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Abstract

In the last decade, space-based experiments like AMS-02, DAMPE, CALET and Fermi-
LAT, and ground-based experiments like HAWC, H.E.S.S., and LHAASO have turned
astroparticle physics of Galactic cosmic rays and gamma rays into a precision disci-
pline, making our research work particularly timely. We can use the newly available
data to learn more about our Universe, and in this thesis, we will use the cosmic radi-
ation we measure at the Earth as messengers to unveil the properties of the Galactic
environment. An outstanding effort is currently ongoing to characterize the properties
of cosmic messengers, which raise compelling questions about the origin of cosmic ra-
diations, the mechanisms responsible for particle acceleration, and their propagation
in the Galaxy and beyond.

The research presented in this thesis contributes to unveil the origin of two types of
Galactic radiation: charged cosmic rays, with a particular focus on positrons, and
gamma rays. Often, our approach effectively combines these two cosmic radiations in
a multi-wavelength and multi-messenger modeling of cosmic sources.

In the first Part of this thesis, we present an overview of the charged cosmic radiation
detected at Earth, from the production in astrophysical sources to propagation in the
Galaxy, and of the cosmic gamma-ray radiation.

Part II is dedicated to the interpretation of Galactic cosmic rays and gamma rays
from a multi-messenger point of view, with the combination and interaction between
extremely different physics regimes, from the infinitely small scales of fundamental
particle physics, to particle propagation in the infinitely large Galactic environment.
We start our journey from the infinitely small scales, using data from accelerator and
collider experiments to provide a new parametrization for the production cross sections
of electrons, positrons, and gamma rays in hadronic interactions. Cross sections enter
in the computation of secondary fluxes and the Galactic diffuse emission, contributions
generated by the interaction of cosmic rays with the interstellar medium.

We then focus on the computation of a new estimate of the secondary electrons and
positrons fluxes. In particular, for positrons, the knowledge of the secondary compo-
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nent is crucial for understanding this antimatter channel. To achieve this, we combine
the information from cross sections with new state-of-the-art models for particle prop-
agation in the Galaxy, fitting the measured cosmic nuclei fluxes.
After the focus on secondary fluxes, we shift our attention to the total positron flux,
investigating the contribution coming from pulsars and relative pulsar wind nebulae.
The high-precision AMS-02 data are used to constrain the main properties of the
Galactic pulsar population needed to explain the observed flux.
In line with the multi-messenger approach of this thesis, we then focus on pulsar
gamma-ray halos detected by experiments like HAWC and LHAASO. These halos
are a direct product of electrons and positrons accelerated and emitted in a region
around the source, and they can provide complementary information with respect to
the measurements of AMS-02, that refer to particles detected after a long journey
before reaching the Earth, allowing us to test different propagation models around
these sources.
We complete the picture showing how kinetic plasma simulations are necessary for the
modelling and understanding of the phenomenology of particle acceleration at astro-
physical shocks. In line with the spirit of this thesis, which is based on the interaction
between effects at different physics scales, we demonstrate that it is necessary to con-
sider the turbulence generated at scales of hundreds of kilometers for the understanding
of particle injection and acceleration in these environments that cover parsec scales.
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Italian abstract

Nell’ultimo decennio, esperimenti nello spazio come AMS-02, DAMPE, CALET e
Fermi-LAT, ed esperimenti a Terra come HAWC, H.E.S.S. e LHAASO hanno trasfor-
mato la fisica astroparticellare dei raggi cosmici Galattici e dei raggi gamma in una
disciplina di precisione. Possiamo utilizzare i nuovi dati disponibili per raggiungere
una conoscenza dettagliata del nostro Universo e, in questa tesi, useremo la radiazione
cosmica che misuriamo sulla Terra come messaggero per svelare e comprendere le pro-
prietà della nostra Galassia. Uno sforzo eccezionale è attualmente in corso da parte
della comunità scientifica per comprendere le proprietà di tali messaggeri, che sollevano
domande fondamentali sull’origine delle radiazioni cosmiche, i meccanismi responsabili
dell’accelerazione delle particelle e la loro propagazione nella Galassia e oltre.

La ricerca presentata in questa tesi contribuisce a svelare l’origine di due tipi di ra-
diazione Galattica: i raggi cosmici carichi, con particolare attenzione ai positroni, e i
raggi gamma. Spesso, la nostra metodologia combina efficacemente queste due com-
ponenti attraverso un approccio multimessaggero nella modellizzazione delle sorgenti
cosmiche.

Nella prima parte di questa tesi, presentiamo una panoramica sulla radiazione cosmica
carica rilevata sulla Terra, dalla sua produzione in sorgenti astrofisiche alla propagazione
nella Galassia, e sui raggi gamma.

La Parte II è dedicata all’interpretazione dei raggi cosmici Galattici e dei raggi gamma
da un punto di vista multi-messaggero, con la combinazione e l’interazione tra regimi
fisici estremamente diversi, dalle scale infinitamente piccole della fisica fondamentale,
alla propagazione delle particelle nell’ambiente Galattico infinitamente grande. In-
iziamo il nostro viaggio dalle scale infinitamente piccole, usando i dati degli acceler-
atori e dei collider per fornire una nuova parametrizzazione per le sezioni d’urto di
produzione di elettroni, positroni e raggi gamma nelle interazioni adroniche. Le sezioni
d’urto entrano nel calcolo dei flussi secondari e dell’emissione diffusa Galattica, con-
tributi generati dall’interazione dei raggi cosmici con il mezzo interstellare.

Ci focalizziamo successivamente sul calcolo di una nuova stima del flusso di elettroni
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e positroni secondari. In particolare per i positroni, la conoscenza dettagliata della
componente secondaria è fondamentale per l’interpretazione di questo canale di anti-
materia. Per ottenere tale predizione, combiniamo la parametrizzazione per le sezioni
d’urto precedentemente ottenuta con nuovi modelli per la propagazione delle particelle
nella Galassia, calibrati sui flussi dei nuclei cosmici misurati.
Dopo il focus sui flussi secondari, spostiamo la nostra attenzione sul flusso totale di
positroni, studiando il contributo proveniente dalle pulsar wind nebulae. I dati di
AMS-02 sono utilizzati per comprendere le principali caratteristiche della popolazione
Galattica di pulsar necessarie per spiegare il flusso osservato.
In linea con l’approccio multimessaggero di questa tesi, ci concentriamo quindi sugli
aloni di raggi gamma rilevati attorno alle pulsar da esperimenti come HAWC e LHAASO.
Questi aloni sono un prodotto diretto delle particelle accelerate ed emesse in una re-
gione estremamente vicina alla sorgente e possono fornire informazioni complemen-
tari rispetto alle misurazioni di AMS-02, che riguardano particelle rilevate dopo un
lungo viaggio prima di raggiungere la Terra, permettendoci di testare diversi modelli
di propagazione intorno a tali sorgenti.
Completiamo il quadro della tesi dimostrando come le simulazioni cinetiche del plasma
siano necessarie per la modellizzazione e la comprensione dell’accelerazione delle parti-
celle agli shock astrofisici. In linea con lo spirito di questa tesi, basato sull’interazione
tra effetti a diverse scale fisiche, mostriamo come sia fondamentale considerare la tur-
bolenza generata a scale di centinaia di chilometri per la comprensione del processo di
iniezione e accelerazione delle particelle in ambienti astrofisici che coprono scale delle
dimensioni del parsec.
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Chapter 1

Charged cosmic rays

Cosmic-ray (CR) radiation commonly refers to charged particles hitting the top of
Earth’s atmosphere with energies ranging from a few hundred MeV to 1011 GeV. In
this Chapter, we provide an overview of Galactic CR radiation.

1.1 The discovery of cosmic rays

The history leading to the discovery of CR radiation began in the 18th century with the
invention of electroscopes by W. Gilbert, and the observation that they spontaneously
discharge over time. In 1785, Coulomb [7] verified that this discharge was induced by
the air, then confirmed around 1900 by Wilson, Elster, and Geitel. The discovery of
radioactivity in 1896 by Becquerel [8], along with subsequent studies on radioactive
materials by P. and M. Curie [9], connected the discharge rate of electroscopes to
the emission of charged particles from radioactive decays. This simple hypothesis was
initially attributed to radioactivity from the Earth’s crust or the atmosphere. However,
in 1909, Wilson, Kurtz, and Cline [10] visionary proposed an extraterrestrial origin.
After some measurements at the top of the Eiffel Tower in 1909 by T. Wulf [11],
trying to prove a terrestrial origin, the first evidence that the observed radiation did
not originate from the Earth’s crust came in 1911 from experiments conducted by D.
Pacini. He compared the discharge rate of electroscopes on mountains, over a lake, and
over the sea [12, 13, 14], founding a significant decrease of approximately 20% in the
discharge rate when the electroscope was placed three meters underwater, consistent
with radiation absorption by water.
The conclusive answer came from balloon experiments, which demonstrated that the
penetrating radiation was of cosmic origin. The first flight specifically designed to
study penetrating radiation was conducted in 1909 by A. Gockel, ascending up to
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CHAPTER 1. CHARGED COSMIC RAYS

4500 meters above sea level. V. F. Hess continued the campaign in 1912, making
seven flights using different instruments. He measured the penetrating radiation to
be almost constant with altitude within errors below 3000 meters. Furthermore, he
observed an increase of 50% from 3000 to 4000 meters, and values exceeding 100%
from 4000 to 5200 meters, compared to ground-level observations [15]. The discovery
of CRs is generally associated with V. F. Hess’s most successful flight on August 7,
1912. Thanks to his discoveries he won the Noble Prize in 1936 together with C. D.
Anderson, who discovered the positron (e+).

The investigations carried out by J. Clay in 1927 [16] resulted in the discovery that
the intensity of penetrating cosmic radiation is dependent on geomagnetic latitude,
indicating the presence of charged particles. The regions that CRs can access are
determined by the spatial distribution of the geomagnetic field, which deflects low-
energy (E . 10 GeV) charged particles, known as the geomagnetic cut-off.

In 1932, a global survey conducted by Compton [17] confirmed that cosmic radiation
primarily consists of charged particles, while in 1933, parallel and independent studies
conducted by Alvarez and Compton [18], Johnson [19] and Rossi [20] demonstrated that
CRs are predominantly composed of positively charged particles. Schein in 1941 [21]
outlined that CRs are primarily composed of protons (p), while in 1950-1951 Critchfield
[22] determined that electrons and positrons (e±) accounted for a small fraction of the
total particle count. In 1948, the presence of various elements, including iron, was
detected using photographic emulsions in the stratosphere. The discovery of electrons
(e−) in cosmic radiation dates back to 1961 with the findings of J.A. Earl [23].

Currently, we know that p constitute approximately 90% of cosmic radiation, helium
(He) and nuclei up roughly 10%, and all other components a small percentage [24].

1.2 The cosmic-ray flux

Since V. F. Hess’s pioneering balloon flight in 1912 [15], significant advancements in
experimental techniques have driven the field forward, leading to modern balloon flights
and the development of detectors on satellites, on the International Space Station, and
terrestrial installations. CR experiments can measure incoming fluxes with a precision
of a few percent. The total CR flux is reported in Figure 1.1, taken from Ref. [25]. The
figure illustrates the flux of CR particles multiplied by the energy squared (E2φ) in units
of GeV/m2/s/sr as a function of energy (E) in GeV. The CR flux in first approximation
can be described as power-laws with different slopes, depending on the energy range.
In particular four key features are observed: below approximately 30 GeV, the flux
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CHAPTER 1. CHARGED COSMIC RAYS

bends downwards due to modulation caused by the presence of a magnetized solar
wind, preventing very low-energy particles from reaching the inner solar system. The
steepening of the flux at around 106 GeV, known as the knee, signifies a change in the
slope of the observed flux from about -2.7 to about -3.1. The ankle at approximately
1010 GeV marks the transition to a slope of -2.7 again. Finally, the flux exhibits a
cut-off above approximately 3× 1019 eV, known as the GZK cut-off, which arises from
the interaction of CRs with the photons of the Cosmic Microwave Background (CMB)
[26].
The data points represent the fluxes measured by:

• AMS-02: all particle flux [27, 28], antiprotons (p̄) [29] and leptons data [30, 31].

• Auger: all particle flux [32].

• BESS-TeV: all particle flux [33].

• CALET: lepton flux [34].

• CREAM: all particle flux [35, 36].

• DAMPE: lepton flux [37].

• FERMI: the γ-ray diffuse flux [38] and the isotropic diffuse γ-ray emission [39].

• HAWC: all particle flux [40].

• H.E.S.S.: lepton flux [41].

• IceCube: neutrino fluxes of astrophysical origin [42].

• IceTop: all particle flux [43].

• KASKADE-Grande: all particle flux [44].

• PAMELA: all particle flux [45], p̄ [46] and leptons data [47].

• Tibet-III: all particle flux [48].

This thesis will focus on the study of CR nuclei and γ rays, with a large space dedicated
to e± observed in the GeV−TeV energy range. In fact, although they constitute only
about 1% of the overall CR flux, these particles carry valuable information about the
sources of CRs and their propagation through the Galactic magnetic field. In this
thesis we will focus on Galactic CRs, more specifically, on CRs in the range between
the GeV level and a few hundred TeV.
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Figure 1.1: The data points illustrate the energies and rates of Galactic CR particle
species as recently measured from AMS-02 [27, 28, 29, 30, 31], Auger [32], BESS-
TeV [33], CALET [49], CREAM [35, 36], DAMPE [37], FERMI [38, 39], HAWC [40],
H.E.S.S. [41], IceCube [42], IceTop [43], KASKADE-Grande [44], PAMELA [45, 46, 47],
and Tibet-III [48]. Figure taken from Ref. [25].

1.3 Sources of Galactic cosmic rays

In this Section, we investigate the origins and mechanisms responsible for the produc-
tion of Galactic CRs. CRs can be broadly categorized into two main groups: primaries
and secondaries. Primary CRs are directly produced within the sources and undergo
acceleration within the same environment. Conversely, secondary CRs are the result
of interactions between CRs and the Galactic material. Two primary source classes
are primarily considered for CRs, up to several hundred TeV: Supernova Remnants
(SNRs) and Pulsar Wind Nebulae (PWNe) [50]. These Galactic objects represent the
advanced stages of massive star evolution and are estimated to occur at a rate from
one to four per century within our own Galaxy [51, 52, 53]. In this Section we will
describe both point sources of primary CRs and the secondary production mechanism.
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1.3.1 Supernova Remnants

The origin of CRs has remained an outstanding question in astrophysics ever since
their groundbreaking discovery by V. H. Hess in 1912. For energies below the knee,
SNRs have been considered as the most promising candidates for the source of CRs
[54].
In 1934, Baade and Zwicky proposed that supernova (SN) explosions occur due to the
release of an enormous amount of gravitational binding energy during the transition
from an ordinary star to a different final stage. A SN of type II arises from the violent
explosion of a star with a mass approximately 8 times that of the Sun (M�) [55] toward
the end of its lifespan. Following the explosion, a compact object such as a neutron
star or a black hole is formed. Turbulent shells of gas, known as SNRs, are produced
around these objects by the outer layers of the SN. These shells then expand into the
interstellar medium (ISM) at highly supersonic speeds, persisting for millions of years.
A SN explosion results in the injection of a total mass Mej moving with a velocity Vej
in the ISM.
The total energy output, in the form of kinetic energy, for the ejected mass is ap-
proximately ESN ∼ 1051 erg [56]. The velocity of the ejecta can be expressed as
Vej = 104E

1/2
SNM

−1/2
ej,� km/s, where Mej,� denotes the mass of the ejecta in solar masses.

The sound speed in the ISM can be estimated as cs given by cs =
√
γkbT/m, where

kB denotes the Boltzmann constant, γ is the adiabatic index, T is the temperature
in the ISM and m is the proton mass [56]. The motion of the ejecta is highly super-
sonic (Ms = Vej/cs � 1), resulting in the formation of a shock front characterized
by abrupt changes in density, temperature, and pressure within the interstellar gas.
In the SN environment, the shock is collisionless, meaning that the transfer of energy
and momentum between particles occurs through interactions with collective plasma
processes, rather than direct collisions. The expansion of a SNR into the surrounding
medium is a complex process that can be divided into three main stages [57, 58]. In
each stage, the radius of the remnant (rR) exhibits different scaling with time from the
explosion (tR).

• Free expansion: rR ∝ tR. In the initial phase, the shell expands at a constant
speed due to the dominance of kinetic energy over gravitational energy. The
velocity of the ejected material is much higher than the sound speed of the sur-
rounding gas, resulting in the formation of a high Mach number blast shock wave.
This phase typically lasts for 10− 100 years.

• Adiabatic expansion (Sedov-Taylor): rR ∝ t
2/5
R . This phase begins when the
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mass of the ISM swept by the shock wave becomes comparable to the mass of the
original stellar ejecta. The evolution of the shock front follows the self-similar
blast wave model known as the Sedov-Taylor model [59]. Gas cooling is solely due
to expansion, making it adiabatic. Typically, this stage begins around 100 years
after the SN explosion. During the Sedov-Taylor phase, the shock front is strong,
and particles in the surrounding medium can potentially undergo acceleration
through diffusive shock acceleration (see the next Section).

• Late evolution: the velocity of the shock front decreases linearly with time as
the SNR ages, eventually reaching a velocity of approximately 100 km/s after an
average time of 105 years. At this stage, energy dissipation causes the dispersal
of the remnants, and the expanding shell slows down to subsonic speeds of 1−10

km/s. Advanced magnetohydrodynamical (MHD) simulations, as demonstrated
in studies like Ref. [60, 61], are required to investigate the evolution of SN shells
in the ISM.

Diffusive shock acceleration

In this Section we describe the standard particle acceleration mechanism that has been
deeply investigated over the past century. Baade and Zwicky [54] not only introduced
the groundbreaking concept of SN formation but also put forth the idea that CRs are
accelerated by SNRs. Their proposal was based on an energetic analysis, estimating
that a significant portion (20 − 30%) of the kinetic energy of SN ejecta is converted
into relativistic particles, accounting for the energetics of CRs. While Baade and
Zwicky primarily focused on extragalactic supernovae, the notion that Galactic CRs
are accelerated in Galactic SNRs has gained widespread acceptance, commonly known
as the SNR paradigm [62].

After attending a lecture by H. Alfvén at the University of Chicago, where magnetic
irregularities in the ISM were discussed, E. Fermi recognized the potential of parti-
cle energization through the scattering with Alfvén waves [63, 64]. In astrophysical
contexts, collisions between particles and magnetic irregularities or Alfvén waves are
typically elastic. However, when these irregularities are in motion, collisions can result
in either energy gain in head-on collisions or energy loss in tail-on collisions. In scenar-
ios involving Alfvén waves or magnetized clouds as magnetic irregularities, the higher
frequency of head-on collisions compared to tail-on collisions statistically accelerates
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Figure 1.2: Schematic structure of a shock, in a frame centered on the discontinuity: the
upstream medium is un-shocked and moves towards the shock with velocity u1 = vsh.

particles. The average energy gain per cycle of this process is:〈
∆E

E

〉
=

8

3

V 2

c2
, (1.1)

where V is the velocity of the magnetic field irregularities. Since the gain is propor-
tional to (V/c)2, this process is often referred to as the second-order Fermi mechanism.
However, it may not be very efficient due to the typically low values of V compared
to c. For example, for interstellar magnetic fluctuations, V is approximately 1 − 10

km/s. If all collisions are head-on, each of them results in an energy gain. From
this principle, in the late ’70s, various authors independently realized that when the
Fermi mechanism is applied to shocks, it can lead to highly efficient acceleration of
CRs [65, 66, 67, 68, 69]. This process, known as Diffusive Shock Acceleration (DSA),
relies on the repeated scattering of particles back and forth across the shock, allowing
for multiple head-on collisions and efficient energy gain. For a non-relativistic shock
with velocity between the upstream and downstream fluids given by V = u1 − u2 (see
Figure 1.2), the energy gain for one DSA cycle is:〈

∆E

E

〉
' 4

3

u1 − u2

c
. (1.2)

The presence of a tangled magnetic field and/or a diffusion process is crucial to allow
for multiple occurrences of this process. It is important to note that DSA is not
guaranteed to occur at every shock. In the case of relativistic shocks, where u2 = c/3,
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it can be challenging for particles to travel back upstream after crossing the shock [70].
As shown by Ref. [68], combining Equation 1.2, with the probability for a particle
to escape the system, it is possible to obtain the differential spectrum of accelerated
particles:

dN(E)

dE
= f(E) ∝ E−γe with γe =

R + 2

R− 1
. (1.3)

The spectral index γe depends solely on the compression ratio R = u1/u2. This means
that for any strong shock, where R tends to the asymptotic value of R = 4, the value
of γe is always 2. This is valid for relativistic particles at non-relativistic shocks. If
we relax the assumption that particles are relativistic, the universal spectrum is a
power-law in momentum:

dN(p)

dp
= 4πp2f(p) ∝ p−γp with γp =

3R

R− 1
. (1.4)

The conversion between energy and momentum must be taken into account, recalling
that 4πp2f(p)dp = f(E)dE → f(E) = 4πp2f(p)(dp/dE). Therefore, for R = 4, in the
non-relativistic regime where E = p2/2m, we have γe = 1.5, while in the relativistic
limit where E ∝ p, we have γe = 2. Thus the basic prediction for DSA is a power-law
momentum spectra with index γp = 4, and not a energy spectra with γe = 2 as usually
reported in literature, which is valid only for relativistic particles.
This basic picture is complicated by different non-linear effects, such as dynamical
reaction and plasma instabilities generated by the accelerated particles, and amplifi-
cation of magnetic fields [71, 72]. Recent advancements in numerical methods and the
availability of modern supercomputers have enabled ab initio simulations of astrophys-
ical plasmas, allowing us to model the intricate, non-linear interplay between particles
and electromagnetic waves. These simulations are unveiling the underlying processes
responsible for the energization of the highest-energy particles in the Universe and will
be the main topic of Chapter 7.

1.3.2 Pulsar Wind Nebulae

Neutron stars are compact, rapidly spinning, and highly magnetized stars that exhaust
their nuclear fuel and collapse under their own gravity. The outer layers of the star
rebound and explode, giving rise to a SN event. Due to conservation of angular mo-
mentum, the collapsed neutron star ends up rotating at a rate of tens of revolutions
per second, with densities reaching several solar masses compressed within a radius of
10− 14 km.
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Figure 1.3: Left panel: a PWN expanding into a SNR that is evolving within a medium
with a density gradient of the surrounding ISM increasing towards the right, as viewed
from a hydrodynamical simulation. Figure taken from [74]. Right panel: the Crab
Nebula captured in different wavelengths. The Chandra X-ray image (NASA/CX-
C/SAO/F.Seward) is shown in blue, the Hubble Space Telescope optical images
(NASA/ESA/ASU/J.Hester & A.Loll) are in yellow and red, and the Spitzer Space
Telescope’s infrared image (NASA/JPL-Caltech/Univ) is in purple.

Neutron stars emitting pulses of radiation in various wavelengths such as radio, optical,
X-rays, and γ rays, are referred to as pulsars. These highly spinning and magnetized
neutron stars release energy through a relativistic wind composed of e± pairs. This
wind is confined by the surrounding material ejected during the SN explosion and gives
rise to a PWN that emits radiation across the entire electromagnetic spectrum.

The Crab Nebula serves as a well-studied example of a young PWN, observed across
various wavelengths from radio to the TeV band (see [73] for a review). Observations
indicate that the Lorentz factor of accelerated particles within the Crab Nebula reaches
values of 108 − 109. For a comprehensive analysis of the observational properties and
evolution of PWNe, we refer to [74, 75]. The idea that pulsars could be sources of CR
e± in our Galaxy dates back 30 − 40 years [76, 77]. In the following paragraphs, we
provide a brief description of the model concerning the production of e± in PWNe.

The rapid rotation and strong magnetization of pulsars induce an electric field that ex-
tracts e− from the star’s surface. As these extracted e− propagate along the magnetic
field lines, they lose energy through curvature radiation. Given the intense magnetic
field strength (1011 − 1013 Gauss), the emitted high-energy photons can produce e±

pairs. This process initiates an electromagnetic cascade, populating the pulsar mag-
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netosphere with pairs. The number of generated pairs, referred to as multiplicity,
depends on the structure of the magnetospheric gaps [78], and it is expected to be
in the range of 104 − 105. The relativistic magnetized wind of pairs evolves within a
complex environment.
Figure 1.3 (left panel) provides a schematic representation of a PWN expanding into
the surrounding ISM as depicted in a hydrodynamical simulation [74], during the stage
1 described below. The PWN region is indicated by blue colors, while the shock system
and the ISM are depicted in orange and red, respectively. The region enclosed by the
ejecta from the massive star progenitor is further encompassed by the SN blast wave
propagating in the ISM (orange area). When the magnetized wind encounters the sub-
relativistic expansion of the ejecta, a system of shock waves is generated. An outer
shock propagates within the ejecta, while a reverse shock, known as the termination
shock (blue area), moves back towards the star. At the termination shock, a significant
portion of the wind’s bulk energy is converted into accelerated e± pairs, which emit
radiation across a wide range of photon energies through synchrotron radiation and
inverse Compton processes. The accelerated pairs are confined by the magnetic field
and lose energy until they are eventually released into the ISM, through a mechanism
still under investigation and of great interest in determining the potential contribution
of PWNe to the CR e± detected on Earth. The typical value for the total energy lost by
the star is approximately Etot ∼ 1049 erg over a characteristic timescale of τ0 ∼ 10 kyr.
The right panel of Figure 1.3 displays a false-color image of the Crab Nebula, which is
located at a distance of 2 kpc. The Crab Nebula is the most extensively studied PWN,
with observations spanning from radio to γ-ray wavelengths [73].
The environment of pulsars changes dramatically over time, firstly as contained within
an evolving SNR, and finally within the general ISM when the kick velocity received
by the pulsar at birth moves it beyond the decelerated shell of the host SNR. A sketch
of the main evolutionary stages of a PWN taken from Ref. [79] is reported in Figure
1.4. There are three stages considered:

• Stage 1, t < 10 kyr: at early times the pulsar is still relatively close to its
birthplace. The high-energy leptons accelerated at the PWN are thought to
remain confined inside at this stage. The Larmor radius in the nebular magnetic
field (B ∼ 100µG) is extremely small, making diffusive escape inefficient.

• Stage 2, t ∼ 10 − 50 kyr: at intermediate times, the morphology of a PWN-
SNR system is often highly irregular. It depends both on the properties of the
material in the surrounding ISM, and on the direction and velocity of the pulsar.
The nebula is disrupted and the pulsar can be strongly off-centre with respect
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Figure 1.4: Sketch of the main evolutionary stages of a PWN. See the text for details.
Figure taken from Ref. [79].

to the PWN. At this stage, high-energy e± start to escape from the PWN, and
propagate in the surrounding SNR and eventually are able to leave it.

• Stage 3, t & 50 kyr: at late times, the pulsar has finally escaped from its parent
SNR, thanks to its kick velocity. The SNR is expanding very slowly and fading
away. The supersonic motion of the pulsar through the ISM transforms the
PWN into a bow-shock PWN [80], and particles are free to leave the system,
contributing to the CR population.

Particle Acceleration in Pulsar Wind Nebulae

The acceleration of particles in PWNe to TeV energies and beyond is generally thought
to happen at the wind termination shock and is still an open problem. Among the
various proposed mechanisms, the two most extensively studied are DSA and driven
magnetic reconnection.

• DSA at relativistic shock: the performance of this mechanism is poor at relativis-
tic magnetized shocks [81], that is the scenario that characterizes the termination
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shock. Unless the shock normal and magnetic field direction are aligned within
an angle of 1/Γ, where Γ is the wind Lorentz factor, the shock is effectively
superluminal, and particles struggle to return from downstream. A high level
of turbulence with δB/B � 1 is required to counteract advection and to allow
particles to diffuse back to the shock. This condition is only easily met if the
magnetization σ is very low, where σ is defined as the ratio between the wind
Poynting flux and particle kinetic energy:

σ =
B2

4πnemeΓ2c2
, (1.5)

with B the magnetic field and ne the comoving e± number density. In such cases,
the growth of the Weibel instability [82] ensures sufficient turbulence and efficient
particle acceleration. The condition for this mechanism to work, in terms of wind
magnetization, is σ . 10−3. In principle, the shock can accelerate particles with
a nearly universal spectrum of ∼ E−2.3, similar to what is inferred from X-ray
observations of PWNe. However, even when this condition is met, the turbulence
develops typically at small-scales, causing the acceleration time to increase with
E2, preventing particles from reaching very high energies. This is a general
challenge when invoking Fermi acceleration at relativistic shocks (e.g., [81]). One
possible solution is the existence of large-scale turbulence of external origin in
the shock vicinity (see e.g., [83]).

• Driven magnetic reconnection: magnetic reconnection is a physical process oc-
curring in electrically conducting plasmas, in which the magnetic topology is
rearranged and magnetic energy is converted to kinetic energy, thermal energy,
and particle acceleration. The sector of the wind close to the equator of the
pulsar characterized by alternating magnetic field lines is likely to undergo mag-
netic reconnection when compressed at the shock. In addition to creating a low
magnetization region where the Fermi mechanism could potentially operate, re-
connection itself can lead to highly efficient particle acceleration. If conditions
are suitable, all the dissipated magnetic energy can be converted into particle
acceleration, resulting in hard (E−γe with 1 < γe < 2) and extended power-law
spectra. The flat spectral indices observed in radio emission from PWNe are
consistent with this process. Moreover, this mechanism can completely remove
the Maxwellian component of the particle distribution, which is always present
in Fermi acceleration but never observed in PWNe. However, the outcome of
the process in terms of spectral slope and energy range extension depends on
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the initial magnetization and pair loading of the flow. Detailed particle-in-cell
(PIC) simulations (see Section 7.1) have shown that to account for the observed
3 decades in particle energy spanned by radio emission, considering a particle
spectrum with γe ∼ 1.5, one would require pair multiplicities of approximately
108 [84], which is much larger than what current pulsar theories can explain [85],
and also larger than what is inferred from observations.

1.3.3 Spallations of cosmic rays on the interstellar medium

The so-called secondary CRs are generated through the interaction of CRs with atoms
in the ISM. Flux computations of CRs are inherently linked to the production and frag-
mentation cross sections of particles resulting from nuclear interactions. Cross sections
are not solely relevant for secondary CRs; they also significantly impact primary CRs.
Primary CRs can originate from the fragmentation of higher-mass nuclei or can be dis-
rupted during their interaction with the ISM. The field of high-energy particle physics
is of fundamental importance for understanding CRs. The state-of-the-art models of
production and fragmentation cross sections are constructed using a phenomenologi-
cal approach, as attempts to compute them from first principles through perturbative
calculations fall short in this particular regime. Below, we present examples that un-
derscore the significance of cross sections in astroparticle physics.
In the diffusion model that will be presented in Section 1.4, that is the state-of-the-art
method of treating particle propagation in the Galaxy, it is assumed that particles
travel in a diffusive halo with height L, escaping from the Galaxy once they reach
the boundaries. One of the main uncertainties in these models that will be further
discussed in Chapter 4, is the estimation of the halo size L. Historically, propagation of
CR has mainly been investigated using boron (B) and the boron-to-carbon (B/C) ratio,
since B is almost completely absent in the sources and is instead produced from the
fragmentation of heavier nuclei during propagation, i.e., it is a secondary CR nucleus.
In the context of the standard diffusion model, these ratios typically are sensitive to
L/D(E) at high energies, where D(E) is the energy dependent diffusion coefficient
that describes the scattering of particles off the irregularities of the Galactic magnetic
field. Precious information about CR transport can then be gathered through their
measurement. The B/C ratio strongly depends on the fragmentation cross sections of
heavier nuclei than B, pointing out the crucial role played by these quantity.
Radioactive secondary species, whose lifetime is shorter than escape time, decay before
reaching the boundary of the Galaxy. These species are only sensitive to the diffusion
coefficient D(E), whereas stable secondary species can escape and are sensitive to
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L/D(E). Any fit combining the information of a stable and radioactive secondary
species breaks the L/D(E) degeneracy, allowing for the determination of L [86]. As
outlined in Ref. [87, 88], the impact of production cross sections for the determination
of L is significant, as has been already argued by different teams from beryllium over
boron (Be/B) analyses [87, 89, 90]. As demonstrated in Ref. [88], the 10Be/9Be ratio,
being 10Be radioactive, is directly related to the value of the production cross sections
of these isotopes, that are crucial for a good determination of L. This topic will be
further discussed in Chapter 4.
A major contribution to antimatter fluxes arise as a secondary product of primary CRs
with the ISM, outlining the importance of production cross section of these particles
in hadronic interactions, that will be the main topic of Chapter 3, focusing on e±. To
accurately assess the potential contributions of primary sources to the e+ flux, a precise
understanding of secondary production is crucial. The primary source of secondary
flux arises from proton-proton (p+ p) interactions, specifically the interaction between
CR protons and ISM hydrogen atoms. Other significant contributions involve CRs
colliding with various ISM atoms, including He (He+p, p+He, and He+He). Channels
involving heavier CR species and atoms can contribute at a few percent level to the
production of secondary e±. Spallation processes resulting in the production of pions
(π±) and kaons (K±), which subsequently decay into e± particles, are the primary
mechanisms responsible for the production of secondary e±. Therefore, accurate cross
section measurements for π± and K± production are essential for calculating secondary
e± production. Similar considerations apply to p̄ [91], d̄ and He [92].

1.3.4 Other sources

In this thesis we will consider only the sources described thus far for the interpretation
of the CRs fluxes measured at the Earth. For completeness we report here other
potential sources or production mechanism of CRs.

• Dark matter (DM): anomalous components and spectral features observed in CR
fluxes may serve as signatures of exotic sources, including DM. In particular,
the study of antimatter in CRs, like cosmic e+, p̄, d̄ and He, is of particular
interest due to their rarity compared to cosmic matter (see Figure 1.1). The
self-annihilation or decay of DM particles into Standard Model (SM) particles
can contribute to the CR yield (see e.g. e+ [93], p̄ [94], d̄ [92], He [95]).

• Secondary contribution from SNRs: in the conventional CR paradigm, only mat-
ter particles (p, e−, nuclei) are accelerated at the collisionless shocks of SNRs.
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However, also secondary particles can be generated within these sources and sub-
sequently undergo acceleration similar to the primary particles typically consid-
ered [96, 97, 98, 99]. Primary CRs accelerated by a SNR can produce secondary
particles via hadronic interactions in the same vicinity of the SNR shock, that
can be accelerated as well in the same environment. Hence, although secondary
particles may be sub-dominant in terms of their total number, they can have
observable consequences at high energies in the e±, p̄ and antinuclei spectra [96].
This effect should also manifest in other observable phenomena, such as an in-
crease in secondary-to-primary CR ratios [100]. Recently, in Ref. [99], the authors
found that assuming the same SNR population accelerates both light nuclei (p,
He) and heavier CR species, this mechanism can account for all the antimatter
fluxes. However, this analysis involved an extensive number of free parameters
with a scan of their values on large intervals, which can significantly influence
the final results.

• Star clusters: winds of massive stars could serve as suitable sites for CR acceler-
ation (see e.g., [101, 102]). Recent measurements of γ-ray emission (see Sections
2.1.1 and 2.1.2) from regions surrounding compact star clusters, such as Cygnus
cocoon [103, 104, 105] and 30 Doradus in the Large Magellanic Cloud [106], sup-
port the notion that a significant fraction of the wind kinetic energy is converted
into non-thermal particles, reaching maximum energies above 100 TeV. These
findings imply that stellar clusters may contribute significantly to the flux of
Galactic CRs. Further support for this conclusion comes from the analysis of
the 22Ne/20Ne abundance in CRs, which is approximately five times greater than
in the solar wind [107]. This result is challenging to explain solely within the
framework of particle acceleration at SNR shocks [108], but can be more readily
accommodated if CRs are partially accelerated from material contained in the
winds of massive stars [109]. The theoretical description of the particle energiza-
tion and transport process within the cavity created by the wind launched by a
star cluster was recently outlined by Ref. [110].

1.4 Propagation of cosmic rays in the Galaxy

Throughout their journey, the characteristics of CRs are altered from their initial val-
ues. All the phenomena that impact on the life of CRs between their origin and detec-
tion are collectively referred to as propagation, which is the central topic of this Section.
In the remainder of this Chapter we will focus on Galactic CRs, more specifically, on
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CRs in the range between the GeV level and a few hundred TeV. The propagation
of charged CRs within our Galaxy, regardless of the mechanism responsible for their
production and acceleration, is influenced by interactions with the Galactic magnetic
field, ISM, and radiation fields. Examining CR propagation offers an indirect means
of investigating the characteristics of our Galaxy.

1.4.1 The diffusion model

The initial approach to modeling Galactic CR propagation was presented by Parker
with the leaky-box model [111]. This model portrays the Galaxy as a finite volume
for propagation, with homogeneous source densities and interstellar matter. Modern
treatments of CR propagation are based on diffusion models, originally proposed and
developed by Ginzburg and Syrovatskii [112]. These models incorporate a more de-
tailed treatment of source and interstellar matter distributions. The central concept in
diffusion models is that random scattering in the irregularities of the Galactic magnetic
field results in spatial diffusion. The idea of diffusion can be traced back to the pio-
neering works of Chandrasekhar [113] and Fermi [63], who respectively demonstrated
that diffusion can be described as a random walk and provided the initial statistical
description of particle scattering and acceleration in random magnetic irregularities.
For a comprehensive discussion of diffusion models for CR propagation, we refer to
[112, 114, 115, 116, 117, 118, 119].
The first evidence for cosmic-ray diffusion in galactic magnetic fields came in 1977 from
cosmic-ray e−, with the observation of non-thermal radio emission in the spiral galaxy
NGC 4631 [120]. An extended radio halo exceeding the spatial extension of the galaxy
by a few kpc was observed. This was interpreted as synchrotron emission from e−

interacting with magnetic fields, revealing thus the presence of cosmic-ray e− trapped
in a magnetic halo exceeding the optical extension of the galaxy.
The present understanding of the Galactic magnetic field encompasses two coexisting
components: a regular component aligned parallel to the Galactic plane with an average
strength of a few µG, and a stochastic component of similar strength. The ISM can
be regarded as a weakly turbulent magnetoactive plasma, containing turbulence and
inhomogeneities on the pc scale. CRs interact and scatter off plasma oscillations and
waves, which in turn modify their energy and cause spatial diffusion. Due to the
impracticality of measuring the microscopic properties of magnetic fields throughout
the entire Galaxy, a phenomenological and macroscopic description of the propagation
process is constructed.
CRs propagate within the diffusion halo, which corresponds to the Galactic magnetic
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Figure 1.5: Schematic view of the Milky Way diffusive halo. The stellar and gaseos disc
has two confinment thick layers which contain turbulent magnetic fields. After having
been accelerated by the sources, particles diffuse on magnetic irregularities and can
be affected by convection, reacceleration, fragmentation and decay. Figure taken from
http://www.astroparticle.to.infn.it/?nav=Home. Courtesy of M. Korsmeier.

halo. This region is typically represented as a cylindrical volume with a radius of
20 kpc and a half-thickness ranging from 2 to 10 kpc [87, 88, 89, 5]. The sources of
CRs and interstellar material are confined to a thin disk with a half-height of h = 0.1

kpc. The diffusion zone sets the boundaries where the diffusion process occurs. The
diffusion coefficient, named Dxx, quantifies the transport of CRs through the turbulent
Galactic magnetic field. In a more general treatment, the diffusion coefficient should
be represented by a tensor with parallel and transverse components, as the distribution
of magnetic field inhomogeneities varies throughout the Galactic halo. We adopt the
assumption of isotropic diffusion in this context. The values and properties of the
diffusion coefficient Dxx are determined by observational constraints obtained from
CR measurements and in the basic diffusion models it is assumed to be a power-law in
rigidity R. In recent years also more complicated formulas have been employed, as we
will see in Chapter 4.
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1.4.2 Additional propagation effects

In the diffusion model, the propagation of CRs within the Galaxy is described by a
transport equation [115], in which enters the Dxx term. The charged particles injected
into the ISM by their sources undergo various processes as a result of interactions with
Galactic magnetic fields, atoms or photons in the ISM, and Galactic winds. These
processes can be modeled using a system of coupled propagation equations for the
densities ψi of different CR species i. In general, ψi depends on position within the
Galaxy (x), momentum magnitude (p), and time (t) (see, e.g., [117]):

∂ψi(x, p, t)

∂t
= qi(x, p, t) +∇ · (Dxx∇ψi − V ψi) (1.6)

+
∂

∂p
p2Dpp

∂
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∂
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p
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)
− 1

τf,i
ψi −

1
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Equation 1.6 can be numerically solved using codes such as GALPROP and DRAGON
[114, 121, 122, 123], or solved semi-analytically using for example the USINE code
[124]. In this thesis we will adopt semi-analytical solutions for e± as described in detail
in Chapter 5 and the GALPROP code in Chapter 4. See Figure 1.5 for a schematic
representation of the CR propagation. The source term qi(x, p, t) specifies the location
and energy spectrum of CRs injected in our Galaxy. This includes the astrophysical
sources of primary CRs, and the injection of secondary CRs which are produced by the
interaction of primary CRs with the ISM. We briefly comment each term of Equation
1.6 in what follows.

• Time dependence: the transport equation’s first term describes the time evolu-
tion of CR number density. In cases of continuous CR injection, a steady-state
approximation (∂ψi(x,p,t)

∂t
≈ 0) suffices. However, for transient sources like in-

dividual SN explosions or emission from PWNe, a time-dependent approach is
necessary for an accurate description of CR propagation.

• Convection: the ∇(V ψi) term accounts for convection, which occurs when a
moving medium carries CRs away from the Galactic disk, resulting in a wind-like
flow. Convection leads to the removal of CRs from the disk and is also responsible
for adiabatic energy losses, caused by a non-zero divergence of V , where V is
the convection velocity vector. Here, we will assume that the convection velocity
is orthogonal to the Galactic plane, V (x) = sign(z)vc(z)ez, with vc typically
ranging from 5 to 15 km s−1 [5]. The sign function sign(z) ensures that the
convection is directed away from the Galactic plane, irrespective of the specific z
value.
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• Energy losses: the term dp/dt represents the rate of momentum loss. The dom-
inant processes of energy losses depend on the CR energy and the species. In
particular, energy losses are very different for nuclei and leptons. For e± with
energies greater than 10 GeV, the most prominent energy losses occur due to syn-
chrotron radiation in the Galactic magnetic field and inverse Compton scattering
(ICS) with the CMB and star-light photons. At lower energies bremsstrahlung,
ionization of interstellar neutral matter and Coulomb interactions with ISM be-
come important. For further details about energy losses for e± see Section A.1 of
the Appendix. For nuclei the dominant contributions are ionization and Coulomb
interactions.

• Reacceleration: CRs can undergo reacceleration due to the motion of turbulent
magnetic fields relative to the Galactic frame. This process, known as diffusive
reacceleration, involves diffusion in momentum space, with a diffusion coefficient
Dpp approximately given by Dpp ∼ v2

A/Dxx, where vA represents the speed of
Alfvénic magnetic waves.

• Fragmentation and decay: nuclear CRs can also encounter fragmentation due to
the interaction with ISM atoms or decay. These processes are taken into account
by the respective fragementation and decay times τf,i and τr,i.

Another effect mentioned before that has to be properly treated is the Solar mod-
ulation. The Sun emits a stream of low-energy particles known as the solar wind,
consisting of fully ionized plasma traveling at a velocity of approximately 400 km/s.
This solar wind acts as a barrier, preventing the penetration of low-energy CRs into the
solar neighborhood. The name modulation derives from the activity of the Sun which
undergoes a 22-year cycle: after 11 years of the solar cycle, the magnetic field of the
Sun reverses its direction. For CRs with R at Earth greater than 10−20 GV, the effect
of solar modulation becomes negligible, and the detected flux primarily represents the
interstellar flux. Solar modulation can be described by a Fokker-Planck equation which
is adjusted to the solar environment and solar magnetic field. This equation can be nu-
merically solved [125, 126]. A common approach when studying Galactic CRs is to use
the so-called force-field approximation [127, 128]. In this approximation, one assumes
that the propagation of CRs in the heliosphere is dominated by diffusion and solar
winds. Under the further assumption of spherical symmetry and neglecting adiabatic
energy losses, one obtains the steady state solution of the Fokker-Planck equation. The
modulated CR density at the top of Earth’s atmosphere (ψTOA) is derived from the in-
terstellar flux (ψIS) using an effective potential (ϕ, also called Fisk potential) measured

21



CHAPTER 1. CHARGED COSMIC RAYS

Figure 1.6: CR all-electron flux measured by CALET, AMS-02, Fermi-LAT, H.E.S.S.
and DAMPE. Figure taken from Ref. [34].

in gigavolts (GV). It can be expressed as:

ψTOA(RTOA) =

(
RTOA

RIS

)2

ψIS(RIS) (1.7)

Here, RTOA = RIS − ϕ, where RIS is the interstellar rigidity. The force-field approxi-
mation describes solar modulation by a single effective parameter ϕ.

1.5 Experiments for electrons and positrons detection

Since a large part of the discussion will be focused on e±, we here list the detectors that
are currently measuring these particles, from ground-based experiments to balloon and
space-born detectors. The most precise data comes from space-born experiments such
as AMS-02, which is described below. One significant advantage of these detectors is
that they avoid the systematic uncertainties associated with modeling CR interactions
with the atmosphere, which affect balloon experiments flying at altitudes of a few tens
of kilometers from the ground, and ground-based experiments. Furthermore, space-
born experiments have large data-taking period (years) with respect to balloon flights
(weeks).
One of the pioneristic space-born experiment was PAMELA (Payload for Antimatter
Exploration and Light-nuclei Astrophysics) [129], launched in June 2006 and termi-
nated in 2016. Employing a calorimeter and a magnetic spectrometer, it enabled the
identification of the charge of detected CRs and the measurement of various particles,
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including p, p̄, e±, light nuclei, and light isotopes, spanning from a few MeV to hun-
dreds of GeV [129]. Notable discoveries from the PAMELA experiment include the
observation of an increasing e+ fraction for E > 10 GeV [130], and precise measure-
ments of p̄ fluxes [46], as well as He and p fluxes [45] up to energies of hundreds of
GeV/n.

• The Alpha Magnetic Spectrometer (AMS-02) experiment, deployed on the In-
ternational Space Station in 2011, represents the cutting-edge technology in CR
detection [131, 132, 133]. It comprises a highly precise particle spectrometer
equipped with an electromagnetic calorimeter, time-of-flight counters, a silicon
tracker, transition radiation detectors, and ring-imaging Cherenkov detectors.
AMS-02 employs independent strategies to measure the mass, energy, and arrival
direction of CRs, spanning from a few GeV up to TeV energies. The unprece-
dented precision and statistics of AMS-02 data offer a unique tool for testing
models of CR propagation and production in our Galaxy.

• The Fermi Large Area Telescope (Fermi-LAT) is the primary instrument aboard
the Fermi Gamma-ray Space mission [134]. It serves as a high-energy γ-ray
telescope with a wide field of view, covering the energy range from tens of MeV
to over 300 GeV. In its 15 years of operation, the Fermi-LAT has played a crucial
role in studying γ rays reaching Earth. Although its primary purpose is γ-ray
observation, the Fermi-LAT also acts as a detector for e± pairs. However, due to
the absence of a magnet for charge separation, the Fermi-LAT can only measure
the combined flux of incoming e± [135]. Attempts to measure separate e± fluxes
using methods such as the shadow of the Earth and the offset direction caused
by the geomagnetic field have resulted in large errors [38].

• The CALorimetric Electron Telescope (CALET) [34] is a space-based instrument
installed on the International Space Station. It is optimized for measuring the
flux of e± in the energy range from a few GeV up to around 20 TeV. Additionally,
CALET is capable of measuring the spectra of other CR particles, including p
(ranging from 50 GeV to 100 TeV), nuclei such as carbon and iron (ranging from
300 GeV to 100 TeV), and γ rays up to approximately 20 TeV energy.

• The DArk Matter Particle Explorer (DAMPE) [37] is a particle detector designed
for studying CRs (p, He and nuclei up to oxygen) and γ rays. DAMPE is specif-
ically optimized for detecting particles with energies ranging from a few GeV up
to tens of TeV, with energy resolution of 1.5% at 800 GeV.
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Figure 1.7: Left panel: the AMS-02 e+ flux scaled by E3. Right panel: the AMS-02 e+

flux together with earlier measurements from PAMELA [47], Fermi-LAT [38], MASS
[139], CAPRICE [140], AMS-01 [141], and HEAT [142]. Figures taken from Ref. [131].

• Ground-based detectors: Imaging Atmospheric Cherenkov Telescopes (IACTs) in
the last few years were able to measure the CR e± flux indirectly, despite the
significant difficulties due to the background from hadronic CRs. The High En-
ergy Stereoscopic System (H.E.S.S.), that consists of IACTs located in Namibia,
improved the ability to reject hadrons, providing data on the total e++e− flux, al-
though with significant systematic uncertainties [136]. Similarly to H.E.S.S. , also
the Major Atmospheric Gamma-ray Imaging Cherenkov Telescopes (MAGIC)
recently presented preliminary results on the e+ + e− flux [137]. MAGIC is a
stereoscopic system located in La Palma, Spain, consisting of two IACTs. In the
end, Large High-Altitude Air Shower (LHAASO) experiment was able to provide
preliminary upper limits on the e+ + e− flux up to E ∼ 5× 105 GeV [138]. The
LHAASO experiment is a ground-based extended air shower observatory with
a hybrid technique. With its wide aperture and its almost 100% duty cycle,
LHAASO may be able to extend the e+ + e− spectrum further in energy.

In Figure 1.6 are reported the measurements of the e+ +e− flux of various experiments.
It can be noticed that CALET and AMS-02, employing different detection principles
(calorimeter versus magnetic spectrometer), exhibit agreement in identifying e± up
to 1 TeV. However, in the energy range of 300 GeV to 1 TeV, the fluxes of AMS-02
and CALET display softer behavior and lower values compared to the measurements
from DAMPE and Fermi-LAT. Nevertheless, all measurements between different ex-
periments are compatible at 1σ for energies below 70 GeV. These observed discrepan-
cies between the different experiments suggest the presence of unidentified systematic
effects. Another interesting topic whose interpretation is still debated today is the
so-called e+ excess (see Figure 1.7). Hinted by the rise of the e+ fraction detected by
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PAMELA for E > 10 GeV [130], then confirmed by the AMS-02 data [131], the e+

excess is the result of the discrepancy between the measurements of the e+ flux and
the predictions for the secondary production of e+. In the GeV energy range, the flux
of cosmic e+ particles is primarily dominated by secondaries (see Chapter 4). How-
ever, above a few GeV, the data (see, e.g., [131]) exceed the predictions for secondary
production. The intepretation of this excess will be one of the main focus of this thesis.
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Chapter 2

Cosmic gamma-ray radiation

The γ-ray radiation is commonly referred to as electromagnetic radiation with energy
above approximately 100 keV. The observation of γ rays is of fundamental importance
in understanding the origin of CRs (see Chapters 6 and 7). Additionally, the joint
observation of astrophysical phenomena using different cosmic messengers, including
CRs, neutrinos, gravitational waves, and γ rays, plays a crucial role in enhancing our
knowledge about CR sources and their environments, thereby enabling multi-messenger
approaches in CR physics. In this Chapter, we provide an overview of γ-ray radiation
of cosmic origin observed on Earth in the high-energy range, spanning from a few MeV
to TeV energies.

2.1 Production mechanism of gamma rays in astro-

physical environments

Since photons cannot be directly accelerated, to produce γ rays of pure astrophysical
origin it is necessary a population of accelerated charged particles, that then produce
γ rays through different mechanisms. This highlights the intrinsic link between the
study of γ rays and the origin and acceleration of CRs in our Galaxy. The emission
of γ rays is classified as either leptonic or hadronic, depending on whether the parent
CR population consists of leptons or hadrons, respectively. Leptonic γ rays provide
information about the cosmic e− density and the radiation fields, while hadronic γ rays
trace the CR hadrons and the densities of target gases.
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2.1.1 Leptonic gamma rays

In various astrophysical sources within our Galaxy, such as pulsars, PWNe, SNRs, and
active galactic nuclei (AGN) in other galaxies, ultra-relativistic e− can be accelerated
to high Lorentz factors of approximately 108−9. These accelerated e− produce pho-
tons through processes like ICS, synchrotron emission, and synchrotron self-Compton
processes.

• ICS occurs when energetic e± interact with low-energy ambient photons:

e±γ → e±γ′. (2.1)

The behavior of this process depends on the energy of the photon, and it can be
accurately described by the Thompson regime (Eγ � mec

2) or the Klein-Nishina
regime (Eγ � mec

2) (see [143, 144] and the Appendix A.1). Details regarding
our modeling of ICS emission from a CR e± distribution can be found in Chapter
6.

• Synchrotron photons are emitted by relativistic charged particles undergoing ac-
celeration in magnetic fields. The power loss due to synchrotron radiation is
more significant for e− than for hadrons, since it is proportional to ∝ (Zme/M)4

[143]. Therefore, this process is typically associated with lepton acceleration.
The typical energy of synchrotron photons produced by a population of e− at
TeV energies, for typical values of the ambient magnetic field B of a few µG, is
a fraction of eV, which is not within the γ-ray energy range. However, the syn-
chrotron self-Compton process is important for γ-ray emission: in this process,
photons produced through synchrotron emission by relativistic leptons can inter-
act with the parent leptons, resulting in their up-scattering through ICS. This
can energize the synchrotron photons to the γ-ray regime. The parameterization
of synchrotron emission from a distribution of relativistic e− is described in detail
in Chapter 6.

• Bremsstrahlung emission occurs when e− are accelerated in the electrostatic fields
of ions and atoms, such as in the interstellar gas [143], producing photons in the
γ-ray energy range:

e± + H(He)ISM → e± + H(He)ISMγ
′. (2.2)
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2.1.2 Hadronic gamma rays

γ rays can also be generated through interactions involving p and/or heavier nuclei,
with the main processes being hadro-production and photo-production.

• Hadron-nucleon collisions involve the collision of a p/nuclei with a nucleon tar-
get, resulting in a cascade of hadronic particles. In this cascade, π0 mesons are
produced, that decay into γ rays carrying approximately half of the π0 energy
[144]:

p(He)CR + H(He)ISM → X + γ. (2.3)

This type of emission will be the primary focus of Section 3.3.

• Photo-production of γ rays occurs in interactions between protons and a sea
of photons. It happens in environments where there is a high density of target
photons [145]. The main process involves the production of a ∆+ resonance, with
the produced π0 mesons that decay into γ rays:

p+ γ → ∆+ → π0 + p. (2.4)

Hadronic production of γ rays is always accompanied by the production of neutrinos
in the subsequent decay of charged pions and muons. Therefore, the simultaneous
detection of γ rays and neutrinos from a particular source is considered a signature of
hadro-production [146], indicating the acceleration of hadrons. Recently, this correla-
tion has been observed for the first time, with the detection of γ rays and neutrinos at
PeV energies originating from the active nuclei of a galaxy [147]. Additionally, evidence
of an excess of neutrinos associated with the nearby active galaxy NGC 1068 [148] and
with the Galactic plane [149] have been reported.

2.2 Cosmic gamma rays: current detectors

The field of γ-ray astronomy began through space-based experiments, as Earth’s at-
mosphere is opaque to high-energy photons. The γ-ray spectrum spans 7 decades in
energy and approximately 14 decades in flux, exhibiting a rapid decrease towards higher
energies [39]. Consequently, the effective area of the detector needs to increase as the
energy of the γ rays increases. Direct detection of γ rays exceeding the TeV becomes
impractical for space-based detectors, necessitating the use of indirect ground-based
methods, that observe the electromagnetic cascades generated by γ rays interacting
with Earth’s atmosphere.
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Figure 2.1: This image shows the entire sky as seen by Fermi’s Large Area Telescope.
The most prominent feature is the bright, diffuse glow running along the middle of the
map, which marks the central plane of our Milky Way Galaxy. The γ rays there are
mostly produced by the interaction of CRs with interstellar gas and radiation fields.
Many of the bright features above and below the Milky Way plane are distant galaxies,
while the ones along the plane are pulsars. The image was constructed from 12 years
of observations of γ rays with energies greater than 1 GeV. The figure is taken from
https://svs.gsfc.nasa.gov/14090.

Space-based detectors are now able to measure γ rays within the energy range of ap-
proximately 300 keV to several hundred GeV [150, 151]. The Fermi-LAT represents the
state of the art in satellite-based γ-ray experiments [134], as introduced in the previous
Chapter. Over the past 15 years, the Fermi-LAT experiment has revolutionized γ-ray
astronomy by providing data of unprecedented precision, detecting approximately 6500
γ-ray sources across the entire sky, covering an energy range from 100 MeV to around
1 TeV [152, 153, 154]. In Figure 2.1 it is shown the entire sky as seen by Fermi-LAT.
The image was constructed from 12 years of observations of γ rays with energies larger
than 1 GeV. The figure is taken from https://svs.gsfc.nasa.gov/14090.

The CALET mission, presented in Section 1.2, recently reported the observation of γ
rays spanning from 1 GeV to 10 TeV and so overlapping with the Fermi-LAT energy
range. The collaboration provided an analysis of the properties of Galactic diffuse γ
rays as well as the spectra of 23 prominent Galactic point sources [155]. Similarly to
CALET, the DAMPE experiment has also recently released new results concerning γ
rays, reporting the detection of over 300,000 photons ranging from 2 GeV up to 10 TeV.
Leveraging this dataset, DAMPE has successfully detected and analyzed a total of 248
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γ-ray sources [156]. Over the next few years, both CALET and DAMPE will provide
measurements within the same energy range as Fermi-LAT and beyond, allowing a
direct comparisons between different experiments.
The detection of cosmic γ-ray sources using ground-based experiments is relatively re-
cent, beginning in 1989 with the first observation of the Crab Nebula by the Whipple
telescope [157]. Ground-based experiments use their larger collective area to extend the
energy range up to the PeV scale. These experiments utilize the Earth’s atmosphere as
a calorimeter and employ different techniques to distinguish between air showers pro-
duced by CRs and very-high-energy γ rays [151]. Two detection techniques of air show-
ers are adopted to observe energetic γ rays: IACTs, which detect the optical Cherenkov
light produced by shower particles in the atmosphere, and Water Cherenkov Detectors,
which directly detect the shower particles using the Cherenkov light produced in water
detectors on the ground. The current IACTs include MAGIC [158], Very Energetic
Radiation Imaging Telescope Array System (VERITAS) [159], H.E.S.S. [160], and the
upcoming Cerenkov Telescope Array (CTA) [161]. The water Cherenkov technique is
currently employed by the High Altitude Water Cherenkov Experiment (HAWC) γ-ray
observatory [162] and LHAASO [163, 164], and previously by the Milagro Gamma-ray
Observatory [165].

2.3 The gamma-ray sky

γ rays are generated by a wide variety of astrophysical sources, unveiling non-thermal
processes and cosmic particle accelerators. The observed γ-ray sources that have been
cataloged and detected thus far are referred to as resolved sources, while faint sources
that cannot be individually identified are unresolved sources. The all-sky γ-ray emis-
sion, such as the Fermi-LAT counts map shown in Figure 2.1, is typically divided into
three main components:

• Resolved sources: these are individual sources of γ rays, both from our Galaxy
and of extragalactic origin, such as SNRs, blazars, and others (see 2.3.1).

• Galactic diffuse emission: the bright emission observed along the Galactic plane
corresponds to the Galactic diffuse emission or background. It originates from
the interaction of CRs with interstellar gas and radiation fields within our own
Galaxy, as described in Section 2.3.2. This component is the primary contributor
to the observed γ-ray emission above 100 MeV [166].

• Isotropic γ-ray background (IGRB): the IGRB represents the remaining measured
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γ-ray emission after subtracting the contributions from the Galactic diffuse emis-
sion and resolved sources [167]. On large angular scales, this component appears
approximately isotropic and is usually attributed to the collective contribution
from unresolved sources, including extragalactic ones. Interestingly, more exotic
processes like dark matter annihilation/decay, originating from both Galactic and
cosmological distances, can also be embedded within the IGRB, see Section 2.3.3
and [168, 169, 170, 171].

The Extragalactic γ-ray background (EGB) includes the total emission from resolved
sources combined with the IGRB, representing the superposition of all γ-ray sources
(both individual and diffuse) spanning from the edge of the Milky Way to the edge of
the observable universe. The EGB has been observed by the LAT in the energy range
of 100 MeV to 820 GeV with unprecedented precision [39].

2.3.1 Resolved sources of gamma rays

The Fermi-LAT Fourth Source Catalog (4FGL) [152, 153, 154], compiled by the Fermi-
LAT collaboration, presents information on characteristics, including sky positions,
energy spectra, and integral γ-ray fluxes, of resolved steady sources in the γ-ray sky.
Figure 2.2 displays a sky map with the positions of all 5064 4FGL sources as reported
in Ref. [152], which has been extended to 6658 sources in Ref. [154]. The sources are
categorized based on their class and further distinguished as associated or identified.
Associations are primarily determined by close positional correspondence with known
sources, while identifications require the detection of correlated emissions at other
wavelengths [152]. Galactic γ-ray sources, such as pulsars, PWNe, and SNRs, are
predominantly concentrated within the Galactic plane, with a few exceptions, while
the majority of high-latitude sources originate from extragalactic origins.

Galactic gamma-ray sources: Pulsars, PWNe, SNRs, Star clusters

Pulsars were observed to emit γ-ray pulses in the early 1970s [172]. The observed pulses
with short durations and stable frequencies are explained as rotating beams of light that
point towards the Earth with a frequency of f = 1/P , where P is the star’s rotation
period [173]. Only dense stars like neutron stars can rotate fast enough to match the
observed frequencies. The third Fermi-LAT pulsar catalog contains 294 pulsar found
in GeV energy range of 12 years of LAT data [174]. PWNe have been discussed in
Section 1.3.2. The PWN emits radiation via ICS of e± on the local radiation fields.
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Figure 2.2: Fermi-LAT full sky map showing sources by source class. All AGN classes
are plotted with the same blue symbol for simplicity. Other associations to a well-
defined class are plotted in red. Unassociated sources and sources associated to coun-
terparts of unknown nature are plotted in black. Figure taken from [152].

Another type of steady sources recently discovered and connected to pulsars are pulsar
halos. Section 2.4 is focused on the presentation of these objects.

SNRs have been discussed in Section 1.3.1. SNRs are the most numerous detected
Galactic γ-ray sources [175]. The origin of γ rays in SNRs can be attributed to either
leptonic or hadronic processes, and in some cases, a combination of both, to explain
the observed spectra [150, 176, 177, 178]. Determining which scenario dominates in a
given case is often challenging and inconclusive. An example highlighting this ambi-
guity is the source RX J1713.7-3946, initially identified as a high-energy γ-ray emitter
when detected in the TeV energy range by the H.E.S.S. collaboration [179]. As demon-
strated in Ref. [180], both hadronic and leptonic scenarios could explain the observed
H.E.S.S. data. Subsequent data from Fermi-LAT, however, favored leptonic models,
suggesting that RX J1713.7-3946, RCW 86,Vela Jr. and SN 1006 are not efficient
hadron accelerators [181, 182, 183, 184, 185]. Conversely, Ref. [186] later identified
Tycho’s SNR as a strong candidate for hadronic γ-ray emission based on VERITAS
and Fermi-LAT data. Also IC443 and W44 confirmed the hadronic nature of γ-ray
emissions from these SNRs interacting with molecular clouds [187]. These findings
raise questions about the prevalence of hadronic emission from SNRs as the primary
accelerators of Galactic CRs. Ideally, to determine the hadronic/leptonic nature of a
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source, multi-wavelength measurements would be necessary for all γ-ray bright SNRs
under consideration. However, this approach is time-consuming and often inconclusive
due to limited constraints on the age and distance of these sources.
Recent measurements of γ-ray emission from regions surrounding compact star clus-
ters, such as Cygnus cocoon [103, 104, 105] and 30 Doradus in the Large Magellanic
Cloud [106], support the notion that a significant fraction of the wind kinetic energy is
converted into non-thermal particles, reaching maximum energies above 100 TeV. The
recent measurement of the spectrum and spatial distribution of γ-ray emission from
the Cygnus cocoon [105] provides a unique opportunity to test our understanding of
particle acceleration in the vicinity of star clusters.

Extragalactic gamma-ray sources: active galactic nuclei and star forming
galaxies

AGN [188] in external galaxies are considered the most powerful sources of non-thermal
radiation known in astrophysics and exhibit the highest levels of electromagnetic lu-
minosity, reaching approximately 1048 erg/s. The emitting region of AGN, in most
electromagnetic bands, is relatively small, spanning a mpc scale [189]. As mass ac-
cretes onto the supermassive black hole, an accretion disk forms, converting a portion
of the gravitational energy into electromagnetic emission. Magnetic fields near the
black hole launch collimated jets of relativistic particles, extracting energy from either
the spinning black hole or the accretion disk. The resulting electromagnetic emission
arises from various processes, covering a wide range from radio to high-energy γ-ray
photons.
The same mechanism that causes diffuse emission in the Milky Way is expected to
generate γ rays in other star-forming galaxies. These galaxies, though intrinsically
faint, are abundant and expected to contribute significantly to the observed γ-ray flux
[190]. To date, only a few galaxies of this nature have been detected in γ rays, including
M31 and M33 [191].

2.3.2 Gamma-ray emission from Galactic cosmic rays

The γ-ray emission coming from our Galaxy is peaked around the GeV range where, for
the model adopted by Fermi-LAT collaboration, constitutes 80% of the total observed
γ rays [192]. In order to properly model the spectrum and morphology of the Galactic
diffuse γ-ray emission, all these key ingridients are necessary: models for CR sources,
their injection spectra, and CR propagation; a good knowledge of the Galactic magnetic
field, of the production cross section of γ rays in hadronic interactions, of the interstellar
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gas distribution (important for the hadronic emission and bremsstrahlung) and the
structure of radiation fields in our Galaxy (for the leptonic emission). In the next two
Sections we will focus on these last two components.

Galactic interstellar medium

The ISM constitutes approximately 10−15% of the total mass of the Galactic disk and
consists of gas and a small fraction (0.5− 1%) of dust [193]. Hydrogen dominates the
gas component, and depending on its temperature, three forms are recognized: atomic
(HI), molecular (H2), and ionized (HII) hydrogen [194]. Overall, HI accounts for the
majority of mass, constituting approximately 60%, while H2 and HII contribute 25%
and 15% of the interstellar gas mass, respectively. The interstellar gas also includes
He, with a number density ratio of around ∼ 1/10 with respect to hydrogen, although
He remains primarily neutral due to its higher ionization potential. Heavier elements
make up a negligible fraction of the total gas mass.
The distribution of gas in the Milky Way aligns with its complex structure. Being a
spiral galaxy, the Milky Way likely possesses a bar-like central structure [195]. Ob-
servations of line emission and absorption data [196, 197, 198] reveal that atomic gas
extends up to 20 − 30 kpc from the Galactic center. When considering a 2D distri-
bution with cylindrical symmetry, the gas surface density increases with distance from
the Galactic center, ranging from 1.9M�pc−2 within 6 kpc to approximately ∼ 4M�

pc−2 at 7 − 12 kpc, and then decreasing to ∼ 1M�pc−2 at 17 kpc [194]. Simplified
parameterizations of hydrogen distributions can be found in [199] (H2), [200] (HI), and
[201] (HII). Actually, the distribution of interstellar gas is related to the complex 3D
spatial structure of the Milky Way’s spiral arms. A model for the 3D gas distribution
in the Milky Way has been recently developed in Ref. [202].

Galactic interstellar radiation fields

The interstellar radiation fields (ISRF) originates from the emission of stars and subse-
quent scattering, absorption, and re-emission of the absorbed light by dust in the ISM
[194]. Interstellar dust absorbs and scatters starlight in the UV and optical bands,
re-emitting the absorbed photons in the infrared. Additionally, the CMB contributes
to the ISRF with a black body energy distribution characterized by its temperature
TCMB. γ rays are produced through ICS by Galactic e± interacting with the ISRF. To
accurately describe the γ-ray emission resulting from this process, models for the ISRF
in our Galaxy are necessary. The spectral and spatial distribution of the ISRF is in-
ferred from models that account for the distribution of stars, absorption, dust emission
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Figure 2.3: Left panel: comparison between the spectrum of the ISRF density n(ε) pub-
lished in Vernetto2016 [204] (blue dot-dashed line) with the black body approximation
(dotted orange line, see the text for the details). Right panel: comparison among the
ISRF models Porter2006 [205] (solid black line), Vernetto2016 [204] (blue dot-dashed
line), Delahaye2010 [206], (dashed green line) and Evoli10/2020 [207] (dotted red line).
Figures taken from [208].

spectra, and emissivities [194]. The GALPROP code represents the state of the art
in this field, with numerical models developed to incorporate all these elements [203].
Simpler models, such as Vernetto2016 [204], Porter2006 [205], Delahaye2010 [206], and
Evoli10/2020 [207], are also available, providing reasonably accurate ISRF calculations
while requiring less computational time compared to numerical models.

In a given region of the Galaxy, the ISRF can be effectively approximated as a super-
position of rescaled black body distributions for each component i, as shown in Figure
2.3 (left panel) with dotted orange line. The distribution is given by the equation:

n(ε) = Na
ε2

π2

1

exp(ε/Ti)− 1
(2.5)

where ε represents the energy, Na is the normalization of the black body spectra, and
Ti correspond to the peak temperatures of the CMB, dust component, and stellar light,
respectively. The spectral energy distribution of the ISRF as a function of energy is
illustrated in the left panel of Figure 2.3, with dashed lines taken from Ref. [204].
The CMB occupies the microwave energy range, while the starlight spans from the
infrared and visible light to the high-energy ultraviolet tail above 3 eV. The black-body
approximation provides an excellent representation of the ISRF at the different peaks,
as well as during the transitions between the three components. The only part of the
ISRF spectrum where the black-body approximation falls short is between 0.06 − 0.6

eV, where the full model includes lines associated with the absorption of starlight
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by dust. The right panel of the Figure compares different ISRF models: Porter2006
[205] (solid black line), Vernetto2016 [204] (blue dot-dashed line), Delahaye2010 [206]
(dashed green line), and Evoli10/2020 [207] (dotted red line). It is worth noting that all
the models are quite similar across the entire frequency range, except for Evoli10/2020
around 1014 − 1016 Hz. This discrepancy is due to the choice made in Ref. [207] to
multiply the model initially used in Delahaye2010 by a factor of approximately 2 in
this frequency range. This factor was determined by computing the ratio of starlight to
dust emission over a scale of about 5 kpc around the Sun. However, the mere doubling
of the local density of starlight does not guarantee that multiplying the former photon
field’s density by a factor of two is sufficient to obtain the correct ISRF.

2.3.3 Isotropic gamma-ray background

The origin of this γ-ray residual represents one of the most mysterious open problems
in astrophysics. The IGRB is usually associated to the γ-ray emission from unresolved
blazars, misaligned AGN and star forming galaxies [209, 210, 211]. Truly diffuse pro-
cesses, like ultra-high energy cosmic-ray interactions with the extragalactic background
light or intergalactic shocks, are other possible γ-ray emission mechanisms [212].
More exotic processes like DM annihilation/decay, originating from both Galactic and
cosmological distances, can also be embedded within the IGRB [168, 169, 170, 171].
The self-annihilation or decay of DM into SM particles, can give rise to γ-ray photons
through processes like hadronization, π0-meson decay, and internal bremsstrahlung.
These mechanisms generate a continuous γ-ray spectrum across multiple energy decades,
commonly termed as prompt emission. Additionally, highly energetic photons can
emerge as secondary γ-ray emissions, resulting from the radiative energy losses of cos-
mic particles originating from DM annihilations. Furthermore, the possibility of direct
annihilation exists, potentially yielding distinct line-like features.
Dwarf spheroidal galaxies within the Milky Way are considered optimal targets for DM
Galactic searches due to their dominance by DM and minimal backgrounds arising from
CR interactions [213, 214]. Exploration of signals emanating from extragalactic DM
structures involves cumulative assessments from galaxy groups [215], anisotropies in
the IGRB [216], and cross-correlations of γ-ray signals with various DM tracers, e.g.
[217]. Around 12 years ago, an excess of GeV-scale γ rays in the vicinity of the Galactic
Center was detected using data from the Fermi-LAT [218, 219, 220, 221]. These studies
established that the spectrum, angular distribution, and overall intensity of the signal
are consistent with the predictions associated with annihilating DM in the form of a
thermal relic with a mass of approximately mχ ∼ 50 GeV. Subsequently several groups
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reported the evidence that the photons constituting this excess can be explained by
a population of astrophysical point sources (such as millisecond pulsars), rather than
from annihilating DM [222, 223, 224]. The origin of the Galactic Center excess it still
a matter of debate today.
For an extensive overview of indirect dark matter signals in γ-rays, we refer to Ref.
[225].

2.3.4 Other gamma-ray emissions

The interaction between ultra high-energy CRs (with energies exceeding 3 × 1019 eV)
and CMB leads to the GZK cutoff in the CR spectrum observed on Earth, as shown
in Figure 1.1. Subsequent electromagnetic cascades generate observable diffuse γ-ray
emissions through processes like pion production and ICS of charged particles in the
surrounding photons.
The Sun is a source of γ rays with energies ranging from approximately 100 MeV to
100 GeV, as reported in [226]. These γ rays originate from the interactions of CRs
with the outer solar atmosphere and from ICS of CR e− by solar photons within the
heliosphere.
Gamma-ray bursts (GRBs) are brief and intense bursts of γ rays. They come in two
varieties: short GRBs, which last a fraction of a second, and long GRBs, which can
persist for several seconds or longer. These bursts have energy spectra that are typically
centered around a few hundred keV and can extend up to several GeV [227].
In addition to the discussed diffuse emission, there are two expansive, bubble-like
structures known as the Fermi Bubbles. These structures extend roughly 50 degrees
above and below the Galactic center and were discovered emitting γ rays in the range
from a few GeV up to several hundred GeV, as documented in Ref. [228]. While these
bubbles are believed to have formed due to the injection of high-energy CRs near the
Galactic center, there is ongoing debate, particularly regarding whether their origin is
leptonic or hadronic, as discussed in Ref. [229].

2.4 Pulsar gamma-ray halos

Another type of steady source discovered in recent years are the so-called pulsar γ-ray
halos, which are opening a new window in the study of CRs and will be the main topic
of Chapter 6.
In 2007, the Milagro Gamma-ray Observatory published the detection of an extended
TeV γ-ray source surrounding the Geminga pulsar [230]. Initially, the source was
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interpreted as a TeV PWN associated with Geminga [231]. However, the puzzling ∼3°
extension of the source was significantly larger than the bow-shock of the Geminga
PWN observed at X-ray wavelengths [232]. A decade later, the HAWC improved the
measurements of this γ-ray source always in the TeV, providing greater sensitivity and
angular resolution [233]. The detection was reported recently also in the same energy
range by H.E.S.S. [234]. These structures in γ-ray emission are commonly referred to
as γ-ray pulsar halos, TeV halos, or ICS halos. Throughout this thesis we will use the
term pulsar halos to describe them.
Pulsar halos are more likely generated by e± that have escaped from the central PWN
and are freely diffusing in the ISM, performing ICS with the background photons
[235, 236, 237, 238, 239, 240]. Pulsar halos serve as unique probes for investigating
CR propagation in specific regions of the Galaxy and can provide indirect information
about the progenitor e± from a region that is close to the source. In fact, the energy
spectrum of the e± injected from PWNe into the ISM (referred to as the injection
spectrum) should be deduced from the halo spectrum rather than the spectra of PWNe
themselves. The injection spectrum can be used to estimate the acceleration limit of
PWNe [241].

2.4.1 Observed pulsar halos

Currently, approximately ten γ-ray sources are suggested to be pulsar halos or poten-
tial candidates for pulsar halos [242]. Among these sources, three have been exten-
sively studied as pulsar halos: the Geminga halo, the Monogem halo and LHAASO
J0621+3755.

• The Geminga halo: considered the prototypical example of this class, it is the
brightest pulsar halo. Geminga is a highly luminous γ-ray pulsar [243] located
in close proximity to Earth. It has garnered significant attention from the CR
community, as it is a likely contributor to the cosmic e+ excess [244].

• The Monogem halo: it is associated with PSR B0656+14, also known as the
Monogem pulsar. The Monogem halo was initially reported by HAWC alongside
the Geminga halo [233] and is another nearby source. However, it is notably
fainter than the Geminga halo.

• LHAASO J0621+3755: it corresponds to the pulsar halo of PSR J0622+3749 and
represents the first halo reported by LHAASO [242]. Interestingly, this source
may be situated far above the Galactic plane (approximately 300 pc), distin-
guishing it from other known pulsar halos.
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Figure 2.4: Left panel: HAWC significance map (between 1 and 50 TeV) for the region
around Geminga and Monogem, convolved with the HAWC point spread function and
with contours of 5σ, 7σ, and 10σ for a fit to the diffusion model. Right panel: schematic
illustration of the observed region and Earth, shown projected onto the Galactic plane.
The colored circles correspond to the diffusion distance of leptons with three differ-
ent energies from Geminga; for clarity, only the highest energy (blue) is shown for
Monogem. Figure taken from Ref. [233].

Additionally, J1831-098 potentially constitutes the pulsar halo of PSR J1831+952.
Initially discovered by H.E.S.S and originally considered an old PWN [245], recent
findings by Ref. [246] suggest that it could be classified as a pulsar halo. In Figure 2.4,
taken from Ref. [233] it is reported the spatial morphology of Geminga and Monogem
halos.

2.4.2 Multiwavelength observations

Pulsar halos are spatially extended without clear boundaries. In the following we list
other energies apart from TeV in which pulsar halos have been detected or were studied:

• GeV γ-ray observation: pulsar halos are good candidates for Fermi-LAT which
operates primarily in an all-sky survey mode and scans the entire sky every three
hours. Authors of [238] have analysed the Fermi-LAT data around Geminga and
Monogem, claiming significant detection from Geminga. The proper motion of
the pulsar was considered when making the template, and it was pointed out
that the interstellar emission may affect the conclusion of detection significantly.
On the other hand, no significant GeV emission is found around Monogem. Null
detection of a GeV halo around PSR J0622+3749 has also been reported [242].

• X-ray Observation: e± pairs that are responsible for 10 TeV γ-ray emission via the
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ICS off ISRF will inevitably radiate X-ray photons via the synchrotron radiation
in the interstellar magnetic field. Therefore, the pulsar halo’s fluxes at 10 TeV
and 1 keV are supposed to be comparable. Authors of [247] analysed the data
of X-ray satellites Chandra and XMM-Newton on Geminga, without putting
constraints on the nature of the pulsar halo. These two X-ray instruments have
fields of view quite limited (order of 10’ × 10’) and when they point to Geminga,
they can only observe the very central region of the pulsar halo, without being
able to separate the emission of the pulsar halo from the background. Authors of
[248] analysed the data on Geminga and other potential pulsar halos of the X-ray
satellite eROSITA [249], characterized by a wider field of view with respect to
Chandra and XMM-Newton. Also in this case, no degree-wide diffuse halo-like
emission was detected around the pulsars.

Authors of [250] demonstrated that AMEGO (All-sky Medium Energy Gamma-ray
Observatory) [251] and AdEPT (The Advanced Energetic Pair Telescope) [252], that
are Astrophysics Probe mission concepts designed to explore the sky in the energy range
between 0.2 − 1000 MeV and 5 − 200 MeV, respectively, would be ideal for detecting
synchrotron halos from middle-age pulsars.

2.4.3 Possible origins of pulsar halos

Among the hypothesis tested to explain the morphology of TeV halos, one of the most
popular suggests that the inferred diffusion coefficient in the halos is suppressed with
respect to the average CR diffusion coefficient in the Galaxy Dxx [235, 236, 237, 238,
239, 240, 233]. Dxx should be at least two orders of magnitude smaller than the
standard value used in conventional models of Galactic CR propagation [233].
A pulsar halo, because of the enhanced flux and extension, is not expected to form
under the average Dxx in the Galaxy due to the rapid spread of escaping e± from the
PWN [235], while a small Dxx can accurately fit the γ-ray profile of the Geminga halo.
This aspect led to the acceptance in the community of the slow-diffusion scenario,
despite ongoing investigations into alternative interpretations. In the following we list
several possible theoretical explanations for the suppression of the diffusion, that is
still a matter of debate [253, 254]:

• Resonant streaming instability (RSI): one possible interpretation is the self-
generated scenario, which has been used to explain the slow-diffusion environ-
ment around SNRs [255, 256] and the spatially dependent diffusion of CRs at the
Galactic scale [257]. In this scenario, a large density gradient of CRs near the
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sources can trigger the RSI [258] leading to the growth of MHD turbulence in
the background plasma, on scales spatially resonant with the CR Larmor radius.
The enhanced MHD turbulence suppress the diffusion coefficient. Numerical cal-
culations considering one-dimensional (1D) diffusion without accounting for the
pulsar motion indicate that Dxx can be suppressed to the required level through
RSI, in particular for Geminga [259, 260, 261]. However, measurements of the
proper motion of Geminga suggest that the pulsar has traveled a significant dis-
tance from its birthplace, implying that the contribution of early released e±

pairs to the formation of the slow-diffusion zone at Geminga’s current position is
negligible [262, 260]. Moreover, the 1D diffusion model may transition to a 3D
mode, as implied by the symmetry of the Geminga halo [263]. Recent studies by
[263] and [261] have highlighted the limitations of RSI growth in the 3D mode,
where the injected e± are diluted compared to the 1D case.

• Non-resonant streaming instability (NRSI): another proposal of the self-generated
scenario involves turbulent growth through the NRSI [264]. The instability is
dubbed non-resonant because the wavelength of the fastest growing mode is
shorter than the CR gyroradius. While the growth rate of NRSI may be higher
than RSI [263], it is proportional to the total CR current, which is typically zero
for symmetric production of e± pairs. Nonetheless, there are indications from
PIC simulations that e+ and e− may exhibit asymmetries during acceleration
or escape processes, potentially generating a net current that excites the lepton
NRSI [265, 266]. Quantitative calculations are still necessary to further test this
interpretation.

• External turbulence: stellar feedback, such as SN explosions or stellar winds, is
considered a significant source of turbulence in the ISM [267]. For pulsars, their
parent SNRs could be direct sources of turbulence. When the plasma streams
through the shock front of an SNR, part of its kinetic energy is converted into
turbulence and thermal energy behind the shock [68, 69], producing a highly
turbulent region in the downstream [268]. The diffusion coefficient downstream
of the SNR shock could be significantly suppressed if a small fraction (1− 10%)
[260] of the initial SNR energy is converted into MHD turbulence. Therefore, if
pulsars remain within their associated SNRs, a slow-diffusion environment can
be explained. For Geminga, its parent SNR has not been detected, possibly
due to its old age. The proper motion measurements indicate that Geminga
is approximately 70 pc away from the SNR center, suggesting that the pulsar
might still be downstream of the SNR shock [260]. As for other known pulsar
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halos, Monogem is likely located within its parent SNR, observable in X-rays
[269], while the SNR associated with PSR J0622+3749 has not been detected.
Searching for evidence of these associated SNRs is an important aspect of this
interpretation. Alternatively, a slow-diffusion environment could exist also in the
turbulent medium upstream of the SNR shock [256]. Unlike e± pairs discussed in
the previous point, CR nuclei could effectively induce the NRSI, and the resulting
slow-diffusion zone may persist for a long time due to the large growth rate of
NRSI [263].

In general the suppression of the diffusion coefficient in the source region may pose
challenges for the detection of multi-TeV e−, which have been observed up to 20 TeV
(see Figure 1.6). If such a strong suppression is a common characteristic of CR sources,
not only pulsars but also SNRs, the ability of multi-TeV e− to escape the small-diffusion
region becomes questionable. It raises concerns about whether these e− can retain any
energy or if they lose it entirely within that region. This depends on the size of the
area with reduced diffusion compared to the diffusion length of multi-TeV particles (see
Section A.1 of the Appendix).
Other possible interpretations of pulsar halos without assuming anomalously slow diffu-
sion are still investigated. One of these is the so-called anisotropic diffusion. In the case
of Alfvénic turbulence, CRs are expected to mainly propagate along the mean magnetic
field lines, while diffusing perpendicularly to the field with a significantly smaller diffu-
sion coefficient [270]. The propagation of CRs in this scenario is anisotropic, which may
appear inconsistent with the observed symmetry of pulsar halos. However, authors of
[254] pointed out that if the local interstellar magnetic field near the Geminga pulsar
is aligned with our line of sight, the morphology of the pulsar halo can be explained
by inefficient perpendicular diffusion. This model does not require strong MHD turbu-
lence sources as discussed in previous points, but relies on stringent requirements for
the inclination angle (φincl) between the line of sight and the magnetic field direction
within the pulsar’s environment. Calculations by [271] indicate that to consistently
reproduce the symmetry and extension of the Geminga halo, the allowed range for
φincl is extremely small. Consequently, the likelihood of finding multiple Geminga-type
halos is extremely low, a scenario that can be tested by future experiments.
In Chapter 6 we will propose another mechanism that could explain pulsar halos with-
out relying on a suppressed diffusion coefficient.
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Chapter 3

Production cross sections of electrons,
positrons and gamma rays for
astroparticle physics

To understand the processes responsible for the production of CRs, their propagation,
and the data we measure, it is necessary to combine physics at extremely different
scales, ranging from interactions ruled by fundamental particle physics to propagation
on Galactic scales. In this Chapter we discuss the production cross sections of e± and
γ rays in hadronic collisions, that enter in the computation of the secondary e± fluxes
and of the Galactic diffuse emission respectively. Our results dramatically reduce the
uncertainties on these quantities, pointing out which measurements are further required
to improve the models here presented. With these results, we emphasize the importance
of measurements provided by collider experiments and accelerators in understanding
the origin of CRs in our Galaxy. This Chapter is based on Refs. [3, 4].

3.1 From cross sections to the source term

The secondary source term of a CR species a that enters in the propagation Equation
1.6, is the sum of all the possible combinations of the i-th CR species that interacts
with the j-th ISM components as:

q(~x, Ta) =
∑
i,j

4π nISM,j(~x)

∫
dTi φi(~x, Ti)

dσij
dTa

(Ti, Ta) , (3.1)

where Ta is the kinetic energy of the particle a, φi is the CR flux of the species i at the
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kinetic energy Ti, nISM,j is the number density of the ISM j-th atom, and dσij/dTa is
the energy-differential production cross section for the reaction i + j → a + X. The
factor 4π corresponds to the angular integration of the isotropic CR flux. In general,
the source term depends on the position in the Galaxy because both the CR gas density
and the CR flux are a function of the position ~x. Solving the propagation equation the
CRs flux of a given species is obtained.

On the other hand for γ rays, the flux detected at Earth φγ is given by the line of sight
(l.o.s.) integral of the γ-ray emissivity εi,j, summed over all interactions of CR species
i and ISM components j:

d2φγ
dΩdEγ

(Eγ, l, b) =
∑
ij

∫
l.o.s.

ds εij
(
~x(s, l, b), Eγ

)
. (3.2)

Here s is the distance along the l.o.s. while l and b are the Galactic longitude and
latitude. The γ-ray flux is differential in γ-ray energy, Eγ, and solid angle, Ω. The
emissivity at each location in the Galaxy εij(~x,Eγ) for the reaction i + j → γ + X is
the equivalent of the i, j term of the sum in Equation 3.1, divided by 4π and applied
to γ rays instead of the particle a.

The dominant production of secondary e± and γ rays, main focus of this Chapter, comes
from the proton-proton (p + p) channel, namely CR p interacting on ISM hydrogen
atoms. Other relevant contributions involve He projectile or ISM target atoms (He+p,
p+He, and He+He). Following the analysis performed for secondary p̄ in Ref. [91],
for which the calculation involves the same CRs and ISM atoms, channels involving
heavier CR species and atoms can contribute at the few percent level to secondary e±

and γ rays.

Secondary e± and γ rays are not produced directly in the p + p (or nuclei) collisions
but rather by the decay of intermediate mesons and hadrons. Focusing on e+, but
it applies similarly to other cases, we provide now the calculations to find the source
term starting from the production cross sections of π+, since it gives a contribution of
about 80− 90% to the final e+ yield. After production, π+ first decay into muons with
a branching ratio of 99.99%, and then the muons decay into e+. The e+ production
cross section is calculated from the π+ production cross section as follow:

dσij
dTe+

(Ti, Te+) =

∫
dTπ+

dσij
dTπ+

(Ti, Tπ+) P (Tπ+ , Te+) , (3.3)

where Tπ+ is the kinetic energy of the π+ that decays into a e+ with kinetic energy
Te+ . P (Tπ+ , Te+) is the probability density function of the process. The π+ production
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cross section cannot be derived directly from quantum field theory. It rather has to be
modeled and fitted to experimental data. High-energy experiments provide measure-
ments of the fully differential production cross section usually stated in the Lorentz
invariant form:

σ
(ij)
inv = Eπ+

d3σij
dp3

π+

. (3.4)

Here Eπ+ is the total π+ energy and pπ+ its momentum. The fully differential cross
section is a function of three kinematic variables. We choose them to be the center-
of-mass (CM) energy

√
s, the π+ transverse momentum pT , and the radial scaling xR.

The latter is defined as the π+ energy divided by the maximal π+ energy in the CM
frame, xR = E∗π+/Emax ∗

π+ , where the asterisk denotes the CM reference frame.
The energy-differential cross section for π+ production as required in Equation 3.3 is
obtained from σinv by first transforming the kinetic variables into the fix-target frame,
i.e. the frame where the ISM target atom is at rest, and then by integrating over the
solid angle Ω:

dσij
dTπ+

(Ti, Tπ+) = pπ+

∫
dΩ σ

(ij)
inv (Ti, Tπ+ , θ) (3.5)

= 2πpπ+

∫ +1

−1

d cos θ σ
(ij)
inv (Ti, Tπ+ , θ),

where θ is the angle between the incident projectile and the produced π+ in the LAB
frame. The derivation of the other channels works in analogy to the π+ channel.

3.2 Electron and positron cross sections

There are two different strategies to parametrize the e± production cross sections.
The first possibility is to find an analytic description of σinv for the production of
intermediate mesons and hadrons that decay into e± performing a fit to cross section
data. This strategy was first pursued by Ref. [272] and then repeated with new data by
Ref. [273]. The other option is to use predictions from Monte Carlo event generators
[274, 275, 276, 277].
Both methods have advantages and drawbacks. Analytic functions permit to calibrate
cross sections very precisely on existing data, but they imply large extrapolations in
the parameter space where measurements are not available. Moreover, it is hard to
use this method on production channels for which data are scarce or not available, as
for p+He. Monte Carlo generators can be used to derive the cross sections for all the
possible channels of production, but they typically do not fully reproduce the available
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measurements which are relevant for CRs at low energies (see, e.g., [278, 279, 280] for
p̄). In fact, codes like Pythia or QGSJET are mainly tuned to high-energy data, with
CM energy of the order of TeV. As outlined in Ref. [281], the adoption of different
cross section models [282, 272, 274] produces a variation in the normalization of the
secondary e± flux up to a factor of 2. Instead, in Ref. [277] the authors have shown
that the differences in the source term obtained by using the results in Ref. [274] and
different event generators can reach 30% in the relevant energies for e± CR physics.
However, Ref. [277] does not consider the models from Refs. [282, 272], so the reported
uncertainty could be underestimated.
The production cross section of e± from Kamae et al. [274] are largely used by the com-
munity, despite being tuned on at least 20-year old data. The analysis by Ref. [274]
carefully checks the total p + p cross sections, but this does not guarantee that their
model catches the correct dependence of cross sections from the relevant kinematic
variables (e.g. in the transverse momentum and rapidity). The reason is that, until
recently, the available dataset was limited to data collected from the sixties to the
eighties. In the last decades, however, new experimental datasets have been provided.
For example, the NA49 and NA61/SHINE collaborations at the CERN Super Proton
Synchrotron (SPS) [283, 284] reported important information for the energies of inter-
est for AMS-02 and covered the interesting kinematic space for astroparticle physics.
Moreover, high-energy data at CM-energy

√
s > 200 GeV have been collected from

different experiments [285, 286, 287, 288]. These data permit to calibrate precisely the
dependence with the

√
s. Given the importance of these data in astroparticle physics,

a reevaluation of the leptonic production cross sections is mandatory for p+ p, He+p,
p+He, and He+He collisions.
In Figure 3.1, we show a sketch of all the production channels for e+ that are considered
in our analysis. The channels that produce e− are the same as in Figure 3.1, but all
particles have to be replaced by their antiparticles (e.g. π+ → π− and µ+ → µ−).
We neglect production or decay channels that contribute less than 0.5% to the total
e+ production. One example is the production of e+ from the decay of antineutrons
(n̄), and the same for e− from neutron (n). This channel is suppressed because in the
decay almost all of the energy is carried away by the p̄ (p for e−) and e+ (e−) are only
produced at very small energies [274].
We first concentrate on the e+ production cross sections, then we provide parallel
results for secondary e−. The channels and cross sections are very similar, but not
identical. In fact, charge conservation implies that the production of e+ is enhanced
with respect to e− since both the target and the projectiles involved in the production
process are positively charged particles.

50



CHAPTER 3. PRODUCTION CROSS SECTIONS OF ELECTRONS,
POSITRONS AND GAMMA RAYS FOR ASTROPARTICLE PHYSICS

p + p

π+ + X

K+ + X

π0 + X

K0
l + X

μ+ + νμ
e+ + νe + ν̄μ

μ+ + νμ e+ + νe + ν̄μπ+ + π0
μ+ + νμ

π+ + π+ + π− e+ + νe + ν̄μμ+ + νμ
e+ + νe + ν̄μ

e+ + e− + γ

K0
s + X

π+ + π−
μ+ + νμ

e+ + νe + ν̄μ

Λ̄ + X

π+ + π− + π0
μ+ + νμ

e+ + νe + ν̄μ

π+ + e− + ν̄e μ+ + νμ
e+ + νe + ν̄μπ+ + μ− + ν̄μ

μ+ + νμ
e+ + νe + ν̄μ

μ+ + νμ + π−
e+ + νe + ν̄μ

e+ + νe + π−

π+ + p̄
μ+ + νμ

e+ + νe + ν̄μ

e+ + νe + π0

K− + X
π+ + π− + π−

μ+ + νμ
e+ + νe + ν̄μ

Figure 3.1: This diagram represents the e+ production channels from a p+ p collision
considered in our analysis. The same scheme holds for e− production under charge
conjugation (except for the initial p+ p state). We report here only the channels that
produce at least 0.5% of the total yield (see the main text for further details).

The probability density functions of the decays shown in Figure 3.1 can be computed
analitically. In particular, the π± decay is entirely modelled from kinematics, namely,
in the π± rest frame, the energy of the µ± is determined by energy and momentum
conservation. In contrast, the µ± decay goes into three final states and has to be
computed in Fermi theory. The µ± are fully polarized into their direction of motion
after the π± decays. We implement the polarized µ± decay rate including the next to
leading order (NLO) corrections [289] for the first time in this field. Please refer to
Section IIA of Ref. [3] for the details about how we obtain P (Eπ± , Ee±).
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Table 3.1: Summary of all p+p datasets used for π± and/or K± fits, their CM energies,
and references. σinv is the fully differential production cross section usually stated in
the Lorentz invariant form and n is the total multiplicity of a particle. With

√
we

indicate when the quantity is considered in the analysis.

Experiment
√
s [GeV] σinv n Ref.

NA49 17.3 (π±, K±)
√

- [283, 292]
ALICE 900 (π+, K±)

√
- [291]

CMS 900, 2760, 7000, 13000 (π±, K±)
√

- [290, 288]
Antinucci 3.0, 3.5, 4.9, 5.0, 6.1, 6.8 (π±) -

√
[293]

2.8, 3.0,3.2, 5.3, 6.1, 6.8 (K+) -
√

[293]
4.9, 5.0, 6.1, 6.8 (K−) -

√
[293]

NA61/SHINE 6.3, 7.7, 8.8, 12.3, 17.3 (π±, K±) -
√

[284]

3.2.1 Positrons from p+ p→ π+ +X collisions

In this Section, we focus on the π+ production channel. Many concepts from this
Section will be applied analogously to the other channels discussed in Section 3.2.2.
The secondary production gives most of its contribution to AMS-02 e+ data in the
range between 0.5 and 10 GeV. In this energy interval e+ are mostly produced from
CR p with energies between 5 GeV and 200 GeV, which corresponds to CM energies
between 3.6 and 20 GeV. The measurement of π+ production in this energy range
and with the widest coverage of the kinetic parameter space is provided by the NA49
experiment [283] at

√
s = 17.3 GeV. Therefore, we decided to gauge our modeling of the

e+ invariant cross section on NA49. To good approximation σinv is scaling invariant:

σinv(s, xR, pT ) ≈ σinv(s0, xR, pT ). (3.6)

However, two ingredients are violating this approximate invariance: first, the rise of the
inelastic cross section for p+ p collisions and, second, the softening of the pT shape at
large CM energies. Guided by the above considerations, our strategy is as follows: in
the first step, we fix the kinematic shape of the π+ production cross section using only
the NA49 data. In the second step, we combine measurements of the multiplicity at
different

√
s down to 3 GeV, and measurements of the multiplicity and the pT shape by

CMS [290, 288] and ALICE [291] to calibrate our model over a large range of energies.
A summary of the included datasets is provided in Table 3.1.
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Model for the invariant production cross section

In this Section, we specify the analytical model of the invariant cross section for the
inclusive production of π+ in p + p collisions. We propose a new parametrization of
σinv which can fit a large number of datasets of the inclusive production of π+ in
p + p collisions, with

√
s ranging from few GeV up to LHC energies. As outlined in

Ref. [283], the π+ are produced by a combination of prompt emission, emerging from
the hadronization chains, and the decay of hadronic resonances, in particular from ρ

and ∆. Inspired by this idea, we write σinv as the sum of two terms, called Fp and
Fr, which should roughly follow the prompt and resonance components. The Lorenz
invariant cross section is given by:

σinv = σ0(s) c1

[
Fp(s, pT , xR) + Fr(pT , xR)

]
A(s), (3.7)

where σ0(s) is the total inelastic p+p cross section. The derivation of σ0(s) along with
its uncertainty is discussed in the Appendix of [3]. The functional form of Fp(pT , xR) is
partially inspired by the parametrizations from Ref. [294] (and Refs. therein). Specif-
ically, we use:

Fp(s, pT , xR) = (1− xR)c2 exp(−c3 xR) pc4T (3.8)

× exp

[
−c5

√
s/s0

c6
(√

p2
T +m2

π −mπ

)c7√s/s0
c6
]
,

where
√
s0 = 17.3 GeV is the energy of NA49 beam. The model parameters ci are

fitted to the available cross section data, as explained in the following of this Section.

On the other hand, the empirical expression for Fr is motivated by the contributions
from resonances, as simulated in Ref. [283] (see their Figure 54). The functional form
of Fr(pT , xR) reads:

Fr(pT , xR) = (1− xR)c8 × exp
[
−c9 pT −

(
|pT−c10|
c11

)c12
]

(3.9)

×
[
c13 exp(−c14 p

c15
T xR) + c16 exp

(
−
(
|xR−c17|
c18

)c19
)]
.

Finally, we allow for an additional scaling with
√
s, which is required to obtain the

correct π+ multiplicity at different energies. The functional form is given by:

A(s) =
1 +

(√
s/c20

)c21−c22

1 +
(√

s0/c20

) c21−c22

(√
s

s0

)c22

, (3.10)
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Figure 3.2: Results of the fit on the NA49 data [283] invariant cross section for the
inclusive π+ production in p+ p collisions. The left (right) panel shows the NA49 data
along with our fit results for representative pT (xF ) values, as a function of xR (pT ).
Each curve is plotted along with its 1σ uncertainty band. In the bottom part of each
panel we plot the residuals, which are defined as (data-model)/model, and the width
of the 1σ uncertainty band on the model.

which represents a smoothly broken power law as function of
√
s with slopes c21 and

c22 above and below the break position at
√
s = c20, respectively. In all the formu-

las reported in the Section, pT ,
√
s, the mass of the particles,

√
s0 and energies are

intrinsically normalized to 1 GeV, in order to have dimensionless parameters.

Fit of the π+ production to NA49 data

The NA49 experiment at the CERN SPS performed precise measurements of π+ inclu-
sive cross sections of p+p interaction. Data are collected at

√
s = 17.3 GeV and over a

large range of xF and pT , where xF = 2pL/
√
s is the reduced longitudinal momentum.

In the first step, we fix the shape of the Lorenz invariant cross section as a function
of xR and pT at the NA49 CM energy. The parametrizations of Equations 3.8-3.10
contain a few parameters, c6, c20, c21 and c22, that change the behavior of the invariant
cross section as function of

√
s. However, the parametrization is chosen such that the

cross section at the CM energy of NA49 is independent of those parameters. Hence we
can use the NA49 data to fix all the other parameters of our model that do not depend
on
√
s. We perform a chi-square (χ2) fit using the MultiNest package [295], that will

be adopted for all other fit of this Chapter, to minimize the χ2, with statistical and
systematic uncertainties added in quadrature. We note that there is also a normaliza-
tion uncertainty of 1.5%. This normalization uncertainty is not included in the fit but
taken into account separately (see below). We use MultiNest with 1000 live points,
an enlargement factor of eft= 0.7 and a stopping parameter of tol= 0.1.
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Our results are summarized in Figure 3.2, where we plot the invariant cross section for
the inclusive π+ production in p+ p collisions as a function of xR (left) and pT (right).
The data are displayed along with our best-fit results and the 1σ uncertainty for a few
representative values at fixed pT and xF , respectively. The residuals of the data and
the width of the theoretical uncertainty band are displayed in the bottom panels. The
fit converges to a total χ2

NA49=338 with 263 degrees of freedom (d.o.f.). The data are
well described at all pT and xF values. The structures in the low pT data are very well
followed by our parametric formulae, Equations 3.8 and 3.9.

Finally, we derive the uncertainties on our cross section fit, a major goal of this re-
search. To this end, we extract the covariance matrix and the mean parameter values
from the MultiNest fit. The covariance matrix C contains the uncertainties and
correlations of all the fit parameters. At this point, we account for the previously ne-
glected normalization uncertainty of the NA49 data. The overall normalization of the
cross section is dictated by the c1 parameter. So, an additional 1.5% uncertainty on the
normalization can be accounted by resetting the corresponding diagonal entry of the
covariance matrix: C1,1 → C1,1+0.0152 c2

1. Then, we sample 500 parameter realizations
using a multivariate Gaussian distribution. Figure 3.2 shows the uncertainty band at
the 68% confidence level, which spans about 5% over all the kinematic range explored
by the data. For pT > 2 GeV it increases to almost 10%. However, we note that high
pT values are suppressed after the angular integration (see Equation 3.3).

Fit to different center of mass energies data

The general kinematic shape of the invariant π+ production cross section has been
fixed in the previous Section. Here we focus on the scaling of the cross section at
different

√
s. The parameter c6 in Equation 3.8 allows a softening of the pT shape as

observed at high energies, while on the other hand the factor A(s) and the parameters
c20 to c22 introduce an overall renormalization. In this Section, we proceed with the
determination of the parameters c6, c20, c21, and c22. All the other parameters are fixed
to the values of the fit to the NA49 data, as described above in Section 3.2.1.

To extend to
√
s below NA49 measurement we use the multiplicity measurements of

NA61/SHINE [284] as well as a collection of data points provided in Ref. [293] (in the
following also called Antinucci). At larger

√
s we use the pT dependent data provided

by CMS [290, 288] and ALICE [291] at central rapidity. All datasets and their
√
s are

summarized in Table 3.1.

Typically, each cross section measurement contains a statistical, a systematic, and a
scale uncertainty. In the last Section, we only used the single NA49 dataset, which
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allowed us to use a simplified treatment where we ignore the scale uncertainty of 1.5%
at first and then added it in a post-procedure. Here we combine datasets from different
experiments and, thus, the scaling uncertainty has to be included from the beginning.
For datasets with only a single data point, NA61/SHINE and Antinucci, this is straight-
forward and we can simply add all the individual uncertainties in quadrature. On the
other hand, at higher energies, we use the measurements of the invariant cross section
by ALICE and CMS at central rapidity. The cross section is provided for values of pT
between 0.1 and 2.5 GeV. For those data points the scaling uncertainty is fully cor-
related so we cannot simply add them in quadrature in the definition of the total χ2.
Instead, we follow Ref. [91] and introduce nuisance parameters allowing for an overall
renormalization of each dataset from ALICE and CMS. Then, the total χ2 is defined
as the sum of two parts:

χ2 = χ2
stat + χ2

scale. (3.11)

Here the first term accounts for the statistical and systematic uncertainty, while the
second term constrains the nuisance parameters according to the scale uncertainties.
Explicitly, χ2

stat is given by the sum over all data points ik and all datasets k:

χ2
stat =

∑
k

∑
ik

(
ωkσinvik − σinv(

√
sik , xRik , pT ik)

)2

ω2
kσ

2
ik

, (3.12)

where σinvik is the measured cross sections and σinv(
√
sik , xRik , pT ik) is the evaluation of

our cross section parametrization at the corresponding kinematic variables. The nui-
sance parameters ωk rescale both the cross section measurement and the uncertainties
σ2
ik
. Then, the second term of the Equation 3.11 is given by

χ2
scale(ω) =

∑
k

(ωk − 1)2

σ2
scale,k

, (3.13)

where σscale,k is the scale uncertainty for each dataset. We stress that the sum in
Equation 3.12 runs over every single data point, while the sum in Equation 3.13 only
runs over datasets. So, moving up or down all the data points of a dataset by the same
factor is only penalized once and not for each data point.

Finally, we address two more subtleties. First, the ALICE and CMS experiments
provide data averaged in relatively large rapidity bins of |y| < 0.5 and |y| < 1, respec-
tively. In order to take this into account, we also average our model evaluation over
those rapidity ranges. Second, the recent experiments (NA49, NA61/SHINE, ALICE,
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Figure 3.3: Left panel: invariant cross section of inclusive π+ production in p + p
collisions at large

√
s as measured by ALICE and CMS. The dashed lines represent

the best-fit parametrization and the shaded bands show the uncertainty at the 1σ
level. Right panel: multiplicity (left sub-panel) and dn/dy (right sub-panel) of π+

production in p + p collisions measured at different
√
s. The solid lines represent

the best-fit parametrization and the grey shaded bands show the uncertainty of our
fit at the 1σ level. Filled data points are included in the fit while open data points
are only plotted for comparison. The bottom panels shows the residuals defined as
(data-model)/model.

and CMS) perform feed-down corrections, namely they subtract the π+ production
from the weak decay of strange particles which are mainly KS

0 , but also Λ̄ and Σ+. In
contrast, the collection of multiplicity measurements from Antinucci is not corrected
for this feed-down. So, we correct those data points by subtracting the contributions
of these particles using our estimation from Section 3.2.2. This contributions to the
total multiplicity vary from 0.4% for

√
s=3 GeV to 1.7% for

√
s=6.8 GeV. To be con-

servative we add this correction at each data point to the measurement uncertainty in
quadrature.

Figure 3.3 shows the results of the fit at high energies. The invariant cross section
is plotted as a function of pT and at different energies of the corresponding ALICE
and CMS data. The fitted function provides a good agreement with the data. The
uncertainty on σinv is about 5% at the lowest pT values and increases to 10% for pT > 2

GeV.

In Figure 3.3 (right panel), we compare the multiplicity from our parametrization with
the available data as a function of

√
s. The plot is divided into two energy regimes: at

lower energies, experiments determine the total multiplicity which is integrated over
the whole kinematic parameter space, while the collider experiments only determine the
multiplicity at central rapidity, often expressed as an average dn/dy. The fit includes
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the data points with the filled symbols from Antinucci and NA61/SHINE, while the
open data points are only plotted for comparison. At high energies, we show next to
the ALICE and CMS data also data from PHENIX [286] and STAR [296]. At high
energy our model is plotted for |y| < 0.5. However, dn/dy is fairly flat at high energies
and midrapidity such that the impact on the model (grey line) is negligible. ALICE
and CMS provide measurements which are feed-down corrected, while we perform the
feed-down correction for PHENIX and STAR ourselves.

In general, both the fitted data and the ones plotted for comparison are in good agree-
ment with our best-fit parametrization. For the data points from NA49, ALICE, and
CMS this is expected, since their data in the xR − pT plane have been included in
the fits to Equations 3.8-3.10. Instead, the comparison of the data from STAR and
PHENIX provides an independent cross-check. The STAR is in very good agreement
with our model, while the PHENIX data lie systematically below our multiplicity line.
We note that something similar was also observed for p̄ [297], potentially pointing to
a more general unaccounted systematic.

Overall, our parametrization provides a good fit to the datasets at different
√
s, with a

χ2
n/d.o.f. =189/129, and the parameters c6, c21, c22, and c23 are well contrained. Within

our model, the multiplicity is determined with a precision of about 3% above
√
s of 10

GeV, increasing to 5% at the lowest
√
s.

NA61/SHINE also provided data in the xR− pT plane which are however not included
in our fit to Equations 3.8-3.10. As discussed above we use a phenomenologically
motivated function and fix the kinematic shape of the cross section with the most
reliable data from NA49 assuming radial scaling invariance. An additional dataset
would require a more careful assessment of systematics errors to avoid over-constraining
the fit parameters, and thus underestimating uncertainties. Moreover, we observed
some inconsistencies in the tables provided by Ref. [284]. We decided therefore not to
include this data in the fit, checking however that the NA61/SHINE data are generally
consistent with our parametrization also in the xR − pT plane. Please refer to the
Appendix of [3] for more details.

In our parametrization, we assume scaling invariance in xR. While the bulk of π+ (and
thus finally also e+) are produced at midrapidity, the steeply falling CR projectile flux
in the source term enhances π+ produced in forward direction [298]. The enhancement
is supposed to become less important at very high energies, but it might be important
at intermediate energies, i.e. between NA49 and ALICE/CMS. In the future, more
experimental data might help to solve the issue.
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Figure 3.4: Differential cross section for the production of e+ from π+ in p+p collisions,
computed for different incident kinetic p energies as a function of e+ kinetic energy (left)
and different e+ kinetic energies as a function of p kinetic energy (right).

Results on the positron production cross section

Now we have all the ingredients to compute the differential cross section for the pro-
duction of e+ as a function of the incident p kinetic energy, Tp, and the e+ energy,
Te+ , using Equation 3.3 and Equation 3.6. In Figure 3.4, we present the result for the
cross section dσpp→π++X/dTe+ as function of Te+ (left panel) and Tp (right panel) for
a few representative values of Tp and Te+ , respectively. The cross section peaks at e+

energies below 100 MeV almost independently of Tp, and decreases rapidly to zero for
Te+ ∼ Tp. The uncertainties are about 5% for almost all Te+ , which is in agreement
with the results in previous Sections. Since the π+ channel is the dominant one, the
final uncertainties on dσ/dTe+ will reflect this results, and the small values found is
the major result of this work. The relative uncertainty increases above 20% when ap-
proaching the threshold. We note, however, that this kinematic range is suppressed in
the e+ source term and has a negligible impact on the final uncertainty.
The projection of the cross section on Tp for fixed values of Te+ shows a rapid increase
above the threshold which continues for about one order of magnitude in Tp. After-
ward the cross section keeps rising very slowly with energy. As before, the relative
uncertainty is large close to the threshold.

3.2.2 Contribution from other channels

Contribution from K+

About 10% of the e+ produced in p + p collisions come from the decays of K+. As
sketched in Figure 3.1, the main decay channels considered in this work (branching
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fraction in brackets) are:

• K+ → µ+νµ (63.6%),

• K+ → π+π0 (20.7%),

• K+ → π+π+π− (5.6%),

• K+ → π0e+νe (5.1%).

To obtain the decay spectrum from K+ we proceed in this way: for the K+ → µ+νµ

channel we follow the same method reported in Section 3.1, but adapted to K+; for
K+ → π+π0 we have to add one step to the π+ decay, considering all the possible
energies of the π+ produced from this process; for the last two and less important
three-body decay channels we adopt a simplified treatment, assuming that the three
particles take 1/3 of the K+ energy. To obtain the total e+ yield we closely follow the
steps from π+ as detailed in Section 3.2.1, fitting an analytical formula for the Lorentz
invariant cross section of the inclusive K+ production in p+p collisions. In contrast to
π+, K+ do not contain strong resonant production. So, we can use a simplified version
of Equation 3.7 and Equation 3.8 and define the Lorenz invariant cross section by:

σinv = σ0(s) d1 FK(s, pT , xR)AK(s) (3.14)

with

FK(s, pT , xR) = (1− xR)d2 exp(−d3 p
d4
T xR) pd5

T (3.15)

× exp

−d6

√
s/s0

d7

(√
p2
T +m2

K −mK

)d8

√
s/s0

d7
 ,

where mK is the mass of the kaon, di are the fit parameters and
√
s0 is set to 17.3 GeV.

The energy dependent normalization AK(s) is taken to be:

AK(s) = A0
K

(
1−
√
sth√
s

)(
1 +

√
s

d9

d10−d11
)
√
s
d11 (3.16)

where sth is the threshold energy for K+ production and A0
K is determined by the

condition AK(s0) = 1. We follow the two-step procedure previous used for π+ (see
Section 3.2.1), fixing first the xR− pT shape with NA49 data [292], and then adjusting
the
√
s behavior with the multiplicity measurements from Antinucci, NA61/SHINE,
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Figure 3.5: Comparison of the best-fit cross section parametrization for the inclusive
K+ production in p + p collisions with NA49 data (left panel) and multiplicity mea-
surements at different CM energies by various experiments (right panel). Right panel:
filled data points are included in the fit while open data points are only plotted for
comparison. The plots are similar to Figures 3.2 and 3.3(right).

ALICE and CMS [293, 284, 291, 290, 288]. For ALICE and CMS we use the pT -
dependent multiplicity measurements at midrapidity. A summary of the datasets is
provided in Table 3.1.
The χ2/d.o.f. converges to 306/253. In Figure 3.5, we compare our best-fit parametriza-
tion with the experimental measurement. In the left panel, the NA49 data of the in-
variant cross section is shown as a function of xR and for a few representative values of
pT , while the right panel shows the comparison with various multiplicity measurements
as a function of

√
s. All in all, our parametrization provides a very good description

of the available data. The shaded bands mark the 1σ uncertainty at fixed pT , which
is below 5% at smallest xR and increases to 15% at xR = 0.45 for the smallest pT .
Finally, we also compute the e+ cross section from the decay of K− into π+π−π− and
the subsequent decay of the π+ into e+. For this, we use the fit of the inclusive K−

production in p+ p collisions, which is performed in analogy to the fit of K+.

Contribution from K0
S, K0

L, Λ and other subdominant channels

K0
S meson. We start from discussing K0

S, that generate e± producing π± via K0
S →

π+π− (Br = 69.2%), thus contributing to the final e± cross sections with the same
amount. The NA61/SHINE experiment recently measured the spectra for the produc-
tion of K0

S from p+ p collisions at
√
s = 17.3 GeV [299].

Following a similar strategy as for π+ and K+, we first fix the pT and xF dependence
of the cross section by fitting the data of NA61/SHINE, while the variation with

√
s is
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Figure 3.6: Left (right) panel: comparison of the K0
S (Λ) production cross section

measured by the NA61/SHINE experiment and our best-fit.

determined by a second fit to the multiplicities data from Ref. [292], using the model re-
ported in Equations 17-19 of [3]. Figure 3.6 (left panel) shows that our parametrization
provides a good description of the NA61/SHINE data.

K0
L meson. The decay time of the K0

L meson is 5.1 × 10−8 s which is a factor of
about 600 larger than the one of K0

S, making it very difficult to detect K0
L particles

at accelerator experiments. The lack of experimental data makes it impossible to
determine an independent parametrization of the production cross section. Therefore,
we checked with the Pythia event generator (we employ the Pythia version 8.3 [300])
that the pT and xF shapes for the production of e+ is very similar for K0

L and K0
S

in p + p collisions. The difference is simply a normalization factor. The K0
L meson

produces about a factor of 1.16 more e+ than K0
S which can be explained by different

decay modes of the two kaons. In the following we assume that the production cross
section of e+ fromK0

L can be obtained fromK0
S by rescaling with a factor 1.16. Because

of charge symmetry, we apply the same results for e− production.

Λ baryon. The Λ hyperon contributes only to the e− through the channel Λ → pπ−

(Br = 63.9%). The NA61/SHINE experiment recently measured the spectra for the
production of Λ from p + p collisions at

√
s = 17.3 GeV [301]. Following a similar

strategy as for K0
S, we first fix the pT and xF dependence of the cross section by fitting

the data of NA61/SHINE, while the
√
s dependence is determined by a second fit to

the multiplicities at different
√
s taken from [301]. See details in Section IV.D of [3].

Figure 3.6 (right panel) shows that our parametrization provides a good description of
the data.

Other channels. Other channels contribute with a subdominant amount to the e+ and

62



CHAPTER 3. PRODUCTION CROSS SECTIONS OF ELECTRONS,
POSITRONS AND GAMMA RAYS FOR ASTROPARTICLE PHYSICS

e− yield, in particular the Λ̄, the charged Σ and Ξ hyperons, for which no data are
available at the energies of interest for the secondary source term. We thus estimate the
contribution of the Λ̄, Σ and Ξ baryons using Pythia [300], running simulations of p+p

collisions for
√
s ranging from a few GeV to 100 TeV. We calculate the multiplicities

of these particles (and their antiparticles), ni, and the ratio ni/nΛ, both derived with
Pythia for consistency. In fact, for Λ we have a model for the invariant cross section
and its mass is similar or equal to the Λ̄, Σ and Ξ, so we expect the dependence of
the cross section with the kinematic parameters to be alike. To add each subdominant
channel i to the total yield of e± we rescale the Λ cross sections into e± with the
correction factor F i(Tp):

dσ

dTe
(Tp, Te) =

dσ

dTe
(Tp, Te)Λ ×

∑
i

F i(Tp). (3.17)

For example, for charged Σ particles can be written as FΣ(Tp) =
nΣ(Tp)·Brπ

+

Σ

nΛ(Tp)·Brπ
−

Λ

, where

Br
π±

Σ is the branching ratio for the decay of the Σ into π±.

π0 mesons. In the end π0 are expected to be produced in p+p collisions with a similar
rate as charged π±, but decaying only with a branching ratio of 1.17% into e+e−γ.
Therefore, the contribution of the π0 to the e± production is expected to be at the 1%

level. Since no data are available for the e± from π0 at the energy of interest, we use
Pythia to derive the pT and xF dependence of e± produced from π± and π0, finding
that dn/dxF and dn/dpT are very similar in shape for the production of e± from π0 and
from π±. The difference is just a normalization factor that depends on the different
multiplicity of π0 and π± from p+p collisions. We add the contribution from π0 to the
e± yield by multiplying the π± cross sections by a factor (1 + nπ0 · Bπ0

r /nπ±), where
Bπ0

r = 0.0117.

3.2.3 Contribution from nuclei collisions

Nuclei interactions (p+A, A+p, and A+A) in the Galaxy give a significant contribution
to the production of secondary particles. Many former analyses relied on a simple,
overall rescaling of the p+ p cross section by a geometric factor or mass number [281,
302, 303]. Here we go beyond this approximations by using the data of NA49 for the
production of π+ in p+C collisions at pp = 158 GeV [304]. While π± production in
p+ p collisions is by definition symmetric under a reflection along the beam axis in the
CM frame, this is not necessarily the case in p + A collisions (in the nucleon-nucleon
CM frame). Actually, the NA49 p+C data reveals an asymmetry in the cross section
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between forward and backward production [305], which is plausible, because the carbon
target contains not only p but also n and the binding force of the nucleons could play a
role. The asymmetry makes inconsistent a description of the cross section in terms of
xR, an intrinsically symmetric variable. Thus, we use xF instead of xR to parametrize
p+ A collisions.
In principle, it would be useful to determine a standalone parametrization for the π±

production of each p+A initial state, especially for p+He, which is most relevant in the
context of CRs. However, the currently available data on π+ production measurements
in p+A collisions are not sufficient to obtain independent descriptions. Especially for
p+He collisions the available data is very scarce, with a few measurements in the 1980s
[306] of π± production in kinematic regions that are not interesting for astroparticle
physics. Inspired by the treatment for p̄ in Ref. [91] we exploit a rescaling of p+p cross
section in terms of overlap functions. The idea is to split the π+ production into two
components produced by either the projectile or the target, where the π+ from each
component are mainly produced in forward direction. Adjusting the normalization of
the overlap functions separately allows accommodating an asymmetry.
We model the inclusive Lorentz invariant cross section of the A1 + A2 → π+ + X

scattering by:

σA1A2
inv (

√
s, xR, pT ) = fA1A2(A1, A2, xF , D1, D2, D3) σppinv(

√
s, xR, pT ), (3.18)

where A1 and A2 are the mass numbers of the projectile and target nucleus, respectively,
and D1, D2, and D3 are three fit parameters. Explicitly, the factor fA1A2 is defined by:

fA1A2(xF ) = AD1
1 AD1

2

[
AD2

1 Fpro(xF ) + AD2
2 Ftar(xF )

]
, (3.19)

with Fpro(xF ) and Ftar(xF ) given by:

Fpro/tar(xF ) =
1± tanh(D3xF )

2
. (3.20)

In the above equations, the kinetic variables xF and
√
s refer to the nucleon-nucleon CM

frame. We do not claim that Fpro(xF ) and Ftar(xF ) are the actual projectile and target
overlap functions. They are rather an effective treatment that we have introduced to
describe the NA49 data.
To determine σpAinv, we fit the xF -dependent rescaling factor fA1A2(xF ) of Equation 3.19,
while σppinv(

√
s, xR, pT ) is fixed to the best-fit values of Section 3.2.1. In other words,

we obtain the three free parameters that are D1 to D3 fitting the NA49 data on σinv

for the inclusive π+ production in p+C collisions at
√
s = 17.3 GeV [304]. We obtain a
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Figure 3.7: Results of the fit on the NA49 data [304] invariant cross section for the
inclusive π+ production in p+C collisions. We show the NA49 data together with our
fit results as a function of xF for some representative values of pT . Shaded bands show
the 1σ uncertainty band.

good fit with a χ2/d.o.f. of 400/265. Our model is compared to the NA49 data of σinv

in Figure 3.7. The cross section is plotted as a function of xF for a few representative
values of pT . We observe a good agreement of the data with the parametrization,
especially at low values of pT , which are the most important for e+ production in
the Galaxy. The uncertainties on the model turn out to be about 5%, which mostly
comes from the uncertainty in the p+ p collisions. Finally, we also check, a posteriori
(as for p + p collisions), that our parametrization is qualitatively in good agreement
with NA61/SHINE data [307] of p+C scattering provided at

√
s = 7.7 GeV. Using the

rescaling relation of Equation 3.18 we obtain the cross sections for p+He and all other
nuclei collisions.

While we are improving the state of the art [281, 302, 308], which is based on a rescaling
of the normalization of p + p cross section by a simple geometrical factor, our result
points to the need of collecting data of the p+ He→ π+ +X cross section. This might
allow disentangling p+ p and p+A fits in the future by performing separate fits of the
parametrizations for each p+He and p + A, in order to avoid a rescaling from p + p.
Actually, one reason for the small uncertainty bands in Figure 3.7 can be related to
the fact that the kinematic shape of our parametrization for p + A is already partly
fixed by p + p, see Equation 3.18. In this sense, more data in the p+He (and more
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general p + A) collisions might allow a more correct estimation of uncertainties. We
also note the absence of data for xF < −0.1 in Figure 3.7, a kinematic regime which
is important for the production of π± in A + p collision in CRs. Here we rely on an
extrapolation of our parametrization.
For the K+ production channel, we refer to NA61/SHINE [307] data at

√
s = 7.7 GeV.

We found that a simple rescaling from the p+ p case (fpA = AD1) is sufficient. For the
remaining subdominant production channels discussed in Section 3.2.2 we adopt the
same rescaling as for K+.

3.2.4 Results on the positron production cross section and source

spectrum

We now have all the elements to compute the total differential cross section dσ/dTe+ ,
displayed in Figure 3.8, for the inclusive production of e+ in p + p inelastic collisions.
The result is obtained by summing all the contributions of π+, K+ and K−, KS

0 ,
KL

0 , and subdominant channels (S. C.) discussed in Section 3.2.1 and 3.2.2. We plot
dσ/dTe+ for the separate production channels, and their sum, along with the relevant
1σ uncertainty band. At the bottom of each panel we display the 1σ uncertainty band
around the best fit for the total dσ/dTe+ . The four plots are for incident p energies Tp
of 10, 100, 1000, and 10000 GeV. The π+ channel dominates the total cross section,
being about 10 times higher than the K+ channel. The e+ production from KS

0 , KL
0 ,

and S. C. results to be at a few % level, slightly depending on Te+ and Tp. The main
comment to these results is the smallness of the uncertainty with which we determine
dσ/dTe+ . At 1σ the uncertainty band around the best fit is 4% to 7% at all Tp energies.
For Te+ values close to Tp, the error band spreads up since data for this limit (which
corresponds to xR = 1) are not available. We conclude that the e+ production cross
section from p + p collisions is determined with very high precision. This result is
mainly due to the precision of the data at our disposal, and also to the appropriate
empirical description provided by our algebraic model.
In Figure 3.9, we present the computation of the source spectrum of e+ in the Galaxy
as a function of Te+ , implementing Equation 3.1. We fix nH = 0.9 cm−3 and nHe =

0.1 cm−3. The CR fluxes φi for a nucleus i are taken from Ref. [309]. We plot separate
results for the collision of p + p, p+He, He+p, He+He and C, N and O scattering off
H, with their uncertainty due the production cross sections computed in this Chapter.
The q(E) is predicted with a remarkably small uncertainty, ranging from 5% to 8%
depending on the energy. We nevertheless remind that the different estimations and
parametrizations used in the literature pointed out differences by a factor of two. Our
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Figure 3.8: Differential cross section for the inclusive production of e+ in p+p collisions,
derived from fits to the data as described in Section 3.2.1 and 3.2.2. We plot separate
production of π+, K+ and K−, KS

0 , KL
0 and subdominant channels (S. C.), and their

sum. Each plot is computed for incident p energies Tp, of 10, 100, 1000, and 10000
GeV. The curves are displayed along with their 1σ error band. At the bottom of each
panel the 1σ uncertainty band is displayed around the best fit individually for each
contribution.

results definitively exclude that e+ cross sections can gauge the source spectrum, and
consequently the flux at Earth, by more than a factor of few %. We compare our results
for the p+p channel with [274] (labeled Kamae) and [277] (labeled AAfrag). The Kamae
cross section predicts an about 20% smaller source term above 5 GeV, while it predicts
a significantly larger source term below 1 GeV. In contrast, for AAfrag, we only report
results for Te+ above 1 GeV, since they provide cross sections only for Tp ≥ 3.1 GeV
meaning that the source term cannot be predicted accurately at lower energies. The
differences are within 10% for most of the energy range between 1 and 100 GeV. We also
checked the predictions for p+He, He+p, and He+He, finding differences at a similar
level.

After this analysis, authors of [280] compared the cross sections of different models,

67



CHAPTER 3. PRODUCTION CROSS SECTIONS OF ELECTRONS,
POSITRONS AND GAMMA RAYS FOR ASTROPARTICLE PHYSICS

10 22

10 21

10 20

qe
+
 T

2.
7

e
+
 [G

eV
1.

7  m
3  s

1 ] p-p
He-p

CNO
p-He

He-He
Kamae

AAfrag
Total

10 2 10 1 100 101 102 103

Te +  [GeV]
0.2
0.1
0.0
0.1
0.2

Re
l. 

un
c.

10 22

10 21

10 20

qe
 T

2.
7

e
 [G

eV
1.

7  m
3  s

1 ] p-p
He-p

CNO
p-He

He-He
Kamae

AAfrag
Total

10 2 10 1 100 101 102 103

Te  [GeV]
0.2
0.1
0.0
0.1
0.2

Re
l. 

un
c.

Figure 3.9: Source terms of CR e+ (left panel) and e− (right panel). Next to the total
source term we show the separate CR-ISM contributions. In the bottom panels, we
display the relative uncertainty of the total source term. We note, however, that for
Te+ . 1 GeV (black dashed line) the source term is not constrained by cross section data
but rather an extrapolation of our parametrization which could possibly be affected by
systematics.

including our results, and the predictions obtained with the FLUKA code [310]. For the
p+p channel, the inclusive cross sections of e+ production from our model and FLUKA
differ by no more than 5 − 10% in the 5 − 100 GeV region, exhibiting a very similar
energy dependence. In general the predicted FLUKA source spectrum is compatible
with our model within a 10% factor from 1 GeV to a few hundred GeV.

Finally, we note that the available cross section data (especially for π+ production)
constrain the e+ source term down to about 1 GeV. Below this energy, the prediction
of the source term relies on an extrapolation from our parametrization and could be
affected by larger systematics.

3.2.5 Results on the electron production cross section and source

spectrum

Secondary e− are produced in the Galaxy from the same p+p collisions as e+. We also
provide new results for the e− production cross section. We mirror the same analysis
performed for e+ and described in the previous Sections. In particular, for the σinv for
π− production we adopt the parametrizations reported in Equations 3.7, 3.8, 3.9 and
3.10. The data employed in the fits are taken from NA49 [283], NA61/SHINE [284],
Antinucci [293], ALICE [291] and CMS [290, 288], as reported in Table 3.1.

The results of the fit to the NA49 production cross section π− data are displayed in
Figure 3.10 (left panel), as a function of xR and for a few representative values of pT .

68



CHAPTER 3. PRODUCTION CROSS SECTIONS OF ELECTRONS,
POSITRONS AND GAMMA RAYS FOR ASTROPARTICLE PHYSICS

10 4

10 3

10 2

10 1

100

101

102

Ed3 dp
3
 [m

b/
(G

eV
2 )

]

NA49 s = 17.3 GeV, 

pT= 0.05 GeV
pT= 0.25 GeV
pT= 0.5 GeV

pT= 1.0 GeV
pT= 1.5 GeV

0.0 0.1 0.2 0.3 0.4 0.5 0.6
xR 

0.2
0.1
0.0
0.1
0.2

Re
sid

ua
l

10 1

100

101

M
ul

tip
lic

ity

Total
Antinucci
NA61
NA49

100 101

s  [GeV]
0.2
0.1
0.0
0.1
0.2

Re
sid

ua
l

10 1

100

101

dn
/d

y

PHENIX
STAR
ALICE
CMS

102 103 104

s  [GeV]
0.2
0.1
0.0
0.1
0.2

Re
sid

ua
l

Figure 3.10: Left panel: same as Figure 3.2 (left panel) but for π− production in p+ p
collisions. Right panel: same as Figure 3.3 (right panel) but for π− production in p+p
collisions at various

√
s (see text for details).

The fit is globally very good, and the resulting uncertainties are about 5 − 6%. The
energy dependence of the cross section has been fixed as for π+, see Section 3.2.1. The
only difference is that the ALICE data points have not been considered in the final
fit, because they show some tension with CMS data at

√
s = 0.9 TeV. The results on

the multiplicity are shown in Figure 3.10 (right panel). Again, the fit is good, and the
uncertainty is below 10%.

The contribution from K− is computed following the same procedure as for the e+

from K+, see Section 3.2.2, fitting the data from the same experiments (and same
references). The contributions from K0

S, K0
L and π0 decays are symmetric for both e+

and e−. In addition, we consider also the contribution from the Λ baryon and from the
other S. C., as reported in Section 3.2.2.

In Figure 3.9 (right panel) we present the computation of the source spectrum of e− in
the Galaxy as a function of Te− , as discussed for e+ in Section 3.2.4. It is predicted with
a remarkably small uncertainty, ranging from 6% to 10% depending on the energy. With
respect to [274], we obtain for the p+p channel a higher prediction of 20−30% between
1 GeV to 1 TeV. Instead, at lower energies our cross sections are lower. However, at
such low energies our results, in particular below 1 GeV, are driven by extrapolation.
In contrast, the AAfrag cross sections predict a 30− 40% larger source term compared
to our cross section between 1 GeV and 100 GeV. The large difference for e− between
the AAfrag model and Kamae was already observed in Ref. [277]. In the end our
results are similar to the ones obtained in [280] with the FLUKA code.
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Figure 3.11: Differential cross section for the inclusive production of e− in p+ p colli-
sions, derived from fits to the data as described in Section 3.2.5. We plot separately the
contribution from π−, K+ and K−, KS

0 , KL
0 , Λ, subdominat channels (S. C.), and their

sum. We provide the result for incident p energy Tp of 10 and 100 GeV. The curves
are displayed along with their 1σ uncertainty band. At the bottom of each panel it is
displayed the 1σ uncertainty band around the best fit for the total dσ/dTe− .

3.2.6 Discussion and summary

The secondary production of e± in our Galaxy presents a significant contribution to the
e± fluxes measured at the Earth. In particular, the e+ flux is dominated by secondaries
below few GeV. The correct interpretation of any primary contributions depends on
the accurate description of the secondary production. Most of the secondary e± are
produced in p + p collisions and by channels involving He, both as a target and as a
projectile. The main production channels of the secondary e± involve the intermediate
production and decay of π± and K±, while some additional channels can contribute to
the source term at the percent level each.
Here, we have determined a new analytical description of the Lorentz invariant cross
section for the production of π± and K±, especially focusing on p + p collisions, and
we have evaluated, either by exploiting further data or by referring to Monte Carlo
generators, the inclusive cross section into KS

0 , KL
0 , Λ and S. C. The differential cross

section dσ/dTe±(p + p → e± + X), which enters in the computation of the e± source
term, is predicted from 10 MeV up to tens of TeV of e± energy, with an uncertainty
of about 5 − 10%, directly inferred from data. This is a major improvement with
respect to the state of the art, where previous uncertainties in the normalization of the
secondary e± flux due to cross section were large up to a factor of 2 among different
models. Our results definitively exclude that e+ cross sections can gauge the source
spectrum, and consequently the flux at Earth, by more than a factor of few %.
The cross section for scattering of nuclei heavier than p is obtained by fitting the

70



CHAPTER 3. PRODUCTION CROSS SECTIONS OF ELECTRONS,
POSITRONS AND GAMMA RAYS FOR ASTROPARTICLE PHYSICS

NA49 data for the production of π± on p+C collisions. Future measurements of π±

production in the p+He could help to improve our model. Our results, especially in
the e+ sector, eventually open the door to interpretations of CR data, especially from
the AMS-02 experiment, in which the calculation of secondary component is no longer
limited by the e± production cross sections.

3.3 Gamma-ray cross sections

In this Section, we investigate the hadronic production cross section of γ rays. As
explained in Chapter 2, most of the γ rays detected by Fermi-LAT are produced by
the Galactic insterstellar emission [39]. The dominant processes, especially at low
latitudes, are the hadronic interactions of CR nuclei with the gas of the Galactic disk
[192, 203, 311, 202, 312, 313, 314], whose modelling is described by σ(i + j → γ +

X). Any uncertainty in these cross sections comparable or greater than the Fermi-
LAT statistical errors undermine the study of the Galactic interstellar emission of the
observed γ-ray sky. Since data are very limited for these cross sections, the standard
approach is to employ Monte Carlo event generators [274, 279, 315, 316]. As for e±,
the most commonly used cross section is the Kamae [274] model, and more recent
result has been provided by AAfrag [279]. As shown in Ref. [277] the differences in the
production cross sections of γ rays obtained with different Monte Carlo generators can
be larger than 30%. This demonstrates the necessity of improving the parametrization
of these cross sections.

We present here a new and more precise model relying mostly on an analytic prescrip-
tion as done in Section 3.2 for e±. The main production mechanism of γ rays is the
decay of π0 mesons. However, data for the π0 production are extremely scarce. There
are measurements of the multiplicity, but data on the Lorentz-invariant differential
cross section are either not given or affected by large systematics or do not cover the
kinematic region relevant for Astroparticle physics. Therefore, we decide to fit the
multiplicity of π0 and extrapolate the kinematics from the production cross section of
π+ and π− by taking a combination of the parametrizations obtained in Section 3.2.1.
Then, we carefully model also the production cross sections of η and K mesons and Λ

baryons. This strategy closely follows the one explained in the previous Section where
we derived cross sections for e±. We note that the most obvious application of the
results here presented is the computation of the diffuse γ-ray background. Thus, in the
following, we use it as a benchmark to exemplary show the implications of our work.
However, we note that cross sections are actually important also in a much larger con-
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Figure 3.12: This diagram shows the γ-ray production channels from p + p collisions
considered in our analysis. We report here only the channels that produce at least
0.5% of the total yield (see the main text for further details).

text. They are required as input for modeling most of the point sources mentioned
in Chapter 2 and in this sense, almost every γ-ray analysis relies either directly or
indirectly on the cross sections we investigate in the following.

In Figure 3.12, we show a sketch of all the production channels considered in this anal-
ysis. Channels that contribute less than 0.5% to the total γ production are not shown
and neglected. The γ-ray production cross section is derived from the π0 production
cross section as in Equation 3.3, with π0 and P (Tπ0 , Eγ) instead of π± and P (Tπ± , Ee±).
P (Tπ0 , Eγ) of the process can be computed analytically. Similarly, the fully differen-
tial production cross section is defined as in Equation 3.4, with π0 instead of π±. We
now discuss the γ-ray production cross sections from π0, benefiting from the results
obtained in Section 3.2.1 for the π±.

72



CHAPTER 3. PRODUCTION CROSS SECTIONS OF ELECTRONS,
POSITRONS AND GAMMA RAYS FOR ASTROPARTICLE PHYSICS

3.3.1 Gamma rays from p+ p→ π0 +X collisions

Given the relevance of the π0 channel for the γ-ray production, it would be important
to have precise data on a wide coverage of the kinematic phase space for the reaction
p+ p→ π0 +X. Unfortunately, the available data are either not given for the double
differential cross sections or affected by large systematics or do not cover the kinematic
region relevant for Astroparticle physics. Instead, for the process p+ p→ π±+X data
for σinv that satisfy all these requirments are available (see Section 3.2). Therefore, we
decide to model σinv for the production of π0 using the results of π± cross sections that
we derived in Section 3.2.1. More specifically, we assume that the shape of the π0 cross
section lies in between the π+ and π− shape. Then, we use the difference between the
π+ and the π− cross section to bracket the uncertainty as further detailed below.

Model for the invariant production cross section

We assume that σinv depends on kinematic variables by a relation between the shapes
of the production cross sections of π+ and π− in Equations 3.7, 3.8 and 3.9. Thus, for
p+ p scattering we define σinv as:

σinv = σ0(s) c20

[
Gπ+(s, pT , xR) + Gπ−(s, pT , xR)

]
Aπ0(s), (3.21)

where σ0(s) is the total inelastic p+ p cross section, the function Gπ+ (Gπ−) represents
the kinematic shapes of the invariant π+ (π−) cross section, and c20 is an overall factor
that adjusts the total normalization of the cross section. The functions Gπ±(s, pT , xR)

are defined as:

Gπ±(s, pT , xR) = c1,π±

[
Fp,π±(s, pT , xR) + Fr,π±(pT , xR)

]
(3.22)

with c1, Fp, and Fr specified in Equations 3.8 and 3.9. Finally, the factor Aπ0(s)

allows adjusting the cross section to the measured π0 multiplicities at different incident
energies:

Aπ0(s) =

(
1 +

(√
s/c21

)c22−c23
)(

1 +
(√

s/c24

)c23−c25
)

(
1 +

(√
s/c26

)c25−c27
)(√

s
)c27

/
A(
√
s0), (3.23)

where
√
s0 is fixed to 17.27 GeV, while the parameters from c20 to c27 are derived in

this work.
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Fit to total cross section at different
√
s

The kinematic shape of the invariant π0 production cross section with respect to pT
and xR has been fixed in the previous Section. Here we focus on the scaling of the cross
section at different

√
s, introduced in our parametrization through the function Aπ0(s)

that acts as an overall renormalization. Here we proceed with the determination of
the parameters from c20 to c27. To obtain a complete dependence from

√
s we use the

collection of total π0 cross section measurements provided in Ref. [302] (in the following
also called Dermer86).

At larger
√
s we fit the xFdn/dxF data provided by LHCf experiment [317] in the

forward-rapidity region integrated for pT < 0.4 at
√
s = 2.76 and 7 TeV. In particular

we consider only the data provided for xF < 0.7, since the xF shape of our σinv model
determined in Section 3.2.1 is tuned on data of Ref. [283], which cover xF < 0.7 in
the low pT region. We have verified a posteriori that the kinematic space of xF > 0.7

contributes less than 2% of the final emissivity ε described in Section 3.1. The highest
√
s of LHCf is 7 TeV, namely Tp = 2.61 × 107 GeV in the LAB frame for a fixed

target collision. Beyond this incident p energy our parametrization must be considered
as an extrapolation. In the same

√
s range, data from the ALICE experiment [318]

are available for the dn/dy at mid-rapidity, and xF ∼ 0. Since LHCf provides a
larger coverage of the kinematic space, we tune our analysis on this dataset, checking a
posteriori that the total multiplicity measured by ALICE is compatible with our result.
The inclusion of the ALICE data in the fit would not produce significant differences,
being the fit dominated by the LHCf measurements. We perform a χ2 fit and use the
MultiNest [295] package to scan over the parameter space.

As explained in Section 3.2.1, for datasets with only a single data point, we can simply
add all the individual uncertainties in quadrature. In practice, those are the Dermer86
measurements, which are a collection from different experiments and therefore have
independent uncertainties. On the other hand for the measurements of xFdn/dxF
provided by LHCf [317], the scaling uncertainty is fully correlated and we cannot
simply add them in quadrature in the definition of the total χ2. Instead, we introduce
nuisance parameters allowing for an overall renormalization of each LHCf dataset as
done in Section 3.2.1.

Finally, there is one subtlety about the datasets. While the LHCf experiment can
distinguish if photons are produced by the π0 or an intermediate η, the collection of
measurements in Dermer86 ascribe all photons to the π0 decay, namely, they are not
corrected for the η contribution. Therefore, we correct those data points by subtracting
the contributions of η using our estimation from Section 3.3.2. The contribution to the
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Figure 3.13: Total cross section (left panel) and xFdn/dxF (right panel) of π0 produc-
tion in p+ p collisions measured at different

√
s. The solid lines represent the best-fit

parametrization and the shaded bands show the uncertainty of our fit at the 1σ level.
The bottom panels shows the residuals defined as (data-model)/model.

total multiplicity varies from <0.001% at
√
s = 2.2 GeV to 3% at

√
s = 53 GeV. To be

conservative, we increase the uncertainty by adding this correction to the total error
in quadrature at each data point.
Overall, our parametrization provides a good fit to the datasets at different

√
s. The

χ2/d.o.f. of the best fit converges to 26/24. The parameters from c20 to c27 are all well
constrained by the fit and their values are reported in Table I of Ref. [4]. The results
are displayed in Figure 3.3. In the left panel, we report the fit to the low-energy data
on the total cross section, while the right panel reports the fit to LHCf data. Within
our parametrization, the π0 total cross section is determined with a precision between
5% and 10% below

√
s of 60 GeV (left panel). At LHCf energies the uncertainty varies

between 5% and 10% below 0.7 with xF , and increase to more than 10% for higher xF
values (right panel). There is a reasonable agreement between our predictions and the
data also in the xF range not considered in the fit. Moreover our model is compatible
within 2σ with the dn/dy measured by ALICE, confirming the goodness of our model.

Results on the gamma-ray production cross section

The differential cross section dσ/dEγ, for the production of γ rays from p+p→ π0 +X

scattering, is obtained from Equation 3.3, once σinv is fully determined. There are
mainly three contributions to the uncertainty band:

• We have fitted the overall normalization of the π0 multiplicity to the Dermer86
and LHCf data using Equation 3.21. From the MultiNest scan we obtained
the best-fit value and the covariance matrix with correlated uncertainties of the
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Figure 3.14: Differential cross section for the production of γ-rays from π0 in p + p
collisions, computed for different incident kinetic p energies as a function of γ energy
(left) and different γ energies as a function of p kinetic energy (right).

parameters c20 to c27. We numerically propagate this uncertainty by sampling
the cross section parametrization for 500 realizations using the covariance matrix
and assuming Gaussian statistics.

• The Gπ+ and Gπ− functions both come with statistical uncertainties. In Section
3.2.1, we derived the covariance matrices for the parameters c1,π+ to c19,π+ , and
equivalently for π−. This is the statistical uncertainty on the kinematic shape
of the cross section. We propagated the uncertainty individually for π+ and π−,
i.e. we assume that the shapes are uncorrelated. Also the uncertainty of Aπ0(s)

is assumed to be uncorrelated from the kinematic shapes.

• Finally, we consider a systematic uncertainty for the kinematic shape. For this,
we evaluated the difference of the cross section by assuming either a pure π+ or
a pure π− kinetic shape. It means that in Equation 3.22 we replace Gπ+ + Gπ+

by 2Gπ+ or 2Gπ− , respectively. Then, we derived the energy differential cross
section, Equation 3.3, from these two cases. We compared the two results and
use the maximal deviation as a function of energy as an additional contribution to
the total uncertainty, which is obtained by adding all contributions in quadrature.

In Figure 3.14, the differential cross section is reported for the production of γ from π0

in p+ p collisions. It is provided for different Tp as a function of Eγ (left) and different
Eγ as a function of Tp (right). Uncertainties are between 6% and 20% for most of the
energy range, except for Eγ close to Tp, where both statistical and systematic errors
increase. For most combinations of Eγ and Tp the statistical uncertainty dominates,
while the systematic uncertainty due to the kinematic shape is at most at the same
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level as the statistical error. Only for Eγ close to Tp, which is suppressed in the
total emissivity, the systematic uncertainty dominates. We obtain the most precise
prediction for Tp of about 100 GeV, which corresponds to the NA49 and NA61 data
for π± production.

3.3.2 Contribution from other production channels and from

nuclei

In this Section we present our model for the photon production from further interme-
diate mesons and hyperons, and for scatterings involving nuclei heavier than hydrogen.
The decay channels relevant for photon production for which we have available data
are:

• K+ → π+π0 (20.7%) and K+ → π0e+νe (5.1%),

• K− → π−π0 (20.7%) and K− → π0e−ν̄e (5.1%),

• K0
S → π0π0 (Br = 30.7%),

• Λ→ nπ0 (Br = 35.8%),

where the relevant branching ratio is reported in parenthesis. We include their contri-
bution by using the production cross sections derived in Section 3.2.2. We calculate
the spectra of photons assuming that π0 are produced from a two or three body decay.
In particular, for three body decays we consider, as in Section 3.2.2, that each of the
three particles takes 1/3 of the parent’s energy.
The K0

L meson is expected to give a contribution similar to the K0
S meson. Due to the

lack of experimental data we employ Pythia [300] as in Section 3.2.2 finding that the
pT and xF shapes for the production of photons is very similar for K0

L and K0
S. The

difference is approximately a normalization factor of 1.16 connected to the branching
ratio of K0

L and K0
S into π0.

The hyperons Λ̄, Σ and Ξ give a subdominant contribution to the total photon yield.
For all these particles their π0 contributions are usually removed in the data by feed-
down corrections. We thus have to add it into our calculations. Since no data are
available at the energies of interest, we follow Section 3.2.2 and estimate the contri-
bution of these particles using Pythia, running the Monte Carlo event generator for
p+ p collisions from a few GeV to 104 TeV and computing the multiplicities ni of each
particle i. We adopt Equation 3.17 considering this time the branching ratios of the
decay channels that produce γ rays.
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Another relevant channel for the production of photons is the η meson, which decays
into:

• η → γγ (Br = 39.41%),

• η → π0π0π0 (Br = 32.68%),

• η → π+π−π0 (Br = 22.92%),

• η → π+π−γ (Br = 4.22%).

Cross section data for the production of η mesons have been measured by several
experiments at different

√
s [319, 318, 320, 321]. These data are typically collected at

mid-rapidity and the double differential cross section is not available. The π0 produced
in the second and third decay channels are not distinguished experimentally from the
prompt ones because the decay time of η is much smaller than the one of π0. Therefore,
the π0 production from η decay is already included in the total one as described in the
previous Section. We include the photons from the direct η decay by using the measured
ratio between its multiplicity with respect to the π0 one, as a function of pT . At low
pT the ratio between the η and π0 multiplicites nη/nπ0 is of the order of 0.05 − 0.15

while at high pT reaches a plateau at the level of 0.4. Since most of the contribution
to the γ-ray source term is at low pT we expect the contribution of η to be at the level
of 5 − 15% × Br(η → γγ) = 2 − 6%. The contribution from the fourth channel only
contributes less then 0.5% and thus it is neglected.
As for the inclusion of scatterings including nuclei, in either the CRs or in the ISM,
we closely follow the prescriptions derived in Section 3.2.3 for π±, given the lack of
any dedicated data. Specifically, if a π0 is produced in collisions between projectile
and target nuclei with A1 and A2 mass numbers, the G functions in Equation 3.21 are
corrected as in Equations 3.19, 3.18 and 3.20. The K± channel is modified analogously.
For all the other channels, we assume a correction function which is the average from
the K+ and K− ones.

3.3.3 Results on the gamma-ray production cross section and

emissivity

We now can compute the total differential cross section dσ/dEγ for the inclusive pro-
duction of γ rays in p+p inelastic collisions, shown in Figure 3.15 for four representative
incident p energies. The result is obtained by summing all the contributions from π0

and the other channels, as discussed in Sections 3.3.1 and 3.3.2. The contribution of
π0 → 2γ is dominant at all p and photon energies.
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Figure 3.15: Differential cross section for the inclusive production of γ rays in p + p
collisions, derived from fits to the data as described in Sections 3.3.1 and 3.3.2. We
plot separate production of π0, η, K+, K−, KS

0 , KL
0 , Λ and S. C., and their sum. Each

plot is computed for incident p energies Tp of 10, 100, 1000 and 10000 GeV. The curves
are displayed along with their 1σ error band. At the bottom of each panel the 1σ
uncertainty band is displayed around the best fit individually for each contribution.

For the decays of η, K+, K−, KS
0 , KL

0 , and Λ we also show the individual contributions,
while all the S. C. are combined into a single curve. All these channels contribute at
most few percent of the total cross section. However, their shapes, as a function of
Tp and Eγ, slightly differ from the dominant π0 channel. The grey curve and shaded
band display the total dσ/dEγ and the 1σ uncertainty band, respectively. The final
uncertainty spans from 6% to 20% at different Tp and Eγ, and is driven by the modeling
of the π0 cross section.

For illustration, we compute the emissivity ε described in Section 3.1 assuming a con-
stant nISM and incident CR spectra independent of Galactic position. In Figure 3.16
(left panel) we show ε(Eγ) as a function of Eγ for p + p, He+p, p+He, He+He and
CNO+p scatterings, and their sum. We assume nH = 0.9 cm−3 and nHe = 0.1 cm−3.
Each prediction is plotted with the relevant uncertainty from the production cross sec-
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Figure 3.16: Left panel: the γ-ray emissivity is computed for p + p, He+p, p+He,
He+He and CNO+p scatterings. The grey line is the sum of all contributions (see
text for details). Each prediction is plotted with the relevant uncertainty due to the
production cross section derived in this Chapter. In the bottom panel, the relative
uncertainty to the total ε(Eγ) is reported. For comparison, we show the results by
Kamae [274] and AAfrag [277] in the p + p channel. Right panel: comparison among
our differential cross section and Kamae [274] and AAfrag [277], for incident p energy
Tp = 106, 105, 103 and 102 GeV. The three lower curves have been rescaled by the factor
indicated in the figure for the sake of visibility.

tion derived in this Chapter. The relative uncertainty to the total ε(Eγ) is reported in
the bottom panel. As expected, the most relevant contribution comes for p + p reac-
tions. Nevertheless, the contributions from scatterings involving He globally produce
a comparable source spectrum. The uncertainty on ε(Eγ) due to hadronic production
cross sections is about 10% for Eγ ≤ 10 GeV, and increases to 20% at TeV energies. In
order to estimate the impact of our results on the diffuse Galactic emission at Fermi-
LAT energies, we report the results by Kamae [274], that is used in the Fermi-LAT
official Galactic interstellar emission model [192], and AAfrag [277] for the p+ p chan-
nel. The latter is plotted for Eγ > 1 GeV since their results start from Tp > 4 GeV.
The emissivity shown in Figure 3.16 (left panel) is comparable or slightly higher with
respect to the Kamae and AAfrag ones.
We also show in Figure 3.16 (right panel) the direct comparison between our cross
section and the one derived by Kamae and AAfrag. Our cross section is larger than
Kamae at Fermi-LAT energies by a rough 5 − 10%, depending on the energies. Also,
the high energy trend of our cross section is slightly harder than Kamae and AAfrag.
Figure 3.16 (right panel) shows how our model predicts similar or slightly higher values
of the cross section for those Eγ produced in the forward direction, that are the relevant
ones for the emissivity in the plotted energy range. In the relevant energies for Fermi-
LAT, the results obtained in this Chapter are however compatible with Kamae and
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AAfrag at 1σ of the estimated uncertainty bands.

3.3.4 Discussion and summary

The secondary production of γ rays from hadronic collisions is a major source of ener-
getic photons in the Galaxy. The diffuse Galactic emission is dominated by the decay of
π0, in turns produced by the inelastic scattering of nuclei CRs with the ISM. A precise
modeling of the production cross section of γ rays of hadronic origin is crucial for the
interpretation of data coming from the Fermi-LAT, for which the diffuse emission is
an unavoidable foreground to any source or diffuse data analysis. In the near future,
the full exploitation of the data from CTA is subject to a deep understanding of the
diffuse emission.
We propose a new evaluation for the production cross section of γ rays from p + p

collisions, based on existing data on the total cross sections rather than Monte Carlo
predictions, and relying on previous analysis for e± reported in Section 3.2. The cross
section for scattering off nuclei heavier than p is also derived. Our results are supplied
by a realistic and conservative estimation of the uncertainties affecting the differential
cross section dσ/dEγ, intended as the sum of all the production channels. This cross
section is estimated here with an error of 10% for Eγ ≤ 10 GeV, increasing to 20% at
1 TeV. The uncertainty obtained is for the first time directly tuned on existing data,
rather than from the discrepancy among different Monte Carlo event generators, that
were estimated to reach the 30% level [277].
In order to improve the accuracy of the present result, new data from colliders are
needed. Specifically, data is required on the Lorentz invariant cross section, and not
only on the total cross section, for π0 productions. The most important kinetic param-
eter space is pT . 1 GeV, a large coverage in xR and beam energies in the LAB frame
covering from a few tens of GeV to at least a few TeV. It would be important to get
the same measurements also on a He target.
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Chapter 4

Novel predictions for secondary
positrons and electrons in the Galaxy

In the previous Chapter 3, we highlighted the significance of fundamental interactions
in the physics of CRs. Now, we proceed by integrating this information with the
propagation of CRs on kpc and so macroscopic scales. In this Chapter we discuss the
computation of the secondary production of e±, obtained using the results from Section
3.2.1 on the cross sections and after a new analysis on CR propagation. This Chapter
is based on Ref. [5].

4.1 Introduction

The measured e+ flux and e+ fraction clearly indicate that a secondary component
alone cannot explain the data (see Section 1.5 and [322, 281, 131, 323]). Secondary e+

contribute mostly at energies below a few GeV while at higher energies this process
contributes to the data very likely less than a few tens of %. This is even more
pronounced in the e− flux data, which are mainly explained by the cumulative flux of
e− accelerated by Galactic SNRs [324, 132, 208, 207].
The room left to primary e+ is gauged by the exact amount of secondary e+ predicted
in the whole energy range in which data are available. The e+ flux measured by AMS-
02 have an uncertainty smaller than 5% for almost the whole energy range [131]. Even
though it is currently not achievable, significant effort should be devoted to produce a
prediction of secondary production with a theoretical uncertainty that converges to the
level of the AMS-02 data points. This is essential for investigating potential primary
sources of e+.
The flux of secondary e± is mainly determined by the physics of CR transport in the
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Galaxy and by the spallation and fragmentation cross sections of CRs scattering off
the atoms of the ISM. A remarkable progress has been made on the propagation side,
thanks to high quality data from AMS-02 nuclei and on parallel theoretical efforts
to explain them [123, 87, 325, 309, 326, 88, 327]. Nevertheless, the exact size of the
Milky Way diffusive halo L is still not known. This has important consequences for
the predictions of the flux of secondary particles (see, e.g., [87]). As pointed out in
Section 3.2, the theoretical uncertainties on the parameterization of cross sections for
the production of e± have been remarkably reduced. Here we provide a new evaluation
of the CR flux of secondary e+ and e− at the Earth by implementing these new results.
In order to estimate the uncertainties coming from the propagation model, we perform
a new fit to the 7 years fluxes of primary and secondary CRs measured by AMS-02
[328], by using different assumptions for the physical processes that characterize the
propagation of particles in the Galaxy and the diffusive halo size L.

4.2 Models for cosmic-ray production and propaga-

tion

The propagation setup is explained in details in Section 1.4. We employ here the
Galprop code [329, 330] to solve the CR propagation equation numerically. As in
[309], KoCu22 in the following, we model the diffusion coefficient (see Equation 1.6)
by a double broken power law in rigidity, R, with the functional form:

Dxx(R) ∝ βRδl ·
(

1 +

(
R

RD,0

) 1
sD,0

)sD,0 (δ−δl)

· (4.1)

·
(

1 +

(
R

RD,1

) 1
sD,1

)sD,1 (δh−δ)

.

Here β is the CR velocity in units of speed of light, RD,0 and RD,1 are the rigidities of
the two breaks, δl, δ, and δh are the power-law index below, between, and above the
breaks, respectively. We also allow a smoothing of the breaks through the parameters
sD,0 and sD,1. The diffusion coefficient is normalized to a value D0 at a reference
rigidity of 4 GV so that Dxx(R = 4 GV) = D0. The first break, if included in the
model, is typically in the range of 1− 10 GV while the second break, whose existence
is suggested by the flux data for secondary CRs, is at about 200 − 400 GV (see, e.g.,
[331, 309, 326, 332]).
The source term for each primary CR species accelerated by astrophysical sources can
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be factorized as q(x, p) = Q(R)ρ(x). The energy spectrum Q(R) is parametrized as a
smoothly broken power-law in rigidity:

Q(R) = Q0R
γ1

(
1 +

(
R

Rinj

)1/sinj

)sinj (γ2−γ1)

, (4.2)

where Rinj is the break rigidity, and γ1 and γ2 are the two spectral indices above and
below the break. The smoothing of the break is parameterized by sinj. For the spatial
distribution of SNRs sources of CRs ρ(x), we assume the one reported in Ref. [333].
Finally, we include the solar modulation using the force-field approximation [127],
which is fully determined by the Fisk potential ϕ (see Section 1.4.2). For CRs with
rigidities above 1 GV the force-field approximation reproduces with a good precision
the solar modulation of e+ and e−, as demonstrated in Ref. [334]. A similar conclusion
is obtained by using SOLARPROP [335], a code that numerically solves the transport
of CRs in the heliosphere. By using input parameters similar to the standard ones
suggested within SOLARPROP, we obtained results that closely aligned with the force-
field approximation, for both e+ and p. In particular, for p with a rigidity above 1− 2

GV and e+ with an energy above 0.5−1 GeV, the differences between the SOLARPROP
models and the force-field approximation are within the uncertainty range of the AMS-
02 data.
We test the following models for the propagation of CRs (see Section 1.4 for the different
effects considered):

• Conv v0,c: it contains convection with a fixed velocity v0,c orthogonal with respect
to the Galactic plane: vc(z) = v0,c. The CR injection spectra from SNRs are
taken as simple power laws (γ1 = γ2 in Equation 4.2) with separate spectral
indexes for p (γp), He (γHe) and CNO (γCNO). The fact that these CR species
require different injection spectra has been inferred from data and extensively
demonstrated, e.g., in Refs. [309, 326, 336, 327]. The observed low and high-
rigidity breaks in CR fluxes are reproduced by a double smooth broken power-
law shape for the diffusion coefficient as reported in Equation 4.1. The free
propagation parameters are thus the following: γp, γHe − γp, γCNO − γp, the
diffusion coefficient parameters D0, δl, δ, δh, RD,0, RD,1, sD,0 and sD,1, v0,c and
the same solar modulation potential ϕ for all the CR species.

• Conv dvc/dz: this model is very similar to Conv v0,c, but instead of using a
constant convection velocity v0,c, here vc(z) increases linearly as function of z.
The exact functional form is vc(z) = dvc/dz · |z|, where dvc/dz replaces v0,c as
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the free parameter in the fit.

• Reacc0: this model has no convection while the reacceleration is turned on and
modulated through the Alfvèn velocity va, which is a free parameter in the fit.
The diffusion coefficient and the injection spectra are modeled as in Conv v0,c.
As we will see in Section 4.5 the best-fit value for va is around 0 km/s, this is
why the label of the model reports 0 as subscript.

• Reacc10: this model is the same as the previous one except that the Alfvèn
velocity is fixed to 10 km/s.

• Reacc30 Inj: in this model we replace the low-rigidity break in the diffusion
coefficient with a low-rigidity break in the injection CR spectra. Therefore, we
model the injection spectra of CRs with separate spectral indexes for p (γ1,p and
γ2,p), He (γ1,He and γ2,He) and CNO (γ1,CNO and γ2,CNO), which have a common
rigidity break Rinj and smoothing sinj. The diffusion coefficient is modeled with
a single smooth broken power-law with free parameters: D0, δ, δh, RD,1 and sD,1,
and we leave free va. This model has 30 as a subscript because the best-fit value
for va is found at 30 km/s.

For all the above mentioned models we also leave free the abundance of primary CRs.
Specifically, we leave free the abundance of p and He using a renormalization factor
with respect to the reference values used in Galprop. For this, we iteratively adjust
the reference isotopic abundances in Galprop to ensure that the renormalizations
converge to values close to 11. We call these parameters Ren Abdp and Ren AbdHe for
p and He, respectively. This procedure is equivalent of having as free parameters the
normalization factors Q0 of the source terms in Equation 4.2 and allows a fast profiling
over the parameters (see Section 4.3.2). For the heavier nuclei, we leave free to vary
the isotopic abundance of carbon 12C, nitrogen 14N and oxygen 16O, which are all of
primary origin, through the parameters: Abd12C, Abd14N and Abd16O. We do not use
renormalizations as for p and He here because the isotopic abundances also affect the
fluxes of the secondaries Li, Be, and B.
The source term of secondary CRs is reported in Equation 3.1. The uncertainty of
fragmentation cross sections severely affects the production of secondary nuclei. The
level of precision of fragmentation cross sections is for many channels significantly worse

1Technically, in Galprop the isotopic abundance of p is not fixed by the Q0 of the source terms
in Equation 4.2 but rather indirectly by aposteriori choosing a normalization of the p flux. In our
case, we use 4.3 × 10−9 cm−2 sr−1 s−1 MeV−1 at 100 GeV. For all other primary CRs, the isotopic
abundance is then provided as the ratio with respect to p (in units of 1.06 × 106). We fix the 4He
abundance to 9.65× 104.
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compared to the AMS-02 CR flux measurements (see, e.g., [337]). Uncertainties are
very often at the level of 20− 30%, or even more for those cases with very poor data,
and they represent the main limiting factor for the interpretation of the AMS-02 data.
In our analysis we allow some flexibility in the fragmentation cross sections in order to
take into account the related uncertainties. This is the same procedure used in several
other papers (see, e.g., [94, 87, 309, 326, 327]).
We include CR nuclei up to silicon in the calculation of secondary leptons. Partic-
ularly relevant ingredients for the prediction of the secondary e± are the ISM gas
density and the treatment of the energy losses. For the gas, we use the 2D default
models implemented in Galprop [121]. The numerical solution of the transport equa-
tion permits to include all relevant energy losses for e±, additionally modeling its
spatial dependence. We include synchrotron losses on the Galactic magnetic field and
inverse Compton losses on the ISRF, as well as adiabatic, bremsstrahlung and ionisa-
tion losses, which affect the prediction at few GeV (see Section A.1 of the Appendix).
The ISRF model is the default Galprop model, which is consistent with more re-
cent estimates in the few kpc around the Earth [204], where most of the secondary
leptons are produced. The synchrotron energy losses are computed by assuming a
simple exponential magnetic field. Specifically, we include a regular magnetic field
in the Galactic disk and a random component modeled as exponential functions as
Breg,ran = B0,reg,ran · exp (−(r − r�)/r0,reg,ran) · exp(−z/z0,reg,ran), with B0,reg,ran = 4 µG,
z0,reg = 4 kpc, z0,ran = 2 kpc, r0,reg = 13 kpc and an infinite r0,ran. This gives a
local total magnetic field of Btot =

√
B2
reg +B2

ran = 5.65 µG, which is compatible
with what found with state-of-the-art magnetic field spatial models fitted to CR and
multiwavelength emissions [338].

4.3 Methods for the determination of the propagation

parameters

In this Section we discuss the numerical solution of the transport equation, and the
statistical methods for the determination of the propagation parameters and injection
spectrum of primary CRs, obtained by fitting AMS-02 nuclei data.

4.3.1 Modeling cosmic-ray propagation with Galprop

Galprop divides the Galaxy, which is assumed to be a cylinder, in a spatial grid
with respect to Galactocentric coordinates. We use the 2D grid where r is the dis-
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tance from the Galactic center and z is the distance from the plane. We assume the
Galactic plane to be extended 20 kpc, while for the half-height of the diffusion halo
L we test values from 0.5 to 8 kpc. The new version of Galprop v.57 [121] includes
new solvers for the propagation equation, the possibility of using non-uniform grids,
improved implementation of the convection velocity, new source distributions and im-
proved parameterisations for calculations of the cross sections.

4.3.2 Fit to nuclei cosmic ray data

We fit the latest data measured by the AMS-02 experiment after 7 years of data taking,
from 2011 to 2018 [328]. In particular we fit the absolute fluxes of p, He, C, O, N, B/C,
Be/C and Li/C. The ratio of secondaries over primaries (B/C, Be/C and Li/C) are
particularly relevant for fixing the propagation parameters, while the one of He, C, O,
N to derive the injection spectra. Moreover, in the ratio some systematic uncertainties
cancel out with respect to the absolute flux of secondary CRs. Since all the AMS-
02 measurements considered have been measured for the same data-taking period, we
adopt one unique Fisk potential for the all the species.
The AMS-02 data for the fluxes available for R > 1 GV are complemented with the
p and He data from Voyager [339] above 0.1 GeV/nuc. The addition of Voyager data
helps to calibrate the interstellar injection spectrum. We use Voyager data only above
0.1 GeV/nuc to avoid further complications which might arise at very low energies,
like stochasticity effects due to local sources or the possible presence of a further low
energy break in the spectra [340, 341].

Fitting procedure

The main goal of the analysis is to find the parameters of the model by fitting CR
absolute flux data or flux ratios between secondary and primary CRs. To optimize
the computation time, we rely on a hybrid strategy to explore the wide parameter
space, comprising of up to about 30 free parameters, as done in Refs. [309, 326]. We
use the MultiNest [295] algorithm to sample all parameters that depend on the
evaluation of Galprop2. As a result, we obtain the posterior distributions and the
Bayesian evidence. For the other parameters which do not need a new evaluation
of Galprop (for example, parameters equivalent to a linear rescaling), we profile
over those parameters on-the-fly with respect to the likelihood of Equation 4.4 and
directly pass the maximum value to MultiNest. The profiling is performed using

2We use a MultiNest setting with 400 live points, an enlargement factor of efr=0.7, and a
stopping criterion of tol=0.1.
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Minuit [342]. The best-fit and errors as well as the uncertainty bands for the fluxes
and parameters correlations will be given in the Bayesian framework. We will use the
Bayesian evidence and Bayes factors to compare the different propagation models. In
contrast, to quantify the goodness of fit for each model we employ the reduced χ2

statistics.
The posterior probability for the parameter θi is given by

p(θi|D) =

∫
dθ1...dθi−1dθi+1...dθn

p(D|θ)p(θ)

Z
, (4.3)

where p(D|θ) = L(θ) is the likelihood given the data D, p(θ) is the prior, and Z =∫
dθp(D|θ)p(θ) is the evidence. We also use a χ2 function to compare our CR model

with the available data:

log (L(θCR,θXS)) = −1

2
χ2(θCR,θXS) = (4.4)

= −1

2

∑
s,i

(
φs,i − φ(m)

s,i (θCR,θXS)

σs,i

)2

.

Here the sum is performed over the CR datasets s and the rigidity or energy bins i,
and φs,i and φ

(m)
s,i are the measured and modeled CR flux of species s at the rigidity

Ri, respectively. The errors of the fluxes, labeled as σs,i, include both statistical and
systematic uncertainties added in quadrature. We note that systematic uncertainties
of the AMS-02 flux data are expected to exhibit correlation in R. Such correlations
play only a marginal role on the inferred propagation parameters [326], while they
can have an important impact for dark matter searches with CR p̄, as pointed out in
[343, 344, 94].
When fitting the model to AMS-02 data, we distinguish between two type of free pa-
rameters. The parameters θCR in Equation 4.4 are connected to the physics of CR
propagation as introduced in Section 4.2. Instead, the θXS are related to uncertainties
in the nuclear fragmentation cross sections which are considered in the fit as nuisance
parameters. This strategy permits marginalizing over the uncertainties in the fragmen-
tation and production cross sections, as introduced in Refs. [309, 326]. In particular,
we parametrize the cross sections for the production of secondaries CRs with a re-
normalization factor, which for B production is labeled as AXS → Be, and a change of
slope, which for B is δXS →Be. In particular, we use priors for the re-normalization
and change of slope of the nuclear cross sections values of 0.8, 1.2 for the former, which
means a variation of 20%, and −0.1, 0.1 for the latter, similarly to Ref. [331]. A sum-
mary of the fit parameters and priors for each model tested is reported in the Appendix
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Figure 4.1: Left: fluxes of p, He, O, C and N nuclei as predicted by the parameters
fitted on the data by AMS-02 and Voyager (for p and He). Right: secondary-to-primary
flux ration for B/C, Li/C and Be/C along with AMS-02 data.

of Ref. [5]. We assume linear priors for all the parameters. Some first attempts to
provide new data on fragmentation cross sections of nuclei are currently performed and
will definitely help to reduce the uncertainties in the near future, as reported in Ref.
[345], with the pilot study on the measurement of the production of B isotopes in C+p

reactions at a beam momentum of 13.5A GeV/c by NA61/SHINE collaboration.

4.4 Primary and secondary nuclei

We show here the results for the fit to the primary and secondary CR nuclei. Figure 4.1
summarizes the results of the fit for Conv v0,c along with the AMS-02 data for primaries
and secondaries species as a function of rigidity. In the left panel we report the results
for the primary p, He, O and C nuclei, and the half-primary N flux. On the right
panel we show the secondary-to-primary flux ratios for B/C, Li/C and Be/C. In the
Appendix of Ref. [5] are reported the best-fit values for the propagation parameters,
while in Figures A.2 and A.3 of the Appendix the residual plots for different cases.

We obtain reduced χ2 (χ̃) smaller than 1 within each of the tested models. The lowest
χ̃ of 0.50 is provided by the Reacc30 Inj model, pointing out a statistically preference
for this scenario. However, this is the only model for which we allow larger priors of
the nuclear cross section uncertainties and with the highest number of free propagation
parameters. Namely, instead of only 3 free slopes in the Conv v0,c, this model has 6 free
slopes as well as a free position and smoothing of the break, that cause the improvement
of χ̃.

The fact that all our models converge to a best-fit with of χ̃ smaller than one is ex-
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pected and in agreement with previous studies. The reason for the small χ̃ is that the
systematic uncertainties of the CR data points of AMS-02 are correlated. The cor-
relations typically slightly reduce the uncertainty on the propagation parameters and
increase the χ̃. In the absence of correlations provided by the AMS-02 collaboration we
follow a conservative approach and assume uncorrelated uncertainties, adding statisti-
cal and systematic contributions in quadrature for each data point as explained above.
In contrast, the quality of the fit to p and He Voyager data is slightly worse with a
χ̃ = 2− 3. However, the Voyager data are at very low energy, below the main focus of
this work. A better fit of those data typically would require an additional low-energy
break in the injection spectra [341]. In the end our models, except for Reacc30 Inj,
does not perfectly fit the highest energy data points, especially the N spectra.

4.5 Propagation and cross section parameters

In this Section we report the results on the propagation parameters as derived from
the fits to the nuclear data. We start discussing the results of the Conv v0,c model
for different values of L. The injection spectra of primaries are well constrained. For
L ≥ 2 kpc, γp is very similar and converges to values between 2.36 and 2.37, while for
smaller L is softens up to 2.40. We find that the injection slope for He and CNO are
significantly different from p by about 0.055 and 0.02, respectively.

In contrast, the diffusion coefficient changes significantly as function of L, with a major
impact on its normalization D0. This is due to the well-known degeneracy between L
and D0 [116] as already discussed in Section 1.3.3. By fitting a power law to the fit
results for L ∈ [0.5, 6] kpc we obtain the empirical relation:

D0(L) = 4.70 · 1027 cm2/s

(
L

kpc

)1.08±0.01

. (4.5)

The slope of 1.08 ± 0.01 is close to 1 indicating that a L and D0 are almost direct
proportional to each other. We note that for large L the relation breaks down because
the height of the Galactic halo starts to be comparable to the radial size of the Galaxy.
We see that already at L = 8 kpc this relation starts to break, explaining why we did
not include it in the fit of Equation 4.5. Next to the strong correlation of D0 and L
there is a smaller correlation between v0,c and L. The best-fit values of v0,c increase as
a function of L, namely, we find 9 km/s for L = 0.5 kpc and 14 km/s for L = 8 kpc.
Moreover, for fixed L there is a small anticorrelation between D0 and v0,c meaning that
for smaller values of vc it is possible to have larger values of D0.
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Figure 4.2: Left Panel: shape of the diffusion coefficient rescaled as D̃(R)R−0.4 as a
function of R found from the fit to the nuclei data for different values of L. The value
of D0 is rescaled at L = 4 kpc (see the text for details). The bottom part of the plot
shows the ratio between the value obtained in the different cases with respect to the
one obtained in the case where L = 4 kpc. The bands represent the 1σ C.L. band
obtained from the fit to CR data in each case. Right panel: slope of the diffusion
coefficient δ(R) as a function of rigidity, as selected by the fit to the nuclei data. The
bottom part of the plot shows the difference between the value of δ obtained in the
different cases with respect to the one where L = 4 kpc. The purple band represents
the 1σ C.L. band obtained from the fit to CR data.

The shape of the diffusion coefficient as a function of rigidity is very similar for all L, as
we show in Figure 4.2. In order to focus on the shape rather than the normalization, we
use Equation 4.5 to rescale all the diffusion coefficients to L = 4 kpc, more specifically,
we define the rescaled diffusion coefficient: D̃ = (4 kpc/L)1.08D. All the curves in the
left panel of Figure 4.2, except the case with L = 8 kpc, which is not fitted, have the
same normalization within the 1σ error band at 4 GV, where the value of D0 is fixed.
The differences at lower and higher rigidities are due to small differences in the best-fit
values of the slope parameters. The case for L = 8 kpc has a 20% normalization shift
with respect to the other cases because, as explained before, the correlation between
D0 and L breaks for large values of L. In order to compare the shape of D(R) we plot
in the right panel of Figure 4.2 the slope of the function defined as δ(R) = dD/dR. As
clearly shown in the Figure, the slope of the diffusion coefficient is very similar in all
the tested cases and also with respect to the results in Refs. [331, 88].

In Figure 4.3 we show the interplay between the value of L and the normalization of the
Be cross section. We do this exercise for the Conv v0,c model. In the upper panel the
points show the evidences obtained from CR fits with L as a fixed parameter. Instead,
for the cases with fixed Be cross section normalization we allow L as a free parameter.
The connection between the evidence with free and fixed L can be derived as follows.
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Let us denote with θ all fit parameters except L. If L is a fixed parameter the evidence
is given by:

ZL =

∫
dθ p(D|θ, L)p(θ) . (4.6)

On the other hand, if L is a free parameter in the fit, the posterior probability for L is
defined by

p(L|D) =

∫
dθ p(D|θ, L)p(θ)p(L)∫
dθdL p(D|θ, L)p(θ)p(L)

(4.7)

=
p(L)

Z

∫
dθ p(D|θ, L)p(θ) ,

assuming that the prior of L factorizes (i.e. is uncorrelated) from θ. It is thus possible
to extract the equivalent of the evidence with fixed L:

ZL =
p(L|D)Z

p(L)
, (4.8)

where Z is the evidence of the fits with free L.

Among the tested cases for L the best propagation model is the one for L = 8 kpc. In
fact, we can see from the top panel of Figure 4.3 that the smaller is L and the worse
is the fit. We expect however that the Bayesian evidence ZL has a plateau for L > 8

kpc. Taking the statistical results for L at face value, our findings can be used to put
a frequentist lower limit for L which is at the level of 4 kpc at 5σ C.L. The ratio of
the Bayesian evidence between the case with L = 4 kpc and 8 kpc is about 2.6× 104,
similarly to the result obtained in the frequentist statistical framework on the lower
limit for L. This result is qualitatively compatible with the one shown in Ref. [326].

The results for L are affected by the uncertainties on the nuclear cross sections, in
particular the ones for the Be production. The β-decay of 10Be to 10B in a τ1/2 = 1.37

Myr alters both the Be and the B fluxes [86, 346, 88, 89]. Given their short lifetime,
the radioactive clocks such as 10Be can be used to set bounds of the thickness of the
diffusive halo [86]. The impact of 10Be is maximal in the 10Be/9Be ratio, but can be
sizeable also in the Be/B ratio.

In the bottom panel of Figure 4.3 we report the best-fit value for the parameter AXS →
Be and AXS → B that we obtain when we perform the fit fixing L, testing different
values. We remind that the parameters AXS → Be and AXS → B remormalize the
nuclear cross sections implemented in Galprop for the Be and B production. We can
see that AXS → Be takes values of the order of 0.95 when L = 0.5 kpc and increases
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Figure 4.3: Evidence as function of L. The dots combine the results of the six fits of
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L for different fixed values of the Be cross section renormalization (this is rescaled from
the posteriors, see text for details). In the bottom panel, we display the renormalization
factors for Be and B production cross sections within the Conv v0,c model for different
L, i.e. in correspondence of the dots in the upper panel.

with L reaching a plateau at 1 for L > 6 kpc. This is expected because 10Be is the
only isotope with a decay time comparable to the size of the diffusive halo. Therefore,
the exact value of AXS → Be can affect the best-fit value of L in our results.

Due to the scarce knowledge of the cross sections for the production of Be, B and Li, we
marginalize over the cross section parameters assuming them as nuisance parameters.
In particular, values of these renormalizations of the order of 10%, which are reasonable
given the current collider data, bring very different best-fit values of the diffusive halo.
In order to demonstrate this, we perform a fit to the data by fixing the cross sections
for the production of B, Be and Li, and leaving free the value of L. We work with the
model Conv v0,c and we fix AXS → B, AXS → Li, and δXS → B, Be, Li to the best-fit
values reported in Table I of Ref. [5]. For AXS → Be we test three different values of
0.95, 0.975 and 1.00. We find that for this three possibilities the best-fit values of L are:
2.4+0.2
−0.3 kpc, 5.4+1.0

−0.7 and 10.8+1.3
−1.9 kpc, respectively. The Bayesian log-evidences we obtain

94



CHAPTER 4. NOVEL PREDICTIONS FOR SECONDARY POSITRONS AND
ELECTRONS IN THE GALAXY

for each of the three tested cases are −247.9, −232.7 and −225.6 respectively, showing
that the models with large L are statistically favoured. The propagation parameters
are in good agreement with the values obtained for fixed L at 2, 4 and 8 kpc.

We note that a purely statistical interpretation of the L dependence might not cover
the whole story. The CR propagation model is phenomenological and not completely
derived from first principles. Therefore, some level of discrepancy between model and
data is expected. This might lead to some bias which is compensated by the cross
section nuisance parameters. A robust conclusion will rely on a better determination
of the cross section. For example, if the Be cross sections turn out to be five percent
smaller than the default assumed in this thesis, L will be constrained to smaller values
around 2 kpc (see Figure 4.3). In terms of the absolute χ2 also L ∈ [2, 4] kpc provides
a good fit to the data. So, all in all we find a statistical preference for large values of L
while noting that because of systematic effects also smaller values around 2 kpc should
not be completely discarded.

4.6 Secondary lepton predictions

We here detail how we evaluate the uncertainties in the secondary e+ and e− prediction
coming from the new propagation models and from the production cross sections. We
take the local CR flux found by fitting the data and then we compute, within the same
propagation setup, the secondary e± fluxes due to the collision of CRs with the atoms of
the ISM as in Equation 3.1. For each propagation model, the mean and the 1σ Bayesian
uncertainty are computed. This represents the statistical uncertainty connected to
the fit to the CR propagation parameters only. This procedure is repeated for each
propagation model tested. Additional uncertainty coming from the e± production cross
section is considered separately as obtained in Section 3.2 and summed in quadrature
to build the final uncertainty bands for the predictions. We believe this choice to
be conservative enough, since the propagation and cross section uncertainties can be
considered independent and Gaussian to a good approximation. Additional systematic
uncertainties connected for example to the size of the diffusion halo or to the choice
of the propagation model are discussed separately, and are found to be the dominant
ones.

In Figure 4.4 (left panel) we display the predictions for the secondary e+ flux obtained
with all the different models introduced in Section 4.2 for L fixed to 4 kpc. We show
the best-fit and 1σ uncertainty band found in the Bayesian framework. The models
Conv v0,c, Reacc0 and Reacc10 predict a similar flux in the entire energy range. In
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Figure 4.4: Left panel: prediction for the secondary e+ flux at Earth as obtained for
all the propagation model tested in this work (see Section 4.2) when fixing L = 4 kpc.
For each case, we show the IS (dashed lines) and modulated TOA flux (solid lines). We
display the best-fit and 1σ Bayesian uncertainty band. AMS-02 data are included for
comparison. Right panel: prediction for the e+ flux at Earth within the model Conv
v0,c when varying the size of diffusive halo from L = 0.5 to 8 kpc.

particular, at the lowest measured energies the secondary fluxes are comparable to the
e+ data, while they are increasingly smaller with respect to the AMS-02 measurements
at larger energies. At 5 GeV the secondary e+ can account for about 50− 70% of the
data while at the highest energy they are about 20− 30% of the measured e+ flux.

The Reacc30 Inj provides a smaller flux by a factor of about 1.6 between 2 and 100 GeV
with respect to the other cases, related to the fact the model converges to a larger
value for the diffusion coefficient. The larger diffusion coefficient in turn is partly
obtained because we allow for larger uncertainties in the nuisance parameters of the
nuclei fragmentation cross sections. Moreover, this model is the only one that slightly
overshoots the lowest AMS-02 data point at about 500 and 700 MeV. This result is
expected because strong reacceleration significantly increases the lepton fluxes at low
energies; similar results have been obtained by Ref. [87] in the QUAINT model. All
models predict a similar flux of secondary e+ at energies larger than 100 GeV, which is
about a factor of five below the data. The variation at 1 TeV is about a factor of two
from the minimum to the maximum contribution.

In Figure 4.4 (right panel) we show the e+ flux predicted for different values of the
diffusive halo size between 0.5 and 8 kpc within the Conv v0,c model. Above about
5 GeV, the secondary e+ E3 Φ flux decreases systematically with L. This can be
understood from the well-known degeneracy between L and the normalization of the
diffusion coefficient [116]. To a first approximation, CR nuclei data only constrain the
ratio L/D0. In contrast, e± suffer from stronger energy losses which restrict them more
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Figure 4.5: Left panel: flux of e+ (black line and band) and e− (blue line and band)
obtained for the model Conv v0,c with L = 4 kpc. We show the AMS-02 data for
e+ (black data) and e− (blue data). Right panel: uncertainty for e+ flux due to the
propagation parameters and e± production cross sections for the case Conv v0,c with
L = 4 kpc. We also show the total uncertainty obtained with the sum in quadrature
of the two uncertainties. For comparison, we show the errors of the e+ AMS-02 data.

locally than nuclei, such that they do not perceive the same effect of the boundary at
L as nuclei. For them the degeneracy between L and D0 is broken and they only sense
the effect of decreasing D0, which increases the secondary flux. For L = 0.5 kpc the e+

flux is at the level of the data between 0.5 to 20 GeV, while the flux for L = 2 kpc (4
kpc) decreases of 20% (40%) at 5 GeV. For 8 kpc, the predicted secondary flux is about
50% of the data at 5 GeV. The contribution of secondary e+ to the highest AMS-02
energy at E ∼ TeV spans from few percent to 50% of the data, mostly depending on
the value of L.

In Figure 4.5 (left panel) we show the flux for secondary e± compared to the AMS-02
data. As expected, secondary e− have a smaller flux with respect to e+, reflecting the
charge asymmetry in the colliding CR and ISM particles. We verified that the variation
of the secondary e− with the size of the diffusive halo and propagation model follows
the e+ trends, as shown in Figure 4.4 (left panel).

In all the predictions shown in Figures 4.4 and 4.5 (left panel) we report the uncertainty
band related to the fit to the CR propagation parameters and on the e± cross sections.
We detail in Figure 4.5 (right panel) the uncertainties related to both contributions for
the case Conv v0,c with L = 4 kpc. The propagation parameters’ uncertainties are in
general smaller than the cross section ones up to 1 TeV, above which they both reach
10%, and they are at the level of few % between 1 and 100 GeV, always comparable
or smaller than the size of experimental errors. The latter are shown as the sum in
quadrature of the AMS-02 statistical and systematic errors on the e+ flux. Instead, the
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uncertainties related to the e± production cross sections are almost energy independent
and at the level of 5− 7%.

Further uncertainties may derive from leptonic energy losses. Updated estimates of
the ISRF model in the solar neighborhood [204], which well agree with the default
Galprop model, reduce significantly the uncertainties in the ISRF provided by star
and dust, as compared e.g. with the uncertainties parametrized in the M1-M3 models
of [206]. In addition, we have verified that accounting for the 3D structure of the ISRF
as recently modeled within Galprop [203] by using the two benchmarks named F98
and R12, provides consistent results. This is due to the fact that the local photon
densities are well constrained. Finally, a consistent estimate of the uncertainties in
the synchrotron losses coming from the Galactic magnetic field model and its local
value should proceed through a combined fit of the CR propagation models and of
multi-wavelength data, such as radio, microwave and γ-ray emissions [338].

The ISM target gas density is another crucial ingredient for the computation of the
secondary e+ in Equation 4.2. The impact of updated models for the 3D ISM structure
on CR was recently studied in Ref. [202], finding variations up to a factor of two for
the column density of the local gas. In the analysis of CR nuclei data, we expect that
the ISM density is effectively degenerate with the value of the diffusion coefficient. As
a confirmation of this hint, we have verified that varying the ISM gas model among
the ones available within Galprop [121] in 2D and 3D, secondary CRs such as e+ are
affected in the same way, and the ratio of secondary e+ to B remains constant to a
good approximation. These results suggest that the impact on the e± flux by varying
the ISM as well as changing from a 2D to a 3D modeling would be very moderate.

4.7 Discussion and summary

In this Section we discuss our results in the context of recent literature on secondary
CR e+, and we outline their broader implications. We also assess possible further
uncertainties on our predictions.

A first comparison can be made with what obtained with Galprop in Ref. [347], and
specifically with their model named B’, which includes reacceleration and high rigidity
break in the diffusion coefficient with L = 3.61 kpc. Our results within Reacc30 Inj

model are lower by a factor of about 1.5 at 10 GeV and of about a factor of two
at few GeV. As for the Conv v0,c model, we obtain similar results at tens of GeV. At
lower energies, their model, including a reacceleration velocity of about 20 km/s, drives
higher fluxes of secondary IS e+, larger by a factor up to 1.5 at 2 GeV, and indeed
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overshooting the AMS-02 data.
Predictions obtained with the semi analytical propagation models SLIM, BIG and
QUAINT as defined in Ref. [87] compare to our results as follows. The case Conv v0,c

with L = 4 kpc is a factor of two larger at about 5 GeV with respect to their BIG-
MED, which has zero reacceleration and a best-fit convection velocity around zero.
Similar differences are found with respect to the SLIM model. When comparing the
QUAINT model results with our Reacc30 Inj, which both include significant reacceler-
ation velocities, we consistently find lower e+ fluxes. We note that these semi-analytical
propagation models assume different shapes for the diffusion coefficients as a function
of rigidity, for the source terms, as well as of course the production cross sections, which
can be the reasons of the discrepancies. Further predictions for the secondary e+ at
Earth, obtained with semi-analytic models in Ref. [207], using primary CR fluxes from
Ref. [348], and Ref. [325], derived from a fit to the AMS-02 data for the B/C, p̄ and
p, are very similar to our predictions within the Reacc30 Inj propagation model.
Authors of [280] also provided a new evaluation of secondary e+ using the DRAGON
code, finding similar results with our Reacc30 Inj model. However, the main focus of
the paper was to test different e+ cross-section models, gas distribution, halo size, and
solar modulation, rather than different propagation models.
Our results indicate that, within the propagation model explored here, an excess of e+

is present at energies larger than a few GeV, where the secondary flux starts to be less
than 50% than the data, consistently with a number of previous works [349, 331, 350].
We proved that for fixed values of L ∼ 4 kpc, e+ cross sections uncertainties, presented
in Section 3.2, are too small to explain the mismatch at low energies. Uncertainties
in the flux due to cross sections amount to 5 − 7%, reflecting directly the results on
the hadronic cross sections. For a fixed value of L, our results reduce significantly
all the other class of uncertainties with respect to the state of the art, in particular
regarding e± cross sections, and is a major finding of our work. However, we should
notice that a larger secondary production is still not firmly excluded for smaller values
of L, even if they correspond to worse fits to current nuclei CR data. From a study of
the nuclear fragmentation cross section, we can conclude that measurements for the Be
(and its isotopes) nuclear cross sections are needed with a precision below 5% in order
to estimate the size of the diffusive halo with a precision better than 50%. In this way
we would be able to break the degeneracy between L and D.
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Chapter 5

Contributions of pulsars to the
positron flux

In the previous Chapter 4, we combined the physics of fundamental interactions with
the propagation of CRs on kpc and so macroscopic scales, obtaining new predictions on
the secondary e+ flux. By combining secondary e+ and the flux coming from primary
sources it is possible to constrain the characteristics required for these sources in orther
to explain the e+ AMS-02 data. In particular in this Chapter we discuss how the e+

excess can be explained considering the contribution from pulsars. This Chapter is
based on Ref. [1].

5.1 Introduction

Among the investigated explanations for the e+ excess [351, 352, 322, 353, 354, 355,
356, 357, 324, 358, 359, 360, 361, 93, 99], pulsars have been consolidating as significant
factories of high-energy CR e± in the Galaxy (see Section 1.3.2).
The e± fluxes from Galactic pulsars are expected to contribute to the e+ data and to
the e+ + e− spectrum as well. Many authors in recent years (e.g. [362, 207]) included
the contribution from catalog pulsar or simulations to model the e+ +e− measurements
of Fermi-LAT [135], AMS-02 [131, 132], DAMPE [37] and CALET [34]. However, the
AMS-02 e+ data up to 1 TeV are currently the most precise observable to constrain
the characteristics of Galactic pulsar populations.
Several independent works have demonstrated that pulsar models can provide a good
description of AMS-02 e+ data. This result has been obtained both by considering the
contribution of few nearby sources, as well as the cumulative emission from pulsars
observed in existing catalogs [351, 358, 324, 363, 350, 208] or in simulations [361,
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207, 364]. While energy losses limit the distance traveled by high-energy e± to few
hundreds of pc (see Section A.1 of the Appendix), where we expect few Galactic sources
contributing significantly, current source catalogs might be not complete. Previous
computations, such as Ref. [324], calculating the contribution of e+ from the ATNF
catalog sources could therefore suffer for underestimation due to the incompleteness
of the catalog. Simulations of the Galactic source population of pulsars are needed to
extensively test the pulsar interpretation of the observed e+ flux in order to overcome
the limitations of previous studies.

The details of the e± production, acceleration and release from pulsars and their PWN
are yet not fully understood (see Section 1.3.2), as well as the spatial and energetic dis-
tribution of pulsar [365, 366]. High-precision e+ data can now be used to constrain the
main properties of the Galactic pulsar population and of PWN acceleration. We sim-
ulate a large number of realizations for the Galactic pulsar population, implementing
different updated models for the source distribution, particle injection and propagation
which reproduce ATNF catalog observations, instead of ad-hoc realizations of pulsar
properties. For each mock galaxy, we compute the CR e+ flux at the Earth from the
resulting PWNe population. We then fit our predictions to the AMS-02 data in order to
determine the physical parameters of these populations. We also inspect the properties
of individual sources which are able to explain the observed e+ flux, and we measure
the average number of pulsars necessary to fill the gap between the e+ secondary flux
and AMS-02 data.

5.2 Positrons from Galactic pulsars

In this Section we illustrate our model for the e± production from PWNe, and we also
briefly remind here the basics of e± propagation in our Galaxy.

5.2.1 Injection of electrons and positrons from pulsars

Magnetic dipole radiation is believed to provide a good description for the pulsar
observed loss of rotational energy (see Section 1.3.2) that powers the emission of e±.
We consider a model in which e± are continuously injected at a rate that follows the
pulsar spin-down energy. While ’pulsar’ and ’PWN’ have both been used in literature
to indicate the e± source, we here use ’pulsar’ when referring to the simulated properties
of pulsar at birth, while PWN is used when referring to the e± primary source.
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The injection spectrum Q(E, t) of e± at energy E and time t is described as:

Q(E, t) = L(t)

(
E

E0

)−γe
exp

(
− E
Ec

)
(5.1)

where the cut-off energy Ec is fixed at 103 TeV, E0 = 1 GeV and γe is the e± spectral
index. The magnetic dipole braking L(t) is described by the function:

L(t) =
L0(

1 + t
τ0

)n+1
n−1

(5.2)

where τ0 is the characteristic time scale and n defines the magnetic braking index.
Alternatively the injection spectrum can be parametrized with a broken power-law
[233, 238], with a break at energies of the order of tens to hundreds GeV, a slope below
the break ≈ 1.4 and above the break ≈ 2.2, which is compatible with multiwavelenght
observations of PWNe, but with large uncertainties on the parameters [367]. Here we
adopt an effective approach using Equation 5.1, avoiding the increasing of the number
of degrees of freedom. The possible effects of this assumption will be discussed in
Section 5.4.3. The total energy emitted by the source only into e+ is given by:

Etot = ηW0 =

∫ T

0

dt

∫ ∞
E1

dEEQ(E, t) (5.3)

through which we obtain the value of L0, fixing E1=0.1 GeV [368, 369]. The parameter
η encodes the efficiency of conversion of the spin-down energy into e+ (which is half of
the efficiency of conversion into e±). W0 is the initial rotational energy of a pulsar with
a moment of inertia I (typically assumed to be 1045 g cm2, as obtained from canonical
neutron star values) and rotational frequency Ω0 = 2π/P0:

W0 = Erot,0 =
1

2
IΩ0

2 . (5.4)

The spin-down luminosity Ė = dErot/dt of a pulsar is the rate at which the rotational
kinetic energy is dissipated:

Ė =
dErot

dt
= IΩΩ̇ = −4π2I

Ṗ

P 3
. (5.5)

Assuming a small deviation from the dipole nature of the magnetic field B of the pulsar,
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the evolution of the star may be parameterized as [370]:

P n−2Ṗ = ak(B sinα)2 (5.6)

where the angle α > 0 describes the inclination of the magnetic dipole with respect
to the rotation axis, a is a constant of unit sn−3 and k takes the value of 9.76× 10−40

sG−2 for canonical characteristics of neutron stars. The spin-down luminosity evolves
with time t as in Equation 5.2:

Ė(t) = Ė0

(
1 +

t

τ0

)−n+1
n−1

. (5.7)

From this equation, one can notice that the pulsar has roughly a constant energy output
from its birth till t = τ0, when the energy output starts to decrease as Ė ∼ t−(n+1)/(n−1).
Finally, the prediction on τ0 is derived to be:

τ0 =
P0

(n− 1)Ṗ0

. (5.8)

In our benchmark model we consider only sources with ages above 20 kyr, since e±

accelerated to TeV energies in the termination shock are believed to be confined in the
nebula or in the SNR until the merge of this system with the ISM, estimated to occur
some kyr after the pulsar formation (see Section 1.3.2). We thus leave out sources for
which the e± pairs might be still confined in the parent remnant. However, this effective
treatment does not account for possible spectral or time-dependent modifications of
the released particles. To understand the consequences of this assumption on the
interpretation of the AMS-02 e+ flux, we also test the hypothesis that only the e±

produced after the escaping of the pulsar from the SNR contribute to the flux at the
Earth. Following Ref. [207], we define tBS as the time at which the source leaves the
parent SNR due to its proper motion and eventually forms a bow-shock nebula. The
escape time of the pulsar from the remnant is described by:

tBS ' 56

(
ESN

1051erg

) 1
3 ( n0

3 cm−3

)− 1
3

(
vk

280 km/s

)− 5
3

kyr (5.9)

where n0 is the ISM density taken to be 3 or 1 cm−3, ESN = 1051 erg is the energy
emitted by the SN explosion and vk is the birth velocity of the pulsar. The formalism
is reported in Ref. [371], to which we refer for further details.
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5.2.2 Propagation of electrons and positrons to the Earth

Once charged particles are injected in the Galaxy, they can propagate and eventually
reach the Earth. The diffusion equation we consider is adapted from Equation 1.6,
which reduces, for e± above a few GeV, ignoring convection and reacceleration and
transforming from momentum to energy dependence, to:

∂ψ(r, E, t)

∂t
− (D(E)∇ψi) +

∂

∂E

(
dE

dt
ψi

)
= Q(r, E, t) (5.10)

We solve the transport equation following semi-analytical methods based on the Green
function approach introduced in Refs. [372, 373] and then developed in Refs. [206,
116, 363, 207]. Within this approach, the solution is found by computing the Green
function of Equation 5.10 which describes the probability for a cosmic-ray e± produced
at a location rs in the Galaxy, and with an energy E0, to be detected at r with energy
E. A numerical solution is required only for diffusion in energy space. Also Bessel
expansion methods [116] permit a 2D analytical model, and are based on the cylindrical
symmetry of the diffusive halo. The semi-analytical model is simplified compared to
numerical codes like GALPROP and DRAGON. We expect that more complex features
of the Galactic environment and its geometry, like small scale inhomogeneities in the
propagation that you can implement in numerical solutions, have at most a mild impact
on the problem. In fact, due to energy losses, e± that reach the Earth are produced
predominantly within a few kpc from the Sun (see Section A.1 of the Appendix). In
this small region of the Galaxy, the effects that control the transport of CR are unlikely
to have a strong spatial dependence, and therefore our semi-analytical approach is a
fair approximation. In addition, with respect to fully numerical methods, the semi-
analytical model has faster execution times and allows for larger parameter-space scans.

The number density per unit time, volume ψe(r, E, t) of e± at a position r in the Galaxy,
observed energy E and time t, which is the solution to the reduced propagation equation
Equation 5.10, is given by [238]:

ψ(r, E, t) =

∫ t

0

dt′
b(E0)

b(E)

1

(πλ2(t′, t, E))
3
2

exp

(
− |r− rs|2
λ2(t′, t, E)

)
Q(E0, t

′) (5.11)

where the integration over t′ accounts for the PWN releasing e± continuously in time.
The energy E0 is the initial energy of e± that cool down to E in a loss time ∆τ :

∆τ ≡
∫ E0

E

dE ′

b(E ′)
= t− tobs. (5.12)
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The b(E) = −dE/dt term is the energy loss rate, rs indicates the source position, and λ
is the typical propagation length defined in Section A.1 of the Appendix. The e± energy
losses include ICS off the ISRF and the synchrotron emission on the Galactic magnetic
field. The flux of e± at the Earth for a source of age T and distance d = |r� − rs| is
given by:

Φe±(E) =
c

4π
ψe(E, r = r�, t = T ). (5.13)

Most of the analysis here reported was performed before the new results on secondary
e+ and on propagation in the Galaxy outlined in Chapter 4. The benchmark case
considered in the analysis is based on the propagation parameters derived in Ref. [325]
from a fit to the latest AMS-02 data for the B/C, p̄ and p data. Here the diffusion
coefficient is taken as a simple power-law in energy D(E) = D0E

δ. We label this model
as Benchmark-prop, where D0 = 0.042 kpc2/Myr and δ = 0.459. The value of L is
fixed to 4 kpc, which is compatible with what found in Chapter 4. Energy losses are
computed on the interstellar photon populations at different wavelengths following Ref.
[204], by taking into account the Klein-Nishina formula for ICS, and on the Galactic
magnetic field with intensity B = 3 µG.

In the previous Chapter we considered more refined models for the diffusion term. In
the energy range here considered (10 GeV−1 TeV), a different diffusion model does not
have a large impact on the final analysis. We also tested the SLIM-MED model derived
in Ref. [327], characherized by a low and high energy break, with the ISRF taken from
Ref. [206] and B = 1 µG, in order to test the dependence of our results on the
different propagation setup adopted. We will discuss preliminary results obtained with
the diffusion coefficient found for the propagation model named Conv v0,c described
in Chapter 4. We implement solutions without boundaries both in the radial and the
vertical directions. In fact, the infinite halo approximation has been widely used to
compute the flux from single sources located in the Galactic plane in Refs. [350, 374,
364]. As we will show in the results, the most important sources are encompassed
within a few kpc from the Earth, due to the small distance travelled by e± caused
by energy losses, justifying the use of the infinite halo approximation. Therefore, the
parameter L is not relevant for the computation of the e+ flux from pulsars. For
completeness, for the benchmark case, we checked that our results does not change
considering vertical boundaries at L = 4 kpc.
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Pulsar Simulated Benchmark Variations
property quantity

Age T Uniform [0, tmax] -
CB20[366] FK06[53]

P0 Gaussian [0.3s; 0.15s] -
Spin-down log10(B) Gaussian [12.85G; 0.55G] Gaussian [12.65G; 0.55G]

n Uniform [2.5-3] Constant [3]
cosα Uniform [0-1] Constant [0]

e± injection γe Uniform [1.4-2.2] -
η Uniform [0.01-0.1] -

Radial r ρL(r) [365] ρF (r)[53]
distribution
Kick velocity vk - FK06VB [53]

Table 5.1: Summary of the parameters from which we build the mock pulsar catalogs.
We report the pulsar simulated quantities (first two columns), the distributions adopted
in their simulation, with the boundary of their validity range, for our benchmark case
([ModA], third column), as well as the tested variations (last column). See Section 5.3
for details.

5.3 Simulations of Galactic pulsar populations

We simulate Galactic pulsars following the injection and propagation model described
in Section 5.2. For each realization we compute the e+ flux from every PWN. In each
simulation, the total number of sources is fixed at NPSR = tmaxṄPSR, where tmax is the
maximum simulated age and ṄPSR is the pulsar birth rate. Different estimates for the
Galactic ṄPSR range from one to four per century [51, 52, 53]. We here assume the
maximum age of the sources to be tmax = 108 yr, and ṄPSR = 0.01 yr−1. However, we
have checked that tmax = 109 yr does not change the conclusions of this Chapter.

In order to compute the e+ flux at the Earth for each mock source, we need to specify
its position in the Galaxy, its age and the source term Q(E, t) (see Equation 5.1).
Specifically, the fundamental parameters of each simulation are: T , P0, B, n, α, γe,
η and the position r in Galactocentric coordinates. For a specific set of simulations,
we also simulate the birth-kick velocity vk. A summary of the simulated quantities is
illustrated in Table 5.1 and outlined in what follows.

First of all, the simulation assigns to each mock pulsar an age T extracted uniformly
between t = 0 and tmax. Then, by extending the functions implemented in the Python
module gammapy.astro.population [375, 376], we sample the values of P0, B, n and
α from the distributions provided in Ref. [366] (CB20), which is our benchmark model.
Specifically, P0 is simulated according to a Gaussian distribution with P0,mean = 0.3 s
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and P0,std = 0.15 s. We also impose a lower bound on P0 = 0.83 ms, as physically mo-
tivated in Ref. [377]. The magnetic field is simulated following a Gaussian distribution
for log10(B), with log10(B)mean = 12.85 G and log10(B)std = 0.55 G. The values of n
and cosα are taken from uniform distributions, respectively in the range [2.5-3] and
[0-1] according to Ref. [366]. We note that from the simulated values of P0, B, n, α we
derive for each pulsar W0 and τ0 through Equations 5.4 and 5.8. The spectral index γe
of accelerated particles is uncertain, and may vary significantly for each PWN [75, 351].
Since the spirit of this work is to be as agnostic as possible in constraining the proper-
ties of Galactic pulsars population using directly the AMS-02 data, the spectral index
has been simulated from a broad, uniform distribution. Specifically, the lower and
upper values of the uniform distribution are [1.4-2.2], and have been chosen as in Ref.
[364] to approximately bracket the range inferred from multi-wavelenght observations
of PWN, as well as to test the range of values considered in previous works (see e.g.
[361]). We also note that since PWN observations suggest source-by-source variations,
it is difficult to strictly fix an interval for the spectral index. Finally, the value of η for
each source is sampled from a uniform distribution in the range [0.01-0.1].

In order to assess the effect of different distributions for P0, B, n and α, we consider
the model in Ref. [53] (FK06 hereafter). While P0 follows the same distribution of
CB20, log10(B) is taken from a Gaussian distribution with log10(B)0,mean = 12.65 G
and log10(B)0,std = 0.55 G, while n=3 and sinα=1 for each source. We note that
both CB20 and FK06 models have been calibrated to reproduce the characteristics of
the sources detected in the ATNF catalog [378], like the P , Ṗ , B, flux densities at
1.4 GHz, Galactic longitudes and Galactic latitudes distributions. CB20 is the most
updated model and considers the variation of more parameters with respect to FK06.

To test the scenario described by Equation 5.9, we additionally simulate for each source
its birth-kick velocity, adopting its distribution as reported in [53] (FK06VB) and imple-
mented in gammapy.astro.population [375, 376], which is the sum of two Gaussians
(see their Equation 7) for each of the 3 velocity components.

5.3.1 Spatial distribution of pulsars in the Galaxy

To complete the construction of the mock catalogs of Galactic sources, the position r

of each pulsar has to be determined. Using gammapy.astro.population [375, 376] we
adopt the radial surface density of pulsars ρL(r) proposed by [365]:

ρL(r) = A1

(
r

r�

)
exp

[
−C

(
r − r�
r�

)]
. (5.14)
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Figure 5.1: Left panel: position of pulsars in the Galactic plane (grouped in pixels of
size 0.015 kpc2) for one realization of our Galaxy obtained with ρL(r) radial surface
density [365] and the spiral-arm model of Ref. [53]. The color bar indicates the number
of sources in each pixel. Right panel: the normalized radial surface densities ρL(r)
([365], black line) and ρF (r) ([53], red line) are reported.

As a comparison, we also consider the radial surface density ρF (r) in [53]:

ρF (r) = A2
1√
2πσ

exp

(
−(r − r�)2

2σ2

)
. (5.15)

See Ref. [365, 53] for the values of the parameters. We sample the position r of each
source combining the radial surface density with the spiral arm structure of the Milky
Way of Ref. [53] (see their Table 2 for the spiral arm parameters), as implemented in
gammapy.astro.population [375, 376]. We test only one spiral arm structure, since
the most important aspect in the computation of the e+ flux is the source density in
the arms nearby the Sun, instead of the position of the arms themselves. The distance
of each source is d=|r− r�|, with r� = (8.5, 0, 0) kpc.

In Figure 5.1 (left panel) we report the positions in the Galactic plane of the mock
sources, for one configuration of our Galaxy, adopting the ρL(r) radial surface density.
Due to the fast energy-losses that affects e±, the most relevant contribution to the e+

flux will come from the two spiral arms that surround the Earth and that are named
Sagittarius and Orion. In Figure 5.1 (right panel) we also display the ρL(r) and ρF (r)

profiles reported in Equation 5.14 and 5.15 (normalized in order to have
∫ +∞

0
ρi(r)dr =

1 with i = L, F ). We note that ρL(r) is similar to other radial distributions used
in literature [379, 380], and we consider it as a good benchmark. The ρF (r) profile
effectively maximizes the effects of different radial profiles on the e+, by setting higher
pulsar densities in the two spiral arms surrounding the Earth.
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5.3.2 Summary of simulation setups

We recap and label here the combinations of the different simulation setups described
above and listed in Table 5.1.

• ModA (benchmark). Spin-down and pulsar evolution properties are taken from
CB20 [366], while the radial surface density of sources is modelled with ρL(r) (see
Equation 5.14, [365]). η and γe are extracted from uniform distributions, while
the propagation in the Galaxy is taking into account with Benchmark-prop model
following Ref. [325].

• ModB (radial distribution effect). Same as ModA but with the radial surface density
of sources ρF (r) instead of ρL(r) (see Equation 5.15, [53]).

• ModC (spin-down properties effect). Same as ModA, but spin-down properties are
taken from FK06 [53].

• ModD (propagation effect). Same as ModA apart for propagation in the Galaxy,
modelled as in Ref. [327] (their model SLIM-MED).

• ModE (propagation effect). Same as ModA apart for propagation in the Galaxy,
modelled as in Chapter 4 (Conv v0,c model).

• ModF (kick velocity effect). Same as ModA, but considering only the e± emitted
after the escaping of pulsars from the SNR. The birth kick velocities are sampled
adopting the distribution FK06VB reported in Ref. [53].

5.4 Results

We describe here how we performed the fit to the data, and which are the physics results
of our minimization analysis. For each simulation setup described in Section 5.3.2, we
build and test 1000 simulations. All the results reported in this Section refer to the
benchmark ModA, if not differently stated. We compute the e+ flux at the Earth as the
sum of the primary component due to PWNe emission (see Section 5.2 and Section 5.3),
and a secondary component due to the fragmentation of CRs on the nuclei of the ISM,
taken from Ref. [325], [327] and Chapter 4 consistently with the propagation model
employed.
The secondary component enters in our fits with a free normalization factor AS, which
we generously let to vary between 0.01 and 3. This analysis was conducted prior to the
stringent constraints on the production cross sections of e+ as established in Section
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3.2. The broad range considered here is justified by the fact that secondary production
is significantly influenced by the diffusion coefficient associated with various sizes of the
diffusive halo, denoted as L. On the other hand, in the energy range under examination
(10 GeV−1 TeV), where energy losses dominate, the contribution from primary sources
does not exhibit this pronounced dependency on the diffusion coefficient, and its sen-
sitivity to changes in L is quite weak. Adjusting the normalization of the secondary
production provides an effective means of exploring various potential values for L and,
consequently, the diffusion coefficient, without the need for recalculating the primary
flux, which should remain relatively unaffected by significant variations. Furthermore,
since in this study we want to maintain a high level of neutrality in constraining the
characteristics of the Galactic pulsar population through the AMS-02 data, we decided
to adopt this extensive range of values for the parameter AS. This choice allows us
to observe which configuration reproduce better the measurements, leaving room to a
wide spectrum of possibilities to be considered. We also let the total flux generated by
the sum of all PWNe to be shifted by an overall normalization factor AP . The values
of AP and AS are obtained for each simulation with the fit procedure.
We fit AMS-02 data [131] above 10 GeV, in order to avoid strong influence from several
low energy effects (see Section 1.4) and solar modulation, which is however considered
following the force field approximation and leaving the Fisk potential ϕ free to vary
between 0.1 and 1.2 GV. The comparison of our predictions with the AMS-02 e+ data
is performed by a standard χ2 minimization procedure. We neglect the presence of
correlations in the systematic errors of AMS-02 data points since the Collaboration
has not provided them [131]. Moreover, we do not think the smoothness of the AMS-
02 data, that is the main characteristic of the observed flux that will guide our results,
would be modified significantly by such correlations.

5.4.1 Comparison to the AMS-02 positron data

The fit of the predictions for the total e+ flux to the AMS-02 data is performed for all
the 1000 simulations built for each scenario A-B-C-D-E-F. In Table 5.2 we report the
number of simulations, out of 1000, that produce different values of χ2/d.o.f.= χ̃ for
each simulation setup.
The difference between ModA, ModD and ModE is relative only to the propagation and the
energy losses models. With ModD we obtain a higher number of simulations compatible
with the data: the SLIM-MED model produces indeed fluxes from single sources which
are smoother with respect to Benchmark-prop, and a little bit higher at lower energies.
They better accommodate the AMS-02 spectrum. In all the tested setups, the number
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χ̃ < 2 χ̃ < 1.5 χ̃ < 1
ModA 15 8 4
ModB 30 19 6
ModC 15 10 3
ModD 42 25 10
ModE 24 12 4
ModF 4 2 2

Table 5.2: Number of simulations (out of 1000) that produce a χ̃ smaller than 2, 1.5
or 1 in the fit to AMS-02 data [131], for each simulation setup.

of mock galaxies with a χ̃ < 1 (2) does not exceed 1% (4%).

In Figure 5.2 we plot the e+ flux obtained for two illustrative simulated galaxies with
χ̃ < 1, within ModA. The contributions from each PWN, from the secondary emission
and their sum are shown along with the AMS-02 data. The contribution from PWNe
is significant for energies above 10−20 GeV and dominant over 100 GeV and may have
different features, in particular at unconstrained energies above 1 TeV, depending on
the specific simulation. As we will discuss later, the number of sources that contribute
to the observed spectrum is limited, from a few to O(10). We notice that the secondary
flux, while decreasing with energy, practically forbids the realization of sharp cut-offs
in the e+ spectrum above TeV energies. The different features of the flux from single
PWNe are due to the peculiar combination of the input parameters. In particular,
the peaked shape is typically associated to small γe and τ0 values. After the analysis
presented here, authors of [381] demonstrated how considering energy losses due to ICS
as discrete and catastrophic, rather than continuous, can smooth out such features.
They also state that this result reopens the possibility that only a small number of
pulsars can produce the e+ excess, which aligns with our results, as we explain below.
However, the method proposed by Ref. [381] is computationally prohibitive, even for
the calculation of the flux from a single source. In our opinion the adoption of the
proposed treatment for energy losses may yield a slightly higher number of simulations
that are compatible with the data.

All the good fits to the data provide a value for AS around 2, except for ModE, with an
average around 1.4 due to a higher prediction for the secondary production, that was
computed based on a new evaluation of secondary e+ reported in Chapter 4. We note
that the semi-analytical propagation model used in Ref. [325] adopted in ModA, assume
different shapes for the diffusion coefficients as a function of rigidity, for the source
terms, as well as of course the production cross sections, which can be the reasons of
the discrepancies. Because of this, the results obtained with ModE reduce the required
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Figure 5.2: Comparison between the AMS-02 e+ flux data [131] (black points) and the
flux from secondary production (grey dashed line) and PWNe (blue dashed line) for
two ModA realizations of the Galaxy with χ̃ < 1. The contributions from each source,
reported with different colors depending on their distance from the Earth, are shown.

value for the normalization of secondaries, partially solving the high values obtained
for the other models. As for the allowed overall normalization AP of the PWN primary
flux, we find on average values slightly smaller than one.
In order to understand the properties of the pulsar populations which fit the obser-
vations, we report in Figure 5.3 the contribution to the e+ flux coming from pulsars
grouped in different subsets of distance from the Earth (left) and age (right). In this
realization, the dominant contribution comes from the ring between 1 and 3 kpc. This
result is the interplay between the presence of a spiral arm (see Figure 5.1), which
enhances the number of sources, and the typical propagation length of high-energetic
e+, affected by severe energy losses. Despite the smaller effect from radiative cooling,
the flux from sources within 1 kpc is lower due to the paucity of sources.
The division in age rings shows the scaling of the maximum energy Emax with the age
of sources. In the Thomson approximation energy losses would provide Emax ∝ 1/t,
inferred from dE/dt ∝ −E2. However, in the Klein-Nishina regime we observe a
more complex behaviour. Pulsars older than 106 kyr do not contribute significantly
to the e+ flux above 10 GeV, while the highest contribution around TeV energies
come from sources younger than 500 kyr. We have checked that sources younger
than 20 kyr do not produce sizeable effects on our analysis, and the energy range in
which they would produce a relevant flux is well above AMS-02 data. In order to
inspect the effects of different simulated Galactic populations, we plot in Figure 5.4
the total e+ flux for all the pulsar realizations within ModA, and having χ̃<1.5 on
AMS-02 data. For energies lower than 200 GeV, differences among the realizations
are indistinguishable. The data in this energy range are very constraining. Instead,
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Figure 5.3: Effect of distance and age of pulsars in a specific mock galaxy within setup
ModA. Left (right) panel reports the contribution to the e+ flux for different distance
(age) subsets. The dashed grey line reports the secondary flux, while the solid line
corresponds to the total flux. AMS-02 data are from Ref. [131] (black points).

above around 300 GeV the peculiarities of each galaxy show up, thanks to the larger
relative errors in the data. Above 1 TeV the predictions are unconstrained by data.
Nevertheless, all the simulations predict globally decreasing fluxes, as expected by
energy losses and continuous e± injection.
Concerning the other simulation setups, we do not find significant differences between
ModA and ModC, namely between CB20 and FK06 pulsar evolution models. For both cases
on average the dominant contribution from PWNe comes from the 1− 3 kpc distance
ring. On the other hand, ModB gives a higher number of simulations that are compatible
with the data. As shown in Figure 5.1 (right panel), the ρF (r) radial distribution
predicts a higher number of sources with respect to ρL(r) in the spiral arms close to
the Earth. Therefore, within ModB there is a higher probability to simulate sources
close to the Earth with characteristics compatible with the AMS-02 data. However,
the number of simulations with χ̃ < 1.5 is < 2% for both ModA and ModB. Except for
the mean value of AS, no significant difference is detected between ModA and ModE.
ModF differs from all the other cases due to the different computation of the fraction
of e+ produced by sources that actually contribute to the e+ data (see Section 5.2.1).
We consider the ISM density n0 = 3 cm−3 in the computation of tBS in order to set
ourselves in the same scenario of [207], see Equation 5.9. We find that, by fixing the
maximum PWN efficiency of conversion of W0 in e+ to 50%, only 4 simulations fit the
data with χ̃ < 2 and all of them are dominated by a single powerful source, with AP
∼ 5, at the edge of the prior. We note that the renormalization factor AP is related
to η, so that the actual efficiency of the single source i is AP × ηi. Since this setup
considers only the e+ emitted after the escape of the pulsar from the SNR, the fit to
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Figure 5.4: Total (secondary plus PWNe) e+ flux obtained from all the 8 simulations
within ModA with χ̃ < 1.5, along with AMS-02 data [131] (black points).

the data selects the galaxies with sources that still have a great rotational energy that
can be converted into e+ at the exit time. Instead, if we do not put any upper limit
for the parameter AP , i.e. to the efficiency, the number of simulations with χ̃ < 2

increases to about one hundred. These unphysical values for the PWN efficiency could
be partially reduced by increasing the pulsar birth rate and so the number of pulsars
in the simulations, or considering a different distribution of pulsar properties at birth
which systematically predicts more energetic sources. For more information about this
scenario refer to [207].

5.4.2 Mean number of PWNe dominating the positron flux

We inspect in this Section the average number of sources which contribute the most
to the e+ flux and thus can shape the AMS-02 data. We adopt two complementary
criteria to estimate the number of sources that are responsible for the most significant
contribution of the PWNe e+ emission:

1. AMS-02 errors: we count all the sources that produce a flux higher than the
experimental flux error in at least one energy bin above 10 GeV.

2. Total flux 1%: we count the sources that produce the integral of Φe±(E) between
10 and 1000 GeV higher than 1% of the total integrated e+ flux measured by
AMS-02.
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Figure 5.5: Mean number of PWNe that satisfy the AMS-02 errors criterion in the
single energy bin of AMS-02 data [131]. We also show the 68% containment band for
simulations with χ̃ < 1.5 (see the main text for further details).

In Figure 5.5 we report the average number of PWNe with the standard deviation
(68% containment band) that contribute in the different energy bins of AMS-02, for
configurations with χ̃ < 1.5, adopting the AMS-02 errors criterion. On average, 2− 3

sources shine with a flux at least at the level of AMS-02 e+ data errors. We also
find a decreasing number of dominant sources with increasing energy for all the setup
reported. This result is partially induced by the larger experimental errors at high
energy, which raise the threshold for the minimum flux that a PWN has to produce in
order to satisfy the AMS-02 errors criterion. Moreover, being the age simulated in a
uniform interval, the number of young sources responsible for the highest energy fluxes
is smaller than for old pulsars, whose e+ have suffered greater radiative cooling. Overall,
it indicates that only a few sources with a large flux are present in the simulations that
produce a good fit to the data.

In Table 5.3 we report the average number of sources that satisfy the criteria listed
above, for all the simulated galaxies which provide a good fit to AMS-02 data (χ̃ <

1.5). We obtain small numbers of sources that satisfy the criteria, typically around
3, irrespective of the simulation scheme. Scenarios with a large number of sources
explaining the CR e+ data are disfavored. This result is due to the fact that AMS-
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AMS-02 errors Total flux 1%
ModA 1.3/2.9/3.3 1.0/1.8/2.2
ModB 3.5 1.9
ModC 3.9 3.0
ModD 5.4 3.5
ModE 3.8 1.9
ModF 1.0 1.0

Table 5.3: Average numbers of sources that satisfy the AMS-02 errors and Total flux
1% criteria, for all the galaxies within each simulation setup, with χ̃ < 1.5. For ModA,
results are provided also for χ̃ < 1 (left) and χ̃ < 2 (right).

02 measures a smooth flux, therefore several PWNe contributing at different energies
would create wiggles in the total flux which are not detected. Instead, a few sources
generating a flux that covers a wide range of energies produce a smooth contribution
compatible with the data.

A slightly higher number of sources with respect to ModA satisfies the criteria for ModD.
The change of propagation setup from ModA to ModD, produces a larger number of
simulations that are compatible with the data, given the flux smoothing due to the
alternative propagation setup. Dissecting results within ModA, we find that the mean
number of sources decreases with decreasing χ̃, consistently with the requirement of
a smooth trend of e+ flux. In all the other simulation setups, except for ModF, we
confirm the same trend. The ModF results have already been discussed in Section 5.4.1.
Summarizing, the two selection criteria AMS-02 errors and Total flux 1%, whereas
based on different quantitative assumptions, provide in practice very similar results.
This result is complementary also to earlier analysis [353] adopting a different strategy
and working on PAMELA, Fermi-LAT and ATIC/PPB-BETS [382, 383] data. There,
a single or a few energetic pulsars are required to explain the measurements, and
scenarios composed by multiple pulsars are found to be disfavored based on age and
distance criteria, and by the data themselves.

5.4.3 Characteristics of PWNe dominating the positron flux

In this Section we scrutinize the physical properties of the simulated sources selected
by the fit to be compatible with the AMS-02 data. For each Galactic realization of
ModA with χ̃ < 1.5, we report in Figure 5.6 (left panel) the distance, age and maximum
E3Φe+(E) of the PWNe satisfying the AMS-02 errors criterion. The data require 1 or
2 sources with high maximum E3Φe±(E), with ages between 400 kyr and 2000 kyr and
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Figure 5.6: Distance, age and maximum E3Φe+(E) of the PWNe satisfying the AMS-
02 errors criterion for ModA simulations with χ̃ < 1.5 (left panel) and with the worst χ̃
(right panel). In each panel, sources belonging to the same mock galaxy are reported
with the same symbol, subdivided in two separate plots for better readability. The
color scale is common to all panels, and depicts the log10 of the maximum e+ flux at
the Earth in the AMS-02 data energy range.

distances to the Earth less than 3 kpc. These sources produce fluxes peaked between
100 GeV and 500 GeV, allowing a good explanation to the data. Fluxes from farther
PWNe contribute less to the data. Sources with small maximum E3Φe±(E) and with
ages between 2000 kyr and 104 kyr also satisfy the criterion, with flux peaks below
100 GeV where the secondaries are still the dominant component. We do not find
any particular difference between all the simulation setups, except for ModD and ModF.
As already noticed, since the SLIM-MED propagation implemented in ModD produces
smoother fluxes, we find also some realizations with few more sources contributing with
a bright flux to the e+ data.
In Figure 5.6 (right panel) we report the distances, age and maximum E3Φe±(E) values
of the dominant PWNe for the mock galaxies with the worst χ2. These cases give best-
fit to the data with the maximum values allowed by the priors for AS and the lowest
values of AP . Moreover, there are not sources which satisfy the AMS-02 errors criterion
with an age between 400 kyr and 2000 kyr. In these galaxies, the trend of E3Φe±(E) at
high energies remains constant or decreases, and does not contribute sufficiently to the
data above 50 GeV. To compensate this effect, the fit procedure demands the highest
value of AS.
The efficiencies obtained multiplying the simulated η values associated to a single source
with the AP obtained from the best fit of the corresponding galaxy with χ̃ < 1.5, have
a value between 0.01 and 0.1, confirming the goodness of the η interval initially chosen.
In order to check that the characteristics of these dominant pulsars are consistent
with observations, we compute Ė from W0 (see Section 5.2.1), finding values quite
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common in nature. The ATNF catalog [378] lists about 60 sources with Ė values
higher than the maximum values obtained from our mock dominanting sources namely
Ė ∼ 1036 erg s−1. We built our simulations starting from P0 and B distributions
calibrated on observations. In the end, we obtain results which are consistent with
these measurements.

We also outline that all the sources that satisfy the AMS-02 errors criterion have
values of γe > 1.7, for all the simulation setups. Lower values of γe can produce peaked
features incompatible with the smoothness of the AMS-02 data, an issue that could be
solved with the work by authors of [381] as discusses in 5.4.1, that could re-open to the
possibility of having γe < 1.7. The adoption of a broken power-law injection spectrum
Q(E, t) (see Section 5.2.1) would probably limit the presence of peaked features at
high energy, thanks to the soft spectral index above the break energy. We expect to
find a slightly higher number of simulations compatible with the data, together with
a slightly higher number of sources satisfying the AMS-02 errors criterion, producing
negligible changes of our results.

5.5 Discussion and summary

In this Section we discuss our results in the context of recent literature on secondary
CR e+, and we outline their broader implications. The high-precision AMS-02 e+ data
are here used to constrain the main properties of the Galactic pulsar population and
of the PWN acceleration needed to explain the observed CR flux. To this aim, we
simulate a large number of Galactic pulsar populations, calibrated on ATNF catalog
observations.

Independently of the simulation scenario, one of the major findings of this analysis is
that the vast majority of the galaxy realizations produces several wiggles in the total
contribution and therefore they do not fit well the data. In all the tested setups, the
number of mock galaxies with a χ̃ < 1 (2) does not exceed 1% (4%). The different
features of the flux from single PWNs are caused by the peculiar combination of input
parameters, especially small values of γe and τ0, and can be partially smoothed out
with the energy loss treatment proposed by Ref. [381]. With this method we expect
to find a slightly higher number of simulations compatible with the data, that would
not change our conclusions.

The galaxy realizations that fit properly the AMS-02 e+ data have tipically 2−3 sources
that produce a e+ yield at the level of the data errors, with ages between 400 kyr and
2000 kyr and distances to the Earth less than 3 kpc. These sources produce fluxes
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peaked between 100 GeV and 300 GeV, where AMS-02 data are the most constraining.
The major finding of this work is that the data can be explained only by a galactic
pulsars population with a small number of dominant sources with the characteristics
explained above. Finally, we do not find any particular distribution for the pulsar
efficiencies. In most cases they have a value between 0.01 and 0.1 consistently with
what found in previous papers [324, 238].
In Ref. [361], e± fluxes are computed from simulations of different combinations of pul-
sar spin-down properties, injection spectrum and propagation schemes. They consider
sources younger than 10 Myr, relying on observations of pulsars with ages of order
105 − 107 years. They constrain the space of pulsar and propagation models using the
e+ fraction and e+ + e− data. Our simulations, while being more numerous, rely on
distribution of parameters simulated according to complete pulsar population models.
Ref. [361] finds average values of η in the range around 0.1− 10%, in agreement with
our results for ModA-B-C-D-E.
Authors of [207] adopt the bow-shock scenario explained in Section 5.2.1 and tested in
our ModF, and analyze only a single pulsar population model. They build mock galaxies
sampling the P0 value for each source from a gaussian distribution with P0,mean = 0.10
s and P0,std = 0.05 s obtained in Ref. [384], a work based on young and energetic
sources, producing on average pulsars more powerful with respect to our mock catalogs.
They adopt a higher pulsar birth rate (3/century), fix log10(B) = 12.65 log10(G), and
consider a diffusion setup that implies higher values of D(E), corresponding to larger
propagation scale lengths λ. Ref. [207] finds that the number of contributing sources
to the e+ flux is much larger (∼ 103 at 1 TeV) than in this work and in previous works
[350, 364, 374] at all energies, due to the larger diffusion coefficient. We add that this
result is probably also induced by the bow shock scenario, the spin-down model and
the different selection criteria adopted. With respect to their work we focus more on
the characteristics that a pulsar realization has in order to fit the data. They find η =
8.5%, that rises to 42% for P0,mean = 0.30 s and P0,std = 0.15 s, which is compatible
with our ModF. However, more specific comparisons are difficult to perform, given the
very different simulation setup between Ref. [207] and this analysis.
In this Chapter we have shown the power of the AMS-02 CR e+ data in constraining
properties of PWNe supposed to be sources of e±, in a measure to explain the flux
data. Also for leptons an era has started for charged CRs to teach about the Galaxy,
in addition to the invaluable electromagnetic signals and the nuclear component. In
fact, the analysis of AMS-02 data implies the combination of several phenomena, from
particle production and acceleration in sources to Galactic propagation. The spectra
of particles emitted by sources are significantly changed when they reach the Earth
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with respect to their characteristics at injection. In the next Chapter, we will focus on
pulsar halos, as introduced in Section 2.4. These halos are a direct product of particles
accelerated and emitted in a region around the source, with characteristics similar to
the original ones and not with energies heavely changed as for particles detected at
the Earth. With the combination of AMS-02 data, cross sections, and pulsar halos,
so physics at extremely different scales, a comprehensive understanding of the e+ data
will likely be achieved in the next few years.
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Chapter 6

Pulsar gamma-ray halos

In the previous Chapter 5, we estimated the contribution to the e+ excess coming
from a mock population of galactic pulsars. To perform the analysis, it is necessary to
propagate particles on Galactic scales, modeling the contribution at the Earth coming
from sources far in space and time. The data on γ-ray halos around pulsars can
provide invaluable indirect information about acceleration, injection in the ISM and
propagation of e±, which are responsible for this γ-ray emission, in a region close to
the source. This Chapter is based on Ref. [2].

6.1 Introduction

The detection of extended (few degrees across the sky) very-high-energy γ-ray halos
reported by the HAWC Collaboration around the Geminga and Monogem pulsars [233]
and by the LHAASO experiment around the pulsar PSR J0622+3749 [242] led to the
conclusion that the CR diffusion is inhibited within few tens of pc from the pulsar, and
consequently the energy dependent CR diffusion coefficient, D(E), should be smaller,
by at least two orders of magnitudes, than the nominal value used in conventional
models of propagation of Galactic CRs [233] (see Section 2.4). Even if the suppression
of the diffusion coefficient around pulsars has become a popular hypothesis [235, 236,
237, 238, 239, 240], so far no convincing theoretical explanation of this effect has been
proposed (see Section 2.4.3).
In this Chapter, we attempt to explain the observed TeV halos without invoking the
suppression of the diffusion coefficient, showing that the characteristics of such γ-
ray halos can be explained by properly accounting for the transition between two
propagation regimes, the ballistic and the diffusive propagation. We will focus on the
cases of Geminga and Monogem (HAWC data).
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6.2 Gamma-ray emission from electrons and positrons

We here describe the models we employed for the flux of photons emitted from ICS
and synchrotron radiation. We define the ICS power of photons of energy Eγ produced
by e± of energy E as in [143, 206]:

PIC(E,Eγ) =
3σT cm

2
ec

4

4E2

∫ 1

mec2

4E

dq
dN
dε

(ε(q))× (6.1)

×
(

1− m2
ec

4

4qE2(1− ε̃)

)[
2q log q + q + 1− 2q2 +

ε̃(1− q)
2− 2ε̃

]
,

where ε is the ISRF photon energy, σT is the Thomson cross section, dN
dε

(ε(q)) is the
energy spectrum of the ISRF, and:

q =
ε̃

Γε(1− ε̃)
, Γε =

4εE

m2
ec

4
, ε̃ =

Eγ
E
. (6.2)

The flux of synchrotron photons has the same expression as in Equation 6.14, where
the synchrotron power PSync(E,Eγ) is now given by [385]:

PSync =
dNSync

dEγdt
. (6.3)

The quantity defined in Equation 6.3 is connected to the energy emitted by one lepton
per unit frequency and unit time, dEsync

dνdt
, as:

dNSync

dEγdt
=

1

hEγ

dEsync

dνdt
(6.4)

since NsyncEγ = ESync. To obtain the emissivity function in a random magnetic field
one should average out the standard synchrotron formula [143] over the directions of
the magnetic field. For e± with arbitrary pitch angle, the emitted energy per unit
frequency and time is thus given by (see Ref. [385]):

dEsync

dνdt
=

√
3e3B

mec2
G(x), (6.5)

where e and me are the electron charge and mass, B is the magnetic field and c is the
speed of light. The function G(x) is an analytical approximation for the dimensionless
synchrotron integral as defined in Ref. [385], where x = ν/νc, ν = Eγ/h and:

νc = νc(E) =
3eBE2

4πm3
ec

5
. (6.6)
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6.3 Ballistic vs diffusive propagation

Previous studies of the HAWC data have been performed under the assumption of
diffusive CR transport at any time after the injection of e±. However, the propagation
of leptons deviates from such a simple picture. At the first stage, determined by the
timescale τc = 3D(E)/c2 after injection, leptons with energy E propagate ballistically.
Then, as time passes, the multiple deflections experienced in the turbulent circumstellar
magnetic field lead to the isotropization of the particle directions, which means that
the propagation proceeds in the diffusive regime.

The formal application of the diffusion theory to timescales smaller than τc faces the
so-called superluminal propagation problem [386, 387, 388, 389]. This can be seen
by comparing the diffusion, rdiff , and ballistic, rball, distances travelled over a time
t = ατc: rdiff ∼

√
Dατc ∼

√
ατcc and rball = ατcc, respectively. For t . τc (α < 1),

rdiff > rball and the propagation speed in the diffusive regime would exceed the speed
of light. A fully relativistic extension of the diffusion equation, which would solve this
problem, has not been found yet (see e.g., [390, 388] for a discussion). Therefore, it is
necessary to adopt approximate solutions, in which the ballistic and diffusive regimes
are used in the appropriate limits and the two solutions are somehow sewed together
(see e.g, [386, 391] and Equation 24 of [389]).

The CR transport is characterized by three regimes depending on the time t after the
injection: ballistic (for t� τc), diffusive (for t > τc) and a transition between the two,
that we call quasi-ballistic. The transition is governed by the energy-dependent mean
free path λc(E), which, for relativistic particles, is linked to the energy-dependent (as
inferred both from theory and from the Galactic CR transport phenomenology [117,
392, 336]) isotropic diffusion coefficient through D(E) = λc(E) c/3 (see e.g., [117, 393]).
The time and spatial scales for the isotropization are given by λc(E) and τc = λc/c

respectively (see e.g [388, 389, 394]). In the case of a continuous source, such as
pulsars, this also results in the fact that the CR spatial distribution at a distance from
the source smaller than λc, is dominated by particles injected within the last τc [389].
Particles emitted at an instant earlier than τc, with respect to the current time, have
been isotropized and thus can be treated in the diffusive approximation, while particles
injected within the last τc should be treated in the quasi-ballistic regime.

The γ rays detected by HAWC at energies 5−50 TeV are mostly produced through ICS
predominantly by e± of energy between 20−200 TeV (see Figure 2 of [244]). Assuming
that at these energies the standard diffusion coefficient is D & 1029 − 1030 cm2/s [117,
392, 336], we find that λc & 3 − 30 pc. Given that the spatial extension measured for
the γ-ray halo around Geminga and Monogem is ∼ 10 pc [233], the correct treatment
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of the transition from ballistic to diffusive propagation is critical for the interpretation
of γ-ray data. This is probably the case also for the Fermi-LAT data analysed by
[238]. Indeed, such data refer to e± of energy E ∼ 100− 1000 GeV, which correspond
to λc & 3− 10 pc. However, here we focus on multi-TeV energies.
We assume isotropic diffusion, which typically can be applied, as a good approximation,
to different astrophysical environments (see e.g., [117, 395, 393] for a discussion). In
particular, this approximation has been much used in the modelling of CR propagation
around pulsars [233, 235, 236, 237, 238, 239, 240]. Note, however, that the applicability
of this approach often depends on poorly constrained parameters such as the coherence
length of the background magnetic field and its level of turbulence [396, 397, 393, 253,
398], and ultimately on the unknown time and space dependent configurations of the
field lines in the source region (see e.g [397, 399, 394] and references therein).

6.4 Transition between ballistic and diffusive propa-

gation

We treat the diffusion coefficient as an energy-dependent parameter and, in the energy
range considered here, as a pure power-law:

D(E) ≈ D0E
δ
GeV cm2/s, (6.7)

where EGeV is the particle energy in GeV, D0 ∼ 1 − 4 × 1028cm2/s at 1 GeV and
δ ∼ 0.3 − 0.6, with δ = 1/3 corresponding to a Kolmogorov-type turbulence and
δ = 1/2 to a Kraichnan-type turbulence [117]. Notice that what matters in the present
analysis is the CR diffusion coefficient in the energy range 20− 200 TeV. For the given
value of the diffusion coefficient, the mean free path λc reads:

λc(EGeV) ≈ 0.3D0,28E
δ
GeV pc, (6.8)

where D0,28 is the diffusion coefficient at 1 GeV in units of 1028 cm2/s.
Unless otherwise stated, we assume that δ = 0.5 which is compatible with recent
analysis of CR data (see e.g., [336, 325]) and with the results of simulations for diffusive
propagation [400]. Others analysis have assumed a value of 1/3 (see e.g. , [233, 239,
238, 236] and Section 4.5). We will explain later on how the results are modified with
δ = 1/3. The mean free path increases with the particle energy and with the overall
normalization D0. For example, at 100 GeV (10 TeV) it is 3 (30) pc for D0 = 1028

cm2/s and 0.03 (0.3) pc for D0 = 1026 cm2/s. As a consequence, the quasi-ballistic
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Figure 6.1: Mean free path, λc, and scattering time-scale τc, as a function of the
particle energy. The curves refer to different values of the normalization of the diffusion
coefficient, D0, and of the slope, assumed as δ = 0.5 or 0.3 as marked.

propagation is relevant up to larger distances from the source for increasing particle
energy and larger D0. This can be seen in Figure 6.1, where λc and τc are shown as
a function of the particle energy, for several values of D0 and for δ = 0.5 and 0.3. We
assume that a pulsar of age T turns on at t = 0 and injects leptons following the time
dependent spin down luminosity L(t) in Equation 5.2, taking τ0 = 12 kyr as in Refs.
[233, 239, 238, 236].

In the diffusive regime (particles injected at times t0 ≤ T − τc), the e± density, fdiff , at
a distance r from the source of age T , taking into account diffusion and energy losses
and under the assumption of continuous injection (see, e.g. [238]), is given by:

fdiff(r, E) =

∫ T−τc

0

dt0
Q(E0)L(t0)

π3/2λ3(E,E0)

b(E0)

b(E)
e
− r2

λ2(E,E0) . (6.9)

The ISFR is taken from Ref. [204], while for the synchrotron radiation losses is assumed
a Galactic magnetic field of 3µG. Particles emitted from the source at time t0 with
energy E0 cool down to energy E during the time T − t0. Our conclusions do not
change if we use a different model for the ISRF, as in Ref. [205], or if we vary the
strength of the Galactic magnetic field around 3µG. λ is the propagation length due
to diffusion and energy losses defined in Equation A.6. The injection spectrum is
taken as in Equation 5.1 with index γe = 1.5 and a cut-off at an energy of Ec = 150

127



CHAPTER 6. PULSAR GAMMA-RAY HALOS

TeV. We fix the cut-off energy to this value because a softening of the spectrum is
needed to fit well the HAWC spectrum of Geminga in previous analyses [233, 238] and
the LHAASO source PSR J0622+3749 [242]. The spectral shape for the e± injection
spectrum is compatible with multiwavelenght observations of PWNe even if the values
of the parameters are not well constrained [367]. The injection spectrum is normalized
as in Equation 5.3.

In the ballistic regime (particles injected at times T − τc < t0 ≤ T ), the e± density,
fball, is given by [386, 389]:

fball(r, E) =

∫ T

T−τc

Q(E)L(T )

4πc3(T − t0)2
δ
(

(T − t0)− r

c

)
dt0 = (6.10)

=
Q(E)L(T )

4πcr2
H(τc c− r),

where H(τc c− r) is the Heaviside function, which is zero for r > τc c. Since the typical
spin-down time-scale τ0 (few kyrs) is much larger than τc (at most few tens yrs) we as-
sume that the luminosity is constant and equal to L(T ). We also neglect energy losses
since for energies of about 10 TeV and D0 ∼ 1028 cm2/s, τc ∼ 100 years and thus much
shorter than the energy loss time. In order to have a smooth transition between the two
regimes, we substitute the term H(τc c − r) in Equation 6.10 with exp [−(r/(2λc))

2].
We find that our results are similar by choosing other smoothing functions, such as
exp [−r/(2λc)]. The total e± density is given by fe(r, E) = fball(r, E) + fdiff(r, E).

Given the relativistic nature of the ICS, γ rays are mainly emitted along the direction
of the momentum of the parent CR. When the CR distribution is isotropic (diffusive
regime), at any location around the source there will be CRs traveling in each direction,
and the size of the γ-ray halo reflects the size of the e± halo. Instead, in the purely
ballistic regime the CR angular distribution is strictly anisotropic, which would lead
to a point γ-ray source, given by the γ rays produced by e± that point towards us
[401, 385, 389], no matter the extension of the e± halo. In the quasi-ballistic regime
the γ-ray halo size is intermediate between the two cases. The angular distribution of
particles in the transition from the ballistic to the diffusive regime can be calculated
in the small-angle diffusion approximation with the following distribution [389]:

M(µ) =
1

Z(x)
exp

(
−3(1− µ)

x

)
, (6.11)

where Z(x) = x
3

(1− exp(−6/x)), x(E) = rc/D(E) = 3 r/λc, µ = (l cos(θ) − s)/r

and r(s, θ) =
√
l2 + s2 − 2 l s cos θ. Here s is the distance along the l.o.s., θ the angle
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Figure 6.2: Left panel: e± density of the Geminga pulsar integrated along the l.o.s. as
a function of the projected distance form the source d at 10 TeV and for different values
of D0, from 1027 cm2/s to 1030 cm2/s. Right panel: same as left panel but at different
energies from 100 GeV to 100 TeV for D0 = 1028 cm2/s. The dashed lines correspond
to the quasi-ballistic regime contribution, the dotted line to the diffusive contribution
and the continuous lines to the total.

between the source and the l.o.s., l the distance from the source and µ the cosine of
the angle between the direction of the l.o.s. and radial direction. The total particle
distribution function is then given by:

Fe(E, s, θ) = 2fe(E, r(s, θ))M(µ(s, θ)). (6.12)

M(µ) is normalized as
∫ 1

−1
M(µ)d µ = 1. In the limit r >> λc, i.e. for distances from

the source much larger than the mean free path, M(µ) reduces to 1/2 (the particles
pitch angle is uniformly distributed between −1 and 1 around the radial direction) and
the total distribution function reduces to the diffusive (isotropic) particle density. For
r < λc, M(µ) encompasses the small angle approximation for the particle propagation
and the anisotropic angular distribution of particles in the quasi-ballistic regime.

In order to show the contribution of the ballistic and diffusive regime to the γ-ray
emission we integrate the e± distribution function Fe along s [402]:

Le(E, θ) =

∫ ∞
0

dsFe(E, s, θ). (6.13)

Le(E, θ) reflects the spatial profile of the γ-ray emission at a given e± energy as a
function of the projected distance from the source d = l tan θ.
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In general, the photon flux emitted for the ICS or synchrotron mechanism by a source,
at an energy Eγ and solid angle ∆Ω, can be written as [143, 225]:

φIC,Sync(Eγ,∆Ω) =
1

4π

∫
∆Ω

dΩ

∫ ∞
mec2

dELe(E, θ)P IC,Sync(E,Eγ) , (6.14)

where P IC,Sync(E,Eγ) is the power of photons emitted by a single e± for ICS or syn-
chrotron emissions, as detailed in Section 6.2. The solid angle ∆Ω is parametrized
using θ.

We perform the calculation of Le(E, θ) for the Geminga pulsar using the age T = 342

kyr, the distance l = 0.19 kpc and the current spin down luminosity 3.25× 1034 erg/s
[403]. Instead, for the Monogem pulsar we choose T = 111 kyr, l = 0.288 kpc and Ė =

3.8 · 1034 erg/s using the results of the ATNF catalog [378]. The pulsars characteristics
are also reported in Table 6.1. Finally, we fix the efficiency η for the conversion of
spin-down pulsar luminosity into e± to 100%. In the top panel of Figure 6.2 we fix
E = 10 TeV and change D0 in the range 1027 − 1030 cm2/s. In the bottom panel we
fix D0 to 1028 cm2/s and change the energy from 0.1 − 100 TeV. We show the results
only for r > 0.5 pc because the bow shock has a similar size (see, e.g., [232]) and so
for smaller distances our model might not apply.

All the figures share a general trend. Up to distances ≈ λc(E)/3 from the pulsar, the
most important contribution to Le comes from e± injected most recently, within the
last τc, that move quasi-ballistically. This gives a spatial profile of Le(E, θ) a bit steeper
than ∝ 1/r, expected as due to the angular distribution M(µ) (see Equation 6.11) in
the quasi-ballistic regime [389]. At d & λc(E)/3 the main contribution to Le is due
to particles injected at t0 < T − τc, which move diffusively and give a rather flat Le
profile, at least up to a distance d ≈ λ ∼

√
4D(E) tloss(E), where tloss is the time

scale for energy losses. Indeed, at distances larger than λ the exponential cut-off term
exp(−r2/λ2) in the diffusive solution (see Equation 6.9) becomes more relevant and Le
decreases with r [374].

In the top panel of Figure 6.2 we see that for D0 = 1027 cm2/s the ballistic-diffusion
transition would happen so close to the pulsar, for r < 0.05 pc and θ < 0.1◦, that
the γ-ray morphology observed by HAWC would be solely determined by the diffusive
propagation regime. Instead, for D0 = 1028 − 1029 cm2/s, λc > 10 pc and the spatial
extension of the γ-ray halo is mainly determined by the quasi-ballistic propagation
regime, that dominates, for the D0 = 1028 cm2/s case, within an angle θ ∼ 3◦− 4◦. We
also show that for much larger diffusion coefficient values, i.e. D0 ∼ 1029 cm2/s, the
quasi-ballistic model exhibits a cut-off for distances d > 20 pc from the pulsar. Indeed,
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Ė [erg/s] T [kyr] l [kpc] τ0 [kyr] n
Geminga 3.25× 1034 342 0.19 12.0 3
Monogem 3.8× 1034 111 0.288 12.0 3

Injection Spectrum spectral index Ec
1.5 150 TeV

Table 6.1: Characteristics of Geminga, Monogem and injection spectrum parameters:
Ė is the current spin-down luminosity, T is the age, l the distance from Earth, τ0 the
assumed spin-down timescale and n the braking index, Ec the cut-off energy.

for such large values of D0, e± are moving almost ballistically for hundreds of pc and
thus the γ-ray source would look as point-like. In the bottom panel of Figure 6.2 we
show that for D0 = 1028 cm2/s and 100 TeV (10 TeV) the transition happens at a
distance from the pulsar of ∼ 20 (5) pc and θ ∼ 5◦ (1◦).

As a final remark, we notice that, at a given D0, changing δ from 0.5 to 0.3 implies
λc smaller at multi-TeV energies, as shown in Figure 6.1. This would translate in a
ballistic-diffusion transition happening at distances closer to the pulsar.

6.5 Fit to the HAWC data for Geminga and Mono-

gem

Here we perform a fit to the HAWC data for the surface brightness of Geminga and
Monogem by using the model that includes both the diffusive and ballistic contribution
as reported in the previous section. The surface brightness is obtained from Equation
6.14 without integrating over the solid angle. We take the value of the diffusion co-
efficient D0 and the e± conversion efficiency of the pulsar as free parameters. The
efficiency η is calculated integrating the pulsar source term above 0.1 GeV as in Ref.
[239, 238]. We also test variations of our benchmark model for Geminga by running the
analysis with a distance of 0.25 kpc [404], and trying other two values for the Galactic
magnetic field B, of 2 to 4 µG1. We do not test any variation for the model applied to
Monogem because the data are much less precise than the ones for Geminga and the
best fit for the diffusion coefficient is much more uncertain.

1The magnetic field is the most relevant quantity for calculating the e± energy losses since at
energies larger than 10 TeV are dominated by Synchrotron radiation.
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Figure 6.3: Fit to the HAWC data for Geminga: χ2 as a function of the value of the
diffusion coefficient at 1 GeV, D0. We report the results obtained for two different
distances of the Geminga pulsar and for different magnetic field values B.

The best-fit diffusion coefficients

We show the profile of the χ2 as a function ofD0 in Figure 6.3 for Geminga. The χ2 has a
first minimum at about D0 ∼ 0.2−2×1025 cm2/s (D(100 TeV) ∼ 0.6−6.4×1027 cm2/s)
with a best-fit χ2 of about 5. The best-fit value ofD0 decreases with smaller values of B,
compensating the smaller energy loss rate. These values of D0 are at least three orders
of magnitude smaller than the results obtained by fitting CR data (see Chapter 4). For
larger diffusion coefficients the χ2 increases and then decreases again, giving a second
minimum at about D0 ∼ 0.7− 2× 1028 cm2/s (D(100 TeV) ∼ 2.2− 6.4× 1030 cm2/s)
with a best-fit χ2 of about 22. This second minimum corresponds to a scenario where
the effects of the transition between ballistic and diffusive regimes cannot be ignored,
with the quasi-ballistic propagation dominating at distances smaller than a few tens
of pc from the source. For larger values of D0 the χ2 grows slowly because in the
quasi-ballistic regime the radial profile is not much influenced by the specific value of
D0. On the other hand, the χ2 distribution for Monogem presents a similar behaviour
but with much less pronounced variations. There is still a first minimum at about
2− 3× 1025 cm2/s and a second minimum at about 4− 8× 1027 cm2/s.

Remarkably, the best-fit values we obtain for the quasi-ballistic scenario in the analysis
of the two sources is close to the values found by fitting CR data (see Chapter 4).
The goodness of the fit for the ballistic case with χ2 ∼ 22 for Geminga and ∼ 9
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for Monogem tells us that this second minimum gives a satisfactory fit to the data,
as the first minimum associated with a suppressed diffusion coefficient. Moreover,
such χ2 values for the quasi-ballistic regime are probably overestimated. Indeed, if we
consider Geminga (but similar considerations apply also to Monogem) the χ2 is mainly
dominated by the first data point at ≈ 0.32◦, which corresponds to a distance from the
source of of 1.1−1.4 pc, depending on the distance of Geminga from us (190−250 pc).
In fact, if we perform the fit without the first point we obtain for D0 = 1028 cm2/s a
χ2 = 6, which is much smaller than the value of 22 we obtain with the entire dataset.

At such small distances two effects are relevant. First of all the actual size of the bow
shock (see Section 1.3.2), which is not precisely known, but may be a sizable fraction
of a pc [232]. Obviously our model is not supposed to work within the bow-shock,
but only after particles have escaped. Increasing the bow-shock size from 0.3 pc, as
we assume, to 1 pc would have the consequence of flattening our predictions in the
first data point. Second, given the rather sharp profile predicted in the quasi-ballistic
regime, the convolution with the point-spread-function (PSF) of the experiment (≈ 0.5◦

[405]) is very important, because it would flatten our predicted radial profile close to
the source, making it more compatible to the first data point. In the purely diffusive
model the radial profile is already rather flat close to the source and the convolution
with the PSF is not that important. However, it is not possible to properly consider
such effect without the analysis tools of the HAWC collaboration. Thus, also taking
into account these two caveats, both a suppressed diffusion and a typical diffusion
scenario give a satisfactory fit to the Geminga and Monogem γ-ray data. Furthermore,
if a typical Galactic diffusion coefficient can account for the data, there is no need to
invoke a suppression of diffusion that is difficult to explain theoretically.

When we use a value for the slope of the diffusion coefficient of δ = 1/3 we find that
the goodness of fit is similar to the case with δ = 0.5 and the best-fit value for D0

changes as expected when taking into account the flatter energy dependence of the
diffusion coefficient compared to the case with δ = 0.5. We get D0 ∼ 5 × 1025 cm2/s
(D(100 TeV) ∼ 2.3 × 1027 cm2/s) for the diffusive propagation and 5 × 1028 cm2/s
(D(100 TeV) ∼ 2.3× 1030 cm2/s) for the ballistic scenario.

The pulsar efficiency

The best-fit efficiency obtained for Geminga is between 3 − 5% in the low diffusion
coefficient scenario and 180− 200% for the ballistic one, testing different strengths for
B and the two values of the source distance. In our benchmark case with B = 3 µG the
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efficiency for the diffusive and quasi-ballistic cases are (3.8 ± 0.4)% and (190 ± 20)%,
respectively. Instead, for Monogem the efficiency in the pure diffusion scenario is about
2 − 6% while in the ballistic case is about 60 − 100%. The former value is consistent
with some previous results [238], if D0 is properly rescaled assuming the different value
of δ used.
The different efficiency value obtained for the purely diffusive and ballistic-diffusive
cases is due naively to the fact that in the first case particles are trapped in the halo
by the small diffusion coefficient and can emit photons, while in the ballistic case they
are immediately free to travel far from the source, not contributing to the γ-ray halo.
This implies, looking at Figure 6.2 (if we assume the same luminosity), that the purely
diffusive case produces a flatter Le at small distances from the source, while in the
quasi-ballistic regime Le ∼ 1/r is steeper at the same distances (see Figure 6.2). As a
consequence Le is much larger for the diffusive case at the angles measured by HAWC
(θ > 0.5◦) and so the efficiency must be smaller than the value obtained for the quasi
ballistic case.
The spectral shape of the e± injected from PWNe is not well known, and the best-
fit value of the efficiency can change for different spectral parameters. In particular
changing the slope of the injection spectrum to γe = 1.0 the efficiency for Geminga in
the quasi ballistic case becomes 140%. Also the energy range of e± injected by pulsars
is not precisely known. A lower limit for the efficiency can be found by assuming that
the pulsar injects e± only at energies of interest for the HAWC data. In particular, γ
rays between 5− 50 TeV are produced mostly by e± between 20− 200 TeV. Assuming
this range for the energy we find an efficiency of about 90%. There are other effects
that might change the value of the efficiency. For example, the way of treating math-
ematically the transition between ballistic and diffusive regimes (see Ref. [389] for a
discussion) and the form of the function M(µ) can lead to slightly different best-fit
values for the diffusion coefficient (which affects the required efficiency). Moreover,
the value of τ0, as well as the pulsar spin-down luminosity Ė and its distance are not
perfectly known. Given the uncertainty of all the above cited parameters the efficiency
obtained to fit the HAWC data is not incompatible with the pulsar energetics.
It is also important to remark that, similarly to previous analyses of pulsar halos, we
are assuming that particles escape isotropically from the source and undergo isotropic
diffusion. Such setup is the one that tends to maximize the required efficiency, since
particles are spread spherically. However this description may break down within a few
pc from the source, where the magnetic flux tube that encompasses the source should
be taken into account. The resulting propagation topology may then be different from
a isotropic diffusion, with a progressive transition from 1D anisotropic to a 3D isotropic
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Figure 6.4: Fit to the HAWC data for Geminga (left panel) and Monogem (right panel)
in the diffusive regime (red dotted line) and in the combined diffusive and ballistic
model (blue solid line and cyan band). We show here the case where the distance of
the Geminga and Monogem pulsars are 0.19 and 0.288 kpc, respectively.

propagation with the distance from the source (see e.g., [397]). In this case the volume
occupied by the particles would be smaller, which reduces the required efficiency.

A reduction of the required efficiency compared to the isotropic setup could be obtained
if relativistic e± are emitted at the pulsar’s wind termination shocks in collimated jets.
In this case there would be an enhancement of the observed luminosity with respect
to the intrinsic one due to the beaming effect, similar to what happens for AGN. This
effect, if the beams are emitted close to the direction of the l.o.s. that points to the
source, can enhance the luminosity by a factor from a few to a factor of tens (see
e.g., [406]).

Such a high efficiency agrees well with the PWN paradigm in which a major fraction
of the spin-down luminosity of the pulsar is transferred to multi-TeV e± through pro-
duction of the cold ultrarelativistic e± wind [407, 408] and less than 10% is transferred
to gravitational waves [409] and protons [410]. In particular, in the case of the Crab
Nebula, η is very close to 50%. Considering all the uncertainties discussed in this Sec-
tion and that high efficiencies are indeed expected in pulsars, our model appears to be
compatible with current data.

The surface brightness

In Figure 6.4 we show the spatial distribution of the γ-ray flux for our best-fit model to
the HAWC surface brightness data, both in the case of the diffusive-only (relevant for
small values of the diffusion coefficient) and of the complete model, i.e. diffusive plus
ballistic. When the transition from ballistic to diffusive regime is properly taken into
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account, a good fit to the data can be achieved without invoking a very small diffusion
coefficient. In fact for D0 & 8 × 1027cm2/s the ballistic regime provides a surface
brightness with a shape that goes as ≈ 1/r that fits well the data. Instead, when the
ballistic-diffusion transition is ignored and the diffusive regime is applied even for very
recent emission, one is forced to invoke a small diffusion coefficient to explain the spatial
profile. This can be seen in Figure 6.4, where the green dotted curves show the γ-ray
surface brightness that one would get if pure diffusion is applied with a typical Galactic
diffusion coefficient. Without the inclusion of the ballistic-diffusion transition, one
would inevitably be lead to the conclusion that a typical Galactic diffusion coefficient
cannot reproduce the data.

In the case of D0 of the order of ∼ 1025 cm2/s, the exponential term exp(−r2/λ2) that
appears in the diffusive solution (see Equation 6.9) starts to be relevant for distances
r & λ ∼ √4D tloss [374], allows to fit the spatial profile. The γ rays observed at ener-
gies 5−50 TeV are produced by e± of energies between 20−200 TeV. For these leptons
and for D0 ∼ 1025cm2/s the scale at which the exponential factor becomes relevant is
thus r > a few pc, that is exactly the scale at which the γ-ray data decreases with
the distance from the source. This also explains why the best-fit D0 decreases with
smaller values of B. In fact, an increase of the loss time has to be compensated with a
decreased D0 in order to get the same spatial extension. This illustrates how the esti-
mation of D0 is sensitive to the chosen parameters in the low-D0 scenario, a problem
which is much less prominent in the scenario proposed here.

Authors of Ref. [411] applied the model here presented to the halo detected by LHAASO
around PSR J0622+3749 [242], finding a worse fit to the γ-ray surface brightness with
the ballistic model with respect to the purely diffusive scenario. It is difficult to directly
compare their result with ours since they adopt another mathematical treatment based
on the Jüttner propagator [388] and a slope for the diffusion coefficient of δ = 1/3.

6.6 Discussion and summary

In this Chapter we demonstrated for the first time that assuming a standard diffusion
coefficient, e± injected by pulsars, in the nearby of these sources, travel in the quasi-
ballistic regime up to distances from the source of the order of 30 pc at multi-TeV
energies. When the transition between the quasi-ballistic and diffusive regime is taken
into account, it is possible to fit the HAWC data for Geminga and Monogem with
typical values of the diffusion coefficient used to fit CR data [336, 325], without invoking
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a suppression. The currently available data for these sources do not allow to reliably
discriminate between the two scenarios because they are particularly different within
0.5◦ from the source, where the effect of the instrument PSF and the assumed size of
the bow shock is very relevant. The future detection of halos around middle-age pulsars
with T > 50 kyrs, i.e. pulsars not confined in the parent SNR (see Section 1.3.2), and
with a distance of 1− 5 kpc, would provide us important hint on which scenario takes
place between the quasi-ballistic or the pure-diffusive.
For such pulsars a small diffusion coefficient D0 ∼ 1025 cm2/s would inevitably lead
to a very small angular size, while for values of the diffusion coefficient similar to the
Galactic average D0 ∼ 1028 cm2/s, the overall extension is expected to be much larger,
as due to the diffusive part of the full transport solution. Therefore, in case of an
inhibited diffusion these sources should be detected by HAWC and LHAASO as very
compact while with the Galactic average diffusion they would look like as a bright spot,
associate to the quasi-ballistic part, surrounded by an extended faint emission due to
the diffusive part.
The primary goal of this Chapter is not to claim that the ballistic model is the only
valid interpretation. Rather, we tried to underline that without considering this par-
ticular regime, which has been the case in previous analyses, a bias is introduced. This
bias can exclude an interpretation that doesn’t require a suppressed diffusion coeffi-
cient. In the coming years, more data and detections are expected from experiments
such as LHAASO and CTA. Pulsar halos will provide crucial insights into how e±

particles are generated, released, and on their propagation in the region around the
source. When combined with AMS-02 data and cross section from collider experiments,
this will enable a comprehensive understanding of the origin of these particles. Addi-
tional information from kinetic plasma simulations concerning how these particles are
accelerated in PWN in the near future will be able to complete the overall picture.
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Chapter 7

Particle acceleration at
quasi-perpendicular shocks

The connection between various physical scales is a recurring theme in this thesis, and
kinetic plasma simulations embody this aspect. To comprehend particle acceleration
in astrophysical objects and so on macroscopic scales (tens of pc), it is necessary
to consider the small-scale plasma physics (hundreds of km) to correctly model the
magnetic turbulence required for the acceleration processes. This Chapter is based on
Ref. [6].

7.1 Collisionless shocks: kinetic simulations

Understanding the conditions conducive to particle acceleration at collisionless, non-
relativistic shocks is important for the comprehension of the origin of CRs and for
understanding the phenomenology of heliospheric shocks [412, 413], novae [414, 415],
SNRs [186, 416], winds and lobes of active galaxies [417, 418], and galaxy clusters [419].
Energization at shocks proceeds mainly via DSA (see [65, 66, 68, 67] and Section 1.3.1),
with the maximum attainable energy determined by the rate of scattering and hence on
the level of magnetic perturbations [420, 421, 422] in the accelerator environment. The
study of physical processes occurring in these astrophysical objects must be conducted
within the framework of magnetized space plasmas, and there exist various methods
to perform these analysis.
The macroscopic description is provided by the MHD approach, that could be not
sufficient for a complete treatment of the problems. Indeed, the MHD approach is a
continuous media description which does not consider the particle nature of plasma,
and is essentially based on a limited number of evolution equations for local macroscopic
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quantities (density, velocity, temperature, etc). In some situations, it is necessary to
provide a more detailed description, which is related to the evolution of the full particle
phase-space distribution function and contains more information on the dynamics of
the plasma. This description is provided by kinetic theories that are able to model the
non-linear interplay between energetic particles and the electromagnetic fields, which
is very hard to tackle analytically.
In the last few decades new techniques were developed to model collisionless astro-
physical plasmas, using ab initio PIC calculations that consist in iteratively moving
particles on a grid according to the Lorentz force and self-consistently adjusting the
electromagnetic fields. PIC simulations essentially solve the Vlasov equation, that de-
scribes the time evolution of the distribution function of the plasma, by sampling the
phase space with individual macro-particles and considering the dynamics of both ions
and e−. These simulations are particularly useful to account for spectra that may
span several order of magnitude in momentum, where standard Vlasov solvers may
lose accuracy [423, 424]. An important progress in this field in recent years, regard-
ing modeling non-relativistic shocks via first-principles calculations, was made with
the first PIC simulations that showed simultaneous acceleration of both ions and e−

[425, 426, 427, 428, 429]. These simulations were only performed in 1D since it is still
computationally challenging to perform simulations in higher dimensions with a PIC
setup.
While for understanding e− injection in the acceleration process at shocks full PIC
simulations are needed, the general dynamics of shocks of SNRs is dominated by the
accelerated ions; therefore, one may revert to the hybrid approach, a combination be-
tween PIC and MHD simulations. Hybrid simulations treat ions as particles, following
their motion in a self-consistent manner, while e− are considered as a massless neu-
tralizing fluid [430] due to their significantly smaller mass. The concept here is that
turbulence and instabilities produced by e− affect significantly smaller scales compared
to those relevant for ions. This contrast in scales arises from the distinct masses of
these two particle species and consequently on the different Larmor radii.
With hybrid simulations we can then model the shock dynamic, ion acceleration, and
plasma instabilities self-consistently without resolving the time and space scales rele-
vant for e−. Hybrid simulations have been extensively used for heliospheric shocks1

(e.g., [432, 433]), and more recently even for stronger astrophysical shocks. Hybrid
codes do not need to resolve the small time/length scales of the e−, which are usu-
ally dynamically negligible, and are thus better suited than full PIC codes to simulate

1To give an idea, time and length scales accessible to hybrid simulations on modern supercomputers
are comparable with the physical scales of the Earth’s bow shock [431].
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Figure 7.1: An illustrative representation of the concept underlying the usage of kinetic
simulations: utilizing PIC and hybrid simulations is the equivalent of analyzing small
and specific regions of astrophysical shocks. This Figure is provided with the courtesy
of Prof. Damiano Caprioli.

the long-term evolution of shocks. Hybrid simulations have been used to perform a
comprehensive analysis of ion acceleration at collisionless shocks as a function of the
strength and topology of the pre-shock magnetic field, the nature of CR-driven instabil-
ities, and the transport of energetic particles in the self-generated magnetic turbulence
[434, 435, 436]. Moreover, they have been used to unveil the processes that lead to
the injection into DSA of p [437], ions with arbitrary mass/charge ratio [438], and
pre-existing CRs [439].

For scales larger than hybrid and lower than pure MHD, a promising technique is the
coupling of the hybrid technique with a MHD description of the background plasma
[440, 441] which is called MHD-PIC, in which only the fraction of ions that are injected
in the acceleration process are tracked, neglecting all the others. In this framework,
the injection into DSA must be specified by hand and the simulation is not built from
a self-consistent starting point.

Utilizing PIC and hybrid simulations within 1D, 2D, or 3D setups with associated spa-
tial coordinates is the equivalent of analyzing small and specific regions of astrophysical
shocks. This approach allows us to simulate localized areas of SNR shock, for example,
providing insights into the complex physics occurring on scales of hundreds of km. This
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concept is visually represented in Figure 7.1.

7.2 Quasi-perpendicular non-relativistic shocks

One of the fundamental parameters that characterizes the acceleration process, the
amount of turbulence and, in general, the physics of astrophysical shocks, is the inclina-
tion between the direction of motion of the shock and the orientation of the background
magnetic field B0. Full PIC simulations have captured ion and electron DSA at quasi-
parallel shocks, i.e., when the angle between B0 and the shock normal is ϑBn . 45◦

[425, 428, 429]. Simulations of (quasi-)perpendicular shocks (ϑBn ≈ 90◦) have been
performed in 1D [442, 443, 427], 2D [444, 445, 446, 447], and 3D [448], but evidence
of particle acceleration and injection into DSA has been elusive. Also at relativistic
shocks DSA is more efficient for quasi-parallel configurations [449, 84], unless the shock
magnetization is sufficiently low (so for high Mach number values), which makes DSA
possible also in the quasi-perpendicular configuration, though rather slow [450].

On the other hand 2D hybrid simulations have shown that thermal ions can be spon-
taneously injected into DSA at quasi-parallel shocks [451, 452, 432, 453, 435, 436, 437,
438, 439, 71, 72], but injection of ions at oblique and quasi-perpendicular shocks has
been more problematic. Test-particle and Monte Carlo calculations based on a strong
scattering of particles with magnetic perturbations specified by hand, seem conducive
to ion injection [454, 455, 456] in the acceleration process, but no self-consistent kinetic
simulation without ad-hoc prescription has reported the presence of energized particles.
Nevertheless, hybrid simulations augmented with upstream magnetic fluctuations with
long-wavelength and large amplitudes [457] suggest that quasi-perpendicular shocks
may be efficient ion accelerators. In general, when magnetic turbulence is specified
by hand in the pre-shock medium [455, 458], or when energetic seeds are added [439],
which means a population of particles already energized, DSA may occur for arbitrary
inclinations. In these cases the efficiency and spectra obtained are not universal but
depend critically on the ad-hoc prescriptions adopted for the pre-existing seeds and
turbulence.

It has been recognized that systems with reduced dimensionality artificially suppress
particle diffusion across field lines [459, 460, 455], which likely explains why 1D/2D
simulations fail to produce non-thermal tails. The question remains of whether, and
under which conditions, the 3D setup can lead to spontaneous injection of particles
into the acceleration process.

In this Chapter we use hybrid simulations to explore quasi-perpendicular shocks from
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magnetized to the weakly-magnetized regime (so from low, to high Mach number
regime), that characterize several astrophysical objects, from planetary bow shock
(usually with low Mach numbers < 40), to SNRs and Radio SNe (with high Mach
numbers > 50). We find that also for non-relativistic shocks ion acceleration is natu-
rally unlocked if the full 3D dynamics is taken into account.

7.3 Simulation setup

Simulations are performed with the dHybridR code [461], here used in the non-relativistic
regime [462]. We send a supersonic flow with speed vsh against a reflecting wall (left
boundary), which produces a shock moving from the left to the right into a back-
ground quasi-perpendicular B0 field with ϑBn = 80◦ between the direction of motion
of the shock and B0.

The dHybridR code, like other PIC codes, employs the so-called normalized units.
These units, derived from fundamental plasma parameters, simplify the equations of
motion, making them more intuitive. Lengths and coordinates are measured in units
of the ion skin depth di. It represents the characteristic spatial scale over which the
electric field and magnetic field associated with charged ions in a plasma interact.
It is defined as di ≡ c/ωp, where c is the light speed and ωp ≡

√
4πne2/m is the

ion plasma frequency in cgs units, with m, e and n the ion mass, charge and number
density, respectively. The ion plasma frequency represents the characteristic frequency
at which charged ions in a plasma oscillate collectively in response to electric fields.
Time is measured in inverse cyclotron times ω−1

c ≡ mc/(eB0), that is the time it takes
for an ion to complete one full orbit or gyration around a magnetic field line. Velocities
are normalized to the Alfvén speed vA ≡ B0/

√
4πmn and energies to Esh ≡ mv2

sh/2.
The adoption of normalized units expands the range of application for a simulation.

Table 7.1: Left: parameters for the runs in the analysis; inclination is fixed to ϑBn =
80◦. Right: corresponding acceleration efficiency, η, and energy spectral index, γ.

Run M x[di] ∆t[ω−1
c ] η (> 10Esh) γ

A 20 5000 7.5 ×10−3 4% 3.7
B 30 5000 4 ×10−3 8% 3.1
C 40 5000 1.5 ×10−3 11% 2.9
D 50 5000 1.5 ×10−3 17% 2.7
E 100 10000 7.5 ×10−4 30% 1.5
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Different astrophysical shocks, characterized for example by diverse velocities, may
have the same value of M . This depends on the Alfvén speed of the medium in which
they are propagating, and so on its magnetic field strength and density. To translate
normalized units into physical quantities, assumptions about the values of parameters
like B0 and n are necessary, depending on the specific problem at hand. All physical
quantities are normalized to their far upstream values (e.g. B is in unit of B0).
Simulations include the three spatial components of the particle momentum and of the
electromagnetic fields. Ions are initialized with thermal velocity vth = vA and e− are
initially in thermal equilibrium. The hybrid model requires an explicit choice for the
e− equation of state, and are assumed to be adiabatic, i.e., the e− pressure is related
to the density as P ∝ ρ5/3. We define the Alfvénic Mach number as MA ≡ vsh/vA;
throughout the Chapter we indicate the shock strength simply with M = MA.
We performed simulations with different M , longitudinal sizes, and time steps, as
reported on the left side of Table 7.1; the transverse sizes are fixed to 50 di in all the
cases. We use two and a half cells per di in each direction and 8 (4) ion particles per
cell (ppc) in 3D (2D). We checked our results against convergence in particle statistics,
box size, and spatial/temporal resolution: e.g., increasing the transverse sizes to 100 di
and ppc to 16 returns energy spectra indistinguishable from those presented here. For
discussions on the convergence in box size we refer to the appendix of Ref. [434, 435],
for the hybrid equation of state to Ref. [71, 439], and for linear and strongly non-linear
problems simulated in 2D and 3D to Ref. [461].

7.4 Results

We here discuss the results obtained with our simulation campaign, starting with the
comparison of the dynamics of quasi-perpendicular shocks in 1D, 2D with B oriented
either in plane (2Dy) or out of plane (2Dz), and 3D simulations.

Magnetic field amplification

Figure 7.2 shows the total magnetic field intensity Btot for a shock with M = 100 and
ϑBn = 80◦ in 2Dz, 2Dy, and a slice in the x−y plane of the 3D setups; the bottom panel
shows the evolution of Btot for the 3D case. There is a striking difference between 2Dz
and 2Dy: while in the former case the field is simply compressed at the shock, in the
latter case Btot overshoots and is strongly amplified downstream [445, 446, 434]; at the
latest stages of the 3D simulation the field amplification extends also upstream of the
shock. This is the signature of a precursor, an area with strong turbulence immediately
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Figure 7.2: From the top: total magnetic field for the out-of-plane (2Dz), in-plane
(2Dy), and 3D setups. In all cases M=100 and t = 108ω−1

c . Bottom panel: time
evolution of Btot in 3D.

in front of the shock, produced by particles that are back-streaming in the upstream.

We do not engage ourselves in a full characterization through a Fourier analysis of
the strongly amplified fields (Btot/B0 & 40) observed for M = 100, though we notice
that their morphology and scaling (Btot/B0 ∝

√
M) bear strong resemblance with

those produced by the so-called ion-Weibel instability [446, 445, 447]. The Weibel-
type filamentation instability arises from the interaction between shock reflected ions
and upstream plasma ions. Finally, we ascribe the difference between 2Dz and 2Dy to
the fact that the out-of-plane magnetic field configuration misses the Weibel instability,
which changes the magnetic field amplification physics compared to the in-plane 2D
simulations. Figure 7.3 displays the 3D visualisation of the magnetic field for a strong
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Figure 7.3: 3D visualisation of the magnetic field for M = 100.

shock with high M = 100.

Particle spectra and dependence on M

The top panel of Figure 7.4 shows the ion spectrum in the downstream region close
to the shock (namely post-shock) at t = 108ω−1

c for different setups: 1D and 2D
exhibit only a supra-thermal bump [434] at E = 3 − 4Esh, while 3D shows a very
extended power-law tail; the dashed line corresponds to a Maxwellian distribution
with temperature ∼ 80% of the one expected for a purely gaseous shock that does not
accelerate particles, which suggests that ∼ 20% of the shock ram pressure is converted
in energetic ions. This is the major result of this Chapter: we show for the first time,
using self-consistent kinetic calculations, how with the 3D setup ions can be very rapidly
accelerated at non-relativistic, quasi-perpendicular shocks. Note that the post-shock
2Dy magnetic turbulence, while very similar to the 3D one, is not sufficient to grant
injection into the acceleration process. The evolution of the downstream ion spectrum
in 3D is shown in the middle panel of Figure 7.4: from an early supra-thermal bump,
similar to the 1D/2D cases, a non-thermal tail develops very quickly and extends over
more than three orders of magnitude in just ∼ 100ω−1

c .

Finally, the bottom panel of Figure 7.4 shows the spectrum for different M . Each
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Figure 7.4: Top panel: downstream ion spectrum at t = 108ω−1
c for M = 100 and

different setups. A non-thermal tail above 10Esh is present only in 3D, while 1D and
2D show similar truncated spectra. Middle panel: time evolution of the ion spectrum in
3D. Bottom panel: spectrum dependence onM ; the dashed line indicates a Maxwellian
with temperature ∼ 80% of the one expected for a purely gaseous shock.

spectrum can be characterized as a power-law, f(E) ∝ E−γ, with an acceleration
efficiency η, defined as the fraction of the post-shock energy density in ions with energy
above 10Esh. The scaling of γ and η on M are reported in Table 7.1. For M=100 the
spectrum tends to E−1.5 (∝ p−4 for non-relativistic particles), the universal spectrum
expected at strong shocks; for lower values ofM , non-thermal tails become steeper and
less extended, almost vanishing for M = 20 (no tails were found for 3D simulations of
M = 6, see [434]). The post-shock magnetic turbulence scales ∝

√
M , which increases

the diffusion process in the downstream and the probability that ions return upstream,
making the spectra harder. Overall, the acceleration efficiency increases from a few
percent for M = 20 to η & 20% for M & 50, a value comparable to the efficiency of
quasi-parallel shocks [434, 435, 71].
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Acceleration mechanism

Let us focus now on the mechanism(s) responsible for ion acceleration. Figure 7.5
shows the x − px (where px is the momentum along x) trajectory and energy gain of
an ion tracked in run B. Particles gain energy through shock drift acceleration (SDA),
tapping into the motional electric fields in the upstream region E ' −v/c×B during
their gyrations around the shock [463, 464, 465, 466]. The basic idea behind SDA is
pretty much the same as DSA. The difference lies in how particles make their way
back to the shock in the upstream region. At the initial stages of the process, when
there aren’t any magnetic perturbations in the upstream area, particles don’t undergo
a diffusion process. Instead, they simply gyrate around the magnetic field lines so,
technically, this process can not be defined as DSA.
As pointed out in Refs. [459, 460, 455], cross-field diffusion plays a crucial role in the
return of ions from downstream, and is not properly captured if not in 3D. Cross-field
diffusion refers to the process in which charged particles move across the magnetic
field lines. This movement can occur when particles transition from one magnetic field
line to another, typically due to scattering or other physical interactions. Authors of
[460] demonstrated that charged particles in an arbitrary electromagnetic field with
at least one ignorable spatial coordinate remain forever tied to a magnetic-field line.
Since in 2D field lines are effectively transverse sheets, ion diffusion along the shock
normal is inhibited. In 3D, instead, field lines can twist and intertwine, and ions can
perform cross-field diffusion, which effectively prevents them from being rapidly swept
downstream. Tracking reveals that in 2D ions are advected downstream after a couple
of gyrations, while in 3D they diffuse back several times, gaining energy at each SDA
cycle. To some extent, this acceleration mechanism is similar to the one proposed by
Ref. [467], using Monte Carlo calculations with ad-hoc prescription on the diffusion
process; our self-consistent simulations show that the mechanism may occur only for
large M and may be intrinsically limited when ϑBn < 90◦.

A limit on the maximum achievable energy?

Figure 7.6 shows the evolution of the maximum ion energy Emax for different M . After
an initial growth ∝ t2, Emax saturates at an asymptotic value E∗max, which scales ∝M

because ions can undergo more SDA cycles.
For non-relativistic ions, the momentum gain per SDA cycle is ∆p/p ∝ vsh/v, where
v is the ion speed, which implies a constant ∆p ∝ vsh. Since the duration of each
SDA cycle is ∆t ≈ ω−1

c (independent of v) and since the number of cycles ∝ t, then
pmax ∝ ∆pt/ω−1

c → Emax ∝ t2, in good agreement with Figure 7.6. This acceleration
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Figure 7.5: Energy gain (color code) and trajectory in the x− px plane of a represen-
tative ion undergoing SDA in run B.

process is extremely fast [468, 469] and generally faster than DSA, since in DSA the
duration of a cycle is the diffusion time ∼ p/vshω

−1
c [470, 436], while for SDA is the

gyration time. At later times and for larger values of M , we observe a brief transition
from SDA to DSA, with some sufficiently-energetic ions returning to the shock via
pitch-angle diffusion rather than via ordered gyration (note the deviation from the
∝ t2 curve before the plateau in Figure 7.6); eventually, ions escape toward upstream
infinity and non-thermal tails stall at a critical energy E∗max ∝M .

The crucial question is whether the streaming of escaping ions may trigger the NRSI
instability (see Section 2.4.3) and self-support the acceleration to larger energies at later
times, as at parallel shocks [435]. In the bottom panel of Figure 7.2 it is possible to see
the shock precursor, that is the region immediately ahead of the shock characterized by
magnetic field amplification with Btot/B0 & 1, produced by ion-driven instabilities. In
the M = 100 simulation we infer that the precursor is ∼ 1000 di wide, comparable to
the upstream diffusion length of . E∗max ions. Further upstream, though, δB � B0 and
there is hardly any fluctuations at scales resonant with E∗max ions able to scatter them
back. The diffusion length for such energetic particles quickly becomes (much) larger
than the box, which makes it computationally prohibitive to follow the longer-term
evolution of these systems with 3D hybrid simulations.
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Figure 7.6: Evolution of Emax(t) for different M ; after an initial increase ∝ t2 provided
by SDA (black solid line), Emax(t) eventually reaches an asymptotic value ∝M .

7.5 Phenomenological implications

The results described in this analysis have several applications in space/astrophysical
shocks. In the following we assume that the mechanism proposed works also for e−,
that is realistic hypothesis.

Heliospheric shocks. Magnetospheric Multiscale (MMS) spacecraft measurements at
the Earth’s bow shock, that is a shock wave that forms by the interaction between
the magnetic field surrounding the Earth and the solar wind characterized by M .

20, show that quasi-parallel regions are generally more efficient than oblique ones at
accelerating ions [471, 472]; yet, efficiencies η . 10% for ϑBn & 70◦, compatible with
our run at M = 20 (Table 7.1), and not with 2D ones which return η . 1% [431,
434, 471]. Another application of the very fast acceleration that we observe may be in
producing relativistic e− at foreshock disturbances at the Earth’s bow shock [473], often
characterized by quasi-perpendicular configurations. These disturbances are dynamic
and complex regions of space that form just upstream of the bow shock as a result of
the interaction between the solar wind and the Earth’s magnetic field.

Supernova remnants. Particularly interesting is the case of SN 1006, a SNR which lies
significantly above the Galactic plane and shows a bilateral symmetry that correlates
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Figure 7.7: Left panel: X-ray emission from SN 1006. The areas dominated by non-
thermal emission appear white. The areas dominated by the thermal emission appear
red. Right panel: radio emission from SN 1006. Figures taken from Ref. [474].

with the direction of the background B0 [474, 475]. X/γ-ray emission comes from the
quasi-parallel (polar caps) regions [476, 477, 478], implying the presence of multi-TeV
e−, while radio emission is more azimuthally symmetric [474], suggesting the presence
of GeV e− also in oblique regions. The X-ray and radio emission from SN 1006 are
reported in Figure 7.7.
We propose a possible interpretation of these measurements: in the quasi-parallel re-
gion, particles are accelerated up to multi-TeV energies and can produce X/γ-ray emis-
sion, as confirmed by the low polarization and strong synchrotron emission inferred in
the polar caps; in quasi-perpendicular regions, based on the results of our simulations,
we find a saturation of the maximum energy that particles can achieve and for SN
1006, particles may not be able to reach the necessary GeV energies for radio emis-
sion. This issue can be resolved by considering that once particles are injected into
the acceleration process via SDA, as outlined here, they can subsequently reach GeV
energies by undergoing DSA due to the presence of interstellar turbulence. The inter-
stellar turbulence has the capability to produce a diffusion coefficient strong enough
to scatter particles back to the shock, that can energize them up to the GeV range, as
demonstrated in Ref. [479, 56]. With the proposed mechanism, we solve the problem
of particle injection into the acceleration process.
Whether multi-TeV e− should also be expected in quasi-perpendicular regions is an
interesting question that hinges on the longer-term evolution of these systems.
Radio SNe. Finally, we consider young extra-galactic SNe, whose radio emission sug-
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gests that e− are often accelerated with a spectral index q ' 3 [480, 481]. Such steep
spectra at fast shocks (vsh ≈ 104 km s−1) are hard to reconcile with standard DSA
(though see Ref. [482, 483]), but may be compatible with the results presented here,
provided that M . 50 (see Table 7.1). A SN shock propagating in the Parker spiral
of the progenitor’s wind may provide both relatively-small M and quasi-perpendicular
shock geometries [480]. Furthermore, a flattening of the spectrum for higher shock
velocity, that could imply higher M , has also been reported [484, 480]. Scaling the
asymptotic E∗max illustrated in Figure 7.6 and considering vsh ' 104 km s−1, it is
possible to infer a phenomenological equation:

E∗max ' 0.22 GeV
M

50

(
vsh

104 km s−1

)2

. (7.1)

With values of B0 & 3 mG present in radio SN, particles with energies on the order of
a fraction of a GeV are sufficient to emit radio waves.

7.6 Discussion and summary

We used hybrid simulations to characterize, for the first time in kinetic calculations
without any ad-hoc prescription for particle scattering and/or injection, how ions can be
very rapidly accelerated at non-relativistic, quasi-perpendicular shocks. 3D simulations
are necessary to fully capture the amplification of the initial magnetic field (Figure 7.2)
and the cross-field diffusion, that allows ions not to be advected away downstream
after a few shock crossings. Acceleration starts via SDA, exhibiting a clear signature
Emax ∝ t2, then quickly transits to DSA (where Emax ∝ t) before reaching a limit
energy E∗max, beyond which particles escape upstream.

Acceleration efficiency and spectral slope strongly depend on the shock Mach number
M (Table 7.1): while for M . 20 efficiency is only a few percent and spectra are very
steep, for M & 50 it can exceed 10-20% and spectra converge to the DSA ones, as flat
as p−4 in momentum; also the level of magnetic field amplification and the maximum
energy limit increase with M . The results described in this analysis have several
applications in space/astrophysical shocks, from planetary bow shocks, to SNRs.

The biggest questions that remain open are whether oblique/quasi-perpendicular shocks
can efficiently drive plasma instabilities strong enough to self-sustain DSA up to ener-
gies significantly larger than E∗max, and whether the same acceleration process is viable
for e−, too. Both questions require different numerical approaches that are capable
of either capturing the longer-term evolution of the system or the physics of electron

152



CHAPTER 7. PARTICLE ACCELERATION AT QUASI-PERPENDICULAR
SHOCKS

injection.
Kinetic simulations are another powerful tool for the understanding of the origin of
Galactic CRs. These simulations operate within the realm of plasma turbulence scales,
and allow us to model the acceleration of CRs within astrophysical environments.
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Summary

The research presented in this thesis aims at contributing to unveil the mysteries of
Galactic cosmic messengers, particularly focusing on Galactic CRs and γ rays. It has
delved into their creation, acceleration, and propagation throughout our Galaxy, with
special emphasis on e± and γ rays.

The subjects explored within this thesis encompass a wide range of scales, spanning
from the infinitely small to the infinitely large. The approach employed throughout
consists in combining various types of messengers to gain a deeper understanding of
these cosmic emissions. Our findings have played an important role in characterizing
high-energy astrophysical processes occurring within our Galaxy.

In Chapter 1, we introduced charged cosmic radiation, with a particular focus on e±

components. We delved into the origins of CRs, ranging from SNRs with explanations
of the diffusive shock acceleration mechanism, to PWNe as sources of e± pairs. We
also considered contributions from other sources and interactions of primary CRs with
the ISM. Lastly, we described the transport of accelerated CRs within the Galaxy and
discussed measured e± fluxes.

Chapter 2 introduced cosmic γ-ray radiation and provided an overview of its produc-
tion in astrophysical environments. We covered various components of the γ-ray sky,
including steady sources within our Galaxy. To describe γ-ray emissions originating
from Galactic CRs, we briefly explained the properties of the Galactic ISM and ISRF.
Additionally, we introduced γ-ray halos detected around pulsars, which serve as unique
tools for investigating CR propagation in specific Galactic regions.

In Part II, we presented our results. In Chapter 3, our focus was on the production cross
sections of e± and γ rays in hadronic interactions. These cross sections play a crucial
role in calculating the secondary e± fluxes and the Galactic diffuse emission. Ensuring
the correct interpretation of contributions from primary sources relies on accurately
describing the secondary production processes. The majority of secondary e± particles
are generated in p+p collisions and through interactions involving He, both as a target
and a projectile. We established an analytical description of the Lorentz invariant cross
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section of π± and K± and other minor channels that decay in e± in p + p collisions
and heavier nuclei, either by utilizing data or by referring to Monte Carlo generators.
The differential cross section dσ/dTe±(p + p → e± + X) was predicted within MeV to
TeV energies with an uncertainty of approximately 5− 7%, dramatically reduced with
respect to the state of the art.
The diffuse Galactic emission primarily arises from the decay of π0 produced by the
inelastic scattering of nuclei CRs with the ISM. Accurate modeling of the production
cross section of γ rays of hadronic origin is critical for interpreting data from the
Fermi-LAT. We proposed a new evaluation for the production cross section of γ rays
resulting from p + p and heavier nuclei collisions, inferred from the limited available
data on total cross sections and from the analysis of cross sections for e±. Our results
were complemented by a realistic and conservative estimation of the uncertainties. The
total dσ/dEγ was estimated with an error ranging from 10% to 20% depending on Eγ,
improving the state of the art.
In Chapter 4, we conducted a natural follow-up of the previous Chapter by calculating
a new estimate of the secondary e± flux, combining the information from cross sections
with improvements in Galactic propagation modelling. We performed new fits to AMS-
02 CR nuclei data using Galprop and obtained new state-of-the-art propagation
models, testing different propagation scenarios with specific choices for the diffusion
coefficient, the injection spectra, the convective wind and reacceleration amount. We
found that propagation models with values of L . 2 kpc are disfavored by CR data.
We show that the e+ flux never exceeds AMS-02 data. The excess of the data with
respect to secondary e+, that depends heavily on L, is significant at energies greater
than a few GeV. Contextually, we have computed the flux of secondary e− at Earth. A
further, more precise determination of the e+ flux is only possible after a more precise
determination of L.
After focusing on secondary e±, in Chapter 5, we shifted our attention to the total
e+ flux, investigating the contribution from PWNe. The high-precision AMS-02 e+

data were employed to constrain the main properties of the Galactic pulsar population
and the PWN acceleration needed to explain the observed CR flux. For this purpose,
a large number of Galactic pulsar populations were simulated, calibrated on ATNF
catalog observations. For each mock galaxy, we computed the e+ flux at Earth as the
sum of the primary component due to PWNe emission and the secondary component.
The result is fitted to AMS-02 e+ data and the galaxy realizations that properly fit the
AMS-02 e+ data have between 2− 3 sources that dominate the flux.
In Chapter 6, we focused on pulsar γ-ray halos, which are a direct product of particles
accelerated and emitted in a region around the source. The detection of these halos
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in previous analyses led to the conclusion that CR diffusion is inhibited within a few
tens of pc from the pulsar with respect to the rest of the Galaxy. We demonstrated
that, considering that particles initially travel in the ballistic regime and taking into
account the transition between the quasi-ballistic and diffusive regime, it is possible
to fit the HAWC data for Geminga and Monogem pulsars with typical values of the
diffusion coefficient used to fit CR data, without invoking a suppression.
In Chapter 7, we used particle-in-cell hybrid simulations to study the acceleration
process at non-relativistic quasi-perpendicular shocks. We were able to characterize,
for the first time in kinetic calculations without any ad-hoc prescription for particle
scattering and/or injection, how ions can be very rapidly accelerated in this shock
configuration. We discovered that 3D simulations are necessary to fully capture the
amplification of the initial magnetic field and the cross-field diffusion that allows ions
not to be advected away downstream after a few shock crossings. This discovery opens
a new chapter in the study of quasi-perpendicular shocks in kinetic plasma simulations
and can have several applications in space/astrophysical shocks, from SNRs, to radio
SN and heliospheric shocks.
Exactly as for CRs, my journey into the Galaxy started from their Galactic sources,
with the study of the contribution to the e+ flux by pulsars and their associated PWNe.
This marked the first project of my PhD and is reported in Chapter 5. This research
highlighted how an era has begun for charged CRs, which can provide valuable in-
formation about the inner mechanisms that govern our Galaxy. This first project is
interconnected with the other chapters of this thesis. In fact, to address the complex
task of interpreting CRs data, an in-depth exploration of various physics topics becomes
essential. This includes delving into fundamental particle physics, understanding tur-
bulence in the interstellar medium, and studying the acceleration processes. During
my PhD, I tried to explore all these aspects.
Starting from the first one, production cross sections of secondary CRs represent a
point of contact between astrophysics and fundamental particle physics. This growing
collaboration allowed us to precisely shape e± and γ-ray cross sections, and in the next
future will help us to constrain also the fragmentation cross sections of CR nuclei,
which are pivotal for understanding particle propagation in our Galaxy.
The detection of γ-ray halos around pulsars is a clear example of the multi-messenger
approach, since they can provide supplementary information complementary to AMS-
02 data. Understanding pulsar halos will be pivotal in shedding light on how e+

particles are accelerated, released, and propagate in the region close to the source.
The knowledge of the magnetic turbulence around these objects is of fundamental im-
portance in their analysis. Experiments like LHAASO and the forthcoming CTA will
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supply invaluable data in this direction, and this research area will be a prominent focus
in astroparticle physics in the next few years. I firmly believe that by combining infor-
mation derived from AMS-02 data, cross section data from collider experiments, and
pulsar halos, spanning physics at vastly different scales, we will attain a comprehensive
understanding of the origin of Galactic CRs, especially of e±.
Another crucial aspect for interpreting CRs is understanding how these particles are
accelerated in astrophysical sources, including the spectrum and maximum energy they
can reach. When I initiated my PhD and consequently my first project, the under-
standing of the acceleration mechanism of e± in PWNe intrigued me, and I promised
myself that I would eventually tackle this issue. Towards the end of my PhD journey,
after being scattered on different topics in my research, exactly as a CR diffusing due
to irregularities in the Galactic magnetic field, I bounced back to the starting point
of what CR experiments eventually measure at the end: the investigation of particle
energization. While the promise of investigating particle acceleration in PWNe remains
to be fulfilled, I ventured into the realm of kinetic particle-in-cell hybrid simulations
in the study of astrophysical shocks. These simulations, which require knowledge of
plasma physics, constitute another powerful tool in the comprehension of cosmic radi-
ation and are gaining increasing significance, facilitated by the availability of enhanced
computational resources. They demonstrate the fundamental importance of turbulence
generated at kilometer scales in understanding particle injection and acceleration at
astrophysical shocks (parsec scales). The non-relativistic shocks examined in this con-
text are just one application of the capabilities of these numerical tools. I am confident
that in the coming years, they will play an even more prominent role in investigating
particle acceleration processes, interstellar turbulence, and pulsar halos.
This work let me build a theoretical and technical basis for the study of cosmic mes-
sengers as a tool to understand our Universe, with a focus on our Galaxy. In the
near future, further extensions of this multi-messenger approach will allow us to ex-
ploit the synergies between different high-energy astrophysical messengers, combining
information from the infinitely small to the infinitely large scales. This will lead to
a refinement of our description of non-thermal emissions in the Universe, opening the
search for signals from exotic sources like dark matter, which requires a detailed un-
derstanding of pure astrophysical phenomena, enabling us to shed light on the origin
of cosmic radiations and unveil their nature.
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Appendix

A.1 Positron and electron energy losses

e± can loose energy in our Galaxy by [485]:

1. ICS off the ISRF

2. Synchrotron radiation in magnetic fields

3. Bremsstrahlung

4. Ionization of interstellar neutral matter

5. Coulomb interactions with interstellar medium

in addition to the adiabatic losses connected with the Galactic wind. In Ref. [281] a
detailed study of the complete set of energy losses (including adiabatic losses) for e+

has shown that only inverse Compton scattering and synchrotron radiation are relevant
for energies higher than ∼ 5 GeV. We will consider either all the energy losses or only
inverse Compton scattering and synchrotron losses based on the single cases.
An effective way to write down the energy loss term as:

−dE
dt

= b(E) = E0
ε2

τE
= E0

(
ε2

τsync
+
ε2

τ∗
+

ε2

τCMB

+
ε2

τdust

)
(A.1)

where b0 is in units of GeV−1 s−1, while τsync, τ∗, τCMB, τdust are the energy-loss timescale
for synchrotron emission and inverse Compton scattering on starlight photons, CMB,
and interstellar dust photons respectively (see Section 2.3.2). Here ε=E/E0 where
E0 = 1 GeV. The Compton processes can be computed in the Thomson limit. This
is a good approximation for energies of 10 − 100 GeV. Each energy-loss timescale τ
can be calculated using both the Thomson cross section σT and the corresponding
radiation-field energy U , according to Ref. [144]:

τ =
E

4
3
cσTγ2

eU
(A.2)
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where γ is the Lorentz factor of the particle.
The Thomson approximation is valid for γe . mec

2/Eγ, where Eγ is the photon energy
[281] andme is the eletron mass. The maximal e± energy below which it is correct to use
Thomson regime is ∼ 1 × 106 GeV for interactions with CMB (Eph ' 2.35 × 10−4 eV),
and lower values for infrared radiation (IR) and starlight radiation (hundreds of GeV
for this last one). The Thomson approximation is no longer valid for energies at Earth
above a few tens of GeV, for which a full relativistic description of the term dE/dt

is necessary. In this thesis we will use the fully relativistic energy losses treatment
based on Ref. [143], to which we refer for more details. The complete calculation of
the ICS energy losses, requires a double integration of the Klein-Nishina cross section
multiplied for the ISRF energy density n(ε) [206]:

−dE
dt

=
12cσTE

(mec2)2

∫ ∞
0

dε ε n(ε)J (Γ), (A.3)

where σT is the total Thomson cross section, Γ = 4εγ/(mec
2) and J (Γ) is defined as

J (Γ) =

∫ 1

0

dq q
2q log q + (1 + 2q)(1− q) + (Γq)2(1−q)

2(1+Γq)

(1 + Γq)3
(A.4)

with q = ε/(Γ(γmc2 − ε)).
Finally, the synchrotron emission can be expressed as an inverse Compton scattering on
a black-body distribution of virtual photons from the magnetic field. The characteristic
energy of the radiation field is given by the cyclotron frequency:

EB =
heB

2πme

(A.5)

where B is the value of the Galactic magnetic field. A more precise treatment of
energy losses should also take into account the spatial dependence, b(E,x), since the
e± suffer of energy losses depending on the Galactic environment, the composition of
the background light in different points of the Galaxy and the magnetic field. This
space dependent approach underlines that the energy loss timescale varies according
to the position in the Milky Way (from the Galactic center to the Galactic edge, for
example).

The typical propagation scale for electrons and positrons

The typical propagation scale λ is a reference spatial scale useful to estimate the particle
horizon, namely the typical distance which a particle with energy at source E0 travels
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Figure A.1: Typical propagation scale λ for e± in the Milky Way as a function of their
energy. Different energies at sources Es are considered. The propagation model in [325]
has been assumed.

before reaching the Earth with reduced energy E. In the diffusion model, λ is defined
as:

λ2 = λ2(E,E0) ≡ 4

∫ E0

E

dE ′
D(E ′)

b(E ′)
(A.6)

where D(E) = D0E
δ is the diffusion coefficient as a function of energy (that can be

derived from Dxx that is a function of rigidity). In Figure A.1 is displayed λ(E,E0)

for different energies at source E0, from 10 GeV (blue) to 104 GeV (purple). Equation
A.6 has been used within the D(E) taken from Ref. [325] and the ISRF of Ref. [204].
The propagation scale depends on the energy E0, and its trend is driven by the energy
losses term. Regardless of the energy at source, the horizon for electrons and positrons
of energies E ≥ 100 GeV is limited to distances lower than 4 kpc. An electron detected
at Earth with E = 100 GeV has propagated in the Galaxy for a typical length of
λ ∼ 3 kpc. At E = 1 TeV, the propagation scale is even smaller as ∼ 1.5 kpc. This
demonstrates that e± at E ∼ GeV−TeV probe the few kpc near the Earth, and thus
are controlled by the properties of the local Galaxy.
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A.2 Extended results for cosmic-ray propagation

In this Section we report an additional discussion about the results we obtain for the
propagation parameters and the fit to the CR flux data.
In Figure A.2 (Figure A.3) we show the triangle plots for the propagation (primary
CRs abundance and nuisance parameters of the cross sections) parameters. We display
the results obtained with the models Conv v0,c with L = 1 and 4 kpc, and Reacc0. For
each panel we show the profiles and contours derived from the 1D and 2D marginalized
posteriors.
When we use Conv v0,c, almost all the parameters found for different values of L
are compatible within the errors. The only exceptions are the value of D0, which is
proportional to L (as explained in Section 4.4), the convection velocity and the value of
the normalization cross sections for the Be production (AXS → Be), see Figure 4.3. The
slope we obtain for injections of protons γp is about 2.36−2.39 while γHe and γCNO are
slightly softer of about −0.05 and −0.02, respectively. The diffusion coefficient for the
best-fit model increases below the first rigidity break at 5 GV (δl has a negative slope).
The second slope δ is about 0.6− 0.7, while above the second break, located at around
155 GV, there is an hardening of about δ − δh = 0.3. We find that there is a smooth
transition of the diffusion coefficient between both breaks with values of the smoothing
of 0.15− 0.20 for the low-energy and 0.5 for the high-energy break. The value we find
for the slope δ is much larger than what is usually found in other references (see, e.g.,
[94]) because indeed we include this smoothing also for the high-rigidity break. We
also note that the best-fit for sD,1 is at the edge of the prior (see Figure A.2). Talking
about the nuisance parameters for the nuclear cross sections, the value of AXS → Li is
1.20 and at the edge of the prior, as well as δXS → C and δXS → Li (see Figure A.3).
When we use different propagation models, i.e. the models with reacceleration, we find
that leaving free different slopes for p, He and CNO CRs, the fit improves significantly.
In particular, both the low and high-energy slopes of the spectra are slightly harder
for He and CNO with respect to protons. The best-fit parameters and the goodness
of the fits found for the model Conv dv/dz are basically the same of the model Conv
v0,c. The model labeled as Reacc0 returns as best-fit value for vA about 0 km/s and
the diffusion coefficient for the part above 10 GV is similar to the convective cases.
The triangle plots shown in Figure A.2 show the presence of correlations of a few
parameters such as D0 and v0,c (see also Figure A.3). All the other parameters do not
show strong correlations.
In Figure A.4 we show the ratio between the flux of secondary and primary CRs. In
particular, we display the result for the ratio Be/C and B/C for the model Conv v0,c
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model for different values of L, and when we use the convection and reacceleration
models. All the tested models, with convection or reacceleration, provide a good fit to
the secondary over primary ratios when we use L = 4 kpc. In fact we see in the right
panels that the differences between the tested models and the data are minor in the
energy range of the data. The reduced χ2 found for all the models is below 1.
Instead, some differences are seen when we test different values of L. In particular,
we can see in the plots that smaller values of L are disfavored by the Be/C data for
rigidities between a few GV up to tens of GV. The models with L < 2 kpc struggle
to fit the Be/C data and B/C data at the same time. Future AMS-02 data for the Be
isotopes might help to put tight constraints for the size of the diffusive halo (see, e.g.,
[88]).
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Figure A.3: Same as Figure A.2 for the abundance of primary CRs and nuisance
parameters of the cross sections.
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Figure A.4: Plot of the flux ratio B/C (top panel) and Be/C (bottom panel). In the left
panels we show the results for the Conv v0,c model with different L, while in the right
panel we report the other models tested in the paper. Below each figure we display the
ratio between the different considered cases and the result obtained for Conv v0,c with
L = 4 kpc. We also show the ratio between the data and the Conv v0,c model with
L = 4 kpc.
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