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A study on the variability of Active Galactic Nuclei detected by HAWC

Abstract

Active Galactic Nuclei (AGN) are some of the most energetic and variable sources
in the universe, displaying variability across the entire electromagnetic spectrum. This
study investigates the gamma-ray variability of a sample of 12 AGN sources, using
data from the Fermi Gamma-Ray Space Telescope, the High Altitude Water Cherenkov
(HAWC), and the Steward Observatory. The light curves of these sources were an-
alyzed over different time periods, with the Bayesian Blocks algorithm employed to
identify flare events and investigate variability patterns.

Special attention was given to Mrk 421, which exhibited significant variability and
strong correlations between its Fermi and HAWC gamma-ray emissions during certain
periods. The findings along with the cross-correlation analysis between Fermi and
observations in the visible band, strongly suggest that, during these intervals, the Syn-
chrotron Self-Compton (SSC) model likely dominates gamma-ray emission. However,
the variability in the correlation between Fermi and HAWC emissions indicates that, in
other periods, more complex emission mechanisms than a single-zone SSC might be at
play, such as multi-zone models or hadronic processes.

The study concludes with a discussion on potential improvements, such as expand-
ing temporal coverage and exploring alternative modeling approaches to better capture
the complex emission processes in AGNSs.
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Resumen

Los nicleos galacticos activos (AGN) son algunas de las fuentes mds energéticas
y variables del universo, con variabilidad en todo el espectro electromagnético. Este es-
tudio investiga la variabilidad de los rayos gamma de una muestra de 12 fuentes AGN,
utilizando datos del Telescopio Espacial de Rayos Gamma Fermi, el High Altitude Wa-
ter Cherenkov (HAWC) y el Observatorio Steward. Las curvas de luz de estas fuentes se
analizaron durante diferentes periodos de tiempo, y se emple6 el algoritmo de bloques
bayesianos para identificar eventos de tipo flare e investigar patrones de variabilidad.

Se prestd especial atencion a Mrk 421, que exhibié una variabilidad significa-
tiva y fuertes correlaciones entre sus emisiones de rayos gamma Fermi y HAWC du-
rante ciertos periodos. Los hallazgos, junto con el anélisis de correlacion cruzada entre
las observaciones de Fermi y 6ptico, sugieren fuertemente que, durante estos interva-
los, el modelo Synchrotron Self-Compton (SSC) probablemente domina la emision de
rayos gamma. Sin embargo, la variabilidad en la correlacion entre las emisiones de
Fermi y HAWC indica que, en otros periodos, podrian estar en juego mecanismos de
emision mas complejos que un SSC de zona tnica, como modelos multizona o procesos
hadrénicos.

El estudio concluye con una discusién sobre posibles mejoras, como ampliar la
cobertura temporal y explorar enfoques de modelado alternativos para capturar mejor
los complejos procesos de emision en los AGN.
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A study on the variability of extra-galactic sources detected by HAWC

Chapter 1

Introduction

Active Galactic Nuclei (AGNs) are among the most energetic objects in the uni-
verse, and understanding their variability, especially in gamma rays, is key to uncov-
ering the physics driving their emissions. This thesis focuses mainly on Mrk 421, for
which we use gamma-ray data from Fermi-LAT, TeV gamma-ray data from HAWC,
and optical V-band measurements from the Steward Observatory. Additionally, HAWC
provides long-term TeV observations for a larger sample of AGNs. By comparing these
datasets, we aim to explore correlations across timescales and gain new insights into
AGN behavior.

This study is primarily motivated by recent work within the HAWC collaboration,
which identified 12 AGN sources with at least marginal detections (Urena Mena et al.,
2023). Said analysis was based on 2090 days of HAWC observations, covering the
period from November 26, 2014, to January 14, 2021. The study examined 138 nearby
(z < 0:3) AGNs from the Third Catalog of Hard Fermi-LAT Sources (3FHL) (Ajello
et al., 2017), modeling their spectra as simple power laws attenuated by interactions
with the extragalactic background light (EBL), with a constant spectral index. For each
one, a test statistic (T S) was calculated by using the log-likelihood ratio

TS =2In E X (1.1)

Lo

where L is the maximum likelihood of the null hypothesis model (background only),
and L; is the maximum likelihood of the model with the source (background and source
combined) (Urena Mena et al., 2023). This quantity can be thought of as a measure
of how likely it is that the observed signal originates from a real source rather than
random background fluctuations. Following the adopted criteria, source detections with
TS values between 9 and 25 are considered marginal, while those with TS > 25 are
classified as significant detections.

Given that many of these sources have not been studied in detail previously, we
aim to provide the first insights into their variability in the very high-energy gamma-ray
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CHAPTER 1. INTRODUCTION

range.

For the sources that have been studied before, this work offers updated results
based on a larger temporal coverage and the most up-to-date HAWC data reconstruction
(Pass 5), which provides bene ts such as access to lower reconstructed energies that are
particularly relevant for extragalactic sources (Albert et al., 2024). Further advantages
of the Pass 5 reconstruction and their implications for this analysis are discussed in
Chapter 2.

Compared to previous studies such as (Abeysekara et al., 2017a) and (Alfaro et al.,
2025a), these improvements enable a more robust characterization of long-term vari-
ability. Additionally, the resulting dataset paves the way for future multimessenger
studies, including the exploration of potential correlations between TeV ares and Ice-
Cube neutrino events.

Our main objective is to study these sources' variability over a period exceed-
ing seven years (November 2014—-August 2022), corresponding to the most up-to-date
HAWC dataset available at the start of this work. We aim to provide preliminary in-
sight into how this emission compares with that observed at other wavelengths and
what emission processes may be responsible. To achieve this, we employ a variety of
methods, including Bayesian Blocks for are candidate detection and direct and cross-
correlation analyses for Mrk 421, as detailed in subsequent chapters.

Regarding the structure of our work, Chapter 1 introduces the topic of AGNSs,
providing an overview of their classi cation, structure, and emission processes. It also
outlines the motivation behind this study and the objectives of the research.

Chapter 2 describes the 12 AGN sources under investigation and outlines the pro-
cedure followed to obtain the HAWC data. It also provides a brief overview of previous
HAWC variability and multimessenger studies for context, discusses the advantages of
the Pass 5 data reconstruction employed in this work, and includes a sample of the light
curves obtained from these observations. The complete set of light curves is presented
in Appendix A.

In Chapter 3, we focus on the Bayesian Blocks method, explaining the technique,
the process for determining the ideal false alarm probability for are candidate detec-
tion, and presenting a sample of the HAWC daily light curves with their corresponding
Bayesian Blocks.

Chapter 4 gives a brief description of the Fermi Large Area Telescope and recounts
the procedure utilized to obtain the weekly light curves for Mrk 421 and Mrk 501.

Chapter 5 examines the direct correlations between Fermi and HAWC light curves
for Mrk 421 and Mrk 501, considering both the entirety of the light curves and speci c
regions of high and low activity. This chapter also includes secondary analyses to
investigate the effects of uncertainties on these correlations.

Chapters 6 and 7 address the cross-correlation between Fermi and optical data for
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Mrk 421, aiming to determine the most likely dominant emission process for the Fermi
energy ranges, which will provide insights into the dominant emission processes for
HAWC.

Finally, Chapter 8 summarizes the key ndings from this study, re ects on their
implications for AGN research, and suggests promising avenues for future research.

1.1 Active Galactic Nuclei

As mentioned previously, Active Galactic Nuclei (AGNs) are some of the uni-
verse's most powerful and energetic objects, radiating across the entire electromagnetic
spectrum. Located at the centers of galaxies, they are powered by supermassive black
holes (SMBHSs) that accrete matter through an accretion disk. As matter spirals in-
ward, its gravitational potential energy is converted into electromagnetic radiation and
heat, fueling the intense emissions observed from AGNSs.

This infall is a consequence of the viscosity within the disk, caused primarily by
magneto-rotational instability (MRI), also known as the Balbus-Hawley mechanism.
In this process, weak magnetic elds destabilize the rotating plasma, generating turbu-
lence. This turbulence enables the outward transport of angular momentum, allowing
matter to spiral inward.(Lasota, 2022)(Balbus & Hawley, 1991).

As matter spirals inward, the gravitational potential energy is converted with high
ef ciency. In the case of accretion onto a maximally spinning Kerr black hole, up to
42% of the gravitational energy can be released before the material crosses the event
horizon. This liberated energy primarily emerges as electromagnetic radiation, but it
can also contribute to heating the accretion disk and launching powerful relativistic jets
(Netzer, 2013).

Alongside the SMBHs and the accretion disks, AGNs contain other important
structures that help explain the different observations carried out over various elec-
tromagnetic bands. These include the broad-line region (BLR), which consists of
fast-moving gas and dust clouds that emit broad emission lines due to their high orbit
velocities around the SMBH, in the range of 3000 km/s (Netzer, 2013). Because of
its relatively small size ( 0:1 1pc), the BLR is observable primarily in Type | AGNSs,
where it can be seen clearly due to the unobstructed view of the inner regions.

Surrounding the BLR is the dusty torus, a doughnut-shaped structure of gas and
dust with inner and outer radii in the range of 0:3to a few parsecs, respectively. Their
emission is mainly dominated by near-infrared light re-emitted from the central engine
(Netzer, 2013). This structure is especially relevant for Type Il AGNs as it obscures the
vision of the core (Netzer, 2013).

Further out, we encounter the narrow-line region (NLR), which consists of low-
density gas clouds at relatively large distances from the central engine. The gas in this
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region has lower velocity dispersion and is characterized by high excitation conditions,
resulting in the production of narrow emission lines. The NLR is generally visible in
both Type | and Type Il AGNs (Netzer, 2013).

Additionally, many AGNSs exhibit relativistic jets, which are highly collimated
streams of particles ejected along the poles of the accretion disk. These jets can extend
far beyond the host galaxy and emit across the electromagnetic spectrum, providing
insight into the dynamics and energy processes occurring within AGNs. When the jets
are aligned with our line of sight, as seen in blazars, their emissions are signi cantly
ampli ed due to relativistic effects (Netzer, 2013).

1.2 AGN Uni ed Model

The most widely utilized AGN uni ed model proposes that all AGNs have a sim-
ilar structure, with their observed differences arising primarily from their orientation
relative to the observer (Antonucci, 1993). In practice, this model faces unresolved
issues, such as some LINERs showing evidence of lacking a torusghtien-Gara
et al., 2016), and some AGNSs transitioning between type | and type Il states over rela-
tively short timescales (Ricci & Trakhtenbrot, 2023), showing that other factors must be
at play other than the orientation. Despite these limitations, the model remains a robust
framework for explaining AGN diversity, accounting for broad and narrow emission
lines, brightness variability, and multi-wavelength emissions across AGN types. Figure
3.6 shows a diagram of the AGN Uni ed Model.
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Figure 1.1: Diagram of the AGN Uni ed Model. The diagram shows the central supermassive
black hole surrounded by an accretion disk and an obscuring dusty torus (seen as an orange
ring). Broad emission lines are produced in fast-moving gas near the nucleus (the Broad Line
Region), while narrow lines originate farther out (the Narrow Line Region). The observed AGN
type depends mainly on the viewing angle: when the nucleus is directly visible, we observe a
Type | AGN, whereas when the torus obscures the inner region, we observe a Type Il AGN.
The presence of relativistic jets, illustrated along the polar axis, is associated with radio-loud
AGNSs, whose orientation determines whether they are observed as radio galaxies or blazars.
Image taken from Perlman (2009).

1.2.1 AGN Classi cation

AGNs are classi ed into various subtypes based on their observed properties, with
the strength of their radio emission serving as a primary distinction between Radio-
Quiet and Radio-Loud AGNs. Each group is further divided into speci ¢ subtypes,
characterized by differences in emission line features, jet orientation, and other spectral
characteristics.

Radio-Quiet AGNs

As their name suggests, Radio-Quiet AGNs are characterized by a low radio emis-
sion, more speci cally, they correspond to AGNs that have aratio R 10, where

I:B-band

corresponds to the ratio between the 5GHz radio ux and the B-band optical ux

(Kellermann et al., 1989). This classi cation includes Seyfert galaxies, radio-quiet
quasars, and Low-lonization Nuclear Emission-Line Regions (LINERS), each display-
ing unique optical characteristics and varying levels of brightness.
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Regarding Seyfert galaxies, these were the rst type of AGNs to be identi ed
as such, and are characterized by their bright core with highly ionized emission lines
(Beckmann & Shrader, 2012). They are typically classi ed into two categories: Seyfert
Type | and Seyfert Type II.

The primary distinction between Seyfert Type | and Type |l galaxies lies in their
spectral characteristics, particularly regarding the width of their emission lines. Both
types exhibit narrow forbidden lines, such as [Oll] and [Olll], with widths on the order
of a few hundred kilometers per second. However, Type | Seyfert galaxies are notable
for their broader Balmer lines, which can range from 100 “ kilometers per second.

This broadening indicates the presence of fast-moving gas in close proximity to the
central supermassive black hole, which corresponds to the BLR. In contrast, the Balmer
lines observed in Type Il Seyfert galaxies are considerably narrower (Beckmann &
Shrader, 2012), suggesting that the BLR is obscured by the torus. The forbidden oxygen
lines remain narrow because they are emitted in the more distant narrow-line region
(NLR), where gas velocities are much lower

First discovered through large radio surveys (Bennett, 1962) and originally thought
to be blue, star-like objects in optical observations (Schmidt, 1963), quasi-stellar ob-
jects, or quasars, represent the most luminous type of AGNs. In the case of radio-
quiet quasars, these typically have strong broad emission lines similar to those seen
in Seyfert | galaxies. The main distinction between the two is conventionally set in
terms of their B-band absolute magnitude, with radio-quiet quasars de ned as having
absolute magnitudes brighter than -23 (Schmidt & Green, 1983), i.e.

Mg < 23: (1.3)

Lastly, LINERs are a distinct category of Radio-Quiet AGNs characterized by
faint core luminosities and strong low-energy emission lines. These are the most com-
mon as well as the least luminous AGNSs. In comparison with Seyfert Il galaxies, these
show stronger forbidden lines (Beckmann & Shrader, 2012).

The low luminosity of LINERs leads to debates about their classi cation, with
some researchers arguing they represent a middle ground between Seyfert Galaxies
and Hll regions. Given their relatively poor mass accretion compared to other types of
AGNs, many LINERs are believed to have secondary emission mechanisms, such as
star formation (Ho, 2008).

Radio-Loud AGNSs

Compared to their Radio-Quiet counterparts, Radio-Loud AGNs are distinguished
by their strong radio emission, characterized by a ratio R of radio ux to optical ux, as
described in equation 1.2, greater than 10 (Kellermann et al., 1989). This robust radio
emission typically originates from powerful relativistic jets, whose bulk motion oc-
curs at relativistic speeds, within which particles are accelerated to very high energies.
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Figure 1.2: Morphological differences between Fanaroff-Riley Type | (top) and Type Il (bottom)
galaxies. The central bright region in each panel represents the host galaxy whose sizes are
typically in the range of 10 30kpc. Jets originate from the immediate vicinity of the
galactic center (i.e., . 1 pc), indistinguishable at the depicted scales. FR | sources exhibit
bright radio emission near the core that fades with distance, while FR 1l galaxies show edge-
brightened lobes with prominent terminal hotspots. Panels are shown at independent scales to
best illustrate morphological features. Adapted from Ndung'u et al. (2023).

As these particles travel through magnetic elds, they produce synchrotron radiation,
which can extend from the radio band up to the X-ray range, depending on the jet's
particle energies and magnetic eld strength. The orientation of these jets relative to
our line of sight signi cantly in uences the observed properties of the AGN.

The formation of these jets is largely attributed to the Blandford-Znajek mecha-
nism (Blandford & Znajek, 1977). In this process, magnetic eld lines from the accre-
tion disk are dragged by the rotating black hole's ergosphere, causing charged particles
to accelerate as the magnetic elds recon gure (Beckmann & Shrader, 2012).

The primary types of Radio-Loud AGNs include Radio Galaxies, Radio-Loud
Quasars, and Blazars, each exhibiting unique characteristics in terms of jet orientation,
emission properties, and luminosity.

Radio galaxies are generally observed when the jets are oriented at a large angle
to our line of sight, making these jets appear as extensive structures extending outward
from the galactic core (Beckmann & Shrader, 2012). Radio galaxies are typically clas-
si ed into two main types based on their radio morphology: Fanaroff-Riley (FR) Type
| and Type Il. FR | radio galaxies exhibit more diffuse radio emission concentrated
close to the nucleus. In contrast, in FR Il galaxies the emission is dominated by radio
lobes located at the far end of the jets. Figure 1.2 shows a diagram depicting the mor-
phological difference between both types. The optical spectra of radio galaxies often
reveal strong emission lines, similar to those present in Seyfert galaxies (Beckmann &
Shrader, 2012).

Radio-loud quasars, are the most luminous type of Radio-loud AGNSs, producing
intense optical and radio emission. While they share the strong emission lines seen
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in radio-quiet quasars, they are distinguished by their orientation, being observed at
intermediate angles. The orientation of radio-loud quasars allows for a clearer view of
the BLR, allowing for the observation of very broad emission lines, similar to those of
their radio-quiet counterparts (Beckmann & Shrader, 2012).

Blazars, a particularly notable class of Radio-Loud AGNs and a subtype of radio-
loud quasars, are de ned by the orientation of their jet, which points nearly directly
along our line of sight. This alignment causes relativistic beaming, signi cantly am-
plifying their observed brightness across all wavelengths and making them highly vari-
able on relatively short timescales (Beckmann & Shrader, 2012). Many blazars are also
characterized by their high levels of gamma-ray emission (Netzer, 2013). The mecha-
nisms driving this variability are further discussed in Section 1.3.1.

Blazars are further subdivided into BL Lacertae objects (BL Lacs) and Flat Spec-
trum Radio Quasars (FSRQs). BL Lac objects are often distinguished by their continuum-
dominated spectra, with strong emission lines rarely present, although weak lines may
occasionally be observed in high-quality spectra (Stocke et al., 2011). Additionally, BL
Lacs tend to exhibit lower luminosities and harder spectra compared to FSRQs (Mondal
& Mukhopadhyay, 2019).

Flat Spectrum Radio Quasars (FSRQs) display strong, broad emission lines, sim-
ilar to those observed in traditional quasars. A primary criterion distinguishing them
from BL Lacs is the rest-frame equivalent width (EW) of their emission lines, with
FSRQs displaying at least one line with equivalent width larger thak ®rry &
Padovani, 1995), i.e.,

EW 5 A (1.4)

FSRQs also differ from BL Lacs in their brighter accretion disks and higher jet
power, and are shown to have higher bolometric luminosities and stronger magnetic
elds (Ghisellini et al., 2010).

These differences stem from the more ef cient accretion onto their central su-
permassive black holes, with FSRQ accretion disks having higher Eddington ratios,
typically ranging from 0.01 to 0.6, while upper limits for BL Lacs are below 0.01.
(Ghisellini et al., 2010).

The Eddington ratio can be thought of as a measure of how close the luminosity
of an object is to the maximum allowed before radiation pressure would counteract
gravity, and it is estimated by comparing the bolometric luminosity to the Eddington
luminosity, which scales with black hole mass (Ghisellini et al., 2010).

More speci cally, the Eddington ratio is de ned as the ratio between the object's
bolometric luminosity L, and the Eddington luminositydgq, given by

4 GMm ,c

T

Leqd = 1:26 10 Mﬂ erg s ; (1.5)

where G is the gravitational constant, M is the mass of the objegtisnthe proton
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mass, c is the speed of light in a vacuum,is the Thomson scattering cross-section
and M is the solar mass. This expression represents the theoretical upper limit for the
luminosity at which the outward radiation pressure balances the inward gravitational
force.

Certain types of Blazars de ned in the past, such as Optically Violently Vari-
able (OVVs), characterized by their extreme optical variability, High Polarization
Quasars (HPQs), named after their high levels of optical polarization and Core Dom-
inated Quasars (CDQs) have often been grouped into the FSRQ category, as evidence
suggests all these objects to be manifestations of the same type of objects (Urry &
Padovani, 1995).

Due to their weaker external photon elds, the production of gamma-rays in BL
Lacs is often dominated by the Synchrotron Self Compton (SSC) process, where seed
photons are produced via synchrotron emission in the jet and are energized by the same
particles via Inverse Compton (see section 1.3.1) (Ghisellini et al., 2010). On the other
hand, FSRQs are primarily dominated by the External Compton (EC) process, where
the seed photons are produced outside of the jet, in regions like the BLR (Ghisellini
et al., 2010).

1.3 AGN Emission

As discussed previously, AGNs are characterized by their strong emission across
the entire electromagnetic spectrum. This emission is a product of mechanisms that
can be classi ed into two broad categories: thermal and non-thermal emission. The
mechanisms explained below are the most prominent in AGNs, although other smaller
processes may also contribute to the overall emission.

1.3.1 Thermal Emission

In AGNs, the accretion disk emits thermal radiation across a wide spectrum, where
the disk can be thought of as multiple concentric rings with different temperatures
(Frank et al., 2002). The temperature at each radius decreases with increasing dis-
tance from the black hole, and the emission from each ring of material can be thought
of as a blackbody, whose emission is described by the Planck formula:

2h 3 1
2 ek 17
where is the frequency of light, T is the temperature, h is the Planck constant, c is the
speed of light and k is the Boltzmann constant. The effective temperature at a radius R
from the black hole scales as T(R) / R** , with the inner disk regions being hotter

B(;T)= (1.6)
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and emitting in the ultraviolet (UV) and X-rays, while the outer regions emit more in
the infrared (IR) and optical (Frank et al., 2002). This temperature dependence arises
from rst principles by balancing the local viscous energy dissipation with blackbody
radiation, as described in the standard thin disk model (Shakura & Sunyaev, 1973).

1.3.2 Non-thermal Emission

In addition to the thermal radiation from the accretion disk, AGNs also produce
non-thermal emissions, primarily from relativistic particles in their jets. These non-
thermal processes are often dominated by synchrotron radiation and inverse Compton
scattering.

In the case of synchrotron emission, charged particles, primarily electrons, spi-
ral around magnetic eld lines at relativistic speeds, emitting radiation across a broad
spectrum. This process is especially important in radio-loud AGNs, where synchrotron
radiation is often the dominant source of radio emission. The power emitted per elec-
tron due to synchrotron radiation is of the form (Netzer, 2013)

P=2 tc? 2ugsin?; (1.7)

where 1 corresponds to the Thomson cross-section, c is the speed of light, the
Lorentz factor, the ratio between the speed of the electron and ¢ ( = v=g)the
magnetic energy density and the pitch angle between the direction of the electrons
speed and the magnetic eld. Averaging over isotropic pitch angles gives the average

power(Netzer, 2013)
4

Pavg: é TC 2 2UB: (1.8)
These expressions describe the total (bolometric) power emitted by an electron,
integrated over all frequencies, and therefore they do not depend explicitly on the fre-
guency of emission. In practice, synchrotron emission is concentrated at frequencies of
the order of the critical frequency, described as follows

c= 7 meCsin(); (1.9)

where is the Lorentz factor of the electron, e is the electron chargethen electron
mass, B the magnetic eld, c the speed of light and is the pitch angle between the
electron’s velocity and the magnetic eld.

For a population of electrons with a power-law energy distribution of the form
N(E)dE/E P dE; (2.10)

where N (E) dE represents the number of electrons with energies between E and E +
dE, and p is the power-law index, the resulting synchrotron spectrum also follows a
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power-law dependence of the form(Netzer, 2013; Beckmann & Shrader, 2012)
F/ : (1.11)

This expression describes the optically thin synchrotron regime, where the spectrum
decreases with frequency. At low frequencies, where the emission is optically thick
due to synchrotron self-absorption, the spectral shape changes and the intensity rises
with frequency, typically as

F/ 52 (1.12)

In the optically thin regime, the spectral index is directly related to the power-
law index p of the electron energy distribution by the relation

- P 2. (1.13)

The other main process through which relativistic electrons contribute to the emis-
sion of light is Inverse Compton Scattering (IC), where high-energy electrons collide
with lower-energy photons, boosting them to higher energies (Longair, 1992). The
maximum energy a photon can obtain (or, equivalently, its frequency, as these quan-
tities are proportional) depends on its original energy as well as the Lorentz factor of
the incoming electron. Through conservation of momentum, it can be shown that this
maximum energy is of the order of

h max 2h 05 (1.14)

where h is the Planck constant, the Lorentz factor of the incoming electrgn the

nal frequency of the photon, and, its original frequency, with the energy value being
capped at 4°h ( (Longair, 1992). This expression holds in the Thomson regime, when
h max. M C2. At higher energies, the scattering cross section is signi cantly reduced
due to Klein-Nishina effects (Longair, 1992), and the scattered photon energy is given
by the more general form

hoo 22%h o1 cos)
M 1+42h o1 cos )’

(1.15)

where is the collision angle and is the ratio between the electron speed and the
speed of light in vacuum c.

Given that these collisions often involve very energetic electrons, the IC process
is crucial for the production of high-energy gamma rays within the jet.

In the speci c case of AGNs, IC can be differentiated depending on where the
seed photons originated, if they were produced via synchrotron radiation within the jet,
it corresponds to Synchrotron Self-Compton (SSC) and if they originated outside of
it (i.e. in the torus or the BLR) they correspond to External Inverse Compton (EC)
(Ghisellini et al., 2010).
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Figure 1.3: Spectral Energy Distribution (SED) of M87 with the best-t synchrotron self-
Compton (SSC) model. Blue points show multiwavelength ux measurements from radio to
gamma-ray energies. The orange and green dashed curves represent the synchrotron and in-
verse Compton components, respectively, while the gray region indicates the 1 uncertainty of
the t. Red triangles mark upper limits from Swift/BAT observations, and the colored shaded
regions correspond to TeV measurements from different observatories. Image taken from (Al-

faro et al., 2022).

Figure 1.4: Spectral Energy Distribution (SED) of Mrk 421. The yellow triangles correspond
to observations from the ARGO-YBJ experiment (Bartoli et al., 2011), the green squares to a
multiwavelength campaign carried out in 2009, and the red points to HAWC and Fermi-LAT
data. The black curve shows the best- t synchrotron self-Compton (SSC) model that reproduces
the observed emission. Image taken from (Albert et al., 2022).

Page 12



A study on the variability of extra-galactic sources detected by HAWC

Figures 1.3 and 1.4 show the observed spectral energy distributions (SEDs) of M
87 and Mrk 421, respectively. These are representative examples of AGN SEDs, par-
ticularly for sources with relativistic jets. Both display the characteristic two-bump
structure: the low-energy bump, spanning from radio to X-rays, is typically attributed
to synchrotron radiation from relativistic electrons in the jet; the high-energy bump, ex-
tending into the gamma-ray regime, is commonly interpreted as inverse Compton scat-
tering of low-energy photons, either the synchrotron photons themselves (Synchrotron
Self-Compton, SSC) or external photon elds (External Compton, EC).

1.4 Photon Attenuation

High-energy photons emitted by active galactic nuclei may sometimes fail to reach
Earth. This attenuation occurs when they interact with diffuse radiation elds that
Il the universe, and its strength depends on both photon energy and distance to the
source. In extragalactic space, the most relevant contributions come from the extra-
galactic background light (EBL) and from the cosmic microwave background (CMB),
which is relevant at the highest energies.

The EBL consists of a diffuse background radiation that permeates intergalactic
space, primarily originating from the integrated starlight emitted by galaxies, and its re-
processing by cosmic dust, spanning UV to IR wavelengths. High-energy gamma rays
interact with EBL photons via pair production, causing an attenuation that increases
with both energy and redshift(Hauser & Dwek, 2001).

The primary process responsible for gamma-ray attenuation in the EBL is photon—
photon pair production. In this interaction, a high-energy gamma-ray photon collides
with a lower-energy background photon, producing an electron—positron pair:

+ gLle T te (1.16)

Pair production can only occur if the total energy in the center-of-mass frame
exceeds twice the electron rest mass {&&)) which sets an effective energy threshold
for the background photons that can interact with gamma rays of a given energy. For
an arbitrary frame, this translates into the fact that the product of the energies of both
photons must exceed the square of the rest mass of the electron, i.e.

E Eq & (Mme?)? 0:25TeVeV: (1.17)

From equation 1.17, it can be seen that this process is most ef cient when TeV
gamma rays encounter EBL photons in the UV to infrared range, leading to the energy-
dependent attenuation observed in extragalactic gamma-ray spectra.

The most standard way to estimate this attenuation is by making use of EBL mod-
els, such as those by Franceschini et al. (2008), Finke et al. (2010), anth@.an
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Figure 1.5: EBL attenuation as a function of gamma-ray energy for different redshifts. The
plot shows the attenuation factof®?) |, corresponding to the fraction of the intrinsic gamma-
ray ux that is transmitted, for redshift values comparable to those of our sample, using the
Franceschini et al. (2008) model. Figure created by the author.

et al. (2010). In this work, we adopt the model by Franceschini et al. (2008) to esti-

mate the energy-dependent opacity for our sources. As shown in gure 1.5, for sources

at z 0:03, gamma rays with energies of E ' 10 TeV are attenuated by a factor of
0:3, while for sources at z ' 0:1, a comparable level of attenuation already occurs at

E 1 2TeV

Regarding the Cosmic Microwave Background (CMB), while it also constitutes
a diffuse background of light, it differs signi cantly from the EBL in both origin and
energy range: itis a relic of the Big Bang and peaks in the microwave regime. Due to its
low photon energies, the CMB only contributes to gamma-ray attenuation at ultra-high
energies (above hundreds of TeV) (Longair, 1992).

Figure 1.5 shows a diagram of attenuation as a fraction of photons attenuated
versus photon energy.

1.5 Blazar Variability

As previously discussed, blazars are known for their extreme variability across
the electromagnetic spectrum, from radio to gamma-rays. This variability is a de ning
characteristic of this kind of AGNs and occurs on timescales ranging from hours to
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years. The causes of blazar variability are believed to be multifaceted, involving both
intrinsic and extrinsic factors that in uence the relativistic jets at the heart of these
objects.

A major contributor to this variability is the Doppler beaming effect, which is
driven by the orientation of the jet. This effect enhances the observed ux and com-
presses the variability timescales, effectively amplifying any intrinsic changes in the
emission (Raiteri et al., 2017).

Several factors can trigger this variability, including the injection, acceleration,
and cooling of particles within the jet as well as the effect of shockwaves and turbulence
within it. Additionally, changes in the orientation of different emission regions within
the jet could be associated with aring events. These orientation changes could be
driven by magnetohydrodynamic instabilities or the rotation of a twisted jet (Raiteri
etal., 2017).

In addition to these intrinsic factors, external factors such as the interaction be-
tween the relativistic jet and the surrounding medium can also contribute to the ob-
served variability (del Palacio et al., 2019).

Given that blazars are the primary focus of this work, studying their variability
can help provide valuable information for constraining different parameters of these
objects. The obtained data can be utilized in future studies to give a better insight into
the emission of these objects and aid in their modeling.
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Chapter 2
HAWC Observational Data

2.1 Source Sample

As discussed in the previous chapter, this work used a sample of 12 AGNs (10
Blazars and 2 Radio Galaxies), originating from a survey that searched for sources
being detected by HAWC with a TS of at least 9 (Urena Mena et al., 2023). These
sources and their main characteristics are summarized in Table 2.1

The redshifts and equatorial coordinates of the sources were obtained from the
original AGN survey catalogs, primarily based on the 3HFL catalog, and cross-checked
against the NASA/IPAC Extragalactic Database (NED) when necessary. Redshift val-
ues are included as catalog properties of the sources and are treated as xed input
parameters in this work; consequently, redshift uncertainties are not considered nor
propagated in the analysis. The only exception is VER J0521+211, whose redshift re-
mains uncertain in the literature; for this source, a value of z = 0:300 is adopted from
(Sahu et al., 2023). The column labeled “Fermi Flux” reports the average photon ux
integrated between 1 and 100 GeV, taken from the fourth Fermi-LAT source catalog
(Ballet et al., 2024). The column labeled “TeV Flux” presents representative uxes
measured for the sources in the literature, shown without errors due to intrinsic source
variability and limited reporting (Wakely & Horan, 2008).

Out of the sources studied, the Markarian galaxies (Mrk 421 and Mrk 501) and
M87 have been extensively observed across the electromagnetic spectrum, with partic-
ularly rich data in the gamma-ray regime (Abeysekara et al., 2017b; Albert et al., 2022;
Alfaro et al., 2022, 2025b). The Markarians are among the most variable gamma-ray
emitters detected by HAWC, making them key targets for variability and correlation
studies. In contrast, many of the other sources in the sample have received less ob-
servational attention, especially at TeV energies, leaving their variability and emission
mechanisms relatively unexplored. This provides an opportunity to extend our under-
standing of these less-studied active galactic nuclei and contributes novel insights into
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their high-energy behavior.

Table 2.1: Properties of the AGN sample analyzed in this work, including source coordinates
(J2000), spectroscopic redshifts, optical classi cations, average Fermi-LAT photon uxes, and
representative TeV ux information from the literature. The sample is drawn from an AGN
survey based on the 3HFL catalog; accordingly, redshift values are adopted from the 3HFL
survey and treated as xed catalog quantities. Redshift uncertainties are not shown, as they
are not used nor propagated in the analysis presented in this thesis. Representative TeV uxes,
obtained from TevCat (Wakely & Horan, 2008), are expressed in Crab Units above experiment-
dependent energy thresholds. Fermi-LAT uxes include formal statistical uncertainties from the
likelihood analysis over the reported integration period. Representative TeV uxes are shown
without errors due to sparse sampling, intrinsic source variability, and limited reporting in the
literature. Sources without con rmed TeV detections are indicated with dashes.

Fermi Flux TeV Flux
Source RA (J2000) | Dec (J2000)| Redshift | Class (phcm? st) (Crab Units)

1ES 1215+303 | 12h 17m 52.19 +30 07'00” [ 0.130 |BLLac| 9:26 10° 1:39 10 10 0.035

3C 264 11h 45m 05.09 +19 36'23” 0.022 RG 3:.02 10 3:16 10 “ 0.01

M 87 12h 30m 49.49 +12 23'28" 0.004 RG 1:65 10° 6:62 10 0.075
Mrk 421 11h 04m 27.39 +38 12'31” 0.031 |BLLac| 3:31 108 2:50 10 % 0.3
Mrk 501 16h 53m 52.29 +39 45'36" 0.033 |[BLLac| 9:95 10° 1:29 10 % 0.3

PG 1218+304 | 12h 21m 21.99 +30 10'37” 0.184 |BLlLac| 3:76 10° 972 10 % 0.08
PKS 0422+00 | 04h 24m 46.83 +00 36' 06" 0.268 |BLLac| 1:58 10° 6:86 10 ™ -

RX J0648.7+151¢ 06h 48m 47.69 +15 16' 24" 0.179 |BLLac| 1:17 10° 659 10 “ 0:033
RX J1100.3+4019 11h 00m 21.19 +40 19' 28" 0.225 |BLLac|3:71 10 3:51 10 “ -

VER J0521+211| 05h 21m 46.09 +21 12'51" 0.300 |BLLac| 1:16 108 1:77 10 0.092

W Comae 12h 21m 31.79 +28 13'58" 0.102 |BLLac| 3:18 10° 8:.01 10 * 0.09
ZS 0214+083 | 02h 17m 17.19 +08 37' 03" 0.085 |BLLac| 1:85 10° 7:10 10 % -

2.2 Particle Showers

When high-energy photons or cosmic rays enter the Earth's atmosphere, they in-
teract with atmospheric particles and produce cascades of secondary particles known
as air showers or particle showers. These showers propagate downward through the
atmosphere, with successive generations of particles created via processes such as pair
production, bremsstrahlung, and hadronic interactions.

In the case of gamma rays, the primary interaction is through pair production.
When a gamma ray photon with an energy greater than double the rest mass of an elec-
tron, i.e., 2mc?, encounters the electric eld of a nucleus, it can produce an electron-
positron pair (Longair, 1992). These patrticles then proceed to interact with the atmo-
sphere, emitting bremsstrahlung radiation as they are decelerated by the electric elds
of atmospheric nuclei (Longair, 1992). The emitted photons can themselves undergo
pair production, resulting in a self-sustaining cascade of particles that propagate down-
wards. This process continues as long as pair production and bremsstrahlung dominate
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the interactions. As the cascade develops downward, successive generations of par-
ticles are produced with lower energies. Eventually, other processes such as Comp-
ton scattering and photoionization become more probable than pair production and

bremsstrahlung, leading to the gradual extinction of the shower.

Cosmic rays, on the other hand, are primarily high-energy protons or atomic nu-
clei. Upon entering the atmosphere, these patrticles collide with atmospheric nuclei,
generating multiple secondary particles, mainly neutral and charged pions(Longair,
1992). The neutral pions typically decay into gamma rays, which can then cause pair
production, while charged pions will often decay into muons via the relations (Longair,
1992)

A A ! + 7 (2.1)

The muons produced can travel considerable distances due to their relatively long mean
lifetime of 2:2001 106 s. These can then decay into electrons and positrons via the
processes(Longair, 1992)

et (2.2)

For equations 2.1 and 2.2, denote charged pions, muons, and e electrons
and positrons. The symbols and . represent muon and electron neutrinos, respec-
tively, while™ and—, denote the corresponding antineutrinos. The superscripts + and
indicate the electric charge of the particles.

Figure 2.1 shows a comparison diagram between the two types of particle showers.
For both types of cascades, the resulting secondary particles will often have relativis-
tic speeds, and it is this characteristic that allows them to be detected via Cherenkov
radiation.

2.3 HAWC Observatory

The High Altitude Water Cherenkov (HAWC) is a gamma-ray and cosmic-ray
observatory located on the anks of the Sierra Negra Volcano in Puebla, Mexico, at
approximate geographical coordinates (9 97:3 W), and an altitude of 4100 m.

Its main structure consists of 300 water tanks, 7.3m wide and 5m tall, each out tted
with four photo-multiplier tubes (PMTSs), allowing it to observe high-energy gamma
and cosmic rays via Cherenkov radiation. It can observe approximately two-thirds of
the sky between the energies of 300 GeV and 100 TeV.

To achieve this, HAWC takes advantage of two different physical phenomena: the
interaction of gamma and cosmic rays with the atmosphere and its subsequent particle
showers, and the emission of Cherenkov radiation by said particles.

As discussed previously, when high-energy gamma rays or cosmic rays collide
with the Earth's atmosphere, they interact with the molecules present, predominantly
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Figure 2.1: Comparison between a photon or gamma ray induced particle shower (left)
and a hadronic or cosmic ray induced particle shower (right). The illustration high-

lights the main differences in their development and secondary particle composition, show-
ing how electromagnetic showers are typically more compact and uniform, while hadronic
showers are more irregular and contain a larger fraction of muons. Image taken from:
https://ned.ipac.caltech.edu/level5/Sept09/Cui/Cuil.html.

nitrogen and oxygen, and produce a shower of secondary particles through different
processes.

The secondary particles in these showers often travel at relativistic speeds, which
can exceed the local phase velocity of light in certain media. It is this property that
gives rise to Cherenkov radiation, providing a detectable signal of the original particle
interactions in the atmosphere.

Cherenkov radiation, rst detected by Pavel Cherenkov (Cherenkov, 1934), cor-
responds to a type of electromagnetic radiation emitted when a charged particle, such
as an electron, travels through a medium like water at a speed greater than the phase
velocity of light in that medium (i.e., v > c=n, where n is the refractive index of the
medium). This phenomenon is analogous to a sonic boom, where an object travels
faster than the speed of sound in air.

At the microscopic level, the passage of the charged particle induces a polarization
eld in the dielectric medium. When the particle velocity exceeds the phase velocity
of light, this induced polarization cannot relax instantaneously, leading to the coherent
emission of electromagnetic radiation. The superposition of the emitted wavefronts
results in a well-de ned emission geometry and a continuous spectrum whose intensity
increases toward shorter wavelengths (Longair, 1992).

In transparent media such as water, this radiation predominantly falls within the
optical and near-ultraviolet range and can be ef ciently detected using photomultiplier
tubes (PMTs) and related photosensitive instrumentation.
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It is through the detection of Cherenkov radiation of multiple shower particles in
different tanks, combined with reconstruction algorithms, that surface detectors like
HAWC can estimate the energy and direction of the original seed “particle”, be it a
photon or a cosmic ray.

More speci cally, by measuring the relative arrival times of signals across the
detector array, HAWC models the shape of the shower front and estimates the original
direction of the primary particle. The energy of this particle is estimated based on
the size and shape of the air shower, particularly the number of detectors triggered
(nHit) and the total charge measured by the PMTs. These observables are compared to
extensive Monte Carlo simulations of air showers, allowing HAWC to statistically infer
the most likely energy of the event (Abeysekara et al., 2017b,a). From this process, we
obtain the ux data that we can analyze.

2.4 Previous HAWC Light Curve and Multimessenger
Studies

As mentioned in Chapter 1, several HAWC studies have previously investigated
the long-term TeV variability of bright extragalactic sources, particularly Mrk 421 and
Mrk 501. These works established the foundations for variability studies with HAWC,
demonstrating the experiment's capability to monitor active galactic nuclei on daily
timescales and motivating subsequent multiwavelength and multimessenger analyses.

The gures presented in this section are reproduced from previously published
HAWC analyses and are included to provide historical and qualitative context. They
illustrate the variability observed in Mrk 421 and Mrk 501 during earlier observational
periods and highlight the evolution of analysis strategies over time. Owing to differ-
ences in reconstruction methods, spectral assumptions, and temporal coverage, these
results are not intended for direct quantitative comparison with the present work.

One of the earliest detailed HAWC variability studies of Mrk 421 and Mrk 501
was presented in Abeysekara et al. (2017a). This analysis covered approximately 1.3
years of data, spanning November 2014 to April 2016, and focused on establishing the
detectability of day-scale variability using HAWC data alone. The light curves were
constructed assuming xed spectral models for each source, and a Bayesian Blocks al-
gorithm with a 5% false positive probability was applied to identify distinct ux states.

Figure 2.2 shows the resulting daily-binned HAWC light curves for Mrk 421 and
Mrk 501 reported in that study, together with the Bayesian Blocks segmentation used
to identify distinct ux states.
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Figure 2.2: Daily-binned HAWC light curves for Mrk 421 (top) and Mrk 501 (bottom) from
early observations reported in Abeysekara et al. (2017a). The data cover 471 and 479 transits,
respectively, between November 2014 and April 2016. Integrated uxes are derived from spec-
tral ts of the form g—g = F;(E=1TeV) exp(E=E ¢y ) and are expressed in Crab Units
using the HAWC measurement of the average Crab Nebula ux. Blue lines indicate ux states
identi ed through a Bayesian Blocks analysis with a 5% false positive probability. Figures re-
produced from Abeysekara et al. (2017a).

A later and more comprehensive study by Alfaro et al. (2025a) signi cantly ex-
tended this approach by analyzing nearly six years of HAWC data, from Novem-
ber 2014 to October 2020. In addition to improving the characterization of long-term
TeV variability for both Mrk 421 and Mrk 501, this work incorporated contempora-
neous X-ray observations for Mrk 421. The inclusion of X-ray data enabled a direct
investigation of correlations between X-ray and TeV gamma-ray emission, providing
evidence for correlated variability across energy bands and supporting leptonic emis-
sion scenarios, such as synchrotron self-Compton processes. Figure 2.3 shows the light
curves obtained for Mrk 421 and Mrk 501 within the context of said work.

Beyond blazars, HAWC light curve analyses have also been applied to nearby
radio galaxies. In particular, the work presented in Alfaro et al. (2025b) investigated
TeV emission from sources such as M87 and 3C 264, focusing on long-term variability
and its implications for particle acceleration in misaligned jets.

Compared to the studies described above, which focus on individual sources or
small subsets of AGNs and often adopt source-speci ¢ analysis strategies, the present
work emphasizes a uniform and systematic treatment of variability across a broader
sample. While some recent analyses, such as Alfaro et al. (2025b), employ comparable
temporal coverage and reconstruction techniques for speci c radio galaxies, this work
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Figure 2.3: Daily-binned HAWC light curves for Mrk 421 (top) and Mrk 501 (bottom) from the
extended analysis presented in Alfaro et al. (2025a). The data span the period from November
2014 to October 2020. The plots show the integrated ux above 1 TeV, with red markers indi-
cating transits where the ux signi cance was below 2 . Figures reproduced from Alfaro et al.
(2025a).

applies a consistent methodology to a heterogeneous sample of twelve AGNs. This
approach enables a comparative investigation of variability properties across different
source classes and activity states, and provides a coherent framework for interpreting
long-term TeV variability within the broader context of multiwavelength emission.

In addition to variability studies in the electromagnetic regime, HAWC data have
also been used in multimessenger searches for high-energy neutrino counterparts. For
example, Solares et al. (2023) performed a joint analysis combining HAWC gamma-
ray data with subthreshold neutrino events from the ANTARES telescope to search
for spatial and temporal coincidences indicative of common high-energy astrophysical
sources. This study considered several years of overlapping HAWC and ANTARES
observations and reported a small number of coincident events with a background-
consistent false alarm rate, illustrating the feasibility of using long-term gamma-ray
monitoring to inform neutrino coincidence searches and to constrain models of hadronic
emission in AGN environments. Although no de nitive astrophysical neutrino source
was identi ed in that work, it demonstrates the broader utility of continuous TeV light
curves in informing multimessenger efforts and motivates future combined analyses as
detector sensitivities improve.

Therefore, analyses based on extended and homogeneous HAWC light curves,
such as the one presented in this thesis, provide a natural framework for future multi-
messenger studies. By characterizing long-term variability and identifying periods of
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enhanced TeV activity across a broad sample of AGNs, such datasets can be readily
used to search for temporal and spatial coincidences with high-energy neutrino events.
While such coincidence searches are beyond the scope of the present thesis, the results
presented here contribute relevant observational groundwork that may be exploited in
future joint gamma-ray and neutrino analyses as additional data and improved detector
sensitivities become available.

2.5 Current Work

The data used to produce the HAWC light curves within this work correspond to
observations of the 12 sources in our sample, covering the period from November 26,
2014, to August 26, 2022. All results are based on Pass 5 data, which represent the
most recent HAWC event-reconstruction algorithm.

Pass 5 extends the reconstructed energy range toward lower energies and intro-
duces re nements in event reconstruction that improve both energy estimation and an-
gular resolution (Albert et al., 2024). In addition, the updated calibration and recon-
struction framework provides a more uniform detector response across the full data-
taking period, reducing systematic effects that could otherwise in uence long-term
variability studies.

These improvements are particularly relevant for extragalactic sources, whose
measured TeV emission is comparatively weak and increasingly suppressed at higher
energies due to attenuation by the extragalactic background light (EBL). The enhanced
sensitivity at lower reconstructed energies, therefore, improves photon statistics and the
reliability of variability measurements over extended timescales.

Regarding our observations, these were organized in time bins of different lengths
(daily, weekly, and monthly), discarding data points where the transit time was less
than 70% of a complete HAWC transit ( 6 hours per day). Regarding weekly and
monthly light curves, we only included data starting on January 1st, 2015, to work with
complete bins.

To be consistent with the survey from where the sample originates (Urena Mena
et al., 2023), these observations were adjusted for each source by assuming a simple
power-law spectral model of the form

dN E .
— =K e B2
dE 1TeV

(2.3)

Whereg—g is the differential photon ux per unit energy, K is a normalization constant,
and is the spectral index, whose value was xed at 2:5 for all sources, corrected for
EBL attenuation using the Franceschini et al. (2008) modeThese analyses were

! The choice of EBL model is not critical for the present analysis. While the AGN survey adopted
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conducted using HAWC's proprietary software, ZEnith Band Response Analysis (ZE-
BRA), to nd the differential photon uxes for each time bin with their correspond-

ing errors. Figure 2.4 corresponds to the HAWC light curves for Mrk 421 with daily,
weekly, and monthly binnings. The curves for the remaining 11 sources and an enlarged
view of Mrk 421's light curve can be seen in Appendix A.

Figure 2.4: HAWC light curves of Mrk 421 with daily, weekly, and monthly binning. The
data cover the period from November 26, 2014, to August 26, 2021. Each plot shows three
HAWC light curves stacked vertically, corresponding to daily, weekly, and monthly binnings,
each clearly labeled. Every data point includes its associated uncertainty bars, representing the
statistical uncertainties in the measured ux. Figure created by the author.

the Dominguez et al. (2010) model, we use the Franceschini et al. (2008) model. For the nearby sources
and energy range considered here, the resulting EBL attenuation is effectively identical and does not
in uence the variability analysis.
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Chapter 3

Bayesian Blocks

3.1 Description

Bayesian Blocks is a statistical method used to analyze time series data by identi-
fying change points in a signal. The method models the time series as a piecewise con-
stant function, where each segment (or block) represents a time interval during which
the data can be approximated by a constant value within observational uncertainties.
The goal is to nd the optimal partition of the data into blocks by maximizing a tness
function that is additive across segments (Scargle et al., 2013a).

The method is general and instrument-independent, and the formulation adopted
in this work follows the framework presented by Scargle et al. (2013a), without as-
sumptions speci ¢ to HAWC or to gamma-ray observations. As such, the algorithm
can be applied to unevenly sampled time series from different experiments.

Regarding the algorithm, it begins by considering the entire dataset as a single
block and calculating an initial tness value. It then tests possible partitions by intro-
ducing change points, recalculating the tness function for each case. This function
measures how well the partitioning describes the observed data and can be interpreted
as a likelihood-like measure under the piecewise-constant model (Scargle et al., 2013a).

A central element of the method is the prior distribution, expressed through the
parameter nGpor. This parameter controls the sensitivity of the algorithm to change
points: larger values typically produce fewer change points, while smaller values allow
more. In practice, nGRor acts as a penalty against adding unnecessary change points
and helps to avoid over- tting (Scargle et al., 2013a).

In the general Bayesian Blocks framework, the value of,aggan be related to
the false alarm probabilitygqthe probability of incorrectly identifying a change point)
using empirical relations such as Equation 3.1 (Scargle et al., 2013b):

NCPuior =4 log  73:53p N %478 (3.1)

Page 27



CHAPTER 3. BAYESIAN BLOCKS

where N is the number of data poihts

Since our ux measurements are not equally spaced in time, we applied the point
measurement tness function to perform the Bayesian Blocks analysis (Scargle et al.,
2013a). The algorithm identi es statistically signi cant change points in the light curve
but does not assign a characteristic ux value to each block.

We therefore adopt a signi cance-dependent prescription to assign representative
uxes. For blocks whose average ux is less than or equal 2 , we use the mean ux
of the block, as these intervals are consistent with baseline emission and the mean
provides a robust estimator that is less sensitive to individual outliers.

For blocks with average ux exceeding 2, we interpret the interval as an ele-
vated emission state ( are candidate) and assign the maximum ux within the block,
as Bayesian Blocks may merge short-duration, high-intensity peaks into longer blocks,
in which case the mean ux would underestimate the characteristic are amplitude.
Here, is de ned as the ux corresponding to the 84.1st percentile, equivalent to one
standard deviation above the median for a Gaussian distribution.

3.2 Determination of Ideal False Alarm Probability

To determine the ideal value for our false alarm probabiliyvpe would like to
nd a scenario where the parameter is restrictive enough to avoid identifying spurious
ux states driven by statistical uctuations as are candidates, but loose enough to
minimize information loss associated with genuine aring activity.

Due to Mrk 421 and Mrk 501 being the two sources with the highest signal-to-
noise ratio, and noticeable high emission periods, it was especially important to deter-
mine the ideal pfor each of them. To do this, we used a method in which we started
by creating two HAWC light curves of regions of empty space (i.e., regions that didn't
have any known gamma-ray sources within a 1-degree radius from their center accord-
ing to Fermi's fourth source catalog (Ballet et al., 2024)) that were located near the
sources ( 2 apart). We followed the same procedure used to generate the regular
light curves and applied the same spectral models for each respective background.

Figure 3.1 illustrates the light curves of the empty space regions near Mrk 421 and
Mrk 501, respectively, which were used to assess background variability.

For both of these light curves, we performed a Monte Carlo simulation by injecting
a total of 35 “simulated ares” 500 separate times. To obtain these ares, we generated
random uxes from a uniform distribution ranging from 5 to 15 . For each of these
numbers, we also generated a corresponding random date using a uniform distribution

! The expression originally presented in Scargle et al. (2013a) was later corrected in an addendum to
include the logarithmic term (see Scargle et al. (2013b)). Equation 3.1 follows the corrected formulation,
and the implementation used in this work is consistent with the updated expression.
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(a) Mrk 421

(b) Mrk 501

Figure 3.1: HAWC light curves of background regions near Mrk 421 and Mrk 501. Panels
(a) and (b) correspond to the background regions located withiof Zhe source centers for
Mrk 421 and Mrk 501, respectively. Both light curves are shown with daily binning, and each
data point includes its associated uncertainty bars. Figure created by the author.

within the range of our observations and then added these pairs to the background
curves. Figure 3.2 shows two examples of light curves with injected ares.

The uxrange was decidedto nd ares that would be above the natural variability
of the background, which itself reached values over 3. The upper limit is consistent
with real observations, as the highest recorded ux for Mrk 421 was almost 25 .

Knowing the exact locations of the injected ares, we de ned a quantity called the
“success rate”, corresponding to the fraction of simulated ares successfully recovered
by the Bayesian Blocks algorithm. In this context, a detection refers to the identi cation
of an injected are as a distinct ux state by the Bayesian Blocks segmentation.

In general, we expected higher values of the false alarm probabilitg pield
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Figure 3.2: Examples of background light curves with injected ares near Mrk 421. Each
panel shows a daily-binned light curve from a background region withiof 2he source, with
simulated are events represented by blue data points and their corresponding uncertainty bars.
The simulated ares are shown as blue data points with their corresponding uncertainty bars.
Figure created by the author.

higher average success rates, as the algorithm becomes progressively less restrictive.
To evaluate this behavior, we applied the Bayesian Blocks algorithm as implemented
in the astropy Python package (The Astropy Collaboration et al., 2022) to each of the
500 simulated light curves using thirteen representative valugsspfignning the range

from 0.01t0 1.0 (0.01, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0). For
each value of g the success rate was averaged over all simulations. Figure 3.3 shows
the resulting dependence of the average success ratg on p
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(a) Mrk 421 (b) Mrk 501

Figure 3.3: Behaviour of average success rate with varying false alarm probability. Each point
corresponds to the average success rate computed over 500 simulations for a given value of the
false alarm probability. Figure created by the author.

The data obtained suggests that, as expected, higher valugdeafdpto higher
success rates; therefore, at rst glance, taking a high value seems ideal. However, if
said value is too high, a different problem arises: the identi cation of spurious are
candidates driven by background uctuations. Taking this into consideration, we aim
to determine the highest values @ffpr which no false are candidates are produced.

To this end, we repeated the Bayesian Blocks analysis on the same set of back-
ground light curves with injected ares, varying the false alarm probabiliynpa
systematic manner. Starting frorg p 1, the value was decreased in steps of 0.001
until the criterion of zero false are detections was satis ed. This procedure yielded
average threshold values of p 0:178 for Mrk 421 and p = 0:590 for Mrk 501.

Given that the value of Mrk 501 is considerably high and could lead to false are
candidates in other sources of our sample, as shown by the comparatively lower value
of Mrk 421, we decided to adopt the lowest value for both sources. This value was
then applied to the remaining ten sources, for which varying the false alarm probability
produced no noticeable changes in their Bayesian Block segmentations.

It should be noted that while this approach offers a rst step toward optimizing the
identi cation of are candidates using Bayesian Blocks, it may not fully capture the
complexities of real-world are behavior. The simulated are injections and the choice
of parameters, such as the ux range agd/glues, are based on assumptions that may
not perfectly represent the actual dynamics of astrophysical sources.

Nevertheless, this methodology offers a basis for further re nement and future
studies, which could incorporate more realistic are pro les, additional observational
data, and improved statistical techniques. As such, the current results should be viewed
as an initial step in the ongoing effort to better understand and model the variability of
AGN sources.
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3.3 Results

Figures 3.4 and 3.5 showcase the daily HAWC light curves with their correspond-
ing Bayesian Blocks for Mrk 421 and Mrk 501, respectively. The light curves for the
ten remaining sources are located in Appendix B.

Figure 3.4: HAWC Mrk 421 daily light curve with its corresponding Bayesian Blocks. Black
data points represent the measured ux normalizations with their associated uncertainty bars,
while the red lines indicate the ux states identi ed through the Bayesian Blocks segmentation.
Figure created by the author.

Figure 3.5: HAWC Mrk 501 daily light curve with its corresponding Bayesian Blocks. Black
data points represent the measured ux normalizations with their associated uncertainty bars,
while the red lines indicate the ux states identi ed through the Bayesian Blocks segmentation.
Figure created by the author.

Additionally, Table 3.1 presents a comprehensive list of all Bayesian blocks iden-
tied as are candidates across the analyzed sources. For each candidate, the table
provides the start and end times, the measured ux normalization, and the associated
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uncertainties. This compilation allows for a clear overview of the temporal and ener-
getic characteristics of the tentative aring events, facilitating further analysis of their
occurrence, duration, and relative intensity. It serves as a reference for comparing
apparent aring activity between sources, and for investigating correlations with multi-
wavelength observations.

Table 3.1: Properties of all are candidates identi ed via Bayesian Blocks for all analyzed
AGN sources. Only Mrk 421 and Mrk 501 show apparent aring activity. The table lists the
are candidate start and end times (MJD), ux normalizations with associated uncertainties,
and the same ux normalizations expressed in median Crab units, where the Crab median ux
normalization was computed using an identical procedure to that applied to the light curves,
assuming a simple power-law spectrum with xed index 2:5.

Source Start End Flux Normalization  Flux Normalization
(MJD) (MJD) Tev! cm? st (Crab Units)
Mrk 421 57006.04 57010.03 (1:47 0:23) 10%° 5:95 0:92
Mrk 421 57010.03 57020.00 (1:27 0:24) 10'° 5:14 0:98
Mrk 421 57020.00 57021.00 (2:06 0:24) 10'° 8:34 0:98
Mrk 421 57124.71 57126.21 (1:43 0:23) 10'° 5:79 0:91
Mrk 421 57237.41 57240.40 (2:30 0:24) 10'° 9:31 0:96
Mrk 421 57240.40 57255.36 (1:18 0:27) 10'° 4:78 1:09
Mrk 421 57369.04 57410.93 (1:17 0:22) 10'° 4:74 0:91
Mrk 421 5754556 57550.55 (1:78 0:23) 10'° 7:21 0:92
Mrk 421 57753.99 57762.97 (1:54 0:23) 10'° 6:23 0:92
Mrk 421 57771.94 57774.93 (1:07 0:20) 10'° 4:33 0:83
Mrk 421 57787.90 57788.90 (1:55 0:22) 10'° 6:28 0:88
Mrk 421 58038.20 58039.21 (1:20 0:22) 10'° 4:86 0:87
Mrk 421 58106.30 58112.01 (1:23 0:22) 10'° 4:98 0:89
Mrk 421 58116.00 58121.98 (1:13 0:21) 10'° 4:57 0:85
Mrk 421 58123.98 5812597 (1:74 0:23) 10'° 7:04 0:93
Mrk 421 58125.97 58132.95 (1:22 0:23) 10'° 4:94 0:91
Mrk 421 58132.95 58136.94 (2:46 0:25) 10'° 9:96 1:00
Mrk 421 58136.94 58146.91 (1:50 0:22) 10'° 6:07 0:88
Mrk 421 58150.90 58158.88 (1:90 0:24) 10'° 7:69 0:97
Mrk 421 58187.30 58191.79 (1:45 0:23) 10'° 5:87 0:91
Mrk 421 58191.79 5821573 (1:21 0:22) 10'° 4:90 0:87
Mrk 421 58556.79 58575.74 (1:35 0:21) 10'° 5:47 0:84
Mrk 421 58581.72 58586.71 (1:48 0:23) 10'° 5:99 0:95
Mrk 421 58593.69 58596.68 (1:87 0:22) 10'° 7:57 0:91
Mrk 421 58643.56 58647.54 (1:13 0:21) 10'° 4:57 0:84
Mrk 421 58668.49 58671.48 (1:41 0:23) 10'° 5:71 0:94
Mrk 421 58982.63 58983.62 (1:29 0:21) 10'° 5:22 0:85

Continued on next page
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Table 3.1 — continued from previous page

Flare Start Flare End  Flux Normalization = Flux Normalization

Source 1 > 1

(MJD) (MJD) TeV*: cm< s (Crab)
Mrk 421 59011.05 59015.54 (1:26 0:22) 10'° 5:10 0:87
Mrk 421 59015.54 59016.56 (2:58 0:24) 10'° 10:4 0:98
Mrk 421 59016.56 59023.51 (1:88 0:23) 10% 7:61 0:92
Mrk 421 59047.45 59052.92 (2:04 0:22) 10% 8:26 0:90
Mrk 421 59060.91 59062.41 (3:17 0:24) 10'° 12:8 0:98
Mrk 421 59062.41 59066.40 (2:17 0:24) 10'° 8:79 0:96
Mrk 421 59066.40 59067.40 (3:51 0:25) 10% 14:2 1:02
Mrk 421 59067.40 59068.39 (2:30 0:23) 10% 9:31 0:94
Mrk 421 59068.39 59071.38 (1:28 0:21) 10'° 5:18 0:84
Mrk 421 59097.31 59098.31 (1:53 0:21) 10'° 6:19 0:86
Mrk 421 59098.31 59100.30 (2:93 0:26) 10'° 11:9 1:04
Mrk 421 59100.30 59101.30 (1:72 0:22) 10'° 6:96 0:87
Mrk 421 59104.29 59113.27 (1:97 0:23) 10% 7:98 0:92
Mrk 421 59128.23 59130.72 (2:03 0:23) 10'° 8:22 0:94
Mrk 421 59136.21 59137.20 (1:64 0:22) 10'° 6:64 0:91
Mrk 421 59141.19 59144.19 (1:80 0:23) 10% 7:29 0:92
Mrk 421 59144.19 59145.18 (3:13 0:25) 10% 12:7 1:01
Mrk 421 59145.18 59153.16 (1:82 0:23) 10'° 7:37 0:91
Mrk 421 59153.16 59166.12 (1:07 0:20) 10'° 4:33 0:82
Mrk 501 57015.01 57026.98 (1:01 0:22) 10'° 4:09 0:90
Mrk 501 57026.98 57033.96 (1:68 0:25) 10% 6:80 0:99
Mrk 501 57033.96 57063.36 (0:64 0:21) 10'° 2:61 0:83
Mrk 501 57063.36 57065.92 (1:05 0:19) 10'° 4:25 0:78
Mrk 501 57065.92 57070.80 (0:61 0:18) 10'° 2:48 0:71
Mrk 501 57070.80 57076.84 (1:08 0:20) 10'° 4:37 0:83
Mrk 501 57127.70 57131.69 (1:52 0:21) 10% 6:15 0:85
Mrk 501 57131.69 57163.61 (0:86 0:22) 10'° 3:48 0:89
Mrk 501 57229.43 57231.42 (0:50 0:21) 10'° 3:83 0:86
Mrk 501 57248.38 57251.37 (0:62 0:19) 10'° 2:51 0:75
Mrk 501 57251.37 57252.86 (2:00 0:25) 10'° 8:10 1:00
Mrk 501 57252.86 57272.31 (0:60 0:20) 10'° 2:43 0:79
Mrk 501 57272.31 57274.80 (0:81 0:23) 10'° 3:28 0:91
Mrk 501 57274.80 57398.96 (0:75 0:23) 10'° 3:04 0:95
Mrk 501 57398.96 57407.94 (0:81 0:21) 10'° 3:29 0:85
Mrk 501 57407.94 57483.73 (0:72 0:21) 10% 2:93 0:86
Mrk 501 57483.73 57485.69 (1:15 0:22) 10'° 4:66 0:87
Mrk 501 57485.69 57490.71 (0:48 0:21) 10'° 1:94 0:85
Mrk 501 57567.50 58066.14 (0:72 0:22) 10'° 2:92 0:88

Continued on next page
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Table 3.1 — continued from previous page

Flare Start Flare End  Flux Normalization = Flux Normalization

Source 1 > 1

(MJD) (MJD) TeV*: cm< s (Crab)
Mrk 501 58067.13 58626.60 (0:56 0:20) 10% 2:28 0:80
Mrk 501 58877.91 58960.69 (0:71 0:22) 10% 2:85 0:88
Mrk 501 58965.67 5923593 (0:57 0:20) 10'° 2:32 0:79
Mrk 501 59235.93 59452.34 (0:65 0:21) 10'° 2:61 0:87
Mrk 501 59562.04 59757.01 (0:62 0:20) 10% 2:51 0:79

3.4 Detection Limit

Having identi ed variable segments within HAWC light curves for our twelve
sources using Bayesian Blocks, we wanted to nd an experimental estimate of the
instrument’s detection capabilities within the context of our analysis. To achieve this,
we constructed a detection limit curve by comparing the duration and ux of all blocks.
The idea of this curve is to allow us to establish a minimum threshold for detectable
signal ux, and for it to serve as a benchmark for determining the minimum signal
strength required for tentative detection. The obtained results are visualized in Figure
3.6.

From Figure 3.6 we can see that the data has a roughly linear shape when plotted
in a log-log scale, meaning that the behavior of the block ux as a function of its length
can be reasonably t using a power law of the form

y = ax (3.2)
where x corresponds to the block length, y is the block ux and a and k are the two

parameters we intend to t.

Utilizing Scipy's curve t function(Virtanen et al., 2020) we nd that the best- t
valuesofaand k tobe a = 2:048 16° TeV! cm? s' andk = 0:545, respectively,
with a coef cient of determination R= 0:61, de ned as(James et al., 2013)

P
i ¢)°
RSS _
R?=1 ——=1 X (3.3)
=S
158 v v

i=1

where RSS is the Residual Square Sum, TSS the Total Square Same the real
values of our ux,y their average, and yhe ux values obtained with the t. Given the
complexity of de ning errors for the blocks' lengths and uxes, no error is calculated
for this trendline. As such, it should be taken as a visualization of a general trend and
not a fully robust statistical answer.
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Figure 3.6: Bayesian Block Flux vs Length for all blocks obtained from the 12 sources studied.
The blue dots represent Mrk 421 blocks, the yellow ones represent Mrk 501 blocks, and the
black dots represent the blocks for the remaining 10 sources. Blocks with negative ux are
omitted. The strong outliers correspond to sources that displayed different transient periods
with slightly varying uxes. It should be noted that Bayesian Block uxes correspond to point
estimates of the emission level within each segment, while block durations are algorithmically
de ned by the change-point detection procedure. As such, individual blocks do not have well-
de ned statistical uncertainties, and no error bars are shown. Figure created by the author.

The product of the block ux and duration provides a proxy for the uence of each
emission episode, and therefore for the relative energetic output of individual ares.
The separation observed between Mrk 421, Mrk 501, and the remaining sources sug-
gests systematic differences in the typical energetics of their high-emission periods. In
particular, the most prominent Bayesian Block segments of Mrk 421 correspond to ux
enhancements of up to a factor of 8 above the baseline emission, which, when com-
bined with their longer durations, translate into relative energy releases of up to a factor
of 15 compared to typical emission levels. While this quantity does not represent an
intrinsic luminosity, as it does not account for distance, beaming, or spectral effects, it
nonetheless offers a comparative measure of are strength within the analyzed sample.
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Chapter 4

Fermi Observational Data

4.1 Fermi-LAT Data

The Fermi Gamma-ray Space Telescope is a gamma-ray observatory located in
low Earth orbit that observes the entire sky by scanning different regions, completing
a full sky survey approximately every three hours. It observes gamma rays in the en-
ergy range between 8 keV and 300 GeV. It contains two observation instruments, the
Gamma-ray Burst Monitor (GBM) and the Large Area Telescope (LAT).

The Gamma-ray Burst Monitor is a device comprised of twelve sodium iodide
scintillators and two bismuth germanate scintillators that can observe gamma rays with
energies ranging from 8 keV to 40 MeV (Meegan et al., 2009). Its two main pur-
poses are allowing the observation of hard X-rays that are below the energy range of the
LAT, and determining the direction of GRBs onboard to quickly reorient the spacecraft
to observe delayed emission of bright bursts with the LAT(Meegan et al., 2009).

The Large Area Telescope is the primary instrument on the Fermi Space Teles-
cope, designed to observe gamma rays with energies ranging from 20MeV to 300
GeV(Atwood et al., 2009). As a pair-conversion telescope, the Large Area Telescope
detects gamma rays by transforming them into electron-positron pairs(Atwood et al.,
2009). These pairs are tracked and analyzed to determine the direction and energy of
the incoming gamma rays.

The instrument consists of four main components: a precision tracker, a calorime-
ter, an anti-coincidence detector, and a programmable trigger and data acquisition sys-
tem(Atwood et al., 2009).

Regarding these components, the precision tracker, made of silicon strip detec-
tors and tungsten foils, converts incoming gamma rays into electron-positron pairs and
tracks their trajectories to determine the original direction of the gamma rays(Atwood
et al., 2009). On the other hand, the calorimeter, composed of cesium iodide crystals,
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is used to measure the energy of the particles(Atwood et al., 2009). Surrounding these
components is the anti-coincidence detector, which consists of segmented plastic scin-
tillators that identify and reject background signals caused by cosmic rays (Atwood
etal., 2009).

These subsystems feed their measurements into the data acquisition system whose
main function is to process the information to further reduce contamination due to cos-
mic rays and relay this information back to Earth(Atwood et al., 2009). Using recon-
struction algorithms on this data allows for the original photons to be estimated. The
resulting observations are publicly available on Fermi's of cial website

For our analyses, given that Mrk 421 and Mrk 501 were the only sources in the
HAWC sample for which statistically signi cant aring activity was detected, we pro-
duced weekly light curves from Fermi data in the same observation period as a way to
compare the behavior of both sources in the two different gamma-ray energy ranges.
We used weekly bins to have a high signal-to-noise ratio.

To make these curves we followed a procedure similar to that detailed if@Pati
Alvarez et al., 2019), where we processed our data using Fermitools version 2.0.8
(Fermi Science Support Development Team, 2019), and de ned our regions of inter-
est to be circles with a radius of 16entered at the position of each source.

Each likelihood minimization was performed using a binned maximum-likelihood
algorithm as implemented in gtlike within the Fermitools software package. In this
process, the full gamma-ray emission model within each region of interest was tted
simultaneously, rather than tting only the target sources.

The spectra of Mrk 421 and Mrk 501 were modeled as simple power laws with a
xed photon index of 2:5, chosen to maintain consistency with the spectral assump-
tions adopted in the HAWC analysis. Since the primary objective of this work is the
construction of ux light curves and the study of variability and correlations, rather
than a detailed spectral characterization, xing the photon index provides a stable and
uniform framework across all time bins and energy ranges.

All sources listed in the fourth Fermi-LAT source catalog (Ballet et al., 2024)
within 15 of each target source (i.e., Mrk 421 and Mrk 501) were included in the
region-of-interest model. For all sources within 15 the region center, the ux nor-
malizations were left free during the likelihood minimization. For sources located
within 5 , both the normalization and the spectral index were allowed to vary, in or-
der to account for potential contamination from nearby variable emitters.

We used the recommended set of instrument response functions, together with the
most up-to-date Galactic diffuse and isotropic background models. Time bins with a
test statistic value TS < 25 were discarded to ensure reliable ux estimates. Figure 4.1
shows the resulting weekly-binned Fermi-LAT light curves for Mrk 421 and Mrk 501
over the same observation periods considered in the HAWC analysis.

L https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
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Figure 4.1: Fermi light curves of Mrk 421 and Mrk 501 with weekly binning. The gure
shows two stacked light curves: the top panel corresponds to Mrk 421 and the bottom panel to
Mrk 501, each clearly labeled. Vertical bars represent the statistical uncertainties in the photon
ux. Figure created by the author.
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Chapter 5
HAWC-Fermi Correlations

5.1 Spearman Correlation

Variability studies across different energy bands provide a powerful tool for prob-
ing the physical mechanisms responsible for high-energy emission in blazars. In par-
ticular, correlations between GeV and TeV gamma-ray emission can indicate whether
radiation at these energies originates from a common patrticle population and emission
region, or whether distinct processes dominate in different energy ranges.

A strong correlation would support scenarios in which the same population of rel-
ativistic particles drives the emission across both bands, as expected in simple leptonic
models, whereas weak or absent correlations may point to more complex or multi-
zone emission scenarios. Motivated by this, we perform a correlation analysis between
Fermi (GeV) and HAWC (TeV) light curves to quantitatively assess the degree of cou-
pled variability between these energy regimes. To quantitatively assess the presence
and strength of such relationships in the time domain, we employ a non-parametric
correlation analysis based on the Spearman rank correlation coef cient.

The Spearman correlation coef cient, often denoted as , quanti es the strength
and direction of a monotonic relationship between two variables. It is de ned as

6 @
i=1 .
ninz 1) '
where n is the number of data pairs, andgthe difference between the ranks of the
two variables for the i-th observation (Wackerly et al., 2007). The rank of a value refers
to its position within an ordered list, the smallest value is assigned rank 1, the next
smallest rank 2, and so on. Ties are assigned the average of their potential ranks.
The value of ranges from 1to +1. A value of +1 indicates a perfect increas-
ing monotonic relationship, while 1 corresponds to a perfect decreasing monotonic
relationship. A value near 0 suggests no monotonic association between the variables.
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The accompanying p-value (the probability of obtaining a correlation at least as

extreme as the observed one under the null hypothesis that there is no correlation, i.e.,

= 0) quanti es the statistical signi cance of the observed correlation. A small p-value
(typically less than 0.05) implies that the observed correlation is statistically signi cant
and unlikely to have arisen by random chance.

Additionally, the square of the Spearman correlation coef cieAtcan be inter-
preted as the proportion of variability in one variable that is monotonically associated
with variability in the other. For example, a value of 0.4 corresponds?e 0:16,
which suggests that approximately 16% of the variability in one variable is explained
by the monotonic relationship with the other variable.

Unlike Pearson's r, Spearman's does not assume linearity, focusing instead on
whether one variable consistently increases or decreases with the other.

This characteristic is particularly relevant when comparing gamma-ray emissions
across different energy ranges, such as those observed by Fermi and HAWC, where
even if the same underlying process dominates these emissions, the power-law nature
of their spectra provides no reason to assume a linear relationship in their variability.

Since Mrk 421 and Mrk 501 were the sources in our sample that exhibited the
highest signal-to-noise ratio in HAWC observations, we focused our correlation study
on these two blazars, by performing a Spearman correlation analysis using their weekly
HAWC and Fermi weekly light curves to ensure reasonable signi cance, discarding any
point pairs where:

* Fermi's TS was below 25, corresponding to ux measurements with less than
5 statistical signi cance, which were excluded to ensure robust detections,

 Either ux had a relative error greater than 90%,
« HAWC's ux was negative, as this does not represent real source variability.

The Spearman rank correlation coef cient and its associated p-values were com-
puted using the spearmanr function from the scipy.stats module (Virtanen et al.,
2020). In this implementation, the correlation coef cient is converted into a test
statistic by the expression

(5.1)

which, in the limit of large sample sizes, follows a Student's t-distribution with N 2
degrees of freedom. The corresponding p-values are then obtained from this distribu-
tion.

Figures 5.1 and 5.2 show the comparison between the weekly HAWC and weekly
Fermi light curves for Mrk 421 and Mrk 501, respectively. The black dots represent
HAWC bins excluded from the correlation analysis, either due to the absence of a cor-
responding pair or because they did not meet one of the previously mentioned criteria.
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The gap between 57800 and MJD 58700 in Fermi's Mrk 501 light curve occurs be-
cause the analysis failed to converge to any ux value for these bins, or they did not
have enough statistical signi cance.

Figure 5.1: Comparison between the HAWC and Fermi weekly light curves for Mrk 421. The
gure shows two stacked light curves: the top panel corresponds to HAWC (red ux points)
and the bottom panel to Fermi (blue ux points), each clearly labeled. The black dots represent
HAWC uxes that were not utilized for the correlation analysis due to not having a Fermi
counterpart, according to the criteria previously discussed. Figure created by the author.

Figure 5.2: Comparison between the HAWC and Fermi weekly light curves for Mrk 501. The
gure shows two stacked light curves: the top panel corresponds to HAWC (red ux points)
and the bottom panel to Fermi (blue ux points), each clearly labeled. The black dots represent
HAWC uxes that were not utilized for the correlation analysis due to not having a Fermi
counterpart, according to the criteria previously discussed. Figure created by the author.

Page 43



CHAPTER 5. HAWC-FERMI CORRELATIONS

Upon calculating the Spearman correlation for both pairs of curves, the results
obtained are presented in Table 5.1.

Table 5.1: Spearman rank-order correlation coef cients () between the weekly-binned HAWC
and Fermi-LAT light curves for the blazars Mrk 421 and Mrk 501. The table also lists the
squared correlation coef cients %), which indicate the fraction of variance in one dataset that
can be explained by the other, and the corresponding p-values, which quantify the statistical
signi cance of the correlations. Mrk 421 exhibits a moderate positive correlation, while Mrk
501 shows a weaker correlation. These results re ect the degree of synchronous variability
between TeV and GeV emission in these sources on weekly timescales.

Source| Mrk421 Mrk 501
0.40 0.22

2 0.16 0.05
p-value| 1:29 10 ! 0.019

From the results shown in Table 5.1 we can observe that for Mrk 421, a mod-
erate positive correlation is observed ( = 0:40), with a highly signi cant p-value
(p = 1:29 10 !!), indicating a clear monotonic relationship between the variability
observed in the GeV and TeV energy ranges over the analyzed period.

In contrast, the correlation measured for Mrk 501 is weaker ( = 0:22), with a cor-
responding coef cient of determinatiorf = 0:05 and a marginally signi cant p-value
(p = 0:019). It is important to emphasize that this result is based on a substantially
reduced effective dataset. due to the selection criteria applied to ensure data quality,
including constraints on Fermi test statistic, relative ux uncertainties, and the exclu-
sion of non-physical or non-convergent HAWC ux estimates, only a small fraction
of the available weekly bins for Mrk 501 were retained for the correlation analysis.
This re ects the comparatively low and sporadic TeV activity of Mrk 501 during the
observation period.

The reduced number of retained data points limits the statistical power of the cor-
relation analysis for Mrk 501; however, the weak correlation observed cannot be at-
tributed solely to the limited sample size. Additional factors, such as differences in
variability amplitude, duty cycle of aring activity, and potential differences in the
dominant emission processes across energy bands, may also contribute to the lower
correlation strength observed for this source.

5.1.1 Time Variability of Correlation Coef cient

Although the overall values for are not particularly large when considering the
light curves as a whole (i.e., not very close to 1), dividing them into distinct segments
corresponding to periods of low and high activity, similar to the analysis presented
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in (Patiio-Alvarez et al., 2018), reveals regions with signi cantly higher correlation
indices for Mrk 421.

The idea of splitting the light curve into periods of high and low emission arises
from the observation that, particularly for HAWC, periods of low activity are more
likely to be noise-dominated. As such, these intervals may not accurately re ect the
source's intrinsic variability but rather the limits of detection and statistical uctuations
in the data.

For this reason, the Mrk 421 dataset was divided into ve distinct observation peri-
ods based on visual inspection of the light curves, identifying intervals characterized by
sustained changes in ux level and the presence or absence of aring activity. Bound-
aries between periods were chosen at times where clear transitions between low-activity
and high-activity states were observed consistently across the light curves.

We note that the division into observation periods is heuristic in nature and in-
tended to isolate broad changes in activity level rather than to de ne uniquely deter-
mined epochs.

Although these periods were not de ned directly from the Bayesian Block seg-
mentations presented in Chapter 2, they are broadly consistent with the long-term ac-
tivity states indicated by those results. Periods with a higher density of Bayesian Blocks
associated with elevated ux levels or are candidates generally coincide with the ob-
servation periods classi ed as high-activity intervals. The segmentation was intention-
ally performed at a coarser temporal scale to isolate extended changes in correlation
behavior rather than individual variability features, and should therefore be regarded as
complementary to, rather than derived from, the Bayesian Block analysis.

Within this framework, the resulting observation periods are de ned as follows:

Observation Period 1 (OP1): MJD 57027 to 57732

Observation Period 2 (OP2): MJD 57732 to 58226

Observation Period 3 (OP3): MJD 58226 to 58512

Observation Period 4 (OP4): MJD 58512 to 59237

Observation Period 5 (OP5): MJD 59237 to 59753

Figure 5.3 illustrates the observation periods described. A similar process was
attempted for Mrk 501, but no signi cant increase in the correlation coef cient was
found.

When dividing the light curves into segments and performing the Spearman corre-
lation for each, we obtain the results shown in Table 5.2. Notably, Observation Period 2
exhibits a higher correlation coef cient ( = 0:68) compared to the value obtained for
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Figure 5.3: Observation periods for Mrk 421 de ned by visual inspection of the HAWC and
Fermi weekly light curves. Periods were chosen to isolate extended intervals of low and high
activity, corresponding to sustained changes in ux level and the presence or absence of aring
activity. These periods are intended to capture broad changes in correlation behavior rather than
individual variability features. Figure created by the author.

the full light curve ( = 0:40). Furthermore, the correlation coef cient varies substan-
tially between observation periods, with values ranging from 0to = 0:68 over
time intervals of order months to a few years, indicating that the correlation strength
changes on relatively short timescales.

Table 5.2: Spearman rank-order correlation coef cients () between HAWC and Fermi weekly
light curves of Mrk 421 calculated for the ve observation periods de ned in Section ??. The
table also shows the squared correlation coef cienfy, (indicating the fraction of variance

in one dataset that can be explained by the other, and the associated p-values quantifying the
statistical signi cance of the correlations. Observation periods were de ned by visual inspec-
tion to isolate intervals of low and high activity in the light curves. The results show that the
correlation is strongest during periods of high activity (e.g., OP2), while periods of low activity

or transitions (e.g., OP3 and OP5) exhibit weaker or non-signi cant correlations.

Mrk 421 OP1 oP2 OP3 OP4 OP5
0.38 0.68 -0.094 0.34 -0.03
2 0.14 0.46 0.009 0.12 0.0006
p-value | 452 103 | 3:15 108 0.59 | 1:31 103 0.87
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5.1.2 The Effect of Uncertainties

Since Spearman's correlation does not account for the impact of ux uncertainties
on the correlation coef cient, we implemented a Monte Carlo simulation to address this
limitation. For each light curve, we generated random values for each data point using a
Gaussian distribution where the ux served as the mean and the associated uncertainty
as the standard deviation (). This process was repeated 5000 times per light curve,
and the Spearman correlation coef cient was calculated for each iteration, resulting in
a distribution of correlation coef cients. This process was carried out for the complete
curves and for the observation periods described for Mrk 421.

Figures 5.4 and 5.5 present the distributions obtained for Mrk 421 and Mrk 501,
respectively.

Figure 5.4: Distribution of Spearman Correlation Coef cients for Mrk 421 obtained from Monte
Carlo simulations. Figure created by the author.

The uncertainty analysis shows that ux uncertainties can affect the average cor-
relation coef cients, with relative differences of up to 15% for all cases. In spite of this,
the overall behavior of the correlation remains robust when uncertainties are taken into
account.
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Figure 5.5: Distribution of Spearman Correlation Coef cients for Mrk 501 obtained from Monte
Carlo simulations for the full light curve. Figure created by the author.

For Mrk 421, from gure 5.4, it can be observed that the Monte Carlo distribu-
tions corresponding to Observation Periods 1, 2, and 4, as well as to the full light curve,
clearly exclude = 0, indicating the presence of a statistically signi cant correlation
between the Fermi-LAT and HAWC uxes during these intervals. In particular, Ob-
servation Period 2 continues to exhibit a high correlation coef cient, reinforcing the
existence of a strong relation between the two energy bands during this period.

In contrast, the distributions corresponding to Observation Periods 3 and 5 are
centered near 0 and include zero within their uncertainties. These results indicate
that the data during these intervals are consistent with the absence of a correlation. In
the case of Observation Period 3, although the mean correlation coef cient is slightly
negative, the broad distribution and large associated p-values imply that this trend is
not statistically signi cant and is unlikely to re ect a genuine physical anti-correlation.

A similar behavior is observed in gure 5.5 for Mrk 501, where the Monte Carlo
distribution obtained for the full light curve excludes = 0, indicating the presence of
a correlation despite the impact of ux uncertainties.

5.1.3 Jacknife Analysis

Finally, to visualize the in uence of individual data pairs on the correlation, we
performed a jackknife analysis (Miller, 1974). This method involves recalculating the
Spearman correlation coef cient N times, where N is the total number of data pairs in
the dataset. In each iteration, one data pair is omitted. By examining the resulting range
of correlation coef cients and p-values, we quanti ed the sensitivity of the correlation
to individual data points.

Table 5.3 presents the results for the full light curves of Mrk 421 and Mrk 501,
as well as for the observation periods de ned for Mrk 421. For the periods that are
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not noise-dominated, the correlation coef cient remains stable across all jackknife re-
alizations, indicating that the observed correlations are not driven by a small number of
in uential data pairs.

This result reinforces the interpretation that the correlations identi ed in the pre-
vious sections are statistically robust and are not driven by isolated high-leverage data
points. Consequently, the observed correlation behavior can be attributed to the global
properties of the datasets rather than to the in uence of individual ux pairs.

Table 5.3: Summary of jackknife analysis. The columns show the minimum, maximum, and
average Spearman correlation coef cient () for the complete light curves of Mrk 421 and Mrk
501, as well as for the previously de ned observation periods.

Minimum Maximum Average

Mrk 421 (Full Light Curve) 0.40 0.42 0.40
Mrk 501 (Full Light Curve) 0.20 0.24 0.22
Mrk 421 (OP1) 0.35 0.42 0.38

Mrk 421 (OP2) 0.66 0.71 0.68

Mrk 421 (OP3) -0.17 -0.03 -0.09

Mrk 421 (OP4) 0.32 0.38 0.35

Mrk 421 (OP5) -0.11 0.02 -0.02
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Chapter 6

Fermi-Optical Correlations

6.1 Steward Observatory V-band Observations

Establishing the temporal relationship between the optical and high-energy emis-
sion of BL Lacertae objects provides constraints on the physical connection between the
corresponding emitting regions. In particular, optical emission traces the synchrotron
component of the jet, which is expected to be closely linked to the -ray emission
observed by Fermi-LAT in leptonic scenarios, as discussed in Chapter 7.

For this reason, seeing as Mrk 421 displayed a strong correlation between Fermi
and HAWC lightcurves, especially for Observation Period 2 (OP2) (see Chapter 5), we
aim to compare its Fermi and Optical emission to draw insight into its emission pro-
cesses and their connection to its HAWC observations. To do this, we carried out cross-
correlation analysis using data from Fermi and optical observations from the Steward
Observatory.

The Steward Observatory, founded in 1916, is part of the University of Arizona
and focuses on astronomical research and education. It operates several telescopes at
various locations, including the Mount Graham International Observatory and Kitt Peak
National Observatory.

For our work, the data utilized from this observatory corresponds to optical V-band
observations of Mrk 421, as this source exhibited the highest direct correlation index
between the Fermi and HAWC light curves, both in their entirety and across different
time ranges (further explained in Chapter 5). These data stem from the study titled Co-
ordinated Fermi/Optical Monitoring of Blazars (Smith et al., 2009). This monitoring
program conducted prolonged photometric, spectroscopic, and polarimetric observa-
tions of these sources using the 2.3 m Bok Telescope on Kitt Peak, Arizona, and the
1.54 m Kuiper Telescope on Mt. Bigelow, Arizona, both equipped with the SPOL
spectropolarimeter.
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Their initial goal was to cover observations from Fermi's 1st cycle through its
4th cycle (October 2008-July 2012), but the program was later extended to include
observations up to Fermi's 10th cycle (ending in July 2018) (Smith et al., 2009). The
public archive of this monitoring program contains optical V-band data up to July 2018,
with no publicly released observations available beyond this date. All data from this
monitoring program are freely accessible through the program's wébsite

Since the V-band data are provided in magnitudes, we converted these to ux
values to facilitate direct comparison with the ux data from Fermi. The conversion
was performed using the equation:

0 1
@Y _a
F=F, 10 2% . 6.1)

where V is the V-band magnitude angl ¢orresponds to the zero point ux. For the
JohnsonV Iter we adopt the value from the literaturg+3:735 10 ° erg cn? st Al

with a central wavelength of 5529Mann & von Braun, 2015), or equivalently,F

3810 Jy with an error of approximately 1%. Flux errors were computed using sim-
ple propagation of errors. Figure 6.1 corresponds to the Steward light curve for Mrk
421 covering Observation Period 2 as described in 5. This observation period is the
only one considered in this and the following chapters, as it corresponds to the interval
exhibiting the highest correlation between the Fermi-LAT and HAWC light curves.

Figure 6.1: Steward Observatory V-band Light Curve of Mrk 421 for Observation Period 2
(OP2), spanning from MJD 57732 to 58226. The data are shown with weekly binning, display-
ing the measured ux and its corresponding uncertainty bars. This observation period is used
exclusively in the present analysis, as it corresponds to the time interval exhibiting the highest
correlation between the HAWC and Fermi-LAT gamma-ray light curves. Figure created by the
author.

! https://james.as.arizona.edu/ ~psmith/Fermi/
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6.2 Cross-Correlations

A cross-correlation analysis can be understood as a measurement of similarity
(i.e., how highly correlated two data sets are) as a function of the time delay between
them; that is, measure their similarity as one is shifted relative to the other. This, in
turn, can help to determine at what lag or time delay both sets are more alike.

Previous works, such as those carried out byfatilvarez et al. (2018), have
done comparison studies on the variability in emission across different electromagnetic
bands. This type of analysis has allowed researchers to gain insight into the underlying
processes that are responsible for the emission of extragalactic sources. In our case,
we wanted to look at the cross-correlation between Fermi gamma-rays and optical V-
band for Mrk 421, prioritizing Observation Period 2 as this was the one that showed the
highest direct correlation between Fermi and HAWC data.

To do this, we made use of three different cross-correlation methods:

1. Interpolated Cross Correlation Function (ICCF): The ICCF addresses unevenly
sampled light curves by interpolating one or both time series, typically using
linear interpolation, onto a common time grid. The correlation coef cient is then
evaluated as a function of time lag by shifting one interpolated light curve relative
to the other and computing the Pearson correlation using the overlapping data
points (Gaskell & Sparke, 1986).

2. Discrete Correlation Function (DCF): The DCF is a correlation estimator explic-
itly designed to operate directly on unevenly sampled time series. It computes
correlations between all pairs of data points from the two light curves and groups
them into bins of time lag, avoiding the need for interpolation (Edelson & Krolik,
1988).

3. Z-Transformed Discrete Correlation Function (ZDCF): The ZDCF is an alterna-
tive to the Discrete Correlation Function (DCF) designed to handle sparse and
unevenly sampled data more robustly. It addresses biases present in the origi-
nal DCF by applying Fisher's z-transform, which converts the correlation coef-
cient into a variable whose distribution is approximately normal, allowing for
more accurate estimation of con dence intervals and errors (Alexander, 1997). In
this work, we adopt the modi cations described in (RatAlvarez et al., 2013),
which improve the binning process of data pairs: rather than starting from the
median lag, they begin from the extreme negative lag to maximize the number of
unique pairs used; additionally, all bins are constrained to have the same number
of pairs to ensure consistent statistical signi cance across bins.

Figures 6.2 and 6.3 show the Cross-Correlation Function Curves obtained by us-
ing all three methods, and Table 6.1 shows a summary of the maximum correlations
achieved for each method with their corresponding lags.
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