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" Tu decideras une chose, et elle te réussira,
et la lumière resplendira sur tes voies "

– Job 22:28
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Abstract

Context. Cosmic rays have aroused the interest of many scientists since their discovery in 1912 during
Victor Hess’s balloon flight. Since then, several theories and models have been developed to understand
their propagation and their interactions with the interstellar medium of the Galaxy. Observations with
Fermi-LAT of the γ rays produced by hadronic interactions between cosmic rays and gas have been used
to probe the spectrum of particles from a few GeV to several TeV across the Galaxy. Given the 10-15%
uncertainty inherent in 21-cm observations regarding the gas mass traversed by cosmic rays, the γ-ray
measurements made in several nearby clouds show a fairly uniform cosmic-ray flux within about 1 kpc of
the Sun. This local uniformity has recently been challenged by the observation of a nearby cirrus cloud
called Eridu, located in the vicinity of the Orion-Eridanus superbubble, where an unexplained 30-50%
deficit in cosmic-ray flux has been measured.
Aims. We have examined how the cosmic-ray spectrum deduced from the γ-ray emissivities in local
clouds, notably in the Eridu cloud, compares with direct cosmic-ray observations near the Solar System.
We have then studied whether the magnetic configuration of the Eridu cloud, which is largely ordered
and directed towards the southern Galactic halo, could favour the escape of cosmic rays from the cloud.
To do this, we have studied the cosmic-ray flux in another similar cloud in the constellation Reticulum.
This cloud shares many characteristics with Eridu in terms of distance, geometry, orientation, gas state,
and magnetic configuration.
Methods. Using the most recent spectra of cosmic nuclei and leptons inferred from direct measurements
outside the heliosphere, as well as recent cross sections for hadronic interactions, we have calculated
the γ-ray emissivity per gas nucleon that is expected near the Sun and we have compared it with more
distant measurements made in nearby clouds. In order to measure the emissivity per gas nucleon in
the Reticulum cloud, we have used 14 years of data from the Fermi-LAT satellite, in the energy range
from 0.16 to 63 GeV. We have estimated the gas column densities in the atomic and molecular phases
of Reticulum and of the various clouds visible in this region of the sky in order to model the observed
interstellar γ-ray emission by combining their contributions.
Results. The expected emissivity per gas atom near the Sun depends significantly on the choice of
hadronic cross section among the most recent parameterisations available. The difference exceeds thirty
percent in γ rays near one GeV. The current uncertainty about these effective cross sections makes it
impossible to know whether the cosmic-ray flux diffusing through Eridu is comparable to or less than
that reaching the heliosphere. It also prevents us from knowing whether the average cosmic-ray spectrum
measured within ∼ 1 kpc around the Sun is greater than or comparable to that reaching the heliosphere.

In the Reticulum cloud, we have found a γ-ray emissivity spectrum per gas atom that is fully com-
patible with the local average spectrum and that is 57% ± 9% larger than in the similar Eridu cloud.
We have found no significant differences between the two clouds in the properties of the interstellar
gas (density and compressibility of the gas, ratio between magnetic and thermal pressures, gas velocity
dispersion, amplitude of the magnetic field (projected onto the sky) and dispersion in the orientation
of field lines). We have found similar diffusion coefficients along the magnetic field in the cosmic-ray
self-confinement scenario. These similarities between the Reticulum and Eridu clouds do not explain the
loss of cosmic-ray flux in the latter. All these investigations were carried out on a scale of about 1 pc
and not on the much smaller scale of the particle gyroradius, which is inaccessible to observations. Even



if the loss of cosmic rays in the Eridu cloud remains unexplained, the comparison of these two clouds
will provide important constraints for studying how magnetohydrodynamic turbulence and its damping
by ion-neutral interactions, together with the tangling of magnetic field lines by turbulent gas motions,
regulate the scattering of cosmic rays in the atomic phase of clouds, which forms the main phase of the
interstellar medium.

Key words : Gamma rays - Cosmic rays - Intertsellar medium – Dust - Magnetic field – Propagation –
Diffusion coefficient - Hadronic cross sections - Bremsstrahlung - Solar neighbourhood
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Résumé

Contexte. Les rayons cosmiques ont suscité l’intérêt de nombreux scientifiques depuis leur découverte en
1912 lors du vol de Victor Hess en ballon. Depuis ce jour, plusieurs théories et modèles ont été élaborés
pour comprendre leur propagation et leurs interactions avec le milieu interstellaire de la Galaxie. Les
observations avec Fermi-LAT des rayons γ produits par les interactions hadroniques entre les rayons
cosmiques et le gaz ont été utilisées pour sonder le spectre des particules de quelques GeV à plusieurs
TeV à travers la Galaxie. Compte tenu de l’incertitude de 10 à 15% inhérente aux observations Hi à
21 cm sur la masse du gaz traversée par les rayons cosmiques, les mesures γ effectuées dans plusieurs
nuages proches montrent un flux de rayons cosmiques assez uniforme à moins d’environ 1 kpc du Soleil.
Cette uniformité locale a récemment été remise en question par l’observation d’un cirrus proche nommé
Eridu, situé à proximité de la superbulle d’Orion-Eridanus, où un déficit inexpliqué de 30 à 50% du flux
de rayons cosmiques a été mesuré.
Objectifs. Nous avons examiné comment le spectre des rayons cosmiques déduit des émissivités γ dans
les nuages locaux, notamment dans le nuage Eridu, se comparait aux observations directes des rayons
cosmiques près du Système Solaire. Nous avons ensuite étudié si la configuration magnétique du nuage
Eridu, largement ordonnée et pointant vers le halo sud de la Galaxie, pouvait favoriser l’évasion des
rayons cosmiques hors du nuage. Pour cela nous avons étudié le flux de rayons cosmiques dans un autre
nuage similaire dans la constellation de Réticulum. Celui-ci présente de nombreuses caractéristiques
communes avec Eridu en distance, géométrie, orientation, état du gaz et configuration magnétique.
Méthodologie. En utilisant les spectres les plus récents de noyaux et de leptons cosmiques déduits des
mesures directes hors de l’héliosphère, ainsi que des sections efficaces récentes pour les interactions ha-
droniques, nous avons calculé l’émissivité γ par nucléon de gaz que l’on pourrait attendre près du Soleil
et nous l’avons comparée aux mesures plus lointaines effectuées dans les nuages proches. Pour mesurer
l’émissivité γ par nucléon de gaz dans le nuage Réticulum, nous avons utilisé 14 ans de données du sa-
tellite Fermi-LAT, dans la gamme d’énergie de 0,16 à 63 GeV. Nous avons estimé les densités de colonne
de gaz dans les phases atomique et moléculaire de Reticulum et des différents nuages visibles dans cette
région du ciel pour modéliser l’émission γ interstellaire observée en combinant leurs contributions.
Résultats. L’émissivité γ attendue par atome de gaz près du Soleil dépend de manière importante du choix
de section efficace hadronique parmi les paramétrisations les plus récentes disponibles. La différence
dépasse trente pour cent dans les rayons γ proches d’un GeV. L’incertitude actuelle sur ces sections
efficaces empêche de savoir si le flux de rayons cosmiques qui diffusent dans Eridu est comparable
ou inférieur à celui qui atteint l’héliosphère. Elle empêche également de savoir si le spectre moyen de
rayons cosmiques mesuré sur ∼ 1 kpc autour du Soleil est supérieur ou comparable à celui qui atteint
l’héliosphère.

Dans le nuage de Réticulum, nous avons trouvé un spectre d’émissivité γ par atome de gaz entière-
ment compatible avec le spectre moyen local et plus élevé de 57% ± 9% que dans le nuage similaire
d’Eridu. Nous n’avons trouvé aucune différence notable entre les deux nuages en ce qui concerne les
propriétés du gas interstellaire (densité volumique et compressibilité du gaz, rapport entre les pressions
magnétique et thermique, dispersion de vitesse du gaz, amplitude du champ magnétique (projeté sur le
ciel) et dispersion dans l’orientation des lignes de champ). Nous avons trouvé des coefficients de diffu-
sion similaires le long du champ magnétique dans le scénario d’auto-confinement des rayons cosmiques.



Ces ressemblances entre les nuages de Reticulum et Eridu ne permettent pas d’expliquer la perte de flux
de rayons cosmiques dans ce dernier. Toutes ces investigations ont été menées à une échelle d’environ
1 pc et non à l’échelle beaucoup plus petite du rayon de giration des particules qui est inaccessible aux
observations. Même si la perte de rayons cosmiques dans le nuage d’Eridu demeure inexpliquée, la com-
paraison de ces deux nuages fournira des contraintes importantes pour étudier comment la turbulence
magnétohydrodynamique et son amortissement par les interactions ions-neutres ainsi que l’emmêlement
des lignes de champ magnétique par les mouvements turbulents du gaz régulent la diffusion des rayons
cosmiques dans la phase atomique des nuages qui forme la phase principale du milieu interstellaire.

Version détaillée. Le milieu interstellaire contient 99% de gaz. Ce gaz est constitué à 90% d’hydrogène,
se présentant sous trois phases distinctes : 23% en phase ionisée, 60% en phase atomique et 17% en
phase moléculaire. A cause d’une instabilité thermique, le gaz de la phase atomique se divise en deux
groupes stables. Le premier, appelé Warm Neutral Medium (WNM), est un gaz atomique chaud avec
une densité moyenne d’environ 0.5 cm−3, une température d’environ 104 K et une fraction d’ionisation
d’environ 10−2. Le second, appelé Cold Neutral Medium (CNM), est un gaz atomique froid avec une
densité moyenne autour de 30 cm−3, une température d’environ 102 K et une fraction d’ionisation d’en-
viron 10−4. La phase intermédiaire instable entre ces deux états stables est appelée souvent Lukewarm
Neutral Medium (LNM). La phase atomique est observée dans le domaine radio par la raie Hi à 21 cm,
offrant une information sur la vitesse projetée le long de la ligne de visée grâce à l’effet Doppler. Cette
information permet de séparer les différents nuages atomiques présents sur la ligne de visée. Cepen-
dant, l’auto-absorption pose un inconvénient, car plus il y a de gaz sur la ligne de visée, plus la raie
est absorbée. Les données doivent être corrigées en utilisant la température de spin, variant de quelques
dizaines de Kelvins pour un gaz optiquement épais (CNM) à une valeur aux alentours de 104 pour un
nuage optiquement mince (WNM). Dans notre étude, nous avons utilisé les données radio du Galactic
All-Sky Survey (GASS) avec une résolution angulaire de 16.2’ et une résolution en vitesse de 0.82 km/s.
En ce qui concerne la phase moléculaire, la molécule H2 se forme à une densité supérieure à quelques
centaines d’atomes par cm−3. Sa température tombe en dessous d’une cinquantaine de Kelvins. Cette
phase, appelée Dark Neutral Medium (DNM), est sombre car la molécule H2 ne possède pas de dipôle
électrique permanent pour produire un rayonnement induit par la rotation des molécules dans les zones
froides. À des densités plus élevées, d’autres molécules se forment, notamment la molécule de 12CO qui
émet par rotation un rayonnement à 2.6 mm de longueur d’onde. Cependant, le facteur de conversion
XCO, permettant d’estimer la densité de colonne de H2 à partir de l’intensité des raies CO, n’est pas très
bien connu à ce jour.

Outre le gaz, le milieu interstellaire contient de la poussière, un champ magnétique et des rayons cos-
miques qui se propagent. Les grains de poussière peuvent absorber et émettre des rayonnements, et en
plus de cela, ils s’alignent perpendiculairement aux lignes du champ magnétique ambiant. L’orientation
du champ magnétique dans le plan du ciel peut être mesurée grâce à la polarisation de l’émission ther-
mique des grains de poussière. Pour étudier cette émission et le champ magnétique dans nos nuages,
nous avons utilisé les données des satellites Planck et IRAS, avec une résolution de 5 arcmin.

Pendant la propagation des rayons cosmiques, ceux-ci interagissent avec le gaz des nuages interstel-
laires, produisant par des réactions hadroniques des pions neutres qui se désintègrent ensuite en photons
γ. L’intensité de ces photons est observée à l’aide du Large Area Telescope situé à bord du satellite
Fermi Gamma-ray Space Telescope, capable d’observer des photons γ d’énergie entre 20 MeV et 1 TeV.
Il est capable d’obtenir une localisation précise des sources de rayons γ grâce à sa résolution de quelques
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degrés à basse énergie et qui diminue jusqu’à 0.1◦ à haute énergie.
En analysant l’intensité γ produite par les rayons cosmiques dans un nuage et en estimant la masse

du gaz dans le nuage, notamment dans la phase atomique du nuage où l’émission des raies Hi permet
d’estimer le nombre d’atomes présents de manière plus fiable que dans les autres phases, nous pouvons
mesurer l’émissivité γ par atome de gaz. Celle-ci reflète le flux de rayons cosmiques dans le nuage.
Des observations d’intensité γ dans les nuages situés à moins de 1 kpc du Système Solaire ont montré
des émissivités γ assez uniformes, avec de faibles variations imputables aux incertitudes de mesure de
la masse de gaz dans ces nuages. Une émissivité moyenne a été calculée et appelée "Emissivity of the
Local Interstellar Spectrum" qLIS.

Eridu est un filament de gaz atomique situé à proximité de la superbulle d’Orion-Eridanus à environ
300 parsecs du Soleil. Il a été découvert avec une émissivité γ inférieure de 30 à 40% par rapport à qLIS,
impliquant un net déficit de rayons cosmiques dans ce filament comparé aux autres nuages locaux. Etant
donné que le nuage d’Eridu se trouve dans la même vallée interstellaire que le Soleil, nous avons cherché
à comparer son émissivité γ à celle des environs immédiats du Soleil. Pour calculer celle-ci, nous avons
utilisé les spectres de rayons cosmiques déduit des mesures directes effectuées à l’intérieur du Système
Solaire et juste à l’extérieur de l’héliosphère. Ces spectres sont corrigés de l’effet de modulation solaire
grâce aux modèle HelMod de Boschini et al. pour les noyaux et aux travaux d’Orlando et al. pour les
leptons. En ce qui concerne les sections efficaces d’interactions hadroniques, nous avons utilisé deux
versions qui s’appuient sur les données et paramétrisations les plus récentes : les matrices obtenues
par les simulations de FLUKA d’une part, et une combinaison des matrices QGSJET-II-04m avec les
paramétrisations de Kamae et al. d’autre part. A partir de ces spectres et sections efficaces, nous avons
calculé l’émissivité γ attendue par nucléon de gaz auprès du Soleil et nous l’avons comparée aux mesures
plus lointaines effectuées en rayons γ dans des nuages situés à quelques centaines de parsecs du Soleil.
Nous avons constaté que cette émissivité γ dépend de manière significative du choix de section efficace
hadronique. La différence entre les sections efficaces dépasse trente pour cent pour les rayons γ proches
d’un GeV. L’incertitude actuelle sur ces sections efficaces ne permet donc pas de déterminer si le flux de
rayons cosmiques qui diffusent dans Eridu est comparable ou inférieur à celui qui atteint l’héliosphère,
ni même de savoir si le spectre moyen de rayons cosmiques mesuré sur ∼1 kpc autour du Soleil est
supérieur ou comparable à celui qui atteint l’héliosphère.

Eridu est un filament de gaz atomique incliné par rapport au plan Galactique. Il présente un champ
magnétique ordonné et globalement parallèle à l’axe du filament, donc fortement incliné par rapport au
plan Galactique et presque perpendiculaire à la direction du champ magnétique moyen de la vallée locale.
Pour examiner si une telle configuration magnétique est à l’origine du déficit de rayons cosmiques dans le
nuage, nous avons décidé d’étudier un autre filament de gaz atomique, Reticulum, présentant les mêmes
caractéristiques générales qu’Eridu. Reticulum est également incliné par rapport au plan Galactique, son
champ magnétique est ordonné et parallèle à son axe, et il se trouve à une distance comparable du Soleil
qu’Eridu.

Grâce aux informations en vitesse des raies Hi et grâce aux différentes morphologies des nuages, nous
avons pu séparer le filament Reticulum d’autres nuages visibles dans cette région de ciel. Nous avons
isolé sept nuages atomiques (Reticulum, Hydre Nord, Hydre Sud, Hydre Lointain, Dorade Est, Dorade
West, Horologium). En utilisant les données Hi GASS, nous avons estimé la densité de colonne de gaz
atomique dans chacun des nuages pour différents niveaux d’absorption. À l’aide de la carte de photons
γ de Fermi-LAT et de celle des poussières vues par Planck et IRAS, nous avons estimé la quantité totale
de gaz dans cette zone. En calculant le résidu entre le gaz total et le gaz atomique observé en Hi, nous
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avons obtenu une estimation de la densité de colonne de gaz moléculaire sombre. Nous avons trouvé du
gaz sombre dans le nuage d’Hydre Nord et quelques grumeaux à l’intérieur du filament de Reticulum.

Pour mesurer l’émissivité γ par nucléon de gaz dans le nuage Réticulum, nous avons utilisé 14 ans
de données du satellite Fermi-LAT, dans la gamme d’énergie de 0,16 à 63 GeV. Nous avons modélisé
l’émission γ interstellaire observée par Fermi-LAT dans cette région en combinant les contributions de
chaque nuage. Nous avons ainsi mesuré un spectre d’émissivité γ par atome de gaz dans le nuage de
Reticulum qui se trouve être entièrement compatible avec la moyenne locale qLIS et plus élevé de 57% ±
9% que dans le nuage similaire d’Eridu.

Pour comprendre cette différence de flux de rayons cosmiques dans les deux filaments, nous avons
étudié les propriétés de propagation des particules de quelques GeV dans les deux nuages. Nous nous
sommes focalisés sur la comparaison de paramètres du gaz qui peuvent influencer la vitesse de diffusion
des particules : la densité volumique du gaz, le rapport entre sa pression magnétique et thermique, le
niveau de turbulence dans le champ de vitesse du gaz et dans l’orientation du champ magnétique, la
compressibilité de la turbulence et l’amplitude du champ magnétique en projection sur le ciel. Nous
n’avons trouvé aucune différence notable entre les deux nuages en ce qui concerne ces propriétés. Nous
avons également utilisé ces propriétés pour calculer le coefficient de diffusion des particules le long du
champ magnétique dans le scénario d’auto-confinement par excitation d’ondes d’Alfvén. Nous avons
trouvé des coefficients similaires dans les deux nuages et des valeurs proches de la moyenne Galactique
déduites d’autres informations.

Cette forte ressemblance entre les nuages de Reticulum et d’Eridu à l’échelle du parsec où nous avons
pu comparer leurs propriétés ne permet pas d’expliquer la perte de flux de rayons cosmiques dans ce
dernier. Malheureusement les propriétés des nuages à l’échelle beaucoup plus petite du rayon de giration
des particules est inaccessible aux observations. Mais, même si la perte de rayons cosmiques dans le
nuage d’Eridu demeure inexpliquée à l’issue de nos travaux, la mise en évidence d’une nette différence
de flux de rayons cosmiques entre les deux et la comparaison de ces deux nuages avec des modèles et
simulations numériques pourront à l’avenir contraindre encore davantage notre compréhension encore
très incertaine de la propagation des rayons cosmiques dans la phase majeure (neutre) du milieu in-
terstellaire. Ils serviront notamment à explorer comment la turbulence magnétohydrodynamique et son
amortissement par les interactions ions-neutres et/ou comment l’emmêlement des lignes de champ ma-
gnétique par les mouvements turbulents du gaz régulent la diffusion des rayons cosmiques Galactiques.

Mots-clés : Rayons gammas - Rayons cosmiques - Milieu interstellaire – Poussières - Champ magnétique
– Propagation – Coefficient de diffusion - Sections efficace hadronique - Bremsstrahlung - Milieu local
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Introduction

In the field of astroparticles, our quest to unravel the mysteries of the universe takes us to the
far reaches of the cosmos. This exciting domain of science combines the principles of particle
physics with the study of cosmic phenomena, offering us a unique perspective on the universe’s
fundamental building blocks and its grand structures.

The journey begins with understanding the fundamental particles that make up our universe.
Particle physics, the science that explores the tiniest constituents of matter, reveals a diverse
spectrum of particles, from electrons and protons to neutrinos and more. These particles play a
crucial role in the universe, from the formation of atoms to the birth and evolution of stars.

One of the most remarkable tools at our disposal for peering into the universe’s secrets is the
telescope, which has been our window to the cosmos for centuries. Telescopes have enabled
us to observe distant galaxies, nebulae, and celestial bodies, shedding light on the vastness of
the universe and the processes that govern it. But the wonders of the universe are not limited to
what we can see with our eyes.

In the modern era, space-based observatories and satellites have expanded our observational
capabilities beyond the visible spectrum. One such satellite, Fermi-LAT, has provided us with a
unique opportunity to study the cosmos through γ-ray observations. These observations allow
us to explore cosmic-ray interactions with interstellar gas. Cosmic rays, especially in the GeV
energy range, play a significant role in the evolution of galaxies. Their pressure, equal to the gas
pressure and that of the magnetic field in the interstellar medium, is a crucial factor.

My thesis delves into the intriguing field of astroparticles, focusing on the data obtained from
the Fermi-LAT satellite. It is divided into two distinct parts, each offering valuable contributions
to our understanding of the cosmic-ray interactions with the medium.

The first part of my work revolves around investigating the cosmic-ray spectrum using γ-
ray observations and hadronic cross sections in order to unravel the local cosmic-ray spectrum
within our Solar System. This part also involves revisiting earlier measurements and using the
latest cosmic-ray spectra to refine our understanding. I specifically focused on Eridu, a cloud
exhibiting an unexplained deficit in cosmic-ray flux. To shed light on this mystery, I turned my
attention to another cloud in the Reticulum constellation, which shares similar characteristics
with Eridu. In the second part, I estimated the gass mass and measured the cosmic-ray flux in
the Reticulum cloud. Aiming to uncover the origin of the cosmic-ray deficit in Eridu, I com-
pared diffusion properties including the cosmic-ray propagation and their interaction with the
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magnetic field in both cloud media.
Intriguingly, both parts of my thesis contribute to our broader understanding of astroparticles

and their interactions with the interstellar medium. They invite us to explore the depths of our
universe, where particles and phenomena come together to weave the complex fabric of the
cosmos. The results of these both parts led to publications that are integrated in the manuscript.

Before presenting the results, I introduce, in a few chapters, the key concepts from various
fields of astrophysics that will be used later on.
Chapter 1 is an overview on the interstellar medium, including the chemical and thermodyna-
mics properties of different phases especially the atomic and the molecular ones.
Chapter 2 presents various methods for measuring the magnetic field orientation and strengh
in the interstellar medium, whether the magnetic field is projected onto the plane of the sky or
along the line of sight.
Chapter 3 is related to the cosmic rays. I show a brief history of their discovry and the major par-
ticle detectors used to directly observe them. Then, I present their composition and abundance
and almost all the important features in their spectra. In the following section, I talk about the
techniques used to detect them far from the Sun using indirect observations. In the end of the
chapter, I present possible cosmic-ray acceleration sources and their distribution in our Galaxy.
Chapter 4 shows the gas tracers used in this thesis. I begin by presenting the Fermi-LAT satellite.
Then I explain the γ-ray and dust models that I use to estimate the dark gas in an interstellar
cloud.
Chapter 5 is an overview on the different diffusive modes for CRs in the Galaxy, and especially
the self-streaming. Then, I present the growth rate of the Alfvén waves and the different dam-
ping modes in the interstellar medium. The second part consists of presenting the models of
propagation that exist nowadays. Here I show the Leaky-Box model and the numerical simula-
tions like GALPROP, USINE, DRAGON and PICARD.
Chapter 6 is an overview on the γ-ray emissivities, discovered in the last decade, in the local
clouds at few hundreds of parsecs around the Solar System. Among these findings, the Eridu
cloud that stands out with its distinct nature.
Chapter 7 compares the cosmic-ray flux in the Eridu cloud with that in our Solar System and
the one found in the other local clouds. The first paper has been integrated in that chapter.
Chapter 8 presents another filamentary cloud, Reticulum, which has been studied to understand
the different cosmic-ray flux found in Eridu. I also explore the propagation properties of cosmic
rays and the level of gas and magnetic field turbulences in both clouds. The results are presented
in the second paper, integrated in that chapter.
Chapter 9 provides a summary of the obtained results, along with proposed avenues for further
exploration.
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Table 1 : Important units used in this manuscript

Gega electron-volt GeV 109 eV = 109 × 1.6 × 10−19 J Energy

Light-years ly 9.46 × 1015 m Distance

Parsec pc 3.26 ly = 3.09 × 1016 m Distance

Astronomical unit au / AU 4.8481 µpc = 1.495 × 1011 m Distance

milli Barn mbarn 10−3 barn =10−31 m2 Surface

Rayleigh R (1010/4π) photons m−2 s−1 sr−1 Column emission rate

Debye D 3.34 × 10−30 C m Dipole moment in CGS

Gauss G 10−4 tesla = 10−4 weber m−2 Magnetic field intensity

3



4



Chapitre 1
Interstellar medium

The interstellar medium (ISM) is an important component of galaxies. It is composed of gas
and dust found between stars and it is responsible for star formation which are the main sources
of energy in the galaxies besides gravitation. In the Milky Way, most of that baryonic matter
has been transformed into stars or stellar remnants but even today, 10% of the baryons are to
be found in the ISM of our galaxy (Draine, 2011). In Figure 1.1 we can see that most of the
interstellar gas and dust is located within a relatively thin gaseous disk, with a thickness of a
few hundred parsecs. That is the region where almost all the stars are formed.

About 90% of interstellar atoms are hydrogen. They are presented as atomic, molecular or
even ionised gas. This baryonic matter, found in the dynamic ISM, has a wide range of tempe-
ratures and densities forming characteristic phases, in particular, seven distinct phases :

• Hot Ionised Medium (HIM)

• Ionised gas (Hii) or Warm Ionised Medium (WIM)

• Warm atomic gas or Warm Neutral Medium (WNM)

• Cold atomic gas or Cold Neutral Medium (CNM)

• Hi-Hii transition or Dark Neutral Medium (DNM)

• Dense molecular gas (H2 and other molecules)

• Stellar outflows

Therefore, the ISM is composed of gas organised into several phases of density, temperature,
and chemical composition. To determine the amount of gas and trace it, it is first necessary to
understand the different phases and how to observe them. In the following sections, we will
discuss more about the atomic and molecular phases.
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Figure 1.1 : An edge-on view of the Milky Way galaxy. The black dots represent the stars and
the volume containing most of the interstellar gas and dust is shaded (Draine, 2011).

1.1 The atomic phase

Most of the interstellar gas mass in the Milky Way is neutral, and ∼ 78% of the neutral
hydrogen is atomic (Hi)1 (Draine, 2011). That neutral atomic phase serves as an intermediary
between ionised gas and cold molecular clouds. We can directly infer the atomic gas mass from
the observation of the Hi 21 cm lines (e.g. Dickey et al. (2000) ; Heiles and Troland (2003))

1.1.1 21 cm lines emission

A neutral hydrogen atom consists of electron bound to a nucleus composed of one proton.
The lowest stationary energy state of that bound electron is the ground state and it equals to
13.6 eV in energy. Both electron and proton have intrinsic angular momentum which is the
spin. As a result of the quantum angular momentum of that system, there are two states in spin,
therefore, the electron’s spin can be parallel or antiparallel to that of the proton. The electron’s
ground state becomes slightly higher in energy when its spin is parallel to that of the proton.
This amount of energy equals to 5.9 × 10−6 eV which is very small compared to the hydrogen
ground state energy.

1A chemical component of an atom followed by the Roman numeral I indicates that it is in a neutral state, while
the numeral II indicates that it is once ionised. For example, CII means that carbon is ionised C+.
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Figure 1.2 : A diagram representing the spin-flip transition in the hydrogen atom leading to
emission of a photon at 1420 MHz or 21 cm. The proton and the electron are
represented by the red and blue circles respectively. Note that spin is not classical
spinning charge sphere as represented here. It is a quantum angular momentum and
does not have any classical analogy.

During collisions between atoms, the electron’s spin can change state and become antiparallel
to the one of the nucleus. Therefore, a photon is emitted carrying the difference in energy, which
corresponds to a wavelength of 21 cm and a frequency of 1420 MHz. The probability of this
phenomenon is very low with a transition rate 2.9×10−15 s−1, so the mean lifetime of the excited
state is around 11 million years. However, the huge quantity of hydrogen in the interstellar
clouds and the collisions between atoms can help promote the 21 cm emission.

The advantage is that 21 cm line allows the detection of hydrogen atoms in their most funda-
mental state without the need for radiation excitations. The map obtained by Hi 21 cm radiation
is shown in Fig.1.3.

Since it is a narrow line, velocity information can be obtained by the Doppler effect, but only
the component projected onto the line of sight. The 21 cm line therefore allows the mapping
of the amounts of Hi gas by calibrating the frequencies based on the object’s movement and
distance (Dickey et al., 2000 ; Heiles & Troland, 2003).

This 21 cm line was predicted by the Dutch astronomer H. C. van de Hulst in 1944, but was
observed for the first time in 1951 by Harold Ewen and Edward M. Purcell at Harvard. It was
the birth of spectral-line radio astronomy. Few years after 1952, the first maps of the Hi gas in
the Galaxy were made, and revealed for the first time the spiral structure of the Milky Way (van
de Hulst et al., 1954 ; Westerhout, 1957).
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Figure 1.3 : Intensity map of the integrated Hi lines at 21 cm (HI4PI Collaboration et al., 2016).

1.1.2 Absorption

By observing an intense radio source, the hydrogen atoms found on the line of sight between
that source and the telescope can absorb the 21 cm lines if the gas is dense enough. By measu-
ring the depth of the absorption line, one can estimate the Hi density in the ISM and infer the
total amount of hydrogen in that specific direction.

Figure 1.4 is an example of the absorption and emission spectra in the direction of J003824–
742212. There are mainly two major absorption lines but more emission lines, about four bet-
ween 100 and 150 km.s−1, and one intense line at the velocity of 160 km.s−1. We can see that
the most intense emission line is the one related to the highest absorption. Because the more
there is emission, the more there is gas on the line of sight and consequently the absorption is
not negligible.

The 21 cm line width is influenced by the kinetic temperature of the Hi gas. A broader line
suggests a wider range of velocities, hence higher temperatures and/or turbulent motions inside
the cloud. The emission spectra typically exhibit broader line widths compared to the absorption
one, indicating the presence of colder, denser clumps within a surrounding, less dense, and
warmer medium.

1.1.2.1 Self-absorption

The main difficulty in Hi observations is self-absorption. It occurs when the emitted photon
can reverse the spin of another electron given that it carries the right energy for this process.
Therefore, Hi lines must be corrected for partial self absorption in order to estimate the gas mass
(Murray et al. (2015), and references therein).

The populations of parallel (higher energy) and antiparallel (lower energy) spin states are

8



Figure 1.4 : An example of absorption (top) and emission (bottom) spectra in the direction of
J003824–742212, as a function of the velocity projected onto the line of sight.
The Gaussian fits to the line components are indicated and the 3σ threshold for
detection of absorption is shown on the left side of the upper spectrum. In emission,
the two different lines (dark and light) are for two different measurements. (Dickey
et al., 2000)

governed by the Boltzmann distribution, which is determined by the relative energies of the
different states and the temperature of the system. The spin temperature, TS, represents the gas
temperature at which the populations of the two spin states would be in thermal equilibrium,
following the Boltzmann distribution.

For a hotter temperature, more atoms will exist in the higher-energy parallel state. In that
case, the hydrogen gas will emit 21 cm radiation more than it absorbs, leading to a net emission
of the Hi radiation and the gas is considered as optically thin. However, if the gas is colder
than TS, more atoms will exist in the lower-energy antiparallel state. Therefore, the gas will
preferentially absorb 21 cm radiation leading to a characteristic dip in the observed spectrum
and this is the optically thick case.
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1.1.3 GASS survey measurements

Many surveys exist aiming at studying the neutral atomic Hi gas. Among these surveys, there
is the Leiden-Argentine-Bonn survey (LAB), the Effelsberg-Bonn Hi Survey (EBHIS) and the
Galactic All-Sky Survey (GASS).
The all-sky LAB survey is substituted using the latest data from the EBHIS and GASS. The
result of merging both datasets is called the HI4PI Survey (HI4PI Collaboration et al., 2016).

LAB GASS EBHIS HI4PI Unit

Declination range δ Full ≤ 1◦ ≥ −5◦ Full

Angular resolution θFWHM 36’ 16.2’ 10.8’ 16.2’

Velocity interval |vLS R| ≤ 460∗ ≤ 470 ≤ 600 ≤ 600∗∗ km s−1

Channel separation ∆v 1.03 0.82 1.29 1.29 km s−1

Spectral resolution δv 1.25 1.00 1.49 1.49

Temperature noise σrms 80 55 90 ∼43 mK

N lim
HI 3.9 2.5 4.7 ∼2.3 1018 cm−2

S lim
HI 16.1 2.1 1.8 ∼2.0 Jy km s−1

Table 1.1 : Comparison of basic parameters of selected Hi surveys of the Milky Way. The bot-
tom two rows quote theoretical 5 σ detection limits (velocity-integrated intensity)
integrating over a Gaussian profile of 20 km s−1 line width (FWHM) for surface
brightness and point sources, respectively. ∗ Northern (LDS) part : vLS R ≤ 400 km
s−1. ∗∗ Southern (GASS) part : |vLS R| ≤ 470 km s−1.

In that work, we are using GASS III data (Kalberla & Haud, 2015) aimed at studying the
distribution and properties of Hi gas in the Southern sky. The observations began in January
2005 and stopped in October 2006 using 64-m Parkes Radio Telescope. Lines in our analyses
span velocities from -125 to +495 km/s.

To quantify the amount of neutral hydrogen Hi, two key observables are employed. The first
one is the brightness temperature, denoted as Tb, which indicates the intensity of the emitted
spectral line, and the second one is the line-of-sight velocity relative to the Local Standard of
Rest (LSR). The Tb translates the intensity detected by the telescope into the temperature of a
blackbody of equivalent specific intensity. This intensity is converted into the total gas column
density along the line of sight, expressed in units of cm−2.

Radiative transfer equations provide relationships between the column density of Hi along a
given line of sight NHI, the optical depth of the spectral line τ(v) at velocity v, the spin tempera-
ture TS, and the brightness temperature Tb.

NHI =

∫
nHIdLsight = C

∫
TS (1 − e−τ(v))dv (1.1)
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Here, C = 1.823×1028 atomes cm−2 (K km s−1)−1. When considering the background brightness
temperature as TBG, the quantity detected by the telescope is the difference denoted as ∆T =
Tb − TBG, where :

∆T = Tb − TBG = (TS − TBG)(1 − e−τ(v)) (1.2)

The background temperature primarily includes the Cosmic Microwave Background (CMB)
radiation with TBG = 2.66 K at the 21 cm wavelength. By expressing τ in terms of Tb and
assuming a uniform spin temperature, the column density can be expressed as :

NHI = CTS

∫
ln

( TS

TS − Tb

)
dv (1.3)

In situations where the optical depth is small (optically thin case with τ < 1), we can sim-
plify Eq.1.2 using a first-order Taylor expansion, resulting in Tb = TS τ(v). This simplifies the
expression for column density to :

NHI,thin = C
∫

Tb dv (1.4)

The value of TS varies depending on the phase of the atomic gas. For cold gas, spin tempera-
tures typically range from 40 to 200 K, while in the warm phase, they vary between 4000 and
9000 K (Murray et al., 2015). In most subsequent analyses in this thesis, the column densities
are relatively low (NHI < 2 × 1021 cm−2). A correction with a uniform TS temperature over a
cloud is generally sufficient to yield reliable results (Nguyen et al., 2018).

1.2 The molecular phase

When the gas becomes sufficiently dense, individual hydrogen atoms form H2 molecules on
the surface of dust grains and the molecules are then released into the gas phase. The major
phenomenon which endangers the existence of these molecules is the photo-dissociation by
interstellar ultraviolet (UV) photons.

H2 + hν(UV)−−→ H+H+KE

The molecules at the periphery of a cloud are quickly dissociated into hydrogen atoms, but
UV absorption by this dissociation and by dust grains in the atomic envelope can leave behind
denser and more shielded clumps of molecular hydrogen. That is why, the H2 molecules are
found in dense clumps at the cores of atomic clouds, shielded from photo-dissociation.

These surviving clumps are the resilient remnants of the molecular cloud, a testament to
the complex interplay between interstellar UV radiation and the formation and dissociation of
molecular hydrogen in the diverse regions of the interstellar medium.
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1.2.1 CO radiation

The H2 molecule is symmetric and homonuclear therefore it possesses no permanent electric
dipole moment. This absence of a dipole moment makes it an inefficient radiator of electroma-
gnetic radiation, emitting only weak quadrupole transitions ∆J = 2.

Another significant factor influencing H2 molecule’s radiative behavior is its small moment
of inertia. This property has important implications for the energy levels within the molecule.
At low temperatures, the spacing between these levels becomes relatively wide which leads to
inefficient population of the energy stats. In other words, at the typical temperatures of mole-
cular clouds, the majority of H2 molecules occupy their lowest energy states, making them less
likely to transition to higher states that could result in radiative emissions.

One must rely on surrogate observations such as the rotational lines of CO and its isotopo-
logues which is the next most abundant molecule. Their abundance compared to H2 molecules
varies between 10−7 and 10−4. The most abundant isotope is 12C + 16O. In order to quantify the
H2 mass, the abundance and excitation temperature of CO molecules should be large enough.
The CO molecule has a permanent dipole moment of 0.1098 D and its rotation causes emission
at microwave frequencies at 115 GHz and a wavelength of 2.6 mm, thanks to the transition J :1
→ 0. The CO molecules are formed in the cold dense molecular phase at larger densities than
H2 formation, therefore CO clouds are not diffuse as in the Hi phase (see Fig.1.5). However,
the emission from CO molecules in the cores of clumps are partially observed because the CO
dipole radiation is easily absorbed.

To study the gas molecular phase, we need to count the CO molecules and then convert
this count into H2 molecules that occupy this dense phase. Similarly to Hi measurements, the
CO surveys conducted by radio telescopes provide the brightness temperature of the emission
as a function of longitude, latitude, and gas velocity. The quantity of molecular gas traced by
CO emission is proportional to the integrated CO intensity along a line of sight, expressed in
K.km.s−1 :

WCO =

∫
Tb dv (1.5)

The conversion factor translates the observed WCO intensity, into a column density of molecular
hydrogen NH2 in cm−2.

XCO =
NH2

WCO
(1.6)

In the local environment, XCO varies around 1020 cm−2K−1km−1s, while outside the Galaxy it is
almost double due to the low abundance of interstellar C and O atoms when star formation is
low. The curve of XCO values is given by Fig.1.6. This factor has been studied theoretically and
observationally (Bolatto et al. (2013) ; Gong et al. (2018) ; Remy et al. (2017a) and references
therein), but the variations are too large and too uncertain to reliably use the CO data to measure
the cosmic ray flux in the dense molecular phase of clouds.
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Figure 1.5 : Map of the integrated intensity of rotational lines of 12CO over velocity from -36
to 36 km.s−1, the range over which significant emission is detected. For cosme-
tic purposes, the map was interpolated to 1/8◦ spacing and smoothed slightly by
convolution with a 0.3◦ Gaussian. The white area is unobserved. (Dame & Thad-
deus, 2022)

Figure 1.6 : The XCO values deduced from observations of several clouds and spiral arms in our
local environment and outside the galaxy. (Grenier et al., 2015)
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1.2.2 Dark gas

The dark gas, referred to as the Dark Neutral Medium (DNM), represents the gas accumu-
lation at the Hi-H2 transition within clouds (Liszt et al., 2019). This substantial quantity of gas
remains invisible to the 21 cm and 2.6 mm lines, thus eluding Hi and CO line observations
(Grenier et al., 2005). It remains undetectable in emission due to self-absorption within dense
Hi clumps, and CO molecules are efficiently dissociated by photons or insufficiently excited in
the diffuse H2 gas because the gas lacks the density required for collisions that would induce CO
molecules to rotate and emit radiation. Therefore, the dark gas comprises a mixture of optically
thick Hi and diffuse H2, in proportions that remain unknown. This DNM introduces significant
uncertainty in estimating the total interstellar gas content as its mass corresponds to about 20%
of the overall gas mass. It compares or exceeds the CO-bright molecular mass (Remy et al.,
2018).

Figure 1.7 : Map by Grenier et al. (2005) of the DNM column densities found in the dust halos.
The map is shown in Galactic coordinates centered on l = 70◦. This dark gas
complements that visible in HI and CO.

Molecules are formed in the diffuse molecular gas prior to CO, and some of these mole-
cules act as precursors to CO formation. They can thus be employed to detect the molecular
component of the dark gas, such as CH, OH, or HCO+. Observing them directly is less sus-
ceptible to line-of-sight confusion issues compared to other commonly used tracers like the CII
line emitted at 158 µm. This is because the CII line is emitted in various gas phases (Hi, Hii)
apart from the dark gas phase. However, observations of CH, OH, or HCO+ molecules are only
effective in absorption and require long point-by-point observation times, making them quite
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sparse. Initial measurements suggest that H2 appears to dominate the dark gas column density
(Liszt et al., 2019). An analysis of Hi absorption lines leads to the same conclusion (Murray et
al., 2018), but the composition is likely to vary from cloud to cloud and within the DNM phase
itself (Remy et al., 2018).

Tracers of the gas total column density are required to unveil this large-scale neutral dark gas.
Only the combination of thermal dust emission and interstellar γ radiation is currently capable
of fulfilling this role (Grenier et al., 2005 ; Planck Collaboration, Fermi Collaboration, et al.,
2015 ; Remy et al., 2018). The missing dark gas manifests as an excess of γ photons or dust
above the expected quantities from Hi and CO data as represented in Fig.1.7. This technique is
explained in details in Chap.4.

1.3 Halpha

Hα line emission traces the recombination of ionised hydrogen (H+) back into its neutral state
(H) in the ISM. Hydrogen is ionised by energetic photons from massive stars or other astrophy-
sical sources, often in the form of ultraviolet radiation. However, the interstellar medium is not
static ; it’s a dynamic environment filled with various energy sources and physical processes.
Over time, the ionised hydrogen atoms naturally recombine as electrons and protons rejoin,
transitioning back to their neutral state. It’s during this recombination process that Hα emission
occurs. If the electron is captured into some specific state nℓ, that was initially unoccupied, the
"radiative recombination" is represented by :

H+ + e− −→ H(nℓ) + hν

Figure 1.8 : Hα map at 6’ resolution. The data is combined by (Finkbeiner, 2003) from the Wis-
consin H-Alpha Mapper (WHAM), the Virginia Tech Spectral-Line Survey (VTSS)
and the Southern H-Alpha Sky Survey Atlas (SHASSA).

This specific transition involves the electron falling from the third energy level to the second
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in the hydrogen atom, releasing a photon with a wavelength of approximately 656.3 nm, which
falls within the red part of the visible spectrum. Hα emission is a valuable tool for astronomers
as it serves as a tracer for regions of ionised gas, highlighting areas of intense star formation
and providing insights into the structure and dynamics of the interstellar medium.

In this work, we are using the 6’ (FWHM) resolution Hα map reprocessed by Finkbeiner
(2003) from the Southern Halpha Sky Survey Atlas (SHASSA) data (Gaustad et al., 2001). In
our analysis, this map is used as a crude gas template even though the Hα emission measure
does not scale with the NH+ column density, in cm−2, but it integrates the product of the electron
and ion volume densities along the line of sight, EMα ∝

∫
ne nH+ dLsight.

1.4 Thermal properties

1.4.1 Heating and cooling

A thermal equilibrium must have a balance between heating and cooling rates Γ = Λ(T ).
Heating is represented by the amount of energy E that the gas receives per unit volume V and
per unit time t. This term dE/dVdt is proportional to the volumetric density of the gas n and the
heating rate Γ. There are several processes that can heat the gas :

• The transfer of kinetic energy by fast electrons that have been ejected from dust grains by
photoelectric effect and give up their energy through collision or re-absorption.

• Localised heating by thermodynamic processes such as the shock wave of a stellar wind
or a supernova explosion, which pass through, compress and heat the gas abruptly to
temperatures of millions of degrees.

• The ultraviolet (UV) photons that dissociate H2 molecules at the edge of molecular clouds.
The hydrogen atoms then transfer their kinetic energies to the gas through collisions.

Cooling is represented by the total amount of energy radiated per unit volume and time. To cool
down the gas, there are several means, mainly radiative :

• Radiative recombination of free electrons on ionised atoms, especially the recombination
of C+ (CII) lines at 158 µm.

• Free-Free radiation 2 emitted by a fast-moving electron or a cosmic-ray electron, slowed
down by the electric field of an atomic nucleus.

• Radiation of Hi at 21 cm and rotational radiation of molecules with a dipole moment such
as CO and H2O.

2Free-Free radiation is the braking radiation or bremsstrahlung, and it is so named because the electron is free
before and after deviation.

16



Each cooling process must be summed, according to the volume densities of electrons ne and
ions ni, and the temperature dependencies T of the various processes.

dEray

dVdt
=

dEbrem

dVdt
+

dErecomb

dVdt
+ ... ∝ neniT 1/2 + neniT−1/2 + ... (1.7)

At first order, the gas is neutral in the main atomic and molecular phases. There are then as
many electrons as ions ne = ni per unit volume, therefore, the cooling is proportional to the
square of the gas volume density n2 and the cooling rate Λ(T ).

Figure 1.9 : The cooling function Λ as a function of temperature (left) and the heating rate per
H nucleon Γ as a function of density (right) for different models at solar metallicity
and for a cosmic-ray ionisation rate of 2× 10−16 s−1. The label "this work" refers to
the model of Kim et al. (2023) used for the present thesis work.

We observe that, in the ISM, when we compress the gas by increasing its density, unlike
in thermodynamics, heating increases with density n but cooling, which depends on n2, varies
more quickly and the gas cools down!

1.4.2 Thermal instability

If two media with different temperatures are in contact, they will not necessarily converge to
a median temperature, on the contrary, there may be divergence.
As a first approximation, the interstellar medium is isobaric thanks to sound waves circulating
everywhere with velocities of the order of a few km/s to smooth out pressure changes. By the
ideal gas law P = nkT and taking the pressure, P, as a constant, the product of gas volume
density by temperature, nT , becomes constant. Therefore, if T decreases, n increases. Since the
heating increases with n but the cooling increases with n2, the temperature decreases even more.
The Hi phase has therefore two phases (Field et al., 1969) :

• Warm Neutral Medium (WNM) stable around 104 K and ∼ 0.5 cm−3 of volume density.
The ionisation fraction is around 10−2.
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• Cold Neutral Medium (CNM) stable around 102 K and density ∼ 30 cm−3 with a lower
ionisation fraction around 10−4.

The warm atomic phase WNM of the ISM is a critical component of the galactic environment.
Despite the presence of ionising radiation from nearby massive stars, the WNM has a relatively
low degree of ionisation therefore, most of the hydrogen remain in the neutral state.

The molecular phase, including the DNM phase and especially the phase visible in CO, is
even colder than the cold atomic phase CNM. It is around 10-30 K which is due to the high
density, 102 − 107 H2.cm−3, and the cooling effect of CO radiation.

1.4.3 Equilibrium and stability

1.4.3.1 Thermal equilibrium

The time required to reach thermal equilibrium is represented by all the thermal energy di-
vided by the rate of energy loss. Thermal energy is of the order of nKT , and the loss due to
radiation is proportional to n2Λ(T ). The time needed to achieve this thermal equilibrium is gi-
ven by :

τth =
nkT
n2Λ

(1.8)

Wich can be written as (Tielens, 2010) :

τth ≃ 1.4 × 106 yr
(

Pth

3000 K.cm−3

)(
n

1 cm−3

)−1( nΛ
10−33 J.s−1.(Hatom)−1

)−1

(1.9)

For a typical CNM density of n ∼ 30 cm−3, a temperature of T ∼ 80 K, and a radiation rate of
nΛ ∼ 6 × 10−33 W per H atom, the cooling time τth is on the order of few 103 years. In contrast,
for the WNM gas, the typical density of n ∼ 0.5 cm−3 and the radiation rate nΛ ∼ 2 × 10−33 W
per H atom lead to a cooling time τth on the order of few 106 years.

Therefore, the WNM gas phase at 104 K is a stable phase, but it takes time to reach this
stability. CNM phase, on the other hand, is more stable and reaches equilibrium more quickly.

1.4.3.2 Ionisation equilibrium

Ionisation equilibrium is the time it takes for an electron to undergo recombination. It is
calculated as the volumetric ion density, ni, divided by the recombination energy loss, which is
the volumetric ion density multiplied by that of electrons, ne, and the reaction rate, Λrec. The
radiative recombination time scale is as follows (Tielens, 2010) :

τrec =
ni

ni ne Λrec
≃ 200 yr

( T
1 K

)0.6( ne

1 cm−3

)−1

(1.10)

In the CNM phase, the electron fraction is of the order of 10−3, resulting in a recombination
time on the order of few 105 years. However, for the WNM phase, the electron fraction is
approximately 10−1, leading to τrec ∼ 106 years.
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1.4.3.3 Pressure equilibrium

Pressure equilibrium is achieved by the speed of sound, cs, which makes the gas isobaric.
The equation is as follows :

cs =

√
γIG kB T

mtot
≈ 102 m.s−1

( T
1 K

)1/2
(1.11)

With γIG the adiabatic index for ideal gas, kB the Boltzmann constant, T the temperature in
Kelvin and mtot the total gas mass. Therefore, the time it takes for sound to traverse a cloud is
the time to establish pressure equilibrium. The equation for this time, τs, is given by :

τs =
Lcloud

cs
(1.12)

In the cold CNM phase, the sound speed is approximately 1 km.s−1, resulting in an equilibrium
time of 106 years for a cloud with a length of 1 pc. Therefore, the cold gas can be considered
in thermal and ionisation equilibrium. On the other hand, in the WNM phase, the time is on the
order of few 105 years for a cs of around 10 km.s−1 and a cloud of 1 pc. This phase is therefore
easily perturbed from thermal equilibrium and the cold gas is relatively more stable.
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Figure 1.10 : Gas phase diagram of a simulation performed by (Nuñez-Castiñeyra et al., 2022).
Solid black boundaries are given to partition the gas phases between the WNM
and CNM phases, the unstable LNM and the warm and hot ionised media (WIM
and HIM respectively). The dot-dashed curve corresponds to the gas in thermal
equilibrium according to Wolfire et al. (1995). Grey oblique lines from bottom to
top represent the isothermal lines at 50, 200, 104 and 106 K.
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However, about 30% of the Hi gas is in the cold CNM phase (Nuñez-Castiñeyra et al., 2022),
with the remainder in the WNM. This is because there are continual sources of turbulence, rem-
nants of supernovae, and stellar winds operating on timescales of 105 years, constantly causing
the gas to change states. This is why nearly 20% of the gas is in the Lukewarm Neutral Medium
(LNM), an intermediate unstable phase that attempts to reach stable phases but may or may not
succeed (Murray et al., 2018).

Figure 1.10 is a diagram of five different gas phases obtained by a simulation performed
by Nuñez-Castiñeyra et al. (2022). The grey isothermal lines represent the temperature at the
different phases ; Hot Ionised Medium (HIM) at 106 K, Warm Ionised Medium (WIM) and
Warm Neutral Medium (WNM) at 104 K, Lukewarm Neutral Medium (LNM) at 200 K and
Cold Neutral Medium (CNM) at 50 K. The plot shows the bimodal distribution of the Hi neutral
gas in the warm and cold phases.

The Wolfire curve, represented by the black dot-dashed curve, shows the gas at thermal equi-
librium (Wolfire et al., 1995). The best resolution in the simulation, which is 9 pc, does not
allow to follow the Wolfire curve to the coldest and densest part of the distribution, where the
transition to H2 occurs.

1.5 Global appraisal of interstellar contents

Approximately 99% of the ISM mass is gas. About 60% of that gas in the Milky Way is in
Hi regions, 23% of the hydrogen is ionised, and ∼ 17% is in molecular clouds (Draine, 2011).
In Figure 1.11, the diagram shows several phases of the interstellar gas. The small grey dots
represent dust grains observed at a frequency of 353 GHz and used to trace the gas (see chapter
4). It can be observed that Hi, in light turquoise, forms a diffuse envelope and occupies the lar-
gest volume. It contains the majority of the mass. Between the atomic part visible at 21 cm and
the green phase visible in CO at 115 GHz, there exists a phase represented by dark turquoise.
This phase contains H2 molecules that shield themselves from UV photons but have very low
density to form CO molecules and/or make CO molecules radiate. It is the Dark Neutral Me-
dium (DNM). It represents the second most massive phase after the Hi phase.

Figure 1.12 shows the spectrum of the 21 cm HI line, in gray, as a function of the velocity
projected onto the line of sight in km/s. The black curve corresponds to the 2.6 mm CO lines. We
note that the atomic phase is more diffuse because it covers velocity ranges where the molecular
phase is absent.

The molecular phase, including hydrogen molecules H2 and especially CO molecules, forms
inside the CNM atomic gas. That is why, the detection of the CO line proves the presence of
CNM in the region. This dense CNM absorbs 21 cm photons rapidly, which explains the pre-
sence of self-absorption notches of the 21 cm line at the same velocities as CO lines for nearby
clouds in Fig.1.12. For distant molecular clouds, there is much more WNM along the line of
sight, so even if there is a self-absorption notch, it is too weak to be detected. The loss of signal
will be negligible against the strong emission background of the WNM.

Figure 1.13 describes the abundance of some chemical components as a function of extinction
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Figure 1.11 : Sketch representing
the three neutral phases of the in-
terstellar gas ; atomic hydrogen Hi
detected at 21 cm (light turquoise),
the dark gas phase (DNM) that
is undetectable (dark turquoise)
and the dense molecular phase
detectable in CO at 115 GHz
(green). The observed dust grains
at 353 GHz are shown in grey.
(courtesy of I. Grenier)
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Figure 1.12 : Spectrum of the Hi line at 21 cm and the 2.6 mm of CO molecular line, as a
function of the velocity of the clouds projected onto the line of sight in km/s.
The y-axes give the intensities of the Hi and CO lines, expressed in equivalent
temperature of a blackbody.

in the visible AV in magnitude. This extinction, caused by the dust mixed with gas, describes
the attenuation of starlight as one penetrates into the cloud. The left side of the graph represents
the edge of the cloud. As we move towards the right, we approach the cloud core composed of
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Figure 1.13 : The abundance
of some chemical compo-
nents in the various thick-
nesses of an arbitrary slab
cloud, as a function of ex-
tinction in the visible Av.
(Wolfire et al., 2010)

CO, indicating an increasingly dense gas region. In the ionised phase (Hii), starlight and espe-
cially UV radiation penetrates effortlessly, leading to a higher concentration of ions compared
to atoms. Moving deeper into the cloud, ionisation decreases, and the warm atomic gas WNM is
formed. Reaching the cloud’s core, WNM cools to form the cold gas CNM. In this CNM phase,
starlight is attenuated by approximately 10%, particularly in the optical and UV spectra. As the
gas cools further, the dark molecular phase DNM, CO-free, begins. From this point onward,
starlight is significantly attenuated, giving rise to the cold molecular phase, in which the gas
becomes dense enough to form molecules such as HCO+, CH, OH, then CO and many others.

On the ordinate axis of Fig.1.13, we have the abundance of various elements compared to
the total number of atoms. The curve for C+ remains relatively constant, even within the Hi
region, because light penetrates and ionises carbon. This occurs because the ionisation energy
of carbon (11.26 eV) is lower than that of hydrogen (13.6 eV). Subsequently, carbon recombines
into neutral C0 when there is a decrease in the presence of ultraviolet radiation. As the shielding
increases, the formation of CO dominates and locks up most of the carbon.

The decline in Hi contribution becomes noticeable at an extinction level of Av ≈ 0.4 mag,
which marks the H2 molecule formation and its shielding effect against UV photons. This tran-
sition is indicated by the left vertical line. In contrast, CO emission increases within the range of
extinctions between 1 and 2.5 mag, effectively preserving these molecules (Remy et al., 2018).
The corresponding region is denoted by the right vertical line. The dark gas DNM is primarily
situated between the zone where Hi intensity decreases and WCO increases.

In Fig.1.14, the x-axis represents the column density of hydrogen regardless of its state, there-
fore, one should divide by two for H2 column densities. On the y-axis, we have the optical depth
of dust, τ, which reflects the column density of dust grains. This graph is a two-dimensional
histogram across all directions of the sky, with the highest intensity value shown in red and the
lowest in blue.

In the diffuse atomic phase, a linear relationship is observed, indicating a strong correlation
between the quantities of gas and dust. Starting from 1020 cm−2, a bump begins to appear in-
dicating that the count of dust grains exceeds that of hydrogen atoms. This marks the phase of
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CO 
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DNM  

Figure 1.14 : A two-dimensional histogram of the dust optical depth at 353 GHz as a function
of the total column density of hydrogen, N(HI + 2H2). The highest intensity value
shown in red and the lowest in blue. (Planck Collaboration et al., 2011)

dark gas (DNM), which is challenging to precisely quantify.
In the dense molecular phase, through the observation of CO lines and the use of the conver-

sion factor XCO, we can estimate the quantity of hydrogen molecules H2 and consequently the
hydrogen atoms. This should restore the expected correlation with dust. However, it is consis-
tently found that the data points systematically deviate from the linear relationship. This sug-
gests the possibility of missing gas, as CO is easily absorbed. Another possibility, that has been
demonstrated, is that dust grains in dense CO cores become more emissive and inherently brigh-
ter, which contributes to the deviation from linearity (see Remy et al. (2017a) and references
therein).

To conclude, the Hi gas is mainly warm and low-density, WNM, within which there are cold
and dense clumps, CNM, giving rise to the molecular phase H2. The densest clumps are rich in
CO molecules. Given the uncertainty in gas mass estimates in the dark and molecular phases of
clouds, one can only infer the cosmic ray spectrum with adequate precision in the atomic phase.
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Chapitre 2
Magnetic field

Our Galaxy is permeated by magnetic fields intimately linked to the ISM and cosmic rays.
On large scales, its structure appears predominantly parallel to the Galactic plane on scales of
at least several kpc (Zweibel, 2017). The results of Han (2017) show that magnetic field lines
are oriented along the spiral arms, with possible reversals of direction between the arms and
interarm regions. They also show that the azimuthal components are reversed in the halo on
each side of the Galactic plane. On large scales, the magnetic field opposes the gravitational
collapse of gas and confines cosmic rays in the Galactic halo. On a more local level, it affects
turbulent movements such as supernova expansions and it regulates star formation.

The origin of the overall magnetic field remains uncertain. The most accepted hypothesis
being that of a hydromagnetic dynamo where the differential rotation of a conducting fluid in
a magnetic field generates currents that, in turn, amplify the initial field (Federrath, 2016). The
magnetic field is directly coupled to ionised gas and indirectly to the rest of the neutral gas
through ion-neutral interactions.

The total magnetic field, Btot, can be separated into several distinct components ; the regular
and turbulent fields, B0 and δB respectively.

Btot = B0 + δB (2.1)

The regular field has a well-defined direction, while the turbulent one exhibits numerous changes
in direction. The turbulent field can be isotropic, denoted as Biso, but can also preferentially align
in response to gas flow compression or shearing, known as Baniso. MHD1 Magnetic turbulence is
likely highly anisotropic, with eddies being elongated along the mean field direction and narro-
wer in the perpendicular direction (Federrath, 2016). All these magnetic field components can
be further divided into their projection on the plane of sky, Bsky, and along the line of sight, Blos.

Btot =

√
B2

sky + B2
los (2.2)

1Magnetohydrodynamics (MHD) is a branch of plasma physics that studies the behavior of electrically conduc-
ting fluids in the presence of magnetic fields.
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2.1 Dust polarisation and magnetic field orientation

Interstellar dust grains are present throughout the universe and can absorb, emit, and scatter
light. They are typically irregularly shaped and elongated, and can become aligned with the
ambient magnetic field due to a physical process called "paramagnetic alignment". When light
from a background source, such as a star, passes through a region containing aligned dust grains,
it interacts with them and becomes polarised, meaning that the electromagnetic waves oscillate
predominantly in one direction. The degree and the angle of polarisation are related to the
orientation of the aligned dust grains. These parameters can be detected using a polarimeter and
the direction of the magnetic field in the plane of the sky is perpendicular to the polarisation
angle. This effect is most efficient for grains with sizes comparable to the wavelength of stellar
radiation.

Another process is the emission of linearly polarised thermal radiation by dust grains, which
peaks at far infrared and sub-mm wavelengths according the dust temperature. After a 90◦ ro-
tation, this radiation allows the characterisation of the magnetic field structure projected in the
plane of the sky, Bsky, for example, with observations from the Planck telescope as shown in
Figure 2.1.

Figure 2.1 : Mollweide projection sky map of the Hi column density. The overlaid transpa-
rency was generated using the Line Integral Convolution (LIC) method (Cabral
& Leedom, 1993) to depict the orientation of the magnetic field in the plane
of the sky, based on observations of polarised dust emission at 353 GHz by
the Planck satellite. This map is taken from the gallery of the Planck’s website
[https://www.cosmos.esa.int/web/planck/picture-gallery]

One way to quantify the regularity or disorderliness of the magnetic field in a given region is
by using the polarisation angle dispersion function, S ψ. By analysing the polarisation data and
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the S ψ dispersion, one can reveal important information about the properties of cosmic dust,
such as its composition, size, and also the magnetic field’s strength, orientation, and organisation
in different regions of space.

Dust polarisation data are expressed as Stokes parameters (I,Q,U). The parameter I repre-
sents the real polarisation intensity while the measured one is calculated by P =

√
Q2 + U2.

The Q and U Stokes parameters are defined with respect to the Galactic coordinates, but with a
convention opposite to that of the International Astronomical Union (IAU) along the longitude
axis. Consequently, the polarisation angle is defined as follows :

ψIAU =
1
2

arctan(−U,Q) (2.3)

ψ is zero at the North Galactic pole and it follows the IAU convention by increasing counter-
clockwise with increasing longitude. The arctan(sin, cos) is the arc-tangent function that solves
the π ambiguity taking into account the sign of the cosine.

When a cloud is the predominant dust cloud along its specific line of sight, dust polarisation
measurements provide information about the magnetic field within that cloud, projected onto
the plane of the sky, Bsky. To assess the consistency of the Bsky direction, we can employ the
polarisation angle dispersion function (Planck Collaboration, Ade, et al., 2015) :

S ψ(−→x , δ) =
√√

1
N

N∑

i=1

[
ψ(−→x ) − ψ(−→x + −→δ i)

]2
(2.4)

where ∆ψxi = ψ(−→x ) - ψ(−→x + −→δ i) is the difference between the polarisation angle in a given
direction −→x and in a displaced direction −→x + −→δ i. In practice, we can calculate ∆ψxi from the
Stokes parameters as (Planck Collaboration, Ade, et al., 2015) :

∆ψxi =
1
2

arctan(QiUx − QxUi,QiQx + UiUx) (2.5)

where the x and i indices stand for the central and displaced directions, respectively. The average
in S ψ is taken over displaced directions spanning an annulus around the −→x direction with an
inner radius δ/2 and an outer radius 3δ/2. We have degraded the original 4.8’ resolution to an
angular resolution of 14’ (FWHM) in order to increase the signal to noise ratio. Therefore, we
decided to take 15’ for the δ lag.

The S ψ dispersion values span from 0◦, indicating a highly ordered Bsky magnetic field, to
S ψ = 90◦, signifying a disordered field configuration. In situations where the polarisation signal
is overwhelmed by noise, S ψ tends to converge to π/

√
12 (≈ 52◦) (Planck Collaboration, Ade,

et al., 2015).

27



2.2 Plane-of-sky magnetic-field strength

The total magnetic field is composed of a mean component,
−→
B0, and a small fluctuating one,

|−→δB| ≪ |−→B0|. These fluctuations arise from Alfvén waves2 and can be due to turbulent gas mo-
tions. The magnetic energy density, in the CGS unit system, is therefore :

ϵB =
B2

8π
=

1
8π

[B2
0 + δB2 + 2

−→
δB.
−→
B0] (2.6)

2.2.1 DCF method

The Davis-Chandrasekhar-Fermi (DCF) method is a widely employed technique for estima-
ting the strength of magnetic fields in the interstellar medium (ISM) projected onto the plane
of the sky. This method was originally introduced by Davis (1951) and subsequently refined by
Chandrasekhar and Fermi (1953).

The DCF method is grounded in the assumption that isotropic turbulent motions initiate the
propagation of Alfvén waves, responsible for the observed polarisation of dust grains within
the ISM. These Alfvén waves are presumed to be incompressible and transverse (δ

−→
B · −→B0 = 0)

within the frozen-in magnetic field.
The method uses both polarisation and spectroscopic data to derive the magnetic field strength.

Polarisation data is utilised to determine the direction of the magnetic field, while spectrosco-
pic data is employed to estimate the velocity dispersion of the gas. This velocity dispersion
is directly related to the Alfvén velocity, serving as an indicator of magnetic field strength.
Consequently, the DCF method assumes that the kinetic energy of turbulence is equal to the
fluctuating magnetic energy density, and that the dispersion in polarisation angle ψ reflects the
dispersion in magnetic-field orientation.

From the equipartition condition :
1
2
ρδv2 =

δB2

8π
(2.7)

By dividing both sides by B2
0 :

ρ

B2
0

δv2 =
1

4π
δB2

B2
0

(2.8)

And from S ψ ≈ δB/B0, one obtains :

BDCF
sky = f

√
4πρ

δv
S ψ

(2.9)

where f is added as a correction factor.

2Alfvén waves are a type of MHD wave that propagates through a magnetised plasma. These waves are charac-
terised by their ability to transmit disturbances or fluctuations in magnetic fields and can play a significant role
in the dynamics of plasmas. They are transverse waves and magnetosonic, meaning that the oscillations are
perpendicular to the direction of the magnetic field lines and they propagate at the Alfvén velocity, vA.
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The DCF method offers several advantages due to its simplicity and versatility. It stands out
for its ease of application, avoiding the need for intricate modeling or simulations. It can be
effectively employed to estimate magnetic field strength across a wide array of astrophysical
settings. Researchers have utilised the DCF method to investigate magnetic fields in diverse
objects, including molecular clouds, Hii regions, and supernova remnants.

Nevertheless, the DCF method carries certain limitations and assumptions that impact its
accuracy. A primary assumption is the isotropic nature of turbulence within the interstellar me-
dium (ISM). However, observations suggest that ISM turbulence is often anisotropic, potentially
leading to significant deviations from actual values (Goldreich & Sridhar, 1995). Another as-
sumption concerns the dominance of Alfvén waves as the primary mode of wave propagation
in the ISM. Yet, recent studies have indicated that compressible modes, also known as fast and
slow magnetosonic modes, might also play a significant role especially in regions characterised
by high density and strong magnetic fields (Heyvaerts & Priest, 1983).

Furthermore, the DCF method neglects the effects of projection and line-of-sight integration
in the polarisation data, introducing potential inaccuracies in inferred magnetic field strength. It
assumes a uniform magnetic field and perfect alignment of dust grains with the magnetic field.
In reality, magnetic fields can exhibit complexity, and dust grains may deviate from perfect ali-
gnment or possess varying polarisation properties.

The correction factor, denoted as f , plays a crucial role in rectifying the limitations of the
classical DCF method by accounting for the influence of compressible modes of wave propa-
gation, which were previously neglected. This factor is defined as the ratio between the true
Alfvén velocity and the velocity dispersion estimated using the DCF method. It quantifies the
extent to which compressible modes of wave propagation contribute to the observed velocity
dispersion. Assuming to be independent of the specific physical conditions within the ISM, f is
typically treated as a constant.

In the original work by (Chandrasekhar & Fermi, 1953), a value of f = 1/
√

3 was proposed,
based on the assumption of isotropic turbulence versus 2D polarisation information. However,
subsequent research introduced variations in the suggested values, ranging from 0.3 to 0.7 based
on MHD simulations. Notably, Skalidis and Tassis (2021) challenged the commonly adopted
constants, revealing that they do not apply across all ISM conditions. They demonstrated that
f is contingent on the turbulent sonic Mach number, a parameter reflecting compressibility. In
simulations, the value of f is observed to decrease as the Mach number increases. For instance,
in the context of supersonic models with a sonic Mach number Ms = 0.7, the DCF method,
without the inclusion of the f factor, deviates from the true value by a factor of ≈ 5. This sug-
gests that, in such cases, the correction factor f needs to equal 1/5 to yield accurate estimations.
Conversely, in subsonic models with Ms of 1.2, 4.0, and 7.0, an appropriate correction factor is
≈1/3 to align with the actual conditions.

In summary, the DCF method is a widely used technique for estimating the strength of ma-
gnetic fields in the ISM, projected onto the plane of the sky. It is relatively simple and easy to
apply, but it has several limitations and assumptions. Skalidis and Tassis (2021) proposed a new
method (hereafter the ST method) for estimating the strength of plane-of-sky magnetic fields in
the ISM that does not require a correction factor.
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2.2.2 ST method

This new method is based on a statistical approach that takes into account the anisotropic
nature of turbulence in the ISM which is a major source of uncertainty in the classical DCF
method. It also takes into account the compressible modes of wave propagation, also known as
fast and slow magnetosonic modes, which are neglected in the DCF method. To include these
modes, the cross-term of eq.2.6 is not omitted

−→
δB.
−→
B0 , 0 (Skalidis & Tassis, 2021). The energy

equation will therefore be :
1
2
ρδv2 =

δBB0

4π
(2.10)

In that equation, the perturbation δB is aligned with the magnetic field B0. This is due to the
local alignment between δB and δv, which is called "dynamic alignment". This alignment has
been observed in simulations of both incompressible and compressible turbulence (Skalidis &
Tassis, 2021).

After dividing both terms by B2
0 and replacing δB/B0 by S ψ, Skalidis and Tassis (2021) pro-

pose an alternative formulation that agrees within 20-30% with MHD simulation data :

BST
sky =

√
2πρ

δv√
S ψ

(2.11)

Another advantage of the new method is that it does not require a correction factor and it is
independent of the sonic Mach number.
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Figure 2.2 : Relative deviation between DCF and ST Bsky estimates with respect to the true
simulated value, as a function of the sonic Mach number. (Skalidis & Tassis, 2021)

The simulations of Skalidis and Tassis (2021) showed that BDCF
sky using a correction fraction

f = 0.5 systematically overestimates the real values of plane-of-sky magnetic field, as shown
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in Fig.2.2. Therefore, it represents an upper limit to the true Bsky. They also showed that BS T
sky

slightly underestimates the real magnetic field strength, and therefore represents a lower limit
to Bsky.

2.3 Line-of-sight magnetic-field strength

The line-of-sight magnetic field, Blos, refers to the component of magnetic field that lies along
the direction of observation. The direct measurement of Blos is based on the Zeeman effect or
the Faraday rotation in spectroscopic observations.

The Faraday rotation is based on the Faraday effect, which is the rotation of the plane of pola-
risation of linearly polarised light as it passes through a magnetised plasma. Counterclockwise
rotation occurs if the magnetic field is oriented toward the observer and clockwise if the field
points away from the observer. The rotation angle ∆θ is given by (Burn, 1966) :

∆θ = λ2 × Φ (2.12)

Where λ is the light wavelength and Φ the rotation mesure, in rad.m−2, and described as :

Φ ∝
∫ observer

source
B0,los ne dLsight (2.13)

with B0,los the magnetic field strength projected in the line of sight and ne the electron num-
ber density of the plasma. It’s important to note that the amount of rotation depends on the
wavelength of the light. Therefore, observations at multiple wavelengths are often necessary
to calculate the magnetic field’s properties accurately. Another important effect is the Faraday
depolarisation. It can happen in regions of space where the magnetic field varies significantly
with position or where there are turbulent magnetic fields (Sokoloff et al., 1998). In that case, a
range of frequencies within a linearly polarised wave experiences different amounts of Faraday
rotation. As a result, different parts of the wave become polarised in different directions or to
different degrees and therefore, the wave becomes elliptically polarised or even fully depolari-
sed. This effect can make it difficult to observe or measure the polarisation properties of radio
sources accurately.

The Zeeman effect is the altering or splitting of spectral lines in the electromagnetic spectrum
into multiple components due to the influence of a magnetic field. The spectral lines are narrow
with discrete wavelengths in the electromagnetic spectrum. They correspond to specific tran-
sitions by electrons within atoms or molecules, when changing their energy levels. Therefore,
these spectral lines serve as unique signatures for the elements present in celestial objects. In a
star’s atmosphere or interstellar cloud, the magnetic field interacts with charged particles such
as electrons. This interaction modifies the atomic energy levels leading to a split of the original
spectral line into multiple components which appear at slightly different wavelengths compa-
red to the unaffected spectral line. The extent of this splitting depends on the magnetic field
strength, the properties of the atomic or molecular species involved, and the specific spectral
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line being observed. This effect is more significant for molecular lines (OH, CN, H2O) (Heiles
& Crutcher, 2005). In the interstellar neutral hydrogen clouds, the Zeeman effect is the splitting
of the 21 cm line (Davies et al., 1968). There are two types of Zeeman effect :

• Normal Zeeman effect where the spectral line splits into three components ; One at the
original wavelength and two additional components at slightly longer and shorter wave-
lengths. The three resulting components are symmetrically distributed around the origi-
nal spectral line. The separation between these components is directly proportional to the
strength of the magnetic field along the line of sight (LOS).

• Anomalous Zeeman effect occurs in more complex atoms or molecules, typically those
with larger numbers of electrons and more intricate energy-level structures. Unlike the
normal Zeeman effect, the anomalous one leads to an array of additional components with
more irregular patterns of spectral line splitting. This irregularity results from the com-
plex relationships between the magnetic field and various quantum properties of electrons,
such as their spins and angular momenta, This effect does not adhere to the straightfor-
ward proportional splitting.

2.4 Turbulence and Alfvén Mach number

The ISM collapses within the gravitational potential of the Galaxy, but most of the gas mass
remains within approximately 300 pc from the Galactic plane. To do so, it necessitates support
from a pressure of Ptot/kB ∼ 2 × 104 K.cm−3, which is roughly ten times its thermal pressure
(Cox, 2005). The total pressure encompasses non-thermal contributions originating from super-
sonic turbulence and magnetic fields. Therefore, understanding the characteristics of interstellar
turbulence is crucial, as it serves as the primary mechanism preventing molecular clouds from
collapsing under their self-gravity (Hennebelle & Falgarone, 2012). However, before delving
into that, I would like to introduce an important physical quantity.

The Alfvén Mach number, MA, is a dimensionless quantity that compares the strength of the
magnetic-field energy density (eB) and the kinetic energy of the turbulent fluid motions in a
plasma (ekin).

M2
A =

ekin

eB
=

(1/2) ρ δv2

B2
tot/(8π)

(2.14)

in the CGS system. The mass density of the plasma is ρ and the total magnetic field strength,
Btot, is the sum of the mean field and the turbulent one Btot = B0+δB. The Alfvén Mach number
therefore compares the characteristic velocity of the turbulence, δv, with the Alfvén velocity,
vA = B/

√
4πρ. Beattie et al. (2022) introduce three different Alfvén Mach numbers that are

relevant for compressible3 MHD turbulence depending on the magnetic field. The first one is
the mean-field Alfvén Mach number, MA,0, which compares the kinetic energy of fluid motions
with the large-scale magnetic energy. It is defined as

MA,0 =
√

4πρ
δv
B0
=

δv
vA,0

(2.15)

3Compressible means that the fluid density varies significantly during the flow
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The second one is the turbulent-field Alfvén Mach number, MA,turb, which compares the turbu-
lent magnetic energy with the kinetic energy :

MA,turb =
√

4πρ
δv
δB
=

δv
vA,turb

(2.16)

The total-field Alfvén Mach number, MA,tot, compares the total magnetic energy, including the
large-scale and the turbulent ones, with the kinetic energy.

MA,tot =
√

4πρ
δv
Btot
=

δv
vA,tot

(2.17)

The total-field Alfvén Mach number relates directly to the energy equilibrium of the plasma and
gives information about the efficiency of magnetic fields in controlling the plasma dynamics. In
other words, it tells us how fast the fluid is moving relative to the magnetic field.

A high Alfvén Mach number means that the fluid motions can easily drag the magnetic field,
and the latter is not able to control the plasma dynamics. This is often the case in highly tur-
bulent plasmas, where the fluid motions are chaotic. On the other hand, a low Alfvén Mach
number means that the magnetic field is stiff and able to control the plasma dynamics. The si-
mulations by Beattie et al. (2022) showed that if the three Alfvén Mach numbers increase, the
actual rate of increase differs for each one of them. The mean-field Alfvén Mach number, MA,0,
increases more slowly than the other two numbers. This is because the large-scale magnetic
field is less affected by the turbulent motions than the turbulent magnetic field. As a result, the
large-scale magnetic field remains relatively strong even as the fluid motions become stronger.
The turbulent-field Alfvén Mach number, MA,turb, increases more rapidly than the other two
numbers. This is because the turbulent magnetic field is more affected by the fluid motions than
the large-scale magnetic field. As a result, the turbulent magnetic field becomes weaker more
quickly as the fluid motions become stronger. The total-field Alfvén Mach number, MA,tot, is
a combination of the mean-field and turbulent-field Alfvén Mach numbers. As a result, it in-
creases more slowly than MA,turb but more rapidly than MA,0.

Let’s return to interstellar turbulence. Turbulence is a phenomenon characterised by the
presence of irregular eddy motions. It is the instability of smooth, ordered (laminar) flows
when inertial forces, −→v .∇−→v associated with fluid motion, significantly surpass the viscosity-
induced forces ν∆−→v , where ν is the kinematic viscosity. This occurs when the Reynolds num-
ber Re = ℓvℓ/ν at a characteristic scale ℓ and velocity vℓ exceeds a few hundred. As a result of
this instability, turbulent motion passes from larger to smaller scales, transferring kinetic energy
down to the dissipation scale ℓD, where energy is converted into heat due to particle viscosity.
This process is known as the turbulent energy cascade. The time–scale for the growth of this
instability is of the order of the eddy turnover time τℓ = ℓ/vℓ at each length scale ℓ.

The work of Kolmogorov (1941) introduced the fundamental concept of a dissipationless
cascade, characterised by a transfer rate of kinetic energy that remains independent of scale
between the injection and dissipation scales. For incompressible turbulence (constant ρ), the ϵ
rate of kinetic energy4 supplied to the fluid from scale to scale per unit time and per unit mass

4Kinetic energy of the turbulent fluid is : 1
2ρv2
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is ϵ ∝ v2
ℓ
/τℓ ∝ v2

ℓ
/τℓ = v3

ℓ
/ℓ. Because the ϵ rate is constant, vℓ ∝ ℓ1/3, so the velocity of

eddies and turbulence intensity slowly decrease with decreasing ℓ scale. A dimensional analysis
shows how the energy spectrum per unit mass is distributed with wavenumber k = 2π/ℓ such as
[k] = L−1. The total energy in the spectrum

∫ ∞
0

E(k) dk scales with the total input kinetic energy
per unit mass (1

2v2
ℓ
), so [E(k) dk] = L2T−2 and [E(k)] = L3T−2. The transfer rate ϵ scales as

[ϵ] = L2T−3, so the solution for [E(k)] = [ϵ]a[k]b is E(k) ∝ ϵ2/3k−5/3 known as the Kolmogorov
spectrum even though the 5/3 slope was derived after the original Kolmogorov study. Another
way to obtain that slope is by E(k) dk ∝ v2

ℓ
∝ (ϵ1/3ℓ1/3)2 ∝ ϵ2/3k−2/3 which means that the total

kinetic energy spectrum scales as E(k) ∝ k−5/3 (see Fig.2.3).

Figure 2.3 : A representation of
the Kolmogorov energy spectrum
per unit mass, as a function of the
wavenumber k, for an incompres-
sible, homogeneous, isotropic fluid
turbulence. Kinetic energy is injec-
ted at k = k0 and cascades to larger
k, to be dissipated and converted
into heat at k = kd. The k0 < k < kd

represents the inertial range where
the flow is controlled by inertia
forces, and kinetic energy does not
dissipate.

However, the MHD turbulence, where magnetic fields interact with fluid flows, poses chal-
lenges. The characteristic of MHD turbulence is that Alfvén wave packets traveling in the same
direction along magnetic field lines don’t interact with each other. The interactions only oc-
cur between waves moving in opposite directions. Iroshnikov (1964) and Kraichnan (1965)
formulated the first phenomenological theory of MHD turbulence. They found that the energy
spectrum scales as E(k) ∝ k−3/2. An essential assumption of their approach is that the eddies
are isotropic. However, MHD turbulence is largely anisotropic, with energy transfer from large
to small scales predominantly occurring perpendicular to the mean magnetic field direction, as
supported by observations (Biskamp, 2003).

Therefore, Goldreich and Sridhar (1995) have developed a theory known as critical balance
which takes into account the anisotropy in incompressible MHD turbulence. As the energy
cascade proceeds to smaller scales, turbulent eddies progressively become elongated along the
large–scale field. The Alfvén wave frequency (propagating at the Alfvén velocity vA) and the
non-linear cascade frequency are in critical balance k∥vA ≃ v⊥k⊥. Therefore they found that the
energy spectrum per unit mass is E(k⊥) ∝ ϵ2/3k−5/3 and E(k∥) ∝ ϵ3/2v−5/2

A k−5/2
∥

The nature and properties of turbulence in the ISM are still highly debated and controversial.
This is due in part to the huge range of scales separating those of the energy injection at the
Galaxy scale, from those where it is dissipated, presumably below the milliparsec scale. It is
also due to the fact that the turbulence is compressible, magnetised and multi–phasic. Given the
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complexity of the problem, analytical rigor is scarce, and our understanding primarily stems
from numerical simulations conducted over the past two decades.

2.5 Interstellar values of the magnetic field

In ideal MHD, where the fluid is treated as a perfect conductor, the magnetic field lines
are "tied" or "frozen" and advected along with fluid. When the fluid moves, it carries along
the embedded magnetic field lines without allowing them to slip or disconnect. This concept
is the magnetic flux freezing. The break down of the ideal MHD conditions allows magnetic
reconnection5 which releases the stored energy from the magnetic field (Priest & Forbes, 2000).
The concept of magnetic fields being frozen into fluids with infinite electrical conductivity
was first proposed by Alfvén (1942). The frozen-in condition leads to a relationship between
magnetic intensity (B) and gas density (ρ) which reflects the movements of the gas relative
to magnetic field lines. That relation is B ∝ ρκ with κ a constant determined by the specific
conditions of the system.

If the gas contraction occurs parallel to the field lines, the magnetic field is not amplified
and remains constant (κ = 0). In cases where motion is perpendicular to the field lines, it can
be demonstrated that B ∝ ρ. When contraction takes on a spherical form, the mass enclosed
is (4πR3)ρ and the magnetic field through the surface is (4πR2)B. The magnetic intensity is
therefore B ∝ ρ2/3. However, maintaining a spherical shape during contraction is unlikely, parti-
cularly in the presence of a non-negligible magnetic field. Under these conditions, it is expected
that equilibrium along the field lines will be established. According to Virial theorem, there is
a balance between the thermal and potential energies of a system in a stable equilibrium state,
2Eth + Epot = 0 ⇒ 3nkBT = 3

5
GM2

R . Introducing the sound speed c2
s =

5
3

kBT
M , the Virial relation

leads to c2
S ∝ ϕ, where ϕ is the gravitational potential. In that case, B ∝ cs ρ1/2. Basu (2000) com-

pared data from Crutcher (1999) with this expression, achieving good agreement, which further
improves when using velocity dispersion σ, related to the kinetic energy of the gas movement,
instead of cs, related to the thermal energy. Another simpler interpretation of this relationship is
equipartition between magnetic and kinetic energy densities : B2/(8π) ∝ 1

2ρσ
2.

The overall strength of the magnetic field in the solar neighborhood is 5.62±0.01 µG, as
measured by Voyager 1 (Burlaga et al., 2013). Burlaga et al. (2015) provide first insights into
in situ measurements of turbulent magnetic fields in the local ISM based on the results of the
magnetometer onboard Voyager 1. They identified a weak turbulent component exhibiting an
energy distribution consistent with a Kolmogorov spectrum. The ratio of turbulent fluctuations
to the average field is relatively small, ∼ 0.023. Additionally, their findings suggest that the
turbulence is predominantly compressible.

On a Galactic scale, the mean magnetic field strength varies across different regions across
the Milky Way. According to Wielebinski (2005), magnetic field lines in the Milky Way are
concentrated in the Galactic plane, with a typical strength of ∼10 µG in the inner regions, de-
creasing to about ∼5 µG at radii beyond 15 kpc. In certain areas, such as those near massive

5Magnetic reconnection is a physical process occurring in electrically conducting plasmas, in which the magne-
tic topology is rearranged and magnetic energy is converted to kinetic energy, thermal energy, and particle
acceleration (Mozer & Pritchett, 2010).
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Figure 2.4 : Line-of-sight magnetic field strength Blos, as determined through Zeeman effect
measurements, plotted against Hi volume density (in cm−3) for a selection of diffuse
and molecular clouds. The accompanying error bars represent 1 σ uncertainties in
the measurements. Various symbols are employed to denote the cloud type and the
source of the measurement. Filled circles represent Hi diffuse clouds measured by
Heiles in 2004, open circles correspond to dark clouds measured by Troland in
2008, and open squares represent other clouds surveyed by Crutcher in 1999. Ad-
ditionally, filled squares represent molecular clouds from Crutcher’s 1999 study,
while stars represent molecular clouds surveyed by Falgarone in 2008. The solid
line illustrates the most likely maximum Btot (nHI) values derived through Baye-
sian analysis of the plotted Blos data. Dotted line segments encompass the ranges
determined by acceptable alternative model parameters, indicating the inherent un-
certainty within the model. (Crutcher et al., 2010)

star-forming regions or supernova remnants, the magnetic field strength can exceed 10 µG and
may even reach several hundred µG. The Galactic Centre region exhibits unique non-thermal
radio arcs and filaments with field strengths of 100 to 400 µG (Yusef-Zadeh et al., 2022) and
a 100 µG field has been estimated in the envelope of the masive Sgr B2 cloud in the central
molecular zone (Yusef-Zadeh et al., 2024). Orlando and Strong (2013) conducted a model of
synchrotron emission and predicted values for the local magnetic field. They predicted a regular
magnetic field component of 2 µG and a total magnetic field strength of ∼ 6 µG, which aligns
with measurements from Voyager. Additionally, J. Xu and Han (2019) demonstrated that the
local magnetic field in the Galactic disc, where a significant portion of the ISM resides, follows
the local spiral arms and has a field strength of 1.6 µG.
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Crutcher et al. (2010) examined the density-dependent behavior of magnetic fields in mole-
cular clouds, utilising four Zeeman surveys to estimate the line-of-sight magnetic field strength,
Blos, in each cloud. The first survey, conducted by Crutcher himself in 1999, focused on a set
of 27 molecular clouds. The second survey, carried out in 2008 by Falgarone et al., utilised
the IRAM 30 m telescope to measure the Zeeman effect in the CN spectral line. The third
survey, performed in 2012 by Li and Henning, employed the Atacama Pathfinder EXperiment
(APEX) telescope to measure the Zeeman effect in the 3 mm spectral line in the Taurus mole-
cular cloud. The last survey, conducted in 2014 by Heiles, utilised the Green Bank Telescope
(GBT) to measure the Zeeman effect in the 21 cm spectral line of atomic hydrogen within the
Milky Way. Figure 2.4 displays the results of the Blos measurements and their corresponding
1 σ uncertainties for both diffuse and molecular clouds, plotted as a function of the nHI. Zeeman
measurements also provide the direction of the line-of-sight component. In the plot, only the
magnitudes |Blos| are represented. The study by Crutcher et al. (2010) revealed that, for atomic
gas densities between a few cm−3 and 300 cm−3 typical of the CNM, the most probable maxi-
mum values for the total magnetic field strength Btot are approximately 10 µG. The field strength
then rises in denser molecular clouds by compression with the gas infall.

Figure 2.5 : Map of ⟨B∥⟩ with contours at intervals of 1 µG. Positive values in red indicate a
magnetic field away from the observer, and negative ones in blue indicate a field
approaching the observer.

In Fig. 2.4, one observation at a density of 103.7 cm−3 notably exceeds the upper limit of the
magnetic field strength inferred from the analysis. The authors noted that this outlier corres-
ponds to the giant molecular cloud Sgr B2 North, which is thought to be the most massive in
the Galaxy. It features highly active star formation, distinctive chemical properties, and a high
ionisation rate, making it a prominent source of complex molecule emissions. The large ma-
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gnetic field strength in/around this cloud has just been confirmed from synchrotron emission
(Yusef-Zadeh et al., 2024).

However, it is essential to acknowledge that the Zeeman effect measures the direction-averaged
line-of-sight magnetic field strength, which might not fully capture the magnetic-field tangling
within a given region (Crutcher et al., 2010).

Sofue et al. (2019) has exploited the correlation between maps of rotation measure, Hi column
density, and radio thermal and synchrotron brightness to infer Blos strengths of 1 to 3 µG in the
diffuse atomic gas (WNM) outside compressed bubble rims. Figure 2.5 shows the obtained
all-sky map of ⟨B∥⟩. This map is not affected by the line-of-sight depth and exhibits the field
strength and direction only. It is interesting to note that both the northern and southern polar
regions show positive B∥ around 1 µG, indicating that the vertical field directions are pointing
away from the Sun.
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Chapitre 3
Galactic cosmic rays

Cosmic rays (CRs) with a kinetic energy of a few GeV play a crucial role in the evolution of
galaxies, especially through their various propagation processes. At this energy, their pressure
is of the same order of magnitude as the magnetic or the gas pressure in the ISM. The challenge
with these particles of moderate energies is their detection, which is why indirect observation
methods based on hadronic interactions of CRs with interstellar gas have been used. In order to
access the CR flux, it is necessary to know the column density of interstellar gas which is the
integration of the volume density over the line of sight

∫
ngasdLsight.

3.1 Brief history

The story began in 1785 by an electroscope which was the first electrical measuring instru-
ment. It detects an electric charge based on the Coulomb electrostatic force and was used only
for high voltage sources. In that year, Coulomb found that electroscopes can spontaneously
discharge in air. Fifty years later, Faraday confirmed this observation using better insulation
technology. In the end of the XIXth century, radioactivity was discovered by Becquerel and Ma-
rie Curie found that radiations from the radioactive elements can discharge electroscopes. They
concluded that there are radiations that ionise air and their sources are the radioactive elements
in the ground.

In the beginning of the XXth century, experiments by Rutherford and others show that the
ionisation rate is reduced when the electroscope is surrounded by metal shields. In 1907, Eve
measured the ionisation over the center of the Atlantic Ocean and found no difference compared
to the observations in England. One year after, they found a drop of 28 % in the ionisation rate
when the observation was made at the bottom of a salt mine. They concluced that the Earth
serves as the primary origin of penetrating radiation, while specific bodies of water, soil types
and salt deposits are relatively devoid of radioactive elements, making them effective barriers
against such radiation.

In parallel, the Wilson cloud chamber was invented. It is a particle detector used for visua-
lising the passage of ionising radiation and played an important role in experimental particle
physics from the 1920s to the 1950s, "the most original and wonderful instrument in scientific
history" said Rutherford.
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In 1909, Wulf improved the electroscope up to a sensitivity of 1 volt and made it transpor-
table. On his Easter holiday trip in Paris, he measured the ionisation rate on top of the Eiffel
tower during the day and at night. He was expecting an exponential decrease given that radio-
activity was coming from the ground, but the decrease was small, not even to half of the ground
value. He concluded there is another source of ionisation and he thought that might be due to
the radioactive metal of the Eiffel tower.

The meteorologist Domenico Pacini compared the ionisation rate on mountains at different
altitudes, over a lake, and over the sea. He found that radioactivity was reduced by 20% at a
depth of 3 m in the sea. He therefore concluded that the soil is not the only source of radiation.
So, scientists decided to fly on balloons.

Ascending up to 4 km, they found that the decrease in ionisation rate with height is not as
expected from a terrestrial origin. Hess, in 1912, flied 7 times and reached an altitude of 5.2 km
in the final one. He found that, after a specific minimum value, the ionisation was increasing
again with height. Therefore, he thought that this radiation had extra-terrestrial origin. Kolhörs-
ter proved the same after a flight up to a height of 9.2 km. The latter found an ionisation rate
ten times larger than the rate at sea level. This flight was on 28th of June 1914, the day of the
beginning of the World War I.

During the war, improvements in electrometer performance were achieved. Some scientists
were opposed to extraterrestrial radiation and concluded, from observations, that ionisation was
due to the presence of radioactive elements in the atmosphere. After the war, the research was
more focused in the United States. Millikan & Bowen flied up to 15 km above Texas and found
a quarter of the ionization rate measured by Hess and Kolhörster. They thought about a turnover
in radiation intensity at high altitudes, because they were yet unaware of the latitude-dependent
geomagnetic effect found later (see below). Two years after, Millikan reversed his conclusions
and introduced the term of "cosmic rays". He chose the term of rays because they believed
that this cosmic radiation was gamma photons given their penetrating power. In the American
media and according to the public opinion, the discovery of these cosmic rays was a success of
American science as shown in Fig. 3.1. In this magazine publication, Hess and Kolhörster were
not referenced. Hess published an article to blame Millikan and said that the latter’s results
were just a confirmation and extension of the work initiated by others and that refusing to
acknowledge previous work was an error and unjustified.

Meanwhile, Clay travelled from the Indonesian island of Java to Genova in Italy while car-
rying his radiation detector. He accidentally discovered the geomagnetic effect in cosmic rays.
One year later, he did another trip from Java to Amsterdam and confirmed his results. Compton
organised a world-wide survey to see how the intensity of cosmic radiation (also called Ho-
henstrahlung) depends on geomagnetic latitude. They discovered in 1933 that the intensity is
greater in the West than in the East. Knowing the direction of the Earth’s magnetic field, they
concluded that most of the primary cosmic rays are positively charged particles.

During these East-West experiments, Rossi discovered extensive air showers in Eritrea, but
he did not study them in detail and unfortunately, published his results in Italian. Pierre Auger,
three years later, re-discovered these air showers and studied them.

In parallel, in 1931, during a lecture at Caltech by Zwicky, the term "supernova" was intro-
duced. Two years after studying these phenomena, Zwicky and Baade concluded that massive
stars end their lives by an explosion that produce cosmic rays.
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Figure 3.1 : (magazine, 1928)

Using the Wilson cloud chamber and the presence of a magnetic field, Anderson took pictures
of different particles. He deduced the mass from the long range of the track ; the more massive
the particle, the shorter the distance it travels before stopping. In 1932, he found a particle that
has the same mass as an electron, but by observing the curvature of that particle’s path, due to
the Lorentz force, he found that it carries a positive electrical charge. He had found the positron,
the antimatter of the electron which is consistent with the Dirac’s equation.

In 1937, a heavier electron was discovered and named a muon. The first meson was found in
1947 and called a pion. It had been predicted by Yukawa twelve years before. In the same year,
they discovered a kaon which was the first strange particle. Four years after, the parity violation
and the first strange baryon, lambda, were discovered. Cosmic-ray experiments are cheap and
that is why, the research continued in Europe even after the bad conditions of the World War II.
In 1953, the era of particle accelerators began and the CERN added the research on cosmic rays
in its constitution. The field of particle physics, thus had its origins in the study of cosmic rays
and numerous discoveries have arisen from this pursuit.

3.2 CR composition

Cosmic rays (CRs) are relativistic particles that circulate in the interstellar medium (ISM).
These particles consist of approximately 99% nuclei and 1% electrons. The most abundant
nucleus is the proton, which represents 89%, followed by alpha particles (helium nuclei) repre-
senting 10%, and the rest is antimatter and neutral particles. The CR flux of primary relativistic
particles describes the number of particles dN/(dS dt dΩ dE) per unit surface dS, time dt, so-
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lid angle dΩ, and energy dE. It peaks at an energy close to 109 eV and decreases rapidly with
energy according to an approximate E−2.7 power law (see Fig.3.5).

CR energies span a range from approximately 106 eV up to at least 1020 eV with an average
particle energy of 3 GeV (Armillotta et al., 2022). For an energy above 3 MeV/nucleon and
> 3 MeV for electrons, the overall CR energy density in the solar neighborhood is between
0.83-1.02 eV.cm−3 (Cummings et al., 2016), a value comparable to the thermal, turbulent, and
magnetic energy densities found in the local ISM. The number density is 3×10−10 cm−3, much
lower than the average interstellar gas density of approximately 1 cm−3 (Zweibel, 2017). The
Larmor radii of Galactic CRs :

rL = 1.2 × 10−6 pc
( Ek

10 GeV

) ( B
10 µG

)−1

(3.1)

range from 105 km at the lowest energies to 0.1 pc near 1015 eV, so that directional information
on their sources is completely lost during their Galactic propagation.

In this thesis, we are going to describe primarily the Galactic Cosmic Rays (GCRs) that are
produced in our Galaxy and do not exceed 1015 eV in energy. We only briefly comment spectral
breaks and anisotropies at higher energies.

3.3 Direct detection

Cosmic-ray detection can be performed using ground-based particle detectors. One of these
are the fluorescence detectors used by the Pierre Auger Observatory in Argentina in order to
study ultra-high-energy cosmic rays (UHECRs), exceeding 1 EeV. They observe the faint fluo-
rescent light emitted high in the Earth’s atmosphere when UHECRs interact with air molecules.
They also use Cherenkov detectors that cover an area of around 3000 km2 in order to detect
the secondary particles produced when UHECRs interact with the Earth’s atmosphere. Another
experiment is IceCube dedicated to study neutrinos energies greater than 100 GeV, from astro-
physical sources and the ones produced by CR interactions in the Earth’s atmosphere. They are
using detectors deep within the Antarctic ice sheet that detect Cherenkov light emitted when
neutrinos interact with the ice. There are also a lot of other ground-based detectors to observe
high-energy CRs and especially air showers like High-Resolution Fly’s Eye (HiRes) and Te-
lescope Array (TA) in USA, High-Altitude Water Cherenkov Observatory (HAWC) in Mexico,
KArlsruhe Shower Core and Array DEtector (KASCADE) in Germany, Tunka Radio Exten-
sion (Tunka-Rex) in Russia, Tibet Air Shower Array (Tibet-ASγ) in China and Gamma Ray
Astronomy PeV EnergieS Phase-3 (GRAPES-3) in India.

Direct detection in the atmosphere can be performed using balloons. Balloon-borne experi-
ments have been widely used to study CRs due to their ability to reach high altitudes in the
atmosphere. For example ATIC, SuperTIGER, CREAM and BESS. The details of these expe-
riments are presented in Table 3.1.

Space particle detectors are used to directly detect CRs before arriving to the Earth’s atmos-
phere. These detectors are located onboard satellites in orbit around the Earth like ACE and
PAMELA. Other particle detectors are on the International Space Station (ISS) for example
AMS, CALET and DAMPE. The objectives and energy range of these detectors are presented

42



in Table 3.1.
There are also longer-range space probes travelling in the Solar System. They are designed

to travel long distances and operate far from the Earth and the Sun for example Voyager 1 & 2
and Ulysses (see Table 3.1).

In general, for light CR elements such as H and He, observations by AMS-1,2, ATIC-2,
PAMELA-1, and BESS-polar are extremely useful. Heavier elements have been studied with
CREAM, SuperTIGER and ACE. Leptons are detected by ATIC-1,2, AMS-02 and PAMELA.

Figure 3.2 : The spectral intensity
of cosmic protons and alphas, di-
rectly detected by particle detec-
tors, displayed without solar de-
modulation as a function of kinetic
energy per nucleon. The different
colors represent different detec-
tors. (Grenier et al., 2015)

Figure 3.2 represents the CR flux in m−2 s−1 sr−1 (eV/n)−1 for cosmic protons and alphas,
directly detected by various particle detectors, as a function of kinetic energy per nucleon. At
high energy, beyond approximately 10 GeV, Galactic cosmic rays (GCRs) penetrate the Solar
System without difficulty. However, at low energies, the magnetic structure of the solar wind
and heliosphere limit the inflow of Galactic particles into the Solar System. This effect is called
the "solar modulation", first introduced by Parker (1965) and later modelled by a time-variable
force-field approximation (Gleeson & Axford, 1968), and more recently by solving the Parker
transport equation in a time variable configuration of the heliosphere (HelMod (Bobik et al.,
2012, 2013)). This is why we observe a downward break in the spectrum at low energies. The
two space probes, Voyager 1 and 2, which have just exited the heliosphere in 2012 and 2018
respectively, were able to detect low-energy Galactic cosmic rays (Stone et al., 2013). The
spectrum obtained by one of the Voyagers is shown in blue.

The CR composition exhibits energy-dependent variations. For instance, at lower energies,
CRs are predominantly composed of protons, while heavier nuclei gain significance as energy
levels (rigidity1) rise, as shown in Fig.3.3. At the mean energy, CRs are primarily composed
of protons. The proton spectrum differs is steeper than the alpha one. The ratio of the proton
to helium intensities decreases in the energy range from 30 GeV (where solar modulation is
negligible) to about 1 TeV by a factor of approximately 1.5 (Erlykin & Wolfendale, 2015).

The spectral difference between protons and alphas remains unexplained. Tentative explana-
tions involve differences in the acceleration process or the escape from CR sources. A spectral

1Rigidity is a measure of the momentum of the particle, and it refers to the fact that a higher momentum particle
will have a higher resistance to deflection by a magnetic field. It is defined as R = pc/Ze and measured in Volt.
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Figure 3.3 : CR species flux data obtained by AMS-02, where the 200 GV break is most clearly
seen. The CR species are sorted by approximate order of their spectral index in
50-200 GV range. Iron has the flattest spectrum. The steeper spectra are observed
beginning from protons and the steepest is Lithium.

difference should arise if protons and alphas are injected and accelerated at different stages
of the source evolution. These scenarios may involve a shock with a decreasing velocity with
time (Gabici et al., 2019). Consequently, alphas would predominantly undergo acceleration du-
ring the early stages when the sonic Mach number Ms is much greater than 1 and the particle
spectrum is harder, while protons would be injected primarily when Ms is lower (Erlykin &
Wolfendale, 2015). This scenario could potentially be due to a non-uniform distribution of he-
lium in the surrounding medium of the accelerators. While elements like helium are typically
found throughout the ISM with a nearly constant abundance ratio, such a particular configura-
tion might arise within superbubbles, as suggested by Ohira and Ioka (2011).
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Experiment
Acronym

Launching Objectives Energy range References

ATIC
Advanced Thin

Ionisation Calorimeter

3 flights 2000-2007
CR composition

especially e− spectrum
up to 100 TeV Panov et al. (2009)

SuperTIGER
Super Trans-Iron Galactic

Element Recorder

Flight in 2012
Rare heavy nuclei

40 < Z ≤ 60
0.8 to 10 GeV/n

Binns et al. (2013)

Murphy and Supertiger Collaboration (2016)

Walsh et al. (2019)

CREAM
Cosmic Ray

Energetics And Mass

7 flights 2004-2016

altitude 40 km

Sent on ISS in 2017

CR composition

The "Knee" break
1010 to 5 × 1014 eV

Ahn et al. (2008)

Yoon et al. (2017)

BESS
Balloon-borne Experiment

with a Superconducting

Spectrometer

9 flights since 1993

BESS-Polar 2004

BESS-Polar II 2008

Antimatter p̄ : 0.1 – 4.2 GeV
Yamamoto (2003)

Yoshida et al. (2004)

ACE
the Advanced

Composition Explorer

Florida 1997

ended in 2016

CRs 3 ≤ Z ≤ 34

Composition of solar corona
50 to 600 MeV/n Stone et al. (1998)

PAMELA
Payload for Antimatter

-Matter Exploration and

Light-nuclei Astrophysics

Russia 2006

ended in 2016

First satellite to

detect CRs / Antimatter

Dark matter annihilation

e+ : 0.05 – 270 GeV

e− : up to 400 GeV

p( p̄) : to 700(190) GeV

Z ≤ 6 : to 200 GeV/n

Adriani et al. (2009)

Adriani et al. (2014)

AMS
Alpha Magnetic

Spectrometer

California 2011
Antimatter within CRs

Dark matter
0.5 GeV – 1.4 TeV Aguilar et al. (2015)

CALET
CALorimetric

Electron Telescope

Japan 2015

Abundances

CRs and γ rays searching

for dark matter

e−(e+) :1 GeV–20 TeV

photons : to 10 TeV

Z ≤ 28 : to 1 PeV

Adriani et al. (2019)

DAMPE
DArk Matter

Particle Explorer

China 2015

High-energy e− and

protons searching

for dark matter

5 GeV – 100 TeV An et al. (2019)

Voyager 1 & 2 Florida 1977
Outer planets

Edge of Solar System
0.05 – 0.17 µm Cummings et al. (2016)

Ulysses
Florida 1990

ended in 2009

Solar wind / Sun’s

polar magnetic
1.6 – 862 eV Krüger et al. (2015)

Table 3.1 : Different experiments for CRs direct detection. The ballon-borne experiments are shown in red and the detectors
located onboard satellites and ISS are represented in orange and blue respectively. The longer-range space probes
are represented in magenta.
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3.4 CR abundances and inelastic interactions

Figure 3.4 : Comparison between the mean composition of the Solar System (red) with the
mean composition of CRs arriving Earth at 10 GeV (black)

In CR composition studies, it is common to observe certain elements being either more abun-
dant (enhancements) or less abundant (depletions) than their counterparts in the ISM, as illus-
trated in Fig.3.4. The CR abundances do not differ much from those of the hydrogen and helium
created in the nucleosynthesis phase of the Big Bang, or of the C, O, Fe, and Ne to A atoms
created in massive stars, or of atoms heavier than iron created during SN explosions. Whereas,
taking the CR carbon abundance as a reference, nuclei of the (Li, Be, B) group and sub-Iron
group (Z=20-25) are overabundant by several orders of magnitude. The possible reason is the
spallation reactions between primary CRs that interact through nuclear processes with interstel-
lar atoms, producing lighter secondary CRs that alter the CR composition and abundance ratios.
The path length of a primary p species is usually expressed in units of grammage2 and defined
as :

X =
∫

ρIS M(L) dL =
∫

ρIS M(L) vCR(t) dt (3.2)

Where ρIS M is the ISM mass density and vCR is the CR velocity. Supposing that the only allowed
spallation reaction is p→ s, with s the secondary species, and that there is no new generation of

2Amount of matter by cubic centimeter traversed by CRs in their propagation path. Its dimensions are [g.cm−2].

46



primary CRs, the amount of secondaries depends on the grammage traversed by the primaries.
CRs detected on Earth have traversed approximately 5 g.cm−2 (Zweibel, 2017) since they have
left their source. Additionally, it is found that the grammage decreases with energy following a
power law of E−0.3-E−0.6 (Zweibel, 2017).

One particularly informative parameter in CR research is the energy dependence of the
Boron-to-Carbon ratio, often denoted as B/C. Carbon is primarily generated through stellar nu-
cleosynthesis during stars’ standard life cycles. It remains relatively stable without undergoing
significant nuclear reactions in the ISM. In contrast, Boron is enriched via spallation, resulting
from interactions between carbon and the interstellar hydrogen. The evolution of the B/C ratio
with energy, as observed by AMS-02 (Aguilar et al., 2016), serves as a diagnostic tool to infer
the mean diffusion coefficient, its energy dependence, and the amount of reacceleration during
the confinement time. The isotope 10Be is unstable and undergo radioactive decay reducing its
abundance over time. The ratio of the radioactive and stable isotopes, 10Be/9Be, suggest that
GeV CRs remain confined within our Galaxy for approximately (1 − 2) × 107 yr (Gabici et al.,
2019). This confinement time diminishes with increasing energy according to E−0.3-E−0.6, for an
average gas volume density of 0.1 cm−3 (Zweibel, 2017).

The ratio of secondary-to-primary and of decaying-to-stable CRs are further discussed in
Chap.5, especially the relationship between them and the diffusion coefficient.

3.5 CR Spectra

Fig.3.5 shows two marked breaks in slope in the CR spectrum, one around 3× 1015 eV called
the knee, and the other around 5 × 1018 eV called the ankle. It is also found that the spectra of
all nuclei present the same break near 300 GeV/nucleon. The Greisen-Zatsepin-Kuzmin (GZK)
cutoff, around 3 × 1019 eV for protons, represents an energy threshold beyond which the interac-
tions between CRs and the cosmic microwave background (CMB) radiation become significant.
Therefore, by the energy loss due to these interactions, the GZK cutoff represents an upper limit
on the energy of CRs that can effectively reach us on Earth.

3.5.1 The knee break

The knee break occurs at energies around 3 to 5 PeV. Beyond this energy, the spectral index
of the CR spectrum smoothly changes from E−2.7 to E−3.1 (Antoni et al., 2005), hence the name.
The exact origin of the knee in the CR spectrum remains an active area of research and debate.
Several hypotheses have been proposed. Certain models rely on the idea that the Galactic ma-
gnetic field has a reduced capacity to confine particles beyond the knee energy (Hillas, 2006).
Therefore, CRs escape from our Galaxy more efficiently than at lower energies, leading to a
drop in the observed flux.

However, according to the prevailing consensus, the observed spectral steepening above the
knee is attributed to a reduced efficiency of Galactic CR sources to accelerate particles to such
high energies. The knee essentially signifies the maximum energy attainable by protons at Ga-
lactic accelerators, particularly supernova remnants (SNRs) (this acceleration mechanism is
described in the following section). In contrast, heavier nuclei are expected to contribute signi-
ficantly more above the knee since their maximum energy achievable within a given accelerator
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Figure 3.5 : Spectra of different particle of the CRs including the proton, the leptons and the
antiproton. The IRGB is acronym of the isotropic γ-ray background. (Evoli, 2018)

surpasses that of protons. Studies have demonstrated that the sum of contributions from all
nuclear species closely matches the observed E−3.1 spectrum above the knee (Hillas, 2006).

From an observational perspective, conclusive proof of effective PeV proton acceleration at
SNR shocks would require the detection of neutrinos or γ rays from these shocks, exhibiting
an unattenuated spectrum extending into the multi-TeV domain (Gabici & Aharonian, 2007).
However, the limited statistics of multi-TeV domain and the anticipated scarcity of presently
active SNR PeVatrons (only a few in the entire Galaxy) pose significant challenges to these
observations, even for the most sensitive instruments (Cristofari et al., 2018).
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3.5.2 The ankle break

The ankle break corresponds to a hardening in the CR spectrum that occurs around energies
of 3 to 5 EeV. The CR flux declines less steeply at energies above the ankle and the spectrum
changes to E−3. Several hypotheses have been proposed to understand the origin of this break.
One of them suggests that the ankle may signal the transition from predominantly Galactic
to extragalactic sources of CRs (Parizot, 2014). These sources could accelerate CRs to much
higher energies, leading to the observed increase in flux.

As discussed earlier, the knee break is widely regarded as representing the maximum energy
achievable by protons accelerated by Galactic sources. For heavier ions, this maximum energy
increases linearly with the atomic number Z, considering the same shock properties for all
nuclei (as seen in Eq. 3.11 in the following section). Among the heavy elements present in
the ISM, Fe with ZFe = 26 is the most abundant. Consequently, the contribution to the overall
CR spectrum from Galactic sources should extend up to an energy of approximately EFe

max ∼
ZFeEH

max ≈ 1017 eV (Gabici et al., 2019). This energy is about 30 times lower than the energy
of the ankle, posing a challenge to the conventional scenario for the transition from Galactic to
extragalactic CRs.

One possible solution to this discrepancy would involve postulating that the transition occurs
much earlier than the ankle, at an energy around ≈ 1017 eV. Another feature in the CR spectrum,
known as the second knee, is observed at this energy, albeit less pronounced (Hörandel, 2003).
Such a transition at the second knee would, however, require an unusual degree of fine-tuning,
as the extragalactic contribution should sharply emerge exactly where the Galactic contribution
disappears (Parizot, 2014). Furthermore, this scenario would necessitate an alternative explana-
tion for the ankle.

Alternatively, one could propose the existence of a third CR population that fills the gap
between the Galactic component (by SNR acceleration) and the extragalactic one (Hillas, 2006),
or suggest that a subset of the SNR population, rather than an entirely new source class, fills
this gap (Ptuskin et al., 2010). A critical examination of these three-component scenarios is
presented by (Parizot, 2014).

Finally, another potential solution involves reevaluating the entire SNR paradigm and consi-
dering that sources other than SNRs dominate the CR spectrum all the way up to the ankle.
Superbubbles, rather than isolated SNRs, could account for the entire spectrum of Galactic CRs
up to the ankle (Bykov, 2014 ; Lingenfelter, 2018 ; Parizot, 2014). Surprisingly, this scenario
has received less attention than the SNR paradigm and therefore requires further investigation.

3.5.3 Hardening near 300 GV

In addition to the knee and ankle, there is a notable spectral hardening in the CR spectrum, by
0.1 or 0.2 in spectral index, occurring between 200 and 300 GeV/n. It has been seen by Dampe
(An et al., 2019), AMS-02 (Aguilar et al., 2015), ATIC-2 (Panov et al., 2009), CREAM I+III
(Ahn et al., 2010 ; Yoon et al., 2017), and also by PAMELA (Adriani et al., 2011) as shown in
Fig.3.6. The break is in the same rigidity range (∼ 300 GV) for nearly all CR species regardless
of their spectrum shape (see Fig.3.3). The precise origin of that break is still under investigation,
but there are potential explanations.
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Figure 3.6 : Proton spectrum measured with different detectors. The data from DAMPE is
shown in red filled dots with the statistical uncertainties represented by the red
error bars. The inner shaded red band represents the estimated systematic uncer-
tainties due to the analysis procedure and the outer band shows the total systematic
uncertainties including also those from the hadronic models. The other direct mea-
surements are obtained by PAMELA (green stars), AMS-02 (blue squares), ATIC-
2 (cyan diamonds), CREAM I+III (magenta circles), and NUCLEON KLEM. For
the PAMELA data, a ∼3.2% correction of the absolute fluxes has been included
according to (Adriani et al., 2014). The error bars of PAMELA and AMS-02 data
include both statistical and systematic uncertainties but for ATIC, CREAM, and
NUCLEON data, only statistical uncertainties are shown (An et al., 2019).

One possible explanation is the presence of a relatively nearby CR source (Ahn et al., 2010).
Alternatively, this hardening could be attributed to the transport characteristics of CRs within
the Galaxy (Aloisio & Blasi, 2013 ; Tomassetti, 2012), such as a feature in the CR diffusion
coefficient. Another explanation could relate to a break in the overall spectrum of CRs injected
into the ISM (Recchia & Gabici, 2018 ; Yuan et al., 2011 ; Zatsepin & Sokolskaya, 2006). The
distinction between these two explanations can be elucidated by conducting precise measure-
ments of secondary spallation nuclei. If it were solely a result of propagation effects, the break
in the secondary spectra would be twice as prominent as that in the primary spectra. However, if
the break exists in the injection spectrum, it should be the same for both primary and secondary
species (Gabici et al., 2019). In a study by Génolini et al. (2017), which utilised B/C ratio data
from the AMS-02 experiment up to ∼TeV energies, the authors found evidence favoring a dif-
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fusive propagation origin for the broken primary species spectra. More recently, measurements
of the absolute spectra of secondary species (Li, Be, and B) by AMS-02 have supported the
hypothesis that the spectral slopes above the break are consistent with this scenario (Aguilar et
al., 2018).

An alternative model, introduced by Blasi et al. (2012) and developed by Evoli, Blasi, et al.
(2018), suggests that a change in the mode of CR transport may be responsible for the spectrum
hardening. In general, the turbulence that scatters CRs is described by two components : exter-
nal turbulence, traditionally attributed to injection by SNRs, and waves generated by CRs them-
selves through the streaming instability (R. Kulsrud & Pearce, 1969). The presence and amount
of these waves is linked to the number density and gradients of CRs (This topic is discussed
in details in Chap.5). Evoli, Blasi, et al. (2018) proposed that CRs above the break primarily
diffuse on external turbulence, while self-generated turbulence dominates at lower rigidities be-
cause the turbulence injected at the large SNR scales does not have the time to cascade down
to the micro-parsec scale resonant with CR gyroradii. This argument is, however, challenged
by ISM observations that indicate that turbulence is continuously replenished (Hennebelle &
Falgarone, 2012). Luo et al. (2023) applied a numerical simulation using the DRAGON propa-
gation code (Evoli et al., 2008). In this simulation, they assumed that that Galactic halo has a
double structure. The inner one near the Galactic disk has a high level of turbulence, due to the
proximity of numerous SNRs, and a low diffusion coefficient. The outer one is characterised by
a larger diffusion coefficient. By these assumptions, they found a resulting curve that fits well
the data at the 300 GV hardening.

It is important to note that these explanations are not mutually exclusive, and the observed
spectral break could be influenced by a combination of these factors.

3.5.4 Electron and positron spectra

Secondary electrons (e−) and positrons (e+) arise from the cosmic nuclei interactions with
ISM, through decay chains involving particles like π± and µ±. These processes should pro-
duce approximately equal amounts of e− and e+. However, the observed overabundance of e−

compared to e+ in CRs suggests that a significant portion of electrons has a primary origin.
Furthermore, observations of X-ray and TeV γ-ray emissions from SNRs provide compelling
evidence for the acceleration of electrons in SNR shocks to energies reaching approximately
100 TeV (F. A. Aharonian, 2013).

More recently, the AMS-02 reported the most precise measurements to date of CR electron
(e−) and positron (e− + e+) fluxes (Aguilar et al., 2014). The electron-positron spectrum can
be described by a single power-law function above 30 GeV, characterised by a spectral index
γ = −3.170 ± 0.008 (statistical + systematic) ±0.008 (energy scale uncertainty). However, the
electron spectrum exhibits a different behavior and cannot be fitted with a single power-law
over an energy range (> 10 GeV) where it remains unaffected by solar modulation. In fact, it
was discovered that the spectral index of electrons displays energy-dependent variations, with
the spectrum undergoing hardening at around 30 GeV.

This observed electron spectrum is notably steeper than that of protons because e− experience
substantial energy losses during their propagation through the Galaxy. Even when accounting
for these losses, it is necessary to consider different injection spectra for electrons and protons
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to accurately reproduce the local electron spectrum (Gaggero et al., 2013 ; A. W. Strong et al.,
2011). This could imply either that CR protons and electrons are emitted by the same sources but
with different energy distributions or that they are accelerated in distinct source environments.

In a study by F. Aharonian et al. (2009), evidence was reported for a steepening in the energy
spectrum at approximately 1 TeV. More recent data has revealed that this steepening is quite
abrupt, with the spectral index transitioning from -3.04 to -3.78 (Kerszberg et al., 2017). Fur-
thermore, the spectrum continues without further attenuation up to particle energies of approxi-
mately 20 TeV. Subsequently, the CALET and DAMPE experiments extended these measure-
ments up to particle energies of 5 TeV with a high degree of precision, providing additional
evidence for a break in the spectrum at around 1 TeV, beyond which the spectral index rapidly
shifts to ∼ 4.1 (Adriani et al., 2017 ; DAMPE Collaboration et al., 2017).

These observations carry a significant implication. Given the extremely short energy loss time
of 20 TeV electrons within the Galaxy, it suggests that such particles must have originated from
our local neighborhood, approximately 100 pc away (F. A. Aharonian et al., 1995 ; López-Coto
et al., 2018 ; Recchia et al., 2019).

Figure 3.7 : Figure by (Lipari, 2019) of the spectra of proton (by CREAM), electron (by AMS-
02), positron (by AMS-02), electron-positron (by DAMPE and HESS) and antipro-
ton (by AMS-02). The line for the proton data is a broken power law fit. For the
other, the lines are simple power law fits for E > 30 GeV.

Even more astonishing are the discoveries concerning the positron spectrum. The measure-
ments of the CR positron fraction e+/(e+ + e−), conducted by PAMELA (Adriani et al., 2009),
revealed an unexpected increase in this fraction beyond energies of ∼ 8 GeV. According to the
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conventional model of CR transport, positrons are primarily generated as secondary products in
inelastic proton-proton collisions. Consequently, one would expect the positron ratio to decrease
with increasing energy. Therefore, this unexpected rise in the fraction has led to the hypothesis
of the existence of a source of primary positrons (Gabici et al., 2019). However, the presence of
an upper limit on the age (∼ 105 yr) and distance (< 1 kpc) of astrophysical sources for 100 GeV
e+, due to energy losses from processes like inverse Compton (IC) scattering on Cosmic Mi-
crowave Background (CMB) photons and synchrotron emission in the local magnetic field, has
posed challenges to this hypothesis.

The observed excess of e+ has been proposed to result from the annihilation or decay of dark
matter particles in the Milky Way halo (Bergström et al., 2008). On the other hand, astrophysical
sources such as nearby and young pulsars (F. A. Aharonian et al., 1995 ; Hooper et al., 2009),
or nearby SNRs, which could produce and accelerate secondary positrons before they escape
into the ISM (Blasi, 2009), have been suggested as alternative explanations to account for the
observed population of these particles.

According to the most recent data from the AMS-02 experiment, the positron fraction appears
to decrease above particle energies of ∼ 400 − 500 GeV. This trend can only be explained if the
local source(s) of TeV e− do not produce e+ in equal quantities, which casts doubt on scenarios
involving pulsars or pulsar winds as the primary sources of high-energy leptons (Recchia &
Gabici, 2018).

Figure 3.7 illustrates recent measurements of the CR spectrum for four different components.
This figure clearly depicts the spectra’s changes, which remain puzzling. Notably, the hardening
around 500 GeV and the softening at 13.6 TeV in the p spectrum. Concerning the e−, there is
the softening at 1 TeV, affecting also the spectrum of (e− + e+). Another puzzling concerns the
spectra of e+ and p̄, which exhibit a similar shape above 30 GeV with the same spectral index.
Consequently, the ratio of the two spectra remains constant at a value of e+/ p̄ ≈ 2. Research
and observations continue in an effort to interpret these spectra.

3.6 CR anisotropy

Based on Eq.3.1 and a Galactic mean magnetic-field strength of ∼ 3 µG, the Larmor radius of
a 10 GeV proton is of the order of few µpc in the Milky Way. Efficient scattering at these scales
implies that CRs must undergo efficient randomisation (Gabici et al., 2019) during their jour-
ney through space. If the particles were travelling ballistically from their sources to the Earth
(in straight-line trajectories), without any significant path randomisation, the anisotropy would
be ∼ 1/

√
Nsrc. Even with Nsrc = 106 sources, there would still be some level of anisotropy

due to nearby sources (R. M. Kulsrud, 2005). The paths randomisation can be accomplished
by resonant interactions with a turbulent magnetic field. The change in CR direction is there-
fore happening by pitch-angle 3 scattering. Considering small magnetic field fluctuations, the
scattering rate ν can be calculated by quasi-linear theory (Hasselmann & Wibberenz, 1970 ; Jo-
kipii, 1966 ; Kennel & Engelmann, 1966), where scattering is approximated as a combination
of the regular magnetic field and small perturbations. The pitch-angle scattering rate is directly
proportional to the ratio of energy densities between the turbulent magnetic field, δB, and the

3The pitch angle is the angle between the CR momentum and the regular magnetic field.
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regular magnetic field, B0 :

νscat =
(δB2

B2
0

)
Ω (3.3)

with the relativistic gyrofrequency Ω. To achieve a high degree of isotropy, the turbulent field’s
energy density must be large compared to the regular one. In quasi-linear theory, a low level of
turbulence is required for the perturbative approach to be valid, so diffusion can be noticeably
anisotropic, with a large parallel diffusion coefficient, κ∥ ≈ c2/(3νscat) (where c is the speed
of light) and a much smaller perpendicular diffusion coefficient, κ⊥/κ∥ ≈ (δB2/B2

0)2 (Jokipii,
1966 ; Schlickeiser, 2002). It is worth mentioning that even though Galactic diffusion may be
anisotropic, it can effectively become isotropic on larger Galactic scales since the orientation of
the regular background magnetic field varies over these scales.

If CRs undergo efficient randomisation, anisotropy in their arrival directions can be detected
if the CR source distribution is locally inhomogeneous. In that case, a gradient in the isotropic
part of the CR density will occur, inducing a dipole in the arrival directions of CRs. For isotropic
diffusion, the dipole points in the upward direction of the CR gradient. This has led scientists to
use these anisotropies to look for nearby sources of CRs (Borriello et al., 2012 ; Büsching et al.,
2008 ; di Bernardo et al., 2011). The amplitude of dipole anisotropy is given by Ginzburg and
Syrovatskii (1964) :

a =
3 κ
c
|−→∇nCR|

nCR
(3.4)

where nCR is the CR space density. Taking ℓcr to be the typical scale of the CR gradient over
large Galactic scales one gets :

a ≈ 10−4 ( κ

1028 cm2s−1

) ( ℓcr

3 kpc
)−1 (3.5)

For anisotropic diffusion, the observed dipole will be aligned with the magnetic field lines.
Therefore ∇nCR is replaced by

−→
b .
−→∇nCR where

−→
b is the magnetic field direction

−→
B0/|−→B0|. In that

case, the dipole amplitude will be reduced by the cosine of the angle between CR gradient and
background magnetic field which limits the information on CR sources.

Another expected cause for dipole anisotropy is the motion of the Earth relative to the iso-
tropic frame of CR density. The observer motion can make CRs appear slightly more concen-
trated in one direction than the opposite one. This effect is called the Compton-Getting effect
(Compton & Getting, 1935 ; Gleeson & Axford, 1968). Figure 3.8 shows a remarkable degree
of isotropy even for 10 TeV particles, but a dipole is clearly visible at the per mille level. The
excess is caused by the alignment of the local magnetic field and the tail of heliosphere seen the
strongest red hot spot. Figure 3.9 shows the phase (upper plot) and amplitude (lower plot) of the
dipole anisotropy as recently measured by different experiments. Up to ∼10 TeV, the amplitude
is close to ∼ 10−3. Then, it decreases to a minimum of around 10−4 between 200 and 300 TeV,
and increases again to ∼ 10−1 at a few tens of PeV. The phase significantly flips with energy. It
is relatively constant at ∼ 45◦ in right ascension up to 100 TeV, then quickly changes to ∼ 270◦

at few tens of PeV, which is interestingly the direction of the Galactic centre. The energy of this
phase transition is very close to the energy of the amplitude transition.
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Figure 3.8 : Relative intensity variations of 10-TeV cosmic rays detected by HAWC and Ice-
Cube. The Galactic plane is shown as a red curve. The plane containing the local
interstellar medium magnetic field (B⃗LIMF) and solar velocity in the ISM (v⃗ISM) is
shown as a black curve (Zirnstein et al., 2016). Its equator is also shown (Abeyse-
kara et al., 2019).

Figure 3.9 : Phase (top) and amplitude (bottom) of the dipole anisotropy from recent measure-
ments. (Abeysekara et al., 2019)
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3.7 Indirect detection

The only way to observe CRs beyond the immediate vicinity of the heliosphere is indirectly
through γ rays and synchrotron radio emission. These radiations can cross the entire Galaxy
without being absorbed thanks to the high energy of γ rays and the long wavelength of radio
waves. However, the intensity decreases with distance squared and is integrated over the entire
line of sight. For the γ-ray signal, there are four different processes.
The major channel for γ-ray production in the GeV energy band is the hadronic interaction :

p/α+H/He
Hadronic−−−−−−−−−−−→

interaction
p/α+H/He + π0

π0
Pion−−−−−−→
decay

2 γ

That equation represents the hadronic interaction between CR nuclei, especially protons and
alphas, with the gas nuclei of high abundances like hydrogen and helium. This interaction pro-
duces neutral pions which in turn decay to γ-ray photons. The majority of γ-ray photons detec-
ted in the Galaxy in the Fermi-LAT energy band are produced by this hadronic interaction. The
photons have a typical energy 7 to 10 times lower than that of the parent CR nucleus.
The second process is the bremsstrahlung radiation produced by the interaction of cosmic elec-
trons with the interstellar gas :

e + H/He
Bremsstrahlung−−−−−−−−−−−−→ e + H/He + γ

The emitted radiation has almost the same energy as the electron, which is an advantage. Ho-
wever, the signal is weak because electrons represent only 1% of total cosmic rays.

The third process is the Inverse Compton (IC) scattering, which is the interaction of cosmic
electrons with the soft photons of the Cosmic Microwave Background (CMB) or the Far Infrared
Radiation (FIR) produced by dust grains or even starlight.

e + CMB/FIR/Starlight
Inverse−−−−−−−−→

Compton
e + γ

The fourth process is the electron-positron annihilation :

e+ + e−
annihilation−−−−−−−−−→ 2 γ or 3 γ

Figure 3.10 compares the intensity of γ rays produced by different types of interaction, as
a function of radiation energy. The bremstrahlung effect could not be separated from the ha-
dronic emission at low energy, so it may contribute somewhat to the hadronic radiation below
300 MeV. Hadronic and bremsstrahlung interactions in the different gas phases are plotted in
red for the atomic gas, magenta for the DNM, and green for the dense molecular phase visible
in CO. The inverse Compton process, plotted in cyan, presents a harder spectrum than the gas-
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Figure 3.10 : Decomposition of the diffuse γ-ray intensity spectrum observed by Fermi-LAT at
latitudes |b| > 10◦ and produced by different types of interactions. (Acero et al.,
2016)

related interactions. The black curve results from the combination of all types of interactions
that matches the data. Therefore, the most important signal originates from the Hi phase, fol-
lowed by the one in the DNM, and finally the one in CO-bright H2, which is logical given the
mass and volumetric distribution of these phases. The inverse Compton contributes significantly
at energies beyond tens or hundreds of GeV and is dominant below 100 MeV.

Figure 3.11 : Map of the radio emission at 408 MHz. (Remazeilles et al., 2015)

Another indirect observation of CRs is by using the radio signal. The allsky radio map at
408 MHz is shown in Fig.3.11. Almost all of the radiation observed are produced by leptons
gyrating around the magnetic field because they are accelerated more by the Lorentz force than
protons and heavier ions. The radiation is named magnetobremsstrahlung, but different names
are used depending on the lepton speed : gyro-radiation or cyclotron for relativistic leptons
with kinetic energies comparable to their rest mass and synchrotron for ultrarelativistic leptons
(Condon & Ransom, 2016).
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The radio signal mainly results from the synchrotron emission of leptons, especially primary
and secondary CR electrons and positrons. Using the magnetic energy density in the CGS sys-
tem UB = B2/8π, the synchrotron power radiated by a single electron, at velocity βc, is :

Psyn = 2σT β
2γ2

L c UB sin2α (3.6)

with the Thomson cross section σT = 6.65 × 10−25 cm2, the Lorentz factor γL and α the pitch
angle. The average synchrotron power in a source with an isotropic pitch-angle distribution is :

⟨Psyn⟩ = 4
3
σT β

2γ2
L c UB (3.7)

We can notice that the synchrotron radiation is directly proportional to the magnetic energy
density therefore to the strength of the ambient magnetic field squared Psyn ∝ UB ∝ B2.

The advantage of the radio signal is its angular resolution, which is much better than the γ-
ray one. However, this signal strongly depends on the ambient intensity of the magnetic field,
which is difficult to know. Another disadvantage is that high-energy electrons and positrons
radiate very rapidly at high energy. Their spectra are steeper than that of CR nuclei and their
spatial distribution is more contrasted.

3.8 Acceleration sources of CRs

The origin of CRs depends on their energy. Low-energy CRs, from approximately MeV to
GeV, are primarily produced in our own Milky Way Galaxy. They mainly originate from stellar
processes, such as stellar flares and coronal mass ejections. Additionally, there’s a contribution
from interactions of higher-energy primary CRs with the ISM.

It is currently believed that supernova (SN) shock waves are the likely sites for accelerating
CRs to intermediate-energies between GeV and PeV, up to the knee break. The reason is that
SN are one of the few objects numerous enough (2-3 per century in the Galaxy) and energetic
enough (1044 J per SN) in a galaxy to produce the entire CR power observed in the Milky Way.
This power requires that about 10% of the injected SN energy be transferred to CRs (Drury et
al., 1994).

A preliminary version of this acceleration mechanism was proposed by (Fermi, 1949). It
has since been referred to as Fermi’s second-order acceleration. A more efficient version, in
better agreement with observations, was developed in the late 1970s (Bell, 1978 ; Blandford &
Ostriker, 1978 ; Krymskii, 1977), now known as Fermi’s first-order acceleration. Both processes
are based on the scattering of CRs by magnetic turbulence, with particles gaining energy if they
encounter the turbulence head-on and losing energy if they catch up to it.

• Second-order Fermi acceleration :

The idea is that charged particles interact with magnetised clouds present in the ISM and
exchange energy with them. Therefore, magnetic fields play a crucial role in the acceleration,
even if the magnetic force does no work4. In reality, temporal variations in the magnetic field

4 −→FL · −→v = q (−→v × −→B) · −→v = 0
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create electric fields5 that can transfer energy to the particles. These temporal variations in the
magnetic field are due to the motion of the magnetised interstellar clouds. Assuming an isotropic
direction of the particles within the cloud and an isotropic motion of the cloud in the ISM, onc
can obtain, by conservation laws :

〈∆E
E

〉
=

4
3

V2
cl

v2
cr − V2

cl

≃ 4
3

(Vcl

vcr

)2

(3.8)

With Vcl and vcr being the velocities of the cloud and the CR particles, respectively. By that
equation, there is an average relative energy increase which results in particle acceleration.

The significant advantage of this process is that it naturally produces a power-law spectrum
which is in accordance with observations in astrophysical sources or even in the ISM. The
differential spectrum of energetic particles is N(E) ∝ ( E

E0
)−x with x = (1 + τacc

τesc
) where τacc and

τesc represent the acceleration and escape times respectively.
However, this model has several issues. Firstly, the acceleration time is very long. The velo-

city Vcl in the ISM is on the order of a few 10 km/s, therefore Vcl/vcr ∼ 10−4, and the energy
gain per collision with the cloud is on the order of 10−8. Moreover, the distance between clouds
is on the order of parsecs, so it would take about ∼ 109 years to triple the energy of a particle.
Given that the typical age of CRs in the galaxy is about 107years, this second-order Fermi me-
chanism cannot explain the observed CR energies. Another problem is related to low-energy
particles. As they propagate through the ISM, they lose energy due to Coulomb interactions.
Due to the low collision frequency between particles and clouds, the gain from this Fermi me-
chanism cannot compensate for the Coulomb losses. Thus, a source of particles with at least
200 MeV is required to solve that problem which is complicated especially for heavy ions. The
last problem is that the spectral index of the power-law depends on τacc (which depends on the
distance between clouds and their velocities) and τesc (which depends on diffusion conditions).
Therefore, the slope of the power-law is not universal.

• First-order Fermi acceleration :

In contrast to the previous case, this acceleration occurs through a shock wave. The front of
the shock creates a discontinuity in various physical properties of the medium, such as tem-
perature, volume density, pressure, and velocity. After passing through the shock, the medium
becomes compressed, heated, and slowed down. In a regular shock, the atoms in the medium
collide with each other, causing the temperature to increase rapidly, and the overall atom ve-
locity to decrease. However, in astrophysical shocks, it is a non-collisional shock and particles
interact with the medium through electromagnetic fields. Therefore, there is a magnetic tur-
bulence formed upstream and downstream of the shock, and it is assumed that the particle
distribution becomes isotropic in each of these environments. Under these assumptions, we find
an average first-order energy gain : 〈∆E

E

〉
=

4
3
∆v
vcr

(3.9)

Here, ∆v represents the relative velocity of the upstream and downstream media of the shock.
The ratio of the densities ρ after and before the shock is called the compression ratio, usually

5 by Maxwell-Faraday’s law : ∇ × −→E = −δ−→B/δt
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denoted as r. The previous equation can be written as :
〈∆E

E

〉
=

4
3

r − 1
r

Vsh

vcr
(3.10)

With Vsh the shock velocity. For an ideal monoatomic gas with an adiabatic index γIG = 5/3,
when the sonic Mach number Ms tends to infinity, the compressibility ratio is always r ≃ 4.

The shock velocity is on the order of several 103 km/s, which is higher than that of the
magnetised clouds. In this case, the energy gain is on the order of 10−2 and not 10−8 as in the
second-order case. Furthermore, the typical time interval between two accelerating "collisions"
is very small compared to the previous case. As a result, this first-order mechanism leads to
an acceleration time on the order of a few weeks for GeV particles, which correspond to the
majority of CRs. Another advantage is that shock wave acceleration produces a power-law
spectrum with a universal index. The differential spectrum of energetic particles is N(E) ∝
( E

E0
)−x with x = (r + 2)/(r − 1). Therefore, the slope only depends on the compression ratio r. In

a strong shock (Ms ≥ 20), the compression ratio r = 4 and thus, x = 2 and the spectrum follows
E−2, which closely matches observations.

First-order Fermi acceleration is most efficient at accelerating particles with moderate ener-
gies because extremely low-energy particles may not gain enough energy to become fully rela-
tivistic CRs, while extremely high-energy particles may not experience significant acceleration
due to limited gyration within the shock region. Because of these limits, shock waves cannot
accelerate particles to more than 1013 or 1014 eV (Lagage & Cesarsky, 1983).

The Hillas (2006) criterion on the Knee break, discussed in the previous section, can be
invoked to estimate the maximum energy of a particle of atomic number Z at a SNR shock of
size Rsh moving at a velocity vsh, giving :

Emax ∼ Z
3

( Rsh

1 pc

) ( Vsh

103 km.s−1

) ( Bup

1 µG

)
TeV (3.11)

Where Bup is the value of the magnetic field upstream of the shock. The rate at which SNRs
convert energy into CRs peaks when the shock radius is of the order of the pc or so, and the
shock speed is several 103 km.s−1. This implies that for an interstellar value of the magnetic
field, the predicted maximum energy of protons falls short of the knee.

To go beyond that, it is necessary to increase the intensity of the magnetic field upstream of
the shock. Cosmic ray currents, escaping from the shock, induce plasma instability and a ma-
gnetic field gradient leading to the Bell instability. This process causes the magnetic field lines
to stretch and fold which leads to amplification of the magnetic field by one or two orders of
magnitude near the shock, which may accelerate protons to 1017 eV and heavy ions, with charge
Ze, to Z × 1017 eV (Bell & Lucek, 2001).

For accelerating CRs to high-energies above PeV, it’s believed that sources beyond our ga-
laxy become more influential. Jets from Active Galactic Nuclei (AGNs) and galaxy clusters are
potential contributors. However, the exact origin of the highest-energy CRs, often referred to as
Ultra-High-Energy Cosmic Rays (UHECRs), remains a subject of active research and debate.
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Between the "knee" and the "ankle", spanning from about 1016 to 1018 eV, one hypothesis
involves superbubbles, which are expanding regions of rarefied gas, often spanning hundreds
of light-years. These superbubbles are fueled by series of supernova explosions and contain
both primary shock waves from these supernovae and secondary shock waves generated by
shock reflections and by intense supersonic turbulence. The acceleration process within these
superbubbles operates in two stages : First-order and second-order Fermi accelerations. In this
context, CRs gain additional time and space for Fermi acceleration, but there is an associated
energy loss (adiabatic losses) during their propagation between successive SN shocks. The des-
cribed process shares some similarities with second-order Fermi acceleration, as both involve
interactions within a turbulent environment. However, it progresses more slowly than first-order
Fermi acceleration, which directly occurs at shock fronts. Models are reviewed in Sect. 5.1 of
Bykov et al. (2018).

Experimental evidence showing that superbubbles act as high-energy CR sources comes from
the γ-ray observation of the active Cygnus X superbubble where freshly accelerated CRs have
been found with energies approaching the knee, up to 150 TeV (Ackermann et al., 2012). Ano-
ther piece of evidence comes from the CR abundances of heavy elements recorded between
26Fe and 40Zr with the Super-TIGER instrument (Murphy & Supertiger Collaboration, 2016).
The measurements support a two-step model of CR origin in which the accelerated material
is a mixture of 19+11

−6 % nuclei from massive-star winds and SN ejecta and of 81% normal in-
terstellar material with Solar-System abundances. This indicates that a significant fraction of
CR acceleration occurs in OB associations (i.e. superbubbles) (Binns et al., 2019). Yet, another
superbubble, the Orion-Eridanus one, which does not seem to play a role in either the initial
acceleration or re-acceleration of CRs (Joubaud et al., 2019).

3.9 Galactic CR distribution

Cosmic rays traverse the Galaxy over approximately 100 million years. By calculating spal-
lation reactions, we can determine that the amount of matter they pass through is 3 × 1024 cm−2

of gas column density. If we integrate the total amount of gas (Hi, H2, etc.) across the thickness
of the Galactic disk, we obtain a value between 0.1 and 1.4 ×1021 cm−2. This suggests that the
particles have made hundreds of round trips between the disc and halo, or that they have travel-
led convoluted paths in the disc, in particular in the dense regions where their SNR sources are
preferably located. The radio emissions of external galaxies indicate that they travel far from
the disc rather than remaining strongly confined near the Galactic plane.

The flux and spectrum of CRs in the local ISM, within a few hundred of parsecs around the
Sun, is relatively uniform (cf. Chap.6). Further away, the CR distribution varies with location.

Spiral arms
Spiral arms are distinguished by the velocity of the gas emission lines, which is determined

by the velocity component projected along the line of sight. The Doppler effect is employed
to pinpoint their positions. However, this approach fails when observing the Galactic center
because the circular-shaped spiral arms have a velocity perpendicular to the direction of the
observation.
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Within the spiral arms, there exists a greater density of CR sources compared to the inter-arm
regions. Furthermore, large-scale magnetic field lines tend to align with the spiral arms. Conse-
quently, an anisotropic distribution of CRs is expected between these arms and the inter-arm
regions. Morevoer, the gas in the spiral arms is characterised by a higher degree of turbulence,
so the CR diffusion length may be shorter within the spiral arms (cf. Chap.5). In γ-ray observa-
tions, the difference in CR flux between the arms and inter-arm regions seems relatively minor,
typically hovering around 30% (Grenier et al., 2015).

On the other hand, spiral arms may affect the secondary to primary abundance ratios because
the arms are not stationary features. At sufficiently low energies the CR age will be governed
not by the diffusion time from the spiral arms, but by the time since the last spiral arm passage,
which would be shorter and give less spallation products (Benyamin et al., 2016).

Towards the Galactic Halo
We expect the CR flux to decrease with altitude above and below the Galactic plane, but

radio observations of edge-on galaxies show that CRs extend several kpc away from the plane
of galaxies. Local measurements show that the flux indeed decreases by a factor of ∼2 at a
distance of 1 kpc (see Fig.6.4). Several models of CR propagation relate the CR scale height
and the observed spectral break around 300 GV to a change in the propagation mode near and
far from the Galactic plane. One such model is described in Evoli, Blasi, et al. (2018).

The issue of the radial gradient in CR flux
There is a significantly higher quantity of sources in the central regions of the Galaxy

where star formation and thus supernovae are more prevalent, compared to the periphery. Conse-
quently, it would be anticipated to observe more CRs in the central regions. However, the actual
profile, as determined by γ rays, indicates that there is not even a factor of 2 difference in CR
flux between the center and the edges.

In Fig. 3.12, various measurements of γ-ray emissivity6 have been conducted in different
spiral arms and inter-arm regions, as indicated in the left panel. The γ-ray emissivity scales
with the CR flux in the specific region (cf. Chap.4). In the right panel, the black dot at 8 kpc
represents the average γ-ray emissivity of the local clouds (cf. Chap.6). The other coloured dots
represent the ratio of each γ-ray emissivity measurement to the local one. There is not much
difference between a spiral arm and an inter-arm region.

Additional data are presented in Fig.3.13. The red circles represent γ-ray emissivities analy-
sed by Acero et al. (2016) at 2 GeV across the Galaxy. The blue squares are γ-ray emissivities
per gas atom integrated over the 1-100 GeV range and analysed by Pothast et al. (2018). The
green triangles represent the analyses by R. Yang et al. (2016) for γ-ray emissivities above 1
GeV using a conversion factor XCO that changes with the Galactic radius. The points close to
the Galactic center are taken from analysis of the entire Central Molecular Zone (CMZ) (Ca-
sandjian, 2015) and from the analysis of the giant molecular complex Sagittarius B complex
(Sgr-B2) (R.-z. Yang et al., 2015).

In both Figs. 3.12 and 3.13, the top curve represents the distribution of CR source density
Qsrc(R) based on the pulsars’ distribution Qsrc(R) ∝ (R/R⊙)1.9exp(−5(R−R⊙

R⊙
)) (model C from

6The γ-ray emissivity, qγ, represents the rate at which γ-ray photons are emitted per gas atom in a specific unit
of solid angle and energy interval and measured in γ s−1sr−1eV−1(H atom)−1
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Figure 3.12 : A figure given by (Grenier et al., 2015). On the left are the areas of spiral arms
and inter-arms in which γ-ray emissivity measurements were made. On the right
is the ratio between these measurements and the average γ-ray emissivity of local
clouds, given by the black point at 8 kpc, as a function of distance from the Ga-
lactic center. These emissivities are integrated above 400 MeV and are proxies for
the CR densities. The curves, from top to bottom, represent the relative variations
in CR source density (model C from Lorimer et al. (2006)) and in modelled CR
density for several halo sizes modelled with GALPROP propagation code. The
black curve shows the relative variation in gas surface mass density (Pineda et al.,
2013). The errors include uncertainties in the Fermi-LAT satellite exposure and a
15% uncertainty in the derivation of NHI column densities.

Lorimer et al. (2006)) . The other three curves are the proton density profile predicted by the
GALPROP model for different halo sizes (Ackermann, Ajello, Atwood, et al., 2012).

Figure 3.14 represents a radial distribution of the spectral index of the hadronic emission
obtained by the three analyses presented in Fig.3.13. This quantity is typically probed by
secondary-to-primary CR ratios and most commonly the Boron to Carbon ratio (B/C), which is
measured with high accuracy up to 1 TeV (cf. Chap.5). The plot shows a softening of the CR
spectrum with Galactocentric distance, with a slope ranging from 2.6, at a distance of 3 kpc, to
2.9 in the external regions.

Near the Galactic center (< 5 kpc), the different results are not compatible between them and
are less reliable in Fig.3.13 but also in Fig.3.14. One reason is due to a problem of separating
components in the inner zone of the Galaxy. In this zone, a 1◦ pixel actually corresponds to
a distance of 150 pc, which is the size of three giant molecular clouds. Therefore, the correct
γ-ray emissivity cannot be attributed to each of these components. Moreover, if a source is not
well separated, its γ-ray emissivity can be confused with that of the clouds (as exemplified by
the pulsar separation problem near the Galactic center (Calore et al., 2014)). Another issue is
the lack of a gas map in this inner zone of the Galaxy. In a single pixel, a mixture of Hi and CO
phases, and even dark gas (DNM) is found. Additionally, the lack of atomic Hi phase is related
to self-absorption as the 21 cm line traverses a large distance in the galaxy. For the molecular
gas maps, the lack is related to the unknown XCO ratio in these inner zones.
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Figure 3.13 : Radial distribution of the γ-ray emissivity per H atom. The emissivity data are ob-
tained by three different analyses by (Acero et al., 2016), (Pothast et al., 2018) and
(R. Yang et al., 2016) represented by the red, blue and cyan symbols respectively.
The curves, from top to bottom, represent the CR source density and modelled CR
density for several halo sizes using GALPROP propagation code. Below 5 kpc,
the grey rectangle represents the less reliable data.

In Figs.3.12 and 3.13, we can observe a small γ-ray emissivity difference when increasing
the Galactic radius beyond the molecular region, indicating a small CR gradient between the
center and outskirts of the Galaxy. However, the observed CR density does not align with the
distribution of CR sources. Furthermore, for Galactocentric distances greater than 5 kpc, the
predicted proton density gradient is steeper than the observed one. These discrepancies, refer-
red to as "the CR gradient problem" has been known since the γ-ray surveys made by SAS-2
(Stecker & Jones, 1977), COS-B (Bloemen et al., 1986) and EGRET (A. W. Strong & Mattox,
1996).
The only way to have such a weak gradient is if the size of the CR halo exceeds 10 kpc. But
a very thick halo is disfavored both by 10Be/9Be7 (A. W. Strong et al., 2007) and radio data
(Bringmann et al., 2012).

To address the issue of the shallow CR gradient, one possible approach is to consider that
the gas mass may be underestimated in the outer Galaxy, particularly the contribution from

7This ratio is explained in Chap.5
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Figure 3.14 : A figure presented by Pothast et al. (2018) of spectral index of the hadronic emis-
sion for different Galactocentric rings. Different studies mentioned in the text are
shown for comparison. Horizontal error bars indicate bin width in Galactic radius
and vertical error bars are 68% credible intervals. The result associated to the first
radial bin is less reliable and is therefore grayed out in the plot.

dark gas (DNM). Introducing more gas into the model would result in a lower estimated CR
flux since the observed γ-ray intensity is fixed (cf. Chap.4). Another solution relates to the
propagation of CRs. The curves obtained in Figs. 3.12 and 3.13 for different halo sizes assume
a homogeneous and isotropic diffusion coefficient for CRs throughout the Galaxy. Conversely,
one could consider that the propagation characteristics of CRs vary from one location to another
in the Galaxy.

Regarding the spectral index, it is suggested that it becomes more challenging at low Galacto-
centric distances because of the gas associated with sources. In the Halo regions, there are fewer
SNRs, and the sources are more distant from each other, resulting in less gas. Therefore, CRs
must diffuse more to encounter more gas. Thus, the spectral gradient is attributed to : 1) source
contamination, leading to a harder spectrum closer to the sources, 2) changes in the diffusion
coefficient, and 3) strong advection in the central region.

I will present some previous studies that have attempted to find possible solutions to the pro-
blem of CR spatial and spectral gradients. In Fig. 3.15, the first plot represents γ-ray emissivity
data at 2 GeV analysed by Acero et al. (2016). The second plot presents a radial distribution
of cosmic proton density integrated beyond 10 GeV. The black dashed curve is the CR source
profile deduced from the distribution of supernova remnants (SNR) (Green, 2015). The green
curve is what GALPROP predicts with a uniform diffusion coefficient throughout the Galaxy
for a halo size of 6 kpc. It is evident that this model does not reproduce the observable data.

Evoli et al. (2012) proposed a solution using the DRAGON numerical diffusion code. Their
approach is based on the hypothesis that the CR diffusion coefficient is spatially correlated to
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Figure 3.15 : The first plot is γ-ray emissivity data analysed by Acero et al. (2016). The second
one is the distribution of proton density. The colored curves represent the different
models and simulations proposed to reproduce the observable data. The black
dashed curve is the distribution of the supernova remnants which represent the
CR sources. The last plot represents the spectral index. The models are assigned
the same color code as in the second plot. All data and models are plotted as a
function of the Galactocentric distance. (courtesy of I. Grenier)

the source density, where star formation is stronger, and a higher turbulence level is expected.
They state that κ⊥ ∝ Q0.85

src ∝ κ−1
∥ , so the diffusion coefficient perpendicular to the magnetic field

κ⊥ will be stronger in these turbulent zones near the sources, in contrast to what happens to the
parallel coefficient κ∥. Therefore, parallel diffusion becomes relevant only in the most external
regions of the Galaxy, where the source density (and turbulence injection) is very small. The
escape of cosmic rays from the most active regions is therefore faster, smoothing out their
density throughout the Galaxy.

Gaggero et al. (2015) then proposed a phenomenological scenario using the DRAGON code.
They assumed a high convective regime8 in the center and, outside, a diffusion with a coefficient
that depends on the Galactocentric distance, as indicated by the magenta text in Fig.3.15. This
approach allows for a good reproduction of both Fermi-LAT and local CR observables at both

8The convective regime is the transport of heat or energy where material moves in bulk. That bulk motion of a
fluid (e.g., gas or plasma) is due to differences in temperature or density. It might occur in regions near massive
stars or SNRs. It is a type of advection that is a more general term. Advection encompasses the transport of any
property (not just heat) by the movement of the fluid. It might occur by the influence of gravitational forces,
magnetic fields, or other large-scale phenomena.
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low and mid Galactic latitudes, including the Galactic center, as shown by the magenta curve in
the last plot of Fig.3.15.

The approaches presented by Evoli et al. (2012) and Gaggero et al. (2015) lack convincing
physical motivation, and an alternative is proposed by Recchia et al. (2016). Building on the
idea of Blasi et al. (2012) that below 100 GeV, particle transport at the Sun’s location may be
dominated by self-generated turbulence, Recchia et al. (2016) suggested that this could be the
case throughout the Galaxy. They argued that both the gradient and the spectral shape can be
explained by a non-linear CR transport mechanism : CRs excite Alfvén waves through strea-
ming instability (cf. Chap.5) in the ionised Galactic halo and are advected with such waves at
the Alfvén speed, vA. This model is represented by the blue curves in Fig.3.15.Assuming that
the background magnetic field drops exponentially at R ≥ 10 kpc, they explained the data in
the outer Galaxy. This scenario also fits well with the spectral slope of the CR spectrum as a
function of R. These results are represented by the orange curves in Fig.3.15.

Until today, the problem of the spatial and spectral gradient of CRs remains unexplained, and
several models have emerged in an attempt to interpret it.
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Chapitre 4
Gas tracers : data and analyses

In Fig.4.1, we compare three maps of a given area of the sky, located between 140◦ to 231◦

in Galactic longitude and -38◦ to +44◦ in Galactic latitude : from left to right, the γ-ray map
obtained by the Fermi Large Area Telescope (LAT) at energies over 1 GeV, the dust optical
depth map τ353 inferred at 353 GHz from Planck and IRAS data, and the radio signal recorded
at 408 MHz.

Figure 4.1 : Comparison of the γ-ray emission above 1 GeV (left), the dust optical depth at 353
GHz (middle), and the radio emission at 408 MHz (right) in the directions between
140◦ to 231◦ in Galactic longitude and -38◦ to +44◦ in Galactic latitude.

The Fermi-LAT map traces CR nuclei interacting with the interstellar gas along the line of
sight whereas the dust map traces the column density of dust grains mixed with the same gas
along the line of sight. The strong spatial correlation and the common structures found between
these two maps indicate that they both trace, to first order, the total gas column density, NH. The
CR density and the dust-to-gas mass ratio and dust emissivity do not vary strongly from cloud
to cloud (or they vary the same way, which is unlikely since dust and CRs are independent ISM
components). Both maps can be used to trace the total gas, in all chemical and thermodynamical
forms : atomic gas Hi, dark neutral gas, and CO-bright molecular gas (Grenier et al., 2005 ;
Planck Collaboration, Fermi Collaboration, et al., 2015).

The radio map differs from the other two. It mainly shows the synchrotron emission of pri-
mary cosmic leptons (electrons and positrons) and secondary leptons produced by hadronic
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interactions between CR nuclei and the interstellar gas. The synchrotron emission is diffuse and
the large difference between the radio map and the Fermi-LAT one, in Figure 4.1, stresses that
the magnetic field is not uniform and/or that the distribution of leptons does not follow that of
CR nuclei even though the two maps are produced by particles of comparable energies. It is
difficult to recognise the clouds in the radio map therefore it cannot be used as a gas tracer.

4.1 Fermi-LAT

The Fermi Gamma-ray Space Telescope, often referred to simply as Fermi, is a NASA mis-
sion designed to study high-energy γ rays in the universe. It was launched on 11th of June 2008,
and has provided significant insights into a wide range of astrophysical phenomena.

Fermi’s primary objectives are to detect and study γ-ray sources, including γ-ray bursts, pul-
sars, active galactic nuclei (AGNs), and other high-energy phenomena. Fermi also contributes to
the search for dark matter, as certain types of dark matter interactions might produce detectable
γ-ray emissions. The mission aims to understand the origin of cosmic rays and their role in the
universe. Fermi continues to operate and collect data, contributing to ongoing research in high-
energy astrophysics. Its long-term mission has secured its place as one of the key observatories
for studying the high-energy universe.

The Large Area Telescope (LAT) is the primary instrument on Fermi for high-energy γ-ray
observations. It operates in the energy range from 20 MeV to about 1 TeV at a resolution of a
few degress at low energy, decreasing to about 0.1◦ at high energy. This resolution allows for
precise localisation of γ-ray sources. The second instrument on board Fermi is the Gamma-
ray Burst Monitor (GBM), dedicated to the study of transient phenomena between 8 keV and
40 MeV. In this work, the data we have used is provided by the LAT instrument.

4.1.1 The LAT in Space

Fermi is positioned in orbit around the Earth at an altitude of approximately 565 km, incli-
ned at an angle of 25.6◦ onto the Equator. Following a thorough check-out and commissioning
phase, the Fermi observatory commenced its regular scientific operations on August 13, 2008.
The primary observing mode for Fermi involves a scanning technique, allowing the LAT to
observe the entire sky approximately every two orbits, equivalent to around 3 hours. To accom-
plish this, the LAT alternates its boresight orientation during successive orbits, pointing towards
+50◦ from the zenith direction and towards the orbit’s pole on one orbit, followed by pointing
-50◦ from the zenith on the subsequent orbit. The orbit of Fermi exhibits a precession period
of roughly 53.5 days. The scanning strategy was modified after a malfunction in the rotation
axis of one solar panel in 2018, but most of the sky is still surveyed every two orbits and the
full sky is covered within a weel (https://fermi.gsfc.nasa.gov/ssc/observations/
types/post_anomaly/. On occasion, Fermi is operated in a pointing mode to investigate in-
triguing transient phenomena, and for some calibration runs.
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4.1.2 Detector structure

The LAT, as designed by W. B. Atwood et al. (2009), is a wide-field γ-ray telescope based on
the conversion of photons into e−/e+ pairs. It consists of a 4 × 4 matrix of towers, each housing
a conversion-tracker module and a calorimetric module. Additionally, it includes an anticoin-
cidence detector (ACD) covering the tracker to signal the passage of charged CRs), and a data
acquisition (DAQ) system. Figure 4.2 illustrates the detector’s configuration.

Incoming  raysγ

e+e−

Electron-positron pair

Figure 4.2 : Diagram of the LAT (W. B. Atwood et al., 2009). One tower is partially exploded
to reveal the detector’s structure. The real dimensions are 1.8 m × 1.8 m × 0.72 m.

To induce the conversion of high-energy photons into e−/e+ pairs, the conversion-tracker
modules contain 16 sheets of tungsten (Z=74). They use two layers of silicon detectors between
each sheet to track the trajectory of charged particles in the x and y directions. The last two
layers do not contain tungsten sheets to precisely measure the entry point into the calorimeter.
With a small height-to-width ratio of 0.4, the telescope’s field of view is wide. It covers 2.4 sr
and nearly all pair conversions pass through the calorimeter.

Each calorimetric module comprises 96 CsI crystals doped with thallium, arranged in 8
layers, providing a total depth of about 8.6 radiation lengths. The calorimeter measures the
energy deposited by the electromagnetic shower generated by the initial e−/e+ pair. Photodiodes
on both sides of the crystals collect the light signal, allowing each crystal to provide 3D in-
formation. This information includes two dimensions based on their position in the module’s
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matrix and a third dimension determined by measuring the signal asymmetry at each end.
The ACD consists of 89 plastic scintillator tiles arranged around the conversion/tracker mo-

dules. Its goal is to detect charged CRs entering the detector and, conversely, to prevent the
rejection of certain events due to secondary charges created by high-energy photons. To achieve
this, the signal from each tile is collected by photomultiplier tubes, and the spatial information
of this signal is correlated with the signals from the tracker and calorimeter. Additionally, to
protect against potential debris, the detector is shielded against micrometeorites.

For each tower, the tracker and calorimeter are connected by an electronic module that gene-
rates its own trigger. The signals from the various towers and the ACD are then collected by the
DAQ system, which decides whether or not to initiate a trigger for the entire instrument. The
trigger rate is approximately 2 to 3 kHz, and the rate of events transmitted to Earth is 500 Hz
after an initial data filtering step performed by two on-board processors to reduce contamination
from charged particles passing through the instrument.

4.1.3 Event reconstruction

After the data has been transmitted to the ground, the event analysis process can begin. This
process involves several stages, starting with the initial filtering of potential γ-ray photon can-
didates, followed by the determination of their direction and energy. Additionally, these events
are classified based on the quality of their reconstruction to minimise residual CR contamina-
tion and to allow performance selection according to the science goals. The entire analysis and
filtering pipeline relies on Monte Carlo (MC) simulations of the instrument’s performance.

MC simulation modelling
Before and after the telescope’s launch, numerous MC simulations were conducted with

dual purposes : event analysis and instrument performance assessment. These simulations were
based on a tool specifically developed for the telescope, the GLAST LAT Event Analysis Ma-
chine, which made use of Geant-4 MC tools. The results were subsequently validated through an
accelerator test campaign, during which a calibration module, consisting of two tracker/calorimeter
towers, was exposed to photons (< 2.5 GeV), electrons (1-300 GeV), hadrons (π and p, ranging
from a few GeV to 100 GeV), and ions (C and Xe, at 1.5 GeV/nucleon). These tests refined
the detector’s modelling and led to the selection of the Geant-4 interaction model that best
reproduced the data.

Direction and energy reconstruction
After the conversion of the incident γ photon, e− and e+ leave activation signals in the

silicon tracks of the tracker. Nearby signals are grouped into clusters characterised by a 3D
position within the detector. These clusters are then combined to calculate the trajectory, taking
into account the centroid and orientation of energy deposits in the calorimeter. The successive
association of different clusters forms hypothetical trajectories, with the propagation between
different detector layers calculated considering Compton scattering. The longest and straightest
trajectory, corresponding to the highest-energy charged particle produced in the photon conver-
sion, is retained as the best one. The clusters of signals composing it are marked as used, and
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a new trajectory can be sought among the remaining clusters. Once individual trajectories are
determined, interaction vertices are added to connect them in case of intersection.

The event’s energy reconstruction is based on the energy deposited in each crystal of the calo-
rimeter. Combining the different crystals provides information about the 3D energy distribution
and an initial estimate of the total energy. The trajectory helps evaluate energy loss through the
sides or the back of the calorimeter and through gaps between active volumes. At low energies,
< 100 MeV, a significant fraction of the energy can be deposited in the tracker. Its contribution
is added to that of the calorimeter, which is previously corrected to account for losses.

Event classification
Event classification allows for determining the best estimates of an event’s direction and

energy along with their corresponding uncertainties. A sequence of selection criteria and classi-
fication trees divides the data into different classes and generates associated probabilities. This
classification significantly reduces CR background noise. Given the five-order-of-magnitude
difference in trigger frequency between celestial photons and the much more numerous charged
CRs, noise reduction is crucial. The primary tool for achieving this is the ACD coupled with
trajectory estimations. Other parameters can also be used, such as event topology or the overall
trajectory profile in the detector.

To address various scientific objectives, multiple event classes have been created, evolving
over different data production cycles. The most recent one, called Pass8 (W. Atwood et al.,
2013), includes classes like Transient, Source, Clean, with the purest being UltraCleanVeto for
the strongest CR background rejection. Within the same class, events are further divided based
on various criteria. The first criterion considers the location of the photon conversion in the
detector, either in the front part of the tracker (Front) for better angular resolution than in the
back part (Back). The Pass8 data version also includes three classes for the quality of photon
direction reconstruction, ranging from the lowest, PSF0, to the highest, PSF3. Each of the four
resolution classes has roughly the same number of total photons. Photons can also be sorted by
energy reconstruction quality, from the lowest quality, EDISP0, to the highest, EDISP3.

4.1.4 Instrument response functions

The performance of Fermi-LAT has been accurately modelled through its instrumental res-
ponse functions (IRFs). These functions provide a tool for analysing data after direction and
energy reconstruction for different event classes.

The IRFs are defined by a general function R, dependent on the true energy E′ and true
direction p′ of a photon. This general function is defined such that the differential number of
photons in the reconstructed energy and direction space is the convolution of the source intensity
with the response R :

dN(E, d−→p , t)
dtd−→pdE

=

∫
R(E, d−→p |E′, d−→p′; t)

dN(E′, d
−→
p′, t)

dtd
−→
p′dE′dS

dE′d
−→
p′ (4.1)

The function R can be factorised into three functions representing the effective sensitive area
A, the angular resolution PS F, and the energy resolution D in addition to a temporal efficiency
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ϵ(t) :
R(E, d−→p |E′, d−→p′; t) = ϵ(t) A(E′, d

−→
p′) PS F(d−→p |E′, d−→p′) D(E|E′, d−→p′) (4.2)

The factor ϵ(t) accounts for temporal variations such as a potential instrument degradation.
The absence of consumables on board the LAT ensures a very stable performance, and conti-
nuous monitoring of bright constant sources verifies the constancy of the term ϵ(t) (Ajello et al.,
2021). The IRFs are then :

• Effective area, A(E′, d
−→
p′), combining the true detector surface and the detection efficiency

of a photon with true energy E′ and true direction
−→
p′ ;

• Point spread function (PSF), PS F(d−→p |E′, d−→p′), representing the probability density that
a photon with true energy E′ and true direction

−→
p′ has a reconstructed direction −→p .

• Energy dispersion, D(E|E′, d−→p′), representing the probability density that a photon with
true energy E′ and true direction

−→
p′ has a reconstructed energy E.

The examples of performance metrics presented below correspond to the ’Source’ event class
used in the research presented in this thesis. This class offers a good compromise between
effective area and CR rejection rate. It is commonly used in the analysis of point sources and of
extended sources, with any residual contamination from isotropic CRs being easily manageable
in γ-ray map analyses.

Figure 4.3 : Effective area as a function of energy for normally incident photons (left panel)
and as a function of the angle of incidence for 10 GeV photons (right panel). The
curves correspond to different locations of photon conversion in the tracker, or to
different PSF types according to the labels.

Figure 4.3 illustrates the evolution of the effective area as a function of photon energy with a
perpendicular incidence (left panel) and as a function of the 10 GeV photons’ angle of incidence
on the telescope (right panel). The integrated effective area over the telescope’s field of view
provides the acceptance.
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Figure 4.4 : Angular resolution as a function of energy. On the left panel, the 68% and 95%
containment angles are shown based on the photon conversion location, and on the
right panel, the 68% containment angle is presented for different event types.

Figure 4.5 : 68% containment energy resolution as a function of incident photon energy (left)
and as a function of incidence angle for 10 GeV photons (right). The curves re-
present different photon conversion locations : at the front of the detector (red), at
the back (blue), and the total (black).

Figure 4.4 illustrates the evolution of the 68% and 95% containment angles for photons from
a point source as a function of energy. The different event types (Front/Back/PSF0-3) are weigh-
ted by their respective acceptances. It is evident that the PSF strongly depends on energy due
to Coulomb scattering of pairs in the tracker. The PSF typically exhibits a broader distribution
tail than the ideal Gaussian case. In fact, it requires a sum of 3 or 4 Gaussians to fit the PSF
profile. The PSF variation with the incidence angle in the field of view is minimal. Since the
LAT observes the sky by regularly scanning it, the average PSF profile used in analyses must
be calculated, taking into account the exposure time at different incidences during the period
under consideration.

Figure 4.5 depicts the instrument’s energy resolution, estimated as the acceptance weighted
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68% containment half width of the reconstructed incoming photon energy. This resolution is
better than 15% between 0.3 and 103 GeV and it is taken into account in our modelling.

4.1.5 Data likelihood analysis

Low photon counts, strong energy dependence of the angular resolution, and the overlap of
point sources with diffuse emission necessitate the use of statistical tools for GeV sky studies.
Here, I introduce the likelihood method developed since the 1980s based on Poisson statistics
and its application with LAT data.

Let’s consider a model describing the observations with a finite number of unknown parame-
ters. M(E′,

−→
p′, t;αk) =

dNγ

dtdS dE′dΩ
represents the specific γ-ray intensity predicted by the model

in different directions
−→
p′ of the sky and as a function of the true energy E′. The model includes

unknown parameters {αk}k=1,...,m to be adjusted to the data. This intensity can be related to the
photon count rate Λ̇ obtained in the detector’s phase space (reconstructed energy and direction
E and −→p ) using the IRFs :

Λ̇(−→p , {αk}) =
∫ t2

t1
dt

∫ E2

E1

dE′
∫

Ω
R(E,−→p |E′,−→p′; t) M(E′,

−→
p′, t; {αk}) d

−→
p′ (4.3)

for a time interval [t1, t2] and an energy band [E1, E2] being observed.

Given the low count rate here, it is appropriate to use the Poisson distribution as proposed by
(Cash, 1979) to compare the modelled and observed count maps. Thus, if the number of counts
predicted by the model is Λ in a given direction, the probability of observing N counts will be :

f (n,Λ) =
ΛN

N!
e−Λ (4.4)

The number of predicted photons can be compared to observations sampled on a grid in
energy and incident direction. Because all pixels observed in a map are independent, the total
likelihood is defined as the product of the probability densities of observing N j photons in each
pixel j :

L({αk}) =
∏

j

f [N j,Λ j({αk})] (4.5)

Taking the logarithm, we obtain :

lnL({αk}) =
∑

j

N jlogΛ j({αk}) −
∑

j

Λ j({αk}) −
∑

j

log(N j!) (4.6)

The last term, which is a constant independent of the model, is discarded in the search for the
maximum likelihood value. The penultimate term, representing the total number of predicted
photons, can be denoted as Λtot. Thus, the set of parameters αk that provides the best fit is
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obtained by maximizing the logarithm of the likelihood as follows :

lnL({αk}) =
∑

j

N jlogΛ j({αk}) − Λtot({αk}) (4.7)

This log-likelihood can be used to compare two models using the likelihood ratio test. Consi-
der the model M(αk,k = 1..m) and the simpler model M0(αk,k = 1..h), where h > m, and the
parameters αkk=1..h are fixed at given values. In the null hypothesis where these parameters have
their true values, Wilk’s theorem (Wilks, 1938) states that the test statistic

TS = 2 (ln L̄ − ln L̄0) (4.8)

where L̄ and L̄0 are the maximum likelihood values obtained for models M and M0, respecti-
vely. The value of TS behaves asymptotically as a χ2 distribution with m−h degrees of freedom.
A large value of TS indicates that model M better fits the data with a confidence level :

c.l. =
∫ TS

0
χ2

m−h(s) ds (4.9)

The likelihood ratio can also be used when model M0 is obtained by fixing certain parameters
αkk=1..m of model M. This is, for example, the case when searching for a potential source above
background noise. In this case, the source flux is imposed as zero in model M0. Neyman’s
lemma (Neyman & Pearson, 1933) shows that it is also possible to use the likelihood ratio to
test how two different models compare with the same data, such as discriminating between two
spectral models for a given source, like a power law and a blackbody spectrum.

4.2 Modelling γ rays

The γ-ray photons observed by Fermi-LAT are mainly produced by hadronic interactions of
cosmic rays with the interstellar gas. The emission observed in the Fermi map shown in Fig.4.6
corresponds to the line-of-sight integral of the gas volume density multiplied by the volume
density of cosmic rays as shown in Eq. 4.10.

Iγ ∝
∫

ngas nCR dLsight ≈ nCR

∫
ngas dLsight (4.10)

Knowing the column density NH =
∫

ngas dLsight of a specific gas cloud in H at.cm−2, we can
obtain the γ-ray emissivity per gas atom, qγ, which scales with the average CR density in that
cloud if the CR density does not vary strongly inside the cloud. The strong spatial correlation
observed between γ-ray maps and the dust optical depth, illustrated in Fig.4.1, and the large
scales of potential CR gradients (of order a kpc) compared to the typical size of a cloud (tens
of parsecs) have long supported this hypothesis when studying individual clouds (Grenier et al.,
2015). The qγ is defined as :

Iγ = qγNH (4.11)
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where qγ is measured in γ s−1sr−1eV−1(H atom)−1 while the intensity Iγ is in γ cm−2s−1sr−1eV−1.

Figure 4.6 : Photon counts observed by Fermi-LAT for energy above 4 GeV in ten years of sky
monitoring.

Earlier studies indicated that CRs radiating at 0.1–100 GeV have diffusion lengths much
larger than typical cloud dimensions and that they propagate through the different gas phases.
Therefore, the observed interstellar γ-ray intensity can be modelled, to first order, by a linear
combination of the gas column densities, N(l, b), present in the different phases of the different
clouds seen along the lines of sight. The model also includes a contribution from the Galactic
inverse-Compton (IC) intensity IIC(l, b, E) resulting from the up-scattering of CMB and inter-
stellar infrared photons by CR leptons, as well as point sources of non-interstellar origin with
individual flux spectra S j(E), the emission intensity from the Sun and the Moon ISM, and an
isotropic intensity Iiso(E) that accounts for the extragalactic γ-ray background and for any resi-
dual cosmic rays misclassified as γ rays. The (E) refers to the energy and (l, b) are Galactic sky
coordinates (longitude,latitude).
The predicted γ-ray photon counts in each (l, b) direction, is modelled in each energy band as :

Nγ(l, b, E) =
∑

i=gas

qi(E) Ñi(l, b)

+ qIC(E) ĨIC(l, b, E)
+ qiso(E) Ĩiso(E)
+ qSM(E) ĨSM(l, b, E)

+
∑

j

qS j(E) S̃ j(E) δ(l − l j, b − b j) (4.12)

where the term “gas” refers to the gas column densities in the different phases of clouds and in
the different clouds in a given direction. They are multiplied by the respective hydrogen γ-ray
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emissivities qi.
The factors qIC, qiso, qSM and qS j represent the re-normalisation factors associated with the
predicted IC scattering (to allow for possible changes in the given region), the isotropic emission
represented by a uniform intensity template, the Sun-Moon emission, and the γ sources. The
gas emissivities and normalisation factors are obtained from a binned maximum-likelihood fit
with Poisson statistics to the Fermi-LAT counts map. We denote by Ĩ and S̃ the photon counts
maps resulting from the convolution with the LAT response functions.

Figure 4.7 : Pixel-by-pixel correlation between the γ-ray intensity recorded in different energy
bands and the NHI column density at latitudes 10◦ < |b| < 70◦. The latter is multi-
plied by a standard γ-ray emissivity per gas atom to ease the comparison. (Casand-
jian, 2015)

In a specific study by (Casandjian, 2015), the observed quantity of γ-ray photons, as detected
by Fermi at latitudes 10◦ < |b| < 70◦ and plotted on the horizontal axis of Figure 4.7, is directly
compared to the intensity expected from the gas column density (on the vertical axis). Only
photons seen toward the Hi gas phase of the clouds have been used and contributions from
other non-interstellar components such as point sources have been subtracted. The plots show
a very strong correlation with the NHI column densities measured at 21 cm. The correlation
holds in different energy bands, even at 50 GeV. This correlation demonstrates that the model
developed in eq. 4.12 produces a γ-ray intensity very close to reality. It is important to note
that this analysis was conducted in 2015, utilising only seven years of Fermi data, so the high-
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energy data was limited. Moreover, this study was applied far from the Galactic plane, resulting
in minimal Hi self absorption along the line of sight.

4.3 Planck

The Planck satellite was launched by the European Space Agency (ESA) on 14th of May 2009
and its mission ended in 2013. Is was orbiting the second Lagrange point of our Earth-Sun sys-
tem, about 1.5 million km away. It was designed to observe the Cosmic Microwave Background
(CMB) radiation and to study various aspects of the early universe with unprecedented preci-
sion. It could detect temperature differences of a few 10−6 degree Celsius. The major mirror was
1.5 m in diameter and was accompanied by two instruments : the Low Frequency Instrument
(LFI), which operated between 30 and 70 GHz, and the High Frequency Instrument (HFI) bet-
ween 100 and 857 GHz. The HFI had a resolution ranging from about 10 arcmin for the lowest
frequencies to about 5 arcmin for the highest frequencies. The LFI had slightly poorer angular
resolution https://irsa.ipac.caltech.edu/Missions/planck.html.

The observations at 353 GHz were crucial for studying the polarisation of both the CMB
and the foreground cosmic dust thermal emission. The Planck satellite’s study of cosmic dust
polarisation at 353 GHz has provided valuable insights into the nature of dust and orientation
of magnetic fields.

4.4 Modelling the dust optical depth

There are several different ways to observe the dust among which :

• observing its thermal emission. Grains are heated by the ultraviolet (UV) and optical
radiation from stars. Large grains reach a thermal equilibrium by radiating in the IR with
a peak emission around 100 − 200 µm in wavelength.

• measuring the reddening of stellar radiation as it is absorbed/scattered by dust grains
along the path to Earth.

• observing emission lines produced by vibrations in polycyclic aromatic hydrocarbon mo-
lecules at IR wavelength between 3 and 20 µm, typically.

Frequencies in the far-infrared above 353 GHz are particularly useful for studying cosmic
dust because the thermal emission is prominent in this range. Given the cold equilibrium tem-
perature of the dust, which is close to 20 K on average (Planck Collaboration et al., 2014), the
peak of the thermal emission occurs near 100–200 µm and has been observed by the IRAS sa-
tellite. Combining the spectral information from Planck and IRAS data, and modelling it with
a modified blackbody spectral energy distribution, one can infer the dust optical depth. The
thermal intensity of the dust radiation, Id(ν), for a specific frequency ν is given by :

Id(ν) ∝
∫

Md

Mgas
ngas B(Td) κd(ν) dLsight (4.13)
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It is an integral over the line of sight of the dust mass Md per unit gas mass Mgas, multiplied by
the gas volume density ngas which gives the dust quantity per unit volume. The ratio Md/Mgas is
considered to be fairly uniform in the local interstellar medium. The term B(Td) is the Planck
blackbody law at the equilibrium temperature of the grains, and, since dust grains are not perfect
blackbodies, this law is modified by an emissivity κd(ν) that depends on the grain material’s
ability to radiate at the specific frequency ν. The frequency dependence of κd(ν) ∝ νβ is often
taken as a power law.

Figure 4.8 : Map of the dust optical depth τ353 at 5’ resolution deduced at 353 GHz from the
observations of the Planck and IRAS satellites. (Planck Collaboration et al., 2014)

The ratio of the observed intensity Id(ν) over the black body one B(Td) represents the optical
depth τν = Id(ν)/B(Td) at a specific frequency ν. The sky map of the optical depth at 353 GHz is
presented in Fig.4.8. This ratio makes it possible to follow changes in intensity due to variations
in the amount of dust along the line of sight rather than caused by variations in the temperature,
hence emissivity, of the grains.

Under the assumption of a uniform dust-to-gas mass ratio, Md/Mgas, and a uniform emission
coefficient per unit mass of the grains, the dust optical depth, τ, linearly scales with

∫
ngasdLsight,

therefore with the total gas column density, NH. Consequently, the τ353(l, b) distribution can be
modelled as a linear combination of the different gas contributions with free normalisations, y.
These normalisations represent the average values of the dust opacity, τ353/NH, and are fitted to
the data, as in Planck Collaboration, Fermi Collaboration, et al. (2015). A free isotropic term,
yiso, is added to the model to account for the residual noise and the uncertainty in the zero level
of the dust maps (Casandjian et al., 2022 ; Planck Collaboration et al., 2014). The τ353(l, b)
model can be expressed as :

τ353(l, b) =
∑

i=gas

yiNi(l, b) + yiso (4.14)

where the term “gas” refers to the gas column densities in the different phases of clouds and
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in the different clouds in a given direction. They are multiplied by their respective opacities yi.
These fitted yi parameters can probe opacity changes in the different interstellar gas phases.

4.5 The search for dark neutral gas

Figure 4.9a depicts the dust optical depth remaining after subtraction of the expected contri-
butions from the atomic gas in the ISM. Regions of intense CO emission along the Galactic
plane and towards nearby clouds have been discarded. Regions with no IRAS or CO informa-
tion have been too. In parallel, Fig.4.9b shows the γ-ray intensity obtained after subtraction of
all the γ-ray emissions produced in the Hi and CO-bright phases of the ISM and of all non-
interstellar components. By comparing the two maps, it becomes evident that they share the
same pattern of excesses in corresponding regions.

In the dust figure, the excesses correspond to dust mixed with undetectable gas and/or to
variations in grain emissivity. In the γ-ray figure, the excess photons are produced by hadronic
interactions of CRs with undetectable gas (because their energy spectrum is consistent with a
hadronic origin), but they could also result from a local enhancement in CR flux. Since emission
from hadronic interactions between CRs and dust grains is negligible, the spatial correlation
between the dust and γ-ray excesses has a common origin in tracing the column density of
undetectable gas (Grenier et al., 2005). The location of this gas with respect to the Hi and CO
distributions indicates that they trace the dark neutral medium, DNM, at the Hi–H2 transition
(Grenier et al., 2005). Therefore, by jointly using the γ-ray and dust data, one can safely extract
the amount of DNM and rule out other types of excesses due to local changes in CR flux or in
dust emissivity. The extraction proceeds iteratively.

We first consider the DNM contribution of dust since it has a stronger signal-to-noise ratio
than in γ rays. The model is generated by combining the column densities of gas from the visible
phases in Hi and CO. Then, we calculate the residual between the optical depth observation and
the dust model, described in Eq.4.14.

τres(l, b) = τobs(l, b) −
∑

i=clouds

yHI,i NHI,i(l, b) −
∑

i=clouds

yCO,i Wi(CO) − yiso (4.15)

where "i" refers to the sum over different clouds along the line of sight. The y opacities obtained
from the first iteration of the dust fit are overestimated because of the dark gas is missing in the
model.

We then extract positive residuals in the τres map. Because of the noise around zero, a simple
cut at τres > 0 would induce an offset bias. Therefore, we have de-noised the residual maps
using the multi-resolution (MR) support method implemented in the MR filter software (Starck
& Pierre, 1998), considering a Gaussian noise estimated from the data itself. The DNM map
obtained from the dust residuals, τres, is injected into the γ-ray model. We then generate the
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(a) Map of the excess dust optical depth seen at 857 GHz after subtraction of the expected
contributions from the atomic gas seen in Hi. The grey regions where no IRAS or CO
data are available, or where intense CO emission is detected, have been greyed out (Planck
Collaboration et al., 2011)

(b) Map of the γ-ray intensity obtained after subtraction of all the γ-ray emissions produced in
the Hi and CO bright gas phases and other radiation components of non interstellar origin
(Acero et al., 2016)

Figure 4.9
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residual map between the observed and modelled photon counts, described in Eq.4.12.

Nres
γ (l, b, E) = Nγ(l, b, E)

−
∑

i=clouds

qHI,i(E)ÑHI,i(l, b) −
∑

i=clouds

qDNM,i(E)τ̃res
i (l, b) −

∑

i=clouds

qCO,i(E)W̃i(CO)

− qIC(E) ĨIC(l, b, E) − qiso(E) Ĩiso(E) − qSM(E) ĨSM(l, b, E)

−
∑

j

qS j(E) S̃ j(E) δ(l − l j, b − b j) (4.16)

As for the dust residuals, we filter the positive excess in γ rays using the MR filter, but by
considering a Poisson noise. The resulting map is then injected into the dust model for a second
iteration of the dust fit to obtain improved y opacities. When iterating both fits, the parameters
y and q rapidly converge to stable values. Two cycles are typically sufficient.

In order to transform the dust optical-depth residuals, τres(l, b), to gas column densities,
NHDNM , we need to use the γ-ray information and to assume that the same CR flux permeates
the atomic and DNM phases. This hypothesis is verified as we detect no spectral change in the
γ-ray emissivity per gas atom in the Hi, DNM, or CO phases. Any CR penetration problem into
the dense gas would readily manifest itself as a spectral change in the low-energy part of the
gas emissivity (Bustard & Zweibel, 2021 ; Schlickeiser et al., 2016). Under this assumption, the
DNM gas column densities are calculated as

NDust
HDNM

=
qDNM

qHI
τres(l, b) (4.17)

and

Nγ
HDNM

=
Nres
γ (l, b)

qHIA∆t∆Ω
(4.18)

The instrument parameters appearing in the denominator in this equation (the sensitive area
A, exposure time ∆t, and solid angle per pixel Ω) are due to the fact that the sky model and
its emissivities is defined in γ-ray intensity, but the likelihood analysis is performed in photon
counts, hence the convolution with the LAT response functions noted with a tilde in Eq. 4.12.
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Chapitre 5
Cosmic-ray propagation

CRs are important for understanding the ISM. In galaxies like our Milky Way the energy
density of CRs is roughly equivalent to that of magnetic fields, thermal gas and turbulent energy
densities (Boulares & Cox, 1990 ; Hennebelle & Falgarone, 2012).
The CR energy density above 3 MeV/n is given by Cummings et al. (2016) :

ϵCR = 0.83 − 1.02 MeV.m−3 (5.1)

For the magnetic field, Voyager 1 has measured a total magnetic field strength of Btot = 0.56 ±
0.01 nT (Burlaga et al., 2013) and therefore, the magnetic energy density ϵB = B2

tot/2 µ0 is :

ϵB = 0.8 MeV.m−3
(

Btot

0.56 ± 0.01 nT

)2

(5.2)

The local gas pressure at the cold atomic phase is P/kB = nT = 103.58±0.175 K.cm−3 (Jenkins &
Tripp, 2011). Therefore, the energy density is :

ϵGas,CNM = 0.49+0.24
−0.16 MeV.m−3 (5.3)

Haud and Kalberla (2007) decomposed the 21-cm radio-lines of galactic Hi gas into Gaussian
profiles. They found that the mean width FWHM are 3.9 ± 0.6, 11.8 ± 0.5 and 24.1 ± 0.6 for
CNM, LNM and WNM respectively. According to FWHM = 2

√
2 ln2σv ≈ 2.35σv, we obtain

the following turbulent energy densities ϵTurb =
1
2 ρσ

2
v :

ϵTurb,CNM = 0.6 MeV.m−3
(

σv

1.7 ± 0.3 km.s−1

)2( nHI

30 cm−3

)
(5.4)

ϵTurb,LNM = 0.5 MeV.m−3
(

σv

5 ± 0.2 km.s−1

)2( nHI

3 cm−3

)
(5.5)

ϵTurb,WNM = 0.4 MeV.m−3
(

σv

10.3 ± 0.3 km.s−1

)2( nHI

0.5 cm−3

)
(5.6)
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This energy equipartition suggests that these processes are coupled to each other (Henne-
belle & Falgarone, 2012). Consequently, CRs affect the dynamics, energy balance, and various
properties of the interstellar gas. This is crucial for galaxy evolution, including star formation,
chemical composition changes, and the growth and maintenance of galactic magnetic fields
(Zweibel, 2017). CRs originate from astrophysical sources such as supernova remnants (SNR),
pulsars, and active galactic nuclei (AGN), where they are accelerated to high energies. After
that, they travel through space in a complicated way (Amato & Blasi, 2018). This propagation
is characterised by interactions with diverse components of the ISM including magnetic fields,
plasma and gas.

5.1 Diffusion modes

In regions characterised by fast-moving hot gas, the primary mechanism governing CR trans-
port is advection by thermal gas (Armillotta et al., 2021). CRs interact with the thermal gas
through two distinct mechanisms :

• At relatively low energies, 2–10 MeV, CRs serve as an important source of collisional
ionisation and heating of the interstellar gas.

• For higher-energy particles (few GeV), where the majority of CR energy density resides,
they interact in a collisionless manner. This interaction is mediated by the ambient ma-
gnetic field and kinetic-scale waves and instabilities, forming the basis for the plasma
physics associated with this coupling.

In cooler and denser gas regions marked by lower velocities, both extrinsic diffusion and strea-
ming play significant roles in the cosmic-ray transport process (Armillotta et al., 2021).

As the CR energy increases, the gyroradius increases. When the gyroradius becomes signi-
ficantly larger than the scale of magnetic fluctuations in the medium, the CR particles are less
affected by these fluctuations and continue to follow the macroscopic magnetic field. This situa-
tion is represented in the middle diagram of Fig.5.1. Conversely, when the gyroradius is smaller
than the scale of magnetic fluctuations, the particles respond by following these deviations from
the large-scale field (as shown in the top diagram in Fig.5.1). When the gyroradius compares
in size with the fluctuations, as shown in the bottom diagram in Fig.5.1, a resonance occurs,
causing the CRs to closely track the fluctuations (Zweibel, 2013).

Early studies of CR coupling to the thermal gas focused on transport, which involves the
diffusion of CR through fluctuating magnetic fields. However, in the late 1960s, researchers
realised that these fluctuations could be generated by the CRs themselves through a kinetic in-
stability. This discovery opened the door to a better understanding of the energy and momentum
exchange processes between CR and the medium, with profound astrophysical implications.

The description of this energy and momentum exchange is explained by a set of fluid equa-
tions developed in the 1980s, known as "classical cosmic ray hydrodynamics" (CCRH). These
equations allow the understanding of how CRs influence the surrounding medium, especially
the turbulence. This type of CR transport is often referred to as nonlinear in nature. When one
makes no assumptions about how these scattering waves are generated, it leads to a broader set
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Figure 5.1 : Diagram representing the relationship between the CR gyroradius (rg) in red and
the scale of magnetic fluctuations (λ) in black. (Courtesy of Etienne Parizot)

of fluid equations called "generalised cosmic ray hydrodynamics" (GCRH). These equations
provide a more complete framework for understanding the interactions between CRs and their
environment (Zweibel, 2017).

Recent theoretical advances in CR research have primarily focused on delving into the nonli-
near aspects of CR interactions with their surrounding environment. As CRs propagate beyond
their acceleration regions, their influence manifests in two principal forms. The mecanism that
interests us is that CRs initiate the generation of hydromagnetic waves through streaming insta-
bilities. These waves, in turn, affect the scattering properties of the ambient medium, impacting
the energetic particle spectrum and its spatial distribution (Amato & Blasi, 2018). It is impor-
tant to note that only CRs above a minimum momentum threshold, can effectively resonate with
waves. This scattering process effectively reduces the speed at which CRs propagate through the
medium. The presence of a gyroresonant instability, triggered by the streaming anisotropy of
CRs, facilitates the exchange of energy and momentum between CRs and waves. In a steady
state, the thermal background plasma must extract energy and momentum from the waves at the
same rate at which they are added by CRs. This concept elucidates the collisionless nature of
CR interactions with the thermal background (Zweibel, 2013).

Another noteworthy aspect is scattering induced by external turbulence, which involves the
transfer of energy from the ISM turbulence to CRs. This process closely resembles second-order
Fermi acceleration and serves as a substantial damping mechanism influencing the dynamics of
interstellar turbulence.

An ongoing debate revolves around the origin of the magnetic fluctuations. It remains uncer-
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tain whether they arise from Alfvén waves excited by the CRs themselves through the process
known as resonant streaming instability (referred to as the "self-confinement" scenario) or if
they stem from background turbulent fluctuations (the "extrinsic turbulence" scenario) driven
by interstellar processes and cascading down from the injection scales, for instance from SNR.

Detailed spectral modeling offers support for self-confinement as the dominant mechanism
for lower-energy CRs, while external turbulence appears to be more influential for very high-
energy CRs (Armillotta et al., 2022). Beyond the energy of 100 GeV, the population of CRs
becomes insufficient to resonantly amplify the waves, leading to the failure of self-confinement
(Zweibel, 2013).

The precise mechanisms through which magnetised turbulence influence CR acceleration and
transport remain a subject of ongoing research. Recent theoretical advancements have provided
insights into certain facets of these processes. This research often necessitates collaborative
efforts among astronomers, plasma physicists, and other disciplines (Amato & Blasi, 2018).

5.2 Wave growth and damping rates

5.2.1 Growth rate of Alfven waves

The interaction between CRs and the surrounding thermal gas is facilitated by the ambient
magnetic field. CRs gyrate around the field lines and undergo scattering from magnetic fluc-
tuations with sizes to their gyroradius. This scattering process results in a reduction in their
collective propagation velocity. While very high-energy CRs are expected to be scattered by
ISM-driven magnetohydrodynamics (MHD) turbulence, CRs observed in γ rays with Fermi-
LAT are more likely scattering off self-generated Alfvén waves (R. Kulsrud & Pearce, 1969).

In the present work, we study GeV CRs so the dominant transport mode should be self-
confinement via the streaming instability. CRs with a bulk drift speed greater than the Alfvén
speed, vD > vA, can excite Alfvén waves through gyro-resonance and scatter off these waves
as they propagate in the direction of decreasing CR density (Zweibel, 2017). The Alfvén speed
used here is the ion one using the ion mass density, ρi, and the mean field strength, B0 :

vion
A,0 =

B0√
4πρi

(5.7)

The growth rate of the Alfvén waves given by R. M. Kulsrud and Cesarsky (1971) is :

Γgrow(k) = π2
(
α − 3
α − 2

)
AmpΩ0

ρic
Φ(p >

ZeB
kc

)
vD − vion

A,0

vion
A,0

(5.8)

for a CR nucleus with charge Ze, mass Amp and flux Φ = dN
dtdS dΩd3 p

∝ p−α with the power-law
spectral index α in the range of interest. The flux is integrated in momentum above the threshold
corresponding to the resonance krL(p) = 1 where rL is the gyroradius, so the wavelength λ is
equivalent to 2πrL. The term Ω0 =

ZeB
Ampc notes the non-relativistic gyropulsation in the CGS

system. The drift velocity vD is the velocity of the frame where the CR distribution is isotropic.
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For a specific CR species, denoted by j, with a velocity βc, the number volume density is :

n j =
4π
β jc

Φ j (5.9)

By summing over CR species, one obtains :

Γgrow(k) =
π

4

(
vD − vion

A

vion
A

)
1
ni

∑

j

α j − 3
α j − 2

A jΩ0 j n j(p >
Z jeB

kc
) (5.10)

To produce Alfvén waves, CRs should have a minimum momentum equal to Z jeB/kc. Instead
of integrating the CR volume density above this minimum momentum, we can integrate it for a
rigidity R above B/k. By eliminating the large-scale magnetic field strength term found in the
Alfvén velocity and in the gyropulsation, one obtains :

Γgrow(k) =
π3/2

2
e
c

(vD − vion
A )

1√
ρi

∑

j

α j − 3
α j − 2

Z j n j(R j >
B
k

) (5.11)

The net drift with respect to the Alfvén wave frame (vD − vion
A ) can be written as a diffusive flux

(Bustard & Zweibel, 2021 ; Jiang & Oh, 2018) :

vD − vion
A = κ∥

∇ΦCR

ΦCR
(5.12)

with the diffusion coefficient κ|| parallel to the mean B field. Introducing the characteristic length
for a change in CR flux ℓcr = Φ/∇Φ (Hopkins et al., 2021), the growth rate becomes :

Γgrow(k) =
π3/2

2
e
c
κ∥
ℓcr

1√
ρi

∑

j

α j − 3
α j − 2

Z j n j(R j >
B
k

) (5.13)

For CRs with energies of a few GeV and (vD/vA − 1) ∼ 1, the growth time is a few 1010 s
under average interstellar conditions (Zweibel, 2013). This value is long compared to the wave
periods that are typically of order a year (3×107 s), justifying the weak damping approximation
used to derive the growth rate. However, this value is short compared to typical macroscopic
interstellar timescales, suggesting that the waves adjust quickly to local conditions. (Zweibel,
2013) shows that near the strong shocks that are responsible for CR acceleration, the CR flux is
several orders of magnitude larger, making wave growth correspondingly faster. They also show
that Γgrow decreases rapidly with increasing particle energy. Above a certain energy, CRs will
be unable to generate enough Alfvén waves to confine themselves, especially when important
wave damping is present.

5.2.2 Damping modes

The attenuation in wave amplitudes and scattering rates can be attributed to wave damping
processes that are influenced by the characteristics of the background MHD turbulence and
the ambient plasma conditions. The predominant damping mechanisms traditionally studied in
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the context of CR-induced waves are the ion-neutral damping and non-linear Landau damping.
Their efficiency depend on the local ISM conditions. They both play pivotal roles in influencing
the propagation of CRs, but in different environments (Armillotta et al., 2021). Other damping
mechanisms are the turbulent damping and linear Landau damping.

5.2.2.1 Important notations

Before calculating damping formulas, we need to explore some important notations. Given
the abundances in the ISM, we are going to limit the damping calculations to the hydrogen and
helium atoms. For the atomic weights, the mass of helium can be written as mHe = AHemHI with
the mass number AHe = 4. It is not the case for the interstellar ions. In the WNM phase, the
ions are mostly H+, so their mass mi = AimHI with Ai ∼ 1. While in the CNM phase, the ions
are approximately half H+ and half C+ with Ai ≈ (AH + AC)/2 = 6.5. In fact, the equivalent ion
mass gradually changes with the gas volume density and the C+ fraction exceeds one half in the
densest CNM clumps. The exact values of Ai are given by the simulations of Kim et al. (2023)
as a function of gas density.

The abundance of a specific nucleon, xn, is given relative to all H nucleons nHn. The number
volume density of H nucleons in all gas phases is :

nHn = nHI + nHII + 2nH2 (5.14)

The number volume density of atomic hydrogen and helium are nHI = xHInHn and nHe = xHenHn,
respectively. The helium abundance xHe amounts to 0.085 from Asplund et al. (2009) or 0.01
from Kim et al. (2023). In our work, we chose the values given by Kim to be consistent with the
use of his ISM model. Concerning the ions, the abundance is xi = (nHII + nCII)/nHn = xHII + xCII.

5.2.2.2 Ion-neutral damping

The initial damping mechanism to be examined was ion-neutral friction. It results from mo-
mentum transfer between ions and neutrals within partially ionised gas where neutrals are not
magnetically bound (Armillotta et al., 2022).

Kulsrud formulation The majority of interstellar gas mass has less than 20% ionisation.
Given that the collision frequency between ions and neutrals is significantly lower than the
frequency of gyroresonant hydromagnetic waves, these Alfvén waves propagate through the
plasma independently and experience damping due to neutral atoms at the rate Γin,K69 given by
R. Kulsrud and Pearce (1969) :

Γin,K69 =
1
2

nnmn

mn + mi
⟨σv⟩in (5.15)

where nn is the neutral number density, mn is the mean mass of neutrals and mi is the mean
mass of ions. The ion-neutral momentum transfer rates ⟨σv⟩in are given in table 2.1 of Draine
(2011). They correspond to ⟨σv⟩in = 3.25 × 10−9 cm3 s−1 for collisions between H and H+,
2.39 × 10−9 cm3 s−1 between H and C+ and 1.42 × 10−9 cm3 s−1 between He and H+. The
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ion-neutral damping for each interaction is :

ΓH−H+ =
1
2

nHImHI

(mHI + mHI)
⟨σv⟩H−H+ =

nHI

4
⟨σv⟩H−H+

ΓH−C+ =
1
2

nHImHI

(mHI + ACmHI)
⟨σv⟩H−C+ =

nHI

2(1 + AC)
⟨σv⟩H−C+

ΓHe−H+ =
1
2

(xHenHn)(AHemHI)
(AHemHI + mHI)

⟨σv⟩He−H+ =
xHenHnAHe

2(AHe + 1)
⟨σv⟩He−H+

By summing these three main collisions and replacing nHn by nHI/xHI :

Γin,K69 =
nHI

2

[
1
2
⟨σv⟩H−H+ +

1
1 + AC

⟨σv⟩H−C+ +

( xHe

xHI

) AHe

1 + AHe
⟨σv⟩He−H+

]
(5.16)

If we replace the mass numbers An by their values (4 for AHe and 12 for AC) and we use xHe = 0.1
and xHI ≈ 1, we obtain :

ΓH−C+ =
nHI

26
⟨σv⟩H−C+ = 0.11 × ΓH−H+ ΓHe−H+ =

nHI

2
4 xHe

5 xHI
⟨σv⟩He−H+ = 0.07 × ΓH−H+

In that case, the final equation for ion-neutral damping will be :

Γin,K69 = ΓH−H+ + ΓH−C+ + ΓHe−H+ = 1.18 × ΓH−H+ = 0.96 × 10−9 nHI (5.17)

This formulation does not depend on the gas temperature.

Soler formulation Momentum transfer between ions and neutral atoms of hydrogen or he-
lium, all at the same equilibrium temperature T , results in the damping rate as :

Γin =
αi,H + αi,He

2ρi
(5.18)

Where ρi is the ion mass density and equals to ρi = nimi = xinHnAimHI. The expression of the
friction coefficient αiX for collisions involving neutrals in the approximation of small velocity
drift (Braginskii, 1965 ; Draine, 1986) has been taken from eq. 7 of Soler et al. (2016) :

αiX =
4
3

ninXσiX

√
8
π

miXkBT (5.19)

here, X ∈ [H,He] stands for the neutral species, ni and nX are the ion and species number density
respectively and miX is the ion-species reduced mass described as :

miX =
mimX

mi + mX
(5.20)

Which gives two equations for the two neutral species [H,He] :

miH =
Aim2

HI

AimHI + mHI
=

AimHI

Ai + 1
miHe =

AiAHem2
HI

AimHI + AHemHI
=

AiAHemHI

Ai + AHe
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Therefore, by replacing miH, miHe, ni = xinHn and nHe = xHenHn in Eq.5.19, it will be :

αiH =
4
3

(xinHnnHI)σiH

√
8
π

(
AimHI

Ai + 1
)kBT αiHe =

4
3

(xixHen2
Hn)σiHe

√
8
π

(
AiAHemHI

Ai + AHe
)kBT

and finally, σiX corresponds to the ion-neutral momentum-transfer cross section for which Soler
uses σiH = 10−14 cm2 and σiHe = 3 × 10−15 cm2 from Vranjes and Krstic (2013). Draine (2011)
has a discussion on this in section 2.5. After replacing nHn by nHI/xHI, the Eq.5.18 is :

Γin,S16 =
4
3

√
2
π

kBT
AimH

nHI

σiH

√
1

Ai + 1
+

xHe

xHI
σiHe

√
AHe

Ai + AHe

 (5.21)

Hopkins formulation Hopkins et al. (2021) proposed (in eq.A1) an approximation for Γin to
avoid calculating it directly. With the ion abundance xi, this approximation is :

Γin,H21 ≃ 10−9 s−1
( T
1000 K

)1/2 (
ρtot

10−24 g cm−3

)
(1 − xi) (5.22)

with the total mass density ρtot = (1 + AHexHe + AC xCII) mHInHn.

5.2.2.3 Non-linear Landau damping

There is another damping mechanism that operates in fully ionised medium with a low den-
sity gas. It is the nonlinear Landau damping. The Landau resonance occurs when the velocity
of a charged particle matches the phase velocity of a plasma wave which can lead to energy
exchange between the charged particle and the wave. When Alfvén waves are present and their
frequencies and wavelengths match the velocities and gyroradii of charged particles, the Lan-
dau resonance can lead to energy transfer from the waves to the particles, thereby damping the
waves. Nonlinear Landau damping occurs when thermal ions have a Landau resonance with
the beat wave formed by the interaction of two Alfvén waves (Armillotta et al., 2022). For
CR generated waves the damping rate is given by R. M. Kulsrud (2005) and Armillotta et al.
(2022) :

Γnll = 0.3Ω
vt,i

c

(
δB
B

)2

= 0.3
vt,i v2

p

c
κ∥ (5.23)

where c is the light speed and Ω = Ω0/γL(p) is the relativistic cyclotron frequency, with Ω0

the classical cyclotron frequency and γL the Lorentz factor of CRs with momentum p. The ion
thermal velocity is vt,i and δB/B is the magnetic fluctuation at the resonant scale. In the last
equivalence, vp is the cosmic proton velocity and κ∥ is the diffusion coefficient parallel to the
mean magnetic field.

Volk and McKenzie (1981) calculated the non-linear Landau damping rate Γnll,± with the
Alfvén-wave energy eA,±. This wave energy corresponds to a wave propagating in the ±−→B/|B|
magnetic field direction. Hopkins et al. (2021) obtained an "effective" non-linear damping rate
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⟨Γnll⟩ ≃ Γnll(⟨eA,±⟩), which becomes :

⟨Γnll⟩ =
[
(γcr − 1) π1/2

8

( cs vA

rL ℓcr

) (ecr

eB

)]1/2

(5.24)

where ecr and eB are the energy volume density of CRs and magnetic field respectively. The
Larmor radius is rL, the characteristic CR gradient scale length is ℓcr, the adiabatic factor is
γcr = 4/3 for relativistic CRs and vA the Alfvén speed. The sound speed cs is given by c2

s =

(γIG − 1)σ2
turb with γIG = 5/3 for an ideal monoatomic gas.

5.2.2.4 Turbulent damping

Turbulent damping is a notable mechanism of damping found in astrophysical plasmas. This
phenomenon arises from the shearing apart of Alfven waves as they propagate through anisotro-
pic eddies in a turbulent background magnetic field. The turbulent damping was first mentioned
in Yan and Lazarian (2002) and later studied by Farmer and Goldreich (2004) for trans-Alfvénic
turbulence and by Lazarian (2016) in various turbulence regimes for more general astrophysical
applications. For strong MHD turbulence, a critical balance is reached between the turbulent
motion perpendicular to the local magnetic field and the wave-like motion along the field when
the eddy turnover time is equal to the wave period (Goldreich & Sridhar, 1995) :

x⊥
ux
=

x∥
vA

(5.25)

where x⊥ and x∥ are the respective length scales of the eddy perpendicular and parallel to the
local magnetic field, and ux is the turbulent velocity resulting from the cascade at scale x⊥. The
turbulent damping rate is determined by the eddy turnover rate Γturb = ux/x⊥ at scale x⊥. The
effective rate depends on the super- or sub-Alfvénic character of the MHD turbulence (Lazarian,
2016) and is given by equations 14 and 16 of S. Xu and Lazarian (2022), respectively.

5.2.2.5 Linear Landau damping

This damping is closely related to the turbulent one. It represents the damping of oblique
waves whose electric fields interact with the gas via Landau resonance. This happens when the
propagation angle of the Alfven waves relative to the local magnetic field is changing owing to
turbulent motions (Zweibel, 2017). It scales with the local turbulent cascade time in exactly the
same manner as Γturb, but with a different pre-factor. Following Zweibel (2017), we can write :

ΓLL =

√
π

4
cs

vA
Γturb (5.26)

where cs is the speed of sound in the gas and vA is the Alfvénic speed.

In Chap.8, the interstellar clouds we will be investigating exist in the neutral atomic phase
(WNM, LNM, and CNM). That is why, we will focus on ion-neutral damping, which is the
most dominant in these interstellar conditions, by a factor of 102 or even 103.
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5.3 Diffusion models

5.3.1 Leaky box model

The Leaky Box model, proposed by Cowsik et al. (1967), has long been a prominent fra-
mework to interpret the propagation of CRs within our Galaxy. This model was conceived to
elucidate various intriguing observations. First, it aimed to account for the hardening of pri-
mary CR nuclei spectra in the 1-50 GeV/nucleon range as their atomic number (Z) increases.
Additionally, it seeked to address the decrease in energy of the secondary to primary ratios. The
Leaky Box model represented a substantial improvement over the older "slab" model, which
was prevalent at the time. The slab model assumed that all CRs cross a fixed ISM thickness
during their journey from their source to Earth. While this model provided reasonable explana-
tions for the production of secondary light elements (Li, Be, B) through spallation of medium
elements (C, N, O), it failed to explain the abundance of heavier nuclei. If all CRs had indeed
passed through the same average grammage, these heavier nuclei would have been significantly
depleted. In contrast, the Leaky Box model posits that CRs experience an exponential distribu-
tion of path lengths during their journey. Consequently, numerous particles have traversed much
shorter paths than the average (Jones et al., 1990).

In this model, CRs are postulated to originate from specific sources within the Galaxy and
subsequently propagate through the ISM. It is assumed that the magnetic field confines CRs
to the Galactic disk, and they can escape this confinement through a process called "leakage."
Moreover, the model incorporates the idea that CRs undergo energy losses due to interactions
with the ISM and can potentially be reaccelerated by shocks occurring within the ISM. The inner
confinement box, surrounding the source, is presumed to have an energy-dependent lifetime,
whereas the outer box, corresponding to the ISM, is assumed to be independent of the CRs
energy (Gabici et al., 2019).

5.3.1.1 CRs in the Galactic disk

The total energy from CRs within the Galactic disk can be roughly estimated as Wcr ≈
1055 erg. To maintain a steady state, Galactic sources must inject CRs into the galaxy at a
rate of Pcr ∼ Wcr/τres. Here, τres signifies the residence time of CRs within the disk, where the
CR sources are primarily situated. The estimation of the residence time τres is closely linked to
distinctive patterns found in the chemical composition of CRs. This includes the notable excess
of light elements (Li, Be, and B), as well as sub-iron elements (Sc, Ti, V, Cr, and Mn). This unu-
sual composition can be explained by the fact that these elements are mainly secondary CRs,
produced through spallation reactions between primary CR nuclei and the ISM.

By using known spallation cross-sections and CR secondary-to-primary ratios, such as the
B/C ratio, it is possible to deduce that GeV CRs must accumulate a grammage of approximately
X ≈ 5 g.cm−2 (Zweibel, 2017) during their residence in the disk. Given the typical density of the
interstellar medium nISM ∼ 1 cm−3, this translates to a residence time within the Galactic disk,
τres, on the order of a few 106 yr. Using the estimate of the residence time in the disk, it is feasible
to calculate the CR power of the Galaxy, which is approximately PCR ∼ 1041 erg.s−1 (A. Strong
et al., 2010). This suggests that a supernova explosion with a rate of 3 per century (0.03 yr
×1051 erg ≈ 1042 erg.s−1) could potentially provide the necessary energy for CR acceleration.
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The residence time of CRs corresponds to a path traveled by the particles, roughly equivalent
to λ = τres, c ∼ 1 Mpc. This significantly exceeds both the radius and thickness of the disk. To
reconcile these numbers, it is plausible to assume that CR motion within the disk is diffusive.

5.3.1.2 Radioactive clocks

Another significant constraint on CR propagation within the Galaxy emerges from the exami-
nation of unstable secondary particles, such as the radioactive isotope 10Be. This isotope proves
to be particularly suitable for these investigations because its decay time, τ(10Be) ∼ 1.4×106 yr,
is of the same order as the CR residence time in the disk, τres.

During CR spallation reactions in the disk, 10Be is generated together with stable Be isotopes.
The decay of 10Be implies an observed 10Be/Be ratio that is lower than the production ratio by
a factor of ≈ τ(10Be)/τesc, where τesc is the CR escape time from the Galaxy. The measured
10Be/Be ratio suggests that τesc ∼ (10 − 20) × 106 yr, a duration significantly longer than the
residence time of CRs in the disk, τres.

This apparent inconsistency is resolved by postulating that CRs are diffusively confined wi-
thin a magnetised Galactic halo, which encompasses a much larger volume than the disk. Spal-
lation reactions are significantly reduced while CRs reside in the low-density medium of the
halo. The grammage is mostly accumulated by CRs during repeated transits through the thin
gaseous Galactic disk.

5.3.1.3 Secondary-to-primary ratio

Considering a source rate Qa(E) for a specific species a, the equilibrium rate is :

Qa(E) =
Na(E)
τc(E)

+
Na(E)
τesc(E)

(5.27)

Where τc(E) denotes the catastrophic loss timescale by fragmentation or annihilation and τesc(E)
is the escape timescale. Na(E) represents the quantity of species a injected at the source. Consi-
der a CR species denoted as s, which is entirely secondary in origin (for instance, boron), and
is primarily generated in spallation reactions involving a heavier CR species p, which is predo-
minantly primary (e.g., carbon). The production rate of species s can be expressed as follows :

Qs(E) = Np(E) nISM σp→s(E)v(E) (5.28)

Where nISM represents the ISM gas density, σp→s(E) the production cross-section of s, and v(E)
the velocity of CRs. Supposing that secondary particles can annihilate to a tertiary particle t :

Ns(E)
τc(E)

= Ns(E) nISM σs→t(E)v(E) (5.29)

The Eq.5.28 can therefore be written as :

Np(E) nISM σp→s(E)v(E) = Ns(E)[nISM σs→t(E)v(E) + τ−1
esc(E)] (5.30)
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Thus, the ratio of secondary to primary is :

Ns(E)
Np(E)

=
σp→s(E)

σs→t(E) + X−1(E)
(5.31)

With the "grammage" X(E) = nISM v(E) τesc(E). The secondary-to-primary ratio is therefore
directly proportional to the "grammage" and to the escape time Ns/Np ∝ X ∝ τesc. Within
the box, the "grammage" is accumulated over a time period τesc ∼ H2/κ where H and κ are
respectively the thickness of the halo and the diffusion coefficient. Consequently, the secondary-
to-primary ratio is inversely proportional to the diffusion coefficient Ns/Np ∝ κ−1.

Figure 5.2 : Simulation by (Luo et al., 2023) in black curves compared to different data measu-
rements by AMS-02, DAMPE and CALET.

Observations show that the secondary-to-primary ratio has a roughly power-law decrease
according to Ns/Np ∝ E−δ which means that the diffusion coefficient is κ(E) ∝ Eδ. Observations
show that CRs are produced at the sources with a specific spectrum index but arrive on Earth
with another one because of the diffusion. Best-fit parameters from various analyses of CR and
γ-ray data for rigidity at a few GV suggest values of δ ∼ 0.3 − 0.6 and κ ∼ 1028 − 1029 cm2s−1

(A. W. Strong et al., 2007). The measurements of AMS-02 show that the B/C ratio exhibits a
spectral index of −0.333 ± 0.014 (stat) ± 0.005 (syst) between the rigidity 65 GV and 2.6 TeV
(Aguilar et al., 2016).

Figure 5.2 shows the B/C ratio data obtained by AMS-02 (Aguilar et al., 2018), CALET
(Adriani et al., 2022) and DAMPE (Dampe Collaboration, 2022). The black curves are obtained
by the simulation of Luo et al. (2023) using DRAGON and supposing a double structure of the
halo. The inner one near the disk has a high level of turbulence and a low diffusion coefficient
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because of the proximity of numerous SNRs. The outer one is characterised by a larger diffusion
coefficient. Their result fits well the data, but according to the calculations of Armillotta et al.
(2022) for self-confinement of CRs, the diffusion coefficient must be 10 to 100 times larger near
the disk than in the halo.

5.3.1.4 Diffusion coefficient

Figure 5.3 : Representation of the 2D Leaky Box model from Ptuskin (2012). It is characterised
for having a disc region of 2h thickness and a magnetised halo region over and
below the disc, with H the half-thickness

Let us consider a simple diffusive propagation with all CR sources in the disc of radius Rd

and thickness 2h. The sources are mainly due to SN remnants with an explosion rate RS N per
unit time. The Leaky box model contains a halo with a thickness H above and below the disk.
The transport equation of a species a propagating in the box is :

δna(E,−→r , t)
δt

= ∇[κa(E)∇na(E,−→r , t)] − Γ sp
a na(E,−→r , t) + Na(E)δ(t − tsource)δ3(−→r − −−−−→rsource) (5.32)

On the right hand side of the equation, the first term represents the diffusion, the second one is
the spallation with spallation rate Γ sp and the last one is the injection term.

To solve this transport equation we first put the boundary condition na(E, z = ±H) = 0. We
then consider the simpler case limited to protons, hence without spallation. If H << Rd, the CR
density reaching Earth is :

nCR(E) =
N(E) RS N

2 H πR2
d

H2

κ(E)
(5.33)

where H πR2
d is the volume explored by the particles, H2/κ(E) is the diffusion time. This so-

lution shows that the CR spectrum softens during propagation because the diffusion coefficient
increases with energy.
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5.3.1.5 Model limitations

The precise data collected by the AMS-02 experiment (Aguilar et al., 2016, 2018) challenges
some of the historical results discussed above. We saw that primary CR fluxes are softened after
propagation and should scale as Φp ∝ R−α−δ with α and δ the source and the diffusion spectral
indexes, respectively. Secondary CRs should be even softer with Φs ∝ R−α−2δ, so the secondary-
to-primary ratio is expected to provide direct insights on the diffusion coefficient spectral index,
Φs/Φp ∝ R−δ. But, Batista et al. (2019) showed that this simplified scenario is questionable
because inelastic collisions with ISM play an important role up the TeV domain. They cannot
be neglected and imply that the spectral slope of the B/C ratio is not constant.

Furthermore, recent AMS-02 data (Aguilar et al., 2023) show that the fluxes of CR elements
considered so far as pure primaries, such as S, Ne, Mg, and C, in fact include sizeable secondary
components. Moreover, the secondary contribution to the "primary" flux depends on the odd
or even Z number of the element. The carbon, always thought as a pure primary CR, is well
described by the weighted sum of the primary oxygen flux and the secondary boron flux ΦC =

0.84ΦO + 0.67ΦB. In the carbon flux, the primary fraction goes from 80 ± 1% at 6 GV to
96 ± 0.5% at 2 TV. Therefore, one must consider the non-negligeable secondary component of
C when using the B/C ratios in CR propagation models.

5.3.2 Simulation models

It is really difficult to have full MHD simulations of the ISM combined with the interactions
of CRs with Alfvén waves. An exact solution for the propagation of Galactic CRs can only be
obtained by assuming severe simplifications like what was earlier done in the Slab and Leaky
Box models. Another employed technique is the Monte Carlo method (Batista et al., 2019). This
method is frequently used for ultra-high-energy CRs, but presents challenges when applied
to Galactic CRs. This difficulty arises from the need to individually track a large number of
particles to achieve small statistical errors and to account for the complex interactions within
the entire network of nuclei. This computational demand makes it less practical for Galactic
CR studies. Solving the propagation equations can be achieved through numerical simulations,
such as GALPROP (A. W. Strong & Moskalenko, 1998), Usine (Maurin et al., 2001), DRAGON
(Evoli et al., 2008), or PICARD (Kissmann, 2014). These models describe both CR transport
and its implications concerning secondary particles and radiation (Amato & Blasi, 2018).

In the USINE package (Maurin et al., 2001), the propagation equation is solved in a semi-
analytical way. This code handles partial derivatives related to spatial coordinates analytically
(Webber et al., 1992), while those tied to energy coordinates are resolved through numerical
integration. Its primary advantage lies in its speed compared to other existing propagation codes.
However, it achieves this speed by requiring simplified problem formulations and geometries.
The code is implemented in C++ and further technical details can be accessed at https://
dmaurin.gitlab.io/USINE/.

The GALPROP code (A. W. Strong & Moskalenko, 1998) has been publicly available since
the 1990s and remains one of the most widely used codes in the field [https://galprop
.stanford.edu/]. It is primarily written in C++ with some incorporated FORTRAN-77 rou-
tines. New solvers of the transport equations have recently been implemented (Porter et al.,
2022) and the code includes a 3D spatial density model for neutral and molecular hydrogen
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which has been constructed from Hi and CO line-survey data (Jóhannesson et al., 2018). The
code also includes ionised gas and energy density distributions of the CMB, infrared, and radio
radiation fields. A significant contribution from the GALPROP team is the detailed paramete-
risation of nuclear spallation cross-sections, which is frequently updated to enhance the accu-
racy. Various CR source distributions in the Galactic disc are available. The code can calculate
steady-state solutions as well as follow fluctuations from ensemble of discrete sources in space
and time (Porter et al., 2022). To ensure the convergence of the simulation, the time-integration
steps are crucial. Very small time-steps can lead to simulations lasting for years. That is why
the control of time-steps is managed through the configuration file.

More recently, the DRAGON (Diffusion of cosmic RAys in Galaxy modelizatiON) team
[www.dragonproject.org] has introduced a new propagation code (Evoli et al., 2008). It
resembles GALPROP, but was designed to offer more flexibility. It enables anisotropic propa-
gation, incorporates 3D spatial structures, and provides options for customising cross sections,
magnetic-field details, and gas and source distributions. The code is primarily written in C++,
with supplementary FORTRAN routines available for nuclear interactions. DRAGON has fa-
cilitated innovative studies, including the analysis of lepton spectra within spatial arm struc-
tures for source distribution, investigations into the origin of antiprotons related to dark matter,
studies of CR gradients with anisotropic diffusion, and the production of neutrino and γ-ray
emissions at very high energies. The most recent release of DRAGON, known as DRAGON2
(Evoli, Gaggero, et al., 2018), continues to evolve, aiming to comprehensively address the in-
tricate processes associated with Galactic CRs and the secondary emissions generated during
their propagation across a wide energy spectrum.

The latest publicly available code is PICARD (Kissmann, 2014), which was introduced
around 2013 [https://astro-staff.uibk.ac.at/~kissmrbu/Picard.html]. PICARD
aims for high resolutions while maintaining reasonable computational demands. It accomplishes
this using fully 3D implementations and accounting for anisotropic diffusion. Similar to DRA-
GON, PICARD incorporates standard time-step sizes within the code. These time steps are
progressively reduced until the smallest one is reached, which should accurately reflect the cha-
racteristic time scale of the specific problem under consideration.

Figure 5.4 shows different values obtained for the average isotropic CR diffusion coefficient
using the DRAGON2, GALPROP, and USINE codes to explain the available direct and indirect
CR data. Whereas the codes converge on the energy dependence of the diffusion coefficient,
they diverge on its absolute value.
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Figure 5.4 : Different fits of the diffusion coefficient values obtained by the different simulations
using DRAGON2, GALPROP and USINE. (Nuñez-Castiñeyra et al., 2022)
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Chapitre 6
γ-ray emissivities in local clouds

The Solar System is located within the Local Bubble represented by a polygon at the center
of Fig.6.1. This bubble, formed by several supernova explosions, is located within a wide low-
density gas valley, delimited by two walls of massive atomic and molecular clouds.

Figure 6.1 : 3D gas distribution at few hundreds of parsec around the Solar System. The central
polygon is the Local Bubble in which the Solar System is located. The colored Oz
axis gives the altitude relative to the Galactic plane. The coloured arrows represent
the directions where γ-ray emissivity measurements have been made in nearby
clouds. (Grenier et al., 2015)

Different nearby clouds have been studied in γ rays in a variety of directions depicted by the
coloured arrows in Fig.6.1. By measuring the Hi column density in each of these local clouds,
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γ-ray emissivities per gas nucleon have been estimated according to Eq.4.11. Some of these
γ-ray emissivities are shown in Fig.6.2a. It is noticed that the emissivity spectra in these clouds
have the same shape and almost the same value. The black spectrum represents the average of
emissivity found in the Hi gas between 10◦ and 70◦ in Galactic latitude and is called the Local
Interstellar Spectrum, qLIS (Casandjian, 2015). From these observations, one can conclude that
there is a fairly large spatial and spectral uniformity in the distribution of CR nuclei over a few
hundred parsecs around the Solar System.

(a) The γ-ray emissivity multiplied by the square
of the photon energy as a function of the γ-ray
energy. The coloured curves relate to different
nearby cloud complexes (Grenier et al., 2015).
The black curve is the average γ-ray emissivity,
qLIS, found for the atomic gas between 10◦ and
70◦ in Galactic latitude (Casandjian, 2015).

(b) The spectral intensity of cosmic protons and al-
phas, multiplied by the momentum squared, as
a function of momentum per nucleon. The dif-
ferent colors represent data from different par-
ticle detectors. The black curve is obtained from
the average emissivity qLIS and its ±1σ disper-
sion is plotted in grey. (Grenier et al., 2015)

Figure 6.2

Using the cross sections of hadronic p-p interactions (Kamae et al., 2006), interstellar atom
abundances, and corrections factors for heavier nucleus-nucleus interactions (Mori, 2009), the
qLIS emissivity can be translated into a CR spectral intensity as a function of particle momen-
tum per nucleon. The result is represented in Fig.6.2b by the black curve and its ±1σ dispersion
in grey. This allows to compare the direct observations of the cosmic proton flux in the Solar
System with the indirect observations a few hundred parsecs away. There is a great similarity
between the two spectra at high energies, where the solar modulation is negligible. At low ener-
gies, the spectrum obtained by direct observations is strongly attenuated by solar modulation.
It suggests that the CR flux reaching the Sun is consistent with the flux penetrating the local
clouds. This comparison is more discussed in the next chapter.

Since the previous plots, γ-ray emissivity measurements in the Orion-Eridanus superbubble
have been added (Joubaud et al., 2020). Updated plots are shown in Fig.6.3. It is important
to note that they all have been derived using the same analysis methodology, including DNM
extraction. We can see that numerous clouds exhibit emissivities close to the average qLIS. The
small differences can be due to uncertainties in the derived Hi gas mass, but several start to
show more significant deviations (Chamaeleon, Eridanus West, and Eridu). The small Eridu
filamentary cloud located just outside the Orion-Eridanus superbubble stands out at the firmest
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Figure 6.3 : γ-ray emissivity spectra multiplied by the square of the photon energy in a selection
of nearby clouds. The grey band shows the average γ-ray emissivity, qLIS, found for
the atomic gas between 10◦ and 70◦ in Galactic latitude (Casandjian, 2015).

case of CR deficit, with a 34% deficit compared to the local average, which cannot be attributed
to gas mass estimate problems. The lowest possible Hi gas mass still yields an emissivity (hence
CR flux) 25% below the local average (Joubaud et al., 2020).

Figure 6.4 compares the integrated γ-ray emissivity in the 0.4-10 GeV band of local clouds
as a function of their height above or below the Galactic plane. The two curves represent two
different models of CR propagation in the ISM. Even today, no model is conclusive. The grey
rectangle represents the ±1σ dispersion in γ-ray emissivity around the mean emissivity found
below 300 pc. We can see that the Eridu cloud, at an altitude between 200 and 250 pc, stands as
an outlier. In the next chapter, we will compare the CR flux in Eridu to that in our Solar System.
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Figure 6.4 : The γ-ray emissivity of atomic clouds as a function of their absolute altitude with
respect to the Galactic plane. The two curves represent the decline expected from
two CR propagation models. The grey rectangle represents the ±1σ dispersion of
γ-ray emissivities obtained around the mean emissivity calculated at altitudes less
than 300 pc. (Joubaud et al., 2020)
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Chapitre 7
The CR flux in Eridu and near the Solar
System

7.1 The Eridu cloud

The Eridu cloud is often called the Eridu cirrus because it is a very diffuse and elongated
cloud with a filamentary structure. It lies outside the edge of the Orion-Eridanus superbubble,
at a distance of 200 or 300 pc from the Sun, which we have investigated again in the present
work. As mentioned above, the cloud exhibits a puzzingly low γ-ray emissivity compared to the
local average and compared to the standard emissivity found in the neighbouring shell of the
Orion-Eridanus superbubble (Joubaud et al., 2020).

Eridu is composed of pure atomic Hi gas. There no evidence of molecular gas inside the
cirrus. The Hi column density ranges between 1 × 1021 and 5 × 1021 cm−2 along the core of the
cloud. We will show in this work that the volume densities do not exceed 10 cm−3 along the
core.

Figure 7.1 shows the Hi column density map of Eridu cirrus (delimited by the magenta
contour) and part of the shell of the Orion-Eridanus superbubble (in brown contour). The orien-
tation of the magnetic field in the plane of the sky, Bsky, inferred from dust polarisation, is shown
as black lines. It can be observed that the cirrus magnetic field lines do not follow those of the
superbubble, nor those of the low-latitude Galactic field which are parallel to Galactic plane.
The field lines in Eridu appear to be inclined with respect to the Galactic plane and to point at
45◦ from the Galactic south pole.

Leike et al. (2020) used stellar data from the Gaia-DR2, ALLWISE, PANSTARRS and
2MASS surveys to model dust extinction and generate a 3D map of dust clouds within approxi-
mately 400 pc from the Sun, achieving a spatial resolution of 2 pc. The precise positions of stars
provide accurate constraints on the distances to well defined clouds and their dust densities.

Figure 7.2 presents cuts of the 3D dust distribution within 20-pc-wide intervals, covering
distances from 150 to 350 pc. The shape of the Orion-Eridanus shell can be recognised near
200 pc in the upper part of the figures, at latitudes around -50◦. The general shape and position
of the Eridu cloud is much less certain. No dust excess is seen in its direction up to ∼250 pc. An
inclined excess appears at larger distances that could relate to the cirrus at distances of 270-330
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Figure 7.1 : Silhouette of the
Eridu cirrus in magenta and the
edge of the Orion-Eridanus su-
perbubble in brown. The co-
lumn density NHI increases
from green to yellow. The
black curves show the orienta-
tion of the Bsky field inferred
from dust polarisation measure-
ments. (Joubaud et al., 2020)
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Figure 7.2 : Maps showing the integrated G-band extinction optical depth within 20 pc-wide in-
tervals in distance from the Sun, directed towards the Orion-Eridanus region. They
are based on data derived from the 3D distribution presented by Leike et al. (2020).
The dust cloud which extends predominantly horizontally at a galactic latitude of
approximately -50◦ and spans distances ranging from 160 to 260 pc corresponds
to the boundary of the Orion-Eridanus superbubble. The black contours outline the
Eridu Hi cloud. The distance ranges are indicated in each map. (Kamal Youssef &
Grenier, 2024)

pc, but an extension of the 3D cube to larger distances would greatly tighten this estimate.
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7.2 The CR flux in Eridu

Figure 6.4 shows that nearly all the local clouds have a γ-ray emissivity compatible with the
mean one and its ±1σ dispersion, except for the Eridu cloud at a height around 200 pc. This
cirrus shows a remarkable loss of γ-ray emissivity compared to the other clouds. Given that
the observed γ-ray intensity scales as Iγ =

∫
ncr ngas dLsight, an increase in gas volume density

corresponds to a decrease in CR flux in the cloud. The minimum Hi column densities in the
cloud can be obtained by considering that the gas is optically thin to Hi radiation, but, in this
case, the γ-ray emissivity estimate in Eridu still remains 25% below the local average one.
Therefore, this loss cannot be explained by an uncertainty in the Hi gas mass.

Moreover, it is unlikely that the loss relate to the penetration of CRs into the cloud. That
is because Eridu has a lower gas column density compared to more massive local clouds that
exhibit a larger γ-ray emissivity. The particles probed with the Fermi-LAT observations have
energies above a few GeV and should be able to penetrate and diffuse through the cloud without
any problem (Everett & Zweibel, 2011). These authors have studied the evolution of the CR
pressure within a diffuse cloud, where the gas and magnetic field conditions are similar to those
found in the Eridu cirrus. They found that the Alfven wave pressure increases by nearly two
orders of magnitude at the cloud’s periphery due to the growth of the streaming instability which
considerably reduces the CR velocity in the cloud. But the particle density at 1 GeV/nucleon
only decreased by about 5% within the cloud and higher energy particles would be even less
affected even though they used a gas density of 100 cm−3 that is ten times larger than those in
Eridu. Consequently, a drop of 34% would necessitate a magnetic field intensity significantly
larger than that indicated by the Planck polarisation in the Eridu cloud (Joubaud et al., 2020).

Another potential explanation for the CR loss relates to the magnetic field orientation of the
cirrus that points towards the Galactic south pole. CRs propagate more easily along the field
lines than perpendicular to them. It is possible that the magnetic configuration of the cirrus
directs the CRs towards the Galactic pole. We have further investigated this possibility in the
present work.

Before seeking the cause of the CR loss in Eridu, we have examined how the spectrum of
cosmic nuclei (primarily protons and alphas) deduced from the γ-ray measurements compares
with the spectrum measured near/in the Solar System.

7.3 A loss of cosmic rays?

We aim to compare direct CR observations near the Solar System with the γ-ray emissivity
of local clouds and, in particular, of the Eridu cloud in order to investigate the origin of its CR
deficit. To calculate the γ-ray emissivity to be expected from the Solar System CR spectra, we
need the hadronic cross-sections at the desired interval of energy.

7.3.1 CR flux in the Solar System

Low-energy CRs encounter difficulty penetrating the Solar System due to the magnetic struc-
ture of the heliosphere and of the expanding solar wind. Through the study of plasma physics,
solar magnetic fields, and solar winds, several models have been developed to demodulate the

107



Figure 7.3 : The demodulated proton and He spectra (black dashed lines) in comparison with
available data. The red lines show the modelled spectra for the modulation levels
that correspond to the periods of data taking. (Boschini et al., 2020)

solar wind’s effect on the incident flux of CRs. These models have allowed to connect the un-
modulated CR spectra directly measured at high energies with the low-energy spectra captured
by the Voyager probes just outside the heliosphere. One of these models has been developed by
Boschini et al. (2020). Figure 7.3 shows the comparison between the Boschini model (demodu-
lated in black and modulated in red) and the high-energy CR data obtained by different particle
detectors for the proton and helium spectra. The Boschini model also matches the Voyager data
at low energy as shown in Fig.7.4. The open circles in the proton and helium spectra are updated
Voyager 1 data posted on the NASA page1.

We note R = pc/Ze the rigidity of CRs based on their momentum p, atomic number Z, c the
speed of light, and e the elementary electron charge. The Boschini et al. (2020) code (HelMod)
provides CR intensity spectra in rigidity :

JR[m−2s−1sr−1V−1] =
dNCR

dS dt dΩ dR
(7.1)

Where dS , dt, dΩ and dR are the elements of surface, time, solid angle, and rigidity in Volts.
Using the total relativistic energy of the particle E = mc2 + Ek =

√
(pc)2 + (mc2)2, we establi-

1https ://voyager.gsfc.nasa.gov/spectra.html
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Figure 7.4 : The Boschini model, in dashed lines, compared to the Voyager 1 data, in filled
circles (Cummings et al., 2016)). Updated Voyager 1 data are also shown for H
and He, in open circles, taken from 1st of September 2012 to 13th of November
2019. The elements are sorted by approximate amount of primary contribution :
first group is mostly primary, second one with significant primary contribution, and
third one is mostly secondary. (Boschini et al., 2020)

shed a connection between rigidity R and the kinetic energy Ek of the particle :

dR
dEk
=

E
Z2e2R

(7.2)

Through the transformation shown in eq.7.2, we have computed the intensity of CRs as a func-
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tion of the kinetic energy of incident particles, JEk :

JEk[m
−2s−1sr−1eV−1] =

JR

Ze
[1 +

m2c4

Z2e2R2 ]1/2 (7.3)

The volume density of CRs with velocity βc is obtained by :

ncr(Ek) =
dNcr

dVdEk
=

4π
βc

JEk (7.4)

We have used the CR spectra provided for nuclei up to Z = 28.

7.3.2 Cross sections

The cross-sections for hadronic interactions of cosmic nuclei with interstellar gas are pro-
vided by several models. In this thesis I have used and compared the Kamae parametrisation
published in Kamae et al. (2006), the Kachelrieß matrices based on the QGSJET-II-04m si-
mulations (Kachelrieß et al., 2019), and the matrices obtained with the FLUKA simulation by
Mazziotta et al. (2016).
Kamae et al. provided cross sections up to 512 TeV and Kachelrieß and Ostapchenko (2012)
advise to use his QGSJET-II-04m model for energies above 30 GeV and not below 12.5 GeV.
Given that the γ-ray emissivity measurements typically probe CRs with energies between 1 and
500 GeV, we need to combine the Kamae cross sections with the QGSJET-II-04m ones.

7.3.2.1 Kamae vs Kachelrieß

Kamae et al. calibrated their model using data available in 2006, while Kachelrieß et al. used
the new LHC data, especially from the LHCf, LHCb, and NA61 experiments. The Kachelrieß
et al. model does not extend to very low energies, being limited to 3 GeV and 1.27 GeV for the
proton and helium kinetic energy respectively.
Following the advices by Kachelrieß and Ostapchenko (2012), we have restricted the use of the
QGSJET matrices to kinetic energies above 30 GeV/n. In contrast, the Kamae et al. model can
reach down to 0.49 GeV for the proton, which is useful for our calculations. A detailed compa-
rison between the two codes is presented in Table 7.1.

The cross sections σ, in mbarn, obtained by these two codes are in the form of :

∆σ(Ek, Eγ)
∆log(Eγ)

= σ(Ek)
dNγ

d(logEγ)
(7.5)

They represent the cross-section as a function of the CR kinetic energy, multiplied by the pro-
bability of emitting a photon at each γ-ray energy. For the calculation of the γ-ray emissivity,
we perform the following transformation :

σ(Ek)
dNγ

dEγ
=
σ(Ek)

Eγ

dNγ

d(logEγ)
in [mbarn /eV] (7.6)
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Kamae Kachelriess

year of publication 2006 2019

Based on LHC data No Yes

Incident particles p p, He, Fe, C, Al

Target particles p
p, He (for incident p and He),

C (for incident p)

Secondary particles
γ, e− e+

νe, νe, νµ, νµ

γ, e− e+

νe, νe, νµ, νµ

pp, nn

Kinetic energy range

of the incident particles
0.49 GeV – 512 TeV

p : 3 GeV – 4.1020 eV

He : 1.27 GeV – 4.1020 eV

Others : 1 TeV – 2.1018 eV

Table 7.1 : Comparison between the cross sections of the hadronic interactions between CRs
and the interstellar gas, obtained by the Kamae and Kachelrieß codes.

Figure 7.5 : Comparison of the cross-sections provided by the parametrisation of Kamae et al.
(solid lines) and those obtained by QGSJET’s model (dashed lines) as a function
of the γ photon energy.
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The cross-sections obtained by the parametrisation of Kamae et al., σKamae, and the QGSJET
one obtained by the code of Kachelrieß et al., σQGSJET, are shown in Fig.7.5 as solid and dashed
lines respectively. At low total proton energy, the peak of σKamae exceeds that of Kachelrieß, but
it is the opposite at high energy.

I would like to note that the parameters published in Table 3 of Kamae et al. (2006) were not
all correct. The correct ones are presented in Fig.7.6.

Figure 7.6 : Correction of the parameters provided by Kamae et al. for the p+p→ γ interaction,
presented in Table 3 of Kamae et al. (2006).
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7.3.2.2 Cross-calibrating and combining cross-sections

To obtain cross-sections at low energy, it is necessary to use the σKamae parametrisation. They
must, however, first be adjusted to match the values of σQGSJET to align with the latest LHC
data. The Kamae et al. parametrisation addresses the proton-proton (p-p) interaction yielding γ
photons :

pCR + pIS M −→ π0 −→ 2 γ (7.7)

We calculated the mean σKamae to σQGSJET ratio over the 30 − 100 GeV/n of CR proton kinetic
energy. We have then created a new matrix of p-p cross-section with the rescaled σKamae one
from 0.49 to 30 GeV/n and the QGSJET p-p matrix above 30 GeV/n.

For CRs heavier than protons, we have noticed that the QGSJET cross-sections, when expres-
sed per nucleon-nucleon interaction and in kinetic energy per nucleon, closely followed the p-p
one in shape and values. We have therefore applied the same method to scale σKamae to the seven
different interactions given by the QGSJET matrices. The results of the final combinations are
presented in Fig.7.7.

Figure 7.7 : log(dσ/dEγ/Nnuc) in mb/eV from the combination of Kamae et al. (2006) and Ka-
chelrieß et al. (2019) cross-sections for different hadronic interactions of cosmic
nuclei with interstellar gas.
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7.3.2.3 Calibration of different interactions

Before the publication of the cross-sections by Kachelrieß et al. in 2019, coefficients known
as the Mori factors (Mori, 2009) were used to estimate the cross-sections of various interactions
based on the p-p one. The problem is that the Mori factors were produced for a given value of
Ekp , so they don’t vary with energy.

Using the QGSJET matrices for the seven interactions presented in Fig.7.7, we can infer
the cross-sections for all the other CR nuclei interacting with interstellar hydrogen and helium.
To do so, we have interpolated the combined cross-sections, Kamae+QGSJET, with respect to
log(A) where A is the mass number of the incident CR nucleus. The results for the 30 interac-
tions are shown in Fig.7.8.

Figure 7.8 : log(dσ/dEγ/Nnuc) in mb/eV from the combination of Kamae et al. (2006) and Ka-
chelrieß et al. (2019) cross-sections for different hadronic interactions of cosmic
nuclei with interstellar gas.

It is also essential to consider the abundance of elements in the interstellar medium. The lo-
garithmic abundance of an element is defined relative to hydrogen, in volumetric density, as
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log10(nX/nH) + 12. The abundance of helium is 10.93 ± 0.01 (Asplund et al., 2009) correspon-
ding to a density ratio nHe/nH = 8.51 ± 0.093 %.

7.3.3 γ-ray emissivity

To calculate the γ-ray emissivity, it is first necessary to compute the Qγ source function. We
assume that the cloud has a volumetric gas density nH and is permeated by a CR flux at the
velocity βCRc. Therefore, the γ-ray source function is given by :

Qγ =
dNγ

dV dt dEγ
= nH c

∫ ∞

Ek>Eγ
βCR(Ek) nCR(Ek)

[
σ(Ek)

dNγ

dEγ

]
dEk (7.8)

The isotropic γ-ray emissivity per gas atom is equal to :

qγ(Eγ) =
Qγ

4π nH
[γs−1sr−1eV−1] (7.9)

The results are published in the paper presented in the next section.

7.4 First Paper (2021)

In the first article, presented in this section, we compare the CR nuclear spectra obtained from
various demodulation models. We also present the different models of cosmic electron demo-
dulation, because these particles contribute to bremsstrahlung radiation to the γ-ray emissivity
at low γ-ray energies.

We then obtain two different γ-ray emissivity curves using two distinct cross-sections : the
combined Kamae+QGSJET one and the Fluka one. We conclude unfortunately that the present
uncertainty associated with these cross-sections prevents us from deciding whether the low CR
flux pervading the Eridu cirrus is consistent or not with the flux reaching the Sun.
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Most of the Galactic interstellar W rays observed by Fermi LAT in the 108-1011 eV band
originate from nuclear interactions between cosmic rays (CR) and interstellar gas. Below 300 MeV,
electron bremsstrahlung radiation also contributes to the gas emission, but is difficult to separate
because of source confusion given the LAT angular resolution at low energy. Above 300 MeV, the
W-ray emissivity spectra obtained per gas nucleon in different nearby clouds show a rather uniform
distribution. The sample shows less than 30% variations in amplitude and the same spectrum
across the W-ray band (see Figure 4a of [1]). Those measurements were made in clouds within a
few hundred parsecs from the Sun and at low altitude in the disc (|I | . 100 pc). They were made
in the atomic phase of the gas where the mass threaded by CR can be directly estimated, unlike in
the molecular phase. Yet residual systematic uncertainties due to self absorption of the Hi lines
in the densest atomic parts can limit the interpretation of amplitude variations in W-ray emissivity.
Claims of significant CR variations in flux or spectrum in the local interstellar medium (ISM), [e.g.
2, 3], have severely overlooked interstellar complications (cloud confusion along sightlines, non
uniform conversions of CO line intensities to H2 column densities, masses of optically-thick Hi and
CO-dark H2, severe non-linearities in the use of dust optical depths to trace the total gas, etc). The
CR homogeneity near the Sun was, however, significanty challenged by the study of the light Eridu
Hi cirrus, at a height of 200–250 pc below the Galactic plane, which presents a 34% lower W-ray
emissivity, but similar spectrum, than the local ISM average [4]. This emissivity is at variance
with the dispersion seen among other nearby clouds and with the CR flux decline expected towards
the halo (see Figure 13 of [4]). The emissivity of the Eridu cirrus was compared to the average
[15] found in the atomic gas at latitudes 10◦ ≤ |1 | ≤ 70◦ which span distances to typically 1 kpc.
Here we compare the Eridu emissivity to more local measurements, i.e. to the local interstellar
spectra (LIS) of CR incident on the heliosphere, and to emissivities in specific clouds that outline
the contrasted structure of the local ISM.

1. Hadronic and bremsstrahlung cross sections

The W-ray yields produced by inelastic interactions between different CR and gas nuclei have
been calculated with the FLUKA simulation package [5] and, alternatively, with a combination of
the QGSJET-II-04m model [6] and of the "Kamae" parametrisation for p-H interactions [7]. We
refer to these calculations as ’FLUKA’ and ’K+QGSJET’, respectively. The FLUKA simulation has
been benchmarked with a large set of experimental data collected in accelerator experiments and it
notably includes prompt pion production as well as secondary production from short-lived particles
in the nuclear interaction. We have produced cross sections for the main p-H, p-He, He-H, and
He-He interactions. The results of the QGSJET-II-04m model have been tuned to LHCf, LHCb,
and NA61 data at kinetic energies of tens to hundreds of GeV. Following [8], we have restricted the
use of the QGSJET matrices provided in [6] to kinetic energies �: > 30 GeV per nucleon and we
have scaled the Kamae matrix to the QGSJET ones in the 30 ≤ �: ≤ 100 GeV/n range. To extend
the QGSJET matrices at lower energies for CRs heavier than protons, we have exploited the fact
that these cross-sections, when expressed per nucleon-nucleon interaction and in kinetic energy per
nucleon, closely follow the p-H one in shape and values. The resulting nuclear enhancement factors
vary with both the nucleon and photon energies. They agree to better than 10% with the Mori
DMPJET-3 estimates [9] in the 10-1000 GeV/n range for 1 GeV photons. The agreement degrades

2



local cosmic rays Isabelle A. Grenier

Figure 1: Comparison of the W-ray yields obtained for the main p-H, p-He, He-H, and He-He interactions
with the FLUKA and K+QGSJET cross-sections assuming the same input CR spectra from [5].

at higher photon energies. [6] provides cross sections for the main p-H, p-He, He-H, He-He, C-H,
Al-H, and Fe-H interactions. Since we have solar-demodulated CR spectra for all nuclei with charge
number / ≤ 28, we have interpolated this set of cross sections (per nucleon-nucleon interaction
and in kinetic energy per nucleon) to produce matrices for the missing interactions. The FLUKA
calculations were run .

Figure 1 compares the W-ray yield obtained for the four main p-H, p-He, He-H, and He-He
interactions with the FLUKA and K+QGSJET sets of cross-sections, assuming the same input CR
spectra from [5]. The maximum deviations reach 26%, 38%, 21%, and 34%, respectively. The
higher yield from FLUKA may stem from secondary pion production from the decay of heavier
mesons, such as [, produced at intermediate energy in the interaction. Whereas the average
multiplicity primarily follows the number of nucleon-nucleon interactions in the collision, non-
linear effects occur near the c0 production threshold. They are visible in Figure 1, in particular for
the p-He interaction.

For the bremsstrahlung cross section, we have followed the formulation of [11] for electron
kinetic energies above 2 MeV, interpolating the q1 and q2 functions for hydrogen and helium atoms
from [12, table II, Hartree-Fock solution for He] onto our grid of electron and W-ray energies. We
have used the Schiff formula for heavier atoms and set the minimum Fano-Sauter value to the cross
section when the emerging W-ray energy approaches the incident electron kinetic energy.

We have restricted the choice of target gas nuclei to hydrogen and helium for hadronic produc-
tion and to H, He, C, N, O, Ne, Mg, Si, S, Fe, and Ni for bremsstrahlung radiation since those gas
components, with local interstellar abundances from [13], dominate the W-ray yield.
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Figure 2: Comparison of the local interstellar spectra (LIS), incident on the heliopause, inferred for CR
protons and helium (left, from [5, 10, 15–17]) and for all CR electrons (right, from [15, 19–21].

2. Cosmic-ray spectra near the Sun

The heliospheric propagation of CRs leads to amarked flux reduction below∼50GV in rigidity.
The LIS, incident on the heliopause, have been measured aboard Voyager 1 and 2 at kinetic energies
.700 MeV/n for nuclei and ≤74 MeV for electrons [14]. At higher energy, they have been inferred
from direct particle data taken inside the Solar System, using either the force-field approximation
for solar demodulation with a time-dependent potential [e.g. 15, 16], or solving the Parker transport
equation in a time variable configuration of the heliosphere [e.g. 10, 17, 21]. LIS estimates have
thus been obtained by purely demodulating the Solar-System data [e.g. 16, 17], by combining solar
demodulation and the W-ray emissivity of the gas in nearby interstellar clouds [15], or by combining
solar demodulation and more distant information on CR propagation in the Galaxy (W-ray and radio
maps, secondary to primary spallation ratios, antiprotons, etc) [e.g. 5, 10, 21].

The W-ray emissivity of the interstellar gas is best measured in the 0.05-30 GeV range. Figure
2 shows that the proton and helium spectra compare well in the 1-300 GeV/n band that contributes
most of these W rays. The hardening break confirmed by CALET near 200-300 GeV/n [18] was
modelled only in the ’B20’ curve shown from [10] in this set. At lower energies, the proton spectra
differ by less than 12% if we discard the low-energy part of the Casandjian (2015) spectrum which
was not constrained by Voyager data like the others. The difference in helium is more pronounced
as it varies from 45% down to 10% and up again to 20% with increasing energy across the band.
The comparison in Figure 2 shows that the addition of indirect information on propagated CRs in
the Galaxy does not strongly affect the result, the latter being largely driven by Solar-System data
and solar demodulation.

The all-electron spectrum is more uncertain, in particular at energies below 1 GeV which are
most relevant for Fermi LAT observations, even if we take into account that the two most extreme
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Figure 3: Emissivity spectra per gas nucleon for hadronic (thin black), bremsstrahlung (thin blue), and total
(thick) emission, using the FLUKA (solid) and ’K+QGSJET’ (dashed) cross sections. The emissivities are
calculated for the CR spectra found near the Solar System (LIS) in nuclei (from [10]) and all electrons (from
[19]). See Figure 2 for the other electron references. The emissivities are compared with the average found
in the atomic gas within ∼1 kpc from the Sun (left plot, shaded green, from [15]) and in the nearby clouds of
Eridu, Taurus, and Chamaeleon (right plot, from [4, 22, 23]). The shaded area for the 1-kpc average on the
left corresponds to the statistical error. For the other three clouds on the right, statistical uncertainties are
given as error bars and the impact of systematic uncertainties in the Hi mass as shaded areas.

spectra at low energy were not constrained by Voyager data. Indirect information plays an important
role to constrain the spectrum at intermediate energies as spectra brighter than the Orlando (2018)
one in the 1-10 GeV band are disfavoured by the radio and W-ray maps [19].

3. The cosmic-ray deficit in the Eridu cirrus

Figure 3 shows the W-ray emissivities one would expect in nearby clouds if the CR spectra
pervading them were the same as the LIS reaching the heliophere. For the total emissivity, we took
the input CR spectra from [10] for nuclei and [19] for all electrons. The choice of the proton and
helium spectra from [5] would yield a 10% larger emissivity. We have used the ’K+QGSJET’ cross
section to illustrate the ∼5% gain in hadronic emissivity if one includes interactions with CR nuclei
heavier than helium (see Figure 3, left). We have also used the FLUKA simulation to check that
interactions with interstellar C, N, O, Ne, Mg, and Si atoms only contribute 0.2% to the hadronic
emissivity on hydrogen and helium.

The average emissivity measured with the LAT in the atomic gas lying within about 1 kpc
around the Sun (at 10◦ ≤ |1 | ≤ 70◦) assumes a low Hi spin temperature of 140 K to partially
correct for the self absorption of the gas to the Hi line radiation [15]. Figure 3 (left) illustrates that
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the current uncertainty in the W-ray yield per nuclear interaction makes it impossible to conclude
whether the average CR spectrum measured in a 1-kpc-wide region around the Sun is comparable
or ∼25% superior to that passing the Solar System. It also shows that the bremsstrahlung radiation
represents at least 15% of the total emission at energies near 1 GeV in this region.

Figure 3 (right) compares the low W-ray emissivity found in the Eridu cirrus with measurements
in two specific nearby clouds on the one hand, and with the range of expectations from the LIS
near the Solar System on the other hand. The emissivity measurements have been obtained in the
atomic phase of the clouds, at comparable linear resolutions of 0.3-1 pc, with the same tracers
to map all gas phases, including the dark one, and the same method to model the spatial and
spectral distributions of W rays observed by the LAT. The emissivity measurement relies on the
spatial correlation between the W rays and the gas column densities in the Hi-bright phase. The
Eridu cirrus is located 200-300 pc away from the Sun and at a height of 200-250 pc below the
Galactic plane [4]. It shares with the Sun a common location in a long, rather hollow valley of
the local ISM that is surrounded by denser, star forming, molecular clouds. In order to compare
Eridu with other nearby clouds, we have selected two regions along the valley rim and toward the
same valley sector, namely the Chamaeleon complex and the main cloud of the Taurus complex.
They respectively lie at distances of (183 ± 3BC0C ± 9BHBC ) pc and (141 ± 2BC0C ± 7BHBC ) pc from
the Sun and at heights of ∼50 pc and ∼40 pc below the Galactic plane [24]. Figure 3 shows the
marked difference observed in W-ray emissivity between the light atomic cirrus of Eridu and the
more massive molecular clouds flanking the valley. Given the statistical and sytematic uncertainties
shown in Figure 3, the emissivity difference reflects a significant difference in CR flux between
clouds that are only 200 to 300 pc away from each other.

The CR flux in the Eridu cirrus appears to be half lower than in the nearby massive clouds. Gas
mass uncertainties cannot account for this large difference. The Eridu emissivity cannot exceed the
upper limit of the shaded area which corresponds to optically thin Hi gas, hence to the veryminimum
amount of Hi gas present in the cloud. Conversely, adding hidden Hi gas to the Chamaeleon and
Taurus clouds would reduce their emissivities in an energy-independent way. The shaded areas
show the magnitude of the effect when changing the cloud Hi optical thickness from the optimum
value to a much thicker case. One could further add opaque Hi clumps and diffuse CO-dark H2 gas,
but this dark phase has a different spatial distribution than the Hi-bright one and it is mapped and
included in the analyses as a separate gas component. So is the CO-bright molecular phase. The
emissivity of the Hi-bright gas is therefore not affected by the presence of the denser gas phases,
whether dark or bright, as long as their spatial distributions can be resolved and distinguished. This
is the case for the Chamaeleon and Taurus clouds [22, 23]. Doubling the Hi-bright gas mass of
the Chamaeleon and Taurus clouds to reconcile their emissivities with that of Eridu is therefore
implausible.

Because of the uncertainty in W-ray yield per nuclear interaction, it is unfortunately impos-
sible at this stage to conclude whether the CR flux reaching the Solar System is close to that of
Eridu as both lie in a low-density valley where the large-scale magnetic field is more ordered
than in the denser and clumpier clouds surrounding the valley, or whether the CR flux near the
Sun compares well with that in the massive clouds and the deficit towards Eridu is specific to its
magnetic configuration and/or height off the plane. As seen in dust polarisation toward this sector,
the magnetic field in the local valley is mostly parallel to the Galactic disc whereas the filamentary
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cirrus of Eridu stretches along a different magnetic tube that is highly inclined (at ∼45◦) toward the
South Galactic pole and halo [4]. The alignment between gas filaments and magnetic-field lines
is frequent in this type of cirrus [25], but assessing whether or not such a configuration favours a
fast CR diffusion along the filament requires detailed parsec-scale models. As argued in [4] and by
Bustard & Zweibel at this conference, the difference between the CR flux in the filamentary Eridu
cirrus and the clumpier and denser Chamaeleon and Taurus clouds is unlikely due to hampered CR
penetration into the multi-phase gas, especially at the energies above a few GeV that are sampled
by the LAT data. Moreover, the light Eridu cirrus is much less dense than the Chamaeleon and
Taurus clouds where we see CR in W rays deep into the dense molecular parts with the same
energy spectrum as in the atomic envelopes. This set of clouds therefore offers an excellent test
bed to study CR transport in different types of clouds and over short distance scales of 200 or 300 pc.

Acknowledgements: we acknowledge the financial support by the Institut Universitaire de France
and LabEx UnivEarthS (ANR-10-LABX-0023 and ANR-18-IDEX-0001) for this work.
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Figure 8.1 : Dust optical depth
τ353 at 353 GHz in Galac-
tic coordinates toward the Eridu
(top) and Reticulum (bottom) fi-
laments. The black lines give
the orientation of the plane-of-
the-sky Bsky magnetic field in-
ferred from the dust polarisation
observations at 353 GHz with
Planck at an angular resolution of
14’ (FWHM). The red contours
delineate the filaments at Hi gas
column densities of 3× 1020 cm−2

and 1.2 × 1020 cm−2, respectively.
(Kamal Youssef & Grenier, 2024)

In order to study the reason for a change in CR flux in the Eridu cloud, we decided to study
another filament, called Reticulum, with gaseous and magnetic characteristics comparable to
those of Eridu. In this chapter, we aim to first measure the γ-ray emissivity spectrum per gas
nucleon in the Reticulum filament and to compare it with the average one in the local ISM qLIS

and with the low emissivity spectrum in the Eridu cloud. We then aim to compare the inter-
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stellar properties of both clouds in order to search for possible differences in CR propagation
properties.

8.1 General characteristics of Reticulum

The Reticulum cloud is an atomic filamentary cloud that lies at the edge of the Local Valley.
Figure 8.1 shows that Reticulum, in the bottom plot, is inclined with respect to the Galactic
plane, like Eridu. Both clouds point towards the South halo and have magnetic field lines well-
ordered and aligned with the filament axis.
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Figure 8.2 : Maps of the G-band extinction optical depth integrated over 20 pc-wide intervals
in distance from the Sun across the analysis region. The data come from the 3D
distribution of Leike et al. (2020). The distance ranges are labelled in each map.
The black contours delineate the Reticulum Hi cloud. (Kamal Youssef & Grenier,
2024)

As for Eridu, we have used the model of dust extinction by Leike et al. (2020) to estimate
the distance to the Reticulum cloud. Figure 8.2 presents cuts of the 3D dust distribution within
20-pc-wide intervals, covering distances from 150 to 350 pc. The general shape and position of
the Reticulum cloud can be distinguished in the dust distribution at a distance of 240±30 pc.

According to Eq.4.11, we need to measure the gas column densities in the different phases of
the Reticulum cloud in order to estimate the γ-ray emissivity per gas nucleon and therefore the
CR flux pervading the cloud.
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8.2 Gas estimates

8.2.1 Hi gas phase
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Figure 8.3 : Hi GASS spectra, in brightness temperature, Tb, measured toward different direc-
tions indicated in the plots. The black curve represents the original data. The poin-
ted lines indicate the central velocity and temperature of the individual lines that
contribute to a cloud.

Since Reticulum is an atomic filamentary cloud, we collected the Hi GASS III data in the
analysis area extending from 251.5◦ to 302.5◦ in Galactic longitude and from -54.5◦ to -30.5◦

in Galactic latitude. Then, we decomposed the Hi spectra into sets of individual lines based
on the spatial and velocity distributions. Each set corresponds to a nearby cloud complex in
the analysis region. Examples of individual lines are shown in Fig.8.3. We have named these
clouds according to the constellation in their direction, therefore as Reticulum (Ret), Far Hy-
drus (HyiF), North Hydrus (HyiN), South Hydrus (HyiS), East Dorado (DorE), West Dorado
(DorW), and Horologium (Hor).

To calculate the column density map of each cloud, the lines in the measured Hi spectrum are
fitted with pseudo-Voigt profiles. Each profile combines a Gaussian and a Lorentzian with the
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same velocity centroid, width, and height, and a relative weight that spans the interval from 0
(pure Gaussian) to 1 (pure Lorentzian). We have then used the distribution of line centroids in
velocity and space to separate the lines between different clouds. To preserve the total Hi inten-
sity observed in each direction, the small positive and negative residuals between the observed
and modelled spectra have been distributed between the lines in proportion to the height of each
line at each velocity. Examples of different cloud Hi profiles are represented by the colored
curves in Fig.8.3. Finally, we have integrated each line profile to add its contribution to the NHI

map of the relevant cloud. This method is explained in details in Planck Collaboration, Fermi
Collaboration, et al. (2015). The final integration has been done for several values of the spin
temperature to correct the resulting column density for the Hi optical depth. We have produced
NHI maps for a set of uniform spin temperatures, TS, of 100, 125, 150, 200, 300, 400, 500, 600,
700 and 800 K and also for the optically thin case.

8.2.2 Molecular phase

We did not find observations of CO emission lines towards the analysis region. Planck has
not detected any CO intensity up to 1 K km/s in this region. That means that the Reticulum gas
is not dense enough to form detectable amounts of CO molecules.

In order to search for any dark gas undetected by the Hi observation, we have applied the
method described in Sec.4.5. As shown in Fig.8.4, we have used the Fermi-LAT γ rays and
the Planck optical depth τ353 at 353 GHz. Both observation maps are shown in the first row.
In the second row, we show the best-fit γ-ray and dust models obtained by combining the gas
contributions of the different clouds, point sources, and background maps, following eqs.4.14
and 4.12.

The residual maps between observations and best-fit models are plotted in the third row when
the models included only the atomic gas (no DNM). We can see the same distribution of positive
residuals in both maps, which indicates the presence of additional DNM gas.

We have found significant DNM gas only in the North Hydrus and Reticulum clouds. The-
refore, we removed all excess fluctuations in the other regions. The cleaned DNM maps are
shown in the last row.
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 raysγ Dust τ353

Figure 8.4 : The γ-ray map is on the left and the dust one on the right. The observations by Fermi-Lat and Planck
are shown in the first row. The second one represents our best-fit models. The residual maps between
observations and best-fit models (without DNM) are plotted in the third row. The DNM maps are
shown in the last row.
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8.3 Second Paper (2023)

The second paper is separated into two parts. The first concerns the results on the γ-ray emis-
sivity of the two main clouds of the analysis region, Reticulum and North Hydrus. We compare
them to the local average emissivity and to that in the Eridu cloud. The γ-ray emissivities of
the other clouds found in the analysis region are shown in Sec.9. We have found that the γ-ray
emissivity in Reticulum and North Hydrus is compatible with the average one, qLIS. That im-
plies that the CR flux in Eridu is lower than the flux in Reticulum even though they both have
the same interstellar characteristics and magnetic field orientation.

In the second part of the paper, we explore the propagation properties of GeV CRs in both the
Reticulum and Eridu filaments to search for a potential difference between them. We focused
on the gas densities in the clouds as the ion-neutral damping of the MHD turbulence might
differ. We have also estimated the diffusion coefficient parallel to the magnetic field one expects
in the steady-state framework of self-generated Alfvén waves where the wave growth rate is
balanced by the damping rate. We have then inferred magnetic-field strengths along the core of
both filaments from dust polarisation data. We have finally compared the level of turbulence in
gas motions and in magnetic-field orientation along both clouds. Puzzingly, we have found no
notable difference between the properties of the two clouds that could shed light on the CR flux
difference. All these investigations were conducted at a scale of ≈ 1 pc.
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ABSTRACT

Context. Hadronic interactions between cosmic rays (CRs) and interstellar gas have been probed in γ rays across the Galaxy. A fairly
uniform CR distribution is observed to a few hundred parsecs from the Sun, except in the Eridu cloud which shows an unexplained
30–50% deficit in GeV to TeV CR flux.
Aims. To explore the origin of this deficit, we have studied the Reticulum cloud that shares notable traits with Eridu: a comparable
distance in the low-density region of the Local Valley and a filamentary structure of atomic hydrogen extending along a bundle of
ordered magnetic-field lines that are steeply inclined to the Galactic plane.
Methods. We have measured the γ-ray emissivity per gas nucleon in the Reticulum cloud in the 0.16 to 63 GeV energy band using
14 years of Fermi-LAT data. We have also derived interstellar properties that are important for CR propagation in both the Eridu and
Reticulum clouds, at the same parsec scale.
Results. The γ-ray emissivity in the Reticulum cloud is fully consistent with the average spectrum measured in the solar neighbour-
hood, but this emissivity, hence CR flux, is 1.57±0.09 times larger than in Eridu across the whole energy band. The difference cannot
be attributed to uncertainties in gas mass. Yet, the two clouds are similar in many respects: in magnetic-field strengths of a few micro-
Gauss in the plane of the sky; in approximate equilibrium between magnetic and thermal pressures; in turbulent velocities and sonic
Mach numbers; in magnetic-field order with a dispersion in orientation lower than 10◦-15◦ over large zones. The gas in Reticulum is
colder and denser than in Eridu, but we find similar parallel diffusion coefficients around a few times 1028 cm2 s−1 in both clouds if
CRs with rigidity larger than 1 GV are dispersed by resonant, self-excited Alfvén waves that are damped by ion-neutral interactions.
Conclusions. The loss of CRs in Eridu remains unexplained, but these two clouds provide important test cases to further study how
magnetic turbulence, line tangling, and ion-neutral damping regulate the diffusion of streaming CRs in the dominant gas phase of the
interstellar medium.

Key words. Gamma rays: ISM – ISM: clouds – ISM: cosmic rays – ISM: magnetic field – Cosmic rays: propagation – Cosmic rays:
diffusion coefficient

1. Introduction

The Sun is located in a valley of low gas density surrounded
by two walls of dense molecular clouds (see Fig. 2 of Leike et al.
2020). Part of the valley, out to ∼150 pc or ∼250 pc depending on
the direction, corresponds to the Local Bubble (see Fig. 1 of Pel-5

grims et al. 2020), but the elongated valley extends further away
along opposite directions roughly parallel to the local spiral arm.
The γ-ray intensity produced by the interaction of cosmic rays
(CRs) with the interstellar gas and radiation fields present inside
and around the valley has been recorded at energies above 3010

MeV by the Large Area Telescope (LAT) on board the Fermi
Gamma-Ray Space Telescope. Since the hadronic contribution
to this γ-ray intensity gathers the integral along the lines of sight
of the product of the CR and gas volume densities, one can use
the γ-ray map of nearby clouds to probe the CR flux in different15

locations and in different types of environments in the valley or
along its borders (Lebrun et al. 1982). This method requires an
accurate measurement of the gas mass of a cloud.

In the warm atomic phase of the clouds, often referred to as
the Warm Neutral Medium (WNM), one can directly infer the20

gas mass from the observation of the Hi 21 cm lines (e.g. Dickey
et al. 2000; Heiles & Troland 2003). In the denser, cold atomic
phase of the clouds, where the Hi brightness temperature probes
the excitation (spin) temperature of the gas rather than the col-

umn density, the lines must be corrected for partial self absorp- 25

tion in order to estimate the gas mass (Murray et al. 2015, and
references therein). This cold atomic phase, referred to as the
Cold Neutral Medium (CNM), is ubiquituous, but it generally
contributes only 5 to 28% of the total atomic mass (Murray et al.
2018, 2020). H2 molecules radiate inefficiently in the cold con- 30

ditions of molecular clouds, so one must rely on surrogate obser-
vations such as the rotational lines of 12CO and its isotopologues
in order to quantify the H2 mass. This is only possible where
the abundance and excitation temperature of CO molecules are
large enough. Environmental variations of the XCO conversion 35

factor between the 12CO(1-0) line intensity and the H2 column
density have been studied theoretically and observationally (Bo-
latto et al. 2013; Gong et al. 2018; Remy et al. 2017, and refer-
ences therein), but the variations are too large and too uncertain
to reliably use the CO data to measure the CR flux in the dense 40

molecular phase of clouds.

Complementary information can be obtained from the ther-
mal emission of large dust grains mixed with the gas. The
emission is observed at sub-millimeter and infrared wavelengths
(Planck Collaboration et al. 2014a,b). Dust grains and CRs are 45

both tracers of the total gas, in all chemical and thermodynamical
forms (Grenier et al. 2005; Planck Collaboration et al. 2015b).
The γ rays reveal the gas mass convolved by the ambient CR flux
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whereas the dust optical depth shows the gas mass convolved
by the ambient dust-to-gas mass ratio and by the ambient grain50

emissivity. Both the CR and dust properties vary from place to
place, but the spatial correlation between the two tracers in a
given cloud can be used to trace the dark gas that escapes Hi
and CO line observations (Grenier et al. 2005). This Dark Neu-
tral Medium (DNM) accumulates at the Hi-H2 transition in the55

clouds (Liszt et al. 2019). It is not seen in Hi or CO emission be-
cause of self-absorption in the dense Hi clumps and because CO
molecules are efficiently photo-dissociated or too weakly excited
in the diffuse H2 gas.

Given the uncertainty in gas mass estimates in the dark and60

molecular phases of clouds, one can only infer the CR spectrum
with adequate precision in the atomic phase. The analysis ex-
ploits the spatial correlation between the γ-ray intensity and Hi
column density (NHI). It requires maps of the other phases to
avoid biasing the γ-ray emissivity, qHI, obtained per gas nucleon65

in the atomic phase (Planck Collaboration et al. 2015b). Emis-
sivity spectra are typically obtained at energies above a few hun-
dred MeV to take advantage of the better angular resolution of
the LAT in order to resolve the clouds and their different phases.

Such emissivity measurements have been performed in70

different clouds of the local interstellar medium (ISM) (e.g.
Abdo et al. 2010; Ackermann et al. 2012a; Planck Collaboration
et al. 2015b; Casandjian 2015; Tibaldo et al. 2015; Remy et al.
2017; Joubaud et al. 2019) and across the Milky Way (e.g.
Ackermann et al. 2013; Acero et al. 2016). The local emissivity75

spectra appear to be often consistent with the local average,
qLIS(E), that has been obtained for the whole atomic gas seen
at Galactic latitudes ranging between 7◦ and 70◦ (Casandjian
2015). Such a consistency implies that the CR flux is rather
uniform within a few hundred parsecs from the Sun (Grenier80

et al. 2015).

At variance with this uniformity, a significantly lower γ-
ray emissivity spectrum has been found in a nearby cloud
named Eridu. The spectrum is 34% lower than the qLIS average85

(Joubaud et al. 2020). The deviation is statistically significant
(14 σ) and there is no confusion with other clouds along the
lines of sight. The deviation cannot be attributed to uncertain-
ties in the Hi mass since the minimum amount of gas inferred
from the Hi lines (optically thin case) gives an upper limit to the90

emissivity that is still 25% below qLIS. More CRs would out-
shine the observed γ rays. The γ-ray analysis has probed CRs
with energies above several GeV. Their penetration in the cloud
is likely unhampered given the modest column densities (1–5
×1020 cm−2) and low volume densities (around 7 cm−3) of the95

diffuse gas (Joubaud et al. 2019). The Eridu cloud therefore ap-
pears to be pervaded by a ∼30% lower CR flux, but with the
same particle energy distribution as in the local ISM.

The Eridu cloud is a diffuse, atomic, and filamentary cirrus.
It is located outside the edge of the Orion-Eridanus superbub-100

ble, at high Galactic latitudes around −50◦ and at an altitude
of about 200–250 pc below the Galactic plane (Joubaud et al.
2019). Figure 1 shows that the filament is inclined with respect
to the Galactic plane and the dust polarisation data at 353 GHz
from Planck (Planck Collaboration et al. 2015a) shows that the105

filament extends along a bundle of well-ordered magnetic-field
lines, pointing within 45◦ of the South Galactic pole (see Fig. 10
of Joubaud et al. 2020).

Magnetic loops are pushed out of the Galactic disc by gas
fountains. In order to investigate their impact on CR transport110

to the halo, we have searched for another filament with gaseous
and magnetic characteristics comparable to those of Eridu. The
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Fig. 1. Dust optical depth τ353 at 353 GHz in Galactic coordinates to-
ward the Eridu (top) and Reticulum (bottom) filaments. The black lines
give the orientation of the plane-of-the-sky Bsky magnetic field inferred
from the dust polarisation observations at 353 GHz with Planck at an
angular resolution of 14′ (FWHM). The red contours delineate the fila-
ments at Hi gas column densities of 3 × 1020 cm−2 and 1.2 × 1020 cm−2,
respectively.

Reticulum cloud is also an atomic and filamentary cloud that
lies at the edge of the local valley, at a distance we estimate to be
about 240 pc (Appendix A). Figure 1 shows that, like Eridu, it is 115

largely inclined with respect to the Galactic plane. It points to-
wards the South halo and it has well-ordered magnetic field lines,
aligned with the filament axis. We therefore aim to measure the
γ-ray emissivity spectrum per gas nucleon in the Reticulum fil-
ament and to compare it with the average in the local ISM and 120

with the emissivity spectrum in the Eridu cloud.

The paper is structured as follows: the data are presented in
Sect. 2 and the models are described in Sect. 3. The results and
the detection of dark gas are detailed in Sect. 4. The CR content
of the clouds is discussed in Sects. 5.1 to 5.5. 125

2. Data

We have selected an analysis region around the Reticulum fila-
ment extending from 251◦.5 to 302◦.5 in Galactic longitude and
from −54◦.5 to −30◦.5 in Galactic latitude, as shown in Fig. 2. We
have masked regions with large column densities from the Large 130

Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC),
and from the edge of the Gum Nebula.

Article number, page 2 of 25



LAT collaboration: cosmic rays in local gas filaments

50

45

40

35

La
tit

ud
e 

[d
eg

]

50

45

40

35

La
tit

ud
e 

[d
eg

]

260270280290300
Longitude [deg]

50

45

40

35

La
tit

ud
e 

[d
eg

]

10 6

10 5

353GHz

10 26

10 25

353GHz

0

20

40
N

Fig. 2. Dust optical depth measured at 353 GHz from the Planck and
IRAS data and displayed on a 10′.2×7′.5 grid at the angular resolution
of Planck (top panel) and of Fermi-LAT (middle). The bottom panel
shows the γ-ray photon counts produced by CR interactions with gas
and recorded by Fermi-LAT in 0◦.25×0◦.25 bins in the 0.16–63 GeV en-
ergy band (other emissions of non-gaseous origin have been subtracted).
Three zones have been excluded from the analysis region : the SMC on
the left, LMC in the middle, and the edge of the Gum nebula on the up-
per right. The Reticulum cloud is the long filament crossing the region
below the LMC.

2.1. Dust data

In order to trace the dust column density, we have used the all-
sky map of the dust optical depth, τ353, at 353 GHz (Planck Col-135

laboration et al. (2014a), updated by Irfan et al. (2019)). It was
constructed at an angular resolution of 5′ by modelling the inten-
sity, Iν, of the dust thermal emission recorded in frequency ν by
Planck and the Infrared Astronomical Satellite (IRAS). The dust
optical depth relates to the black-body intensity Bν(Td) for a dust140

temperature Td and modified by a spectral index, β, according to
Iν = τ353 Bν(Td)(ν/353 GHz)β. The dust opacity at 353 GHz is
defined for a hydrogen column density NH as the ratio τ353/NH.

Figure 2 shows the distribution of the dust optical depth in
the analysis region at the original Planck resolution in the upper145

panel and at the angular resolution of Fermi-LAT for the 0.16–
63 GeV band in the middle one.

2.2. Gamma-ray data

We have used fourteen years of Fermi-LAT Pass 8 P8R3 survey
data for energies between 0.16 and 63 GeV (Bruel et al. 2018)150

and we have analysed the data in eight energy bands, bounded by
102.2, 102.4, 102.6, 102.8, 103.0, 103.2, 103.6, 104.0, and 104.8 MeV.

The Fermi-LAT point-spread-function (PSF) strongly varies
with energy. In order to retain sufficient photon statistics in this
faint region and to preserve a good contrast in photon counts 155

across small cloud structures, we have combined photons of dif-
ferent PSF types in each energy band. Photons are labelled from
the worst (PSF0) to best (PSF3) quality in angle reconstruction.
We have used PSF 3 in the three lowest-energy bands, PSF 2 and
3 in the next band, PSF 1 to 3 in the next two bands, and PSF 0 to 160

3 in the two highest energy bands. The 68% containment radius
of the resulting PSF varies from 0◦.9 above 630 MeV to 1◦.4 at
250 MeV and to 2◦.1 at 160 MeV. The resulting photon map is
shown in the lower panel of Fig. 2 where we have subtracted
the point sources and the very smooth isotropic and inverse- 165

Compton (IC) components to display the γ rays produced in the
clouds.

In order to reduce the contamination of the photon data by
residual CRs and by Earth atmospheric γ rays to less than 10%,
we have applied tight selection criteria such as the SOURCE 170

class and photon arrival directions within an energy-dependent
and PSF-type-dependent angle varying from 90◦ to 105◦ from
the Earth zenith, namely 90◦ in the first energy band, 100◦ in the
second, and 105◦ at higher energies. We have used the associated
instrument response functions P8R3_SOURCE_V3. 175

We have modelled the interstellar emission in a broader re-
gion than the analysis one in order to take into account the extent
of the Fermi-LAT PSF. The 5◦-wide peripheral band around the
analysis perimeter corresponds to the PSF >95% containment
radius for our selections. It is displayed in Fig. 3. 180

The positions and flux spectra of the γ-ray sources in the
field are provided by the Fermi-LAT 4FGL-DR3 12-year source
catalogue (Abdollahi et al. 2022). The analysis region and the 5◦-
wide peripheral band contain 220 point sources. Their flux spec-
tra have been calculated with the spectral characteristics given in 185

the catalogue.
The observation also includes IC γ rays produced by CR

electrons up-scattering the interstellar radiation field in the
Milky Way. This was modelled by GALPROP1 and we have used
the LRYusifovXCO5z6R30_Ts150_Rs8 model version (Acker- 190

mann et al. 2012b). The isotropic spectrum for the extragalactic
and residual instrumental backgrounds is given by the Fermi-
LAT science support center2. We have used the isotropic spec-
trum provided for each PSF type of the SOURCE class.

2.3. Gas data 195

In order to map the neutral atomic hydrogen (Hi) in the region,
we have used the 21-cm Galactic All Sky Survey GASS III data
(Kalberla & Haud 2015). The survey has an angular resolution
of 16′.2, a velocity resolution of 0.82 km/s in the local standard
of rest, and an rms sensitivity of 57 mK. Lines in the analysis 200

region span velocities from −125 to +495 km/s.
Following the method developed by Planck Collaboration

et al. (2015b), we have decomposed the Hi spectra into sets of
individual lines with Pseudo-Voigt profiles. Based on the (l, b,
v) distribution of the fitted lines, we have identified seven nearby 205

cloud complexes that are coherent in velocity and in position
across the region. We have named these clouds according to the
constellation in their direction, therefore as Reticulum (Ret), Far
Hydrus (HyiF), North Hydrus (HyiN), South Hydrus (HyiS),
East Dorado (DorE), West Dorado (DorW), and Horologium 210

(Hor). They are displayed in Fig. 3 and they span velocities from

1 http://galprop.stanford.edu
2 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Fig. 3. NHI column densities in the Reticulum (Ret), Far Hydrus (HyiF), North Hydrus (HyiN), South Hydrus (HyiS), East Dorado (DorE), West
Dorado (DorW), Horologium (Hor), and Magellanic clouds for an Hi at the optically thin case. The negative-velocity (NegVel) map gathers the
faint Hi lines below −8 km/s. Their column densities have been multiplied by 4 for display. The maps include a 5◦-wide peripheral band around
the analysis region (black perimeter) to account for the wings of the Fermi-LAT PSF in the γ-ray model.

3.3 to 20.6 km/s, -15.7 to -1.6 km/s, -0.8 to 13.2 kms/, -14.8 to
2.5 km/s, 2.5 to 4.9 km/s, 5.8 to 33.8 km/s, and -14.8 to 5.8 km/s,
respectively. These clouds are local. Lines from the Magellanic
clouds have been gathered in a single map. We have added a215

ninth component gathering the very weak lines found at veloci-
ties below −8 km/s.

We have produced NHI column-density maps for each com-
plex by integrating the fitted lines that have a central velocity
within the chosen velocity interval for each (l, b) direction. This220

method corrects for potential line spill-over from one velocity
interval (i.e. cloud) to the next. The line fits produce small resid-
uals between the modelled and observed Hi spectra. To preserve
the total Hi intensity, we have distributed these residuals among
the fitted lines according to their relative strength in each veloc-225

ity channel.
In order to correct the Hi intensity for potential self absorp-

tion, we have produced the NHI maps for a set of uniform spin
temperatures, TS, of 100, 125, 150, 200, 300, 400, 500, 600, 700,
and 800 K and also for the optically thin case. Nguyen et al.230

(2018) have shown that a simple isothermal correction of the
emission spectra with a uniform spin temperature can well re-
produce the more precise NHI column densities that are inferred
from the combination of emission and absorption spectra. Given
the wide range of potential spin temperatures we could not test235

individual temperatures for each cloud, but we have used the
same temperature for all clouds and we have let it vary when
modelling the dust and γ-ray data.

The nearby clouds in the region are mainly composed of
atomic gas. We have looked for CO(1-0) emission at 115 GHz240

towards them, but haven’t found published observations in that
area and Planck has detected no CO(1-0) intensity up to 1 K
km/s in the region (Planck Collaboration et al. 2014c).

2.4. Cloud distances

Leike et al. (2020) have used the stellar data from the Gaia- 245

DR2, ALLWISE, PANSTARRS, and 2MASS surveys to model
the dust extinction and to reconstruct the 3D map of dust clouds
within ∼400 pc from the Sun with a spatial resolution of 2 pc.
Distances to compact clouds and their dust densities are expected
to be well constrained by the precise locations of the stars. We 250

display in Figs. A.1 and A.3 cuts of the 3D dust distribution
in 20-pc-wide intervals spanning distances from 150 to about
350 pc. The shapes and locations of the clouds isolated in the Hi
data in Fig. 3 can be roughly recognised in the dust distribution.
We have also probed the dust distribution along lines of sight 255

exhibiting large gas column densities in the different clouds (see
Fig. A.2). From the dust and gas correspondence we infer aver-
age distances of 240±30 pc, 220±30 pc, 220±30 pc, 170±30 pc,
310±30 pc, 340±30 pc, and 280±30 pc to the Reticulum, North
Hydrus, South Hydrus, Far Hydrus, East Dorado, West Dorado, 260

and Horologium clouds, respectively. The ±30 pc uncertainty re-
flect the size of dust overdensities that can be isolated in the 3D
dust cube.

We have applied the same method to revisit the distance to
the Eridu cloud. The rim of the Orion-Eridanus superbubble is 265

clearly detected at a distance around 200 pc in the dust 3D data.
The Eridu cloud lies beyond this edge. Figure A.3 shows a sec-
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ond dust front at a distance of 300 ± 30 pc with an inclination
and extent in the sky that is compatible with that of the elon-
gated Eridu cloud seen in Hi. This distance places the cloud at270

an altitude of 260 pc below the Galactic plane, near the edge of
the ∼220-pc thick Hi layer of the local ISM (Nakanishi & So-
fue 2016). A much larger distance would be disfavoured. The Hi
line velocities of the cloud are also typical of the local ISM and
not of intermediate- or high-velocity clouds outside the disc. Ex-275

tending the 3D dust analysis to larger distances than available in
the Leike et al. (2020) cube would help confirm the distance to
Eridu.

3. Models and analyses

The dust optical depth and the γ-ray intensity produced by CRs280

in the different clouds are strongly correlated. This is illustrated
in Fig. 2 where the dust optical depth has been convolved by the
Fermi-LAT angular resolution and non-gaseous emissions have
been subtracted from the γ-ray data. The dust and γ rays both
trace, to first order, the total gas column density NH.285

To detect neutral gas not observed in the Hi data, we have
used the fact that it is permeated by both CRs and dust grains.
We have therefore extracted γ-ray and dust residuals between ob-
servation and the model expected from the NHI distribution. We
have then used the spatial correlation between positive residuals290

found in dust and in γ rays to extract the additional gas column
densities (see Sect 3.3). This additional gas corresponds to the
DNM at the H-H2 transition where the dense Hi becomes op-
tically thick to 21-cm line emission and CO emission is absent
or too faint to trace the H2 gas. The analysis results yield small295

amounts of dark gas in the Reticulum and North Hydrus clouds
(see Sect. 4.2).

3.1. Dust model

Under the assumption of a uniform dust-to-gas mass ratio and
a uniform mass emission coefficient of the grains within each300

cloud and gas phase, the dust optical depth linearly scales with
the total gas column density NH. The τ353(l, b) distribution has
therefore been modelled as a linear combination of the different
gas contributions (NHI and NHDNM ) with free normalisations, y, to
be fitted to the data, as in Planck Collaboration et al. (2015b). A305

free isotropic term, yiso, has been added to the model to account
for the residual noise and the uncertainty in the zero level of the
dust maps (Planck Collaboration et al. 2014a; Casandjian et al.
2022).
The τ353(l, b) model can be expressed as :310

τ353(l, b) =
9∑

i=1

yHI,iNHI,i(l, b) +
2∑

i=1

yDNM,iN
DNM,i
H γ (l, b) + yiso (1)

where NHI,i(l, b) denotes the nine NHI maps depicted in Fig. 3
and NDNM,i

H γ (l, b) stands for the column density in the two DNM
components constructed from the γ-ray data (see Sect. 3.3).

The yHI,i coefficients give the average values of the dust
τ353/NH opacity in the different clouds. The yDNM,i parameters315

can probe opacity changes in the denser DNM phases.
We have degraded the optical-depth map from its original

resolution of 5′ down to 16′.2 to match the resolution of the
GASS Hi survey.

The model parameters have been estimated using a least-320

square χ2 minimisation. We expect the uncertainties of the model
to exceed those of the dust map because of our assumption of

uniform grain distributions through the clouds and because of
the limited capability of the Hi data to trace the total gas. As we
cannot precisely estimate the model uncertainties, we have set 325

a fractional error of 11% that yields a reduced χ2 value of one
in the dust fit. This fraction is slightly larger than the 1% to 9%
uncertainties in the τ353 values across this region.

3.2. Gamma-ray model

Earlier studies indicated that the Galactic CR radiating at 330

0.1–100 GeV have diffusion lengths much larger than typical
cloud dimensions and that they propagate through the different
gas phases. The observed interstellar γ-ray emission can there-
fore be modelled, to first order, by a linear combination of the
gas column densities present in the different clouds seen along 335

the lines of sight, in both the Hi and DNM gas phases. The
model also includes a contribution from the Galactic IC inten-
sity, IIC(l, b, E), point sources of non-interstellar origin with in-
dividual flux spectra S j(E) and an isotropic intensity, Iiso(E), to
account for the extragalactic γ-ray background and for any resid- 340

ual cosmic rays misclassified as γ rays. We have verified that the
soft emission from the Earth limb is not detected in the present
energy range for the choice of maximum zenith angle.
The γ-ray intensity, I(l, b, E), in γ cm−2 s−1 sr−1 MeV−1 in each
(l, b) direction, is modelled in each energy band E as : 345

I(l, b, E) = qLIS(E)× [ 9∑

i=1

qHI,i(E) NHI,i(l, b)
]

+ qLIS(E)× [ 2∑

i=1

qDNM,i(E) τDNM,i
353 (l, b)

]

+ qIC(E) IIC(l, b, E) + qiso(E) Iiso(E)

+
∑

j

qS j (E) S j(E) δ(l − l j, b − b j) (2)

where NHI,i(l, b) denotes the Hi column density map of each
component and the extraction of the dust DNM τDNM,i

353 maps is
explained in Sect. 3.3. The q coefficients of the model are deter-
mined from fits to the Fermi-LAT data.

The qHI,i, qIC, and qiso parameters are simple normalization 350

factors to account for possible deviations from the input spec-
tra taken for the local gas γ-ray emissivity qLIS(E) and for the
isotropic and IC intensities. The input qLIS spectrum, in γ s−1

sr−1 MeV−1 per gas nucleon, was based on four years of LAT
data and on the correlation found between the γ radiation and 355

the NHI column densities derived from the Leiden-Argentine-
Bonn (LAB) survey for a spin temperature of 140 K, at lati-
tudes 10◦ ≤ |b| ≤ 70◦ (Casandjian 2015). The qHI,i parameter
in the model can therefore compensate for differences in the Hi
data (calibration, angular resolution, spin temperature) and for 360

cloud-to-cloud variations in CR flux. These differences will af-
fect the normalisations equally in all energy bands whereas a
change in CR penetration inside a specific cloud will show as an
energy-dependent correction, primarily a loss at energies below
one GeV (Schlickeiser et al. 2016). 365

The source flux spectra S j(E) have been calculated with the
spectral characteristics given in the 4FGL-DR3 catalogue. The
qS j (E) normalisations in the model allow for possible changes
to these fluxes due to the longer exposure used here and to the
use of a different interstellar background for source detection 370

in the 4FGL-DR3 catalogue. The qS j (E) normalisations of the
sources inside the analysis region or in the peripheral band were
fitted individually, except for those inside the SMC and LMC
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Fig. 4. Photon yields on a 0◦.25-pixel grid from the main components of the γ-ray model in the 0.16–63 GeV band. The yields come from the
NHI column densities derived for the optically thin case in the different clouds, the dark-gas NHDNM column densities derived from the dust optical
depth, the isotropic background, the Galactic IC emission, and γ-ray point sources.

regions and those found in the lowest dust zones (τ353 < 3 ×
10−6), which were treated collectively in three separate sets with375

a single normalisation factor per set.

In order to compare the model with the LAT photon data
in the different energy bands, we have multiplied each compo-
nent map by the energy-dependent exposure and we have con-
volved it with the energy-dependent PSF and energy resolution.380

The convolution with the response functions was done for each
PSF event type independently in small energy bands. We have
also calculated the isotropic map for each PSF event type in
the same small energy bands. We have then summed the photon
count maps in energy and for the different combinations of PSF385

types to get the modelled count maps in the eight energy bands
of the analysis for the same photon selection as in the data.

Figure 4 gives the photon yields that have been obtained in
the entire energy band. It shows that the emission originating
from the gas can be distinguished from the much smoother emis-390

sion backgrounds and that the LAT angular resolution allows to
separate the various clouds, as well as the different gas phases
within the clouds. The distinct spatial distributions of the clouds
and of their phases allow rather independent measurements of
their individual γ-ray emissivities. On the contrary, we do not395

expect a firm separation of the isotropic and IC spectra across
this region. We have used a binned maximum-likelihood with
Poisson statistics to fit the model coefficients q to the LAT data
in each of the eight energy bands and in the overall one.

3.3. Analysis iterations 400

In order to extract the DNM gas present in both the dust and γ-
ray data, we have iteratively coupled the γ-ray and dust models.
We have started by fitting independently the dust optical depth
and the γ-ray data according to Eqs. 1 and 2 with only the Hi
maps as gaseous components and with ancillary (other than gas) 405

components. We have then built maps of positive residuals (see
how below) between the data (dust or γ rays) and the best-fit
contributions of the model components. We have separated these
excesses into two DNM maps according to their location, one in
the Reticulum cloud and the other one in the North Hydrus area. 410

The next loops in the iterative process provide the DNM tem-
plates estimated from the dust to the γ-ray model (τDNM

353 in Eq. 2)
and conversely provide the DNM column density maps derived
from the γ rays to the dust model (NDNM

H (l, b) in Eq. 1). We have
repeated the iteration between the γ-ray and dust models until 415

the log-likelihood of the fit to γ-ray data saturates.
The estimates of the q and y model coefficients and of the

DNM templates improve at each iteration since there is less and
less need for the other components, in particular the Hi ones,
to compensate for the missing gas. They can still miss gas at 420

some level because the DNM maps provided by the γ rays or
dust emission have limitations (e.g., dust emissivity variations,
limited γ-ray sensitivity).

Care must be taken in the extraction of the positive residu-
als because of the noise around zero. A simple cut at zero would 425

induce an offset bias, so we have de-noised the residual maps us-
ing the multi-resolution support method implemented in the MR
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filter software (Starck & Pierre 1998). For the dust residuals, we
have used a multi-resolution thresholding filter, with six scales
in the B-spline-wavelet transform (à trous algorithm), Gaussian430

noise and a 2-σ threshold to filter. For the γ-ray residuals, we
have used the photon residual map obtained in the 0.16-63 GeV
band and we have filtered it with six wavelet scales, Poisson
noise, and a 2-σ threshold. The stability of the iterative analy-
sis and the results of the dust and γ-ray fits are discussed in the435

following section.

4. Results

Before presenting the γ-ray emissivity spectra obtained in the
Reticulum cloud in Sect. 4.4, we discuss how the fits to the γ-
ray and dust data improve with optical depth corrections to the440

NHI column densities (Sect. 4.1) and with the addition of DNM
gas templates (Sect. 4.2). We also assess the robustness of the
best-fit models with jackknife tests in Sect. 4.3.

4.1. Hi optical depth correction

We don’t know the exact level of Hi opacity in the different445

clouds. It induces systematic uncertainties in the NHI column
densities, hence on the Hi contributions to the γ-ray and dust
models. Nguyen et al. (2019) showed that a uniform isothermal
correction of the Hi emission spectra across a cloud provides a
good approximation to the more precise NHI column densities450

determined from the combination of emission and absorption
Hi spectra. The difference on a pixel-by-pixel basis can reach
25%, but the mean difference between the two NHI distributions
is small (≲ 1%) and the standard deviation is better than 10%.
We have therefore produced the dust and γ-ray models for a wide455

range of optical depth corrections, from a rather optically thick
case (TS = 100 K) to the optically thin case which yields the
minimum amount of gas in the cloud. Even though the spin tem-
perature is uniform, the Hi opacity correction depends on the Hi
temperature recorded in each direction and velocity channel, so460

it varies across the cloud and modifies the NHI spatial distribution
of a cloud.

Figure 5 shows that the goodness of the γ-ray fit (after the
DNM iteration) significantly improves as we increase the Hi spin
temperature. The NHI maps best match the spatial structure of465

the γ-ray flux emerging from the atomic gas for TS ≳ 300 K,
therefore for small Hi opacities. Given the saturation of the log-
likelihood ratio towards the optically thin case, we will present
the analysis results obtained for this thin case in the rest of the
paper, unless otherwise mentioned. The residual maps between470

the γ-ray data and best-fit model show that using the same TS for
all the clouds can reproduce the γ-ray data without any signifi-
cantly deviant cloud.

As the spin temperature TS increases, the optical depth cor-
rection and NHI column densities decrease, and the γ-ray emis-475

sivity qHI and dust opacity yHI of the Hi clouds increase. They
do so respectively by 4–11% and 3–7% as the spin temperature
rises over the entire range, from 100 K to optically thin condi-
tions. Hi optical depth corrections have therefore a small effect
in this region because the clouds are not massive.480

4.2. DNM detection

In order to check for the presence of DNM gas not traced by Hi
line intensities, we have first performed the dust and γ-ray fits
with only the NHI maps as gaseous components. The residuals

100 125 150 200 300 400 500 600 700 800 Thin
Tspin [K]

8

7

6

5

4

3

2

1

0

2
ln

(L
)

1 

2 

Fig. 5. Evolution of the log-likelihood ratio of the γ-ray fit in the 0.16–
63 GeV band as a function of the Hi spin temperature used to calculate
the NHI column densities in the clouds.

are displayed in the upper panels of Fig. 6. Positive residuals in- 485

dicate that the data exceed the model predictions. Coincident ex-
cesses are seen in dust and in γ rays even though the two fits are
independent. They cross the region in diagonal, from the North
Hydrus cloud (upper left corner) down along the Reticulum fila-
ment. A coincident increase in CR density and in dust opacity is 490

very improbable. Hadronic CR interactions with dust grains pro-
duce undetectable γ-ray emission (Grenier et al. 2005), so this
correlated excess is likely due to additional gas. The distribution
of positive γ-ray excesses along the Reticulum cloud is sparse,
but the large extent of negative (blue) excesses across the whole 495

analysis region indicates that the γ-ray fit has unduly pushed the
Hi emissivities of the clouds upward to compensate for some
missing gas.

The DNM gas column density is built by correlating and
filtering the excess dust and γ-ray signals in the iteration be- 500

tween both model fits (see Sect. 3.3). We have built separate
DNM maps for the North Hydrus and Reticulum clouds. Adding
them improves the fits quality (see the middle maps of Fig. 6). A
log-likelihood ratio increase by 161 between the γ-ray fits with
and without the DNM templates implies a very significant DNM 505

detection. The spectrum of the γ-ray emission associated with
both DNM components is consistent with that found in the Hi
gas phase over the whole energy range (see below). This gives
further support to a gaseous origin of the γ-ray emission in the
DNM structures. 510

Positive residuals remain in the final dust fit, even after the
addition of the DNM maps. Those in spatial coincidence with
the DNM phase are partially due to the non-linear increase in
dust opacity as the gas density rises towards the dense molecular
phase (Remy et al. 2017). They also result from the limited γ-ray 515

photon statistics that limit the residual filtering precision to pro-
vide a DNM template to the dust fit. The negative and positive
residuals seen at longitudes l < 270◦ reflect difficulties in sepa-
rating the dust emission from other sub-mm emissions and also
difficulties in determining its optical depth in these very faint 520

zones (Planck Collaboration et al. 2014a; Irfan et al. 2019, and
references therein). These regions were excluded from the DNM
analysis.
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Fig. 6. Residual maps (data minus best-fit model, in sigma units) in γ-ray counts in the 0.16–63 GeV band (σγ) and in dust optical depth (στ353 ),
obtained when including different sets of gaseous components in the models: without (top) and with (middle) the DNM components in addition to
the Hi templates. The NHDNM column-density maps (bottom) extracted from the γ-ray residuals (left) and from dust residuals (right) are shown in
the bottom row. The models are derived for an Hi at the optically thin case.

4.3. Best fits and jackknife tests

The best dust and γ-ray fits with the models described by Eqs.525

1 and 2 include the nine Hi and two DNM maps for the gaseous
components. Table 1 gives the best-fit coefficients obtained for
the Hi and DNM phases of the main Reticulum and North Hy-
drus clouds. The results found for the other small local clouds
will be discussed in a subsequent paper (their emissivity spec-530

tra are rather close to the qLIS expectation). We focus here on
the Reticulum filament to compare it with the Eridu one and we
include the emissivity measurement in the North Hydrus cloud
as it partially overlaps the northern end of Reticulum. The γ-ray
emissivities are given in each of the eight energy bands and for535

the whole 0.16–63 GeV band.
The final iteration of the dust and γ-ray fits leads to the resid-

ual maps presented in the middle panels of Fig. 6. The γ-ray
residuals are small and randomly distributed, so our linear model
provides an excellent statistical fit to the γ-ray data in the 0.16–540

63 GeV energy band across the whole region. The same conclu-
sion is reached in the eight separate energy bands that are not
shown here.

The statistical errors on the best-fit coefficients are inferred
from the information matrix of the fits (Strong 1985). They in-545

clude the correlation between parameters. They are generally
small (2–9% for the Hi gas γ-ray emissivities, 15% and 10%
for DNM emissivities for Ret and HyiN, 13% for qIC, 9% for
qiso, 0.4–1.3% for the Hi dust opacities, 8% and 3% for yDNM,Ret
and yDNM,HyiN and 2% for yiso) because the clouds are spatially550

well resolved in the analysis and because tight correlations exist
between the gas, dust and γ-ray maps (see Fig. 2).

We have also checked the magnitude of potential system-
atic uncertainties due to the linear-combination approximation
underlying the models. In order to evaluate the impact of possi- 555

ble spatial changes in the model parameters and/or in the mean
level of Hi self absorption, we have repeated the last iteration
of the dust and γ-ray fits a thousand times over random subsets
of the analysis region, each time masking out 20% of the pix-
els with 1-degree-wide randomly selected squares. In γ rays, the 560

jackknife tests have been performed for the total 0.16–63 GeV
energy band and for each of the eight bands. Figure 7 shows the
distribution obtained for the best-fit coefficients relating to the
Reticulum and North Hydrus clouds and to the large-scale IC
and isotropic components. The Gaussian-like distributions indi- 565

cate that the emissivities and opacities presented in Table 1 are
statistically stable and not driven by subset regions in each cloud
complex. The standard deviations found in the jackknife distri-
butions amount to 1–6% for the Hi gas γ-ray emissivities, 9%
and 4% for DNM emissivities for Ret and HyiN, 8% for qIC, 570

5% for qiso, 0.6–3% for the Hi dust opacities, 12% and 3% for
yDNM,Ret and yDNM,HyiN and 4% for yiso. Both statistical errors
(1σ) and systematic uncertainties (jacknife standard deviations)
are given in Table 1. We have quadratically added them to con-
struct the final uncertainties on the q and y coefficients. 575

Figure 8 shows the stability with γ-ray energy of the best-fit
coefficients relating to the Reticulum and North Hydrus clouds
and to the IC and isotropic intensities. We find no significant de-
viation with respect to the average coefficient fitted for the entire
energy band (dashed lines). This implies that the Hi and DNM 580

gas emissivity spectra in the two clouds have the same shape
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Table 1. The first part of the table gives the best-fit dust opacities obtained in the Hi and DNM phases of the Reticulum and North Hydrus clouds,
as well as the isotropic term. The second part of the table lists the best-fit γ-ray emissivities obtained per gas nucleon in the Hi and DNM phases
of the same clouds, in eight energy bands and in the overall 0.16–63 GeV band. The first uncertainties are statistical (1σ) and the second give the
standard deviations obtained in the jackknife fits.

yHI Ret yDNM Ret yHI HyiN yDNM HyiN yiso

[10−27 cm2] [10−27 cm2] [10−27 cm2] [10−27 cm2] [10−7]

8.91±0.07±0.12 5.05±0.40±0.58 8.68±0.03±0.05 14.90±0.42±0.44 2.79±0.06±0.12

Energy Band qHI Ret qDNM Ret qHI HyiN qDNM HyiN

[MeV] [1026 cm−2] [1026 cm−2]

102.2 – 102.4 1.56±0.23±0.09 0.21±1.22±0.28 1.17±0.15±0.04 0.78±0.52±0.18

102.4 – 102.6 1.27±0.13±0.07 0.74±0.61±0.26 1.10±0.08±0.03 0.61±0.26±0.09

102.6 – 102.8 0.98±0.10±0.06 0.85±0.41±0.20 1.02±0.06±0.02 0.65±0.17±0.06

102.8 – 103.0 1.16±0.08±0.04 0.85±0.29±0.12 1.04±0.04±0.02 0.77±0.12±0.04

103.0 – 103.2 0.98±0.07±0.04 0.85±0.27±0.14 1.03±0.04±0.01 0.64±0.11±0.05

103.2 – 103.6 0.98±0.07±0.04 1.46±0.26±0.11 1.00±0.04±0.02 0.70±0.11±0.04

103.6 – 104.0 1.02±0.16±0.09 1.20±0.55±0.32 1.12±0.09±0.03 0.98±0.23±0.09

104.0 – 104.8 0.93±0.38±0.18 0.05±1.14±0.25 1.13±0.21±0.06 1.18±0.55±0.17

102.2 – 104.8 1.11±0.04±0.03 0.99±0.15±0.09 1.05±0.02±0.01 0.75±0.07±0.03

1.05 1.10 1.15 1.20
0

25

50

75 qHI_Ret

1.02

0.75 1.00 1.25
0

50

100 qDNM_Ret

1.08

8.50 8.75 9.00 9.25
0

25

50

75
yHI_Ret

8.9

4 6
0

50

100 yDNM_Ret

4.98

1.025 1.050 1.075 1.100
0

20

40

60 qHI_HyiN

0.99

0.7 0.8
0

50

100 qDNM_HyiN

0.72

8.6 8.7 8.8
0

25

50

75 yHI_HyiN

8.69

14 15 16
0

50

100 yDNM_HyiN

15.09

0.7 0.8 0.9 1.0
0

25

50

75 qISO

0.90

1.0 1.2 1.4
0

25

50

75 qIC

1.27

2.4 2.6 2.8 3.0
0

25

50

75 yISO

2.76

Fig. 7. Distributions of the best-fit coefficients obtained in the thousand jackknife fits to the 0.16–63 GeV γ-ray data (two left columns) and dust
data (two right columns) for the optically-thin Hi case. The vertical lines and overlaid numbers give the mean values of the distributions. The units
are 1026 cm−2 for qDNM, 10−27 cm2 for yHI and yDNM, and 10−7 for yiso. qHI,i, qIC and qiso are dimensionless normalisation factors.

as the average qLIS(E) spectrum measured in the local ISM. We
further discuss their relative normalisation with respect to qLIS in
the next section.

Figure 8 and the value of the relative intensity ratio qIC =585

1.18 ± 0.15 in the whole energy band further show that the IC
spectrum detected in these directions of the sky is fully con-

sistent in shape and in intensity with the GALPROP predic-
tion based on the complex evolution of the interstellar radiation
field and of the CR lepton spectra across the Milky Way. The 590

isotropic spectrum found in this small region of the sky is also
close to the larger-scale estimate obtained between 10◦ and 60◦

Article number, page 9 of 25



A&A proofs: manuscript no. output

in latitude3. The relative intensity ratio is qiso = 0.84 ± 0.08 in
the 0.16–63 GeV energy band. The interstellar foregrounds are
faint enough to separate the IC and isotropic components despite595

rather similar spatial distributions across the analysis region (see
Fig. 3).

Planck Collaboration et al. (2014a) and Remy et al. (2017)
have found marked gradients in dust opacity across the sky.
These variations reflect a systematic opacity increase as the gas600

becomes denser and the grains evolve in size and chemistry
(Remy et al. 2017; Ysard et al. 2019, and references therein).
Diffuse atomic cirruses at high latitudes exhibit low opacities
around a mean value of (7.0±2.0)×10−27 cm2 (Planck Collabo-
ration et al. 2014a) or (7.1±0.6)×10−27 cm2 (Planck Collabora-605

tion et al. 2014b)) whereas larger values ranging from 10 ×10−27

to 16 ×10−27 cm2 are found in the denser atomic envelopes of
nearby clouds (Remy et al. 2017), and values from 15 ×10−27

to 17 ×10−27 cm2 characterise the DNM phase (Planck Collab-
oration et al. 2015b; Remy et al. 2017; Joubaud et al. 2020).610

Dust opacities further increase in the dense, CO-bright, molec-
ular phase, reaching values as high as 60 × 10−27 cm2 (Remy
et al. 2017). The dust opacities we have found in the Hi phase
of the Reticulum and North Hydrus clouds are consistent with
this trend. They are close to the low diffuse cirrus values and, in615

particular, to the dust opacity of (6.4±0.1)×10−27 cm2 measured
in the Eridu filament (Joubaud et al. 2020). The dust opacity we
have found in the DNM phase of the North Hydrus cloud fully
agrees with other estimates. We caution the reader that the un-
usually low yDNM value found for the Reticulum cloud may not620

be reliable because of the difficulty discussed in Sect. 4.2 to fully
extract the NHDNM column density along Reticulum from the γ-
ray data. The final dust residual map in Fig. 6 shows a leftover
positive excess along the Reticulum filament. Taking this excess
into account would increase the yDNM value.625

4.4. Cosmic rays in the Reticulum and Eridu filaments

Figure 9 compares the γ-ray emissivity spectrum we have found
per gas atom in the Reticulum filament to that in the similar fil-
ament of Eridu and in the more massive North Hydrus cloud.
We also compare it to the average qLIS spectrum measured in630

the local ISM, at latitudes between 10◦ and 70◦ across the sky
(Casandjian 2015). We compare them for the spin temperatures
that best fitted their respective γ-ray data, therefore at TS = 100 K
for Eridu, 140 K for qLIS, and for optically thin Hi for Reticulum
and North Hydrus. The results indicate that the CR population635

that permeates the Hi and DNM phases of the Reticulum and
North Hydrus clouds has the same energy distribution and same
flux as the average population in the local ISM. This population
applies to the 100-150-pc-long sector subtended by the Reticu-
lum and North Hydrus clouds along the rim of the Local Val-640

ley. As expected for the low NHI column densities characterising
these clouds, we find no significant spectral deviation at low en-
ergies that would mark a loss or concentration of CRs when pen-
etrating into the denser DNM clumps (Schlickeiser et al. 2016;
Bustard & Zweibel 2021).645

Figure 9 illustrates that the CR flux in the Reticulum filament
is 1.57 ± 0.09 times that pervading the similar Eridu filament.
This discrepancy decreases to 1.51 ± 0.09 if we compare them
for the same Hi spin temperature of 100 K, to 1.38±0.08 if we as-
sume them both optically thin. The minimum ratio is 1.32±0.08650

if Eridu is optically thin and Reticulum thicker with TS = 100 K,
a case yielding a worse γ-ray fit to the data for both clouds. The

3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

loss mechanism that affects CRs in Eridu should be energy in-
dependent to preserve the same emissivity spectral shape in the
three clouds across the entire energy band. 655

Hα hydrogen recombination line emission has been recorded
along the Reticulum cloud in the Southern Halpha Sky Survey
Atlas (Gaustad et al. 2001), suggesting that the cloud be a cool-
ing filament or cooling shell surrounded by recombining warm
ionised gas. The cross correlation between dust and γ rays de- 660

tects any gas in addition to the Hi gas, regardless of its chemical
or ionisation state. The inferred DNM column densities are dom-
inated by the dense CNM and diffuse H2, but they also include
the much more dilute ionised gas. The γ-ray emissivity we have
obtained in the cloud Hi phase is therefore not strongly biased by 665

untraced ionised gas surrounding it. As a further check, we have
used the Hα map reprocessed by Finkbeiner (2003) as an addi-
tional gas template into the dust and γ-ray fits, even though the
Hα emission measure does not scale with the NH+ column den-
sity, but it integrates the product of the electron and ion densities 670

along the line of sight, EMα ∝
∫

LOS nenH+dl. With this crude ad-
ditional template, the Reticulum γ-ray emissivity remains con-
sistent with the local-ISM qLIS average and is still 1.51 ± 0.11
times larger than in Eridu over the whole energy band for the
choice of best fitting spin temperatures. 675

Assuming the same CR flux pervades the recombining and
neutral hydrogen, the γ-ray signal related to the Hα template
yields NH+ column densities around 1019 cm−2 in Reticulum, an
order of magnitude below those in the neutral phase. Column
densities of the Galactic warm ionised medium, integrated to the 680

Reticulum distance, are also an order of magnitude below the
NHI ones and would not spatially correlate with the Hi clouds to
impact the values of the qHI emissivities (Gaensler et al. 2008).

5. Discussion

The Reticulum and Eridu clouds are both light and filamentary 685

clouds, with ordered magnetic fields on a few parsec scale, and a
large inclination with respect to the Galactic plane. Yet, the first
has 57 ± 9% more CRs than the second. In the next sections, we
try to characterise the dynamical and magnetic states of those
clouds which can influence CR transport, namely the diffusion 690

coefficient in the self-confinement, streaming mode on the one
hand, and the dispersion in velocity and in magnetic bending
on the other hand. In order to constrain these transport modes
we derive the gas volume density and the Bsky magnetic-field
strength from observations. 695

5.1. Gas densities in the atomic phase

Given the elongated aspect of the Reticulum and Eridu filaments,
we have used two different assumptions for the cloud geometry,
namely a cylindrical fiber or a shell seen edge on, in order to
bracket its unknown depth along the line-of-sight (LOS) and to 700

estimate the Hi gas volume density, nHI. In the fiber-like configu-
ration, the LOS depth is close to the observed width in the plane
of the sky. In order to estimate the latter, we have used the Gaus-
sian FWHM widths of the NHI column-density profiles observed
along cuts perpendicular to the filament axis. Figure 10 shows 705

the eight and seven cuts respectively chosen along the Reticulum
and Eridu filaments. The resulting depths are shown in the mid-
dle panel of Fig. 11 with an uncertainty reflecting that in cloud
distance. The mean depth and rms dispersion are 5.0 ± 0.6 pc in
Reticulum and 10.5± 1.0 pc in Eridu. In the shell shaped config- 710

uration, the LOS depth is closer to half the chord length through
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the thick shell. Given the mean widths measured above and as-
suming a shell radius of curvature of about 100 pc, we estimate
the LOS depths to roughly be 20 pc for Reticulum and 30 pc
for Eridu. These limits are represented as triangles in the middle715

plot of Fig. 11. They provide reasonable upper limits to the cloud
depth.

We have derived the mean gas volume density in a 1-degree-
wide square around the peak of each NHI profile cutting perpen-
dicularly through the Reticulum and Eridu filaments. The results720

are shown in the bottom plot of Fig. 11. The shell-like geometry
provides approximate lower limits to the gas densities.

Figure 11 illustrates that the larger NHI column densities
recorded in the Eridu filament are likely due to longer LOS
depths and that the Reticulum filament has denser substruc-725

tures than Eridu. In both geometries, the density estimates along
Reticulum are typical of the CNM and they are consistent with
the detection of similar NHDNM column densities in the DNM. For
both geometries, the Eridu volume densities are more typical of
the unstable lukewarm neutral medium (LNM) that transitions730

between the stable WNM and CNM phases. They indicate that
CNM clumps are likely present inside both clouds, but should be
more numerous and densely packed in Reticulum than in Eridu.

5.2. Self-confined diffusion

The ambient magnetic field mediates the collisionless interac- 735

tion between CRs and the thermal gas. CRs stream along mag-
netic field lines and scatter off small-scale magnetic fluctuations
with sizes close to their gyroradius, thereby reducing their ef-
fective propagation speed. Whereas very high energy CRs are
likely scattered by interstellar magnetohydrodynamic (MHD) 740

turbulence, the lower-energy CRs that we sample here in γ rays
are more likely scattering off Alfvén waves that are excited by
the CRs themselves via the resonant streaming instability (Kul-
srud & Pearce 1969). In this self-confinement scenario, CRs
with a bulk drift speed vD greater than the ion Alvénic speed 745

vion
A = B/

√
4πρi can excite Alfvén waves with the growth rate

(Kulsrud & Cesarsky 1971) :

Γgrow(k) =
π3/2

2
e
c

(vD − vion
A )

1√
ρi

∑

j

α j − 3
α j − 2

Z j n j(R j >
B
k

) (3)

where ρi notes the mass density of interstellar gas ions, B is the
mean field strength, and we add the contributions of different CR
nuclei with charge Z je, rigidity R j, and volume number density 750

spectrum n j(R) with a power-law spectral index α j in the range
of interest. The CR density is integrated in rigidity above the
threshold corresponding to the resonance condition R j = B/k.
We have considered the CR spectra with Z j ≤ 28 incident on the
heliopause (Boschini et al. 2020), which correspond to the qLIS 755
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emissivity discussed above. We have integrated the spectra over
1 GV in rigidity and fitted the α j spectral indices in the 1–20 GV
range that contributes most to the growth rate.

The net drift with respect to the Alfvén wave frame (vD−vion
A )

can be written as a diffusive flux (Jiang & Oh 2018; Bustard &760

Zweibel 2021) :

vD − vion
A =

κ∥
ℓcr

(4)

with the characteristic length for a change in CR flux, ℓcr, and
the diffusion coefficient κ|| parallel to the mean B field.

Wave amplitudes and scattering rates are reduced by wave
damping processes that depend on the properties of the back-765

ground MHD turbulence and on ambient plasma conditions. The
main damping mechanism in the neutral gas phases that we have
probed in γ rays is the ion-neutral one. Following Hopkins et al.
(2021) and Xu & Lazarian (2022), we have checked that the lin-
ear Landau, nonlinear Landau, and turbulent damping rates are770

two to three orders of magnitude smaller than the ion-neutral one
in the typical environments of the Reticulum and Eridu clouds.

Momentum exchange between the ions and hydrogen or he-
lium neutral atoms, all with the same equilibrium temperature T ,
leads to the damping rate given by Soler et al. (2016) :775

Γin,S16 =

√
32
9π

kBT
AimH

nHI

σiH

√
1

1 + Ai
+ σiHe

xHe

xHI

√
AHe

Ai + AHe



(5)

where kB is the Boltzmann constant, mH is the H atom mass,
xHI and xHe are the neutral hydrogen and helium abundance
by number, relative to the total number of hydrogen nucleons,
and AHe=4 is the atomic weight of helium. The ion-neutral
momentum-transfer cross sections are σiH = 10−14 cm2 and 780

σiHe = 3 × 10−15 cm2 from Vranjes & Krstic (2013).
The ion abundance, xi, and mean ion atomic weight, Ai, vary

with the gas state (Draine 2011). The predominant form of ions
gradually varies from H+ in the WNM to about half H+ and half
C+ in the CNM and their abundance decreases by two orders of 785

magnitude, down from about 2% in the WNM. We have used the
heating, cooling, chemistry, and ionisation model of Kim et al.
(2023) to calculate the equilibrium gas temperature T , ion abun-
dance xi, and average ion weight Ai as a function of the gas den-
sities observed in the neutral phase (nHI) and for the local inter- 790

stellar conditions (xHe = 0.1, xC = 1.6 × 10−4 in the gas phase,
solar metallicity, primary CR ionisation rate of 2×10−16 s−1, and
local FUV intensity). This allowed us to estimate the damping
rates of Alfvén waves in different points along both clouds.

Another formalism for ion-neutral damping is given by Kul- 795

srud & Pearce (1969) :

Γin,K69 =
1
2

nnmn

mn + mi
⟨σv⟩in (6)
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to estimate the cloud widths. The cyan squares show 1◦ × 1◦ squares
adopted to estimate gas volume densities, Bsky field strengths and paral-
lel diffusion coefficients κ∥ along the filament core.

where nn is the neutral number density, mn is the mean mass
of neutrals, and mi = AimH is the mean mass of ions. The ion-
neutral momentum transfer rates are ⟨σv⟩in = 3.25 × 10−9 cm3

s−1 for collisions between H and H+, 2.39×10−9 cm3 s−1 between800

H and C+, and 1.42 × 10−9 cm3 s−1 between He and H+ (from
Table 2.1 of Draine (2011)). This formulation does not depend
on the gas temperature.

We have adopted the Soler et al. (2016) damping rate as the
baseline for this work. Assuming a uniform LOS depth equal to805

the mean value of the estimates shown in Fig. 11 in each geom-
etry, we find rather uniform damping rates close to 6 × 10−9 s−1

across both clouds, in both geometries. We note that the two
damping rate formulations yield comparable rates across the
clouds in the shell geometry, but the Kulsrud & Pearce (1969)810

one yields a few times larger rates than the Soler et al. (2016)
ones in the denser fiber geometry (one to three times larger along
Eridu and one to five times larger along Reticulum). This differ-
ence is due to the drop in temperature and increase in ion atomic
weight in the denser fiber gas in Eq. 5.815

A quasi-steady state is reached when the growth rate Γgrow
of the gyro-resonant waves is balanced by the damping rate Γin,
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Fig. 11. Distributions of Hi column densities (top), LOS depths (mid-
dle), and mean Hi volume densities (bottom) in the Reticulum (ma-
genta) and Eridu (green) clouds. The offset distance is the separation
between a 1◦ × 1◦ square along a filament and the first one (of largest
latitude or declination). The different symbols refer to the fiber-like or
shell-like cloud geometry. The LOS depth shading is due to the distance
uncertainty whereas the data points and error bars in volume density re-
spectively give the mean value in each ∼5 pc-wide square and the rms
dispersion at 0.5–0.7 pc scale within each square.

giving a parallel diffusion coefficient:

κ∥ =
2
π3/2

c
e
Γinℓcr

√
ρi

∑
j

(
α j−3
α j−2

)
Z j n j(R j >

B
k )
∝ T 1/2x1/2

i n3/2
HI ℓcr (7)

We note that the diffusion coefficient does not depend on the
mean magnetic field strength under this steady-state assumption. 820

The distance that separates the Reticulum and Eridu filaments
ranges from 170 pc to 270 pc given their respective length and
distance uncertainty to the Sun. They are also about 150 pc away
from other clouds exhibiting γ-ray emissivities close to the av-
erage qLIS. Given the 30-60% change in CR flux between Eridu 825

and the other clouds, we have adopted ℓcr=200 pc as a typical
CR gradient length scale for the particle energies probed with
the LAT.

Figure 12 presents maps of the parallel diffusion coefficient
obtained for both clouds when using a uniform LOS depth across 830

the whole cloud (the mean one in the fiber configuration or the
upper limit in the shell geometry). We have also relaxed the uni-
formity of the LOS depth by calculating the diffusion coefficient
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in each of the 1◦ × 1◦ squares chosen along both filaments, with
the locally-derived fiber LOS depth estimate in each square. The835

results are shown in Tables B.1 and B.2 and as a function of the
mean Hi gas density in each square in Fig. 13. For a character-

istic CR gradient scale length ℓcr of 200 pc, we find κ∥ values
that typically range from 3 × 1028 to 8 × 1028 cm2 s−1 across the
Reticulum cloud in both geometries. They are closer to 3 × 1028 840

or 4 × 1028 cm2 s−1 for Eridu because of its lower contrast in
gas column density. The maps show that the diffusion coefficient
does not vary substantially as the gas density increases from the
cloud envelopes to the cores because the drop in wave excita-
tion is tempered by the loss in ion abundance and the damping 845

rise is tempered by the drop in gas temperature and increase in
ion mass. The overall variation from edge to core is of the order
two to three. We stress that these κ∥ estimates sample the cloud
properties at parsec scales rather than at the micro-parsec scales
of gyroresonance, so in-situ variations may well be much more 850

severe.

Figure 12 illustrates that, when using the same CR flux to
excite Alfvén waves in the Reticulum and Eridu clouds, both
filaments exhibit very similar diffusion properties over most of
their area in each of the fiber or shell configurations. Figure 13 855

shows the evolution of the diffusion coefficient in the 1◦-wide
squares sampling the core of the filaments. The larger κ∥ val-
ues pertaining to Reticulum in Fig. 13 correspond to the dens-
est cores where CRs can flow more rapidly due to the enhanced
damping. In the self-confinement theory, CRs trap themselves 860

by amplifying magnetic fluctuations through the streaming in-
stability, so fewer CRs have a lower scattering efficiency. The
CR flux reduction in Eridu with respect to Reticulum leads to
an increase in diffusion length, an increase by the flux ratio of
1.57 ± 0.09. Taking this reduction into account, Fig. 12 shows 865

that CRs should diffuse at about the same speed in the densest
parts of Eridu and Reticulum, but twice as fast at the periphery
of Eridu than in the envelope of Reticulum, in both geometries.
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The diffusivity difference between the two clouds is, however,
too small and the uncertainties too large to relate the loss of CRs870

in Eridu to different self-confinement efficiencies.
CRs transfer energy to the magnetic fluctuations if they have

an anisotropic distribution with a degree of anisotropy larger
than vion

A /c, thus if their mass drift velocity vD along the mean
magnetic field exceeds vion

A (Kulsrud & Pearce 1969). If the CRs875

are well scattered, there is a direct relationship between their
anisotropy and spatial density gradient (Zweibel 2013), so a pos-
sible cause for a difference in CR flux inside Eridu and Retic-
ulum may originate outside the clouds, in different CR gradi-
ents in their immediate environment (different ℓcr values). Both880

clouds lie near the dense walls of the Local Valley, but Eridu
stands in the vicinity of the Orion-Eridanus superbubble where
steep CR gradients are possible even though we have found no
evidence for fresh acceleration or re-acceleration of CRs in the
compressed outer rim of the superbubble (Joubaud et al. 2020).885

Steeper gradients would, however, excite more streaming insta-
bilities and decrease the diffusion coefficient rather than increase
it compared to Reticulum. On the other hand, Reticulum may
be a cooling fragment of an old (supernova remnant?) shell with
steep CR gradients to efficiently confine the particles in the shell,890

but a local boost of the wave growth rate inside this cloud is hard
to reconcile with the fact that its CR flux matches that found in
other local clouds with different histories and environments. Fu-
ture studies of 3D gradients in γ-ray emissivity in the local ISM
will shed light on potential ℓcr variations.895

We note that κ∥ linearly scales with ℓcr. This is the reason
why the present estimates drastically differ from those found by
Armillotta et al. (2021) for the same gas density. They find very
smooth CR densities in the CNM with about two orders of mag-
nitude larger gradient scale lengths in their simulations (Lucia900

Armillotta, private communication).
The κ∥ values found in these individual clouds compare

well with the range of recent estimates obtained for the entire
Milky Way for isotropic diffusion, which vary from 4 × 1028 to
20 × 1028 cm2 s−1 for 10 GeV/n CRs (Jóhannesson et al. 2016,905

2019; Weinrich et al. 2020; De La Torre Luque et al. 2022).
We stress that the choice of 200 pc for the ℓcr gradient scale
was set prior to the κ∥ calculations and was driven by the 3D
separation between clouds exhibiting different γ-ray emissivi-
ties. It was not tuned to match Milky Way values. The latter910

are based on direct measurements of CR nuclear spectra mea-
sured inside and near the heliosphere (by Voyager, ACE-CRIS,
HEAO-3, CREAM, AMS-02, and PAMELA) and on different
propagation codes to model spallation reactions (namely GAL-
PROP, USINE, and DRAGON-2). The different estimates vary915

by a factor five even though the models merely try to constrain an
isotropic, homogeneous, environment-independent coefficient in
the Galaxy. The convergence with the values presented in Fig. 12
and 13 therefore brings important new insight as our estimates
apply to individual clouds instead of the whole Galaxy, they ex-920

ploit detailed ISM data and ISM physics rather than uncertain
3D gas maps of the Milky Way, and they use different CR in-
formation (the overall number density instead of secondary to
primary spectral ratios).

The turbulent wandering of magnetic-field lines has been925

proposed to regulate the diffusion of streaming CRs in super-
Alfvenic turbulence (Xu & Lazarian 2022, and references
therein). Scattering by magnetosonic waves in a compressible
medium has also been invoked (Sampson et al. 2023, and refer-
ences therein). We have therefore explored the turbulence level930

in gas velocity and in Bsky orientation, and we have estimated
the sonic and Alfvén Mach numbers of the turbulence, the for-

mer indicating the plasma compressibility and the latter gauging
the magnetic stiffness against tanglement and its impact on the
κ⊥/κ∥ ratio. 935

5.3. Velocity dispersion and sonic Mach numbers

We have taken advantage of the pseudo-Voigt decomposition of
the Hi spectra used for the cloud separation to follow LOS veloc-
ity changes in the main line of a cloud across the structure. We
have mapped the σv line widths of the main line across Eridu 940

(top panel, left) and Reticulum (bottom panel, upper) in Fig. 14,
respectively. We have also mapped the position-to-position ve-
locity dispersion at the smallest scale resolved by the GASS us-
ing a two-point structure function in LOS velocity:

S v(x, δ) =

√√√
1
N

N∑

i=1

[vLOS (x) − vLOS (x + δi)]2 (8)

where the velocity dispersion compares the line central velocity 945

in a given direction x and in a displaced direction v(x + δi). The
average is taken over displaced directions spanning an annulus
δ/2 ≤ δi ≤ 3δ/2 around the x direction, with δ equal to the ef-
fective GASS FWHM angular resolution of 16′.2 (Kalberla et al.
2010). The resulting S v maps are shown for the Reticulum and 950

Eridu clouds in the top panel, right and bottom panel, lower plots
of Fig. 14 respectively.

Figure 14 shows that the line width and velocity dispersion
values decrease from the cloud edges to the cores of both clouds,
as expected from CNM regions. The σv line widths are com- 955

mensurate with the thermal broadening expected from the tem-
perature map inferred in the previous section. The velocity res-
olution of GASS and the uncertainty in the modelled gas tem-
perature do not allow the rms measure of turbulent velocities to
be extracted beyond the thermal broadening. The σv line widths 960

therefore provide upper limits to the turbulent motions along the
lines of sight. On the other hand, because of the average over
the δ ring, the S v structure function is closer to a lower limit to
the turbulent motions along the line of sight. Both S v and σv are
one-dimensional measures of the turbulent velocity field. 965

Figure 14 indicates that the dispersion in the velocity field
of the Eridu cloud is about twice larger than in the more com-
pact Reticulum filament (both in S v and σv). We have calculated
the sonic Mach numbers of the turbulence in the 1◦ × 1◦ squares
sampling the core of each filament in the case of isotropic tur- 970

bulence (δv2
3D = 3δv2

1D). Figure 15 shows that these estimates
are consistent with the distribution of Mach numbers obtained in
cold CNM clumps by Heiles & Troland (2003) when comparing
the Hi line width with the thermal broadening inferred from spin
temperatures. Figure 15 indicates that the turbulence is mildly 975

supersonic along both Eridu and Reticulum in the fiber configu-
ration and trans-sonic in the warmer shell geometry. The Mach
numbers compare well in both clouds and the turbulence appears
to be moderately compressible in both of them.

5.4. Dispersion in the Bsky magnetic field orientation 980

In order to study the complexity of the magnetic field lines in the
Reticulum and Eridu clouds we have used the dust polarisation
data recorded by Planck at 353 GHz. We have degraded the orig-
inal 4′.8 resolution to an angular resolution of 14′ (FWHM) in or-
der to increase the signal to noise ratio. The data come from the 985

third public data release (PR3) which is described in the Planck
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Fig. 14. Maps of the velocity line width, σv, and of the velocity disper-
sion function, S v(δGASS), of the main Hi emission line across the Eridu
(top) and Reticulum (bottom) clouds. Note the different colour scale for
each cloud.

2018 Release Explanatory Supplement4. The Q and U Stokes
parameters provided in the Planck database are defined with re-
spect to the Galactic coordinates, but in a direction opposite to
the IAU convention along the longitude axis, so we define the990

polarisation angle:

ψIAU =
1
2

arctan(−U,Q) (9)

ψ is zero at the North Galactic pole and it follows the IAU con-
vention by increasing counter-clockwise with increasing longi-
tude. The arctan(sin, cos) is the arc-tangent function that solves
the π ambiguity taking into account the sign of the cosine.995

The nearby Reticulum and Eridu clouds are the dominant
dust clouds along their respective lines of sight, so the dust po-
larisation measurements give us access to the magnetic field in
the plane of the sky, Bsky, in those clouds. In order to quantify
the regularity of the Bsky direction, we have used the polarisation1000

angle dispersion function (Planck Collaboration et al. 2015a):

S ψ(x, δ) =

√√√
1
N

N∑

i=1

[
ψ(x) − ψ(x + δi)

]2 (10)

4 http://wiki.cosmos.esa.int/planck-legacy-archive
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Fig. 15. Sonic Mach numbers of turbulent motions in the 1◦×1◦ squares
chosen along the Eridu (green) and Reticulum (magenta) filaments, in
the fiber (top) and shell (bottom) geometries, assuming isotropic tur-
bulence and using the S v dispersion function (dark filled symbols) or
the σv line width (light open symbols) to trace the one-dimensional tur-
bulent velocity dispersion. The data points and error bars respectively
give the mean value in each ∼5 pc-wide square and the rms dispersion
at 0.5–0.7 pc scale within each square. The histogram shows the Mach
number distribution in cold CNM clumps from Heiles & Troland (2003)

where ∆ψxi = ψ(x) - ψ(x + δi) is the difference between the
polarisation angle in a given direction x and in a displaced direc-
tion x + δi. In practice, we have calculated ∆ψxi from the Stokes
parameters as (Planck Collaboration et al. 2015a): 1005

∆ψxi =
1
2

arctan(QiUx − QxUi,QiQx + UiUx) (11)

where the x and i indices stand for the central and displaced di-
rections, respectively. The average in S ψ is taken over displaced
directions spanning an annulus around the x direction with an
inner radius δ/2 and an outer radius 3δ/2. We have taken 15′ for
the δ lag. 1010

The S ψ dispersion values range from 0◦ for a well ordered
Bsky magnetic field to S ψ = 90◦ for a disordered one. When
the polarisation signal is dominated by noise, S ψ converges to
π/
√

12 (≈ 52◦). The results on the Bsky field orientation and on
its dispersion are displayed as field lines in Fig. 1, as ψ angle 1015

maps in Fig. 16, and as S ψ angle dispersion maps in Fig. 17.
Atomic filamentary clouds have mean magnetic fields often

aligned with the filament axis (Clark et al. 2014; Clark & Hens-
ley 2019) whereas the field orientation turns to perpendicular or
to disorder in the dense molecular parts (Soler et al. 2013; Planck 1020

Collaboration et al. 2016a). The atomic Eridu and Reticulum
clouds follow the expected trend. Figures 1, 16, and 17 jointly
show that the Bsky magnetic field is well ordered along the axis
of both filaments, with a stable direction along nearly their whole
length and with a dispersion lower than 10◦ on a 1-pc scale over 1025

large parts of the filament extent. Moreover, these ordered fields
are almost perpendicular to the orientation of the Galactic mag-
netic field inferred in the solar neighbourhood from dust polari-
sation in local clouds (Planck Collaboration et al. 2016b) or by
the field draping around the heliosphere (Zirnstein et al. 2016). 1030

The Reticulum field appears to be slightly more ordered in
its dense part than in Eridu, likely because of the compression
that originally formed the compact fiber or shell. The dispersion
in field orientation appears to be rather uniform across the whole
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of Eridu and is a little more contrasted between the filament axis1035

and edges of Reticulum. The parsec-scale data does not, how-
ever, suggest that CRs have slowed down in Reticulum because
of a much more tangled field. To the contrary, compared to Eridu,
they should stream along more ordered fields over a large frac-
tion of the filament length.1040

5.5. Magnetic-field strength

The total magnetic field is composed of a mean component, B0,
and a small fluctuating one, |δB| ≪ |B0|, so that the magnetic
energy density is B2

8π =
1

8π [B2
0+δB2+2δB.B0]. To infer the mean

field strength from dust polarisation, the Davis-Chandrasekhar-1045

Fermi (DCF) method assumes that isotropic turbulent motions
initiate incompressible, transverse, Alfvén waves (δB · B0 = 0)
in the frozen field (Davis 1951; Chandrasekhar & Fermi 1953).
They also assume that the kinetic energy of the turbulence is
equal to the fluctuating magnetic energy density, and that the dis-1050

persion in polarisation angle ψ traces the dispersion in magnetic-
field orientation. From the equipartition condition, 1

2ρδv
2 = δB2

8π
and from S ψ ≈ δB/B0 one obtains:

BDCF
sky = f

√
4πρ

δv
S ψ

(12)

where the f correction factor varies with authors between 0.3
and 0.7, for instance f = 1/

√
3 for isotropic turbulence (Chan-1055

drasekhar & Fermi 1953). Other values are reviewed by Skalidis
& Tassis (2021, Sect. 2.2.3). We have adopted their f = 0.5 rec-
ommendation for this work.
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sky =
2
3 B2.

The DCF method tends to overestimate the actual field
strength because of line-of-sight and beam averaging and be- 1060
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cause it overlooks the strong anisotropy in ISM turbulence and
the role of non-Alfvénic (compressible) modes in the cross-term
δB.B0 , 0 (Skalidis & Tassis 2021). To include the compress-
ible modes, these authors propose an alternative formulation that
agrees within 20-30% with MHD simulation data:1065

BST
sky =

√
2πρ

δv√
S ψ

(13)

We have applied both methods to calculate the plane-of-sky
magnetic-field strengths in the 1◦-wide squares chosen along
the Reticulum and Eridu filaments, with the velocity dispersion
function S v as a proxy for the turbulent velocity δv. The results
are shown in Fig. 18 and in Tables B.1 and B.2. Following the1070

discussion by Skalidis & Tassis (2021), the BST
sky and BDCF

sky esti-
mates likely bracket the true Bsky value, the latter being about
40% (50%) larger than the former in the case of Reticulum
(Eridu). We have also calculated upper limits to Bsky using the
σv line width as an upper limit to the turbulent velocity. The re-1075

sults are provided in Tables B.1 and B.2. They are about three
times larger than the S v-based estimates for each method.

Figure 18 shows that the Bsky field strength is rather uniform
along the core of each cloud and that it is about one and a half
larger along Eridu than along Reticulum: around 3.1 (1.7) µG1080

for Eridu and 1.9 (0.9) µG for Reticulum in the fiber (shell) con-
figuration if we use the S v velocity dispersion to trace the tur-
bulent motions. Three times larger upper limits to the fields are
found when using the line width instead. The difference between
Eridu and Reticulum does not depend much on the cloud geom-1085

etry, but one should keep in mind that the magnetic-field com-
ponent along the line of sight may significantly differ in both
clouds. Figure 18 also illustrates that the Bsky strengths in Eridu
and Reticulum compare reasonably with the median total field
Btot = 6 ± 1.8 µG inferred from Zeeman splitting of Hi lines1090

and Monte Carlo simulations (Heiles & Troland 2005) if one as-
sumes B2

sky = (2/3) B2 for a random field orientation with respect
to the line of sight (Heiles & Troland 2005).

We cannot estimate whether the MHD turbulence is super-
Alfvénic or not since both Bsky derivations assume equipartition1095

between the fluctuating kinetic and magnetic energy densities,
whether the latter is dominated by δB2/8π in the case of incom-
pressible turbulence (DCF) or by δBB/4π when compressible
modes are present (ST). In both cases, the Alfvén Mach numbers
will be close to one. We can, however, estimate the gas magneti-1100

zation level from the squared ratio of the sound to Alfvén speed,
c2

s/v
2
A (Soler et al. 2013), which is close to the gas to magnetic

pressure ratio. To derive the Alfvén velocity of the total gas, we
have assumed B2 = (3/2)B2

sky and the ST formulation for Bsky.
Figure 19 shows the normalised distributions of the ratios found1105

in the 1◦-wide squares sampling the gas along the core of both
filaments. If we use the Bsky(S v) estimate, the gas and magnetic
pressures compare well across both clouds in their fiber geome-
try and the gas pressure slightly exceeds the magnetic one in the
shell configuration. The magnetization is skewed to values below1110

one (i.e. to dominant magnetic pressure) when using the Bsky(σv)
upper limits to the field, but not severely, so equivalent gas and
magnetic pressures may prevail over large parts of the clouds.
Therefore, whether in terms of Bsky orientation dispersion or in
magnetic stiffness against turbulent gas motions, we find no im-1115

portant difference on parsec scale between the two clouds that
would suggest more magnetic-field tangling and slower CR dif-
fusion in one of them.

6. Conclusions

We have compared the CR flux in the atomic phase of two nearby 1120

clouds that have many properties in common. They are both
elongated filaments, crossing the same hollow sector of the Local
interstellar Valley, at comparable distances from the Sun. They
are both threaded by ordered magnetic fields, mostly aligned
with the filament long axis, largely inclined with respect to the 1125

Galactic plane, and with magnetic pressures of the same order
as the thermal ones. Yet, we have found that the γ-ray emis-
sivity per gas nucleon in one cloud, Reticulum, is 1.57 ± 0.09
times larger than in the other cloud, Eridu, over the whole energy
range of analysis, from 0.16 to 63 GeV. The difference cannot be 1130

attributed to uncertainties in gas mass since the correlation be-
tween the dust and γ-ray data allows an efficient detection of any
additional gas that is not traced by Hi line emission (as we have
found in Reticulum) and the γ-ray contribution of this additional
gas is included in the model. Furthermore, we cannot reduce the 1135

CR flux ratio below 1.32± 0.08 when allowing for strong differ-
ences in Hi spin temperature between the two clouds, even at the
expense of a worse γ-ray fit.

Beyond characterising the global magnetic orientation and
average field strength of a few microGauss in the clouds, we have 1140

studied turbulence characteristics at a parsec scale that might
hint at different environmental conditions for particle diffusion,
namely the dispersion in gas velocity and magnetic-field orienta-
tion, the sonic Mach numbers (compressibility), and the magne-
tization level (magnetic stiffness against gas turbulent motions). 1145

We have found that the two clouds compare well on all these as-
pects. The only notable difference is that the core of the Reticu-
lum cloud has collapsed (or been compressed) to larger densities
typical of the CNM and DNM phases whereas as a large fraction
of the more diffuse gas in Eridu may be transitioning through 1150

the unstable, lukewarm phase. MHD simulations will help study
the level of magnetic-field tangling and stretching in the differ-
ent atomic and DNM gas phases, or in shell compression behind
a slow shock, in order to search for changes that might impact
the collective drift of the CR population (Xu & Lazarian 2022; 1155

Sampson et al. 2023).

If the 1−500 GeV/n CRs we have probed in γ rays primarily
scatter offMHD waves they have excited by the streaming insta-
bility, one would expect a stronger damping in the denser Retic-
ulum cloud, but we have shown that the difference in expected 1160

steady-state diffusion coefficient between the two clouds is small
(less than a factor of two) because the increase in diffusion length
with the ambient gas density is moderated by the corresponding
drop in temperature and ionisation fraction. We have, however,
probed the cloud properties at a parsec scale whereas the growth 1165

and damping of the relevant MHD waves occur at wavelengths
of a few micro-parsecs where the interstellar gas properties can-
not be explored. The damping rates we have estimated indicate
that the Alfvén waves or magnetic eddies propagating along the
field lines should dissipate over typical lengths of tens to hun- 1170

dreds of micro-parsecs (L ≈ vion
A /Γin, Spangler et al. 2011). The

median of their distribution is twice as large in Eridu as in Retic-
ulum. The dissipation lengths correspond to proton gyroradii for
energies in the ∼0.01 to ∼1 TeV band, with a median energy
three times larger in Eridu than in Reticulum. The waves must be 1175

constantly replenished or we would observe a change in spectral
slope in the γ-ray emissivity spectra in the ∼1 to ∼100 GeV band
as the higher-energy particles would leak out more rapidly. The
fact that we have found a change in CR flux, but not in spectrum,
in the two clouds is therefore an important constraint. 1180
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each geometry, and using the S v velocity dispersion (filled bars) or the σv line width (markers) in the ST formulation to infer Bsky and the total
magnetic-field strength.

On the other hand, the wave growth rate in each cloud re-
lates to the degree of CR velocity anisotropy or, equivalently, to
the steepness of the CR spatial density gradient (Zweibel 2013)
which could differ in the vicinity of the clouds (different ℓcr). The
Fermi-LAT data can help advance this aspect to enlighten why1185

these two similar clouds are pervaded by different CR fluxes.
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Appendix A: Distance estimates to the nearby
clouds1300

We have used the 3D dust distribution reconstructed from stel-
lar surveys by Leike et al. (2020) out to distances of about 400
pc from the Sun to place constraints on the distance to different
cloud complexes seen in the analysis region. Figure A.1 displays
the dust extinction in the G band in contiguous 20-pc-wide inter-1305

vals. The lack of dust information at latitudes below about 50◦
for the three most distant intervals is due to the limited size of
the 3D data cube perpendicular to the Galactic plane (±270 pc).
In addition to those maps, one can plot the extinction profile as a
function of distance along sightlines of large NH column density1310

in each cloud. Examples are shown in Fig. A.2 when probing di-
rections along the Reticulum filament. We have used the peaks
found in the dust profiles and the correspondence in shape found
between atomic clouds in Fig. 3 and dust clouds in Fig. A.1 to
estimate the cloud distances that are given in Sect. A.1315

We have repeated the analysis to revisit the distance to the
Eridu cloud. The latter, being rather diffuse, is more difficult to
identify in the dust data, but Fig. A.3 suggests that it lies at about
300 pc from the Sun, beyond the edge of the Orion-Eridanus
superbubble that is clearly detected at closer distances around1320

200 pc as the long arc crossing the maps horizontally at latitudes
around -50◦.

Appendix B: ISM properties in the 1◦-wide squares
along the cloud filaments

Tables B.1 and B.2 list the mean value and rms dispersion of1325

the interstellar properties found in the 1◦ × 1◦ squares that are
depicted in Fig. 10 and that span the length of the Reticulum
and Eridu filaments, along their core. The properties include the
LOS depth, the NHI column density and nHI volume density in
the atomic gas, the Hi velocity dispersion in the plane of the sky1330

(S v) and along the line of sight (σv line width), the gas tempera-
ture T and the abundance (xion) and atomic weight (Aion) of ions
inferred from the gas density and the Kim et al. (2023) model,
the Bsky magnetic-field strengths estimated according to Eqs. 12
and 13 with the S v velocity dispersion orσv line width as a proxy1335

for the turbulent velocity δv, the sonic Mach numbers MS of the
turbulence for the same options in δv, the Alfénic Mach numbers
MA of the MHD turbulence inferred with the ST and DCF meth-
ods, the ion-neutral damping rate according to Eq. 5, and the
steady-state κ∥ diffusion coefficient for self-confinement with the1340

CR flux reaching the heliosphere in the 1–20 GV rigidity range.
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Fig. A.1. Maps of the G-band extinction optical depth integrated over 20 pc-wide intervals in distance from the Sun across the analysis region.
The data come from the 3D distribution of Leike et al. (2020). The distance ranges are labelled in each map. The black contours delineate the
Reticulum Hi cloud as in Fig. 1.
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Fig. A.2. Dust extinction density profiles as a function of radial distance from the Sun for selected lines of sight along the Reticulum filament.
The data come from the 3D distribution of Leike et al. (2020).
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region. The data come from the 3D distribution of Leike et al. (2020). The dust cloud that spans the region nearly horizontally around b = 50◦ and
at distances between 160 and 260 pc marks the rim of the Orion-Eridanus superbubble. At larger distances, the black contours delineate the Eridu
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Table B.1. ISM properties along the Reticulum filament, for the fiber (regular font) or shell (bold font) geometry. The values and errors respectively
give the mean value in each ∼5 pc-wide square and the rms dispersion at 0.5–0.7 pc scale within each square.

Square center
LON [deg] 282.09 281.58 280.05 277.51 276.15 272.59 269.88 268.18

LAT [deg] -41.25 -42.0 -43.88 -46.25 -47.38 -49.12 -50.88 -51.5

NHI [1020 cm−2] 4.4 3.8 3.4 2.5 2.2 1.9 1.4 1.4

LOS depth [pc]
3.6 ± 0.5 5.4 ± 0.7 3.6 ± 0.4 3.7 ± 0.5 5.2 ± 0.6 5.0 ± 0.6 4.4 ± 0.6 7.9 ± 1.0

20.0 ± 2.5 20.0 ± 2.5 20.0 ± 2.5 20.0 ± 2.5 20.0 ± 2.5 20.0 ± 2.5 20.0 ± 2.5 20.0 ± 2.5

nHI [cm−3]
39 ± 11 23 ± 6 31 ± 14 22 ± 13 14 ± 3 12 ± 3 10 ± 3 6 ± 1

7 ± 2 6 ± 2 6 ± 3 4 ± 2 4 ± 1 3 ± 0.8 2 ± 0.5 2 ± 0.4

S V [km s−1] 0.78 0.48 0.48 0.52 0.49 0.55 0.81 0.37

σV [km s−1] 2.2 1.9 1.7 1.4 1.3 1.5 2.3 1.4

S ψ [deg] 19.95 24.44 10.73 14.9 11.8 28.74 35.62 42.91

T [K]
106 143 130 194 220 238 290 502

503 517 843 1581 1193 1457 2322 2044

xion [10−4]
4.2 6.3 5.6 8.9 10.5 11.5 14.2 24.3

23.2 24.6 35.3 59.2 48.4 56.9 82.8 74.8

Aion
5.6 4.0 4.8 3.8 2.9 2.7 2.4 1.7

1.9 1.8 1.7 1.5 1.4 1.3 1.2 1.2

BDCF
sky (S V ) [µG]

3.9 ± 1.5 1.7 ± 0.9 3.6 ± 2.3 3.2 ± 1.8 3.9 ± 2.8 1.2 ± 0.7 1.1 ± 0.4 0.4 ± 0.2

1.7 ± 0.7 0.9 ± 0.5 1.5 ± 1.0 1.4 ± 0.8 2.0 ± 1.4 0.6 ± 0.4 0.5 ± 0.2 0.2 ± 0.1

BDCF
sky (σV ) [µG]

10.1 ± 4.2 6.8 ± 3.7 12.7 ± 6.1 9.2 ± 6.5 10.9 ± 8.4 3.2 ± 1.6 3.3 ± 1.2 1.2 ± 0.4

4.3 ± 1.8 3.5 ± 1.9 5.4 ± 2.6 3.9 ± 2.8 5.6 ± 4.3 1.6 ± 0.8 1.6 ± 0.6 0.8 ± 0.2

BST
sky(S V ) [µG]

3.2 ± 1.2 1.4 ± 0.7 2.1 ± 1.4 1.9 ± 0.7 1.9 ± 0.9 1.1 ± 0.5 1.2 ± 0.4 0.4 ± 0.2

1.3 ± 0.5 0.7 ± 0.4 0.9 ± 0.6 0.8 ± 0.3 0.9 ± 0.5 0.5 ± 0.2 0.6 ± 0.2 0.3 ± 0.1

BST
sky(σV ) [µG]

8.6 ± 2.8 5.8 ± 2.7 7.6 ± 3.3 5.4 ± 2.6 5.1 ± 2.4 3.0 ± 0.9 3.5 ± 0.9 1.5 ± 0.3

3.6 ± 1.2 3.0 ± 1.4 3.2 ± 1.4 2.3 ± 1.1 2.6 ± 1.2 1.5 ± 0.5 1.7 ± 0.4 0.9 ± 0.2

Γin,S16 [10−9 s−1]
6.4 6.1 6.3 6.1 5.9 5.9 5.9 6.0

6.0 6.0 6.0 6.0 6.1 6.1 6.1 6.2

κ∥ [1028 cm2 s−1]
6.9 ± 1.2 5.3 ± 0.6 6.2 ± 1.5 5.2 ± 1.3 4.4 ± 0.4 4.2 ± 0.3 4.0 ± 0.3 3.5 ± 0.07

3.7 ± 0.2 3.6 ± 0.1 3.6 ± 0.2 3.4 ± 0.3 3.4 ± 0.08 3.4 ± 0.04 3.4 ± 0.1 3.4 ± 0.02

MDCF
A 0.99 ± 0.31 1.21 ± 0.54 0.53 ± 0.22 0.74 ± 0.45 0.58 ± 0.46 1.42 ± 0.56 1.76 ± 0.53 2.12 ± 0.47

MS T
A 1.17 ± 0.17 1.28 ± 0.27 0.85 ± 0.17 0.97 ± 0.31 0.85 ± 0.32 1.39 ± 0.28 1.56 ± 0.25 1.72 ± 0.2

MS (S V )
1.35 ± 0.49 0.72 ± 0.37 0.72 ± 0.63 0.68 ± 0.22 0.6 ± 0.18 0.62 ± 0.26 0.84 ± 0.36 0.29 ± 0.11

0.67 ± 0.28 0.39 ± 0.21 0.31 ± 0.24 0.27 ± 0.1 0.27 ± 0.09 0.25 ± 0.1 0.3 ± 0.14 0.15 ± 0.05

MS (σV )
3.83 ± 1.01 2.93 ± 1.3 2.57 ± 1.49 1.96 ± 0.48 1.63 ± 0.3 1.77 ± 0.33 2.39 ± 0.58 1.09 ± 0.22

1.92 ± 0.63 1.6 ± 0.77 1.14 ± 0.58 0.82 ± 0.34 0.74 ± 0.18 0.74 ± 0.17 0.86 ± 0.22 0.54 ± 0.11
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Table B.2. ISM properties along the Eridu filament, for the fiber (regular font) or shell (bold font) geometry. The values and errors respectively
give the mean value in each ∼5 pc-wide square and the rms dispersion at 0.5–0.7 pc scale within each square.

Square center
LON [deg] 194.05 196.73 199.49 203.1 205.33 206.79 224.21

LAT [deg] -56.77 -57.76 -59.73 -61.29 -62.52 -64.22 -62.46

NHI [1020 cm−2] 2.0 1.8 1.7 2.6 1.9 2.0 0.9

LOS depth [pc]
8.1 ± 0.8 8.4 ± 0.8 11.4 ± 1.1 8.8 ± 0.9 16.1 ± 1.6 9.2 ± 0.9 6.7 ± 0.7

30.0 ± 3.0 30.0 ± 3.0 30.0 ± 3.0 30.0 ± 3.0 30.0 ± 3.0 30.0 ± 3.0 30.0 ± 3.0

nHI [cm−3]
9 ± 4 7 ± 2 5 ± 2 10 ± 1.7 5 ± 1 7 ± 1 5 ± 1

2 ± 0.8 2 ± 0.5 2 ± 0.7 3 ± 0.5 2 ± 0.6 2 ± 0.2 1 ± 0.2

S V [km s−1] 1.11 1.49 1.27 1.0 1.01 1.7 0.47

σV [km s−1] 3.2 3.3 3.7 3.0 2.8 3.3 3.4

S ψ [deg] 11.62 14.32 18.15 9.41 15.05 19.01

T [K]
488 440 789 295 1102 408 845

2847 2867 3202 1592 2673 2317 5868

xion [10−4]
22.2 21.4 34.6 14.6 45.3 20.1 36.9

101.2 98.2 108.9 61.4 94.4 82.7 200.4

Aion
2.0 1.9 1.6 2.3 1.5 1.9 1.5

1.2 1.2 1.2 1.3 1.2 1.2 1.1

BDCF
sky (S V ) [µG]

4.6 ± 2.8 4.9 ± 2.3 4.6 ± 5.4 6.4 ± 4.0 2.2 ± 0.8 4.1 ± 1.6

2.4 ± 1.5 2.6 ± 1.2 2.9 ± 3.3 3.4 ± 2.2 1.6 ± 0.6 2.3 ± 0.9

BDCF
sky (σV ) [µG]

10.7 ± 4.6 9.0 ± 4.6 9.1 ± 5.5 15.4 ± 8.6 5.9 ± 2.2 7.1 ± 3.3

5.3 ± 2.3 4.8 ± 2.5 5.6 ± 3.4 8.4 ± 4.7 3.9 ± 1.5 4.0 ± 1.8

BST
sky(S V ) [µG]

2.8 ± 1.5 3.2 ± 1.1 2.5 ± 2.0 3.1 ± 1.2 1.5 ± 0.4 3.1 ± 0.7

1.4 ± 0.8 1.7 ± 0.6 1.6 ± 1.2 1.7 ± 0.6 1.1 ± 0.3 1.7 ± 0.4

BST
sky(σV ) [µG]

7.3 ± 2.6 6.3 ± 2.4 6.0 ± 2.2 8.5 ± 2.5 4.4 ± 1.1 5.7 ± 1.5

3.6 ± 1.3 3.4 ± 1.3 3.7 ± 1.3 4.6 ± 1.4 2.9 ± 0.8 3.2 ± 0.8

Γin,S16 [10−9 s−1]
6.0 5.9 6.0 5.9 6.1 5.9 6.1

5.9 6.0 5.9 6.2 6.0 6.2 4.9

κ∥ [1028 cm2 s−1]
3.7 ± 0.3 3.6 ± 0.3 3.5 ± 0.1 3.9 ± 0.2 3.4 ± 0.08 3.6 ± 0.07 3.4 ± 0.05

3.3 ± 0.4 3.3 ± 0.3 3.3 ± 0.2 3.4 ± 0.03 3.3 ± 0.3 3.4 ± 0.06 2.7 ± 0.4

MDCF
A 0.57 ± 0.19 0.71 ± 0.38 0.9 ± 0.7 0.46 ± 0.2 0.74 ± 0.25 0.94 ± 0.37

MS T
A 0.89 ± 0.14 0.97 ± 0.25 1.05 ± 0.4 0.79 ± 0.18 1.01 ± 0.17 1.13 ± 0.22

MS (S V )
1.02 ± 0.53 1.3 ± 0.51 0.88 ± 0.5 1.03 ± 0.27 0.57 ± 0.14 1.48 ± 0.33 0.85 ± 0.16

0.41 ± 0.23 0.52 ± 0.23 0.44 ± 0.26 0.45 ± 0.12 0.36 ± 0.08 0.62 ± 0.14 0.31 ± 0.03

MS (σV )
2.93 ± 1.02 2.85 ± 0.97 2.47 ± 0.69 3.05 ± 0.54 1.64 ± 0.42 2.89 ± 0.6 1.7 ± 0.31

1.18 ± 0.42 1.14 ± 0.42 1.22 ± 0.37 1.34 ± 0.27 1.02 ± 0.25 1.21 ± 0.25 0.61 ± 0.06
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8.4 Complementary results : γ-ray point sources

In the Reticulum region, using the 4FGL-DR3 catalogue, we have found 220 γ-ray point
sources where 140 are inside the analysis region, excluding the peripheral band. According to
Abdollahi et al. (2020), we have calculated the flux of each source, S (E), with the spectral
characteristics.

I created four maps of sources. The first two concern sources located in the LMC and SMC
regions, while the third map contains sources situated in the lowest dust zones, τ353 < 3 × 10−6.
In each of these three maps, the sources will be fitted collectively in the γ-ray model (Eq.4.12).
The other 145 sources have been fitted individually. We have not fitted their spectral parameters,
but only a correction factor, qS , in each energy band in order to account for possible changes due
to the longer exposure and to the use of a different interstellar background for source detection
compared to the analysis of the 4FGL–DR3 catalogue.

Figure 8.5 shows the sources in the analysis region except for those present behind the SMC
and LMC regions that have been masked out of the analysis. The sources found in low dust
zones and treated collectively are represented by black circles while those treated individually
are shown in black crosses. We have retained sources in the low dust regions for individual fits
because they were variable and/or bright.

Nearly all the sources ended up having a flux correction factor around 1. We have found
three sources with a factor q > 2 and two with q < 0.4. These sources are represented in
Fig.8.5 by green squares and red circles, respectively. The position of these five sources in
Galactic longitude and latitude, and their normalisation factors are presented in Table 8.1. The
first three sources with upward correction factors are blazars. The flux change is likely due
to variability between the 12 years of data considered for the 4FGL-DR3 catalogue and the
14 years of data in our analysis. The first one was already known to be variable. The other
two are much fainter objects. The last two sources of Table 8.1 are faint (6.2σ and 5.6σ) and
unidentified in the 4FGL-DR3 catalogue. Their flux is now consistent with zero. Even when
excluding the lowest energy band and applying a γ-ray fit in 7 energy bands between 0.25-
63 GeV, we obtain a negligible emissivity of 0.03±0.38 for the last source. Their disappearance
in the present analysis is due to the detection of DNM gas in the Reticulum and North Hydrus
clouds.
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Figure 8.5 : Optical depth map at 353 GHz, τ353 with all the sources of the analysis region ex-
cept those in the LMC-SMC zones. The sources fitted collectively are represented
by black circles and those fitted individually are shown as black crosses. The red
circles represent sources that we do not confirm in the present analysis. The green
squares show sources that have a higher average flux over 14 years of data than in
the 12-year 4FGL-DR3 catalogue.

Source name Longitude [deg] Latitude [deg] q ± dqstat

J0301.6-7155 290.00 - 41.78 3.91 ± 0.10

J0331.8-7040 286.53 - 40.96 2.13 ± 0.75

J0358.0-6946 283.86 - 39.72 2.28 ± 0.34

J0358.7-7403 288.35 - 37.28 0.38 ± 0.18

J0357.7-6808 282.05 - 40.62
0.00 ± 0.42

0.03 ± 0.38

Table 8.1 : Location and normalisation factors for five specific sources. The last row contains
two values. The first one is by doing the γ-ray fits in 8 energy bands in the range
0.16-63 GeV while the second one is for 7 bands between 0.25-63 GeV.
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Chapitre 9
Conclusions and perspectives

Our Solar System resides in a Local Bubble, itself located in a Local Valley of low gas density
compared to the surroundings where dense local clouds are present. Figure 9.1 illustrates the
3D distribution of gas around the Solar System (SS), which is symbolised by the red star in the
middle of the plot. The colors indicate the height relative to the Galactic plane : red is above,
while blue is below the plane. In the valley, the large-scale magnetic field is likely more ordered
than in the denser clouds surrounding the valley. Two possible directions have been measured
for this large-scale magnetic field as shown by the two lines in the figure, one from the dust
polarisation in the local ISM, the other closer to the Sun from the magnetic-field wrapping
around the heliosphere.

Since the launch of the Fermi observatory, scientists have measured precise γ-ray emissivities
in local clouds at hundreds of parsecs around the Solar System, relying on the radiation emitted
by hadronic interactions between CRs and the ISM. Most of clouds emissivities are consistent
between each other and compatible with the average one, qLIS, calculated in the Hi gas between
10◦ and 70◦ in Galactic latitude. In 2019, Joubaud et al. (2020) serendipitously noticed that
one cloud exhibited a lower γ-ray emissivity compared to the other clouds. This cloud is called
Eridu and is located outside the edge of the Orion-Eridanus bubble (see Fig.6.1) at an altitude
of 200 pc below the Galactic plane and at a distance of 300±30 pc from the Sun. It is composed
of purely Hi gas and optically thin to Hi line radiation, so the uncertainties in the gas mass are
small. Furthermore, given the gas column densities found in that cloud, there is no penetration
problem for CRs, especially for the chosen energy range. Therefore, one can concluded that
there is a deficit of CRs in Eridu compared to all the other local clouds previously studied.

Eridu and the Sun are both located in the Local Valley. They may be connected by the large-
scale magnetic field (see Fig.6). Therefore, we have compared the flux of CRs penetrating this
cloud with that measured inside the Solar System and just outside the heliosphere. To do that,
we have used the effective cross-sections of hadronic interactions provided by the Kamae pa-
rameterisation (Kamae et al., 2006), the Kachelrieß matrices based on the QGSJET-II-04m
simulations (Kachelrieß et al., 2019), and the matrices obtained from the FLUKA simulation
(Mazziotta et al., 2016). First, we find that bremsstrahlung emission accounts for at least 15% of
the total emission in the 1-kpc-wide region around the Sun for energies below a GeV. Second,
we found a difference of 30.3 ± 4.3 % between the different cross-sections in the 0.25–10 GeV
energy range making it impossible to conclude whether the average CR spectrum measured in
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Figure 9.1 : A 3D gas distribution around the Solar System represented by the red star. The data
are obtained by Lallement et al. (2019). Red and blue colors represent respectively
the local clouds above and below the Galactic plane. Two possible directions of the
magnetic-field in the valley are represented by the two oblique lines. The middle
sphere is the local bubble around the Solar System and the second one is the Orion-
Eridanus superbubble.

local clouds around the Sun is comparable or ∼ 25 % superior to that passing the Solar System.
Moreover, we cannot determine whether the CR flux reaching the Solar System is close to that
of Eridu or if Eridu indeed has a deficit of CR flux. More experiments should be conducted,
especially with low-energy accelerators (below TeV), to firmly establish the cross sections of
hadronic interactions, at least for low-Z nuclei. The present cross-sections well match the high-
energy LHC data, but the uncertainties at low energies prevent us from studying GeV CRs,
which represent an important component in the Galaxy.

In order to try and understand the change in CR flux within Eridu, we have explored another
filament, Reticulum, which shares similar characteristics with Eridu. Reticulum is located at
the rim of the local valley, as indicated in Fig.6.1, at a distance ranging between 170 pc and
270 pc from Eridu given their lengths. Both filaments are inclined with respect to the Galactic
plane and have well-ordered magnetic field lines aligned with the filament axis. However, we

160



have found that the γ-ray emissivity per gas nucleon, and consequently the CR flux, in Eridu
is 1.57 ± 0.09 times lower than that in Reticulum. By varying the Hi optical thickness of the
clouds, the smallest difference we can find between the two filaments becomes 32 ± 8%. The-
refore, Eridu remains distinct with a significant deficit in CR flux.

Through the 21 cm Hi spectral lines from the analysis region, we have identified 6 other
atomic clouds : 3 in the Hydrus constellation, 2 in Dorado and 1 in Horologium. They are
all different in space, velocity and shape which allowed us to fit them individually in order
to extract dust opacity and γ-ray emissivity for each one of them. The γ-ray emissivities are
presented in Fig.9.2. We can see that Reticulum, North Hydrus, South Hydrus and East Dorado
have a γ-ray emissivity compatible with the average qLIS in the energies between 0.16 GeV and
63 GeV. The Far Hydrus and West Dorado have a relatively lower γ-ray emissivity, but that is
because they are not well detected at the edge of the γ-ray fit region. According to Fig.3 in the
second paper (see Sec.8.3), we can see that the major parts of the clouds are outside the analysis
region. The low γ-ray emissivity of Horologium should also be revisited because Figure 8.3
shows that there is another component towards the Horologium line of sight that we have not
separated in two components because the clouds extended much further out of the Reticulum
analysis region. Because the present analysis region only partially encompassed those clouds,
a detailed study of the Horologium, Far Hydrus and West Dorado should be done with a better
gas velocity component separation to re-investigate their relatively low γ-ray emissivities. The
Horologium is of particular interest because of the large height of the cloud with respect to the
Galactic plane, similar to Eridu.

By combining the energy integral of the γ-ray emissivities we have obtained in this work with
those previously found in other local clouds, we can plot how the emissivity in the 0.4–10 GeV
energy band evolves as a function of absolute height above the Galactic plane, up to 300 pc,
in Fig. 9.3. If we add the emissivities found by Tibaldo et al. (2015) in intermediate-velocity
Hi clouds at altitudes around 1 kpc, and upper limits to high-velocity Hi clouds, we obtain the
larger scale trend shown Fig.9.4.

Figure 9.3 shows a systematic decrease by a factor nearly two in emissivity over only 300 pc
of altitude. Eridu stands as the lowest γ-ray emissivity cloud below 300 pc and revisiting the
emissivity values of West Doradus and Horologium as well as adding other low-altitude clouds
to this trend would be extremely useful to investigate how the emissivity gradient compares
with model predictions for the CR halo. Those models are reviewed by Dogiel et al. (2020).
The emissivity decline is at variance with the two models shown in Fig.6.4 or with the large
halo size of 5+3

−2 kpc recently inferred from AMS-02 data (Weinrich et al., 2020). The vertical
distribution of CRs and the existence of a break near 200–300 GeV/n in their spectra are impor-
tant complementary facets of how advection and diffusion compete in CR propagation, hence of
how advection by the local Galactic wind (Schlickeiser et al., 2014) and self-generated turbu-
lence (which locks the particles in Alfvénic advection) on the one hand, and diffusion by ISM
disk turbulence cascades on the other hand influence particle transport and set the halo size. The
transition from neutral to ionised gas plays a crucial role in the CR vertical gradient, especially
at the energies below the break that are probed in γ rays (Dogiel et al., 2020).
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Figure 9.2 : Spectral evolution of the γ-ray emissivities per gas nucleon in the Eridu cloud
(blue) and the different clouds found in the analysis region. The grey curve gives
the average qLIS emissivity measured at latitudes 10◦ ≤ |b| ≤ 70◦ (Casandjian,
2015). The emissivities are shown for the Hi optical-depth correction that best fits
the γ-ray data (TS = 100 K for Eridu, 140 K for qLIS, and optically thin for the
others). The shaded bands include the statistical and systematic uncertainties.

We have two filamentary clouds situated on either side of the Local Valley at comparable
distances from the Sun. Both of them exhibit ordered magnetic fields aligned with the filament
axis and inclined relative to the Galactic plane. They have similar gas column densities, but dif-
ferent CR fluxes in the energy range of 0.16-63 GeV. We have delved deeper into the differences
between these two clouds to understand this flux change. First, we have found that both clouds
have magnetic pressure of a similar magnitude as the thermal ones, and both have a Bsky strength
on the order of a few microGauss. With two different assumptions about the filament geometry,
we find that the denser gas in Reticulum is in the cold CNM phase (which is consistent with
the detection of DNM gas in the cloud) whereas the more diffuse gas in Eridu is in the unstable
LNM phase. MHD simulations should be conducted to study the level of magnetic-field tan-
gling and stretching in the different atomic and molecular gas phases or behind a slow shock in
shell compression to search for differences that might impact CR propagation.

Considering that GeV CRs scatter off Alfvén waves excited by streaming instabilities in
the self-confinement scenario, we expect more damping in the denser Reticulum, implying a
lower γ-ray emissivity than in Eridu. We have, however, found that the difference in κ∥ diffusion
coefficient between the two filaments is small. CRs escape from both clouds at the same velocity.
For a characteristic CR gradient scale length ℓcr of 200 pc, the κ∥ values that we find in these
single clouds are compatible with the average measurements in the Milky Way (see Chapter
5). It is important to keep in mind that the growth and damping rates of Alfvén waves were
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Figure 9.3 : γ-ray emissivities of Hi clouds as a function of their absolute altitude with respect
to the Galactic plane. The emissivity values in the 0.4–10 GeV band and statistical
error bars are given for Reticulum and Eridu in red, the 6 clouds of the present
analysis in green, the clouds studied by Remy et al. (2017b) in cyan, those by
Tibaldo et al. (2015) in grey, those by Joubaud et al. (2019) as black circles, the
Chamaelon and IVA from Planck Collaboration, Fermi Collaboration, et al. (2015)
as black squares, and black diamonds for Cepheus-Cassiopeia from Abdo et al.
(2010) and Orion from Ackermann, Ajello, Allafort, et al. (2012). The data points
that require further investigation and confirmation are shown with dashed lines.
The grey rectangle represents the average emissivity and ±1σ uncertainty obtained
by Casandjian (2015) in the local atomic ISM.

estimated on a parsec scale, while in reality, the important Alfvén waves are on the order of the
particle gyroradius at micro-parsecs.

Atomic filamentary clouds are characterised by a magnetic field aligned with the filament’s
axis, whereas this field becomes perpendicular or disordered in dense molecular regions. Reti-
culum contains clumps of molecular DNM gas, which is not the case for Eridu. The magnetic
field may therefore be more tangled and reduce the collective velocity of CRs in the case of
Reticulum. By studying the gas velocity dispersion, we found that turbulence is mildly super-
sonic along both clouds in the fiber geometry, and trans-sonic in the warmer shell geometry.
This means that both clouds contain slightly compressible gas. Regarding the dispersion of the
magnetic field orientation, Reticulum has a slightly more ordered field, which is expected since
it is more compact than Eridu. On a parsec scale, we can conclude that magnetic field lines
are not very tangled, which does not reduce the escape velocity of CRs in Reticulum. On the
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Figure 9.4 : The same as Fig.9.3 but adding more clouds at high altitude. The horizontal error
bars are due to the distance uncertainties.

contrary, they stream along more ordered field lines, compared to Eridu, over a large fraction of
the filament length.

Whether CRs are self-confined in the clouds or following tangled field lines driven by ex-
ternal turbulence, we find similar diffusion properties between Reticulum and Eridu. The 57%
difference in γ-ray emissivity between both clouds remains therefore unexplained. Another as-
pect that should be examined is the environment of each filament. According to Zweibel (2013),
the wave growth rate relates to the degree of CR velocity anisotropy, hence to the ambient CR
density gradient, which could differ in the vicinity of both clouds.

In the end, I can say that we provide to the community two test cases to study CR propagation
more profoundly, especially since there is a difference of six orders of magnitude between what
we can infer in the cloud at big scale and what is actually happening at tiny scales where the
CRs are reacting to turbulence.
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