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ABSTRACT

Gamma-ray astronomy provides a unique tool to study Galactic cosmic rays far from
Earth. Cosmic rays in fact, during their propagation, interact with the interstellar
medium, producing high-energy gamma rays that can be detected from Earth. These
gamma rays carry the information on the origin and the energetics of the parent
cosmic rays at the location of interaction. The detection is facilitated in regions
with enhanced gas density, like giant molecular clouds, or in regions with enhanced
cosmic-ray flux, for example near an accelerator.

In this thesis, I studied both scenarios by analyzing the data accumulated by the
Fermi Large Area Telescope between a few tens of MeV up to almost 1 TeV. Firstly,
the gamma-ray emission arising from giant molecular clouds, distributed all over
the Milky Way, has been investigated, obtaining an unprecedented mapping of the
cosmic-ray distribution in the Galaxy. Secondly, the emission that originates in the
medium surrounding the supernova remnant W44 has been studied, confirming the
presence of recently accelerated particles and unveiling evidence for anisotropic
escape. Finally, the potential of the current and future gamma-ray instruments in de-
tecting the radiation emitted from the interstellar medium, both in correspondence

of clouds and in the vicinity of accelerators, is evaluated and discussed.






ZUSAMMENFASSUNG

Die Gammastrahlen-Astronomie bietet ein einzigartiges Mittel zur Untersuchung
der galaktischen kosmischen Strahlung fern von der Erde. Wahrend der Propagation
interagiert die kosmische Strahlung mit dem interstellaren Medium und erzeugt
hochenergetische y-Strahlung, die von der Erde aus nachgewiesen werden konnte.
Diese Strahlung tragt die Information tiber den Ursprung und die Energetik der
urspringlichen kosmischen Strahlung am Ort der Wechselwirkung. Der Nachweis
ist einfacher in Regionen mit erhohter Gasdichte, wie in Riesenmolekiilwolken, oder
in Regionen mit erhohtem kosmischen Strahlungsfluss, zum Beispiel in der Ndhe
eines Beschleunigers.

In dieser Arbeit habe ich beide Szenarien untersucht, indem ich die vom Fermi
Large Area Telescope zwischen Energien von einigen zehn MeV und fast 1 TeV
angesammelten Daten analysierte. Zunachst wurde die Gammastrahlenemission
untersucht, die von uber die ganze Milchstrafle verteilten riesigen Molekulwolken
ausgeht. Dadurch wurde eine noch nie dagewesene Kartierung der kosmischen
Strahlungsverteilung in der Galaxie erziehlt. Danach wurde die Emission unter-
sucht, die aus dem Medium stammt, das den Supernova—Uberrest W44 umgibt,
was die Anwesenheit kurzlich beschleunigter Teilchen bestatigt und Beweise fur
anisotrope Diffusion liefert. Schlief}lich wurde auch das Potenzial der gegenwartigen
und zukiinftigen y-Strahlungsinstrumente zum Nachweis der Strahlung, die vom
interstellaren Medium sowohl durch erhohte Gasdichte als auch durch erhohte

Strahlungsdichte hervorgerufen wird, untersucht und diskutiert.






"It always seems impossible, until it is done.”

Fig. 1 The Crab nebula (M1) as seen from Heidelberg. The image has been obtained
with the 70-cm telescope at the Landessternwarte observatory of Heidelberg during
the Astrolab praktikum WS2018-2019 and it is a superposition of three different
images obtained with a B (blue), R (red) and Ha (green) filter.
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INTRODUCTION

Gamma-ray astronomy explores the highest energetic window of the electromagnetic
spectrum of radiation. Photons that overcome 100 keV (~ 10'° GHz, ~ 0.1 A) are
classified, in astrophysics, as gamma (y) rays. The gamma-ray band is the widest
electromagnetic window, covering more than nine decades in energy. Radiation up
to more than 100 teraelectronvolt (1 TeV = 10!2 eV) has now been detected with the
current instrumentation. A distinction is conventionally made between high-energy
(HE) photons, which reach a few hundred GeV, very high energy (VHE) photons, that
belong to the TeV energy range, and ultra-high-energy (UHE) photons, that overcome
energies of 1 petaelectronvolt (1 PeV=10! eV). Different observational techniques
are employed for each energy range: satellites like the Fermi Large Area Telescope
(LAT) [1] or the Astrorivelatore a Immagini Leggero (AGILE) [2] are optimized for
GeV photons, ground-based instruments, in form of Cherenkov telescopes (e.g. the
Major Atmospheric Gamma-Ray Imaging Cherenkov Telescope (MAGIC) 3], the
Very Energetic Radiation Imaging Telescope Array System (VERITAS) [4], the High
Energetic Stereoscopic System (H.E.S.S.) [5] and the future Cherenkov Telescope
Array (CTA) [6]) or water Cherenkov tanks (e.g. the High Altitude Water Cherenkov
observatory, HAWC [7]) observe the VHE range, while the now-starting Large High
Altitude Air Shower Observatory (LHAASO) [8] will open up the UHE window,
thanks to a combination of particle and Cherenkov-light detectors.

Non-thermal processes regulate the production of such high energy photons. In
particular, gamma-radiation is associated with the acceleration and interactions of
high energy electrons (synchrotron, bremsstrahlung, and Inverse Compton) and
nuclei (pion decay). For this reason, gamma-ray astronomy is strictly connected
with the physics of the relativistic particles that populate the Galaxy, the Cosmic
Rays, and serve as their primary tracer throughout the Galaxy (sec. 1.1.2). It is

not a case in fact that the sky observed in gamma-rays directly corresponds to
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the radio and infrared observations of diffuse gas, which constitutes the natural
target for production of gamma-rays via interaction with high-energy particles
(sec 1.2). Gamma-rays also share with radio-astronomy all those sources that emit
primarily via non-thermal processes: from pulsar and supernova remnant to active
galactic nuclei (sec. 1.1.3). A great synergy, therefore, exists between gamma
and the other wavebands, especially with radio observations. Besides, gamma-ray
astronomy serves as a link between the electromagnetic and the non-electromagnetic
phenomena. Coalescence events that generate gravitational waves, for example,
often produce detectable gamma radiation that helps to locate the progenitor of the
waves. Also, signatures of dark matter are expected to be detected in gamma-rays,
making it the main observational window for this phenomenon.

This work focuses on the physical properties of galactic cosmic rays, that can be
measured via gamma-ray observations. Two main cases are considered: the case of
cosmic rays mixed with the diffuse interstellar medium (Chapter 2) and the case of
cosmic-rays freshly accelerated near sources (Chapter 3). The capabilities of gamma-
ray instruments of providing a deep understanding of the galactic population of

cosmic rays are then discussed in Chapter 4.

1.1 cCcoOsMIC RAYS

The term cosmic rays (CRs) indicates the ensemble of high-energy particles, mainly
electrons, protons, and ions, that continuously bomb the Earth from any direction.
The first hints of the existence of such radiation came in the early 1900s, by observing
that electroscopes discharged even when kept away from radioactive sources. The
cosmic origin of this radiation was then demonstrated by Victor Hess in 1912 [9],
by showing that the ionization rate increased with altitude. Since then, many
experiments were dedicated to measure cosmic rays either directly with calorimeters
and magnetic spectrometers mounted on balloons (e.g. BESS [10, 11], CREAM
[12, 13]), satellites (e.g. PAMELA [14, 15], Voyager [16], DAMPE [17]) and onboard
of the International Space Station (AMS [18, 19], CALET [20, 21]) or indirectly by
measuring their secondary products. Cosmic Rays, in fact, when impacting on the
Earth’s atmosphere produce a particle cascade that can then be detected by ground-
based experiments such as Imaging Air Cherenkov Telescopes (e.g. H.E.S.S. [22]),
Extensive Air Shower detectors (e.g. Pierre Auger Observatory [23, 24], KASCADE-
GRANDE [25, 26], IceTop [27, 28]), and Radio-antenna networks (LOFAR [29, 30]).
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These experiments, are capable to discern particle-initiated cascades from photon-
initiated ones and therefore provide a valid method for measuring CRs, that extend
to the highest energy end of the spectrum. Thanks to the synergy between these
techniques, the measured spectral energy distribution extend from a few GeV to
thousands of PeV. Moreover, we are able to determine the mass and the charge (with
magnetic spectrometers) of the particle and thus to derive the CRs composition and
ratios of different species. The information retrieved with the above-cited techniques
concerns the so-called ‘local’ cosmic rays, namely the particles that reach Earth from
an indefinite location. In the travel towards us, CRs get continuously deflected
by the interstellar magnetic fields and mix, forming the so-called cosmic-ray ‘Sea’,
thus losing information on their origin. However, while diffusing through the
Galactic Disk, CRs produce secondary emission, by interacting with the interstellar
medium. This emission, mainly in form of y-rays, but also neutrinos, reaches Earth
un-deflected and allows the derivation of the CR spectrum at the location of the
interaction. Gamma-ray observations thus serve as unique tracers of the Galactic
cosmic ray population.

In this chapter I will summarize the main observational properties of cosmic rays,
from their composition to their propagation (sec. 1.1.2) and I will briefly present
the current theory on acceleration and escape of these relativistic particles (sec.
1.1.3). In the second section (sec. 1.2) the properties of the interstellar medium
as primary target for interaction with cosmic rays are presented followed by the
description of the emission mechanism and the status of art of the observations of
the radiation arising from the interactions of these high-energy particle with the

interstellar matter (sec. 1.3).

1.1.1  Local Cosmic Rays

Cosmic Rays arriving at Earth consist for the 99% of nuclei of atoms, 90% of which
are protons, 9% are helium nuclei and the remaining are heavier ions. Their chemical
composition differs from the Solar one. In particular, in cosmic rays light elements
(Li,Be,B), sub-iron atoms (Sc,Ti,V,Cr, and Mn) and metals are overabundant. This
is the result of spallation reactions, namely of the fragmentation of heavier cosmic
rays caused by the interaction with the interstellar matter. Electrons are 100 times
less abundant than protons at GeV energies, with this fraction that decreases below

1073 at 1 TeV [31]. Higher-energy electrons instead are not detected because they
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cool down before reaching us. A small fraction of positrons is also detected. An
over-abundance of these anti-particles above a few GeV with respect to the model
predictions of secondary production in the interstellar medium, has been reported
in [32] and it is still matter of debate as one of the possible explanations of this
enhancement might be the annihilation of dark matter.

The all-particles energy distribution (spectrum) of local cosmic rays extends over
11 orders of magnitudes from 1 GeV (total energy) to 10!! GeV (see Fig. 1.1). The

overall shape of the spectrum is approximately a Power Law:

dN

JE) = 5 dAdr a0

-
:]O(EEO) (1.1.1)

of average index a = 2.7. The spectral index is not constant over the different
energy decades and several features emerge. At the lowest energy end, around a few
GeV, the experimental fluxes are suppressed by solar modulation, namely by their
interactions with the heliospheric magnetic field [33]. At the highest energy end,
precisely at 10!%¢ eV the spectrum exhibits a cutoff, the Greisen-Zatsepin-Kuzmin
suppression, due to the interactions with the photons of the cosmic microwave
background [34]. Moreover, the spectrum presents several breaks. The main ones
are: a steepening to E~>! at 10!%% eV (~ 3 PeV), named knee [35] and a slight
hardening at 108> eV (~ 5 EeV), labeled ankle [36]. The knee is often interpreted as
the boundary energy of cosmic rays of galactic origin. Particles of energy up to the
knee are in fact believed to originate inside the Milky Way. Observations of y-ray
emission from the disk of our galaxy suggest that efficient acceleration is present at

these energies [37]. Moreover, the Larmour radius for 1 PeV protons, following [38],

= (rrwliie) P (112

much smaller than any length-scale of the Milky Way, suggesting that CRs of this

is of the order of:

energy, which originate in the Galaxy, can’t leave it. An alternative explanation for
the softening, in correspondence to the knee, is ascribed to the maximum-energy
cutoff of protons, provided by the shock acceleration theory (see 1.1.3). In this
framework, the contribution of heavier nuclei becomes more important than the
proton one above a certain energy, as a consequence of the fact that the cutoff,

expected to happen at the same rigidity for all species, falls earlier (in energy) for
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protons than for heavier elements. The meaning of the ankle remains under debate,
but is believed to be due to the rising contribution of extra-galactic sources.
Further sub-features arise, when observing the high quality data collected for
protons. As reavealed by PAMELA [15] and confirmed by AMS02 [18], the spectrum
of CR protons hardens at ~200-300 GeV from a spectral index of 2.85 to 2.67. The
spectrum of protons, including this hardening can be analytically described up
to few TeV, following [18], as a function of rigidity, R (R = pc/Ze, where p is the

momentum, Z is the charge number e is the charge of the electron):

s R |28 R \3570024
Jp(R) =4.5x10 (45 GV) [1+(336 GV) ] GV ' cm “sr s (1.1.3)

Another break is then observed around 15 TeV in the data of CREAM [39],
DAMPE [17] and CALET [40], with the spectral index that returns to be steep, ~2.9,
see Fig 1.2. Both features are also observed in the spectrum of Helium and heavier
nuclei. A first explanation of the hardening could be found in the existence of two
different classes of accelerators or in the modification of propagation properties
according to the energy range. The addition of a further steepening however com-
plicates the picture, making someone debate that the CR spectrum is the result of a
universal acceleration mechanism at all [41]. Besides, an additional complication
rises at higher energies (> 10°> GeV), where different experiments provide incom-
patible results for protons. Two different branches can in fact been observed above
few PeV (fig 1.2). To interpret that, one should take into consideration that the
detection of cosmic rays above the knee is conducted exclusively by ground-based
experiments which cannot distinguish between the different species that compose
the cosmic radiation. The separation of different elements has to rely on Monte
Carlo simulations of CR abundances and shower developments. Puzzling, the two
proton spectra reported respectively by the Kascade [35] and the Icetop/Icecube
[42] collaboration do not agree even when the same Monte Carlo code has been
employed.

The spectra of cosmic-ray electrons and positrons also show different spectral
features. A part from the steepening below 20 GeV due to solar modulation, a
gradual hardening of both spectra is observed in the data of AMS02 [19] around 30
GeV. After that, the spectral indexes remain almost constant to y,- = 3.17 y,+ = 2.74
up to ~ 1 TeV where an abrupt falloff is observed. Observations in the supra-TeV
regime have been carried out both by DAMPE [44] and by H.E.S.S. [22] the latter
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Fig. 1.1 Energy distribution, J(E), of the local population of cosmic rays as measured
by different experiments (see figure’s legend). The points are multiplied by E? to
emphasize the spectral features. The figure is from ref. [43].
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showing preliminary data that extend up to 20 TeV [45]. These observations suggest
a high energy slope of 3.92 and 3.78, respectively. In this case, the distinction be-
tween particles and antiparticles is no-longer possible but low energy extrapolations
suggest that the spectrum must be dominated by electrons. The functional form of

the electron spectrum above 30 GeV is well described as a broken power-law:

Jo(E) = K(%)_y1 [1 + (E%)—(n—m/s]s. (1.1.4)

The parameters are obtained by fitting the experimental points. For example,
from DAMPE data [17] it results: y; = 3.09, y, =3.92, and E, = 0.914 TeV with s
fixed to 0.1.

Another observational feature of cosmic rays is the high degree of isotropy. This
means that the cosmic ray flux, at a given energy, is the same independently of the

direction of observation. The degree of anisotropy, calculated as

A = e~ Inin (1.1.5)
Lax + Iin

increases with energy from A ~ 0.06% at 1 PeV, to A ~ 10% at the highest energy end
of the spectrum [46]. At lower energies the solar influence prevents to have reliable
measurements. To guarantee such degree of isotropy, one has to assume that CRs
propagate diffusively, otherwise strong anisotropy would be detected towards single
sources, and in particular towards the central region of the Galaxy, where more
spiral arms superimpose. CRs are repeatedly scattered by the turbulent interstellar
magnetic fields and this results in a randomization of the path of the particles that
mixes and isotropize them. It is then reasonable to assume that, on average, the
same cosmic ray energy density characterizes the whole Galaxy. The latter can be

calculated from the observed energy distribution, J(E), as:

pCR:f ncr(E EdE_—J J(E) E dE (1.1.6)
Epin Emin
which in case of a power-law energy distribution becomes:

47 E\™@ 4t J, [E~9t2>
> 1GeV (—) EdE=—-2" [ ]
Pcr(Z )= chevjo E, C Bl a—2 )i e

(1.1.7)
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For the local environment taking & = 2.85 and Jo(Eg = 1 GeV) = 2.32 [GeV cm? s
sr]™! (Eq. 1.1.3), it amounts to pcg = 1.1 eV cm™ at energies above 1 GeV. This is
fortuitously of the same order of magnitude of the energy density of the interstellar
magnetic field (B%/2py ~ 0.6 eV cm ™2, with B =5 uG) and of the Microwave Back-
ground Radiation (I Eny,, dE=~b T3(E)=0.3 eV cm™3, with b =20.3 cm™2 K3 and
(E) = 6.6 x 107* eV) [47], suggesting that cosmic rays contribute significantly to the

energetic balance of the Galaxy.

1.1.2  Galactic Cosmic Rays

Local cosmic rays arrive at Earth after having lost memory of their origin, and their
initial energy distribution. Any information on their starting point (the sources)
and their path (propagation properties) need to be reconstructed from the situation
observed at the arrival position (the Earth). Even though a uniform density for
the CR-population is expected, as a consequence of diffusive motion over large
timescales, such a scenario might not apply in different locations. Moreover, no one
guarantees that the values that characterize the Earth’s vicinity can be extended
to further locations. Nevertheless, tests of the Galactic cosmic-ray populations can
be performed by exploiting the secondary products that these particles produce
in their travel through the Galaxy, giving further constraint on the dynamics and

accelerations of these high-energy particles.

Confinement and propagation

As expressed in eq. 1.1.2, the gyro-radius of particles of sub-PeV energies is smaller
than any galactic lenght-scale, suggesting that these particles are confined within the
Galaxy. Observation of a significant fraction of secondary cosmic rays suggest that
these high energy particle must have had enough time to interact via spallation with
the interstellar medium. Hence, the measure of the grammage of these secondary
particles provide a lower limit to the time, 7,5, cosmic rays reside in the Milky Way.

In particular, the observed grammage of A =10 g cm™2

is explained only assuming
a minimum residence time of 7,,; ~ 10° yr. The latter decreases with energy as E?,
where 6 = 0.3 - 0.6. On the other hand an independent measure of this quantity
is obtained by the observation of the ratio between abundances of unstable over
stable isotopes. For example the ratio '°Be/Be, with a decay time of !°Be of ~ 1.4

Myr tells us that the time spent in the Galaxy must be significantly longer than
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what derived from the grammage of spallation product, about 10-20 Myr. This
discrepancy implies that cosmic rays spend a big portion of the time in a area of
lower density, where spallation is reduced, i.e. the Galactic halo. Besides, this is
another indirect proof of the diffusion type of propagation in the Galaxy. If the
propagation were rectilinear in fact, in such a long time the particles would quickly
cross the galactic disk and exit it, confuting the observations.

The evolution of the CR energy (y = E/mc?) distribution f(R, t,y) in the diffusion
through the interstellar medium is regulated by the presence of sources and by
the energy losses that these high-energy particles undergo interacting with the
interstellar matter and magnetic fields. The motion of cosmic rays is described by

the conventional diffusion equation, that in case of spherical symmetry, reads: (e.g.
(48]):

9f _D 9 »9f
dt  R20R  OJR

where D is the diffusion coefficient, that generally depends on the energy, while

0
+$(Pf)+Q (1.1.8)

the dependency on position can be neglected in the case of a homogeneous prop-
agation medium. The other terms, P and Q denotes the energy loss rate and the
injection rate respectively. An estimate of the diffusion coefficient D in the halo can
also be computed from the observed grammage, A, on the scale-height H of the halo,

knowing that A = pt,,.c and substituting 7,,. ~ H?/D, one obtains:

A )‘1 cm?

Do(Eg =1 GeV) ~ 3 1028( )(
o(Eo eV) % 5 kpc/\10 g/cm?

(1.1.9)
s
that is valid for for particles of energies ~ 1 GeV. Higher energy particles have a
larger diffusion coefficient that scales as E?, opposite with respect to the residence
time:
E

D(E):Do(ﬁ)é. (1.1.10)

Secondaries as tracer of Galactic Cosmic Rays

A channel of observation of the cosmic rays in locations different from the Solar
System is provided by the secondary neutral products of the interactions of charged
cosmic rays with the interstellar matter. Cosmic-ray nuclei, for example, interact

with the nuclei in the interstellar medium, giving birth to unstable mesons that
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quickly decay in detectable y-ray photons or neutrinos. The main channels of

interactions are given by:

p+p—mn’—2y
p+p—ont >+, (1.1.11)

ptp—>T1 = p +vy

Photons and neutrinos produced in this way have the ability of reaching Earth
without being deflected, carrying all the information on the energy of the parent
particles.

The emissivity of secondaries j, per unit energy, i.e the amount of photons

radiated per unit volume and time, is in a general form given by:

== SO EL B _P)_” (E.
i~ dEavar jdEl 0E, (m —Ji(E) (1.1.12)

where J(E;) = dAdf% is the energy spectrum of the parent particle, do/dE
is the differential cross section of the interaction and p and m are respectively the

density and the average mass of the particles of the targeted medium.

From Eq. 1.1.12, the flux expected to reach Earth, can be calculated as

F; = j j g, 10 CP) “r(E;) = (1.1.13)
I dE; dA dt 47cd? i dE; m c Y o
d0‘1_> M
= dE;—L].(E; = 1.1.14

=NOg; (L1.15)

where M is the total mass of the target under consideration and d is its distance
from Earth. When observing an entire column of material is more convenient to use
the expression in 1.1.15 where 6 is the area of target under consideration and N its
relative column density.

In the following, the channels producing neutrinos are ignored as the main
methods of this research concern the observations of high-energy y rays. For
simplicity, it is common to assume that the projectile cosmic rays and the targeted
interstellar material consist only of protons. In this case the differential cross section

for pp — 2y can be used. The latter has been measured in several accelerator
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Fig. 1.3 The differential cross section of proton-proton interaction as derived by ref.
[49] as a function of the proton kinetic energy with different fixed photon energies
(left panel) and as a function of the photon energy with different fixed values for the
proton energy (right panel).

experiments and its extension to higher energy has been recently parameterized
by Kafexhiu et al. (2014) [49] up to energies of a few PeV by use of Monte Carlo
simulations. The total proton-proton cross-section results of the order of 40 mb
with a weak dependency on energy. The resulting gamma-ray spectrum is slightly
harder than the proton one, with a difference in the spectral indexes of about 0.1.
Approximately 10% of the proton kinetic energy is transferred to the photon, so for
example a CR proton of energy of 10 GeV would produce gamma-ray photons of
energy ~ 1 GeV, see Fig. 1.3.

The contribution of heavier nuclei both in the CRs and in the ISM however cannot
be neglected. Even if these elements are sub-abundant, the numerous number of
nucleons, which constitute them, significantly contribute to the interactions. The
fraction of y-ray flux contributed by metals, both in the projectile and in the target,
is given by the so-called nuclear enhancement factor, . The latter can be computed
by knowing the relative abundances of each element in the interstellar medium and
in the cosmic-ray population, together with their spectral shape. Mori (2009) [50]
calculated &y, after deriving with Monte Carlo simulations the factors Mip and m;,,

namely the ratio of cross sections and multiplicity (number of emitted y photons
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for interaction) of each element i, with respect to pp interactions, in the case when

the target is H or He, respectively. Knowing these quantities, £y is simply given by:

_  Ji(E)) CJilEi) Y
EN_1+lZm”’]p(Ep)+IZm1“Ip(Ep)1—Y (1.1.16)

where Y is the abundance of He in the interstellar medium, that for solar abun-

dance amounts to Y=0.096. Note that the spectrum of each element, J;(E;) carries a
dependence on energy and since the spectra of elements are not parallel (e.g. the
spectrum of helium is harder) the nuclear enhancement factor depends, although
slightly, on energy. The values found in ref. [50] ranges from 1.75 at a few GeV, to 2
at 1 TeV.

Once the parameters of interaction are fixed, the observed gamma-ray flux de-
pends only on the CR flux, J(E), and on the density of the target. It is straightforward
then to derive J(E), if the column density of the target is known. The derivation and
the relative uncertainty that concerns the latter quantity are in depth discussed in

sec. 1.2.

1.1.3 Cosmic-ray accelerators

Cosmic rays of energies up to 1 PeV, as discussed earlier, are confined within the
Galactic disk. This means that their progenitors have to find themselves within the
Milky Way. Detection of gamma-ray emission from discrete locations provides an
indication of regions where powerful acceleration of particle occurs. High-energy
radiation has been observed in correspondence of several supernova remnants both
in the GeV and in the TeV energy range confirming the idea that these astrophysical
objects are effective cosmic-ray accelerators. Other locations that provide a natural
environment for particle acceleration are pulsars and their nebulae, binary systems
like micro-quasars but also objects hosting young stellar activity e.g. star-forming
regions or globular clusters. Nevertheless, both at GeV and at TeV energies a large
fraction of sources is still of unknown nature, see the statistics in Fig. 1.4.

One caveat of y-ray observations of the sources is that these cannot always
tell if the accelerated particles are of hadronic or leptonic origin. Observations of
consistent radio-synchrotron emission are often interpreted as an indication of a
leptonic emission mechanism. A smoking-gun for hadronic interactions instead

is the so-called pion bump, an accumulation of gamma-ray photons close to the
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Fig. 1.4 Classes of galactic sources contained in the fourth Fermi-LAT (4FGL) catalog
[51] and the H.E.S.S. galactic plane survey (HGPS) [52]

half-mass of pion m,/2 = 67.5 MeV, as the process (Eq. 1.1.11) is symmetric around
this energy (e.g.[53]). However, no instrument is currently sensitive to these low
energies with the exception of Fermi-LAT that however suffer from large systematic
uncertainties in this range. Therefore arguments based on the direct observation
of this feature remain quite weak. A stronger smoking gun would be the detection
of neutrinos in correspondence of the source, although the latter detection is much
more difficult. Besides, also the detection of gamma rays of energy exceeding 100
TeV would be a strong indication of nuclei acceleration since the electrons are subject

to severe losses at those high energies.

Supernova Remnants

Already in 1934, Baade and Zwicky [54] computed that Supernova explosions
release a sufficient amount of energy to power the Galactic population of cosmic
rays. Their calculation can be repeated straightforwardly. Assuming there is spatial
homogeneity, namely the same cosmic-ray density everywhere, and no variation

on the residence timescale in the disc, 7,.; ~ 107 yr, one can compute the power of
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cosmic rays:

Ecr  werViise 1eV/em?-1x10%cm3
Pcr = = =

- ~10Herg s71, 1.1.17
tros tres 3x1014s 8 ( )

This is easily provided in supernova explosions, which typically release Egy = 10°!
erg. Accounting for the supernova explosion rate, Rgy (~ 3 per century), the power
supplied by these objects amounts to:
PSN:ESN-RSN:M:IO“erg = (1.1.18)
30 yr

therefore 10% of the energy released in supernova explosions is already sufficient
to maintain the entire galactic CR density.

It later became clear that rather than the explosion itself, good conditions for
particle acceleration are provided by the fast shocks that are generated in the hot
plasma material in the remnant of the supernova explosions. A supernova remnant is
in fact characterized by very hot (> 10° K) and low-dense (~ 1 cm~3) plasma, hence it
provides perfect conditions for high-velocity (~ 0.1 ¢) shock waves to propagate and
exchange energy with charged particles. A supernova remnant undergoes different
evolutionary stages: in a first phase, the ejecta-dominated phase, the expansion
of the remnant proceeds almost freely, at a constant velocity, as the mass of the
ejected material is much higher than the mass of the surrounding medium. As
the expansion proceeds, the power of the blast wave decreases and the mass of the
swept-up material increases until it equals the mass of the ejecta, giving start to
the Sedov-Taylor phase, that typically lasts for 500-1000 yr. From that moment, the
velocity of the shock starts decreasing and slowly the ejecta start to mix with the
interstellar medium [55, 56].

The diffusive shock acceleration (DSA) [38] provides an efficient mechanism to
exchange energy from the shock to charged particles. Cosmic rays are efficiently
accelerated through a first order Fermi acceleration in the interaction with the
shock wave. To gain a significant amount of energy, cosmic rays need to travel
back and forth from the downstream to the upstream of the shock driven by the
interactions between the magnetic field fluctuations in the plasma and the Alfvén
waves generated by the cosmic ray themselves. In this diffusive motion the particles
have the chance to cross the shock many times gradually increasing their energy.

The maximum momentum is reached by particles in the ejecta-dominated phase,
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after that as the velocity decreases also the amplitude of magnetic field fluctuations
is reduced and cosmic rays do not scatter as efficiently. This implies that an upper
limit to the maximum value of energy that can be reached with this mechanism
exists. The latter depends on the characteristics of the plasma, namely the magnetic
field B, the age of the remnant t and the shock velocity u but it in general is of the
order of:

E leZ( B )( d )( ! )ZTeV (1.1.19)
max 1 uG/N103 yr N 107km/s

much below the energy of the knee, ~ 1 PeV, for typical parameters of supernova
remnants. Observational data on supernova remnants confirm as well the existence
of a cutoff in their spectrum (see Fig. 1.5), meaning that a different source class
must be the responsible of PeV cosmic radiation. A more efficient acceleration
could be obtained in the case of magnetic field amplification, where the cosmic rays
themselves amplify the magnetic turbulence and consequently the gain in energy
[57]. Evidences for this effect also come from the X-ray observations of hot-spots in
SNR RX J1713.7-3946 [58]. In this case the predictions on the shape of the spectrum
of accelerated particles change. The DSA theory in fact predicts a power-law shape
oc E71 for the spectrum of exiting particles with g = 2. When loosing the condition of
cosmic rays as test particles, the spectrum becomes even harder, as the acceleration
is more efficient. This however is in contrast with many observations of spectra of
supernova remnants, which are as steep as E~>2 — E~>4, The latter values are also
necessary to explain the observed steep spectra of cosmic rays at Earth. Provided
that the propagation modifies the spectra of a factor 6 = 0.3 — 0.6 a steeper than
2 injection spectrum is required to explained the data [59]. Thus, to explain all
the observational features it remains to investigate whether another source class is
involved or if different acceleration mechanism must be invoked.

If the acceleration power of supernova remnants slowly decreases as the shock
slows down, other classes of accelerators, like pulsars and stellar clusters can become
competitive as they keep accelerating particle with a continuous rate. A general
distinction is made between sources according to the duration of the acceleration
phase relative to their age, into impulsive and continuous sources. In the case of
impulsive sources, the time in which particles are accelerated At is much shorter

that the typical lifetime, T, of the source. Supernova remnants are usually treated
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Fig. 1.5 Spectral energy distribution of several supernova remnants of the Galaxy. In
particular the spectra of the youngest (< 1000 yr) SNRs (Tycho and Cas A) are plotted
in cyan, slightly older (~ 2000) SNRs (RX J1713.7-3946 and RX J0852.0-4622) are
plotted in red and middle-age (~ 10000 yr) remnants (W44, IC443 and W51C) are
displayed in blue. The fluxes of the youngest ones reaches higher energy, however
they all show a tendency to cut-off before 100 TeV. Figure is from ref. [60].
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as impulsive sources, even though that is accurate only for long-lived, ~ 103 — 104

yr, remnants, as the acceleration phase lasts for thousands years.

Other accelerators

The majority of the sources of GeV photons is composed of pulsars. These highly-
magnetized fast-rotating neutron stars in fact have a magnetosphere able to accel-
erate particles, mostly leptons, along the field lines that emit then via curvature
radiation. The typical power of pulsar extends up to 10 GeV, after that a cutoff in
the spectrum is typically observed. Particles ejected from the pulsar form a relativis-
tic wind that populates the surrounding region, forming a so-called Pulsar Wind
nebula. The wind extends up to ~ 0.1 pc, until it encounters the residual shock from
the supernova explosion that further accelerate particles up to TeV-PeV energies
that then emit via synchrotron and inverse Compton radiation. A typical example
of this source class is the Crab pulsar and its nebula which has been detected up to
a few hundred TeV [61].

Other sources of cosmic rays, that could provide good conditions also for protons
acceleration can be found in young stellar objects. In the collision region of winds
of two co-rotating stars in a binary system, particles can be accelerated via diffusive
shock acceleration [62-64]. Just recently, the hadronic origin of the emission has
been proven for the 17 Carinae system [65]. On a larger scale, in the case of massive
stellar clusters, the collection of multiple shocks can increase the power supply
reaching also PeV energies [66], providing a valid alternative to supernova remnants.

The distribution of pulsars, supernova remnants, and HII regions, which trace
young stellar activity, are shown in Fig. 1.6 as a function of the galacto-centric
radius. It can be seen that potential accelerators can be found everywhere in the
galaxy, but there is a higher concentration of sources in the inner galacto-centric

regions, especially around 3-4 kpc.

Escape

Escape is another important effect to take into account when observing cosmic-ray
accelerators is escape. Particles leave the region of acceleration in a timescale that
depends on their energy, modifying the observed spectrum. Low-energy particles
are expected to be confined for a longer time than more energetic ones, in agreement

with the energy dependence of the diffusion coefficient. Thus, the highest energy
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Fig. 1.6 Galacto-centric distribution of potential cosmic-ray accelerators (pulsars,
supernova remnants and Hir regions), from Stahler & Palla [67]. The distributions
of pulsars from Yusifov & Kii¢iik 2004 [68] and of supernova remnants from Green
(2015) [69] are also plotted.

end of the spectrum might not be representative of the real acceleration capability
of the source as the most energetic particles might have already left the source. For
this reason, the observations of the surroundings of the accelerator are of great help.
If a molecular cloud for example is located in the vicinity of an accelerator, it would
be illuminated by the first escaping particles and therefore reflect the highest energy
part of the distribution.

The energy distribution of the particles arriving at the cloud depends on many
factors: the source injection spectrum, the type of acceleration (if impulsive or
continuous), the energy losses of particles, and the diffusion properties in the
interstellar medium. A unique prediction of the particle spectrum is therefore
impossible. Some convenient assumptions however can be applied to Eq. 1.1.8 to
have a general idea of the level of cosmic rays in the vicinity of an accelerator. A

general solution of Eq. 1.1.8 is given by:

Qy)P(y1) R
f(Rt,y) 7—(3/2P(7/)R3if exp thiif) (1.1.20)
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Fig. 1.7 Spectra of protons escaping from an impulsive accelerator, calculated at
different distances R=10 pc (red), R=100 pc (blue) and for different times 103 yr
(solid), 10* yr (dashed) 10° yr (dotted). The curves are from ref. [48]. For comparison
the local spectrum of protons is plotted as grey points (as in Fig. 1.2).

and can be applied to the case of impulsive and continuous accelerators, as done
in [48]. In the case of impulsive accelerator the injection spectrum assumes the form
Q(E,t) = QoE"6(t) and, considering a diffusion coefficient of the form D(E) « E?,

and the main channel of energy loss due to nuclear interactions P = E/7,,, Eq. 1.1.20

becomes:
QuET r-1)t R?
f(E,R,t)zy()z—3exp(—( L - ) (1.1.21)
TR ¢ Tp Ry
where
exp (t0/7,,) — 1
Ry;r =24|D(E)t ~ 24/ D(E)t 1.1.22

is the diffusion radius, namely the radial distance traveled by particle of energy E
in a time ¢t after their injection in the interstellar medium. The latter approximation
is valid when t << 7,,,. Particles of higher energies have larger diffusion coefficients
and therefore travel further for the same time interval. The energy spectra obtained
in the case of an impulsive accelerator that emit a total energy of W, = 10°? erg with
a power-law injection spectrum of index I' = 2.2 can be obtained from the general

solution of Eq. 1.1.8 and are plotted in Fig. 1.7 for different time and distances [48] .
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In the case of continuous acceleration instead, the time dependence of the in-
jection spectrum is a more general function: Q(E,t) = QyE T g(t). In this case, the
particle distribution is given by:

QuE™"

f(E,R t)= erfc(

= IR (1.1.23)

R
Rgif(E,t) )

As one can notice, the particle profile decreases as 1/R, in case of a continuous
source, meaning that a higher concentration of particles are expected in the vicinity
of an accelerator. In case of a impulsive source instead, the particle density is

constant at a given time within the diffusion radius (Eq. 1.1.22).
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1.2 THE INTERSTELLAR MEDIUM

Space between stars in our Galaxy is filled by a diffuse medium, the Interstellar
Medium (ISM), that accounts for 10-15 % of the total mass. The main part of the
ISM consists of diffuse gas, in molecular, atomic, or ionized form, but a relevant
fraction of dust (~ 1%) and a minor component in the form of plasma are also
present. The most abundant element of the ISM is Hydrogen (~ 90%), followed by
Helium (~ 9%) and by a small fraction of metals, usually embedded in dust grains.
The matter of the ISM constitutes a natural target for cosmic rays during their
diffusion through the Galaxy and therefore its understanding is directly connected
to the understanding of the physics of cosmic rays. In the following, we describe the
main components of the diffuse medium and their relevant properties, focusing on
the primary detection methods and their uncertainties.

The gas component of the ISM coexists in different phases, depending on the
balance between pressure and temperature. A distinction is made, as proposed by
[70] between the neutral medium, distributed uniformly on large scales, and the
ionized medium, that is distributed in-homogeneously and in smaller scales as it
is heated up by Supernovae, Stellar Winds or OB young stars.The first is, in turn,
divided into (e.g. [71]):

* Molecular Medium (MM), that is the densest and coolest phase, and hence

provide ideal conditions for star formation;

* Cold Neutral Medium (CNM), which is the coolest part of the atomic medium,
that typically populates and shields from radiation the outermost layers of

Moleclular Clouds and is detected primarily in absorption;

* Warm Neutral Medium (WNM), that is instead detected in emission and

consists of the diffuse atomic gas component.
The ionized medium instead is usually divided into:

* Warm Ionized Medium (WIM), namely regions where the medium is ionized,
generally due to shocks or recent star formation activity, and therefore emits

via recombination lines (e.g. Ha);

* Hot Ionized Medium (HIM), the very hot phase of gas, ejected in SN explosions,

that is characterized by thermal X-ray emission.
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MM CNM WNM WIM HIM
T [K] 10-20 50-100 6000-10000 ~8000 >10°
n [cm™3] 102-10° 20-50 0.2-0.5 0.2-0.5 <1072
h [pc] 70 100-300 300-400 900 >1000
fv <1% 1-5% 10-20% 20-50% 50-70%
M[10°My] 1.2-2.5 26 >1.6
Tracer Radio/IR  21-cm absorption 21-cm emission Ha X-rays

Table 1.1 Typical physical parameters that characterize the different phases of the
interstellar medium. Values are taken from ref. [72]

Note that is is not a rigid distinction, as there is a continuous transition from the
phases. The physical properties that characterize each of these phases are reported
in Table 1.1. Going from MM to the HIM, the temperature increases and, at the same
time, the medium expands lowering the density. Accordingly, the volume filling
fraction increases. The high density of the MM and CNM medium makes them the
main contributors to the total mass. Another thing to be noticed is that the scale
height, h, changes for the different phases: while the molecular and cold neutral
medium are concentrated in the galactic plane, the other phases expand further.
It is clear, from the parameters in Table 1.1, that the neutral component, mostly

constituted of H, and H, is the most relevant in the galactic plane.

1.2.1 Molecular hydrogen

Molecules are in general detected via their rotational and vibrational transitions
but molecular hydrogen, being composed of two identical atoms has no permanent
dipole moment and consequently no related transition line. Other transition lines
are either too weak (e.g. the rotational quadrupole emission) or require a much
higher temperature than the average temperature of this medium to be excited
(e.g. the para- and ortho-transitions, vibrational transitions). Mapping of this
molecule must then rely on tracers, of which the most commonly used is the 12CO
molecule and its isotopologues '3CO and '¥®CO. The link between CO and Hj is
due to the similar formation and destruction process the two molecules undergo
inside dust grains, that protect them from UV-photodissociation. CO, although
being 10* times less abundant than hydrogen, presents a high line intensity and
its transitions are excited also in the cold medium. Excitation of CO is in fact

caused by collision with H, and it occurs also at temperatures of 5-20 K, when the
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density is high enough (n.,j; 2 10> cm~2). The lowest and most commonly used
level transition line, 1?CO(J=1—0), falls in the millimeter waveband at 115 GHz (2.6
mm). The most comprehensive survey of this line was obtained by Dame, Hartmann
and Thaddeus (DHT) [73] by combining the observations of two twin 1.2-m radio
telescopes one located at the Harvard-Smithsonian Center for Astrophysics and the
other in Cerro Tololo, in Chile. The survey covers the galactic plane at all longitudes
with a sensitivity of 0.125°. Other surveys like NANTEN [74] reach a 2 times better
resolution, but are limited to specific ranges of longitude. More recent surveys
like the FOREST Unbiased Galactic plane Imaging survey with the Nobeyama 45-
m telescope (FUGIN) [75], the Mopra telescope survey [76] and The Milky Way
Imaging Scroll Painting (MWISP) [77], include also the contribution of 1*CO and
18CO. The latter, being less abundant, produce generally optically thin emission,
allowing for absorption correction in regions where '2CO is optically thick. Besides,
higher-level transition lines (J=3— 2) occur at higher densities (10* cm~®) and hence
trace the most compact regions of the MM. Surveys of this line include the CO High
Resolution Survey (COHRS) [78] and the '3CO/C!30 (J=3-2) Heterodyne Inner
Milky Way Plane Survey (CHIMPS) [79]. The coverage (in galactic longitude) and
the spatial resolution of these surveys are compared in figure 1.8 to the resolution
of some y-ray telescopes. It is clear that for Fermi-LAT data, the resolution of the
DHT survey is more than sufficient, whereas next generation instruments like CTA
will benefit from the higher resolution of the most recent surveys.

The obtained maps are 3-dimensional. The radial velocity of the gas, v;sg ,
measured via Doppler spectroscopy methods, can be converted into a galactocentric
distance, Ry, provided that the motion of the gas is dominated by the rotation of
the Galaxy, and that the Milky Way rotation curve, V(R) , is determined accurately:
VIR) Vo

A R—O)sin(l)cos(b), (1.2.1)

VISR = R@(

here Ry and V,, are the radius and the rotation velocity of the Sun. For this reason,
vrsr is a measure of the distance along the line of sight and therefore to calculate
the column density one performs an integration over v; gg.

The '2CO(J=1— 0) line (hereafter CO-line) is in general optically thick, however
a correspondence between the velocity dispersion of the emission and the mass is
guaranteed by the virial theorem (see e.g. [80]). Therefore, the column density of

H,, with an opportune calibration, can be related to the brightness temperature of
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Fig. 1.8 Angular resolution of the main surveys of the molecular medium and their
coverage of the galactic plane. The features of the HI4PI survey of galactic Hr are

also shown. For comparison, the resolution and coverage of several gamma-ray
instruments are also plotted.

CO. That is an equivalent measure of brightness as it is defined as the temperature

that characterizes a black body of a given brightness, according to Planck’s law
hv

(I, = 2hc=?v3(e*™ —1)71). The column density can then be calculated as:

NHZ(l,b):XcofTb(V,l,b) dv. (122)

Here X represents the conversion factor between the integrated brightness
of CO and the column density of the H, molecule and amounts, on average, to
Xco =2x10%0 cm™2 K~! km™! s [80], with an uncertainty of 30%. Whether this
factor can be applied uniformly in the Milky Way is still uncertain. In fact, while
this factor may vary from site to site due to local conditions (e.g. composition,
dissociation rate, density etc.), on the large scale several studies based on virial
techniques [81], observations of other isotopologues [82], or extinction [83] agree
with the value given above (see Table 1 in [80]), at least for the 1 kpc < R,q < 9 kpc
region. In the innermost part of the Galaxy (< 500 pc) several pieces of evidence
show a lowering of 3-10 times. Conversely, in the outer Galaxy, as a consequence of
the decrease of metallicity the CO-to-H, factor is expected to increase. Furthermore

CO fails to trace H; in certain regions, for example where there exists hydrogen in
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molecular form, while carbon is not in CO molecules but rather atomic or ionized
(C*). Also, as the transition is excited by collisions, in regions where the gas density
is too low, a significant excitation of CO is not granted. At the same time, a too
high density can lead to saturation of the emission. What is not traced by CO or
Hr is generally known as dark gas and can be unveiled in dust extinction maps, as

discussed later.

1.2.2  Molecular Clouds in the Milky Way

From the CO survey of Dame Hartmann and Thaddeus [73], several Molecular
Clouds (MCs) catalogs have been produced, e.g. Nakanishi & Sofue (2006) [84], Pohl
et al. (2008) [85], Rice et al. (2016) [86] and Miville Deschénes et al. (2016) [87].
Clouds are identified as peaks in the | — b — v plane with different techniques. Of
particular interest are the techniques employed by the two most recent catalogs,
which have been used for the analyses described later: Rice et al. (2016) used
a dendrogram technique that consists in finding coherent pixels in the CO map;
Miville-Deschhénes et al. (2016) used a Gaussian decomposition technique, that
looks for Gaussian-like structures in the 1-b-v space and clusters them together,
if considered coherent. The firsts decomposed almost 40% of the surveyed CO
data, while the seconds managed to include the 98%, and it is so far the most
comprehensive catalog of MCs of the Milky Way. Clouds are then identified as
bright clumps around a central location (I,b,v). The center is determined by a
weighted average of the CO integrated intensity, Wgp = Idv Tg(v) over the pixels:

WL I
I= Zl—tgtol (1.2.3)
WC‘O
Li Weobi
b= W—g? (1.2.4)
(6[0)
and the radial extension is obtained in a similar way:
LiWeolli=1)
o= E 00l =] (1.2
'CO
Who(bi—b
op = LiWeolbi—b) (1.2.6)

tot
WCO
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and from these the extension can be defined as 6 = \/(0704)/7. The center in velocity

and the relative dispersion function is determined as a emission-weighted average:

Tw
(v) = % (1.2.7)
o, = Z;-Ti(gi;fv»)z (1.2.8)

where Tg(v) is the cloud emission spectrum along the line of sight and result from
the superposition of multiple gaussian peaks.
After having located the cloud position (I, b,v), the distance, R, from the galactic

center can be obtained by inverting equation 1.2.1:

1

v
sin(/)cos(b)

R =R,V (R)sin(l)cos(b) (1.2.9)

Vo +

However, besides the uncertainties related to the rotation curve,V(R), in the
inner Galaxy, this method suffers of an ambiguity, the so-called kinematic distance

ambiguity (KDA), because two solutions exist, where R < R:

d:R@cos(l)i\/R2—Résin2(l) (1.2.10)

The ambiguity can be resolved in the case of clouds by associating them with objects
of known parallax (e.g HII regions or masers [88]), by evaluating the 21-cm line
absorption against the clouds [89], or invoking physical relations as the dispersion-
linear size (o, — Ry) relation [81], a consequence of the virial theorem. In this case,
the distance is chosen so that R, better matches the o, — R, relation. Often, also the
height on the galactic plane is used to discriminate between near and far distance: in
fact if the result for the distance would locate a cloud too high in the plane (|z|> 200
pc), the other distance is selected, to conceal with the typical scale height of the
molecular medium (hypr ~ 70 pc; Tablel.1).

The mass of a molecular clouds is derived from the column density, once the

distance is known:

col,i

M =m, ZNH AIAD d2 = m, X, W,AlAb d? (1.2.11)
i
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It is useful to define a parameter A = MS/d}?pc , where M5 = M/10°> Mg and dpe = d/1
kpc to characterize the flux of a molecular cloud, see Equation 1.1.14. This parameter
quantifies the portion of column density that is embedded in a molecular cloud
(Equation 1.2.11). In the ratio A, the distance, d cancels out. As a consequence, this
parameter is independent both of the uncertainty of the mass, and of the uncertainty
on the distance, and therefore is not even subject to the KDA. The only uncertainty
is determined by the gas tracer. In the case where CO is considered as tracer, the
uncertainty is of the order of 30% [80], in case of dust it reduced to ~ 20%.

The distribution of the main parameters: A, mass, angular size and velocity
dispersion of the clouds catalogued in ref. [87], are plotted in Fig. 1.9, The total mass
included in clouds amounts to 1.6 x10° M. The mass distribution is dominated by
small objects, with the peak that falls below 10° My, for the outer Galaxy and below
10% Mg, in the inner Galaxy, where the most massive objects are. Here the mass
reaches also 107 M, in a few cases. This is reflected in the A parameter that in some
cases overcomes 1, in the inner Galaxy, although most of the objects have a relatively
small A—factor A < 0.2. The smallest angular size of MCs coincides with the survey’s
angular resolution, 0.125°. The sizes of molecular clouds, approximated as circles,
span from that threshold up to more than one degree for clouds close to the Earth,
but the majority of clouds have a radius lower than 0.5°, that, for an average distance
of 3 kpc corresponds to a physical radius of 80 pc. Naturally, the biggest clouds, in
terms of angular size, are found in the outer Galaxy, as they are closer. A dichotomy
is observed also in the velocity dispersion that tends to be higher in the inner Galaxy,
probably as a combined effect of the presence of bigger clouds in the inner galaxy,

especially around 4 kpc and of a selection bias in the detection.

1.2.3  Neutral atomic hydrogen

The neutral atomic hydrogen, Hi, in typical conditions of the ISM, is hardly found to
have excited electrons and its main transitions are uniquely observed in absorption
towards UV-luminous stars [90]. Unfortunately, UV observations are limited by dust
absorption and hence cannot trace the entire Milky Way. On the other hand, the
spin-flip transition between the 2 hyperfine states, parallel to anti-parallel, although
it has a rate of 2.5 x1071° 571, is widely detected, thanks to the huge abundance
of H in the Galaxy, and serves as the main tracer of atomic hydrogen. This line
falls at A = 21.106 cm, that corresponds to v = 1420 MHz, both in emission (CNM
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Fig. 1.9 Main physical properties of the clouds reported in [87]. From top left to
bottom right: the A parameter, defined as the ratio between M5 = M/10°> Mg and
d,fpc =(d/1 kpc)z, which characterizes the y-ray flux of a molecular cloud, the mass,
the angular size and the velocity dispersion. In the plot, the clouds are divided into
inner-galaxy clouds (Rg, < 6 kpc; grey bars) and outer-galaxy clouds (Rg, > 6 kpc;
green-contoured bars).
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and WNM) and in absorption (CNM). Observations of the 21-cm line have been
carried out successfully by different observatories: the Parkes 64-m Radio Telescope
(in Australia) produced the Galactic All-Sky Survey (GASS) [91], the Effelsberg
100-m telescope (in Germany) yielded to the Effelsberg-Bonn HI Survey (EBHIS)
[92], later merged in the all-sky HI4PI survey [93] that achieves a resolution of 5
arcmin. Combined with the information on the radial velocity, these maps show that
Hi is distributed in the entire Galaxy up to a distance of ~ 30 kpc from the Galactic
center, making this component fundamental to trace the outermost layers of the
Galactic disk, where the molecular medium fades. Observations of the 21-cm line
emission provide an all-sky map of Hi brightness temperature, Ty, as a function of
the radial velocity, v. This, equivalently to what was found for molecular hydrogen

(see Eq. 1.2.2), is a proxy of the column density, which is then calculated as:
Neoi(1,b) :XHIJTb(v,Z,b) dv (1.2.12)

where Xy = 1.8 x10¥cm=2 K~! km~! s [94]. However, this equation holds as long
as the emission can be considered optically thin. It can happen that along some
lines of sights, some CNM interposes, absorbing part of the radiation. At the
same time the emission of CNM could also be self-absorbed. In this way, the
column density resulting from equation 1.2.12, would be an underestimation of the
true density. Moreover, the continuum radio emission, raising from diffuse radio-
synchrotron (with brightness temperature T-) acts as background signal and it
should be quantified correctly. In other words, the observed brightness temperature
is not a good approximation of the line excitation temperature (or spin temperature),
Ts, but rather Tz = (Ts — Tc)(1 — exp(—1)), where 7 is the optical thickness of the
medium. The corrected expression for the column density results, by inverting the
expression for Tg:

NHI:XHIJT T dv:—XHITSJ.ln(l— Ts )dv (1.2.13)
Ts - Tc

The spin temperature, Ts, can be determined using the on-off method, that compares

the spectrum in emission of a gas cloud (off-emission), with the one in absorption

against a bright continuum source (on-emission) [95-97]. However this method

is limited to small specific regions and for the entire galaxy one has to rely on an

average value.
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1.2.4 Interstellar dust

Dust, being well mixed with the gas component, serves as an alternative tracer
of the neutral medium. Dust is composed of grains of silicates (Mg/Fe-rich) or
graphites (C) of different sizes up to a few micrometers. These grains absorb the
radiation of hot stars and re-emit in the far-infrared waveband, hence offering two
observational channels for this medium: extinction and thermal emission (e.g. [98]).
The correlation of dust with CO and HI emerged from observations at 100 ym with
the Diffuse Infrared Background Experiment (DIRBE onboard of COBE satellite
[99]) and the Infrared Astronomy Statellite (IRAS [100]) and was later confirmed
with the Planck mission also for dust opacity at different wavelength [101] . The
relation between dust opacity, 7p, and H column density is given by:
r \-1
NH:NH1+2XCOWCO:(—) (95 (1.2.14)
Ny ref

where the conversion factor comes from the linear interpolation of the dust/gas
relation and depends on the observed frequency, and for example it amounts to
8.5x10% +20% at 353 GHz [101]. Although in general dust appears proportional to
the gas, significant variations from linearity appears, especially in the intermediate
density range (8 x 102° < Ny < 5x 10%! ) . The latter has been interpreted as due to
the contribution of dark gas. Validations of this hypothesis come from gamma-ray
observations, that asses a similar level of enhancement over the expected gamma-ray
emissivity from the gas component. However, this is valid only provided to know
the density of the CRs at the interaction site, which is unknown a priori. Other
arguments to explain the detected deviations of the dust/gas ratio are considered
unlikely [101].

Taken into account that, dust is considered the most reliable tracer for the large-
scale diffuse gas. However, missing the information on the radial velocity, it can
only provide a bi-dimensional picture of the Galaxy and when a kinetic separation
of the medium is needed, one needs to rely on the HI and CO data. Interestingly, the
GAIA collaboration, exploiting the great precision on star parallax determination,
has recently started a 3-dimensional mapping of the interstellar dust. They are able
to constraint the location of dust by evaluating the extinction effects on stars at
different distances [102]. This method is very promising, as it is able to distinguish
structures as small as ~ 25 pc, [103]. Dust 3D maps obtained with Gaia, which is

an optical instrument, are limited in depth and for now only the region within 3
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kpc from the Sun has been mapped [103]. Complementary samplings have been
obtained from infrared measurements, e.g. with APOGEE and managed to reach ~7

kpc, although with a lower resolution [104].
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1.3 DIFFUSE GAMMA-RAY EMISSION

The first conjecture about the gamma-ray emissivity of the interstellar medium
traces back to 1952, when Hayakawa [105] firstly noticed that cosmic rays confined
in our Galaxy have sufficient time to interact and produce secondary radiation.
Having a good understanding on the diffuse gamma-ray emission is fundamental
not only as it constitutes the background in all sources analyses, and having it firmly
constrained is necessary to have a good understanding of the observations, but also
as it can provide itself unique information on the primary particles that produce the
flux. The interstellar medium in fact, targeted by the galactic population of cosmic
rays, produces high-energy radiation via the main gamma-ray mechanism: inverse
Compton, bremsstrahlung, and pion decay.

From the pioneering experiments of SAS-2 [106], COS-B [107, 108], and EGRET
[109] to the recent investigations with Fermi-LAT [110, 111] it appears a striking
spatial correlation between the large-scale gamma-ray emission and the gas radio
and infrared maps (see Fig. 1.10). The raising technologies, together with the
improvements on the theoretical modeling allows us now to have a deep understand-
ing of the single components and their relative contribution [112]. Nevertheless,
uncertainties related to the density of the interstellar medium, to the interstellar
magnetic fields and the propagation models of cosmic rays leave space for further
investigations. In the following, the main emission process and their relative contri-
bution at 1 GeV are described, then the state of art of the results of analyses of the

diffuse y-ray emission is presented and commented.

1.3.1 Main radiation mechanism of the Interstellar Medium

The main channels of production of diffuse gamma-ray emission above 1 GeV are the
inverse Compton scattering, which happens when an energetic electron exchange
energy with a photon (typically of lower energy), increasing its energy up to the
y-ray regime; Bremsstrahlung, the braking radiation produced by charged particles
when deflected by the electric field of other charged particles, normally ions; the
emission of pion decay, which happens as a consequence of nuclear collisions, mainly
proton-proton that produce unstable mesons that quickly decay (see Eq. 1.1.11).

Other non-thermal processes as synchrotron and annihilation of pairs are negligible
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Fig. 1.10 Fermi-LAT counts map (left panel) collected above 1 GeV and the Planck
353 GHz dust opacity map (right panel) for the central 30° of the Milky Way (|/|< 30°,
|b|< 30° ). In both maps not only the galactic plane is well distinguishable, but also
the regions of the molecular clouds p-Ophiuchi [(/,b) = (353.7,17.7)°] and RCrA
[(I,b) =(359.9,—17.8)° ] are well visible. Fermi-LAT data have been retrieved from
[113], Planck data from [114].
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in comparison to the other emission mechanism at the considered energies (60
MeV-100 GeV).

The diffuse inverse Compton radiation originates when high-energy electrons
scatter on the galactic radiation fields, primarily the 2.7 K-cosmic microwave back-
ground (CMB), that has a constant energy density of 0.25 eV/cm?, the starlight
radiation that peaks in the near-infrared (NIR) at 1 ym and the thermal emission of
dust grains around 100 ym in the far-infrared regime (FIR). To model this emission,
a good knowledge of the distribution of the interstellar radiation fields (IRFs), which
may vary significantly in different regions of the Galaxy, is needed but that is diffi-
cult to reconstruct, net of absorption. Stars and dust energy density can vary up to
several orders of magnitudes from the center to the periphery of the Milky Way and
along the direction perpendicular to the Galactic Disk (see the recent calculations of
[115] ). Furthermore, local variations, as for example due to star formation, are hard
to predict and cannot be accounted in large-scale profiles. Besides, also the galactic
electron spectrum is unknown. The spectrum measured at Earth (as in Eq. 1.1.4)
can’t be assumed to be representative of the whole Galaxy. Indeed, due to severe
energy losses, high-energy electrons can’t propagate further than a few hundred
parsecs, so we expect different spectra from site to site. Moreover, the cosmic-ray
electron spectrum below a few GeV is severely affected by solar modulation. Con-
straints on electrons far from Earth can be obtained in the energy range 100 MeV-1
GeV, from the radio synchrotron emission [116, 117]. This exploits the fact that
the electron energy distribution in this range is parallel to the injection spectrum.
Below 100 MeV, instead, the spectrum is deformed by ionization losses and above 1
GeV by synchrotron and inverse Compton losses. Recent investigations of this type,
suggest a spectral index of I', = 2.1-2.2, below a few GeV [118] and it get steeper,
reasonably to I', ~ 3 at higher energies. Knowing the spectral index, the inverse
Compton flux can be calculated for each component i of the radiation field (CMB,

NIR,FIR), if also the electron and photons energy density, w, and w;, are known:

Fip~10——¢ Y ( 5 )FzS( : )3;6 o (1.3.1)
e 0.1 eV/cm3 1eV/cm?3 10 kpc\1 eV 1 GeV cm? s st A

here € is the energy of photons, and is related to the energy of the out-coming
gamma-ray photon, E as: ey = (3/4)(E,/m.c?)"2/E. The total flux in the galactic

medium, provided by the sum of the different radiation components amounts on

2

average to 1078 erg cm=2 s7! sr7! at 1 GeV. The peak of IC radiation is found around



36 INTRODUCTION

100 GeV, and then decreases modulated by the cooling of HE electrons and by the
steepening due to the onset of the Klein Nishina regime, where the cross section of
IC rapidly decreases with energy.

Electrons interact as well with the interstellar gas, giving birth to bremsstrahlung
radiation. In order to model this emission one needs to know the composition of the
interstellar medium and the corresponding densities. Bremsstrahlung diffuse flux,

computed for typical values of the ISM, following [112] results:

Pbremms = 10_8

w, Ny ( E )2—re erg (13.2)
0.1 eV/cm31022cm=2\1 GeV cm? s sr e

This is comparable to the flux due to IC at 1 GeV. However at these energies, the
bremsstrahlung spectrum has already started its fall-off. The shape of the emitted
photon spectrum, in the case of bremsstrahlung follows the shape of electrons but
with E ~ E,/2. As a consequence, the steepening occurs at a lower energy in the
case of photons, namely around few hundred MeV. At energies higher than 1 GeV
the contribution of bremmstrahlung is always subdominant with respect to the
other components, unless the hydrogen density is very high. Nevertheless, given the
same Ny, the emission originating from the decay of neutral pion overcomes the
bremsstrahlung in the GeV-TeV range.

The main channel considered in this work is the production of gamma-rays from
the decay of neutral pions (Eq. 1.1.11), produced in the interaction between CRs
and the matter in the ISM, as it serves as tracer for galactic CR protons. The flux in
this case depends on the energy distribution of cosmic-ray protons, on the hydrogen
column density and on the fraction of heavy nuclei. Assuming average values for

column density and nuclear enhancement, it results:

Ppion = 10_7

w, Ny ( E )2‘rp erg (13.3)

1eV/cm3 1022 cm=2\1 GeV cm? s sr

making the pion decay the dominant component at 1 GeV. A caveat that concerns
this radiation component, is the penetration of CR protons in dense regions of
the diffuse medium. This matter has been addressed, by considering the effects
produced by the magnetic fields [119] and modification of the diffusion coefficient
[120]. Both concluded that CRs of energy E > 100 MeV can freely penetrate the
diffuse medium, in standard conditions. That is safely above the energy threshold

for formation of pions that is ~ 300 MeV/nucleon. The characteristic cooling time
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of pion-decay is estimated to be

-1
Tpp = (ny0fe)! z5><107(1 ) yr (1.3.4)

cm~3
, assuming that per interaction the proton loses a fraction f = 0.5 of its energy.
That can be compared to the average cooling time of bremsstrahlung 7,,.,,,s = 4 x
107(n/1 cm™3)~! yr and of inverse Compton ;¢ ~ 3 x 108(w;/eV/cm?)(E/1 GeV)™!
yr [31]. In regions with a high proton density, the pion-decay is expected to be the
most efficient over bremsstrahlung although the ratio can change near regions rich
in electrons. The same applies to inverse Compton, although in this case the cooling
time depends on energy and the efficiency is much larger at higher energies.

The relative contribution of each component is displayed in Fig. 1.11 and it has
been adjusted to fit the average spectrum measured on the Galactic disk between
|b]< 5° by Fermi-LAT.

1.3.2  Observations of the gamma-ray diffuse component

If at energies > 1 GeV the contribution of pion-decay radiation is expected to
dominate the y-ray diffuse emission, observations of emission at that energy provide
direct information on the galactic population of CR protons, since F;,, < N - Jcr
(Eq. 1.1.15). Hence, knowing the density of the gas and measuring the gamma-ray
flux, the energy distribution of cosmic rays can be easily derived.

The Earth atmosphere prevents high-energy (A < 100 nm) photons from reaching
Earth as they collide with the atoms in the high layers of the atmosphere, producing
cascades of secondary particles, the so-called extensive air showers. Ground-base
observatories are aimed at detecting the products of these showers. Only photons of
sufficient energy > 50 — 100 GeV produce a long enough shower to be detected at
Earth. Observations of MeV-GeV photons can be carried out only in the outer space,
by means of satellites. The main technique used in this case is the pair-conversion:
the incoming y-ray photon enters the instruments and, traversing different layers
of material, has the chance to decay into an electron-positron couple that is then
revealed by a scintillator. Several instruments exploited this technique, from past
experiments like the COS-B and the Energetic Gamma Ray Experiment Telescope
(EGRET) to the ongoing AGILE and Fermi-LAT. The latter has the largest effective

area (1 m?) and is the best available instrument, in the GeV-energy range (60 MeV-
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Fig. 1.11 Model of the gamma-ray energy spectrum of the Galactic Disk between lat-
itudes -5° and 5° as measured by Fermi-LAT [110]. The relative contribution of the
main radiation mechanism, namely synchrotron, inverse Compton, bremsstrahlung
and pion decay are shown. They have been calculated with the naima python
package [121] and have been adjusted to interpolate the gamma-ray data points.
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Fig. 1.12 Sensitivity and angular resolution of the Fermi-LAT. The values have been
taken from the Fermi-LAT performance’s web page [122]. The two sensitivity curves
refer to the outer (dark red) and inner (light red) Galaxy. The angular resolution
curves refer to photon converted at the front (light green) or at the back (dark green)
of the instrument, while the average resolution when using photons converted both
in the front and in the back of the detector is plotted in black.

300 GeV), both in terms of sensitivity (107!! erg s™! cm™ at 1 GeV) and in terms of
angular resolution (0.5°, at 10 GeV) , see Fig. 1.12. More details on the functioning
of the instrument can be found in Chapter 4. The use of satellites moreover, allows
a full-sky coverage making an instrument like the Fermi-LAT the ideal detector of
the diffuse pion-decay emission.

Study of the diffuse y-ray emission have been carried out also in other energy
bands. The INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) has
studied the contribution between few keV and few MeV and managed to model the
lowest energy part of the diffuse emission, despite the difficulties arising from the
superposition of many different processes [123]. At the opposite extreme, at very
high energy (>1 TeV) the contribution of the diffuse emission is fainter and fainter,
and the galactic plane is totally dominated by sources, but it can be significant
especially in the central galactic regions. The diffuse emission have been studied
for example by H.E.S.S. [124] MILAGRO [125], and HAWC [126, 127], reporting
a higher flux towards the inner galactocentric region, that can be at least partly
accounted by a collection of unresolved sources, namely the source that have a flux

lower than the sensitivity of the instruments.
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On the radial profile of the Galactic diffuse emission as seen by Fermi-LAT

Several studies have analyzed these component of radiation by extracting the gamma-
ray emissivity in several rings centered at the galactic center and delimited by
different galactocentric distances. To do so, one has to create a template model for
emission for each ring of gas, hence one needs to perform a kinematic separation
of the interstellar medium. This can be done by assigning a distance to the gas
via the kinematic distance method, using Eq. 1.2.1 [128]. Note that because of the
dependency of this relation on sin(/) the separation becomes harder in the inner
galaxy. Moreover in the innermost part of the Galaxy (R<3 kpc) the rotation velocity
is not well constrained [88].

First investigations of this kind were conducted by COS-B [129] and EGRET [109]
that reported a shallow increase, of a factor ~ 50%, of the gamma-ray emissivity
towards inner Galactic radii, with a maximum somewhere around 4 kpc. More recent
analyses with Fermi-LAT confirmed this tendency. The Fermi-LAT collaboration
[111] and the independent analysis of Yang et al. (2016) [130] and Pothast et al.
(2018) [131] observed an increase of the y-ray emissivity with a peak of a factor ~
4, between 1.5 and 4.5 kpc in the first case and between 4 and 6 kpc in the second.
The difference rises almost certainly from the different separation of the rings. On
the other hand the emissivity gradient reported in [131] is much smoother, more
similar to EGRET data. This is due to the assumptions made on the X conversion
factor as briefly discussed later. Besides, the authors measure a similar behavior also
for the spectral index, that changes from 2.8 at the local (8-10 kpc) ring to 2.5 at a
distance of ~ 4 kpc from the center, and drops again abruptly in the innermost part
of the Galaxy, where it becomes close to 3.

As a first approximation one expects that the observed gradient in y-rays matches
the galactic distribution of CR sources. In a region with high density of accelerators,
in fact, freshly injected particles may accumulate, giving birth to a higher emissivity
and a harder spectrum, since the propagation has not spread the particles and
softened the spectrum yet. However Strong et al. [117] pointed out how the degree
of variation of y-ray emissivity, as measured by EGRET, was much lower than the
variation in the radial distribution of SNRs, considered the primary sources of
cosmic rays. This discrepancy is resolved if the X factor is allowed to vary as a
function of the galactocentric distance. One of the caveats in the analysis based on
CO templates resides in the accurate determination of Ny that depends, at least

for the molecular component, on the aforementioned conversion factor. In fact it
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Fig. 1.13 Upper panel: radial distribution of the gamma-ray emissivity per H atom
of the diffuse gas as measured by EGRET [109] and Fermi-LAT by different authors
[111, 130, 131]. The values are normalized to the value observed in the local region
(~ 8 kpc). For comparison, the radial distribution of supernova remnants from [69]
is also plotted. Lower panel: radial distribution of the derived CR spectral indexes
from the same works. Two model predictions for the radial distribution of the
spectral index are also plotted: one takes into account the effect of turbulence [132],
the other assumes anti-correlation between the sources and the diffusion coefficient

[133], see the text for more details.
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should be noticed that from observations of F;,

but rather Y = X %X Fcg. The two values are strictly connected within each other

» one does not derive directly Fcp

and cannot be determined fully independently. Analyses of refs. [111, 130], that
leave X free to vary, are consistent with the galactic radial distribution of SNRs
[69], as shown in figure 1.13. Arguments in favour of the radial dependency of
Xco are based on dust diffuse observations [134] and on the decrease in metallicity,
towards the GC [135], even though the tests reported in [80] for the Milky Way
tends to favor a constant value. Nevertheless, the emissivity derived in [130] from
dust templates, that is independent of X, show the same enhancement of ~3 in
the inner Galaxy (5° <1 < 15°).

There exist three main scenarios to explain such behavior of the CR distribution
that consider: i) the contribution of ‘fresh’ accelerated particles, ii) the contribution
of undetected sources or iii) the modification in the propagation parameters. In the
first scenario, the contribution of recently accelerated particles is considered to vary
in different regions of the Galaxy. Naturally, in regions close to an accelerator the
injected particles will be more abundant and there will be an over-density of higher
energy particles with respect to other regions, where there has been no acceleration
and whereto particles have arrived only after diffusion. In a region with a higher
number of accelerators, in the case of impulsive accelerators like SNRs, the rate of
explosion is higher. This is analog to consider an ‘efficient” age of the accelerator that
is on average lower, and consequently, the particle spectrum results similar to the
one derived for young SNRs (see Fig. 1.5), namely enhanced and harder [136]. This
scenario conciliates with the fact that the highest and hardest spectra are measured
at a galactocentric distance that hosts the highest density of supernova remnants.
In the second scenario, the enhancement could be produced by the contribution of
sources that, although not significant enough to be recognized and to be included
in the source models, might still provide some photon counts to the overall diffuse
emission. The effect of the so-called unresolved sources has been quantified in [131],
where the authors pose an upper limit of 20% to their contribution. In the third
case, modifications of the diffusion properties throughout the Galaxy are considered.
This scenario is motivated by the fact that turbulence could significantly affect the
propagation of particles. Objects as supernovae, pulsars, stars with strong winds,
jets ect. can induce turbulence in the ISM. Because most of the galactic source
populations peaks around 3-5 kpc from the GC, the maximum effect of turbulence

is expected there. Guo et al. (2018) [133] propose a model where the diffusion
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coefficient is anti-correlated with the distribution of sources. The model shows
good agreement with the data. Moreover, this model accounts for several of the
observed properties of local cosmic rays, such as the hardening of primaries and the
electron/positrons ratio. On the other hand parametrizations like the one in [132],
that assume a gradual decrease of the diffusion coefficient with the galactic radius,
fails to reproduce the inner part of the Galaxy.

Interestingly a recent modeling [137] of the VHE emission, demonstrated that
there is no need to have a continuation of the hard and enhanced spectrum measured
at GeV-energies to explain TeV observations. In fact the pion emission as observed
by Fermi, extrapolated at higher energies, together with the contribution of known
sources saturates and sometimes exceed the measured TeV-flux, leaving no space
for other components as unresolved sources, nor IC that is not negligible at TeV

energies.






GIANT MOLECULAR CLOUDS AS PROBES OF GALACTIC
COSMIC RAYS

Most of the molecular medium in our Galaxy is embedded in distinct structures,
Molecular Clouds (MCs), that can be distinguished as over-dense clumps in the
I —b—v space. The mass of a MC, typically comprised between 103 Mg and 107 M,
is embedded in a radius of 10-100 pc, making them perfect targets for investigating
the galactic population of CRs, not only for their enhanced density, but more
importantly because they allow us to localize the origin of the emission within the
radius of the cloud itself.

In this Chapter, I present the results obtained from the analysis of different
regions of the Galaxy corresponding to the locations of several Giant Molecular
Clouds from the nearby (~ 500 pc) Gould Belt complex up to a distance of ~ 10 kpc.
Firstly, the parameters that determine the visibility of Molecular Clouds in y-rays
are discussed. Secondly, the employed analysis method is described and finally the

results in terms of gamma-ray and proton are presented and commented.

2.1 COSMIC RAYS FROM MOLECULAR CLOUDS

In a similar way as for the diffuse medium, molecular clouds emits y-ray radiation,
when cosmic rays penetrate in their interiors. One can argue that the penetration of
cosmic rays in high-density regions as molecular clouds are, is impeded or made
more difficult by the turbulence that these particle induce on the outer layers of
gas, altering the diffusion coefficient. The extent of this effect has been evaluated by
several authors [119, 120, 138], that modeled the dynamics of CR-particles outside
and inside the cloud and they all reached the common conclusion that, for typical

conditions, only CRs of energy lower than 100 MeV can be effectively excluded from
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MCs. This is safely below the threshold energy for pion production, granting that
the originating y-emission is a valid tracer of the ambient CR population.
Differently from diffuse analysis, where the contribution of the molecular medium
is integrated over a large scale, in the case of MCs the considered target is embedded
between a few tens to a few hundred parsec scale, therefore the derived cosmic ray
parameters refer to that specific location of the Galaxy. This is the primary advan-
tage of observing molecular clouds instead of diffuse gas, as they provide differential
(site-to-site) information on the cosmic-ray density distribution, whereas from dif-
fuse emission only integrated information, on a large scale, can be retrieved. This
can be done, as the density in giant molecular clouds, in many cases, is large enough
to overcome the detection threshold of the gamma-ray instruments alone. This is of
fundamental importance to test the real distribution of the galactic cosmic-ray sea
and to constrain the theories which concerns it (see Sec. 1.3.1). Furthermore, when
the flux is extracted from a smaller region, the contribution of mis-modelled sources
or unresolved gamma-ray sources has a smaller effect. For these reasons, y-rays
from individual GMCs offer a straightforward and unbiased channel for observation
of galactic CRs and can operate as unique CR barometers throughout the Galaxy
[139, 140]. In particular, passive GMCs, namely clouds located far from CR sources,
provide a measurements of the level of the CR sea, that is free from any contami-
nation of freshly injected particles. The measured spectrum of cosmic rays is then
determined only by the propagation of the cosmic rays up to the cloud region. Even
if it is hard to determine a priori whether a molecular cloud is truly passive, as it can
be influenced by an undetected (dark) accelerator, or by a collection of relatively near
accelerators, any deviations due to nearby injection would result in a enhancement
of the CR density with respect to the value measured locally, providing that this can
be identified as the average cosmic ray spectrum. If the spectrum instead matches
the local level, not only it would guarantee that a truly passive cloud is observed,
but it would also assure that similar propagation properties characterize regions of
the Galactic Disk beyond the local environment. To test the uniform-sea hypothesis,
as many objects as possible need to be analyzed. Unfortunately in some cases MCs
overlap with other, generally brighter, y-ray sources and therefore in these cases,
the y-ray flux cannot be safely extracted. It can also happen that other MCs fall on
the same line of sight as the cloud of interest. Even if that is a quite remote case,
as pointed out by [87] that noticed that most of the directions are characterized

by 1 or 2 molecular clouds, it is important to evaluate the relative contribution of
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the targeted cloud to its line of sight and understand if the contribution of the gas
at different distances can be correctly modeled. Finally, the detectability of such
emission with the given instrument sensitivity has to be considered. In the follow-
ing, the performances of Fermi-LAT after 10-yr of data collection are discussed and
compared with the expected flux level of MCs illuminated by the cosmic-ray sea,
following Eq. 1.1.14. The expected flux from a MC can be factorized as the contribu-
tion due to the physical properties or the clouds, A, and the cosmic ray properties
at the cloud location, ¢(E), into: F,, = A ¢, (E), where ¢ includes also the nuclear
enhancement parameter, {y. One can predict the emission from a MC assuming a
certain spectrum of protons. As the primary interest is to observe the ea of cosmic
rays, one needs to assure that the emission produced by a spectrum of cosmic rays
similar to the one measured locally is visible with a given instrument. For the same
arguments presented for the diffuse emission, the Fermi-LAT is the most suitable
instrument also for the studies of single molecular clouds. Its sensitivity [122], both
for the inner (|/|< 60°) and the outer galaxy (|/|> 60°) is plotted in Fig. 2.1. For
extended sources, such as molecular clouds, the sensitivity is worsened by a factor
that depends on the instrument resolution (for Fermi-LAT: opgr < 0.15° for E > 10
GeV ; opsp > 3.5° for E =100 MeV) and on the extension of the source, O (e.g. [60]):

2 2
1/UPSF+6

w=— (2.1.1)
OpSF

This factor is accounted for in the figure, by plotting the sensitivity in an area that
spans from w(6 = 0.2°) to w(6 = 1°). The sensitivity has been compared to the
flux calculated for molecular clouds of different A=0.2,0.4,1, assuming as proton
spectrum the one reported by AMS02 [18] up to 100 GeV (solid line) and the one of
Dampe [17] above (dashed line), which reported a small hardening at those energies.

It is clear from the plot that molecular clouds with an A parameter larger than 0.4
can be detected, considered the typical angular sizes of the clouds. This threshold
can be lowered further when considering only the outer regions. To compensate for
a loss in sensitivity due to a large area a large A factor is needed, as in the case of

the near Gould Belt molecular clouds.
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Fig. 2.1 Gamma-ray flux expected for molecular clouds of different A parameter
(0.2, orange; 0.4, green;1, blue) illuminated by cosmic rays of spectrum similar to
the one measured by the local direct experiments. For comparison, the sensitivity of
Fermi-LAT for the inner (light red) and outer (dark red) longitudes are plotted as
areas, to account for the different worsening due to the observed source extension,

0, from a value relative to 8 = 0.2°,to 6 = 1°.
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2.2 ANALYSIS TECHNIQUE

Analyses of gamma-ray data are based on Likelihood method, extensively described
in [141]. In particular, the analysis of Fermi-LAT data performs a maximum likeli-
hood fitting of the data on the 3-dimensional parameter space of coordinates and
energy. The Likelihood, L, is defined as the probability of reproducing the observed
data with a certain model. In other words, L measures to which extent the data
resemble a given model. The input model, M(E, p), to which the data are compared,
includes the information on the position (p) and on the energy spectrum of all the
sources in a certain region of interest (ROI). To be commensurate to the data, the
model is convoluted with the instruments response functions (IRFs), R(E,plE’, ),
that account for the modification of the data while passing through the detector. The
IRFs include information on the point-spread function, on the energy dispersion
and on the effective area. In this way, the expected number of counts would be given
by:

My (E',7) = JdE 47 R(E, FIE', F') M(E, §) (2.2.1)

To construct the Likelihood function one can follow a binned or an unbinned ap-
proach. In the first case, the data are divided in bins in the / — b — E space and for
each bin the number of expected counts is derived, according to the given model. In
the second case the methods are analogous to the first, but the dimension of the bins
tends to zero. The unbinned approach is more precise but highly time-consuming,
therefore is hardly employed and will not be treated. In the case of a Poissonian
distribution of the events, for each bin the probability can be calculated as

n;

P(A;,n;) = n—{‘e—*i (2.2.2)
!

where A;, the average number of events, is calculated from the model and #; are the

observed counts. Thus, the total Likelihood function results:

- A7’
L=[ [P@im)=eNer ]| o (2.2.3)
1 1
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Most commonly, the Log-likelihood, £, is used:

At
£=—-2log(L) = 2N, - 2 Z(log ,TZ') (2.2.4)
i i

which, in the case of a large number of events this quantity is equivalent to the
x? distribution (Wilks theorem), so that maximizing L, is equivalent to minimize
the x2. The highest the log-likelihood of a model, the better it represents the data.
In practical applications, this parameter is used both to test whether a model or
another better describe the data, and to quantify the significance of a detection,
by defining the Log-likelihood ratio between the maximum likelihood of the two
models one containing the source and the other without (null-hypothesis):

TS = 0_2 — 'Cmax,O

. 2.2.5
‘Cmax,l ( )

When the two models only differ for the presence of one source, the TS value gives a
measure of the significance, o = VTS, of that source.

The analysis procedure of Fermi-LAT can be carried out with specific softwares.
In the following fermipy [142] has been used, that allows us not only to select the
data, create a model and fit the parameters in order to maximize the likelihood, but
also to extract the source spectral energy distribution (SED) and analyze the residual
maps. Fermi-LAT data for the specific sky region and energy range of interest can
be downloaded from the online collaboration server [113]. The main steps of the

analysis consist are the following;:

* Preparation of the model: the starting model has to include all the known sources
in a given region of interest (ROI), usually centered on the source of interest
and several degrees wide. The information on the location and the spectrum
of the sources can be retrieved in the Fermi catalogs of sources: the most
recent are the 3FGL, released in 2015 [143], and the 4FGL, released in mid
2019 [51]. Besides discrete sources, the diffuse components need to be added.
The Fermi-LAT collaboration provides templates for the galactic (galdiff) and
extragalactic (isodiff) emission. The first embeds the contribution of pion
emission, inverse Compton and bremsstrahlung, the second accounts for the
isotropic emission observed at higher latitude that is believed to originate
outside the Milky Way, e.g. from far active galactic nuclei. However, in the

case of clouds analysis, the galactic diffuse template cannot be used, and a
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customized template is needed, for the reason explained in the following
section. The exposure time and the live-time spent on the specific ROI can
be calculated from the information included in the spacecraft file, that can
be retrieved with the data. The latter allows the production of a sourcemap,
that includes the predicted parameters for each source, convoluted with the

instrument response functions (Eq. 2.2.1).

o Selection of the data: 1 used the latest data release, Pass8 (evclass=128), which
benefits from better IRFs: a better event reconstruction, a larger range in
energy, an improved energy resolution and a significantly increased effective
area [144]. The data have different point spread functions, depending if they
originated on top of the instrument (FRONT) or at the bottom (BACK), as the
traveled length, and therefore the scattering probability is different. The user
can select to consider events that have originated in the front or in the back of
the detector or both; in the analyses that follow, both FRONT and BACK events
(evtype=3) have been considered, in order not to lower the number of detected
photons, that would compromise the significance of the source detection.
Other cuts are applied to guarantee the quality of the data: a maximum
zenith angle of 90° assures to exclude the Earth limb luminosity, moreover
a spacecraft file labels the events that have a valid pointing direction and
time and the others are discarded. Finally, when a binned analysis procedure
is followed, the data are binned in coordinates and energy. The width of
the bin can be tuned. It is important that is not too low, as there is the risk
to obtain pixels that don’t contain a significant number of events, but it is
also important that is not too large, in order to not affect the resolution. In
the following I imposed a 0.1°-wide bin for the spatial coordinates and 8

logarithmically-spaced bins per each energy decade.

* Optimization: the first step, after having set up the data and the model, consists
in a first optimization of the parameters. All sources are fitted one by one.
This permit to update the parameters from the cataloged values. Usually the
parameters of the large scale components of emission (galdiff and isodiff) are
fixed during this procedure, as they could contaminate the sources. When
using a customized background this is not ideal, as the uncertainty on the

background could wrongly affect the sources parameters. In this case, it is
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better to firstly fit the diffuse component alone, with fixed sources, to find the

best values and then continue by optimizing the sources.

Fit: after having tuned the initial parameters of the sources, a fit of the model
is performed on the data. The optimizer used by fermipy can be chosen to be
MINUIT or NEWMINUIT [145]. The fitting procedure gives the maximum
L value and the detection significance in terms of TS for each source. With
this information, the model can be modified, by changing the source spatial or

spectral model, until the best configuration is found.

Residual investigation: to asses the quality of the fit, the residual maps are
investigated. The latter are obtained by subtracting the data counts map to
the final model map, resulting from the fit. Any significant excess need to be
included in the model and re-fitted. The significance of the excess is computed
for each pixel of the map as: o = (n— A)/VA, where n is the number of counts
in the data, and A the counts in the model. Any excess with ¢ > 3 is considered
as a significant source. Alternatively, fermipy permits to compute the Test
Statistic (TS) map of the residuals for each pixel. This is particularly useful to
identify new (non-cataloged) sources. As a criterion, any excess with TS>20 is

considered a new source and is added to the model.

Modeling of new sources: The new source is usually modeled as a point source,
centered at the center of the excess region and a Power Law energy spectrum
(AN/dE = No(E/Ey)~%). In some cases, when the model results not sufficient
to eliminate the residual, templates with a larger number of parameters are
considered to model the source, for example a extended source hypothesis is
tested against the point-source model, moreover the presence of a break or
other features in the spectrum are also considered.

Extraction of the flux: finally, when all the residuals have been optimized, the
spectral energy distribution (SED) for the sources of interest can be computed.
The SED method in fermipy consists in fitting, in each energy bin, the normal-
ization of a Power Law function of fixed index. In this way, one obtains the
flux level in each energy bin. An upper limit is set, when the counts in the bin

does not overcome the significance threshold of 4, unless differently specified.
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Diffuse background template

When analyzing Molecular Clouds, the standard template for the galactic back-
ground (galdiff) cannot be used, as it includes the emission from molecular clouds
itself and that cannot be separated from the other components. Moreover, in some
cases in the analysis of molecular clouds, a separation along the line of sight is
needed, and that is not possible with the standard background, as it is 2-dimensional.
I constructed, then, a new galactic background model, that includes the main emis-

sion component above 1 GeV:

* Pion decay. The template for pion decay emission is based on the maps of the

Molecular and Neutral medium tracers:

— CO+Hz; the advantage of using a template based on CO (e.g. [73]) and
HI (e.g. [93]) is that both these tracers include the information on the
radial velocity and hence the distribution of the gas along the line of
sight is known. This allows us to extract the portion of gas that belongs
to the cloud and analyze it as a separate component. In this way the
model includes a background source constituted of the whole galactic gas
datacube that falls into the ROI, except for the cube corresponding to the
MC coordinates (Al x Ab x Av), and a source composed by the missing
cube of gas at the location of the MC. The data-cubes so manipulated,
integrated along v and normalized for the sum and the total solid angle,
constitute the spatial templates for the cloud and the background gas
(upper panels in Fig. 2.2). Two different spectral models are assigned to
the background and to the cloud so that their parameters can be fitted
independently. In this way, it is possible to isolate the flux contributed
only by the cloud. The extracted spectrum, in fact, would refer only to the
portion of space within Al x Ab x Av that corresponds to a limited extent
on the line of sight and hence allows the localization of the emission.
However, large uncertainties raise from the CO conversion factor and the
Hr spin temperature, as discussed in the dedicated section of Chapter 1
(Sec. 1.2).

- Dust opacity; templates based on dust opacity have lower uncertainties
on the column density, however these do not include the information on

the distance and can be used only when the cloud of interest is the only
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or the absolute dominant object on the l.o.s., as in the case of Gould Belt
Clouds, located at high latitudes. Otherwise, the contribution of each

components along the column has to be considered meticulously.

* Inverse Compton. As a template for the inverse Compton emission, I used
the output from the GALPROP code v.54 [146], which is a computational tool
that solves the transport equation, assuming a given source distribution and
certain boundary conditions. In the specifics, the model here employed, named
5Y?6R30T150C2 assumes a distribution of the sources as the one reported in
Yusifov & Kru¢iik (2004) [68] and boundary limits of 10 kpc to the galactic
disk height and of 30 kpc to the galactic radius.

* Bremsstrahlung has been neglected as it is not expected to contribute signifi-
cantly at GeV energies and in most cases can be easily confused with the pion

emission.

Besides, a new model for the extra-galactic isotropic emission has been obtained.
To do so, a portion of the sky at high latitude has been fitted, fixing the galactic

components and sources. This guarantees that all components are balanced.

Proton parameters extraction

From the derived SED it is possible to derive the parameters of the parent proton
population for example with the python package naima [121]. The latter performs
a Markov Chain Monte Carlo (MCMC) fitting of the radiative models (Pion decay,
IC, bremsstrahlung or synchrotron) to the high-energy observed data. Naima is
particularly suitable for modelling pion decay emission, which dominates in MCs,
as it implemented the latest parametrizations of the proton-proton cross section
that accurately describes the interactions from the kinematic threshold to 1 PeV
[49]. Naima exploits a modified version of Eq. 2.2.1, using the fact that pcg =
AN/(dE dV) =4 ¢ J(E):

¢ (m) dopp_y dN,
» =1 | P dE, WVaEav (2.2.6)
¢ (m) doyp—y dNy
“acaz ) P aE, dE (2:2.7)
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Fig. 2.2 The customized templates used in the analyses both for the background
gas (left panels) and the clouds of interest (right panels). The top panel shows
the template derived from CO and Hi for the cloud R877 from the catalog in [86];
the lower panel shows the template derived from dust opacity for the Gould Belt
molecular cloud Orion A.
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and returns the fitted parameters of the proton energy distribution, dN/dE, ac-
cording to the chosen functional form (Power Law, LogParabola etc.). As input
parameters the mean volume density, (1) and the distance, d, of the targeted mate-
rial need to be provided, which are usually not known or uncertain. Nevertheless,
the latter can be set to 1 cm™ and 1 kpc, respectively, so that the resulting energy

spectrum would be related to the true one as:

AN’ _ (m) dN
dE  d? dE

(2.2.8)

and the CR density could be obtained from observable parameters of MCs or diffuse

medium, as it is:

AN d? dN’

_ _ 4 2.2.
PCR=GE AV ~ (nydE dV (2.2.9)
_"Mp pdN’ 14N’
T w AT (2.2.10)
AN’
oc o (2.2.11)
(2.2.12)

where M is the mass of the targeted gas and m,, is the mass of the proton. In this
way, the uncertainty on the derived proton density is limited, as it would depend

only on the uncertainty of the target column density, that is of the order of 20-30%.

2.3 RESULTS FROM MOLECULAR CLOUDS

In the following, the results obtained from different regions are presented. In each

case, the most suitable background has been considered, as discussed below.

2.3.1 Gould Belt and nearby Molecular Clouds

The Gould belt complex is a ring-like region of young stars and gas clouds, located a
few hundred parsecs from the Solar System. This region hosts some giant molecular
clouds that are particularly interesting to be investigated since, due to their prox-
imity, they have large A factors, often exceeding 1. Indeed, the first investigations
of CR from molecular clouds were carried out on Gould Belt clouds [147-149]. My

investigation started with 3 clouds of this complex, to cross check our results with
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Fig. 2.3 Position on the (X¢4, Yg, ) plane of the analyzed nearby clouds. The position
of the Sun is indicated as yellow star.

other authors. In particular, Taurus and Orion A were chosen, because they have
the highest A factor. For completeness also Lupus have been analyzed, as it has
not been investigated before. Furthermore, other nearby (< 2 kpc) clouds that do
not belong to the belt have been considered. In particular, Cepheus, Monoceros
OB1 and Maddalena located at ~800 pc, ~900 pc and ~2000 pc, respectively. The
distance of these and the objects of the Gould Belt, have been recently reviewed
exploiting the star reddening method and the precise distance determination of
stars obtained with Gaia [150]. The values are reported in Table 2.1 together with
the other relevant physical parameters of the selected clouds, e.g. position, mass,
galactocentric distance and A parameter. The latter has been derived from Equation
1.2.11 for the specific region cut out for the analysis.

As one can notice, all the clouds lay several degrees off the plane, often in
the outer wing of the Galaxy. This guarantees to have better performances of the
instrument. Moreover, being in isolated locations, these clouds do not overlap with
any other sources and in particular, they dominate the gas column density. In fact,
almost all the gas of the column belongs to the corresponding clouds and hence a
kinematic separation is not necessary. The spatial distribution of the gas both in the
(1,b) and in the (1,v) plane is shown in Fig. 2.4 and Fig. 2.5.

Thanks to the favorable position of these clouds, it is possible to use the bi-

dimensional dust opacity map to create the clouds spatial templates. After having
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Fig. 2.4 (1,b) and (I,v) maps of the gas traced by CO [73] in the region of the
considered Gould Belt clouds.
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(Lb)[°]  M[10°Mp] dpc] Rgu[kpe] A

Taurus (171.6,-15.8) 0.11 141 8.4 5.6
Lupus (338.9,16.5) 0.04 189 8.2 1.0
Orion A (209.1,-19.9) 0.55 430 8.4 3.0
Cepheus (110.7,12.6) 2.13 920 8.6 2.5
Monoceros OB1  (202.1,1.0) 1.33 750 9.1 2.4
Maddalena (216.5,-2.5) 5.29 2100 10.2 1.2

Table 2.1 Physical properties of the sample of nearby molecular clouds chosen for
the analysis. The position (I, b) of the center, the distances d from us, and the derived
distances R, from the Galactic center, refer to [150], while the masses M and the A
parameters have been calculated from the dust opacity map, using Eq. 1.2.11.

defined the model for the sources and the background, the analysis procedure
followed the standard points described earlier. To assess the correctness of the
source modeling, the residual maps have been investigated and they can be seen Fig.
in 2.6. The residuals fluctuate around zero, confirming that there is no mismodeled
emission. The extracted spectral energy distribution (SED) for each clouds is showed
in Fig. 2.7, where it is compared to the flux derived for a molecular cloud with
the same A factor, assuming a proton spectrum as the one measured at Earth by
AMSO02 [18] from 10 GeV up to ~ 1 TeV and by Dampe [17] beyond. For the
region below 10 GeV, since the experimental points are severely affected by the
modulation of the Sun, a power-law spectrum of index 2.8 has been considered,
with normalization fixed at the level of the AMS02 measured points. The area in the
plots accounts for the 20% uncertainty in the column density, due to the gas tracer.
For the case of Taurus and Orion A also the spectra derived by Yang et al. (2013)
[148], normalized to the same A, are shown for comparison. The results derived
are in general compatible with the local spectrum. A slight tendency of hardening
is observed around 50 GeV. That matches with the hardening of the CR spectrum
already measured by Dampe [17]. Nevertheless higher-energy observations are
needed to exclude a systematic effect in the analysis and confirm this change in

slope.

2.3.2 Molecular Clouds in the Galactic Disk

The analysis was then extended to further molecular clouds, in order to probe the

content of galactic cosmic rays in different regions, as far as possible from the Solar
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Fig. 2.6 Residual maps in terms of o (see text) after the subtraction of all the sources
in the region of interest. The black contours refer to dust opacity at 353 Hz traced
by Planck [101]. The figure has been adapted from [151].
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Fig. 2.7 Spectral energy distributions extracted from the six selected nearby molec-
ular clouds. The blue regions show the expected flux for each cloud assuming the
proton spectrum measured locally by AMS02 [18] up to 1 TeV and DAMPE [17] at
higher energies. The area represents the 20% uncertainty on the flux normalization
that derives from the uncertainty on the gas column density. In the case of Taurus
and Orion A, the SED extracted by Yang et. al. 2013 [148] is also shown as grey
crosses, renormalized in order to have the same value of A. The figure has been
adapted from [151].
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L[] vlkm/s] 6] M[10°Mg] d[kpc] Rga [kpc] A

R 243 (42.04 ,-0.36) 63.7 0.35 36 7.9+0.6 5.85 0.58
R 418 (111.45,0.79) -52.9 0.32 5.2 41+0.6 10.58 0.31
R 429 (109.84,-0.29) -49.2 0.58 8.4 3.9+0.6 10.35 0.55
R610 (142.4,1.38) -12.6 0.54 0.21 0.7+ 0.5 8.9 0.42
R 612 (126.87,-0.66) -12.2 0.88 0.19 0.6 £0.5 8.72 0.53
R 804 (328.58,0.4) -91.9 0.41 36 5.7+£0.6 4.58 1.1
R 876 (323.61,0.22) -53.3 0.50 104 10.2+0.4 6.05 1.0
R 877 (333.46,-0.31) -49.5 0.33 12 34+0.4 5.53 1.0
R 900 (318.07,-0.21) -40.8 0.32 60 9.8+04 6.65 0.62
R 902 (340.84,-0.3) -43.2 0.31 125 12.5+0.4 5.4 0.8
R 933 (305.49,0.11) -34.2 0.36 30 6.8 £0.9 7.07 0.66
R 964 (345.57,0.79) -13.9 0.41 2.9 1.9+ 0.6 6.45 0.82

Table 2.2 Parameters of the analyzed molecular clouds from the catalog of Rice et al.
2016 [86]. The numbers correspond to the catalog nomenclature. The mass and the
A parameter have been calculated from the map of CO as explained in the text.

System. The recently released catalogs of molecular clouds [86, 87] offer several
objects of high enough mass to be detected with Fermi-LAT (see Fig. 2.1). I first
considered the catalog provided by Rice et al. 2016 [86], which contains 1064
MCs distributed all over the galactic disk, within |b|< 5°, except for the innermost
galactic longitudes (|I|< 13°). The coordinates (I,b,v) of the objects in this catalog
have been cross-correlated to the coordinates of spiral arms or objects with parallax
determined distances (e.g. masers) to obtain a stronger determination of the MC
distance [152]. I selected from this catalog 12 MCs distributed up to 12 kpc from us
at different galactocentric distances. The distribution of the selected cloud on the
galactic plane is displayed in Fig. 2.8. The physical parameters of the selected clouds
are reported in Table 2.2. A in this case, is calculated from the CO map of Dame
[73] from equation 1.2.11, assuming a constant conversion factor Xco = 2 x 10%°
cm~? K~! km~!s that has an uncertainty of 30% [80]. In the calculation, the mass
of Hr has not been included, as it will be considered as background in the analysis.
It is in fact hard to cut precisely the edges of Hi, as it is more extended than the
molecular counterpart (see 1.2) and it is safer to consider it as background gas. The
contribution of He or other metals has not been taken into account as well, when
deriving the mass, as the fraction of nuclei of the interstellar medium is included
already in the nuclear enhancement factor, £y, when calculating the y-ray flux.

The selection of the cloud to analyze was based on:
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Fig. 2.8 Position on the (X, Yea) plane of the analyzed clouds of the catalog of Rice
et al. 2016 [86]. The position of nearby and Gould Belt clouds are indicated as open
circles. The position of the Sagittarius B complex is also shown as a black triangle.
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* A parameter. This is the main parameter that characterize the flux of molecular
clouds. I set the threshold to A > 0.4 that is a high enough value to have a
detection of several spectral points both in the inner and in the outer Galaxy

for a large range of clouds extensions (see Fig. 2.1) ;

* Gas on the line of sight. I evaluated the column density of the gas that falls
on the same l.o.s. as the MC, and selected only the clouds that dominate
the column in terms of density. All the chosen clouds contribute at least for
the 40 % to the CO column density. The gas distribution in terms of H, and
Hr along the line of sight of the selected clouds is shown in Fig. 2.9. The
density is summed over the pixels that constitute the cloud template, namely
a box centered at the cloud coordinates (/,b,v) with sides determined by the
cloud extension, 8, and cloud velocity dispersion, o,. This guarantees that the
observed y-ray emission actually originates in the region of the considered

cloud.

* Superposition of gamma-ray sources. I discarded those clouds that overlapped
with known y-ray sources either from the Fermi catalog [51] or the H.E.S.S.
survey of sources [52] as it would be difficult to avoid the contamination of
bright sources and isolate the contribution of the MC alone. Besides, this
allows us to avoid the influence of potential accelerators that can enhance the
CR density in the clouds.

Even if the considered clouds are the dominant objects on the l.o.s., some residual
gas is left in the foreground and in the background. For this reason, dust opacity
maps, being bi-dimensional are not suitable to construct the spatial templates in
this case. The gas has then been modeled starting from the CO and Hr maps as
described earlier. In this way, the portion of gas corresponding to the cloud can
be analyzed separately. As earlier mentioned, only the CO line emission, which
traces the molecular medium, has been considered in the template of the clouds,
and the Hr has been left in the background. The background gas in this way is
constituted by the CO gas map, excluding the region of the MC and the Hr together
with the templates for the inverse Compton emission and the extra-galactic diffuse
component. The analysis then proceeded following the points in 2.2. For this
analysis the 3FGL catalog of sources has been employed, as the more recent 4FGL
catalog was not available when starting this work. The sources not included in the

catalog that showed significant residuals have been included in the model.
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Fig. 2.9 Gas along the line of sight of the selected clouds. The gas densities have
been summed over the area of the clouds. The blue curves show the contribution of
molecular hydrogen and have been obtained from CO-datacubes. The orange ones
show the abundance of the atomic hydrogen traced by the Hr line. The position and
extension on the line of sight of the cloud under analysis are indicated as a green
area.
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The map of residuals after the inclusion and fit of all sources are displayed in
Fig. 2.10, and show that the residuals are contained between -3¢0 and 30, meaning
that the model describes the data accurately.

The resulting SEDs are presented in Fig. 2.11, where the fluxes are normalized
to A=1 and compared to the expected local flux. The systematic uncertainties
accounts for the uncertainties related to the newly modeled sources and to the
uncertainties on the background column density, in particular the one due to the
HI spin temperature. The first has been evaluated simply by extracting the SEDs,
before and after the inclusion of these sources and contributes for less than 10%.
For the second, two different analyses have been conducted employing two different
corrections to the HI column density (eq. 1.2.13), namely T, = 150 K and T; = 500
K. The latter is of the order of 30% and has been summed in quadrature to the the
other systematic errors.

The spectra derived in several locations, especially in the outer (> 8 kpc) galaxy
show good agreement with the local spectrum. The clouds in the inner Galaxy
instead show generally enhanced spectra, especially in the 4-6 kpc region where we
observe the maximum values. At intermediate distances, in the 6-8 kpc region the
values are more scattered, it is interesting to notice anyway that at least one cloud,
R964, shows a flux as low as the local value although being located at the edges of
the 4-6 kpc ring.

2.3.3 Molecular Clouds in the inner (1.5-4.5 kpc) region

The region embedded within ~1 kpc and ~5 kpc is particularly interesting as it was
revealed to have the highest and hardest density of cosmic rays (see Sec. 1.3). Inves-
tigations of molecular clouds in this region are then crucial to understand if such
enhancement is congenital, as due to a large scale modification of the CR dynamics,
or if it is a result of averaging over several regions that are locally enhanced by CR
accelerators. While in the first cases we would expect to find approximately the
same value of CR density in all the considered clouds, in the second case fluctuations
of the CR parameters from cloud to cloud are expected. This region is particularly
complicated to analyze, because towards the inner Galaxy, multiple spiral arms
intersect and it is difficult to isolate MCs from other gas components and from
gamma-ray sources. Moreover, at low galactic longitudes (|/|< 10°), an accurate

kinetic separation of the components along the line of sight is not possible. As one
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Fig. 2.10 Residual maps in terms of o after the subtractions of all the sources in the
region of interest. The black contours refer to the CO gas in the region (Al x Ab x Av)
of the cloud. The figure has been adapted from [151].
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Fig. 2.11 The spectral energy distributions of the analyzed clouds are shown and
compared to the expected gamma-ray flux derived from a local (as measured by
AMS and Dampe) proton spectrum. The fluxes have been normalized to A =1 and
the curves have been multiplied by different factors (10,100,1000,10000) to separate
the clouds belonging to different regions. The errorbars represent the systematic
uncertainties derived as described in the text. The grey area represents the 30%
uncertainty that affects the predicted flux, deriving from the uncertainty on the
CO-to-H,; conversion factor. The figure has been adapted from [151].
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Fig. 2.12 Position on the (X¢, Yy, ) plane of the analyzed molecular clouds of the
1.5-4.5 kpc region. The numeration corresponds to the indexes reported in the
MD-catalog.

can see in eq. 1.2.1, the distance of the clouds depends on sin(/) that for low values
of | tends to zero. Thus, also a small variation of v, of the order of the clouds velocity
dispersion o, ~ 10— 20 km/s , would correspond to huge ranges of distances. The
catalog of Rice et al. (2016) [86] excluded this region from their decomposition. This
region has been instead included in the catalog of Miville-Deschénes et al. (2016)
[87]. As earlier stated, in their catalog clouds are identified as a combination of
coherent gaussian peaks, in this way the uncertainty deriving from the velocity
dispersion is limited.

As a kinematic separation is not possible in this region, there is no advantage
in using CO and Hi templates, so dust can be used as a tracer of gas. In this case,
one needs to make sure that most of the observed emission arises from the zone of
interest, like in the case of Gould Belt clouds. In the direction of the inner Galaxy,
however, is rare to find isolated clouds, and an accurate selection of the target is

needed to minimize the influence of the background gas. For clouds located within
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1.5 kpc and 4.5 kpc from the Galactic Center the detection should be facilitated by
the fact that the CR density in this region is expected to be higher. So clouds have
been selected so that they are the dominant objects on the line of sight not only in
terms of gas density but also of expected y—ray flux. To investigate the detectability
of such molecular clouds over the background, I assumed, at first, that the fraction
of gas, X, that does not belong to the 1.5-4.5 kpc ring emits as the local 8-10 kpc
ring, while the gas in the 1.5-4.5 kpc region has a ~ 3 times higher emissivity as
reported by [111]. In this case, the maximum allowed X, to be able to detect the

emission from the 1.5-4.5 kpc ring over the background is given by the condition:

where Fj is the flux in the local 8-10 kpc ring and N is the enhancement in CR
density with respect to it. This allows us to distinguish an N-times enhanced flux
from the local one, with a minimum separation of 20%, the typical uncertainty that
characterizes the gas column density when using dust. For example, in the case of
the 1.5-4.5 kpc ring N = 3 at 2 GeV and therefore the maximum fraction of column
density that can fall in the background is X= 66%. The fraction of background gas
out of the 1.5-4.5 kpc ring have been determined by CO. The physical parameters
for all the chosen clouds are reported in Table 2.4, including X. All clouds have a
fraction of gas in the background, lower than 50%, except for the cloud MD78 that
has a higher background, but still lower than the threshold of 66%.

That is a first approximation that allowed us to make a first screening. However
the situation is more complicated. Firstly, the CO diffuse is not reliable for kinematic
separation; secondly, the line of sight might include gas from different regions of the
Galaxy with different emissivities, intermediate between the local and the 1.5-4.5
kpc one. For this purpose, for the selected clouds the expected flux from the entire
line of sight has been estimated in two cases: a uniform scenario, where the gas along
the line of sight emits with a constant emissivity, similar to the local value, (pg,"c,
and a radial dependent scenario, where the emissivity depends on the galacto-centric
location, r , of the gas, ) ; (p;f and checked that they were distinguishable of an
adequate level. For the latter case, I considered the gamma-ray fluxes of the rings
derived by the Fermi-LAT collaboration (see Fig 1.13). The corresponding values
for each ring are included in Table 2.3 and have been derived by fitting a power law
®y = ¢5,0(E/Eg)"" to the points reported in Acero et al. (2016) [111]. To predict
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Ring

(Py'o(z GEV)

(04

[GeV em ™2 s sr!] ’
0.5-1.5 kpc 6.4 x107%8 2.77
1.5-4.5 kpc 1.3 x107%7 2.43
4.5-5.5 kpc 4.6 x107%8 2.47
5.5-6.5 kpc 5.2 x107%8 2.47
6.5-7 kpc 4.9 x10728 2.50
7-8 kpc 4.5 x10728 2.50
8-10 kpc 4.4 x107%8 2.60
10-16.5 2.4x10728 2.63
16.5-50 kpc 1.9 x10728 2.67

Table 2.3 Emissivity (at 2 GeV) and spectral index for different galactocentric rings
derived by fitting the measurements of Acero et al. (2016). The error relative to
the fit is not reported as it is very small compared to the systematic error of these
kind of investigations that is of the order of 30% due to the uncertainties on the gas
column density.

the y-ray flux contributed by each ring, one should know the fraction of gas that
belongs to each of them. I evaluated the fraction of gas density that falls in each
ring in terms of clouds, as they have a better determined distance with respect to
the diffuse gas. To do so, I determined which clouds overlapped (also partially)
with the area of interest. In the case of partial overlapping, I considered a fraction
of mass, that corresponded to the fraction of pixels that fell in the considered
area. For example, if only 5 of 25 pixels that belong to one cloud overlapped with
the area of interest, only the 20% of the mass of the cloud has been considered.
Then, knowing the galctocentric distance of the clouds from the catalog, the mass
can be easily partitioned in the galactocentric rings. Because of the high degree
of completeness of the catalog (98%), molecular clouds of the Miville-Deschénes-
catalog trace completely the molecular medium. The correspondence between
clouds and diffuse is also tested by the authors of the catalog [87] by comparing
the values of surface density derived from clouds, to those derived with diffuse and
assessed a good agreement between the two quantities. As a cross-check, for the
selected regions, the A parameter derived from the dust column density has been
compared to the one derived as a sum of the ratio M5/d£pc of each cloud. The two
estimations gave comparable results (see Table 2.4). Small difference can arise both

because in the case of clouds the mass is considered to be uniformly divided among



2.3 RESULTS FROM MOLECULAR CLOUDS 73

# (1,b) v 0 d drx (p) Rey Al AME X
[°] [kms™'] [°] [kpc] [kpc] [kpc]

57 (2.21,-0.21) 8.43 0.55 12.69 13.64(0.4) 4.21 259 2.68 0.47
78 (2.93,0.27) 25.85 0.33 10.94 10.81(0.6) 2.49 1.07 1.83 0.63
120 (22.46,0.16) 89.33 0.31 10.3 9.57(0.7) 406 0.77 0.78 0.34
135 (24.4,-0.09) 112.09 0.33 6.45 6.06(1.0) 3.74 091 1.06 0.46
148  (342.2,0.26) -79.0 0.46 5.26 5.27(0.9) 3.85 1.47 1.35 0.47
368 (5.43,-0.38) 20.87 0.28 12,57 12.38(0.75) 4.19 0.49 1.11 0.50
411 (23.71,0.31) 108.99 0.35 6.26 6.03(0.9) 374 1.04 0.60 0.28
1155 (3.93,-1.02) 59.32 0.47 10.01 8.92(0.7) 1.64 0.67 0.85 0.35
1312 (351.5,0.22) -43.21 046 11.76 11.47(0.6) 3.58 1.11 1.08 0.43

Table 2.4 Physical parameters of the chosen molecular clouds in the 1.5-4.5 kpc
region from the MD-catalog. Both the distance reported in the catalog d and the

one derived by the parallax based rotation curve dP* are reported. For the latter, the

probability 7 that the cloud is at that position is also reported. A%%* and AMC are the

A-parameters calculated for the entire column, both from the dust measurements
[101] and as sum of clouds. Finally X is the fraction of gas that does not belong to
the 1.5-4.5 kpc region, according to CO-line measurements.

all the pixels, and this is often not the case, and because the CO and dust template
might differ in some locations.

The psychical parameters of the analyzed regions, including the position (I,b,v)
the angular extension (6) and the distance from us (d) and from the galactic center
(Rgar), are reported in Table 2.4. To validate the cataloged distances, we compared
them to the values derived with a parallax calibrated rotation curve [152], using the
online available tool!. The latter calculates a distance probability function, based
also on the position of known spiral arms. The values derived in this way, dP*, are
also presented in the Table (2.4), together with the probability, P, that the cloud
falls at the given location.

The resulting fluxes could then been compared with the flux expected in the
case of a uniform (coincident with the one measured in the 8-10 kpc ring) or a
radial-dependent emissivity, see Fig. 2.13. The local flux determined from the
AMS02 and Dampe experiment, as in the previous section is also shown. The latter
is softer than the value measured in the corresponding ring and therefore is worth
to show it. The expected emissivity for each ring is also shown in the figure, to
demonstrate that in each case the contribution of the 1.5-4.5 kpc ring is expected to

be the dominant one. Nevertheless, none of the flux of the analyzed regions matches

Thttp://bessel.vlbi-astrometry.org/bayesian
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with the high values measured in the named ring. Conversely, in several cases the
flux is consistent with the values measured in the local 8-10 kpc ring. Note that
since the spectral points are derived for the entire column of gas, the spectrum needs
to be low everywhere along the line of sight, to match with the low emissivity of
the local environment. Any deviation from the local flux in fact, would produce an

enhanced flux.

2.3.4 The Central Molecular Zone

The central part (< 600 pc) of the Milky Way contains a high concentration of
molecular gas. The mass of this region amounts to 3 x 107 M, of which 20-30% is
comprised within 0.4° <1 < 0.9° and -0.3° < b < 0.2°, in the so-called Sagittarius
B complex, that lies only 100 pc from the GC. The complex has a high enough
mass, ~ 107 Mg, to be seen also at the huge distance of 8.5 kpc, having A > 1. The

density in this central region reaches values of about 10* cm™3

, much higher than the
average value that characterizes the Galactic disk. The turbulence in this zone is also
higher, with values of velocity dispersion as high as ~ 50 km/s. The high velocity
dispersion in this region do not allow an accurate kinematic decomposition for the
motivations explained in the previous section. In addition, the high density of this
region causes a high degree of saturation of CO, making it a non-reliable tracer of
this part of the Galaxy. For this reason, when analyzing this complex, a template
derived from dust is used. Observations of CH, HCN, CS and other molecules [153]
show that the gas is for the most part concentrated in the galactic center zone, so
that the bi-dimensional dust templates can be safely employed.

A dedicated analysis of the region of Sagittarius have been carried out by Yang
et al. (2015) [154] and has been newly analyzed in Aharonian et al. (2020) with
almost double amount of data. Both analyses agree on a spectrum very similar
to the one measured at Earth. Similar values are also found in the analysis of the
diffuse rings, in the innermost part of the galaxy [111, 130]. The analysis of the
same region conducted at higher energies with H.E.S.S. [155] instead show a much

flatter spectrum, as if the GeV and the TeV parts were uncorrelated, see Fig. 2.14.
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Fig. 2.13 Spectral energy distribution derived from the analyzed regions correspond-
ing to the named clouds (black points). The expected y-ray fluxes in case of a
uniform and a radial emissivity are shown as yellow and red areas, respectively.
The local y-ray flux derived from direct CR measurements is also shown in blue.
The area represents the 20% uncertainty that derives from the column density. The
fluxes expected from each ring in the given direction are also plotted as dashed
lines, respectively: 0-1.5 kpc (magenta), 1.5-4.5 kpc (cyan), 4.5-5.5 kpc (green),
5.5-6.5 kpc (yellow), 6.5-7 kpc (orange), 7-8 kpc (red), 8-10 kpc (brown), 10-16.5
kpc (violet), 16.5-50 kpc (blue).
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Fig. 2.14 Left panel: spectral energy distributions derived for the Sagittarius B
complex by Fermi-LAT [151] (black bullets) and by H.E.S.S. [155] (black squares),
compared to the flux expected from a local spectrum of cosmic rays (see previous
sections).Right panel: spectral points of Sagittarius B compared to the one extracted
in the clouds of the Gould Belt [151]. Fluxes have been normalized to A = 1.

2.4 DISCUSSION OF THE RESULTS

The results presented in the previous sections provide a very wide overview of
the cosmic-ray galactic population through the emission of molecular clouds. The
proton spectrum, embedded in each cloud, has been extracted with naima [121],
with the procedure explained in section 2.2 and the results are reported in Table
2.5 and are displayed and compared to the values that characterize the rings in Fig.
2.15. In the Figure, the points relative to the clouds of the 1.5-4.5 kpc region are
indicated as upper limits, because they are derived from the entire column of gas
that comprises also parts that do not belong to this distance. A fiduciary value of the
y-ray emissivity and of the cosmic-ray density is obtained subtracting the expected
emissivity and CR density of the background fraction of gas, X, assuming that the
latter is characterized by the local value of cosmic rays. Note that if the background
were higher, the points (plotted in red) would be even lower.

A first conclusion can be drawn by looking at the values extracted from the
clouds in the Gould Belt. The great similarities of the cosmic-ray spectrum to the
value measured by direct experiments in the vicinity of Earth is striking. That means
that the amount of cosmic rays measured in the Earth vicinity is not peculiar of the
region that surrounds the Earth, but characterizes also other regions outside the
Solar System. This allows us to exclude that the spectrum of local cosmic rays is

determined by one or a collection of relatively nearby sources and suggests that is
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rather contributed by the entire population of cosmic rays, that reached us and the
Gould belt region after mixing in the propagation through the Galaxy. Nevertheless,
due to the vicinity of the Gould Belt complex (~ 500 pc) one can not in principle
exclude the possible influence of sources located within a few hundred parsec,
or for example within the Gould Belt itself. The latter, in fact, hosts regions of
star formation and several young stellar objects, which are potential cosmic-ray
accelerators [63]. This hypothesis is ruled out by observing similar parameters also
in the outermost part of the Galaxy, at galactic distances larger than 10 kpc. It
is sufficient to see the example of Maddalena and of the clouds R418 and R429,
located at 10.2 kpc, 10.58 kpc, and 10.35 kpc, respectively, that show a high degree
of agreement with the local parameters. This rejects completely the possibility of
a local bias determined by close sources, as the area of influence of single sources
cannot extend over more than a few hundred parsec. Nevertheless, in order to prove
that the cosmic ray sea is uniform, similar parameters need to be found in different
parts of the Galaxy. In particular, to exclude or confirm the dependence of the
cosmic-ray spectrum on the galacto-centric distance, clouds in different locations,
but at a similar distance from the Galactic center need to be compared. Going
towards inner galactocentric regions it appears that the cosmic-ray density increases,
as observed also in the ring-based analyses, however, the values are not unique
and a certain degree of fluctuations is observed. The best example is given by the
values measured in the 6-8 kpc region. The clouds here show different values of
the emissivity and correspondingly of CR densities, that are not compatible to one
another even when considering the large systematic uncertainties. Remarkably a
cloud in this region, R964, located around 6 kpc from the GC, shows compatible
cosmic-ray normalization as the one measured locally. More closer to the center
instead, the clouds in the region comprised within 4 and 6 kpc show a systematic
enhancement with respect to the values measured in other locations. The maximum
value of CR density measured from the ring analysis also falls around 4 kpc, (4-6
kpc for Yang et al. 2016 [130] and 1.5-4.5 kpc for Acero et al. 2016 [111]). This
is natural, considering that the distributions of most of the potential CR sources,
SNR [69], pulsars, young stellar objects peak in this location (see Fig. 1.6). A
certain degree of scatter is also observed in the clouds of this ring, confirming the
idea that such enhancement is related to the higher density of accelerators there.
In fact, the other possible scenario, namely the modification of the propagation

properties in different parts of the Galaxy, applies over larger areas, and does not
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account for modifications of the diffusion parameters in such a small scale. A
confirmation of this tendency comes from the observations of very low fluxes from
regions corresponding to gamma-ray clouds in the 1.5-4.5 kpc ring. This area, that
is supposed to have the highest density of cosmic rays, according to the observations
of Fermi-LAT, hosts several objects where the CR flux is as low as the one measured
in the local environment. This is a strong piece of evidence in favor of the idea of
a uniform cosmic-ray sea, that is randomly enhanced in the proximity of sources.
Due to the analysis methods, it is difficult to comment on the fluctuations in this
region. However, the derived parameters, both for the total column and after the
subtraction of a fiduciary background are indeed quite different, strengthening the
argument in favor of a source-enhanced CR sea. The confirmation of a soft and low
flux also in the extreme region of the Galactic center, corresponding to the location
of the Sgr B complex, is the final confirmation that the value measured at Earth is
indeed characteristic of many different environments of the Galaxy. More extensive
mapping of the Galaxy is desirable, and necessary to have the final evidence for
a uniform sea scenario. However the potential of Fermi-LAT is almost saturated,
and a new GeV-instrument with 2-5 times improved sensitivity is needed to extend
these studies, as motivated in Chapter 4.

The only limitation of this analysis arises from the uncertainty in the determina-
tion of the gas density. The value of cosmic-ray density is in fact strictly dependent
on the value of the column density of the target. In the case of gas traced by CO,
as discussed in section 1.2 the uncertainty is of the order of 30% and it derives
from the conversion factor, X, between CO and H,. In addition, CO fails to trace
the molecular medium, when its density is too low in comparison to H,, making
it possible to underestimate the mass of the gas. For this reason, when possible it
is preferable to use dust as a tracer. The latter is more sensitive, although at some
values of density the linear relation between gas and dust has a larger spread. In
general, an uncertainty < 20% is assumed for this tracer. Unfortunately, being a
measure of absorption when using dust is not possible to separate the gas along
the line of sight and the entire column density has to be considered. In such cases,
one has to assure that the molecular cloud of interest is not eclipsed by other more
massive or closer clouds. Promising results for these purposes are now coming from
the GAIA collaboration, that managed to create a three-dimensional map of the
interstellar dust in th Milky Way by constraining it with the very precise determina-

tion of star distances [103]. Nevertheless, the results here presented on molecular
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clouds confirm that the method works and can be extended, with some precautions,

to different parts of the Galaxy.
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Real Po,cr (30 GeV) a
[kpc] [107'3 GeV~! cm™3]
R418 10.6 0.91 2.69 + 0.05
> 10 kpc R429 10.3 0.85 2.61 +£0.05
Maddalena 10.2 0.72 2.93 +0.07
Monoceros OB1 9.1 0.72 3.00 £ 0.07
R610 8.9 1.14 2.77 £ 0.05
Solar Ring R612 8.7 0.55 2.76 £ 0.16
(8-10 kpc) Cepheus 8.6 0.72 2.85+0.05
Taurus 8.4 0.58 2.89 £ 0.05
Orion A 8.4 0.69 2.83 +0.07
Lupus 8.2 0.56 2.73 £0.09
R933 7.1 1.72 2.69 +0.02
6-8 kpc R900 6.6 1.34 2.73 +£0.04
R964 6.4 0.78 2.58 £ 0.05
R876 6.0 1.06 2.82 +£0.05
R243 5.8 2.59 2.82 +£0.02
R877 5.5 2.06 2.69 + 0.02
R902 5.4 1.54 2.69 +0.03
4-6 kpc R804 4.6 1.53 2.58 £ 0.04
MD57 4.2 0.88 2.66 +0.02
MD368 4.2 1.34 2.52+0.03
MD120 4.1 1.45 2.68 +0.03
MD148 3.8 1.29 2.66 £ 0.02
MD411 3.7 1.42 2.59 £ 0.02
1.5-4 kpe MD135 3.7 1.54 2.68 +0.03
MD1312 3.6 1.40 2.71 £0.02
MD78 2.5 0.71 2.66 +0.03
MD1155 1.6 1.09 2.68 +£0.03
CMZ (<1 kpc) | Sagittarius B 0.1 0.78 2.80+0.03

Table 2.5 The parameters for the cosmic-ray density derived for all the analyzed
clouds with naima. The normalization pg cr refers to the pivot value of 30 GeV.
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Fig. 2.15 The y-ray and CR parameters are shown for each cloud against their dis-
tance from the Galactic Center. The top panel shows the gamma-ray emissivity at 2
GeV, the middle panel shows the cosmic-ray density at 30 GeV and the bottom panel
shows the CR power law spectral index. The grey points indicate the corresponding
values obtained from the ring analysis, in ref. [111]. The values for the clouds in
the 1.5-4.5 kpc regions are indicated as upper limits, since they are characteristic of
the entire column of gas. The red points instead indicate the derived value for these
clouds after subtraction of the corresponding fraction of gas, assuming that it emits
as the local (8-10 kpc) ring. The orange area highlights the local spectrum of cosmic
rays, derived from the points of AMSO02.
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COSMIC-RAY ACCELERATORS AND THEIR SURROUNDINGS

Supernova remnants have been proven to be efficient accelerators of CR particles
both at GeV and TeV energies, thanks to the effective diffusive shock acceleration
mechanism discussed in sec 1.1.3. Nevertheless, high-energy observations of these
objects always show a cutoff well before PeV energies, casting doubts on the ability of
these sources to contribute to the CR spectrum up to the knee, at 10'° eV. The action
of energy-dependent escape might play a role in shaping the energy spectrum of
the remnant, especially in the case of middle-age (~ 10000 yr) supernova remnants,
for which the shock has already started to slow down and particle have started to
leave the remnant. In this case, to find high-energy particles, the observation of the
surrounding is of great help, as it is expected to host the escaped particles. Only
from the combined observations of the emission of the remnant and of the escaped
particles one can reconstruct the acceleration history of the source. Moreover, the
correlation with the gas distribution allows to further constrain the dynamics of the
escape.

In the following, I present the latest analysis of Fermi-LAT data on W44 and its
surrounding medium, that was shown to be populated by the particles escaped from
the remnant. The emission of the supernova remnant is discussed, to determine
whether it is most likely of leptonic or hadronic origin. Moreover, the configuration
of the escaped particle is compared with the gas density to understand if they are

related.

3.1 THE SUPERNOVA REMNANT w44

W44 is a supernova remnant located at I,b = (34.6°, -0.6°). Its radial velocity has been
estimated from OH masers observations to be v = 46 km s! , which corresponds
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to a distance of d = 2.2 kpc [156]. The interior of the remnant shows thermal X-ray
emission, therefore W44 is classified as mixed-morphology supernova remnant. This
class represents 8% of the entire population of supernova remnants and are of
particular interest as, according to OH masers and infrared observations, they are
often found to interact with molecular clouds of the surrounding medium [157].
Inside W44, a Pulsar, PSR B1853+01, and its nebula have been detected both in radio
and in X rays, but they show no y-ray counterparts [158]. The age of the supernova
remnant has been estimated from its central pulsar characteristic age (. ~ P/P,
where P and P are the pulsar period and its time derivative), to be approximately
2 x 10% years [159]. This agrees with the estimates deriving from the extension of
the X-ray-emitting region (~ 15 pc), which suggests a minimum age of ~ 1.7 x 104
yr, assuming an initial energy < 10°! erg and an average density of the interstellar
medium of 1 cm™3 [160]. The large age of W44 suggests that this supernova remnant
is in the Sedov-Taylor phase, so the shock has already overcome its peak and it is
slowing down. At this stage, it is expected that higher-energy particles have started
to leave the remnant. The high-energy spectrum of the remnant is expected to
reflect this behavior, namely to show a suppression in the highest energy part. At
the same time, over-densities of relativistic particles are expected in the regions
that surround the remnant. The shape of W44 is influenced by the interaction with
the interstellar medium [161]. It shows in fact an elliptical shape, elongated along
the Northwest-Southeast direction, as the maps in Fig. 3.1 show. The latter have
been obtained in the radio (red), X-ray (green), and gamma-ray (blue) band. The
magnetic field of W44 extends along its major axis, as determined by polarization

measurements [162]

3.1.1 Gamma-ray emission from the Remnant

I analyzed Pass8 data that Fermi-LAT accumulated for 9.7 years in a 10° region of
interest (ROI), centered on W44. I followed the standard procedure and applied the
standard selection of the data, as described in section 2.2. After having optimized
the model containing the sources from the 4FGL catalog [51] and the latest released
diffuse galactic (gll_iem_v07.fits) and extragalactic (iso_P8R3_SOURCE_V2_v1.txt)
backgrounds provided by the Fermi-LAT collaboration, I modeled the potential new
sources. Once all the background sources have been fitted, the morphology of the

remnant has been investigated. For this purpose, only data of energy higher than 1
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GeV have been considered, to take advantage of the better point-spread function of
the LAT. Nevertheless, the poor angular resolution of y-ray instruments do not allow
to evaluate the morphology by imaging (see Fig. 3.1), and a statistical investigation
is needed. Morphological studies in these circumstances proceed by fitting different
spatial templates (see Table 3.1), to find the one that better reproduces the data.
For this purpose, the maximum log-likelihood values, £, (Eq. 2.2.4) of the different
tested models are compared: the model with the highest £ is considered the best in
describing the data. A minimum difference of VL = ¢ = 3 is considered necessary
to prefer one model over another, otherwise the models are considered equivalent.
The best morphology for W44 resulted to be an elliptic ring of axis [0.18°, 0.3°]
and [0.13°,0.22°], in accordance with the morphology reported in the 4FGL catalog.
Interestingly, this is also similar to the shape revealed in radio continuum at different
wavebands (e.g. 1.4 GHz [163]; 74 MHz and 324 MHz [164], see Fig. 3.1). This could
be an indication, in case of leptonic origin of the radiation, that the same population
of electrons is responsible both for the radio synchrotron and the y-ray emission.

Once the morphology has been fixed, the spectral energy distribution (SED) of
the remnant has been extracted in the whole energy range covered by Fermi, from
60 MeV to a few hundred GeV. The SED is presented in Fig. 3.3. The systematic
uncertainties on the spectral points have been evaluated by performing the same
analysis but with a different background template, namely the earliest release of
the galactic background of the Fermi-LAT collaboration (gll_iem_v06.fits). The
background model, in fact, is constructed based on the the large-scale galactic
emission, that suffers from several different uncertainties (see Sec. 1.3.1) and for
this reason, it is the main source of systematic uncertainties. Testing two different
background models is a way to minimize this effect. The systematic difference
between the two analysis results higher below a few hundred MeV where it reaches
also 60%, whereas in the rest of the spectrum it is < 10%.

The SED has a steep rise up to a few GeV and then decreases rapidly, with the
last detected point at 200 GeV. To evaluate the best spectral model, the Akaike
Information Criterion (AIC) [166] has been used. That allows us to compare models
with different degrees of freedom. When the compared models are non-nested,
meaning that they differ for more than one parameter, the likelihood method fails.
In the AIC method, the parameter AIC = 2k — 2L is calculated for the different
models and compared. k is the number of degrees of freedom and £ is the Log-
likelihood, defined in Eq. 2.2.4. The model with the smallest AIC is the preferred
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271 298 314 325 334 341 346 352 356

Fig. 3.1 RGB image of the supernova remnant W44 observed in radio at 324 GHz by
the Very Large Array (red), in X-rays by CHANDRA between 0.3 and 2.1 keV (green)
and in y-rays in the energy range 1 GeV-1 TeV as seen by the Fermi-Large area
telescope (blue). The radio and X-ray maps have been taken from the online-available
catalog of supernova remnants from ref. [165].
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Fig. 3.2 Fermi-LAT count maps of the supernova remnant W44 for different energy
ranges after the subtraction of all the background sources. The images have been
smoothed, using a bicubic interpolation method included in the python library

matplotlib.pyplot.
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Fig. 3.3 Spectral energy distribution of the supernova remnant W44 as obtained
from ~10 years of observation with the Fermi-LAT above 60 MeV. The red curves
show the hadronic models that best represent the data, the area corresponds to a
broken power law in total energy with indices 2.40+0.02 and 3.87+ 0.14 below and
above 39 + 3 GeV. The area corresponds to the 10 confidence level of the model. A
power law with an exponential cutoff at 71+ 6 GeV and index of 2.30+0.02 also fits
the data and is plotted as red dashed line. The best leptonic model is displayed in
green and it corresponds to bremsstrahlung radiation originating from a broken
power law spectrum of electrons of minimum energy 600 MeV and with indices
2.32 £ 0.03 below (6.1 +£0.6) GeV and 3.39+0.07 above. The figure has been adapted

from [167]. The points from a previous analysis of the remnant are also shown as
light-blue squares [168].

one. For convenience one can calculate a modified parameter, AIC* = 2k* — 2L only
considering the difference in numbers of parameters between the considered model

and the null hypothesis.

The overall spectrum is well represented by a Log-Parabola function (see Table
3.1):
E \—(a+Blog(E/Eyp))
FIE)=Fo (2]
with Fy = (9.5+0.1) x 107 (GeV cm? )7}, @ = 2.57 £0.01, g = 0.235 + 0.005
and E;, = 2.67 GeV. Such a shape can be naturally explained by pion-emission

[169, 168]. The pion-bump feature at 67.5 MeV (Sec. 1.1.2) has been claimed for

(3.1.1)
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the very first time in the spectrum of W44 itself [168]. However, with Fermi-LAT,
that have a low energy threshold of ~ 60 MeV only the second half of the peak
is directly observable. This is clear when looking at the data in differential flux
(c dN/(dE dA dt)) representation, as in the right panel of Fig. 3.4, and should not be
confused with the spectrum turnover observed around a few GeV in the SED (E?x
Flux ) representation (left panel of Fig. 3.4). The latter could also be reproduced by a
leptonic scenario. A bremsstrahlung spectrum that reproduces the data, for example,
could be realized if a sharp low energy cut is introduced in the electron spectrum
[168]. Ambrogi et al. (2019) [170] found that, in the case of the supernova remnant
HB21, an electron spectrum with a low energy threshold of 400 MeV satisfactorily
reproduces the y-ray data and that the obtained parameters for the electrons were
very close to the values that characterize the electron spectrum at Earth. A similar
behavior, with a break in the electron spectrum at E, ,,,;,, = 600 MeV could explain
the sharp rise also in the case of W44 [168]. One should notice, however, that in
this case the spectrum below E, ,,;,, assumes a fixed shape «« w™ o« E7! [171, 172],
characteristic of the bremsstrahlung emission of a single electron. The -1 slope (1,
in SED representation) is the steepest spectrum obtainable with leptonic processes
(IC is not efficient at these energies). Therefore any difference from this slope would
be a clear indication of hadronic emission. The SED that I obtained below 1 GeV
has a slope of 1.5, slightly higher than the expected value for bremsstrahlung. The
systematic uncertainties suggest that the low energy points could be even lower
and therefore the spectrum could be even steeper. That excludes even stronger the
bremsstrahlung scenario.

The proton spectrum has been evaluated with naima (sec. 2.2). Different spectral

functions have been tested (see Table 3.2) and a Broken Power Law:

Po(i) for E<E,

E, ar,—aq E —a; (3.1.2)
FO(E—O) (E_o) for E>E,

of indices @y = 2.40 £ 0.02 and a, = 3.87 + 0.14 before and after E, = (39 + 3) GeV
resulted to be the best according to the Bayesian Information Criterion. The latter
is implemented in naima and is an extension of the likelihood method. The BIC is
calculated as: BIC=klIn(n)—2L where n is the number of data points, k is the number
of free parameters and £ is the maximum Log-likelihood. The model with the lowest
BIC is the best at describing the data. The method indicates the best model but not
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Fig. 3.4 Enlargement of the spectral energy distribution shown in Fig. 3.3 in the
region below a few GeV. On the left panel the usual E?x Flux representation is used,
while in the right panel the true differential flux is displayed, to emphasize the
pion-bump feature. The figure has been adapted from [167].

the extent to which a model is preferred; I noticed in fact that a Power Law of index
2.3+0.02 with an exponential cutoff at 71+6 GeV equivalently fits the data points up
to 100 GeV (dotted red curve in Fig. 3.3). In all the cases the spectrum is softer than
expected from the first-order Fermi acceleration, which predicts a spectral index of
2 (see section 1.1.3). Non-linear theories of diffusive shock acceleration (NLDSA)
predict an even harder spectrum and therefore cannot account for this behavior.
One cause of the steepening could be the amplification of the magnetic field led by
streaming instabilities. Although this needs further confirmation, it predicts spectra
as steep as 2.3 [59]. An injection spectrum of 2.2-2.4 would allow us to assume
a lower CR propagation index 6 ~ 0.3, which better agrees with the observations
on anisotropy [173]. On the other hand, the very steep spectrum observed above
the break (a, ~ 4) is symptomatic of the effective escape of the highest energetic
particles. This is to be expected, due to the age of the remnant. The cutoff predicted
by the DSA theory is also a possibility, but the significant points detected above the
cutoff energy would require an extra acceleration component as discussed in [174].
Moreover, indications of escaped particles have been revealed in the surroundings

of the remnant as discussed in the following.
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Function L AIC*
Null hypothesis 951065 -
Morphology Radial Gaussian 956614  -1913226
(>1GeV) Ellipse 954330 -1908656
Elliptic Ring 957958  -1915910
Radio Template 956770 -
Power Law Failed -
Y . | Broken Power Law 9874900 -19749788
(>p60 MeV) Exp. Cutoff Power Law  Failed -
Log-Parabola 9875084 -19750160

Table 3.1 Results from the modeling of W44. The maximum values of likelihood of
the morphological and spectral models tested on the y-ray observations are reported.
Also the reduced AIC* values are reported. The best models have been highlighted

in bold.

Function BIC
Proton Power Law 894
spectrum Broken Power Law 84
(Pion decay) | Exp. Cutoff Power Law 105
Electron Power Law 10308
Spectrum Broken Power Law 153
(Bremss.) Exp. Cutoff Power Law 1419

Table 3.2 The different spectral models for proton and electrons tested with naima
assuming a pion-decay emission mechanism and a bremsstrahlung radiation model,
respectively. The BIC value is used to evaluate the best model and it is reported here
for each spectral function. The best models have been highlighted in bold.
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3.1.2 Gamma-ray emission from the surrounding gas

Supernova remnants are commonly found within giant molecular cloud complexes,
as the latter host the formation of massive stars, which, having short lifetimes
(10— 107 yrs), end up in Supernova remnant explosion before having sufficient
time to migrate from their place of birth. W44 itself resides in a massive, Mg, ~
1.5 x 10% M, molecular cloud complex, as already mentioned in Dame et al. (2000)
[73]. This constitutes an optimal target where to look for escaped particles. The
particles leaving the remnant are expected to interact with the surrounding medium
producing detectable y-ray emission. The high mass of the cloud around W44
would allow us to observe this complex with Fermi-LAT even if only illuminated
by a low and steep spectrum of cosmic rays as the local one. At the distance of the
remnant, d =2.2 kpc, in fact, the corresponding A parameter is about 3, well above
the detection threshold for MCs with Fermi-LAT (Fig. 2.1). Thus, any deviation
from the local value, which we assume to be representative of the Sea, caused by
freshly accelerated particles, would be easily detectable.

I analyzed this region after having fixed the model for the SNR, which is the
brightest source in the ROI. I proceeded then in two steps: firstly I modeled all
the sources located within 2-degrees from the remnant and secondly, I analyzed
the emission of the gas complex. The 4FGL catalog contains several sources in this
region, they are listed in Table 3.3 and their position is plotted in Fig. 3.5. Three
unidentified point sources are detected in the northwestern side of the remnant, one
of these (4FGL J1852.6+0203) has been indicated as possible young pulsar [175],
while the others are still unknown. On the southwestern side, there appear other two
unidentified point-sources very close to each other. Also in this case one has been
suggested to be a young pulsar but the association is still uncertain. Other interest-
ing sources in the area are the point source 4FGL J1857.6+0143, that was a confused
source in the earlier 3FGL catalog and has now been confirmed to be a pulsar, and
the extended sources 4FGL J1857.7+0246e and 4FGL J1857.7+0246e, that have been
recently added to the Fermi catalog of sources and coincide with the pulsar wind
nebula (PWN), HESS J1857+026 and with the supernova remnant Kes79, respec-
tively. All the sources listed in table 3.3 have been removed from the model and
re-modeled in accordance with the AIC method. For two couples of point-sources,
respectively at the northwestern (4FGL ]J1854.7+0153 and 4FGL ]J1855.8+0150)
and at the southeastern (4FGL J1857.4+0106 and 4FGL J1857.1+0056) edges of the
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Fig. 3.5 Left side: test statistic map of the two gamma-ray extended sources, NW-
Source and SE-source. The white regions indicate the configuration of sources in
the final model, the cyan regions indicate the sources that have been removed. The
CO gas contours from the survey of Dame et al. (2000) [73] are plotted in yellow.
Right side: the gas in the region of W44 as seen by the Nobeyama telescope [75] in
four different velocity ranges, as indicated in the figure legend. The density has
been normalized to the average value in each panel. The white regions indicate the
two extended y-ray sources, NW- and SE-source (solid) and the shell of the SNR
(dashed). The figure has been adapted from [167]

remnant, a single disk morphology is preferred. The latter have been evaluated with
the AIC method in the same fashion as for the morphology of W44. The two new ex-
tended sources have been named NW-source and SE-source, to indicate that they are
located North West and South East with respect to W44. The extension of the sources
has been evaluated with the fermipy dedicated function, GTAnalysis.extension(),
that tests different extended models and evaluates the best one by comparing the
likelihood values. The test statistic value, which evaluates the likelihood of an
extended-source hypothesis, against the point-source hypothesis is also returned
and for both sources it was higher than 40, meaning that the extended model is
preferred. An extension of (0.42+0.03)° and (0.15+0.02)° resulted for the NW- and
the SE-source, respectively. Simultaneously, a fit on the position is also performed,
the new centers are found at (/,b)nw = (35.00°,0.04°) and (I, b)sg = (34.45°,-0.86°).
Interesting to notice that the sources fall at two opposite edges of the SNR, along

the major axis, which is the direction along which the magnetic field develops [162].
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4FGL name (Lb)° 3FGL name Association New Model

J1852.6+0203 (34.90,0.67) J1852.8+0158 YNG PSR candidate! Point Source
J1854.7+0153  (34.99,0.12) - - .
J1855.8+0150  (35.07,-0.14) - - 0.4°-Disk (NW)

J1857.4+0106  (34.605,0.026) - 0.15°-Disk (SE)

J1857.1+0056  (34.43,-0.849) J1857.2+0059 YNG PSR candidate?

J1857.6+0143 (35.18,-0.59)  J1857.8+0129c¢ PSR J1857+0143 -
1857.7+0246e (36.12,-0.15) - PWN HESS 1857+026 0.3° Disk
J1858.3+0209 (35.63,-0.54) 3 -
J1857.6+0212 (35.60,-0.38) J1857.9+0210 MC/SFR” HESS J1857.9+0210 _
J1852.4+0037e (33.61,0.08) - SNR Kes79 0.4°-Disk

Table 3.3 4FGL sources in the region of W44; the bolded sources are the ones for
which we found a new morphology.

Previously, at these locations, two gamma-ray emitting sources have been un-
veiled and were associated with the emission of cosmic rays penetrating the dense
molecular cloud complex [176]. However, the extension of the gas complex is much
larger than the scale of the gamma-ray emitting sources and there is no significant
enhancement of the gas density at the location of the sources, as the right panel of
Fig. 3.5 displays. The CO data of the high-resolution Nobeyama telescope indicate
that the big gas complex can be decomposed into several smaller molecular clouds of
masses (0.3-3.0)x10> Mg, [177]. However, there is no direct correspondence between
the newly identified y—ray sources and these clouds. NW-source partially overlaps
with the cloud GMC G35.0+0.3(V=50), as it can be seen in the corresponding ve-
locity panel in figure 3.5. SE-source, in turn, is located in the proximity of GMC
G34.6-0.7(V=53), a small cloud southern of the remnant. The latter has been shown
to have some indication of interaction with the remnant, even if it was not confirmed.
Otherwise, the gas density in these location is close to the average nyw ~ ngg ~ 10
cm™3. The mass of these clouds is also quite small: it has been calculated to be
Myw = 2x10°> Mg and Mg = 0.4 x 10° Mg, from CO, with an uncertainty of 30%.
Interesting to notice that other bigger or closer clouds in the region, like G34.8-0.6
(V=48 km/s), show no y-ray emission, even if the latter is dynamically interacting
with the remnant.

The SEDs of NW- and SE-source have been derived and are shown in figure 3.6,
where they are compared to the SED calculated for clouds of the same mass, illumi-
nated by the local flux of CRs. The latter have been derived from the experimental
points measured by the AMS02 and DAMPE experiments, as described in previous

sections, from Eq. 1.1.14. The spectra of both clouds are very different from the
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local one, and it is enhanced several times especially above a few GeV. According
to the AIC method (see Table 3.4), both spectra can be described by a Log-Parabola
function (Eq. 3.1.1) as they both have a steep rise before a few GeV and then fall
off quickly. The fit has been performed keeping fixed E, = 1 GeV. The spectral
parameters resulted in the two cases read: ayw = 2.14+0.03, fyw = 0.18 £0.02
and agg = 1.62+0.17 , fsg = 0.25 +0.06. The NW-source spectrum shows a peak
around ~ 1 GeV that can be identified as the pion-bump feature. Assuming a
hadronic origin for the emission, the spectrum of protons has been derived with
naima and it resulted a power law of index a = 2.61 £ 0.03. The latter is harder
than the flux measured in the vicinity of Earth (~ E=>8%) and it is also harder than
the spectrum of the supernova remnant, as clearly visible in the rightmost panel
of Fig. 3.6. In particular, while the spectrum of W44 drops above few tens of GeV,
the spectrum of NW-source continues showing no sign of attenuation. It is possible
that particles of > 100 GeV may have left the remnant and are populating the region
of NW-source, while lower energy protons are still confined within the shell. The
flux of the SE-source in turn, shows a bump feature at several GeV, that cannot be
identified as the pion bump, because it occurs at higher energies. The flux after
that bump drops quickly as E-3# (in photons). This shape could be obtained from
a pion-decay mechanism if the parent proton spectrum is suppressed both at low
and high energy. This behavior is reflected into the proton spectrum derived with
naima, that resulted a Broken Power Law (Eq. 3.1.2) with indexes a; = 1.2+0.2
and a; = 5.4+ 0.8 5.4 before and after E, = 51+ 7 GeV. This would mean that lower
energy particles haven’t reached the region of SE yet and, at the same time, higher
energy particles have already left the region. Another possibility is that the highest
energetic particles are instead escaping only in the direction of NW. It is anyway
interesting to note that the two sources have different spectra from each other, even
if the projected distances from the remnant and the gas densities are similar. In case
of an impulsive accelerator, in fact, the escaping particles are expected to populate
the surrounding medium homogeneously, and therefore the spatial distribution of
y-rays should follow the pattern of the gas.

In order to understand the large scale distribution of escaped particles, the
entire GMC complex, included in the region (I,b,v) € [(33 : 37)°, (-2.5:1.5)°, (30:60)
km s~! ] has been analyzed as separate component. To do so, the same analysis
technique, used for molecular clouds, as described in sec. 2.2, has been applied. The

background templates have been constructed based on the CO and Hi maps, in order
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Fig. 3.6 Spectral energy distributions derived for the SE- (orange) and NW-source
(blue). The colored areas indicate the 1-sigma confidence level derived from the
fit with naima. The grey curve is the gamma-ray flux calculated from the local
emissivity. The masses, Mg and My, have been calculated from the CO gas in
these regions. In the rightmost panel the fluxes of the two sources are compared to
the flux of the remnant. The figure has been adapted from [167].

to be able to perform a kinematic separation along the line of sight. The atomic
component has been considered only in the background and not in the template of
the source, but it is small compared to the molecular component (< 30% Ms,,,,). The
same IC and isotropic diffuse as previously described have been used; no template
for diffuse bremsstrahlung has been included, instead. The latter is non-trivial
to model, both as it suffers of the uncertainties in the electrons distribution and
because it is not easily decoupled from the pion-emission, where the gas density is
high. For this reason, the analysis of this component has been conducted considering
only photons of energy higher than 1 GeV, where the bremsstrahlung contribution
is negligible. The resulting SED has a similar shape to the SED of the CR sea,
calculated for the corresponding mass (Fig. 3.7). The small deviation (< 50%), is
compatible with the uncertainty of the cloud mass. The enhancement can also arise
from the shallow increase of the CR density in the inner Galaxy. This effect should
be of the order of 25% at the galactocentric distance of W44 ~6.5 kpc [111, 130].
The parameters derived with naima, confirms the similarity observed in gamma-rays
also for protons. The derived proton spectrum, in fact, has a slope of 2.87 at the
observed energies. This confirms that the enhancement of CRs is found only in
correspondence of the two extended sources NW and SE. The SEDs of the two
sources, normalized by A, are compared to the SED of the surrounding gas complex

in the right panel of Fig. 3.7. The spectrum of NW-source is higher of a factor ~ 2
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Fig. 3.7 Spectral energy distribution derived for the whole gas complex is compared
to the expected flux for a cloud of the same mass, M,,,, illuminated by the local
CR flux. The green area is the naima-derived fitting curve assuming a pion-decay
model. The area represents the 1-o0 confidence level. The figure has been adapted
from [167].

than the one of the surrounding gas and it is also slightly harder. The SE-source
has a completely different spectral shape and overcomes the spectrum of the whole

complex up to a factor >5 in certain points.

3.2 DISCUSSION

The supernova remnant W44 has proven itself to be a perfect laboratory to test
both the emission mechanism and the escape dynamics of accelerated particles. My
analysis shows that the spectrum of the remnant is compatible with a pion-decay
emission mechanism. A leptonic origin of the radiation instead has to be excluded
due to the steep rise at low energy, that does not conceal with the E~! predictions
for bremsstrahlung below a threshold energy of 600 MeV. This argument can be
applied in future observations also to other objects, for which efficient acceleration
of protons is debated.

Furthermore, an enhanced concentration of high-energy particles is found at the
edges of the SNR W44 in locations where there are no detected MCs, and the gas
density is similar or below the average. Previous analyses identified this emission
with the giant molecular cloud complex that embeds W44, however the analysis
of that specific portion of gas unveils that the CR concentration in that region is

quite low, almost at the level of the local CR density. The enhancement and the



98

COSMIC-RAY ACCELERATORS AND THEIR SURROUNDINGS

Model NW-region SE-region Surr. Gas
Null L 956793 956847 -
. L 956611
1 Point-Source AIC*  -1913218 - -
1 Disk L 956649 957064
AIC*  -1913292 -1914122
Morphology 2 Point-sources L 957059 957059
(> 1 GeV) AIC*  -1914110 -1914110
1Disk+1PS. L 957081
AIC*  -1914152 - -
2 Disks failed - -
Power Law L 9875887 9875954 952919
AIC* -19751774 -19751908
J-ray spectrum | Broken PL L 9875954 9875979 952932
AIC* -19751904 -19751954
Log Parabola L 9875965 9876007 952938
AIC* -19751926 -19752010
Proton Power Law BIC 56 86 44
spectrum Broken PL BIC 59 22 31
Exp. Cutoff PL  BIC 58 23 39

Table 3.4 Results from the modeling of the sources that surrounds W44. The y-ray
spectrum has been derived starting from 60 MeV in the case of NW-source and
SE-source, and starting from 1 GeV in the case of the surrounding gas. The highest
values of likelihood and the lowest values of AIC* and BIC are highlighted in bold,
as they indicate the best model.
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spectral shape of the SEDs of the two clouds prove that these regions are exceptional
objects. If these are really related to the supernova remnant and not to foreground
sources, they most likely must be related to particle escaped from the shell. The fact
that the emissivity is enhanced only in two regions, implies that these particles are
escaping collectively, forming two CR clouds. This phenomenon had been predicted
by Malkov et al. (2013), that calculated that, for a stopped accelerators, particles
escape collectively in clumps, driven by self generated waves. Deeper investigations
are needed to constrain the nature of these two cosmic-ray cloud and in particular to
clarify their differences. In fact although they are located at a similar distance from
the remnant (~ 20-30 pc), their spectra are very different. That could be due to an
intrinsic asymmetry in the shock, for example due to a non-constant Mach number.
An alternative cause may be found in propagation: either because the real distances
of the two clouds are not similar, regardless of what the projected distances suggest
or because of interaction of the particles with the diffuse medium that alters the
propagation. Finally, irregularities in the interstellar magnetic fields can also shape
the clouds of escaping particles in non trivial ways, for example forming escaping

filaments as calculated in [178].

The results presented in this chapter have been published in:

[167] Peron, G., Aharonian, F., Casanova, S., Zanin, R., & Romoli, C. (2020). On the
gamma-ray emission of W44 and its surroundings. The Astrophysical Journal
Letters, 896(2), L23






A NEW INSTRUMENT FOR COSMIC-RAY ASTROPHYSICS

In the previous chapters, results obtained with the Fermi-LAT were presented
and discussed. The performances of this instrument allowed us to obtain strong
constraints concerning both the diffuse galactic y-ray emission, detected in Giant
Molecular Clouds (see Chapter2), and the emission in accelerators and in their
surroundings (see Chapter 3), providing further information on the properties of
acceleration and escape of these high-energy particles. The Fermi-LAT has been
operating now (2020) for more than 12 years and it is difficult to foresee that the
operation will go on for much longer. Its potential in detecting the faint y-ray
emission arising from clouds is almost saturated, and limited to the exploration
of few locations, corresponding to exceptionally massive (2 10° M) or near (< 1
kpc) Molecular Clouds [151], which represent only a small percentage of the total.
Next-generation y-ray instruments are oriented to the observations of the very-high-
energy regime (> 1 TeV). At these energies, the spectrum of passive clouds is reduced
by a few orders of magnitudes, and therefore VHE observations are not suitable for
studying the global distribution of cosmic rays. However, these instruments could
play a role in constraining the highest-energy part of the spectrum, at least for the
most massive clouds, and in observations of clouds where the flux is enhanced, e.g.
due to the vicinity of a strong accelerator.

In this chapter, I review the potential, in studying both passive and active
molecular clouds, of the available and planned y-ray instruments. Furthermore, I
discuss the necessary features of a new instrument, optimized for the investigation
of Galactic cosmic rays, that could overcome the Fermi-LAT. I also discuss some

science cases, that could be addressed with such instrument.
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4.1 SENSITIVITY

The sensitivity of an instrument is defined as the minimum flux that can be detected
with significant excess over the background. The significance S, is estimated as the
ratio between the number of excess events over the background, N, and its variance
0(N;), that is a combination of the fluctuations of the source counts, N,,,, and of the
background counts N :

N,,—aN,
So DN _ ff (4.1.1)

o (Ns) \/a(Non‘*’Noff)'

The latter is obtained in the hypothesis of Poissonian statistic; @ = t,,/t,ff is the
ratio between the observation time on the source and of f the source (i.e. on the
background) and it is often 1. In the case of Fermi-LAT the sensitivity is calculated
imposing S,,;,, = 5 and the further condition of a minimum number of detected
photons N,, > 5 . The significance calculated in this way is equivalent to the
expression in terms of Log-likelihood presented in Eq. 2.2.5, as demonstrated in
[179].

To improve the sensitivity, one needs to increase the significance of the mea-
surements, for example enlarging the number of detected excess photons, namely
Ns = Nou(E, A, to,)—Nosr(E, A, t,r¢). The latter depends on the emission properties of
the source and of the background, but also on the collection area, A, of the detector
and on the observation time f,,,/, . Fixing the energy spectrum, for a given source
and a given background it results: Ny, /orf oc A~ toy/0rf, assuming f,, = t,rf one

obtains:

S oA ty,. (4.1.2)

It is possible to increase the significance of the observations by i) reducing the
background, N, Ffs ii) increasing the observation time; or iii) enlarging the collection
area.

The sensitivity curves are usually calculated for point-like sources, considered
the instrument point-spread function, opgr. When observing extended sources, the
number of counts belonging to the background is larger, because a larger area is
considered. In this case, the sensitivity scales as a factor w(opgr, 0), defined in Eq.

2.1.1, which depends on the extension of the source.
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4.2 CURRENT AND NEXT-FUTURE GAMMA-RAY INSTRUMENTS

Gamma-ray instruments are usually divided into space-based and ground-based
experiments. Exhaustive reviews of gamma-ray observational techniques can be
found for example in refs. [31, 180-182], here I summarize the basics of the detection
methods and the parameters that influence the instruments’ sensitivity (see Table
4.1).

Space-based instruments directly collect gamma-rays but are limited in the
effective area (< 1 m?) and consequently also in the observable energy range, that
is normally between few tens of MeV up to almost 1 TeV. The detection principle
is based on pair-conversion: photons of sufficiently high energy enter the detector,
decay in e*e” couples, and are then revealed in calorimeters. The arrival direction
of the incoming photon, which determines the instrument angular resolution, is
determined using position-sensitive detectors. The angular resolution in this way
can be as low as 0.15° at high energy, but it is gravely affected by scattering inside
the detector at lower energies, where it can be several degrees large. The background
signal induced by cosmic rays is controlled by an anti-coincidence detector, which
surrounds the entire instrument and provides a veto signal when a cosmic-ray
particle passes through it. Currently operating space-based instruments are the
Fermi-LAT [1] and AGILE [2], which have a similar design, although the latter has
reduced performances due to its smaller effective area.

Ground-based y-ray instruments can extend over larger areas and thus can
measure higher-energy (> 100 GeV) photons. The detection principle consists
in measuring the cascade of particles, the so-called Extensive Air Showers (EAS),
that y-rays initiate when impacting on the Earth atmosphere. Showers extend on
average for 10 km and can be detected either at high-altitude with EAS detectors
(ED), usually with scintillators or in water tanks, where the particles produce
Cherenkov light (Water Cherenkov technique, WCT) or at lower altitude by imaging
their Cherenkov light with the Imaging Air Cherenkov Technique (IACTs). The
lower energy threshold of the firsts is about ~ 300 GeV-1 TeV, depending on their
altitude while the seconds can observe also events of 50-100 GeV. Both photons
and particles can initiate a shower and the ability to separate between the type of
parent particle directly influences the sensitivity of these instruments at different
energies. CR-initiated showers can be rejected based on their composition (detecting

secondary products of hadron-decays, mainly muons), on their shape (hadronic
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Energy Range Aerf OpSF Sensitivity
[m?] [erg cm™2 s71]
Space- | AGILE 30 MeV-50 GeV 0.5 0.2°-4.7° > 5x%x10712
based Fermi-LAT 20 MeV-1 TeV 0.95 0.15°-3.5° >2x10713
VERITAS 85 GeV-30 TeV
Current | MAGIC 50 GeV-10 TeV <10°  0.08°-0.15° >5x10713
Ground- | H.E.S.S. 50 GeV-100 TeV
based HAWC 300 GeV-100 TeV < 10% 0.3°-2° >2x10712
LHAASO 200 GeV-1 PeV <10° 0.20-2° >10714
Planned | SWGO 400 GeV-200 TeV 3.5 x10*  0.15°-1° >10713
Ground- | CTA-South <4x10° o o >5x10714
based CTA North 20 GeV-200 TeV <106 0.03°-0.25 S 1018

Table 4.1 Main parameters that characterize the performances of the current and
planned y-ray instruments. The effective area refers to on-axis observations. The
sensitivity is given for different observation times, specifically: 10 years for space
based instruments, 50 hours for IACT arrays and 1 year for WCs and LHAASO.

initiated particles are thicker, due to the higher momentum transfer) or the arrival
direction (CRs arrive from random directions).

The current operating IACT instruments are VERITAS [4, 183], that is a system
of 4 telescopes located in Arizona, U.S.A., MAGIC [3, 184] in La Palma, Spain that
consists of 2 telescopes and the H.E.S.S. [185, 186], in the Khomas highland, in
Namibia, now operating with five telescopes. The usage of an array of telescopes
has turned out to be very efficient for lowering the detection threshold, improving
the angular resolution, and suppressing the CR-background. The above-cited in-
struments have similar performances, reaching a sensitivity of ~ 10713 erg s7! cm™2
and an angular resolution of ~0.1°. The next-generation plans for the IACT point
towards a larger array of Cherenkov telescopes, the Cherenkov Telescope Array
(CTA) [6, 187], that will have 2 sites one in the Canary Islands, and one in Chile,
with 35 and 39 telescopes respectively, reaching a ~ 2 times better sensitivity than
the northern array. Since the configuration is still uncertain the performance of
this observatory cannot be correctly estimated. However CTA promised to reach
a ~10 times better sensitivity and a ~ 5 times better angular resolution than the
current generation of IACTs. For the category of WC, we find now in operation the

HAWC observatory [7, 188], in Puebla, Mexico. A new project is now starting, in the
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Southern hemisphere, the so called Southern Wide Field Gamma-ray Observatory
(SWGO) [189, 190], that will have the same detection principle as HAWC, but with a
larger number of tanks. The latter will reach the same level of sensitivity of H.E.S.S.
after only 1 year of operation. Finally, the LHAASO observatory [8, 191] started the
observations in October 2019 with half of the array already active. The completion
of the instruments is planned for the end of 2021. This observatory combines dif-
ferent techniques, electromagnetic particle detectors (ED), water Cherenkov, and
air Cherenkov telescopes. This configuration permits to reach unprecedented levels
of sensitivity in the widest energy range from a few hundreds GeV to 1 PeV. The
strength of this observatory resides in its unbeatable rejection power at a level of

107> above 100 TeV, where it is basically background free.

4.2.1 The sea of Galactic Cosmic Rays with current gamma-ray instruments

The potential of the above-mentioned instruments in detecting the y-ray flux from
molecular clouds have been investigated by comparing their sensitivity to the flux
induced by different CR spectra. Of particular interest is the ability of detecting
the so-called Sea-level of galactic cosmic rays, namely the nominal baseline flux
that characterizes the entire Galaxy, see Sec. 1.1.2. Here we assume that the CR-sea
level coincides with the value measured at Earth. Analysis of MCs in different
locations confirms this statement, and no location showed a flux lower than that
(see discussion in Chapter 2), meaning that this can be safely assumed as the lowest
CR-level at least for the considerations regarding the visibility of molecular clouds.
I assumed then as proton spectrum the interpolation of locally measured data from
different experiments spanning several energy ranges: AMS02 below 1 TeV, DAMPE
up to 100 TeV, and the two different branches derived by KASCADE and by Ice-top,
at higher energies (see Fig. 1.1) [17, 18, 26, 28]. The parent CR proton spectrum
so defined is plotted as a black line in the inset panel of Fig. 4.4. The expected
flux of a molecular cloud has been calculated for such spectrum, from Eq. 1.1.14.
A reference value of A =1 has been considered as well as the standard value for
&En = 1.8, although the latter value slightly increases of ~10% at higher energies.
The sensitivities of the currently operating instruments, Fermi-LAT, H.E.S.S., HAWC
and LHAASO (top panel of Fig 4.4) and of the next-future instruments, CTA and
SWGO (bottom panel) are compared to the given cloud spectrum. To take into

account the extension of the sources, the sensitivities have been worsened by the
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factor w(0,0psr) (Eq. 2.1.1) appropriate for each instrument. The areas in the plot
span from w(6 = 0.2°) to w(6 = 0.5°).

It is clear that Fermi-LAT is by far the most suitable instrument for detection
of MC emission, as most of the energy is concentrated in the GeV energy band.
At higher energy, the spectrum, being quite soft, falls rapidly and becomes more
difficult to detect.

In order to increase the chances of clouds detection, larger clouds (A > 1) could
be targeted or longer observation times, ¢, might be employed, as the sensitivity
decreases as t7/? (Eq. 4.1.2). The minimum detectable gamma-ray flux at a given
energy, F,,(E), is the one that matches the sensitivity S(E). So in general one should

have:

F,(E) > S(E) (4.2.1)

that translates into:

Ay (E) > Sy(E)y|2 (42,2

where Sy(E) is the sensitivity corresponding to an observation time ¢y, A is the
Ms/ d]fp . parameter, that characterizes molecular clouds emission and ¢,, is the y-ray
emissivity, that depends on the cosmic-ray content and on the nuclear enhancement
factor (see Eq. 1.1.14). For simplicity the slight energy dependence of the nuclear
enhancement factor have been ignored and a uniform value of 1.8 has been assumed

for the following discussion. It is practical to define the ratio, R(E):

_ So(E) t
R(E):(Py(E)_A\/% (4.2.3)

to characterize the minimum requirement for a molecular cloud to be visible

with a certain instrument at a given energy, considering its A parameter and an
observation time t. The curves for R(E) for the instruments discussed above are
plotted in Fig. 4.2 as a function of energy. This value is quite high for IACTs, being
of the order of units or higher. For H.E.S.S. is always Rygss(E) 2 10 that means
that with the current sensitivity and with an exposure t; = 50 hr H.E.S.S. could
detect only clouds with A > 10. However, no clouds with such a high value of A
are known and to compensate this with observation time one should increase it,
by a factor t/ty ~ R%IESS =100, which is far too long. On the other hand, CTA is

very close to the detection of such objects having Rcr4 ~ 1 below a few TeV. In this
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Fig. 4.1 Differential sensitivity of the most sensitive gamma-ray instruments avail-
able (top panel) or planned (low panel) for different energy ranges. The red areas
represent the sensitivity of 10-yr Fermi-LAT accumulated data, in the outer Galaxy
(dark red), and in the inner Galaxy (light red). The orange area indicates the sensitiv-
ity of 50-hr observations with the H.E.S.S.. The blue zone indicates LHAASO 1-year
sensitivity, while the blue dashed line is the same curve for 10 years of observations,
assuming a V't dependence; the magenta dashed line is the 5 years sensitivity level
of HAWC. The green areas are the sensitivity of 50-h observations with the CTA
North (light green) and the CTA South (dark green) array, in the baseline config-
uration. The dashed cyan line is the planned sensitivity for SWGO after 1 year of
observations. The sensitivities are scaled to take into account the extension of the
sources, spanning from 0.2° to 0.5°. The black curve indicates the gamma-ray flux
expected from a molecular cloud with A =1 illuminated by the local cosmic-ray
spectrum, plotted in the inset panel.
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case, few molecular clouds having a large enough A can be detected, provided that
a sufficient observation time is granted. A factor of 2 better sensitivity could be
gained for example by accumulating data for 200 hours on a single object, even if it
is not very convenient. LHAASO presents a Ry gaas0 ~ 4 at 100 TeV, that is reduced
to 2 when considering the higher branch of protons. Since LHAASO observes the
outer edge of the Galaxy, not many massive molecular clouds fall in its field of view,
nevertheless the close Gould Belt clouds could serve as interesting targets, having
often A exceeding 1. In the latter case though, a good compromise with the angular
extension needs to be found, as the latter exceeds 1 degree in several cases. On the
other hand, the improvement induced by the time increase could be significant. In
the case of LHAASO in fact, the background rejection is so efficient, that in some
energy-ranges the observations can be considered background-free. In such a case,
the sensitivity does not scale with Vt but with ¢, making it possible to improve
the sensitivity of a factor 4 only in a few years. Interesting to see that Rgwgo is
of same order of magnitude, being ~ 3 around 10 TeV. If the performances of this
instrument will be confirmed, the SWGO will be a valid counterpart of LHAASO in
the Southern hemisphere.

The distribution of molecular clouds” A parameter from the MD-catalog [87] are
displayed in Fig. 4.3 as a function of the clouds galactic longitudes. The minimum
value of A required from each instruments for detection is also shown. The latter is
close to the minimum of R;(E) for fixed times f,. This value is derived to guarantee
the detection in some energy bands, but do not assure that a spectrum in the entire
energy range can be obtained.

4.2.2 Accelerators and their surroundings with current gamma-ray instruments

While the VHE and UHE instrument cannot tell much about the nominal sea of
cosmic rays in molecular clouds, a different scenario is expected in the vicinity of
an accelerator. In the surrounding of a source, in fact, the cosmic ray density is
enhanced also of orders of magnitude. Moreover, the energy dependence of the
diffusion coefficient makes the spectrum of the escaping particles harder than the
accelerator itself [120]. This effect is observed for example in the surrounding
medium of the supernova remnant W44 (Chapter 3), for which a condensation
of cosmic-rays with a much harder spectrum than the remnant is found at a few

tens of parsec at the location of what we named NW-source. On the other hand,
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Fig. 4.2 Ratio between the sensitivity Sy(E) of the above mention detectors and the
flux of a gamma-ray emitting cloud illuminated by the local spectrum of cosmic
rays. This represents the minimum A factor that a cloud should have in order to be
detectable or equivalently the minimum improvement of the sensitivity obtained
for example by increasing the observation time. An average size of 0.3° has been
considered for the worsening factor w. The curves correspond to: Fermi-LAT inner
(light red) and outer (dark red) performances, H.E.S.S. (orange), CTA Northern (light
green) and Southern (green) array, SWGO (cyan) and LHAASO (blue). The dashes
blue curve represents the second branch of protons at high energies.
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Fig. 4.3 Distribution of the A parameters of the cloud of MD-catalog as a function of
their galactic longitude. The detection threshold of the above described instruments
is also shown for comparison respectively for 10 years Fermi-LAT observations (red),
50-hours with CTA (green) and H.E.S.S.(orange) and for LHAASO after 1 (blue solid)
or 10 years (blue dashed). The threshold is an approximate value derived from the
ratio between the sensitivity and the local flux.

enhanced fluxes are observed also in location of clouds that are not associated
with any identified accelerator, as in the case of the clouds in the inner galactic
region, that were presented in Chapter 2. These clouds presented fluxes 3-4 times
higher than the one measured in the vicinity of Earth, therefore their visibility is
much improved. The SED of both NW-source and R877, as a representative of the
inner-galactic clouds are plotted in Fig. 4.4 against the sensitivity of the current
and next-future generation instruments. An extrapolation of the spectrum of these
objects at high energies seem feasible and desirable. For example, in the case of
molecular clouds in the vicinity of an accelerator observations of very-high and
ultra-high energy are fundamental to understand the source acceleration power and
specifically their maximum energy, to understand if they can serve as PeVatrons,(i.e.
accelerators of PeV particles). It is clear in fact that PeV particles hardly can be
confined within the source itself and they are rather populating the surrounding
medium. Similar arguments can be brought up in the case of molecular clouds not
correlated with a specific accelerator. The enhancement can be due to a collection

of accelerators that are more abundant in a particular regions of the Galaxy or
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rather be due to a "dark’, undetected accelerator. In the latter case, the high angular
resolution of IACTs might play a role in constraining the location of the source itself,
by determining the direction from which the CRs are illuminating the cloud.

The spectrum of an accelerator-illuminated cloud is however difficult to foresee
as it depends on the age and on the distance of the accelerator, as well as on the
diffusion coefficient of the ambient medium. Some example of CR spectra have been
calculated in ref. [48] and are shown in Fig. 1.7. The gamma-ray fluxes derived
from these CR fluxes, illuminating a MC of A =1 are compared to the instruments’
sensitivities in Fig. 4.4. The case of very young accelerators (102 yr; solid lines)
is the most advantageous to be observed at high energy, nevertheless, when the
distance from the accelerator is too high (100 pc; blue lines) the GeV counterpart is

suppressed and the detection with Fermi-LAT might be missed.

4.3 BEYOND THE FERMI-LAT

With the use of the current and next-future generation of instruments is possible
to measure the y-ray spectrum of only a limited number of molecular clouds and
consequently the cosmic-ray density can be mapped only in a few locations. On the
other hand, massive molecular clouds are found in the entire Galaxy potentially
providing the target to sample the galactic population of cosmic rays all over the
Milky Way. To probe comprehensively the sea of galactic cosmic rays the sensitivity
of GeV-instruments needs to be significantly improved. While ground based gamma-
ray instruments are making huge progresses and several experiments are planned
for the next future, the same cannot be said for what concerns space based missions.
The GeV window, to which the the bulk of energy deriving from the CR sea belongs,
is left to explore to the already 12-years-old Fermi-LAT. Also assuming that the LAT
continue its operation for another 10 years, the improvement in the sensitivity would
be of only V2 ~ 1.4. Taking the Fermi-LAT instrument as prototype, we evaluated
the factors that can improve the sensitivity to a necessary level to allow the detection
of y-ray fluxes in giant molecular clouds from many different locations.

The rejection power of Fermi-LAT already reached the unprecedented level of
efficiency of 0.99997 [192] leaving no much space for further improvement in this
direction. According to Eq. 4.1.2, extending the observation time of a factor
would improve the significance only of a factor ¥ = /7 so to obtain a considerable

improvement, a long time is required. One solution could be the implementation
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Fig. 4.4 The same sensitivities as in Fig 4.4 are plotted against the gamma-ray flux
expected for a molecular cloud located at R=10 pc (grey curves) and R=100 pc
(blue curves) from an impulsive accelerator, observed after a time t = 103 yr (solid),
10* yr (dashed) and 10° yr (dotted). An energy dependent diffusion coefficient of
D(E) = 10%%(E/10 GeV)? cm?/s is assumed, as well as W, = 10°% erg and an injection
spectrum of slope I' = 2.2, see [48]. The experimental points of cloud R877 in the
4-6 kpc ring [151] and NW-source in the vicinity of W44 are also shown [167].
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Fig. 4.5 The combined effect on the sensitivity due to an increase in the observation
time 7 and in the extension A of a Fermi-LAT-like detector. In the leftmost panel:
the blue curve shows the effect of increasing only the time by a factor x, while
the orange curve shows the effect due to an increase of only the size by a factor
x. The other two curves show a combination of the two variables: for the green
curve the time and size are increased by the same factor, while for the red curve the
increase factor in time is 1/3 of the increase factor in size. The middle panel instead
shows how A and t depends on each other for a fixed sensitivity improvement ¥.
The rightmost panel instead shows the worsening, w, of the sensitivity caused by
different values of PSF as a function of the source extension.

of a pointing system to focus only on specific regions (e.g. the Galactic plane) for
a longer time, but that would mean sacrifice time on other areas. Enlarging the
collection area is the most efficient way to achieve a significant improvement of the
instrument sensitivity. The improvement in sensitivity, is linearly proportional to
the increase in size, A, so it is sufficient to have a 2 times larger (A = 2) detector
to have a 2 times more sensitive instrument. A combination between 7 and A can
yield to great improvement of the sensitivity, ¥ = A+v/t, as Fig. 4.5 shows. An
improvement of the sensitivity of a factor ~3 can be achieved for example observing
for 12.5 years with a Fermi-like instrument of size 5 mx 5 m. Furthermore, one can
also think of stacking the data obtained with such instrument to the data collected
by the Fermi-LAT to increase even more the significance of the source [193].

The angular resolutions opgr of the order of the size of the cloud is desirable
as a narrower point-spread function would decrease the flux and consequently the
significance of the source of a several units (see Eq. 2.1.1). The influence of this

parameter is also plotted in Fig 4.5. The current resolution of Fermi-LAT (0.2°-0.5°)
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is in fact ideal for the observation of galactic extended sources that have areas of

~ 0.2° or larger.

4.3.1 Expected results from improved sensitivity

In the following, the potential of an instrument with a ¥ = 2 or ¥ = 4 better
sensitivity with respect to Fermi-LAT is investigated. Firstly, the case of molecular
clouds illuminated by the local cosmic ray flux is considered. As it can be observed
in Fig. 4.6, the number of detectable objects is significantly increased in this case.
Only with an increase of the sensitivity by a factor 2 the fraction of detectable clouds
raises from ~ 3% to 10%. This fraction reaches almost the 20% by improving it by
a factor 4. Furthermore, the gain is much larger when focusing on single location
of the Milky Way. While most of the MCs detectable by Fermi-LAT concentrate
in the vicinity of the Solar System, and only few objects are detectable at further
distances, an improved sensitivity would allow us to deeply sample also further
locations. The number of detectable clouds for each range of galacto-centric radius,
Rgq1, and galactic height Zo, are reported in Fig. 4.7. It emerges that already
with an improvement of ¥ = 2 tens of molecular clouds become visible in each
galacto-centric ring. Of special interest is the 2—-4 kpc ring, where only few clouds
are accessible with the current Fermi-LAT sensitivity. At the same time, while
Fermi-LAT is limited to the observation of molecular clouds relatively close to the
galactic plane. an improved sensitivity would allow to access several locations up to
400 parsecs from the plane. The combined knowledge of the cosmic-ray density at
different distances from the Galactic center and at different height from the Galactic
plane would improve the knowledge regarding the propagation properties of these
high-energy particles in the radial and in the perpendicular direction. A map of the
Milky Way locations that can be probed with the above mentioned level of sensitivity
is displayed in Fig. 4.8, showing that a comprehensive mapping, of most of the
Galaxy, can be obtained.

The above considerations are valid in the case of a cosmic-ray spectrum similar
to the local one. In the case of enhanced flux, as in the vicinity of a source, the
visibility is further improved. Moreover, in the case of a very hard spectrum, the
low-energy part of the spectrum is suppressed and can be missed by Fermi-LAT. An
instrument with a much improved sensitivity could instead be sensitive to such low

fluxes and tell more about the GeV counterpart of sources with hard spectra (see
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molecular clouds that are visible with the sensitivity of Fermi-LAT (dark red), with
a X = 2 better sensitivity (orange) and a X = 4 times better one (blue).
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solid blue line in Fig. 4.4). Although a precise emission model needs to be calculated
with known injection and diffusion properties and it is difficult to predict the exact
emission of this kind, intuitively it is foreseeable that several counterparts of very
hard sources will pop-up observing with a more sensitive instrument.

Even if it is not in the main interest of this research, it should be mentioned that
the enlargement of the sensitivity would also have great benefits in the search of dark
matter signatures. One of the hypothesis on the nature of dark matter involves in
fact weakly interacting massive particles (WIMPs), which are expected to annihilate
producing gamma-ray photons. Signatures of dark matter are expected to be found
in gamma-rays surveys especially towards region of enhanced matter density, like
in the Galactic Center, or in regions where a dynamical anomaly is usually observed
and attributed to dark matter, like in the case of galactic halos. A special case is
constituted by dwarf galaxies, as they are expected to be dominated in mass by dark
matter. The monitoring of these objects with the current generation instruments has
produced constraining upper limits to the cross-section of dark matter annihilation.
Observation of Fermi-LAT suggests an upper limit of (cv) < 1026 cm3s™'. A 2 or 4
times better sensitivity would decrease this limit even more (see [194] for a recent
review).

At the same time, a new instruments monitoring the gamma-ray sky with a
larger collection area will increase the chances for detection of transient phenomena,
including the gamma-ray bursts originating in the coalescence of compact objects.
The detection of an electromagnetic counterpart of gravitational waves signals is
particularly important for determining the origin of the waves, but also to constrain

the model parameters [195].

4.4 DISCUSSION

The sea of galactic cosmic rays, as defined in the previous chapter can be effectively
traced in the locations of giant molecular clouds. However, most of the molecular
clouds in the Milky Way are either too small or too far to be detected with Fermi-
LAT, which can reach only the ~ 3% for the most part located in the vicinity of the
Earth. This number is further decreased when considering possible overlapping
with other gamma-ray sources, especially in the inner Galaxy, where the spiral arms
overlap along a single line of sight. A deep investigation of the galactic cosmic-ray

distribution can be carried out with a Fermi-LAT type instrument if the sensitivity is
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improved of factor 2 or more. Extending the sampling of cosmic-ray density to many
different locations both along the radial and the perpendicular direction allows us
to further constrain the propagation properties of these high energy particles. The
radial modification of the propagation properties has been discussed in depth in the
previous chapters and having many further locations to investigate would definitely
be beneficial for understanding more the diffusion in the disk. In addition, the
possibility of observing molecular clouds off the plane would allow us to test the
extent of the cosmic rays in the galactic halo. Moreover, being the CR density a
result of magnetic fields and turbulence, these measurements can serve as indirect
tracers of these properties of the interstellar medium. Cosmic rays also have a deep
influence on the interstellar gas as they are one of the main sources of heating and
thus influence the star formation rate.

Higher energy investigations seem also promising for the starting of operations
of LHAASO. The latter when operating at full regime will be able to detect, in
only a few years, the flux of the biggest molecular clouds. This will be a great
opportunity to test the cosmic-ray spectrum at the ultra-high energies at locations
different than Earth, gaining unprecedented knowledge on the distribution of multi-
TeV sources. Water Cherenkov detectors, in a sufficient amount of time, might
become competitive with LHAASO, especially the future SWGO. The latter will
be located in the southern hemisphere and therefore will be complementary to
LHAASO. Covering the inner part of the Galaxy, it will have the advantage of
observing the most massive molecular clouds. IACTs are in general limited by
their small angular resolution, typically of few arcmin. But at least CTA, with
the considered configuration, seems able to detect the biggest molecular clouds if
sufficient time is provided. In such a case, its small angular resolution could allow
us to resolve smaller structures and tell about the spatial distribution of cosmic rays
inside molecular clouds themselves.

Regions in the vicinity of accelerators will be of particular interest for the TeV-
PeV detectors as the flux is expected to be enhanced and harder allowing to re-
construct the acceleration history of the source or to identify the location of still
unknown sources. In this context, the realization of a more sensitive instrument
for the GeV-energy band with an improved sensitivity would allow us to test the

low-energy counterpart of these objects.
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The results of this chapter have been presented in:

Peron, G. Ultra High Energy y-ray emission from Giant Molecular Clouds,
invited talk at "Multimessenger high energy astrophysics in the era of LHAASO",

online conference, July 2020

and are included in the work in preparation:

Peron, G., & Aharonian, F., The galactic cosmic ray density with current
and future y-ray instrument, prepared for the submission in Astronomy &
Astrophysics






SUMMARY AND CONCLUSIONS

The results of my Ph.D. study demonstrate the potential of high-energy gamma-ray
observations for investigating the spectral and spatial distribution of cosmic rays in
the Milky Way.

In Chapter 2, I reported the results from the Fermi-LAT analysis of the y-ray
flux from 28 passive molecular clouds, distributed all-over the Milky Way ranging
from distances of 100 pc to more than 12 kpc away from us. Earlier analyses were
dedicated to the investigation of the large-scale diffuse emission, and studies on
single clouds were limited to the clouds of the nearby Gould Belt region or to the ex-
ceptionally massive Sagittarius B complex. Thanks to the recognition of the presence
of several massive molecular clouds at a close enough distance, it was possible, for
the first time, to extend the investigation of the galactic cosmic-ray distribution to a
significant number of locations, farther than the Gould Belt region. The cosmic-ray
flux derived in several different locations coincides with the measurements obtained
in the vicinity of Earth by direct experiments, therefore suggesting the idea that
this level is a fair representation of the "cosmic-ray sea". Significant deviations from
this level are detected only in the region within the galactocentric distances ~4 kpc
and ~6 kpc, where the large-scale diffuse emission is also higher and harder than
the local one. Nevertheless, the cosmic-ray fluxes derived from different clouds
show noticeable fluctuations and do not always match the average value reported
in previous publications. This is an indication of the presence of active or recent
cosmic-ray accelerators in proximity of the analyzed clouds. Also in the innermost
part of the Galaxy (< 4 kpc) the results show significantly lower fluxes than the
values claimed by the Fermi-LAT collaboration based on their analysis of the diffuse
y-ray background. The results on molecular clouds illustrate the feasibility of the
method and, in addition, demonstrate the advantages of the suggested method for

deriving information on Galactic Cosmic Rays. Studies on molecular clouds provide
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more objective and unbiased information about the Galactic cosmic rays compared
to the method based on the analysis of the large-scale diffuse emission, since the
latter could be biased by the inclusion of regions of larger cosmic ray density. The
impact of this effect is especially significant for the regions where the diffuse gas is
not smoothly distributed but rather tends to agglomerate in patchy clumps.

In Chapter 3, the results of the analysis of the supernova remnant W44 have
been presented. Because of its age (20 kyr), this object is an ideal source for probing
cosmic rays both inside the accelerator (the shell) and in the regions surrounding
the remnant, which are filled by relativistic particles that have already left the
shell. The high quality of the spectral points derived from this remnant allow us
to determine the hadronic origin of the radiation, based on the recognition of the
characteristic pion-bump turnover below 1 GeV. The analysis of the surrounding
medium unveiled two extended y-ray sources at the edges of the remnant, along
the direction of the remnant magnetic field. The analysis of the high-resolution gas
data for the region demonstrates that these sources do not correlate to any region of
gas over-density and are then identified as cosmic-ray clouds. The configuration and
orientation of these clouds indicate that these conglomerates of relativistic particles
propagate anisotropically after they escape the shell of the supernova remnant.

In Chapter 4 the capabilities of current and future y-ray instruments in detecting
“passive”and “active”molecular clouds were investigated. The new generation of
gamma-ray telescopes will strengthen the detection power at TeV (CTA, SWGO)
and PeV (LHAASO) energies. Yet, they will be limited to the observation of ac-
tive molecular clouds, which present an enhanced and/or harder flux. This will
allow us to better investigate the acceleration power of the sources and the escape
phenomena. This will further permit in-depth studies of the physics of particle
acceleration, their escape, and propagation close to the accelerators. Concerning
passive clouds, namely those regions far from any accelerator, a new GeV instrument
with improved sensitivity compared to Fermi-LAT would be beneficial. According
to my calculations, an improvement of only a factor 2, could enable most of the
regions of the Galaxy to be mapped. That would guarantee a deeper understanding
of the propagation properties of these high-energy particles, but also to constrain
the distribution of sources. Furthermore, cosmic rays hold an important component
of the energy density of the Galaxy, being comparable with the energy density of
the cosmic microwave background, and of the interstellar magnetic field and they

also regulate the dynamic of star formation. Having their spectral and spatial distri-
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bution firmly constrained is undoubtedly of paramount importance for a variety of

astrophysical aspects.
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