity Gamma-Ray Bursts[END_REF], blazar flares [START_REF] Murase | Blazars as Ultra-high-energy Cosmicray Sources: Implications for TeV Gamma-Ray Observations[END_REF][START_REF] Rodrigues | Neutrinos and Ultra-highenergy Cosmic-ray Nuclei from Blazars[END_REF], tidal disruption events [START_REF] Guépin | Ultra-high-energy cosmic rays and neutrinos from tidal disruptions by massive black holes[END_REF] or black hole mergers [START_REF] Kotera | Ultrahigh-energy Cosmic Rays and Black Hole Mergers[END_REF].

Constraints from experimental measurements

Eventually, the identification of the sources of high-energy astroparticles will become possible thanks to a complex interplay between theoretical models and observations. While theoretical models can guide the experimental science case and the targeted signatures, each detection of a powerful event brings new constraints on the possible models.

For example, the association of the IceCube-170922 neutrino event in coincidence with the flaring blazar TXS0506+056 at the 3σ level may disfavour single-zone models of blazar, where neutrino and gamma-rays are accelerated in the same region [START_REF] Keivani | A Multimessenger Picture of the Flaring Blazar TXS 0506+056: Implications for High-energy Neutrino Emission and Cosmic-Ray Acceleration[END_REF]. The non detection of TeV -PeV neutrinos by IceCube in coincidence with the event GRB 221009A brings constraints on the source dissipation radius and bulk lorentz factor [START_REF] Murase | Neutrinos from the Brightest Gamma-Ray Burst?[END_REF]. The association of the source NGC1068 with a neutrino event from IceCube at 4.2σ can be used to constrain the source neutrino emission radii [START_REF] Murase | Hidden Hearts of Neutrino Active Galaxies[END_REF]. Finally, the absence of a neutrino observation in coincidence with GW170817, suggests that the associated GRB jet was not pointing towards the Earth (LIGO Scientific Collaboration and Virgo Collaboration 2017). In this context, the next coincident detection between gravitational-waves and neutrinos, or between photons and neutrinos could be decisive and bring further constraints on high-energy events.

Chapter 2

The UHECR legacy and building the future with UHE neutrinos and gamma-rays Ultra-high-energy cosmic rays (UHECRs) are cosmic rays with energy exceeding 1 EeV (= 10 18 eV) and represent the most energetic particles in the Universe. They were detected for the first time in 1962 at the Volcano Ranch experiment led by John Linsley who measured a particle with energy E ∼ 10 20 eV [START_REF] Linsley | Evidence for a Primary Cosmic-Ray Particle with Energy 10 20 eV[END_REF]. To reach such high energies, these particles must have been accelerated by a powerful source in the Universe.

At energies above 10 15 eV, cosmic-rays are the only astroparticles detected so far, providing crucial insights into our understanding of the high-energy Universe. In the previous chapter we explored the strong coupling between the various astrophysical messengers and the strong constraints that could arise from their combined observations. In this chapter, we will first highlight the main achievements brought by the observation of cosmic-rays and then evidence the need to add neutral secondary messengers, ultra-high-energy gamma-rays and neutrinos, to further constrain our understanding of the cosmic accelerators.

Detection of astroparticles at the highest energies

Physics of extensive air showers

When a high-energy cosmic-ray or gamma-ray enters the atmosphere, it induces an extensive air shower, i.e., a cascade of secondary particles initiated by the interaction of the primary particle in the atmosphere with an air nucleus (mainly nitrogen and oxygen) at typical heights between 15 to 35 km above ground [START_REF] Gaisser | Cosmic Rays and Particle Physics[END_REF].

We illustrate an air shower in Fig. 2.1. For a hadronic primary, the particles that arise from the initial interaction are usually charged and neutral pions. The neutral pions have a short lifetime (cτ = 25 nm) and decay through π 0 → γγ. Then, the secondary photons initiate an electromagnetic cascade: electrons and positrons are created through γγ → e + e -, which themselves create new photons through electron/positron annihilation, inverse-Compton, Bremsstrahlung and ionization processes.

Charged pions live much longer (cτ = 7.8 m) and can interact again to create new hadronic particles before decaying into muons and neutrinos through π ± → µ ± ν µ /ν µ once E π ≲ 30GeV. The resulting particles then travel in the atmosphere with few energy losses and reach the Earth's surface almost unattenuated.

As a result, for hadronic primaries, the particle content in air shower can be divided into 3 main detectable parts: (1) a hadronic component mainly composed of pions, originating from interactions at energies that are beyond the reach of the LHC. The poor knowledge of the detail of these interactions represents the main source of uncertainties in air shower modelisation.

(2) an electromagnetic cascade composed of electrons, positrons and photons.

(3) a muonic component. Neutrinos are usually invisible for air shower detectors and also represent a non negligible source of uncertainty. It should be noted that for photon-induced showers, only the electromagnetic part remains.

On the right-hand panel of Fig. 2.1, we represent the typical longitudinal profile, i.e., the number of particles as a function of the crossed atmospheric depth X (in g cm -2 ), for the 3 main components in air showers, for proton primaries. The particle content in air showers is dominated, by far, by the electromagnetic component. It can be seen that this content increases until it reaches a maximum and then vanishes. The atmospheric depth at which the maximum number of particles in an air shower is reached is called X max and is one of the main observable used by experiments to reconstruct the primary particle nature. This maximum arises from a competition between the Bremsstrahlung and the ionization processes in the electromagnetic cascade. In particular, the total energy loss of electrons with energy E can be written as

dE dX = -α(E) - E X 0 , (2.1)
with α(E), the ionization-energy loss and χ 0 = 36.7 g/cm 2 , the radiation length. At high energies, the losses are dominated by Bremsstrahlung interactions and electrons can create new photons that feed the electromagnetic cascade. Consequently, the total number of particles in the shower increases. However, at low energies, ionization takes over Bremmstrahlung, and on average more particles become absorbed than created, the cascade dies out. Consequently, the maximum number of particles in air shower is reached when Bremsstrahlung and ionization losses are equal. For a typical air shower, this happens when electrons reach the critical energy Chapter 2. UHECR legacy: building the future with UHE neutrinos and gamma-rays 40

E c , which yields E c = α(E c )χ 0 ∼ 88 MeV . (2.2)
For electromagnetic showers, the mean atmospheric depth at which the shower maximum X max is reached can be estimated through the simple Heitler model [START_REF] Heitler | The quantum theory of radiation[END_REF]. Assuming that after each interaction, a particle in the shower with energy E 0 will give two new particles with energy E 0 /2, we find after n generations E(n) = E 0 /2 n . The number of generation can be expressed as a function of crossed atmospheric depth X as n = X/λ, which yields E(X) = E 0 /2 X/λe , where λ e is the mean atmospheric depth between two interactions. As the shower maximum X max is reached at the critical energy E c , for a photon shower initiated by a primary particle with energy E 0 we derive

⟨X (EM ) max ⟩ ∼ λ e ln E 0 E c , (2.3) 
with λ e ∼ χ 0 . Hence, more energetic primaries will initiate showers that reaches their maximum deeper in the atmosphere, with a roughly logarithmic dependency.

For hadronic showers a similar estimation can be made assuming that after each interaction a hadron with energy E 0 will create n tot particles with energy E 0 /n tot , two thirds of them being hadronic particles and one third of them being electromagnetic particles. From this formalism the X max of hadronic showers can be estimated as (see also [START_REF] Engel | Extensive air showers and hadronic interactions at high energy[END_REF])

⟨X (Hadrons) max ⟩ ∼ λ ine + χ 0 ln E 0 2n tot E c , (2.4) 
where λ ine is the mean hadronic interaction length. It should be noted that heavier nuclei have a shorter hadronic interaction length and will initiate showers that reach their maximum higher in the atmosphere than showers initiated by light nuclei. For example, at 10 18 eV we find for proton showers ⟨X proton max ⟩ ∼ 730 g/cm 2 and for iron showers ⟨X iron max ⟩ ∼ 650 g/cm 2 . This arises from the fact that a heavy nuclei of mass number A and energy E 0 can be assimilated to a group of A protons, each with energy E 0 /A because the nucleon binding energy (∼ 5 MeV) is negligible with respect to the energy of the first interactions in air showers. This description also explains why more muons and less shower-to-shower fluctuations are expected for heavy nuclei.

Multiple Coulomb scattering of electrons off air atoms and particle production also lead to a shower lateral extension [START_REF] Engel | Extensive air showers and hadronic interactions at high energy[END_REF]. This lateral extension scales with the Molière radius r M [START_REF] Bethe | Moliere's theory of multiple scattering[END_REF], which is defined as the radius of a cylinder that would contain on average 90% of the shower energy. The Moliere radius depends on the air density and is given by [START_REF] Dova | The effect of atmospheric attenuation on inclined cosmic ray air showers[END_REF] r M = 9.6 g cm -2 ρ air .

(2.5)

We find r M ∼ 80 m at see level and the value increases with the altitude at which the shower develops. The lateral distribution of particle in air showers was parametrized by the Nishimura-Kamata-Greisen (NKG) function [START_REF] Kamata | The Lateral and the Angular Structure Functions of Electron Showers[END_REF]. This parametrization depends on the shower development and assumes a rotational symmetry of the particle distribution around the shower axis, at X max it reads [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF])

ρ NKG (r) = 1 r 2 M 2.5 2π r r M -1 1 + r r M -3.5 , (2.6)
where r is the radial distance from the shower axis. In Fig. 2.2, we show the NKG distribution at X max for showers with various zenith angles. Since inclined showers develop at higher Normalized number of particles = 38°= 75°= 87°F igure 2.2: Nishimura-Kamata-Greisen (NKG) distribution at X max for showers with various zenith angles θ. As inclined showers develop at higher altitude than vertical ones, they show a larger lateral extension. altitudes than vertical ones (see discussion Section 3.6), their Molière radius is larger and the total number of particles is spread over larger lateral distances.

The NKG distribution provides accurate estimations of the intrinsic lateral extension of vertical showers. However, for inclined showers the air density is lower, which enhances the magnetic deflections, resulting in a significantly larger lateral extension than the one expected solely from particle scattering. This aspect will be further discussed in Chapter 7.1.3.

Detection of extensive air showers

At high energies, the cosmic-ray flux is too low for experiments to detect them efficiently with a direct detection method. Hence experiments rely on the indirect detection of the cascade induced by the primary particle. Detection of air showers has been performed since their discovery by Bruno Rossi and Pierre Auger in the 1930s [START_REF] Rossi | On the magnetic deflection of cosmic rays[END_REF][START_REF] Auger | Extensive Cosmic-Ray Showers[END_REF]. The development of an air shower in the atmosphere leads to several emissions that can be detected on Earth at ground level. Over the past decades, several detection methods with complementary aspects were developed and used to reconstruct information about the primary cosmic-ray that initiated the cascade. These detection methods are represented in the lefthand side of Fig. 2.1 and include Cherenkov tanks, particle and fluorescence detectors and radio antennas [START_REF] Schröder | Radio detection of cosmic-ray air showers and high-energy neutrinos[END_REF].

Scintillators are one of the earliest types of particle detectors used to study cosmic rays. They consist of a material that scintillates, i.e., that emits photons after getting excited by the ionizing radiation of a high energy charged particle passing through it. They were already used in the 1930s through detection of air showers in balloon flights. Nowadays, scintillators are usually coupled to other type of detectors and used to characterize the muon content of air showers in order to discriminate it from the electromagnetic content (Pierre Auger Collaboration 2016a).

Cherenkov tanks are cylindrical detectors filled with water that detect air shower particles through the indirect detection of the Cherenkov light they emit when passing through a dense medium like water [START_REF] Cherenkov | Visible luminescence of pure liquids under the influence of γ-radiation[END_REF]Pierre Auger Collaboration 2008). Particles in air shower travel at relativistic speeds, i.e., with a speed close to the speed of light in vacuum c. Some of these particles can reach the ground and when they pass through the water contained in Cherenkov tanks, their speed can exceed the speed of light in water, c water = c/n water , where Chapter 2. UHECR legacy: building the future with UHE neutrinos and gamma-rays 42 n water ∼ 1.333, is the water refractive index. This results in a "luminous shock wave" and the emission of a faint Cherenkov light in a cone of aperture angle θ = 1/ arccos n water β, with β = v/c and v the particle velocity. The Cherenkov light is then amplified by photomultipliers located inside the tank. It should be noted that air shower particles also emit Cherenkov light directly in the atmosphere. During dark nights with good weather conditions this emission can be detected with air-Cherenkov detectors.

Fluorescence detectors was pioneered by the Fly's Eye experiment [START_REF] Baltrusaitis | The Utah Fly's Eye Detector[END_REF] and work by detecting the faint blue fluorescence light that is emitted by atmospheric nitrogen molecules, which are excited by the passage of high-energy particles from an air shower. These detectors are sensitive to the longitudinal development of the air showers because fluorescence light is emitted isotropically. These type of detectors are among the most precise to reconstruct the nature of the primary cosmic-ray through X max measurements. Fluorescence detectors can also measure efficiently air showers energy and are now often used for absolute energy calibration. However, these detectors are limited by their duty cycle of ∼ 15% (Huege 2016). Indeed, as they observe visible light in the atmosphere, they can only operate on clear, moonless nights with good weather conditions. To overcome this drawback, fluorescence detectors are often coupled to surface detectors such as Cherenkov detectors.

Radio antennas are structures made of steel wire that are sensitive to the radio wavelengths of the electromagnetic spectrum, usually from tens to hundreds of megahertz for air showers [START_REF] Schröder | Radio detection of cosmic-ray air showers and high-energy neutrinos[END_REF][START_REF] Huege | Radio detection of cosmic ray air showers in the digital era[END_REF]. The most common types of antennas are dipole and log-periodic antennas which are directional and designed to be sensitive over a wide frequency range. It has been shown in 1965 already that air showers emit radio waves. Yet, at that time, the experimental impact of radio detection was limited by our knowledge of the emission mechanisms and difficulties related to signal processing. Consequently, radio detection activities ceased for several decades to the profit of more promising methods such as fluorescence detection or scintillators. In the 2000s, this detection method has known a rebirth, driven by new digital signal processing techniques and high expectations on its possible performances (Section 4). Radio detection is now a mature, well established techniques and used by a wide range of experiments for air shower detection (Huege and Pierre Auger Collaboration 2019;[START_REF] Nelles | A parameterization for the radio emission of air showers as predicted by CoREAS simulations and applied to LOFAR measurements[END_REF]. Radio antennas have several characteristics that make them attractive. In particular, they are cheap, which imply that they could be used to instrument very large surfaces, they are sensitive to the electromagnetic part of the air shower which does not suffer from uncertainties on the hadronic interactions and they have a duty cycle of 100%. Due to high rate of noises at the radio wavelengths, radio antennas are usually coupled to particle detectors or Cherenkov tanks as external triggers. Radio detection of air showers will be the main focus of the work presented in this manuscript.

Radiation-based detection techniques as radio, fluorescence and air Cherenkov, usually achieve similar accuracy (Huege and Pierre Auger Collaboration 2019), they can measure the shower longitudinal profile, they are sensitive to the electromagnetic content and they are efficient to reconstruct the shower energy. In contrast, particle detectors are efficient to characterize the shower lateral extension at ground and they can provide an efficient measurement of the primary particle mass composition if associated with a measurements of the electromagnetic energy [START_REF] Holt | Enhancing the cosmic-ray mass sensitivity of air-shower arrays by combining radio and muon detectors[END_REF]. Hence, radiation-based and particle detectors are often combined to reach the highest possible accuracy.

The detection of cosmic rays through various air shower detection techniques has revolutionized our understanding of these high-energy particles and led to significant insights of the physics at play. We review in the next sections some of the key observational features and driven conclusions.

The ultra-high-energy cosmic-ray observables

The interaction of cosmic-rays with the Earth's atmosphere induces air showers. In order to constrain UHECR sources, three main observables can be reconstructed from air shower measurements: the primary cosmic-ray nature, its energy and its arrival direction. We review below the main methods to reconstruct these parameters methods and their associated achievements.

Energy reconstruction

The reconstruction of the cosmic-ray energy can be achieved either through the measurement of the lateral distribution of charged particles in an air shower, at ground with particle detectors, or through radiation-based techniques, such as radio or fluorescence detection, that measure the electromagnetic radiation emitted by the air shower as it propagates in the atmosphere (see [START_REF] Schröder | Radio detection of cosmic-ray air showers and high-energy neutrinos[END_REF][START_REF] Coleman | Ultra high energy cosmic rays The intersection of the Cosmic and Energy Frontiers[END_REF] for reviews).

The reconstruction of the primary particle energy with particle detectors has been used by early detectors such as the Volcano Ranch experiment [START_REF] Linsley | Evidence for a Primary Cosmic-Ray Particle with Energy 10 20 eV[END_REF] or AGASA [START_REF] Chiba | Akeno Giant Air Shower Array (AGASA) covering 100 km 2 area[END_REF]), yet the efficiency of such measurements drops for showers with inclined arrival directions as less charged particles can reach the ground. Fluorescence detection has been proposed in the 1960's [START_REF] Greisen | Cosmic ray showers[END_REF]) while radio detection emerged in the 2000's. Both techniques allow one to reconstruct the shower energy through a calorimetric measurement of the electromagnetic component. There are therefore less dependent on hadronic interactions, which are poorly modeled at these energies, beyond the reach of the LHC (above ∼ 10 17 eV for proton-nitrogen interactions). Radio-detection is also particularly suitable for the detection and reconstruction of inclined air showers as radio antennas are cheap and can be used to instrument large surfaces at low costs (see Section 3.6).

From the reconstruction of the shower energy, it is possible to derive the energy spectrum of cosmic-rays, i.e., the flux of cosmic-rays that arrive on the Earth as a function of the cosmic-ray energy [START_REF] Thoudam | Cosmic-ray energy spectrum and composition up to the ankle: the case for a second Galactic component[END_REF]Telescope Array Collaboration 2018;Pierre Auger Collaboration 2020). In Fig. 2.3 we show the measured cosmic-ray spectrum for cosmic-rays with energies above 10 15 eV. The shape of the spectrum follows an apparently smooth powerlaw over several orders of magnitude, but with several breaks where the slope changes. These breaks evidence various physical features that shape the spectrum, and can be related for example to the source types and distributions, the acceleration mechanisms or the primary cosmic-ray mass composition (see Alves [START_REF] Batista | Open Questions in Cosmic-Ray Research at Ultrahigh Energies[END_REF]Coleman et al. 2023 for reviews).

Typically, the breaks at ∼ 5 × 10 15 eV and ∼ 10 17 eV are referred to as the "knee" and the "second-knee" respectively and have debated origins that may result either from propagation effects [START_REF] Giacinti | Explaining the spectra of cosmic ray groups above the knee by escape from the Galaxy[END_REF], or the transition from Galactic to extragalactic sources [START_REF] Giacinti | Cosmic ray anisotropy as signature for the transition from galactic to extragalactic cosmic rays[END_REF].

As mentioned in Section 1.2.2, up to ∼ 10 15 eV cosmic-rays are expected to be of Galactic origin whereas UHECRs should be of extragalactic origin, as suggested by their large Larmor radius and the anisotropy measurement above 8 EeV (Pierre Auger Collaboration 2017, see Section 2.2.2). This suggests a transition from Galactic to extragalactic sources between 10 15 eV and 10 18 eV. Also, as mentioned in Section 1.7.1, the maximal acceleration energy of a cosmic-ray is proportional to its charge Ze. Hence for a given source, heavier nuclei are expected to be accelerated at higher energies than light ones. In that scenario, the knee and the second-knee could be attributed to the maximal acceleration energy of the Galactic proton and iron component respectively.

The "ankle" at ∼ 5 × 10 18 eV could indicate the transition to an extragalactic population of accelerated particles. The "instep" at ∼ 10 19 eV is a recent feature confirmed at 5.3σ by Chapter 2. UHECR legacy: building the future with UHE neutrinos and gamma-rays 44 Auger and TA (Pierre Auger Collaboration 2020;[START_REF] Ivanov | Recent measurement of the Telescope Array energy spectrum and observation of the shoulder feature in the Northern Hemisphere[END_REF]), but its origin remain unclear. Finally the "suppression" above ∼ 5 × 10 19 eV could be related to the interaction of UHECRs with the Cosmic Microwave Background, the so-called "GZK cut-off" (Zatsepin and Kuz'min 1966;[START_REF] Greisen | Cosmic ray showers[END_REF], even though most recent models suggest that the cut-off could correspond to a maximal acceleration energy from the extragalactic component.

More statistics are needed to better characterize the galactic to extragalactic transition at energies between ∼ 10 16.5 eV and 10 18 eV. Additionally, the Pierre Auger Observatory and the Telescope Array are currently undergoing an upgrade with the planned Auger Prime (The Pierre Auger Collaboration 2016) and TA × 4 (Telescope Array Collaboration 2021). These upgrades will improve the experimental exposures and the sensitivity to primary mass composition at the highest energies, with the aim to perform an event-by-event separation. Such measurements should bring stronger constraints on the flux suppression at the high end of the spectrum.

Angular reconstruction

When an air shower develops in the atmosphere the bulk of particles propagates at relativistic speed along a straight line, namely the "shower axis". The determination of the primary cosmicray arrival direction is then performed by reconstructing this shower axis. This can be achieved by coupling a shower front model (see for example Linsley and Scarsi 1962) with measurements of the particle time arrivals at ground from surface detectors, as done by the Pierre Auger Observatory [START_REF] Aab | Reconstruction of events recorded with the surface detector of the pierre auger observatory[END_REF]. The efficiency of this reconstruction method is expected to increase with increasing zenith angle up to θ ∼ 80 • . Indeed, for inclined showers mainly muons can reach the ground and trigger the surface detectors, providing better constraints on the muon lateral extension and a more accurate fit of the shower arrival direction (Pierre Auger Collaboration 2014a). By coupling this method with measurements from the fluorescence Radio experiments can use a similar approach by measuring the time delays of the radio signals at the antenna level and comparing them to a model of the radio wavefront, as pioneered by the LOPES and LOFAR experiments [START_REF] Apel | The wavefront of the radio signal emitted by cosmic ray air showers[END_REF][START_REF] Corstanje | The shape of the radio wavefront of extensive air showers as measured with LOFAR[END_REF]. However, this method breaks for very inclined air showers (θ ≳ 80 • ), since in that case the radio wavefront is best fitted by a spherical model which does not allow one to reconstruct the shower direction [START_REF] Decoene | Sources and detection of high-energy cosmic events[END_REF]. In this context, it has been shown with Monte-Carlo simulations that a reconstruction of the shower arrival direction with a fit of the radio amplitude pattern, for an experiment like GRAND [START_REF] Álvarez-Muñiz | The Giant Radio Array for Neutrino Detection (GRAND): Science and design[END_REF], could achieve an angular resolution of ∼ 0.1 • [START_REF] Decoene | A reconstruction procedure for very inclined extensive air showers based on radio signals[END_REF].

From the reconstruction of cosmic-ray arrival directions one can constrain the distribution of cosmic-ray sources in the Universe. Cosmic-rays are deflected by magnetic fields, hence searches for anisotropy are particularly relevant at ultra-high energies where particles are less deflected due to their high rigidity and excesses can be identified. At these energies, the UHECR horizon is limited by the GZK cut-off, and only sources within a few hundreds of Mpc are accessible above 5 × 10 19 eV.

In Fig. 2.4, we show the cosmic-ray fluxes measured by Auger and TA in equatorial coordinates, above 8 EeV and 57 EeV respectively. Auger results evidence a dipole modulation in cosmic-ray arrival directions with a 5.4σ post-trial significance (Pierre Auger Collaboration 2017). The dipole is found at 125 • from the Galactic center which clearly hints towards an extragalactic origin of cosmic-rays for energies above 8 EeV. On the other hand, TA searches over 5 years for flux excesses at energies above 57 EeV indicate a cluster of events towards the direction (α, δ) = (147 • , 43 • ) with a 3.4σ post-trial significance [START_REF] Abbasi | Indications of Intermediate-scale Anisotropy of Cosmic Rays with Energy Greater Than 57 EeV in the Northern Sky Measured with the Surface Detector of the Telescope Array Experiment[END_REF]). This so-called "TA hotspot" is found at 19 • off of the supergalactic plane and is a first evidence for a dependence of cosmic-ray arrival directions with declination. The significance of this hotspot is currently limited by the event statistics but further constraints should be set with future measurements from the TA × 4 upgrade.

Determination of the primary particle nature

Reconstructing the mass composition of cosmic-rays arriving on Earth is crucial to constrain the source nature and environment. Low metallicity sources as GRBs are expected to accelerate mainly light nuclei as protons [START_REF] Horiuchi | The survival of nuclei in jets associated with core-collapse supernovae and gamma-ray bursts[END_REF][START_REF] Samuelsson | The Limited Contribution of Low-and High-luminosity Gamma-Ray Bursts to Ultra-high-energy Cosmic Rays[END_REF], while high metallicity sources such as pulsars favour a heavier mass composition closer to iron nuclei [START_REF] Fang | Newly Born Pulsars as Sources of Ultrahigh Energy Cosmic Rays[END_REF].

The main method to reconstruct the primary particle nature relies on the determination of the air shower maximal longitudinal development X max . As mentioned in Section 2.1.1, heavy Chapter 2. UHECR legacy: building the future with UHE neutrinos and gamma-rays 46 nuclei have a shorter hadronic interaction length in the atmosphere than light ones resulting in a smaller X max . At ultra-high energies, the shower maximum is typically reached around 700 -850 g cm -2 for proton nuclei and around 600 -750 g/cm 2 for iron nuclei (Pierre Auger Collaboration 2014e). X max can be reconstructed from measurements of the shower longitudinal profile through radiation-based detectors as fluorescence telescopes or radio antennas which can achieve a comparable resolution of ∼ 15 -25 g/cm 2 (Pierre Auger Collaboration 2014e; [START_REF] Buitink | Method for high precision reconstruction of air shower X max using twodimensional radio intensity profiles[END_REF]. Additionally, as mentioned in Section 2.1.1, we expect less showerto-shower fluctuations for cascades induced by heavier nuclei, which translate in a smaller standard deviation of X max .

Another method to reconstruct the primary particle nature is to measure the ratio between the muonic and the electromagnetic content of air showers. Indeed, air showers induced by heavier nuclei are expected to produce on average more muons and less electrons [START_REF] Kampert | Measurements of the cosmic ray composition with air shower experiments[END_REF][START_REF] Engel | Extensive air showers and hadronic interactions at high energy[END_REF]. For vertical showers, the electron to muon ratio can be measured with surface detectors by combining water Cherenkov tanks, that measure both the electronic and muonic content, with underground scintillators measuring the muonic content only (Pierre Auger Collaboration 2016a;The Pierre Auger Collaboration 2016).

For inclined showers with a zenith angle θ ≳ 40 • , a significant fraction of the electrons in the shower gets absorbed by the atmosphere and does not reach the ground. In this case, the muon density at ground level can be measured unambiguously with surface detectors. On the other hand, the radio signal emitted by air showers can serve as a proxy for evaluating their electromagnetic component since radio waves can travel through the Earth's atmosphere without being absorbed. Hence, it was shown that coupling surface detectors with radio antennas provide a precise measurement of the shower muonic to electromagnetic ratio component, enabling a reconstruction of the mass composition with slightly larger accuracy than methods using X max , at least up to θ ∼ 80 • [START_REF] Holt | Enhancing the cosmic-ray mass sensitivity of air-shower arrays by combining radio and muon detectors[END_REF].

In Figure 2.5 we show the mean and standard deviation of X max measured by various experiments including Auger and TA at energies above ∼ 10 16.5 eV and the comparison between expectations for proton and iron nuclei from different hadronic interaction models. Three regimes can be distinguished: up to ∼ 2 × 10 18 eV the results are consistent with a predominately light mass composition; between 2 × 10 18 eV and 10 19.6 eV, a shift towards heavy nuclei is observed, which could indicate that the maximum acceleration energy of heavy nuclei by extragalactic sources is progressively reached; above 10 19.6 eV the average mass composition can not be reconstructed anymore due to the lack of statistics.

By increasing its exposure and performances the Auger upgrade aims at improving the reconstruction of cosmic-ray mass composition (The Pierre Auger Collaboration 2016). These improvements should have a wide range of impacts, including for example stronger constraints on the comic-ray spectrum features, measurements of the mass composition at the highest energies above the flux suppression, or constraints on the muon number in air showers [START_REF] Coleman | Ultra high energy cosmic rays The intersection of the Cosmic and Energy Frontiers[END_REF]).

The need for neutral secondaries

While cosmic-rays are currently the easiest particles to detect at ultra-high energies, their origin remains elusive. The two main reasons for this are the very low fluxes of UHECRs that reach the Earth and the fact that UHECRs are deflected by magnetic field, while being of extragalactic origin, which limits the significance of their association with astrophysical sources. In order to place stronger constraints on UHECR sources, it is now necessary to consider their connection with other messengers as ultra-high-energy neutrinos, gamma-rays and gravitational-waves. Particularly, ultra-high-energy neutrinos and gamma-rays are expected to be produced by the interaction of UHECRs either directly at their sources, or through their propagation in the Universe, in which case they are referred to as cosmogenic or GZK neutrinos and gamma-rays. These messengers introduce complementary information and strong constraints on the UHECR spectrum, mass compositions and sources, should arise from the multi-messenger association of the information they provide.

Ultra-high energy gamma-rays

Ultra-high energy gamma-rays are expected to be produced through photopion production from interaction of UHECRs with CMB photons [START_REF] Greisen | Cosmic ray showers[END_REF]Zatsepin and Kuz'min 1966) and the subsequent decay of neutral pions (see Section 1.2.1), they are therefore a clear probe of UHECR acceleration. Due to the facts that photopion production cross-section is higher for lighter nuclei and that gamma-rays produced by interaction of nuclei with atomic mass A carry ∼ 10%/A of the parent cosmic-ray energy, higher fluxes are expected if UHECRs are dominated by light nuclei such as protons (Alves Batista et al. 2019a). Additionally, the UHE gamma-ray flux is expected to depend on various parameters including the energy distribution at the sources and the source evolution model (Alves [START_REF] Batista | Open Questions in Cosmic-Ray Research at Ultrahigh Energies[END_REF]. Typically, assuming a source evolution model with redshift in (1 + z) m , best fits to Auger data suggest a negative source evolution (m<0).

While propagating, UHE gamma-rays can interact with the CMB or EBL photons through pair production interactions, following the reaction:

γ UHE + γ CMB → e + + e -,
(2.7)

with threshold energy E threshold γ = m 2 e c 4 /E CMB γ
and where E CMB γ is the energy of the background CMB photon. The produced electron and positron are relativistic and can then transfer their energy to CMB photons through inverse-Compton scattering in the Klein-Nishina regime following:

e ± + γ CMB → e ± + γ UHE .

(2.8)

The succession of processes γ → e → γ → ... induces a cascade in the Universe which dissipate the initial photon energy. Because of these cascades, the horizon of gamma-rays with energies The thin and thick and lines are for a source isotropic-equivalent energy of E iso ≥ 10 50.5 erg and E iso ≥ 10 51 erg respectively. The black double-dotted lined are for neutrinos assuming a detection surface A = 1 km 2 . For UHE photons we have A = 3000 km 2 without CRB (red solid lines), with CRB (green dashed lined). A = 3×10 5 km 2 without CRB (red dotted-dashed lines), with the CRB (blue dotted lines).

between 10 17 eV to 10 20 eV is limited from 100 kpc to 10 Mpc respectively (see also Fig. 1.2 and associated discussion in Section 1.2.3). It should also be noted that at ultra-high energies, additional processes can become relevant and dominate the pair production interaction, such as double pair production or triplet pair production [START_REF] Heiter | Production and propagation of ultrahigh energy photons using CRPropa 3[END_REF]. UHE gamma-rays that reach the Earth induce air showers. To detect UHE gamma-rays, it is thus necessary to be able to discriminate between cosmic-ray and gamma-ray induced air showers and several differences between both showers can be used toward this goal [START_REF] Rautenberg | Limits on ultra-high energy photons with the Pierre Auger Observatory[END_REF].

Typically, for photon-induced showers, the first interactions are purely electromagnetic since the radiation length is smaller by roughly two orders of magnitude than the characteristic photo-nuclear interaction length. However, the average multiplicity of electromagnetic interactions is smaller than for hadronic interactions, resulting in delayed development of the photon showers and a larger X max compared to cosmic-ray showers. Furthermore, the shorter length of electromagnetic interactions leads to less energy transferred to the hadronic cascade, resulting in a lower number of muons compared to cosmic-ray showers.

As a result, gamma-rays can for example be statistically discriminated from cosmic-rays by directly measuring X max with fluorescence telescopes or radio antennas. Another possible detection method uses the fact that due to their lower number of muons, photon showers exhibit a steeper lateral distribution function and a larger spread in the time arrivals of particle at ground, which can be measured with surface detectors (The Pierre Auger Collaboration 2022a). Finally, for inclined air showers, very few electrons reach the ground and the muons can be directly measured with surface detectors, as described in Section 2.2.3.

In the left-hand panel of Fig. 2.6 we show the current constraints on the integrated UHE photon flux. Stringent limits were already put by Auger measurements which constrains its fraction of gamma-induced events to be below 1% of its total rate (Aab et al. 2017a; The Pierre Auger Collaboration 2022a,b). Current predictions also suggest that within 2025, Auger should have reached enough exposure to detect even conservative flux of ultra-high-energy gamma-rays if they are mainly produced by protons. The planned GRAND experiment should also be able to reach the gamma-ray fluxes predicted for iron primaries within 3 years of operation in its final stage [START_REF] Álvarez-Muñiz | The Giant Radio Array for Neutrino Detection (GRAND): Science and design[END_REF]. On the other hand, targeted search for point sources have been unsuccessful so far and Auger limits the energy flux in any celestial direction to below 0.25 eV cm -2 s -1 (Pierre Auger Collaboration 2014c;[START_REF] Aab | A Targeted Search for Point Sources of EeV Photons with the Pierre Auger Observatory[END_REF]). Yet as shown in the right-hand panel of Fig. 2.6, Auger and TA could detect ultra-high-energy gamma-rays up to ∼ 50 Mpc if they are emitted by a powerful transient sources with isotropic-equivalent energy E iso ≥ 10 51 erg [START_REF] Murase | Ultrahigh-Energy Photons as a Probe of Nearby Transient Ultrahigh-Energy Cosmic-Ray Sources and Possible Lorentz-Invariance Violation[END_REF]. For the same type of sources, the final stage of GRAND could reach UHE gamma-rays up to ∼ 100 Mpc.

The detection of the first ultra-high-energy gamma-rays, would be a breakthrough in our understanding of the Universe. Such detections could enable the first identification of UHECR sources but also constrain the Cosmic Radio Background and probe new physics such as Lorentz invariance violation [START_REF] Rubtsov | Prospective constraints on lorentz violation from ultrahigh-energy photon detection[END_REF]).

Building the ultra-high-energy gamma ray science case

At energies around 10 15 eV, the Universe becomes opaque to gamma-rays and their propagation is limited to distances up to 10 kpc, because of pair-production interactions with the EBL or the CMB (Section 1.2.3). Yet, above 10 15 eV the gamma-ray pair production cross-section decreases with increasing energy, indicating that they could possibly be detected on Earth, if produced by powerful transient sources, even located at extragalactic distances. Hence, the construction of next-generation experiments with enhanced sensitivity motivates the building of an ultra-high-energy gamma ray science case. In this section, we describe the main ingredients of an on-going project initiated with Claire Guépin, where we aim to assess the maximum flux of UHE gamma-rays that could be produced from various sources, to guide the detection strategies required by these experiments to ensure a successful gamma-ray observation.

Source modeling

First, we aim here at evaluating the ultra-high-energy gamma-rays produced by transient sources, from a phenomenological modeling of their properties. We follow the method that was proposed in Guépin 2019 for neutrinos, adapted to the case of gamma-rays. We focus on sources in the local Universe in our derivations. Additionally, we consider sources that can have a relativistic movement in the reference frame of the observer, located on Earth. Primed physical quantities are define in the source comoving frame, in opposition to the observer frame. The transformation between quantities in both frames is performed using the Doppler factor

δ ≡ 1 Γ(1 -β cos θ) , (2.9)
where Γ is the bulk Lorentz factor of the shock front inside the source in the observer frame, θ is the viewing angle and β = v/c, with v the source velocity.

In first approximation, we can model a gamma-ray source using a one zone model, where the source emission region is assumed to be a spherical blob with bolometric luminosity L bol and time variability of the emission t var . From these simple parameters, that can be inferred from multi-wavelength observations, the comoving emission region radius can be estimated from a causality argument as

R ′ = Γ(1 + β)ct var , (2.10)
where we considered a viewing angle θ = 0 • . Furthermore, we consider that the source is embedded in an uniform magnetic field and the radiation energy density can be related Chapter 2. UHECR legacy: building the future with UHE neutrinos and gamma-rays 50 to the magnetic energy density through

U B = η B U rad , where U B = B ′ 2 /(8π) and U rad = L ′ 2 bol /(4πR ′ 2 c).
Hence, the source magnetic field strength can be derived as

B ′ = 2η B L bol (1 + β) 6 Γ 6 c 3 t 2 var 1/2
(2.11) Ultra-high-energy gamma-rays are produced by the interaction of UHECRs in the background photon field of the source. In this study, we focus on proton primaries which is the most favorable case, as heavier nuclei would yield a lower gamma ray flux (Section 2.3.1, Alves [START_REF] Batista | Open Questions in Cosmic-Ray Research at Ultrahigh Energies[END_REF]). The ultra-high-energy gamma-ray and proton energy spectra are thus linked and follow

E 2 γ F γ (E γ ) = κf pγ E 2 p F p (E p ) .
(2.12)

In this equation, E 2 γ F γ (E γ ) and E 2 p F p (E p ) are the gamma-ray and proton energy spectra multiplied by E 2 , f pγ is the photo-pion production efficiency and the factor κ accounts for the fact that only a fraction of the proton luminosity is converted into gamma-ray luminosity. The proton spectrum is assumed to follow a power-law with spectral index α, accordingly to the experimental measurements of the cosmic-ray spectrum (Sec. 2.2.1). It can be parametrized as a function of the source bolometric luminosity (used as a proxy for the proton luminosity), after estimating the minimum and maximum energy of protons contributing to the pγ interaction [START_REF] Guépin | Chasing the cosmic accelerators with high energy astroparticles[END_REF]. The photo-pion production efficiency f pγ is the key parameter to determine. It results from a competition between the characteristic timescale of the pγ interaction t ′ pγ and the adiabatic loss timescale t ′ dyn , which yields f pγ ≡ min(1, t ′ dyn /t ′ pγ ). The adiabatic losses, result from the dilution of the spherical blob energy as it expands. Hence, in the comoving frame, these losses characterized by the dynamical timescale which yields t ′ dyn = Γ(1 + β)t var .

(2.13)

In the comoving frame, the pγ interaction timescale can be written as [START_REF] Guépin | Chasing the cosmic accelerators with high energy astroparticles[END_REF])

t ′-1 pγ = c⟨σ pγ κ pγ ⟩ ∞ ϵ ′ th dϵ ′ dn ′ γ dϵ ′ (ϵ ′ ) , (2.14)
where dn ′ γ /dϵ ′ is the photon energy density in the comoving frame, ϵ ′ th is the threshold energy of the interaction, σ pγ and κ pγ are the cross-section and inelasticity of the pγ interaction respectively and can be approximated as the sum of two step functions [START_REF] Guépin | Chasing the cosmic accelerators with high energy astroparticles[END_REF]. Finally, t ′ pγ can be estimated assuming that the photon energy density in the comoving frame follows a broken power-law, as expected for a typical synchrotron emission, which yields

dn ′ γ dϵ ′ (ϵ ′ ) = L ′ b 4πR ′ 2 cϵ ′ 2 b × (ϵ ′ /ϵ ′ b ) -a ϵ ′ < ϵ ′ b , (ϵ ′ /ϵ ′ b ) -b ϵ ′ > ϵ ′ b , (2.15)
where ϵ ′ b is the break energy in the comoving frame, a and b are two spectral indexes such as a < b and L ′ b is the isotropic equivalent luminosity of the flare photon spectrum (in our case

L ′ b = L ′ bol ).
From the estimations of t ′ dyn and t ′ pγ with Eq. (2.13) and (2.14), one can thus infer f pγ and derive the gamma-ray energy spectrum at a given source with Eq. (2.12).

Gamma-ray propagation

Once the gamma-ray spectrum at given sources has been estimated, we account for propagation effects. During their propagation, gamma-rays are expected to interact with the interstellar The CMBR fills homogeneously all space with an isotropic blackbody spectrum of temperature T CMBR = 2.7255 Kelvin; this corresponds to a total number density N ' 410.7 cm 3 of photons with average energy h"i ' 6.3 ⇥ 10 4 eV.

Infrared photons are radiated by interstellar dust heated by stellar light. This emission can be reasonably well described as a diluted, and distorted black body spectrum [n (") / n bb (", T ) " ] with a temperature T of approximately 20 Kelvin and a distortion parameter of order 1.5-1.7. At high energy (" & 0.03 eV) the spectral shape deviates from this form because of the contribution of an ensemble of emission lines radiated by the smallest dust grains that are not in thermal equilibrium. The infrared radiation has an average energy of order 0.008 eV, and a number density ' 25 cm 3 . from the di↵erential cross-section [57]

d PP dx = 3 4 T m 2 e c 4 s ⇠ PP (x)
with

⇠ PP (x) = x 1 x + 1 x x + (1 2 ) ✓ 1 x + 1 1 x ◆ 1 4 (1 2 ) 2 ✓ 1 x + 1 1 x ◆ 2 .
Here x is bounded by 1 2 (1 )  x  1 2 (1+ ). From the sampled ratio x the electron energy is readily calculated. The positron energy E e + = E E e then follows from energy conservation. The small energy of the background photon can be neglected in this context.

Double pair production

We follow [58] in approximating the double pair production cross-section as

DPP = 6.45 µb ✓ 1 16m 2 e c 4 s ◆ 6
.

The cross-section rapidly increases, starting from the minimum center-of-mass energy up to the final level of 6.45 µb. Since the pair production crosssection is much larger in the region where the double pair production cross-section is not constant, a more accurate pa production's low case of an interact sumed. As in [57] electron-positron p that the energy i pair,

E e 1 = E e + 1
Hence, no samplin secondary particle

Triplet pair p

For triplet pair section from [57], radiation field through the pair production interaction, with a cross-section that follows [START_REF] Jauch | The theory of photons and electrons. The relativistic quantum field theory of charged particles with spin one-half[END_REF][START_REF] Dermer | High Energy Radiation from Black Holes: Gamma Rays, Cosmic Rays, and Neutrinos[END_REF])

σ γγ (s) = 1 2 πr 2 e (1 -β 2 cm ) (3 -β 4 cm ) ln 1 + β cm 1 -β cm -2β cm (2 -β 2 cm ) , (2.16) 
where r e = e 2 /(4πϵ 0 m e c 2 ) is the classical electron radius with e the electron charge and m e its mass,

β cm = (1 -γ -2 cm ) 1/2
where γ cm is the center-of-momentum frame Lorentz factor of the produced electron and positron and s is the relativistic invariant energy. From this crosssection, the gamma-ray absorption probability per unit path length yields [START_REF] Dermer | High Energy Radiation from Black Holes: Gamma Rays, Cosmic Rays, and Neutrinos[END_REF] dτ γγ (ϵ

1 ) dx = dΩ (1 -µ) ∞ 0 dϵ n ph (ϵ, Ω)σ γγ (s) , (2.17) 
where µ = cos θ with θ the interaction angle between the incident and the target photon, Ω is the solid angle in spherical coordinates, ϵ 1 and ϵ are the incident and target photon energies respectively, both normalized by m e c 2 and n ph (ϵ, Ω) is the background photon field number spectrum, which yields a density of a few cm -3 around 0.01 eV. Assuming an isotropic background photon field and considering only sources in the local Universe (z ∼ 0), the absorption probability follows

τ γγ (ϵ 1 ) = d obs 2 1 -1 dµ (1 -µ) ∞ 0 dϵ n ph (ϵ)σ γγ (s) , (2.18)
where we introduced d obs , the distance between the source and the observer. For the background photon field n ph (ϵ), we use the model of Lipari and Vernetto 2018, describing the angle integrated number density of the photon energy spectrum in the Solar neighbourhood, as shown in the left-hand panel of Fig. 2.7. The radiation field in our Galaxy is decomposed as the sum of four components CMB, dust emission, stars and extra-galactic background light, where the dominant contribution depends on the photon energies. Inserting this photon field and Eq. (2.16), into Eq. (2.18), yields an estimation of τ γγ . Finally, we can express the attenuation that gamma-rays undergo while propagating as e -τγγ . It is important to note that we have only considered the attenuation resulting from pair production interactions in this analysis.
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However, as shown in the right-hand panel of Fig. 2.7, at ultra-high-energies, other attenuation processes such as double pair production interactions [START_REF] Heiter | Production and propagation of ultrahigh energy photons using CRPropa 3[END_REF]) γγ bkg = e + e -e + e - could become relevant . Further investigations will be conducted to examine the impact of these interactions on the propagation of gamma-rays.

Gamma-ray detection

Finally, the prediction of gamma-ray fluxes on Earth can be compared to the experimental sensitivities. From this comparison, we can then establish the typical profile of detectable gamma-ray sources. As discussed in Section 2.3.1, the best limits on the ultra-high-energy gamma-ray fluxes are currently set by Auger (Aab et al. 2017a). However, ongoing efforts are focused on building next-generation experiments with enhanced gamma-ray sensitivity to further target these high-energy photons. This is the case of GRANDProto300 (5.4.4), the first stage of the GRAND experiment, that could benefit from an unprecedented capability to discriminate between gamma-ray and cosmic-ray showers. This performance would be achieved by the association of a radio array, optimized for the detection of inclined air showers, with particles detector to measure independently the shower electromagnetic and muonic contents.

In order to assess the potential of adding such an extension to GRANDProto300, it is hence urgent to evaluate whether ultra-high-energy gamma-rays could be detected if they are produced by light nuclei.

Ultra-high energy neutrinos

Similarly to gamma-rays, ultra-high-energy neutrinos are guaranteed to exist as secondaries from interaction of UHECRs with photon backgrounds in the Universe, such as the EBL or the CMB. Their flux depends on various parameters, including for example the injection spectrum and mass composition of cosmic-ray at the sources and the distribution of sources in the Universe.

Neutrinos are neutral particles that mainly interact through the weak interaction, with a significantly low cross-section (Section 2.3.3). Therefore they propagate in the Universe through cosmological distances without being deflected nor scattered. As ultra-high-energy neutrinos result from photopion production, the relative flavor ratio of ν + ν at the production site is expected to be ν e : ν µ : ν τ ∼ 1 : 2 : 0, with a predominance from ν µ and no ν τ [START_REF] Møller | Cosmogenic neutrinos through the GRAND lens unveil the nature of cosmic accelerators[END_REF]). Yet, neutrinos usually propagate in the Universe over cosmological distances and oscillate while doing so. The neutrino oscillations re-distribute the flavor ratios, so that we expect an equal amount of neutrinos from the three flavors at the Earth, ν e : ν µ : ν τ ∼ 1 : 1 : 1, even though some deviations may be expected [START_REF] Ackermann | High-energy and ultra-high-energy neutrinos: A Snowmass white paper[END_REF].

As neutrinos barely interact with matter, their detection is challenging and large exposures are needed to address the very low fluxes at ultra-high energies. Yet, the neutrino-nucleon cross section grows with energy as σ ν ∝ E 0.363 , eventually reaching a level where the Earth becomes opaque to their propagation at high-energy. Neutrinos can either interact with matter through charged-current or neutral-current interactions. For charged-current interactions we have ν l + N → l + X, where N is a nucleus, l can be any type of leptons l = e, µ, τ and X is the final hadron. For neutral-current interactions we have ν l + N → ν l + X, hence the energy of the initial neutrino is redistributed to a lower energy. A wide range of techniques have been developed for neutrino detection at the highest energies (see [START_REF] Ackermann | High-energy and ultra-high-energy neutrinos: A Snowmass white paper[END_REF] for a review). These techniques include detection of Cherenkov light induced by neutrinos in ice or in water (see for example IceCube and ANTARES Section 1.6.3), radio-detection of Askaryan radiation in ice (see ARA, ARIANNA, RNO-G and IceCube-Gen2 Section 4) and in balloon flight (ANITA, PUEO Section 4). Additionally, tau-neutrinos can indirectly induce air showers through the creation of a τ particle from charged-current interaction in a dense medium and its subsequent decay in the atmosphere (see Section 5 for details). Air showers induced by ultrahigh-energy tau-neutrinos are targeted by several current and planned experiments including (GRAND, BEACON, Auger and PUEO, see Section 4).

In Fig. 2.8, we show the main current and planned neutrino experiments along with their characteristics. Each experiment has its own specificities in terms of energy range, field of view and angular resolution, related to their detection principle. Particularly, it can be seen that in-air experiments benefit from a better angular resolution compared to detectors using a denser interaction medium (as explained in Section 1.5.2). In the context of identifying neutrino point sources to probe UHECR origin, this aspect is expected to play an important role. Indeed, it was shown that angular resolution is a crucial parameter to correlate neutrino observations to astrophysical point sources with high enough significance [START_REF] Fang | The Highest-energy Cosmic Rays Cannot Be Dominantly Protons from Steady Sources[END_REF].

In Fig. 2.9, we show the sensitivity integrated over 10 years (unless otherwise noted) of current and planned neutrino experiments to the all-flavor diffuse neutrino flux at the 90% confidence level and compared with predictions of cosmogenic and astrophysical neutrino models. Currently, the best constraints on the neutrino fluxes are given by IceCube [START_REF] Aartsen | Differential limit on the extremely-high-energy cosmic neutrino flux in the presence of astrophysical background from nine years of icecube data[END_REF]) and Auger (The Pierre Auger Collaboration. 2017) who reach an all-flavor sensitivity of ∼ 3 × 10 -8 GeV cm -2 s -1 sr -1 around EeV energies. This limit should be lowered by a large number of experiments, allowing to reach enough sensitivity to detect the first ultra-highenergy cosmogenic neutrinos. Above 10 17 eV, GRAND (Álvarez-Muñiz et al. 2020), BEACON [START_REF] Wissel | Expanding the Reach of Tau Neutrino Telescopes with the Beamforming Elevated Array for COsmic Neutrinos (BEACON)[END_REF]) and IceCube-Gen2 [START_REF] Aartsen | IceCube-Gen2: the window to the extreme Universe[END_REF]) should even reach enough sensitivity to detect the first astrophysical neutrinos at ultra-high-energies.

Finally, in the purpose of identifying neutrino point sources, detection of transient sources will be essential [START_REF] Guépin | High-energy neutrino transients and the future of multi-messenger astronomy[END_REF]. In particular, time and spatial coincidence of neutrinos observations with other messengers as gamma-rays and gravitational-waves should greatly improve the significance of the associations with point sources. Towards this purpose, the diverse envisioned designs of future experiments will be valuable, providing complementary field of view, sensitivities, and angular resolution, enabling for alerts and follow-up observations.

The first observation of ultra-high-energy neutrinos would be a leap forward in our understanding of the high-energy Universe and the most powerful cosmic accelerators. Thanks to theoretical and experimental efforts this could be achieved by the 2030s. One of the main promising techniques to perform such observation is the radio-detection of air showers induced 

Part II

Radio-detection of high energy astroparticles

Chapter 3

Radio emission from air showers

To broaden our understanding of the high-energy universe, it is now necessary to build very large-scale experiments that will target cosmic-rays, gamma-rays and neutrinos. In this part, we will we show that radio detection of air showers is particularly suited for this purpose. Specifically, in this chapter we will first describe the main principles of air shower radio emission and its associated modeling.

Motivation for radio-detection

Air showers induced by high-energy astroparticles emit radio waves that can be detected on Earth, at ground level. Radio-detection is a mature technique, that has gained large momentum over the past decades. Experimental progresses in cosmic-ray detection driven by experiments as CODALEMA [START_REF] Ardouin | Radio-detection signature of high-energy cosmic rays by the CODALEMA experiment[END_REF] 2013) and of theoretical models [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF][START_REF] Werner | A realistic treatment of geomagnetic Cherenkov radiation from cosmic ray air showers[END_REF], providing a deep understanding of the radio emission processes [START_REF] Huege | Radio detection of cosmic ray air showers in the digital era[END_REF][START_REF] Schröder | Radio detection of cosmic-ray air showers and high-energy neutrinos[END_REF].

The radio emission from air showers is mainly driven by the electromagnetic part of the shower, and is therefore not too sensitive to uncertainties on hadronic interactions. Radio antennas can monitor the full sky and their detection principle can achieve comparable performances to fluorescence-based detection methods, while allowing for a 100% duty cycle. Furthermore, radio antennas are cheap and can be used to instrument very large surfaces at low costs. Finally, the same detection principle can be used to target the radio-signal from air showers induced by cosmic-rays, gamma-rays and neutrinos, making radio detection a suitable technique for multi-messenger observations. Motivated by all these advantages, a handful of experiments are now operating while using the radio signal from air showers as their main observable, such as AERA (Huege and Pierre Auger Collaboration 2019) or LOFAR [START_REF] Nelles | A parameterization for the radio emission of air showers as predicted by CoREAS simulations and applied to LOFAR measurements[END_REF]. Radio-detection is also envisioned to be the main detection technique to target the low fluxes of ultra-high-energy astroparticles with next-generation experiments, including the Radio upgrade of the Pierre Auger Observatory (The Pierre Auger Collaboration 2016), GRAND [START_REF] Álvarez-Muñiz | The Giant Radio Array for Neutrino Detection (GRAND): Science and design[END_REF], BEACON [START_REF] Wissel | Expanding the Reach of Tau Neutrino Telescopes with the Beamforming Elevated Array for COsmic Neutrinos (BEACON)[END_REF]) and IceCube-Gen2 Radio [START_REF] Aartsen | IceCube-Gen2: the window to the extreme Universe[END_REF]. For this purpose, many theoretical and experimental efforts are being done in order to find the most adequate detection sites, deploy the antenna layouts and develop an end-to-end pipeline with efficient algorithms to reconstruct the primary particle characteristics. These efforts rely on a deep understanding of the radio signal characteristics that we review below.
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Standard Physics of Radio Emission

General characteristics

The Earth's atmosphere is transparent to radio waves and the radio signal from air showers can travel over hundreds of kilometers without being absorbed. The emission is governed by the electromagnetic part of the shower, mainly electrons and positrons, and most of the radiation is produced at X max (Section 2.1.1), where the particle content of the air shower reaches its maximum. Two main mechanisms are responsible for the radio emission from air showers, both related to the time variation of the net charge in the shower front: the dominant geomagnetic or transverse-current emission (Section 3.2.2) and the sub-dominant charge-excess or Askaryan emission (Section 3.2.3).

Independently of the emission mechanisms, we expect the radio signal to be coherent if λ ≫ l, where λ is the radio signal wavelength and l is the length of the emission region. For vertical air showers, this length is given by the width of the of the shower front and is approximately 3 meters long. As a result, the radio emission peaks at frequencies around 10 MHz. Yet, at these frequencies the signal is polluted by shortwaves, which are radio emissions from various sources (such as radio broadcasts and airplanes), that usually range between 3 -30 MHz and are often used for long distance communications, since they can reflect on the ionosphere. Hence, air shower radio detection is usually limited to frequencies above 30 MHz. Going above 100 MHz is mostly useful to describe accurately the Cherenkov effects (Section 3.2.6). Nevertheless, for frequencies higher than 200 MHz, the detection becomes technically challenging due to the Nyquist condition [START_REF] Nyquist | Certain Topics in Telegraph Transmission Theory[END_REF]) which requires a sample frequency at least twice superior to the signal maximal frequency.

Geomagnetic emission

The major process, for the radio emission of air showers is called "geomagnetic emission" or "transverse-current" emission [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF]de Vries et al. 2010). When an air shower propagates in the atmosphere, charged particles are deflected by the Earth magnetic field due to the Lorentz force: F = qv × B geo where v is velocity vector of particles in the shower, also referred as the "shower axis", q is the electron/positron charge and B geo is the local Earth magnetic field vector. The competition between the deflection of the lightest particles mostly, i.e., electrons and positrons and elastic collisions with air atoms, results in a transverse current, varying in time since the number of electrons and positrons changes during shower development. This induces a linearly polarised radio emission along the -(v × B) direction, i.e., orthogonal to the direction of the magnetic field and the shower axis, as can be seen in Figure 3.1 [START_REF] Schröder | Radio detection of cosmic-ray air showers and high-energy neutrinos[END_REF][START_REF] Huege | Radio detection of cosmic ray air showers in the digital era[END_REF].

The amplitude of this emission is given by: qvB sin α, i.e., proportional to the local magnetic field strength and to sin α, where α is the so-called "geomagnetic angle" between the shower axis and the local magnetic field direction. The amplitude of the geomagnetic emission increases with the number of charged particles (coherence effect) and also with the mean free path of the particles. This implies that the amplitude is expected to decrease with increasing density of the medium in which the shower propagates and becomes negligible in dense media such as ice.

Charge-excess emission

Another emission mechanism that plays a significant role is the charge excess or Askaryan emission [START_REF] Askaryan | Excess Negative Charge of the Electron-Photon Shower and Coherent Radiation Originating from It. Radio Recording of Showers under the Ground and on the Moon[END_REF]. As the shower propagates through the atmosphere, electrons from the air atoms are struck by high energy shower particles (mostly gamma rays through Compton diffusion). Hence, such electrons are accelerated to the speed of light and travel along with the shower front, while ionized air atoms form a plasma of positive ions behind the shower front. This results in an accumulation of negative charges, mostly close to the intersection of the shower axis and the shower front, that can be as large as 20-30% of the total number of electrons and positrons [START_REF] Saltzberg | Observation of the askaryan effect: Coherent microwave cherenkov emission from charge asymmetry in high-energy particle cascades[END_REF]. This net negative charge also varies in time as the shower develops, which induces an electric field radially polarized in a plane perpendicular to the shower axis, chosen in Fig. 3.1 as the so-called "shower plane"

[v × B; v × (v × B)].
The charge excess amplitude increases with the density of the medium in which the shower develops, as more air atoms get ionized. It accounts for about 10% of the geomagnetic amplitude for vertical air showers, but it becomes the major contribution in media like ice where the mean free path of electrons and positrons is not long enough for the geomagnetic emission to play a significant role.

Other mechanisms also occur in EAS such as synchrotron [START_REF] Huege | Radio emission from cosmic ray air showers. Coherent geosynchrotron radiation[END_REF] and dipolar emissions, but the amplitude of those emissions are thought to be negligible compared to the geomagnetic and charge excess amplitudes at MHz frequencies [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF], this aspect will be further discussed in Section 7.1. From these two emission mechanisms, we can infer that the relevant framework to study the polarisation is the shower plane [v × B; v × (v × B)] in which we will observe the coherent sum of both contributions. A particle moves at a speed v > c/n, while emitting spherical wavefronts that travel at a speed c/n, where n is the medium refractive index. An observer located at θ c = 1/ arccos βn will receive the emission from all the wavefront at the same time.

Superposition of both emissions

Both geomagnetic and charge excess emission will not just add up but interfer with each other, inducing asymmetries in the observed amplitude pattern. In Fig. 3.2 we show the energy fluence in the [v × B; v × (v × B)] plane from a numerical simulation of an air shower radio signal [START_REF] Glaser | An analytic description of the radio emission of air showers based on its emission mechanisms[END_REF]). The signal is filtered in the 30-80 MHz band and corresponds to a shower with inclination angle θ = 60 • . It can be seen that the energy fluence is maximal on the positive part of the (v × B) axis, where the geomagnetic and charge-excess emissions interfer constructively (their polarization vectors are in the same direction), while the fluence is minimal on the negative part of the (v × B) axis, where both emissions interfer destructively.

Interestingly, along the [v × (v × B)] axis, the geomagnetic and charge-excess polarization vectors are orthogonal, implying that they can be easily separated. This characteristic is particularly useful for studies relying on the radio signal polarization. Finally, it should be noted that a roughly rotational symmetry is expected in the [v × B; v × (v × B)] plane, for the individual amplitude patterns of both geomagnetic and charge-excess emissions [START_REF] Glaser | Simulation of radiation energy release in air showers[END_REF].

Doppler boost

Particles in air showers propagate mainly in straight lines, at relativistic speeds, close to the speed of light in vacuum c. Due to this high velocity, the radio emission they produce undergoes a relativistic Doppler boosting effect [START_REF] Einstein | Zur Elektrodynamik bewegter Körper[END_REF], which focuses the emission toward their direction of propagation and constrains it within a cone with a narrow aperture of ∼ 3 degrees [START_REF] Decoene | Radio-detection of neutrino-induced air showers: the influence of topography[END_REF]).

Cherenkov effects

In air, the refractive index is superior to unity. It depends on several parameters including the atmospheric pressure and temperature, and its variation with atmospheric height h can be approximated up to 10 km above sea level as [START_REF] Alvarez-Muñiz | Monte Carlo simulations of radio pulses in atmospheric showers using ZHAireS[END_REF])

n air (h) = 1 + 3.25 × 10 -4 exp (-0.1218h) , (3.1)
where h is expressed in km. As a result, particles in air showers usually move faster than the speed of light in air, c/n air , while emitting radio waves over an extended area. This leads to the so-called "Cherenkov compression" of the radio signal [START_REF] Werner | A realistic treatment of geomagnetic Cherenkov radiation from cosmic ray air showers[END_REF][START_REF] De Vries | The air shower maximum probed by Cherenkov effects from radio emission[END_REF]. This effect can be understood considering a simple model where a moving particle emits successive radiations with spherical wavefronts. As illustrated in the righthand panel of Fig. 3.2, if the particle moves faster than the radiation it emits, there is a characteristic "Cherenkov" angle at which an observer will receive all the emissions from the spherical wavefronts at the same time. For this observer, the time compression of the signal arrival times leads to higher observed amplitude than for an observer off the Cherenkov angle, who will see an emission more spread in time. This implies that the radio signal from air showers is peaked on a conical region referred as the Cherenkov cone. The Cherenkov cone is usually found at ∼ 1 • away from the shower axis and defines the characteristic scale of the radio amplitude pattern, as the signal is peaked at the cone and rapidly vanishes away from it. Furthermore, because of the time compression, the radio emission on the Cherenkov cone is also found at higher frequencies, above ∼ 100 Mhz than outside of the cone.

Analytically, the Cherenkov effect can be described considering that the electromagnetic potential of a single electron in air showers scales as (see Section 3.2.8 for details)

A ∝ 1 1 -n air β • r , (3.2) 
where β = v/c with v the particle velocity vector and r is the unitary vector from the electron to the observer. Hence the potential diverges for 1nβ • r = 0 and regularizing this divergence show that it corresponds to a maximum of emission. Introducing θ c = ( β, r), we can express the Cherenkov angle as θ c = 1/ arccos βn , (3.3) which simplifies to θ c = 1/ arccos n in the case v ∼ c. Since n varies with the altitude, in first approximation the Cherenkov angle can be computed using n Xmax , the refractive index at X max .

Clipping effects

For air showers arriving with vertical incidence angle with respect to the Earth's surface (referred later as vertical showers), another aspect that impacts the radio signal amplitude pattern is the clipping effect [START_REF] Glaser | An analytic description of the radio emission of air showers based on its emission mechanisms[END_REF]). The X max height above see level of vertical showers is typically below 10 km. Yet, the longitudinal profile of such showers also usually extends over several kilometers. Hence, it can happen that some showers reach the ground without being fully developed and some part that would have contributed to the emission is "clipped". The clipping effect is expected to increase with decreasing atmospheric depth between X max and the observer, hence a stronger effect is observed for high ground altitude above sea level and for light primaries, which have a deeper X max . This effect will impact the radio signal amplitude but also its lateral distribution. As the shower does not fully develop, the emission region is shortened, which prevents the formation of the Cherenkov effects described in Section 3.2.6. As a result, the lateral distribution of the radio signal amplitude takes the form of a single peak, centered on the shower axis. ). The shower "pancake" is shown as the shaded area moving with velocity v s . The observer is located at a distance d from the point of impact and we call R the distance between the emission point in [0,0, z(t r )] and the observer. As the shower front is not plane we also introduce h, the difference between the height of the shower front at the center (x = 0, y = 0, z) and the height for given values of x and y.

Theoretical modeling

The radio emission from air showers can be described analytically, using macroscopic quantities such as the current, potential and particle distributions of charged particles in the shower. Such derivation was performed from classical electrodynamics calculation to build the socalled "MGMR" model [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF]de Vries et al. 2010), we review here the main steps of this derivation.

Let us consider a vertical air shower, propagating in the atmosphere while emitting a radio signal at a height z, received by a fixed observer at ground level, as illustrated in Fig. 3.3. The shower propagates with a speed v s = -β s c u z along the z axis and we consider a point like emission where the signal is emitted in (0, 0, z(t r )) at the retarded time t r and received by a fixed observer at a time t, which yields

t r ≡ t - nR c , (3.4)
where R is the distance from the emission point to the observer (Fig. 3.3) and n is the air refractive index. In this case the potential induced by charged particles moving at relativistic 3.2. Standard Physics of Radio Emission 63 speed in a volume V is given by the Liénard-Wiechert potential

A α = 1 4πϵ 0 c V dV J α (1 -nβ • r)R ret , (3.5)
where the subscript ret indicates that the potential has to be evaluated at the retarded time t r , i.e., at the emission time. In this expression, the 4-current density J α = (ρc, j) with ρ and j the current and charge densities respectively, β = v/c with v the speed of the shower front and r corresponds to a unit vector orientated from the emission point to the observer (Fig. 3.3). The integral is carried over a volume containing all the charged particles in the shower. From this expression, the electric field can be derived as

E = -∇A 0 - ∂A ∂t , (3.6)
where the temporal derivative can be identified as the geomagnetic contribution and the spatial derivatives as the charge-excess one (except for the z component of the electric field, where both 0th and z components of the potential contribute to the charge-excess).

Geomagnetic emission

The geomagnetic emission comes from the induced current by the Lorentz force F l = qv × B Earth , which deflects positrons and electrons in opposite directions. Hence, for a shower moving downwards along the z-axis and with a magnetic field oriented along the positive y direction, the induced current is constrained to the x direction j = j x . Additionally, the magnetic field will curve the positron and electron trajectories with Larmor radius R l = γm e βc/(eB Earth sin α), where e and m e are the electron charge and mass respectively. Here, the Lorentz factor γ can be written as γ = ϵ(t)/(mc 2 ), where = ϵ(t) = ϵ 0 e -t/τ if we consider that a particle with initial energy ϵ 0 , loses its energy through inelastic collisions over a characteristic time τ . Hence, assuming that the particles move at c, their transverse acceleration reads a t = c 2 /R l and their transverse velocity is derived as

v t (t) = t 0 c 3 eB Earth ϵ 0 e -t ′ /τ dt ′ .
(3.7)

Finally, by averaging the transverse velocity over the energy distributions we can approximate the mean drift velocity as

⟨v d q⟩ ∼ -k c 3 eτ B Earth ϵ ρ E (ϵ)dϵ , (3.8)
where k is an additional factor to account for transverse collisions and ρ E (ϵ) is the electron energy distribution function (see [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF]).

To compute the electric field, we also need to parameterize the number of particles in the shower at a given position and retarded time which can be expressed as

N (x, y, z, t r ) = N max f l (t r )f r (x, y)f p (h) , (3.9)
where N max is the total number of particles at the shower maximum X max , f l (t r ), f r (x, y) and f p (h) are the longitudinal, lateral and shower front width distribution functions respectively, with parametrizations given in [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF]. Hence if we assume that the shower lateral extent can be neglected, we get f r (x, y) = δ(x, y), with δ a Dirac function and the x component of the potential reads

A x (t, d) = J 0 ∞ 0 dh f l (t r )f p (h) D ret , (3.10)
where we introduced the boosted distance D = R(1nβ • r) and J 0 = eN max ⟨v d q⟩/(4πϵ 0 c). Finally, we derive the geomagnetic electric field as

E geo (t) = - ∂A x ∂t = -J 0 +∞ 0 dt r f l (t r ) β z df p (h) dh -J 0 +∞ 0 dt r f p (h) z df l (t r ) dt r . (3.11)

Charge-excess emission

The charge-excess emission comes from the build up of electrons in the shower front from air atoms ionization. In first approximation, this emission is related to the spatial derivative of the 0-th component of the potential, A 0 and therefore contributes to the 3 electric field components. To evaluate A 0 , we have to consider the contribution from both electrons and ionized air atoms. Assuming again a negligible lateral extension of the shower, the potential from the excess of electrons reads (de Vries et al. 2010; Schoorlemmer 2012)

A 0 e = -eN max C x 4πϵ 0 ∞ 0 dh f l (t r )f p (h) D , (3.12) 
where C x corresponds to the fraction of particles that contributes to the charge excess with respect to the total number of positrons and electrons. We assume that C x = 0.23 and is constant with height in these calculations. Air showers also leave a trail of ionized air atoms behind the shower front, with a total charge that can be evaluated as

N ions = eN max ∞ 0 dhf p (h) ∂f l (t r ) ∂t r . (3.13)
hence the potential induce by ions yields

A 0 ions = -eN max C x 4πϵ 0 tr -∞ ∞ 0 dh f p (h) R ∂f l (t r ) ∂t r dt r , (3.14) 
where we assumed β ions ≪ 1 so that:

D = R(1 -β • r) = R -β ions z ≈ R . (3.15)
As a result, the x and y contributions of the charge-excess emission to the electric field can be expressed as

E CE x (t, x) = - ∂A 0 e ∂x + ∂A 0 ions ∂x = - eN max C x 4πϵ 0 ∞ 0 dhf p (h) ḟl (t r ) xz RD 2 , (3.16) E CE y (t, y) = - ∂A 0 e ∂y + ∂A 0 ions ∂y = - eN max C x 4πϵ 0 ∞ 0 dhf p (h) ḟl (t r ) yz RD 2 , (3.17)
from which it follows that the charge-excess polarization is radial in the plane perpendicular to the shower axis. For the z contribution, similarly we also have

- ∂A 0 e ∂z + ∂A 0 ions ∂z = - eN max C x 4πϵ 0 ∞ 0 dhf p (h) ḟl (t r ) z 2 RD 2 , (3.18)
3.3. Microscopic simulations 65 but to get the electric field, we also have to account for the time derivative of the potential z-component, related to the movement of electrons with the shower front at v ∼ c. From Eq. (3.10), but considering only the electron excess and replacing the mean drift velocity with c, we get

A z = - eN max C x 4πϵ 0 ∞ 0 dh f l (t r )f p (h) D , (3.19)
finally, the electric field reads

E CE z (t, d) = - ∂A 0 e ∂z + ∂A 0 ions ∂z - ∂A z ∂t = eN max C x 4πϵ 0 ∞ 0 dh ḟl (t r )f p (h)d 2 RD 2 . (3.20)

Limitations

Macroscopic descriptions of the radio emission, as the one presented above, allow one to have a fast computation of the electric field, they also give direct insights to the relevant effects that contribute to the emission and they provide a reasonable agreement with numerical simulations for vertical air showers [START_REF] Huege | The convergence of EAS radio emission models and a detailed comparison of REAS3 and MGMR simulations[END_REF]). Yet, they rely on many free parameters that are not well constrained such as the drift velocity v d or the fraction of electron excess C x , which limits their accuracy to a narrow window of the parameter space. Hence, most of the current studies on the radio emission rely on microscopic Monte-Carlo simulations that are more expensive in terms of computation but more stable and accurate over the whole parameter space.

Microscopic simulations

The radio signal from air showers can also be computed with numerical "microscopic" simulations in which the emission from each individual particle in the shower is calculated separately and superposed at the observer location, while accounting for the phase shifts (coherence effects) and refractive index effects during the propagation. These tools usually combine Monte-Carlo simulations of the air shower cascade, with an extension that compute the generation and the propagation of the electromagnetic emission of single particles, from classical electrodynamics calculation. As a result, the main uncertainties arise only from the hadronic interaction model used to compute the cascade development.

The two main codes to compute the radio emission are CORSIKA [START_REF] Heck | CORSIKA: a Monte Carlo code to simulate extensive air showers[END_REF]) with the CoREAS radio extension (Huege et al. 2013) and AIRES with the ZHAireS radio extension [START_REF] Alvarez-Muñiz | Monte Carlo simulations of radio pulses in atmospheric showers using ZHAireS[END_REF]. For ZHAireS, the radio emission is computed using the ZHS formalism [START_REF] Zas | Electromagnetic pulses from high-energy showers: Implications for neutrino detection[END_REF][START_REF] Alvarez-Muñiz | Čerenkov radio pulses from electromagnetic showers in the time domain[END_REF], see also Section 3.3.1), while the endpoint formalism [START_REF] Ludwig | REAS3: Monte Carlo simulations of radio emission from cosmic ray air showers using an "end-point" formalism[END_REF][START_REF] James | General description of electromagnetic radiation processes based on instantaneous charge acceleration in "endpoints[END_REF]) is used by CoREAS. Yet, both approach are mathematically equivalent [START_REF] Belov | Radio emission from air showers. Comparison of theoretical approaches[END_REF]) and show good agreement, within 5%, when reconstructing global quantities such as the electromagnetic radiation energy [START_REF] Gottowik | Measurements of Inclined Air Showers with the Auger Engineering Radio Array at the Pierre Auger Observatory[END_REF]. Overall, ZHAireS and CoREAS simulations were shown to greatly reproduce the results from experimental measurements in the regions of the parameter space where they were tested [START_REF] Apel | Comparing LOPES measurements of air-shower radio emission with REAS 3.11 and CoREAS simulations[END_REF][START_REF] Bezyazeekov | Measurement of cosmic-ray air showers with the Tunka Radio Extension (Tunka-Rex)[END_REF]. Hence, they provide so far the most precise description of the emission physics in air showers.

The work presented in this manuscript made a wide use of ZHAireS Monte-Carlo simulations that we present more in depth in the next Sections.

ZHAireS Monte-Carlo simulations

Formalism

The development of the AIRES cascade is done by evaluating the mean free path of all the interactions a given particle could undergo. These mean free paths depend on the particle nature as well as its energy. They are either computed analytically (when possible), or estimated from parametrizations of experimental data, extrapolating the measurements at energies well above the reach of collider experiments, which represent the main source of uncertainties. Once the mean free paths are evaluated, the actual interaction the particle undergoes is estimated using an exponential probability distribution. The particle is then propagated to its interacting position, while accounting for deflections, ionization and scattering losses and secondary particles are usually created after the interaction. This process is repeated until the cascade is fully developed.

In ZHAireS simulations, the computation of the radio emission rely on the endpoint formalism [START_REF] Zas | Electromagnetic pulses from high-energy showers: Implications for neutrino detection[END_REF][START_REF] Alvarez-Muñiz | Čerenkov radio pulses from electromagnetic showers in the time domain[END_REF]. As illustrated in the left-hand panel of Fig. 3.4, the particle trajectories are divided in arbitrary small tracks, over which the particle speed and direction are assumed constant. Inside each track, the Fraunhofer approximation is used, which requires to fulfill the condition

L 2 sin θ 2 R < λ 2π , (3.21)
where L is the track length, λ the radio emission wavelength, R the distance between the track and the observer and θ is illustrated in the left-hand panel of Fig. 3.4. The track length is chosen so that this approximation is valid up to frequencies of ∼ 300 MHz, well above the current reach of radio experiments. The particle positions, times and energies at the beginning and end of each track are directly extracted from AIRES simulations and allows one to infer the Lienard-Wiechert potential (Alvarez-Muñiz et al. 2012)

A(t, u) - µe 4πRc β ⊥ Θ(t -t det 1 ) -Θ(t -t det 2 ) 1 -nβ • u (3.22)
where t det 1 and t det 2 are the retarded detection times, u is the unitary vector from the emission point to the observer, µ is the relative permeability, Θ(x) is the Heaviside function,

β = v/c and β ⊥ = -[ u × ( u × β)].
Finally, the contribution, from each track at the antenna level, to the potential are summed and the electric field is derived with E = -∂A/∂t.

Atmospheric model

The shower development as well as the radio signal emission and propagation all depend on the atmospheric model through their dependency with the air density ρ air and the air refractive index n air . AIRES relies on the Linsley parametrization of the US atmospheric model [START_REF] Sciutto | Aires: A system for air shower simulations[END_REF]). Linsley's model parametrizes the vertical atmospheric depth (rather than directly the air density) which is given by

X v (h) = ∞ h ρ(z)dz .
(3.23)

The parametrization, divides the atmosphere in L layers. For l = 1, 2, ..L, the layer starts at an height h l and ends at a height h l+1 , so that we have h 1 = 0, h l+1 = h max and X v (h) follows The atmospheric refractive index is also of significant importance since its impact could potentially bend the radio emission and also affects the Cherenkov effects discussed in Section 3.2.6. In ZHAireS, it is assumed that the radio emission follows a straight line from the emission point to the observer, but an effective refractive index is used to account for the variations during the propagation. From (Alvarez-Muñiz et al. 2012) we have

X v (h) =      a l + b l e -h/c l h l < h < h l+1 l = 1, ..., L -1 a L -b L (h/c L ) h L < h < h L+1 0 h > h L+1      . ( 3 
n eff = 1 + R eff × 10 -6 , R eff = 1 R R 0 R(h)dl , (3.25)
where R is the distance from the emission point to the observer and R(h) is the refractivity at a height h, parametrized as

R(h) = R s exp -K r h , (3.26) 
with R s = 325, K r = 0.1218 km -1 and h the height in km.

Running ZHAireS simulations

To run a ZHAireS simulation, the user must specify a few input parameters, such as the primary particle type, its initial energy and arrival direction (defined by the zenith θ and azimuth angle ϕ). AIRES uses a Cartesian coordinate system with the x axis pointing towards the magnetic North, the y axis to the West, the z axis pointing up and where the z coordinate of the reference frame origin is set at sea level. Additionally, the user can specify the ground altitude of the site, and the shower core, i.e., the intersection of the shower axis with the ground level is set at (0,0, Ground Level). Hence, the primary particle is injected at the position, on the shower axis, which is found at the injection height specified by the user (with a default value at 100 km above sea level). 

E tot = E 2 x + E 2 y + E 2 z .
The antennas positions are defined by their three coordinates x, y and z in the AIRES reference frame. Finally, the magnetic field is set by specifying its amplitude, its declination, i.e., the angle between the geographic and the magnetic North, and its inclination, i.e., the angle with respect to the Earth surface and defined as i = arctan B z /B x .

The ZHAireS outputs are the electric field traces, E x (t), E y (t), E z (t) at each antenna. Additionally, AIRES can provide the longitudinal particle distributions and the ground particle distributions. In the left-hand panel of Fig. 3.5, we show the three polarizations of the electric field traces at a given antenna, from the simulation of a proton shower. It can be seen that the pulses last for a few nanoseconds and have a bi-polar structure, with a high amplitude peak followed by a long track of opposite sign.

In the right-hand panel of Fig. 3.5, we show a starshape layout of 176 antennas in a plane perpendicular to the shower axis. Each point represents an antenna, the layout is centered on the shower core and is divided in 8 arms of 20 antennas each, plus 16 antennas located at random positions, initially designed for interpolation purposes. The color codes for the total peak electric field defined as

E tot = E 2 x + E 2 y + E 2 z
, where E x , E y and E z refer to the peak values of the associated traces (in absolute value). It can be seen that the starshape layout allows to adequately sample the signal footprint and evidences a circular region of maximum emission, associated to the Cherenkov effects discussed in Section 3.2.6. This starshape layout structure was used for all the studies carried with ZHAireS simulations in this manuscript (unless otherwise mentioned).

Amplitude pattern

From the measurements of the electric field amplitude at each antenna, we can infer the amplitude pattern of the radio signal. As already seen from the right-hand panel of Fig. 3.5, the amplitude of the radio signal is not constant over the whole layout but varies with the distance of the antennas to the shower core. Additionally, the pulse shape is also expected to vary with the antenna position, as pulses close to the Cherenkov cone are expected to be sharp, dominated by high frequencies (with a duration of a few ns only), while far from the cone the pulses have a spectrum dominated by low frequencies and can extend over hundreds of ns.

One observable that is widely used to study the distribution of amplitude patterns is the Lateral Distribution Function (LDF), i.e., the distribution of the peak (or integrated) amplitude at the antenna level, measured along specific axes of the antenna layout. In Fig. 3.6, we show the LDF along the (v×B) direction (left-hand plot) and the [v×(v×B)] direction, in angular coordinates. The shower core corresponds to the position where the angular deviation is equal to zero. On both plots, it can be seen that when moving away from the core the signal amplitude increases until it reaches a maximum, corresponding to the location of the Cherenkov angle, and then decreases to vanish at large angles. Hence, the bulk of the radio emission is restricted to a narrow cone with an aperture angle of ∼ 3 • . For the LDF along the (v × B) axis (left-hand plot), we see an asymmetry between both peaks which is directly linked to the interferences between the charge-excess and geomagnetic emission, as described with the left-hand panel of Fig. 3.2. For the LDF along the [v × (v × B)] direction (right-hand plot), we can also observe a small asymmetry which is induced by the inclination of the shower with respect to the Earth surface (see Section 3.6.2).

Reducing the time computation

Despite providing accurate estimations of the radio signal at the antenna level, ZHAireS simulations are computationally expensive, mainly through the calculation of the radio emission from each track and its propagation in the atmosphere. The simulation time increases linearly with the number of antennas, but it also increases with the shower energy and zenith angle (showers with inclined arrival directions require more computational resources than vertical ones). As an example, the simulation of a single cosmic-ray shower with energy E = 3.98 EeV and zenith angle θ = 85 • can take up to one week in terms of CPU time. It is thus crucial to optimize the simulations to lower the computation time as much as possible.

Low-energy cuts and thinning

A few internal parameters of ZHAireS simulations can be set by the user to reduce the computation time. These include the particle low-energy cuts. The contribution of electromagnetic particles to the radio emission is related to their energy (the higher the energy, the higher the Figure 3.7: Sketch of the interpolation strategy (adapted from Tueros and Zilles 2021). The radio signal is first simulated with ZHAireS at reference positions of a starshape layout at ground level (blue arms), where ϕ is the azimuthal angle of the layout. To get the signal at a given position (black star), the closest neighbours of the target antenna in polar coordinates (r, ϕ) are selected, indicated by colored dots. The signal between the blue/red and the yellow/purple dot is interpolated to get the signal at the position a/b. The signal between the dots a and b is then interpolated to get the signal at the target antenna. contribution). Hence, it may not be useful to keep following particles with energy that pass below a certain threshold, as their contribution to the radio emission become negligible. Typically, setting the low-energy cuts of electromagnetic particles at 3 MeV does not significantly affect the radio emission, while it can save up to ∼ 50% of the computation time.

Another important parameter is the simulation thinning. At 10 20 eV, a typical air shower contains ∼ 10 11 particles. This makes it almost impossible to record neither follow all the particles in the shower and sampling algorithms must be involved. ZHAireS simulations rely on the Hillas thinning algorithm [START_REF] Hillas | Proceedings, Paris Workshop on Cascade Simulations[END_REF]. When secondary particles are created, if their energy is below a certain threshold, the so-called "thinning energy", then only a small fraction of the secondary particles created are followed and statistical weights are attributed to them, in order to compensate for the rejected ones. In the particular case when the energy of the primary particle initiating secondaries is already below the thinning energy, then only one secondary is followed, with the weight of all the others. As a result, the number of particles does not increase anymore once the thinning energy is reached, which considerably reduce the total number of particles monitored by ZHAireS simulations. Yet, this sampling process inevitably deteriorate the precision of the simulations and usually a trade-off must be found between the computation time and the desired accuracy. The thinning energy can be set as a fixed value but, it is often convenient to define it relatively to the primary particle energy. For example a relative thinning of 10 -5 , implies that E th /E primary = 10 -5 , where E th is the thinning energy and E primary is the energy of the primary particle initiating the cascade. The adequate thinning depends on the scientific objectives as well as on the available computation time. Preliminary tests suggested that a thinning of 10 -5 was usually sufficient for the all the studies carried out that are decribed in this manuscript.

Interpolation

Additionally, Monte-Carlo simulations can be coupled to external tools to infer the radio signal from air showers with a reduced computation time (see [START_REF] Butler | Towards a fast and precise forward model for air shower radio simulation[END_REF][START_REF] Tueros | Synthesis of radio signals from extensive air showers using previously computed microscopic simulations[END_REF]. A possibility is for example to use the radio signal simulated with ZHAireS at a few antennas positions to interpolate the emission between the antennas. These methods often rely on a decomposition of the radio signal in Fourier space, to reconstruct not only the pulses amplitude but also their temporal structure.

The work of this manuscript made use of the linear interpolation method developed in Tueros and Zilles 2021 (see Section). As shown in Fig. 3.7, the method uses the radio emission simulated by ZHAireS on a starshape layout projected at ground level, as a reference to interpolate the radio signal at any desired position on the same plane. In Fig. 3.7, an example of a target antenna is illustrated by the black star. The first step of the interpolation method consists in determining the four closest neighbours (in angular coordinates) of the target antenna, indicated by colored dots on the plot. The interpolation is then performed using pairs of antennas. A first interpolation is done between the green dot and the yellow dot to infer the radio signal of a "fictive" antenna (antenna a on the sketch), at the same polar angle of the target antenna but at a radial distance given by the mean of the green and yellow dots radial distances, such as a = (|r greenr yellow |/2; ϕ = ϕ target ). Similarly, we get the signal of a fictive antenna b by interpolating between the red and the purple dots, b = (|r redr purple |/2; ϕ = ϕ target ). Finally, the radio signal at the black star is obtained by doing a linear interpolation between the two fictive antennas a and b.

The interpolation process itself is done by decomposing the traces of the reference antennas in Fourier space. For a trace of length T composed of N time samples, we get N Fourier modes with frequencies given by ν k = k/T and where k is an integer that goes from 0 to (N -1). Each Fourier mode can then be written as (Tueros and Zilles 2021)

s k = |s k |e iφ k , (3.27)
where |s k | is the amplitude and φ k the phase of the mode k. Given the signal at two references position S1 and S2, the amplitude and phase for the signal of a target antenna are then evaluated as

|s target k | = d 1 d 1 + d 2 |s 1 k | + d 2 d 1 + d 2 |s 2 k | , (3.28) |φ target k | = d 1 d 1 + d 2 |φ 1 k | + d 2 d 1 + d 2 |φ 2 k | . (3.29)
In these formulae, d 1 and d 2 are the distances from the points S1 and S2 to the target antenna and are used to weigh the contribution of each reference antenna to the target signal.

It should be noted that while being straightforward, a linear interpolation may not be the most efficient interpolation method since it does not really exploit the radial symmetry of the radio signal amplitude pattern. Hence, new interpolation methods are currently being developed within the GRAND-Paris team to account for these symmetries, based for example on Zernike polynomials [START_REF] Lakshminarayanan | Zernike polynomials: a guide[END_REF].

Signal processing

The outputs of ZHAireS simulations are the electric field components of the air shower radio emission at the antenna level. Yet, this emission is constantly polluted by the radio background from human and galactic emissions, which limits the detection efficiency. Additionally, what we measure in practice is not the electric field itself but the response of the antenna to the incoming electric field. Hence, to model a real experimental measurement, we have to process the electric field in order to account for these environmental and instrumental effects. 

Radio background sources and noise modeling

On Earth, radio background sources are omnipresent and can originate from human emissions through electronic devices or from galactic sources, mainly through synchrotron radiation. To reduce this contamination, radio experiments are usually located in radio-quiet environments, far from most human emissions. Nevertheless, even in these remote locations, the background is still significant and needs to be modeled to account for the experimental environment. Here, we focus on the stationary background, while the case of transient noises is discussed in Section 6.1. Fig. 3.8 represents the main sources of stationary background as a function of frequency. In the relevant frequency range for air shower detection ∼ [30 -200] MHz, the main source of background in quiet locations is the Galactic noise, mainly towards the Galactic center. While the sources of radio noise are usually related to non-thermal emissions, a quantity that is often used to characterize the background strength is the noise temperature T noise , defined as the equivalent temperature that a black body radiating with the same brightness and frequency as the noise source would have. At radio wavelengths, the Rayleigh-Jeans approximation can be used, and the noise temperature follows

T sky = B ν c 2 2k B ν 2 , (3.30)
where B ν is the source brightness, ν is the signal frequency and k B the Boltzmann constant.

The averaged contribution of the galactic noise to the electric field at the antenna level can be estimated by integrating the sky brightness over the fraction of the visible sky, following [START_REF] Decoene | Radio-detection of neutrino-induced air showers: the influence of topography[END_REF])

E 2 rms = Z 0 2 ν 1 ν 0 2π 0 π/2 0 B ν (θ, ϕ) sin θ dν dϕ dθ , (3.31)
where Z 0 = 376.7 Ω is the impedance of free space and the factor 1/2 arises from the projection of the unpolarized Galactic radiation on the antenna arms. Computing B ν using the Global In practice, this value only implies that there is a detection threshold, below which radio signals from air showers are hardly distinguishable from the background noise with standard trigger methods. Since the radio signal amplitude scales roughly linearly with the primary particle energy, the stationary background noise limits the detection to air showers with primary energy above 10 16.5 eV [START_REF] Ardouin | Radio-detection signature of high-energy cosmic rays by the CODALEMA experiment[END_REF]).

In the simulations used in this work, we model the Galactic noise by adding a Gaussian stationary noise of root mean square (RMS) 20 µV/m, to each channel of the electric field in output of ZHAireS simulations. Since the Galactic noise is unpolarized, the noises added to each channel are not correlated. In Figure 3.9, we illustrate a trace of the total electric field E tot = E 2

x + E 2 y + E 2 z before and after adding the Galactic noise. The average noise level allows one to easily compute a fair estimation of the stationary background signals. Yet, in practice the detailed modeling of the noise environment is complex, since it depends on various parameters including the time, the location of the experimental layout, and the direction of observation. Hence, experimental measurements at the detection site are needed to fully characterize the impact of noise on air shower radio signals.

Antenna model

Radio antennas are simple structures made of steel wire that can emit or detect radio waves depending on their operating mode. We focus here on the reception mode, used for radio detection and where the antennas arms are connected to a resistive load, used to collect the voltage signal. The simplest and the most widespread type of antennas are dipole antennas, made of two collinear conductors. When an incoming electric field arrive at the antenna level, it induces a current due to Coulomb's force acting on the electrons F c = -eE, where e is the electron charge and E is the electric field vector. The variation of the electric field with time induces a time-varying voltage, through the antenna, with the same frequency as the electromagnetic wave. The antenna response to an electric field is frequency dependent and for a dipole antenna, the highest efficiency is reached when the wavelength of the electric field is equal to half the antenna length λ = l/2. The antenna is then said to be resonant.

If we assume that the incoming electric field is linearly polarized in a given direction, it arises that the intensity of the current and hence induced voltage is maximal when the electric field polarization is along the antenna dipole axis, E ∥ l. As a result, the amplitude of the antenna response is directional and depends on the effective antenna length seen by the electromagnetic wave. Hence for an electric field E expressed in the frequency domain, the voltage induced by the radio wave follows

V = l eff • E , (3.32)
where l eff is the effective length of the antenna. The effective length is proportional to the square root of the gain, a quantity that combines both the antenna radiation efficiency and directivity. In emission mode, the gain can be defined as (Martineau-Huynh 2021)

G(θ, ϕ) = 4π U (θ, ϕ) P out , (3.33) 
where U (θ, ϕ) is the intensity radiated in a given direction (θ, ϕ) and P out is the power accepted by the antenna. The reciprocity theorem [START_REF] Condon | Essential Radio Astronomy. Princeton Series in Modern Observational Astronomy[END_REF], implies that the gain of an antenna in emission mode is the same as its gain in receiving mode. Because of the angular dependency of the antenna response, when measuring an electric signal with an antenna, the voltage has to be de-convoluted from the effective length l eff in order to reconstruct the incoming electric field, which requires to first determine the arrival direction (θ, ϕ) of the air shower.

More complex antenna designs than dipole ones exist and can enhance the detection efficiency such as Log-Periodic Dipole Antennas (LPDA) and butterfly antennas. These structures have several arms which allow for more resonant modes for LPDA, or a wider resonant mode for butterfly antennas, providing an increased sensitivity to a wide range of frequencies.

Filtering and sampling

Because of their resonating properties, radio antennas are sensitive to a limited bandwidth of the electromagnetic spectrum, which is determined by their scale and structure. In the left-hand panel of Fig. 3.10, we show the Fourier transform of an electric field time trace, for an antenna located at the Cherenkov cone (blue curve) and an antenna inside the Cherenkov cone (orange curve). At the Cherenkov cone, the frequency spectrum is rather flat even up to 200 MHz, while outside of the Cherenkov cone, the spectrum amplitude is peaked around ∼ 10 MHz and then decreases with increasing frequency. As mentioned in Section 3.2.1, at frequencies below 30 MHz, the detection is limited by the pollution from shortwaves, while the left-hand panel of Fig. 3.10 shows that going above 100 MHz is mainly useful to measure the Cherenkov effects. Thus, the bandwidth of current and planned experiments is usually constrained in the [30 -200] MHz band.

To model the frequency response of the antenna, we use in this work the linear passband Butterworth filter [START_REF] Butterworth | On the Theory of Filter Amplifiers[END_REF]) at order 5, in the 50-200 MHz range, where the low-pass gain at the order n is given by removes the low frequencies, which reduces the signal amplitude and removes in a particular the long electric field tail shown in left-hand panel of Fig. 3.5. Additionally, the filtering of the signal introduces a frequency-dependent phase, which elongate the duration of the initial peak in the time-domain.

G(ω) = 1 1 + (ν/ν c ) 2n , ( 3 
Finally, the electric signal from the antenna needs to be digitized, which can be modeled by sampling the traces at a fixed rate. We illustrate this process with the orange dots in Fig. 3.10, where a 2 ns rate is chosen, which allows to satisfy the Nyquist condition up to ∼ 250 MHz.

Hilbert envelope

The main characteristics of a radio pulse are its peak amplitude and peak time. Yet, because of the frequency-dependent phase induced by the passband filter, these observables become more ambiguous to define. This difficulty can be solved by computing the Hilbert transform of the signal. The Hilbert transform is a mathematical operation that extends a temporal signal into the complex domain [START_REF] King | Hilbert Transforms, volume 1 of Encyclopedia of Mathematics and its Applications[END_REF]. For a time-series of a signal x with n samples, the discrete Fourier transform is given by

f k = 1 √ n n j=1
x j e -i2πkj/n , (3.35) where x j is the j-th measurement of the time-series, k is an integer that goes from 1 to n and f k gives the amplitude of the mode k in the frequency domain. The discrete Hilbert transform is computed by shifting the complex phase of the Fourier transform in the exponential by -π/2 for the positive frequencies (1 ≤ k < n/2) and by +π/2 for negative frequencies ((n + 1)/2 < k ≤ n). Hence, the Hilbert transform in the frequency domain follows [START_REF] Schoorlemmer | Tuning in on cosmic rays : polarization of radio signals from air showers as a probe of emission mechanisms[END_REF]) Finally, the Hilbert transform in the temporal domain is derived from an inverse Fourier transformation of h k

h k =                    1 √ n n-1 j=0 -ix j e -i2πkj/n if k < n/2 1 √ n n-1 j=0 ix j e -i2πkj/n if k > n/2 0 if k = n/2                    . ( 3 
x h = 1 √ n k j=1 h k e i2πkh/n , (3.37) 
where x h is the Hilbert transform, i.e., the complex extension of the signal x, the real part of x h being equal to x.

The Hilbert transform allows one to evaluate the so-called Hilbert envelope, defines as |x h |. In Fig. 3.11, we show a filtered trace and its Hilbert envelope. The envelope, surrounds the signal and can be used as a proxy to evaluate unambiguously the signal peak time amplitude.

Reconstruction of the radio observables

The main objective of air shower radio detection is to perform reconstruction of the primary particle characteristics. That means, using the radio signal at the antenna level, in order to infer the primary nature, energy and arrival direction. This can be done by exploiting all the radio signatures that are imprinted by these parameters, such as the polarization, the amplitude pattern and the timing information. Towards this goal, Monte-Carlo simulations provide an adequate environment to develop and test reconstruction methods, once the modeling of the radio background and instrumental effects described above have been implemented.

Air shower modeling

Here, we introduce the air shower geometry and angular conventions that will be used throughout the whole manuscript. In Fig. 3.12, we show the typical geometry of an air shower. The (x, y, z) reference frame on the sketch follows the AIRES convention. The shower direction u v is fully defined by its zenith angle θ and its azimuth angle ϕ. In the cosmic-ray convention, θ and ϕ follow the usual definition in a spherical coordinate system: θ is related to the shower inclination with a reference at the z axis. Hence θ = 0 • for a down-going vertical shower and θ = 90 • for a horizontal shower. ϕ is the azimuthal angle, with a reference at the North axis and positive towards the East. Hence, the unit vector of the shower direction can be expressed Figure 3.12: Sketch of an air shower geometry and shower plane. The shower axis corresponds to the purple line, the ground level is indicated by the brown shaded area and the associated reference frame follows the Aires convention. θ and φ are the shower zenith and azimuth angle respectively and follows the usual definitions in a spherical coordinate system. i, is the magnetic field inclination, i.e., the angle between the magnetic North and the z axis. ω is the angle between the shower axis and the path from X max to a given antenna. Finally the shower plane, perpendicular to the shower axis, is represented by its two unit vectors u v×B and u v×(v×B) and η is the azimuth angle in the shower plane. In practice the origin of the shower plane is set at the shower core (the intersection between the shower axis and the ground) but it was shifted on this sketch for more readability.

as

u v = -(sin θ cos ϕ u x + sin θ sin ϕ u y + cos θ u z ) . (3.38)
Since the amplitude pattern of the radio signal scales with the Cherenkov angle, it is often convenient to describe the antenna positions in angular coordinates. In our sketch, the ω angle is defined at each antenna, as the angle between the direction of the shower axis u v and the direction u ant that goes from X max to the antenna, ω = arccos (u v • u ant ).

As described in Section 3.2.2, the geomagnetic emission is polarized along the -(v × B) direction, where v is the direction of the shower axis and B the direction of the local magnetic field, while the charge-excess emission is linearly polarized in a plane perpendicular to the shower axis. As a result, the natural plane to study the polarization is the shower plane

[v × B; v × (v × B)].
The direction of the magnetic field is simply defined by its inclination i, i.e., the angle between the magnetic North and the z axis as illustrated by the blue angle on the sketch, which leads to

B = B cos i u x -B sin i u z .
(3.39)

In the shower plane, η is defined as the azimuthal angle, with a reference at the (v × B) axis and positive towards the [v × (v × B)] axis. For a given position in the shower plane, we have The antenna positions and electric field components in output of ZHAireS simulations are given in the (x, y, z) reference frame. Hence, a common first step to study the radio signal, is to transpose the antenna positions and electric field traces in the shower plane. From the direction of the shower axis u v and of the magnetic field u B = B/|B|, the shower plane vectors are derived as

η = arctan [v × (v × B)/(v × B)].
u v×B = u v × u B and u v×(v×B) = u v × (u v × u B )
. Consequently, we can express the transfer matrix from the geographic frame (x, y, z) to the shower reference frame

[v; v × B; v × (v × B)] as P -1
, where P is given by

P =   (u v ) x (u v ) y (u v ) z (u v×B ) x (u v×B ) y (u v×B ) z (u v×(v×B) ) x (u v×(v×B) ) y (u v×(v×B) ) z   .
(3.40)

Polarization

The polarization is one of the main observables that can be used to reconstruct the shower characteristics. The polarization is a property of transverse waves which is defined as the direction of the electric field as a function of time, projected in the plane perpendicular to the direction of propagation. Therefore, it is fully characterized by the relative contributions of the three electric components in a given reference frame. We present here a standard method to reconstruct the polarization of air showers, following the methods developed by Auger (Pierre Auger Collaboration 2014d[START_REF] Auger | Measurement of the Radiation Energy in the Radio Signal of Extensive Air Showers as a Universal Estimator of Cosmic-Ray Energy[END_REF].

Stokes parameters

To study the polarization, the first step is usually to express the antenna positions and electric field components in the shower plane [v × B; v × (v × B)] following the method described in Section 3.5.1, in order to exploit the symmetries of the charge-excess and geomagnetic emission. We can then compute the Stokes parameters (Stokes 1851), which are four variables that allow to describe the average behaviour of the polarisation from a temporal signal in a plane. For temporal values of the electric field E v×B (t), E v×(v×B) (t) given in a plane, the 3.5. Reconstruction of the radio observables 79

Stokes parameters are defined as follows (Pierre Auger Collaboration 2014d)

I = 1 n n i=1 x 2 i + x 2 i + y 2 i + y 2 i (3.41) Q = 1 n n i=1 x 2 i + x 2 i -y 2 i -y 2 i (3.42) U = 2 n n i=1 x i y i + x i y i (3.43) V = 2 n n i=1 x i y i -x i y i , (3.44) 
where n corresponds to the number of time sample used for computation, x i and y i correspond respectively to the values of the traces E v×B (t), E v×(v×B) (t) at an instant i and x i and y i to the imaginary part of the traces obtained by extending the traces in the complex domain using the Hilbert transform (Section 3.4.4). The Stokes parameter I is related to the total intensity of the radio signal. The parameter Q stands for the difference between the (v × B) and the [v × (v × B)] polarized intensity, as the dominant geomagnetic emission is polarized along the -(v × B) direction, we have Q ∼ I. The parameter U measures for the linearly polarized intensity in oblique directions and mainly quantify the deviation from a perfectly horizontal polarization due to the contribution of the charge-excess emission. Finally, the parameter V describes the circularly polarized intensity. Its value is close to zero as the radio emission from air showers should be linearly polarized, yet some studies suggest that the charge-excess and geomagnetic emission are not exactly in phase which would induce a slight circular polarization component (Huege et al. 2013;[START_REF] Scholten | Precision study of radio emission from air showers at LOFAR[END_REF][START_REF] Schröder | Radio detection of cosmic-ray air showers and high-energy neutrinos[END_REF].

Since the radio pulses from air showers are brief, instead of averaging the Stokes parameters over the full time sample as in Eq. (3.41), we can perform the average only on the window where the amplitude is significant to increase the signal to noise ratio. We thus use the non-averaged Stokes parameter I to define the relevant time window as the Full Width Half Maximum (FWHM) of I(t), as illustrated in the left-hand panel of Fig. 3.13.

Reconstruction of the polarization

Once the Stokes parameters have been computed, the polarization in the shower plane can be reconstructed. For any elliptical polarisation, the Stokes parameters U and Q can be expressed as a function of the ellipticity angles Ψ and χ as Q = I cos 2ψ cos 2χ and U = I cos 2ψ sin 2χ. In the particular case of a linear polarisation, as expected for the radio emission of air showers, and for Stokes parameters computed in the shower plane we have χ = ϕ p , where ϕ p is the polarisation angle, i.e., the equivalent of the η angle introduced in Fig. 3.12, but applied to the electric field components ϕ p = arctan E v×(v×B) /E v×B . Hence, the polarisation angle reads (Pierre Auger Collaboration 2014d)

ϕ p = 0.5 arctan U Q . (3.45)
We can finally express the components of the polarisation in the shower plane (directly related to the direction of the electric field vector) as follows

E v×B = √ I cos ϕ p , (3.46) E v×(v×B) = √ I sin ϕ p . (3.47)
The reconstructed polarisation in the shower plane is represented in the right-hand panel of Fig. 3.13 for a given shower. One can observe that the total polarisation is predominantly aligned with the -(v × B) direction, as expected for a dominant geomagnetic emission, with a slight deviation at some antennas induced by the charge-excess contribution.

Radiation energy

Another important observable that can be extracted from the electric field traces is the shower radiation energy. The radio emission emitted by an air shower propagates in the atmosphere unabsorbed and can be sampled by radio antennas. It is thus possible to integrate the radio signal over a whole antenna layout to infer the radio energy emitted by the air shower. We present here the main steps to reconstruct the radiation energy, following the method presented in [START_REF] Glaser | Simulation of the Radiation Energy Release in Air Showers[END_REF]).

The so-called radio fluence, i.e., the energy deposited per area, corresponds to the timeintegral over the Poynting flux of a radio pulse. In the shower plane [v × B; v × (v × B)] it can be decomposed in its contribution to both polarization components and follows

f = f v×B + f v×(v×B) , (3.48) 
where

f v×B (r) = ϵ 0 c∆t i E 2 v×B (r, t i ) (3.49) f v×(v×B) (r) = ϵ 0 c∆t i E 2 v×(v×B) (r, t i ) . (3.50)
Here, ϵ 0 is the void permittivity, c is the speed of light in vacuum, r is vector position of a given antenna in the shower plane, E v×B (r, t) and E v×(v×B) (r, t) are the electric field traces in the shower plane, for antenna at the position r at the instant t and ∆t is the sampling interval of the traces. The vector position r can be expressed as a function of the angle η introduced in Fig. 3.12 as r = r (cos η u v×B + sin η u v×(v×B) ), where r is the distance from the core to a given antenna in the shower plane. Hence the radiation energy can be expressed as

E rad = 2π 0 ∞ 0 f (r, η) r dr dη . (3.51)
If we assume a radial symmetry of the radio signal, we have f (r, η) = f (r). We can thus generalize Eq. (3.5.3) to antenna positions on the ground plane, noting that tan ω ∼ ω = r/D Xmax , where ω is the angular deviation from the shower axis defined in Fig. 3.12 and D Xmax is the distance from X max to the shower core, we get

E rad = 2π +∞ 0 f (ω) D 2 Xmax ω dω . (3.52)
In this equation, the contribution of the geomagnetic and charge-excess emission to the radio fluence are summed in order to extract the full radiated energy from the air shower. Yet, it may also be useful to compute the radiation energy associated to each emission individually. Considering a starshape layout of antennas in the shower plane, along the [v × (v × B)] baseline, the geomagnetic and charge-excess polarization are orthogonal, as illustrated in the left-hand panel of Fig. 3.2. Hence, both emissions can be easily disentangled and we get f geo = f v×B , f ce = f v×(v×B) , where f geo and f ce are the geomagnetic and charge-excess fluence respectively. Finally, assuming again a radial symmetry of the radio signal, the geomagnetic and charge-excess radiation energies can be derived as

E geo/ce rad = 2π +∞ 0 f geo/ce (ω) D 2 Xmax ω dω . (3.53)
For a coherent emission, the radiation energy is proportional to N 2 , where N is the number of radiating particles in the shower. The radiation energy can therefore be used to evaluate the shower electromagnetic energy. In [START_REF] Glaser | Simulation of the Radiation Energy Release in Air Showers[END_REF], the radiation energy was corrected from its dependency with the magnetic field nor the air density, following

S RD = E rad a(ρ Xmax ) 2 + (1 -a(ρ Xmax ) 2 ) sin α 2 1 (1 -p 0 + p 0 exp [p 1 (ρ Xmax -⟨ρ⟩)]) 2 , (3.54)
where S RD is the corrected radiation energy, α is the geomagnetic angle, ρ Xmax is the air density at X max , ⟨ρ⟩ = 0.66 kg m -3 , a = sin α E ce rad /E geo rad and p 0 , p 1 are fitting parameters. The relation between S RD , and the shower electromagnetic energy was then fitted using a quadratic relation, as shown in Fig. 3.14. As a result, the estimation of the radiation energy through measurements of the radio signal amplitude at the antenna level can be used to reconstruct the energy of the primary particle inducing an air shower.

Towards a global reconstruction method

Each of the main radio observables, polarization, amplitude and timing, holds valuable information that can help us reconstruct the characteristics of an air shower primary. However, these variables are not independent. For example, changing the arrival direction of a primary with fixed mass composition and energy would simultaneously affect the polarization, timing, and amplitude pattern of the radio signal. Therefore, using each observable individually, may not use all the information contained in the signal. Instead, stronger constraints could be brought by using a global reconstruction method, i.e., by developing a model of the radio emission (analytical or numerical) that takes as input all three radio observables and couple them to reconstruct the primary particle parameters.

A first step towards such reconstruction method was developed in [START_REF] Decoene | A reconstruction procedure for very inclined extensive air showers based on radio signals[END_REF]. In this study, the polarization, amplitude and timing information are combined in order to parameterize the angular distribution of the radio signal amplitude pattern, f ADF . For an observer at a distance l from X max , with an angular deviation from the shower axis ω and an azimuthal angle η in the [v × B; v × (v × B)] plane, the radio signal amplitude can be parametrized as

f ADF (α, a, l, η, ω, δω) = A l f GeoM (α, η, a)f Cherenkov (ω, δω) , (3.55)
where f GeoM is a function that describes the polarization effects on the amplitude pattern, while f Cherenkov describes the Cherenkov effects, α is the geomagnetic angle, a is the ratio between the charge-excess and geomagnetic amplitude, δω is the width of the Cherenkov cone and A is a normalization parameter.

The angular distribution of Cherenkov effects f Cherenkov (ω, δω) is parametrized using a Lorentzian distribution of width δω. Here, we propose a refined formulation of f GeoM than the one given in [START_REF] Decoene | A reconstruction procedure for very inclined extensive air showers based on radio signals[END_REF]. Let us set

f tot (ω, η) = E v×B (ω, η) 2 + E v×v×B (ω, η) 2 , (3.56)
where f tot (ω, η) gives the amplitude of the total electric field at a given position (ω, η), E v×B and E v×v×B are the electric field components in the shower plane. From the polarization of the geomagnetic and of the charge-excess emission we can write

E v×B (ω, η) = -(E geo (ω) + E ce (ω) cos η)e v×B (3.57) E v×v×B (ω, η) = -E ce (ω) sin η , (3.58) 
where E geo and E ce are the amplitudes of geomagnetic and charge-excess emission respectively, that we assumed to have a radial symmetry so that they only depend on ω. Inserting, Eq. (3.57) and Eq. (3.58) into Eq. (3.56), we get

f tot = E 2 ce + E 2 geo + 2E ce E geo cos η . (3.59)
We can then set

A 2 = E 2 geo + E 2 ce , (3.60) 
which leads, for a dominant geomagnetic emission, i.e., E ce ≪ E geo to

f tot ≈ A + E ce E geo cos η A (3.61) ≈ A + E ce cos η (3.62) ≈ A(1 + a cos η sin α ) , (3.63) 
and where we introduced the charge excess to geomagnetic ratio

a(θ, ω) = E ce E geo sin α . (3.64)
In the previous expressions, the parameter A corresponds to the amplitude of the total electric field along the [v × (v × B)] axis, since neither charge-excess nor geomagnetic emissions interfer along this axis. In order to retrieve the form of Eq. (3.55), we can pose A = (A/l)f Cherenkov (ω, δω), which allows us to identify In Eq. (3.55), the parameters A, η, ω, α and l, all depend on the shower arrival direction, the parameters A and a depend on the shower energy, while l and ω depend on the X max position. Hence, letting these variables as free parameters and fitting them from an experimental measurement, would allow to reconstruct at the same time X max , the primary energy and its arrival direction.

f geo = (1 + a cos η sin α ) . ( 3 

The case of inclined air showers

The radio emission of showers arriving with vertical arrival direction with respect to Earth's surface is well-known, thanks to experimental measurements and the development of accurate theoretical models that put strong constraints on the emission processes. However, for inclined air showers, with zenith angle θ ≳ 60 • , several symmetries break up, which make the understanding of the radio emission more challenging. Yet, inclined showers have a very large radio footprint on ground, which make them particularly appealing for the detection with sparse radio array of antennas. Hence, these showers are key to addressing the low fluxes of ultra-high energy astroparticles and their radio emission needs to be better characterized. We review below their main features.

Propagation distance

In Fig. 3.15, we show a sketch of typical vertical and inclined air showers. A first important difference is the length of their longitudinal profile. While the extension of vertical showers is given by the atmospheric scale height ∼ 10 km, inclined showers can propagate over hundreds of km. This is because inclined air showers develop in more tenuous atmosphere than vertical ones (Section 3.6). Hence, they must propagate over longer distances than vertical ones to reach the same shower development. This longer propagation distance has several implications on the radio emission.

Radio footprint

Since the radio signal of air showers is constrained in a cone of aperture ∼ 3 • , the radio footprint of inclined showers spans an area of several tens of km 2 . This footprint is significantly larger than that of vertical showers, primarily because inclined showers have their emission source located further away from the ground. This effect is also amplified by the inclination of the showers, since the projection of the radio footprint on ground elongates the footprint in the direction of propagation of the shower. Hence, at ground level, the radio amplitude pattern is no more symmetrical but has an ellipsoidal shape.

Dilution of the electromagnetic energy

The radio emission from air showers is peaked around X max , where the number of emitters reaches its maximum. For an inclined shower, the propagation distance from X max to the ground becomes so long compared to the length of the emission region, that an observer at ground level can fairly assume a point-like emission at X max . This assumption is often used to simplify the study of the radio emission from inclined air showers. Additionally, due to the longer propagation distance, the electric field amplitude of the radio emission will dilute as 1/D Xmax , with D Xmax the distance from X max to the observer, following the inverse-square law. Hence, for a fixed primary energy, the amplitude at the antenna level will be higher for vertical than for inclined showers.

Earth curvature

As shown in Fig. 3.15, for inclined showers the propagation distance becomes non negligible with respect to the Earth radius and Earth curvature effects need to be assessed. In AIRES, these effects are taken into account by considering a curved ground level and curved atmospheric layers. Furthermore, for a Cartesian reference frame with origin at see level, the z coordinate of a given particle can no longer be assimilated to its height above see level h and the relation between both quantities becomes [START_REF] Sciutto | [END_REF])

h = (R e + z) 2 + x 2 + y 2 -R e , (3.66) 
where R e is the Earth's radius and (x, y, z) are the coordinates of the particle in AIRES reference frame.

Ground reflections

For showers with near-horizontal arrival directions, ground reflection can also have a significant impact on the measured radio signal. Indeed, the radio waves reflected by the ground undergo a phase inversion and can then interfer destructively with the incident emission. This effect becomes particularly prominent for showers with zenith angles θ n given by (Martineau-Huynh 2021)

cos θ n = h nλ , (3.67)
where, h is the antenna height above ground, λ is the radio signal wavelength and n is an integer. Therefore, the antenna design must be adapted to limit the impact of these effects.

Computation time

Finally, the longer shower development of inclined showers will also impact the computation time of Monte-Carlo simulations. For inclined showers, the particles need to be followed over longer distances and an increased number of tracks is need to compute the radio emission.

Hence, for ZHAireS simulations the computation time is expected to increase in ∼ 1/ cos θ 2 , with θ the shower zenith angle, and the simulation of near-horizon shower becomes very expensive. This motivates the development of new, faster simulation tools, with a computation time that slightly depends on the zenith angle, such as the Radio Morphing that will be presented in Section 6.2.

Asymmetry effects

In addition to the propagation distance effects, the shower inclination will induce asymmetry effects on the radio signal amplitude measured at ground.

Early-late

As previously mentioned, for inclined showers the electric field amplitude of the radio emission gets diluted in 1/D Xmax as it propagates through the atmosphere. Yet, because of the shower inclination all the antennas of an array located on a plane ground plane will not receive the radio emission at the same instant, as illustrated in Fig. 3.16. Particularly, "early-antennas", located below the shower axis will receive the radio signal before "late-antennas" located above the shower axis. This leads to the so-called early-late effect (Huege et al. 2019), where lateantennas receive a more diluted radio signal than early ones, inducing an asymmetry in the radio amplitude pattern at ground. This asymmetry can be corrected by normalizing all the amplitudes to the one received at the shower core. If we call l 0 , the distance between X max and the shower core and l, the distance between X Xmax and a given antenna, the corrected electric field at a position (x, y) reads

E corrected (x, y) = E(x, y) l(x, y) l 0 . (3.68)
Hence it yields l/l 0 < 1 for an early-antenna and l/l 0 > 1 for a late-antenna. For antennas positions projected in the [v × B; v × (v × B)] plane, the early-late will predominantly affect the radio signal amplitude along the [v × (v × B)] axis.

Refractive index effects

For inclined air showers, the part of the shower that is below the shower axis will always be at higher air density than the part above the axis, which will influence the refractive index seen by the showers as it propagates in the atmosphere. As discussed in Section 3.2.6, the Cherenkov angle of an air shower is given by 1/ arccos nβ. In this expression, we can use for n the mean refractive index along the line of sight that goes from X max to a given observer, it yields

n eff = obs xmax n(l)dl obs xmax dl . (3.69)
Hence because of the shower inclination, the effective refractive index seen by early-antennas, will be higher than the one seen by late-antennas. Because of this feature, different parts of the shower will not see the same effective Cherenkov angle, which lead to the Cherenkov displacement mentioned in [START_REF] Schlüter | Refractive displacement of the radio-emission footprint of inclined air showers simulated with CoREAS[END_REF] and to the Cherenkov asymmetry in Decoene 2020.

Air density effects

Finally, the inclination of an air shower will also affect the air density in which the it propagates. We already mentioned that for inclined showers, the upper and the lower part of the shower will not propagate through atmospheric layers of same densities. In addition to that the mean air density at X max will also change. Indeed, independently of the shower arrival direction X max is reached at a fixed atmospheric depth given by

X max = l(h=∞) l(h=hxmax) ρ(l) dl , (3.70) 
where l is the direction that goes from X max to the injection point and ρ(l) is the air density at a given position along the shower development. As shown in Fig. 3.15, the altitude of inclined showers decrease more slowly than for vertical ones. Hence inclined showers reach their shower maximum X max at higher altitude than vertical showers, since the upper layers of the atmosphere contribute more to the integral of Eq. (3.70). This change in the density at X max with the shower inclination has strong implications on the polarization of the radio signal, which will be discussed in Section 6.1.

Neutrino showers

It is also interesting to discuss the case of neutrino-induced air showers will show some differences compared to cosmic-ray of gamma-ray ones. Due to their low interaction cross section, the mean free path of neutrinos in the atmosphere is generally too large for them to directly induce an air shower. However, if an ultra-high energy neutrino passes through a dense medium such as a mountain or the Eath's soil, there the neutrino mean free path is short enough for it to interact and give secondary particles that will then induce an air shower (see also the discussion Section 5). The resulting air shower shows a similar structure to cosmic-ray induced ones, however the need for a dense medium implies that the neutrino trajectory needs to be Earth skimming which can impact the radio emission. Typically, neutrino induced air showers can be either down-going or up-going, while cosmic-ray ones are only down-going. Furthermore neutrino induced showers usually develop in a much denser medium than cosmic-ray ones, thus affecting their polarization (see Section 6.1).

Chapter 4

Radio experiments at ultra-high-energies

Over the past decades, a wide range of experiments, using various detection methods were developed to detect high-energy astroparticles, using the radio signal from the shower they induce. For instance, ground based experiments such as AERA on the Pierre Auger Observatory or LOFAR detect the radio emission from air-showers induced by high-energy particles in the atmosphere; in-ice experiments such as ARA, IceCube, or ARIANNA benefit from a detection in denser media which reduces the interaction lengths; finally, balloon experiments such as ANITA allow for very sensitive UHE neutrino detection with only a few antennas. Radio-detection is now focusing on building increasingly large-scale radio experiments to either enhance the detector sensitivity and address the low fluxes at UHE or to increase the precision of its measurements. In this chapter we build upon the radio emission mechanisms described in Chapter 3, and give an overview of the past, current and future experiments for the detection of UHE cosmic particles using the radio technique in air (AERA, AugerPrime, GRAND), with balloon (ANITA, PUEO) or in other media (IceCube-Gen2, BEACON, RNO-G), following the work of Chiche and Decoene 2022.

Motivations for diverse experimental designs in radio experiments

The detection of high-energy astroparticles relies on the signal from the particle cascades they induce while arriving on Earth as illustrated in Fig. 4.1. As already described in the previous sections, the interaction of a cosmic-ray with air atoms from the atmosphere creates an extensive air-shower that propagates over 10 to 100 of kilometers and emits Cherenkov radiation, fluorescence light and electromagnetic radiation detectable on Earth alongside with the particles reaching the ground Schröder 2017. Similarly, showers can also be induced by tau-neutrinos arriving with Earth-skimming trajectories going through a dense medium such as a mountain or Earth's surface. In these media, the neutrino can interact to give a tau particle, which can then escape and decay in the atmosphere, eventually inducing an air-shower (Section 5). Finally, particle cascades can develop in denser media such as ice or water, where because of a higher density, the shower extends over smaller distances, of the order of a few meters for the longitudinal profile and of a few centimeters for the lateral one. Similarly to air-showers, in-ice showers also emit Cherenkov radiation and electromagnetic-waves.

The radio emission signatures are highly dependent on the medium in which the shower develops. While in air, both geomagnetic and charge-excess emission contribute to the radio signal, in ice, the geomagnetic emission becomes negligible and the charge-excess emission is amplified, so that it becomes the dominant contribution. Additionally, the Cherenkov angle is found at an aperture angle of 1 • away from the shower axis for air showers, and is between 40 • to 60 • for in-ice showers, where the density of the medium is much higher.

First generation of radio experiments

It was proven in 1965 that air-showers emit radio waves [START_REF] Jelley | Radio Pulses from Extensive Cosmic-Ray Air Showers[END_REF]), yet it is only in the 2000s that radio detection really took off, mainly due to the improvements in digital signal processing and motivated by an expected duty cycle of 100%.

CODALEMA and LOPES

The emergence of radio-detection as a promising technique was led by 2 pioneering experiments, CODALEMA [START_REF] Ardouin | Radio-detection signature of high-energy cosmic rays by the CODALEMA experiment[END_REF][START_REF] Ardouin | Geomagnetic origin of the radio emission from cosmic ray induced air showers observed by CODALEMA[END_REF][START_REF] Charrier | Radio detection of cosmic rays in [1.7-3.7MHz: The EXTASIS experiment[END_REF]) and LOPES [START_REF] Huege | Simulating radio emission from air showers with CoREAS[END_REF]Apel et al. 2014a;Lopes Collaboration 2021) which aimed at probing that radiodetection of cosmic-ray induced showers in the atmosphere was feasible. These experiments relied on the fact that radio waves emitted by particle cascades travel in air with almost no absorption and could be detected at ground level with radio-antennas. Radio-detection was however impeded by the numerous anthropogenic radio emissions from various sources such as the FM band, airplanes or satellites. CODALEMA, the Cosmic-ray Detection Array with Logarithmic Electro-magnetic Antennas is an experiment initiated in the Nançay radio-astronomy station in 2003. It combined a sparse array of 57 autonomous radio antennas (Fig. in the radio loud environment of the Karlsruhe Institute of Technology, LOPES showed that a radio detection with energy and angular resolution comparable to particle array performances was achievable. It also allowed the radio community to better understand the radio-emission mechanisms, highlighting the clear dependency of the signal with the geomagnetic angle.

RICE and AURA

In parallel to the in-air pioneering experiments, two detector concepts were investigated for the in-ice detection of neutrino-induced in-ice showers. These investigations were motivated by the fact that the ice cap offers a gigantic interaction volume for neutrinos, making possible, in principle, a gigatonne-sized detector with a sparse layout of antennas in a radio quiet environment. These two detector concepts called RICE, Radio Ice Cherenkov Experiment [START_REF] Kravchenko | Performance and simulation of the RICE detector[END_REF](Kravchenko et al. , 1995(Kravchenko et al. -2005) ) and AURA, Antarctic Under-ice Radio Array [START_REF] Landsman | AURA-A radio frequency extension to IceCube[END_REF](Landsman et al. , 2003[START_REF] Landsman | AURA-A radio frequency extension to IceCube[END_REF], aimed at deploying sub-surface and deep-ice antennas respectively. RICE was co-located with the AMANDA prototype and was composed of 20 half-wave dipole antennas (200 -1000 MHz), in a 200 × 200 m 2 layout between 100 -300 m depth. AURA was deployed within IceCube in a layout of 6 clusters of 4 antennas (100 -450 MHz) between 300 -1300 m. While being obviously more convenient for the deployment, sub-surface arrays faces more refraction and ray-bending effects than deep-ice ones, where the ice is colder and more homogoneous. One of the major advantages of the in-ice radio detection technique is that the ice provides a denser interaction medium than air for high energy neutrinos. However, the radio attenuation length in ice is ∼ 1 km on average (a factor thousand lower than in the atmosphere). In addition the emission is only coherent along the Cherenkov cone, which is frequency-dependent and located at a much larger angle than in the air because of the refractivity of the ice (∼ 55 • in the 100s of MHz regime). Furthermore the variations of refractive index with depth leads to ray-bending and refraction effects, which need to be taken into account for the reconstruction and the interpretation of the data.

Nevertheless, RICE and AURA managed to demonstrate the feasibility of this technique, opening the path to future in-ice experiments, still in operation today for some of them.

Second generation of radio experiments

After the validation of the radio-technique by the first generation of experiments, the second generation aimed at using this radio technique in order to measure the cosmic-ray fluxes at the highest energy (above EeV) and to characterize the cosmic-ray composition at these energies. In terms of experimental goals, this translated into large-scale deployments to increase effective layout areas and into developments of more performing triggers to increase the detection efficiency. These objectives were at least partly achieved by LOFAR, ANITA, AERA and TREND.

In air detection: LOFAR, TREND and AERA

LOFAR [START_REF] Nelles | A parameterization for the radio emission of air showers as predicted by CoREAS simulations and applied to LOFAR measurements[END_REF][START_REF] Schellart | Polarized radio emission from extensive air showers measured with LOFAR[END_REF][START_REF] Corstanje | The shape of the radio wavefront of extensive air showers as measured with LOFAR[END_REF], the LOw Frequency ARray is a large scale radio interferometer, with more than 40 stations of ∼ 100 antennas each in the Netherlands and across several European locations for astronomical observations. Antennas are divided in two types, LBA dipoles operating in the 30 -80 MHz band and HBA tiles covering the 110-240 MHz band. The array relies on beamforming techniques to combine the phased signal of individual antennas and point specific locations in the sky. Air-shower detection is performed using a trigger from the LORA (LOfar Radboud Air-shower array) particle array with ∼ 300 m diameter. LOFAR achieved high precision measurements of airshower with a time resolution of a few ns, allowing to reach an X max resolution of ∼ 20 g.cm -2 and to probe physics of the radio emission mechanism at an unprecedented level.

TREND (Charrier et al. 2019a) the Tianshan Radio-array for Neutrino Detection was an experiment deployed in a remote valley in the Tianshan moutains in western China with ∼ 50 antennas, running in the 50 -100 MHz range, over 1.1 km 2 and ran from 2009 to 2013. It aimed at probing air-shower autonomous radio-detection, i.e., detection of air-showers with radio antennas only and no external trigger. It detected 730 million of events over 314 days. Among them 564 were identified as air-shower candidates. The background contamination was estimated at 20% in this final subset of candidates. Furthermore comparing the detected number of events with the expected one, led to an intrinsic detector efficiency of 32%. TREND was a prototype experiment deployed on the radio quiet site of the 21 CMA experiment, but still it was the first experiment to show that autonomous radio detection of air-showers was feasible. Hence thanks to self-triggering, TREND has become the seed of next generation large-scale experiments as GRAND. AERA (Glaser 2017b; Huege and Pierre Auger Collaboration 2019; Gottowik 2021) the Auger Engineering Radio Array, is an extension of the Pierre Auger Observatory. It started in 2011 at Malargüe and aimed at detecting air-showers above 10 17 eV in the 30 -80 MHz band. It used a hybrid approach, combining ∼ 150 of Auger's 1627 surface detectors (1600 water tanks and 27 fluorescence detectors) with 150 radio antennas (LPDA and butterfly) over 17 km 2 as illustrated in the left panel of Fig. 4.3. This setup with different types of detectors and antennas allowed us to test different experimental designs and detection techniques but also different triggering schemes, combining an external trigger from the surface detectors and self-triggering with FPGAs [START_REF] Glaser | Results and Perspectives of the Auger Engineering Radio Array[END_REF]). Hence it served as a pathfinder to determine the design of larger experiments. Its hybrid approach also allowed to cross-calibrate the energy measurement of the different detectors to test the radio technique and to develop and test different reconstruction methods. Hence, AERA demonstrated that an energy reconstruction resolution of 17% and an X max reconstruction resolution between 35 -40 g.cm -2 were achievable with radio-detection as shown in the right panel of Fig. 4.3. Such performances showed that radio detection was a competitive technique, providing comparable results with fluores- 

In-ice detection: ARA and ARIANNA

ARA, the Askaryan Radio Array [START_REF] Miller | PRIDE (Passive Radio [frequency] Ice Depth Experiment): An instrument to passively measure ice depth from a European orbiter using neutrinos[END_REF]ARA Collaboration 2016) and ARIANNA, the Antarctic Ross Ice Shelf Antenna Neutrino Array [START_REF] Barwick | Design and Performance of the ARIANNA Hexagonal Radio Array Systems[END_REF][START_REF] Anker | Targeting ultra-high energy neutrinos with the ARIANNA experiment[END_REF] are the direct extension of the AURA and RICE concepts of deep-ice and subsurface radio arrays. Thanks to the validation of the in-ice radio technique, this second generation of experiments tried to scale up in size to reach the UHE neutrino landscape.

ARA has been operating since 2010 near the Amundsen-Scott station at the South Pole and is the upgrade of AURA. Each station is located at ∼ 200 m depth, and made of 4 strings composed of 16 antennas operating in the 200-850 MHz band, for a volume of 20×20×20 m 3 . The 37 stations currently deployed, in an hexagon with a 2 km spacing, lead to an effective volume of 200 km 3 at 1 EeV. While being the largest volume monitored by in-ice radio antennas, the exposure reached by ARA remains well below the threshold needed to reach UHE neutrino fluxes.

ARIANNA is located in Moore's bay in Antarctica, at 110 km from Mc Murdo station, which started taking data in 2014. The initial detector concept is presented in Fig. 4.4 and relies on a layout of 36 × 36 antenna stations with a 1 km spacing. Each station is made of 8 downwardlooking and 2 upward looking antennas ( for calibration and cosmic-ray veto) operating in the 100 -1300 MHz range. The detector uses radio reflections from the water-ice interface at the bottom of the ice shelf to detect direct and indirect signals, leading to almost a factor 2 of increase in the field of view and effective volume. However since the antennas are deployed close to the upper layers of the ice (the firn) the attenuation length is only about 400 -500 m. Yet, only a few dozen of stations were deployed, very far from the 1000 needed to reach the UHE cosmogenic neutrino fluxes, as their concept study required.

Initially designed to scale up to reach a thousand cubic kilometers of effective volume in order to be sensitive enough to cosmogenic UHE neutrinos, ARA and ARIANNA faced various deployment issues and increase of costs, stopping their ambitious goals. Nevertheless, these experiments have demonstrated that their hardware and detection principle could work even in the harsh conditions of polar areas. Therefore, they pave the way for future large-scales radio detector in ice.

Balloon detection: ANITA

ANITA, the ANtarctic Impulsive Transient Antenna (ANITA Collaboration 2009Collaboration , 2019;;[START_REF] Gorham | Unusual Near-Horizon Cosmic-Ray-like Events Observed by ANITA-IV[END_REF], is a stratospheric balloon concept that intended to detect the radio emission from both in-ice and in-air showers (see Fig. 4.5). The instrument was designed to be sensitive to geomagnetic (in air) and Askaryan (in-ice) emissions, for both down-going and up-going trajectories, and direct and reflected signals on ice. By flying above Antarctica the successive 5 missions took advantage of the South Pole wind vortex, and the phenomenal amount of ice contained in the south ice cap, allowing for the monitoring of a large volume of ice thanks to the stratospheric altitude (on average 40 km) and the long duration flight. The past 5 missions based on this concept, successively improved and built up on the experience of each previous mission, leading to the best neutrino limits above 100 EeV, as well as the best UHE neutrinos candidates, and a few anomalous events yet to be explained. The design of the last mission, called ANITA IV, highlights the improvements made so far. The radio instrument is made of 48 quad ridged horn antennas with high gain and dual polarisation (Horizontal and Vertical), operating in the 180 -1200 MHz band. As shown in Fig. 4.5, the ANITA payload has a cylindrical structure, where three different layers of radio antennas attached to a balloon, to provide a full azimuth coverage. Finally the RF signal chain allows for a "threshold riding" trigger system constantly adjusting to the background with an event rate up to 50 Hz. The flight lasted for ∼ 30 days, during which 2 types of anomalous events were found with very steep trajectories (∼ -30 • ) below the horizon, and close to the horizon. They have a non-inverted polarity as expected for neutrino-induced EAS but reconstruction have shown a compatibility with the background at ∼ 3σ confidence level. The exact nature of these events remains elusive but more constraints may arise from future missions.

Next generation of radio experiments

The remarkable progress made by the second generation of radio experiments has generated excitement in the field, motivating the development of new detectors with enhanced performances. However, these achievements have also highlighted the need to establish stronger connections between the different messengers in the Universe. As a result, there is now a focus on in-air experiments that aim to detect ultra-high-energy neutrinos using innovative detection techniques. At the same time, in-ice experiments are working on overcoming challenges to improve their ability to detect ultra-high-energy particles. This shift in scientific goals for in-air experiments has initiated competition between the in-air and in-ice techniques.

In-air detection: Auger Prime, BEACON and GRAND

AugerPrime (The Pierre Auger Collaboration 2016;[START_REF] Stasielak | AugerPrime -The upgrade of the Pierre Auger Observatory[END_REF]Castellina and Pierre Auger Collaboration 2019) is part of the upgrade of the Pierre Auger Observatory, optimized for electron/muon discrimination. Its main objectives were to (1) study the flux suppression at ultra-high energy to check whether it come from a maximal acceleration energy of the sources or from a GZK cut-off, (2) explain the weak correlation between cosmic-rays and nearby galaxies and (3) put constraints on the hadronic interaction models at ultra-high energy. This translated into a need for an increase of the mass composition sensitivity above 1 EeV. Electron/muon discrimination is of particular interest to tackle this objective. As shown in the left panel of Fig. 4.6, the ratio between the muon content at a lateral distance of 600 meters, ρ 600 µ , and the number of electrons N e gives a good mass composition sensitivity for vertical showers but breaks for inclined showers where the scintillators efficiency drop considerably. Yet, combining measurements from the radiation energy S ρ θ RD and ρ 600 µ provide a good sensitivity on the mass composition for any zenith angle. Since inclined showers propagate over large distances, electrons in these showers rapidly die out while muons can reach the ground. Hence inclined showers allow for an efficient discrimination between the muon and the electromagnetic content if radio antennas are combined with particle detectors. As a consequence, AugerPrime aims at adding scintillators and radio antennas for each of the pre-existing surface detectors. BEACON [START_REF] Wissel | Prospects for high-elevation radio detection of >100 PeV tau neutrinos[END_REF][START_REF] Southall | Searching for RF-Only Triggered Cosmic Ray Events with the High-Elevation BEACON Prototype[END_REF] The Beam forming Elevated Array for COsmic Neutrinos is a detector that envisions to use the radio interferometry technique, in the 30 -80 MHz range to detect Earth-skimming tau neutrino-induced events. The concept aims at deploying antenna stations atop of high elevation mountains in order to increase the field of view towards the ground, hence increasing the collecting area of radio signals from events emerging below the horizon and propagating in upward trajectories. This project is therefore building on two key elements: first the radio-interferometer technique, extensively used by the radio-astronomy community for high sensitivity observations, and second the topography of the detection site, which provides a large field of view. Preliminary simulation studies have shown that in principle BEACON could reach down to 6.10 -9 GeV cm -2 s -1 sr -1 at neutrino energies of ∼ 1 EeV, after 3 years of integration and for a thousand antenna stations.

Currently a prototype of 8 antennas is deployed at the Barcroft Station in the White Mountains of California. While being too small to envision neutrinos detection at the moment, this protoype is used as a test-bench for calibration and data analysis on cosmic-ray observations. Simulation studies have shown that tens of events are already detectable with its current configuration. Once the validation of this prototype will be achieved the up-scaling of the experiment can be easily achieved by the deployment of a few hundreds of stations making it ultimately competitive to detect UHE neutrinos.

In-ice detection: RNO-G and IceCube-Gen2

IceCube-Gen2 IceCube-Gen2 is the planned upgrade of the IceCube observatory (Section 1.6.3). It will be ∼ 20 times larger and will aim at (1) increasing the rate of observed cosmic neutrino events by an order of magnitude, (2) broadening the energy range from TeV-PeV to GeV-EeV and (3) increasing the angular resolution to identify more point sources. For this purpose, 4 additional components will be added to IceCube as illustrated in Fig. 4.7: • IceCube Upgrade, 7 additional strings with a denser layout in Digital Optical Modules (693 sensors in total, 99 for each string) to improve the low energy threshold.

• Gen2-Optical, an enlarged optical array with 120 new string (with 60 DOMs, 17 meters apart for each string) in a sunflower pattern with 240 meters of lateral spacing to increase the sensitivity to TeV-PeV neutrinos.

• Gen2-Surface, additional radio antennas and scintillators co-located with each of the Gen2-optical new strings to perform cosmic-ray detection at PeV energies. This setup should also help as a veto for down-going cosmic-ray showers.

• Gen2-Radio, ∼ 200 clusters of antennas over 500 km 2 for the detection of EeV neutrinos. This setup will combine sub-surface and deep antennas in ice, with a phased-array system to beam-form the signal and lower the trigger thresholds.

Thanks to its radio array, IceCube-Gen2 should thus be able to reach a sensitivity to EeV neutrinos around ∼ 2 × 10 -9 GeV cm -2 s -1 sr -1 after 10 years of operation, combined with an angular resolution of at least 10 • × 2 • . Hence, IceCube-Gen2 radio could help measuring the ultra-high-energy diffuse neutrino flux and even potentially identify EeV neutrino point sources if associated to follow-up observations from experiments with better angular resolution.

RNO-G (Aguilar et al. 2021) The Radio Neutrino Observatory in

Greenland is located at the Summit Station (Greenland), and will target neutrinos from several PeV to the EeV range. It relies on ARA and ARIANNA detector concepts, combining the advantages of both detection principles, while minimizing the number of antenna stations required to reach the effective volume needed to detect the UHE cosmogenic neutrinos. Each station is composed of a deepice log-periodic antenna array (150 -600 MHz), a la ARA, designed with a phased triggering system, and a set of subsurface antennas (100 -1300 MHz), a la ARIANNA, oriented in order to be able to fully measure the polarisation of any shower-induced signal, hence increasing the reconstruction capabilities of the station. The deep-ice array is made of 3 strings plunging into the ice sheet, down to 100 m and delimiting a monitored ice volume of roughly 1 km 3 . The envisioned configuration is 35 independent stations, in order to reach the UHE cosmogenic neutrino flux. The design of RNO-G will act as a reference to build the IceCube-Gen2 radio detector.

Balloon detection: PUEO

PUEO (The PUEO collaboration 2021) the Payload for Ultrahigh Energy Observations is the direct successor of the ANITA program. The challenge envisioned by this mission is to increase by almost two orders of magnitude the combined sensitivity of all previous ANITA missions (from ANITA I to ANITA IV), while keeping the same constraints in term of detector size (because of stratospheric balloon requirements). To tackle this challenge, PUEO can build on the experience of the past ANITA missions, as well as the recent developments made in the radio field, especially towards hardware and firmware improvements. Indeed, this new payload is composed of two instruments:

• the Main Instrument (MI) is composed of 108 quad-ridged horn antennas (twice as much as the last ANITA mission), with a -10 • inclination, and targeting the 300 -1200 MHz band across two polarisation channels (Horizontal H and Vertical V ), as well as 12 antennas with a -40 • inclination in the direction of the ground, and dedicated to disentangle the very steep trajectories. The main instrument, hence, combines 240 channels organized in 4 cylindrical layers of 24 azimuthal sectors. Furthermore it is using a phased-array trigger technology, allowing for a drastic reduction of the trigger threshold SNR, down to 1 -2, while maintaining a high detection efficiency.

• the Low Frequency Instrument (LFI) is composed of 8 sinuous antennas observing in the 50 -300 MHz band, across two polarisation (H and V). This instrument is dedicated to the detection of the Earth-skimming tau neutrino-induced EAS. While having only 16 channels, its effective area is twice larger than the MI towards these events. The explanation for such performances comes from the large collecting aperture of each antennas (about 1.9 m in diameter) but more importantly from the chosen frequency band, where the radio beam induced by EAS is larger by almost a factor 2 compared to the MI frequency band.

The decision to split the frequency band between two instruments doubles the number of channels, up to 256 in total, for the same volume of payload, while restricting the radio noise, more intense in the low frequency band, to only one instrument. Thanks to all these improvements and new developments, PUEO should be able to reach sensitivities down to ∼ 3.10 -9 GeV cm -2 s -1 sr -1 at neutrino energies of ∼ 10 EeV, according to simulation studies. PUEO is planned to fly in the summer of 2024.

Summary

Over the past 2 decades, major improvements for radio-detection of astroparticles were achieved. This was motivated by an expected duty cycle of 100% combined with the low costs of radio antennas, and made possible by the development of powerful digital signal processing techniques. The first breakthroughs happened thanks to the pioneering experiments CODALEMA, LOPES, RICE and AURA that probed respectively that in-air and in-ice detection were feasible. This later led to the second generation of experiments with LOFAR, TREND and AERA for in-air, ARA and ARIANNA for in-ice, and ANITA for both in-air and in-ice experiments, that confirmed the feasibility of radio-detection but also showed that it could be competitive with already existing detection methods using surface detectors. These experiments also provided a deeper understanding of the radio emission processes, allowed to test different experimental designs and to develop efficient reconstruction methods. AERA and TREND in particular probed the feasibility of autonomous radio detection and opened the path towards future large-scale radio experiments. Radio-detection is now established as a 4.5. Summary 97 cheap, reliable and competitive technique to detect astroparticles and the objective is now focused towards building increasingly larger facilities to assess the low fluxes at ultra-high energies. Towards this goal, several experiments are already planned or in construction such as GRAND, AugerPrime, BEACON and PUEO for in air-detection and IceCube-Gen2, RNO-G and PUEO for in-ice detection. Other experiments with innovative detection methods are considered, with RET (Radar Echo Telescope Collaboration 2021), the Radar Echo Telescope and GCOS (Hörandel and GCOS Collaboration 2022), the Global Cosmic Ray Observatory. These experiments now aim at combining hybrid detection methods and/or a multi-messenger approach and should reach an unprecedented sensitivity to UHE cosmic-rays, gamma-rays and particularly to UHE neutrinos. In this context, in the next chapter we will present the GRAND experiment and discuss the on-going efforts made to pave the way towards such a large-scale radio experiment. 

Radio emission

Extensive air shower 5m 10 km

Cosmic ray

FIG. 16. GRAND detection principle, illustrated for one of the 10 000-antenna GRAND10k arrays located at a hotspot. See main text for details. Ultra-high-energy cosmic rays and gamma rays (not shown) interact in the atmosphere, while ultra-high-energy ⌫⌧ interact underground and create a high-energy tau that exits into the atmosphere and decays. The ensuing extensive air showers emit a radio signal that is detected by the antennas. The inset shows a sketch of the HorizonAntenna designed for GRAND.

To address this problem, we have designed the GRAND antennas to have a high detection e ciency along the horizon -we call the design HorizonAntenna. Because the e↵ect of ground reflection decreases with h/ , where h is the detector height above ground and is the radio wavelength, we place the HorizonAntenna at h = 5 m -atop a wooden pole -and the frequency range to f > 50 MHz ( < 6 m). Because we would like to detect radio Cherenkov rings -which could help background rejection and signal reconstruction (see Section IV E 3)we set the upper limit of the frequency range to 200 MHz, instead of the 80 MHz or 100 MHz used in most existing arrays. This is aided by the radio background dropping significantly above 100 MHz; see Section IV D. Further, recent studies made for other air-shower arrays confirm that extending the frequency band to 200 MHz significantly improves the signal-to-noise ratio and lowers the detection threshold [266]. To confirm the validity of this result for horizontal showers, we found the optimal frequency band for GRAND by following a procedure similar to the one in Ref.

[266], using the response of a dipole antenna. We based it on ZHAireS simulations of horizontal showers, using the physical conditions at the GRANDProto35 location; see Section V A.

Figure 18 shows results from one of our simulated showers. The determination of the signal-to-noise ratio (SNR) in di↵erent frequency bands is based on the signals of the North-South and East-West polarization. For the radio noise, we assumed the average Galactic background plus additional thermal noise of 300 K. We found the optimal frequency band for a GRAND array to be 100-180 MHz, consistent with the results obtained in Ref. [266].

The HorizonAntenna is an active bow-tie antenna with a relatively flat response as a function of azimuthal direction and frequency. Its design is inspired by the "butterfly antenna" [267] developed for CODALEMA, and later used in AERA [268]. It has 3 perpendicular arms (X, Y, Z) oriented along two horizontal directions and a vertical one. The HorizonAntenna uses the same low-noise amplifier, but its radiating element is half the size of that in CO-DALEMA and AERA, in order to increase the sensitivity to the 50-200 MHz range. Cosmic-rays and gamma-rays can directly induce air showers, emitting radio waves detectable at ground level. In the case of ultra-high-energy ν τ , underground interactions can eventually produce a high-energy τ lepton, that can then exit in the atmosphere and decay, also inducing an air shower.

antennas. In particular, to address the detection of the low fluxes of astroparticles at ultrahigh energies, GRAND will focus on the detection of inclined air showers, with near-horizontal trajectories, which have large footprints on ground that span an area of several tens of km 2 and that can thus be sampled at low costs with large-scale, sparse radio arrays. While cosmic-rays and gamma-rays can directly induce air showers in the atmosphere, this scenario is unlikely to happen for neutrinos, due to their small neutrino-nucleon deep-inelasticscattering cross section. However, this cross section increases with the neutrino energy, following σ ∝ E 0.363 [START_REF] Gandhi | Neutrino interactions at ultrahigh energies[END_REF], so that at ultra-high energies, the typical interaction length is of a few hundreds of kms, making the Earth opaque to even Earth-skimming neutrinos. In this case, ultra-high energy up-going neutrinos passing through the Earth's soil, or down-going neutrinos passing through a mountain, can effectively induce air showers through the following steps:

(1) A tau-neutrino passes through a dense medium such as a mountain or the Earth's soil, where it undergoes a charged-current interaction leading to the creation of a tau particle

ν τ + N → τ + X , (5.1)
where N and X are the target and final nucleus, respectively. (2) The resulting τ lepton escapes the medium and decays in the atmosphere after a mean time of ∼ 290 fs.

(3) The decay products of the tau lepton initiates an air shower.

Chapter 5. The Giant Radio Array for Neutrino Detection 100 While electron neutrinos ν e and muon neutrinos ν µ can also in practice interact in the rock to create secondary electrons or muons, their subsequent behavior differs significantly. Typically, if the interacting neutrino is a ν e , the resulting electron rapidly interacts again, close to the neutrino vertex and loses its energy through radiative losses before exiting the dense medium. On the other hand, if the interacting neutrino is a ν µ , radiative losses are small, but the resulting muon usually exit the the rock and the atmosphere without initiating an air shower, since its lifetime ν µ ∼ 2.2 µs is too long for it to decay in the atmosphere. It is worth noting that while the interaction of ultra-high-energy cosmic-rays in the Universe is expected to produce only ν e and ν µ as neutrino secondaries, neutrinos oscillate during their propagation so that we expect an equal amount of all three flavours on Earth. Finally, we mention that ν τ can also undergo neutral-current interactions (Section 2.3.3), thus re-generating the initial neutrino flux. However, in that case the energy of the interacting τ particle is shifted down to lower values, which can induce biases in the reconstruction of the primary neutrino energy.

To optimize the neutrino detection, GRAND will therefore deploy its antennas in mountainous regions. Typically, the ideal topography should consists of two opposing mountain ranges, separated by a few tens of kilometers, so that one range is used as a target for neutrino interactions and the other as a screen on which the radio signal projects.

Finally, GRAND will detect the radio signal using Butterfly antennas, with a bow-tie design to optimize the antenna response to a wide angular and frequency range. These antennas will have three perpendicular arms in order to measure the three orthogonal components of the electric field polarization. The resulting signal is filtered in the 50 -200 MHz frequency band, where the lower bound is chosen to avoid the pollution by the shortwaves and the upper-bound allows to measure the high frequency Cherenkov features (Section 3.2.1).

Expected performances

GRAND sensitivity

GRAND performances can be estimated using Monte-Carlo simulations. To estimate the GRAND sensitivity, the simulation from the primary neutrino injection to the subsequent decay of the secondary τ particle in the atmosphere, is performed using the Monte-Carlo code Danton [START_REF] Niess | DANTON: a Monte-Carlo sampler of τ from ν τ interacting with the Earth[END_REF], which accounts for the neutrino interaction and τ transport in the rock. The electromagnetic emission is generated using the Radio Morphing simulation tool that will be discussed in Section 6.2. Finally, the antenna response is simulated by convoluting between the electric field and the antenna effective length, modeled with NEC4 simulations [START_REF] Burke | Numerical Electromagnetics Code-NEC-4, Method of Moments, Part I: User's Manual and Part II: Program Description-Theory[END_REF]. Finally, the signal is filtered in the 50 -200 MHz frequency range and a trigger condition is applied to keep only the signals with a voltage at the antenna level V ≥ 75 µV, in the most conservative scenario where a noise RMS of 15 µV is assumed, following the estimations given in Section 3.4.1.

This simulation chain was used to run 20 000 ν τ induced air showers for the so-called HotSpot 1 (HS1) layout, assuming 10 000 antennas over a rectangular grid of 10 000 km 2 at the Southern rim of the Tian Shan mountain range in Western China. The resulting 10-years sensitivity at the 90% confidence level is then scaled from the simulated region to the total GRAND area of 200 000 km 2 . In the left-hand panel of Fig. 5.2, the GRAND differential sensitivity to neutrino fluxes is compared to the the upper limits of several planned or existing experiments. The figure also shows the predicted cosmogenic neutrino fluxes at the 90% confidence level obtained by fitting the UHECR spectrum and mass composition simulated with CRPropa (Alves [START_REF] Batista | CRPropa 3-a public astrophysical simulation framework for propagating extraterrestrial ultra-high energy particles[END_REF] to Auger data (Pierre Auger Collaboration 2014b;[START_REF] Valino | The flux of ultra-high energy cosmic rays after ten years of operation of the Pierre Auger Observatory[END_REF]. It yields that the GRAND 10-year integrated neutrino sensitivity should reach 5.3. Expected performances 101
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The GRAND Project Kumiko Kotera This simulation chain was run over a 10, 000 km 2 area, with 10, 000 antennas deployed along a square grid of 1 km step size in a basin surrounded by high peaks of the TianShan mountain range in China. The 10-year 90% C.L. GRAND sensitivity limit (Fig. 1, left) is scaled from the simulated region to 200, 000 km 2 (GRAND200k). The integrated limits correspond to the Feldman-Cousins upper limit per decade in energy at 90% C.L., assuming a power-law neutrino spectrum / ⇢ 2 a , for no candidate events and null background. The 10-year GRAND integrated sensitivity limit is ⇠ 10 10 GeV cm 2 s 1 sr 1 above 5 ⇥ 10 17 eV [1].

For UHECR detection, GRAND will be fully e cient above 10 18 eV and sensitive to cosmic rays in a zenith-angle range of 65 85 . The geometrical aperture of the experiment will be 107, 000 km 2 sr. However, when including events with shower cores outside the instrumented area and when taking trigger conditions into account, UHECR air-shower simulations indicate that GRAND would have a 4 5 times higher exposure. See the main text for details. The sources were assumed to lie at distances such to allow for a conservative rate of ⇠1 event per century, using population rates inferred from Ref.

[65] for short-duration GRBs and associated neutron-star mergers, Ref.

[45] for GRB afterglows, and Ref. [62] for TDEs. The sensitivity is the Feldman-Cousins upper limit per decade in energy at 90% C.L., assuming a power-law neutrino spectrum / E 2 ⌫ , for no candidate events and null background.

statistics and su cient energy resolution (see Section IV E 3) would allow to infer their energy spectrum and potentially identify sub-dominant features introduced by new physics, including their energy dependence [27,74,75,84,85].

• Angular distribution: When neutrinos travel inside the Earth, the neutrino-nucleon cross section imprints itself on the distribution of their arrival directions. This has allowed to measure the cross section up to PeV energies in IceCube [86,87]. EeV neutrinos could extend the measurement. Further, we can look for deviations due to enhanced neutrino-nucleon interactions [88-90] and interactions with high-density regions of dark matter [82,91]. The sub-degree pointing accuracy of GRAND would precisely reconstruct the distribution of arrival directions.

• Flavor composition: Flavor ratios -the proportion of each neutrino flavor in the incoming flux -are free from unc so could prov 85, 90, 92-11 [27, 73-75, Figure 9 shows for UHE gamma GRAND, in terms gamma rays; see S limits to date come sensitivity, Auger 0.1% of their total region of photon fl for a proton-domi The Telescope Arr in the same energy Auger will continu UHE gamma rays, Fig. 9 shows that even conservative the unprecedented limit of 10 -10 GeV cm -2 s -1 sr -1 above 5 × 10 17 eV. Hence, for standard cosmogenic neutrino fluxes, GRAND could detect 1 -18 events per year. This rate is expected to be mainly dominated by the diffuse neutrino flux.

In the right-hand panel of Fig. 5.2, we also compare the GRAND point-source sensitivity limit, with the expected all-flavor neutrino fluxes of various transient sources. We differentiate between short-duration sources, such as short GRBs and GRB afterglows, that are compared to GRAND instantaneous sensitivity at a zenith angle θ = 90 • ; and long-duration transient sources, as tidal disruption events (TDE), which are compared to GRAND declinationaveraged sensitivity, to account for Earth rotation. Hence, it arises that GRBs and GRB afterglows could be detectable as neutrino point sources if these events occur close enough to the Earth, with a typical observation distance of ∼ 40 Mpc. On the other hand, the identification of individual blazars, magnetars and TDEs is more challenging, since their neutrino flux predictions stand below GRAND sensitivity. Yet, they could still possibly be identified as neutrino point sources from stacking analysis.

Air shower reconstruction performances

Monte-Carlo simulations can also provide estimates of GRAND performances for air shower reconstruction. The shower energy and arrival direction can be reconstructed following the method described in Section 3.5.4, where an analytical model of the radio signal amplitude is fit to ZHAireS simulations, to infer the air shower parameters [START_REF] Decoene | Radio wavefront of very inclined extensive air-showers: a simulation study for extended and sparse radio arrays[END_REF]. From this method, GRAND is expected to achieve a sub-degree angular resolution for the reconstruction of air showers arrival direction. This is a significant advantage compared to in-ice experiments, that will be crucial in identifying the first ultra-high energy neutrino point sources [START_REF] Fang | Newly Born Pulsars as Sources of Ultrahigh Energy Cosmic Rays[END_REF]. Additionally, the method of [START_REF] Decoene | Radio wavefront of very inclined extensive air-showers: a simulation study for extended and sparse radio arrays[END_REF] provides an energy resolution of 20%, a preliminary result that could be further improved, with the aim to reach the 10% limit. Finally, preliminary studies show that GRAND could achieve an X max resolution better than 40 g cm -2 , which could probably be lowered down to ∼ 20 g cm -2 [START_REF] Buitink | Method for high precision reconstruction of air shower X max using twodimensional radio intensity profiles[END_REF].

GRAND road-map

The deployment of the GRAND experiment will be staged, ensuring that the detection techniques are progressively validated, while achieving key science goals during the construction. Currently, GRAND is in a prototyping phase, to test the data acquisition and transfer, and radio antennas are being deployed at several locations in preparation of GRANDProto300.

GRAND @ Nançay

Four GRAND antennas have been deployed at the Nançay radio astronomy station, in France. These antennas rely on a wire connection for data transfer. They will be used as a test bench for radio signal triggering and hardware, in particular in the framework of the NUTRIG program.

GRAND @ Auger

Ten radio antennas have also been deployed at the AERA detection site in Malargüe, Argentina. The data are transferred to the central DAQ using a 4G connection and can then be accessed remotely. These antennas could be further used for cross-calibration of air shower radio signals with AERA, or other detectors at Auger and may prepare the ground for the deployment of the GRAND-South layout in Argentina.

GRANDProto13

Finally, 13 antennas have been deployed in Xiao Dushan, China, on the site of GRAND-Proto300. The first data is currently being analyzed by the collaboration.

GRANDProto300

GRANDProto300 is the mid-scale prototype of the GRAND experiment and should be completed by ∼ 2026 (Decoene 2019). It will consist of 300 antennas deployed over 200 km 2 , in the radio quiet location of Xiao Dushan in China (centered at latitude = 40.99 • , longitude = 93.92 • ), and act as test bench for the GRAND experiment. Particularly, GRANDProto300 aim at demonstrating that identification of inclined air showers among the radio background and the reconstruction of their properties could be possible using radio antennas alone (see discussion Section 5.5.1 and 6.1). While GRANDProto300 exposure will not be sufficient to detect neutrinos, its layout will be twice larger as in the current stage of AERA, making it a competitive instrument to detect ultra-high energy cosmic-rays and also gamma-rays for optimistic scenarios. Finally, the radio array should be complemented by a ground particle array, that will help test and validate the performances of the radio detectors. Thanks to its experimental design, GRANDProto300 will therefore offer a rich science case.

Methods for reconstruction inclined air shower reconstruction

GRANDProto300 will help developing novel reconstruction methods for air showers with nearhorizontal trajectories. These showers propagate over much larger distances and show a more complex radio amplitude pattern at ground than vertical showers (Section 3.6). Yet, the For inclined showers the electromagnetic and hadronic components die as the shower propagates, so that only muons can reach the ground. On the other hand, the radio emission propagates in the atmosphere with almost no attenuation. Hence, the combination of radio antennas (bow-tie structures) with a ground particle array (gray shaded cylinders) allows one to measure the shower electromagnetic and muonic component independently. characterization of their radio emission will be key to ensure the success of future air shower detectors (Section 5.5.2).

Galactic to extra-galactic transition

Thanks to a dense infill, with an antenna spacing between ∼ 250 -500 m (Decoene 2019), GRANDProto300 will be able to detect cosmic-rays between 10 16.5 -10 18 eV, where a transition from Galactic to extra-galactic sources is expected to happen (Section 2.2.1). Accurate measurements of the primary energy, mass composition and arrival direction in this energy range, should allow us to constrain the different astrophysical source models.

Ultra-high energy gamma-rays

The combination of radio antennas with muon detectors shall also make of GRANDProto300 one of the most sensitive experiments for the detection of ultra-high energy gamma-rays. As shown in Fig. 5.3, for inclined showers only muons can reach the ground. Hence, using radio antennas with particle detectors allows one to measure independently the electromagnetic and the muonic content of air showers, which provides an efficient way to discriminate between cosmic-ray and gamma-ray primaries (Section 2.2.3). GRANDProto300 could therefore detect the first ultra-high energy gamma-rays for optimistic scenarios or at least improve the limits on their fluxes [START_REF] Decoene | The GRANDProto300 experiment: a pathfinder with rich astroparticle and radio-astronomy science case[END_REF].

Finally, the GRANDProto300 science case will expand beyond astroparticle physics, with the possibility to study fast radio bursts and the epoch of re-ionization [START_REF] Álvarez-Muñiz | The Giant Radio Array for Neutrino Detection (GRAND): Science and design[END_REF].

GRAND10k and GRAND200k

GRAND10k will be the first sub-array of the GRAND experiment, with 10 000 antennas deployed over 10 000 km 2 by ∼ 2028. It will be the largest UHECRs detector ever built, with an area of three times that of Auger and the planned TA × 4, enabling it to reach an exposure of 12 000 km 2 above 10 10 GeV. GRAND10k will be divided in two sub-arrays of 5 000 antennas each, GRAND-North located in Western China and GRAND-South in Argentina, both acting as the last validation stage before the future GRAND200k hotspots. With aggressive trigger thresholds, it is projected that GRAND10k will achieve a three year-integrated sensitivity of 8 × 10 -9 GeV cm -2 s -1 sr -1 above 5 × 10 17 eV. Hence, it could possibly detect the first EeV neutrinos for standard predictions and/or probe models of cosmogenic neutrinos originating from light UHECRs [START_REF] Álvarez-Muñiz | The Giant Radio Array for Neutrino Detection (GRAND): Science and design[END_REF].

GRAND200k, the final stage of the GRAND experiment, should be completed by the 2030s. By combining 20 sub-arrays of 10 000 antennas each, distributed over favorable locations around the Earth, it will achieve full sky coverage when integrating its field of view over time. GRAND200k should reach enough sensitivity to address even pessimistic predictions of neutrinos fluxes and could open the path towards EeV neutrino astronomy.

GRAND and the challenges of radio detection

To be operational, the GRAND experiment will need to address several challenges of radio detection that we discuss below.

Autonomous radio detection

One important challenge that GRAND must face is the identification of air shower radio signals among the background noise using radio antennas only, also referred to as autonomous radio detection. To be efficient, background rejection must be performed as early as possible in the detection chain. Typically, GRAND will implement three consecutive trigger levels to progressively reduce the background: (1) The zeroth-level trigger performed directly at the detection unit and which relies on adjustable thresholds on the radio signal amplitude. ( 2) The first-level trigger which also acts at the detection units and where the signal structure, duration and polarization are evaluated for background rejection. Signals that pass this threshold are then sent to the data acquisition system (DAQ). ( 3) The second-level trigger, which use the information at the DAQ level to search for coincidences between different antennas and also relies on reconstructed air shower parameters such as its arrival direction to perform a more efficient background rejection.

To perform autonomous radio detection, GRAND can rely on various methods, such as using the radio signal polarization (as will be discussed in Section 6.1) or machine learning. Addressing the challenge of autonomous radio detection will be a main objective of GRAND-Proto300 and is at the core of the ANR-DFG "NUTRIG" project between the GRAND-Paris team and the GRAND team at the Karlsruhe Institute of Technology.

Reconstruction of inclined air shower parameters

GRAND will also need to develop novel methods for the reconstruction of inclined air shower parameters. As discussed in Section 5.3.2, current estimates using Monte-Carlo simulations show that GRAND in its final stage could achieve a sub-degree angular resolution, while the performances for the reconstruction of the primary particle energy and nature need to be further improved. For this purpose, GRAND aims among other projects, at developing a 5.6. Summary 105 global reconstruction method (Section 3.5.4), where the elementary information available at the antenna level, radio signal timing and amplitude, are directly fit to a model of the radio emission to reconstruct the air shower parameters. To be efficient, such method would require that the radio emission model used can generate a large number of signal templates in a short timescales, which could be achieved by the Radio Morphing tool that will be presented in Section 6.2.

Additionally, GRAND will need to be able to discriminate between the radio signal of neutrino and cosmic-ray induced showers. Towards this objective, using the radio signal polarization or radiation energy should bring valuable constraints. This aspect will be further discussed in Sections 6.1 and 7.1.

Optimization of a large-scale radio array

Finally, the preparation of GRAND requires to study the optimal layout for such a large-scale radio array. For example, previous studies have demonstrated that ground topography could significantly impact the experimental measurements, with a detection efficiency that could be increase up to a factor 3 if radio antennas are located on a plane with a slope of a few degrees [START_REF] Decoene | Radio-detection of neutrino-induced air showers: the influence of topography[END_REF]. For GRANDProto300, the study of the layout design can be performed using ZHAireS simulations coupled with an interpolation method (Benoit-Lévy, Kotera & Tueros, in prep., Tueros and Zilles 2021). However, for GRAND10k and GRAND200k, using Monte-Carlo simulations becomes too CPU intensive, requiring the development of new radio emission models, to enable the fast exploration of multiple detector configurations over vast areas. We will discuss in Section 6.2 how this challenge can be addressed by the mean of Radio Morphing, a semi-analytical simulation tool of air shower radio signals.

Summary

The Giant Radio Array for Neutrino Detection (GRAND) will be the largest ultra-high-energy observatory ever built. Thanks to its gigantic area and detection principle, it will combine an unprecedented sensitivity to ultra-high energy neutrinos with a sub-degree angular resolution and a full sky coverage. GRAND could therefore possibly identify the first ultra-high energy neutrino point-sources, allowing it to probe UHECRs origin and unveiling the path towards EeV neutrino astronomy. The deployment of the GRAND experiment will be staged, with GRANDProto300, the deployment of 300 antennas by ∼ 2026; GRAND10k, two sub-arrays of 5 000 antennas, GRAND-North and GRAND-South, located in Western China and Argentina respectively, to be deployed by the end of this decade; and GRAND200k, 20 sub-arrays of 10 000 antennas in several locations around Earth a few years after that. To reach this objective, GRAND will need to tackle several main challenges of radio detection. In the next sections, we will present pioneering studies that we have carried out to address these challenges.

Part III

Preparing next-generation experiments with radio detection of inclined air showers

Chapter 6

Innovative tools for future radio detection techniques

Multi-messenger and time domain astronomy will be key towards the understanding of the high energy Universe, as the detection and the real-time association of the first UHE gammarays and neutrinos will open new astronomical windows (Chapter 1). This exciting prospect drives the development of next-generation experiments, with drastically improved sensitivity, angular resolution and sky coverage (Chapter 2). As discussed in Chapter 4, this objective could be achieved by radio experiments such as GRAND, AugerPrime and BEACON that target the detection of inclined air showers from ultra-high energy particles. Nevertheless, the preparation of these detectors, necessitates to adapt the current detection methods for large-scale radio arrays, posing various technical challenges. In this chapter, we introduce innovative tools designed to tackle some of these challenges. Specifically, in Section 6.1, we discuss how the polarization of the radio signal can be used to perform background rejection and neutrino identification. Additionally, in Section 6.2, we describe a semi-analytical model that we developed and that enables for fast and efficient simulations of air shower radio signals.

The results of this section build upon the findings of our work in Chiche et al. 2022a.

Polarization signatures for inclined cosmic-ray induced air shower identification

The radio signal from air showers is a direct signature from high-energy astroparticles cascading in the atmosphere. However, the radio domain is polluted by a wide range of anthropogenic and galactic emissions. Hence, one of the main challenges that radio experiments must face is to perform a discrimination of air shower induced radio signals from the ambient noise.

The case of steady noise sources was discussed in Section 3.4.1. We focus here on the case of transient pulses induced by background sources (radio relays, planes, storms...). These emissions are particularly concerning, since they are far more numerous -by a factor 10 4 at least outside polar areas [START_REF] Ardouin | First detection of extensive air showers by the TREND self-triggering radio experiment[END_REF]) -than those induced by astroparticles and could mimic air shower radio signals.

So far, most of the successful radio experiments (e.g., AERA Aab et al. 2012, CODALEMA García-Fernández 2017, LOFAR Corstanje et al. 2015, Tunka-Rex Prosin et al. 2016) have combined radio antennas with particle detector arrays as external triggers, to detect an air shower and analyze only the data samples that result from a coincident observation with both detectors. Nevertheless, particle detectors are expensive and cannot be used to instrument gigantic surfaces with thousands of antennas as targeted by GRAND (Álvarez-Muñiz et al.

6.1. Polarization signatures for inclined cosmic-ray induced air shower identification 109 2020). It is thus necessary to develop methods for autonomous radio-detection, i.e., to identify air shower radio signals with radio antennas alone.

Autonomous radio-detection is a real challenge and requires an efficient rejection process performed as early as possible in the experimental chain. A handful of experiments have already shown promising results towards autonomous radio detection (Charrier et al. 2019a;[START_REF] Hoover | Observation of ultrahigh-energy cosmic rays with the anita balloon-borne radio interferometer[END_REF][START_REF] Barwick | Radio detection of air showers with the ARIANNA experiment on the Ross Ice Shelf[END_REF][START_REF] Romero-Wolf | Radio detection of cosmic-ray air showers with the OVRO-LWA: status and future plans[END_REF][START_REF] Huege | Reconstruction of air-shower measurements with aera in the presence of pulsed radio-frequency interference[END_REF], yet more robust methods of background rejection have to be developed to achieve higher efficiency. For this purpose, one could rely on the radio signal polarization. Polarization is a vectorial quantity related to the electric field direction, as introduced in Section 3.5.2. It can be directly measured with radio antennas with two or three arms, that would measure the different components of the electric field and is known to be an efficient tool to perform background rejection [START_REF] Schellart | Polarized radio emission from extensive air showers measured with LOFAR[END_REF][START_REF] Glaser | A novel method for the absolute energy calibration of large-scale cosmic-ray detectors using radio emission of extensive air showers[END_REF]Huege et al. 2019;Pierre Auger Collaboration 2014d;[START_REF] Aab | Energy estimation of cosmic rays with the engineering radio array of the pierre auger observatory[END_REF]. In this section, we investigate the specific polarization features of the radio signal and establish an identification procedure which proposes an instrumental way to address the challenge of autonomous radio-detection for cosmic-ray induced inclined air-showers. Additionally, we will also show how polarization signatures could enable the discrimination of cosmic-ray and neutrino induced air-showers.

In Section 6.1.1, we study the relative contribution of both charge-excess and geomagnetic emissions, in Section 6.1.2 we show how the polarization can be used to perform background rejection and define criteria for trigger at the DAQ level, finally, in Section 6.1.3, we examine the case of neutrino induced air showers.

Characteristics of the charge excess to geomagnetic ratio

The radio emission from air showers results from the geomagnetic (Section 3.2.2) and chargeexcess (Section 3.2.3) emission processes. We aim here at studying the relative contribution of the charge-excess and geomagnetic emission to the radio signal. We first reconstruct the polarization of the radio signal in the shower plane [v × B; v × (v × B)] following the method presented in Section 3.5.2 to infer the electric field components E v×B and E v×(v×B) . We can then exploit the polarization pattern of both geomagnetic and charge-excess emission to infer the amplitude of each mechanism at the antenna level. In particular, as the field along [v × (v × B)] corresponds to charge excess only, knowing the direction of the charge excess emission (radial in the shower plane), we can infer its norm. The field along (v × B) however, is the result of the interference between the charge excess and geomagnetic emission. Therefore, after inferring the norm of the charge excess we can subtract its contribution to the (v × B) component of the electric field to derive the norm of the geomagnetic emission. Hence, amplitudes of both mechanisms can be derived from the following expressions (Huege et al. 2019;Pierre Auger Collaboration 2016b)

E ce = E v×(v×B)
| sin ϕ obs | , (6.1)

E geo = E v×B -E v×(v×B) cos ϕ obs | sin ϕ obs | , (6.2)
where ϕ obs is the angle between the antenna position and the (v × B) axis, as illustrated in the left-hand panel of Fig. 6.1. One should note that these equations are not applicable for the horizontal baseline of antennas (along the (v × B) axis) as along this baseline, the charge excess has no component along From the reconstructed components of the charge excess and geomagnetic emissions, we can infer the charge excess to geomagnetic ratio defined as

[v × (v × B)].
a ≡ sin α E ce E geo , (6.3) 
where we correct the geomagnetic emission from its dependency with sin α, with α the shower geomagnetic angle between the shower direction and the Earth local magnetic field (Section 3.2.2). This correction is applied in order to infer general results that do not depend on the shower direction.

In the following sections, we will present the dependencies of the a ratio with shower parameters. Following what was presented in [START_REF] Aab | Energy estimation of cosmic rays with the engineering radio array of the pierre auger observatory[END_REF], we will study how this ratio provides an efficient way to identify signatures from inclined cosmic-ray air-showers and allows us to impose constraints on the trigger condition to perform a strong background rejection. We will also demonstrate that it can help discriminate between cosmic-ray and neutrino induced showers.

Evolution with angular distance

In the right-hand panel of Figure 6.1, we represent the charge excess to geomagnetic ratio, a as defined in Eq. ( 6.3), computed for a given simulation without noise on a star-shape layout as a function of ω, the angular deviation to the shower axis measured from X max , introduced in Section 3.5.1 and shown in Fig. 3.12. We have ω = ( u v , u antenna ), with u v the unit vector related to the direction of the shower and u antenna the unit vector that goes from X max to a given antenna. This angle is particularly convenient since the amplitude pattern of the radio signal in the shower plane becomes invariant by translation along the shower axis with this representation. In Fig. 6.1, we can observe a quasi-linear increase of the charge excess to geomagnetic ratio with ω. This linear increase with ω -or similarly with lateral distance to the shower axis-was already discussed in de [START_REF] De Vries | The air shower maximum probed by Cherenkov effects from radio emission[END_REF][START_REF] Schellart | Polarized radio emission from extensive air showers measured with LOFAR[END_REF] and can be justified considering simple scaling laws within the analytical framework of Scholten 6.1. Polarization signatures for inclined cosmic-ray induced air shower identification 111 et al. 2018. As the charge excess contributes to the scalar potential and the geomagnetic to the vector potential [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF] where we introduced A ce and A geo the potentials related respectively to the charge excess and the geomagnetic emissions and t r , the retarded time, as described in Section 3.2.8. Then, from the derivatives of t r [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF]) the charge excess to geomagnetic ratio yields (6.8) with C x being the fraction of particles that contributes to the charge excess with respect to the total number of positrons and electrons, R the distance between the source and the observer, ⟨v d ⟩ the mean drift velocity of the electrons in the air-shower plasma (in units of c) and α the geomagnetic angle. The dependency with ω indicates that for the radio emission of a given air-shower, the charge excess to geomagnetic ratio will not be spatially uniform. Usually for ω > 3 • the signal amplitude is too low to be measured, then restricting to ω values below 3 • we can get the approximation sin ω ≈ ω confirming the linear increase of the charge excess to geomagnetic ratio with ω and hence with distance to the shower core, as shown in the right-hand panel of Fig. 6.1.

a ≡ sin α E ce E geo ≈ sin α C x ⟨v d ⟩ dt r dx dt r dt -1 (6.6) ≈ sin α C x ⟨v d ⟩ x R (6.7) ≈ sin α C x (ρ) ⟨v d (ρ)⟩ sin ω ,
Another interesting feature in Fig. 6.1 is the presence of a peak in the ratio around ω = 1 • . This peak was also noticed by de Vries et al. 2010;[START_REF] Kostunin | Reconstruction of air-shower parameters for large-scale radio detectors using the lateral distribution[END_REF] but its origin remains debated [START_REF] Kostunin | Reconstruction of air-shower parameters for large-scale radio detectors using the lateral distribution[END_REF][START_REF] De Vries | The air shower maximum probed by Cherenkov effects from radio emission[END_REF]). Cherenkov-like effects could be linked to this peak. For example, if the charge excess emission peaks deeper in the atmosphere than the geomagnetic emission, its Cherenkov cone is expected to be closer to the shower axis than the Cherenkov cone related to the geomagnetic emission due to density effects, following Eq. (3.3). Consequently, we expect an increase in the ratio for an ω angle corresponding to the maximum of emission of the charge excess and then a decrease as we reach the the maximum related to the geomagnetic contribution, resulting in a peak for the ratio.

In Eq. (6.8), we also highlighted the dependency of the charge excess to geomagnetic ratio with the density of the medium ρ, as it was also pointed and parametrized from CoREAS simulations in [START_REF] Glaser | Simulation of the Radiation Energy Release in Air Showers[END_REF]. This dependency indicates that the charge excess to geomagnetic ratio should also vary with the geometry of the showers as inclined showers for example are expected to develop in thinner atmospheres than vertical air-showers. Particularly, the mean drift velocity ⟨v d ⟩ is expected to decrease with increasing density as the mean free path of electrons and positrons before collision with air atoms will be shorter. At the same time, for a denser medium we expect larger values of C x as there will be more air-atoms colliding with the air-shower, resulting in a larger number of electrons in the shower front. Hence, in theory we expect larger charge-excess emission for vertical showers than inclined ones. We describe this aspect below. 6.2: Lists of the primary particle energies E, zenith angles θ and azimuth angles ϕ of the arrival direction considered in Section 6.1.2.

Dependency of the a ratio on primary energy and zenith inclination

We aim here at computing the dependency of the a-ratio (defined in Eq. 6.3) with zenith angle and energy. We first consider a set of ∼ 5 000 ZHAireS simulations run on a starshape layout (Section 3.3.2), for the magnetic field configuration of the GRAND site Dunhuang (B = 56 µT, i ∼ 60.8 • ). We use proton-or iron-induced showers, with various energies and directions (5 bins of energy and 16 bins of zenith angles corresponding to 80 simulations for each couple of energy and zenith, see Table 6.1) and apply the method presented in Section 3.5.3 [START_REF] Glaser | Simulation of the Radiation Energy Release in Air Showers[END_REF] to reconstruct the charge excess and geomagnetic radiation energy, E rad ce and E rad geo . We do so by integrating the fluence of antennas along the [v × (v × B)] axis, where both emissions are uncorrelated following [START_REF] Glaser | Simulation of radiation energy release in air showers[END_REF] and assuming a radial symmetry of the radio signal in the shower plane. This was first done for raw, unfiltered electric field traces, i.e., traces before any of the processing detailed in Section 3.4. In Fig. 6.2, we represent the ratio between the charge excess and geomagnetic energies as a function of the primary energy and zenith angle for simulations with proton (left-hand panel) and iron (right-hand panel) primaries.

From these figures, it appears clearly that there is a mild correlation with the chargeexcess to geomagnetic ratio with energy of the primary particle and a strong correlation with zenith angle. Both can be explained by density arguments: regarding the correlation with energy, it is known that the X max position of the air-shower scales logarithmically with the energy of the primary [START_REF] Heitler | The quantum theory of radiation[END_REF], see also Eq. 2.4). This implies that the density at the maximum air-shower development depth X max should also increase with the shower energy. Hence considering that most of the radio emission occurs at X max , it appears with Eq. (6.8) that a higher density at X max will result in a stronger charge excess, due to an enhanced accumulation of negative charges (increase of C x ) and a weaker geomagnetic emission (decrease of ⟨v d ⟩). .2: Ratio between the charge excess to geomagnetic radiated energies corrected from the geomagnetic angle for raw traces of proton-(left) and iron-(right) induced showers as a function of the zenith angle and the energy of the primary particle. From a set of ∼ 5 000 simulations, we average the a-ratio defined in Eq. ( 6.3) for simulations with the same couple of zenith angle and energy, the error bars correspond to the RMS of each distribution. The radiated energy of both emission are derived by integrating the fluence of antennas along the [v × (v × B)] axis and assuming a radial symmetry of the radio signal.

Regarding the dependency with the zenith angle, the X max position is shallower for inclined showers, hence the charge excess to geomagnetic ratio lower, again following Eq. (6.8).

Moreover, as described in Section 2.1.1, the shower maximum X max is shallower for iron than proton nuclei as the higher mass number increases the interaction probability [START_REF] Huege | Radio detection of cosmic ray air showers in the digital era[END_REF]. This implies that the charge excess to geomagnetic ratio is expected to be lower for iron-induced showers. This is confirmed with simulations as illustrated in Fig. 6.2. To better highlight the differences between proton and iron primaries, in the left-hand panel of Fig. 6.3, we averaged values over the energy bins.

Since the geomagnetic emission amplitude scales as qvB sin α (Section 3.2.2), the chargeexcess to geomagnetic ratio depends in practice on the geomagnetic angle α. Hence, its value is expected to vary with the antenna layout location on Earth. To measure the impact of the geomagnetic angle on our results, we represent in the right-hand panel of Fig. 6.3 the relative deviation between sin α at the GRAND site with magnetic inclination I B = 60.79 • and sin α at the Auger site with magnetic inclination I B = 35.2 • . We find that although the Auger site is a location with particularly high Askaryan contribution to the radio-emission, the relative deviation of sin α between the GRAND and the Auger site is only up to few tens of percent for very inclined showers. Significant deviations are observed only for showers with azimuth angle towards North and with low zenith angle (close to 60 • ). Between different locations on Earth, there are also variations of the magnetic field strength that can be roughly up to a factor 2. This implies that for very inclined showers (θ > 80 • ) the combined effect of the geomagnetic angle and the magnetic field strength can lead up to a factor 4 between the Askaryan ratio at a favorable site for the geomagnetic emission (such as the GRAND site) and a non favorable site (Auger site). Still, as we can see in Figure 6.2, for the GRAND site at 80 • , the Askaryan ratio is of ∼ 2% which implies that even with an additional factor 4 we expect a dominant geomagnetic emission. This justifies the assumption of a radio-emission dominated by the geomagnetic mechanism for inclined showers, independently of the location on Earth.

Effects of signal processing and trigger conditions

We now perform a similar study for realistic time traces, i.e., we apply to the traces the full treatment described in Section 3.4, by adding a Gaussian stationary noise with RMS σ = 20 µV /m, then filtering the radio signal in the 50 -200 MHz band and sampling it at a 2 ns rate. It should be noted that we do not consider the antenna response for the moment as we aim first to infer background rejection criteria based on the electric field polarization, unaffected by the projection on the antenna effective length (we will discuss in Section 6.1.2, the implications of such an assumption). Additionally, we set a trigger condition at the antenna level on the total electric field amplitude, inferred from the Stokes parameter I, E tot = √ I, of either E trig,3σ = 60 µV/m (3σ trigger threshold) or E trig,5σ = 100 µV/m (5σ trigger threshold). In the following, we will always present results for 3 distinct cases: no processing (i.e. raw traces), 3σ trigger threshold (σ noise = 20µV/m, filtering and sampling + E trig,3σ = 60µV/m) and 5σ trigger threshold (σ noise = 20µV/m, filtering and sampling + E trig,5σ = 100µV/m ).

In Figure 6.4, we represent the a-ratio derived from Eq. (6.1), 6.2 and (6.3) using this timeprocessed outputs, for proton primaries with a 3σ trigger threshold (left-hand panel) and with a 5σ trigger threshold (right-hand panel). Note that this a-ratio does not directly correspond to the physical ratio between the charge excess and geomagnetic emission, as shown in Fig. 6.3, but rather to the expected measurement in an experimental case, with noise contamination. We observe for showers with low inclination a similar behavior as in Fig. 6.2. However, for most inclined showers (θ > 70 • ), we can also observe that above a certain zenith angle the ratio increases with inclination, in particular at low energy. This can be understood considering that, the more inclined the shower, the more diluted the radio signal, because the shower .4: Charge excess to geomagnetic ratio as a function of the energy and the zenith angle for simulations with a proton primary on a star-shape layout, considering traces with noise and a 3σ trigger threshold (left) or a 5σ trigger threshold (right). Each data point corresponds to the average ratio for simulations with the same energy and zenith angle and the error bars to the RMS of each distribution. develops over longer distances [START_REF] Huege | Radio detection of cosmic ray air showers in the digital era[END_REF], see also Section 3.6.1). As a consequence, for the most inclined showers we will have an increasing number of antennas with low amplitude signals (even more for low energy showers). This implies that for such showers the amplitude of the charge excess mechanism is comparable to the noise amplitude, inducing a bias in the a ratio.

This plot also allows us to infer an interesting feature: for inclined air-showers (θ > 65 • ) induced by cosmic-rays, the charge excess to geomagnetic ratio drops below 5% independently of the trigger threshold for energies above 0.2 EeV. As the geomagnetic emission is along v×B, it is perpendicular to the local direction of the magnetic field. Consequently, the total electric field should also be in good approximation perpendicular to the direction of the magnetic field. This is a specific feature that could enable to discriminate between the radio signal from cosmic-ray air-showers and the background noise, providing an efficient way to perform autonomous radio detection.

In the following sections we quantify more precisely this effect for inclined air-showers induced by cosmic-rays and establish a criterium for a trigger at the DAQ level.

Shower identification method

In the previous section, we highlighted that radio emission from inclined EAS is strongly polarised in a direction orthogonal to B, a specific feature which could thus be used to allow for autonomous radio-detection, i.e. a detection of air-showers using the radio signal only for antennas with 3 polarization channels. In this section, similarly to what was presented in [START_REF] Aab | Energy estimation of cosmic rays with the engineering radio array of the pierre auger observatory[END_REF] we define the trigger thresholds required to perform such an identification, and apply our method to a realistic array layout.

Threshold definitions for a trigger at the DAQ level

Projection of the electric field along B

In this section, we focus only on very inclined air showers with a zenith angle between 80 • and 90 • . We consider a set of ∼ 11 000 simulations for proton and iron-induced showers, with primary particle energies, azimuth and zenith angles given in Table 6.2. We aim at establishing a criterium to trigger through an online treatment at the DAQ level with a strong background rejection. For this purpose, we focus on the fraction of the total electric field along the direction of the magnetic field, i.e., E b /E tot , where E tot is the total amplitude of the electric field, E tot = E 2

x + E 2 y + E 2 z and E b is the absolute value of the projection of the total electric field along the direction of B, E b = |E tot • u b | with u b the unit vector along the direction of the magnetic field. As the geomagnetic emission is perpendicular to B, the only contribution to E b comes from the charge excess and for a dominant geomagnetic emission E tot is similar to E geo . Therefore, the b ratio b = E b /E tot should serve as a proxy to the a ratio. However using this ratio has 2 main advantages:

• First, it can be easily computed at any antenna from just a scalar product between the electric field components and the magnetic field direction. On the other hand, the reconstruction of the a-ratio requires a more detailed treatment to infer the radio signal polarization from the Stokes parameters and evaluate the geomagnetic and charge-excess contribution to the radio signal.

The calculation of the E b /E tot ratio can be performed directly at the DAQ level after a preliminary reconstruction of the direction of origin of the radiation, a necessary step to deconvolve the antenna response from the voltage signal and thus provide a fast estimate of the electric field amplitude. The reconstruction of the shower direction for very inclined air-showers has been studied in [START_REF] Ardouin | First detection of extensive air showers by the TREND self-triggering radio experiment[END_REF] and shows that a plane angular reconstruction at the DAQ level of 1 • should be achievable from the raw timing information. The impact of misreconstructed events in our background rejection efficiency is however not considered in this paper and should be quantified in further studies.

• Second, as E b corresponds to a projection of the charge excess, we have E b <E ce and since E geo < E tot , E b /E tot allows to put even more restrictive constraints on the trigger condition.

In Fig. 6.5, we represent histograms of the E b /E tot ratio at the antenna level for our set of 11 000 proton and iron simulations in the 3 following cases: no processing, 3σ trigger threshold and 5σ trigger threshold (left panel) and comparing proton and iron primaries at the 5σ trigger level (right panel). Note that for histograms at the 3σ and 5σ trigger thresholds, the effective number of antennas is reduced as some are cut with the trigger condition. From the plot on the left panel we attest, as could already be inferred in Fig. 6.4, that the ratio is distributed towards higher values in the 3σ and 5σ case than in the no processing case because of the noise contamination. As expected, we also observe a slightly larger number of antennas with a 3σ threshold than a 5σ threshold, as we considered a more aggressive trigger condition. Considering now the right panel of Fig. 6.5, very similar results for proton and iron primaries can be found, in agreement with Fig. 6.3. The most interesting feature is that independently of the primary or the trigger threshold considered, the expected E b /E tot ratio drops to very low values for the large majority of antennas: it is below 7% for 86% (93%) of antennas at the 3σ (5σ) trigger threshold. This is a strong signature for air-shower radio signals which can be used at the DAQ level for background rejection.

In the left-hand panel of Fig. 6.6, we represent the distribution of the E b /E tot ratio as a function of the amplitude E tot on a 2D histogram for the set of 11 000 simulations, at the 5σ trigger threshold. In the right-hand panel of Fig. 6.6, we average the values of the ratio for different bins of the amplitude with either a 3σ or 5σ trigger threshold. It appears that the highest values of the E b /E tot ratio are related to antennas with low amplitude. This can be understood as for these antennas the charge excess amplitude is subdominant comparatively to the noise so that our measurement of the a ratio ratio becomes closer to the noise/geomagnetic ratio. Hence, to strengthen our trigger criteria, we can define a trigger condition that depends on the total amplitude measured by each antenna. We can for example define a trigger condition

E b /E tot < f (E tot ) with f (E tot ) obtained by fitting the points ⟨E b /E tot ⟩ + nσ E b /Etot ,
n being an integer and σ corresponding here to the RMS of the distribution.

In Fig. 6.6, we fit f (E tot ) with the following trigger function

f (E tot ) = a + b E tot (6.9)
For n = 1, we find a = 0.1620 ± 0.0005 and b = 6.0 ± 0.1 which results in a 83% trigger efficiency and for n = 3 we have a = 0.0340 ± 0.0009 and b = 11 ± 0.3 resulting in a 99% trigger efficiency. As modeling the transient noise is challenging, it is not possible to quantify directly the fraction of background events that will be rejected. However, selecting an E b /E tot ratio ≤ 7% restricts our field of view to only 7% of the full solid angle as illustrated in Fig. 6.7). Hence, assuming an isotropic polarization for the noise orientation this cut should reduce the number of noise triggered events by a factor ∼ 15 while more than 93% of antennas pass this cut for cosmic-ray signals for a 5σ threshold. This provides a strong noise rejection efficiency, Figure 6.7: Sketch of the electric field vector E tot and its projection on the magnetic field of the Earth, E b . For a given radio signal measured at the antenna level, we denote as β = arcsin E b /E tot the angle between the electric field polarization and a direction orthogonal to the local magnetic field vector. With a fixed cut on the E b /E tot ratio, the field of view is restricted to the green area (defined by the angle β cut ) and all the red area corresponds to rejected events. For a limit at E b /E tot = 0.07, we find that 93% of air shower radio signals are in the green area with a 5 σ trigger threshold, while only 7% of noise induced events pass this cut, assuming an isotropic distribution for the noise polarization.

even without knowing any of its features. To quantify the impact of the geographic location on the E b /E tot ratio, we can also compute our background rejection efficiency in the least favorable case. Following the text at the end of Section 6.1.1, for a non favorable site, the Askaryan ratio should scale by a factor 4 compared to the one computed at the GRAND site. Hence, the E b /E tot ratio should also roughly scale by a factor 4 which lead to a new value of (E b /E tot ) non favorable = 0.07 × 4 = 0.28. With this new value we find a trigger efficiency on cosmic-ray signals of 93%, for a background rejection efficiency of 72% (for an isotropic noise polarization).

Yet the selection treatment presented here requires that the electric field amplitude is reconstructed by deconvolving the output voltage from the antenna response. As mentioned in Section 3.4.2, this treatment strongly anisotropic and requires that the direction of origin of the signal is known, which is therefore possible only at the central DAQ level, by combining the timing information of different triggered detection units. Interestingly enough, the raw voltage information available at the individual antenna level already provides some information on the nature of the signal and should allow for a first rough -but efficient-rejection of background signals. To illustrate this, in the left-hand panel of Fig. 6.8 we represent the quantity V b /V tot (i.e., the voltage ratio computed in a same way as the b-ratio E b /E tot ) with a 5σ trigger threshold. Even though the orthogonality to the magnetic field vector is not as strong as for the electric field, we find that the voltage b-ratio is below 28% for 90% of antennas. Hence even though the limits on the voltage are not as stringent as the electric field, these results show that a trigger directly at the antenna level (i.e. at the first level trigger) could already be performed and reject 72% of noise events, while ensuring a 90% trigger efficiency for air shower radio signals. 

Polarized intensity

All the previous results concerning the identification of shower signatures were based on one unique observable, the E b /E tot ratio. The limits defined on this observable in the previous section seem already strong enough to perform an efficient background rejection. However, one may want to explore the possibility to highlight other criteria for an identification of shower signatures, as the combination of all the criteria would allow to put even more restrictive constraints on the trigger condition ensuring an even more robust autonomous detection.

Here, we explore the degree of polarization of the radio signal from air-showers. It has been well established that such signals should be highly polarised [START_REF] Scholten | Analytic calculation of radio emission from parametrized extensive air showers: A tool to extract shower parameters[END_REF]), thus we aim at quantifying this feature still in the perspective of a trigger at the DAQ level.

The calculation of Stokes parameters, as defined in Section 3.5.2, requires only the components of the electric field. Then, instead of computing these parameters in the shower plane, we could also directly compute them at the DAQ level, using the 3 components in the geographic plane E x , E y , E z . We can thus define the degree of polarization of the signal as I p /I, where I corresponds to the Stokes parameter related to the total intensity of the signal and I p corresponds to the polarised intensity, defined as

I p = Q 2 + U 2 + V 2 ,
with Q, U and V following the definitions given in Section 3.5.2.

The distribution of 1 -I p /I is represented in the right-hand panel of Fig. 6.8 for the starshape simulation set. We retrieve a highly polarised signal with more than 98% of antennas having 1 -I p /I below 0.02 at the 5σ trigger threshold. This specific feature could also provide an efficient way to strengthen our criteria for autonomous radio detection as we could set very low limits on 1 -I p /I without cutting the signal from any air-showers. It should however be noted that most of noises such as humans emissions are also expected to be highly polarised, hence the efficiency of this observable will depend on the noise environment at the detection site. Still, it could be used as backup to reinforce the criterion defined in the previous section. Setting the limits of the E b /E tot ratio to 7%, we already expect to cut 93% of the noise, then among the 7% remaining, the criterion over I p /I could help us evince all that are not strongly polarised, guaranteeing an even more efficient detection of air-showers. 

Application to a realistic layout

All the results in the previous section were presented for a star-shape layout (Section 3.3.2) which is a plane layout with a very dense array of antennas and for which the air-shower core is always located at the layout center. In this section, we apply the same treatment to an experimental layout. The HotSpot 1 layout (hereafter HS1), is a rectangular grid made of 10 000 antennas (Álvarez-Muñiz et al. 2020), each with a spacing of 1 kilometer as illustrated in Here, we consider a set of about 1 000 simulations of proton or iron induced showers corresponding to 9 energy bins, 7 zenith angles and 4 azimuth angles (see Table 6.3). For each simulation, the core position is generated randomly, resulting in a varying number of antennas inside the radio footprint.

Projection of the electric field along B

In the left-hand panel of Fig. 6.9, we present histograms of the E b /E tot ratio for proton and iron induced showers at the 5σ trigger threshold, similarly as in Fig. 6.5. As previously observed, we retrieve for the HS1 layout a strong similarity between proton and iron induced showers, suggesting that for inclined showers, the differences regarding the density at X max for both of these primaries do not impact significantly the charge excess to geomagnetic ratio. Due to this high similarity, all the following results in this section will be presented for protons only. We also note that there is a larger number of triggered antennas for proton than for iron simulations. This is related to the fact that the X max position for iron-induced showers occurs higher in the atmosphere than for proton showers resulting in a larger footprint and a more diluted signal. Figure 6.9 also shows that even for an experimental layout such as HS1, we retrieve low values for the E b /E tot ratio, with more than 87% of antennas with a ratio below 7% at the 3σ trigger threshold level and about 93% at the 5σ trigger threshold level.

In the right-hand panel of Fig. 6.9, we represent histograms of the E b /E tot ratio for proton induced showers at the 3σ trigger level comparing results from the star-shape and the HS1 layout. This reveals a particularly interesting feature: although the HS1 and the star-shape consist of very different layouts, we retrieve a high similitude between their E b /E tot ratio distributions. Such similitude can be justified considering that due to the trigger condition on the amplitude, the antennas that trigger are likely to be the closest antennas to the Cherenkov cone independently of the layout configuration. This suggests that our criterion defined to perform autonomous radio detection seems to be almost independent of the considered layout and could therefore be implemented for a wide variety of experiments dedicated to the radio detection of air-showers.

Finally in Fig. 6.10 we represent the E b /E tot ratio as a function of the amplitude in a 2D plot at the 3σ trigger threshold (left panel) and after averaging the ratio over different bins of the total amplitude for both 3σ and 5σ trigger thresholds (right panel). Here again, we retrieve similar results with the ones of the star-shape layout, the E b /E tot ratio decreases with increasing amplitude of the signal measured by the antennas, even though here our statistic is a bit reduced as seen on the left panel. We can once again define a trigger condition E b /E tot < f (E tot ) where f (E tot ) is obtained by fitting the points ⟨E b /E tot ⟩ + nσ E b /Etot with Eq. (6.9). For n = 1, we find a = 0.1775 ± 0.0004 and b = 6 ± 0.1 with a 83% trigger efficiency and for n = 3 a = 0.0330 ± 0.0007 and b = 10.9 ± 0.3 with a 99% trigger efficiency. This is in excellent agreement with the results of the star-shape simulation.

Polarized intensity

In Fig. 6.11, we represent an histogram of 1 -I p /I computed at each antenna for simulations of proton induced showers on the HS1 layout for both trigger thresholds 3σ and 5σ. It appears that the ratio is below 2% for more than 90% of the antennas at the 3σ trigger threshold and more than 98% at the 5σ trigger threshold, confirming that the signal from air-showers is highly polarized.

polarization signatures of neutrino-induced air-showers

As described in Section 5, ultra-high energy neutrinos can also induce down-going and up-going extensive air-showers. Yet, only Earth-skimming trajectories correspond to non-negligible detection probabilities. Neutrino showers are therefore expected to develop close to the ground, in denser environment than cosmic-ray showers. This signature should directly translate into a higher a-ratio. Indeed, we recall as can be seen from Eq. (6.8), that a higher density should 0.000 0.002 0.004 0.006 0.008 0. result in an increase of the charge excess (increase of C x ) and a decrease of the geomagnetic emission (decrease of ⟨v d ⟩).

In this section, we study this trend for neutrino induced air-showers by comparing their E b /E tot ratios with the ones we obtained for cosmic-ray showers. For this purpose, we consider 1 000 simulations of neutrino showers, either down-going or up-going with zenith angles ranging from 85 • to 95 • (θ > 90 • for up-going showers) and various energies ranging from 0.1 EeV to 25 EeV. Simulation were performed on the HS1 layout as presented in Fig. 6.11 with various values for energy and direction of origin.

In Fig. 6.14, we represent the E b /E tot ratio for neutrino showers comparing a conservative (5σ) and aggressive (3σ) trigger threshold (left-hand panel) and comparing neutrinos, proton and iron nuclei at the 5σ trigger threshold level (right-hand panel). It appears clearly that the ratio is higher for neutrino than for cosmic-ray induced showers: the distribution peaks around 15% for neutrino primaries and 2% for cosmic-ray showers. Still, we can also observe that for some antennas, even in the case of neutrino simulations, the measurement of the E b /E tot ratio can reach values close to 0. Indeed, the only contribution to the b-ratio comes from the charge-excess emission, which is polarized along the (v × B) direction for antennas located on the (v × B) axis, resulting in E b = 0. Additionally, the charge-excess amplitude should drop to 0 for antennas close to the core position. This can also be seen from Eq. (6.8): for showers occurring in denser environments, the slope of the a-ratio will be steeper due to an enhancement of C x /⟨v d ⟩, but the ratio still tends to 0 for ω = 0.

In the left-hand panel of Fig. 6.12, we also represent the E b /E tot distribution for neutrino showers, but this time differentiating between up-going and down-going showers. It appears that the E b /E tot ratio is higher for up-going than down-going showers. This trend can be justified by geometrical considerations as illustrated in Fig. 6.13. The ω angle refers to the angular deviation between the shower axis and the direction that goes from X max to a given antenna. The ω angle is counted positively or negatively following the trigonometric direction. On our sketch, it can be seen that for ω > 0, the X max -antenna distance increases with |ω| and that for ω < 0, the X max -antenna distance decreases as |ω| increases. Yet, for up-going showers, we mostly detect antennas with ω < 0, i.e., antennas that are closer to the emission point as |ω| increases. This bias towards antennas with ω < 0 for up-going showers implies that antennas with high |ω| values receive a less diluted signal and are more likely to trigger. This results in a higher E b /E tot ratio as was observed in Fig. 6.1. Finally in the right-hand panel of Fig. 6.12, we represent the comparison between the E b /E tot ratio as a function of ω for neutrino and cosmic-ray induced showers. It appears clearly that for a given ω, values of the ratio will be higher for neutrinos than for cosmic-ray showers. As a consequence, we can infer that differences in the values of the ratio for neutrino and cosmic-ray showers as observed in Fig. 6.14 are not (or at least not only) due to a different distribution of the antennas but density effects do play a role.

These results have several implications:

1. Although the criteria defined in the previous section to perform autonomous radio detection are efficient for cosmic-ray induced showers, they would have a much reduced efficiency for neutrino induced showers if applied as such. For experiments dedicated to the detection of neutrinos and cosmic-ray showers, the criteria defined in Section 6.1.2 can be implemented only if a preliminary discrimination between neutrino and cosmicray showers can also be performed directly at the DAQ level.

2. It could be possible to discriminate between cosmic-ray and neutrinos induced showers using the E b /E tot ratio, as the ratio is expected to be distributed towards higher values for neutrinos induced showers. However, due to the radial signature of the charge excess, the E b /E tot ratio will drop to 0 for antennas close to the core or on the [v × (v × B)] axis, implying that the discrimination between neutrino and cosmic-ray showers could not be performed at a single antenna level but rather by averaging for example the ratio over the full array.

3. Finally, as the contribution of the charge excess emission is stronger for neutrino showers, it might be possible to use this charge excess signature to reconstruct air-shower parameters. We stress in particular that the charge excess polarization is radial and points towards the air-shower core position and as shown in Fig. 6.1, its amplitude increases with the distance to the core. These are two strong signatures that could help us reconstruct the air-shower core position, allowing for angular reconstruction if the X max position can also be reconstructed, for example. This will be investigated in further dedicated studies. Late antennas are more frequent for down-going than up-going showers, also the X max -antenna distance increases with the ω angle for late-antennas although it decreases with the ω angle for early-antennas.

Conclusion

Based on numerical simulations of inclined cosmic-ray and neutrino air-showers, we have characterized polarization signatures of the radio signal, that could serve to perform autonomous radio detection at the DAQ level. We focused on the two main contributions to the polarization, namely the geomagnetic and the charge excess emissions. We have evidenced the clear predominance of the geomagnetic emission over the charge excess emission for inclined (θ > 65 • ) cosmic-ray air-showers. This implies that the total electric field from the radio emission of such air-showers should be in good approximation perpendicular to the direction of the local magnetic field.

This specific feature can be exploited to reject noise and identify cosmic-ray triggered events. We have established trigger conditions directly at the DAQ level, based on the fraction 6.1. Polarization signatures for inclined cosmic-ray induced air shower identification 125 of the total electric field projected along B (E b /E tot ). This quantity can be computed after reconstructing the electric field by deconvoluting the voltage from the antenna response, and is by construction sensitive to the geomagnetic emission polarization. This of course requires first that a reconstruction of the shower direction is performed.

We tested our rejection method on both a star-shape and an experimental layout. For the experimental layout in particular, our results show that a uniform trigger condition requiring the E b /E tot ratio to be below 7% enables a rejection efficiency of ≈ 93% for a favorable site (as defined in section 6.1.1), and ≈ 72% for a non-favorable one. The trigger efficiency of this cut for cosmic-ray air-showers is 86% (93%) with a 3σ (5σ)-trigger threshold level on the total amplitude. Note that these values were obtained assuming an isotropic distribution in space and a gaussian distribution in amplitude of noise events and that the real noise environment of the target site should be used to get more accurate estimations. Moreover, we show that the accuracy of our trigger criteria for shower identification increases with the amplitude of the electric field. Hence implementing an amplitude-dependent trigger condition would strengthen our background rejection efficiency. As we expect the signal from air-showers to be highly polarised, the fraction on polarised intensity I p /I could also help perform shower identification.

On the other hand, for neutrino-induced showers, we find that the higher contribution of the charge excess emission does not enable to perform shower identification using the same method as for cosmic-rays. However, the charge excess polarization pattern should enable to perform an efficient reconstruction of the air-shower parameters as well as a discrimination between cosmic-ray and neutrino induced showers.

The method developed here is largely independent of the detector array configuration, which suggests that it could be applied to a large variety of experiments with high efficiency.

6.2 Radio-Morphing: a fast, efficient and accurate tool to compute the radio signals from air-showers

An important requirement to prepare next-generation radio experiments is to run fast and accurate simulations of air shower radio signals. This aspect is particularly relevant to enable the exploration of multiple detector configurations over vast areas, with a dense sampling of the parameter space.

While microscopic approaches such as Monte-Carlo simulations introduced in Section 3.3 (ZHAireS [START_REF] Alvarez-Muñiz | Monte Carlo simulations of radio pulses in atmospheric showers using ZHAireS[END_REF], CoREAS Huege et al. 2013), provide an accurate way to model the radio-emission, these are highly time consuming, with hours of computation needed to generate the radio signal of a single air-shower at the location of a hundred antennas. On the other hand, macroscopic approaches (Section 3.2.8) are much faster but limited by our incomplete knowledge of the physical processes, particularly when looking for showers with very inclined arrival directions. For this purpose, we developed Radio Morphing. Originally introduced in Zilles et al. 2020, Radio Morphing is a semi-analytic tool that allows for a fast computation of any air-shower at any position from a small set of ZHAireS simulations used as references. The method is based on the principle of the universality of air-showers which assumes that the radio emission, supposed point like, can be fully inferred by characterizing the shower at X max . It thus relies on the hypothesis that variations in the radio emission between different showers can directly be modeled by accounting for the variations at X max . This assumption is particularly accurate for inclined air showers for which the observer distance is large with respect to the emission region (see also the discussion Section 3.6.1). This defines the range of validity of the method to showers with zenith angle θ ≳ 60 • .

The Radio Morphing method relies on (1) a scaling of the full-band electric field traces from a given shower, simulated with ZHAireS at reference antenna positions, to infer the radio signal from any other shower, with (2) a 2D interpolation and a 3D extrapolation to infer the radio signal at any desired position in space. In this section, we present the Radio Morphing method and the major improvements that enable to overcome serious limitations of the initial version [START_REF] Zilles | Radio Morphing: towards a fast computation of the radio signal from air showers[END_REF], in particular in terms of scaling accuracy, radio signal timing, shower-to-shower fluctuations and interpolation method. The results presented in this section are directly inspired from out work (Chiche et al. 2022b, Chiche et al., in prep.).

Basic principles of the Radio Morphing

The Radio Morphing procedure can be divided in two steps illustrated in Fig. 6.15:

(1) First, the scaling procedure: the electric field traces of a given shower simulated with ZHAireS at reference antenna positions are scaled using simple laws based on physical principles, to infer the radio emission from any target shower with different parameters. In practice, we use as reference a ZHAireS simulation of a shower with parameters (p 1 , E 1 , θ 1 , ϕ 1 ), with p the primary particle nature and E its energy, for a set of antennas on a star-shape layout, located in a place perpendicular to the shower axis, as illustrated by the blue "simulated" plane in Fig. 6.15. We denote as D xmax , the distance between X max and the center of the reference layout. We then apply scaling laws that account for how the electric field amplitude, at the antenna level, should vary with the shower primary particle nature, energy and arrival direction. This allows us to infer the electric field traces of a shower with different parameters (p 2 , E 2 , θ 2 , ϕ 2 ), but at antenna positions located at the same D xmax and ω angle than the reference ones, as illustrated by the red "scaled" plane in Fig. 6.15.

(2) The interpolation procedure: we then use the electric field traces at the scaled positions in the red plane, to interpolate the radio signal at any position inside the plane. Finally, we can extrapolate the radio emission at any given position in space along the shower axis, indicated for example by the green "interpolated" plane in Fig. 6.15. We mention, that the whole Radio Morphing procedure is performed on the full-band eclectic field traces, to infer general results that can then be filtered in the desired frequency range (similarly to Monte-Carlo simulations).

In the next sections we will detail the selection of the ZHAireS simulations from our reference library as well as the scaling and the interpolation procedure.

Reference library

The Radio Morphing requires first to build a set of ZHAireS reference simulations, that will be used to scale the radio emission towards the target showers. These reference showers must be chosen wisely to sample the parameter space at limited computing costs. Indeed, the Radio Morphing accuracy increases with the number of reference simulations used for the scaling procedure, but our aim is to use as few reference showers as possible to make the method computationally effective.

In our reference library, we consider showers with iron primaries only, that can then be used to derive the radio emission from showers corresponding to any other cosmic-ray primary, as it will be discussed in Section 6.2.4. Iron primaries are favored compared to lighter ones, because of their reduced shower to shower fluctuations. Since the shower properties are not expected to vary drastically with the primary particle energy nor its azimuth, we consider only one energy E = 3.98 EeV and azimuth angle φ = 90 • (shower propagating towards the East). The reference energy chosen is designed to simulate accurately showers in the EeV range, as targeted by next-generation experiments. Additionally, the ZHAireS simulation noise is expected to decrease with increasing energy of the primary particle, which motivates the use of a rather high value for our reference simulations. For the azimuth angle, we avoid showers with an azimuth close to φ = 0 • , which is a particular case where the shower and the magnetic field direction are usually closely aligned, resulting in a weak geomagnetic emission.

The case of the zenith angle is more complex, shower properties and their associated radio emission are expected to vary rapidly with the shower inclination, particularly when looking at inclined showers. As an example, the propagation distance between X max and the ground goes from ∼ 30 km to ∼ 65 km between a shower with zenith angle θ = 70 • and one with θ = 80 • respectively, while it goes from ∼ 65 km to ∼ 350 km, between θ = 80 • and θ = 88 • . As a result, in our reference library, we chose zenith angles evenly spaced in log 10 (1/ cos θ) to allow for a denser sampling of inclined showers. This leads to the following reference zenith angles θ = [67.8 • , 74.8 • , 79.5 • , 82.7 • , 85.0 • , 86.5 • ].

A last parameter that must be fixed is the distance between the reference layout and X max . In our reference simulations we consider a starshape layout of antennas placed in a plane perpendicular to the shower axis, in order to preserve the radio signal symmetry. This layout can be at an arbitrary distance D xmax between X max and the layout center. While the radio signal propagates in the atmosphere without significant attenuation, it is preferable to have reference antenna planes as close as possible to the user-specified target antenna positions to minimize the propagation effects. This requires placing reference showers at different distances D xmax from the emission point along the path between X max and the ground.

Since the propagation distance between X max and the ground increases with the shower zenith angle, the number of reference planes that we use depend on θ. Typically for θ = 67.8 • we consider 7 planes with D xmax between 11 km and 24 km, for θ = 86.5 • we consider 29 planes with D xmax between 88 km and 300 km. It should be noted that we avoid using reference showers too close to X max , as the shower may not be fully developed, leading to the clipping effects described in Section 3.2.7. Additionally, the Radio Morphing relies on a point-like radio emission at X max which is no more valid if the plane is too close from the emission region. This aspect is not really a limitation as the Radio Morphing is primarily designed for experimental purposes, for which antennas are located at ground level. For planes very far away from X max , some antennas of our reference layouts may be "cut" by the ground level, in which case we consider only the antennas above ground.

Finally, we note that we use here denser starshape layouts than the ones introduced in Section 3.3.1. The new starshape has 8 arms of 22 antennas each + 17 antennas at random positions (193 antennas in total). This denser layout is used to have a better sampling of the Cherenkov cone, where the signal varies rapidly, which will help improve the performances of our interpolation method.

Plane selection

To run a Radio Morphing simulation, the user must specify the primary particle nature, energy and arrival direction of the target shower that needs to be generated. Since our reference library uses showers with only one primary, energy and azimuth angle, the reference shower that is selected for the scaling procedure is the one that minimizes the deviation in zenith angle. The user must also specify a coordinate list of target antenna positions (x, y, z) in the AIRES reference frame, at which the radio signal will be computed. For each antenna, we can compute their distance from X max , d ant and then use as reference, the plane that minimizes the quantity |D xmaxd ant |.

Scaling procedure

Once the reference shower has been selected, the electric field traces are scaled towards the target shower, using physical principles to account for the variation of the radio emission with the primary particle nature, energy and arrival direction.

Scaling with the shower energy

The number of particles in air showers is expected to increase linearly with the primary particle energy [START_REF] Engel | Extensive air showers and hadronic interactions at high energy[END_REF]. Additionally, for a coherent emission, the radiation energy scales as N 2 EM , with N EM the number of emitters. This implies that at first order, the radio signal electric field amplitude in air showers scales linearly with the primary particle energy. As a result, the scaling of the electric field traces between a reference shower with primary energy E r and a target shower with same primary nature and arrival direction, but primary energy E t , is given by

E t (t, ω) = E t E r E r = k E E r (t, ω) , (6.10) 
where we introduced k E = E t /E r and where E r (t, ω) and E t (t, ω) are the electric field time traces of the reference and target shower respectively. We note here that rigorously, we should scale the electric field traces with the shower electromagnetic energy rather than with the primary energy, as hadrons for example do not contribute to the radio emission. Yet, the correction is minor and we assumed that it can be neglected with respect to the other sources of uncertainties in the Radio Morphing method. We illustrate the scaling procedure in Fig. 6.16, where we show the lateral distribution function (LDF, Section 3.3.3) of the radio signal along the (v × B) direction, for two showers with different energies, before and after the scaling. It can be seen that the LDF show a much better agreement after the scaling procedure is applied. We can quantify the agreement between both showers by computing the relative differences in the integral of their LDFs. In the case where no scaling is applied we find δI/I = (I target -I ref )/I target = 0.74, while we get δI/I = -0.04 after the scaling procedure.

Scaling with the azimuth angle

We now consider the case of the scaling of the electric field traces with the shower azimuth angle. Changing the azimuth of a shower will only affect the geomagnetic angle α between the shower direction and the magnetic field. As previously mentioned, the geomagnetic emission amplitude scales as E geo ∝ qvB sin α (Section 3.2.2), while the charge-excess emission is independent of sin α. Hence, to account for the variation of the radio emission with the shower azimuth, we have to separate the geomagnetic and charge-excess contributions at the antenna level and scale the geomagnetic component only.

In practice, we can reconstruct the geomagnetic and charge-excess contributions at any position in the shower plane, using a particular case of Eqs. (6.1, 6.2). We use the electric field components of antennas along the [v × (v × B)] axis to disentangle between both emission mechanisms and then assume a radial symmetry of the radio signal, as discussed in Section 3.5.3. The scaling with the azimuth angle affects only the (v × B) component of traces and is then given by

E t v×B (t, ω) = -(k geo E r geo (t, ω) + cos η E r ce (t, ω)) , (6.11) 
where k geo = sin α t / sin α r , E r geo (t, ω) and E r ce (t, ω)) are the norm of the geomagnetic and charge-excess electric field amplitudes for the reference shower, at an angle ω from the shower axis and η is the angle of a given antenna with the (v × B) axis, as introduced in Fig. 3.12.

For inclined showers, the charge-excess contribution to the radio emission becomes almost negligible, dropping below 2% for zenith angles θ ≳ 70 • , as already shown in Fig 3 .1. Hence, in such cases, assuming a radial symmetry of the radio signal to scale independently the charge-excess and geomagnetic emission may rather deteriorate the efficiency of out method. Consequently, for showers with θ > 70 • or in the case where the scaling correction factor is small |1k geo | < 0.2 we do not disentangle between the geomagnetic and charge-excess emission and scale directly the (v × B) component of the electric field following E t v×B (t, ω) = k geo E r v×B (t, ω) . (6.12)

Similarly to what was done with the energy scaling, we show in Fig. 6.17 the (v × B) component of the LDF along the [v × (v × B)] direction, for a reference and a target shower with a different azimuth angle, before and after the scaling procedure. Here again, we can estimate the efficiency of the method by computing the relative differences in the integral of the two LDF. Much better agreements are found between the two showers, once the scaling procedure has been applied, with δI/I = 0.76 before the scaling and δI/I = -0.14 after scaling.

Scaling with the zenith angle

The scaling of air shower electric fields with the zenith angle is more complex, since the shower inclination affects the radio emission in several possible ways. We identified 3 main contributions: (1) a change in the shower direction and hence the geomagnetic angle, that can be modeled using the formalism just described (2) a change in the refractive index at X max and (3) a change in the air density at X max . We detail below steps (2) and (3). 6.2. Radio-Morphing: a fast and efficient simulation tool of air shower radio signals 131

The variation of the air refractive index n air at X max was already modeled in [START_REF] Zilles | Radio Morphing: towards a fast computation of the radio signal from air showers[END_REF]. Such variations affect the Cherenkov feature of the radio-emission described in Section 3.2.6, modifying in particular the shower Cherenkov angle, which is the characteristic scale of the radio signal amplitude pattern. We can account for this effect by re-scaling the reference antenna positions by a factor given by the ratio of the Cherenkov angle between the target and the reference shower, we get x t = k c x r with k c = θ t c /θ r c . Since the shower energy must be conserved, we also scale the electric field traces with the inverse factor E t (x t , t) = j c E r (x r , r) with j c = 1/k c .

Variations of the zenith angle will also affect the air density at X max , as inclined showers develop in thinner atmosphere than vertical ones (see Section 3.6.3). Yet, only scarce literature can be found about the dependency of the geomagnetic and charge excess emissions with airdensity, in particular for very inclined air-showers. We study this dependency using a set of 11 000 ZHAireS simulations of cosmic-ray showers (with proton or iron primaries) on a starshape layout, with zenith angles between 45 • and 90 • , energies between 0.01 EeV and 3.98 EeV and 4 azimuth angles (0 • , 90 • , 180 • , 270 • ). For each air-shower, we reconstructed the charge excess and geomagnetic radiation energies E ce rad and E geo rad , following the method presented in Section 3.5.3. These energies were then corrected from any dependency on the primary particle energy and on the geomagnetic angle via the following operations (6.13) with E, the primary energy and where a correction in E 2 is applied since the radiation energy scales with the square of the electric field Section 3.5.3, which itself is proportional to the primary energy. The residual variations of Ẽgeo rad and Ẽce rad should thus stem from density effects only. Finally, since the electric field scales with the square root of the radiation energy, the geomagnetic and charge-excess electric field dependency with air density at X max can be derived from Ẽgeo rad (ρ xmax ) and Ẽce rad (ρ xmax ). Assuming the Linsley atmospheric model (Section 3.3.1), we can fit these dependencies with two functions that we denote f geo (ρ xmax ) and f ce (ρ xmax ) respectively.

Ẽgeo rad = E geo rad (E × sin α) 2 and Ẽce rad = E ce rad E 2 ,
In Fig. 3.1, we show the geomagnetic and charge-excess emission dependency with air density at X max . From the right-hand panel, we can see that the charge-excess amplitude increases almost linearly with the air density. This trend was expected since a higher density provides more air atoms that can be ionized by the shower, leading to a larger build up of negative charges and hence a higher value of C x in Eq. (3.16, 3.17). In the initial version of the Radio Morphing [START_REF] Zilles | Radio Morphing: towards a fast computation of the radio signal from air showers[END_REF], a scaling of the geomagnetic electric field amplitude in 1/ ρ(X max ) was assumed. Yet, it can be seen on the left-hand panel of Fig. 3.1 that this scaling is only valid up to θ ≲ 70 • . For the most inclined showers however (i.e., θ above 70 • ), the amplitude of the geomagnetic emission decreases with decreasing air density with a strong cut-off for the lowest densities. This dependency is an unexpected feature, since one would expect that the drift velocity of particle in air showers would increase with decreasing density, leading to a stronger current and and a stronger geomagnetic emission, accordingly to Eq. (3.57). This observation triggered an in-depth study of coherence effects for inclined showers, which will be further discussed in Section 7.2.

The [v × (v × B)] component of the electric field corresponds to charge excess only. Hence this component can be directly scaled with f ce . However, the (v × B) component consists of a superposition of charge excess and geomagnetic emissions. A rigorous scaling would therefore require to decompose E v×B into contributions from both emissions and then independently scale each component. Yet, since for inclined showers the charge-excess contribution to the radio emission is small (Section 6.1.1), for simplicity we assume that E v×B is made of geo- Figure 6.18: (Left) Fit of the geomagnetic electric field dependency with air-density with a broken a power law using ϕ 0 = 1010, γ 1 = -1.0047, γ 2 = 0.2222, ρ break = 3.5 × 10 -4 , β = 2.5 and ρ 0 = 1.87×10 -6 . (Right) Fit of the charge excess electric field dependency with air-density with a simple power law using b = 1.195. magnetic emission only, a reasonable hypothesis for showers in the range of zenith angles that we consider (θ > 60 • ). As a consequence, one can scale the (v × B) component directly with f geo . Finally the scaling of the electric field with air-density can be expressed

E t v×B = f geo (X t max ) f geo (X r max ) E r v×B and E t v×v×B = f ce (X t max ) f ce (X r max ) E r v×v×B . (6.14)
Scaling with the primary particle

For cosmic-ray showers, changes in the primary nature mainly affect the radio emission through a modification of the X max position, since showers induced by light primaries develop deeper in the atmosphere than those induced by heavy nuclei (Section 2.1.1). In Radio Morphing, we modeled these effects by parametrizing, with ZHAireS simulations (using SYBILL2.3 as hadronic model), the mean X max grammage of proton and iron induced air showers, following (6.15) where a = 57.4, c = 421.9 for proton-induced showers and a = 65.2, c = 270.6 for iron showers. It should be noted that we use here a parametrization based on numerical simulations, instead of an empirical one, in order to get results as close as possible to ZHAireS simulations. Hence, from the target shower direction, primary nature, energy and injection height, specified by the user, we can derive the X max position (x xmax , y xmax , z xmax ) by integrating numerically the grammage along the shower axis (assuming Linsley's atmospheric model), until the parametrized X max grammage of the primary is reached, following Eq. (3.70). The resulting X max position is then assumed to be the point-like emission source of the target shower radio signal. The whole scaling procedure (primary nature, energy, zenith and azimuth angle) was tested by comparing the integral of the radio signal between Radio Morphing and ZHAireS simulations. We find mean relative differences between the integrals that are ≲ 10%.

⟨X max ⟩ = a log E[TeV] + c ,

Shower-to-shower fluctuations

Due to the probabilistic nature of interactions occurring in air-showers, the radio-emission from various showers induced by primary particles with identical nature, energy and arrival 6.2. Radio-Morphing: a fast and efficient simulation tool of air shower radio signals 133

direction, present some differences that we refer as shower-to-shower fluctuations. These fluctuations are intrinsically modeled by Monte-Carlo simulations for which hadronic interactions are evaluated in a probabilistic way. However, Radio Morphing uses only a small sample of reference showers, hence hadronic interactions are not recomputed when generating new simulations. This allows to considerably reduce the computation time but requires to further implement shower-to-shower fluctuations that are consistent with the simulation data. The new version of Radio Morphing, now allows the user to enable shower-to-shower fluctuations, which relies on the modeling of: (1) X max fluctuations and (2) fluctuation of the number of particles in the shower.

X max fluctuations

In addition to the parametrization of the mean X max grammage discussed in Section 6.2.4, it is also possible to paramterize the X max root mean square using a function of the form σ xmax = a + b/E c . This yields a = 66.5, b = 2.84, c = 0.48 for proton primaries and a = 20.9, b = 3.67, c = 0.21 for iron primaries. Hence, when shower-to-shower fluctuations are enabled by the user, the Radio Morphing generates a X max grammage from a Gaussian distribution, using ⟨X max ⟩ and σ xmax as input parameters.

Fluctuations of the number of particles

We also studied the fluctuation of the number of particles in air-showers using ZHAireS simulations: we computed the number of positrons and electrons, N e + e -that cross a plane perpendicular to the shower axis at X max for showers with various arrival directions but fixed energy. We find fluctuations of roughly 10% independently of the zenith angle and of the primary particle energy. In Radio Morphing, we can model the fluctuations of N e + e -by introducing fluctuations of the target shower primary particle energy, since both quantities scale linearly.

In practice, this is done by randomly drawing a shower energy in a Gaussian distribution of 10% sigma value around the target energy E t , specified by the user. Shower-to-shower fluctuations of X max and N e + e -are illustrated in the left-hand panel of Fig. 6.19, where we show the LDF of three showers simulated with Radio Morphing with the exact same input parameters.

It can be seen that the fluctuations do not significantly affect the LDF shape but can change the electric field amplitude at the antennas level by roughly 10%.

Interpolation procedure

Once the scaling procedure is completed, we obtain the radio signal time traces of the target shower at sampled positions in a plane perpendicular to the shower axis. The next step of the Radio Morphing thus consists in performing a 2D interpolation of the radio signal in the scaled plane of antennas, coupled with as 3D extrapolation along the direction between the scaled signal and X max (indicated for example by the dashed blue line in Fig. 6.15). shower axis, to infer the radio emission at any desired position specified by the user.

2D interpolation

Radio Morphing relies on the 2D linear interpolation described in Section 6.2.6, where the traces are decomposed into a phase and amplitude in Fourier space to reconstruct the pulses shape and amplitude at the desired positions. When considering antennas outside of the Cherenkov cone, this method provides relative differences with ZHAireS simulations of only a few percent on both the peak-to-peak amplitude and integrated pulse. The interpolation method also provides a good agreement in time with simulations, with an accuracy of less than 1 nanosecond. This is a major improvement compared to former version of Radio Morphing implementation [START_REF] Zilles | Radio Morphing: towards a fast computation of the radio signal from air showers[END_REF]).

3D: correcting for propagation effects

To infer the electric field traces at any position in space, we combine the 2D interpolation to a 3D extrapolation, that corrects for propagation effects of the radio emission. In Fig. 6.15, ω represents the angular deviation from the shower axis, while we recall that η is the azimuth angle in the shower plane. Hence, to infer the electric field of an antenna, for example located in the "interpolated" plane at given (ω, η) angles, we first perform a 2D interpolation to infer the electric field of the antenna at the same (ω, η) position in the "scaled" plane, and then correct from propagation effects between both planes. This modeling assumes that, if we correct from propagation effects, the radio emission amplitude pattern in the shower plane, in the (ω, η) representation, is invariant by translation along the shower axis.

The correction of the propagation effects consists first in accounting for the dilution of the radio signal between the 2 planes, following the inverse-square law (Section 3.6.1). This 3D extrapolation is performed between antenna positions at the same ω angle, as shown with the blue dashed line in Fig. 6.15. Hence, our correction yields E int = k d E scaled , where k d = D scaled /D int corresponds to the ratio between the distance from X max to the interpolated plane and the distance from X max to the scaled plane (at the ω angle of the target antenna). A second correction of the propagation effects consists in accounting for the difference in the integrated refractive index n between both planes. This is done by applying a stretching factor to the antennas positions and the traces k stretch = θ int c /θ scaled c = (arccos 1/n int )/(arccos 1/n scaled ), similarly to what was done for the modeling of the air density effects in the scaling with the zenith angle (Section 6.2.4).

In the right-hand panel of Fig. 6.19, we show the comparison between a 3D interpolated signal for the East-West channel of a given antenna after scaling, and the same signal from a ZHAireS simulation. Good agreements between both signals with a relative difference of 0.4% on the peak-to-peak amplitudes and a difference in the peak times below 5 ns. 

Radio Morphing performances

The Radio Morphing performances can be tested by running simulations and comparing their outputs to ZHAireS simulations run with the same input parameters. For this purpose, we generated with Radio Morphing ∼ 4500 proton or iron showers with energies between 0.1 EeV and 3.98 EeV, zenith angles between 63 • and 87.1 • , and 3 azimuth angles (0 • , 90 • , 180 • ). For each shower, the radio signal is computed at 176 antenna positions located at ground level (at an altitude of 1086 meters above see level) and compared to same outputs produced with ZHAireS simulations. Since the electric field at the antenna corresponds to a sharp pulse, the information it carries can be summarized by its peak amplitude and peak time. Hence we quantify the efficiency of our method on signal amplitude by computing the relative differences in the total electric field at the antenna level E tot = E 2

x + E 2 y + E 2 z , between ZHAireS and Radio Morphing simulations .16) In the following, we will present the dependency of the δ parameter with the target parameters of the generated showers (primary energy, azimuth and zenith angles, antenna positions).

δ = E ZHS tot -E RM tot E ZHS tot . ( 6 

Efficiency versus target shower energy

In the left-hand panel of Fig. 6.20, we show the relative differences on the total peak amplitude at the antenna level, between ZHAireS and Radio Morphing simulations, as a function of the target shower energy. The dots on the plot represent the mean value of δ for each energy, while the error bars indicate the corresponding RMS. For high energy showers, we find relative differences with an average close to 0 and with RMS below ∼ 15%, suggesting that Radio Morphing can accurately reproduce the radio emission from ZHAireS simulations. However, it can be seen that both the absolute value of the mean and the RMS of δ increase with decreasing target energy. We identify three different sources for this trend. First, as mentioned in Section 6.2.2, our reference showers were run with a primary energy of E r = 3.98 EeV, hence the lowest energies in Fig. 6.16 are also the farthest from the reference one. Yet, our scaling of the radio signal given in Eq. (6.10), relies on the primary energy instead of the electromagnetic energy. This induces a bias in our scaling factor E t /E r , with an amplitude and dispersion that should be proportional to the difference between the reference and the target primary energy. Secondly, in the case of low-energy showers, the electric field amplitude at the antenna level is generally lower compared to high-energy showers. As a result, smaller absolute differences in the electric field amplitude are sufficient to achieve the same relative differences as observed in more energetic showers when compared to ZHAireS. Finally, low-energy showers run with ZHAireS have a higher simulation noise than high-energy showers, which creates more dispersion and increases the RMS of δ.

It is important to note that deviations of ⟨δ⟩ from 0 usually indicate systematic biases in our simulation tool, which could in practice be compensated by applying a correction factor. Hence, the true efficiency of Radio Morphing is rather given by the distribution of errors, i.e., by the RMS of δ. In the right-hand panel of Fig. 6.16, we show the RMS of δ as a function of the target zenith angle and for a fixed target energy. Interestingly, we can identify two populations of points, with large values of the RMS when the target zenith angle differs from the reference one θ t ̸ = θ r , compared to the opposite case θ t = θ r . This trend is retrieved independently of the target energy and suggest that the main source of error in Radio Morphing is linked to scaling of the radio emission with θ.

Efficiency versus target azimuth angle

In Fig. 6.21, we represent the mean (left-hand panel) and RMS (right-hand panel) of δ as a function of the target zenith angle, while differentiating between the three target azimuth angles. Considering first ⟨δ⟩, we can distinguish two populations of points. For showers with ϕ = 90 • and ϕ = 180 • , we find similar values with a negative mean, indicating that Radio Morphing overestimates the radio signal from ZHAireS simulations. On the other hand, for ϕ = 0 • the mean is positive, Radio Morphing underestimates the signal from ZHAireS simulations. The origin of this dependency of δ with the shower azimuth angle is not completely established yet. A possibility is that for ϕ = 90 • and ϕ = 180 • , there is a coherence loss in the radio signal amplitude of ZHAireS simulations, since the effective magnetic field B eff = B sin α is stronger than in the case where ϕ = 0 • . The impact of coherence effects on the radio signal will be further discussed in Section 7.2.

From the right-hand panel of Fig. 6.21, we can see that there is no significant dependency of the RMS of δ with the shower azimuth angle. Still, we observe here again a dependency on the target zenith angle, depending on whether θ t = θ r or θ t ̸ = θ r , similarly to what was tot -E RM tot )/E ZHS tot as a function of the antenna angular deviations from the shower axis ω, after averaging the results on all target energies, zenith and azimuth angles. described in the right-hand panel of Fig. 6.20.

Efficiency versus ω angle

We also studied the dependency of the Radio Morphing efficiency with the target antenna positions and in particular, with their angular deviation from the shower axis ω. In Fig. 6.22, we show the dependency of δ with ω for showers with θ = 63 • (left-hand plot) and with θ = 87 • (right-hand plot). The dots are for the mean value of δ and the error bars for the corresponding RMS. On both plots, we observe a bi-polar structure, the mean value of δ is roughly constant for small and large values of ω but varies drastically at an ω value which seemingly corresponds to the Cherenkov angle of each shower. In particular, we also notice that the RMS of δ (the error bars) is the highest in this transition region. The trend on the RMS can be related to the rapid spacial variation of the radio signal in the vicinity of the Cherenkov cone, which limits the precision of the interpolation method.

Interestingly, no bi-polar structure is observed in the mean value of δ when θ r = θ t , which suggests that this effect is directly linked to the scaling of the radio emission with the shower zenith angle. Additionally, we find that when θ r > θ t , the mean relative differences before the Cherenkov angle ω c are greater than the ones after the Cherenkov angle, ⟨δ(ω < ω c )⟩ > ⟨δ(ω > ω c )⟩ and inversely, when θ r < θ t we have ⟨δ(ω < ω c )⟩ < ⟨δ(ω > ω c )⟩. This feature is seen for example in the left-hand panel of Fig. 6.22, where θ t = 63 • while θ r = 67.8 • and in the right-hand panel of Fig. 6.22, where θ t = 87.1 • and θ r = 86.5 • .
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A possible explanation is that the scaling with the zenith angle, described in Section 6.2.4, is based on the radiation energy Ẽrad (ρ), which is an integrated quantity over all the ω angles. Yet, it might be possible that the measured dependency of the radio emission with the air density, depends on the antenna location and hence on ω. In practice, the bi-polar structure seen in Fig. 6.22 is expected, if for antennas with ω < ω c , the dependency of the radio emission with the air density is shallower than the one for antennas with ω > ω c . We tested this hypothesis by computing the geomagnetic radiation energy dependency with air density, Ẽgeo rad (ρ xmax ), but using either only the antennas with ω < ω c , or only with ω > ω c . The result is shown in the left-hand panel of Fig. 6.23, for which both dependencies were computed. The plot confirms that the dependency of the geomagnetic emission with the air density does depend on the antenna position, with a steeper dependency for antennas with ω > ω c .

In the right-hand panel of Fig. 6.23, we show the mean (dots) and RMS (error bars) of δ as a function of ω, for all target zenith angles. We retrieve a bipolar structure since our reference and target library of simulations usually favour the case θ r > θ t . Yet, outside of the Cherenkov angle, we find a mean value of δ close to zero, suggesting that no strong bias affect our simulation tool, and a RMS between ∼ 10 -20%, comparable to the calibration uncertainties currently achieved by radio experiments.

Efficiency versus zenith angle

Finally, in the left-hand panel of Fig. 6.24, we show the mean and RMS of δ as a function of the target zenith angle. We find an absolute value of the mean below 10% for all the target zenith angles except the highest one (θ = 87.1 • ). For the RMS, as already mentioned, the highest precision of Radio Morphing is obtained when θ r = θ t . Still, most of the values are found to be below 20% except for the most inclined showers. These results indicate once again that Radio Morphing can accurately reproduce the signal from ZHAireS simulations, within the range of calibration uncertainties expected for radio experiments. The right-hand panel of Fig. 6.24 shows the distribution of δ. The distribution is relatively flat and centered on zero. Yet, it is split into two populations, which should be linked to the dependency of ⟨δ⟩ with the azimuth, described in the left-hand panel of Figure 6.21. This bias will be further corrected.

Timing accuracy

The timing accuracy of the Radio Morphing was computed using the absolute differences in the peak time at the antenna level between ZHAireS and Radio Morphing simulations. Independently of the input parameters we find mean absolute differences below 5 ns. This result is a major improvement compared to the Radio Morphing version from [START_REF] Zilles | Radio Morphing: towards a fast computation of the radio signal from air showers[END_REF] and is comparable to the timing accuracy currently needed by radio experiments for air shower radio detection.

Computation time

Finally, in Fig. 6.25, we show the mean CPU time of Radio Morphing simulations as a function of the target shower zenith angle. It can be seen that the computation time increases with the zenith angle. This is expected, as more reference planes are used for inclined showers. Still, we end up with a computation time of only few tens of seconds, independently of the shower zenith angle. For a quantitative comparison, around θ = 85 • a single Radio Morphing simulation with ∼ 170 antennas, takes on average 40 s, while ∼ 1 week of CPU time is needed to run the same shower with ZHAireS simulations at a thinning of 10 -5 . This leads to an improvement of more than 4 orders of magnitude, making Radio Morphing a suitable tool to run massive number of simulations in a short amount of time.

Conclusion

The preparation of next-generation large-scale radio experiments requires to run massive number of simulations, to enable the exploration of multiple detector configurations over vast areas and develop new efficient reconstruction methods. While Monte-Carlo simulations provided so far, accurate predictions of air shower radio emission, these are computationally expensive, which motivates the development of new, fast and accurate simulation tools. In this section, we presented Radio Morphing, a semi-analytical method that allows for a fast computation of any air-shower at any desired position in space. Its principle is based on the universality of air showers. First, the radio signal from a subset of reference ZHAireS simulations is scaled, based on physical principles, to infer the radio emission from any desired target shower at sampled positions in space. Then, the scaling procedure is coupled to a 2D interpolation and a 3D extrapolation to infer the electric field amplitude, at the antenna level, at any position in space.

The general principles of Radio Morphing were introduced in [START_REF] Zilles | Radio Morphing: towards a fast computation of the radio signal from air showers[END_REF]), but the tool was not fully functional at this stage. The current implementation now allows one to generate proton and iron showers with energies at least between 0.1 EeV and 4 EeV, zenith angles between 60 • and 87 • and any azimuth angle. It uses refined scaling laws, in particular to describe accurately the dependency of the radio emission with air density and account for the contribution of the charge-excess emission when needed. The interpolation/extrapolation methods were also refined to provide more accurate predictions of electric field peak amplitude and timing. Finally, Radio Morphing now enables shower-to-shower fluctuations, based on parametrization from ZHAireS simulations.

We evaluated Radio Morphing performances by comparing its outputs to the ones of analog ZHAireS simulations. Independently of the input parameters, we find mean relative differences on the peak amplitude below 10% and a corresponding RMS ≲ 20% (except for the most inclined showers), while we achieve mean absolute differences on the peak time below 5 ns. These performances are comparable to the calibration uncertainties currently reached by air shower radio detectors. Hence, Radio Morphing provides an efficient alternative to simulate the radio signal from air showers, compared to Monte-Carlo simulations, while reducing the computation time by more than four orders of magnitude.

Further refinements could help improve Radio Morphing. Typically, correcting for the bipolar structure observed in the scaling with the zenith angle, should significantly reduce the RMS of the peak amplitude relative differences between ZHAireS and Radio Morphing. Also, all the results presented in this section were shown for the full band electric field. Yet, Radio Morphing provides the possibility to work on filtered electric field traces in a given frequency band, specified by the user. Using filtered traces should smooth out the signal peak amplitude, in particular for antennas close to Cherenkov cone where the signal is at high frequencies. This should improve the efficiency of the interpolation method, but remains to be quantified.

Additionally, new primaries could be added. Allowing Radio Morphing to generate showers induced by gamma-rays, or new cosmic-ray primaries, should be straightforward and just require to parametrize the corresponding X max and σ xmax . For neutrino showers, more detailed refinements would be needed. Finally, the current version of Radio Morphing is based on ZHAireS simulations run with the magnetic field of the GRAND site Dunhuang (B = 56 µT, i ∼ 60.8 • ), hence implementing a scaling of the radio emission with the magnetic field amplitude should make the method even more universal. through various processes, such as Bremsstrahlung or ionization losses and where the dominant process depends on the particle energy (Section 2.1.1). For example, at energies ϵ e > E c = 88 MeV (with E c , the critical energy given in Eq. 2.2), electrons and positrons in the cascade undergo significant Bremsstrahlung radiation, with an attenuation length given by [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF])

l rad = X 0 ρ air = 3.67 × 10 5 m ρ air 1 kg m -3 -1 , (7.1)
where X 0 = 36.7 g cm -2 is the electronic radiation length and ρ air is the air density. In the mean time, the produced electrons and positrons are also deflected by Earth's magnetic field in opposite directions, with Larmor radius following [START_REF] Jackson | Classical electrodynamics[END_REF])

r L = ϵ e β eBc ∼ 3.3 × 10 4 m sin α ϵ e 100 MeV B 10 µT -1 , (7.2)
with c the speed of light in vacuum, e the electron charge, B the Earth magnetic field amplitude and α the geomagnetic angle between the shower arrival direction and the local Earth magnetic field direction. Hence, the angular deflection is proportional to the magnetic field amplitude and inversely proportional to the particle energy.

In the commonly adopted paradigm of radio emission by air showers, two processes account for most of the electromagnetic signal at radio frequencies. The dominant geomagnetic/transversecurrent emission (Section 3.2.2) and the charge-excess/Askaryan mechanism (Section 3.2.3). In the following, we demonstrate that this description breaks down for very inclined air showers, requiring a revision of the existing paradigm.

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 • . At ultra-high energies, cosmic-ray air showers typically reach their maximum longitudinal development around a grammage of X max ∼ 650 -750 g cm -2 , independently of their zenith angle. Hence, inclined showers develop at higher altitude and propagate over longer distances than vertical ones (Section 3.6). To study the impact of these effects on the radio emission, we can parametrize their dependencies with the shower zenith angle, using Monte-Carlo simulations.

In air showers, the mean X max altitude above see level h and distance d obs between X max and the core, are correlated and was fitted from ZHAireS simulations, for iron induced showers with zenith angles between ∼ 40 • and ∼ 87 • and energies between 0.01 EeV and 3.98 EeV, as shown in Fig. 7.1. The dependency of the air density at X max with the shower zenith angle ρ air (θ), can then directly be inferred from h(θ), assuming the Linsley atmospheric model (Section 3.3.1).

Synchrotron signatures

In the early 2000s, synchrotron radiation was proposed as a main source of the radio emission [START_REF] Falcke | Detecting radio emission from cosmic ray air showers and neutrinos with a digital radio telescope[END_REF][START_REF] Huege | Radio emission from cosmic ray air showers: Simulation results and parametrization[END_REF]) (originally coined "geosynchrotron" emission). In the framework of vertical air showers, however it was shown with simulations and in data to have a negligible contribution, except in the GHz regime (Huege and James 2013;[START_REF] Šmída | First experimental characterization of microwave emission from cosmic ray air showers[END_REF].

A derivation of the characteristic synchrotron cooling length was given in James 2022. Let us consider a charged particle undergoing a circular arc due to magnetic deflections. If the particle emits a radiation before and after being deflected from an angle θ, then the time delay between both emissions, at the observer level, can be expressed in the far field approximation as

∆t ≡ t obs 1 -t obs 2 = κθ βc - n c κ sin θ , (7.3) expanding sin θ to O(θ 3 ) yields ∆t = nκ c θ 3 6 -θ 1 - 1 nβ , (7.4)
where n is the medium refractive index and κ = r L / sin α 2 is the instantaneous curvature radius. For temporal coherency, we assume that we need |∆t| < 1/(4ν), so that the phase delay between an emission at -θ and at θ is below half a wavelength. From this condition, we can infer the characteristic angle θ syn over which the synchrotron emission is coherent, which is given in the limit n, β = 1 as

θ syn = 3c 2νκ 1 3 . (7.5)
Finally, the synchrotron cooling length is given by the length of the circle arc between -θ syn and +θ syn , which yields l syn = 2κθ syn

l syn ∼ 1353 m ϵ e 88 MeV 2 3 B 50 µT -2 3 ν 50 MHz -1 3 . (7.6)
In James 2022, a transition from transverse-currents to synchrotron emission was predicted if particles can radiate before undergoing Bremsstrahlung interactions, i.e., for l syn /l rad < 1. We use the same formalism but rather assume that the condition l syn /l rad < 1 indicates the transition to a regime where a non-negligible synchrotron component is expected and adds to the transverse-current emission. This is because l rad is not the transverse-current characteristic emission length, but the length over which particles in the shower lose their energy. From this, one can derive

l syn l rad ∼ 3.7 ϵ e 88 MeV 2 3 B 50 µT -2 3 ν 50 MHz -1 3 ρ 1 kg m -3 .
(7.7) Figure 7.2: Left: Incoherence ratio l lat /l coh from Eq. (7.16) (grey line) and synchrotron ratio l rad /l syn from Eq. (7.7) (orange line), as a function of air density at 50 MHz, for GRAND site Dunhuang magnetic field strength of 56 µT. 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 synchrotron emission is expected (predicted in James 2022) is reached for ρ air < 0.29 kg m -3 (θ > 73 • ), while the transition to incoherent radio emission is expected for ρ air < 0.27 kg m -3 (θ > 75 • ). Right: Incoherence and synchrotron transitions (gray: l lat /l coh = 1 and orange: l syn /l rad = 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 synchrotron] emission is expected, while above the line, an incoherent [with significant synchrotron] emission is expected. From this we derive that inclined showers (low air-densities) require lower frequencies to allow for the transition where a synchrotron or incoherent emission is expected. Additionally, lowering the magnetic field just shift the transition regimes towards higher frequencies.

In Figure 7.2 (left), the orange line represents the variation of the ratio l syn /l rad as a function of ρ air and θ (Section 7.1.1), for typical values of B = 56 µT, ν = 50 MHz, at the critical energy ϵ e = 88 MeV. We find that a synchrotron component is expected to contribute to the emission of inclined air showers, i.e., l syn /l rad < 1, for ρ air ≲ 0.29 kg m -3 (θ ≳ 73 • ). In Figure 7.2 (right), the orange thick [thin] line corresponds to l syn /l rad = 1 in the (ν, ρ) phase space, for magnetic field strengths B = 56 µT [B = 25 µT] corresponding to GRAND [Auger] sites respectively. The orange line delimits the regions where the synchrotron component contributes to the radio emission (above the line) or not (below the line).

Consistently to Eq. (7.7), it appears that for showers with ρ air < 0.37 kg m -3 (θ > 68 • ) and GRAND magnetic field strength, a significant synchrotron contribution is expected starting from frequencies of tens of MHz and above. For more vertical showers, ρ air > 0.37 kg m -3 (θ < 68 • ), frequencies of at least hundreds of MHz are required to observe a significant synchrotron contribution. On the other hand, for the lower magnetic field amplitude of the Auger site, synchrotron emission can only be observed at higher frequencies of hundreds of MHz, even for showers with ρ air < 0.2 kg m -3 (θ ∼ 80 • ). Our results are consistent with the fact that such a component has not been observed at the Pierre Auger Observatory yet, but they also indicate that it should be observed for other locations on Earth.

Using Eq. (7.7), we can also infer the transition height above which a significant synchrotron component is expected, as a function of the magnetic field amplitude, as shown in the left-hand panel of Fig. The polarization pattern expected from such a "geo-synchrotron" emission was already described in earlier work, and is shown in the right-hand panel of Fig. 7.3, where we display the expected signature for the north-south electric field component of a vertical shower (Huege and James 2013;[START_REF] Huege | Radio emission from cosmic ray air showers: Simulation results and parametrization[END_REF]. The polarization follows a "clover-leaf" pattern, i.e., its amplitude is peaked on the diagonal axes and shows a negligible contribution along the main axes. This emission was thought to be negligible, except in the GHz regime (Huege and James 2013), but our model suggest that such a synchrotron emission could be seen in the radio emission of inclined showers if the magnetic field amplitude is strong enough. Detecting a polarization pattern, similar to the one in Fig. 7.3, with future experiments would be a proof to support our synchrotron description.

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 development X max . If all particles in the shower emit in phase, the emissions will interfere constructively (coherent signal). Alternatively, if the particles do not emit in phase, the emitted power will sum up and the resulting incoherent signal amplitude 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 particle cascade is given by its longest projected length scale. Due to Cherenkov effects (de Vries et al. 2011), the shower longitudinal profile is strongly compressed and the projected shape of the cascade front becomes the leading scale.

Let us consider the radio emission from particles in a plane perpendicular to the shower axis at X max . We can assume that the emission between the center of the plane and a position at a lateral distance l lat from X max is coherent if their difference path length to the observer is below half a wavelength, i.e., for δ < λ/2 where

δ = d obs 2 + l 2 lat -d obs (7.8) ∼ l 2 lat 2d obs , (7.9)
where d obs is the distance from the observer to X max , and where we assumed l lat ≪ d obs . From this we can derive, the spatial coherence length, defined as l coh = l lat (δ = λ/2), which quantifies the characteristic shower lateral extent over which the radio is expected to be coherent and yields

l coh = c ν d obs l lat (7.10) ∼ 30 m ν 100 MHz -1 d obs 10 km l lat 10 3 m -1 , (7.11)
where ν is the frequency of the radio signal. Inclined showers propagate over longer distances than vertical ones resulting in larger d obs (Section 3.6), however they also propagate in a less dense medium than vertical showers, resulting in a higher mean free path of collision of deflected particles and a larger shower lateral extent. To investigate the dependency of radio signal coherence on the zenith angle, we can determine d obs (θ) using Monte-Carlo simulations (see Section 7.1.1), while the shower lateral extent can be computed analytically. The shower lateral extent arises from two factors:

(1) Its intrinsic development which involves particle creation and Coulomb scattering. The characteristic lateral scale, l scatter , induced by these interactions can be derived from the NKG distribution (Section 2.1.1) and is upper-bounded by the Molière radius, r M . (2) The subsequent deflections caused by the Earth's magnetic field. This extension can be derived using the formalism of [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF] Taking into account magnetic deflection and interaction with air, the transverse electron/positron acceleration in the shower front at time t can be expressed as [START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF])

d 2 x t (t) dt 2 = c 3 eB ϵ e exp( -t τ )
, (7.12) where x t (t) is the particle transverse position (orthogonal to the shower axis), τ = l rad /c is the Bremsstrahlung energy loss timescale, B is the Earth magnetic field amplitude and e is the electron charge. Integrating this equation over time yields

x t (t) = τ 2 c 3 eB exp( t τ ) -1 -t τ ϵ e . ( 7 

.13)

Hence, we can derive the shower lateral extent induced by the magnetic drift of particles as (7.15) where the factor 2 accounts for the dynamics of both positrons and electrons. In Fig. 7.4, we show the dependency of the Molière radius and of the lateral drift extension with the air density. It can be seen that the Molière radius dominates for the highest densities (the most vertical showers), while the lateral drift is the largest scale for inclined showers, due to its growth in 1/ρ 2 . Additionally, it is important to recall that the Molière radius is the radius of a cylinder that contains 90% of the shower energy. Yet, the shower lateral distribution that results from scattering processes is steep, peaked at the shower axis [START_REF] Kamata | The Lateral and the Angular Structure Functions of Electron Showers[END_REF]. This implies that the Molière radius is not the characteristic length scale of the scattering extent l scatter , but rather an upper-bound to it (Guelfand, Chiche, Kotera, Prunet, Pierog, in prep.). Consquently, we can assume that for inclined showers (θ ≳ 65 • ), the shower lateral extent can be approximated solely by its drift extent l lat ∼ l dirft .

l drift = 2x t (t = τ ) (7.14) = 2ceBχ 2 0 exp(1) -2 ϵ e ρ 2 ,
The radio signal is expected to be coherent if the shower lateral extent is smaller than the coherence length, i.e., for l lat /l coh = l 2 lat /λ d obs < 1 and incoherent otherwise. From our formalism this yields: (7.16)

On the left-hand panel of Figure 7.2, the gray line corresponds to the ratio l lat /l coh and defines the coherent (when the ratio is above the dotted line) and incoherent (ratio below the dotted line) regimes as a function of air shower density, for typical particle energy at X max : E 0 = 88 MeV, B = 56 µT and ν = 50 MHz. It shows that l lat /l coh > 1, i.e., the emission is incoherent, for inclined air showers with ρ air < 0.27 kg m -3 (θ > 75 • ), while l lat /l coh < 1 for more vertical showers at a magnetic field strength of 56 µT. In the right-hand panel of Figure 7.2, we also represent with a gray thick line the transition from incoherent (below the line) to coherent emission (above the line) in the (ν, ρ) phase space, for the GRAND magnetic field configuration. Similarly to the synchrotron case, we find that the transition to incoherent emission is expected at lower frequencies for inclined showers than for vertical ones. Auger's lower magnetic field value (thin gray line, B = 25 µT) simply shifts the transition to higher frequencies. This shows that the radio signal is expected to remain coherent for inclined showers detected at the Pierre Auger Observatory, but not necessarily at locations with higher magnetic field amplitude.

Such a coherence loss will attenuate the radio signal and lead to a suppression in the measured radiation energy, as the individual emission from particles in the shower will no more interfere constructively but rather sum up incoherently. This attenuation can be modeled, assuming that the total electric field E tot 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 X max , as shown in Fig. 7.5. This yields

E tot (t) = N i=0 E i cos (k i x -ω i t + φ i ) ,
(7.17) with k i , ω i and ϕ i the wave number, angular frequency and phase angle of the i th particle.

We consider that all particles emit radio waves with the same wave number k = 2π/λ and with the same amplitude E 0 . We further assume that the shower lateral extent can be approximated with a top-hat distribution of the particles (Guelfand et al., in prep.). Hence, we can divide the shower lateral extent in N bins of length l lat /N bins and containing each N = N/N bins particles (Fig. 7.5), so that we get

E tot (t) = N N bins j=0 E 0 cos (kx -ωt + φ 0 + ∆φ j ) , (7.18) 
where we defined ∆φ j = φ jφ 0 , the phase difference, at the observer position, between the emission from the j th and the 0 th bin, which we choose to be centered on X max . The phase differences ∆φ j depend on the shower lateral extent l lat and are given by ∆φ j = 2πδ j /λ, where λ is the wavelength and δ j are the path differences between the X max -shower core distance and the path from the center of the j th bin to the shower core. Assuming that the refractive index n is roughly equal to 1 along both paths and as we have l lat ≪ d obs , we find

δ j = j 2 l 2 lat (2N 2 bins d obs ) . (7.19)
Finally, we can derive the observed radiation energy by averaging over time the squared electric field at the observer location. This is done by integrating numerically the following equation: The result can thus be expressed as E obs rad = E model rad (ρ)f (ρ) where E model rad (ρ) = N 2 E 2 0 (ρ)/2, is the radiation energy expected for a coherent emission, described with the existing theoretical descriptions of the radio emission, and f (ρ) is our correction due to coherence loss effects, given by solving the right term in Eq. (7.21). We recall that we expect a scaling in E model rad ∝ 1/(1p 0 + p 0 exp [p 1 (ρ Xmax -⟨ρ⟩)]) 2 from Glaser et al. 2017 (Section 3.5.3) which finally yields: E obs rad = Af (ρ)/(1p 0 + p 0 exp [p 1 (ρ Xmax -⟨ρ⟩)]) 2 where A, is a normalization factor that can be adjusted, ⟨ρ⟩ = 0.65 kg m -3 and p 0 and p 1 are fitting parameters. Figure 7.5: Sketch of an air shower used for the computation of the coherence effects. The purple arrow denotes the shower axis. We assume that the radio emission is mainly given by particles located in a plane perpendicular to the shower axis at X max , indicated by the black star. Furthermore, we assume a top-hat distribution of particles so that the shower lateral extent l lat can be divided in N bins (blue rectangles) of equal length, containing each N/N bins particles emitting radio waves at the same wavelength and with the same electric field amplitude (where N , is the total number of particles in the lateral plane). The phase difference at observer level (located by the green cross), between the emission of the central bin, at X max , and the emission of the j-th bin, is related to their path difference δ j = d obsd j , where d j is the distance from the j-th bin to the observer. For an observer far from the emission source, we can assume l lat ≪ d obs , which yields δ j = j 2 l 2 lat /(2N 2 bins d obs ).

Comparison with microscopic numerical simulations

In this section, we compare the new emission signatures and regimes presented in the previous section with predictions of numerical simulations, with the ZHAiReS and CoREAS microscopic Monte-Carlo codes. polarization pattern is observed, both for simulations with ZHAireS and CoREAS, throughout the (ν, ρ) 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 [START_REF] Huege | Radio emission from cosmic ray air showers: Simulation results and parametrization[END_REF], as previously shown in the right-hand panel of Fig. 7.3.

Radio signal polarization

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 uniform 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 MHz frequency band is shown in Fig. 7.7. The left-hand panel represents the emission of an individual electron, 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. (7.27) where D Xmax is the distance from X max to the shower core. The radiation energies are computed using a starshape layout of antennas, as shown in the left-hand panel of Fig. 7.9. For the charge-excess, we use Eq. (7.27) considering antennas on the [v × (v × B)] axis only (η = 90 • ). For the clover-leaf, we compute 4 estimations using each time a different layout arm (η = [45 • , 135 • , 225 • , 315 • ]). The result is shown in the right-hand panel of Fig. 7.9, where we compare the radiation energies between the clover-leaf and chargeexcess emissions. As already discussed in Section 6.2.4, the charge-excess radiation energy decreases continuously with decreasing air density. On the other hand, for ρ > 0.3 kg m -3 , the clover-leaf radiation energy increases with decreasing air density so that at ρ ≲ 0.5 kg m -3 , it becomes dominant over the charge-excess emission. Yet, we also observe a decrease of the clover-leaf radiation energy for ρ < 0.3 kg m -3 . The increase of the clover-leaf radiation energy could be explained by the transition to the synchrotron regime described in Section 7.1.2, while the decrease could be explained by the coherence loss effects described in Section 7.1.3. Typically, the air density at which the clover-leaf emission starts to decrease (ρ = 0.3 kg m -3 ) matches the value for which we expect a transition from coherent to incoherent emission in the left-hand panel of Fig. 7.2.

A procedure to evaluate the clover-leaf polarization vector

To go further in our understanding of the clover-leaf emission and its possible use for reconstruction purposes, we aim to estimate its polarization. In Section 3.5.2, we showed that the Stokes parameter V which quantifies the circular polarization, was fairly negligible with respect to the others. Hence, we can assume that the clover-leaf emission is linearly polarized. A linear polarization can be characterized by its polarization angle ϕ p , which in the shower plane reads (see also Section 3.5.2)

ϕ p = arctan E v×(v×B) E v×B .
(7.28)

In the previous section, we have shown that the [v × (v × B)] component of the clover-leaf emission could be reconstructed by subtracting the charge-excess contribution to the radio signal at the antenna level. This implies that if we can evaluate the polarization angle, we could also reconstruct the (v × B) component of the clover-leaf emission.

To evaluate ϕ p , we can employ the same simulation setup used to compute Fig. 7.7 and 7.8. Specifically, we evaluate with CORSIKA 8 the radio emission of an electron-positron pair, each with energy ϵ e = 88 MeV, in a uniform magnetic field. Using the apparent symmetries of the cover-leaf emission in the shower plane (Fig. 7.7 and 7.8), we can then parametrize the resulting (v × B) and [v × (v × B)] contribution to the radio emission, at any given position, E v×B (η, ω) and E v×(v×B) (η, ω). Finally, from the ratio of both components, we can infer a parametrization of the polarization angle using Eq. (7.28). This procedure is currently being implemented in collaboration Nikolaos Karastathis.

Radiation energy dependency with air density

Evidences for a loss of coherence in air shower radio emission In order to test our coherence model developed in Section 7.1.3, we also evaluated the transversecurrent radiation energy predicted by ZHAireS and CoREAS as a function of air density, i.e., of zenith angle. This is done by following the method described in Section 3.5.3 [START_REF] Glaser | Simulation of radiation energy release in air showers[END_REF]Chiche et al. 2022a), to separate the transverse-current and Askaryan contributions and then evaluate the geomagnetic radiation energy. Finally, similarly to what was done in Section 6.2.4, we divide the geomagnetic radiation energy by E 2 em sin α 2 (with E em the shower electromagnetic energy) to correct for any dependency on the azimuth, zenith angle and primary energy. For this, 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 result is shown in Fig. 7.10, for ZHAireS simulations with iron primaries (left-hand panel) and for CoREAS simulations with proton primaries (right-hand panel), where we display Figure 7.10: Transverse-current radiation energy as function of air density and zenith angle for GRAND magnetic field and frequency band (50-200 MHz), using ZHAireS simulations of iron showers (left-hand panel) and CoREAS simulations of proton showers (right-hand panel). We find consistent results between ZHAireS and CoREAS simulations. On both plots, we observe, a cut-off of almost 1.5 orders of magnitude in the geomagnetic radiation energy for air densities below ρ air = 0.3 kg m -3 (θ ∼ 70 • ). This cut-off, predicted by Monte-Carlo simulations, cannot be described by the existing analytical models of the radio emission but could be explained by a loss of coherence in the radio emission of inclined air showers. the transverse-current radiation energy, filtered in the 50 -200 MHz band, as a function of air density at X max , for GRAND site Dunhuang magnetic field configuration (B GRAND = 56 µT, i GRAND = 60.79 • ). On both plots we observe that when going from high to low densities, the transverse-current radiation energy first increases up to ρ ≲ 0.3 kg m -3 , but then drops by more than one order of magnitude for the most inclined showers (the lowest densities). This suppression of the radiation energy, predicted by Monte-Carlo simulations, cannot be described by the existing analytical models of the radio emission, which predict a continuous increase of the transverse-current energy with decreasing air density. However, the cut-off could be explained by a loss of coherence in air shower radio emission, as suggested by our model presented in Section 7.1.3. If confirmed experimentally, the radio suppression of the radiation energy for inclined cosmic-ray air showers could have a significant impact on the detection and reconstruction strategies of inclined air showers with the next-generation of experiments.

Dependency with the magnetic field configuration

To support our coherence model, we also investigated the dependency of the radiation energy with the Earth magnetic field amplitude and inclination. In Fig. 7.11, we show the transversecurrent radiation energy as a function of air density and sin α, on the left-hand panel for ZHAireS simulations and GRAND magnetic field and on the right-hand panel for CoREAS simulations with Auger magnetic field configuration (B Auger = 25 µT, i Auger = 35.2 • ). The first striking feature is the absence of a significant suppression in the radiation energy for the magnetic field configuration of the Pierre Auger Observatory. This observation strongly supports our coherence model, as the magnetic field at the Auger site is lower than at the GRAND site. However, as discussed in Section 7.1.3, coherence loss effects are expected to become more pronounced with stronger magnetic field amplitudes.

Furthermore, despite normalizing the radiation energy by sin α 2 , accordingly to its expected dependency with the geomagnetic angle, we still observe a residual sin α dependency in the radiation energy. Specifically, we find that showers with higher values of sin α exhibit a lower 

Dependency with the radio signal frequency

Eventually, we evaluated the dependency of the transverse-current radiation energy with the radio signal frequency. In the left-hand panel of Fig 7 .12, we show the average radiation energy in the 30 -80 MHz frequency band (blue curve) and in the [50 -200] MHz band (orange curve), computed with CoREAS simulations, using GRAND magnetic field configuration. It can be seen that both curves have a similar dependency with air density, although more power is contained in the [50 -200] MHz frequency band. However, we also observe that the radiation cut-off is slightly steeper in the higher frequency band than in the lower one. To evidence this effect more clearly, in the right-hand panel of Fig. 7.16, we show the ratio between both radiation energies after normalizing them by their peak value. The ratio decreases with decreasing air density, so that at the lowest densities, the normalized radiation energy in the 50 -200 MHz band, is on average lower by ∼ 10% than the normalized radiation energy in the 30 -80 MHz band. This effect is consistent with coherence loss effects that are proportional to frequency of the radio signal frequency. Still, we should note that the dependence of the radiation energy with the radio signal frequency is milder than the one with the magnetic field. This is because GRAND and Auger frequency bands are relatively close, but also because the coherence ratio given in Eq. (7.16), scales with the radio signal frequency as l lat /l coh ∝ ν, although it scales with the magnetic field as l lat /l coh ∝ B 2 .

Discussion and conclusion

Inclined cosmic-ray air showers develop higher in the atmosphere than vertical ones and are expected to exhibit novel features that challenge our interpretation of radio emission. In this work, we described how the current macroscopic descriptions of the radio emission should be refined to account for these novel effects. Particularly, we predict that the lower air density for inclined showers should enhance the magnetic deflections resulting in the emergence of a new polarization pattern, consistent with a synchrotron emission model, and a coherence loss due to the larger shower lateral extension. This allows us to distinguish three different emission regimes depending on the air density and magnetic field strength:

(1) at the highest densities, we retrieve the widely documented coherent transverse-current emission, (2) at intermediate densities we find a coherent emission regime where a synchrotron component adds to the transverse-current emission, (3) at the lowest densities, incoherent emission is expected.

Our model is in agreement with two observational features predicted by both ZHAireS and CoREAS Monte-Carlo simulations, for strong enough magnetic field (typical strength of B ∼ 50 µT): 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 composed of transverse-current and Askaryan emission only [START_REF] Schröder | Radio detection of cosmic-ray air showers and high-energy neutrinos[END_REF][START_REF] Huege | Radio detection of cosmic ray air showers in the digital era[END_REF][START_REF] Schellart | Polarized radio emission from extensive air showers measured with LOFAR[END_REF]Pierre Auger Collaboration 2014d). This implies that new reconstruction methods, accounting for this paradigm, are needed to prepare next-generation experiments.

The suppression of the measured radiation energy should also have a significant impact on the detection strategies of next-generation experiments that will target these very inclined air showers. Indeed, our study shows that the location of radio-detection experiments on Earth can be chosen according to the geomagnetic field strength to enhance or suppress the cosmicray detection rate, depending on the scientific objectives. In particular, no radio cut-off is expected for neutrino-induced showers as they develop at higher densities than cosmic rayones (Chiche et al. 2022a). Hence, using the cut-off to suppress the cosmic-ray detection rate will be valuable to perform cosmic-ray/neutrino discrimination.

Conclusion

The first observation of ultra-high energy neutrinos and gamma-rays will be a breakthrough in our understanding of the high energy universe. As clear undeflected evidences of a hadronic acceleration, their association with astrophysical point sources should be decisive in solving the long-standing mystery of UHECRs origin, thus probing the most powerful cosmic accelerators. Furthermore, their detection will open two new astronomical windows, paving the way towards an ultra-high-energy multi-messenger astronomy if combined with cosmic-ray and gravitational wave observations. Yet, the quest to achieve such detections is a real challenge. It requires to build experiments with innovative detection methods to target the signatures induced by these messengers, with enough sensitivity, angular resolution and sky coverage. Towards this objective, a handful of experiments such as GRAND, Auger or BEACON, will rely on the radio detection of inclined air showers induced by these high-energy astroparticles. Although radio detectors could in theory reach the ultra-high-energy gamma-ray and neutrino fluxes, radio detection on very large-scale radio arrays is still an uncharted territory with a feasibility that remains to be proven. The work presented in this manuscript highlights the on-going pioneering efforts that were done to address the challenges of large-scale radio detection in the context of the GRAND experiment, therefore opening the path towards an ultra-high-energy multi-messenger astronomy with next generation detectors.

Specifically, to lower their costs and enhance their trigger efficiency, future radio detectors aim at achieving an autonomous radio detection, i.e., a trigger on air shower radio signals using radio antennas only. Such a detection method is challenging and necessitates to develop an efficient background rejection method. For this purpose, in Section 6.1 we studied the relative contribution of the geomagnetic and charge-excess emission to the radio signal polarization and evidenced that the latter is negligible for inclined (zenith angle > 65 • ) cosmic-ray airshowers. The radio signal polarization thus follows the pattern of the geomagnetic emission, i.e., linearly polarized and orthogonal to Earth's magnetic field direction. This provides an efficient background rejection criterion, at the DAQ level, based on the electric field vector projection along the local magnetic field direction. Independently of the experimental layout, our results show that a simple cut on the polarization enables a rejection efficiency of ≈ 93% for favorable locations, and ≈ 72% for a non-favorable locations, combined with a trigger efficiency for cosmic-ray signals of 86% (93%) with a 3σ (5σ)-trigger threshold level on the total radio signal amplitude.

The preparation of next generation experiments also motivates the need to run fast and efficient simulations of the radio signal, to enable the exploration of multiple detector configurations over vast areas and develop novel methods for the reconstruction of air shower parameters (Section 3.5.4). In Section 6.2, we presented Radio Morphing, a semi-analytical tool developed for this purpose, that computes the radio signal emitted by any air-shower at any location from the simulation data of a few air-showers at given positions. Independently of the input parameters, comparisons between Radio Morphing and ZHAireS outputs yield mean relative differences on the peak amplitude below 10% and a corresponding RMS ≲ 20%, while we achieve mean absolute differences on the peak time below 5 ns. Hence, our results show that Radio Morphing could accurately reproduce the outputs of Monte-Carlo simulations, while reducing the time computation by more than 4 orders of magnitude.

Additionally, a deep understanding of the radio emission processes in air showers will be crucial to ensure successful detections of future radio experiments. In Chapter 7 we discussed the fact that inclined air showers develop in significantly lower atmospheric densities than vertical ones. We predict that this effect should enhance the magnetic deflections resulting in the emergence of a new polarization pattern, consistent with a synchrotron emission model, and a coherence loss due to the larger shower lateral extension. Furthermore, we show that our model is in agreement with two observational features predicted by both ZHAireS and CoREAS Monte-Carlo simulations, for strong enough magnetic field (typical strength of B ∼ 50 µT): 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 • . These effects bring about a new paradigm in air shower radio emission and should have a significant impact on the detection and reconstruction strategies of next-generation experiments that will target very inclined air showers.

In this context, the first measurements of highly inclined air showers with future detectors such as GRANDProto300 will be decisive. For example, the deployment of GRANDProto300 will provide an opportunity to validate the method developed in Section 6.1 for autonomous radio detection, in a realistic background environment. It will also assess the efficiency of various reconstruction methods, including those based on Radio Morphing (Section 6.2). Furthermore, GRANDProto300 will test the predictions of Monte-Carlo simulations in these extreme range of zenith angles where they remain to be validated, thus potentially confirming our predictions discussed in Chapter 7.

Stronger constraints on the high-energy sources should also arise from the coincident detection of multiple messengers. For GRAND, a primary requirement for this is of course to accurately reconstruct the air shower primaries. Towards this objective, we have shown in Sections 6.1 and 7.1 that the radio signal polarization and radiation energy provide promising ways to preform a cosmic-ray/neutrino discrimination. Additionally, coincident detections could be made possible by preparing the synergies between various detectors. In this context, multi-messenger networks such as AMON and real-time alert system as the GCN should play a significant role. These networks will link experiments with complementary fields of view, enabling efficient follow-up observations. Eventually, the elaboration of a strong science case for the high-energy messengers, as the one proposed for gamma-rays in Section 2.3.2, will make possible the coupling between the experimental measurements and the theoretical models of the cosmic accelerators.

All these perspectives strongly suggest that the first observation of ultra-high-energy neutrinos should happen within the next decade. Such a detection would set a new turning point in our understanding of the high energy Universe, potentially revealing the first UHECR sources and marking the advent of an ultra-high-energy multi-messenger era.
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 1 Figure 1.2: Gamma-ray opacity in the Universe as a function of their energy..

Figure 1 . 5 :

 15 Figure 1.5: Left: Magnetic field strength versus comoving size for various transient and steady sources. Sources above the lines can potentially accelerate cosmic-rays up to 10 20 eV (from Alves Batista et al. 2019b). Right: Maximal accessible proton energy and classes of a few transient sources in the (L bol , t var ) parameter space for a bulk Lorentz factor of Γ = 10 (from Guépin and Kotera 2017).
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 2 Figure 2.1: (Left) Illustration of an extensive air shower. The shower is composed of three components: hadronic (blue), electromagnetic (red and dark blue), muonic (green), which can be detected by different types of detectors, as indicated (see text). (Right) Longitudinal profiles of several particles in air showers, as simulated with CORSIKA (Heck et al. 1998), for proton showers with the QGSJET01 hadronic model. Figure from Schröder 2017.
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 2 Figure 2.3: All-particle cosmic-ray energy spectrum multiplied by E 3 , measured by various experiments (from Coleman et al. 2023).

  Such measurements could performed thanks to the AMIGA infill of the Pierre Auger observatory (Pierre Auger Collaboration: A. Etchegoyen 2007) or the TALE extension of the Telescope Array (Telescope Array Collaboration 2018), but also with other detectors such as KASCADE-Grande (Apel et al. 2010), TUNKA-133 (Prosin et al. 2014), IceTop (IceCube Collaboration 2019), Yakutsk (Anatoly 2013), or the planned GRANDProto300 array (Decoene 2019).
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 2 Figure 2.4: Cosmic-ray fluxes measured by Auger above 8 EeV (left) and the TA above 57 EeV (right) in equatorial coordinates (from Alves Batista et al. 2019b).
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 2 Figure 2.5: Mean and standard deviation of X max measured by various experiments and comparison with predictions for proton and iron nuclei for several hadronic models (from Coleman et al. 2023).
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 2 Figure 2.6: (Left) Constraints on the integral photon flux (at the 95% confidence level for Auger and the TA), from Rautenberg 2019. (Right) Poisson probabilities to detect UHE gamma-rays E > 10 EeV and VHE neutrinos E > 10 PeV from transient sources (from Murase 2009).The thin and thick and lines are for a source isotropic-equivalent energy of E iso ≥ 10 50.5 erg and E iso ≥ 10 51 erg respectively. The black double-dotted lined are for neutrinos assuming a detection surface A = 1 km 2 . For UHE photons we have A = 3000 km 2 without CRB (red solid lines), with CRB (green dashed lined). A = 3×10 5 km 2 without CRB (red dotted-dashed lines), with the CRB (blue dotted lines).
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 1 FIG. 1:Top panel: energy distribution of soft photons in the solar neighborhood. Bottom panel: absorption coe cient K(E, x ) for gamma-rays in the solar neighborhood, as a function of energy, averaged over the direction of the photon. In both panels the curves are given for the total and for the contributions of each component of the target radiation field.
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 5 Figure 5: Interaction lengths for cosmic-ray photons (left) and electrons (right) interac The relevant processes are pair production (PP, black solid line) and double pair pr photons, and triplet pair production (TPP, black solid line) and inverse Compton s electrons. Colored lines show the contribution of the individual photon fields, IRB(bl and radio background (red, Protheroe model [43]). In addition, the energy loss length o three magnetic field strengths (gray dotted lines).
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 2 Figure 2.7: (Left) Photon number density (multiplied by their energy) of different radiation components in the solar neighbourhood (from Lipari and Vernetto 2018). (Right) Interaction length of high energy photons interacting with the cosmic photon background for several models of pair production (PP) and double pair production (DPP) interactions (from Heiter et al. 2018).
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 28 Figure 2.8: Current and planned observatories for neutrino detection with their main characteristics (from Guépin et al. 2022).
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 29 Figure 2.9: Expected differential sensitivities (at the 90% confidence level) from current and planned neutrino observatories to the all-flavor diffuse neutrino flux and comparison with predictions for cosmogenic and astrophysical neutrino fluxes (from Ackermann et al. 2022). The sensitivities are integrated over 10 years (unless otherwise noted).
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 31 Figure 3.1: Sketch of the emission processes and the resulting polarisation in the shower plane for (Left) the geomagnetic contribution and (Right) the charge excess (Askaryan) one. Figure (from Schröder 2017).
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 3 Figure 3.2: (Left) Energy fluence of the radio signal simulated with CoREAS in the [30 -80] MHz band, for an air shower with zenith angle θ = 60 • (from Glaser et al. 2019). The amplitude pattern is shown in the [v × B; v × (v × B)] plane, the black dots are the simulated observer positions and the arrows code for geomagnetic and charge-excess polarization. The energy fluence is maximal when both emission interfer constructively (v × B) > 0 and minimal when they interfer destructively (v × B) < 0. (Right) Sketch of Cherenkov effects.A particle moves at a speed v > c/n, while emitting spherical wavefronts that travel at a speed c/n, where n is the medium refractive index. An observer located at θ c = 1/ arccos βn will receive the emission from all the wavefront at the same time.

Figure 3

 3 Figure 3.3: Geometry of an extensive air shower (adapted from[START_REF] Scholten | A macroscopic description of coherent geo-magnetic radiation from cosmic-ray air showers[END_REF]). The shower "pancake" is shown as the shaded area moving with velocity v s . The observer is located at a distance d from the point of impact and we call R the distance between the emission point in [0,0, z(t r )] and the observer. As the shower front is not plane we also introduce h, the difference between the height of the shower front at the center (x = 0, y = 0, z) and the height for given values of x and y.

  Figure 3.4: (Left) Sketch of a single ZHAireS track (from Alvarez-Muñiz et al. 2012). The speed and the direction of the particle are assumed constant over the track, R is the distance between the track and the observer and θ the angle between the particle velocity and the direction that goes from the track to the observer. (Right) Air density versus altitude for various atmospheric models (from Sciutto 2021). The green line is the Linsley atmospheric model used by AIRES, the blue dots correspond to the US standard model and the dashed red line to an isothermal model.

Figure 3

 3 Figure 3.5: (Left) Electric field amplitude as a function of time, at a given antenna, along the x, y and z directions. The result was obtained from a simulation of a ZHAireS proton shower with primary energy E = 3.98 eV, zenith angle θ = 63 • and azimuth angle ϕ = 90 • . (Right) Starshape layout of antennas projected in the (x,y) plane. Each point represents an antenna and the starshape is divided in 8 arms of 20 antennas each, plus 16 antennas located at random positions. The color coded for the total electric field amplitude at each antenna, E tot = E 2x + E 2 y + E 2 z .

Figure 3

 3 Figure 3.6: Lateral distribution functions (LDF) of the total electric field E tot = E 2 x + E 2 y + E 2 z for antennas along the (v × B) axis (Left) and along the [v × (v × B)] axis (Right). The result was simulated with ZHAireS simulations for a proton shower with primary energy E = 3.98 eV, zenith angle θ = 38.2 • and azimuth angle ϕ = 90 • .

Figure 3

 3 Figure 3.8: Sources of stationary radio noise as a function of frequency, expressed as temperature or noise figure F = 10 log 10 (1 + T /T amb , where T amb = 290 K is the blackbody radiation emitted by the ground (from Schröder 2017).

Figure 3

 3 Figure 3.9: (Left) Example of a ZHAireS trace of the total electric field E tot = E 2 x + E 2 y + E 2 z at a given antenna, for a shower with primary energy E = 0.68 EeV and zenith angle θ = 53 • . (Right) Same trace after adding a Gaussian stationary noise of RMS = 20 µV/m (from Chiche et al. 2022a).

Figure 3

 3 Figure 3.10: (Left) Frequency spectra E(ν) for a radio antenna located at angle inside the Cherenkov cone (ω < ω c , orange line) and an antenna at the Cherenkov cone (ω = ω c , orange line), from the ZHAireS simulation of an iron shower with primary energy E = 3.98 eV, zenith angle θ = 63 • and azimuth angle ϕ = 90 • . (Right) Electric field trace E(t) along one channel of a given antenna, filtered in the [50 -200] MHz band using a Butterworth filter (solid blue line) and sampled at a 2 ns second rate (orange dots).

Figure 3

 3 Figure 3.11: Absolute value of an electric field trace from a ZHAireS simulation of a proton shower, filtered in the [50 -200] MHz band (orange line) and its Hilbert envelope |x h | (blue line).

Figure 3

 3 Figure 3.13: (Left) Example of time window defined using the FWHM of the peak value of the Stokes parameter I, for a ZHAireS simulation of a shower with E = 0.68 EeV and θ = 53 • . (Right) Total polarisation inferred from Stokes parameters in the shower plane for the same shower (from Chiche et al. 2022a). The color codes for the amplitude of the total electric field.

Figure 3 .

 3 Figure 3.14: Correlation between the corrected radiation energy and the shower electromagnetic energy (from Glaser et al. 2017). The black line shows a power-law between both quantities, indicating a quadratic relation. The color codes for sin α.

  Figure 3.15: Sketch of a vertical and an inclined air shower. The blue star indicates the X max position of each shower, the black line represents the ground level and the dotted lines curved atmospheric layers with various densities. It arises that inclined air-showers develop at higher altitude, hence lower density in the atmosphere and over longer distances than vertical ones.

Figure 3 .

 3 Figure 3.16: Sketch of the early-late effect. For an inclined air shower, with shower axis indicated by the dashed line, and antennas located on a ground plane (horizontal solid line), early-antennas (located below the shower axis) are closer to the shower maximum than lateantennas (above the axis). Hence, early-antennas receive a less diluted radio signal than late ones (from Huege et al. 2019).

Figure 4

 4 Figure 4.1: Sketch of UHE astroparticles detection principle for (1) in-air showers, (2) tauneutrino induced showers and (3) in-ice showers. The typical longitudinal profile is represented atop of the showers.

  4.2, left panel) detecting signals in the 20-200 MHz band with a compact array of cabled antennas triggered by 13 scintillators over 1 km 2 . LOPES, the LOFAR Prototype Station, is a radio experiment made of 30 LOFAR prototype antennas (Fig. 4.2, right panel) which was operational between 2003 and 2013. It was a radio interferometer running in the 40 -80 MHz band with an external trigger from the KASKADE-Grande experiment. Even though the layout was set

Figure 4 . 2 :

 42 Figure 4.2: Left CODALEMA butterfly tripole antenna and right LOPES inverted v-shape dipole antenna (from Lopes Collaboration 2021).

Figure 4 . 3 :

 43 Figure 4.3: Left, map of the AERA layout within the Pierre Auger Observatory and right, correlation between the reconstructed X max value from AERA measurements and the one determined with fluorescence detectors, extracted from Huege and Welling 2019.

Figure 4

 4 Figure 4.4: Sketch of ARIANNA detection principle at the Ross Ice Shelf from Anker et al. 2019. Neutrino can be detected from air-induced showers after interacting in trans-antarctic mountains or from in-ice showers using the reflected signal at the water-ice interface. Cosmicray air showers are detected with upward looking antennas.

Figure 4

 4 Figure 4.5: Evolution of ANITA payloads over the years.

Figure 4

 4 Figure 4.6: Separation power between proton and iron induced air-showers from Huege and Pierre Auger Collaboration 2019.

Figure 4 . 7 :

 47 Figure 4.7: Planned design of the IceCube-Gen2 Neutrino Observatory from Aartsen et al. 2021

•

  Antenna optimized tor horizontal showers • Bow-tie design, 3 perpendicular arms • Frequency range: 50-200 MHz • Inter-antenna spacing: 1 km
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 51 Figure 5.1: Detection principle of the GRAND experiment (Álvarez-Muñiz et al. 2020).Cosmic-rays and gamma-rays can directly induce air showers, emitting radio waves detectable at ground level. In the case of ultra-high-energy ν τ , underground interactions can eventually produce a high-energy τ lepton, that can then exit in the atmosphere and decay, also inducing an air shower.

Figure 1 :

 1 Figure1: Left: Di erential and integrated neutrino sensitivity limits calculated from the 10, 000 antennas simulation ("GRAND10k", pink area) and the extrapolation for the 20-times larger GRAND array ("GRAND200k", maroon line). The gray region represents the all-flavor cosmogenic neutrinos flux expectations derived from the results of thePierre Auger Observatory [5]. Adapted from[1]. Right: GRAND point source sensitivity limits [1]. Short-duration transients (short GRBs, GRB afterglows) are compared to the GRAND200k instantaneous sensitivity at zenith angle \ = 90 (solid black line). Long-duration transients (e.g., TDE) are compared to declination-averaged sensitivity (gray-shaded band). The stacked fluence from 10 six-month-long blazar flares in the declination range 40 < |X| < 45 is compared to the GRAND200k sensitivity for a fixed X = 45 (dashed black line). The GRAND limits assume that the 200k antennas are deployed at a single location.

B

  FIG. 8. Neutrino fluence from transient sources. Shortduration transients -a short-duration GRB (sGRB) and a GRB afterglow -are compared to the GRAND200k instantaneous sensitivity at zenith angle ✓z = 90 (solid black line). A long-duration transient -a TDE -is compared to the GRAND200k declination-averaged sensitivity (gray-shaded band). The stacked fluence from 10 six-month-long blazar flares in the declination range 40 < | | < 45 is compared to the GRAND200k sensitivity for a fixed = 45 (dashed black line).See the main text for details. The sources were assumed to lie at distances such to allow for a conservative rate of ⇠1 event per century, using population rates inferred from Ref.[65] for short-duration GRBs and associated neutron-star mergers, Ref.[45] for GRB afterglows, and Ref.[62] for TDEs. The sensitivity is the Feldman-Cousins upper limit per decade in energy at 90% C.L., assuming a power-law neutrino spectrum / E 2 ⌫ , for no candidate events and null background.

Figure 5

 5 Figure 5.2: (Left) Predicted cosmogenic neutrino fluxes from fit of CRPropa simulations (Alves Batista et al. 2016), to Auger spectral and mass composition data (Pierre Auger Collaboration 2014b), and comparison to several experimental upper-limits at the 90% confidence level. (Right) Predicted neutrino fluxes from various transient sources. Short-duration sources (short GRBs and GRB afterglows), are compared to GRAND instantaneous sensitivity at an horizontal zenith angle θ = 90 • (black solid line). Long-duration transient sources, (TDEs, blazars) are compared to GRAND declination-averaged sensitivity (grey shaded area). Figures from Álvarez-Muñiz et al. 2020.

  Figure5.3: Sketch of an air shower detection with GRANDProto300. For inclined showers the electromagnetic and hadronic components die as the shower propagates, so that only muons can reach the ground. On the other hand, the radio emission propagates in the atmosphere with almost no attenuation. Hence, the combination of radio antennas (bow-tie structures) with a ground particle array (gray shaded cylinders) allows one to measure the shower electromagnetic and muonic component independently.

  Figure 6.1: Representation of the polarization angle ϕ p = arctan (E v×(v×B) /E v×B ) and of the observer angle ϕ obs = arctan [v × (v × B)]/(v × B) in the shower-plane frame (O, e v×B , e v×v×B ), with O the shower core position, B the geomagnetic field and v the shower axis direction. E is the electric field at observer position P . (Right) Evolution with angular distance ω (as defined in Fig.3.12) of the charge excess to geomagnetic ratio as reconstructed with Eqs. (6.2-6.1) for a simulation of a proton-induced shower with energy E = 0.68 EeV and zenith angle θ = 53 • on a star-shape layout.

  Figure6.2: Ratio between the charge excess to geomagnetic radiated energies corrected from the geomagnetic angle for raw traces of proton-(left) and iron-(right) induced showers as a function of the zenith angle and the energy of the primary particle. From a set of ∼ 5 000 simulations, we average the a-ratio defined in Eq. (6.3) for simulations with the same couple of zenith angle and energy, the error bars correspond to the RMS of each distribution. The radiated energy of both emission are derived by integrating the fluence of antennas along the [v × (v × B)] axis and assuming a radial symmetry of the radio signal.

Figure 6

 6 Figure 6.3: Charge excess to geomagnetic ratio on average for simulations with proton or iron primaries and various energies. (Right) Relative difference of sin α (α being the geomagnetic angle): (sin α Dunhuangsin α Auger )/ sin α Dunhuang as a function of the shower azimuth and zenith angle between the Dunhuang site with magnetic field inclination I B = 60.79 • and the Auger site with I B = 35.2 • . Φ = 0 corresponds to a shower towards North and the azimuth angle is counted positively towards East.

6. 1 .

 1 Figure6.4: Charge excess to geomagnetic ratio as a function of the energy and the zenith angle for simulations with a proton primary on a star-shape layout, considering traces with noise and a 3σ trigger threshold (left) or a 5σ trigger threshold (right). Each data point corresponds to the average ratio for simulations with the same energy and zenith angle and the error bars to the RMS of each distribution.

6. 1 .

 1 Figure 6.5: Histogram of the E b /E tot ratio measured at each antenna for a set of about 11 000 simulations for (left) proton induced showers with different trigger thresholds and (right) proton or iron induced showers and a 5σ trigger threshold.

6. 1 .Figure 6

 16 Figure 6.8: (Left) Comparison between of the "b-ratio" for the electric field: E b /E tot and for the voltage: V b /V tot . (Right) Histogram of 1 -I p /I (where I p /I is the fraction of polarised intensity) measured at each antenna for proton induced showers on a star-shape layout at either a 3σ or a 5σ trigger threshold.

Figure 6

 6 Figure 6.9: (Left) Histogram of the E b /E tot ratio measured at each antenna for proton and iron induced showers at the 5σ trigger threshold on the HS1 layout. (Right) Normalised histogram of the E b /E tot ratio measured at each antenna for proton induced showers at the 3σ trigger threshold for either the HS1 either the star-shape layout.

Fig. 6 .

 6 11. It corresponds to a real geographic location (centered at latitude = 42.1 • , longitude = 86.3 • ) in the XinJiang province in China, used to evaluate the potential of GRAND for neutrino detection in Álvarez-Muñiz et al. 2020.

6. 1 .

 1 Figure 6.10: 2D histogram of the E b /E tot ratio measured at each antenna for proton induced showers at the 3σ trigger threshold on the HS1 layout (left) and after averaging the ratio over different bins of the total amplitude for both 3σ and 5σ trigger thresholds (right).

Figure 6

 6 Figure 6.11: (Left) Histogram of 1 -I p /I (where I p /I is the fraction of polarised intensity) measured at each antenna for proton induced showers on the HS1 layout at either a 3σ or a 5σ trigger threshold. (Right) Topography of the Hotspot 1 layout from Álvarez-Muñiz et al. 2020, corresponding to a giant rectangular array of 10 000 antennas over 10 000 square kilometers with simulated location on the Southern rim of the Tianshan mountains (China).

6. 1 .Figure 6

 16 Figure 6.12: (Left) E b /E tot distribution comparing neutrino and cosmic-ray primaries on the Hotspot 1 layout at a 3σ trigger threshold. (Right) E b /E tot ratio as a function of ω for proton, iron and neutrino induced showers at a 5σ trigger threshold, on the Hotspot 1 layout.)

Figure 6 .

 6 Figure 6.13: Sketch of angular distance ω for down-going (left) and up-going (right) showers.Late antennas are more frequent for down-going than up-going showers, also the X max -antenna distance increases with the ω angle for late-antennas although it decreases with the ω angle for early-antennas.

Figure 6

 6 Figure 6.14: Histograms of the E b /E tot ratio for neutrino simulations on the Hotspot 1 layout at different trigger thresholds (left) and comparing different primaries at a 5σ trigger threshold(right).

Figure 6 .

 6 Figure 6.15: Sketch of the Radio Morphing procedure. The electric field from a reference ZHAireS simulation with parameter (E 1 , θ 1 , Φ 1 , d xmax ) is scaled towards a shower with (E 2 , θ 2 , Φ 2 , d xmax ), the resulting signal is then interpolated to infer the radio-emission at any position.

Figure 6

 6 Figure 6.16: (Left) LDF along the (v × B) direction for a proton reference shower with (E r = 1.0 EeV, φ r = 90 • , θ r = 38.2 • ) and a target shower with (E t = 3.98 EeV, φ t = 90 • , θ t = 38.2 • ), before any scaling procedure. The value of δI/I indicates relative difference of the integral between both LDF. (Right) Same LDF after scaling the electric field amplitude of the reference shower by a factor k E = E t /E r .

Figure 6

 6 Figure6.17: (Left) E v×B component of the electric field, for antennas along the [v × (v × B)] baseline, for a proton reference shower with (E r = 3.98 EeV, φ r = 90 • , θ r = 38.2 • ) and a target shower with (E t = 3.98 EeV, φ t = 180 • , θ t = 38.2 • ), before any scaling procedure. (Right) Same distributions after scaling the electric field amplitude of the reference shower by a factor k geo = sin α t / sin α r , with α r /t the geomagnetic angles of the reference and target shower. On both plots, δI/I indicates relative difference of the integral between the reference and target LDF.

Figure 6

 6 Figure 6.19: (Left) Lateral distribution function (LDF) of the electric field amplitude, along the (v × B) baseline of antennas for 3 Radio Morphing outputs of a single target shower with E = 3.98 EeV, θ = 85 • , Φ = 270 • (towards East) with shower-to-shower fluctuations on. The horizontal axis ω, corresponds to the angle between the shower axis and the direction that goes from X max to a given antenna. (Right) Example of an interpolated trace after a scaling procedure along the East-West channel of an antenna for a shower with E = 3.98 EeV, θ = 85 • , Φ = 270 • .

Figure 6

 6 Figure 6.20: (Left) Relative differences on the electric field peak amplitude, at the antenna level between ZHAireS and Radio Morphing simulations: δ = (E ZHS tot -E RM tot )/E ZHS tot . The dots are for the mean value of δ, the error bars for the corresponding RMS and the result is shown as a function of the target shower energy. (Right) RMS of δ for a fixed target energy E t = 3.16 EeV. The blue plots correspond to cases where the target zenith angle is equal to reference one θ t = θ r , while the orange points are for θ t ̸ = θ r .

Figure 6

 6 Figure 6.21: Mean (Left) and RMS (Right) of δ = (E ZHS tot -E RM tot )/E ZHS tot as a function of the target shower zenith angle. The colors differentiate between the various azimuth angles. The blue points are for ϕ = 0 • , the orange points for ϕ = 90 • and the green points for ϕ = 180 • .

Figure 6

 6 Figure 6.22: Relative differences, on the electric field peak amplitude between ZHAireS and Radio Morphing simulations δ = (E ZHS tot -E RM tot )/E ZHS tot , as a function of the antenna angular deviations from the shower axis ω, for showers with target zenith angle θ t = 63 • (Left) and showers with θ t = 87 • (Right). The dots show the mean value of δ and the error bars the corresponding RMS.

Figure 6

 6 Figure 6.23: (Left) Dependency of the geomagnetic radiation energy with air density Ẽgeo rad (ρ), for antennas located before the Cherenkov angle (ω < ω c , blue curve) and antennas located after the Cherenkov angle (ω < ω c , orange curve). (Right) Mean (dots) and RMS (error bars) of δ = (E ZHStot -E RM tot )/E ZHS tot as a function of the antenna angular deviations from the shower axis ω, after averaging the results on all target energies, zenith and azimuth angles.

Figure 6 .

 6 Figure 6.24: (Left) Mean (blue points) and RMS (yellow points) of δ = (E ZHS tot -E RM tot )/E ZHS tot , as a function of the target shower zenith angle. (Right) Normalized histogram of the distribution of δ.

  Figure 6.25: Mean CPU time of Radio Morphing simulations as a function of the target shower zenith angle.

Figure 7 . 1 :

 71 Figure7.1: Fits of the mean X max altitude above see level h(Left) and distance from the shower core d obs (Right) from ZHAireS simulations of iron showers with energies between 0.01 EeV and 3.98 EeV. The X max height is fitted with a polynomial function at order 3, h(θ) ∼ h 0 + aθ + bθ 2 + cθ 3 where h 0 = -8.25, A = 0.79, B = -0.0145 and C = 0.000105. d obs is fitted using an exponential model, d obs (θ) ∼ d 0 + f exp(g θ) where d 0 = 2.10 -5 , F = 0.187, G = 14.7.

Figure 7

 7 Figure 7.3: (Left) Transition height from Eq. (7.7), between a regime without synchrotron emission (below the blue line) to a regime where a significant synchrotron component is expected (above the line), as a function of the magnetic field amplitude. The dashed lines mark the combination of different magnetic field amplitude and sin α values. (Right) Total electricfield strength of the north-south component of the polarization, for a vertical air shower.

Figure 7 . 4 :

 74 Figure7.4: Dependency of the Molière radius (Eq. 2.5) and of the magnetic drift extension l drift (Eq. 7.15) in air showers, at X max , as a function of the air density. The factor 2 behind the Molière radius is to account for the extension on both sides of the shower axis along a given lateral direction.

  ωt + φ 0 + ∆φ j )

  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 θ = 38 • and (right) a shower with zenith angle θ = 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.

Figure 7

 7 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.

Figure 7

 7 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.

Figure 7

 7 Figure 7.9: (Left) Sketch of a starshape layout in the shower plane and η angle between a given position and the (v × B) axis (counted positively towards the [v × (v × B)] axis). The red arrows represent the charge-excess polarization vector. It can be seen that that the chargeexcess fully projects on the [v × (v × B)] axis for η = 90 • , hence its norm can be derived as E ce (ω, η) = E v×(v×B) (ω, η = 90 • ). (Right) Comparison between the charge-excess and clover-leaf emission radiation energies. The charge-excess radiation energy is computed using antennas on the [v × (v × B)] axis (η = 90 • , purple line). For the clover-leaf, we considered only its [v × (v × B)] component and computed four different estimations of the radiation energy, considering each time a different layout arm (η = [45 • , 135 • , 225 • , 315 • ]).

  does not significantly contribute to the radio emission on the [v × (v × B)] axis, while the charge-excess emission fully projects on this axis. This yields E v×(v×B) (η = 90 • , ω) = E ce (η = 90 • , ω). Assuming a radial symmetry of the charge excess emission we can infer its norm at any position asE ce (η, ω) = E v×(v×B) (η = 90 • , ω) . (7.23)Hence following Eq. (6.1), its[v × (v × B)] component reads E ce v×(v×B) (η, ω) = E ce (η, ω)| sin η| , (7.24) = E v×(v×B) (η = 90 • , ω)| sin η| . (7.25)Inserting this result in Eq. (7.22), we can infer the clover-leaf emission electric field amplitude along [v × (v × B)], by subtracting the charge-excess contribution to E v×(v×B)E cl v×(v×B) (η, ω) = E v×(v×B) (η, ω) -E v×(v×B) (η = 90 • , ω) sin η . (7.26)Finally, using Eq. (7.23) and Eq. (7.26), we can apply the procedure described in Section 3.5.3, to reconstruct the clover-leaf and charge-excess radiation energy, followingE cl (ω, η)| 2 D 2 Xmax ω dω ,

Figure 7

 7 Figure 7.12: (Left) Transverse-current radiation energy as a function of air density, in the 30 -80 MHz frequency band (blue curve) and in the [50 -200] MHz band (orange curve), from CoREAS simulations of proton showers with GRAND magnetic field configuration. (Right) Ratio between both radiation energies, normalized by their peak value, E geo rad ([50 -200] MHz)/E geo rad ([30 -80] MHz). Simulation data from Felix Schlüter.

  

  

  

  

  

  , the related electric fields read

	E geo ≈	dt r dt	dA geo dt r	,	(6.4)
	E ce ≈	dt r dx	dA ce dt r	.	(6.5)

Table 6 .

 6 1: Lists of the primary particle energies E, zenith angles θ and azimuth angles ϕ of the arrival direction considered in Section 6.1.1.

		Energy (EeV)		0.20 0.63 1.26 2.00 3.98
		Zenith θ (Deg.)	38.2 49.1 57.0 63.0 67.8 71.6 74.8 77.4
				79.5 81.3 82.7 83.9 85.0 85.8 86.5 87.1
		Azimuth ϕ (Deg.)	0	90	180
	Energy E (EeV)	0.020 0.025 0.032 0.040 0.050 0.063 0.079 0.100 0.126
		0.158 0.200 0.251 0.316 0.398 0.501 0.631 0.794 1.000
		1.259 1.585 1.995 2.511 3.162 3.981
	Zenith θ (Deg.)	81.26 82.72 83.94 84.95 85.80 86.50 87.08
	Azimuth ϕ (Deg.)	0	90	180
	Table			

Table 6 .

 6 3: Lists of the primary particle energies E, zenith angles θ and azimuth angles ϕ of the arrival direction considered in Section 6.1.2.

	6.1. Polarization signatures for inclined cosmic-ray induced air shower identification 113
	Energy (EeV)	0.63	0.79	1.00	1.25	1.58 1.99 2.51	3.16 3.98
	Zenith θ (Deg.)	81.26 82.72 83.94 84.95 85.8 86.5 87.08	
	Azimuth ϕ (Deg.)	0	90	180	270		
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Chapter 5

The Giant Radio Array for Neutrino Detection

The work presented in this manuscript was performed in the context of the GRAND experiment, which is a planned large-scale radio array, intended for the detection of ultra-high energy astroparticles. In this chapter, we review the GRAND detection principle, science case and associated challenges that we will address in the next chapters.

Introduction

GRAND, the Giant Radio Array for Neutrino Detection [START_REF] Álvarez-Muñiz | The Giant Radio Array for Neutrino Detection (GRAND): Science and design[END_REF][START_REF] Kotera | The Giant Radio Array for Neutrino Detection (GRAND) project[END_REF], is a planned large-scale radio experiment that aim at detecting ultra-high energy cosmicrays, gamma-rays and neutrinos. It will rely on the radio emission these messengers emit when cascading in the Earth's atmosphere. GRAND will consist of 200 000 radio antennas deployed over a total area of 200 000 km 2 , in favorable mountainous and radio-quiet locations across the Earth. The array will be modular, divided in 20 sub-arrays each of 10 000 radio antennas, allowing GRAND to reach, in its final stage, an unprecedented neutrino-sensitivity of ∼ 10 -10 GeV cm -2 s -1 sr -1 above 5 × 10 17 eV, combined with a sub-degree angular resolution and a full sky coverage. Thanks to these expected performances, GRAND will make possible the discovery of the first ultra-high-energy neutrino point sources, providing clues to tackle the mystery of UHECRs origin and opening a new astronomical window to unveil the Universe at the highest energies. The deployment of GRAND will be divided in 4 main steps: (1) The current prototyping phase, with 3 small-scale antenna arrays to test hardware, trigger and calibration. (2) GRANDProto300, a radio array of 300 antennas expected to be running by the end of 2026, that will detect cosmic-rays and possibly gamma-rays. This array will act as a test bench for the GRAND experiment. (3) GRAND10k, a first sub-array of 10 000 antennas, split in 2 sites (one in the Northern hemisphere and one in the Southern hemisphere), that could detect the first EeV neutrinos for optimistic fluxes. (4) GRAND200k, the final stage of the GRAND experiment, with 20 sub-arrays of 10 000 antennas deployed around the world, allowing to detect even the most pessimistic fluxes of ultra-high energy neutrinos for standard UHECR sources scenarios (Alves [START_REF] Batista | Open Questions in Cosmic-Ray Research at Ultrahigh Energies[END_REF].

Detection principle

We illustrate the GRAND detection principle in Fig. 5.1. The radio emission from air showers induced by cosmic-rays, gamma-rays and neutrinos is detected at ground level with radio Chapter 7

Understanding the underlying physical processes of air-shower radio emission

The preparation of next-generation radio experiments requires a deep understanding of the radio emission processes in air showers, to develop efficient methods for air shower reconstruction and adapt the detection strategies accordingly. Particularly, next-generation ultra-high-energy detectors such as GRAND (Álvarez-Muñiz et al. 2020), BEACON [START_REF] Wissel | Prospects for high-elevation radio detection of >100 PeV tau neutrinos[END_REF], and the radio upgrade of AugerPrime (The Pierre Auger Collaboration 2016), will target the detection of cosmic-ray, gamma-ray and neutrinos showers with inclined arrival detections. These inclined showers develop higher in the atmosphere and over longer distances than vertical ones (Section 3.6), which affect the radio emission in non trivial ways.

While ZHAireS and CoREAS can simulate the radio emission from inclined showers, their predictions, at the highest zenith angles, remain to be confirmed with experimental measurements. Additionally, the underlying macroscopic physics behind their outputs, is often hidden by the simulation process. Hence, in the purpose of reaching a deeper understanding of air shower radio emission, it is necessary to develop new analytical models, which account for inclined air showers characteristics.

In this chapter, we study the dependency of the radio emission with the shower inclination and demonstrate that the existing theoretical descriptions require to be broadened to enfold the case of inclined air showers, resulting in a new paradigm for the nature of radio emission. In particular, since very inclined air showers develop in significantly lower atmospheric densities, magnetic deflections are enhanced, resulting in synchrotron emission and in a notable coherence loss of the electromagnetic emission due to a larger shower extension. In Section 7.1, we determine analytically the parameter space where these effects are prominent, propose a new paradigm which accounts for the whole parameter space, and calculate the associated radio signatures. In Section 7.2, our results are compared to predictions of microscopic numerical simulations with the ZHAireS (Alvarez-Muñiz et al. 2012) and CoREAS (Huege et al. 2013) Monte-Carlo codes. The significant impact of our predictions on the detection and reconstruction strategies of next-generation radio experiments is discussed in the conclusion. The results of this Chapter follow our work in (Chiche et al., submitted to Physical Review Letter).

New paradigm for radio emission and associated signatures

In this section, we propose to evaluate the relevant characteristic lengths at play in air shower radio emission, in order to identify possible transition regimes between vertical and inclined showers.

Typically, when an air shower develops, electromagnetic particles can lose their energy For GRAND magnetic field, the suppression of the transverse-current radiation energy for air densities below ρ air = 0.3 kg m -3 (θ ∼ 70 • ), can be qualitatively reproduced by our analytical modeling of the coherence effects discussed in Section 7.1.3 and represented by the black line. In contrast, for Auger magnetic field, the geomagnetic radiation energy increases almost continuously when lowering the density and only a small slope change is observed at the lowest densities. For Auger, the splitting at the lowest densities can be reproduced by our model when considering different sin α values, as the "effective" magnetic field strength is given by B sin α. We used sin α = 1 (bottom curve), sin α = 0.7 (middle curve) and sin α = 0.3 (top curve). radiation energy than showers with lower values. This dependency can also be explain with our coherence model, since the "effective" magnetic field that a particle sees is related to the Lorentz force and given by B eff = B sin α. This implies that the radio emission from air showers with high sin α values is more predominantly affected by coherence loss effects. This assumption is further supported by a slight decrease in the radiation energy observed at the lowest densities, for the Auger magnetic field configuration, when sin α approaches 1 (righthand plot, yellow dots). We link this diminution to a minor coherence loss due to the impact of the effective magnetic field, consistently with our description in Section 7.1.3.

Finally, in Fig. 7.11, we also represented with a black line, the expected radiation energy from our coherence description given in Eq. (7.21). It can be seen that, at the highest densities, the increase of the radiation energy approximately follows the scaling in E rad ∝ (1-p 0 +p 0 exp [p 1 (ρ Xmax -⟨ρ⟩)]) 2 , as expected from [START_REF] Glaser | Simulation of radiation energy release in air showers[END_REF], with ⟨ρ⟩ = 0.65 kg m -3 , p 0 ∼ 0.28 and p 1 ∼ -2.7 m 3 /kg for Auger, p 0 ∼ 0.27 and p 1 ∼ -1.8 m 3 /kg for GRAND. Additionally, our description of coherence effects also predicts a stronger suppression of the radiation energy for GRAND than Auger magnetic field, as predicted by Monte-Carlo simulations. Particularly, for Auger, the splitting in the radiation energy at the lowest densities can be reproduced by considering different geomagnetic angles and thus different effective magnetic field amplitudes. In practice, we used sin α = 1 for the bottom curve, sin α = 0.7 for the middle curve and sin α = 0.3 for the top curve. Hence, the radio emission cut-off, seen in Monte-Carlo simulations, appears to be consistent with the transition to an incoherent regime, as described in the Section 7.1.3, while the shape of the energy suppression shows good in agreement with the analytical toy model discussed given by Eq. (7.21).