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Search for transient sources with the ANTARES and KM3NeT neutrino telescopes in the
multi-messenger astronomy era

by Marta COLOMER MOLLA

Two analyses are detailed in this thesis related to neutrino and multi-messenger astronomy with
Cherenkov telescopes in the Mediterranean Sea.

The first analysis explores the capabilities of the KM3NeT neutrino telescopes to detect the sig-
nal from a Galactic core-collapse supernova (CCSN), as well as the physical constraints that could be
extracted from such a detection. Together with the Sun, CCSNe are the only confirmed sources of as-
trophysical neutrinos. A search method for these astrophysical neutrino sources with KM3NeT has
been developed during this thesis, based on the analysis of the first data which has allowed for a good
characterisation of the background and the detector performance. The results show that the KM3NeT
detector might be sensitive to this MeV neutrino flux, with a coverage at 5¢ discovery potential of more
than 95% of Galactic CCSN progenitors. Therefore, KM3NeT will contribute to the observation of the
next Galactic explosion. The CCSN analysis has been implemented in a real-time trigger, that is active
since summer 2019. Moreover, it has yielded the first KM3NeT real-time results with the follow-up of
the unmodelled candidate gravitational-wave (GW) events. These results have allowed the KM3NeT
experiment to join the SNEWS network, to which all detectors sensitive to CCSN neutrino send their
alerts.

The second analysis exploits the data of the ANTARES neutrino telescope to search for high-energy
neutrinos (TeV-PeV) in time and space coincidence with gravitational-wave sources and very-high en-
ergy gamma-ray bursts (GRBs). In fact, compact binary mergers and gamma-ray bursts have long been
suggested as potential high-energy neutrino emitters. Typically, these searches look for muon neutri-
nos coming through the Earth (upgoing tracks). For the first time, all-flavors (including the so-called
shower events) were included in this kind of searches. Moreover, these analyses have been applied
to sources both below the ANTARES horizon (seen as upgoing events), and above the horizon of the
ANTARES telescope (downgoing). This has lead to an improvement of sim15-30% for upgoing events
and up to a 200% for searches above the horizon. The analyses carried out during the thesis yielded no
neutrino in coincidence with any of the gravitational-wave sources from the first GW catalog, neither
with the first GRBs detected at very high energies.

Keywords: astroparticles, neutrinos, multi-messenger, high-energy, astrophysics, supernova, grav-
itational waves
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Résumé

Dans le présent manuscript s’expose le travail réalisé au sein de la Collaboration ANTARES-KM3NeT,
dont le cadre général est I'astronomie multi-messagers avec des télescopes a neutrinos. Le travail a
porté sur deux axes: la détection de neutrinos de supernova a effondrement de coeur a basse én-
ergie avec KM3NeT (MeV), et la recherche de neutrinos de haute énergie (TeV-PeV) dans les données
d’ANTARES associés a une source transitoire associée, détectée en ondes gravitationalles ou via le
rayonement gamma de haute énergie.

Astronomie des neutrinos

L’astronomie de neutrinos est une discipline jeune qui mélange la physique des particules et I’astrophysique.
Elle est née avec les observations des neutrinos provenants du Soleil ainsi que d"une explosion de
supernova (SN1987A). Plus récemment, les premiéres détections de neutrinos cosmiques a haute én-
ergie et les premieres sources astrophysiques détectées simultanément a travers differents messagers
cosmiques ont conduit a une nouvelle perception qui va au déla de l’astronomie conventionelle :
I’astronomie multi-messagers.

Neutrinos, rayons cosmiques et rayons gamma peuvent étre produits ensemble & proximité des
sources astrophysiques ot ’accelération de particules a tres haute énergie est possible. Néanmoins, la
production des rayons gamma peut aussi avoir lieu par des processus leptoniques. Pour cette raison,
la détection des neutrinos provenant d'une source identifiée serait une preuve irréfutable d'un site
d’acceleration hadronique.

Puisque les neutrinos intéragissent tres faiblement, leur détection contitue un défi, mais cette méme
propriété fait des neutrinos des messagers cosmiques tres utiles. Leur détection apporte des éléments
uniques sur les mécanismes astrophysiques en jeu dans les phénomenes explosifs de 1’'Univers. Jusqu’'a
present, une seule source de neutrinos de haute énergie a été identifiée : le blazar TXS 0506+056. A cela
s’ajoute la détection d'un flux diffus de neutrinos cosmiques avec des énergies de 1'ordre du TeV-PeV,
qui se répartit de fagon isotrope dans le ciel et dont 1’origine est encore inconnue.

La détection des neutrinos se fait de fagon indirecte. C’est a dire, a travers 1’observation des partic-
ules produites lors de leur intéractions. Le principe de détection des telescopes a neutrinos est basée
sur la détection des particules chargées produites lors que les neutrinos intéragissent avec la matiere.
Dans le cas des détecteurs ANTARES et KM3NeT, ces intéractions ont lieu dans 1’eau saline et elles
peuvent étre observées en colectant la lumiere de Tcherenkov induite par le passage d'une particule
chargée a vitesse rélativiste grace aux divers photomultiplicateurs (PMTs) qui constituent le décteur.
Les PMTs sont disposés sur des lignes verticales pour former I'ensemble de I'instrument. En suivant la
quantité de lumiére déposée et le temps auquel les photons sont détectés dans les PMTs, la trajectoire
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des particules peut étre reconstruite.

Il existe trois sources de bruit de fond dans la mer pour ce type de décteurs Tcherenkov: la biolumi-
nescence, les isotopes radioactifs présents dans ’eau de mer, et des leptons chargés qui sont produits
dans des intéractions des rayons cosmiques dans ’atmosphere, qui arrivent dans 1’eau et produissent
de la lumiere qui peut étre observée. Dans ce dernier cas, on inclut les neutrinos et les muons atmo-
spheriques.

KM3NeT est un teslescopes a neutrinos qui est en cours de deploiment dans la mer Meditérranée.
Il est composée de deux détecteurs: ORCA et ARCA. Le premier (ORCA) est situé au large de la
cote francgaise (Toulon), et il a comme objectif I'étude des oscillations des neutrinos et la détermi-
nation de I'hierarchie de masse des neutrinos. Le deuxieme (ARCA), est placé au large de la Sicile
(Cappo Passero) et est consacré a la recherche des sources astrophysiques de neutrinos de haute én-
ergie, comme son prédécesseur ANTARES et le détecteur plus grand de ce type qui existe actuellement,
IceCube. La nouveauté des détecteurs KM3NeT réside dans le fait qu’ils sont formés par des spheres
qui disposent de 31 PMTs chacune, appéllées DOMs, tandis qu’”ANTARES et IceCube ont un seul
PMT de grande photocathode. Ces détecteurs se situent a une profondeur d’environ 2500 m (ORCA,
ANTARES) et 3500 m (ARCA). Ceci permet de reduir la quantité de bruit de fond atmospherique qui
est détectée. ORCA est un détecteur plus dense avec 115 lignes instrumentés, contrairement a ARCA
qui lui est plus grand (~1 km?), avec 230 lignes de détection.

Dans la suite, les analyses menées pendant cette these et les résultats obtenus sont résumés.

Detection des neutrinos de supernova avec KM3NeT

Dans une premier partie, le potentiel des télescopes KM3NeT pour observer un flux de neutrinos d"une
explosion supernova est étudié. Les supernovae sont la deuxieme source de neutrinos astrophysiques
confirmée aprés le Soleil. La seule détection des neutrinos provenant d’un événément supernova a
permis de consolider les bases théoriques du mecanisme astrophysique sous-jacent des explosions de
supernova. Par contre, une seule détection n’a pas suffi pour contraindre tous les parametres qui
permettent de décrire en détail les différents phenomenes qui ont lieu au cours de I'explosion. Cela
constitue une motivation forte pour réaliser ce type d’études pour une prochaine détection.

Les détecteurs KM3NeT ne sont pas optimisés pour détecter des neutrinos a basse énergie (MeV).
Néanmoins, le signal supernova peut étre identifiée comme une hausse du taux d’événéments détec-
tés au dessus du bruit de fond. De fait, I'énorme quantité de neutrinos émise lors de 1’explosion va
produire une hausse pas seulement du taux d’événéments détectés, mais aussi du taux d’événéments
détectés en coincidence par les différents PMTs du méme DOM.

Les détecteurs KM3NeT sont principalement sensibles au flux de v, qui intéragissent avec les pro-
tons présents dans 1’eau. Le nombre de PMTs sur un méme DOM qui détectent des photons en coinci-
dence (multiplicité) est utilisé pour réduire de forme radicale le bruit de fond provenant de la biolumi-
nescence et la radioactivité. D’autre part, les correlations spatio-temporelles sont exploitées pour filtrer
des événéments de bruit de fond atmospherique, qui vont produire des signatures caractéristiques que
I’on peut identifier. Ces techniques permettent d’optimiser le potentiel de KM3NeT pour la détection
d’un flux de neutrinos au MeV.

Une simulation détaillée de la réponse des détecteurs KM3NeT a un flux de neutrinos de supernova
a été développée pendant cette these, et elle a permis d’évaluer sa sensibilité. Avec cette simulation,
la masse effective de KM3NeT pour des recherches a basse énergie a été estimée. Les 115 lignes d'un
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block de détection sont équivalentes & un détecteur de neutrinos au MeV de 50 kton. Avec la coupure
en multiplicité optimisée pour la recherche de neutrinos de supernova, cette masse effective est réduite
a ~1 kton. Cette simulation a permis de caracteriser la réponse du détecteur a basse énergie, qui a été
paramétrisée avec une courbe d’efficacité en fonction de 1’énergie des neutrinos. Cette paramétrisation
peut étre appliquée directement pour la simulation de tout flux astrophysique de neutrinos avec des
énergies entre 1 et 100 MeV.

La méthode de détection utilisant les coincidences a été optimisée pendant cette thése et a été ap-
pliquée aux premieres données de KM3NeT pour mesurer le bruit de fond. Avec ces estimations du
bruit de fond et du signal attendu, la sensibilité de détection aux neutrinos de supernova avec KM3NeT
a été évaluée. Les résultats obtenus indiquent que plus du 95% des supernovae galactiques pourront
étre détectées avec KM3NeT. Ces résultats demontrent que KM3NeT pourra contribuer a la détection
de la prochaine explosion supernova galactique.

Premiers resultats en temps réel

La strategie adoptée pour 1’analyse supernova a été mise en place dans le systeme de declenchement
appliqué directement aux données qui sont procéssées en temps réel, et qui sélectione les événéments
d’intérét physique. La characterisation et rejection du bruit de fond atteints a permis a 'expérience
KM3NeT de joindre le systeme d’alertes SNEWS, qui recoit les alertes individuelles de tous les dé-
tecteurs sensibles aux neutrinos de supernova, et en déclenche une si deux experiences observent un
signal supernova en coincidence.

A T'heure actuelle, KM3NeT est capable d’engendrer des alertes en combinant les données de
ARCA et ORCA en temps réel, avec une latence qui est en dessous de 20 secondes. Avec six lignes
qui prennent des données, ORCA peut observer des sources jusqu’a 6-9 kpc (en fonction de la masse
du progeniteur) avec le seuil de significativité requis par SNEWS.

Un des objectifs de ces recherches en temps réel est de pouvoir identifier le signal dans des dif-
férents messagers (neutrinos, rayonement electromagnétique et ondes gravitationelles), et pouvoir
déterminer quand et ot a lieu I’explosion. De fait, les photons produits lors d"une supernova sont
émis jusqu’a des heures aprés les neutrinos. De plus, les explosions de supernova sont une des sources
dont on attend aussi une émission d’ondes gravitationelles. Ainsi, une détection prompte du flux de
neutrinos faciliterait une observation electromagnétique et en ondes gravitationelles.

Pendant la derniere période de prise de données par les détecteurs d’ondes gravitationelles, deux
alertes ont été déclenchés pour des signaux qui pourraient provenir d’une supernova. A ce moment,
quatre lignes d’'ORCA étaient actives. Ces alertes ont été suivis avec les données d’ORCA, auxquelles
I'analyse supernova a été appliquée. Il n'a pas été observé d’excess dans les donnés correspondant
a un potentiel signal de neutrinos au MeV. Avec cette non-détection, des limites sur une potentielle
explosion supernova ont été placées, avec une distance minimale de 6-12 kpc (suivant la masse du pro-
geniteur). De plus, les limites obtenues avec cette analyse ont pu rejetter ’hypothése d"une explosion
supernova avec une énergie total émisse en neutrinos plus grande que 3 x 10° erg, qui est 1’énergie
typique pour ces explosions. Cette analyse a permis mettre en place un premier suivi et ainsi de véri-
fier le functionement et validité de 'algorthme de déclenchement dans un cas réel, en prouvant une
capacité de réponse rapide.
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Etude des propiétés du flux de neutrinos

Une autre partie du travail a été d’évaluer les performances de KM3NeT pour contraindre et distinguer
entre les différents modeles de production des neutrinos. Pour ceci, il est crucial de déterminer quelle
est la résolution temporelle, angulaire et en énergie du détecteur.

Pour méner des analyses qui impliquent des variations temporelles, il est nécessaire d’avoir une
bonne résolution temporelle. En particulier, dans le cas d’un flux de neutrinos de basse énergie, 1'idéal
est une résolution a I’échelle de la milliseconde pour pouvoir étudier des changements rapides en
temps et déterminer avec precision quand débute le signal. Pour ceci, l'instrument doit étre capable de
détecter une quantité de neutrinos élévée pour avoir de la statistique. Avec KM3NeT, ceci est possible
seulement si on utilise toutes de coincidences. La coupure en multiplicité permet une diminution du
bruit de fond plus grande et une meilleure sensibilité de détection, mais au dépend d"une grand perte
d’événéments de signal.

L’analyse temporelle principale qui a été méne pendant cette these a été le développement d'une
méthode pour combiner les courbes de lumiere de neutrinos détectées par différents instruments. Le
but est d’extraire avec cette combinaison le décalage temporelle du signal observé par les différents
détecteurs, et de déterminer l'incertitude de cette mesure experimentale. Cette méthode permettra de
mésurer ce décalage temporel de fagon modéle indépendante. Pour ceci, on a considéré dans la simu-
lation une paramétrisation simple qui modélise 1’évolution temporelle du flux de neutrinos attendu, et
une caractérisation simplifiée de la réponse des détecteurs a ce flux, en utilisant des données publiques.
Les uncertitudes obtenues pour 'estimation de ce décalage temporelle sont en dessous de 1 ms pour
le meilleur des cas, et jusqu’a ~7 ms pour la combination des détecteurs la moins performante. Finale-
ment, ces résultats ont été utilisés pour estimer la position de la source par triangulation du signal dans
les différents détecteurs. La précision obtenue est une boite d’erreur de ~70 deg? pour la localisation
de la supernova. Cette analyse a été congue pour fournir une réponse rapide. La boite d’erreur peut
étre réduite ensuite en combinant des informations et analyses supplementaires.

Recherche de neutrinos de haute énergie issus de sources transitoires d’ondes
gravitationelles et de sursauts gamma détectés a haute énergie

Comme introduit au début de ce résumé, on s’attend a ce que l'origine des neutrinos cosmiques de
haute énergie soit la méme que celle des rayons cosmiques ultra énergétiques. L'émission de neutri-
nos pourrait aussi avoir lieu au méme temps que le rayonement gamma de haute énergie et un signal
gravitationnel. Pour cette raison, une partie du travail de cette these est consacrée a la recherche d"une
émission de neutrinos de haute énergie associée a un signal electromagnetique ou gravitationnel d'une
source confirmée. Une attraction particuliere a été portée aux sources d’ondes gravitationelles (colli-
sion d’objects compacts dans des systemes binaires), et a des sursauts gamma qui ont été détectés a
des énergies autour du TeV par la premieére fois.

Les correlations temporelles et spatiales entre les photons détectés aident a identifier des topolo-
gies d’événéments caractéristiques des intéractions des particules chargées dans I'eau. Un cone de lu-
miére qui traverse le détecteur est caratéristique du passage d"un lepton chargé ("trace"): muons atmo-
sphériques ou muons issu de l'intéraction par courant chargé d"un neutrino électronique. Un point bril-
lant (sphere lumineuse en expansion) dans le détecteur, indique la présence d"une gerbe hadronique ou
electomagnétique produite par des intéractions par courant neutre ou par courant chargé dans le cas
d’un neutrino électronique ("cascades"). Les corrélations causales permettent d’identifier ces topolo-
gies et de rejeter des événéments de bruit de fond. Ainsi, a haute énergie, la composante de bruit de
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fond qui domine sera constituée de muons et neutrinos atmosphériques.

La méthode habituelle pour rejeter la composante de bruit de fond atmosphérique est de garder les
événéments qui arrivent au détecteur en ayant traversé la Terre (montants), puisque seuls les neutri-
nos peuvent la traverser. Par ailleurs, les neutrinos atmospheriques présentent un spectre en énergie
différent de celui des neutrinos cosmiques. Aussi, une sélection des neutrinos plus énergétiques per-
met de discriminer statistiquement les neutrinos atmospheriques traversant la Terre et les neutrinos
d’origine cosmique.

Une autre possibilité est de réaliser une analyse ot on cherche des coincidences spatio-temporelles
avec une détection confirmée d'une source transitoire. Une région du ciel petite et une fenétre tem-
porelle courte ot rechercher le signal permettent de réduire le bruit de fond et augmenter le potentiel
de découverte. En fait, le bruit de fond peut étre diminué tellement qu’il est possible €3 chercher des
sources qui sont au dessus de 1'horizon d’ANTARES, vues comme événéments descendants qui sont
plus probablement des muons. De cette facon, la recherche peut étre étendue a tout le ciel et toutes les
saveurs de neutrinos (traces et cascades).

Une partie du travail présenté dans ce manuscript a été consacrée au développement d’un critere de
sélection pour des événéments de type cascade qui soit applicable dans ces recherches multi-messagers.
Cette sélection, comme pour les traces, se base sur une méthode qui consiste a trouver les coupures
dans les parametres de qualité de la réconstruction de sorte qu'un événément qui passe les coupures
dans la fenétre de la recherche et a une position compatible avec celle de la source, méne a une détec-
tion a 3¢ de niveau de confiance. Cette stratégie offre un bon compromis entre une bonne sensibilité
(limites plus contraignantes) et un bon potentiel de découverte.

Cette analyse a été appliqué aux données d’ANTARES dans deux contextes différents: la recherche
de neutrinos en coincidence avec les signaux d’ondes gravitationelles du catalogue O2, et la recherche
de neutrinos associés avec une émission de photons gamma de treés haute énergie O(TeV) provenant de
sursauts gamma longs. Pour la premiere fois, les cascades ont été inclues dans ce type d’analyse, ce qui
a abouti a une amélioration de la sensibilité d’un 15-30% pour des sources dans 1’horizon d”ANTARES
et jusqu’un 200% pour des recherches d’événéments descendants.

Mots clés: astroparticules, neutrinos, astrophysique, haute énergie, astronomie, multi-messagers,
supernova, ondes gravitationnelles
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Chapter

An introduction to neutrino astronomy

This chapter is a short introduction to the current knowledge in the field of neutrino astrophysics. The
scientific motivations for a neutrino astronomy are summarised, insisting on the role that neutrinos
could play in different scenarios and pointing out the interesting known and potential candidate astro-
physical sources. The interaction properties of neutrinos place them as potentially unique astronomical
messengers in the information they carry. A special focus is thus given to multi-messenger astronomy,
which aims at exploiting the synergy between the multiple messengers emitted by these astrophysical
sources, presenting their respective advantages.

1.1 Historical introduction

When talking about neutrino astronomy, one has to keep in mind that we are facing a relatively new-
born field. It has been almost one century since a new fundamental particle called neutrino was pro-
posed by Pauli in order to explain the missing energy observed in radioactive decays [1]. Moreover,
already 60 years have passed since the initial idea and the basis of high-energy neutrino telescopes
appeared. Neutrino astronomy was born in the 1960’s with the first observation of neutrinos from
the Sun [2]. This detection brought the discovery of neutrino oscillations and revealed the fact that
neutrinos are massive particles, which was not predicted by the Standard Model (SM). The nature of
neutrinos (Dirac or Majorana [3] '), their mass and the mechanism that makes them massive still re-
main unknown as well as many other mysteries involving these enigmatic particles. In particular, three
flavours of neutrinos are observed (v, v, and v;) but additional neutrinos (so-called sterile neutrinos)
are hypothesised in order to explain the different experimental data.

From 1911, Victor Hess performed a set of observations of the dischargement of an electroscope at
different altitudes with balloon flights [4]. He measured an increase of this dischargement up to 4 km
high, later reproduced at higher altitudes, which could only be due to a cosmic origin. This was how
he was attributed the discovery of a flux of charged particles coming from outside the Earth, since then
referred to as cosmic rays (CR). Their discovery had an immediate impact on particle physics, with
the study of CR interactions and their products allowing for the discovery of a large number of new
particles, such as positrons, muons, kaons and pions.

It was not until the 20th century that multi-wavelength astronomy appeared, with observations of
the Universe using other wavelengths than visible light. This led to a set of important discoveries in
astronomy such as the first observations of pulsars, gamma-ray bursts and fast radio bursts among

1 A Majorana particle is a fermion which is its own anti-particle. Contrary to Dirac particles for which an antiparticle with
opposite quantum numbers exists.
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others. Since then, the full electromagnetic (EM) spectrum has been covered. But the connection of the
EM emission with cosmic-ray acceleration and neutrino production is still to be made.

The first detection of neutrinos from outside the Solar System dates back also to the 20th century,
with the explosion of the supernova SN1987A, in the Large Magellanic Cloud. Their detection made
possible to confirm the basic theoretical picture of massive stars explosion at the final stage of their evo-
lution. The energy of the detected neutrinos from that source was at the MeV scale. It is, historically,
the first extra-solar multi-messenger (MM) detection, with an electromagnetic signal and astrophysical
neutrinos observed. The question of the detection capability with neutrino telescopes is the subject of
Part II of this manuscript.

In 2013, the first detection of cosmic neutrinos at very high energies (above tens of TeV) was re-
ported by the IceCube Collaboration [5, 6]. The discovery of a diffuse high-energy neutrino flux has
been confirmed with the growing statistics of high-energy neutrino (HEN) events detected, whose
angular and energy distribution is consistent with an extra-galactic origin. These first observations
constitute a revolution inside the field, but even after these observations many questions regarding
their exact origin remain open.

The beginning of gravitational-wave (GW) astronomy with the first observation of a signal in 2015
by the LIGO interferometers [7] marked the next important step for the community, with new probe
for observing the Universe and the confirmation of General Relativity prediction for their existence.
This event represents also the first observation of the coalescence of two black holes in a binary system.

The detection of cosmic neutrinos and GW marked a major step in the development of multi-
messenger astronomy. In the MM era, constraining possible scenarios of cosmic neutrino production
at different sources is made possible by combining the information coming from the detection of a
same astrophysical event through different cosmic messengers: cosmic rays, photons or GWs. This
was shown with the detection of the first GW-EM multi-messenger observation of a binary neutron
star merger (GW170817/GRB170817A) [8] and the first potential coincident detection of a high-energy
neutrino and gamma rays from the blazar TXS 0506+506 [9, 10].

1.2 Cosmic Rays

Cosmic rays consist mainly of high-energy protons and nuclei coming from the cosmos. They are
detected directly by experiments on board satellites and balloons and indirectly by observing the ex-
tensive air showers they generate in the Earth’s atmosphere. The flux of cosmic rays measured on
Earth is shown in Fig. 1.1, represented by a broken power law spectrum with energies that span over
about 10 orders of magnitude. Two changes of the spectral index are observed in the distribution of
the cosmic ray flux at "low" (~PeV) and "high" (~ 10%PeV) energies, called respectively the knee and
the ankle. The knee is though to reflect the maximum proton energy that most Galactic accelerators
can reach. A second knee appears due to the fact that this maximum energy is shifted for heavier ele-
ments present in the CRs compared to protons. The ankle is believed to indicate the transition between
Galactic and extra-galactic origin of the CR sources.

The very high energies these particles can reach suggest that some astrophysical objects provide ac-
celeration sites capable of bringing these particles up to extremely high energies. However, the sources
of the CRs cannot be directly identified, because their directions are deflected by their interaction with
magnetic fields. One way of identifying CR sources is detecting neutrinos produced by interactions of
CRin or around the source.
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Figure 1.1: The cosmic-ray spectrum measured on Earth, with the characteristic features indicating a
change of the index in the power-law spectrum, the knee and the ankle. Figure extracted from [11].

The mechanism by which CRs may be accelerated is one of the missing clues in the field and the
question of the CR origin remains unknown more than a century after their discovery. Indeed, one of
the main motivations for the attempts to detect cosmic neutrinos is related to the lack of knowledge on
high-energy cosmic rays. Not only because neutrinos offer the possibility to identify the sources of CRs
but also because the CR spectra at the source are a key ingredient for models of neutrino production,
hence neutrinos carry information about the acceleration mechanisms.

The current scenario that is believed to explain the production of CRs up to the knee supports
the fact that they are likely produced in Supernova Remnants (SNRs), which are Galactic sources.
However, the standard SNR diffuse shock-wave model can not explain the acceleration of CRs up to
energies larger than 10'4-10'7 eV. Thus, the origin of the more energetic CRs is yet uncertain, but they
are most likely produced by extra-galactic sources. Other more exotic scenarios are based on models
that predict CRs originating from the decay/annihilation of particles beyond the Standard Model of
Particle Physics. These exotic scenarios are less and less advocated.

In fact, a relationship can be established between the size (R) and the intensity of the magnetic
field (B) of the acceleration region, which also depends on the charge of the cosmic-ray particle [12].
Basically, this relationship gives the maximum reachable energy (E,,) for a particle with charge z,
accelerated in a region of size R where one finds a magnetic field of intensity B. Such relationship is
called the Hillas criterion and is shown in Fig. 1.2. This diagram provides a first hint of the viable
cosmic accelerators up to extremely high energies.

As well as their origin, the composition of cosmic rays at the highest energies is not known, but
it is well constrained for low-energy CRs. In 1927, Jacob Clay evidenced cosmic rays being charged
particles [13], composed of electrons (1%) and nuclei (99%), with 89% of these nuclei corresponding to
protons. But the current results from the Auger and Telescope Array (TA) observatories are in tension
at the highest energies. Auger is finding a mixed composition with protons at energies below the ankle
and heavier nuclei at higher energies, while TA finds a light mass composition. Also the cutoff on
the spectrum is observed at different energies in each experiment. In fact, both data sets might be
compatible but systematics have to be explored in more details in order to distinguish between the
two models.

Two different scenarios emerge to explain these two datasets. In the first scenario (supported by
Auger data), the acceleration mechanism at the source and the propagation of the CRs are the origin of
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Figure 1.2: The Hillas diagram with the different cosmic-ray acceleration sources (Figure from [12]).
The solid line indicates the case of 102’ eV protons. The diagonal lines indicate the combinations of
values for B and R required to accelerate a particle of a given charge with a given maximum energy.

both the ankle in the spectrum and the high-energy cut-off [14]. In the second one (supported by TA
data [15]), the ankle originates from energy losses through pair production on the Cosmic Microwave
Background (CMB) and the suppression at high-energies is the result of CRs interacting with the CMB
photons [16]. This is the so-called GZK effect.

1.3 Neutrinos: a new window to the universe

High-energy neutrinos travel through the universe practically unaltered and without being deflected
by magnetic fields. They thus provide a probe into the yet unexplained high-energy phenomena of
the Universe, allowing to test fundamental laws as well as particle interactions in extreme conditions.
Their small interaction cross-section with matter is a source of difficulty for detecting them on Earth
and at the same time is also one of the main reasons for their interest as cosmic messengers.

When trying to observe the Universe with high-energy photons, above 1012 eV, photons originating
from distances beyond 100 Mpc cannot reach us because they are absorbed on their way to the Earth.
This absorption is mainly due to their interaction with ambient infrared (IR) light and with the CMB
as well as with matter.

In order to observe the Universe via high-energy protons (CRs), two main problems arise. On the
one hand, for energies below 10% eV, they get deflected by magnetic fields and the information about
where they originated is lost. On the other hand, above 10?° eV, where the deflection becomes negli-
gible, they are suppressed as explained in 1.2. This also limits the observation up to ~10-100 Mpc for
protons with energies of 10% eV.

But none of these problems comes out for high-energy neutrinos, since they only interact weakly
and the Universe is transparent to them, with the advantage of pointing back directly to the source.
However, as already pointed out, only two sources have been identified up to now (the Sun and
SN1987A) with the observation of astrophysical neutrinos at MeV energies. A third potential can-
didate is TXS 0506+506, for which there is evidence of neutrino emission but not significant enough to
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claim a discovery.

The expected neutrino spectrum for the different known and candidate sources is shown in Fig. 1.3,
spanning over more than 25 orders of magnitude in energy and about 40 in the flux intensity. The
high-energy neutrino spectrum is depicted as an unbroken power law, as predicted in case CRs are
accelerated within shocks according to the "diffusive shock wave acceleration model", first proposed
by E. Fermi [17] and referred to as the Fermi mechanism. However, the value of the spectral index is
still not well known (see section 1.3.2). The potential neutrino emitters will be discussed in section 1.5.
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Figure 1.3: Expected fluxes of neutrinos as a function of energy.

One notices from Fig. 1.3 that the component dominating over the largest energy range is the at-
mospheric neutrino flux. It originates from the interaction of cosmic rays in the atmospheric, leading
to the decay of hadrons producing neutrinos (see section 1.4). As will be explained in section 3.1, these
atmospheric neutrinos constitute one of the main background contributions for neutrino telescopes.

Similar reasons to those predicting the existence of the CMB, also conclude that a cosmological neu-
trino background should have originated at the moment of the decoupling of neutrinos from matter in
the Universe history. The CMB itself is an indirect proof of the existence of the cosmological neutrino
background.

As already mentioned, high-energy charged particles may suffer from interactions with the CMB
photons, producing secondary pions and neutrons in the same way than in sources (see section 1.4).
As a result of these GZK interactions, the so-called cosmogenic neutrinos, with energies above 1017 eV,
may also be originated.

Moving to lower energies and focusing on the first astrophysical source of neutrinos observed (our
Sun), a surprise arrived with the first detection of solar neutrinos by Davis and collaborators [18]: the
number of observed solar neutrinos was found to be nearly a factor of three below predictions. Three
hypotheses could explain this discrepancy: either the Standard Solar Model used to predict the dif-
ferent contributions to the solar neutrino flux was wrong, the properties of neutrinos as described by
the Standard Model (SM) of particles were more complex or the discrepancy was the result of an ex-
perimental bias. The second possibility appeared to be the right one. Most of the possible solutions
included unknown neutrino properties and considerations that questioned the Standard Solar Model.
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Solar neutrinos therefore helped to discover a key (misunderstood) property of neutrinos: they
are massive particles. More importantly, this non-zero mass allows for the oscillation of the neutrino
flavour from one eigenstate to another, as will be described in section 1.3.1. Thus, neutrinos can be
described as a mixing of the mass eigenstates, with the flavour eigenstate oscillating as the particle
propagates.

1.3.1 Neutrino oscillations

According to the Standard Model of particle physics, each of the three flavours of charged leptons (e,
1, T) has a neutrino associated to it (v,, v, vr). Weak interactions involving neutrinos preserve the total
number of leptons of each flavour. The measurements of the width of the Z° boson ? resonance indicate
that data are in agreement with the prediction of the existence of three light neutrino flavours.

It is known that the mixing between the flavour and mass eigenstates of neutrinos produces neu-
trino oscillations. In other words, the three flavour neutrino states interacting through the weak force
are different superpositions of the three propagating neutrino states of definite mass. This means that
neutrinos are produced in weak processes and detected in their flavour eigenstates but travel as mass
eigenstates. The process is illustrated in Fig. 1.4.

3| V1 V1
6-‘-.3' e
3 electron
¢ 6 ¢ neutrino
V2 V2 V2
Production Propagation Detection

Figure 1.4: Representation of the neutrino mixing, with a neutrino flavour state oscillating into another
and the two separate mass states present during the propagation.

This mixing is typically represented in the form of the so-called Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix, noted U in the following. This matrix can be written as a function of the three mixing
angles (612, 023 and 013), that define the mass composition of each flavour eigenstate. The expression
for the neutrino mixing matrix is the following;:

1 0 0 cos613 0 sinbize’ cosbip sinb;p 0O
U= 1[0 cosby3 sinby; 0 ' 1 0 —sinfyp cosbp 0
0 —sinby3 cosbrs —sinfize ™ 0 cosbis 0 0 1

In addition, a complex phase () appears in the modeling of neutrino oscillations. These phase
violates the CP symmetry °, introducing a different oscillation probability for neutrinos and anti-
neutrinos [19].

The probability of a neutrino of flavour « to oscillate into a neutrino p will depend on the traveled
distance (L), the neutrino energy (E,) and the difference between the squares masses of the two mass

states (k and j) composing the neutrino flavours (Am%j = m% — m?). They are related through the

]

2The Z" and W+ bosons are the mediators of the weak interaction through which neutrinos interact and are produced.
3CP stands for Charge Parity, which is a quantum number characterizing a particle state. According to the physics con-
servation law of CP, the number of particles and antiparticles in the initial and final interaction states must be conserved.
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following expression:
. i .Am% y
p(ve = vg) = ) UgUpgUyUg; X exp(zFL). (1.1)
k,j v
In case of two neutrino flavours, only once mixing angle () and mass difference (Am?) appear, with
the equation 1.1 being simplified to the following form:

Am?L
4E,

p(ve — vg) = sin®(20)sin?( ). (1.2)

In the presence of matter, the oscillation patterns described above are distorted since neutrinos can
be subject to interactions when propagating through matter [20]. As it will be seen in section 2.1.2,
neutrinos can undergo both neutral current and charged current interactions. While the neutral cur-
rent interactions have no effect on the oscillation (identical interactions for all flavours), the charged
current interactions change indeed the oscillation pattern presented earlier.

In the energy range of the solar neutrinos (a few MeV)), it is not possible to generate ; and 7 leptons
in the Sun. However, electrons present in the Sun (and in matter in general) will interact with the
electron neutrinos produced through nuclear interactions via elastic scattering, giving rise to the so-
called matter effect (see the interaction diagram in Fig. 1.5). This additional matter interaction potential
has to be added to the mass matrix in the Hamiltonian describing the evolution of a neutrino state in
the presence of matter. This potential can be written in the following form:

V, = GeV2N,, (1.3)

where Gr is the Fermi constant (coupling constant for the weak interaction force according to the SM
and the Quantum Field Theory) and N, the electron density in the medium generating the potential. An
interesting case is when the electron density is such that it leads to a resonance, i.e. to the maximal mix-
ing angle between the mass eigenstates. This is known as the MSW (Mikheiev-Smirnov-Wolfenstein)
resonance and in fact, the solar core matches this resonant electron density.

Figure 1.5: Feymann diagram illustrating the elastic scattering interaction between v,’s and electrons
producing the matter effect.

As a consequence of the MSW effect occurring in the Sun, the v, flux is largely suppressed, which
explains the deficit of solar neutrinos observed by the experiments on Earth. In fact, the ensemble of
observations shows that low energy solar neutrinos are suppressed by averaged vacuum oscillations
while neutrinos having more than a few MeV energy are suppressed because of the MSW effect. This
will be further discussed in the case of CCSN neutrinos on section 4.3.1.

One of the unknown neutrino parameters is the sign of the mass square difference Am3;, which
would determine the so-called Neutrino Mass Ordering (NMO). Since m, > m; is defined from solar
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Figure 1.6: Schematic representation of two neutrino mass ordering possibilities, extracted from [21].
The colors represent the relative contribution of each neutrino flavour to each neutrino mass state.

neutrino measurements, two possibilities remain for the neutrino mass ordering: whether m3z > m;
(Normal Ordering, NO) or m3 < m; (Inverted Ordering, 10). The two possibilities are illustrated in
Fig. 1.6.

While vacuum oscillations are not sensitive to the sign of Am%l, the existence of the V, potential
also introduces a dependence on the sign of Am3,. As a consequence, the NMO can be measured by
detecting this MSW resonance. In fact, exploiting this matter effect for determining the NMO is the
main goal of the KM3NeT-ORCA detector, described in section 2.3. As solar neutrinos traversing the
Sun, neutrinos produced in the atmosphere by the interaction of cosmic rays will suffer of this matter
effects when going through the Earth. The v, atmospheric flux will interact with the electrons in matter
via elastic scattering producing an effective matter potential given by Eq. 1.3.
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Figure 1.7: The oscillation probabilities for neutrinos passing through the Earth, P(v, — v.) and
P(vy — vy). They are shown as a function of the neutrino energy for the different NMO hypothesis
and for four different zenith angles. Figure taken from [22].

After taking into account the perturbation effect given by this effective potential, the oscillation
probabilities will change, showing a dependence on the neutrino mass ordering as can be seen in
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Fig. 1.7. By detecting the atmospheric neutrino flux through the Earth, the ORCA detector will be
sensitive to the neutrino mass ordering.

1.3.2 Recent results by the IceCube Neutrino Observatory

The first evidence for a high-energy diffuse neutrino flux of cosmic origin was reported by the IceCube
(IC) Collaboration in 2013 [5, 6]. Only events with an interaction vertex inside the detector volume
and an energy above ~10 TeV were considered for this analysis. This gave name to the IceCube sam-
ple called High-Energy Starting Events (HESE). The HESE selection allows to veto atmospheric muons
(which is one of the main background contributions as will be described section 3.1) and gives access to
neutrino events coming from the whole sky. The drastic background reduction from these conditions
allowed for the discovery.

In the first analysis, the sample had 28 signal events and the energy threshold was ~60 TeV. Since
then, the lastest HESE sample analysed accounts for 82 neutrino events with energies from 20 TeV to
2 PeV. Most of these events are shower-like events (defined in section 2.1.2) with angular resolutions
of 10 to 30 degrees [23, 24]. The angular resolution is the uncertainty on the estimation of the neutrino
direction from the reconstruction, which will be introduced in section 3.4.4.

An astrophysical neutrino flux has also been confirmed by additional IceCube searches using other
methodologies, such as the muon neutrino diffuse flux search giving name to the IC muon-track sam-
ple [25]. Despite the fact that the angular resolution is of the order of 1° for the muon track events, no
significant evidence for a preferred sky location has been observed.

The physical information that can be extracted about this flux from IC data are the energy spectrum
and the neutrino flavour ratio. For the neutrino spectrum, different hypotheses are tested : an unbro-
ken power-law with a single spectral component, a broken power-law (single spectral power-law with
a cut-off) and a double power-law, with two spectral components. The first scenario turns out to best
fit the IC data both for the HESE and the muon-track sample.

The best-fit value obtained from the last HESE search (7.5 yr) is a neutrino energy spectrum fol-
lowing an unbroken power law with spectral index of ¥=2.89 [26]. This analysis applies to all-sky and
all-flavour neutrino events. For the muon-track sample, the best fit is an unbroken power-law with
a value for the spectral index of x=2.28, according to the latest results (9.5 yr). This analysis is sensi-
tive only to the northern hemisphere and the v, flavour [27]. Therefore, it is not sensitive to Galactic
sources, observed in the southern hemisphere.

A third sample has been considered: the cascade-only events. Events from the full sky are observed
with this analysis, that includes both v, and v; neutrino flavours (complementary to muon-tracks) and
4 yr of data at the moment. In this case, the best-fit coming out from the measurements is a spec-
tral index of x=2.48 for an unbroken power-law. The last updates of these results were presented at
ICRC2019 [26, 27] and are summarised in Fig. 1.8.

The tension between the measurements from the different samples could be explained if the origin
of the two fluxes is different, motivated by the two searches having been carried on different regions of
the sky. In particular, the muon-track sample can be explained as an extra-galactic component with an
E~2-E~22 spectrum. While the HESE sample may be partly originated from a closer (local) component,
with a softer spectrum. In Fig 1.9 we show the best fit for each of the two analyses, which are in tension
with each other. The conclusion is that the origin of this flux still remains a mystery.
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Figure 1.8: IceCube best-fit values on the flux normalization and spectral index for the observed neu-
trino diffuse flux for the 3 different samples: HESE (purple), cascades (magenta) and muon-tracks
(salmon). Figure from [26].
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Figure 1.9: The measured differential astrophysical flux measured using all-sky contained events
(blacks points). It is compared with the best fit obtained considering one spectral component for each
analysis: pink band for the v, track sample and blue band for the HESE sample. The atmospheric neu-
trino background expectation from the prompt and conventional models is also shown (dashed green
and blue lines). Figure from [28].

As for the flavour composition, IceCube has detected the first two v, neutrino events compatible
with the double-bang signature (see 2.1.2), characteristic of tau neutrinos.. Including this into the
analysis , the latest results (presented in [29]) give as best fit for the neutrino flavour ratio:

ve0.29:v,0.5: v, 021

It is the first time that the result gives a non-zero value for all the three flavours. Before, there was
a degeneracy between v, and v, since both flavours interact via charged current producing a shower
event (see section 2.1.2) and therefore both flavours were indistinguishable. Now, the two observed
double-bang events provide an independent identification of a v-. However, the uncertainties of the
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measurement do not allow yet to prove or discard the predicted ratio, which would yield an equipar-
tition between the three flavours (v, 0.33 : v, 0.33 : v; 33), as expected from the theory for the long
traveling distances at the high energies these neutrinos are observed, and according to the production
scenario presented in [30] and section 1.4.

A significant observation of this signal cannot be claimed by the ANTARES telescope, but results
from a search using 11 years of ANTARES data (Fig. 1.10) lead to a "mild-excess" of 1.8c, with physical
properties (flux normalization and spectral index fit) going into the direction of those reported by
IceCube, as described in [31]. The null cosmic signal hypothesis is rejected at more than 90% confidence
level (CL).
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Figure 1.10: ANTARES best-fit for the diffuse neutrino flux search using 11 yr of data (from [31]). The

spectral parameters of the fit are the one-flavor neutrino flux normalisation ((])éf ) on the y-axis, and the
neutrino spectral index, I', on the x-axis. The analysis includes all-flavours and only events inside the
ANTARES field of view.

1.4 Multi-messenger connections and neutrino production

The sites that accelerate high-energy CRs are often believed to yield high-energy photons and neutri-
nos. Indeed, the observational evidence that the total energy density of neutrinos is similar to that of
gamma rays and cosmic rays (shown in Fig. 1.11) suggests some connection between the three messen-
gers, which might be injected into the Universe with similar energy densities. In fact, the production of
pions in the interactions of CRs with ambient matter or radiation may be the main production mech-
anism of gamma rays and neutrinos through their decay. The pions would be produced via a delta
resonance (p-7y interactions, Eq. 1.4) or nucleon-nucleon (p-p,p-n) interactions (Egs. 1.5,1.6):

p+y—AT = p+n°
—n+mat (1.4)

p+p—p+p+n

—“n+p+nrt (1.5)
n+p—=n+p+n
S p+p+ (1.6)

The charged pions will decay emitting neutrinos, whereas a neutral pion decaying will produce a pair
of gamma rays. The decay chains are given in equations 1.7. According to this explanation, referred
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to as the hadronic model, acceleration sites of CRs would also be regions for high energy y-rays and
neutrino production.

nt s ut et v+ T+
T = p Ve +V v+

= y4q (1.7)
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Figure 1.11: The measured diffuse energy fluxes in our Universe for the different cosmic messengers
from [32]. The flux of neutrinos for the HESE and muon-track sample [24, 25] (red and magenta data)
compared to the flux of unresolved extra-galactic y-ray emission measured by Fermi [33] (blue data)
and the ultra-high energy CR flux from Auger [34] (green data).

Fig. 1.11 can be explained by the following connection within the three messengers. As stated in the
previous paragraph, cosmic-ray interactions will produce both charged and neutral pions (Egs. 1.4,1.5,1.6)
whose decay originates neutrino and gamma-ray emission (Eq. 1.7). Therefore, gamma-ray sources
could also be HEN and ultra-high energy (UHE) CR emitters. The high-energy gamma rays produced
in extra-galactic sources will be strongly absorbed at the highest energies and will not be observed
with the current instruments. But the high-energy gamma-ray emission will originate EM cascades

(through Inverse Compton) producing gamma-ray photons that will contribute to the observed fluxes
below 100 GeV.

According to the hadronic scenario, sources of gamma rays are potential HEN sources. However,
the sources of the observed -rays could be related to the interaction of leptons with EM fields, as
suggested by the so-called leptonic model. In this case, y-ray photons at low-energies are produced
through non thermal processes: synchrotron radiation and Inverse Compton Scattering.

It is likely that the production mechanism within a given source cannot be explained by only one
of the models. The best example is the observation of TXS 0506+506, where neither the hadronic nor
the leptonic models (even not a mixture of both) can easily explain the electromagnetic emission of the
blazar and the neutrino flare observed by IC from the same source, as discussed in section 1.4.1.

The current status is that leptonic models can typically explain the acceleration of electrons giv-
ing rise to gamma-ray emission up to energies of hundreds of GeV for most of the observed sources.
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However, the observation of very-high energy gamma-ray emission could a be hint of hadronic accel-
eration. Moreover, now we have observed galactic sources in gamma rays at higher energies, since the
HESS Collaboration recently announced a strong evidence of a PeV cosmic-ray emitter (PeVatron) in
the Galactic Center [35]. Despite of the huge effort, new missions and more data, no clear confirmation
of any other sources where hadronic processes are in play has been possible up to date.

1.4.1 Multi-messenger results

The beauty of the multi-messenger astronomy is that each of the messengers brings different and com-
plementary information. Adding all this information together could allow for a complete understand-
ing of the astrophysical phenomena and the objects in play and also give access to relevant measure-
ments such as the time delay between the different messengers for better constraining their relation
and also some physical parameters (e.g. the neutrino mass). Thus, the combination of all this informa-
tion from a single source is more valuable than the sum of the information from different sources from
a single messenger.

With the multi-messenger observations in 2017, MM astronomy became a reality. As the first multi-
wavelength observation and the beginning of the GW astronomy, this was a breakthrough in the field
of astroparticle physics. Now, it is clear that MM astronomy is the best way to proceed to learn as
much as possible from the most catastrophic phenomena in the Universe and to solve the mystery of
the UHE cosmic-ray sources. Closing the loop by detecting both neutrinos and EM or/and GW radi-
ations from a same source, or even better detecting the three messengers from a unique event, is the
goal of neutrino telescopes participating in MM campaigns.

It is impressive how once a transient phenomena is detected with a certain messenger, many dif-
ferent observatories put their efforts together to follow-up this event, searching for a counterpart both
in real-time and with a refined analysis later on. In the last years, the participation and fast response
of the community has significantly increased.

As seen in this section, different messengers can be emitted by the same astrophysical event very
close in time. The multi-messenger astronomy tries to exploit this correlated emission to find, among
other things, which are the yet unknown high-energy CR and HEN sources. The search in a restricted
area and time window allows for a significant background reduction compared to diffuse and time
integrated point-source searches, while the signal expectation is not lowered in case of a localised
transient event. Therefore, it yields an increase of the discovery potential of an astrophysical source,
notably for neutrino telescopes.

The binary neutron star merger: GW170817

The GW170817 gravitational-wave event occurred shortly after the advanced Virgo (aVirgo) detector
joined the data taking and only a few days before the end of the run for an upgrade of the detectors
[8]. However, only the advanced LIGO (aLIGO) detectors observed it, as will be explained later on in
this section. This event was the first direct detection of a binary neutron star (BNS) system through
the GW signal from the merger of the two compact objects. This happened almost fifty years after the
first direct detection in radio of a BNS system by Hulse and Taylor [36]. Before this detection, previous
GW signals were detected from Binary Black Hole (BBH) mergers, with different characteristics that
will be detailed below. More than 70 observatories took part in the multi-messenger follow-up. The
chronology is reported in Fig. 1.12.

The measured masses for the two merging objects were in agreement with masses of known Neu-
tron Stars (NSs). The nature of these objects was later confirmed by the electromagnetic observations
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as NSs. However, the nature of the remnant object (BH or NS) is not known. A late neutrino detection
would be a proof of the presence of a long-lived neutron star, as will be discussed in Part III. The re-
constructed parameters of the event are provided in [37, 38].

This event is also the most significant gravitational wave signal observed [8]. This can be surprising
as a smaller amplitude of the signal is expected from the lower masses of neutron stars with respect to
black holes. However, this event was also ten times closer than any previous GW signal, at a recon-
structed distance of roughly 40 Mpc, with the amplitude proportional to the inverse of the distance.
Thanks to the short distance of this event, it fell inside of the horizon of the three GW interferometers,
including aVirgo whose horizon was at 58 Mpc during O2 for binary neutron stars.
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Figure 1.12: Timeline of the multi-messenger observations of the event GW170817 over the EM spec-
trum (green) as well as the Gamma-ray Coordinates Network (GCN) notices (blue) and circulars (red)
sent subsequently in the 18 hours following the event. The ANTARES GCN circular is indicated in
orange. Figure from [39].

Due to the non-detection by aVirgo, this interferometer did not contribute to the estimate of the
source parameters but helps to significantly constrain the source sky position. Thanks to this, the 90%
credible region of the GW signal, that using only aLIGO detectors had the size of 190 deg?, was re-
duced to 31 deg? when including aVirgo. This represents the best precision ever achieved for source
localization with that kind of detectors.

Moreover, the merging time-scale of neutron star binaries being proportional to the inverse of the
mass to the fifth power, makes BNS signals to be longer. This was indeed the case for GW170817,
whose observed signal was ~50 times longer than BBH signals, lasting for about 100 s compared to a
few seconds. This together with the time it took to reprocess and clean the GW data before claiming
a detection were the reasons why the EM counterpart was announced first and the association with
the Fermi signal was reported in the form of a notice circulated within the Gamma-ray Coordinates
Network (GCN), with identification number GCN #21505.

The Fermi Gamma-ray Burst Monitor (Fermi-GBM) was the first experiment to send a public alert
to the community 14 s after the detection [40]. The event, whose lightcurve is shown in Fig. 1.13, was
seen with a 4.8¢ significance and a rough localization of the event covering a 3200 deg? credible re-
gion. After the aLigo-Virgo Collaborations released the GCN notice, the GW signal was linked with
the GRB seen by Fermi-GBM, arriving 1.7 s after the merger. The gamma-ray signal was detected by
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INTEGRAL SPI-ACS as well (GCN #21507).

This short y-ray burst surprised the community by being the closest and dimmest of the short GRBs
with known distance. This is probably an observation bias rather than a lucky coincidence. Among the
short y-ray bursts with unknown distances, some are probably similar. In fact, new faint candidates
have been identified over the last year [41, 42].
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Figure 1.13: Lightcurve measured by Fermi-GBM during GRB 170817A in the 50 to 300 keV band. The
red line indicates the background estimate. Figure from [43].

Only ten hours later, when it became night in Chile, the 90% credible region was in the field of view
of terrestrial telescopes. The optical telescopes strategy was to target cataloged galaxies inside of the
three-dimensional localization of the event accounting for their stellar mass and star formation rate.
It was the 1 m Swope Telescope that first detected optical light from this source and located the event
in the galaxy NGC 4993. Five other optical detections followed within an hour [44]. Once it was well
localised, space telescopes also followed this event.

The optical observations of the event were followed by the near-infrared and ultraviolet signals,
with continuous observations during several days after the coalescence. These signals showed an
unusual rapid luminosity decline in UV-blue and brightening of the near-infrared emission. Their evo-
lution is considered unprecedented by the community for a transient event in the nearby universe,
giving name to the so-called kilonova emission. This fact made this event even more interesting and
brought several physical implications of interest [45].

The nucleosynthesis of heavy elements is a key question in nuclear astrophysics. Before the kilo-
nova detection, the preferred candidates for nucleosynthesis of heavy elements were in fact core-
collapse supernova explosions [46]. However, simulations are not able to fully reproduce such phe-
nomena at this source. The measurement of the nuclei abundances from GW170817 shows that the
coalescence of a binary neutron star system is a promising candidate for the formation of heavy nuclei
up to the lanthanides. Moreover, the data are perfectly matching the models tested in simulations, as
seen in Fig. 1.14.

Indeed, the most important implication of GW170817 is probably the kilonova detection. A kilo-
nova is the EM radiation observed hours to days after a compact binary system merges [47]. Such
emission is the result of the radioactive decay of heavy elements produced by r-process that are heating
the ejecta [48]. The r-process (r standing for rapid neutron capture) is the main mechanism of synthesis
of atomic nuclei heavier than lead. Since these nuclei are not stable, the neutron capture must be faster
than the decay time of the newly formed nucleus so that it does not undergo B-decay before another
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neutron is captured. Therefore, it occurs in neutron-rich environments like matter thrown from a BNS
merger. The s-process (slow neutron capture) may also take place, explaining the formation of lower
mass heavy nuclei (between iron and lead for instance). The latter also takes place in core-collapse
supernova.
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Figure 1.14: Kilonova lightcurves over the different bands of the EM spectrum for days after the merger
together with the models (coloured solid lines) better matching these data (points with error bars), from
[49]. The lightcurves are shown for the ultraviolet, optical and infrared observations.
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surrounding the merger, interacting with the jet. Figure from [39]
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In addition to the kilonova, the Fermi-GBM detection confirmed the long-standing hypothesis that
short-GRBs are originated from compact binary mergers and allowed for a more precise estimate of
the neutron star merger rates for joint GW and EM detections. Moreover, both an uniform and sub-
luminous jet seen on-axis is ruled out since they cannot explain the late radio observations. Thus, the
simplest models which are typically used to describe short GRBs forced theoreticians to consider more
complex models, summarised in Fig. 1.15.
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Figure 1.16: The current picture of the scenario describing GW170817 multi-messenger emission, with
the different mechanisms, outflow components and emission processes as understood from data [50].

In principle, two different scenarios within this assumption could accommodate the different ob-
servations. The first is simply that the jet can be shocked if it does not escape from the ejecta. The
second one suggests a successful jet which is very collimated (structured) and with a Lorentz factor
decreasing with the opening angle. The afterglow (late radio) emission is explained by the interaction
of the jet with the medium surrounding the merger, which would give rise to the so-called cocoon
(midly relativistic region), explaining the low luminosity observed in gamma rays. Thanks to the long-
term radio and X-rays observations [51], a choice could be made between the two scenarios. In fact, it
is the structure-jet mechanism that is in agreement with all available data rather than the chocked jet
scenario. This was confirmed by the VLBI radio interferometric observations [52]. The state-of-the-art
description of these phenomena, in Fig. 1.16, has been built from what was learned from this event.

Finally, some cosmological applications have been possible with GW170817 multi-messenger ob-
servations. On the one hand, the GW and EM data from this event have been used to independently
determine the Hubble constant [53], allowing to help solving the tension between the measurements
by Hubble (from the late Universe) and Planck (from the early Universe), which is yet not understood.
On the other hand, these data have been used to perform some gravitation tests such as the measure-
ment of the difference between the speed of light and the speed of gravity.

A neutrino follow-up was jointly carried out by the ANTARES, IceCube and Auger Collaborations.
The results yielded no neutrino observed in coincidence with the GW trigger. From this null detection,
constraints on the neutrino spectral fluence were derived, presented in Fig. 1.17 compared to the neu-
trino emission models, for two different time window searches. In part III, the neutrino flux predictions
(chapter 9) and ANTARES search method (section 10.4) will be presented.
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Figure 1.17: 90% confidence level (CL) upper limits on the neutrino spectral fluence obtained with
ANTARES, IC and Auger data [54]. On the top, for the search of a prompt extended emission over
+500 s with neutrino predictions from [55]. On the bottom, for the search of a long neutrino emission
over 14 days with neutrino flux expectations from [56].

The case of blazar TXS 0506+506

On September 2017, one high-energy neutrino was observed by IceCube in the direction of the blazar
TXS 0506+506 in coincidence with a gamma-ray flare detected by Fermi-LAT and MAGIC [9]. The ev-
idence of a multi-messenger connection from this source motivated a search for a point-like neutrino
excess from this blazar in the archival IceCube data. Surprisingly, a neutrino flare of 13£5 neutrinos
was found in 2014-2015 [10]. The two flares are shown correspondingly in Fig. 1.18 (2017) and Fig. 1.20
(2014-2015). Going back to the electromagnetic data, no coincident flare was observed during this ear-
lier period. Yet today, many people are trying to interpret the experimental data in order to understand
the leptonic and hadronic processes at play for the two flares.

Regarding the 2017 flare, one can state the facts that on the one hand if the emission is purely lep-
tonic, then no neutrino is expected in coincidence. On the other hand, if the emission is hadronic, then
it is constrained by the X-ray detection. Let’s see the different cases in Fig. 1.19. On the left plot, one
sees that the leptonic models only can fit the EM spectral distribution observed. But does not explain
that neutrinos are produced. On the middle, we see that he typical p — oy models are not compatible
with the X-ray observations. On the right, we have the case where the conventional synchrotron self-
compton emission dominates and there is a sub-dominant hadronic component that could lead to the
observed neutrino flux, with a consistent spectral energy distribution between the data and the model.
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Figure 1.18: Lightcurve of blazar TXS 0506+506 observed by Fermi together with the time of the Ice-
Cube event IC190922 (orange dashed line). Figure from [9].
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Figure 1.19: On the left, the leptonic emission one-zone model. In the middle, the hadronic (pion
cascade) model. On the right, hadronic-synchrotron one-zone model. Figure from [57].
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Figure 1.20: Neutrino lightcurve observed by IceCube from the direction of the blazar TXS 0506+506,
including the 2014-2015 flare and the 2017 neutrino event. The results for two time profiles used for
the time-dependent analysis by the IceCube Collaboration are shown in orange (gaussian) and dark
blue (box-shaped). The shaded blue boxes correspond to the the most significant time window in each
period. Figure from [10].

Moving to the 2014-2015 neutrino flare, the description of an excess of 13 neutrino events above the
expectation from the atmospheric background with no EM counterpart requires physical conditions
in which the gamma rays can be absorbed. The imprints of these conditions in the Spectral Energy
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Distribution (SED) seem to be in contradiction with observations. The theoretical challenge is to ex-
plain on the one hand, where all the energy in HE photons and electron goes (since no EM flare is
observed), and on the other hand the high neutrino flux, whose luminosity is about 4 times larger than
the gamma-ray luminosity.

The first attempts to model this flaring emission are the so-called one-zone models. In this case,
one has to accept that either the Eddington luminosity is significantly exceeded or that the observed
neutrino flux is not reproduced by the model. In fact, more than two neutrino events emitted are
difficult to accommodate in this model. Multi-zone models (external radiation fields or compact core
models) can produce substantially larger neutrino fluxes with reasonable energetics as well as a spec-
tral hardening in gamma rays, seeming good candidates to explain the data [58]. However, the spectral
hardening observed in Fermi data is not significant and still debated. One of the most recent studies
on the modeling of this source can be found in [59, 60, 61].

The ANTARES Collaboration also carried out a search for high-energy neutrinos in the direction
of TXS 0506+506. Three different analyses were performed: a real-time follow-up, a time integrated
point-source search and a time dependent search for a neutrino flare. They all yield no excess of neu-
trinos from this source [62].

After this short overview with the latest interpretations about the TXS 0506+506 observations, the
conclusion is that more multi-messenger associations are needed for solid predictions as well as a
multi-wavelength monitoring of the candidate neutrino sources for a better indication of an hadronic
contribution.

1.5 Candidate neutrino sources

Natural suspects for neutrino sources are astrophysical objects which exhibit a hint for particle acceler-
ation because if hadrons are accelerated on these sites, they could be sources of HEN. The most relevant
candidate sources, galactic and extra-galactic, are discussed below.

1.5.1 Extra-Galactic neutrino potential emitters

o Active Galaxy Nuclei (AGN) are very luminous compact regions located at the center of a galaxy
which probably host a Super Massive Black Hole (SMBH) actively accreting matter which emits
radiations from the radio domain to the gamma-ray band. These objects are known to release an
amount of energy placing them as the most luminous persistent sources. This energy is thought
to be coming from the gravitational energy released by matter falling onto the SMBH, generating
an accretion disk. In some cases, AGNs may also emit relativistic jets while the exact connection
between accretion and relativistic ejections are still not precisely understood. Neutrino produc-
tion is possible in both the accretion disk and in the jets. In the first case, the pion production is
provided by thermal photons while in the latter the target can also be synchrotron photons.

It is convenient to divide AGNs according to the strength of the radio signal into radio-quiet
and radio-loud AGN. In the radio-loud objects, the emission contribution from jets and lobes is
prominent especially for radio emission. In the radio-quiet objects, the continuum radio emission
comes from core regions since jet and jet-related emission are weak. We focus in this section on
neutrino production in CR accelerators. The accelerators at these sources can be jets for radio-
loud AGNSs, or AGN cores for both radio-loud and radio-quiet AGNS.
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Figure 1.21: Illustration of the two different classifications of active galactic nuclei. The dashed line
separates the radio-low and the radio-quiet regions. The different names of the object depending on
the orientation of the jet with respect to the line of sight are shown. Figure from [63].

Different classifications exist for AGNs (Fig. 1.21) depending on the orientation of the jet with re-
spect to the observer, which is also related to the intensity of the radio signal. In particular, if the
jet axis is oriented along the line of sight, such objects are called blazars. Blazars are interesting
as neutrino emitters because higher neutrino fluxes are expected when the jet is directly point-
ing towards the observer. The radio and X-ray fluxes detected can be explained by synchrotron
and/or Inverse Compton acceleration. For higher energies, both leptonic and hadronic models
have been used to fit the photon spectral energy distribution of observed blazars.

The IceCube Collaboration has performed different searches considering jetted AGNs [64] and
AGN cores [65] in order to estimate their contribution to the observed diffuse neutrino flux.
The observational evidence of a high-energy neutrino emission from the direction of blazar TXS
0506+506 has led to different searches aiming at proving them as cosmic neutrino sources. In
particular, the IceCube Collaboration has performed searches using the Fermi blazar catalogs
[66, 67] as well as dedicated time dependent searches on the archival data as it was done for the
TXS 0506+506 2014 flare (see section 1.4.1).

None of these searches yields to a contribution larger than 30% of the total astrophysical neu-
trino flux measured by IceCube. However, this can still be due to the fact that the catalogs built
from EM observations are not representative of the source population. In fact, some recent mod-
els show that unresolved blazars could power the diffuse IceCube (PeV) neutrino flux without
violating the limits imposed by the lack of correlations with known sources provided some astro-
physical conditions are fulfilled. The ANTARES Collaboration has also carried out similar kind
of searches [68].
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e Fast Radio Bursts (FRBs) are astrophysical phenomena showing an intense radio emission in a

very short time period (a few ms). So far, they have been measured in the 400 MHz and 1.4 GHz
bands by various radio telescopes [69], except for one observation at 8 GHz [70]. No coun-
terpart (optical/x-rays/gamma-rays/VHE gamma-rays) has been identified yet despite many
multi-wavelength follow-ups. Their origin is still unknown but measurements indicate that they
are extra-galactic/cosmological sources [71].

There seems to be two different classes of FRBs, the repeating ones and the single cataclysmic
events. However, the lack of observations does not allow yet for a clear classification. For a re-
cent review on the possible origin of FRBs, see [72]. Indeed, models which include non-explosive
events driven by a neutron star, are an example of good astrophysical candidates to explain both
types of repeating and non repeating FRBs. These models include giant pulses from young and
rapidly rotating neutron stars, magnetar giant flares and hyperflares from soft gamma-repeaters
as potential sources; as well as the possibility that they originate from the interior of young su-
pernovae or by a young neutron star embedded in a wind bubble. On the other hand, violent
cataclysmic events could be powered by compact objects where the progenitor does not survive
afterwards, where a explosion takes place, such as neutron star mergers, possibly associated to
short Gamma-Ray Bursts.

A large fraction of the total energy radiated during these radio bursting events may be emitted
at high energy while being still undetected. In fact, if the radio emission is likely produced by
coherent emission of leptons, hadronic processes may take place in these sources. In this case,
HEN can be produced by photo-hadronic interactions. These hadronic processes may occur in
the energetic outflow released during a cataclysmic FRB event or in the vicinity of the FRB pro-
genitor through the interaction of the outflow with the surrounding environment.

A single detection of a gamma-ray GRB-like counterpart in association with FRB 131104 has been
achieved, but with a small significance to allow for any conclusion. The lack of an FRB countepart
to GRB170817A, also constrains their association with short GRBs. Neither the IceCube Collabo-
ration nor the ANTARES Collaboration have found any neutrino signal in correlation [73, 74]. In
fact, if FRBs do emit neutrinos and they are also the source of short GRBs, then this FRB sources
can be ruled out in a very nearby environment (d <1kpc) by ANTARES limits [73].

Due to the lack of additional information on the broadband FRB spectra, it is very difficult to
discriminate between the various proposed models. This makes of FRBs a very promising target
for future space and ground missions, remaining still an intriguing mystery.

Gamma-Ray Bursts (GRBs) are very luminous prompt emissions of MeV (and higher energy)
photons, typically emitted in very collimated jets. They are among the most energetic processes
observed in the Universe. They are believed to be produced by electrons that are accelerated in
the relativistic jet by shock waves. However, if protons are also accelerated in GRBs, CRs and
neutrinos may also be produced.

The so-called "fireball" models stand that the radiation pressure accelerates the fireball to rela-
tivistic speeds [75, 76]. This would generate internal shocks in which hadrons may be acceler-
ated and subsequently interact producing neutrinos. According to these models, a large density
of photons is radiated, leading to a large number of emitted neutrinos. For this reason, GRBs are
one of the preferred neutrino candidate sources.
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Two different types of GRBs have been identified according to their duration, short (< 2 s) and
long, and they are believed to have a different origin. On the one hand, long GRBs are thought
to be produced in the late stage of rotating massive stars, with the evidence of the association of
GRBs with Core-Collapse Supernova [77]. On the other hand, short GRBs are believed to be orig-
inated in compact binary mergers (of two neutron stars or a neutron star and a black hole). This
was confirmed by the recent multi-messenger observation of a binary neutron merger through
GWs (GW170817) in coincidence with a short gamma-ray burst (GRB170817A), as detailed in
section 1.4.1 [43].

A combination of different components can be identified in the detected lightcurves of short and
long GRBs: the prompt emission, followed by an extended emission (EE), then X-ray flares, and
finally plateau emission, (the afterglow). Prompt emission from the central engine is considered
responsible for X and vy rays.

For each of the components, different energy scales for the neutrino emission are expected, going
from MeV neutrinos produced during the compact object formation (after the stellar collapse or
the merging of two compact objects), passing through TeV-PeV neutrino radiation following the
prompt phase and up to the PeV-EeV energies reached by neutrinos released at the afterglow.
This makes GRBs prime candidates for neutrino emissions. A review of the neutrino production
mechanisms will be made in chapter 9 and more details can be also found in [78].

Regarding the long GRB emission, present models rely on the induced gravitational collapse for
a possible explanation [79]. In a binary system with a massive star exploding in supernova and a
NS companion, the supernova ejecta of the first component would be accreted onto the compact
(NS) component. According to this paradigm, electrons and positrons annihilate in the accre-
tion flow producing neutrinos, with energies of some tens of MeV. Contrary to other well known
scenarios (such as the Sun or core-collapse supernova), in this case the neutrino-self interaction
becomes more relevant than the matter effects. This is due to the extremely high neutrino density
near the NS surface, particular to these models. Aside from MeV neutrinos, GeV-TeV neutrinos
can be produced within shocks inside the jet and PeV-EeV neutrinos may be released through the
interaction of CRs with the interstellar medium.

The lack of a neutrino counterpart observed has set very stringent limits to the neutrino flux
predicted by these models. The latest results by the IceCube [80, 81] and ANTARES [82] Collabo-
rations on neutrino searches from GRBs suggest that these sources do not account for more than
1% of the total diffuse neutrino flux measured by IceCube.

In the last year, the first detections of GRBs at very high energies (TeV) were achieved by the
MAGIC, GRB 190114C (GCN#23701), and H.E.S.S, GRB180720B [83] and GRB190829A (GCN#25566),
Cherenkov Telescopes. The high-energy <y-ray emission by these sources makes them interesting
candidates for neutrino production and they will be studied in details in Part III.

Among the sources described here, it is to be mentioned that both GRBs and magnetars together
with supernova explosions are also expected to be sources of GW emission. The first coincidence of GW
emission with a GRB has already been discussed in section 1.4.1. The different sources of GW emission
and their interest as potential neutrino emitters will be discussed in chapter 9 of this manuscript.
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1.5.2 Neutrino source candidates in our Galaxy

e Supernova remnants (SNRs) are the matter ejected in supernova (SN) explosions surrounding
the newly formed compact object (typically a NS) after the stellar collapse. The supernova ejecta
collide with the interstellar matter, forming a shock wave where particle acceleration might take
place.

Indeed, cosmic rays are believed to be accelerated in supernova remnants also according to the
"diffusive shock wave acceleration model". Consequently, they are believed to be a natural candi-
date neutrino source. In fact, SNRs are considered to explain the production of CRs with energies
up to the knee (10'° eV) and thus they are one of the preferred candidate source of hadronic ac-
celeration [84, 85].

Nowadays, several SNRs have been observed to emit gamma rays with energies up to the TeV.
Different types of SNR exist depending on the morphology. In shell-type SNRs, light emission is
dominated by the presence of an expanding outer-shell, which is formed as the shock wave from
the SN explosion expands throughout the interstellar medium, heating it. In this environment,
interactions of CRs with ambient matter are expected to produce neutrinos and gamma rays via
the decay of charged and neutral pions, as explained in 1.4.

Pulsar wind nebulae are hosted by SNR and are due to the wind of the rapidly spinning neutron
star created after the CCSN, also called pulsar. In this case, the non-thermal emission comes
predominantly from the compact object result of the progenitor star which finished its life with
the SN explosion. The remnant is formed at the center and fills the SNR with what is referred
to as "pulsar wind", consisting of electrons and positrons emitting strong synchrotron radiation.
Two alternative scenarios are possible for hadronic acceleration at these sites [86]. Both the shocks
in the pulsar and the magnetic field configuration of the pulsar could lead to the acceleration of
hadrons. The supernova remnant itself would provide a target environment for the interaction
of these particles. Again, leptonic and hadronic models are considered to explain the observed
fluxes.

e X-rays binaries are binary systems that consist of a compact object (a neutron star or a stellar
mass black hole) which accretes matter from a companion star [87]. An accretion disk is formed
around the compact object, which is the engine of the observed radiation. They are called X-ray
binaries because most of the energy is indeed released through X-rays, but a gamma-ray com-
ponent is typically also observed. While the first one may be due to the synchrotron radiation
(leptonic), the latter could be related with a hadronic component.

If the system exhibits a relativistic jet, as it happens in some cases, then the system is called mi-
croquasar. In this case, the hadrons of the jet can reach much higher energies (up to a hundred of
PeVs or more). Microquasars can be powered either by a weakly magnetised neutron star or by
a black hole. Some of them are gamma-ray sources, as proved by the observation of very high-
energy emission from the microquasar LS 5039 using the HESS telescope. In microquasars, the
presence of relativistic hadrons in the jets can lead to neutrino production through photo-hadron
or proton-proton interactions. In the latter case, the target protons are provided by the stellar
wind of the companion.

However, a hadronic component from these sources is difficult to motivate using the scenario in
section 1.4. The arguments are well explained in [88]. On the one hand, proton-proton processes
are not favored in these binary systems since the interaction time p — p (Eq. 1.5) is very large for
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these sources with a low matter density. This implies that the protons have a larger probability
of escaping the source than of interacting producing accelerated hadrons. On the other hand,
photo-hadronic processes (Eq. 1.4) are not favored either due to the energy threshold, which is
of some PeV for protons interacting with visible or UV light. Moreover, there is no evidence for
protons to be accelerated to such high-energies on these systems given their size and magnetic
tield (see Fig. 1.2).

The latest results from the ANTARES [89] Collaboration report no evidence of neutrino emission
found so far. Some predictions for the IceCube neutrino observatory are presented in [90].

e The Sun is the first astrophysical source of neutrinos identified. Indeed, neutrino production is
expected at the several layers of the Sun by different mechanisms.

First, the core of the Sun is known to be a source of nuclear reactions turning Hydrogen to He-
lium and producing a large flux of neutrinos [91]. The fusion of atoms in the Sun’s core leads to
neutrinos being produced through different interaction channels: the so-called pp, pep and hep
chains; the “Be and the B solar neutrinos are the main channels [18]. Their energies extend from
hundreds of keV to tens of MeV.

Also in the solar plasma a thermal neutrino flux is expected, being the dominant component in
the keV energy range [92]. In this case, neutrino pairs are produced by non relativistic electrons
coupling to the Sun’s electromagnetic field. Different processes contribute to the total thermal
neutrino flux: atomic deexitacion, bremsstrahlung, Compton scattering and photon decays. Due
to the low energy threshold, this flux has not been observed so far.

Similarly to the interactions happening in the Earth’s atmosphere, one can expect neutrino pro-
duction from cosmic-ray interactions with the solar atmosphere [93]. This neutrino flux accounts
for the addition of the so-called prompt component (produced by charmed hadrons), the contri-
bution from the different mesons (kaons and pions) and also from the decay of secondary muons
into neutrinos. The high-energy mesons in the solar atmosphere have a larger chance to decay be-
fore being absorbed than in the Earth’s atmosphere. The resulting high-energy solar atmospheric
neutrino flux is therefore larger than the terrestrial one. However, these high-energy neutrinos
might be lost through interactions with the solar material when traveling towards the Earth. This
solar atmospheric neutrino flux has not been detected so far. Even though, predictions have eval-
uated the expected event rates [94] and large neutrino detectors such as IceCube or KM3NeT
might be sensitive to this flux.

Finally, solar flares may also be considered as a transient neutrino source as proposed in [95].
The creation of a solar flare is due to the magnetic reconnection of the Sun’s magnetic field. As
a consequence, electrons and ions present on the solar atmosphere are accelerated with the solar
flare emission. Once the accelerated ions reach the chromosphere, the higher density of this layer
forces them to interact. Then, the threshold for pion production can be reached for protons which
are energetic enough. This would give rise to neutrino production with energies from MeV up to
a few GeV.

e The Galactic Center and the Galactic Plane are regions of interest for high-energy neutrino as-
tronomy because of various reasons [96]. For what concerns the Galactic Center, a SMBH has
been found at the location of SgrA*, which is the only known source producing PeV photons, as
mentioned in 1.4, and hence of high-energy protons. Secondly, the high density of dust and of
astrophysical objects around the Galactic Center and in the Galactic Plane, that are active regions
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of star formation, makes these sources good candidate sites for hadronic acceleration. Not only
the Galactic Center but also the Fermi Bubbles present strong non-thermal gamma-ray emis-
sion and dense hadronic environment where neutrinos could be produced [97, 98, 99]. These
sources being extended regions, a diffuse neutrino flux is expected to arise from them rather than
a point-like emission. The neutrino signal predicted could be detected by the neutrino telescopes.

Recent combined searches by the ANTARES and IceCube Collaborations report a non-significant
excess of 1.9 ¢ for an extended region of 2° around the Galactic Center. Constraining upper
limits have been derived for the neutrino flux from this source [100]. Also a combined search
with ANTARES and IC for a neutrino emission from the Galactic Center has been performed
and yield no significant excess [101]. This search allowed to exclude the hypothesis of a Galac-
tic Center contribution explaining the IceCube measured flux (with Galactic and Extra-Galactic
origin) described in 1.3.2. Also neutrino searches from the Fermi Bubbles search have shown no
significant signal contribution from this source so far [102, 103].

Supernovas are, as already mentioned, the second identified source of astrophysical neutrinos.
Indeed, the prompt neutrino flux at MeV energies from the core-collapse phase of SN1987A was
observed. Currently, no neutrino detector is sensitive to CCSN MeV neutrinos beyond the Small
and Large Magallanic Clouds. This prompt neutrino emission and production mechanism will
be discussed in detail in Part II together with the experimental performance of current and near-
future detectors and the physical implications of the next observation.

As the previous described sources, CCSN can also be classified in two types according to the
presence or absence of certain elements in their optical spectra: Type II in the presence of hydro-
gen and Type I in absence of hydrogen in their spectrum. The Type I can be divided into three
sub-classes: Ia in the presence of Si, Ib in the presence of He and absence of Si and Ic in the ab-
sence of Si and He. With respect to the believed physical mechanism giving rise the Supernova
explosions, one can distinguish two different kinds of events: Core-Collapse Supernova (CCSN)
and Thermonuclear Supernova. The focus is given to the first type, CCSN, since the presence of
hydrogen allows for nuclear reaction producing thermal neutrinos that are being released.

After the prompt emission, CCSN are believed to produce neutrinos also at higher energies. A
particular situation is that high-energy (GeV-TeV) neutrinos can be emitted from the shock of jets
released during the explosion [104], that could be promtly detected and allow for a fast follow-up.
Also, there is evidence for dense material around the progenitor undergoing the Core-Collapse
(circumstellar medium, CSM). In this case, proton-proton interaction in the CSM may lead to an
efficient hadronic acceleration, with 10-1000 HEN events expected to be observed in a detector
like IceCube from explosions occurring at 10 kpc [105]. In this case, the signal may be seen hours
to days after the collapse.

If fact, neutrino emission is also expected from these sources at the so-called pre-supernova phase
[106], mainly due to the silicium burning. This neutrino radiation will be at lower energies and
it will have a considerably lower luminosity than the observed spectrum at tens of MeV energies
from the collapse phase itself. This signal would help both to alert of a CCSN event happen-
ing and to probe the final stages of the star evolution. However, with current experiments the
detection of such neutrinos is only possible for very nearby sources (~0.2 kpc).
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Neutrino telescopes

The present chapter introduces the detection principle of Cherenkov neutrino telescopes, with a fo-
cus on the main neutrino interactions at high-energies (TeV-PeV range), to which large underwater
detectors are sensitive. The ANTARES and KM3NeT detectors, the latter being under construction,
are described. The analyses presented in this manuscript rely on data of these experiments, but other
relevant detectors for the global comprehension of the thesis context are also described. The basics of
the detection technique, the detector layouts and data acquisition system are described.

2.1 Detection principle

Neutrinos can only be detected when they interact through the weak nuclear force with a nucleon or
with electrons/positrons. Depending on the force carrier, the interaction can occur via neutral current
(NC), through the exchange of a Z boson, or charged current (CC), by the exchange of a W boson.

High-energy neutrino interactions will yield relativistic charged particles subsequently inferring
Cherenkov light in media such as sea water. The Cherenkov light is then detected with a three-
dimensional array of photomultiplier tubes (PMTs).

2.1.1 Cherenkov radiation

Emission of Cherenkov light takes place when a charged particle travels through a transparent medium
with a velocity that exceeds the speed of light in the medium. This is due to the polarization of the
molecules and atoms of the media by the charged particle crossing it at relativistic speed. This radiation
is emitted under a characteristic angle with respect to the incoming particle, called the Cherenkov
angle, which is given by the following expression:

0. = arccos(l;i), (2.1)
where B is the velocity of the particle (v) expressed as a fraction of the speed of light in vacuum (c), i.e
B = %, and #n is the index of refraction of the medium. In water, this angle turns out to be 6,=42.5° for
highly relativistic particles (8 ~ 1). As seen in Fig 2.1 (left), where the detection principle is illustrated,
a cone of light under this Cherenkov angle is the observational signature of the passage of a relativistic
charged particles. The two event topologies observed in water Cherenkov detectors are illustrated in
Fig 2.1 (right) and will be detailed in section 2.1.2.

The expected number of photons emitted per unit of length x, and wavelength A, can be expressed
as
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dN3 _mez 1
dxdd A2 B2n2’"’

where « is the fine-structure constant, Z is the charge of the particle, and A is the wavelength of the
Cherenkov photon. This means 3.5x10* photons emitted at wavelengths between 300 and 600 nm
per metre traveled by the lepton. It can be inferred from this formula that the largest intensity of the
Cherenkov light is reached in the blue and UV range. Therefore, neutrino telescopes use PMTs which
are sensitive to this range of wavelengths.

(2.2)
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Figure 2.1: On the left, the scheme of the wavefront created through Cherenkov radiation. On the right,
the detection principle of underwater Cherenkov neutrino telescopes.

2.1.2 Neutrino interactions and event topologies in underwater Cherenkov detectors

In general, high-energy neutrino interactions produce hadronic showers as a remnant of the break-up
of the target nucleon during the interaction. However, different signatures can be distinguished in the
detector depending on the interaction type (CC or NC), the neutrino flavor involved (e, u or 7), the
possible decay of an outgoing lepton and the part of the interaction which is observed in the detector.
They are summarised in the following;:

1. NC neutrino interactions: The event signature of these interactions is often referred to as shower
or cascade due to the fact that only the hadronic shower can be detected in this case. In these
interactions, it is not possible to measure the total energy of the incoming neutrino, since not
all of the neutrino energy is deposited inside the detector. This is because most of the energy is
transferred to the outgoing neutrino and only a fraction to the nucleus inducing the Cherenkov
light.

2. CC neutrino interactions: In contrast to NC, during CC interactions not only the hadronic cas-
cade is produced but also an outgoing charged lepton, producing additional Cherenkov light.

o Muon-neutrinos interacting through CC: This interaction is characterised by the production of
an outgoing muon together with the hadronic shower. The signature of the muon is often
referred to as track event. This muon can travel a considerable distance (several kilome-
ters) before being stopped or decaying, since it is moving at a relativistic speed. At high-
energies (above 10 TeV), the scattering angle is very small and the incoming neutrino is
almost collinear with the outgoing muon. Thus, by reconstructing the muon direction, the
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direction of the neutrino can also be estimated. Contrary to shower-like detected events,
which are generally contained in the detector, track-like events usually start outside the in-
strumented volume.

o Electron-neutrinos interacting through CC: In this case, instead of a muon, an electron is pro-
duced after the neutrino interaction and two types of showers are produced: the hadronic
cascade and an electromagnetic shower. The latter is generated by the interaction of the out-
going electron with matter, while the first one is the result of the break-up of the nucleon.
The two cascades are hardly distinguishable. As in NC interactions, a shower topology is
the observed signature.

o Tau-neutrinos interacting through CC: As a product of this interaction, the third charged lepton
type (7) is produced, again together with an hadronic shower as for the previous interactions
discussed. The different decays of the T particle can be seen as different event topologies at
the decay vertex. There is a 65% chance that a T decays into hadrons, producing an hadronic
cascade; while 35% of the times, the T will decay into a lepton. When the T decays into
hadrons or into an electron, a second cascade produced by the T decay is observed. Even
if it is almost impossible to distinguish both cascades for energies under about 2 PeV, both
cascades can be (separately) observed over the energy range between 2 and 20 PeV, leading
to the so called double-bang pattern. At higher energies, the length of the path traveled by
the 7 is larger than cubic-kilemetre sized neutrino telescopes. In these cases, a cascade and
a track signature are observed, as for v, CC interactions.

Figure 2.2: Signatures of the event topologies observed for different types of neutrino interactions. 1)
NC interaction producing only a hadronic shower. 2) CC interaction of a v,, initiating an EM and an
hadronic shower. 3) CC interaction of a v, producing a long muon track with an hadronic shower. 4)
CC interaction of a v, generating a T that decays producing the double-bang signature.

The description of the topologies (or signatures) expected for each kind of interaction for high-
energy neutrinos described in this section, and illustrated in Fig. 2.2, will be relevant for Part III of this
manuscript. However, on Part II we focus on low-energy (1-100 MeV) neutrinos, and thus the kind
of interactions which are important to the study carried out on this part of the thesis are described in
chapter 5.

2.2 The ANTARES neutrino telescope

The ANTARES detector is located at (42° 48’ N, 6° 10" E) about 40 km offshore Toulon (France), at a
depth of 2475 m in the Mediterranean Sea. The deployment of the ANTARES detector started in 2001
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and was finished in 2008. It is the longest-lived neutrino telescope operating in the Northern hemi-
sphere, with eleven years of data taken.

The ANTARES neutrino telescope is an array of 12 lines, with 25 storeys per line and 3 PMTs
per storey. Each PMT is protected in a glass sphere referred to as Optical Module (OM). ANTARES
accounts for 885 OMs. The lines are 480 m long and the first storey is located 100 m above the seabed.
The distance between the lines is ~60 m and the vertical spacing between storeys is 14.5 m. Each line
is anchored to the seabed and pulled up straight by a buoy. An illustration of the detector and a storey
is shown in Fig. 2.3.
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Figure 2.3: An schematic picture of the detector layout, together with the view of the octagonal geom-
etry for the configuration of the detection lines.
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