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Los telescopios MAGIC situados en el Observatorio del Roque de los Muchachos en la
isla de La Palma (Espaiia) llevan en operacidn justo 20 anos en el momento de escritura de
esta tesis. Esta tesis estd dedicada a la explotacion innovadora de estos telescopios como
un interferémetro de intensidad para medir tamafios angulares estelares con precision de
milisegundos de arco en el azul; y a la busqueda de las posibles contrapartidas de los
transitorios llamados pulsos rdpidos en radio o fast radio bursts (FRBs) en 6ptico y muy
alta energia.

La estructura de la tesis se divide en tres grandes bloques:

e Introducciodn a la astronomia de rayos gamma: en este capitulo se detalla como se
descubrieron los rayos gamma (0.1) y los rayos cosmicos (0.2), dando lugar al la
fisica de astroparticulas. También se presentan los diferentes procesos conocidos
de produccioén (1.1), absorcién (1.2) y aceleracion (1.3) de rayos gamma. Dichos
procesos servirdn para explicar la emisién de rayos gamma en fuentes gal4cticas
(2.1) y extragalécticas (2.2). Y esa emision de rayos gamma serd recogida por
instrumentos en el espacio (3.1) y en tierra (3.2). Se hara especial hincapié en los
telescopios MAGIC (3.3), con los que se han tomado los datos presentados en este
trabajo.

e Interferometria de intensidad: en este capitulo se hablard del origen de la técnica de
interferometria de intensidad, partiendo de la interferometria de amplitud (4.1). Se
presentaran los fundamentos tedricos que la gobiernan (4.2) y algunos de los casos
cientificos que se han propuesto hasta la fecha (4.3). Se mostrard cémo se ha llevado
a cabo la implementacién de esta técnica en los telescopios MAGIC por medio de
varias modificaciones mecanicas y de software (5.1), incluyendo el aprovechamiento
de su Active Mirror Control (5.2) que permite seccionar los espejos para lograr di-
versas medidas. También se presentard como construi el catalogo oficial de estrellas
(6.1) que he usado para programar (6.2) las observaciones durante casi dos afios,
acumulando mds de 400 horas de observacion. Se explicaran los diferentes pasos
del andlisis: la calibracion del flujo de luz (7.1), la correccién temporal (7.2), la con-
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volucién con el tamaiio de los espejos (7.3) y el célculo del pardmetro de calibracién
del sistema (7.4). También se demostraran diferentes tests ejecutados para asegurar
la consistencia de los resultados obtenidos: la distribucion de la anchura y retraso
temporal de las sefales (7.6.1), la sensibilidad medida en comparacion a la esperada
(7.6.2), la confirmacioén del célculo del pardmetro de calibracion del sistema obtenido
a partir de diferentes medidas (7.6.3) y la comparacion entre tamafios angulares
medidos con configuraciones ligeramente diferentes (7.6.4). Después, se presentardn
las medidas de tamafios angulares para estrellas cuyo didmetro angular habia sido
directamente medido previamente (8.1.1) y otras que no contaban con una medida
directa previa (8.1.2). También se presenta un estudio de los sistemdticos asociados
a las medidas (7.7), tales como: el ancho de banda electrénica, el ancho de banda
Optica, la ganancia del sistema, el método de substraccién del fondo y el filtrado
de ruido electrénico. El objetivo principal en este capitulo serd obtener didmetros
angulares de estrellas nunca antes medidos con tanta precision en la banda azul y
que junto con las distancias a las estrellas medidas por otros experimentos servirdn
para avanzar en el entendimiento de la estructura y evolucion de estrellas masivas.

Pulsos rdpidos en radio (FRBs): en este capitulo se hablara del descubrimiento de
los pulsos rdpidos en radio (10), enfocdndose especialmente en los magnetares (10.1)
como una de las fuentes de FRBs. Se hablara del potencial de los telescopios MAGIC
para detectar contrapartidas simultdneas en dptico gracias a la configuracién especial
en los pixeles centrales llamada Central Pixel (CPIX, sec. (11.2)) y en muy alta
energia. Se hablard de la campana que se llevé a cabo para el FRB 121102 en 2017
y como ésta sentd las bases del andlisis de campafias posteriores como las que se
han llevado a cabo durante esta tesis. Se describird el proceso estandar de andlisis de
datos de MAGIC de muy alta energia (11.1) y algunos casos de andlisis no estdndar
que se necesitan llevar a cabo en ciertos modos de observacion (11.1.1), incluyendo
el proceso seguido para analizar los datos del CPIX. Se mostrardn por separado las
observaciones y resultados de las campanas de observacion de tres fuentes de FRBs:
SGR 1935+2154 (12.1), FRB 20200120E (12.2) y FRB 180916.J0158+65 (12.3). El
objetivo principal de este capitulo serd la bisqueda de emisién en dptico y muy alta
energia, transitoria y persistente, en contrapartida a los fendmenos transitorios de
pulsos rdpidos en radio, de los cuales se desconocen tanto las poblaciones de fuentes
que los producen como los mecanismos de emision.
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The MAGIC telescopes located in the Roque de los Muchachos Observatory have been
active for 20 years at the time of writing this work. This thesis is dedicated to the innova-
tive exploitation of these imaging atmospheric telescopes as an intensity interferometer to
measure the angular size of stars with unprecedented precision in the blue band; and to the
search for transient fast radio bursts’ counterparts in optical (thanks to the central pixel
setup in each telescope) and very high energy.

This work is divided into three main blocks:

e Introduction to gamma-ray astronomy: this chapter introduces the history behind the
discovery of gamma rays (0.1) and cosmic rays (0.2) that gave birth to astroparticle
physics. It also introduces the different production (1.1), absorption (1.2) and accel-
eration (1.3) mechanisms of gamma rays. These processes are behind the gamma-ray
emission of galactic (2.1) and extragalactic (2.2) sources. This emission is then
observed and detected by space-based (3.1) and ground-based (3.2) instruments.
MAGIC telescopes (3.3) will be showcased in more detail since the results presented
in this work have been obtained with them.

¢ Intensity interferometry: this chapter details the historical background of the inten-
sity interferometry technique starting from its predecessor: amplitude interferometry
(4.1). It will also establish the theoretical basis of the technique (4.2) and some of the
science cases that have been proposed to exploit it (4.3). The MAGIC telescopes had
to undergo several hardware and software modifications in order to implement this
technique (5.1), including exploiting its Active Mirror Control to subdivide its mirror
dishes into several telescopes (5.2). I will explain how I built the star catalogue (6.1)
used for intensity interferometry observations and how I used it to schedule more
than 400 h over the curse of 2 years as the official intensity interferometry scheduler
(6.2). The different steps of the analysis will be explained: photon flux calibration
(7.1), delay correction (7.2), convolution with mirror size (7.3) and zero baseline cor-
relation (7.4). Several tests were performed to ensure the consistency of the analysis:
stability of the time delay correction and peak width (7.6.1), comparison of expected
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sensitivity with measured sensitivity (7.6.2), compatibility between zero baseline
correlation measurements (7.6.3) and compatibility between angular diameters mea-
sured with different observation configurations (7.6.4). For stars whose angular
diameter has already been measured directly and in the same optical bandwidth, the
measured angular diameter by MAGIC will be compared (8.1.1), and for those stars
without it the MAGIC angular diameter measurement will be provided. A study of
the systematics associated to MAGIC intensity interferometry measurements will
be also shown (7.7), such as: electronic bandwidth, system gains, night sky back-
ground subtraction and filtering out of electronic noise. The main objective of this
chapter will be to obtain stellar angular diameters for stars whose angular diameter
has not been measured before with such high precision and/or in the blue band.
Together with distances obtained by other instruments, these stellar angular diame-
ters will help to expand the knowledge of the structure and evolution of massive stars.

Fast radio bursts (FRBs): in this chapter FRB possible origins and mechanisms will
be introduced (10), focusing mainly on the magnetar scenario (10.1) as a source
of FRBs. The potential of MAGIC to detect simultaneous counterparts of FRBs
in optical thanks to MAGIC central pixel (11.2) and in VHE. As a starting point,
the searches performed for the source FRB 121102 in 2017 with MAGIC will be
introduced, as well as how this work laid the foundations for the searches performed
for this thesis. Standard MAGIC analysis techniques will be described (11.1) and
some non-standard ones that are needed for certain modes of observation (11.1.1),
including the analysis of CPIX data. The results of several observation campaigns of
FRB sources will be reported: SGR 1935+2154 (12.1), FRB 20200120E (12.2) and
FRB 180916.J0158+65 (12.3). The main objective of this chapter will be the search
for optical and very high energy emission, in bursts and persistent, as a counterpart to
FRBs, for which the emission mechanism and source populations are still unknown.
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Gamma rays

Gamma rays are the most energetic electromagnetic radiation, with energies starting at
511 keV. They were originally discovered in 1900 by P. Villard when he was investigating
radiation emitted from radium. They were called ‘gamma’ rays in a similar way than
the less penetrating forms of radiation alpha and beta rays. Unlike alpha and beta rays
they seemed to be undisturbed by magnetic fields. It was confirmed in 1914 that gamma
rays had a much shorter wavelength than X-rays and that were a form of electromagnetic
radiation since they could be reflected by crystal surfaces: they were made of photons.

The first detection of extra-terrestrial gamma rays would not come until 1961 with the
Explorer-11 satellite [1]. The satellite was designed to study gamma rays produced by
interactions of cosmic rays with interstellar matter. Later, in 1967 satellite Orbiting Solar
Observatory III (OSO-III) detected gamma rays from the Milky Way’s disk [2]. In 19609,
satellite VELA detected a gamma-ray burst (GRB) while monitoring the nuclear tests
activities. In 1972 the Small Astronomy Satellite 2 (SAS-2) observed diffuse gamma-ray
emission, linking gamma rays with galactic structure [3]. In 1975 satellite Cos-B built the
first all-sky map of the Milky Way’s disk in gamma rays, as well as a few sources like the
Crab Nebula, Vela pulsar and the 3C 273 quasar [4]. In 1989, the Imaging Atmospheric
Cherenkov Telescope (IACT) Whipple discovers TeV gamma-ray emission from the Crab
Nebula, giving birth to TeV astronomy [5]. Between 1991 and 2000, the satellite Compton
Gamma Ray Observatory (CGRO) studied the isotropic distribution of GRBs and identified
AGN:ss as the most energetic source of cosmic rays [6]. In 1996, the satellite BeppoSAX
was designed with improved spatial resolution to identify the origin of GRBs, performing
the first observation of a GRB afterglow in X-rays [7]. In 2002 the satellite INTEGRAL
was launched, being able to perform observations in gamma rays, X-rays and optical.
Results from more recent observatories will be discussed in chapter 3.

Cosmic rays

Cosmic rays are charged particles and nuclei that move at relativistic speeds through space.
One could say that the path to the discovery of cosmic rays started in the 18th century,
with independent measurements of the spontaneous discharge rate of electroscopes. A
typical electroscope consisted of a vertical metallic rod from which two gold leaves hang,
enclosed in a glass bottle [8]. When a charge is applied to the rod, the leaves repel and
separate from one another. In 1785 C.A. de Coulomb observed [Y], as later M. Faraday
confirmed [ 0], that electroscopes spontaneously discharge by interaction with the air so
discharge was not due to defective insulation. What is more, spontaneous discharge was
also observed in the presence of radioactive material. In the 20th century, J. Elster and H.
Geitel [ 1] built a better insulated version and put it inside a thick metallic box, observing
a decrease in radioactivity and concluding that the discharge was due to highly penetrating
ionizing agents. But they were not sure about the origin of this radiation, whether it was
coming from within the Earth or originated from extraterrestrial sources. In 1911 D. Pacini
observed that ionization was significantly lower underwater than above the sea surface
[12]. In 1912 V. Hess confirmed with a series of high altitude flights that the ionization
increased with height, supporting an extra-terrestrial source of radiation [13]. The term
cosmic rays was not coined until 1926, when R. Millikan and G. Cameron confirmed V.
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Hess findings [14].

Since then, many experiments have been designed to unravel the nature of CRs, which
has important implications on nuclear physics, particle physics and cosmology.

Data from some of those experiments are shown in Figure 1: The Cosmic Rays’ spec-
trum. The way CRs flux changes with energy can be described by a power law:

dN(E) .,
g “E M

where N is the flux, E is the energy and 7 is the spectral index, which is slightly
different for each energy range.
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Figure 1: Cosmic Ray spectra from
combining data from multiple experiments.

CRs from a few eV to ~1 GeV are produced in our solar system via coronal mass
ejections and solar flares [15]. From that point and up to ~ 10° GeV (the knee) the spectral
index is 2.7 and CRs are believed to be of galactic origin. Up to 10 GeV there is a phe-
nomenon called solar modulation produced by the interaction between Sun’s heliosphere
and incoming galactic CRs, which is time-dependent (with solar activity) and produces a
suppression in that energy range with a spectral index of ~5 [16]. The knee is considered
to be the maximum energy reachable for most galactic CRs accelerators, like Supernova
Remnants. Other theories suggest that this feature is produced by propagation and con-
finement effects by the Galactic Magnetic Field, explained by a leakage of CRs out of the
Galaxy. From the knee up to the second knee at ~ 108 GeV the spectral index changes to
3.1. The spectral index changes to 3.3 between the second knee and the ankle at ~ 10°
GeV. For energies above the ankle the spectral index changes to 2.7: the charged particles
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at these energies are no longer confined by galactic magnetic fields and can travel longer
distances without being diverted [ 7] (i.e. the curvature radius or Larmor radius given by
the relationship between the particle’s energy, particle’s charge and the Galactic Magnetic
Field is larger than the galactic disk). This implies that the spectrum starts to be dominated
by extragalactic CRs. These CRs are believed to be produced in Active Galaxy Nucleli,
Gamma Ray Bursts, radio galaxy lobes and the intra-cluster medium of galaxy clusters [ &].
Finally, a cut-off is observed ~ 5-10'0 GeV. This is called the Greisen-Zatsepin-Kuzmin
cut-off [19, 20] and it is attributed to inelastic collisions between UHE CRs and photons of
the CMB over long travelling distances.

Gamma rays have a close relationship with Cosmic rays. CRs interact with the medium
close to their origin, producing gamma rays. Therefore, observing gamma rays can help
answer some of the questions on how and where CRs are produced in the Universe. The
physics field that studies this relationship is astroparticle physics, combining astrophysics
and particle physics.



1.1
1.1.1

Traditionally, wide ranges in energy were dominated by one or two emission mechanisms.
However, in the case of gamma-ray astronomy there is a large number of competing
processes, even within the same energy range. Gamma-ray production implies not only the
emission from thermal relativistic plasmas, but interactions of accelerated charged particles
(electrons, protons and nuclei) with different mediums like thermal gas, low-frequency
photons and magnetic fields. Gamma-ray emission can be subdivided into several con-
venient energy bands: low energy (LE, < 30 MeV), high energy (HE, 30 MeV - 100
GeV), very high energy (VHE, 100 GeV - 30 TeV), ultra high energy (UHE, 30 TeV -
30 PeV) and extremely high energy (EHE, > 30 PeV). In this chapter the relevant mecha-
nisms of production, absorption and acceleration associated with gamma rays are presented.

Production mechanisms

Matter-antimatter annihilation

The most common process of this type produces gamma rays by the annihilation of e~ e™
pairs. The energy produced is typically around ~500 keV in the rest mass frame of refer-
ence. A similar process but by a pair p* p~ produces mostly pions that later decay into
gamma rays. The necessary anti-protons can be generated by energetic protons interacting
with matter, but this is a rather inefficient mechanism compared to protons producing pions
upon interaction with matter.
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Figure 1.1: Examples of matter-antimatter annihilation: electron-positron (left) and proton-
antiproton (right) [2]].

Radioactive nuclei

It dominates the low energy gamma rays production together with e~ e™ annihilation.
Gamma rays can be produced by radioactive decay or by collisional excitation processes.
In the case of radioactive decay other two processes occur: internal conversion (excess
energy of the nucleus is transferred to one of its electrons, ejecting the electron from the
atom) or internal pair production (excess energy is transformed into a pair e”e™ which is
ejected from the atom).

O
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Figure 1.2: Schematic of radiactive nuclei emission [2]].

Bremsstrahlung

Bremsstrahlung or braking radiation is produced when a charged particle is decelerated
by an electric field. The deviated particle emits radiation of electromagnetic amplitude
proportional to the suffered deviation. This effect is most common when the particle
is an electron or positron and it is in a high density medium, like nebulae with ionized
gas, supernova remnants and intracluster medium between galaxies. It is the dominant
production mechanism for galactic gamma rays up to ~100 MeV.
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Figure 1.3: Schematic of bremsstrahlung or braking radiation [2]].

Synchrotron radiation

Occurs when a charged particle moves through a magnetic field. The charged particle will
follow a spiral trajectory, with constant speed parallel to the magnetic field lines, while
being accelerated towards the center of its orbit at the same time. This kind of radiation of
ultra-relativistic particles is the most important contribution to the non-thermal universe
(including radio and X-rays). Production of HE gamma rays would require that both the
intensity of the magnetic field and the energy of the accelerated particle to be extremely
high. However, if there are relativistic electrons present in regions with synchrotron emis-
sion, these photons are capable of acquiring higher energies via inverse Compton scattering.

MAGNETIC FIELD

Figure 1.4: Schematic of synchrotron radiation [?]].

Black body emission and thermal bremsstrahlung

A body with a rather high optical thickness emits thermal radiation according to Planck’s
law of black-body radiation:

_ 2hv3 1

By(T) — (1.1)

where £ is the Planck constant, v is the frequency of the radiation, c is the speed of light
in vacuum, k is the Boltzmann constant and 7 is the temperature of the body. In order to
produce a non negligible flux of photons of energy higher than 1 MeV a temperature of
10'Y K would be necessary. Such high temperatures are believed to be only achieved in the
very early stages of the Universe (in which case the cosmological redshift would displace
the photons’ energies to lower values) or in extremely violent phenomena like Gamma Ray
Bursts (GRBs). If instead of an optically thick medium we have a optically thin medium
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it is necessary to take into account the absorption coefficient of photons by hot plasma,
resulting in a spectrum of thermal bremsstrahlung.
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Figure 1.5: Schematic of hot plasma emitting gamma rays [2]].

Curvature radiation

In the presence of very intense magnetic fields, electrons and positrons spiral around
magnetic field lines with a very small rotation radius, effectively following trajectories
parallel to the magnetic field lines. Since field lines are warped, the particle emits radiation
in the direction of movement called curvature radiation. A common place for this kind of
radiation is the surroundings of pulsars, when magnetic fields are specially strong, reaching
energies of a few GeV.

MAGNETIC FIELD

Figure 1.6: Schematic of curvature radiation [?]].

Inverse Compton

Inverse Compton emission is produced by the inelastic interaction of a charged particle
(typically an electron) at relativistic speed that transfers a great amount of its energy
to a photon. These kind of interactions are quite common for photons from the CMB
(Cosmic Microwave Background), as well as for synchrotron and thermal photons emitted
by astrophysical sources. This production mechanism is specially efficient in dense
populations of relativistic electrons such as TeV blazars and jets of AGN (Active Galactic
Nuclei). It is the dominant mechanism to produce VHE gamma rays.
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Figure 1.7: Schematic of inverse Compton emission [2]].

Hadronic collisions

Protons accelerated to relativistic speeds in extreme environments such as strong magnetic
fields or jets, can collide with other hadrons producing secondary particles (pions, kaons
and other nucleons) that can decay into HE gamma rays. The most efficient production of
gamma rays in this case is by neutral pions 7¥ which can decay into 27 (with a branching
ration of 99%) or into e~ e ™y (with a branching ratio of 1%). They can also be produced
from a 77 — 7~ pair that decays into a 4 — = and a gamma ray. The annihilation of
¥ is believed to be the dominant mechanism behind gamma-ray emission from SNR and
AGN. Proton collision can also produce charged mesons which decay into neutrinos, so
one way of differentiate between leptonic and hadronic emission from a source would be
to find a correlation between gamma-ray emission and astrophysical neutrinos (as well as
a lack of correlation with X-rays and a different spectrum shape).

Figure 1.8: Schematic of hadronic collision [?]].

Absorption mechanisms

Classical pair production

A photon passing close enough a nucleus and with enough energy (2m,c?) may produce a
pair e e™ by interacting with the nucleus’ electric field. This is the very process responsi-
ble for gamma-ray absorption in Earth’s atmosphere, producing Extended Air Showers
(EAS). It is the inverse process to electron-positron annihilation.
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Figure 1.9: Schematic of classical pair production adapted from [22].

Gamma-gamma pair production

It is possible for two photons to produce a pair e~ e™ if their combined energy is larger than
2m,c?. This mechanism is critical for extragalactic sources of Very High Energy (VHE)
gamma rays: low energy photons from the Extragalactic Background Light (EBL) interact
with gamma rays, producing an attenuation in the observed spectrum which increases with
redshift. Since the EBL absorption is modeled as a function of the distance ([23, 24, 25]),
if the redshift of a source is known, the intrinsic spectrum can be estimated. Observations
of distant sources in VHE help constraining the EBL [26] and may also allow to estimate
the redshift to distant blazars.

Photoelectric absorption

Photoelectric absorption is a process that dominates at photon energies < m,c>. If a photon
impinging on an atom has an energy above the binding one of a bound electron, it can
strip it, the remaining energy going into the kinetic energy of the stripped electron. The
‘absorption threshold’ is given by the binding energy of the electron. At sufficiently large
energies, the cross-section of this process decreases as one over the cubic of the photon
energy.

PHOTOELECTRON
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Figure 1.10: Schematic of photoelectric absorption adapted from [22].

Compton scattering

Compton scattering takes place when an incoming photon collides with a stationary elec-
tron transferring some of its energy to the latter. Since the photon loses energies it ends up
with a longer wavelength. In case of a non-relativistic collision it is simple to show that
the change of wavelength is related to the angle through which the photon is scattered as:

2nh

meC

A=A = (1 —cos¢) (1.2)
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Figure 1.11: Schematic of compton scattering adapted from [22].

Particle acceleration mechanisms

Direct electric field acceleration

This is he process by which charged particles are accelerated by a strong electric field,
such as those produced during magnetic field reconnections. Two scenarios depending on
the strength of the electric field can be distinguished: sub-Dreicer and super-Dreicer fields.
This classification is based on the comparison of the electric field with the critical Dreicer
field Ep, which is the electric field necessary for electrons in a collisional plasma to be
accelerated into runaway electrons, which can produce plasma waves and turbulence, ac-
celerating particles via stochastic acceleration (see section 1.3.3). In case of a sub-Dreicer
scenario, this kind of acceleration is inefficient compared to losses by collisions. In the
other case, in a super-Dreicer scenario, the acceleration by the electric field is faster than
collisions and thermalisation times. This process is believed to occur in pulsar gaps [27],
although the structure and location of these gaps in their magnetospheres is not yet fully
understood and has a direct effect on the VHE gamma ray spectra of these objects.

Diffusive Shock or First Order Fermi acceleration

This kind of acceleration is the most important acceleration process in plasmas and could
be the power source of supernova remnants (SNR). It takes place near non-relativistic
shocks that divide the plasma in two distinct regions: upstream and downstream (in front
of the shock and after the shock). If a charged particle going at high speed goes through the
front of the shock in either direction, it will get an energy boost proportional to the speed of
the front of the shock. Something not fully understood is how the seed particles of energy
above the thermal energy were originated in the first place (injection problem). Another
problem is that this is a rather slow process, meaning that the particles require crossing
the shock several times in order to acquire the observed energies. Additionally, cosmic
rays spectrum extends beyond 10?°eV while this mechanism has a maximum reachable
energy of 10'#eV, so it is assumed that magnetic fields can be amplified by several kinds
of processes.

Stochasstic or Second Order Fermi acceleration

Also known as Fermi process, charged particles moving at speeds close to the speed of
light following magnetic field lines with a pitch angle will suffer stochastic collisions
or scattering against magnetic gas clouds. Irregularities in the magnetic field cause an
overall reflection and acceleration when moving against the particle trajectory (head-on
collisions) or braking (head-tail collisions). The main difference with the First Order Fermi
acceleration process is the distribution of velocity directions of the irregularities. A partic-



1.3 Particle acceleration mechanisms 26

ular case in which this process is relevant is in plasma waves or magnetohydrodynamic
turbulences in strongly magnetized plasmas. This would be the scenario in solar wind
flows and perhaps also in AGN jets [28].

Figure 1.12: Stochastic acceleration by several magnetic gas clouds (left) and detail of the
acceleration for one magnetic gas cloud (right) [29].
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After introducing the different production, absorption and acceleration mechanisms in
the previous chapter, this chapter outlines the main gamma-ray sources divided into two
groups: galactic and extragalactic.

Galactic sources

Supernova Remnants

A supernova is an explosion representing the final stage in the evolution of some stars. In
this process the brightness suddenly increases while layers of the star’s gas are ejected into
the interstellar medium in the form of a violent explosion. There are different kinds of
supernovae depending on their spectra:

Type | if no hydrogen lines are present. They come from a hydrogen-poor progenitor,
usually a white dwarf in a binary system [30]. There are further sub-types: Ia if spectra
presents Si lines, Ib if it presents He lines without Si lines and Ic if none of the former [31].

Type Il if the spectrum shows hydrogen lines. The progenitor would be a massive star
with hydrogen in its outter layers. In this case the explosion is caused by an imbalance
between gravitational forces and pressure radiation when fusion reactions of heavier nu-
clei become inefficient, leading to the collapse of the core into a neutron star or a black hole.

However, from the point of view of the physical mechanism behind the explosion, SNe
can be classified into thermonuclear runaways (type Ia, where a white dwarf experiences
complete nuclear fusion) and core-collapse SNe (where the core of a massive star under-
goes sudden collapse, corresponding to type II and all other type I sub-types).

Supernova remnants (SNR) are the aftermath of a supernova, in which the ejected
material has expanded producing a shock wave in the interstellar medium (ISM). There
are three kinds of SNR:
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Shell-type SNRs they are the most popular candidates for cosmic rays acceleration. Said
cosmic rays can produce as byproducts of hadronic interactions with the surrounding gas
and dust: pions are generated in the interaction, later decaying into gamma rays. They
have no central pulsar, nor strong enough winds that can produce a strong expanding shock.
Therefore the main emission mechanism present is the Fermi process [32].

Plerions or Pulsar Wind Nebulae (PWNe) they have a pulsar in the center, with a
strong magnetic field that generates streams of particles in the surrounding clouds, forming
a pulsar wind. Gamma-ray emission from these sources is generally explained by inverse
Compton, produced by the interaction of relativistic particles carried by the pulsar wind
with synchotron photons, emitting in the MeV range. They particles also interact with low
energy photons in the shock, producing inverse Compton scattering, and with the MeV
synchrotron photons (self inverse Compton).

Composite remnants they are a combination of both shell-type and plerions (a plerion
surrounded by a shell-type). Since plerions are typically younger objects than shell-type
remnants, composite remnants are believed to be an intermediate state between the two.

Normal Flare State
April 2011

Figure 2.1: An example of composite remnant: the Crab Nebula. On the left: Crab Nebula
as seen by Hubble [33]. On the right: Fermi-LAT TS skymap at E>100 MeV of the Crab
Nebula before and during a superflare right next to the Geminga pulsar [34].

Shell-type SNRs are believed to be the main source of galactic CRs. When accelerated
protons interact with nearby matter they generate gamma rays. Therefore SNRs could be
the perfect laboratories to study the acceleration of these particles. However it is difficult
to establish what is the contribution of protons to the global gamma-ray spectrum because
HE electrons also produce gamma rays via bremsstrahlung radiation and IC scattering. In
2011 AGILE observed the pion-decay feature in the SNR W44 spectrum [35], which was
later confirmed by Fermi-LAT in 2013 [36], which also detected it for the SNR IC 443,
and then later as well for SNR W51C [37], providing direct evidence that cosmic rays are
accelerated in SNRs.
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Pulsars

They are the most common galactic gamma-ray emitters. Neutrons stars are produced in
core-collapse SNe. By conservation of angular momentum, the neutron star is spun up
while it rotates. This fast rotation produces strong magnetic fields. If the angle between the
direction of the magnetic field and Earth’s line of sight is small enough and the rotation
axis is not parallel to the magnetic field axis, we see a pulsed emission (mainly synchrotron
and curvature from the stripped electrons) with the same period that the period of rotation.
Typical periods range from milliseconds to seconds. Consider a particle that co-rotates
with the star at a certain radius. The radius for which the particles reaches the speed
of light is the radius of the so-called light cylinder (see figure 2.2) and determines the
edge of the magnetosphere: beyond the light cylinder magnetic field lines are open. The
magnetosphere is powered by rotational energy. Electrons and positrons are accelerated
in vacuum regions of the magnetosphere where a electric field can be generated (’gaps’),
making them follow the magnetic field lines. High energy photons are also emitted, capable
of producing e~ e™ pairs that later emanate from the pulsar in the form of a relativistic
magnetized wind. This wind interacts with the sub-relativistic expanding material ejected
from the progenitor star during collapse, slowing down via termination shock. More than
200 pulsars have been detected in the HE range [38], some of the brightest are: Crab, Vela,
Geminga and Monogem. HE emission up to a few GeV can be produced by synchrotron
emission. However IACTs have found out that the pulsed spectrum may extend up to TeV
energies (MAGIC, [39]), probably due to IC emission of the same electrons. The exact
location of the emission is still unclear.
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Figure 2.2: A sketch of the Crab pulsar’s magnetosphere (left) and its pulsed emission in
different energy bands by MAGIC and EGRET (right) [40].

Gamma-ray binaries

These systems are typically formed by two objects bound by gravitational forces in which
one of them is a massive star and the other is a compact object (neutron star or black
hole). The material falling into the compact object produces X-rays via thermal blackbody
emission, while the origin of gamma-ray emission is still unclear. In one of the proposed
scenarios, the compact object is a pulsar that creates wind shocks with the wind of the
massive star, producing gamma rays similarly to plerions [41]. The other proposed sce-
nario is a so-called micro-quasar: the gamma-ray emission is produced in a similar way
that in the jets of quasars [42, 43]. Some of these systems have been detected in HE by
Fermi-LAT [44, 45], HESS [46] and MAGIC [47, 48]. A few relevant sources are LS I +61
303, Cygnus X-3 and PSR J2032+4127/MT91 213. Another example would be the SS 433
binary system, composed by a supergiant star that has filled its Roche lobe and a compact
object (black hole or neutron star). Two jets of ionized material extend from the binary and
interact with the surrounding SNR W50. VHE gamma rays have been detected from the
regions in which the jets interact with the SNR (lobes) and were discovered by HAWC [49].
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Figure 2.3: On the left: composite image of Cygnus X-3 as seen by Chandra in X-rays
together with radio observations [50]. On the right: Counts map of 14x 14 deg centered
around Cygnus X-3 (circle), in the 200 MeV - 100 GeV energy range by Fermi-LAT [45].
It shows emission from three pulsars (PSR J2021+4026, PSR J2021+3651 pointed by
squares, and PSR J2032+4127 pointed by a cross) and Galactic diffuse emission.

Novae

A nova occurs in a binary system consisting of a white dwarf and a main sequence star.
The white dwarf accretes material from the companion, forming an accretion disk. The
hydrogen-rich gas layer in the surface of the white dwarf heats up deeper layers, increasing
degeneration and provoking a thermonuclear runaway. This produces an increase in the
star brightness that can go on for long periods of time (days or months). In the case of
a symbiotic system, the companion does not belong to the main sequence and is more
evolved (like a red giant). The interaction between the stellar wind of the red giant and
the expanding surface of the white dwarf turns into a favorable environment for particle
acceleration. Novae were detected in the HE regime by Fermi-LAT [51, 52, 53] and were
expected to be detectable in the VHE [54]. The nova RS Oph was recently detected by
MAGIC [55], HESS [56] and LST-1 [57].

Globular clusters

Globular clusters are compact, gravitationally bound spherical distributions of stars, located
outside of the galactic plane, forming a spherical halo around the galaxy. They are com-
posed of evolved systems and compact objects, including objects known to produce gamma
rays such as pulsars and binary systems. Two models have been proposed to explain the
gamma-ray emission coming from these clusters related to Millisecond Pulsars (MSPs):
the gamma-ray emission is produced by curvature radiation in their magnetosphere or it is
produced by inverse Compton emission by electrons accelerated by optical, infrared or
CMB photons [58]. Globular clusters have been detected in gamma rays by Fermi-LAT
[59] and HESS [60] and even pulsed gamma-ray emission from individual MSPs [61, 62].
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The Galactic Center

The Galactic Center is the region at the center of our galaxy. Due to the presence of dust
we cannot see it in visible nor in UV but we can in radio, X-rays and gamma rays. A
plethora of MWL observations have shown the galactic center is an extremely rich region
of potential VHE emitters: supernova remnants, plerions, stellar clusters and HII regions;
and a compact object, the supermassive black hole Sagittarius A* [63]. Both HE [64] and
VHE [65, 66, 67] gamma rays have been detected in this region. VHE emission is extended
and its spectrum points to a hardening of the primary CR spectrum as one approaches
the center [68]. Several scenarios have been proposed to explain its gamma-ray emission:
seeing the Milky Way as a former AGN in which gamma rays originated in the base of
the jets or due to the accretion disk around the supermassive black hole. Since the region
is highly populated, more angular resolution is needed in order to resolve some of the
sources, as well as properly identifying gamma radiation coming from other gamma-ray
emitters like SNRs, Sagittarius A East and stellar clusters with increased star formation.
The rest of the gamma-ray emission is believed to come from high concentration of MSPs
(in globular clusters) [69] or even annihilation of dark matter [70].

Sgr A* April 7, 2017
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Figure 2.4: On the left: Event Horizon Telescope (EHT) image of Sagittarius A* obser-
vations from 2017 in scale of brightness temperature. The image is consistent with the
presence of a supermassive black hole [71]. On the right: smoothed skymap of gamma-ray
candidate events in the direction of the Galactic Center with MAGIC [606]. The green
contours correspond to 90 cm VLA radio data and the white line indicates the Galactic
plane.

The Fermi Bubbles

Two large bubble-like structures extending 50° above and below the galactic center were
reported in Fermi-LAT gamma-ray data [72, 73, 74] in the 2010s. Their gamma-ray
emission follows a harder spectrum than that of the diffuse gamma-ray emission from the
Galactic disk. Figure 2.5 shows how the structures overlap with other structures in other
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wavelengths, suggesting a common origin. They are believed to be what remains of AGN
jets that used to outflow from the supermassive black hole in the center of our galaxy.
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Figure 2.5: Comparison of the Fermi Bubbles structure overlapping with other maps: On
the left: residual Fermi-LAT skymap in which the north and south bubbles are marked with
a green dashed line, the north arc in a blue dot-dashed line, the red dotted line marks the
edge of Loop I and the purple dot-dashed line outlines a tentative ‘donut’ structure. On
the top right: Haslam 408 MHz map of soft synchrotron emission overlapping with the
Loop 1. On the bottom left: ROSAT 1.5 keV X-ray map overlapping with part of the Fermi
Bubbles and Loop 1. On the bottom right: WMAP haze in K-band 23 GHz overlapping
with the edges of the FBs [7].

Galactic PeVatrons

The detection of UHE photons from the Crab Nebula [75] suggests the existence of a
PeV accelerator (a pevatron) within the nebula. In 2021, LHAASO published a list of 12
galactic cosmic accelerators from which Ultra High Energy (UHE) photons have been
detected [76], that is, in the PeV range, managing to detect the highest photon to date
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with an energy of 1.4 PeV. Most of the sources have not been identified yet, but they are
usually spatially correlated with leptonic accelerators like pulsars and PWNe. However
the emission is consistent with primary electrons/positrons so it is not a proven source of
hadrons up to the Knee (a so-called PeVatron).
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Figure 2.6: LHAASO skymap at E > 100 TeV. The position of known VHE gamma-ray
sources are circled in blue, overlapping with detections in some cases [75].

Extragalactic sources

Active Galactic Nuclei

They are the brightest source of gamma rays. The emission is believed to be powered
by falling material into the central supermassive black hole of a galaxy. The black hole
attracts surrounding material by gravitational force, forming an accretion disk that emits
energy in form of UV light and X-rays [77]. AGN are broadly classified into two types:

Radio-loud they present radio emission related to relativistic jets of plasma coming out
of the BH and flowing perpendicular to the accretion disk. These jets accelerate particles
to ultra-relativistic energies, producing radiation from radio to gamma rays [78]. If the
angle between the line of sight to Earth and the direction of the jets is small enough, we see
even stronger emission and call these objects blazars. Blazars can be classified into: FSRQ
if their spectrum shows strong broad optical emission lines, and BL Lac if they present
weaker lines with fast flux variability and polarization in optical. They constitute only 10%
of AGN [79]. AGNs observed in the HE and VHE ranges are overwhelmingly jetted and
typically blazars. Other kinds of radio-loud AGNs are the Fanaroff-Riley classes I and II
(FR-I and FR-II). The first class corresponds to AGNs whose surface brightness decreases
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with the distance to the center while the second class corresponds to AGNs whose surface
brightness is higher in the end of their lobes.

Radio-quiet they are three orders of magnitude weaker in radio than their ‘loud’ coun-
terparts. They do not show jets nor present HE non-thermal emission. They can be further
classified into quasi-stellar objects (QSO) and Seyfert (1 and 2).

The unified scheme proposes that morphological and spectral differences observed in
AGN are caused by perspective (see figure 2.7) rather than intrinsic differences of the
sources [77].
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Figure 2.7: Unified scheme for AGN from [S0]. It shows different AGN types depending on
the view angle.

Gamma Ray Bursts

They are the most luminous kind of transient observed. Sudden bursts of gamma rays
capable of emitting the same radiation of the whole Milky Way over several years in a
matter of seconds (short GRBs), minutes (long GRBs) or hours (ultra-long GRBs):

Short GRBs they last less than 2 seconds and are believed to be associated to mergers
of neutron stars or black holes in evolved regions. In 2017 Fermi-GBM detected the
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event GRB 170817A just 1.7 seconds after LIGO triggered on a binary compact merger
candidate [81] of two pulsars.

Long GRBs they last from 2 seconds up to a few minutes. They seem to occur in stellar
formation regions, most likely by supernova explosions of massive stars. They are usually
followed by an afterglow in all wavelengths and can be detected years after the event,
which allows for a deeper study. For example, in 2019 MAGIC detected TeV emission
from GRB 190114C from about one minute after the burst, identifying a distinct emission
of the afterglow comparable to the synchrotron emission component [32].

Ultra-long GRBs they last thousands of seconds. Their origin is unknown so far, but
several scenarios have been proposed like magnetars, tidal disruption events and extended
massive stars, such as blue super giants [83].

Starburst galaxies

Starburst galaxies are galaxies with specially high star formation rate (SFR), typically
caused by interaction with nearby galaxies or mergers. Since this ratio is highly correlated
with the ratio of supernova explosions, gamma rays detected from these sources are ex-
pected to come from supernova remnants. The detection of gamma rays from these sources
is essential to understand the acceleration efficiency of cosmic rays in supernova remnants
and how they travel through different interstellar mediums. Two starburst galaxies have
been detected in the VHE range NGC 253 and M82 [84, 85, 86], other two galaxies
with enhanced SFR in the HE range: NGC 4945 and NGC 1068 [87, 88], and seven are
associated with 4FGL (Fermi) sources [38].
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Figure 2.8: Fermi TS skymaps of M 82 and NGC 253 for energies > 200 MeV [50].

Galaxy clusters

Galaxy clusters are the largest gravitationally bound structures in the universe. Their main
component is dark matter (70-80%) whilst ordinary matter is concentrated in the galaxies,
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filaments and intracluster medium. The mergers that take place inside the cluster scatter
energy in the form of shocks that heat up the surrounding gas and/or displace it great
distances. Part of that energy is invested in the acceleration of particles to relativistic
speeds, producing cosmic rays. These sources are expected to be a source of HE photons
produced by IC scattering of CMB photons interacting with ultra-relativistic electrons or
by neutral pion decay. In 2018, Fermi-LAT detected extended emission of gamma rays in
the Coma cluster, apparently correlated with a halo in radio [89].
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Figure 2.9: Fermi TS skymap of the Coma cluster for three energy ranges. The dashed
white line is the virial region of the Coma cluster, the solid white contours are the radio
measurements of the halo, the cyan markers are a few AGN in the region and the red
cross is 4FGL J1256.9+2736. The dashed green, red and blue circles in the first panel
correspond to 68% containment radii for three point-like sources [90].

Neighbouring galaxies

Several galaxies of the Local Group have been observed and detected in gamma rays. They
are so close that even some individual sources have been identified within them. The Large
Magellanic Cloud (LMC) is a dwarf barred spiral galaxy with high SFR, visible from the
southern hemisphere. Gamma-ray emission has been detected from it by EGRET [91]
and later in HE by Fermi-LAT [92, 93, 94] and in VHE by HESS [95, 96]. The Small
Magellanic Cloud (SMC) is a close companion to the LMC, being gravitationally bounded
to it. It has been detected as well in gamma rays by Fermi-LAT [97]. The Andromeda
Galaxy (M31) and the Triangulum Galaxy (M33) have been detected as well in HE by
Fermi-LAT [98, 99].
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Figure 2.10: On the left: Composite image of the Andromeda Galaxy in optical and
H-alpha [100]. On the right: Fermi’s residual counts map after background subtraction.
The cyan contours represent the atomic gas column density map, the blue circle is the
best-fit disk model and the green circles are 3FGL point sources [99].



3.1
3.1.1

This chapter showcases several gamma-ray detection techniques exploited by space-based
and ground-based instruments. Space-based instruments can detect cosmic rays and
gamma rays directly, enjoying a wide FOV and good background rejection. However, their
space-based nature makes them technically challenging to build and put into orbit, limiting
their size considerably. This is reflected in their reduced light collection areas of just a
few m2. Ground-based instruments are less technically demanding and easier to maintain,
allowing for larger structures (and therefore much larger collection areas). The naturally
ocurring extended atmospheric showers (EAS) allow for collection areas of several orders
of magnitude larger than those for space-based instruments, increasing the maximum
observable energy. Not only that, but by performing stereoscopic observations (several
telescopes observe the same event simultaneously) the direction and energy reconstruction
is improved. The main disadvantage for ground-based instruments would be the extremely
high background rate of showers caused by cosmic rays in comparison to the rate of
showers caused by gamma rays.

Space-based telescopes
Based on Compton effect

The Compton effect or Compton scattering is the process by which a photon interacts with
a charged particle (mainly electrons), resulting in a recoil for the charged particle and a
loss of energy for the photon. This is the dominant matter-light effect in the 20 keV - 30
GeV energy range. Telescopes based on this effect have scintillators in which the process
takes place. The trajectory of the scattered photon is measured in order to reconstruct its
original direction. Then, the photon is absorbed by a calorimeter to measure its energy.
Some examples on telescopes based on this effect are COMPTEL on board satellite CGRO
(1991-2000) [101] and IBIS on board satellite INTEGRAL (2002-present) [102].
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Based on pair production

As described in section 1.2.1, a photon with energy equal or more than 2m,c> passing close
enough to a nucleus will interact with its electric field, producing a e~ e™ pair. Detectors
based on this effect are composed by several layers of heavy materials in which the process
is expected to take place, interleaved with tracking materials to measure the position of
the particles over time in order to reconstruct the direction of the original gamma-ray.
Similarly to Compton effect detectors, they make use of a calorimeter to measure the
energy of the resulting particles. They also use an anti-coincidence detector to identify
events caused by background (like CRs). Some telescopes that exploit this effect are the
satellite Cos-B (1975-1982) [103], the instrument EGRET on board the satellite CGRO
(1991-2000) [104], AGILE (2007-2020) [105] and the instrument LAT on board satellite
Fermi (2008-present) [ 106, 107].
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Figure 3.1: Schematic view of the Fermi Gamma-ray Space Telescope (middle) with its
instruments: The Large Area Telescope (LAT) (on top) that images the sky in the 20 MeV -
300 GeV energy range, and the Gamma-ray Burst Monitor (GBM) (on the bottom) that
monitors transients such as GRBs in the 8 keV - 40 MeV energy range [105].

Combination of Compton effect and pair production

There are new telescopes being developed that combine both effects: ComPair [ 109] which
will study the energy range from 200 keV to more than 500 MeV and Gamma Cube which
will function as a pair production telescope at HE and as a Compton telescope at lower
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energies [ 110, ].

Ground-based detectors

While space-based detectors dominate the LE and HE gamma rays energy ranges, ground-
based detectors are better suited for VHE and UHE gamma rays. Instead of measuring the
gamma ray photons directly, ground-based detectors measure the output of their interaction
with Earth’s atmosphere in the form of secondary particles and Cherenkov light produced
in Extensive Air Showers (EAS).

Since most EAS are produced by CRes, it is important to distinguish between different
showers in order to correctly determine the direction, energy and nature of the primary:

Electromagnetic showers when a VHE gamma ray reaches Earth’s upper atmosphere
and interacts with the electric field of an atomic nucleus, it produces an e~ e* pair and
initiates a cascade of Bremsstrahlung and pair production processes in the atmosphere.
Secondary electrons and positrons have enough energy to move faster than the speed
of light in the air, producing Cherenkov radiation. The Cherenkov photons are mostly
uniformly contained within a circular light-pool of radius 130 m perpendicular to the angle
of incidence of the primary with a density of 100 photons m 2 for a primary of energy 1
TeV [112].

Hadronic showers they are produced by relativistic CRs, mainly by protons. The
relativistc CR interacts with a nucleus in Earth’s atmosphere, fragmenting it and producing
lighter nuclei and charged mesons that further collide with other particles and producing
charged mesons (pions and kaons). Most of the secondary particles produced in these show-
ers are pions, of wich 1/3 are neutral pions that together with the neutral pions produced by
the decay of charged kaons further decay into HE photons that generate electromagnetic
showers. Charged mesons can also decay into muons and neutrinos. Hadronic showers
present more lateral dispersion than electromagnetic showers and are more irregular, which
is useful for detectors to distinguish between the two types.

Electronic showers they are produced by cosmic electrons and positrons interact-
ing with the upper atmosphere. The electron or positron produces HE photons via
Bremsstrahlung when they encounter atmospheric nuclei and said photons produce e~ e™
pairs, producing a chain of processes just like the electromagnetic showers. These showers
are practically indistinguishable from showers produced by gamma rays.

There are two subcategories of ground-based detectors: particle detectors and atmo-
spheric Cherenkov detectors.

Particle detectors

They collect secondary particles produced by EAS. Only VHE (or more energetic) gamma
rays produce showers capable of reaching the ground, so this kind of detectors are often
located at high altitudes (> 2000 m).
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Particle counter arrays they are arrays of classical particle detectors that measure
the direction and arrival time of the particles in order to reconstruct the direction and
energy of the primary. Some instruments that use this technique are or were: CASA-MIA
(1987-1997) [113], HEGRA scintillator and muon detector array (1987-2002) [ 14], Ti-
bet AS-gamma Experiment (1990-2019) [115] and LHAASO-KM?2A (2019-present) [116].

Cherenkov detectors in water they consist on large arrays of water tanks or big water
pools. The refractive index of water is higher than that of the air, increasing Cherenkov
photons emission. Cherenkov radiation is detected by PMTs. A fit to the light density
distribution measured at the PMTs allows to reconstruct the direction. Some examples of
detectors that use or used this technique are: MILAGRO (2000-2008) [117] and HAWC
(2015-present) [ 1 18].

Atmospheric Cherenkov detectors

Instead of collecting the secondary particles produced by EAS, atmospheric Cherenkov
detectors measure the Cherenkov radiation produced by them in the atmosphere.

Sampling detectors an array of optical detectors (typically PMTSs) is spread over a
wide area on the ground in order to collect the Cherenkov light of EAS, measuring its
density and temporal distribution to reconstruct the direction and energy of the primary.
These detectors operate in the VHE and UHE energy ranges. An example of this kind of
detector was AIROBICC (HEGRA) (1987-2002) [119].
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Figure 3.2: Diagram of a scintillation counter (left) and an AIROBICC counter from
HEGRA [120].
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Imaging Atmospheric Cherenkov Telescopes (IACTs) they use mirrors to focus
the Cherenkov light of the EAS into a camera of photodetectors (PMTs or SiPMs), simi-
larly to classical optical telescopes. The image together with the time gradient information
is parametrized in order to reconstruct the origin, energy and nature of the event. This
parametrization allows to distinguish between gamma-like events and background events
much better than with sampling detectors, which is why nowadays this is the preferred
technique in the VHE energy range. To further improve the parametrization they come
in arrays of two or more telescopes in order to observe the showers from different angles
simultaneously (stereo observations). Examples of IACTs are: Whipple (1968-2006)
[121], HEGRA IACT array (1987-2002) [114], CANGAROO (2004-2008) [122], HESS
(2003-present) [123], MAGIC (2004-present) [ 124, 125], VERITAS (2007-present) [ 126],
FACT (2011-present) [127] and LST-1 (CTA) (2019-present) [128].

Figure 3.3: Picture of the 10 m dish diameter IACT Whipple [129].

3.2.3 Hybrid detectors

They combine components from several kinds of detectors simultaneously. Some exam-
ples are the Pierre Auger Observatory [130] which combines water Cherenkov detectors
with optical telescopes, HEGRA that combined atmospheric Cherenkov detectors like
AIROBICC with scintillation counters or LHASSO that combines electromagnetic particle
detectors, muon detectors, water Cherenkov detectors, wide field-of-view air Cherenkov
telescopes and a electron-neutron detector array [131].



3.3 The MAGIC Telescopes 44

Figure 3.4: Diagram of different KM2A LHASSO detectors: electromagnetic particle
detectors (ED), muon detectors (MD), water Cherenkov detectors (WCDA ), wide field-
of-view air Cherenkov telescopes (WFCTA) and electron-neutron detector array (ENDA)
[131].

The MAGIC Telescopes

The MAGIC telescopes are a system of two IACTs with parabolic mirror dishes of 17 m
diameter, located at an altitude of 2200 m above sea level, at the Roque de los Muchachos
Observatory in La Palma, Canary Islands (Spain). They provide an integral sensitivity of
0.66 £ 0.03 % of the Crab Nebula flux above 220 GeV in 50 h of observation, and allow
the measurement of photons in the energy range from 50 GeV to above 50 TeV [124, 132].
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Figure 3.5: Astronomy Picture of the Day of 24th July 2020 by Urs Leutenegger (taken
on 20th July 2020). From left to right: telescopes LST-1, MAGIC 2 and MAGIC 1 on the
ground, and in the sky: the Neowise commet between LST-1 and MAGIC 2 and the Milky
Way on the right [133].

They have different operation modes, and some of them are: VHE observations, Central
Pixel observations and Intensity Interferometry observations. The results presented in this
work have been obtained using the MAGIC telescopes and make use of those three modes.

Next to the MAGIC telescopes is another IACT which is the first prototype of Large-
Sized Telescope (LST) of CTA: LST-1, which can be seen on the left-most part of figure
3.5. LST-1 has a parabolic mirror dish with a diameter of 23 m, a trigger threshold of
430 GeV after cuts and a sensitivity in 50 h at 100 GeV about 1.5 worse than MAGIC
(mainly because MAGIC observes in stereo with two telescopes instead of in mono) [128].
Given their proximity, all three have been used simultaneously to perform successful stereo
observations [134].

IACTs are systems of multiple large-aperture (>10 m diameter) telescopes designed
to study VHE gamma rays by detecting the nanosecond-scale flashes produced within
extended air showers (see HESS [123], MAGIC [124, 125] and VERITAS [126]). Their
very large reflecting surfaces and detectors sensitive to the Cherenkov light (UV/blue)
with extremely fast time response ( 1 ns) make them world-class instruments to explore
optical transients from millisecond down to nanosecond timescales. These capabilities
were tested with off-the-shelf implementations of the MAGIC CPIX setup for testing
timing accuracy [ 135, 136], but recently their scientific interest has been revived (lead by
the PI): IACTs performed the highest angular resolution star diameter measurements [137],
set the strongest available limits on optical counterparts of Fast Radio Bursts [138] and
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performed ns optical searches for extraterrestrial intelligence (OSETI) [139]. The current
generation of IACTs, such as MAGIC (Roque de los Muchachos, Spain) and VERITAS
(Tucson, Arizona), has been fully operational for over a decade and producing high-impact
results [140, , , ]. The new generation is already on its way: the Cherenkov
Telescope Array (CTA). Currently in the pre-production stage, CTA will be composed
of two sites, one in each hemisphere, with a multitude of TACTs: 15 telescopes at the
northern-hemisphere site and 99 at the southern site [ 144, , ]. These telescopes will
come in three different sizes: few Large-Sized Telescopes (LSTs, 23 m diameter), tens of
Medium-Sized Telescopes (MSTs, 12 m diameter) and 70 Small-Sized Telescopes (SSTs,
4.3 m diameter) [147, , ].

As already introduced and as proven by the results from the current generation of
IACTs, these instruments are very competitive fast optical detectors [137, , 1,
mainly due to their extremely-large reflecting surface and camera electronics. Their sen-
sitivity (maximum brightness detectable over a given observation time) is limited by the
very-large FOV they integrate over a single pixel ( 6 arcmin). Even if they are still com-
petitive, the irreducible shot noise added by the night sky background makes them less
suitable for discovering very faint signals. For instance, a single MAGIC telescope is able
to detect millisecond-duration flashes of 13th in B band, while HIPERCAM (the most
sensitive fast optical camera, mounted on the 10.4 m GTC [151]) is able to reach 15th
mag in g’ band (also optical). This comparison significantly changes when comparing the
signal-to-noise on brighter targets: when observing bright stars ( 9th mag), a single MAGIC
telescope provides better signal-to-noise for short observation times than HIPERCAM
when comparing an equivalent filter (u’). IACTs are the most competitive instruments
to search for fast diffraction features produced by serendipitous stellar occultations: by
observing a bright star using a system of several very-large-aperture IACTs with inter-
telescope distances of 100 m, for instance the two 17-m MAGIC telescopes and a 23-m
LST, one is able to maximize the signal-to-noise achieved by each individual telescope
while reducing an order of magnitude the rate of atmospheric-scintillation-induced false
positives by requiring a simultaneous detection.
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4. Infroduction

Historical introduction

Spectroscopy and imaging are the best known techniques of astronomy nowadays. The
amplitude and wavelength of spectral features allow us to study the composition and
movement of distant objects, while imaging focuses on how those objects look like. Both
of these methods rely on their light-gathering power. In the case of spectroscopy, the
critical characteristic is the spectral resolution while for imaging is the angular resolution.

Broadly speaking, the larger the telescope aperture, the higher is its angular resolution.
The limit in angular resolution of a telescope is given by the ratio between the light’s wave-
length and the aperture of the telescope A /D but in the case of ground-based telescopes,
there is an extra ingredient to take into account: the atmosphere. In order to get as close as
possible to this limit, ground-based telescopes make use of techniques like adaptive optics
(correction in real time, technically challenging to implement) and speckle interferometry
(correction afterwards in the analysis, technically not so demanding) that correct the effects
of the turbulence of the atmosphere.

But instead of building even larger and more expensive telescopes in order to improve
angular resolution there is another option: interferometry. For an interferometer made up
of several telescopes, the limiting resolution is not given by A /D but by A /B, where B is
the baseline or maximum distance between apertures (telescopes).

Applying interferometry to stellar observations was first suggested in 1868 by H.
Fizeau [ 152]. He reported that interference fringes produced by a source of light of finite
dimensions must be smeared by a factor depending on the size of the source. Therefore, if a
star of a certain angular diameter is observed by two distant-enough apertures (telescopes),
we could put an upper limit to the star’s angular diameter.

About a decade later, M. Stéphan [153] masked the aperture of the 80 cm reflector
at the Marseille Observatory, leaving two identical apertures at the edges. He observed
fringes for both of the stars that he pointed at and calculated an upper limit of 0.158 arcsec
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for all of them, reaching the highest resolution in those days.

Another decade later, A. A. Michelson described the technical implementation of the
stellar interferometry technique, by observing the fringes produced by a pair of slits with
variable separation in a mask in front of the 30 cm refractor at Mount Hamilton. He
describes in [ 154] how to measure the fringe visibility as a function of aperture distance
in order to reconstruct the profile of stars. He also discussed the expected results from
assuming different profiles: uniform disks, binaries and limb-darkened stars. The instru-
ment evolved and became what we know today as the Michelson stellar interferometer.
Michelson used this interferometer to measure the diameter of Betelgeuse [155] in 1921
and F. G. Pease added another six stars then years later. They measured the few big bright
stars that could be measured with baselines of a few meters and the field came to a halt for
over 30 years.

The concept of the stellar interferometer was revived in radio astronomy by the de-
velopement of aperture synthesis by M. Ryle. The longer wavelenghts in radio made
technical implementation easier for them than for optical wavelenghts, which had to wait
until the invention of the intensity interferometer by R. Handbury Brown and J. Q. Twiss
in 1956 [156]. They mounted two telescopes in a circular rail, so that they could vary
their orientation and the distance between them, similar to how Michelson used slits with
variable separation, in the Narrabri Observatory. The group measured the diameter of 32
stars with this equipment [157], but had to abandon the technique due to the lack of faster
photo-sensors and a larger collector area. Both elements are needed in order to measure the
faint correlation of light’s intensity fluctuations and to overcome the ~1 kHz atmospheric
turbulence.

The intensity interferometry resurfaced with the IACTs era. IACTs serendipiously have
the perfect specifications for intensity interferometry with few technical adjustments: very
large reflective surfaces, sensitivity to individual photons, temporal resolution of nanosec-
onds and the fact that they come in groups of several telescopes. In fact, the telescopes
used by R. Handbury Brown and J. Q. Twiss were later converted into IACTs [ 158, ,

]. The technique has since been implemented, with a few technical differences, in
VERITAS, MAGIC and HESS.

The Intensity Interferometry technique

The idea behind this technique is that an extended object of angular size & made up by
many incoherent emitting sources, produces a speckled wavefront at the position of the
observer with a typical size of A/a. Therefore, a pair of observers at a distance less
than A /o observe the same intensity fluctuations (i.e. they are within the same speckle).
Observers at longer distances are more likely observe from different speckles and see less
correlated fluctuations.

The explanation for this phenomenon can be approached in a classical way, through
classical waves, or in a quantum way, through Bose-Einstein condensate fluctuations. For
the purpose of this thesis we will focus on the classical interpretation.
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The waveform of light from a quasi-monochromatic source (S®/my << 1), can be
described as the sum of sinusoidal waves of frequencies @ in the band wy+ d®. The
coherence time 7, = 1/8® ~ A?/(c-AA) is the time during which the phase is more or
less stable, i.e. coherence is expected.

partially coherent wave, ®/ée = 20

(a) amplitude, (b) phase, (c) intensity

81 B2

time

Figure 4.1: Simulated partially coherent wave, where (a) is the wave amplitude, (b) is the
phase and (c) is the fluctuating intensity [16]].

Measuring the correlation between intensity fluctuations is measuring the deviations of
the envelope from its mean value. If we take two points in time like Al and A2 in Fig. 4.1,
separated by T << 7., they are very likely to be within the same wave group or to be close
to a minimum. This means that the sign of their deviations from the mean will probably
be the same, so the correlation between them is strong. If we take instead two points at
T >> 7. like B1 and B2 in Fig. 4.1, they are most likely to be in different wave groups.
This means that the probabilities of their deviations having the same sign or the opposite
are the same, rendering the correlation insignificant.

Intensity fluctuations correlations relate to physical properties of the source through the
Van Cittert-Zernike theorem [162]: when observing a thermal (non-coherent) light source
through a narrow spectral band, the coherence of light measured between two points is
proportional to the Fourier transform of the intensity pattern of the source at the distance
between said two points in units of wavelengths. In the case of non-polarized light this
relationship follows the equation:
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2 _ (L) L(t+1)),
P20 (0)) - (Bt + 1)
(2)

where g7, is the second-order intensity correlation function, I;(¢) is the intensity of
light at the point i (1 or 2) at the time ¢, 7 is the delay between measurements (given by the
optical path difference between the detectors), (x), represents the time average of x, Af
where Af << Av is the electronic bandwidth, Av is the width of the frequency distribution
of the detected light and V; »(7) is the normalized degree of first-order mutual coherence
of the light at the aforementioned delay 7 (which is equivalent to a certain baseline). In
other words, V; »(7) is the Fourier transform of the source intensity pattern and is also
called visibility.

A
g =1 +A—C«|Vl72(’c)\2 4.1)

The relationship described in (4.1) describes how to measure the modulus of the visi-
bility through intensities /;. Note that since it depends on the modulus, phase information
is ‘lost’, and imaging cannot be performed with just two detectors, but could be done with
at least three (see [163] and [164]). The MAGIC Stellar Intensity Interferometer performs
correlations between two detectors for the moment.

The modulus of the visibility can take different forms depending on the brightness
profile of the source in question. The most simple case is an uniform disk, for which the
expression is:

J1(7‘L’-d172 . G/QL)
T - d172 . 9/1
where J is the Bessel function of the first kind, d > is the baseline between the detec-

tors, O is the angular size of the equivalent uniform disc and A is the effective wavelength.
The angular diameter of the source can be therefore inferred by measuring:
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where g, and V; »(0) are respectively the second-order intensity correlation and the

visibility at zero baseline. The term g(()z) is also referred to as the zero baseline correlation

or ZBC.

We can also define the term of the normalized contrast of the visibility pattern for a
given baseline like:

2 Af
e(d) =15~ 1= Via(d)f (4.4)
which returns:
d
c(d) = [Vi2(d)]? (4.5)
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where ¢(0) is a correlation normalization factor called zero-baseline correlation (ZBC),
and is the value of the correlation at baseline 0, in other words, the correlation that would be
measured for a point-like source. This value together with measurements of the correlation
at different time delays or baselines is used to reconstruct the brightness distribution of the
thermal emission of the source.

For an uniform disk model (appropriate for a single star), only the spatial coherence and
the baselines are needed in order to reconstruct the angular size of the star because radial
symmetry is expected, but this is not the case for more complex models and physical scenar-
10s like fast rotators and binary stars. For these cases, radial symmetry is not expected, and
therefore one must take into account the projection of the baseline on the plane perpendicu-
lar to the direction of the object, in units of wavelength, i.e. the UV plane, which is defined
as (u,v) = (x,y)/A where (x,y) are the coordinates in the ground plane as seen in figure 4.2.

(Lm,n)

source
region

Figure 4.2: Geometrical diagram of the Van Citter-Zernike theorem (Fig. 3.17 from [161]),
where (I,m,n) are the direction cosines, (0, 0)) are the angular coordinates, (x,y) are the
ground coordinates and (u,v) are the ground coordinates in units of wavelength.

These are some examples of UV plane patterns for four different models that will be
further explained in the next section:
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Figure 4.3: Examples of visibility patterns in the UV plane. Top left: Uniform disk, top
right: limb darkened disk, bottom left: fast rotator, bottom right: spectroscopic binary.

Main science cases

The main targets for the use of the intensity interferometry technique with the MAGIC
telescopes are stars with an angular diameter between 0.5 and 2 mas and bright in the blue
(B <4 mag). These are generally main sequence massive stars. The most simple scenario
is the determination of their stellar radii by fitting the spatial coherence measurements to
an uniform disk model (see expression 4.2). By measuring the angular diameter of a star
of known distance one can obtain an independent measurement of the physical star radius
that can be used to test different stellar models and determine other physical parameters
like mass, age or temperature.
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Figure 4.4: Angular resolution versus wavelength for several instruments and experiments.
MAGIC angular resolution with intensity interferometry for short baselines (SBI) and long
baselines (LBI) is shown in blue areas, together with angular size measurements performed
so far (blue diamonds).

There are some stars that show oscillation modes that can produce periodical changes
in the diameter (pulsations). The study of these oscillations is called asteroseismology,
and it is based on how the sound speed changes within a star depending on the density,
temperature, composition, age and the internal movement and mixing of material.

One step further is to add to the uniform disk model a monotonically decreasing radial
dependence of the brightness: limb darkening. This effect is the result of the combination
of decreasing optical depth and effective temperature of the photosphere with radius. It is
also dependent of the wavelength, so the apparent angular diameter will be different for
different wavelengths.

Another case is that of the fast rotators: stars that spin so rapidly that the photo-
sphere becomes oblate: the effective gravity decreases towards equatorial regions (gravity
darkening), even producing mass loss that form circumstellar disks. These kind of stars
when observed in the Fourier space would not present a radially symmetric pattern but an
elliptical one, allowing to measure a changing angular diameter and therfore the oblateness.

Another example without radial symmetry would be binary stars and particularly
spectroscopic binaries: stars that are close enough to suffer gravitational interaction be-
tween each other and are usually discovered by measuring variations in radial velocity by
changing positions of spectral lines (Doppler effect). In this kind of stars the diameters
and the separation are of the same order of magnitude. This produces varying UV patterns
that depend on both their radii, relative brightness and relative distance and position angle
(which change within their orbital period).



The MAGIC Stellar Intensity Interferometer

The main objective of IACTs, such as the MAGIC telescopes, is to observe the gamma-ray
sky. Gamma rays are absorbed in our atmosphere but they interact with it, producing EAS
that emit faint fast blue flashes of Cherenkov light (see section 3.2). By characterizing the
intensity and the spatial and temporal pattern of this light, one can study different properties
of the primary: its nature (gamma photons or otherwise), its direction (the astronomical
source) and its energy (to reconstruct their spectrum). In order to perform this kind of
observations, IACTs have several technical features that make them incidentally well
suited for intensity interferometry observations: they come in groups (each combination of
telescopes is a different baseline), they have time resolution of nanoseconds (needed to
resolve the correlation peak), they are sensitive to single photo-electrons (and therefore
coherence of individual photons) and they have large mirror areas (more photons means
more statistics and better S/N).

In recent years, the MAGIC telescopes have undergone several technical modifications
([165, , ]) like the implementation of a digitizer and GPU-based real-time correlator,
special configuration of its AMC (to focus the light to the infinite instead of the typical
altitude of EAS of 10 km and to concentrate it into just one or two photo-multipliers or
PMTs) and the automatic deployment of optical filters using the white target holder, that
allows the system to transform into an intensity interferometer in less than a minute and
then back to VHE observations just as quickly (useful for transients). This makes MAGIC
Intensity Interferometer an extremely high duty cycle instrument, having taken more than
500 hours of observations since 2021. These observations were mainly performed during
full Moon breaks, which are periods with bright moonlight conditions in which IACTs are
less performing in VHE, but can still operate in interferometry mode, because the optical
filters strongly attenuate the moonlight that gets into the PMT (see 5.1).
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Figure 5.1: Left: picture courtesy of Juan Cortina of one of MAGIC camera white target
filter mount. The structure has been adapted to hold up to 6 filters in front of 6 pixels,
Jfrom which 3 are already being used for intensity interferometry observations on each
telescope. Right: diagram of the front view of a MAGIC camera with pixels 251, 156 and
260 highlighted in red (modified from MAGIC hardware school slides).

Each telescope has a parabolic primary dish of 17 m diameter. The Active Mirror
Control AMC allows to focus the starlight into two (or four) of the filter holes. Each
filter hole has a Semrock 425-26 nm optical filter and falls in front of a Winston cone
that further concentrates the light into a PMT at the end of it. The AC coupled electrical
signal of the PMT is amplified (~25 dB) and transmitted in two separate ways. One
goes to the camera slow control that stores the DC with a rate of 1 Hz. The other one
goes by means of vertical cavity surface emitting lasers (VCSELSs) through a multimode
optical fiber into a separate readout. The optical signal is transformed back to electrical
signal and amplified by a Femto HSA-Y-2-40 amplifier with a 40 dB gain and a 2 GHz
bandwidth. This amplified signal is processed by the digitizer boards Spectrum M41.4450-
x8 PCle 2.0 with a sampling rate of 500 MSamples/s. The digitized signals from each
channel/pixel are sent to the correlator setup that consists on two processors (20 cores),
HDDs for long-term storage, SSDs for fast access and a Nvidia Tesla V100 GPU. The
correlation between channels is computed in the GPU by software developed in CUDA C
that makes use of the convolution theorem in Fourier space with Fast-Fourier-Transforms
(FFTs) of the data in £2048 ns time delay windows. For each combination of channels
the cross-correlation is stored, and for each channel the auto-correlation and the standard
deviation of the input signal are stored as well. The data is written into disk in the form of
binary files (.bin) that can be later analyzed together with the slow control DC reports [168].
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Figure 5.2: Diagram of the hardware setup of the MAGIC Stellar Intensity Interferometer
(image from a private communication for a paper in preparation).

MAGIC AMC

Finding the focusing parameters

During regular VHE observations, the MAGIC telescopes focus their reflectors to the
typical distance of EAS, ~10 km, in order to get as sharp a shower image as possible.
When performing intensity interferometry observations, we are looking at stars that are
at several pc away, so by all intents and purposes at ‘infinite’ distance, and we are trying
to get as much light as possible into the pixel that has the filter in front of it, besides, this
pixel is not at the center of the camera. This means that the AMC parameters, that control
how each of the actuators behind the mirrors behave, cannot be the same for both kinds of
observations.

In order to find the AMC parameters that allow the telescopes to focus to infinite
distance and not to the center of the camera, we pointed at a non-variable bright star (B
magnitude ~1, like Adhara or Alnilam), at low zenith (<30 deg) to start with as much light
as possible, but being careful that the measured DC did not go beyond the safety limit of 40
UA. We then made a preliminary guess of the AMC parameters (X, Y ,Z) and performed
5x5 quick sweeps in RA/DEC in steps of 0.05 arcdeg, in which the center position is the
position of the star. We refer to this procedure as a ‘dcTpoint’. In each of these positions
we measured the DC in the interferometry pixel. One must measure the DC always in the
same pixel instead of measuring the 6 pixels around the target pixel because each pixel has
a different gain and therefore we could not be sure that the differences in DC would come
because of the focusing parameters alone. This method has another advantage because the
FOV of each pixel is 0.1 arcdeg, whereas our steps are 0.05 arcdeg, which translates into
better spatial resolution.
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I wrote a python tool (dcTplotter.py) to read the DC reports and produce plots to
visualize the light distribution. The observed distribution of light can be described with
a 2-dimensional gaussian with two different widths and shared amplitude and constant.
We tried several AMC parameters until we minimized the two widths of the gaussian and

maximize the DC value in the central position.

M1 scan fit M2 scan fit

[M2 scan 2D Gaussian fit:
Amplitude = 8.153}DC
rag= —0.005: 8 arcdeg
decy =0.037:§3tarcdeg
0r3 = 0.03033 %3 arcdeg

M1 scan 2D Gaussian fit:
Amplitude =5.163}2]DC
rap= —0.022;)8arcdeg
decp = 0.018:§82arcdeg

Ors = 0.0447} 98] arcdeg 5 8
Ogec =0.04573 §88arcdeg A T Oec = 0.026F §33arcdeg 7=
Background = 0.46:328DC § Background = 0.887§33DC 6 E
x2/ndf=7.30/19 = 0.3843 3 8 X2 /ndf=14.75/19 = 0.7765 5 8
p—value=0.9924 5 8 p—value=0.7381 4 8
Light in pixel from fit: 44.76 % Light in pixel from fit:67.18 % 3
Light in first ring (6 pixels) from fit: 55.24 % N Light in first ring els) from fit: 42.82 %. 2
1
0.100 0.100
0.075
Mg
. : —30%50 o ]
!M[ . 8 4"?4{ . .028 —0.075
Ireq, 05 Arcy, .05 .
& 3073_100 ~0.100 eg; 8_073.100 0100
M1 scan fit M2 scan fit
M1 scan 2D Gaussian fit: [M2 scan 2D Gaussian fit:
Amplitude = 30.04; 143iDC Amplitude = 35.34;43¢DC
rag= —0.0103] 3% deg rag=0.0067] 333deg
decy = 0.00873 §%3deg decy =0.010:3333deg
0,, = 0.037;33%deg 30 0,,=0.036;§383deg 35
Ogec = 0.03670 803deg 5 Oyec = 0.03573 803 deg 30 =
Background = 2.01734iDC 20 § Background = 2.667381DC 25 E
X2/ndf= 35.74/19 = 1.8808 15 8 X2/ndf= 140.78/19 = 7.4096 20 8
p—value=0.0114 8 p—value =0.0000 15 8
Light in pixel from fit: 84.77 % 10 Light in pixel from fit88.11 % 10
Light in first ring {6 pixels) from fit: 15.23:% 5 Light in first ring els) from fit: 11.89 %,
5
0.100 0.100
-0.1
.0%5 {?D 5
.0 .
4Ry, 023 4R 3
arcy, 05 Alarg,, 05
& - & -
7 3073100 0.100 7 8073.100 0.100

Figure 5.3: dcTpoints using the star Alderamin. Top two plots: observed distribution of
light for a preliminary set of parameters for MAGIC 1 (top left) and MAGIC 2 (top right).
No more than 57% of light is contained within the target pixel, most of it is lost in the
surrounding 6 pixels. Bottom two plots: observed distribution of light for a different set of
parameters after a few tries, for MAGIC 1 (bottom left) and MAGIC 2 (bottom right). In
this case ~85% or more of light is contained within the target pixel, meaning that these
focusing parameters are much better than the other ones.

Once the distribution did not get any narrower or better centered, the parameters were
set and were used in all observations with pixel 251 from that point on. When the upgrade
of adding the second filter in front of pixel 260 was made, since the position in the cam-
era is mirrored from 251, only the X parameter needed to be changed into its mirrored value.
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Mirror configurations

Intensity interferometry observations are typically performed using the whole dishes of 17
m diameter (full mirror configuration) in order to collect as much starlight as possible, but
thanks to MAGIC’s AMC the individual facets that compose each dish can be focused into
different pixels independently.

Full-mirror configuration In this configuration all the facets of each mirror dish are
focused into one pixel. Pixels 251 and 260 of each telescope have filters that fall in front
of them when the white target is deployed, and are connected to the interferometry setup.
Full-mirror observations can be performed focusing the light of both telescopes to their
respective pixels 251 ("Full-mirror to 251°) or to pixels 260 (’Full-mirror to 260°).

Checkerboard or chessboard configuration In this configuration, half of the
facets of each dish are focused into one pixel and the other half into other pixel, fol-
lowing a chessboard pattern (see figure 5.4. This configuration allows to measure 6
cross-correlations simultaneously but with half the mirror area. Two of these 6 cross-
correlations are made within the same telescope, which translates into measurements at
roughly 0 baseline that can be used to calculate the ZBC for those combinations of channels.

(Red mirrors area = 124.2 m2 | ‘Red mirrors area = 124.2 m2 |
KBIue mirrors area = 115.5 m24 ‘Blue mirrors area = 115.5 m2‘
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Figure 5.4: Chessboard configuration for MAGIC 1 and MAGIC 2. The red facets focus
the light into one pixel and the blue facets into another. Axis are in arbitrary units. The
total mirror areas are similar with: 124.2 m? for the red facets and 115.5 m? for the blue
ones. Plots by courtesy of T. Hassan.

Submirrors configurations Instead of using the whole mirror, one can create virtual
smaller telescopes by focusing groups of facets into different pixels. This kind of obser-
vations make use of smaller mirror areas, so they are ideal for larger and brighter stars:
the bigger the star the stronger is the effect of the convolution of the mirror size with the
spatial coherence (see 7.3) so smaller mirror sizes allows to resolve it better by accessing
shorter baselines, and since the mirror area is smaller the magnitude should be smaller in
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order to have enough photon flux to make a correlation detection.
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Figure 5.5: Submirrors configurations 22 (top) and 28 (bottom) for MAGIC 1 (left) and
MAGIC 2 (right). Axis are in arbitrary units. Both configurations have submirrors of
20.4 m? but the orientation and distance between them is different. Plots by courtesy of T.
Hassan.



6. Intensity interferometry
observations

Over the course of a year, around 5 nights each month have too much moonlight to al-
low for sensitive VHE observations. Before the implementation of MAGIC’s intensity
interferometry setup, operations stopped during these nights, also called ‘Moon breaks’.
But intensity interferometry observations do not need the same dark conditions as VHE
observations, mainly thanks to the filters that block out most of the blue moonlight. This
translates into the necessity of properly allocate extra ~300 h a year, deciding the best
science targets and when to observe them. For this purpose, as the intensity interferometry
scheduler for 2 years, I was tasked with building a catalogue of intensity interferometry
targets and use said catalogue to build a schedule throughout the year.

Building the candidates and calibrators catalogue

In order to identify the best targets for intensity interferometry observations with the
MAGIC telescopes I built a star catalogue combining three catalogues of measured and
expected stellar angular diameters:

Swihart catalogue [169] contains modeled diameters for 1510 stars, with a declina-
tion between —15° and 81°, B magnitudes between 1.34 and 7.54 and angular diameters
between 0.077 and 2.48 mas. The modeled diameters have been calculated by fitting the
observed spectral energy distributions from literature to spectral templates.

JSDC v2 catalogue [170] contains modeled diameters for 465877 stars, covering all
declinations, B magnitudes between -1.431 and 19.76 and angular diameters between 0.002
and 41.4 mas. It provides the both UD diameters and LD diameters in several bands (BVRI-
JHKLMN) as well as the respective magnitudes in these bands. The catalogue was built
using the SearchCal tool [171, ]: each diameter is modeled using a surface brightness
method and calibrations for color indexes (B-V), (V-R) and (V-K) as described in [173].
The LD diameters are computed using the V magnitude together with the (V-K) color index
and the UD diameters are obtained using linear limb-darkened coefficients from [ 174, ].
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JMDC catalogue [176] contains measured diameters for 1478 stars, covering all de-
clinations, B magnitudes between -1.46 and 16.55 and angular diameters between 0.05
and 420 mas. The diameters have been measured by three methods: optical (amplitude)
interferometry, lunar occultations and intensity interferometry. The objective of using this
catalogue is to find a set of stars that we can use as calibrators or at least as reference stars to
understand the performance of the MAGIC intensity interferometry setup at any given time.

Once I cross-referenced all three catalogues, I applied some filters in order to select the
a set of stars observable with the MAGIC telescopes:

e Declination > —51°: so that they can be observed from the MAGIC telescopes site,
Roque de los Muchachos Observatory, with a maximum zenith of 80 deg at least at
some point in the year.

e Minimum necessary time for detection (50) of less than 5 hours at least at some
point in the year: to focus first on stars that are easier (faster) to detect.

¢ B mag < 7 mag: magnitude affects the necessary detection time greatly, as seen in
expression 6.6.

e Not being a spectroscopic binary: since they do not present radial symmetry in the
UV plane.

e Not being in a double or multiple system in which the brightest companion is not at
least 2.2 mag in B fainter or at a separation of more than 10 mas or both: depending
on their brightness and position, they could affect the apparent shape of the star and
the B magnitude.

Furthermore, in order to decide which stars are well suited as calibrators or reference
stars from the JIMDC catalog, I applied additional filters:

e The measurement of the diameter must have been performed in our same bandwidth
(400-440 nm).

e Their combination of B magnitude, angular diameter and declination must allow for
them to be detected by our interferometer in very short observation times (5 - 10 min
per baseline bin).

e Not being a known fast rotator (star that rotates so rapidly that is elongated along the
perpendicular to the rotation axis, see 4.3)..

e [n case of being in a multiple system: not having a bright close companion (AB>2.2
or angular distance greater than 10mas).

e Not being too variable in magnitude (AB<1).

e In order to be a calibrator (and not just a reference star) the measured diameter must
have better or similar precision to our own measurements.

The resulting reference/calibrator stars can be found in table 6.1.
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Historical ~ Bayer  Spectral B Measured 6 Source
Name Name Type (mag) (mas)
Adhara epsCMa B1.51I 1.29 0.77 £ 0.05 Narrabri
Bellatrix  gam Ori B2V 1.42  0.704 £0.04  Narrabri
Alnilam  eps Ori BOIa 1.51 0.631 £0.017 VERITAS
Mirzam betCMa BIII-III  1.73 0.523 £ 0.017 VERITAS
Saiph kap Ori  BO0.5la 1.88 0.44 £+ 0.03 Narrabri
Naos zetPup O4l(n)fp 1.98 0.41 £0.03 Narrabri
Gienah gam Crv  BSIII 2.47 0.72 £ 0.06 Narrabri

Table 6.1: Table of reference/calibrator stars selected from JMDC, sorted by B magnitude.
The spectral types and B magnitudes have been extracted from SIMBAD []77]. The
measured angular diameters are from Narrabri ([157]) at 443 nm and VERITAS ([175] )
at 420 nm.

The total number of stars in this initial catalogue is 380, with declination from —50° to
87°, magnitudes in B band from 0.03 to more than 5 mag and angular diameters from 0.1
to more than 3 mas. Their spectral types are mostly early types: O (7 stars), B (211 stars),
A (147 stars) and F (15 stars). This catalogue has been later expanded with a few more
stars from special science cases and constitutes the input for the scheduling tool described
in the next section.

The software: ii_scheduler

I built a tool specifically designed to schedule observations with the MAGIC telescopes in
order to produce a schedule every Moon break or whenever VHE observations could not
be performed.

First, a few inputs are necessary:

e The catalogue described in the previous section 6.1.

e The date and time of start and end of the observations. Typically starting at 19:30
UTC and ending at 7:30 UTC of the following day.

e MAGIC telescopes parameters: Geographical coordinates, altitude above sea level,
distance between telescopes.

e MAGIC Intensity Interferometer setup parameters: central wavelength, quantum ef-
ficiency of the PMTs, the efficiency of the optical system, effective cross-correlation
electrical bandwidth, excess noise factor of the PMTs, total mirror area and the
normalized spectral distribution of the optical pass-band.

e Optional filters: maximum/minimum B mag, maximum/minimum zenith, maxi-
mum/minimum detection time, maximum/minimum angular diameter.

Then, the zenith and azimuth are calculated every half hour using the Python library
astroplan from the Python library astropy. They are used to calculate the delay, baseline, B
magnitude corrected by atmospheric extinction (B..,+), and differential stellar photon flux

(n):
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delay = Ax - sin(zd) - sin(Az) + Ay - sin(zd) - cos(Az) + Az - cos(zd) (6.1)
baseline = +/separation? — delay? (6.2)
0.23
Beorr = N .
0 i cos(zd) (6.3)
0.0000869

Where Ax, Ay and Az are the separation between MAGIC 1 and MAGIC 2 respectively
along the east-west direction, the north-south direction and the vertical direction and were
obtained a few years ago with 0.1 mm precision (see Figure 6.1.
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Figure 6.1: Satellite view of the MAGIC telescopes with some lines and arrows that show
the positions, angles and distances of the telescopes from Google Earth .

These parameters together with the UD visibility already defined in expression 4.2,
allow to calculate the expected signal-to-noise using the expression 5.6 from [157]:
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S/N = Area-a(A)-q(A)-n(A) - |V|*(A,baseline) -\/(by)-F~' /(T /2)-c-(1+B)!

(6.5)
and the necessary observation time to get a detection (50) of the correlation:
50
T(50)[s] =
(A-a(L)-g(A)-n(A) - |V|*(A,baseline) - \/(by) - F~1-c-(1+B)1)2
(6.6)

For both expressions the parameters are: the mirror area A, the PMT quantum effi-
ciency at the peak of the optical pass-band o (1), the efficiency of the optical system, the
differential stellar photon flux n(4), the effective cross-correlation electrical bandwidth b,
the excess noise factor of the PMTs F, the observation time 7, the normalized spectral
distribution o and the ratio between starlight and background light 3. (These parameters
can be found in table 1 of the 2020 MAGIC intensity interferometry publication [167]).

The zenith, azimuth, delay, baseline, visibility, T(50) and S/N together with the angular
distance from the Moon are presented in different tables and plots in a LaTeX-PDF report,
which includes the following sections:

Summary table of the stars that are observable in at least one of the half hour slots
within the time-slot given as input. It is a quick look into what stars are going to be more
easily detected.
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Name | RA(hh mm ss) DEC (dd mm ss) Bmag (mag) 6 (mas) min T(50) (min) Best hour (UTC) zd at best hour (dd mm ss)
eps CMa | 06 58 37.54876 -28 58 19.5102 1.29 0.77 0.3 00:00 66d38m53.26273786s
bet CMa | 06 22 41.9853527 -17 57 21.307352  1.73 0.523 0.5 23:00 54d20m14.88387895s

eps Ori | 0536 12.81335 -01 12 06.9089 1.51 0.631 0.6 23:00 48d48m07.51863663s
kap Ori | 05 47 45.3888404 -09 40 10.577707  1.88 0.44 0.6 22:30 48d03m06.39532444s
gam Ori | 05 25 07.86325 +06 20 58.9318 1.416 0.704 0.8 23:00 46d21m11.6465129s
eta UMa | 13 47 32.43776 +49 18 47.7602 1.751 0.937 1.1 22:30 68d39m01.43795846s
zet Pup | 08 03 35.04754 -40 00 11.3321 1.98 0.41 1.1 23:30 69d35m37.11678716s
eps UMa | 1254 1.75 +55 57 35.36 1.738 1.4448455 1.8 20:30 75d09m06.79689564s
eta Cen | 14 3530.42-42928.17 2.173 0.569879 2.1 06:30 72d58m17.02135978s
eta CMa | 07 24 05.70228 -29 18 11.1798 2.367 0.72 2.3 00:00 64d08m13.30462358s
gam Crv | 12 1548.37081 -17 32 30.9496 2.473 0.72 2.9 05:30 59d16m36.35306724s
alf Cyg | 2041 25.91514 +45 16 49.2197 1.342 2.041944 3.1 04:30 78d21m37.51740577s
ups Sco | 17 3045.84 -37 17 44.93 2.521 0.483078 3.8 07:30 66d49m06.40021686s
bet UMa | 11 01 50.4765370 +56 22 56.733912 2.373 1.133 42 19:30 68d26m06.68607859s
sig Sgr | 18 55 15.92650 -26 17 48.2068 1.923 0.678677 4.4 07:30 62d52m33.94003802s
gam Peg | 013 14.15 +15 11 0.94 2.64 0.4174095 4.5 19:30 63d59m17.02176581s
omi02 CMa | 73 1.47 -23 49 59.85 2.943 0.47685 4.6 23:30 58d20m16.27998368s
alf02 CVn | 1256 1.67 38 19 6.15 2.775 0.649454 59 22:30 63d13m54.04066528s
eta Aur | 05 06 30.8933734 +41 14 04.112721 3.032 0.444 7.0 19:30 13d09m57.79352203s
del Crv | 1229 51.86 -16 30 55.55 2.928 0.764645 7.5 06:00 60d59m27.07650265s
eps Cas | 15423.73 6340 12.36 32 0.3561515 7.6 19:30 44d21m25.11043478s
mu. Lep | 51255.90-16 12 19.69 3.19 0.579853 8.5 22:00 54d03m54.19802617s
etaLup | 1607.33-38 23 48.15 3.214 0.35494 9.4 07:30 68d09m37.93636732s
zet Per | 03 54 07.9224751 431 53 01.081262 2.97 0.531 9.8 19:30 11d43m34.75725842s
bet CMi | 7279.04 8 17 21.54 2.793 0.6830885 10.0 01:00 44d57m49.15119548s
alf Cep | 21 18 34.77 62 35 8.07 2.707 1.3310365 10.7 05:00 71d05m24.48801483s
zet Cas | 00 36 58.2841866 +53 53 48.867311 3.494 0.305 12.8 19:30 51d06m51.64167933s
gam Lyr | 18 58 56.6224137 +32 41 22.400295 3.201 0.696373  17.2 04:30 65d15m37.46598079s
bet Cas | 0009 10.68518 +59 08 59.2120 2.66 1.835882 174 07:30 74d57m01.16002572s
tau Her | 16 19 44.43666 +46 18 48.1123 3.759 0.354 17.5 04:00 39d16m25.79459807s

Table 6.2: Sub-sample of the summary table generated for the night of the 27th to 28th of
February of 2023. For each star it includes: the Bayer designation, RA/DEC coordinates,
B magnitude, angular size, minimum observation time to get 5 G in minutes, best hour to
observe (defined as the time in the night where the S/N per unit time is the highest) and the
zenith at that time.

Tables of expected parameters every half hour typically starting at 19:30 UTC
and ending at 7:30 UTC sorted by observation time to get 56. Each row shows the value
of each parameter at the beginning of the 30 min slot and right at the end for a given star.
This allows to see the evolution of the different parameters within 30 min. For example
one could check if a star is getting too close to the Moon, or the zenith getting too high,
or the baseline range not being the best for getting a good diameter measurement, or
checking that the measurement would be in a baseline range not yet covered by previous
observations, or the necessary observation time for detection getting too high. The final
purpose is to help the scheduler decide when to start and stop observing each star in order
to efficiently distribute the targets in the given time-slot.
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name zd(deg) Az(deg) delay(ns) baseline(m) \V\z T(50)(min) S/N(T=1s)(6) Moon sep(deg)
kap Ori 38.43-39.07 179.70-191.51 -148.74 - —168.45 72.71-68.74 0.72-0.75 0.74-0.69 0.75-0.78 38.01 —37.98
bet CMa 47.52-46.75 168.48 —178.19 -149.05-—-170.25 72.65-68.34 0.62-0.66 0.81-0.72 0.72-0.76 49.08 —49.04
eps Ori 30.06 —31.50 185.35-199.80 -128.18 - —147.32 76.15-72.97 0.46-0.49 0.87-0.76 0.69 —0.74 29.08 —29.05
eps CMa 60.24 - 58.61 162.00-169.40 -153.21-—174.28 71.87-67.42 035-0.40 1.45-1.06 0.54-0.63 62.74 — 62.69
gam Ori 22.97-2552 19394-211.13 -107.76 — —125.93 78.94-76.48 0.35-0.37 1.26-1.10 0.57-0.61 21.05-21.01
eps UMa 75.15-71.39 33.81-35.80 274.02 —268.30 23.00-28.42 0.70-0.57 1.82-1.95 0.48 - 0.46 84.30 — 84.20
zet Pup 75.77-73.12 153.74-159.05 -136.81 ——156.59 74.79-71.22 0.74-0.76 2.72-1.98 0.39-0.46 79.61 —79.55
gam UMa 68.21 —63.93 39.74-41.14 261.52 -252.01 33.62-39.61 0.68-0.58 4.28-4.90 0.31-0.29 78.31-78.19
alf Col 62.85-63.46 181.77-188.72 -215.40-—231.46 55.73-49.61 0.51-0.59 7.05-5.37 0.24-0.28 60.88 — 60.89
bet UMa 60.35-56.19 38.83-39.28 244.54 - 233.32 43.62-48.83 0.44-035 6.68-9.63 0.25-0.21 70.41 -70.30
omi02 CMa | 55.71-53.77 158.90 -166.99 -135.93 - —158.13 74.93-7091 0.66-0.69 7.58 -6.69 0.23-0.25 59.02 - 58.96
eps Cas 50.45-53.70 330.93 -330.07 96.06 —97.63 80.28 —-80.11 0.77-0.77 8.21-8.61 0.23-0.22 47.46 — 47.50
zet Per 24.41 -30.79 284.56 -284.96 -43.16-—51.42 84.30-83.89 0.51-0.52 9.89-10.02 0.21-0.20 13.74 - 13.86
gam Peg 77.06 -79.86 280.54 —282.00 -112.30-—106.69 78.37-79.07 0.71-0.70 11.78-19.92 0.19-0.14 65.04 - 65.11
zet Cas 59.92 -64.25 318.50-319.48 58.70 - 65.70 83.46-82.99 0.81-0.82 15.06-17.06 0.17-0.16 53.94 - 54.01
alf02 CVn | 79.92-79.58 51.77-51.96 266.43 — 265.84 29.95-3043 0.89-0.88 16.26-15.14 0.16-0.17 95.66 — 95.65

Table 6.3: Sub-sample of the table generated for the night of the 27th to 28th of February
of 2023, for the time slot of 20:30 to 21:00 UTC. Each line corresponds to a different star
and shows: the Bayer designation, zenith, azimuth, delay, baseline, visibility, necessary
observation time to get 56, S/N per 1 second, and angular separation from the Moon.

Plots several plots are generated for each star: zenith vs time, visibility vs time, baseline
vs time, delay vs time, time to get SO vs time, visibility vs baseline and visibility vs zenith.
For stars for which different estimations/measurements of the angular size are available,
several curves are shown for: time to get 56 vs time, visibility vs baseline and visibility
vs time. See example for gam Ori in Figure 6.2. They display the same information as
the previous tables but in a graphical way, being every point 30 min apart. This allows to
follow the evolution of the parameters over the whole night.
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Figure 6.2: Examples for gam Ori for the night of the 27th to 28th of February 2023.

Building a schedule

When building a schedule for observations of an astronomical source, one usually aims at
observing when the zenith distance is as low as possible, so as to minimize the atmospheric
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extinction. One also tries to minimize the amount of background light in the FOV from
other sources (Sun at sunrise/sunset, Moon, or other astronomical sources). While this still
applies to intensity interferometry observations there are a few differences.

Single stars For the most simple kind of intensity interferometry observations, look-
ing at a single non-variable symmetrical star, it is necessary to have into account not
only the above-mentioned points in order to successfully schedule the best moment of
observation, but to have in mind that what we are not just trying to maximize the flux of
photons, but to optimize the distribution of visibility measurements over the baseline range.

The position in the sky of the star at any given moment (zenith/azimuth) will trans-

late into a certain delay/baseline between the telescopes with its correspondent degree of
spatial coherence or visibility, which depends on the wavelength and angular size of the star.

1.0

—— Expected |V?| for 8 = 0.77 mas
--- Expected |V?| for 8 = 1 mas
081 Expected T(50) (min)

e
o
|

Visibility [V?]
=
=

0.2 -~ 12.1
--------- 1 22.0
- - 300 7101524
T ___
0.0 ‘ ( | i |
60 65 70 s . ” N
Baseline (m)

Figure 6.3: Comparison for an Adhara-like star (same angular diameter, coordinates and
B mag) between having the literature diameter of 0.77 mas (black full line) or 1 mas (black
dashed line) for every half hour for a certain night. For a smaller diameter the spatial
coherence is higher for the same baseline and the observation time (values above each red
dot) required for a 56 detection is lower.

But getting a good visibility signal in a single delay/baseline is not enough to get
a good measurement of the angular diameter. The visibility changes more slowly with
baseline for smaller stars than for bigger as shown in figure 6.3. This means that the range
of baselines that needs to be covered for the smaller star is wider than for the larger star
(both being in the same position in the sky and with the same magnitude) in order to get the
same precision in the angular diameter measurement. Figure 6.4 shows how measurements
performed at the same baselines for a smaller and a larger star retrieve different precision in
the angular diameter measurement, being lower for the smaller star than for the larger one
(11% vs 7% relative error respectively). However, figure 6.5 shows that measurements with
same significance as the previous case but performed at longer baselines for the smaller
star now result in a better measurement of the angular diameter (7% relative error).
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Figure 6.4: Comparison between reconstructed values of the diameter for an Adhara-like
star of 0.5 mas or 1 mas diameter. Eachvisibility point is the theoretical value given by the
uniform disk model expression 4.2 for each corresponding baseline. Additionally, every
point has the same error value of 0.08 in visibility. A bootstrap fit of each set of values
gives a relative error of 11% for the smaller case of 0.5 mas and 7% for the bigger case of
1 mas.
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Figure 6.5: Same as the above but covering longer baselines for the 0.5 mas case, that
results in achieving the same relative error than the 1 mas case (7%).

The range of accessible baselines is given by the position of the star with respect to the
telescopes, therefore it is possible that even though one can physically point at certain stars
and get good visibility signals from them, will not be able to get a good measurement of
the angular diameter, or at least not the best possible. Figure 6.6 shows that for a star of 1
mas, measurements performed at longer baselines return a better measurement of the angu-
lar diameter than measurements performed at shorter baselines (with the same significance).
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Figure 6.6: Comparison between two bootstrap fits using different sets of measurements at
shorter (blue) and longer (orange) baselines. The resulting diameters are compatible but
for longer baselines the relative error is lower (8%) than for shorter baselines (12%).

Since intensity interferometry observations are taken during Moon breaks, we have
full Moon conditions for the vast majority of the observations. This effect is less intense
than for VHE observations since interferometry observations require the use of optical
filters. This means that most of the light from the Moon is filtered out, but some still goes
through the filter and is our main source of background light. The ratio between Moon’s
flux of uncorrelated photons and the correlated photons from our source can affect our S/N
ratio and by proxy the necessary observation time to get 50 (see parameter 3 in expression
6.5). In order to minimize this ratio and keeping it below the 30%, only observations
in zenith/azimuth positions that are at least at 50 deg distance from the Moon are scheduled.

If a star has been previously observed, it is needed to perform at least a preliminary
analysis in order to know how much more time is needed at certain baselines. If some
of the observations were performed during bad weather the visibility signal could not be
significant enough and more time needs to be invested in the same baselines. Or if some
observations could not be/have not been performed yet at the rest of the necessary baselines
to get a good measurement of the angular diameter, then those are the ones that take priority.

In cases in which radial symmetry is not expected it is needed to take into account even
more parameters:

Fast rotators As described in chapter 4.3, fast rotators are stars that spin so rapidly
that they exhibit an elongation perpendicular to the axis of rotation. Depending on the
oblateness or ratio between the semi-major and semi-minor axis of the star and the orienta-
tion of their axis of rotation with respect to the position of the telescopes, one could see
more or less difference between the angular diameter measurement when observing in one
orientation or another at £90°. This translates into the necessity of taking into account not
only the delay/baseline of each observation, but its orientation in the UV plane (UV angle),
since the expected visibility distribution in said UV plane will not have radial symmetry,
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but will appear elongated as well.

The orientation of the rotation axis and the oblateness of fast rotators are not always
perfectly known and therefore is needed to calculate the necessary observation time to get
50 using a preliminary expected average value of the angular diameter usually provided
from stellar models and spectroscopy, but keeping an eye on the UV positions that can be
covered so that as many measurements at =90° between them as possible can be performed.
Examples of stars with ‘good’ and ‘bad” UV coverage are shown in figure 6.7. In the
figure, the UV coordinates that can be covered from the position and orientation of the
MAGIC telescopes throughout the year is shown, together with the necessary observation
time to get 5o (with a limit of 5 h per observation). For the star with —15° of declination,
the UV coverage is not ‘good’, meaning that there are not many measurements that can be
performed at 90 from each other, while the opposite happens for the star at 48°, which is
considered to have a ‘good’ UV coverage.
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Figure 6.7: UV points covered stars of declination —15° (left) and 48° (right) over the
course of a year, if measured each night at midnight. The color represents the necessary
observation time to get 50 in minutes, only points with less than 5 h of observing time
are shown. For the star with lower declination (left) the covered UV angle is much more
limited than for the star with larger declination (right).

Binaries In this case not only is needed to take into account all of the parameters above,
including the UV coverage, but also the expected position of the binary components at
any given time, because this will translate into different visibility patterns in the UV plane.
This can be calculated if orbital parameters are known beforehand from the literature.

Provided the UV angle coverage is wide enough (in a single night or within a few
days), more or less information can be derived from the UV pattern. If the orbital period is
long enough (tens of days or more) or if the components are in (or close to) the apoastron
(when they are the most far away from each other), then the UV pattern should change
very slowly, and more visibility points in the UV plane can be probed (with 2 telescopes
one can only probe one point at a time), allowing a good understanding of that particular
pattern (see right side of figure 6.8). If on the contrary the orbital period is very short (a
few days or less) or the components are in (or close to) the periastron (when they are the
closest), the pattern changes greatly in a manner of minutes or hours, making increasingly
difficult to resolve it (see left side of figure 6.8). In any case, the expected visibility can be
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calculated at any given time, and therefore the expected necessary observation time to get
50. In order to observe each of this patterns that the components produce in their orbital
motion it is important to take into account the orbital phase of the system and try to cover
as many different phases as possible.
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Figure 6.8: Comparison of visibility patterns in the UV plane for a spectroscopic binary in
the periastron (left) and apoastron (right). The white crosses represent the UV points seen

by the telescopes at each of those moments.

Sometimes the orbital parameters are not fully known or the period of the apsidal
motion (precession of the line that connects the periastron with the apoastron) is too short,
therefore for every studied system a initial guess of the missing parameters is made, and
then is constantly revised through analysis of the data.

Summary

Each time I had to prepare a schedule, I followed this prescription: first, schedule enough
calibrator observations to keep track of the performance of the setup. Then, schedule ‘main
science-case’ observations (fast-rotators, binaries and asteroseismology targets) to fulfill
the main science-case objectives of our yearly proposal of observations. Finally, schedule
single (in principle) stars with unknown angular diameter in order to build a catalogue
of angular diameters that can be exploited in the future. During the course of my PhD I
have been responsible to schedule about 420 h of MAGIC observation time, most of it
during Moon breaks and some of it in dark time. I was the official intensity interferometry
scheduler for 2 years and I was tasked with leading the last observation proposal of the
MAGIC interferometry team which was awarded the highest category grade and was 3rd
in the list of approved proposals.
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Figure 6.9: Accumulated observation time since the end of April 2021 until the beginning
of May 2023, including a brief interruption due to Cumbre Vieja volcano’s eruption.



/. Analysis procedure and
evaluation of systematics

Measuring our signals using the same kind of PMTs that we use for VHE observations
means that we are not measuring the signal intensities directly /; but the anode currents
of the PMTs which are proportional to them (I;) o< DC;. Since the intensity fluctuations
follow a Poisson distribution, it can be shown as well that \/((I;(¢) — (I;))%) o< \/DC..

Camera reports are produced every second, keeping track of the DCs and other param-
eters, while the signal from the pixels is digitized at 500 MSamples/s. The digitized signal
is later processed by the GPU-correlator which computes the Pearson’s correlation as:

p(t) = ((11(t) = (1)) - (B (1 +7) — (b))
VAL () = (1)) V(R +7) = (R2)?)
We correct for the time delay coming from the hardware setup, which is different
for each pixel due to different lengths of the optical fibers, the different transit times
inside the PMTs (which in turn depends on the HV) and the additional delay coming from
the different optical paths between the telescopes when tracking the source at different
zenith/azimuth positions. We divide the data into baseline bins of 5 m, performing an
average of frames for each bin weighted by the inverse of background variance (more
background variance, less weight). We apply a 12 MHz frequency high-pass filter to
remove slow residual noise, and then we extract the amplitude of the cross-correlation
signal at O ns delay as the value of the Pearson’s correlation and its error as the standard
deviation of the correlation background region defined between (-140,40) and (40,140) ns.

(7.1

Finally, we combine the Pearson correlation and the DCs to calculate the contrast,
which is proportional to the modulus of the complex visibility squared:

o) (O =) (D) () pBVGIG
<I] (t)> ' <12 (t + T)>t \/DCl,StarDC2,Smr

where K is a setup constant, G; are the gains of the PMTs, DC; s, are the DCs of the
pixels for which the starlight has been focused into and f is the ratio between the light

(7.2)
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coming from the night-sky background (NSB) and the star:

. \/ (DClstar + DCy NsB) (DCy s1ar + DCa,NsB) (7.3)
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Figure 7.1: Contrast of the cross-correlation peak.

The contrast can be normalized in order to calculate the visibility:

_Af
T Av

Via(d)]? — % = [Vio(d)P? (7.4)

where ¢(0) is a correlation normalization factor, also called zero-baseline correlation
(ZBC), and it is the value that the correlation takes at baseline O or in other words, the
correlation that would be measured for a point-like source at any baseline. There are
several ways to estimate or directly measure its value that can be found in [165]. This
value together with measurements of the correlation at different time delays or baselines
(and different UV plane coordinates for cases without radial symmetry) can be used to
reconstruct the brightness distribution of the thermal emission of the source.

The value of the ZBC is expected to be constant for each pixel pair, but several scenarios
are described in the next section that can affect its value over short and long periods of time.

Photon flux calibration

Since photon flux can not be directly measured an alternative is needed in order to quantify
the amount of light received by the setup: the DC from the camera slow control which are
proportional to the photon flux. As described in section 5.1, the slow control of MAGIC
cameras stores the DC at a rate of 1 Hz, which is much slower than the sampling frequency
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of the correlation measurements (500 MHz). For this reason, it is necessary to interpolate
between DC reports so that each frame can be properly corrected by DC following expres-
sion 7.2.

Several features can be discerned in the evolution of the DC. The best-case scenario is
shown in figure 7.2 in which the night was clear with no clouds, calima or wind. The star’s
DC from both channels are mostly stable with a slow decline barely perceptible due to the
change of zenith (higher zenith less starlight) and some kind of serrated pattern caused
by the tracking system that corrects the position of the telescopes every few seconds. The
AMC also corrects the focusing of the mirrors every 5 degrees change in zenith. For the
background DC (mainly from the Moon) the behaviour is very stable since background
pixels are receiving diffuse light.
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Figure 7.2: Corrected DC from pixels 251 (star) and 260 (background) during a 5 min
observation of Adhara.

In presence of wind, one or both telescopes can have more difficulty keeping track of
the source, which is reflected in the DC as more exaggerated serrated structures and even
peaks and valleys as can be seen for the ‘star DC channel 1’ (blue points) in figure 7.3.
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Figure 7.3: Corrected DC from pixels 251 (star) and 260 (background) during a 5 min
observation of Adhara, wind affects one of the telescopes.

Similarly, in the presence of clouds in front of the source, the DC will suffer a strong
drop until the cloud has passed as can be seen for both star channels in figure 7.4. This
can also produce the background DC to increase due to scattering (see small increase in
background DCs while there is a decrease in star DCs in 7.4).
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Figure 7.4: Corrected DC from pixels 260 (star) and 251 (background) during a 5 min
observation of gam Cas, a cloud passes producing a drop in the star DCs.

For lower DC the cross-correlation is dominated by electronic noise but for higher
DC it is dominated by starlight photons, following a poissonian distribution. Therefore in
order to properly weigh each cross-correlation frame the variance of the cross-correlation
at a background region defined in the range time delays of(-140,-40) and (40,140) ns is
used. Frames with lower background variance have more probability to come from direct
starlight, while frames with higher background variance are more likely to come from bad



7.1 Photon flux calibration 79

quality observations.

An example for a baseline bin of the analysis of Adhara is shown in figures 7.5 and
7.6. In the first figure the DC combined from several observations in the same baseline
range shows strong variations and drops. The second figure displays a 2D histogram of
the value of the background region variance versus the DC showing that for higher DCs
the variance is indeed smaller and contained within small values ((0.2 —0.4) - 10710 y.a))
while for lower DCs the distribution of the background variance gets broader.

DC vs zenith, in the baseline range 72.77 - 74.78 m, 18.3 min of observation

DC star channel 1
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Figure 7.5: DC in the baseline range of 72.77 to 74.78 m for an observation pointing
at Adhara. Two populations of DCs are seen since several runs taken in different nights
have been stacked within the same baseline bin. The first population of runs is restricted
to zenith range 61.7-62° with average DC of 25 and 21 LA for star channels I and 2
respectively. This population shows mostly stable DC values. The other population shows
strong variations of DC along the whole zenith range caused by passing clouds in the FOV.
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Figure 7.6: Relationship between DC and cross-correlation background variance in the
baseline range of 72.77 to 74.78 m for Adhara. The higher the star DC (i.e. starlight
photon flux) the lower is the background region variance, meaning that the measured
cross-correlation is dominated by starlight photons.

The DC of the PMTs is limited by the camera control software in order to avoid
degradation of the anode and last dynodes. The safe limit established for MAGIC’s PMTs
is 50 nA. When performing intensity interferometry observations the amount of light
observed by each PMT is, even with the narrow pass filter that is used for interferometry,
much higher than during VHE observations, since light from bright stars is being focused
into individual pixels.

Some measurements were performed in order to determine adequate HV values for
each PMT so that even when observing bright stars (B mag ~ 1) the DC would not surpass
the safe limit while leaving enough range to measure dimmer stars. A bright star such as
Adhara was selected and observed at low zenith. Its starlight was focused into each of the
PMTs and the HV was gradually changed until the DC observed by all of them allowed
for enough range below and above that value (without reaching the safe limit in any case).
The resulting HV are built into a table (shown in 7.1) that is loaded by the camera control
software when intensity interferometry observations are performed.

Pixel | Nominal HV (V)
M1 251 1050
M1 260 850
M1 156 702
M2 251 1090
M2 260 1025
M2 156 694

Table 7.1: Nominal intensity interferometry HV settings.

The HV for each pixel is not perfectly stable during observations: the observed DC
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are produced at values very close but not always exactly the nominal HV values. This is
why a small correction is applied taking into account the overall behaviour of each PMT
with HV (shown in figure 7.7), i.e. the gain of the PMT. This is even more important when
observing especially bright stars (magnitude ~1 or less) for which the HV may need to
be reduced tens of volts. The gain and DC are expected to behave like ~ HV*" where k
depends on the structure and material of the dynodes and n is the number of dynode stages
in the PMT [179]. For MAGIC PMTs, the number of dynode stages is 6 and the constant k
is expected to be around 0.7, therefore the DC is expected to follow a power law with the
supply voltage (HV) of index ~ 4.

e M1 251
M1 260
e M1 156
1.51 e M2251
e M2 260
[s]
1.0 1
)
8
3
=l
=
0.5 1
0.0 1

2.75 2.80 2.85 2.90 2.95 3.00 3.05 3.10
log10(HV)

Figure 7.7: Measurements of HV and DC for each pixel in log|o with each of the corre-
sponding linear fits.

In order to obtain the exact power law index for each pixel, a linear fit of logio(HV) vs
log1o(DC) is performed, obtaining the values of table 7.2, which are used to interpolate
DC values for different HV values close to the nominal ones. The reported index values
(’Slope’ column) are consistent with the expected value of ~4.
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Pixel Slope Intercept
M1 251 | 3.55+0.03 -9.68 £ 0.08
M1 260 | 4.01 £ 0.01 -10.62 £ 0.03
M1156 | 42+0.1 -11.7+ 04
M2 251 | 3.75 £0.02 -10.38 = 0.07
M2260 | 3.73 +£0.04 -103 +0.1
M2 156 | 4.2+0.1 -11.7+ 0.3

Table 7.2: Best fit parameters of log(HV) vs log(DC) data.

The observed DC for ‘star pixels’ (pixels used to focus the light of the stars and not
the background like 251 and 260) is proportional to the received flux from the star and the
background. This is why the pixels that are not being focused on (pixels 156 mainly but
also 260 when focusing on 251 and 251 when focusing on 260) are used to monitor the
diffuse background light. In order to properly subtract this contribution, the previous step
of correcting the DC by the gain of each pixel is needed, but also an extra pixel-to-pixel

factor is applied.

This factor is the relationship between how each pair of pixels behave when observing
diffuse light, instead of direct starlight. In order to calculate this factors, hundreds of hours
of data were combined and the DC from the background were compared and fitted to a
line, of slope ‘p1’ and intercept ‘p0’ (see expressions 7.5 and 7.6.

D Cpixelcorr =

ADcpixelcorr - \/(

D Cgaincorr —Po

(7.5)
P1
2
AI)Cgaincorr ) (7 6)
pP1 .

The parameters that better described the behaviour of the background measured DC are
shown in the following table from and to each of the 6 channels (pixels) used for intensity
interferometry observations.

To:
From:

M1 251 M1 260

M1 156

M2 251 M2 260 M2 156

M1 251
M1 260
MI1 156

- 0.09,0.86 0.11, 0.56 - - -
0.02, 0.65 - - -
-0.19, 1.78 -0.03, 1.54 -

-0.10, 1.16

M2 251
M2 260
M2 156

- 0.03,1.06 0.02,0.69
-0.03, 0.94 - -0.02, 0.65
-0.02, 1.46 0.02, 1.54 -

Table 7.3: Parameters (p0, pl) of the empirical expressions 7.5 and 7.6 that allow to
calculate the equivalent DC between any two of the three pixels of the same camera.

Once all these corrections have been applied the DC from the background are sub-
tracted so that the DC from the star are obtained and the contrast can be calculated.
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Delay correction

As seen in section 4.2 the intensity interferometry technique is based on measuring the
spatial coherence of the brightness distribution of a source throughout a certain range of
baselines or delays. For detectors fixed in place (like MAGIC telescopes) the variations in
baseline/delay come from the apparent movement of the source in the sky. The expected
baseline/delay can be easily calculated using the source’s zenith and azimuth and the
position of the telescopes following expression 6.1.

But this is not the only source of delay. The starlight is collected in to the PMTs and
then transmitted through optical fibers and other components until it reaches the correlator,
several tens of meters after. This translates in to a ‘hardware delay’ that is slightly different
for each channel and needs to be taken into account as well. In order to find out the
hardware delay introduced to each channel, simultaneous 6-correlation measurements were
performed pointing to a bright star for which a clear cross-correlation signal was expected.
I compared the position of the cross-correlation peak corrected by the expected star’s delay
with respect to 0 ns delay and preliminary values of hardware delays based on approximate
differences in cable lengths between channels for many frames (see figure 7.8. Then I
calculated the median of the observed deviation with respect to O ns and subtracted it for
each channel combination (see figure 7.9).

Median

C - D | ° e L 2 yvge\agnhted Mean
B o | ’7!“‘ ! (o] o (o] o
B-D f L 1

bc | ] 1 o e o o
AD | o o — 4 o

ac | . o o {4t —io o
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-8 -6 -4 -2 o 2 4 6
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Figure 7.8: Box and whisker plots that represent the distribution of the measured cross-
correlation peaks deviation from delay 0 ns: each box represents the interquantile interval
(where half of the data values are found), the orange lines represent the median, the blue
squares represent the weighted mean, the green triangles represent the mean, the whiskers
outside each box extend to the minimum and maximum values and the clear circles outside
each box+whiskers represent the ouliers.
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Figure 7.9: Box and whisker plots that represent the distribution of the measured cross-
correlation peaks deviation from delay O ns after applying the median as a delay correction
for each channel combination.

In the analysis, the expected star’s delay is calculated for each frame and subtracted to
the 2048 ns time delay as well as the hardware delay for each combination of channels
so that the expected position of the cross-correlation peak is at delay O ns following ex-
pressions 7.7 and 7.8. This allows to perform the average of several frames, increasing the
significance of the cross-correlation peak.

Teorr =T — AThardware - A‘L-star (7-7)

Afhardware - ATChannell - ATChﬁmnelZ (78)

ATy, is obtained for every frame using expression 6.1 and ATyu4ware depends on the
combination of channels. The median values of the measured time delays for each channel
were added to the preliminary values of the hardware delays, and the final values are
reported in table 7.4.

Pixel (Channel) | Hardware delay (ns)
M1 251 (C) 550.45
M1 260 (D) 5.18
M2 251 (A) 645.46
M2 260 (B) 0

Table 7.4: Hardware delays introduced by optical path differences to each channel.

Convolution with mirror size

Each cross-correlation measurement is not only the cross-correlation at a certain baseline
given by the combination of the zenith/azimuth and the separation of the telescopes, but
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the convolution between all the distances between all the individual facets of the mirror
dishes of the telescopes. This means that the observed contrast and hence the visibility will
not be simply the expected one from expression 4.2, but the average of all the contrasts or
visibilities that would be measured for each combination between mirror dish facets.

With MAGIC 17 m diameter dishes this effect is less than 1% for stars of diameter of
~1 mas but for stars of several mas it becomes noticeable as can be seen in figure 7.10.

Star with angular diameter 1.0 mas, mirror size 17 m
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Figure 7.10: Examples of how mirror size convolution affects |V |* measurements for stars
of different sizes. For each star, the left plot shows a simulation of the ]V]z with (orange
line) and without (blue line) taking into account the convolution with the mirror size, and
the right plot shows the absolute difference between the two models in units of \V\Z. Top:
star of 1 mas with 17 m mirror (usual scenario for MAGIC). Bottom: star of 10 mas with
17 m mirror, the visibility is heavily reduced by the convolution with the size of MAGIC
mirror dishes compared with not taking the mirror convolution into account.
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The result is a smoothing effect that can affect observations with no radial symmetry
as well, diluting the visibility patterns in the UV plane. Figure 7.11 illustrates how the UV
pattern of a binary star is affected.

Original Smooth Relative diference
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Figure 7.11: Smoothing calculated by the convolution of the size of the mirrors with the
visibility pattern in the UV plane for a spectroscopic binary (center) compared to the
non-smoothed pattern (left). The relative difference in visibility in % is shown on the right.

To increase significance of the cross-correlation peak, the data is divided into baseline
bins of 5 m and the corresponding delay-corrected frames are averaged. In order to calcu-
late the mean baseline value for each baseline bin a weighted average is performed taking
into account the distribution of baselines weighted by the background variance of the
cross-correlation (frames with less background variance weight more) and the distribution
of baselines given by all the distances between individual mirror facets. Figure 7.12 shows
the normalized original baseline distribution extracted from telescope pointing positions
(orange), the same distribution but weighted by the background variance of the correlation
(blue) and the distribution after taking into account all the combinations between facets
(green).
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Baseline distribution before/after weighting, in the baseline range 24.78 - 29.78 m, 58.5 min of observation
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Figure 7.12: The blue histogram shows the normalized distribution of baselines extracted
from telescope pointing positions. The orange histogram is the normalized distribution of
baselines after weighting by background variance (more background means less weight).
The green histogram shows the normalized distribution of baselines after weighting the blue
distribution by the convolution with the mirror size (all baselines combinations between
the two 17 m dishes).

Zero baseline correlation

The zero baseline correlation is the value of the correlation at baseline 0 and it is a constant
for all measurements performed with each pair of channels for as long as the instrumental
setup does not change. All correlations between channels pixel 251 of MAGIC 1 and pixel
251 of MAGIC 2 (A-C configuration) would have the same value if measured at baseline
0 and the same would happen for any other combination of channels, each combination
having a distinct ZBC value.

The ZBC can be measured performing chessboard observations (see section 5.2.2)
because the corresponding effective baseline is roughly zero or by fitting observations of a
well known star that can be used as calibrator. I performed 5 independent joint bootstrap
fits for 5 of the 7 reference stars defined in table 8.1. For each star a bootstrap fit was
performed combining the A-C and B-D configurations data sets (see example for Adhara
in figure 7.13). The parameters of the fits were ZBCsc, ZBCpp and the angular diameter
to represent the fact that each data set has a different calibration parameter but both must
reconstruct the same UD model of the star, since the angular size of the star, and ultimately
its physical diameter, does not depend on the setup.
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Figure 7.13: Joint bootstrap fit of A-C (circles) and B-D (triangles) data sets of eps CMa
(Adhara). The true distribution of baselines normalized an scaled to fit within the size of
the error bars is shown as violin plots for each A-C (blue) and B-D (orange) measurement
(this is equivalent to the green histogram in figure 7.12 for each point). The 1 ¢ CL is
shown for the A-C (blue) and B-D (orange) reconstructed UD models. In the lower part
the residuals of each measurement are also shown.

The result of the fit for each star can be found on table 7.5. In the table, the angular
diameters measured from other instruments are compared with the ones measured with
MAGIC-SII, being all of them compatible and with better or similar precision.

Bayer HD Spectral B Reference 6 Measured 8 2 Obs. Time
Name  Number  Type (mag) (mas) (mas) (hours)
epsCMa 52089 BI1SI 129 077+005M [0.78+0.02 1.2 9.6
epsOri 37128  BOla  1.51 0.631 £0.017® | 0.61+0.02 0.5 3.1
bet CMa 44743 BII-II  1.73  0.523+£0.017 ) | 0.59+0.03 1.1 3.8
kapOri 38771 BO0.SIa  1.88  0.44+0.03(0) | 0564005 3.9 1.7
gam Crv 106625  BSIII 247  072+£0060 | 0.82+0.04 1.9 1.7

Table 7.5: Table of reference stars selected from JMDC, sorted by B magnitude for which
enough MAGIC-SII data was available in order to perform an analysis. The spectral
types and B magnitudes have been extracted from SIMBAD [177]. The angular diameter
measurements performed by other instruments such as Narrabri (1) [157] and VERITAS
(2) [178] are shown alongside MAGIC-SII measurements for comparison. The reduced x>
and the devoted observation time in hours are also shown.

As can be seen in figure 7.14 the star for which we have devoted more observation
time is Adhara, and is the star that has yielded the best precision in the measurement of
both ZBC values and has a previous angular diameter measurement of 0.7740.05 mas by
Narrabri [ 157] which is compatible with our 0.78+0.02 mas measurement.
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Figure 7.14: Comparison of the precision of the different ZBC measurements for A-C and
B-D modes with the 5 reference stars.

For this reason I chose to use Adhara as a calibrator in order to calculate the ZBC for
two combination of channels: A-C (pixels 251 from MAGIC 2 and MAGIC 1) and B-D
(pixels 260 from MAGIC 2 and MAGIC 1), being the resulting ZBCs (2.284-0.09) - 10~6
a.u. for A-C and (2.3140.11)-107% a.u. for B-D. These values will be used as extra
measurements for other stars in their respective A-C and B-D data sets at zero baseline.

Angular diameter estimation

For some stars, only measurements in A-C or B-D configuration have been performed. In
those cases the corresponding ZBC have been added as an extra measurement at baseline 0
m and then the diameter has been found by performing a bootstrap fitting of the contrast
measurements versus baseline. In some cases, both A-C and B-D measurements have
been performed. For these cases, a joint bootstrap analysis has been performed: the data
sets from A-C and B-D with the added corresponding ZBC values as extra measurements
(shown in figure 7.15 as ‘Adhara’s A-C ZBC’ and ‘Adhara’s B-D ZBC’) are treated as
separate fits but imposing the condition that both data sets must reconstruct the same
angular size diameter, leaving very little room for variation of the ZBC values (within the
uncertainties obtained from Adhara ZBC values). The distribution of the fit parameters for
the star eta UMa (Alakid or Benetnasch) are shown in a corner plot in figure 7.16.
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Figure 7.15: Result of the joint bootstrap fit of A-C (circles) and B-D (triangles) data sets
for eta UMa (Alkaid). The upper part of the plot shows the two reconstructed UD models
with same angular size diameter but different ZBC values together with their CL regions
for A-C (blue) and B-D (orange). The lower part of the plot shows the residuals of each
measurement with respect to the model.
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Figure 7.16: Corner plot that show the normal distributions of the parameters from the
joint bootstrap fit showed in figure 7.15 for the star eta UMa (Alkaid).

This procedure has been applied for each star. The resulting angular diameters are
presented in section 8.1 and the contrast or visibility curves are shown in the appendix A.

Data quality and consistency

Several test have been performed to ensure that measured data meets the expectations
from the theoretical basis and hardware specifications, such as studying the distribution of
corrected time delays and correlation peak width to ensure a proper delay correction has
been performed for all the signals, a comparison between the expected and the measured
sensitivity of the signals in order to validate both the scheduling tool and that observations
are being taken in nominal conditions, a study of different measurements of the ZBC in
order to check for possible biases in its estimation, a study of the consistency between
angular diameters obtained with different hardware configurations to ensure that the calcu-
lated diameters are independent of the combination of channels used.
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Time delays and correlation peak width

If the delay has been properly corrected for all frames, all correlation peaks are expected to
fall close to 0 ns time delay and have a width close to 2 ns. The following figures show the
distribution of the gaussian parameters i and o for the A-C and B-D modes combined:
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Figure 7.17: Corner plot of the distribution of | and © from the gaussian fits of the
correlation peaks of A-C and B-D combinations of channels.

As shown in figure 7.17 both averages of the gaussian fit parameters l,,, = —0.04 &
0.70 ns and 0,,, = 2.25£0.38 ns are consistent with the expected values of O ns and ~ 2
ns of delay and width, respectively.

Sensitivity
The expected signal-to-noise of the cross-correlation peak is calculated with expression
6.5 assuming a background magnitude of 5 mag. It is important to check if our predictions
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agree with our measurements to ensure that our setup works as intended. It also means
that the scheduling tool returns realistic observation times to get 50.

——]:1

Expected S/N [0o]

100 10!
Measured S/N [0]

Figure 7.18: Expected signal-to-noise vs measured signal-to-noise of the correlation peak
for the full dataset.

Figure 7.18 shows that the vast majority of the cross-correlation peaks are detected
within (—=2SNexpected; +2SNexpecieq), Meaning that our measurements match our predic-
tions successfully. The differences up and down the expected values can be produced by
several factors such as higher/lower background illumination levels than the one used for
the predictions (5 mag) trough the B parameter or a variety of weather conditions.

ZBC consistency

To check the consistency of the ZBC for each combination of channels I performed boot-
strap fits first without using Adhara’s ZBC as an extra measurement and then adding it as
an extra measurement at baseline O m. If all data from each channel is consistent, all the
ZBCs should agree with Adhara’s ZBC for the corresponding combination of channels.
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Figure 7.19: ZBC measurements for A-C and B-D using the combined data sets (A-C &
B-D) for each star, without adding Adhara’s ZBC as an extra measurement.

In figure 7.19 only ZBC values obtained with less than 30% relative error are shown.
Most of the measurements for both combination of channels agree with the measurement
with best precision (Adhara’s).
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Figure 7.20: ZBC measurements for A-C and B-D using the combined data sets (A-C &
B-D) for each star adding Adhara’s ZBC as an extra measurement.

In figure 7.20 the ZBC it can be seen that all the ZBC measurements are in agreement
with Adhara’s ZBC since it (Adhara’s ZBC) was used as an extra measurement at baseline
0 m. The higher precision measurement in the ZBCs will translate into better diameter
measurements.
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Consistency between A-C and B-D

If the ZBCs calculations from the previous sections are correct, then one should get the
same diameter for each star for A-C and B-D independently.
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Figure 7.21: Comparison between diameters obtained with A-C channels data and B-D
channels data.

Figure 7.21 shows that the difference between most diameters measured independently
in A-C and B-D is less than 16, meaning that most of them agree between the two combi-
nations of channels.

Systematics
The MAGIC Collaboration carefully evaluated the main systematics affecting their VHE
gamma-ray analysis [132, 180]. Given the very different nature of the measurement, these

systematics actually do not affect interferometry observations the same way. For instance,
the uncertainty in the amount of light detected by IACTs mainly affects S/N (see [181]),
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but does not add as a systematic.

There are factors that can change not only the S/N of the correlation signal, but also
the ZBC (which could lead to a wrong calibration of the setup and a wrong calculation of
the visibility). We have performed an extensive study of the effects that can and can not
add systematic uncertainties to our intensity interferometry analysis.

Some effects that do not add systematic uncertainty are: the amount of light that hits
the PMTs (provided that the stored DC values properly account for the average photon
flux that reaches the PMTs) and the gain evolution of components after DC/ADC branch
(Pearson’s correlation needs to be unit-less and so does the visibility, so changes in gain
coming from the vertical cavity surface emitting lasers (VCSels) or any component after
the DC/ADC branch cancel out when we calibrate our measured correlation with the
average photon fluxes (see Eq. 7.2)).

Electronic bandwidth While the single photo-electron response of the PMTs is fairly
stable, the VCSels’ signal transmission could change in short timescales, producing a
time-dependent variation of the electronic bandwidth. Thanks to the versatility of the
GPU correlator, we are able to compute the auto-correlation simultaneously to the cross-
correlation. This means that we can keep track of the electronic bandwidth of each channel
(pixel) over time. Our measurements represented in Figure 7.25 show that for values of
photon flux (which is proportional to the measured DC) higher than a certain threshold,
the width of the auto-correlation signal, and therefore the electronic bandwidth, remains
constant (less than 1% deviation for all pixels). This is because for lower photon fluxes the
signal is dominated by electronic noise, but for higher fluxes it follows a poissonian.
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Figure 7.22: Width of the auto-correlation peak versus different values of photon flux for
pixels 251 and 260 of the telescopes MAGIC 1 and MAGIC 2. A preliminary asymptotic fit
is added on top of the 2D density distributions to better visualize the behaviour. For lower
photon fluxes the correlation signal is dominated by electronic noise, but for higher fluxes
it follows a poissonian.
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Optical bandwidth The distribution of photons that pass through the narrow-band
filters has a certain QE (a(Ag)) but this factor is affected by the angle of incidence (AOI)
of the photons that reach them. Simulations of AOIs up to 26 deg (which is the cut-off
angle of the Winston cones in front of every PMT) show how this affects the shape of the

optical band-pass in Figure 7.23.
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Figure 7.23: Filter transmission curve for 0 and 26 deg AOI produced with the official tool

at for our Semrock 425-26 nm filters.

Sometimes the communication is lost between the AMC and the actuators of the mir-
rors, resulting in mirrors focused at the position of a previous observation or not focused
at all due to other problems with the actuators. This means that the number of mirrors
focusing the light into the pixels is not always constant and some light might be missing.
MAGIC’s AMC allows to keep track of the number of disconnected mirrors, so we can
check when this happens. Simulations in which the number of missing mirrors was up to
10 in different locations (random, outer ring, center) showed that this systematic effect is

in any case less than 1%.

The weight of the mirror dishes can produce deformations in the overall shape of the
dish when pointing at different zenith/azimuth coordinates, changing the distribution of
AOIs. This deformation is countered by producing Look Up Tables (LUTs) for the AMC
that correct for this effect and maintain the focusing performance in nominal conditions,
independent of the zenith/azimuth coordinates.

Gain of the DC/ADC branch The gain is the relationship between the number of
photo-electrons that are detected at the PMT and the anode current reported by the anode
current monitoring system. As seen in Eq.7.2, this value is necessary to properly account for
the amount of light that goes into each pixel and to properly compare DC; ;. With DC; ysp,
and has a direct effect on the calculation of the contrast and visibility. We have identified
several factors that can have an effect on the evolution of the gains, such as: temperature
variations, sudden jumps in current that need a few minutes to recover, PMT degradation
and changes in high voltage (HV). We perform special HV vs DC calibrations to ensure
that changes in log(HV') are proportional to changes in log(DC) for the observed DCs in
our nominal set of HV for the pixels. We estimate an overall systematic effect of 1% or less.


https://searchlight.idex-hs.com/

7.7 Systematics 98

NSB DC subtraction During interferometry observations we keep track of the NSB in
order to properly account for the starlight following Eq.7.3. We extract DC; ysp from the
‘background pixels’ that are not being focused on (up to two in each camera, reserving
the third one to observe the star). See picture in Figure 7.24 from when we had just two
filters in each camera. Most of the time they receive diffuse light from the Moon. It could
happen that a star brighter than the NSB crosses the field of view (FOV) of the background
pixels, producing an increase in DC; ysg. This would result in an overestimation of the
NSB and a wrong calculation of the contrast and later the visibility. Fortunately, we have
two background pixels in each camera when performing full-mirror observations, and
can see if one of the DC; ysp values gets unexpectedly higher than the other. This effect,
although occurring in a very small percentage of observations, can be avoided by using the
DC; ysp value from the unaffected background pixel. If this distinction is not made, the
effect is in any case less than 3% for stars up to 3.5 B mag.

Figure 7.24: Picture of one of MAGIC cameras during an intensity interferometry obser-
vation. The light from the target star, which can be seen within the yellow hexagons on
the right, is focused by the AMC into one of the holes with filters in the target holder (left
hole), while the other holes are illuminated by diffuse background light (right holes).

Residual electronic noise in the correlation There are two kinds of residual
electronic noise that can affect our correlation measurements. One of them is a slow noise
(one order of magnitude slower than the sampling frequency), coming from the digitizers
and correlators. When the amount of received photons is very low, the correlation is
dominated by this noise, which has a stable shape over time (see Figure 7.25) and can be
easily removed by applying a 12 MHz high-pass filter to the correlation. When the amount
of received photons is high (i.e. for bright stars) the correlation is no longer dominated by
this noise and the effect is much smaller, but we apply the filter in any case. The other kind
of noise is a high-frequency noise we believe is coming from different electronic devices
within the MAGIC counting house, which where the setup is located. This one cannot be
removed because the frequency is much closer to the sampling frequency. The best we can
do is shield the setup as much as possible.
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Figure 7.25: Average of the accumulated cross-correlation data frames in units of p(7) -
01 - 05 . The total integrated time is over 70 h, for pixel pair MAGIC-1 pixel 260 and
MAGIC-2 pixel 260, taken over the course of year 2022. The stable shape of the residual
slow electronic noise (left) can be removed by applying a high-pass 12 MHZ filter (right).
The greyed out zone between £300 ns is the range of delays in which we typically expect a
correlation signal from the star. Within this zone, the shape of the slow electronic noise is
intertwined with the stars’ correlation signals. After applying the high-pass filter, only the
slow noise is subtracted.



8. Results

Stellar angular diameter measurements

The main and most simple of the science cases discussed in section 4.3 was the measure-
ment of stellar radii by constructing a UD model of the star’s surface brightness distribution
by measuring the spatial coherence (visibility) over a range of baselines. This implies the
assumption that the selected stars are uniformly illuminated symmetrical stars, leaving
out the calculation the dependence of the optical depth and the effective temperature with
stellar radius (limb darkening).

Comparison with reference diameters

Considering that there are previous estimations and measurements for the stars that we have
measured, it would be interesting to test how close or far away are our measurements from
those values, since that would imply differences between direct observations performed by
different instruments.
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Figure 8.1: Comparison between reference diameters obtained by Narrabri and VERITAS
and measured angular diameters obtained with MAGIC-SII, for 5 of the 7 reference stars.
The grey zone in the lower plot shows the £10 region of the difference between measured
and reference diameters.

As seen in figure 8.1 and table 7.5 the diameters for Adhara, gam Crv and eps Ori are
compatible with measurements performed by Narrabri and VERITAS but for bet CMa and
kap Ori they are not. For kap Ori more measurements at different baselines are needed:
the fit was performed with just two measurements from A-C and one from B-D, being the
measurement from B-D in the same baseline range than one of the measurements in A-C
(see figure A.4). For bet CMa the discrepancy could come from the fact that it is actually a
Beta Cephei variable star: it is possible that measurements from VERITAS and ours have
been performed in different modes of pulsation.

New diameters

Stellar angular diameters have been computed for a total of 16 stars for which the angular
diameter had not been measured before in our bandwidth (400-440 nm) or for which there
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are measurements in our bandwidth but the precision was too low to be considered as
reference stars. They are mostly early-type stars with B magnitudes between 1.67 and 3.73
and modeled angular diameters between 0.05 and 2 mas.

The resulting angular diameters are shown in table 8.1 together with their Bayer desig-
nation, HD number, spectral type, B magnitude, modeled value of the angular diameter,
measured diameter with the MAGIC stellar intensity interferometer and the reduced x2 of
the fit. A comparison with the modeled diameters from stellar models is shown in figure 8.2.

Bayer HD Spectral B Modeled 6 Measured Oy p X3 Obs. Time
Name Number Type (mag) (mas) (mas) (hours)
etaUMa 120315 B3V 1.67 0.67 £0.14 @ 0.81 + 0.01 1.5 9.2
0.74 + 0.09 (1
bet Per 19356 B8V 2.07 12+01M 0.82+0.04 73 1.6
etaCen 127972 B2Ve 212 0.57 £0.06 M 0.75+0.08 41073 0.9
ups Sco 158408 B2IV 248 048 +0.050 0.92+ 0.06 1.4 1.5
gam Peg 886 B2IV 261 036+0040 | 0.48+0.03 0.4 2.9
0.47 +0.02 @
bet Cas 432 F2111 261 1.8+02 M 17402 2.4 0.9
20+£01@
alf Cep 203280  A8Vn 268 134+0.14 (0 1.3+0.1 0.3 2.9
alf02 CVn 112413  AOVpSiEu 276 0.71+0.07 (D | 0.68 +0.04 33 5
0.6+01®
del Cas 8538 ASIV 2.810 12+01M 1.14 + 0.07 0.8 47
1.1+01®
gam Gru 207971  BSIV-Vs 289  0.69+0.06) | 0.64+0.05 1.9 95
zetPer 24398 Bllb 297  0.052+0.001 D | 0.65+0.08 0.7 3.4
0.61 + 0.06 4
phi Sgr 173300 BSIII 3.050  0.63+0.071 | 0.58+0.05 1.3 6.4
gam Lyr 176437 BOIII 3200 0.70+0.081) | 0.68+0.04 1.2 8.3
0.6+01®
epsCas 11415 B3Vp_sh 322  035+004D | 0.68+0.06 0.9 7.0
0.36 + 0.08 (2
zet Cas 3360 B2IV 347 029 +0.03 M) 0.34 + 0.06 2.1 10.2
0.32 +0.01 @
tau Her 147394 B5IV 373 037+0030 | 038+0.03 1.1 19.4

Table 8.1: Table of MAGIC’s measured UD angular diameter for stars with modeled
diameters from different sources. Spectral types and B magnitudes are from SIMBAD. The
modeled angular diameters are from the (1) JSDC catalog v2 ([170]), the (2) Swihart
catalog ([169]) and the (3) SearchCal tool ([171, ]). The stars that were found both in
JSDC and SearchCal presented no difference in the value nor in the error between them,
except for zet Per for which the value was very different.



8.1 Stellar angular diameter measurements 103

2.5
e tau Her
gam Lyr
del Cas
bet Cas
2.0 | T | e zetCas
—_ I l I eps Cas
w
g e alf02 CVn
- gam Gru
% 1.5 1 e phiSgr
E eta UMa
g e alfCep
[4F]
= st T bet Per
g 10 |_J__| eta Cen
E | ups Sco
T ® gam Peqg
%l zer Per
_|
0.5 - N - e
[
3 5 & =
2 p -
g 2 54 l_J__| lo
@ T
=i =
§ 2 G
e L R T
o = L 4
i
E_']. !; T T T T
o = 0.5 1.0 1.5 2.0 2.5
5 1]

Measured diameter [mas]

Figure 8.2: Comparison between modeled and measured angular diameters for stars
without a direct angular diameter measurement in our optical band.

For vast majority of cases, the modeled diameter agrees with the measured diameter
and previous measurements in other wavelengths:

eta UMa: also known as Alkaid or Benetnasch, is a fast rotator with a rather small
oblateness of 0.05 [182]. CHARA reported measurements in [ 1 83] with CHARA/PAVO
at 630-950 nm of 0.818+0.060 mas. Our measurement is compatible with this measure-
ment and with the the modeled diameters from Swihart, JSDC v2 and Underhill et al. [184].

bet Per: more widely known as Algol, is a triple system in which Algol A and B
interact as an eclipsing binary in a close orbit of ~3 days period and Algol C orbits the
first pair with a period of ~ 680 days [185]. In [186], CHARA reports angular diameter
measurements in H band for the three components: UD4 = 0.88 + 0.05 mas, UDp =
1.12 4+ 0.07 mas and UD¢ = 0.56 4= 0.10 mas. Our measurement is compatible with
the measurement reported by CHARA in H band but not with the modeled value from
JSDC v2. Since the A component is much brighter than the B and C components, we
consider that we are only seeing component A most of the time, but it is possible that some
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observations have been performed during one of the eclipses of the component B over
component A. More measurements at different orbital phases would be needed.

eta Cen: 1s classified as a Be star with multiperiodic magnitude variations interpreted
as non-radial pulsation modes [187]. It is a fast rotator with 0.16 oblateness [182]. The
incompatibility of our measurements with the expected value could be explained by its fast
rotating nature: maybe this property has not been taken into account in the model for the
predicted angular diameter and measurements performed at different UV angles would
retrieve different angular diameters. Our measurements have not been separated by UV
angle and the UV coverage that we have covered, which could explain the poor quality of
the fit and the discrepancy with the modeled values.

ups Sco: is a subgiant B star. Our measurement differs a lot from the modeled value of
0.48+0.05 mas from JSDC v2 and 0.438 mas from [184]. It is not a known fast rotator nor
a known multiple star system. A naive calculation of the star radius using the distances
from GAIA DR3 [188] and Hipparcos [189] and our measurement of the angular diameter
retrieves 220+30 R and 16 £ 2 R, respectively. The angular diameter obtained in this
work of 0.92+0.06 mas is compatible with the one obtained by other analyzers from the
MAGIC intensity interferometry group, such as the one presented in C. W. Wunderlich
thesis of 0.9440.09 mas [190]. Measurements at more baselines are needed to improve
the angular diameter measurement.

gam Peg: is a Beta Cephei variable star, with radial pulsations with 3 or more pul-
sational frequencies, ranging from ~3 hours to ~ 7 days [191]. Our measurement is
compatible with the prediction from Swihart but not with the one from JSDC v2 nor the
one from [184] of 0.432 mas. More measurements would be needed to get a better fit, but
our measured angular diameter seems to be in the ballpark of what it is expected for this star.

bet Cas: is a Delta Scuti variable star [192] and is a fast rotator [193] spinning at
more than 90% of its critical velocity, causing a radius difference of 24% [194]. Our
measurement of the angular diameter seems to be in agreement with modeled values from
Swihart and JSDC v2. Other measurements in other wavelengths seem to be pretty similar
as well: 2.14540.058 mas at 700 nm [195] and 2.054+0.05 mas at 740 nm [196].

alf Cep: better known as Alderamin, is a fast rotator with oblatenes 0.21 [182]. Our
measured angular diameter agrees with the modeled value from JSDC v2. More measure-
ments are needed at different UV angles to improve the quality of the fit.

alf02 CVn: is a binary star together with alfO1 CVn, which is much fainter (2.76
vs 5.94 mag). It gives name to the a?> Canum Venaticorum variable star classification
[197]: stars that present specially strong magnetic fields originating starspots that produce
visible variations in their light curves and spectra with a period equal to the star rotation.
Our measurement is compatible with the modeled angular diameters from Swihart and
JSDC v2, but more measurements at different baselines are needed in order to improve the
angular diameter estimation.

del Cas: it is an eclipsing binary with a very long orbital period of 759 days [198]. Our
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measurement is compatible with the modeled angular diameters by Swihart and JSDC v2.

gam Gru: is a variable [199] high proper motion star [200]. Our measurements agree
with the modeled values from Swihart, JSDC v2 and Underhill (0.666 mas) [184].

zet Per: is a blue super-giant [201]. Its angular diamter has been measured by
CHARA/VEGA 0.531+0.007 mas at 734 nm [202]. The modeled angular diameters
by SearchCal and Underhill (0.702 mas) [ | 84] while the modeled value by JSDC v2 seems
to be quite different.

phi Sgr: is another high proper motion star [200]. Our measurements seem to agree
with the modeled angular diameter by JSDC v2.

gam Lyr: CHARA has reported measurements for this star in different wavelengths,
like 0.74+0.01 mas with CHARA/VEGA at 480-850 nm [202] and 0.71240.028 mas with
CHARA/PAVO at 630-950 nm [183]. Our measurement is compatible with the modeled
angular diameters from Swihart and JSDC v2.

eps Cas: according to [201, , ] this is a ‘shell star’, presenting diffuse helium
lines and sharp hydrogen lines. These kind of stars can present episodes in which they
display shell characteristics in their spectrum and other episodes in which they do not,
appearing sometimes as a Be star or a B star. The incompatibility observed between the
modeled angular diameters and our measurement could be caused by a wrong value of
E(B-V) (color excess) used in the predictions, as briefly discussed in [184] for which the
predicted angular diameter was 0.468 mas. Another reason could be that this star is a fast
rotator and our measurements have been performed in a direction in which it appears very
elongated.

zet Cas: it is a candidate to be a Beta Cephei variable star [205]. Its diameter has been
measured by CHARA/PAVO in the 630-950 nm with a value of 0.273+0.018 mas [183].
Our measurement is compatible with the CHARA/PAVO value and with the modeled
values from Swihart, JSDC v2 and Underhill (0.303 mas) [184].

tau Her: it is a pulsating variable [206]. CHARA/PAVO measured its angular diameter
in the 630-950 nm with a value of 0.3544+0.020 mas [183]. Our measurement is compatible
with this value and with the modeled values by JSDC v2 and Underhill (0.358 mas) [184].



9. Conclusions and prospects

Over the course of this thesis, the MAGIC stellar intensity interferometry setup has been
upgraded in several ocasions [165, 166, 167]. For this setup, I have participated by finding
MAGIC AMC focusing parameters that better focused the light into the designed inter-
ferometry pixels. In order to exploit this setup, I built a catalogue of almost 400 target
stars with modeled and/or measured angular size diameter in the blue band. This catalogue
has been gradually extended with new sources and science cases such as fast rotators or
spectroscopic binaries whose results are not showed in this work for being too preliminary
still. I developed a tool to schedule over 400 h of observations over the course of the last
two years as the official scheduler MAGIC intensity interferometry observations.

I present the different steps of the analysis that I implemented on an pipeline inde-
pendent from other three different pipelines within the MAGIC intensity interferometry
working group, obtaining consistent results with them. I also present several consistency
tests in order to ensure data quality, such as: the distribution of corrected delays and widths
of the correlation peaks with being compatible with the expected 0 ns delay and 2 ns width,
sensitivity measurements and sensitivity estimations that prove that the scheduling tool
reproduces well the observed sensitivities, compatible ZBC measurements from different
analysis and comparsion of angular diameter measurements from two different hardware
configurations that ensure that the measured angular diameters do not depend on the
hardware configuration used.

Part of the scientific results obtained with the 400 h of data is presented in this thesis,
mainly angular diameters for stars with known angular diameters and for stars whose
diameter had not been measured before in blue band. The angular diameters obtained
with MAGIC-SII were compared with values from other instruments (Narrabri and VER-
ITAS), showing compatible results for all but one star. For the stars that did not have
previous measurements of the angular diameter in blue band, MAGIC-SII measurements
were compared with modeled values from different sources based on spectroscopy and
stellar models. For all but 3 of the 16 stars, an agreement between modeled and measured
diameter was obtained. Some of the stars are known fast rotators according to [182], so
the reported diameter values should be taken as an average.
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The reported diameter measurements uncertainties in this thesis do not include the
contribution of systematics. Still, a systematics study was performed and several sources of
systematics were found: 1) The electronic bandwidth could change over short timescales
due to changes signal transmission of the VCSels. This returned a systematic of less than
1% for all pixels. 2) The AOI of incident affects the shape of the transmission curve of
the optical filters. Simulations were performed within the MAGIC-II working group for
different AOIs, which returned in a systematic of less than 1% for all the mirror facets. 3)
Changes in gain of the DC/ADC branch due to temperature variations, sudden jumps in
current and degradation of the PMTs. The gain values are used to account for the amount
of light that goes into each pixel, and properly subtract the NSB contribution to the star’s
DC. Again, the found systematic value for this effect is less than 1%. 4) Stars different
from the target star that cross the FOV of the defined background pixels. It can happen for
some stars, in which case very different NSB levels are observed in the two background
pixels. The effect can be removed by selecting the unaffected background pixel, but in any
case the effect is less than 3% for stars up to 3.5 mag. 5) Residual noise in the correlation
caused by the electronic components such as digitizers and correlators. When the amount
of starlight photons is low, this noise dominates the correlation, while for higher amount
of starlight photons the correlation is dominated by a poissonian. Since frequency of this
noise is slower than the sampling frequency and mainly affects observations with low star
DC, a 12 MHz high-pass filter is applied to all data.

MAGIC already proved that it can function as a stellar intensity interferometer with
the previous setup [167] and is on the process of proving that again with the upgraded
setup in a performance paper in preparation of which I will be a corresponding author.
Several new configurations are being assessed making use of the neighbour LST-1 and
the soon-to-be LST-2, and 4. Combining the two MAGIC telescopes with one or several
telescopes, would translate into several advantages: 1) more different baselines would be
measured simultaneously and at longer distances, desirable for small stars ( < 0.5 mas) and
measurement of limb darkening for larger ones ( » 1 mas). 2) The larger collection areas
from LSTs with 23 m diameter mirror dishes would reduce necessary observation times
for detection compare to those of MAGIC with its 17 m diameter mirror dishes, and lower
the star magnitude threshold and relative statistical error in the diameter measurements,
as shown in figure 9.1. 4) since different baselines are measured in different relative
orientations, the UV coverage would be greatly improved with 3 and 15 simultaneous
correlations for MAGIC+LST and MAGIC+4LSTs respectively. This would help to unveil
the structure of non-symmetric targets such as fast rotators and spectroscopic binaries and
even some asteroseismology modes.



108

o ---- Dark-time sensitivity (140 min) ,,f"
g ¢ Full-Moon sensitivity {140 min) P
o k +
E /}/I III’
O 1071 e s
E ’/’ t’f’
o e b
E Jf’ ”/I
o SRt
Q e ot
2 \s 2
+ e lf’
o /"+ L b{\,c)
g e & \Cf
L 1072 + P~6
I - W
Q »
-
) g
(] /*/
1 2 3 4 5 6

B magnitude [m]

Figure 9.1: Plot from [166]. The expected error in the measurement of an angular diameter
as a function of magnitude is calculated for MAGIC, MAGIC-LSTI and MAGIC-4LSTs.
The dashed lines show the the results assuming dark-sky conditions while the points are
simulated under full-Moon conditions, both with 140 minutes of observation per step.
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Fast Radio Bursts (FRBs) are a kind of astrophysical transient that consist on fast, bright
radio flashes. They were first discovered with the Parkes Radio Telescope in Australia
in 2007 [207]. Since then, over 600 FRB sources have been detected, displaying a wide
range of characteristics. So far, 24 of them exhibit a repeating behaviour but others do
not, which may suggest different emission mechanisms. At least 2 of the repeaters also
display periodic states of activity: FRB 20121102A [208] and FRB 20180916B [209],
with periods of 157 [210] and 16.35 [21 1] days respectively. For this kind of FRB sources
(repeaters), young magnetars are the prime candidates (and perhaps also for non-repeating
ones). This is supported by the detection of FRBs coming from the galactic magnetar SGR
193542154 [212], which was the first known FRB emitter associated to a known source
within our galaxy. In case of the non-repeaters, more cataclysmic scenarios have been
proposed like the merging of neutron stars [213].

Most FRB emissions have been identified to come from outside of our galaxy by
studying their dispersion measures (DMs): depending on from where and from how far
away the FRB was produced with respect to Earth, the pulse gets more dispersed by the
free electrons in our galaxy (different column depths) the farther away the source is, which
has a direct effect on the delay of the pulse observed in different frequencies. Given that
there is a maximum dispersion measure in any given direction within our galaxy (that can
be explained by the models of free galactic electrons), if a significantly greater dispersion
is observed, then we are looking at an extragalactic event. This is one of the main reasons
why these events remain a mystery: most of them come from cosmological distances
and yet we observe them with such a great brightness that the energy involved in their
production must be huge. Another reason is that they have only been detected in radio and
very few of them simultaneous to other wavelengths.
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Figure 10.1: Waterfall plot of CHIME data collected on August 24th, 2021. It shows a
quadratic shift in the position of the pulse across the frequency band, which translates into
a dispersion measurement of 375 + 1 pc cm™3. This DM is much higher than the expected
DM for this line of sight which is 25 pc cm™3. This fact together with the galactic latitude
of the source b = -41.8° makes it highly improbable that the source is located within our
Galaxy and suggests a cosmological origin [207].

Main suspects: Magnetars

Magnetars are neutron stars with specially strong magnetic fields (B = 10'* — 10'3 G) and
short spin periods (1 - 10 s) [214]. They are known to display persistent and transient
emission:

Persistent Their strong magnetic field decays, powering persistent X-ray emission via
thermal radiation from the neutron star’s hot surface which gets reprocessed in the mag-
netosphere via cyclotron resonant scattering [215]. This emission has only been detected
up to a few keV. Fermi-LAT has set strong upper limits in HE gamma rays for 20 galactic
magnetars from observations taken over the curse of six years [216]. MAGIC set upper
limits in VHE gamma rays for magnetars 4U 0142+61 and 1E 2259+586, observing no
significant emission above 100 GeV for 14 and 25 h of observation respectively [217].
These non-detections agree with theoretical models that predict that magnetars are not ex-
pected to emit gamma-ray radiation via synchro-curvature processes since magnetospheric
particles are not sufficiently accelerated in order to emit any detectable HE gamma-ray
signal [218].
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Transient Magnetars have been known to produce flares or bursts that have been detected
in radio and X-rays, on different time-scales. They are most likely caused by large-scale
changes in the surface or the magnetic field. The bursts can be divided by their duration
and intensity into short, large and giant flares. Giant flares have been observed to display
very intense short hard spike emission followed by a weaker pulsating phase and a thermal
afterglow in X-rays [219] as seen in figure 10.2. Fermi-LAT detected one of these events

in the HE range [220] proving these sources have the energy budget to emit at energies
above 1 GeV.
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Figure 10.2: Count rates of the RHESSI solar telescope during a giant flare on December
27, 2004 of the magnetar SGR 1806-20 [2]9, J. Top plot shows the flare and the
oscillations at E < 250 keV while the bottom plot at E > 250 keV shows the flare but no
oscillations. The dot-dashed lines mark the spin period of the neutron star, coincident with
the pulsations on the top plot.

MAGIC potential to detect FRBs counterparts

Magnetars show very diverse transient activity with short, large and giant flares. For the
moment there is no link between short flares and HE emission, but giant flares have been
detected by Fermi-LAT (E > 1 GeV) as showed in the previous section. This proves that
magnetars have the energy budget to emit in HE. If the emission mechanism is able to
accelerate photons to even higher energies, MAGIC would actually be better suited than
Fermi-LAT to detect such bright transient emission. As shown in figure 10.3, IACTs are

~3 orders of magnitude more sensitive than Fermi-LAT to brief transients in the VHE
regime.
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Figure 10.3: Differential sensitivity as a function of observation time for Fermi-LAT,
MAGIC, VERITAS and CTA (South array) at four energies from 75 to 250 GeV [222].

Current magnetar models support the possibility of observing optical bursts [223]. In
fact, ultra-fast optical emission was detected in 2007 from the direction of the galactic
magnetar candidate SWIFT J195509.6+261406 [224]. They detected strong optical flares
of magnitude > 6 mag and durations between 2 and 100 s. The morphology of the optical
flares resembled X-ray outbursts of SGRs. MAGIC’s Central Pixel setup described further
ahead (section 11.2) has enough sensitivity and time resolution to observe similar bursts.
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Figure 10.4: Optical light-curve of SWIFT J195509.6+261406 obtained with OPTIMA-
Burst at Skinakas Observatory. Several fast optical flares are seen within the first 50 h
from the initial trigger [224].

As introduced in this chapter, most detected FRBs are one-time transient events, while
a reduced subset of them show a repeating behaviour. Over the last decade radio surveys
have shown that these repeaters have periods of higher activity, in which the average burst
frequency reaches values well above 1 FRB/h. These properties make FRB repeaters the
ideal target to constrain the multi-wavelength emission of these transient phenomena: they
allow the scheduling of strictly simultaneous observations between several facilities during
active periods. Although rather time consuming, this observational approach has achieved
multiple milestones, such as the localization of FRB repeaters by employing multiple
radio antennas [225], the detection of X-ray burst simultaneous to FRB burst for SGR
1935+2154 or the setting of UL in optical and VHE by MAGIC [138].

Among FRB repeaters, FRB 121102 was the first known FRB repeating source and
the second known repeater with periodic activity with a period of 157 & 7 days [210].
Thanks to its repeating behaviour it was possible to localize the source with sub-arcsecond
precision, identifying radio and optical persistent sources in its direction [225, ). It
seems to be located in a star-forming region with low metallicity [227] within a dwarf
galaxy of redshift z ~ 0.193 [228] at a projected separation of 40 pc from a compact
persistent radio source [225]. The FRBs from this source have been observed with an
average DM of 557 pc cem ™3 [208]

FRB 121102 was observed by MAGIC in 2017 in both VHE and optical [ 38] and by
Arecibo in radio [229]. Five radio bursts were detected simultaneous to MAGIC obser-
vations, but no counterpart was found for any of the radio pulses as shown in figure 10.5
in the optical. The emission was constrained in both VHE and optical. A bright 12 ms
optical flash occurred 4.3 s before one FRB but it was consistent with meteors’ irreducible
background (2.20). Still, MAGIC was able to provide the most stringent constraints to
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simultaneous optical and VHE emission available at the time.
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Figure 10.5: Optical light-curves of FRB 121102 taken with MAGIC’s CPIX from [138],
covering +100 ms around the Arecibo’s TOAs [229]. No significant excess is observed
simultaneous to any of the bursts.

These observational results demonstrate the potential IACTs may have on detecting
MWL counterparts to FRB emission. For this reason, the FRB observation program has
been proposed within the MAGIC Collaboration since 2017, and multiple observing cam-
paigns have been performed on multiple FRB repeaters showing high burst frequencies
triggered by radio observations. The results of some of these observing campaigns are
presented in the following sections.
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VHE analysis

The VHE analysis has been performed using the MAGIC Standard Analysis Software
(MARS) [230, 231]. MARS is a collection of programs written in C++ embedded within
the ROOT framework [232]. In this section a brief description of the MAGIC analysis
is presented. For a more in-depth description of the analysis, see [21, 233, 234] and
references therein.

The overall flow of the analysis is divided into the following steps:

Initial data quality assessment
1. Source data selection: it is necessary to establish the conditions in which the source’s
data has been taken: zenith range, ON or Wobble mode, stereo or Mono, with stan-
dard or SumT trigger, good/bad weather, high/medium/low background illumination
levels, analysis period.

2. MC data selection: Given the impossibility of directly calibrating IACTs, these
telescopes heavily rely on simulated Monte Carlo (MC) data. VHE gamma-rays
MC data needs to be selected, matching the type of trigger of the data (standard or
SumT), analysis period (since the performance of the telescopes varies with time),
and zenith range. It will be necessary to train and test the random forests later used
in event classification, energy estimation and direction estimation.

3. OFF data selection: Select OFF data, empty of known VHE gamma-ray sources,
with similar observing conditions to those of the source (zenith range, observation
mode, trigger, analysis period). It will be needed to train the random forests used for
gamma/hadron classification.

4. Crab Nebula data selection: Select Crab Nebula data with similar conditions to the
source’s data (zenith range, observation mode, trigger, analysis period). The Crab
Nebula acts as a ‘standard candle’ since it is a bright and stable VHE emitter. It
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is needed to test that the random forests are properly trained and that the analysis
chain is capable of reconstructing the Crab Nebula spectrum properly (agreeing with
previous publications).

Signal extraction A trigger system is implemented that evaluates the events and de-
cides whether storing or not the received signals. Its main objective is to store as many
Cherenkov showers as possible, leaving out as many events caused by the NSB as possible.
The pixels involved in the first three levels of the system are the inner-most ones, favouring
those events recorded close to the center of the camera (where most of the Cherenkov
image is expected to be seen completely):

e [evel O: this level evaluates if the digitized signal from each channel surpasses a
discriminator threshold (DT) which is different for different source and observation
conditions (galactic or extragalactic source, with or without moon-light) and whose
objective is to limit the amount of background events (mainly CRs) while maintain-
ing a sufficient and stable rate of gamma-like events.

e Level 1: this level looks for spatial and temporal correlation within several overlap-
ping regions for events that passed the Level O trigger. The events that present N
adjacent pixels forming a compact group are accepted since gamma-like events are
expected to produce compact Cherenkov images (ellipses).

e Level 2: this level evaluates the shape of the events that passed the Level 1 trigger
providing additional discrimination, although it is not enabled for standard MAGIC
data taking modes. It is used for monitoring the event rate, rate scaling, coordination
of the Level 1 trigger with the calibration system and the merging of stereo triggers.

The last trigger level is the Level 3 and is used in stereoscopic observations (which is
the standard for VHE observations with MAGIC). This level evaluates which events have
triggered both telescopes within a certain time window at trigger level 1. The PMT signals
and arrival times of events that successfully trigger this level are stored for further analysis.

Signal calibration Given the different properties of each PMT in the camera, a step
is needed to ensure the signal coming from each pixel are calibrated (both in charge and
arrival time). The pedestal signal is subtracted and each pixel’s charge is converted from
ADC to photo-electrons via the F-factor method [235]. The arrival times are corrected by
their corresponding cable length differences.

Image cleaning In addition to the elliptical-shaped Cherenkov showers, IACT camera
images contain NSB photons and electronic noise. Image cleaning algorithms are applied
to identify those pixels dominated by Cherenkov photons. Calibrated images are ‘cleaned’
by identifying clusters of pixels with charge above a given threshold and similar arrival
time.

Image parametrization Hillas parametrization [236] is applied to describe the proper-
ties of cleaned images of the events.
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Figure 11.1: On the left: diagram of a gamma-ray shower development from [237]. On
the right: image of a cleaned shower with a superimposed diagram of some of the Hillas
parameters that describe it [23]].

The most relevant Hillas parameters, determined from single calibrated images, are:

e Size: total charge in photo-electrons of the cleaned image. It is strongly correlated
with the energy of the primary.

e Length: corresponds to the length of the major axis of the image. It accounts for the
longitudinal development of the shower. It is usually larger for hadronic showers
than for gamma ray showers.

e Width: corresponds to the length of the minor axis of the image. It accounts for the
lateral development of the shower. Hadronic showers usually appear broader than
gamma ray showers.

e Center of gravity (CoG): center of gravity of the image in camera coordinates.

e Conc N: concentration or compactness, it accounts for the fraction of the photoelec-
trons within the n brightest pixels.

¢ Dist: it is the angular distance between the center of gravity of the image and the
source position in the camera. It is used to provide an estimation of the impact
parameter of the shower, which is the distance between the shower axis and the
telescope axis.

e Alpha (o): it is the angle between the major axis of the image and the line that
connects the center of gravity of the image with the source position in the camera.
The images of showers produced by gamma rays coming from the assumed position
of the source in the camera will have low alpha values, since the major axis will
point to it.

¢ Time gradient: it is the slope of the linear fit of the arrival times with the spatial co-
ordinate along the major axis. It accounts for the temporal development of the source.
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e Time RMS: corresponds to the RMS of the arrival times. It will be different for
gamma ray showers and for hadronic showers so it is used as one of the discrimina-
tors between them.

e M3Long: third longitudinal moment of the image along the major axis. It is used to
account for the asymmetry along the major axis to distinguish the head from the tail.

e Asymmetry: it is the distance between the pixel with the highest charge and the
center of gravity of the image, projected onto the major axis. It accounts for the
head-tail arrangement of the image.

e Leakage N: it accounts for the fraction of charge in the Nth outermost ring of the
camera. It helps to estimate how much of the image is lost outside the camera. The
greater it is, the less of the image is seen by the camera and a correct reconstruction
will be more difficult.

e Number of islands: corresponds to the number of isolated groups of pixels. Im-
ages produced by gamma ray showers will typically generate a single island while
hadronic showers may generate more than one within a single event.

In case that at least two telescopes are triggering simultaneously the same events
(MAGIC standard observations are in stereo, so all events fulfill this condition), more
parameters can be extracted to describe the event:

e Shower axis: it is the 3-dimensional direction of the development of the shower. It
is characterized by the arrival direction (point in which the major axes of the images
would cross if they where in a common camera plane) and the impact parameter
with respect to each telescope.

e Maximum height: it is an estimation of the altitude at which the development of
the shower was at its maximum. It is strongly correlated to the energy of the primary
and it is an important discriminator at low energies.

e Cherenkov radius and photon density: they correspond to the radius and density
of the Cherenkov light pool on the ground.

e theta” (62): similar to the alpha angle in monoscopic observations. It corresponds
to the squared distance between the true and reconstructed position of the source.
Showers with a reconstructed position closer to the source position are more likely
to actually come from the source.

All these parameters are calculated for both acquired data and Monte Carlo simulations
of VHE gamma-ray showers. Machine learning algorithms (random forest) are trained
to identify, using these parameters, the nature (mainly gamma vs hadrons), energy and
direction of the primary particle of the shower.
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Secondary data quality assessment A second quality assessment is performed
making use of MARS ‘quate’ tool to establish good-time-intervals of data by checking
several parameters:

e That the trigger rates are mostly stable and between 200-300 Hz, which are the
expected cosmic-ray trigger rates under good-quality sky and hardware conditions.

e Cloudiness/Number of stars: MAGIC counts with a subsystem that monitors and
improves the pointing accuracy of the telescopes called Starguider. It uses a CCD
camera to record the position of bright stars in the region around the pointing position
of the observation and compares their position with their expected ones, making use
of reference LEDs around each camera as well. In presence of clouds or calima the
system will not be able to see as many stars as in good-weather conditions. About 20
- 40 stars should be seen at any given point. A low number of recognized stars not
only implicates bad weather conditions but also possible reduced pointing precision.

e That the average DC (NSB brightness) is not too high. Higher average DC means
higher background illumination levels, so it should be as low and stable as possible.
If it is too bright (>3000 nA) it could be due to the presence of the Moon or that the
data has been taken during sunrise/sunset.

e The presence of aerosols, clouds, calima and high humidity diminish the performance
of the telescopes, therefore the quality of the atmosphere needs to be constantly
monitored to ensure the best data quality. This monitoring is performed in MAGIC
by the use of a LIDAR (Light Detection and Ranging) setup [238, 239]. The LIDAR
information shows the atmospheric transmission for different altitudes. Times in
which the transmission is too low (typically less than 55% at 9 km) are not used in
the standard analysis.

The following image is a screenshot of the output of the tool quate for an observation
performed with good weather at low zenith:
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Figure 11.2: Example of the output of quate for good quality data. Several plots show
the conditions in which the data was taken: low zenith, azimuth between 100 and 200
deg, L3 trigger rates between 230 and 280 Hz, Cloudiness(%)/Stars shows around 20
stars or more, TH or trigger threshold seems stable, Mean DC is between 600 and 900 nA,
Atmospheric Transmission is around 1 for the whole time, LIDAR data shows no spikes in
the curve, meaning no presence of clouds at any of the altitudes, LIDAR integral aerosol
data shows a transmission of 1 for all altitudes.

Random forests training The selected OFF data together with half of the VHE gamma-
ray MC data is used to train random forests that are later used to distinguish gamma-like
events from hadron-like events, and estimate the energy and direction of the primary.

Random forests testing The selected Crab data is analyzed with the trained RFs to test
if the reconstructed spectrum agrees with the Crab Nebula spectrum. This is usually called
the ‘Crab test’.
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Figure 11.3: Crab test for the analysis period of ST.03.14. On the left: 67 distribution.
On the right: spectral energy distribution that shows an overall agreement between this
analysis and previous analysis.

Source’s data analysis If the ‘Crab test” was successful, then the performance of the
analysis chain is proven, and it can be used to produce high-level data products such as the
SED and the light curve of the target source. Only the selected good-time-intervals are
used to generate these products.

Significance calculation In order to calculate the significance of the VHE signal it is
necessary to reduce the number events that are more likely produced by hadronic showers.
This is achieved by filtering out those events with a high probability of being hadronic
showers, which is quantified by the hadroness parameter. The lower its value, the most
likely is that the shower was produced by a gamma ray. For further suppression of the
background the angle parameters alpha and theta” are used. In stereoscopic observations
the theta® is used to take advantage of using more than one telescope. Since theta® is
defined as the squared distance between the true and reconstructed position of the source,
events that come from the true position of the source will have lower theta® values. A
signal region is defined from 0 to a certain value of theta®. In case of gamma-ray emission
coming from the expected direction of the source, an excess on the source events (ON
events) above the background events (OFF events) would be observed. For higher theta?
no signal will be expected and the ON and OFF events are expected to have the same
behaviour, slowly decreasing according with the declining acceptance of the camera with
radius.

In order to calculate the excess events over the background the number of events are
compared following the expression:

Nex = on_KNoff (11.1)

where K is the ratio between on-source and off-source times and N,, and N, 7 account
for the amount of photons within the defined signal region coming from the ON and OFF
regions. The quantity KN, s amounts for the background events. The significance is then
calculated with the null hypothesis that the observed photons come from the background
(i.e. no photons coming from the source) following expression 17 from [240]:
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For a measurement obtained with a single observation (one trial), with enough N,,, and
N, s, one can say that the significance of said event is the result of equation 11.2 (in units
of number of sigmas) [240]. Unless otherwise stated, the significances of VHE emission
are calculated following this expression. In case further cuts and restrictions are applied
to the data, the number of trials needs to be taken into account to correct the value of the
significance to avoid false detections. By convention, an emission is detected from a source
if the significance level is equal or above 50.

Modes of observation: Wobble and ON/OFF

IACTs have a wide field of view when compared to optical telescopes, with the peculiar-
ity that the acceptance to VHE gamma-rays across the field of view falls quickly when
approaching the edges of the camera. In addition, this acceptance changes with many
environmental parameters (zenith distance, azimuth, night-sky background illumination,
etc...). Because of these peculiarities, IACTs generally use the following observing modes:

Wobble observations They are performed tracking a position with a given angular
offset from the source of interest. This offset is chosen so that acceptance in the ON
region is still good while enough OFF regions with comparable acceptance fit in the FOV.
This allows for simultaneous measurement of signal and background events at positions
on the camera with the same acceptance. These observations are usually carried out
tracking four Wobble positions around the source of interest as seen for the two examples
in figure 11.4. MAGIC usually employs a Wobble distance of 0.4°. Each Wobble posi-
tion is observed every 15-20 min to avoid a systematic bias due to detector inhomogeneities.
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Figure 11.4: Diagram of how two wobble positions in which one ON region and 3 OFF
regions are defined from [234].
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ON/OFF observations They are performed by pointing the source of interest directly
(falling into the center of the camera, i.e. ON observations). As the background in this
observation mode is not measured simultaneously, devoted OFF observations need to
be carried out pointing to a close-by sky position (so that you expect similar telescope
performance) with no known VHE emitters. These observations are generally carried out
intermittently between the ON and OFF positions.

For repeating FRBs, observations are generally carried out simultaneous to MWL
partners, and the key science driver is to observe the extremely brief and transient events
strictly simultaneously. ON observations are preferred because:

1. In ON mode, the acceptance is maximized in the source region, slightly improving

sensitivity.

2. The duty cycle of ON observations may be close to 100%, once you completely
neglect taking devoted OFF observations.

3. The source is located at the center of the FOV, location of the MAGIC Central Pixel.
As will be explained in the next section, this system allows MAGIC to perform fast
optical photometry simultaneous to VHE observations.

This observation mode (ON mode observations, without interleaved OFF observations)
presents a problem in the VHE analysis: no observations are devoted to measure the
background. For this reason, other observations with similar observing conditions are used
to model the expected background.

Fast optical photometry with MAGIC’s Central Pixel

The Central Pixel System (CPS or CPIX) consists of a modified photosensor-to-readout
chain at the center of each MAGIC camera [136]. MAGIC’s pixels are comprised of a
PMT and a preamplifier that splits the signal into an AC branch that processes Cherenkov
light pulses and a DC branch that monitors the anode current. The goal of implementing
the Central Pixel System is to increase the bandwidth to over 3 kHz by splitting the DC
branch into the slow-control DC monitoring system and to an additional optical transmitter.
The signal of the optical transmitter is then read by both the MAGIC DAQ system (Domino
readout) and a dedicated PC. This allows for fast (10 kHz) optical photometry observations
without disturbing VHE data-taking [ 50]. In order to reduce the noise at kHz frequencies
caused by the electronics, the CPIX is only sensitive to signals between 5 Hz and 10 kHz.
A diagram of the DC branch is shown in figure 11.5.
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Figure 11.5: Block diagram of the CPIX showing the modified DC branch []150].

The main science driver of this system are fast optical variable sources such as:

e Pulsars: pulsated emission has been detected from pulsars in several wavelengths:
radio, optical [241], X-rays [242] and even in HE [243] and VHE [39, ] gamma
rays. Given the observed phenomenology of pulsars in different wavelengths, it
would make sense to exploit MAGIC capability to perform optical and VHE searches
of pulsated emission.

e Stellar angular diameters via asteroid occultation: it has been proved (with the
VERITAS telescopes [ 137, 244]) that is possible to use IACTs to perform direct stel-
lar angular diameters with sub-milliarcsecond precision by studying the diffraction
pattern projected by stars when they are occulted by asteroids from the main belt.
Since MAGIC CPIX sensitivity can reach down to a magnitude of ~ 13 these kind
of measurements could help to close the gap between predicted and measured stellar
sizes for K-type stars [245].

e Microquasars: system of a compact object (neutron star or black hole) with a donor
star from which material is falling into the compact object, forming an accretion
disk around it. The fraction within the accretion disk from falling particles causes it
to heat up, emitting in radio, optical, X-rays and even in gamma rays. The charac-
teristics of the emission vary between accretion modes, such as fast quasi-periodic
oscillations in the optical and X-rays during transitional periods. Studying the corre-
lation of the ultra-fast variability of emission in different wavelengths simultaneously
would help to understand the different states of activity of these objects [246, ,

].

e FRBs and FOBs: several scenarios have been proposed for the emission of FRBs
that could include fast optical bursts (FOBs). Some of these scenarios have been
studied involving several IC scattering processes with one-zone and two-zone mod-
els. In order to allow for the same emission mechanism of the FRB to emit in optical
wavelengths a neutron star with an extremely strong magnetic field and extremely
fast spin would be needed or a very young SNR surrounding the FRB source [223].
If detected, this FOBs would reveal extremely energetic environments.

e Meteors: Earth is constantly being bombarded by objects coming from outer space
of varying size and composition. Upon interaction with the atmosphere they heat
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up and produce flashes of light that, depending on the size and composition of the
object, can be detected by optical telescopes [249]. These brief optical transients are
observed as ‘orphan’ pulses by MAGIC CPIX and are its main source of background
events when trying to observe other optical transients or variable sources. If their
frequency was monitored over long periods of time, they could help to verify the
theory proposed by Campbell-Brown [250] in which the brightness and frequency
of meteors seem to be strongly correlated with solar activity.

Analysis of Central Pixel data

This system stores the voltage coming from the central pixel of each camera at 10 kHz
frequencies. The CPIX DAQ also tags in time each voltage value with excellent precision
(< 1 ms). The generated files are stored in ASCII format, with the time stamping in MJD
local time.

Within MARS, the standard library to analyze CPIX data is psearch. This software,
developed by M. Lépez, performs a local to barycentric time calibration and, as it was de-
veloped for pulsar optical lightcurve analysis, folds the voltage with the pulsar ephemerides
provided by the user.

As introduced in this work, the central pixel was mainly used to test the validity of the
timing of the MAGIC telescopes [251], but recently new science cases are arising. These
science cases require to transform the voltage detected by the CPIX system to calibrated
optical magnitudes.

Calibration of the system As the CPIX system is not a DC-coupled device, calibrating
this system is tricky: it is simply not possible to use reference calibrated stars for the
calibration. The method used to calibrate central pixel signals is the one introduced in
[150]. The voltage of the central pixel signal is transformed to U band magnitudes by
employing Crab Pulsar observations. This method uses two assumptions: 1) That we know
the average flux of the Crab Pulsar in the U band and 2) that we know the Crab Pulsar’s
light-curve shape, using the one measured by Aqueye [257].

By using these priors, the calibration is performed as follows (see figure 11.6 as refer-
ence):

1. We perform Crab Pulsar observations with the CPIX system.

2. By employing psearch and updated Crab Pulsar ephemerides from [253], we calcu-
late the MAGIC CPIX phaseogram.

3. We match the location of the two peaks from the Aqueye phaseogram to that of the
CPIX phaseogram.

4. As Aqueye has better timing resolution than MAGIC CPIX, we re-bin their phaseogram
to match the binning of the CPIX phaseogram.
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5. As the linearity and background level of the Aqueye phaseogram are excellent, we
use their phaseogram to relate average counts to the known average flux of the Crab
Pulsar.

6. As Aqueye and CPIX phaseograms have been matched, we compute the relation
between CPIX voltage and U-band magnitude.
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Figure 11.6: Comparison of the Crab Pulsar light-curve by Aqueye [252] (top-left) with
the most recent light-curve obtained with MAGIC CPIX (bottom-left). The bottom-center
subplot shows how the scaled light-curve of the central pixel matches the one from Aqueye.

Optical lightcurves Once the CPIX voltage is calibrated, the only step missing to
interpret MAGIC fast optical observations is the timing analysis of the data. If radio obser-
vatories detect a FRB simultaneous to our observations, they will provide a barycentric
TOA. The timestamps of the CPIX are converted from topocentric to barycentric in order
to compare strictly simultaneous observations in different wavelengths (radio or X-rays).
CPIX data is affected by high frequency noise. In order to reduce this noise and therefore
improve the sensitivity of CPIX observations, averaging filters of 1, 2 and 10 ms are
applied as done in [138].

Sensitivity to optical burst emission The sensitivity of the CPIX system has been
studied in detail in several publications [138, ]. At the time the system was com-
missioned, the main scientific objective was optical pulsars analysis, and therefore noise
patterns affecting the acquisition which are not periodic over pulsar’s timescales do not
really affect sensitivity.
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Unlike in the case of pulsars, when searching for brief transient phenomenal no periodic
folding is applied, and therefore any noise pattern affecting the data will limit the system
sensitivity. Unfortunately, strong high-frequency noise features affect the CPIX data, and
limit the sensitivity a single telescope is able to achieve.

The negative effect of this high-frequency noise is mitigated by:

1. Having a CPIX system installed in each telescope. Noise patterns are independent
between telescopes. This means that if a brief optical pulse appears in both tele-
scopes, it is likely to come from an optical signal, and not from electronic noise.

2. A time averaging over millisecond timescales may be applied to significantly reduce
the impact of the high-frequency noise. The bottom-right panel of Figure 11.6 shows
the 1, 3 and 50 levels observed in CPIX data from the MAGIC 2 telescope under
dark conditions after applying a 10-ms averaging filter.

Sensitivities to standalone optical flashes of 12.4, 13.3, 14.1 and 14.4 mag in U band
over 0.1, 1, 5 and 10 ms were reported in [ | 38] respectively. In case CPIX observations are
performed under higher night-sky background conditions, these sensitivities are expected
to worsen, as we will show in this work.

The excellent millisecond-scale sensitivity of MAGIC to optical flashes brings certain
drawbacks. An irreducible background of brief optical pulses affect these observations:
the ~ 10 ms scale flashes of light generated by meteors serendipitously passing through
the MAGIC central pixel field of view. The rate of these events is low, roughly one per
several hours, rate decaying with their brightness. Even if the rate is small, this places a
limitation for MAGIC to associate these brief optical signals with the source observed. For
this reason, simultaneous multi-wavelength coverage is crucial.
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SGR 1935+2154

This galactic magnetar is a soft gamma repeater discovered in hard X-ray bursts with Swift-
BAT in July 2014 [254]. Follow up X-ray observations confirmed that it is a magnetar
with a spin period of P = 3.25 s [255]. In April 28 2020, a bright millisecond-duration
radio burst (FRB 200428) was detected by CHIME [212] in the direction of the magnetar
with temporal and spatial coincidence to a X-ray burst detected by INTEGRAL [256],
establishing a link between young magnetars and FRBs. Moreover, the magnetar has
been proposed to be associated with the SNR G57.2+0.8. With a dispersion measurement
(DM) of 332.7 pc cm ™3, if the magnetar and the SNR are indeed physically associated,
the estimated distance is 6.6 + 0.7 kpc [257]. Since 2020, the SGR has presented several
episodes of burst activity. This activity is monitored by several telescopes, triggering
multiwavelength observation campaigns.
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Figure 12.1: Light-curve in the 20-200 keV energy range obtained with the IBIS/ISGRI
instrument [256 ] with (orange line) radio pulses observed by CHIME [2]2].
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Figure 12.2: MeerKAT observations of SNR G57.2+00.8 from May 2020. The star marks
the location of SGR 1935+2154, which can be seen zoomed in in the bottom left pannel
[258].

MAGIC observations of this source may constrain multiple emission mechanisms
expected from this source: 1) magnetar giant flares that could be detected in optical and
VHE, since Fermi already detected one of these events from a extragalactic source in
HE [220] and this SGR is a galactic source, 2) short magnetar flares linked with optical
sub-second emission (as reported by [223]) and 3) VHE persistent emission from the
surrounding SNR since there are no known SNRs whose emission is fueled by a magnetar.

Observations

MAGIC has performed several multi-wavelength campaigns of SGR 1935+2154 over the
last years, generally triggered by active states detected either in X-rays or radio. Observa-
tions were coordinated with other observatories such as Westerbork and Onsala in radio,
the SiFAP2 camera on the Telescopio Nazionale Galileo in optical and Swift in X-rays. In
this work, I present the analysis of 14.8 h of MAGIC VHE data during the July-October
2020 campaign [259].

Since the data was taken over the course of a few months, different analysis periods
are covered (ST.03.14 and ST.03.15) requiring the training of two sets of RFs. Obser-
vations were scheduled in Wobble mode (mainly to look for persistent VHE emission)
and ON+CPIX mode (to look for strictly simultaneous short-timescale bursts in VHE and
optical). ON observations were requested when there was strictly simultaneous multi-
wavelength observations planned. The summary of these observations is shown in table
12.1, that sum up to a total observation time of 14.8 h.

The night of October 9th the radio telescope FAST reported several FRBs and pulsed
emission in radio [260], so a target of opportunity request was submitted to observe simul-
taneously with MAGIC (VHE and optical), Swift (X-rays) and Onsala (radio) telescopes,
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and observations in ON+Central Pixel mode were scheduled for MAGIC. However, the
simultaneous radio data by the Onsala telescope did not show any radio bursts.

Analysis Date Mode CPIX Observation Zenith
period time (h) range (deg)

ST.03.14 202007 24 ON OFF 2 0-35
2020 08 14 ON OFF 1.9 0-35
2020 08 20 ON OFF 2 0-35
202009 11 ON OFF 2 0-50

ST.03.15 202009 18 Wobble OFF 2 0-50
202009 19 Wobble OFF 1.7 0-35
20200920 Wobble OFF 2 0-35
2020 10 10 ON ON 1.2 0-62

Table 12.1: Summary of observations for SGR 1935+2154, with a total of 14.8 h of
observation after quality cuts.

Results

It is unlikely that persistent VHE emission is detected during this observation since Fermi-
LAT [216] and MAGIC [138] already placed strong limits for persistent emission in HE
and VHE respectively. Still, it is worth to search for this emission since it can be performed
simultaneously to fast optical observations with the CPIX and it is interesting to test the
extended gamma-ray emission from the associated SNR.

Figure 12.3 shows both the accumulated theta? distribution for the full energy range
and the differential flux upper limits over the full 14.8 h. The theta® distribution shows that
the scaled acceptance between ON and OFF observations match remarkably well, but no
detection was achieved, with a (Li&Ma) significance of 0.2 ©.
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Figure 12.3: Left: accumulated ON, OFF and excess events for the full data set. No
detection is observed with a calculated significance of 0.2 ©. Right: the differential UL on
the VHE persistent emission are shown in the form of the spectral energy distribution with
photon index T" = 2.

The integral flux UL for the persistent VHE emission has also been calculated using
the Poisson likelihood method described in Rolke [26 1] with a 95% CL for a photon index



12.2 FRB 20200120E 132

I" = 2 for energies greater than 100, 300 and 600 GeV: 17.17 -10712, 1.50 -10~'2 cm 25!
and 0.42 -107'2 cm2s~!. The UL obtained for E > 600 GeV constrains more the VHE
emission than the one provided by HESS of 1.5 -10~'2 cm™2s~! in [262].

No run-wise neither night-wise flaring VHE emission was detected either. As no simul-
taneous X-ray nor radio bursts were detected during ON observations, and the irreducible
background of meteor-induced optical flashes would mitigate the significance of detected
standalone optical flashes, no optical observations will be reported here.

FRB 20200120E

It is the closest known extragalactic source of FRBs with a DM = 87.82 pc ecm ™ (~40
times closer than the second closest known extragalactic FRB source FRB 180916 dis-
cussed in the next section). It is a repeating source of FRBs and it appears to be located
in the globular cluster [PR95] 30244 in the outskirts of M81 [263, ], although the
possibility of being part of the Milky Way halo has not been rejected. If it is located in
a globular cluster, it would challenge the current models that support the formation of
magnetars via standard core-collapse supernovas.

Authors of [264] present an extremely precise localisation of the FRB as seen in fig-
ure 12.4. In this work authors propose several scenarios to explain the FRB production
mechanism. In the first scenario they suggest that this FRB source is a highly magnetized
neutron star, formed by accretion-induced collapse of a white dwarf or by a merger of
compact stars (white dwarfs and/or neutron stars) in a binary system. This scenario would
agree more with the extremely high stellar densities in globular clusters that are known
to form short-orbital-period binaries at specific high rate [265, , ]. No persistent
radio or X-ray emission is expected in this case, as the emission generated during collapse
would fade on short time scales (< 1 year). In the second scenario it is suggested that the
FRB source could be a compact binary system in which the components are interacting
magnetically, such as a close white dwarf-neutron star system in a pre-merger state or
a highly magnetized neutron star with a planetary companion [268, ]. In the third
scenario, the FRB emission would be originated by a binary millisecond pulsar with a
strong magnetic field via accretion-induced collapse that has accelerated its rotation via
accretion [270, ]. In this scenario, the source could be observed as a low mass X-ray
binary similarly to an accreting black hole. The radio bursts would be a result of magnetic
reconnection in a relativistic jet or via the interaction of the jet shocks with the surrounding
medium, creating a synchrotron maser [272].
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Figure 12.4: Left: composite Subaru image with bands g’, r’ and i’ of M81 with the
globular cluster [PR95] 30244. The position of FRB 20200120E is marked with a red
ellipse. Right: zoomed-in image in r’ band where the red ellipse marks the location of FRB
20200120E and the grey circle marks the estimated position of the center of the globular
cluster. Both images from [264].

Observations

MAGIC performed two deep MWL observation campaigns with large radio antennas and
X-rays. The first campaign was performed in April-May 2021, with Effelsberg and Torun
observatories in radio and XMM-Newton in X-rays, accumulating 6.3 h of MAGIC data.
The second campaign was performed in March-April 2022 with Onsala, Westerbrock and
Torun observatories in radio, accumulating 10.7 h. None of the partners reported FRB for
the strictly simultaneous observations.

Since the data was taken with almost a year of difference, different MAGIC analysis
periods were covered (ST.03.16 and ST.03.17), requiring independent RF training. The
summary of the observations is summarized in table 12.2, with a total observation time of
17 h.

Analysis Date Mode CPIX Observation Zenith

period time (h) range (deg)
ST.03.16 20210417 ON ON 0.3 35-50
20210419 ON ON 3.1 35-50
2021 0501 ON ON 2.4 35-70
20210514 ON ON 0.5 35-62
ST-03-17 20220330 ON ON 0.1 35-50
20220331 ON ON 2.5 35-50
20220401 ON ON 2.7 35-50
20220402 ON ON 3.5 35-50
20220406 ON ON 1.9 35-50

Table 12.2: Summary of observations for FRB 20200120E, with a total of 17 h of observa-
tion.
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Results

Since no FRBs were reported by any of the partners, no searches for VHE nor optical bursts
have been performed. In optical, the calculated significance would be heavily affected
by the irreducible meteor background. Current suggested scenarios for this source do not
predict persistent VHE emission (and no radio nor X-ray persistent emission has been
detected from its location), but since it is the closest extragalactic source of FRBs, UL
have been calculated in order to help constrain the possible FRB production mechanisms.

Figure 12.5 shows the accumulated distribution of theta® for the full energy range and
the differential flux upper limits over the full 17 h. The theta? distribution shows the scaled
acceptance between ON and OFF observations matching well, but no detection has been
achieved, with a (Li&Ma) significance of 3.7 0. No run-wise neither night-wise burst
VHE emission has been detected either.
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Figure 12.5: Left: accumulated ON, OFF and excess events for the full data set. No
detection is observed with a calculated significance of 3.7 ©. Right: the differential UL on
the VHE persistent emission are shown in the form of the spectral energy distribution with
photon index 1" = 2.

The calculated integral flux UL for the persistent VHE emission (using the Poisson
likelihood method described in Rolke [261]) with a 95% CL for a photon index I = 2 for
energies greater than 100, 300 and 600 GeV is: 6.77 10712, 1.61 -1072 cm 25! and
0.29 -107!2 cm~2s~!. These ULs are more constraining than the ones found for SGR
193542154 for E > 100 and 600 GeV even though this source is at a longer distance but
not for E > 300 GeV.

FRB 180916.J0158+65

This extragalactic repeating FRB source was discovered by CHIME/FRB [209]. It was
the first FRB source that showed periodic episodes of activity with repeating bursts over 4
days every 16.35+0.18 days [211].

Thanks to its repeating behaviour, measurements were performed to get a precise
localization of the source as seen in figure 12.6, obtaining a DM for the observed burst of
349.240.3 pc cm > and placing the source in a star-forming clump within a nearby (z =
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0.0337 4+ 0.0002) massive star-forming spiral galaxy [273].

Similarly than for FRB 121102 which also presents periodic episodes of activity, sev-
eral families of models have been proposed to explain the periodic emission [273]. One
of these models states the existence of a young (20-50 years old) SNR and nebula whose
emission is fueled by a young magnetar [274, , , ] in order to explain the
persistent radio emission from FRB 121102. The lack of persistent radio emission from
FRB 180916 could be explained if the system is older than the one for FRB 121102 and
the emission has already faded. A similar model [274] places ULs on the persistent radio
emission that are consistent with a system at least five times older than the FRB 121102
one (200-500 years old). The same model predicts a decay of the rotation measurement
(accounts for the Faraday effect or of scattering suffered by the light upon interaction with
a magnetic field in its travel through different mediums). For a rotation measurement as
large as the one observed for FRB 121102 [278] to drop down to the rotation measurement
observed for FRB 180916 [209] about 300 years would need to pass, which is consistent
with the aforementioned ages.

Other models suggest interaction between a neutron star’s magnetosphere and a nearby
plasma stream [279]. Given FRB 121102 large RM [27&] and the similarity of the mor-
phology of its persistent radio source with a low-luminosity AGN, it is suggested that
the burst could be produced in a massive black hole or neutron star in the vicinity. The
accretion black hole could provide a strong plasma stream that interacts with a neutron
star magnetosphere [280]. For FRB 180916 there is no persistent radio counterpart and
it is located on the spiral arm of its galaxy, making such a model less likely for this FRB
source.

Its periodic repeating nature has allowed for the organization and coordination of
MWL campaigns in radio, optical, X-rays and gamma rays. One of those campaigns was
organized to perform extrictly simultaneous observations with uGMRT in radio, MAGIC
CPIX in optical, NuSTAR and XMM-Newton in X-rays and INTEGRAL and MAGIC in
gamma rays.
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Figure 12.6: Observations performed with the Gemini-North telescope from [273]. Left:
Image of the host galaxy with the position of FRB 180916.J0158+65 marked by a red
circle. Right: spectrum (corrected by the sky contribution) of the 5 arcsec region around
the host galaxy core (blue) and spectrum of the 2 arcsec region around the location of FRB
180916.J0158+65 (orange) multiplied by 5 that show that the star-forming clump and the
host galaxy core are at the same redshift.

MAGIC performed a short campaign of 2.4h together with radio, soft and hard X-rays
and radio. On the night of 14th September 2021 a FRB was detected by uGMRT simul-
taneous to our observations. Unfortunately, no burst was detected in X-rays, optical nor
VHE; but we are providing differential and integral ULs on the persistent VHE emission,
integral VHE ULs within the 10 ms window surrounding the FRB TOA, optical light
curves covering 200 ms around the TOA with an integration window of 2ms and ULs on
optical burst emission.

Observations

MAGIC observations of the source FRB 180916.J0158+65 took place on the night of
14-15th September 2021. The VHE observations were performed in ON mode simultane-
ous to CPIX observations. The background conditions changed in the 2.4h in which the
observations took place, with high, medium and low background illumination levels due to
the Moon as is sumarized in table 12.3. The FRB occurred over medium Moon illumina-
tion levels. In these conditions, the low-energy threshold of MAGIC VHE observations
increases significantly. For this reason the provided upper limits are not as good as they
could be if the night-sky background illumination had been lower.

Analysis Date Mode CPIX Observation Zenith NSB
period time (h) range (deg) level
ST.03.16_5-8 20210915 ON ON 0.9 50-62 High
ST.03.16_3-5 20210915 ON ON 0.9 35-62 Medium
ST.03.15_2-3 20210915 ON ON 0.6 35-50 Low

Table 12.3: Summary of observations for FRB 180916, with a total of 2.4 h of observation
time and three background illumination levels.
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Results

A non-standard analysis was performed for MAGIC VHE data to properly take into account
the effects of higher background illumination. The performance of MAGIC under this
conditions is explored in [281]. The main sources of noise under these conditions are
the statistical fluctuations due to NSB photons, PMT after pulses and electronic noise.
The noise caused by the background photons increases with the square root of the NSB
(following Poisson statistics). The rate of PMT after pulses increases linearly with the NSB.
The electronic noise does not increase with NSB as long as the HV remains unchanged (for
observations with extremely high background illumination levels, reduced HV is employed
to avoid degrading the PMTs). For the analysis, three levels of NSB were defined according
to the mean DC and the mean and RMS of the pedestal events distribution. For each NSB
level different cleaning level factors and size cuts were applied.

In order to account for the different types of counterparts predicted for these sources,
we performed similar searches than those performed for FRB 121102 [138]: burst-like
emission in both VHE and optical and persistent emission in VHE.

In order to find the optimal size of the signal region in theta? and hadroness cut, a study
was performed to maximize the background rejection and gamma-ray acceptance for VHE
burst in ms timescales. Figure 12.7 shows the distribution of gamma Cut Efficiency (gCE)
which accounts for the relationship between the rejected background and the accepted
gamma rays among the MC events, for several combinations of Cherenkov image sizes
and defined signal regions in theta?. On the other hand, figure 12.8 shows the minimum
events necessary for a 5o detection of a 10ms VHE burst with the same size and theta” as
the previous plot, with a background frequency of events extracted from the data with the
most NSB (ST.03.16_5-8). For data with such high NSB a cut of size > 150 phe is required
(as seen in [281]). For this size, the cuts that returned the best acceptance (~ 50%) were
found for hadroness < 0.4 and theta® < 0.14 deg®. The minimum number of events for
these cuts is 4.
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Figure 12.7: 2D-distributions of acceptance of gamma-ray events of the MC simulations
for different cuts in size, theta® and hadroness.
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Figure 12.8: 2D-distributions of minimum number of events to get a 50 detection in a 10
ms window for different cuts in size, theta® and hadroness..

The differential ULs for VHE persistent emission were obtained for the three NSB
levels were combined for photon indexes 2 and 4, as seen in figure 12.9. Due to the NSB
conditions, the threshold is not as low as for observations performed in dark conditions,
starting at E = 200 GeV.
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Figure 12.9: Differential ULs for FRB 180916 for energies greater than 200 GeV and
spectral indexes 2 (left) and 4 (right).

Integral ULs have also been calculated for the persistent VHE for energies E > 200,
500 and 1000 GeV as shown in table 12.4 for the combined 2.4 h of observations.

UL Eth | Int. Flux UL (95% CL T =2) Int. Flux UL (95% CL I =4) GeV>GeV
(10712 cm257 1] [10712 cm2571]
200 | 5.78 9.81
500 | 4.14 4.80
1000 | 1.68 1.61

Table 12.4: Integral ULs on the persistent VHE emission for FRB 180916.J0158+65 for
spectral indexes 2 and 4 and energies E > 200, 500 and 1000 GeV.

The VHE integral ULs on persistent VHE emission obtained for FRB 121102 [138] for
E > 1000 GeV were 0.37-107'2 cm2s~! and 0.33 - 102 cm~2s~! for spectral indexes 2
and 4 respectively are more constraining than the ones found for this source, due to the
higher NSB conditions and less integrated observing time (22 h for FRB 121102), even
though FRB 180916 is closer.

In order to find the integral ULs for VHE burst within the 10 ms time window surround-
ing the TOA of the FRB, the same procedure than for FRB 121102 was followed [138].
Assuming that the number of photons within a 10 ms time window follows a Poisson
distribution, we do not expect any background events in said window. Therefore, we would
need (with 95% CL and 30% systematic uncertainty) an excess of 3.56 events, so this is
the number of events that we use in our UL calculations. We provide the integral fluxes
ULs for three energy thresholds and two photon indexes are shown in table 12.5.
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UL Eth | Int. Flux UL (95% CL I =2) Int. Flux UL (95% CL I =4) GeV>GeV
[10-7 ecm~ 251 [1077 cm~2s— 1)
200 | 4.18 64.44
500 | 1.66 4.17
1000 | 0.99 1.23

Table 12.5: Integral ULs for VHE burst emission within 10 ms around the TOA for FRB
180916.J0158+65, for spectral indexes 2 and 4 and energies E > 200, 500 and 1000 GeV.

The VHE integral ULs on burst VHE emission obtained for FRB 121102 for 10 ms
time windows [138] for E > 1000 GeV were 0.41 -10~7 cm~2s~! and 0.36 - 107 cm2s~!
for spectral indexes 2 and 4 respectively. Similarly to for VHE persistent emission ULs,
the limits for FRB 121102 are more constraining than the ones found for this source.

Instead of focusing on the 10 ms around the TOA of the FRB, an unbiased search
of 10 ms bursts was performed. As stated before, the necessary number of events to get
a 5 o detection in time windows of 10 ms is 4 (with size > 150 phe, theta® < 0.14 as
the signal region and hadroness < 0.40). In this case only the UL for the lowest energy
threshold E > 200 GeV and photon index 2 was calculated. The integral UL obtained is
5.06-10 7cm 2571

Since CPIX optical observations were performed simultaneously to the VHE observa-
tions, optical analysis is possible. Figure 12.10 shows MAGIC CPIX light-curve covering
200 ms around the TOA of the FRB with an integration window (binning) of 2 ms (both to
reduce CPIX noise and to match the time binning used by X-rays partners).

Central pixel signal surrounding the TOA

MAGIC 2

0.1175 {
—--- ToA
0.1150 4

P {
s AR I Ll
E“ZiiZZZ;m ' HIHHII}IHI ey I gl Ih[fiﬂ il HIII IIHHIH[I[H l L ﬂifﬂﬂ ity
| |

I
-100 -80 -60 -40 -20 o 20 40 60 80 100
Time from TOA [ms]

MAGIC 1
T

0.414

I
0.410 4 t i I I
= Iy | i
I I I f b
I[III III [III IIHI I 1111 EI[I I IIIII IIIII IIIIII I i IIIII i i IIE
i I 5 ] I k3 i ¥

0.412 4

s

2 0408 § T

z I

2oaos{t 1 fr 51
13

0.404 4

It

0.402 1
0.400

Time from TOA [ms]

Figure 12.10: MAGIC CPIX light-curve around =100 ms of the TOA. The voltage measured
from MAGIC 2 CPIX (top) and MAGIC 1 (bottom) is shown in bins of 2 ms to reduce CPIX
noise.

In order to calculate the optical ULs for burst emission unassociated with the FRB, we
used an empirical expression that allows to transform the voltage from MAGIC’s CPIX
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to magnitudes (see expression 1 from [138]). The expression has been calibrated using
recent data from the Crab Pulsar as shown in section 11.2. The resulting ULs for optical
burst emission in table 12.6 have been obtained for each of the telescopes/CPIX, for no

integration time (0.1 ms), and integration windows 1 ms and 10 ms, in both magnitudes in
U band and mly.

Integration windows

Telescope/CPIX | 0.1 ms 1 ms 10ms
MAGIC 1 | 13.52 mag/16.1 mJy 14.06 mag/9.83 mJy 15.09 mag/3.80 mly
MAGIC 2 | 13.13 mag/23.1 mJy 14.00 mag/10.4 mJy 15.08 mag/3.84 mly

Table 12.6: Optical burst emission ULs for FRB 180916 for both CPIX systems and three
integration windows (0.1, 1 and 10 ms) in magnitudes and mJy.

These ULSs for optical burst emission are worse than the ones found for FRB 121102 of
8.6 and 3.2 mJy for 1 and 10 ms respectively [!38]. This is somewhat expected since FRB
180916 observations were performed in worse conditions, but its closer distance could
favour better constrains in the future.



The analysis for three repeating sources of FRB have been reported: SGR 193542154
(galactic), FRB 20200120E (extragalactic) and FRB 180916 (extragalactic). Their re-
peating nature, even periodic for FRB 180916, has allowed for the organization of MWL
campaigns in radio, optical, X-rays and gamma rays. In some cases, exploratory campaigns
were performed while others were triggered by high activity from the sources. For most
observations, no FRB was detected strictly simultaneously to MAGIC observations, so no
analysis have been performed for short VHE and optical emission as their significance
would be heavily affected by the number of trials. In the case of FRB 180916 a burst
was detected simultaneous to MAGIC VHE and optical observations, so analysis in short
timescales was performed. Still, several searches were performed for the sources. No
optical absorption was considered.

For the galactic magnetar SGR 1935+2154 several emission mechanisms were expected
from literature: the detection of optical and VHE emission in case of a giant flare since
Fermi detected one of these events in HE, the detection of short optical flares as expected
from [223] and VHE persistent emission from the surrounding SNR G57.2+00.8, which
would be the first detected SNR powered by a magnetar. For this source, no detection was
found for persistent VHE emission. Integral flux ULs were calculated for persistent VHE
emission at several energies. The integral UL found at E > 600 GeV of 0.42-107 12 cm—2s~!
is more constraining than the one found by HESS of 1.5-107!2 cm™2s~! [262], probably
because their accumulated observation time was 2 h and our is 14.8 h. The non-detections
in VHE suggests that IC processes are being suppressed within the magnetar vicinity. This
could be the case if the gamma-ray emission is happening very close to the surface of
the magnetar, suffering pair-production and photon splitting processes, producing strong
cut-offs in MeV and GeV [262]. It is worth to note that if a giant burst was detected in
future observing campaigns for this source, given its short distance, the limits imposed to
the optical luminosity simultaneous to FRBs would be several orders of magnitude better
than the limits reported for FRB 121102 [138] since the SGR is ~108000 times closer.
Still, it is likely we will need to wait for the next generation of IACTs (CTA) to properly
constrain these models.
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Recent works place closest known extragalactic source of FRBs, FRB 20200120E, in
the globular cluster [PR95] 30244 of M81 or in the Milky Way halo [264]. Three main
FRB engines have been proposed: a highly magnetized neutron star in a binary system,
a compact binary system in which components are interacting magnetically or a binary
millisecond pulsar with a strong magnetic field [264]. Even though no persistent emission
is expected in any of these scenarios nor has been detected so far in any wavelength, a
search for VHE persistent emission was performed in order to constrain the emission in
this wavelength. This search within the full 17 h of observations returned integral ULs
for persistent VHE emission for E > 100, 300 and 600 GeV fo 6.77 -10712, 1.61 -10~12
ecm 257! and 0.29 -107'2 cm~2s ™!, respectively. These ULs are more constraining than
the ones found for SGR 193542154 for E > 100 and 600 GeV even though this source is at
a longer distance but not for E > 300 GeV.

For the extragalactic source FRB 180916, which was the first repeating FRB source
known to display periodic episodes of activity. The periodic nature of this source has
been suggested to be caused by the same mechanisms proposed for FRB 121102 but in a
more evolved system or by the interaction of a neutron star magnetosphere with a nearby
strong plasma stream [273]. A FRB was detected simultaneous to MAGIC observations,
so similar searches than the ones performed for FRB121102 were performed [ 38]: VHE
persistent emission (even though it is not expected in the SNR powered by a young mag-
netar scenario because the system would be too old and the emission would have faded),
VHE burst emission around 10 ms of the TOA, unbiased VHE burst emission of 10 ms
over the full dataset and optical burst emission. No detection was found for any of the
searches for the 2.4 h of observations, but ULs has been set for each of them. Unlike
for the other FRB sources, observations were performed under intermediate and high
background illumination levels, therefore a non-standard analysis was performed to take
into account the noise contribution from the NSB, meaning that the found ULs are worse
than if observations would have been performed in dark conditions. For VHE persistent
emission limits were calculated at energy thresholds higher than for the sources due to the
high illumination levels. The ULs found for optical burst emission are worse than the ones
found for FRB 121102 of 8.6 and 3.2 mJy for 1 and 10 ms respectively [138], but not by
much. This is somewhat expected since FRB 180916 observations were performed with
high background illumination levels, but its closer distance to us than FRB 121102 could
favour better constrains in the future.

It is expected that the results here presented will be cross-checked by the MAGIC
Collaboration and be included in future publications. A publication for the source FRB
180916 is already in preparation for which I will be one of the corresponding authors.



In this thesis I have reported the results from the implementation of the intensity inter-
ferometry technique with an upgraded setup in the MAGIC telescopes, along with the
results from more than 400 h of observations of which I have been the official scheduler
for the past 2 years. I have also reported the results of 33 h of observation campaigns of
three FRB sources, for which one of them a FRB was detected simultaneously to MAGIC
observations.

Main contributions with the MAGIC stellar intensity interferometer:

e [ developed a software tool to find the AMC focusing parameters for the pixels used
for intensity interferometry observations, reaching concentrations of more than 85%
of starlight.

e [ developed a software tool to find the hardware delays added by each channel cable
length.

o [ built a catalogue of about 400 stars by cross-referencing and filtering three preex-
isting catalogues of modeled and measured angular diameters. I used said catalogue
to define reference (diameter previously measured) in order to calibrate the setup
and candidate (diameter not previously measured) stars. It is the catalogue used for
intensity interferometry observations with the MAGIC telescopes and it is being
expanded with new science cases.

e [ developed a scheduling tool with the aforementioned catalogue used as input in
order to allocate the extra 300 h a year within MAGIC Moon-breaks, achieving 400
h of observations in 2 years, only interrupted by a volcano eruption.

e [ developed an analysis pipeline independently from other analizers within the
MAGIC intensity interferometry working group, obtaining very similar, compatible
results that will be shown in an upcoming publication of which I will be a corre-
sponding author.
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e Most of the 400 h of data has been analyzed and presented in this work by calculating
the angular diameter for 5 reference stars and 16 candidate stars assuming a UD
model. Some of the calculated diameters have the best precision to date in blue band.

e [ performed several successful consistency tests to ensure the quality of the obtained
angular diameters.

e [ also reported the systematics found for intensity interferometry observations,
amounting to less than 5% for any given measurement. These values will also be
reported in an upcoming publication of which I will be a corresponding author,
and that I have already showed in a summarized way as a proceeding in the latest
International Cosmic Ray Conference [252].

Main fast radio bursts contributions:

e For SGR 1935+2154: no FRB was detected simultaneous to MAGIC observations
during the 2020 campaign of 14.8 h. I performed a search for VHE persistent
emission via non-standard analysis of MAGIC VHE data. No VHE emission was
detected. I obtained integral flux ULs for energies E > 100, 300 and 600 GeV of
17.17-10712,1.50 -10~ 2 cm2s~! and 0.42--10~'2 cm~2s~!. The integral flux UL
at E > 600 GeV of 0.42 -10~2 cm~2s~! is more constraining than the one previously
reported in the literature of 1.5 -10~'> cm~2s~! by HESS.

e For FRB 20200120E: no FRB was detected simultaneous to MAGIC observations
during the campaigns of 2021 and 2022 of 6.3 and 10.7 h. I performed a search
for VHE persistent emission via non-standard analysis of MAGIC VHE data. No
detection was found for VHE persistent emission. Integral flux limits were calculated
for E > 100, 300 and 600 GeV of 6.77 10712 cm 257!, 1.61 -10712 cm 25~ ! and
0.29 -107!2 cm™2s~!. The ULs found for E > 100 and 600 GeV are even more
constraining for VHE persistent emission than the ones found for SGR 192542154
even though the SGR is closer, but not for E > 300 GeV.

e For FRB 180916: a FRB was detected simultaneous to MAGIC observations by
uGMRT during a short campaign of 2.4 h in 2021. I performed several counterpart
searches, obtaining different results: 1) differential ULs on the persistent VHE
emission. 2) Integral ULs on the persistent VHE emission were found to be less
constraining than those for FRB 121102, probably due worse observing conditions
and less integrated observation time, even though the source is closer than FRB
121102. 3) VHE integral ULs within the 10 ms time window surrounding the TOA
were also found to be less constraining than those for FRB 121102, similarly than
for VHE persistent emission ULs. 4) Unbiased search for 10 ms VHE bursts, which
retrieved an UL of 5.06 -10~7 cm™2s~! for spectral index 2 and energies greater
than 200 GeV. 5) Optical light curve with the CPIX, that showed no bursts in 2 ms
bins around 200 ms from the TOA. 6) Optical burst emission, which was not found,
so ULs were obtained for both telescopes’ CPIX and 0.1, 1 and 10 ms integration
time windows. The found ULs are once again less constraining than those found for
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FRB 121102 for MAGIC 2 CPIX of 8.6 and 3.2 mJy versus the ones from this work
of 10.4 and 3.84 mJy. A publication is in process with radio and X-ray partners of
which I will be one of the corresponding authors.

e [ reported preliminary prospects of VHE and optical emission for the three FRB
sources in a summarized way as a proceeding in the latest Scientific Meeting of the
Spanish Astronomical Society [283].

With the fast evolution of both the intensity interferometry technique and searches for
FRB counterparts it is possible that I have left out some of the most recently discovered
science cases for intensity interferometry and models for FRB emission at the moment of
defending this thesis. Still, I hope that readers of this work find it useful as an introduction
to the non-standard analyses of intensity interferometry observations and FRB counterpart
searches with the MAGIC telescopes. I am personally looking forward to see how these
two apparently unrelated fields evolve in a parallel way to the development of newer
IACT observatories such as CTA or other kinds of observatories, inducing advances in
fast-reading detectors and other electronic components.



En esta tesis he reportado los resultados de la implementacion de la técnica de interfer-
ometria de intensidad con el sistema mejorado en los telescopios MAGIC, asi como los
resultados de mds de 400 horas de observacion que he programado a lo largo de los dos tl-
timos 2 aflos como la planificadora de observaciones de interferometria de intensidad ofical
de los telescopios MAGIC. También he mostrado el andlisis de 33 horas de observaciones
divididas en varias campafias para tres fuentes de pulsos rdpidos en radio, habiéndose
detectado un pulso en radio simultdneo a observaciones de MAGIC para una de las fuentes.

Mis contribuciones principales al interferémetro de intensidad estelar de MAGIC han
sido:

e He desarrollado una herramienta de sofware para encontrar los pardmetros de ajuste
de los espejos con Optica activa, los cuales se usan para enfocar la luz a los pixeles
con los que se han realizado las observaciones de interferometria de intensidad,
alcanzando concentraciones de luz de mds del 85%.

e He desarrollado una herramienta de software para encontrar el retraso temporal cau-
sado por las diferencias en longitud de cables que unen los pixeles con el correlador.

e He construido un catdlogo de unas 400 estrellas por medio de referencias cruzadas
entre tres catdlogos de didmetros angulares estelares estimados y medidos. He usado
este catalogo para definir estrellas de referencia para calibrar el instrumento (estrellas
para las que existe una medida directa previa) y estrellas candidatas (estrellas para las
que no existe una medida directa previa). Este es el catdlogo usado para planificar y
realizar observaciones de interferometria de intensidad con los telescopios MAGIC y
estd siendo ampliado constantemente seglin nuevos casos cientificos son propuestos.

e He desarrollado una herramienta de sofware que usa el catidlogo mencionado an-
teriormente para asignar las 300 horas extra al afio durante los descansos de Luna
de MAGIC, alcanzando 400 horas de observaciones en los ultimos dos afios, s6lo
interrumpidas por la erupcién de un volcan.
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e He desarrollado una cadena de andlisis independiente de otros miembros del grupo
de trabajo de interferometria de intensidad de MAGIC, obteniendo resultados muy
similares y compatibles que serdn mostrados en una publicacion préxima de la que
seré una de los autores correspondientes.

e La mayor parte de las 400 horas de datos ha sido analizada y presentada en esta
tesis, siendo calculados los didmetros angulares estelares asumiendo un modelo
de disco uniforme para 5 de las 7 estrellas de referencia y 16 estrellas candidatas.
Algunos de los didmetros obtenidos son los més precisos hasta la fecha en banda azul.

e He realizado varias pruebas de consistencia exitosas para garantizar la calidad de los
didmetros angulares obtenido.

e También he mostrado las fuentes de sistemdticos encontradas para observaciones de
interferometria de intensidad con los telescopios MAGIC. Acumuladas, devuelven
unos sistematicos de menos del 5% para cualquier medida. Este estudio también sera
mostrado en la préxima publicacién de la que seré autora correspondiente, y parte
de ello lo he mostrado de forma resumida en la dltima conferencia internacional de
rayos césmicos (IRCR) en forma de proceeding [282].

Mis contribuciones principales a pulsos rdpidos en radio han sido:

e Para SGR 1935+2154: no fue detectado ningun pulso rdpido en radio simultdneo a
las observaciones de MAGIC tomadas en la campafia de 2020 por 14.8 horas. He
realizado una bisqueda de emision persistente en muy alta energia por medio de un
andlisis no estdndard de datos de MAGIC de muy alta energia. No ha sido detectada
emision persistente de muy alta energia. Sin embargo, he obtenido limites superiores
de flujo integral para energias E > 100, 300 and 600 GeV de 17.17-10~'2, 1.50-10~ 12
ecm 257! y 0.42:107!12 cm~2s~!. El limite superior obtenido para E > 600 GeV de
0.42-10712 cm~2s~! es mds restrictivo que el reportado en la literatura por HESS de
1.510712 ecm=2s 71

e Para FRB 20200120E: no fue detectado ningtn pulso rdpido en radio simultdneo a
las observaciones de MAGIC tomadas en las campafias de 2021 y 2022 de 6.3 y 10.7
horas. He realizado una bisqueda de emision persistente en muy alta energia similar
que para SGR 1935+2154, sin encontrar deteccion. He calculado los limites superi-
ores para el flujo integral para energias E > 100, 300 and 600 GeV of 6.77 -10~ 12
em 257! 1.61:10712 ecm™2s7! y 0.29-107 12 cm™2s~!. Los limites encontrados para
E > 100y 600 GeV son mas restrictivos que los encontrados para SGR 193542154 a
pesar de que el SGR estd mas cerca, pero no lo son para E > 300 GeV.

e Para FRB 180916: un pulso répido en radio fue detectado por uGMRT simultdneo
to observaciones de MAGIC durante la campaiia corta de 2.4 horas en 2021. He
realizado varias busquedas de contrapartidas, obteniendo resultados variados: 1)
limites superiores para el flujo diferencial para emision persistente en muy alta
energia. 2) Limites superiores para el flujo integral de emisisOn persistente en muy
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alta energia que resultan menos restrictivos que los encontrados para el FRB 121102,
probablemente debido a que estas medidas se han realizado con niveles de ilumi-
nacion de fondo mayores y por menos tiempo, y a pesar de que esta fuente es mas
cercana que FRB 121102. 3) Limites superiores para el flujo integral de muy alta
energia en 10 ms alrededor del tiempo de llegada del pulso en radio, también menos
restrictivos que los encontrados para FRB 121102. 4) Bisqueda insesgada de pulsos
de 10 ms en muy alta energfa, que resulta en un limite superior integral de 5.06-10~7
cm~2s~! para indice espectral 2 y energias mayores de 200 GeV, de nuevo, menos
restrictivo que el encontrado para FRB 121102. 5) Curva de luz con datos del los
CPIX, con ningtn pulso observado en bins de 2 ms en los 200 ms alrededor del
tiempo de llegada del FRB. 6) Pulsos 6pticos, que no han sido encontrados, asi que
limites superiores han sido calculados para ventanas de integracion (bines tempo-
rales) de 0.1, 1 y 10 ms. Los limites obtenidos son de nuevo menos restrictivos que
los encontrados para el FRB 121102: con 8.6 and 3.2 mJy contra los calculados para
este trabajo de 10.4 and 3.84 mJy. Una publicacién en conjunto con los compafieros
en radio y rayos X estd en proceso, y yo seria una de las autoras correspondientes.

e Mostré perspectivas preliminares de contrapartidas en Optico y muy alta energia
para estas tres fuentes en forma de proceeding para la dltima reunién de la Sociedad
Espafola de Astronomia [283].

Dada la rdpida evolucién de la técnica de interferometria de intensidad y las bisquedas
de contrapartidas para pulsos rapidos en radio, es posible que haya dejado fuera de este
trabajo los resultados mds recientes en el momento de defender esta tesis. Aun asi, espero
que los lectores encuentren este trabajo util para inciarse en los anélisis no estdndar de
interferometria de intensidad y busquedas de contrapartidas para pulsos rapidos en radio
con los telescopios MAGIC. Personalmente, espero con entusiasmo ver como estos dos
campos aparantemente no relacionados entre si evolucionan de forma paralela gracias a la
construcciéon de nuevos observatorios (como CTA para IACTs), que seguramente se traduz-
can en avances en detectores cada vez mds rdpidos y mejores componentes electronicos.



Adhara A-C & B-D joint, fit to Uniform Disk - Bootstrap

In this section the contrast/visibility curves are presented for all the intensity interferometry
targets described in chapter II.

Reference stellar angular diameter measurements
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Figure A.1: Bootstrap fit for contrast vs baseline for Adhara.
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Figure A.2: Bootstrap fit for contrast vs baseline for eps Ori.
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Figure A.3: Bootstrap fit for contrast vs baseline for bet CMa.
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le—6 * kap Ori A-C & B-D joint, fit to Uniform Disk - Bootstrap
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Figure A.4: Bootstrap fit for contrast vs baseline for kap Ori.
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Figure A.5: Bootstrap fit for contrast vs baseline for gam Crv.
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New stellar angular diameter measurements
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Figure A.6: Bootstrap fit for contrast vs baseline for eta UMa.
1le—6 * bet Per A-C, fit to Uniform Disk - Bootstrap
Bmeasured = 0.8188 £§§37§ mas
x2=7.332
2.0 4 Fit results A-C:
Norm = 2.26 *J13-1e - 6 a.u.
Confidence Interval A-C (10)
5 1.5 O ACData
% O Adhara's A-C ZBC 2.27 20.10-1le—6 a.u.
a
£ 1.0
U i
0.5 4
0.0
s 1o
= 2.5
i )
o
E 0.0 §> §
8 251

o] 25 50 75 160 12‘5 15IO 17"5 200
Baseline [m]

Figure A.7: Bootstrap fit for contrast vs baseline for bet Per.
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le—6 * eta Cen A-C, fit to Uniform Disk - Bootstrap
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Figure A.8: Bootstrap fit for contrast vs baseline for eta Cen.
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Figure A.9: Bootstrap fit for contrast vs baseline for ups Sco.
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Figure A.10: Bootstrap fit for contrast vs baseline for gam Peg.
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Figure A.13: Bootstrap fit for contrast vs baseline for alf02 CVn.
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Figure A.12: Bootstrap fit for contrast vs baseline for alf Cep.
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le—6 * del Cas A-C & B-D joint, fit to Uniform Disk - Bootstrap
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Figure A.14: Bootstrap fit for contrast vs baseline for del Cas.
le—6 * gam Gru A-C & B-D joint, fit to Uniform Disk - Bootstrap
BOmeasures = 0-6389 £§843% mas
307 x2=1.874
Fit results A-C:
2.5 Norm = 2.21 *388-1e-6 a.u.

Residuals [o]

Contrast [a.u.]
-
w
!

o
=]
!

KA 10 B 1A

Fit results B-D:

Norm = 2.36 *§§3-1e — 6 a.u.
Confidence Interval A-C (10)
Confidence Interval B-D (10)
A-C Data

B-D Data

1.0 1 Adhara's A-C ZBC 2.28 £0.09le—6a.u.
Adhara's B-D ZBC 2.31 £0.11-1e — 6 a.u.
0.5 1
0.0
1o
2.51
Y — iz 30 YN S
—2.51
6 2‘5 Sb 7‘5 160 12‘5 15‘0 17"5 200

Baseline [m]

Figure A.15: Bootstrap fit for contrast vs baseline for gam Gru.
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le—6 * zet Per B-D, fit to Uniform Disk - Bootstrap
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Figure A.16: Bootstrap fit for contrast vs baseline for zet Per.
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Figure A.17: Bootstrap fit for contrast vs baseline for phi Sgr.
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Figure A.18: Bootstrap fit for contrast vs baseline for gam Lyr.
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Figure A.19: Bootstrap fit for contrast vs baseline for eps Cas.
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Figure A.20: Bootstrap fit for contrast vs baseline for zet Cas.
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Figure A.21: Bootstrap fit for contrast vs baseline for tau Her.
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