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Abstract

This thesis presents the analysis of archival data of the blazar BL Lacertae in the quiescent
state and in the flaring state to investigate whether the source can be detected in the
Very High Energy range (> 100 GeV, VHE) when it is not flaring, and if so, what its
spectral properties are in that quiescent state. The variability of the source is studied
using a Bayesian Block method. First, it considers the source’s VHE gamma-ray emission
with the ground-based gamma-ray observatory VERITAS. Then, for a multi-wavelength
perspective, it analyses archival data from the Swift X-ray Telescope (0.3-10 keV energies),
and from the Fermi Gamma-Ray Space Telescope (100 MeV-300 GeV energies). For each
of these instruments, the quiescent state and flaring states of BL Lac are studied and

compared.



Abrégé

Ce mémoire présente une analyse du blazar BL Lacertae dans son état de repos et dans
son état de flamboiement, afin de voir si la source peut étre détectée dans les Tres Hautes
Energies (> 100 GeV, THE) lorsqu’elle n’est pas en période de flamboiement, et si oui,
quelles sont ses propriétés spectrales dans cet état de repos. La variabilité de la source est
étudiée a I'aide d’une analyse de Blocs Bayésiens. D’abord, on consideére 1’émission de la
source en rayons gamma THE avec 1'observatoire terrestre de rayons gamma VERITAS.
Ensuite, afin d’obtenir une perspective a différentes longueurs d’ondes, on analyse les
archives des données du Télescope Rayon-X Swift (énergies 0.2-10 KeV), et du Télescope
Spatial Rayon-Gamma Fermi (énergies 100 MeV-300 GeV). Pour chacun de ces instru-

ments, 1’état de repos et 1’état de flamboiement sont étudiés et comparés.
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Chapter 1

Introduction

Blazars, a type of Active Galactic Nuclei (AGN), are some of the brightest and most
variable sources of Very High Energy (>100 GeV) gamma-rays in the sky. They are most
often observed when “flaring”, a state in which their flux can be orders of magnitude
higher than average. In order to study these sources adequately, however, one needs to
also look at the "quiescent” state, when the source is not flaring. This thesis considers
the blazar BL Lacertae in its quiescent state, and asks whether it significantly emits in
the VHE range when it is quiescent, and what are its spectral properties in the quiescent
state compared to the flaring state. We then look to other energies: X-ray, and lower
energy gamma-rays. We find that for the three studied wavelengths bands, BL Lacertae
is detectable in the quiescent state and displays different spectral properties from when it

is flaring.

This introduction covers important astrophysical context. It starts with a review of VHE
astrophysics, describing relevant particle physics processes and types of astrophysical
VHE sources, then, it introduces the unified AGN scheme, and in particular, blazars. A

short overview of common blazar VHE emission models is given.
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1.1 Very High Energy Astrophysics

Gamma-rays are photons on the most energetic part of the electro-magnetic spectrum,
with energies above a few MeV. In particular, the Very High Energy (hereafter VHE) do-
main corresponds to the energies above 100 GeV. This radiation is of great importance
for astrophysics; it is produced in exotic, high-energy environments, notably ones that
might also generate cosmic rays (charged astroparticles such as hadrons and leptons that
have yet to be associated to a single source [Kotera and Olinto, 2011]). Unlike cosmic
rays, however, photons are not charged, and thus VHE gamma rays are not deflected by
magnetic fields. This means that VHE photons are excellent messenger particles that can

be retraced to sources far out of our galaxy.

An important aspect of VHE gamma-rays is that, unlike most astrophysical electro-
magnetic radiation, they are not generated through black-body radiation. Above a few
keV, radiation can only be generated by non-thermal processes. Sections 1.1.1 and 1.1.2
describe some of the processes relevant to VHE astronomy and BL Lac, separating them

in two: leptonic processes, and hadronic processes.

1.1.1 Hadronic Processes

Hadronic processes mainly involve interactions between protons and nuclei, which
generate neutral and charged pions [Aharonian et al., 2013]. This process of pion pro-
duction is most effective in high-density environments, because a higher density of nu-
clei targets leads to a higher interaction rate. The neutral pion (7°) has a short lifetime
of about 107'%, and will usually decay into two gamma rays (eq 1.1) — although one
percent of the time it will instead lead to a gamma-ray and an electron-positron pair (eq

1.2). Neutral pion decay is at the heart of hadronic models of gamma-ray emission.

™ =+ (1.1)
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Charged pions have a longer lifetime (about 10~%s), and they will generate neutrinos and

muons when they decay.

S Tl o VS e N VAN N A ) (1.3)

1.1.2 Leptonic Processes

Leptonic processes, on the other hand, refer to the interactions between relativistic elec-
trons and positrons with either low-energy photon fields (inverse Compton scattering),
or electromagnetic fields (bremsstrahlung and synchrotron radiation). The latter produce
lower-energy gamma rays, whereas Inverse Compton Scattering can excite photons up to

VHE energies [Aharonian et al., 2013].

Inverse Compton Scattering Inverse Compton scattering refers to the relativistic ver-
sion of Thomson scattering. Low-energy photons scatter off of relativistic electrons, re-
sulting in a higher energy photon. In the classical case of Thomson scattering, the cross-
section of this process is:

8

op = —mr?

el (1.4)
but at relativistic energies, we need to use the ultra-relativistic version of the Klein-Nishina
formula (which gives the differential cross section of photons scattered from a single free
electron in quantum electrodynamics). Electrons undergo large energy losses, and fol-
lowing Wagner [2006], it can be shown that the photons can achieve a maximum energy

of:

Eraz = 49°E, (1.5)

Where E, is the energy of the incoming photon and + is the Lorentz factor. So, in cases

where the Lorentz factor of the electron is in the 10? — 10% range, keV photons (such as
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Figure 1.1: A schematic diagram of bremsstrahlung radiation, from L’ Annuziata [2003].

those from Synchrotron radiation, as explained below) can be upscattered to the VHE

range.

Bremsstrahlung Bremsstrahlung (from the German ‘braking radiation’), is the radiation
emitted by charged particles when they pass through an electric field and change speed
or direction (See Figure 1.1). This process is essential to air-shower physics (see section

2.1 [Stecker, 1971]).

Synchrotron radiation Synchrotron radiation is emitted when highly relativistic elec-

trons are accelerated by a magnetic field (See Figure 1.2). The peak energy emitted is:

Epeak =5 x 107°B, g7 eV (1.6)

where 7, is the electron Lorentz factor, and B, is the transverse component of the mag-
netic field in Gauss. This process is essential to leptonic models of VHE emission in Active
Galactic Nuclei (see section 1.2.3), as photons generated through synchrotron radiation
will be typically in the keV range, and can be upscattered to VHE energies via the Inverse

Compton process.
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Synchrotron Radiation
direction of

magnetic field

Figure 1.2: A schematic diagram of synchrotron radiation. From Stanger [2004].

1.1.3 VHE Sources

After decades of gamma-ray astronomy, hundreds of astronomical VHE sources have
been discovered. As of June 2021, TeVCat [Wakely and Horan, 2008] reports 243 sources
detected in the TeV range (see Figure 1.3). At the galactic scale, sources include supernova
remnants, pulsars, microquasars, and more. At the extragalactic scale, sources have been
detected up to a redshift of ~1, and consist mostly of a type of Active Galactic Nuclei
(AGN) called blazars. The following section will explore this type of source in more

detail.

1.2 Active Galactic Nuclei

In this section, I explain types of active galactive nuclei and the prevailing paradigm that

explains their structure.
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Figure 1.3: Sky Map of the 243 VHE sources in the TeV range, as reported by TevCat
(2021).

1.2.1 Unified AGN Scheme

About one percent of galaxies display special central regions with high energy pro-
cesses that cannot be thermal or nuclear in origin (such as those at play in stars). Called
Active Galactic Nuclei (hereafter AGN), these regions are very luminous and dense: 10°

to 10'° solar masses (M) contained in the size of our solar system [Robson, 1996].

AGNs come in subclasses with very different properties, but these classes are brought
together in the theory of the unified AGN scheme, which sees them as similar objects
viewed from different angles (see Figure 1.4). They are further separated based on whether
or not they are radio-loud, on their evolutionary state, and accretion rate (see for example

Alexander and Hickox [2012]).

According to this scheme, AGNs have a central supermassive blackhole (SMBH) that
accretes the matter that surrounds it, forming a hot plasma disk (called the accretion disk).
In the turbulence of the accretion disk, gravitational energy is transformed into thermal

radiation, which then excites and ionizes the fast-moving gas cloud near the SMBH. In
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Figure 1.4: From Myers [2016], a diagram of the unified AGN scheme that focuses on how
the observer’s viewing angle and the loudness of the radio emission changes the type of
AGN. Viewed head-on and radio-loud, we call the AGN a blazar (see section 1.2.2).

that part of the AGN, the spectrum thus displays Doppler-broadened emission lines,

which is why the centre is dubbed the ‘broad-line region’.

Further from the center, molecular clouds are slower by a factor of 10, and their emis-
sion lines are in turn less Doppler-broadened: this is the ‘narrow-line region’. Around the
system, a dust torus conceals the center of the AGN along the equatorial plane. Another
remarkable feature in some AGNs are jets: two ultra-relativistic plasma beams perpendic-

ular to the accretion disk. These jets are caused by a strong magnetic field, which supports
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the theory of a fast-rotating body at the center, such as a SMBH. It would in effect act as a

gyroscope, capable of sustaining stable jets for a long period of time.

1.2.2 Blazars

Blazars, short for ‘blazing quasars’, are an especially interesting type of AGN for VHE
astronomy. Most extragalactic emitters of VHE gamma-rays are blazars [Wakely and Ho-
ran, 2008]. They are defined by a jet structure in close alignment with the observer’s line
of sight (the jet beams towards us). In other AGNs, when they are seen from the side, we
observe twin jets that extend into intergalactic space at huge scales: from kiloparsecs up
to megaparsecs. In blazars, where the jet axis is towards our line of sight, the approach-
ing jet is Doppler-brightened, whereas the receding one is dim and harder to observe.

[Wagner, 2006]

Turbulence in the jet accelerates particles, emitting non-thermal radiation over an en-
ergy range that spans from radio to VHE — 20 orders of magnitude. Radiation from the
jet is bright enough to almost completely mask the host galaxy’s surrounding thermal

emission.

Blazars can further be subdivided into subclasses: flat spectrum radio quasars (FSRQ),
defined by strong and broad emission lines, and ”BL Lac” objects, based on the source

that is the subject of this thesis, which barely show any emission lines [Landt et al., 2004].

In both cases, one of the main characteristics of blazars is their variability on multi-
ple wavelengths and timescales. Their electromagnetic emission levels can change by
more than one order of magnitude, dubbed "flares”. Some blazars, such as Mkn 501 [Xue
and Cui, 2005], were found to have a low steady-state emission (or quiescent state) with
intermittent flares that could go as high as 10 times the flux of the brightest source of

gamma-rays in the sky, the Crab Nebula, a young supernova remnant.
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In this thesis, I investigate whether BL Lacertae emits in the VHE regime when it is

quiescent, and if so, what spectral properties does that emission display.

1.2.3 Models of VHE gamma-ray production

The Spectral Energy Distributions (SED) of BL Lac blazars display two broad peaks: the
lower energy one can be found anywhere between radio and x-ray, while the high energy
one is typically in the MeV regime or higher. Depending on the energy range of these
peaks, BL Lac blazars can be separated in three types: low energy-peaked BL (LBL), in-
termediate energy-peaked BL (IBL), and high energy-peaked BL (HBL), (see Figure 1.5).
At VHE energies, the spectra of BL Lacs often take the shape of a power-law with a spec-
tral index I'. The spectral index is an important parameter for theoretical modelling of

VHE emissions.

The lower energy peak of the SED is commonly attributed to synchrotron radiation, but
the origin of the high energy bump is more controversial. Two competing models emerge

in the literature: those based on leptonic emission, and those based on hadronic emission.

Leptonic Models The defining feature of leptonic models is that they explain the high-
energy bump of the SED as originating from inverse Compton scattering of lower en-
ergy photons by relativistic electrons. In some models, the source photon field is itself
produced by synchrotron radiation from the same relativistic electrons that then trigger
inverse Compton. The phenomenon is then called synchrotron self-compton (SSC) [Ghis-
ellini, 2013]. In other models, the source photon field might be external, such as coming
from the accretion disk, the broad-line region, the torus, or from slower/faster moving

regions of the jets [Boettcher, 2019].
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Figure 1.5: A simplified diagram of the spectral energy distribution of BL Lac objects.
Three general types exist based on the location of the broad lower-energy peaks. In blue,
the low BL (LBL). In purple, the intermediate BL (IBL). In red, the high BL (HBL). Inspired

from data in Ciprini et al. [2003], where the SED of several BL blazars were averaged.

Leptonic models postulate that the radiation is dominated by electrons and / or electron-
positron pairs, but most models usually also account for the presence of protons of classi-
cal or mildly-relativistic energies. These are however not considered to contribute signif-
icantly to the radiative output, though they may influence the mechanics and kinematics

of the jet significantly (see, for instance, Sikora and Madejski [2000]).

Hadronic Models Hadronic models, on the other hand, usually assume that protons are

being accelerated to ultra-relativistic energies, and thus explain the high-energy bump of
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the SED with proton-synchrotron radiation (see Miicke and Protheroe [2001]), or with
photon-pion production followed by pion decay that generates ultra-high-energy pho-

tons, electron-positron pairs, and neutrinos (see Mannheim and Biermann [1992]).

The latter is especially important when considering the development of multi-messenger
astronomy. Detecting a VHE neutrino source coinciding with a VHE gamma-ray source
can be a strong argument for hadronic models. For instance, the neutrino detector Ice-
Cube [Aartsen et al., 2017] registered a 290 TeV neutrino in September 2017 (event 170922A)
and reconstructed its origin as coinciding with the blazar TXS 0506+056 (a BL-Lac object)
[IceCube Collaboration et al., 2018]. VERITAS and MAGIC, two ground-based gamma-
ray telescopes, followed up on the source and found no excess simultaneous gamma-ray
emission, though the AGILE satellite did detect an excess. Further archival research of Ice-
Cube data found an excess of neutrino events from the direction of TXS 0506+056 between
September 2014 and March 2015 with a confidence level corresponding to 3.50. While
this is not a clear-cut case, comparing observations at different wavelengths and differ-
ent messenger particles can bring key information to favor or discard emission models,
and future generations of neutrino detectors and gamma-ray telescopes will undoubtedly

help shed light on the matter.

Chapter 2 gives an overview of the VERITAS telescope array, the main instrument used
for this thesis. After reviewing the general Imaging Atmospheric Cherenkov Technique
used by most ground-based gamma-ray telescopes, we look more specifically at the VER-

ITAS instrumentation and design.
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Chapter 3 describes the analysis of BL Lac in the quiescent state as seen by VERITAS.
First, the VERITAS standard analysis is described, followed by the technique of boosted
decision trees for signal /background separation, and the Bayesian Block method used to
study the variability of the BL Lac light-curve and which time intervals should be marked
as quiescent. Then, the results of the VHE analysis is shown, and the quiescent state is

compared to the flaring state.

Chapter 4 looks at BL Lac data at other energies: first in the lower energy gamma-rays

(100MeV-300GeV) with Fermi-LAT, then in the X-rays (0.3-10keV) with Swift-XRT.

Finally, we make our concluding remarks in Chapter 6.
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Chapter 2

The VERITAS Telescope Array

The greatest obstacle to VHE astronomy is that the Earth’s atmosphere is opaque to
gamma-rays. While this protects us from any possible nefarious impact these particles
could have on our health, it makes it impossible to directly observe gamma-rays from the

ground.

A possible solution is then to observe the particles from space, by putting a satellite-
based telescope in orbit, as was done with Fermi-LAT, but this faces several problems.
Firstly, astro-engineering endeavours are extremely expensive and high-risk. Secondly,
VHE processes typically display a steeply falling power-law spectrum, meaning that the

flux of VHE gamma rays is very low.

As an example, above 1 TeV, the Crab Nebula (a supernova remnant and the brightest
source of gamma-rays in our sky) generates merely ~6 photons per m? per year at the
Earth. A satellite-based telescope would need to be huge to detect such a low flux, which
would be both expensive and impractical. It is in part due to this constraint that Fermi-

LAT’s upper energy limit is around 300 GeV.

One solution is provided by the ground-based Imaging Atmospheric Cherenkov Tech-

nique, first studied by Galbraith and Jelley [1953], and whose concept was proven with
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the detection of the Crab Nebula by the Whipple 10m Telescope [Weekes et al., 1989]. By
making use of the atmosphere as a part of the detector, Imaging Atmospheric Cherenkov
Telescopes (IACTs) turn the opaque atmosphere into an asset, and can obtain an effective
collecting area of over 10*m?, detecting gamma-rays through a relatively wide field of
view with good angular and energy resolutions, making them the most sensitive VHE
gamma-rays detectors. In this section, I will review this technique, and how it has been

implemented with VERITAS.

2.1 The Imaging Atmospheric Cherenkov Technique

When a VHE particle enters the Earth’s atmosphere, its interaction with air molecules
induces an extensive air shower, i.e., a cascade of charged and neutral particles. Since
these secondary particles are relativistic and may travel faster than the speed of light in
air, they will generate Cherenkov radiation, producing a conic pool of blue to ultra-violet

light.

Cherenkov radiation is emitted whenever a charged particle travels through a dielectric
medium at a speed greater than the speed of light in that medium. The charged particle
polarizes the medium around it, exciting the medium’s molecules which then emit pho-
tons as they return to their ground state. But the speed of these photons in the medium is
lower than the speed of the primary particle, so we observe the formation of a waveform

that looks like a conical “shock front” [Cogan, 2006] (See Figure 2.1).

A telescope located within that cone of light, and pointing towards the source of the
shower, can thus capture the projection of the light cone on the ground. Such an event
will be very short, lasting 4-8 ns. If an array of telescopes record the image from several
point of views, a stereoscopic technique can be used to reconstruct the properties of the
inducing (primary) particle. The way VERITAS accomplishes this is described in more

detail in section 2.2.

24



Wavefront gl Wavefront

V4 ~4 ™S

Particle

Figure 2.1: Left: Schematic view of Cherenkov emission resulting from coherent polariza-

tion in a medium. Right: Huygens construction of the Cherenkov emission angle. [Cogan,
2006].

The properties of the secondary shower are directly dependent on the primary par-
ticle’s energy, nature, and direction. In particular, showers generated by gamma rays
(called electromagnetic showers) do not have the same shape as those generated by hardons
(hadronic showers). This difference is especially important for gamma-ray astronomy,
where (usually), VHE photons are the signal we want to detect, and hadrons are the
background we want to suppress. In the following two sections, I explain the differences
and similarities of the two types of showers; section 3.1.2 will explain how the VERITAS
analysis uses machine learning to separate electromagnetic signals from hadronic back-

ground.

2.1.1 Electromagnetic Air Showers

A gamma-ray hitting a nucleus can produce an electron and positron pair if the photon

has more energy than twice the electron’s rest mass, i.e., Ey > 2 x 0.511MeV.

v —ete, (2.1)
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Figure 2.2: Schematic view of an electromagnetic cascade in the atmosphere induced by

a VHE gamma-ray. Figure from Gammell [2004].

where the presence of the nucleus is necessary to conserve the energy and momentum of
this reaction. The electron and positron share the energy of the primary photon. When
the primary particle is a VHE gamma-ray, the two leptons will be highly relativistic and
radiate new VHE photons through Bremsstrahlung, which will then themselves have a
chance to undergo pair-production, starting the process again. This loop (which is shown
schematically in Figure 2.2) will occur many times, generating a shower of relativistic
electrons and positrons, and thus, Cherenkov radiation (from the electrons and positrons).
The particle shower continues to develop with each “generation” of electrons becoming

of lower energy, until they reach a critical energy E. ~ 84 MeV. At this energy threshold,
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Bremsstrahlung and ionization energy loss rates are approximately equal. This marks the
maximum shower development, X,,,,, when ionization losses begin to take over. The
number of particles in the cascade decreases quickly, ending the air-shower. Because
the particles in electromagnetic showers also undergo multiple Coulomb scattering, their
velocities are distributed over a small range of angles, and the shower’s lateral extent is

relatively narrow.

These showers are formed exclusively of electrons, positrons, and photons. Intuitively,
the total number of these particles is proportional to the energy of the primary photon:
the higher the primary energy, the longer the air shower will last, and the more particles
will be generated, and the more Cherenkov light will be emitted. IACTs make use of this

property when reconstructing the energy of the primary particle (see section 4.1.1).

Another type of electromagnetic air shower is one induced by electrons and positrons.
These are almost indistinguishable from photon-initiated air showers, with only a slight
difference in the depth of first interaction in the atmosphere, and are a part of the back-
ground that needs to be accounted for, but their flux is much less than that of the primary

background, namely hadronic particles.

2.1.2 Hadronic Air Showers

The majority of VHE particles that hit the atmosphere are not gamma-rays, but instead
hadrons, dubbed cosmic rays (CRs): protons (86%), helium nuclei, (11% ), heavier nuclei
(1% ), and a small admixture of electrons and positrons (2% ). They are charged and
can reach highly relativistic energies [Longair, 2011]. Figure 2.3 shows the CR spectrum,

which exhibits a power law structure up until a break called the “knee”, around 10*° eV.
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Figure 2.3: A survey of the all particle cosmic ray spectrum with data from seven different
instruments. The spectrum follows a power law fit remarkably well up to the so-called
"knee”. From Wilkens et al. [2003].

The development of hadronic showers is more complex than electromagnetic showers.
Interactions with nuclei in the air induce the production of secondary nucleons, pions
(charged and neutral), and muons, which quickly decay, as was introduced in section
1.1.1. Figure 2.4 shows a schematic diagram of the development of a hadronic air-shower,

and the resulting hadronic, muonic, and electromagnetic components.
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Figure 2.4: From Krause [2017], a schematic view of a hadronic air shower.

Muons from charged pions will have long lives and reach the ground, only losing en-
ergy via Cherenkov radiation and ionization. On the other hand, neutral pions will gener-
ate VHE gamma-rays, triggering a secondary electromagnetic sub-shower. Because pions
from CR-induced showers usually have large transverse momenta, hadronic air showers
generally display a larger lateral spread than their electromagnetic counterparts. This

difference in shape is an important way to differentiate the two, although complete dif-
ferentiation is not always possible.

Figure 2.5 shows a Monte Carlo simulation of an air shower produced by a photon in

contrast with one produced by a proton. The hadronic shower has a larger lateral spread
than the more compact electromagnetic shower.
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Figure 2.5: Monte Carlo simulations of 100 GeV gamma-ray (left) and cosmic-ray (right)
air showers generated with the CORSIKA package ([Heck et al., 1998]). Image from [Pe-
trashyk, 2019].

2.2 VERITAS Instrumentation

2.21 General Design

VERITAS, the Very Energetic Radiation Imaging Telescope Array System, comprises four
telescopes of similar design. They are each constructed with a reflector, a camera box held
on quadrapod arms, and a counter weight (see Figure 2.6). The telescopes are arranged
in an approximately diamond formation (see Figure 2.7), with sides of about 100m. This
distance was chosen to optimize the array’s collection area, while always ensuring that

more than one telescope is located in an air shower’s Cherenkov light pool.
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Figure 2.6: Photo of the VERITAS array. [Tsen-Yuan Lin, 2020]

Figure 2.7: Overhead view of VERITAS. Map data from Google (2015), markings by Tsen-
Yuan Lin [2020]
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Figure 2.8: The VERITAS camera. Left: The camera without the Winston cones. Right:
The Winston cones minimize the gaps between the PMTs. [Tsen-Yuan Lin, 2020]

VERITAS's reflectors are 12m diameter structures that follow the Davies-Cotton design
[Davies, 1957]. Each steel structure supports 345 hexagonal tessellated mirror facets, with
triangular suspension mounts that ensure the mirrors can be individually adjusted, and
thus, properly aligned. With a curvature radius of around 24m, the reflector’s focal length

is about 12m.

Each VERITAS camera, situated at the focal point of a detector, (see Figure 2.8) is a
pixelated photon detector consisting of 499 Hamamatsu photo-multiplier-tubes (PMT)
arranged in a hexagonal pattern. PMTs are glass vacuum tubes whose inner fronts are
coated with a photocathode material, a light-sensitive metal that converts photons into
electrons via the photoelectric effect. This allows the transformation from photons hitting
the PMT into an electric signal. This signal is then amplified as the electrons go through

a chain of dynodes, generating more free electrons with every impact.

32



The VERITAS camera PMTs have a 20-30% photon detection efficiency, response times
of a few nanoseconds, large detection areas with clean signal amplification, and can detect
individual photons. They have a circular radius of 28.6 mm on the front face, which
leaves gaps on the focal plane, but these are recovered in Winston cones (see Figure 2.8)
[Winston, 1970]. These cones ensure that photons coming at an angle superior to 30° are
not detected, which helps prevent light contamination. Each PMT “sees” 0.15° of the sky;,
resulting in a total VERITAS field of view of 3.5°.

2.2.2 Trigger System

After the photons are converted to an electric signal via the PMTs, the signal for each
PMT is digitised continously with a flash analog-to-digital-converter (FADC), and stored
temporarily in a buffer. Because not all the data needs to be stored, VERITAS selects

which events to store with a three-level trigger system.

The first trigger (L1) is at the pixel (PMT) level. For this level to be triggered, the signal
from a PMT must exceed a defined threshold. The L1 triggers are important to keep out
environmental background light, such as the night sky background, and electronic noise.
They are implemented via constant fraction discriminators (CFDs), which stabilise the
trigger timing and ensure it is independent of the PMT pulse-shape. If a pixel is triggered,

the information is passed on to the second level.

The second trigger, L2, is at the level of an individual telescope. It necessitates that an
adjustable number of neighbouring PMTs (usually 3, but can be raised up to 5) pass the
L1 level simultaneously (that is, within a 6ns time window). This reduces the impact of
random noise and background. If a telescope is marked as triggered at the L2 level, the
only test left is L3. The L2 trigger has a time window of 8 nanoseconds (the maximum
time span of a Cherenkov light pulse), and it is typically triggered at frequencies of a few

kHz.
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Finally, the L3 trigger is at the array level. It simply requires that a certain number
of telescopes (usually two, but that number can be adjusted if needed) trigger at the L2
level. If that condition is passed, the read-out of the FADC samples for all PMTs and all
telescopes is initiated in the buffer, and an event is built. L3 triggers typically occur at

rates around 300 Hz.

Events that pass the L3 trigger are stored in Veritas Bank Format (VBF) files, which are

then ready to be analysed. The VERITAS analysis is described in the following chapter.
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Chapter 3

BL Lacertae Analysis

3.1 Analysis Tools

3.1.1 VERITAS Standard Analysis

In this section, I review the steps of the VERITAS standard analysis for gamma-ray
data, specifically using EventDisplay [Maier and Holder, 2017], one of two main software
packages used by the VERITAS collaboration. Written in C++, EventDisplay uses the
data analysis routines of the scientific software framework ROOT [Brun and Rademakers,

1996] and is freely available upon request to Maier and Holder [2017].

Starting with a raw data file, this analysis asks whether there is a gamma-ray source,
and if so, reconstructs the properties of the gamma-ray source — notably, its location, flux

evolution, and energy spectrum.

Charge Integration In each pixel (that is, each PMT), the total charge is calculated by
integrating the FADC trace over a time window. When the PMTs encounter Cherenkov
photons, a typical signal is similar to that on the left of Figure 3.1: a rapid dip, followed
by a slower rise to the baseline value (or pedestal). Tj is defined as the signal’s arrival

time, when the trace reaches half its minimum value. On the right of Figure 3.1, we see
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Figure 3.1: Two typical FADC traces. Left: Trace from one channel that has received
a significant Cherenkov photon signal. In grey, a 12 sample (24 ns) time window over
which the trace of the FADC was integrated. The trace is offset from 0 by a pedestal of
approximately 16 digital counts (dc), marked by an orange dashed line. Right: Without
a Cherenkov signal, the FADC trace fluctuates around the pedestal. Figure from Krause
[2017].

what the FADC trace typically looks like when no Cherenkov photon signal is detected:

it fluctuates around the pedestal value.

The EventDisplay package uses a double-pass approach for charge integration [Holder,
2005]. The FADC trace is first integrated over a wide time window (16 ns or longer), after
which follow the steps of cleaning and parametrisation described below, and 7 is calcu-
lated. Afterwards, the charge is integrated again, this time over a smaller time window
(typically 12 ns) to get a better signal-to-noise ratio. The boundaries of this small time
window are determined by fitting the temporal shower development over the image’s
major axis — the slope of this fitted function determines the start of the integration inter-

val. Finally, we subtract the pedestal value and obtain the total charge in digital counts.

To calibrate data, VERITAS takes artificially triggered runs every night, where the cam-

era is uniformly illuminated by LEDs or laser flashes. By analyzing these flash runs, we
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Figure 3.2: Pixel (PMT) information before and after cleaning. Color proportional to
charge (i.e. pixel brightness), with blue for low towards red for high. Grey indicates
dead pixels, white, pixels that were excluded by cleaning. Figure from Maier [2014].

can calculate the PMTs’ relative gains, timing differences, and estimate the pedestal value

in each FADC trace and the background noise coming from the night sky.

Image Cleaning To remove random background fluctuations (for example, due to the
night sky background), the image is ”"cleaned”. The pedestal variance (pedvar), calculated
as the root-mean-square of the pedestal distribution, is an essential value for this process,
since it depends on the brightness of the night-sky background on any given night. Pixels
with a charge greater than 5 pedvar above the pedestal value are selected as image pixels.
Then, pixels that have 2.5 pedvar above the pedestal value and are the neighbor to an
image pixel are selected to become border pixels. Every other pixel is zeroed, including
pixels that might have passed the 5 pedvar test but with no adjacent boundary pixels.

This process is illustrated in Figure 3.2.

Image Parametrisation The recorded and cleaned shower image is now assigned a set
of Hillas parameters that define its shape and orientation. These parameters are fitted
through a moments analysis as described in Hillas [1985], and the process takes advan-
tage of the fact that shower images will be elliptical and of stronger intensity at the centre.

From there, the obtained parameters are the number of pixels N,;,, the size s (total light
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Figure 3.3: Hillas parameterization of shower images. Figure from Fegan [1997].

intensity in the image), the width (minor axis) and length (major axis) of the shower el-
lipse, and the distance from the center of the ellipse to the center of the camera (Figure

3.3).

These parameters can be used to make cuts based on image quality (for example, if too
much of the image is at the edge of the camera), resulting in better resolution. Quality
cuts include for instance minimum image size (s > 400 dc), and a minimum of bound-

ary/image pixels (N, > 5). [Krause, 2017]
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Figure 3.4: Examples of geometrical reconstruction. Left: Reconstruction of direction.

Right: Reconstruction of the shower core location. Figure from Petrashyk [2019]

From these images and parameters, we would like to reconstruct the direction of the
primary gamma ray and its energy. The next paragraphs detail how these values are

obtained.

Geometrical Reconstruction One of the most important parameters to reconstruct is
the original direction of the gamma-ray, since this tells us where the source is located in
the sky. Fortunately, air showers develop along the axis of the initial particle direction
(see section 2.1), such that the origin of the shower is located on the image ellipse’s major
axis. The reconstruction of the event direction is done by following algorithm 1 of Hof-
mann et al. [1999], where several independent shower images from different telescopes
are stacked on a single camera plane (see Figure 3.4, left). The point where the major axes
intersect for each pair of ellipses is measured, and we take the weighted average of the in-

tersection points. The weights are calculated from the angles between the image axes, the
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image size, and the width/length ratio, in order to attribute higher weights to brighter,

more elongated images.

A related geometrical parameter to determine is the position of the shower core on
the ground, i.e. the location where the gamma-ray would have landed if it had passed
through the atmosphere unimpended (see Figure 3.4, right). By projecting the image axes
onto a plane normal to the telescope’s pointing direction, we look at the straight line
where the planes intersect the ground. The shower core must be located on that line.
To calculate its position, we minimize the distances from the major axes to the source.
This allows us to determine the impact parameters, defined as the distances between the
telescopes and the shower core. The impact parameter is important to help estimate the

energy of the primary particle, as will be described in the next section.

Lastly, we want to estimate the emission height h.,, of the Cherenkov emission. For
each pair of telescopes, k., is estimated, and the final estimate is the mean of these pairs
weighed by image size. The x? value of h,,, is also important, and both of these values
are helpful to separate gamma-ray showers from hadronic showers (since charged CRs

and muons penetrate deeper into the atmosphere).

Energy Reconstruction Finally, we want to extract the energy Ej of the primary parti-
cle from the shower images, which will be key to measuring the energy spectra of VHE
sources. The total charge captured by the camera pixels, s, is proportional to the number
of Cherenkov photons produced during the air shower, which itself depends on £, and
can thus be used to reconstruct it. We must also take into account other parameters that
influence s: the shower direction, impact parameter, background noise level, and zenith

and azimuth angles (i.e., pointing direction).

Monte-Carlo (MC) simulations of gamma-ray air showers using the CORSIKA pack-

age [Heck et al., 1998] are an important part of the VERITAS analysis. They are used
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to produce lookup tables, where for a wide range of zenith angles, wobble offsets', and

night sky background levels, the energy F is calculated as a function of measured impact

parameter R and total charge s, as well as the energy median E,,.4, and the 90%-width
E

O-'i'

An energy estimate F; is calculated for each telescope image. Because the MC simu-
lations are done for finite values of zenith angles, wobble, and noise, E; is estimated by
interpolating between discrete steps. The reconstructed Ej is then obtained by computing

the average of E; over N telescopes over the 90%-width op:

_ Zi\;—\/l Ei/(of)? (3.1)
D it 1/(of)?

And the x? distribution of this energy estimate is:

N
, 1 Ey - E;
A= AN 2

7

3.1.2 Boosted Decision Trees for Gamma/Hadron separation

As was alluded to in section 2.1, one of the main challenges for gamma-ray astronomy
is to differentiate between air-showers induced by VHE photons, and those caused by
hadrons. Separating the gamma-ray signal from the hadronic background is essential to
achieve high sensitivity. This is especially important for BL Lac in the quiescent state,
since we're analyzing faint data. In this section, I will go over the technique of cuts that
was traditionally used in the VERITAS analysis, then the method of Boosted Decision
Trees first developed by Krause et al. [2017], which was used to analyse BL Lac in the

quiescent state.

!The wobble observation technique is the practice of pointing at a position deliberately offset from the
targeted source in order to estimate background and observe the target simultaneously. VERITAS obser-
vations typically wobble 0.5° around a source, alternating between North, South, East, and West wobbles.
Recall that the VERITAS field of view is 3.5°.
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Standard Cuts One of the key differences between air showers caused by gamma rays
and by hadrons is in their shapes. Hadronic showers are messier, more irregular, and
wider (see section 2.1.2). For that reason, an intuitive way to separate them is to calculate
the Hillas widths and lengths. MC values for gamma-rays are stored in lookup tables as a
function of size and impact parameter, and can then be used to calculate the mean scaled

width (MSCW) and mean scaled length (MSCL) of observational data:

1w —w (R, s)
MSCW = — L MO 3.3
N ; ( Uw,MC(R7 S) ) ( )
MSCL—ii li_WMC(RaS) (3.4)
N i—1 Ul,MC(R>3> ’ ’

where [; is the length, w; is the width, N is the number of images, wys¢ is the median of the
width/length found in look-up tables, o is the 90 %-width values of the expected image
width, also found in look-up tables, R is the impact parameter, and s is the image size.
By construction, mean-scaled quantity distributions for gamma-rays should be centred at

zero and have a width of ~1.

Cut-values for these parameters are chosen based on MC simulations of air showers,
and events which do not meet the required criteria are removed. Though this process is
effective, it is limited to shape parameters and will inevitably lead to some background
being categorized as signal, and vice-versa. A perfect separation of background and sig-
nal is impossible, but the effectiveness of the separation can be improved by considering
a multivariate approach such as Boosted Decision Trees that takes into account other po-

tentially discriminating parameters.

Decision Trees Decision Trees are a multivariate method of classification. By classifica-
tion, we mean that the algorithm’s output is a category — in this case, whether an event is

”signal” or "background”. A multivariate analysis considers several variables at the same

42



time, even while their correlations may be non-linear. For hadron/gamma separation, the

VERITAS analysis considers the following variables:

MSCL versus MSCW (Background)

MSCL

11.‘I|IIII‘\\II|IIII‘IIII

II\I|IIII.L-

-1.5 -1 -0.5 0 0.5 1 1.5 2
MSCW

Figure 3.5: Distribution of mean-scaled width vs mean-scaled length for a background

training sample (real data taken on a patch of dark sky).

MSCL

-1.5 -1 -0.5 0 0.5 1 1.5 2
MSCW

Figure 3.6: Distribution of mean-scaled width vs mean-scaled length for a signal training

sample (Monte-Carlo simulation of gamma-ray data).

¢ Shape parameters (MSCW, MSCL) as described earlier (see Figures 3.5 and 3.6).
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Height of maximum emission, particularly relevant at low energies or high zenith

angles (see Figure 3.7).

x?-value of the emission height estimation (see Figure 3.8).

Second largest image’s size in photoelectrons (see Figure 3.9).

Distance from shower core (see Figure 3.10).

Figures 3.5-3.10 show the distribution of these variables on a training sample for one
energy/zenith bin. The ”"background” comes from real data of patches of the night sky
with no sources (thus, primarily charged cosmic rays), whereas the ”signal” sample is
a Monte-Carlo simulation of gamma-ray showers. From these distributions, the differ-
ence between the two populations is visible, but it is obvious that a simple cut based on
one or more of these parameters will result in important losses of signal and/or gains in

background noise.

These distributions are influenced by energy and zenith angle, as can be seen in Figure

3.11.
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Figure 3.7: Distribution of shower emission height for a background training sample

(data) vs signal (simulation).
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Figure 3.8: Distribution of the x? of shower emission height for a background training
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Figure 3.9: Distribution of the second largest image’s size for a background training sam-

ple (data) vs signal (simulation).
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Figure 3.10: Distribution of the distance to shower core for a background training sample

(data) vs signal (simulation)
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Figure 3.11: Examples of how energy and zenith angle affect the distribution of discrim-
inating variables, from left to right: MSCW, MSCL, emission height, core distance. For
this reason, training of boosted decision trees must be done for separate zenith and en-

ergy bins. From Krause and Pueschel, 2017.
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Figure 3.12 shows a visual representation of a decision tree. Decision trees are 2-D
structures composed of nodes (the “branches”) and leaves (the final output). Mother
nodes split into two daughter nodes with a splitting criterion which tells whether the
event is more like a signal or like background. The event’s parameters pass a series of
tests before being classified as signal or background (to a certain degree of probability).
The best separation criterion for each node is defined during training, in which the tree is

fed a data set of simulated events (wWhose types are thus known).

Figure 3.12: Visual representation of a decision tree’s development. An event with a set of
parameters z;; undergoes a series of binary criterion tests, until it reaches the final node,

by which point it is categorized as signal (S) or background (B). From Krause [2017].

Training We first start at the root node with the entire training sample T, composed of
a set of background (7z) and signal (1) simulations. Each of the events in T have a set

of parameters and a weight w; (before boosting, which will be covered below, all weights
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are equal). At each of the nodes, the training sample is split into leaf nodes according to
an attribute. The criterion which splits the sample best is applied, and is found using the

following index:
N
I= ( > wi> P (3.5)
i=1

where N is the number of events in the sample and P measures the signal purity. It is
equal to 0 when all events in the sample fall into the same category, and is at its maximum
(0.25) when there are equal numbers of signal and background events. Maximizing the
difference between the index of the mother node with the daughter nodes gives us a

criterion C that splits the sample most efficiently.
Galn(A[(O)) = Lmother — dright — [left (36)

T is then split in two subsets: on one daughter node, the events which pass the criterion,
and on the other, those which fail it. This process begins again with each node, until the
splitting cannot be increased further. At that stage, the node becomes a leaf, one which is

classified as signal if more than half of its events are gamma rays, and background if not.

Boosting Single decision trees are sensitive to the fluctuations of the training data set
and can thus result in criteria that will only work with the training sample. Boosting can
solve that problem. It extends a single tree to a forest, where each tree is more impervious

to statistical fluctuations than the last.

We start with a training sample where each event has the same weight w{ and build a
tree 7°. When an event p is misclassified by the tree T, its weight will be boosted by a
factor of o, 1, such that:

e (3.7)

I3
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And the other weights will be normalized. a4, is:

Ony1 = Bln<1 - 6") , (3.8)

€n

where ¢, is the weight fraction of misclassified events for ¢,, (sum of misclassified weights
over the total sum of weights), and /3 is the (unitless) learning rate, which is adjustable by

the user.

Following Krause et al. [2017], we use 400 trees, a maximum node depth of 5, 20000
signal training events (from simulation), 20000 background training events (can also be
from simulation, but we usually use night sky background data). We first perform some
standard cuts to exclude events that are obviously not gamma-ray, and the BDT analysis

refines the separation.

To account for variations in energies and zenith angle (both of which will change the
perceived shape of the air-shower), the BDTs are trained over four energy bins (0.08 TeV
to0.32TeV,0.32 TeV to 0.5 TeV, 0.5 TeV to 1 TeV, and >1 TeV) and four zenith angle bins (0°
to 22.5°, 22.5° to 32.5°, 32.5° to 42.5°, and >42.5°). This allows the bins to be fine enough

that the variations are considered, while still including enough events for the training.

An important risk to bear in mind in any classification algorithm is overtraining, when
the algorithm follows the training sample too closely and statistical fluctuations take over.
This can happen, for example, when the tree depth is set too high. To avoid this, every
BDT training is followed by an overtraining check. The training sample and a test sample
are compared by a Kolmogorov-Smirnov test, which calculates the probability that the
signal (and background) training and testing distributions come from the same proba-
bility function. If there is no overtraining, i.e. if the two come from the same probability
function, then the test will give a non-zero probability result. A result close to zero signals

overtraining.
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Figure 3.13: Upper: Efficiency of background (red) and signal (blue) as a function of cut
value. The green line represents the optimal cut value. Lower: signal significance as
a function of cut value. The green line is the optimal cut value. We see that it is the

extremum of the significance curve.

Cut Optimization Finally, the BDTs" output is a “score” between -1 and 1. We need
to choose a threshold for that score such that all events underneath it are deemed back-
ground, and the rest, signal. Figure 3.13 shows an optimized cut value. The process

of finding the best threshold for this score is called cut optimization. By best, we mean
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the cut that will minimize the minimum signal strength that can be detected for a given

background.

These cuts are determined for every zenith and energy bin, and are optimized in three
ways that are better suited for sources of varying strength and spectral index: soft, mod-
erate, and hard. Soft cuts are typically used for sources with a spectral index >3, which
are best served by low size cuts. They have a low energy threshold, but they also have
a lower signal-to-noise-ratio. Hard cuts, on the other hand, are best for sources with
harder spectral index (<2) or weaker sources. These cuts result in a smaller point-spread
function and better signal-to-noise ratio, but their energy threshold is higher, so they are
not as suited for lower energy gamma-rays [Park, 2016]. Moderate cuts are, intuitively, a

compromise between the two and can be used for most sources.

3.1.3 Bayesian Block Analysis

The method of Bayesian Blocks was first invented by Scargle [1998], then was generalized
and improved in Scargle et al. [2013]. Its purpose is to detect local variability in sequential
data in a more unbiased way than simply by eye. It aims to identify and characterize
variations of statistical significance while taking into account observational errors. The
sought structures are local, meaning that the variations occupy sub-ranges of the total
time interval considered (as opposed to global features such as periodicities which would
be better detected by, for example, a Fourier transformation). In this work, a Bayesian
Block analysis was used to identify which parts of the BL Lacertae light-curve (flux as a
function of time) should be classified as “flaring” or “quiescent” (see section 3.2.2). I will

now give a brief overview of Bayesian Blocks.

One of the strengths of the Bayesian Blocks method is that it is a non-parametric ap-
proach, meaning that it searches for a generic representation. It does not make any as-

sumptions about the smoothness or shape of the signal.
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We are looking to divide a light-curve in time intervals that represent a quiescent state
and one or more flaring states. One of the best ways to go about this is to fit a piecewise-
constant model to the data optimally. This is a type of change-point analysis, that is, one
that seeks points where the signal discontinuously changes from one segment in which
the data is constant (to a certain level of statistical certainty) to another. It is an ideal
approach for discrete, sequential, one-dimensional data. The piecewise-constant model
divides the independent variable (here, time) into subintervals called “blocks” of (gener-
ally) unequal size. Within the blocks, the dependent variable (here, brightness) is mod-
elled as a constant within errors. Scargle et al. [2013] found that this approach was the

best step-function to maximise the quality of the fit.

Importantly, the blocks can be treated as independent of each other. The fitness of
a block is only dependent on the data within the block. By using a Bayesian likelihood
framework, we can thus compute a fitness function with only two parameters: the block’s

width, and the signal amplitude.

The idea is then to vary the location of the change-points to achieve maximum fitness.
However, this is challenging when the number of points N is large, since the number of
possible block configurations would be 2V. Instead of calculating all of these possibilities,

a dynamic programming approach will be much more efficient.

Dynamic programming is the practice of reducing the complexity of a problem by re-
ducing it into smaller, more manageable sub-problems dealt with recursively. In this
case, it can be seen as akin to mathematical proof by induction (proving a proposition for
a starting point 0, then proving that if this proposition is true for n, it is true for n+1). It is
easy to determine the best binning for a single data cell. Then, Scargle et al. [2013] showed
that by defining the step between optimal binning for n cells to n+1 cells, and reusing the

results stored from previous steps, computation time is reduced to the order of N?, which
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is a much less daunting number for large N. The recursive nature of the algorithm allows

it to stop analysing whenever a change-point is detected.

More mathematical details about Bayesian Blocks and their implementations can be
found in Scargle et al. [2013]. In this work, I've made use of astropy’s bayesian block

algorithm [Astropy Collaboration et al., 2018], based on the Scargle algorithm.

3.2 Analysis Results

3.2.1 Full archival data set and quality cuts

Over VERITAS'’s decade of activity, BL Lac has been observed for hundred of hours.
The first step in determining whether BL Lac is detectable in the quiescent state was to
gather all that archival data and apply some quality cuts. VERITAS observers classify
the weather on a letter scale, where A-weather defines a clear sky that requires no time
cut. On the other hand, B-weather and C-weather nights, which correspond to cloudy
or otherwise unclear skies, sometimes still have usable data, but they need to be checked
for potential cuts. Changes to the L3 trigger (array-level) rate and temperature of the sky
measured by an infrared radiometer are good indications of when an obstruction (such

as a cloud) occurred, and when a time-cut should be applied. See Figure 3.14.
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Figure 3.14: Two contrasting examples of L3 rate that do and do not require time cuts.
In black, the L3 trigger rate. In red, the infrared radiometer (FIR) temperature. (a) An
example of data that require a time-cut (in blue). The sharp spike in the FIR temperature
along with the dip in L3 rate usually indicate the passage of a cloud or another obstructing
weather event. (b) Example of data that do not require a time cut. Both the L3 rate and

FIR temperature are stable.

Once those cuts were applied, the BL Lac data set analysed in this work comprised 271
runs, for a total of over 99 hours of data, spread over 11 years (see table 4.1.). The date of
each run was an important factor to take into account in the analysis, since the instrument
has changed over that decade. Three major epochs mark before and after the telescope T1
was moved in 2009, and before and after the PMTs were upgraded in 2012. In addition to
that, the aging of the instrument affects the data taken, so the epochs must be sliced into
finer year-long intervals. Finally, the data is also calibrated based on how the atmosphere
changes with the seasons (summer and winter). This leads to different look-up tables

being used to reconstruct effective area, energy, and geometry.
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The data was analyzed with EventDisplay (see section 3.1.1). The gamma-hadron sep-

aration was performed using Boosted Decision Trees soft cuts (see section 3.1.2).

Number of Runs 271
Exposure 99 hours
Mean elevation 68.4°
Trigger rate 107.2 Hz
mean pedvars 6.41 digital counts

Table 3.1: Properties of the total BL Lac data set.

The final resulting lightcurve can be seen in Figure 3.15, with night-by-night time bins.
The obtained significance skymap is showed in Figure 3.16. With a rate of 0.48+0.01 gam-
mas/min, we have a clear detection with a significance of 44.4 o at the source location,
which was expected. As seen in Figure 3.15, the data set comprises clear flares. Our next

question is then whether BL Lac can also be detected by VERITAS when it is not flaring.
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Figure 3.15: The lightcurve of BL Lac over 11 years of data, binned nightly.
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Figure 3.16: Smoothed significance skymap of the full data set of BL Lac. The maximum

significance occurs at the source location, at 44.4 o.

3.2.2 Identifying Flares

To identify on which nights BL Lac should be marked as flaring, we perform a Bayesian
Block analysis as described in 3.1.3. The significance of each block was chosen to be 30,
and the Bayesian Block package used was that in Astropy [Astropy Collaboration et al.,
2018]. The resulting partition is shown in Figure 3.17. Taking into account each point’s
uncertainty, the lightcurve is sorted into 11 blocks: six of them are long, spanning years
and with a low average flux, and five blocks that are one-night long? and of a much higher
flux than the average. The former blocks are defined as BL Lac’s quiescent state; the latter,

as flares.

2The third flaring bin includes two nights. However, we can see that the first night’s flux is close to zero,
and that months separate it from the next data point. This is an occasion when the Bayesian Block analysis
should not be trusted blindly. Most likely, the sparsity of the data around that time caused this anomaly,
and we do not consider the first night as part of the flare.
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Figure 3.17: Light curve of BL Lac, with the Bayesian Block edges shown in orange.

Table 4.2 shows the flaring dates that were identified with this analysis: in 2011, 2015,
2016, 2017 and 2019. Overall, the flares consist of over 6 hours of data.
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Date Significance of Event Rate
Individual Runs (v/min)
2011 June 28 130 27403
31c 0.31+0.1
020 0.046 £ 0.294
2015 June 20 8.7 ¢ 1.1+£02
490 0.77 + 0.25
2016 October 5 20 6.0 £ 0.5
250 71+04
240 8.6 £0.6
27 o 85+£05
28 ¢ 8.6 £05
150 3.0£03
2017 December 20 140 34+03
190 33£03
2019 May 5 110 1.6 £0.2

Table 3.2: Flares as determined by the Bayesian Block analysis. Each line is one VERITAS

run (typically around 30 minutes long).

3.2.3 BL Lac in the quiescent state

Now that we have identified the flares, we can exclude them and analyse the quiescent
data alone. The non-flare data consists of 93 hours of exposure, or 257 runs. The quiescent

data set is 15 times longer than the flaring data, but the flares are still far more significant,

highlighting the extreme variability of the source.

Figure 3.18 shows the significance skymap for the quiescent data. The maximum sig-

nificance at the source location is 4.3 0 — not rising to the 5 ¢ often used in the literature
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to claim a discovery of a previously unknown source, but significant enough to argue that

BL Lac does indeed emit TeV gamma-rays when it is in its quiescent state.
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Figure 3.18: Smoothed significance skymap of BL Lac in the quiescent state. The maxi-

mum significance of 4.3 ¢ is obtained at the location of BL Lac.

Another interesting question to consider is whether the spectral behavior of BL Lac is
any different between the quiescent and flaring states. To do so, we first reconstruct the
spectrum for only when the source is flaring and compare it to the quiescent spectrum

(see Figure 3.19).

To obtain these energy spectra, the VERITAS analysis uses look-up tables (based on
simulation data), and the unfolding method of correction factors Cowan [1998]. The idea

of this method is to assume that the true value of the flux can be related to the measured
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flux in each bin with a correction factor C;:
f; = Civ; (3.9)

Where ; is the true flux value, and v; is the measured flux value. C can be estimated with

a Monte-Carlo simulation that assumes the shape of the true distribution to estimate ¢

and considers the properties of the instrument for the resulting “observed” v*¢:

i
G~ B (3.10)

v;

Then, C; and the measured v; can be used to estimate the true flux.

The points are then fitted to a power-law:

% =1 (1TEev>_F (-11)

For the non-flaring spectrum (see Figure 3.19), we obtain a factor I of:
Io=(1.840.7) x 107 ¥em2s ' TeV ! (3.12)
And a spectral index I' of:

Io=26=+0.7 (3.13)

The spectral index is especially important to compare to models of energy emission. Un-
fortunately, even 93h of data results in a soft detection, so we find a spectral index with
a large uncertainty. For the spectrum in the flaring state (see Figure 3.19), the best fit we
obtain is:

Ir = (1.9240.08) x 10" Hem 25 1 TeV ! (3.14)

I'r =3.15£0.04 (3.15)
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Thus, while the quiescent energy spectrum appears to be harder than the flaring en-
ergy spectrum, the spectral indices are consistent within our uncertainties (see Figure
3.19). This is an interesting and surprising result, as typically, HBLs have a "harder when
brighter” behavior, i.e. their spectral index is harder when the source is flaring, whereas

our data has a softer index in the flaring state.
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Figure 3.19: Comparison of the BL Lac energy spectrum in the flaring state and in the
quiescent state. In red, the flaring spectrum. In blue, the quiescent spectrum. Arrows

indicate 99%-confidence upper limits.
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Chapter 4

BL Lacertae as seen by Fermi-LAT and
Swift-XRT

To get a fuller picture of BL Lac’s spectral behavior in the quiescent state versus in the
flaring state, we now take our attention to two other wavelength intervals: [100 MeV-100
GeV] with the Fermi Gamma-Ray Space Telescope, and [0.3 - 10 keV] with the Swift X-Ray

Telescope.

4.1 Fermi-LAT

The Fermi Gamma-Ray Space Telescope is a satellite-based observatory that was launched
in 2008 (Figure 4.1). It hosts the Large Array Telescope, Fermi-LAT, which consists of 16
tracker modules, 16 calorimeter modules, and a segmented anti-coincidence detector. The
tracker modules convert incident gamma-rays into an electron-positron pair whose en-
ergy is deposited in the calorimeter, thus measuring the photon’s original direction and
energy. Fermi-LAT detects gamma-rays in the 20 MeV-300GeV energy range. The 5-year
all-sky gamma-ray map is seen in Figure 4.2. The bright diffuse emission at the centre cor-

responds to the galactic disk. As of its fourth catalogue, Fermi-LAT reports 5064 sources
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of gamma-rays, and as seen in Figure 4.3, at high galactic latitudes, the vast majority of

these are AGNs [Ajello et al., 2020].

Tracker

Segmanted
Auto-Coincidence
Detector (ACD)

Calorimeter

Figure 4.1: Artist’s rendition of the Fermi Gamma-Ray Space Telescope. Adapted from
Atwood et al. [2009]. The Large Array Telescope’s dimensions are 1.8 m x 1.8 m x 0.72

m.

Figure 4.2: The Fermi-LAT five-year all-sky map. Energy range: [1-300 GeV] Image credit:
NASA /DOE/Fermi LAT Collaboration.
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Figure 4.3: All sky map of Fermi-LAT sources as reported in their eight-year catalogue
[Ajello et al., 2020]. Blue dots mark AGN.

Fermi-LAT data and the tools to analyse it are open for public access and use, which

made possible the analysis of BL Lac Fermi-LAT data presented in this section.

4.1.1 Data Selection

First, we retrieved the publicly available BL Lac light-curve' (Figure 4.4), which com-
prised 4346 days of data (Fermi-LAT sweeps out across most of the sky multiple times
per day, so unlike the VERITAS data set, this data was taken daily). We performed the
same Bayesian Block analysis as described in Section 3.1.3, and the data was sliced into
144 bins. The source displayed a lot of variability even when it was at a low flux, so the
distinction between flaring and quiescent was not as obvious as with the VERITAS data
(seen in Figure 3.17). After singling out the bins when the flux was more than twice the

overall average, 37 flaring bins were identified (see Figure 4.5).

1ht’cps: / /fermi.gsfc.nasa.gov/ssc/data/access/lat/msl lc/source/BL_Lac
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Figure 4.4: Fermi-LAT Lightcurve of BL Lac. Energy range: [100 MeV-300 GeV]

Fermi light curve with Bayesian Block Bins (100 MeV-300 GeV)
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Figure 4.5: Fermi-LAT Lightcurve of BL Lac with Bayesian Block bins. Green stars mark
bins where the average flux was less than twice the overall average flux. Red stars mark
bins where the average flux was more than twice the overall average. Energy range: [100

MeV-300 GeV]
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For the quiescent data set, a little over a year of data was selected from 56930 to 57390

(MJD).

4.1.2 Quiescent State Analysis

The data was then analysed using Fermitools? [Fermi Science Support Development Team,
2019]. In order to obtain the detection, flux determination and spectral modeling of BL
Lac in the quiescent state, we performed a maximum likelihood optimization technique,

described briefly here:

1. Download data from the Fermi-LAT archive. Here, over a year of data was selected,
with a radius of 5° around BL Lacertae’s coordinates, and we selected the energy
range to be [100 MeV - 300 GeV]. We obtain event data files, and a spacecraft data

tile with information about the pointing and livetime history of the instrument.

2. Make count maps. This step takes the event files and displays photon arrival direc-
tion to create a skymap. The result of this step is seen in Figure 4.6, where BL lac is

clearly detected in Fermi’s energy range.

3. Create a source model file. This file contains the detected sources, their model pa-
rameters, such as the flux and spectral index, and the background models, which
will be fit to the data. In this analysis, our region of interest contained 84 point-
sources, though only two (BL Lac and FGL ]J2207.1+4316) were significant enough

(over 30) to be included in our model (see Figure 4.7).

4. Make an exposure map. This step analyzes diffuse sources and derives absolute

fluxes from photon counts.

5. Perform the maximum likelihood analysis. The data is fitted to the model, calcu-
lating flux, errors, spectral indices, and more. This gives a spectral model for the

whole region.

Zhttps:/ /fermi.gsfc.nasa.gov/ssc/data/analysis/

66



34 69 104 138 173 208 b ¥ 277 312

Figure 4.6: Count map of BL Lac in the quiescent state as seen by Fermi-LAT. The color-

scale corresponds to the number of counted events per pixel.

6. Extract spectral information about BL Lac. Now that the whole region has been

adequately modelled, the component due to BL Lac can be singled out and studied.

The result of this analysis is the spectrum seen in Figure 4.8, with the residual ([counts-

model]/model). The best fit was found to be a log parabola:

—(a-+Blog(B/Ey))
AN E
= N0< ) (4.1)

dE "\ E,

Where E is a scale parameter that is usually kept fixed. Here, it was assigned a default

value of 726.6 MeV. The best fit gave the following parameters:

Nog = (10.84£0.2) x 107" MeV's 'em ™
ag = 1.76 + 0.02 (4.2)

Bo =0.21+£0.01
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Figure 4.7: Best fit spectra of BL Lac and background sources. The galactic emission and
isotropic models were built by the Fermi collaboration from the first 8 years of LAT data
(Pass 8 P8 R3) [Acero et al., 2016]
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Figure 4.8: Left: Best fit spectrum of BL Lac in the quiescent state as seen by Fermi-LAT.
Right: Model/Data residuals of the log-parabola fit of BL Lac in the quiescent state as
seen by Fermi-LAT. This shows that the fit is very good up until the 10* MeV energy
range, with some deviations at higher energies. (4FGL ]J2202.7+4216 is the name of BL
Lac in the fourth Fermi Catalogue [Ajello et al., 2020].)
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Finally, we want to compare this spectral information to BL Lac in the flaring state.
For this we selected the date of October 6 2020 (MJD 59128), when the source displayed

a record flare (see Figure 4.4). This was also best fit by a log parabola, with the following

parameters:
Nor = (1.00 £0.01) x 107 MeV~'s lem 2
ap =2.0x£0.2 4.3)
br =0.15+0.1
AFGL J2202.7+4216 4FGL J2202.7+4216
10 - s |

counts / bin
%)

\\ l HHHHH ............

-1

102 10? 104 10° 107 10° 104 10°
Energy (MeV) Energy (MeV)

Figure 4.9: Left: Best fit spectrum of BL Lac in the flaring state as seen by Fermi-LAT.
Right: Model/Data residuals of the log-parabola fit of BL Lac in the flaring state as seen
by Fermi-LAT. 4FGL ]J2202.7+4216 is the name of BL Lac in the fourth Fermi Catalogue
[Ajello et al., 2020]. This shows that the fit is fairly good up until the 10° MeV energy
range, with a single deviation at 10* MeV. The spectrum cuts off above 10* MeV. (The
counts are background subtracted, which is why the 10* MeV bin has gone under 1.)

We once again notice that the flaring state has different spectral parameters than the
quiescent state. The two best-fit model fluxes are plotted in Figure 4.10. Most of the flaring
photons are at energies below 10* MeV (see Figure 4.9), suggesting a strong cut-off in the

emission process of the flaring component. Although thorough theoretical modelling is
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outside the scope of this thesis, this could be due to more efficient cooling, such as, for

instance, if the flaring component is located in a region of the jet with a stronger magnetic

field.
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Figure 4.10: Plot of the best-fit model of BL Lac as seen by Fermi-LAT. The green line is

for the quiescent state, the red line is for the October 6 2020 flare. On the left is the dN/dE
spectrum, on the right is the E2dN/dE.

4.2 Swift-XRT

The Neil Gehrels Swift observatory (Swift) [Gehrels et al., 2004] is a multi-wavelength,
rapid response satellite observatory launched in 2004 by NASA (Figure 4.11). One of
the three instruments carried by the telescope is a narrow-field X-ray telescope (XRT)
[Burrows et al., 2005], which detects photons in the energy range 0.2-10 keV. Originally
designed to detect gamma-ray bursts (GRBs) and their afterglow, Swift-XRT expanded
beyond that original goal by detecting around 36000 non-GRB, distinct, point-like sources
in its first 7 years of observations [D’Elia et al., 2013]. Due to its flexible observing strategy

and fast response to potential alerts to observe a target, Swift is ideal for multi-wavelength
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observations, and it has also been monitoring 176 gamma-ray sources, most of which are

blazars [Stroh and Falcone, 2013]. BL Lac is one of those sources.

Spacecraft

Figure 4.11: Artist’s rendition of the Neil Gehrels Swift Observatory. XRT: X-ray telescope.
BAT: burst alert telescope. UVOT: UV /optical telescope. From [Gehrels et al., 2004]

4.2.1 Data Selection

For the purpose of this analysis, we first retrieved the publicly available Swift light-curve?

(Figure 4.12). The data spanned from July 2005 to February 2021, and comprised 626 days.

Then, we applied the Bayesian Block method described in section 3.1.3 (Figure 4.13).
The source displayed a lot of variability even when it was at a low flux, so the distinction
between flaring and quiescent was not as obvious as with the VERITAS data (seen in
Figure 3.17). After singling out the dates when the flux was more than twice the overall

average, five main flaring blocks were identified (as seen in Figure 4.13):

* An extended medium flaring period from 56237 to 56308 (M]D).

Shttps:/ /www.swift.psu.edu/monitoring /source.php?source=BLLacertae
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Figure 4.12: Swift-XRT light-curve of BL Lacertae.
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Figure 4.13: Swift-XRT light-curve of BL Lacertae with Bayesian Block bins. Green stars
mark bins where the average flux was less than twice the overall average flux. Red stars

mark bins where the average flux was more than twice the overall average.
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* On 57667, a medium flare. (This is an interesting one as it nearly coincides with
the flare measured by VERITAS on 57666, and it is the only flare that displays a

correlation between VHE and X-ray energies.)
* On 59083, a bright flare.
* An extended bright flaring period from 59121 to 59135.
* An extended bright flaring period from 59229 to 59255.

All these dates and their close neighbours were excluded to construct the quiescent data

set, which comprised 498 days, amounting to around 160 hours on source.

4.2.2 Quiescent State Analysis

Next, the Swift-XRT online analyser [Evans et al., 2009] was used.* This software can
produce five types of data products: images, light curves, enhanced positions, source

detection, and spectra.

Figure 4.14 shows the resulting sky map of BL Lac in the quiescent state. At the location
of the source, 148107 events were counted, and 2547 background, resulting in a count rate
of 0.3323 & 0.0009s~!. Information about the Swift-XRT method for source detection can
be found in Evans et al. [2020].

4h’c’cps: / /www.swift.ac.uk/user_objects
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Figure 4.14: Sky map of BL Lac in the quiescent state as seen by Swift-XRT. The green
circle is centred on the coordinates of BL Lac. At that source location, 148107 events were
counted, and 2547 background, resulting in a count rate of 0.3323+0.0009s~'. The position
error is of 5.0”. Energy range is [0.3-10 keV].

The method of spectral reconstruction is described in Evans et al. [2009]. The time-
averaged spectra can be seen in Figure 4.15. The two colors, labelled as WT and PC, cor-
respond to two of the four Swift-XRT operating modes: respectively, Windowed Timing
(WT) mode, and Photon Counting (PC) mode. In WT mode, images are one-dimensional
strips of data oriented at the space craft roll angle, with a time resolution of 1.8ms. In PC
mode, images are two-dimensional, with a 2.5 second time resolution. (For more detail

on these two modes, see Gehrels et al. [2004].) PC mode is best used for low-flux sources
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(< 1 mCrab), whereas WT mode is best for sources with fluxes between 1 and 600 mCrab
[Burrows et al., 2005]. This means that when measuring the flux in the quiescent state,
where the flux is low, we only need to take into account the PC mode.

Swift—XRT spectrum of BLLAC
Blue: WT, Red: PC
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Figure 4.15: Quiescent spectra of BL Lac as seen by Swift-XRT. Blue: Windowed Timing

mode. Red: Photon Counting mode. Black: absorbed-power law model.

Using the Swift analysis package, the obtained spectrum is automatically fitted with
absorbed power-law models that takes into account galactic absorption (using data from
the Leiden/Argentine/Bonn (LAB) Survey of Galactic HI [Kalberla et al., 2005]). In the
quiescent state, the time-average spectrum of BL Lac is best fit by a gas column density of

Ny = (2.87 £ 0.06) x 10**cm ™2, and a photon index of:
To = 1.72 % 0.01 (4.4)

Where I'y, is the index of the power law:

-T
dF E
==h (E) (4.5)
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For comparison, a flaring data set was also selected. The event list comprised 11 days,
from 59124 to 59135 (the fourth flaring period previously mentioned).

Swift-XRT spectrum of BLLAC
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Figure 4.16: Flaring spectra of BL Lac as seen by Swift-XRT. Blue: Windowed Timing

mode. Red: Photon Counting mode. Black: absorbed-power law model.

Figure 4.16 shows the time-averaged flaring spectrum. For the fit, the gas density
column Ny was found to be the same within errors (as expected) but the flaring spectral
index was very different:

Iy =2.34+0.06 (4.6)

Figure 4.17 shows a plot of the best fit for each spectrum. Here, our fit points clearly to
the spectral index being softer when the source is flaring. Similarly to the VHE data, this
is different from the typical “"harder when brighter” behavior of HBL blazars. A possible
interpretation of this result can be found with a multi emission zone model [Abeysekara
et al., 2018]. A large component (photon index < 2) emitting via inverse Compton could
dominate in the quiescent state, while during flares, a compact component (photon index

> 2) emitting via synchrotron would dominate.
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Figure 4.17: Plot of the best-fit model of BL Lac as seen by Swift-XRT. Green is for the
quiescent data set, red is for the flaring data set. On the left is the E*dN/dF spectrum. On

the right is the dN/dE spectrum.
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Chapter 5

Conclusions

This thesis has looked at BL Lac in the quiescent state and compared it to its flaring state
using gamma-ray and X-ray data. After using a Bayesian Block method to determine
when the source was flaring, we analysed 11 years of archival VERITAS data and found a
weak detection of BL Lac in the quiescent state (4.30). The spectra were fit with a power-
law model, and we found that the spectral index of BL Lac appears to be harder or equal
when the source is quiescent, which would be an unusual behavior for HBLs. We also
cannot fully exclude that the quiescent emission is contaminated by another VHE source,

such as a supernova remnant.

We also looked at BL Lac data at other energies: first in the lower energy gamma-rays
(100 MeV-300 GeV) with Fermi-LAT, then in the X-ray (0.3-10keV) with Swift-XRT. At
lower gamma-ray energies, the spectra were best fit by a log parabola, and the quiescent
state showed different spectral parameters from the flaring state. In the flaring state, we
observe that most photons were at lower energies, which could suggest a strong a cut-off
in the emission process of the flaring component. At X-ray energies, the spectra were best
tit by an absorbed power law, and the spectral index was much harder when BL Lac was

quiescent. This X-ray emission could be explained by a multi emission zone model, with
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a larger component emitting via inverse Compton dominating in the quiescent state, and

a more compact component emitting via synchrotron dominating during flares.

In the future, this analysis could be pushed further by looking at observations of BL
Lac at other wavelengths, such as UV, optical, infrared, and radio, which could be com-
bined to form the full SED and study the double-hump structure. Another interesting
avenue to explore would be to study the quiescent states of other BL Lac objects (such
as, for instance, Markarian 421) to look for any similarities and differences. An in-depth
comparison to existing theoretical blazar models would be valuable. Finally, future gener-
ations of IACTs (such as the Cherenkov Telescope Array) will surely observe BL Lacertae
with even better sensitivity, and provide more information about the source’s quiescent

state.
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