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CHAPTER

1

Introduction

When I decided to write this manuscript, I first read a large number of other theses from the domain
to see how one should write such a piece of work. And, obviously, as I imagined before hand, there
are no strict rules or procedures to follow. Therefore, I decided to devote this time to ask myself the
following questions: "What did I learnt since I was hired by CNRS and joined the Astroparticle group
in Bordeaux ?", "What have been my main contributions to the domain ?", and more importantly
"What are my scientific perspectives for the near future and at more longer term ?". In this sense, the
time that I spent to write this manuscript has been extremely fruitful, reading publications and trying
to extract the coherence and the link between the works that I carried with different collaborators, on
different topics and various experiments. After ten years of observations with Fermi-LAT, more than
fifteen with H.E.S.S. and just before the start of operation of CTA, it is an ideal time to make a pause
and look ahead. Of course, this means that I did not try to write and summarize all the works and
publications that I have done in the past eleven years. Several topics of interest, for instance related
to pulsars and pulsar wind nebulae, are simply cited or even completely omitted. It is not a lack of
interest but rather a personal choice in this manuscript.
To better understand the path that I followed during these eleven years, here is a brief summary of the
main achievements:

• I was hired to a permanent research position with the IN2P3-CNRS and joined the Bordeaux
group in December 2006. At this time, the group was intensively working on GLAST (then
renamed Fermi), devoting their research time to the study of pulsars and active galactic nuclei.
To keep a coherence in the group while staying in a domain related to the acceleration by shock
waves, I decided to move from supernova remnants (the topic of my PhD thesis) to pulsar wind
nebulae. Together with David Smith, I supervised Marie-Helene Grondin’s PhD thesis devoted
to pulsars and pulsar wind nebulae as seen with the first two years of LAT data. Several publi-
cations of great interest have been written during this time: the detection of the Crab pulsar and
nebula, the detections of the pulsar wind nebula MSH 15−52, HESS J1825−137 and Vela-X.
This experience allowed me to take leadership within the Fermi-LAT collaboration, becoming
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co-leader of the "supernova remnants and pulsar wind nebulae" sub-group from 2008 to 2012
and of the whole Galactic group from 2012 to 2014. In this context, I started a collaboration
with Professor Roger Romani and Professor Stefan Funk from Stanford University and spent
one month at Stanford in July 2008 to work with them. In September 2008, I was awarded a
grant of 14 keuros from the France-Stanford center for interdisciplinary studies for a one-year
project related to the study of pulsar wind nebulae. The budget covered the travel costs for a
two-week visit in Stanford in May 2009 as well as two one-week visits to Bordeaux in March
and June 2009. Two methodologies were initiated and tested during this collaborative project:
off-pulse analysis of pulsars and analysis of extended sources at GeV energies.

• In parallel to this work, I kept my activities on H.E.S.S. as an affiliate member of the collab-
oration. My studies were related to supernova remnants and I was heavily involved on the
publications related to RX J1713.7−3946 and RCW 86.

• An important achievement was obtained when I received a European Research Starting Grant.
To write the scientific project for this grant I thought about my priorities in the domain while
keeping a good synergy within the group in Bordeaux. The project entitled "New light on
the gamma-ray sky: unveiling cosmic-ray accelerators in the Milky Way and their relation
to pulsar wind nebulae" (with its associated acronym P-WIND) was devoted to the analysis
of gamma-ray data to look for the cosmic-ray accelerators in the Galaxy. The grant covered
the salary of two post-doctoral fellows (Matthew Dalton and Jeremie Mehault) as well as one
PhD student (Romain Rousseau). The P-Wind project was extremely fruitful. A very large
number of collaborations and publications was developed during this 3-year project. The P-
Wind team led 7 papers and contributed to 16 other publications on various topics: pulsar
wind nebulae (HESS J1857+026, HESS J1303−631, 3C58 and a systematic search for signal
from 58 TeV PWNe with the LAT), unidentified Fermi-LAT sources (MSH 11−62, HESS
J1356−645), multi-wavelength analysis of supernova remnants (Puppis A, W41). In addition
to that, a significant fraction of the time was devoted to the modeling of gamma-ray sources
with a special input on pulsar wind nebulae with a one-week stay in Abu Dhabi to work with
Joseph Gelfand.

• Thanks to the knowledge and collaboration started during the ERC project, especially the one
concerning extended sources, I decided to supervise a third PhD thesis on the spectral and mor-
phological analysis of supernova remnants using the LAT Pass 8 data. Benjamin Condon’s PhD
thesis was extremely surprising in the sense that, 7 years of LAT data being already analyzed,
we were not expecting so many exciting results. The detection of RCW 86, SN 1006 and HESS
J1731−347 were unexpected and allowed by the sensitivity of Pass 8 and the possibility to
study extended sources with the LAT. The spatially resolved spectral analysis of RCW 86, RX
J1713.7−3947 and SN 1006 are even more surprising and seems to show that the only way to
understand how cosmic rays are accelerated in our Galaxy is to look at very fine structures and
regions within the shock wave.

• After the end of the ERC project, the group in Bordeaux decided to join the CTA collaboration.
I am full member since mid-2014 but due to other duties on the H.E.S.S. and Fermi collabora-
tions, my contribution has only been marginal until now and mainly related to review scientific
publications from the Galactic group.

• In 2016, with the overhead of the ERC Starting Grant, I hired François Brun with a 3-year post-
doctoral fellowship to work on Galactic science at TeV energies (H.E.S.S. and CTA). One of
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the main achievement from our collaborative work was the Fermi-H.E.S.S. joint publication on
the middle-age supernova remnant W49B and the detection of the "pion bump" at low energy,
thus indicating that protons are accelerated in this source. This analysis triggered several other
contributions on the acceleration of cosmic-rays by middle-age supernova remnants, especially
with the japanese teams working at Ibaraki University and Rikkyo University.

Looking at the studies and collaborations carried during these past years (presented in the Diagram 1.1
as well as on my curriculum vitae in Appendix A), my leading interest has always been the accelera-
tion of cosmic rays in the Galaxy. In parallel, and partly because they are the main candidates in our
Galaxy, I have been working intensively on supernova remnants. This is why this manuscript focuses
on this topic and neglect some important results obtained on pulsars and pulsar wind nebulae. The
latter will be cited at the end of the manuscript together with other types of accelerators.

I realize that I have been extremely lucky since my very first steps in this domain. I started my
PhD thesis in 2003 at the best time to live the incredible number of detections offered by H.E.S.S. and
its Galactic Plane Survey. I joined GLAST in early 2007 and was at SLAC during the Launch and
Early Operations just after launch to see the exceptional sensitivity of the LAT and the detections of
the Crab, Geminga and Vela pulsar with only one week of data ! Nobody was expecting to perform
morphological analyses with the LAT and even less morphologically-resolved spectral analysis: this
is what we are starting to do in several cases as you will see in this manuscript. The results are in-
credible in every domain. I have lived these major breakthroughs in γ-ray astronomy and hope that
my enthusiasm will be visible in this manuscript.

I wish you a very pleasant reading.
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From Galactic cosmic rays to supernova
remnants at multi-wavelength frequency

Contents
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2.2 Supernova remnant evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
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2.4 First indirect evidences of efficient particle acceleration in supernova remnants

with X-ray satellites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Gamma-ray experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.5.1 Ground-based experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5.2 The Large Area Telescope . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1 Brief introduction to cosmic rays

One century ago, Victor Hess carried out several balloon flights that led him to conclude that the
penetrating radiation responsible for the discharge of electroscopes was of extraterrestrial origin. One
century from the discovery, thanks to pioneering works and a large amount of measurements, the char-
acteristics of cosmic rays (CRs) are relatively well known. CRs are charged particles that contribute
an energy density in the Galaxy of about 1 eV cm−3. This energy density is comparable to the energy
density of thermal gas and magnetic field in the Galaxy, which cannot be a simple coincidence and
indicate some kind of coupling between thermal and non-thermal constituents of the Galaxy, showing
the real importance of cosmic-rays in our Galaxy. These particles are mainly protons (hydrogen nu-
clei) with about 10% fraction of helium nuclei and smaller abundances of heavier elements and only
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1% of electrons. Another important information comes from the all-particle spectrum. It is apparently
very regular but shows two main features: the knee at 3× 1015 eV where the slope of the differential
flux changes from −2.7 to −3.1, and a flattening at 5 × 1018 eV called the ankle. Another structure
in the spectrum was recently discovered by KASKADE-Grande at ∼ 1017 eV and called the second
knee (Apel et al., 2013).

2.1.1 Galactic or extragalactic origin ?

Since their discovery, there has been a long standing debate concerning the origin of cosmic rays.
Electrons have to be galactic since the energy losses by inverse Compton scattering off the microwave
background prevent propagation from one galaxy to another. In the case of protons, the situation has
improved significantly thanks to the results obtained by EGRET aboard the Compton Observatory.
Indeed, the gamma-ray flux obtained by EGRET on the Small Magellanic Cloud was strongly incon-
sistent with the fact that GeV cosmic-ray protons have uniform density in space (Sreekumar et al.,
1993). Therefore, the bulk of the locally observed protons at GeV energies had to be galactic. More
recently, the comparison of the Fermi-Large Area Telescope (LAT) all sky maps above a GeV with the
distribution of dust and gas revealed by the Planck data shows that they are very similar, implying that
the cosmic-ray flux throughout the Galaxy must be uniform except in the neighborhood of the Galac-
tic centre where evidence for a harder spectrum and higher intensity is visible. The Larmor radius of
a proton with energy EPeV in PeV gyrating in a magnetic field BµG in µG is rg=EPeV/BµG parsec. It
is mostly assumed with good reason that CRs with energies above the ankle must be extragalactic in
origin since their Larmor radius is much larger than the Galaxy. This implies that the transition from
a Galactic to an extragalactic origin occurs somewhere between the knee and the ankle. In addition,
the extreme regularity suggests that a single class of galactic sources (or a single type of acceleration
mechanism such as Diffusive Shock Acceleration, see below) is responsible for the CR spectrum up
to this transition energy. Data collected across the knee region by ground based CR experiments show
an evolution towards heavier mass groups as expected from acceleration models (see Figure 2.1). A
tendency towards lighter elements is then observed starting at energies compatible with the position
of the second knee. The energy spectra of individual elements are even more difficult to measure
but KASKADE seems to show an average composition at the knee dominated by light elements, in
agreement with KASKADE-Grande (Apel et al., 2014). The knee would then be interpreted as the
steepening of the proton and He spectra, and the second knee to the steepening of the heavy com-
ponent, where the Galactic component would cease. In addition, Auger and the Telescope Array
experiment agree on the mass composition and spectrum at around 1018 eV where CRs are found to
be light (Aab et al., 2014; Abbasi et al., 2015). Together with the results from KASKADE-Grande,
this implies a change from heavy to light between 1017 eV and 1018 eV which suggests a possible
transition from galactic to extragalactic CRs in this energy domain. And, more recently, the Pierre
Auger Observatory detected an anisotropy at more than the 5.2σ level above 8 × 1018 eV that can
be described by a dipole with a direction indicating an extragalactic origin for these ultra-high energy
particles (The Pierre Auger Collaboration et al., 2017) and confirming that the transition occurs below
this energy.
However, it should be noted that a transition between Galactic and extragalactic origin above 1017

eV has been questioned by the EAS-TOP and MACRO experiment (Aglietta et al., 2004), CASA-
MIA (Glasmacher et al., 1999) and ARGO-YBJ together with a prototype of Cherenkov telescope of
LHAASO (Bartoli et al., 2015) that show evidence of a knee-like structure in the spectrum of light
nuclei at ∼ 700 TeV, well below the knee. Finally, the compilation of measurements of the energy
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spectrum of the so-called CNO group (i.e. Carbon-Nitrogen-Oxygen) show a knee at energies not
larger than about 7 PeV (see for instance Blümer et al. (2009)). In a scenario with a rigidity depen-
dent knee position, this is not consistent with a position of the proton knee at about 3 PeV.
Even if the energy of the transition between galactic and extragalactic origin is not settled yet, these
results suggest that the sources of galactic cosmic rays must be able to accelerate protons up to at
least ∼ 1 PeV and this is why the community is currently looking for these rare PeVatrons.

Figure 2.1: Average value of the estimated CR logarithmic mass, < lnA >, from several ground-based experi-
ments. Superimposed are the lines corresponding to mixed composition resulting from multi-population models
as given in Gaisser et al. (2013). Plot taken from Gaisser et al. (2013).

2.1.2 Propagation in the Galaxy

When looking for the sources of galactic CRs, one needs to take into account that protons must
escape and diffuse away from their acceleration sites. The transport of CRs in the Galaxy has been
subject of active investigation. One of the main quantity that we have to constrain the propagation
parameters comes from the measurements of secondary-to-primary ratios, such as the Boron/Carbon,
which provide an estimate of the grammage that CRs traverse during propagation. Indeed, under the
simplest leaky box model, one expects the path lengths traversed by the cosmic rays to be inversely
proportional to the diffusivity D. If D ∝ Eδ, we expect higher energy particles to diffuse faster out of
the Galactic plane, implying that those particles that reach the Solar system, do so earlier at higher
energies. As a consequence, higher energy particles should produce less secondaries along the way.
Indeed, the ratio between the secondary Boron and primary Carbon nuclei decreases at high energies
as expected and the Boron/Carbon ratio is compatible with a diffusion coefficient δ = 0.3 – 0.6
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(Strong et al., 2007). The diffusion and escape time from the Galaxy being energy dependent implies
that the CR spectrum that we observe on Earth (proportional to E−2.7 below the knee) must be steeper
than the spectrum that CR sources inject in the interstellar medium. In order to be consistent with
observations, CR sources need to inject protons with a spectral index Γ = 2.7− δ comprised between
2.1 and 2.4. Constraints on the diffusion coefficient are therefore of great interest to constrain as a
consequence the type of sources accelerating CRs in our Galaxy. Recently, Blasi and Amato (2012)
found that the very weak energy dependence of the anisotropy amplitude below 105 GeV and the rise
at higher energies as seen by the data from EAS-TOP and the Akeno and Tibet experiments, can best
be explained if the diffusion coefficient is δ∼1/3. Faster diffusion, for instance with δ = 0.6, leads in
general to an exceedingly large anisotropy amplitude. If confirmed, their study would imply that CRs
sources inject protons with a steep spectrum E−2.4.

2.2 Supernova remnant evolution

The key parameters governing the evolution of a supernova (SN) explosion are the initial energy,
progenitor system, and surrounding interstellar medium (ISM), which are all tied together by the late-
time evolution of massive stars. The progenitor system can be either a binary system (two objects
orbiting one another) composed of a white dwarf and a companion star for Type Ia SNe, or a massive
star (M > 8 M�) for type II SNe (also known as core-collapse SNe), or even massive stars that have
lost their Hydrogen-envelopes prior to explosion (Wolf-Rayet stars, > 25 M�) for Type Ib/c SNe.
The evolution of a SNR is then typically characterized by three phases:

• an ejecta-dominated phase called "free expansion" when the swept-up mass is much less than
the ejected mass and does not slow shock expansion,

• a phase called Sedov-Taylor when the swept-up mass is much larger than the ejecta mass and
the shock expansion is characterized by adiabatic expansion,

• a radiative phase where recombining gas quickly cools the swept-up gas forming a dense shell
(Woltjer, 1970). Toward the end of this radiative phase, the dense shell of the SNR merges with
the ISM and becomes indistinguishable from it (Cioffi et al., 1988).

Depending on the density profile of the surrounding gas, SNRs may transition between these phases
at very different ages (Dwarkadas and Chevalier, 1998). Some SNe leave behind a rapidly spin-
ning neutron star. These pulsars dissipate their rotational energy via a relativistic wind of electrons
and positrons, which is rapidly decelerated at an interaction point with the surrounding dense medium
called the termination shock (Gaensler and Slane, 2006; Grenier and Harding, 2015). The pulsar wind
nebula (PWN) formed in the interior of the SNR expands outward and may encounter the inward re-
verse shock of the SNR as illustrated in Figure 2.2. These systems are typified by a radio synchrotron
shell for the SNR and a flat-spectrum central PWN, and therefore dubbed composite SNRs. Rela-
tivistic electrons produce inverse Compton (IC) gamma rays at GeV and TeV energies. Additional
gamma-ray emission from the pulsar magnetosphere and surrounding SNR shock front can also be
present, limiting the identification of the primary source of gamma rays. At various points during the
evolution of the system, different regions may produce the brightest gamma-ray emission. Models of
the evolution of PWNe and SNRs show a diversity of possible observed parameters (Gelfand et al.,
2009). While shocks within PWNe are clearly capable of accelerating leptons, it is not clear if protons
are also accelerated. This type of source will be discussed in Section 5.2.3.
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Figure 2.2: Left: Density image from a hydrodynamical simulation of a PWN expanding into a SNR that is
evolving into a medium with a Circumstellar medium (CSM) density gradient increasing to the right. The pulsar
itself is moving upward. The reverse shock is propagating inward, approaching the PWN preferentially from
the upper right due to the combined effects of the pulsar motion and the CSM density gradient. Right: Density
profile for a radial slice through the simulated composite SNR. Colored regions correpond to different physical
regions identified in the SNR image. Plot taken from Slane (2017).

2.3 The link between cosmic-rays and supernova remnants

The association between supernova remnants and Galactic cosmic rays is very popular since 1934,
when Baade and Zwicky (1934) argued that this class of astrophysical objects can account for the
required CR energetics. Indeed, in order to maintain the cosmic-ray energy density in the Galaxy,
about 3 supernovae per century should transform 10% of their kinetic energy in cosmic-ray energy.
This argument has also been supported by E. Fermi’s proposal of a very general mechanism for par-
ticle acceleration (Fermi, 1949), which is very efficient if applied at SNR shocks (Bell, 1978). The
extremely interesting point of the diffusive shock acceleration (DSA) mechanism is that it naturally
yields power-law spectra for the energy distribution of accelerated particles. Indeed, in DSA, par-
ticles with gyroradii larger than the shock thickness can be repeatedly scattered back and forth the
shock, gaining energy as if they were squeezed between converging walls (as in the first order Fermi
acceleration mechanism). Since both the gain per cycle and the probability of being advected away
from the acceleration region are controlled by the shock hydrodynamics only, accelerated particles
develop power-law distributions whose spectral index is determined by the downstream/upstream
compression ratio1. For monoatomic gas with adiabatic index γ = 5/3, the compression ratio tends
to 4 which directly imply that SNR shocks are expected to accelerate CRs with a universal spectrum
N(E) ∝ E−2. This is another criterium that led Bell (1978) suggest that SNRs accelerate Galactic
CRs. The other criterium that needs to be fulfilled is that the maximum energy reaches the knee of
the cosmic-ray spectrum. The acceleration time for particles undergoing DSA can be written approx-
imately as tacc ∝ D/v2sh where D is the diffusion coefficient, and vsh is the shock velocity. In case of
Bohm diffusion, the particle mean free path is of the order of the Larmor radius and we can re-write
this equation as tacc ∝ E/(Bv2sh) where E is the energy of the particle, and B the magnetic field.
For young SNR, the age of the remnant tage is an obvious limitation on the maximum energy which

1A description of the process is provided in https://www.refletsdelaphysique.fr/articles/refdp/pdf/2015/03/refdp201546p14.pdf
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can be written as Emax ∝ Bv2shtage using the above equation. The evolution of a young supernova
remnant has been described in many papers (see Truelove and McKee (1999) for more details). In
brief, the expansion of SN ejecta into the surrounding medium leads to the formation of a double-
shocked structure, consisting of a reverse shock that travels back into the ejecta, and a forward shock
that expands into the ambient medium. If the SN ejecta are described by ρej ∝ r−n, and the sur-
rounding medium is described by ρamb ∝ r−s, the expansion of the forward shock is Rf ∝ tm where
m = (n − 3)/(n − s) is referred to as the expansion parameter. We can then express the maximum
energy as Emax ∝ Bt2m−2tage ∝ Bt2m−1 This means that, as long as m > 0.5, and the magnetic
field B is constant, the maximum energy is increasing with time. The maximum energy will start to
decrease with time once m < 0.5, i.e. just before the remnant enters the Sedov-Taylor stage. Current
models suggest that, at this epoch, the maximum energy is ∼ 100 TeV for Type Ia SNe and ∼ 1
PeV for core-collapse SNe (see Section 3.4.4 for more details), which is close to the needed value to
reproduce the CR spectrum. However, until recently there were absolutely no observational evidence
concerning the acceleration of protons and nuclei in SNRs. Indeed, through their interaction with the
interstellar magnetic fields, the charged particles arriving on Earth have lost all directional information
and cannot be used to pinpoint the sources. That is why, almost 100 years after their discovery by V.
Hess, the origins of the CRs and their cosmic accelerators remain unknown. I will briefly summarize
below the evidences that supernova remnants can indeed accelerate particles efficiently.

2.4 First indirect evidences of efficient particle acceleration in su-
pernova remnants with X-ray satellites

Electrons accelerated at SNR shocks radiate through synchrotron emission when spiraling in a mag-
netic field. This emission extends from the radio to the X-ray domain. While radio synchrotron
emission is observed in most SNRs detected in the Galaxy (Green, 2017), X-ray synchrotron emis-
sion is observed only in a few remnants up to now. In some of these X-ray detected SNRs, the X-ray
synchrotron emission exhibits a filamentary emission just behind the blast wave (for instance in the
historical remnant Tycho (Cassam-Chenaï et al., 2007)). One plausible explanation is that the mag-
netic field is large enough (∼ 100µG) to induce strong radiative losses in the high energy electrons
(Vink and Laming, 2003; Parizot et al., 2006), thus creating these very thin structures. If the magnetic
field is indeed amplified at the limbs, the maximum energy at which particles can be accelerated is
much larger there (> 1 PeV) than outside the limbs (E ≈ 25 TeV if B ≈ 10µG).
In parallel, a discovery of the brightening and decay of X-ray hot spots in the shell of the SNR
RX J1713.7−3946 on a one-year timescale has been reported by Uchiyama et al. (2007). This rapid
variability implies that electron acceleration needs to take place in a strongly magnetized environ-
ment, indicating amplification of the magnetic field by a factor of more than 100.
Another evidence of very efficient particle acceleration in supernova remnants is provided by the
postshock plasma temperatures observed in SNRs 1E 0102.2−7219 and RCW 86, that are lower than
expected for their measured shock velocities (Hughes et al., 2000; Helder et al., 2009). In the second
case and for the first time, by comparing the measured post-shock proton temperature with the one
determined using the shock velocity, the authors presented the evidence that > 50% of the post-shock
pressure is produced by cosmic rays.
Recently, very unusual structures consisting of ordered sets of bright, non-thermal stripes were dis-
covered by Eriksen et al. (2011) in the historical SNR Tycho with a deep Chandra exposure. In the
framework of a non-linear diffusive shock acceleration model (NL-DSA), which includes magnetic
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field amplification from a cosmic-ray current driven instability, Bykov et al. (2011) were able to re-
produce the stripes assuming that the maximum energy of the CR protons responsible for the stripes
is ∼ 1015 eV. This confirms the claim from Eriksen et al. (2011) that the spacing between the stripes
corresponds to the gyroradii of 1014–1015 eV protons.

These are strong indirect arguments confirming that electrons and protons are accelerated up to
at least TeV energies (maybe even PeV) in supernova remnants. The direct signature of accelerated
protons is expected through pion decay emission in the GeV–TeV gamma-ray energy range. Indeed,
CRs (ionized nuclei of all species, but mostly protons, plus a small fraction of electrons) can interact
with ambient matter and photons producing gamma rays via two different channels. One mechanism
invokes the interaction of accelerated protons at SNRs shocks with interstellar material generating
neutral pions which in turn decay into gamma rays. We call this mechanism the hadronic scenario.
A second competing channel exists in the inverse Compton scattering of the photon fields in the sur-
roundings of the SNR by the same relativistic electrons that generate the synchrotron X-ray emission.
This is the leptonic scenario. Being of leptonic or hadronic origin, these gamma rays are not affected
while they travel to Earth and can therefore be used to pinpoint the cosmic accelerators in our Galaxy.

2.5 Gamma-ray experiments

Two major breakthroughs in γ-ray astronomy occurred recently thanks to ground-based experiments
and to the LAT aboard the Fermi satellite.

2.5.1 Ground-based experiments

Firstly, after more than 20 years of development, the first source of very high energy gamma rays,
the Crab Nebula, was discovered in 1989 by the Whipple telescope (Weekes et al., 1989). Since this
date, the technical progresses in this field have led to important scientific results, especially by the
Cherenkov telescopes H.E.S.S. (Namibia), VERITAS (Arizona, United States) and MAGIC (Canary
Islands, Spain). Indeed, when I started my PhD thesis in September 2003, 11 sources were detected
at TeV energies and only three of them were Galactic: the Crab, TeV J2032+4130 and Cassiopeia A
(neglecting the suspicious detections from the CANGAROO experiment). Then, in early 2007 when I
joined the Astroparticle group at CENBG, the number of sources was already close to 70 partly thanks
to the large number of detections offered by the first H.E.S.S. Galactic Plane Survey (Aharonian et al.,
2006a). Figure 2.3 shows the status of the TeV sky reported by Jim Hinton at the ICRC in 2007 in
comparison to the one reported by Nahee Park at the last ICRC in 2017. One can see the input coming
from two other surveys performed by VERITAS and HAWC: one focusing on the Cygnus region and
the other one on the Galactic plane fraction visible from the Northern hemisphere. Today, 198 γ-ray
sources have been detected with high significance by the different experiments, ∼25 being clearly
associated to SNRs or molecular clouds. It is not only the number of sources that is growing but also
the diversity (with the detection of a superbubble in the Large Magellanic Cloud for instance), and the
quality of the measurement (with the deep observations of the Galactic Centre and RX J1713.7−3946
allowing the first detection of a PeVatron and the possible detection of protons escaping the SNR
shock). These results will be discussed in more detail in Section 3.3.1 and 5.3.2. We are now in an
era of catalogs (thanks to the increased number of sources) and precision (thanks to the increased
sensitivity and observing time).
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These ground-based experiments for γ-ray astronomy rely on the development of cascades (air-
showers) initiated by astrophysical gamma rays. Because of the low flux from Very high energy
(VHE) gamma-ray sources, gamma-ray observatories have to overcome a high level of background
events from cosmic-ray air showers. Largely there are two main techniques used to study the gamma-
ray emission. One is observing the Cherenkov light emitted by secondary particles generated from the
air shower thanks to imaging atmospheric Cherenkov telescopes (IACTs). The three currently under
operation are H.E.S.S., VERITAS and MAGIC. The other is observing the secondary particles them-
selves using air shower arrays. The most famous among them is the High Altitude Water Cherenkov
(HAWC) Observatory seated at a high-altitude site in Mexico (Abeysekara et al., 2017), successor
of the MILAGRO experiment. It is sensitive to gamma rays in the energy range of 100 GeV to 100
TeV which is excellent to study cosmic-ray accelerators in the Galaxy, especially the high energy
end. The full HAWC array was completed in March 2015, but science operations already started in
August 2013 with a partially-built array. For the near future, another project of importance is being
built currently at Daocheng in China: the Large High Altitude Air Shower Observatory (LHAASO,
Di Sciascio and LHAASO Collaboration, 2016). It is an ambitious project incorporating HAWC-like
water Cherenkov detectors and a very large array of scintillators (KM2A). The installation of the ex-
periment started at very high altitude in China (4410 m a.s.l.). The commissioning of the first quarter
of the layout is expected in 2018 with a conclusion in 2021. In a similar way to HAWC, it will present
a modest angular resolution together with a high duty cycle and a wide field of view. The current
generation of IACT arrays consist of multiple telescopes, and these have the best instantaneous sen-
sitivity to detect VHE gamma rays. A typical IACT detects VHE gamma-ray sources with 1% of the
Crab Nebula flux in less than 30 hours. However, IACTs have a small duty cycle of ∼15% because
the observation requires a clear, dark night. Also, their field of view (FoV) is relatively small (< 5◦).
Compared to the IACTs, the duty cycle of air shower arrays is∼90% and their FoVs represent a much
larger area on the sky (∼2 sr). With this large FoV, the air shower array can survey a large portion
of the sky (> 50%) without pointing bias and is very well suited to the study of extended sources or
diffuse emissions in the plane. However, the sensitivity and angular resolution of the air shower ar-
rays are worse than IACTs, especially for energies lower than 1 TeV. This shows the complementarity
between these different instruments.
Personally, I have worked only on the H.E.S.S. data. H.E.S.S. was originally an array of 4 12m diam-
eter telescopes. Since 2012, a fifth telescope of 28m located at the center of the array is operational.
This allows to lower the energy threshold down to 30 GeV at zenith. In 2016, H.E.S.S. completed an
upgrade of the cameras for the four 12 m telescopes to reduce the dead time, the failure rate, and to
operate smoothly with the 28 m telescope which has higher trigger rates. I have been full member
of the H.E.S.S. collaboration until the end of 2006, then associate member of the collaboration until
April 2011 and again full member when Bordeaux officially joined the H.E.S.S. collaboration, taking
the lead on the copy of the data on site and their copy on the computer cluster in Lyon. This was
made possible thanks to the ERC Starting Grant that allowed two post-doctoral fellows and one PhD
student to work partly on H.E.S.S..
Looking ahead, the Cherenkov Telescope Array (CTA) is currently the biggest project of very high
energy astrophysics, gathering at this time more than 1500 members spread in 32 countries. CTA
represents the new generation of gamma-ray imaging Atmospheric Cherenkov telescope, that will
succeed to the current arrays H.E.S.S., VERITAS, and MAGIC. CTA will be composed of two dis-
tinct arrays, one for each hemisphere for a full-sky coverage. The northern array will take place on
the MAGIC site, while the southern one will be located in Chile (Paranal). Thanks to CTA, the far end
of the electromagnetic spectra from 20 GeV up to 300 TeV will be observed with an unprecedented
sensitivity and angular resolution (Cherenkov Telescope Array Consortium et al., 2017). The first
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telescope is being built at La Palma (Canary Islands, Spain) and will start taking data in 2018.

Figure 2.3: The catalogue of known TeV sources as of the 30th ICRC in 2007 (Top) and 35th ICRC in 2017
(Bottom). Top: The positions of the known TeV emitters are shown in Galactic coordinates. Darker symbols in-
dicate discoveries since the 29th ICRC. The shaded region indicates the part of the sky more readily accessible
from the southern hemisphere (Declination > 0◦). Plot taken from Hinton (2007). Bottom: The blue rectan-
gular area indicates the region of the H.E.S.S. Galactic plane survey (H. E. S. S. Collaboration et al., 2017b).
The red rectangular area indicates the region of VERITAS’s Cygnus sky survey (Bird and for the VERITAS Col-
laboration, 2017). The green rectangular area indicates the Galactic plane shown by the HAWC collaboration
(Abeysekara et al., 2017). The yellow shaded area indicates the sky coverage of the HAWC observatory. The
skymaps of each survey indicated with rectangular boxes are shown under the source map. Plot taken from
Park (2017).
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Figure 2.4: The catalogue of known GeV sources from EGRET (Top, Hartman et al. (1999)) and the LAT FL8Y
(Bottom) in Galactic coordinates. The LAT image is based on 9-year (August 4, 2008 - August 4, 2017) Pass
8 Source class, PSF3 event type above 1 GeV. The image is smoothed with a 0.25 deg FWHM Gaussian. The
map is in intensity units with a logarithmic scaling. The white dots indicate the position of sources in the FL8Y
source list.

2.5.2 The Large Area Telescope

In early 2007, when I joined the group in Bordeaux working on the GLAST satellite (now renamed
Fermi for the physicist Enrico Fermi), we were still relying on the EGRET catalog in the GeV energy
domain. This was our best guide to estimate what would be our science and our results with the LAT.
The third catalog of high-energy gamma-ray sources detected by the EGRET telescope on the Comp-
ton Gamma Ray Observatory contains 271 sources above 100 MeV. It includes a solar flare, the Large
Magellanic Cloud, five pulsars, one probable radio galaxy detection (Cen A), 66 high-confidence
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identifications of blazars, 27 lower confidence potential blazar identifications and 170 sources not yet
identified firmly with known objects, although potential identifications were suggested for a number
of those (Hartman et al., 1999). This means that EGRET was unable to identify (or even detect)
clearly any SNR in our Galaxy ! This was largely due to the poor angular resolution of EGRET and
the large confusion of sources in the Galactic plane where SNRs are located.
The Fermi-LAT is a γ-ray telescope which detects photons by conversion into electron-positron pairs
in the energy range between 20 MeV to higher than 500 GeV, as described in Atwood et al. (2009).
The LAT is composed of three primary detector subsystems: a high-resolution converter/tracker (for
direction measurement of the incident γ-rays), a CsI(Tl) crystal calorimeter (for energy measure-
ment), and an anti-coincidence detector to identify the background of charged particles. Since the
launch of the spacecraft in June 2008, the LAT event-level analysis has been periodically upgraded to
take advantage of the increasing knowledge of how the Fermi-LAT functions as well as the environ-
ment in which it operates. Following the Pass 7 data set, released in August 2011, Pass 8 is the latest
version of the Fermi-LAT data. Its development is the result of a long-term effort aimed at a com-
prehensive revision of the entire event-level analysis and comes closer to realizing the full scientific
potential of the LAT (Atwood et al., 2013). The LAT has considerably improved our knowledge of
the 100 MeV – 100 GeV γ-ray sky: it has moved the field from the detection of a small number of
sources to the detailed study of several classes of Galactic and extragalactic objects as can be seen in
Figure 2.4 (Bottom). Based on the first eight years of science data from the Fermi Gamma-ray Space
Telescope mission and the 100 MeV – 1 TeV range, the preliminary LAT 8-year point source list
(FL8Y) is the deepest view of the sky in this energy range 2. Relative to the 3FGL catalog, the FL8Y
source list has twice as much exposure as well as a number of analysis improvements, but is lacking an
updated model for Galactic diffuse gamma-ray emission. The FL8Y source list includes 5524 sources
above 4σ significance, with source location regions and spectral properties. Fifty-eight sources are
modeled explicitly as spatially extended, and overall 303 sources are considered as identified based
on angular extent or correlated variability (periodic or otherwise) observed at other wavelengths. For
2130 sources we have not found plausible counterparts at other wavelengths. More than 2900 of the
identified or associated sources are active galaxies of the blazar class, 217 are pulsars. This incredible
number of sources, large variety of classes and precision of measurement (with morphological studies
as we will see in Section 5.1) is remarkable and was not suspected before launch. For what concern
SNRs more specifically, a catalog of SNRs was released by the collaboration (Acero et al., 2016), re-
porting 30 sources as likely GeV SNRs as well as 14 marginal associations and 245 flux upper limits.
A comparison of the sensitivity of all instruments at gamma-ray energies above 10 GeV is provided
in Figure 2.5.

These observations at GeV and TeV energies show a diversity in the observed luminosities and
spectra of SNRs that indicate a wide range of physical conditions that give rise to gamma rays. Today,
there is no doubt that SNRs can accelerate efficiently particles up to 1014 eV. The question in early
2007 was whether these particles are protons or electrons and if they can be accelerated up to the
knee of the cosmic-ray spectrum (1015 eV) with a reasonable efficiency. In this thesis, I will mostly
focus on supernova remnants as the most famous candidate for the acceleration of Galactic cosmic
rays. I will report my main contributions in this domain and I will review several other results of
particular interest for this field. The growing number of sources detected at these energies also allow
the study and comparison of other types of accelerators which will be reviewed in Chapter 5. Finally,
a discussion on the perspectives for this field will be provided at the end of this manuscript.

2The public release of the source list is available at: https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
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Figure 2.5: Differential energy flux sensitivities for CTA (south and north) for five standard deviation detections
in five independent logarithmic bins per decade in energy. For the CTA sensitivities, additional criteria are
applied to require at least ten detected gamma rays per energy bin and a signal/background ratio of at least
1/20. The curves shown give only an indicative comparison of the sensitivity of the different instruments, as
the method of calculation and the criteria applied are different. In particular, the definition of the differential
sensitivity for HAWC is rather different due to the lack of energy reconstruction for individual photons in the
HAWC analysis. This Figure is taken from Cherenkov Telescope Array Consortium et al. (2017).

• The transition energy between galactic and extragalactic origin of the CRs is not
settled yet, but all results suggest that the sources of galactic cosmic rays must be
able to accelerate protons up to at least ∼ 1 PeV.

• In order to be consistent with observations, CR sources need to inject protons with a
spectral index Γ = 2.7− δ comprised between 2.1 and 2.4. Recent studies conclude
that CR sources inject protons with a rather steep spectrum E−2.4.

• Through Diffusive Shock Acceleration (DSA), SNRs, the main candidate for the ac-
celeration of CRs, inject protons with a E−2 power-law spectrum and the energy
involved is high enough to maintain the cosmic-ray energy density in the Galaxy.

• Several indirect evidences at radio and X-ray frequencies show that particles are in-
deed accelerated at SNR shock with high efficiency through amplified magnetic field.

• At gamma-ray energies, thanks to the LAT and the ground-based experiments, we
have entered an era of catalogs, revealing different classes of astrophysical sources.
Among them, SNRs is a key component in the Galaxy with∼ 30 candidates detected
at GeV and TeV energies.

Summary
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The results presented in this chapter have been published in (bold faces indicate those for which I
am corresponding author):

• Lemoine-Goumard M., 2015, Rapporteur talk of the 34th International Cosmic Ray Con-
ference (ICRC2015), The Hague, The Netherlands: "Ground-based gamma-ray astron-
omy"

• Hewitt J. W., Lemoine-Goumard M., 2015, Comptes rendus de l’Academie des Sciences
- Physique, Volume 16, Issue 6-7, p. 674-685: "Observations of supernova remnants and
pulsar wind nebulae at gamma-ray energies"

• Lemoine-Goumard M., 2014, Proceedings of the International Astronomical Union, IAU
Symposium, Volume 296, pp. 287-294: "Gamma-ray observations of supernova rem-
nants"

• Lemoine-Goumard M., 2012, Proceedings of the 13th ICATPP Conference, pp. 266-274:
"Acceleration of cosmic rays at supernova remnant shocks:. constraints from gamma-ray
observations"
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Young SNRs: efficient accelerators ?
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A number of young supernova remnants are now known to have non-thermal X-ray spectra. The
steepness of the X-ray emission suggests that it is synchrotron from TeV electrons, and that efficient
shock acceleration is likely occurring in these objects. Gamma-ray observations made by H.E.S.S. on
RX J1713.7−3946 confirmed that, indeed, particles (protons and/or electrons) are accelerated up to
∼ 100 TeV to be able to produce the observed gamma-ray emission. This class of SNRs is therefore
likely to be the most efficient to accelerate CRs. In this chapter, I will review the latest results obtained
in the domain, focusing on the ones for which I contributed most.

3.1 The very young SN 1987A

Located in the Large Magellanic Cloud at only 50 kpc from Earth, SN 1987A is the closest observed
with modern telescopes. After evolving for nearly three decades, the radio flux has been steadily
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increasing, suggesting increasing acceleration, albeit with a steep spectrum (Fν ∝ να where α =
0.8±0.1, where Fν is the energy received per unit area, unit time and unit frequency) with no evidence
of a spectral break (Indebetouw et al., 2014). This is inconsistent with expectations from diffusive
shock acceleration which predicts α = 0.5, and perhaps indicative that the shock is modified by
pressure from accelerated particles (Ellison et al., 2000) or by an amplified magnetic field (Reville and
Bell, 2013). A flat-spectrum radio excess appears at the center of the remnant, and may be attributed
to a newly formed PWN (Zanardo et al., 2014). Multi-wavelength studies of SN 1987A suggest that
the shock at the current epoch has reached the dense equatorial ring made by the progenitor system for
which densities of 103 to 104 cm−3 have been found (Mattila et al., 2010). Even with a deep exposure
of 210 hours, significant emission from SN 1987A is not detected by H.E.S.S. (H.E.S.S. Collaboration
et al., 2015). The 99% flux limit above 1 TeV is 5.6× 10−14 cm−2 s−1, assuming a photon index of 2,
which translates into an upper limit for the γ-ray luminosity of 2.2× 1034 erg s−1. This would imply
that less than 1% of the explosion energy of 1051 erg is carried by accelerated CR nuclei. Since it
is not clear when, during the transition from SN to SNR, shock acceleration becomes efficient, these
γ-ray observations of the youngest nearby SN are a strong help to constrain theories in the future.

3.2 Historical SNRs: the case of Cas A and Tycho

Two historical SNRs have been detected both at GeV and TeV energies: Cassiopeia A (Cas A, Abdo
et al., 2010a; Albert et al., 2007a) and Tycho (Giordano et al., 2012; Acciari et al., 2011). Although I
haven’t contributed to the publications on these two SNRs, I will briefly summarize below the results
obtained since they are of great interest in the context of cosmic-ray acceleration.
Cas A is the remnant of SN 1680. It is the brightest radio source in our Galaxy and its overall bright-
ness across the electromagnetic spectrum makes it a unique laboratory for studying high-energy phe-
nomena in SNRs. Although the TeV γ-ray observations can be interpreted by interactions of both
accelerated electrons and protons/ions, the measurements by Fermi-LAT of a low-energy break in the
spectrum at 1.72+1.35

−0.89 GeV give a preference to the hadronic origin of gamma rays (Yuan et al., 2013).
Modeling the multi-wavelength data in the framework of a hadronic scenario, these authors concluded
that the total proton content amounts to 4×1049 erg, which is less than 4% of the estimated explosion
kinetic energy of a supernova. However, Zirakashvili et al. (2014) state that this claim is based on
the high gas density derived from X-ray observations which was strongly overestimated because the
non-thermal X-ray component was not properly taken into account. In the opposite, they find that
the acceleration efficiency in Cas A should be very high and that, at present, 25% of the energy of
supernova explosion is transferred into accelerated particles. Both models find anyway that the max-
imum energy of accelerated particles in Cas A is relatively low and cannot exceed 100 TeV. This was
confirmed very recently by the MAGIC collaboration with the detection of a clear turn off (4.6σ) at
the highest energies in the TeV spectrum, which can be described with an exponential cut-off at∼ 3.5
TeV (Ahnen et al., 2017). The authors concluded that the γ-ray emission from 60 MeV to 10 TeV can
be attributed to a population of high-energy protons with spectral index ∼ 2.2 and energy cut-off at
∼ 12 TeV which directly indicates that Cas A is not contributing to the knee of the cosmic-ray sea in
a significant manner at the present moment.

Tycho is certainly the best SNR to test the shock acceleration theory thanks to the large amount of
data collected. It corresponds to the historical SN 1572 (so that its age is known), it is the remnant of
a type-Ia explosion setting the SN energy to≈ 1051 erg and the ejecta mass at about one solar mass. A
distance of 2 – 4 kpc has been derived using both kinematic and echo-light measurements, implying
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a circumstellar density of ∼ 0.3 cm−3. Using the precise radio and X-ray observations of this SNR,
Morlino and Caprioli (2012) have shown that the magnetic field at the shock has to be > 200 µG
to reproduce the data. Then, using multi-wavelength data, especially the GeV and TeV detections,
they could infer that the γ-ray emission detected from Tycho cannot be of leptonic origin, but has to
be due to accelerated protons (this result is consistent with another modeling proposed by Giordano
et al., 2012). These protons are accelerated up to energies as large as ∼ 500 TeV, with a total energy
converted into CRs estimated to be about 12% of the forward shock bulk kinetic energy. However,
the new and softer spectrum, down to 400 GeV thanks to the improved low energy sensitivity of
VERITAS and deeper exposure, reported by Archambault et al. (2017), is now in clear tension with
previous models, showing that this source needs to be investigated further at the light of these new
data. Recently, Morlino and Blasi (2016) presented a multi-wavelength modeling of Tycho taking
into account the presence of neutral atomic hydrogen in the acceleration region. They showed that
the steep spectrum observed in Tycho can be well reproduced if the fraction of neutral hydrogen is
∼ 70%. According to this theory, the environment of the SNR would significantly influence the γ-ray
spectrum below 1 TeV.

Two other Galactic SNRs are known to have similarly young ages but have not yet been detected
in gamma rays. Kepler’s SNR (SN 1604) is a type Ia or II-L SN (Chiotellis et al., 2012) with detected
synchrotron X-rays. Detailed modeling predicts detectable gamma rays for existing observatories in
both GeV and TeV regimes. However, the non-detection by H.E.S.S. may be explained if the distance
is at least 6.4 kpc as suggested by hydrodynamical models (Patnaude et al., 2012), or the magnetic
field behind the shock is greater than 52 µG (Aharonian et al., 2008a). SNR G1.9+0.3 has an age of
181±25 years estimated from proper motions, making it the youngest known Galactic SNR (De Horta
et al., 2014). Interestingly, the parent SN was not visible since it has been obscured by the dense gas
and dust of the Galactic Center. Synchrotron emission from G1.9+0.3 from radio and X-rays shows
electrons with a power-law index of 2.27 and a roll-off frequency of (3.07±0.18)×1017 Hz (Zoglauer
et al., 2015). This implies that the maximum energy of accelerated particles is about 80 TeV for a
magnetic field of about 10 µG. If the roll-off in the spectrum results from cooling and is not age
limited, higher energies may be reached by nuclei. H.E.S.S. observations set an upper limit on the
photon flux from this remnant of 5.6×10−13 cm−2 s−1 above 0.26 TeV, which in a one-zone leptonic
scenario places a lower limit on the interior magnetic field of 12 µG (H.E.S.S. Collaboration et al.,
2014b). Future γ-ray detection of either remnant will help to diversify the sample of young, active
accelerators that can be studied.

3.3 Individual analysis of shell-type SNRs

Five young SNRs with clear shell-type morphology resolved in VHE gamma rays have been detected
by H.E.S.S.: RX J1713.7−3946 (Aharonian et al., 2004), RX J0852.0−4622 - also known as Vela
Junior - (Aharonian et al., 2007), RCW 86 (Aharonian et al., 2009), SN 1006 (Acero et al., 2010) and
HESS J1731−347 (H.E.S.S. Collaboration et al., 2011a). Two of them, RX J1713.7−3946 (Abdo
et al., 2011), Vela Junior (Tanaka et al., 2011) were detected early in the LAT mission. The three others
were then detected during Benjamin Condon’s thesis, allowing direct investigation of young shell-
type SNRs as sources of CRs. The shell-type morphology of the γ-ray emission, which is associated
with the SN blast wave, provides convincing evidence that DSA is the mechanism producing the
high energy particles radiating at γ-ray energies. A critical issue for DSA, and for the origin of CRs,
however, concerns the radiation mechanism responsible for the GeV−TeV emission: is it dominated
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by π0-decay emission from nuclei or IC emission from leptons ? Here again, I will focus on the
results for which I contributed most, neglecting Vela Junior that was intensively studied during my
PhD thesis. The GeV and TeV characteristics of this remnant is very similar to the four other shell-
type SNRs. A general view of this type of source is provided at the end of this section.

3.3.1 Evidence of protons accelerated in RX J1713.7−3946 ?

RX J1713.7−3946 (also known as G347.3−0.5) is a young ’historical’ remnant suggested by Wang
et al. (1997) to be associated with the appearance of a guest star in the constellation of Scorpius in
AD393. RX J1713.7−3946 is located in the Galactic plane (at a distance of 1 kpc) and was discovered
in soft X-rays in 1996 in the ROSAT all-sky survey (Pfeffermann and Aschenbach, 1996b). In X-rays,
RX J1713.7−3946 has a diameter of 1◦, twice the size of the full moon. It is the first SNR for which
TeV γ-ray emission was clearly detected emerging from the shell (Aharonian et al., 2004). The γ-ray
emission as detected by H.E.S.S. and Fermi-LAT closely matches the non-thermal X-ray emission.
Recently, the H.E.S.S. angular resolution, better than 0.05◦, and the increased dataset of 150 hours of
observation enabled for the first time a detailed investigation of morphological differences between
TeV gamma-rays and X-rays. The broader radial profile seen in gamma rays in comparison to X-rays
may be the first evidence of escape of protons that would emit gamma rays through proton-proton
interactions when interacting with surrounding matter. Alternatively, regions of low magnetic field
values could also be bright in gamma-rays while being rather faint in X-rays, explaining as well the
differences between the γ-ray and X-ray detected signals (H. E. S. S. Collaboration et al., 2016a).
The TeV spectrum of RX J1713.7−3946 is certainly the most precisely measured among the SNR
shell class and shows significant emission up to ∼100 TeV, clearly demonstrating particle accelera-
tion to beyond these energies in the shell of the SNR. However, the hard GeV spectrum measured by
the early observations of the LAT (Abdo et al., 2011) is in contradiction with most hadronic mod-
els published so far and requires an unrealistically large density of the medium. Alternative and
more complex hadronic scenarios have been recently introduced to fit the GeV-scale emission from
RX J1713.7−3946, for instance the possibility of a shell of dense gas located a short distance up-
stream of the forward shock that would be illuminated by the runaway CRs that have escaped from
the shock and by the CR precursor to the forward shock (for more details see Federici et al., 2015).
In leptonic scenarios, the agreement with the expected IC spectrum is better but requires a very low
magnetic field of ∼ 10 µG in comparison to the value of ∼ 100 µG measured in the thin filaments
with X-ray observations (Parizot et al., 2006). It is possible to reconcile a high magnetic field with
the leptonic model if GeV gamma rays are radiated not only from the filamentary structures seen by
Chandra, but also from other regions in the SNR where the magnetic field may be weaker. All these
characteristics clearly show that most constraints on the acceleration mechanisms come from the GeV
energy domain covered by the LAT. This is why we started a new analysis of this remnant using the
latest LAT Pass 8 data with my PhD student Benjamin Condon.

Fermi-LAT analysis of the entire remnant

In this work, we analyzed 7.5 years of Pass 8 data collected between August 4th 2008 and February
19th 2016, in the energy range 200 MeV – 2 TeV. To allow a very precise measurement, we took
advantage of the possibility to split all γ-ray events into four types (PSF0, PSF1, PSF2, PSF3) ac-
cording to the quality of their reconstruction (PSF0 is formed by the 25% lowest quality events while
PSF3 corresponds to the 25% best quality events). We optimized the event selection along the energy
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range: between 200 MeV and 1 GeV, PSF0 events were rejected to improve the global angular reso-
lution. Moreover the cut on the maximum zenith angle was more drastic at low energy (zmax = 90◦)
than above 1 GeV (zmax = 105◦) to avoid any contamination from the Earth Limb without reject-
ing good events. Finally the time intervals when the Fermi spacecraft was within the South Atlantic
Anomaly were excluded to assure good quality events. The spectral analysis is then done using the
Summed Likelihood function from gtlike which can perform a joint likelihood fit where each PSF
type is loaded separately with its corresponding Instrument response function (IRF) and thus avoiding
to mix well-reconstructed events with low quality events. The best fit is obtained for a log-parabola or
a smoothly broken power-law (SBPL). Since the latter is in better agreement with the TeV data (see
Figure 3.1), we based our discussion on this model. The second index of the SBPL function was fixed
at 2.0 to reduce the number of degrees of freedom without degrading the likelihood of the fit. This
value was motivated by the shape of the γ-ray spectrum between 100 GeV and 1 TeV. When fitting
Γ2, we obtained Γ2 = 1.97 ± 0.11stat± 0.05syst, confirming our educated guess.
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Figure 3.1: Spectral Energy Distribution of the γ-ray emission of RX J1713.7−3946 measured between 200
MeV and 2 TeV with Fermi-LAT spectral points in black. TeV spectral points (red) are from H. E. S. S. Col-
laboration et al. (2016a). The orange shaded area represent statistical uncertainties of the smoothly broken
power-law fit.

Looking at the SED, we can clearly see the evolution of the γ-ray emission in the GeV band: a
hard spectrum at low energy with an index of 1.13 ± 0.23stat± 0.20syst, then a break at 14 ± 7stat±
4syst GeV followed by a flat spectrum (Γ = 2.0) which goes up to 2 TeV, towards the H.E.S.S. data.
Thanks to the improved acceptance at high energy gained with Pass 8, Fermi-LAT detects significant
γ-ray emission up to 2 TeV (TS1 ∼ 15 for the bin 1.5 - 2 TeV) and allows a complete overlap with
TeV data. The break seen in the γ-ray spectrum directly implies that a break also exists in the particle
population responsible for this emission (namely electrons or protons) at ∼ 500 GeV. In the leptonic

1The test statistic is defined as TS = 2(lnL1 − lnL0), where L0 and L1 are the likelihoods of the background (null
hypothesis) and the hypothesis being tested (source plus background).
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scenario, a break in the electron spectrum could be due to synchrotron losses: electrons at higher
energies suffer faster synchrotron cooling and therefore a break is introduced at the energy for which
the synchrotron loss timescale and SNR age are equal. Considering an SNR age of the order of 2000
yr, a magnetic field of ∼ 100 µG is needed to create a break at 500 GeV, following the relation

Eb ' 1.25
(

B
100 µG

)−2 (
t

103 yr

)−1

TeV. However, the simultaneous fitting of X-ray and γ-ray data
of the whole SNR in such leptonic scenario indicate a present-age average magnetic field strength
of B = 14.3 ± 0.2 µG for the SNR, which is much less than the 100 µG required to explain the
energy break. More sophisticated modeling, taking into account the evolution of the magnetic field
(which is higher at early time of the SNR evolution), is thus needed. In a hadronic scenario, a break
could result from the diffusion of protons in high-density cold clumps within the SNR: higher energy
protons diffuse faster and interact with the highest density regions within the clumps, whereas lower
energy protons only probe the outer, lower density regions and therefore have a lower emissivity. This
scenario would arise from a massive star exploding in a molecular cloud that itself has been swept
away by a wind of the progenitor star, resulting in a rarefied cavity with dense clumps. The break
energy depends on the age of the SNR and the density profile of the clouds (Gabici and Aharonian,
2014). However, such models concentrate on the spectral aspects of the result and the correlation
between X-ray and γ-ray emission, as well as the significant signal in regions of very low density, are
not modeled yet. It is clear now that one-zone models are much too simple to model this remnant and
that mixed models (hadronic + leptonic) are needed to reproduce the multi-wavelength data. Another
argument in favor of such complex models was brought by the detection of a significant improvement
of the likelihood (at more than 3σ level) when dividing RX J1713.7−3946 into two halves for the fit.
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Figure 3.2: Left: Fermi-LAT counts map of RX J1713.7−3946 with the H.E.S.S. contours superimposed to-
gether with the division axis. Spectral Energy-Dependent Distribution of the Eastern (Middle) and Western
(Right) regions of RX J1713.7−3946. LAT spectral points are in blue while red points correspond to H.E.S.S.
(H. E. S. S. Collaboration et al., 2016a).

Fermi-LAT analysis of the Western and Eastern regions of the remnant

For this analysis, we divided the H.E.S.S. template from North to South, such that the Western side
is located in a dense region close to the Galactic plane, and the Eastern region is located in a tenuous
medium as presented in Figure 3.2 a). To improve the angular resolution of our dataset and minimize
the contamination due to photons leaking from one region to another, we decided to use only photons
above 500 MeV. In addition, since the spectrum of the entire remnant is described by a smoothly
broken power-law (SBPL), we tried both the power-law (PL) and the SBPL for each region. The
best fit is obtained for a SBPL for region East and a simple PL for region West. The significance
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of the break in region East is detected at 4.3σ level. The best parameters are (Γ1 = 0.32 ± 0.08,
Γ2 = 1.80 ± 0.07 and Eb = 9 ± 2 GeV) for the Eastern region and (Γ = 1.82 ± 0.04) for region
West. As can be seen in Figure 3.2 b) and c), the spectrum of the Eastern is similar to the spectrum of
the entire SNR, while the difference between the Eastern and Western spectra mainly comes from the
low energy domain. This points towards an additional particle population in the Western side at low
energy to explain the spectral difference. Proton-proton interaction occurring in the dense Western
region could play a significant role.

To confirm such hypothesis, we tried to model the multi-wavelength data of the Eastern and West-
ern regions of the SNR within two different scenarios: a leptonic-dominated scenario (power-law or
smoothly broken power-law for the Western region) and a hadronic-dominated scenario. The model
used was first developed during my PhD thesis at LLR and was then improved during the three PhD
theses that I supervised: Marie-Helene Grondin, Romain Rousseau (both focusing on a modification
to fit PWNe) and Benjamin Condon. The values of the parameters are reported in Table 3.1 while
our results are presented in Figures 3.3 and 3.4. It is not a suprise that the parameters for the Eastern
region are very close to those obtained for the whole SNR since the γ-ray spectra are very similar:
for a hadronic scenario, one needs a dense medium (in contradiction with the lack of thermal X-rays)
while the leptonic scenario requires a low density (∼ 0.1 cm−3) and a low magnetic field value (14 µG
in contradiction with the spectral break detected by the LAT). For the Western region, again a dense
medium is required in a hadronic scenario but it is the only one able to reproduce the radio data si-
multaneously with the high flux detected at low energy by the LAT. However, no firm conclusion can
be reached for the moment since these models are far too simple. In addition, RX J1713.7−3946 is
a faint radio emitter and the flux estimate in the radio band suffers large systematics. Future observa-
tions, especially with CTA, should be able to confirm such scenario. These results are being written
in a Category II Fermi paper under preparation and were presented at the last Fermi symposium.

Model Γe Eb,e (TeV) Emax,e (TeV) We (erg) Γp Eb,p (TeV) Emax,p (TeV) Wp (erg) B (µG) n (cm−3)
East − 1 1.5 / 2.7 0.5 150 1.8× 1047 2.0 − 150 1.8× 1049 14.0 0.1
East − 2 2.0 − 50 1.0× 1047 1.5 / 2.3 1.0 100 1.0× 1049 16.0 4.0
West − 1 2.2 − 60 1.6× 1047 2.2 − 60 1.6× 1049 15.0 0.1
West − 2 1.8 / 2.5 0.5 150 2.6× 1047 2.0 − 150 2.6× 1049 12.0 0.1
West − 3 1.9 − 50 5.0× 1046 1.9 − 100 1.0× 1049 25.0 5.0

Table 3.1: Values of the parameters for the models of regions East and West of RX J1713.7−3946. Γe,p is
the spectral index for the injection of electrons and protons, Eb,e,p is the spectral break energy in the electron
or proton spectrum, Emax,e,p is the maximum energy of the electron and proton distribution, We,p is the total
energy injected in electrons or protons, B is the magnetic field in the source and n is the density of the medium.
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Figure 3.3: Modeling of the multi-wavelength data from the Eastern region of RX J1713.7−3946. Values of
the parameters are reported in Table 3.1.
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Figure 3.4: Modeling of the multi-wavelength data from the Western region of RX J1713.7−3946. Values of
the parameters are reported in Table 3.1.
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3.3.2 Two-particle populations in RCW 86

Early observations of RCW 86

Before the launch of GLAST, I worked intensively on the H.E.S.S. data of the shell-type SNR RCW 86
and was corresponding author of the H.E.S.S. paper reporting the discovery of γ-ray emission from
this remnant using 31 hours of observation time (Aharonian et al., 2009). At this time, the mor-
phological study did not allow to show that the emission was coming from the shell but additional
observation time made this possible recently (H. E. S. S. Collaboration et al., 2016d). This new study
also revealed that the TeV emission and the high-energy X-ray emission (2 – 5 keV) are correlated
throughout the remnant, whereas radio and low-energy X-ray emission regions are further away from
the center and show lower levels of emission in the central region of the remnant. This could point
towards two-particle populations emitting the radio and low-energy X-ray with respect to the high-
energy X-ray and γ-ray signals. For instance, some of the VHE γ-ray emission could come from
the region shocked by the reverse shock. A possible hint for this is provided by the more centrally
filled morphology of the VHE γ-ray emission with respect to the radio emission. In addition, the
high-energy X-ray emission is spatially near to a Fe-K line. Rho et al. (2002) argued that the hard
X-ray continuum is synchrotron radiation produced by electrons, which are accelerated in the reverse
shock.
To constrain the emission mechanisms taking place in this remnant, I conducted a first analysis
of 40 months of Pass 7 LAT data above 100 MeV (Lemoine-Goumard et al., 2012). No signifi-
cant γ-ray emission in the direction of RCW 86 was detected in any of the 0.1–1, 1–10 and 10–
100 GeV Fermi-LAT maps. This work was completed by Matthieu Renaud’s re-analysis of archival
X-ray data from the ASCA/Gas Imaging Spectrometer (GIS), the XMM-Newton/EPIC-MOS, and the
RXTE/Proportional Counter Array (PCA) in order to gather all multi-wavelength data needed for the
modeling. Our modeling used the same model developed during my PhD thesis in a one-zone hy-
pothesis and two-zone hypothesis (justified by the absence of correlation between the radio and γ-ray
data). The derived High energy (HE) upper limits, together with the H.E.S.S. measurements in the
VHE domain, were incompatible with a standard E−2

p hadronic emission arising from proton-proton
interactions, and could only be accommodated by a spectral index Γ ≤ 1.8, i.e. a value in-between
the standard (test-particle) index and the asymptotic limit of theoretical particle spectra in the case of
strongly modified shocks. In such a hadronic scenario, the total energy in accelerated particles is at
the level of ηCR = ECR/ESN ∼ 7% (assuming a distance of 2.5 kpc and an effective density of 1 cm−3),
and the average magnetic field must be stronger than 50 µG in order to significantly suppress any lep-
tonic contribution. On the other hand, the interpretation of the γ-ray emission by inverse Compton
scattering of high energy electrons reproduced the multi-wavelength data using a reasonable value for
the average magnetic field of 15–25 µG. In this leptonic scenario, we derived a conservative upper
limit to ηCR of 4%.

Pass 8 analysis of the whole remnant

The increased performance allowed by Pass 8 is very well highlighted by the case of RCW 86. In-
deed, during Benjamin Condon’s thesis, 6.5 years of Pass 8 LAT data were analyzed allowing both
the detection of RCW 86 and a significant extension measure from this remnant at γ-ray energies
(Ajello et al., 2016). The morphological study performed in our Fermi paper shows the same trend
reported at TeV energies, namely that the LAT data correlate well with the high-energy X-ray emis-
sion (and with the TeV data) but poorly with the radio and low-energy X-ray data as can be seen
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in Figure 3.5. The spectrum is described by a power-law function with a very hard photon index
(Γ = 1.42 ± 0.1stat ± 0.06syst) in the 0.1–500 GeV range and an energy flux above 100 MeV of
(2.91 ± 0.8stat ± 0.12syst) × 10−11 erg cm−2 s−1. We also performed several fits while fixing the
index of the power law at different values: 1.5, 1.6, 1.7 and 1.8. In each case, we measured the dete-
rioration of the log-likelihood by computing the difference between the TS of the best-fit and the TS
obtained with the fixed index. As a result, we excluded Γ > 1.7 at more than 3σ.
To investigate the characteristics of the surrounding gas, we have worked with Gloria Dubner (Uni-
versity of Buenos Aires, Argentina) who analyzed the cold neutral gas in the environs of RCW 86.
To carry out this search she used data at λ = 21 cm acquired with the Australia Telescope Compact
Array (ATCA) on 2002 March 24. To recover the missing short spatial frequencies, the ATCA data
were combined in the u–v plane with single dish observations performed with the Parkes radio tele-
scope. These data revealed the presence of an elongated cavity, about 1.5◦ in size, that runs almost
parallel to the Galactic plane, in the velocity interval between ∼ −38 km s−1 and ∼ −32 km s−1 (all
velocities are referred to the Local Standard of Rest, LSR). Within this velocity range, more precisely
between∼ −35 km s−1 and∼ −33 km s−1 the SNR appears surrounded by a tenuous, approximately
circular HI shell with variable brightness distribution. These morphological findings are in very good
agreement with the predictions made on the basis of radio continuum, X-rays, infrared observations
and hydrodynamic simulations (Williams et al., 2011; Broersen et al., 2014). After applying a circular
rotation model for our Galaxy for l = 315.4◦, b = −2.3◦, the LSR radial velocity interval of the ob-
served features translates into a distance of ∼ 2.5± 0.3 kpc. This distance is in very good agreement
with that previously obtained for RCW 86 on the basis of optical measurements of proper motions of
the filaments (Rosado et al., 1996), suggesting that this gas is placed at the same distance as RCW 86.
The HI observations can be used to carry out independent estimates of the volume density of the
SNR environs. We considered four regions corresponding to the four quadrants of two concentric
circles traced with inner and outer radii coincident with the radio shell. For region 1 (NW quadrant)
nH ∼ 1.5 cm−3; for region 2 (NE quadrant) nH ∼ 1 cm−3; for region 3 (SE quadrant) nH ∼ 1 cm−3

and for region 4 (SW quadrant) nH ∼ 1.2 cm−3. In all cases the intrinsic error of the quoted numbers
is of about 30% taking into account the uncertainty in the distance and the approximate background
subtraction. For the interior of the SNR we estimated nH ∼ 0.5 cm−3. These results show that the
assumed density of 1 cm−3 is a good average estimate for the entire remnant. However, one should
note that the ambient density around RCW 86 is known to be rather inhomogeneous and the shock
speed value, as well as the magnetic field, change along the shell-like structure. In particular, in the
southwest and northwest regions shocks are slow, around ∼600–800 km s−1 (Long and Blair, 1990),
and post-shock densities are relatively high (∼ 2 cm−3; Williams et al. (2011)). Whereas, faster
shocks (∼2700 km −1 and 6000 ± 2800 km −1; Vink et al. (2006); Helder et al. (2009)) and lower
densities (∼ 0.3 cm−3; Yamaguchi et al. (2008)) have been measured in the north-east (NE) region. It
was even proposed by Williams et al. (2011) that RCW 86 would be a Type Ia supernova in a wind-
blown bubble. The fast shocks observed in the NE are propagating in the low-density bubble, where
the shock is just beginning to encounter the shell, while the slower shocks elsewhere have already
encountered the bubble wall. The large systematic error on our measurement and the large size of the
regions analyzed did not allow us to reach such precision and see a significant density gradient as it
has been done in infra-red.
Then, we used all the multi-wavelength data gathered for our previous publication and performed a
broadband modeling of the non-thermal emission of RCW 86. For the whole SNR, a pure hadronic
scenario requires unlikely parameter values such as a very hard spectral index for protons (spectral
index harder than 1.7) and a very high value of the magnetic field. Therefore, we did not consider
this case. In the framework of a leptonic scenario, the radio points in the one-zone model imply a soft
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Figure 3.5: Test Statistic (TS) map above 1 GeV centered on RCW 86 with MWL contours. All data sets
have been smoothed such that their angular resolution is similar to the Fermi-LAT PSF (0.27◦ at 68% C.L.).
The radio (top-left), TeV (top-right), thermal (bottom-left) and non-thermal (bottom-right) X-ray data are from
Murphy et al. (2007), H. E. S. S. Collaboration et al. (2016d) and Broersen et al. (2014) respectively.

spectral index (∼ 2.4) which would lead to a very strong bremsstrahlung component below 1 GeV.
To reconcile this low energy component with the new Fermi-LAT upper limit at 1 GeV, a maximum
density of 0.1 cm−3 needs to be assumed which is in contradiction with our study of the ISM with
the ATCA data. Therefore, the modeling favors a leptonic scenario in the framework of a two-zone
model with an average magnetic field of 10.2 ± 0.7 µG and a limit on the maximum energy injected
into protons of 2× 1049 erg for a density of 1 cm−3 (the parameters are summarized in Table 3.2).

Pass 8 analysis of individual regions

The absence of correlation between the radio/low-energy X-ray data and the γ-ray data (both at GeV
and TeV) and the preference of a two-zone model to reproduce the multi-wavelength data points to-
wards a more complex modeling and possible spectral variations throughout the remnant. Therefore,
we decided to study the spectrum of the two specific areas that were defined in H. E. S. S. Collabo-
ration et al. (2016d). The NE and SW quadrants were fitted in two different fits. For each quadrant
we subtracted it from the rest of the disk and fitted both the quadrant and the complementary region
simultaneously. The analysis of the Fermi-LAT data revealed significant γ-ray emission at ∼ 4.7σ
(TS = 22) in the NE region but no signal was detected in the SW region (TS < 3). The spectrum of
the NE signal is well-fitted by a power law function with a hard index of 1.33 ± 0.20 and an energy
flux of (1.2±0.5stat) ×10−11 erg cm−2 s−1 and we derived a 95% C.L. upper limit for the SW region
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(1.09×10−12 erg cm−2 s−1). Then, we worked together with Dave Green from Cambridge University
to estimate the radio flux from these two quadrants using the Parkes survey observations at 2.4 GHz
from Duncan et al. (1995), which gives 4.3 Jy in the NE quadrant and 10.4 Jy in the SW quadrant.
Finally, to estimate the non-thermal X-ray emission from the NE and SW regions of RCW 86, we
worked with Jacco Vink from the Anton Pannekoek Institute at the University of Amsterdam who an-
alyzed the spectra of these two regions using data of the EPIC-MOS2 instrument of XMM-Newton.
From the best fit models we obtained the non-thermal fluxes in the 3–5 keV band, which for RCW 86
is totally dominated by synchrotron emission. The fluxes are estimated to be 10.0 × 10−12 erg cm−2

s−1 and 4.3 × 10−12 erg cm−2 s−1 for the SW and NE regions, respectively. The flux measurements
have errors of the order of 5%–10%, mostly dominated by systematic errors, as absolute flux cali-
bration of X-ray instruments is accurate at the 5% level. For both regions, the power law index is
measured to be 3.0± 0.2. For our modeling, to limit the number of fitted parameters, the density was
assumed to be of 1.0 cm−3 for both regions (which is in agreement with the values derived in our
study of the ISM). We also decided to use the best index previously obtained for the whole remnant,
in the case of a two-zone model, (Γ = 2.21) and fixed it for both electron and proton distributions for
the two regions, since there is no evidence in favor of different injection slopes in the remnant. Re-
sults are shown in Figure 3.6 and Table 3.2 summarizes the parameters for the two models, obtained
with a χ2 fit. We note that, in our modeling, the magnetic field is slightly higher in the SW than in
the NE, implying a magnetic field gradient in a direction away from the Galactic plane possibly due
to the shock interaction with a denser medium. Moreover, Emax is also higher in the SW than in the
NE which is in agreement with the values of the magnetic field: at early times, when the maximum
energy is not limited by synchrotron losses, a higher magnetic field implies a higher Emax. Overall,
our model suggests that variations of the magnetic field exist within the SNR. The radio emission
corresponds to regions with high magnetic fields whereas the GeV emission detected by Fermi-LAT
corresponds to regions with mixed magnetic fields. And since the H.E.S.S. map shows brighter emis-
sion coming from the inside of the remnant than in radio and X-rays, the reverse shock could also
be responsible for the CR acceleration but with a lower magnetic field. However, this model uses a
strong assumption: the same index is used for the electron distribution in both regions. Recently, new
studies have shown that the presence of neutral hydrogen in the shock proximity changes the structure
of the shock and affects the spectra of particles accelerated through the first-order Fermi mechanism
(Morlino and Blasi, 2016). For Tycho, these authors concluded that spectra of accelerated protons
steeper than E−2 may be a natural consequence of charge exchange reactions (see Section 3.2). It
could well be the case for RCW 86, especially in the South-West region where the shock is starting
to encounter a denser medium of ∼ 2 cm−3. The absence of detection by Fermi-LAT does not allow
us to constrain the injection spectrum in this region and future observations with CTA (Cherenkov
Telescope Array Consortium et al., 2017) would be very useful. Observations with Athena+ (Barcons
et al., 2017) could also help constrain the magnetic field and provide a precise map of its fluctuation
at smaller scales.
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Table 3.2: Values of the parameters for the different modelings of the broadband spectrum of RCW 86. Con-
vention for the names are the same as in Table 3.1. Kep is the electron-to-proton ratio.

Parameters
Whole remnant Regions

One-zone Two-zone
NE SW

Radio X-ray
Density (cm−3) 0.1 1.0 1.0 1.0 1.0
B (µG) 10.2± 0.5 24 10.5± 0.7 11.6± 0.7 16.8± 2.1
Γe,p 2.37± 0.03 2.2 2.21± 0.1 2.21 2.21
Emax (TeV) 75± 5 2 67± 4 40± 5 61± 5
We (1049 erg) 3.84± 0.5 0.03 0.37± 0.02 0.14± 0.04 0.16± 0.04
Wp (1049 erg) 2 - 2 0.5 0.5
Kep (× 10−2) 11.1± 1.5 - 13.6± 0.5 5.2± 1.5 5.9± 1.5

Figure 3.6: SED modeling for the NE (top) and SW (bottom) regions of RCW 86. The radio fluxes were derived
from Parkes observations at 2.4 GHz, the X-ray fluxes are estimated using XMM-Newton/MOS data and the
TeV points are from H. E. S. S. Collaboration et al. (2016d).
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3.3.3 Detection of SN 1006 and HESS J1731−347 at GeV energies

The exciting results obtained on RCW 86 were largely due to the performance of Pass 8 since no
significant signal was seen previously with Pass 7. I realized that the same could be occurring as well
for the two TeV shell-type SNRs still undetected at GeV energies: SN 1006 and HESS J1731−347.
Indeed, using 6 years of Fermi P7 reprocessed data, Fabio Acero and I studied the HE counterpart
of the SNRs HESS J1731-347 and SN 1006 in 2014. In our analysis, the two SNRs remained not
detected and we derived upper limits that significantly constrain the γ-ray emission mechanism, ruling
out a standard hadronic scenario (E−2) with a confidence level > 5σ (Acero et al., 2015). Then, two
years later, a quick analysis of SN 1006 as a point-like source reported first evidence of γ-ray emission
with ∼ 4σ significance using the public release of Pass 8 (Xing et al., 2016). Therefore, we started
a re-analysis of this region trying to take advantage of the analysis methods adapted for extended
sources that we use in Bordeaux. Both sources were studied in the same conditions (identical data
selection and analysis methods). For this work, we analyzed 8 years (August 4th 2008 − August
28th 2016) of LAT Pass 8 data (Atwood et al., 2013), selecting photons with a reconstructed energy
between 1 GeV and 2 TeV in order to lower the contamination from the Galactic diffuse background,
which is crucial for HESS J1731−347. We also rejected events with zenith angle greater than 100◦ to
reduce the contamination from the Earth limb.

The TeV detected remnant HESS J1731−347

HESS J1731−347 is located in a complex region, close to the Galactic plane and the Galactic center.
In the 10◦ × 10◦ region, seventeen sources were detected with a TS higher than 25 and thus added to
the model in addition to the sources from the Fermi Third Source Catalog ! To avoid any contamina-
tion, we also took into account an excess (called ’S0’) with a TS of only 22 because of its position,
very close to the SNR. Figure 3.7 (left) shows the 2◦ × 2◦ TS map centered on the position of HESS
J1731−347. In this case, S0 was not included in the model in order to show its corresponding γ-ray
emission. The analysis and discussion concerning S0 is done in Section 4.2.3. The γ-ray excess
detected by Fermi was first fitted as a point source and then as a uniform disk. Their positions are
represented in Figure 3.7 (left) by the black cross and the green circle, respectively, and the precise
value of each parameter can be found in Table 3.3. In the case of a uniform disk, we obtained a radius
of 0.15◦ ± 0.04◦ and a TSext value of 6.3, indicating that the source is not detected as extended. If
the search for an extension of the source is performed above 10 GeV, the analysis yields a TSext of
7.2 and a larger radius (0.21◦± 0.03◦, see left panel of Figure 3.7). Although it is still not significant,
it indicates that the source is probably extended and that we are only limited by low statistics. After
having determined the best spatial parameters of the geometrical models, we performed an unbinned
likelihood analysis with gtlike for various morphologies. The fit between 1 GeV and 2 TeV yields
a TS value of 25.2, 31.5 and 25.1 for the point source, the disk and the H.E.S.S. template, respec-
tively. The γ-ray excess found by Fermi at the position of HESS J1731−347 is therefore significant,
whatever the assumed shape. Using alternative diffuse emission models also resulted in TS > 25.
Regarding the spectral index, the fit yields Γ = 1.87, Γ = 1.71 and Γ = 1.66 respectively, with an
error of ±0.16stat ± 0.12syst. Although consistent within errors, the spectral index seems to harden
when the spatial model gets larger. This is likely due to the presence of high-energy photons located
in the shell region that are taken into account by the TeV template but not in the hypothesis of a point
source. Spectral results are summarized in Table 3.3. Assuming a connection between the GeV emis-
sion and HESS J1731−347, the SED was derived using the H.E.S.S. template. By doing so, we are
also able to compare directly the GeV spectral points with the TeV data. The hypothesis that the GeV
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emission is correctly described by the H.E.S.S. template can be considered since the likelihood was
not significantly degraded when using the H.E.S.S. template in comparison to the point source or disk
hypothesis. As shown in the right panel of Figure 3.7, the LAT data (blue points) match very well
the TeV data (green triangles), supporting our assumption that the γ-ray excess detected by the LAT
is the GeV counterpart of HESS J1731−347. The hard index obtained in the GeV band (Γ ∼ 1.66)
is very similar to the results obtained above for RX J1713.7−3946 and RCW 86 for which a leptonic
scenario was suggested. Our results (together with SN 1006 discussed below) are published in Con-
don et al. (2017).
In 2013, I have been invited to give a review talk on "Gamma-ray observations of supernova rem-
nants" at the IAU Symposium held at Kolkata in India. There, I met Professor Alak Ray and Poonam
Chandra, both working in India and experts of radio observations with the Giant Metrewave Radio
Telescope (GMRT) located near Puna in India. This meeting allowed us to start a collaboration on
supernova remnants with a few other colleagues, and more specifically, on HESS J1731−347. We
submitted proposals of observation and obtained 5.4 hours in October 2013 at 325 MHz, 2.5 hours
in December 2013 at 610 MHz and 3.5 hours in August 2015 at 1390 MHz. These data permit the
detection of a radio counterpart of the SNR HESS J1731−347 at 325 and 610 MHz. The SNR is
not detected in the 1390 MHz GMRT map. The radio maps at 325 and 610 MHz clearly show a
shell-like structure with filaments. The extent of shell structure is ∼30 arcminute, in agreement with
the TeV data, but the finer structure do not seem to be correlated. Indeed, the bright filaments in radio
(south-east filament and eastern filament) are faint in the H.E.S.S. map. The peak in VHE emission is
from the north-east region, where the radio emission is faint. Assuming that the medium surrounding
the SNR is reasonably uniform as suggested by the flat structure of the γ-ray azimuthal profile, the
variation in radio brightness can be most likely due to the variation of magnetic field if the injection is
isotropic (the efficiency of injection does not depend on the angle between shock normal and magnetic
field). Radio brightness increases in the region of high magnetic field since synchrotron emissivity
is proportional to B3/2 for a particle distribution N(E) scaling as E−2. In a leptonic scenario, these
electrons produce the γ-ray signal by inverse Compton (IC) scattering and experience ample radiative
losses in this region with an energy loss rate proportional to E2B2. Thus in the region of high magnetic
field, the number of electrons emitting IC γ-rays deplete faster. This results in a low brightness of
VHE emission where the radio brightness is still high (Petruk et al., 2009), thus potentially explain
the anti-correlation between the radio and γ-ray emission. This explanation is valid only in the case
of synchrotron-loss limited acceleration scenario where Emax∝B−1/2 (Reynolds, 2008). In the case
of age-limited accelaration scenario, Emax ∝ B (Reynolds, 2008) and the anti-correlation cannot be
explained. This directly means that in a leptonic scenario with synchrotron-loss limited acceleration,
one can explain the anti-correlation between the radio and γ-ray data as follows: the magnetic field
strength is relatively high in the region of the south-east and eastern filaments, and hence it is bright in
radio. Due to high synchrotron cooling, there are fewer IC electrons, and hence the VHE emission is
faint here. The magnetic field strength is low towards the northern region of the SNR, and this results
in less energy loss of electrons and bright IC emission. Our radio data thus further supports the fact
that the γ-ray emission is dominated by IC scattering. The results were published in Nayana et al.
(2017).
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Figure 3.7: (Left) TS map (1 GeV − 2 TeV) in Galactic coordinates showing a 2◦ × 2◦ region centered on
the position of HESS J1731−347. Green diamonds correspond to additional background sources while the
black cross and green circle correspond to the best-fit position (for E > 1 GeV) of HESS J1731−347 as a
point source and a uniform disk respectively. The best uniform disk above 10 GeV is represented by the green
dashed circle. The TeV morphology of the shell is represented by the yellow contours and the yellow dashed
circle shows the position of HESS J1729−345. (Right) Spectral Energy Distribution for HESS J1731−347.
Blue points correspond to the Fermi data and blue shaded areas represent the 68% confidence band of the
Fermi spectral fit (statistical errors). Red error bars are the quadratic sum of statistical and systematic errors.
The variation of the upper limit with alternative IEMs is represented by the red rectangle that surrounds it and
the green triangles represent the H.E.S.S. data points.
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Figure 3.8: (Left) TS maps (1 GeV − 2 TeV) in Galactic coordinates showing a 2◦ × 2◦ region centered on
the position of SN 1006. The best-fit position assuming a point source and a uniform disk are represented by
the black cross and circle, respectively. The green dashed circle shows the result obtained with an initial disk
matching the TeV shape. Yellow and cyan contours correspond to H.E.S.S.and XMM-Newton, respectively. No
background sources were found in the close vicinity of SN 1006. (Right) Spectral Energy Distribution of SN
1006 using the same conventions as Figure 3.7 (right).
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Table 3.3: Summary of the results obtained between 1 GeV and 2 TeV for HESS J1731−347 and SN 1006.
Parameters of the geometrical models were adjusted with pointlike while TS values and spectral indices
were obtained using gtlike. Only statistical errors are given here.

Source Spatial Model R.A. (◦) Dec. (◦) Radius (◦) Spectral Index Energy Flux (erg cm−2 s−1) TS Ndof

HESS J1731−347
Point Source 262.92± 0.02 −34.77± 0.02 − 1.87± 0.12 (0.78± 0.31)× 10−11 25.2 4
Disk 262.97± 0.03 −34.79± 0.02 0.15± 0.04 1.71± 0.17 (1.61± 0.50)× 10−11 31.5 5
H.E.S.S. − − − 1.66± 0.16 (1.91± 0.63)× 10−11 25.1 2

SN 1006

Point Source 225.88± 0.04 −41.75± 0.02 − 1.55± 0.10 (5.56± 2.57)× 10−12 28.6 4
Disk 225.90± 0.04 −41.74± 0.03 0.10± 0.04 1.57± 0.11 (5.82± 2.60)× 10−12 31.0 5
H.E.S.S. − − − 1.79± 0.17 (6.99± 2.03)× 10−12 34.4 2
H.E.S.S.(NE) − − − 1.47± 0.26 (6.14± 2.53)× 10−12 28.3 2
H.E.S.S.(SW) − − − 2.60± 0.80 (0.88± 0.24)× 10−12 12.9 2

The historical remnant SN 1006 and its asymmetric γ-ray emission

SN 1006 is located far off-plane and its analysis with Fermi is therefore easier. We followed the
same procedure used for HESS J1731−347 but each step was achieved with less troubles. First, we
looked for new background sources in a 10◦ square region and found only three significant excesses
in addition to 3FGL sources. The number of free parameters in this region is therefore limited. The
TS map in Figure 3.8 (left) reveals a bright spot of γ-ray emission at the top of the northeast (NE)
limb of SN 1006, along with some diffuse emission. Using pointlike for the spatial analysis, we
tested the point source and the uniform disk hypotheses and determined the best parameter values
(see Table 3.3). Assuming a uniform disk initially centered on the pixel of highest TS value with
Rinit = 0.01◦, we measured an extension of 0.10◦ ± 0.04◦ with TSext = 1.8: SN 1006 is therefore
not detected by the LAT as an extended source. The positions of the point source and the disk are
represented in Figure 3.8 (left) by the black cross and black circle respectively. Since we know that
SN 1006 is a large source at TeV energies, we also measured the extension for an initial disk match-
ing the TeV shape (Rinit = 0.25◦). In this case, we obtained TSext = 7.7 and R = 0.26◦ ± 0.03stat

(the green dashed circle in the left panel of Figure 3.8). Although the extension is still not signifi-
cantly detected, this result indicates that we are only limited by the statistics and that the extension
should be revealed with a few years of additional data. Then we used gtlike to perform a spectral
analysis between 1 GeV and 2 TeV to evaluate the spectral index. For the point source, the uniform
disk and the H.E.S.S. template, we obtained Γ = 1.55, Γ = 1.57 and Γ = 1.79 respectively, with
errors of±0.17stat±0.27syst. When taking into account uncertainties, these results are consistent with
1.9 ± 0.3, published in Xing et al. (2016), but with a smaller statistical error bar due to the enlarged
dataset. Spectral results are summarized in Table 3.3. Again for this source, the hard spectrum is
very similar to the one obtained for the other shell-type remnants detected at TeV energies, even if
it tends to be slightly softer. We will see a potential reason in the following, looking at the Eastern
and Western spectra separately. But before that, since there are very few modelings of SN 1006 tak-
ing into account the latest Fermi points, I decided to gather the multi-wavelength data published in
the literature and try to reproduce them using the simple model used for RCW 86 and other shell-
type SNRs. To allow a comparison with previously published models, I decided to neglect radiative
losses. For this reason, a low energy cut-off for the electrons is expected. In a hadronic scenario, one
needs a fine tuning of the parameters to reproduce the data: the very low ambient density (< 0.05
cm−3) implies a large energy injected in protons (> 2.7 × 1050 erg), a hard injection spectrum for
the protons (< 1.9) with a maximum energy of 50 TeV, a very low electron to proton ratio (< 10−3)
to suppress the IC scattering on the Cosmic microwave background (CMB) photons and a very high
magnetic field (∼ 120 µG) to produce the strong synchrotron emission observed in the X-ray and
radio bands. The injection spectral index for the electrons is well constrained by the radio data at 2.2,
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very different than the proton’s index. In the leptonic scenario, the magnetic field value is 22 µG, the
maximum energy reached by electrons is 15 TeV with an injection index of 2.2 and a total energy
injected above 1 GeV of 1.6 × 1047 erg. In this case, due to the low density, the proton-proton inter-
action does not contribute if the electron to proton ratio is above 0.01. Figures 3.9 present these two
different scenarios. These values are very similar to the one that we derived for the case of RCW 86
and are in perfect agreement with those derived by Xing et al. (2016) using their Fermi spectral points.

Figure 3.9: Broadband SED models of SN 1006 for a leptonic scenario (top) and a hadronic one (bottom).
Top: Modeling was done by using an electron spectrum in the form of a power law with an index of 2.2, an
exponential cut-off at 15 TeV and a total energy of 1.6 × 1047 erg above 1 GeV. The magnetic field amounts
to 22 µG. Bottom: Modeling using a proton spectrum in the form of a power law with an index of 1.85, an
exponential cutoff at 50 TeV and a total proton energy of 0.13 × 1050 (nH/1 cm−3)−1 erg above 1 GeV. The
electron/proton ratio above 1 GeV was 3× 10−4 with an electron spectral index of 2.2 and cut-off energy at 6
TeV. The magnetic field amounts to 120 µG and the average medium density is 0.05 cm−3.

Since SN 1006 is known to be a very symmetric shell-type remnant, the apparent asymmetry
in the γ-ray emission detected by Fermi as seen in Figure 3.8 (left) is quite intriguing. Therefore,
we studied the NE and the SW limbs of the remnant separately. To do so, the H.E.S.S. template
was divided into two parts and their spectral parameters fitted independently. The division axis was
defined as the symmetry axis of the X-ray emission as seen by XMM-Newton (see Figure 1 in Miceli
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et al., 2012). The NE region was significantly detected (TS = 28.3, Γ = 1.47 ± 0.26stat) but the
SW region was not (TS = 12.9, Γ = 2.60 ± 0.80stat). Comparing the log-likelihood obtained, we
found an improvement of 10.5 when dividing the H.E.S.S. template, corresponding to a TS value of
21.0 with two additional degrees of freedom (3.6σ). This is a first indication of an asymmetry of the
high-energy γ-ray emission: the likelihood favors separate fits for the two limbs by 3.6σ whereas the
X-ray and TeV morphologies are rather symmetrical. The insignificant detection of the SW region
suggests a fainter IC emission in this part of the remnant than in the NE part, although it is hard
to explain since the ambient photon fields are identical and the shock velocity is ∼ 5000 km−1 in
both regions (Winkler et al., 2014). A clue could come from the latest results obtained recently:
Dubner et al. (2002) revealed the presence of a dense HI cloud matching the morphology of the
southwestern rim of SN 1006 and Miceli et al. (2014) found evidence of interaction between this HI
cloud and the shock of SN 1006. Neutrals could play a significant role: at the interaction region, the
shock is slowed down because of the larger inertia of swept up material, but also the magnetic field
is suppressed because of a more efficient ion-neutral damping. This is indeed what is observed at
X-ray energies with XMM-Newton with a cutoff energy of the synchrotron emission decreasing in
SW limb of the remnant where the interaction with the HI cloud is occurring (Miceli et al., 2014).
These authors also proposed recently a model with two hadronic components, one from the shocked
cloud and one from the shocked interstellar medium, the latter being too faint to be detectable (Miceli
et al., 2016). The hadronic component related to the cloud is characterized by a low cutoff (∼ 3 TeV)
and drops drastically above 100 GeV. It dominates over the IC peak below 10 GeV as can be seen in
Figure 3.10. Interestingly, the LAT flux that we derived in the SW region agrees relatively well with
their model for an energy injected of 5× 1049 erg in the SW. This model also seems to show that the
IC emission should be detectable by the LAT with additional observation time and is just below our
current sensitivity. Neutrals could also affect the injection spectrum of the particles in this region (as
already suggested for RCW 86 in Section 3.3.2), making it steeper. This could also be a reason why
it is not yet detected by our LAT analysis.

3.3.4 Similarities between γ-ray shell-type SNRs

Interestingly, as can be seen in Figure 3.11 and in Table 3.4, the five shell-type SNRs detected at
γ-ray energies show hard HE spectral indices (1.4 < Γ < 1.9) that exclude the standard hadronic
test particle scenario2. All photon indices (except for RX J0852.0−4622 and SN 1006) are compat-
ible with a test particle leptonic dominated scenario where the electron slope of 2.0 translates into a
photon spectral index of 1.5. In the case of RX J0852.0−4622, the slightly softer HE photon index
(1.85 ± 0.06stat ± 0.19syst, Tanaka et al. (2011)) could be due to a deviation from the test particle
case, a mix of hadronic and leptonic contributions or a possible contamination from the PWN seen
around PSR J0855−4644 (Acero et al., 2013b) that is located right on the south-eastern part of the
SNR shell. For SN 1006, we have seen above that a potential hadronic contribution is not excluded
in the SW region of the remnant. In the NE region of SN 1006, where no contribution of hadrons is
expected, the spectral index derived in our analysis is hard (1.47± 0.26) and translates in an electron
slope of 2.0. The similarity of hard photon spectral indices in this SNR sample tends to point towards
a common leptonic dominated scenario for the HE and VHE γ-ray emission. Still, there could be
some smaller subregions (e.g. dense clumps) where the hadronic mechanism significantly contribute
to the local γ-ray emission as we have seen for SN 1006 in the SW or RX J1713.7−3936 near the

2The test particle scenario neglects the retro-action of the CRs on the shock structure and produces a proton energy
distribution which converts into a photon spectral index Γ = 2.
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Figure 3.10: Modeling of the SW region of SN 1006 proposed by Miceli et al. (2016) for an energy injected
of 5 × 1049 erg (black solid line). The inverse Compton contribution (dashed blue line) and the hadronic
contribution of the shocked cloud (dotted red line) and of the shocked ISM (dash-dotted red line) are highlighted.
The γ-ray spectrum observed with H.E.S.S. in the SW is shown with the green butterfly, and the Fermi-LAT
points derived for the SW limb in our analysis are indicated by the blue points

In addition to a similar HE spectral index, these five shell-type SNRs present a striking similarity
in terms of peak luminosity and spectral shape. This contrast is highlighted when compared with the
SNR W44 where the evidence for hadronic emission is the most secure (Ackermann et al., 2013a).
One can note that the γ-ray luminosity of SN 1006, as presented in Figure 3.11, is lower than for
other SNRs. However, this is mainly related to its bipolar morphology, which is a clear difference
with the other TeV detected shell-type SNRs. This bipolar morphology caused by the orientation of
the magnetic field in the NE-SW direction produces a reduced effective area for particle acceleration
since the acceleration is more efficient when the magnetic field is parallel to the shock normal. If we
correct for this effect by a renormalization factor of 0.2 (Berezhko et al., 2009), the peak luminosity
is comparable to other SNRs. This similar luminosity also points towards leptonic emission as the
dominant mechanism in play for these remnants. Indeed, in such scenario, the spectral shape and
flux level of the γ-ray emission is produced via the IC mechanism and only depends on the electron
spectral distribution (which is similar for the five SNRs as discussed just above) and on the photon
field density. Due to the omnipresence of the CMB and the limited effect of the infra-red photon field,
one could explain why we observe such a small scatter in the γ-ray luminosity of young shell-type
SNRs.
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3.4 General properties of young SNRs

To finalize this chapter, I decided to gathCassiopeia Aer the main properties of the young SNRs
detected at GeV and TeV energies in Table 3.4 for completeness. This allows a comparison be-
tween these seven sources. It is very similar to the one that we published in Acero et al. (2015),
but here I added the results concerning Cassiopeia A and Tycho and updated the results concerning
RX J1713.7−3946, RCW 86, SN 1006 and HESS J1731−347. We can see from this table that all
types of SNe are detected. The SN type does not seem to affect the HE and VHE spectral parameters.
Since we are discussing here the acceleration of cosmic rays, I made a choice to cite the model pa-
rameters in the case of a hadronic scenario with direct interaction, meaning that the γ-ray emission is
dominated by neutral pion decay due to proton-proton interaction. This is obviously an ideal case, and
we have seen above, that for shell-type SNRs, the IC scenario seems to be dominant. The objective
of this table is to see, at maximum, what could be the cosmic-ray efficiency of young SNRs and the
maximum energy reached by protons. Indeed, if SNRs are the main accelerators of CRs, they need
to fulfill four important criteria: 1) they accelerate protons, 2) the cosmic-ray efficiency ξCR is high
enough and close to the standard value of ∼ 10%, 3) the injected CR spectrum follows a power-law
which translates into an index of 2.7 after diffusion in the Galaxy to reproduce the CR spectrum below
the knee, 4) the maximum proton energy is at the knee of the CR spectrum.

3.4.1 Hadronic or leptonic ?

As stated regularly during this chapter, the overall spectral slope from GeV to TeV energies is an
indicator of the nature of the emission: SNRs exhibiting hard spectra are more naturally explained
in leptonic scenario (even though some hadronic models assuming cosmic-ray escape in very dense
clumps are able to reproduce the multi-wavelength data). However, a caveat comes from the finite (or
even poor) resolution of the gamma-ray instruments which cannot resolve exactly the region in which
the gamma-ray emission is taking place. This is crucial when density gradient or variation exists
within the remnant, which is the case in most cases. In RX J1713.7−3946, the variation is extreme:
from the lack of thermal X-ray observations, an upper limit on the density was derived at <0.02 cm−3

(similarly to the case of the other young shell-type SNRs). However, CO and HI observations of
the medium surrounding the SNR (Fukuda et al., 2014), especially near the Galactic plane, shows
an average density in this region of 100 cm−3, with clumps as dense as 1000 cm−3. This is why we
naturally expect to see variations of the dominant mechanism throughout the remnant, the hadronic
mechanism being dominant in dense regions. The case of Tycho and SN 1006 is paradigmatic: they
both have Type Ia progenitor and are just at the beginning of the Sedov phase, but SN 1006 seems
to be leptonic-dominated because it is expanding in a much more rarefied medium on average (0.05
cm−3 vs 0.3 cm−3). In the South-Western region where the density in SN 1006 is ten times higher,
the hadronic scenario might dominate. It seems that for most young SNRs, due to the low-density
ambient medium on average, the hadrons do not encounter sufficiently high target densities to produce
a level of hadronic flux that can compete with the leptonic emission for the whole SNR, except
for Cassiopeia A and Tycho in which the average density is more than ten times higher than inside
shell-type SNRs. As stated in Acero et al. (2015), the correct question is not anymore "Is the γ-ray
emission leptonic or hadronic dominated ?" but rather "In which region of the SNR is the emission
leptonic/hadronic dominated ?".
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Figure 3.11: Gamma-ray luminosity of the five shell-type SNRs detected by Fermi-LAT and H.E.S.S.. For the
sake of comparison the SED from the SNR W44 is shown by the dashed line. This Figure was taken from
Benjamin Condon’s thesis.

3.4.2 Cosmic-ray efficiency in young SNRs

Due to this density variation and gradient and the poor angular resolution of the current instrument,
the energy injected in protons in the hadronic scenario suffers large systematics. In the hadronic
models of Tycho and Cassiopeia A, which are the youngest SNRs detected at gamma-ray energies,
16% (for an average density of 0.3 cm−3) and 9.9% (for an average density of 10 cm−3) of the kinetic
energy of a supernova (1051 erg) is injected in protons which is not far from the standard value of 10%
used regularly to maintain the CR energy flux in the Galaxy. Using a lower density for Cassiopeia A,
Zirakashvili et al. (2014) even found that the acceleration efficiency in Cas A should be very high and
that, at present, 25% of the energy of the supernova explosion is transferred into accelerated particles.
Even if these values vary from one model to another, it seems that SNRs are able to inject a significant
fraction of their energy, at least during the first few hundred years after the explosion.

3.4.3 Universal power-law spectra reproducing the CR spectrum

The standard SNR paradigm predicts that the spectrum of CRs accelerated at strong shocks through
DSA is very close to E−2. Surprisingly, in the two cases in which the gamma-ray emission is at-
tributed to hadronic interactions (Cas A and Tycho), the inferred proton spectrum appears to be
steeper than E−2, with an average index of 2.25. As explained in Section 2.1.2, for a given injec-
tion rate Q(E) ∝ E−γ , after propagation in the Galaxy, the spectrum observed at Earth is E−γ−δ,
where δ is the diffusion coefficient in the Galaxy. Since the spectrum observed at Earth is ∼ E−2.7,
the SNR paradigm would imply a diffusion coefficient proportional to E0.7. This coefficient is in con-
tradiction with the latest estimate of δ ∼ 1/3 using the primary to secondary ratios and the anisotropy
in the CR fluxes at Earth (Blasi and Amato, 2012; Vladimirov et al., 2012). A natural conclusion is
that protons need to be accelerated at their sources with steep spectra ∼ E−2.3 which is in perfect
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agreement with the models proposed for Cas A and Tycho. The distribution of the target material for
proton-proton interaction and/or the presence of neutral atomic hydrogen in the acceleration region
can explain these modifications in the spectrum of accelerated particles, highlighting again the impor-
tance of the environment in which a SNR evolves. Therefore, this criterium seems to be fulfilled.

RX J1713 Vela Jr HESS J1731 RCW 86 SN 1006 Cas A Tycho

SN nature CC CC CC Type Ia Type Ia CC Type Ia

Distance (kpc) 0.9 – 1.3 0.6 – 0.9 ≥ 3.2 2.3 – 2.8 2.0 – 2.4 3.3 – 3.7 2 – 4

Radius (pc) 10 12 14 15 10 ∼2.4 ∼3.5

Age (kyrs) 1.6 2 – 4 2 – 6 1.8 1 0.316 – 0.352 0.446

Density (cm−3) <0.02 – 100 <0.03 – 40 <0.01 – 60 0.5 – 2 <0.05 – 1.5 4 – 10 0.1 – 3

References 12, 17, 11, 38 13, 9, 38 21, 3, 22, 5, 38 19, 10, 25 23, 2, 14, 16 31, 32, 33 30, 34, 35

ΓHE 1.13 ± 0.26 – 2.0 1.85 ± 0.06 1.66 ± 0.16 1.42 ± 0.1 1.7 ± 0.17 0.89 ± 0.29 – 2.17 ± 0.09 2.14 ± 0.09

ΓVHE 2.06 ± 0.02 1.81 ± 0.08 2.32 ± 0.06 1.6 ± 0.2 2.30 ± 0.15 2.4 ± 0.1 2.92 ± 0.42

EcutVHE (TeV) 12.9 ± 1.1 6.7 ± 1.2 3.5 ± 1.2 3.5 (+1.6
−1.0)

References 6, 24 7, 18, 20 22, 5 15, 8, 25, 26 4, 22 27, 29 28

Pref. Model L L L L L H H

sp 1.53 – 1.94 1.83 1.7 1.7 1.85 2.21 2.3

Emaxp (TeV) 93 55 38 50 50 12 37

Wp (1049 (nH/1 cm−3)−1 ergs) 5.8 7.1 15 13 1.4 99 4.8

Reference 6 7 39 40 Section 3.3.3 27 37

Table 3.4: Summary of the physical properties of the detected young SNRs at gamma-ray energies. The corre-
sponding nature of the SN explosion is noted as core collapse (CC) or thermonuclear (Type Ia). The ambient
medium densities shown in this table have been derived from the presence/lack of X-ray thermal emission and
on the HI and CO observations of the environment, creating large variations in values. The errors reported on
the HE and VHE parameters are statistical. When a break is detected at HE, the indices below and above the
break are listed. In the third part of the table, the best-fit hadronic model for each SNR is reported. The proton
energy budget (Wp) is given for Ee > 1 GeV for a density of 1 cm−3. The model preferred (following the above
discussion on each source) is indicated as H (hadronic) or L (leptonic). For each of them, the index of the pro-
ton spectrum sp is provided as well as its maximum energy Emaxp and the total energy injected in protons Wp.
References: 1) Acero et al. (2015), 2) Acero et al. (2007), 3) Doroshenko et al. (2017), 4) Acero et al. (2010), 5)
H.E.S.S. Collaboration et al. (2011a), 6) H. E. S. S. Collaboration et al. (2016a), 7) H. E. S. S. Collaboration
et al. (2016b), 8) H. E. S. S. Collaboration et al. (2016d), 9) Allen et al. (2015), 10) Bocchino et al. (2000), 11)
Cassam-Chenaï et al. (2004), 12) Fesen et al. (2012), 13) Katsuda et al. (2008), 14) Katsuda et al. (2009), 15)
Lemoine-Goumard et al. (2012), 16) Miceli et al. (2014), 17) Moriguchi et al. (2005), 18) Paz Arribas et al.
(2012), 19) Sollerman et al. (2003), 20) Tanaka et al. (2011), 21) Tian et al. (2008), 22) Condon et al. (2017),
23) Winkler et al. (2014), 24) Condon (2017), 25) Ajello et al. (2016), 26) Dubner et al. (2002), 27) Ahnen
et al. (2017), 28) Archambault et al. (2017), 29) Yuan et al. (2013), 30) Sato and Hughes (2017), 31) Hwang
and Laming (2012), 32) Zirakashvili et al. (2014), 33) Reed et al. (1995), 34) Krause et al. (2008), 35) Badenes
et al. (2007), 36) Zhang et al. (2013), 37) Slane et al. (2014), 38) Fukuda et al. (2014), 39) Guo et al. (2018),
40) Yuan et al. (2014).

3.4.4 Maximum proton energy

Interestingly, in all cases listed in Table 3.4, the GeV-TeV γ-ray detections of these seven SNRs imply
a low maximal energy for the accelerated particles below 100 TeV, i.e. well below the knee of the CR
spectrum. A recent review by Aloisio et al. (2017) reported the latest estimates calculated by several
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authors concerning the maximum energy that can be reached at a SNR shock (Schure and Bell, 2013;
Bell et al., 2013; Cardillo et al., 2015). For a type Ia SN with ejecta mass Mej and total kinetic energy
ESN , exploding in the ISM with density nISM , the maximum energy can be written as

EM ∼= 130

(
ξCR
0.1

)(
Mej

M�

)− 2
3
(

ESN
1051erg

)(nISM
cm−3

) 1
6
TeV. (3.1)

Despite the efficient magnetic field amplification due to CR streaming, the maximum energy falls
short of the knee by about one order of magnitude if the fraction of the energy injected into proton
ξCR is ∼ 10% as assumed for SNRs, thereby leading to the conclusion that type Ia SNe are unlikely
to act as PeVatrons. If we look at the case of the young SNR Tycho, the best hadronic model proposed
by Slane et al. (2014) using a CR-hydro-NEI code3 uses a density of 0.3 cm−3, an ejected mass of
1.4M� and a total kinetic energy of 1051erg. This would mean that the maximum energy, reached
at the beginning of the Sedov-Taylor phase, is ∼ 100 TeV. Currently, the maximum proton energy
reproducing the multi-wavelength data is ∼ 40 TeV, not far from this estimate. This confirms that,
even if Tycho is at the transition between the ejecta-dominated and the adiabatic stages, it is not a
PeVatron.
Most core collapse SNe on the other hand explode in the wind produced by their pre-supernova red
giant progenitor. For a reference value of the mass loss rate Ṁ ∼ 10−5M�yr−1 and wind speed
Vw ∼ 10 km/s, the maximum energy can be estimated as

EM ≈ 1

(
ξCR
0.1

)(
Mej

M�

)−1(
ESN

1051erg

)(
Ṁ

10−5M�yr−1

) 1
2 (

Vw
10 km s−1

)− 1
2

PeV . (3.2)

In the case of Cassiopeia A, X-ray observations indicate that the ejecta mass was only∼ 3M� and the
total kinetic energy was 2.3 × 1051 erg (Hwang and Laming, 2012). Two-dimensional multi-species
hydrodynamical simulations have shown that the observed shock wave positions and expansion can
be interpreted in a model of supernova interaction with a freely expanding red supergiant stellar wind
with a mass loss rate of 1.54 × 10−5M�yr−1 and a wind velocity of 4.7 km s−1 (van Veelen et al.,
2009). This would imply that the maximum energy reached at the beginning of the Sedov-Taylor
phase was ∼ 1.4 PeV, if 10% of the energy of the SN was injected in protons. The very low value
of Emaxp reproducing the MAGIC spectrum, reported in Table 3.4, is 100 times lower than this esti-
mate which is a tough result for the "SNR paradigm". It should be noted that a type II SN enters its
adiabatic phase only a few tens of years after the explosion and Cassiopeia A is clearly not anymore
in the free-expansion phase which could explain part of the discrepancy. Alternatively, Cassiopeia A
may also be located in a very diffusive region of the Galaxy, resulting in a very fast escape of protons
of TeV and higher energies. If this is the case, escaped protons would be interacting with the medium
surrounding the SNR and observations of a halo around Cassiopeia A by LHAASO could be a proof
of the acceleration of protons at PeV energies (Di Sciascio and LHAASO Collaboration, 2016). A last
possibility would be that core collapse SNe do not accelerate protons up to 1 PeV, which would imply
that another type of source significantly contributes at least in the "knee" region of the CR spectrum.
We will develop such possibility in Section 5.3.2.

3A CR-hydro-NEI code models the SNR hydrodynamics including the effects of non-linear diffusive shock acceler-
ation using a semi-analytic solution. The resulting non-thermal proton and electron spectra, coupled with the calculated
magnetic field, are used to calculate the synchrotron, bremsstrahlung, inverse-Compton, and pion-decay emission. The
thermal X-ray emission is calculated by following the ionization of the shocked gas through the hydro simulation and
coupling this to a non-equilibrium ionization emission code.
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• Two historical SNRs are detected both at GeV and TeV energies: Cassiopeia A and
Tycho. Multi-wavelength modeling and the spectral break at low energy for Cas-
siopeia A favor a scenario in which the gamma-ray emission is produced via proton-
proton interaction: protons are accelerated in historical SNRs.

• The five shell-type SNRs observed at TeV energies are now detected by the LAT.
These five shell-type SNRs present striking similarities in terms of peak luminosity
and spectral shape. The hard spectral shape at GeV energies points towards leptonic
emission as the dominant mechanism in play for these remnants.

• The environment (dense HI cloud, CO clouds or tenuous ISM) in which the SNR is
evolving is a key ingredient. There could be some smaller subregions (e.g. dense
clumps) where the hadronic mechanism significantly contribute to the local γ-ray
emission. This could be the case for SN 1006 in the SW or RX J1713.7−3936 near
the Galactic plane.

• Young SNRs seem to fulfill three important criteria to be the prime CR accelerators:
1) they accelerate protons, 2) the cosmic-ray efficiency ξCR is high enough and close
to the standard value of ∼ 10%, 3) the injected CR spectrum follows a power-law
which translates into an index of 2.7 after diffusion in the Galaxy, well reproducing
the CR spectrum.

• However, the maximum energy reached in young SNRs is well below the knee of the
CR spectrum (Emax < 100 TeV). SN Ia are not expected to act as PeVatron but core
collapse SNe could. The case of Cassiopeia A is intriguing.

Summary
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4.1 Middle-aged SNRs interacting with molecular clouds

Excellent γ-ray targets are provided by dense regions of the interstellar medium or in some cases
dense molecular clouds interacting with middle-aged SNRs (3000–30000 yr). They are the most nu-
merous subclass of GeV SNRs due to enhanced target densities for accelerated particles, which in
cases of interaction with a molecular cloud can increase γ-ray luminosities by factors of 102 − 103.
The shape of the gamma-ray spectra among all SNRs interacting with Molecular clouds (MCs) is
very similar1, with a flux increasing quickly below 1 GeV and a steepening above a few GeV which
implies an internal break around 10 GeV in the parent particle spectrum, as can be seen in Figure 4.1.
For more information on the γ-ray characteristics of this sample of SNRs, see the review by Slane
et al. (2015). For all of them, the observed large luminosity of the GeV γ-ray emission precludes the

1Two outliers, W41 and W30, have been studied individually during the ERC Starting Grant, showing a potential
contamination at very high energy from a PWN.
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inverse-Compton scattering off the CMB and interstellar radiation fields as the main emission mech-
anism since it would require an extremely low density (to suppress the bremsstrahlung and proton-
proton interaction), a low magnetic field to enhance the gamma/X-ray flux ratio and an unrealistically
large energy injected into electrons (or very high electron-to-proton ratio in comparison to Galactic
standards). In addition, the break in the electron spectrum corresponding to the γ-ray spectrum di-
rectly appears in the radio data leading to a bad modeling of the radio data and therefore disfavors the
bremsstrahlung process. A model in which gamma rays are produced via proton-proton interaction
gives the most satisfactory explanation for the GeV gamma rays observed in SNRs interacting with
molecular gas. Two different types of scenarios are put forward to explain the bright gamma-ray emis-
sion from these SNRs. The first scenario is called the "Escaping scenario" (Aharonian and Atoyan,
1996). It explains the gamma-rays as the pion-decay emission due to interactions between nearby
molecular clouds and relativistic protons escaping from the SNR system. The second scenario is a
direct interaction scenario and is called the "Crushed Cloud model" (Uchiyama et al., 2010). In this
model, when a SNR collides with nearby MCs, the shock front is slowed down by dense clouds in
the interaction region. Consequently, the postshock temperature drops, which then triggers efficient
radiative cooling and the formation of a thin shell with high density and magnetic field behind the
shock front. The thin radiative shell then becomes an ideal site for both pion-decay emission in γ-ray
and synchrotron emission in radio. An excellent review discussing these two scenarios was recently
published by Tang (2017). He shows that the escaping scenario can reproduce the observed γ-ray
emission of all middle-aged SNRs detected, if the SNRs and MCs satisfy a special configuration in
space. Hence, the similarity in γ-ray spectra is inconsistent with the escaping scenario in a statistical
way and cannot explain all of them. In the direct interaction scenario, involving either pure adiabatic
compression or re-acceleration of pre-existing cosmic-rays plus adiabatic compression, the similar-
ity in γ-ray spectra can be interpreted as a reflection of almost homogeneous CR background in our
Galaxy. In this case, a transition in seed particles must occur from thermal injected particles in young
SNRs to pre-existing ambient CRs in middle aged SNRs. For instance, Tang (2017) suggests that in
W44 thermal injected particle still dominates the seed particles, while in the other middle aged SNRs
ambient CRs already become the dominant component in seed particles. Whatever the scenario, the
acceleration process is not expected to reach very high energies for such old systems in comparison
to shell-like SNRs and very few interacting SNRs are thus detected at TeV energies.

4.1.1 Fermi-LAT and HESS observations of the distant SNR G349.7+0.2

G349.7+0.2 is one of the rare clearly identified middle-aged SNRs detected by H.E.S.S. It is a bright
radio Galactic SNR with a small angular size of ∼ 2.5’ ×2’ (Green 2009). The coincidence of
G349.7+0.2 with a dense MC (Dubner et al. 2004), the detection of five OH (1720 MHz) masers to-
wards the centre of the SNR (Frail et al. 1996) and of line emissions from several molecular transitions
(Reynoso and Mangum, 2000; Lazendic et al., 2010) provide evidence in support of an interaction be-
tween the SNR and the MC. At a distance of 11.5 kpc (Tian and Leahy, 2014), the SNR radius and
age are ∼3.8 pc and ∼1800 yr, respectively.
The total dataset comprises 113 hours of observations with the four-telescope H.E.S.S. array. The
energy spectrum of the VHE emission coincident with G349.7+0.2 was extracted above 220 GeV
and is well described by a power-law with a photon index of ΓVHE = 2.8 ± 0.27stat ± 0.20syst. The
integrated photon flux above 400 GeV is F (E > 400 GeV) = (6.5 ± 1.1stat ± 1.3syst) × 10−13

ph cm−2 s−1 which corresponds to 0.7% of the Crab Nebula flux (Aharonian et al., 2006b) and to a lu-
minosity of ∼ 1034 erg s−1 above the same energy threshold. Spectral models of a curved power-law
and a power-law with exponential cutoff did not improve the fit of the spectrum significantly.
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Figure 4.1: Upper panel: Gamma-ray flux (E2dF/dE) as a function of photon energy. Middle panel: scaled
gamma-ray flux as a function of photon energy, where the flux around 1 GeV is normalized to ≈ 10−10 erg
cm−2s−1. Solid lines connecting the data points are used to show the overall shape of the spectrum. Dashed
line and dotted line indicate the slope for E−2.7 and E−3 respectively. Lower panel: gamma-ray luminosity as
a function of photon energy. Numbers in brackets are distance in kpc adopted for the luminosity calculation.
This Figure was taken from Tang (2017).
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For what concern the Fermi analysis, due to the high level of Galactic gamma-ray diffuse emission
in this region, the spectral analysis was performed in the 0.2–300 GeV energy range. The TS of the
source at the position of the SNR is 201 and the best fit photon index ΓHE = 2.2 ± 0.04stat

+0.13
−0.31sys.

The energy flux at the decorrelation energy E0 = 3.8 GeV is FE0 = (6.1 ± 0.43stat
+3.1
−2.7sys) ×

10−12 erg cm−2 s−1. The flux in the full energy range is F0.2−300GeV = (2.8 ± 0.32stat
+1.4
−1.2sys) ×

10−8 ph cm−2 s−1. The γ-ray source detected with Fermi and H.E.S.S. towards the SNR shows that
the object is a luminous Galactic SNR, with luminosities in the 0.2−300 GeV energy range and above
400 GeV of LHE ∼ 3 × 1035 erg s−1 and LVHE ∼ 1034 erg s−1, respectively. The steepening of the
spectrum from HE (Fermi) to VHE (H.E.S.S.) of ∆Γ = 0.60 ±0.27stat

+0.23
−0.37sys is visible in Figure 4.2.

The position of the spectral break was estimated through a likelihood ratio test statistic (Rolke et al.,
2005) applied to both H.E.S.S. and Fermi data, and reached at the photon energy Ebr,γ= 55 GeV (with
a 68% confidence interval of [25; 125] GeV). Following the same procedure, the spectral turnover is
found to be at Ecut,γ = 1.4+1.6

−0.55 TeV assuming a power-law spectrum with an exponential cutoff.
Multi-wavelength published data were assembled to constrain the origin of the gamma-ray emission.
As for others SNRs interacting with a molecular cloud, a large electron to proton ratio and a low
magnetic field is required in the Bremsstrahlung and IC-dominated scenarios. This disfavors a lep-
tonic origin for the signal seen by H.E.S.S. and Fermi. For the hadronic scenario, the density of the
medium is a key quantity. A post-shock Hydrogen density of ∼ 7 cm−3, leading to an ISM density
of ∼ 1.7 cm−3 under the assumption of a strong shock was derived from the soft component of the
SNR thermal X-ray spectrum (Lazendic et al., 2005). From 12CO observations, Dubner et al. (2004)
reported that G349.7+0.2 is associated with a MC, whose total mass and average density are estimated
to be of MMC ∼ 5×103 M� and nMC ∼ 2×104 cm−3, respectively. Another density estimate comes
from the presence of 5 OH (1720 MHz) masers and strong H2 lines (Hewitt et al., 2009) towards the
centre of the remnant, both tracers originating from shocked molecular region of very high density
(104 – 106 cm−3). As discussed by Lazendic et al. (2005) and Castro and Slane (2010), these differ-
ences in density estimates indicate that the SNR is expanding in an inhomogeneous, likely clumpy,
medium. With an ISM density of∼ 1.7 cm−3, the hadronic scenario would require an energy injected
in the protons of 3.3× 1051 erg at a distance of 11.5 kpc which is larger than the kinetic energy of an
average SNR. Thus the gamma-ray emission coincident with G349.7+0.2 clearly can not arise from
the whole SNR shell assumed to evolve in an homogeneous ∼ 1.7 cm−3 ISM, but rather from the
region of the SNR-MC interaction. The π0-decay emission spectrum obtained with the best fit proton
distribution is shown on Figure 4.2.
This led us to investigate a scenario in which the interaction region between the blast wave and the
cloud is at the origin of the HE/VHE emission. The spectral turnover found at Ebr,γ= 55 GeV resem-
bles the case of other SNRs interacting with a molecular cloud. This spectral feature is not predicted
by the DSA theory and several scenarios have been proposed to explain it. This spectral break can be
due to ion-neutral collisions occurring when a shock wave interacts with a partially ionized material,
leading to the reduction of the confinement of the highest energy particles which escape the system.
This effect was investigated by Malkov et al. (2012) who concluded that a spectral break occurs at a
few GeV, above which the particle spectrum steepens by one power ∆p = 1. Then, Ohira et al. (2011)
re-investigated the distribution of CRs escaping from a SNR of finite size (escaping scenario) when
the observed SNR and MCs are very close or even in physical contact. In this special configuration,
they argue that CR particles with all energy can escape the remnant and diffuse into the adjacent MCs
once the forward shock approaches the MC modeled as a shell surrounding the SNR. Besides the
breaks arising from the finiteness of the source and emission regions, another break, interpreted as the
maximum particle energy in the SNR when it encounters the MC, is found. Both scenarios could re-
produce the gamma-ray spectrum from G349.7+0.2, though at the expense of several free parameters
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related to the diffusion and the MC properties. However, when SNR and MCs are directly interacting
with each other, the validity of the escaping scenario proposed by Ohira et al. (2011) becomes an
open question. In the unshocked part of the MCs, the γ-ray emission can possibly be interpreted by
the illuminated cloud model. But in the interaction region between SNR and MCs the γ-ray emission
is instead most likely described by the direct interaction scenario. In fact, a hybrid model with both
CR particles that escaped the remnant and those confined at the SNR/MC might be a more reasonable
solution for the observed γ-ray emission. Such model does not exist yet in the domain.
Following the Memorandum of Understanding signed between Fermi and H.E.S.S., I was appointed
as "expert" to validate the Fermi analysis and internal referee of the H.E.S.S. publication reporting
the results on this source (H. E. S. S. Collaboration et al., 2015a).
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Figure 4.2: Gamma-ray spectrum of SNR G349.7+0.2 reported in H. E. S. S. Collaboration et al. (2015a).
The H.E.S.S. (blue) and Fermi-LAT (green) spectra are shown with their 68% CL bowtie. For the Fermi-LAT
spectral points the statistical errors are green while the systematic errors are grey. The H.E.S.S. points are given
with their statistical errors only. The π0-decay emission models obtained with the best fit proton distributions
are shown as dotted and dashed lines for the broken power-law (BPL) distributions with steepening ∆p=0.5
and 1, respectively, and as a solid line for the power-law with exponential cutoff (PLC) distribution.

4.1.2 The "pion bump" and the interesting case of W49B

Ackermann et al. (2013b) detected the characteristic pion-decay feature in the γ-ray spectra of W44
and IC 443, providing the first direct evidence that cosmic-ray protons are accelerated (or simply
re-accelerated) in these shells as shown in Figure 3.11. Similar spectral characteristics were then de-
tected for the case of W51C (Jogler and Funk, 2016) and W49B, showing that the first two are not
isolated cases. I have personnally worked intensively on the case of W49B, which is one of the few
papers signed by both the Fermi and H.E.S.S. collaborations (H. E. S. S. Collaboration et al., 2016c),
by providing the Fermi analysis of this source.
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W49B represents one of the most interesting regions in the Galaxy to study cosmic-ray accelera-
tion. This region contains two remarkable objects: a young SNR (W49B) and a star-forming region
(W49A). The SNR W49B (G43.3−0.2) is another example of a SNR/MC association. With a flux
density of 38 Jy at 1 GHz, this source is one of the brightest SNRs of the Galaxy at radio wavelengths.
Extensive infrared and X-ray studies revealed that W49B’s progenitor was a supermassive star that
created a wind-blown bubble in a dense molecular cloud in which the explosion occurred (Keohane
et al., 2007). Observations of mid-infrared lines from shocked molecular hydrogen show that W49B
is interacting with molecular clouds, but, contrarily to the 20000 year-old SNR W44, W49B is es-
timated to be relatively young with an age between 1000 and 4000 years (Zhou et al., 2011). The
Fermi analysis of W49B is relatively complex since it lies in a diffuse region of the Galactic plane
and needs to start at 60 MeV to be able to detect the "pion bump" feature. Due to the large Point
spread function (PSF) of the LAT at low energy, a region of 20◦ radius needs to be analyzed while
the model describing the region contained sources up to 25◦ from the source to account for photons
leaking at the edges of our region of interest. Due to the very large number of parameters to fit in such
crowded regions, I left free only the spectral parameters of sources closer than 5◦ to W49B or with a
TS larger than 400, while the parameters of all other sources were fixed at the values from the 3FGL
catalog. The spectral analysis was then performed with gtlike including all events between 0.06 and
300 GeV. To derive the spectral points, this energy range was divided into 20 logarithmically-spaced
energy bins and a maximum likelihood spectral analysis was performed in each interval, assuming
a power-law shape with a fixed spectral index of Γ = 2 for W49B. The spectrum below 300 MeV
is steeply rising, clearly exhibiting a break at around 300 MeV as seen in Figure 4.3. To quantify
the significance of this spectral break, a log-likelihood fit of W49B between 60 MeV and 4 GeV was
performed. The improvement in log-likelihood when comparing the broken power-law to a single
power-law corresponds to a formal statistical significance of 8σ for the low-energy break (TS of 84
for 2 additional degrees of freedom). The break is located at 304 ± 20stat ± 10syst MeV while the
spectral indices below and above the break are 0.10±0.30stat±0.28syst and 2.21±0.05stat±0.06syst.
Taking advantage of the smooth connection between the HE and VHE spectra visible in Figure 4.3,
the presence of another break at high energy was evaluated through a likelihood ratio test statistic
applied to both the H.E.S.S. and Fermi-LAT data. For this test, a single power-law and a smoothly
broken power-law between 500 MeV and 10 TeV – above the low energy break found above – were
used and the statistical and systematic uncertainties have been taken into account. The minimum of
the likelihood ratio is reached at 8.4 GeV with a 6.5σ improvement of the smoothly broken power-law
model with respect to the power-law one. The 68% confidence interval is [5.9; 10.6] GeV and the
spectral indices below and above the break are respectively 2.17 ± 0.06 and 2.80 ± 0.04. This result
has been checked by fitting the Fermi-LAT fluxes of W49B between 500 MeV and 300 GeV with both
a single power-law and a smoothly broken power-law. A 3.3σ (TS of 14 for 2 additional degrees of
freedom) improvement is obtained for an energy break at 9.4± 2.9stat ± 3.8syst GeV. This energy, as
well as the spectral indices above and below the break, are compatible with the values obtained from
the Fermi-LAT and H.E.S.S. joint fit. Interestingly, while W49B is estimated to be 1000 – 4000 years
old, it exhibits spectral features similar to the other detected SNR/MC systems which are believed
to be ∼ 10 times older. Likewise, G349.7+0.2 which has roughly the same age as W49B, shows an
energy break which is ∼ 5 times higher. This emphasises the importance of the environment in the
evolution of the γ-ray luminosity of these objects. The broad band spectrum of W49B was fit by
Junichiro Katsuta. It can be explained either by leptonic or hadronic models. However, the sharp
break detected with the Fermi-LAT data at 304 MeV ("pion bump") favours a hadronic origin of the
gamma-ray emission since the leptonic models require a very hard spectrum for the electron popu-
lation as well as a very high electron-to-proton ratio. All results are reported in the H.E.S.S.-Fermi
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paper (H. E. S. S. Collaboration et al., 2016c).

Figure 4.3: Fermi-LAT and H.E.S.S. spectrum of W49B from H. E. S. S. Collaboration et al. (2016c). The red
line shows the best fit of a smoothly broken power-law derived between 60 MeV and 4 GeV and the blue data
points indicate the fluxes measured in each energy bin with the Fermi-LAT. The statistical errors are shown in
blue, while the red lines take into account both the statistical and systematic errors. The gray band shows the
68% confidence level (CL) uncertainty of the best-fit power-law model with H.E.S.S. The open black circles are
the spectral points computed from the forward-folding fit with their statistical errors shown in black. For both
instruments, a 95% CL upper limit is computed when the statistical significance is lower than 2σ. The dotted
green line shows the best smoothly broken power-law model obtained from the joint fit of the Fermi-LAT and
H.E.S.S. data between 500 MeV and 10 TeV.

4.2 Particle escape from SNRs interacting with MCs

Though the details of the escape of CRs from SNR shocks are still debated, it is generally believed
that the highest energy protons are released first and that particles of lower energy are released grad-
ually as the shock speed decreases. Once released, relativistic protons produce gamma-rays due to
proton-proton interactions in the surrounding interstellar medium (see Gabici (2011) for more details).
This means that insights on the mechanism of escape can be obtained from gamma-ray observations
because runaway CRs can interact with massive MCs located in the vicinity of the parent SNR and
make the former bright gamma-ray sources. To date, a clear detection of gamma rays from the vicin-
ity of SNRs has been reported for the SNRs W44 and W28. In addition to these two sources, the
detection of gamma-ray emission beyond the X-ray shell of the SNR RX J1713.7-3946 as discussed
in Section 3.3.1 can be interpreted either as a signature of particle escape, or as the first detection of a
shock CR precursor. Finally, it has been suggested by Cui et al. (2016) that HESS J1729−345 is due
to emission from runaway cosmic rays accelerated by the SNR HESS J1731−347 and that are now
interacting with MCs coincident with the unidentified TeV source. I will review briefly the cases of
W44 and W28 for which I acted as internal referee and analysis cross-check of the Category II Fermi
publications and the case of HESS J1729−345 that was analyzed during Benjamin Condon’s thesis.
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4.2.1 Illuminated clouds in the W28 region

The W28 SNR has an age greater than 104 years, and is likely in the Sedov or radiative phase (West-
erhout, 1958; Lozinskaya, 1974). In our Fermi paper, we adopted the same age of 4× 104 years. The
SNR is located within a molecular cloud complex with a mass of 1.4 × 106M� (Reach et al., 2005)
and interacts with some parts of the cloud, traced by the detection of OH (1720 MHz) masers (Frail
et al., 1994; Claussen et al., 1997). Observations of molecular lines placed W28 at a distance of∼ 1.9
kpc (Velázquez et al., 2002). H.E.S.S. observations of W28 have revealed four TeV γ-ray sources
(Aharonian et al., 2008b): HESS J1801−233, located along the northeastern boundary of W28, and
a complex of three sources, HESS J1800−240A, B, and C, located to the south, outside the radio
boundary. The southern H.E.S.S. sources spatially correspond with molecular clouds whose masses
and distances from the centre of the SNR can be estimated from CO measurements and result in ∼5,
6, and 4 ×104M� , respectively, and ∼12, 20, and 20 pc, respectively (Aharonian et al., 2008b). This
led several authors to suggest that the gamma-ray emission from the W28 region could be the result
of hadronic interactions of CRs that have been accelerated in the past at the SNR shock and then es-
caped in the surrounding medium (Gabici et al., 2010). Complementary information can be obtained
using CO, HCO+, and DCO+ millimetre line observations. Towards positions located close to the
supernova remnant W28, Vaupré et al. (2014) find cosmic ray ionisation rates much larger (> 100)
than those in standard Galactic clouds, supporting the hypothesis made in the Fermi paper that the
gamma-rays observed in this region have a hadronic origin. Conversely, towards one position situated
at a larger distance coincident with a southern hotspot, they derive a standard cosmic ray ionisation
rate, suggesting that the ionising lower energy CRs remain confined closer to the SNR. The picture
that emerges is that of a stratified structure with CRs of larger and larger energies occupying larger
and larger volumes ahead of the shock, in agreement with the current theory. This region is therefore
an excellent site to study CR diffusion and Fermi-LAT data are crucial to constrain the associated
parameters.
Using the first year of Fermi-LAT observation, Abdo et al. (2010b) detected a source coincident
with HESS J1801−233 and only one source to the South associated with HESS J1800−240B. Then,
the second Fermi-LAT catalog reported the detection of two LAT sources in the southern region:
2FGL J1800.8−2400 and 2FGL J1758.8−2402c (Nolan et al., 2012). Our new analysis was based
on 4 years of data above 2 GeV (Hanabata et al., 2014), focusing on the high energy band of the
LAT to allow a comparison with the TeV observations made by H.E.S.S.. Figure 4.4 (left and right)
shows a close-up view of the LAT counts map above 10 GeV, superimposed on the H.E.S.S. signif-
icance map (Aharonian et al., 2008b) and the radio image by the Very Large Array (Brogan et al.,
2006). In addition to HESS J1801−233 and the two hotspots associated to HESS J1800−240B and
HESS J1800−240C, the region coinciding with HESS J1800−240A is now bright at GeV energies,
as well as an additional GeV source to the west (called Source W) beyond the observed TeV emis-
sion. We performed a series of maximum likelihood fits to investigate the GeV morphology around
W28, adopting a power-law spectral form for all sources of interest. The best-fit model for the GeV
emission is provided by including the H.E.S.S. template and a separate point-source for Source W,
thus highlighting the very good correspondence of the LAT signal with the TeV emission. We found
no other obvious multi-wavelength counterparts to Source W, such as pulsars and blazars, within the
positional error radius of 0.054◦ at the 95% confidence region. Then, using the best spatial model,
we performed a spectral analysis of the sources in this region. W28 (HESS J1801−233) is well fit
with a simple power-law with an index of 2.77± 0.06, in agreement with the previous result reported
by Abdo et al. (2010b) which also reported the detection of a significant break at ∼ 1 GeV (thanks
to a larger energy range from 200 MeV to 100 GeV). The LAT spectra of HESS J1800−240B and
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HESS J1800−240C smoothly connect to the H.E.S.S. measurements, while HESS J1800−240A has
a slightly harder spectral index than the value of 2.55 ± 0.18 found by H.E.S.S.. Thus, we expect
a spectral break in the GeV to TeV range. The absence of detection of Source W by H.E.S.S. also
hints for a spectral break between the energy domains covered by the two experiments. The main
part of the paper, led by the Japanese group at Ibaraki University, explore the possibility that the three
H.E.S.S. sources are attributed to the pion-decay gamma rays from molecular clouds illuminated by
the escaping particles accelerated in W28. The conclusion of this work is that the GeV–TeV spectra of
the four sources surrounding W28 can naturally be explained by a single model in which the diffusion
constant D27 at 10 GeV c−1 is 0.5–5 in units of 1027 cm2 s−1 and the power-law index of the energy
dependence δ is 0.1–0.35. These values are smaller than those based on the Galactic CR propagation
model: D27 ∼ 10 and δ ∼ 0.6 (Ptuskin et al., 2006). D27 is also smaller than that of W44 derived
by Uchiyama et al. (2012) (see Section 4.2.2). However, for an SNR in a dense environment, D27 is
expected to be as low as∼ 0.1 (Ormes et al., 1988) and to depend on the magnetic field strength in the
molecular cloud into which the runaway CRs propagate (Gabici et al., 2007). D27 and δ would also
be affected by the amplification of Alfvén waves generated by the escaping CRs (Fujita et al., 2011).
Interestingly, considering the masses of the molecular clouds responsible for the emission, the lower
limit on the total energy of the escaped CRs is constrained to be ∼ 2 × 1049 erg, in agreement with
the conjecture that SNRs are the main sources of the Galactic CRs.
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Figure 4.4: The LAT count map between 10 and 100 GeV around W28 superimposed on (a) H.E.S.S. and (b)
VLA contours. The maps have a pixel size of 0.05◦ and are smoothed by a Gaussian kernel of σ = 0.20◦.
The inset of each figure shows the simulated LAT PSF with a photon index of 2.5 in the same energy range,
adopting the same smoothing. Locations of 2FGL catalog sources included in the emission model are in-
dicated with black marks; circle for W28, left-hand cross for 2FGL J1800.8−2400, and right-hand one for
2FGL J1758.8−2402c, respectively. A blue × indicates the best-fit position of W28. Blue diamonds on the left
indicate HII regions: G6.1−0.6 and G6.225−0.569. The blue diamond on the right is W28A2 (see the text).
The white diamond indicates the OH maser spot associated with G5.71−0.08. Green contours in panel (a)
show the H.E.S.S. significance map for TeV γ rays at 20, 40, 60, and 80% levels (Aharonian et al., 2008b).
Bright TeV spots in the south are A, B, and C as indicated in the figure. Green contours in panel (b) indicate
the VLA 90 cm image at 5, 10, and 20% of the peak intensity (Brogan et al., 2006). Outer boundaries of SNR
W28 and G5.71−0.08, as determined from the radio images, are drawn as white dashed circles. Plot taken
from (Hanabata et al., 2014).
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4.2.2 Cosmic-ray escape at high energy from W44

The SNR W44 is a middle-aged (∼ 2 × 104 years old) SNR located in the Galactic Plane (l,b) =
(34.7◦,−0.4◦) at a distance of ∼ 3.1 kpc (Clark and Caswell, 1976). In the southeast side of the SNR,
a molecular cloud complex embedded in the SNR shell interacts with the source (Wootten, 1977; Rho
et al., 1994). The OH maser (1720 MHz) emission detected in correspondence with the SNR/MC
region, confirms their interaction (Claussen et al., 1997). At gamma-ray energies, this source was
first detected by Fermi-LAT observations above 200 MeV that showed a GeV emission morphology
with an apparent good correlation with the radio shell (Abdo et al., 2010c). Its associated spectrum
showed a prominent peak near 1 GeV and a clear decrease at higher energies with a steep spectrum
for the photon index near 3, explaining why it is not detected at TeV energies. A few years later, it
attracted much attention because of its relevance regarding the origin of Galactic cosmic-rays with
the identification of a spectral decrease below 200 MeV (known as the "pion bump") by the missions
AGILE and Fermi (Giuliani et al., 2011; Ackermann et al., 2013a). This feature can naturally be
attributed to a neutral pion emission. It is a clear evidence that protons are being accelerated (or re-
accelerated, depending on the mechanism of acceleration invoked) by the SNR shock. The gamma-
ray analysis of the neighborhood of this SNR is clearly tempting to look for interaction of escaping
protons with the surrounding MCs. The analysis and modeling was led by Yasunobu Uchiyama at
Stanford Linear Accelerator and the paper published in The Astrophysical Journal Letters (Uchiyama
et al., 2012).
For this analysis, we used the LAT data above 2 GeV acquired from 2008 August 4 to 2011 September
6. We employed a synchrotron radio map of SNR W44 taken from Handa et al. (1987) to model the
spatial distribution of the gamma-ray emission from W44 given that the synchrotron and gamma-ray
emission from W44 are expected to be co-spatial (as seen in the first Fermi analysis of this source
in 2010). Figure 4.5 b) shows a residual count map, where the observed count map in 2–100 GeV
is subtracted to the best-fit sky model. Significant excess γ-rays are seen in the vicinity of W44; the
features are referred to as SRC-1 and SRC-2 in the paper. The statistical significance is found to
be ∼ 9σ for SRC-1 and ∼ 10σ for SRC-2. The residual count map depends weakly on the choice
of the spatial template that describes γ-rays from W44. Our simulations using the gtobssim tool
from the Fermi Science Tools verified that SRC-1 and SRC-2 are not caused by photons leaking from
W44 due to the PSF of the LAT. We also checked the robustness of the results by selecting only the
front-converted events. A spectral analysis was then performed showing a power-law photon index of
2.56 ± 0.23stat ± 0.2syst and 2.85 ± 0.23stat ± 0.2syst for SRC-1 and SRC-2, respectively. We tested
a smoothly broken power-law and exponentially cutoff power- law for SRC-1/2 but found that the
spectral fits do not significantly improve.
It has long been known that a complex of giant molecular clouds surrounds SNR W44; the spatial
extent is as large as 100 pc and the total mass of the complex amounts to ∼ 1× 106M� (Dame et al.,
1986; Seta et al., 1998). We have investigated the possibility that the γ-ray emission in the vicinity of
W44 would be caused by imperfection of the maps of gas column densities used in the model of the
Galactic interstellar diffuse emission, or to a local enhancement of CR density. The former implies
that the mass in the gamma-ray-emitting region around W44 is underestimated by a large factor (∼ 5),
or it requires the presence of unknown background clouds with a huge mass of 106M�. Therefore
an overabundance of CRs in the vicinity of W44 offers a more sensible explanation. Assuming 1 <
D27 < 30 for the diffusion constant at 10 GeV, the model of cosmic-ray escape proposed by Yasunobu
and applied to the case of SRC-1 and SRC-2 implies that the total kinetic energy channeled into the
escaping CRs is ∼ (0.3 − 3) × 1050 erg. As for the case of W28, such energy would be sufficient to
place SNRs as the main sources of Galactic CRs.
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Figure 4.5: (a) Fermi LAT γ-ray count map for 2–100 GeV around SNR W44 in units of counts per pixel
(0.1◦ × 0.1◦) in celestial coordinates (J2000). Gaussian smoothing with a kernel σ = 0.3◦ is applied to the
count maps. Green contours represent a 10 GHz radio map of SNR W44 (Handa et al., 1987). 2FGL sources
included in the maximum likelihood model are shown as crosses, while those removed from the model are
indicated by diamonds. (b) The difference between the count map in (a) and the best-fit (maximum likelihood)
model consisting of the Galactic diffuse emission, the isotropic model, 2FGL sources (crosses), and SNR W44
represented by the radio map. Excess γ-rays in the vicinity of W44 are referred to as SRC-1 and SRC-2. These
Figures are taken from (Uchiyama et al., 2012).

4.2.3 The unidentified TeV source HESS J1729−345

The supernova remnant HESS J1731−347 was analyzed by my PhD student, Benjamin Condon, who
defended his thesis in October 2017. A distinctive feature of the HESS J1731−347 environment is
another resolved TeV source, HESS J1729−345, located just outside of the SNR (H.E.S.S. Collab-
oration et al., 2011a). This source is in apparent spatial coincidence – at least in projection – with
molecular clouds seen through sub-mm molecular line emission. Since no other local particle accel-
erators are known so far, a scenario in which particles that have escaped the SNR HESS J1731−347
and are presently penetrating the molecular clouds coincident with HESS J1729−345, leading to en-
hanced γ-ray emission, was suggested by Cui et al. (2016). In contrast to W28 and W44, HESS
J1731−347 is much younger and is presently still accelerating super-TeV particles. It offers the op-
portunity to model the evolution of the SNR and its associated particle acceleration and escape history
up to the present time with rather good precision. To constrain the parameters of this model, we de-
cided to analyze the region with the eight years of Pass 8 data between 1 GeV and 2 TeV used to
study the shell-type remnants SN 1006 and HESS J1731−347 as discussed in Section 3.3.3. In the
model of the region corresponding to HESS J1731−347, we added a Gaussian source to represent
the potential emission of HESS J1729−345, using the position and extension reported in the H.E.S.S.
paper (R.A. = 262.39◦, Dec.=−34.54◦,σ= 0.14◦) and performed a new fit of the region. As it resulted
in a non-detection (TS < 3), we derived a 95% C.L. upper limit (1.30× 10−12 erg cm−2s−1 between
1 GeV and 2 TeV) presented in Figure 4.6 (middle). This upper limit is a factor of two above the
TeV data and cannot constrain the origin of the γ-ray emission of HESS J1729−345. However, it
confirmed a turnover between the Fermi-LAT and H.E.S.S. data, and according to Cui et al. (2016)’s
model, it is well below the sensitivity of the LAT in the Galactic plane. Therefore, we do not ex-
pect any constraints in the near future coming from the LAT on this unidentified source. In addition
to the detection of HESS J1729−345, Cui et al. (2016) investigated the possibility that CRs were
diffusing from the SNR forward shock to nearby molecular clouds and made predictions regarding
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the γ-ray emission of an hypothetical cloud called MC-core located at a position coincident with the
HII region G353.43−0.37. This cloud is located very close to a LAT γ-ray source detected in this
region called S0 in our Fermi paper (see left side of Figure 4.6). For those reasons, we studied the
spectrum of S0 in the GeV band and found a spectral index of Γ = 2.50 ± 0.05stat and an energy
flux of (4.90 ± 1.28stat) × 10−12 erg cm−2 s−1, as presented in Figure 4.6 (right). If S0 corresponds
to MC-core, this result does not support Cui et al. (2016)’s models which predicted a hard index at
GeV energies. However, it should be noted that the model depends on several parameters, the most
important one might be the distance between the SNR and the cloud which is very poorly known.
Since S0 could be another background source and not related to MC-core, we added another point
source, at the same position. In this situation, no significant signal was found in addition to S0 and
the derived upper limit (9.31× 1013 erg cm−2 s−1 between 1 GeV and 2 TeV) could not constrain the
predicted models. All results are discussed in the Fermi paper (Condon et al., 2017) and in Benjamin
Condon’s thesis.
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Figure 4.6: Left: TS map (1 GeV − 2 TeV) in Galactic coordinates showing a 2◦ × 2◦ region centered on the
position of HESS J1731−347. Green diamonds correspond to additional background sources while the black
cross and green circle correspond to the best-fit position (for E > 1 GeV) of HESS J1731−347 as a point
source and a uniform disk respectively. The best uniform disk above 10 GeV is represented by the green dashed
circle. The TeV morphology of the shell is represented by the yellow contours and the yellow dashed circle
shows the position of HESS J1729−345. Middle: Fermi-LAT γ-ray spectrum of HESS J1729−345 using eight
years of Pass 8 data between 1 GeV and 2 TeV in blue (Condon et al., 2017) together with the H.E.S.S. spectrum
of HESS J1729−345 (H.E.S.S. Collaboration et al., 2011a) in green. Right: Fermi-LAT γ-ray spectrum of S0
with the same dataset. In both figures, the black dashed line corresponds to the prediction from Cui et al.
(2016).

Since it became clear that very few constraints on HESS J1729−345 can be obtained with the LAT,
we decided to analyze archival data unpublished by the H.E.S.S. collaboration to see if new results
could be obtained on this region. For the last publication of the H.E.S.S. collaboration (H.E.S.S. Col-
laboration et al., 2011a), a total of 59 hours was used. However, since then, 32 hours were taken on
this region with the four small telescopes but were not used for any publication yet. After quality
selection cuts, a total of 91 hours was used for this re-analysis. The data set was analyzed using the
Model analysis (de Naurois and Rolland, 2009) which exploits the full pixel information by com-
paring the recorded shower images with a pre-calculated shower model using log-likelihood min-
imization. Spectral and spatial analyses were carried out using a minimum image intensity of 60
photoelectrons (p.e.) resulting in an energy threshold of ∼240 GeV. For the background estimation
in the image and in the morphology studies, the ring background method presented in Berge et al.
(2007) was used. Regions of 0.4◦, 0.2◦ and 0.2◦ around HESS J1731−347, HESS J1729−345 and
MC-core respectively were excluded as seen in Figure 4.7 a).
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Figure 4.7: Left: Exclusion regions (red) superimposed to the significance map highlighting pixels above 5σ.
Middle: Significance map obtained using the ring background method. Dotted circles indicate the positions and
sizes of HESS J1731−347 and HESS J1729−345 according to (H.E.S.S. Collaboration et al., 2011a). Right:
Significance distribution in the OFF regions (red). The black line corresponds to the fit with a Gaussian.

The significance map obtained in Figure 4.7 (middle) reveals a morphology different from the one
published by H.E.S.S. Collaboration et al. (2011a): instead of a point-like source, the emission coming
from HESS J1729−345 seems to be diffuse, elongated and connected to HESS J1731−347. To
characterize this gamma-ray emission and quantify a potential difference with respect to the previous
H.E.S.S. publication, we used Chandra’s modeling and fitting package released by NASA called
Sherpa2. Several morphological fits have been performed to characterize HESS J1729−345 assuming
a disk spatial model, a 2D-Gaussian or an asymmetric 2D-Gaussian and fitting at the same time the
parameters of the 2D-shell representing HESS J1731−347. The results are reported in Table 4.1
showing that the best fit is obtained for an extended source. An improvement at 3.8σ level is obtained
using the asymmetrical 2D-Gaussian with respect to the simple 2D-Gaussian. This confirms the
visual impression that we had looking at Figure 4.7 (middle): the emission is significantly extended
and elongated. Interestingly, this emission seems to coincide with the distribution of molecular gas
at ∼3.2 kpc as evidenced by CS(1-0) emission with the Mopra radio telescope (Maxted et al., 2018).
This is another evidence in favor of a runaway CR scenario. Observations at lower energies especially
with HESS-II or with CTA-South will be of prime importance to provide a confirmation that protons
are indeed being accelerated by HESS J1731−347 and escaped in the surrounding medium to create
the γ-ray signal seen by H.E.S.S. in the North of the shell.

HESS J1731−347 HESS J1729−345 log(L) Test Statistic Ndof

2D-shell − −90473 − 6

2D-shell Disk −90396 154 10

2D-shell 2D-Gauss −90392 162 10

2D-shell Asym 2D-Gauss −90383 180 12

Table 4.1: Morphological fits of HESS J1729−345. Ndof is the number of degrees of freedom for each model.

2This analysis package is available at: http://cxc.harvard.edu/sherpa/
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4.3 Middle-aged SNRs in the ISM

Fermi-LAT also reported the detection of evolved SNRs with gamma-ray luminosity of ∼ 1033 erg/s
between 1 and 100 GeV, much lower than those of GeV-emitting SNRs interacting with MCs. This
is the case of Cygnus loop and S147. The Cygnus Loop (G74.0−8.5) is one of the most famous and
well-studied middle-aged SNRs. The shell-like X-ray emission from thermal plasma is prominent
in the northern region of the remnant, with a blowout in the southern rim (Ku et al., 1984). The
distance from Earth is estimated to be 540 pc based on the proper motion of optical filaments in
conjunction with models of non-radiative shocks (Blair et al., 2005). The age has been estimated
to be ∼ 2 × 104 yr based on plasma parameters derived from X-ray data (Miyata et al., 1994) and
∼ 1.4 × 104 yr based on the shock model and X-ray measurements (Levenson et al., 1998). SNR
S147 (G180.0−1.7), located toward the Galactic anticenter, is one of the most evolved SNRs in our
Galaxy. S147 has a nearly circular shape with an angular diameter of≈ 200 arcminute. No indication
of interactions with molecular clouds has been reported for these 2 SNRs. In both cases, the best fit to
the LAT data is obtained using multi-wavelength spatial templates (Hα emission or X-ray) rather than
simple geometrical shapes. Since I contributed to the publication on S147 only, I will concentrate on
this remnant and briefly summarize the results obtained since they are of interest in the context of the
Crushed Cloud model proposed by Uchiyama et al. (2010) to explain the gamma-ray emission from
SNRs interacting with MCs.
For this analysis, we used ∼31 months of LAT data collected from 2008 August 4 to 2011 March 1.
The morphological analysis was performed above 1 GeV. First, we generated a Test Statistic (TS) map
of the region. It is clear from Figure 4.8 that the excess gamma rays above backgrounds are distributed
inside the SNR boundary and the spatial extent of the source is consistent with the remnant size.
Using the different spatial templates (disk, sphere, shell and Hα template3), we perform maximum
likelihood fits and compare the best-fit parameters in the energy range of 1–200 GeV. S147 source
is significantly detected in each case, and the obtained fluxes and spectral shapes are almost the
same. The Hα image has the largest TS among all templates, despite the fact that the other templates
have three more free parameters (position and diameter) than those of the Hα image. Comparisons
between gamma-ray and Hα fluxes on five distinct regions of S147 indicate a possible correlation
between them but more statistics is needed to confirm this result. The results of the correlation
diagram and the fits of the different spatial templates suggest that the gamma-ray emission exhibits
a possible correlation with Hα filaments and therefore also with synchrotron radio filaments given a
tight correlation between the Hα and radio maps (Xiao et al., 2008). This means that the high-energy
particles responsible for the gamma-ray emission are in the vicinity of the shock regions since the
Balmer-dominated filaments define the current location of the blast wave and mark the presence of
neutral material. Junichiro Katsuta modeled the multi-wavelength spectra assuming that the gamma-
ray emission comes from two distinct regions: 1) the intercloud medium in which the blast wave is
propagating, 2) the filaments formed through radiative shocks driven in atomic clouds. Obviously,
due to the large PSF of the LAT, these components are only separated spectrally in the gamma-ray
band. His model well reproduces the multi-wavelength data and shows that the gamma-ray flux is
dominated by the pion-decay emission from the dense filaments due to the high densities of gas and
CRs. The model also indicates that the re-acceleration of pre-existing CRs and subsequent adiabatic
compression is sufficient to supply the required CR density in filaments. SNR S147 thus offers a first
example of realization of the Crushed Cloud model in an atomic cloud version (i.e without any MC
interaction), and supports the importance of dense filaments in SNRs as gamma-ray production sites.

33-2 transition in neutral atomic H, used as a tracer of ionized gas
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All results on S147 are published in Katsuta et al. (2012). The GeV gamma-ray emission from the
Cygnus Loop (Katagiri et al., 2011) may be explained by the Crushed Cloud model as well.

Figure 4.8: Left: TS map obtained with maximum likelihood analysis of the Fermi-LAT data in the vicinity of
SNR S147 above 1 GeV. Overlaid are linear contours of the background-subtracted count map above 1 GeV.
A white circle represents the outer boundary of SNR S147. A cyan cross and circle represent a position and
positional error (95% confidence level) of the EGRET source 3EG J0542+2610, respectively (Hartman et al.,
1999). A magenta cross indicates the position of PSR J0538+2817. Right: Hα flux intensity map of SNR S147
in units of rayleighs (106/4π) photons cm−2s−1sr−1(Finkbeiner, 2003), with the contours of the background-
subtracted count map overlaid.

4.4 Puppis A: a transition case

Puppis A is a SNR adiabatically expanding into the interstellar medium in the vicinity of a large
molecular cloud. At an age of only ∼4500 years (Becker et al., 2012) implying that the SNR is
currently in the Sedov-Taylor evolutionnary phase, it is amongst the youngest Galactic SNRs known
to be interacting at several locations throughout the shell with dense gas seen as a complex of small
HI and CO clouds. This makes Puppis A an interesting transitional case between young SNRs still
evolving into a circumstellar medium (e.g. Cas A), and older SNRs which are interacting with large,
dense molecular clouds (e.g. IC 443). Located at a distance of 2.2 ± 0.3 kpc (Reynoso et al., 2003),
it is one of the three oxygen-rich SNRs known in the Galaxy. This, together with the presence of a
compact object strongly supports the idea that Puppis A originates from a core-collapse SN explosion.
Recent high-resolution X-ray observations of the whole SNR (Dubner et al., 2013) have confirmed
the presence of a decreasing gradient in the emission from NE to SW and also revealed a highly struc-
tured and filamentary morphology with unprecedented detail, indicating that Puppis A is evolving in
an inhomogeneous, knotty ISM. Observations with Spitzer have shown a clear correlation between
infrared (IR) and X-rays at all spatial scales, demonstrating that the thermal IR emission arises from
dust collisionally heated by the hot, shocked plasma (Arendt et al., 2010).
We used 36 months of Fermi-LAT observations to analyze the source and report the detection of the
SNR Puppis A (Hewitt et al., 2012). As a first step, we performed a morphological analysis of the
source and found that Puppis A is clearly spatially extended at energies above 800 MeV, with a GeV
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morphology well correlated with X-ray and IR emissions. Then, using the X-ray template, we per-
formed a maximum likelihood fit using gtlike and compared the best-fit parameters in the wide energy
range 0.2–100 GeV. To avoid any bias due to the brightness of the Vela pulsar in this energy interval,
the spectral fit was performed in the off-pulse phase interval. No evidence for cutoff or break is visible
and, in all cases, the Fermi-LAT data are well described by a power-law of index 2.09±0.07±0.09 in
the LAT energy range. We also searched for spectral variations across the γ-ray emission associated
with Puppis A by dividing the X-ray template into two halves. We allowed an independent normal-
ization and spectral index for the two X-ray parts. Interestingly, the spectrum of the Western half-disk
is found to be steeper by an index of 0.3 (2σ) above 200 MeV, with respect to the Eastern half-disk
as can be seen in Figure 4.10. However, more statistics are needed to confirm spectral differences
between the Eastern and Western regions. For this paper, we worked together with Jack Hewitt from
the NASA Goddard Space Center who analyzed WMAP data at 20 to 93 GHz allowing a detection
of Puppis A in this energy band as well. Extending the radio spectrum to high energies reveals a pu-
tative spectral break or cutoff at a frequency above 40 GHz. Very few SNRs have been convincingly
shown to have breaks at high frequencies. One such SNR is S147, which has a break at ∼1.5 GHz.
However, there are significant differences between S147 and Puppis A. S147 is an order of magnitude
older and has entered the radiative phase (indicated by dense Hα filaments), while Puppis A is still
non-radiative, except for a few bright X-ray knots. The radio break in S147 occurs at ∼1.5 GHz,
and may be explained by synchrotron cooling over the long lifetime of the remnant while the break
frequency in Puppis A is more difficult to explain. A synchrotron break at ∼40 GHz would require a
magnetic field in excess of 1 mG to have existed for the entire lifetime of Puppis A, in order to cool
the electron spectrum. However, no corresponding break is observed in the LAT spectrum with the
current statistics, so two electron populations would be required to fit the radio and γ-ray data.
If we do not take into account this indication of spectral break, the radio to γ-ray SEDs was fit
using IC, Bremsstrahlung and hadronic dominated models presented in Figure 4.9. All emission
mechanisms are able to fit the data, though with different magnetic field strengths and energetics of
relativistic particles. In the leptonic models, the electron-to-proton ratio needs to be larger than 0.1,
and thus in excess of the ratio found for local cosmic-ray abundances, to inject a reasonable energy
content in radiating electrons. For the hadronic model a total energy in CR protons of Wp ∼ 4×1049

erg is needed: this is comparable to the total energy in non-thermal protons estimated in Cas A in the
hadronic model (see section 3.2). In contrast, SNR W49B has a luminosity one order of magnitude
greater than Puppis A, with a total energy content in protons of only∼few times 1049 erg (in hadronic
models), similar to Puppis A and a similar age. The difference in luminosity can be easily explained
by the much higher average density in W49B, as it is interacting with large molecular clouds. Cas A
is thought to have a target density comparable to that of Puppis A, and so a comparable luminosity
is to be expected. It can also easily be concluded that gamma-ray emission from Puppis A cannot be
due to interactions of background CRs with interstellar gas. In the region of Puppis A the spectral
index of CRs inferred from the Galactic diffuse gamma-ray emission is about 2.7, which is close
to the locally observed one but much softer than that inferred for Puppis A. Furthermore, the mean
energy density of CRs responsible for the gamma-ray emission of Puppis A, ≈ 37 eV cm−3, derived
with n×Wp/Mgas, is higher than that of the background CRs. Therefore, the gamma-ray emission
is most likely produced by particles accelerated at the shock of SNR Puppis A. All results were later
confirmed by a separate analysis by Xin et al. (2017) using Pass 8 data which also found a break in
the full gamma-ray spectrum at 7.92± 1.91 GeV. This would need to be cross-checked since this new
analysis started at only 1 GeV and did not perform the spectral analysis in the off-pulse window of
the Vela pulsar which could contaminate slightly the spectrum between 1 and 10 GeV.
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Figure 4.9: SED models for Puppis A, for which IC (top), Bremsstrahlung (middle) and π0-decay (bottom) are
the dominant emission mechanism taken from Hewitt et al. (2012). In each model the radio data are fit with
a synchrotron component. All models show the contributions of π0-decay (long dashed, red), Bremsstrahlung
(dotted, blue), and IC emission (dashed, blue) from CMB, IR dust photon field, and stellar optical photons. The
sum of the three γ-ray components is shown as a solid black curve.

Following up with this result, I worked together with Diane Fernandez and Matthieu Renaud
(LUPM, Montpellier) on the H.E.S.S. observations of this source using data taken from 2005 to
2013 with the four-telescope array alone. The statistical significance of a potential VHE gamma-ray
emission from Puppis A was determined after background subtraction with the reflected background
method (Berge et al., 2007). No significant signal was found within the ON-region. In total, eight
excess counts were measured, corresponding to a significance of 0.1σ. Similar analyses have been
performed for the two half-disk regions where no signal was found as well. Presuming that the ac-
celerated particle spectra are power-laws (PL) with exponential cutoffs as predicted by the diffusive
shock acceleration mechanism (see Section 2.3), the gamma-ray spectrum resulting from the different
emission processes should also follow a PL with exponential cutoff. To evaluate the existence of such
a cutoff energy in the spectrum of the whole SNR, a likelihood estimator L was defined as the com-
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bination of the likelihoods from the Fermi-LAT data points and H.E.S.S. measurements. The profile
of the log-likelihood ratio test statistic -2lnΛ has an approximate χ2 distribution with one degree of
freedom (Rolke et al., 2005). The minimum is reached at around ∼ 150 GeV. Below these energies,
-2lnΛ increases rapidly because of the constraints imposed by the Fermi-LAT detection. Above that,
the H.E.S.S. data become more constraining and lead to an increase in the -2lnΛ value. The 99% CL
ULs on the cutoff energy correspond to 450 GeV which corresponds to ULs on Emax of∼ 2 TeV,∼ 3
TeV, or ∼ 5 TeV depending on whether the gamma-ray emission results from Bremsstrahlung, IC or
proton-proton interactions radiation mechanisms. Throughout the SNR evolution, particles are accel-
erated at the forward shock up to a maximum energy Emax, typically determined by the SNR’s finite
age, finite size, or radiative losses. These effects become relevant when the characteristic timescales
are close to the acceleration timescale, leading to cutoffs in the spectra of accelerated particles residing
in the SNR. Using the equations for the acceleration, synchrotron loss and proton-proton interaction
loss timescales, we could conclude that none of the standard limitations (age, size, radiative losses)
on the particle acceleration mechanism, assumed to be continuing at present, can explain the lack
of VHE signal. However, as said above, multi-wavelength data suggest that Puppis A has already
interacted with MCs in some localised regions along the shell and that the NE region coincident with
the bulk of GeV emission is possibly interacting with a far-IR MC. If this is true, the acceleration of
particles could have ceased some time ago, and either a radiative cutoff or a break of a non-radiative
origin could be expected. In the latter case, the break is expected at somewhat higher energies than
those measured in several SNRs known to be interacting with MCs, which lie in the 1–20 GeV energy
range. All results have been published in H. E. S. S. Collaboration et al. (2015b).
This source could well be an example of transition from fresh acceleration of cosmic-rays in some part
of the remnant to re-acceleration of the cosmic-ray sea in the interaction region. Clearly, further ob-
servations to characterize the radio and γ-ray spectra are needed. High-frequency radio observations
are needed to spatially resolve the radio spectral break or cutoff. Increased sensitivity with the contin-
ued observations by Fermi-LAT will allow any differences between the Eastern and Western regions
to be firmly established. Observations at TeV energies of Puppis A with CTA will be interesting in
several respects: (1) to determine the energy of the spectral cutoff or break and discriminate between
emission mechanisms, (2) to measure differences between Eastern and Western hemispheres and the
effects of shock-cloud interactions, and (3) to search for escaping CRs which may have encountered
the nearby Eastern cloud.
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Figure 4.10: H.E.S.S. 99% CL upper limits on the differential flux (arrows), together with the Fermi-LAT
spectra from Puppis A, as reported in H. E. S. S. Collaboration et al. (2015b). Red, blue and green symbols
correspond to Fermi-LAT and H.E.S.S. measurements for the whole SNR, the E and W hemisphere, respectively.
The data points show the LAT fluxes and 1σ statistical and systematic errors, whilst the bowtie areas define
the 68% CL bands. The solid and dashed lines indicate the preferred γ-ray spectra for the exponential and
sub-exponential cutoff models, respectively.
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• Middle-aged SNRs are the dominant class of SNRs detected by the LAT

• Four middle-aged SNRs show the characteristic pion bump feature, naturally at-
tributed to proton-proton interaction. This is the evidence that protons are accelerated
(or simply re-accelerated and adiabatically compressed) in SNRs.

• Intensive work on W49B for a joint publication between Fermi-LAT and H.E.S.S.:
the characteristic pion-bump feature as well as two energy breaks have been identi-
fied. The gamma-ray emission can be reproduced by proton-proton interaction in the
framework of the direct interaction model.

• Two middle-aged SNRs show cosmic-ray escape and interaction in nearby molecular
clouds: W44 and W28. With my PhD student, Benjamin Condon, we have focused
on HESS J1729−345 that could be explained by the emission from runaway cosmic
rays accelerated by the young SNR HESS J1731−347 and that are now interacting
with molecular clouds coincident with the unidentified TeV source.

• Middle-aged SNRs without MC interaction also show γ-ray emission from the fila-
ments formed through radiative shocks driven in atomic clouds. S147 is an excellent
example of this category.

• A transition between fresh acceleration of cosmic-rays in young SNRs to re-
acceleration of the cosmic-ray sea must occur during the SNR lifetime. Puppis A
was analyzed with Fermi-LAT and H.E.S.S. data and might be an excellent example
of this class of sources.

• The environment in which the SNR is evolving is a key characteristic con-
trolling the γ-ray spectrum: we have studied the case of G349.7+0.2 which has
roughly the same age as W49B and shows an energy break which is∼ 5 times higher.

Summary

The results presented in this chapter have been published in (bold faces indicate those for which I
am corresponding author; I am co-author of all others):

• Abdalla H. et al., 2016, to be published in Astronomy & Astrophysics, arXiv:1609.00600:
"The supernova remnant W49B as seen with H.E.S.S. and Fermi-LAT"

• Abramowski A. et al. 2015, Astronomy & Astrophysics, 575, A81: "H.E.S.S. reveals a lack of
TeV emission from the supernova remnant Puppis A"

• Abramowski A. et al. 2015, Astronomy & Astrophysics, 574, A100, "H.E.S.S. detection of
TeV emission from the interaction region between the supernova remnant G349.7+0.2 and a
molecular cloud"

• Hanabata Y. et al. 2014, The Astrophysical Journal, 786, 145: "Detailed Investigation of the
Gamma-Ray Emission in the Vicinity of SNR W28 with Fermi-LAT"

• Ackermann M. et al. 2013, Science, 339, 807: "Detection of the Characteristic Pion-Decay
Signature in Supernova Remnants"
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• Hewitt J. W. et al. 2012, The Astrophysical Journal, 759, 89: "Fermi-LAT and WMAP
Observations of the Puppis A Supernova Remnant"

• Katsuta J. et al. 2012, The Astrophysical Journal, 752, 135: "Fermi Large Area Telescope
Observation of Supernova Remnant S147"

• Uchiyama Y. et al. 2012, The Astrophysical Journal Letters, 749, L35: "Fermi Large Area
Telescope Discovery of GeV Gamma-Ray Emission from the Vicinity of SNR W44"

• Abdo A. A. et al. 2010, The Astrophysical Journal, 712, 459: "Observation of Supernova
Remnant IC 443 with the Fermi Large Area Telescope"

• Abdo A. A. et al. 2010, Science, 327, 1103: "Gamma-Ray Emission from the Shell of Super-
nova Remnant W44 Revealed by the Fermi LAT"
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SN 1006

5.1 First GeV catalog of Galactic extended sources

The past several years have seen unprecedented growth in the field of gamma-ray astronomy with
the publication of several catalogs, both at TeV and GeV energies. These catalogs revealed different
classes of astrophysical sources such as supernova remnants (SNRs), pulsar wind nebulae (PWNe),
and molecular clouds (MCs) for what concerns our Galaxy. Many are observed as spatially extended
with respect to the angular resolution of the instruments. This morphological aspect is important for
several reasons. First, finding a coherent source extension across different energy bands can help to
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associate a gamma-ray source with a potential counterpart. Then, such multi-wavelength studies can
also help to determine the emission mechanisms producing these high energy photons. Finally, due to
the energy dependence of the point spread function (PSF), the spatial and spectral characterization of
a source cannot be decoupled. An incorrect spatial model will bias the spectral model of the source
and vice versa, and can also skew the spectra of point sources in the vicinity of the extended source.

5.1.1 A pipeline adapted to extended sources study with Fermi

Pointlike analysis of individual sources

In the early days of Fermi, I started to work with my PhD student Marie-Helene Grondin in coordina-
tion with Fermi-LAT colleagues from Stanford University (namely Stefan Funk and his PhD student
Joshua Lande) to modify an already existing analysis method developed by Toby Burnett1 to search
for signs of spatially extended emission beyond the PSF. I received a France-Stanford grant to invite
Joshua in Bordeaux and to spend a month at SLAC. The extension fitting method works by convolv-
ing the intrinsic LAT PSF with a spatial model of the candidate source to create a "pseudo-PSF" of the
expected source appearance. The parameters of the spatial extension model are then varied to find the
shape that most closely matches the spatial distribution of observed photons. The foremost challenge
of measuring angular extents with the LAT is to properly account for a PSF that ranges a full 2 orders
of magnitude in size over the energy range of the instrument and has a long non-Gaussian tail. In or-
der to address these complications, pointlike groups photons into separate energy bands. Photons in
an energy band are grouped into spatial bins that scale in size with the changing PSF as a function of
energy. The angular size of the bins used for analysis narrows at high energies to mimic the improved
spatial resolution of the LAT. The model is fit to the data using a binned likelihood analysis. The sig-
nificance of the detection of a source’s extension is then calculated using a standard likelihood ratio
test. This analysis method has been applied for several sources detected with Fermi-LAT, especially
a first search of extension of several bright point sources detected by Fermi (Lande et al., 2012).

Blind search for extended sources in the Galactic plane

The above-mentioned publication started from already LAT detected sources. The next step was
to work blindly in the Galactic plane. In this context, I developed an analysis pipeline based on
pointlike to perform a complete search for extended sources located within 7◦ from the Galactic
plane. This pipeline was launched over 216 regions of radius 10◦, centered on b = 0◦ and ± 5◦ with
overlapping neighboring regions separated by 5.0◦ in Galactic longitude (Figure 5.1). To homogenize
the analysis, extended sources were all fit assuming a uniform disk shape. The pipeline included
extended sources from the 3FGL catalog, which were initialized at their best-fit disk extension. If the
source was previously modeled with a Gaussian shape in the 3FGL catalog, we initialized the disk
radius at 1.85 σGaussian as suggested by Lande et al. (2012). If the source was previously modeled
with a multi-wavelength template, we used the average between the semi-major and semi-minor axes,
reported in the 3FGL catalog, to initialize the disk radius. In each region, the pipeline is used to find
all point and extended sources and evaluate the best-fit position and extension, as well as preliminary
spectral values. Then, using those morphologies, the pipeline subsequently employed gtlike to obtain
the best-fit spectral parameters (initializing spectra at the pointlike-determined values) and statistical

1This method was originally called Sourcelike and was adapted only to the search of point-like sources. The different
upgrades led to the analysis method called pointlike that we are currently using.
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significances. Sources detected as extended with this pipeline as well as with the alternative pipeline
developed by Jamie Cohen during his PhD thesis at NASA Goddard Space Flight Center were kept
and reported in our two studies at high energy:

• the first one above 50 GeV included in the 2FHL catalog (Ackermann et al., 2016) allowed the
detection of 5 new extended sources (in addition to 25 already published ones),

• the second one above 10 GeV published as a stand-alone paper (Ackermann et al., 2017) re-
vealed 16 new extended sources as well as 30 already published ones. This constitutes the
first catalog of hard Fermi-LAT extended sources, named the Fermi Galactic Extended Source
Catalog, which allows a thorough study of the properties of the Galactic plane in the sub-TeV
domain.

Figure 5.1: Schematic representations of the arrangement of the analysis regions for the two pipelines used
for localization and extension. Left: description of my pipeline, as defined in Section 5.1.1; each region (solid
blue circle) of radius 10◦ is centered on b = 0◦ and ± 5◦ and separated from its neighboring regions (orange
circles) by 5◦ in Galactic longitude; all sources within 5◦ of the center (dashed circle with the same color) were
set free for the primary pipeline. Right: details of the secondary pipeline developed by Jamie Cohen: each
region (marked by a solid blue circle) of radius 10◦ is centered on b = 0◦ and separated from its neighbors
(orange circles) by 5◦ in Galactic longitude.
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Figure 5.2: Left: Spectral energy distributions of the SNR G150.3+4.5 with data points from this analysis
(black stars and dashed butterfly) and 2FHL catalog (blue diamonds and line). Middle and right: Background-
subtracted TS maps of SNR G150.3+4.5. The white circle and central cross indicate the disk extension and
centroid as fit in the Fermi Galactic Extended Source Catalog. Right : the radio extent of the SNR is shown in
cyan (Gao and Han, 2014). Figures taken from Ackermann et al. (2017).

5.1.2 New extended SNRs

Among the sources reported in these 2 analyses, the case of the SNR G150.3+4.5 is extremely in-
teresting. The search for extended sources performed for the 2FHL catalog allowed the detection of
an extended source coincident with the northern side of the faint radio SNR G150.3+4.5 (Gao and
Han, 2014). Then, the analysis above 10 GeV confirmed the detection of this extended source, and
thanks to the increased statistics, the Fermi-LAT source perfectly matches the size and location of the
radio SNR, as can be seen in Figure 5.2. The hard spectrum of this SNR derived from 10 GeV up
to 2 TeV, with Γ = 1.91 ± 0.09 ± 0.02, is more similar to that of young shell-type remnants while
its large radius of 1.52◦ ± 0.03◦ ± 0.08◦ and faintness would suggest an old age. A deeper analysis
especially using Fermi-LAT data down to 100 MeV and Cherenkov data above 2 TeV would help to
constrain the characteristics of this SNR. However, its large size is an issue with the small field of
view of current imaging Cherenkov telescopes. CTA-North could prove very useful for such study,
as well as the High Altitude Water Cherenkov (HAWC) Gamma-Ray Observatory since this source is
visible from the Northern hemisphere (see Section 2.5.1 for more information on these experiments).
The diffuse source FGES J0619.6+2229 is another intriguing source detected in the catalog above 10
GeV. This source overlaps with IC 443 (see Figure 5.3) and extends to the North towards the bright
arc and H II region S249 seen at 1420 MHz (Leahy, 2004). This source of almost 1◦ radius presents a
harder spectrum than IC 443 and may be produced by cosmic rays accelerated by the shell of IC 443
and diffusing in the surrounding medium. It could also have a different origin with a connection to the
SNR G189.6+3.3 which presents non-thermal emission in radio and X-rays (Asaoka and Aschenbach,
1994; Leahy, 2004). Future observations at TeV energies by CTA-North or HAWC would be again
extremely useful to determine the nature of this SNR candidate or even constrain diffusion parameters
in this region of interaction with molecular clouds.
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Figure 5.3: Left: Spectral energy distributions of the SNR IC 443 (FGES J0617.2+2235) with data points from
this analysis (black stars and dashed butterfly), from the 2FHL catalog (blue diamonds and line), a previous
Fermi-LAT publication (green diamonds, Ackermann et al., 2013a) and IACT data (red and pink triangles
are taken from Albert et al. (2007b) and Acciari et al. (2009) respectively). Middle and right: Background-
subtracted TS maps of IC 443. The 3FGL and 2FHL source for the SNR IC 443 are exactly coincident with
our FES source J0617.2+2235. White circles and crosses indicate the disk extensions and centroids fit in the
Fermi Galactic Extended Source Catalog for FGES J0617.2+2235 (A) and FGES J0619.6+2229 (B). Right :
the bright emission from FGES J0617.2+2235 is included in the model to highlights the emission coming from
the largest source FGES J0619.6+2229. Cyan contours represent the radio emission at 1420 MHz (Leahy,
2004). Figures taken from Ackermann et al. (2017).

5.2 Unidentified sources: missing piece in the Galactic puzzle ?

A key mystery emerging from these catalogs has been the fact that a large fraction of the Galactic
sources detected are unidentified (UNID). These UNID gamma-ray sources have no obvious counter-
part(s) at other wavelengths and hence there is considerable speculation surrounding the acceleration
region and types of particles accelerated. Galactic γ-ray sources can be placed into the following cate-
gories: shell-type supernova remnants (Shell SNR), SNRs interacting with adjacent molecular clouds
(Shell/MC), SNRs with radio shell and filled X-ray components (SNR/Composite), pulsar wind neb-
ulae (PWNe), pulsars, binary systems with a compact remnant (neutron star or black hole), massive
stellar clusters, superbubbles, and globular clusters. These gamma-ray sources could play a role in
the acceleration of cosmic-rays and are therefore of great interest in this context.

5.2.1 The large offset TeV source HESS J1507−622

The case of the gamma-ray source HESS J1507−622 is quite puzzling. Most γ-ray sources in
the inner Galaxy H.E.S.S. survey tend to cluster within 1◦ in latitude around the Galactic plane.
HESS J1507−622 instead is unique, since it is located at a latitude of ∼3.5◦ and does not have any
obvious counterpart in other multi-wavelength data. Up to now, this slightly extended source (with
a Gaussian width of 0.15◦ ± 0.02◦) is still unidentified. HESS J1507−622 was first detected in the
Fermi-LAT energy range as a point source (Domainko and Ohm, 2012) with a rather flat spectrum
from the GeV to the TeV regime. The analysis that we have conducted above 10 GeV in the Fermi
Galactic Extended Source Catalog (see Section 5.1) confirms the former spectrum and shows for the
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first time a significant extension in the GeV regime, in agreement with the TeV size (see Figure 5.4).
The gamma-ray results challenge an extragalactic origin due to the large energetics needed to power
the source and the very extended nature of the emission in such a scenario. Indeed, 3×1053(d/1 Mpc)2

erg in electrons would be needed in a leptonic scenario and the source would spread over 2.6 (d/1 Mpc)
kpc. A few extragalactic sources have been detected with kiloparsec extension at GeV energies, such
as the radio galaxies Centaurus A and Fornax A, but no object with such a large spatial dimension has
been found in the TeV regime so far. One, typically unknown, key quantity of unidentified gamma-
ray sources is their distance. For Galactic sources, observations of their X-ray counterpart may help
to constrain their location in the Milky Way. Following up on its original detection by H.E.S.S.,
the region around HESS J1507−622 has been observed once with Chandra (H.E.S.S. Collaboration
et al., 2011c), twice with XMM-Newton (Tibolla et al., 2014) and with Suzaku (Eger et al., 2015).
From these X-ray observations, it comes out that the best X-ray counterpart would be the faint and
extended X-ray source (CXOU J150706.0−621443) first detected with a statistical significance of
∼ 7σ by Chandra and spatially consistent with the VHE gamma-ray emission region. One possibility
explaining this very faint X-ray counterpart would then be that HESS J1507−622 is a relic PWN with
a very low magnetic field (∼ 1µG). Such a low magnetic field leads to a very faint X-ray nebula along
with a large accumulation of highly energetic electrons radiating predominantly TeV gamma-rays via
the IC mechanism. However, if the extension of HESS J1507−622 is driven by diffusion of energetic
electrons for a time-scale of∼ 2×104 years, the distance to the object needs to be very large (10 kpc)
to be compatible with the apparent compactness of the TeV source. In turn, this implies a very large
distance from the Galactic plane, larger than the scale height of the distribution of VHE gamma-ray
emitting pulsars. In addition, no pulsar has been detected so far and the very soft Fermi spectrum
does not look like any other GeV PWN. Another possibility, taking into account the soft spectrum
detected by Fermi, would be that the particles radiating at gamma-ray energies are protons (through
proton-proton interaction). Since HESS J1507-622 is located off the Galactic disk, the density of
target material is lower than in the Galactic plane and can be obtained as a function of distance, fol-
lowing the density profile of the interstellar medium perpendicular to the Galactic plane. Using the
best-fitting model (Lockman 1984) for the density profile off the Galactic plane, Domainko and Ohm
(2012) found that about 1050 (∼ 1051) erg of cosmic rays at a distance of 2 (4) kpc are needed to
explain the VHE emission observed in HESS J1507−622. In turn, a supernova remnant at a distance
of 2 kpc with the apparent angular size of HESS J1507-622 would be in the pressure-driven Sedov
phase with an age of less than 1000 years. Such SNR should feature similar observable properties
as the remnant of SN 1006 which is also off-plane. However, SN 1006 is a prominent emitter of
non-thermal X-ray emission, and the absence of such X-ray emission in HESS J1507−622 disfavors
any SNR origin for this VHE source. HESS J1507−622 thus remains a puzzling object, challenging
established models for Galactic gamma-ray source populations.
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Figure 5.4: Left: Spectral energy distributions of the TeV source HESS J1507−622 with data points from this
analysis (black stars and dashed butterfly), from the 2FHL catalog (blue diamonds and line), a previous Fermi-
LAT publication (green line, Acero et al., 2013a) and IACT data (red triangles and line, H.E.S.S. Collaboration
et al., 2011c). Middle and right: Background-subtracted TS maps of HESS J1507−622 using the above-quoted
references for the TeV extent shown in green. A white circle and cross indicate the disk extension and centroid
fit in the Fermi Galactic Extended Source Catalog. Figures taken from Ackermann et al. (2017).

5.2.2 Extended emission from the G25.0+0.0 region: association with a star
forming region ?

Within 2◦, the confused G25.0+0.0 region contains five point sources in the 3FGL catalog in addition
to the extended source associated to the PWN HESS J1837−069 represented by a disk of 0.33◦ radius
as derived by Lande et al. (2012). However, the H.E.S.S. source HESS J1837−069 is almost two times
smaller than the LAT extended source and its peak emission is located on the edge of the LAT source.
This highlights well the complexity of this region. In the catalog of extended sources that I conducted
above 10 GeV, the region is divided into three extended sources as can be seen in Figure 5.5: FGES
J1836.5−0652 and FGES J1839.0−0704 covering HESS J1837−069 and FGES J1834.1−0706 in the
North whose size and spectrum agrees with those derived by Acero et al. (2016). It is coincident with
the composite SNR G24.7+0.6 and matches the radio size, supporting the association. However, the
PWN HESS J1837−069 can only partly explain the two other extended sources FGES J1836.5−0652
and FGES J1839.0−0704 since they are much brighter and larger than the TeV signal. Katsuta et al.
(2017) performed a separate morphological and spectral analysis of this region using Fermi-LAT and
XMM-Newton X-ray data and proposed a scenario in which the diffuse gamma-ray emission would be
produced by a star-forming region (SFR) driven by a candidate young massive OB association/cluster
G25.18+0.26 observed in X-rays, in addition to the PWN HESS J1837−069. This would be the
second case detected by the LAT with the Cygnus Cocoon and, indeed, they share similar properties:
the γ-ray sources in both regions are spatially extended, their energy spectra are described as power-
law indices of 2.1–2.2 without any significant spectral curvature at least up to a few hundred GeV and
the LAT finds no significant spectral variation in either region. Katsuta et al. (2017) detected a bubble-
like structure of the molecular and the HI gas (G25 bubble) at 7.7 kpc, which may be created by a
putative powering source and found that G25.18+0.26 resides in the G25 bubble. The unabsorbed
X-ray luminosity of the object at the assumed distance (7.7 kpc) is comparable to that of Cygnus
OB2, one of the most massive OB associations in the Galaxy. This suggests that G25.18+0.26 is also
a massive OB association (∼ 2 × 104 M� ). In addition, with near-IR data, a candidate massive OB
association has been claimed in this direction (Rahman et al., 2013).
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Figure 5.5: Left: Spectral energy distributions of the pulsar wind nebula HESS J1837−069 with data points
from this analysis (black and grey dashed butterflies for FGES J1836.5−0652 and FGES J1839.0−0704 respec-
tively), 2FHL catalog (blue and purple diamonds and lines for 2FHL J1836.5−0655e and 2FHL J1839.5−0705
respectively) and TeV data (red line, Aharonian et al., 2006a). Middle and right: Background-subtracted TS
maps of HESS J1837−069 and above-quoted references for the TeV contours shown in green. White circles and
crosses indicate the disk extensions and centroids fit for FGES J1836.5−0652 (A) and FGES J1839.0−0704
(B) as well as nearby extended sources FGES J1834.1−0706 (C) and FGES J1839.4−0554 (D). Figures taken
from Ackermann et al. (2017).

This scenario would indicate that the particle acceleration in the Cygnus cocoon is not a special
case and that other young massive SFRs have capabilities to accelerate particles via the same mech-
anism. Spectral and spatial information in the TeV band would enable us to study this interesting
source in more detail, confirm or refute the association with the star forming region and especially
constrain the maximum energy at which particles are being accelerated in SFRs. In the VHE energy
range, so far, no detection of star forming region was announced in our Galaxy 2. One of the main
issue is the identification of the source which is not easy in the Galactic plane. The best candidate for
a TeV detection remains W49A, which is one of the brightest giant radio H II regions in the Galaxy.
This star forming region is located in the densest∼15 pc of a 10 M� giant molecular cloud of∼100 pc
in size. Evidence for the TeV detection of the star forming region W49A by H.E.S.S. was announced
by our joint Fermi-H.E.S.S. paper on W49B, located next to W49A. Indeed, using the Model analy-
sis, significant signal was detected towards W49A but it could not be confirmed (above 5σ) with the
cross-check analysis. Therefore, only the VHE emission coincident with W49B was discussed in the
paper. But, one important point was raised in the concluding section: assuming that the distances
to W49B and W49A are comparable, the observed difference between the γ-ray luminosities of the
two objects would imply that in the absence of recognizable supernova remnants – as in W49A –
the other possible energetic particle sources like the shocks expected from interacting or collective
stellar winds appear not very effective for HE and VHE γ-ray emission in the case of W49A. Future
observations with CTA will be very useful.

2Note that the H.E.S.S. collaboration recently announced the detection of the superbubble 30 Dor C in the Large
Magellanic Cloud.
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5.2.3 Unidentified sources as potential pulsar wind nebulae candidates

Non-thermal emission from pulsar wind nebulae

Since the TeV detection of the Crab PWN in 1989 with the Whipple telescope, tens of Galactic
sources have meanwhile been associated with TeV pulsar wind nebulae, setting this class of sources
as the most populous TeV gamma-ray emitters. Most of these objects are situated in the inner Galaxy;
many were therefore discovered and extensively investigated from the southern hemisphere using the
H.E.S.S. array (H. E. S. S. Collaboration et al., 2017a). The latest results show that they are one
of the best candidates for the sites of cosmic-ray acceleration even if it is widely argued that the
radiation in PWN is produced by electrons, which represent a very small fraction of the cosmic rays.
As can be seen from the individual case of HESS J1507−622, a scenario involving a PWN is often
proposed to explain the nature of the source. The reason is easy to understand. Electrons emitting
VHE gamma-rays are usually less energetic than X-ray-emitting ones, they do not suffer from severe
radiative losses due to the relatively low magnetic field and the majority of them may survive from
(and hence probe) early epochs of the PWN evolution. These electrons can produce TeV emission
via IC scattering off the ambient low-energy background photons (such as CMB, diffuse Galactic
infrared background, or starlight), leading to the formation of a relic PWN emitting in the VHE
domain. This relic PWN is very faint or absent in X-rays because the pulsar wind electrons become
too cold (due to radiative losses) and their characteristic synchrotron frequencies move outside the
X-ray band. One of the biggest advantages of this scenario is that it provides a natural explanation
for almost one third of the Galactic TeV sources that are still lacking a lower energy (radio and X-
ray) counterpart: they form the important class of unidentified sources (UNIDs). See de Jager and
Djannati-Ataï (2009) for more details. HESS J1303−631 was the first H.E.S.S. source classified as
a UNID due to the lack of detected counterparts in radio and X-rays with Chandra (Mukherjee and
Halpern, 2005). H.E.S.S. Collaboration et al. (2012) found only one plausible counterpart in the
vicinity of HESS J1303−631: PSR J1301−6305 with a spin-down power of 1.70× 1036 erg s−1. The
authors also presented the detection of a very weak X-ray PWN using XMM-Newton observations.
This, together with the energy-dependent morphology observed by H.E.S.S., led to the conclusion
that HESS J1303−631 is an old PWN offset from its powering pulsar. Multiwavelength observations
of VHE UNIDs and dedicated pulsar searches within the extent of VHE are therefore crucial to
identify PWNe systems and reveal the energetics and composition of pulsar winds. This was the main
objective of the ERC Starting Grant that I obtained in 2010. One of the main input from the work
conducted during the three years of the ERC P-WIND project, besides individual sources analysis
such as HESS J1641−463 discussed in Section 5.3.3, is a population study of PWNe with the LAT.

Population study of PWNe at GeV energies with the LAT

To better understand the emission mechanisms taking place in TeV PWNe and find new ones at GeV
energies among the unidentified TeV sources, I performed a Fermi-LAT analysis using 45 months
of data near the position of 58 TeV PWNe and UNIDs within 5◦ of the Galactic Plane with my
PhD student Romain Rousseau (Acero et al., 2013a). Of the 58 sources, 30 were detected, and our
work provides their gamma-ray fluxes for energies above 10 GeV as well as upper limits for non
detected sources. Among the 30 sources: nine may be contaminated by pulsar emission for energies
above 10 GeV, seven sources cannot be clearly associated with a PWN, eleven are PWN candidates
(such as HESS J1420−607 and HESS J1119−614) and three are clearly identified as PWNe: HESS
J1825−137, HESS J1514−591 (aka MSH 15−52) already detected and published during Marie-
Helene Grondin’s PhD thesis that I supervised with David Smith (Grondin et al., 2011; Abdo et al.,
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2010d) and HESS J1356−645 detected for the first time in this analysis. Adding the Crab Nebula and
Vela X (whose detections were also first reported during Marie-Helene Grondin’s thesis) to the three
clearly identified PWNe and eleven candidates, this made 16 PWNe candidates detected with the LAT
at this time. All of them are associated with young (with an age between 1 and 30 kyr) and powerful
pulsars with a spin-down power between 1036 and 1039 erg s−1 and typically have an efficiency in
converting rotational energy into gamma rays below 10%. Indeed, VHE sources older than 30 kyr
are not detected by our analysis, while Mayer et al. (2012) predict a higher flux in the LAT energy
range than in the VHE experiments’ energy range. However it should be noted that among these VHE
sources, at least 7 suffer one or several biases:

• Source misidentification: for example, HESS J1912+101 has recently been proposed to be a
shell-type SNR (Gottschall et al., 2017), but some of the emission could originate in the pulsar
wind. Similarly, HESS J1702−420 and HESS J1646−458B cannot be clearly associated as
PWNe and deeper multi-wavelength observations are needed to classify the emission.

• Potential characteristic age overestimation (see for example HESS J1809−193 by Sheidaei,
2011).

• HESS J1026−582, HESS J1809−193, HESS J1831−098 and HESS J1849−000 are located in
regions of strong diffuse emission where the LAT is less sensitive to any potential emission.

Therefore, the lack of a population of old γ-ray-loud PWNe cannot be proven given the current
statistics and systematics associated with this analysis. Since then, several others PWNe have been
detected by the LAT (see for instance the case of 3C58 which is the weakest VHE PWN detected to
date and the only one first detected at GeV energies) but none of them are associated to pulsars older
than 30 kyrs.

5.3 Looking for the sources of highest energy emission

As stated in Section 2.1, the chemical composition of CRs is dominated by protons for particle ener-
gies below that of the knee, while heavier nuclei become important above it. This fact, together with
the evidence that the transition between galactic and extragalactic CRs takes place at particle energies
exceeding the PeV, implies that the sources of galactic CRs must be proton PeVatrons. This explains
the never-ending search for the highest energy gamma-ray in our Galaxy as a way to find the origin
of the Galactic CRs.

5.3.1 The Crab nebula: a famous electron PeVatron

The Crab Nebula and its pulsar are among the most famous and best-studied objects in astronomy.
It is the remnant of an historical SN, recorded in 1054 A.D., located at a distance of 2 kpc. The
SN explosion left a pulsar behind, which continuously emits a wind of magnetized plasma of elec-
tron/positron pairs. These particles lose energy by synchrotron radiation, visible from radio up to
hundreds of MeV, and IC scattering of the generated synchrotron and ambient radiation fields, de-
tected at gamma-ray energies. The observed rate of spin down implies that kinetic energy is being
dissipated at a rate of ∼ 5× 1038 erg.s−1 which means that the pulsar has steadily released a third of
its reservoir of∼ 5×1049 ergs of rotational energy into its surrounding nebula over the last 960 years.
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This is in sharp contrast with shell-like supernova remnants in which the dominant energy source is
the 1051 ergs of kinetic energy released at the moment of the original supernova explosion. However,
the observation of the ∼30 TeV gamma-rays from the Crab Nebula and the softening seen in the
spectrum at high energies (Aharonian et al., 2006b) indicate the existence of particles with energies
up to ∼ 1015 eV at least inside this PWN.
The large-scale integrated emission from the Crab Nebula is expected to be steady within a few per-
cent and is thus often used to calibrate X-ray and Tcherenkov telescopes and to check their stability
over time. Recently, variability in the X-ray flux from the nebula by∼3.5% per year has been detected
(1999 – 2008), setting limits on the accuracy of this practice (Wilson-Hodge et al., 2011). In addition,
instabilities in the flux of high-energy gamma rays have been reported in recent years by AGILE and
the Fermi-LAT (see the review written by Bühler and Blandford, 2014). These flares have all shown
increased emission (up to a factor 20) from the synchrotron component of the Crab Nebula while
emission from the IC component of the nebula as well as the Crab pulsar remained consistent with
the average level. An approximate flux doubling timescale of 6 hr was reported for the two brightest
ones. The detection of synchrotron photons up to energies of > 1 GeV confirms that electrons are
fastly accelerated to energies above 1 PeV in the Crab Nebula, with a magnetic field value as high as
1 mG. These brief time scales and the requirement that the emission volume be causally connected
imply that the flaring region must be compact (< 10−2 pc) and the acceleration be extremely efficient
(which poses serious challenges on scenarios invoking Diffusive Shock Acceleration as in SNRs).
Structures this small are found only in the inner part of the nebula, close to the termination shock.
Several new ideas have been proposed to explain these recurring flares (∼1 per year), one of them be-
ing magnetic reconnection (Cerutti et al., 2014), but they still remain mysterious and, to date, despite
extensive efforts a detection of the flares outside of the HE gamma-ray band remains elusive. This
absence of plausible counterparts at other wavelengths is certainly one of the most surprising aspects
of the flare phenomenon and reinforce very well the needs of future gamma-ray observations with
higher sensitivity and improved angular resolution.
Recently, first maps of the gamma-ray sky above 50 TeV as seen by HAWC were presented by Mal-
one and HAWC Collaboration (2017) at the TeVPA conference showing three regions detected at 5σ:
MGRO J1908+06, MGRO J2019+37 and HESS J1825−13/HESS J1826−130. Interestingly, even
though these regions are confused and still unidentified, they all have a pulsar and a PWN in the
vicinity. This further highlight the importance of pulsars and PWNe in our Galaxy and their efficient
acceleration of particles. However, as said above, it is mostly believed that the radiation in PWNe is
produced by electrons, which represent a very small fraction of the cosmic rays.
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Figure 5.6: Spectral energy distribution at the maximum flux level for the five Crab nebula flares. The blue
points represent the average Crab nebula flux values. The spectral points from September 2007 were obtained
by AGILE, while the other points were obtained with the Fermi-LAT. Figure taken from Bühler and Blandford
(2014).

5.3.2 The Galactic center: first Galactic proton PeVatron ?

Now focusing on protons at very high energy, two extremely important results have been obtained
using Fermi and H.E.S.S. observations. The first one, detected by Su et al. (2010) in a search for a
gamma-ray counterpart to the Wilkinson Microwave Anisotropy Probe (WMAP) haze, is called the
Fermi bubbles. These are two large structures in the gamma-ray sky extending to 55◦ above and below
the Galactic center (clearly visible at high energy in Figure 5.7) with an approximately E−2 gamma-
ray spectrum between 1 GeV and 100 GeV and well defined edges (Ackermann et al., 2014). Soon
after the discovery of the Fermi bubbles, several models of their formation as well as the acceleration
of particles and gamma-ray production were proposed. All of them assume that the bubbles were
created by a phenomenon in or around the Galactic center by the emission of a jet from the black hole
(Guo and Mathews, 2012), a spherical outflow from the black hole (Zubovas et al., 2011), a wind from
supernova explosions (Crocker and Aharonian, 2011), or a sequence of shocks from several accretion
events onto the black hole (Cheng et al., 2011). The second result was provided by deep gamma-ray
observations with arcminute angular resolution of the region surrounding the Galactic Centre by the
H.E.S.S. telescopes, leading to the detection of a diffuse emission in the central 300 pc of the Galactic
centre extended along the Galactic plane (HESS Collaboration et al., 2016). The spatial correlation
of the TeV emission with the giant molecular clouds of the Central Molecular Zone (CMZ), as seen
in Figure 5.8, hints for acceleration of hadronic CRs in this region, where the gamma rays result
from decays of neutral pions produced by the interactions of relativistic protons with the ambient
gas. The density of these protons has an almost spherically symmetric distribution but drops with the
distance R to the Galactic Center following closely a 1/R law. This distribution is characteristic of a
central source injecting accelerated protons continuously (on a 1000 to 10000 year timescales) into
the ambient medium. After injection, these protons propagate diffusively interacting with the CMZ
gas, producing neutral pions, which then decay producing gamma-rays and other sub-products. The
best fit to the data is found for a spectrum following a power law extending with a photon index of
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2.3 to energies up to tens of TeV without any evidence of energy cut-off or break. Assuming a cut-off
in the parent proton spectrum, the corresponding secondary gamma-ray spectrum deviates from the
H.E.S.S. data at 68%, 90% and 95% confidence levels for cut-offs at 2.9 PeV, 0.6 PeV and 0.4 PeV,
respectively. This establishes the first robust detection of a VHE cosmic hadronic accelerator which
operates as a source of PeV particles, i.e. a PeVatron. The authors suggest that the supermassive
black hole Sagittarius A* is linked to this PeVatron. Combined with the recent Fermi-LAT observa-
tions showing a harder spectrum in the Galactic centre region (Gaggero et al., 2017) and the evidence
of the Fermi bubbles, it is hard to escape the conclusion that there is a lot of high-energy particle
acceleration associated with the centre of our Galaxy. It was even suggested that in the "knee" region
of the CR spectrum, we see a significant contribution from past Galactic centre activity. At lower
energies (< 1 PeV), SNRs would still be the best candidates for the acceleration of cosmic-rays but
this would alleviate the issues currently encountered to accelerate protons in these sources at energies
higher than 1 PeV.

5.3.3 The PeVatron candidate HESS J1641−463
Beside the Galactic centre, H.E.S.S. observations recently revealed three other PeVatron candidates:
HESS J1641−463, HESS J1741−302 and HESS J1826−130 (Angüner et al., 2017). These three
galactic sources present a hard spectrum extending beyond 10–20 TeV, without any evidence for a
cut-off. The case of HESS J1641−463 is particularly interesting since it is detected both at GeV and
TeV energies which is extremely useful to constrain the nature and mechanism taking place. Located
only 0.25◦ away from the SNR HESS J1640−465, HESS J1641−463 remained unnoticed using the
standard detection technique used by the H.E.S.S. Collaboration. Its detection became possible only
by using an energy threshold of 4 TeV (Abramowski et al., 2014). This new TeV source presents one
of the hardest spectrum ever detected in TeV astronomy (Γ ∼ 2), extending up to 30 TeV without
evidence of a cut-off, which explains why the distinction between the two TeV sources became more
evident above a few TeV. It is one the prime PeVatron candidate in our Galaxy detected by H.E.S.S..
Because of the remarkably hard TeV spectrum, although a leptonic scenario for the emission mea-
sured at TeV cannot be conclusively excluded, the favored scenario by Abramowski et al. (2014) is
that the radiation from HESS J1641−463 is produced by cosmic-ray protons colliding with the am-
bient gas. In this scenario, the gamma-ray spectral shape predicted by interactions of protons is too
hard to fit the gamma-ray spectrum observed from SNR RX J1713.7−3946 at energies above few
TeV and the required proton spectrum must extend close to 1 PeV (see Figure 5.9). HESS J1641-463
may represent a source population contributing significantly to the Galactic cosmic ray flux around
the knee.

Figure 5.7: Gamma-ray intensity maps integrated in three large energy bins (Ackermann et al., 2014). The
pixel size is 0.9◦. The map on the right is smoothed with a Gaussian kernel of 1◦.



86 CHAPTER 5. CATALOGS AND THE PATH TO OTHER COSMIC-RAY ACCELERATORS

Figure 5.8: VHE gamma-ray image of the Galactic Centre region as seen by H.E.S.S. (HESS Collaboration
et al., 2016). The color scale indicates counts per 0.02◦ × 0.02◦ pixel. a) The black lines outline the regions
used to calculate the cosmic-ray energy density throughout the central molecular zone. White contour lines
indicate the density distribution of molecular gas, as traced by its CS line emission. The black star indicates
the location of Sgr A*. b) Zoomed view of the inner ∼ 70 pc and the contour of the region used to extract the
spectrum of the diffuse emission.

Using Fermi-LAT data, we carried out the analysis of the region surrounding both TeV sources
and published the detection of HESS J1640−465 and HESS J1641−463 above 100 MeV (Lemoine-
Goumard et al., 2014). The softest emission in this region comes from the TeV source HESS J1641−463
which is well fitted with a power law of index Γ = 2.47 ± 0.05 ± 0.06 and presents no significant
γ-ray signal above 10 GeV, which contrasts with its hard spectrum at TeV energies (see Figure 5.10).
This could imply that two different mechanisms or sources produce the γ-ray photons detected in
each energy band. This recalls the case of HESS J1356−645, within which Fermi-LAT detects the
pulsed emission of PSR J1357−6429 while, at TeV energies, H.E.S.S. observes its associated PWN
(H.E.S.S. Collaboration et al., 2011b). In such a PSR/PWN scenario, the flux density of the X-ray
source nearest to HESS J1641−463 is a factor 15 less energetic when compared with the energy flux
density of the TeV source (Abramowski et al., 2014), which would resemble the numerous associ-
ations of "dark" TeV sources and weak X-ray synchrotron PWN that have been established so far.
Another possibility in such a "two source" scenario, emphasized by the good positional coincidence
between HESS J1641−643 with SNR G338.5+0.1, would be that the γ-ray photons detected at TeV
energies are produced by fresh accelerated protons from this SNR interacting with the ambient gas,
as suggested by Abramowski et al. (2014), while Fermi would be seeing a contaminating pulsar. Fi-
nally, another scenario would be that HESS J1641−463 is a binary system similar to LS 5039 and
LSI +61◦303, both showing a pulsar-like spectrum at GeV energies that does not connect to the TeV
spectrum (Hadasch et al., 2012). The fact that no variability could be observed from these sources
can not be taken as evidence for disfavoring a binary origin because of the low statistics, while the
lack of an optical counterpart can be related to high optical extinction or the location of sources close
to the Galactic plane.
Future observations with CTA (thus overlapping with the energy domain covered currently by Fermi
and the one covered by HESS) of this PeVatron candidate are therefore of prime interest to constrain
the nature of this source as well as the type of particles accelerated (namely protons or electrons).
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Figure 5.9: Differential VHE gamma-ray spectrum of HESS J1641−463 for energies between 0.64 TeV and
100 TeV, together with the expected emission from proton-proton interaction (left) and IC off CMB photons
(right) taken from Abramowski et al. (2014). The red butterfly represents the 1σ confidence region for the fit to
a power law model, the black data points the H.E.S.S. measured photon flux (1σ uncertainties), the arrows the
95% CL upper limits on the flux level, and the black curves the expected emission from the models, assuming
different particle energy cut-off values. For comparison, the gray data points and curve represent the archival
spectrum and the corresponding best fit model, respectively, of the young SNR RX J1713.7−3946.
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Figure 5.10: Gamma-ray spectra of HESS J1641−463, using the best point source position from Abramowski
et al. (2014). The red data points (crosses) indicate the fluxes measured in each of the 14 energy bins indicated
by the extent of their horizontal lines. The statistical errors are shown in red, while the black lines take into
account both the statistical and systematic errors. A 95% C.L. upper limit is computed when the statistical
significance is lower than 2σ. The blue data points and the best spectral fit (represented as a blue line) are
extracted from Abramowski et al. (2014). Figure taken from Lemoine-Goumard et al. (2014).
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The results presented in this chapter have been published in (bold faces indicate those for which I
am corresponding author; I am co-author of all others):
• Ackermann M. et al., 2017, The Astrophysical Journal, 843, 139: "Search for Extended

Sources in the Galactic Plane Using Six Years of Fermi-Large Area Telescope Pass 8 Data
above 10 GeV"
• Ackermann M. et al., 2016, The Astrophysical Journal Supplement, 222, 5: "2FHL: The Second

Catalog of Hard Fermi-LAT Sources"

• Lemoine-Goumard M. et al., 2014, The Astrophysical Journal, 794, L16:"HESS J1640−465
and HESS J1641−463: Two Intriguing TeV Sources in Light of New Fermi-LAT Obser-
vations"
• Acero F. et al., 2013, The Astrophysical Journal, 773, 77, "Constraints on the Galactic

Population of TeV Pulsar Wind Nebulae Using Fermi Large Area Telescope Observations"
• Lande J. et al., 2012, The Astrophysical Journal, 765, 5: "Search for Spatially Extended Fermi

Large Area Telescope Sources Using Two Years of Data"

• We have entered an era of catalogs, revealing different classes of astrophysical
sources such as supernova remnants (SNRs), pulsar wind nebulae (PWNe), and
molecular clouds (MCs).

• Intensive work on three population studies published by the Fermi-LAT collaboration:
a catalog of PWNe at GeV energies, a catalog of extended sources above 50 GeV pub-
lished in the 2FHL catalog and a stand-alone catalog called the Fermi Galactic plane
Extended Sources Catalog (FGES). The first one was done together with the valida-
tion of the extension method in the framework of an ERC Starting Grant obtained in
2010.

• New SNRs have been detected such as the SNR G150.3+4.5. With its hard spectrum
and large size, it is a puzzling source of high priority for CTA-North or HAWC.

• Young massive star forming regions have capabilities to accelerate particles to (at
least) TeV energies. In addition to the Cygnus Cocoon detected by the LAT, another
candidate was discovered in the confused G25.0+0.0 region. A firm detection of the
star forming region W49A at TeV energies is awaited.

• Pulsar wind nebulae is the dominant class of sources at TeV energies. Several uniden-
tified sources could well be old (relic) PWNe. HESS J1507−622, first detected as an
extended GeV source in the FGES catalog could fall in this category. They are also
excellent accelerators, the most famous electron PeVatron being the Crab nebula.

• A first proton PeVatron in the Galaxy has been detected recently: the Galactic center.
Past Galactic centre activity could contribute significantly in the "knee" region of the
CR spectrum.

• Other proton PeVatron candidates are being studied currently. We have focused
on the case of HESS J1641−463 which shows one of the hardest spectrum at TeV
energies and is located close to the SNR HESS J1640−465.

Summary
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It is clear today that supernova remnants are able to accelerate particles (electrons and protons) to
very high energies through diffusive shock acceleration. We have seen evidences in favor of proton
acceleration in several cases: the historical SNRs Cassiopeia A and Tycho (Section 3.2) as well as
the transition case Puppis A and the middle-aged SNRs W44, IC443, W51C and W49B (Section
4). Morphologically-resolved spectral analysis of shell-type SNRs, such as RX J1713.7−3946 and
SN 1006 (Section 3.3), suggest that protons are accelerated at the shock but the γ-ray emission is high
enough to be detected only in dense regions. This means that, even if the dominant mechanism in play
for several remnants is leptonic, there could be some smaller subregions (e.g. dense clumps) where
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the hadronic mechanism significantly contribute to the local γ-ray emission and thus that protons
are accelerated at the shock. We have also seen that Tycho and Cassiopeia A seem to fulfill three
important criteria to be CR accelerators: 1) they accelerate protons, 2) the cosmic-ray efficiency ξCR
is high enough and close to the standard value of ∼ 10%, 3) the injected CR spectrum follows a
power-law which translates into an index of 2.7 after diffusion in the Galaxy, well reproducing the
CR spectrum (assuming a diffusion coefficient proportional to E1/3).
One might think that the mystery of the origin of Galactic cosmic-ray is solved. This is absolutely
not true. Indeed, if one tries to get a closer look at the problem, it appears more complex and several
issues need to be solved. First, the maximum energy at which SNRs are able to accelerate CRs is
not well constrained and, even worse, observations do not seem to show any evidence of acceleration
above 100 TeV. Models suggest that type Ia SNe are not able to reach 1 PeV in agreement with the
current observations of SN 1006 and Tycho (Section 3.4). However, core collapse SNe should be able
to act as PeVatron which seems to be invalidated by the TeV detection of a cut-off in the spectrum
of Cassiopeia A (Section 3.2). If confirmed and extrapolated to other cases taking into account the
evolution of the maximum energy with time, such result could be a threat against SNRs as the prime
CR accelerators in the Galaxy. In my view, this is the most important issue to solve in the coming
years. The evolution of the CR efficiency with time is also not very well constrained up to now.
Indeed, it highly depends on the mixture of hadronic versus leptonic for most shell-type SNRs and
even more on the density of the surrounding medium which can vary by one order of magnitude from
one side to the other of the remnant (Section 3.4). This CR efficiency is also expected to vary with
time, which means that population studies will be needed to really be able to provide strong constraints
at different ages of the SNR evolution. Another requirement if SNRs are the prime accelerators in the
Galaxy, is that they need to reproduce the CR spectral index of 2.7. However, the spectrum observed
at Earth results from an integration in time of the escape flux during the expansion of the SN shell,
the release of the particles trapped in the downstream after the SN shell has come to a stop, and the
diffusion in the Galaxy. All these contributions are rather uncertain and so is the spectrum of CRs
injected by an individual SNR. Observations of CR escape and diffusion surrounding SNRs would
be very valuable to better understand these mechanisms. Finally, we have seen that other types of
cosmic-ray accelerators might contribute significantly to the CR spectrum: star forming region and
superbubble from one side and the Galactic centre from the other side, are the best examples of this
class (Section 5). Observations and modelings of these regions are crucial to constrain their potential
contribution to the Galactic CR spectrum.
We live in exciting times. The new precision data from the current generation of experiments is
revealing fine detail and surprises that require even more sensitive instruments and/or observations for
instance detailed morphologically-resolved spectral analysis on smaller regions for shell-type SNRs.
I will detail below the main perspectives for this domain in my view, meaning that these are the topics
on which I am mostly interested. Some might be feasible very soon while some others might take a
very long exposure time or will need instruments not yet operational. Moreover, the list of sources to
observe to fulfill our objectives is not complete: they are only cited as examples. All in all, ten years
might be needed to complete all these different steps. Obviously, one cannot anticipate important
discoveries, as it always happen with new instruments, which might delay even more some of these
perspectives.
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6.1 Observations of historical SNRs

6.1.1 Cassiopeia A, Tycho, Kepler and SN 1006: the most obvious targets

Few historical SNRs are known in our Galaxy and they are obviously prime candidates to constrain the
maximum energy. The case of Cassiopeia A is extremely intriguing and needs to be confirmed with
more statistics either with CTA or with longer exposure time using the current Northern experiments
VERITAS and MAGIC. Until now, no energy cutoff has been reported by TeV instruments for Tycho
but the steep spectral index of 2.92 ± 0.42 suggests that there should be a cutoff in the TeV domain
and that more statistics will allow its detection. Indeed, recent models published on this SNR uses a
cutoff energy for the primary particles of∼ 40 TeV (see Table 3.4). The observations of the two other
historical SNRs known in our Galaxy would be extremely valuable. First, SN 1006 has been detected
at TeV energies by H.E.S.S. and then, more recently, by Fermi-LAT. This SNR does not have a cut-off
energy measured at TeV energies and the indication of spectral variation seen with the LAT indicates
that different mechanisms are occurring in the south-western part of the remnant which is interacting
with an atomic cloud. Deep observations with CTA would enable us to see if the same occurs at TeV
energies and to constrain the maximum energy reached by particles in the two sides of the remnant,
as well as the cosmic-ray efficiency if a hadronic component can be confirmed.
The second SNR of interest is called Kepler. In October 1604 several astronomers, among them
Johannes Kepler, observed a "new star" which today is believed to have been a bright supernova. Since
then, the remnant of this supernova has been a target of observations along the entire electromagnetic
spectrum. A detection at gamma-ray energies is still awaited and upper limits with H.E.S.S. imply a
distance of at least 6.4 kpc for the source (Aharonian et al., 2008a). As Tycho and SN 1006, Kepler
originates from a Type Ia SN and is not expected to act as a PeVatron but observational estimates on
the maximum energy for different ages of SNRs are extremely useful to better model the temporal
evolution of particle acceleration at shock wave.

6.1.2 The youngest SNR G1.9+0.3: looking at the earliest stage of the SNR
evolution

In 1984, a radio survey using the Very Large Array (VLA) at 4.9 GHz led to the discovery of G1.9+0.3
(also G1.87+0.33), identified as a SNR based on its shell-like morphology and non-thermal radio
emission (Green and Gull, 1984). G1.9+0.3 had the smallest angular extent ever measured for a
Galactic SNR (∼1.2’) suggesting a young age of 103 years and/or a large distance. Chandra X-ray
Observatory data confirmed that this young remnant is in the freely expanding phase as a X-ray-
synchrotron-dominated shell supernova remnant (Reynolds et al., 2008) and subsequent radio and X-
ray observations confirmed its expansion and brightening for an age younger than 150 years (Green
et al., 2008). Spectral variations in X-rays, interpreted in terms of magnetic field obliquity dependence
of cosmic ray acceleration, have been used to argue for a Type Ia event (Reynolds et al., 2009). The
most recent X-ray measurements by Carlton et al. (2011) result in an age of 110 years and a density
of 0.022 cm−3, meaning that this is the youngest SNR in our Galaxy but it is also the only Galactic
SNR increasing in flux, with important implications for the physics of electron acceleration in shock
waves. G1.9+0.3 is located∼2◦ from the supermassive black hole at the Galactic center and therefore
benefit from the deep observation of this region by the H.E.S.S. telescopes. After data quality cuts,
keeping only observations with an offset smaller than 1.5◦, 67 hours of data could be used. Despite
this long observation time, no significant VHE γ-ray signal was detected from G1.9+0.3 and upper
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limits on the integral fluxes above the 0.26 TeV energy threshold were calculated for three assumed
spectral indices, Γ = 2.0, 2.5 and 3.0 (H.E.S.S. Collaboration et al., 2014a). The upper limits on the
TeV γ-ray flux provide an opportunity to estimate a lower limit on the magnetic field of 12µG in the
context of a leptonic particle acceleration scenario. This low value can be satisfied without requiring
magnetic field amplification beyond simple compression by the shock wave. In a hadronic scenario,
the upper limits are two orders of magnitude greater than the flux prediction for a density of 0.022
cm−3. This low ambient density together with the remoteness of the source in comparison to other
young remnants detected might explain the non-detection by H.E.S.S.. Another reason could be that,
during the free expansion stage of the SNR’s evolution the CR efficiency is expected to be very low,
and Ksenofontov et al. (2010) estimated that it should be about 3 × 10−3 for G1.9+0.3. A future
detection with CTA would be extremely useful to constrain the population of high-energy particles
injected at the shock for such young remnant in addition to the maximum energy that they reach.

6.1.3 Gamma-ray monitoring of SN 1987A

As already said above, models favor core-collapse SNe for the acceleration of CRs above 100 TeV and
up to 1 PeV. Unfortunately, the only young object of this type in our Galaxy is Cassiopeia A which
seems to show a cut-off in the TeV domain. Since Cassiopeia A is not anymore in the free-expansion
phase, we expect that the maximum energy is already below 1 PeV. In addition, Cassiopeia A may
also be located in a very diffusive region of the Galaxy, resulting in a very fast escape of high-energy
protons. Therefore, we need other sources of this type at different ages to study the production and
temporal evolution of the gamma-ray emission from CR acceleration during the earliest SNR stages.
One excellent candidate is the very young SN 1987A in the Large Magellanic Cloud (LMC), the
remnant of the nearest naked-eye supernova since Kepler in 1604. Due to its proximity, it has been
extensively observed at all wavelengths from the radio to the soft γ-ray band. Observations of the
initial burst of neutrinos were consistent with the notion that the core of the progenitor collapsed
and formed a compact object, most likely a neutron star. SN 1987A results from a Type II SN and
more precisely from a blue supergiant progenitor. The non-thermal radio and X-ray emission from
the remnant is evidence of particle acceleration in the supernova blast wave, which is impacting at the
current epoch on the dense shell produced by the progenitor star (Chevalier and Dwarkadas, 1995).
Long-term monitoring of the target will then provide a unique opportunity for studying the interaction
between the SN shock wave and the circumstellar medium (CSM). It has been suggested by Berezhko
et al. (2011) that TeV gamma rays should be produced by the interaction of the cosmic rays at the
shock with the protons in the CSM. Depending on the assumptions about the CSM properties, the
expected flux was predicted to be rising in time and to have reached a level of ∼ 2.5 × 10−13 pho-
tons cm−2 s−1 in 2010. With deep observations of the LMC, H.E.S.S. has detected three luminous
examples of CR sources in an external galaxy and among them the first superbubble at TeV energies
(see Section 6.5), but no significant signal was reported on SN 1987A (H.E.S.S. Collaboration et al.,
2015). The H.E.S.S. upper limit above 1 TeV of 5×10−14 photons cm−2 s−1 at a 99% confidence level,
obtained from observations made between 2003 and 2012, is below the aforementioned predictions.
This shows that these observations in combination with the radio and hard X-ray observations can
put interesting constraints on the efficiency of cosmic-ray acceleration. For SN 1987A, H.E.S.S. Col-
laboration et al. (2015) estimate that less than 1% of the explosion energy is injected in cosmic rays.
This fraction is rather small compared to typical values of ∼10% for young SNRs (of ages ∼1000
– 2000 years), but is not unreasonable for a very young object like SN 1987A. Recently, Berezhko
et al. (2015) have revised their model to better comply with the observed structure and parameters
of the CSM. In particular, the mass of the equatorial ring was decreased by an order of magnitude.
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With this change, the predicted gamma-ray flux decreased to close to the upper limit from H.E.S.S.
(Figure 6.1 left). According to their calculation, the most promising time for the detection of SN
1987A at TeV energies is the 10 year period from 2008 to 2018 (Figure 6.1 right). At later epochs,
SN 1987A should be detectable in the VHE range only by an instrument with a higher sensitivity than
that of H.E.S.S., such as CTA. A detection by CTA would allow to both constrain the efficiency of
cosmic-ray acceleration and the maximum energy at which particles are accelerated. If SN 1987A is
detected, a long-term monitoring of the target will then provide a unique opportunity for studying the
evolution of cosmic-ray acceleration and the interaction between the SN shock wave and the CSM.

Figure 6.1: Left: Integral γ-ray energy flux density above 3 TeV from SN 1987A as a function of time. Right:
Spatially integrated γ-ray spectral energy flux density, calculated for five epochs. The H.E.S.S. upper limit
(H.E.S.S. Collaboration et al., 2015), corresponding to the observational period 2005–2012 year, is shown in
both cases. Figures taken from Berezhko et al. (2015).

6.2 Search for PeVatron SNRs in the Galaxy

The above description focused on the observation of known and identified SNRs to constrain the
acceleration mechanisms taking place at the shock. One way to constrain the maximum energy at
which Galactic sources can accelerate cosmic rays is obviously to look directly for PeVatron candi-
dates whatever their nature (identified or not). This implies a large survey of the Galactic plane and
adapted analysis methods to search for sources showing hard spectra. For instance, the detection of the
source HESS J1641−463 became possible only by using an energy threshold of 4 TeV (Abramowski
et al., 2014), highlighting the need to look directly at these very high energies. One of the best fu-
ture instruments at gamma-ray energies devoted to this Galactic Plane Survey and PeVatron search is
CTA. And this is not a surprise that CTA has indeed two Key Science Programs (KSP) on the Galactic
Plane Survey (GPS) and on PeVatron search. The GPS KSP will carry out a survey of the full Galactic
plane using both the southern and northern CTA observatories; the survey will be graded so that more
promising regions (especially the inner Galactic region of −60◦ < l < 60◦) will receive significantly
more observation time than other regions. The 10-year GPS program of the Galactic plane achieves a
sensitivity better than 4.2 mCrab over the entire Galactic plane and 1.8 mCrab in the inner Galactic re-
gion. In the Northern hemisphere, with its increased spectroscopic capability, CTA will complement
and extend observations made by the water Cherenkov telescope HAWC with a better sensitivity up
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to ∼20 TeV (e.g. factor of 5 better at 1 TeV as seen in Figure 2.5). In the Southern hemisphere, CTA
will have access to the highest energies thanks to the Small Sized Telescopes (SSTs) with an increased
sensitivity in comparison to HAWC up to ∼ 70 TeV (for sources visible in both hemispheres). This
unique capability of CTA will enable the detection of the most energetic photons ever observed and
the sampling of the highest energy particles in the Galaxy up to the PeV scale. The possibility of CTA
to probe possible spectral features at very high energies was investigated for several sources and, more
specifically, for the case of HESS J1641−463 (Trichard, 2017). The results are shown in Figure 6.2
indicating that a cutoff lower limit of 100 TeV is expected to be reached in∼7h to∼38h depending on
the source cutoff energy. The probability of detecting an exponential cutoff after 15h of observation
is∼19% with a median of the cutoff energy distribution of 45 TeV. Such measurements are extremely
useful, not only to constrain the maximum energy. It can also constrain the type of particles that are
radiating. Indeed, at energies above 50 TeV, the problematic ambiguity between leptonic and hadronic
origin is nearly completely resolved, since 100 TeV photons are produced preferentially by hadronic
processes. This is a result of the Klein-Nishina effect, where the cross-section for inverse-Compton
electron-photon interactions decreases very quickly above a few tens of TeV. Therefore unlike other
energy intervals, the interpretation of gamma-ray observations at these energies is free of confusion
and reduces to the only possible mechanism: proton-proton interaction.

Figure 6.2: Median of the cutoff energy lower limit (at 95% confidence level) distribution as a function of
observation time (lines). The continuous and dashed lines represent a source without cutoff energy and with
a cutoff energy at 100 TeV (when the fit with an exponential cut-off power-law is less than 3σ significant)
respectively. The grey bands show 68% width of the distribution. The red dots are the median of the fitted
cutoff energy when the fit with an an exponential cut-off power-law is more than 3σ significant. The red error
bars represent the 68% width of the distribution. The values indicate the probability that the fit with an an
exponential cut-off power-law is significant. Plot taken from Trichard (2017).

Thanks to its very large array of scintillators called KM2A, LHAASO will have access to the
highest energies (see Section 2.5.1). At 10 TeV, the effective area of KM2A can reach about 0.3 km2,
the angular resolution is about 0.86◦, and the energy resolution for γ-rays is about 42%. The corre-
sponding values are 0.8 km2, 0.5◦, 33% at 30 TeV, and 0.9 km2, 0.3◦, 20% at 100 TeV respectively.
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With the large area of muon detectors, KM2A will reject the hadronic shower background at a level
of 10−4 at 50 TeV and even 10−5 at higher energies, so that γ-ray samples are almost background
free above 100 TeV. This will make LHAASO the most sensitive experiment above 30 TeV after one
single year of observation. Liu et al. (2016) have investigated the cases of the young SNR Tycho and
Cassiopeia A showing that, after 5 years of observations with LHAASO, a strong constraint could be
provided on the type of particles and on their maximum energy. LHAASO, as an all-sky monitor, will
have a real advantage in comparison to CTA since it does not need to define a priori the target for the
observation. This offers a unique opportunity to discover new type of sources at the highest energies.
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Figure 6.3: Expectation of the LHAASO project on the spectrum of the historical SNRs Tycho and Cassiopeia
in two different scenarii investigated. Plot taken from Liu et al. (2016).

6.3 Observations of γ-ray emission close to SNRs

It should be noted that the number of SNRs that are currently bright above 50 TeV is expected to be
very limited. Indeed, as discussed in Section 3.4.4, PeV protons are expected to be accelerated by
core-collapse SNRs during a relatively short period of the SNR evolution. This ideal time is the free-
expansion phase when the shock velocity is high enough to allow sufficiently high acceleration rate.
When the SNR enters the Sedov phase, the shock gradually slows down and, in turn, the maximum
energy of the particles that can be confined within the SNR decreases. This determines the escape of
the most energetic particles from the SNR (Ptuskin and Zirakashvili, 2005). Type II SN enter their
adiabatic phase only a few tens of years after the explosion and even the young SNR Cassiopeia A is
not anymore in the free-expansion phase. This directly means that catching a PeVatron SNR in the
Galaxy will be very challenging. This is why Gabici and Aharonian (2007) suggested to search for
multi-TeV gamma-rays generated by the CRs that escape the SNR and diffused up to a nearby cloud.

6.3.1 A few words on the original theory

Here is a brief description of the original idea proposed by Gabici and Aharonian (2007). The highest
energy particles escape the shell first. Moreover, generally they diffuse in the interstellar medium



96 CHAPTER 6. CONCLUSIONS AND FUTURE PERSPECTIVES

faster than low energy particles. Therefore they arrive first to the cloud, producing there gamma-rays.
As time passes, these high energy CRs finally reach the cloud and produce there gamma rays with very
hard energy spectra when interacting with the dense cloud environment via proton-proton interaction.
This makes the cloud an effective multi-TeV gamma-ray emitter. As lower and lower energy particles
reach the cloud, the peak of the gamma-ray emission accordingly shifts toward the lower, TeV and
GeV, energies. As can be seen in Figure 6.4, the gamma-ray emission at the cloud, produced by PeV
protons that escaped the shock, peaks at 100 TeV. This hadronic gamma-ray emission at the cloud
is significantly weaker than the one from the SNR, but its detection might be easier because of its
longer duration (104 years vs a few hundred years). Indeed, the duration of gamma-ray emission in
this case is determined by the time of propagation of CRs from the SNR to the cloud which is poorly
known. However, it is often believed that the CR diffusion coefficient in the vicinity of CR sources
might be suppressed with respect to the average galactic one. Therefore the gamma-ray emission of
the cloud lasts much longer than the emission of the SNR itself. Moreover, the leptonic contribution
to the cloud emission is likely negligible. Electrons accelerated at the SNR cannot reach the cloud
because they remain confined at the shock due to severe synchrotron losses. Secondary electrons can
be produced in the cloud, but they cool mainly via synchrotron emission in the cloud magnetic field.
The idea would then be to search for hard spectral sources coincident with molecular clouds. Such
detection would imply that a nearby accelerator was able to produce very high energy protons that are
now interacting within the cloud. This is the theory. What about observations at gamma-ray energies
?

6.3.2 Escaping cosmic-rays from young remnants

In Section 4.2.3, I have dicussed the case of the unidentified TeV source HESS J1729−345 for which
such a scenario was suggested: particles that have escaped the young shell-type SNR HESS J1731−347
are presently penetrating the molecular clouds coincident with HESS J1729−345 and are producing
gamma-rays. We have also seen that the upper limit on this source with Fermi-LAT is a factor of
two above the TeV data and cannot constrain the origin of the γ-ray emission. Deep observations
have been carried out at all wavelengths. Using the Mopra Galactic Plane CO Survey, Maxted et al.
(2018) have shown, at the assumed distance of 3.2 kpc for the SNR, dense gas traced by CS(1-
0) emission coincident with the north of HESS J1731−347, the nearby HII region G353.43−0.37
and the nearby unidentified gamma-ray source HESS J1729−345. This dense gas supports the idea
that HESS J1729−345 and HESS J1731−347 are connected. New constraints on the origin of the
gamma-ray emission will have to wait deep observations with Cherenkov instruments. And, since
HESS J1729−345 is visible from the Southern hemisphere, the ideal instrument for this observation
will be CTA-South. A confirmation of this scenario by CTA would not only constrain the diffusion
coefficient in the vicinity of a CR accelerator (the shell-type SNR HESS J1731−347) but it would also
provide a clear evidence that protons are accelerated at the shock of the SNR as well as an estimate
of the CR efficiency of this shell. In my view, it should be one of the top priority for CTA-South.
Still in the context of escaping CRs, Gallant et al. (2013) used the original idea from Gabici and
Aharonian (2007) for the case of Cassiopeia A. They concluded that, for an average density of the
interstellar medium (ISM) surrounding the SNR of 1 cm−3, if Cassiopeia A was a PeVatron during
the free expansion phase, a halo of gamma-ray emission should be visible surrounding the source due
to the interaction of escaped PeV CRs with the ISM. This produces a hard spectrum peaking above
20 TeV. Their estimated flux should be visible only by LHAASO using the KM2A array since Cas-
siopeia A is in the Northern hemisphere and the sensitivity of CTA-North and HAWC will not allow
its detection. A detection by LHAASO would be a clear evidence that, even if Cassiopeia A is no



6.3. OBSERVATIONS OF γ-RAY EMISSION CLOSE TO SNRS 97

more acting as a PeVatron, it was in the early days of its evolution as suggested by models. In my
view, such detection is extremely challenging (especially due to the very low flux and relatively poor
angular resolution of LHAASO) but would represent a major breakthrough.
Recently, the presence of gamma-ray emission extending beyond the SNR shell of RX J1713.7−3946
has been reported by the H.E.S.S. Collaboration (H. E. S. S. Collaboration et al., 2016a). In the con-
text of the Key Science Program of CTA on PeVatrons, simulations show that CTA will provide clear
measurements of: i) the extension of the gamma-ray bright shell, constraining the emission of the
high-energy runaway particles interacting with the dense medium, ii) the radial profile, which is ex-
pected to differ if the gamma rays are produced mainly by electrons or hadrons, and iii) the spectral
distribution in different regions of the shell, sampling differences in magnetic fields and/or in dense,
clumpy regions. CTA will also be able to probe the maximum energy reached in the source in differ-
ent regions of the SNR. Such observations would confirm if, as recent results provided by Fermi and
H.E.S.S. seem to suggest, protons are being accelerated at the SNR shock and are only radiating in
dense enough regions. Moreover, if a hadronic component is confirmed, CTA will be able to probe
the maximum energy reached by these protons. A complete study of the capabilities offered by CTA
for this famous SNR is reported by Acero et al. (2017b).

Figure 6.4: Gamma ray spectra from a SNR (top) and from a cloud of 104M� located 100 pc away from the
SNR (bottom). The distance is 1 kpc. Curves refer to different times after the explosion: 400 (curve 1), 2000
(2), 8000 (3), 3.2 104 (4) yr. Plot taken from Gabici and Aharonian (2007).
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6.4 The population of Galactic SNRs

Thanks to the new generation of instruments, the past several years have seen unprecedented growth
in the field of gamma-ray astronomy with the publication of several catalogs, both at TeV and GeV
energies. These catalogs are extremely useful since they can be used to constrain general physical
parameters of a class of gamma-ray source. For instance, this was the objective of the study that we
carried on pulsar wind nebulae with my PhD student Romain Rousseau (Acero et al., 2013a). The
upcoming gamma-ray instruments, HAWC, CTA and LHAASO, will allow to generalize this work,
operating a transition from individual source study to population studies.

6.4.1 Constraints on CR acceleration

For what concern supernova remnants, the growing number of detections allowed the LAT and
H.E.S.S. collaborations to publish a first catalog (Acero et al., 2016; H. E. S. S. Collaboration et al.,
2018). The LAT catalog lists 30 classified and 14 marginal SNR candidates with a false identification
limit of <22%. Within the limits of existing multi-wavelength data, the LAT observations generally
support previous findings of changes in spectral slope at or near TeV energies and a softening and
brightening in the GeV range with age. This could be due to the decreasing shock speed and maxi-
mum energy causing a softening in the GeV index but we have also seen in this manuscript that the
environment that the SNR encounters is one of the most important quantity. The H.E.S.S. publication
is based on the results of the Galactic Plane Survey: 50 SNRs are coincident with a H.E.S.S source
and in 8 cases the very-high-energy emission is firmly identified as an SNR (H. E. S. S. Collabora-
tion et al., 2018). Assuming that 10% of the kinetic energy of a supernova (1051 erg) is injected into
cosmic-rays and using H.E.S.S. upper limits from all undetected SNRs, the authors have been able
to constrain typical ambient density values around shell-type SNRs to ≤ 7 cm−3 and the electron-
to-proton ratio above 10 TeV to ≤ 5 × 10−3. With the increased sensitivity offered by CTA and its
Galactic Plane Survey, one can expect that the number of detected SNRs will increase dramatically.
Renaud and CTA Consortium (2011b) considered the three shell-type SNRs RX J1713.7−3946, Vela
Junior and RCW 86 to be representative of the SNR Galactic population in the VHE domain. Their
morphological and spectral characteristics, as measured with H.E.S.S., together with their respective
distance estimates, have been used to simulate sources throughout the inner Galaxy. They concluded
that 20 – 70 TeV shell-type SNRs should be detected, among which ∼ 7 – 15 would be resolved with
CTA.
This work was done in 2011 and the knowledge on TeV SNRs has greatly improved. A recent study
by Cristofari et al. (2017) takes into account the evolution of SNRs in the Galaxy and estimates the
SNR population that CTA is expected to detect in the TeV domain. To do so, the authors have used
a Monte Carlo approach to simulate the time and position of explosion of supernovae within the
Galaxy. This procedure is then coupled with a model which describes the acceleration of particles
at SNR shocks and the associated gamma-ray emission, assuming that SNRs are the main source of
Galactic CRs. They varied two important parameters (the spectral index of the injected particles and
the electron-to-proton ratio) and concluded that the number of detected SNRs greatly depends on the
assumed values. For an observation of the entire Galaxy with a sensitivity of ∼1mCrab, 200 ± 20,
21 ± 5 or 8 ± 3 SNRs are detected depending on the values of these two parameters (2.05, 10−2; 2.2,
10−2; 2.2, 10−5, respectively). This clearly shows that CTA will be able to give powerful insight on
the values of the parameters governing particle acceleration. Moreover, in the first case (2.05, 10−2),
the number of detected SNRs is comparable to the one of already detected SNRs in the Galaxy, show-
ing that CTA could well be a very efficient observatory to detect SNRs.
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Here, I focused on our Galaxy, but the Large Magellanic Cloud (LMC) is an excellent place to per-
form a population study and comparison of SNRs. The current population of known SNRs in the
LMC amounts to 60 objects, plus 20 plausible candidates. Not all of them are expected to be detected
by CTA, but, the radiation field energy densities and gas densities being higher in the LMC, a higher
gamma-ray flux should be produced on average, implying more sources to be detectable than in our
Milky Way. Both young and interacting remnants are detected in the LMC which is an excellent
advantage for a complete population study.

6.4.2 From young SNRs to interacting SNRs

Population study of SNRs can provide constraints on particle acceleration at SNR shocks. It also
provides estimates on the influence of the environment surrounding the source if SNRs in different
environments are detected. I have compiled in Figure 6.5, the LAT gamma-ray surface brightness
(provided by the LAT energy flux above 1 GeV divided by the solid angle of the SNR) as a function
of cosmic-ray energy swept up by the SNR (directly provided by the energy density of cosmic-rays
in the Galaxy multiplied by the volume of the SNR) for all LAT detected remnants using parame-
ters published in Acero et al. (2016) and updating the LAT flux if a new publication occurred since
then. SNRs with clear evidence of interaction are in red, while young non-thermal X-ray SNRs are
in blue. All others are in black. We have seen that middle-aged remnants interacting with MCs are
very bright in the GeV domain in Section 4: this trend is clearly visible here as well. The gamma-ray
luminosity of shell-type remnants, best explained by leptonic scenarios, is relatively low at GeV en-
ergies and comparable with the one of the old SNRs Cygnus Loop or S147 that are best explained by
re-acceleration of pre-existing CRs and subsequent adiabatic compression in dense filaments. This
clearly shows that the gamma-ray luminosity of a SNR in the GeV domain cannot be used to disentan-
gle between leptonic and hadronic processes, at least for sources of relatively low luminosity. When
the gamma-ray surface brightness is very high, there is a high probability that the mechanism pro-
ducing the detected gamma-rays is proton-proton interaction. Indeed, as seen in Section 4, leptonic
scenarios require very high electron-to-proton ratio to produce such a high flux. This is not a surprise
that the four remnants clearly interacting with MCs and showing the famous "pion bump" W49B,
IC443, W44 and W51C present high luminosity values in this Figure. A population study with the
LAT looking for spectral breaks at low energy for all SNRs in this group of sources, characteristic
of proton-proton interaction, would be extremely valuable. This is one of my top priorities for the
next years, as soon as a model of the Galactic diffuse background will be available within the LAT
collaboration. This should be the case by summer 2018. A support from the CNES covering half of
the expenses for a PhD thesis has been obtained, showing that this topic was considered as important
by the committee as well.
We have seen in Section 4 that we expect to see a transition from fresh acceleration of cosmic-rays to
re-acceleration of the cosmic-ray sea when the SNR encounters a molecular cloud. Looking at SNRs,
in different environments and at different stages of the interaction, would give important information
on how it can affects the maximum energy of the particle spectrum at the shock. This maximum
energy and its evolution with time can be probed by TeV instruments. We have already seen that
G349.7+0.2, which has roughly the same age as W49B, shows an energy break which is ∼ 5 times
higher. This difference is not completely understood yet but may come from the environment in which
the SNR is evolving. A larger sample of TeV detected remnants in interaction with MCs would be
extremely valuable in this context. Moreover, current models involving re-acceleration of pre-existing
CRs mainly focus on the re-accelerated ambient CRs, while the relic particles from thermal injection
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are usually ignored for simplification. Several open questions need deep TeV observations of middle-
aged remnants: how much relic particles are still left in middle-aged remnants ? How would they
affect the primary CR spectrum and the corresponding gamma-ray emission ?
More specifically, if I would have to choose one or two important individual targets to observe for
this topic, I would choose the SNRs W44 and Puppis A (Section 4.4) which are both undetected at
TeV energies. Puppis A is already interacting with MCs in some localised regions along the shell,
especially in the Eastern side. A detection by CTA together with a measure of spectral differences
between the Eastern and Western hemispheres would directly probe the effects of shock-cloud inter-
actions. For what concern W44, its non detection at TeV energies is a puzzle since it is extremely
bright at GeV energies and other interacting SNRs with similar LAT brightness have now been de-
tected by H.E.S.S. (such as W51C). Tang (2017) suggested that in W44 thermal injected particle still
dominates the seed particles, while in the other middle-aged SNRs ambient CRs already become the
dominant component in seed particles. In this case, according to him, we would expect that the TeV
spectrum in SNR/MC gradually changes from an exponential cut-off like shape to a power-law profile
as the remnant age increases and interacts with the cloud. Such scenario could be tested with TeV
observations by CTA.

Figure 6.5: LAT gamma-ray surface brightness as a function of cosmic-ray energy swept up by the SNR. SNRs
with clear evidence of interaction with MCs are in red, while young non-thermal X-ray SNRs are in blue. All
others are in black. Values are taken from Acero et al. (2016) and updated if a new publication occurred since
then. The red dotted line represents the fit of all SNRs with clear evidence of interaction with MCs; the blue
dotted line indicates the fit of all SNRs with non-thermal X-ray, while the green dotted line is the fit of all SNRs.

6.5 Contribution from other types of accelerators

6.5.1 Acceleration of cosmic rays in star forming regions and superbubbles

We have seen that diffusive shock acceleration in isolated SNRs can accelerate cosmic-rays up to
∼100 TeV. This seems to be the case for Type Ia SNe with the detection of Tycho for which hadronic
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models are preferred and indicate that the current value of the maximum energy reached by protons
is ∼ 40 TeV. For core-collapse supernovae, the low cutoff energy detected for Cassiopeia A is ex-
tremely intriguing since it is even lower than the maximum energy estimated for the 1.6 kyr remnant
RX J1713.7−3946. However, most core-collapse SNe occur in star forming regions and superbub-
bles, these hot and tenuous large structures that are formed around OB associations by the powerful
winds and the explosions of massive stars. In such complex environment, the collective effect of
multiple SNRs and strong winds from young massive stars may be able to re-energize CR particles
and even extend the spectrum of accelerated particles beyond the knee (Parizot et al., 2004). Indeed,
the larger size of superbubbles (hundreds of parsecs rather than the several parsecs that characterize
SNRs), allows an effective confinement inside the acceleration region of very energetic particles (this
way of reasoning is known in the literature as Hillas criterium). Though this scenario might explain
PeV particles, until very recently it was considered virtually untestable due to the lack of observa-
tions able to reveal the presence of cosmic rays. The recent detection in gamma rays of two of such
objects, the Cygnus region with the LAT (Ackermann et al., 2011) and 30 Doradus C with H.E.S.S.
(H.E.S.S. Collaboration et al., 2015), together with three other candidates (Westerlund 1, W49A and
the G25.0+0+0 region discussed in Section 5.2.2) opens new possibilities. Moreover, recently, ele-
mental abundances of galactic CRs from 26Fe to 40Zr were measured by the SuperTIGER (Trans-Iron
Galactic Element Recorder) instrument during 55 days of exposure on a long-duration balloon flight
over Antarctica (Murphy et al., 2016). These results support a model of cosmic-ray origin in which
the source material consists of a mixture of 19+11

−6 % material from massive stars and ∼81% normal
interstellar medium material with solar system abundances. This fact brings support to a scenario in
which CRs are not only accelerated by individual SNRs, but also at OB stellar associations or inside
superbubbles. The recent detection of 60Fe in cosmic-rays by the Cosmic Ray Isotope Spectrometer
(CRIS) aboard NASA’s Advanced Composition Explorer (ACE) strengthens this conclusion (Binns
et al., 2016). Indeed, 60Fe is believed to be produced primarily in core-collapse supernovae of massive
stars, which occur mostly in associations of massive stars (OB associations). Following these results,
the review by Tatischeff and Gabici (2018) also concludes that the superbubble model provides the
most satisfactory explanation for the measured evolution of the light elements in the Milky Way.
Several models tried to predict the shape of the CR spectrum accelerated inside superbubbles showing
that it highly depends on the magnetic field turbulence (Ferrand and Marcowith, 2010). If superbub-
bles are highly magnetized and turbulent (which is a debated issue), very hard spectra can be obtained.
The authors also concluded that spectra inside superbubbles are highly variable: at a given time they
depend on the particular history of a given cluster. This seems to be in contradiction with the fea-
tureless Galactic CR spectrum observed at Earth. Up to now, the lack of detections of star forming
regions and superbubbles were a clear obstacle (and even a puzzle if they really are the site of CR
acceleration). But now, with the increased sensitivity offered by CTA, several candidates will be ob-
served deeply. The Key Science Program lists three main targets in addition to the Large Magellanic
Cloud:

• the Carina nebula, one of the largest, most active and best studied HII regions in our Galaxy,

• the Cygnus region, and more specifically the Cygnus OB2 association, which contains the first
ever unidentified source discovered at VHE energies TeV J2032+4130. It is also the place of
the cocoon of freshly-accelerated cosmic rays detected by the LAT which stretches between
Cygnus OB2, the NGC 6910 open cluster and the SNR Gamma Cygni;

• Westerlund 1, the most massive stellar cluster in our Galaxy, contains a very rich population
of massive stars, including a magnetar. An unidentified H.E.S.S. source is coincident with the
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cluster but with a size twenty times larger which would imply that particles accelerated in the
cluster, escape and interact with the surrounding material and a nearby HII region.

Here are some of the questions that CTA will have to tackle thanks to these observations and detec-
tions: What happens to cosmic rays freshly escaping from their sources ? Are they confined for some
time, and potentially reaccelerated in the highly turbulent medium of bubbles and superbubbles (such
as hinted at by the detection of the Cygnus cocoon) ? Are they advected into the Galactic halo after
bubble breakout, thus contributing to the Galactic wind ? What is the contribution of different source
classes to the cosmic-ray population in star forming systems ? Where and when are particles accel-
erated, how do they leave and what is their impact on the surrounding ISM ? What is the maximum
energy that can be reached in superbubbles ? What are the parameters that constrain this maximum
energy and does it vary from one system to another ? Answering these questions is a first step towards
a complete understanding of CR acceleration and propagation in our Galaxy.

6.5.2 Acceleration of cosmic-rays by the Galactic centre

Recently, HESS Collaboration et al. (2016) reported the first discovery of a galactic PeVatron with
H.E.S.S., suggesting that it is associated with the supermassive black hole located at the Galactic
centre (see Section 5.3.2). Thus, we now know that proton PeVatrons other than SNRs do exist in the
galaxy. This makes the picture of the acceleration of CRs in our Galaxy even more intriguing. But
the scenario might be much more complex than what has been envisaged. Indeed, the environment in
the Galactic centre is often compared with the one of a starburst system. Around 2% of the Galaxy’s
massive star formation occur in this region and many SNRs are visible through their radio and X-
ray thermal emission. Knowing that the kinetic energy released by a supernova is 1051 erg, Crocker
et al. (2011) estimated that the injection power from these sources is around 1040 erg s−1, assuming
a high SN rate of 4 × 10−4 yr−1 at the Galactic centre (this value is in the range of 0.02 to 0.08
SN per century determined from stellar composition). This estimate is several orders of magnitude
higher than the luminosity observed by H.E.S.S.. This implies that CRs injected and accelerated by
SNRs in this region cannot be neglected at first order. This led Jouvin et al. (2017) to develop a 3D-
model of CR injection and diffusion by SNRs spread throughout the Galactic centre with a realistic
3D gas distribution. They concluded that, to be able to reproduce the total gamma-ray flux observed
with H.E.S.S., they need to assume a very low acceleration efficiency of 2% for SNRs located in
this region. This further highlights that one needs to take into account the recurrent CR injections
from the numerous SNe observed through the Central Molecular Zone. However, it might be that
Diffusive Shock Acceleration is less efficient in this region due to the very hot and dense medium
in which it takes place. And, to render the picture even more complex, a complete understanding of
this region would also need to explain and reproduce the emission detected from the famous Fermi
Bubbles. Finally, one should remember that the nature of the central gamma-ray source detected by
H.E.S.S. is still a source of debate: the emission may originate from close to the supermassive black
hole, from winds driven out from it, from a background pulsar wind nebula, or from a variety of other
possibilities. This is largely due to source confusion in this complex region and limited sensitivity
to variability and small-scale morphology of the current instruments. For all these reasons, deep
observation of this region is a top priority for the future generation of gamma-ray instruments.
Observations of the Galactic centre should be taken primarily with a southern instrument due to
the declination of the region of interest ∼ 30◦. This means that the best suited instrument for this
science is again CTA-South. For what concern the Fermi Bubbles, a side will be visible from the
northern hemisphere, but due to its cutoff energy of ∼110 GeV, a rather low energy threshold will
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be needed. This makes CTA-North better suited than HAWC for this task although the large field of
view of HAWC is a real advantage in comparison to CTA. The science prospect is enormous. The Key
Science Program of CTA (Cherenkov Telescope Array Consortium et al., 2017) lists them all and I do
not aim to be exhaustive here. The excellent angular resolution of CTA might allow the determination
of the nature of the central source, the increase in sensitivity will provide the ability to study the
energy-dependent morphology of the diffuse region and will enable the extraction of detailed spectra
at various points, possibly showing spectral variations expected if the diffuse emission was caused
by a past, point-like outburst. The excellent sensitivity of CTA will also allow the discovery of new
sources that are presently not resolvable, including young massive stellar clusters such as the Arches
and Quintuplet clusters. Such observation of the richest known environment in our Galaxy is also a
sine qua non for the understanding of CR acceleration and propagation in our Galaxy.

6.6 Contribution from multi-wavelength instruments

6.6.1 Multi-wavelength synergy

Figure 6.6: Timeline of the major multi-wavelength facilities in the next decade. Figure taken from Cherenkov
Telescope Array Consortium et al. (2017).

The need for multi-wavelength observations is crucial at gamma-ray energies. First, due to the poor
angular resolution of current instruments in this energy range, the identification of a gamma-ray
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source heavily depends on radio and X-ray data. Indeed, the gain in sensitivity offered by CTA will
allow the detection of 20–70 SNRs among which 7–15 only would be resolved with CTA (Renaud
and CTA Consortium, 2011a). Since the morphology is an important criterium to identify a source,
we expect that 7–15 sources at maximum can be clearly identified as SNRs with the gamma-ray data
only.
Hopefully, XMM-Newton and Chandra will continue to operate in the next few years. In 2012, NuS-
TAR (Nuclear Spectroscopic Telescope Array) was launched: it is the first focusing telescope at hard
X-rays (2 – 80 keV). In addition to these three satellites, the mission eRosita will be launched from
Baikonur in 2018 (Merloni et al., 2012). It will perform the first imaging all-sky survey in the 2 –
10 keV energy range and will certainly become a reference for source identification (see below). At
more longer term, Athena+ will be a major facility at X-ray energies (Nandra et al., 2013). Spatially-
resolved high-resolution spectroscopy will allow the measurement of ion post-shock temperature, a
key information notably for determining the efficiency of particle acceleration. These data are also
extremely powerful to constrain the magnetic field in the source, the electron-to-proton ratio and the
particle energy distribution when they are combined to gamma-ray data in models of supernova rem-
nants as we have seen in Sections 3 and 4. Athena+ X-ray Integral Field Unit will make possible the
detection of weak thermal emission in non-thermal rims and allow to constrain the density in these
regions, which is a key parameter to discriminate between hadronic and leptonic scenarios.
For such modelings, one also need to know the distance of the source and the density of the surround-
ing medium in which a supernova remnant is evolving. Sub-millimeter facilities are extremely useful
in this respect. One can cite the degree-scale survey of Mopra in Australia (Burton et al., 2013),
APEX (Güsten et al., 2006) and Nanten2 (Mizuno and Fukui, 2004) in Chile and Nobeyama 45m in
Japan (Umemoto et al., 2017). For supernova remnants, the overlap between infra-red astronomy and
gamma-ray astronomy is smaller, but it can be extremely useful in particular cases. For instance, in
the case of RCW 86, the infra-red observations by WISE and SPITZER allowed the detection of the
entire shell at 24 and 22 µm, providing constraints on the post-shock gas densities in small regions of
the remnants (Williams et al., 2011).
Finally, two MeV missions are currently proposed, the european e-ASTROGAM (De Angelis et al.,
2017) and the american All-Sky Medium Energy Gamma-ray Observatory (AMEGO, McEnery (2017)).
If one of them is accepted, it could have a major impact on the search for interacting SNRs, with
excellent sensitivity in the energy domain where the characteristic pion-bump is located, and nucle-
osynthesis studies thanks to excellent capabilities for MeV spectroscopy.
This is a short summary of the most important instruments used for supernova remnant’s studies. An
exhaustive description of all facilities in the next decade is provided in Cherenkov Telescope Array
Consortium et al. (2017) and listed in Figure 6.6. I also describe below in Section 6.6.2 what could
be one of the most important contribution coming from this multi-wavelength synergy (on supernova
remnants) in the next few years. Neutrino astronomy could also become very useful within the next
ten years. Indeed, the recent detection of a flux of high energy (> 10 TeV) astrophysical neutrinos by
the IceCube collaboration has opened a new window on the Universe (IceCube Collaboration, 2013).
In a combined fit to all available IceCube data, the flux was characterized from 25 TeV to 2.8 PeV
as a power law with spectral index 2.50±0.09 (Aartsen et al., 2015). A recent analysis of only muon
neutrinos in the northern sky, with a higher energy threshold of 191 TeV and sensitive up to 8.3 PeV,
yields a harder spectral index of 2.13±0.13 (Aartsen et al., 2016). This difference could indicate either
a spectral break or a spatial anisotropy. It could also well be that a relatively soft Galactic contribu-
tion dominates in the southern sky in addition to a harder, isotropic extragalactic component. Aartsen
et al. (2017) have shown that most Galactic scenarios can only have a limited contribution to the
astrophysical signal: diffuse Galactic emission (≤50%), supernova remnants (≤65%), extended dif-
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fuse emission from the Fermi bubbles (≤25%) or unidentified TeV sources (≤25%). But the present
data cannot exclude a subdominant flux of Galactic origin in the IceCube data. More specifically,
the possibility that the hot spot close to the Galactic center is produced by a single point source with
a flux normalization of 6 × 10−8 GeV cm−2s−1 has been excluded by the observations made with
the ANTARES neutrino telescope, showing that neutrino upper limits are already constraining some
astrophysical scenarios (Adrián-Martínez et al., 2014). On an individual source basis, an independent
and straightforward proof of the hadronic origin of the gamma-ray emission from a supernova rem-
nant would be the detection of multi-TeV neutrinos spatially correlated with the γ-ray source. One
of the brightest SNR detected at gamma-ray energies is RX J1713.7−3946. This explains why it is
often used as a best candidate for neutrino telescopes, even if this source is likely leptonic dominated
(hadronic being dominant only in dense clumps, see Section 3.3.1). Adrián-Martínez et al. (2016)
have evaluated the significance of the signal observed on this source with the KM3NeT/ARCA and
concluded that a 3σ signal can be reached in about 4 years of observation time if the γ-ray signal is
entirely hadronic (see Figure 6.7). This means that KM3NeT should be able to constrain the fraction
of protons in this source within the lifetime of the experiment. The diffuse emission from the Galactic
centre is another good candidate for the observation with neutrino telescope since it has the advan-
tage to be produced by protons with no sign of cutoff at gamma-ray energies. HESS Collaboration
et al. (2016) estimated the neutrino flux that should accompany the observed gamma-ray flux and
concluded that it can be marginally detected by a km3-scale detector after several years of exposure.
These results suggest that, over the lifetime of the CTA Observatory, neutrino telescopes might have
opened a new window on our Galaxy even on a single source basis.

Figure 6.7: Significance as a function of KM3NeT/ARCA observation time for the detection of the Galactic
sources RX J1713.7−3946 and Vela-X. The bands represent the effect of the uncertainties on the conventional
component of the atmospheric neutrino flux. Figure taken from Adrián-Martínez et al. (2016).
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6.6.2 Search for missing SNRs in the Galaxy

Of the 295 remnants listed in the most recent version of the Green catalogue (Green, 2017), most have
been first identified at radio wavelengths, or – if identified at other wavebands – have subsequently
been detected at radio wavelengths. At optical and X-ray wavelengths only about 40% and 30%,
respectively, of the catalogued SNRs have been detected (which is not surprising, due to Galactic
absorption that affects these wavelengths). At gamma-ray energies even fewer remnants have been
detected, with a total of ∼30 sources as likely GeV SNRs seen by Fermi. Approximately the same
number is detected by Cherenkov telescopes. Radio observations and survey of the Galactic plane is
therefore crucial to discover new SNRs.
The case of the SNR G150.3+4.5 discussed in Section 5.1.2 is a good example of a faint remnant
with a low surface brightness recently detected in our Galaxy. Using the Urumqi 6 cm Galactic plane
survey data, Gao and Han (2014) concluded that G150.3+4.5 is a shell-type SNR looking at the shell-
like structures and their non-thermal nature at radio frequencies. It was then detected at gamma-ray
energies with our catalogs of extended sources (Ackermann et al., 2016, 2017). The hard spectrum of
this SNR derived from 10 GeV up to 2 TeV, with Γ ∼ 1.9, is more similar to that of young shell-type
remnants since most middle-aged remnants have a steeper spectrum above 10 GeV due to a spectral
break between 1 and 10 GeV. This source is therefore an excellent candidate for future observations
by Cherenkov instruments such as HAWC (with its large field of view well adapted for such a large
source) or CTA-North. This would allow the coverage of the high energy spectrum of the source,
providing constraints on the maximum energy of the particles accelerated as well as on the type of
particles (electrons or protons).
In my view, two upcoming facilities will provide extremely valuable information for CTA as well as
detection of several new remnants: SKA and eROSITA.

The radio band and SKA

The Square Kilometre Array (SKA) is a large international radio telescope project characterized, as
suggested by its name, by a total collecting area of approximately one square kilometre, and consist-
ing of several interferometric arrays to observe at metric and centimetric wavelengths (Acero et al.,
2017a). The deployment of the SKA will take place in two sites, in South Africa and Australia, and in
two successive phases. The start of construction of Phase 1 is planned for 2020 with a commissioning
by 2024. It consists of installing approximately 10% of the final arrays. Phase 2 is envisaged for 2030.
The frequency range that the SKA is expected to cover is unprecedented, going from approximately
50 MHz to 15 GHz using low frequency aperture array in Australia (SKA1-LOW) and mid-frequency
aperture array in South Africa (SKA1-MID) presented in Figure 6.8. The SKA1-LOW, with fre-
quency range between 50 MHz and 350 MHz and a field of view of 30 deg2, hosts great potential to
discover a large number of SNRs and will be of crucial importance to identify gamma-ray sources
or to constrain their non-thermal morphology. With a field of view of only 0.5 deg2 but an excellent
angular resolution of 0.22” (with respect to 11” for SKA1-LOW), the SKA1-MID will be ideal to
detect and resolve young SNRs (< 1000 years) which are the best candidates for the acceleration of
PeV protons. In addition to discovery potential, it will help to identify sources detected at TeV ener-
gies by CTA or HAWC. Observations by SKA as well as other multi-wavelength instruments (such
as XMM-Newton and Chandra cited above) will become crucial. Moreover, we have seen that sev-
eral middle-aged remnants interacting with molecular clouds present a low energy break called "pion
bump". This directly implies that the spectrum of secondary electrons begins to diverge from a pure
power-law below ∼1 GeV finally cutting off below ∼100 MeV. The primary electron distribution, on
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the other hand, would display no such features. This implies that this spectral feature can be detected
at frequencies below 100 MHz (B/10 µG). SKA will therefore be able to track directly the presence of
protons accelerated at SNR shock and even constrain the cosmic-ray efficiency in case of detections
of such spectral feature (Aharonian et al., 2013).

Figure 6.8: Left: Artist impression of the low frequency aperture array in Australia (SKA1-LOW). Right: Artist
impression of the mid-frequency aperture array in South Africa (SKA1-MID). Credit: SKA Organisation

At X-ray energies: eROSITA

The radio band is an excellent domain to look for supernova remnants, but two important selection
effects exist in this energy range: 1) intrinsically faint remnants (i.e. low surface brightness) are diffi-
cult to identify, and 2) physically small but distant remnants are difficult to recognize as SNRs, due to
their small angular sizes. For example, the Effelsberg 2.7-GHz survey has a resolution of 4.3 arcmin,
and SNRs would have to be several times this angular size for their structure to be recognized. Most
of the missing small angular size remnants are young but distant SNRs that lie on the far side of the
Galaxy, and hence concentrated towards l = 0◦, b = 0◦, where confusion due to other Galactic sources
along the line of sight makes their identification difficult. In the opposite, if a remnant is too old
and its radio emission has faded already, it will be hard to identify the source by the limited surface-
brightness sensitivity of previous sky-surveys. It is thus crucial to use other facilities to complete the
catalog of Galactic SNRs. One of the best way to do so is to use X-ray data. The ROSAT All-Sky sur-
vey has demonstrated the potential power for finding new SNR. The examples of RX J1713.7−3946
and Vela Junior (also known as RX J0852.0−4622) highlight very well that low surface brightness
SNR are missed by radio surveys but can be identified at X-ray energies (Pfeffermann and Aschen-
bach, 1996a; Aschenbach, 1998). This has motivated Schaudel et al. (2002) to investigate the all-sky
survey data more systematically in order to search for unidentified supernova remnants. From their
candidate list several sources have been confirmed meanwhile as SNR (e.g. Jackson et al., 2008; Rob-
bins et al., 2012). These identifications suggest that many of their SNR candidates are indeed radio
under-luminous, explaining why past radio surveys could not identify them before. The correlation
of eROSITA data with radio surveys will allow us further identification studies on more than 140 faint
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and diffuse X-ray sources, which have been by now classified as SNR candidates in the ROSAT all-
sky survey (Prinz and Becker, 2012). In addition to this complete sample of Galactic X-ray SNRs,
eROSITA will be able to survey the Large Magellanic Cloud and provide a catalog of sources in this
region, including supernova remnants.

• Upcoming gamma-ray facilities such as CTA or LHAASO, will have increased sen-
sitivity and angular resolution to provide a new light on our Galaxy and discover new
SNRs.

• Gamma-ray observations of historical SNRs is crucial to constrain the maximum en-
ergy reached by protons as well as the early stage of evolution of a supernova rem-
nant. The SNR SN 1987A in the LMC is an excellent target in addition to traditional
Galactic SNRs.

• Up to now, one single PeVatron in the Galaxy was discovered, likely related to the
central black hole. Search for PeVatron in the Galaxy, thanks to Galactic plane survey
or deep γ-ray observation of sources with hard spectra, is thus crucial to test the SNR
paradigm.

• The escape of CRs from the SNR shock and their propagation in the surrounding
medium is still poorly known. Gamma-ray observations of remnants starting to inter-
act with molecular clouds (such as Puppis A) or remnants located in dense medium
(such as RX J1713.7−3946) can provide new clues on these mechanisms.

• The increased sensitivity of the new generation of gamma-ray instruments will in-
crease the number of detected SNRs allowing to perform population studies. This
will help to understand the evolution of CR acceleration as well as the influence of
the environment surrounding the shock.

• Other type of Galactic accelerators might contribute significantly to the CR spectrum
and needs to be observed deeply. Star forming regions, superbubbles and the Galactic
centre are the best candidates.

• A complete multi-wavelength synergy is being set between gamma-ray instruments
and other facilities, in particular radio and X-ray instruments for supernova remnants.
Neutrino telescopes might play a role within the lifetime of CTA. New discoveries by
eROSITA and SKA are likely to provide a large number of new discoveries.

• Major breakthroughs are expected on this field in the coming years !

Summary

The results presented in this chapter have been published in (bold faces indicate those for which I
am corresponding author):

• Ackermann M. et al., 2017, The Astrophysical Journal, 843, 139: "Search for Extended
Sources in the Galactic Plane Using Six Years of Fermi-Large Area Telescope Pass 8 Data
above 10 GeV"

• F. Acero et al., 2017, arXiv:1712.06950: "French SKA White Book - The French Community
towards the Square Kilometre Array"
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• F. Acero et al., 2017, arXiv:1709.03483: "Cherenkov Telescope Array Contributions to the 35th
International Cosmic Ray Conference (ICRC2017)"

• Lemoine-Goumard M., 2015, Rapporteur talk of the 34th International Cosmic Ray Con-
ference (ICRC2015), The Hague, The Netherlands: "Ground-based gamma-ray astron-
omy"

• A. Abramowski et al. (H.E.S.S. collaboration), 2014, MNRAS, 441, 790: "TeV γ-ray observa-
tions of the young synchrotron-dominated SNRs G1.9+0.3 and G330.2+1.0 with H.E.S.S."

• K. Nandra et al., 2013, arXiv:1306.2307: "The Hot and Energetic Universe: A White Paper
presenting the science theme motivating the Athena+ mission"
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ACRONYMS

CMB cosmic microwave background.

CR cosmic ray.

CSM circumstellar medium.

CTA Cherenkov Telescope Array.

DSA diffusive shock acceleration.

HE high energy.

IACT imaging atmospheric Cherenkov telescope.

IC inverse Compton.

IRF instrument response function.

ISM interstellar medium.

LAT Large Area Telescope.

MC molecular cloud.

PSF point spread function.

PWN pulsar wind nebula.

SN supernova.

SNR supernova remnant.

VHE very high energy.
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Résumé

Depuis leur découverte, un débat sans fin s’anime autour de l’origine des rayons cosmiques, les vestiges de
supernovae étant souvent cités comme étant les meilleurs candidats pour leur accélération dans la Galaxie.
Après un chapitre résumant mon parcours puis une introduction au domaine, les deux chapitres suivants de ce
mémoire résument les observations en rayons gamma du Large Area Telescope (LAT) à bord du satellite Fermi
et du High Energy Stereoscopic System (H.E.S.S.) pour deux types de vestiges de supernovae: les vestiges de
supernovae jeunes supposés être des accélérateurs efficaces, et les vestiges évolués pour lesquels des signes
clairs d’accélération de protons ont été obtenus. Ces chapitres démontrent que les vestiges de supernovae sont
capables d’accélérer des particules (électrons et protons) à très haute énergie par accélération diffusive par onde
de choc. Des preuves de l’accélération de protons sont visibles dans plusieurs cas: les vestiges de supernovae
historiques Cassiopeia A et Tycho, de même que Puppis A et les vestiges évolués W44, IC 443, W51C et
W49B. Dans tous les cas étudiés, l’environnement dans lequel le vestige évolue est l’élément clé gouvernant le
spectre gamma observé ainsi que la fraction de particules accélérées.
En parallèle, la sensibilité accrue des détecteurs actuels nous a permis d’entrer dans une ère de catalogues,
révélant ainsi différentes classes de sources astrophysiques contribuant potentiellement au spectre du ray-
onnement cosmique, telles que les nébuleuses de pulsar, les nuages moléculaires, les régions de formation
d’étoiles et même un premier PeVatron au centre Galactique. C’est l’objet du cinquième chapitre qui décrit
également les recherches récentes de nébuleuses de pulsars et de sources étendues dans la Galaxie avec le LAT.
Quelques perspectives instrumentales et observationnelles sont enfin proposées dans le dernier chapitre. Ce
manuscrit n’est ni une liste exhaustive de tous les résultats du domaine, ni une liste complète des travaux et
publications que j’ai menés mais plutôt un mélange entre les deux.

Mots clés: astronomie gamma, Fermi, Large Area Telescope, imagerie Tcherenkov atmosphérique, H.E.S.S.,
CTA, vestiges de supernovae, rayons cosmiques, nébuleuses de pulsars.

Abstract

Since their discovery, there has been a long standing debate concerning the origin of cosmic rays, supernova
remnants (SNR) being often cited as the best candidate for their acceleration in the Galaxy. After a chapter
relating my career path and an introduction to the subject, the following two chapters of this manuscript sum-
marize the gamma-ray observations acquired by the Large Area Telescope (LAT) aboard Fermi and by the High
Energy Stereoscopic System (H.E.S.S.) on two different types of supernova remnants: young supernova rem-
nants thought to be the most efficient accelerators and middle-aged remnants that show clear signs of proton
acceleration. These chapters demonstrate that SNRs are able to accelerate particles (electrons and protons) to
very high energies through diffusive shock acceleration. Evidences in favor of proton acceleration are visible
in several cases: the historical SNRs Cassiopeia A and Tycho as well as the transition case Puppis A and the
middle-aged SNRs W44, IC 443, W51C and W49B. In all cases, the environment in which the SNR is evolving
is a key characteristic controlling the gamma-ray spectrum as well as fraction of accelerated particules.
In the meantime, the increased sensitivity of the current detectors allowed us to enter an era of catalogs, reveal-
ing different classes of astrophysical sources potentially contributing to the cosmic-ray spectrum, such as pulsar
wind nebulae, molecular clouds, star forming regions and even a first PeVatron at the Galactic center. This is
described in the fifth chapter that also summarizes the recent searches for pulsar wind nebulae and extended
sources in the Galaxy with the LAT. Finally, instrumental and observational perspectives are proposed in the
last chapter. This manuscript is neither an exhaustive list of all results in the field, nor a complete list of the
works and publications that I carried but rather a mix between the two.

Keywords: gamma-ray astronomy, Fermi, Large Area Telescope, imaging atmospheric Cherenkov, H.E.S.S.,
CTA, supernova remnants, cosmic rays, pulsar wind nebulae.
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