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High-Energy Neutrinos and Gamma-rays from the Milky Way

by Maddalena Cataldo

Hadronic interactions of high energy protons (or nuclei) with ambient medium
represent one of the main processes that produce high-energy neutrinos and TeV
gamma-rays in our Galaxy. They occur both within the sources where cosmic rays
(CR) are accelerated and/or in the interstellar gas contained in our Galaxy. Being
gamma and neutrino production strictly related, it is natural to adopt a multimes-
senger approach in which their observations are explained within the same frame-
work.

We present updated calculations of the diffuse emission produced by the interac-
tion of CR with the gas contained in the Galactic disk considering also the possibility
of CR spectral hardening in the inner Galaxy, recently emerged from the analysis of
Fermi-LAT data at lower energies. Above TeV energies diffuse and source compo-
nents are expected to provide comparable contributions and it is difficult to separate
them on observational grounds. Hence we compare our estimates with the total
(diffuse + sources) observed fluxes: IceCube HESE signal for neutrinos, and fluxes
from the Galactic plane measured by Argo-YBJ, H.E.S.S., HAWC and Milagro for the
gamma counterpart. We provide a limit to the fraction of the high energy neutrino
signal observed by IceCube that can be ascribed to a Galactic origin. We demonstrate
that the TeV gamma-ray sky can be used to probe the distribution of Galactic cos-
mic rays. We state that a potential tension exists between the CR spectral hardening
hypothesis and observational results.

The constraints can be strengthened if the contribution of sources not resolved by
H.E.S.S. is taken into account. The analysis of H.E.S.S. Galactic Plane Survey allows
to infer the properties of Galactic TeV source population. Evaluating the cumulative
flux expected at Earth by the considered population, we show that the H.E.S.S. un-
resolved sources provide a relevant contribution to the diffuse Galactic emission. By
the population study we infer general information on the total Milky Way such as
its high-energy gamma-ray luminosity and total flux. Finally, in the hypothesis that
the majority of bright sources detected by H.E.S.S. are powered by pulsar activity,
like e.g. pulsar wind nebulae or TeV halos, we estimate the main properties of the
pulsar population.
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Introduction

The high-energy part of our Universe is still for most part unknown. What we can
understand of it is deduced from particle messengers that encounter our Earth and
interact in our telescopes. The research is still widely open and for many topics we
have a good understanding but many others are still quite enigmatic. A multimes-
senger study of different astrophysical particles gives a wider view on our matter of
interest. At the same time a combination of information, resources and minds is fun-
damental for our common purpose. Nowadays a multitude of telescopes covering
a large range of energies is observing the whole sky. We have available a number of
measurements and catalogues that are year by year being enriched. The technology
for these experimental facilities is constantly being refined and many are the projects
for the construction of new high-energy telescopes.

Among the recent most remarkable results we find the ones provided by Ice-
Cube. The IceCube Collaboration reported the discovery of high-energy neutrinos
of energies that reach tens of PeV. Follow-up analyses confirmed the astrophysi-
cal origins of the signal. The exact origin of this neutrino flux is still an unsolved
mystery, that, if solved, could in turn bring more understanding on the whole high-
energy sky. So far the registered signal appears to be well fitted by an isotropic
flux. The only source correlation was observed from the extragalactic blazar in the
Orion constellation: TXS 0506+056. In September 2017 it was first observed a muon
neutrino event from TXS 0506+056 and subsequently were registered a number of
photon signals at other wavelengths of light including radio, infrared, optical, X-
rays and gamma-ray. The extensive multi-wavelength campaign that followed is a
perfect example of how efficient combining different measurements from different
messengers and ranges of energy can be.

One of the expectations for the upcoming data-takings is to be able to perform
a similar combined neutrino/gamma-ray analysis also for Galactic sources. High
energy neutrinos and TeV gamma-rays can be produced by hadronic interactions
of high energy protons (or nuclei) with ambient medium, both within the sources
where cosmic rays (CR) are accelerated and/or in the interstellar gas contained in
our Galaxy. These particles propagate to Earth without being deflected, providing
us with relevant information about their production sites. Being gamma and neu-
trino production strictly related, it is natural to adopt a multimessenger approach in
which gamma and neutrino observations are explained within the same framework.
In this thesis, we adopt this kind of approach to model Galactic neutrino and gamma
emission.

The aim of this thesis is to provide an overview of the possible Galactic sources
of both HE neutrinos and TeV gamma-rays and to give an estimation of the total
Galactic HE fluxes of both these messengers.

In the first chapter is introduced the theoretical basis of high-energy neutrino-
gamma multimessenger Physics. We describe the processes from which they take
origin, their propagation, and their intrinsic connections, giving the models at the
basis of our computations.
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In the second chapter an overview of our Galaxy and all Galactic sources of both
high-energy neutrinos and gamma-rays is presented. We describe the main sources
both extended and point-like giving information on their properties.

The third chapter is dedicated to experimental facilities and their data-sets. We
briefly illustrate the main detectors of our interest and we focus on the results useful
for the discussion in the following chapters. These are: for neutrinos the largest
telescope IceCube and for gamma-rays the detectors H.E.S.S., HAWC, Argo-YBJ, and
Milagro. We finish with an overview on telescopes that will be built in the upcoming
future and their promising expectations.

Chapter 4 is based on the original paper: Cataldo et al., 2019 and also presents
other original results. This is focused on the study of the diffuse component of Galac-
tic neutrinos and gamma-rays i.e. the ones originated in hadronic interactions of cos-
mic rays and the interstellar gas. Here we present our results for four models based
on four different assumptions of the cosmic ray distribution in the Galaxy which
appears to suffer of significant uncertainty. Including also the possibility of a depen-
dence of the cosmic ray spectral index from the galactocentric distance in order to
reproduce recent data-analysis in the gamma-ray sky of GeV energies. We perform
comparisons of our expectations for Galactic TeV flux of neutrinos and gamma-rays
with total fluxes measured by the mentioned experiments with the aim of constrain-
ing our models. We finally highlight the importance of a good estimation of the
unresolved contribution to the total in order to obtain valid constraints. We improve
the gamma-ray comparisons by giving a preliminary estimation of this term.

In Chapter 5 we propose a refinement of the unresolved flux estimation by op-
erating a population study on the H.E.S.S. Galactic Plane Survey (HGPS). We start
from this intention and infer general properties of the total Milky Way such as its
high-energy gamma-ray Luminosity and total flux.

In Chapter 6 we apply the previous study to a particular category of Galactic
sources already introduced in Chapter 2: fading sources which produce high-energy
gamma-rays from being powered by pulsar activity. Under this category fall pulsar
wind nebulae but also newly observed extended sources called "TeV halos", whose
role in the total emission is worthy to investigate. In the end, from this study we
also can to infer some general properties of the Galactic pulsar population which
appear to be in good agreement with other estimations in literature. Both the last
two chapters are based on the original paper Cataldo et al., 2020.
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Chapter 1

Cosmic Neutrinos and Gamma-rays

With the name "Very High Energy" gamma-rays are intended photons at energies
of order of 109 –1012 eV (GeV–TeV) and above. VHE gamma-rays are produced in
our Galaxy and have several characteristic that make of them good messengers for
the investigation of the Galaxy. They are not deflected in magnetic fields and, for
energies Eγ . 1 PeV they are negligibly absorbed in their path towards the Earth.
Gamma-ray telescopes can reach therefore good pointing capability and also we ex-
pect to have good measurements of flux intensity from their VHE sources. Due to
their peculiarities, gamma-rays have long been used for studies of Galactic sources.

The history of photon sky observations dates back to several decades ago. Many
are the experiments that were built in order to detect photons produced in the re-
motest regions of the sky; covering several tens of orders of magnitude of the elec-
tromagnetic spectrum and wider and wider windows of observation.

In the recent years the largest neutrino telescope IceCube has provided many
evidences of a high-energy cosmic neutrino signal. The all-flavor signal is fitted by
an isotropic flux with an unbroken power-law distribution in energy (Aartsen et al.,
2015a). Starting from these evidences, neutrino astronomy is becoming increasingly
more interesting and the information that is providing is leading to new questions
that need to be answered.

Astrophysical neutrino, just as gamma-rays, have the property of preserving
their production direction and, at our energies of interest, they are not absorbed.
However, their production mechanisms is entirely hadronic while for gamma-rays
we have also a leptonic flux that, depending on the energy considered, might have
to be taken into account. Due to the technical difficulties of constructing an opti-
mal neutrino telescope, so far the reconstructed direction of neutrino events is not as
good as the one provided in gamma-ray measurements. However, is fundamental to
consider both kind of observations in order to have the most complete overview on
phenomena. A combined observation of both messengers would confirm a hadronic
production process inside that source. Our final purpose is to reach a good interpre-
tation of all high-energy Galactic emission.

Multimessenger neutrino-gamma research is growing in interest in these years
also due to recent extragalactic observations. This induces us to reasonably hope for
a similar observational coincidence but from Galactic origins in the next future. In
our Galaxy this kind of study is even more straightforward at energies of our interest
since a large part of neutrinos and gamma-rays are produced in the same hadronic
interactions. As we will see in this and next chapter, the combined production of
neutrinos and gamma-rays is verified whether the proton-proton collision occurs in
a (point-like or extended) Galactic source or in the interstellar regions of the Galaxy.

In this chapter we describe the main processes that occur in the Galaxy and that
take to a combined production of neutrinos and gammas at high-energies. We give
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all the phenomenological models for computations that we will use for our estima-
tions in the upcoming chapters, such as primary particle spectra, cross-section func-
tions, and we will define all the hypotheses environment in which we will perform
our next calculations.

1.1 Cosmic Neutrinos and Gamma-ray production

The main astrophysical processes that produce both high-energy neutrinos and γ-
rays are inelastic p-p interactions of cosmic rays with surrounding gas or p-γ inter-
actions with ambient photons. Given this distinction we can identify two channels
of production and link them to different kind of sources. The first interaction is
assumed to occur mainly in the regions of the Galaxy where there is a dominant
presence of the Galactic gas which is rich in baryons. This production is therefore
dominant in the interstellar regions of the disk and in Galactic sources such as SNRs
and PWNe. The second interaction is mainly dominant in regions with an high
gamma density, i.e. in areas close to extragalactic sources such as Active Galactic
Nuclei, Blazars, and Gamma-Ray Bursts.

1.1.1 p-p interaction

The p-p interaction occurs very commonly in our Galaxy and we can state that when-
ever there is production of neutrinos by p-p interaction this will be accompanied
by hadronic gamma-production. Inelastic collision of high-energy protons on non-
relativistic protons produces mainly neutral and charged pions: π+, π−, π0, and, in
minor quantity, also kaons: K+, K−, K0, K0 and eta-mesons: η. Due to the isospin
symmetry, the three pions are created in almost equal amount. Charged pions decay
in muons and neutrinos (B.R. = 0.999):

π+ → µ+ + νµ, (1.1)
π− → µ− + νµ. (1.2)

From these two decays stems a secondary production of high-energy electronic and
muonic neutrinos (or antineutrinos) by muons decay:

µ+ → e+ + νe + νµ, (1.3)
µ− → e− + νe + νµ. (1.4)

The main production of gamma rays by p-p interaction, instead, is due to neutral
pions decay. Neutral pions most common decay channel is the two photons decay
(B.R. = 0.988):

π0 → γγ. (1.5)

Along with neutral pions also eta-mesons are produced, which are responsible of
gamma production as well, in a measure that is subdominant but not negligible.
At energies around few TeV the fraction of η over π0 produced in p-p collisions is
20%− 40% (Acharya et al., 2018). The η-meson decay channels and their respective
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branching ratios are:

η → γ + γ B.R = 39%; (1.6)

η → 3π0 B.R = 32%; (1.7)

η → π+ + π− + π0 B.R = 23%; (1.8)
η → π− + π+ + γ B.R = 4%. (1.9)

A small amount of neutrinos is also produced by charged kaons that decay as:

K+ → µ+ν̄µ B.R. ' 64%;

K+ → π0π+ B.R. ' 21%;

K+ → π0e+ν̄e B.R. ' 5%.

The antiparticle K− decays analogously. In general, the amount of kaons produced
in p-p is around 10% to 20% the number of pions.

1.1.2 Secondary particle spectra

For our calculations we need detailed estimates of both nucleon-nucleon inelas-
tic cross section and secondary particle spectral functions. A refined treatment of
these functions is done in Kelner, Aharonian, and Bugayov, 2006. They present a
parametrization of energy spectra of secondary particles: pions, electrons, neutri-
nos and gamma-rays produced by inelastic p-p collisions based on results of SIBYLL
and QGSJET codes. These codes rely on methods of both theoretical and experimental
Physics: they are based on phenomenological models of p-p interaction incorporated
with comprehensive experimental data provided by particle accelerators. Their re-
sults obtain very good approximation of energy distribution of secondary particles
in the energy range above 100 GeV, providing accuracies generally better than sev-
eral percent. While the codes applied to the computations could also be directly
used to compute the particle spectra, we instead rely on the analytical approxima-
tions of the codes’ results given in the paper. The simple parameterizations used are
intended to simplify and reduce the computation time.

Following Kelner, Aharonian, and Bugayov, 2006, the general expression for the
total cross section of the p-p interaction that we use in our calculation is:

dσi(Ep, Ei)

dEi
=

σ(Ep)

Ep
Fi(x, Ep). (1.10)

Where Ep is the energy of the incident proton, Ei is the energy of the secondary
particle, and x = Ei/Ep. The term σ(Ep) represents the inelastic part of the total
cross section of the p-p collision, while the adimensional functions Fi describe the
secondary particle spectra, the index i indicates the particle considered: leptons or
gamma. The energy dependent term σ(Ep) is calculated by fitting numerical data
included in the SIBYLL code, and the approximation obtained is:

σ(Ep) = 34.3 + 1.88 ln
(

Ep

1 TeV

)
+ 0.25 ln

(
Ep

1 TeV

)2

mb. (1.11)

The first important result that has to be defined is the inclusive spectra of pions.
The data for the energy spectrum of π-mesons produced in p-p inelastic cross section
can be obtained by both the SIBYLL and the QGSJET codes. However since the first
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one seems to better approximate the accelerator data for a larger range of energies,
only the SIBYLL code results are used. The analytical approximation obtained for the
pion spectrum is:

Fπ(x, Ep) = 4α Bπ xα−1
(

1− xα

1 + rxα(1− xα)

)4

×
(

1
1− xα

+
r(1− 2xα)

1 + rxα(1− xα)

)(
1− mπ

xEp

)1/2

;

(1.12)

with the best fit parameters:

Bπ = 3.92 + 0.83
(

ln
Ep

1 TeV

)
+ 0.075

(
ln

Ep

1 TeV

)2

; (1.13)

α =
0.98√

3.67 + 0.83
(

ln Ep
1 TeV

)
+ 0.075

(
ln Ep

1 TeV

)2
; (1.14)

r =
2.6√

3.67 + 0.83
(

ln Ep
1 TeV

)
+ 0.075

(
ln Ep

1 TeV

)2
. (1.15)

Note that due to the isospin symmetry in strong interaction, as expected, the spec-
tra of the three pions are described by the same expression since they represent an
isospin triplet.

In case we are considering the gamma-ray production we have to also take into
account the eta-meson contribution, in this regard the expression found by the sim-
ulation for the F function is:

Fη(x, Ep) = (0.55 + 0.028 ln x)
(

1− mη

xEp

)
Fπ(x, Ep); (1.16)

with the condition Fη(x, Ep) = 0 for x < mη/Ep.
Fig. 1.1 is reprinted from Kelner, Aharonian, and Bugayov, 2006, and represents

the results of the simulations obtained by the SIBYLL code for the π-mesons and
η-mesons (histograms), and their analytical approximations given by Eqs. 1.12 and
1.16. The plots are for four values of incident proton energy: 0.1, 10, 100 and 103 TeV.
The approximation for pion spectra describes the data with an accuracy of 10% in the
total energy range of protons considered, while the approximation for the η-mesons
appears less accurate.

Neutrino spectrum from p-p

In this section is presented spectra of high energy neutrinos obtained considering
the p-p production process and consequent pion decay as in Eq. (1.2). These func-
tions are obtained in Kelner, Aharonian, and Bugayov, 2006 by numerical computa-
tion and through the previous parameterizations of π spectrum. With the function
dσ`/dEν we indicate the differential cross section for production of neutrinos and an-
tineutrinos ν`, ν` of energy Eν by a nucleon of energy E in nucleon-nucleon collision.
The parameterization do not discern the neutrinos from the antineutrinos. Although
in the p-p interactions the number of π− produced slightly exceeds the number of
π+, this difference is below the accuracy of the data used for the computations. So
for this model ν = ν, the only distinction of neutrinos is between different flavours.
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FIGURE 1.1: Energy spectra of pions and eta mesons for the numerical
simulations (histograms) and their analytical approximations given
by Eqs. (1.12) and (1.16). The plots are obtained for 4 different values
of the incident proton energy: 0.1, 10, 100 and 103 TeV. Figure taken

from Kelner, Aharonian, and Bugayov, 2006.

Using the above results the differential cross section can be expressed, with a
very good approximation, as in Kelner, Aharonian, and Bugayov, 2006:

∑
`=e,µ,τ

dσ`(Ep, Eν)

dEν
=

σ(Ep)

Ep
Fν(x, Ep). (1.17)

The Fν function describes energy spectra of neutrinos produced: νµ in the pion decay,
and νµ and νe from the consequent muon decay. Fν is represented by the sum of the
spectral functions of the muonic neutrinos and electronic neutrino (see Eq. (1.2)):

Fν(x, Ep) = Fνµ(x, Ep) + Fνe(x, Ep), (1.18)

where x = Eν/Ep. Since muonic neutrinos are produced both in the leptonic pion
decay and in the following muon decay, the total muon function Fνµ is expressed by
the sum of the two functions relative to the first and the second decays:

Fνµ(x, Ep) = Fνµ,π(x, Ep) + Fνµ,µ(x, Ep), (1.19)

while, the electronic neutrino function Fνe(x, Ep) is only the one relative to the muon



8 Chapter 1. Cosmic Neutrinos and Gamma-rays

F e (x)
F 1 (x)+F 2 (x)
F (x)

0.001 0.005 0.010 0.050 0.100 0.500 1
0.001

0.005

0.010

0.050

x

x2
F

(x,E
p)10

3
Te
V
+

FIGURE 1.2: Plots of the energy ratio x = Eν/Ep squared times the
adimensional functions: Fνe (blue line), Fνμ ,μ + Fνμ ,μ (orange line), and
F = Fνμ ,μ + Fνμ ,μ + Fνe (green line), all evaluated in the incident proton
energy: Ep = 103 TeV. Figure reproduced from Kelner, Aharonian,

and Bugayov, 2006.

decay. Furthermore, as described in Kelner, Aharonian, and Bugayov, 2006 the elec-
tronic neutrino and first muonic neutrino have approximately the same spectral dis-
tribution:

Fνμ,μ(x, Ep) = Fνe(x, Ep). (1.20)

These functions obtained fitting results from the SIBYLL code are:

Fνμ,π =Bπ
ln y

y

(
1 − yβπ

1 + kπyβπ (1 − yβπ )

)4

×[
1

ln y
− 4βπyβπ

1 − yβπ
− 4kπ βπyβπ (1 − 2yβπ )

1 + kπyβπ (1 − yβπ )

]
;

(1.21)

Fνμ,μ(x, Ep) = Fνe(x, Ep) = Bμ
(1 + kμ(ln x)2)3

x(1 + 0.3/xβμ)
(− ln x)5; (1.22)

where y = x/0.427 and L = ln(Ep/1 TeV). The respective coefficients are:

Bπ = 1.75 + 0.204L + 0.010L2, (1.23)

βπ =
1

1.67 + 0.111L + 0.00038L2 , (1.24)

kπ = 1.07 − 0.086L + 0.002L2. (1.25)

Bμ =
1

69.5 + 2.65L + 0.3L2 , (1.26)

βμ =
1

(0.201 + 0.062L + 0.00042L2)1/4 , (1.27)

kμ =
0.279 + 0.141L + 0.0172L2

0.3 + (2.3 + L2)
. (1.28)

Finally, Fig. 1.2 is reproduced from Kelner, Aharonian, and Bugayov, 2006 and
shows the adimensional functions Fν: muonic (cyan line), electronic (orange line)
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FIGURE 1.3: Differential cross section for the neutrino production in
nucleon-nucleon interactions evaluated at the energy of proton: Ep =

103 TeV. Figure reproduced from results in Kelner, Aharonian, and
Bugayov, 2006.

and their sum (pink line) as function of x = Eν/Ep. While in Fig.1.3 is shown the
product of the deep inelastic cross section and the total function Fν(Ep, x).

An important phenomenon that characterizes neutrinos, and that one needs to
take into account when computing neutrino fluxes, is the oscillation mechanism.
Given a neutrino propagating in vacuum with a defined initial flavour at the mo-
ment of production a, the probability of oscillation into a flavor b, P(a → b) = Pab
(Bellini et al., 2014) is given by:

Pab = ∑
i
|ki|2 + ∑

i<j
2IR(|kik∗j |) cos(φij). (1.29)

The first term in this expression only depends on the values of the mixing matrix
U (since ki = UbiU∗

ai), while the second term depends only on the oscillation phase
φij = (m2

i − m2
j )L/2E where Δm2

ij = m2
i − m2

j is the mass differences of the mass
eigenstates, L is the distance and E = |p| is the energy of neutrino. This is a general
result, however in case of high-energy Galactic neutrinos this expression is simpli-
fied because coherency is lost due to the very large propagation distance:

φij = 1.27
L(m)Δm2

ij(eV2)

Eν(MeV)
= 1.27

3.08 · 1020 10−5(eV2)

100 · 106 MeV
∼ 4 · 107 � 1.

In the case of an incoherent neutrino packet we need to calculate the mean oscillation
probability Pab given by:

Pab = ∑
i
|ki|2 = ∑

i
|UaiUbi|2.

Since it depends only on the squared modulus of the mixing matrix the probability
is the same for antineutrinos: P(νa → νb) = P(νa → νb), meaning that cosmic neu-
trino oscillation is CP invariant. Using this relation all the oscillation probability for
cosmic neutrinos can be calculated for each couple of flavors ab. For a generic initial
neutrino flux generated with three different fractions of neutrino for each flavor: Fi

a,
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Fi
b, Fi

c, where:
Fi

a + Fi
b + Fi

c = 1, (1.30)

We can infer the final flavor fractions by using the previous results. So the F f
a is given

by the sum of the probability that the initial fraction of a preserves its flavor, plus
the sum of the probabilities that the other two fractions oscillate into the flavor a:

F f
a = Fi

aPaa + Fi
bPba + Fi

cPca. (1.31)

The flavour ratio at the Earth is in principle different according to the production
process considered at the source, so according to the initial flavour fraction. Hence,
the potential observation of the flavour ratio of high-energy neutrino might rep-
resent an interesting handle to determine the dominant production process at the
source (such as charmed meson decay; neutron β decay; pion decay with damped
muon) (Palladino et al., 2015, Vissani, Pagliaroli, and Villante, 2013). However,
since we are considering high-energy Galactic neutrinos, the flavor oscillation phe-
nomenon that occurs considering our energy range of interest and the Galactic dis-
tances, takes to a situation where the final flavor ratio are approximately equal:
νe : νµ : ντ = 1/3 : 1/3 : 1/3. In all our work we will make the reasonable as-
sumption that the π-meson decay after nucleon-nucleon collision is the dominant
process in the production of high-energy neutrinos from Galactic sources so it will
always be assumed a full flavour mixing of the flux. Therefore to obtain the single
neutrino flux from our estimation we will simply divide the total flux for 3.

Gamma-ray spectrum from p-p

The main source of gamma production by p-p collision is the secondary neutral pion
decay. However, for the calculation of the total gamma-ray spectrum one should in-
clude also the contribution from η-mesons. The calculation of the spectrum from the
η → γ + γ decay along similar lines of that of the π0 decay. To include the con-
tributions of the other η decay modes (η → 3π0 → 6γ, η → π+ + π− + π0 → 2)
one should know the spectra of the produced π0 in the rest frame of η. However, in
Kelner, Aharonian, and Bugayov, 2006, the calculations show that the final gamma-
ray spectrum weakly depends on the specific form of the pion spectra: for different
forms the result vary within 5%. In the following parameterization, which is repro-
duced from the paper, only the first η decay mode has been taken into account since
it produces to the most energetic gammas.

The differential cross section is expressed with good approximation:

dσγ(Ep, Eγ)

dEγ
=

σ(Ep)

Ep
Fγ(x, Ep). (1.32)

The term σ(Ep) represents the total inelastic cross section of p-p collisions and is the
same used for the neutrino case, see Eq.(1.11). The Fγ function, as for the previous
case, describes energy spectra of particles produced, with x = Eγ/Ep and Ep being
the energy of the initial proton p. The total spectrum of gamma-rays based on the
simulations of energy distribution of π and η-mesons by the SIBYLL code can be
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FIGURE 1.4: The adimensional function Fγ(x, Ep) times the energy
ratio x = Eγ/Ep squared, as a function of x and plotted at energy of
proton Ep = 3 · 103 TeV. Figure reproduced from Kelner, Aharonian,

and Bugayov, 2006.

approximated by the following analytical form:

Fγ(x, Ep) =Bγ
d

dx

[
ln(x)

(
1 − xβγ

1 + kγxβγ(1 − xβγ)

)4]
=

Bγ
ln(x)

x

(
1 − xβγ

1 + kγxβγ(1 − xβγ)

)4

×[
1

ln(x)
− 4βγxβγ

1 − xβγ
− 4kγβγxβγ(1 − 2xβγ)

1 + kγxβγ(1 − xβγ)

]
.

(1.33)

The parameters Bγ, βγ and kγ depend only on the energy of the incident proton:

Bγ = 1.30 + 0.14L + 0.011L2; (1.34)

βγ =
1

1.79 + 0.11L + 0.008L2 ; (1.35)

kγ =
1

0.801 − 0.049L + 0.0014L2 . (1.36)

where L = ln(E/1 TeV). Fig.1.4 is reproduced from (Kelner, Aharonian, and Bugayov,
2006) and presents the total energy spectrum of gamma-rays; we note that around
the peak, the relation between the energies of gamma produced in this processes and
the energy of the primary particles is about 10%. In Fig.1.5 is shown the gamma-ray
production cross-section of Eq.(1.32).

1.1.3 p-γ interaction

Since the p-γ collision is dominant mainly in extragalactic sources which are not our
matter of interest, we give here a simple overview of the process.

As already mentioned, the p-γ interaction becomes principally dominant in re-
gions where there is a high density of gammas. There are 3 possible results for the
p-γ interaction according to the energy: the Inverse Compton (IC), pair production,
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FIGURE 1.5: Differential cross section for the gamma ray production
in nucleon-nucleon interactions at the proton energy of Ep = 3 · 103.
Figure reproduced from results in (Kelner, Aharonian, and Bugayov,

2006).

and photomeson production, respectively:

pγ → pγ′ (1.37)
pγ → p + e+ + e− (1.38)
pγ → N + kπ (1.39)

where k is an arbitrary number of pions depending on the energy of the collision.
Note that only the second and third processes have an energy threshold given

by the masses of their secondary products. The process of inverse Compton of pro-
tons and electrons are identical, but the energy loss-rate of protons is more sup-
pressed. At energies above the threshold of production of electron-positron pairs,
the IC process is four orders of magnitude slower compared to the losses caused
by pair-production. So the first channel is always subdominant at these energies.
The pair production instead do not give origin to gamma-rays. The only channel
that significantly produces gammas, and also neutrinos, is the hadronic result. In
the paper by Kelner and Aharonian, 2008 is given a clear and exhaustive analytical
presentation of the energetic distribution of the gammas and neutrinos produced in
this interaction.

1.2 Leptonic gamma-ray production

Besides the hadronic one, different mechanisms for gamma-ray emission at high en-
ergy are also present. They are generated by leptonic processes where gamma rays
are radiated by cosmic-ray electrons and positrons via bremsstrahlung and inverse
Compton scattering. These production processes being electromagnetic do not have
neutrinos as an outcome, but only gamma-rays. Nevertheless, they have to be well
understood in order to give the proper estimation of the total gamma-ray astrophys-
ical flux.

Bremsstrahlung emission occurs in presence of charged atomic nuclei (indicated
by Z, i.e. their atomic number). Hence, as in the hadronic case, the interstellar gas
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represents the target. The interaction is the following:

e + Z → e + Z + γ. (1.40)

While, the target for inverse Compton scattering is the ensemble of soft photons
that constitute the radiation field in space. This process is referred to as "inverse
Compton" (IC), to differentiate from the "normal" Compton process in which is the
photon to have a larger energy and the electron is the target. The interaction is:

e + γsoft → e + γ. (1.41)

The leptonic mechanisms for gamma-ray production are purely electromagnetic
and therefore have exactly calculable cross sections. Many derivations of the lep-
tonic gamma-ray emissivity at high-energies can be found in literature. The study of
the leptonic component of HE gamma-rays is not strictly matter of this work so we
will not present here the total derivation, one of the most complete treatment is given
for example in Blumenthal and Gould, 1970. As already mentioned, bremsstrahlung
radiation is emitted when electrons interact with the electric field of ions. In astro-
physical environments this occurs for example when a flux of electrons encounters
plasma. The emissivity of bremsstrahlung process is given by the integral:

qbrem(Eγ,~r) =
∫ dσe→γ(Eγ, Ee)

dEγ
n(~r)× 4πφe(Ee)dEe; (1.42)

where dσe→γ/dEγ is the differential cross section, φe is the differential spectrum of
electrons (meaning electrons plus positrons), n(~r) is the target spatial number den-
sity, and the term 4π accounts for the isotropy of the electron flux. The bremsstrahlung
cross section can be written as (see Gaisser, Engel, and Resconi, 2016):

dσe→γ(Eγ, Ee)

dEγ
=

1
Ee

ϕ(v)
NAX0

, (1.43)

where X0 is the radiation length, ϕ(v) is an adimensional function dependent on the
ratio: v = Eγ/Ee, and NA is the Avogadro number. So the resulting emissivity is
dependent on the initial electron spectrum. The simplest case is obtained assuming
a simple power law with index α for the differential spectrum φe(Ee). The resulting
emissivity in this case can be shown to be (Gaisser, Engel, and Resconi, 2016):

qbrem(Eγ) ∼
4πρ

X0
φe(Eγ)

(
1

α + 1
+

1.35
α− 1

− 1.35
α

)
. (1.44)

Where ρ is the target mass density. It is evident how the emissivity directly reflects
the initial electron spectrum. At energies around few GeV, and assuming a sim-
ple power law electron spectrum, the ratio of bremsstrahlung and hadronic photo-
emission is ∼ 10%. The nuclear interaction is dominant at high energies. See Fig.
1.6.

The inverse Compton interaction is important in regions of high photon den-
sity and is an efficient acceleration mechanism of soft photons up to high energies.
This phenomenon can indeed promote in energy an X-ray into a gamma-ray. The en-
ergy distribution of photons produced via IC starting from an infrared/X-ray photon
population can peak indeed at GeV-TeV energies.

The calculation of gamma-ray emissivity by IC is not a trivial procedure (see Blu-
menthal and Gould, 1970). Assuming an isotropic photon field at a single frequency
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ν0 = E0/h, the emissivity dependent on the gamma energy Eγ is:

qIC(Eγ) =
3σTcnrad(E0)

16γ4E2
0

Eγ

[
2Eγ ln

(
Eγ

4γ2E0

)
+ E + 4γ2E0 −

E2

2γ2E0

]
; (1.45)

where γ represents the Lorentz factor, nrad(E0) is the soft photon number density,
and σT is the Thompson interaction cross section. At low energies (γEγ � mec2),
in the so called "Thompson regime", the term in square brackets is constant and the
scattered radiation emissivity has the form qIC(Eγ) ∝ Eγ. Moreover, the spectrum
has the characteristic to be peaked around the energy corresponding to head-on col-
lisions in which the photon gets scattered back on its original direction. At high-
energies (γEγ � mec2) the interaction reaches the so called "Klein-Nishina regime"
and the spectrum has a decreasing trend. Considering also in this case the simplest
assumption of an initial power law spectrum of electrons with spectral index α, this
results in an intensity spectrum of the scattered radiation of the form E−(α−1)/2

γ .
This might be a good assumption for approximated calculations, however, the

real energy spectrum of the summed fluxes of electrons and positrons is not strictly
a power law. The full calculation of the leptonic emission requires a full descrip-
tion of this initial flux. The leptonic fluxes in the energy range 10–104 GeV are well
measured by several telescopes (land-based or satellite) such as PAMELA, Fermi,
DAMPE, MAGIC, H.E.S.S. and others. In Lipari and Vernetto, 2018 is presented a
clarifying plot of the fit of the two main leptonic components of the gamma-ray flux
using the fit of the data of the aforementioned experiments. In Fig. 1.6 is reported
the plot where the hadronic, inverse Compton, and bremsstrahlung resulting spectra
are shown.

6

Compton scattering the target are the photons of the in-
terstellar radiation fields discussed in sec. IIA. For our
calculations we have used the model of [20].
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FIG. 3: Flux of electrons plus positrons observed at the Earth.
The line is our fit to the spectrum. The data points are from Fermi
[37], AMS02 [38], DAMPE [44], HESS [39–41], MAGIC [42] and
VERITAS [43].

The leptonic mechanisms for gamma ray production
are purely electromagnetic and therefore have exactly cal-
culable cross sections (see for example [45]).

The leptonic emission, separated into the contributions
of bremsstrahlung and Compton scattering, is shown in
Fig. 4. The results can be easily understood qualita-
tively. In the case of bremsstrahlung, the e⌥ radiates
photons with an energy independent cross section and
the final state photon has an energy distribution that de-
pends only on the ratio E�/Ee. If the primary e⌥ have
a power law spectrum, the emission is then also a power
law with the same spectral index (of order ↵e ⇡ 3.1 for
E . 300 GeV). The bremsstrahlung spectrum softens
at higher energy because of the break in the (e� + e+)
spectrum at Ee ⇡ 1 TeV.

The Compton scattering component of the emission
has initially a hard spectrum (a spectral index of order
2). This reflects the well known fact that when the e�
interactions are in the Thomson regime (that is when
the product of the energies of the interacting particles
is su�ciently small: Ee "i . m2

e ) the spectral indices
of the Compton emission and the primary electron flux
are related by: ↵� ' (↵e +1)/2. This behaviour however
stops for E� & 100 GeV when most of the e� interactions
are in the Klein–Nishina regime. The Compton emission
su↵ers more suppression at higher energy also because of
the softening of the e⌥ spectra above 1 TeV. The result
is that the local Compton emission of gamma rays gives
a maximum contribution of order 5% with respect to the
hadronic one.

It should be noted that the estimate of the contribution
of the leptonic mechanisms to the observed gamma ray

flux (that is the result of the emission from the whole
Galaxy) is a more di�cult task, because it requires to
compute the emissions in di↵erent regions of the Galaxy,
where the densities of the primary particles (electrons,
protons and nuclei) and of the relevant targets (gas and
radiation) can be di↵erent. In particular it is possible,
and indeed likely that the Compton mechanism can be a
significant component of the flux for directions that point
away from the Galactic equator. This is because the
interstellar gas density (the target for hadronic emission)
is exponentially suppressed for large |z|, while the density
of the radiation fields (the target for Compton scattering)
falls more gradually with |z| (and the CMBR component
is in fact constant). However one expects that in the
region of small latitude (|b| . 10�), where the di↵use flux
is largest, the leptonic mechanisms remains subdominant,
with a maximum contribution of order . 10% to the
di↵use flux.
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FIG. 4: Gamma ray emission rate in the solar neighborhood. The
total emission and the single contributions of the three main mech-
anisms (hadronic, bremsstrahlung and Compton scattering) are
shown. The assumed hydrogen density in the interstellar medium
is n = 1 cm�3.

C. Summary

The main results obtained in this section can be sum-
marized as follows:

(A) The hadronic mechanism is the dominant source of
gamma rays for E� & few GeV in the Galactic disk
region (|b| . 10�) with the leptonic mechanisms
accounting for only a few percent of the emitted
photons.

(B) In a broad energy interval between 10 and 105 GeV
the emission spectrum is in good approximation a
power law (q� / E�↵) with a spectral index ↵ that
varies slowly with values between 2.8 and 2.6.

FIGURE 1.6: Gamma ray emission rate at the Sun position. The to-
tal emission and the single contributions of the three main mech-
anisms (hadronic, bremsstrahlung and inverse Compton scattering)

are shown. Figure taken from Lipari and Vernetto, 2018.

What is evident from the plot is that in the case of bremsstrahlung, e− and e+

radiate photons with an energy independent cross section. If the primary electrons
have a power law spectrum, the emission is then also a power law with the same
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spectral index. It is evident that the bremsstrahlung spectrum softens at higher en-
ergy, and this is because there is a break in the (e− + e+) spectrum around 1 TeV.
While for the inverse Compton we can see that starts with a harder spectrum. At
energies around 100 GeV instead, the spectrum changes since it switches to the
Klein–Nishina regime and has a softening (Blumenthal and Gould, 1970). This is
also due to the softening of the (e− + e+) spectrum around 1 TeV. The result is that
at these energies the inverse Compton emission of gamma rays gives a maximum
contribution of order 5% respect to the hadronic one (Lipari and Vernetto, 2018).

1.3 Gamma absorption

The process responsible of the gamma-ray absorption during the propagation in the
interstellar gas of the Galaxy is the "pair production" mechanism. In this case we
have the electromagnetic interaction of high-energy photons with soft radiation pro-
ducing electron-positron pairs:

γ + γ→ e− + e+. (1.46)

The target in the Galaxy is made of cosmic microwave background radiation (CMBR),
infrared radiation, stellar light, and Extragalactic Background Light (EBL). The largest
source of target photons is the cosmic microwave background radiation (CMBR)
with a homogeneous density around 400 cm−3 (Vernetto and Lipari, 2016). The
other target is generated by the emission of all radiation sources in the Universe and
is called the extragalactic background light (EBL), it is also uniformly distributed
in space and has an average density of around 1.5 cm−3 of higher energy photons
(Vernetto and Lipari, 2016). In the Galaxy, the other large source of target photons is
the infrared emission of dust when heated by stellar light. The radiation field gen-
erated by the dust emission is not homogeneous in space and have space and angu-
lar distributions that must be carefully modeled to compute the absorption effects.
Furthermore, starlight photons have a smaller number density and their effects on
gamma ray absorption are therefore negligible. In Vernetto and Lipari, 2016 there is
a thorough treatment of this problem. Fig. 1.7 represents the plot of the soft photons
background energy distribution at the Sun position, broken down into its main com-
ponents. It is interesting to observe the energy-dependence of the angle-averaged
absorption coefficient in the Sun position (Fig.1.8) computed starting from the soft
radiation distribution (Fig.1.7). Each contribution given by the four components is
shown in the plots; note that the CMBR operates the largest absorption in the energy
range in which we are interested. While at energies around 1 TeV the main absorp-
tion is given by the starlight. It is evident how the absorption by EBL and CMBR
precludes the possibility of gamma-ray extragalactic Astrophysics at energies over
30 TeV.

Both the presence of leptonic gamma-ray production and the absorption process
that interests the high-energy gamma-rays once they are produced at the source,
make the link with neutrino flux and in general the multimessenger approach more
difficult. This is because, due to these two phenomena, the calculation of the neu-
trino flux counterpart starting from gamma-ray sources observations is not straight-
forward. In our following computations (Chapter 4) we make the hypothesis that all
sources are in hadronic regime, so when converting gamma-ray flux in neutrino flux
the estimate is considered as an upper bound. The gamma-ray absorption is consid-
ered negligible since our study is focused at energies around 1 TeV (see Fig.1.8).
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3

after the decay of all unstable particles created in the
collision. The integration is over all proton energies Ep

that can generate photons with energy E� . Interactions
where the projectile and/or the target is a nucleus (such
as p–helium, helium–p, helium–helium, and so on) also
contribute to the hadronic emission and can be calcu-
lated with expressions that have the same structure as
Eq. (2) with obvious substitutions.

Smaller contributions to the gamma ray emission
are generated by leptonic processes where the gamma
rays are radiated by CR electrons and positrons,
via bremsstrahlung and Compton scattering. For
bremsstrahlung (interactions such as e + Z ! e + Z + �)
the target, as in the hadronic emission case, is interstel-
lar gas. For Compton scattering (e + �soft ! e + �) the
target is the ensemble of the soft photons that form the
radiation fields in space. In this case it is necessary to
model not only the density, but also the energy spectrum
and angular distribution of the target particles.

A. Gamma ray absorption

The most important process that can absorb photons
during propagation in interstellar space is pair produc-
tion interactions (�� ! e+e�) where high energy gamma
rays interact with the soft photons that form the Galaxy
radiation fields. The interaction probability per unit
length K(E, p̂, ~x) for a photon of energy E and direc-
tion p̂ at the space point ~x can be calculated, integrating
over the energy and angular distributions of the target
photons:

K(E, p̂, ~x) =

Z
d3 (1 � cos ✓��) n�(~, ~x) ���(s) (3)

In this expression ~ is the 3–momentum and " = |~| is
the energy of the target photon, cos ✓�� = p̂ · ̂ is the
cosine of the angle between the interacting particles, and
���(s) is the pair production cross section, that can be
expressed as a function of the square of the center of mass
energy s = 2E"(1 � cos ✓��).

The optical depth ⌧(E,⌦, t) for photons observed at
the Earth with energy E, direction ⌦ that have traveled
a distance t, can be calculated integrating the interaction
probability along the photon trajectory:

⌧(E,⌦, t) =

Z t

0

dt0 K(E,�⌦̂, ~x� + t0 ⌦̂) . (4)

The calculation of the absorption probability
K(E, p̂, ~x) and of the optical depth ⌧(E,⌦, t) re-
quires a su�ciently accurate knowledge of the energy
and angular distribution of the target photons. An
extended discussion of this problem is contained in [20]
(see also [21] and references therein). Some of the main
properties of high energy gamma ray absorption are
illustrated in Fig. 1. The top panel of the figure shows
the (angle integrated) energy distributions of the target

photons in the vicinity of the solar system according
to [20]. The distribution is the superposition of three
main components: the cosmic microwave background
radiation (CMBR), infrared emission, and stellar light.
A minor contribution is given by the Extragalactic
Background Light (EBL).
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FIG. 1: Top panel: energy distribution of soft photons in the solar
neighborhood. Bottom panel: absorption coe�cient K(E, ~x�) for
gamma–rays in the solar neighborhood, as a function of energy,
averaged over the direction of the photon. In both panels the curves
are given for the total and for the contributions of each component
of the target radiation field.

The CMBR fills homogeneously all space with an
isotropic blackbody spectrum of temperature TCMBR =
2.7255 Kelvin; this corresponds to a total number den-
sity N� ' 410.7 cm�3 of photons with average energy
h"i ' 6.3 ⇥ 10�4 eV.

Infrared photons are radiated by interstellar dust
heated by stellar light. This emission can be reason-
ably well described as a diluted, and distorted black body
spectrum [n�(") / nbb

� (", T ) "�� ] with a temperature T
of approximately 20 Kelvin and a distortion parameter
� of order 1.5–1.7. At high energy (" & 0.03 eV) the
spectral shape deviates from this form because of the
contribution of an ensemble of emission lines radiated by
the smallest dust grains that are not in thermal equilib-
rium. The infrared radiation has an average energy of
order 0.008 eV, and a number density ' 25 cm�3.

FIGURE 1.7: Energy distribution of soft photons in the solar neigh-
borhood. Figure taken from Vernetto and Lipari, 2016.

1.4 Neutrino/gamma spectrum relation

In the astrophysical sources where the hadronic production of gamma-rays by p-p
interaction is dominant over the leptonic one, the measurements of gamma-ray flux
can give direct information on the neutrino flux expected. To obtain the relation be-
tween the two fluxes, the simplest case is obtained for a simple power-law spectrum
and has been widely treated (recently: Costantini and Vissani, 2005; Lipari, 2006).

A primary estimation of the energy ratio between neutrinos and gamma-rays
from pion decay can be a useful result that might become handy in the future dis-
cussion. By cinematic considerations we can assume that in average neutrinos obtain
approximately 1/4 of the charged pion energy. This estimation is valid for neutri-
nos produced directly by pion decay and by those subsequently produced in muon
decay. For gammas the consideration is even more straightforward, the π0 decay is
a two body decay in two identical particles, so each gamma gains in average 1/2 of
the pion energy. In general the neutrino and gamma that are produced by 2 pions
with the same inital energy have an energy ratio of:

Eγ ' 2 Eν, (1.47)

In our case, considering that the leading pions produced by p-p collisions, re-
gardless of their charge, gain ∼ 1/5 of the initial proton energy, we infer that neu-
trinos gain in average 1/20 of the initial proton energy, while gammas gain 1/10.
In other words, if we are observing a neutrino (or gamma) at a certain energy, we
should suppose a primary proton with an initial energy 20 (10) times the observed
energy:

Ep ' 20× Eν ' 10× Eγ. (1.48)

One of the most commonly used hypotheses is the case in which the initial spec-
trum of protons is a power law. Under the assumption of the Feynman scaling ap-
proximation of the inclusive cross sections of the hadronic interaction, the spectrum
of secondary particles is still a power law with same spectral index. In general the
spectrum of a p-p neutrino obtained by a proton spectrum with power law with



1.4. Neutrino/gamma spectrum relation 17

3

after the decay of all unstable particles created in the
collision. The integration is over all proton energies Ep

that can generate photons with energy E� . Interactions
where the projectile and/or the target is a nucleus (such
as p–helium, helium–p, helium–helium, and so on) also
contribute to the hadronic emission and can be calcu-
lated with expressions that have the same structure as
Eq. (2) with obvious substitutions.

Smaller contributions to the gamma ray emission
are generated by leptonic processes where the gamma
rays are radiated by CR electrons and positrons,
via bremsstrahlung and Compton scattering. For
bremsstrahlung (interactions such as e + Z ! e + Z + �)
the target, as in the hadronic emission case, is interstel-
lar gas. For Compton scattering (e + �soft ! e + �) the
target is the ensemble of the soft photons that form the
radiation fields in space. In this case it is necessary to
model not only the density, but also the energy spectrum
and angular distribution of the target particles.

A. Gamma ray absorption

The most important process that can absorb photons
during propagation in interstellar space is pair produc-
tion interactions (�� ! e+e�) where high energy gamma
rays interact with the soft photons that form the Galaxy
radiation fields. The interaction probability per unit
length K(E, p̂, ~x) for a photon of energy E and direc-
tion p̂ at the space point ~x can be calculated, integrating
over the energy and angular distributions of the target
photons:

K(E, p̂, ~x) =

Z
d3 (1 � cos ✓��) n�(~, ~x) ���(s) (3)

In this expression ~ is the 3–momentum and " = |~| is
the energy of the target photon, cos ✓�� = p̂ · ̂ is the
cosine of the angle between the interacting particles, and
���(s) is the pair production cross section, that can be
expressed as a function of the square of the center of mass
energy s = 2E"(1 � cos ✓��).

The optical depth ⌧(E,⌦, t) for photons observed at
the Earth with energy E, direction ⌦ that have traveled
a distance t, can be calculated integrating the interaction
probability along the photon trajectory:

⌧(E,⌦, t) =

Z t

0

dt0 K(E,�⌦̂, ~x� + t0 ⌦̂) . (4)

The calculation of the absorption probability
K(E, p̂, ~x) and of the optical depth ⌧(E,⌦, t) re-
quires a su�ciently accurate knowledge of the energy
and angular distribution of the target photons. An
extended discussion of this problem is contained in [20]
(see also [21] and references therein). Some of the main
properties of high energy gamma ray absorption are
illustrated in Fig. 1. The top panel of the figure shows
the (angle integrated) energy distributions of the target

photons in the vicinity of the solar system according
to [20]. The distribution is the superposition of three
main components: the cosmic microwave background
radiation (CMBR), infrared emission, and stellar light.
A minor contribution is given by the Extragalactic
Background Light (EBL).
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FIG. 1: Top panel: energy distribution of soft photons in the solar
neighborhood. Bottom panel: absorption coe�cient K(E, ~x�) for
gamma–rays in the solar neighborhood, as a function of energy,
averaged over the direction of the photon. In both panels the curves
are given for the total and for the contributions of each component
of the target radiation field.

The CMBR fills homogeneously all space with an
isotropic blackbody spectrum of temperature TCMBR =
2.7255 Kelvin; this corresponds to a total number den-
sity N� ' 410.7 cm�3 of photons with average energy
h"i ' 6.3 ⇥ 10�4 eV.

Infrared photons are radiated by interstellar dust
heated by stellar light. This emission can be reason-
ably well described as a diluted, and distorted black body
spectrum [n�(") / nbb

� (", T ) "�� ] with a temperature T
of approximately 20 Kelvin and a distortion parameter
� of order 1.5–1.7. At high energy (" & 0.03 eV) the
spectral shape deviates from this form because of the
contribution of an ensemble of emission lines radiated by
the smallest dust grains that are not in thermal equilib-
rium. The infrared radiation has an average energy of
order 0.008 eV, and a number density ' 25 cm�3.

FIGURE 1.8: Absorption coefficient for gamma–rays in the solar
neighborhood, as a function of energy, averaged over the direction

of the photon. Figure taken from Vernetto and Lipari, 2016.

spectral index α can be expressed by (Kelner, Aharonian, and Bugayov, 2006):

ϕν`(Eν`) = NE−α
ν`

aν`(α); (1.49)

where N is the normalization factor. The coefficient aνl (α) depends on the flavour
considered and can be expressed through the functions fν`(x) that describe the frac-
tion of energy carried by a neutrino with respect to the pion energy x = Eν`/Eπ in
the laboratory frame:

aν`(α) =
∫ 1

0
fν`(x) xα−1 dx. (1.50)

The fν(x) functions are indeed probability functions and their analytical expression
along with their derivation can be found in Kelner, Aharonian, and Bugayov, 2006.
In this case the spectral distribution would depend on the flavour considered and
the sum of the total neutrino flux produced in a p-p collision:

ϕν = ϕνµ + ϕνµ + ϕνe = NE−α
ν (aνµ(α) + aνµ(α) + aνe(α)). (1.51)

Analogously the spectral distribution of a gamma-ray obtained by the same interac-
tion is expressed by:

ϕγ(Eγ) = NE−α
γ aγ(α); (1.52)

with:

aγ(α) =
∫ 1

0
fγ(x) xα−1 dx. (1.53)

This last computation is easier since the distribution fγ(x) in the laboratory frame
for the 2-gamma decay is fγ(x) = 1, due to the fact that the energy distribution of
each particle in a 2 identical particle decay is uniform. Therefore:

aγ =
1
α

.
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Note that the ratio between neutrinos and gammas produced by the same inter-
action is variable and is a function of the spectral index of the primary spectrum:

ϕν

ϕγ
= α(aνµ(α) + aνµ(α) + aνe(α)). (1.54)

However, for more refined experimental observations the power law is not al-
ways the best approximation since the proton spectrum appears to have several fea-
tures. For instance, in cases in which the proton spectrum is better approximated to
a power law with a cutoff, the spectra of secondary neutrinos and gammas is more
complex and do not follow a simple power law with cutoff.

In Kappes et al., 2007 is presented a derivation of the neutrino/gamma spectra
relation assuming a spectrum of incident hadrons as power-law with exponential
cutoff with arbitrary parameters. This is also based on results from the SIBYLL event
generator. The expression for proton spectrum has index α and cutoff value εp:

ϕp(Ep) = kp

(
Ep

1 TeV

)−α

exp
(
−Ep

εp

)
, (1.55)

where kp is a normalization constant. Considering spectra indices in the range 1.8 <
α < 3.0, and an energy cut-off range 10 TeV < εp < 1 PeV, the neutrino and gamma-
ray spectra obtained are:

ϕν,γ(Eν,γ) ≈ kν,γ

(
Eν,γ

1 TeV

)−Γν,γ

exp

(
−
√

Eν,γ

εν,γ

)
, (1.56)

with the following relations between the neutrino and gamma parameters and the
primary proton parameters:

kν ≈ (0.71− 0.16α)kγ, (1.57)
Γν ≈ Γγ ≈ α− 0.1, (1.58)

εν ≈ 0.59εγ ≈
εp

40
. (1.59)

The obtained neutrino flux is calculated as the sum of electron and muon neutrino
spectrum, assuming a flavour ratio (νe : νµ : ντ = 1/3 : 2/3 : 0) at the source.
Assuming full mixing of the flux, the single flavour neutrino spectrum at Earth is
then given by one-third of the total flux at the source. As mentioned before, a full
mixed neutrino flux is a valid approximation for astrophysical Galactic distances
and energies considered.

The main assumptions under which are obtained these results are the following:

1. a negligible contribution of non-hadronic production processes to the mea-
sured gamma-ray emission;

2. no significant γ-ray absorption in the nearby area around the source;

3. low magnetic fields, so that muons decay without significant energy loss;

4. a fully mixed flux of neutrinos at Earth (νe : νµ : ντ = 1/3 : 1/3 : 1/3);

5. the nucleus-nucleus and p-p interactions produce similar pion spectra, so that
can be studied in the same way.
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Except for the first one, all these conditions are valid for all high-energy gamma-ray
sources that we will examine in the following part of the work (see H.E.S.S. Galactic
Plane Survey in Chapter 5), so we will often rely on this tool for linking together the
neutrino and gamma fluxes (Kappes et al., 2007).

Another interesting gamma/neutrino relation that is worth to be mentioned is
presented in the paper by Villante and Vissani, 2008. Here it is provided a simple
analytic expression for the neutrino fluxes which can be applied directly to gamma-
ray data without the need for a previous parameterization of the photon spectrum.
This allows to propagate easily the observational errors in the gamma-ray flux and,
thus, to understand how well the neutrino flux and the signal in neutrino telescopes
can be constrained by γ-ray data. In the paper this procedure is applied to the case
of known SNRs in order to estimate their neutrino flux counterpart and expected
events.
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Chapter 2

Galactic Sources of High-Energy
Neutrinos and Gammas

Our Galaxy is called the Milky Way originally because of its appearance as a bright
white stripe in the dark sky (Fig.2.1). The Milky Way is a barred spiral galaxy with
an estimated disk radius of about 20 kpc, and a disk thickness of about 100-300 pc
(Fig. 2.2) (Gaisser, Engel, and Resconi, 2016). Spiral galaxies are estimated to be
the two thirds of the total galaxies in the Universe. Unlike a regular spiral, a barred
spiral contains a bar across its center region, and presents two major arms.

Our Galaxy is estimated to contain 100–400 billions stars and at least the same
number of planets. At the centre is located a Super Massive Black Hole called Sagit-
tarius A*. This is surrounded by a bulge of particles and stars characterized by
strong photon emission in a wide range of energies. From that central area, depart
the arms of the spiral. On the inner edge of the Orion Arm is located the Solar
System, at a distance of around 8.5 kpc from the Galactic centre. The Orion arm is
located between two major arms, Perseus and Sagittarius.

In the upcoming paragraphs we will describe the main sources (both extended
and point-like) of neutrinos and gamma-rays in all galaxies in general, and, of course,
also in the Milky Way. We will give an overview on all their main properties and
categories in order to have a clear panorama on their variety which will be useful to
keep in mind for our next discussion.

FIGURE 2.1: Milky Way from Paranal, Chile in 2007. Credit: As-
tronomer Yuri Beletsky.
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FIGURE 2.2: Galaxy structure. Credit: Pearson Education, Inc., pub-
lishing as Pearson Addison-Wesley.

2.0.1 Disk

The Galactic disk is permeated by a gas of particles, mainly Hydrogen and Helium,
floating in the interstellar regions. It accounts for ∼ 10–15% of the total mass of the
Galactic disk and is mainly concentrated near the Galactic plane and along the spiral
arms, while being inhomogeneously distributed at small scales. The gas density is
approximately 1 nucleon per cm3 (Gaisser, Engel, and Resconi, 2016). Despite its
very low density it constitutes the target of the cosmic rays that in the nucleon-
nucleon inelastic collisions produce a prominent part of the total high-energy ν/γ
flux. This is commonly called the diffuse flux component.

The amount of tenuous matter contained in the Galactic disk exists in the form of
gas (atoms, molecules, ions, and electrons), and dust, composed of tiny solid parti-
cles. The chemical composition of interstellar matter by number is: 90.8% of hydro-
gen, 9.1% of helium, and 0.12% of heavier elements called "metals", such as C, N, O
(Ferrière, 2001). This is close to the “cosmic composition” inferred from abundance
measurements in the Sun, in stars, and in meteorites.

This tenuous matter is not homogeneously distributed in the interstellar space.
In fact, half the interstellar mass is confined to discrete clouds occupying only ∼
1− 2% of the interstellar volume (Ferrière, 2001). These clouds can be divided into
three types. Firstly, there are the dark clouds, which are essentially made of very cold
molecular gas and block off the light from background stars, with a temperature T
around 10− 20K. Then there are the diffuse clouds, which consist of cold (T ∼ 100 K)
atomic gas and are almost transparent to the light of the stars, except at a number of
specific wavelengths where they give origin to absorption lines observable at Earth.
Lastly there are translucent clouds which contain molecular and atomic gas and have
intermediate visual absorption features. The rest of the remaining interstellar matter,
spread out between the clouds, can be found in three different forms: warm (mostly
neutral) atomic, warm ionized, and hot ionized (Ferrière, 2001).

In order to model the diffuse component of the neutrino and gamma-ray Galactic
fluxes a knowledge of the spatial distribution of the density and composition of the
interstellar medium is required. For our models we will use the distributions of both
molecular and atomic hydrogen, and of helium, since, they are the most abundant
elements in the ISM. The model that we will use is obtained from the public GALPROP
code (GALPROP). This is given as a sum of atomic (H) and molecular (H2) hydrogen.
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Molecular hydrogen cannot be observed directly, but its spatial distribution can be
inferred through the observation of the emission lines of carbon monoxide (CO).
For this we adopt a conversion factor with respect to the CO density as given by
Yang, Aharonian, and Evoli, 2016 from a fit of the diffuse γ emission. Finally, the
minor Helium contribution to the Galactic gas is taken into account by assuming a
constant density ratio of 0.11 with respect to total hydrogen amount. Our model is
cilindrically symmetrical. In Fig. 2.3 is shown the total gas distribution along the
radial cylindrical coordinate which was used for all our work. As we can see, it
presents a large number of structures, while see Ferrière, 2001 for a simple analytical
parameterization of all the components. For the distribution along the coordinate z
the data report a very steep, almost exponential, decrease.

Total
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FIGURE 2.3: Radial distribution of the gas density profiles in the
Galaxy obtained using the public code GALPROP.

To have an estimation of the diffuse contribution to the total fluxes of both neu-
trinos and gammas, the last term that we should be in possession of is detailed in-
formation on the distribution of the cosmic rays in the Galaxy, or at least in every
position where the interstellar gas density is different from zero. This estimation
could become quite uncertain since it reflects the uncertainty of this term. In Chap-
ter 4 we will treat this problem in detail starting from this gas distribution, and we
will give our estimations based on different assumptions of cosmic ray energy and
spatial distribution.

2.0.2 Centre

The Galactic centre (also called "bulge") is a spherical central region with radius 2-3
kpc. The centre of the Milky Way has been long investigated as it is a region of high
stellar activity. Indeed this is the largest density region of the Galaxy. Here is located
the black hole Sagittarius A* classified as a Supermassive Black Hole having a mass
of 4× 106M�. This region around the Milky Way bulge was hypothesized to be the
location of the so called PeVatron: the accelerating engine that gives origin to UHE-
CRs that are confined in our Galaxy and that reach energies up to PeV. The H.E.S.S.
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collaboration investigated the nearby area and confirmed this region to host cosmic
rays accelerated to PeV (Abramowski et al., 2016). This was inferred by measure-
ments of gamma-ray spectrum in this area. Here the H.E.S.S. observatory registered
one intense γ-ray point-like source: HESS J1745-290, which is located close by the
position of the Galactic Centre PeVatron, however the current data cannot answer
whether there is a link between the two objects. Moreover, this source still remains
unidentified.

The Galactic bulge hosts also a molecular cloud. This region surrounding the
Galactic Centre contains predominantly molecular gas and extends out to a distance
in projection of around 250 pc at positive galactic longitudes and around 150 pc at
negative longitudes. Here the production of the gamma rays observed is believed
to be dominantly hadronic. Indeed, although the inverse Compton mechanism is
active in this region the electrons suffer of a severe radiative loss of energy at TeV
energies and are therefore prevented from propagating to distances comparable to
the size of the central zone. Moreover the shape of the VHE γ-ray brightness dis-
tribution is compatible with the shape and extension of the molecular gas, and that
suggests an hadronic production due to the interaction of the cosmic-rays and the
gas of the gas-rich complexes. Therefore we would expect to have also a production
of high-energy neutrinos in this region.

We will give a detailed estimation of the diffuse flux and longitudinal distribu-
tion of both neutrinos and gamma-rays in Chapter 4, where the large contribution
of the Galactic bulge will be clear.

2.0.3 Halo

The galactic halo is a roughly spherical area that surrounds most galaxies and it can
extend of hundreds of times the dimension of the contained galaxy. However, the
actual dimension of the galactic halo is hard to determine because its borders are
faint and dissolve in the outer medium. The halo is commonly believed to be com-
posed mainly of gas, but there are also many globular clusters of stars disseminated
in its volume. In Fig. 2.4 is shown a picture of the Sombrero galaxy captured by the
Hubble telescope in which the bright part of its surrounding halo is evident.

FIGURE 2.4: Picture of the Sombrero galaxy captured by the Hubble
telescope released in October 2004. Credit: Wikipedia.

The halo emission is generally considered subdominant and negligible respect
to the disk. However, Taylor, Gabici, and Aharonian, 2014 presented an interesting
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estimation that shows that, although its gas density is very low, due to its large
extension the halo diffuse emission could be in fact comparable to the disk one. If
this is the case, the halo can have therefore a significant role in the total neutrino flux
that reaches the Earth. By assuming a constant CR distribution in the whole disk and
halo, in Taylor, Gabici, and Aharonian, 2014 is given for both a first order estimation
of the expected number of diffuse neutrinos Nν detected by a given telescope from a
region subtending a solid angle ∆Ω. The ratio between the two is given by:

Nhalo
ν

Ndisk
ν

=

(
nhalo

p

ndisk
p

)(
Lhalo

Ldisk

)(
∆Ωhalo

∆Ωdisk

)
;

where nhalo
p and ndisk

p , Lhalo and Ldisk are respectively the gas densities and sizes of
halo and disk. ∆Ωhalo = 2π sr and ∆Ωdisk = 0.1 sr (−40◦ < l < 40◦, |b| < 2◦) are
the assumed solid angles subtended by the telescope. The typical gas density and
dimension values considered for the disk are: ndisk

p = 1ndisk
p,0 cm−3, Ldisk = 10Ldisk

1

kpc. For the halo the following reference values are adopted: nhalo
p = 10−3nhalo

p,3 cm−3

and Lhalo = 10Lhalo
1 kpc. So the ratio between the expected neutrino numbers is:

Nhalo
ν

Ndisk
ν

∼ 0.05

(
nhalo

p,−3

ndisk
p,0

)(
Lhalo

1

Ldisk
1

)(
0.1

∆Ωdisk

)
.

In conclusion, under the constant CR intensity assumption, the diffuse neutrino
fluxes emitted by disk and halo can be comparable assuming a very extended halo
so that: Lhalo

1 � Ldisk
1 . This appears supported by the recent detection of a large gas

reservoir around our Galaxy which extends to ∼ 100 kpc (Gupta et al., 2012).
For what concerns high-energy gamma-rays instead, they are supposed to be

absorbed over distances comparable to the dimensions of the halo so they are not
expected to reach the Earth.

Finally, there is also another component of the galactic halo which is the dark
matter halo and that is supposed to surround all the galaxies. Their extension and
form are not clear also because their presence has not been directly observed but
only inferred by their effect on gas distribution and star motions.

2.0.4 Fermi Bubbles

Analysis of the Fermi-LAT data revealed two extended spherical zone of gamma-
rays above and below the Galactic centre that took the name of Fermi Bubbles (Su,
Slatyer, and Finkbeiner, 2010), see Fig. 2.5 for a schematic representation. The Fermi-
LAT telescope observes energies in the range 1–100 GeV, but consequently it was
also found a microwave (Finkbeiner, 2004) and X-ray counterpart of the bubbles
(Kataoka et al., 2013, Kataoka et al., 2018). They extend for 50 degrees above and
below the Galactic center, with a width of about 40 degrees in longitude and their
intensity appears to be uniform for the almost the whole extension. The Fermi bub-
ble spectrum is harder respect to the one generated by IC and pp interaction in the
Galactic disk, and has a spectral index of ∼ −2. Moreover, there is no significant
difference between the southern and northern fluxes, nor in the intensity neither in
the spectrum.

Many models for the explanation of these two structures were proposed. In (Su,
Slatyer, and Finkbeiner, 2010) it is argued that they were created by some extended
episode of energy injection in the Galactic center, such as past accretion events onto
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the central massive black hole, or a nuclear starburst. In Crocker and Aharonian,
2011 is hypothesized an hadronic model for the bubbles as due to the interaction of
a population of relic cosmic ray protons injected by processes associated with ex-
tremely long timescale (more than 8 Gyr). In Boer et al., 2015 it is proposed that the
bubbles outflow from the plane with the gamma-rays arising from hadronic inter-
actions of protons trapped in a plasma of advected gas. In any of these models the
neutrino counterpart is expected. However, there are also leptonic models or even
dark matter models that explain the Fermi bubble formation. In these cases the neu-
trino produced would be negligible or absent. For this reason a future observation
of a neutrino signal coming from the Fermi-bubble areas would be crucial in order
to give an understanding of the innermost astrophysical mechanisms.

FIGURE 2.5: Fermi Bubble representation. Credit: Wikipedia.

2.1 Point-like and extended Galactic sources

The most common point-like known Galactic sources of neutrinos and/or very-high
energy radiation are Supernova Remnants (SNRs), pulsars, Pulsar Wind Nebulae
(PWNe). There is also a new kind of extended source that was recently observed
which is the TeV-halo (Abeysekara et al., 2016). This source appears as a large area
of about a 30 – 40 pc radius with an intense TeV gamma-ray production. The con-
ditions under which this kind of objects form, and the precise definition of what a
TeV-halo is, are still debated and we will go more in detail about it in Chapter 6.
What is commonly believed is that a TeV-halo can take origin in the last phase of the
formation of a Pulsar Wind Nebula and can be responsible for a large fraction of the
total high-energy gamma-ray Galactic flux.

2.1.1 Supernova Remnants

The death of massive stars or when a white dwarf is triggered into runaway nuclear
fusion, results in a disruptive explosion that is called "supernova" (SN). Supernova
explosions are extremely energetic events that emit a large optical luminosity with a
peak that can be comparable to that of an entire galaxy before fading away over sev-
eral weeks or months. The death of a massive star leads to a so called "core-collapse"
supernova, while the nuclear fusion of a white dwarf, a more rare phenomenon,
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FIGURE 2.6: Left: The remnant of SN 1987A captured by NASA’s
Hubble Space Telescope (September, 2010). Right: mosaic image, one
of the largest ever taken by NASA’s Hubble Space Telescope, of the

Crab Nebula (December, 2005).

takes to a supernova usually classified as "Type I". The whole taxonomy of super-
novae is more complex, however, and is generally based on the absorption lines of
different chemical elements that appear in their spectra.

In our work we are only interested in core-collapse SNe which we will simply call
SN from now on. After the explosive phase, core-collapse supernovae either become
neutron stars or black holes. In any case, however, the remaining structure around
it is called "Supernova Remnant" (SNR). This is bounded by an expelled shock wave
and consists of ejected material expanding from the initial explosion that sweeps up
the ambient gas and provokes turbulent magnetic fields.

SNRs can be classified in three types: shell type, filled or plerionic type, and
composite type. With shell type is indicated the SNRs presented without any other
feature. When the supernova explosion plows through space, it heats and stirs up
any interstellar material, this produces a big almost spherical structure of hot ma-
terial in space. In this case a ring-like structure is formed, which takes the name of
"shell". The filled and the composite types, instead, are different because powered by
a pulsar in the center that produces high-energy electrons. These electrons emit syn-
chrotron radiation in the X-rays, optical, and radio frequencies by interacting with
the magnetic field. According to the emission observed, the SNRs takes the name
of plerions or pulsar wind nebulae (PWNe) when appears with an undefined "blob"
shape and more faint borders, while is called composite when is characterized by a
mixed shell-type and nebular morphology.

One of the best observed ring-like young supernova remnants was formed by SN
1987A, a supernova in the Large Magellanic Cloud that was observed in February
1987, see Fig. 2.6, left panel. Another well-known supernova remnant is the pleri-
onic SNR that includes the Crab Nebula, see Fig. 2.6, right panel.

Theoretical arguments developed to explain extensive observations of cosmic
rays and Galactic radiations favor the hypothesis that cosmic-ray acceleration takes
place at supernova remnant shocks below PeV energies (Ginzburg and Syrovatskii,
1964).

In principle, most of the particle acceleration occurs when the ejecta has swept
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up its own mass in surrounding material so during the first phases of the SNR evolu-
tion, since most of the initial energy of the remnant is dissipated during this period.

However, the maximum energy reached by cosmic-rays in the SNR environment
doesn’t appear to be sufficient to produce VHE ν and γ in interaction with the ISM.
The question on the origin of particles above the knee energy limit is still an open
issue. There is also a number of other possibilities suggested, i.e. a variety of su-
pernovae and hypernovae, pulsars, a Giant Galactic Halo, and extragalactic origin
(Erlykin and Wolfendale, 2005). One of the hypothesis is that the best conditions
where they can be generated are found especially in molecular clouds. Here the
youngest SNRs are supposed to give origin to higher energy cosmic-rays and there-
fore to the very energetic neutrinos and gammas. SNRs are naturally produced in
star-forming regions rich in gas, so they have a high probability of being spatially
close to molecular clouds. Indeed, these particular SNRs are supposed to produce
intense enough fluxes that are observable in the present experiments at Earth (such
as IceCube that observes neutrinos up to few PeV of energy). Moreover, another hy-
pothesis are the remnants of very energetic supernovae, called "Hypernovae" (HN).
The required CR energy of 20 – 30 PeV for the production of 1 PeV neutrinos can
be reached by hypernovae (HN) with kinetic energy E ≥ 1052 erg. The estimations
of neutrino fluxes expected by both these types of sources are done in Ahlers and
Murase, 2014. Assuming a homogeneous SNR distribution with radius ' 17 kpc
and height ' 0.1 kpc; a source spectrum of CR as a power law with index −2.2; the
obtained cumulative diffuse neutrino flux from SNRs in a solid angle ∆Ω ' 0.44 sr
(−180◦ < l < 180◦, |b| < 2◦) is:

E2
νφSNR

να
' 2.5× 10−8 GeV cm−2s−1sr−1

(
Eν

0.1PeV

)−0.2

; (2.1)

with exponential cutoff at Eν,max = 0.1 PeV. This result is obtained assuming a su-
pernova birth rate of ∼ 0.03 yr−1. The result for hypernovae is obtained for a lower
rate (being much rarer phenomena): ∼ 1− 2 % of the SN rate, hence for a lower
number of sources but a larger ejecta energy. The result given for hypernovae is:

E2
νφHNR

να
' 6.2× 10−9 GeV cm−2s−1sr−1

(
Eν

0.1PeV

)−0.2

; (2.2)

with exponential cutoff at Eν,max = 2 PeV. So having an higher cutoff they represent
possible candidates for the acceleration of CRs at 20 − 30 PeV which in turn can
produce ≥ 1 PeV neutrinos.

However, observations show that the distribution of SNRs is not uniform. The
parameterization that we use in our work is based on the one obtained in Green,
2015 by fitting the catalogue Green, 2014. This is the updated catalogue of known
Galactic supernova remnants (mostly detected at radio wavelengths) which cur-
rently collects 294 objects. The fit of the Galactic surface density of SNRs is a power
law/exponential model respect to the Galactocentric radius, r:

ρSNR(r) ∝
(

r
r�

)αSNR

exp
(
−βSNR

r− r�
r�

)
; (2.3)

where r� = 8.5 kpc (i.e. a cylindrically symmetrical distribution about the Galactic
Centre), and parameters: αSNR = 2.00± 0.67, βSNR = 3.53± 0.77. The author, how-
ever, does not make any constraint on the vertical distribution respect to the Galactic
plane because of the limited number of bright SNRs.
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2.1.2 Pulsars

As the black hole, one of the end points of the life of a massive star after it explodes
in a supernova, is a neutron star. These are very compact objects, highly magnetized,
and rotating that emit beams of electromagnetic radiation and relativistic particles
out of their magnetic poles. From this characteristic comes the widely used denomi-
nation of "pulsar". Since neutron stars are very dense, and have regular and short ro-
tational periods, they can produce a very precise interval between pulses that ranges
from milliseconds to seconds for an individual pulsar.

FIGURE 2.7: Frame of Vela pulsar movie captured by NASA’s Chan-
dra X-ray Observatory (June-September 2010).

We are able to observe these pulses of radiation whenever the magnetic pole
is visible. They have been found to emit in visible light, X-ray, and gamma ray
wavelengths. A very clear picture of the Vela pulsar is captured in Fig. 2.7 which is
an X-ray emission observation. We can clearly see the central neutron star and the
two beams of particles and radiation along the axis.

Due to their rapidly-rotating, hugely-intense magnetic fields, pulsars are very
efficient natural particle accelerators. The accelerated particles (mostly electrons and
positrons) are delivered into a highly-magnetized surrounding, ideal to make them
radiate high-energy gamma rays that bear the timing signature of their parent object.

The pulsars are divided into three macro-classes according to the source that fu-
els their electromagnetic emission. Although the three classes of objects are all neu-
tron stars, their observable behavior and the underlying physics are very different:

1. Rotation-powered pulsars. In these objects the emission is powered by the
rotational energy of the neutron star itself. They are usually radio pulsars.
Over 99% of radio pulsars are single objects emitting in the form of relativistic
particles and magnetic dipole radiation and lighting up any nearby nebula
that surrounds them. Their observed periods are in the range of the order
of milliseconds to seconds, and all radio pulsars are slowing down in their
rotation by losing angular momentum.

2. Accretion-powered pulsars. They are also identified as X-ray pulsars. They
consist of magnetized neutron stars in orbit with a normal stellar companion
and thus represent a type of binary star system. In this case the energy is fu-
eled by the matter accretion that enhances the gravitational potential energy.
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Indeed, in these pulsars the mass is accreted from the stellar companion by
stellar winds or accretion disks. The gas of particles is channeled by the neu-
tron star’s magnetic field on to the magnetic poles producing localized X-ray
spots. While rotation-powered pulsars appear to always slow down, X-ray
pulsars show a variety of spin behaviors. It is thought that X-ray pulsars are
probably old rotationally-powered pulsars located in a binary system and that
have lost most of their power.

3. Magnetars. In these objects the decay of an extremely strong magnetic field
provides the electromagnetic power. Magnetars have magnetic fields of ∼
1013 − 1015 G, while the typical magnetic fields of other pulsars and neutron
stars is∼ 1010− 1012 G. The magnetic field decay powers the emission of high-
energy electromagnetic radiation, particularly strong and characteristic X-rays
and gamma-rays. Magnetars rotate more slowly in comparison to other neu-
tron stars. Most magnetars rotate once every two to ten seconds. Moreover,
the duration of their active life is quite short compared to the lifetime of other
pulsars. They live for only 10000 years since their magnetic field decays very
rapidly. Given the number of magnetars observable today, one estimate puts
the number of inactive magnetars in the Milky Way around 30 million.

Nevertheless, there are several other sub-categories of pulsars that have hybrid
or different characteristics (Kaspi, 2010). For instance, a pulsar with a rotational
period smaller than about 40 milliseconds is called millisecond-pulsar (MSPs). In ad-
dition, several other types of pulsars have also been observed and classified, such as
X-ray bright compact central objects (CCOs), and rotating radio transients (RRATs),
see Kaspi, 2010 for a complete treatment.

Nowadays there is a large number of pulsars catalogues that collect all Galactic
pulsars observed so far. Around 2300 pulsars were discovered in our Galaxy: ∼ 1000
of which are radio pulsars (ATNF); while Fermi-Lat observed 253 gamma-ray pul-
sars in the GeV range (LAT-Detected Gamma-Ray Pulsars) of energy and 345 have been
identified as millisecond pulsars (D. Lorimer’s catalogue). It was estimated however
that the number of pulsars contained in our Galaxy is several orders of magnitude
larger, reaching a number > 1× 106 (Kaspi, 2010).

A useful approximation of the pulsars distribution in the Galaxy is given by
Lorimer et al., 2006. This is obtained by fitting two catalogues of pulsars observed
in the radio wavelength. The sample used is made of 1008 pulsars obtained by the
two surveys called "Parkes multi-beam survey" (PMB) and the "high-latitude pulsar
survey" (PH) of the region −140◦ < l < −100◦ and |b| < 60◦ (Burgay et al., 2006).
Both surveys were carried out using the same observing system, so it represent a rea-
sonably homogeneous sample from which to proceed. The function, in cylindrical
coordinates, is defined by the radial analytical profile:

ρLorimer(r) = A
(

r
r�

)B

exp
(
−C

r− r�
r�

)
; (2.4)

and along the z axis as:

N(z) = D exp−|z|
E

; (2.5)

where r� = 8.5 kpc (i.e. a cylindrically symmetrical distribution about the Galac-
tic Centre). The parameters A, B, C, D, E are obtained by fitting the data about the
pulsars positions contained in the sample. We will use this same functional form to
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define the distribution for our model and we will rely on some of the results for the
parameters values obtained in Lorimer et al., 2006.

In our work we will extensively discuss the role of Galactic pulsars in the VHE
Galactic gamma-ray emission observed by present experiments (Chapter 6).

2.1.3 Pulsar Wind Nebulae

With the name Pulsar Wind Nebula (PWN, plural PWNe), sometimes called plerion,
is indicated a type of nebula that can form inside the shells of supernova remnants.
These nebulae were discovered in 1976 as small depressions at radio wavelengths
near the centre of supernova remnants (Weiler and Panagia, 1978). They have been
found to be X-ray emitters and are likely gamma-ray sources.

These nebulae are powered by pulsar winds generated by its central pulsar. As
we already saw, the explosion of a supernova triggered by the collapse of a massive
star produces several solar masses of stellar ejecta expanding into surrounding cir-
cumstellar and interstellar material. On a timescale of thousands of years the nebula
expands, adiabatically powered by the pulsar. Then, as the shock sweeps up mate-
rial, the deceleration drives a reverse shock back into the cold ejecta. The resulting
forward shock compresses and heats the ambient gas. On a timescale of 104 years,
the reverse shock travels back to the center of the remnant. As a consequence of the
interaction with the reverse shock, the PWN starts oscillating between contraction
and expansion. Energy is lost mainly via synchrotron radiation usually observed in
the radio or X-ray band.

Pulsar winds are mainly composed of electrons and positrons, with little ion
component. PWNe are created entirely by a confined magnetic wind produced by
an energetic pulsar. At early times, the confining material is supernova ejecta, but at
later times it can simply be the ISM (Slane, 2017).

The relic nebula created can assume different shapes, it can be visible as a wind
bubble, shell nebula, or also as a bow-shock. New PWNe appear within the first few
thousands of years of a pulsar’s creation, and often look like a series of shells in-
side the supernova remnants. See for example the small pulsar wind nebula within
the inner region of the Crab Nebula, or the nebula within the large Vela Supernova
Remnant and its associated Vela Pulsar. The criteria on which PWNe can be obser-
vatively identified are several and sometimes their distinction with a SNR may not
be very clear. So far around 55-60 PWNe have been registered applying different
types of observations at different wavelength (spanning in radio and X-ray) (Kaspi,
Roberts, and Harding, 2004).

The Crab nebula is a very well studied object at all wavelengths for this rea-
son its intensity is often used as a unit reference (Crab nebula energy flux: 2.4 ×
10−8 erg cm−2 s−1). The Crab pulsar has a frequency ν = 30.2 Hz (spin-down period
P = 33.1 ms), and a characteristic magnetic field of B = 7.6× 1012 G (Kou and Tong,
2015). It emits γ-rays up to TeV band, which are most likely produced from inverse
Compton scattering of soft photons fields inside the nebula. However, the hadronic
component is not excluded since both scenarios appear to be plausible. The protons
obtained from neutron decays occurring inside the nebula are trapped by the Crab
Nebula magnetic field and accumulate inside it producing gamma-rays and neutri-
nos in collisions with the matter in the nebula. Neutrons decaying outside the Crab
Nebula contribute to the Galactic cosmic rays (Bednarek and Protheroe, 1997). Vela
X PWN, is an active pulsar with associated nebula, and due to its intense luminos-
ity the hadronic scenario is very plausible and is supposed to be one of the most
plausible observable neutrino sources. However, due to its position in the sky, is not
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directly observable by IceCube which is located in the Southern hemisphere, while
experiments such as KM3NeT could potentially detect events from Vela X PWN.

In the following we will assume the PWN distribution function in the Galaxy as
the one of pulsars (Lorimer et al., 2006); the distribution of pulsars and PWNe are
expected to be very similar due to their shared production process, so we rely on
this reasonable assumption for our computations.
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Chapter 3

High-Energy Neutrino and
Gamma-ray detectors

The field of TeV astronomy is rapidly evolving thanks to data obtained by many
recent experiments. Imaging Atmospheric Cherenkov Telescopes (IACT), such as
H.E.S.S., MAGIC and VERITAS, and Air-Shower surface Arrays, such as ARGO-
YBJ, Milagro and HAWC, provided a detailed description of Galactic γ-ray emission
in the energy range 0.1 – 100 TeV. Large scale diffusion emission from different re-
gions of the Galactic plane has been measured by H.E.S.S., ARGO-YBJ, HAWC, and
Milagro while catalogues of sources have been recently produced by H.E.S.S and
HAWC. In the case of the IACT and surface arrays, the Earth’s atmosphere is used
as detection medium, making available a collection area of many hundreds of square
meters. This enables IACT instruments to detect gamma-ray photons in an energy
regime inaccessible to space-based instruments.

At lower energies, in the 1 - 100 GeV range, the Large Area Telescope (LAT) on
board the Fermi Gamma-ray Space Telescope observes a large number of sources.
The last released catalogue collects 1556 hard sources (Ajello et al., 2017). All the
LAT hard-source catalogs have been crucial in providing promising candidates for
detection by IACTs, enabling the search for plausible γ-ray counterparts of IceCube
high-energy neutrinos. The 3FHL catalog offers an excellent opportunity to relate
observations from space and those that will be possible in the near future from the
ground.

At larger energies, from 60 TeV up to tens of PeV, IceCube, the largest neutrino
telescope is observing astrophysical neutrinos. Neutrinos are elusive particles, hav-
ing small cross section and low interaction probability. The main purpose in the
construction of a telescope therefore is to possibly maximize the interaction prob-
ability by increasing the interaction volume and/or the density of the interaction
medium. However, this is not the only problem to overcome. A large impact on the
discernment of astrophysical signal is given by the ability to identify the background
component. For high-energy neutrinos this is entirely constituted by muons and
neutrinos produced by the interaction of CR in the atmosphere. In order to shield
the apparatus from a large part of background they are often built under the ground
at several hundreds of meters below the surface, or also deep in the sea water.

This chapter is focused on the description of all the main experimental facili-
ties that observe the sky at TeV energies and the results of which are useful for our
discussion. We briefly illustrate their apparatus. Then we show the interesting mea-
surements reported at present days to which we will largely refer for our compar-
isons and our analysis of next chapters.
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3.1 IceCube

IceCube is the world’s largest Neutrino observatory. It is located in the South Pole
and is the first detector of its kind: it was built in the Antarctic ice, buried under the
surface. It extends for a volume of about 1 km3, with a total mass of a Gigaton. Its
construction was completed in December 2010 and it has now been operating in its
full setup since 2011.

IceCube energy range of detection goes from slightly below few TeV to tens of
PeV. One of the main purposes of the experiment is to observe interactions of neu-
trinos produced by catastrophic events such as exploding stars, gamma-ray bursts
and other phenomena involving neutron stars and black holes. However, the detec-
tor also includes a surface array called "IceTop" and a densely instrumented inner
zone called "Deep Core": two equipments that make the facility suitable for other
purposes such as the study of cosmic rays, neutrino oscillations, dark matter and
search for sterile neutrino. IceCube is a Cherenkov detector provided of a multitude
of digital optical modules called "DOMs" located on a regular grid that covers all its
volume. Each DOM is composed by a Photo-multiplier Tube (PMT) and a suite of
electronic boards assemblies. The main detection process is based on the observation
of Cherenkov light emitted by electrically-charged secondary particles produced in
the interactions with nucleons of the ice atoms. Travelling faster than the speed of
light in ice they produce a Cherenkov cone of light that is collected and registered
by the DOMs.

The in-ice elements of IceCube are 86 strings, each 2540 meters long, inserted
vertically into 86 boreholes which are set at 125 m apart from one another, covering
an hexagonal grid on the surface. Each string has 60 DOMs attached, with a total of
5160 modules. The DOMs are situated from 1450 meters to 2450 meters in depth and
they are set to a vertical distance of 17 meters from each other. The whole scheme of
the IceCube composition is shown in Fig. 3.1.

The Deep Core sub-detector is the central volume composed by six strings de-
ployed with a different and denser configuration. This zone can observe interactions
below the energy of 100 GeV and is designated to the study of neutrino oscillation
phenomena with the possibility to determine the mass hierarchy.

3.1.1 Event topology

Events seen by IceCube are classified into three topologies according to their spatial
spreading in the detector: showers, tracks, and double-bangs.

• Showers

At the TeV energies the primary neutrino interaction channel is deep-inelastic
scattering with nuclei in the detector material. Electrons (or positrons) and
hadrons that propagate in a medium lose energy mainly through electro-photonic
and hadronic cascades respectively. In general, cascades are produced in both
neutral (NC) and charged-current (CC) interactions, since in all these cases
a shower of hadrons is created at the neutrino interaction vertex. Moreover,
in charged-current interactions, this shower is accompanied by an outgoing
charged lepton. When the lepton is an electron (meaning in CC interactions of
electronic neutrinos), may also lose energy rapidly and itself trigger another
overlaid shower very close to the first one (Aartsen et al., 2014). Events that
show a cascade-shape predominance are simply identified as "showers". Due
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FIGURE 3.1: IceCube in-ice structure. Credit: IceCube website.

to the typically broad cascade spreading this kind of event has a nearly spher-
ical geometry.

• Tracks

When an event shows a visible muon track is identified as a "track" event.
Tracks are the signatures for muonic neutrinos and muonic antineutrinos in-
teractions. In particular, a muon (of whatever charge) generated in neutrino
(or antineutrino) CC interaction leaves a track in the detector since it loses en-
ergy mainly by ionization and does not produce an electromagnetic cascade.
Despite their instability, at the IceCube energies of measurement, muon lep-
tons are able to travel few kilometers before decaying. Muons produced by
initial neutrinos with PeV energies have indeed a range in ice of ∼ 10 kilome-
ters which is 10 times larger than the linear dimension of the IceCube detector.
If the interaction vertex is contained within the volume, in these kind of events
is also visible a shower-like component due to the hadronic shower which ap-
pears along with the track-like one (see event examples in Fig. 3.2).

• Double-Bang

Tauonic neutrinos interactions produce showers as well, but, when a τ-lepton
is produced in CC interaction, it has the possibility of decaying in both the
lighter leptons e and µ, or in the semi-leptonic branches. At energies above 50
TeV, the range in ice of the τ is order of 10 m, hence a τ produced inside the
active volume has an high probability to also decay inside it. The tauonic inter-
action would hence be characterized by the so called "double-bang" topology:
a pattern in which the two different vertices (the one of the first interaction
and the other of the decay) should be observable and is therefore discernable
from the other two topologies. Note that there is also another condition on
the observability of this kind of event, i.e. that the distance traveled by the τ
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before decaying is larger than the distance between DOMs. If this is the case
the modules are able to identify and separate the two cascade starting points,
otherwise it would be registered as a single shower event.

(a) Track (b) Shower

FIGURE 3.2: Two real events observed in the first period of data tak-
ing. Figures taken from Aartsen et al., 2013.

Fig. 3.2 shows two events registered in the first three years of data taking: track-
like (left), shower-like (right). These two events are well distinguishable, however,
since a track which starts inside the volume is always accompanied by a shower,
some shapes might be ambiguous.

For an observed event has to be reconstructed both the deposited energy and the
arrival direction in addition to its topology. The track arrival direction is much more
well-defined than the direction of the shower, so the experiment angular resolution
is different according to the topology considered. IceCube can reconstruct arrival
directions with an uncertainty of 1◦ degree for tracks and 15◦ for showers. The en-
ergy deposited inside of the detector is also different depending on the process. De-
posited energy is proportional to the integrated path length that each particle covers
when is over the Cherenkov threshold. Electronic neutrino CC processes that oc-
cur inside the detector produce two showers (electrophotonic and hadronic) in the
volume, depositing the whole initial energy inside it. This is very advantageous
since, assuming the nucleus in the medium at rest, we can directly know the initial
neutrino energy, and in this case the only limitation is given by the detector energy
resolution. The detector resolution for starting νe events at 100 TeV is 8%. This is not
the case of CC muonic interactions. The total energy is divided in the shower and
the track. The tracks gives us only partial information about the energy of muons,
since they escape the active volume of detection. Neutral current interactions of ev-
ery flavor, instead, produce neutrinos that get about 3

4 of the initial energy and that
are not detectable. So this energy reconstruction results to be more complicated. To
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FIGURE 3.3: The observable fluxes are suppressed in the Northern
sky (cos θ ≤ 0.2, to the left of the vertical dashed line) by absorption
in the Earth (at cos θ < −0.8 we see a major absorption in correspon-
dence of the much denser core), and in the Southern sky (cos θ > 0.2,
to the right of the line) by self-veto by accompanying muons. Figure

taken from Aartsen et al., 2015b.

give some quantitative perspective, in general it has been calculated that neutral cur-
rents deposit 23% of the total energy, whereas charged current events deposit 97%
(Aartsen et al., 2014).

In addition, the reason why for CC interactions the energy observed is lower
than 100% is that, while electromagnetic showers deposit all their energy in the de-
tector (with the condition that the vertex is well contained in the volume), hadronic
showers have a lower light efficiency, namely 89% at 100 TeV. This is because in a
hadronic production there is a percentage of neutral population (mainly π0) that do
not produce Cherenkov effect.

3.1.2 Background

The background in IceCube rises entirely from atmospheric activity and it’s com-
posed by atmospheric neutrinos and muons. Muons generated in atmosphere above
the Northern hemisphere interact inside the Earth and therefore they are not able to
reach the IceCube detector. The atmospheric neutrino flux produced in the Northern
hemisphere, yet suffering of absorption effects, due to the lower cross section has a
lower probability to interact and therefore is more likely to reach the opposite side
of the planet surface. For these reasons, the majority of muon background is pro-
duced in the sky above Antarctica (Southern sky), hence muons direction is mainly
vertically and from the top down oriented. Otherwise, atmospheric neutrinos can
reach from all directions since they can also be generated in the atmosphere above
the Northern Hemisphere, travel across the Earth and be detected in the IceCube
volume.

The procedure for elimination of muonic neutrino background applied in the
Southern hemisphere is the so called "self-veto". It consists in discarding the muon
neutrino produced along with the atmospheric muon by vetoing the muon itself. In
other words, when a neutrino event is seen along with an incoming muon, the event
is discarded since it has an high probability to have been produced in the same decay
that produced the muon, hence it is likely for it to have atmospheric origin. Note that
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this exact procedure can also be applied to the electronic neutrino that is produced
in the same muonic decay.

Fig. 3.3 shows the suppression of the atmospheric νµ e νe, which is the combina-
tion of the Earth shielding effect and the self-veto procedure on the muon neutrinos.
They are functions of the zenith angle: negative values of cos θ are in the Northern
Hemisphere and positive in the Southern. The fluxes are computed for different en-
ergy values: 1, 10, 100 TeV. The solid lines show the passing fluxes after the suppres-
sion effect and veto application, and the dotted lines show the original not absorbed
and not-vetoed fluxes. For what we just said, in the North the suppression is given
by the absorption of the Earth, whereas the veto mechanism take place in the South.

For what concerns the main processes that produce the atmospheric background,
neutrinos and muons are produced in the hadronic interactions of cosmic rays (CR)
with nuclei which are present in the atmosphere and that produce π-mesons. So the
background is mainly generated from π+ and π− decays. In addition, there is also a
minor presence of K mesons, they follow the same decays of pions but in addiction
there’s a further channel for K+ and K− that contributes to the total neutrino flux:

K+ → π0 + e+ + νe; (3.1)

K− → π0 + e− + ν̄e. (3.2)

This channel represents the 5% of the K decays and slightly varies the total flavor
ratio which will not be exactly ( 1

3 : 2
3 : 0) but will a have a slightly larger presence of

electronic flavor.
At higher energies we also have a component given by the decays of the heavier

charm-mesons such as D+, D−, D0, etc., this is called the ’prompt signal’. The heavy
mesons decays contribute to the whole flavor fraction with νe and νµ in equal parts:
( 1

2 : 1
2 : 0). At this energy, atmospheric neutrinos do not oscillate because the os-

cillation wavelength is much larger than the distance traveled before reaching the
detector. Hence, it is notable to observe that in case a tau event is registered, this has
to have extraterrestrial origins and do not belong to the atmospheric background
signal.

3.1.3 HESE dataset

In the High-Energy Staring Events (HESE) sample are collected all events with the
interaction point well contained inside the volume in order to suppress the muon
background. All the events with tracks originated outside the volume are discarded.
The negative outcome of this restriction, is that a great part of the total event yield
has to be excluded because we are limiting the active volume only to the IceCube
volume. However, the utility is that the energy threshold of observation can be low-
ered, because low-energy non-atmospheric tracks cannot risk being confused with
atmospheric ones, permitting to collect a larger low-energy population. Secondly
it permits to observe the Southern sky which is where the Galactic centre is and is
therefore a region of high interest.

For this purpose IceCube is equipped with a veto region. Fig.3.4 shows the verti-
cal and horizontal sections of the IceCube volume where the shaded area represents
the portion that acts as veto. In the left figure we can note an opaque zone which
is 80 meters thick, situated in the middle of the volume. This region is composed
by impure ice contaminated by dust, and therefore it cannot be used for detection.
The selection process requires that an event has fewer than three of its first 250 pho-
toelectrons detected in the veto and in addition it requires to produce at least 6000
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FIGURE 3.4: IceCube lateral section (left) and horizontal section
(right). Figure taken from Aartsen et al., 2013. The gray area is the
veto region. In the left panel the shaded 80 meters area situated in the
middle represents the impure layer that cannot be used for detection.

photoelectrons overall (corresponding to about 30 TeV). This second condition is im-
posed in order to assure that the statistical fluctuations on the total light yield is low
enough for entering muons to produce enough light in the veto volume. This al-
lows to have a veto effect for neutrinos too ("self-veto"). This process successfully
eliminates about 99.999% of the atmospheric muons and about 70% of atmospheric
neutrinos generated along with their parent muons in the Southern Hemisphere,
but since the efficiency of the veto varies with the energy this is valid for 100 TeV,
however it may not be as efficient at different energies. Furthermore this selection
allows IceCube to have approximately equal sensitivity to each flavor, to each arrival
direction and to each event topology.

As we can see from Figure 3.3, both the self-veto process and the absorption ef-
fect are more efficient the higher the energy, so at our energies of interest we have
the best suppression.

In the 7.5 years of published data (Abbasi et al., 2020b), IceCube collected 102
HESE events. These are divided into: 27 track events generated in νµ-nucleon charged-
current interactions; 71 shower events (either electromagnetic or hadronic) gener-
ated in both νe and ντ charged-current as well as neutral-current interactions of any
flavor; and 4 double bangs candidates. In particular, of these events, 60 have de-
posited energies above 60 TeV, among which there are 2 double cascades. Of these,
one has a high probability of originating from a ντ interaction (Abbasi et al., 2020a),
while for the other event, the tauonic origin is simply favored with respect to a νe or
νµ origin.

The 7.5-year HESE events constitute ∼ 5σ excess over the expected atmospheric
background thus clearly pointing toward an extraterrestrial origin. However, con-
tributions to the sample from CR showers produced in the Earth’s atmosphere are a
small but not negligible. 1.5% atmospheric muons and 16% atmospheric neutrinos
are estimated above 60 TeV . Assuming a flux with full flavour mixing and equal
amount of neutrinos and antineutrinos, the astrophysical neutrino spectrum is com-
patible with an unbroken power law. The best fit values for the all flavor HESE flux
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FIGURE 3.5: Correlation map of 6-years HESE events. Figure taken
from Collaboration, 2017. Arrival directions of the events in galactic
coordinates. Shower-like events are marked with a + and those con-
taining tracks with a ×. Colors show the test statistics (TS) for the

point-source clustering test at each location.

at 100 TeV (Φ0), and the spectral index (γ) are:

Φ0 = (6.37+0.49
−0.54)× 10−18 GeV−1 s−1 cm−2 sr−1, γ = 2.87+0.20

−0.19.

The last source correlation analysis is referred to the 6-years analysis (with 82 events)
(Collaboration, 2017), where no significant clustering was found (Fig. 3.5).

3.1.4 Through-going muons

The Earth shields the atmospheric particles coming from the Northern Hemisphere
and the absorbing power of the Earth has major efficiency at higher energies. Since
it extends the active volume giving the possibility to collect a higher statistic it is ad-
vantageous to consider incoming signals of events arisen externally (mainly from the
bottom) of interactions between neutrinos and the Earth. These events are generated
by upward going muons induced by charged current (CC) interaction of muonic
neutrinos crossing the Earth. To be detected, a neutrino must produce a muon with
sufficient range to reach the detector. It is referred to this sample with the name of
“through-going muons”.

The 8-year through-going muons data sample contains about 350.000 neutrino
events and, as estimated by the best fit above 10 TeV, almost 1000 of them are ex-
traterrestrial neutrinos (Collaboration, 2017). It constitutes 6.7σ significance over the
atmospheric-only hypothesis. When modeled as an isotropic power-law flux nor-
malized at 100 TeV, this yields the bestfit values of:

Φ0,μ = (1.01+0.26
−0.23)× 10−18 GeV−1 s−1 cm−2 sr−1, γ = 2.19 ± 0.1.

No obvious correlation with astrophysical sources has been found (Fig. 3.6). The
spectrum is harder than for starting-events, and the spectral discrepancy between
the two data-sets previously observed was confirmed by the last data release. As-
suming an unbroken power-law fit, the tension between the through-going muons
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Table 1 Summary of the highest energy events (above 200TeV estimated muon energy) in addition
to the events reported in [5] . The signalness is defined as the ratio of the astrophysical expectation
over the sum of the atmospheric and astrophysical expectations for a given energy proxy and the
best-fit spectrum. The angular errors are statistical and do not include systematic uncertainties.

ID MJD Signalness Energy Proxy (TeV) Decl. (deg) 90% C.L. R.A. (deg) 90% C.L.
30 57217.9 0.61 300 26.1 +1.68

�1.85 325.5 +1.77
�1.46

31 57246.8 0.69 380 6.0 +0.48
�0.34 328.4 +0.59

�0.75
32 57269.8 0.51 220 28.0 +0.47

�0.47 134.0 +0.39
�0.58

33 57312.7 0.52 230 19.9 +2.82
�2.21 197.6 +2.46

�2.09
34 57340.9 0.86 740 12.6 +0.61

�0.58 76.3 +0.75
�0.74

35 57478.6 0.69 380 15.6 +0.53
�0.60 15.6 +0.45

�0.58
36† 57672.1 0.64 330 26.6 — 9.7 —

† Based on preliminary reconstruction methods

Figure 6 Reconstructed arrival directions of observed events with estimated muon energies above
200 TeV. The color indicates the energy. The number refers to table 1 and the events reported in [5].
The solid gray line indicates the galactic plane and the dashed black line the supergalactic plane.

spectrum (gastro = 2), a cutoff at log10(En) = 6.25 is preferred at the 4.1s level compared to the
benchmark hypothesis without cutoff.

4.4 High Energy Events

Seven new events with estimated muon energies above 200 TeV have been found in the new
data. Table 1 shows a summary of the event properties.

The arrival directions of these events are shown in figure 6. Similar to the previous result,
no obvious correlation with astrophysical sources has been found. Also, the directions of the new
events are not correlated with the directions of previous events.

736

FIGURE 3.6: Reconstructed arrival directions of observed events with
estimated muon energies above 200 TeV. The color indicates the en-
ergy. The solid gray line indicates the galactic plane and the dashed
black line the supergalactic plane. Figure taken from Collaboration,

2017.

data and the global HESE IceCube signal fit (that takes into account all atmospheric
fluxes as well) is confirmed with a 3σ confidence level. This suggests a possible ex-
istence of a spectral feature for the astrophysical flux. Currently, this is still a matter
of study and will be surely addressed in the future updated publications.

3.2 ANTARES

The largest underwater neutrino telescope is the ANTARES detector which is lo-
cated 40 km off the Southern coast of France in the Mediterranean Sea. It consists
of a three-dimensional array of PMTs. Like IceCube, also the ANTARES neutrino
detection is based on the observation of Cherenkov light induced in the medium
by relativistic charged particles. The position, time, and collected charge of the sig-
nals detected by the PMTs are used to infer the direction and energy of the incident
neutrino.

Being built in the Mediterranean sea, ANTARES has good exposure to the South-
ern sky. This, its effective area, and good angular resolution has allowed the detector
to produce the best limits on neutrino emission from point-like objects at low decli-
nations (Adrián-Martínez et al., 2014). The 90% confidence level upper limits on the
muon neutrino flux normalization vary between (3.5 − 5.1) × 10−8 GeV cm−2s−1,
depending on the location of the source.

A search for neutrinos from the central region of the Galactic Plane is presented
in Adrian-Martinez et al., 2016. No excess of events has been observed, and limits
on the contribution from this possible source to the astrophysical neutrino signal
observed by IceCube have been set as a function of spectral index. For a neutrino
flux ∝ E−2.5 is excluded at 90% c.l. that 3 or more events from the 3 years IceCube
HESE sample are originating from the central region of the Galactic plane.
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FIGURE 3.7: H.E.S.S. observatory site in Namibia. Credit: Wikipedia
(H.E.S.S. gamma-ray experiment five telescope array).

3.3 H.E.S.S.

The High Energy Spectroscopic System (H.E.S.S.) observatory is located at an alti-
tude of 1800 m above sea level in the Khomas highland of Namibia. It is composed
of an array of five imaging atmospheric Cherenkov telescopes (IACTs). It detects
Cherenkov light emitted by charged particles in electromagnetic extensive air show-
ers that occur in the atmosphere. The showers are initiated when a primary photon
of sufficient energy enters Earth’s atmosphere.

The array consists of four small telescopes under 12 m in diameter arranged in a
square built apart from each other at 120 m. They were activated in the first phase of
the experiment (H.E.S.S. Phase I). In 2012, a fifth much larger telescope with a 28 m
mirror was constructed in the centre of the array to launch the second phase of the
experiment (H.E.S.S. Phase II, see Fig. 3.7). All telescopes are built with tessellated
mirrors that cover a total area of 107 m2, and have cameras consisting of 960 photo-
multipliers. The most complete survey, which is the one that we are studying in this
work, is obtained only using the four telescopes.

The total field of view covered is of 5◦ and they are therefore well suited for sky
surveys. The energy threshold of the four-telescope array is roughly 200 GeV at
zenith and increases with increasing zenith angle. The reconstruction of the arrival
direction and energy of the primary photon can be made with respective accuracy
of ∼ 0.08◦ and ∼ 15%.

3.3.1 H.E.S.S. Galactic Plane Survey and diffuse measurement

The H.E.S.S. Galactic plane survey (HGPS), at present represents the deepest and
most comprehensive survey of the inner Milky Way Galaxy undertaken in very high-
energy γ-rays. For this reason it is of high interest for our research. The range of
energies covered spans from 100 GeV to 100 TeV. The HGPS data set was taken in
the period from January 2004 to January 2013. H.E.S.S. acquired this data-set by
pointing the IACT array to a given position in the sky for a nominal duration of 28
min (referred to as an observation run). The H.E.S.S. Galactic Plane Survey (HGPS)
catalogue includes 78 VHE sources observed in the longitude range −110◦ ≤ l ≤
60◦ and for latitudes |b| < 3◦, measured with an angular resolution of 0.08◦ and a
sensitivity for point-like objects ' 1.5%ΦCRAB (with ΦCRAB = 2.26× 10−11 cm−2s−1

the flux of the Crab Nebula) (Abdalla et al., 2018a). The general procedure followed



3.3. H.E.S.S. 43

FIGURE 3.8: Illustration of HGPS region superimposed an all-sky
image of Planck CO(1-0) data ((Ptuskin and Zirakashvili, 2005)) in
Galactic coordinates. Figure taken from Abdalla et al., 2018a. See

Abdalla et al., 2018a for all details.

for individuating the sources is by subtracting the background in order to extract the
gamma-ray event candidates. This is performed by using the adaptive ring method
in which this subtraction is performed within circular regions of variable correlation
radii (Rc).

The integral flux above 1 TeV of each source is obtained from the morphology fit
of flux maps, assuming a power-law spectrum with index 2.3. Test were performed
to determine the impact of this latter assumption and showed that, on average, flux
variations are less than 5% if the assumed spectral index is varied by ±0.2. The val-
ues in the released flux maps should be interpreted as the flux of a potential source,
assuming a spectrum, that is centered on a given pixel position in the map and fully
enclosed within Rc. Figure 3.8 shows the flux map computed with Rc = 0.4◦.

The sensitivity of the H.E.S.S. detector is an issue widely examined by the col-
laboration and which is extensively relevant for our studies. The first interesting
description is shown in Fig.3.9 where the detectable HGPS source integral fluxes
(E > 1 TeV) is compared with the sizes dimension. Here is shown the approxi-
mate flux sensitivity limit of the HGPS as a function of source size. One can see
that the sensitivity worsens as the source size increases. In other words in order
to detect extended sources they have to produce large fluxes, while for point-like
sources the flux threshold of detection can be lowered. The collaboration therefore
concludes that the HGPS can be considered complete down to ∼ 10% of the Crab
flux for sources with an extension < 0.7◦, while for smaller sources (< 0.1◦), the
HGPS achieves completeness at a few % of the Crab flux.

The source size is one of the major effects that influence the HGPS sensitivity but
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Fig. 13. Panel A: integral source flux (E > 1 TeV) vs. source size scatter plot with colors representing the different classes of firmly identified
sources. For HGPS sources modeled as single Gaussians, the size is its width (�). For sources modeled as multiple Gaussians (indicated with a
circle around the marker), the size is the RMS of the two-dimensional intensity distribution (see Eq. (16)). For sources with shell-like morphology
(SNRs), the size is the outer shell radius. To improve the visibility of the plot, we do not show the SNR Vela Junior (HESS J0852�463) at a size
of 1� and a flux of 103% Crab. We illustrate the approximate sensitivity limit of the HGPS, as defined in Eq. (28), with an assumed point-source
sensitivity of 1% Crab and an uncertainty band with a factor ±2 to represent the sensitivity variations in the survey region (see caveats in main
text). Panel B: distribution of the integral fluxes (E > 1 TeV)of the HGPS sources; colors are shown as in panel A. Panel C: distribution of the
HGPS source sizes; colors shown as in panel A. The first bin contains 30 sources, of which 17 are compatible with point-like sources according to
Eq. (18). As in panel A, we omit Vela Junior, at a size of 1�.

5.4. Comparison with previous VHE publications
In total, we reanalyzed 48 VHE �-ray sources that have been the
subject of past H.E.S.S. publications. In this section we present
a systematic comparison of the present HGPS results, with the
latest published results, as summarized in gamma-cat9, the open
TeV source catalog.

We associated HGPS sources with previous analyses
simply by the name of the source, which was unique except
for three cases: HESS J1800�240, HESS J1746�308, and

9 https://github.com/gammapy/gamma-cat,
accessed July 24, 2017.

HESS J1930+188, which we discuss in detail in Sect. 5.4.2. We
excluded these sources from the systematic comparison in the
first place.

To further identify the cases for which we obtained sig-
nificantly different results from previously published analyses,
we compared the position, size, spectral index, and flux of the
remaining uniquely associated sources, taking statistical and sys-
tematic errors of the measurements into account. For each of
these parameters, we estimated the total uncertainty �tot as the
1� statistical and systematic uncertainties added in quadrature.
We estimated this quantity for both the HGPS-derived source
parameters and previously published H.E.S.S. values.

A1, page 23 of 61

FIGURE 3.9: Integral source flux (E > 1 TeV) vs. source size scatter
plot with colors representing the different classes of firmly identified

sources. Figure taken from Abdalla et al., 2018a.

is not the only one. Other effects that reduce the effective sensitivity or complete-
ness limit of HGPS are the detection threshold, the large-scale emission model, and
source confusion. In Fig.3.10 is shown how the sensitivity of the H.E.S.S. observatory
changes accordingly to distance and luminosity for point-like sources. Under the as-
sumption of point-sources the profile appears non regular and this is the reason why
it is difficult to define a simple valid description of the sensitivity profile even with-
out including a variable source size. The H.E.S.S. sensitivity horizon is plotted for
two fixed values of luminosity: 1034erg s−1 (blue line), and 1033erg s−1 (brown line).
In particular we see that assuming a point-like source with 1033 erg s−1, H.E.S.S. is
able to resolve it only if it is located inside the horizon otherwise it will remain un-
resolved and its flux will be registered as a diffuse emission. We see that the average
radius of detection is ∼ 2 kpc for point sources of luminosity 1033 erg s−1, and ∼ 7.3
kpc for 1034 erg s−1. We can therefore expect that only a small fraction of the Galaxy
is resolved and thus to have a relevant contribution of unresolved to the total diffuse
signal.

The H.E.S.S. collaboration also performs an investigation of diffuse emission
related to those regions where no γ-ray sources are detected (Abramowski et al.,
2014). The results presented are in the range of Galactic longitude and latitude:
−75◦ < l < 60◦ and −2◦ < b < 2◦, where the exposure of the HGPS is largest.
The overall average of the energy threshold of the analysis is roughly 250 GeV. Stan-
dard analysis cuts reduce the background and guarantee good quality of the event
reconstruction. The diffuse estimation is obtained by two different techniques of
subtraction. The collaboration performs a first background subtraction on the total
signal in order to remove systematic experimental effects. This is developed by sub-
tracting to the total signal the background obtained from the same field of view, in
regions of no known γ-ray sources. The region defined as region of background is
the one with latitudes comprised in −1.2◦ < b < −2◦ and 1.2◦ < b < 2◦. The to-
tal emission from the Galactic plane is therefore obtained as the excess with respect
to the average signal at latitudes exceeding |b| = 1.2◦ (Abramowski et al., 2014).
The diffuse signal is then obtained by subtracting single sources emission, these are
represented by the black areas in the upper plot of Fig.3.11. White regions in the up-
per panel show the diffuse analysis regions (DAR) obtained after the subtractions,
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FIGURE 3.10: Illustration of the location of identified H.E.S.S. sources
in the Galaxy with respect to HGPS completeness (sensitivity limits).
The spiral arms are the gray bars. The HGPS horizons for source
luminosities of 1033 and 1034 erg/s are depicted by light blue and
light brown lines (and shaded regions therein), respectively. Figure

taken from Abdalla et al., 2018a.

while the horizontal dashed lines mark the region −1.2◦ < b < 1.2◦. The middle
panel represents the longitudinal profile of the Galactic Plane over a latitude range
of −2◦ < b < 2◦. The black crosses represent the differential flux data at 1 TeV in-
cluding sources. While the red solid line is the minimal 1 TeV γ-ray emission from
hadronic interactions, estimated using H and H2 data and a solar-like cosmic-ray
spectrum. In the bottom panel is finally reported only the diffuse emission given
by the black crosses. The rest of the plot is the same as the middle one. The red
dashed line includes a nuclear enhancement factor of 2.1 that takes into account
nucleon-nucleon interactions (besides pp). The first notable characteristic of these
data points is that their distribution is strongly influenced by the shape of the black
regions of the upper plot, meaning by the sources positions and extensions. This is
in fact rather common at these ultra high energies, where the distinction between
source and diffuse contribution becomes indeed more blurry. Moreover, the method
used by the collaboration for overall background subtraction appears to be rather
insensitive to large-scale emission with modest variation in latitudinal intensity be-
cause such signals are subtracted along with the background. This is, for instance,
the case of the inverse Compton emission, which is estimated to be subtracted at
95% through this procedure.
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FIGURE 3.11: Upper plot: the white regions depict the diffuse analy-
sis region (DAR). Black are regions of significant γ-ray emission. The
horizontal dashed lines mark the latitudes: b = −1.2◦ and b = 1.2◦.
Middle plot: black crosses indicate the longitudinal profile of the dif-
ferential flux data at 1 TeV in |b| < 2◦ including known sources. Red
solid line represent the minimal hadronic γ-ray emission expected in
the same region. Bottom panel: same as middle panel but without the

source contribution. Figure taken from Abramowski et al., 2014.

3.4 HAWC

The High-Altitude Water Cherenkov (HAWC) detector is located in the saddle point
between two peaks at around 5000 m of altitude, in the Mexican national park Pico
de Orizaba. It was completed in March 2015. The HAWC experiment is built upon
the previous gamma-ray detector Milagro which we will discuss in Sec. 3.17. Like
Milagro, HAWC is a Cherenkov observatory composed of water tanks used to re-
construct air showers produced by gamma-rays in the atmosphere. The detector
contains 300 tanks, with a total of 1200 photomultipliers (PMTs): 3 peripheral and 1
central PMT tube per tank. To reduce the noise, each tank is optically insulated and
so is each PMTs between tanks. This is a relevant consideration at high altitudes,
where the flux of low-energy cosmic rays is large. Since the shape of their electro-
magnetic showers have very different footprints, cosmic rays can be discriminated
from gamma rays by observing the pattern of triggered PMTs in the detector. The
experiment has the ability to reject > 99% of cosmic-ray showers at energies above
roughly 3 TeV. The removal of cosmic-ray events is a substantial improvement over
Milagro, where 10% of the cosmic ray showers survive in the data even for cuts at
50 TeV. The HAWC observatory has a flux sensitivity of ∼ 5 – 10% of the flux of the
Crab Nebula. The sensitivity, however, changes along with the source declination.

Being HAWC a surface array, its observation is based on detection of air shower
particles that reach ground level, allowing it to operate continuously and observe
an instantaneous field of view (FoV) of > 1.5 sr. As we will see, other two surface
arrays telescopes ARGO-YBJ and Milagro have previously conducted the same VHE
survey as HAWC. However the sensitivity of HAWC, thanks to a combination of
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FIGURE 3.12: HAWC observatory in the national park Pico de Oriz-
aba, Mexico (The High-Altitude Water Cherenkov Gamma-Ray Observa-

tory).

large size, high elevation, and unique background rejection capability, is better by
more than an order of magnitude.

3.4.1 Catalogue

The 2HWC catalogue collects the results of the first source search realized with the
complete HAWC detector starting in 2015 and after 507 days of data-taking (Abey-
sekara et al., 2017b). The peak sensitivity of this survey lies around 10 TeV, depend-
ing on the source spectrum. A total of 39 sources were detected, 16 of which are
found more than one degree away from any previously reported TeV source. Seven
of the detected sources may be associated with pulsar wind nebulae, two with super-
nova remnants, two with blazars, and the remaining 23 have no firm identification
yet. The source list includes the position measurement, spectrum measurement, and
respective uncertainties. The HAWC experiment reports the longitudinal gamma-
ray profile in the angular region 0◦ < l < 180◦ and |b| < 2◦, for a photon median
energy Eγ = 7 TeV (Zhou, Rho, and Vianello, 2018).

Analyzing the main processes performed by the collaboration in the develop-
ment of the catalogue, the first step after the measurements collection, is the event
selection and reconstruction. In this phase is operated the hadron/photon separa-
tion in order to subtract the cosmic ray background. The event maps are simply
represented by histograms of the arrival direction of the reconstructed events, in
the equatorial coordinate system. The observational sky contains regions that pro-
duce strong gamma-ray fluxes. As they would bias the background estimate, they
are excluded from the computation. These regions cover the Crab Nebula, the two
Markarians, the Geminga region and, a region of ±3◦ around the inner Galactic
Plane.

The collaboration constructs event source maps according to a test statistic com-
putation. The final map is computed from the ratio of the likelihood that a source is
present and the null hypotheses that the observed event population is attributable
to background alone. After the first step of defining the source location and size, the
source energy-spectrum is fitted using a simple power law dependence with fixed
index. The reference energy considered by the collaboration is 7 TeV.
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In Fig.3.13 are represented the map of gamma-ray sources found in an extensive
sky region of the observational window comprised in 44◦ < l < 4◦ and |b| < 6◦.
Each source is represented by a white small circle with labels located below. The
different colours represent contour lines of the TS map values. The TS values corre-
spond to point sources hypothesis with a spectral index of −2.7. The green contour
lines indicate values of different values of

√
TS. The source listed in TeVCat are

represented with black squares and labels located above.

FIGURE 3.13: HAWC sources in part of the inner Galactic Plane re-
gion, in Galactic coordinates: 44◦ < l < 4◦ and |b| < 6◦. Figure taken

from Abeysekara et al., 2017b.

3.5 ARGO-YBJ

ARGO-YBJ is a “full coverage” air shower array detector dedicated to gamma-ray
astronomy and cosmic ray studies. It is located at the Yangbajing Cosmic Ray Labo-
ratory (4300 meters a. s. l., Tibet, China).

ARGO-YBJ detector is composed of a single layer of Resistive Plate Chambers
(RPCs) covering a surface of 74 × 78 meters. The whole coverage is divided in 130
groups of 12 adjoining RPCs called "clusters". In order to extend the experimental
area and therefore have a better reconstruction of the shower fronts, 23 additional
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FIGURE 3.14: ARGO-YBJ (Astrophysical Radiation with Ground-
based Observatory at YangBaJing): the Yangbajing observatory in Ti-
bet where the experiment ARGO-YBJ is located. Credit INFN website:

ARGO-YBJ.

clusters are placed around the central area. The total active area of the experiment
is 110 x 110 meters squared. The space-time unit of the detector is composed of 8
neighboring RPC readout strips and is called “pad”. Air showers are triggered by
requiring a number of hits greater than 20 within a 150 ns time window, giving an
average trigger rate of about 3.5 kHz with a dead time of 4%.

The installation of the whole detector was completed in the spring of 2007, the
data taking lasted from November of the same year until 2013.

true diffuse gamma-rays as well as from point and extended
sources, whereas, due to the background subtraction, the
isotropic extragalactic emission is canceled out. Indeed, many
TeV gamma-ray sources of different extension lying on or
close to the Galactic plane have been detected in the longitude
range 25° < l < 100°. Source locations as given in the TeVCat21

are excluded from the analysis. Faint sources (SNR G54.1+0.3,
VER J2016+372, HESS J1923+141 (W51) and HESS J1943
+213) have not been masked. Their total contribution to the
diffuse !ux at 1 TeV is estimated to be about 2.5%.

Taking into account the angular resolution of the detector
and the extension of these sources, the contribution from a
region 4° ! 4°/cos(b) centered around each source location has
been removed. Some boxes include two sources, with the
fainter one near its edge (as for instance HESS J1849!000 and
VER J2019+368). Sources distant less than 1!. 2, as for instance
HESS J1857+026 and HESS J1858+020, have been masked
with a unique box centered at the median point. The massive
star-forming region of Cygnus X hosts the extended cocoon,
"rst observed by Fermi-LAT above 1 GeV (Ackermann
et al. 2011), whose emission at TeV energies has been recently
assessed by ARGO-YBJ (Bartoli et al. 2014a). Due to its
extension of about 2°, this region has been masked with a box
6° ! 6°/cos(b) centered on the source position found by
ARGO-YBJ. The chosen dimensions of these boxes is a
compromise between a desired large excluded region, in order
to minimize the contamination from the sources, and the
requirement of not reducing the statistics. With this choice the
solid angle of the region 25° < l < 100°, b 5! ! < ° is reduced of
about 22%. The spillover from these sources outside the
masked regions has been estimated by tracking their path inside
the FOV of ARGO-YBJ. The contamination is calculated bin
by bin and subtracted from the total excess in the 0!. 1!!!0!. 1 bin
event excess map. For ARGO J1839!0627/HESS J1841!055,
ARGO J1907+0627/MGRO J1908+06, and ARGO J2031
+4157 (the Cygnus cocoon) the !uxes measured by ARGO-
YBJ have been considered (Bartoli et al. 2013, 2014a). Since
the PSF broadens with decreasing energy, this contamination is
found higher for the "rst energy bin (corresponding to the
group with 20 < Npad ! 59), with an average value of 14%,
while it is 21% in the Cygnus region 65° < l < 85°.

4. RESULTS

The Galactic longitude pro"le of the diffuse gamma-ray
emission at 600 GeV in the latitude belt b 5! ! < ° is shown in
Figure 1 by the "lled circles. The pro"le obtained without
masking the sources is also plotted as the open circles. Each
point represents the !ux obtained with the spectral analysis
reported in Section!4.1 and averaged over 8° longitude bins.
The !ux is evaluated taking into account all the events with
Npad > 20. For each group of pad multiplicity the event excess
measured in each longitude bin is converted to a !ux using
the effective areas estimated by means of a full Monte
Carlo simulation of extensive air showers (Heck et al. 1998)
and of the RPC array (Guo et al. 2010). Then a spectral
analysis is carried out as described in Section 4.1. The negative
!uxes which appear in the outer Galaxy pro"le correspond to
negative excess values in the event excess map. In this case a
spectral index !2.7 has been assumed. The signi"cance of
the excess measured in the 25° < l < 100° region is 6.9 s.d.,

while no excess is detected in the outer Galaxy region
130° < l < 200°. Figure 2 shows for b 15! ! < ° the Galactic
latitude pro"le of the excess in bins of 2°. The "lled circles
show the results after masking the sources, while the open
circles show the results without masking. The continuous line
in these plots represents the !ux at 600 GeV provided by the
standard Fermi-LAT model for the diffuse Galactic emission
gal yearp v v fits_2 7 6_ 0. (hereafter Fermi-DGE) to which we
refer for comparison with the ARGO-YBJ data. This model,
available at the Fermi Science Support Center22, has been used
to generate four Fermi-LAT Source Catalogs (Nolan
et al. 2012; Abdo et al. 2013; Acero et al. 2013; Ackermann
et al. 2013). For the "rst time a diffuse !ux measured by a

Figure 1. Galactic longitude pro"le of the diffuse gamma-ray emission in the
Galactic latitude interval b 5! ! < ° at an energy of 600 GeV as obtained from
the ARGO-YBJ data. The "lled circles show the results after masking the
sources, while the open circles show the results without the masking. The solid
line represents the value quoted by the Fermi-DGE model at the same energy,
smeared out with the ARGO-YBJ PSF.

Figure 2. Galactic latitude pro"le of the diffuse gamma-ray emission in the
Galactic longitude interval 25° < l < 100° at an energy of 600 GeV as obtained
from the ARGO-YBJ data. The "lled circles show the results after masking the
sources, while the open circles show the results without the masking. The solid
line represents the value quoted by the Fermi-DGE model at the same energy,
smeared out with the ARGO-YBJ PSF.

21 http://tevcat.uchicago.edu 22 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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FIGURE 3.15: Figure taken from Bartoli et al., 2015. Galactic longitude
profile of the diffuse gamma-ray emission in the Galactic latitude in-
terval |b| < 5◦ at an energy of 600 GeV obtained from the ARGO-YBJ
data. The filled circles show the results after masking the sources,
while the open circles show the results without the masking. The
solid line represents the value quoted by the Fermi-DGE model at the
same energy, smeared out with the ARGO-YBJ PSF (see Bartoli et al.,

2015).
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true diffuse gamma-rays as well as from point and extended
sources, whereas, due to the background subtraction, the
isotropic extragalactic emission is canceled out. Indeed, many
TeV gamma-ray sources of different extension lying on or
close to the Galactic plane have been detected in the longitude
range 25° < l < 100°. Source locations as given in the TeVCat21

are excluded from the analysis. Faint sources (SNR G54.1+0.3,
VER J2016+372, HESS J1923+141 (W51) and HESS J1943
+213) have not been masked. Their total contribution to the
diffuse !ux at 1 TeV is estimated to be about 2.5%.

Taking into account the angular resolution of the detector
and the extension of these sources, the contribution from a
region 4° ! 4°/cos(b) centered around each source location has
been removed. Some boxes include two sources, with the
fainter one near its edge (as for instance HESS J1849!000 and
VER J2019+368). Sources distant less than 1!. 2, as for instance
HESS J1857+026 and HESS J1858+020, have been masked
with a unique box centered at the median point. The massive
star-forming region of Cygnus X hosts the extended cocoon,
"rst observed by Fermi-LAT above 1 GeV (Ackermann
et al. 2011), whose emission at TeV energies has been recently
assessed by ARGO-YBJ (Bartoli et al. 2014a). Due to its
extension of about 2°, this region has been masked with a box
6° ! 6°/cos(b) centered on the source position found by
ARGO-YBJ. The chosen dimensions of these boxes is a
compromise between a desired large excluded region, in order
to minimize the contamination from the sources, and the
requirement of not reducing the statistics. With this choice the
solid angle of the region 25° < l < 100°, b 5! ! < ° is reduced of
about 22%. The spillover from these sources outside the
masked regions has been estimated by tracking their path inside
the FOV of ARGO-YBJ. The contamination is calculated bin
by bin and subtracted from the total excess in the 0!. 1!!!0!. 1 bin
event excess map. For ARGO J1839!0627/HESS J1841!055,
ARGO J1907+0627/MGRO J1908+06, and ARGO J2031
+4157 (the Cygnus cocoon) the !uxes measured by ARGO-
YBJ have been considered (Bartoli et al. 2013, 2014a). Since
the PSF broadens with decreasing energy, this contamination is
found higher for the "rst energy bin (corresponding to the
group with 20 < Npad ! 59), with an average value of 14%,
while it is 21% in the Cygnus region 65° < l < 85°.

4. RESULTS

The Galactic longitude pro"le of the diffuse gamma-ray
emission at 600 GeV in the latitude belt b 5! ! < ° is shown in
Figure 1 by the "lled circles. The pro"le obtained without
masking the sources is also plotted as the open circles. Each
point represents the !ux obtained with the spectral analysis
reported in Section!4.1 and averaged over 8° longitude bins.
The !ux is evaluated taking into account all the events with
Npad > 20. For each group of pad multiplicity the event excess
measured in each longitude bin is converted to a !ux using
the effective areas estimated by means of a full Monte
Carlo simulation of extensive air showers (Heck et al. 1998)
and of the RPC array (Guo et al. 2010). Then a spectral
analysis is carried out as described in Section 4.1. The negative
!uxes which appear in the outer Galaxy pro"le correspond to
negative excess values in the event excess map. In this case a
spectral index !2.7 has been assumed. The signi"cance of
the excess measured in the 25° < l < 100° region is 6.9 s.d.,

while no excess is detected in the outer Galaxy region
130° < l < 200°. Figure 2 shows for b 15! ! < ° the Galactic
latitude pro"le of the excess in bins of 2°. The "lled circles
show the results after masking the sources, while the open
circles show the results without masking. The continuous line
in these plots represents the !ux at 600 GeV provided by the
standard Fermi-LAT model for the diffuse Galactic emission
gal yearp v v fits_2 7 6_ 0. (hereafter Fermi-DGE) to which we
refer for comparison with the ARGO-YBJ data. This model,
available at the Fermi Science Support Center22, has been used
to generate four Fermi-LAT Source Catalogs (Nolan
et al. 2012; Abdo et al. 2013; Acero et al. 2013; Ackermann
et al. 2013). For the "rst time a diffuse !ux measured by a

Figure 1. Galactic longitude pro"le of the diffuse gamma-ray emission in the
Galactic latitude interval b 5! ! < ° at an energy of 600 GeV as obtained from
the ARGO-YBJ data. The "lled circles show the results after masking the
sources, while the open circles show the results without the masking. The solid
line represents the value quoted by the Fermi-DGE model at the same energy,
smeared out with the ARGO-YBJ PSF.

Figure 2. Galactic latitude pro"le of the diffuse gamma-ray emission in the
Galactic longitude interval 25° < l < 100° at an energy of 600 GeV as obtained
from the ARGO-YBJ data. The "lled circles show the results after masking the
sources, while the open circles show the results without the masking. The solid
line represents the value quoted by the Fermi-DGE model at the same energy,
smeared out with the ARGO-YBJ PSF.

21 http://tevcat.uchicago.edu 22 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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FIGURE 3.16: Figure taken from Bartoli et al., 2015. Galactic latitude
profile of the diffuse gamma-ray emission in the Galactic longitude
interval 25◦ < l < 100◦ at an energy of 600 GeV obtained from the

ARGO-YBJ data. See legend in Fig.3.15.

3.5.1 Results

For each event the collaboration performed a space-time reconstruction of the shower
front, including the position of the core, the incident direction of the primary par-
ticle, and the energy reconstruction (Bartoli et al., 2015). The shower core position
is obtained by using a maximum likelihood method for fitting the lateral particle
density distribution of the shower. Both the primary energy and the angular reso-
lution depend on the number of hit pads. However, due to the large fluctuations
in the shower development in the atmosphere and to its partial sampling with the
limited detector area, the number of particles at ground level cannot be considered
an accurate estimator of the primary energy. The energy spectrum is evaluated by
studying the global number of hit pads distribution for a single event, and compar-
ing it to simulations obtained with different test spectra in order to establish the one
that best fits the data.

The Argo-YBJ experiment measures the total gamma-ray emission in the longi-
tudinal region 40◦ < l < 100◦ and latitudes |b| < 5◦ for Eγ = 600 GeV (Bartoli et al.,
2015). See Fig. ??, where the longitudinal and latitudinal distributions of the diffuse
gamma-ray flux obtained at an energy of 600 GeV are reported.

3.6 Milagro

Milagro (Multiple Institution Los Alamos Gamma Ray Observatory) is a water Cherenkov
detector active until 2008, for the detection of extensive air showers produced by
high-energy gamma-rays. It is situated in the Jemez Mountains near Los Alamos,
New Mexico at the Fenton Hill Observatory site at an altitude of 2630 meters.

It consists of a man made pond of dimensions 80 meters, 60 meters, and 8 meters
deep, lined on the bottom, filled with water, and covered on top (Fig. 3.17). In the
water was located a weighted grid of PMTs tied together at anchor lines, which was
laid to the bottom of the pond and that floats up to fixed positions.
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FIGURE 3.17: Milagro detector on Jemez Mountains near Los Alamos,
New Mexico. Credit: https://www.lanl.gov.– 14 –
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Fig. 1.— Galactic longitude profile of the !-ray emission around 15 TeV in the Galactic plane

as measured by Milagro. Upper plot: Red data points with dashed error bars – no subtraction

of source contributions, black data points – after subtraction of source contributions. Lower

plot: Source-subtracted profile overlaid with prediction of the optimized GALPROP model

– the red line is the pion contribution, the green line the IC contribution, and the blue

line represents the total flux prediction between Galactic latitudes ± 2 degrees. There are

no data points in the region of longitude l ! ["144!, 29!] because it is below the Milagro

horizon. The region l ! [111!, 135!] is excluded because the analysis method is insensitive

here (see text for details).

FIGURE 3.18: Galactic longitude profile of the gamma-ray emission
around 15 TeV in the Galactic plane as measured by Milagro. Upper
plot: Red data points – no subtraction of source contributions, black
data points – after subtraction. Lower plot: Source-subtracted profile
overlaid with prediction of the optimized GALPROP model – the red
line is the pion contribution, the green line the IC, and the blue line is
the total flux prediction integrated in the latitude range ±2◦. Figure

taken from Abdo et al., 2008a.

An outrigger array was added in 2003 and provided a longer lever arm to recon-
struct events and improved the angular resolution of the detector from ∼ 0.75◦ to

https://www.lanl.gov
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∼ 0.45◦. Milagro can observe the overhead sky with a large field of view of 2 sr. Due
to its high duty cycle it can monitor the sky continuously, these characteristics make
it well-suited for measuring diffuse emission. Its construction started in 1999 and
ended in 2001, year of starting of data-taking. Milagro was active for seven years
during which collected interesting observations such as the cosmic ray distribution
anisotropy observed both at large and intermediate (∼ 10◦) angular scale (Proceed-
ings, 30th International Cosmic Ray Conference (ICRC 2007) 2007, Abdo et al., 2008b).
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Fig. 3.— Source-subtracted Galactic latitude profile of the !-ray emission around 15 TeV

in the inner Galaxy (left plot), in the Cygnus region (middle plot), and in the region above

Cygnus (right plot) as measured by Milagro (points with errors) and predicted by the opti-

mized GALPROP model. The blue curve is the total !-ray flux, the red curve the pion and

the green curve the IC contribution.

FIGURE 3.19: Source-subtracted Galactic latitude profile of the
gamma-ray emission around 15 TeV in the inner Galaxy (left plot),
in the Cygnus region (middle plot), and in the region above Cygnus
(right plot) as measured by Milagro (points with errors) and predicted
by the optimized GALPROP model. The colors are as above. Figure

taken from Abdo et al., 2008a.

3.6.1 Results

The total seven years dataset collected by Milagro contains 2.2× 1011 events most
of which are due to hadronic cosmic rays. The experiment is able to reconstruct
both arrival direction and energy of the initial particle that generated each of the
showers. The time difference between observations by different PMTs getting hit is
used to determine the arrival angle of the shower which in turn gives the arrival
direction of the primary. The amount of Cherenkov light detected by the PMTs can
be used to get a measure of the primary particle energy.

The background rejection process is used to differentiate hadronic air showers
from electromagnetic air showers and it is based on the ability to detect the energetic
particles in an extensive air shower. In order to do so, the collaboration uses the
method of "direct integration" by calculating a background map using events over a
2 hrs time interval. The detailed process is described in Atkins et al., 2003.

Milagro provides the total gamma-ray emission observed at the reference energy
Eγ = 15 TeV, for longitudes 30◦ < l < 110◦ and 136◦ < l < 216◦ and for latitudes
|b| < 10◦ (Abdo et al., 2008a). In Fig. 3.18 and 3.19 are reported respectively the
longitudinal and latitude distribution of the γ-ray emission around 15 TeV in the
Galactic plane (Abdo et al., 2008a). The upper panel of Fig. 3.18 shows the distri-
bution of the total flux (red data points with dashed error bars), while black data
points are obtained after subtraction of the source contribution. In the lower plot
instead is represented the source subtracted profile along with the prediction of the
pion contribution (red line), IC contribution (green line), and total flux prediction
between the latitude interval |b| < 2◦; all three are obtained using the GALPROP code.
The region of longitude −144◦ < l < 29◦ is below the Milagro horizon so it appears
empty, while the region 111◦ < l < 135◦ is excluded because the analysis method
is insensitive there. Fig. 3.19 shows the source-subtracted latitudinal distributions
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of gamma emission in the latitudinal interval ±10◦, for three longitudinal regions:
30◦ < l < 65◦ (inner Galaxy); 65◦ < l < 85◦ (Cygnus region); 85◦ < l < 110◦ (above
Cygnus region). The black points with error-bars are the data while the curves are
the GALPROP predicted emissions as above.

3.7 Future generation of detectors

The Cherenkov Telescope Array (CTA) (CTA, 2018) will be one of the land-based
gamma-ray telescopes, however, because of its advance it will be the first of its kind.
It will be the major global observatory for very high energy gamma-ray astronomy
over the next decade and beyond. Covering a wide range of energies from 20 GeV to
300 TeV, its scientific potential is the broadest of all land-based Cherenkov detectors
of gamma-rays. Among its purposes there are understanding sources and role of rel-
ativistic cosmic particles, search for dark matter, investigation on physical processes
of neutron stars and black holes. Moreover, being able to cover the whole sky, it will
maximize the potential to observe the rarest phenomena such as nearby supernovae,
gamma-ray bursts or gravitational wave transients.

The observatory will be constituted by arrays of IACTs divided on two sites:
Northern and Southern, in order to have a full sky coverage. Three classes of tele-
scopes are planned (Fig. 3.20). In the Southern CTA it is intended to cover a large
range of energies and observe the Galactic centre so it will be provided with 99 tele-
scopes of all three categories. The Northern will be focused on higher energies and
extragalactic sources and will include only the largest telescopes for a total of 19.

FIGURE 3.20: CTA prototype that shows all three classes of telescopes
planned. Credit: CTA/M-A. Besel/IAC (G.P. Diaz)/ESO

The angular resolution of CTA will approach 1 arc-minute at high energies. This
will allow to obtain a detailed imaging of a large number of gamma-ray sources
which will widely extend our present catalogues and refine current observations on
already present sources.

Many are the questions that still need to be answered regarding neutrinos, and
especially cosmic neutrinos. IceCube-Gen2 is a planned neutrino observatory of next
generation whose aim is to provide an unprecedented view of the high-energy uni-
verse, taking neutrino astronomy to new levels of discovery. In the next generation
the whole instrumentation already deployed will be doubled in order to achieve a
tenfold increase in volume to about 10 cubic kilometers and aiming at an order of
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magnitude increase in neutrino detection rates. Construction of the extended obser-
vatory is estimated to require 6 years, with completion and full operation at the end
of the next decade.

FIGURE 3.21: Schematic view of IceCube Gen-2, comprising the exist-
ing IceCube array with its densely equipped inner region DeepCore,
the high-energy array of Gen2, the super-densely equipped PINGU

sub-detector, and an extended surface array (Spiering, 2018).

Another development of the IceCube-Gen2 detector include the radio detection
technique of neutrinos. Many experimental efforts have advanced this technique in
the past two decades. They include the ANITA experiment (a balloon-borne radio
detector), as well as experimental efforts in Antarctic ice, namely the Askaryan Radio
Array (ARA) at the South Pole, and the ARIANNA detector on the Ross Ice Shelf
(Anker et al., 2020).

Other interesting results on high-energy neutrinos are expected also from the
future research infrastructure KM3NeT. The telescopes will have detector volumes
between megaton and several cubic kilometres of clear sea water. Located in the
deepest seas of the Mediterranean, KM3NeT will contribute to the research of the
properties of neutrinos such as the mass hierarchy. Furthermore, with the ARCA
telescope, KM3NeT scientists will search for neutrinos from distant astrophysical
sources such as supernovae, gamma-ray bursts or colliding stars (KM3NeT).
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Chapter 4

Diffuse Galactic emission

The diffuse Galactic component of high-energy gammas and neutrinos rises from
hadronic interactions between cosmic rays (CR) and the gas contained in the Galaxy.
The calculation of the diffuse fluxes are, however, affected by the high uncertainty
related to the cosmic rays density distribution. A good knowledge of the cosmic rays
distribution and spectrum in all the regions of the Galaxy where the gas density
is not negligible is, indeed, required to obtain a reliable prediction of the diffuse
component.

So far we don’t have an evidence of Galactic neutrino signal, not from sources nor
diffuse. The IceCube collaboration estimates the Galactic high-energy component to
contribute not more than 14% to the total neutrino flux which is instead dominated
by extragalactic production (Aartsen et al., 2017).

Recently Fermi-LAT instrument has reported a detailed picture of the entire gamma-
ray sky in the multi-GeV domain (Ackermann et al., 2012; Acero et al., 2016) that
can be compared with expectations obtained by modelling CR propagation in the
Galaxy. Recent analyses pointed out that the spectral distribution of CR may depend
on the galactocentric distance. The possibility of a progressive large-scale hardening
towards the inner Galaxy was considered in Gaggero et al., 2015b and confirmed by
two different analyses (Acero et al., 2016; Yang, Aharonian, and Evoli, 2016) of the
Fermi-LAT data. While, a very recent work (Aharonian et al., 2018) argues that CR
hardening is not a global large-scale effect but may be the result of local enhance-
ments of CR density in giant molecular clouds.

In any case, the hypothesis that CR spectral index in different regions of the
Galaxy is lower (in modulus) than the local value could clearly have a dramatic
effect at TeV energies and above. It would enhance the expected HE emission with
respect to standard expectations and, moreover, it would produce a different angu-
lar distribution of HE photons and neutrinos from the Galactic plane with respect to
lower energy observations. It is thus important to compare predictions obtained in
this assumption with present observational constraints.

In this Chapter we will present the model used for the calculation of the high en-
ergy Galactic diffuse flux of neutrinos and gamma-rays. First of all we will point out
our four hypothesized scenarios related to the cosmic ray distribution in the Galaxy.
The first two scenarios ("standard cases") assumes that the CR flux scales proportion-
ally to the distribution of the CR sources in the Galaxy. While the energy spectrum is
assumed being constant in the Galaxy and therefore directly constrained by the one
measured at the Earth position. In the other two hypotheses ("hardening cases") we
consider the CR density being dependent from the sources distribution, as in the first
two, and in addition we consider the spectral index being dependent on the galacto-
centric distance. Under these assumptions we estimate the HE diffuse neutrino flux
and the HE diffuse gamma flux. Finally we compare the results obtained with the
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data provided by different HE gamma detectors providing interesting constraints on
the CR distribution.

This Chapter is based on the original paper Cataldo et al., 2019.

4.1 Diffuse emission

The diffuse emission by hadronic interaction is one of the main sources of neutrino
and gamma-ray production in the Galactic disk. It gives a significant contribution
to the total fluxes of neutrinos and gammas at many orders of energies, and it could
also become dominant over the total Galactic source contribution. We present here
the results of our work Cataldo et al., 2019 where we estimate this component of
the gamma-ray Galactic flux and we use the same models to estimate the neutrino
counterpart. The general expressions for the diffuse fluxes are1:

ϕdiff
ν (Eν, n̂ν) =

1
3 ∑

`=e,µ,τ

[∫
dE

dσν`(E, Eν)

dEν

∫
dl ϕCR(E,~r� + ln̂ν) nH(~r� + ln̂ν)

]
;

(4.1)

ϕdiff
γ (Eγ, n̂γ) =

∫
dE

dσγ(E, Eγ)

dEγ

∫
dl ϕCR(E,~r� + ln̂γ) nH(~r� + ln̂γ); (4.2)

where Eν, Eγ and n̂ν, n̂γ indicate the neutrino and gamma energy and arrival direc-
tion, respectively. dσν`/dEν, dσγ/dEγ are the differential cross sections already pre-
sented in (1.17) and (1.32). The first one is the differential cross section for production
of neutrinos ν` and antineutrinos ν` by a nucleon of energy E in nucleon-nucleon col-
lision, and the same goes for gamma cross-section. The function ϕCR(E,~r) represents
the differential CR flux, nH(~r) is the gas density distribution, and r� = 8.5 kpc is the
position of the Sun respect to the center of the Galaxy. In the above relation, we
assumed that, due to neutrino oscillation, the neutrino flux at Earth is equally dis-
tributed among the three different flavours, so Eq.(4.1) represents the single flavor
flux. This approximation is valid at few % accuracy and as discussed in Sec.1.1.2 it
is completely adequate for our purposes. The Galactic distribution of the gas den-
sity, nH(~r), is assumed with a cylindrical symmetry and is taken from the public
GALPROP code (GALPROP) as described in Sec. 2.0.1. The distribution is given as a
sum of atomic (H), and molecular (H2) hydrogen and, yet subdominant, also takes
into account the contribution of Helium.

An estimation of the neutrino diffuse flux was already proposed in Pagliaroli,
Evoli, and Villante, 2016. Here we present a different phenomenological description
of the problem by changing the models for cosmic ray distribution in the Galaxy. The
aim of this work is to test expectations for Galactic HE neutrinos and gamma-rays
in the TeV domain against different observational results. In order to do so we give
a complete estimation of the gamma-ray and neutrino fluxes by also discussing the
contribution of pointlike and extended sources when comparing to observational
data.

4.1.1 Cosmic-ray distribution

The cosmic-ray (CR) total density distribution and spectrum are strictly related to
their propagation in the Galaxy. After their production, cosmic-rays travel in the
Galactic magnetic fields which have both a small scale and large scale structure.

1From now on, we use the symbol ϕ for angle-differential fluxes and Φ for angle-integrated fluxes.
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Charged particles are sensitive to both local and global properties of the magnetic
field and this results in a random walk motion which could be modeled by a diffu-
sive regime of propagation.

In Pagliaroli, Evoli, and Villante, 2016 are considered three cases used to mod-
elize the CR distribution, called A, B, C. It is firstly assumed that CR distribution is
homogeneous in the Galaxy (Case A), that it follows the distribution of galactic CR
sources (Case B), and than that it has a spectral index that depends on the galacto-
centric distance (Case C). In this work instead we use four different models based on
four different assumptions on the cosmic-ray distribution in the Galaxy by introduc-
ing several improvements.

We define the 4 cases following the CR nucleon flux described in Pagliaroli, Evoli,
and Villante, 2016. For the first two cases, to which we will refer as standard, this is
given as the product of a function of position and a function of nucleon energy. So it
is expressed by:

ϕCR(E,~r) = ϕCR,�(E) g(~r). (4.3)

The term ϕCR,�(E) is the local spectrum of cosmic rays (so the one observed at the
Sun position), and g(~r) is an adimensional function (normalized to one at the Sun
position~r�) introduced to describe the spatial distribution of CR. For the definition
of this latter function, the distribution of CR sources is assumed to follow the Super-
nova Remnants (SNRs) number density parameterization given by Green, 2015 and
reported in Eq.(2.3). Then, in order to take into account the propagation, we solve
a 3D isotropic diffusion equation with constant diffusion coefficient and stationary
CRs injection with 2 different assumptions for the diffusion length: R = 1 kpc and
R = ∞ kpc, defining the first two standard scenarios. In the first case, CRs are con-
fined very close to their sources, while in the second case the CRs are propagated in
the whole Galaxy.

The factorized expression of Eq.(4.3) is based on the assumption that the cosmic
ray energy spectrum is uniform in every region of the Galaxy. There is a large class
of models that are based on this assumption which in general is true whether the
following conditions are satisfied (Lipari and Vernetto, 2018):

• All components of CR are in a stationary state;

• The spectrum of CR is not significantly distorted by the contributions of near
sources;

• Averaged in time, the spectra generated by the CR sources of the Galaxy have
a space independent shape;

• The diffusion coefficient that describes the propagation of CR in the Galaxy,
has the same rigidity dependence in all positions of the Galaxy;

• The largest CR losses are due to the escape from the Galaxy;

• The CR energy losses have to be negligible during their propagation.

One of the most useful implication of the factorization is that since the spectral shape
of CR is identical for the overall Galaxy, this can be constrained directly from obser-
vations in the local proximity of the Earth.

Otherwise, whether one or more of the previous conditions are not met, the total
CR distribution cannot be factorized in its energy and spatial dependence making
the computations more complicated. It is, indeed, conceivable that CR diffusion, due
to a stronger star forming activity and peculiar magnetic field, behaves differently
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in the inner Galactic region. Several anomalies observed in the gamma-ray diffuse
emission support this possibility. First of all, the Milagro excess which still has un-
clear origins. Milagro measured a large gamma-ray flux coming from the inner re-
gion of the Galactic plane at 15 TeV median energy (Abdo et al., 2008a) which is not
reproduced by the conventional CR distribution models (Gaggero et al., 2015b). Fur-
thermore the already mentioned Fermi-LAT diffuse gamma-ray results at lower en-
ergies that are notably underestimated by simpler models. Consequent analysis on
the Fermi-LAT measurements suggest an evidence of the hardening of the cosmic-
ray spectrum with galactocentric distance (Acero et al., 2016; Yang, Aharonian, and
Evoli, 2016). We implemented this possibility by defining a position dependent spec-
tral index (∆(~r)) that follows the trend observed at GeV energies by these analysis.
This is obtained starting from the first two standard cases, with the introduction of
a third function h(E,~r) defined as:

h(E,~r) =
(

E
E

)∆(~r)

; (4.4)

with E = 20 GeV. The total CR distribution, for the additional 2 cases (that we will
call hardening cases), will be therefore defined as:

ϕCR(E,~r) = ϕCR,�(E) g(~r) h(E,~r). (4.5)

Each single component of the energy and spatial distribution of the cosmic-rays is
described in detail in the following.

Beside Pagliaroli, Evoli, and Villante, 2016, a similar approach for the estimation
of the Galactic diffuse can be found in Lipari and Vernetto, 2018 where the diffuse
gamma-ray flux is estimated up to PeV energies including also absorption effects.
While in Gaggero et al., 2015a is proposed a phenomenological scenario (KRAγ) in
order to reproduce in all regions the diffuse observed by Fermi-LAT. We propose
an improvement with respect to previous calculations by considering more realis-
tic descriptions of CR distribution. Furthermore, we present a new analysis with
the aim of testing different CR distributions through comparisons of Galactic HE
gamma-ray and neutrino emission against several existing observational data-sets
in the TeV domain.

Local CR spectrum: ϕCR,�(E)

We describe the local CR nucleon flux ϕCR,�(E) according to the data driven pa-
rameterization Dembinski et al., 2018 that relies as little as possible on theoretical
assumptions. In this reference the fit is found by combining measurements at sev-
eral energy orders. Since the CR spectrum spans over 11 orders a common picture
needs to be pieced together from many data sets. At lower energies of magnitude,
below 100 TeV, the fit relies on satellite and balloon experiments measurements that
report the flux per element. While at energies above 100 TeV, the ground-based ex-
periments take over and report the all-particle flux up to 108 TeV. In Dembinski et al.,
2018 the data-driven model, called the Global Spline Fit (GSF) is used to parameter-
ize the latest and most detailed measurements of the cosmic-ray flux and its compo-
sition from 0.01 TeV to 108 TeV, combining direct and air-shower observations. The
GSF only assumes that the flux is smoothly varying and otherwise relies only on
the available data. In Fig.4.1 is reported the all-particle flux given by the global fit
(black thick solid line), the flux contributed by protons (red line solid line), helium
(yellow dashed line), the oxygen group (gray dash-dotted line), and the iron group
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(blue dotted line). We observe several features in the overall spectrum obtained,
which follow the measured spectral variations: an unnamed dip around 5 TeV, the
first and second knees around 3 PeV and 100 PeV respectively, the ankle around 8
EeV, a slight hardening around 20 PeV, and finally the so-called "toe" around 60 EeV.

In the energy range of interest for the present analysis, that roughly corresponds
to E � 10 × Eγ ∼ 10 − 200 TeV, the total nucleon flux is lower than the broken-
power law parameterization (Ahlers et al., 2016) adopted in our previous calcu-
lation (Pagliaroli, Evoli, and Villante, 2016) by ∼ 12 % (∼ 30 %) at E � 10 TeV
(E � 100 TeV).

FIGURE 4.1: All-particle flux (black thick solid line), the flux con-
tributed by protons (red line solid line), helium (yellow dashed line),
oxygen (gray dash-dotted line), and iron (blue dotted line). Bands
around the model lines show a variation of one standard deviation.
Error bars represent combined statistical and systematic uncertain-
ties. Data points of composition measurements from air-showers are
not shown without error bars for clarity. TA stands for Telescope Ar-
ray, KG for KASCADE-Grande. Figure taken from Dembinski et al.,

2018.

Spatial function: g(�r)

The uncertainty on the definition of the CR distribution in the Galaxy is not only
spectrum related but partially affects the spatial distribution as well. The definition
of the total CR flux density is strictly linked to the Galactic γ-ray flux. In particu-
lar, the gamma-ray emissivity (defined as the gamma-ray flux per Hydrogen atom)
constitutes a proxy of the cosmic-ray flux radial density. Several analysis on the
Fermi-LAT gamma-ray measurements have been performed according to different
methods in order to derive the emissivity distribution (Acero et al., 2016; Yang, Aha-
ronian, and Evoli, 2016; Pothast et al., 2018). The dots in Fig.4.2 show the values
of the CR distribution for energies � 20 GeV (Acero et al., 2016) and the emissivity
integrated above 1 GeV (Yang, Aharonian, and Evoli, 2016; Pothast et al., 2018), re-
sulting from the aforementioned analyses (respectively black, green, and red). They
are all normalized to 1 at the Sun position, and are plotted as a function of cylindri-
cal radius values obtained dividing the Galaxy into annuli starting from the center.
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The results, yet similar for many radii, appear not fully consistent especially for low
galactocentric distances.

In order to cover this uncertainty our estimation provides two different models
for the function g(~r) which describes the spatial distribution of Galactic cosmic rays.
First we analyze how this function is calculated and then we define the two models.
The function g(~r) is determined by the distribution of the CR sources in the Galaxy
fS(~r) and by the propagation of CR in the Galactic magnetic field. In Pagliaroli,
Evoli, and Villante, 2016, are considered two extreme assumptions (Case A and B)
which correspond to a completely mixed scenario (i.e. a uniform CR gas: g(~r) ≡ 1)
and to the opposite assumption of CRs being confined very close to their sources,
respectively. In this work we consider a different phenomenological description. We
define the function g(~r) by solving the 3D isotropic diffusion equation with constant
diffusion coefficient D and stationary CR injection S(E,~r):

∂n(E,~r, t)
∂t

= D∇2n(E,~r, t) + S(E,~r); (4.6)

with:

n(E,~r, t) dE d3r : number of protons in (E, E, dE), (~r,~r + d3r); (4.7)

S(E,~r) dE d3r : number of produced protons in (E, E, dE), (~r,~r + d3r). (4.8)

The solution is obtained through the Green Function indicated with G(~r, t) which,
for the correspondent homogeneous differential equation, is a 3D Gaussian with
variance σ2 = 2Dt:

G(~r, t) =
1

(4πDt)3/2 exp
(
− r2

4Dt

)
. (4.9)

So the complete solution is given by:

n(E,~r) =
∫

d3x S(E,~r−~x)
∫ tG

0
dτ

1
(4πDτ)3/2 exp

(
− x2

4Dτ

)
; (4.10)

with ~x, τ spatial and time variables of integration. The time tG represents the inte-
gration time which is the age of the Galaxy. By defining the variable γ = |~x|/

√
2Dτ,

and R =
√

2DtG, is easy to show that the final solution for the CR proton density in
the Galaxy is:

n(E,~r) =
∫

d3x S(E,~r−~x)
F (|~x|/R)
|~x| ; (4.11)

with the function F (|~x|/R) defined as follows:

F (ν) ≡
∫ ∞

ν
dγ

1√
2π

exp
(
−γ2/2

)
. (4.12)

At this point, we assume the CR source density distribution to follow the Supernova
Remnants (SNR) number density parameterization given by Green, 2015: fS(~r), and
finally, we define the function g(~r) as:

g(~r) =
1
N

∫
d3x fS(~r−~x)

F (|~x|/R)
|~x| ; (4.13)
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where N is a normalization constant given by:

N =
∫

d3x fS(~r� −~x)
F (|~x|/R)
|~x| . (4.14)

The function g(~r) is therefore obtained as the convolution of the source distribution
with a kernel that is inversely proportional to source distance below a fixed smearing
radius R while it is exponentially suppressed for larger distances. In this context, the
smearing parameter R represents the diffusion length R =

√
2 D tG.

The functions g(~r) calculated for different smearing radii: R = 1, 3, 5, 10, ∞ kpc
are shown as a function of the galactocentric distance by the black lines in Fig.4.2.
They are compared with the CR density at E ' 20 GeV and the γ-ray emissivity
integrated above Eγ = 1 GeV obtained from Fermi-LAT data in Acero et al., 2016;
Yang, Aharonian, and Evoli, 2016; Pothast et al., 2018. While we believe that the
data show a clear trend as a function of r, we think that they still do not allow to
discard any of the proposed curves. We thus consider the two extreme assumptions
R = 1 kpc and R = ∞, corresponding to the thick black lines in Fig.4.2, in order
to encompass a large range of possibilities and to provide a conservative estimate
of the uncertainty in the gamma-ray flux connected with different descriptions of
the CR spatial distribution in the Galaxy. Note that since the assumed smearing
length R is larger than the thickness of the Galactic disk, we neglect in both cases
the variation of the CR flux along the Galactic latitudinal axis. In other words, we
assume g(r, z) ' g(r, 0) in the disk, where we used Galactic cylindrical coordinates.

In the first case (R = 1 kpc) the obtained function g(~r) is very close to the SNR
distribution (Green, 2015) given by the blue dashed line in Fig.4.2. However, dif-
ferently from the SNR distribution, it does not vanish at the Galactic center, as it
is naturally expected due to CR propagation. In the outer regions of the Galaxy,
the function g(~r) drops faster than the CR density. For this reason, we neglect the
variations of g(~r) and we assume that it is constant for r ≥ 10 kpc.

In the second case (R = ∞) the function g(~r) is quite close to the CR distribu-
tion predicted by the GALPROP code (GALPROP), shown with orange dashed line in
Fig.4.2. The function g(~r) describes quite well the observational results a part from
few points at r ' 3 kpc and very close to the Galactic center. However, in this region
that contains the Galactic bulge different studies find different results. Indeed, the
most challenging issue from both the observational and modeling point of view is
that there is large degeneracy between the different gamma-ray production compo-
nents in the Galactic center region (Pothast et al., 2018). So the results in this region
are in general less reliable.

Spectral index: ∆(~r)

As already introduced, in the function of Eq.(4.4): h(E, r) = (E/E)∆(~r) is included the
spatial dependence of the spectral index. For the pivot value is chosen E = 20 GeV
assuming that for E > E the spectral variation begins to be evident. Moreover this is
justified by the observation in Recchia, Blasi, and Morlino, 2016 that around few tens
of GeV the CR distribution of Acero et al., 2016 (normalized to 1 at the Sun position)
roughly follows the function g(~r).

Concerning the spectral index function ∆(~r) in our models this is appropriately
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defined in order to follow the CR spectral hardening in the inner Galaxy. The func-
tion in Galactic cylindrical coordinates2 is:

∆(r, z) = ∆0

(
1− r

r�

)
; (4.15)

with r� = 8.5 kpc. This choice is equivalent to what is done by Gaggero et al., 2015a;
Gaggero et al., 2015b; Gaggero et al., 2017 in their phenomenological CR propagation
model characterized by radially dependent transport properties. In order to define
the value of the parameter ∆0 our aim is to reproduce the value reported in Yang,
Aharonian, and Evoli, 2016; Pothast et al., 2018, where the spectral index α of the
parent CR reported in figure, is obtained converting the value of gamma emission
associated to π0 decay αγ by using the relation in Kappes et al., 2007 presented in
Sec.1.4: α ' αγ − 0.1. The numerical parameter ∆0 physically corresponds to the
difference between the CR spectral index at the Sun position, α� ' 2.7 at E = 20 GeV,
and its value close to the Galactic center. This number is taken as ∆0 = 0.3 since this
assumption allows us to reproduce the trend with r observed by Acero et al., 2016;
Yang, Aharonian, and Evoli, 2016; Pothast et al., 2018 for r ≤ 10 kpc, as it is shown
in the lower panel of Fig.4.2. In more external regions, the evidence for a variation
of CR energy distribution is much weaker and we assume that ∆(r) is constant, as
shown by the black solid line in Fig.4.2.

4.1.2 Results

Our results for the diffuse HE gamma-ray flux produced by the interaction of CR
with the gas contained in the Galactic disk at Eγ = 1 TeV are plotted as function
of the Galactic longitude l (at the fixed latitude b = 0) in upper plot of Fig.4.3; the
latitudinal distribution obtained for l = 0 is plotted in the lower plot of Fig.4.3. The
same plots for diffuse HE neutrino flux at 100 TeV, are shown in 4.4 (up: longitudinal
distribution, bottom: latitudinal distribution). In both plots: blue lines are obtained
by assuming that the CR spectrum is independent from the position in the Galaxy
("standard" scenario) while red lines implement CR spectral hardening in the inner
Galaxy, as described above ("hardening" scenario). Solid and dashed lines in (each
group) are obtained by assuming that the CR spatial distribution is described by the
function g(~r) given in Eq.(4.13) with smearing radius equal to R = 1 kpc and R = ∞,
respectively.

The angle-integrated gamma-ray flux at 1 TeV is equal to Φγ = (7.0 − 8.0) ×
10−13 cm−2 s−1 GeV−1 in the standard scenario and Φγ = (8.4 − 10.4) × 10−13

cm−2 s−1 GeV−1 in the hardening scenario, with upper and lower bounds corre-
sponding to R = 1 kpc and R = ∞, respectively. The angle-integrated neutrino
flux (single flavour) at 100 TeV is Φν = (1.0 − 1.2) × 10−18 cm−2 s−1 GeV−1 for
standard cases, obtained for R = 1 kpc and R = ∞, respectively. While for the
angle-integrated fluxes at 100 TeV with hardening we obtain: Φν = (1.5− 2.2) ×
10−18 cm−2 s−1 GeV−1 for R = 1 kpc and R = ∞, respectively.

The inclusion of CR hardening increases the integrated flux by 1.2− 1.3 for gam-
mas and 1.5− 1.8 for neutrinos. The exact enhancement factor is dependent on the
assumed CR spatial distribution. Even if the effect on the total flux is relatively
small, a CR hardening may be responsible for a much more significant increase of

2We indicate with (r, z) the Galactic cylindrical coordinates. While with (r, b, l) we will indicate
the spherical coordinates centered in the Sun position, with b, and l being the Galactic latitude and
longitude respectively.
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FIGURE 4.2: Upper Panel: The black lines show the functions g(r)
obtained from Eq.(4.13) for different smearing radii R. Going from
top to bottom at r ' 2kpc, the different lines correspond to R =
1, 3, 5, 10, ∞ kpc, respectively. The data points show the CR density
at E ' 20 GeV Acero et al., 2016 (normalized to one at the Sun posi-
tion) and the γ-ray emissivity above Eγ = 1 GeV (Yang, Aharonian,
and Evoli, 2016; Pothast et al., 2018), as a function of the galactocen-
tric distance obtained from Fermi-LAT data. Lower Panel: The black
line gives the spectral index of CR at ECR = 20 GeV adopted in this
calculation. The data points show the CR spectral index obtained as a
function of the galactocentric distance from Fermi-LAT data in Acero
et al., 2016; Yang, Aharonian, and Evoli, 2016; Pothast et al., 2018.

Figure taken from Cataldo et al., 2019.

the flux in the central region −60◦ ≤ l ≤ 60◦. We see indeed from Fig.4.3 and 4.4
that the enhancement factor can be as large as∼ 2 for gammas and∼ 6 for neutrinos
in the direction of the Galactic center. These factors, are larger than the uncertainty
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Figure 2. The di↵use HE gamma-ray flux at E� = 1TeV as a function of the Galactic longitude l (for
b = 0, left panel) and latitude b (for l = 0, right panel) obtained by assuming that the CR spectrum
is position-independent (blue lines) and by implementing CR spectral hardening in the inner Galaxy
(red lines) as described by eqs. (2.2), (2.6). Solid and dashed lines (in each group) are obtained by
assuming that the CR spatial distribution follows that of SNR with smearing radius R = 1 kpc and
R = 1, respectively.

�60�  l  60�. We see indeed from figure 2 that the enhancement factor can be as large as
⇠ 2 in the direction of the Galactic center.

This enhancement is more significant than most of the uncertainty sources that a↵ect
the prediction of the di↵use gamma-ray flux in the standard scenario. It was e.g. evaluated
in [31] that the photon production cross sections and the primary CR proton and helium
flux account for ⇠ 30% and ⇠ 40% uncertainties in the di↵use photon flux at E� = 1 TeV
while the normalization and energy dependence of the CR di↵usion coe�cients have little
influence. More relevant errors may arise from the gas density n(r) and from the primary CR
sources distribution fS(r) that a↵ects the determination of the function g(r), see eq. (2.3). In
our calculations, we consider the CR distribution in the Galaxy as an additional error source,
switching from the stationary prediction for g(r) corresponding to R = 1 to the case where
CR are confined close to their sources corresponding to R = 1kpc. Note that the gas, source
and CR distribution should not be considered as independent contributions to the total error
budget. Indeed, a modification of the product n(r)⇥ g(r) (integrated along the line-of-sight)
produces an energy-independent variation of the gamma-ray flux from a given direction that
can be constrained by lower energy observations, as it is also emphasised in [21]. Taking this
into account, the relatively large variations of g(r) considered in our analysis can provide
an estimate of the global uncertainties due to CR production, propagation and interaction
with the gas. The range of acceptable possibilities for g(r) (if n(r) is not changed) should
be indeed consistent with the data points inferred from Fermi-LAT observations which are
reported in left panel of figure 1. The two considered choiches for g(r), which correspond
to the thick black lines in figure 1, well include the observational results and thus provide a
conservative description of the allowed variations. The final error on the di↵use gamma-ray
flux at 1 TeV is given by the thickness of the two coloured bands in figure 2 and it is relatively
large, up to a factor ⇠ 2 in substantial agreement with the analysis of [31]. The two bands
do not overlap in the region �60�  l  60�, allowing us to conclude that the hypothesis of
a decreasing CR spectral index in the inner galaxy can be probed by TeV-scale gamma-ray
observations of the galactic central region.
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Figure 2. The di↵use HE gamma-ray flux at E� = 1TeV as a function of the Galactic longitude l (for
b = 0, left panel) and latitude b (for l = 0, right panel) obtained by assuming that the CR spectrum
is position-independent (blue lines) and by implementing CR spectral hardening in the inner Galaxy
(red lines) as described by eqs. (2.2), (2.6). Solid and dashed lines (in each group) are obtained by
assuming that the CR spatial distribution follows that of SNR with smearing radius R = 1 kpc and
R = 1, respectively.

�60�  l  60�. We see indeed from figure 2 that the enhancement factor can be as large as
⇠ 2 in the direction of the Galactic center.

This enhancement is more significant than most of the uncertainty sources that a↵ect
the prediction of the di↵use gamma-ray flux in the standard scenario. It was e.g. evaluated
in [31] that the photon production cross sections and the primary CR proton and helium
flux account for ⇠ 30% and ⇠ 40% uncertainties in the di↵use photon flux at E� = 1 TeV
while the normalization and energy dependence of the CR di↵usion coe�cients have little
influence. More relevant errors may arise from the gas density n(r) and from the primary CR
sources distribution fS(r) that a↵ects the determination of the function g(r), see eq. (2.3). In
our calculations, we consider the CR distribution in the Galaxy as an additional error source,
switching from the stationary prediction for g(r) corresponding to R = 1 to the case where
CR are confined close to their sources corresponding to R = 1kpc. Note that the gas, source
and CR distribution should not be considered as independent contributions to the total error
budget. Indeed, a modification of the product n(r)⇥ g(r) (integrated along the line-of-sight)
produces an energy-independent variation of the gamma-ray flux from a given direction that
can be constrained by lower energy observations, as it is also emphasised in [21]. Taking this
into account, the relatively large variations of g(r) considered in our analysis can provide
an estimate of the global uncertainties due to CR production, propagation and interaction
with the gas. The range of acceptable possibilities for g(r) (if n(r) is not changed) should
be indeed consistent with the data points inferred from Fermi-LAT observations which are
reported in left panel of figure 1. The two considered choiches for g(r), which correspond
to the thick black lines in figure 1, well include the observational results and thus provide a
conservative description of the allowed variations. The final error on the di↵use gamma-ray
flux at 1 TeV is given by the thickness of the two coloured bands in figure 2 and it is relatively
large, up to a factor ⇠ 2 in substantial agreement with the analysis of [31]. The two bands
do not overlap in the region �60�  l  60�, allowing us to conclude that the hypothesis of
a decreasing CR spectral index in the inner galaxy can be probed by TeV-scale gamma-ray
observations of the galactic central region.
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FIGURE 4.3: The diffuse HE gamma-ray flux at Eγ = 1 TeV as a func-
tion of the Galactic longitude l (for b = 0) (upper panel), and Galactic
latitude for l = 0 (lower panel) obtained by assuming that the CR
spectrum is position-independent (blue lines) and by implementing
CR spectral hardening in the inner Galaxy (red lines) as described by
Eqs.(4.4),(4.15). Solid and dashed lines (in each group) are obtained
by assuming that the CR spatial distribution follows that of SNR with
smearing radius R = 1 kpc and R = ∞, respectively. Plots obtained

with results published in Cataldo et al., 2019.
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FIGURE 4.4: The diffuse HE neutrino flux at Eγ = 100 TeV as a
function of Galactic longitude for b = 0 (upper panel), and latitude
for l = 0 (lower panel) obtained by assuming that the CR spec-
trum is position-independent (blue lines) and by implementing CR
spectral hardening in the inner Galaxy (red lines) as described by
Eqs.(4.4),(4.15). Solid and dashed lines (in each group) are obtained
by assuming that the CR spatial distribution follows that of SNR with

smearing radius R = 1 kpc and R = ∞, respectively.
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in the flux due to CR spatial distribution that we conservatively represent as the
width of the coloured bands in the figure. Additional uncertainty sources are the
normalization of the local CR flux at our energies of interest; the distribution of gas
in the Galaxy for which we use the same input as GALPROP. All these are expected
to produce a total error smaller than the difference between red and blue lines in the
figure, suggesting that effects of CR hardening can be probed by TeV scale gamma-
ray observations of the Galactic central region.

4.2 Resolved source contribution

At energies in the TeV range and at the low Galactic latitudes, a measurement of
the large-scale diffuse γ-ray emission appears challenging regarding sensitivity and
analysis methodology. The emissions of both diffuse CR interactions and sources ap-
pear comparable and therefore is difficult to isolate one component from the other.
Considering for instance the diffuse estimation given by the H.E.S.S. collaboration
(Sec.3.3.1), this appears strongly depending on the source distribution (Fig.3.11). The
estimation difficulties are also due to a high presence of extended TeV sources which
are more problematic to be resolved due to the applied background subtraction
method (Abramowski et al., 2014) and are therefore more easily assimilated to the
large-scale diffuse emission. For this reason, a direct comparison between our dif-
fuse models and the diffuse measurements at these energies is not the best possible
procedure given such a biased estimation of the diffuse from experimental observa-
tions. We therefore construct a complete model that includes both contributions of
interstellar emission and sources and we compare it with the total flux observed by
the various experiments.

The total flux of HE neutrinos and gammas produced in our Galaxy can be writ-
ten respectively as:

ϕν,tot = ϕν,diff + ϕν,S; (4.16)
ϕγ,tot = ϕγ,diff + ϕγ,S + ϕγ,IC; (4.17)

where ϕν,diff and ϕγ,diff are the diffuse fluxes; ϕν,S, ϕγ,S is the flux produced by
sources and ϕγ,IC indicates the contribution due to inverse Compton emission by
diffuse HE electrons. The diffuse emission is calculated as described in the previ-
ous Section. With the term ’sources’, we refer here to all the contributions produced
within or close to an acceleration site by freshly accelerated particles that potentially
have (a part from cut-off effects) harder spectra than the diffuse component. For the
source flux we decided to use the the HESS-GPS catalogue (Abdalla et al., 2018a)
(already introduced in the previous Chapter). The experiment H.E.S.S. is the most
useful for our studies for many reasons that will be clarified along the discussion in
this and the next Chapters. For the purpose of this treatment we chose the HGPS
because it is focused on the central Galactic region, i.e. for −60◦ < l < 60◦, where
the effect of the hardening is more pronounced and can be therefore tested.

Due to the largest length scale of electron interaction respect to protons, the in-
verse Compton emission from the Galactic disk is assumed to be extended to larger
latitudes. Hence, the background subtraction method operated by the H.E.S.S. col-
laboration is expected to provide an exclusion of the 95% of IC TeV production.
Thus, we do not include the IC contribution in our estimation.

The HGPS includes 78 VHE sources observed in the longitude range −110◦ ≤
l ≤ 60◦ and latitudes |b| < 3◦, measured with an angular resolution of 0.08◦ and a
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sensitivity . 1.5% Crab flux for point-like objects. Nevertheless, we need to always
keep in mind that the H.E.S.S. sensitivity profile varies according to flux and source-
size and that the catalogue can be considered complete only for sources with flux
(> 1 TeV) above Φth = 10%ΦCRAB (Sec.3.3.1). This must be taken into account for
our estimation and future comparisons when defining the term ϕγ,S which, more
precisely, constitutes the sum of the resolved source flux plus an unresolved source
contribution. We will refer to the flux produced by resolved gamma-ray sources, with
ϕ
(r)
γ,S which in this treatment is evaluated by using the H.E.S.S. survey.

In the catalogue, extended sources are described with Gaussian profiles in l and
in b, centered at the source coordinates and with size σ reported in the catalogue.
The source spectrum is calculated in the energy range 0.1 ≤ Eγ ≤ 100 TeV by using
a power law or a power-law with an exponential cutoff with best-fit parameters
reported in the online material of Abdalla et al., 2018a.

We start from these gamma-ray observations, and convert them into neutrino
source contribution: ϕν,S under the hadronic hypothesis and by using the relations
reported in Eqs.(1.56), (1.57), (1.58), (1.59) of Chapter 1. We will define the source
term starting from the gamma-ray resolved flux, however, how we will see, a possi-
ble introduction of an additional neutrino flux coming from unresolved gamma-ray
flux could only strengthen our results in the neutrino sky.

We consider the spectral parameters given by the HGPS catalogue and obtain
the spectral parameters for each source of neutrinos, and finally we compute each
source flux. This procedure is done assuming that all conditions listed in Sec.1.4
are satisfied for all sources considered. Except for the first one, all of the require-
ments can be considered in fact valid for all sources collected in the HGPS catalogue
(Kappes et al., 2007). Since the majority of the sources observed by H.E.S.S. are not
yet identified, we know very little on their nature and therefore we do not know
the dominant processes occurring inside them. For this reason we assume to give
a maximal estimation for the neutrino source contribution. We assume indeed that
the limit condition of a fully hadronic production is verified for every source consid-
ered, and we convert the gamma-ray source fluxes into neutrino fluxes under this
hypothesis.

Fig.4.5 shows the longitudinal distribution of gamma-ray sources (upper panel)
and of the obtained neutrino sources (lower panel) in the longitudinal range−60◦ <
l < 60◦ for b = 0. Each neutrino source is spatially expressed by a Gaussian in the
l and b coordinates, centered in the gamma-ray source position, with width equal
to the width of the corresponding gamma-ray source, given in the catalogue. Both
plots are obtained at the fixed energy of 1 TeV.

4.3 Comparisons

The sum of the gamma-ray flux produced by diffuse component and resolved sources
provides a lower estimate of the total gamma-ray emission that can be compared
with the observational determinations of the total gamma-ray flux at TeV energies
obtained by H.E.S.S. (Abramowski et al., 2014), HAWC (zhou2017lgv), Argo-YBJ
(Bartoli et al., 2015) and Milagro (Abdo et al., 2008a).

The gamma-sky comparison is reported in Fig.4.7. The four experiments have
different observation windows, angular resolutions and median observation ener-
gies, as it is indicated in the figure. In particular, the H.E.S.S. Galactic Plane Survey
(Abramowski et al., 2014) (first panel from the top of Fig.4.7) measures the profile
of gamma-ray emission, averaged for latitudes |b| < 2◦, in the longitude range
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FIGURE 4.5: Upper panel: HGPS gamma-ray sources as parameter-
ized in Abdalla et al., 2018b; lower panel: corresponding neutrino

sources in the hypothesis of a dominant hadronic regime.

−75◦ < l < 60◦, for a photon median energy Eγ = 1 TeV. The data are provided
in angular bins δl ∼ 0.6◦. In order to remove possible background contributions, the
total emission from the Galactic plane is obtained by H.E.S.S. as the excess with re-
spect to the average signal at absolute latitudes |b| ≥ 1.2◦ (Abramowski et al., 2014).
We apply the same background reduction procedure to our predictions. For each
considered case, we report in the figure the excess along the Galactic plane (i.e. in the
region |b| < 1.2◦) with respect to the average emission in the region 1.2◦ < |b| < 2◦.

The HAWC experiment recently presented the preliminary longitudinal gamma-
ray profile in the angular region 0◦ < l < 60◦ for a photon median energy Eγ = 7
TeV (second panel in Fig.4.7). The emission is averaged over Galactic latitudes
|b| < 2◦ and it is provided in angular bins δl ∼ 2◦ (zhou2017lgv). The Argo-YBJ
experiment measures the total gamma-ray emission in the overlapping longitudinal
range 25◦ < l < 60◦ for Eγ = 600 GeV (third panel of Fig.4.7). The measured flux is
averaged over Galactic latitudes |b| < 5◦ and the data are presented in longitudinal
bins δl ∼ 8◦ (Bartoli et al., 2015). At higher energy, Eγ = 15 TeV, the Milagro experi-
ment reports the total gamma-ray emission in the region 30◦ < l < 60◦ (lower panel
of Fig.4.7). The observed flux is averaged over Galactic latitudes |b| < 2◦ and it is
provided in angular bins δl ∼ 2◦(Abdo et al., 2008a).

In order to facilitate the comparison among the different measurements, we re-
binned the data from H.E.S.S., HAWC and Milagro over longitudinal bins δl ∼ 10◦

that are comparable with Argo-YBJ angular resolution. The re-binning procedure is
also done to avoid large fluctuations of the signal thus making visually clear the ex-
cess (or the deficit) of the observed flux with respect to our predictions. It should be
noted that our calculations of the diffuse gamma-ray component are intended to de-
scribe the main features of the interstellar emission, but they are not expected to re-
produce the small angular scales fluctuations of the observed signal, being based on
(relatively) smooth gas and CR distributions. The data points obtained after the re-
binning procedure are reported in Fig.4.7. They are located in the bin midpoint and
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FIGURE 4.6: Longitudinal distribution of total neutrino flux at 100
TeV, in the range −65◦ < l < 60◦ (b = 0), obtained for the 4 cases.
Blue lines: standard cases, red lines: hardening cases. Solid and dot-
ted lines correspond to the two diffusion radii R = 1 kpc, and R = ∞
respectively. The green line represents the isotropic fit of the HESE

signal measured by IceCube (Abbasi et al., 2020b).

have vertical error bars that include systematic and statistical errors of the measured
fluxes. The two errors are summed in quadrature and correspond to a total uncer-
tainty equal to 30% for H.E.S.S. Abdalla et al., 2018a, 50% for HAWC zhou2017lgv,
27% for Argo Bartoli et al., 2015 and 36% for Milagro Abdo et al., 2008a. The grey
dashed lines (not given for Argo-YBJ) are obtained by performing a moving aver-
age of the experimental data with the previously discussed δl and are intended to
show the longitudinal dependence of the total galactic emission measured by each
experiment.

The red and blue curves displayed in Fig.4.7 give the sum of the gamma-ray
flux produced by sources in H.E.S.S. catalogue and diffuse emission, averaged in
the Galactic latitudinal windows considered by each experiment and then smeared
in longitudinal bins δl = 10◦ for H.E.S.S., HAWC and Milagro and δl = 8◦ for Argo-
YBJ. The red lines take into account CR spectral hardening hypothesis while blue
lines correspond to the standard assumption. Solid and dashed lines are obtained
(in both cases) by assuming that the CR spatial distribution follows that of SNRs
with smearing radius equal to R = 1 kpc and R = ∞ (see Eq.(4.13)), respectively.
The green dotted lines in the various panels show the contribution to the total flux
which is only ascribed to sources resolved by H.E.S.S.

In order to discuss the behaviour of our gamma-ray predictions as a function of
energy, we select the observation window 30◦ < l < 60◦ and −2◦ < b < 2◦ where
all the experiments are sensitive. In this region, we compare the gamma-ray fluxes
obtained in this work with the measured ones at different energies. The results are
reported in Fig.4.8.

We compare the total neutrino flux as defined in Eq.(4.16) with the IceCube re-
sults (Abbasi et al., 2020b). The neutrino comparison is reported in Fig.4.6. We show
the comparison with the isotropic fit of the 7.5 years HESE data set from the last
release (Abbasi et al., 2020b). We decided to use the HESE events for the spatial
comparison since this is data set sensible to the sky region that includes the Galactic
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center, hence the region of our interest. Again, in order to facilitate the compari-
son, the source flux is obtained applying a re-binning of the data over longitudinal
bins of 15◦ (Fig.4.5), comparable with the angular resolution of showers (dominant
topology among starting events).

Finally, in Fig.4.9 we compare the spectra of integrated fluxes on the overall sky
with the spectra obtained for the two IceCube data sets: HESE and through-going
muons.

4.4 Discussion

The main conclusions that we can infer from the neutrino comparisons shown in
Fig.4.6 and 4.9 are the following.

• Our total Galactic neutrino flux integrated over the whole sky, regardless the
model considered, gives a subdominant contribution respect to the total signal.
This is expected since the still missing evidence for the Galactic contribution
in the IceCube signal which is predominantly extragalactic. For the overall
integrated fluxes we obtain that the standard scenario is ∼ 4 − 4.5% of the
isotropic astrophysical flux, while introducing the hardening the percentage
is ∼ 6− 8% according to the spatial CR diffusion considered (R = 1 kpc and
R = ∞ respectively). This is in agreement with the upper limit given by the
collaboration: < 14% (Aartsen et al., 2017).

• However, there is a portion of the sky that includes the Galactic center where
the model flux appears to exceed the isotropic signal. This is true for every
model considered, both standard and with hardening, as shown in Fig.4.6
where we report the longitudinal distribution (for b = 0) of the fluxes of our
models compared with the isotropic HESE signal (green line).

• In Fig.4.9, where the spectra of the angle integrated fluxes are shown, again
we see how the IceCube signal is significantly higher than the diffuse Galactic
flux predicted even assuming an harder emission from the central part of the
Galaxy.

Finally, our model can be considered approximately equivalent to the KRAγ model
by Gaggero et al., 2015b, Gaggero et al., 2017, since it includes the same spectral
dependence and a more data-driven expression of the local CR spectrum. We can
expect therefore comparable constraints on our model as obtained in Albert et al.,
2018 by the joint likelihood test performed using seven years IceCube track data and
ten years of ANTARES track and shower data.

In the following are listed the most remarkable conclusions that can be derived
from the gamma-ray comparisons of Fig.4.7 and 4.8 where the main features of the
gamma-ray signal in the TeV domain are reproduced by our model both as function
of the observation angle and energy.

• According to our estimates, the emission from resolved sources accounts for a
large fraction of the total flux in the TeV domain. In the angular ranges indi-
cated in Fig.4.7, the gamma-ray sources included in the HESS-GPS catalogue
are responsible for 30%, 46%, 44%, 44% of the total signal observed by Argo-
YBJ, HESS, HAWC and Milagro, respectively.
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• Another interesting feature that emerges is that the gamma-ray flux from the
Galactic plane at 1 TeV is not symmetric with respect to Galactic center, being
the flux observed by H.E.S.S. in the longitude range 0◦ ≤ l ≤ 60◦ about 30%
larger than that observed in −60◦ ≤ l ≤ 0◦. This asymmetry is partially repro-
duced by our calculations as a result of the inclusion of resolved sources. In
our model, diffuse emission is indeed invariant with respect to l −→ −l trans-
formation, being based on cylindrically symmetric gas and CR distribution.
In order to reproduce the observed difference, one should break cylindrical
symmetry, including e.g. a 3D gas distribution and/or the effects of molecular
clouds (Aharonian et al., 2018).

• The comparison between theoretical predictions and observational data allows
us to obtain interesting constraints on the CR distribution. Indeed, the pre-
dicted fluxes in the presence of CR hardening saturate or exceed the observed
signal in certain regions of the sky. In particular, the largest prediction consid-
ered, which is obtained by including CR spectral hardening and by assuming
that the CR spatial distribution follows that of SNR with R = 1 kpc smearing
radius (red solid lines), account for 95%, 104%, 104% and 118% of the total sig-
nal observed by Argo-YBJ, HESS, HAWC and Milagro in the angular ranges
indicated in Fig.4.7, respectively. This is hardly acceptable on physical basis
considering that the calculated flux provides a lower limit for the total gamma-
ray emission and an additional non negligible contribution is expected to be
provided by non-resolved sources and IC.

4.5 Unresolved sources

Due to the more detailed and extensive information provided by current detectors,
for the gamma-ray messenger we can proceed with a more refined study which for
neutrinos instead is not possible with present data. For gamma-rays we give indeed
estimation of the unresolved source contribution to the diffuse emission measured
by the H.E.S.S. detector in its observational window.

At TeV energies, we naturally expect that unresolved sources account for a rele-
vant fraction of the total gamma-ray signal because a small portion of the Galaxy is
resolved by the H.E.S.S. observatory while sources are expected to be distributed in
the entire Galaxy. It is e.g. discussed in Abdalla et al., 2018a (and in our Sec.3.3.1)
that point-like objects with intrinsic luminosity above 1 TeV equal to L = 1034 erg s−1

can be observed up to a median distance D ∼ 7 kpc. The observational horizon can
be, however, much smaller (up to a factor 3) for extended sources.

As already mentioned, the total flux produced by sources should include also
the contribution due to very faint and/or extended sources that are not resolved by
H.E.S.S. We can express the total source contribution as:

ϕγ,S = ϕ
(r)
γ,S (1 + η); (4.18)

where the parameter η, that depends in principle on the observation direction and
energy, quantifies the relative contribution of unresolved objects to the total source
flux. Observing Fig.3.9 we can assume that the H.E.S.S. sensitivity limit for extended
objects is' 10% of the CRAB flux (ΦCRAB = 2.26 · 10−11 cm−2 s−1) integrated above 1
TeV (Abdalla et al., 2018a). As stated from the collaboration, indeed, above this flux
threshold (Φth = 10% ΦCRAB) the catalogue can be considered complete (Abdalla et
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al., 2018a). By taking this into account we can provide an estimate of the η parameter
as a function of the assumed sources intrinsic luminosity L.

Taking the Crab emission spectrum as a reference, a source at a distance D with
intrinsic luminosity L (> 1 TeV) produces a flux at Earth given by:

Φ = ΦCRAB (L/LCRAB) (D/DCRAB)
−2; (4.19)

where LCRAB = 5 · 1034 erg s−1 and DCRAB = 2 kpc are the Crab nebula luminosity
and distance, respectively. The produced flux is larger than Φth only if the source
distance is D ≤ D(L) where:

D(L) ≡ 6.3 kpc
√

L/LCRAB. (4.20)

The above estimate confirms that a relatively small region of the Galaxy is fully
resolved by H.E.S.S., even if sources are assumed to be very luminous.

In the assumption of fixed source intrinsic luminosity L, the cumulative contri-
bution of sources to the gamma-ray flux for Eγ ≥ 1 TeV observed from the direction
n̂ can be calculated as:

ϕγ,S(n̂, L) = Φth D(L)2
∫ ∞

0
dl fS(~r� + n̂l); (4.21)

where fS(~r) represents the source distribution in the Galaxy. The total flux can be
divided in two contributions, "fully resolved" and "partially resolved" sources. In
this second category are considered all sources with flux below the threshold. The
contribution of fully resolved sources with Φ ≥ Φth can be calculated as:

ϕ
( f r)
γ,S (n̂, L) = Φth D(L)2

∫ D(L)

0
dl fS(~r� + n̂l); (4.22)

i.e. by the integral extended from 0 to the maximum distance D(L) at which the
source is observable. Following this prescription, the flux from sources with Φ ≤
Φth, that maybe are not resolved being very faint and/or extended, is instead given
by:

ϕ
(pr)
γ,S (n̂, L) = Φth D(L)2

∫ ∞

D(L)
dl fS(~r� + n̂l). (4.23)

Since the cutoff distance D(L) can be relatively small with respect to the Galactic
scales, we expect that the ratio ϕ(pr)/ϕ( f r) may be large, in particular when looking
at small Galactic latitudes where the source density along the line-of-sight is not
expected to vanish for large distances. In order to estimate the relevance of "partially
resolved" contribution, we calculate the ratio:

R(L) =
Φ(pr)

S (L)

Φ( f r)
S (L)

; (4.24)

where the fluxes:

Φ(pr)
S (L) ≡

∫

∆Ω
dΩ ϕ

(pr)
γ,S (n̂, L);

Φ( f r)
S (L) ≡

∫

∆Ω
dΩ ϕ

( f r)
γ,S (n̂, L);

give the "partially resolved" and "fully resolved" source emission integrated over the
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angular region ∆Ω defined as −60◦ ≤ l ≤ 60◦ and −3◦ ≤ b ≤ 3◦. If we take L =
LCRAB and we assume that the source distribution fS(~r) is proportional to the SNR
number density given in Green, 2015, we obtain R = 0.9. By considering a uniform
cylindrical source distribution with radius r = 15 kpc and thickness H = 0.2 kpc, we
obtainR = 0.8.

The above results can be used to estimate the contribution to total gamma-ray
flux by sources unresolved by H.E.S.S. In the angular region ∆Ω, the H.E.S.S. exper-
iment observes 29 sources with fluxes larger than Φth = 10% ΦCRAB, corresponding
to a "fully resolved" flux Φ( f r)

S = 7.0 ΦCRAB. This represents a fraction ω = 0.84 of

the cumulative resolved flux Φ(r)
S that includes 42 additional sources with Φ ≤ Φth.

Taking this into account and considering that the total source flux Φγ,S is given by
the sum of fully resolved and partially resolved contribution, we obtain:

Φγ,S = Φ(r)
γ,S(1 + η); (4.25)

where the parameter (1 + η) ≡ ω + ωR is defined as in Eq.(4.18) and can be rela-
tively large. If we take L = LCRAB we obtain η ' 0.6.

So the integrated contribution of unresolved sources in the angular region |l| ≤
60◦ and |b| ≤ 3◦ is found to be η ' 60% of the resolved signal, if we assume
that source distribution is proportional to the SNR number density Green, 2015 and
sources have intrinsic luminosity L = LCRAB. Moreover, the parameter η is a decreas-
ing function of L, i.e. larger values for η are obtained for smaller sources intrinsic
luminosity, since the horizon for resolved sources decreases (see Eq.(4.20)) and thus
a smaller portion of the Galaxy is probed by H.E.S.S. We thus understand that the
above value represents a lower limit of the luminosity-averaged contribution unless
the source luminosity distribution extends well above LCRAB.

Despite the large uncertainty, the above estimate allows us to conclude that re-
solved and unresolved sources plausibly give comparable contributions to the total
gamma-ray resolved signal, in substantial agreement with results presented by Eg-
berts, 2018. However, the unresolved prediction cannot be obtained as a function
of the observation direction and energy. For this reason, we do not include the un-
resolved sources contribution when comparing of observational data of Argo-YBJ,
H.E.S.S., HAWC and Milagro experiments with our theoretical estimates.

We can however compare the expected percentages. If we consider the lowest
prediction in the presence of CR spectral hardening, that is obtained by considering
a smooth CR space distribution (i.e. with a smearing radius R = ∞) and corresponds
to the red dashed lines in Fig.4.7, we obtain that η should be lower than 0.92, 0.51,
0.45 and 0.14 in the angular ranges and at the gamma-ray energies probed by Argo-
YBJ, H.E.S.S., HAWC and Milagro, respectively.

The obtained limits for unresolved sources contribution can be compared with
the expected values for η. In the HGPS observational window, we obtained η ∼ 0.6
for HE gamma-ray sources distributed as SNRs and with intrinsic luminosity (> 1
TeV) comparable to that of Crab nebula. In conclusion, by comparing the estimated
value for η with the constraint η ≤ 0.51 that is obtained from H.E.S.S. data, we
are lead to state that a potential tension exists between the CR spectral hardening
hypothesis and observational results, unless we assume HE gamma-ray sources to
have a relatively large intrinsic luminosity, greater than or comparable to that of
Crab nebula.

The estimation of unresolved source contribution, although challenging, pro-
vides insights for further in-dept population studies. This result represents indeed
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the starting-point for our next work.
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FIGURE 4.7: The total gamma fluxes predicted as a function of
the Galactic longitude l following the same color prescription as in
Fig.4.3. The green dotted line represents the contribution of resolved
sources. For a detailed description of the plots see the text. Figure

taken from Cataldo et al., 2019.
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Chapter 5

Source contribution to the VHE
Galactic emission

One of the main conclusions inferred from our previous work is that the unresolved
Galactic sources at TeV energies may have a relevant contribution to the total Galac-
tic gamma-ray emission. In this Chapter we provide a refinement of this estimation
by performing a population study of the H.E.S.S. Galactic Plane Survey. However,
we can infer much more information from this catalogue so this work led us to sev-
eral more interesting developments.

Even if the knowledge of our Galaxy in the TeV domain has greatly progressed,
several questions remain unsolved. For instance, in most cases, we are not able to de-
termine whether the observed TeV gamma-ray signals are produced by leptonic or
hadronic mechanisms. This limits the possibility to use the gamma-neutrino connec-
tion, implied by hadronic production, to estimate the neutrino signal from gamma-
ray observed sources. In addition, although different astrophysical objects, such as
Supernova Remnants (SNRs) and Pulsar Wind Nebulae (PWNe), can generate TeV
γ−rays, we still don’t know which (if any) class of sources dominates the Galactic
emission. Recent observations of Geminga and PSR B0656+14 by Milagro (Abdo et
al., 2009) and HAWC (Abeysekara et al., 2017a), provided evidence for a new class of
objects powered by pulsar activity, the so-called "TeV halos", that could potentially
explain a large fraction of bright TeV sources observed in the sky (Sudoh, Linden,
and Beacom, 2019).

We perform our study with the goal of also addressing some of these open is-
sues. We analyze the flux, latitude and longitude distributions of sources detected
by H.E.S.S. in order to infer the properties of the TeV source population. To avoid
selection effects, we include in our analysis the brightest sources with a flux above
1 TeV larger than 10% of the CRAB flux. By performing a general analysis based
on suitable assumptions for the source space and luminosity distributions, we show
that the HGPS data permit to estimate with relatively good accuracy general properi-
ets of the Milky Way. We give indeed the total Milky Way luminosity produced by
TeV sources and the total Galactic flux due to both resolved and unresolved sources
in the H.E.S.S. observational window (OW). Finally, this allows us to quantify the
contribution of unresolved sources to the total flux, confirming our first estimation
that unresolved contribution is possibly the dominant component of the large-scale
diffuse signal observed at TeV by H.E.S.S. (Abramowski et al., 2014) and Milagro
(Atkins et al., 2005). Our analysis of the TeV source population improves and com-
plements previous discussions on the subject, such as e.g. the one provided by
Casanova and Dingus, 2008, by considering different aspects and an original ap-
proach and by taking advantage of more recent observational data.

This Chapter is based on the original paper Cataldo et al., 2020.
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5.1 Why H.E.S.S.?

In the observational window probed by the telescope H.E.S.S. (−110◦ ≤ l ≤ 60◦,
|b| < 3◦) and above its flux threshold (∼ 1.5%ΦCRAB), the catalogue contains 78 VHE
gamma-ray sources with a spectrum of emission extending above 1 TeV (Abdalla
et al., 2018a). The flux, longitudinal, and latitudinal distributions of the sources
collected are represented by the histograms in Fig.5.1. The blue blocks are all 78
sources reported in the HGPS, while the magenta ones show the sources observed
with flux above the threshold Φth = 10%ΦCRAB used for our analysis. Above this
threshold the catalogue can be considered essentially complete, as it is discussed in
Abdalla et al., 2018b and explained in Chapter 3. This sample consists of 32 sources
with the following identification: 3 firmly associated with SNRs (Vela Junior, RCW
86, RX J1713.7-3946), 2 objects showing evidence of both shell and nebular emission
which we refer to as "composite", 8 associated with PWNe, and 19 unidentified, (Fig.
5.2).

There are several reasons why the HGPS is the best choice for our studies. At
energies of our interest, H.E.S.S. provides the most complete catalogue of gamma-
ray Galactic sources (see also Sec.3.3.1). Indeed, this telescope covers an angular
region that is focused on the Galactic disk and contains the Galactic center. This
region of the sky contains most of potential sources located in the Galactic plane, if
we assume the source distribution to be parameterized as SNR or PWN distributions
presented in Green, 2015 and Lorimer et al., 2006, respectively (and described in this
thesis in Sec. 2.1.1 and 2.1.3). Indeed by integrating the source distribution over the
total observational window covered by H.E.S.S. we obtain a value which is around
∼ 0.8 (see Eq.(5.22)). This is true for both the distributions, if normalized to 1 over
the total sky.

If we consider the other HE gamma-ray telescopes introduced in Chapter 3 their
observational window have instead a smaller coverage on the Galactic disk. The
HAWC experiment provides the longitudinal gamma-ray profile in the angular re-
gion 0◦ < l < 180◦ and |b| < 2◦, for a photon median energy Eγ = 7 TeV (Zhou,
Rho, and Vianello, 2018). The Argo-YBJ experiment measures the total gamma-
ray emission in the longitudinal region 40◦ < l < 100◦ and latitudes |b| < 5◦ for
Eγ = 600 GeV (Bartoli et al., 2015). At higher energy, Eγ = 15 TeV, the Milagro
experiment reports the total gamma-ray emission for longitudes 30◦ < l < 110◦

and 136◦ < l < 216◦ and for latitudes |b| < 10◦ (Abdo et al., 2008a). Consid-
ering the same source distributions, the sky regions probed by Milagro, Argo-YBJ,
and HAWC contain a smaller fraction of the potential sources in the Galactic plane,
equal to' 20%,' 20%, and' 40%, respectively. In conclusion, the H.E.S.S. Galactic
Plane Survey (HGPS) is the best choice for our purposes since it provides optimal
sky coverage to perform Galactic population studies.

Another interesting characteristic of the HGPS is the sensitivity analysis pro-
vided. As already described in Sec.3.3.1, the lowest threshold for point-like sources
is ∼ 1.5% of the Crab flux although the sensitivity varies with source size, flux, and
position. However, the collaboration assumes completeness of the catalogue over
the threshold: 10% of Crab flux for sources with size < 1◦. Meaning that, if small
enough, all sources that produce a photon flux above 1 TeV larger than 10%ΦCRAB
are supposed to be observable by the detector despite their position in the Galaxy
and their angular dimension. As we didn’t want to make any prior assumption
on the sensitivity of the instrument, we decided to limit our population study only
to the sample considered complete, which therefore contains the brightest sources.
Moreover, we assume all sources in our model to be below the size threshold of 1◦
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threshold sources.
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FIGURE 5.2: Pie chart of the identification of 32 sources observed by
H.E.S.S. above the flux threshold.

and under this value we perform our analysis in full generality without being forced
to hypothesize a prescribed physical dimension for the sources because the angular
extension does not discriminate the possible identification. Then, in Sec.5.7 we test
the possibility of an exception that consists in very close and very extended sources
that cover angular regions larger than ∼ 1◦ and could escape detection due to back-
ground subtraction procedure employed by H.E.S.S. We check that this situation is
unlikely and, thus, in most of the cases does not affect our constraints.

5.2 Model

The luminosity function of a generic ensemble of sources is defined by the equation:

dN
d3r dL

= ρ (�r)Y (L) ; (5.1)

where the ρ(�r) is the spatial distribution and Y(L) is the intrinsic luminosity distri-
bution. To model the flux observed by the H.E.S.S. telescope we need to define the
two functions ρ(�r) and Y(L) for potential TeV Galactic gamma-ray sources. In this
case L represents the gamma-ray intrinsic luminosity value obtained integrating on
the energy range 1 − 100 TeV which is the one probed by H.E.S.S.

In our reference case the spatial distribution is assumed to follow the Galactic
distribution of pulsars. As already introduced in Chapter 2 this is well approxi-
mated by the function given by Lorimer et al., 2006 of Eq.(2.4). In particular, our
spatial distribution ρ(r, z) (showed in Fig.5.3) is assumed proportional to the one by
Lorimer et al., 2006 and conventionally normalized to one when integrated in the
entire Galaxy. So along the cylindrical coordinates r and z is:

ρ(r, z) ∝
(

r
r�

)αp

exp
(
−βp

r − r�
r�

)
exp

(
−|z|

H

)
. (5.2)

For our model we use the parameter values αp = 1.9 and βp = 5, obtained in Lorimer
et al., 2006 by fitting a sample of pulsars using a model that takes into account a
spiral-arm modelling of the Galaxy. While for the z axis we assumed an exponential
scaling with a value H = 0.2 kpc for the disk thickness.
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FIGURE 5.3: Galactic pulsar distribution in cylindrical coordinates as
in Lorimer et al., 2006, with a disk thickness H = 200 pc.

The intrinsic luminosity function is assumed as a power-law:

Y(L) =
N

Lmax

(
L

Lmax

)−α

; (5.3)

that extends in the luminosity range Lmin ≤ L ≤ Lmax. In our study we assume
a value α = 1.5 as working hypothesis, since this value can be motivated in the
context of a population of gamma-emitting sources connected with pulsar activity,
i.e. Pulsar Wind Nebulae (PWNe) and/or TeV halos, as it will be more clear in the
next Chapter in which we will physically justify this choice. Other options for the
power-law index α (and other assumptions in the analysis) will be considered later
on in order to test the stability of our results.

The number N represents the normalization of the function Y(L) obtained at
high-luminosity. It physically represents the number of sources with luminosity
Lmax in the logarithmic luminosity interval d ln(L), since the logarithmic luminos-
ity distribution is:

dN
d ln L

= N L
Lmax

(
L

Lmax

)−α

; (5.4)

and for L = Lmax is equal to N .
The last necessary ingredient to predict the expected signal in H.E.S.S. is the re-

lationship between the intrinsic luminosity of sources L and the flux produced at
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Earth, that can be generally written as:

Φ =
L

4πr2〈E〉 ; (5.5)

where r is the source distance, and 〈E〉 is the average energy of photons emitted in
the range 1 − 100 TeV. In the HGPS the integral flux above 1 TeV of each source
is obtained from the morphology fit of flux maps, assuming a power-law spectrum
with index β = 2.3 for all of them. This value is compatible with the average spectral
index obtained by fitting HGPS sources by using a power law or a power-law with
an exponential cutoff in the energy range 0.2 TeV ≤ Eγ ≤ 100 TeV (see Sec.3.3.1).
In order to be consistent with this procedure, we adopt the same assumption to
describe the spectrum of Galactic sources in the TeV domain i.e. we assume that all
sources can be described by a power-law in energy with spectral index β = 2.3. So
the average energy 〈E〉 corresponds to:

〈E〉 =
∫ 100TeV

1TeV dE E
( E

1TeV

)−2.3

∫ 100TeV
1TeV dE

( E
1TeV

)−2.3 = 3.25 TeV. (5.6)

5.2.1 Cumulative flux of H.E.S.S. sources

In order to further check the validity of our final results, one of the distributions that
we will compare is the flux distribution dN/dΦ. This can be calculated as:

dN
dΦ

=
∫ D(Lmax,Φ)

0
dr 4πr4〈E〉 Y(4πr2〈E〉Φ) ρ(r); (5.7)

where we used the flux-luminosity relation in Eq.(5.5) that gives: L = Φr24π〈E〉.
The function:

ρ(r) ≡
∫

OW
dΩ ρ(r,~n); (5.8)

represents the source spatial distribution integrated over the longitude and latitude
intervals probed by H.E.S.S. Note that the integration in Eq.(5.7) is limited to the
distance range r ≤ D(Lmax, Φ). In particular the generic function:

D(L, Φ) ≡
√

L
4π〈E〉Φ ; (5.9)

represents the distance below which a source with intrinsic luminosity L produces a
flux larger than Φ. Substituting the luminosity function Y(Φr24π〈E〉) with the one
chosen for our calculations, Eq.(5.3), we obtain the following:

dN
dΦ

=
N

L1−α
max

∫ D(Lmax,Φ)

0
dr (4π〈E〉)1−α r4−2α Φ−α ρ(r). (5.10)

The function dN/dΦ can be calculated analytically in the two limit cases Lmax → ∞
and Lmax → 0. For Lmax → ∞, the upper limit of the integration goes to infinite
as well: D(Lmax, Φ) → ∞. In this case the integral is independent from Φ and the
function becomes:

dN
dΦ

= N Lα−1
max Φ−α (4π〈E〉)1−α

∫ ∞

0
dr r4−2α ρ(r); (5.11)
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here the integral is only dependent on the coordinate r and is therefore a constant.
The dependence on Φ is only given by the term Φ−α. The cumulative function N(Φ)
is the flux integral and represents the total number of sources above a flux Φ. In this
case is therefore:

N(Φ) ∝ Φ−α+1. (5.12)

For the second limit case Lmax → 0, hence for D(Lmax, Φ)→ 0, the integral over r
is extended to a small region where the distribution function ρ(r) can be considered
constant and equal to its value at r = 0, i.e. in this case we assume ρ(r) ' ρ(0). We
thus obtain:

dN
dΦ
' (4π〈E〉)1−α ρ(0) N Lα−1

max Φ−α
∫ D(Lmax,Φ)

0
dr r4−2α

= (4π〈E〉)1−α ρ(0) N Lα−1
max Φ−α r5−2α

5− 2α

∣∣∣∣
D(Lmax,Φ)

0
=

= ρ(0)
( N

5− 2α

)(
Lmax

4π〈E〉

) 3
2

Φ−
5
2 .

(5.13)

The behaviour of dN/dΦ as a function of Φ is therefore independent from the in-
dex α considered and is proportional to Φ−

5
2 . The dependence on the flux of the

cumulative function will be therefore independent from α as well and will be:

N(Φ) ∝ Φ−
5
2 . (5.14)

The two analytical limits for the cumulative flux distribution N(Φ) are reported in
Fig.5.5 by the two smooth lines and compared with the cumulative distribution ob-
tained by the HGPS data given by the gray histogram. In particular, the magenta
dot-dashed line is the function of Eq.(5.14) obtained for Lmax → 0, while the blue
dotted line is the function (5.12) obtained for Lmax → ∞.

5.3 Unbinned Likelihood

Flux, latitude, and longitude distributions of the sources observed in HGPS are fitted
by using an unbinned likelihood with the goal of constraining the source luminos-
ity distribution. By fixing the value of α = 1.5 for our reference case, our model
has the two free parameters: Lmax and N . In order to determine the maximal lu-
minosity Lmax and the normalization N of the luminosity function, see Eq.(5.3), we
use the maximum Likelihood technique. The H.E.S.S. catalogue contains Galactic
coordinates (bi, li), the observed fluxes Φi in the energy range 1− 100 TeV and the
respective uncertainty δΦi for each source.

Given this data set we define an unbinned Likelihood function L, according to:

logL = −µtot + ∑
i

log (µi); (5.15)

where µtot represents the number of expected sources, while µi is the probability to
observe an object with coordinates (bi, li) and measured flux Φi. These quantities are
calculated by considering that the source distribution per unit of flux Φ and solid
angle dΩ is given by:

µ(b, l, Φ) =
∫

dr 4πr4〈E〉 Y(4πr2〈E〉 Φ) ρ(r, b, l); (5.16)
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with the functions Y(L) and ρ(~r) defined in Sec.5.2. The parameter µtot is obtained
by integrating the function µ(b, l, Φ) in the H.E.S.S. observational window and in
the flux range Φ ≥ 0.1ΦCRAB (since we only consider the limited sample of sources
over the threshold) and is equivalent to the cumulative function already described.
While the coefficients µi are obtained as:

µi =
∫

dΦ µ(bi, li, Φ)P(Φi, Φ, δΦi); (5.17)

where the function P(Φi, Φ, σ) represents the probability that the measured flux Φi is
obtained for a source emitting the real flux Φ. We assume that this can be described
by a Gaussian with a dispersion σ equal to the uncertainty of the measured flux, i.e.

P(Φi, Φ, δΦi) =
1√

2πδ Φ2
i

exp
[
− (Φ−Φi)2

2 δΦ2
i

]
. (5.18)

Finally, the best fit values and the allowed regions for the parameters in our analysis
are obtained by studying the χ2 behaviour, defined according to:

χ2 = −2 logL. (5.19)

5.4 Best-fit values

The best fit values and the allowed regions for the maximal luminosity Lmax and
the normalization N of the source luminosity distribution are shown in Fig.5.4. We
obtain:

Lmax = 4.9+3.0
−2.1 × 1035ergs/s;

N = 17+14
−6 ; (5.20)

where the quoted uncertainties correspond to 1σ confidence level (CL). The con-
straint on the maximal luminosity can be also expressed as Lmax = 13+8

−6 LCRAB by
considering that the Crab luminosity (above 1 TeV) is LCRAB = 3.8 · 1034ergs/sec.
The above results are obtained for our reference case where we assume that the
source distribution is proportional to that of pulsars given by Lorimer et al., 2006,
the disk thickness is H = 0.2 kpc, and the power-law index of the luminosity dis-
tribution is α = 1.5. Moreover, for our fit we include 29 HPGS sources neglecting
the 3 sources which are firmly identified as SNRs. This is motivated by the possible
interpretation of our results in terms of a population of fading sources powered by
pulsar activity that we discuss in the next chapter.

The obtained bounds are connected with specific features of the H.E.S.S. data.
The constraint on the maximal luminosity essentially originates from the flux distri-
bution of HGPS sources, as can be understood by looking at Fig.5.5 where we com-
pare the cumulative number N(Φ) of observed sources with flux larger than Φ, with
the predictions obtained for different Lmax values. The theoretical calculations are
normalized in such a way that the expected number of sources with Φ ≥ 0.1ΦCRAB
is equal to the observational value Nobs = 29. This corresponds to moving along
the cyan dashed line in Fig.5.4 that maximizes the likelihood for each assumed Lmax.
The black line in Fig.5.5 corresponds to the best fit value Lmax = 13 LCRAB and, as it
is evident from the plot, well reproduces the flux distribution in the range above the
threshold: Φ ≥ 0.1ΦCRAB, considered in our analysis.
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FIGURE 5.4: The best fit and the 1 and 2 σ allowed regions for the
maximal luminosity Lmax and the normalization N of the luminosity
distribution of Galactic TeV sources. The dot represents the best fit
value. The olive line corresponds to constant values of the total Milky
Way luminosity, calculated according to Eq.(5.21). Figure taken from

Cataldo et al., 2020.

For comparison, we also show with a red dashed line the expected behaviour of
N(Φ) for Lmax = 30 LCRAB. This value is disfavoured at ∼ 2σ level by HGPS data
because it predicts presence of sources with flux above the threshold too high which
are in fact not observed.

A more complete understanding of the above points can be obtained by consider-
ing the magenta dot-dashed line and the blue dotted line in Fig.5.5 that correspond
to the limiting cases Lmax → 0 and Lmax → ∞, respectively. The limit Lmax → 0
represents the scenario in which all sources have a very low luminosity, therefore,
the detector is able to resolve only a small surrounding region, being the far away
sources too faint to produce a detectable flux. In this case indeed the number of
under-threshold sources grows and is the largest obtained in the plot. The limit
Lmax → ∞, instead, corresponds to the possibility for the detector to investigate the
whole Milky Way in all its extension. Both these curves are not acceptable since the
first limit estimates a lower flux respect to the data over the threshold, while the sec-
ond predicts a larger flux which is in fact not observed. As discussed in Sec.5.2.1 the
cumulative distribution scales as N(Φ) ∝ Φ1−α when Lmax → ∞. When Lmax → 0,
one instead obtains dN/dΦ ∝ Φ−5/2, predicting N(Φ) ∝ Φ−3/2 independently from
the assumed source luminosity function. The cumulative distribution of sources ob-
served by H.E.S.S. has a different behaviour with respect to both cases and thus it
requires a specific Lmax value in order to be reproduced. The possibility to determine
Lmax from the flux distribution automatically implies the ability to fit the normaliza-
tion N of the source luminosity function by considering the additional constraint
provided by the total number of observed sources, as it is understood by looking at
the cyan dashed line in Fig.5.4.
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5.5 Total flux and total luminosity of the Milky Way

In our analysis, we determine the maximal luminosity Lmax and the normalization
N of the luminosity function by fitting H.E.S.S. observational results. The determi-
nation of Lmax andN allows us to estimate the total TeV luminosity produced by the
considered population in the entire Galaxy. This is given by:

LMW =
∫ Lmax

Lmin

dL L
N

Lmax

(
L

Lmax

)−α

;

LMW =
∫ 1

∆
d` Lmax N (`)−α+1 ;

with ` = L/Lmax:

LMW =
N Lmax

(2− α)

[
1− ∆α−2] ; (5.21)

where ∆ ≡ Lmax/Lmin. The minimal luminosity Lmin cannot be constrained by
H.E.S.S. observations. However, its value marginally affects the quantities consid-
ered in this paper, provided that ∆ � 1, i.e. Lmax � Lmin. Unless otherwise spec-
ified, we quote the results obtained for ∆ → ∞ that can be easily recalculated by
using the above equation, if other values are considered.

By using Eqs.(5.1, 5.3, 5.5), we can also calculate the flux at Earth produced by all
sources (resolved and not resolved) included in the H.E.S.S. observational window
(OW). This can be expressed as:

Φtot =
∫

OW
d3r ρ(~r)

∫ Lmax

Lmin

dL Φ(L, r)
N

Lmax

(
L

Lmax

)−α

;

=
∫

OW
d3r ρ(r)

∫ Lmax

Lmin

dL
L

4πr2〈E〉
N

Lmax

(
L

Lmax

)−α

.

At this point it is useful to define the parameter ξ as:

ξ ≡
∫

OW
d3r ρ(~r) = 0.812; (5.22)

which represents the fraction of sources of the considered population which are in-
cluded in the H.E.S.S. observational window. Using the quantity 〈r−2〉 which is the
average value of their inverse square distance:

〈r−2〉 ≡ 1
ξ

∫

OW
d3r ρ(~r) r−2 = 0.0176 kpc−2; (5.23)

we obtain a useful definition for the total Milky Way flux:

Φtot = ξ
LMW

4π〈E〉 〈r
−2〉. (5.24)

While the above values ξ and 〈r−2〉 are specific for HGPS survey (and for the
adopted source spatial distribution ρ(~r)), Eq.(5.24) has a general validity. It can be
used to evaluate the expected flux in a generic telescope and for an arbitrary source
distribution, provided that the corresponding ξ and 〈r−2〉 are coherently calculated.

In conclusion, by using Eqs.(5.21) and (5.24), we obtain a determination of the
total luminosity of the Galaxy in the energy range 1− 100 TeV and of the total flux (in
the same energy range) produced by sources in the H.E.S.S. observational window.
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FIGURE 5.5: The cumulative distribution of the HGPS sources (gray
line) compared with expectations for different values of the maximal
luminosity Lmax. The black line is obtained for the best-fit values in
Eq.(5.20), the magenta dot-dashed line and the blue dotted one are
obtained for the limit cases of Lmax → 0 and Lmax → ∞, respectively,
while the red dashed line shows an intermediate case of Lmax = 30×

LCRAB. Figure taken from Cataldo et al., 2020.

We get:

LMW = 1.7+0.5
−0.4 × 1037ergs sec−1;

Φtot = 3.8+1.0
−1.0 × 10−10cm−2 sec−1; (5.25)

that correspond to LMW = 445+138
−112 LCRAB and Φtot = 16.8+4.4

−3.5 ΦCRAB in CRAB units.
We note that the uncertainties on these quantities are relatively small because they
are proportional to the product N Lmax that is well constrained by observational
data, as it is also understood by considering the green dot-dashed line in Fig.5.4.
The total TeV luminosity is only a factor ∼ 4 smaller than that obtained in the en-
ergy range 1− 100 GeV by fitting the Fermi-LAT 3FGL (Ajello et al., 2017) and 1FHL
(Ackermann et al., 2013) catalogues.

5.6 Unresolved source contribution

The total flux at the Earth Φtot = 16.8+4.4
−3.5 ΦCRAB should be compared with the cu-

mulative emission produced by all the 78 resolved sources in the HGPS catalogue:

ΦHGPS = 10.4 ΦCRAB; (5.26)

We obtain by subtraction the unresolved flux:

ΦNR = 6.4+4.4
−3.5 ΦCRAB; (5.27)

which is due to sources in the considered population that are too faint to be identified
by H.E.S.S. We see that the unresolved emission ΦNR is relatively large, compared
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to the resolved source contribution. This is naturally expected because the obser-
vational horizon for H.E.S.S. is limited, while sources are expected to be distributed
everywhere in the Galaxy. Comparing the unresolved flux to the resolved source flux
this is more than the 60%: ΦNR ' 0.6 ΦHGPS, while it represents the 38% of the total
flux measured by H.E.S.S given by the resolved flux and the diffuse contribution.
As we can see from Fig.5.5, the unresolved contribution, i.e. the number of sources
expected below the flux threshold, is well constrained by our best fit. We also tested
this value by changing the assumption on our model (see the next Section).

We can conclude that our result is in perfect agreement with our preliminary
estimation of the unresolved source component given in Chapter 4 (Cataldo et al.,
2019), and obtained following a different approach, giving therefore confirmation to
its validity.

In Steppa and Egberts, 2020 is presented an estimation of the same quantity by
following a different population study of the HGPS. They show a value of the un-
resolved flux 13− 32% of the total flux measured by H.E.S.S., which is comparable
with our ∼ 38% fraction.

5.7 Robustness of results

In the following we discuss the stability of our results with respect to the assump-
tions adopted in our analysis. In Table 5.1 we consider different scenarios modify-
ing the hypotheses with respect to the reference case (e.g. the space distribution, the
disk thickness, the source physical dimension, the power-law index of the luminos-
ity distribution, etc.). In Table 5.1, for each case we give the best-fit results and the
1σ allowed regions for the source luminosity function parameters (N and Lmax), the
total TeV luminosity of the Galaxy LMW, the total flux produced at Earth Φtot, and
the level of agreement with data expressed in terms of the ∆χ2 with respect to our
reference case.

Firstly, we illustrate the variation of the best fits and results by considering all 32
sources observed over the threshold. The inclusion of the three sources firmly iden-
tified as SNRs in the HPGS catalogue (case labelled as Nobs = 32 in Tab. 5.1) does
not alter our conclusions, marginally affecting the maximal luminosity Lmax and in-
creasing by less than 10% the normalizationN of the source luminosity distribution.

The second test performed is on the spatial source distribution. As a prelimi-
nary test, we consider a uniform distribution in the Galactic plane up to a distance
r = 15 kpc and with a thickness H = 50 pc. In this case the total luminosity becomes
2.4× 1037ergs−1 and ∆χ2 = −1.1, so it appears favoured. This is especially due to
the narrower disk assumed respect to our reference case (H = 200 pc). However,
a flat distribution does not represent the most physical scenario and is not reported
in the table. Then we assume, instead of the pulsar distribution by Lorimer et al.,
2006, a function that follows the SNR distribution in the Galaxy as parameterized by
Green, 2015. The new distribution function has the same shape of the Green, 2015
function and is normalized to 1. As it is evident from the results labelled as "SNR",
no significant effects are produced by assuming that the sources are distributed fol-
lowing the SNR distribution function, they are indeed quite similar in shape and we
imposed the same normalization. A different situation is found when changing the
thickness of the disk H. We test two smaller values of this parameter: H = 0.1 kpc,
and H = 0.05 kpc.
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The results of our analysis appear to be slightly modified when we reduce the
thickness of the Galactic disk from our reference choice. The total Milky Way lumi-
nosity has a variation of ∼ 27% respect to our reference case while the variation of
the total flux is ∼ 17%. However, the quality of the fit substantially improves with
respect to our reference choice (∆χ2 ' −7 and ∆χ2 ' −10.5) the more the disk thick-
ness is reduced (H = 0.1 kpc and H = 0.05 kpc, respectively). The HGPS data-set is
better fitted by a narrower Galactic disk. This is due to the fact that the latitudinal
distribution of HGPS sources is quite narrow, having a rms latitude of 0.017 rad, as
it expected for a population of young sources connected with the site of past core-
collapse supernova explosions. See the bottom panel of Fig.5.1 where the latitudinal
distribution of the sources in the catalogue is shown. In particular, this information
can be used in favor of a fading source population, as young pulsar wind nebulae,
not old enough to drift off the Galactic plane (Abdalla et al., 2018b). This specific
hypothesis and its implications will be further discussed in the next chapter.

Moreover, we remove the point-like assumption that we made, by assuming all
sources to have a physical dimension d. This implies that there is a minimal distance
below which sources cannot be observed because they have large angular dimen-
sion. This condition is implemented as:

r ≥ d
θmax

= rmin; (5.28)

where θmax ∼ 1◦ is the maximal angular dimension that can be probed by H.E.S.S.
We consider two possible values d = 20 pc and d = 40 pc We see that our results
are not modified in this assumption. Our constraints are not affected unless one as-
sumes that the majority of the observed sources have an extension much larger than
f ew× 10 pc. In conclusion, the obtained results may be applied to extended gamma-
ray sources, provided that they have dimension that do not exceed ∼ 40 pc.

We also check possible variation of the source spectral index in the range 2.2 <
β < 2.4. We notice that our results are not modified. In particular, the total Milky
Way luminosity has a maximum variation of ∼ 10% respect to the Ref. case while
the total flux remains almost the same. We do not consider larger variations on this
parameter because different values are less compatible with the observed data sam-
ple (Abdalla et al., 2018a).

Finally, we consider the effects produced by a variation of the power index α of
the luminosity distribution by considering two cases: α = 1.3, α = 1.8. We obtain a
∼ 10% decrease (∼ 50% increase) of the TeV Milky way luminosity and of the total
flux at Earth for α = 1.3 (α = 1.8), with a small preference for the case with power
law index 1.3.

In general, the total flux is slightly more stable than the total luminosity with
respect to variations of β and ρ(r) as a consequence of the fact that HPGS data di-
rectly constrain the fluxes (and not the luminosity values) of observed sources. In
conclusion, the cumulative source contribution to the Milky Way luminosity in the
1− 100 TeV range and to the total γ−ray flux in the H.E.S.S. OW are included in
the ranges: LMW = (1.2− 2.5)× 1037 erg s−1, Φtot = (3.5− 5.9)× 10−10 cm−2 s−1,
showing that the Milky Way luminosity and the total γ−ray flux can be constrained
within a factor of 2.1 and 1.7 respectively by present observational data.
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log10
Lmax

erg s−1 N log10
LMW

erg s−1 Φtot ∆χ2

Ref. 35.69+0.21
−0.28 17+14

−6 37.22+0.12
−0.13 3.8+1.0

−1.0 −
SNR 35.69+0.22

−0.25 18+15
−7 37.23+0.12

−0.13 3.8+1.0
−1.0 1.4

H = 0.1 kpc 35.65+0.22
−0.27 15+14.5

−6 37.13+0.12
−0.13 5.0+0.4

−2.0 −7.3
H = 0.05 kpc 35.34+0.26

−0.19 28+19
−13 37.08+0.12

−0.13 4.4+1.3
−0.9 −10.5

d = 20 pc 35.69+0.20
−0.26 17+16

−6 37.23+0.12
−0.13 3.9+0.8

−1.0 −0.2
d = 40 pc 35.67+0.20

−0.25 20+20
−8 37.28+0.12

−0.13 4.4+1.2
−1.1 −1.8

α = 1.3 35.61+0.18
−0.27 25+24

−8.5 37.17+0.12
−0.13 3.5+1.1

−0.9 0.0
α = 1.8 35.83+0.29

−0.24 7+6
−4 37.39+0.11

−0.13 5.9+1.8
−0.1 0.5

Nobs = 32 35.71+0.22
−0.24 18+14

−7 37.26+0.12
−0.12 4.2+1.3

−1.0 −

TABLE 5.1: The best fit values and the 1σ allowed ranges for the max-
imal luminosity (Lmax); the normalization factor of the luminosity
function (N ); the total TeV Milky Way luminosity (LMW); the total
flux in the H.E.S.S. OW (Φtot, expressed in 10−10 cm−2 s−1). The dif-
ferent cases are described in the text. The ∆χ2 is calculated respect to

our reference case (first row in the table.)

5.8 Final considerations

Recently the H.E.S.S. observatory has completed the first systematic survey of the
Galactic plane in the very high-energy domain. Remarkably, the astrophysical na-
ture of the majority of detected sources is still unknown. In our paper Cataldo et
al., 2020, we present a novel analysis of flux, longitude, and latitude distributions
of the brightest sources (Φ ≥ 10% ΦCRAB) of the HGPS catalogue showing that the
luminosity distribution of Galactic TeV sources can be effectively constrained.

More precisely, by assuming that the luminosity function is described by a power-
law ( Eq.(5.3)) we extract the source maximal luminosity Lmax = 4.9+3.0

−2.1× 1035 erg s−1

and the high-luminosity normalization of the source distribution N = 17+14
−6 by fit-

ting HPGS data. This approach is original and different from previous studies on
the subject (Casanova and Dingus, 2008) where the value of the maximal luminos-
ity is instead assumed "a priori". This allows us to determine the total Milky Way
luminosity LMW = 1.7+0.5

−0.4 × 1037erg s−1 in the energy range 1− 100 TeV and the to-
tal Galactic flux in the H.E.S.S. OW given by Φtot = 3.8+1.0

−1.0 × 10−10 cm−2 s−1. The
luminosity LMW is only a factor ∼ 4 smaller than that obtained in the energy range
1− 100 GeV by fitting Fermi-LAT 3FGL and 1FHL catalogue.

Moreover, our total luminosity appears compatible with the range given in Steppa
and Egberts, 2020 and obtained for energy in the range 1-10 TeV. The values from
the paper can be reported in the energies (1− 100) TeV by using the assumed source
spectrum E−2.4, and the range becomes 7.1× 1036 − 3.1× 1037 erg/s, depending on
the spatial model. In particular for the PWN distribution, the one we assumed in our
reference model, the total luminosity is (1.2± 0.1)× 1037erg/s that is in good agree-
ment with what we obtained, i.e. 1.7+0.5

−0.4× 1037 erg/s. The same can be done in order
to compare the total fluxes. Scaling our value in the energy range (1− 10) TeV and to
the whole Galaxy we get: Φtot = (4± 1)× 10−10 cm−2s−1, which compared with the
total flux due to sources derived for the PWN model (7.7± 1.9)× 10−10 cm−2s−1, ap-
pears smaller. However, it can be increased considering a power law index α = 1.8
for the luminosity distribution, closer the the one in Steppa and Egberts, 2020.
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In addition, the total source flux is relatively large, implying that unresolved
source contribution is not negligible (about 60% of the resolved signal measured by
H.E.S.S., and the ∼ 38% of the total signal observed) and potentially responsible for
a large fraction of the diffuse large-scale gamma-ray signal observed by H.E.S.S. This
could have important implications for the interpretation of current observations of
other experiments in the TeV domain. The unresolved contribution can e.g. explain
the excess reported by Milagro at 15 TeV (Atkins et al., 2005). Our results can be also
used to investigate the capability of future experiments, like e.g. CTA, to probe the
Galactic TeV source population.

In the following chapter we will see how our population study can be applied to
a particular kind of sources in order to estimate some overall properties of the total
Galactic population. We will analyze the hypothesis in which the signal observed by
the experiment H.E.S.S. is dominated by fading sources powered by pulsar activity
and we will infer general properties of the Galactic pulsar population.
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Chapter 6

Galactic TeV population of
pulsar-powered sources

As briefly discussed in the previous chapter the total catalogue collected by H.E.S.S.
is composed of 78 TeV sources. Twelve are firmly identified Pulsar Wind Nebulae,
8 Supernova Remnants, 3 binaries, 8 composite sources, yet most of the remaining
sources are instead not identified (36) or not even physically associated to any of
other emission counterparts (11). By the association criteria used by the collabora-
tion, which are principally based on positional correlation, the nature of almost half
of sources (46%) appears not yet clear. One of the most likely scenario proposed is
that a large part of unidentified sources are in fact pulsar wind nebulae in which the
central pulsar is not observable due to a radio beam misalignment. Indeed, since ob-
viously there is not a preferred direction of emission for pulsars, it is expected that
only a small fraction of them are able to point directly to the Earth and be therefore
detected.

There are also evidences of a population of gamma-ray emitting objects that have
been called "TeV-halos", the properties of which are still for most part uncertain.
TeV-halos have been firstly observed by the Milagro detector, and then confirmed
in a subsequent data release by HAWC in 2017 (Abeysekara et al., 2017b). They
appear as largely extended objects that produce non-hadronic gamma-ray emission
in the TeV domain by being powered by pulsar activity. TeV-halos could potentially
explain a large fraction of bright TeV sources observed in the Sky (Sudoh, Linden,
and Beacom, 2019) so their contribution is very interesting to investigate.

In the first part of our work presented in Chapter 5, we made a general study
of the catalogue without making any particular assumption on the nature of the
sources. On the other hand, in this Chapter we consider to test the hypothesis that
all bright sources observed by H.E.S.S. (which are not firmly identified as SNRs) are
fading sources powered by pulsar activity, e.g. PWNe and/or TeV halos, and in this
category are also counted the composite sources that have a PWN-like emission. We
apply our population study presented in Chapter 5 to the above particular assump-
tion on the nature of the sources considered and, by making this, we are able to
give an estimation of general properties of the total pulsar population of the Milky
Way. We then discuss the constraints on the pulsar properties that have been found,
namely the initial spin period and magnetic field, that are obtained by HGPS data.

This Chapter is based on the original paper Cataldo et al., 2020.

6.1 Pulsar powered sources

In this section we analyze more in detail the pulsar powered sources observed at TeV
energies in our Galaxy, i.e. pulsar wind nebulae and the new discovered TeV halos.
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Then we describe the basic model used for the pulsar evolution and its energy loss
mechanism that also powers PWNe and TeV halos.

6.1.1 From PWN to TeV-halo

Milagro observations revealed extended TeV γ-ray emission surrounding the nearby
Geminga pulsar. The HAWC detector has confirmed these observations around
Geminga (Abdo et al., 2009) and has detected a further similar emission surround-
ing another nearby pulsar, PSR B0656+14, also called "Monogem pulsar" (Thorsett
et al., 2003). While in Linden et al., 2017 is shown that 13 more extended TeV sources
of 2HWC catalog are coincident with pulsars. In addition, the H.E.S.S. observatory
has detected more TeV γ-ray sources coincident with pulsars or pulsar wind nebu-
lae (PWNe) (Abdalla et al., 2018a), and they find that their extension is significantly
larger than expected from PWN theory. Hydrodynamical simulations predict in-
deed a typical PWN size on the order of 1 pc (Gaensler and Slane, 2006). These TeV
sources appear very bright with a luminosity ∼ 1032 erg s−1, and present hard spec-
tra ∼ E−2.2. They also appear spatially extended covering regions of radius around
∼ 25 pc. These extended TeV sources appear morphologically and dynamically dis-
tinct from PWNe detected in X-ray and radio observations, and are predicted as a
generic feature of pulsar emission. They take the name of "TeV-halos".

Their emission is interpreted as the result of electrons and positrons interacting
with the ambient interstellar radiation field outside the PWN, the leptonic origin
is suggested by the lack of gas-correlated emission. TeV halos are defined as the
gamma-ray emission related to the presence of an over-density of relativistic elec-
trons around a source/acceleration-site, in a zone in which the source itself does not
dominate the dynamics or composition of the interstellar medium (Giacinti et al.,
2020). According to the above definition, halos may exist only around PWN whose
electrons and positrons have started to escape into the surrounding unperturbed
ISM. Within the halo region, multi-TeV gamma-rays are produced by the inverse-
Compton scattering of ambient photons by ∼ 10 TeV electrons and positrons accel-
erated by the pulsar wind termination shock. The fact that the size of the TeV halo is
signficantly larger than the X-ray emission indicates that the electrons and positrons
responsible for TeV halo emission have already escaped the PWN and are interacting
with the interstellar radiation field. Moreover, note that due to their morphology the
electronic diffusion in TeV-halos should be significantly suppressed respect to the in-
tergalactic medium. Therefore TeV-halos can be considered as the first direct proof
of an inhibited diffusivity around Galactic sources. An interesting model for the dif-
fusivity in TeV-halos has been proposed in Evoli, Linden, and Morlino, 2018.

In Fig.6.1 is schematically shown the evolution stages that occur from the PWN
formation and take to the TeV-halo birth (Giacinti et al., 2020).

The first stage (1) that represents early times, t . 10 kyr is shown in the upper
left panel. Inside the volume delimited by the contact discontinuity (“CD”) there is
the PWN (blue area) which is still contained inside the SNR (green external line).
Therefore the electrons that are responsible for the TeV gamma-ray emission of the
nebula are thought to be confined as well. In this phase the relativistic electron-
positron wind that surrounds the PWN, inflates a nebula inside the parent SNR.
The forward shock ("FS") made by the ejecta from the supernova expands in the
surrounding interstellar material (ISM). Subsequently, there is the formation of a
reverse shock (indicated as "RS") made by the braking of the ejected material (see Sec.
2.1.3) which in this phase have not reached the inner PWN yet. The SNR forward
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Fig. 1. Sketch of the main evolutionary stages of a PWN. The upper left panel shows early times, t . 10 kyr (“stage 1”), when the PWN is
contained inside the SNR and before the reverse shock (RS) interacts with it. The SNR forward shock (FS) and contact discontinuity (CD) are
plotted with green lines. The electrons that are responsible for the TeV gamma-ray emission of the nebula are thought to be confined within the
nebula at this stage. The upper right panel shows intermediate times, t ⇠ 10� 100 kyr (“stage 2”), after the PWN is disrupted by the reverse shock,
but before the pulsar escapes its SNR. At this stage, TeV gamma-ray emitting electrons start to escape from the PWN, into the SNR and possibly
into the ISM. The lower panel depicts the system at late times, t & 100 kyr (“stage 3”), when the pulsar has escaped from its —now fading—
parent SNR. At this stage, high-energy electrons escape into the surrounding ISM, and may, only then, form a halo. See the text in Section 2 for
more details. The key is in the lower left corner. In all three panels, the ISM density gradient is upwards, and the pulsar “kick” velocity towards
the left.

than the physical size of the PWN as determined in other wave-
lengths. Within the X-ray domain, the physical PWN size is
also often energy dependent, which is interpreted as a signature
of the rapid cooling of the highest energy electrons producing
the keV synchrotron emission. Indeed, the typical cooling time
of electrons emitting photons with characteristic energy h⌫c is
⇠ 103 yr (B/10 µG)�3/2(h⌫c/5 keV)�1/2. In the radio domain, the
cooling e↵ect is unimportant, but surface brightness sensitivity
is usually su�cient only for young and compact sources.

Here we consider various estimates of the expected size of
the nebulae around pulsars that have been associated to TeV
emission, comparing these estimates to the measured sources
sizes. We also assess the fraction of the power that is present in
sources with and without halos and hence their contribution to
the total gamma-ray emission of all pulsars within star-forming
systems.

2. Pulsar Wind Nebula Evolution

According to the above definition, halos may exist only around
PWN whose electrons and positrons have started to escape into
the surrounding, unperturbed ISM. It is therefore instructive to
recall briefly the main stages of the evolution of a PWN. The
environment of pulsars changes dramatically over time, firstly
as contained within an evolving supernova remnant (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. There is considerable literature associated with PWN
evolution, including several reviews, see in particular Gaensler
& Slane (2006). In general, however, the existing work focuses
on X-ray and radio, rather than TeV emission, and/or exclusively
on the early to middle ages (⌧ 100 kyr) of PWN evolution. Here
we consider briefly the physical properties of the region from
which TeV emission originates during the lifetime of a pulsar.

Figure 1 illustrates three stages in the evolution of a TeV-
emitting PWN. We depict in chronological order: first, the sys-
tem at early times t . 10 kyr after the supernova in the upper
left panel, then intermediate times t ⇠ 10 � 100 kyr in the upper
right panel, and, finally, late times t & 100 kyr in the lower panel.
Hereafter, we refer to these three stages as “stage 1”, “stage 2”,
and “stage 3”, respectively. In all three panels of this sketch, the
“kick” velocity that is initially imparted to the pulsar during the
supernova explosion is assumed to point towards the left, and
the ISM density gradient in which the SNR evolves to point “up-
wards”. The areas shaded in grey correspond to the SNR, and
the surrounding —solid, dashed or dotted— green lines denote
the location of its forward shock. The black dots show the lo-
cation of the pulsar, the PWN is shaded in blue, and the pulsar
wind termination shock is represented with the thin solid blue
line inside the PWN. The inset in the lower panel corresponds
to an enlargement of the innermost regions of the PWN in stage
3. The high-energy electrons and, or, positrons that are respon-
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FIGURE 6.1: Sketch of the main evolutionary stages of a PWN. See
text for more details. The key is in the lower left corner. In all three
panels, the ISM density gradient is upwards, and the pulsar “kick”

velocity towards the left. Figure taken from Giacinti et al., 2020.

shock and contact discontinuity in figure are plotted with green lines. Thereafter,
the reverse shock returns inwards, and reaches the PWN in the center. Since the ISM
density is not homogeneous, the SNR expands more slowly in the direction where
the ISM density is higher, and the reverse shock may then reach the PWN earlier
from some directions than from others. At the end of stage 1 and the beginning
of stage 2, the reverse shock crushes and disrupts the PWN. In this situation the
PWN forward shock rebounds against the reverse shock and the system experiences
several reverberations between the shock and the PWN.

The second stage (2), shown in the upper right panel, represents intermediate
times, t ∼ 10− 100 kyr. This is after the PWN is disrupted by the reverse shock, but
before the pulsar escapes its SNR. At this stage, TeV gamma-ray emitting electrons
start to escape from the PWN into the SNR and possibly into the ISM too. The thin
magenta lines represent their trajectories. The morphology of a system made of
a SNR and its PWN can often be highly irregular. Its shape depends both on the
properties of the material in the surrounding ISM, and on the direction and velocity
of the pulsar. Since, how is shown in figure, it can happen that the shock occurs
earlier in one direction, after the crush of the PWN the pulsar can be strongly off-
centre with respect to the PWN. In this stage the TeV leptonic emission may now be
greater than that of the nebula itself, however, this still does not constitute a true TeV
halo. Indeed, in this case the bulk of the TeV emission originates from electrons that
do not propagate in the “unperturbed” ISM how it is required for TeV halos. The
electrons are in fact for the most part still confined in the SNR region.

The last stage (3) is depicted in the lower panel. In the system at late times,
t > 100 kyr, the pulsar has finally escaped from its parent SNR due to its kick ve-
locity. The SNR is now fading away. Due to the kick velocity the pulsar starts to
propagate in the ISM and forms the so-called "bow-shock" pulsar wind nebula. In
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the configuration we can see the tail of the PWN trained behind the pulsar. At this
stage, high-energy electrons escape into the surrounding ISM, and may, only then,
form a halo. As shown in the inset that shows an enlargement of the region around
the head of the nebula, there are several high-energy electrons that can escape into
the surrounding ISM. This is further confirmed by observations in the X-ray of the
bow-shocks.

The third is the only stage where the TeV emission can be considered as a “TeV
halo”. So we can easily expect that only older PWN, with ages > 100 years can have
developed a TeV halo in the recent part of their life. The two pulsars Geminga and
PSR B0656+14, for which the halo has been observed, are indeed both in the stage 3
of their evolution, which confirms this theory.

For the emission by TeV halo in our model we will simply consider the same
evolution considered for PWNe, since they are both powered by pulsar activity. Al-
though they energetically evolve the same way, one of the main differences is their
size: PWNe TeV emission has a size at least one order of magnitude smaller than
the emission by halo. This will be also considered in our model for which we will
accordingly verify the stability of our results.

6.1.2 Magnetic dipole model for pulsars

Due to their characteristics one of the most used models to study pulsars evolution is
the magnetic dipole approximation. From measurements of the two observables, i.e.
the period of rotation and its derivative, are inferred several evolution characteristics
of pulsars such as their spin-down power Ė, luminosity, spin-down time scale τ0,
characteristic age τc. The energy outflow of the pulsar is decaying continually at a
rate determined by τ0, following an evolution which appears similar to that expected
from a magnetic dipole. Here we derive the main evolution equation that we will
use in the following. In the magnetic dipole approximation for pulsars it is assumed
that the neutron star rotates in vacuum with a frequency ν(t) that varies in time
and possesses a magnetic dipole moment ~µ oriented with a fixed angle θ respect to
the rotation axis. Observations have found that almost all pulsars (except accreting
X-ray pulsars in binary systems) are spinning down. For such a configuration, the
magnetic momentum of the star is related to the pure magnetic dipole field B as:

~µ =
BR3

2
(~e‖ cos θ +~e⊥ sin θ cos Ωt +~e

′
⊥ sin θ sin Ωt); (6.1)

where R is the radius of the star, while ~e‖ is the unit vector oriented parallel to the
rotation axis, and the other two~e⊥ and~e

′
⊥ are unit vectors mutually orthogonal and

orthogonal to~e‖. The modulus of ~µ is therefore:

|~µ| = −B R3

2
. (6.2)

This configuration has a magnetic dipole varying with time and therefore radiates
energy at a rate:

Ė = − 2
3c3 |~̈µ|

2. (6.3)
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We can obtain the dependence of the spin-down power Ė(t) from the angular
velocity Ω(t):

Ė(t) = −B2R6 sin2 θ

6c3 Ω4(t). (6.4)

This energy is emitted at expenses of the kinetic rotational energy of the pulsar which
is given by:

E(t) =
1
2

IΩ2(t); (6.5)

where I is the momentum of inertia. Deriving we obtain the dependence of Ω̇ by its
primitive Ω:

Ė(t) = IΩ(t)Ω̇(t); (6.6)

Ω̇(t) =
Ė(t)

IΩ(t)
. (6.7)

Substituting the expression (6.4) in (6.7) we get:

Ω̇(t) = −BR6 sin2 θ

6Ic3 Ω3(t). (6.8)

In this expression the index n = 3 is called "braking index" and its value can be
inferred for several pulsars. The numbers obtained observatively, as predictable,
do not reproduce exactly the value 3 since the magnetic dipole model represents a
simplification of what actually occurs inside a pulsar. Usually the values obtained
experimentally are lower. We can indeed generalize this expression to a generic
value n:

Ω̇(t) = −kΩ(t)n. (6.9)

So from Eq. (6.4) the spin-down evolution is a power-law with index n + 1:

Ė(t) = −k′Ω(t)n+1; (6.10)

where the constants k and k′ are defined by the particular model considered, and for
the case of magnetic dipole are:

k =
BR6 sin2 θ

6Ic3 ; (6.11)

k′ =
B2R6 sin2 θ

6c3 ; (6.12)

and in this case are linked by: k′ = BIk. By integrating Eq.(6.9) we obtain:

Ω(t) = Ω0

(
1 +

t
τ0

)− 1
n−1

; (6.13)

where the initial value of the frequency at the time t = 0 is indicated with Ω0, and
where the initial spin-down characteristic timescale τ0 of the evolution in defined as:

τ0 =
Ω1−n

0
k(n− 1)

. (6.14)
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From Eqs.(6.10) and (6.13) we obtain therefore:

Ė(t) = Ė0

(
1 +

t
τ0

)− n+1
n−1

; (6.15)

where Ė0 is the spin-down rate at the time t = 0. Eq.(6.15) represents the general
expression of the spin-down power evolution in time obtained for a pulsar with a
generic braking index n.

To date all measured pulsars braking indices, including the Crab pulsar (Lyne
et al., 2015) are smaller than three. For example the Crab pulsar has a braking index
of n = 2.51 ± 0.01 (Lyne, Pritchard, and Graham Smith, 1993). It means that the
slow down process is faster that what hypothesized in the magnetic dipole model.
So there are additional physical processes needed to describe the slow down of the
pulsar. For instance, some work has suggested that a significant amount of rotational
kinetic energy in young neutron stars may be carried away by gravitational waves
generated by unstable oscillations (Andersson, Kokkotas, and Schutz, 1999, Ho and
Lai, 2000). Other mechanisms have been proposed to explain the braking index
observations, e.g. the pulsar wind model, (Xu and Qiao, 2001, Wu, Xu, and Gil, 2003,
Contopoulos and Spitkovsky, 2006, Yue, Xu, and Zhu, 2007), a changing magnetic
field strength (Chen and Li, 2006, Espinoza et al., 2011), a changing inclination angle
(Lyne et al. 2013). Unfortunately, these models are either not always consistent with
observations or cannot simulate the long-term evolution of pulsars.

6.1.3 Gamma emission of pulsar-powered sources

A PWN is usually considered to be a calorimetrical, dynamical object around a pul-
sar. The PWN stores and displays the radiative output of the pulsar during tens of
kiloyears while at the same time undergoing a substantial dynamical evolution in-
side the host SNR. So the energy outflow of the pulsar determines the energy injec-
tion history of a PWN. In our model we will assume the injection evolution dictated
by an average braking index n = 3, so for a simple dipole model without any other
energy dispersion mechanisms. So for a braking index value n = 3 the spin-down
power is:

Ė(t) = Ė0

(
1 +

t
τ

)−2

; (6.16)

where τ is the spin-down timescale that for our work we will assume constant
(τ = τ0); Ė0 is the initial spin-down power. PWN indeed will be generated and
will start emitting after a time t0 from the birth of pulsar, which represents as a mat-
ter of fact the birth time of the PWN which may not coincide with the birth time of
its pulsar. We are only interested in pulsar powered sources as TeV sources so we
want to define a time variable useful for our purposes. We decide to use the simple
assumption for which the birth time coincides with the start of the TeV emission.
This means that for the sources in our model the time coordinate t simply represents
t = tpresent − t0, where tpresent is the current time at the source. Moreover, we define
Td as the total duration of TeV emission, with t ≤ Td.

For the luminosity emitted by a TeV source powered by a pulsar, is reasonable to
assume that it is proportional to the pulsar spin-down power, i.e.:

L(t) = λ Ė(t); (6.17)
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where λ (≤ 1) it is determined by the conversion of the spin-down energy into e±

pairs (that can be very efficient, see e.g. Sudoh, Linden, and Beacom, 2019; Manconi,
Di Mauro, and Donato, 2020) and by the subsequent production of TeV photons.
Moreover, in the most generic case in which this parameter is dependent on time the
generic expression for the luminosity is L(t) = λ(t) Ė(t),

The possibility of λ being correlated to the spin-down power, is suggested by
the results of Abdalla et al., 2018b. By studying a sample of PWNe in the HPGS
catalogue, the collaboration found a mild but stable correlation of luminosity with
pulsar spin-down power as:

L = λ Ė ∝ Ė1+δ; (6.18)

with 1 + δ = 0.59± 0.21. This can be derived defining a time dependent efficiency
λ(t) by using the value λ0 referred to initial efficiency of TeV emission:

λ(t) = λ0

(
Ė(t)
Ė0

)δ

. (6.19)

Substituting into the luminosity expression we obtain:

L(t) = λ0Ė−δ
0 Ė(t)1+δ; (6.20)

which can be written as:

L(t) = Lmax

(
1 +

t
τ

)−γ

. (6.21)

Where Lmax is the initial luminosity, and γ = 2(δ + 1) ' 1.2. This possibility will
be also evaluated in our model, see Sec.6.4. The term λ can be highly uncertain and
we will better discuss later its variation and possible values. However, the simplest
consideration that can be done is that λ is constant in time. Under this assumption
between the luminosity and the spin-down power there is a simple relation and they
have the same index, γ = 2:

L(t) = Lmax

(
1 +

t
τ

)−2

; (6.22)

where the initial luminosity is simply expressed by:

Lmax = λĖ0. (6.23)

Typical values for luminosity and other parameters of PWNe such as character-
istic age τc, position d, spin-down power Ė are collected by H.E.S.S in Abdalla et al.,
2018b and listed in Table 6.2. The table is restricted to all firmly identified PWNe
for which the corresponding pulsar has been detected and timed. Note that from
the values of Ė and L one can easily calculate the λ fractions if assumed constant.
The lowest value registered from the catalogue is the one of J1303-631 for which
λ ' 5× 10−2.

6.2 Model in the fading-source interpretation

We discuss the results obtained in the previous chapter in the context of a fading
source population powered by pulsar activity. In this hypothesis we give the new
expression of the luminosity function and the free parameters of the model, which
are now dependent on variables physically linked to these type of sources.
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Table 1 HGPS sources considered as firmly identified pulsar wind nebulae in this paper.

HGPS name ATNF name Canonical name lg Ė !c d PSR o!set " RPWN L1!10 TeV

(kyr) (kpc) (pc) (pc) (1033 erg s!1)

J1813!178[1] J1813!1749 37.75 5.60 4.70 < 2 2.07 ± 0.05 4.0 ± 0.3 19.0 ± 1.5

J1833!105 J1833!1034 G21.5!0.9[2] 37.53 4.85 4.10 < 2 2.42 ± 0.19 < 4 2.6 ± 0.5

J1514!591 B1509!58 MSH 15!52[3] 37.23 1.56 4.40 < 4 2.26 ± 0.03 11.1 ± 2.0 52.1 ± 1.8

J1930+188 J1930+1852 G54.1+0.3[4] 37.08 2.89 7.00 < 10 2.6 ± 0.3 < 9 5.5 ± 1.8

J1420!607 J1420!6048 Kookaburra (K2)[5] 37.00 13.0 5.61 5.1 ± 1.2 2.20 ± 0.05 7.9 ± 0.6 44 ± 3

J1849!000 J1849!0001 IGR J18490!0000[6] 36.99 42.9 7.00 < 10 1.97 ± 0.09 11.0 ± 1.9 12 ± 2

J1846!029 J1846!0258 Kes 75[2] 36.91 0.728 5.80 < 2 2.41 ± 0.09 < 3 6.0 ± 0.7

J0835!455 B0833!45 Vela X[7] 36.84 11.3 0.280 2.37 ± 0.18 1.89 ± 0.03 2.9 ± 0.3 0.83 ± 0.11"

J1837!069[8] J1838!0655 36.74 22.7 6.60 17 ± 3 2.54 ± 0.04 41 ± 4 204 ± 8

J1418!609 J1418!6058 Kookaburra (Rabbit)[5] 36.69 10.3 5.00 7.3 ± 1.5 2.26 ± 0.05 9.4 ± 0.9 31 ± 3

J1356!645[9] J1357!6429 36.49 7.31 2.50 5.5 ± 1.4 2.20 ± 0.08 10.1 ± 0.9 14.7 ± 1.4

J1825!137[10] B1823!13 36.45 21.4 3.93 33 ± 6 2.38 ± 0.03 32 ± 2 116 ± 4

J1119!614 J1119!6127 G292.2!0.5[11] 36.36 1.61 8.40 < 11 2.64 ± 0.12 14 ± 2 23 ± 4

J1303!631[12] J1301!6305 36.23 11.0 6.65 20.5 ± 1.8 2.33 ± 0.02 20.6 ± 1.7 96 ± 5

Notes. The sources are sorted by decreasing Ė. lg Ė stands for log10(Ė/erg s!1), !c is the pulsar characteristic age, d is
the pulsar distance, RPWN is the 1-sigma Gaussian extension and L1!10 TeV is the TeV luminosity. The pulsar distances
are printed uniformly here, but their uncertainties might often be larger or not available; see ATNF Catalogue references
(http://www.atnf.csiro.au/people/pulsar/psrcat/) for detailed information. The limits are 2-sigma limits (see Sect. 2.3).
"The luminosity of Vela X is calculated as described in Sect. 2.3.

References. Previous publications on these sources: [1] Funk et al. (2007); [2] Djannati-Atäı et al. (2008); [3] Aharonian et al.
(2005b); [4] Acciari et al. (2010); [5] Aharonian et al. (2006e); [6] Terrier et al. (2008); [7] Aharonian et al. (2006a); [8] Gotthelf &
Halpern (2008); [9] Renaud et al. (2008); [10] Aharonian et al. (2005c); [11] Acero et al. (2013); [12] H.E.S.S. Collaboration et al.
(2012a).

from references other than the ATNF pulsar catalogue,
these values are listed in Table 2.

2.2. Firmly identified TeV pulsar wind nebulae

To determine which of the known TeV sources should be
considered as firmly identified PWNe, we use the identifi-
cation criteria discussed in the HGPS paper and take as
a starting point the list of all 12 identified PWNe and
the 8 identified composite SNRs (H.E.S.S. Collaboration
et al. 2017, Table 3). Most PWNe in the HGPS are iden-
tified by positional and/or morphological coincidence with
a PWN identified in other wavelengths, or by their spe-
cific (mostly energy dependent) TeV morphology. Our se-
lection for this paper also requires that the correspond-
ing pulsar has been detected and timed; if this is not the
case, the properties of the source cannot be put into the
physics context of this study, despite its identified PWN
nature. This excludes the PWNe in SNRs G327.1!1.1 and
G15.4+0.1, and the identified composite SNRs CTB 37A
and W41 (see H.E.S.S. Collaboration et al. (2017), Table 3
and references therein). In composite SNRs, the PWN com-
ponent is mostly believed to outshine the potential contri-
bution from the SNR shell in TeV gamma-rays, and we
assume here that this is the case for TeV sources identified
as composite SNRs with the exception of HESS J1640!465.
For this object, detailed observations with H.E.S.S. suggest
that a significant part of the TeV emission may originate
from the SNR shell (Abramowski et al. 2014). Therefore,
we exclude HESS J1640!465 from firm identification and
consider it a PWN candidate. The sample we arrive at is
listed in Table 1.

In addition to the firmly identified objects found in the
HGPS, we include five HGPS-external PWNe, among them
G0.9+0.1, which is inside the plane scan, but was not re-
analysed with the HGPS pipeline. These PWNe are dis-

played using distinct symbols in the figures throughout this
work. This latter group, listed in Table 3, is based both on
dedicated H.E.S.S. observations outside of the scope of the
HGPS and on data from other IACTs.

We do not include detections that are only reported
from (direct) air shower detectors, such as MILAGRO,
HAWC, or ARGO-YBJ, because their angular and spectral
uncertainties are much higher, making the source resolu-
tion and pulsar association more di!cult and the spectral
statements more uncertain.

2.3. Data extracted from the HGPS

The quantities taken from the HGPS catalogue are source
position, extension, integral flux > 1 TeV, and spectral in-
dex " from the power-law fit of the di#erential photon
flux !0 " (E/E0)

!!. The extension measure " is given
as the standard deviation of a circular Gaussian function.
Extension upper limits were used as provided in the cat-
alogue, namely in cases where the extension is not more
than two standard deviations larger than the systematic
minimum extension of 0.03".

O#sets between pulsar and PWN centroid position were
calculated and, where necessary, converted to 2" limits fol-
lowing a similar prescription, namely in the cases where
the o#set was less than 3" above a systematic minimum of
0.0056", which is a typical value for the systematic posi-
tional uncertainty of H.E.S.S.

The integral photon flux I>1TeV and index " is con-
verted to a luminosity between 1 and 10 TeV using

L1!10TeV = 1.92 " 1044 I>1 TeV

cm!2s!1

" " ! 1

" ! 2
(1 ! 102!!)

!
d

kpc

"2

erg s!1,

(1)

5

FIGURE 6.2: Table taken from Abdalla et al., 2018b that collects HGPS
sources considered as firmly identified pulsar wind nebulae. The
sources are sorted by decreasing Ė. lg Ė stands for log10(E/erg s−1),
τc is the pulsar characteristic age, d is the pulsar distance, RPWN is the

1-sigma Gaussian extension, and L1−10 TeV is the TeV luminosity.

The luminosity distribution given in Eq.(5.3) can be naturally obtained by assum-
ing a population of fading sources with intrinsic luminosity that decreases over a time
scale τ according to the already derived expression of Eq.(6.22). As already men-
tioned, Lmax is the initial luminosity and, given the definition of Td, the Lmin = L(Td)
is the minimum TeV luminosity that the source will reach during its lifetime. So, in
other words, we can indicate the time t0 as the birth time of a fading source that,
at present time, has reached a luminosity L = L(t). Therefore, the interval time of
formation dt0 of sources with luminosity within the interval L, L + dL is:

dt0 =
dt0

dL
dL. (6.24)

The luminosity function is given by the number of sources dN in that interval of
luminosity, i.e.:

Y(L) =
dN
dL

=
dN
dt0

dt0

dL
. (6.25)

Assuming that the birth-rateR of these sources in the Galaxy is constant in time:

dN
dt

= R; (6.26)

what is left to calculate is the derivative dt0/dL from Eq.(6.22). This is obtained from:

t0(L) = tpresent − τ

[(
L

Lmax

)− 1
γ

− 1

]
; (6.27)

dt0

dL
=

τ

γLmax

(
L

Lmax

)− 1
γ−1

. (6.28)

In conclusion, by calling α = 1/γ + 1, the luminosity function Y(L) is given by:

Y(L) =
R τ (α− 1)

Lmax

(
L

Lmax

)−α

. (6.29)
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Under this assumption, we can now reinterpret the free parameters of our model. In
particular, the normalization factor of the luminosity distribution is:

N = R τ (α− 1); (6.30)

and has a precise physical meaning. It basically represents the total number of young
sources in the Galaxy that had not enough time to lose their initial luminosity and
that are expected to be more easily detected by H.E.S.S.. Note that, for a fixed α,
the observational determination of N can be converted into a bound on the fading
timescale τ, if the source formation rate is known.

The above description can be applied to potential TeV sources in the Galaxy, such
as PWNe (Gaensler and Slane, 2006) or TeV Halos (Linden and Buckman, 2018),
which are connected with the explosion of core-collapse SN and the formation of
a pulsar. The birth rate of these objects can be assumed proportional to that of SN
explosions in our Galaxy, i.e. RSN = 0.019 yr−1 as measured by Diehl et al., 2006.
We thus writeR = εRSN assuming ε = 1 for simplicity, unless otherwise specified.

As seen at the beginning of this section, for energy loss dominated by magnetic
dipole radiation (braking index n = 3), we can compute the initial spin-down power
Ė0 and the characteristic spin-down time scale τ0 as functions of the frequency. Now,
knowing that Ω = 2π/P and therefore Ω0 = 2π/P0, we obtain:

Ė0 =
8π4B2

0R6

3c3P4
0

;

τ0 =
3Ic3P2

0

4π2B2
0R6

; (6.31)

where P0 is the initial spin period and B0 is the magnetic field that in our model is as-
sumed constant (Shapiro and Teukolsky, 1983). While the term sin2 θ in Eqs.(6.11)(6.12)
is substituted with its average over the angle 〈sin2 θ〉 = 1/2. Moreover, the values
for the inertial momentum and the pulsar radius are I = 1.4 · 1045 g cm2, R = 12 km
(Lattimer and Prakash, 2007) respectively. This implies that the fading timescale is
determined by the pulsar spin-down time scale, i.e. τ = τ0.

Moreover, as already mentioned, if the efficiency of TeV emission (i.e. the fraction
of energy converted in TeV gamma-rays) does not depend on time, the exponent in
Eq.(6.22) is simply the exponent in Eq.(6.15):

λ ' const =⇒ γ = 2. (6.32)

Note that this motivates our working hypothesis already introduced in Sec.5 that
the luminosity distribution scales as Y(L) ∝ L−1.5. Nevertheless, the parameter λ
is highly uncertain. The values obtained for firmly identified PWNe in the HPGS
catalogue fall between 5× 10−5 and 6× 10−2, see Tab.6.2. For comparison, the value
λ ∼ 3× 10−3 is obtained in Linden and Buckman, 2018 by studying the TeV γ−ray
emission of Geminga. In this work, we consider λ as a free parameter, taking the
value λ = 10−3 as a reference in numerical calculations.

Finally, we also consider a variable value of λ as in Eq.(6.19) (Abdalla et al.,
2018b), for which we obtained a value γ ' 1.2. In this case the source luminos-
ity function is Y(L) ∝ L−1.8. This scenario is discussed in our analysis and, as we
will see, does not introduce relevant changes in our conclusions.
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For our results we decided to use two variables directly linked to the initial char-
acteristics of the Galactic pulsar population: the average initial spin period P0 and
the average magnetic field B0. We will give our results in terms of P0 and B0 in-
stead of Lmax and τ as done for the generic model of Chapter 5. They can be derived
inverting Eqs.(6.31), and remembering that τ = τ0 and that Lmax = λĖ0. We obtain:

P0 =

√
λ2π2 I
τLmax

; (6.33)

B0 =

√
λ3c3 I2

τ22R6Lmax
. (6.34)

Finally, P0 and B0 can be determined from Lmax and τ substituting all known values
of the parameters:

P0

1 ms
= 94

(
λ

10−3

)1/2 ( τ

104yr

)−1/2 ( Lmax

1034erg s−1

)−1/2

;

B0

1012G
= 5.2

(
λ

10−3

)1/2 ( τ

104yr

)−1 ( Lmax

1034erg s−1

)−1/2

.

(6.35)

6.3 P0 and B0 dispersion

We consider the effects of dispersion of the initial period and magnetic field around
reference values indicated as P̃0 and B̃0; which in turn implies a dispersion in Lmax
and τ.

We call h(p) and g(b) the functions that describe the probability distributions
of initial period and magnetic field respectively; with p = P0/P̃0, b = B0/B̃0. We
assume that these functions can be modelled as Gaussian distributions in log10(p)
and log10(b), centered in zero and having widths given by σlog P = log10( fp) and
σlog B = log10( fb), with the parameters fp and fb defined in the next section. The two
distributions are:

h(p) =
1√

2πσ2
log P

exp

(
− log2

10(p)
2σ2

log P

)
; (6.36)

g(b) =
1√

2πσ2
log B

exp

(
− log2

10(b)
2σ2

log B

)
. (6.37)

The source luminosity function can be obtained by integrating Eq.(6.29), calculated
by assuming τ = τ0(B0, P0) and Lmax = λ Ė0(B0, P0), over B0 and P0 probability
distributions. Substituting the variables p, b this is:

Y(L) =
∫

dp
∫

db h(p) g(b)Y(L, p, b). (6.38)

Using Eqs.(6.31) we rewrite τ, and Lmax in terms of the new variables p, b:

τ(p, b) = τ̃ p2 b−2; (6.39)

Lmax(p, b) = L̃ p4 b2; (6.40)
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where τ̃ ≡ τ0(B̃0, P̃0) and L̃ ≡ Lmax(B̃0, P̃0) = λ Ė0(B̃0, P̃0) are the spin-down timescale
and maximal luminosity for the central values P̃0 and B̃0. Under this assumption, the
parameters τ̃ and L̃ represent the central values of the log-normal (correlated) dis-
tributions of τ and Lmax that are obtained as a result of the introduction of P0 and B0
dispersion. After our computations, the luminosity distribution becomes:

Y(L) =
R τ̃ (α− 1)

L̃

(
L
L̃

)−α

G
(

L
L̃

)
; (6.41)

valid for a generic value of α. The obtained luminosity function differs from Eq.(6.29)
for the presence of the function G(L/L̃) that is defined according to:

G(x) ≡
∫

dp h(p)p6−4α
∫

db g(b)b2α−4 Θ
(

p−4 b2 − x
)

. (6.42)

For our reference case α = 1.5 the function G(x) becomes:

G(x) =
∫

dp h(p)
∫

db
g(b)

b
Θ
(

p−4 b2 − x
)

; (6.43)

We solved these integrals computationally and in the same way we found new so-
lutions for the best fit parameters for fixed values of standard deviations: σlog P and
σlog B.

6.4 Results

The best fit values obtained in Chapter 5 can be interpreted in terms of the new
variables. If we consider a fading source population connected with the explosion
of core-collapse SNe, we can convert the limits on the normalization parameter N
of the source luminosity function into a determination of the fading time-scale τ
through the relationship N = R τ(α − 1). By assuming that the source formation
rateR is approximately equal to the SN rateRSN = 0.019 yr

−1, we get a best fit value
of the spin-down time scale:

τ = 1.8+1.5
−0.6 × 103 yr; (6.44)

for our reference case, that corresponds to the orange solid line in the left panel of
Fig.6.4. Similar values are obtained in the other cases, as reported in Tab.6.1.

In the assumption that the observed objects are PWNe and/or TeV halos which
are powered by the formation and the subsequent spin-down of a pulsar, the above
value can be used to determine through Eqs.(6.35) the initial period P0 and magnetic
field B0 of the considered population. We get the constraints:

P0 = 33.5+5.4
−4.3 ms×

(
λ

10−3

)1/2

;

B0 = 4.3 (1± 0.45) 1012 G×
(

λ

10−3

)1/2

; (6.45)

that correspond to the orange solid line in the right panel of Fig.6.4. The small uncer-
tainty for the period P0 is connected with the fact that this quantity is determined by
the product Lmaxτ which is relatively well determined by observational data, being
the possible variations of Lmax and τ anti-correlated.
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FIGURE 6.3: The best fit and the 1 and 2σ allowed regions in the plane
(P0, B0), calculated in the assumption that the fraction of pulsar spin-
down energy converted to TeV emission is λ = 10−3. The shaded
regions correspond to N(0.1ΦCRAB) ≤ 10 in the assumption λ = 5 ×

10−2. Figure taken from Cataldo et al., 2020.

log10
Lmax

erg s−1 N τ log10 B0 P0 Δχ2

Ref. 35.69+0.21
−0.28 17+14

−6 1.8+1.5
−0.6 12.62+0.17

−0.26 31.7+5.0
−4.0 −

SNR 35.69+0.22
−0.25 18+15

−7 1.8+1.6
−0.7 12.60+0.17

−0.26 31.2+4.9
−4.0 1.4

H = 0.1 kpc 35.65+0.22
−0.27 15+14.5

−6 1.6+1.5
−0.6 12.68+0.17

−0.25 35.1+5.6
−4.6 −7.3

H = 0.05 kpc 35.34+0.26
−0.19 28+19

−13 2.9+2.0
−1.4 12.57+0.23

−0.26 36.7+3.7
−3.3 −10.5

d = 20 pc 35.69+0.20
−0.26 17+16

−6 1.9+1.9
−0.7 12.60+0.17

−0.29 31.2+4.9
−3.9 −0.2

d = 40 pc 35.67+0.20
−0.25 20+20

−8 2.2+2.0
−0.8 12.54+0.18

−0.28 29.5+4.7
−4.0 −1.8

α = 1.3 35.61+0.18
−0.27 25+24

−8.5 4.3+4.3
−1.5 12.26+0.16

−0.23 21.8+3.5
−2.8 0.0

α = 1.8 35.83+0.29
−0.24 7+6

−4 0.5+0.4
−0.2 13.10+0.24

−0.26 51.1+8.1
−6.4 0.5

TABLE 6.1: The same as Table 5.1 but with best fit values and the 1σ
allowed ranges for the magnetic field of pulsars B0 (in Gauss and ex-
pressed logarithmically), and the spin-down period P0 in ms; the fad-
ing timescale τ is expressed in ky. The different cases are described

in the text in Chapter 5.

We note that the inferred magnetic field agrees with the value log10(B0/1G) �
12.65 obtained by pulsar population studies (Faucher-Giguere and Kaspi, 2006). The
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inferred period is consistent with the value P0 ∼ 50 ms obtained in Watters and
Romani, 2011 by studying γ−ray pulsar population. The value P0 ∼ 300 ms that is
obtained from pulsar radio observation (Faucher-Giguere and Kaspi, 2006) is instead
excluded by our analysis, unless one assumes that a very large fraction λ ∼ 10−1 of
the spin-down power is converted to TeV γ−ray emission.

The above results are obtained under the assumption that all the sources in the
HGPS catalogue with flux Φ ≥ 0.1ΦCRAB (except those firmly identified as SNRs)
are powered by pulsar activity. A conservative upper bound for the period P0 can
be obtained by considering that no less than 10 of these sources have to be neces-
sarily included in this population, being firmly identified as PWNe or Composite
Sources (Fig.5.2). The lines N(0.1ΦCRAB) = const, corresponding to a fixed number
of sources above the adopted flux threshold 0.1ΦCRAB are shown by the gray dashed
lines in the planes (Lmax, τ) and (P0, B0) in Fig.6.4. It can be shown analytically (see
Sec.5.2) that N(Φ) scales as:

N(Φ) ∝ τ L3/2
max ∝ B0 P−4

0 λ3/2;

for the limiting case Lmax → 0, while it scales as:

N(Φ) ∝ τ Lα−1
max ∝ B2α−4

0 P6−4α
0 λα−1;

for Lmax → ∞. If 1 < α < 2, the condition N(Φ) = const always individuates a
maximum allowed period P0 (at the transition between the above regimes) whose
specific value depends on the fraction λ of the pulsar spin-down energy that is con-
verted to TeV γ−ray emission. In particular, the red shaded area in Fig.6.4 can be
excluded because it corresponds to N(0.1 ΦCRAB) ≤ 10 and to the relatively large
value λ = 5× 10−2. This allows us to obtain the bound P0 ≤ 500 ms that can be
strengthened if an upper limit for the magnetic field B0 ≤ 1014 G is introduced.

In order to test stability of the constraints given in Eq.(6.45), we repeat our cal-
culation for the case α = 1.8 obtained by assuming that λ is correlated with the
spin-down power as suggested by Abdalla et al., 2018b. In this case, the fading time
scale is τ = 0.5+0.4

−0.2 × 103 y, while the initial period and magnetic field are given by:

P0 = 51.0+8.1
−6.4 ms×

(
λ0

10−3

)1/2

;

B0 = 12.7+9.6
−5.8 1012 G×

(
λ0

10−3

)1/2

. (6.46)

The above results are shown by the blue solid line in Fig. 6.3 where they are com-
pared with those obtained in the reference case (α = 1.5).

As a further test, we hypothesize that the initial pulsar periods and magnetic
fields are not univocally determined but have log-normal dispersion around pre-
ferred values P̃0 and B̃0 with widths σlog P = log10( fp) and σlog B = log10( fb). The
constraints on P̃0 and B̃0 that are obtained by choosing fp =

√
2 and fb = 2, are

displayed by the dashed red and blue lines in Fig.6.3. We see that the inferred value
for P̃0 is basically insensitive to assumed dispersion while the preferred magnetic
field B̃0 is slightly reduced with respect to the reference case, as a consequence of the
high-luminosity tail of the source luminosity function that is obtained by assuming
fp 6= 0 and fb 6= 0.
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Summarizing, the results displayed in Fig.6.3 show that the bounds on the ini-
tial period and magnetic field do not critically depend on the adopted assumptions,
being P0 constrained to the narrow range 25− 60 ms for λ = 10−3. The fact that the
inferred values for B0 and P0 are consistent with expectations justifies the working
assumption that a large fraction of bright sources observed by H.E.S.S. belongs to a
population of young pulsars, and supports the hypothesis, formulated e.g. by Lin-
den and Buckman, 2018 and Sudoh, Linden, and Beacom, 2019, that PWNe and/or
TeV halos could produce the majority of TeV bright sources in the Sky. On the con-
trary, the large values for the initial period P0 ∼ 300 ms which is obtained from
radio pulsar studies (Faucher-Giguere and Kaspi, 2006), can explain the HGPS re-
sults only if we assume that a limited fraction of observed sources belong to the
considered population and/or a consistent fraction of the spin-down energy is con-
verted into TeV γ-ray emission. By using the reference value λ = 10−3, we obtain
only ∼ 1 source above the adopted flux threshold 0.1ΦCRAB. In order to reproduce
the 10 sources firmly identified as pulsars, we have to assume λ = 1.6× 10−2, while
to predict all the 29 sources observed by H.E.S.S. the value of the efficiency λ has to
be as large as ∼ 5× 10−2.

As a further check of this point, we calculate the expected number of sources
in the H.E.S.S. observational window by using the P0 and B0 distributions obtained
by Faucher-Giguere and Kaspi, 2006 from pulsar radio observations, i.e. a gaussian
centered in P0 = 300 ms with standard deviation σP = 150 ms, and a log-normal
centered in log B0 = 12.65 with standard deviation σlog B = 0.55. We obtained
P0 = 30.1+4.8

−3.7 ms, log10 B0 = 12.27+0.38
−0.52.

Finally, it is interesting to see how the result would change in case of a popula-
tion composed only of TeV halos. Based on a birth process for TeV halos as the one
described in Sec.6.1.1 following Giacinti et al., 2020, we can modelize the energy evo-
lution as in (Sudoh, Linden, and Beacom, 2019). They assume a spin-down power
for TeV halos equal to Eq.(6.16) but valid only for a certain time t > Tmin since they
emit starting from a Tmin 6= 0. We consider this scenario by introducing a variation
on the birth rate respect to the one assumed for our reference case (R = RSN). The
birth rate for TeV halos is assumed lower by a fraction ε (< 1): Rhalo = εR. In this as-
sumption, the TeV halo luminosity function has the same expression as Eq.(6.29) but
we obtain that Lmax is replaced by the luminosity L(Tmin) evaluated at time t = Tmin
from Eq.(6.22), and the spin-down time τ is substituted by ε(τ + Tmin). As a con-
sequence, the same functional form can be used to fit the data, obtaining the same
best fit points but with a different interpretation. In particular, in order to have the
maximal luminosity value (13 LCrab) at a later time Tmin (instead of t = 0), we have to
assume the sources to be initially more energetic, implying therefore a smaller initial
spin-down period P0. We indeed evaluated how the best fit parameters for B0 and
P0 would change according to the fraction ε obtaining values proportional to ε and√

ε respectively.
This kind of interpretation is however obtained by assuming that the TeV sky is

only populated by TeV-halos which start to emit at TeV energies at the time of their
birth. It is more conservative to assume that sources powered by pulsar activity can
also emit as Pulsar Wind Nebulae at earlier times. So the most plausible situation
is obtained assuming that the population of PWNe emits TeV gammas and, after an
average time Tmin a fraction of them develops a TeV-halo which continues to emit by
losing energy with the same law (Giacinti et al., 2020). This is what we considered
for our population study, and in this case our calculation is not sensible to Tmin and
the interpretation doesn’t change.
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FIGURE 6.4: Upper panel: the best fit and the 1σ and 2σ allowed
regions in the plane (Lmax, τ). Lower panel: the best fit and the 1σ and
2σ allowed regions in the plane (P0, B0), calculated in the assumption
that λ = 10−3. In both panels the red shaded area is excluded by the
data because corresponds to N(0.1ΦCRAB) ≤ 10 in the assumption of
λ = 5 × 10−2 which is a large value for the fraction of pulsar spin-
down energy converted to TeV emission. Figure taken from Cataldo

et al., 2020.
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Moreover, let’s note that the dominance of TeV halo sources in our population
sample would introduce a dominance of extended sources. In Chapter 5 we also
consider this possibility and we do not register any change in the results obtained
for a population of extended sources. We show that this doesn’t change for sources
with sizes up to 40 pc which is larger than the measured sizes of currently observed
TeV halos.

6.5 Conclusions

After studying the HGPS data sample of brightest sources observed in the Galactic
plane, we made an assumption on the nature of the sources in the catalogue. We
consider the possibility that the bright sources observed by H.E.S.S., which are not
firmly identified as SNRs, are powered by pulsar activity, like e.g. PWNe and TeV
halos. We apply our previously presented model to this particular reasonable situa-
tion. We evaluate the constraints on the physical properties of the pulsar population
that follow from this hypothesis. For our reference case, assuming that the fraction
of the pulsar spin-down energy converted in TeV photons is λ = 10−3, we obtain the
best-fit values P0 = 33.5+5.4

−4.3 ms and B0 = 4.32 (1± 0.45) 1012 G, the initial spin pe-
riod and magnetic field, respectively. The above constraints are consistent with the
B0 values obtained in Faucher-Giguere and Kaspi, 2006 and P0 constrains described
in Watters and Romani, 2011 by studying the gamma-ray pulsar population.

Finally, by considering that 10 sources in HPGS catalouge have been firmly iden-
tified as PWNe and considering λ ≤ 5× 10−2 as an upper bound for efficiency of
TeV emission, we obtain that the intial spin-down period of the considered pulsar
population is constrained to be P0 ≤ 500 ms.

Here we present also the properties of the newly discovered sources of TeV halos
for which many branches of investigation are still open. Our model embraces also
the possibility of the presence of TeV halos in the population sample. Here we give
some interesting considerations on the TeV halo sources and we also examine our
results in terms of a population only made of TeV halos. We show that our results
are stable and can provide interesting constraints also in this case.
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Chapter 7

Conclusions

Large part of this work is dedicated to exploring the connection of neutrinos and
gammas by using a multimessenger approach. Both are indeed produced in hadronic
interactions which occur in the Milky Way. Due to their peculiar properties repre-
sent crucial probes for the study of the innermost parts of the Galaxy. Both neutrinos
and gamma-rays, being electromagnetically neutral, do not get deflected in magnetic
fields. So have the useful property of preserving their production direction. Neutri-
nos due to their weak interaction capability are not absorbed in their path towards
the Earth. The same stands also for VHE gamma-rays, which are in good approxi-
mation only negligibly absorbed. For these reasons we can perform a parallel study
of both the messengers by jointly constructing models for their estimation. However,
due to the larger variety of available experimental information, the most stringent
constraints on our models come especially from the gamma-ray sky.

In our first work (presented in Chapter 4) we focus on the diffuse component.
We present updated calculations of the diffuse emission produced by the interaction
of CRs with the gas contained in the Galactic disk considering also the possibility
of CR spectral hardening in the inner Galaxy as recently emerged from the analy-
sis of Fermi-LAT data at lower energies. Firstly, we fix constraints on the Galactic
contribution to the total IceCube neutrino signal obtaining a fraction ∼ 8%− 12%
according to the scenario considered. These values are compatible with the upper
limit of ∼ 14% given by the collaboration.

Although due to the low statistic the Galactic component is not observed yet, we
demonstrate that there is a portion of the sky that includes the Galactic center where
the model flux appears to exceed the isotropic signal. So we define the region of
interest to investigate to potentially observe the Galactic flux component. Moreover,
we show that interesting constraints on the CR distribution in the Galaxy can be ob-
tained by comparing the total gamma-ray flux due to the diffuse interstellar emission
plus the cumulative contribution of point-like and extended sources in H.E.S.S.-GPS
catalogue with the total flux measured by Argo-YBJ, H.E.S.S., HAWC and Milagro
experiments. Indeed, our largest prediction for the diffuse emission which is ob-
tained by assuming that the CR density follows that of SNR (with R = 1kpc smear-
ing radius) and by considering CR spectral hardening in the inner Galaxy, seems to
be excluded by present observational data. Stronger constraints can be obtained by
taking into account the contribution to the observed signal provided by gamma-ray
sources non resolved by H.E.S.S. This is naturally expected to be non negligible but
is affected by large uncertainties. The CR spectral hardening hypothesis would be
ruled out globally (i.e. even if a smooth CR spatial distribution with R = ∞ is as-
sumed), if the non resolved contribution is demonstrated to be larger than ∼ 50% of
the resolved component.

Being the unresolved contribution a remarkable component of the total, we fo-
cused on refining its estimation in our second work. This took us to a development of
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our investigation and to more interesting results. We present a novel analysis of the
flux, longitude and latitude distributions of the brightest sources (Φ ≥ 10% ΦCRAB)
of the HGPS showing that the luminosity distribution of Galactic TeV sources can be
effectively constrained. This allows us to determine the total Milky Way luminosity
LMW = 1.7+0.5

−0.4 × 1037erg s−1 in the energy range 1− 100 TeV and the total Galactic
flux in the H.E.S.S. observational window given by Φtot = 3.8+1.0

−1.0 × 10−10 cm−2 s−1.
The total source flux is relatively large, confirming that unresolved source contribu-
tion is not negligible (about 60% of the resolved signal measured by H.E.S.S.) and
potentially responsible for a large fraction of the diffuse large-scale gamma-ray sig-
nal observed by H.E.S.S. This could have important implications for the interpreta-
tion of current observations of other experiments in the TeV domain. The unresolved
contribution can e.g. explain the excess reported by Milagro at 15 TeV (Atkins et al.,
2005). Our results can be also used to investigate the capability of future experi-
ments, like e.g. CTA, to probe the Galactic TeV source population.

Chapter 6 is dedicated to an interesting development of our work. We consider
the possibility that the bright sources observed by H.E.S.S., which are not firmly
identified as SNRs, are powered by pulsar activity, like e.g. PWNe and TeV ha-
los. We evaluate the constraints on the physical properties of the pulsar population
that follow from this hypothesis. Assuming that the fraction of the pulsar spin-
down energy converted in TeV photons is λ = 10−3, we obtain the best-fit values
P0 = 33.5+5.4

−4.3 ms and B0 = 4.32 (1± 0.45) 1012 G, the initial spin period and mag-
netic field, respectively. The above constraints are consistent with the B0 values ob-
tained in Faucher-Giguere and Kaspi, 2006 and P0 constrains described in Watters
and Romani, 2011 by studying the gamma-ray pulsar population.

Finally, by considering that 10 sources in HPGS catalogue have been firmly iden-
tified as PWNe and considering λ ≤ 5× 10−2 as an upper bound for efficiency of
TeV emission, we obtain that the initial spin-down period of the considered pulsar
population is constrained to be P0 ≤ 500 ms.
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