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Introduction

After more than one hundred years from the discovery of cosmic rays (CRs) by
Victor Hess in 1912, the questions about their origin are still unsolved. Many
observations have been performed, obtaining a great amount of data which now

have to be put in the right place to solve the puzzle of cosmic rays.

The measurements of the spectrum and composition of CRs revealed that this
“radiation” consists of charged particles which reach incredibly high energies, up
to 10?2 eV. Detailed information about their spectral features and composition
provide many ingredients to understand the possible sites where CRs are accel-
erated up to these high energies and to study the propagation mechanisms that

regulate their diffusion in our Galaxy.

In particular, CRs with energy up to 10'® eV are thought to be of Galactic origin
and the study of Galactic objects is fundamental to look for the CR sources. In
1949, Enrico Fermi proposed an efficient mechanism through which charged parti-
cles could be accelerated, which requires only the presence of a strong shock wave.
We know that our Galaxy is full of these shock waves, deriving from the Super-
novae explosions, which represent the final stage of the evolution of massive stars.
For this reason, Supernova Remnants (SNRs) are considered the most plausible
candidates to be sources of the Galactic CRs. This hypothesis is known as SNR
paradigm for CRs.

The Fermi acceleration mechanism, also known as diffusive shock acceleration
(DSA), predicts that a strong shock wave propagating in the interstellar medium
naturally accelerate particles producing a power-law particle distribution with
spectral index equal to -2. This aspect is in good agreement with the CR mea-
surements at the Earth, through which a prediction of the CR spectrum at the

source can be performed.

xiil



xiv Introduction

Unfortunately, CR measurements cannot give direct information about the source.
Actually, the charged particles produced at the source are deflected by the Galac-
tic magnetic field during their propagation to the Earth and all the directional

information is lost.

Nevertheless, CRs continuosly interact with the environment their encounter at
the source and in the Galaxy and inevitably emit non-thermal radiation, which
can be detected and used to point directly to the source. As a consequence, the
study of the electromagnetic spectrum emitted by CR sources from radio to the
TeV energy range becomes crucial to understand the acceleration mechanisms. In
particular, y-rays from few tens of MeV to several tens or hundreds of TeV can

trace the non-thermal emission of the accelerated cosmic-ray protons.

Fermi-LAT is a y-ray imaging satellite and has among its scientific goals the study
of astrophysical objects in the vy-ray spectrum, such as Supernova Remnants. It is
sensitive in the energy range from few tens of MeV to few TeV. In particular, the
energy range around and below 100 MeV is crucial to disentangle leptonic from

hadronic contribution to the ~-ray spectrum.

The work of this thesis is set in this frame and focuses on the «-ray analysis of two
young SNRs with the Fermi-LAT data. Young SNRs are particularly interesting
candidates, since their evolution can be studied in detail and they usually expand
in clean environments. Furthermore, they are the ideal candidates to understand
the maximum energy at which CRs could be accelerated in SNRs, being the energy

losses still negligible.

The thesis is divided into six chapters. In chapter 1, the main features of cosmic
rays will be described, focusing on the their spectral features and composition. A
description of the diffusion mechanism in the Galaxy will be also given. The non-
thermal emission processes through which cosmic rays emit photons from radio

band to the very high energy ~-rays will be described.

In chapter 2, Supernova Remnants (SNRs) will be described, in order to under-
stand why they are considered good candidates to accelerate cosmic rays. In the
second part of the chapter, the attention will be focused on the main acceleration
mechanisms which are thought to happen in SNRs. Finally a review of the most
recent detection of SNRs in the ~-rays with the Fermi-LAT experiment will be
provided.
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In chapter 3, the y-ray data analysis with Fermi-LAT data will be described. In
te first part of the chapter the LAT experiment will be described, while in the

second part the data analysis technique will be described.

In chapter 4, one of the main ingredients of the Fermi-LAT data analysis will be
described: the background diffuse model. A description of the methods followed
to derive will be given, in order to highlight the strong and weak points of the pro-
cedure and understand how the background diffuse model can affect the spectrum

of the sources.

Chapter 5 will be dedicated to the presentation of the Fermi-LAT data analysis
performed on two young SNRs: Cassiopeia A and Tycho. The first results will
show how the diffuse model affects the source sepctrum. The analysis will aim on
a better description of the diffuse model in order to get a more reliable results on
the sources under investigation. In the second part of the chapter, the system-
atic uncertainties from the background model will be investigated. The standard
methods based on the usage of alternative background models will be applied to
the sources analysed. A new approach will be also developed and shown. This
new approach consists in the study of the residuals of the baseline background
model. Results obtained with this new approach will be shown and compared to

the other methods applied.

Finally, chapter 6 will be dedicated to the description of an interpretation model
for the spectra of the two sources. The model will be applied to obtain information
on the CR spectra at the sources. The model derived will be also compared to

other models previously developed.






Chapter 1

Cosmic rays: features and origin

1.1 Introduction

Cosmic rays (CRs) are charged particles coming from the outer space. They were
discovered by Victor Hess in 1912, who noticed that the ionizing radiation observed
at the surface of the Earth, whose origin was initially attributed to the natural
radioactivity of the Earth, increased with altitude, proving that this “radiation”
was not coming from the Earth. Later observations showed that this radiation
was made of charged particles, with energy up to few 10% eV, an incredibly high

value if compared to the energies reached in modern accelerators.

Cosmic rays are classified as primary or secondary. The particles directly pro-
duced and accelerated at the source are defined as Primary Cosmic Rays. They
are mostly made of protons, helium nuclei and electrons, as well as carbon, oxy-
gen, iron, and other nuclei synthesized in stars. After their production, primary
CRs are injected in the environment and propagate to the Earth. During this
process they interact with the medium they come across and produce other parti-
cles, called Secondary Cosmic Rays. Nuclei such as lithium, beryllium, and boron
(which are not abundant end-products of stellar nucleosynthesis) are part of this
category. Antimatter is also produced in these interaction, especially antiprotons
and positrons, and is observed at the Earth as secondary CRs. Recent measure-
ments by PAMELA and AMS-02 have revealed an overabundance of positrons [1,
2] with respect to the predictions of the standard CR propagation models, open-
ing to the possibility of new antimatter sources, both of astrophysical (pulsar) or

exotic (dark matter) origin.
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Energies and rates of the cosmic-ray particles
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FIGURE 1.1: Cosmic-ray spectrum as measured by different experiments [3].

1.2 Spectrum

Figure 1.1 shows the energy spectrum of cosmic rays, which is the number of par-
ticles per unit time and unit solid angle incident on a unit area surface orthogonal
to the direction of observation. The spectrum is well described by a power-law
distribution over a wide energy range, from few hundreds MeV up to about a hun-
dred EeV. The differential energy spectrum has been multiplied by £? in order to

display the features of the steep spectrum that are otherwise difficult to discern.

For energy below 1 GeV, the spectrum presents a cut-off relative to the power-
law distribution, due to the solar effects on charged particles. In fact, during the
periods of high solar activity, the charged plasma emitted by the Sun, called solar
wind, interacts with the incoming CRs, preventing their propagation to the Earth
and reducing the observed flux. Conversely, the CR flux reaches its maximum
during the periods of low solar activity. This phenomenon is known as solar

modulation and has a cycle of about 11 years.
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FIGURE 1.2: Number of sunspots and rate of cosmic rays from neutron monitors
since 1958 [4]. The anti-correlation of these two quantities with a period of 11
years gives a strong evidence of the solar modulation of cosmic rays.

The evidence of this phenomenon is obtained through the measurements of the
intensity of cosmic rays through neutron monitors, which detect the number of
neutrons generated in the interaction of primary CRs with the Earth’s atmosphere.
An (anti-)correlation is observed between the measured rate of neutrons and the
number of sunspots, whose presence was first noticed by Galileo Galilei in the

XVII century and is a visible sign of the high solar activity (see figure 1.2).

For energies above few tens of GeV, particles are not affected by the solar wind

and their spectrum follows a power-law:
F(E)=E"“, (1.1)

where a represents the spectral index of the distribution. Its value changes signif-
icantly in two points of the spectrum. The first break, known as knee, occurs at
an energy around 10% eV, where the spectral index changes from a value of 2.7 to
a value of 3. For energies above 10'? eV, which corresponds to the second break
in the spectrum and is known as ankle, the spectral index becomes again 2.7. Fig-
ure 1.3 shows the “all-particle” spectrum observed by air shower experiments at
energies greater than 100 TeV, which measure the energy of the incoming cosmic

ray through the observation of the shower produced in the interaction with the
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FIGURE 1.3: The “all-particle” spectrum as a function of energy-per-nucleus
measured by air shower experiments [5].

atmosphere. In this case, the differential energy spectrum has been multiplied by

E?%5 in order to display the different values of the spectral index.

The features observed in the spectrum may give information about the origin of
cosmic rays. Particles with energy below 10'® eV are thought to be of galactic
origin. In this picture, the knee could originate from the fact that most of cosmic
ray accelerators in the Galaxy have reached their maximum energy of acceleration
between 10 eV and 10'® eV, causing a break in the spectrum observed at the
Earth. Actually, the spectrum produced by a single source with a maximum
energy F.. would be described by an exponential cut-off. The combination of
different exponential cut-off energies in the range 10 eV - 108 eV would result in a
steepening of the power-law spectrum. The Kascade-Grande experiment reported
the observation of a second steepening of the spectrum near 8 - 10'6 eV, with
evidence that this structure is accompanied by a transition to heavy primaries.
This is expected since the maximum energy of acceleration scales with the charge

of the particle.

Supernova remnants are considered good candidates for the acceleration of cosmic
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rays up to energies close to the knee. As it will be shown later, the Fermi accel-
eration mechanism predicts that a shock, like the one originating in a Supernova
explosion, can accelerate charged particles, producing a power-law spectrum. Ef-
fects of propagation and confinement in the Galaxy also need to be considered,
since they modify the observed spectrum of cosmic rays with respect to the one

produced at the source.

Concerning the ankle, the hardening of the spectrum above 10*® ¢V might be due
to a higher energy population for example with extragalactic origin, overtaking
the Galactic population. In this case, the most probable candidates to accelerate
cosmic rays up to these energies are the Active Galactic Nuclei (AGN), which emit

a bright radiation in the entire electromagnetic spectrum.

1.2.1 GZK cut-off

The hypothesis of the extragalactic origin of cosmic rays with energy above the
ankle, called Ultra-High Energy Cosmic Rays (UHECR), is reinforced by the ob-
servation of a cut-off in the spectrum for energy above 5 - 10! eV, known as
Greisen-Zatsepin-Kutzmin (or GZK) cut-off. This phenomenon appears when the
energy of cosmic-ray protons is sufficiently high to activate the photo-pion and

photo-pair production processes.

If a proton is bombarded with high energy ~-rays, pions are created:

Y+p = n+7, (1.2)
Y+p = p+r S pt+y+7, (1.3)
Y+p — n+ Nm. (1.4)

The photon threshold energy for these reactions is approximately ¢, = 200 MeV

and the cross section is about 250 pbn = 2.5 - 10728 cm?.

All the free space in the Universe is permeated by photons of the Cosmic Microwave
Background (CMB), which is the thermal radiation assumed to be the left over of
the Big Bang, and therefore cosmic rays cannot escape from it. The CMB spectrum
is described by a black body spectrum with a temperature of approximately 2.7
K, corresponding to an average energy of ¢; = 6 - 10~* eV, which is much lower

than the threshold energy ¢;. However, in the rest frame of a cosmic-ray proton
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with Lorentz factor I', this energy becomes
€ =€l (1 + PBcosh), (1.5)

where 6 is the angle between the photon and the proton directions. If the Lorentz
factor I' is sufficiently high, this value can exceed the threshold ¢;, activating
the photo-pion production. The threshold value for the Lorentz factor of the
proton, obtained in the limit 3 — 1 and cosf = 1, is ['; = €¢/(2¢9) = 1.7 - 10",
corresponding to an energy £ = I'ym, = 1.7 - 10%° eV. The proper calculation
involves integration over the Planck spectrum of the CMB and over all angles and
in this case the proton threshold energy for the photo-pion production process

decreases to 5 - 1019 eV.

The mean free path for a single scattering is A = (0, Npn) ' Taking N, = 5-10?
cm™? for the CMB and 0, = 2.5-1072® c¢m?, then A &~ 10%° cm ~ 3 Mpc, which,
assuming that the proton travels at the speed of light, corresponds to a propagation
time of 107 years. The energy of the pion created in this process is I'm, so that the
fractional loss of energy of the cosmic ray proton is AE/E ~ m,/m, ~ 1/10. The
total mean free path for the cosmic ray proton to lose all its energy corresponds

to a propagation time of 10® years.

A similar calculation can be carried out for the photo-pair production process:
Y+p—=pt+e +e . (1.6)

The threshold for this process is 1.02 MeV, about 200 times less than the photo-
pion production mechanism, corresponding to a threshold proton energy of about
10'8 eV. The cross-section for this process in the ultra-relativistic limit is Opair =
10726 ¢cm?, which is 40 times larger than o,,. However, each photo-pair production
event removes only a fraction of 1073 of the energy of the proton. As a result,
the propagation time for the protons to lose all their energy is 2.5 - 10° years,
which is 25 times longer than the previous case. As a consequence, this process is
less important and it just results in a distortion of the particle spectrum down to

energies of about 10'® eV,

In conclusion, if the extragalactic origin of UHECR is correct, a cut-off in the
cosmic-ray energy spectrum is expected at about 5 - 10! eV for protons, which

cannot have originated further than about 30 Mpc from our Galaxy. On the other
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side, a Galactic population of cosmic rays with the same energy would not suffer
of the same effect, since the propagation distances would be much shorter than
the value of \. In fact, at such a high energy, cosmic rays are not confined in the
Galaxy by the Galactic magnetic field and propagate for distances of the order of

the dimension of our Galaxy, which has a diameter of 30 kpc.

As can be seen in figure 1.3, very recent measurements of the cosmic-ray spectrum
at energies above 10 eV by some experiments like the Auger experiment seem to

show this cut-off in the spectrum, supporting the extragalactic origin of UHECR.

1.3 Composition

The observations of cosmic rays at the top of the atmosphere show that about
98% of the particles are protons and nuclei, while the remaining 2% are electrons.
Of the protons and nuclei, about 87% are protons, 12% are helium nuclei and the

remaining 1% are heavier nuclei.

Figure 1.4 shows that the energy spectrum of each component is consistent with
the overall spectrum up to energies close to the knee. The study of the relative
abundances of these elements gives information about the acceleration mechanisms

at the source and the propagation mechanisms in the Interstellar Medium (ISM).

1.3.1 Chemical abundances

The chemical abundances of elements in cosmic rays give important information
about their origin and their propagation in the Galaxy. Figure 1.5 represents the
relative abundances of elements observed in cosmic rays, compared to the ones

observed in the Solar System.
The most important features which appear in this plot are the following:
e the odd-even effect in the relative stabilities of the nuclei, which is due to
the pairing term in the binding energy of nuclei, is evident in both curves;

e the abundance peaks at carbon, nitrogen and oxygen and at the iron group
are present in both curves, supporting the idea that these elements do have

origin directly in the sources, thanks to processes typical of stellar evolution;
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FIGURE 1.4: Fluxes of nuclei of the primary cosmic rays as a function of the
kinetic energy per nucleus [5].

e in cosmic rays there is an overabundance of light elements (Li, Be, B) and

of elements with atomic number just less than iron.

The last point can be attributed to the spallation mechanism. During their propa-
gation to the Earth, primary cosmic ray nuclei collide with the gas in the interstel-
lar medium and are fragmented, resulting in the production of nuclei with smaller
atomic and mass number. In particular, spallation of medium group elements
(carbon, nitrogen and oxygen) produces light elements like lithium, beryllium and
boron, while spallation of iron results in nuclei like manganese, chromium and

vanadium.

Spallation mechanism can be treated in a formal way using the diffusion-loss equa-

tion of cosmic rays, as it will be shown in section 1.4.1.
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1.3.2 Isotopic abundances

In addition to overall chemical abundances, isotopic abundances are available for

a number of species, in particular for the lightest elements 'H, 2H, 3He and *He.

Most of helium was synthesised in the Hot Big Bang through the p-p chain. ?H and
3He, which are synthesised in the p-p chain as well, are much less stable and are
destroyed much more easily. They are present in greater abundances in the cosmic
rays (~ 107°) than they are in the interstellar medium (=~ 1072). This aspect can
be attributed to spallation reactions between the four species considered, providing

an independent check of the spallation models.

Another important information which can be obtained from the isotopic abun-
dances regards the propagation or confinement time of cosmic rays in the Galaxy,

which is the time that a cosmic ray spends in the Galaxy before escaping from it.

Some of the species created in spallation reactions are radioactive and hence they
should decay before reaching the Solar System. However, if their decay time is
comparable to the propagation time, an appreciable fraction of these isotopes will

survive. The comparison of their abundance with respect to the stable isotopes
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FIGURE 1.6: Boron-to-carbon ratio as a function of kinetic energy per nucleon
as measured by different experiments. The figure is taken from AMS-02 mea-
surements [7].

gives information about how much time the unstable nucleus has spent in the
Galaxy, giving an estimate of the propagation time. One of the most famous of
these cosmic ray clocks is the isotope °Be, which has a radioactive half-life of
1.5 - 105 years. Detailed calculations of the radioactive to stable isotopes ratio for
different species give a unique confinement time of (15 £+ 1.6) Myr. Also in this
case, the diffusion-loss equation of cosmic rays, gives a formal explanation of this

mechanism.

A third aspect that can be analysed thanks to relative abundances is the energy
dependence of this confinement time. It has been observed that, for energy above
1 GeV, the chemical composition of cosmic rays decreases with increasing energy

with a power-law relation £,

Figure 1.6 shows the measurements of the boron-to-carbon ratio as a function of
the kinetic energy of the particle, which is proportional to the escape path length

and to the escape time of the heavier species (boron in this case). Therefore:

7(E) < E~°, (1.7)
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with 0 ~ 0.3 — 0.4 according to the most recent measurements [7, 8]. As a con-
sequence, the diffusion coefficient which appears in the diffusion-loss equation de-
pends also on energy, being D(E) ~ 1/7(E) ~ E°. The diffusion-loss equation

gives again a description of this process.

1.3.3 Leptonic component

The leptonic component of cosmic rays is made essentially of electrons and positrons.
The spectrum of electrons and positrons incident at the top of the atmosphere is
expected to steepen by one power of E at an energy of ~ 5 GeV because of strong

radiative energy loss effects in the Galaxy.

Figure 1.7 shows the electron plus positron spectrum multiplied by a factor E?
measured by different experiments, confirming an overall trend of £E—3. Some
deviation from this spectrum are evident from the ATIC experiment, which mea-
sured an excess of electrons over propagation model expectations at energies of
300-800 GeV. The Fermi-LAT experiment measured a not-entirely flat spectrum
without confirming the peak of the ATIC excess at 600 GeV. The HESS imaging
atmospheric Cherenkov array also measured the electron flux above 400 GeV, find-
ing indications of a cutoff above 1 TeV, but no evidence for a pronounced peak.
The most recent measurements by the experiments Fermi-LAT and AMS-02 are
reported in [9-11].

Figure 1.8 shows the positron fraction, defined as the ratio of positron flux divided
by the electron plus positron flux, as measured by the PAMELA and AMS-02 satel-
lite experiments. These experiments have a magnetic spectrometer which allows
the charge discrimination. The measurements show an increase of the positron
fraction above 10 GeV instead of the expected decrease from propagation models
(heavy black line in the plot), confirming earlier hints seen by the HEAT balloon-

borne experiment.

The structure in the electron spectrum, as well as the increase in the positron frac-
tion, may be related to contributions from individual nearby sources (Supernova
remnants or pulsars) emerging above a background suppressed at high energy by
synchrotron losses. Other explanations have invoked propagation effects or dark

matter decay/annihilation processes. The significant disagreement in the ratio



12 Chapter 1. Cosmic rays

10?

E%dN/AE (m? s sr! GeV?)

10

HEAT

ATIC

Fermi-LAT

HESS
CAPRICE94
PAMELA (e- only)
AMS-02

T Ilbllll

XEO>4<> @

1 10 10? 10° 10*
Energy (GeV)

—_
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data, which are electrons only) multiplied by E3. The line shows the proton
spectrum multiplied by 0.01. [5]

below 10 GeV is attributable to differences in charge-sign dependent solar modu-

lation effects present near the Earth at the time of the measurements.

1.4 Diffusion mechanisms in the Galaxy

The interaction of charged particles with the interstellar medium (scattering with
target gas and interaction with magnetic field) results in a diffusive motion of

particles, which can be described by a diffusion equation.

For a species i of cosmic rays the equation can be written as follows: [12]

ON; 0
5 = V- (DVN) = S iNi(B)] - V - uli(E)+

vp do(E, E') P
+Qi — a;N; + —Z/—Nk(E)dE,
m 4 dr

(1.8)

where N;(FE,x,t)dE represents the density of particles of species ¢ at position x,

at time ¢, with energy between F and E + dFE.
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The first term in the right side of the equation (1.8) represents the diffusion of

cosmic rays. D is the diffusion coefficient and can be expressed in the form

1
D = g)\DU, (19)

where Ap is the diffusion mean free path and v if the particle velocity. The
second term represents the energy loss (for example for synchrotron emission).
The coefficient b(E) has different expressions according to the type of process
considered. The third term represents the convection process at velocity u. The
fourth term Q;(,x,t)dE is the source term and represents the number of particles
of species i per cm?® injected at position x and time ¢ with energy between £ and
E + dE. Finally, the last two terms represent the loss rate and production rate of
species 7, respectively. The coefficient a; includes all the loss contributions, such as
the escaping time and the spallation losses. The last term includes the production

rate for species ¢ deriving from the spallation of all heavier species.

There is no analytical solution for this equation in the general case. Simulation
codes such as GALPROP [13] and DRAGON [14] have been developed to solve
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numerically the diffusion equation. These codes can predict the CR distribution
and spectrum in the Galaxy, once some assumptions are made about both the CR

sources and the CR diffusion parameters.

1.4.1 Spallation mechanism

The diffusion-loss equation gives information about the expected rates of particles
due to the spallation mechanism. A simplified version of the equation (1.8) can be
considered (see [15]), neglecting the diffusion and energy loss terms. Furthermore,
if the rate equation for species which are not injected at the source, such as the
light elements lithium, beryllium and boron, is considered, the source term @); can

also be neglected. The equation obtained is:

ON; N Py
=—— + Z k Nk, (1.10)

ot T, T
k>1 k

where 7; is the spallation lifetime for species ¢ and Pj; is the probability that a
nucleus of species i is created in an inelastic collision involving the destruction of

a nucleus k.

This equation can be re-written in terms of the path length & = px = pvt (mea-

sured in g cm~?), where p is the gas density and v is the particle velocity:

ON,(&) N2<f)+zpkiNk(£). (1.11)

oc &

¢ k>i

In order to perform a simplified calculation, the rate equation for a heavy and a
light species is considered, including in the heavy species the elements that are
fragmented by spallation (for example the medium o M group of elements carbon,
nitrogen and oxygen) and in the light species the ones that are generated as a result
of the spallation process (the light o L group of elements lithium, beryllium and
boron). Initially, there are no particles in the L group at & = 0. The differential

equations to describe the L and M groups are:

dNy(E) Nul(9)
ule) — (1.12)
dNL(§) _ Ni(§) +MNM(£)- (1.13)

dg 33 Em
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Integrating equation (1.12),

Nar(€) = Nar(0) exp(—E/€mr)- (1.14)

Multiplying equation (1.13) by the factor exp(£/£;) and integrating:

%[wﬂf/&)%(@] - 2”4 explE/EL — £/€nr) Ns(0), (1.15)

—— lexp(§/& — §/ém) — 1] (1.16)

Ne(§) _ Purée
Nu(€) §n—&m

In this simplified treatment, average values of &1, &y and Py, are adopted (see
Table 10.1a in [15]). From the inelastic cross-sections for the M elements, the value

of Py, is found to be 0.28, while &3 = 6 g cm™2 and &, = 8.4 g ecm™2. From the

N _
Nu(€)

values into (1.16), the typical path length through which the M elements would

relative abundances measurements in cosmic rays, 0.25. Inserting these
have to pass to create the observed abundance ratio of the L to M elements is
£ = 4.8 g cm™2, of the same order of magnitude as the mean free path of the M

elements, which is hardly surprising.

The same type of calculation can be performed for the production of *He by the

spallation of “He in the interstellar gas.

There are obviously some discrepancies with experimental data, coming from the
fact that this is a simplified model. These discrepancies can be removed if a
distribution of path lengths is considered instead of assuming that all the high
energy particles traverse the same amount of matter in reaching the Earth. In this

case the complete diffusion-loss equation must be considered.

1.4.2 Cosmic ray clocks: the case of ''Be

The radioactive species created in spallation reactions can be used to date the

samples of cosmic rays observed near the Earth.

The most famous example of these clocks is the radioactive isotope of beryllium
19Be, which has a life-time 7, of the same order of magnitude as the cosmic ray
escape time 7,.. From spallation reactions, the expected fraction of the °Be with

respect to its stable isotopes "Be and Be is about 10%. If the escape time 7, is
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much longer than 7, this fraction should be much less than 10% and should be of

the order of 7,./7..

This statement can be derived using the simplified version of the diffusion-loss
equation (1.10). In this case, a loss term for the propagation time —N;/7, must

be added in the equation.

Defining the production rate of species ¢ as

P
C; = Z T’; Ny (1.17)

and considering the steady state solution of the equation (dN;/dt = 0), the equa-
tion becomes:

TR YUV S
Te(Z) Tspal<2) Tel(i) + Tspjl(i)

For the radioactive isotope, a decay loss term must be included —N;/7,., where 7,

is the characteristic decay time:

N; N; N; &
— ==+ Ci— s =02 N, = i T (1.19)
Te(1) Topat (1) 70 (1) e (i) ™ Topal (i) T (i)
So, the steady state ratio of the °Be to "Be isotopes is:
1 1
N(10B6> — 75(735) + Tspal(7Be) C(lOBe) (1 20)
N(7B€) Te(lﬁBE) + Tspal(lloBe) - Tv'(l(l)Be) 0(736)

If the time-scale for the destruction of the beryllium isotopes by spallation is much

greater than their escape times 74, > 7, a simpler expression is obtained:
N(9Be) wrEg  C("Be)

N(Be) C("Be) (121)

1 1
Te (19 Be) + 7 (10Be)

Measurements of this ratio lead to an escape time of 10 Myr.
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1.4.3 Confinement time and B/C ratio

As discussed is section 1.3.2, the boron-to-carbon ratio decreases with increasing

energy.

The simplest interpretation of the energy dependence of secondary to primary ratio
is that the path length of the primary particles through interstellar gas changes
with energy. Suppose that &(E) = & (E/Ey)~®, being a a positive number to
obtain the requested trend of the path length.

Starting from equations (1.12) and (1.13), including a loss term of the form
—Np/¢(E) in equation (1.13) and considering the steady state solution for this
equation (dNy,/dt = 0), one obtains:

Ny Pur Ny

&(E) +£_MNM_§_L = 0. (1.22)

In the high energy limit, the escape path length is much less than the spallation
path length, & < &, and the solution of equation (1.22) becomes

£e(£)
——= = Pyy, : (1.23)
Nu(§) Em
Since Py, and &, are independent on energy, the energy dependence of the ratio
of secondary to primary particles is the same as the one of the escape path length
&(E) and of the escape time 7., which is proportional to & (F). Hence, the
measurements of the boron-to-carbon ratio shown in figure 1.6 are a direct evidence

of the decrease of the escape time with increasing energy.

1.4.4 Confinement volume for cosmic rays: the leaky box

model

The value of the confinement time found with the previous considerations is not
compatible with a free propagation of the relativistic particles in the Galaxy. If the
confinement volume had dimension of 10 kpc (order of magnitude of the dimension
of the Galactic disk) and if relativistic particles propagate at velocity close to that
of light, they would escape from the Galaxy in about 3 - 10* years. Furthermore,

their distribution on the sky would be highly anisotropic, since most of the flux
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the box is proportional to the number of particles in the box.

would come from the center of the Galaxy, in contrast with the observed isotropy
of cosmic rays. In fact, a small degree of anisotropy is observed (&~ 1073), but
it is compatible with the anisotropy resulting from the diffusive motion of cosmic
rays [16]. Anisotropy is also searched in UHECR, which are much less confined
in the Galaxy and should have an extragalactic origin. Hints of a small degree of
anisotropy is observed at very high energies (EeV) by the Pierre Auger and the
Telescope Array Observatories and a possible association of these cosmic rays with

the extragalactic sources is under investigation (see [17] for a review).

For this reason, cosmic rays are supposed to be confined in the Galaxy in a certain
volume by the galactic magnetic field (B &~ 2uG). A hint of this aspect comes
from the fact that the values of the energy densities of the magnetic field (pp =
B?/2py ~ 0.2 eV cm™?) and cosmic rays (pcr & 1 €V cm™3) are of the same order

of magnitude, suggesting that the two components are related to each other.

The confinement of cosmic rays in the Galaxy is often described by the leaky
bor model. Particles are supposed to freely propagate in a box with a horizontal
dimension equal to the diameter of the Galactic disk (=~ 30 kpc) and a height
h of 3-5 kpc (see figure 1.9) and be reflected by the boundaries of this box. At
each reflection, the particle will have a constant probability of escaping from the
Galaxy 7,' < ¢/h. The diffusion term in equation (1.8) is replaced by a loss

term —N;/7.. Neglecting collision processes and convection, the solution of the



Chapter 1. Cosmic rays 19

equation for a source term Q(FE,t) = No(E)d(t) is:
N(E,t) = No(F)exp(—t/Te). (1.24)

In this picture, 7, can be interpreted as the average time that a cosmic ray spends

in the confinement volume.

If a steady source term Q;(F) is considered for the species i and including only a

loss term due to interaction with the interstellar gas, equation (1.8) becomes:

= —— i— —. 1.25
ot Te +Q T; ( )
The steady-state solution of this equation (8&& = 0) is:
Qi(E)Te
N;(F) = ———. 1.26
(B)= T (1.26)

For protons, it is observed that 7, < 7; for all energies and equation (1.26) reduces
to
N(E) = Q(E)T(E). (1.27)

From cosmic ray measurements we know that both N(F) and 7.(F) have a power-
law dependence on energy with spectral index —2.7 and —0.4 respectively. As a

result, also the source spectrum Q(F) must follow a power-law shape:
Q(F) x B¢, (1.28)

where the spectral index « is approximately 2.3.

In conclusion, in order to reproduce the observed spectrum, cosmic ray sources
must accelerate particles up to very high energies and produce a power-law spec-

trum with spectral index slightly softer (i.e. larger value of «) than 2.

1.5 Non-thermal photon emission processes

During their propagation from the source to the Earth, CRs are deflected by the

Galactic magnetic field, leading to an almost isotropic distribution of CRs. For
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this reason, CR measurements at the Earth cannot give direct information about
the CR spectra in different parts of the Galaxy. As already said, the study and
simulation of diffusion processes allow the calculation of the CR spectrum at the

Earth, with some assumptions on the CR sources and the propagation parameters.

The only way to directly trace CRs in the Galaxy is the observation of non-thermal
photons produced by these accelerated particles with the environment they are
propagating into. This aspect is true both for the study of the CRs propagating
in the Galaxy and of CRs produced at their source.

The main non-thermal emission mechanisms are:

e synchrotron emission, due to high energy electrons deflected in the magnetic
field;

e inverse Compton scattering of high energy electrons on low energy photons
from the Cosmic Microwave Background (CMB), from infrared dust emission

and from starlight;

e bremsstrahlung radiation of high energy electrons accelerated in the Coulomb
field generated by charged particles (electrons, protons and ions) of the gas

in the emitting region;

e decay of neutral resonances, produced in the interaction of high energy pro-

tons with target protons and ions present in the gas.

The first one produces spectra from the radio to the X-ray band. The other three
processes contribute mostly in the vy-ray energy band from few MeV to hundreds
of TeV and are of the most interesting for the scope of this work. Neverthe-
less, synchrotron emission is often important to model radio to X-ray data in a

multiwavelength picture.

The study of the cross sections of these processes allows a prediction of the observed
photon flux for a given spectrum of the accelerated particles. In the simplest case,

this spectrum is described by a simple power-law.

In the following sections, a description of the emission processes will be given, and
the specific photon emissivity @, (number of photons emitted per unit volume in
unit time per unit energy) will be calculated for each process. In order to evaluate

the photon flux at the Earth, the emissivity must be multiplied by the volume
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of the emitting region and divided by 47d?, where d is the distance of the region

considered: v

1.5.1 Synchrotron emission

The synchrotron emission occurs when electrons are deflected by a magnetic field.
The spectrum of the emitted photons goes from the radio to the X-ray energy
band, according to the strength of the magnetic field and to the electron energy.

The power emitted by a relativistic particle of charge e and Lorentz factor v with

an acceleration @ is given by the generalized Larmor formula:

2¢? 472 2 2
P, = 337 [7 aj + aL] , (1.30)

where a) and a, are the components of @ parallel and perpendicular to the direction

of motion respectively,

Since there is no electric field acting on the particle and neglecting any other force

in the direction of motion (a; = 0), the acceleration is given by the relativistic
Lorentz force: p
— (& —
F=—(ymv)=-Ux B 1.31
% (mi) = © (1.31)

which implies:
ev, B

FlzymaL:eU—LB:aL: (1.32)
c

ymce
The resulting trajectory will have an helical shape, with a typical radius (Larmor
radius) obtained by setting a; = v? /ry and a corresponding relativistic gyration

frequency given by vg = v, /(27ry):

= == 1.33
" a, eB ( )
B
vp=—— = (1.34)
2myme 7y

where v, is the Larmor frequency, i.e. the gyration frequency for non-relativistic

particles.
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However, the typical frequency of the synchrotron emission does not correspond
to the revolution frequency of the particles. Since electrons are relativistic, in
the laboratory frame of reference the emission is collimated in a cone of angular
aperture of &~ 2/v degrees. Hence photons are emitted in the direction of the
observer only for a small fraction of time and the observed period of the rotation
of the electron must be multiplied by the factor 2/v. Furthermore, due to the
relativistic nature of the electrons, the time intervals are compressed of a factor

(1-8) = 1/(27?). In the end, the typical synchrotron frequency will be multiplied
by a factor (v/2)(2v?%) = 3

eB
2mme

(1.35)

This is the frequency at which the maximum power emission is expected.

The detailed calculation shows that the power emission formula from a single

electron in a magnetic field B is given by [18]:

V/3e3 B sin 0
P.(v,7,0) = WF(V/VC)
Fla) = o [ Kon)dy (1.36)
v, = §J/Ssin@
2

where 6 is the angle that the velocity of the electron forms with the magnetic field
(pitch angle) and Kj5/3(y) is the modified Bessel function of order 5/3.

Assuming an electron density n(v, 8), where n(y, #)dvydf is the number of electrons
per unit volume with Lorentz factor between v and v+ d~ and pitch angle between

0 and 0 + df, the power emitted per unit volume and unit frequency is:

e(v) = / dy / dOn(,0)P. (v, 7, 6). (1.37)

In case of an isotropic emission, the electron density becomes n(~,8) = n(y)/4r.
Hence, substituting the previous equations and recalling that the particle density

is related to the differential flux (number of particles crossing a unit area in a unit
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time and per unit solid angle) through the relation dN/dvy = n(~)Bc/4:

V3e*B n(v) .2
S — /d'y4—27r/d031n 0F (v/v.) =

V3e3B 47r AN

es(v) =

_ — 1.38
pP— ﬁc ™ dfsin*0F (v/v,) = (1.38)
V3e*B 4 dN
S / Ve R/
where .
R(z) = 3 / df sin* 0F (). (1.39)

The total emissivity is obtained by integrating over the solid angle, i.e. by multi-
plying by 4m:
Q- = 4me,.t (1.40)

An important characteristic of the resulting emissivity is that a power law electron
distribution produces a power law emissivity spectrum and the two spectral indices
are related. If «v is the spectral index of the radiation and s the one of the injection,

it can be demonstrated (see Appendix A) that

s—1
5

o= (1.41)
The synchrotron emission contributes to the radio to X-ray energy range, depend-

ing on the maximum of the electron population.

1.5.2 Inverse Compton scattering

Inverse Compton scattering consists of the interaction of a high energy electron
with a low energy photon; the electron transfers part of its energy to the seed
photon, creating a y-ray. If v is the Lorentz factor of the relativistic electron
(v > 1) and ¢, is the energy of the seed photon in the laboratory system, the

energy of the photon in the rest frame of the electron becomes:

e =¢yy(1+ [cosh), (1.42)

IThe notation @ in this case is not completely appropriate, since the synchrotron emission
does not produce y-rays, but we still adopt it in conformity with the other processes.
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where 6 is the angle between the photon and the electron direction in the laboratory

system and = v/c.

In scattering off the electron in the rest frame of the electron, the photon goes off

at an energy €' and scattering angle ©'. The energy € after scattering is given by:

©= 1+ (¢/mc?)(1 — cos©') (143)

Now, in the Thomson limit (¢ < mc?), ¢ ~ e. Going back to the laboratory
system an equation similar to (1.42) holds. Then, taking into account that the
two angular factors (one per each Lorentz transformation) at most are equal to 2,
the maximum photon energy is approximately €; ~ 472¢,. Considering the typical
energy of the CMB, the IC contributes mostly to the y-ray energy range, with a
peaked spectrum characterised by a maximum photon energy depending on the

maximum energy of the electrons.

The cross-section of the process can be calculated using Feynman diagrams (see

figure 1.10). The result is given by the Klein-Nishina formula [18]:

2mry 2 I¢*(1—q)
orn (7, wo,w) = 14+q—2¢%+2¢n(q) + ———— 1,
K (7, Wo, W) o q —2q° +2q1In(q) 31 +Tq)
w
g = —2 1.44
dwoy(y — w) (144)

(1.45)

where T' = 4wyy and w = hv/(mc?); wp is the corresponding quantity for the seed

photon.

In the general case, seed photons are not monochromatic, but they are described
by a density n(wp). For this reason, the previous cross-section must be integrated
over all possible seed photons and all possible electrons, whose density is given by

the injection spectrum:

Q- (w) :47r/dw0/dvd]\;ev(wn(wg)aKN(%wo,w). (1.46)



Chapter 1. Cosmic rays 25

FIGURE 1.10: Feynman diagrams for Inverse Compton Scattering.
1.5.3 Bremsstrahlung radiation

When an electron interacts with the Coulomb field generated by charged particles,
it radiates photons up to the ~-ray energy band. The process is described in
Quantum Electrodynamics by the Feynman diagrams in figure 1.11. Only the
relevant diagrams have been considered, which are the ones where a high energy

electron radiates a hard photon.

Bremsstrahlung of high energy electrons on target protons, electrons and helium
nuclei can be considered. The cross-section of the process is given by the Bethe-
Heitler formula for the electron-hadron interaction, while some relativistic cor-
rections are needed for the electron-electron process [19]. In this case only the
electron-proton contribution is taken into account. The Bethe-Heitler cross-section

derived in Born approximation is:

2 — e\ 2 _ -
doe_p _ Aria L+ T—€\ 27—« In 29(y — € 1 | (1.47)
de € vy 3 € 2

where 7 is the classical radius of the electron, « is the fine structure constant, -y

is the Lorentz factor of the relativistic electron and e is the photon energy.

The total photon rate is obtained by integrating the cross-section with the electron
injection spectrum. The target density is assumed to be constant, which means

that the integration over target density is straightforward.

The final expression for the efficiency is:

B AN () doe_y
Q. (6) = 4rnu / iU, (1.48)

where ny is the target proton density, also called ambient density.
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FI1GURE 1.11: Feynman diagrams for bremsstrahlung.

1.5.4 Hadronic interaction

The interaction between high energy protons and target protons is more difficult
to describe. This process involves the interactions between quarks, which need
Quantum Chromodynamics. A small contribution comes also from the interaction
of protons with target nuclei (mostly helium). In proton-proton inelastic scattering
many particles are produced, among which neutral pions. Neutral pions 7° decay
almost immediately in 2 y-rays (the mean life of a 7° is 8.5-107!7s), while charged

pions 7% decay in muons and neutrinos (with a mean life of 2.6 - 1078s):
p+p—m+ X,

™ = v+ (98.8%)
=t +r, (99.9%), p=et .+,

T = +7, (99.9%), P e F e+

In this case, it is not possible to derive an analytical expression of the y-ray pro-
duction cross-section. Therefore, simulation codes or numerical parametrization

are necessary to predict the photon flux.

Authors in [20] have provided a parametrisation of the pion production cross sec-
tion from proton-proton inelastic scattering. This first attempt was then improved
at momentum below 2 GeV/c in [21], by introducing the contribution of two bari-
onic resonances: A(1232), corresponding to the physical resonances of mass around
1232 MeV/c? and width of approximately 117 MeV /c?, and res(1600), which in-

cludes the contribution of different resonances with mass around 1600 MeV /c?.
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In this model, the inclusive cross section for the pion production is divided in
three contributions, one coming from the diffractive interaction, another from the
non-diffractive interaction and the other from the two resonances. The total p-p
cross section evaluated with this model is represented in figure 1.12 and compared
to experimental cross sections, which are described by a by-eye-fit curve. In fig-
ure 1.13, the total inelastic cross section obtained from the model is compared
to the empirical inelastic cross section, defined as the difference between the two

by-eye best-fit curves of the experimental total and elastic cross sections.

200
| | | |

100 — —

‘mby]

T

9 it 10 10 10t 1

-lnp [(_u\‘a(.

FIGURE 1.12: Experimental p-p cross sections, as a function of proton mo-
mentum, compared to the p-p cross section evaluated with the model described
in [21]: experimental total (squares), experimental elastic (triangles), total in-
elastic (thick solid line), nondiffractive process (dashed line), diffractive process
(dot-dashed line), A(1232) (dotted line), and res(1600) (thin solid line). The
total inelastic is the sum of the four components. The thin solid and double-
dot-dashed lines running through the two experimental data sets are by-eye fits
to the total and elastic cross sections, respectively.

For each component, the inclusive cross sections for the production of secondary
particles (y-rays, e* and v) are studied and parametrised independently. First,
the secondary spectra were extracted generating events of monoenergetic protons.
Then, these spectra were fitted with a common parametrised function. Finally,
the parameters determined for monoenergetic protons were fitted as functions of
proton energy, separately for each component. The functional formulae obtained

often introduce tails extending beyond the energy-momentum conservation limits.
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FIGURE 1.13: Empirical inelastic p-p cross sections (small circles), as a function
of proton momentum, compared to the total inelastic p-p cross section evaluated
with the model described in [21]. Lines are the same as in figure 1.12.

Hence, other functions were introduced to impose manually the kinematic limits.
The total cross sections were obtained by summing the three contributions. The

event generation was performed using some event simulators, such as Pythia 6.

Once the differential inclusive cross section for the y-ray production do(E)/dIn(E)

was parametrised, the v-ray emissivity can be calculated:

de(Ep) d0<E|Ep)
dr, dE '

Q. (E) = dmny / dE, (1.49)

Ep,th

where E, ;;,(E) is the minimum energy of the proton to be able to produce a y-ray

with energy FE.

Figure 1.14 shows two examples of y-ray spectra produced with this model, taken
from [21], assuming a simple power-law for the proton spectrum with two different
values of the spectral index. It can be noticed that the slope of the y-ray spectrum
is the same as the proton spectrum. A cut-off for energy below 100 MeV is observed

in both cases, due to the threshold energy dictated by the mass of the 7°.
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1ot 1

8 | I |
53 . (b
‘i =
A, >
5
R i
=
“
o
ot
i | | | |

T 1 107 it 1
EL |GeV]

FIGURE 1.14: Gamma-ray spectra produced by protons with a power-law spec-

trum in kinetic energy with a cut-off at 512 TeV and an index of 2 in case (a)

and 2.7 in case (b). Solid lines represent the model for the y-ray production

from 70 decay. The dashed straight lines corresponds to a simple power-law
with an index of 1.95 in case (a) and 2.68 in case (b). [21]

1.5.5 FLUKA

An alternative way to describe the hadronic interaction is provided by the code
FLUKA [22], which is a general purpose Montecarlo code for simulation of particle
interactions. In this code, hadronic interaction is modelled adopting different
theoretical models describing the microscopic interactions between quarks and
gluons, depending on the energy range under investigation. FLUKA allows the
simulation of 60 different species of particles, including photons and electrons

with energy from 1 keV to thousands of TeV, neutrinos, muons and hadrons (from
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protons and neutrons to heavy ions) up to 20 TeV (which extends to 10 PeV when
it is interfaced with the DPMJET code) and all corresponding antiparticles.

The results in [22] can be used to model the 7-ray emission deriving from the
interaction of accelerated protons and helium with the protons and helium nuclei in
the ISM, resulting in four possible interactions. Heavier elements can be neglected
since their abundance is less than 0.1% of the total CR abundance. A kinetic
energy from 0.1 keV/nucleon up to 10> GeV/nucleon in the laboratory frame of

reference was assumed for each particle.

For each process the differential inclusive cross section is obtained as follows:

do(E|Ep)
dE

dn(E|Ep)

— 0. (E
Umel( p)x dE )

(1.50)

where E, is the kinetic energy of the primary particle and E is the energy of the
secondary photon. The term oy, represents the total inelatic cross section for
the process considered, while dn/dFE is the differential y-ray multiplicity, i.e. the

number of y-rays produced in each interaction.

Figure 1.15 shows the differential inclusive cross sections for the four processes
p—p, p—2He, *He — p and *He —* He as a function of the kinetic energy of
the primary particle and of the energy of the secondary ~-ray. It can be noticed
that all distributions peak at £ ~ 70 MeV, which corresponds to half the mass
of the neutral pion. This is expected, since the 7° decay is the main process
responsible for the ~-ray production and reflects in the v-ray spectra, as already

seen in figure 1.14.

Figure 1.16 shows the spectra of secondary particles produced by p—p and *He —p
interactions. A power-law distribution in momentum was assumed for high energy
p and *He populations, with spectral index equal to 2.75 for protons and to 2.66

for Helium nuclei. The spectra are normalized to the target density naioms-
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FiGURE 1.15: Differential inclusive cross sections for «-ray production in p —p
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FIGURE 1.16: Spectra of secondary particles produced by p—p (top) and * He—p

(bottom) interactions, assuming a power-law distribution in momentum for p

and *He populations, with spectral index equal to 2.75 for protons and to 2.66

for Helium nuclei. The spectra are normalized to the target density ngroms-

Secondary particles are: protons (black), electrons (red), positrons (green),

v-rays (blue), v (cyan), 7. (grey), v, (magenta), 7, (brown) and deuterons
(orange) [22].
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Supernova Remnants: the sources

of Galactic Cosmic Rays

2.1 Introduction

Supernova Remnants (SNRs) are strictly related to Cosmic Rays and are thought
to be the main sources of the Galactic CRs. The diffusive shock acceleration theory
predicts that a shock wave similar to the ones originating from a Supernova (SN)
explosion can accelerate charged particles up to energies close to the “knee” of
the CR spectrum, with a spectral shape compatible with the CR measurements.
Furthermore, the expected number of SN explosion in our Galaxy is compatible

with the CR energy density that we measure, as it will be shown later.

SNRs originate from the explosion of a sufficiently massive star, generating a shock
wave which propagates in the interstellar medium. The expanding ejected material

and the material shocked along the way constitute the Supernova Remnant.

Since supernovae are relatively rare (2-3 per century in a typical spiral galaxy
like our own), SNRs also provide a good way to study the local population of
supernovae and reveal details about the explosion mechanism that are difficult to

obtain from studying supernovae directly.

33
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2.2 Stellar evolution

The stellar evolution can be well described through the observation of the Hertzsprung-
Russell (H-R) diagram, which represents the absolute magnitude! of a star versus

its effective temperature, or equivalently its color or spectral type?.

Most stars, after their formation, occupy a position in the so called main sequence
of the H-R diagram and remain in that position for most of their life. This se-
quence includes stars from the upper left corner to the lower right corner of the
diagram. This means that the higher the temperature, the higher the luminosity

(or equivalently the lower the magnitude).

The position in the main sequence is mainly determined by the initial total mass
of the star, which also affects its entire evolution. Massive stars have high lumi-
nosities and high temperatures (blue stars) and burn their fuel more rapidly than
smaller, colder stars (red stars). At equilibrium the gravitational force of the mass
of the star is balanced by the fusion reactions in the core of the star, which consist
in the production of one helium nuclei from four protons. The fusion reaction
can go through two possible cycles. The first one involves the production of hy-
drogen isotopes deuterium and tritium (pp cycle), while the second involves the
production of carbon, nitrogen and oxygen nuclei (CNO cycle). In massive stars
(M > 5—8My), being M, the mass of the Sun), when the hydrogen in the star core
is not sufficient to balance the gravitational force any more, heavier elements are
formed through nuclear fusion and the star expands (red giant stage) losing the
outer layers of gas. The fusion processes end when the iron is synthesised, since

the reactions of production of elements heavier than iron are not exothermic.

Finally, gravitational force prevails and the star collapses. If the final mass of the

star is lower than the Chandrasekhar limit (1.44M,), the degeneration pressure®

!The apparent magnitude is defined by the equation m = mg — 2.5log(L/Lg), where L is the
luminosity of the star and my and Lo are the values of the magnitude and the luminosity of a
reference star respectively. The absolute magnitude is defined as the magnitude that the star
would have if its distance were 10 kpc. It must be noticed that, according to the definition of
m, the higher the luminosity the lower the magnitude.

2Stars are classified according to their color, which corresponds to an average wavelength
of the radiation emitted, and are divided in 7 spectral classes. Going from the lower (higher)
temperature (wavelength) to the higher (lower), they are: M, K, G, F, A, B and O.

3The degeneration pressure is a quantum mechanical effect due to the Pauli exclusion prin-
ciple. When fermions are compressed in a small space, their must occupy states with increasing
energy, until electrons become relativistic, saturating the energy levels. The effect is that the
compression cannot go further certain limits and a pressure is generated.
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generated by the electrons balances the gravitational forces and the star becomes a
white dwarf. If this condition is not satisfied, i.e. the final mass of the star exceeds
the Chandrasekhar limit, the star will end its life as a Supernova. The electron
degeneration pressure is not sufficient to balance the gravitational collapse and
electrons and protons interact through the inverse beta decay, creating a hard core
of neutrons. If the mass of the star is not too high (M < 2.5M), the degeneration
pressure of neutrons will prevent the star from a further collapse and a neutron
star will be formed. The collapsing star “bounces” on this hard neutron star and
creates a shock wave that propagates far from the star (supernova explosion). For

higher values of the mass of the star a black hole is created.

2.2.1 Supernovae

Supernovae are divided into two broad categories, depending on the explosion pro-
cess: core collapse supernovae and thermonuclear supernovae. An old classification
of supernovae, proposed by Minkowski in 1941, is based on the observed spectra:
Type I supernovae do not show hydrogen absorption in their spectra, while Type
IT do. Type II supernovae are invariably core collapse supernovae, while Type I
supernovae can be either core collapse or thermonuclear. The thermonuclear ex-
plosions are associated with spectroscopic class Type Ia, which have Si absorption

lines in their spectra.

Core collapse supernovae mark the end of the lives of massive stars (M > 8M).
In these stars different layers containing the products of the consecutive burn-
ing stages are expected, with heavier elements in the core. From the core to
the outside one expects: iron-group elements in the core (silicon-burning prod-
ucts), then silicon-group elements (oxygen-burning products), oxygen (a neon
burning product), neon and magnesium (carbon-burning products), carbon (a
helium-burning product), helium (a hydrogen-burning product) and, finally, un-
processed hydrogen-rich material. The creation of the iron-group core, which lasts
about a day, is the beginning of the end of the star, as no energy can be gained
from nuclear fusion of iron. The core collapses into a neutron star, and for the
most massive stars into a black hole. Most of the gravitational energy liberated
(E =~ GM?/R,s ~ 10° erg, with R, the neutron star radius) is in the form of
neutrinos. This has been confirmed with the detection of neutrinos from SN1987A

by the Kamiokande [23] and Irvine-Michigan-Brookhaven [24] water Cherenkov
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neutrino detectors. A fraction of about 2-10°! erg is deposited in the outer layers

which are expelled at a velocity of approximately 10* km/s (supernova explosion).

Thermonuclear supernovae (Type la) are thought to originate from the explosions
of white dwarfs. In this case, the explosion energy originates from explosive nuclear
burning, rather than from gravitational energy liberated during the collapse of
a stellar core. It has been observed that Type la supernovae have almost the
same brightness, which makes them excellent distance indicators.* This is in line
with the idea that all Type Ia Supernovae are explosions of similar objects, i.e.
white dwarfs with masses close to the Chandrasekhar limit. There is no direct
observational evidence that Type la progenitors are white dwarfs. In old stellar
populations only Type Ia Supernovae are observed, indicating that massive stars
cannot be their progenitors. White dwarfs close to the Chandrasekhar mass limit
are very likely Type Ia progenitors, since their high density is ideal for a “nuclear
fusion bomb”. Once a nuclear reaction in the core is triggered, it will result in an
explosion. The transition from white dwarf to Supernova requires that the star
increases its mass to reach (and overcome) the Chandrasekhar limit. This leads to
the conclusion that thermonuclear Supernovae must occur in binary systems, for
example a two-white dwarf system or a white dwarf plus either a main sequence

star or an evolved companion.

2.3 Supernova Remnants

The Supernova explosion generates a shock wave which propagates in the sur-
rounding interstellar medium. This shock wave hits the cold gas and transforms

its directional kinetic energy into thermal energy.

In shock waves commonly observed on the Earth, the mechanism responsible for
this energy transformation is due to the particle collisions. In this case the thick-
ness of the shock is of the order of the mean free path of the particles A = 1/(no),
where n is the particle density and o is th cross section of the process. For typical
shocks in the atmosphere, n ~ 10%cm™ and ¢ ~ wa%, being ag ~ 10~%cm the
Bohr radius of an atom, which results in A ~ 10~7cm, sufficiently small to consider

the shock infinitely thin. This type of shocks are called collisional shocks.

4This aspect was at the basis of the analysis of cosmological red-shift of distant objects, which
proved that the Universe is accelerating (dark energy) (see for example [25]). For this discovery
Riess, Perlmutter and Schmidt were awarded the Nobel Prize for Physics in 2011.
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However, in the astrophysical situations, this approach is not consistent. First,
the ISM is usually fully ionized, so the nuclear radius must be considered instead
of the atom one (~ 107'3cm). Secondly, the typical ISM density is much smaller
than the one of the atmosphere, with n ~ lem ™. The previous calculation leads
to the unreasonable value of A ~ 10%cm ~ 10%kpc, well above the size of our
Galaxy. The mechanism at the base of the shock wave is different in this case.
Since particles in the ISM are ionized, electrons and ions are accelerated by the
electric and magnetic fields in the ISM. In particular, electro-magnetic instabilities
generated by the plasma allow the particle energy isotropization. In this case the

typical size of the shock is of the order of the Larmor radius of a proton:

mu v 106G
A~rp = — ~ 10" ,
"= B M0 kms ! B

(2.1)

where v ~ 10* km s™! and B ~ 109G are typical values of the ejected particle

velocity and of the Galactic magnetic field respectively.

2.3.1 Evolution

The mechanisms responsible for the creation of the shock wave is not completely
understood for both thermonuclear and core collapse Supernovae. Most of numeri-
cal simulations assume istantaneous and point-like energy release and a symmetric
propagation in the interstellar medium. Once the explosion is generated the evo-

lution of the SNR can be studied and its evolution is divided in four phases.

At the beginning, the mass of the supernova ejecta, M.;, is greater than the
swept-up mass, M, and the expansion proceeds freely (free expansion phase).
Typically, M.; ~ 10Mg ~ 10 x 2 - 10*°kg and the total energy of the explosion
is B = M.,;V?/2 ~ 10°%erg, with V' ~ 10%km/s. Since V is much larger than
the typical sound speed in the intersterllar medium (¢s &~ 10 km/s), a collisionless

shock wave is generated.

The free expansion proceeds until the swept mass becomes comparable to the
ejected mass:

4m 3
?PISMRS = Mej7 (2-2)
where prsy = nm, = 107**g cm™ is the density of the intersterllar medium.

Inverting the equation one finds the radius of the SNR R, ~ 4pc, corresponding
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to a time tg = Ry/V ~ 300yr. The exact values of Ry and tg depend on the SNR
type and on the environment in which the shock propagates. For example, if the

environment around the shock were more dense, tg would be smaller.

At this time the SNR enters in the second phase of its evolution, called Sedov-
Taylor or adiabatic phase. In this phase the inertial mass of the swept material
cannot be neglected. However, the gas is sufficiently hot to prevent any energy
losses by radiation and the total energy is conserved. In fact, the electron tem-
perature is given by kT, ~ m.V?/2, giving T, ~ 10"K, which corresponds to a
cooling time ¢, ~ 10%r, much larger than the SNR age.

The SNR evolution in the adiabatic phase is described by the so called Sedov-
Taylor solution, which gives R, o %5 V, = dR,/dt o t=3/° and T, o ¢t~/
While expanding, the shock slows and cools down. The slowing down is mediated
by a pressure wave which propagates towards the center of the SNR and might
generate another shock if its amplitude is sufficiently high. This second shock
wave is called reverse shock and separates the internal material which is still in
the free expansion phase from the shocked material in the Sedov-Taylor phase (see
figure 2.1). It must be noted that the reverse shock propagates backwards respect
to the main shock, but not necessarily geometrically towards the center of the

SNR, since it is partially dragged by the expanding material.

The Sedov-Taylor phase ends when the gas temperature drops below ~ 10¢ K,
when electrons start recombining with ions and emit radiation. From the Sedov-
Taylor solution, this transition happens at the time tgp ~ 2 x 10%*yr, when the
radius of the SNR is Rgp ~ 15pc. This phase can be described imposing the

conservation of the total momentum of the SNR:

4
MV, = L prsa RV, = cost = Ry oc '/, V oc £, (2:3)

This phase is called snowplough phase, since material accumulates in a dense region
outside the shock. A detailed description of this phase is much more complicated,
since the pressure of the internal gas which changes the total momentum should be
included. Numerical simulations have shown that the transition from the Sedov-
Taylor to the snowplough phase is charaterized by a long intermediate phase when
R, o< t03.
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FIGURE 2.1: SNR evolution scheme.

Finally, when the shock velocity and temperature behind the shock become com-
parable to the turbulent velocity and temperature of the interstellar medium re-
spectively, the SNR merges in the interstellar medium. This is the last step of the

evolution and is called merging phase.

In real cases, the evolution stage of a SNR is not easily labeled. Since the shock
often propagates in a non-uniform medium, different parts of the SNR might be
in different phases. For example, the SNR RCW 86 has radiative shocks in the
south-west (snowplough phase), whereas in the north-east it has very fast, non-
radiative, shocks (free expansion phase). This is probably due to the complexity
of the medium in which the SNR is developing.

In the literature one also often finds designations for SNRs like young, mature and
old. These designations do not have a very precise meaning, but a general guideline
is that young SNRs are less than 1000 - 2000 years old and are in the free expansion
phase or in the early Sedov-Taylor phase, mature SNRs are in late Sedov-Taylor
phase or early snowplough phase, whereas the label old SNRs is usually given to

the very extended structures associated with SNRs in the last phase.
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(B)

FIGURE 2.2: Tycho and Kepler SNRs.

2.3.2 Classification

In principle, the classification of SNRs could follow the one adopted for Supernovae.
However, it is often difficult to determine the Supernova origin of a given SNR.
There are some indicators which give hints about their origin. For example, the
presence of a neutron star at the center of the SNR is a clear sign that the SNR
must have a core-collapse origin. The position of the SNR in the Galaxy gives
other information. Since core-collapse SNe originate from massive stars which
stay in the main sequence for a shorter period, they must be located in a star
forming region. On the contrary, if the SNR is located high above the Galactic
plane it will probably have a Type Ia origin. Such is the case, for example, of SN
1006.

Because the supernova origin of SNRs is often difficult to establish, SNRs have an
own classification, mostly based on their morphology. Traditionally, this classifi-

cation recognises three classes: shell-type SNRs, plerions and composite SNRs.

The shell-type SNRs are characterized by a limb brightened shell, which is created
by a shell of shocked heated plasma originating from the interstellar medium swept
by the shock wave. The shell is usually clearly visible in the radio and X-ray bands,
due to the non-thermal synchrotron emission of relativistic electrons deflected by
the magnetic field. Two of the most famous examples of these SNRs are Tycho
and Kepler, originating from the supernova explosion of 1572 and 1604 respectively
(figures 2.2).
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FIGURE 2.3: Crab nebula.

In the case of a core-collapse Supernova, a rapidly rotating neutron star, called
pulsar, is expected at the center of SNR. The pulsar will lose energy according to
its rotational period and will produce a wind of relativistic electrons and positrons,
which terminates in a shock, where the electrons and positrons are accelerated to
ultra-relativistic energies. These particles diffuse away from the shock creating a
nebula of relativistic particles which emit synchrotron radiation from the radio to
the soft X-ray bands, and inverse Compton scattering in the GeV - TeV band.
Such a nebula is named pulsar wind nebula. The most famous pulsar wind nebula
is the Crab Nebula, associated with the historical supernova of 1054 (figure 2.3).
Since the nebula is bright at the center and does not show a shell, these SNRs
are called filled center SNRs or plerions, with the name plerion deriving from the

Greek word pleres, which means “full”.

Finally, energetic pulsars with ages less than 20000 years are expected to have
blown a pulsar nebula while they are still surrounded by the SNR shell. One
expects then a radio and X-ray morphology that consists of a pulsar wind nebula
surrounded by a shell and are classified as composite SNRs. In fact, it is still

puzzling why a young object like the Crab Nebula does not show a SNR shell.

Most of the already classified SNRs are shell-type SNR, due to the fact that they
are much easier to recognise. One of the most complete catalogs of SNRs was
produced by Dave Green in 1984, in which he collected all the known SNRs,
summarising their main features, such as the position in the sky, the extension,

the characteristics of the spectrum in different energy bands and some possible
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associations with objects observed at different wavelengths. Updated versions of

this catalog are available at [26] and [27].

2.4 Cosmic ray acceleration in Supernova Rem-

nants

Supernova Remnants are thought to be the main acceleration sites of Galactic
Cosmic rays (SNR paradigm). Acceleration theories have been studied for long
times in order to explain how CRs can be accelerated up to the high energies that

we observe on the Earth, i.e. close to the “knee” of the CR spectrum.

The number of Supernova explosions in the Galaxy and the energy released in these
explosions could in principle explain the measured CR density pcr &~ 1eV/cm3.
In fact, if Rgy ~3 SN/century is the SN explosion rate, Egy ~ 10°! erg is the
SN explosion energy and 7, ~ 107 years is the CR escaping time, the CR energy

density can be expressed as:

pcr = RsnEsnTee, (2.4)

where € is the fraction of the SN explosion energy which is transferred to CRs.
Inserting the previous values in equation (2.4), one gets the expected acceleration

efficiency € ~ 10%.

In chapter 1, it was shown that CR spectrum at the source should be described
by a power-law with spectral index slightly softer than 2. The Diffusive Shock
Acceleration (DSA) theory, also known as First order Fermi mechanism, is the
most commonly accepted to explain the acceleration of CRs. The main ingredi-
ent of this mechanism is the presence of a strong shock wave propagating in the

intersterllar medium, like the ones generated in a SN explosion.

2.4.1 Second order Fermi mechanism

The first formulation of the DSA is due to Enrico Fermi, whose original idea was ac-
tually different from the DSA and is known as second order Fermi mechanism [28,

29]. Particles are assumed to be accelerated thanks to stochastic collisions with
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the clouds (and in particular with the magnetic field irregularities inside them,

also called magnetic mirrors) moving isotropically in the interstellar medium.

Suppose that a particle with initial energy £ and a magnetic mirror moving with
velocity V' collide forming an angle 6 between the particle trajectory and the direc-
tion perpendicular to the mirror surface (see figure 2.4). The mirror is supposed
to be infinitely massive, so that it does not change velocity during the collision.
In the frame of reference of the mirror, which corresponds with the center of mass

frame of reference, the particle has a total energy
E' =~y (E+ Vpcosb), (2.5)

where vy = (1 — V2/c?)71/% is the Lorentz factor of the mirror. The component

of the momentum of the particle perpendicular to the mirror is given by

VE
pl, =p' cos® =y (pcosh + ?) (2.6)

In this frame of reference the energy of the particle does not change during the

s ' T . / . ’ o /
collision Ej = Eg , while p changes sign, p}, g, = =Dl in-

Going back to the laboratory frame of reference and using equations (2.5) and (2.6):

" , , , , , 9 2V v cos 0 V\?2
E'" =~y (E'4+Vp' cos®) =y (E'+Vpl) =1 E |1+ —Q= |z , (2.7)

where v is the initial velocity of the particle in the laboratory frame of reference,
so that p,/E = vcosf/c?.

Expanding to second order in £y = V/c.

28y v cos b

AE:E”—E:E(
c

+ 2ﬁ5> : (2.8)

The angular dependence can be eliminated taking an average over a random dis-
tribution of the pitch angle 6. The probability of encounters taking place at an
angle 6 is proportional to the relative velocity of approach of the particle and the
cloud, namely, from figure 2.4, V' + v cos @ for a head-on collision and V' — v cos 8

for a following collision. Therefore, the probability can be written as V + v cos#
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FIGURE 2.4: Second order Fermi acceleration mechanism.

with 0 < 6 < 7. Since the particles are relativistic, v & ¢ and the probability is

proportional to (14 V/ccosf) = (1 + By cosb).

The energy gain becomes:

1
(B2 = o LTI gy B3, 29)

E [+ Bya)da

The calculation showed that the average increase in energy is second-order in Sy .

However, this mechanism proved to be unable to explain the CR acceleration. In
fact, the velocities of the interstellar clouds are small compared to the speed of
light (8 < 107*) and the mean free path for the scattering of cosmic rays in
the interstellar medium is of the order of 0.1 pc, resulting in a very slow gain
of energy by the particles, which could not compensate for the energy lost by

ionization between subsequent collisions.

2.4.2 First order Fermi mechanism

Unlike the second order Fermi mechanism, the DSA involves the interaction of
the particles with a shock wave propagating in a diffuse medium. A flux of high
energy particles is assumed to be present both in front of and behind the shock
front. The particles are assumed to be propagating at speeds close to that of
light and so the velocity of the shock is very much less than those of the high
energy particles. The high energy particles scarcely notice the shock at all since
its thickness is normally very much smaller than the gyroradius of the high energy
particle. Because of scattering and turbulent motions on either side of the shock

wave, when the particles pass through the shock in either direction, they are
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FI1GURE 2.5: First order Fermi acceleration mechanism.

scattered and their velocity distribution rapidly becomes isotropic in the frame of

reference of the moving fluid on either side of the shock.

! much higher than

A typical shock wave propagates with a velocity U of 10* km s~
the sound speed (~ 10 km s™!). Be p; and p, the gas densities in the upstream and
the downstream respectively. It is often convenient to transform into the frame of
reference in which the shock front is at rest, so that the upstream gas flows into
the shock at velocity v; = U and leaves the shock with a downstream velocity vs.

The equation of continuity requires that mass is conserved through the shock, so:

P11 = ,01U = P2U3. (2].0)

In the case of a strong shock, p1/ps = (k+1)/(k—1), where & is the ratio of specific
heat capacities of the gas. Taking x = 5/3 for a monoatomic of fully ionised gas,

p1/p2 =4 and so vy = vy /4 (figure 2.5a).

Consider the frame of reference in which particles in the upstream are at rest
(figure 2.5b). The shock advances through the medium at velocity U but the gas
behind the shock travels at a velocity (3/4)U relative to the upstream gas. When
a high energy particle crosses the shock front, it obtains a small increase of energy
or order AE/E o U/c. The particles are then scattered in the region behind the
shock front so that their velocity distributions become isotropic with respect to

that flow.

Now consider the opposite process of the particle diffusing from behind the shock

to the upstream region (figure 2.5¢). When the particles cross the shock front, they
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encounter gas moving towards the shock front with the same velocity (3/4)U as
the previous case, which means that the particle receives the same small amount

of energy AF.

This is the main difference with respect to the second-order mechanism. All colli-
sions can be considered head-on collisions and particles increase their energy every

time they cross the shock .

To evaluate the average increase in energy, consider a particle crossing the shock
front from the upstream to the downstream. The gas on the downstream side
approaches the particle at a velocity V' = (3/4)U and so, performing a Lorentz

transformation, the particle’s energy when it passes into the downstream region is
E' = (B +p,V), (2.11)

where the x-coordinate is taken perpendicular to the shock.

The shock is assumed to be non-relativistic, so V' < ¢ and vy = 1, while the

particles are relativistic, so £ = pc and p, = (E/c) cos§. Therefore,

AE V
- = ” cos = By cosd. (2.12)

The probability that the particles which cross the shock arrive within the angles 6
to @+ df is proportional to sin # df and the rate at which they approach the shock
front is proportional to the z-component of their velocities, ¢ cos . Therefore the
probability of the particle crossing the shock is proportional to sinfcosf df =

cosf dcosf. So, defining x = cos# the average energy gain is

AE flx zdr 2
<T> - Ofol vde gﬁv' (213)

The particle’s velocity is then randomised without energy loss by scattering in
the downstream region. Then, it recrosses the shock and gains another fractional
increase in energy (2/3)58y. Therefore, in a round trip across the shock and back

again, the fractional energy increase is, on average,

AFE 4 43U U
<7?>—y%—§zz—z- (2.14)
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This mechanism is much more efficient than the previous one, since the energy
gain is linear with the velocity of the shock. Another important implication of the
DSA is that it can predict the shape of the particle spectrum, as it will be shown

in the next section.

2.4.3 Particle spectrum

The particle spectrum can be easily estimated assuming that a particle has a
certain probability of escaping from the acceleration region after each collision.
Be AE = £F the energy earned by a particle after a collision and P, the escape
probability. After n collisions, a particle with initial energy Ej will have an energy
E, = Ey(1 4 &)™, with a probability of being in the acceleration region equal to
(1 — Pye)™ The number of collision necessary to reach an energy F is obtained
inverting the first relation: n = In(E/Ep)/In(1+¢). The number of particles with
energy greater than E will be proportional to the probability of having a particle
with energy greater than E:

o0

1 — Pese)"
N(> E) ;(1 — Py )" = (P—) (2.15)
Using the expression of n obtained previously:
N(> E) x Pisc (Eﬁo) N (2.16)
where
s=1n (1 _1Pesc>/ln(1 +&). (2.17)
The differential energy spectrum in obtained differentiating equation (5.4):
N(E)dE o« E~'*dE. (2.18)

In the case of the DSA, the spectral index can be easily calculated. From equa-
tion (2.14), & = U/c. The escape probability P.g. can also be estimated. According
to classical kinetic theory, the number of particles crossing the shock is (1/4)Nc¢

where NN is the number density of particles. This is the average number of particles



48 Chapter 2. Supernova Remnants

crossing the shock in either direction. Downstream, however, because the parti-
cles are isotropic, they are swept away from the shock at a rate NV = (1/4)NU .
Thus, the fraction of the particles lost per unit time is (1/4)NU/(1/4)Ne = U/c.
Since the shock is assumed to be non-relativistic, only a very small fraction of the

particles is lost per cycle. Thus,

P =Ule. (2.19)

Substituting (2.14) and (2.19) in (2.17) and taking into account that U < ¢,

" Im(1-Ps) m@-U/)  —Ule
In(1+¢)  W(1+U/e) " Ule

1. (2.20)

Therefore, the differential energy spectrum from equation (2.18) becomes

N(E)dE x E2dE. (2.21)

A more detailed description of the particle acceleration would include the study of
the transport equation of CRs in the SNR. The solution of this equation gives the
distribution function f(z,p) of the accelerated particles. In the case of the DSA,

one finds:

p —Q

f(z,p) (—) , (2.22)
Do

with o = 3r/(r + 1), where r is the compression factor of the shock. As already

pointed out, for a strong shock the compression factor is r = 4, implying o = 4.

The differential energy spectrum is then easily recalled:

d
N(E)dE = 4mp*f(x, p)£ dE = N(E)dE «< E~*dFE, (2.23)

where the last step is valid for relativistic particles.

2.4.4 Non-linear Diffusive Shock Acceleration

The DSA theory described in the previous section, also called test-particle theory,
presents some limitations and approximations, leading to predictions incosistent
with observations. First, the required spectral shape of the CR spectrum at the

source is expected to be softer than —2, also confirmed by ~v-ray observations
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of SNRs. Secondly, the shape of the spectrum derived does not depend on the
diffusion of particles in the shock region, implying that the result is valid for any
particle energy. The spectral shape might then extend up to the infinite particle

energy, resulting in a divergent energy content of particles.

One of the main problems in the test-particle theory is due to the dynamical reac-
tion of accelerated CRs on the shock. As already pointed out, the DSA mechanism
is supposed to transfer a fraction of ~ 10% of the explosion energy to CRs, im-
plying that CRs contribute to the momentum and energy conservation equations.
This theory is usually called Non-linear Diffusive Shock Acceleration (NLDSA).

The pressure generated by CRs is largest at the shock front and progressively
decreases far upstream from it. This is due to the fact that fewer particles can reach
larger distances, creating a precursor, i.e. a region close to the shock where the
fluid density increases and its velocity decreases, creating a subshock discontinuity.
The velocity profile is represented in figure 2.6. The compression factor r at the
subshock is then reduced to values smaller than 4, while the overall compression
factor may be much larger than 4. High energy particles may diffuse far from the
shock and experience the large compression factor with a consequent flattening of

the spectrum.

This causes the particle spectrum to deviate from the simple power-law, producing
a concave shape which is steeper than 4 for low-energy particles and flatter for
higher energies. The transition typically takes place at energies of a few GeV.
Figure 2.7 represents an example of the particle distribution function for different

shock parameters.

Magnetic field amplification

Another consequence of the NLDSA is the magnetic field amplification, which
reaches values ~ 10 — 100 times larger than the average Galactic magnetic field.
One of possible explanations of this phenomenon is related to the plasma insta-
bilities driven by the CRs themselves, as they propagate through the upstream
medium. When energetic particles reach a speed larger than the Alfvén veloc-
ity, which is the characteristic velocity of magnetic turbolences, Alfvén waves are
amplified thanks to the collective effect of the streaming CRs [32].
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FIGURE 2.6: Velocity profile in the shock region in NLDSA [30].
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FIGURE 2.7: Particle spectra (thermal plus non-thermal) at a CR modified
shock with Mach number 10 (solid line), 50 (dashed line) and 100 (dotted
line) [31].
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X-ray observations of SNRs have provided the experimental evidences of the mag-
netic field amplification. Narrow filaments of X-ray emission have been observed
close to the shock in young SNRs, due to the synchrotron emission of accelerated
electrons. The observed thickness of the order of 1072 pc requires a magnetic
field of several hundreds pG. Figure 2.2 shows the X-ray rims observed in Tycho
and Kepler SNRs. These observations provide the most important evidence of the
NLDSA theory.

The contribution of the magnetic field may also modify the particle spectra. The
compression ratio is modified by the magnetic wave velocity and may result in a

steeper spectrum also at high energies.

2.5 ~-rays from SNRs

Cosmic ray acceleration mechanisms described in previous sections cannot be stud-
ied through the direct observation of accelerated particles. In fact, these particles
are deflected by the Galactic magnetic field and their spectrum is also modified

during their propagation to the Earth, as already shown in chapter 1.

However, in the section 1.5, it was shown that high energy particles can produce
non-thermal photons in a wide energy range, which travel straight to the Earth
allowing the study of the source. For this reason the multi-wavelength study of
the SNR spectrum can provide strong constraints on the SNR environment and
on the populations of accelerated particles. The accelerated proton spectrum is
the most interesting in order to have hints of the acceleration of cosmic rays in
SNRs and therefore, the ~v-ray spectrum acquires a key role in the search for
evidences of the so called SNR paradigm for CRs. In fact, three of the four
processes described in section 1.5 contribute to the ~-ray spectrum and usually
one of them is expected to be the dominant one, even though models including
different contribution are possible. The photon flux in general depends on many
parameters characterising the SNR, such as the ambient density or the magnetic
field. In most cases, these parameters are not known, but some constraints are
dictated by multi-wavelength observations. Therefore, it might be difficult to

discern among the different contributions at high energy.

One of the most convincing way of proving the hadronic origin of the ~-ray flux

is the observation of the shape of the spectrum at energies below 100 MeV, where
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the 79-decay spectrum presents a break due to the threshold energy of the pion
production, often called pion bump. In this frame, Fermi-LAT experiment, which
is sensitive to an energy range from few tens of MeV to few TeV and will be widely

described in the following chapters, does have an essential role.

2.5.1 SNRs with Fermi:-LAT

The Fermi-LAT experiment has detected the pion bump signature in many SNRs.
The first clear detection occurred in the observation of IC443 and W44 SNRs [33].
They are middle-aged SNRs interacting with a molecular cloud, i.e. with a dense
cloud of target gas, allowing the production of a strong ~-ray flux. W51 provides
another example of middle-aged interacting SNR, with the detection of the pion
bump [34]. These SNRs are very bright objects in ~-rays, thanks to their inter-
action with the dense cloud, which enhances the y-ray flux due to CR protons
and highlights the pion bump signature. Figure 2.8 shows the Spectral Energy
Distributions (SEDs) of these three SNRs, obtained as the differential photon flux
multiplied by E2. Data are compared to different models based on different con-
tributions to the v-ray spectrum. Solid lines are based on the 7° decay (hadronic
origin), while dotted lines are based on the bremsstrahlung emission of high energy
electrons (leptonic origin). It can be noticed that in all cases the data points at

energies around and below 100 MeV strongly support the 7’-decay hypothesis.

The spectra of IC 443 and W 44 SNRs show another important spectral feature.
As described in [33], the y-ray spectrum is well described by a model in which a
broken power-law is assumed for accelerated protons. The existence of this break
is not predicted by the acceleration mechanisms and its origin is probably related
to their interaction with the molecular clouds. One of the possible explanations is
that high energy particles might have escaped the acceleration regions, being the
SNR in an advanced stage of its evolution, causing the steepening of the spectrum
at high energies. On the other side, models of re-acceleration of Galactic CRs at
the SNR shock can explain these spectral break in the -ray spectrum without

introducing any spectral feature in the particle populations [35].

Due to their evolution stage and complex environment in which the shock is prop-
agating, middle-aged SNRs are not the ideal cases to test and study the acceler-
ation mechanisms. Young SNRs (less than a few thousand years old) are often

preferred for this purpose. They often propagate in clean enviroments and the
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FIGURE 2.8: Gamma-ray spectra of IC 443 (A), W44 (B) and W51 (C) as
measured with the Fermi-LAT. Figures (A) and (B) are taken from [33]. Gray-
shaded bands show systematic errors below 2 GeV due mainly to imperfect
modelling of the galactic diffuse emission. TeV spectral data points for IC
443 are from MAGIC and VERITAS experiments, while magenta stars de-
note measurements from the AGILE satellite. Solid lines denote the best-fit
pion-decay gamma-ray spectra, dashed and dash-dotted lines denote the best-
fit bremsstrahlung spectra without and with a low-energy break at 300 MeV/c
in the electron spectrum. Figure (C) is taken from [34]. Fermi-LAT data in-
clude systematic uncertainties. TeV data are taken from MAGIC experiment.
The solid line represents the best-fit hadronic model, while dotted and dashed
lines are based on leptonic models.
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detailed X-ray observations show evidence of non-thermal emission, as already
pointed out for example in figure 2.2. Furthermore, SNRs which have just entered
in the Sedov-Taylor phase are the ideal candidates to get information about the

maximum energy of acceleration in SNRs, being the energy losses still negligible.

RX J1713.7-3946 [36] and RCW 86 [37] provide two examples of young SNRs.
Their SEDs are represented in figure 2.9. The interpretation models overlaid to
the measured spectra show that the leptonic interpretation is preferred in both
cases, being the «-ray spectrum well described by the Inverse Compton emission.
The absence of the hadronic signature does not exclude the presence of acceler-
ated protons at the source. The low density of the ambient in which the shock
is propagating might be responsible for the non-detection of the contribution of
accelerated protons. Indeed, recent detailed observations of RX J1713.7-3946 have

shown the existence of a possible subdominant hadronic component.

Furthermore, recent upgrades in the Fermi-LAT instrument response (see chap-
ter 3) allowed a detailed comparison of the GeV 7-ray emission with the spatial
shapes observed at other wavelengths. For example, the study of RCW 86 has
shown that the GeV emission is well correlated to the TeV emission observed by
the H.E.S.S. experiment, suggesting that both emissions come from the same re-
gion of the SNR. These type of studies are also essential to correctly correlate
the multi-wavelength information, since different regions of the SNR might be

characterized by different emissions.

Other two examples of shell-type young SNRs Cassiopeia A (Cas A) and Tycho.
Previous ~-ray observations of these two SNRs have provided indications of a
hadronic emission of the spectrum. Both the SNRs have been deeply studied in

this work and their cases will be discussed in chapters 5 and 6.

The first Fermi-LAT Supernova Remnant Catalog

A more systematic study of SNRs has been recently developed by the Fermi-LAT
collaboration, producing the first Fermi-LAT Supernova Remnant catalog [38].
Three years of data between 1 and 100 GeV were analyzed to study the 279 radio
SNRs in [39]. 102 candidates were detected with a significance above 50, 36 of
which were successfully associated to the corresponding radio SNR. Four of these
sources were identified as sources which are not SNRs, while 14 other sources

did not pass the association threshold and were marginally classified. 17 SNRs
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FIGURE 2.9: Spectral Energy Distribution of two young SNRs, overlaid with
theoretical models based on a leptonic interpretation of the -ray emission. (a):
RX J1713.7-3946. The lines represent different interpretation models in which
the y-ray emission (solid line) is dominated by the IC scattering [36]. (b): RCW
86. The lines represent the contribution of different emission mechanisms. The
total y-ray emission (solid line) is dominated by the IC scattering [37].

showed evidence for extension. 14 of the associated SNRs had not been detected
before in the GeV energy range. A detailed analysis of the spatial and spectral

characteristics of these sources was conducted.

Figure 2.10 summarizes the results of the catalog, showing the scatter plot between
the y-ray flux and spectral index of the detected sources. A multi-wavelength study
was also done when possible, searching for possible correlations between ~-ray and
radio or TeV spectral indices. Due to the limited sample of detected SNRs and
to the relative large errors, no clear correlation was found. The main conclusion
in this case is that the simple relations between radio and 7-ray index are not
satisfied in the majority of the observations, implying that simple assumptions on

the interpretation models are not enough.

Finally, in order to verify whether SNRs are capable of supplying the observed CR
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energy density, an estimate of the CR energy content was derived from the mea-
sured 1 GeV - 100 GeV flux, under the hypothesis that y-ray emission arises from
the interaction of CR protons with the surrounding gas. Given that also the two
other emission mechanisms involving accelerated electrons could also contribute
to the v-ray flux, the estimates derived must be considered as upper limits on the

CR energy content in each SNR.

As seen in [38] and references therein the expected y-ray flux is nearly independent
of the CR maximal energy as long as Ecrma: 2 200 GeV and the CR spectral
index I'crg 2 2. In this case, it can be conveniently approximated using the

following expression:

F(1—100GeV) ~ f(Tcr)

€CR ESN n ( d

—2
107 %cm %! (2.24
0.01 10%terg lem—3 1kpc) em™s ™ ( )

where f(I'cr) is such that f(2.0) = 2.06, f(2.5) = 1.07, and f(3.0) = 0.34.

The CR energy content expressed as a fraction of the Supernova explosion energy
FEsn can be derived using the measured ~-ray flux. The distance d and the ambient
densities n are not known for all SNRs, so some assumptions were made in the
cases in which these information were not available (see figure 2.11). The canonical

value of 10°! erg was assumed for Egy.

As it is clearly visible in figure 2.11, the estimates and upper limits on the CR
energy content span more than three orders of magnitude, from a few 10 erg to
several 1052 erg. For the interacting SNRs that lie above the ecgr = For/Fsy = 1
dashed line, the densities experienced by the CR particles in the molecular cloud in-
teraction region are likely much larger than those used for this calculation. Hence,
it is also likely that they are sites of hadronic interaction in dense environments. In
contrast, young SNRs lie at or below this luminosity limit, but it is already known
that IC processes contribute to their y-ray luminosity. New information about

distances and densities will provide more precise estimates of the CR content.

As a bottom line, the usual assumption of ecr = 0.1, required in order for the
Galactic SNR population to supply the CR flux observed at Earth, is compatible
with the results of the Fermi-LAT SNR catalog.
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FIGURE 2.10: Scatter plot between ~-ray flux and spectral index of the SNRs
detected in the first Fermi-LAT SNR catalog. Black: classified SNRs, grey:
marginal candidates. Red: SNRs interacting with a molecular cloud, blue:
young SNRs. Full circles: point-like sources, empty circles: extended sources.
Error bars with caps: statistical error, without caps: systematic error [38].
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FIGURE 2.11: Estimates of the CR energy content for all Galactic SNRs studied
in the first Fermi-LAT SNR catalog, divided into three categories each sorted
by Galactic longitude: SNRs with known distance and density estimates (upper
left panel); SNRs with known distances (upper right panel); and SNRs with
unknown distance and density (lower panel). When the distance and the density
were not known, they were fixed to the values of 5 kpc and 1 cm ™3, respectively.
The two dashed lines indicate a CR energy content of 10 and 100% of the
standard supernova (SN) explosion energy [38].






Chapter 3

v-ray study of SNRs: the Fermz

Large Area Telescope

3.1 The Fermi:-LAT experiment

The Large Area Telescope (LAT) is the primary instrument onboard the Fermi
Gamma-ray Space Telescope (or simply Fermi)!, launched by NASA on June 11,
2008. The LAT is an imaging telescope detecting photons from a few tens of MeV
up to a few TeV. The second instrument onboard Ferms is the y-ray burst monitor
(GBM), dedicated to the study of transient phenomena in the 8 keV - 40 MeV

energy range, ensuring a good overlapping with the LAT sensitivity.

In this work, data from the LAT experiment were analyzed. In the next sections,
details on the operating principles and performances of this instrument will be

given.

3.1.1 The LAT on orbit

The Fermsi satellite is on orbit around the Earth at an altitude of ~ 565 km with
an inclination of 25.6° with respect to the Equator. The Fermi observatory started

the science operations on August 13, 2008.

‘http://fermi.gsfc.nasa.gov/; formerly known as Gamma-ray Large Area Space Tele-
scope (GLAST)
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The primary observing strategy for Fermi is the scanning mode. Thanks to its
large field of view, the LAT observes approximately the 20% of the sky at once
and covers the whole sky every two orbits in approximately 3 hours. Ferm: is
occasionally operated in pointing mode to study interesting transient phenomena.

Calibration runs are also periodically performed.

During its orbit, Fermi crosses a region known as South Atlantic Anomaly (SAA),
which is an area in the southern hemisphere where the Van Allen radiation belt
comes close to the Earth’s surface at an altitude of about 200 km. This leads to a
number of geomagnetically trapped energetic particles, increasing the particle flux
of several orders of magnitude with respect to the rest of the orbit. This higher
flux would cause the saturation of the instrument electronics and the exceedance
of the safe operation limits, producing a rapid deterioration of the detector. For
this reason, the LAT does not operate when crossing the SAA. The perimeter
delimiting the SAA was conservatively defined prior to launch. As a result, the
exposure time in the southern hemisphere is reduced with respect to the northern

one and a fraction of about 13% of the total observation time is lost. [40]

3.1.2 The LAT detector

The LAT [41] is an imaging, pair-tracking y-ray telescope, detecting photons from
approximately 20 MeV up to a few TeV. It is made of a 4 x 4 array of towers,
with a converter-tracker and a calorimeter module. A segmented anticoincidence
detector (ACD) covers the array and a programmable trigger and the data acqui-
sition system (DAQ) complete the instrument. Figure 3.1 provides a schematic
illustration of the LAT.

Converter-tracker

High-energy ~-rays interact with matter mainly through production of ete™ pairs.
The LAT converter-tracker modules (TKR) are made of 16 planes of high-Z mate-
rial (tungsten) in order to promote the conversion of -rays into pairs, interleaved
with 18 planes of silicon strip detectors revealing the charged particle trajectories.
The last two silicon planes have no converter foils in order to accurately measure
the entering point in the calorimeter. The thickness of the tungsten layers was op-

timized to maximize the conversion probability and minimise multiple scattering
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FIGURE 3.1: Schematic illustration of the Fermi-LAT apparatus. [41]

and bremsstrahlung energy losses of electrons and positrons. The first 12 layers
have a thickness of 0.03 radiation lengths to maximize the angular resolution at
low energies thanks to the limited Coulomb scattering (front section), while the
last 4 layers have a thickness of 0.18 radiation lengths to maximize the conversion
probability at high energies (back section). In order to obtain a two-dimensional
reconstruction of the particle positions, each silicon plane is made of two layers
(x and y) of single-sided silicon strip detectors. The aspect ratio of the tracker
(height /width) is 0.4, allowing a large field of view (FoV) of 2.4 sr and ensuring
that nearly all pair-conversion events will pass into the calorimeter. The choice of
silicon-strip detectors gives the tracker a self-triggering capability, getting rid of
the necessity of an external trigger. The self-triggering is given by the coincidence

of signals coming from at least 3 consecutive silicon planes.

All LAT instrument subsystems employ technologies that do not use consumables,
such as the gas of tracking spark chambers used in previous high-energy ~-ray
telescopes. This allowed the LAT to work continuosly for more than 9 years

without a significant drop in the performances.

Calorimeter

The main purpose of the calorimeter modules (CAL) is the reconstruction of the

energy of the incoming ~-ray, by measuring the energy of the ete™ pair produced
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in the TKR. Each CAL module is placed right below the corresponding TKR
module and consists of 8 layers of 12 CsI(T1), with a total depth of ~ 8.6 radiation
lengths. Each crystal is read out by two photodiodes, one at each side, providing
three spatial coordinates: two discrete coordinates from the location of the crystal
in the array and the third coordinate given by measuring the light yield asymmetry

at the ends of the crystal along its longitudinal dimension.

The segmentation gives both longitudinal and transverse information about the
energy deposition pattern, allowing the electromagnetic shower imaging. This
feature provides an important discriminator for the rejection of background cosmic-
ray protons. In addition, it allows the estimate of the energy leakage and the
reconstruction of the energy of photons up to a few TeV, whose cascades are not
fully contained in the calorimeter and often lead to the saturation of some of the

crystals.

Anti-coincidence Detector

The Anti-coincidence Detector (ACD) allows the discrimination of photons from
the large background given by charged cosmic rays. It consists of plastic scintilla-
tors hermetically enclosing the tracker and the calorimeter, for a total active area of
8.3m?2. The scintillators respond only to the passage of charged particles, allowing
the photon identification. However, it is essential to avoid the “self-veto” effect,
i.e. the rejection of v-rays because of the backsplash on the ACD of secondary par-
ticles produced in the calorimeter, which becomes important for energies above
~ 10 GeV. For this purpose the ACD is segmented into 89 plastic scintillator tiles
providing spatial information that can be correlated with the signal from tracker
and calorimeter modules. Scintillation light from each tile is recorded by wave-
length shifting fibers embedded in the scintillator and connected at their ends to
two photomultiplier tubes (PMTs). A light micrometeoroid shield (0.39 g cm?)
protects the ACD from debris hitting the surface. A complete description of the
ACD and its performance is given by [42].

An important remark is that the ACD system also permits the detection of charged
particles, in particular electrons and positrons, allowing high precision measure-
ments of the electron plus positron spectrum as already discussed in section 1.3.3
(see figure 1.7 and [9]). In this case, the ACD is used in coincidence with the
TKR and CAL signals. Since Fermi-LAT experiment was not designed for the
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detection of cosmic rays, it does not have a magnetic spectrometer and cannot
directly measure the charge of the particles. Nevertheless, techniques based on
the geomagnetic field have been developed to distinguish positrons and electrons
(see [43]) in order to measure charge dependent quantities such as the positron

fraction.

Data acquisition

The Data Acquisition System (DAQ) collects information and triggers from the
subsystems (at a rate of 2-3 kHz) and provides the first onboard filter reducing
the rate of downlinked events to approximately 500 Hz. In addition, an onboard
data analysis pipeline is implemented to rapidly search for transient events. The
DAQ connects the entire LAT instrument to the satellite through the spacecraft

interface unit (SIU), which contains the control system of the spacecraft.

The tracker and calorimeter modules of each tower are interfaced by a Tower
Electronics Module (TEM), generating tower-based triggers. A trigger occurs
either if there is a coincidence of at least three silicon planes in a row or if the
energy deposit in any of the calorimeter crystals exceeds a fixed threshold. Two

different thresholds for low-energy and high-energy events are used.

At the entire instrument level a global unit collects signals from all the TEMs,
provides an interface with the ACD and generates a global trigger. After triggering
and building the events with the information received from the whole apparatus,

it sends them to the two event processor units (EPUs).

The minimum read-out time per event is 26.5 us, due to the transmission of the
trigger signal between the different units. During the event read-out the different
subsystems send a busy signal to the global unit, which generates the overall dead

time and adds the information to the data stream transmitted to the ground.

Most of the events triggering the LAT are indeed background CRs. For this reason,
the trigger is designed to minimise the dead time due to background events. The
two EPUs implement the onboard filtering, reducing the background rate and
maximising the efficiency for ~-ray detection. This allows the event rate within
the bandwith available for the downlink. Nevertheless, all events exceeding a
threshold of raw energy deposited in the calorimenter of 20 GeV are transmitted

to the Earth for the off-line analysis, since their rate is low.
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3.1.3 The LAT data

Event classification

Event classification aims at selecting the best estimates of the event direction
and energy and determining their accuracy, as well as at drastically reducing the
backgrounds in the final data sample. The background rejection is a fundamental
task since the background events triggering the LAT exceed by 10° the celestial
~v-ray flux. The onboard filter reduces the rate of triggered events to match the
available bandwith for the downlink to the Earth, reaching a signal-to-noise ratio
of 1:300. The background rejection performed with the offline analysis further

reduces the background contamination.

Depending on the scientific objective of the data analysis, different performances in
terms of background contamination and photon detection efficiency are required.
For this reason different photon classes are defined. Nevertheless, all event classes
have a residual background contamination. The reducible background is given by
events which are erroneously classified as y-rays and could be in principle identified
and eliminated. The irreducible background is due to charged particles interacting
with the dead materials surrounding the instrument and producing a real ~-ray,
which is detected by the LAT. Irreducible events constitute the majority of residual

backgrounds in the purest classes and cannot be completely eliminated.

After the event is analysed, a list of predefined quantities, such as energy and
arrival direction, is associated with the photon event, as well as a flag indicating
the event class. A full list of these quantities is shown in figure 3.2. Fermi-LAT
photon data are publicly available through the Fermi Science Support Center
(FSSC) 2, together with the orbital history of the telescope.

Instrument Response Functions (IRF's)

Data analysis cannot be performed without a detailed description of the instru-
ment performances, which is fulfilled through the Instrument Response Functions
(IRFs).

The IRFs are generated performing a full simulation of the instrument, using

the software Geant4. A large number of y-rays and background particles with

’https://fermi.gsfc.nasa.gov/ssc/data/


https://fermi.gsfc.nasa.gov/ssc/data/
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Col MName Format[Units](Range) Comment
1 ENERGY E [MeV] (0.:100000600.) energy of event
2 RA E [deg] (©.:3608.) right ascension (J2060) of event
3 DEC E [deg] (-90.:96.) declination (J2008) of event
4L E [deg] (0.:360.) Galactic longitude of event
5B E [deg] (-90.:96.) Galactic latitude of event
6 THETA E [deg] (©.:188.) inclination angle of event in instrument coordi
7 PHI E [deg] (©.:360.) azimuthal angle of event in instrument coordina
8 ZENITH_ANGLE E [deg] (@©.:180.) zenith angle of event
9 EARTH_AZIMUTH_ANGLE E [deg] (®.:366.) Earth azimuth (from north to east) of event
10 TIME D [s] (9.:100000006000.) Mission Elapsed Time
11 EVENT_ID J (©9:2147483647) ID number of orilginal event
12 RUN_ID J (0:2147483647) Run number of original event
13 RECON_VERSION I (08:32767) version of event reconstruction software
14 CALIB_VERSION 31 versions of calibration tables for the ACD, CAL
15 EVENT_CLASS 32X (0:32767) event class: 8, 1, 2,...
16 EVENT_TYPE 32X (0:32767) event types encoded as bit array
17 CONVERSION_TYPE 1 (0:32767) type of conversion: G=Front converting, 1=Back
18 LIVETIME D [s] (P.:1060AAGAA0A.) Accumulated livetime since mission start
19 DIFRSPO E (0.:1.0E+38) Diffuse response component
20 DIFRSP1 E (©.:1.0E+38) Diffuse response component
21 DIFRSP2 E (©.:1.08E+38) Diffuse response component
22 DIFRSP3 E (0.:1.0E+38) Diffuse response component
23 DIFRSP4 E (©.:1.8E+38) Diffuse response component

FIGURE 3.2: Table summarising the predefined quantities associated to each
photon event.

different energy and inclination angle with respect to the z-axis of the instrument
are simulated. The background rejection and event reconstruction algorithms are
then applied in order to quantify how many ~-rays are detected and how accurate

the reconstructed direction and energy are.

The IRF's are defined as a function R of the true photon energy E’ and direction @/,
the measured photon energy E and direction @ and time ¢, so that the differential
count rate measured by the instrument is given by the convolution of the true

differential flux per unit area at the detector with the IRFs:

dN dN
——(E,u,t) = | dE'd0/R(E,0|E' 0 ;t)—————(E', /. t). 3.1
dtdEdﬁ/( ,/U/, ) / Uu ( 7/U/’ ,'U/, )dtdE/dﬁ/dS( 7u7 ) ( )
The function R can be factorized in three independent factors:
R(E,u|E' u';t) = A(E', @) x P(a|E', @) x D(E|E', 1), (3.2)

where:

e A(E’,u') is the effective area, which is the detection efficiency for photons

of true energy E’ and arrival direction @’ expressed as an area;

e P(u|E’,u') is the Point Spread Function (PSF), which represents the prob-
ability that a photon with energy E’ and arrival direction @’ has a recon-

structed direction ;
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e D(E|FE',u') is the energy dispersion, which is the probability density that a
photon with energy E’ and arrival direction @' has a reconstructed energy
E.

An additional scaling factor T'(¢) can be added to the IRFs to account for tem-
poral variations, such as instrument failures or the deterioration of instrument
components. The lack of consumables makes the LAT performance very stable

and therefore this term is negligible.

Data releases

Over the course of the mission, the event-level analysis has been periodically up-
dated, taking advantage of the improvement in the understanding of the LAT
performances and on-orbit operation. Since launch, four major data releases have

been produced, called Passes, accompanied by the corresponding sets of IRFs.

The first release, called Pass 6, was built prior to launch using Monte Carlo
simulation and calibration data taken on the LAT test units [41]. The first version
of the IRFs (P6_V1) proved to be inaccurate, due to the presence of the so called
ghost events, which were not expected and not included in the simulations. These
events occur when a 7-ray hits the LAT immediately after a background event.
The LAT is triggered while the energy released by the background particle in the
sensitive volumes is still being collected. In this case the signals coming from
both the photon and the background particle are transmitted to Earth and the
reconstruction algorithm is likely to discard these perfectly good events, leading
to a degradation of the LAT performances. A schematic representation of a ghost
event is given in figure 3.3. In order to account for this effect and calculate the
correct IRF's, the ghost events were included in the Monte Carlo simulations,
without changing the event reconstruction algorithm and producing the P6_V3

version of instrument response [44].

The second major release, known as Pass 7, took advantage of the first years of
real data to study other on-orbit effects. These effects were included in the data
reduction and in the Monte Carlo simulation to obtain corrected responses. Data

released after 2011 August 1 were based on Pass 7 [45].

In 2013, a revised version of Pass 7 data, known as Pass 7 Reprocessed (P7REP),

was produced adopting updated calibration constants, which took into account a
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F1GURE 3.3: Example of a ghost event in the LAT. On the right a candidate -
ray event, on the left a ghost track resulting from an accidental time coincident
background event [44].

1% per year degradation in the calorimeter light yield. Furthermore, a significant
improvement in the reconstruction of the calorimenter position resulted in a better

angular resolution of the instrument, especially at high energies [46].

Finally, in June 2016 a new version of LAT data was made public, called Pass
8 [47]. This event release is based on completely new event reconstruction al-
gorithms and updated simulations, which significantly enhance the LAT perfor-

mances. The major improvements are listed below.

e A deep study of ghost events was performed using the huge amount of data
taken by the LAT in the first years of operation. These events were fully
included in the instrument simulation by adding real background events to
the Monte Carlo simulations. The event reconstruction was optimized to
deal with this effect and avoid discarding the “good” ~-rays accompanied by

a ghost, resulting in an increased effective area of the instrument.

Simulation of the LAT apparatus was updated, adopting a new version of the
Geant4 software used to simulate the instrument. This led to a modification

of the event selection cuts which increased the LAT acceptance over the

entire energy range.
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e New pattern recognition algorithms were developed, allowing the track re-
construction to be independent on the calorimenter and reducing the track

confusion due to the backsplash.

e The description of the energy leakage and crystal saturation in the calorime-
ter was improved, allowing a better energy reconstruction and increasing the

effective area especially at high energy (above 1 TeV).

e Background rejection was also enhanced, thanks to the improvement of the
association between tracks and ACD tiles and to new Boosted Decision Trees
algorithms with better separation power between photons and charged par-

ticles.

Event classes and types

As already stated in the previous paragraph, photon events are divided in different

classes, depending on the requested purity of the data set.

Prior to launch, three classes were defined for the first data release (Pass 6). The
TRANSIENT class, suitable for studying localised, intense, transient phenomena,
had the largest efficiency but a residual background at the level of the ~v-ray
detection rate (< 2 Hz). The SOURCE class had a better background rejection and
was primarily intended for point-source analysis and diffuse analysis at galactic
latitudes lower than 30°. It was optimized so that the background contamination
was similar to the expected rate of extragalactic v-rays in the entire field of view
(< 0.4 Hz). The DIFFUSE class was the purest one, with a background-rejection
factor of the order of 10°. It was designed in particular for diffuse y-ray emission

studies.

In the most recent data release, Pass 8, many more photon classes were introduced
(from TRANSIENT to ULTRACLEANVETO) with increasing quality of the reconstructed
photon at the expenses of the photon efficiency. The SOURCE class is the one

recommended for analysis of point sources, especially in the Galactic plane.

Within each photon class, events are divided in “event types”. In previous releases,
events were classified in FRONT and BACK, depending on the location of the tracker
in which the photon conversion occurred. In the Pass 8 release, two new event

classification were introduced, based on the quality of the reconstruction of the
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FIGURE 3.4: WP8BCTPSFCore variable as a function of energy used to classify

events in PSF event types. Black lines represent the energy dependent cuts

applied to classify events. The image is for illustrative purpose only and does

not correspond to the actual selection applied to the data. Image courtesy of
Dr. Matthew Wood.

direction (PSF types) or energy (EDISP types). For each classification, an event-
level variable representing the quality of the reconstructed direction or energy is
used to divide the data in four types (named from 0 to 3) with increasing quality.
The cuts are defined so that each event type has approximately the same effective
area, i.e. each event type contains the 25% of the total statistics. As an example,
figure 3.4 shows the event distribution for the variable WPBCTPSFCore as a function
of energy, which is used to divide events in PSF types. The black lines represent
the energy dependent cuts applied to classify the events. The cuts are optimized
such that the fraction of events in each PSF type is the same, keeping the effective
area of each event type approximately equal to the 25% of the total effective area

at all energies.

Pass 8 performances

Figures from 3.5 to 3.9 summarise the LAT Pass 8 performances for the SOURCE
event class, known as P8BR2_SOURCE_V6, which is the latest version of IRFs publicly
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available on the FSSC 3. Figure 3.5 shows the effective area as a function of energy
for normally incident photons and as a function of incidence angle (called off-awxis
angle) for 10 GeV photons. The relevant quantity is the effective area integrated
over the FoV, called acceptance. Figure 3.6 shows the intrinsic acceptance, regard-
less of orbital characteristics. Since the effective area depends on the off-axis angle,
as shown in figure 3.5b, the acceptance for a given dataset is obtained weighting
the effective area with the time fraction that the LAT spends observing a given
direction at a certain off-axis angle. This calculation is performed directly during
the analysis procedure, since depends on the region of the sky observed and on

the spacecraft orbital history.

FBR2_SOURCE_V6 on-axis effective area PERZ2_SOURCE_V6 effective area at 10 GeV, averaged over &
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FI1GURE 3.5: The LAT effective area for the PBR2_SOURCE_V6 IRF's as a function

of energy for normally incident photons (a) and of the incidence angle for 10

GeV photons (b). The curves correspond to front-converting events (red), back-
converting events (blue) and total (black).

Figure 3.7 shows the 68% and 95% containment angles of the acceptance-weighted
PSF as a function of energy. The PSF strongly depends on energy, being much
larger at low energy where the Coulomb scattering in the tracker significantly
affects the particle trajectories. The PSF is a peaked distribution around the
true position, as one would expect, but it has larger tails with respect to an ideal
Gaussian distribution, especially at energies above 10 GeV. Figure 3.8 shows the
68% containment angle for the four PSF types, showing the improvement obtained
for the best evet types (PSF2 and PSF3). The functional form of the PSF is derived

and adapted from XMM experiment, usually referred to as “King” function:

K(z,0m) = — (1—1> [1+x—2] | (3.3)

2702 n 2no?

3All performance plots are taken from https://www.slac.stanford.edu/exp/glast/
groups/canda/lat_Performance.htm. For more details on the IRFs description see https://
fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs.


https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs
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FIGURE 3.6: The LAT acceptance for the PBR2_SOURCE_V6 IRF's as a function of
energy. The curves correspond to front-converting events (red), back-converting
events (blue) and total (black).

In order to allow for a tail in the distribution, the PSF is actually built as the
sum of two King functions properly weigthed and with independent parameters,
called K.ore and K. The parameters ocorestair @nd Neoreta and the relative
fraction of the two King functions are fitted from the Monte Carlo simulations of
the instrument. The fit is performed independently in bins of energy and off-axis
angle, deriving a set of parameters for each bin, which are then properly used in
the data analysis. More details are available on the FSSC *.

Finally, figure 3.9 shows the energy resolution AE/FE, defined as the 68% contain-
ment of the reconstructed photon energy, as a function of energy. It is better than
15% over most of the energy range in which the LAT is sensitive. At low energy
it gets worse because of higher energy losses in the tracker, while at high energy
a poor longitudinal containment of the electromagnetic shower in the calorimeter
and the saturation of most of the crystals make difficult the energy reconstruction.
Figure 3.10 shows the energy resolution for the four EDISP types, showing also in
this case the improvement obtained for the best selections (EDISP2 and EDISP3).
More details on how the energy dispersion is parametrized in the LAT IRFs are

available on the FSSC °.

‘https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
Cicerone_LAT_IRFs/IRF_PSF.html

Shttps://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
Cicerone_LAT_IRFs/IRF_E_dispersion.html



https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs/IRF_PSF.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs/IRF_PSF.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs/IRF_E_dispersion.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs/IRF_E_dispersion.html
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FIGURE 3.7: The 68% and 95% containment angles for PS8R2_SOURCE_V6 PSF
as a function of energy. The curves correspond to front-converting events (red),
back-converting events (blue).
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FIGURE 3.8: The 68% containment angle of P8R2_SOURCE_V6 PSF as a function
of energy for the four PSF types. The black line (total) is the same shown in
figure 3.7.

Figure 3.11 shows a comparison of the latest Pass 8 acceptance with respect to
the previous P7TREP reconstruction technique. At central energies, the acceptance
is approximately 25% higher for Pass 8, while at low energy and high energy the

improvement is even larger.
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FIGURE 3.9: AE/E, defined as the 68% containment of the reconstructed
photon energy, for the PBR2_SOURCE_V6 IRF's as a function of energy. The curves
correspond to front-converting events (red), back-converting events (blue).
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FIGURE 3.10: AE/E, defined as the 68% containment of the reconstructed
photon energy, for the PBR2_SOURCE_V6 IRF's as a function of energy for the
four EDISP types. The black line (total) is the same shown in figure 3.9.

3.2 Fermi-LAT analysis

Once data have been collected, a detailed analysis of their spatial and spectral
distribution must be performed in order to obtain information of astrophysical
interest. However, in most cases it is not possible to isolate a specific source in

high-energy ~-rays, because of the presence of a bright and structured background
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FiGURE 3.11: Comparison of the instrument acceptance of the Pass 8 and
P7REP SOURCE classes.

given by the interstellar emission. Furthermore, the angular resolution, strongly
varying with energy, is often poor compared to other wavelengths and in most
cases is not sufficient to observe the extension of the source, which appears as

a point source. Therefore, statistical techniques have to be applied to study the

~v-ray sky.

3.2.1 Likelihood analysis

The method adopted is the likelihood maximisation, based on the Poisson statistics
used to describe the photon count distributions. Given the huge number of photons
which are usually present in the entire ROI, the analysis is usually performed
dividing the observed region of the sky in pixels and energy bins, performing a
binned likelihood analysis. If the statistic is low an unbinned analysis can be

performed, allowing each single photon to contribute directly to the likelihood.

Likelihood definition for binned analysis

In the case of a binned analysis, data are divided in bins and compared to the

expected value of counts in the same bins. In general, the entries of a histogram
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are distributed according to a multinomial probability density function:

Nto ! V; i
fhist(nz‘; Vi) = = ( ) ) (3-4)

Hi nz‘ Niot

where n; and v; are the observed and expected counts in bin ¢ respectively and

Niot = »_; N; is the total number of events.

However, if ny, is a random variable as well, following a Poisson distribution with
mean value v = ZZ v;, the joint p.d.f. is the product of a Poisson distribution

and the multinomial distribution defined in previous equation:

I/nmt 6_’“‘” Niot ' v; i
P (35 1) = 22 x . (3.5)
e ntot! Hl ni! Nyot

which gives, using the definition of v and ne:

1z

v; Rz
Juise (a5 i) = H 1€ " (3.6)

The p.d.f. derived is equivalent to the one of independent Poisson measurements

(the bin counts in this case).

See [48, Chapter 6.10] for more details.

Maximum Likelihood for Fermi-LAT data

Let M(E', 4, t; ay) be the differential flux per unit area describing the observed
region of the sky as a function of the true energy of the photons E’, their true
arrival direction 4’ and the time of observation t. {ay}x=1,. , are the parameters
describing the model, whose best-fit values are determined through the likelihood
maximisation. M usually includes the “known” (i.e. already detected in previous
studies) sources in the region of the sky under investigation, plus possible addi-
tional new sources. When steady sources are considered, M can be considered

constant in time.

Using the IRF definition in equation (3.2), the observed count rate J can be derived

using the following expression:

J(E, i ag) = / dE' i/ R(E, a|E', &) M(E', il ). (3.7)
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J is a function of the reconstructed energy and arrival direction of the photon.

The total number of counts expected in a solid angle €2, in the energy range

(E1, Es) and the time of observation (1, %2), is obtained by integration over E, 4
and t: \ 5
Aay) = / dt/ dE/ du J(E,u; o). (3.8)
t1 Ey Q

Given a set of values of {ay }x=1._m, A(ax) represents the true value of counts, i.e.

-----

the expectation value of the Poisson distribution.

Using equation 3.6, the likelihood is the product of the probabilities of each pixel

7 and each energy bin j:
L= HP i (o)), (3.9)

where P(n; \) is a Poisson distribution with mean value .

The likelihood £ has to be maximised with respect to the model parameters, in

order to find the best estimates for {as }r=1

.....

It is convenient to consider the natural logarithm of the likelihood:
Inl = Z NijInA; (o) Z A (o) Z In(N; ;). (3.10)
1,J 1,J

Since the last term does not depend on the model parameters, it can be negleted

and the log-likelihood becomes:

Inl = Z Ni;InA; (o) Z A j(ag) Z Ni;InA; (o) — Apor (o), (3.11)

i’j
where Ao () is the total expected counts.

The likelihood profile around the maximum gives information about the errors
on the best-fit values. The statistical error on the parameters is defined as the
variations of the parameters that causes a drop of the log-likelihood maximum
value of 0.5:

In L(ay £ 04,) = InL(a) — 0.5, (3.12)

where @ is the best-fit value that maximise the log-likelihood.
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If the statistics is sufficiently high, the log-likelihood around the maximum is well
described by a parabola (and the likelihood by a Gaussian distribution), resulting
in equal positive and negative errors (symmetric errors). In this case, the error
can be evaluated with good approximation using the second derivative of the log-
likelihood with respect to the parameters. This method is computationally faster
than building the profile of the log-likelihood, which is an m dimensional hyper-

ellipsoid in the general case.

However, in case of low statistics or faint sources, the symmetric approximation
might be wrong. For this reason, an estimate of the asymmetric errors on a given
parameter oy is obtained by changing the value of this parameter around the best-
fit value and re-fitting the others. This method is in most cases computationally

intensive. See [48, Chapter 9.6-9.7] for more details.

Significance of a source

In order to estimate if a source is significant, the likelihood ratio test (LRT) can
be used to quantitatively compare the model adopted with the one in which the

source is removed.

Let Mo({a}rk=1,.n) be a simpler model than the one considered in the previous
section, that means h < m. For example, M, can be obtained fixing the values of

m — h parameters of M. The test statistics is defined as:
TS =2(In £ — In Ly), (3.13)

where In £ and In £, are the maximum values of the log-likelihood found using the
model M and My, respectively. The Wilk’s theorem [49] states that the TS-value
is distributed asymptotically as a x? with m — h degrees of freedom. When the TS
is large the M, hypothesis is rejected and the complete model M is adopted. The
confidence level at which the full model M describes data better than the simpler
model M, is

TS
cl. = / X2, (s)ds, (3.14)
0

being fTJrSOO X2, (s)ds the chance probability that the test statistics is larger than

the obtained value.
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If My is a model obtained removing a given source from M, the TS value provides
the level of significance at which that source is observed. If m — h = 1, one finds

that /TS is approximately the significance expressed in ¢ units.

In an analogue way, the same method can be used to compare different spatial or
spectral models for a given source. In the former case, the quantity 7T'Sey is used,
such that the source is described as extended in M and as point-like in M. In the
latter, the T'S... is defined comparing a spectral model which includes a spectral

curvature M with a simpler one M, as it will be explained in the next sections.

Upper limits

If a source proves to be below the detection threshold, an upper limit can be
calculated on its flux, according to the likelihood profile. A likelihood scan is
perfomed varying the normalization parameter of the investigated source, until an
increase in log-likelihood corresponding to the desired confidence level is reached.
For example, an increase in log-likelihood of 1.35 corresponds to a 95% confidence
level upper limit. See [5] for more details on the likelihood profile upper limit

estimate.

3.2.2 Data format and data preparation

The online data analysis and the event reconstruction process produce tables of
events containing a list of predefined quantities for each event (see figure 3.2),
stored in files in FITS format ©.

The LAT collaboration developed a set of tools, called Fermi Science Tools, to
perform high level data analysis. They are publicly available through the FSSC 7.
The Science Tools include tools to rapidly simulate LAT observations, perform
temporal analysis of pulsars, select and explore LAT data and perform the likeli-

hood analysis described in section 3.2.1.

The data selection tools allow the user to select events according to one or more of
the quantities describing the events. In order to study a specific source in the sky,

photons from a region surrounding the position of this source must be selected.

SFITS stands for Flexible Image Transport System. See https://fits.gsfc.nasa.gov.
"https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/


https://fits.gsfc.nasa.gov
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
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Cuts on the energy range and time interval can also be performed. As already
discussed above, events are divided in classes and types. Therefore, events from a
specific class and/or type can be selected. Another type of selection regards the
contamination coming from v-rays produced in the interaction of cosmic rays with
the Earth’s atmosphere, called Earth’s limb. This background is very bright, but
such photons can be easily discarded thanks to their arrival direction. For this
purpose a cut on the zenith angle, which is the angle between the incoming photon
direction and the direction perpendicular to the Earth’s surface, is applied, elimi-
nating all photons having a too large zenith angle. This cut is usually performed
according to specific studies developed by the LAT collaboration, which resulted
in the definition of energy-dependent cuts that mantain the Earth’s limb contam-
ination below a given threshold. The tool which is used to perform all these cuts

is called gtselect.

Once data have been selected, the correct time intervals must be calculated. The
gtmktime tool performs the calculation of the so called good time intervals (GTIs),
which are the time ranges when the LAT was actually able to collect data. Only
data taken in these GTIs can be considered valid. GTIs are used by other tools
to correctly calculate the exposure of the LAT. The gtmktime tool performs cuts
based on the spacecraft position, for example selecting times when the spacecraft
is not in the Southern Atlantic Anomaly (SAA). For this purpose, it needs the
spacecraft file as input, containing all the information about the LAT navigation,

such as position and orientation as a function of time.

3.2.3 Fitting procedure

The likelihood analysis is implemented through a series of subsequent steps.

The first step consists of the evaluation of the livetime of the LAT, which is the time
that the detector spent observing each position of the sky. The tool that performs
this calculation is gt1ltcube, which calculates the livetime as a function of the sky
direction and of the off-axis angle. The off-axis angle dependence is important

since the LAT IRFs depend on this angle, as already seen in section 3.1.3.

The next step is the evaluation of the exposure for the region of the sky under
investigation, which has to be divided in pixels of arbitrary dimensions. The

exposure is obtained multiplying the livetime calculated using gtltcube by the
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effective area of the instrument parametrised in the IRFs. Given its dependence
on the off-axis angle, the exposure is obtained weighting the effective area with

the livetime calculated at each value of the off-axis angle:
ens(E) = [ T (0)Aun(E) (3.15)

where 6 is the off-axis angle. The tool performing this calculation is called

gtexpcube2.

The last step before the fit is the evaluation of the expected and observed counts
for each pixel and energy bin. The observed counts are evaluated using the gtbin
tool, which creates a 3-D map (two spatial coordinates plus one dimension for the

energy binning) of the observed photons.

The expected counts, according to equation (3.7) and (3.8), are evaluated through
the convolution of the model flux of the region of the sky analysed with the IRF's.
The model is defined as the sum of different sources, described in a file in the XML
(eXtensible Markup Language) format. Each source is factorized in a spatial and
a spectral shape:

M(it, B) = Mapas(i0) Mypee (E). (3.16)

The spatial models allow the definition of point-like sources, i.e. sources whose size
is too small to be resolved by the LAT, as well as extended sources, which can be
described by simple geometrical models (for example disk or Gaussian shapes) or
by more complex structures usually derived with the help of multi-wavelength data.
This last case is for example what happens for the diffuse background definition.
Spectral models are mostly based on the power-law spectrum, which describes the
typical energy dependence of non-thermal emission processes. Models that allow
the presence of spectral features are also included. Some examples are the broken
power-law, the log-parabola®, the power-law with exponential cut-off. A complete
list of spatial and spectral models and their functional definition is available in the

Science Tools documentation on the FSSC ?.

8Log-parabola is a functional form introduced to describe curved spectra which cannot be
reproduced with an exponential cut-off. The functional form is given by:

N(E) = No (B/E,)* 0 E/E (3.17)

where « is the spectral index, 3 is the index of the curvature and Fj is the energy break.
‘https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html


https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html
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The factorization of the source models allows a two-step integration for equa-
tion (3.7). In the first step, the spatial integration is performed. The spatial part
of the model is multiplied by the exposure previously calculated and convolved
with the LAT PSF. This is performed at different values of energy, in particular

at the energy boundaries defined for the data binning. For each pixel and energy:
Spix(E) = /PSF(@W, E)e(t, E) Mgpat (0, E)du/, (3.18)

where Mgy defines the spatial shape of the sources and e is given by equation 3.15.

This integration is perfomed only once, especially for sources whose spatial pa-
rameters are not fitted. This task is fulfilled by the tool gtsrcmaps independently
for each source in the model. The different contributions are then added together
during the fit.

The second step involves integration over energy. The quantity defined in equa-
tion (3.19) is multiplied by the spectral part of the model and convolved with

energy dispersion matrix:
A (E) = /D(E]E’)SpiX(E)MspeC(E)dE’. (3.19)

This integration is perfomed during the fit procedure, since spectral parameters

are usually fitted.

The likelihood fit is performed by the tool gtlike, which defines the log-likelihood
using the observed and model counts and finds the maximum using minimisation
algorithms, such as MINUIT [50]. The tool gtlike returns as output the best-fit
values of the model parameters and their statistical uncertainties derived from
the likelihood profile. Other methods are available through the python interface
of gtlike, called pyLikelihood. These methods allow the computation of the

source TS, asymmetric errors or upper limits, as described in section 3.2.1.

Finally, the results of the fit can be compared to the data by generating spectral
or spatial residuals. A model map can be generated from the best-fit parameters,

using the tool gtmodel, and then compared to the observed count map.

Another useful instrument to check the goodness of the fit is the T'S map. This
map is obtained by adding a point-like test source to the model and performing

a likelihood fit. The fit is repeated moving the test source in all the pixels of the
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map. The map is filled with the TS values of the test source in each position. A
bright spot in the T'S map suggests the presence of a significant excess in the data

with respect to the model.

3.2.4 Summed likelihood

The pyLikelihood interface allows the possibility of performing a summed-likelihood
analysis. This procedure is useful when different datasets are used or different
cuts applied. A typical example is the usage of multiple event types in a combined
analysis. Events from different event types are selected, as long as they belong
to the same group (FRONT/BACK, PSF or EDISP), and the relative quantities for
the likelihood definition are calculated separately, adopting IRFs specific for each
type. The sky model adopted is usually the same for all the types. The total log-
likelihood used for the model fitting is defined as the sum of the log-likelihoods
of each type. Another example is the definition of different data cuts for different
energy or time ranges. Also in this case, the log-likelihood is calculated separately

for each data sample and then the values are summed together before the fitting.

The summed likelihood method is often useful to increase the significance of the
results, since cuts and/or IRFs are optimized for each data sample. However, the
computation time of the likelihood is usually increased and the fitting procedure

becomes slower.

3.2.5 Source localization and extension

An important aspect of the study of a source is its spatial shape. The tool gtlike
does not allow the fitting of spatial parameters of sources. In fact, an iterative
procedure can be used to study the extension of a source, by performing indepen-
dent fits with different fixed spatial models and comparing the results to extract
the best model. In [51], it was shown that the maximum of the likelihood profile
obtained varying the radius of an extended source correctly reproduces the exten-
sion of a simulated extended source, assuming that the true position is known. A
similar approach can be also adopted to compare spatial models obtained from

other wavelengths.
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However, this procedure requires a high computing time and is quite limited, since
it is difficult to apply when the true position of a source is not known. Furthermore,
in order to maximise the statistical significance of the detection, the position, the

extension and the spectrum of the source should be simultaneously fit.

For this reason, other tools have been developed inside the Fermi-LAT collabo-
ration to perform spatial fits. The pointlike package provides methods to fit
position and extension of sources, allowing different spatial shapes such as disk
and 2D Gaussian shape. The main advantage in pointlike is that the spatial
binning of data scales with the PSF, i.e. a coarse binning is adopted where the
PSF is large. This technique allows better performances at low energy, where the
PSF is large, keeping a good accuracy at high energy. The approximations are
performed maintaining an accuracy level of 1% [52, 53]. pointlike has been exten-
sively used within the Fermi-LAT collaboration, especially in the development of

source catalogs [54-56].

The fermipy package is a python software toolkit that facilitates the data analysis
using the Fermi Science Tools. 1t also provides methods for high level analysis,
such as the localization and extension fitting, which are based on a sampling of
the likelihood varying the spatial parameters of a specific source. It also provides
simple ways of configuring a summed likelihood analysis, in which multiple data

selections can be provided and fitted together [57].






Chapter 4

The interstellar emission model

4.1 The “standard” diffuse model

The source analysis of Fermi-LAT data is strongly based on the good description
of the y-ray background coming from the cosmic ray diffusion in the Galaxy,
which is largely dominant at GeV energies. It is mainly due to the interaction
of CR protons and electrons with the interstellar medium (ISM). The main ~-ray
production processes are the 7° decay originating from CR proton interaction with
gas in the ISM, the bremsstrahlung radiation of CR electrons interacting with the
gas and the Inverse Compton scattering of CR electron on the interstellar radiation
field (mostly made of the cosmic microwave background, the infrared dust emission

and the visible star light), which have been already described in chapter 1.

Since the first ~-ray observations of the Galaxy, a correlation between the large

scale emission and the gas distribution was evident [58-60].

The Fermi-LAT collaboration has developed a model describing this diffuse emis-
sion, called Galactic Interstellar Emission Model (GIEM), which includes the ~-ray
emissions coming from all the large scale structures in the Galaxy. It is then suit-
able to describe the background for point-like or small extended sources [61]. The
model is obtained as linear combination of different maps describing the emissions
coming from the different processes and the different structures in the Galaxy,
which are directly fitted to the data in many energy bins, in order to recover the

spectral shape of each component from the data.

85
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This “data-driven” approach is preferred to a model based approach, which makes
assumptions on the CR distribution in the Galaxy and calculates the y-ray emis-
sions. Simulation codes such as GALPROP [13] ! and DRAGON [14] ? calculate
the CR distribution in the Galaxy assuming a certain CR source distribution and
CR spectrum at the source and making prescriptions for the CR diffusion in the
Galaxy. The y-ray flux is then obtained using the v-ray production cross sections
of the different processes. This approach is affected by many uncertainties, since
most of the parameters describing the CR production and diffusion are not known

with good accuracy.

Nevertheless, simulation codes are essential to understand the mechanisms in-
volving CR origin and propagation in the Galaxy. Many works have been de-
veloped adopting these codes. In [62, 63], the authors adopted the GALPROP
code to perform simulations of the Galaxy with different input parameters, ob-
taining models which are broadly consistent with the Fermi-LAT data, with some
under-prediction towards the inner Galaxy. In [64], the code DRAGON was used,
adopting a non-isotropic diffusion of CR, obtaining also in this case a good mod-

eling of the diffuse v-ray emission of the Galaxy.

In the development of the GIEM, the code GALPROP was used to obtain a
template for the Inverse Compton scattering, since no spatial template is available
for this mechanism from other wavelength observations. This component is usually
very smooth and it is sub-dominant with respect to the gas-related component for

energies above ~ 100 MeV in regions close to the Galactic plane.

4.1.1 Emission components

As already said, the main emission is correlated to the interstellar gas. A template
for the gas distribution is obtained from observations in the radio band. The main
assumption is that the CRs uniformly penetrate the Galaxy, so that the vy-ray
intensity is proportional to the gas density. This assumption is not completely
true, since CR density and spectrum change with the distance from the center of
the Galaxy. For this reason, the gas templates is divided in galactocentric rings,

each one fitted independently. Furthermore, the CR density may be modified in

!See https://galprop.stanford.edu/publications.php?option=overview for more de-
tails.
2See https://github.com/cosmicrays for more details.
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magnetized molecular clouds due to small-scale diffusion effects, which may lead
to an exclusion or a concentration of CRs in the cloud. These effects should change

the y-ray flux at energies relevant for gas ionization, i.e. below few GeV.

4.1.2 Gas column densities

Approximately the 99% of the ISM mass is gas and 70% of this mass is hydrogen.
The hydrogen exists mostly in the form of neutral atoms (HI) and neutral molecules
(Hs). Heavier elements are assumed to be uniformly mixed with the hydrogen and

~-ray production cross-sections are scaled accordingly.

Atomic Hydrogen

HI column density is traced by the 21 c¢m line radiation, due to the transition
between the levels of the hyperfine structure of the Hydrogen 3. Radio observations
of the 21 cm provide the brightness temperature Ty, which is defined as the
temperature that a black body would have to duplicate the observed intensity
of a grey body object at a given wavelength. The quantity Tg is derived as a
function of the velocity v of the gas relative to the Earth, which is measured
thanks to the Doppler shift of the 21 cm line. This velocity can be converted
into a Galactocentric distance as it will be explained below. The 21 c¢m all-sky
Leiden-Argentine-Bonn (LAB) survey was used to derive the HI column density
in this case [65].

The column density is obtained using the following equation:

Nyr = —1.82 x 108 Ts/ln ! (4.1)
Ts — 1,

where Ty = 2.66K is the background brightness temperature in this frequency
range and T is the excitation (spin) temperature of the gas. The integral is per-

fomed on the velocity range of interest to select a specific Galactocentric distance.

Ts is not uniform in the Galaxy, going from a value of around 100 K for the cold

gas up to several tens of degrees for the warm gas. Its value can be derived from

3For the 1s ground state of the Hydrogen, the coupling of the electron and proton spin splits
the energetic level in two hyperfine levels. The transition from the higher level (parallel spins)
to the lower one (anti-parallel spins) corresponds to the emission of a photon with a wavelength
of approximately 21.106 cm. The transition is called spin-flip transition.
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the observation of HI absorption against background radio sources. However, this
information is available in small regions of the sky only. For this reason, a uniform
value for Ty was assumed and it was fixed to the one that best fits to the Fermi-
LAT data. Changes in Tg indeed modify the spatial distribution of gas, which can
be probed using the y-rays produced by CRs. The fit was limited to the anticenter
region (90° <1 < 270° and —70° < b < 70°), which is less affected by the unknown
IC emission and is free from large extended structures unrelated to the gas, such
as the Loop I and the Fermi Bubbles. The best-fit value obtained is Ts = 140K.

Molecular Hydrogen

Contrary to the atomic Hydrogen, the molecule Hy cannot be observed through a
direct emission. Its observation relies on other molecules, which are homogeneously
mixed to the Hy. In particular, the carbon monoxide (CO), which is the second
most abundant molecule in the ISM, can be observed through the 2.6 mm J=1—0

line, originating from the CO excitation due to the collisions with the Hy molecule.

The velocity integrated brightness temperature W(CO) is proportional to the Hy
column density. This relation is observed experimentally comparing the virial
masses of several molecular clouds to the CO luminosities. The Hy to CO conver-
sion factor is expressed as Xco = Ny, /W(CO).

The W(CO) values was obtained using the composite CO survey by [66].

Galactocentric rings

In order to allow a variation of the CR density with the distance from the center
of the Galaxy, both the HI and Hy column densities are divided in rings. This
is perfomed calculating the integral column densities over specific velocity ranges,
corresponding to particular distances. Nine rings have been defined with the fol-
lowing limits, expressed in kpc: 0.0, 1.5, 4.5, 5.5, 6.5, 7.0, 8.0, 10.0, 16.5, 50.0.

Dark Neutral Medium

The methods used to derive the gas column densities of HI and H, are affected by
some approximations, which result in imperfections in the description of the gas-

realted v-ray emission. In the case of HI, the assumed constant spin temperature
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Ts underestimates the gas density in some regions. Also the CO emission is not
a perfect tracer of cold Hy. First, metallicity variations across the Galaxy may
result in different X¢o values. Secondly, the CO molecule is strongly affected by
UV photo-dissociation in the outer regions of molecular clouds where Hy may exist
without CO or where CO is only weakly excited. Finally, X is also affected by
the dynamical characteristics of the molecular cloud, resulting in variations by
about a factor of 2 [67]. These limitations lead to large underestimates of the gas
density in some regions, as well as some overpredictions in other regions. This

missing gas is referred to Dark Neutral Medium (DNM).

This dark component can be obtained using dust column density. Dust grains are
known to coexist with the gas. Observations have shown that the gas-to-dust ratio
is approximately 100. Dust observation may directly trace the total gas column

density.

Dust is observed thanks to its infrared emission. The dust map in [68] was used to
correct the HI and Hy column densities in the GIEM. More recently, high resolution
dust maps have been provided by the Planck satellite [69]. This correction was
based on the comparison of the dust column densities with the HI+H, ones derived
before. Away from some regions were dust is strongly affected by star activity
(star forming regions), most of the dust is well spatially correlated with the Ng;
plus W(CO) distribution. Regions where this correlation is not present and dust is
well correlated with y-ray emission exceeding the one coming from HI plus W(CO)

expectations are considered DNM-rich regions.

A template for dark gas was obtained by subtracting from the dust map the regions
which spatially correlate with HI and W(CO). The resulting residual map reveals

coherent structures in both positive and negative residuals.

The positive residuals suggest an under-estimate of the gas distribution and are
used as template for the additional DNM. Since there is no velocity information
associated with the IR dust emission, the map cannot be divided in rings. One
single template is used for the entire sky, which corresponds to assuming a uniform
CR flux across the sky for this template. It must be noted that the dust residual
map also incorporates ionized hydrogen (H™), which is not traceable with other
direct observations. This component is anyway small compared to the DNM mass,
which in some dense clouds is known to be comparable or exceed the CO-bright

molecular component.
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The negative residual map is also important to bring corrections to the gas distri-
bution. Especially in the HI maps, the assumption of the uniform Tg value may
lead to over-prediction of the gas column density (a too low TS corresponds to a
too high gas density). The negative residual map is used to correct the Ny; map.
It was found that these corrections do improve the goodness of the fit and were

therefore included in the model.

4.1.3 Galactic Inverse Compton Radiation

Another important diffuse y-ray component is due to the interaction of CR elec-
trons with the interstellar radiation field, mainly made of the Cosmic Microwave
Background (CMB), the infrared dust emission and the visible star light. The spa-
tial distribution of this component is related to the radial distribution of CRs and
to the intensity of the radiation field. It is generally peaked towards the Galactic

center, where the CR density is higher and the stellar radiation is also stronger.

Since there is no direct observational template for this component, its spatial and
spectral shape was predicted using the GALPROP code. Under the assumption of
a certain CR source distribution and propagation parameters, GALPROP predicts
the CR density in the Galaxy and calculates the y-ray intensity.

4.1.4 Other templates

Other templates were added to the fit in order to model other point-like and
extended structures in the ~-ray sky. First a template for the point-like and
small-extended sources was derived from a preliminary version of the 3FGL [56].
The contribution of unresolved sources to the diffuse model was estimated to be
between 2.5% and 8% above 10 GeV. These sources are likely absorbed by the IC

or the inner HI templates.

Models for moving sources such as the Sun and the Moon were also added to
the model. ~-rays are produced by the interaction of CRs with the Sun and
Moon surfaces, which makes them appear as bright moving sources in the sky.
The overall spectrum and the template describing their movement in the sky was
derived in [70, 71].
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An isotropic component was added, in order to take into account the possible ex-
tragalactic y-ray emission and the residual CR background which contaminates the

LAT data, in particular the irreducible background already discussed in chapter 3.

Finally, a template for the Earth’s limb contribution was derived. This contri-
bution comes from the interaction of CRs with the Earth’s atmosphere. The
Fermi-LAT observing strategy is such that the Earth is not directly in the field of
view. Nevertheless, a large number of Earth’s limb photons hit the LAT. They are
usually cut selecting events with low zenith angle 6. Events with 6 < 100° were
selected in this case, cutting most of the Earth’s limb. However, especially at low
energy, there is still a residual contribution. A template for this contribution was
derived by comparing count maps obtained with a more stringent zenith angle cut
(6 < 80°).

4.1.5 Residual extended excess emissions

After having included all previous components, large scales structures appear in
the residual y-ray data. Some of them are well known, such as the Loop I, one
of the bright radio Galactic loops, and the Ferm: bubbles, so called from the
typical bubble shape above and below the Galactic plane. In other cases, extended
residuals appear along the Galactic plane and their origin is not known. For these
structures a template was derived from the residuals obtained from a first iteration
of the diffuse model fitting. These templates were then included in the fit in order
not to bias the normalization of the other components. Figure 4.1 shows the

distribution of these residual extended excess emissions, taken from [61].

4.1.6 ~-ray model

Summing all components, the predicted counts of the vy-ray diffuse model are

expressed as follows:

Nowed (L0, E) = Y aqui(B)Nur(Lb)+ Y qco,(E)Weo,(1,b)+

i=annulus i=annulus

+ aonar (E)Npyar(1,0) + Cro(E)T1o(1, b, E) + Ciso(E), zso+
+ C(limb< )[lzmb(l b) + [sun+moon l b E Z Csrc src (l b)

i=source

(4.2)



92 Chapter 4. The interstellar emission model

30 MeV-1 GeV

204 MeV

—— | —— i s e Mel !
91077 S
3.4 Uel

a0
phert 5t emt Mel!
0 2 T G0

FIGURE 4.1: All-sky residuals from the Galactic diffuse model fitting. Left

column: residual counts in three energy bands 50 MeV-1 GeV (top), 1-11

GeV (middle), and 11-50 GeV (bottom), smoothed with a two-dimensional

symmetric Gaussian of 3° FWHM. Right column: photon specific intensity, at

energies 204 MeV (top), 3.4 GeV (middle), and 22 GeV (bottom) of the residual
emissions [61].

The ¢ parameters represent the v-ray emissivity of the gas-related components in
the associated column density. The C' parameters are the normalization factors of
the other components. The Sun and Moon templates are not fitted to the data.
The tilde notation denotes the maps after the convolution with the LAT PSF.

The residual excess emission described in the previous section was then added as
a separate component, deriving the spatial template from the residual map. The
residual map was filtered using a wavelet decomposition, in order to retain only
structures larger than 2°. This aspect is crucial when studying large extended
sources, since all sources with an angular scale comparable or larger than 2° might

be absorbed partially or totally in the diffuse model.

The predicted counts derived with the previous equation are then fitted to the data

using MINUIT. The fit is performed iteratively and separately in different regions
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of the sky, in order to better constrain some of the parameters before performing

an all-sky fit.

The best-fit parameters are used to derive the diffuse model expressed in flux
units. The model was not corrected for the energy dispersion. This information is
important to correctly calculate the predicted counts from this model during the

source analysis, when this template is used to describe the background emission.

The GIEM is provided by the Fermi-LAT collaboration as a single model, meaning
that the relative normalizations of all the components are kept fixed to their all-
sky best-fit values. This aspect inevitably creates regions where the diffuse model

under-predicts or over-predicts the data, which may affect the source spectra.

The latest version of the GIEM was derived using the P7REP data. In order to use
the same model with Pass 8 data, it has been scaled using an energy dependent
factor, in order to match the different acceptances and energy dispersion of the

data selections *.

4.1.7 Cosmic ray distribution in the Galaxy

The best fit parameters of the different components were used to derive the diffuse
model expressed in flux units. The flux corresponding to each template was studied
in order to derive information on the CR protons and electrons. In particular,
the gas templates in the different rings were interpreted with a model based on
the hadronic interaction of CR protons with the gas and on the bremsstrahlung
radiation from CR electrons. The proton-proton cross section was taken from [21],
while the bremsstrahlung emission was based on [72]. In order to take into account
the contribution of heavier nuclei in CRs and in the ISM, the proton-proton cross
section was scaled to the nucleus-nucleus one, taking into account the abundance

of heavier nuclei in the ISM and in the CRs.

The following spectra were assumed for the proton and electron populations:

N, = A, 3P RP?

(4.3)
N, = Ac(Ey/Ey+ (Ex — Ey)/Eo) "),

4More details are available at https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
Model_details/Pass8_rescaled_model.html


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/Pass8_rescaled_model.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/Pass8_rescaled_model.html
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where R is the proton rigidity, § = v/c is proton velocity over the light velocity
and L}, is the electron kinetic energy. A, and A, are the normalization parameters
of the two spectra. p, represents the proton spectral index, while p; controls the
low-energy spectral curvature [73]. The fit proved to be almost insensitive to p;
variations. ps is the electron spectral index. FEj is fixed to the value of 1 GeV,

while Fj is a free scaling energy.

The best-fit parameters in each galactocentric ring allow the reconstruction of the
CR spectra as a function of the distance from the center of the Galaxy. Figure 4.2

shows different quantities as a fuction of the Galactocentric radius.

It was found that the CR proton density follows the radial distribution of the
v-ray emissivity (figure 4.2a). It increases rapidly from the Galactic center, it
is maximum at a distance of approximately 3 kpc and then smoothly decreases
for larger distances (figure 4.2b). This pattern is probably related to the CR
source distribution in the Galaxy. Actually, it is well correlated with the star

formation rate, which is traced by sources such as Supernova Remnants and pulsars
(figure 4.2d).

Another interesting feature is the dependence of the spectral index with the Galac-
tocentric distance (figure 4.2c). It ws found that the spectrum is harder towards
the Galactic center with respect to larger distances. This is known as “CR gra-
dient problem”. This behaviour is not predicted by propagation codes like GAL-
PROP, which assumes constant diffusion parameters across the Galaxy, derived
from the local measurements. A solution was proposed by [64], in which a radial
dependency of the diffusion coeffient was introduced, specifically by linearly de-
creasing the rigidity index of the diffusion coefficient. This was implemented in
the DRAGON propagation code.

4.2 Systematic uncertainties from the diffuse model

for source analysis

Due to the approximations made and to the uncertainties in the templates adopted,

the GIEM is affected by some systematic uncertainties.

The main source of these errors is the model incompleteness for the inner annuli,

which was corrected with the introduction of the patches derived from residuals.
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FIGURE 4.2: Radial distribution across the Galaxy of (a) the ~-ray emissivity
per H atom measured at 2 GeV; (b) the proton flux integrated above 10 GV,
with the prediction from the GALPROP model ©Y 4673071502 (solid curve);
(c) the proton spectral index, po, with statistical error bars and the prediction
for proton rigidities above 1 TV from the same GALPROP model (solid line) and
from [64] (dashed line); (d) the proton flux integrated above 10 GV, normalized
to its value at the Sun Galactocentric radius, with the star formation rate traced
by supernova remnants, H II regions, and pulsar. Figure taken from [61].

In particular, for rings 2 and 4, the flux of the gas components increases approxi-
mately by the 40% if the patches are removed from the template. Another source
of uncertainty is the amount of dense cold HI in the spiral arms, whose variations
are estimated to be around 20%. Also, the variations of spin temperature Ty in
the Galaxy affects the modeling. In fact, a change in Ts from the best-fit value
of 140 K to a value of 400 K results in a 30% variation of the HI column density
in the inner annuli. Finally, the poor angular resolution of the dust map adopted

affects the DNM corrections especially along the Galactic plane.

For these reasons, systematic uncertainties from the diffuse model must be taken
carefully into account when doing source analysis, since their flux and shape may

be strongly affected by the model imperfections.
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Since the standard GIEM is provided as a single model, the individual components
cannot be adjusted separately. The overall normalization is usually fitted to the
data, together with an energy dependent shape, which is usually a simple power-

law.

A widespread method in the literature to estimate the systematics uncertainty
consists in manually modify the diffuse normalization by a certain scaling factor
(usually fixed to 6%) with respect to the best-fit value. This method gives the
overall flux variations of the sources, since the diffuse model flux is rigidly scaled.
So, it is not well suited to study possible variations in spatial or spectral shape of

the source under investigation.

4.2.1 Alternative IEMs

An alternative way of estimating the systematic uncertainty from the diffuse model
was developed in the first Supernova Remnant catalog (1SC) [38]. In this work,
the source spatial shapes and spectra were tested adopting different diffuse models,

based on a different approach with respect to the standard GIEM.

Eight different alternative Intersterllar Emission Models (alEMs) were created
using the GALPROP propagation code, by varying three important input param-

eters:

e the CR source distribution in the Galaxy, for which two models were adopted,

respectively based on the spatial distribution of SNRs [74] and pulsars [75];

e the height of the CR halo, fixed to the values of 4 kpc and 10 kpc, which
affects the CR propagation in the Galaxy;

e the uniform spin temperature used to derive the HI column density maps,
fixed to the values of 150 K and 100000 K.

The values adopted for the three parameters were chosen to be reasonably extreme.

For each combination of the parameters, a model was obtained using GALPROP,
divided in different components. The gas (HI and CO) components were divided in
4 Galactocentric rings (0-4 kpe, 4-8 kpc, 8-10 kpc, 10-30 kpc). Separate templates

for the IC, the isotropic and Earth’s limb emissions as well as for the large scales
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structures of the Loop I and the Ferm: bubbles were provided. Contrary to the
standard GIEM, these components were not summed together, but were fitted
separately, provided that their contribution was relevant to the region of the sky

under investigation.

This approach allows more degrees of freedom in the fit, which may compensate
for possible large scale residuals due to imperfection in the model. Furthermore,
since the fit is performed in a specific region around the source of interest, the
individual components are fitted much better to the emission of that region. On
the other side, the alEMs are based are much less refined compared to the stardard

GIEM and may result in large over- or under-prediction in some regions.






Chapter 5

v-ray emission from young

Supernova Remnants Cassiopeia
A and Tycho

5.1 Introduction

As already discussed in chapter 2, young SNRs are ideal candidates to search
for CR sources and to test the acceleration theories. Cassiopeia A (Cas A) and
Tycho represent two cases of young SNR. They have been widely studied at all
wavelengths as it will be seen in chapter 6. The have already been studied with the
Fermi-LAT data [76-78] and in both cases the observed spectral shapes seem to
favor a hadronic scenario. For this reason a deep investigation of these source was
performed in this work, with a particular focus on the energy range around and
below 100 MeV, which is essential to disentangle between hadronic and leptonic

models.

5.2 Fermi-LAT observations and data analysis

5.2.1 Data setup

The analysis procedure is based on the Poisson maximum likelihood method de-

scribed in chapter 3 and it was performed using the Fermi Science Tools, also

99
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described in chapter 3. The analysis was conducted separately for each of the two
sources. However, since their angular separation is approximately 9°, the results
found for one source do influence the analysis of the other, as it will be explained

in next sections.

For each source, 106 months (nearly 9 years) of Pass 8 data (P302) were selected
in a 15° circular region of interest (ROI) centered on the nominal position of the
source and in the energy range from 60 MeV to 300 GeV. The SOURCE photon

class was used, which is the one recommended for source study.

Standard cuts were applied to the data with gtselect and gtmktime. A cut on
the zenith angle was applied in order to reduce the contamination from the Earth’s
Limb. Following the cuts recommended by the Ferm:-LAT collaboration, the cut
was adapted to the energy range analyzed. At lower energies the Earth’s Limb flux
is higher and its contamination in the LAT field of view is larger due the larger
PSF of the instrument. For this reason a tighter cut is necessary at low energy.
In particular, three different zenith angle cuts 6 < 6,,,, were applied: 6 < 100°
for energies above 300 MeV, 6 < 90° for energies between 100 MeV and 300 MeV
and 6 < 80° for energies below 100 MeV. For each #-cut the livetime cube and the

exposure were evaluated using the tools gtltcube and gtexpcube2.

Each ROI was described with a spatial-spectral model containing the diffuse emis-

sions and the known point-like sources, as listed below:

e The standard Galactic diffuse model described in chapter 4. The spectrum
was fitted with a power-law model, allowing for possible different scaling of

the model between low and high energy.

e The isotropic model derived for the SOURCE photon class. The normalization
of this model was fitted.

e Point-like sources in each ROI taken from the LAT catalog 3FGL [56]. Since
sources outside the 15-degree ROI might still contribute especially at low
energy, given the large PSF of the instrument, all sources within 20° from
the ROI center were included. Normalizations of sources within 7° from the
ROI center were fitted, while other parameters were kept fixed to the 3FGL

values.
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The sources under investigation, Cas A and Tycho, were centered at their nominal

positions:

e Cas A: (RA, DEC) = (350.85°, 58.82°)
e Tycho: (RA, DEC) = (6.34°, 64.14°)
Even though they have been previously detected by the Fermi-LAT and they are

both present in the 3FGL, no assumptions was made for their spectrum and a

simple power-law was adopted at the beginning. The power-law model is defined

dN EN“
— =Ny | — . 1
o (E) (5.1)

Data were binned using gtbin in a squared region with a side of 21° and pixel size

as follows:

of 0.1°, so that the square is inscribed in the ROI selected. Data were binned in
energy adopting 10 bins/decade. Figure 5.1 shows a count map of Cas A ROI in
the energy range 60 MeV - 300 GeV.

g [°]

FIGURE 5.1: Count map of Cas A ROI in the energy range 60 MeV - 300 GeV.

The fit was performed using the pyLikelihood framework and energy dispersion

was taken into account by enabling the corresponding edisp flag. As also pointed
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out in chapter 4, the background diffuse models are not corrected for energy dis-
persion, so the flag was disabled for these models. A summed likelihood approach
was adopted. Data were divided according to the four PSF event types defined
within Pass 8 data, as described in section 3.1.3. For each event type the data
counts and the exposure were evaluated, so that the binned likelihood can be de-
fined and evaluated. The sum of the log-likelihoods of the four event types is then
used for fitting. The same binning was adopted for the four event types. The only
exception is the pixel size of the PSFO type, which was 0.3° instead of 0.1°. This
choice is driven by the fact that PSFO events have a larger PSF than other event
types and the smaller number of total pixels speeds up the likelihood evaluation.
The other difference among the four event types regards the choice of the isotropic
model, since each event type has its own model describing the residual background
in the data.

The summed likelihood approach is computationally more intensive than the clas-
sical binned likelihood, since the likelihood must be evaluated on four different
data sets. However, this procedure allows a better usage of the instrument perfor-
mances and mantains the full statistics. As a result, the significance of the results
is increased if compared to the standard binned likelihood approach and to data

selections in which worse event types are excluded.

5.2.2 Diffuse residuals in Cas A region

In the first step of the analysis, Cas A region was investigated. Previous studies [77]
have pointed out that negative residuals were present close to Cas A. Authors
in [77] concluded that, given the statistics available, the residuals did not affect
the measured Cas A spectrum. However, in this work the enlarged dataset and the
new Pass 8 data release have increased the statistics and these residuals might
influence the spectrum of the sources. For this reason their origin must be deeply

investigated.

The ROI was fitted adopting the standard GIEM in four different energy ranges,
in which the lower threshold of the energy range was progressively decreased: 1
GeV - 300 GeV, 300 MeV - 300 GeV, 100 MeV - 300 GeV, 60 MeV - 300 GeV.
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Figures 5.2 represent the residual maps obtained from the best-fit model in each

energy range. The residuals are defined in units of sigma:

G- M,

where C; and M; represent the observed and the best-fit expected counts in the

R; (5.2)

pixel ¢ respectively. The theoretical distribution of these residuals in the hypotehsis
of large statistics is a normal distribution. The maps were smoothed with a Gaus-
sian 2D kernel with 0.2° radius. The convolution kernel was normalized such that

the pixel distribution does not change, adopting the following definition:

Wyj = Wij——, (5.3)

where w;; are the weights of a kernel normalized to 1, i.e. such that ), Jwi =1

The maps present a significant negative excess (more than -50) close to the center
of the ROI. The significance of the residuals increases when the energy range is
enlarged, suggesting that the main contribution comes from the energies below 1
GeV. The extended negative excess is approximately few degrees large and it is
located at ~ 2° from Cas A. Since no point-like source is seen in this region, it is
probably related to one of the components included in the galactic diffuse model,
whose emission was over-predicted during the all-sky GIEM fitting procedure.
Grey contours in the maps are taken from one of the CO maps from [66] (DHT14)
and spatially overlap with the negative residuals, confirming that the excess might

originate from this component.

It is not surprising that the GIEM contains regions with positive and negative
residuals, since the fitting procedure was based on maps covering wide parts of
the sky and the local emissions are not tuned directly to the data. Furthermore, the
GIEM was derived with a much lower statistics, suggesting that possible negative

residuals were not visible or not significant when the GIEM was derived.

It is particularly difficult to deal with negative residuals, since the Fermi Science
Tools do not allow the fit of “negative” sources. For this reason a template for
the ~v-ray emission of the CO map was derived, it was then subtracted from the
standard GIEM and added to the model as a separate source, so that it can be
fitted independently from the overall model.
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FIGURE 5.2: Residual maps of Cas A ROI obtained with the standard Galactic

diffuse model. Grey contours represent the CO distribution taken from [66].

The four maps are obtained in four different energy ranges: (a): 1 GeV - 300

GeV; (b): 300 MeV - 300 GeV; (c): 100 MeV - 300 GeV; (d): 60 MeV - 300
GeV.

CO template

The CO template of the extended emission coincident with the negative residuals
was derived adopting the first version of the standard GIEM. This version, labeled
rev0 hereafter, did not include the emission coming from the molecular gas in the
outer Galaxy, which incorporates the CO template in the Cas A region, and was
replaced by the complete version of the model, labelled revi !. Figure 5.3 shows

the ratio between revl and rev0O models in Cas A region.

!See https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html for
more details.


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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FIGURE 5.3: Ratio of revl version of the GIEM over the rev0O version. The
red box highlights the region around Cas A.

As already pointed out in section 4.1.6, the GIEM was originally derived for Pass
7 data and was then rescaled to Pass 8 to match the different energy dispersion of
the two data sets. The re-scaling procedure consists in defining an energy depen-
dent scaling factor which takes into account the ratio of the energy resolutions of
the two data processing. The procedure is described on the Fermi-LAT documen-
tation on the FSSC 2. The official Pass 8 diffuse model (referred as “standard”

hereafter) was derived re-scaling the revl Pass 7 version of the GIEM.

In order to derive a template for the CO emission in Cas A region, the rev0 diffuse
model was first scaled to the Pass 8 responses, following the same procedure used
for the “standard” diffuse. Then, the scaled revO model was subtracted from the
“standard” one to obtain a template for the CO emission in flux units. All negative

values in this template were manually forced to zero to avoid computational errors.

The diffuse Galactic y-ray background was then described with an alternative
model, which includes the rev0 version of the GIEM scaled to the Pass 8 data
plus the template for the CO emission. This model will be referred as “model
17 hereafter. This model was intensively tested and compared to the “standard”

model in terms of log-likelihood of the fit and of significance of the residuals.

As a further step, the CO template was splitted in two parts in order to allow for a
better description of the region. The cut was applied at galactic latitude of —1.5°,
dividing the template in a Northern and a Southern component. This model will

be referred as “model 27 hereafter.

’https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/Pass8_
rescaled_model.html.


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/Pass8_rescaled_model.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/Pass8_rescaled_model.html
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5.2.3 Cas A results

The “model 1”7 and “model 27 just defined were tested together with the “stan-
dard” model in the four energy ranges defined in section 5.2.2. The fitting proce-

dure is described below and was repeated for each background model.

In order to better describe the RO, a residual 7'S map (see sections 3.2.1 and 3.2.3)
was generated in the energy range 1 GeV - 300 GeV. The residual emissions in this
map were modelled out by adding additional point sources, whose position and
spectrum were fitted using the package fermipy. In particular, the find _source
method was used to add sources in the ROI with 7'S larger than 25, following the
prescription in [56] 3. The spectrum was described with a simple power-law for all
the new sources and the flux and the spectral index were fitted to the data. The
spectra of the point-like sources added to the model were fitted also in the other

energy ranges analysed.

The position of Cas A SNR was fitted in the energy range 1 GeV - 300 GeV
in order to take advantage of the better PSF of the instrument at high energy,
using the package fermipy. The best-fit positions are reported in table 5.1 for
the three background models. The best-fit position is separated from the starting
position of less than 0.01° for all models. A test for the extension of the source
was also performed, by fitting Cas A with an extended disk. The size of the disk
was fitted to the data. The value of the T'Sey (see section 3.2.1) was very small
for all the background diffuse models adopted, meaning that the extension was
not significant and confirming that the point-like source hypothesis is preferred to
describe Cas A. The 95% confidence level upper limit on the extension was also

estimated. Results are reported in table 5.1.

Adopting the Cas A best-fit position and the additional point-like sources, the
spectral fit was performed on the four energy ranges defined in section 5.2.2. Ta-
ble 5.2 reports the 2A log £ = 2(log L; — log L) values for “model 17 and “model
27 (L;) compared to the “standard” model (Ly). The large values obtained sug-
gest that the modified models are strongly favoured (with a significance larger
than 50) with respect to the standard one, even though they have more degrees

of freedom. Furthermore, the difference in log-likelihood between “model 1”7 and

3For each source 4 parameters are fitted (two coordinates for the position and two parameters
for the spectrum), hence a T'S value of 25 corresponds approximately to a significance of the
source of 4o.



Chapter 5. Cas A and Tycho SNRs 107

TABLE 5.1: Results of localization and extension fit for Cas A SNR with three
different background models.

Model RA(%) DEC(°) Rad(®) | 7Sust | ULaa(%)
“standard”]| 350.862 £0.003 | 58.821 & 0.003 | 0.003 = 0.02 | 0.1 | 0.03
“model || 350.862 £0.003 | 58.820 & 0.003 | 0.004 &= 0.02 | -0.1 | 0.04
177
“model || 350.862 £0.003 | 58.819 & 0.003 | 0.018 = 0.02 | -0.3 | 0.05
277

TABLE 5.2: Log-likelihood values of the fit of Cas A ROI over the four energy

ranges 1 GeV - 300 GeV, 300 MeV - 300 GeV, 100 MeV - 300 GeV, 60 MeV -

300 GeV obtained with the “standard” diffuse model and the modified models.

The values reported represent the 2A log £ = log £; — log Ly, where Lg refers to

the “standard” diffuse model. The Av value represents the difference in degrees
of freedom between the model i and the “standard” model.

Model (Av) 1 GeV -]300 MeV - | 100 MeV - | 60 MeV -
300 GeV 300 GeV 300 GeV 300 GeV

“standard” (0) - - - -
“model 17 (2) 351.8 880.6 835.4 509.5

“model 27 (4) 4452 1171.2 1214.6 7585
“model 27 with BPL (6) || 466.6 1350.83 2235.7 1563.7

“model 27 is larger than 90 in all energy ranges, suggesting that the second one
provides a better description of the ROI, despite having two additional degrees of

freedom. This result is indeed expected given the results in the previous section.

In order to allow for a better spectral description of the diffuse model, a broken

power-law was used to describe the GIEM component in “model 27, defined as

follows: ( )70[1
dN EET if £ < Ep,
B~ (%)a it £ > E,. .

This test was driven by the fact that the spectral correction applied to the rev0
version of the GIEM has not been tested on the overall all-sky model and might be
affected by imperfections. In the last row of table 5.2 the log-likehood values of the
broken power-law models are reported. The comparison with the results obtained
with the power-law model (third row in table 5.2) shows that the broken power-law
is preferred to describe the diffuse model. The difference in log-likelihood is small
only when the analysis starts at 1 GeV. In fact, the best-fit value of the energy

break in the broken power-law is smaller than 1 GeV when the fit is extended
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at lower energies. So, the improvement in the fit at energies above 1 GeV is not
so important. The best-fit parameters of the broken power-law obtained in the
energy range 60 MeV - 300 GeV are:

e Ny =0.9889 4+ 0.0003
e oy = —0.156 £+ 0.001
e a9y = 0.0037 £ 0.0003

o B, = (185.7+0.8)MeV.

In conclusion, the “model 2”7 together with a broken power-law to modulate the
GIEM spectrum provides the best representation of the background of the ROI
and will be adopted from now on to study the spectrum of Cas A and Tycho.

Up to now, Cas A spectrum was described by a simple power-law. In order to test
the curvature of the spectrum at low energy, a broken power-law was adopted and
the log-likelihood value was compared to the model in which a simple power-law
was used. The curvature test was performed on the full energy range only (60 MeV
- 300 GeV). Spectral results and the T'S of the source obtained for the power-law
and the broken power-law hypothesis are reported in table 5.3. The T'S difference
between the two models is AT'S = T'Sgp;, — T'Spr, = 2(log Lgpr, — log Lpr) = 86,
with a difference of 2 degrees of freedom. This difference favours the broken power-
law model with a significance larger than 5.

TABLE 5.3: Spectral results for Cas A SNR analyzed in the energy range 60
MeV - 300 GeV, adopting the best diffuse background model.

Model || Flux (ph./cm?/s) Index 1 Index 2 | Eprear. (MeV) | TS
Power- || (92 £ 0.1)10° | -1.932=0.004 : : 3299
law

Broken (6.2 4 2.9)1078 -1.64£0.06 | -2.18£0.04 | 1844 £ 394 | 3385
power-

law

Figures 5.4 reports the residual map obtained in the enegy range 60 MeV - 300
GeV using the best-fit model. It can be noticed that the region of the CO emission
is now much better described. The negative residuals are not completely modelled
out, suggesting that the model adopted to describe this emission might be im-

proved. Ayway, their significance is strongly reduced. The independent fit of the
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CO template has shown that its contribution is approximately equal to the 60%

of what was introduced in the “standard” model.
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FIGURE 5.4: Residual map of Cas A ROI obtained with the modified Galactic
diffuse model defined as “model 2” in the energy range 60 MeV - 300 GeV.

Spectral Energy Distribution (SED)

The spectral shape was studied in more detail fitting the spectrum independently
in small energy bands, with equal width in logarithmic scale. The interval [300
MeV - 30 GeV] was divided in 16 bins (8 bins/decade), while for the intervals [60
MeV - 300 MeV] and [30 GeV - 300 GeV] a binning of 4 bins/decade was used.
Larger bins proved to be necessary both at low and high energy due to the low

significance of the source in these intervals.

In each energy band a summed binned likelihood analysis was performed, adopting
the same pixelization as in the broad energy range analysis and a spectral binning
of 3 bins in each energy band 4. The source was fitted with a simple power-law

spectral model, with spectral index fixed to the value of -2. The differential flux

4The choice of 3 bins in each energy bands assures that the width of each bin is still larger
than the LAT energy dispersion at all energies, in order to avoid instrumental effects on the
spectrum.



110 Chapter 5. Cas A and Tycho SNRs

in the band is then obtained as the integral flux divided by the band width:

dN 1 Biss
— () = =—— F,(E)dE .
B =g [ R, 55

where F;(E) is the best-fit power-law in band i and Ej; is the mean energy in band

1 defined as: -
_ T EF(E)dE
@—EE (£) . (5.6)
fE;+1 E(E)dE

Figure 5.5 shows the results obtained both adopting the “standard” GIEM and
the “model 2”7 defined above. The differential flux is multiplied by E? in order
to better display spectral features. The best-fit broken power-law is also overlaid.
Error bars and the shaded area represent the statistical uncertainty on the SED
points and on the broadband fit. In each energy band the TS of the source was
evaluated. Following the prescriptions in [56], in bands with T'S < 1, a 95%
confidence level upper limit was evaluated. The solid line and the shaded area
represent the best-fit broken power-law model over the full energy range and its

statistical uncertainty:.

It can be noticed that the “standard” model (blue points) results in a very steep
spectrum at low energy, in particular for £ < 500 MeV. This cutoff has also been
detected in past analysis [77] and it was attributed to the physical cutoff in the 7°-
decay spectrum. However, the observed shape is steeper than the expected cutoff,
suggesting that these data points are probably influenced by the negative residuals
close to Cas A. On the other side, the SED obtained adopting the “model 27 is
much smoother, still presenting a cutoff at low energy, which is probably related
to the physical process of the pion decay, as it will be shown in chapter 6. It
cannot be excluded that the close residuals are still affecting the spectral shape of
Cas A, hence a careful estimate of the systematic uncertainty deriving from the

diffuse model is necessary.

5.2.4 Tycho results

The analysis conducted on Cas A was repeated for Tycho SNR. Since the CO
emission described in previous section is contained in Tycho’s ROI, the results
obtained before were used also for Tycho analysis. In particular, the fit was per-

formed on the 60 MeV - 300 GeV energy range adopting the “standard” model
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FIGURE 5.5: Spectral energy distribution of Cas A SNR obtained with the
“standard” diffuse model (blue) and the diffuse “model 2” (red). Data points
in the energy range [60 MeV - 100 MeV], [100 MeV - 300 MeV] and [300 MeV
- 300 GeV] are obtained with a maximum zenith angle of 80°, 90° and 100°
respectively. The red solid line and the shaded area represent the best-fit broken
power-law model over the full energy range and its statistical uncertainty.

and the “model 2”. The Galactic diffuse model was in both cases described with

a broken power-law, according to the results found above.

Additional point-like sources were added to the model following the procedure
described above in the energy range 1 GeV - 300 GeV. The position of Tycho
SNR was fitted using fermipy and an extension test was performed also in this

case. Results of the spatial fit are reported in table 5.4.

Tycho spectrum was described by a simple power-law. The curvature test was
conducted on the broad energy range 60 MeV - 300 GeV, as described in previous
section. No significant curvature was detected in this case (T'Se,; = 9). Table 5.5
summarises Tycho spectral best-fit parameters, together with the TS value of the

source.

Figure 5.6 shows the residual map obtained from the best-fit model. Also in this
case the map does not show strong residuals. Blue spots in the bottom right part

of the map correspond to the residuals described above for Cas A.
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TABLE 5.4: Results of localization and extension fit for Tycho SNR with three
different background models.

Model RA(%) DEC(°) Rad(®) | 7Sust | ULyaa(%)
“model2” 6.3289 £0.02 | 64.1627 £ 0.02 | 0.08 £ 0.03 | 3.1 | 0.12

TABLE 5.5: Spectral results for Tycho SNR analyzed in the energy range 60
MeV - 300 GeV, adopting the best diffuse background model.

Model Flux (ph./cm?/s) Index TS
Power-law (2.2 4 0.4)107% | -2.104-0.06 | 160

FIGURE 5.6: Residual map of Tycho ROI obtained with the modified Galactic
diffuse model defined as “model 2”7 in the energy range 60 MeV - 300 GeV.

Spectral Energy Distribution (SED)

The spectral shape was studied following the same procedure adopted for Cas A. In
this case, a logarithmic binning of 4 bins/decade was adopted in the energy range
[300 MeV - 30 GeV], while 2 bins/decade were used at higher and lower energies.
The TS of the source was evaluated in each band and 95% confidence level upper
limits were evaluated in bands where TS was lower than 1. In figure 5.7, Tycho
SED is shown, obtained adopting the background “model 2”. Error bars represent
the statistical uncertainty. The solid line and the shaded area represent the best-fit

power-law model over the full energy range and its statistical uncertainty:.
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FIGURE 5.7: Spectral energy distribution of Tycho SNR obtained with the

background diffuse “model 2”. Data points in the energy range [60 MeV - 100

MeV], [100 MeV - 300 MeV] and [300 MeV - 300 GeV]| are obtained with a

maximum zenith angle of 80°, 90° and 100° respectively. The solid line and the

shaded area represent the best-fit power-law model over the full energy range
and its statistical uncertainty.

5.3 Systematic uncertainties

The study of systematic uncertainties is important to have an accurate measure-
ment of the source spectra, especially at lower energies where the high number of
photon counts reduces the statistical error. A wide discussion on possible sources

of systematic error is available on the FSSC 5.

For the study of steady sources on long datasets, the main sources of systematics
are related to the instrument response functions and to the background diffuse
model. Other instrumental effects related for example to the orbit of the LAT
or to the dependence of the IRFs on the azimuthal angle in the LAT instrument
reference frame are weighted out when considering long exposures and must be

taken into account only for the study of variable and transient sources.

The IRF systematic uncertainty arises from the differences in selection efficien-
cies between data and the IRFs predictions. The uncertainty band brackets the
minimum and maximum deviation of the effective area from its nominal value in

the IRFs. This uncertainty depends also on the data selection. No difference is

Ssee https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html
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seen among photon classes, but the uncertainty increases when individual PSF or
EDISP event types are used. Another important aspect is related to the energy
dispersion. When energy dispersion is not enabled in the analysis, the agreement
between data and IRF predictions worsens at all energies. The usage of energy

dispersion is then necessary to reduce systematic uncertainties.

Figure 5.8a shows the energy dependent scaling functions that bracket the LAT
effective area. Blue curves refer to individual PSF and EDISP event types, while
the others refer to data selections including all events, FRONT-only or BACK-only
events or joint analysis encompassing all events. Red and black curves are obtained
with or without energy dispersion respectively. Figure 5.8b shows the energy

dependent scaling functions for the PSF of the instrument.

In order to calculate the effect on the spectral parameters of the source under inves-
tigation, the analysis performed above with “model 2” was performed adding the
energy dependent scaling functions (lower and upper bound) to the source model.
The best-fit parameters obtained in these cases bracket the ones found without
any scaling correction and provide an estimate of the systematic uncertainty from
the IRF's.

The other source of systematic errors resides in the knowledge of the diffuse back-
ground model. In chapter 4 it was shown that the GIEM is derived taking into
account multi-wavelength information and fitting the model to the data. However,
several approximations were made in the template derivations and the presence of
large diffuse residuals have already shown that the model is not perfect. In previ-
ous sections, it was also shown that the imperfections of the model might strongly
influence the spectrum of a source, especially at low energy. For this reason a
dedicated study of the systematic uncertainties from the diffuse model has been

performed in this work and is described in next sections.

5.3.1 Systematics from the alEMs

One way of estimating the uncertainty from the diffuse model consists in studying
how the fitted parameters change when another diffuse model is adopted. This ap-
proach was derived and adopted in the first Supernova Remnant catalog developed
by the Fermi-LAT collaboration [38], as already described in section 4.2.1.



Chapter 5. Cas A and Tycho SNRs 115
20 ) e

=B ing for energy di _ E

< = without acounting for energy dispersion 3‘9 F

E’-‘ 157 — using individual PSF or EDISP event types = 20 '//

£ ok £ F >

§ D g ID_ /

=

a 5F § — ,//

8

i F -

§ o g

5 oF E

g °F i 0" \\H

> ~

3 F 0 20 \\

& 8¢ - E ~~
[N~/ D P P DU U TR PR A
“is 2 25 3 35 4 45 5 55 6 ] 2 25 2 35 4 45 5 5.5 B

log(E/MeV) log(E/MeV)
(4) (B)

FIGURE 5.8: Scaling functions to evaluate the systematic uncertainties from the

IRFs. (a): energy dependent scaling functions that bracket the effective area.

Blue: individual PSF and EDISP event types; black: all events, FRONT-only

or BACK-only events or joint analysis encompassing all events without including

energy dispersion; red:all events, FRONT-only or BACK-only events or joint anal-

ysis encompassing all events without including energy dispersion. (b): energy
dependent scaling functions that bracket the PSF.

This method was applied to the two sources under investigation. The binned
analysis was repeated adopting the eight alEMs instead of the standard GIEM.
Since these models were originally derived for Pass 7 LAT data, they were rescaled
to Pass 8 data to correct for the different energy dispersion of the datasets, as

described in section 5.2.2.

The eight models are provided as separate templates describing the HI and CO
components in four Galactocentric rings plus templates for the IC emission and for
the large scale structures (Loop I and Fermi Bubbles). Each component could be in
principle fitted separately. However, in a particular ROI most of them will have a
negligible contribution to the total emission and the good (and fast) convergence
fit could be influenced by these components. For this reason, only components
which contribute to at least the 3% of the total counts of the ROI are kept free
in the model. The others are summed together and fixed to their original value.
This procedure follows what authors did in [38]. One exception was made for the
CO component in the outer Galaxy, which contains the CO template derived in
section 5.2.2 and adopted in the “model1” and “model2”. This component was
kept free in the fit in spite of being below the 3% threshold.
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The eight best fit values of a given parameter P were used to derive the systematic

uncertainty, following [38]:

1 .
Osys = \/ZZ i sz<Pz - PSTD)2> with w; = 1/01'27 (57)
where P; and o; are the best-fit value and its statistical error obtained adopting
the model ¢ and Pgrp is the value of the parameter obtained with the standard
diffuse.

This equation defines conservatively a symmetric systematic error and may result
in error bands on the flux which fall to negative values, even though the flux
is naturally positive definite. In those cases, the error in logarithmic space was

considered, adopting the following formula:

PSTD + Osign0sys

Alog,y P = |log ) (5.8)
Psrp
where S P
i — sign ( . STD) (5.9)
The extrema of the error bars are therefore defined by:
Py = 100810 FsrpEalozo P, (5.10)

5.3.2 Results

The two sources of systematic uncertainties (IRFs and background model) were
studied following the methods described above to obtain the systematic errors on

the spectral points.

The methods were applied separately in each energy band defined for the two

sources in section 5.2 and then summed in quadrature:

_ 2 2
Osyst,tot = \/Usyst,IRFs + Osyst,al EMs* (511)

The definition of 05y orEMs given in previous section was applied adopting only the
results of the alEMs in which the source significance was above the TS threshold

defined in section 5.2, in order to prevent possible bias due to parameters at their
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lower limits. This was the cases of energy bands in which the significance of the
source was close to threshold also for the standard diffuse model. As regards
upper limits, the minimum and maximum upper limit values were used to define

the systematic error band.

In figures 5.9 and 5.10 the SEDs of Cas A and Tycho obtained in section 5.2 are
represented. Error bars represent the statistical uncertainty, while shaded boxes
include the systematic errors summed in quadrature to the statistical errors. It
can be noticed that the systematic bands are large for Cas A especially at low
energy, in the energy range in which the negative residuals studied in previous
sections were affecting the source flux, reducing the significance of the spectral

features.

Cas A SED
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FIGURE 5.9: Spectral energy distribution of Cas A SNR with systematic errors.
The error bars represent the statistical uncertainty only, while the shaded bands
include the systematic uncertainties.

5.4 Systematics from the GIEM

In this work another approach was also developed and applied to the two sources
under investigation. This method was developed under the supervision of Prof.
Stefan Funk and Dr. Dmitry Malyshev at the Erlangen Centre for Astroparticle

Physics, Erlangen, Germany.



118 Chapter 5. Cas A and Tycho SNRs

Tycho SED
1051 ' ' 2 ]
4 4 mode|2

e l
E 106
3 1
=
[]
z ==
3
w
[T}

107 v

102 103 104 10°

Energy (MeV)

FIGURE 5.10: Spectral energy distribution of Tycho SNR with systematic er-
rors. The error bars represent the statistical uncertainty only, while the shaded
bands include the systematic uncertainties.

The method is based on the study of the fluctuations of the positive and negative
residuals deriving from the standard GIEM in different positions of the sky. In

this way an estimate of the systematic error is derived from the GIEM itself.

The procedure consists in the fitting of a test source placed at different positions
along the Galactic plane, allowing both positive and negative values. The best-
fit values obtained for the test source flux are then used to derive an average

fluctuation and the estimate of the systematic error, as it will be described below.

The dataset adopted is based on 7.5 years of all-sky SOURCE class data in the energy
range 50 MeV - 1 TeV divided in 31 bins equally spaced in logarithmic scale. A
zenith angle cut of 90° was applied. The pixelization was based on the HEALPiz
(Hierarchical Equal Area isoLatitude Pixelation) scheme °, with a N4 = 256,

corresponding to a resolution of approximately 0.2°.

The test source was placed at the positions of a grid with a step of 1°, with the
Galactic latitude varied between —2° and 2° and the Galactic longitude between

60° and 300°. The inner Galaxy was excluded from the analysis since fluctuations

6The HEALPix scheme produces a subdivision of a spherical surface in which each pixel
covers the same surface area as every other pixel. The number of pixels is given by the relation
Npiz = 12N52id67 with Ngjge = 2F and k a positive integer. More information on HEALPix are

available at http://healpix.sourceforge.net/.
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are expected to be larger compared to the outer Galaxy and may over-estimate

the systematic uncertainty for a source which is far from the Galactic center.

In each position, events from a 30°-radius circular ROI were selected. The fitting
model included the standard GIEM, the isotropic emission, the known point-like
and extended sources in the 3FGL and the test source placed at the ROI center.
Sources from the 3FGL were described as a single template and its normalization
was kept free in the fit. In this way the relative normalizations of sources is fixed
and the degeneracy of the test source with the already known point sources is
avoided. The flux value was fitted independently in each energy bin adopting the
same fitting procedure adopted in [79] based on a x? fit. The likelihood fit could
not be used in this case since negative fluctuations are not allowed in Fermi Science
Tools. Furthermore, the x? fit allows a faster convergence and does provide a good
approximation of the likelihood for a sufficiently large statistics, a condition which
is satisfied at low energies where the systematic uncertainty usually dominates

over the statistical error.

In figure 5.11 the best-fit value of the test source flux is shown as a function of
the Galactic longitude for a fixed value of Galactic latitude B = —2° (which is
approximately the Galactic latitude of Cas A), for three different energy bins. It
can be noticed that large fluctuations are visible in some regions of the sky and
that they are much larger at lower energies, suggesting that residuals are mostly

significant at low energies.

The best-fit flux values were used to estimate the average fluctuation along the
Galactic plane, by calculating the standard deviation of the flux values f; of the

test source at the i-th position:

1 _
Orop = fi — )2, 5.12
107 = Ny =1 2 =) (5.12)

where f is the mean value of f;. The quantity in equation (5.12) provides an
estimate of the total uncertainty, since it includes both the statistical and the

systematic uncertainties.

In order to estimate the statistical uncertainty, a Monte Carlo simulation was per-
formed. For each ROI, the best-fit model was used to create 10 Poisson realizations
of simulated data. The test source was not included in the simulated data. The

10 realizations were then analyzed with the model itself plus the test source. The



120 Chapter 5. Cas A and Tycho SNRs

= Test source
o e : :

100 MeV
1 GeV
10 GeV

Eell

k5E

10

0.5

0.0

E2 Flux (GeV/em? fs)

-1.0f

_1‘%0 100 150 200 250 300
Galactic Lengitude (deg)

FIGURE 5.11: Differential E? flux of the test source along the Galactic plane

as a function of the Galactic longitude for a fixed value of Galactic latitude

B = —2°. The three lines correspond to three different energy bins: 100 MeV
(blue), 1 GeV (green), 10 GeV (red).

fitted flux values of the test source provide an estimate of the statistical uncer-
tainty:

1

O-gtat = N— Z 0-1'2,M07 (513>
ROI por)

with
9 1
0, MCc = Ny

Z (fi,j;MC - ﬁ;MC)27 (514)

e~ 1ich)

where f; ;v is the flux value of the test source in the ¢-th ROI and for the j-
th Monte Carlo realization and ﬁ mc is the mean value of f; ;.ac over index j.
The average performed over the positions in the Galaxy in the estimate of the
statistical uncertainty implicitly assumes that the flux along the Galactic plane is
approximately the same. This approximation is not valid for the entire Galactic
plane, hence regions with similar «-ray fluxes should be selected. For this reason

the Galactic center has been excluded from this analysis.

Finally, combining equations (5.12) and (5.13):

2 _ 2 2
Osyst = 010T — Ostat- (515)
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Equation (5.15) was applied independently to each energy bin, obtaining the esti-

mate of the systematic uncertainty as a function of energy.

5.4.1 Results

The method was first applied to the Monte Carlo simulation. In this case o
is obtained from equation (5.13), while oror was derived using one of the Monte
Carlo simulation as data, i.e. setting f; = fio.mc in equation (5.12). The results
are plotted in figure 5.12. Blue, red and green points represent the total, statistical
and systematic uncertainties from equations (5.12), (5.13) and (5.15) respectively.
It can be noticed that in this case no systematic uncertainty is found, since the

simulated data do not contain residuals beyond the statistical fluctuations.

The method was then applied to the real data. Results are presented in figure 5.13
with the same color code of figure 5.12. In this case, the statistical uncertainty
is the same as in figure 5.13. It is evident that the total uncertainty is signif-
icantly different from the statistical error, especially at energies below 10 GeV.
Systematics dominate for energies below 1 GeV, hence limiting the precision of
measurements of source fluxes at lower energies, while for energies above 10 GeV
the statistical errors are the main source of uncertainty due to the reduced statis-

tics.

5.4.2 Remarks and future developments

The method derived in this work provides an alternative way of estimating the

systematic uncertainty from the background diffuse model.

The results presented are still preliminary and might be improved in order to
obtain more reliable systematic errors. For example, many point-like sources which
were not resolved in the 3FGL are now detectable thanks to the larger statistics.
These sources are not included in the model and might contribute to the (positive)
residual emission assigned to the test sources. A similar argument is valid for other
large scale emissions, such as the Earth’s limb, which should be cutted out thanks
to the zenith angle cut of 90°, but might still contribute especially at energies
below 100 MeV.
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FIGURE 5.12: Systematic uncertainty (green) on the differential E? flux as a
function of energy based on Monte Carlo simulation. The total (blue) and the
statistical (red) uncertainty are also plotted as a function of energy.
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FIGURE 5.13: Systematic uncertainty (green) on the differential £? flux as a
function of energy derived from the data. The total (blue) and the statistical
(red) uncertainty are also plotted as a function of energy.
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The method can be also easily generalized to study the systematics on extended
sources. If the angular size of the test source is increased, fluctuations on a given

angular scale can be studied.

A possible alternative to the procedure proposed in equations (5.12)- (5.13) would
be the study of the fractional systematic errors, obtained comparing the test source
flux to the total flux in each position. Possible differences between the two proce-

dures should be investigated.

As a comparison, figure 5.14 shows the systematic errors derived with this method
and those obtained adopting the alEMs for Cas A SNR, as described in sec-
tion 5.3.1. The results show similar behaviour for energies above few hundreds
MeV, even though the systematics obtained from the alEMs are larger. At lower
energies the results obtained with the alEMs do not raise smoothly, probably

influenced by the low TS of the source in those energy bins.

The method developed in this work is different from the standard methods of
estimating the systematic errors. Standard methods aim to study the systematics
on a specific source, focusing on the specific ROI. From one side, this approach
gives a more reliable estimate of the systematics of the source under investigation,
but from the other it strongly depends on how well the background diffuse model

is accurate in that specific region.

The new method developed gives a more general view on how accurate the back-
ground diffuse model is in the entire region analysed (the Galactic plane in this
case) and gives an estimate of the systematic error for a putative source placed at
any point in this region. As shown in figure 5.14, the results are comparable to
those obtained with the standard approach on a bright source such as Cas A, but
might over-estimate the systematic error for fainter sources and should be deeply

investigated.

In conclusion, future developments of this method can provide a useful way of
estimating the systematics from a given diffuse model and might result also useful

for catalog analysis.
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FIGURE 5.14: Comparison of the systematic errors on the differential E? flux
as a function of energy derived from the GIEM residuals (blue) and from the
alEMs for Cas A SNR (green).



Chapter 6

The origin of the Supernova

Remnant spectra

6.1 Introduction

The interpretation of the SED of the two SNRs can be provided through a model
for the photon spectrum which is given by the convolution of the cross sections
of the ~y-ray production mechanisms (see section 1.5) with the injection spectra
of accelerated particles. As already pointed out in chapter 2, the energy range
around 100 MeV is crucial to disentangle between leptonic and hadronic origin of
the y-ray spectrum and therefore to obtain a direct evidence of CR acceleration
in SNRs.

In this work, a model was developed to explain the multi-wavelength SED of
Cas A and Tycho SNRs, from radio to TeV energy band, including the Fermi-
LAT measurements derived in chapter 5. The model is based on the hadronic
interpretation of the y-ray spectrum, but leptonic contribution is also taken into

account.

6.2 Model definition

In order to predict the photon flux, the cross sections of the non-thermal emission
mechanisms described in section 1.5 were convolved with the spectra of accelerated

particles.
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No detailed calculation of the SNR evolution was performed, but a simple power-
law in momentum was assumed for the accelerated proton and electron popula-
tions, following equations (2.22) and (2.23). As regards the electron population,
a super-exponential cutoff was introduced in the particle spectrum to take into
account energy losses which affect electrons radiating in strong magnetic fields,
following [80]. The particle densities (number of particles per unit volume and

unit momentum) are therefore described as follows:

dn,, ( P )S”
S _ g (£ ,
dp P Po

dn p\ » \’
) e ()
dp Po pcut,e

with b = 2 for the electron energy losses. The particle intensity (number of

particles per unit area, unit time, unit solid angle and unit momentum) is then

obtained by multiplying the particle density by the factor fc/4m:

Bednye
J(p)=——""". 6.2
(r) = a0 (6.2)
Since cross-sections are usually expressed as a function of kinetic energy, the par-

ticle intensity as a function of the kinetic energy Fj is:

J(Ey) = d%wm» - %J@(Ek)), (6.3)

with p(E}) = (E(Ey + 2m))Y2.

The normalizations, the spectral indices and the electron cutoff energy were fitted
to the data. Accelerated electrons are responsible of the radio to X-ray non-
thermal emission via synchrotron radiation and contribute to the v-ray spectrum
via bremsstrahlung and inverse Compton emissions. Accelerated protons produce
y-rays via m° decay. The interaction cross-section was derived using FLUKA
code [22]. The four processes involving the interaction of accelerated protons and
helium nuclei on target protons and helium nuclei were taken into account, as
described in section 1.5.5. For both the accelerated and the target helium, it was
assumed that the densities are equal to the 10% of the accelerated and target

proton densities respectively.
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6.3 Cassiopeia A

Cas A, also known as SNR G111.72.1, is the remnant of the historical core-collapse
Supernova exploded in 1680 (~ 340 years ago). It is one of the brightest young
SNRs in the Galaxy and is very well studied and observed at all wavelengths.
It is located at a distance of 3.470 kpc and has an angular size of 5’ in radius

corresponding to a physical size of 2.47pc [81].

It is the brightest radio source in our Galaxy and its overall brightness across the
electromagnetic spectrum makes it a very good source to study particle accelera-
tion in SNRs.

Cas A has been extensively studied in radio wavelengths [82-92]. The radio
spectrum is close to a power-law with spectral index equal to 0.77 [88]. Most of
the emission comes from a bright radio ring, which is believed to be related to the
reverse shock propagating into the supernova ejecta. Several bright knots are also
observed [91], which are attributed to dense clumps of ejecta that are not strongly

decelerated after the Supernova explosion.

Several emission regions were also identified in the X-ray band (Chandra [93, 94],
Suzaku [95], NuSTAR [96], INTEGRAL [97]). Chandra X-ray images [93] and
high-resolution VLA radio synchrotron maps [98] show a thin outer edge to the
SNR that has been interpreted to represent the forward shock, where the shock
wave encounters the circumstellar medium [99]. The shock velocity has been mea-
sured by observing the proper motion of these filaments thanks to the Chandra
observations, resulting in an estimate of 4900 km s~ [100]. High-resolution ob-
servations [93, 101-103] also confirm the existence of the reverse shock that de-
celerates the impinging ejecta. In [104], the authors have observed an year-scale
variability in the synchrotron X-ray filaments at the reverse shock, which would
require a magnetic field amplification at the shock of the order of mG. Hard X-ray
observations [96, 105], have also confirmed the presence of dense knots, proving the
presence of relativistic electrons, which can also produce ~-rays through relativistic

bremsstrahlung.

In the y-ray domain, Fermi-LAT detected the source at GeV energies [76] and
later derived a spectrum that shows a low energy spectral break at 1.72 4+ 1.35
GeV [77]. In the TeV energy range, Cas A was first detected by HEGRA [106]
and later confirmed by MAGIC [107] and VERITAS [108]. Updated measurements
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have been recently reported by MAGIC [109] and VERITAS [110] extending the
spectrum up to 10 TeV and suggesting that the spectral index in the TeV band is
steeper with respect to the Fermi-LAT band.

Multi-wavelength modelling of Cas A observations has not yet resulted in a clear
discrimination between hadronic and leptonic origin of the observed radiation in
the GeV to TeV energy range [77, 111-114]. However, the break in the Fermi-
LAT spectrum at 1 GeV suggested that the observed v-ray flux has either a pure
hadronic origin or that several mechanisms (hadronic and leptonic) are involved.
For this reason, the detailed study of systematic uncertainties in the previous

section is crucial to possibly detect the low-energy spectral break.

FIGURE 6.1: Comparison of the Chandra, VLA, and NuSTAR continuum im-
ages of Cas A. Red: Chandra 4-6 keV data [94]; Green: VLA 6 cm data; Blue:
NuSTAR 10-15 keV data [96]. Figure taken from [96].

6.3.1 Modeling results

In order to study the multi-wavelength SED, data from different energy bands were
selected (radio [88], X-ray [95, 97], TeV [109] and combined to the Fermi-LAT data

derived in this work.
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In order to predict the synchrotron emission, the value of the amplified magnetic
field was fixed to 1 mG, following the results based on X-ray observations. The
inverse Compton scattering was calculated on the CMB photon field, characterized
by a temperature of 2.73 K and an energy density of 0.25 eV/cm?, and on the
infrared (IR) dust emission, with a temperature of 100 K and an energy density of
2 eV/cm? [115]. The target (or ambient) density necessary for the bremsstrahlung
emission and the hadronic interaction was fixed to 2 ecm™ [116]. A distance of 3.4
kpc [81] was assumed in order to obtain an estimate of the CR energy content in
the SNR.

Figure 6.2 shows the multi-wavelength spectral points with the best-fit model

(black thick line). The colored thin lines represent the individual components.

The electron spectral index well reproduces the radio index and is compatible
from the expectations from equation 1.41, given the measured radio index of 0.77.
However, it was found that the cutoff in the synchrotron spectrum is not as sharp
as expected from equation (6.1). An exponential cutoff with b = 1 was tested and

results in a better fit.

The -ray spectrum is dominated by the hadronic interaction at energies below few
hundreds GeV. However, as also found in previous works [77, 109], the different
shapes of the GeV and TeV emissions require a cutoff in the proton spectrum,
which is modelled as in the electron spectrum in equation (6.1) with b = 1. This
cutoff is fitted to the data resulting in a value of approximately 15 TeV. This

suggests that Cas A is not an efficient accelerator at high energies.

The estimated value of the proton energy content W), i.e. the total energy trans-
ferred to accelerated protons, results in an acceleration efficiency of 2%, if the an
explosion energy value of 2 - 10! erg is assumed. Finally, the K., value is quoted,
i.e. the ratio between the electron and proton energy content W,/W,, which is

found to be approximately equal to 15%.

The best-fit parameters are reported in table 6.1.

TABLE 6.1: Best fit parameters of the interpretation model for Cas A SNR.

Sp Pcut,p Se Pcut,e Wp (efg) Kep Xz/dOf
(TeV/c) (TeV/c)

223 4 |14.842.7 2535 +|424+0.1 [ 4.3-10" | 15% 183/91

0.02 0.007
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FIGURE 6.2: Multi-wavelength SED of Cas A SNR with the best-fit interpreta-

tion model. The thick black line represents the total model, while colored lines

the individual components. Data points are taken from: radio (cyan) from [88];

X-ray from Suzaku (green) [95] and from Integral (magenta) [97]; MeV-GeV
(red) from Fermi-LAT (this work); TeV (blue) from Magic [109].

6.4 Tycho

Tycho Supernova Remnant, also known as SNR G120.1+1.4, is another well stud-
ied young SNR in our Galaxy. It originates from the historical Supernova observed
in 1572. The historical light curve records [117] and ejecta composition measure-

ments in the X-ray band [118] suggested a Type la origin.

The observed radio and X-ray expansion rate suggest that it is in a pre-Sedov
evolutional state, even though local region with higher density are in a more
advanced stage [119]. In fact, its shape is roughly spherical both in the radio and X-
ray bands. Detailed measurements in radio [120] and X-ray [121] showed different
expansion rates in the northern, northeastern, and eastern parts compared to the
southern part of the shell of the remnant. An expansion index ~ 0.25 (meaning
R, o< t%% where R, is the shell radius) was observed in the eastern part, suggesting
that the shock is decelerating due to the collision with a dense clump, while an
index > 0.8 was measured in the southwest, where the shock is still in the free

expansion phase (see section 2.3.1).

In [122], authors reported on the existence of an azimuthal density variation around
the rim of Tycho using Spitzer data, showing that the northeastern region has 3-10

times higher density compared to the southwestern region of the remnant. A large
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molecular cloud was observed near Tycho in the northeastern region. Interactions
between the northeastern region of the remnant and the molecular cloud were

suggested based on radio HI and CO measurements [123, 124].

Radio flux measurements [125] shows a power-law spectrum with a spectral index
of 0.6-0.65 and a flux density of 40.5 Jy at 1.4 GHz. A hint of curvature in the
radio spectrum, consistent with nonlinear theories, was also reported in [126], who

also inferred a magnetic field strength of 100 uG.

X-ray observations showed thin filamentary structures in the rim of Tycho [121,
127-130], coming from the non-thermal X-ray emission of high-energy electrons
in a strong magnetic field. This interpretation requires a magnetic field as high
as few hundreds pG, confirming the magnetic field amplification. The presence
of such a strong magnetic field causes strong radiative energy loss of high-energy
electrons, limiting the maximum electron energy to 5-7 TeV [131]. An alterna-
tive explanation for such thin filaments is based on mechanisms of magnetic field
damping [132], in which case the magnetic field may not be as high. In [133],
authors suggested a combination of electron cooling and rapid damping to ex-
plain the filamentary structures, predicting a magnetic field as high as 200 uG.
Regardless of the mechanism, the small thickness of the X-ray filaments leads to

a magnetic field amplification to few hundreds uG.

Deep observations with Chandra revealed a pattern of nearly regularly spaced
stripes on the shell surface of non-thermal emission [130] (see figure 6.3). A detailed
analysis of the stripes showed that these filaments are associated with an emission
on the surface of the SNR. The intensity of the X-ray radiation in the stripes was
found to be approximately 25 times the average value of the nearby regions and it
is not compatible with an enhancement of the emissivity due to a simple projection
of the shell geometry. Authors in [130] interpreted the stripes as arising from the
gyration of high-energy protons in a magnetic field and they obtained an estimate
of the maximum proton energy in the range 100 TeV - 1 PeV by measuring the
gaps between the stripes. In contrast, in [134] authors explained these stripes as
the result of magnetic field turbulence, still estimating a maximum proton energy
of the order of 1 PeV.

Recent NuSTAR observations in the hard X-ray band [135] were used to study
the correlation of the expansion parameters with the X-ray spectral rolloff energy

E,ouoff, 1.e. the characteristic cutoff energy of the synchrotron spectrum. From
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Eroiioff, an esitimate on the maximum energy of high energy electrons can be
derived, using the relation Epupe = 120(Epoofs/1keV)Y2(B/1uG) =2, where B

is the magnetic field. Measurements resulted in a value of E,,4, =5 — 12 TeV.

In the v-rays, Fermi-LAT detected Tycho at GeV energies [78], while Veritas
studied the source in the TeV range [136]. Latest measurements performed by
Veritas [137] suggested a steeper TeV spectral index (2.9 + 0.4) with respect to
the GeV index in [78] (2.14 £ 0.09).

Several models were developed to explain the y-ray emission from Tycho [138-141]
and the multi-wavelength emission from radio to TeV energies [80, 142]. Most of
these models interpret the y-ray emission as the result of the hadronic interaction.
Only in [140] a multi-zone model was developed in order to explain the 7-ray

spectrum with leptonic emission mechanisms.
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FIGURE 6.3: Chandra X-ray 4.0-6.0 keV image of the Tycho SNR, showing
regularly spaced stripes of the non-thermal emission [130].

6.4.1 Modeling results

Also in for Tycho case, data from different energy bands were selected (radio [126],
X-ray [143], TeV [137] and combined to the Fermi-LAT data derived in this work.

The value of the amplified magnetic field was 300 uG, while the ambient density

was fixed to 0.24 cm™3.

The inverse Compton scattering was calculated on the
CMB photon field and on the infrared (IR) dust emission, with a temperature

of 100 K and an energy density of 3.1 eV/cm? [80]. A distance of 3.5 kpc was
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assumed for Tycho in order to obtain an estimate of the CR energy content in the

SNR.

Contrary to Cas A, the simple power-law hypothesis for the proton population
allows a good description of the v-ray data, since the additional cutoff in the

proton spectrum does not improve the fit.

Figure 6.4 shows the multi-wavelength spectral points with the best-fit model

(black thick line). The colored thin lines represent the individual components.

The electron spectral index well reproduces the radio index, even though a slightly
harder value was expected from equation 1.41, given the measured radio index of
0.6-0.65. The electron cutoff energy of 8.5+ 1.0 TeV is compatible with the X-ray
measurements. The y-ray spectrum is dominated by the hadronic interaction at
energies below few hundreds GeV, while the inverse Compton scattering on the

dense IR radiation field contributes in the TeV range.

The estimated value of the proton energy content W, results in an acceleration
efficiency of 7%, if the classical explosion energy value of 10°! erg is assumed.

Finally, the K., value is found to be approximately equal to 1.6%.

The best-fit parameters are reported in table 6.2.

TABLE 6.2: Best fit parameters of the interpretation model for Tycho SNR.

Sp Se Deut.e W, (erg) Ky x*/dof
(TeV/c)
2.50 £ 0.08 | 2.39+0.03 85+1.0 7.2.10% 1.6% 22.35/32

6.5 Discussion

The models derived for the two SNRs provide a good overall description of the
multi-wavelength SEDs. In both cases the y-ray spectrum is dominated by the
hadronic interaction. This is a natural consequence of the multi-wavelength fit. In
fact, the high value of the amplified magnetic field limits the accelerated electron

energy content, limiting the leptonic components in the y-ray energy range.

Nevertheless, the proton populations of the two SNRs have different shapes. Cas

A is characterized by a spectral index sligthly softer than 2, which is close to what
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FIGURE 6.4: Multi-wavelength SED of Tycho SNR with the best-fit interpreta-

tion model. The thick black line represents the total model, while colored lines

the individual components. Data points are taken from: radio (cyan) from [126];

X-ray (green) from Suzaku [143]; MeV-GeV (red) from Fermi-LAT (this work);
TeV (blue) from Veritas [137].

the DSA theory predicts and is in good agreement with the expected spectral index
from direct CR measurements (see section 1.4.4). On the other side, the presence
of a cutoff in the proton spectrum suggests that the Cas A is not accelerating CRs
at energies above few tens of TeV and is not a good candidate to search for PeV

cosmic rays.

The case of Tycho is different. The proton population is characterized by a simple
power-law spetrum but a much softer spectral index. This is due to the contri-
bution of the inverse Compton to the TeV ~-rays. It must be noted that if this
contribution is reduced (for example with different values of the magnetic field or
of the electron cutoff energy), the y-ray spectrum would be well described by a

simple power-law with a spectral index close ot 2.4.

As a comparison, the y-ray spectra of the two SNRs are compared with models
already published in figures 6.5 6.6. Most of the models plotted are based on
the hadronic interpretation of the ~-ray spectrum. The only exceptions are the
model from [77] for Cas A and from [140] for Tycho. Both these models are still
compatible with the GeV and TeV data points.



Chapter 6. SNR modeling

135

101:

-

10°}

=
o
a

E? dN/dE (eVcm—2 s71)

This work
Saha et al.(2014)
Zirakashvili et al. (2014)

Yuan et al. (2013) - hadronic

Yuan et al. (2013) - leptonic

FIGURE 6.5: v-ray spectrum of Cas A SNR with several hadronic interpretation
models (this work (red), [77] (blue), [113] (cyan), [114] (magenta)) and a leptonic
model ( [77] (dashed black)). Data points are taken from: MeV-GeV (red) from

Energy (eV)

102} ¢ ¢ Fermi-LAT data
i ¢ ¢ Magic data
108 10° 10 101 101 1013

Fermi-LAT (this work); TeV (blue) from Magic [109].



136 Chapter 6. SNR modeling

101_""| T T T T T T T LERBL T T T T T T

10°}

101}

This work
- = Atoyan & Dermer (2012)
— Morlino & Blasi (2016)
107} —— Morlino & Caprioli (2012)
i — Zhang et al. (2013)

E? dN/dE (eV cm—2 s71)

¢ ¢ Fermi-LAT data
¢ ¢ Veritas data
10'3 L L L L L L
108 10° 1010 10M 10% 1013
Energy (eV)

FIGURE 6.6: ~-ray spectrum of Tycho SNR with several hadronic interpretation

models (this work (red), [141] (blue), [80] (cyan), [139] (magenta)) and a leptonic

model ( [140] (dashed black)). Data points are taken from: MeV-GeV (red) from
Fermi-LAT (this work); TeV (blue) from Veritas [137].



Conclusions

According to the SNR paradigm, SNRs are considered the main accelerators of
Galactic CRs. The study of the non-thermal emission from this kind of sources can
provide information about the CR acceleration mechanism. The ~-ray emission
from SNRs could be produced by the decay of neutral pions, generated in the
hadronic interactions between relativistic particles (protons or heavier nuclei) and
the target gas. In particular, the energy range around and below 100 MeV is
crucial to disentangle between leptonic and hadronic contribution to the ~-ray

spectrum.

This work focused on the analysis of two young Supernova Remnants (Cassiopeia
A and Tycho) with Fermi-LAT data in the energy range from 60 MeV to 300 GeV.
Using almost 9 years of Pass 8 data, a detailed analysis of the region surrounding
the two SNRs was conducted, with particular attention to the description of the
background model. The v-ray spectra were derived in the energy range analysed.
Cas A was well described by a broken power-law function, with spectral indices
of —1.64 + 0.06 and —2.18 £ 0.04 and a spectral break at energy of 1844 + 394
MeV. The measured integrated flux is (6.2 +2.9)107® ph. cm™2 s~!. Tycho was
described by a simple power-law with a spectral index of —2.10 4+ 0.06, with an
integrated flux of (2.240.4)107® ph. cm™2 s~!. The Spectral Energy Distribution
(SED) of the two SNRs was also obtained by performing independent likelihood
fits in small energy bands. A different binning was chosen for the two sources

depending on their significance.

The systematic uncertainties deriving from the background diffuse model were
deeply investigated. The approach based on the usage of the alternative IEMs
developed in the first Fermi-LAT Supernova Remnant catalog was applied to these

SNRs. Systematic uncertainties on the SED points were therefore estimated.
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A new approach to estimate the systematic uncertainty from the diffuse model
was also developed. This method is based on the study of the residuals of the
standard diffuse model along the Galactic plane. An estimate of the systematic
error is obtained by evaluating the positive and negative flux of a test source in
different positions of the sky. The method was also tested using a Monte Carlo
simulation. The results obtained with this new approach are compatible with
those derived with the usage of alEMs. Further improvements of the procedure
will lead to a more reliable estimate of the systematic uncertainty, providing a

useful method also for catalog analysis.

The measured ~-ray spectra were used to develop an interpretation model of the
multi-wavelength photon emission of the two SNRs. The parameters describing
the SNR environment (ambient density, magnetic field) were chosen based on
radio and X-ray observations. Spectral data points from radio, X-ray and TeV

observations were also selected.

The radio to X-ray data were modelled with the synchrotron emission of high
energy electrons, while inverse Compton scattering, bremsstrahlung radiation and
hadronic interaction contribute to the ~-ray energy range. The hadronic inter-
action cross sections based on the FLUKA simulation codes were adopted. The
model was fit to the data to obtain information on the accelerated proton and

electron populations.

In both the SNRs the main contribution to the ~-ray spectrum was due to the
accelerated protons. However, the spectral shape of the proton population was
different for the two sources. In the case of Cas A, the proton spectrum was
described by a power-law in momentum with spectral index of 2.234+0.02 and with
an exponential cutoff at 14.8 +2.7 TeV /c. The acceleration efficiency was around
2%, while the K., was found to be approximately 15%. In the case of Tycho, the
proton spectrum was well described by a simple power-law in momentum with a
spectral index of 2.50 & 0.08. The acceleration efficiency was about 7% and the
K., was approximately 1.6%. The contribution of the inverse Compton scattering

on the infrared radiation field proved to be relevant at energies above few TeVs.

The spectral points were also compared to other already published interpretation
models, based on both the leptonic and hadronic origin of the ~-ray spectrum,,
showing that no conclusive conlusion can be drawn. Future improvements of the

methods developed in this work will provide useful tools to better investigate and
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possibly reduce the systematic uncertainties at low energies, in order to obtain

more stringent constraints on the interpretation models.






Appendix A

The spectral index of the

synchrotron emission

As already discussed in section 1.5, the typical shape of the synchrotron emission
covers the radio to X-ray energy band and is peaked! around a value which depends

on the maximum energy of the relativistic electrons.

One of the most important features of this “peaked” distribution is that a power-
law spectral shape for the electron population results in a power-law photon spec-
trum up to the maximum value of the distribution and the two spectral indices

are strictly related:
s—1

2 Y

where s is the spectral index of the electron population and « is the one of the

(A.1)

o =

synchrotron emission. This result is very important because few measurements in

the radio band give strong constraints on s.

In principle this result can be derived assuming a power-law distribution for dN/d~y
and solving the integral in equation (1.38). However, it can be derived in a much

simpler way.

As can be seen in figure A.1, the synchrotron spectrum emitted by the single
electron is peaked. Then, the emission at frequency v can be supposed to depend

only on electrons with Lorentz-factor v, so that their single-electron spectrum

!The typical shape of the photon flux is always a decreasing curve and no peak is visible. The
“peak” appears when the flux is represented in the form of Spectral Energy Distribution (SED),
i.e. it is multiplied by the factor EZ.
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FIGURE A.1: Synchrotron spectrum emitted by a single electron.

peaks at v. According to equation (1.35), the relation between v and v is: v =
y?vp. To simplify, assume that the pitch angle is 90°. From equations (1.30)

and (1.32), the power emitted by a single electron of Lorentz factor v is:

N
2, 2¢% (evB sm@) 2¢t 252R?. (A2)

2
e — T= a = —_— =
R yme 3m2c3

Be dN/dv o v~*, the emissivity from the electrons with Lorentz factor v is:

dN dN d
€s(v)dv Peadfy = €5 X Pe%d_z' (A.3)
From the relation v = 2y, one obtains:
1/2 —-1/2
9 v dy 1lv
v Y VL Y (VL) dy 2 V}/Q ( )

Hence, recalling that vy o« B and assuming [ = 1:

€ X V2 By sy 72 12, (A.5)
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Finally, from equation (A.4):

(2-5)/2
€, (1) B3/2,-1/2 o l-s/2ps/2-133/2,,~1/2 _ p(s+1)/2,,~(s=1)/2 (A.6)
vr

If €, occ v~ then:

q.e.d. (A7)
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