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Abstract

In recent years, the current generation of ground-based gamma-ray

telescopes has proved the great potential of the stereoscopic arrays

of Imaging Atmospheric Cherenkov Telescopes (IACTs) as effec-

tive multifunctional tools for spectral and morphological studies

of gamma-ray sources at energies from a few tens of GeV up to

tens of TeV. The next generation IACT observatory, namely the

Cherenkov Telescope Array (CTA), is designed to pursue the next

step of development in terms of instrument performance. Conse-

quently, a strong impact on our understanding of the non-thermal

Universe is foreseen. In this work, the actual potential of the next

generation IACT arrays in general, and CTA, in particular, to per-

form morphological and spectrometric studies of very high energy

(VHE) gamma-ray sources is explored.

In addition to the ideal (Gaussian form) point spread function

(PSF), the impact of more realistic non-Gaussian PSFs with ex-

tended tails has been considered. Simulations of isolated point-like

and extended sources have been performed, motivated by the fact

that morphological studies of complex regions of extended emis-

sion or regions crowded by gamma-ray sources, such as the region

of the Galactic Center, represent one of the main challenges to be

faced by the the upcoming observatory. The simulations have been

used to understand the response of the instrument under different

assumptions regarding the PSF model. When the contribution of

the tails accounts for ≥ 5% of the Gaussian PSF, the reconstruc-

tion of the source morphology is significantly compromised, due to

the artificial emission induced by the presence of the tails.

Then, the capability of the instrument to resolve multiple sources

has been analyzed and the corresponding instrument sensitivities

calculated. It has been shown that, depending on the PSF shape

and on the distance to the test source, the presence of a nearby

gamma-ray emitter increases the minimum detectable flux up to

an order of magnitude with respect to what foreseen by CTA in

case of an isolated point-like source and Gaussian PSF. The CTA

expectations on the flux sensitivity are found to be reduced also

in correspondence to isolated extended objects. The worsening is

especially significant in the low energy domain: around few tens of

GeV, a degradation of the sensitivity by an order of magnitude or

more is expected. These results should be taken into account when

planning the observations with future IACT arrays, especially in

the densely populated part of the Galactic plane, where the chance

of clustering of two or more gamma-ray sources within 1 deg is high

and many of the objects are found to be better described as ex-

tended sources, rather than point-like.

Finally, the potential of CTA for spectrometric studies of VHE

gamma-ray objects has been evaluated. Besides the featureless,

e.g. pure power-law, energy spectra, the cases of spectra with ex-
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ponential cutoffs and broken power-law energy distributions have

been examined. It has been demonstrated that the significant im-

provement expected for CTA regarding both the detection area and

the energy resolution will allow the reconstruction of energy spec-

tra with sharp spectral features with great accuracy. Sharp cutoffs

or breaks around tens of TeV could be properly reconstructed,

provided adequate exposure times (≥ 50 hours) and moderately

strong sources (∼ 10% of Crab Nebula flux).

The thesis is organized as follows:

• In Chapter §1 the IACT detection technique is described and the cur-

rent and future Cherenkov telescopes are reviewed.

• In Chapter §2 the morphological studies of point-like and extended

gamma-ray objects are reported and the accurate modeling of the PSF

shape to determine CTA’s ability to resolve confused region is explored.

The results described in this chapter have passed through an internal

review by the CTA Consortium and have been published in [71] and

[70].

• In Chapter §3 the study of the CTA sensitivity in case of a companion

gamma-ray emitter in the proximity of a test source is disclosed. This

section is based on the results published in [71], after the approval for

publication by the CTA Consortium. Then, the instrument sensitivity

to extended sources is discussed. At the time of writing, this part of the

work is ready to be submitted to the internal review by the CTA and

the KM3NeT Consortiums.

• In Chapter §4 the spectrometric studies of VHE gamma-ray objects

and the modeling of the CTA’s ability to reconstruct abrupt spectral

features, in form of cutoffs and spectral breaks, are presented. This part

of the work already passed the internal review by the CTA Consortium

and a paper based on these results has been submitted to Astroparticle

Physics Journal.

• The main results of the work are summarized in Chapter §5.

• In Appendix §A a description of the different gamma-ray production

and absorption mechanisms is given, while in Appendix §B an overview

of the known and potential astronomical sources expected to emit in the

VHE domain is presented. The survey presented in these appendices is

not essential to the ultimate intent of the work and the reader familiar

with these topics can skip this section. Nevertheless, for the sake of

completeness, it is given as a useful support for the reader who is not

expert in the field to understand the importance of the scientific results

described throughout the thesis.

VI



1
Gamma-ray astronomy with Imaging

Atmospheric Cherenkov Telescopes

Our current knowledge of the Universe comes almost entirely from the detec-

tion of the electromagnetic radiation, a powerful mean to explore the distant

cosmos. After the telescope was invented in the 17th century, astronomy went

thought a revolution which made the scientists able to investigate weak sources

visible in the optical. After this huge step, much progress has been made: new

techniques were developed and other parts of the electromagnetic spectrum

were reached and exploited to learn about the Universe.

During the recent years, a new window in the observation of the electro-

magnetic components has been opened, up to the highest energies. Thanks

to the availability of new detectors coming from technologies typical of the

experimental particle physics, the gamma-ray astronomy made possible the

exploration of the upper end part of the electromagnetic spectrum. Photon

radiation in the gamma-ray band differs fundamentally from lower energy ra-

diation: MeV to TeV gamma rays cannot be created thermally in celestial

systems. Therefore, very high energy gamma rays are ideal carriers of infor-

mation about non-thermal relativistic processes in astrophysical objects. They

are copiously produced in many galactic and extragalactic sources and they do

freely propagate in space without deflection by interstellar and intergalactic

magnetic fields, making their detection a direct link to their source of origin.

Space-based experiments cover a broad energy band of primary gamma

rays, from few MeV to tens of GeV. However, beyond tens of GeV the gamma-

ray photon statistics is too small for detectors on board of satellites and larger

detection areas are needed. In the TeV domain, gamma rays can be effectively

detected by ground-based detector, and among various techniques, the Imag-

ing Atmospheric Cherenkov Telescope (IACT) technique has proven to be the

most promising approach. In 1989 the Crab Nebula was observed by the Whip-

ple IACT for the first time [187]. Following this detection, many very high

energy gamma-ray objects have been detected with past and current IACT

instruments, firmly confirming the gamma-ray astronomy as a discipline in its

own right [30].

Gamma-ray astronomy has revealed several categories of objects whose

emission is dominated by non-thermal processes, as shown in Fig. 1.1. The

total number of detected TeV sources is currently approaching the level of

1



Figure 1.1: The locations, in Galactic coordinates, of all reported astrophysical

sources of TeV gamma-ray emission (Winter 2017) displayed with different

color code according to their source population identity. The Fermi skymap

is also reported in the map. Extracted from the online TeV catalog (http:

//tevcat.uchicago.edu).

200 (!) and this number will dramatically (by at least an order of magnitude)

increase as the next-generation IACT will be operational. The Cherenkov

Telescope Array (CTA) will be the major future observatory for very high

energy gamma-ray astronomy and it is expected to significantly boost the

scientific discoveries in the field.

1.1 Detection techniques

High energy astrophysical processes are known to produce relativistic parti-

cles and the associated gamma-ray radiation over an extremely vast range of

energy. The energy domain covered by the cosmic gamma-ray radiation spans

at least 14 energy decades, from 100 keV to 100 EeV, more than all the rest

of the electromagnetic spectrum (i.e. from MHz radio waves to keV X-rays)

[32]. The lower bound is associated with the characteristic energy of nuclear

gamma-ray lines, while the upper bound is fixed by the maximum energy ob-

served in cosmic rays. This huge energy band is generally divided into sub

ranges:

• low energy (LE) gamma rays, with E ∈ [0.1− 100] MeV

• high energy (HE) gamma rays, with E ∈ [0.1− 100] GeV

• very high energy (VHE) gamma rays, with E ∈ [0.1− 100] TeV

• ultra high energy (UHE) gamma rays, with E > 100 TeV

These gamma-ray regions are not defined by the physics of their production

but rather by the techniques employed in their detection [186]. A wide variety

of detection methods is used to cover the whole energy range. The sky below

100 MeV is mostly observed with Compton telescopes (see e.g. [186] for further

2

http://tevcat.uchicago.edu
http://tevcat.uchicago.edu


details concerning this detection technique) but unfortunately it is a poorly

explored field, due to the lack of detectors with an appropriate sensitivity.

As for the LE, also the HE range is covered by space-based experiments.

These instruments are placed beyond the atmospheric absorption and therefore

they directly observe the HE photons. Recent results have been obtained with

space-based instruments such as the Fermi Large Area Telescope (LAT) [79]

and the AGILE satellites [173], providing new insights into the HE gamma-ray

sky. However, given the constraints on the maximum weight and size of an

instrument that has to be launched into space, the effective detection area of

any satellite is limited to ∼ 1 m2. This significantly limits the observations of

gamma-ray sources above 100 GeV from the space [35].

To overcome the limits of space-borne observatories, the energy ranges

typical of VHE and UHE gamma rays are generally covered by ground-based

experiments. Counting on huge detection areas and effective rejection of

cosmic-ray background events, ground-based detectors are the only instru-

ments capable to study emitters in this energy domain, characterized by very

low gamma-ray flux (O(10−11) photons/cm2s above 1 TeV for strong sources

(Crab-like flux level1) [126]). Earth’s atmosphere is opaque to gamma-ray

photons, it effectively arrests all electromagnetic radiation of energies greater

than 10 eV. Therefore, gamma-ray detection from the ground takes advantage

of the absorption and reconstructs the primary gamma rays from the products

of their interaction with the medium.

1.1.1 Space-based instruments

As mentioned above, the only way to directly detect primary gamma rays is

through detectors located in balloons or satellites. Unlike optical photons,

gamma rays cannot be refracted by a lens or reflected by a mirror, thus they

cannot be focused. Their detection with space-based detectors makes use of

techniques similar to those of particle physics, exploiting the electron-positron

pair production induced by the interaction of the primary photon with the

detector medium. A schematic illustration of a pair conversion telescope is

shown in Fig. 1.2. An anti-coincidence system (AS) made of plastic scintil-

lators and read out by photomultiplier tubes (PMTs) is used to veto charged

particles. The gamma ray candidate, entering the detector without producing

a signal in the AS, interacts within thin sheets of high-Z material, leading to

the production of electron positron pairs. The trajectories of pairs detected

by the tracker give information about the direction of the primary gamma-ray

photon. The energy of the latter is measured by the energy deposited in the

calorimeter located below the trackers. Combining together the information

from the AS, the tracker and the calorimeter it is therefore possible to re-

construct the energy and the direction of the primary photon, and reject the

background induced by the charged cosmic rays.

The first gamma-ray telescope carried into orbit, on the Explorer 11 satel-

lite in 1961, collected less than 100 cosmic gamma-ray photons [142]. Few

1The Crab flux at 1 TeV corresponds to 2.8 · 10−11 photons TeV−1cm−2s−1 as in ref. [38].
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Figure 1.2: Schematic illustration of a pair production telescope. Extracted

from [175].

years later, in 1967, the first robust detection of gamma-ray emission was ob-

tained by the gamma-ray detector aboard the OSO-3 satellite [93]. In the 70s

the field of space-based gamma-ray astronomy made strong progress with the

SAS-2 (1972) [109] and the COS-B (1975-1982) satellites [87]. In 1991, NASA

launched the Compton Gamma Ray Observatory (CGRO), which was success-

fully operated until June 2000. The CGRO carried on board four gamma-ray

instruments, each with its own energy domain, detection technique and sci-

entific goals. The overall energy coverage was from 15 keV to > 30 GeV. The

detector of higher energies (from 30 MeV to 30 GeV) was EGRET, based on the

same pair production technique used by SAS-2 and COS-B detectors, but with

a much larger collection area (' 1500 cm2), a field of view (FoV) of ∼ 0.5 sr

and a single-photon angular resolution of ∼ 6 deg at 100 MeV [176]. During

its 9 years lifetime EGRET discovered 271 sources [120] and allowed to build

up the first picture of the entire HE gamma-ray sky (see [175] for a detailed

review of EGRET results). However, a real breakthrough in the exploration

of the sky in HE gamma rays happened after the launch of the Fermi satel-

lite in 2008. Its main instrument is the LAT, a pair conversion detector that

operates from 20 MeV to ' 300 GeV [80], reaching the TeV energies although

with limited statistics [24]. The newer technology used for detection of par-

ticles, as well as the larger detection area (' 6500 cm2 at 1 GeV), the larger

field FoV (2.4 sr at 1 GeV) and the better angular resolution (∼ 0.8 deg at

1 GeV, asymptoting reaching 0.2 deg above 20 GeV) of Fermi LAT compared

to EGRET, raised the observational gamma-ray astronomy to a new level [21].

The third full catalog of LAT sources is based on the first 48 months of survey

data and includes 3033 sources above 4σ significance [18]. Many important

results and discoveries have been produced by Fermi, like the detection of the

characteristic pion-decay signature in SNRs [22] and the discovery of the so-

called Fermi Bubbles, bilateral bubble-like emissions centered on the core of

the Milky Way and extending to ∼ 10 kpc above and below the Galactic plane

[23].
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1.1.2 Ground-based instruments

As the atmospheric absorption prevents the gamma-ray photons from reaching

the ground-based detectors, for these instruments the atmosphere itself be-

comes an integral part of the detection system, working as a huge calorimeter

in which the primary photons (and cosmic rays as well) lose their energy and

generate particle cascades. These cascades of secondary particles are called ex-

tensive air showers (EAS). EAS can be detected from the ground in two ways:

by detecting the shower particles or by detecting the Cherenkov radiation pro-

duced in the atmosphere by the secondary electrons and positrons within the

shower. Correspondingly, two types of ground based detectors are used: air

shower (particle) detectors and Imaging Atmospheric Cherenkov Telescopes

(IACTs).

The IACTs are basically composed by an optical reflector used to focus

the Cherenkov light into a system of photo-sensors. On the other hand, air

showers detectors exploit arrays of particle counters deployed on the ground

to measure the particles in the showers. The two detection techniques are

complementary. Air shower detectors continuously view the entire overhead

sky, counting approximately 1 sr FoV and on a duty cycle larger than 90%

[35]. IACTs are optical instruments, therefore they can be operated only

during cloudless and moonless night, with a duty factor of the order of 10%2.

Also their FoV is much smaller compared to air shower instruments (∼ few

msr). However, IACTs are characterized by a significantly better angular and

energy resolution, lower energy threshold, excellent background rejection and,

correspondingly, much higher significance per unit observing time. IACTs

are basically pointing instruments while air shower observatories are suited to

perform unbiased surveys to search for new or transient sources.

Air showers arrays are based on different type of particle detectors. Tibet

AS-gamma [72] observatory detects the footprint of the EAS using a sparse

array of plastic scintillators. It is located in Tibet (P.R. China, YangBaJing

laboratory) at an altitude of 4300 m above the sea level. High altitudes are

preferred for EAS arrays: the detector level is closer to the shower maximum

(see §1.2 for the details about the EAS development) and this leads to a better

sensitivity and lower energy threshold. At the same altitude was placed the

ARGO-YBJ experiment (Tibet, P.R. China, YangBaJing laboratory, 4300 m

a.s.l, taking data for five years since November 2007) [98], a full-coverage

detector made of a single layer of resistive plate chambers (RPCs).

Alternatively, the air shower detectors can be tanks filled of water: when

particles from the EAS pass through the water, they emit Cherenkov light (see

§1.2.3 for a description of the Cherenkov radiation). Such arrays are called

water Cherenkov detectors, see Fig. 1.3. The Milagro experiment [78] was an

EAS water Cherenkov detector located near Los Alamos (New Mexico, 2650 m

a.s.l., stopped taking data in April 2008 after seven years of operation). As

show in Fig. 1.3, the array consists of a central pond and 175 outrigger tanks,

2The standard conditions to perform observation with an IACT require clear sky with

both the Sun and the Moon below the horizon; this corresponds to an average of 1650 h/yr

of possible dark observation time [86].
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which increase the physical area of the detector by a factor of 8. Milagro

was sensitive to energies between 100 GeV and 100 TeV and it demonstrated

the sensitivity of this technique with the first detection of the galactic diffuse

emission at TeV energies [77] as well as several new TeV gamma-ray sources

[2].

On the experience of Milagro, the High Altitude Water Cherenkov (HAWC)

experiment was built (Sierra Negra, Mexico, 4100 m a.s.l.) [7]. The HAWC

gamma-ray observatory is a second-generation water Cherenkov detector. It

comprises 300 identical water Cherenkov detectors (WCDs), i.e. water tanks

with PMTs at the bottom, over an area of 20000 m2 (see Fig. 1.3). The pat-

tern of energy deposition in the WCDs allows for the identification of the back-

ground events, i.e. hadronic showers. While gamma-ray induced showers have

compact cores with smooth lateral profile, hadronic showers typically deposit

large amounts of energy in bundles far from the shower core, as described in

the next section §1.2. Selection cuts based on gamma/hadron different shower

morphologies eliminate > 99% of the hadronic background in the large event

size (large number of hit PMTs), 85% of background near the energy threshold

(' 100 GeV), while retaining more than 50% of the gamma-ray signal events.

Also the angular resolution varies with the number of hit PMTs, ranging from

∼ 1 deg (near the threshold) to ∼ 0.2 deg (large event size). The combination

of larger effective area, high elevation and unique background rejection allows

HAWC to achieve sensitivity improved by more than one order of magnitude

compared to previous air shower detectors, with a sensitivity peak around

10 TeV and 1 year survey sensitivity of 5 − 10% of the Crab Nebula [7]. Re-

cently the HAWC collaboration has released the second catalog of gamma-ray

sources, in which a total of 39 sources are found. It has been realized with 507

days of data and represents the most sensitive TeV survey to date for such a

large region of the sky [8].

Figure 1.3: Two water Cherenkov detectors, Milagro (on the left) and HAWC

(on the right). Further details on the instruments are reported in the text.

The next-generation air shower detector will be the Large High Altitude

Air Shower Observatory (LHAASO) project, to be built in China at 4410 m al-

titude. This multi-component experiment (scintillator detectors, water Cherenkov

tanks and air Cherenkov telescopes) will continuously survey the VHE gamma-

ray sky, searching for steady and transient sources from about 100 GeV to PeV

energies. The completion of the installation is expected by the end of 2021; in

the next decade CTA-North and LHAASO are expected to be the most sensi-

tive instruments to study gamma-ray astronomy in the Northern hemisphere

6



[99].

1.2 Extensive atmospheric showers

The Earth’s atmosphere is constantly bombarded by particles originating in

the outer space. Among these cosmic particles, those with enough energy

generate showers of secondaries, the so-called extensive atmospheric showers

(EAS). Charged particles within the EAS moving through the atmosphere with

velocity larger than the speed of light emit Cherenkov radiation (see §1.2.3),

the detection of which allows indirect registration of the primary. Depend-

ing on the nature of the primary particle, the resulting EAS shows specific

features, typical of the physical processes triggered by the interaction with

the medium. Therefore, it is possible to distinguish between electromagnetic

showers, induced by gamma rays, and hadronic showers, owing to cosmic-ray

interactions in the upper atmosphere. The latter represent the main source

of background for an IACT system. The capabilities to reject background

showers is a key performance criterion for gamma-ray detection systems.

1.2.1 Electromagnetic showers

A gamma ray entering the atmosphere interacts with the medium primarily

via pair production. The electron-positron pair dissipates its energy through

bremsstrahlung process in the Coulomb field of the nuclei (see §A.4 for further

details about the physics of the processes). Pair production and bremsstrahlung

emission combined together lead to the formation of an electromagnetic shower.

Some properties of the electromagnetic showers can be understood within

a simple toy model [122]. In this model, the radiation length X0 represents

both photon and electron mean free paths in matter, if one neglects the factor

7/9 which links the two processes as X0,brems ' (7/9)X0,pp
3. The shower is

considered to develop in discrete steps, each of length equal to the radiation

length, which for the air is X0 ' 36.6 g cm−24. After t = x/X0 radiation

lengths, the number of particle comprising the shower at a depth x is roughly

given by N(t) = 2t. At each step electrons split their energy approximately

in half via bremsstrahlung emission of a single photon while photons produce

a pair of electron and positron with equal energy. Therefore, at t radiation

lengths each particle of the shower has an average energy of E(t) = E0/2
t,

where E0 is the energy of the primary photon. The exponential growth of

the number of particles in the shower is interrupted when the electron rate

of ionization energy loss exceeds that of bremsstrahlung. In air it happens

for a critical energy Ec ' 86 MeV. Once the average energy per particle is

below 86 MeV the cascade effect is not efficient anymore and the number of

particles in the shower starts to decrease. The atmospheric depth at which

3At 1 radiation length, bremsstrahlung photons lose all but 1/e of their energy. This

length corresponds also to 7/9 of the mean free path for the pair production process.
4The total vertical thickness of the atmosphere above sea level is 1030 g cm−2, therefore

it amounts to more than 28 radiation lengths [186].
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the shower achieve the maximum number of particles is called shower max-

imum, occurring at xmax = X0 ln(E0/Ec), logarithmically increasing with

energy. For a 1 TeV gamma ray this maximum atmospheric depth is of the

order of 10 km. The number of particles at the maximum of the shower is

N(tmax) = 2tmax ' E0/Ec, approximately proportional to the primary energy.

Beyond this maximum the shower is attenuated according to E/E0 = (1.65)−k,

where k is the number of radiation lengths after the shower maximum. As a

consequence, only the 10% of the primary gamma ray energy is able to reach

an observation altitude of 5200 m [35].

An accurate analytical treatment of the shower development was given by

Greisen [119]. Based on the solutions of the cascade equations, the longitudinal

development of the electromagnetic shower can be quantified by the total

number of secondary electrons and positrons as a function of the shower depth:

Ne(t) =

(
0.31√

ln(E0/Ec)

)
exp [t (1− 1.5 ln s)]

�� ��1.1

where s = 3(1+2 ln(E0/Ec)X0/x)−1 is the so-called shower age, parametrized

so that at the shower maximum s = 1. The distribution of Ne(t) is shown

in Fig. 1.4 for different E0 values. The angle of emission in all processes

Figure 1.4: Longitudinal size of the electromagnetic shower Ne(t) as a function

of the shower depth t = x/X0. The red numbers on the curves indicate the

value of ln(E0/Ec). Correspondingly, each red curve is for an specific value of

the initial photon energy E0: 35 GeV, 2 TeV, 100 TeV, 5.7 PeV, 320 PeV and

2300 PeV. Blue lines define points of equal shower age s. The sea level is at

t ' 27. Extracted from [170].

involved in the shower development (i.e. pair-production and bremsstrahlung,

see §A.4) is ∝ mec/E rad, where E is the energy of the electron and me its

rest mass [186]. The later distribution of the shower is determined by multiple

Coulomb scattering and it scales with a quantity called Moliere radius Rmol,

that is the radius of a cylinder containing roughly the 90% of the secondary

particles created in the shower:

Rmol =
X0

ρ

Es
Ec

�� ��1.2
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where Es = 21 MeV and ρ is the density of the atmosphere. The resulting

electromagnetic cascade is tightly clumped along the projection of the original

gamma-ray trajectory.

1.2.2 Hadronic showers

When the primary particle interacting in the upper atmosphere is a a proton or

a nucleus, then an hadronic shower is created. Cosmic rays are mostly protons,

with less than 10% of helium ions, and because of interstellar magnetic fields,

the arrival directions of these charged particles are isotropic.

They initiate the hadronic shower after traversing on average one inter-

action length Xh. The products of this interaction with the atmosphere are

mainly pions and kaons (about 90% and 10%, respectively). After the first

interaction, pions and kaons may interact again with the nuclei in the atmo-

sphere, or decay. The produced hadrons carry κE0 of the primary cosmic ray

energy. The parameter κ ' 0.7 is called the inelasticity of the process and is

defined as κ = (E0 − E′)/(E0 + MT ), where E′ is the residual energy after

the collision and MT the mass of the target nucleon. The residual energy E′

is used by the leading particle (i.e. the highest energy secondary produced in

the interaction) for a subsequent interaction after traversing (on average) one

more Xh [170]. The process can continue until the hadron energy is below

an interaction threshold. The part of the shower that continues to interact

hadronically with the atmosphere constitutes the so-called hadronic core of the

shower, and will keep on undergoing hadronic interactions until the energy per

nucleon is smaller than the pion production threshold (∼ 1 GeV).

Since the main component of the produced secondaries is constituted by pi-

ons, the competition between interaction and decay processes of these mesons

roughly determines the details of the development of the hadronic showers.

Neutral pions in the cascade have a lifetime τπ0 = 8.4 · 10−17 s, and there-

fore they decay into two photons (π0 → γ + γ) after traversing a distance

dπ0 = Γcτπ0 = Γ · 2.5 · 10−6 cm, where Γ is the Lorentz factor of the pion.

Given the small value of dπ0 , the so-called decay length, neutral pions decay

into two photons almost as soon as they are generated. These photons in turn

initiate electromagnetic showers. Note that in this process about one third of

the primary energy E0 is transferred from the hadronic to the electromagnetic

component of the shower via decay of neutral pions. If the charged hadrons

start to decay on average after nd interaction lengths, then the energy in the

electromagnetic component is Eem ≈ E0(1− (2/3)nd), the so-called calorimet-

ric energy of the shower [136].

On the other hand, the lifetime of charged pions is τπ± = 2.6 · 10−8 s,

corresponding to a decay length dπ± = Γcτπ± = Γ · 780 cm, after which they

decay into muons and neutrinos (π0 → µ± + νµ(ν̄µ)). In order to understand

if charged pions keep on interacting with the atmospheric nucleons, the decay

length dπ± has to be compared with their interaction length, λπ± = 120 g/cm2.

For this reason, π± can either interact or decay once they have been produced

and the stochastic interplay of the two channels, further complicated by the
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dependence of λπ± on the density of the atmosphere, can be fully treated only

with Monte Carlo simulations [170].

The combinations of all these processes makes the hadronic showers to

be formed by three main components: an hadronic core, an electromagnetic

component, and a muon and neutrino component. The long lifetime of muons

(τµ = 2.2 · 10−6 s) combined with small cross section for radiative processes,

implies that most likely they will survive to the ground before they decay

(µ± → e± + νe(ν̄e) + ν̄µ(νµ)). For example, approximately 20% of 1 GeV

muons produced at 10 km will reach the sea level before they decay [35].

Despite the very complex evolution of hadronic showers, one can extend

the simple approach used in the description of the electromagnetic showers to

the case of a nucleus with atomic mass number A and energy E0 assuming

that this nucleus interacting in atmosphere is equivalent to A individual single

nucleons, each with energy E0/A, and each acting independently (the so-called

superposition model). The depth at which the shower maximum is expected

can be approximated as: xmax ∝ Xh ln(E0/AEc). It is important to note that

the hadron interaction length Xh ≈ 80 g/cm2 is more than twice the radiation

length X0. This means that in general the hadronic showers will reach their

maximum later in atmosphere compared to electromagnetic shower initiated

by primary gamma ray with the same energy.

Another important difference of hadronic showers with respect to electro-

magnetic showers is that hadron interactions in the core emit their secondary

products at wider angles, so that the hadronic cascade is broader and more

scattered [186]. The wider transverse evolution and the intrinsic fluctuations

of the hadronic shower development make them more irregular than electro-

magnetic showers

1.2.3 The Cherenkov effect

When a charged particle moves in a dielectric medium with velocity βc greater

than the phase velocity c/n of the light in the same medium (n is the refraction

index of the medium), the so-called Cherenkov radiation is emitted. The

process of production of Cherenkov radiation is illustrated in Fig. 1.5a, where

the effect of a charged particle moving through the medium’s atoms is shown.

In the region close to the passing particle, the electric field of the particle

distorts the atoms and the medium becomes polarized. While the atoms are

distorted they behave like elementary dipoles. Whether the particle moves

slower than the local speed of the light, i.e. βc < c/n→ β < 1/n, the disturbed

medium relaxes back to an equilibrium as the particle transits through, owing

to the complete symmetry of the polarization field surrounding the electrons.

On the other hand, if the particle is faster than the light, i.e. βc > c/n →
β > 1/n, the medium does not relax back since since the polarization field

is asymmetric. Along the axis of the particle trajectory there is a resultant

dipole field which leads to the emission of an electromagnetic pulse at each

element along the particle track. The wavelets from all the portions of the

track interfere constructively so that Cherenkov photons are emitted [89]. This
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(a) Polarization effect. (b) Cherenkov wave front.

Figure 1.5: Fig. 1.5a shows the polarization effect induced by a charged parti-

cle moving through a medium with a velocity smaller (left) and larger (right)

with respect to the speed of light in the same medium. Fig. 1.5b illustrates

the creation of a plane wave front by the in-phase wavelets emitted by the

charged particle along its track when it moves faster than light. Extracted

from [89].

Cherenkov radiation is emitted at a specific angle, namely the point at which

all the wavelets from arbitrary points of the track are coherent and combine

to form a plane wave front. Using the terminology in Fig. 1.5b, the coherence

among the wavelets is verified when the time needed by the particle to travel

the segment AB is equal to the time needed by the light to travel AC. From

this condition it is possible to define the Cherenkov angle as:

cos θC =
1

βn

�� ��1.3

Eq. [1.3] fixes the minimum for the velocity of the charged particle to emit

Cherenkov radiation: βmin = 1/n. Correspondingly, the threshold energy the

particle with rest mass m needs in order to emit Cherenkov photons is:

EthrC =
mc2√

1− β2
min

=
mc2√

1− (1/n)2

�� ��1.4

From Eq. [1.3] one can also define the maximum angle of the conical shaped

wave front; from βmax = 1 it turns out that θmaxC = cos−1(1/n).

It is clear from all the previous treatment that the index of refraction

of the medium n is a critical parameter for understanding the Cherenkov

light production. The profile of the index of refraction in atmosphere can be

parametrized as a function of the altitude:

n(h) ≈ 1 + n0 exp(−h/h0)
�� ��1.5

where n0 = 2.9 · 10−4 and h0 = 7250 m [35]. At sea level the Cherenkov

threshold energy for electrons, muons, pions and protons is 21 MeV, 4.4 GeV,
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5.8 GeV and 39 GeV, respectively. Taking into account Eq. [1.5], θmaxC is

modified into θmaxC ≈
√

2n0 exp(−h/2h0). Above 15 km it is less than 0.5 deg,

broadening at lower altitudes up to 1 deg at 5 Km and reaching 1.4 deg at sea

level.

The number of Cherenkov photons produced per unit path length and per

unit of energy of a particle with charge Z is given by the Frank-Tamm formula:

d2N

dxdE
=
αZ2

h̄c

(
1− 1

β2n2

)
∼ 370Z2 sin2(θC) eV−1cm−1

�� ��1.6

The spectrum of the Cherenkov radiation is peaked in the UV-blue region

of the electromagnetic spectrum, with a maximum around around 330 nm

(light blue). The absorption and the scattering processes suffered by the UV

component due to the atmosphere significantly modify the observed Cherenkov

spectrum, so that it depends on the height of the detection area, the zenith

angle of observation and the shower maximum. At sea level, the number of

Cherenkov photons emitted per unit length is nC ∼ 0.1 photons/cm. Scaling

nC by the path length of the shower and by the total number of particles at the

shower maximum, it turns out that the total number of Cherenkov photons

is roughly NC ∼ 106 for 1 TeV gamma ray, where that NC is proportional to

energy of the primary gamma ray [170].

1.3 Imaging Atmospheric Cherenkov Telescopes

The faint Cherenkov radiation reaching the ground can be collected by optical

telescopes. IACTs are essentially optical telescopes consisting of large reflec-

tors reflecting the Cherenkov light (the image) into an array of PMTs and

placed in the focal plane of the mirrors [35].

1.3.1 The imaging of the Cherenkov light

At the detector level the Cherenkov light consists of different components.

The first portion of the Cherenkov light (∼ 25% of the total light) comes from

electrons emitting at elevations between the height of the first interaction

down to an elevation of 10 km, which correspond to the atmospheric depth of

the shower maximum for a typical 1 TeV gamma ray. The Cherenkov angle

broadens with decreasing altitude and at 10 km it is of the order of 0.66 deg

(12 mrad). On the ground, this results in a blurred Cherenkov ring with

radius Rlight ≈ 10 km · 0.012 rad = 120 m, the so-called Cherenkov light pool.

The majority of the light (∼ 50%) comes from a cylinder centered on the

shower core and containing the shower maximum. This portion of the light

corresponds to the bulk of the Cherenkov radiation and therefore the light

from this region is a good measure of the total energy. The remaining 25% of

the light is due to local component of the shower, emitted below 6 km. This

light is dominated by the few surviving particles and therefore it is subject

to large fluctuations. Moreover, the multiple Coulomb scattering suffered by

electrons gives rise to an exponential distribution of scattering angles with
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respect to the shower axis, with typical angular spread of the order of few

degrees [35]. All these effects lead to a rather uniformly illuminated light pool

at the ground level.

The imaging of the shower Cherenkov light as performed with an IACT

is schematically shown in Fig. 1.6. The telescope is directed towards the

putative direction of the gamma ray source. The camera, that is the array

of PMTs in the focal plane of the mirror, is triggered when a preset number

of PMTs detect a light level above a set threshold within a short integration

time and correspondingly the Cherenkov light picture of the air shower is

recorded. The signal from all pixels is then digitalized and the obtained image

allow the characterization of the primary particle originating the EAS. The

discrimination against the background is therefore performed on image-bases.

Figure 1.6: Schematic illustration of a shower imaging as performed by a IACT

telescope.

1.3.2 Signal and background characterization

The image analysis was suggested by M. Hillas [124], who proposed to char-

acterize the images on the basis of only a few parameters. The aim of Hillas’

algorithm was to reject the dominant events from cosmic-ray nuclei by suit-

able cuts on the images based on Monte Carlo simulations. The assumption

is that the regular shape of gamma-ray induced showers is reflected in an im-

age defined by a characteristic comet-like shape with the major axis pointing
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towards the source position and long exponential tails which are due to the

projection of the longitudinal distribution of the electromagnetic shower (see

Fig. 1.7a). In Fig. 1.7b a schematic illustration of the Hillas parameters is

presented. The idea is that, from the knowledge of the brightness of each pixel,

the image can be described by the position of the image centroid (the point

corresponding to the mean value of the light intensity) and second moments

(width and length in Fig. 1.7b) of the (noise-cleaned) light distribution. The

analysis of the width (the RMS angular size of the minor axis of the ellipse)

and of the length (the RMS angular size of the major axis of the ellipse), is

therefore used to deduce the lateral and the longitudinal development of the

shower. The elongation of the ellipse increases as the impact parameter gets

larger, that is the distance between the telescope and the projection of the

shower maximum on the ground. Consequently, also the angular distance of

image centroid is increased, and this allows for a reliable reconstruction of

the point of origin. The orientation of the shower in the camera system can

be quantified by the angle Alpha, that is the angle made between the major

axis of the ellipse and the line between the source position and centroid, the

so-called distance. This angle should be very close to zero for showers origi-

nating from the source position. Finally, the intensity of the ellipse, i.e. the

so-called size, gives a measurement for the energy of the primary particle. A

very effective single parameter is the azimuthal width, (or azwidth), that is the

RMS spread of the image measured perpendicular to the line drawn from the

source to the centroid. Also this parameter is expected to be small for show-

ers initiated by VHE photons, corresponding to images that are both narrow

and approximately aligned with the source [125]. Note that all the projected

dimensions of the shower in the image vary with the zenith angle θ. As θ

increases, the radius of the Cherenkov light-pool increases by a factor 1/ cos θ

and the projected lengths in the image will appear a factor ∼ cos θ smaller.

This parameterization of the EAS image, together with more complex

multi-variate analysis methods (see e.g. [146, 157, 82]), is used to separate

gamma-rays and hadrons. The lateral spread and irregularity of cosmic-ray

induced showers make these events visible in the camera through an irregu-

larly structured image, as show in Fig. 1.7a. The rejection of the cosmic-ray

showers is also done at the trigger level, exploiting the fact that they present

a lower Cherenkov light yield with respect to gamma rays. For every neutral

pion generating electromagnetic showers through the decay into two photons,

∼ 2/3 of the initial energy budget is converted into charged pions which in

turns produce muons and neutrinos which effectively reduce the available en-

ergy for the cascade [35]. Another information that is used to further dis-

criminate electromagnetic showers from hadronic ones is the arrival time of

the Cherenkov light. The time spread of the Cherenkov light pulse from the

hadronic shower is longer than that from the pure electromagnetic cascade,

because of the penetrating particles (and their Cherenkov radiation) which ar-

rive early at the detector level, as for the case of muons. Muons are produced

in hadronic showers and usually reach the ground before decaying. Along

their path through the atmosphere they emit Cherenkov photons. They do

not appreciably suffer multiple scattering and therefore their trajectories are
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(a) Imaging of gamma and proton showers.

(b) Hillas parameters.

Figure 1.7: Fig. 1.7a: gamma-ray (on the top-left) and a proton (on the top-

right) induced EAS as seen by an IACT. The different shape of the two images

is used to reject the cosmic-ray background. Extracted from [182]. Fig. 1.7b:

the so-called Hillas parameters, used to characterize the Cherenkov shower

images. Taken from [125].

straight. Consequently, the patter of their Cherenkov light is well described

by cones of constant angle, creating rings (or arcs) in the image of the IACT.

Muons passing near the telescope are easily suppressed due to the peculiar

annular shape. However, very short arcs produced by muons with very large

impact parameter look very similar to low energy gamma-ray events. Another

source of (virtually irreducible) background is due to cosmic electrons, which

produce in atmosphere purely electromagnetic showers. Although electrons

are a factor 100 − 1000 times less than the background due to hadronic cos-

mic rays, their effect is not negligible in the energetic region in which cosmic

hadrons are efficiently suppressed (TeV scale). The separation of gamma-ray

and electron induced showers in an extremely hard task. Since electron and

gamma-ray air showers involve the same interactions in atmosphere, the shape

of the parameterized images of both types of electromagnetic showers is prac-

tically indistinguishable and the rejection of the electron background can be

attempted only by exploiting new variables. Essentially the only useful sep-

aration parameter is the depth of shower maximum (Xmax) which occurs on

average half a radiation length higher in the atmosphere for electrons [167, 28].
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An additional source of the background is the so-called night-sky back-

ground (NSB), that is the visible light due to star light, diffuse light from the

Galactic plane, zodiacal light, airglow, polar light and artificial light. This

is very dependent on the sky region (increases in the Galactic Plane), zenith

angle, and moon phase. The NSB photons can mimic low energy gamma-

ray events and in order to minimize their contamination at the harder level,

very short exposure times (≈ 10 ns) are requested. In fact, the Cherenkov

light pulse lasts ∼ 3 − 4 ns and in principle the detector response should be

matched to this short duration. Unfortunately, this represents the main tech-

nical limitation for IACTs because camera electronics are required to work at

very high speed.

1.3.3 The stereoscopic imaging

Since the beginning of the development of the IACT technique, it was under-

stood that the stereo detection of the showers by multiple telescopes would

lead to an improved reconstruction of the arrival direction of the gamma ray

and allow a more effective rejection of cosmic-ray EASs. This approach was

first demonstrated by the HEGRA collaboration with five small telescopes on

La Palma in 1997 [140, 38]. A direct successor to the stereoscopic system

of HEGRA Cherenkov telescopes is the H.E.S.S. experiment. Currently, all

IACT experiments incorporate this technique (see §1.4 for a description of the

current IACT systems).

Multiple images of the same shower offer many advantages. When a sys-

tem of multiple telescopes observe individual showers, the three-dimensional

structure of gamma ray showers can be reconstructed and the determination

of shower maximum can be performed in a more accurate way. The direction

of gamma rays can be more significantly estimated by taking the intersection

point of the major axes of all the elliptically shaped images of multiple tele-

scopes, as illustrated in Fig. 1.8. The angular resolution depends on the num-

Figure 1.8: Reconstruction of the arrival direction of a gamma ray as per-

formed by a system of IACTs operating in stereoscopic mode. Extracted from

[182].

ber Nt of telescopes used in the reconstruction of the event, and up Nt ∼ 50
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it improves as ∝ N
−1/2
t [128]. The energy threshold of the telescope can be

lowered by using a coincident trigger between telescopes. The estimation of

the energy of the primary particle is generally a function of the distance of

the event from the telescope. With the stereo observation, the determination

of the impact parameter is improved and (on average) an higher percentage

of the emitted Cherenkov light can be detected, leading to an enhanced en-

ergy reconstruction. Also the hadron discrimination benefit greatly from the

stereoscopic approach; multiple image characterization permits to better con-

strain the primary particle, especially in case of local muons with very large

impact parameter which mimic low energy gamma rays and can be identi-

fied thanks to the different views of the event. The information collected by

the cameras of the array allows a 3D parameterization of the reconstructed

showers, introducing new variables for the rejection of the background, which

exploits the characteristic rotational symmetry (with respect to the incident

direction) and the small lateral spread of the electromagnetic showers [146].

The additional three-dimensional parameters, coupled to the image parame-

ters described in §1.3.2, can be used for a background suppression based on

a multivariate analysis. Various multivariate classification methods are used

nowadays to perform gamma-ray detection analysis with IACT arrays, as the

Random Forest (see e.g. [157]), the Neural Network (see e.g. [86]) and the

Boost Decision Tree (see e.g. [81, 82]). The classifier output of such multi-

variate analysis gives a measure of the hadronness of the event and allows an

improved rejection of cosmic-ray showers.

1.3.4 Technical features of the telescopes

A Cherenkov telescope is primarily characterized by its light collection capa-

bility, that is the convolution of its mirror area, its photon collection efficiency

and its photon detection efficiency, by its FoV and by its pixel size. The optical

system and the electronics for signal collection and triggering are also funda-

mental aspects in order to match the required conditions on the minimum

image size and the short duration of the Cherenkov pulse.

The telescope optics

In order to maximize the collection of Cherenkov photons IACTs exploit large

reflectors made of tessellated arrays of individual mirrors. The important

parameters of the optical system are: (i) the point spread function (PSF),

which quantifies how well the reflector concentrates the light from a point-like

source and (ii) the time dispersion of the light signal which should not exceed

the intrinsic spread of the Cherenkov pulse (∼ 3 ns). Different layouts of the

optics can be used, each with different properties in terms of time dispersion

and imaging quality. In the Davies-Cotton design spherical mirrors of the same

focal length are located on an optical support structure with the same radius of

curvature as the focal length. This layout provides good off-axis imaging but it

introduces a time spread in the time of arrival of the light in the focal plane. In

case of a large dish, photons from different part of the reflector travel different
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path lengths and this difference broadens the light pulse. This problem with

the time dispersion is not present in case of parabolic shaped mirrors and

therefore they are preferred in case of large reflectors. A third option is the

Schwarzschild-Couder double mirror design [178]. This dual-reflector optics

allows large FoV with reduced optical aberration, providing improved imaging

at the expense of a more complex structure of the telescope.

The telescope photo-detectors

The photo-sensors used for IACTs are PMTs which convert the hitting photons

into a charge pulse. The size of this charge pulse is measured in number of

photoelectrons. They are sensitive in the wavelength range of 300-600 nm, with

quantum efficiency ≥ 30%. The Cherenkov spectrum drops below 300 nm

while beyond 550 nm the NSB becomes significant, with typical rates of ∼
10 MHz to more than 100 MHz (depending on the pixel size). Therefore the

photo-sensors should match the peak in the Cherenkov spectrum at around

350 nm.

The telescope field of view

Large FoV are especially good since they allow the detection of high energy

showers with large impact parameter, avoiding the truncation of the image.

Moreover they are desirable for the study of extended sources, diffuse emission

and to perform large-scale surveys, for which large FoV help to increase the

effective observation time per source compared to instruments which can ob-

serve only single sources at a time. The drawback of very large FoV is that, for

a given pixel size, the number of photo-sensor pixel and electronics channels

grows.

The telescope pixel size

The size of the pixels limit the size of image features that can be resolved

with the telescope. Low energy events are dominate by the fluctuations of

the NSB and therefore very small pixels (< 0.1 deg) are favored to reduce

NSB contamination. On the other hand, for high energy events larger pixels

(' 0.1− 0.2 deg) can be used in order to find also a reasonable trade-off with

the larger FoV.

1.4 Current IACT instruments

At present, there are three major IACT arrays in operation: H.E.S.S., MAGIC

and VERITAS. These instruments consists up to five telescopes (the H.E.S.S.

array). They reach sensitivities of ∼ 1% of the Crab Nebula in the energy

range from 100 GeV to 1 TeV, with a typical angular resolution of the order

of 0.1 deg and energy resolution of 10 − 15% per event. In the following a

description of the three arrays is reported.
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H.E.S.S.

The High Energy Stereoscopic System (H.E.S.S.) observatory is located in

Namibia at 1800 m above sea level (see Fig. 1.9). The initial four H.E.S.S.

telescopes (the so-called H.E.S.S. I telescopes) are distributed in form of a

square with 120 m side length. Each of these four telescopes is a 12 m diameter

class instrument (108 m2 total mirror area) with Davies-Cotton shape, 5 deg

FoV and 960 pixels. In the second phase of the project, a fifth very large

telescope was placed at the center of the array. This last telescope, named

H.E.S.S. II, is made of a 28 m diameter reflector (614 m2 total mirror area)

with parabolic design, 3.5 deg FoV and a camera containing 2048 pixels. It

is operational since July 2012, extending the energy coverage towards lower

energies and significantly improving the sensitivity below 300 GeV. H.E.S.S.

Figure 1.9: The H.E.S.S. telescopes, in Namibia. Extracted from the H.E.S.S.

website https://www.mpi-hd.mpg.de/hfm/HESS/.

is the only IACT array in the Southern Hemisphere and this location allows

the observation of one of the most interesting and most populated area in

the TeV sky, that is the region of the Galactic center [11, 41]. Moreover,

the large FoV of the H.E.S.S. I telescopes (the largest compared to current

instruments) permits efficient observations of extended objects and makes it

possible to perform an efficient sky survey, as done for the Galactic Plane

[100]. A review on the status of the H.E.S.S. telescope can be found in ref.

[117].

MAGIC

The Major Atmospheric Gamma Imaging Cherenkov (MAGIC) telescope is

located at the Roque de los Muchachos Observatory (La Palma, Spain) at

2200 m above sea level (see Fig. 1.10). It is a system composed by two IACTs

of 17 m of diameter (236 m2 total mirror area) with a parabolic design sepa-

rated by 85 m. The telescopes have a 3.5 deg FoV and a 576-pixel cameras.

The first telescope (MAGIC-I) started to take data in 2004, while the com-

missioning of second telescope (MAGIC-II) has been finished in autumn 2009.
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The two telescopes are usually operated in stereoscopic mode; this provides

a significant increase of the sensitivity due to stronger background rejection.

Also the energy and angular resolutions have improved, due to the three-

dimensional reconstruction of air showers. Given the large reflector surface,

Figure 1.10: The two large telescope of the MAGIC observatory. Extracted

from the MAGIC website https://magic.mpp.mpg.de/.

the energy threshold of the observatory is notably low, of the order of 30 GeV,

traditionally considered the domain of space-based instruments. At this low

energies, the Universe becomes progressively more transparent the search of

powerful sources residing at large redshifts, e.g. AGNs (see e.g. [156]), is

possible. Moreover, a very fast (average time 40 seconds) repositioning of the

telescope axis is one of the major characteristic of MAGIC with respect to

other IACTs. This is especially important when short-lived phenomena are

signaled by other active devices, e.g. GRB alerts from space-based instru-

ments. The reader interested in the latest performance results of the MAGIC

telescope is advised to consult ref. [67].

VERITAS

The Very Energetic Radiation Imaging Telescope Array System (VERITAS)

is operating at the Fred Lawrence Whipple Observatory (FLWO) in southern

Arizona, USA, at 1268 m above sea level (see Fig. 1.11). The array is composed

by four 12 m optical reflectors with similar characteristics of H.E.S.S. I, with

499-pixel cameras, with a 3.5 deg FoV. The covered energy range is between

50 GeV to 50 TeV, with peak sensitivity in from 100 GeV to 10 TeV. For a

review on the recents results and the status of VERITAS telescope, please

refer to ref. [129].

1.5 The Cherenkov Telescope Array

The latest generation of ground-based gamma-ray instruments have demon-

strated the great power of the IACT technique to perform imaging and spec-

trometric studies of VHE gamma-ray sources, pushing this field into a solid

branch of the modern astronomy. On the advances pioneered by its prede-

cessors, a next-generation IACT array will be built: the Cherenkov Telescope
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Figure 1.11: The VERITAS observatory. Extracted from the VERITAS web-

site http://veritas.sao.arizona.edu/.

Array (CTA) [19, 104]. CTA will be the largest and most sensitive ground-

based instrument for VHE gamma-ray astronomy on Earth with more than

100 telescopes spread on a huge area and an unprecedented wide energy cov-

erage, from few tens of GeV to more than hundred TeV. Consequently, an

extraordinary discovery potential is expected for what concerns key aspects of

the astronomy, astrophysics and fundamental physics fields. For the first time

in the history of ground-based gamma-ray facilities, CTA will be operated

as a proposal-driven open observatory, providing transparent access to data

and analysis and visualization tools. Such an observatory-mode operation of

CTA is expected to significantly boost its scientific output by engaging a much

wider research community. The public release of unique gamma-ray data to

the world-wide astronomical and particle physics communities and the syn-

ergies with other multi-wavelength and multi-messenger facilities will greatly

enhance the significance of the upcoming CTA discoveries.

1.5.1 CTA layout

The optimization of instrument layout is driven by the physics goals. For

instance, the studies of AGNs and GRBs require very low energy thresholds

to extend the gamma-ray horizon to cosmological distances. On the other

hand, for TeV Galactic sources, e.g. SNRs and PWNe, the extension of the

energy coverage up to 100 TeV is of prime importance. To cover the full CTA

energy range three classes of telescope types will be exploited:

I. Large Size Telescopes (LSTs)

In the sub-TeV regime the photon rate is high and the only limita-

tion comes from the systematic uncertainties of the background. Conse-

quently, the area covered by this part of the instrument can be relatively

small (of the order of 104 m2). In this energy domain the main target

is to lower the energy threshold. Lower energy gamma-rays produce

smaller showers and correspondingly less Cherenkov light, which has to

be collected efficiently. Therefore, to lower the energy threshold down to

tens of GeV and efficiently sample the signal, few large telescopes with

mirror area of the order of ∼ 20 m represent the best solution.

To cover energies up to 100 GeV, CTA will use the so-called Large Size
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Telescopes (LSTs). LSTs will consist of 23 m diameter parabolic reflec-

tive surfaces (400 m2 total mirror area), with 4.5 deg FoV and a cam-

era consisting of 1855 pixels. The goal is to be able to re-position the

pointing-instrument within 20 seconds, that is the critical aspect for

CTA studies of transient phenomena [134].

II. Medium Size Telescopes (MSTs)

The energy range from 100 GeV to about 10 TeV represents the core en-

ergy of CTA. The detection and the reconstruction of the showers in this

energy domain is well known from the current instruments. Therefore,

the employment of telescopes similar to those currently in use represents

a natural and fruitful solution. These will be the so-called Medium Size

Telescopes (MSTs), 12 m class telescopes (88 m2 total mirror area) dis-

tributed on a regular grid with ∼ 100 m spacing. MST cameras will have

a large FoV of 7 deg, extremely useful in order to rapidly survey the TeV

sky. The improvement with respect to previous IACTs is obtained by

increased area covered on ground and higher level shower reconstruc-

tion, thanks to the multiple views of the event by a larger number of

telescopes [25].

A dual mirror version for this class instruments has been proposed

as a high-performance alternative to the baseline MSTs. These tele-

scopes would be Schwarzschild-Couder Telescopes (SCTs), with 7 deg

FoV, improved angular resolution and very large number of camera pix-

els (> 11000) [178].

III. Small Size Telescopes (SSTs)

In the TeV regime, the flux level sharply drops due to the typical power-

law spectra of non-thermal processes. Therefore, in this energy domain it

is necessary to maximize the effective area. Despite the limited number

of incoming gamma rays, at this energies the light yield is large and

showers can be detected well beyond the typical Cherenkov light pool.

For this reason, large number of small telescopes with mirror area of few

m2 and ∼ 400 m spacing represents the best approach for the detection

of these rare VHE events.

These telescopes will be so-called CTA Small Size Telescopes (SSTs).

Three different SST implementations are being proposed and tested: one

single-mirror design (SST-1M [123]) and two dual-mirror designs (SST-

2M ASTRI [160] and SST-2M GCT [102]). Most probably the array will

include a mixture of these designs. The SST mirrors will be about 4 m,

with a very large FoV of 9 deg, extremely desirable for deep large-scale

surveys above tens of TeV.

In order to view the whole sky, CTA will consist of two arrays of IACTs,

one in the Northern and one in the Southern hemisphere, pictured in Fig. 1.12.

Together, the two arrays will constitute the CTA Observatory (CTAO). The

presence of IACT arrays in both hemispheres, together with the large FoV of

the telescopes, will likely enable CTA to provide the first extended gamma-ray

map of the entire TeV sky [101], extending the blind exploration of the Uni-
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(a) CTA Southern array.

(b) CTA Northern array.

Figure 1.12: Illustrative picture of the future Southern (Fig. 1.12a) and

Northern (Fig. 1.12b) arrays of CTA. Extracted from the CTA webpage

https://www.cta-observatory.org/.

verse beyond the Galactic plane. After years of studies of the environmental

conditions, simulations of the science performance and evaluation of the costs,

the sites of the two arrays have been decided. The Southern array site will be

less than 10 km southeast of the existing Paranal Observatory in the Atacama

Desert in Chile (2600 above sea level), while the Northern array will be built

in the current MAGIC site, on the island of La Palma, in the Canary Islands

(2200 m above sea level).

The Southern array is aimed to observe the central part of the Galactic

plane and many nearby Galactic sources. Given the wealth of source popu-

lations and morphological details in Southern sky, CTA South will cover the

entire energy range of CTA exploiting all three classes of telescopes distributed

over a huge area (∼ 4 km2). In Fig. 1.13 a schematic map of the Southern

array is shown, with the planned spacing and numbers of telescopes for each

type.

The Northern array is aimed mainly at extragalactic studies, thus the

coverage of the highest energies will not be as critical as for the Southern site.

It will cover a smaller area on the ground, being optimized for detections in

the energy range from tens of GeV to few tens of TeV. No SSTs will be hosted

in the Northern array, as summarized in Fig. 1.13.
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Figure 1.13: Planned layout for the Southern (left) and Northern (right) array

of CTA. Different size and color circles are for different type of telescopes.

Extracted from the CTA webpage https://www.cta-observatory.org/.

1.5.2 CTA performance

The improvements expected for CTA are targeted to achieve specific perfor-

mance goals. In the following a summary on the expected CTA performance

is reported.

• Angular resolution

Above 1 TeV, the CTA angular resolution should achieve values as good

as 2 arcmin, that is a factor ∼ 3 better with respect to the typical res-

olution of current instruments. This will allow to resolve the details of

complex morphologies of extended sources and will definitely help ob-

servations of densely populated sky region.

• Effective area

As previously mentioned, the CTA Southern array will be distributed

over an area of the order of ∼ 4 km2. This huge detection area is a

crucial parameter in order to perform observations of VHE phenomena

in the nearby non-thermal Universe, for which the corresponding VHE

photons do not suffer sever gamma-ray absorption.

• Energy resolution

The wide energy coverage of CTA (more than 3 orders of magnitude

in energy) will come together with an unprecedented energy resolution,

which above 1 TeV should achieve the level of ∼ 6%, corresponding to a

factor 2 improvement with respect to the current IACT facilities.

• Temporal resolution

Thanks to its large detection area, CTA will resolve flaring and time-

variable emission on sub-minute scales [19]. These time-scales are cur-

rently not accessible: the shortest time variability detected so far by the

present instruments is of the order of few minutes, in correspondence to

flaring AGNs (see e.g. [63]).

• Sensitivity

In its core energy, CTA is required to achieve milli-Crab sensitivity in 50
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hours of observation on a point-like source, slightly worsening towards

lower energies, due to poorer background rejection efficiency, and to-

wards higher energies, due to the limited number of gamma rays. This

corresponds to a factor 10 improvement with respect to the sensitivity

of the current instruments. This achievement would allow both the de-

tailed study of known objects and the serendipitous discovery of several

faint objects currently below the potential of existing observatories.

1.5.3 Science with CTA

The superior capabilities of CTA will significantly impact on several areas of

modern astrophysics and cosmology. Besides the detection of new classes of

gamma-ray emitters and new phenomena, CTA will allow a deep understand-

ing of already know objects and mechanisms [19]. The main science goals of

CTA can be summarized in three main themes, reported in the following. For

a deeper description on the source populations and on the mechanisms at play

in astrophysical environments, the reader is encouraged to look at §A and §B.

1. Understanding the origin of Galactic and extragalactic cosmic rays and

their role in the Universe. The most accepted scenario explains Galactic

cosmic rays as due to acceleration processes in SNRs and hints in fa-

vor of such paradigm have been found both by Fermi and AGILE with

the detection of the characteristic π0-bump [3, 174, 22]. CTA should

be able to detect a large population of SNRs emitting VHE photons

and, among them, special expectations are reserved to the search for

PeVatrons, which is a key issue for understanding of the origin of galac-

tic cosmic rays. Moreover, present instruments have proved that the

interaction of cosmic rays with interstellar gas produce a measurable

gamma-ray flux. The detection of these VHE photons from other galax-

ies can be used by CTA to infer the role of cosmic rays in processes of

star formation [17].

2. Understanding the nature of particle acceleration and radiation processes

in extreme astrophysical environments. In particular, the study of rela-

tivistic outflows, as the jets related to accreting black holes, and ultra-

relativistic cold winds, related to pulsars, would allow detailed tests of

magnetohydrodynamics and plasma physics on scales that are not acces-

sible with laboratory experiments. CTA should detect a large sample of

AGNs with SMBHs at their center, which offer excellent conditions for

particle accelerations in shocks [169].

3. Searching for the nature of Dark Matter and physics beyond the Stan-

dard Model. Dark matter in the form of WIMPs should be detectable

by CTA through their annihilation process and the corresponding pro-

duction of VHE photons. The wide energy coverage of CTA will allow

the detection of possible low mass WIMP candidates and the improved

energy resolution will increase the chance to resolve spectral features and

lines characteristic of WIMPs. In addition, the enhanced performance
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of CTA might enable the investigation of other questions related to the

fundamental physics, as the search for axions-like particles or the test of

the Lorentz invariance [101].

These three core themes serve as science drivers and to address these points

the CTA Collaboration has investigated a number of key projects to be car-

ried out by the Consortium. One of the prime science targets for CTA will

be the region of the Galactic Center, probably the most densely populated

region in the gamma-ray sky and therefore a prime object for the search of

dark matter annihilation signature [101]. The improved angular resolution of

CTA should allow a deeper understanding about the nature of the bright TeV

source positionally coincident with the SMBH Sgr A*. Moreover, the wide

energy coverage up to hundreds of TeVs, the large FoV and the improved en-

ergy resolution of CTA will permit accurate spectroscopic and morphological

studies of the diffuse emission from the extended region of the Galactic Center

ridge, extremely interesting in the context of PeVatron study.

Another key project of CTA is the survey of the Galactic plane. CTA

should be able to carry out an unbiased exploration of the Galactic plane

region (|l| ≤ 60 deg, |b| ≤ 2 deg) with a uniform sensitivity of 3 milli-Crab,

giving access to hundreds of new sources in the broad CTA energy range

(mainly PWN and SNRs) along with new and unexpected gamma-ray sources

[104]. This will permit the first high statistics population studies, tracing

discrete sources as well as diffuse emission meanwhile facing the problem of

source confusion which unavoidably will show up in the crowded regions of

the Galactic plane. Moreover, thanks to the large FoV and the improved

sensitivity, CTA should be able to survey the ∼ 25% of the sky at high galactic

latitudes (b > 10 deg) down to sensitivity of 20 milli-Crab, performing for

the first time a blind search beyond the Galactic plane. This extragalactic

survey would complement the survey done by Fermi at lower energies [18]

and would lead to the detection of about a dozen blazars, or counterparts

to Fermi sources [104], as well as to the serendipitous detection of transient

phenomena. The measure of such transient phenomena represents another key

goal of CTA. Thanks to the low energy threshold and the fast re-positioning

of the telescopes, CTA should be able to measure for the first time the VHE

variability from GRBs [133] as well as the transient emission from PWN and/or

binary systems flaring up [159, 96].

The significant increase of sensitivity of CTA will open the way to statis-

tical studies of AGNs [169]. This, combined with the broad energy coverage

and the high spectral resolution of CTA, will help to rule out AGN models

and constrain the scenario for the explanation of their VHE emission. More-

over, the excellent angular resolution of CTA should permit to resolve the

extended emission surrounding the central compact object, that is unavoid-

ably produced due to interactions of primary gamma-rays with the EBL [151].

The detection of this faint halo emission would provide cosmological infor-

mation about the intergalactic radiation and magnetic fields, representing an

extremely attractive detection in the context of extragalactic source studies.

A diffuse extended emission is expected also from Galaxy clusters, due to
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the possible presence of cosmic rays interacting with the cluster gas and subse-

quently producing VHE gamma rays through pion decays. A direct evidence

for the existence of these cosmic protons in clusters does not exist yet and

therefore gamma rays would represent an unambiguous proof [17]. The im-

proved performance of CTA should enable the detection of diffuse gamma-ray

emission from nearest galaxy clusters, like Perseus and Coma, which is also

an interesting target for dark matter search due to its large mass [101].
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2
Morphological studies

Since its conception in 2005, CTA has made considerable progress: working

prototypes exist for all telescope types but the large size ones (which is under

construction already as part of the Northern observatory), in few years the

operations should begin and the end of array construction is foreseen for 2024.

Although the general design of the observatory is already defined, the final

layout of the array is still under discussion. In this chapter the CTA observa-

tory is used as a template for the description of a generic IACT array. With

simple analysis methods, questions of primary importance for planning future

observations are addressed. The importance of such questions lies in the aim

to draw general conclusions independently of the specific instrument details,

since at this stage absolute results might not be meaningful given the possible

changes in the final layout design of CTA. With these ultimate goals, the po-

tential of the array to perform morphological studies of gamma-ray sources in

complex environments at the presence of multiple TeV emitters is estimated.

In §2.3, simulations of isolated point-like and extended sources are described

and used to test and understand the response of the instrument. Then, in §2.4,

the capability of the instrument to resolve multiple sources has been analyzed.

In particular, the effect of locating the gamma-ray source (i) nearby a second

one and (ii) on top of a diffuse halo-type object is investigated.

2.1 Instrument response parameterization

Given the wealth and the variety of VHE TeV emitters in the Southern sky, in

this thesis the South array of CTA is considered. In order to cover the broad

energy range of CTA, the idea is to have an array formed by a total of 4 LSTs,

a few tens of MSTs and about 70 SSTs. One of the proposed layout for the

Southern observatory, the so-called 2-Q layout, consists of 4 LSTs (23 meter

class, FoV of the order of 4.5 deg), 24 MSTs (12 meter class, FoV of 7 deg)

and 72 SSTs (4 meter class, FoV ranging from 9.1 to 9.6 deg). For such an

array, publicly available instrument response functions (IRFs) have been re-

leased by the CTA Consortium1, obtained through a large-scale Monte Carlo

(MC) production (the so-called Prod-2 ) aimed to study the impact of the site

on the CTA performance and to search for feasible layout candidates [121].

1The CTA performance files can be accessed at https://www.cta-observatory.org/

science/cta-performance/.
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The evaluation of the array performance is based on analysis tools similar to

those currently used by existing IACTs. Simulations of a point-like gamma-

ray source located at the center of the FoV and observed at a zenith angle

of 20 deg (averaged between north/south-wise in azimuth) are performed to-

gether with simulations of background showers (protons, nuclei and electrons).

The response of the telescope to these EASs is then simulated. The analy-

ses applied to the simulated events are classical ones, based on parametrized

shower images. Merging together the information from all the telescopes ob-

serving the event, the stereo reconstruction is performed and the background

suppressed. In this way, the performance of the array is estimated, expressed

by the IRFs.

In this work, these publicly available IRFs for the 2-Q array layout have

been exploited to obtain simple analytical parameterizations in the energy

range from 50 GeV to 100 TeV. In particular, an analytical expression for the

angular resolution, the effective area, the energy resolution and background

rate per unit of solid angle have been derived, as reported in the following. In

table 2.1 the average values of these analytical functions are shown for four

main energy intervals.

Table 2.1: The angular resolution (σPSF ), effective area (Aeff ) and back-

ground rate per square degree (BgRate) in the four energy intervals.

Energy σPSF [deg] Aeff [m2] BgRate [Hz/deg2]

[0.05− 0.1] TeV 0.147 4.1 · 104 9.69 · 10−1

[0.1− 1] TeV 0.083 2.4 · 105 1.53 · 10−1

[1− 10] TeV 0.042 1.66 · 106 3.20 · 10−3

[10− 100] TeV 0.031 3.73 · 106 3.55 · 10−5

2.1.1 Angular resolution

The determination of the direction of the incoming gamma ray is of crucial

importance for a pointing detector which can be operated in survey mode. As

described in §1.3.3, the stereoscopic approach allows for a good reconstruction

of the arrival direction of primary gamma rays on an event-by-event basis.

In the CTA IRFs here considered, the shower direction is determined by a

weighted mean of all pairwise intersections of the major axes of two images,

where the weight assigned to each pair depends of the size of the two images,

on their orientation and on their width over length ratio, as described in ref.

[86]. The reconstructed shower direction corresponds to the weighted average

of all intersection points.The high telescope multiplicity of CTA will permit

an accurate estimate of the shower direction and will definitely lead to an

improved angular resolution of the instrument.

The angular resolution is defined as the angular radius that contains a

certain percentage of the gamma-ray PSF. The expected CTA angular res-

olution (σPSF ) is shown in Fig. 2.1 as a function of the energy. Assuming
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Figure 2.1: Angular resolution of the instrument. The data are taken from

the publicly available CTA performance files 1, solid line corresponds to the

best fit. The corresponding analytical function is also shown in the plot.

x = log10(E/1 TeV), σPSF can be approximated in the form:

σPSF (x) = A ·
[
1 + exp

(
− x
B

)] �� ��2.1

with A = 2.71 · 10−2 deg representing the best angular resolution achievable

with the telescope layout considered in this work and B = 7.90 · 10−1 the

scaling factor describing how fast the angular resolution changes with energy.

In general, also the location of the source within the FoV might modify the

value of σPSF . For CTA, this effect is expected to be negligible for energies

lower than ∼ 10 TeV, with almost no dependence of σPSF with the source

offset up to 3◦, and a smooth degradation (by a factor < 2) up to 4◦ at the

higher energies [171]. Nevertheless, this dependence on the source position

does not affect the physics scenarios here investigated, being characterized by

geometrical extensions below the threshold limits for which a significant effect

is expected (see §2.2 for further details).

For morphological studies the shape of the PSF is a key issue. To first

approximation the PSF shape can be described by a two-dimensional Gaussian

distribution:

fPSF = exp

(
x2 + y2

2σ2
PSF

) �� ��2.2

For a wide variety of telescopes operating in different energy bands of the

electromagnetic spectrum, in addition to the central Gaussian component, the

PSF might contain tails extending well away from the peak. To account for

the presence of such tails and to study their impact on the resolution of weak

gamma-ray sources, a non-Gaussian shaped PSF has been assumed. Namely,

following ref. [42], the PSF is presented in the form2:

fPSF = exp

(
x2 + y2

2σ2
PSF

)
+K · exp

(
x2 + y2

2σ2
PSFtails

) �� ��2.3

2Note that to compare the PSF as presented in Eq. [2.3] with the one-dimensional PSF

reported in ref. [42], one has to scale σPSF as well as σPSFtails by a factor 1.51 in order to

retrieve the same percentage of containment.
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The tails of the non-Gaussian PSF are described by a second Gaussian func-
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Figure 2.2: Possible shapes of the PSF in four energy intervals: 0.05−0.1 TeV,

0.1−1 TeV, 1−10 TeV and 10−100 TeV. Black curves correspond to the ideal

case of simple Gaussian PSF, described by Eq. [2.2]. Colored dashed curves

are for the more realistic non-Gaussian PSF with tails, described by Eq. [2.3]

for five different values of the parameter K (see the text).

tion having a width σPSFtails, fixed to the fiducial value of 0.2 deg (assuming

a worst case scenario) in the whole energy range. The ratio K of the nor-

malization factor of the main and the secondary Gaussian was adjusted to

describe the effects of different tails, namely, the values considered are: 0.3,

0.1, 0.05, 0.01 and 0.001. In Fig. 2.2 the PSFs corresponding to these values

are shown in four energy intervals: 0.05−0.1 TeV, 0.1−1 TeV, 1−10 TeV and

10−100 TeV. The black curve is for the case of single Gaussian PSF, described

by Eq. [2.2], while the colored dashed curves are for the non-Gaussian PSF

with tails described by Eq. [2.3]. The more significative the contribution of

the tails, i.e. the larger the parameter K, the stronger the modification of the

PSF shape with respect to the ideal Gaussian case. Moreover, the value of

σPSF improves with energy (see Fig. 2.1), resulting in a more dramatic alter-

ation when adding σPSFtails to the description of the PSF shape at the higher

energies. It is important to highlight that the use of the H.E.S.S. modeling

for the non-Gaussian PSF, as reported in ref. [42], has to be considered here

as a conservative upper limit. With tens of telescopes, the CTA observatory

is expected to do better and this especially concerns the observations at the

high energies, i.e. E ≥ 10 TeV. In fact, although a constant value of σPSFtails
is assumed in this work by virtue of the H.E.S.S. results, a reduction of the

tails size is likely to take place as the energy increases, due to the larger tele-
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scope multiplicity which should reduce the PSF fluctuations responsible for

the tails. The energy dependence of the PSF tails is beyond the goals of this

work. Nevertheless, detailed MC studies aimed to explore the effect of the

tails on the instrument performance and their relevance in different energy

domains might represent an extremely important task for the upcoming CTA

observatory.

2.1.2 Effective Area
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Figure 2.3: Effective area of the telescope layout considered in this study. The

data are taken from publicly available calculations of the CTA performance 1,

solid lines correspond to the parametrization formula which is also shown in

the figure.

In the Southern CTA array, the telescopes are planned to be distributed

over ∼ 4 km2 on the ground. While for a single telescope the effective area

is determined by the radius of the Cherenkov light pool at ground (Rlight ∼
120 m), the effective detection area of a multi-telescope system is determined

essentially by the total geometrical area [47], as can be seen in Fig. 2.3. For

the considered layout of the CTA South observatory, the effective detection

area Aeff in the energy range from 50 GeV to 100 TeV can be parametrized

with the following expression:

Aeff (x) =
A

1 +B · exp
(
− x
C

) �� ��2.4

where the saturation value of the effective area is A = 4.36 · 106 m2, while

B = 6.05 and C = 3.99 · 10−1 define the rate of change of Aeff with respect

to energy.

2.1.3 Energy resolution

The energy resolution is a figure of merit used to summarize in a single number

the information contained in the energy dispersion parameterization. The

energy resolution of the instrument, referring to the public CTA MC results,
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Figure 2.4: Energy resolution for the considered layout of CTA southern array.

The data are taken from publicly available calculations of the CTA perfor-

mance 1. The solid line corresponds to the analytical parametrization which

is also shown in the figure.

is shown in Fig. 2.4. Although energy resolution is rather modest in the low

energy range (approximately 20% around 50 GeV), it significantly improves

at higher energies saturating at the level of 6 to 8% from 1 TeV to 100 TeV.

The energy dependence of the resolution can be parametrized in the following

form:

(∆E/E) (x) = A×
[
(x−B)2 + (x−B)4

]
+ C

�� ��2.5

with the normalization factor A taking the value A = 6.33 · 10−3, the pa-

rameter B = 8.34 · 10−1 fixing the value of the energy for which the resolution

takes its best value and C = 6.24 · 10−2 representing the best energy resolution

achievable with the telescope layout considered in this work.

2.1.4 Background rate

The simulated rate of background events after all the rejection cuts is shown

in Fig. 2.5 as function of the energy. Simulations of cosmic-ray background

events were performed by the CTA Consortium assuming power-law spectra

for all cosmic-ray particles with the exception of the electrons and positrons,

described by a log-normal peak on top of an E−3.21 power-law spectrum. For

the background events initiated by protons and heavier nuclei, an E−α depen-

dence has been adopted, with α ranging from 2.70 (for protons) to 2.63 (for

iron), based on measurements performed by BESS [168], Pamela [27], Fermi

[20] and other experiments [188, 85]. The noise from the NSB and from elec-

tronics is added as well. The NSB corresponds to dark sky observations, i.e.

no moon light, and a sky region off the Galactic Plane (the average level of

NSB corresponding to dark sky observation is 0.121 photo-electrons/ns/pixel

for a MST) [86]. On the simulated background showers, selection cuts are then

applied in order to suppress events not induced by gamma rays (see e.g. [121]).

For the surviving events, the energy dependence of the overall background rate
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Figure 2.5: Background rate per unit of solid angle. The data are taken

from publicly available calculations of the CTA performance 1. The solid line

corresponds to the parametrization formula which is also shown in the figure.

per unit of solid angle can be approximated to the following form:

BgRate(x) = A1 · exp

(
−(x− µ1)2

2 ·σ2
1

)
+A2 · exp

(
−(x− µ2)2

2σ2
2

)
+ C

�� ��2.6

withA1 = 3.87 · 10−1 Hz/deg2, µ1 = −1.25, σ1 = 2.26 · 10−1, A2 = 27.4 Hz/deg2,

µ2 = −3.90, σ2 = 9.98 · 10−1 and C = 3.78 · 10−6 Hz/deg2.

For each energy interval, we computed the mean number of spurious events

NBgRate scaling the rate BgRate by the observation time and by the angu-

lar area. In order to take into account fluctuations in the background, we

randomly sampled the number of background events NB from a Poissonian

distribution: f(NB | λ) = (λNBe−λ)/NB!, with expected value λ = NBgRate.

2.2 Methodology

For simulating the source, an excess map of 3◦ × 3◦ with pixel size of 0.03◦

was created. The map was filled with signal S and background B events

according to the definition of excess used by Li & Ma (formula 2 in in ref.

[148]): the content of each pixel of the map was fixed by the relation NS =

Non − αNoff , where Non = S + B and Noff = B/α, α being the ratio of the

on-source integration time (or region) to the off-source integration time (or

region). In this study, three off regions have been used for the estimation of

the background, therefore α = 1/3. The background events were uniformly

distributed in the map, whereas for the gamma-ray source a Gaussian shape

was assumed:

f(x, y) = A · exp

(
−
(

(x−X0)2

2σ2
src

)
+

(
(y − Y0)2

2σ2
src

)) �� ��2.7

centered on the point (X0, Y0) = (0, 0) deg (the center of the FoV) and char-

acterized by the size σsrc for which three different scenarios have been inves-

tigated, shown in Fig. 2.6:
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• σsrc = 0.03 deg; this is smaller than the PSF in any energy band, there-

fore the source can be considered a good approximation of a point-like

source;

• σsrc = 0.1 deg; this is comparable to the PSF, therefore the source can

be considered as a moderately extended source;

• σsrc = 0.2 deg; this is larger than the PSF (∼ 2 times), therefore the

source can be considered as an extended source.

The normalization factor A in Eq. [2.7] takes into account the flux strength of

the source. The following form for the gamma-ray flux has been considered:

dN

dE
= k · I0 ×

(
E

1TeV

)−α �� ��2.8

with α = 2.62 which corresponds to the Crab power-law photon index as

measured by HEGRA [38]. The flux is normalized at 1 TeV at the value k · I0,

where I0 = 2.8 · 10−11 TeV−1cm−2s−1 is value of the Crab flux at 1 TeV [38]

and k fixes the number of Crab Units (C.U.) to define the flux strength of the

object. For each energy interval and for each source size, the energy integrated

flux has been uniformly spread all over the source extension. This means that

for a certain flux strength (or percent of the Crab flux), the more extended

the object the smaller its photon density, as illustrated in Fig. 2.6.

In order to account for the statistical fluctuations in the simulation of the

excess maps and consequently in the estimation of the morphological parame-

ters of the source, tens of realizations of the simulation were performed, which

represents a good compromise between a reliable sampling of the errors (i.e.

errors are Gaussian distributed) and the computational time. Each simulated

excess map has been fitted with a solid χ2-minimization approach in order to

get an estimation of the source parameters. The results shown in the following

correspond to the average values over the tens of realizations.

2.3 Isolated source

Simulations of isolated sources are performed and used as a benchmark to test

the instrument performance for different observation modes. First the event

rates and the background regimes are investigated. Then the morphological

reconstruction of the isolated source, aimed to estimate its center of gravity

and its angular size, is evaluated assuming both Gaussian (Eq. [2.2]) and

non-Gaussian PSFs (Eq. [2.3]).

2.3.1 Event rates and background regimes

In Fig. 2.7 the rates for signal S and for background B events, as well as the

ratio S/B, are shown for different flux strengths of the source and different

source sizes. The rates S and B are derived as expected from a region of
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Figure 2.6: Examples of excess count maps for the three source sizes considered

in this work: σsrc = 0.03 deg (top-left), σsrc = 0.1 deg (top-right) and σsrc =

0.2 deg (bottom). The shape of the gamma-ray object is described by Eq.

[2.7] and its spectrum is given by Eq. [2.8]. The background is randomized

according to a Poisson distribution and uniformly distributed in the map (see

§2.1.4 for the details on the background simulation). In these plots, 50 hours

observation time is assumed and energies from 1 TeV to 10 TeV are considered,

where the telescope is expected to achieve the best performance in terms of

sensitivity [25]. The flux strength of the object is 0.1 C.U. Note that the energy

integrated flux is uniformly spread all over the source extension.
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interest (ROI) defined as a circle centered on the center of the source and

having radius:

RROI =
√

(2σsrc)2 + (2σPSF )2
�� ��2.9

which in the case of point-like objects is reduced to RROI = 2σPSF . On the

upper horizontal axis of each plot the corresponding flux levels for an E−2

power-law spectrum are shown in units of Crab at 1 TeV. Although the source

regions have been filled with the same number of events for each assumed

flux strength, and the flux is uniformly spread all over the source extension,

in the low energy intervals the signal rate S slightly differs depending on the

source size. This is due to the larger σPSF at these energies, which spreads

out events on a larger scale, pushing events that belong to the tails of the

source distribution to fall outside the ROI. When S/B < 1, the detection

proceeds in the background dominated regime. On the other hand, for larger

values of the S/B ratio the background free regime is achieved. In table 2.2,

the threshold values of the flux strength for which the the condition S/B = 1

is reached are shown in the four energy intervals for each source size. Since the

integrated flux in the region comprised by sources of different size is normalized

to the same value (or percent of the Crab flux), while the background events

are uniformly distributed in the map regardless the actual size of the object,

to achieve the S/B = 1 condition, the larger the source size the higher the

required flux intensity.

Table 2.2: The flux strengths in Crab Units (C.U.) for which the condition

S/B = 1 is reached for different source sizes in four energy intervals.

Energy σsrc = 0.03 deg σsrc = 0.1 deg σsrc = 0.2 deg

[0.05− 0.1] TeV 0.3 C.U. 0.5 C.U. 1 C.U.

[0.1− 1] TeV 0.006 C.U. 0.03 C.U. 0.1 C.U.

[1− 10] TeV < 0.001 C.U. 0.004 C.U. 0.01 C.U.

[10− 100] TeV < 0.001 C.U. 0.004 C.U. 0.01 C.U.

2.3.2 Signal-to-noise

Not only the absolute statistics of signal events has to be considered when

claiming for a source detection. The significance of the measure needs to be

reported in order to ascertain the reliability of the result from a statistical

point of view. An indicator of such a significance is the signal-to-noise ratio,

defined as:

S

N
=

S√
δS2 + δB2

=
S√
S +B

=
T ·RS√

T ·RS + T ·RB

�� ��2.10

assuming a Poissonian statistics for the number of signal (S) and background

(B) events in the ROI and, in the last step, writing the equation in terms

of event detection rates (RS and RB) and observation time (T ). For a given

observation time, it is clear that when RB � RS then S/N ∝ RS , while

when RB � RS then S/N ∝
√
RS . Given the direct relation between signal
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Figure 2.7: Event rates for background events (background, B) and signal

events (source, S). The ratio of the two (S/B) is also shown at the bottom of

each panel; the gray dashed-dotted line is for S/B = 1. The four panels are

for the four different energy ranges, which are shown in each figure. The three

sets of curves correspond to three sizes of the source: 0.03 deg (dotted lines),

0.1 deg (dashed lines) and 0.2 deg (solid lines). Depending on the source size,

the event rates are calculated in correspondence to different ROI (Eq. [2.9]).
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detection rate and flux intensity of the gamma-ray source, a linear depen-

dence of S/N as a function of the flux strength is expected in the background

dominated regime, and a square root dependence when the signal dominates

on the background. This kind of behavior can be appreciated in Fig. 2.8,

where the S/N distributions have been fitted with the following two func-

tions: f1(x) = p0 + p1 ·
√
x (dotted lines) and f2(x) = p0 + p1 ·x (solid lines).

Different curves are for different energy domains. The higher the energy con-
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Figure 2.8: Signal-to-noise ratio distribution as a function of the flux of the

point-like source, expressed in units of Crab flux at 1 TeV. Four different energy

domains are shown. Dashed lines are for the fit with the function f1(x) =

p0 + p1 ·
√
x, solid lines represents the best fit to the data when the linear

function f2(x) = p0 + p1 ·x is used. Data are for an observation time of 50

hours. The χ2/NDF of the fit with the second degree polynomial function

are the following: 144552 for [0.05 − 0.1] TeV, 1248 for [0.1 − 1] TeV, 11 for

[1− 10] TeV and 0.4 for [10− 100] TeV.

sidered, the sooner the signal dominates over the background and therefore the

better the function f1 fits the data, as can be appreciated from the value of the

χ2/NDF ratio of the fit reported in the caption of the figure for each energy

domain. On the other hand, at the low energies a deviation from the function

f1 is established when the source is not bright enough and the linear function

f2 better reproduces the distribution. Furthermore, the lower the energy, the

higher the value of the flux at which the deviation can be observed, due to the

fact that at the low energies the RB � RS condition is better satisfied and

the background dominated regime holds.

2.3.3 Reconstruction of morphological parameters for Gaus-
sian PSF response

The reconstructed image of the source is altered by the noise from the sky and

by the intrinsic limiting factors of the detector. Therefore the reconstruction

of its features, like its size and its gravity center, is a challenging issue for

every morphological study one aims to perform. In order to reconstruct the

morphology of the gamma-ray source, the Gaussian-shaped object has been
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convolved with the instrument PSF, initially assumed to be described also

by a Gaussian function (Eq. [2.2]). The resulting function used to fit the

reconstructed excess map is the following:

f(x, y) = A · exp
(
−
(

(x−X0)2

2(σ2
src + σ2

PSF )

)
+

(
(y − Y0)2

2(σ2
src + σ2

PSF )

)) �� ��2.11

where σPSF depends on the energy interval. Treating σPSF as a fixed pa-

rameter, the source size σsrc and of its center of gravity (X0, Y0) have been

estimated through the χ2 fit.

The skymaps have been simulated for different exposure times and then the

minimum time needed to properly reconstruct the morphology of the source

has been estimated. This is defined as the minimum time such that (i) the

relative error on the reconstructed morphological parameter (either the center

of gravity or the source size) is reduced to at least 1% and (ii) the mean value

of the estimated parameter is not more than 3σ away from the simulated one.

In addition to these criteria, a minimum of 10 signal photons on the source

region is required.

In Fig. 2.9 the minimum time needed to reconstruct the center of gravity is

shown as a function of the flux strength in four energy intervals3. The gravity

center is the point with largest density of photons, i.e. the reconstructed

position of the source in the map. The estimation of the parameters X0 and

Y0 is used to reconstruct the gravity center as
√
X2

0 + Y 2
0 . One can see that

the shortest minimum time is required in the energy domains [0.1 − 1] TeV

and [1− 10] TeV, where the best instrument performance is achieved. At very

low ([50 − 100] GeV) and very high ([10 − 100] TeV) energies the required

time is significantly increased because of the large background rate and low

photon statistics, respectively. For instance, for a point-like object with a

flux strength of 0.1 C.U., few hours of observation are sufficient to reconstruct

the position of the source in the two central energy ranges. Below 0.1 TeV or

above 10 TeV, the same object has to be observed for tens of hours in order

to achieve the same level of reconstruction accuracy. One should also note

that the minimum time required to reconstruct the source position is always

larger for extended sources than for point-like sources. The reason being that

the flux is normalized to the source size and therefore the photon density is

lower than in the case of point sources. The same tendency is observed for

the minimum time needed to estimate the source size. The results are shown

in Fig. 2.10.

2.3.4 Reconstruction of morphological parameters for non-Gaussian
PSF response

As discussed in §2.1.1, the ideal approximation of a Gaussian PSF might not

be confirmed by reality and in a more realistic approach tails should to be

3Note that for the shorter observation times the results should be taken with caution

since the analytical parameterizations shown in §2.1 are obtained from the CTA simulations

optimized for 50 hours observation time.
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Figure 2.9: Minimum time needed to reconstruct the center of gravity of the

source in the case of Gaussian PSF response and for four energy intervals:

[0.05− 0.1] TeV, [0.1− 1] TeV, [1− 10] TeV and [10− 100] TeV.
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Figure 2.10: Minimum time needed to reconstruct the size of the source as

a function of the gamma-ray flux in the case of Gaussian PSF response and

for four energy intervals: [0.05 − 0.1] TeV, [0.1 − 1] TeV, [1 − 10] TeV and

[10− 100] TeV.
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included. The influence of these tails in the reconstruction of source morphol-

ogy has been investigated. Simulations of the excess maps have been carried

out under the assumption of a non-Gaussian PSF with tails, as defined in

Eq. [2.3]. Then, the gamma-ray source is reconstructed using Eq. [2.11] to

investigate the effect of tails on the morphological reconstruction when these

are not properly evaluated.

The results are summarized in Fig. 2.11, where the reconstructed size of

the source is shown as a function of the flux strength for different values of

the parameter K in Eq. [2.3]. The errors quantify the spread of the results,

estimated as the root mean square deviation over the sample of tens of real-

izations of the simulation. The grey solid line at 0.1 deg indicates the input

size value used in the simulation.
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Figure 2.11: Reconstructed size of the source as a function of the flux strength

for different values of the parameter K which defines the PSF shape composed

with superposition of two Gaussians. The input value for the source size is

indicated as a solid gray line, σsrc = 0.1 deg. The observation time is 50 hours.

Four energy intervals are shown: [0.05 − 0.1] TeV, [0.1 − 1] TeV, [1 − 10] TeV

and [10− 100] TeV.

In the lowest energy domain ([0.05, 0.1] TeV), where the background dom-

inates, the results for sources with fluxes ≤ 0.1 C.U. are strongly affected

by fluctuations. For brighter sources a proper estimation of the size can be

done when the ratio K is in the 0.01 to 0.001 range. In this energy interval

σPSF is almost of the same order of the σPSFtails, i.e. σPSF = 0.147 deg and

σPSFtails = 0.2 deg. This results in a relatively small effect of the tails for
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small K values, since the final shape of the PSF does not differ much from

the simple Gaussian model, as shown in Fig. 2.2. Nevertheless, when K is

very large (K ∼ 0.3), the PSF cannot be described as a single Gaussian and

the effect of the wider distribution prevents a proper reconstruction of the real

size of the source.

The value of σPSF improves with energy (see Fig. 2.1), resulting in a more

dramatic effect when adding σPSFtails to the description of the PSF shape.

In the high energy intervals, the reconstruction of σsrc is strongly affected by

the tails and what is reconstructed is essentially σPSFtails = 0.2 deg. The

results in Fig. 2.11 shows that the larger the ratio K, the sooner in terms of

flux a deviation from the expected value takes place, especially when the tail

contributions amounts to at least 5% of the peak value.

2.4 Multiple sources

On the basis of the simulations of isolated objects, the response of the tele-

scope has been tested also in case of complex environments. The capability to

reconstruct the source morphology might be compromised in case of crowded

environments, where a not trivial distribution of the sources might limit the in-

strument performance. The potential of the instrument to disentangle multiple

objects has been evaluated assuming both the Gaussian and the non-Gaussian

shape of the PSF. Two different scenarios are studied in this section: (i) the

case of two nearby objects (see Fig. 2.12, on the left), which represent a key

issue when planning observation of the Galactic plane region and (ii) the case

of a compact source on top of an diffuse halo-type emission (see Fig. 2.12, on

the right), which might be relevant in the framework of extended extragalactic

sources surrounding AGNs.

2.4.1 Two nearby sources

The chance to observe two TeV emitters in the same FoV is non negligible

when the instrument points toward the region of the Galactic plane (see §B.1

for an overview on the Galactic sources). The question of resolvability of

nearby gamma-ray sources is a critical aspect for future instruments since the

improved sensitivity will allow for the detection of very faint objects, increas-

ing the probability to catch multiple sources in a single observation. Two

nearby gamma-ray objects have been simulated considering different separa-

tion distances between the two bodies. Each of the two objects is described

as a Gaussian-shaped source (Eq. [2.7]) while the background is uniformly

distributed in the map. As for the isolated objects, the Crab-like spectrum

defined in Eq. [2.8] is assumed. An example of the two companion gamma-ray

sources is reported in Fig. 2.12.

The centers of gravity of the two sources have been estimated through

a joint χ2-fitting analysis and from the reconstructed positions the distance

between the two sources has been calculated. In Fig. 2.13 the reconstructed

distances, drec, between the two sources is shown for different combinations of
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Figure 2.12: Left: example of an excess count map in the case of two nearby

objects. The shape of the two gamma-ray objects is described by Eq. [2.7]

(calculated for σsrc1 = σsrc2 = 0.1 deg) and their spectrum is given by Eq.

[2.8], here fixed at a flux strength of 0.1 C.U. Right: example of an excess

count map in the case of a compact source on top of an diffuse halo-type

emission. The central object is again described by Eq. [2.7] (σsrc = 0.1 deg)

and its spectrum is given by Eq. [2.8] (kept at 0.1 C.U.). The extended halo is

simulated according to Eq. [2.12] (further details are given in the following).

In both the two maps, 50 hours observation time is assumed and energies

from 1 TeV to 10 TeV are considered, for which the telescope is expected to

achieve the best performance in terms of sensitivity [25]. Note that the energy

integrated flux is uniformly spread all over the source extension, regardless

the specific spacial distribution of the object.

their flux strengths. These results are obtained with the assumption of a Gaus-

sian PSF and are referred to the CTA core energies, i.e. from 1 TeV to 10 TeV,

where the best sensitivity of the instrument is expected to be achieved [121].

The true distance, dtrue, is shown on top of each plot, ranging from 0.2 deg to

0.5 deg. Obviously, the larger the distance the better the reconstruction. For

small separations, the distance is well estimated only when the fluxes of the

two sources are similar. Otherwise the reconstruction fails, leading to a null

separation, since the weakest source turns out to be hidden by the companion

and only the strongest of the two objects is visible.

These studies have been done also under the assumption of a non-Gaussian

PSF. Eq. [2.3] has been calculated for K = 0.3 which represents the worst

scenario in terms of effects induced by the tails in the PSF model. The fake

emission from the tails adds to the gamma emission of the sources. For separa-

tions in the range of those shown in Fig. 2.13, the distance is always estimated

as zero, since the presence of the tails does not allow anymore to resolve the

two sources. The effect of the tails disappears only when the distance between

the two sources is large enough (d ≥ 0.7 deg). In Fig. 2.14 the reconstructed

distance between the two sources, placed at distances ranging from 0.7 deg

to 1.4 deg, is shown. To disentangle the two sources a minimum distance of
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Figure 2.13: Reconstructed distance (drec) between two nearby sources

(named src1 and src2 in the plots) for different combinations of the flux

strengths of the two objects. The Gaussian shape of the two sources is defined

by Eq. [2.7], calculated for σsrc1 = σsrc2 = 0.1 deg. The true distances used

in the simulation, dtrue, are shown on the top of each distribution, ranging

from 0.2 deg to 0.5 deg. The energy interval is from 1 TeV to 10 TeV and the

Gaussian PSF is assumed (Eq. [2.2]). The exposure time is 50 hours.

∼ 0.8 deg is required.

2.4.2 Compact source on a diffuse, halo-type, extended source

The problem of separating multiple objects might arise also in case of a com-

pact source on top of a diffuse halo-type object, as expected in correspondence

of AGNs. The measured VHE gamma-ray emission from AGNs is produced

in the very compact region around the central black hole; nevertheless, an

extended component of radiation is expected to be created around the central

source, due to interaction of primary TeV photons with the EBL (see §A.2

for a description on the mechanisms that lead to the creation of the extended

halo and §B.2 for the an overview on AGNs). The detection of a faint halo in

VHE gamma rays on top of the strong central object is a quite hard task and

it can be further complicated by the presence of tails in the PSF.

In this section the effect of locating a compact central source on an ex-

tended halo is investigated. Simulations have been performed assuming a

Gaussian spatial distribution for the central source, defined by Eq. [2.7], and

exploiting the following function to describe the diffuse halo:

f(x, y) = A ·
1

2
·
(

tanh

(
r +Rhalo

δ

)
− tanh

(
r −Rhalo

δ

)) �� ��2.12

with r =
√

(x−X0)2 + (y − Y0)2. This hyperbolic tangent function is a

smooth approximation of a 2D circular Heaviside function and δ is a parame-

ter that roughly controls the thickness of smooth transition zone. Here δ → 0
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Figure 2.14: Same as in Fig. 2.13 but for the case of a non-Gaussian PSF

with tails, calculated for K = 0.3 (Eq. [2.3]). The true distances used in

the simulation, ranging from 0.7 deg to 1.4 deg, are shown on the top of each

distribution.

is assumed. The halo has been centered at (X0, Y0) = (0, 0) deg and its radius

Rhalo defined as:

Rhalo = σsrc +m ·σPSF
�� ��2.13

with σsrc being the size of the central source, assumed to be a 0.1 deg size

object, and m the multiplicative factor of the energy dependent σPSF (Eq.

[2.1]) taking the values: 1, 2, 5, 10 and 30. The factor A in Eq. [2.12] defines

the intensity of the halo flux, expressed in units of the flux strength of the

central bright source which is kept at 0.1 C.U. The spectrum in Eq. [2.8] is

used for the two objects and the energy integrated flux is uniformly spread all

over the extension of the sources. An example of this scenario is shown in Fig.

2.12.

The two sources are efficiently separated when both the halo and the cen-

tral source are individually well reconstructed. In Fig. 2.15 the reconstructed

angular size of the central source (on the top) and the reconstructed radius of

the halo (on the bottom) are shown as a function of the halo flux strength. The

Gaussian PSF is assumed and the energy range from 1 to 10 TeV is considered,

where the average value of the angular resolution is σPSF = 0.042 deg.

When the flux level of the halo is small enough, i.e. ≤ 10% of the central

source flux, the weak emission from the halo doesn’t compromise the obser-

vation of the central source and the reconstruction of the angular size of the

compact object is well performed, regardless the actual size of the halo. On

the other hand, when the two fluxes start to be of the same of magnitude,

the reconstructed σsrc is not properly estimated: for Rhalo > 2σsrc the central

source size is overestimated due to the additional emission from the halo in the

region surrounding the central object 4. Otherwise, when the halo emission

4Note that the central object is defined by Eq. [2.7] and therefore the 95% of its spatial

distribution is comprised in 2 standard deviations from the peak value, i.e. 2σsrc.

47



Halo Flux [Central Source Flux]

3−10 2−10 1−10 1 10 210

 [d
eg

]
sr

c
σ

1−10

1
 PSFσ × + 1 srcσ = Halo R
 PSFσ × + 2 srcσ = Halo R
 PSFσ × + 5 srcσ = Halo R

 PSFσ × + 10 srcσ = Halo R
 PSFσ × + 30 srcσ = Halo R

 [1-10] TeV∈E 

 

Halo Flux [Central Source Flux]

3−10 2−10 1−10 1 10 210

 [d
eg

]
ha

lo
R

1−10

1

 

Figure 2.15: Top: reconstructed angular size of the central source as a function

of the halo flux, which is expressed as a fraction of the compact object flux

and kept at 0.1 C.U. The solid line is for the real value of the source size, i.e.

σsrc = 0.1 deg. Different curves are for different values of the halo radius.

Bottom: reconstructed radius of the halo as a function of the halo flux. The

horizontal lines indicate the expected values; different line styles are for the

different input radius used in the simulation and listed in the legend on the left.

The energy range considered here is from 1 to 10 TeV where σPSF = 0.042 deg

and the best sensitivity of the instrument is expected. The observation time

is 50 hours and the Gaussian PSF is assumed (Eq. [2.2]).

is limited in space (Rhalo < 2σsrc), the reconstructed source size is underes-

timated, due to the high photon density induced by the halo emission in the

inner region of the compact object.

Inversely, for what concerns the reconstruction of the halo radius, the

estimation of Rhalo saturates to a threshold value roughly given by σsrc in

case of faint halo emission. In this configuration, the strong emission from

the central object at 0.1 C.U. prevents the isolation of the diffuse halo and

makes the reconstruction of the halo morphology unreliable. When the halo

flux is of the same order of the central source flux, a proper estimation of

the halo structure is achieved. Given the assumption of a 0.1 C.U. central
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source, the requirement on the halo brightness translates into an halo flux of

the same order of magnitude. This result is in agreement with upper limits

set by existing IACT arrays on the flux of the extended emission expected

to be formed around detected AGNs: the no detection of halo-like structures

around known extragalactic compact objects implies halo fluxes at the level

of (or even weaker) a few per cent of the Crab Nebula flux [10, 59, 108],

making the detection of such a diffuse emission challenging also for future

IACT instrument, thus requiring more sophisticated analysis for the extraction

of its faint signal.
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Figure 2.16: Same as in fig. 2.15 but in the case of a non-Gaussian PSF with

tails defined by eq. 2.3 and calculated for K = 0.3. Note that the simulated

size of the tails is σPSFtails = 0.2 deg.

In Fig. 2.16 the same study is shown for the non-Gaussian PSF re-

sponse. As expected, the reconstructed σsrc is limited by the tails of the

PSF (σPSFtails = 0.2 deg) which represents the minimum size one can aim

to reconstruct. As a consequence, a proper reconstruction of the source mor-

phology is not achievable, even for very faint halos. Moreover, when the flux

strength of the halo is ≥ 10% of the central source flux, σsrc is further overes-

timated: the more extended the halo, the more significant the overestimation

of σsrc, since the bright emission from the halo adds to the fake emission from
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the tails and to the central source emission itself. Similarly, in case of weak

halos the estimated radius is a constant value (∼ σPSFtails). The only way

to ensure a proper reconstruction of the halo morphology in case of tails in

the PSF is to look at extended objects (Rhalo > σPSFtails) brighter than the

central compact source.
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3
Sensitivity studies

As described in §1.5, CTA foresees to improve the sensitivity of current ground-

based high-energy gamma-ray instruments by an order of magnitude. This fac-

tor concerns the observations of a single point-like object, isolated from any

other source. However, this physical scenario is not easily guaranteed when

performing real observations, especially in the case of very high energy phe-

nomena in our Galaxy. For Galactic objects, the probability to find more than

one source in the same FoV is very likely. Moreover, most of the gamma-ray

emitters lying in the Galactic plane are better described as extended objects

rather than point-like sources. Starting from these considerations, an estima-

tion of the expected CTA sensitivity is presented in this chapter (i) in the case

of a not isolated point-like source, i.e. at the presence of a nearby TeV emitter

(see §3.2), and (ii) in the case of an extended gamma-ray source (see §3.3).

3.1 Methodology

The sensitivity of the instrument is defined as the minimum flux for which

a significant detection can be performed. In order to characterize the level

of significance of the gamma-ray signal detection, a set of criteria has to be

defined. The CTA recipe for the computation of the differential sensitivity

curve exploits the following requirements for each energy bin [86]:

1. at least 5σ significance level, i.e. Nσ ≥ 5;

2. the presence of at least 10 excess events, i.e. S ≥ 10;

3. a signal of at least five times the background systematic uncertainty,

that is assumed to correspond to the 1% of the remaining background

events, i.e. S/B ≥ 0.05.

where S and B denote the signal and background events in the source region,

which in the Li & Ma notation correspond to Non = S +B and Noff = B/α,

with α being the ratio of the on-source time to the off-source time during which

Non and Noff photons are counted, respectively, and which also depends on

the different integration regions used to estimate the two. Following the above

criteria, the minimum detectable flux for 50 hours of observation has been

estimated. The energy interval from 50 GeV to 100 TeV has been divided into
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five independent logarithmic bins per decade of energy, as done also by CTA

[86].

3.2 Two neighbor sources

In this section the case of a second gamma-ray emitter in the proximity of

a main source under observation is studied and the effect on the instrument

sensitivity evaluated under the hypothesis of both Gaussian (Eq. [2.2]) and

non-Gaussian (Eq. [2.3]) PSF. The simulation of the two objects side by side

has been performed following the approach described in §2.4.1, where the num-

ber of σ for the significant detection has been estimated according to formula

17 in ref. [148]. The simulation of the two gamma-ray emitters has been done

as in §2.4.1, creating excess maps with the two objects placed apart. The

response of the instrument has been described according to the analytical pa-

rameterizations reported in §2.1. In order to estimate the minimum detectable

flux, a discrete set of flux bins has been simulated for the source under obser-

vation. This results in a sensitivity range instead of a single curve, defined by

the edges of the flux bin in which the minimum flux is reached.

Hereafter we refer to the first source as test source, being the target of

the observation, and to the other one as background source, since the gamma

photons emitted by this nearby object represent an additional source of back-

ground for the test source. The Crab-like spectrum defined by Eq. [2.8] has

been used both for the test and the background source. The shape of the two

objects, simulated according to Eq. [2.7], is characterized by the angular sizes

σtestSrc (for the test source) and σbkgSrc (for the background source). The test

source has been assumed to be point-like while for the background source two

different cases have been considered:

• σtestSrc = 0.03 deg and σbkgSrc = 0.03 deg;

• σtestSrc = 0.03 deg and σbkgSrc = 0.2 deg.

3.2.1 Event rate

Gamma-ray photons from the background source reaching the region of the

observation limit the ability to resolve the main object. Therefore, the closer

the background source, the higher the total amount of background. This effect

is clearly seen in Fig. 3.1, where the total background rate RB = RCR+RbkgSrc
is shown as a function of the distance between the two sources in the case of

a Gaussian PSF. RbkgSrc represents the additional noise due to the photons

coming from the background source, whileRCR is the standard background rate

due to the cosmic rays, shown as a constant black curve in the plots. Both

RbkgSrc and RCR are computed as event rates expected in correspondence of

the ROI of the point-like test source, defined as the circle centered at the test

source position and with radius RROI = 2σPSF . The different colored curves

are for different flux strengths of the background source. As expected, the

brighter the background source, the more significant its contribution to total
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Figure 3.1: Total background rate as a function of the distance between the

test source and the nearby gamma-ray background source, assuming a Gaussian

PSF. The total background rate RB is defined as the sum of the cosmic ray

background, RCR (black dotted line), and the additional noise due to the

photons coming from the background source, RbkgSrc. The calculations in the

energy interval from 1 TeV to 10 TeV are conducted for different flux strengths

and angular sizes of the background source indicated on the figures.

background. Comparing the two hypothesis for the size of the background

source, the results in Fig. 3.1 show that for a point-like background source

(σbkgSrc = 0.03 deg) the contamination of the cosmic ray background rate due

to the nearby object disappears as soon as the distance between the two sources

is larger than 0.3 deg, irrespective of the flux strength of the companion. On

the other hand, in case of an extended background source (σbkgSrc = 0.2 deg)

the contamination affects the observation even for larger separation distances

and the brighter the background source the more significant the additional

noise.

Similar calculations have been conducted under the assumption of a non-

Gaussian PSF (Eq. [2.2] calculated for K = 0.3), as shown in Fig. 3.2.

Apparently, the tails contribute significantly to the background, especially at

large distances from the gamma-ray background source, further increasing the
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total amount of background due to the fake emission induced by the presence

of the tails. One can see that for the parameters used in these calculations, a

significant contribution from the background source can extend up to 1 degree,

i.e. an order of magnitude larger than the PSF. A comparison of Fig. 3.1 and

Fig. 3.2 shows that this effect is apparently caused by the tails of the PSF.
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Figure 3.2: Same as Fig. 3.1 but assuming a non-Gaussian PSF with tails

described by Eq. [2.3] for K = 0.3.

From these results it is clear that in case of a nearby background source,

the detection rates and the background regimes depend not only on the flux

strengths of the two objects, but also on their proximity and on their size.

Distributions in Fig. 3.3 and 3.4 show the energy dependence of differential

event rates for two different distances between the test and the background

gamma-ray sources: 0.1 deg and 0.3 deg. On top of each figure the case of

point-like background source is considered, on the bottom the extended back-

ground source hypothesis is shown. Solid lines are for the expectations related

to the test source (S), dashed lines are for the total background (consider-

ing the effect of the background source) (Btot) and the black one is for pure

cosmic-ray noise (BCR).

The curves in Fig. 3.3 are obtained for the pure Gaussian model of the

PSF. As demonstrated in Fig. 3.1, in case of a point-like background source
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Figure 3.3: Differential event rates as a function of the energy, assuming a

Gaussian PSF. Solid lines are for the gamma-ray signal from the test source.

Dashed lines are for the total background (Btot) which consists of the back-

ground induced by cosmic rays BCR (black dashed curves) and background

induced by gamma-rays from the neighbor gamma-ray background source. The

calculations have been performed for different sizes of the background source

(top panels for a point-like source, and the bottom panels for the second

source with size 0.2 deg), for different distances between two sources (left pan-

els: 0.1 deg; right panels: 0.3 deg), and for different fluxes of the test and

background gamma-ray sources.
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placed 0.3 deg apart, the background is reduced to the pure cosmic rays, re-

gardless its flux strength. For an extended background source at the same

distance, a contamination of the ROI takes place, especially when it is a very

bright companion. Therefore, in this latter scenario, the background regimes

depend also on the flux intensity of the background source. The same depen-

dency can be observed in case of 0.1 deg separation, both for σbkgSrc = 0.03 deg

and σbkgSrc = 0.2 deg: the weaker the background source, the sooner the back-

ground free regime is achieved in terms of energy.

In Fig. 3.4 the non-Gaussian PSF with tails (Eq. [2.2] for K = 0.3) is

assumed. For distances as small as 0.1 deg and 0.3 deg, the effect of the nearby

background source does not really depend on the actual size of the background

source itself, since the size of the tails (σPSFtails = 0.2 deg) is the dominant

feature size at play. The additional background induced by the presence of

the tails in the PSF makes the realization of the background free regime more

challenging and the presence of a bright test source with an intensity of at least

0.1 C.U. is needed in order to avoid observations in the background dominated

mode.

All these considerations indicate that, in the presence of neighboring gamma-

ray sources, the background for the test source can significantly exceed (de-

pending on the flux of the background source and its distance from the test

source) the rate of background events induced by cosmic rays. This would

result in a significant reduction of the sensitivity of observations, specifically

in regions rich in gamma-ray sources.

3.2.2 The sensitivity

The improvement in sensitivity foreseen by CTA will dramatically increase the

number of known gamma-ray sources. Correspondingly, the average distance

between sources will also be reduced. Although in extragalactic space the

average angular distance between sources would be about 10 deg, in the case

of the Galactic plane, one would always find multiple sources in a FoV. In this

case the background for the test source caused by the surrounding gamma-

ray sources can be comparable to, or even exceed, the background induced

by cosmic rays. This implies that the sensitivity curves obtained under the

assumption of only cosmic ray background may significantly overestimate the

capability of the instrument to resolve weak sources.

Following the method described in §3.1, the flux sensitivity for 50 hours of

observation of an object with a spectrum given by Eq. [2.8] and placed close

to a companion described by the same spectrum has been estimated. The

background source flux is fixed to 0.1 C.U. Such a flux intensity represents a

good compromise in the contest of this study, given that a fraction of Galactic

objects exhibits this flux strength (see e.g. ref. [100]) and the corresponding

non-negligible effect on the test source which might significantly constrain the

observations.

In Fig. 3.5, the differential sensitivity (shaded area) to detect a point-like

source when located in proximity to a second point-like background source
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Figure 3.4: Same as in Fig. 3.3 but assuming a non-Gaussian PSF with tails

described by Eq. [2.3] with K = 0.3.

(σtestSrc = σbkgSrc = 0.03 deg) is shown for a distance between the two ob-

jects of 0.1 deg, 0.3 deg and 0.5 deg (in green, red and blue respectively). The

dashed-black line shows the publicly available sensitivity curve for a point-like

source obtained by the CTA Consortium1. The latest was calculated under

the assumption that the background is caused only by cosmic rays, therefore

it does not depend on the location of the test source.

Fig. 3.5 shows that the sensitivity to detect a point-like source in the pres-

ence of even a moderately strong source of 0.1 C.U. can be significantly (up

to an order of magnitude) worse than in the case of an isolated one. As illus-

trated in §3.2.1, for σbkgSrc = 0.03 deg and distances larger than ∼ 0.3 deg, the

nearby background source does not affect significantly the observation of the

test source while for distances as small as 0.1 deg, the background contamina-

tion in the ROI of the test source is not negligible and in therefore a significant

deviation from the CTA expectation takes place. The effect cannot be ignored

in environments densely populated by gamma-ray sources, as in the case of
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Figure 3.5: Differential flux sensitivities for a point-like test source correspond-

ing to 50h observation time. The range of sensitivities are shown by shaded

regions. The upper and lower edges of these regions indicate the uncertainties

of simulations related to the discrete flux levels (see the text). The calculations

are performed under the assumption of the existence of a neighbor point-like

gamma-ray background source of strength 0.1 Crab. The green, red and blue

regions correspond to the location of the neighbor source at distances of 0.1,

0.3 and 0.5 degrees, correspondingly. The no-difference between 0.3 deg and

0.5 deg is what expected from the background rate study in §3.2.1. In the

calculations we assumed a pure Gaussian distribution for the PSF. The pub-

licly available sensitivity expected by the CTA for a point-like source is also

reported in the figure (black dashed curve)1.

the Galactic plane. Since most of the Galactic sources are extended, in Fig.

3.6 we show the sensitivities in the regions around an extended gamma-ray

source with angular size 0.2 deg, similar to the average size of the objects in

the Galactic plane [100]. In this case the worsening of the sensitivity seems to
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Figure 3.6: Same as in Fig. 3.5 but calculated for an extended background

gamma-ray source.

be unavoidable also for distances larger than 0.1 deg, in agreement with results
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in §3.2.1.

The sensitivities shown in Fig. 3.5 and 3.6 are obtained under the assump-

tion that the PSF is described by a pure Gaussian distribution. However, in

reality the PSF might be better represented by a broader distribution with

long tails. In that case, the sensitivity around strong gamma-ray sources will

be even more strongly reduced. The effect of the tails in the PSF on the sen-

sitivity is shown in Figs. 3.7 and 3.8 (for point like and extended background

source, respectively). It is seen that for the assumed shape of the non-Gaussian

PSF with tails (calculated for K = 0.3) the zone of the reduced sensitivity

extends up to ∼ 1deg in case of extended background source.
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Figure 3.7: Same as Fig. 3.5, but for the case of non-Gaussian PSF with tails

given by Eq. [2.3] with K = 0.3.
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Figure 3.8: Same as Fig. 3.6, but for the case of non-Gaussian PSF with tails

given by Eq. [2.3] with K = 0.3.

All these results demonstrate that the CTA expectations might be too

optimistic in case of multiple objects in the same FoV, for which even an

order of magnitude worsening with respect to the ideal CTA scenario can be

observed. This would imply an increase of the required exposure time, up
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to two orders of magnitude for a factor 10 worsening of the sensitivity. It is

clear that such an effect needs to be seriously considered when planning the

observations with the future IACT array.

3.3 Extended sources

The surveys of the Galaxy undertaken by the current ground-based gamma-ray

telescopes have revealed different classes of astrophysical objects, like SNRs,

PWNe and MCs. Many are observed as extended objects with respect to

the angular resolution of the instruments. The improved PSF of CTA will

resolve the spatial details of these galactic objects. Consequently the number

of sources classified as extended is expected to increase. An important question

to be addressed is therefore related to the capability of the next-generation

IACT to detect these extended objects.

In this section the expected CTA sensitivity to extended VHE gamma-ray

sources is estimated. The computation of the minimum flux is here achieved

with an analytical approach and does not exploit the simulation of excess maps

as previously done for point-like and moderately extended objects, for which

the smearing of the source image induced by the PSF represented a relevant

factor. In fact, given the larger size of the sources under study, the PSF and

the possible presence of tails in its shape, is not anymore a crucial issue. On

the other hand, the larger region observed implies a larger background rate,

significantly limiting the telescope performance.

3.3.1 Event rates

The Crab-like spectrum defined by Eq. [2.8] has been used for the computation

of the expected signal events. The energy integrated flux, convolved with the

instrument effective area as defined in Eq. [2.4] and scaled by the observation

time (i.e. 50 hours), has been assumed to be uniformly distributed over the

source extension. Therefore, for a certain flux intensity, the larger the source

extension the lower its photon density. Different assumption regarding the

size of the spherical shaped gamma-ray source have been tested, with a radius

Rsrc ranging from 0.2 deg to 2.0 deg. The largest radius has been fixed as a

conservative threshold value for which the degradation of the PSF with the off-

axis angle does not play any relevant effect (see e.g. ref. [171] for a study on the

expected CTA off-axis performance). For a certain size of the object, the ROI

used for the estimation of the background is: RROI =
√
R2
src + σ2

PSF , so that

an actual comparison between the size of the source and the PSF is always

guaranteed (see Eq. [2.1] for the parametrization of the energy dependent

PSF). The expected number of background events is therefore computed from

Eq. [2.6], scaled by the exposure time and by the area of the ROI, that is

π(R2
src + σ2

PSF ) ' πR2
src. In Fig. 3.9 the differential rate of the background

is shown for different hypothesis on the size of the gamma-ray emitter, as a

function of the energy. Obviously, the larger the source extension, the large

the total background contribution.
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Figure 3.9: Differential background rate as a function of the energy for dif-

ferent hypothesis on the gamma-ray source size. The values indicated in the

legend indicate the radius of the source. To account for the size of the energy

dependent PSF (see Eq. [2.1]), the background is estimated over a total area

given by π(R2
src + σ2

PSF ), that is ' πR2
src given the large extension of the

gamma-ray object. The differential signal rate for a Crab-like source is also

reported in the figure as a black dotted curve.

The comparison of the background (B) with the signal from the source (S)

is needed to discern whether the observation is carried out in the background

dominated, i.e. S/B < 1, or in the background free regime, i.e. S/B > 1. In

Fig. 3.10 the ratio S/B for 50 h observation time is shown as a function of

the energy for four different assumptions on the flux strength of the gamma-

ray object: 1 C.U. (top-left), 0.1 C.U. (top-right), 0.01 C.U. (bottom-left) and

0.001 C.U. (bottom-right). Because of the large background rate for extended

objects, even the strongest extended sources reported by IACTs, can be de-

tected only in the background dominated regime.

3.3.2 The sensitivity

According to the methodology described in §3.1, the CTA sensitivity to ex-

tended sources has been estimated in the energy range from 50 GeV to 100 TeV,

for 50 hours observation time. For a realistic estimation of the Non and Noff

counts, the background events have been randomized according to a Poisso-

nian distribution, and then the results have been averaged over 100 realizations

of the sensitivity estimation.

In Fig. 3.11 the sensitivity curves for the different assumptions on the

source radius are shown. For a comparison with the CTA sensitivity for point-

like objects, the same energy binning is here exploited, that is five logarithmic

bins per energy decade (i.e. constant 0.2 bin width). As expected, the wors-

ening of the sensitivity shows a dependence on the energy. At the highest

energies (above few tens of TeV) the deviation from the point-like scenario

is moderate, because in this energy domain the background is negligible and
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Figure 3.10: Ratio of the signal S to the background B for four four different

assumptions on the flux strength of the gamma-ray object: 1 C.U. (top-left),

0.1 C.U. (top-right), 0.01 C.U. (bottom-left) and 0.001 C.U. (bottom-right).

In each plot, different extension of the source are considered. The horizontal

black line indicate the level at which signal and background events are in equal

amount, i.e. S/B = 1. The observation time here considered is 50 hours.

the sensitivity is limited by the photon statistics. On the other hand, the low

energies suffer a significant worsening, due to the fact that below ∼ 1 TeV

the background dominates and the sensitivity of the Cherenkov telescopes is

mainly systematics limited.

A multi-messenger application

The worsening of the sensitivity for sources with an extension of the order of ∼
1 deg significantly affects the performance of Cherenkov telescopes. However,

other instruments with an intrinsic worse angular resolution are expected to

suffer less the effect of observing large regions of the sky. This is the case for

instance of neutrino telescopes, like KM3NeT, the next-generation neutrino

telescope for which an extensive overview can be found in ref. [26]. The

angular resolution of this instrument will be of the order of ' 1 deg around
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Figure 3.11: Differential flux sensitivity for extended sources corresponding

to 50 h observation time. Different colors are for different hypothesis on the

source radius. For each source extension, the total flux strength of the gamma-

ray object is assumed to be uniformly spread all over the source area.

1 TeV, improving to ∼ 0.2 deg above 10 TeV1. Compared to the expected ∼
0.03 deg PSF of CTA above 10 TeV, it is clear that, for a neutrino telescope

the observation of extended sources (≥ 0.2 deg) at VHE is not as worsening

as for a CTA-like instrument.

The search for neutrino sources is generally driven by gamma-ray observa-

tions, assuming the source originating gamma-ray is of hadronic origin, from

which neutrinos would naturally arise as by-products, and focusing on bright

gamma-ray emitters in order to maximize the expectation on the neutrino

signal. A considerable fraction of Galactic sources is observed as extended in

gamma rays but only a fraction of them are characterized by very high fluxes,

the majority being below the 0.1 C.U. flux level. Most likely some of these ob-

jects accelerate hadrons, resulting in gamma-ray emission through the decays

of secondary π0 mesons. Consequently, a neutrino signal might be expected as

due to the decay of the charged pions (see §A for the production mechanisms

of gamma rays and neutrinos in astrophysical objects). In case of extended

sources with relatively weak fluxes, the reduced potential of Cherenkov tele-

scope for extended objects might hide possible neutrino source candidates.

Therefore, a comparison between the gamma-ray and the neutrino telescope

sensitivities to extended sources represents a timely study to be investigated in

the era of the upcoming next-generation instruments, i.e. CTA and KM3NeT.

Given the worse energy resolution of neutrino telescopes (of the order of

80% for KM3NeT [26]), the computation of the CTA sensitivity has been per-

formed on larger energy bins. In particular, logarithmic bins with a constant

width of 0.3 have been assumed, opting for a conservative approach with re-

1The reported values for the KM3NeT angular resolution are referred to track events,

i.e. events induced by muon neutrinos undergoing charged current interactions with the

detector medium. The topology of these events is characterized by the Cherenkov light from

the emerging muon that can travel long distances.
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spect to the energy resolutions of both instruments. Moreover, for the sake of

coherence and uniformity with the procedure used for the computation of the

neutrino telescope sensitivity, here the significance level has been estimated

as σ = S/
√
B. Then, in each energy bin the requirements summarized in §3.1

have been applied and the minimum gamma-ray flux estimated according to

the procedure already explained in §3.3.2.
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Figure 3.12: Differential flux sensitivity expected for CTA observing for 50

hours a source with a spatial extension as the one of the SNR RX J1713-3946.

In the same plot the KM3NeT sensitivity (up-going muon neutrinos) to the

same source is reported, as due to 10 years of data tacking with a detector

made of 6 building blocks. On top of the two sensitivity curves, the RX

J1713-3946 gamma-ray flux as measured in ref. [1] (best-fit exponential cutoff

power-law mode) is shown. This reported gamma-ray flux has been used to

calculate the expected neutrino flux from the same source. The criteria used

in each energy bin for the estimation of the KM3NeT sensitivity are: (i) at

least 3σ significance level and (ii) a minimum number of 3 neutrino events. S.

Celli (private communication, 2017).

In Fig. 3.12 the case of the TeV shell-type SNR RX J1713-3946 is con-

sidered, which is characterized by a radius of 0.6 deg [1]. RX J1713-3946 is

one of the most prominent of the young SNRs, for which so far neither the

leptonic nor the hadronic model have been firmly ruled out. The intense flux

(∼ 0.6 C.U.) and the complex interpretation of the origin of its gamma-ray

emission, makes this object a good candidate as neutrino source [137, 35, 180].

In Fig. 3.12 the CTA sensitivity for a 0.6 deg radius source is shown with the

RX J1713-3946 gamma-ray flux (best-fit exponential cutoff power-law model

in ref. [1]). In the same figure, the KM3NeT flux sensitivity for a 0.6 deg

radius object is reported, as obtained for ten years of data acquisition with

a detector made of 6 building blocks, that is three times the geometry of the
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next phase detector (the so-called KM3Net 2.0, see [26])2. The expected neu-

trino flux from RX J1713-3946 has been calculated according to the model

in ref. [179] assuming a 100% hadronic origin of the measured gamma rays

reported in [1] and that the measured spectrum coincides with the emitted one

(i.e. no gamma-ray absorption). According to these results, around ∼ 10 TeV

a combined measure of gamma rays by CTA and neutrinos by KM3NeT in

correspondence to RX J1713-3946 seems to be feasible. This would enable

the neutrino-based astronomy to become a truly discipline and would imply

a conclusive assessment on the nature of the primary particles responsible for

the gamma-ray radiation from RX J1713-3946.

Another attractive object in the context of gamma rays with an hadronic

origin is the Galactic center ridge. Recent observations performed by H.E.S.S.

have revealed the presence of a diffuse emission which would imply the exis-

tence of a central proton accelerator up to PeV energies [11]. Here the esti-

mation of the CTA sensitivity is done for the sky region observed by H.E.S.S.

in 2006 [41], that is a box with longitudinal size of 1.6 deg (i.e. |l| ≤ 0.8 deg)

and latitudinal size of 0.6 deg (i.e. |b| ≤ 0.3 deg). The results are shown

in Fig. 3.13, together with the measured power-law spectrum of the diffuse

gamma-ray emission as reported in ref. [41] and two hypothesis for an expo-

nential cutoff on top of the same power-law, i.e. at 100 TeV and at 1 PeV in

terms of gamma-ray energy. The same results obtained for the case of neu-

trinos are reported on the same figure. Only in the case of a 100 TeV cutoff

(in gamma-ray energy) the observation of the neutrino counterpart would not

be possible, being at the very threshold of the instrument sensitivity. In the

other scenarios, the measurement of the neutrino and gamma-ray correlated

spectra around ∼ 10 TeV is foreseen. The putative presence of a cutoff in the

gamma-ray spectrum around 100 TeV will be confirmed or discarded by CTA

in the next future, thanks to its broad energy coverage and improved energy

resolution (see §4.3 for an analysis of the CTA spectroscopic potential in case

of exponential cutoff). In any case, it is clear that an important synergy be-

tween these next-generation instruments, CTA and KM3NeT, might play an

effective role in the framework of multi-messenger astronomy. This synergy

will be especially significant at energies beyond 10 TeV, where CTA will allow

for the first time a systematic investigation of VHE gamma-ray emitters and

the main contribution to the neutrino signal is expected [181].

This is evident also in Fig. 3.14, where the flux sensitivity of CTA and

KM3NeT is tested for two extended objects detected by HAWC and reported

in its recently published second catalog [8]: 2HWC J1825-134 (0.39 deg apart

from the position of HESS J1826-130 reported in the TeVCat [73]) and 2HWC

J1837-065 (0.37 deg apart from the position of HESS J1837-069 reported in the

2The response of the neutrino telescope is referred to triggered events induced by charged

current muon neutrinos interactions (i.e. track-like events) characterized by a zenith angle

larger than 80 deg (i.e. up-going events). For these up-going track-like events the main

source of background is constituted by atmospheric neutrinos, composed of a conventional

component (due to the decay of light mesons produced in atmospheric showers, estimated

according to ref. [131]) and a prompt component (due to the decay of charmed mesons,

important above 1 PeV and estimated according to ref. [105]). See [26] for the details.
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Figure 3.13: Differential flux sensitivity expected for CTA observing for 50

hours a source with a spatial extension equal to the one of the Galactic center

ridge as measured by H.E.S.S. in 2006 [41]. The unbroken power-law spectrum

of the diffuse gamma-ray emission as measured in ref. [41] is also reported,

together with two hypothesis for a possible exponential cutoff on top of the

same power-law, at 100 TeV and at 1 PeV. The KM3NeT sensitivity (up-going

muon neutrinos) corresponds to the minimum detectable flux in 10 years of

data tacking with a detector made of 6 building blocks. The criteria used in

each energy bin for the estimation of the KM3NeT sensitivity are: (i) at least

3σ significance level and (ii) a minimum number of 3 neutrino events. S. Celli

(private communication, 2017).

TeVCat [43]). The PSF of the HAWC detector is of the order of ∼ 1 deg for low

energy events (around few hundreds of GeV), reaching the level of less than

0.2 deg for the highest energy events (hundreds of TeV) [7]. Given the worse

angular resolution of HAWC with respect to IACTs, a HAWC extended source

is actually a sky region where more sources might be overlapping. The same

consideration will hold also for neutrino detections, given the similar angular

resolution of the instruments. Therefore, for a direct comparison among CTA

and KM3NeT the fluxes reported in the HAWC catalog [8] are considered as

coming from one single source. The two sources here considered correspond

to the two brightest objects in the HAWC catalog, notably suitable in order

to maximize the weak neutrino signal. Their radial extent is Rsrc = 0.9 deg

for 2HWC J1825-134 and Rsrc = 2.0 deg for 2HWC J1837-065 (the spectral fit

with the more extended source assumption is considered). Above tens of TeV,

the multi-messenger detection of these extended sources seems to be feasible.

Moreover, for energies around 100 TeV and for source radius as large as 2.0 deg,

the cooperation between the two telescopes is especially matched. This is due

to the fact that, at such VHE, the performance of the neutrino telescope

does not significantly depend on the source size and the instrument angular

resolution is improved; on the other hand, IACTs are strongly affected by the

very large background rate and the poor photon statistics, which impoverish

the gamma-ray telescope sensitivity.
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Figure 3.14: Differential flux sensitivity expected for 50 hours exposure time

with CTA, observing the two brightest objects in the HAWC catalog [8]:

2HWC J1825-134 (source radius Rsrc = 0.9 deg) and 2HWC J1837-065 (source

radius Rsrc = 2.0 deg). The KM3NeT sensitivity (up-going muon neutrinos)

corresponds to the minimum detectable flux in 10 years of data tacking with a

detector made of 6 building blocks. The criteria used in each energy bin for the

estimation of the KM3NeT sensitivity are: (i) at least 3σ significance level and

(ii) a minimum number of 3 neutrino events. S. Celli (private communication,

2017).
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4
Spectrometric studies

The current generation of IACTs led to the detection of VHE gamma-ray

sources down to flux levels as low as ∼ 0.01 C.U. Their energy coverage, from a

few tens of GeV [65, 130, 190] to a few tens of TeV, and their energy resolution,

which can be as good as ∆E/E ∼15%, allowed accurate spectroscopic studies

and detailed reconstructions of spectral parameters and spectral features (see

§1.4 for a summary on current IACTs, i.e. H.E.S.S. [117], MAGIC [67] and

VERITAS [129]).

Deep observations performed to investigate the evolution of the spectra

at the highest energies reached by these instruments have revealed a spec-

tral shape that does not follow a simple power law with shape dN/dE =

I0 (E/E0)−α (where E0 indicates the normalization energy and α is the pho-

ton index, see Fig. 4.1). At the highest energies a turn off of the spec-

trum is usually displayed, which can be generally parametrized as dN/dE =

I0 (E/E0)−α exp
[
− (E/Ecut)

β
]
, where Ecut relates to the position of the cutoff

energy and β determines the shape of the cutoff (see Fig. 4.1 for an illustrative

example). The cutoff in the gamma-ray spectrum can be caused by several

reasons. First of all, it is unavoidable because of the corresponding cutoff

in the spectrum of accelerated parent particles and its shape depends on the

specific acceleration mechanism of the underlying electron or nuclei popula-

tion of relativistic particles (see §A.1). In addition to this intrinsic aspect, the

original acceleration spectrum could be modified during the energy dependent

propagation of the parent particles and this would consequently modify the

gamma-ray spectrum. Moreover, sharp cutoffs could appear in the gamma-

ray spectrum due to their absorption in magnetic and/or radiation fields (see

§A.3 and §A.2). Gamma-ray absorption is a common phenomenon in different

astrophysical environments, it could happen in compact objects, like e.g. ac-

creting black holes, or during the propagation of the gamma rays through the

intergalactic medium. Thus the cutoffs in gamma-ray spectra contain unique

information about the mechanisms of acceleration of charged parent particles

as well as about the astrophysical environment, like the diffusion coefficient of

cosmic rays or the spectral energy distributions of the surrounding radiation

fields.

Unfortunately, above a few TeVs, the reconstruction of the spectrum is

hampered by the limited statistics resulting from the power-law nature of

the non-thermal emission, which can result in photon indices as steep as 4
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[53, 106] and the resulting fall-off in sensitivity. Beside the cutoffs, some other

spectral features can be expected when observing TeV sources with improved

energy resolution and enough sensitivity. For example, often the energy spec-

tra of gamma rays can be described by a broken power-law function. The

reason could be the energy losses (“cooling break”) of the parent particles

or the superposition of two dominant radiation components with compara-

ble contributions at the break energy. This function can be parametrized

as dN/dE = I0 (E/Eb)
−α1

(
1 + (E/Eb)

1/S
)S(α1−α2)

, where Eb represents the

characteristic energy for the transition from the photon index α1 to the in-

dex α2, and S defines the width and the shape of the transition region (see

Fig. 4.1). Spectral-morphological studies have proven to be a powerful tool to

disentangle either several sources which were otherwise confused, e.g. [9], or

different regions for which different acceleration, propagation or environment

conditions are at play, e.g. [11].
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Figure 4.1: Illustration of the different spectra analyzed in this work: (i) simple

power-law (see §4.2), (ii) power-law with an exponential cut-off (see §4.3) and

(iii) broken power-law (see §4.4), both for α1 > α2 and α1 < α2, where αi
(i = 1, 2) is the photon index for different spectral components.

Although the current systems of IACTs have already demonstrated the

spectrometric power of the technique by the detection of spectra of strong

Galactic and extragalactic TeV gamma-ray emitters, precise spectroscopic

measurements of the majority of TeV gamma-ray sources, namely the ones

with energy flux less than 0.1 C.U. is still missing. To a large extent, this

is true also for the strongest gamma-ray sources as long as it concerns the

energies above 10 TeV. The next-generation IACT observatory, namely the

CTA telescope, is expected to make a huge step towards the spectrometry of

gamma-ray sources, thanks to its increased sensitivity, larger detection area,

better angular and energy resolution and wider energy coverage from some

tens of GeV to beyond 100 TeV [25]. In this chapter a study of the capabilities

of this future instrument to disentangle spectral features is performed. Dif-

ferent sub-structures as well as sensitivities are expected at different energy

ranges. In §4.2, the reconstruction potential for a simple power-law function
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at three fiducial energy ranges (0.1− 1 TeV, 1− 10 TeV and 10− 100 TeV) is

firstly evaluated. Then, the capability of the instrument to reconstruct sharp

features in the spectra is investigated considering two energy distributions

with abrupt drops: in §4.3 the case of a power-law with an exponential cutoff

is investigated and in §4.4 the response to a broken power-law spectrum is

studied. For illustration, in Fig. 4.1 these different types of energy spectra

are shown for arbitrarily chosen flux intensities.

4.1 Methodology

Simulations of point-like gamma-ray objects have been performed and con-

volved with the publicly available instrument response of the proposed South-

ern array of CTA1, the so-called 2-Q layout which has been described in §2.1.

The simulation and the reconstruction of the spectra was performed with one

of the officially released tools of CTA, i.e. CTAmacros version 61. This tool is

a C++ based routine created to simulate energy spectra that has been opti-

mized for the specific goals of this work: the evaluation of the CTA potential

to reconstruct peculiar spectral features.

The photon flux has been folded with the effective area of CTA and the

specified observation time. The transition from true gamma-ray energy into

the reconstructed energy, that accounts for the instrument energy resolution,

has been done according to the migration matrix, which was re-weighted ac-

cording to the spectral shape of the input energy distribution. The expected

number of events has been calculated by summing up gamma rays from the

source and the expected background events after the rejection cuts, as esti-

mated by the CTA IRFs1. Both signal and background event numbers have

been randomized according to Poisson statistics. The number of excess events

and its error have been calculated by assuming that the background level is

estimated in a five times larger region than the signal region.

The energy interval from 100 GeV to 100 TeV has been considered, using

10 equally spaced logarithmic bins per energy decade. The error bars in each

energy bin have been computed according to the formula 5 in ref. [148], fol-

lowing the Gaussian approximation of the Poissonian statistics, i.e. using the

square root of the number of counts. In case of small number of reconstructed

events (< 20), the uncertainties have been corrected to the actual 1σ Pois-

sonian confidence interval, yielding to asymmetric error bars that reflect the

asymmetry of the Poisson distribution. For all the spectra associated to the

point-like object, the following requirements to accept a signal as statistically

significant have been applied in each energy bin [86]:

1. a significance of at least three standard deviations calculated according

to Li & Ma [148];

2. the presence of at least 7 excess events;

1The CTAmacros can be found at https://github.com/cta-observatory/ctamacros.
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3. a minimum signal excess over the background level of 3%, corresponding

to three times the assumed 1% systematic uncertainty on the background

modeling.

For each of the spectral shapes studied, 100 realizations of the simulations

were done to assess the statistical error of the spectral reconstruction, that

is a good compromise between a truly sampling of the errors (i.e. errors are

Gaussian distributed) and the computational time.

4.2 Power-law

The simplest spectral profile describing the gamma-ray energy distribution

from astrophysical objects is the pure (featureless) power-law spectrum, as

characteristic of non-thermal processes (see §A.1). In this work, the simulation

of this featureless spectrum has been done according to the following formula:

dN

dE
= k · I0

(
E

1TeV

)−α
,

�� ��4.1

with α = 2.62 which corresponds to the Crab Nebula power-law photon index

as measured by HEGRA [38]. The flux is normalized at 1 TeV at the value

k · I0, where I0 = 2.83 · 10−11 TeV−1cm−2s−1 is value of the Crab flux at 1 TeV

[38] and the parameter k fixes the number of Crab Units (C.U.) to define

the flux strength of the object. A χ2-fitting analysis has been performed to

the above power law, which allowed the estimation of the parameter α and

its error δα. The fit to the simulated reconstructed spectra has been done

for five separate exposures times, as reported in Fig. 4.2 and in Fig. 4.3,

where the distribution of such errors δα is shown as a function of the flux

strength. The error bands result from the statistical error derived as the root

mean square deviation over the 100 iterations of the simulation. In Fig. 4.2,

the reconstruction potential of the baseline power-law function is evaluated in

three different energy intervals. As demostraded in §2.3, the response of the

instrument depends on the specific energy domain considered and, in general,

different physics scenarios are expected at different energy domains. For these

reasons the following differential energy ranges are investigated: [0.1−1] TeV,

[1 − 10] TeV and [10 − 100] TeV. In each energy interval the curves show the

limit for which the following conditions are fulfilled: (i) the relative error on

the reconstructed photon index is less than 10%, i.e. δα/α ≤ 0.1 and (ii) the

estimated photon index is within 3σ from the simulated one.

Obviously, the larger the exposure time, the smaller the error on the spec-

tral index and the weaker the flux that can be detected. Comparing the

different energy domains shown in Fig. 4.2 one can easily verify that the low

photon statistics at the highest energies (E ∈ [10 − 100] TeV) does not allow

an accuracy as good as the one that can be achieved in the other two energy

intervals, i.e. from 0.1 TeV to 10 TeV, where the best performance in terms

of sensitivity and energy resolution is expected [25] and the background free

regime is already achieved for 0.001 − 0.01 C.U. objects (see §2.3.1). This is
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Figure 4.2: Distribution of the photon index errors δα as a function of the

flux strength for five different observation times. Three energy intervals are

shown: [0.1−1] TeV, [1−10] TeV and [10−100] TeV. For the selection criteria

applied to the curves, please refer to the text.
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a direct consequence of the factor 5 − 10 difference in differential sensitivity

reached by CTA in the two different energy ranges, as shown in the previ-

ous chapter §3. For instance, for 50 hours observation time and a source flux

strength of 0.1 C.U., in the interval from 0.1 TeV to 1 TeV, the estimated sta-

tistical error δα is of the order of 0.02, reaching a value as good as 0.005 for

1 C.U. object. On the other hand, between 10 TeV and 100 TeV these val-

ues are worsen by a factor ∼ 10. Above 10 TeV, to achieve a reconstruction

precision of at least δα ≤ 0.1 with a 0.1 C.U. object, an exposure time ≥100

hours is needed. At the same energies (E ≥ 10 TeV) a further reduction of the

statistical error δα is expected whether very deep observations are performed:

for 1000 hours exposure time, the photon index of a 0.1 C.U. source would be

estimated with a statistical error of the order of 0.03. However, beside the dif-

ficulty to obtain such large exposure times in the CTA era, it should be noted

that in these cases the homogeneity of the data sample is not easily guaran-

teed since many conditions might change (e.g. the weather, the instrumental

performance, etc.) and additional uncertainties would be introduced.

Moreover, it is important to say that when considering single decades in

energy, the lever arm of the reconstructed spectra is much poorer than in the

case of a wide energy coverage, and this is even more true in the very high

energy interval (above 10 TeV), due to the intrinsic lack of spectral points. In

Fig. 4.3 the δα distribution is shown for the whole energy domain considered

in this work, i.e. from 0.1 TeV to 100 TeV. For such a broad energy domain,

50 hours of observation of a 1 C.U. object permits to achieve a statistical error

on the photon index as good as ∼ 0.002. This result represents a remarkable

improvement of CTA with respect to the typical reconstruction accuracy of

the current instruments. For a comparison, the current uncertainty on the

Crab photon index estimated by MAGIC [65] would be improved by a factor

5 for a similar observation time (69 h in ref. [65]) and a wide energy coverage

from 0.1 TeV to 100 TeV.
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Figure 4.3: Distribution of the photon index errors δα as a function of the

flux strength for five different observation times. The whole energy interval is

considered, i.e. from 0.1 TeV to 100 TeV. For the selection criteria applied to

the curves, please refer to the text.
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These results demonstrate that excellent statistical uncertainties of the

spectral parameters can be assessed with an appropriate exposure time. Nev-

ertheless, the spectroscopic potential of the instrument may be limited by the

systematic uncertainties, included in the simulations only for what concerns

the accuracy on the background modeling, for which 1% systematic uncer-

tainty has been assumed. CTA has defined high-level requirements on the

allowed systematics, which will improve the overall systematic uncertainties

with respect to those of the current instruments. The systematic error of both

energy and effective area must be below 10% and 12%, respectively. This is a

quite challenging result which requires methods and instruments beyond the

current state-of-the-art [115]. However, although the systematics will be sig-

nificantly reduced with CTA, they might still dominate over statistical errors

when they reach extremely good values, as for δα < 0.01 expected for 0.1 C.U.

sources observed for more than tens of hours.

4.3 Power-law with exponential cutoff

On top of the main power-law component, at the highest energies the spectra

of parent particles (electrons or protons) are expected to display a cutoff, that

implies a corresponding cutoff in the gamma-ray spectra. Exponential cutoffs

naturally arise in theoretical considerations, e.g. within the theory of diffuse

shock acceleration, for which an exponential drop is predicted when the syn-

chrotron energy losses are taken into account [185]. In general, the shape of

the cutoff carries important information about the mechanisms acting at the

source and the acceleration of the particles (see §A for a description of the

production mechanisms of gamma rays in astrophysical environment). There-

fore, the capability to detect and reconstruct spectra with cutoffs represents

a key issue for CTA. With this in mind, simulations of power-law spectra

with cutoffs at the energy Ecut have been performed and the corresponding

CTA response evaluated. This kind of energy distribution is described by the

following function:

dN

dE
= k · I0

(
E

1TeV

)−α
exp

[
−
(

E

Ecut

)β] �� ��4.2

with a power-law photon index α = 2.62 and a differential flux normalization

at 1 TeV of k · I0, with I0 = 2.83 · 10−11 TeV−1cm−2s−1 corresponding to the

value of the Crab flux at 1 TeV [38] and k defining the number of C.U. which

characterizes the flux strength of the object.

The reconstruction of the spectrum is mostly challenging in the region of

the cutoff due to the strong correlation between the two parameters which

define the shape of exponential drop, i.e. Ecut and β. An explicative example

demonstrating the dependence of the two parameters is shown in Fig. 4.4.

The cutoff energy Ecut characterizes the energy region of the drop, while the

exponential index β defines the sharpness of the cutoff. Depending on β, the

spectrum might show a sub-exponential (β < 1), exponential (β = 1) or super-

exponential (β > 1) cutoff. The importance of distinguishing among these β-
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Figure 4.4: 1 and 2σ contours for the fit parameters β and Ecut in Eq. 4.2.

The input values of the two parameters are β = 1 and Ecut = 10 TeV, reported

as two gray lines in the figure. The exposure time here assumed is 50 hours

and the flux strength corresponds to 1 C.U.

values is directly connected with the possibility of shedding light on the nature

of the parent particles and the emission mechanisms. For instance, for an

electron distribution with an exponential cutoff with index β, the shape of the

synchrotron spectrum in the cutoff region exhibits a smoother cutoff with index

β/(β + 2) [192]. On the other hand, in case of electrons undergoing Inverse

Compton scattering, the energy distribution of emitted gamma rays depends

on the regime of the process, either Thomson or Klein-Nishina regime, and

on the photon field. In the Klein-Nishina regime the up-scattered Compton

spectrum exhibits the same exponential cutoff index β, while in the Thomson

regime the shape of the gamma-ray spectrum is always smoother, as found in

ref. [143]. Also in the case of neutral pion decay the energy spectrum of the

highest energy gamma rays results to be smoother than the distribution of the

parent protons in the cutoff region [138].

The high correlation between β and Ecut automatically prevents an abso-

lute estimation of the two parameters simultaneously. Therefore, an a priori

known value for Ecut (a theoretical maximum energy of the accelerated parti-

cles) has been assumed and a traditional but solid χ2-approach has been used

to derive the other spectral parameters and to quantify the level of accuracy

that can be achieved in the reconstruction of β.

In Fig. 4.5 (left side) the estimated error δβ is shown as a function of

the flux strength of the object for three different assumptions on β; the col-

ored areas represent the spread of the results computed as the root mean

square deviations over the 100 iterations of the simulation. In each plot,

four cutoff energies are shown: Ecut = 0.5, 1, 10, 50 TeV. Lower energy cutoffs

(Ecut < 100 GeV) relevant to pulsar physics are not treated here since they re-

quire a more specific treatment (see i.e. [91]). The distributions shown in Fig.

4.5 verify a set of conditions. In order to evaluate the instrument potential

to measure sharp features in the spectral profile, only those events for which
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Figure 4.5: Left side: estimated error δβ as a function of the flux strength

of the source. The gray lines indicate the level at which an accuracy on β

of 10% is achieved. The observation time is 50 hours. Right side: minimum

observation time needed to reconstruct the exponential profile with an absolute

value of the estimated β within 3σ from the real one and a relative error δβ/β

of at least 10%. On both sides, the energy interval from 0.1 to 100 TeV is

considered and three different assumptions on β are shown: β = 0.5 on the

top (sub-exponential cutoff), β = 1 in the center (exponential cutoff) and β = 2

on the bottom (super-exponential cutoff). For the selection criteria applied to

the distributions refer to the text.
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the reconstructed spectrum was better described by a spectral profile with an

exponential cutoff instead of the featureless power-law model are selected. To

quantify the goodness of the exponential fit, at least 3σ deviation of the power-

law fit from the exponential hypothesis are required. This selection basically

removes weak fluxes (i.e. few percentage of the Crab flux) with high energy

cutoffs for which only the power-law part of the spectrum can be detected due

to the extremely low flux of events expected at the highest energies. Further-

more, it is verified that such exponential-like spectra have a significance of

at least 5σ (calculated according to Li & Ma [148]) in correspondence to the

energy bin of the cutoff Ecut. For the cutoff energies under study, the lower

the cutoff energy the better the accuracy of determination of the exponential

index due to the large photon statistics which ensures the requested level of

significance. In case of cutoffs at high energies, as for Ecut = 10, 50 TeV, the

signal statistics is strongly reduced and brighter sources are needed in order

to properly identify the exponential drop. For the same reason, soft cutoffs

(i.e. β = 0.5) are more easily reconstructed than sharp ones (i.e. β = 2).

On the right side of the same Fig. 4.5, the minimum observation time

needed to properly reconstruct the exponential profile is shown: in addition to

the previous conditions, spectra with an absolute value of the reconstructed β

within 3σ from the simulated one and a relative error δβ/β of at least 10% are

selected. When the cutoff is placed in the low energy part of the spectrum,

in few hours it will be possible to clearly distinguish the exponential profile

for flux intensities of 0.1 C.U., while sources as faint as ≤ 0.01 C.U. will be

properly identified increasing the exposure time to hundreds of hours. On the

other hand, the reconstruction of 0.1 C.U. objects with high energy cutoffs

around tens of TeV can be achieved in a reasonable exposure time (less than

100 h) provided that Ecut does not exceed 10 TeV. For Ecut = 50 TeV, only

very bright sources (≥1 C.U.) can be identified with observation times of less

than hundreds of hours: the requested exposure time for a 1 C.U. object is

∼ 50 h for β = 0.5 and β = 1, increasing to 100 h in case of very sharp cutoffs

as for β = 2.

The other relevant issue in the reconstruction of spectra with cutoffs is the

determination of the cutoff energy Ecut. The reconstructed spectral points

may extend well beyond this energy and, in order to estimate the characteris-

tic energy, enough statistics is needed both before it and in the region where

the flux abruptly drops. In Fig. 4.6 the distribution of the maximum de-

tectable cutoff-energy as a function of the source flux strength is shown, for

four different hypothesis on the observation time. The case of an exponential

cutoff profile is considered, defined as dN/dE = I0

(
E
E0

)−α
exp

[
− E
Ecut

]
. For

such a spectral profile, the spectral parameters have been estimated without

assuming an a priori known value for them. Moreover, for the estimation of

Ecut the inverse cutoff energy has been used, i.e. 1/Ecut, being a more stable fit

parameter which does not suffer problems with singularities. To quantify the

real CTA potential for the reconstruction of high energy cutoffs a wider energy

coverage has been considered, from 0.1 TeV to 200 TeV, the upper bound be-

ing defined by the maximum energy considered in the publicly available CTA
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IRFs1. For each flux intensity reported in Fig. 4.6, the maximum detectable
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Figure 4.6: Maximum detectable cutoff-energy as a function of the source flux

intensity. A spectral profile with an exponential cutoff is considered. For the

selection criteria applied to the distributions the reader is encouraged to look

at the text.

energy Emaxcut is defined as the highest energy for which: (i) the exponential fit

deviates by ≥ 3σ from the simple power-law model, ensuring at the same time

a good estimation of the photon index α (see §4.2 for a detailed treatment on

the photon index reconstruction); (ii) the estimated cutoff energy is within 3σ

from the simulated value and its relative error is reduced at least to 15%. The

choice of the 15% level comes as a conservative approach with respect to the

energy resolution of the instrument over the whole energy domain considered

in this work, being of the order ∆E/E ' 0.15 around 0.1 TeV. When large

statistics are guaranteed, i.e. in case of very bright sources and/or large expo-

sure times, the cutoff can be estimated up to energies of hundreds of TeV. In

case of 0.1 C.U. objects, interesting in the framework of Galactic sources, the

presence of cutoffs can be properly identified up energies of few tens of TeVs,

when an observation time ≥ 50 hours is available.

4.4 Broken power-law

The presence of two distinct spectral components can be expected either due

to two different gamma-ray emitters which cannot be resolved because of a

limited angular resolution (see e.g. ref. [53]), or due to a superposition of two

different radiation components of the same source characterized by power-law

distributions with different photon indices, as described e.g. in §A.2. In both

of these scenarios, a broken power-law spectrum might be formed, which can

be presented in the form:

dN

dE
= k · I0

(
E

Eb

)−α1
(

1 +
E

Eb

1/S
)S(α1−α2) �� ��4.3
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where Eb is the critical energy for which the transition from the photon index

α1 to the photon index α2 takes place and S is a term which defines the width

of the transition region. Here again, the flux is normalized at 1 TeV at the

value k · I0, being I0 = 2.8 · 10−11 TeV−1cm−2s−1 the value of the Crab flux at

1 TeV [38] and k the number of C.U. defining the source flux strength. The

simulation of the spectrum has been done for two different critical energies,

Eb = 0.5, 10 TeV, and for three different values for the first photon index

α1 = 2, 3, 4. The reconstruction of the spectral parameters has been performed

through the χ2 fitting analysis, keeping the factor S in Eq. 4.3 fixed to the

value 0.1, as down e.g. in [42].

To study the CTA potential to reconstruct sharp features in the spectra,

the broken power-law spectrum has been compared to the featureless power-

law hypothesis. To distinguish between the two spectral profiles, a quantity

to evaluate the correct reconstruction of the two different photon indices has

been defined. For that, only those events for which the reconstructed value

of both α1 and α2 deviates no more than 3σ from the simulated values have

been selected. Secondly, to test whether one can distinguish the spectral

profiles, the degree of separation between the two reconstructed indices has

been quantified as:

Σ =
α1 − α2√
δα2

1 + δα2
2

�� ��4.4

where αi and their error δαi (i = 1, 2) are the reconstructed parameters. The

distribution of this quantity Σ is shown for a wide range of values of α2 as

function of the flux strength in Fig. 4.7, 4.8 and 4.9 for α1 = 2, α1 = 3 and

α1 = 4, respectively.
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Figure 4.7: Distribution of the quantity Σ in Eq. 4.4 for different combinations

of α2 and flux strengths, in the case of α1 = 2. The contours Σ = 3 (solid

line), Σ = 5 (dashed-dotted line) and Σ = 10 (dashed line) are shown. The

simulated observation time is 50 hours. For the selection criteria applied to

the curves, please refer to the text.

In each plot, the contours for Σ = 3, Σ = 5 and Σ = 10 are shown.

80



Log10( Flux Strength / [C.U.] )
3− 2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5

2
α

1

1.5

2

2.5

3

3.5

4

4.5  = 3Σ

 = 5Σ

 = 10Σ
  = 31α

 = 0.5 TeVbE

Log10( Flux Strength / [C.U.] )
3− 2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5

2
α

1

1.5

2

2.5

3

3.5

4

4.5

  = 31α

 = 10 TeVbE

Figure 4.8: Same as in Fig. 4.7 but for the case α1 = 3.

Whenever the condition Σ ≥ 5 is verified, one can safely state that the two

spectral components are clearly separated at a high significance level. As

expected, the best separation can be achieved when both the flux strength

and the difference between the input value of α1 and α2 are large. When the

breaking point is in the low energy part of the spectrum, as for Eb = 0.5 TeV,

for flux strengths ≥ 0.1 C.U. the separation of the two profiles is guaranteed

for a wide range of hypothesis on the value of the two photon indices, while for

the detection of sources as weak as 0.01 C.U., in order to distinguish α1 from

α2 at a significance level Σ = 5, a minimum difference between the two photon

indices ∆α = |α1 − α2| ≥ 1 is required. On the other hand, when the break
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Figure 4.9: Same as in Fig. 4.7 but for the case α1 = 4.

energy is relatively high, as for Eb = 10 TeV, the main limitation comes from

the low photon statistics. Therefore, the steeper the first spectrum defined by

α1, the smaller the parameters space in terms of α2 and flux intensity for which

a proper separation can be ensured. For the same reason, the case α1 > α2 is
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always favored with respect to the case α1 < α2.

82



5
Summary and conclusions

In this thesis I explored the potential of the next-generation IACT array for

morphological and spectrometric studies of VHE gamma-ray sources. This

study is important for understanding the capability of the upcoming CTA ob-

servatory, which is designed to achieve significant performance improvements

with respect to the existing instruments (H.E.S.S. [117], MAGIC [67] and

VERITAS [129]). The improvement concerns the larger effective area, wider

energy coverage, and better angular and energy resolution. All these factors

together are expected to improve the sensitivities of current detectors by an

order of magnitude [25, 19, 86].

After an introduction on the specifics of the IACT technique and an

overview on the CTA facility, I presented a detailed study aimed to understand

the instrument potential to conduct morphological analysis of gamma-ray ob-

jects. The basic characteristics of the array of telescopes (i.e. its effective

area, background rate, energy and angular resolution) have been parameter-

ized using simple analytic representations based on the publicly available CTA

instrument response functions. In addition to the ideal (Gaussian form) PSF,

the impact of more realistic non-Gaussian PSFs with tails has been consid-

ered. Simulations of isolated point-like and extended sources have been used

as a benchmark to test and understand the response of the instrument. The

reconstruction of the source morphology has been performed through the es-

timation of its gravity center and its size and the minimum time needed for

the estimation of such parameters within 3σ from their real value has been

defined. In the energy interval from 0.1 to 10 TeV, the morphology of point-

like objects with a flux of 0.1 C.U. will be reconstructed with only few hours

of observation. For the same 0.1 C.U. class-objects, the exposure time needed

to reconstruct the morphological parameters increases to tens of hours both

in the low energy domain (0.05 − 0.1 TeV) and at very high energies (above

10 TeV), basically due to the large background rate and the poor photon statis-

tics, respectively. The simulation of the isolated source has also been used to

test the effect of the tails of the PSF on the capability to resolve the source

morphology. When the contribution of the tails to the global PSF amounts to

at least 5% of the Gaussian peak value, a significant misidentification of the

source features emerges due to the artificial emission induced by the presence

of the tails.

Then, I investigated the capability of the instrument to resolve multiple
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sources in the same FoV. In particular, I analyzed (i) the effect of locating a

compact source on top of a diffuse halo-type object, illustrating the case of Ac-

tive Galactic Nuclei surrounded by extended emissions, and (ii) the case of two

nearby sources, which could appear in densely populated environments. These

studies confirm that the presence of the tails in the PSF compromises reliable

assessments on the source morphology. The presence of the tails in the PSF

limits the chance to disentangle the compact object from the extended halo,

preventing the reconstruction of the extended emission when it is fainter than

the central source. This worsening of the potential induced by the presence of

the tails significantly reduces also the capability of the instrument to isolate

multiple objects clustering in the same region. When the tails contribution is

not-negligible, the separation of two close emitters is possible only for sources

≥ 1 deg apart, provided that none of the two source fluxes significantly exceeds

the other, otherwise the weaker object turns out to be hidden by the brighter

companion.

This latter scenario is of particular interest in the framework of Galactic

objects, where the presence of more than one source in the same FoV is ex-

pected. Beside the noise due to the presence of the tails in the PSF, I found

that a second gamma-ray emitter in the proximity of a test source represents

an unavoidable source of additional background which can not be distinguished

from the real gamma-ray signal coming from the test object. Consequently,

the sensitivity of CTA reported in previous studies could be more modest

if the test source is located in complex environments densely populated by

gamma-ray emitters. I quantitatively studied this effect under the different

assumptions for the shape of the PSF. It has been demonstrated that even

for a relatively modest “background” source of strength 0.1 C.U., the back-

ground from this neighboring source can exceed the cosmic-ray background at

distances up to 0.3 deg or even ∼ 1 deg if the PSF is characterized by non-

negligible tails. Depending on the PSF shape and on the distance to the test

source, the minimum detectable flux is increased by a factor of a few or even

by an order of magnitude. This implies an increase by one to two orders of

magnitude of the required minimum observation time. This result should be

taken into account when planning the observations with future IACT arrays

for specific objects, especially in the Galactic plane. Generally, this statement

concerns all energy intervals. However, one should note that the situation

could be more optimistic at multi-TeV energies. In fact, above 10 TeV (i) the

energy resolution becomes better, (ii) the tails of the PSF are predicted to

be more compact thanks to the higher telescope multiplicity per event (which

would reduce the fluctuations responsible for the tails), and (iii) a (relatively)

small number of multi-TeV sources (PeVatrons) is expected.

A factor of 10 improvement in sensitivity foreseen by CTA [86] will be re-

duced also for extended object. Most of the gamma-ray emitters lying in the

Galactic plane are better described as extended objects rather than point-like

sources. Therefore, the ideal scenario for which the CTA sensitivity curves

have been calculated, i.e. isolated point-like object, will not be easily guar-

anteed when conducting observations of the TeV Galactic sky. The level of
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degradation of sensitivity for extended sources depends on energy. Above few

tens of TeV the deviation from the point-like scenario is moderate, because

the sensitivity is limited by the photon statistics. On the other hand, the

low energies suffer a significant worsening, by a factor ≥ 10 around 50 GeV

(depending on the source extension), due to the fact that below ∼ 1 TeV

the background dominates and the sensitivity of the Cherenkov telescopes is

mainly systematics limited. The strong effect for sources with an extension of

the order of ∼ 1 deg is clear in the light of the CTA arcminute resolution. Less

degradation is expected for instruments with worse angular resolution, like

the neutrino telescopes [26]. In this regards, a comparison between the two

next-generation telescopes is an important issue. The reduced effect in case

neutrino telescope highlights the possibility to start an effective cooperation

in the framework of multi-messenger astronomy, where the detection of the

neutrino counterpart would provide a robust evidence for the presence of an

hadronic accelerator. The synergy between the gamma-ray and the neutrino

telescopes is found to be especially significant above 10 TeV, where CTA will

provide the first systematic search of VHE gamma-ray emitters and the main

contribution to the neutrino signal is expected.

Another import issue for the future gamma-ray telescopes is related to

their capability to perform accurate spectrometric studies. In this regard, I

conducted a spectrometric analysis of VHE point-like objects, testing the CTA

potential to reconstruct different spectral profiles associated to the gamma-ray

source. It has been demonstrated that the large photon statistics provided

by the large detection area of CTA coupled with the (average) 10% energy

resolution, will provide adequate spectrometry for gamma-ray sources in the

interval from hundreds of GeV to 100 TeV for objects fainter than 0.01 C.U.

First, the case of a featureless power-law spectra has been studied, ex-

pressed as dN/dE ∝ E−α. In the energy range between 0.1 and 10 TeV, where

the IACT technique has been proven to have an optimal response, short flares

(∼1 h) exhibiting a featureless energy distribution can be reconstructed for

fluxes as low as 0.1 C.U. In the same energy band (0.1 − 10 TeV), increasing

the observation time to 50 hours allows the determination of the photon index

with an error δα ≤ 0.1 for 0.01 C.U. objects and as precisely as δα ≤ 0.01

for very strong sources (≥1 C.U.). On the other hand, when limiting the ob-

servation to the PeVatron regime (energies above 10 TeV), with 50 hours of

exposure time CTA will be able to reconstruct photon indices with statistical

error δα ≤ 0.1 only for objects with a flux ≥ 0.1 C.U. For fainter sources (< 0.1

C.U.), the photon index could be estimated only with very deep observations

lasting more than 100 hours. When the whole energy interval from 0.1 TeV to

100 TeV is considered, 100 hours of observation time would allow the recon-

struction of objects as weak as 0.001 C.U. As a comparison, for a weak source

like Tycho with a flux ∼ 0.01 C.U., the statistical error of the photon index

could improve from the current ∼ 0.4 to 0.02 for comparable observation time

(150 h) [161]. This result shows a significant improvement of the potential of

CTA with respect to the current instruments.

Beside the simple power-law spectral profile, the CTA capability to re-
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construct sharp spectral features has been estimated, considering the case of

exponential cutoffs and spectral breaks. In case of spectra with exponential

cutoffs, described as dN/dE ∝ E−α exp
[
− (E/Ecut)

β
]
, it has been demon-

strated that for moderately strong sources (flux > 0.1 C.U.), CTA will be able

to derive with less than 100 h exposure time power-law energy profiles with

super-exponential cutoffs as sharp as β = 2, provided that the characteris-

tic energy of the cutoff Ecut does not significantly exceed 10 TeV. For cutoffs

around 500 GeV the reconstruction of a super-exponential index β = 2 can be

achieved with only 1 hour of observation. Unfortunately, for Ecut = 50 TeV,

only very bright sources (≥1 C.U.) can be identified in a reasonable exposure

time, i.e. less than hundreds of hours. Another important point to be ad-

dressed in the context of spectra with exponential cutoffs is related to the

maximum energy of the cutoff, Ecut, that can be reconstructed. This problem

has been studied for an exponential cutoff, β = 1. I found that CTA will detect

cutoffs up to hundreds of TeVs. This result proves the detection potential of

CTA in the PeVatron domain, as long as deep exposure are performed (more

than 50 hours for objects above 0.3 C.U.). With ≥ 50 hours of observation,

0.1 C.U objects with cutoffs around few tens of TeV will be reconstructed. A

fraction of objects with such flux strength are found in the Galactic plane (see

e.g. [100]), for which CTA will provide accurate spectrometric analysis.

The other scenario investigated in this thesis, entertains the possibility to

measure a broken power-law spectrum, parametrized as dN/dE ∝ (E/Eb)
−α1(

1 + (E/Eb)
1/S
)S(α1−α2)

, with Eb the characteristic energy of the break. When

the transition takes place at the TeV scale, ≥ 0.1 C.U. objects will be recon-

structed as long as the two photon indices α1 and α2 differ by a factor as

small as ' 0.4 for moderately strong objects (0.1 C.U.) and down to ' 0.1

for strong sources (>1 C.U.). Even for source flux (or fluxes) of the order of

a few percentage of the Crab flux (∼ 0.01 C.U.), the separation of the two

components is achieved, provided a minimum separation between the photon

indices |α1 − α2| ≥ 1. On the other hand, when the transition takes place

at higher energies (around 10 TeV), the reduced photons statistics represents

the main limitation to resolve the two spectral profiles and very steep spectra

are strongly disfavored. For a photon index α1 as steep as 4, only bright (at

least of the order of the Crab flux) and very hard (α2 ≤ 2) second spectral

components survive the dropping of sensitivity and can be reconstructed. The

potential of CTA applied to the case of broken-power law spectra, is crucial

for regions in which a high source confusion is expected, as the Galactic plane.

It is important to note that, the spectroscopic studies presented in this

thesis might be hampered by the systematic uncertainties. Even though sta-

tistical errors will be reduced with a more sensitive instrument like CTA, they

might be dominated by such systematics, despite the expected improvement

with respect to the current instruments (see e.g. ref. [115] for the CTA re-

quirements on the allowed systematics). On the other hand, the IRFs released

by the CTA Collaboration and exploited in this work, are obtained under the

assumption of discovery cuts aimed to maximize the differential sensitivity

at each energy bin, which in turn do not optimize the telescope potential to
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perform high precision analysis. Therefore, room for improvement when using

cuts tailored to maximize the reconstruction accuracy is expected.

I am currently evaluating the spectrometric potential of the instrument

to measure more peculiar substructures such as lines or narrow peaked emis-

sions. Generally, the gamma-ray spectra at HE and VHE are characterized by

continuous energy distributions, as those considered in this thesis. However,

a narrow, line-type radiation is expected e.g. from Dark Matter (DM) anni-

hilation. In this case the energy of the gamma-ray line contains direct infor-

mation about the mass of the DM particles. Formation of narrow gamma-ray

line emission can be realized also in astrophysical scenarios: VHE gamma-ray

line features might arise due to unshocked electron/positron winds created by

pulsars [48, 88]. Analogously to what done for the measure of sharp spectral

features, the CTA capabilities to reconstruct photon line-like emissions is cur-

rently under investigation. The indirect detection of DM through secondary

photons is one of the main key science project of the CTA Collaboration.

Therefore, an estimation of the instrument potential to reveal such peculiar

spectral signature emerging from DM annihilation is of prime importance for

future DM searches.

As next steps I am planning to work on a real astrophysical application

of the results achieved up to now, exploring the instrument potential for deep

morphological and spectrometric studies of the diffuse background emission in

the Galactic plane region. A proper treatment of the large-scale diffuse VHE

gamma-ray emission, combined with a detailed analysis of extended sources

in crowded environments, is a key issue to allow a deeper understanding of

Galactic source populations and diffuse emission origins. This issue is one of

the most crucial science projects of CTA. The challenge is to understand how

to face the problem of source confusion, which unavoidably will show up when

observing the densely populated Milky Way region. The results presented in

this thesis on nearby emitters and extended objects will be extended to the

specific astrophysical scenario of interest. Future research works will focus on

the evaluation of the accuracy level at which the diffuse emission of interstellar

origin can be detected and mapped with CTA, exploring morphological and

spectrometric analysis of the different emission models.
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A
Gamma-ray production and absorption

mechanisms

The gamma-ray radiation is the only component of the electromagnetic spec-

trum that cannot be generated by the thermal motion of charged particles

in matter since it is not possible to reach the required minimum tempera-

ture to produce gamma rays by thermal processes. For example, in case of a

black-body following to the Wien’s law, i.e. λmax ·T = 2.898 · 10−3 [m · K],

to produce one MeV gamma ray, a temperature of the order of 109 K would

be needed. For a comparison, the nuclear fusion inside the Sun occurs at

107 K, corresponding to keV photons. The high energy gamma-ray electro-

magnetic radiation is therefore an indication that non-thermal processes are

taking place. These processes relevant to the gamma-ray production imply

the presence of relativistic charged particles (electrons, positrons, protons or

nuclei) accelerated in energetic astrophysical environments. The interaction

of these accelerated particles with interstellar ambient targets, in forms of

matter, radiation and magnetic fields, generates the gamma rays.

There is a rather wide variety of non-thermal phenomena as the origin of

gamma rays of different energies, the disentanglement of which is not alway a

straightforward task. In the following, first some basic concepts are explained

and then the most relevant production and absorption mechanisms that oper-

ate effectively in the HE and VHE regimes are listed and described according

to the specific target of interaction. More detailed descriptions can be found

e.g. in [32, 30, 149].

A.1 Basic overview

The calculation of the expected spectrum of gamma-ray photons emitted by

a population of particles through a certain process requires the knowledge of

the cross section of the process σ and the energy distribution of the parent

particles N(E).

The cross sections of all electromagnetic processes are calculated with great

accuracy within the quantum electrodynamics theory, see e.g. [122, 135, 51].

On the other hand, the hadronic processes are basically known from the ac-

celerator data, where the cross sections have been measured with adequate

accuracy for the aim of the astrophysical applications.
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The population of the parent particle is described by its distribution in

energy N(E). Generally, N(E) is time-dependent function and its calculation

is not a trivial task. It requires the computation of the injection spectrum

Q(E, t), which depends on the acceleration mechanism acting at the source,

as well as the transport of particles due to diffusion and convection [97]. A

simplified equation describing the evolution of the particle distribution can be

written in the form:
∂N

∂t
=

∂

∂E
[PN ]− N

τesc
+Q

�� ��A.1

where N = N(E, t) is the parent particle energy distribution, P = P (E) =

−dE/dt is the energy loss rate, Q = Q(E, t) is the injection spectrum, and τesc
is the escape time of particles from the source due to diffusion and convection,

τesc = (1/τdiff + 1/τconv)
−1. To solve this equation, one can assume that the

total number of particles remains constant, i.e. ∂N/∂t = 0. This solution is

called steady state particle distribution since it describes a stationary distri-

bution of the parent particles. Moreover, if one assumes that the escape time

is much longer than the energy loss rate, the term proportional to τ−1
esc can be

neglected and Eq. [A.1] solved as:

N(E) =
1

dE/dt

∫ ∞
E

Q(E′)dE′
�� ��A.2

where the energy loss rate is the sum of all the processes relevant in the

emitter region. For each process at play, the characteristic energy loss rate

can be estimated as dE/dt = E/tcool, where

tcool = (kσnc)−1
�� ��A.3

is the so called cooling time for a process with an inelasticity k and a proba-

bility of interaction σ in a target medium with density n. This parameter tcool
is a useful mean to estimate the efficiency of a certain process: the gamma-ray

production is effective when the cooling time does not excess (i) the age of the

source and (ii) the cooling time of other competing radiation mechanisms.

The injection function is generally assumed to be a power-law Q(E) ∝
E−α, as characteristic of the non-thermal processes. This statement is based

(i) on the observational evidence of VHE spectra characterized by power-law

profiles and (ii) on the theoretical prediction according to which stochastic

acceleration produces power-law spectra. On top of this power-law, a high-

energy cutoff might be expected, Q(E) ∝ E−α [exp(−E/Ec)]β, where β defines

the sharpness of the spectrum in the cutoff region. The cutoff energy Ec can

be estimated through the comparison of the acceleration rate with the cooling

rate, i.e. tacc = tcool. The acceleration time can be expressed as:

tacc = η(E)
E

ec2B⊥

�� ��A.4

where η(E) ≥ 1 measures the efficiency of the acceleration. The term (E/ecB⊥)

corresponds the gyroradius of the charged particle in the presence of a uni-

form magnetic field, i.e. rg = mv/qB → (E/c)(1/eB) with E the energy

of the relativistic particle. For the case of diffusive shock acceleration in a
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non-relativistic shock, the parameter η(E) is related to the shock properties

as:

η ' 10
D(E)

rgc

(
c

vs

)2

∼ 10

3

(
c

vs

)2 �� ��A.5

where vs is the shock velocity and D(E) is the diffusion coefficient which in

the Bohm regime can is given by D(E) = rgc/3 [97]. The cutoff energy Ec is

then found from the balance of Eq. [A.4] and the cooling time of the dominant

process.

As illustrated by Eq. [A.2], the energy losses of the parent particle pop-

ulation modify the their spectrum and therefore the evolved particle energy

distribution N(E) is determined by the energy dependence of the energy loss

term. For energy losses proportional to the particle energy, dE/dt ∝ E, as

for bremsstrahlung and adiabatic losses, the evolved spectrum will repeat the

injection spectrum, N(E) ∝ E−α. For dE/dt ∝ E2, as typical of synchrotron

radiation and Inverse Compton scattering in non-relativistic regime, the steady

state distribution will be steeper, N(E) ∝ E−(α+1). On the other hand, the

stationary spectrum will be harder, N(E) ∝ E−(α−2), for energy loss rate

with an inverse dependence on the particle energy dE/dt ∝ E−1, as for In-

verse Compton interactions in relativistic regime.

Once the parent particle injection spectra and the cooling times are known,

one can compute the total amount of energy in the volume V of the source:

We,p =

∫
V

∫ Emax

Emin

ENe,p(E)dEdV
�� ��A.6

Once this energy budget is calculated, the emitted gamma-ray radiation through

a certain process with cooling time tcool can be estimated as:

F ' We,p

4πd2tcool

�� ��A.7

A.2 Interactions in radiation field

Production process: Inverse Compton

The Inverse Compton (IC) scattering is the process in which high-energy elec-

trons scatter low energy photons and transfer part of their energy to the pho-

tons. IC is extremely important in high energy astrophysics since it provides

a mechanisms to transfer energy from accelerated ultra-relativistic electrons

to the ambient photon field, giving rise to a VHE emission up to tens of TeV.

The total cross-section of the process depends only on the product κ of the

interacting electron energy εe and the target photon energy ω, i.e. κ = εeω,

with all the energies given in units of mec
2. For κ � 1, the process occurs

in the non-relativistic regime, or Thomson regime, and the classical cross-

section describes the process probability. On the other hand, for κ � 1 the

ultra-relativistic regime, or Klein-Nishima regime, takes place and a modified
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cross-section decreasing with κ holds. In particular:

σIC ' σT (1− κ) for κ� 1

σIC '
3

8
σT

ln(4κ)

κ
for κ� 1

�� ��A.8

where σT = (8π/3)(e2/mec
2)2 is the Thomson cross section for the elastic

scattering of an electromagnetic radiation by a free charged particle, as de-

scribed by classical electromagnetism. In the two regimes, the energy-loss rate

for the interaction of relativistic electrons with a mono-energetic photon field

with energy ω0 and number density nph, can be approximated as [32]:

−dE
dt
' 4

3
σT cUradε

2
e for κ� 1

−dE
dt
' 3

8

σT cnph
ω0

(ln 4κ− 11/6) for κ� 1

�� ��A.9

where Urad = ω0nph is the radiation energy density. While in the Thomson

regime the energy-loss rate is proportional to ε2
e, in the Klein-Nishima it is

almost independent on the electron energy. This different dependence on the

electron energy has an effect on the shape of the steady-state electron spec-

trum, yielding to a steeper electron spectrum for κ � 1, dN/dεe ∝ ε
−(Γ+1)
e ,

and to a harder one in case of κ� 1, dN/dεe ∝ ε−(Γ−2)
e . Another consequence

of the ε2
e dependence of the energy-loss rate, is that the Compton cooling

time in Thomson regime decreases linearly with energy (tcool = E/(dE/dt)).

This means that, although the process proceeds with high efficiency over the

whole gamma-ray energy domain thanks to the universal presence of the 2.7 K

Cosmic Microwave Background (CMB, characterized by an energy density

UCMB = 0.25 eV/cm−3), it becomes especially effective at VHE.

In deep Klein-Nishima regime (κ � 1) a single interaction is sufficient

to transfer a significant fraction of the electron energy to the photon. For a

power-law energy spectrum of electrons with index Γ and an isotropic target

photon distribution, the corresponding spectrum of the emitted gamma rays

turns out to be steeper, i.e. dN/dεγ ∝ ε−αγ (ln(4ωεγ)+const) with α = Γ+1. In

the Thomson regime (κ � 1) the average energy of the up-scattered photon

is εγ ' ωε2
e, thus only a fraction εγ/εe ∼ κ � 1 of the primary electron

is converted in photon energy. Assuming the electron power-law spectrum

and the isotropic target radiation field, the resulting gamma-ray spectrum

is still a power-law with photon index α = (Γ + 1)/2 [32]. Therefore, in the

Klein-Nishima regime the IC gamma-ray spectrum will be significantly steeper.

Thus, even a power-law distribution of electrons will produce a gamma-ray

spectrum with a break, due to the onset of the Klein-Nishima regime [111].

Absorption process: Photon-photon pair production

In this process, two photons produce an electron-positron pair, i.e. γγ −→
e+e−. The pair production process has a kinematic threshold given by:

εγ1εγ2(1− cos θ) ≥ 2
�� ��A.10
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with εγ1 and εγ2 the energy of the two photons in units of mec
2 and θ the angle

at which they collide (in the laboratory frame). Is is an absorption process: it

does not allow the escape of energetic gamma rays from compact objects and

in this way it determines the gamma-ray horizon of the Universe. For example,

the mean free path for a TeV gamma ray is of the order of several 100 Mpc,

whereas for 1 PeV gamma ray it is only 8.5 kpc, which implies that all the

objects beyond our Galaxy are not visible in PeV gamma rays. The parameter

that characterizes gamma-ray absorption at photon-photon interactions in a

source of size R is the so-called optical depth:

τ(εγ) =

∫ R

0

∫ ω2

ω1
σγγ(εγ , ω)Nph(ω, r)dωdr

�� ��A.11

where ω is the energy of the photon field, σγγ(εγ , ω) the cross-section of the

process and Nph(ω, r) describes the spectral and spatial distribution of the

target photon field in the source. As for the IC scattering, the cross-section

σγγ depends only on the product of the primary photon energy εγ and ω, i.e.

s = εγω. It can be modeled as σγγ ' (2/3)σT
ln(s)
s for s � 1, while in the

non-relativistic regime it can be approximated as σγγ ' (1/2)σT (s − 1)3/2,

approaching zero as soon as s→ 1 [32].

This absorption process is significant in environments with dense radia-

tion field but also when the photons travel long distances in a relatively faint

ambient radiation field. Gamma rays travelling from remote extragalactic

objects interact with the Extragalactic Background Light (EBL), the diffuse

radiation field created during the star and galaxy formation history of the Uni-

verse. This background photon field, as well as the CMB, is a function of the

red-shift z, resulting in more significant absorption for cosmologically distant

objects, due to the denser (nph ∝ (1 + z)3) and more energetic (T ∝ 1 + z)

radiation fields. The energy dependent gamma-ray attenuation can be calcu-

lated as exp [−τ(εγ , z)], where the red-shift dependent optical depth in Eq.

[A.11] has to be scaled to the specific red-shift of the source zsrc, according

to the factor (c/H0)
∫ zsrc

0 (1 + z)−2dz, where H0 is the Hubble constant [107].

The attenuation factor at different red-shifts is shown in Fig. A.1.

The absorption process is tightly coupled with IC scattering. If the radi-

ation pressure dominates over the magnetic field pressure, the photon-photon

pair production and the IC scattering work together, supporting the effective

transport of high energy radiation via electromagnetic cascades. In particular,

for an intergalactic magnetic field in the range 10−7−10−12 G, the synchrotron

cooling of the electrons is negligible but at the same time these secondary elec-

trons are isotropised before they interact with the ambient photons. Under

these conditions, the development of the electromagnetic cascades initiated by

the interaction of primary TeV photons with the EBL, lead to the formation

of extended isotropic (not beamed) electron-positron halos around the power-

ful extragalactic object [107]. These giant structures are unavoidably formed

around any extragalactic VHE source [36] and contain unique information

about the flux of the EBL and its evolution in the past.
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Figure A.1: The attenuation factor exp [−τpp] (τpp ≡ τ(εγ , z)) for gamma rays

emitted from sources at different redshifts as a function of energy and for the

EBL model proposed in [163]. Extracted from [107].

A.3 Interactions in magnetic field

Production process: Synchrotron emission

Synchrotron emission is the radiation emitted by a charged accelerated particle

placed in a magnetic field. This radiation may account for the non-thermal

emission in many astrophysical sources, from radio up to gamma-ray energies.

High-energy charged particles gyrating along the magnetic field lines suffer

a centripetal acceleration, giving rise to synchrotron radiation. The classical

treatment of this mechanism provides an accurate description of the process,

as long as the condition:

χ =
E

mec2

B

Bcr
� 1

�� ��A.12

is verified, with Bcr = m2
ec

3/eh̄ ∼ 1013 G the critical value of the magnetic

field relevant to quantum effects, and m and E the mass and the energy of the

charged particle in the magnetic field of strength B. Under this assumption,

the synchrotron cooling time for this particle is:

tcool,sy = 6π

(
m

me

)3 mec
2

cσTB2

mc2

E

�� ��A.13

and the characteristic energy of the synchrotron radiation due to the same

charged particle can be written as:

Ec = hνc =
3

4π

heB sinαE2

m3c5

�� ��A.14

where α is the so called pitch angle, i.e. the angle between the particle trajec-

tory and the magnetic field line. The spectral distribution of photons radiated

by a single particle of energy E in an isotropic magnetic field is given by:

Psy(E, ε) =

√
2

h

e3B

mc2
F (x)

�� ��A.15

where F (x) = x
∫∞
x K5/3(ξ)dξ (K5/3 the modified Bessel function of order

5/3), x = ε/Ec and ε the energy of the emitted radiation. This synchrotron
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emissivity Psy(E, ε) is characterized by a peak in correspondence of ε '
0.29Ec, with a sharp drop at higher energies. The frequency of synchrotron ra-

diation is directly related to the strength of the magnetic field and the energy

of the charged particles affected by the field. Accordingly, the stronger the

magnetic field and the higher the energy of the particles, the greater the fre-

quency of the emitted radiation. Moreover, the dependence of Ec and tcool,sy
on the charged particle mass m implies that the process is much more effi-

cient for electrons than for heavier particles. For instance, in case of a proton,

the characteristic energy would be (mp/me)
3 ' 6 · 109 times lower than for

electrons and the cooling time (mp/me)
4 ' 1013 times slower.

The energy-loss rate of electrons emitting synchrotron radiation is given

by:

− dE

dt
=

4

3
σT cUB

(
E

mec2

)2 �� ��A.16

where UB = B2/(8π) is the magnetic field energy density. The comparison of

Eq. [A.9] and Eq. [A.16] shows that the energy loss rate due to IC in Thomson

regime and to synchrotron radiation differs only by the field density term, i.e.

Urad and UB, respectively. In environments where the magnetic field energy

density UB is significantly larger than the energy density of the radiation field

Urad, synchrotron radiation is efficiently emitted the relativistic electron. Typ-

ically, such a synchrotron radiation does not extend beyond X-ray energies.

However, in the so-called extreme accelerators, where the maximum rate al-

lowed by classical electrodynamics [31] supports the particle acceleration, the

synchrotron radiation can become the main channel of gamma-ray radiation.

This effect is especially expected in highly magnetized environments moving

at relativistic speed towards the observer [29], as in the case of blazars (see

§B.2).

As for the IC in Thomson regime, the steady-state distribution of parent

particles is steeper if the electrons are cooled by synchrotron losses: for an

initial power-law energy distribution of electrons with index Γ, the cooled

spectrum will exhibit an index Γ + 1. Also the emitted gamma-ray radiation

will show a power-law energy distribution, with photon index α = (Γ + 1)/2.

Production process: curvature radiation

Similar to the synchrotron radiation, is the curvature radiation, that is gen-

erated when relativistic charged particles move along curved magnetic field

lines [158]. In general, the cooling of the accelerated particles in strong mag-

netic fields is determined by the the curvature of their trajectory. In case of

curved magnetic field lines, the trajectories of the charged particles have a

structure defined by the helicoidal motion around the magnetic field lines and

the curvature of the field itself. If the main contributor is the curvature of the

helix, the radiation is defined by the strength of the magnetic field and the

synchrotron radiation is emitted, as described by Eq. [A.14]. On the other

hand, if the helix is stretched, the main contribution to the radiation is due

to the curvature of the field lines [139]. This is the case of the curvature radi-
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Figure A.2: Interaction probabilities of synchrotron radiation and magnetic

pair production as a function of χ, defined in Eq. [A.12]. Extracted from [32].

ation. In this scenario, the particles radiate photons in the direction of their

movement with energies of the order of Eγ ' (3/2)(h̄cγ3/ρc), where γ is the

Lorentz factor of the charged relativistic particle and ρc is the curvature of

the magnetic field lines. This emission mechanism is relevant in environments

with extreme magnetic field intensities, such as in the vicinity of pulsars (see

§B.1). In the pulsar magnetosphere the magnetic field is so strong that elec-

trons and positrons are constrained to move parallel to the magnetic field lines

with almost zero pitch angle.

Absorption process: Magnetic pair production

In certain astrophysical environments the synchrotron radiation can occur near

the quantum thresholds. Whether the condition in Eq. [A.12] is not fulfilled,

the quantum regime takes place and the production of electron-positron pairs

by HE photons in the magnetic field B becomes important through the pro-

cess γB −→ e+e−. In Fig. A.2 the interaction probability of the synchrotron

radiation and magnetic pair production is show as a function of χ, defined

in Eq. [A.12]. For χ � 1, when the classical regime holds, the synchrotron

probability is almost constant while the pair production suddenly drops. For

χ > 10, the magnetic pair production starts to play a role, even though the

synchrotron radiation is always several time larger. Under this latter condi-

tion, an electron-photon cascade can be generated by the combination of the

two processes, as long as the the surrounding magnetic field is very intense

and the mean free paths of gamma-rays and electrons are smaller than the

extension of the source.
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A.4 Interactions in matter field

Production processes: Bremsstrahlung emission

Bremsstrahlung gamma-ray emission is produced as a charged particle inter-

acts with an ion or a nucleus: the trajectory of the incident charged parti-

cle is changed by the electric field of the nucleus, and a photon is emitted.

The emission probability is proportional to the inverse square of the parti-

cle mass, i.e. σbr ∝ (e2/m)2. Therefore, electron bremsstrahlung is strongly

favored with respect to proton induced bremsstrahlung emission. At ener-

gies of a few MeV this process is still a relatively small factor. However, as

the energy is increased, the probability of bremsstrahlung quickly shoots up,

so that at a few tens of MeV the loss of energy by radiation starts to be

greater than the collision-ionization loss, which dominates at lower energies

[147]. Bremsstrahlung losses are basically catastrophic and the high energy

electrons radiate almost all their energy in one or two photons, which mostly

contributes to the gamma-ray radiation in the sub-TeV domain. Nevertheless,

in order to calculate the evolution of the energy distribution of the parent pop-

ulation, it is convenient to introduce the so-called average energy-loss rate. For

an electron with energy E interacting with the electric field of a proton having

mass mp in a gas with number density n, a continuous average energy loss may

be computed as:

− dE

dt
=

(
cmpn

X0

)
E

�� ��A.17

where X0 = 7/9(1/nσbr) is the average distance over which the electron loses

the main fraction of its energy due to bremsstrahlung. Correspondingly, the

cooling time of the electrons is:

tcool,br ' 4 · 107(n/cm−3) yr
�� ��A.18

The fact that the cooling time is independent on energy, implies that bremsstrahlung

losses do not change the original electron energy distribution. Therefore, for

an initial power-law of the electrons with index Γ, the steady-state spectrum

of the same electron population is still given by a power-law with index Γ.

Also the shape of the gamma rays emitted as bremsstrahlung radiation is a

power-law with the same photon index Γ. Thus, as long as the bremsstrahlung

dominates over the ionization losses1, the bremsstrahlung gamma rays simply

reproduce the parent particle spectral profile.

Production processes: π0 decay

The second mechanism that operates efficiently in dense and extended gaseous

environments is related to hadronic interactions. Relativistic protons and

nuclei generate gamma-ray photons through inelastic collisions with ambient

gas and the subsequent production and decay of secondary particles:

pp −→ π±, π0,K±,K0, p, n, · · ·
�� ��A.19

1In a hydrogen gas, the critical energy for the bremsstrahlung to dominate over ionization

process is about 350 MeV.
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The π0 decay provide the main channel of conversion of the proton kinetic

energy into high energy gamma rays. When the proton’s kinetic energy

exceeds a minimum energy Eth = 2mπc
2(1 + mπ/4mp) ∼ 280 MeV (with

mπ = 134.97 MeV mass of the neutral pion), then it may produce one π0

which in turn generates two high energy photons: π0 → γγ. The cooling time

of relativistic protons due to inelastic proton-proton interactions in a medium

with number density n can be approximated as:

tcool,pp =
1

0.5nσppc
' 5 · 107(n/cm−3) yr

�� ��A.20

where σpp is the inelastic proton-proton cross section for which an average

value of 40 mb can be assumed at VHE [30]. Cooling plays a relatively mi-

nor role in sources actively accelerating particles, since even in the case of a

typical Galactic density (n = 1 cm−3) the cooling time is of the order of 107

years [111]. Moreover, this cooling time is almost energy-independent and

therefore the steady-state spectrum of parent particles remains unchanged.

Consequently, the gamma-ray spectrum essentially repeats the spectrum of

the parent protons, scaled by a factor ∼ 10 towards lower energies2 and with a

peculiar feature which uniquely identifies the gamma rays as originated from

the π0 decay: the so called pion-decay bump. This bump corresponds to the

maximum in the gamma-ray spectrum at Eγ = mπc
2/2 ' 67.5 MeV. It results

from the π0 → γγ decay kinematics and it does not depend on the energy

distribution of π0 mesons, and consequently of the parent protons. Therefore,

the detection of this bump allows a direct measurement of the spectrum of

cosmic protons at the source [170].

The π0 decay is (almost) the only hadronic process relevant to gamma-

ray production. Therefore it represents a unique channel to detect accelerated

protons and nuclei, even though its identification might be difficult, due to the

fact that its typical energy domain presents an overlap with the IC gamma-ray

photons. Nevertheless, together with the π0 decay, the decay of the charged pi-

ons π±, produces neutrinos. For instance, for a π− one would expect firstly the

meson decay π− → µ−ν̄µ and then the consequent muon decay µ− → e−ν̄eνµ
(the charge-conjugate reaction holds for the π+ meson). These neutrinos would

exhibit spectra quite similar to the spectrum of the gamma rays produced at

the π0 decay [32]. The discovery of neutrino and gamma-ray correlated spec-

tra would be the strongest indications of the presence of hadronic acceleration

mechanisms.

Absorption process: Bethe-Heitler pair production

The counterpart process of the bremsstrahlung is the so called Bethe-Heitler

pair production, in which an electron-positron pair is produced through pho-

ton interaction with matter field: γX −→ e+e−X, where X stands for an

atom, an ion or a free electron. The pair production has many similarities

with the bremsstrahlung process and an extensive treatment can be found

2On average, a proton with energy E would produce a gamma-ray photon with energy

E/10.
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e.g. in [122]. The process becomes important only in specific astrophysical

environments, e.g. very dense shell surrounding particle accelerators, while

the bremsstrahlung mechanism has many applications in several astrophysical

scenarios, especially at intermediate energies. Nevertheless, the two processes

together become interesting in the context of electromagnetic cascade devel-

opment in optically thick environments [30].

An interesting astrophysical scenario where the Bethe-Heitler pair produc-

tion plays an important role is in the context of distant extragalactic gamma-

ray emitters where cosmic protons with energies above 1019 eV are expected to

be produced and accelerated. Especially at high red-shifts, due to the denser

and more energetic photon field, the interaction of protons with the CMB via

Bethe-Heitler pair production starts to be important and a considerable frac-

tion of the proton energy is converted in electrons. This results in a dense halo

of Bethe-Heitler electrons around the source and, for a intergalactic magnetic

field of the order of B ∼ 10−6 G (comparable to the field of galaxy clusters),

in the consequent production of X-ray synchrotron radiation [164].

A.5 Dark Matter annihilation

Another possible production mechanism of gamma-ray photons is related to

dark matter (DM) annihilation processes. The DM existence in the Universe

was first proposed by Zwicky in the 30’s to explain the dynamics of the Coma

galaxy cluster where the observed matter emitting electromagnetic radiation

was insufficient to provide gravitational stability [194]. Evidence of DM now

exists on many scales; nevertheless, the DM nature is still unknown. The

most widely accepted hypothesis on the form of DM is that it is composed

of weakly interacting massive particles (WIMPs), left as a relic component

by the thermal free-out of the early Universe. After the freeze-out the DM

particles became too diluted to annihilate in appreciable numbers and the

thermal energies were too low to produce them. Nevertheless, in regions with

high DM densities (as the center of the galaxies or the galaxy clusters), the DM

particles can eventually self-annihilate and produce standard model particles.

Gamma-ray photons are expected to be part of the annihilation products and

their flux within a solid angle ∆Ω can be quantitatively described as:

dΦγ(∆Ω, Eγ)

dEγ
= BF

1

4π

< σannν >

2m2
WIMP

∑
i

BRi
dN i

γ

dEγ︸ ︷︷ ︸
Particle Physics

· J(∆Ω)︸ ︷︷ ︸
Astrophysics

�� ��A.21

where, in the particle physics term, < σannν > is the velocity-averaged annihi-

lation cross-section, mWIMP is the mass of the DM particle and
∑

iBRi(dN
i
γ/dEγ)

is the sum over all the annihilation processes of each individual photon flux i

multiplied by the corresponding branching-ratio BRi. The astrophysics term

J corresponds to the line-of-sight integral of the square of the DM density.

The boost factor BF accounts for all the possible contributions which could

increase the gamma-ray flux, such as inhomogeneities in the DM profile density

[101].
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The indirect DM detection through a gamma-ray emission is basically ex-

pected in two ways: (i) a continuum signal from annihilation into other parti-

cles that eventually produce gamma rays; (ii) a line signal from DM annihilat-

ing directly to γX, being X another neutral particle. The line-like emission is

especially important due its unique “smoking gun” signature. However, this

production channel is loop-suppressed by a factor α2
e (αe the fine structure

constant), since the electrically neutral DM particle does not directly couple

to photons. The continuum signal, characterized by a smooth spectrum with

an exponential cutoff at the mass of the DM particle, is therefore expected to

be more significant [110].
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B
Very high energy gamma-ray sources

Gamma-ray astronomy has revealed several categories of objects whose emis-

sion is dominated by non-thermal processes. In the following, the main cate-

gories are described, divided in two major classes: galactic and extragalactic

gamma-ray emitters.

B.1 Galactic sources

B.1.1 Pulsars and pulsar wind nebula

Pulsars are rapidly rotating, magnetized neutron stars emitting a beam of

electromagnetic radiation that can be observed only when the beam of emission

is pointing towards the Earth. The rotation period, and thus the interval

between observed pulses, is very regular (from milliseconds up to few seconds)

and it slows down over time as electromagnetic radiation is emitted. Pulsars

can emit in the whole electromagnetic spectrum; the first discovered pulsar

(PSR 1919+21) was observed by a radio detector in 1967 by Hewish and Bell.

A large collection of pulsars has been detected in the HE domain (∼ 150

[18]), but only for one of them, the Crab pulsar [69, 74, 62], a TeV radiation

component has been observed1.

The HE and VHE gamma-ray radiation is thought to be produced in three

physically separated regions: the pulsar magnetosphere, the unshocked rela-

tivistic wind, and the synchrotron nebula, as schematically illustrated in Fig.

B.1. The pulsar magnetosphere is limited by the light cylinder, the radius

of which corresponds to the distance at which the pulsar co-rotating velocity

equals the speed of light. In this region, primary gamma rays are thought to

be produced as curvature radiation of high energy electrons in the extremely

intense magnetic field of the pulsar. These photons generate through pair

production processes a dense electron-positron plasma streaming along the

magnetic field lines and initiate an electromagnetic cascade. Close to the light

cylinder, a relativistic outflow of a dense electron-positron plasma is originated.

This electron-positron wind carries away much of the rotational energy lost

1Recently, the H.E.S.S. telescope has revealed a regular pulsed signal also from the Vela

pulsar, but no TeV component has been observed, since the reconstructed energies of the

gamma rays are in the range of 30 GeV. The press release of newly announcement is available

here: http://www.nanowerk.com/news2/space/newsid=36373.php
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Figure B.1: Schematic illustration of the three regions that can emit non-

thermal HE and VHE gamma rays in the proximity of a pulsar: (i) the pulsar

magnetosphere, where the gamma rays are thought to be produced mainly

through curvature radiation of high energy electrons, (ii) the wind of cold

relativistic plasma which emits gamma rays through the IC mechanism, and

(iii) the extended non-thermal nebula surrounding the pulsar (the pulsar wind

nebula (PWN) or plerion) where relativistic particles are subsequently accel-

erated and cooled down through synchrotron and IC processes. Extracted

from [33].

by the pulsar. The termination of the pulsar wind in the interstellar medium

results in strong shocks which lead to the formation of synchrotron and IC

nebula around the pulsar [33]. This outer extended region of non-thermal

emission is called pulsar wind nebula (PWN) or plerion.

One of the open questions in the theory of gamma-ray pulsars is where

exactly the primary gamma rays are originated. It is not yet clear if the

emission occurs close to the neutron star (polar cap model [75, 94]) or farther

in the magnetosphere (slot-gap [76] and outer gap models [92, 165, 127]).

The detection of the pulsed signal above 25 GeV from the Crab performed

by the MAGIC telescope [68] indicates that the emission happens far out in

the magnetosphere and excludes the polar cap model, which predicts very

sharp cutoff around 10 GeV. However, the pulsar magnetosphere is not the
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only region of the pulsar from which we should expect pulsed emission: recent

models explain the VHE pulsed emission from the Crab as produced in the

cold ultra-relativistic wind [34].

The hardship of observed pulsars in the TeV sky is compensated by the

wealth of PWN detected in this energy domain: at TeV energies, the largest

number of detected galactic sources are PWN (see Fig. 1.1). The brightest

persistent point-like TeV gamma-ray source in the sky, the Crab Nebula [38,

42, 65, 152], is a PWN and it has become the standard candle for cross-

calibration of different detectors [35].

B.1.2 Supernova remnants

The catastrophic explosion of a star is known as supernova. The structure

resulting from the explosion of the dying star is called supernova remnant

(SNR). SNRs can be classified into three broad categories: plerionic (that

are the PWN explained in previous section), shell-like and composite. The

third type of SNR is a mixture of the other two classes, with a pulsar powered

PWN surrounded by an expanding shell. For example, SNR G 0.9+0.1 is a

representative of the composite class [40]. Here the shell-like type of SNR will

be discussed.

The energy liberated in the supernova explosion is deposited in the en-

velope of the star which is ejected and heated to a very high temperature.

This expanding structure is highly supersonic and a shock front is formed

ahead. The shock wave heats any interstellar material it encounters, thus

producing a big shell of hot material. For decades, these objects have been

believed to be the principal factories of galactic cosmic rays (see e.g. [118]),

producing HE and VHE gamma rays through hadronic interactions. The first

phenomenological argument in support of this theory is based on the fact that

SNRs are energetically suitable candidates for the acceleration of cosmic rays.

The required power to sustain the observed density of galactic cosmic rays at

the level of 1 eV/cm−3 corresponds to about the 10% of the total mechanical

energy released by supernova explosions in our Galaxy. The second theoret-

ical argument relies on the diffuse shock acceleration (DSA) theory (see e.g.

[150]) applied to SNRs [35]. Within DSA framework, it is possible to demon-

strate that the strong shocks in SNRs can provide acceleration efficiencies (i.e.

the fraction of mechanical energy of the shock transferred to the non-thermal

particles) as large as 10% and, once the propagation effects in the Galaxy

are properly taken into account, can explain the observed slope of cosmic ray

spectrum up to ∼ 1 PeV, the so called knee of the galactic cosmic-ray energy

distribution. Nevertheless, the particle acceleration in diffusive shocks has

to be fast in order to achieve PeV energies before the SNR enters the Sedov

phase. This phase corresponds to the moment when the mass of the swept-up

matter becomes comparable with the mass of the ejecta. Consequently the

shock slows down, becoming unable to confine the highest energy cosmic rays

[103], and it is not possible to further increase the maximum energy. For this

reason, even if the SNR visibility in TeV gamma rays covers a large fraction
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of the source lifetime (∼ 104 years), the useful time to observe the PeV parti-

cle before their escape from the SNR is much shorter, of the order of several

hundreds years.

The escape of the high energy particles might explain the spectral break

around 20 GeV in the energy distribution of the mid-age (> 104 years) SNR

IC 443. For this remnant the characteristic pion-bump in the HE domain has

been detected [22], demonstrating that the gamma-ray radiation in the GeV

range is due to the π0 decay and therefore proving the remnant as effective

cosmic protons accelerator. Nevertheless, the observations in the TeV band

show a soft spectral profile with a maximum energy far from the knee of the

cosmic-ray spectrum [54, 13]. In this respect young SNRs are much more

important, being the best candidates as effective source of VHE gamma rays.

The most prominent of the young SNRs (< 1000 years) are RX J1713.7-

3946 [44], Tycho’s SNR [14], and Cas A [55]. While Tycho and Cas A seem to

match the expectations from an hadronic scenario, the underlying nature of the

accelerated particles in case of RX J1713.7-394 is matter of active debate. RX

J1713.7-394 is the brightest object of its class at TeV energies and its spectral

shape does not exclude a leptonic origin for the gamma-ray radiation, due to

the lack of thermal X-ray emission and to the rather hard photon index in the

GeV band (see e.g. [111] for a complete discussion on this topic). In order to

justify the hadronic model, a complex environment around the remnant has

to be assumed, with a non-uniform (clumpy) structure of gas density around

it [193].

B.1.3 Supernova remnants interacting with molecular clouds

In general, the gamma-ray emission produced at the interaction of accelerated

particles with diffuse gas, clumps, and clouds surrounding a central engine

offers a close-up view of the process of cosmic ray acceleration at shocks (see

§A.4 for the details about the π0 decay production mechanism). This is espe-

cially true in case of SNRs interacting with interstellar molecular clouds (MC):

due to their large masses, MC should appear as discrete gamma-ray sources,

the morphology of which should be resolvable with current systems of IACT

telescopes. The study of the SNR/MC associations is of primary importance

in order to understand the acceleration of particles at SNR shocks, their escape

from the acceleration site, and their propagation in the interstellar medium.

These studies are extremely attractive in order to test the SNR paradigm for

the origin of Galactic cosmic rays, verifying whether or not SNRs are pro-

ton PeVatron and placing constraints on the cosmic-ray diffusion coefficient

[112, 113].

The old-age SNR W28, surrounded by gamma-ray bright MCs constitutes

an ideal system for this kind of studies. Gamma rays from the vicinity of

this SNR have been detected by the H.E.S.S. and Fermi collaborations [45, 6].

The VHE gamma-ray emission positionally coincide well with molecular clouds

and this VHE/MC association could indicate a hadronic origin for the VHE

sources in the W 28 field.
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B.1.4 Compact binary systems

Binary systems are found very often in astrophysical environments: a majority

of 70% of all stars in our galaxy are part of binary systems [95]. They consist

of a compact object, like a neutron star or a black hole, orbiting a gravita-

tionally bound massive star. Many questions on gamma-ray emission from

these systems are still unanswered. Particle acceleration can be linked either

to the termination shocks of the pulsar wind or to the collimated jet of plasma

created by the accretion of material into the black hole. In these conditions,

the production of gamma rays can be very effective, due to the dense target

of material in form of optical photons or gas provided by the companion star

[35]. In this sense, these systems can offer a unique chance to explore cosmic

accelerators.

The so called gamma-ray binary systems are those binary systems whose

non-thermal radiative output is dominated by gamma rays. They consist of a

compact object, e.g. young pulsars in high radiation field environment, and a

massive O- or B-type star. They exhibit flux variability and often periodicity

at all wavelengths. A well established examples of this kind of binary system

is LS I +61 30 [50, 58, 12], a regular (∼ 26.5 days of periodicity) gamma-ray

emitter in the Northern sky.

Systems in which the compact object is formed by a (few solar masses)

black hole are usually called micro-quasar. The physics of micro-quasar in our

own Galaxy resembles the physics of super-massive black holes in distant active

galaxies, but on much smaller time scales [155]. The formation, the internal

structure, and the evolution of collimated streams of relativistic plasma are

still not fully understood and micro-quasars can provide an insight into the

mechanisms at play in these relativistic outflows. HE gamma-ray emission has

been reported from at least two such systems, Cyg X-1 [57, 162, 166] and Cyg

X-3 [4, 172]. However, a detection of VHE gamma-ray emission at the 5σ level

is still lacking [90].

B.1.5 The Galactic Center and the Galactic ridge

The Galactic Center (GC) is the closest example of a galactic nucleus, rep-

resenting an attractive laboratory for fundamental astrophysics. It has been

observed in VHE gamma rays by all the current IACT experiments: VERI-

TAS [141], MAGIC [52] and H.E.S.S. [39]. All these gamma-ray observations

revealed a bright and complex gamma-ray morphology. At the center of the

GC region, a strong point-like VHE gamma-ray source (HESS J1745-290) is

observed. Despite the unprecedented level of accuracy achieved in the mea-

surement of the source position, HESS J1745-290 remains unidentified [15]:

within the error (a circle of radius 13”), its position results coincident both

with position of the 3 · 106M� supermassive black hole (SMBH) Srg A* [49]

and with the PWN G359.96-0.04 [184]. Among other possibilities consid-

ered, it has been suggested that the TeV signal from the inner 10 pc of our

Galaxy might correspond to a spike of annihilating dark matter [83] or that

it might have a diffuse origin, peaking towards the direction of the GC due
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to the larger concentration of gas and accelerated particles [49]. Further ob-

servations performed by H.E.S.S. led to the discovery of a ridge of diffuse

gamma-ray emission extending along the Galactic plane for about 2 deg in

Galactic longitude. This extended gamma-ray component turned out to be

spatially correlated with a complex of giant molecular clouds in the central

200 pc of the Milky Way [41]. The close correlation between the morphology

of gamma-ray ridge and the density of target molecular clouds emerged as a

strong indication for the origin of this VHE emission, suggesting the presence

of a powerful cosmic-ray accelerator in the GC. In this scenario, the gamma

rays would be the product of the interaction of the accelerated protons with

the molecular gas, leading to the creation of neutral pions.

Figure B.2: Excess counts map of the diffuse VHE gamma-ray in the GC

region. The black star indicates the position of the SMBH Srg A*. The white

contours show the density distribution of the molecular gas, as traced by the

CS line emission. The black contours correspond to the regions used to extract

the profile of the energy density of the cosmic rays along the Galactic plane.

Extracted from [11].

In general, the central 200 pc of the Milky-Way is a very rich environment

and therefore the acceleration and the gamma-ray production is expected to

be abundant in this region. The VHE emission is dominated by the strong

HESS J1745-290 source and by HESS J1747-281, associated with the compos-

ite SNR G0.9+0.1 [40]. The large photon statistics accumulated by H.E.S.S.

during over a decade of observations, recently led to the detection of a new

gamma-ray source (HESS J1746-285 ) in the inner 50 pc region [144], posi-

tionally consistent with the PWN G0.13-0.13 [183]. Moreover, this huge data

sample, made possible to study in more depth the nature and behavior of the

ridge emission, in order to extract information about the proton accelerator

into the central molecular zone [11]. In Fig. B.2 the excess counts map of the

ridge emission is shown, together with the position of Srg A* (black star), the

density distribution of the molecular gas (white contours) and the regions used

to infer the cosmic rays energy density throughout the central molecular zone

(black contours). The obtained cosmic-ray profile follows a 1/r dependence,

which indicates a continuous injection (lasting for ∼ 104 years) of cosmic

protons into the central molecular zone due to the presence of a central accel-

erator. Moreover, the gamma-ray spectrum of the diffuse emission around the

GC shows a power-law spectrum of index 2.3 and extends up to 50 TeV with
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no evidence of a spectral cutoff. The derivation of such hard power-law spec-

trum of gamma rays produced through hadronic interactions, implies that the

spectrum of the parent protons should extend up to and beyond PeV energies,

corresponding to the first detection of a Galactic PeVatron [11].

B.2 Extragalactic sources

B.2.1 Active galactic nuclei

Active galactic nuclei (AGN) are compact extragalactic objects that emit time-

variable radiation across the entire electromagnetic spectrum up to multi-

TeV energies, with fluctuations on time-scales from many years down to a

few minutes. They are divided in two types: those that have intense radio

emission, so-called radio-loud AGNs, and those that don’t have it, called radio-

quiet AGNs. The radio-loud AGNs are the ones that also emit VHE gamma

rays. For both types, the presently accepted picture of AGNs considers a

SMBH (∼ 106M� − 1010M�) located in the center of the host galaxy, whose

gravitational potential energy is the ultimate source of the AGN luminosity.

An accretion disk is formed around the SMBH, where the galaxy gas and

star-like objects are pulled. The hot plasma accretion disk is surrounded by

a dusty torus which is created in the equatorial plane that, depending on the

viewing angle, might prevent the observation of the central region. Whether

Figure B.3: Schematic illustration of the unified scheme of the AGNs. At the

center, the SMBH works as a powerful engine and accretes matter forming

a disk of hot plasma. Particle acceleration takes place throughout the entire

jets extending up to thousands of kpc, i.e. well beyond the host galaxy. The

majority of the gamma-ray emitting AGNs are the blazars, which are AGNs

with jets pointing close to the line of sight. Extracted from [177].

the accretion rates are high enough, a pair of opposite jets of ultra-relativistic
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moving plasma emerge from the polar regions of the system. Sometimes large

radio lobes are seen close to the outer end of the jet. Particles in the jets

stream outward at very high velocities, relativistically beaming the radiation

produced inside in the forward direction. The relativistic beaming has an

effect that the observed flux density is Doppler-boosted by a factor δ4 with

respect to the emitted one, i.e. Fobs = δ4F , where δ = [γ(1− β cos θ)]−1 is

the Doppler factor, with β the bulk velocity in units of the speed of light, γ

the corresponding Lorentz factor and θ the angle between the velocity vector

and the line of sight.

The current classification of this source population is based on the point-

ing direction of the object rather than by intrinsic physical properties [177], as

schematically illustrated in Fig. B.3. When the relativistic jet-axis are close to

the line of sight (so-called blazar), the Doppler enhancement of the flux com-

bined with the fortunate orientation of the beams towards the observer, makes

these objects efficient emitters of multi-wavelength electromagnetic radiation,

from radio to gamma rays. Blazars are divided in two sub-populations: the

flat-spectrum radio quasars (FSRQ), with broad strong optical emission lines,

and the BL Lacertae (BL Lac), with weaker emission lines. Two well estab-

lished examples of BL Lac objects emitting in the TeV domain are: Markarian

501 (redshift z = 0.034) [66, 132] and Markarian 421 (redshift z = 0.031), the

latter being characterized by a highly variable flux, showing flares with a flux

up to an order of magnitude larger than the Crab Nebula flux [114, 56]. A

recently discovered FSRQ object is PKS 1441+25 [156]. This detection is ex-

tremely interesting since PKS 1441+25 is the most distant blazar detected by

TeV experiments, with its redshift of z = 0.939, providing competitive con-

straints on the EBL models. At present, the detection of TeV gamma rays

from blazars with redshift z ≥ 1 is lacking, due to the severe absorption by

the background radiation field. Nevertheless, in principle, a TeV signal might

be detected even from sources beyond z = 1 if the observed gamma rays are

secondary photons produced by protons with energies 1017 − 1019 eV origi-

nating in the blazar jet and propagating over cosmological distances almost

rectilinearly. These very energetic protons can effectively generate secondary

gamma rays along the line of sight through interactions with CMB and EBL,

therefore opening an interesting scenario for the detection extremely distant

(z ≥ 1) blazars [37].

Blazars are not the only extragalactic objects capable of VHE emission.

With the detection of nearby radio galaxies (RG), e.g. M 87 [84, 61], Cen-

taurus A [46], IC 310 [64], a new population of AGNs is now emerging as a

effective class of VHE gamma-ray emitters [145]. RGs are AGNs with rela-

tivistic jets oriented at intermediate to larger angles with respect to the line of

sight, therefore their radiation is not amplified by relativistic beaming. Their

observations may reveal non-standard processes able to produce high energy

particles within the central active engine and the extended lobes.
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B.2.2 Gamma-ray bursts

Gamma-ray bursts (GRBs) are the brightest explosions in the detectable Uni-

verse, visible to high redshift, and thought to be the signature of black hole

birth. These highly-relativistic bursts are transient events, occurring a few

times per day in the distant extragalactic sky. They may be generated during

the collapse of a massive star (long GRBs, lasting few minutes) or via a merger

event (short GRBs, lasting few seconds) [116]. Although the two families of

GRBs are known to have different progenitors, the acceleration mechanism

that produces the relativistic particles is most likely independent of the pro-

genitor of the event. The leading paradigm for the current understanding of

GRBs is the so-called fireball model (see e.g. [153]). This model describes the

physics of the GRBs as due to a central compact engine (either a collapsing

massive star or the merger of two compact objects) which releases a large

amount of energy (∼ 1051−1054 erg) on very short timescales (tens of seconds

or less). This sudden and extremely intense energy release would result in a

relativistic blast wave (the fireball) consisting of e±, gamma-rays and baryons

moving outwards with two opposite jets at the poles of the accretion disk. In-

ternal shocks within the relativistic outflow generate the prompt gamma-ray

emission, which is followed by an afterglow. The afterglow is due to the inter-

action of the shocks with the surrounding medium and produce a lower energy

and longer lasting radiation: X-ray, ultraviolet, optical, infrared, microwave

and radio photons are emitted at temporally decreasing energies [154].

Within this model the prompt gamma-ray emission, as well as the af-

terglow emission, is thought to be produced through synchrotron emission

of shock-accelerated electrons. These synchrotron photons might be subse-

quently up-scattered by the same electrons via IC, in the so-called synchrotron

self-Compton (SSC) mechanism, eventually giving rise to a higher energy com-

ponent, up to TeV energies. If so, even though no GRB has been detected

in the VHE domain so far, next-generation VHE gamma-ray telescopes might

be able to observe GRBs produced by bright and nearby systems (those with

redshift z < 0.25, to prevent sever absorption due to interactions with back-

ground photons [189]). A recent Fermi-LAT observation measured a 95.3 GeV

(emitted at 128 GeV in the rest frame of the burst at redshift z = 0.34) photon

form GRB 130427A [191]. This is a promising indication for future detection

in the VHE regime.

B.2.3 Starburst galaxies

Starburst galaxies are galaxies with very high star formation rate. The en-

hanced supernova rate, and the consequent creation of SNRs, combined with

enhanced densities of gas and radiation fields, make these objects perfect

candidates for the acceleration of protons and the subsequent production of

gamma rays through neutral pion decay. Also primary and secondary elec-

trons can produce gamma-ray radiation by bremsstrahlung processes and IC

scattering of low energy photons in the ambient radiation field. For these

reasons, starburst galaxies are very promising sources of gamma-ray emission.
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Indeed, several starburst galaxies have been detected in the VHE range and

confirmed by Ferm–LAT. NGC 253, for instance, is a spiral galaxy with an

overall star formation rate similar to the Milky Way’s one. However, this

galaxy has a starburst nucleus characterized by a small spatial extension (few

hundres of pc) with extremely enhanced star formation rate, leading to a large

production of supernova explosions [16, 5].

B.2.4 Galaxy clusters

Galaxy clusters are the largest gravitationally bound structures in the Uni-

verse consisting of hundreds or even thousands of galaxies. These clusters

are expected to be luminous gamma-ray emitters. They are formed through

the merger of smaller galaxy groups, assembling masses up to ∼ 1015M�.

The merging processes release a large amount of energy through collisionless

shocks and turbulence. If only a fraction of the liberated energy is converted

into population of non-thermal particles, then a gamma-ray emission from the

cluster should be detectable. So far, no galaxy cluster has been observed in

gamma rays, and only upper limits have been calculated, e.g. [60].
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