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Abstract

In the study of Very High-Energy (VHE) astrophysical phenomena the
next generation of Imaging Atmospheric Cherenkov Telescopes (IACT)
will play a key role thanks to specific ground-based astronomical obser-
vations. In this context, the ASTRI project developed a novel instrument
endowed with a Schwarzschild-Couder dual-mirror optical configuration
(that has never been adopted before in gamma-ray astronomy) and a dedi-
cated Cherenkov camera entirely designed by the Istituto Nazionale di As-
trofisica (INAF) based on SiPM sensors. The prototype telescope ASTRI–
Horn is located in Italy and carried out successfully in 2019 the techno-
logy validation phase, paving the way for the realization of the MiniAr-
ray: 9 identical telescopes working in stereoscopic mode to be installed in
Tenerife (Canary Islands) within the next three years. However, several
issues related to the pointing performances emerged during operations
with ASTRI–Horn. Actually the pointing calibration is in general a criti-
cal aspect for Cherenkov telescopes, as their cameras are designed for the
detection of nanosecond atmospheric flashes rather than for imaging the
star field and, consequently, it is impossible to use the standard astrometry
of the focal plane. Furthermore, in the case of ASTRI the compactness of
the mechanical structure prevents from installing an auxiliary monitoring
camera sharing the same optical system of the telescope. Despite these
difficulties, the optimization of the pointing performances is crucial for
ensuring the scientific accuracy of the whole system.

The present PhD thesis aims at the development and validation of new as-
trometric techniques for the pointing calibration of the ASTRI telescope ex-
ploiting the so-called Variance method, a statistical algorithm implemented
in the Cherenkov camera electronic board. Thanks to the Variance, the AS-
TRI telescope is endowed with an ancillary output owning the potentiality
to image the stellar component of the night sky background in the Field of
View (FoV), with a quite coarse angular resolution (⇠11

0, corresponding to
the pixel size of the Cherenkov camera), but a relatively good sensitivity
for an IACT (visual magnitude limit ⇠7). As we discuss in this document
the Variance constitutes a unique opportunity for enhancing the pointing
performances of the telescope, and we demonstrate that our procedures
offer a chance to reach the critical accuracy level required for achieving
the scientific objectives of the ASTRI project.



Unfortunately, in this period the COVID-19 pandemic and other acciden-
tal events, heavily delayed the maintenance operations on the ASTRI–
Horn telescope, and up to now it is still impossible to make new obser-
vations dedicated to the validation of our procedures, hence only data
taken in previous months were used. As in any other experimental ac-
tivity, new data taken on purpose would have considerably facilitated our
work, but due to the present situation we focused our attention to Variance
data available in the ASTRI archive that has never been explored before.
The resulting work represents the first complete and detailed analysis of
the Variance method together with its numerous unexplored applications.
Our custom astrometry techniques allowed us to reveal that ASTRI–Horn
was affected by two kind of systematic errors, that we characterized and
measured for the first time. The experience gained with archive data al-
lowed us to understand how to apply our routines for calibrating the in-
coming ASTRI MiniArray, indicating an effective strategy to match the
crucial requirement for the pointing accuracy. The resulting procedure
has already been inserted into the calibration plan of the MiniArray and
its Online Observation Quality System (OOQS).

The structure of the present document is articulated in eight chapters and
three appendices, whose content can be summarized as follows.
Chapter 1 presents the status of the art in VHE astrophysics, focusing on
the observational features of cosmic rays and gamma rays, together with
a description of the main open questions in this research field.
Chapter 2 is dedicated to IACTs, presenting their history and operating
principles, and introducing the major examples of instruments currently
in activity worldwide.
Chapter 3 focuses on the ASTRI project, presenting both the prototype
telescope ASTRI–Horn and the incoming observatory of the MiniArray.
In particular, it is reported a detailed description of the most relevant sub-
systems for this thesis: the camera, the optical scheme and the pointing
strategy.
Chapter 4 goes into the details of the Variance method. A technical de-
scription of its functioning at electronic level is provided at first, while the
core of the chapter is dedicated to our routines for the production of sky
images and their calibration.
Chapter 5 reports specific tools and procedures that we developed for the
analysis of Variance images: the astometric calibration, the de-convolution
of the star signal and the transformation function to correct the artifacts in-
troduced by the geometric arrangement of the pixels.
Chapter 6 describes the algorithm to assess the alignment of the Cherenkov



camera to the optical axis of the telescope exploiting the apparent rotation
of the FoV during long observing run in tracking mode.
Chapter 7 shows a custom procedure for the star identification developed
on purpose for Variance images (as it is impossible to adopt the standard
astrometry software for their analysis) allowing to monitor in real time the
actual pointing direction of the telescope.
Chapter 8 contains the concluding remarks. It summarizes the main re-
sults achieved in this thesis, highlighting their importance but also some
limitations and suggesting further improvements. Future perspectives of
this work are briefly presented at last, with particular attention to its im-
plementation on the incoming ASTRI MiniArray.
At the end of this document three appendices reports additional/comple-
mentary material concerning respectively metrological techniques for the
inspection of shape and reflectivity of primary mirror segments (A), more
details about the software developed for this thesis and the access to it (B),
and the massive activity of outreach and education carried out during the
doctoral period in the field of Cherenkov astronomy (C).
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List of Symbols

Although a complete list of acronyms and abbreviations is given at the end
of this document, it is useful to clarify immediately the most important
terminology adopted. In particular, “ASTRI–Horn” indicates the proto-
type telescope in Italy, “MiniArray” the incoming observatory in Tenerife,
while “ASTRI” refers indifferently to either the first or the second. More-
over, we choose the following convention for relevant astronomical quan-
tities (whose explanation is provided in the document, when necessary).

↵ right ascension

� delicnation

⇠ horizontal std. coord.

 vertical std. coord.

Az azimuth

El elevation

' latitude

� longitude

� position angle

d great circle distance

h hour angle

⌘ parallactic angle

⇣ zenith angle

✓ planar polar angle

r planar radial coordinate





1
The sky at the highest energies

In the current era of multi-messanger astronomy we are used to believing
that the Universe is not like it looks to our eyes. Today this is evident for
gravitational waves or neutrino observatories, but it was in the electro-
magnetic spectrum that we first discovered this peculiar characteristic of
the cosmos: different eyes take different pictures. In particular, nowadays
we think that the most energetic part of the electromagnetic spectrum con-
tains the key to unveil some of the most intriguing astrophysics phenom-
ena that we still don’t understand. This is the reason why this introductory
chapter is focused on the Gamma-ray component of the cosmic radiation,
which is ultimately the true gray eminence of the whole thesis.
We have known for a little over a century that space outside the Earth at-
mosphere is filled with energetic radiation. Using balloon flights, Victor
Hess in 1912 first revealed the presence of this cosmic flow investing our
planet, when he found out that the amount of ionized particles increases
with altitude [1]. The physicist R. Millikan introduced the name of Cos-
mic Rays (CRs) [2] for indicating this mysterious energetic radiation com-
ing from extra-terrestrial sources. Today we know tha CRs are composed
of energetic particles: protons and alpha particles (99%), heavy nuclei,
electrons, positrons and neutrinos. In some cases, their energy level can
exceed the impressive value of 1020 eV [3] and we know that their origin
is non-thermal, but their production processes are not completely well un-
derstood yet. Moreover, it is extremely difficult to locate the position of

1



2 THE SKY AT THE HIGHEST ENERGIES

Fig. 1.1: Picture of Victor Hess (left) after one of the successful balloon
flights in which the increase in ionisation with altitude through
the atmosphere was discovered (right, Sekido and Elliot, 1985).

their cosmic sources: charged particles are deviated by galactic magnetic
fields during their travel towards the Earth [4], and hence we observe that
the distribution of CRs is isotropic around our planet, having lost the in-
formation of their direction of origin [5]. As a consequence, we can study
the spectrum and the composition of CRs but to trace their origin we need
a proxy, a neutral component generated in the same process of creation
and acceleration of CRs: neutrinos and gamma rays (GRs).
The following sections will focus on the science of CRs (section 1.1) and
GRs (section 1.2), before of a brief overview of the general scientific per-
spectives of this specific flourishing discipline carrying the name of Very
High Energy astrophysics.

1.1 Cosmic rays

The term CRs generally refers to the flow of energetic massive particles
that invests our planet from the outer space. They are composed for more
than 99% of protons and Helium nuclei, while electrons, positrons, neu-
trons and heavier nuclei constitute the remaining part. Scientists from dif-
ferent areas makes a slightly different usage of this term: sometimes CRs
are identified with hadrons only, while in other occasions also GRs and
neutrinos are included. In any case, the energy range of CRs is very wide,
spanning between 10

8
eV to 10

21
eV, and they can originate from a large

variety of celestial sources: the Sun, other stars, energetic phenomena as
Novae or Supernovae, or again remote objects like quasars. Depending
on their energy also the instrumentation for the detection is very different:
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up to 10
14
eV they can be measured with balloon experiments or satellites,

while at higher energies the only chance is to use ground-based instru-
ments sensible to the interaction of CRs with matter (see section 1.2.4).
The study of CRs led to important discoveries, such as the existence of the
positron (e+) or pions. However, many question lack for an answer yet, as
e.g. which are the sources responsible for the CRs production?.

1.1.1 Spectrum
CRs appears to be distributed isotropically around the Earth and their en-
ergy spectrum has a very characteristic shape, as it is measured by sev-
eral experiments, with remarkable agreement [6]. The energy range spans
more than 10 decades, from 10

8
eV to 10

21
eV, and its shape clearly ac-

counts for non-thermal phenomena, as particle populations at thermal
equilibrium should follow different, less dispersed distributions (i.e. the
usual Maxwell-Boltzmann law [7]). The plot of the CRs flux is reported in
figure 1.2 and can be described in the following way. The CR spectrum is
well defined by a broken power law,

dN

dE
/ E�� , (1.1)

where N is the number of particle and E their kinetic energy, with three
different photon indices �. The first region is in the energy range between
⇠1GeV and ⇠5PeV, where the slope of the measured distribution is re-
produced with � ⇠ 2.7. The upper limit of this region is the so-called knee
of the CR spectrum: the point where the index of the power law becomes
� ⇠ 3. This second region extends from ⇠5PeV to ⇠3⇥ 10

3
PeV, where

there is another changing in the power index: the ankle of the distribution.
In the third part, above ⇠3⇥ 10

3
PeV the value of � is about 2.6.

To explain the morphology of the all-particle CR spectrum the scientific
community does not agree on a unique interpretation yet, but there is a
large consensus on some general aspects. The external regions are asso-
ciated to particles with different origins: below the knee the particles are
accelerated inside our galaxy (see section 1.1.3), while above the ankle the
source must be extra-galactic. In the intermediate part, between the knee
and the ankle, the origin of the particles is not clear, and the reason of
the steepening of the spectrum is not understood yet. There are some ev-
idence that the knee is related to chemical composition changes [8], but
there are conflicting views on the details of the transition: some observa-
tions suggest that the knee is generated by a cutoff of light elements [9],
while others find that light elements disappear at lower energies and the
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Fig. 1.2: Spectrum of CRs with data from different experiments: a broken
power law [link 281].

knee is produced by elements with intermediate mass [10]. Also differ-
ent explanations have been proposed, connected to CR propagation or to
changes in the production mechanism, as e.g. a two-step acceleration in
Supernova Remnants (SNRs) [11].
At the edge of its extension, the CR spectrum presents two peculiar fea-
tures. On the low energy side the distribution seems to flatten and this
behavior is related again to the different origin of those particles. In fact,
below ⇠1GeV CRs from outside the Solar System are blocked by the wind
of the Sun, and hence the only particles we observe in this energy band
come from the emissions of our star itself. On the other hand, at the high
energy side, the spectrum collapses into an evident cutoff at ⇠10

20
eV (see
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Fig. 1.3: The spectrum of CRs presents a cutoff at energies ⇠1021 eV, as
it is evident from this plot by Auger and Telescope Array (TA)
Collaboration (taken from [12]).

figure 1.3 of this region). At this energy value the protons of CRs are ex-
pected to interact with the photons of the Cosmic Microwave Background
(CMB, ⇠10

�3
eV), reducing their energy as a consequence of the hadrons

production in the � resonance:

p+ �CMB ! �
+ ! p+ ⇡0 , (1.2)

p+ �CMB ! �
+ ! n+ ⇡+ , (1.3)

where � is the Delta barion and ⇡0/+ are pions. This process is known as
Greisen-Zatsepin-Kuzmin (GZK) effect and it determines the upper limit
of the CR spectrum [13] [14]. However, it is interesting to notice that in
recent years particles with higher energies have been recorded (as the fa-
mous Oh-My-God Particle [3]), opening the intriguing perspectives that ei-
ther some fundamental physics laws can be broken in certain conditions
(see section 1.3) or CR accelerators may be nearby the Solar System: con-
sidering the mean free path of the interactions 1.2 and 1.3, a particle with
energy greater than 10

20
eV can travel maximum ⇠50Mpc (GZK horizon).
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To CR accelerators and the acceleration mechanism is dedicated the next
section.

1.1.2 Acceleration
The problem of acceleration of CRs is condensed in the following ques-
tion: how is it possible to accelerate non-thermal particles to the observed
high energies? As the CRs are charged particles the solution should lie in
the interaction with the interstellar magnetic field within the galaxies, but
how can a particle gain energy if the magnetic field conserves energy? The
solution is absolutely not trivial and it was first proposed by the physi-
cist E. Fermi [15]. Magnetic fields are not static in the interstellar medium,
as they are inserted in an environment of moving magnetized gas clouds:
Fermi suggested that non-thermal particles can be accelerated by undergo-
ing multiple reflections over the magnetic inhomogeneities of the medium.
It is important to notice that in this scenarios particles are moving faster
than the dynamic magnetic field, and hence they will experience also the
presence of an electric field, as a consequence of the Lorentz transforma-
tions: the electric field in the particles reference frame is truly responsible
for the acceleration.
Depending on the relative motion between the particle and the magne-
tized gas cloud, we can distinguish between two detailed mechanisms to
produce acceleration: they are the so-called First and Second Order Fermi
acceleration, briefly reported hereafter.

1.1.2.1 Second-order Fermi acceleration

This is the original argument proposed by Fermi in 1949. Within the envi-
ronment of moving magnetized gas clouds, a travelling relativistic particle
can interact with one of those “magnetic reflectors”, whose mass is much
greater than the particle’s one, and hence their collision can be considered
fully elastic. With these assumptions, Fermi demonstrated that, on aver-
age, the energy gain of the particle h�E/Ei after the interaction with the
cloud, is proportional to the second power of V/c, where V is the relative
velocity between the cloud and the particle. For this reason, this process is
called a second-order Fermi acceleration, and actually it is not very efficient:
even around supernovae, V/c is always much less than unity [7, pp.196].
The problem is that the first term of the expansion in the small param-
eter V/c vanishes, essentially because it contains the dependence on the
direction (cos ✓) that on average is zero if the direction of the collision is
randomly distributed.
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1.1.2.2 Diffusive shock acceleration

For many years, the second-order mechanism was considered the only
possible one, until physicists (e.g. [16]) determined that there is a situation
in which the first-order mechanism can exists: around shock waves. This
phenomenon is known as “Diffusive shock acceleration” and it is though
to be the responsible of the particle acceleration up to tev and pev ranges.
In a plasma presenting shock waves (blobs of material moving at super-
sonic velocities) there are typically moving magnetic inhomogeneities both
preceding and following the discontinuities. If we consider a particle trav-
eling across the shock wave, it will encounter a moving change in the mag-
netic field in the other side and hence it will be reflected back through the
shock again, but with increased energy. This process can give rise to multi-
ple reflection, greatly increasing the particles’ energy, even because at each
step the energy gain h�E/Ei is proportional to V/c, where V is the relative
velocity between the shock and the particle, as in this case the direction is
normal to the wave front and not randomly distributed. The resulting en-
ergy spectrum of many particles undergoing this process turns out to be
a power law [7], dN/dE / E�p, similar to the CRs spectrum that we pre-
sented in section 1.1.1.
The Diffusive shock acceleration is a process much more efficient than the
Second-order Fermi mechanism, but it presents an interesting problem:
the so-called paradox of injiection. In the environment of a shock, only
particles with energies that exceed the thermal energy by much (a fac-
tor of a few at least) can cross the shock and “enter the game” of accel-
eration. What process causes the particles to initially have energies suffi-
ciently high to do so, hence differentiating non-thermal particles from the
background, is still unclear nowadays [17, pp.362].

1.1.3 Sources candidates

The CRs acceleration process sets an important constraint on the prop-
erties of the accelerators, helping us to identify some classes of possible
sources. The charged particle must remain inside the magnetized area in
order to gain energy, but its trajectory is determined by the intensity and
the direction of the local magnetic field: it can happen that the particle
is driven outside the acceleration region before having reached a consid-
erable energy. As a consequence, only the objects with an adequate re-
lation between the representative size RS and the magnetic field BS can
be sources of CRs. For simplicity, considering the presence of a uniform
magnetic field, the maximum deviation of a charged particle is given by a
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circular trajectory with radius RL, the Larmor radius,

RL =
E

ZeBS

, (1.4)

where Z is the atomic number of the particle, and E its energy [18]. If RL

exceeds the size RS of the magnetized cloud, the particle will escape the
acceleration region: using equation 1.4, the condition RL  RS provides
an estimate of the maximum energy EMAX = ZeBSRS that a particle can
reach within a source characterized by RS and BS . This is a simple geo-
metrical constraint known as the Hillas criterion for all types of CR sources
and it is useful in selecting potential acceleration sites [19]. In figure 1.4 are
reported possible classes of CR sources, distributed according to their size

Fig. 1.4: Possible CR sources as a function of their size and magnetic field
strenght (Hillas plot). Above the blue (red) line protons (iron
nuclei) can be accelerated to a maximum energy of EMAX =
1020 eV. Objects below each line cannot accelerate those parti-
cles up to the indicated energy (taken from [20], adapted from
[21]).
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and magnetic field strenght. In particular, there are neutron stars (NS),
White dwarfs (WD), Gamma Ray Bursts (GRB), Active Galactic Nuclei
(AGN) with their cores and jets, Supernova Remnants (SNR) and Inter-
galactic Medium (IGM) shocks; also the galactic disk and halo, clusters,
and colliding galaxies are possible sources, while the theory of “hot spots”
(sky regions presenting an excess in the CR flux, [22]) has been discarded
by physicists in recent years. A detailed analysis of these sources is re-
ported in section 1.2.3.
Lastly, it is interesting to notice that using the typical values of interstel-
lar magnetic fields, one could verify with equation 1.4 that protons be-
low ⇠10

18
eV are confined within the galactic disk. This is the reason why

the CR spectrum component below the knee is though to be generated by
galactic sources (see section 1.1.1). However, at higher energies, the trap-
ping by magnetic field would be inefficient, and so the CRs can travel from
a galaxy to another [23].

1.2 Gamma rays

As previously mentioned in the introduction, CRs do not point sources
because their directions are randomized by the magnetic fields, and hence
they don’t have memory of the position where they come from. As a con-
sequence, to trace the CR sources and study their properties, we need to
make use of the observation of neutral particles associated to CRs: the
gamma rays (GRs).
The origin of GRs is intimately connected with the production of CRs: en-
ergetic photons are produced in the acceleration of CRs and during their
interaction with the surrounding environment. In sections 1.2.1 and 1.2.2
we will discuss different phenomena responsible respectively for the pro-
duction and absorption of GRs, analyzing different processes of interac-
tion between matter, magnetic fields, and photon fields. Depending on the
source observed, the dominant mechanism will be different and hence the
shape of the energy spectrum will be modified as well. In general, the en-
ergy range spans from ⇠1MeV, the energy associated to electron/positron
annihilation (2⇥me = 2⇥0.511MeV, where me is the mass of the electron),
up to the highest energies achievable. Traditionally, the whole GR energy
range is divided into the domains reported in table 1.1. Up to now, the
highest GR emission ever detected was recorded by the LHAASO1 collab-
oration in 2021 [24], together with the discovery of an impressive 1.4PeV

1The Large High Altitude Air Shower Observatory [link 257].
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signal from the Crab Nebula, the standard candle of gamma ray astron-
omy. This detection challenges many pre-existing theoretical models of
this source’s emission, and paves the way for the hunt of other objects able
to produce such energetic photons in the Universe, the so-called Pevatrons.
Actually, given that the CR spectrum extends up to 10

20
eV and beyond, it

is reasonable that the lack of GR signals at higher energy is due to limita-
tions of our detection techniques. A brief description of the methods and
instrumentation adopted today will be presented in section 1.2.4.

Domain (abbreviation) Energy range

Low energy (LE) 1MeV – 30MeV

High energy (HE) 30MeV – 50GeV

Very-high energy (VHE) 50GeV - 100TeV
Ultra-high energy (UHE) 100TeV - 100PeV
Extremely-high energy (EHE) > 100PeV

Table 1.1: Traditional energy domains of gamma ray astronomy.

1.2.1 Production
From a certain point of view, the presence of non-thermal electromagnetic
radiation is exactly what allows us to carry out observations: if the whole
Universe were in thermal equilibrium, and at the same temperature, it
would be impossible to distinguish the sources from the background. This
section contains a very brief overview of the main radiative processes re-
sponsible for the production of GRs in the cosmic sources. Our aim is
provide a schematic summary of the fundamental results, without pre-
senting the whole formal derivation: more details can be found in the
beautiful and very complete book by Rybicki and Lightman (1979) [25],
or in the more recent work, focused on cosmic gamma radiation, by Aha-
ronian (2004) [26].

1.2.1.1 Bremsstrahlung

When a charged particle is deflected by the electromagnetic field of an-
other one, the moving particle loses kinetic energy and emits “braking
radiation” or bremsstrahlung according to the law of energy conservation.
This process is more efficient when the difference in mass between the two
particles involved in the collision is higher: the typical situation is repre-
sented by an electron scattering off an atomic nucleus, as it is shown in
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figure 1.5a. In this case, since the relative accelerations are inversely pro-
portional to the masses, it is permissible to treat the electron as moving in a
fixed Coulomb field of the ion. In this scenario, the mean bremsstrahlung
energy loss as a function of the distance traveled by the electron in the
medium is given by

�dE

dx

����
Brem

=
Ep

�0
, (1.5)

where Ep is the kinetic energy of the moving charged particle, and �0

is the radiation length, i.e. the average distance over which Ep decreases
to 1/e times its original value because of bremsstrahlung. The value of
�0 depends on the environment: low/high density medium will allow
larger/smaller radiation length, and hence in rarefied clouds there is a
poor bremsstrahlung emission.
The spectrum of the GRs produced with this process presents the same
distribution as the charged particles, as a consequence of the direct pro-
portionality in equation 1.5 between the energy loss and the energy of the
particles. The energy range of VHE gamma rays can be achieved through
bremsstrahlung of Ultra-High-Energy (UHE) charges.

1.2.1.2 Electron–positron annihilation

We know that matter dominates the Universe, but particles of anti-matter
can originate from different processes. For example, positrons could come
from the decay of long-lived radioactive isotopes produced in the Super-
nova nucleosynthesis, or from the decay of positive pions

⇡+ �! µ+
+ ⌫µ and µ+ �! e+ + ⌫µ + ⌫e , (1.6)

but also from the pair-production process that will be discussed in section
1.2.2. As a consequence, a certain amount of anti-matter is available in
the Universe and hence energetic photons can originate from annihilation
processes. At the low energy side of the cosmic GR domain, the annihila-
tion between an electron and a positron with negligible speed, shown in
figure 1.5c, constitutes an important mechanism for the GR production, as
it releases two photons at 511 keV (the mass energy of those leptons), with
the reaction

e� + e+ ! � + � . (1.7)

If one or both charged particles carry a larger amount of kinetic energy, the
emitted GR will be more energetic (up to ⇠10MeV and beyond) and also
various other heavy particles can be produced. Furthermore, in the pres-
ence of a third charged particle absorbing th excess of momentum, also
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the annihilation of an electron–positron pair into a single photon can oc-
cur: this is the inverse process of the pair production that will be discussed
in section 1.2.2.

1.2.1.3 Pion decay

Pions are the lightest mesons (particles made of a quark and an anti-quark)
and in general the lightest hadrons [27]. They can be charged (⇡+, ⇡�)
or neutral (⇡0), they are all instable and decay into muons and neutrinos
(equation 1.6) or gamma-rays (equation 1.8) after very short mean life-
times (⇠10

�8
s for charged ones and ⇠10

�17
s for ⇡0). Pions are not pro-

duced in radioactive decay, but they commonly come from high-energy
collisions between hadrons: we detect their production in Earth’s atmo-
sphere after the interaction with high energy CR protons, but also in Su-
pernovae explosions through the observation of characteristic secondary
gamma-ray photons. Actually, the pion decay is the dominant mechanism
for GR production, in particular because ⇡0 decays into two gamma rays
99% of the time, following the reaction

⇡0 �! � + � . (1.8)

As the rest energy of ⇡0 is ⇠135MeV/c2 [28] then the resulting GRs have
a minimum energy of 67.5MeV, but they can be much more energetic if
the neutral pion is moving fast (the final energy spectrum has a typical
power-law shape with index � ⇠ 2.5).

1.2.1.4 Synchrotron

When a charged particle is subject to an acceleration perpendicular to its
velocity, due for example to the Lorentz force generated by the transverse
component of a magnetic field, there is a typical emission of electromag-
netic waves which is called synchrotron radiation (or cyclotron radiation in
the non-relativistic case). The energy spectrum of the radiation from this
process is continuous and very broad, from microwaves to gamma-rays,
associated with a strong and characteristic polarization2. As represented
in figure 1.5e, when a uniform flow of electrons with energy Ee enters a
region with a perpendicular magnetic field B, then the particles will begin
to spiral around the lines, emitting a synchrotron radiation peaked at [30,
pp. 212]

Epeak ⇠
e

2⇡c4m3
e

BE2
e
. (1.9)

2Also in the case of astrophysical GR sources, as for example in the Crab Nebula [29].
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Normally the synchrotron GR emission does not reach the VHE regime,
unless the charged particles are trapped into the magnetic fields of extreme
environments, as in the case of pulsar wind nebulae, reaching outstand-
ing values of kinetic energy Ee [31]. However, there is another peculiar
process taking the synchrotron radiation up to the VHE regime: in cer-
tain conditions the electron population has enough kinetic energy to up-
scatter the GR photons they have just emitted by synchrotron radiation.
This process is called Synchrotron Self Compton (SSC) scattering, and it is
a specific case of Inverse Compton (IC) scattering, which is described in
the next paragraph.

1.2.1.5 Inverse Compton

The Compton effect is the scattering of a photon on a free charged parti-
cle3, usually an electron. In this process part of the energy of the photon
is transferred to the recoiling electron, and hence the wave length of the
scattered light is increased. However, also the inverse process can happen,
when relativistic electrons up-scatter low-energy photons. This mecha-
nism is known as Inverse Compton and it is the most effective process for
the production of VHE gamma rays. The conceptual scheme of Inverse
Compton is very simple and it is represented in figure 1.5d, but the cross
section of the interaction can be very different depending on the energy
regime. In the non-relativistic approximation, that holds until the energy
of the electron and the photon satisfy the relation EeE� ⌧ m2

e
c4, the cross

section is constant and given by �T =
8
3⇡r

2
e
, where re is the classic radius

of the electron: this approximation is known as Thomson scattering. On the
other hand, if EeE� ' m2

e
c4, we are in the so-called Klein-Nishima regime

(KN) and the cross section will strongly depend on the energy of the in-
cident photon E� . In particular, when EeE� � m2

e
c4 the cross section is

approximately given by the formula �KN ⇠ ⇡r2
e
[ln(

2E�

mec
2 ) +

1
2 ]

mec
2

E�
.

If the population of electrons have a power low distribution of energy with
index �e, then the spectrum of the up-scattered GRs will follow a power-
law function as well. In the Thomson regime the resulting GR index will
be �� = �e+1/2 [32], while in the KN domain the spectrum will be steeper,
with �� = �e + 1.

3If the particle is bound into an atom or a molecule the scattering of a low energy
photon (without ionization) is known as Rayleigh scattering.
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(a) Bremsstrahlung. (b) Pion decay.

(c) Electron/positron annihilation. (d) Inverse Compton.

(e) Synchrotron.

Fig. 1.5: Cosmic gamma radiation production processes (adapted from
[33].
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1.2.2 Absorption
The original flux of GRs produced by cosmic sources can be attenuated
during its propagation towards the Earth. In fact, a certain fraction of
GR photons will be involved in an absorption mechanism based on the
production of an electron/positron pair. It is the inverse process of the
annihilation presented in section 1.2.1.2, and it is commonly referred to as
pair production.

Classic pair production In presence of electric field, e.g. close to the nu-
clei of a medium, a HE photon can be transformed into an electron/positron
pair following the reaction

� �! e� + e+ . (1.10)

In free space, without a nucleus receiving some recoil, this reaction is pro-
hibited as the conservation of energy and momentum would not be sat-
isfied. Pair production is responsible for the absorption of cosmic GRs in
the Earth atmosphere, and in particular for the production of the cascades
of secondary particles (Extended Air Shower, EAS) that will be described in
chapter 2. In figure 1.6 is reported an image showing the pair production
in a bubble chamber. The probability of pair production in photon–matter
interactions increases with photon energy (pair production is the domi-
nant mode pf photon interaction at MeV scale and above), and the result-
ing particles will have a crescent kinetic energy in accordance with the law
of energy conservation.

Photon–photon annihilation In this process the reaction is very similar
to the previous one, but the HE photon interacts with another real photon
(at low-energy) instead of with a virtual particle,

� + � �! e� + e+ . (1.11)

The cross section of this process, for a VHE photon of ⇠100GeV, peaks
between the infrared and ultraviolet bands: for this reason the photon-
photon annihilation is responsible for the attenuation of VHE gamma ra-
diation by the diffuse Extragalactic Background Light (EBL) [34].

1.2.3 Sources
In section 1.2.1 we introduced several mechanisms responsible for the pro-
duction of cosmic GRs up to the highest energy domains. We now present



16 THE SKY AT THE HIGHEST ENERGIES

Fig. 1.6: Pair production in the Fermilab 15-foot bubble chamber [link
234]: electrons and positrons spiral in opposite direction after
they are created with the pair-production process [35].

a brief overview of the main environment where those processes take place,
describing the main well-established GR sources, both galactic and extra-
galactic.

1.2.3.1 Galactic sources

The Milky Way (MW) is undoubtedly the best studied galaxy. The sources
in the MW can be observed with higher spatial resolution, due to their
small distance from us (less then ⇠46 kpc, about 150 000 ly), and also the
signal propagation can be modeled with better accuracy as the structure
of our galaxy is known in detail. However, for certain classes of observa-
tion it is preferable to point sources in other galaxies in order to avoid the
strong attenuation due to cosmic dust along the line of sight. In the follow-
ing paragraphs there is a brief presentation of the main types of galactic
GR sources.

Supernova Remnants (SNRs) Structures resulting from the explosion of
a star in a Supernova, characterized by ejecta at highly supersonic speed,
thus forming a strong shock wave expanding from the center and sweep-
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ing up the Interstellar Medium (ISM). The production of CRs will happen
through the diffusive shock acceleration process presented in section 1.1.2,
while energetic GRs will be released after their interaction with the ISM
[36]. Figure 1.7 reports an image of a very famous SNR in the Cassiopeia
constellation. SNRs are considered the major source of galactic CRs, up to
the VHE regime [37]. Recently, a PeV emission from the Crab Nebula (a
SNR in the Taurus constellation) has been detected [38].

Pulsars This term is the acronym of Pulsating Radio sources and it indi-
cates a highly magnetized rotating neutron stars (NS) emitting beams of
electromagnetic radiation out of its magnetic poles, at different frequen-
cies. As the rotation axis is not usually aligned with the magnetic one, the
narrow cones of emission illuminate the Earth only when they point in our
direction, resulting in an apparently pulsating signal. The extreme mag-
netic environment of pulsars is suitable for producing gamma-ray pho-
tons, in fact the pulsating signal from the Crab Pulsar [31] has been re-
cently detected also in the TeV energy band [39].

Pulsar Wind Nebulae (PWNe) There are different classes of SNRs: if the
central region is composed of a nebula powered by the stellar wind of a
pulsar, then it will constitute a PWN, or plerion. In this case, the VHE
emission is mostly generated through IC scattering of ambient photons by
the electrons of the pulsar wind, a particle flow accelerated to relativistic
velocities by the rotating and powerful magnetic fields of the central spin-
ning NS [40]. The Crab Nebula is the archetype of this class of objects: it
constitutes a SNR with a central PWN powered by a pulsar [41].

Gamma-Ray Binaries Binary systems are an ideal place for the produc-
tion of the most energetic cosmic radiation, because of the large amount
of gravitational energy that can be released from those objects in several
ways. In particular, GR binaries are a subclass of high-mass binary sys-
tems whose energy spectrum extends up to ⇠100GeV and beyond. They
are composed by a massive star and a compact object, and their emission
is explained by two models: the pulsar wind scenario and microquasars.
In the first model, the compact object is a pulsar and the VHE emission is
produced by the interaction of the pulsar wind with the stellar material. In
the microquasar scenario, the compact object is a stellar-mass black hole,
accreting material from his extended companion and presenting two rela-
tivistic jets where particles are accelerated. The GR emission is due to the
IC interaction with the stellar wind [link 241]. Only few GR binaries are
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Fig. 1.7: X-ray image from Chandra of the supernova remnant Cassiopeia
A (Cas A) in 2007. The glowing in X-rays is produced by
synchrotron emission in the diffusive shock acceleration pro-
cess 1.1.2 Credit: NASA/Chandra [link 232].

known so far and none of them belong to the microquasar scenario [42].

1.2.3.2 Extragalactic sources

Extragalactic objects are extremely further than galactic ones. The Local
Group of galaxies to which we belong is approximately 3Mpc in diameter
(about 107 ly), but we currently monitor also sources in other galaxy clus-
ters. Very often we detect the emission of whole galaxies, but sometimes
we resolve the component of single stellar objects involved in catastrophic
events, thus emitting extreme amounts of energy.

Active Galactic Nucleus (AGN) An AGN is a region at the center of a
galaxy whose luminosity is too high to be produced by stars only. Such
anomalous emission is due to the accretion process of matter by a super-
massive black hole at the center of its host galaxy, that will be referred to
as an “active galaxy”. AGN present two relativistic jets perpendicular to
the accretion disk, where the GR emission is formed as a consequence of
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Fig. 1.8: The Antennae Galaxies are an example of a starburst galaxy oc-
curring from the collision of NGC 4038/NGC 4039. Brilliant star-
forming regions (blue dotted) are surrounded by glowing hydro-
gen gas (pink), while dense dust appears brown in this image.
Credit: HST NASA/ESA.

the charged particles acceleration in those regions. Numerous subclasses
of AGN have been defined based on their observed characteristics: quasars
are the most powerful AGN, while blazars are the AGN with a jet pointed
toward the Earth. The first two TeV blazars to be discovered were Markar-
ian 421 and Markarian 501 (both at distances around 120Mpc, and both
“BL Lac objects”), usually seen at TeV energies below the intensity of the
Crab emission, but often presenting flare states with enhancement up to a
factor 10 [5]. The production of GRs in these BL Lac blazars is interpreted
through TeV electrons radiating synchrotron photons and up-scattering
the latter to TeV energy (Klein-Nishima regime).

Starburst galaxies On average, the rate of star formation is a few M�/yr
in common galaxies, but there are some cases where this value is higher
by more than a factor ten: the starburst galaxies [43]. The inside of those
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objects is quite an extreme environment. In order to form stars there must
be a large supply of gas available, and hence very massive stars are usually
formed (OB type). These stars burn very bright and very fast, and are quite
likely to explode at the end of their lives as Supernovae. As a consequence,
starburst galaxies usually present a large rate of SN explosions, giving rise
to a high CR density, as in the case of the galaxy NGC253 [44] or the galaxy
M82 [45], in the constellation Ursa Major, which hosted the closest Type Ia
SN in the last decades, SN 2014J.

Gamma-Ray Burst (GRB) GRBs are sudden and intense energetic explo-
sions observed in distant galaxies: the brightest electromagnetic events
known to occur in the Universe. They are thought to be associated to the
biggest Supernovae, when high-mass stars implode to form neutron stars
or black holes[46]. A subclass of GRBs (the “short” bursts) appear to orig-
inate from the merger of binary neutron stars [47]. Recently, thanks to the
improvement of IACT ground-based observatories (see chapter 2), GRBs
have been observed also at TeV energies by the MAGIC [48] and HESS
telescopes [49].

1.2.4 Detection techniques
There are several difficulties related to the detection of cosmic GR sources.
The first one is that gamma radiation cannot be focused using neither nor-
mal incidence nor a grazing scheme as in the case of X-ray optics [50].
Moreover, gamma photons are comparatively rare, and hence even the
brightest sources require long exposures to be detected (tens of minutes)
and also a large collecting area. Lastly, the isotropic background of CRs
requires in general an effective strategy to distinguish energetic photons
from energetic particles. Different detection techniques are required to
work in different bands of the broad gamma-ray spectrum. Roughly they
can be divided in two categories: direct observations, adopting satellites
above the Earth atmosphere, and indirect observations at ground level, ex-
ploiting the interaction of GRs with air or water. Hereafter there is a brief
overview of the most important detection techniques, reporting a sum-
mary of their characteristics in terms of angular resolution, energy resolu-
tion, and gamma/hadron separation.

1.2.4.1 Satellites

Direct observations of cosmic GRs are carried out with the usage of dedi-
cated satellite missions, up to a few hundred GeV. They have a duty cycle
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Fig. 1.9: The Fermi satellite before launch. The box on the top is the LAT
instrument, composed of 4⇥4 towers of silicon detectors to mea-
sure the direction of the incoming GR photons, with a calorime-
ter at the bottom measuring the energy of the electron/positron
pairs. Credit: NASA/Kim Shiflett.

of ⇠100% and they usually provide an excellent gamma/hadron sepa-
ration, with a very good energy resolution thanks to the calibration on
ground before launch (which is not possible for IACTs, see the next sec-
tion). On the other hand, their angular resolution is modest and their en-
ergy range is limited by the reduced collection area that detectors on-board
satellites have. The Large Area Telescope (LAT) instrument, onboard the
NASA’s Fermi mission, is the only one reaching energies above the GeV,
exploiting the pair production process to recover the frequency and the
direction of incoming GR photons [51]. LAT covers an energy range from
20MeV up to more than 300GeV and has a field of view of ⇠2.4 sr.
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1.2.4.2 Imaging Atmospheric Cherenkov Telescopes (IACTs)

Indirect detections of cosmic GRs can be carried out with ground-based
optical telescopes observing the peculiar interaction of such energetic pho-
tons in the Earth atmosphere. In fact, the primary gamma-ray originates
a cascade of charged particles moving faster than light in the air, hence
producing a bright flash due to Cherenkov effect. Considering the prop-
erties of the light flash all the characteristic of the original GR photon can
be retrieved, for incoming radiation above ⇠30GeV. This technique pro-
vides a good gamma/hadron separation and excellent angular resolution.
Moreover, the energy range is considerably larger compared to the one
covered by satellites, thanks to the usage of arrays of telescopes increasing
the collecting area up to several km2. Chapter 2 is entirely dedicated to
this technique and the major examples of IACTs.

1.2.4.3 Water Cherenkov arrays

Another technique to study the cosmic GR radiation is to consider the
Cherenkov effect produced by secondary particle not in the air, but in wa-
ter tanks, in a Water Cherenkov Array. In this case, the energy of the in-
coming GR photon must be higher (above ⇠100GeV) because the charged
secondary particles must be so energetic to reach the ground. For this
same reason, such observatories are located in places at high altitudes, in
order to reduce the thickness of the overlying atmosphere. They are char-
acterized by very poor angular and energy resolutions compared to IACTs,
but they have full duty cycles, since daytime observations are possible,
and thanks to their very large collecting areas they can reach higher ener-
gies [24]. An example is the High Altitude Water Cherenkov Experiment
(HAWC) [link 245], built at an elevation of 4100m above sea level in Mex-
ico, composed of an array of 300 water Cherenkov detectors for CRs and
GRs. Another more recent facility is the Large High Altitude Air Shower
Observatory (LHAASO) [link 257], in China, also studying both GRs and
CRs with a very complex apparatus composed of 20 wide field-of-view air
Cherenkov telescopes, a surface water Cherenkov detector facility, an ar-
ray of 1171 underground water Cherenkov tanks for muon detection and
1 km

2 array of electromagnetic particle detectors [52]. With its impressive
extension, the LHAASO experiment sheds light on the UHE domain of
cosmic GRs, observing for the first time the PeV emission from several
sources, the PeVatrons [38].
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Fig. 1.10: Bird view of the High Altitude Water Cherenkov Experiment
(HAWC), in 2014, Mexico. The full extension of 300 water tanks
was completed in spring of 2015.

1.3 Open questions for UHE astrophysics

The very recent discovery by LHAASO of the PeV emission from several
cosmic sources has opened a new and intriguing era for the research in
astrophysics: thanks to technological progress, humans have just been
gifted with new eyes to observe the Universe, with the capability to de-
tect UHE photons that have never been accessible before. There are sev-
eral open questions that may have an answer in this energy domain, and
new observations could lead us to change our models for many exotic as-
tronomical objects, or to review the innermost structure of fundamental
physics to cope with unexpected behaviors of Nature. This perspectives
justify the efforts of the scientific community for developing new tech-
niques and facilities to study the GR cosmic radiation. In this section we
will present a brief overview of some key topics in UHE gamma-ray as-
tronomy, in tight connection with cosmic-ray astrophysics, following the
clear and schematic layout of the white paper of the largest incoming ex-
periment devoted to this research: the Cherenkov Telescope Array (CTA)
[53].
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1.3.1 Origin and role of relativistic cosmic particles

A major goal of UHE astrophysics is to understand the origin of relativistic
cosmic particle and to establish their role in the Universe. To this end, it
is necessary to shed light on the processes of acceleration, transport and
interaction of the cosmic radiation, also through future observations with
the incoming generation of telescopes, carrying out a census of particle
accelerators in the Universe and studying in detail archetypal sources with
precise measurements. With this strategy, it will be possible to understand
how and where particles are accelerated in the Universe, but also to clarify
what role these particles play in the evolution of their host objects and how
they travel out to large distances.

Accelerators Nowadays the primary goals of CR astrophysics is to un-
derstand in which cosmic objects the particle acceleration takes place and
to identify the sources of the dominant contribution to the locally mea-
sured CRs. More specifically, the following questions are still unanswered:
where and how in our galaxy are particles accelerated beyond PeV ener-
gies4? What are the sources of the UHE CRs? Are SNRs the only major
contributor to the Galactic CRs? Are they PeVatrons or not? Up to now,
several accelerators have been already identified and strong evidences of
hadron acceleration in a handful of sources have been detected (see section
1.2.3.1). However, there is still a huge potential for the exciting discovery
of new classes of accelerators, as for example the possible emission from
clusters of galaxies, and others.

Effects of accelerated particles Accelerated cosmic particles appear to
be an important ingredient of a wide range of astrophysical systems, from
PWNe and SNRs to active galactic nuclei and clusters of galaxies. More-
over, it is thought that they can impact on the star-formation process and
the evolution of galaxies. However, the details of their contribution is
very poorly understood yet: even inside the interstellar medium of our
own galaxy, the interaction between CRs with the environment has never
been modeled with accuracy, due to a lack of high quality data. Any-
way, we know that UHE CRs impact upon their environments in a num-
ber of ways: as a dynamical constituent of the medium, through genera-
tion/amplification of magnetic fields, through ionization and subsequent
impact on the chemical evolution of, for example, dense cloud cores. All

4The Fermi processes presented in section 1.1.2 cannot produce particles above PeV
energies, and also the injection problem still has to be solved.
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these effects are relevant for the interstellar medium of our own Galaxy
and they are likely to be important in star-forming systems on all scales.

1.3.2 Probing Extreme environments

Extreme environments are typically associated with the particle accelera-
tion up to the UHE range and beyond. For this reason, the gamma emis-
sion from these particles can be a probe of the exotic environments where
they are originated: neutron stars, black holes, relativistic outflows or ex-
plosions. The gamma radiation provides an insight to time and distance
scales which are inaccessible in other wavebands, and it is independent on
magnetic fields.

Black holes and jets The strong gravity of black holes works as a central
engine for the production of relativistic outflows and collimated jets out of
the extreme environments where they are hosted. This mechanism takes
place both around stellar-mass black holes, for example in binary systems,
and in the core of AGNs, where super-massive black holes (SMBH) domi-
nate the dynamics of the whole galaxy. The process of emission from these
objects is still poorly-understood: the particle acceleration may occur ex-
tremely close to the SMBH but also up to the Mpc scale, at the end of the
largest relativistic jets. VHE observations are key to disentangling differ-
ent scenarios, measuring the jet power and dynamics, probing magnetic
fields and identifying the leptonic or hadronic contribution to the CR pro-
duction and emission. Among the main goals there is to investigate the
relationship between the central source and the diffuse emission of nearby
objects (as for the case of Sgr A*) and to carry out a comparison between
SMBH and stellar-mass systems, studying their high-energy non-thermal
emissions (e.g. observing Cyg X-1).

Neutron stars and gravitational wave events Neutron stars constitute
a very interesting subject of gamma-ray astronomy, as they are involved
in several systems that need to be investigated through their VHE/UHE
emissions. First, binary systems including a pulsar: they provide a unique
opportunity to study a relativistic outflow under changing physical con-
ditions as the orbit progresses. Second, merging events including neutron
stars: they are sources of gravitational waves (GW) and short GRBs, but
they have never been observed in the energy range of &100TeV. With a
rapid response to GW alert triggers, there is a chance to perform such ob-
servation and hence to study the highest energy processes associated with
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NS mergers. In particular, as ⇠100TeV photons are produced by ⇠PeV

protons, such measurements would confirm or not the nature of NS merg-
ers as PeVatrons.

Cosmic voids VHE photons from distant objects can be used as a probe
of the intervening space. In particular, they can be used to investigate the
properties of extremely under-dense regions, known as cosmic voids, con-
stituting much of the Universe. Firstly, the interaction of VHE photons in
cosmic voids (pair production) allow us to measure the extremely weak
magnetic fields thought to exist in these regions. Secondly, thanks to GR
photons we can probe the diffuse radiation field known as Extragalactic
Background Light (EBL): the integrated emission from stars and galaxies
of all types throughout the evolution of the Universe. The EBL is an im-
portant tool for cosmology, but it is extremely difficult to measure directly,
due to very strong foregrounds from the Solar System and the Milky Way.
However, the EBL leaves an imprint on the measured spectra of gamma-
ray sources behind cosmic voids, via the process of photon-photon pair
production. Lastly, if VHE photons actually heat the remaining gas in cos-
mic voids, this would suppress the formation of dwarf satellite galaxies,
resolving a very old open question about these objects in cosmology.

1.3.3 New frontiers in physics

The most exciting research topic in astrophysics of cosmic radiation is
probably the search for possible new frontiers in fundamental physics.
Actually, there are several theoretical models that need to be supported
or discarded by dedicated observations in GR astronomy. For many cases,
also a negative result in the detection would be very helpful, providing a
clue to constraint the parameters of models with upper/lower limits: ex-
perimental results would guide the work of theoretical physicists. Among
the most intriguing topics, there are Dark Matter, Lorentz Invariance Vio-
lation, and Axions-Like Particles: they are briefly presented hereafter.

Dark Matter Modern cosmology relies on the existence of Dark Matter
(DM): a massive ingredient of the Universe which is completely invisible
to our telescopes. Up to now, we don’t have any clue on its particle nature,
but the most popular scenarios suggests that DM is made of Weakly Inter-
acting Massive Particles (WIMPs): a large class of new elementary par-
ticles, potentially not part of the Standard Model, with a mass typically
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between few tens of GeV and a few TeV, and a self-annihilation cross-
section of the order of the weak interaction. There are many models for
DM including WIMP candidates: their success relies on the fact that such
particles are expected to have been produced in the early Universe and
their self-annihilation cross-section implies their residual abundance to be
close to the currently observed value [54]. The annihilation of WIMPs in
the Galaxy results in the production of GRs in the VHE range, hence a
deep investigation of this radiation will significantly impact on the WIMP
paradigm, both through a signature detection or non-detection.

Lorentz Invariance Violation A Lorentz Invariance Violation (LIV) is
any possible deviation or exception from the Lorentz Invariance or symme-
try: a set of fundamental frameworks at the heart of physics, and modern
science in general. In particular, LIVs concern the fundamental predictions
of CPT symmetry and Special Relativity, such as the constancy of the speed
of light in all inertial frames of reference, time dilation, but also the pre-
dictions of the Standard Model of particle physics. The existence of LIVs
is predicted by some variations of quantum gravity, string theory, and al-
ternative theories to General Relativity.
Several studies are trying to detect observational evidences of LIVs, but no
signatures have been measured so far [55]. However, it is possible that the
cosmic gamma radiation constitutes the key to unveil this mystery. In fact,
the long travel times of GRs from extra-galactic sources combined with
their short wavelength make them a sensitive probe for energy-dependent
variation of the speed of light due to quantum-gravity induced fluctua-
tions of the spacetime metric5. As a consequence, with the improvement
of VHE astronomy it is possible to probe the existence of LIVs through
high statistics measurements of GRs from extra-galactic sources, as GRBs
or blazars, over a wide energy range.

Axion Like Particles Axion-Like Particles (ALPs) are a generic predic-
tion of many extensions of the Standard Model of particle physics: a new
class of light particles with characteristics similar to those of Axions6. The
possible existence of ALPs could have a signature in astrophysical settings,
as they are expected to convert into photons (and vice versa) as they tra-
verse cosmic magnetic fields [57]. As a consequence, relative to very bright

5This effect is similar to a non-trivial refractive index of the vacuum, introducing time
delays between photons with different energies traveling over large distances.

6Hypothetical elementary particles whose existence was postulated to resolve the
strong CP problem in quantum chromo-dynamics [56].
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and distant sources, the ALP–photon coupling can result in a detectable
enhancement of the TeV photon flux, introducing a spectral modulation
dependent on the ALP mass [58]. Moreover, such ALP–photon oscillations
effectively make the Universe more transparent to gamma rays (compet-
ing with the absorption on the EBL) [59]. For these reasons, photons in the
highest range of GRs from distant cosmic sources can provide a powerful
tool to search for possible new physics beyond the Standard Model.



2
Imaging Atmospheric Cherenkov

Telescopes

In the last century, detectors flown in spacecraft seemed to be the obvious
route for detecting the gamma radiation from cosmic sources, as the in-
coming photon flux is rapidly attenuated by the Earth atmosphere at such
high energies. However, the genetic relationship with cosmic-ray particles
causes the flux of cosmic gamma rays to decrease rapidly with increasing
energy (remember equation 1.1), and hence a very large detector area is
required to have a good statistics in the VHE domain and beyond. For
this reason, ground based telescopes with big collecting areas are actually
the only instruments adequate for an effective study of the cosmic gamma
radiation so far, given a good strategy to reject signals due to hadronic cos-
mic rays based on image analysis1. Of course, as the gamma photons do not
reach the ground level, such telescopes provide only an indirect detection,
nevertheless it is possible to obtain VHE spectra and VHE sky imaging,
as the energy and direction of the primary photons can be reconstructed
anyway. These instruments record the Cherenkov effect produced in the
atmosphere by the incoming cosmic radiation and hence they are called
Imaging Atmospheric Cherenkov Telescopes (IACTs). This chapter is dedicated
to their characteristics and their operating principles (section 2.1), but also

1Onboard satellites this rejection is made through anti-coincidence counters.

29
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on the phenomena of Cherenkov light (section 2.1.3) and the production
of Extended Air Showers (EASs, section 2.1.2). Finally, the key features
of IACTs and some major examples of instruments (section 2.3) will be
presented and discussed.

Fig. 2.1: Original setup (left) for the discovery of Cherenkov light pulses
from extensive air showers (right): a garbage can, a 60 cm diam-
eter mirror in it, and a PMT in its focus (used by Galbraith and
Jelly, in 1952).

2.1 Introduction

The electromagnetic spectrum extends for more than 20 energy decades
(or orders of magnitude), between radio and gamma rays. Every energy
band experiences a different behavior of the Earth atmosphere, depend-
ing on the frequency of the incoming photons: for example, cosmic GRs
are completely absorbed in interactions with atoms and hence they can-
not reach the ground level of our planet. Therefore, Earth atmosphere is
not transparent for GR photons, but their interaction gives rise to a pe-
culiar phenomenon (a Cherenkov flash) that can be recorded by IACTs,
and hence the arrival of a cosmic GR can be successfully detected any-
way. In particular, when a VHE particle (not only photons, but leptons and
hadrons too) interacts with the atmosphere, it produces an Extended Air
Shower (EAS), or a cascade of secondary particles (section 2.1.2). As long
as these products are charged and so energetic to be faster than light in
the air, they radiate near-UV and optical photons in a narrow cone around
their flight direction, due to the Cherenkov effect (section 2.1.3), originat-
ing a rapid (⇠10

�9
s) flash of light. Through an appropriate sampling fre-

quency, IACTs can record these signals over the Night Sky Background
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Fig. 2.2: Jelley’s “light receiver” in 1961, Harwell (UK): three 1m f/0.5
mirrors mounted equatorially for drift scans [60]. In following
years the light collecting area would be increased using a cluster
of small mirrors with a common focus.

(NSB) and retrieve the origin and the energy of the primary cosmic GR.
Basically, IACTs exploit the atmosphere as a giant calorimeter, where the
telescope is the actual sensitive device, hence taking advantage of a huge
effective collection area, much bigger than the real size of the instrument.
The idea of such instruments dates back to the beginning of the second
half of the last century, as it is briefly reported in the next section.

2.1.1 Brief history

Historically, Pierre Auger first reported of the charged particles of an EAS
in his work about cosmic rays in 1939 [61]. Afterwards, the idea that
such particles could emit Cherenkov radiation in air was first conceived
by Blackett in 1948 [62], who estimated also that 10�4 of the light of the
night sky would arise from this process. Already in 1952, Galbraith and
Jelley revealed the presence of light-pulses of short duration correlated
with cosmic radiation using a photomultiplier and a very raw optical ap-
paratus [63] (see figure 2.1, and its evolution shown in figure 2.2). Despite
this exciting early result, the development of IACTs was quite slow in this
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Fig. 2.3: The Whipple 10m telescope, on Mt. Hopkins (USA).

period: the next generation2 of instruments came out only in 1967, with
the hard work of Trevor Weekes on the Whipple telescope [65], shown in
figure 2.3, that was awarded at the end with the first detection of the Crab
pulsar at TeV energies [66], after more than twenty years. The main diffi-
culty was related to the rejection of hadronic showers [5]: the signal from
any gamma point source was completely overwhelmed by flashes from
EASs produced by ordinary charged cosmic rays, spread evenly over the
sky. Nowadays the hadron rejection is performed effectively by examining
the shape of the Cherenkov images, using the so-called Hillas parameters
presented in section 2.2.1.2. However, before jumping to image analysis, it
is necessary to consider some characteristics of EASs and the Cherenkov
light production in the next sections.

2.1.2 Extended Air shower

The interaction of a High Energy cosmic particle with the atoms of the
Earth atmosphere produces a large cascade of secondary particles, known
as Extended Air Shower (EAS). This process is triggered both by pho-

2Historicaly, this is the second generation of Cherenkov telescopes, while the third is
the one characterized by stereoscopic view, i.e. Veritas, Cangaroo III [64], H.E.S.S. and
MAGIC (see section 2.3 for details).
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Fig. 2.4: Schematic description of extended air showers: EM shower (left)
and hadronic shower (right) [68].

tons and hadrons, but the respective EASs will present different charac-
teristics. In fact, GRs’ interaction is electromagnetic: they produce elec-
tron/positron pairs, giving rise in turn to other photons again. On the
other hand, the interaction of hadrons is driven by the strong nuclear force
and it presents a wider spectrum of particles, including ⇡ mesons. Both
electromagnetic and hadronic cascades will produce Cherenkov flashes
(see section 2.1.3), but their morphological structure will be different, due
to their specific development. This aspect plays a key role in order to dis-
tinguish EASs of the two kinds. This discrimination is crucial, as charged
particles arrive on the Earth after a curved path due to cosmic magnetic
fields, while IACTs perform VHE imaging of the sky relying on the straight-
ness of the path that the photons follow from the source to our planet. For
this reason, we are interested in photon induced events, while hadronic
showers constitute an undesired background in this context. The discrim-
ination is based on the shape of the consequent Cherenkov flash, so the
better we know the characteristics of both types of showers, the better we
can get rid of hadronic background in GR observations. The problem is
that hadronic cascades are much more numerous, by a factor of about 103,
even for strong gamma-ray sources as the Crab Nebula [67]. For this rea-
son, a deep analysis of both hadronic and gamma cascades is mandatory.
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2.1.2.1 Electromagnetic cascades

Electromagnetic cascades are initiated by photons or e± entering the Earth
atmosphere. They are based on two processes driven by electromagnetic
interactions: bremsstrahlung emission and pair production (described in
sections 1.2.1 and 1.2.2). In particular, the energy threshold for a gamma
photon to initiate a particle cascade through the pair production process
on air nuclei is ⇠20MeV. The newly-born charged particles will emit in
turn other gamma rays via bremsstrahlung, and hence a loop is started
and a cascade is originated. The shower extinguishes when the energy of
the final products falls below the critical energy EC , that in air is ⇠83MeV

[30]. Below this energy value, ionization losses dominate over the brems-
strahlung for electrons, while the photoelectric absorption and Compton
scattering start competing with the pair production for photons.
An important characteristic of electromagnetic cascades is that the radia-
tion length for the pair production in the ultra-relativistic limit and for the
bremsstrahlung process are very similar, ✏pp ⇡ ✏br [30, pp.271], where ✏ rep-
resents the radiation length �0 introduced in equation 1.5 on page 11 conve-
niently expressed in terms of the number of kilograms per metre squared
traversed by the particle [30, pp.175]: ✏0 = ⇢�0, indicating with ⇢ the den-
sity of the medium3. This similarity is not a surprise, as both processes
involve a photon and an electron and hence they are basically the same
interaction in terms of quantum electrodynamics [69]. As a consequence,
after a common typical distance in air �0, a photon produces a pair, and a
lepton radiates about half of its energy by means of bremsstrahlung: this
balance produces a shower quite symmetric, as it is shown in figure 2.5,
left. Moreover, for the same reason, on average, after any typical length the
number of particles in the shower is doubled, and their energy is halved,
therefore after a distance n�0 the cascade contains 2

n particles of average
energy E0/2n, where E0 represents the energy of the primary gamma.
Regarding the vertical extension of the EAS, the cross-section for pair pro-
duction is weakly dependent on the photon energy and hence the height
of the shower ignition is similar for different GR energies: ⇠20 km to 30 km

above sea level. The EAS is disrupted when the average energy per par-
ticle is EC , that will be coincident with the moment when the number of
particles is maximum. The altitude HMAX at which this condition is ful-
filled is inversely proportional to the logarithm of the primary gamma-ray
energy, HMAX / 1/ ln(E0) [70]. In conclusion, the peculiar properties of
electromagnetic cascades are: (i) only photons and e± are produced; (ii)

3For ⇠1TeV gamma ray, ✏ ⇠33 g/cm2 [30].
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the initial growth of the cascades is exponential; (iii) the shower depth
increases logarithmically with the energy; (iv) beyond the maximum, the
electron flux drops due to ionization losses and the shower is rapidly ex-
tinguished.

2.1.2.2 Hadronic cascades

Hadronic cascades are much different from electromagnetic ones. They
originate from the interaction between atmospheric nuclei and cosmic rays.
In these cases, normally the EAS is started by protons, as they are the most
abundant components of cosmic rays. About the 90% of the products of
their collisions is constituted of pions, approximately in the same propor-
tion of ⇡+, ⇡� and ⇡0, but also kaons and secondary heavy nuclei can be
originated, as it is shown in figure 2.4. Afterwards, both barions and pions
undergo other interactions and decays, continuing to multiply in succes-
sive generations of nuclear collisions, hence generating the EAS.
The interactions happening inside hadronic cascades are numerous. The
neutral ⇡0 decays in energetic photons, originating e± couples and subse-
quent electromagnetic showers, while charged pions decay in muons and
neutrinos. The low energy muons in turn decay weakly into positrons,
electrons and neutrinos (see eqation 1.6 on page 11) starting other sec-
ondary electromagnetic showers, while the muons produced by very high
energy pions, in the uppermost atmosphere, are very penetrating and reach
the ground4 without taking part in other nuclear interactions, but radiat-
ing part of their energy by ionization. Also secondary protons lose energy
by ionization, and the cascade stops when their energy falls below ⇠1GeV,
the threshold for pion production. In general, the shape of the hadronic
EAS is more articulated and large, with respect to the electromagnetic one.
In fact, nuclei and mesons are heavy particles and hence the transferred
transverse momentum in their collision is larger, therefore the resulting
EAS will be wider. Furthermore, hadronic cascades presents more sub-
showers, as they contain several components (hadronic, muonic, electro-
magnetic) leading to a not only wider but also more asymmetric EAS. Fig-
ure 2.5, presents a simulations of electromagnetic (left) and hadronic (right)
cascades, and the differences in their shapes are evident. Another gap be-
tween electromagnetic and hadronic cascades is represented by their time
length: the former develops in less than 3 ns so it is faster compared to the
10 ns taken in hadronic cascades.

4Despite their short lifetime, the ground is reached as a consequence of the time dila-
tion due to their high speed [71].
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Fig. 2.5: The different character of gamma showers (left) and hadronic showers (right),
for a 1TeV particle. Color scheme: e± red, µ± green, and hadrons in blue. The
gamma shower is slender and to lowest approximation axially symmetric about
the direction of the primary. The hadronic shower is irregular and may contain
electromagnetic sub-showers as a result of the large transverse momenta gener-
ated in hadronic interactions (simulations made with CORSIKA [link 235]).
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Fig. 2.6: Illustration of the intrinsic variability of shower development. Top: Simulation
of 10 showers, each initiated by a gamma ray of 300 GeV. Bottom: Simulation
of 10 showers initiated by a proton of the same energy. Due to larger transverse
momentum transfers, hadronic showers show larger fluctuations [72].
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2.1.3 Cherenkov Light
When a charged particle travels faster than light in a medium, there is
a reaction by the molecules producing a kind of shock wavefront in the
electromagnetic field, radiating energy mostly in the wavelength ranges
between 300 and 500 nm, detectable as a light flash. This phenomenon is
known as Cherenkov effect5, after the name of the Soviet physicist Pavel
Alekseyevich Cherenkov [74] who received the Nobel prize in 1958 for
this discovery, together with Ilya Frank and Igor Tamm [75]. Actually,
charged particles involved in EASs are so energetic to exceed the speed
of light in the Earth atmosphere, and hence they will emit Cherenkov
light. As a consequence, a very short bluish flash is produced by both
hadronic and electromagnetic cascades, allowing us to observe them with
adequate telescopes. From a microscopical point of view, the Cherenkov

Fig. 2.7: Polarization of a medium when a charged particle travels slower
(left) or faster (right) than the speed of light in it (taken from [72]).

effect arises from the Coulomb interaction. When a charged particle trav-
els through the air, it polarizes the molecules in the neighborhoods of its
trajectory: these behave in first approximation as electrical dipoles, so they
will change their orientation following the charged particle. Given that c is
the speed of light in vacuum and n is the refraction index of the medium,
if the particle velocity is low (v < c/n) then the polarization pattern is
symmetrical (figure 2.7, left) and hence the overall electromagnetic field
remains zero. On the other hand, if the particle velocity is greater than
the speed of light (v > c/n) then it travels faster than its electric field

5For more details and an historical review, refer to [73].
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Fig. 2.8: Cherenkov radiation geometrical scheme.

leaving behind a non-symmetric perturbation (figure 2.7, right). In this
case, Cherenkov radiation is emitted in association to the coherent depo-
larization of the molecules returning to the equilibrium configuration [72].
The emission of the Cherenkov light flash, or the formation of the shock
wavefront in the electromagnetic field, can be easily illustrated by means
of the Huygens Principle, as it is shown in figure 2.8. In this scheme, at
each point along the particle’s trajectory a spherical wave expanding with
speed c/n is produced. As long as the particle speed is v < c/n, wave-
fronts generated at different points and times do not intersect, but as soon
as v � c/n, wavefronts sum constructively along a conical surface. The
aperture angle ✓ of the cone around the track of the charged particle is
known as the Cherenkov angle and it can be expressed as

cos ✓ =
c/n · t
�c · t =

1

�n
, (2.1)

where � = v/c is the adimensional speed of the particle, n the dielectric re-
fraction index and t a generic time interval considered in the geometrical
construction. For every given refraction index n the Cherenkov angle is
constrained in the range [0, arccos 1

n
), and increases with the growth of the

particle speed. The value of n is related to the dielectric constant ✏ depen-
dent on the wavelength � but also on the density of the atmosphere6. On
average, its value is near to unity (e.g. at sea level �n = n�1 = 2.76⇥ 10

�4

[30]) and hence the aperture of the cone is narrow (for Cherenkov wave-
lengths the mean value of ✓ in air is ⇠1°). It is interesting to notice that the

6For details refer to [72, pp. 5].
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Fig. 2.9: Lateral Cherenkov photon density distribution of a 100GeV
gammaray-initiated shower at an altitude of 2200m a.s.l. for ver-
tical incidence. Up to 120m distance the dominant contribution
is from the shower core, while light produced by halo particles
contributes to the region r > 120m [68] (for a similar plot in the
case of hadrons refer to [76], while for energy dependence see
[77, 78]).

threshold speed for the Cherenkov effect vt can be easily converted into a
minimum Lorentz factor,

vt
c
=

1

n
�!

p
(1� �2) =

r
(1� 1

n2
) ⇡

p
(2�n) . (2.2)

Using the value of �n at ground level we obtain � ⇡ 40, therefore the
energy threshold (E = m�c2) for the production of Cherenkov radiation is
20MeV in the case of electrons.

Cherenkov light pool As a consequence of the Cherenkov light emission
scheme, an ultra-relativistic particle propagating vertically through the at-
mosphere creates an annulus of Cherenkov light on the ground, but the
sum of the contributions of all the particles involved in the EAS leads to a
full circle, the so-called Cherenkov light pool (figure 2.9, right). The shape
of the light pool is circular for vertical showers, while it results an ellipse
if the cascade propagates with some inclination. Considering the typical
Cherenkov angle ✓ ⇠ 1° and an average altitude for half of the shower
(e.g. 10 km), one obtains that the radius of the light pool is ⇠170m, but the
photon density is not uniform all over the illuminated area, and hence the
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Fig. 2.10: The plot shows the mean Cherenkov photon density within
125m of the cascade core for vertically incident showers. For
GR initiated air showers, the atmosphere behaves almost like
an ideal calorimeter (adapted from [79]).

characteristic radius is usually considered Rpool ⇠ 170m, as it is explained
hereafter.
In the case of a vertical EAS initiated by a gamma ray, the Cherenkov pho-
tons density peaks at a distance of ⇠Rpool from the core of the cascade, as
it is reported in figure 2.9, left. This peak is known as the hump, and its
origin arises from an increase in the opening angle ✓ due to changes in the
refraction index n with the altitude7. Inside the hump the photon density
is quite uniform, while outside it fades rapidly. For this reason, the radius
of the hump is considered the typical radius of the whole light pool.
Only the telescopes inside the light pool can see the EAS, as it will be
discussed in section 2.2.2.1. This ⇠240m (diameter) disc on the ground
represents the effective collecting area of the gamma-ray detector.

7For a more detailed and accurate description refer to [72].
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Fig. 2.11: Spectra of Cherenkov radiation produced by vertical EAS initi-
ated by gamma rays at different energies. The solid lines corre-
sponds to the unabsorbed spectra at 10 km altitude, while the
dashed line are the observed spectra attenuated by Rayleigh
and Mie scattering as detected at 2200m a.s.l. [68].

Cherenkov light spectrum The properties of the photons at the ground
level in the Cherenkov light pool depends on both the type of EAS and
the characteristics of the atmosphere. The mean photon density inside the
pool is related to the energy and the species of the particle originating the
EAS. In the case of gamma rays, the photon density is almost proportional
to the energy of the primary particle, as reported in figure 2.10, hence it
can be used to estimate the energy of the incident cosmic photon. This
chance is no more valid in case of different incident particles, like protons
or heavy nuclei: in this case the general equation for the number of pho-
tons emitted per unit track length dz and per unit wavelength d� is

d2Nph

dzd�
= 2⇡↵Z2 sin

2 ✓

�2
, (2.3)

where ↵ is the fine-structure constant [72]. Integrating this equation in
dz, it appears that the flux distribution of Cherenkov photons is inversely
proportional to the squared wavelength dN/d� ⇠ ��2. However, there are
several attenuation effects in the atmosphere that modify the actual shape
of the observed Cherenkov light spectrum. The most important trans-
mission loss in atmosphere is due to Rayleigh scattering off air molecules
(d < �), with a typical wavelength dependency ⇠ ��4. This phenomenon
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affects mostly the UV/blue part of the spectrum and it is the dominant
contribution during good atmospheric conditions. Another important ef-
fect is the Mie scattering8 off aerosols, dust and water droplets (d & �),
without any strong dependence on the photon wavelength (⇠ ��(1 to 1.5)).
Above ⇠800 nm the strong infrared attenuation is caused by H2O and CO2
molecules. Below ⇠280 nm ozone molecules O3 are responsible for the
absorption of hard UV photons. Since ozone is present at altitudes above
10 km, this introduces a zenith angle dependence on the lower wavelength
cutoff of the spectrum, and hence at larger zenith ranges the peak of the
Cherenkov radiation spectrum shifts to larger wavelengths. In general, for
showers at high zenith angles all the attenuation effects presented above
are more intense:cascades develop in the highest layers of the atmosphere
and hence particles need to travel a longer path. As a consequence, only
EASs initiated by particles at the highest energies are significantly detected
by the telescopes at high zenith distance ranges.
Figure 2.11 reports the shape of the Cherenkov spectrum for the case of
vertical showers initiated by gamma rays at different energy. The effects of
the attenuation processes described above can be recognized in the shape
of the spectrum, comparing the observed flux at 2200m a.s.l with the un-
absorbed spectra at 10 km altitude. In particular, it is evident the peculiar
characteristic of the peak at ⇠320 nm, in the UV band, for the spectrum of
observed Cherenkov flashes.

2.2 Operating principles

Ultra-relativistic charged particles originated in the EASs travel faster than
the speed of light in the air and hence they emit Cherenkov radiation
in a very rapid light flash. If an IACT is located inside the light pool
of the shower, pointing in its direction, part of the Cherenkov light will
be reflected in the telescope’s mirrors and collected in the detection cam-
era. The resulting image constitutes a projection of the light emitted by
the EAS, and hence through the analysis of its morphological character-
istics it is possible to retrieve the properties of the primary particle (en-
ergy and direction) that originated the shower. Sections 2.2.1 reports the
fundamental concepts of this EAS image analysis, while in figure 2.12 is
shown a schematic drawing of the operating principle of IACTs, as it is
just been described. Differently from the most of objects that telescopes

8The scattering of an electromagnetic plane wave � by a homogeneous sphere of di-
ameter d. It reduces to the Rayleigh scattering when d ⌧ � [80].



44 IMAGING ATMOSPHERIC CHERENKOV TELESCOPES

Fig. 2.12: Sketch of the imaging atmospheric technique. The Cherenkov
light from the cascade is reflected in the mirrors and collected
in the camera.

usually observe, the Cherenkov flashes have two peculiar characteristics:
(i) they happen in the atmosphere, and hence IACTs are normally focused
at ⇠10 km; (ii) they have an extremely short lifetime. The typical dura-
tion of this phenomenon can vary with the energy of the progenitor, but
it is generally about 3 ns to 9 ns. This fact has important implications on
the optical design of IACTs (see section 2.2.3), but also on electronics and
detectors, that must be very fast. Nowadays, the most common sensors
utilized for the pixels of the IACTs cameras are Photo Multiplier Tubes
(PMT, [81]), very efficient and fast (⇠3 ns) detectors. However, in recent
years the advent of Silicon Photo-Multipliers (SiPMs, [82]) sensors have
provided successful results as well and their small size, compared to cum-
bersome PMTs, has allowed to exploit new and effective optical configura-
tions, such as the dual mirror Schwarzschild-Couder design implemented
in the ASTRI telescope (chapter 3).

2.2.1 Imaging analysis of EASs

The image of an EAS on the focal plane of IACTs is a diffuse light spot
covering several pixels. The analysis of its topology provides informa-
tion on the properties of the shower and its progenitor, allowing first of
all the discrimination between hadronic and electromagnetic showers. In
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Fig. 2.13: Images recorded by the MAGIC telescopes of the Cherenkov ra-
diation induced by hadron (left), gamma ray (middle) and muon
(right) [adapted from 70].

fact, as mentioned before, the hadronic shower are much more numer-
ous and they constitute an irreducible background for the gamma-ray ob-
servations. Fortunately, the rejection of hadronic events is made effec-
tively with the gamma/hadron separation procedure presented in sec-
tion 2.2.1.1. However, there are other sources of background, such as
muons or cosmic e±: while the former can be easily rejected because of
their typical ring-like images on the camera plane (see figure 2.13), the lat-
ter produce electromagnetic cascades identical to those produce by gamma
rays and hence they are impossible to be distinguished. Moreover, the dif-
fuse gamma radiation coming from the galactic plane [83] can be also a
noise source for specific galactic observations. Lastly, besides the back-
ground from the EASs, photons isotropically distributed on the sky can
affect the observations as well: this is the so-called Night Sky Background
(NSB) that is formed by the stars’ light, airglow, polar and zodiacal light,
and artificial lights.

2.2.1.1 Gamma–hadron separation

The discrimination between different progenitors is successfully operated
through the analysis of the topology of the showers. In general, the dif-
fuse light spot produced by the EAS in the focal plane can be roughly fit-
ted with an ellipse, whose parameters can be effectively used to perform
the separation between hadron and electromagnetic signals. Figure 2.13
qualitatively illustrates how in principle this rejection of background can
be performed.
Showers initiated by gamma rays tend to be compact and narrow: their

shape tends to be roughly elliptical and with rather clean edges. The ma-
jor axis of the elongated light spot is the projection on the focal plane of
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the shower axis, therefore pointing to the position of the apparent source
direction in the camera coordinate system. Among researchers, these im-
ages are nicely called “goldfishes” (figure 2.13, center). Inversely, hadronic
showers tend to produce wider images, more fragmented and irregular,
reflecting the characteristics of their cascades, and are not aligned in gen-
eral with the supposed source at the center of the field of view, because
cosmic rays arrive isotropically (figure 2.13, left). Lastly, muons travel-
ing towards the telescope produce characteristic ring–shaped images (fig-
ure 2.13, right), due to their isolated Cherenkov cone9. In the case where
the muon impact parameter is large (i.e. the distance between the tele-
scope and the point where the ray hits the ground) the figure will be in-
complete and a characteristic light arc will appear in the image.
A refinement of the basic concepts presented here provides an effective
procedure for the rejection of the background showers initiated by charged
particles. This operation is made with the usage of the so-called Hillas pa-
rameters [84], presented in the next section.

2.2.1.2 Hillas parameters

Knowing the brightness of each pixel, the raw image can be adequately de-
scribed by the position of the centroid and second moments (RMS width
and length) of the (noise-cleaned) light distribution. In practice, the pos-
sibly complicated image shape of an EAS is reduced to an equivalent el-
lipse, with length and width as semi-major and semi-minor axes of the
light pattern. With this parameterization, it is possible to distinguish very
effectively between background hadronic showers and gamma ray show-
ers from a point source. More in details, considering the image recorded
and its main axis (the direction best interpolating the signals), the full set
of Hillas parameters [84] can be defined as follows:

• length, the RMS of light in direction parallel to the axis;

• width, the RMS of light in direction perpendicular to the axis;

• frac, fraction of the total light collected which is contained in the two
brightest pixels (i.e. the “concentration” of the image);

• miss, the perpendicular distance of the source from the image axis;

• azwidth, (or azimuthal-width) the RMS width relative to the axis
joining the source with the centroid of the image;

9Muons are originated in hadronic showers but they can have very large emission
angles because of their light weight compared to hadrons.
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Fig. 2.14: Hillas parameters used in the description of Cherenkov shower
images. C represents the signal centroid, while S is the sup-
posed source (center of the field of view). The E point is the
source position expected from data, see section 2.2.2 (adapted
from[5]).

• distance, the distance of the centroid from source.

Figure 2.14 presents these parameters with a conceptual drawing. With 3D
Monte-Carlo calculation, simulating both hadronic and electromagnetic
showers, it is possible to demonstrate that for each parameter there is a
boundary marking off the “gamma domain”, containing most gamma im-
ages but not many hadrons [84]. In particular, the most effective single
parameter is azwidth leading to rejection of over 98% of hadronic images.
The miss parameter was subsequently replaced by alpha [85], the angle
between the image axis and the direction of the (supposed) source. This
new parameter presented superior properties to miss and soon became an
important tool also to announce the detection of a gamma point source
with the so-called alpha-plot, which is presented in the next section.

2.2.2 Sky sources view
IACTs are peculiar telescopes: they do not record the radiation from the
cosmos but from the atmosphere, and hence in their cameras ther is not
the formation of images from celestial sources. The way an IACTs actually
sees a source is through the excess of gamma photons from a specific sky
region.

Alpha-plot The detection is carried out comparing the data taken point-
ing towards the supposed position of the source (“ON” mode) and point-
ing an empty sky region (“OFF” mode). In case of detection, the histogram
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Fig. 2.15: Alpha-plot of the Crab detection with the ASTRI–Horn tele-
scope. with a total of 12.4 h ON-source and 5.4 � significance
[86].

of the alpha parameter will present a peak in 0° for events on-source, with
respect to those off-source showing a nearly random distribution. This
means that the EASs are mostly oriented to the center of the field of view
when the telescope is pointing the position of the supposed source, which
is a strong evidence for the actual presence of a gamma ray emitter. Im-
age 2.15 reports the alpha-plot of the first detection of the Crab Nebula
with the telescope ASTRI–Horn, and similar plots can be found in the pa-
pers of the first detections from other telescopes [86, 87, 88, 5].

False source plot The alpha-plot is a useful tool to present the detec-
tion of a point-like source and estimate its flux, but normally it has only
a coarse angular resolution and does not provide the possibility to figure
out a sky map of the source in case of extended emission regions. To this
end, it is necessary to estimate the direction of origin of the photons with-
out assuming that the source is concentrated in the center of the field of
view as in the alpha-plot method. Actually, with the analysis of Hillas pa-
rameters, it is possible to extract the source position relying only on the
observed light ellipse (see the E point in figure 2.14), and hence to obtain
for each shower a celestial coordinate associated to the primary gamma
ray photon. The cumulative 2D distribution of the photons will provide a
representation of the morphology of the source, showing the regions with
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Fig. 2.16: Sky map (false method plot) of an extended gamma ray source
with the HESS telescope (see section 2.3.1) [89]. The object is a
shell-type SNR (RX J1713.7-3946 [link 273]) while the plot is
smoothed with a �20 Gaussian, which is denoted as black circle
in the inset. See also [90] for observations with increased angu-
lar resolution.

the most intense emission. This technique is often referred to as false-source
plot (or false-method) and an example10 is reported in figure 2.16. The an-
gular resolution of such images is much better than the typical bin width
of alpha-plots, and it doesn’t correspond to the optical point spread func-
tion of the instrument nor the field of view of each pixel, as the telescope
is observing the atmosphere, not the sky sources. The actual sky angular
resolution of an IACT can be estimated through the so called theta-squared
plot, which is presented in the next section together with a powerful tech-
nique to increase the angular resolution: the stereoscopic vision.

2.2.2.1 Stereoscopic vision

Estimating the source position E through the analysis of the hillas param-
eters, it is possible to compute the angular distance ✓ by which the appar-
ent arrival direction of any gamma-like shower differs from the direction

10The process of creation of a false plot is described in an illuminating animation avail-
able online [link 236].
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Fig. 2.17: Conceptual drawing representing the stereoscopic view strat-
egy. The Cherenkov light produced by the EAS initiated by
a gamma ray (left) is recorded by four ASTRI telescopes (cen-
ter): the stereoscopic analysis (right) provides an accurate recon-
struction of the original gamma-ray photon direction of origin.

of some supposed source S. Considering an histogram, similarly to the
alpha-plot, for background events there should be a uniform distribution
in ✓2, while for a true source there should be an excess11 of events at very
small ✓2. It is important to note that ↵ is the angle subtended by the seg-
ment ES in the camera coordinate system, while ✓ is the conversion of the
distance ES in angular units using the plate scale of the telescope (see sec-
tion 2.2.3). Consequently, theta-square plots allow to define the true angular
resolution of the IACT, defined as the angular radius ✓68 containing the
68% of the “on-source” excess signal, with the threshold energy adopted
for the selection of the events [5].
Especially at low energy scales where the cosmic flux is more abundant,
a good angular resolution is fundamental both to separate the contribu-
tion from different sources and to retrieve the shape of extended emission
regions. For this reason, in modern IACTs observatories, the estimation
of the source position is improved with a powerful technique: the stereo-
scopic view. With two or more telescopes several meters apart, pointing
in the same direction, the light from every shower is recorded under dif-
ferent perspectives, creating different images whose main axis intersect in
correspondence of the source. This method provides an improvement of
the angular resolution12 of the IACT technique and traditionally its imple-

11The same argument applies also to the ✓ distribution, but ✓2 allow a better visualiza-
tion of the narrow peak.

12Actually, when the impact parameter is very large, and hence the intersection angle
is very small, the average of the positions E extracted with the Hillas parameters could
be a better approximation (see [5, fig.14] for more details).
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mentation marks the beginning of the “third generation” of instruments:
arrays of imaging telescopes operating stereoscopically. Figure 2.17 re-
ports a graphic representation of the stereoscopic technique.

2.2.3 Optics
Unlike other astronomical telescopes, to study the cosmic radiation IACTs
observe atmospheric phenomena: fast, faint and diffuse Cherenkov flashes.
For this reason, the characteristics of their optical design have to cope with
peculiar requirements.
First, to avoid contamination of the shower images with night sky back-
ground photons, the exposure must be matched to the intrinsic duration
of the Cherenkov light pulse from atmospheric cascades, less then 10 ns.
Therefore, unlike in conventional optical astronomy, the image cannot be
improved integrating for long exposures. This motivates the development
of optical systems with very large primary mirrors, having diameters in
the range of 10m to 30m, to collect as much light as possible. In addition,
the optical systems of IACTs must be composed of the minimal number of
elements, typically one, to circumvent light loss. Lastly, the time spread
of the optics must be very small, as also the temporal evolution of the
Cherenkov shower is an important element for scientific analysis.

Notation Before focusing on the considerations of the next sections, it is
important to spend a few lines to clarify the notation of the present thesis.
The very basic elements of optics to describe the configuration of an IACT
(as for every other telescope) are the focal length f , the primary mirror
raw aperture D, the focal ratio f/ = f/D and the plate-scale PS of the
instrument. In particular, the plate-scale connects the angular extension of
an object ✓ with the linear dimension s of its image at the focal plane [91],

PS = ✓/s = 1/f , (2.4)

and it is usually measured in 0/mm or equivalently 0/px.

2.2.3.1 Davies–Cotton design

The Davies-Cotton (DC) design is the most common optical configuration
among IACTs. It consists in spherical panels of focal length 2f on a sphere
of radius f , equal to the focal length of the system [72]. With this con-
figuration, free of spherical aberration, even for inclined rays some facets
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Fig. 2.18: Scheme of the Davies–Cotton optical design (adapted from
[96]).

are on-axis, thus reducing the coma aberration, which remains anyway
the most important limit of this optical design.A very common modified
version of this optical configuration is obtained by arranging the spherical
facets, with increasing focal length, along the surface of a parabola, in or-
der to reduce the time spread and obtain an isochronous telescope [92].
In origin, the DC configuration was not conceived for astronomical pur-
poses, but it was developed for solar concentrators [93]: facilities where
the solar light is focused for producing energy. However, nowadays the
DC is widely spread among IACTs ([92, 94, 95], and [76, Appendix A])
because of the following features: first, it is inexpensive to build, as all
the facets are identical; second, the alignment is trivial, as the facets are
spherical; third, the performance at large field angles is better than that of
a single spherical or parabolic reflector [65].
The most important limit of this optical design is that the coma aberra-
tion cannot be removed in such a single mirror system, because in general
n reflecting surfaces at least are necessary to correct n aberrations13 [97].

13This very general result is sometimes referred to as the Schwarzschild theorem of optics.
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Moreover, in this configuration it is impossible to implement modern and
efficient Silicon PhotoMultipliers (SiPMs, [98]) detectors on the focal plane,
because their small dimension compared to PMTs would lead to a useless
oversampling of the point spread function (PSF), making unacceptable the
effort of maintaining a camera with an impressing high number of sensors
[99, 92]. The only chance to implement miniaturized detectors would be
to increase the plate-scale of the instrument, so reducing the focal length,
which would have disastrous consequences on a DC telescope because of
the primary aberrations which behave as negative powers of f . However,
having an aplanatic telescope (i.e. free of coma and spherical aberrations)
the possibility to shorten the focal length would become more interesting.

2.2.3.2 Schwarzschild–Couder design

In 1905 Karl Schwarzschild invented a new aplanatic optical configuration
[100], composed of two reflecting surfaces, and in 1926 it was enhanced by
André Couder [101], who introduced a curved focal plane to reduce the
astigmatism aberration. At that time, it was impossible to manufacture a
mirror surface with the correct geometry, and hence the Schwarzschild-
Couder (SC) design was forgotten for almost a century. In 2002 Lynden-
Bell, starting from this pioneering work, proposed a solution for exact op-
tics in aplanatic telescopes [102], but it was only in 2007 that Vladimir
Vassiliev proposed to recover that configuration, with adequate modern
improvements, to develop a new optical design for IACT application [99].
The ultimate purpose is to extend the highest limit of the gamma ray ob-
servable range with IACTs. To this end, a wide FoV is mandatory, because
the most energetic photons originate longer showers, visible even if they
have an impact parameter of few kilometers, hence producing very elon-
gates images on the focal plane. Moreover, a large FoV means a wider
overlap for the stereoscopic analysis, and it allows in principle a larger dis-
placement of the telescopes on the ground, hence increasing the collecting
area. This leads to the requirement of a small f , but this in turn unavoid-
ably implies that aberrations become dominant and the plate-scale gets
larger, ruining the resolution of the instrument.
The advent of miniaturized SiPM sensors [82] to cover the focal plane of
IACTs has permitted to find a balance between the competing require-
ments of adequate plate scale, tolerance to aberrations, large field of view
and large telescope aperture, exploiting the possibility of new optical con-
figuration such as the dual mirror SC design, with its enhanced optical
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Fig. 2.19: Scheme of the Schwarzschild–Couder optical design (adapted
from [99]).

properties14.
The most important disadvantage of the SC configuration is that the dou-
ble reflection reduces the effective area of the telescope, both for the shadow
of the secondary mirror and for the reflectivity of the surfaces that is never
equal to 100%. Moreover, the short focal length makes the system more
difficult to be managed in general, as it will result very sensitive to little
variations in the alignment and positioning of optical elements. Lastly, the
light rays will arrive on the camera surface with high incidence angles,
thus requiring a good behavior relative to refraction for the material of ev-
ery possible filter or shield in front of the sensors. The SC configuration
was implemented in the realization of two new types of telescopes: SCT
[103? ] described in section 2.3.4, and ASTRI [104], to which is specifically
dedicated the chapter 3 but also the whole thesis.

14In optical astronomy a well-known example of aplanatic system in the Cassegrain
configuration is the Ritchey-Chretien design (Hubble, Keck, VLT, WIYN etc.). In this case
the second mirror increases the focal length while in the SC design it has the effect to
shorten f .
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2.3 Examples of IACTs

In this section we present a brief overview of the major IACTs currently
in operation: HESS, VERITAS and MAGIC, whose main features are re-
ported in table 2.1, together with the next-generation CTA Observatory
that is in an advanced state of development at present. Traditionally, in the
so-called third generation of IACTs [5] are included also the CANGAROO
experiment [64], dismissed in 2011, and the HEGRA apparatus15 [105, 106]
dismantled in 2002. In very recent years, also twenty Cherenkov tele-
scopes have been realized for the LHAASO experiment, already described
in section 1.2.4.3.

Name Telescopes Energy range FoV Resolution

HESS 5 0.030–100 TeV 3.2° – 5.0° 0.08° – 0.14°
VERITAS 4 0.050–50 TeV 3.5° 0.1° – 0.14°
MAGIC 2 0.025–30 TeV 3.5° 0.08° – 0.17°

Table 2.1: Details of current Cherenkov telescopes.

2.3.1 H.E.S.S.

H.E.S.S. is a system of five IACTS located in Namibia, investigating cos-
mic gamma rays in the energy range from 30GeV to 100TeV. The name
H.E.S.S. stands for High Energy Stereoscopic System, and is also intended
to pay homage to Victor Hess, for his discovery of cosmic radiation. The
first four telescopes went into operation in December 2003 (H.E.S.S. I,
[107]), while a much larger fifth telescope (H.E.S.S. II, [108]) is operational
since July 2012, extending the energy coverage towards lower energies
and further improving sensitivity. In particular, the H.E.S.S. II telescope
has a parabolic reflector of 36m focal length consisting of 850 individual
mirrors, with a an impressing diameter of 28m and a total mass of almost
600⇥ 10

3
kg. The four H.E.S.S. I telescopes present a spherical DC optical

layout, with a focal distance f of 15m combined with a characteristic dish
size D of 13m. The camera is endowed with PMTs and supported by four
arms. It presents a FoV of 5° diameter and a pixel size of 0.15°, resulting in
960 pixels for each camera. In front of PMTs there are non-imaging light
concentrators (in particular, Winston cones [109]) to reduce dead areas at

15Web page still available [link 246].
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Fig. 2.20: Picture of the HESS telescope in Namibia (taken from [link 247]).

the outer edges of PMTs due to their circular shape and the support struc-
tures, but also to limit the solid angle viewed by each PMT hence reducing
noise due to stray light. A guide telescope mounted off-axis on the dish
and equipped with a CCD camera provides arc-second pointing resolution
for each of the five telescopes [92].

2.3.2 VERITAS
VERITAS (acronym of Very Energetic Radiation Imaging Telescope Array Sys-
tem) is a ground-based gamma-ray telescope operating at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona, USA. It is an array of
four optical reflectors, optimized for the energy band between 50GeV and
50TeV, with maximum sensitivity from 100GeV and 10TeV. The optics
of each VERITAS telescope follows the Davies–Cotton configuration, with
a 12m raw aperture equal to the focal length of the instrument (f/ = 1),
covered by 350 identical hexagonal spherical mirrors, of area 0.322m2 and
radius-of-curvature of approximately 24m, giving a total reflector area of
110m

2 [94]. The use of hexagonal facets allows the full area of the op-
tical support structure to be exploited. The increased f/ with respect to
the Whipple telescope (D = 10m, f/ = 0.7) introduced a remarkable im-
provement in the optical quality of the telescopes, by reducing the effects
of aberrations. This enhancement was fundamental as the displacement of
the 499 PMTs on the focal surface ensured a better angular resolution: each
PMT is 25mm diameter, and the maximum distance between their centers
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Fig. 2.21: Picture of the VERITAS telescope in Arizona (USA) (taken from
[link 278]).

equals to 0.15°. In front of the camera there is an array of 499 light cones,
funnels with a hybrid of the Winston light concentrator design, optimiz-
ing the efficiency of the VERITAS camera made of circular PMTs arranged
in a hexagonal pattern [110]. An auxiliary optical telescope is adopted for
the pointing.

2.3.3 MAGIC

MAGIC (acronym of Major Atmospheric Gamma Imaging Cherenkov Telescopes
[link 258]) is an instrument composed of two telescopes located at the Ob-
servatorio del Roque de los Muchachos, on the Canary island of La Palma
(Spain). The observatory is located at the top of an extinct volcano, with
the MAGIC telescopes at an altitude of 2200m above sea level, in a site
among the best locations for optical astronomy all over the world, due to
the favorable weather conditions and the low artificial light pollution. The
construction of the first telescope (MAGIC-I) was completed in 2004 and
it was operated in standalone mode (monoscopic observations) until 2009,
when the second telescope (MAGIC-II) was completed, 83m apart along
the SW–NE axis. The energy range of MAGIC ranges between 25GeV and
30TeV, and it was originally conceived in 1998 [76] with the main goal of
being the IACT with the lowest possible gamma energy threshold so to
cover the energy gap between space-based instrument (e.g. EGRET on-
board the CGRO satellite) and the previous generation of ground-based
telescopes [88].
The two telescopes have a diameter of 17m, equal to the focal length (f/ =
1), and a total reflecting surface of 236m2. They present a parabolic shape
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Fig. 2.22: Picture of the MAGIC telescope in LA Palma, at Canary Islands,
Spain (Credit: G.Ceribella [link 259]).

(z = r2/(4f)), to ensure the isochrony of the reflected light, while the num-
ber of spherical mirrors is different (964 facets for MAGIC-I and 247 1m

2

mirrors for MAGIC-II) and their focal length varies with the distance from
the optical axis. The orientation of each mirror is adjusted several times
during the observations by software-controlled actuators [111], maintain-
ing the ideal configuration to keep the telescope focused to about 10 km,
the typical distance of the EAS maxima for the energies at which MAGIC
operates [112].
The MAGIC camera has 1.5m diameter, 450 kg weight and 3.5° FoV. The
inner hexagonal area is composed by 397 0.1° FoV hemispherical PMTs
of 25mm diameter, surrounded by 180 0.2° FoV PMTs of 39mm diameter
[81]. The PSF on-axis16 is about half a pixel (⇠10mm), corresponding to
an angular size of ⇠2

0. Winston cones light guides are adopted to concen-
trate the incoming radiation into the PMTs increasing the efficiency of the
camera [113]. A close-up view of the light cones is reported in figure 2.23.

16In this optical design the PSF off-axis has larger dimension (see section 3.2 for com-
parisons).
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Fig. 2.23: Close-up view of the MAGIC camera light guides (photo credit:
C.Righi). This picture was presented in the scientific photogra-
phy exhibition reported in appendix C.

2.3.4 CTA

CTA stands for Cherenkov Telescope Array and it is the future generation of
ground-base observatory to study the VHE gamma rays. It is planned to
have 118 IACTs in total, distributed between two sites: the Northern ar-
ray will be located in La Palma, at El Roque de los Muchachos along with
the MAGIC telescopes; the Southern site will be placed in the Paranal Ob-
servatory (Chile). The full energy range of CTA will be between 20GeV

and 300TeV, and three classes of telescope types will be adopted to cover
such a wide energy band. Eight Large-Sized Telescopes (LSTs), four per
each site, will work in the energy range below 100GeV. Seventy Small-
Sized Telescopes (SSTs) will be located at the Southern site to study the

Specification LST MST SST

Mirror diameter 23m 12m 4m

Energy range 10–500 GeV 0.1–10 TeV 1–300 TeV
Telescopes 8 40 70

Table 2.2: Specifications of the three classes of CTA telescopes (see [link
237] for more details).
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Fig. 2.24: Rendering of telescopes for CTA. LST on the right, ASTRI on the
left, while two prototypes for the medium size telescopes (SCT
and MST) are in the middle (taken from [link 237]).

energy range above 10TeV. Lastly, for the core energy range (100GeV

to 10TeV), CTA is planning forty Medium-Sized Telescopes (MSTs), 15 in
the Northern site and 25 in Chile. Each of the three classes of telescopes
correspond to different working sub-groups within the Collaboration. Fig-
ure 2.24 shows a rendering of the prototype telescopes, while table 2.2 pro-
vides a summary of these three classes, whose main characteristics will be
discussed in the following paragraphs.

2.3.4.1 Large-Sized Telescope (LST)

The LST telescope is designed to work in the low energy range, down to
20GeV, where gamma rays photons produce a small amount of Cherenkov
light, and hence a very large mirror is required to capture their image. For
this reason, LST is an alt-azimuth telescope with a 23m raw aperture for
a total reflective surface of ⇠370m

2 [114]. The optical design is based on
a parabolic configuration with a 28m focal length, accommodating 198
spherical segmented mirrors with hexagonal shape of 1.51m side-by-side
size [115]. The whole telescope is supported by a tubular structure made
of reinforced carbon fibre and steel tubes: although it stands 45m tall and
weighs around 100⇥ 10

3
kg, LST is extremely nimble and is able to re-

position within 20 s, allowing very fast transient sources follow up.
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Fig. 2.25: Picture of the LST-1 prototype telescope in La Palma (photo
credit: C.Righi). This photograph was presented in the scien-
tific exhibition reported in appendix C.

The camera weights about 2⇥ 10
3
kg and it is composed by 1855 0.1° FoV

PMTs, equipped with light concentrators, providing a total FoV of 4.5°
[116]. Recently, an interesting study was carried out about the possibility
to replace the PMTs with more efficient SiPM [117], but initial design is not
changed so far.
The construction of the LST prototype, LST-1, was completed in October
2018 in La Palma, Canary Islands (Spain), on the site of the Observatorio
del Roque de los Muchachos. The prototype is foreseen to become the first
LST telescope of CTA, and actually it is the first telescope on a CTA site, to
be operated directly by the CTA Observatory (CTAO). Figure 2.25 shows
a beautiful picture of the LST-1 prototype.

2.3.4.2 Medium-Sized Telescope (MST)

CTA will host 40 MST to cover the core energy range between 100GeV

and 10TeV. Currently, there are two alternative types of medium-sized
telescopes available for CTA, named MST and SCT, that are briefly pre-
sented below.
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MST The first prototype is called MST, acronym of Medium Size Tele-
scope17, a single-mirror instrument with an alt-azimuth mount. The optics
is arranged as a modified Davies–Cotton design: a tradeoff to optimise
the PSF over a large fraction of the Cherenkov camera’s FoV and to im-
prove the isochronocity of the reflector. The mirror is tessellated and con-
sists of 86 hexagonally-shaped segments with 1.2m flat-to-flat side length.
The mirrors are mounted on a sphere of 19.2m radius. The distance be-
tween the imaginary central mirror and the focal plane of the camera is
f = 16.0m, while the spherical mirror segments themselves have a radius
of curvature of 32.14m, i.e. approximately twice the focal length, and are
aligned to reflect rays parallel to the optical axis into the focal point. The
diameter of the aperture is 12m [118]. The structure of the telescope is
made out of steel, to ensure sufficient stiffness under varying elevation
angles, without the need of active mirror alignment during the observa-
tion. In the phase of initial telescope assembly, a set of actuators are used
to align the individual mirrors forming a homogenous reflector, collecting
the light on the focal plane where the Cherenkov camera is located. In par-
ticular, up to now there are two alternative pixelized Cherenkov cameras
designed for the MST, both endowed with PMT sensors: NectarCAM and
FlashCAM [119]. The pointing calibration for MST makes use of a single,
wide FoV CCD camera installed in the dish center, aligned to the optical
axis of the telescope and facing the Cherenkov camera. The FoV of this
camera is chosen sufficiently large to observe both the star field (to deter-
mine the direction of the optical axis) and the pointing LEDs mounted on
the Cherenkov camera body (to determine its orientation w.r.t. the optical
axis) [120]. A prototype was built in 2013 in Adlershof, Berlin, for tests
and serial production preparation of mainly the optical and mechanical
systems [121].

SCT The second prototype is SCT, acronym of Schwarzschild–Couder Tele-
scope, which is a dual-mirror instrument and the only one in the world
with a pure SC optical design. The first mirror aperture is 9.7m in diame-
ter, while the secondary mirror is 5.4m, and the focal length of the system
is f = 5.6m. Both the reflectors are segmented and endowed with an ac-
tive alignment system [122]. The large plate scale of the optical system
allows densely packed miniaturized SiPM to be used for the Cherenkov
camera, which will present ⇠7.6° FoV and 11 328 pixels in total (resolution

17The prototype telescope shares the same name with the CTA class of telescopes.
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Fig. 2.26: The prototype telescope pSCT.

0.067°). Up to now, a prototype telescope (pSCT, see figure 2.26) has been
constructed at the Fred Lawrence Whipple Observatory in Arizona (USA),
with the main goals to demonstrate the performance of the optical system
and gain experience with the optical alignment and operation of the SiPM
camera. It presents a reduced configuration of only 1600 pixels covering
a FoV of 2.7° [123]. It was officially inaugurated on 17 January 2019, and
within the first year of operation it carried out the detection of the Crab
Nebula with a statistical significance of 8.6 � [87].

2.3.4.3 Small-Sized Telescope (SST)

The Small-Sized Telescopes (SSTs) will outnumber all the other telescopes
with 70 instruments planned to be spread out over several square kilome-
ters in the Southern hemisphere array only. SSTs are designed to work
in the highest energy range, where gamma-ray showers produce a large
amount of Cherenkov light over a large area, and hence their primary
aperture is smaller compared to MSTs and LSTs, while their FoV is wider
and their arrangement is larger on the ground. Originally, there were
three different SST prototypes proposed for CTA: ASTRI [124], GCT [125]
and SST-1M [126]. After a long harmonization process the CTAO decided
that the CTA-SST design should be based on the ASTRI design, taking
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Fig. 2.27: Picture of the prototype CHEC Cherenkov camera (Credit:
C.Foehr/MPIK).

into account the experience gained from all others. A rendering of the
current proposed SST design is reported in figure 2.28. The mechanical
structure is identical to the one implemented in the ASTRI MiniArray, as
well as the optical design, described in detail in chapter 3. It is based
on a dual-mirror modified18 Schwarzschild-Couder aplanatic configura-
tion, with a 4.3m primary mirror segmented into hexagonal facets and
1.8m monolithic secondary mirror. However, the SST Cherenkov camera
is different from the MiniArray: SSTs will be endowed with the CHEC
SiPM Cherenkov camera, consisting of 2048 silicon photo-multiplier pix-
els forming approximately a 9° ⇥ 9° field of view [127] (figure 2.27.

18See section 3.2 for details.
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Fig. 2.28: Rendering of the current ASTRI design for the CTA’s SST tele-
scopes (taken from [link 237]). This mechanical structure is opti-
mized with respect to the first version adopted for the prototype
ASTRI–Horn. Together with the CHEC camera (figure 2.27), 70
identical telescopes with this design will be implemented in the
incoming observatory CTA.





3
The ASTRI project

ASTRI is a project aiming at the study of VHE cosmic radiation thanks
to the end-to-end development of a new class of IACT, presenting sev-
eral technological novelties in both the optical design and the acquisition
chain [link 225]. The name ASTRI is the acronym of Astrofisica con Spec-
chi a Tecnologia Replicante Italiana (astrophysics with Italian replicant tech-
nology mirrors) with explicit reference to the process for the realization
of the mirrors developed by INAF, which is applied today also to the re-
flectors of other instruments [128]. The ASTRI telescopes were originally
conceived as SSTs for CTA (see section 2.3.4.3), but today the project is
more ambitious and articulated: after the success of the prototype tele-
scope ASTRI–Horn in Italy, it is currently under development the realiza-
tion of an array of nine ASTRI telescopes, to be installed in the Canary Is-
lands as a pathfinder for CTA: the ASTRI MiniArray. The whole project is
supported by the Italian Ministry of Education, University, and Research
(MIUR) with funds specifically assigned to the Italian National Institute
for Astrophysics (INAF, [link 255]), to lead a collaboration of different in-
stitutions, such as the Universidade de Sao Paulo (Brazil), the North-West
University (South Africa) and the National Institute for Nuclear Physics
(Italy) and the Istituto de Astrofisica de Canarias (Spain).
This chapter is dedicated to the presentation of the peculiar features of
the ASTRI telescopes: the optical configuration is explained in section 3.2,
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Fig. 3.1: The ASTRI–Horn prototype telescope on Mount Etna, in Italy
(Credit E. Giro).

while the special characteristics of ASTRI Cherenkov camera, developed
by INAF, are reported in section 3.3. To begin, the next section contains an
overview of the ASTRI–Horn prototype telescope, the MiniArray project,
and the whole scientific program.

3.1 Overview

The ASTRI telescope is an innovative instrument, developed by INAF in
all its components, following an end-to-end approach for the first time,
from the design phase to the realization and the final data analysis. The
major novelty is the optical system, presenting a modified Schwarzschild–
Couder design: ASTRI is actually the first IACT in the world with a dual-
mirror configuration, a very innovative solution. In fact, despite some
technical difficulties related to the production of aspheric mirrors and the
managing of the system (e.g. in the alignment procedure), there are sev-
eral advantages in adopting this optical scheme. In particular, it provides a
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short focal length, resulting in a large plate-scale allowing to cover a wide
field of view, while the mechanical structure of the telescope remains very
compact. A large FoV is mandatory for the study of VHE cosmic radia-
tion: the most energetic gamma rays produce longer air showers, that can
be detected at larger impact parameters, hence requiring a good imaging
performance up to high off-axis angles. Moreover the dual-mirror design,
thanks to the large plate-scale, allows to implement a camera with a typi-
cal lateral dimension that is about one half in comparison to single-mirror
telescopes. This is a crucial feature of the design, because such a reduced
detection area allows to cover the focal surface with miniaturized silicon
photo-multipliers sensors (SiPM, [129]), presenting very fast response and
an excellent single photo-electron resolution.
There are two versions of the mechanical structure of the ASTRI telescope,
with slight changes: the first one was implemented in the prototype in-
strument called ASTRI–Horn (see figure 3.1), while a second consolidated
version (see figure 2.28 on page 65) will be adopted for the MiniArray
and the SSTs. The main structural differences are in the mirrors actuators
and the secondary mirror support equipment [130]: the mast has been re-
designed with three legs instead four, while the shape of the shield and
the optical baffle has changed from a cylinder to a truncated cone (reduc-
ing the weight from 150 kg to 40 kg). The improvement of the mechanical
design permitted to lower the mass and have a better access to elements
subjected to maintenance operations, in particular the actuators of the mir-
rors, but the resulting structure is still robust and compact, ensuring stiff-
ness during tracking observations, while the remarkably low weight of
the Cherenkov camera further reduces the risk of gravity flexures [131]. In
table 3.1 are reported the general parameters of the mechanical structure
with refer to the prototype version.

General mechanical characteristics
Height (pointing horizontally/vertically) 7.5m/8.6m
Footprint on the ground (max) 5.3m
Total mass 19.72⇥ 10

3
kg

Mass of the camera 73 kg

Primary mirror diameter (segmented) 4.3m
Secondary mirror diameter (monolithic) 1.8m

Table 3.1: Technical specifications of the ASTRI–Horn telescope [124].
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3.1.1 The prototype Astri-Horn
The first telescope realized in the context of the ASTRI project was dedi-
cated to the memory of Guido Horn d’Arturo, an Italian-Jewish astronomer
pioneer in the production of segmented mirrors [132]: for this reason, that
instrument was given the name of ASTRI–Horn. The telescope was inau-
gurated in September 2014 and it is currently the biggest telescope on the
Italian soil in the UV–IR range. It is located at the INAF “M.C. Fracastoro”
observing station in Serra La Nave, on Mount Etna, Sicily. This observa-

Position of the ASTRI–Horn telescope
Lat 37.6932°N Lon 14.9746°E Alt 1739m a.s.l.

Table 3.2: Observing station of Serra La Nave, on Mount Etna (Sicily).

tory is one of the best sites in Italy in terms of sky darkness and weather
conditions [133], but it is also very close to an active volcano whose dust
and gases, released during eruptive activities, are extremely corrosive for
the coatings of the mirrors. Fortunately, the proximity of the volcano had
also positive consequences, opening the investigation about the possibil-
ity to exploit an IACT for studying the magma chambers and the internal
structure of the volcano through the muography technique [134].
The main goal of the ASTRI–Horn prototype telescope is manifold. First
of all, it constitutes a technological demonstrator to validate the novel-
ties implemented in this telescope, in particular the optical design and the
Cherenkov camera. Moreover, ASTRI–Horn serves as a training facility
for telescope and maintenance operations that will be performed also on
the MiniArray. Finally, it can be used as a test bench for the implementa-
tion of new methods and tools, both hardware and software: this is exactly
the case of the astrometry techniques that will be presented in this thesis.
The major achievement of ASTRI–Horn is undoubtedly the detection of
the Crab Nebula at 5� confidence level[86], demonstrating that the modi-
fied SC optical design can be successfully implemented for the realization
of IACTs. However, during the observing campaign for this detection,
between December 2018 and March 2019, a large amount of data was dis-
carded due to problems with the pointing of the telescope and with the
alignment of the primary mirror segments: three elements lost their posi-
tion and it was necessary to cover them, reducing the effective area, rather
then returning them to the correct position with the risk of hitting nearby
segments. One of the goals of the work presented in this thesis is to find a
strategy to monitor the pointing and the imaging quality in order to pre-
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vent such experiences with the prototype telescope from happening again
on the MiniArray.
In autumn 2021 a new set of mirrors were mounted on ASTRI–Horn (see
figure 3.12) together with an upgraded version of the Cherenkov camera,
the same one that will be implemented also in Tenerife.

3.1.2 Mini–array

The scientific objectives of the ASTRI project will be achieved thanks to
the MiniArray: a group of nine ASTRI telescopes that will be installed
at the Observatorio del Teide in the Canary Island of Tenerife (Spain) [135].
The deployment of the telescopes is already ongoing, in the positions of
table 3.3, and it is expected to be over by the end of 2022, while scien-
tific operations will start in 2024. Meanwhile, Monte Carlo simulations of
the MiniArray performances are at an advanced stage [136] and hence its
main scientific features can be summarized as follows: energy range from
1TeV up to 200TeV, angular resolution ⇠3

0 at 10TeV, energy resolution
⇠10% at 10TeV. The preliminary plot of the differential flux sensitivity of
the MiniArray is reported in figure 3.2.

Fig. 3.2: ASTRI MiniArray on-axis differential sensitivity for 50 h integra-
tion time, compared with those of current IACTs (preliminary
plot taken from [137]).
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Fig. 3.3: Final layout of the MiniArray telescopes in Tenerife.

Differently from ASTRI–Horn the MiniArray will take advantage of the
stereoscopic vision, exploiting the large FoV providing a better overlap
between the telescopes, to increase the angular resolution despite the mod-
est raw aperture of the optics in comparison to other IACTs. Several im-
provement in the mechanical design allowed to reduce the total mass with
respect to ASTRI–Horn, without decreasing the stiffness of the structure
which is a key feature to ensure the stability of the point spread function
in time and the mirror alignment during operations [138]. In particular, an
important modification involves the Active Motion Control (AMC) actua-
tors: now they are three for each panel (instead of two), permitting piston

Position of the MiniArray telescopes
Tel Lat (N) Lon (W) Altitude

1 28.301 025° 16.507 969° 2359m

2 28.300 675° 16.506 606° 2348m

3 28.302 369° 16.508 283° 2364m

4 28.302 308° 16.506 639° 2356m

5 28.302 425° 16.504 897° 2358m

6 28.304 142° 16.506 911° 2351m

7 28.304 322° 16.505 156° 2342m

8 28.299 292° 16.508 706° 2376m

9 28.300 764° 16.509 439° 2359m

Table 3.3: Observatorio del Teide in Tenerife, Canary Islands (Spain).



3.1 OVERVIEW 73

and tilts, and the whole set of actuators will not be permanently mounted
on the telescope, but only during the Assembly Integration Verification
(AIV) phase and corrective maintenance operations (e.g. re-alignment or
replacement of the panels) [130]. Some improvements are present also in
the hardware components of the camera [139] and in electronics, but they
will be discussed in section 3.3.2 after an adequate presentation of the ac-
quisition system.
The MiniArray will serve as a pathfinder for CTA, where 70 ASTRI SSTs
will be implemented. However, it will pursue also an independent scien-
tific program, whose pillars are reported in section 3.1.3, and hence it is
important to optimize the whole system not only for the validation phase,
but for the regular data taking as well. The astrometry techniques devel-
oped in this thesis constitute an effort in this direction, and some of them
here have already been inserted into the Online Observation Quality Sys-
tem (OOQS) and the Calibration Plan of the MiniArray [140] [141].

Fig. 3.4: Bird view of the Teide Observatory in Tenerife, Canary Islands
(Spain), where the MiniArray is currently under construction. In
the bottom-right corner it is possible to see the VTT and SONG
telescopes, already presented in the render of figure 3.3. On the
background, the Teide volcano.
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3.1.3 Science pillars
The ASTRI MiniArray will be the first instrument able to join together the
very high energy threshold typical of Water Cherenkov Detectors Arrays
with the accurate energy and angular resolutions typical of IACTs. This is
unprecedented, and will allow ASTRI to shed light on several open ques-
tions of VHE astrophysics [137]. For this reason, the first four years of
observations will be dedicated to specific science topics with the aim to
provide robust answers to a few well-defined open questions, while the
second four years of operation will be devoted to observatory science [see
142, 143]. In the following paragraphs we briefly present the “pillars” of
the ASTRI science program, i.e. science fields in which the MiniArray will
contribute breakthrough pieces of evidence to vastly improve our under-
standing of few key arguments. Of course, also other topics will be ex-
plored, as the field of time-domain astrophysics, direct measurements of
CRs, stellar intensity interferometry studies and the search for axion-like
particle and Lorentz-invariance violations (section 1.3.3).

The origin of cosmic rays Recently, the LHAASO Collaboration [24] re-
ported on the discovery of 12 galactic sources as possible PeVatron can-
didates, i.e. sources able to accelerate protons up to ⇠10

15
eV. Most of

these objects are also diffuse gamma-ray emitters, with articulated struc-
tures and angular extensions up to 1°, but the actual sources responsible
for the UHE gamma-ray emission have not been definitely identified yet,
leaving the nature of these extreme accelerators uncertain [144]. This dis-
covery is very important for the MiniArray science, especially because its
angular resolution at energies of about 100TeV is 0.08°, a factor 3 to 4 times
better than LHAASO. For this reason, the ASTRI MiniArray will investi-
gate these and future PeVatron sources providing important information
on their morphology in the 10TeV to 100TeV energy range. An example
is the case of the galactic source 2HWC J1908+063 (also known as VER
J1907+062, [145]), which is one of the possible PeVatron counterparts of
the newly-detected source LHAASO J1908+0621 [137]. Another impor-
tant region to investigate is the Galactic Center, that the MiniArray will
observe at high (⇠60°) zenith angle for a couple of months in Summer: the
large field of view will allow to map the whole Galactic Center region in a
single observation, while the excellent angular resolution of the MiniArray
will help to identify any high-energy source among several candidates.

Cosmology and fundamental physics As previously explained in sec-
tion 1.3.2, extra-galactic sources, such as blazars, can successfully probe
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the level and the evolution of the extra-galactic background light (EBL),
a very important instrument to constraint cosmological models. Unfortu-
nately, direct measurements of the EBL are prevented by the overwhelm-
ing dominance of local emission from both the Galaxy and our Solar sys-
tem [146], but its characteristics can be retrieved from the alteration of the
spectra in very distant gamma-ray sources. More in detail, the MiniArray
can play a fundamental role in investigating the IR component of the EBL,
with dedicated observations of low-redshift radio galaxies (such as M 87,
IC 310, Centaurus A) and local star-bursting and active galaxies (such as
M 82, NGC 253, NGC 1068).

Relativistic Jets Blazars are an important class of gamma-ray sources,
but the dominant mechanism responsible for their photon production has
not been identified yet. In particular, beside the standard leptonic emis-
sion model there is another possible scenario based on collimated beams
of high-energy protons/nuclei originated in the relativistic jets of extreme
BL Lac objects. Such hadrons would trigger the production of gamma-ray
photons and neutrinos through photo-meson and pair production mecha-
nisms. The ASTRI MiniArray will be able to disentangle between the two
emission models by means of deep observation of near Blazars (e.g. 1ES
0229+220), as their gamma-ray photons experience a less severe EBL ab-
sorption due to their reduced distance, and hence the observed gamma-
ray spectrum extends at much higher energies (E >10TeV) allowing a
deeper insight on the physics processes.

3.2 Optical system

The optics of the ASTRI telescope was designed to cope with the basic
scientific requirements of large effective area and wide field of view. The
first one implies a large primary mirror, while the second translates into a
large plate–scale (in order to have a reasonable dimension of the camera)
and hence a short focal length. These characteristics lead to the choice of
the dual-mirror Schwarzschild-Couder (SC) optical configuration, already
presented in section 2.2.3.2, and miniaturized1 acquisition sensors (SiPM)
to cover the focal surface. Table 3.4 reports the main parameters of the
ASTRI optical design.

1Their side is ⇠7mm which is very small compared to PMTs, but extremely large with
respect to the most common SiPM sensors [147].
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General optics parameters
Optical Configuration Modified SC
Effective collecting area 6.5m2

Focal length 2.15m
f/# 0.5
FoV (of prototype) 10.5° (7.5°)
PSF (@ 100% of FoV diameter)  0.19°
Average plate-scale 92.6 00/mm

Pixel size (side) 6.975mm

Table 3.4: These values applies to both ASTRI–Horn and the MiniArray
[124].

The SC configuration ensures an aplanatic FoV of more than 10°, i.e. free
of spherical aberration and coma, while the astigmatism is also limited
thanks to the spherical focal surface. However, ASTRI actually imple-
ments a modified version of this optical scheme: the profiles of the reflective
surfaces were optimized with a polynomial function in order to produce a
flat response of the point spread function (PSF) up to large off-axis angles.
In particular, the sagitta2 function z(r) of each of the two mirrors (M1 and
M2) can be represented by the sum of a sphere with a series of polynomials
introducing aspheric corrections [104],

z(r) =
cr2

1 +
p
1� c2r2

+
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i=2

↵i
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r

rmax

◆
, (3.1)

where r =

p
x2 + y2 is the radial coordinate and rmax is its maximum

value, c is the curvature of the sphere (the inverse of the radius of cur-
vature), and ↵i are the coefficients of the aspheric correction terms3. This
peculiar geometric profile for the reflectors produces an enlargement of
the PSF on-axis, with respect to the pure SC configuration [148], but in
turns it ensures a flat response up to large viewing angles, contrary to what
happens for example in the spherical or parabolic single mirror solutions,
with an overall dimension much smaller compared to the DC design [e.g.
149, pp.247]. Figure 3.5 presents a plot of the PSF size along the FoV, for
different optical configurations. The size of the PSF is evaluated in terms
of the D80 parameter, representing the diameter of the circle containing

2The sagitta function (sag) describes the conic section of which the telescope is the
revolution around the polar axis.

3Numerical values reported in [104].
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Fig. 3.5: Comparison of the off-axis PSF size for different optical config-
urations (taken from [150]). The modified-SC is the only solu-
tion with a quasi-flat response and an adequate size. A pure-SC
(not reported in figure) would start from zero and grow less than
the parabolic and spherical designs, as it is an aplanatic optical
scheme.

the 80% of the light focused by the optics4. As it is clear from the image,
the behavior of the PSF in the modified-SC design is extremely positive
for the aims of the ASTRI project, but there are two main drawbacks: the
production of mirrors with such peculiar profiles and the calibration of the
system to produce the correct shape of the PSF. The following two sections
are dedicated on each of these topics.

3.2.1 Mirrors
It should be noted that the optimized radial profiles for both M1 and M2,
reported in equation 3.1, are strongly aspheric. As a consequence, the re-
alization of the mirrors represented a technological challenge, both for the
manufacturing process and the subsequent characterization. Two differ-
ent solutions have been investigated and implemented for the production
of primary and secondary mirrors, as it is explained hereafter, while their

4The amount of energy within is a circle of given radius is called encircled energy (EE).
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quality was verified with an ad hoc ray-tracing software taking into ac-
count the measured surface of both mirrors and their alignment [151]. The
main general parameters of the mirrors are reported in table 3.5.

General mirrors parameters
Primary mirror diameter (segmented) 4.3m
Number of segments 18

Size of a segment (face-to-face) 849mm

Nominal Radius of Curvature Ring 1 8.52m
Nominal Radius of Curvature Ring 2 9.87m
Nominal Radius of Curvature Ring 3 12.54m
Profile Error (RMS) < 30µm
Micro-roughness (RMS) < 2 nm

Secondary mirror diameter (monolithic) 1.8m

Table 3.5: The micro-roughness is evalued in the spatial wavelength
range 0.1mm to 200mm [124], while the nominal radii of cur-
vature refer to the best fitting sphere.

Primary mirror The optical surface of the primary mirror was segmented
in a mosaic of 18 hexagonal panels, distributed among three concentric
rings or coronas. Each ring was characterized by its radial distance from
the optical axis and defines a different type of mirror segment with a spe-
cific radius of curvature referring to the best fitting sphere. Figure 3.6 right
reports the name scheme of the primary mirror segments arranged on the
dish, in front view, while in the image on the left there is a simulation of the
PSF composition with the contributions from all the rings. For the manu-
facturing of the M1 aspheric segments was adopted the cold glass slump-
ing technology [152] while for their quality control and characterization it
was developed a metrology testing method based on deflectometry [153].

Secondary mirror Unlike the segmented M1, the secondary mirror is an
aspheric monolithic element. It is composed of a glass structure 19mm

thick, ⇠120 kg weight, manufactured via the hot slumping technology [154].
Figure 3.7 shows a picture of M2 (left) in contrast with an hexagonal panel
of M1 (right). After the production of the glass substrate a reflecting Al
coating and a protective layer are applied in order to guarantee the maxi-
mum reflectivity together with good resistance to atmospheric agents [155,
156]. The qualification was performed by means of optical tests [150].
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Fig. 3.6: Right: arrangement and nomenclature of the primary mirror seg-
ments (front view, the basement of the telescope is downwards).
Left: on-axis simulation of the PSF with contributions from the
different segment types (same color scheme). The red square rep-
resents the dimension of the ASTRI camera pixel [104].

Active Motion Control (ACM) system Every reflective element of the
optical system is installed on a moving structure, so that its position can be
finely tuned to obtain and maintain the correct alignment of the whole op-
tical configuration. In particular, the M1 segments are mounted on three
points, endowed with active supports (actuators) to perform tilts of the
panels with a range of 1.5° and resolution of few arcsec. The piston of the
segments is operated during the assembly phase on ASTRI–Horn, with
the mechanical adjustable third point, while on the MiniArray a third ac-
tive element allows to perform the operation remotely, in every moment.
The set of actuators constitutes the Active Motion Control (ACM) system,

Fig. 3.7: Pictures of the M2 glass structure and a hexagonal segment of
M1 [153].
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Fig. 3.8: CAD rendering of the AMC system for M2 (left), inside the sup-
port structure, and for M1 (right) on the telescope dish [130].

that will not be mounted permanently on each telescope of the MiniArray:
thanks to the stiffness of the entire structure, after the alignment procedure
the mirrors will keep their position being mechanically anchored to rigid
supports, while the full set of actuators will be removed and re-used on
another telescope. In figure 3.8, on the right, is shown the AMC system
of the primary mirror, while the left-hand image presents the solution for
the secondary mirror: 9 pads are glued on the back of the mirror and three
actuators support a whiffle-tree structure to distribute the mirror loads on
them. With a range of 15mm the motors permit to control focus and tilt of
the telescope with a resolution of 0.1mm for each actuator.

3.2.2 Point spread function
The Point Spread Function (PSF), is the response of an imaging system to a
point source, the light spot obtained on the focal surface. Cherenkov tele-
scopes are usually designed so that the size of the PSF is about half of the
linear dimension of the sensors. However, the dominance of aberrations
for large viewing angles often worsens the response of the instrument off-
axis. Thanks to the peculiar modified-SC design, the ASTRI telescope is
the first IACT whose PSF lies within a single Cherenkov pixel up to 5°
off-axis [104]. In terms of D80 the average size of the ASTRI PSF along the
FoV is ⇠11.40, with a minimum at ⇠3° off-axis. In figure 3.9, the image on
the left reports the nominal D80 and the measured points with the ASTRI–
Horn telescope, in comparison with the size of the Cherenkov pixels, while
the plot on the right shows the profile of the radial integral (encircled en-
ergy) for each of the measured points. Despite degradation with respect
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Fig. 3.9: Left: Comparison of D80 as a function of field angle (off-axis)
between its ideal (solid curve) and measured at ASTRI–Horn
(dashed curve) values. The SiPM pixel size (red line) is also
shown for reference. The pixel size of the CCD camera used for
these measurements is about 200 on the focal plane. Right: EE pa-
rameter measured as a function of radial distance for different
angular positions on the focal plane. The vertical lines represent
the SiPM pixel size (red). Adapted from [104].

to the nominal configuration, the PSF is well inside the ASTRI Cherenkov
pixel size and measurements follow the trend of what foreseen by the op-
tical design, with a minimum at 3° from the optical axis.
As in every other telescope with segmented mirrors, the overall PSF is
the sum of different contributions coming from the single panels. In fact,
the ASTRI PSF is a composition of 18 figures, divided into three types of
shapes, produced by the different profiles of the three coronas of the pri-
mary mirror. Figure 3.10 reports a simulation of the PSF on-axis, with an
explicit visualization of the contributions from the coronas. Figure 3.10
also highlights another peculiarity of the ASTRI optical system: the PSFs
from different aspheric segments do not superimpose at the center of the
image, but they need to be arranged in a certain configuration, in order to

Fig. 3.10: Simulation of the PSF on-axis, as a sum of the contributions
from ring 1, 2 and 3 (from left to right, see figure 3.6).
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Fig. 3.11: PSF evaluation at different distances from the optical axis of
the ASTRI–Horn telescope. The white squares represent the
Cherenkov pixel (adapted from [130]).

obtain the correct behavior of the optics both on- and off-axis [157]. This
peculiar composition is achieved moving the mirror segments with the
AMC actuators, with a specific alignment procedure and a suitable CCD
camera on the focal plane.

Composition of the PSF The alignment of the mirror segments is a pro-
cedure that aims at optimizing the resolution of the telescope producing
the correct PSF composition by design. Differently by other IACTs, in the
case of a modified-SC telescope such operation is quite complicated, as
it cannot be performed illuminating all the panels with a calibrated light
source (e.g. a divergent laser beam [76]) because of (i) the shadowing of
the masts and the secondary mirror support structure [158] and (ii) the ar-
ticulated composition of the individual PSFs from the aspheric segments
which is required. As a consequence, the only chance is to analyze directly
the shape of the PSF on the focal plane pointing at a source at infinite dis-
tance (tipically the Polaris star, so that the telescope do not have to track
it). To this end, of course the Cherenkov camera cannot be used, or the ar-
ticulated shape of the PSF would be lost into its coarse angular resolution,
and hence a CCD camera was installed on the focal plane of ASTRI–Horn
to perform the qualification of the optical system during the AIV phase.
Figure 3.11 reports the simulated images of the PSF at different off-axis
angles. The FoV of the CCD optical camera was ⇠1° in order to follow
most of the scan movements of panels PSF performed by the AMC, and
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the angular resolution ⇠2
00. For different off-axis positions (obtained mov-

ing both the telescope in the sky and the CCD on the focal plane) all the
segments were initially tilted away, and then re-positioned one at a time,
in order to find the best settings for the actuators with multiple measure-
ments all over the FoV. A similar iterative procedure will be adopted also
for the MiniArray, but the manual alignment strategy used in the case of
the prototype will be upgraded to an automatic version [130].

3.2.3 Frequency response

The total frequency response of the whole ASTRI optical system is given
by the sum of different elements, designed on purpose to cope with spe-
cific needs. As explained in section 2.1.3 the Cherenkov emission from the
extended air showers peaks in the range 300 nm to 350 nm, but the SiPM
sensors are sensitive from 200 nm up to 1000 nm and hence the transmis-
sion of the system must be reduced in the red side of this range, or the
signal of interest will be covered by the night sky background (NSB) [139].
The first solution is an IR filter applied directly on the SiPM sensors, acting
as both a filter and a protective cover. The filter is a thin layer designed
to cut the signal above 550 nm, producing a remarkable 70% drop-off at
⇠700 nm [139]. In front of the focal surface there is a protective window
made of fused silica [159] (transparent to UV light) where it is applied
another IR filtering film which is a crucial element of the whole optical
chain. In fact, the behavior of filters is difficult to be characterized in a

Fig. 3.12: New set of mirrors mounted on ASTRI–Horn (autumn 2021).
The coating of the mirrors was tuned so that the reflectivity
peaks in the blue range part of the spectrum.
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SC telescope, because the focal surface is interested by rays spanning a
huge range of incidence angles (20° to 70°), challenging the uniformity of
the filter transmittance. For this reason, the most effective frequency cut
in the case of the ASTRI telescope was obtained by tuning the reflectivity
curve of the primary mirror, where the incidence angle spans the range 0°
to 15°, while already the secondary mirror works under incidences in the
wide 20° to 60° interval [158, 155]. In figure 3.12 is reported a picture of
ASTRI–Horn in autumn 2021, when a new set of mirrors was installed: the
bluish tint of the reflected light is evident. Such a result is obtained with
the so-called “dielectric” coating: an innovative solution based on multi-
ple layers producing the effect of a band-pass filter. In future months the
performance of such mirrors will be reported in dedicated papers, after
the end of the next observing campaign.

3.3 Cherenkov Camera

The dual-mirror SC design that characterizes the optical system of the AS-
TRI telescopes results in a large instrument plate-scale, leading to a camera
of compact dimensions, that implements modern SiPM sensors. The de-
velopment of the camera hardware, together with dedicated software and
firmware, was entirely led by INAF for the first time, with the partner-
ship of several industries. The body of the camera has a truncated-cone
shape, whose dimensions are 520mm (bottom diameter), 660mm (height)
and 560mm (top diameter), for a total mass of ⇠73 kg [139]. The camera
is located between the two reflecting surfaces, at the heart of the compact
configuration of the telescope. In particular, the focal surface is 2589mm

ahead of the primary mirror, only 520mm far from the secondary.
The structure of the camera assembly is presented in figure 3.13, where it
is reported an exploded-view drawing of the ASTRI camera and the main
hardware components can be easily recognized. A lid system is present
on the top of the structure, to open or close the red basket which is ac-
tually the backbone structure of the whole assembly. Inside the basket
there is a pile of different sub-systems, namely the filter window, the focal
plane assembly, the back-end electronics and the power supply system,
which is composed of several voltage distribution boards in charge of pro-
viding the required regulated power to all the electronics devices of the
camera. Another component is the thermal system, distributed along the
whole camera, to assure a proper working temperature of electronics at
(15± 2) °C, and to maintain the SiPMs at a constant temperature moving
the heat from the focal plane to fin stacks where it is dissipated by forced-
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Fig. 3.13: Exploded-view drawing of the Camera assembly. Lids (A), win-
dow (B), focal plane assembly and FEE (C), BEE (D), power sup-
ply (E), and the “basket” (F).

convection using fans. Lastly, in the basket there are also ancillary devices
for specific purposes, as a stable and precise GPS receiver (10 ns resolu-
tion) used for time synchronization and providing time tags to cherenkov
events [159], or the novel inner fiber-optic equipment, located along the
window circumference, used for the on-field relative gain calibration of
the sensors [160].
For the purposes of this thesis, the most important feature of the camera
system is the geometry of focal plane assembly, which is presented in de-
tails in section 3.3.1. However, an essential overview of the signal acquisi-
tion and elaboration process is necessary to understand the fundamentals
of the Variance Method, that will be presented in chapter 4. For this rea-
son, also a basic introduction to the camera electronic system is provided
hereafter, in section 3.3.2, focusing on three main sub-systems: Front-End
Electronics (FEE), Back-End Electronics (BEE) and Data Acquisition sys-
tem (DAQ). The analogic FEE is specifically design to interface the SiPM
sensors ensuring a very fast read-out, which is essential to detect the rapid
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pulses generated by the Cherenkov flashes. It is directly attached to the
sensors and it is contained in suitable aluminum case located on the focal
plane (figure 3.14).

Fig. 3.14: Focal plane assembly of the ASTRI camera in the reduced con-
figuration (only 21 PDMs).

3.3.1 Focal plane assembly
The focal surface of the ASTRI telescope has a spherical shape with ra-
dius of curvature 1060mm. It is covered by a matrix of 2368 SiPM sen-
sors5 organized in 37 flat tiles (Photo Detection Modules, PDMs), each
composed of 8⇥ 8 elements. The center point of each PDM is tangent
to the focal sphere of reference, in order to have the least deviation from
that ideal surface. The whole composition of the tiles is 410.4mm large
and has a FoV of 10.9°. However, on the ASTRI–Horn prototype it was
implemented only a reduced configuration, composed of only 21 PDMs
(1344 SiPMs) with a linear size of 293mm and 7.8° FoV. This solution is
presented in the picture of figure 3.14, where also the support structure
is visible: it is made with traditional manufacturing out of standard flat
plates of aluminum alloy (EN AW-6082) [139]. Each SiPM sensor consti-
tutes a pixel of the resulting image and has a square shape of approximate
7mm size, corresponding to a sky-projected angle of ⇠0.19°, matching the

5Hamamatsu Silicon Photomultiplier LCT5 Multi-Pixel Photon Counter (MPPC)
S11828-3344M [161, 162] [link 244].
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Fig. 3.15: Naming convention of the ASTRI focal plane elements. On the
right there is the numbering scheme of the PDMs, while on the
left the one for the pixels (dimension of sensors and gaps are
not in scale). The white contour identifies the reduced camera
configuration of only 21 PDM tiles adopted for ASTRI–Horn.

resolution of the optical system. More precisely, the actual dimension of
each pixel is 7.175mm, but there is a dead area at the edge of the sensor,
0.1mm wide, and hence the effective size of the sensitive part is 6.975mm.
An extra 0.1mm border is present at the edge of the PDM, whose overall
size is hence 7.175⇥ 8 + 0.1⇥ 2 = 57.6mm. Behind each PDM tile, there
is a PDM box, an aluminum case hosting the FEE, whose dimension are
56mm⇥ 56mm⇥ 30mm. The width of the gap between PDM tiles spans
in the range 0.8mm to 1.6mm. A detailed description can be found in
[163], while for the aims of this thesis the position of each pixel center
was taken from the CAD drawing of the focal plane. In the first prototype
camera, mounted on ASTRI–Horn until 2020, some PDMs were equipped
with SiPM sensors presenting a different size of internal micro-cells (50µm
instead of 75µm), their location is reported in [163] and will be reported
when necessary in this document.
Due to the particular disposition of the sensors in the focal plane assembly,
the PSF of a star perfectly on-axis spreads among the four central pixels.
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3.3.1.1 Naming convention

Within the ASTRI project there is a unique naming convention to identify
the elements in the focal plane. Each PDM is addressed by a number, from
1 to 37, from bottom left to top right looking at the camera in front view.
Inside every PDM, there is a similar numbering scheme for the pixels, from
1 to 64. In this way, each sensor is uniquely spotted by two numbers: its
identifier and the code of its PDM. This naming convention is adopted
both on ASTRI–Horn and the MiniArray, regardless of the complete or re-
duced camera configuration. In figure 3.15 is represented this numbering
scheme.

Fig. 3.16: Definition of the Cartesian coordinate reference system on the
spherical surface of the ASTRI camera.

3.3.1.2 Camera coordinate reference system

Following the convention adopted in the ASTRI project [163], along this
document we will make use of a unique reference system for the camera,
a set of three-dimensional Cartesian coordinates which is defined as fol-
lows. The origin of the reference system is located at the center of the PDM
labelled 19. The Z axis is oriented along the telescope optical axis, per-
pendicular to the camera, pointing from the focal surface towards the M2
mirror. The X axis is parallel to the elevation axis of the telescope and its
positive direction points to the right, looking at the camera in front view6:
in terms of labels it is oriented from the center towards PDM 22. The di-
rection of the Y axis is consequently determined to form a right-handed

6Standing in front of the camera.



3.3 CHERENKOV CAMERA 89

coordinate system. A graphic representation is reported in figure 3.16.
The reference system we have presented is defined with respect to the AS-
TRI telescope axes, assuming that the camera was installed so to match the
design with infinite accuracy. If in real applications the camera has an off-
set or a tilt, then the reference system must be considered as rigidly joined
to the camera and therefore co-moving with it.
Especially for the astrometric operations it is useful to define also a con-
venient 2D polar reference system on the xy plane, with the same origin,
using r =

p
x2 + y2 as a radial distance and ✓ as an angular coordinate, in

the range (0, 2⇡) starting in the +x direction and increasing towards +y.

3.3.2 Electronics
Extended air showers are extremely fast and their Cherenkov light flash
has a remarkably short duration (few ns). To record their signal, the SiPM
sensors of the ASTRI camera are excellent devices, as they exhibit very
rapid response and fine single photo-electron resolution, but they need
properly tailored electronics. For this reason, a specific acquisition chain
was developed on purpose, patented by INAF, devoted to directly inter-
face the SiPM sensors and to perform some fundamental operation com-
pletely automatically, in order to be as fast as possible. In particular, the
most important task is to recognize a Cherenkov event and consequently
to auto-generate the trigger, or the logic signal to start the data acquisi-
tion. The read-out of the SiPM pulses represents again an innovative so-
lution, as the dedicated analog circuit is based on a custom peak-detector
operation mode rather than the sampling technique commonly adopted
by other IACT telescopes [164]. Data registered by the ASTRI camera are
then converted to digital signals and finally sent to the camera server, ex-
ternal to the telescope. The whole customized acquisition chain is pre-
sented in section 3.3.2.1, while the basic features of the signal processing
are reported in section 3.3.2.2.

3.3.2.1 The acquisition chain

The electronics is divided into three main subsystems, devoted to different
purposes: Front-End Electronics (FEE), Back-End Electronics (BEE) and
Data Acquisition system (DAQ).
The first element immediately after the sensors is the fully analog FEE,
designed to interface and read-out the SiPMs as fast as possible. Every
PDM unit has its own FEE, hosted in the aluminum case behind the sen-
sors, and composed of two Printed Circuit Boards (PCBs) mechanically
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Fig. 3.17: Pictures of a PDM unit: a tile of 64 SiPMs with dedicated front-
end electronics. Behind the sensors, the first PCB contains two
CITIROC micro-chips, while the second one hosts the FPGA.

connected to the PDM module by means of four through screws [159]. The
first PCB constitutes the true heart of the FEE, containing two Application-
Specific Integrated Circuit (ASICs) designed on purpose to process the sig-
nal pulses recorded by 32 SiPMs each, working on two different channels
at the same time: high-gain (HG) and low-gain (LG). This is the most de-
manding task of the entire electronics chain, carried out successfully by
the ASIC developed for the ASTRI camera, the Cherenkov Imaging Tele-
scope Integrated Read Out Chip7 (CITIROC), whose design is intellectual
property of INAF.
The second PCB hosts a Field Programmable Gate Array (FPGA), which
is a general-purpose integrated electronic device used to control the two
ASICs from the external computer. used to govern and control all the
input/output operations from/to CITIROCs and SiPMs, with the exter-
nal computer. In particular, the FPGA is a Xilinx ARTIX 7 chip [link 282]
and its main functions are setup the CITIROC registers, read-out and de-
liver digitalized data, manage the trigger signals and perform topological
discrimination (see section 3.3.2.2). In figure 3.17 are presented two pic-
tures showing a PDM tile together with the two PCBs of the FEE, without
the aluminum case. On the PCBs there are also other miniaturized cir-
cuits for specific operations: amplifiers, signal shapers, the peak-detector
(PD) and the Analog-Digital Converter (ADC), commuting the analog sig-
nals from the CITIROC into digital data for the FPGA. Once the working
parameters have been set, the entire FEE is completely independent and

7The CITIROC, realized by WEEROC [link 280] for ASTRI, is an improved version of
the Extended Analogue Silicon photo-multiplier Integrated Read Out Chip (EASIROC,
[165]): a commercial ASIC by Omega Micro [link 266] for SiPM read out [166].
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Fig. 3.18: Diagram of the ASTRI camera FEE (adapted from [164]

automatic, providing high efficiency auto-trigger capability and very fast
camera pixel read out [160]. Figure 3.18 presents a diagram of the FEE,
constituting a summary of the description proposed here.
The second module of the acquisition chain is the BEE, working at slower
speed in comparison to the extremely fast FEE and located inside the bas-
ket, not on the focal plane, as it is shown in figure 3.13. The BEE represents
the elaboration unit of the ASTRI camera, in charge of the complete data
and command management of the instrument, interfacing the detector to
the external world. In particular, the BEE receives data from the FEE in
real time and delivers them in the required ASTRI packet format; it re-
ceives commands from the camera client software and performs related
procedures, and lastly it monitors auxiliary devices [167]. From the BEE
begins the stream of telemetry packages towards the last element of the ac-
quisition chain, the DAQ server [168, 169]. It is the central component of
the DAQ pipeline and consists of the workstation responsible for receiv-
ing and storing the different data packets produced by the camera (see
section 3.3.3).

3.3.2.2 Signal processing

The operating principle of the ASTRI camera is the following: at the oc-
currence of a Cherenkov flash illuminating a set of neighboring SiPMs,
the CITIROC auto-generates a trigger, which is sent back to the BEE and
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hence propagated to all PDMs, enabling the acquisition mode in the entire
camera. After that, the measurement of the signal amplitude is activated
for every pixel at the same time. Differently from other IACT, in our case
this operation is not based on a sampling procedure, but rather on a peak
detection strategy, thanks to an analog circuit (the peak-detector, PD) able to
identify and record the maximum value of a signal within a characteristic

Fig. 3.19: The fast shaper is the element performing the promptly detec-
tion of every impulsive variation of the input level. This is the
characteristic shape of the output signal, for two values of the
shaping time, with the typical negative undershoot phase be-
low the steady-state value.

time interval. With this basic scheme, the Cherenkov signal is acquired
and converted to raw data for scientific analysis. More in details, the dif-
ferent steps of the signal processing can be described as follows. The first
signal in response to the Cherenkov photons is generated by the SiPM
sensors, emitting a short pulse with a very steep initial rise [164]. This sig-
nal is sent to a high gain pre-amplifier, and then to a bipolar Fast Shaper
circuit (FS), that performs the prompt detection of any impulsive varia-
tion of the input signal. The FS has a shaping time of 15 ns, corresponding
to the temporal RMS of the impulse, which is in relation to the very im-
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portant peaking time representing the acceptance time window in which
subsequent signals are added. Therefore, the peaking time corresponds to
the maximum time-length of the signal integration for a single impulse: if
no further signals are received within the peaking time, the FS output re-
turns to the steady-state value, after a negative undershoot phase typical
for this type of circuit [170], which is ultimately due to the conservation
of energy (see figure 3.19). The output of the FS is strictly coupled to a
fast discriminator, with a 10 bit programmable threshold Et: if the signal
exceeds the threshold level, then the discriminator produces a digital trig-
ger which is sent to the FPGA board. Here a special topological algorithm
sets a flag if n contiguous pixels within the PDM present a signal above
the discriminator threshold. In this case, the trigger is sent to the BEE that,
in turns, routes back to all the PDMs of the focal plane another logic sig-
nal, enabling the signal read out all over the focal plane. This operation
is performed activating another circuit, the PD, which is connected to the
output of the FS: at the end of the shaping time, the maximum value of
the shaped pulse height is hold by the PD and then sent to a 12 bit ADC,
for the final digital conversion. After this acquisition process, the digital
signals are sent to the FPGA boards, where they are forwarded to the BEE
for subsequent data processing.

The number n of contiguous pixels for the topological discriminator (aka
topo-trigger) is programmable in the range 2 to 7: if a very low value is set
also bright stars can trigger the data acquisition. The energy threshold is
also programmable (� 4 pe) and its best value depends on the Night Sky
Background (NSB) level, but 8 pe is in general a good assignation. Dur-
ing the observation campaign with ASTRI–Horn in 2018/2019, we veri-
fied that with an adequate set of parameters the trigger freqeuncy is in the
range 50Hz to 60Hz for a clear night, while it is in the range ⇠400Hz to
500Hz in case of clouds. In general, about 2% to 3% of these triggered
events are produced by gamma rays.

3.3.3 Output data

The ASTRI camera produces different types of output data, classified in
four categories: housekeeping (HK) calibration (CAL), scientific (S) and
Variance (VAR). A separated classification (TECH) is reserved for engi-
neering and auxiliary data, needed for scientific analyses. For every data
type, the ASTRI project adopted a specific data format for raw binary
files (RAW) produced by the BEE. The scheme of raw files is defined at
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a very low level, with hierarchical block structures for hosting the vari-
ables, specifying the Most/Least Significative Word8 (MSW/LSW) indi-
cating the correct direction to read every bit sequence9, the so-called en-
dianness or endianity of the file [171]. After the transmission to the ASTRI
archive [link 224], the original raw files are converted in the FITS10 format
[173]: this is the first input of every data process pipeline, the level-zero
data FITS packages (DL0). Among these files, in this thesis work we will
focus on the VAR-DL0 subset: the Variance is an ancillary output of the
ASTRI Cherenkov camera, providing a measure of the NSB and allowing
to produce sky images using the ASTRI telescope as a common astronom-
ical UV-optical instrument. Chapter 4 is entirely dedicated to the presen-
tation of the Variance method and its potentialities.

3.3.3.1 Conversion from ADU to physical units

The data written in the output files are measured in Analog-to-Digital
Units (ADU, or ADC counts), as they are taken after the digital conver-
sion operated by the ADC circuit. As a consequence, in order to express
the output values in physical units, it is necessary to operate a conver-
sion from ADU to photo-electrons (pe), the electric charge produced by
the sensors after stimulation by the incoming Cherenkov photons. For
this purpose, a specific procedure was developed in the INAF laboratory
of Palermo, in Italy, where the characterization of every single pixel was
carried out with the following scheme.
Each PDM unit was inserted into a small climatic chamber (figure 3.21),
maintaining the temperature at (15.0± 0.3) °C. Inside the chamber the
pixels were illuminated with a pulsating blue LED, at the constant rate
of 10 kHz, with a pulse duration of 5 ns. For every pixel, 10 000 events trig-
gered by LED pulses were acquired: an example of the histogram of the
pulse height distribution in ADU is reported in figure 3.20. The first peak
in the plot represents the so-called pedestal value (PED): the constant ADC
output when the pixel do not see any photon. The subsequent peak of the
distribution represents the first pe (ADC1

pe
), the third peak is the second

pe, and so on. The distance between the peaks, expressed in ADU, has a

8Historically, a sequence of 8 bit is equivalent to 1B (byte), while 16 bit were called
1word. In the ASTRI raw data format the MSW/LSW is indicated instead of the more
common Most/Least Significative Byte (MSB/LSB).

9For example, 01011 is equal to 11 from right to left, 26 otherwise.
10A very common digital file format in astronomy, acronym of Flexible Image Transport

System [172] [link 264].
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Fig. 3.20: Histogram of the ADC output for the characterization of a sin-
gle pixel (black) smoothed with a boxcar averaging of fixed
width (red). The pulse height distribution demonstrates the
SiPM capability to resolve single photo-electrons: the distance
between consecutive peaks measures the pixel gain in ADC
counts (ADU).

constant width, reflecting the constant ADC/pe ratio, the so-called photo-
electron equivalent (PEeq). With refer to the HG channel, this quantity can
be calculated as

PEeq (ADC) =
1

N

NX

i=1

�
ADC

i+1
pe

� ADC
i

pe

�
, (3.2)

where ADC
i

pe
is the ADC value of the local maximum related to the i-

th peak, while N is the number of intervals considered. Pixel gains and
pedestals as obtained from this analysis are then tabulated and used in the
calibration of the ASTRI data. In particular, making use of the following
three quantities for every pixel:

• the ADC value of the pedestal in LG (PEDLG);

• the ADC value of the first pe in HG (ADC1stpe);

• the constant ratio ADU/pe in HG (PEeq);

and the following formulas for the conversion between every ADC value
and pe [139]

PEHG = 1 +
ADCHG � ADC1stpe

PEeq

, (3.3)

PELG =
(ADCLG � PEDLG)

PEeq

⇥ ⌘ , (3.4)
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Fig. 3.21: Climatic chamber at the INAF laboratory in Palermo (Italy) for
the calibration of single PDM tiles.

where ⌘ = GHG/GLG is the amplification ratio between HG and LG, whose
value is ⇠20 for the ASTRI–Horn prototype camera. It is interesting to no-
tice that the envelope of the peaks in the calibration plot of figure 3.20 has
a Poissonian profile, as it is typical in photon statistics, and that the mean
value of the distribution corresponds to the light intensity emitted by the
LED source.
After the conversion from ADC to pe, it is possible to retrieve the original
number of photons hitting the sensor by dividing the result for the Photon-
Detection Efficiency (PDE, [174]), which is a percentage number measured
and tabulated for every SiPM. Lastly, to obtain the original number of pho-
tons produced by the extended air shower it is necessary also to divide for
the efficiency of the filter and the transmittance of the optics.

3.4 Pointing

The ASTRI telescope design presents an alt-azimuth mount and therefore
two motors are constantly in operation to ensure the correct pointing of
every celestial source, and its tracking in time. These motors are equipped
with encoders able to provide the absolute position of main axes with an
angular accuracy of ⇠2

00 [124]. However, the actual pointing accuracy of
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the telescope is affected by several factors, as for example gravity flexures
or mis-alignments due to mechanical tolerances of the assembly. For this
reason, a specific pointing model of the telescope was studied and imple-
mented in the Telescope Control System (TCS), using first the T-POINT
software [175] and then a custom IDL routine developed on purpose. The
resulting pointing performance is monitored using several sub-systems:
the housekeeping values from motor encoders, the Pointing Monitoring
Camera (PMC, see section 3.4.2.1 below), and the data from the Variance
ancillary output of the Cherenkov camera (which is presented in details in
chapter 4 and constitutes the heart of the present thesis). The synergy of
these sub-systems is discussed in the following chapters, while the present
section is focused on fundamental concepts related to the pointing moni-
toring and auxiliary devices. In particular, section 3.4.1 reports the scien-
tific requirements for the pointing performances, together with a detailed
focus on the definition of the optical axis. Section 3.4.2 presents the PMC
sub-system and another auxiliary device for monitoring the NSB in the
pointing direction, i.e. the “UVSCOPE” instrument [176].

3.4.1 Requirements

In general, the situation of IACTs is very peculiar with regard to the point-
ing requirements. Despite Cherenkov cameras typically present only a
modest angular resolution (a few arc minutes), for Cherenkov telescopes
a pointing accuracy at the level of few tens of arc seconds is mandatory
for scientific purposes. This is exactly the situation of the ASTRI project,
where the requirement on the pointing accuracy is 35

00 for a single target
(i.e. the difference between the position set to the telescope and the one
read out from encoders after the slewing), and 0.1° for a tracking obser-
vation [177]. The requirement for the precision on the pointing reconstruc-
tion after data calibration is far more challenging: when every sub-system
is in optimal conditions (and the weather is fine), the astrometric error
should be less than 7

00 [177]. The present thesis work is based on archive
data taken with the prototype telescope ASTRI–Horn when several sub-
systems were still in the validation phase or under development (e.g. an
automated feedback routine between the PMC and TCS was still missing),
and hence we consider in the following chapter only an average reference
value of 2000, for both accuracy and precision, just as a rule of thumb for the
design and assessment of our calibration procedures11. Of course, more

11This value was originally proposed in the context of CTA, and it was adopted in the
following also for the ASTRI project. In the current version of the requirements document
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detailed and technical evaluations will be presented in future internal re-
ports when our novel techniques will have been consolidated.

3.4.1.1 The optical axis

To monitor the pointing accuracy means to consider the difference between
the coordinates set to the telescope and its actual pointing direction, which
is defined by the coordinates individuated by the optical axis of the system.
In general, into an imaging device, the optical axis can be defined as the
line along which there is the maximum rotational symmetry, and hence
it can be adopted to indicate the direction of light propagation, in a first
approximation. In the case of the ASTRI telescope, there are at least three
different axes that must be considered to obtain a complete characteriza-
tion of the pointing performances. They can be presented as follows.

�M The motors act on the perpendicular azimuth and elevation axes, in-
dividuating two planes that intersect on a straight line �M ; during
long observing runs, �M is the direction actually tracked by the mo-
tors (this is the so-called mechanical axis).

�C The curvature vertices of mirrors M1 and M2 define the axis of the
optical system, �C . The geometric center of the Cherenkov camera is
assumed to lay on this axis, if the assembly of the telescope is ideal.

�P The PMC shares with ASTRI the mount (and consequently the move-
ments), but presents an independent optical system, with its own
optical axis �P .

In an ideal configuration �M , �C and �P are not only parallel, but also co-
incident, allowing us to consider a unique optical axis �, whose definition
corresponds to any of the three provided above. However, in chapter 6
and 7 we show that in the case of ASTRI–Horn there are strong evidences
that these three axes are not perfectly aligned. Therefore, we investigate
the position of the Cherenkov camera (�C) and the PMC (�P ) with respect
to a generic “optical axis” equivalent to �M . Further details and definitions
about the opto-mechanical structure of the system require additional tools
and concepts that are beyond the scope of this work.

for the mechanical structure assembly of the MiniArray ([177]) this value does not appear
anymore, but it is still a consolidated practice in internal operations to consider it for a
first evaluation of new methods and techniques.
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3.4.2 Dedicated hardware
As previously explained in section 3.4.1, due to the high pointing require-
ment in comparison to the low angular resolution of ASTRI, the Cherenkov
camera is not suitable to monitor the pointing direction of the telescope
and hence an auxiliary optical instruments is adopted for this purpose,
i.e. the Pointing Monitoring Camera (PMC, see section 3.4.2.1). Such a de-
vice is equipped with a suitable optical system and presents a dedicated
acquisition chain which is introduced in the following paragraph.

3.4.2.1 The Pointing Monitoring Camera (PMC)

The Pointing Monitoring Camera (PMC) is an auxiliary optical device (a
CCD) aiming at the monitoring of the pointing direction of the ASTRI tele-
scope. Due to the dual-mirror configuration and the consequent compact-
ness of the mechanical structure, the PMC does not share the same optical
system of the ASTRI telescope, but it is installed on the back of the sup-
port structure of the M2 mirror, with its own dedicated optics. The PMC
presents a true FoV of 2.8° ⇥ 2.1° and a pixel resolution of 1280 px⇥ 960 px,
resulting in a pixel size of 7.3 00, with a physical dimension of 12µm for ev-
ery pixel. The files from the PMC are saved in the FITS format and they
are processed with a suitable software12 in order to determine the astrom-
etry solution of every image. This allows us to assign physical coordinates
to the camera pixels using the standard Word Coordinate System (WCS,
[178, 179]), obtaining a new “calibrated” FITS file.
The alignment of the PMC geometric center with the Cherenkov camera
axis (�C) is a characteristic of the optical system that must be measured
and monitored in time, in order to avoid systematic errors in the calibra-
tion of the telescope. In fact, the de-centering offset is one of the terms of
the pointing model which is obtained with the PMC, but its rigid shift can be
different from the one of the Cherenkov device, as it is shown in chapter 6.

3.4.2.2 UVSCOPE

In order to monitor the Night Sky Background (NSB) in the direction of
the pointing, there is another ancillary devices mounted on board ASTRI–
Horn: the small UVSCOPE instrument (see figure 3.22, right). UVSCOPE
is devoted to the measure of the NSB in the same sky region that ASTRI is
observing. It has a very simple optical system, composed of a pupil and a

12I.e. Astrometry.net [link 229].



100 ASTRI

Fig. 3.22: Two pictures of the ancillary devices mounted on board the tele-
scope ASTRI–Horn. The Pointing Monitoring Camera (PMC)
is mounted inside the red cylinder on the back of the M2 sup-
port structure (left) and the auxiliary instrument UVSCOPE is
installed below the primary mirror (right).

protective quartz window, while the acquisition of the signal is based on
Multi-Anode Photo Multiplier Tubes (MAPMTs) manufactured by Hama-
matsu (series R7600-03-M64) allowing moderate imaging properties with
a sensitive unit composed of 64 elements arranged in a matrix of 8⇥ 8

pixels [176]. The full field of view is ⇠4.35°, similar the sum of 9 ASTRI
PDMs, and the response of the sensors allow an easy comparison with the
NSB flux recorded by the SiPMs of the Cherenkov camera, very useful for
calibration purposes [180].



4
The Variance Method

The ASTRI camera was specifically designed to detect short Cherenkov
flashes indirectly produced by the cosmic radiation entering the Earth at-
mosphere. As it is explained in chapter 3, the camera electronics is based
on a sequence of integrated circuits performing the prompt detection of
any impulsive variation of the incoming signal from neighboring SiPM
sensors. As a result, the coupling of the instrument to the sky is such that
any steady or slow-varying optical signal from a celestial source cannot be
detected with the ASTRI telescope. However, the camera presents also an
ancillary output that actually provides a measure of the Night Sky Back-
ground (NSB) light, allowing to produce stellar images as if ASTRI were
a common UV-optical telescope, without requiring any additional hard-
ware. This is possible thanks to the so-called Variance method: a statistical
procedure implemented in the FEE, which is based on the random sam-
pling of the ADC pedestal output signal for every pixel. This strategy is
inherited from the PMT technology, and it has never been implemented
before on a telescope endowed with SiPM sensors to produce sky maps.
This chapter is entirely dedicated to the Variance method, whose general
features are discussed in section 4.1. Afterwards, section 4.2 presents the
procedures to create sky images and perform their calibration, starting
from the Variance data packages. Lastly, an overview of the intriguing
possibilities provided by the Variance is reported in section 4.3.
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4.1 General Features

The Variance is a peculiar feature of the ASTRI Cherenkov camera, a sec-
ondary output allowing to image the star field despite the AC coupling of
the instrument with the sky. In fact, together with the Cherenkov flashes,
also the photons of the NSB are conveyed by the optics on the sensors,
but they will not trigger the scientific acquisition mode (SCI) and hence
the camera will not record their signal. However, this radiation generate
photo-electrons too, and hence a pulse signal is produced anyway at the
output of the ADC in coincidence of their arrival. Consequently, consider-
ing the light emission of a steady celestial source, the FEE will produce a
sequence of repeated bumps in the ADC, oscillating around the pedestal
(see figure 3.19), increasing the variance (�2) of the output signal. As a
result, a visualization of the �2 of each pixel actually constitutes a map of
the NSB light: this is the so-called Variance method of the ASTRI cam-
era [164, 181]. Figure 4.1 (left) presents an image produced with the Vari-
ance method, in comparison with the visualization of SCI data, where a
Cherenkov flash is clearly visible. In order to obtain an estimate of �2, the
variance acquisition mode (VAR) is based on the continuous sampling of
the ADC output, in absence of trigger signals. This task is implemented in
the FPGA as it is reported in details in section 4.1.2, while in the next one
a focus on the relation between �2 and the NSB flux is presented.

Fig. 4.1: Difference between a raw Variance frame (left) and a Cherenkov
image (right), taken with ASTRI–Horn in the same period, to-
wards the region of the Crab nebula (center of the FoV). In the
Cherenkov image a light flash is clearly visible, while in the Vari-
ance only the noisy contribution of the NSB is present.
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4.1.1 The NSB flux
The NSB photons are always present in the acquisitions of the ASTRI cam-
era. In scientific images the intense radiation of extended air showers pre-
dominates, but in order to extract the true Cherenkov signal the average
NSB level must be subtracted in every pixel, with a cleaning procedure.
The Variance is the most effective method to estimate the level of the NSB
contamination, obtaining its value from the �2 of the ADC pedestal. How-
ever, the fluctuations of the ADC output are not only generated by the
NSB flux, as in general there is also the contribution of the electronics dark
current,

�2
= �2

Dark + �2
Sky . (4.1)

In the specific case of the ASTRI camera, the intrinsic dark noise is negli-
gible with respect to the sky contribution, being 40 times smaller at max-
imum [166]. On the other hand, regarding the component due to the sky
signal �2

Sky, by statistical considerations it is possible to show that it is pro-
portional to the incoming NSB photon flux �Sky. In fact, the sky flux is
proportional to the number of photons n hitting the surface of the sensors
in the unit time t. The distribution of photons is described by a Poissonian
statistics and hence the probability P (n) is given by

P (n) =
�n

n!
e�� , (4.2)

where � is the expected value, or the mean number of incoming photons
in the time interval t, that we do not know1. However, in a Poissonian
process the variance of the distribution is equal to � too, and hence the
�2 of the photon sequence provides a measure of the amount of photons.
As the radiation impinging on the pixels produces a certain number of
pe which is detectable in the multiple pulses of the ADC output, we can
conclude that the variance of the pedestal is proportional to the sky flux2.
This linear relation is well verified with laboratory measurements over a
wide range of values, considering for example �2 versus the current of
photo-electrons generated by the sensors (see figure 4.8). As a result, the
equation (4.1) translates into the simpler relation

�2
= �Sky , (4.3)

1It is possible to estimate a posteriori this value multiplying the photon-detection ef-
ficiency (PDE) for the total number of photo-electrons recorded by the electronics: the
camera rates (see section 4.1.3.2).

2Exception made for the case of saturation effects such as the pulse rate non-linearity or
the pulse amplitude non-linearity, but they require very advanced topics in electronics.
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where  is a constant of proportionality. Equation 4.3 allows us to adopt
the Variance of every pixel as a measure of the NSB light in the FoV. This
estimation presents a statistical uncertainty related to the number of sam-
ples Ns considered for the calculation of the variance. Assuming they fol-
low a normal distribution, the relative error is

� (�2
)

�2
=

r
1

Ns � 1
, (4.4)

equal to  times the relative error on the sky flux. For the typical value of
65 535 samples (16 bit Variance), the relative error is ⇠0.5%.

4.1.2 Signal sampling

At the electronics level, the Variance originates from the continuous sam-
pling of the ADC output. In particular, after the acquisition of Ns subse-
quent samples xi of the ADC digital output x, in absence of trigger signals,
the variance can be calculated with the usual formula

�2
=

P
x2
i

Ns
�

✓P
xi

Ns

◆2

. (4.5)

The task of sampling the ADC signal and elaborate the raw variables for
the VAR packages is implemented in the FPGA logic board of the FEE. The
number of samples is calculated with the user-defined variable VARSAMP,
trough the relation Ns = 2

VARSAMP � 1, while the constant sampling fre-
quency fs is set to 2MHz, in order to have a reasonable high statistics
without overloading the electronics. However, the readout of the 32 pix-
els from every CITIROC is operated in series, and hence the effective fre-
quency for the Variance acquisition is reduced to fVAR = fs/32 = 62.5 kHz.
Consequently, the total amount of time to collect Ns samples from every
sensor is TVAR = Ns/fVAR.
In the typical configuration VARSAMP=16 bit and consequently the dura-
tion of every single Variance acquisition, or frame, is TVAR⇠1.05 s. Every
frame will give origin to a different Variance image. This implies that in
this configuration every image has an intrinsic error due to the Earth ro-
tation !� = 15

00/s, but on the other hand the large number of samples
ensures a very low relative uncertainty on the measure of the flux (see
equation 4.4). In order to obtain sky maps with improved time resolu-
tion, it is possible in principle to reduce the VARSAMP value (e.g. to 10 bit)
and exploit the wide FoV of the ASTRI telescope for monitoring the light
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curve of several objects at the same time. However, in this case the sta-
tistical relative uncertainty would be much larger and hence the resulting
magnitude error would allow to perform interesting measurements only
on the position of bright transient objects like satellites or asteroids and so
on, but not on their flux.
The estimation of TVAR as the time required for the acquisition of a single
frame actually represents only an inferior limit, because the readout of the
pixels by the CITIROC is interrupted when a trigger signal is generated.
In this case, the samples not already sent to the FPGA are lost, and the
CITIROC resumes the reading operation starting again from the first pixel.
Considering that the average trigger frequency is ⇠60Hz and that every
CITIROC manages the readout of 32 pixels, it is easy to verify that the
delay in the VAR acquisition due to the triggers is negligible, being . 1ms.
In practice, a much larger delay in the production of VAR files is due to the
BEE. In fact, the time distance TFRAME between the delivery of a Variance
package and the next one is much greater than TVAR which is required for
their acquisition. The reason is that a new VAR readout cycle is started by
the FPGA only when the BEE has collected the data from all the PDMs,
and it takes ⇠2 s for this operation because a broadcast communication
is implemented only from the BEE to the FEE, and not vice versa. On
the ASTRI cameras for the MiniArray this aspect will be improved and
TFRAME ⇠ TVAR, but in the data taken with ASTRI–Horn the average value
for TFRAME is ⇠3.15 s, as it is shown in the plot of figure 4.2.

4.1.3 Non-correlated events

As a consequence of the NSB flux, a huge number of pulses in the ADC
signal continuously propagate in the camera without being registered by
the electronics: they are usually referred to as non-correlated events The in-
coming photons induce the production of photo-electrons, or events, but
they do not start the generation of the trigger because they do not pass
both the threshold and the topological discriminators. The Variance is un-
doubtedly the most effective method to detect the contribution of non-
correlated events, but there is also another possible way.
In coincidence of a Cherenkov flash, passing both the threshold level and
the topological discriminator, the acquisition of the data is performed on
every pixel and hence a large number of non-correlated events is recorded
as well, outside the region illuminated by Cherenkov photons. Consid-
ering the cumulative histogram of all the pulse heights recorded in sub-
sequent triggered acquisitions, the contribution of non-correlated events
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Fig. 4.2: Each dot in this plot represents a VAR frame of a specific observ-
ing run with ASTRI–Horn (see the color scheme). The y is the
time elapsed since the beginning of the observing run, while the
x axis reports the frame number. The mean slope of the linear re-
gressions shows that a VAR frame is delivered every ⇠3.15 s on
average.

appears as a Gaussian broadening of the pedestal value, whose squared �
is exactly the same value that we measure with the Variance method. In
fact, the result of repeated random acquisitions generated by the triggers,
is equivalent to the sampling carried out in the Variance method, with a
lower frequency. A detailed analysis of this alternative method provides
some useful insights into the functioning of the ASTRI camera and also of
the Variance method. For this reason further considerations about it are
reported in the next section.

4.1.3.1 Further considerations

Figure 4.3 reports the cumulative histogram of the ADC output (in pe) for
all the pixels of PDM 19 during a scientific run with ASTRI–Horn. This
plot is the same of figure 3.20, but with the true sky signal instead of the
pulsating LED light as a source of photons: in this case the signal acquisi-
tion is triggered by real Cherenkov flashes illuminating some pixels. The
resulting continuous distribution presents two different components. On
the right there is the slope of the pixels that saw a large amount of ra-
diation: they are probably responsible for the generation of the triggers
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Fig. 4.3: Cumulative histogram of the pulse height distribution of PDM 19
(HG) during a scientific observing run with ASTRI–Horn (black).
The component due to non-correlated events is fitted with a
Gaussian bell (red) which in centered in zero, indicating a good
calibration of the system. A power-law is overplotted in blue for
comparison.

and they constitute the so-called correlated events. On the left, there is a
broad dispersion around the zero, perfectly fitted by the red overplotted
Gaussian curve. The right tail of the bell is overwhelmed by correlated
events, but the left hand side is evident. In this region the negative pe val-
ues are produced by the fluctuations of the ADC signal below the pedestal
(see figure 3.19), yielding non physical negative results because the steady-
state level has already been subtracted during the conversion in pe. This
Gaussian bell is produced by non-correlated events due to the NSB: the
mean value is centered in zero, indicating the absence of systematic errors,
while the square of the � is exactly equivalent to the variance that we com-
pute with the Variance method. As a proof, when a bright star enters the
PDM under consideration the slope on the right does not change, while
the Gaussian bell gets visibly larger. This is exactly the process on which
the Variance method is based: the RMS of the pedestal signal increases
when a bright source illuminates the sensors.
In principle, it is possible to produce several plots similar to figure 4.3 but
relative to single pixels: with this procedure we will obtain sky maps di-
rectly from scientific data, without using the Variance3. However, because
of the low trigger frequency (⇠60Hz) with respect to the ⇠65 kHz of the
Variance, this new method presents a quite large statistical uncertainty,
about 12% instead of 0.5%. Moreover, with the Variance it is possible to

3This possibility was investigated in [182], with the variable called PHDVAR.
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have a good time resolution and observe transient phenomena or study
the movements of the telescope, while the imaging procedure based on
SCI data requires a longer integration time and hence only steady sources
with respect to the ASTRI FoV can be identified. However, this technique
provides also some interesting connections with the ASTRI science, that
are briefly discussed in the next paragraph.

4.1.3.2 Additional scientific topics

The analysis of the plot in figure 4.3 constitutes undoubtedly a useful and
interesting tool to understand the functioning of the ASTRI camera and
the Variance method, but it offers also some surprising insights on the AS-
TRI science. First of all, the accumulation of correlated events on the right
constitutes actually a differential spectrum dN/d(pe). The slope of their
distribution is well described by a power-law (the blue dashed line) whose
spectral index is � ⇠ �2.7, corresponding exactly to the measured value
for cosmic rays (section 1.1.1). As a consequence, this plot becomes imme-
diately of interest for scientific purposes in two different ways. First, by
comparing this curve with a calibrated differential plot from other IACTs,
it is possible to provide an estimation of the ASTRI energy threshold. The
point where the slope of correlated events detaches from the fluctuations
of the pedestal (at ⇠8 pe, which is also the best value to set the energy
threshold into the discriminator) corresponds to ⇠1.12TeV in the compar-
ison with the flux-calibrated spectrum4. This result is remarkable close
to the reference value for the energy threshold of ⇠1TeV obtained with
simulations or from the approximated formula

Ethr /

s
⌦⌧�

A⌘
, (4.6)

where ⌦ is the solid angle subtended by the detector, ⌧ is the electronic
integration time of the system, � is the photon flux from the NSB, A is the
area of the mirror and ⌘ is the photon-detection efficiency (PDE) of the
sensors [183, 184].
Another interesting application of the plot in figure 4.3 is that the slope
of correlated events does not depend on the optics efficiency, being gen-
erated by the shape of the cosmic ray spectrum, but the total number of
recorded events actually does. As a consequence, while the analysis of the
profile shape guarantees that the camera is working properly, the num-
ber of total pe, or the rate of the ASTRI camera (measured in MHz), can

4Thanks to Osvaldo Catalano for this difficult estimation.
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be exploited to detect any eventual loss of effective area, due for example
to degradation of mirror reflectivity, as it was demonstrated in the experi-
ence with ASTRI–Horn. To have a good estimation of the camera rate, it
is sufficient to take the � of the Gaussian bell in figure 4.3 and divide for
the time length of the signal acquisition window, the peaking time, whose
typical value is ⇠75 ns for a pulse shaping time of 15 ns. From a physical
point of view, the camera rate R represents the average number of photo-
electrons generated per second, and hence it provides also a measure of
the total current I with the formula

I = eGR , (4.7)

where e is the electronic charge and G is the gain of the SiPM sensors,
representing the increase of the electron number after their typical cascade
mechanism.

4.2 Image production

The most of the analysis presented in the following chapters are based on
sky maps of the NSB light obtained with the Variance method. However,
the output of the VAR acquisition chain are not image files, but a long se-
quence of data files relative to the sampling of the ADC output pedestal
for every pixel of the Cherenkov camera. Therefore, this section is dedi-
cated to describe the structure of such files (section 4.2.1) and to present
the procedures that we developed to transform them into VAR images
(section 4.2.2). Lastly, the delicate process of calibration is presented in
section 4.2.3, together with the outline of further calibration procedures to
be implemented in the VAR analysis pipeline for the MiniArray.

4.2.1 Raw data
The data acquisition of the ASTRI telescope is organized into consecutive
observing runs, each denoted with a univocal value of the tag RUNID. Each
run contains a different number of VAR packages (or frames, as they will
give origin to different Variance images), depending on the time length
of the run. Each frame is produced with Ns samples of the ADC signal,
taken from the FPGA and sent to the BEE after a specific elaboration. In
fact, in order to reduce the bit usage and to speed up the calculation, a
fixed offset5 is subtracted to every single ADC sample and then only the

5In the case of ASTRI–Horn it was set to 1950ADU.
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result of their sum and the sum of their squared values are stored into the
memory. With this strategy, the values of the Ns samples are not saved
individually and a lot of computational resources is saved. The resulting
binary files constitute the level-zero data production (DL0). As explained
in section 3.3.3, these files are converted into the FITS format (VAR-DL0,
with extension .lv0) and uploaded in the ASTRI web archive [link 224]
with a suitable nomenclature: a letter indicates the status of the camera6

while the code 1002 at the end of the file name indicates that it actually
contains VAR-DL0 data. In every VAR file, and more specifically in every
VAR frame, the values of the following keywords are important for our
purposes:

TIME_UTC providing the time tag in UTC of the frame acquisition (end);

VARSAMP defining the the number of samples Ns = 2
VARSAMP � 1 ;

SUMSQ equal to
P

x2
i

, for every pixel;

SUM equal to
P

xi , for every pixel.

Starting from these data, the value of the variance for every pixel vi can be
computed with the usual formula (4.5), and this is the true starting point
for the image visualization.

4.2.2 Visualization
In order to obtain a visualization of the ASTRI FoV there are different
strategies to produce an image staring from the values of the Variance
vi recorded in every pixel. The simplest way is to display the data us-
ing a matrix 40⇥ 40 (for the reduced camera configuration adopted with
ASTRI–Horn), where every element corresponds to a pixel of the Cherenkov
camera, reproducing their true arrangement. This procedure allows to ob-
tain a quick-view (QV) of a Variance frame and it is very useful for inspect-
ing the contents of the files by eye, but it is inadequate for carrying out
scientific elaborations because the true distance relations of the pixels are
not considered, having removed for example the gap between the PDM
tiles and between the sensors. As a consequence, in order to determine
the exact position of a light spot on the focal surface or to study the con-
tribution of dead areas between the pixels, it is necessary to introduce a

6Idle status (I), observing status (R) or “first idle” status (F) after turning on the BEE.
The VAR acquisition is available in all these modes.
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larger matrix, constituting a grid with much higher spatial resolution, al-
lowing the possibility to visualize also the details of the ASTRI camera
structure. Both these methods for the data visualization are presented in
the following sections.

4.2.2.1 Quick-viewers

The QV procedures are based on 2D arrays of only 40⇥ 40 elements, en-
suring a very fast elaboration of images. To assign the Variance values vi
to the correct matrix elements, we adopt the usage of specific masks: equiv-
alent matrices containing in their elements the label of the corresponding
PDM tile or the pixel number (PIX). For example, to set the value vpq in the
position of the q-th pixel of the p-th PDM into a QV image, it is sufficient to
identify the unique matrix element where the PDM mask is equal to p and
the PIX mask is equal to q. Figure 4.4 presents an image of the PDM and

Fig. 4.4: PDM and PIX mask matrices for Quick-viewers. Elements out-
side the ASTRI camera are initialized with a NULL_VALUE that
we conventionally set to zero.

PIX masks. The elements outside the camera are initialized with a conven-
tional NULL_VALUE (that we set to zero) in order to be easily recognized
and removed during further elaborations.
We developed three QV routines for three different purposes. They are all
coded in the IDL language [link 253] and a brief description of this soft-
ware is provided in the following list.

DISPLAY is a custom function wrapping the standard image utility of
the IDL library, equipped with some special extra-features extremely
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useful for the visualization of VAR data. This function allows to vi-
sualize a single frame at a time.

VAR_QV40 is a procedure implementing an interactive widget with a
very essential Graphical User Interface (GUI), allowing to visualize a
VAR frame but also to change image by moving a scroll bar (see fig-
ure 4.5). This procedure is useful for inspecting by eye all the frames
of a RUNID, or a specific subset.

VAR_QVMOVIE is a procedure to produce a movie (in the .mp4 for-
mat) of an entire observing run mounting a certain number of VAR
frames per second. Thanks to this very fast visualization it is pos-
sible to detect transient phenomena as comets, meteors, or satellite
flares.

Fig. 4.5: The GUI of the VAR_QV40 widget for the visualization of VAR
data. In the case reported, a set of 40 frames is loaded from the
run 1620 and it is possible to change image moving the horizontal
scrollbar on the bottom of the window.



4.2 IMAGE PRODUCTION 113

The codes 4.1 and 4.2 present the typical IDL procedure to visualize a VAR
frame in a QV image. The images produced by the quick-viewers are very
useful to see the content of VAR frames and they will be shown several
times along this document. However, even if the pixel arrangement is pre-
served in such images, there is no way to retrieve the exact position of the
pixels with respect to the camera coordinate reference system presented in
section 3.3.1.2. For this reason, when it is necessary to perform manipula-
tions or measurements on the VAR frames, another strategy is adopted for
data visualization, making use of images with higher resolution.

Code 4.1: Typical IDL source code to obtain a QV image of a Variance
frame through the DISPLAY custom procedure. The functions
colored in cyan have been developed on purpose to ease the
data handling and visualization.

Code 4.2: Calling sequence in IDL language of the three QV procedures
described in section 4.2.2.1. If the /ALL keyword is provided
the frame interval is ignored and all the run is visualized.

4.2.2.2 High resolution images

To provide a better visual description of VAR frames, including the artic-
ulated mechanical structure of the ASTRI camera, it is possible to increase
the size of the square matrix adopted for the visualization, reducing the
corresponding physical dimension of every element, allowing to repre-
sent smaller details as the gaps between the pixels or between the PDM
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tiles. However, this strategy has two serious problems. First, in order to
consider the geometry of the camera with high accuracy it is necessary to
define a very huge matrix for every frame. Second, such large variables
require a lot of computational resources and every operation becomes in
turns very time-consuming. For this reason, when the small details of the
camera matter, it is better not to work with images, but rather to introduce
another procedure based on the geometrical parameterization of the pro-
file of every Cherenkov pixel (see section 5.3). On the other hand, if the
visualization of the gap between the pixels is not necessary, the usage of
high resolution images is still probably the best solution to have a good
visual description of the VAR data, because it allows to introduce interpo-
lation and smoothing algorithms providing a better representation of the
full FoV of the ASTRI telescope. The details of the procedure can be re-
ported as follows.
In the camera reference system, the center of every pixel has a precise po-
sition, that we measured on the CAD drawing of the focal plane assembly.
Consequently, we can assign the values of the Variance vi to the positions
xi and yi of the centers and then we can use a 2D interpolation algorithm
to obtain the values of the Variance in correspondence of a grid of new
(x, y) points. The output of this procedure is a matrix with the interpo-
lated Variance data and two matrices with the x and y values associated to
the new elements, the so-called meshgrids7. The resolution of the resulting
images is determined by the separation of the new points adopted for the
interpolation. In addition, a smoothing process with a proper radius can
help to further remove the residual effects of the original large pixel size,
obtaining a better visualization of the full FoV. Figure 4.6 shows the quick-
view of a VAR frame on the left, and its elaboration with this procedure
on the right.
The production of high resolution images through interpolation and smoo-
thing of Variance data represents not only a technique to obtain sky maps
with better visual quality, but also a method for providing likely repro-
ductions of the true NSB features. In fact, considering a star in the FoV, if
its light spot falls between two pixels, they record half of the total inten-
sity each, and the interpolation algorithm assigns that value to all the new
sub-pixels located between the centers of the old pixels. Afterwards, the
smoothing algorithm softens the edges of such high intensity region, pro-
ducing a new local maximum close to the original position of the light spot
centroid. As a consequence, images with sub-pixel resolution provide the

7In general, a meshgrid is a 2D array of coordinates for the evaluations of 2D
scalar/vector fields over a 2D grid of points.
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Fig. 4.6: This is the frame 280 of the RUNID 1597. Left: QV image of the
VAR data. Right: elaboration of the image with an interpolation
resolution of 1mm and a Gaussian smoothing with � =2mm.

possibility of locating the exact position of a star in the FoV, by fitting the
resulting data with suitable 2D functions. More details about this process
are reported in section 5.2, where a deep analysis of the convolution be-
tween the ASTRI PSF and the pixel distribution is presented. For now, the
simplified heuristic explanation reported here already gives a taste of the
important applications of high-resolution images obtained with sub-pixel
interpolation.

4.2.2.3 Standard projection and views

The masks adopted for the production of VAR images, both QV and inter-
polated ones, contain the displacement of the PDM tiles in the order that
an observer would see standing in front of the Cherenkov camera when it
is mounted on the telescope in parking position (elevation equal to zero).
This is the standard view that we adopt for the VAR data throughout this
document and it is referred to with the name CamView. When it is nec-
essary to match the VAR images with the sky representations available in
stellar catalogs, another standard view is adopted, obtained with a N-S
flip of the CamView. This is the so-called SkyView visualization, present-
ing a perfect match with the sky maps, having considered the focal plane
assembly and the response of the optical system. With refer to the camera
coordinate reference system reported in section 3.3.1, these standard views
can be defined as follows:

• CamView, the x axis points right and y axis the top of the image;

• SkyView, the x axis points right and y axis the bottom of the image.
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Fig. 4.7: A Variance image in SkyView (frame 24, RUNID 1233) is super-
imposed on an optical representation of the sky in the same re-
gion. The star in the center is Iota Draconis (HIP75458), while
the labels of fainter objects are colored depending on their mag-
nitude: yellow for mag > 5 and red for mag > 6.7. On the right,
two PDM tiles (14 and 28) were off. VAR and optical images were
matched manually.

Figure 4.7 presents an image where a QV Variance frame is superimposed
on a sky map taken from a star catalog for demonstrating the adequacy of
the SkyView transformation.
The perfect matching of the images in figure 4.7 can be surprising, because
the DISPLAY procedure does not provide actually a much accurate visu-
alization of the ASTRI camera. In fact, besides the removal of the gaps
between the pixels that was already reported before, also another impor-
tant feature is neglected in the QV images: the projection of the spheri-
cal focal surface. In general, throughout this document, we will always
consider the (x, y) coordinates of the pixels without considering their z,
which is equivalent to working in the normal projection of the camera
onto the plane tangent to the central PDM tile. This operation is not an
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approximation to simplify the analysis, but actually it constitutes the cor-
rect procedure to perform any astrometric evaluation of the FoV, because
the plate-scale of the ASTRI telescope is measured exactly on that tangent
plane rather than on the curved paths of the true spherical focal surface
(namely, it constitutes a linear plate scale). Therefore, this standard pro-
jection is adopted for example in the extremely accurate analysis of the
convolution between the PSF and the pixel distribution presented in sec-
tion 5.2, or in the astrometry technique developed in chapter 5. In princi-
ple, it should be considered also for the production of high precision sky
maps: the size of external pixels would be reduced as a consequence of
the tilt angle of the outermost PDM tiles (which is ⇠11°, corresponding to
a compression of ⇠0.13mm per pixel in the case of the tiles at the edge of
the camera8). However, this correction is small compared to the true size of
the pixels and hence the QV strategy, in which the pixels are displayed as
if they were arranged on a plane, is still a good solution for visualization
purposes only. Moreover, in such images the absence of the gaps intro-
duces a much bigger error of ⇠13mm across the whole camera (⇠4.4%),
but again it is possible to adopt anyway the QV strategy for quick cross-
checks with star catalogs, simply considering a ⇠4.4% larger plate-scale
and obtaining the good match reported in figure 4.7 as a result.

4.2.3 Calibration
The calibration of SCI data is different from that of Variance frames: a pro-
cedure for elaborating the raw SCI signal has been already developed and
tested [86], while a definitive approach for the calibration of VAR images
is still missing at present. In this section, we present the solution that we
adopted for the work of this thesis.
Of course, the raw values in the pixels of Variance images must undergo
a delicate process of calibration before any further scientific elaboration.
In fact, there are several factors producing a non-uniform response of the
camera to the sky signal, as it is shown if the upper-left image of figure 4.9:
gain differences, dead pixels, different micro-cell sizes9, PDM saturation
effects, and lots of other phenomena affect the VAR level in every pixel
contaminating the sky contribution. In general, the electronics is responsi-
ble for the intrinsic or gain calibration (each pixel has a different board, sen-
sor, PDE, bias voltage, etc.), while the so-called flat-field calibration is de-

8These values refer to the camera in the full configuration, while in this document we
are considering the reduced assembly of only 21 tiles (instead of 37) adopted for ASTRI–
Horn.

9See section3.3.1.
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termined by the optical system (mirror reflectivity, vignetting, filter trans-
mittance, etc.). Both these contributions must be considered for a complete
calibration process that allows to convert the Variance values in a measure
of the NSB flux in physical units. This is the ultimate goal of the absolute
calibration of Variance frames: converting the ADU

2 values into magni-
tudes. However, for the purposes of this thesis it is sufficient a relative
calibration: to equalize the response of the pixels in order to obtain a clear
image of the star field on a uniform background (not necessary flat). The
procedures for both these calibrations, absolute and relative, are discussed
in the next sections.

4.2.3.1 Absolute calibration

The procedure presented hereafter is divided into two parts: the first one
aims at uniforming the intrinsic response of the pixels in the camera, while
the second provides the conversion of the calibrated signal in physical
units (i.e. magnitudes).
Within each PDM unit, every pixel has a different intrinsic gain (due to the
electronic components) and hence it presents a different linear coefficient
between its Variance and the intensity of the current of its photo-electrons
(figure 4.8, left). In order to obtain a uniform behavior, it is possible to
chose a reference pixel (REF) and re-scale all the others using the ratio of
the respective photo-electron equivalent10

PEeq,

vi = vraw,i ⇥
✓
PEeq,REF

PEeq,i

◆
. (4.8)

As a result, the gain of the pixels in the same PDM unit are now iden-
tical (see figure 4.8, right), but the response of the entire PDM tiles must
be calibrated as well. In fact, every PDM is characterized by a peculiar
overall PDE, still related to the electronics (or to the micro-call size, in the
case of ASTRI–Horn), and hence the average of the rates will be different
for every tile even if the illumination is equal. Through specific laboratory
measurements, it is possible to obtain the multiplicative factors to equalize
the PDM units, completing the intrinsic calibration of the camera11.
The next step is the conversion in physical units. To begin, the transforma-
tion of the ADC output signal x from ADU to pe is operated with equation

10See section 3.3.3.1.
11Actually, also the bias voltage can introduce additional effects, such as a different

average level of the PDM tiles, requiring a further last compensation.
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Fig. 4.8: Every pixel has a peculiar coefficient for the conversion between
the Variance and the current (left), but an appropriate calibration
process can equalize their response (right). In the example re-
ported here, the pixel number 29 was adopted as a reference for
this PDM tile (courtesy of O. Catalano).

3.4, and consequently for the Variance we have

V [xpe] = V


(xADU � PEDLG)

PEeq

⇥ ⌘

�
, (4.9)

where ⌘ = GHG/GLG as usual and PEeq is the REF pixel value re-scaled
for the equalization factors of the PDM tiles. Using the definition of the
variance V [x] = E[x]2 � (E[x])2, it is straightforward to show that

V [xpe] =
V [xADU]

PEeq

⇥ ⌘ , (4.10)

where V [xADU] is exactly the Variance value vi recorded in every pixel. Af-
ter this conversion, the number of incident photons can be obtained using
the standard process described at the end of section 3.3.3.1, including also
the geometrical and physical properties of the optical system.
The receipt that we have outlined here constitutes an effective strategy for
the absolute calibration of VAR data, but it is not feasible at present, as
some necessary measurements were not carried out in laboratory for the
prototype camera of ASTRI–Horn (but a complete procedure has already
been planned for the cameras of the MiniArray [141]). As a consequence,
in the work of this thesis, instead of an absolute calibration for the VAR
frames we adopted a relative strategy.
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4.2.3.2 Relative calibration

The procedure presented here constitutes a statistical equalization of the
pixels, based on their average signal level over a very large number of
VAR frames. The output of this procedure is a calibration matrix, which is
a mask to be adopted to uniform the response of hot and cold pixels.
The first step is the selection of a set of long observing runs12 pointing at
different sky regions. We chose 9 RUNID, namely 1674, 1636, 1623, 1620,
1608, 1605, 1599, 1597 and 1419, and we removed the bad frames after a
visual inspection with the VAR_QV40 procedure (ASTRI–Horn is a proto-
type instrument and therefore several tests were performed to verify the
response of the subsystems even during the acquisition runs, resulting in
inadequate frames for our calibration purposes). For every run, we cal-
culated the median value in every pixel: this is the best strategy to obtain
a reference level which is not affected by the contribution of the stars oc-
casionally transiting over certain sensors in certain frames increasing the
level of the Variance signal. Lastly, for every pixel we considered the aver-
age of the 9 median values, obtaining a matrix of coefficients Ci to calibrate
the camera. This procedure is conveniently expressed by the following
formula

Ci =
1

N

X

RUNS

median(vi, f) , (4.11)

where f is the set of frames composing every observing run and N is their
number. Finally, to obtain the calibrated values vcal,i it is sufficient to mul-
tiply the Variance for the inverse of the coefficients eCi, obtained with an
appropriate normalization of the Ci to their maximum,

vcal,i = vi ⇥
1

eCi

. (4.12)

Figure 4.9 shows the remarkable outcomes of this effective relative cali-
bration, which is adopted as a standard procedure in the following of this
document.
In conclusion, a similar statistical method for the relative calibration of the
pixels can be adopted also for the cameras of theMiniArray, but a more in-
teresting solution has been recently proposed as an alternative. A sheet of
photo-luminescent material, can be applied on the PMMA window of the
telescope, during a specific calibration phase, in order to produce a uni-
form illumination of the camera and record a set of Variance frames to be

12See section 6.2.1 for a more detailed description of the criteria for the sample selec-
tion.
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Fig. 4.9: Example of two Variance frames before (top) and after (bottom)
the relative calibration. On the left there is the frame 1366 of the
run 1599, while on the right we have the frame 69 of the run
1597: the quality of the image is remarkably increased and, in
particular, the signal of the star field is now visible, while it was
overwhelmed by noise in the raw images.

adopted for the equalization of the pixels. This solution is probably more
reliable than our statistical method, but the contribution of the optical sys-
tem must be studied separately in this scenario. With the new operating
period of the ASTRI–Horn telescope, beginning in fall 2021, the feasibility
of this proposal will be investigated in detail.

4.3 Applications

The Variance method presented in this chapter allows to use ASTRI as a
common UV/optical telescope for imaging the NSB. As a consequence,
the Variance constitutes a technique to exploit ASTRI not only for the re-
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search on cosmic VHE gamma rays, but also for more traditional sky ob-
servations, as for example the monitoring of bright objects into the FoV.
However, the most important application of the Variance is not the study
of celestial sources, but the analysis of the telescope itself. In fact, VAR
frames are sky images taken directly with the Cherenkov camera, hence
providing a unique opportunity to verify the performances of the same
imaging system adopted for Cherenkov detection, in terms of both op-
tics and electronics. Moreover, also the sky region actually framed by the
camera can be individuated thanks to the VAR images, allowing to inves-
tigate any eventual little mis-pointing of the telescope or mis-alignment of
the support structure, thus assessing the overall opto-mechanical behav-
ior of the instrument without introducing potential systematic errors due
to secondary systems. A general overview of these techniques and their
potential is reported in the next section.

4.3.1 Techniques overview

The Variance is the only method to verify the true imaging quality of the
ASTRI telescope and to assess the opto-mechanical performance of the
structure on the basis of the sky region actually framed by the camera.
There are a lot of possible applications of this powerful method: the most
important techniques are briefly presented in the following paragraphs.

Alignment of the Cherenkov camera
In principle, it is possible that the Cherenkov camera is not perfectly aligned
with the optical axis of the telescope, due for example to gravity flexures
or mechanical tolerances in the assembly. The Variance is the only method
to detect and measure any eventual discrepancy, and chapter 5 presents a
pipeline that we developed for this purpose. Afterwards, the offset value
is inserted in the pointing model of the telescope, ensuring an improved
accuracy for the tracking of any celestial object. The PMC camera is the
instrument adopted for monitoring the pointing performances during ob-
servations, but again a specific calibration procedure is necessary to align
the optical axis of the PMC with that of the Cherenkov camera, exploiting
the VAR frames (see chapters 6 and 7 for details).

Monitoring of the tracking accuracy
The PMC camera is the ancillary instrument devoted to the monitoring of
the pointing performances of the telescope, but also the Variance can be
exploited for the same purpose. In fact, despite the much coarse angular
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resolution of the VAR images in comparison to the PMC ones, it is possi-
ble to obtain anyway a quite precise astrometric calibration of the FoV and
consequently to estimate the true pointing direction of the telescope using
the Cherenkov camera only. Chapter 6 is entirely dedicated to the astrom-
etry of the Variance frames: such procedure can be used to cross-check
the result of the PMC images analysis, but it has been also implemented in
the system for the quick data-analysis in real time (the Online Observation
Quality System, OOQS [140]), ensuring a prompt intervention in case of
anomalies during observations .

Ghost images and PSF size
The true reason why the astrometry of the VAR frames has been imple-
mented in the OOQS is that it allows to accomplish not only the monitor-
ing of the pointing accuracy, but also another fundamental task: the anal-
ysis of ghost images. When one or more segments of the primary mirror
lose their original position due to wind gusts, night frost, or other causes,
the PSF is altered and isolated light spots may appear in the FoV, out of the
nominal position of celestial sources. These artifacts are the so-called ghost
images and they are impossible to be detected without using the Variance
method. In fact, the alignment of the panels is performed in the assem-
bly integration testing (AIT) phase, with the AMC actuators and a suitable
optical camera on the focal plane (see section 3.2.2), but afterwards the
stiffness of the structure is the only element to keep the segments in posi-
tion, without the possibility to verify their stability. The presence of ghost
images in the VAR frames can be easily detected if the nominal position
of the stars in the FoV is well known: it constitutes a strong evidence that
at least one mirror segment is mis-aligned and that the telescope needs a
specific maintenance operation13. Figure 4.10 report a VAR sky map of the
Orion belt region, where 4 ghost images for each of the brightest stars are
clearly visible.
If the mis-alignment of the mirror segments is small, the alteration of the
PSF is slight and consequently there are no ghost images in the FoV. In
this case, the easiest solution to measure any eventual little modification
of the PSF is to schedule a dedicated observation: pointing the meridian
at the celestial equator with the telescope in staring mode, the stars cross
the FoV in parallel and also tiny changes of the D80 can be revealed. This

13In principle, it is possible to re-align the panels using the VAR images, also taking
advantage of the secondary mirror shadowing to identify the “guilty” segment. How-
ever, such operation is very complex due to the articulated shape of the PSF, and hence it
is more convenient to replace temporarily the Cherenkov camera with a suitable optical
device (the same operation of AIT).
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Fig. 4.10: Example of ghost images in a Variance frame (RUNID 833, Orion
belt region): the three brightest stars have four evident ghost
images each, about 10% intensity (masterful image elaboration
by A. Segreto [181]).

strategy has never been tested on ASTRI–Horn but in principle it can pro-
vide also an improvement of the optical qualification of the system, since
such a measure with the Cherenkov camera has never been performed.

Optical throughput
The optical throughput (OT) of the ASTRI telescope is in practice the per-
centage of photon flux from the sky that actually reaches the focal surface
after the path across the optical system. The monitoring of the OT is fun-
damental for the characterization of the telescope efficiency,but also for
the fine tuning of Monte Carlo simulations that are necessary for the data
analysis. There are several independents methods for measuring the OT,
as the camera rates or the muon-ring analysis [141], but again the Variance
can provide a decisive contribution. In fact, the VAR signal due to the
flux of a steady celestial source must be constant over long time intervals
(several months) if the telescope OT is unperturbed. As a consequence,
periodic VAR observations of a few reference stars, in similar atmospheric
conditions and moon phases, can indicate the level of the optical system
transmittance. This strategy is based on a relative approach, comparing
different measurements of the same object, and hence it constitutes a re-
liable solution despite the difficulties of an absolute calibration (reported
in section 4.2.3). The usage of an ancillary telescope, as the UVSCOPE in-
strument presented in section 3.4.2.2, can help to monitor the atmospheric
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condition during the acquisition of the VAR signal from reference stars.

Bright transients
With a quite coarse angular resolution (⇠11

0), but an extremely wide FoV
(⇠10°), ASTRI–Horn can be exploited also for the monitoring of several
bright transients in the sky, as comets, meteors, satellites, and others. Fig-
ure 4.11 reports an example of a bright satellite that crossed the FoV of
ASTRI–Horn leaving an evident imprint on six subsequent VAR frames.
With a suitable algorithm it is possible to detect such phenomena auto-
matically in the images of the ASTRI data archive, and produce an ade-
quate light curve (ADU2 versus time) for every object. Such information is
useful for example to improve the atmospheric transmittance model up to
high zenith angles, but also for providing a better cleaning of Cherenkov
images and to carry out statistical studies on the impact of transients on
astronomical observations.

Fig. 4.11: Examples of a moving bright transient visible in subsequent
VAR frames: RUNID 1597, frames 195 to 200, acquired in 2019
on February 26th, from 18:46:48 to 18:47:07 UTC. The track is
fragmented because the acquisition of every VAR frame has a
dead time of ⇠2 s.
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4.3.2 MiniArray
The lesson learned with the prototype ASTRI–Horn leads to convey a very
important role to the Variance method in the procedures for the calibration
and assessment of MiniArray telescopes. In this context, several appli-
cations of the Variance have already been reported and discussed along
this chapter, but the new cameras for the MiniArray present also remark-
able improvements under the technological point of view regarding the
acquisition of the VAR frames. In particular, some of the most important
enhanced features are reported in the following list:

• the Variance will be acquired in both LG and HG, at the same time,
contrary to the situation of ASTRI–Horn where only the LG channel
is available;

• the Variance will be acquired simultaneously to Cherenkov flashes
(actually this is already possible now, but only since February 2019);

• the communication protocol between BEE and FEE will be improved
and consequently the ⇠2 s dead-time between the acquisition of sub-
sequent VAR frames will be removed.

Most of the procedures presented in the following chapters have been de-
veloped for the implementation on the MiniArray with these enhanced
features in mind.



5
Variance images analysis

Images generated with the Variance method provide a picture of the NSB
in the FOV of the telescope, reporting the position of bright objects sim-
ilarly to what happens in traditional UV/optical instruments for astron-
omy. However, the ASTRI telescope is not optimized for imaging the night
sky, but rather for the detection of Cherenkov flashes, and consequently
the Variance images require a very special analysis before being exploited
for scientific purposes. In fact, the most of conventional tools for the elab-
oration of astronomical images are not adequate for processing Variance
data. This chapter is just dedicated to discuss the custom procedures and
methods that we developed for the treatment of Variance images, consid-
ering the peculiar optical response of the instrument. In particular, our aim
here is to understand what is the most accurate way to identify the cen-
ter of every bright spot with sub-pixel precision. Moreover, we studied
the way to assign a celestial coordinate to these points, in order to extract
the true astronomical position of point-like sources contained in the FoV
of the telescope. To this end, section 5.1 reports the so-called astrometric
calibration of the FoV, allowing us to map the camera coordinates into the
celestial reference system and vice versa. Afterwards, section 5.2 presents
a deep analysis of the convolution between the PSF and the camera pixel
distribution. This represents a very crucial aspect for retrieving the posi-
tion of the centroid of every source with high precision. Finally, section 5.3
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is focused on a detailed study of the effects of the gaps between the pixels,
resulting in a transformation matrix that we adopted to correct the posi-
tion of bright objects in the FoV, obtaining a better reconstruction of the
star field and enhancing the accuracy of the whole VAR imaging system.

5.1 Astrometric calibration

From light spots onto the focal surface, it is possible to retrieve the true as-
tronomical coordinates of the correspondent celestial sources, if we know
exactly the optical properties of the imaging apparatus. This is the concept
at the heart of the branch of astronomy focused on the precise measure-
ment of the positions and movements of stars and other celestial bodies,
which is known as astrometry. Of course, the ASTRI telescope is not ade-
quate to perform accurate astrometric measurements because of its coarse
angular resolution. However the evaluation of bright spots in the Variance
images can be anyway very helpful, as they can be successfully exploited
for the monitoring of the telescope itself, rather than for measuring the
star field. This is somehow a reverse usage of astrometry, as we do not
use ASTRI to measure the position of the stars, but instead we use the
well-known coordinates of bright objects to measure the position of the
Cherenkov camera with respect to the celestial sphere1. To this end, it is
necessary to perform an astrometric calibration of the FoV. This means to
define a set of parametric equations allowing to map the camera coordi-
nates into the celestial reference system and vice versa. Beautiful exam-
ples of such procedures can be found in the papers of satellite missions
dedicated to astrometry (such as Gaia [185, 186]) or in the peculiar works
relative to the calibration of instruments with ultra-wide FoV angles (the
so-called fish-eye cameras, [see 187, and references therein]). For the case
of the ASTRI telescope we developed a specific custom procedure which
is described in the following sections, starting from the most fundamental
aspect: the definition of a strategy for the transformation and conversion
of data inferred from Variance into astrometric information.

5.1.1 Transformation strategy
For the conversion between the celestial coordinates into the camera ref-
erence system we adopted a transformation strategy which is based on a

1Chapters 6 and 7 are entirely devoted to this aim, focusing on two different aspects:
the alignment of the camera with the optical axis and the pointing accuracy of the tele-
scope, respectively.
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relative approach. In this respect, we consider the coordinates associated
to the camera geometric center and then we process any other point using
its position relative to the center (in terms of distance and angle). This is
also a selective strategy, in the sense that not all the pixels are associated
to a celestial coordinate at the end of procedure, but only those for which
the conversion was required. This approach is very different for example
from the typical elaboration scheme of astronomical FITS images, where
the astrometric calibration ends up with a solution for all the pixels, us-
ing the Word Coordinate System (WCS) standard [179, 178]. Our custom
procedure represents an effective strategy for the case of the ASTRI cam-
era, presenting a small number of pixels (namely 21⇥ 64 = 1344), each
with a large angular dimension (⇠11

0). In these conditions it is impossi-
ble to apply the most common programs for the astrometric calibration2.
The steps of our algorithm can be summarized as reported in section 5.1.2,
after having introduced (hereafter) the adopted notation and the relevant
astronomical quantities involved.

5.1.1.1 Notation

Being S an astronomical point source, in the wavelength range of our in-
terest, its celestial position in the Equatorial Coordinate System (ECS) is
expressed by the Right Ascension and Declination, (↵S, �S). In the local
Horizontal Coordinate System (HCS), centered at the latitude ' and lon-
gitude � of the ASTRI–Horn telescope3, the celestial position of S is de-
fined by the Azimuth and Elevation (Azs, Els). When S falls inside the
FoV of the ASTRI–Horn telescope, it produces a bright spot into the VAR
images which is located in the position (xs, ys), or equivalently (rs, ✓s), us-
ing the reference system previously defined in section 3.3.1.2 and the stan-
dard projection of the camera geometry onto the tangent plane discussed
in section 4.2.2.3. Similarly, we indicate with P the pointing direction, or
the intersection between the optical axis of the telescope and the celestial
sphere, which is identified by suitable couples of astronomical coordinates
in both ECS and HCS, and by the position (xp, yp) onto the camera.
In our procedure, P is the reference point for the calculation of celestial
distances and, in this chapter only, we assume a perfect pointing perfor-
mance of the telescope: the position of P is coincident with the origin of
the camera reference system, (xp, yp) ⌘ (0, 0).

2Such as SourceXtractor [188, 189] or Astrometry.net [190] [link 229], they do not find
an astrometric solution due to very peculiar optical features of ASTRI intended as an
optical instrument.

3Reported in table 3.2 on page 70.
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Fig. 5.1: Conceptual drawing representing the relevant sky angles for our
analysis. The scheme is in SkyView and the East direction is
clockwise about the NCP.

5.1.1.2 Relevant astronomical angles

The astronomical position of S with respect to P is uniquely defined by
the angular distance ds and the Position Angle, �s. The Haversine formula
for spherical triangles [191] allows us to calculate dS using the Right As-
cension and the Declination of P and S,

cos(ds) = sin(�p) sin(�s) + cos(�p) cos(�s) cos(↵p � ↵s) , (5.1)

while �s is the aperture of the angle between the celestial meridian con-
taining P and the great circle containing P and S, positive in the sense
North through East4 rotating about P . The geometrical drawing in fig-
ure 5.1 reports a schematic representation with the relative position of P ,
S and the North Celestial Pole (NCP). In the same figure, it is also reported
the position of the Zenith (the sky point with the maximum elevation). Its
angular distance from P is the so called Zenith Angle (⇣), which is the com-
plementary angle to the elevation Elp. The angle between the Zenith and
the NCP, with vertex in the pointing direction P , is the Parallactic Angle

4At every celestial position we define North moving along a celestial meridian towards
the North Celestial Pole, while West is the direction in which the stars appear to move (in
SkyView).
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of P denoted with the symbol ⌘p. It should be noted that the name of the
parallactic angle has nothing to do with the phenomenon of the parallax,
but instead it refers to the fact that every celestial point moves along a
celestial parallel around the NCP. As a consequence, the amplitude of the
parallactic angle is a function of time ⌘ = ⌘(t), as it is shown in details in
section 6.1.1, where the time evolution of the parallactic angle is exploited
for a specific purpose. At any time the value of ⌘p is given by the spherical
sine theorem [192]

sin ⌘p
sin

�
⇡

2 � '
� =

sinhp

sin ⇣p
, (5.2)

where ⇣p is the zenith angle of P and hp its hour angle, that can be obtained
from the Local Sideral Time5 (LST) with the formula

hp = LST � ↵p . (5.3)

The time dependence of ⌘p in equation 5.2 is embedded into hp and ⇣p.
However, in this chapter we can avoid to consider the passage of time and
consider ⌘p as a fixed quantity. The sign convention that we adopted is that
⌘ increases clockwise (CW) in SkyView, starting from the Zenith direction,
in the range (0, 2⇡).

5.1.1.3 Orientation of the FoV

The ASTRI telescope has an alt-azimuth mount. As a consequence, its
Cherenkov camera has a fixed orientation with respect to the ground and
not to the celestial sphere. This aspect is completely different to what hap-
pens in telescopes with equatorial mounts, where the top of the camera
is always directed towards the NCP, and hence the orientation of the star
field does not change with time [193]. On the contrary, in the case of an
alt-azimuth mount, the top of the camera is always oriented towards the
Zenith, while the bottom side is always parallel to the ground, and hence
the image of the star field presents different rotations at different times
(see section 6.1.1 for details). In order to characterize this effect it is suffi-
cient to notice that in the camera FoV the angle between the vertical axis
and the NCP direction with vertex in the pointing direction P is exactly
the parallactic angle ⌘ that we have introduced in section 5.1.1.2. As a
consequence, the apparent orientation of the star field in the ASTRI FoV is
definitely determined at any time: every star S has a fixed position angle �

5To calculate the LST it is important to consider the precession from J2000.0 to the
actual epoch, defined as ((JD - 2451545.0)/365.25)+2000, where JD is the Julian Date asso-
ciated to the actual time value in UTC.
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Fig. 5.2: Schematic drawing of the relevant angles for the orientation of
the FoV. See section 5.1.1.3 for a detailed explanation of every
element.

with respect to the NCP direction, which presents an evolving parallactic
angle ⌘ with respect to the ASTRI camera vertical axis. Figure 5.2 reports
a conceptual drawing of the situation, presenting a scheme involving the
same elements of figure 5.1 and highlighting their role in determining the
apparent orientation of the FoV with respect to celestial sphere.

5.1.2 Coordinate conversion

The relative and selective transformation strategy presented in section 5.1.1
translates into the algorithms for the coordinate conversion which are pre-
sented hereafter. In particular, there are two different goals to be achieved,
that must be treated separately. The first one is to display the sky map into
the camera reference system considering the true orientation of the FoV at
a given time t. This procedure, exploited for the star identification, is pre-
sented in chapter 7. The second task is the opposite transformation and it
is much more complicated. It is the calculation of the celestial coordinate
of a given point in the camera reference system. This operation is used for
the evaluation of the telescope mis-pointing in chapters 6 and 6. Here we
discuss the first problem.
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From the sky to the camera The angular separation ds between P and
S, calculated with equation (5.1), can be converted into the the radial dis-
tance rs using the linear plate-scale PS defined in section 2.2.3, through the
relation

rs =
ds
PS

. (5.4)

On the other hand, the polar coordinate ✓s is determined by the expression

✓s = ⇡/2 + �s � ⌘ , (5.5)

where the sign are coherent with the convention described in section 5.1.1.2
and reported in figure 5.2, while ⇡/2 has been added to obtain the NCP
axis towards the top of the FoV in SkyView when the telescope is pointing
at high zenith angles in direction of the geographic North (� = ⌘ = 0),
remembering that the zero point of the ✓ coordinate is conventionally set
along the +x axis. Lastly, the results of equations (5.4) and (5.5) can be
converted in Cartesian coordinates, obtaining the final output of the con-
version procedure. In conclusion, the whole transformation from the sky
to the camera can be summarized with the following scheme,

✓
↵
�

◆
�!

✓
d
�

◆

| {z }
SKY

⌘�!
✓

r
✓

◆
�!

✓
x
y

◆

| {z }
CAM

. (5.6)

The work flow reported in (5.6) has been implemented in a routine writ-
ten in the IDL programming language, exploiting several functions of the
astronomical library6, as for example POSANG, PARANG, and others. This
routine can be applied to all the sources in a certain region around the
pointing direction of the telescope, obtaining a map of the positions that
the stars would have in the FoV of the ASTRI telescope. For example,
figure 5.3 presents the star field in the region of Navi (HIP4427) in the
constellation of Cassiopeia, in the camera reference system, as it would be
observed by ASTRI–Horn at midnight UTC between November 24 and 25,
2021.

From the camera to the sky The procedure presented in (5.6) represents
an effective strategy to map the celestial sphere into the camera reference
system of the ASTRI telescope. However, it is not straightforward to re-
verse such procedure to perform the opposite operation, i.e. to assign a

6See appendix B for further details.
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Fig. 5.3: Example of the projection in the camera reference system of the
star field in the region of Navi (*Gam Cas - HIP4427) in the con-
stellation of Cassiopeia (grey segments). The red dots represents
the position of the stars in camera coordinates (taken from the
SIMBAD catalogue, within 6° from Navi and below 6.5mag),
while the superimposed image is an optical representation of the
same sky region. Azimuth and Elevation values are relative to
the central axes of the figure.

celestial coordinate to a specific (x, y) position in the camera. To solve this
problem the standard approach is to calibrate the camera reference system
using a set of six parameters, the so-called Plate Constants [194]7. However,
in the case of the ASTRI telescope, even a simplified strategy is suitable for
our purposes, as we will use the transformation from the camera to the sky
only for the evaluation of the mis-pointing (section 7.4), where only small
displacements are involved (a few arc-minutes maximum). This allows us
to adopt an approximated solution, without implementing a general algo-
rithm that works on the entire camera. Nevertheless, it is useful to present
the standard technique anyway for comparison, and for introducing the

7See also this useful summary presentation by T.M.Girard [link 275].
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Fig. 5.4: Conceptual scheme representing the standard coordinates (⇠, )
for the astrometric calibration. The position of S on the celes-
tial sphere, spanned by (↵, �) is projected on the camera plane
which is tangent in the pointing direction P .

traditional nomenclature.

5.1.2.1 The plate constants

Let be (⇠, ) the projection of the directions (↵, �) onto the tangent plane in
P to the celestial sphere (see figure 5.4). In literature they are often referred
as the standard coordinates on the focal plane, and they can be calculated for
a generic source in (↵, �) considering the pointing direction P (at the center
of the camera) with the following relations [194],

⇠ =
cos � sin(↵� ↵p)

sin � sin �p + cos � cos �p cos(↵� ↵p)
, (5.7)

 =
sin � sin �p � cos � cos �p cos(↵� ↵p)

sin � sin �p + cos � cos �p cos(↵� ↵p)
. (5.8)

For every celestial source in the FoV, of well-known astronomical position,
it is possible to compute the standard coordinates with equations (5.7) and
(5.8), but also the measured coordinates (x, y), in mm, using its pixel position
in the camera. Consequently, considering a large number of sources, it
is possible to use a fitting procedure for estimating the best values of six
constants allowing to convert the measured coordinates into the standard
ones, assuming a linear relation between them [195],

⇠ � x = ax+ by + c , (5.9)
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 � y = dx+ ey + f . (5.10)

The constants a, b, c, d, e, and f , are known as the plate constants of an
imaging system [link 233]. After the calculation of the plate constants, it is
possible to convert every (x, y) position into (⇠, ) and, finally, into astro-
nomical coordinates inverting the equations (5.7) and (5.8):

↵ = ↵p + tan
�1

✓
⇠

cos �p �  sin �p

◆
, (5.11)

� = tan
�1

✓
( cos �p + sin �p) sin(↵� ↵p)

⇠

◆
. (5.12)

This approach leads in principle to the full astrometric calibration of the
FoV of the telescope, allowing to perform astrometry measurements on
the positions of bright spots in the images. However, it is impossible to
apply this method in the case of the ASTRI telescope due to its intrinsic
coarse angular resolution, producing large errors in associating a precise
(x, y) position to the bright spots. Moreover, our aim is not to perform
astrometry measurements, but rather to consider the apparent position of
the star field in the FoV as a diagnostic tool for monitoring the pointing
performances of the telescope (see Chapter 7). For this reason, it is suffi-
cient to adopt the approximate method presented below, that constitutes
a simpler but satisfactory solution.

5.1.2.2 Approximated solution

Instead of calculating the plate constants, it is possible to assign the celes-
tial coordinates to a given (x, y) point of the camera using the following
simplified procedure. After the conversion in polar coordinates (r, ✓), the
true angular distance d from the reference direction P can be calculated
using the linear plate-scale (equation 5.4), while the position angle � can
be obtained inverting the equation 5.5, as the parallactic angle ⌘ is known
at any given time t. Actually, the polar angle represents the direction of
the NCP, and hence it is possible to obtain the standard coordinates with
the formulas8

⇠ = d sin � , (5.13)

 = d cos � , (5.14)
8Of course, this is not really a right triangle, but the projection on the plane of a spher-

ical triangle (see figure 5.4). As a consequence, this approximation works well only if the
distances involved are small and the “curvature” of the ↵ and � axes is low, i.e. far from
the NCP. A quantitative evaluation is reported below in the text.
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and lastly (↵, �) using equations 5.11 and 5.12. Of course, this is an ap-
proximated solution, but we verified with numerical simulations that this
approach provides quite accurate results: if the distance d between P and
the source of interest is ⇠1°, the accuracy in the calculation of its coordi-
nates is lower than 1

00 at 80° declination (and it is much smaller towards
the celestial equator).
There is another possible approach, implementing a further approxima-
tion, that consists in adopting ⇠ and  directly as an estimation of the
difference in Right Ascension and Declination. In this case, the resulting
coordinates are

↵ = ↵P + ⇠/ cos(�) , (5.15)

� = �P +  , (5.16)

where the correction with the cosine in (5.15) accounts for the shrinking of
Right Ascension with Declination [196]. However, this approach presents
a worse accuracy, as the square sum of the errors in ↵ and � in the same
conditions presented above is ⇠20

00. Nevertheless, it is interesting to notice
that the last strategy can be automatically adopted also in the HCS refer-
ence frame in the case of the ASTRI telescope, as the alt-azimuth mount of
its structure ensures that the vertical axis of the camera indicates the Eleva-
tion direction, while the horizontal axis is always parallel to the Azimuth
(obviously considering a small sky region around the camera geometric
center).
As previously mentioned, in this work we adopt the transformation from
the camera to the sky only for the correction of the mis-pointing (see chap-
ter 7), where the size of the translation is only a few arc-minutes, allowing
us to adopt the approximated solutions presented above. Furthermore,
during every run of the procedures presented in the following chapters,
the precision of the approximation adopted is always verified through
dedicated simulations in the specific sky region of interest.

5.1.3 Dedicated measurements
The transformation strategy presented above, as well as its relative coor-
dinate conversion, are based on some fundamental assumptions related to
the opto-mechanical properties of the telescope, as for example the con-
stant plate scale, the assembly of the camera with infinite accuracy, and
others. For the new period of data acquisition for the prototype telescope
ASTRI–Horn, in winter/spring 2022, we have scheduled a set of dedicated
observations aiming at the verification of these assumptions, assessing the
astrometric calibration presented here. In particular, using a long-time
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Fig. 5.5: Scheme of the two observations proposed for the assessment of
the astrometric calibration with the telescope in staring mode (i.e.
without tracking any source). Left: pointing at the NCP the stars
move along perfect circles. Right: pointing at the intersection
between the celestial equator and the local meridian, the stars
transit perfectly parallel to the ground.

Variance data-taking with the telescope in staring mode pointing at the
NCP, it is possible to obtain light arches due to the diurnal motion. Us-
ing the average arch radius r of every star with declination �, it is easy to
verify experimentally the linearity of the plate-scale PS down to very large
off-axis angles using the simple relation

r = PS · � . (5.17)

Another useful observation is to leave the telescope in staring mode point-
ing at the intersection between the celestial equator (� = 0°) and the local
meridian (Az = 180°), so that the stars move parallel to the elevation axis
of the telescope. In this position it is possible to measure (i) the actual
orientation of the camera x axis and (ii) the true size of the PSF in corre-
spondence of the outermost pixels, where the effects of eventual tilts in the
mirrors are more evident. Both these procedures have been implemented
in the calibration plan of the ASTRI MiniArray and they are just waiting
to be tested on the prototype ASTRI–Horn. Figure 5.5 reports a conceptual
drawing of the two scenarios presented above.
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5.2 The position of centroids

When a point-like source produces a bright spot into Variance images, we
retrieve the astronomical position of the object from the position of the cen-
troid of the light distribution. We use on purpose the generic word “cen-
troid” because it is calculated with different techniques depending on the
context: the center-of-gravity (COG) of several points, the peak of a Gaus-
sian, the output of an average process. In any case, the position of this
point must be determined with a precision as high as possible, in order
to have the most accurate reconstruction of the position of the sources. In
this respect, unfortunately it is impossible to exploit the peculiar profile
of the PSF, as it is approximately of the same size of the pixel side and,
as a consequence, the light signal usually falls inside a single pixel only.
However, when the PSF crosses several sensors it is possible in principle
to define a strategy for evaluating the centroid position with sub-pixel ac-
curacy, considering the different illumination of each sensor, given by the
PSF convolution over the pixel distribution. In order to choose which is
the best procedure to adopt, we developed a software tool for the creation
of simulated Variance images starting from the astronomical position of
some bright objects (section 5.2.1). Afterwards, we tested two different al-
gorithms to de-convolve the light signal and retrieve the position of the
original object, using the residual error as a figure of merit (section 5.2.2).
This process begins with the simulation of the PSF of the ASTRI telescope.

5.2.1 Simulation of the PSF

To obtain a Variance-like set of images, first we simulated the illumina-
tion by a point-like source off-axis, and then we integrated its light spot
over the pixels. We performed a full ray-tracing of 83 518 photons from
the source, using the same custom software that was adopted during the
commissioning phase of the ASTRI–Horn telescope [130], where its out-
put was validated through direct measurements on the focal plane with
an optical camera9. The result is a realization of the theoretical PSF on the
focal plane. The plot of traced photons is reported in figure 5.6, where the
profile of four ASTRI pixels is also clearly visible, with their large size in
comparison to the articulated structures of the PSF shape. In fact, what
happens in practice is that the details of the PSF are lost in the Variance
images, when it is integrated over the ASTRI pixels. This process is well

9Refer to section 3.2.2 for both the validation procedure and the general properties of
the PSF.
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Fig. 5.6: The PSF obtained with a full ray-tracing simulation of 83 518
photons from a point-like source 1.25° off the optical axis of the
ASTRI telescope. The blank regions inside the PSF are produced
by the gaps between the pixels.

described in figure 5.7, where the convolution of the PSF over the pixel
distribution is reported: the resolution of the original PSF simulation is
drastically reduced to the coarse scale of the pixel size. In section 5.2.2 it
is presented our algorithm to retrieve the original PSF centroid from the
Variance-like images, but first it is necessary to spend a few words about
the strategy to simulate the integration process over the pixels, as it is a
key operation to ensure the accuracy of the whole analysis.

5.2.1.1 Strategy for the integration over the pixels

The ray-tracing software provides the final position of every single photon
on the true focal surface, with a spherical shape, determining the correct
distribution of the light with respect to the arrangement of the pixels, pre-
senting the geometric scheme reported in section 3.3. For the integration
algorithm, we consider the standard projection on the tangent plane as
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Fig. 5.7: The optical PSF of the ASTRI telescope (left, the same of fig-
ure 5.6) is integrated over the pixels of the Cherenkov camera
resulting in the distribution presented on the right. The gray
scale is proportional to the number pf photons collected by ev-
ery pixel, while the white separation lines represent the gaps be-
tween them.

usual(discussed in section 4.2.2.3). Moreover, we use the total number of
photons in every pixel for the value of the integrated light intensity, in ar-
bitrary units. With this approach, the integral function consists of only a
simple sum. However, an interesting problem rises now, i.e. how to de-
fine the perimeter of the pixels. The immediate answer is to adopt suitable
masks (see section 4.2.2): matrices containing the values of every pixel and
their (x, y) position. In this scenario, the attribution of a photon to a certain
pixel is achieved comparing its coordinates with the extremal (x, y) values
of mask elements equal to that specific pixel index. On the other hand,
in order to obtain a precision of 100 in the assignation, corresponding to a
linear distance of ⇠10.4µm, the required mask to cover the whole camera
results in a double-precision square matrix of ⇠40 000 elements per side.
This is a very huge variable to be handled by a common computer of the
year 2021, requiring an unnecessary consumption of time and computa-
tional resources10. As a consequence, we adopted a different numerical

10For comparison, just an increment of a factor 10 in the number of the matrix elements
produces an overflow in my computer, exceeding the size of the 16GB RAM, causing the
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strategy to perform the pixel assignation of every photon. We take the
CAD position of all pixel centers and we fitted with a 1st order polyno-
mial each of the 8⇥ 8 rows and columns within every PDM (they are not
all parallel to the x and y axes because of the PDM tilting, projected on
the tangent plane). In this way, the area of every pixel is individuated by
the 8 parameters of the straight lines describing its edges, calculated con-
sidering the projection of the pixel size on the appropriate direction. To
integrate the photon distribution over the pixels it is sufficient to consider
the 9 pixels closest to the PSF centroid (COG) and for each of them calcu-
late the minimum and maximum y (x) values in correspondence of every
x (y) coordinate of the photons, and count the points that satisfy both the
vertical and horizontal boundary conditions. This procedure represents an
effective strategy for the convolution of the PSF over the pixels, ensuring
a high precision (namely the precision of the pixel center measurements,
⇠1µm) without requiring to handle heavy masks, but only matrices of an-
gular coefficients and intercepts.

5.2.2 Deconvolution algorithm

Once that the convolution of the PSF over the pixel has been simulated, it
is necessary to define a strategy to retrieve the original light spot centroid
from the resulting Variance-like image. This is similar to a de-convolution
procedure, even if we do not want to obtain the full PSF function, but only
the position of its centroid. We developed two different algorithms for this
purpose, and we chose the best one on the basis of their performance. In
order to have a good statistics for evaluating them, we didn’t consider just
a single realization of the PSF, but a set of 2275 frames, where the original
star position is moved along a circumference about the camera geometric
center, for ⇠30°, as if the telescope were pointing at the NCP in the scheme
of figure 5.5 for ⇠2 h (it is shown in chapter 6 that this peculiar movement
of a star in the FoV is very similar to what really happens in tracking ob-
serving runs).
The first algorithm (Gauss) is based on a Gaussian 2D fitting of the high res-
olution image resulting from the data processing described in section 4.2.2.2.
The fit is performed with the MPFIT routine of the IDL library11, imple-
menting a standard user-defined Gaussian function. The coordinates of
the fitted maximum are assumed to be associated with the position of the
light source in the camera reference system. The second algorithm (WA)

operating system to reboot.
11See appendix B for further details.
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adopts a weighted-average strategy: the pixel with the highest value is
considered together with its eight nearest neighbor12, and the coordinates
of the centroid are computed as the averages of pixel center positions,
weighted by the respective recorded intensities. Figure 5.8 reports two
images for visualizing the methods presented here.

Fig. 5.8: These two images are made with real Variance data (frame 440
of RUNID 1597) to show the possible strategies for retrieving the
original light spot centroid. On the left, a QV image: the center
can be calculated with a weighted-average (WA) algorithm. On
the right, a high resolution image: the center can be defined with
an adequate 2D Gaussian fitting (Gauss method).

The accuracy of each algorithm is evaluated using the standard deviation
(SD) of the reconstructed points with respect to the original position of the
simulated light source. The Gauss method presents a SD of 2.390, while
for WA it is only 0.810. Consequently, the second method is adopted as a
standard solution for the analysis discussed in the following chapters.
Figure 5.9 reports the outcome of the simulation presented in this section.
In general, the WA method presents a better match with the original curve,
while the Gauss approach denotes a larger discrepancy. Interestingly, both
methods present little jumps in correspondence of the gaps between the
pixels: this suggests that their role must be studied in details to get a fur-
ther improvement of the reconstruction.

12In order to include also the tails of the PSF.
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Fig. 5.9: Track of the PSF centroid of the original off-axis star (black) and
its reconstructions with different algorithms after the integration
of its light over the pixels, for all the subsequent 2275 frames
considered in this simulation. Light blue squares represent six
pixels of the camera.

5.3 Effects of the gaps

Gaps between pixels constitute small dead areas that subtract photons to
the light spots, as it is shown in figure 5.6. This effect is completely negli-
gible for the analysis of Cherenkov flashes, as they typically cover a total
surface made of several pixels, while dead areas are very small in compar-
ison. However, for our analysis of Variance images, the presence of gaps
must be taken into consideration, as it modifies the actual shape of the
PSF, distorting the outcome of the de-convolution algorithm presented in
section 5.2.
The effect of gaps in the reconstruction of the simulated star trail is en-
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Fig. 5.10: Central portion of the ASTRI camera with the simulation of the
tracks of 4 imaginary stars rotating along perfect circles (360°).
The reconstruction of the tracks (red line) presents considerable
deviations from the theoretical curve (yellow) when the spot
crosses the gaps between PDMs (dashed magenta lines). The
grey scale of the pixels is proportional to their illumination.

hanced in correspondence of the edge of PDMs, where the gaps are larger
(0.8mm to 1.6mm) in comparison to those between “internal” pixels (equal
to 0.2mm). Figure 5.10 highlights this phenomenon, reporting a virtual
star rotation of 360° together with the track retrieved with the de-convolu-
tion (WA) algorithm.

5.3.1 Transformation matrix

In order to characterize and reduce the effect of pixel gaps, we adopted a
numerical approach. We simulated the presence of a PSF in every point of
a fine grid of possible positions in the camera, and we measured the dis-
tance between such original spot centers and the ones calculated with the
de-convolution algorithm (WA). With this strategy, we obtained a map of
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the distortion introduced by the geometry of the camera, which is reported
in figure 5.11). This map can be used as a transformation matrix to correct
the position of the centroids calculated with the WA algorithm, using the
following procedure: every point is associated to its nearest element in the
transformation matrix, and it is translated (both in r and ✓) of the quantity
associated to that element. The output is reported in figure 5.12.
The parameters of the grid of positions, i.e. the distance in radius and po-
lar angle between each point, are optimized so to minimize the standard
deviation of the corrected centroids with respect to the original simulated
track. In particular, we chose a point every 0.5mm in radius and 0.5mm

along the circumference, and we verified that further increasing the res-
olution of the grid do not generate a correspondent enhancement of the
procedure accuracy. With the parameters adopted, the correction provides
a reduction of ⇠40% in the standard deviation of the centroids, equivalent
to a residual dispersion of ⇠0.30. Consequently, this gap transformation
matrix is accepted for the standard correction procedure of the data. How-
ever, it is important to remember that it provides an improvement of the
reconstruction accuracy on average, and therefore it may happen that some
points get worse with such treatment, as it is clear from figure 5.12. For
this reason, in the following chapters this correction procedure is applied
to a large number of frames, when possible, so to take advantage of a good
statistics.

Summary of the procedure
In conclusion of this section, we can outline a complete procedure to evalu-
ate the astronomical position of a bright celestial source in Variance images
with the highest possible precision. The pixel containing a local maximum
of intensity together with its eight nearest neighbor13 are processed with
the WA algorithm to retrieve an estimation of the original PSF centroid
position. The result is corrected with the gap transformation matrix that
we have produced, improving (on average) the accuracy of the previous
calculation. The resulting output is converted in astronomical coordinates
thanks to the astrometric calibration of the FoV.
The whole procedure presented here has been developed and tested on
simulated Variance-like images, but in the next chapter it is implemented
for the analysis of real data taken with ASTRI–Horn.

13Obtaining a square sub-image of nine pixel in total.
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Fig. 5.11: The gap transformation matrix in the central region of the AS-
TRI camera. The points were originally produced in a regular
grid, but their position has changed after the process of integra-
tion and de-convolution that we have simulated: the color scale
expresses the displacement of each point from its original posi-
tion.

Fig. 5.12: Original PSF centroids (yellow dots) and their reconstructed
positions (red dots), corrected with the transformation matrix
(blue dots). On average, the matching with the initial star trail
is improved (the standard deviation is decreased) even if the
maximum displacement is not changed.





6
Camera Axis Alignment

As previously discussed in section 3.4, the pointing accuracy of the ASTRI
telescope is monitored using a dedicated optical camera (PMC) which is
mounted on the back of the M2 support structure. In fact, due to the com-
pactness of the telescope design, it is impossible to install a pointing mon-
itoring system directly on the focal surface or in its proximity. As a conse-
quence of this situation, it is crucial to develop a strategy to verify that the
Cherenkov camera is perfectly aligned with the PMC, so that the center of
the focal plane corresponds exactly to the astronomical coordinates indi-
viduated by the optical axis of the telescope, excluding the possibility of
mis-alignments in the camera mount system due to gravity flexures, me-
chanical tolerances, or any other undesirable effect. The Variance method,
allowing us to image the star field with the Cherenkov camera, actually
offers the chance to achieve this goal, and this chapter is dedicated to the
procedure that we developed for the detection and measurement of any
possible offset in the camera axis alignment, exploiting Variance data. In
particular, section 6.1 reports the strategy adopted for the analysis, focus-
ing on the peculiar effect of the FoV rotation during long observing runs in
tracking mode. Section 6.2 presents the data sample from the ASTRI–Horn
archive that we selected for the validation of our procedure, together with
some preliminary operations. Lastly, section 6.3 focuses on data reduction
and discussion of results.

149
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Fig. 6.1: Profile of the simulated ASTRI PSF on-axis, where different con-
tributions from M1 segments can be identified. To obtained this
peculiar profile the positioning of segments must be finely tuned:
if one of them is tilted, the PSF can still be within the D80 require-
ment, but the symmetry of the composition is lost.

6.1 Measurement strategy

The first approach to verify the alignment of the Cherenkov camera with
the optical axis is to point at a bright star and check if the PSF is equally
divided among the four central pixels, so that they present the same level
in Variance images. This method constitutes a very immediate solution,
but provides only an approximate result for several reasons: the lack of an
absolute calibration of the pixels in Variance data can introduce systematic
errors, and also the articulated profile of the PSF on-axis can be responsible
for mis-alignments if one of the M1 segments is not perfectly in position
(see figure 6.1). Fortunately there is a much more robust method that can
be adopted to verify the camera alignment: to exploit the apparent rotation
of the FoV during long observing runs. This technique is inherited from
optical astronomy [197], but it has been implemented for the first time on
a Cherenkov telescope in the context of the ASTRI project [181, 198, 199].
It is based on a very simple consideration: if the camera is perfectly on-
axis, then the trajectories of the stars must be circles around its geometric
center. Consequently, fitting the star motion into Variance images with
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a suitable function, the center of the best-approximating figure must co-
incide with the camera center, if the system is perfectly aligned. Using
long acquisition runs, it is possible to detect any deviation from this ideal
configuration with sub-pixel precision, exploiting the considerable length
of light arcs to mitigate the artifacts introduced by the large pixelization.
This is the strategy that we have implemented in the procedure presented
in this chapter. There are two situations where the apparent rotation of
the stars in the FoV can be observed, and consequently exploited: with
the telescope in staring mode pointing at the NCP, or during a tracking
observation. In the first scenario, the rotation of the star field is due to
the diurnal motion of the Earth while the telescope is stationary: this is
undoubtedly the best condition for the analysis, as the dynamics of the
telescope is completely ruled out. A dedicated observation of this kind
has already been inserted in the calibration plan of the ASTRI MiniArray
[141]. Unfortunately, the ASTRI–Horn telescope was never used for a long
observation of the NCP, and hence we have no data taken in this config-
uration available in the ASTRI archive yet. For this reason, hereafter we
consider only the other situation, i.e. when the rotation of the star field
can be observed by means of long observations in tracking mode. In this
case, the circular trajectories of stars are determined by the effect of the
FoV rotation, which is presented in details in section 6.1.1.

6.1.1 FoV rotation effect

As previously discussed in section 5.1.1.3, when the telescope is pointing
a certain astronomical direction P , at a given time t, the orientation of
the FoV is completely determined by the parallactic angle ⌘, provided by
equation (5.2). If the telescope performs a tracking observation, the center
of the FoV remains associated to the astronomical direction P while every
object off-axis undergoes a rotation around the center, due to the usage of
an alt-azimuth mount to follow the sideral motion: the net result is the
effect of the apparent rotation of the FoV. The characteristics of this phe-
nomenon depend on the pointing direction of the telescope: if the declina-
tion of the source is greater than the latitude of the observer (� > ') then
the rotation of the FoV is complete (360° for a virtual observation of 24 h)
and CCW in SkyView, otherwise the rotation is more similar to an oscilla-
tion, as it is shown in figure 6.2. This behavior is due to the coordinates of
P with respect to the declination of the zenith. In particular, considering
that the distance of the zenith from the NCP is ⇡ � �, while the distance of
the source from the NCP is ⇡� �, if P culminates between the NCP and the
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Fig. 6.2: Example of the evolution of the parallactic angle as a function
of time for a non-circumpolar source in a virtual acquisition of
24 h. The direction of rotation changes from clockwise (CW) to
counterclockwise (CCW) while the source is above the horizon
(blue line) during the night.

zenith, ⇡ � � < ⇡ � ', hence � > ' and the FoV rotation is complete. On
the other hand, if P transits across the meridian below the zenith (� < ')
then the telescope performs a full rotation about the azimuth axis to track
the source, partially compensating the sidereal motion, resulting in an ap-
parent oscillation of the FoV rather than a full rotation.
In the case of the ASTRI–Horn telescope, as for any other observatory
where ' ⇠ 45°, we have that ⇡ � ' ⇠ ' and we can say approximately
that the rotation is complete if the source is circumpolar (i.e. never goes
below the horizon, ⇡ � � < ').
In general, regardless to the complete or partial rotation of the FoV, the
speed of this apparent effect is not uniform, as it is reported in figure 6.2.
For this reason, we developed a simple and handy software to be adopted
in the simulations where the FoV rotation matters: the “Star Coverage”
tool.

6.1.2 The “Star Coverage” software

The evolution of the parallactic angle ⌘ is given by equation (5.2) on page
131, depending on both the coordinate of the observer and the pointing
direction. Unfortunately, the time dependence is embedded into h and
z, and there is not an analytic relation between the amplitude of the FoV
rotation �⌘ and the time length of the observation �t. As a consequence,
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Fig. 6.3: Example of the output from the software “Star coverage”, set for
the ASTRI–Horn telescope. The rotation is counterclockwise and
the blue polygon is the shape of the camera. Red arcs represent
the total angular coverage (42.2%), considering stars outside the
borders as well, while the coverage inside the camera is 23.7%.

for simulating in detail the rotation of the FoV in the context of the present
thesis work we developed a dedicated software, “Star Coverage”, that can
be used not only for ASTRI–Horn, but also for any other telescope, at any
time [200]. Given the position of the instrument (',�), the coordinate of
the pointing (↵, �), and the date of the observation, the software calculates
the position of all the stars within a distance d below the magnitude m,
taken their position from the SIMBAD catalog [201] [link 270]. For a certain
time length �t, the software simulates the evolution of ⌘ and provides the
extension of the FoV rotation giving the angular percentage covered by the
star trails (considering possible overlaps). If the geometry of the camera
is provided, the angular coverage is computed for both inside and outside
the borders of the detector system. An example of the typical output is
reported in figure 6.3, where the same stellar region of figure 5.3 is shown,
in the constellation of Cassiopeia. Both SkyView and CamView options
are implemented. The software is written in the IDL language, and the
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source code has now made available online1. In the context of the analysis
presented in this chapter, Star coverage was adopted for studying the FoV
rotation in the specific cases of the observing runs selected for the data
processing.

6.2 Data selection and pre-processing

ASTRI–Horn is a prototype telescope and hence several technical tests
were performed during data acquisition, especially in the observing runs
dedicated to the Variance method. For this reason, to find out suitable
files for our analysis of the FoV rotation it was necessary to examine the
whole ASTRI web archive [link 224], checking the content quality of hun-
dreds of runs. Logbooks of the observing nights are available on hand-
written spreadsheets, shared via DropBox [link 238] among the collabora-
tion. They contain useful notes about the history of operations: updates
of the firmware, hardware failures, upgrades of any kind and more. Un-
fortunately, not every run is documented and hence very often it was nec-
essary a visual inspection of the files, to check the status of the lids, the
number of PDMs on, the tracking mode, and so on. We created a Google
Spreadsheets [link 277] with a summary table of the observing runs that
we checked, so that it is simple to access the information using for exam-
ple dedicated Application Programming Interfaces (APIs) for Python or
other languages [link 243]. Moreover, we created an IDL function called
CATALOGUE to access a local copy of the VAR data selection downloaded
from the archive. In figure 6.4 is reported the distribution in azimuth and
elevation of observing runs in such selection. Starting from this “clean”
catalog we defined the sample to perform our analysis.

6.2.1 Definition of the sample

To test our procedure, we selected those cases where the telescope was in
tracking mode and �⌘ � 25°: the so-called long observing runs. In fact, it
is reasonable to suppose that longer light arcs provides a better constraint
on the study of the FoV rotation. We individuated 8 long observing runs
among the data sets available in the selection that we made2.

1See appendix B for details.
2In principle, short consecutive runs on the same target can be concatenated producing

a long data set, suitable for our analysis. However, for testing the procedure we decided
to work on single runs only.
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Fig. 6.4: Distribution in azimuth and elevation of the observing runs in
our selection. Both short (black) and long (red) runs are reported.
A long run in staring mode is also reported (blue).

In principle, also the number of bright stars available in the FoV can influ-
ence the result of the analysis. Fortunately, in winter 2018/2019 the target
of the first observing campaign with ASTRI–Horn was the Crab Nebula,
which is in a pretty crowded region (Taurus constellation), and hence in
our data selection of long runs there are 3 cases where 4 stars are avail-
able. In the other cases, the telescope was pointing in the constellation of
Leo, and 2 bright stars only are present in the FoV. Table 6.1 reports the
final selection that we made, together with the main parameters of each
run. All the cases in the Leo constellation presents a larger evolution of
the parallactic angle, �⌘ � 55°.

6.2.2 Star isolation by pixel clustering

Before starting the true processing of Variance data it is necessary a prelim-
inary operation: to isolate the pixels containing the signal of the stars avail-
able for the analysis. This process must consider the FoV rotation effect,
which is clearly visible by eye in all the runs reported in table 6.1, using
for example the procedure VAR_QVMOVIE, with all the Variance frames.
However, to select automatically in every frame the pixels containing the
star light is not trivial, as the signal to noise ratio (SNR) can be small (few
units), especially when the spot falls across two or more pixels, or even
lower when faint stars are occasionally veiled by a thin cloud. At first,
in order to reduce the area where to look for the intensity maximum, we
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Run ID Date Pointing Frames Time length Coverage
1597 2019-02-26 Crab Nebula 2275 1h 59m 44s 33.4°
1605 2019-02-27 Crab Nebula 2569 2h 14m 04s 40.1°
1620 2019-02-28 Crab Nebula 1986 1h 43m 39s 25.5°
1599 2019-02-26 Leo 1820 1h 27m 57s 55.1°
1608 2019-02-27 Leo 1640 1h 29m 0s 56.9°
1623 2019-02-28 Leo 1392 1h 16m 33s 50.2°
1636 2019-03-01 Leo 4368 3h 48m 47s 99.1°
1674 2019-03-06 Leo 4216 3h 50m 16s 99.5°

Table 6.1: Parameters of observing runs that we selected to study the
alignment of the Cherenkov camera through the rotation of the
FoV. Only two bright stars are visible in runs on the Leo con-
stellation, four in the others.

tried to follow each spot with a movable 3 px⇥ 3 px box, assuming that
any possible deviation from the ideal trajectory is smaller than the box
side. However, we soon implemented a more effective strategy which is
based on the following consideration. Moving objects in Variance frames
can be detected because of the change in pixel levels, while sensors not il-
luminated present constant values. As a consequence, the full set of pixels
interested by the star light during the rotation of the FoV can be detected
with a map of the “variance of the Variance”: considering for each pixel
the standard deviation of the whole observing run, we can actually visual-
ize the star trails. Figure 6.5 reports the resulting image for the run 1674,
where the movement of two stars is visible as in a long exposure picture.
The next step is isolating the groups of pixels belonging to the same mov-
ing spot, hence identifying the tracks of the brightest stars. To this end,
we adopted a clustering algorithm (centroid-based, of the k-means family
[202]) implemented in the standard library of IDL3. Figure 6.6 shows the
output of such procedure in the case of the run 1597, presenting a quite
complex situation due to the presence of a crowded star field. Tuning the
parameters of the algorithm it is possible to obtain an adequate division
of the pixels in subsets, and also to assign a priority scale to the clusters,
based on star intensities and distances from the center, using the alphabet-
ical order starting from the letter A. In the following part of the analysis,
only pixels within clusters will be considered in every frame to retrieve
the position of stars.

3See appendix B for more details.
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Fig. 6.5: The FoV rotation in CamView detected using the “variance of
the Variance” method, in the observing run 1674. The pointing
direction is ↵ =9h 35m 49.06s, � =21°54036.4200. The brightest
star in the FoV (HIP 47908) is Algenubi (*Eps Leo), the other one
is Alterf.

6.3 Star trail analysis

To evaluate the alignment of the Cherenkov camera it is necessary to fit
with a suitable function the star trails individuated in the long observ-
ing runs selected, in order to obtain the position of the intersection be-
tween the telescope optical axis and the camera. To this end, in each frame
the position of each star is evaluated using the de-convolution algorithm
presented in section 5.2.2, improved by the transformation matrix of sec-
tion 5.3, within the pixel sub-set individuated by the clustering procedure
presented in section 6.2.2. Once that the trails of the stars are individu-
ated with sub-pixel accuracy, the fit of their trajectories can be performed,
using a custom function that we defined in order to consider all the stars
together and not individually: the multiellipse fit function. Lastly, the posi-
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Fig. 6.6: Star trails isolated by the clustering algorithm, in CamView. The
camera center is pointing at the Crab Nebula. Star A is 123 Tau
(Tianguan, 3.0mag), B is 114 Tau (4.8mag), C is 119 Tau (4.3mag)
and D is 125 Tau (5.2mag) [values taken from SIMBAD, V band].

tion of the centroid of the fit is exploited to evaluate the alignment of the
Cherenkov camera. Figure 6.7 reports a schematic representation of the
complete procedure for the star trails analysis: we implemented such a
work flow into a unique IDL routine, which is called V_AXIS. The follow-
ing sections provide a detailed description of the most important parts of
the routine: the Variance image elaboration (section 6.3.1), the multiellipse
fit procedure (section 6.3.2) and the output values obtained (section 6.4),
together with a long discussion about possible improvements and limita-
tions of this method.

6.3.1 Elaboration procedure

After the calibration with the relative strategy discussed in section 4.2.3,
in each Variance frame it is possible to retrieve the position of the stars
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Fig. 6.7: Schematic representation of the procedure for the star trail anal-
ysis. The simulation part (right) is presented in sections 5.2 and
5.3, while the real data analysis (left) is discussed in this chapter.

with sub-pixel precision using the following procedure. Within every clus-
ter, the position of the star is retrieved with the de-convolution algorithm
(section 5.2.2) applied on the pixel with the maximum intensity and its
eight nearest neighbor, so to consider also the tails of the PSF. The result-
ing (x, y) position is corrected with the transformation matrix to reduce
the effects of gaps between pixels (section 5.3). Iterating this operation on
every frame of the run considered, we obtain a sequence of coordinates
constituting the trails of the stars: an example is shown in the left-hand
image of figure 6.8. However, very often happens that a further elabora-
tion is necessary, as in the case reported in figure 6.8, right. In fact, the
de-convolution algorithm only considers the pixels above a certain inten-
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Fig. 6.8: Left. The trail of star B in run 1674 (the same of figure 6.5), an ex-
ample of clean trajectory without any manipulation. Right. The
case of star C in run 1597 (the same of figure 6.6): due to the
faint intensity of this star it is necessary a cleaning procedure to
obtain the final trail reported in figure 6.9.

sity threshold, given by the median level of the calibrated image plus n�

times its standard deviation, where n� ranges from 0.5 to 2.5. As a conse-
quence, it is possible that no pixels are above the threshold in the cluster
(and in this case the position returned is zero), but also that the intensity
maximum does not correspond to the true position of the star, e.g. when
the spot of a very faint source falls across two pixels or more and its in-
tensity drops below the threshold, while the level in other pixels can be
higher due to statistics fluctuations of the background. In this case, the
resulting star trail jumps back and forth along the pixel cluster and hence
a cleaning procedure is necessary. We operated a selection by removing
those points that are further than dMAX = 1.5 px from the x and y median
value of the last ten consecutive (accepted) positions4. An example of the
output of such procedure is shown in figure 6.9, where the cleaned star
trails of the run 1597 are reported.

4In the automated IDL routine, the user must visualize and confirm this result before
proceeding, or eventually repeat this part changing the values of dMAX and/or n� .
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Fig. 6.9: Clean trails of stars in the run 1597 (see figure 6.6 for compar-
ison). Values of V magnitude reported in the legend are taken
from SIMBAD.

6.3.2 Multiellipse fit

In the ideal situation, the star trails present a circular shape, centered on
the origin. However, in our analysis we must consider any possible devia-
tion from the expected pattern: a rigid shift could be introduced by an ac-
cidental camera mis-alignment, while a deformation of the circular shape
can be associated with residual errors in the telescope pointing model. In
fact, the observing runs available to develop and test our procedure are all
in tracking mode, and hence the contribution of the telescope dynamics
must be considered simultaneously with that of the camera static align-
ment. As a consequence, star trails generally lie along arcs of different
ellipses, sharing the same center, eccentricity and tilt angle. To perform the
fit of an ellipse, none of the fit libraries available in IDL or Python pro-
vides a built-in procedure, so in the context of the present thesis work we
defined a custom function for this purpose, which is presented hereafter.
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6.3.2.1 Fit strategy using free points

As the ellipse is not the graph of a function, it is impossible to fit such
figure in one dimension, unless using a complicated series of conditions
to divide the problem into separate regions where different portions of
data can be described with suitable explicit functions. An alternative and
simpler approach is to embed the problem in two dimensions, considering
the ellipse as a set of ordered free points that must be simply replicated
optimizing the parameters p of a function f : IR

2 ! IR
2, defined by

(x,y) 7�! (x0,y0
) = f(x,y|p) , (6.1)

where bold symbols denote arrays and the output of the function is indi-
cated with the prime symbol. In this context, Variance data (x,y) consti-
tutes the independent variable, but also the desired output: with the right
choice of parameters (x0,y0

) = (x,y), and f is simply the identity func-
tion.
Of course, the function f has not an analytic expression, but we can de-
scribe its implementation in the IDL program as follows. To begin, a fake
ellipse is produced starting from the parameters p and a generator of ran-
dom angles in the range 0 to 2⇡. After that, only the portion of ellipse in
the polar-angle range of real data is considered: at this level, the points of
the fake ellipse have coordinates (x̃0, ỹ0

), while ✓0 is their polar angle. Fi-
nally, an interpolation of the couples (x̃0,✓0

) and (ỹ0,✓0
) yields respectively

the output values of x0 and y0 in correspondence of the true ✓ of Variance
data.
The implementation of the custom function f constitutes an effective solu-
tion for the fit of both full and partial ellipses, with the only requirement
that the origin of the reference system be inside the area of such figures.
Moreover, a huge advantage of this procedure is that it is straightforward
to implement the possibility to fit multiple ellipses (or arcs) at the same
time, sharing the same center, eccentricity and tilt angle, without impos-
ing any limit on their number. This is exactly our necessity, as it is reported
in the next section, dedicated to the fit procedure.

6.3.2.2 The fit procedure

The fit of the star trails is performed using the MPFIT procedure of the IDL
library5, implementing the custom function described in section 6.3.2.1.
The number of free parameters is p = 4+n, where n is the number of stars
considered in the observing run under study. In particular, the parameters

5See appendix B for more details.
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Fig. 6.10: Output of the multiellipse fit procedure on the run 1597, with 3 stars consid-
ered together. Star trails from real Variance data are colored in black, while
light-blue squares represent the PDMs of the ASTRI–Horn camera.

Fig. 6.11: The same situation of figure 6.10, but stars are now considered individually. For
each of them, the multiellipse fit suffers from residual artifacts introduced by
the large pixel size, and hence the resulting output is non-realistic.
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of the fitting functions are

• X0 and Y0 of the center;

• ✓ tilt angle;

• major and minor semi-axes of the innermost star trail;

• major semi-axis of other star trails.

The fit function is called several times, with random changes to the ini-
tial parameters and without constraints: the dispersion of the results is
adopted as an estimation of their uncertainty, being of the same order as
the error extracted from the covariance matrix. We see that the accuracy of
the final result strongly depends on both the number of stars considered
and their angular coverage: if multiple stars are considered together the fit
is more reliable, while if they are processed individually then the result
is influenced by the edgy shape of the star-trail reconstruction, due to the
large pixel size, and hence the outcome is non-realistic, too far from the
expected circular shape. Figures 6.10 and 6.11 present this phenomenon,
using the case of three stars from the observing run 1597. In this exam-
ple, if the stars are fitted together then the center of the ellipse falls ⇠10.50

far from the camera geometric center, while if the stars are considered in-
dividually then the centroids are not even inside the central PDM (with
huge error bars). A more quantitative and detailed analysis of this situa-
tion is reported in the next section, which is dedicated to results and their
discussion.

6.4 Results and discussion

As previously demonstrated in figures 6.10 and 6.11, for those cases where
�⌘ � 25° the fit result is much more reliable if the star tracks are consid-
ered together for the analysis and not individually. We investigated this
effect using the 3 observing runs on the Crab Nebula reported in table 6.1,
presenting 4 bright stars each, allowing us to consider different combina-
tions of 2 stars (6), 3 stars (4) and 4 stars (1), in every run. The dispersion
of outputs from different calls to the fit procedure is adopted to evalu-
ate the position of the telescope optical axis in the camera with its uncer-
tainty. The result of this analysis is reported in figure 6.12. Considering
the only 3 cases including 4 stars each, the position of the optical axis is
X0 = (�4.3± 2.2)mm, Y0 = (6.9± 2.1)mm, where the uncertainties are
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equivalent respectively to 3
0
44

00 and 3
0
27

00 in the sky. The precision is low-
ered by a factor of ⇠2 considering only 3 stars, and by a factor of ⇠10 if the
stars considered are 2 at a time instead. This result demonstrates that the
error due to the small FoV rotation angle (25° to 40°) can be mitigated if 4
stars at least are considered together for the analysis, but the final result
still presents a quite large statistical uncertainty. However, in this condi-
tion we already obtain a relevant information for optimizing the accuracy
of the system in the case of ASTRI–Horn, as our analysis reveals that the
Cherenkov camera is de-centered of ⇠12.60 (radial distance), but we are
still far from the 20

00 accuracy of the ASTRI pointing requirement (3.4).
The same analysis carried out on observing runs with 4 bright stars can
be replicated on the others of table 6.1, where only 2 stars are available,
but the rotation of the FoV is much larger (55° to 100°). In this case the
constraint of the fit is ensured by the conspicuous extension of the star
trails: in fact, the dispersion of results is much smaller than in the case
of 2 stars with a minor FoV rotation. For every observing run consid-
ered, the fitted position of the optical axis is reported in figure 6.13: the
mean and the standard deviation of such points are adopted as the best
estimators for the true position of the optical axis with its uncertainty. In
particular, we obtain X0 = (�4.1± 1.7)mm, Y0 = (6.2± 1.5)mm, where
the uncertainties are equivalent respectively to 2

0
47

00 and 2
0
29

00. This result
contains all the observing runs presented in table 6.1, it is consistent with
the previous one, and the error bar is about 30% smaller. Again, this infor-
mation is useful for the optimization of the ASTRI–Horn telescope, but it
is not enough to match the pointing accuracy required. However, it is im-
portant to remember that we are now considering data taken in different
nights, with a prototype telescope on which several technical tests were
performed during operations, and that we know it was heavily affected
by pointing and tracking problems6. As a consequence, it is not surprising
that we cannot further increase the precision of this method using archive
data in tracking mode. We had planned to test this procedure with new
data taken on purpose in summer 2021, maybe with the telescope in star-
ing mode pointing at the NCP so to rule out all the possible tracking errors
(see section 5.1.3). However, the maintenance operations on the telescope
were heavily delayed by the COVID-19 pandemic in the last two years
and hence, up to January 2021, it is still impossible to acquire new Vari-
ance data with ASTRI–Horn. Therefore, the only chance to fully explore

6During the data analysis for the Crab detection [86] it emerged that serious pointing
issues affected the telescope during operations: this is one of the reasons behind the birth
of the present thesis.
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Fig. 6.12: Precision improvement of our method with the increasing number of stars, for
the 3 observing runs pointing at the Crab Nebula (see table 6.1). The final result
is calculated with the mean and standard deviation of all the possible combina-
tions of 2 (blue), 3 (green) and 4 (red) stars.

Fig. 6.13: De-centering offset of the Cherenkov camera revealed with our analysis. The
ellipses represent the confidence level of 0.5, 1.0 and 1.5 �. Light blue squares
represent the pixels of the ASTRI Cherenkov camera.
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the potentialities of this method is to set up a numerical toy simulation.

Using the IDL language7 we developed a software tool to simulate the
whole process of image creation and subsequent analysis, supporting any
number of stars and observation time-length. We introduced an artificial
offset in the Cherenkov camera with respect to the telescope optical axis,
and we study how accurately our pipeline measures such mis-alignment.
Of course, several simplifications are introduced in our toy simulation:
we assume a perfect tracking, a perfect mirror alignment, and no gravity
flexures. We find that with a FoV rotation of 100°, the offset is reproduced
with an accuracy of ⇠19

00 using 4 stars, and ⇠21
00 using only 2 stars, if an

adequate gain calibration of the camera is provided so to produce a perfect
flatfield in Variance images (figure 6.14, right). Without such a good gain
calibration, the accuracy is lowered to ⇠28

00 with 4 stars and ⇠37
00 using

2 stars only (figure 6.14, left): the flatfield-like gain calibration procedure
proposed in section 4.2.3 becomes a crucial operation in light of this result.

The toy simulation confirms that when the FoV rotation angle is very large
(⇠100°) the fit is well constrained even if only 2 stars are present in the
FoV. This is a very important information, because it is possible to use
only 2 stars8 in our analysis to perform the calibration of the camera axis
alignment with the telescope in staring mode pointing at the NCP, as that
region is not a crowded stellar field. A FoV rotation of about 100° corre-
sponds to ⇠6 h 40min observation pointing at the NCP, hence it is possible
to carry out an accurate calibration with this strategy. Incrementing the
time-length of the observation the accuracy slightly increases, but it never
reaches the level of ⇠1

00 as it was initially indicated in the first works about
the application of this technique to the ASTRI camera [181, 198]. In fact, as
it is shown by the simulations above, the large pixelisation of the camera
introduces an intrinsic limit on the accuracy of our method for the calibra-
tion of the axis alignment that cannot be exceeded despite we are currently
using an improved version of the fit function with respect to the past, and
we have implemented several additional parameters to constraint the be-
havior of the software in both simulations and data analysis. Nevertheless,
as already pointed out, this result is remarkably useful for the optimiza-
tion of the whole system, and further considerations about the analysis
presented in this chapter are reported in the following final section.

7See appendix B for details.
8Namely HIP5372 and HIP85822, as Polaris is too close to the pointing direction.
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Fig. 6.14: Toy simulation of an observing run with a rotation of 100° and
4 bright stars in the FoV. A poor gain calibration is simulated
on the left, while a perfect flatfield is presented on the right, en-
hancing the accuracy of the output. The artificial camera mis-
alignment here is X0 = �4.00mm, Y0 = 6.00mm, similar to the
one obtained in real data analysis: our procedure measures the
simulated offset with an accuracy of 1900 (situation on the right).

6.4.0.1 Final considerations

In this chapter we have outlined an original procedure for verifying the
alignment of the Cherenkov camera to the optical axis of the telescope
owning the potentiality to achieve the accuracy of ⇠20

00 with a long ob-
serving run pointing at the NCP with the telescope in staring mode, if a
good gain calibration of the pixels is provided for Variance images. For
testing purposes, we applied this method to real data taken in the past
with ASTRI–Horn and we obtained an interesting result despite they were
taken in non-optimal conditions: the camera has a radial de-centering of
about (0.19± 0.06)°. The precision of this estimation do not satisfy the
ASTRI requirement of 2000 for the pointing accuracy post-calibration, but
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it constitutes anyway a very important result for the optimization of the
whole system, as it highlights the presence of an important systematic er-
ror and provides a value to correct post-facto the data of the last observ-
ing campaign. In the future, this technique will be part of the calibration
procedures for the ASTRI MiniArray, being implemented both during the
assembly verification phase and dedicated calibration sessions.
A possible limitation of our method is that it provides only an average es-
timation of the camera de-centering: for example, if the mount system
undergoes gravity flexures during tracking observations it is very difficult
to detect such an effect with our analysis of the FoV rotation. Similarly,
if in some frames there are external agents introducing distortions in star
trails, like clouds, bright satellites, or strong wind gusts, again it is diffi-
cult to detect their presence and hence the final output of the analysis will
be inevitably affected by them. To overcome this problem a possible solu-
tion is to constantly monitor the FoV of the telescope with the PMC and
to exclude the frames presenting an excessive mis-pointing or other prob-
lems for identifying the stars, ensuring a clean data set for investigating
the camera alignment with the procedure presented here. Also a custom
Variance astrometric software could be adopted for the same purpose, and
in the next chapter we present the one that we developed for the ASTRI
project.





7
Star field astrometry

The peculiar features of the ASTRI imaging system, designed for Cherenkov
events rather than astronomical sources, make it impossible to adopt com-
mon astrometry software for the analysis of Variance images. Neverthe-
less, in chapter 5 we showed how to evaluate the position of bright spots
in Variance frames with sub-pixel precision, and how to provide an ef-
fective astrometric calibration of the FoV, mapping the celestial coordinates
into the camera reference system. With this basis, it is possible to develop a
routine for identifying the stars in the FoV automatically, matching bright
spots with the expected position of stars in the telescope pointing direc-
tion. Such operation is equivalent to providing an astrometric solution for
Variance frames, implementing a custom procedure developed on pur-
pose, and paving the way for several further analysis: to detect ghost im-
ages (i.e. bright spots not associated to any real star) due to misaligned
mirror segments, to monitor constantly the pointing direction of the tele-
scope, to reveal transient objects such as satellites or meteors, and so on.
The present chapter is dedicated to the astrometry of the star field in Vari-
ance images and its applications. In section 7.1 the pointing direction of
the telescope is calculated using data from motor encoders, and the ex-
pected sky map is produced after a query to stellar catalogs. The specific
strategy for the identification of stars is reported in section 7.2, while sec-
tions 7.3 and 7.4 presents the application of this technique to the data of
the ASTRI–Horn archive, together with a discussion of the main results.
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Fig. 7.1: Data from motor encoders in ECS (left) and HCS (right), at
the epoch J2000.0, for the run 1597. We assumed the aver-
age value (red star) as the nominal pointing of the telescope:
↵ = (83.951± 0.012)°, � = (22.031± 0.001)°. The standard de-
viation is larger in Right Ascension, where it is equal to ±43.400.

7.1 Sky map in the pointing direction

The starting point of our custom pipeline for the identification of stars in
Variance frames, is the map in camera coordinates of the sources that we
expect to be visible in a certain observing run. To obtain such information
we need first to know the true pointing direction of the telescope, that
can be obtained using the data of the motor encoders. Second, the list
of bright sources available in the corresponding sky area can be retrieved
by querying a suitable star catalog. The following paragraphs present in
more detail the respective procedures.

Motor encoders

The position of the azimuth and elevation axes are measured by dedicated
encoders, monitoring the action of the motors. Their output is saved ev-
ery 15 s in a local computer at the astronomical site of Serra La Nave and
then copied every 24 h in the database of the INAF–OAS Bologna observa-
tory (Italy, [link 256]). Here, the values of encoders can be accessed with a
dedicated tool written in Java [203] or using a MySQL remote query from
the command line [link 263]: we implemented the second solution into an
IDL program, allowing to visualize a plot of the pointing direction in as-
tronomical coordinates, as it is shown in figure 7.1.
In every observing run we considered as the pointing direction P the mean
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value of the (calibrated) ↵ and � astronomical coordinates1 retrieved by
motor encoders. For example, in the case of run 1597, reported in fig-
ure 7.1, we obtained ↵ = 5h 35m 48.47s and � = 22d 01m 50s, which is very
close2 to the preferred position of M1 (the Crab Nebula) indicated by both
TeV catalogs [e.g. link 273, 274, 265] and optical ones [e.g. link 270], which
is ↵ = 5h 34m 31.97s and � = 22d 0m 52.06s. In the same figure, we can see
that the pointing direction seems to fluctuate in Declination and to drift in
Right Ascension: this behavior can probably be cured by improving the
pointing model of the telescope, but for our analysis we decided to con-
sider anyway this run, as the standard deviation (in R.A.) is ±43.400, which
is still small for our purposes. In general, in the data selection presented
in section 6.2, we excluded those cases where the standard deviation of
the pointing in ↵ or � is larger than 0.1°. Once that the pointing direction
P is available, we can calculate the expected sky map in the FoV using a
suitable query to an adequate stellar catalog.

Stellar catalogs

In order to calculate the expected position on the camera of bright sources
in the FoV, it is necessary to start with the list of all the objects below the
maximum magnitude m⇤, whose distance from P is lower than a certain
angle D⇤. We obtained such a list with a query to the catalogue USNO-B
[204], whose filter B1 is exactly in the wavelength range in which the AS-
TRI sensitivity peaks, i.e. between 350 nm and 500 nm. The query is made
through the Vizier service [205] [link 279] using a calling sequence imple-
mented in our IDL routine. The standard parameters that we adopted for
the query are D⇤

= 5° and m⇤
= 6.5mag.

The USNO catalogue uses a peculiar nomenclature for its sources, but we
want to have a naming convention that allows an easy cross-check with
other catalogues and to make quick visual comparisons with commercial
sky simulators such as Stellarium [link 271] or Cartes du Ciel [link 231]. For
this reason, we search the USNO sources in the SIMBAD database [201]
[link 270], and we adopt the name scheme of another survey: the Hipparcos
catalogue [206, 207]. Lastly, to obtain a simulation of the actual sky map
with high accuracy, we also considered the correction for the proper mo-
tion of the stars, introducing a displacement up to 7

00, while we neglected
the parallax due to the Earth motion (always lower than 0.400).

1We always assume the epoch J2000.0, unless otherwise stated.
2It is very close, but not exactly coincident. Remember that for a Cherenkov observa-

tion in “ON-mode” it is not necessary to point exactly at the source: very often it is better
to point at its proximity, so to improve the training of the pipeline for data reduction.
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Using the strategy described in section 5.1.2, we display the position of
bright objects in the camera reference system, with the proper orientation,
obtaining sky maps similar to the one reported in figure 5.3, on page 134.
From now on we consider only the (x, y) position of these objects, and we
always refer to them with the term stars.

7.2 The astrometric solution

In the case of the most advanced astronomical survey, a full astrometric
solution of a sky image usually includes six parameters [208]: barycentre
in ↵ and �, parallax, proper motion in ↵ and �, and radial proper motion
[209]. Of course, in the case of the ASTRI telescope the astrometric solution
cannot be so elaborated, as a Cherenkov telescope is equipped for different
scientific objectives. Our goal here is to provide an effective procedure to
identify the sources in Variance frames, allowing to exploit those images
for further analysis (sections 7.3 and 7.4). To this end, we developed the
custom strategy which is presented in the following sections (7.2.1, 7.2.2),
but also other collaborations have adopted similar solutions for their tele-
scopes, that will be presented in future articles that are currently in prepa-
ration by the relative groups at work. For example, the CHEC camera3 for
the SSTs (CTA) implements an approach which is based on a blind FoV
calibration using the plate-constants method (see section 5.1.2.1), while the
identification of the sources is carried out with a free-point fit procedure
(see section 6.3.2.1) for matching the arrangement of spots in images with
the position of known stars in stellar catalogues [210]. The LST-1 telescope
of CTA (section 2.3.4.1) implements a different solution: they retrieve the
pointing direction from motor encoders, they calculate the expected po-
sition of nearby stars on the camera, and then they adopt a free-point fit
procedure for assigning a name to every bright spot. Our procedure is
very similar to this approach, except for the last part, as we do not use a
fit algorithm for the star identification, but rather a more articulated pro-
cedure that allows us to better control the process parameters, and makes
it easier to handle errors. This algorithm is presented in section 7.2.2, af-
ter having discussed the strategy for the bright spot isolation in Variance
images.

3Presented in section 2.3.4.3.
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Fig. 7.2: Isolation of bright spots in the Variance frame 134 of run 1597.
From the calibrated image (left image) we select the nB bright-
est pixels (center) and then we considered only the “true spots”
within every sub-group (right). See figure 7.3 for a plot of these
points together with the expected position of bright stars in the
FoV.

7.2.1 Spot isolation

As a first thing, the calibration of every Variance frame is carried out with
the relative-gain procedure presented in section 4.2.3. After that, bright
spots are isolated by sorting the pixels according to the intensity values
recorded, and considering the nB most bright ones, where nB is equal to
the number of stars expected in the field multiplied for a generic “safety”
factor, that we set to 4 after some tests. This factor accounts for possible
stars visible in VAR images despite being faint (above the magnitude limit
that we set for the catalog query), but also for the spreading of the PSF
over different pixels as well as the eventual presence of ghost images.
It happens very often that bright pixels in a certain image are arranged
in small groups. In this case a further selection is necessary, in order to
indicate how many real light spots are responsible for the illumination of
a pixel cluster. To this end, we considered the brightest pixel of the list,
we removed its eight nearest neighbors from the selection (being fainter
than it), and we iterated this process to the whole image. The result is a
“cleaned” map of the hot pixels, which is reported in figure 7.2.
Lastly, the definitive sub-pixel position of every spot centroid is calculated
starting from the clean list of brightest pixels using the WA procedure in-
troduced in section 5.2.2 and the transformation matrix of section 5.3. An
example of such definitive positions are shown in the plot of figure 7.3 to-
gether with those of the expected stars in the FoV: a detailed discussion of
this situation is reported in the following section.
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Fig. 7.3: Plot of the position of stars (red) and sposts (black) in frame 134
of run 1597. The association is not trivial as there are both stars
without spots and spots without stars, because of the situations
discussed in the text.

7.2.2 Star identification

The plot of figure 7.3 demonstrates that it is not trivial to associate a VAR
spot with a certain star, as there can be a long list of undesirable problems.
For example, a spot may be without a nearby star if it is a ghost image,
or if the related star is not in our list (e.g. too faint). Inversely, a star can
be without a nearby spot for multiple reasons: a dead pixel, the effect of
gaps, or again a thin cloud in that region. As a consequence, we develop a
custom procedure for the association of spots and stars, so to have a better
control of the process and possible errors, which is safer than relying only
on a fit algorithm.

7.2.2.1 Description of the procedure

As in general the number of spots is larger, our procedure aims at the assig-
nation of stars, using an iterative algorithm and adopting the following
criterion: given a certain star, if the first spot is closer than 1/2 the distance
of the second one, then the star considered is associated to that spot. In
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Fig. 7.4: Example of VAR spots (black), and the most isolated ones (ma-
genta), in the case of frame 22 in run 833, pointing at the very
crowd region of the Orion’s Belt (CamView). The spot with the
double circle is the most isolated one, but in this case it is not ad-
equate for the preliminary balancing of the field, as there are no
isolated stars in its proximity.

case of success, both the star and the associated spot are removed from
the list of objects available for subsequent iterations, and all the other stars
are shifted of the quantity (�x,�y) necessary to get a perfect superimpo-
sition of the examined couple, in order to facilitate the matching of the
remaining ones. Of course, as in every iterative process, it is necessary
to choose carefully the starting point: in the first cycle of the loop, only
the 3 most isolated spots are considered, where the “isolation” is evaluated
through the mean distance of each spot from the 5 closest to it. In this case,
(�x,�y) is given by the average shift. In figure 7.4 it is reported an exam-
ple of the spot detected in a Variance frame and the “isolated” sub-set, in
the case of the very crowded region of the Orion’s Belt. Actually, there is a
further preliminary operation that we make before the iterative routine. If
the most isolated spot has a star in its proximity (i.e. the nearest star is less
than half the distance of the second one), then only such spot is adopted
for the first rigid shift of stars in that frame and the relative assignation.
This initial single-spot procedure provides better “balance” of the star field
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Fig. 7.5: Astrometric solution for the frame 218 in the observing run 1597,
pointing at the Crab Nebula region.

and increases the success rate of subsequent iterative assignments.
We decided to set an absolute limit in the matching procedure, which is
equal to 28mm (⇠45

0): if the distance between the expected star positions
and VAR spots is larger than this amount, then the star identification rou-
tine cannot converge. When the single-spot procedure is applicable, such
a limit is reduced to just 14mm, since moving all stars using a single iso-
lated spot is still a risky operation. In all the other cases, the execution of
the iterative routine terminates when no spots are associated to any star,
and hence it is impossible to calculate the new shift.
When at least one spot is identified, the procedure returns a positive exit
status and produces a plot of the Variance frame with the name of the as-
signed stars, similar to the one reported in figure 7.5.
We tested this procedure in both empty regions (see figure 4.7 on page 116)
and very crowded stellar fields, as for example the Orion’s Belt region,
whose astrometric solution is reported in figure 7.7. In all the cases the
software behaved as expected.
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Fig. 7.6: Star identification using a free-point fit algorithm. In order to
match the expected position of stars (red), the original arrange-
ment of VAR spots (black) is transformed into the new one (blue)
obtained with a rigid roto-translation whose parameters are ex-
tracted from the fit.

7.2.2.2 Cross-check with a fit algorithm

In the context of this thesis work, we also developed a second star-identi-
fication procedure based on a fit algorithm, both as a cross-check and for
extracting further information. In particular, using the MPFIT procedure
of the IDL library4 we implemented a free-points function with the same
approach presented in section 6.3.2.1: VAR spots can be rigidly translated
and rotated so to match the arrangement of expected stars (3 free param-
eters). The resulting (�x,�y) has the same meaning of the overall shift
given by the custom identification procedure, but a new quantity is now
accessible: the rotation angle to be considered for the perfect match. In
principle, if we find a rotation angle not compatible with zero in every

4See appendix B for more details.



180 STAR FIELD ASTROMETRY

frame of every run, this is a strong evidence that the camera’s horizontal
axis is not perfectly parallel to the ground (see section 5.1.3 for a detailed
discussion). We applied this routine to the archive data of the ASTRI–Horn
telescope, and results are reported in the following section.

7.3 Ghost images detection

The first application of our custom astrometry procedure is to detect the
possible presence of ghost images in Variance frames, due to the acciden-
tal mis-alignment of one or more mirror segments in the primary reflec-
tor. During the execution of the IDL program for the astrometric solution,
a sub-routine called V-GHOST isolates the VAR spots not associated with
bright stars and saves their position in the database of the Online Observa-
tion Quality System (OOQS [140]), for long term monitoring and analysis.
In fact, if the presence of a ghost image persists, confirming that it is due
to a tilted segment, then it is necessary to identify the defective mirror and
consequently cover it or try to move it back to the position by design (de-
pending on the “weight” of the mirror in the analysis of degraded modes).
The automatic detection of ghost images is one of the most important tasks
of the Variance images analysis, as the mirror alignment can be monitored
only with the Cherenkov camera in the ASTRI design. As we can see in fig-
ure 7.7, the possibility of having multiple ghost images actually exist, and
a prompt intervention is crucial for ensuring a better quality of scientific
data and the full exploitation of the observing time.

7.4 Monitor the pointing direction

A very important application of our custom astrometry procedure is to
monitor the pointing direction of the ASTRI telescope. In fact, using the
position of the stars identified, the astronomical coordinates associated
with the geometric center of the camera can be retrieved with the preci-
sion of a few arc-minutes using a single Variance frame. Of course, thanks
to its higher angular resolution, the PMC can provide an estimation much
more precise than the Cherenkov camera, but (i) it can be less accurate if
the alignment of the two devices has not been properly characterized, and
(ii) Variance images are immediately available during the data acquisition.
In this respect, it should be noted that our astrometry procedure has been
inserted into the Online Observation Quality System (OOQS) pipeline for
the ASTRI MiniArray [140], while PMC data are downloaded and ana-



7.4 MONITOR THE POINTING DIRECTION 181

Fig. 7.7: An optical representation of the sky in the region of the Orion’s Belt is
superimposed on our astrometric solution of frame 22 in run 833 (in
SkyView). Stars identified by our routine are labeled using the white
color. Fainter objects that were excluded from the automatic procedure
are colored depending on their magnitude: yellow for mag > 5 and red
for mag > 6.7. Two objects in green seem to have no counterpart in
the VAR image, despite they are both ⇠5.3mag: this probably happens
because of the central PDMs saturation, due to the presence of very
bright stars. In the VAR frame it is easy to recognize the regular pattern
of ghost images around the brightest stars: two spots below, one on
the right, and one in the upper-left direction (consider for example the
case of HIP25281 and HIP25930). VAR and optical images have been
matched manually to obtain this figure.
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lyzed off-line. As a consequence, to monitor the pointing direction with
the VAR frames is fundamental to detect in real time any possible (coarse)
problem in the tracking performance of the telescope, due for example to
residual errors in the pointing model or in the analysis of motor encoders5,
ensuring a prompt intervention in order not to waste precious observing
time.
In the following section we present the strategy to calculate the pointing
direction and the validation process of such a technique. Then we applied
our procedure to the selection of ASTRI–Horn archive data presented in
section 6.2, and we report the results of the subsequent analysis.

7.4.1 Strategy

Both the custom procedure for the star identification and the free-point fit
algorithm provide an estimation of the rigid shift (�x,�y) to be applied
for matching spots in Variance images with the expected star field. How-
ever, this quantity does not necessarily represent the true pointing offset
of the telescope, as in general it can be affected by possible errors in the
reconstruction of the star field or in the analysis of the motor encoders.
Consequently, to evaluate the mis-pointing error we adopted a custom
strategy that relies on VAR spots only, without considering the expected
(x, y) position of bright stars in the FoV. For this reason, our approach is
“safer” than any fit-based procedure, and it is presented in detail in the
following paragraph.

7.4.1.1 Obtaining the nominal pointing direction

Assuming a perfect alignment of the instrument, we indicate with Q the
true pointing direction of the telescope, individuated by the astronomical
coordinates associated to the camera geometric center (0, 0). Considering
that every VAR spot now corresponds to a bright star whose astronomical
position is known, then the question is to find what is the position in the
camera of the nominal pointing direction P . If it falls exactly in the geomet-
ric center of the camera, then P ⌘ Q and there is no evidence of a pointing
offset. Inversely, if the position of P is not (0, 0) then we can calculate the
coordinates of Q using its distance from P (see section 5.1.2). The resulting
(�Az,�El) is a measure of the telescope mis-pointing. Figure 7.8 provides
a graphical explanation of this procedure.

5As it happened during the observing campaign for the detection of the Crab Nebula
[86], in winter 2018/2019, when a lot of data were discarded due to pointing errors.
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Fig. 7.8: Strategy to find the true pointing direction of the telescope using
VAR spots (red circles). We know the distance (red segments) of
each spot from the nominal pointing direction P and hence we
can triangulate its position in the camera (white circle). If it is
coincident with the geometric center of the camera (yellow cross)
then there is no evidence of pointing error, otherwise we must
measure the mis-pointing as in the case reported in this figure
(frame 21 of run 1597).

To obtain the position of P using VAR spots only, we implemented a trian-
gulation algorithm. We consider two spots at a time, with their associated
stars, and we calculate their angular distance (great circle) to the nomi-
nal pointing direction. The results are converted in mm using the plate
scale and they are adopted as the radii of two circumferences, centered in
the spots, whose intersection provides the position of P (see figure 7.9).
This procedure is replicated with all the possible couples among the spots
available in each Variance frame, obtaining a set of points, whose mean
value and dispersion constitutes an estimation for the position of P and
its uncertainty. An example of the output of this ‘triangulation procedure
through circumferences” is reported in figure 7.11.
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Fig. 7.9: Conceptual drawing to present the triangulation strategy using
a couple of stars at a time. Among the two intersection points, to
estimate the pointing P we choose the one which is closer to the
camera geometric center C.

7.4.1.2 Removing outlier spots

As it is discussed in section 7.4.3, dedicated to results of the analysis, the
large dispersion of triangulated points depends on the accuracy of VAR
spots, and therefore on the de-convolution algorithm ultimately. We know
from simulations that it retrieves the true star position with a standard de-
viation of ⇠0.5mm: this error propagates on the triangulation method,
producing an intrinsic uncertainty of a few mm in the position of P . How-
ever, having several stars in the frame (i.e. � 6), it is possible to check if a
certain spot is particularly far from its expected position and hence to re-
move such an “outlier” point from the analysis. This operation is carried
out considering for each spot the measured distance from all the others in
comparison to the theoretical one (using catalogs): every time that the dis-
crepancy is greater than a chosen threshold6 then the spot is flagged with
a “hit” mark. Considering the resulting distribution of the hits, if there is
a spot further than 3 � from the mean value then it is considered an out-
lier case, since its distance from the others is suspiciously high on average,
probably due to the poor accuracy of its sub-pixel position reconstruction.

6Which is equal to 1mm in the beginning, and increases by one unit each cycle up to
8mm.
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Fig. 7.10: PMC image taken at the same time of VAR frame 218 in run
1597. The bright star in the lower-left corner is Tianguan, while
in the center there is the Crab Nebula (M1) region.

7.4.2 Technique validation

Before applying our custom procedure for the monitoring of the pointing
direction to the analysis of real ASTRI–Horn data, it is necessary to vali-
date our method with dedicated tests. Instead of using a full simulation of
the whole process, we adopted two independent validation cross-checks
based on archive data: the application of our procedure on an ideal star
field and the comparison of preliminary results with PMC images.
Using theoretical coordinates of stars taken from stellar catalogs, it is pos-
sible to test the functioning of the triangulation algorithm without being
affected by the difficult evaluation of spot positions with sub-pixel preci-
sion. With this approach, we choose a pointing direction P , we calculate
the position in the camera of stars in the FoV and then we use the triangu-
lation procedure to get back the position of P in a blind way. The result of
this test shows that our algorithm is able to retrieve the pointing direction
with a precision of 10�12 arc-seconds, having in input the correct position
of eight stars at least. This is undoubtedly a strong evidence that our algo-
rithm for triangulation is reliable.
The second validation test aims at cross-checking preliminary results from
Variance data with images from the PMC. In particular, we present now
the interesting case of the comparison between the frame 218 in run 1597
(figure 7.5), taken on Feb 26th 2019, at 18:48:29 UTC, with the correspon-
dent PMC image with the same time stamp (reported in figure 7.10). The
actual position of the telescope (from the header of the PMC FITS image
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Fig. 7.11: Result of the pointing monitoring procedure in frame 218 of
run 1597 (CamView), where 8 stars are available for the anal-
ysis (figure 7.5). The nominal pointing direction P (black cross)
is obtained as the average of the triangulated positions (black
dots) considering all the possible couples of spots, excluding
eventual outliers. The mis-pointing of the telescope is obtained
converting in Az,El the calculated position of P , which is x =
(�12.5± 1.4)mm and y = (0.2± 0.8)mm (confidence levels of
0.5, 1.0 and 1.5 � are reported with ellipses in the plot). The red
arrow indicates the NCP.

file) is ↵ = 83°5602600, � = 22°104600, while the average pointing P of that ob-
serving run (taken from motor encoders) is ↵ = 83°570700, � = 22°105000. The
distance (great circle) between these points is ⇠39

00, the typical error that
we make adopting P as the reference value for the analysis of the whole
run (see figure 7.1). The processing of the VAR frame with our procedure
provides that the true pointing direction is ↵ = 83°4002500, � = 22°1002700
(see figure 7.11), highlighting a mis-pointing of (17.7± 2.3) 0. On the other
hand, the astrometric solution of the PMC image (made with the software7

astrometry.net) reveals that the true pointing coordinates are ↵ = 83°4001900,
� = 22°40600, i.e. about 15.80 far from the nominal pointing direction P .
Again, this result represents an evidence that our algorithm is reliable.

7Full astrometric solution available on this web page [link 228].
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The warning about mis-pointing raised by the VAR analysis is confirmed
by the PMC image (both systems reveal that there was an error of about
0.25°). On the other hand, they do not agree on the celestial position of
their image centers: we see that there is a distance of ⇠6.40 between the
coordinates provided by the VAR and the PMC. This is likely due to the
fact that also the PMC is not perfectly aligned with the optical axis of the
telescope, similarly to what happens for the Cherenkov camera (see our
demonstration summarized in section 6.4.0.1). Moreover, the offset of the
PMC is different to the VAR de-centering and consequently the two sys-
tems reveal different sky coordinates at their centers. A deeper (and quan-
titative) discussion about this situation is presented in the following sec-
tion, dedicated to results of the VAR analysis with our custom astrometry
software.

Fig. 7.12: Statistical analysis of the typical uncertainty associated to our
technique, using a random sample of 603 stars from 24 different
observing runs. Left: uncertainty versus the number of stars con-
sidered for the analysis. Right: histogram of the same values.

7.4.3 Results

The custom astrometry software that we developed for the ASTRI project
calculates the position of the nominal pointing direction P with reference
to the camera geometric center, starting from the position of the stars iden-
tified in Variance images. As it is shown in figure 7.11, the final position is
calculated as the average of several points obtained with a triangulation-
like algorithm that works on a couple of stars at a time, while the disper-
sion of such points is adopted to evaluate the uncertainty in the x and y
direction (standard deviation). This technique is effective and reliable, but
it presents only a coarse precision: in the case reported in figure 7.11 the
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square sum of the errors provides an overall uncertainty of 203400, and un-
fortunately there are some cases where the error is even larger.
Using a high number of VAR frames from different observing runs, we
investigated the properties of our technique using a statistical approach.
First, considering the distribution of errors (squaring sum of �x and �y)
reported in figure 7.12 right, we see that the median value is 305200: we can
hence say that the typical precision of this technique is ⇠4

0. Second, with
the plot reported in figure 7.12 left, we verify that there is not a strong
dependency of the precision with the number of stars. Actually, this is a
typical feature of the algorithm we have implemented: a single spot re-
trieved with poor accuracy is enough to produce a large error in a certain
frame, even if several stars are available for the analysis.
Despite the large uncertainty value, the most important output of our anal-
ysis is that the position of the nominal pointing direction P is never com-
patible with the camera geometric center (the distance is 3 to 4 �, or larger)
and this is a strong evidence that a serious pointing problem actually af-
fected the ASTRI–Horn prototype telescope. To investigate this possibility,
we carry out a deep analysis of the observing run 1636, which is the only
long one (⇠100° FoV rotation) with a full monitoring set of PMC images.
Using the software astrometry.net, we obtain the celestial coordinates asso-
ciated to the center of every PMC image: they are reported in figure 7.13
(black line). The first interesting aspect is that they are not coincident with
the pointing direction that was ordered to the telescope (blue dot) nor with
the tracking coordinates that are reported by motor encoders (green line).
Furthermore, the trajectory of the PMC individuates an arc in the sky, sug-
gesting that the mis-pointing can be measured as the mean radius of cur-
vature of that figure. However, the circle that better approximates the
PMC data is not centered in the pointing direction desired for that run:
there must be a de-centering offset also for the PMC, similar to the one
that we detected in chapter 6 for the Cherenkov camera. In summary, if
our hypothesis is correct, we are facing a pretty complex situation where
the overall mis-pointing is given by the sum of two terms: a de-centering
offset and a pointing error.
In the astrometry analysis of Variance frames we do not get the astronom-
ical coordinates of the camera center8, but rather the position of the nom-
inal pointing direction P with respect to the origin. In the case of run
1636, P is equal to ↵ = 143°5604000 and � = 21°5404200, and we verified
that its position is never coincident with the Cherenkov camera geomet-
ric center. In particular, as it is shown in figure 7.14 (red dots), again the

8Even if in principle it is straightforward to obtain this value with our method.
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Fig. 7.13: Drift in celestial coordinates of the PMC geometric center (black line)
during the observing run 1636. The pointing direction set on the tele-
scope is represented by the blue dot. The green line represents the
pointing coordinates provided by the motor encoders, and the red dot
their average value: the jump in the green line may correspond to a
macroscopic correction carried out by the control software or by the
telescope operator. Elements in grey represents raw estimations: the
dot is the position of the optical axis (O.A.) obtained with a fit (solid
circle) of the PMC data (black line), while dashed arrows represent the
possible de-centering (502700) and pointing error (1702000). An improved
calculation of these quantities can be obtained applying the analysis of
chapter 6 to the stars of the PMC (and not to the coordinates of its cen-
ter).

position of P describes an arc which is not centered in the origin of the
camera, but rather it seems to rotate about the position of the optical axis
calculated in section 6.4. This situation confirms that the ASTRI–Horn tele-
scope was affected in parallel by two systematic errors: a de-centering of
the Cherenkov camera and an offset in the pointing. The average distance
of data points from the position of the optical axis is 0.26° with a stan-
dard deviation of 0.02°, which is equivalent to 15

0
19

00 with an uncertainty
of 101200, very close to the extremely raw estimation reported in figure 7.13
(grey arrow).
The conclusive step of this analysis is to understand what is the relative
position of the Cherenkov camera and the PMC, in order to have a com-
plete picture of their arrangement with respect to the optical axis of the
telescope. To this end, we process the PMC data with the same procedure
adopted for VAR frames: we calculate the position of the nominal pointing
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Fig. 7.14: Drift of the nominal pointing direction P with respect to the geometric
center (C.C.) of the PMC (black) and the Cherenkov camera (red). The po-
sition of the optical axis (O.A.) of the ASTRI–Horn telescope is reported
on the plot, using the position calculated in section 6.4 with respect to the
Cherenkov camera, together with three contour lines representing the 0.5,
1.0 and 1.5 � confidence areas. The error bars on red dots are omitted to
facilitate the visualization, their value is on average ⇠0.06° (40).

(P ) with respect to the sky coordinates associated to the camera geometric
center (taken from Astrometry.net), using the algorithm presented in sec-
tion 5.1.2 involving position angles and great circles. The result is reported
in figure 7.14: there is a perfect matching between data from the VAR (red
dots) and the PMC (black line), after the application of a rigid shift account-
ing for the offset between the two devices. The arc-like shape of the data
points distribution is due to the error in the pointing, which is the same
for both the VAR and the PMC, as they share the same mounting struc-
ture (the ASTRI–Horn telescope). Inversely, the mean distance from data
points to the camera center is different for the VAR and the PMC, as each
device has its own de-centering offset with respect to the telescope optical
axis. In particular, from figure 7.14 we can estimate that the position of the
Cherenkov camera relative to the PMC is XC = �0.02° and YC = �0.16°,
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Fig. 7.15: Conceptual scheme of the effects due to the pointing and centering
errors. Red dots indicate the position of the nominal pointing di-
rection P : in an ideal configuration they are distributed around the
geometric center of the camera. In the drawings reported here we
can see a conceptual representation of their distribution in case of a
de-centering offset (1), a pointing offset (2), or both (3). The position
of the optical axis (concentric circles) is obtained using the method
of the FoV rotation presented in chapter 6.

with an uncertainty smaller than that on the position of the optical axis9

obtained in section 6.4, which is 0.06° (equivalent to⇠3.50). This quantity
can be inserted in the pointing model of the telescope, which is made using
the PMC, optimizing both the accuracy of the pointing and the precision
of the tracking (in figure 7.13 the trajectory of the PMC does not individ-
uate a perfect circle, probably because of a small drift in the tracking). A
more in-depth discussion of all the results presented above is given in the
next concluding section.

7.4.3.1 Discussion

Adopting our custom astrometry software using Variance images for mon-
itoring the pointing direction of the ASTRI–Horn telescope, we discovered
that such instrument was affected by an important pointing error that we
revealed and measured, cross-checking our results with images taken from
the PMC. In particular, we outlined that there are two sources of system-

9This value for the uncertainty constitutes only an upper limit. See the discussion at
the end of section 7.4.3.1 for further details.
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atic errors: a de-centering offset (previously detected with the analysis of
the FoV rotation presented in chapter 6) and a pointing-offset, that we re-
vealed also in the images of the PMC. In our analysis, which is based on
the triangulation of the telescope nominal pointing direction with respect
to the camera geometric center, the sum of the two mis-pointing contri-
butions produces a peculiar arc-like shape (see figure 7.15, right), that we
exploited for measuring the relative position of the Cherenkov camera, the
PMC, and the optical axis of the telescope (i.e. the axis individuated by the
action of motors), obtaining a complete characterization of their arrange-
ment. For the first time a detailed analysis of the pointing performances is
carried out on the ASTRI–Horn telescope, demonstrating that the analysis
of Variance images constitutes a unique opportunity to ensure a complete
calibration of the telescope. In the case of the ASTRI–Horn prototype, our
results can be adopted in principle for the correction of data taken in the
past, while in the context of the incoming ASTRI MiniArray observatory
our procedures will be implemented for the calibration of the telescopes.
The custom technique for measuring the direction of the pointing using
a single Variance frame presents only a coarse precision, about 4

0, and
hence it cannot be adopted alone for the monitoring of the telescope per-
formance, as it does not match the ASTRI requirement for the pointing
after calibration which is equal to 20

00 (section 3.4). However, our procedure
is implemented in the online observation quality system (OOQS) of the
ASTRI MiniArray, as it is adopted for the detection of possible ghost im-
ages due to mirror mis-alignments (section 7.3), and consequently it can
be also used to detect any macroscopic deviation of the telescope point-
ing in real time, that can be caused by external/occasional agents, as wind
gusts, mechanical failures, software problems, and so on. This ensures
a prompt intervention without losing precious observing time. Further-
more, we demonstrated that with a long acquisition our astrometry pro-
cedure can be adopted not only for monitoring the pointing direction, but
also for the characterization of eventual offsets between the Cherenkov
camera, the PMC, and the optical axis of the telescope, allowing a com-
plete description of their arrangement.
The most important limitation of the technique presented in this chapter
is the modest precision, ultimately due to the large pixel size of the ASTRI
camera, as it is the true source of uncertainty in the determination of spot
positions, and consequently in the triangulation of the pointing direction.
The poor precision implies a low accuracy in the determination of the off-
set (XC , YC) between the two cameras, which is a fundamental feature of
the optical system to obtain an effective pointing model of the telescope.
A possible improvement would be to apply the analysis of the FoV rota-
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tion to the images of the PMC, as previously suggested in the caption of
figure 7.13, in order to obtain an independent estimation of the position
of the optical axis. In fact, such a measurement would have a better pre-
cision in comparison to the Variance, as the pixel size of the PMC is only
7
00 and, consequently, this information can be exploited to match the two

plots reported in figure 7.14 without using the shape of the arc, affected by
a larger uncertainty. With this strategy, the final error is equal to the mean
of the errors reported in the two independent estimations of the optical
axis position, and it would provide a more precise determination of the
offset (XC , YC). This approach will be adopted for the calibration of the
future ASTRI MiniArray.





8
Conclusion

In this work we started from the presentation of open challenges in mod-
ern VHE astrophysics to focus in the following on possible solutions pro-
vided by the innovative ASTRI project, presenting the potentiality to play
a key role in this research field thanks to the MiniArray of 9 telescopes
which is currently under construction. We presented in this thesis the first
complete and detailed study of a very peculiar feature of the ASTRI in-
strument: the Variance method. It constitutes an ancillary output of the
Cherenkov camera, allowing us to monitor the night sky background and
reveal the position of stars in the FoV with outstanding sensitivity for an
IACT. We carried out a deep analysis of real Variance data taken with the
prototype telescope ASTRI–Horn, developing on purpose powerful diag-
nostic tools to assess the pointing performances of such instrument, opti-
mizing the accuracy of scientific observations. Using our techniques, we
verified that ASTRI–Horn was affected by heavy systematic errors in the
pointing (already known in the past) and we defined an effective strat-
egy not only to detect and measure other similar eventual offsets in the
future, but also to finely calibrate incoming instruments right from their
assembly verification phases. This operation is fundamental to match the
demanding ASTRI requirement for the pointing accuracy after calibration
of 2000, which is a key point to achieve the scientific objectives of the ASTRI
project. In fact, while a low pointing accuracy is sufficient for technology
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demonstration purposes1, in order to study the morphology of extended
sources2 or to determine the position of point-like emitters with remark-
able precision, an enhanced pointing performance is a very crucial feature
for next-generation telescopes. This constitutes a technological challenge
for the ASTRI project, as the Cherenkov camera is not optimized for pre-
cise astrometry measurements and the compactness of the structure pre-
vent from installing an auxiliary pointing monitoring device sharing the
same optical system of the telescope. For this reason, the Pointing Moni-
toring Camera (PMC) with its dedicated optics is located behind the sec-
ondary mirror (on its mechanical support structure), and in this configu-
ration important systematic errors arise if its geometric center is not well
aligned with the Cherenkov camera and the optical axis of the telescope.
The analysis of Variance data therefore represents a unique opportunity
to avoid similar problems and finely calibrate the whole system, offering
the possibility to reach the precision level required, as we demonstrated in
this work.
Our astrometry techniques for Variance images were validated and tested
on real archive data. They do not only constitute a numerical tool for data
analysis, but also they indicate an effective calibration procedure to be im-
plemented in the Assembly Integration Verification phases of future AS-
TRI telescopes. This is a fundamental aspect of this thesis work: taking
advantage of the experience that we gained with archive data, we out-
lined a precise operational strategy that has already been inserted in the
plan for the calibration of the incoming ASTRI MiniArray observatory.
A brief summary of major results regarding the analysis of ASTRI–Horn
data is reported in section 8.1, while section 8.2 is dedicated to possible im-
provements that can be implemented in our routines. Finally, section 8.3
presents an overview of the future perspectives of this work, with partic-
ular attention to the validation tests to be carried out with the prototype
telescope ASTRI–Horn and the subsequent implementation on the incom-
ing ASTRI MiniArray.

8.1 Review of main results

Using specific techniques that we developed for the gain calibration of
Variance images and their astrometric evaluation, in this work we carried

1See the alpha-plot reported in figure 2.15 on page 48, relative to the first detection of
the Crab Nebula with the ASTRI–Horn telescope.

2See for example figure 2.16 on page 49.
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out a characterization of pointing performances of the ASTRI–Horn pro-
totype telescope, using archive data only3. As a result of this study, we de-
tected and measured a de-centering offset of the Cherenkov camera with
respect to the optical axis of the telescope. The measured shift is equal to

X0 = (�4.1± 1.7)mm, Y0 = (6.2± 1.5)mm , (8.1)

in camera coordinates units (pixel size 7mm⇥ 7mm), equivalent to a sky-
projected angular distance of (0.19± 0.06)°.
In addition to such a mechanical offset, we also revealed that ASTRI–Horn
was affected by an error in the pointing, that we detected and measured
using the observing run 1636 as a study-case, as it is the only long one
in the archive with a full set of PMC images available for cross-checking
our results4. Using Variance data we calculated that the average pointing
offset in this run is

�P = (0.26± 0.02)° , (8.2)

and PMC images provide a similar results (within 2 �).
The value reported in (8.1) could be adopted in principle for the correction
of data taken in the past with ASTRI–Horn, improving the accuracy of the
system, while the analysis that led us to the value in (8.2) can be replicated
on other long observing runs, characterizing the average pointing offset in
each of them. However, their uncertainties still do not allow us to match
the ASTRI pointing requirement of 2000, being equal respectively to 3

0
36

00

and 1
0
12

00. For this reason, despite these results are undoubtedly useful
and interesting, we developed an improved strategy to enhance their pre-
cision when the telescope will be available again to take new data.
With a full numerical simulation of an observing run with our telescope,
we demonstrated that the position of the optical axis with respect to the
Cherenkov camera geometric center can be measured with the precision
of ⇠20

00 using a dedicated observation with the telescope in staring mode
pointing at the NCP for ⇠6 h and 40min. In this time interval the same
analysis can be carried out in parallel also with the PMC, obtaining a mea-
surement in its reference system with a better precision, as the pixel size
is almost 100 times smaller. Matching these results it is possible to mea-
sure the offset between the two cameras, and hence the pointing perfor-
mances can be safely monitored using the PMC, taking advantage of its
better resolution. In this scenario the Variance ensures the alignment of the

3As it was impossible to take new data, because the telescope was under maintenance
in the last two years.

4This is one of the last observing run taken with ASTRI–Horn in the observing cam-
paign for the Crab detection.
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Cherenkov camera to the PMC, which is adopted in turns to monitor the
pointing of the telescope without systematic errors down to the accuracy
level required. During long observations in tracking mode the alignment
of the devices can be constantly monitored using the same procedure pre-
sented above. Meanwhile, our custom astrometry routine can be adopted
for monitoring the presence of eventual ghost images in Variance frames,
due to tilted segments in the primary mirror. Moreover, as this analysis is
performed online during regular data taking, the same routine is in charge
of producing quick alerts in real-time if a macroscopic pointing error is
generated by occasional/external agents, e.g. strong wind gusts, mechan-
ical failures, software anomalies, and so on, allowing a prompt interven-
tion by the telescope operator without wasting precious observing time.

8.2 Further improvements

In order to further characterize the properties of our astrometry technique,
an interesting additional tool would be a full toy simulation of the whole
VAR data acquisition and reduction process. This would allow us us to
evaluate the best precision that our method can provide in terms of trian-
gulation of the nominal pointing direction in ideal observing conditions.
The toy simulation developed for the analysis of the FoV rotation showed
that the large pixel size limits the precision of such a technique even in
the case of optimal observing conditions. We expect that a similar effect
arises also in the case of the astrometry analysis, but it is reasonable to
suppose that an improvement with respect to the uncertainty reported in
(8.2) can be achieved (for example assuming a perfect flat-field calibra-
tion in the images). Actually, we know well that the pixel equalization of
Variance is a crucial aspect for our analyses and, in fact, we took part in
the realization of a hardware tool dedicated to this purpose: a rigid shell
with a photo-luminescent film to be occasionally inserted inside the cam-
era lids for the gain calibration of pixels. Such a device has already been
realized and currently it is just waiting to be tested on the ASTRI–Horn
telescope. It will surely introduce remarkable improvements in the im-
age calibration and cleaning, enhancing the accuracy of all the subsequent
analyses. Several other validation tests are waiting to be carried out at
the astrophysical station of Serra La Nave, especially regarding the Vari-
ance. Unfortunately, due to the COVID-19 pandemic and other accidental
events, the maintenance operations on the ASTRI–Horn telescope lasted
for more than 2 years, and they are still in progress now (December 2021).
As a consequence of this, all the procedures reported in this thesis still
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need to be validated (and their accuracy stated) with new experimental
data taken on purpose. It is reasonable to assume that only such dedi-
cated tests in the near future will provide or suggest the most important
further improvements, as often happens in experimental activities.

8.3 Future perspectives

At the time we are finalizing this thesis (December 2021) the ASTRI–Horn
telescope is expected to be ready again for observations before spring 2022,
after a long period of important maintenance operations. After the valida-
tion of the structure and the camera, an important amount of time will
be reserved to test our procedures with the Variance, following a specific
test plan that we elaborated. Observations will be mainly dedicated to the
North Celestial Pole region and the celestial equator at the local merid-
ian, but we proposed and obtained time to perform also additional tests
relative to other tasks not presented in this document, as the measure of
stellar magnitudes, the monitoring of satellites and meteors, and the rela-
tive measurement of the telescope optical throughput.
After the validation test period with ASTRI–Horn, and the subsequent
data analysis, the optimized version of our calibration procedures will be
implemented in the pipeline of the ASTRI MiniArray, which is already
in an advanced stage of development. Our calibration procedures have
already been inserted in both the plan for the Assembly Integration Verifi-
cation and the Online Observation Quality System, that will be constantly
running during regular data taking. Other additional procedures that we
are developing still need to be optimized and implemented, as for exam-
ple the automated routine for the alignment of mirror segments, or the
deployment of the AstriTool Python package, a unified framework for dif-
ferent calibration activities.
The work presented in this document will be of paramount importance for
the ASTRI telescopes of the MiniArray, allowing them to point and track
any celestial source with sufficient accuracy for new scientific discoveries.
In conclusion of this thesis, we can undoubtedly affirm that achieving such
an objective currently constitutes the most important future perspective of
our work.
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A
Measurements on the mirrors

During the doctoral period, my work for the ASTRI project was mainly
focused on the pointing calibration using the Variance method, as it is
reported in the chapters of this document. However, I took part in sev-
eral side activities regarding especially the properties of the mirror and
their measurement. In particular, I helped in the characterization of the
reflectivity and the actual focal length, as it is reported very briefly in the
following sections. Moreover, I was involved in the development of an au-
tomated routine in Python for the alignment of primary mirror segments,
moving the actuators in order to obtain a composition of the PSF as close
as possible to the design. This activity is still in progress and the resulting
procedure will be tested first on a prototype telescope1, and then on the
MiniArray in Tenerife.

A.1 Reflectivity

The ASTRI telescope operates outdoors without a dome, and its mirrors
are constantly exposed to bad weather condition as well as to the atmo-
sphere in proximity of the sea and a volcanic environment, which is very

1Probably at EIE Group s.r.l. [link 239], which is in charge of the construction of the
mechanical structure.
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hostile to mirrors. For this reason, the coatings must be optimized not only
to satisfy requirements for reflectivity, but also to last in time. To this end,
several solutions were considered in the past, including both traditional
Al coatings and more advanced multi-layer of Al, SiO2 and ZrO2. At the
facility of Zaot s.r.l. in Italy, we participated in a measurement campaign
with a portable spectro-photometer to acquire new data about the reflec-
tivity of the ASTRI secondary mirrors, and to characterize the presence of
halos and micro-holes in the surface coatings2. We are still elaborating the
results of such measurements: they will determine the final solution to be
adopted for the the mirrors of the incoming ASTRI MiniArray.

A.2 Focal length

During the doctoral period I partecipated in the measurement campaign
of the actual focal length of primary mirror segments of MST telescopes
for CTA (see section 2.3.4.2). Such mirrors present a hexagonal shape and
their curvature profile is spherical, hence their focal length f is half their
curvature radius R, f = R/2. Consequently, using a point-like light source
in the position p = R, the image is focused at a distance q which is also
equal to R, as a result of the well-known equation

1

f
=

1

p
+

1

q
. (A.1)

This situation offers the chance to measure the actual curvature radius of
each mirror segment using the so-called “2f” configuration3. A point-like
source oriented towards the mirror translates along the optical axis of the
system together with a CCD camera recording the image of focused light.
Scanning different distances from the mirror, the size of the light spot
varies in diameter (D80). Fitting data points with a second-order polyno-
mial it is possible to identify the true distance associated to the minimum
spot size (the waist of the beam): this distance is equal to the actual radius
of curvature (R = 2f ) of the mirror under study, that can be compared
with the nominal value by design (⇠33m). In figure A.1 it is reported a
picture of two facilities adopted for the measuring campaign, while re-
sults are presented in a dedicated paper in preparation [211].

2For an image of the M2 mirror see figure 3.7 on page 79, where it is shown the sub-
strate of Pilkington glass (18mm thick, manufactured by Flabeg s.r.l.) with nine pads
glued on the back to host the actuators.

3This strategy cannot be applied on ASTRI mirrors as they are aspheric.
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Fig. A.1: Facilities for measuring the focal length of spherical mirrors in
the “2f” configuration. Right: outdoor facility at the INAF-
Osservatorio Astronomico di Brera (Merate), Italy. The mirror is
placed in vertical position on the moving support (foreground
in picture), while the light source and the CCD are located in the
white dome in front of the trees. Left: indoor facility at Media
Lario s.r.l. (Bosisio Parini), Italy. The operator is adjusting the
mount of the camera and the light source, while the mirror is on
the right, at the end of a corridor.





B
Software details

All the programs that we produced for this thesis are coded in IDL1 v8.7.1,
using the workbench of the IDL’s Interactive Development Environment
(IDE). In particular, for astronomical calculations we made an extensive
use of the IDL Astronomy User’s Library ([212], [link 251]), while for im-
age analysis we often adopted the interactive display tool for astronomical
images ATV [link 252].
The fit procedures presented in this thesis are carried out using the the
non-linear fitting routines included in the MPFIT Markwardt-IDL Library
([213], [link 254]), which implements the Levenberg–Marquardt optimisa-
tion algorithm [214, 215, 216] applied to chi-square minimisation.
We adopted the Python language [link 268] using the PyCharm IDE [link
269] for special routines dedicated to specific tasks, for example to handle
the Application Programming Interface (API) from Astrometry.net or to
store information in Google Spreadsheets (also managed using the Google
Script programming language [link 242]).
To access the ASTRI database we used a MySQL query [link 263] from the
command line. The complete list of the Code Listings reported in this the-
sis is available on page 251.

1IDL – Interactive Data Language, Harris Geospatial Solutions [link 253].
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B.1 Public repository and data access

The software that I developed for my doctoral project is freely available in
a public git repository. The repository may be accessed at the following
web address:

https://ict.inaf.it/gitlab/simone.iovenitti

The original raw data used for my doctoral work, as well as the interme-
diate and final elaborated stages, are proprietary, and belong to the ASTRI
Project (of which I am part). External scientists interested in analyzing
such data may request to access them sending an email to the ASTRI Prin-
cipal Investigator contact address [link 227].

https://ict.inaf.it/gitlab/simone.iovenitti


C
Outreach activities

During the doctoral period, I devoted a huge amount of my spare time
to outreach activities. Only a small part of this “side job” is on behalf of
the ASTRI project but, as it is deeply related to physics and astronomy,
I think it is important anyway to mention this work here. Furthermore,
outreach activities belong to the so-called “third mission” of universities,
and researchers with a natural inclination should be encouraged to give
their help, following precise guidelines. For this reason, it seems natural
to me to dedicate an appendix of my doctoral thesis to the work carried
out in both outreach and education, also because I strongly believe that it is
important for my professional career in both science and communication.
The following sections report only those activities related to the ASTRI
project or VHE astrophysics in general, however several other scientific
initiatives for both schools and the general public were realized in the last
three years with the help of the cultural association PhysicalPub [link 267],
of which I am honored to be the president now.

C.1 ASTRI graphic materials and social media

All the slide presentations on behalf of the ASTRI project must adopt a
unique template, for both internal meetings and conferences or sympo-
siums, in order to guarantee the uniformity of the layout and the correct
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Fig. C.1: The account of the ASTRI project on the Instagram platform. The
homepage with the feed (left), an example of post format (center),
and a static story (right).

figuration of all the institutions involved in the collaboration. To this end,
a few members of the project end I elaborated a dedicated layout for Mi-
crosoft PowerPoint and Apple Keynote [link 223], in both 4:3 and 16:9 for-
mats, that were circulated among the projects mailing lists and uploaded
in the official repository.
For the participation to scientific festivals and fairs we usually produce lit-
tle gadgets of the ASTRI project, with its name and logo, to be distributed
free to the public. I designed a re-styled version of the ASTRI logo for
the realization of custom stickers that were printed in occasion of festivals
in Genova (Italy, 2021) and Castellaro Lagusella (Italy, 2021), obtaining a
large appreciation from the public.
Lastly, in the last year and a half I was in charge of the management of the
social media account of the ASTRI project on the Instagram platform [link
226]. The page already existed but was completely blank. Due to the char-
acteristics of that social network I proposed a unified format for the posts:
squared images, with the logo and a black shadowing in the lower right
corner, and a short description in both Italian and English, with capital
title (see figure C.1). The content was diverse: from technical features to
very general astrophysics topics of interest. All the posts are prepared and
then archived in a dedicated repository online: the P.I. and the INAF su-
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Fig. C.2: Cover image of the national exhibition “A che Punto è la
NOTTE”, where the ASTRI project participated with a picture of
the prototype telescope and a 3D model of the MiniArray. More
details can be found in the Overview presentation of the initiative
[link 262].

pervisor of outreach activities for ASTRI and CTA always review the post
before the publication. The synergy with other social networks (in par-
ticular Facebook, Twitter and YouTube) was proposed but only partially
implemented so far due to a long and slow process for approval.

C.2 Scientific exhibition of astro-photography

Despite difficulties due to the COVID-19 pandemic, in September 2020 the
cultural association PhysicalPub realized the largest scientific exhibition
of astro-photography ever made in Italy [link 262, 261, 260], the name of
the project is ‘À che Punto è la NOTTE” (What is left of the NIGHT?). The
selection of pictures was divided in three areas: night landscape, deep
sky and instrumentation. The ASTRI project participated in the exposition
with a picture of ASTRI–Horn and a 3D model of the incoming MiniAr-
ray. Other IACT facilities participated in this initiative, like MAGIC or
CTA (see section 2.3), and several research institutes gave their support:
the University of Milan [link 276], INAF [link 255], ESO [link 240] and oth-
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Fig. C.3: Cover image of the conference “Una costellazione di ASTRI per
lo studio del Cosmo - I nuovi occhi Cherenkov dell’astronomia
gamma” (A constellation of ASTRI to study the Cosmos - New
Cherenkov eyes for gamma-ray astronomy), which is my public
talk in permanent evolution about technology and science of the
ASTRI project.

ers1. The main goal of the project was not just the exhibition of beautiful
pictures, but rather the dissemination of their scientific content using the
free audio guide developed on purpose [link 260], thematic conferences,
webinars and guided tours [link 261]. After the first exhibition in Milan,
this project was replicated in the festival of science in Genova (2020, Italy)
and Bergamo (2021, Italy). Moreover, this project was discussed in the
Outreach Session of the CTA Meeting in 2020, and it was presented with
an oral contribution to the International Cosmic Ray Conference2 (ICRC)
in 2021.

C.3 Public talks and conferences

I prepared a scientific conference for the general public on topics of both
astrophysics and technology related to the ASTRI project (see figure C.3).

1See figure C.2 for a complete list of sponsors and partners, while the full list of par-
ticipants can be found here [link 262].

2See the web-poster on page 257, while the reference to the proceeding article is re-
ported in the publication list on page 253.
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Fig. C.4: Music and astrophysics: the symphonic concert “Beethoven and
black holes”. Left: cover page of the presentation. Right: a stop-
frame of the movie released online [link 272].

The English translation of the title is “A constellation of ASTRI to study
the Cosmos - New Cherenkov eyes for gamma-ray astronomy” and in the
last year this conference was replicated at the Planetarium of Milan, at
the Merateneo Festival (LC, Italy) and at the Science Web Festival (online),
achieving good success overall.
Every year, I deliver in general a high number of public talks (⇠40) to
both school groups and the general public, focusing on astronomy or as-
trophysics related topics. In particular, an interesting and innovative event
regarding the VHE astrophysics was the symphonic concert “Beethoven
and Black Holes” (see figure C.4), that I realized together with the Sym-
phonic Orchestra of Milan G.Verdi, conducted by maestro Ruben Jais. In
this initiative some peculiar aspects of compact objects were presented in
analogy to specific features of the Fifth Symphony by Beethoven: I in-
troduced the scientific content with talks and images, then the conduc-
tor explained the music part, afterwards the orchestra played the relative
movement of the component. A similar concert was never realized in Italy
before, and the full performance is still available online on demand, free
of charge [link 272].
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