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Abstract

The study of high-energy (> 100MeV) and very-high-energy (> 100 GeV) gamma rays
provides a unique observational window into the Universe, especially the most energetic
extragalactic sources such as active galactic nuclei (AGN) or gamma-ray bursts (GRBs).
When traveling over cosmological distances, these photons are attenuated due to interactions
with the extragalactic background light (EBL). This attenuation could be partially mitigated
by introducing axion-like particles (ALPs), a proposed beyond-Standard Model particle and
dark-matter candidate that allows photon-to-ALP oscillations in strong magnetic fields. The
main goal of this work is to search for and model the spectral upturns produced by this effect
in several astrophysical sources.

An analysis of the spectral energy distributions of various extragalactic sources is presented
using gamma-ray data from both the Fermi Large Area Telescope (LAT) and the High
Energy Stereoscopic System (H.E.S.S.). The search for spectral upturns is then performed by
statistically constraining the parameter space of possible breaks in the intrinsic model, which
can then be related to the parameters describing the ALP contribution.

In this work, we focus on light ALPs (m, < 1072 neV), considering conversions within the
intergalactic magnetic field (IGMF) and the galactic magnetic field (GMF) of the Milky
Way. We observe low-significance hints for the preference of ALP-induced upturns within the
H.E.S.S. data at couplings of order gg ~ 4-10711 GeV~!or Jary ~ 6-10711 GeV~! (depending
on the EBL model considered). This preference vanishes after the inclusion of Fermi-LAT
data, which breaks any degeneracy within the upturn models by providing a lower-energy
constraint on our spectra. Performing a simplified statistical analysis of these results allows
placing preliminary constraints on the ALP coupling of order g4, 2> 8.89 - 10712 GeV~! for
the most conservative EBL model, and g4 2 1.92- 10712 GeV~! for the most constraining
model.

These preliminary results showcase the potential of joint Fermi-LAT and H.E.S.S. analyses
both for constraining the allowed ALP parameter space and further studying gamma-ray
propagation across cosmological distances over different astrophysical environments.
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1 INTRODUCTION AND MOTIVATION

1 Introduction and motivation

STRONOMY, or the study of the cosmos, its components, and the processes that occur

within it, is possibly one of the oldest natural sciences to exist, and has been a subject of
human interest since prehistoric times [1]. In this way, the night sky has motivated numerous
fundamental questions regarding the origins and nature of the different observed celestial
bodies, as well as the nature of matter itself and the origin of the Universe. Throughout the
millennia, the best studies that could be performed to tackle these questions were the limited
observations of the visible light emitted by these objects through the naked eye. With the
technological and scientific advancements of the last centuries, improved optical telescopes
have been developed that have allowed us to study in great detail the visible emission for
an ever-increasing amount of astrophysical objects [2], enabling the characterization of their
history, evolution, and composition.

However, focusing our study on just the visible emission also presents a significant limitation.
The importance of multi-wavelength studies, considering photons emitted with energies
spanning the full electromagnetic spectrum, was quickly established throughout the twentieth
century [3], with the discovery of emission from astrophysical sources not only in the visible
range, but also in the radio, microwave, infrared, ultraviolet, X-ray, and gamma-ray energy
ranges. Of particular interest is the observed emission of gamma rays since, due to their high
energies, this radiation could only be produced in some of the most extreme environments,
involving intricate and highly-energetic particle acceleration processes [4]. The detection of
such highly-energetic radiation has also been proven to be a complex task, as these photons
would simply pass through any optical system unaffected, requiring detection methods akin
to those used in particle detectors and the development of new observational techniques. The
benefits, however, far outweigh the technical detectability difficulty. Gamma rays, which are
not deflected by magnetic fields and thus point directly back to their origin [5], allow us to
directly probe some of the most energetic processes and environments in the Universe, as
well as their propagation, often of cosmological scales, from distant sources [6].

Despite the success of extending astronomy towards the multi-wavelength regime, or even
considering multi-messenger studies with gravitational or neutrino radiation [7], numerous
issues within astrophysics and particle physics remain, at the time of writing this thesis,
unresolved. These include, among others, the apparent requirement for additional, gravitating
matter within the Universe that has not yet been observed directly [8], or inconsistencies
within the current description of all fundamental particles and the interactions that may
occur between them [9]. In these cases, gamma-ray studies are also particularly useful, as
due to their extremely high energies, they offer direct probes into physical processes not
observable on Earth, both in regards to their emission and propagation, thus providing an
interesting window into high-energy astroparticle physics.

The study of the gamma-ray emission from extragalactic sources thus provides a unique
observational opportunity to study some of the most energetic processes and environments in
the Universe, while also offering a possible probe for observational effects of novel physics
[10]. Active galactic nuclei (AGN), and in particular, blazars, provide highly accelerated
cosmic rays and, most importantly, gamma-ray photons within the high-energy (HE, between
100 MeV up to 100 GeV) and very-high-energy (VHE, above 100 GeV) regimes. This makes
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such gamma rays ideal probes for studying not only the emission processes of various sources,
but also any propagation effects, such as the attenuation due to interactions with background
radiation fields, or possible beyond Standard Model physics and its observational effects on
this propagation [11].

The current best model we have to explain all known fundamental particles and the interactions
allowed between them is given by the Standard Model (SM) of particle physics [6]. This
model describes all known matter by introducing three families of quarks and leptons, which
make up all the (baryonic) matter, and may interact via three of the fundamental forces:
strong, weak, and electromagnetic. Despite being considered as one of the best theories ever
conceived, with a great track record of successful predictions and great success in explaining
all known processes and interactions, it is widely considered as an incomplete, lower-energy
manifestation of a more general underlying theory [12], with some of the main reasons for
this being its many clear limitations. Perhaps among the greatest of such limitations is
the absence of the gravitational interaction, which as of yet could not have been included
successfully within the model. For our current context, however, we will be focusing on two
other problems within the Standard Model: the strong CP problem, and the dark matter
problem.

The strong CP problem can be summarized as an apparent fine-tuning problem within the
mathematical description of the strong interaction within the Standard Model. The presence
of a term within the Lagrangian function corresponding to this interaction, which in principle
allows for the violation of a certain symmetry resulting as the combined effect of the C'P
(charge conjugation and parity) operators, seems to be incompatible with the measured
observables associated to it, such as the neutron electric dipole moment [13], which suggest
the term must vanish [14]. This naturally leads us to ask the question: if the theory does not
enforce a strict conservation of such symmetry, allowing the associated parameter to take any
value, why does this parameter appear to be zero?

The dark matter problem provides an additional motivation for searches of physics, and in
particular other types of particles, beyond the Standard Model [8, 15]. Numerous independent
observations have established the need for an additional, non-luminous, gravitationally-
interacting form of matter, such as the dynamics of galaxy clusters [16], their gravitational
lensing [17], and the flat rotation curves of spiral galaxies [18]. This evidence has only been
further reinforced on cosmological scales, where the observed cosmic microwave background
(CMB) anisotropies and the large-scale structure of the Universe require a dominant dark
matter component to be reproduced within the standard cosmological model [19].

One compelling proposal that could, in principle, solve both of these limitations, is a beyond
Standard Model particle: the axion [20, 21, 22]. This particle is obtained as a consequence of
attempting to solve the strong CP problem by introducing an additional symmetry to our
model, promoting the problematic parameter into a dynamic field. This new, approximate
symmetry can then be spontaneously broken, which would lead to the appearance of a new
massive pseudo Nambu-Goldstone boson. Despite the original axion presenting a very specific
relation between its mass and the coupling to the electromagnetic field, generalizations of
these particles were soon introduced in the form of axion-like particles (ALPs). These particles
are generalizations of the axion where the relation between their mass and coupling has been
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relaxed, and which are further motivated from effects in various extensions of the Standard
Model, such as string theory [23]. Interestingly, by introducing ALPs, we can also tackle
the problem of dark matter, since these particles, or at least, for some of their masses and
couplings, could contribute to the dark matter content of the Universe. This makes some
ALPs potential candidates for cold dark matter, as they could be produced non-thermally in
the early Universe and thus present a non-relativistic population [24, 25, 26].

Both the axion and ALPs present properties which strongly depend on how this new symmetry,
and thus particle, is included within the SM. In this work, we will analyze their most
general properties, and focus mainly on their interaction with the photon field and its main
consequences. This interaction occurs via a coupling term involving the electromagnetic
field, which allows for a non-zero conversion probability between photons and ALPs when
propagating under an external magnetic field [27], in a process akin to the flavor oscillations
of massive neutrinos [28].

Numerous experimental searches for detecting axions have been conducted and are continu-
ously being developed, focusing mainly on exploiting their aforementioned oscillations with
the photon field, with current measurements only providing exclusion regions within the
mass-coupling parameter space. One particularly interesting experiment, with special interest
to us, is the Light Shining through a Wall (LSW) experiment [29], in which the axion-photon
oscillation under magnetic fields is taken advantage of in order to detect modified photon
propagation effects after their conversion into an ALP, transmission through an opaque mate-
rial, and subsequent reconversion into a photon [30]. In this project, we will be considering
a very similar setup as to the LSW experiment. However, instead of producing the ideal
environment for photon-axion conversions to occur within a laboratory setting, we will use
the Universe and its opaqueness to highly-energetic gamma rays as the wall, with blazars
offering ideal emitters for this case [12].

Blazars are perfect candidates for the study of gamma-ray emission and propagation effects,
as they host powerful jets oriented closely towards our line of sight, producing extremely
energetic radiation to travel directly towards us. During their cosmic travel, the gamma-ray
photons can interact with lower energy background photons, the extragalactic background
light (EBL), composed by the combined radiation emitted throughout the history of the
Universe from all stars and galaxies [31]. This interaction produces an observable gamma-ray
attenuation due to the pair-production of charged particles which will then get deflected,
effectively lowering the observed gamma-ray flux at the highest energies from these distant
sources.

The main result of including ALPs arises from the interesting fact that, if we consider their
oscillations into photons, this attenuation could be partially suppressed. This is due to the
fact that the axion propagation will not be affected by this cosmic attenuation, as these
particles will not interact with any background radiation fields. Therefore, we may consider
a scenario in which the emitted gamma rays from an extragalactic source convert into ALPs
within the intergalactic magnetic field (IGMF), after which they travel freely without any
absorption until they reach the Milky Way, whose galactic magnetic field (GMF) will cause
them to reconvert into detectable gamma rays. Through this process, a partial alleviation
of the expected attenuation could be achieved, effectively producing an increased flux of
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photons at the highest energies [32]. This can be observed as a characteristic spectral upturn,
occurring at the energies for which the Universe is thought to become increasingly opaque to
gamma rays. The search for these spectral hints of ALPs is the main objective of this project.

In this work, we will be working with data obtained from two gamma-ray observatories. First,
the High Energy Stereoscopic System (H.E.S.S.) [33] is a ground-based observatory array
located in the southern hemisphere that allows for detecting gamma-ray signals by measuring
the resulting Cherenkov radiation emitted by relativistic particles within the electromagnetic
air showers caused by gamma-ray interactions with the Earth’s atmosphere. This observatory
will provide the main data for searches of spectral effects due to photon-ALP conversions,
with its sensitivity well within the energy range where we expect possible upturns to occur.
On the other hand, we also consider the Fermi Large Area Telescope [34], one of the most
sensitive space-based gamma-ray telescopes which continuously probes the gamma-ray sky
and studies gamma-ray emission directly via the detection of charged electron-positron pairs
created in its interior. This instrument will offer a lower-energy constraint on the intrinsic
spectral shape of our sources, effectively limiting the parameter space for which upturns are
allowed within the data.

During this work, we will consider a dataset of various AGN sources, in particular, blazars, and
perform a search for spectral upturns due to the effect of photon to ALP oscillations. First,
we will reduce, process, and analyze the data obtained directly from the gamma-ray telescopes
to obtain the spectral energy distribution (SED) of each source. In order to accomplish this,
we will also perform a time variability analysis and separate the observational time period
into statistically independent time blocks that correspond to physically distinct emission
states of our AGN. Once all spectral models have been obtained for our sources and their
associated time segmentation periods, we perform an upturn modeling by combining the
obtained model with a spectral break. This model includes an additional term that emulates
a spectral upturn. This new, upturned model, is then fitted again to the data, scanning
over a physically motivated range of upturn parameters in order to obtain the likelihood of
an upturn being present in the data. Finally, we can then perform numerical simulations
of photon-ALP conversions during their journey from the target source to Earth, modeling
both the Intergalactic Magnetic Field (IGMF) and the magnetic field present in the Milky
Way (GMF). The methodology followed then allows for a comparison between the modeled
photon-ALP upturns and those obtained from the simulations, thus enabling the computation
of the associated upturn likelihood and the derivation of preliminary constraints on the ALP
parameter space.

This work mainly follows a methodology already introduced previously within our group
[35], with the main contributions of this work being the extension of the analysis to include
data in the Fermi-LAT energy range, and the inclusion of three new additional sources that
could offer further constraints. The results found for the case of H.E.S.S.-only data seem
to be consistent with the results found in previous works, while the new results including
Fermi-LAT offer, as expected, stronger bounds on the allowed upturn parameter space and
thus a stronger constraint on the allowed magnetic field coupling of the ALPs obtained via
the likelihood analysis of ALP-induced upturns.

This thesis is organized as follows. Section 2 contains the main theoretical background of the
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project. This includes a brief summary of the Standard Model of particle physics and its
limitations, the motivation and properties of axions and ALPs and their interactions with
the photons field. We then change our focus towards the astrophysical context, introducing
AGNs and blazars as our primary sources, the processes involved in conventional gamma-ray
propagation, and how photon-ALP conversions affect this propagation in the scenario studied
in this project.

Following this, Section 3 will focus on the instrumental and experimental aspect of gamma-ray
detection and data analysis, including a description of the observatories that will be used,
their data products, and the statistical framework used in the data analysis.

With this, we conclude the theoretical and instrumental background, and focus on the first
steps of the analysis in Section 4, where the methodology and results of performing a spectral
energy distribution modeling for our sources is presented, both for individual H.E.S.S. and
joint Fermi-LAT and H.E.S.S. datasets. Next, Section 5 describes how the modeling of
upturns is performed for each source, performing a statistical search for the best-fit upturn
parameters, and the methodology followed for simulating the ALP-induced upturns.

Finally, Section 6 showcases the main findings of this project via a likelihood analysis
comparing the ALP-induced upturn model with the model from the null hypothesis. From
this, a likelihood curve of ALP-caused upturn is found for a range of physically motivated
coupling values, from which we can obtain the detection significance and preliminary exclusion
regions in the ALP parameter space.

2 Theoretical background

N this chapter, the main theoretical background behind astrophysical searches for spectral

hints of axion-like particles (ALPs) is presented. We begin with a brief summary of the
Standard Model (SM) in Section 2.1, whose limitations serve as motivation to introduce
axions and ALPs in Section 2.2, which may present interactions with the photon field and
allow for photon-ALP conversions, as described in Section 2.2.1. We then switch our focus to
the environments in which the effects of these conversions may be observable, focusing on
active galactic nuclei and blazars in Section 2.3, which produce highly energetic gamma-ray
radiation. We then discuss the conventional gamma-ray propagation scenario from such
extragalactic sources (Section 2.4.1), and how introducing photon-ALP conversions modifies
this scenario (Section 2.4.2), reducing the overall opacity of the Universe towards the high-
and very-high energy gamma rays.

2.1 The Standard Model of particle physics and beyond

URRENTLY, our best understanding of the physics that occurs at the level of all known

fundamental particles, including the interactions that may occur between them, is
described by the Standard Model (SM) of particle physics. The main accomplishment of this
model is the systematic description of three of the four fundamental interactions, the unified
electroweak interaction and the strong force, in the framework of a quantum field theory
(QFT), as well as a classification and characterization of the different types of particles or
the fields associated to them. Of course, summarizing the complete SM is a daunting task,
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especially considering its complexity. Therefore, in this section, we will only provide a brief
summary of the philosophy behind the SM, and some of its most important and relevant
results and limitations for the context of this work.

In the QFT framework, the complete model, including all of its particles and allowed interac-
tions, can be described with a Lagrangian density function Lgy, which can be subdivided into
terms or sectors for each one of the interactions: the quantum chromodynamics (QCD) sector
given by Lqcp and the unified electroweak theory sector combining quantum electrodynamics
(QED) interaction Lqgrp and the weak interaction, with additional contributions to include,
for example, the Higgs mechanism.

As a consequence of this description, particles can be classified into two fundamental types,
fermions and bosons, including the well-known gauge bosons that mediate the interactions
(photons 7, gluons g, W+, Z), the Higgs boson (H), three families of quarks (the positively-
charged u, ¢, t and negatively-charged d, s, b, which then combine into hadrons: baryons or
mesons) and three families of leptons (e™, p=, 77, and their associated neutrinos ve, v, vr),
all of which also present corresponding anti-particles.

Interestingly, this formulation of the SM displays a high degree of symmetry, such that the
overall description of the physics is invariant under certain operations, thus preserving the
expected or postulated symmetries (such as translational and rotational symmetries, as well
as reference frame invariance). This allows us to summarize the SM as a combined symmetry
group: SU(3) x SU(2) x U(1). This symmetry group fully defines the SM, allowing us to
predict the existence of all the aforementioned particles and their interactions from symmetry
considerations exclusively.

Therefore, the study of the different symmetries the SM provides an important tool into
studying particle physics, and can be done by analyzing how the Lagrangian Lgy behaves
under different transformations. We may, for instance, consider certain discrete operations
that are expected to keep the model invariant, such as charge conjugation C (in which the
electric charge as well as all other internal quantum numbers of the particle change sign,
converting it into its antiparticle), parity P (a spatial-coordinate inversion), and time inversion
T (changing the sign of the temporal coordinate), and study how they act on the Lagrangian.

Despite the SM being considered as one of the most successful and precise theories ever
developed, with numerous successful predictions and confirming tests, it nevertheless contains
numerous problems yet to be solved such as, mainly the non-inclusion of the gravitational
interaction, the violation of certain symmetries, or the problem of dark matter (the latter
two being of particular interest to us) [36, 37]. Another limitation of the SM is the apparent
requirement of numerous parameters not provided by the theory, requiring their experimental
estimation and leading to possible fine-tuning problems [6].

Of particular interest is a parameter 6 that may be included in the Lagrangian for the strong
interaction sector of the SM due to the complex, non-trivial structure of QCD vacuum states
[20]. The associated term can be written explicitly as [14, 38]:

2
g UV
EG - QWG{Z GA;Wa (1)

10
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where 6 is a scalar parameter, g the strong coupling constant, G the gluon field strength
(with A corresponding to the color index), and G its associated dual. The issue arises when
we study how this term behaves under the application of the discrete C, P, and 7 operators
introduced earlier. Considering how each term of this Lagrangian transforms under these
operators, and invoking the CPT theorem, which states that any local Lorentz-invariant
quantum field theory is invariant under the combined CP7T transformation, we can reach
the conclusion that the combined result of CP is not conserved. In principle, this is not
a problem, as CP violation is physically allowed across the SM. The issue arises when an
attempt to observe this violation in the strong sector is performed in an experimental setting,
where this violation is not observed.

One possible way of probing this CP-violating term is the experimental measurement of the
value for the parameter #, which will manifest itself in the form of a non-zero permanent
electric dipole moment in the neutron, such that the following proportionality exists [39]:

|dp| ~ 10719 e cm, (2)

where e is the elementary charge, and 6 = § —arg det M, is the associated invariant observable
that includes the vacuum angle parameter 6 from Eq. (1) and the quark mass matrix M,
[14]. It is important to note that both terms defining this observable correspond to angular
variables or phases, periodic under shifts by 27 [40]. Therefore, the parameter @ is an angle,
which can be represented in the interval § € [—m, 47|, and is initially expected to be of order
unity, in the absence of any additional constraints or symmetries [39].

Remarkably, performing the experimental determination of d,, with increasing precision has
only led to obtain what is currently the best measurement, of |d,| ~ 10726 e cm [13], which
would require an almost vanishing parameter § < 10710 [23, 38]. This discrepancy is the
foundation of the strong CP problem: despite CP symmetry violation being, in principle and
according to the current form of the SM, theoretically allowed, this symmetry breaking is not
observed in nature, and any measurement of its consequences leads to the vanishing of the
parameter associated to the problematic term.

Numerous solutions have been proposed to this problem, among which one of particular
interest involves the addition of a new particle to our model. Let us first, however, motivate
the inclusion of additional particles by redirecting our attention towards the second considered
limitation of the SM, that is, the apparent underestimation of gravitating matter in the
Universe.

Throughout the years, increasing evidence from astrophysical observations has pointed towards
the existence of additional matter in the Universe that is seemingly undetectable by current
observations yet modifies the dynamics of various systems [8, 15]. The first observational
hints of this problem appeared after studies on the motion of distant galaxy clusters [16],
which showed a mismatch between the estimated mass of the cluster computed from visible
matter and the dynamic mass obtained from the measurement of velocity distributions of
the individual galaxies [6]. Later studies on the rotation curves of spiral galaxies [18], where
additional gravitating, but otherwise invisible, matter appeared to be required to explain the
observed flat rotation curves, as well as studies on the gravitational lensing of galaxy clusters
[17], further motivated astrophysicists to search for the missing dark matter (DM). In fact,

11
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performing a fit of the current ACDM cosmological model to data from observations, such
as the temperature fluctuations in the cosmic microwave background (CMB) [6], requires
a large percentage of DM present in the Universe, contributing up to around 85% of the
total mass, or approximately 27% of the total mass-energy content, of the Universe [9, 15].
This matter must interact gravitationally and, at most, very weakly with the Standard
Model. Additionally, it must also be stable, and satisfy certain requirements necessary for
the large-scale structure formation in the Universe and other cosmological constraints, such
as being non-relativistic (cold), with a sufficient energy density [19]. Most importantly, DM
cannot be baryonic, and must therefore necessarily be a novel form of matter, possibly in the
form of a new fundamental particle.

As we have seen, the considered limitations of the SM, mainly the non-observation of the
theoretically allowed CP violation, and the inability to provide a solution to the DM problem,
provides an excellent motivation for searches for physics beyond the SM, and in particular, of
additional novel forms of matter.

In the rest of this work, we will be focusing on a very specific attempt to solve these problems
that originally arose as a possible solution to the strong CP problem and whose subsequent
generalization could also be considered a possible DM candidate: the axion, and axion-like
particles (ALPs). It is important to note, however, that despite having spent some time
introducing these limitations and using them as the main motivation for our work, we will
not be attempting to solve them directly. Rather, we will consider this new kind of particle
and the characteristic properties it displays in order to study the gamma-ray propagation of
extragalactic sources and search for hints of novel physics.

2.2 Axions and axion-like particles

MONG the numerous solutions suggested to the previously described limitations of the

SM, focusing mainly on the strong CP problem, perhaps one of the most intriguing
proposals comes in the form of including an additional global continuous symmetry to the
model. Denoted U(1)pq, this new symmetry could allow for an effective parameter § = 0 to
vanish when measured after its spontaneous breaking, enforcing CP conservation in the strong
sector of the SM and thus solving the strong CP problem [41]. This additional symmetry
then acts as the basis of the Peccei-Quinn (PQ) mechanism, through which the problematic
parameter 6 is promoted to a dynamical field, and leads to the appearance of a new particle,
the axion [21, 22]. This new particle would then be a pseudo Nambu-Goldstone boson, a
pseudo-scalar (zero-spin with odd parity) particle with non-vanishing mass m,, resulting from
the spontaneous breaking at a characteristic scale f, of the approximate global symmetry

U(1)pq-

The inclusion of the axion within the SM also requires considering possible interactions it
may present with the SM particles [14]. Although numerous approaches of performing this
inclusion have been considered, each leading to different axion models, they all present a
series of common properties that arise directly from the PQ mechanism [30]. These model-
independent properties are, mainly, its low mass, feeble interactions via couplings to the
gluon, fermion, meson and, most importantly, photon fields [42], and large lifetimes for such
low coupling and mass values (considerably larger than the age of the Universe, thus ensuring

12
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the stability of the axion) [21, 30].

From its coupling to the gluon field, the axion can be found to absorb the previously-
problematic 6§ parameter into the axion field whose potential has a minimum at 6 = 0,
ensuring conservation of CP and providing a solution to the strong CP problem [30].

The axion couples to different fields, such as for example to the gluon field via:

_ a 7\ & Apv A
Loy = (=) GGG, (3)
where a is the axion field and « is the fine structure constant. From this Lagrangian term, a

relation between the mass of the axion m, and the relevant symmetry-breaking scale f, can
be found [23]:

(4)

M~ 6-1070 6V (1012 Gev)

Ja

Perhaps the most important property of the axion relevant to our study is its coupling to
the electromagnetic field, a direct consequence of the PQ mechanism which occurs via the
relevant effective Lagrangian term [30]:

1 ~
Ea,y = _Zga’y’yFuVFl“/av (5)

where a represents the field of the axion, F' is the electromagnetic field tensor (with its corre-
sponding dual F), and gq+- the coupling strength between the axion and the electromagnetic
field. This coupling occurs between the axion and two photons, which allows for processes
such as the decay of an axion into two photons and the conversion of a photon into an axion
(and viceversa) within external magnetic fields [27]. In this project, we will focus exclusively
on the latter photon-axion conversion, an essential characteristic of the axion which acts as
the main mechanism for both laboratory and astrophysical axion searches. Throughout the
remainder of this work, we will also make use of the shorthand notation g, in order to refer
to the relevant two-photon axion coupling.

The previous Lagrangian term in Eq. (5) also allows for the computation of g,y in terms of
fa as [12]:

Ja
where k is a model-dependent dimensionless parameter of order k ~ 1 [12]. Combining

Egs. (4, 6) yields a strict relation between the mass of the axion m, and its coupling to the
photon g, a characteristic property of the axion [12, 32]:

1 7
Gay = 0.8- 10710 1 ( 0 Gev) GeV™l, (6)

me ~ 0.7k (gm -10%° GeV) eVv. (7)

Axion-like particles (ALPs) are generalizations of the axion, in which the strict relation given
by Eq. (7) is relaxed such that its mass m, and photon coupling g, are considered as fully
independent parameters. This is motivated by the prediction of a broad range of ALPs in
numerous extensions of the SM, such as the string “axiverse” scenario [23], which features
ALPs with masses ranging from 10710 eV all the way down to 10733 eV, while explicit string
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2.2 Axions and axion-like particles

theory compactifications could also accomodate heavier ALPs, with masses in the eV range
[43].

Many of the original properties of the axion are present in ALPs, and they also inherit a
coupling term of the form Eq. (5) from the original axion formulation, allowing for conversions
between ALPs and photons.

In the remainder of the project, we will discuss exclusively ALPs, treating the previously
introduced strong CP-solving axion denoted QCD axion as a particular case. Furthermore, we
will consider only interactions between the ALPs and photons via the coupling g4, assuming
light ALPs with masses m, < 1€V and weak couplings g, below the electroweak scale [12].

The full Lagrangian density function describing ALPs can be written as [12]:

Latp =Lq+ Loy = %8’%8#@ — %mZaQ — ingWF’“’a. (8)
Additionally to solving the strong CP problem, ALPs can act as potential candidates for DM.
This is due to ALPs, including the QCD axion, presenting the necessary requirements to
act as cold DM (CDM): their weak coupling to matter renders them effectively collisionless,
interacting mainly gravitationally, and a non-relativistic population of ALPs could be present
at the current stage of the Universe to account for the required DM energy density [39,
42]. Both the QCD axion, as well as ALPs, could be created in the early Universe through
numerous proposed mechanisms, such as the misalignment mechanism (or generalizations of
it, among other string-theory effects) [39, 44].

The misalignment (or vacuum realignment) mechanism [24, 25] provides a non-thermal axion
and ALP production process. In the early Universe, the PQ symmetry is spontaneously
broken at energy scales T' ~ f,, at which point a potential is established. Due to a large
Hubble expansion rate H > my, the field remains frozen with a value misaligned with respect
to its minimum, and it behaves as a massless particle. The axion acquires a non-zero mass
either due to non-perturbative QCD effects at the corresponding QCD phase transition (for
the QCD axion), or due to alternative string theory effects (for ALPs in general) [30, 35]. As
the Universe continues to expand and the expansion rate reaches H ~ mg, the field begins
to coherently oscillate around the minimum of its potential, corresponding to an energy
density that evolves as pressureless matter, and producing a relic abundance which could be
consistent with cold (non-relativistic) DM requirements [44].

As mentioned previously, the conversion between photons and ALPs allowed by the interaction
term in the Lagrangian given by Eq. (5) acts as the main channel through which experimental
searches for ALPs are performed. In particular, the main strategy typically involves either
applying strong magnetic fields onto electromagnetic radiation to cause such conversions,
or to observe them indirectly via effects this photon-ALP mixing could cause, for example,
in observations of astrophysical sources and environments. The independent mass and
coupling pair (mg, gay) obtained by relaxing the strict axion relation in Eq. (7) generates a
two-dimensional parameter space that fully characterizes different ALPs, thus prompting
searches across a wide variety of parameter value choices. In general, efforts to search for
ALPs can be divided into experimental laboratory and astrophysical searches, which attempt
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2 THEORETICAL BACKGROUND

to perform either a direct detection or an indirect observation of the effects photon-ALP
conversions produce [42].

Numerous experiments and observational campaigns have been developed. As of yet, however,
none of these approaches have yielded any positive results, although they did place strong
constraints on the allowed parameter space for ALPs by excluding different regions in the
mass-coupling space [6]. The constraints obtained as of writing this thesis are represented in
Figure 1 across the physically-meaningful parameter space, including constraints from both
laboratory searches, astrophysical observations, and cosmological considerations.

Some of the main laboratory ALP searches include light shining through a wall (LSW)
experiments such as the first Any Light Particle Search (ALPS I) experiment [29] (with the
current ALPS II, providing improved upper limits on the coupling strength, not shown in
Figure 1), or experiments studying the effect of photon-ALP conversions on the polarization
of light, such as the PVLAS experiment [45]. Direct detection experiments can be mainly
divided into helioscope experiments, in which ALPs produced in the Sun are searched for by
experiments such as the CERN Axion Solar Telescope (CAST) [46], and haloscope experiments
which perform searches for ALPs in the local DM density of our galaxy, with experiments
such as the Axion Dark Matter eXperiment (ADMX) [47]. Constraints on the ALP parameter
space can also be obtained from cosmology, in particular, considering their observable effects
on Big Bang nucleosynthesis (BBN) and the cosmic microwave background (CMB) [48].
Currently, however, the best constraints are still obtained from astrophysical observations
and studies. At high ALP masses, strong constraints are obtained by studying the cooling
rate of stars, most prominently within globular clusters, and how additional ALP emission
could affect their lifetimes [49, 50]. At lower masses, constraints are obtained from searches
of ALP-induced effects across the electromagnetic spectrum, mainly considering the radio
and gamma-ray ranges, in the observed spectra from different astrophysical sources [11], as
well as from other ALP phenomenology in various environments [42].

As we can see, the coupling of the ALP with the photon field, and as a consequence
their permitted conversions under magnetic fields, provide an essential mechanism through
which ALP effects could be observable, thus motivating searches for ALPs across the wide
allowed parameter space via numerous different experimental, theoretical, and astrophysical
methodologies. Therefore, a detailed study on this photon-ALP mixing is required and will
be the goal of the following section.

2.2.1 Interactions and mixing of photons with axion-like particles

HE inclusion of ALPs into the standard model introduces a coupling term in the photon

field, allowing for two main interactions between photons and ALPs: the decay of a heavy
axions (mg ~ 10€V) into two photons [52], or conversions between photons and ALPs within
magnetic fields [27]. These conversions can either occur due to virtual photons supplied by
an external magnetic field, or due to the fields generated by other nucleons, the so-called
Primakoff effect [53]. In this project, we will consider exclusively the case of photon-ALP
oscillations that occur for light ALPs under external magnetic fields, such as those from
different astrophysical environments, in a process resembling neutrino oscillations [28].

In order to study this effect, let us consider a photon beam propagating across an environment
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Figure 1: ALP parameter space with currently obtained and projected future
constraints from different experiments and measurements. In green are
represented bounds obtained from astrophysical observations, regions in red
are bounds from experimental searches, and in blue constraints obtained from
cosmological considerations. The yellow lines in plot (a) correspond to two
of the main QCD azion models. In plot (b), a discontinuous line is shown
below which ALPs could contribute to the DM of the Universe. The colored
discontinuous lines correspond to projected bounds expected from planned
studies or hypothetical observations. Credit: C. O’Hare, AxionLimits [51]
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2 THEORETICAL BACKGROUND

where an external field is present, allowing for possible photon-ALP oscillations. The full
Lagrangian describing the photon-ALP beam is given by [54]:

Larp = Ly + Luew + Lo + Lay, 9)

where £ is the usual photon Lagrangian term:
1 "
E»y — _ZF/’“/F 5 (10)

and Lygw represents the Heisenberg-Euler-Weisskopf effective Lagrangian which includes
additional corrections due to QED vacuum polarization to the photon propagator [12]:

202 2o =0\2 L2
EHEW—M[(E - B?) +7(E-B)}, (11)
where ay is the fine structure constant (o = e?/(4mephc) ~ 1/137) and m,. the mass of
the electron. We also rewrite explicitly the ALP Lagrangian term corresponding to the
electromagnetic coupling in Eq. (5) explicitly in terms of the electric field of the photon and

the external magnetic field:
Loy = goy E - Ba. (12)

Let us consider the propagation of a monochromatic photon beam with energy E along
the y-axis (with origin at yo) within a non-relativistic (i.e. cold) ionized plasma medium
characterized by an electron number density n. in the presence of an external, homogeneous
magnetic field B. From the presence of the scalar product between the fields in the considered
Lagrangian, we can clearly see that only the transversal component of the magnetic field B
will couple to the ALP. Furthermore, the scalar product will only be non-zero for photon
polarization states that are parallel to the plane formed by the transversal magnetic field
component and the propagation direction, such that only one polarization actually mixes
with ALPs [32, 54].

The propagating photons will induce charge screening effects within the plasma, resulting
in a plasma frequency wp = (4mane/me)? ~ 3.69 - 10~ 11 (’I’Le/CHl_S)l/Q eV [12]. From the
Lagrangian in Eq. (9) one can obtain the equations of motion of the system after applying
the short-wavelength approximation F > m, [27]. If the initial photon beam is polarized
along a certain direction, this takes the form of a Schrodinger-like equation:

(z‘d +E+M) $y) =0, (13)
dy

where 1(y) = (Az(y), A=(y),a(y))” is the state function built by the two possible photon
polarizations A and the ALP state a. More generally, this state can be described in terms
of a density matrix, constructed as ¥(y) — p(y) = 1 ® ¢'. This is particularly useful for
considering unpolarized beams, such as in the case of X-ray or gamma-ray photons, as
polarization measurements are not yet possible [54]. In this case, Eq. (13) take the form of a
Liouville-von Neumann equation:

= [, M. (14)
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In both cases, we have defined a mixing matrix M. Ignoring Faraday rotation effects, which
are negligible for photons in the gamma-ray regime, and choosing the z-axis aligned with the
transverse component of the magnetic field, this matrix can be written as [12]:

AL 00
M=[0 A5 Ayl (15)
0 Auy A,

Each momentum difference term A defined in the mixing matrix represents the photon-ALP
mixing including the relevant parameters of the plasma medium, as well as QED vacuum
polarization, photon dispersion or absorption, and any other relevant effects. These can be
written schematically (omitting coefficients) as [55]:

AgL iy ~ Apl + AQED + As disp + Ay abs + - (16)

The plasma term can be written explicitly in terms of the plasma frequency as Ay =
—wpl/(2F), and the QED vacuum polarization (which can also be neglected for weak magnetic
fields [12]) Aqep = aFE/(457)(B1/Be)? will depend on the critical magnetic field Be, =
m?2/|e|. Lastly, the symmetric off-diagonal terms are defined in terms of the magnetic field
strength Ay, = gy B /2, and the kinetic ALP term is given by A, = —m2/(2E) [54, 55].

The photon dispersion term A, gisp Will depend on the relevant background radiation fields
and their energy density (in the case of CMB, A, gisp = 4402Ucms/ (135m2) E, where Ucnp
is the total CMB energy density), while the complex absorption term A, a1,s = —il'aps/2 will
depend on the inverse mean free path or interaction rate 'y along the propagation direction,
which will include absorption due to background fields (most relevantly, the extragalactic
background light, described in Section 2.4.1) [55]. This absorption is then included within
only the photon terms in the diagonal of Eq. (15), leaving the ALPs unaffected [32].

In order to solve the problem at hand via the transfer matrix method, we begin by considering
the diagonalization of the mixing matrix Eq. (15) such that [54]:

A 0 0
MD = ‘/V./\/”/VJr = 0 (Aa + A” - Aosc) /2 0 ) (17)
0 0 (Aa + A” + Aosc) /2
where the eigenvalues are defined in terms of a new oscillation momentum difference:
5 9N 2 1/2
o . 2 2 1/2 o |ma - wpl| 2 2
Agse = |:<Aa AH) + 4ACW:| - T + ga'yBJ_ ) (18)

which can be interpreted as an oscillation wave number, such that Agse = 27/ Loge [12]. The
matrices W can then be written in terms of trigonometric functions of the photon-ALP
mixing angle 6., defined as [12, 54]:

1 2A 1 2g.~EB
ea'y = 5 arctan <Ml> ~ 5 arctan (%) . (19)
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2 THEORETICAL BACKGROUND

Which ultimately allows us to compute the final transfer matrix 7 which will determine the
evolution of our photon-ALP beam density matrix:

T = WieMpyy. (20)

With this transfer function, we can now write the resulting density matrix of our system at
any position along the propagation direction:

p(y) = Tp(yo)T", (21)

where yg corresponds to the source of the photon-ALP beam. In the case where the magnetic
field orientation forms an arbitrary angle with the direction of propagation, one can still
obtain both the new mixing and transfer matrices via the usual similarity relation by applying
the corresponding rotation matrix [12]. The general probability expectation value between
two general states is given by [32]:

Pﬂl,PQ = <T>1,2 =Tr (pszTT) . (22)

With this, we can now compute the probability of a photon converting into an ALP after
traveling a distance y (considering yo = 0) as the expectation value of the transfer matrix
between the initial photon and final ALP states:

2
Poy = (T)ay = sin® (20, sin® <A0250y> = <92BL) sin? (AOQSC?J) , (23)

The conversion probability becomes maximal whenever Ay = gy B or equivalently 6., ~
7 /4, the so-called strong mixing regime, in which the probability becomes independent on
both the energy E and mass of the ALP m,, and is given exclusively by the sinusoidal term:

B Biy\?
Py = sin? <gm2 ﬂ/) ~ (gm2 J‘y) , (24)

where the second approximation corresponds to a small angle approximation, considering a
total distance traveled y < Losc [30]. Formally, the strong mixing regime can be defined in
terms of the following energy range [55, 56]:
2_ 2 2

m; —w

‘ a pl’ < E < 907TBcrga'y. (25)

29@73 1 TaB 1
Throughout this study, we will consider ALP parameters within this strong-mixing regime,
in order to maximize the observational effects of photon-ALP conversions. This corresponds
to very-light ALPs with m, ~ 1072 neV with couplings in the order of g4y ~ 107! GeV 1.

In general, when considering the propagation of a photon-ALP beam, conversions might
happen across M different magnetic field environments, and in each one of them, the structure
of the magnetic field itself might not be homogeneous. In this case, it is convenient to still
apply this same transfer matrix methodology, although now dividing each environment into
Ny individual domains of coherence length L in which the field and the properties of the
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plasma can be considered as constant and homogeneous. The resulting transfer matrix will
then be given as the ordered product, from the source to the observer, of the individual
transfer matrices found within each environment, across all environments [55]:

M Ny

’not == H H Tm,n (26)

m=1n=1

where each transfer matrix 7, , corresponds to the matrix computed for the propagation
across domain n, across all domains, for each environment m. This allows us to compute the
photon survival probability considering an initial state p(0):

P, =Tr [(Pn + p22) ﬁotp(o)ﬁu ) (27)

where the states p1; = diag(1,0,0), pa2 = diag(0,1,0), and p(0) = diag(1/2,1/2,0) correspond
to the initially unpolarized state [55].

2.3 Active galactic nuclei and blazars as astrophysical sources of (very)
high energy gamma rays

EARCHES for physics beyond the Standard Model require careful identification of astrophys-
S ical sources that can serve as probes for studying the possible photon-ALP conversions.
Active galactic nuclei (AGN) are particularly well-suited for this purpose, due to their ex-
tremely powerful emission and location at cosmological distances [57]. In this section, we will
briefly describe their main properties and morphology, with particular focus on the subclass
of blazars and their gamma-ray emission.

The discovery of a wide variety of extragalactic sources with high luminosities, possesing
unique properties [57], and often variable emission originating from extremely compact regions
located at high redshifts [58], led to an increasingly specific classification scheme [58, 59,
60]. This prompted discussions on whether all of these classifications were truly due to
intrinsic physical characteristics [58, 59, 60], which ultimately led to the development of the
currently-accepted AGN unification scheme [61]. The central idea of this unification scheme
revolves around the consideration that most of these sources actually correspond to a single
type of object, the AGN, whose observed properties can be explained to a high degree by
geometric considerations due to its orientation with respect to our line of sight and a series
of truly physical properties [58].

AGNs are defined as the highly compact regions located in the center of some galaxies (on
the order of 1% of all galaxies [62]) which present intense, and in some cases highly variable,
emission across a wide range of energies in the electromagnetic spectrum. Their luminosities
are often orders of magnitude higher than the radiating power of entire galaxies [63], and
can vary within timescales of days or even hours [64]. The main mechanism that powers this
emission is believed to be the accretion of matter onto a supermassive black hole (SMBH),
with total masses (expressed in terms of solar masses) typically above 10° My and as high
as 109 My, located at their core [6]. In this accretion process, sustained by the friction and
subsequent infall of rotating gas onto the black hole [65], a disk of rapidly rotating and
thermally emitting (mainly in the optical-UV and soft X-ray ranges) matter is formed. In
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some cases, an additional gas cloud corona above the disk is expected to form with even
higher temperatures [65].

In certain cases (approximately 10% of AGNs [62]), powerful symmetric jets are formed, which
anisotropically emit collimated particles at extremely high energies in opposite directions
perpendicular to the plane of the accretion disk. These jets are responsible for producing and
accelerating cosmic rays well into the VHE regime, and possibly even beyond [66]. Surrounding
the accretion disk are two gas clouds: the inner broad-line region (BLR) responsible for the
emission containing optical-UV broad spectral lines, and the outer, narrow-line emitting
region (NLR). Around the core components of the AGN, a dust torus is located, which
obscures the accretion disk and re-emits the UV radiation it receives from it in the IR energy
range [4, 6, 67].

The described AGN morphology, in which each of its components is responsible for a specific
kind of emission via different relevant processes, offers a direct explanation of the distinct
observed properties across sources of this kind depending on the orientation and therefore
on which components can be seen directly and which are obscured. If the AGN is viewed
with our line of sight coinciding with the plane of the accretion disk, the central SMBH, the
accretion disk, and possibly the BLR, will be fully obscured by the dust contained in the
torus, and therefore, depending on the presence of jets, a radio-quiet Seyfert 2 or a radio-loud
galaxy with narrow lines will be observed. Modifying the angle of our line of sight might allow
us to obtain a direct view of the BLR and additional broad lines in the spectrum, such as in
the case of Seyfert 1 or BLR galaxies. Orientations with relatively small inclination angles
with respect to the axis of the jet allow to also view the thermal emission from the accretion
disk, producing a quasar source. Finally, if our line of sight is closely aligned with the jet
axis, the main emission observed will be exclusively that of the jet itself, whose extremely
intense emission at very high energies prevents the observation of any other component. This
is the case of blazars, the main class of sources considered in this work. A useful diagram
summarizing this unified scheme of AGNs and their morphology is shown in Figure 2, along
with an example of the multi-wavelength view of an AGN.

Blazars, which correspond to AGN objects viewed with a line of sight closely aligned to
the axis of the jet, are of particular interest in our context due to their extremely energetic
emission. Photons are boosted due to the relativistic motion of the components of the jet,
producing a Doppler shift which increases the observed brightness of the source, making the
jet emission easily “outshine” the emission from any other components [65]. As a consequence,
blazars, observed mostly as point-like sources, dominate the TeV sky [6, 58] with 89 currently
identified [70]. An important characteristic of blazar sources is their extreme variability, with
flaring periods in which their spectral flux may vary, in some cases, by more than an order of
magnitude in time scales as low as minutes [62], although this variability is not always present
or may be interrupted by long periods in which the source remains in a quiescent state. These
objects can be further subdivided into two classes: flat-spectrum quasars (FSRQs), in which
emission from a BLR can be observed, and BL Lac (BL) objects otherwise.

With our blazar sample introduced, let us now consider the broadband, non-thermal continuum
emission that is emitted by these sources. The emission of a source is typically studied by
its differential photon flux ® = dN/(dtdAdFE), representing the number of photons N per
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Figure 2: (a) Schematic representation of the morphology of a generic AGN, including its main
components. The solid arrows represent the classification of the AGN depending on the orientation
with which it is observed, with a distinction made across the accretion disk plane to distinguish between
radio quiet and radio loud galaxies. Credit: E. L. Alexander, University of Manchester (2002) [68].
(b) Optical view of AGN Centaurus A, overlaid with radio contours in black, and the center of VHE
gamma-ray emission as the blue cross. Credit: H.E.S.S. Collaboration (2009) [69].

unit energy F, time ¢, and area A. For simplicity, throughout this section let us assume that
the emitted and observed flux are equal, so as to only consider a single spectral flux ® (the
distinction will be made explicit with the inclusion of propagation effects in the next section).
Let us also simplify the notation to ® = dN/dE with an implicit dependence on differential
elements of time and area.

In order to represent this quantity, typically a spectral energy distribution (SED) plot is
employed, in which the differential flux of a source is shown across a range of energies,
oftentimes rescaled such that ®sgp = E2dN/dE purely for visualization purposes. The SED
of a source allows for a description of its emission state. An example of a broadband SED
plot of blazar PG 15534113, one of the sources studied in this work, is displayed in Figure 3.
Immediately visible from this plot is the characteristic “double-bump” shape of the SED in
which two clear peaks are present. The first peak is located, in this case, at 1078 GeV = 10eV
in the UV range, although in general it can be found anywhere between the infrared and the
X-ray energy ranges. The second peak is typically located in the gamma-ray region.

Attempts to fully describe and model the broadband SED of AGNs and blazars are actively
pursued taking advantage of observational data for all detected sources, motivated by the
attempt to explain how these objects produce such high-energy particles and why their
spectra have this particular shape.

The first peak observed in the SED of a generic blazar source can be fully attributed to the
synchrotron radiation emitted by a population of relativistic electrons whose trajectory is
modified due to the Lorentz interactions under external magnetic fields. As a consequence
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Figure 3: Broadband spectral energy distribution (SED) of AGN blazar HBL
source PG 1553+113. The characteristic “double bump” appearance of the
spectrum is clearly visible. The observations from various instruments used
to reconstruct this plot are shown by the different color points, combining data
from KVA (optical), Suzaku (X ray), MAGIC (gamma rays), Swift-XRT and
UVOT (X rays), RXTE, and archival data marked in light gray in the radio,
optical-UV and X-ray ranges. Most relevant to us is the inclusion of data
from Fermi-LAT, marked with the black points, and H.E.S.S. observations in
green. The full SED is fitted using a SSC model, represented as the various

continuous lines with each color corresponding to different model choices.
Credit: A. A. Abdo et al. (2010) [71].

of this deflection, the accelerated electrons will emit synchrotron photons, whose energy
between the optical and up to the soft X rays will depend on the energies of the seed
electrons. Depending on where the synchrotron peak is found in the SED of BL Lac objects,
these can be classified into low-synchrotron-peaked BL Lacs (LBL, with their maximum in
the infrared regime), intermediate (IBL, with the peak between the optical and UV), and
high-synchrotron-peaked (HBL, at X-ray energies). FSRQs are typically classified as below
LBLs in terms of the location of their maxima [62].

For the case of the second, higher-energy peak, the discussion is much more nuanced. In
particular, two major types of models have been developed, depending on which particles
and processes are involved. A useful boundary is set depending on whether the protons
energies within the jet of the AGN surpass the corresponding photo-pion-production energy
threshold. If proton energies remain below this scale, leptonic models are invoked, while
otherwise hadronic or hybrid models may be employed [72].

Leptonic models consider the observed high-energy emission peak as resulting from inverse

23



2.3 Active galactic nuclei and blazars as astrophysical sources of (very) high energy gamma
rays

Compton (IC) processess, in which relativistic electrons transfer part of their energy to soft
photons, resulting in the photons being boosted to high energies [6]. This is in contrast to
the usual Compton scattering, where high-energy photons scatter off low-energy electrons at
rest, accelerating the electrons to higher energies. In the context of AGNs, the synchrotron
processes responsible for the lower-energy peak in the SED could provide both the required
populations of low-energy photons and high-energy electrons, in which case we talk about a
synchrotron self-Compton (SSC) process [72].

The SSC model describes the high-energy peak as a consequence of IC scattering of the
synchrotron photons off of the same relativistic electron population that produced the
lower-energy peak. This minimal leptonic model has been found to describe the broadband
gamma-ray emission across the SED of many blazar sources [73].

In some cases, the IC scattering may occur with a seed photon population outside the jet,
not corresponding to the self-synchrotron population, in which case an external Compton
(EC) model is used. These photons could originate from the emission of other components
of the AGN, such as the accretion disk or re-emission by the torus [72, 74]. The standard
SSC model is typically used to explain the emission in BL Lac objects, while the EC scenario
is often associated with FSRQs [75]. More complex models may also be defined, in which
different photon absorption and pair-production processes are taken into account by the
inclusion of numerous parameters into the model [72, 76].

An alternative to leptonic models is the hadronic scenario, in which the gamma rays are
considered to be produced via the interactions between highly energetic accelerated protons
with the soft photons from the synchrotron or bremsstrahlung radiation emitted by electrons,
producing either charged or neutral pions, the latter of which will decay into high-energy
photons [6]. Other decay channels of the pion, both neutral (e.g. 7 — v + ) and charged
(e.g. 7t = put +v, = et + 7, +ve +1,) [77), as well as the synchrotron radiation from
protons, muons, and other hadrons, may initiate cascades of particles that further sustain
the production of gamma rays which could then form the observed peak [73]. In some
cases, hybrid lepto-hadronic models are also sometimes considered, as both processes might
contribute to different extents to the emission of a blazar [72].

After briefly summarizing the main emission mechanisms of AGNs and in particular blazars,
we are now interested in developing spectral models ¢ that describe the resulting observed
spectrum ®. However, in the case of our gamma-ray study, we do not aim to construct a
full broadband model, but rather models that can be applied within the narrow energy band
considered. In these cases, the spectra can typically be approximated by a simple power-law
model, such that we can describe the differential flux as:

-r
épL(E; Eo, No, I') = No (EEO> ; (28)

where we have defined a set of spectral parameters, in particular the index I', normalization
or amplitude Ny, and reference energy Ejy, that will differ for each source. While the
normalization and reference energy are typically correlated, such that a change in the
reference will be compensated by a change in normalization, the spectral index I' will remain
invariant, being particularly useful to characterize the shape of the spectral emission within
the considered energy band.
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In some cases, the high-energy SED peak occurs near or even within the studied energy
range, in which case the spectra will present significant curvature. In these cases, the simplest
model with curvature often chosen to describe the differential flux at these energies is the
log-parabola model:

E —a—plog(E/Ey)
) , (29)

éLp(E; Eo, No, B, ) = No (E

0

where Fy and Ny are again the associated reference and normalization, with « acting as the
effective spectral index, while the parameter S quantifies the curvature present in the spectra.

Due to their strong variability, the SED of blazars may change substantially across different
emission states within very different timescales. Therefore, the form of the model and the
corresponding parameters that best explain the emission will typically differ between flaring
periods or emission states.

Up until this point, we have followed the assumption that the observed and emitted spectrum
of the blazar source are exactly the same, and therefore the models we select describe exactly
the SED of the gamma-ray emission. By doing so, we are ignoring any possible modification
that the photon flux could undergo during its propagation across such cosmological distances.
In order to properly model the SED of a source, we must therefore consider the propagation
of the photons across the intergalactic medium (IGM), and the different interactions and
processes, including any beyond SM or ALP effects, that may result in its modification of the
flux, which is precisely what we will study in the following sections.

2.4 The transparency of the Universe to gamma rays

HEN studying the gamma-ray emission from distant objects, it is not enough to simply

describe how this radiation is created and emitted in the target source. This is due to
the fact that the Universe is not completely transparent to the propagation of photons, and
depending on the considered energy scale, interactions with background fields could result
in a change in the number of photons that reach the observer without interacting. This is
particularly important when considering the propagation across large distances, such as in the
case of gamma-ray extragalactic emission, despite the fact that their high energies allow us
to neglect certain low-energy interactions. A certain level of opacity is therefore expected for
photons propagating across the Universe, whose main consequence will be the modification
of the observed differential photon flux ®.,s with respect to the actual flux ®¢p¢ emitted by
the studied source.

In the context of gamma rays, the relevant interactions that they may present are pair-
production processes, in which the emitted photons interact with lower-energy background
photon fields producing charged particles which will get deflected, thus producing an effective
decrease or attenuation in the photon flux. Accurate modeling of this process is essential in
order to distinguish between the spectral features present in the SED of a source caused by
physical effects in the emission process and the attenuation due to the propagation of this
signal. It is the objective of the following Section 2.4.1 to present a full description of the
absorption process relevant to gamma-ray astronomy.
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On the other hand, when studying effects of physics beyond the Standard Model (PBSM),
such as those arising from photon-ALP oscillations, an additional modification to the ob-
served spectrum is introduced, which may produce an increase in the observed photon flux.
Section 2.4.2 will focus on describing the photon-ALP conversion scenario considered in this
work, and the way it could produce modifications to the observed SED of blazars.

Following the notation introduced in Section 2.2.1, the full effect of such propagation can be
described with a photon survival probability P,., such that [12]:

(I)obs = wa (I)emita (30)

with P, containing the conventional-physics description of photon propagation and EBL
attenuation, as well as the inclusion of photon-ALP conversion effects.

2.4.1 Cosmological gamma-ray propagation and attenuation due to the
extragalactic background light

TTENUATION of gamma rays may occur via various processes, although the most relevant
A in our case is the two-photon pair-production or Breit-Wheeler process, in which the
high-energy gamma ray interacts with soft photons from a background field, producing a pair
of charged particles and no photons in the final state. This process can be schematically
represented as v + Ygpr, — ¢~ + e, where we have denoted this background field as the
extragalactic background light (EBL), whose origin we will discuss shortly. In order for this
process to be kinematically allowed, the initial state must contain enough available energy,
which occurs whenever the following relation involving a threshold energy on the background
photons is satisfied [6, 78, 79]:

2(mec?)?

E(1 —cos¢)’ (31)

ExgL > EEBLthr =
where E is the energy of the gamma-ray photon, Fgpy, is the energy of the background EBL
photon, and ¢ is the angle between their trajectories. The associated cross section for this
process is given by [79]:

o =0 (1= ) (3-8 (1) 282 - 8] (32)
where op is the Thomson cross section and 8 represents the velocity of the final electron
or positron which, in the center of mass frame, corresponds to f = (1 — EgBL thr/ EEBL)l/ 2,
The cross section given by Eq. (32) reaches a maximum, considering gamma rays in the
VHE regime, between 1 GeV and 100 TeV, which corresponds to background photons in the
optical and IR ranges, respectively. The attenuation resulting from a background with such
characteristics is directly observed in various extragalactic VHE emitters [31, 80].

Through observations performed by studying the spectra of extragalactic sources across a
wide range of redshifts, the spectrum of the EBL can be obtained [11], which has been found
to present prominent maxima at the relevant energies where the previous Breit-Wheeler cross
section is maximized. In particular, the EBL consists of two main components. The first is
the cosmic optical background (COB) spanning wavelengths between approximately 0.1 and
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Figure 4: Schematic diagram of the spectral energy distribution (SED) of
the background photon fields relevant for gamma-ray astronomy, including
the extragalactic background light (EBL) and its two main components: the
cosmic optical background (COB) and the cosmic infrared background (CIB).
The cosmic microwave background (CMB) is also shown. Credit: H. Dole et
al. (2006) [81].

10 pm which can be attributed to emission from stars, the intra-halo light (IHL), or optical
AGN emission, among others [31]. The cosmic infrared background (CIB) corresponds to
the second main component of the EBL, and its emission across wavelengths from 10 pm
to approximately 1 mm is attributed to dust re-emission [11]. Thus, the full EBL can be
interpreted as the accumulated radiation field which contains the integrated light from all
extragalactic, not necessarily resolved sources, as well as any diffuse background, emitted
throughout the history of the Universe [12, 31, 78]. Figure 4 displays schematically the shape
of the EBL along with its main components across a range of wavelengths, including as well
the CMB.

The effect of the EBL absorption on the observed flux from extragalactic gamma-ray sources,
given by P,., can be parametrized as an exponential attenuation, such that Eq. (30) becomes:

Dops(E) = e TED & i (E), (33)

where 7(F, z) is defined as the optical depth function which characterizes the expected opacity
of the Universe to photons emitted at a given energy E and redshift z. This optical depth
can be computed by the following integral over distance, scattering angle, and EBL photon
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energy [6, 78, 79]:

T(E, z) / dl(z / dcosgb COS¢

(34)

/ dEgpL neBL(EEBL; 2) 04y (E, EEBL, 2, C08 ¢),
EgBL,th

where ngpy, represents the photon number density of the EBL for photons of given energy

and redshift, and df represents the line element as a function of redshift, whose explicit form

will depend on the adopted cosmological model [11]. Due to the expansion of the Universe,

the photon energies will also depend on the redshift along the line of sight, with the emitted

energy rescaled by a factor (1 + z) with respect to the observed energy [6, 11, 67].

EBL attenuation will become increasingly prominent for sources located farther away, that
is, for sources at higher redshift values z and gamma-ray energies E. A characteristic
“horizon” may be defined by considering the energy at which the optical depth reaches a
value 7(E, z) = 1, which will represent the redshift-dependent point at which the Universe
is considered opaque to the emission [6]. In this work, we will also consider a more strict
threshold for energies at which 7(F, z) = 2, with energies above corresponding to the “optically
thick” regime.

The quantity nggy, is the main problem in the correct computation of the optical depth,
as the photon density of the EBL as a function of wavelength and redshift is typically not
known. Direct observations of this quantity are possible, although highly complicated due to
contamination from galactic sources or the diffuse contamination due to the zodiacal light
[78, 82]. Therefore, observational attempts to reconstruct the EBL usually provide either
upper or lower limits on its intensity. An alternative approach is to construct models of the
EBL that would allow the optical depth integral to be computed, although in this case, the
main difficulty arises from determining how the luminosity density evolves with redshift [78].
Different approaches have been developed in order to obtain this quantity, resulting in a great
variety of models, such as the following models considered in this work described in [83, 84,
85, 86]. The optical depth, along with the expected EBL absorption, for a subset of sources
considered in this work (which we will introduce in Section 3.4) is represented in Figure 5.

2.4.2 Effects of photon to axion-like particle conversions on gamma-ray
propagation and spectral upturns

S we have seen in the previous section, the Universe exhibits a certain degree of opacity to

the propagation of gamma rays, which increases for high energies and at large distances
or redshifts. This has a direct observational effect on the observed spectra of extragalactic
sources such as blazars, which present an exponentially-driven attenuation at the highest
energies. The goal of this subsection is to present the main motivation of this work: possible
effects which could counteract this attenuation and modify the observed high-energy spectra
of the gamma rays emitted by distant sources.

Several observational campaigns have found possible indications of an increased transparency
of the Universe when studying various blazar sources, suggesting that folding the expected
emission spectral models with the presented EBL models significantly overestimates the
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Figure 5: Optical depth and EBL attenuation for a subset of sources considered in this work with
different redshift values, obtained with different EBL models (in particular, [83, 84, 85, 86], respectively)
represented by different line widths. The dashed horizontal line on the optical depth plot represents
T =1, with energies corresponding to higher optical depths belonging to the so-called “optically-thick”
regime.

total attenuation of the emitted gamma rays [87, 88]. These results have prompted the
consideration of numerous alternatives that could explain such transparency, for example
through the modification of the intrinsic spectra of distant blazars, leading to a paradoxical
correlation between their intrinsic spectral index and redshift [12, 32].

Attempts to solve this apparent excessive transparency problem have also been proposed by
introducing effects of physics beyond the SM. One example is through the violation of Lorentz
invariance (LIV), which introduces additional effective terms in the dispersion relation of
particles leading to modifications in the EBL pair-production process and thus deviations in
the propagation of gamma rays at the highest energies [6, 11, 89].

In this work, we will consider the scenario in which gamma-ray propagation is modified due
to the introduction of axions and ALPs (Section 2.2) and, in particular, due to photon-ALP
conversions (Section 2.2.1) occurring within different astrophysical environments that the
gamma rays must traverse in their cosmic journey beginning with their emission in distant
blazars (Section 2.3) and concluding with their detection, at which point their spectra will
contain features that might differ from the expected EBL attenuation (Section 2.4.1).

This scenario begins with the emission of gamma rays from a blazar source. The photons must
then traverse cosmological distances across the intergalactic medium (IGM), a diffuse ionized
medium made up of mostly hydrogen and helium at extremely low densities, with an electron
number density of n, ~ 10~7 ecm ™2 [12], that occupies the space between galaxies [90] and
which also contains the EBL photons. An intergalactic magnetic field (IGMF) is thought to
be present within the IGM, which could allow for photons to convert into ALPs. Although its
exact properties are largely unknown, including its field strength and morphology, the IGMF
is thought to be highly turbulent, presenting low field strength values currently bounded
to the approximate range 10715 G < B <1079 G [91] over coherence lengths of order 1 Mpc
[12]. In this magnetic field, some photons could get converted into ALPs, which would
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then propagate across the IGM without interacting with the EBL photons, and thus not
suffering any attenuation. Due to the uncertainties in its morphology, the IGMF is modeled
by considering a sequence of domains, each with a length equal to the coherence length, with
a magnetic field strength within the observational bound randomly oriented [12].

Once the photon-ALP beam has reached our galaxy, in which a much higher electron number
density of ne ~ 1.1-1072 cm ™3 is present [12], the magnetic field of the Milky Way may again
act as a conversion environment where a fraction of ALPs could re-convert into detectable
gamma-ray photons. Unlike the IGMF, the galactic magnetic field (GMF) has been widely
studied and numerous models have been developed that describe it. In this work we will
consider the Jansson-Farrar (2012) model [92] which, based on observational data, describes
the GMF as a three-component field consisting of a disk field, an extended toroidal halo field,
and an out-of-plane field.

As a consequence of this scenario, a fraction of the original emitted gamma rays convert into
ALPs within the IGMF, and travel unaffected by the EBL or any other attenuation, until
reaching the Milky Way. Within the GMF, a re-conversion may occur, producing an overall
increase in the number of photons compared to the expectation from EBL absorption alone.
In this case, the relation given by Eq. (30) now contains a photon survival probability P,
which includes the effects of both the EBL absorption acting on the gamma rays, and the
effects of photon-ALP conversions.

In the astrophysical propagation scenario discussed here, we are considering exclusively the
magnetic fields present in the IGMF and the Milky Way, which provide a minimal setup
under which searches for spectral upturns can be performed. This represents a necessary
simplification, as including additional environments severely complicates the ALP simulation
and the required methodology and statistical treatment. However, several other magnetic
fields could also significantly affect the results.In particular, it is also possible to consider the
magnetic fields within the host galaxy [93] or its components [12], the blazar jet [94], and
other galaxies or clusters of galaxies if present within the line of sight [95, 96]. All of these
environments present magnetic fields, allowing for photon-ALP conversions to occur within
them [12, 97].

3 Instrumentation and observational data

ETECTING increasingly energetic electromagnetic radiation has proven to be a highly
D complex task, in particular for energies surpassing magnitudes of 10 MeV, presenting
unique experimental challenges that distinguish it from the detection of higher wavelength
photons. In fact, gamma-ray observatories must approach this problem with techniques
often used in high-energy particle detector, rather than typical astronomical approaches.
Additionally, gamma-ray photons span multiple decades of energies, from 100keV to more
than 100 TeV, strongly suggesting the need for more than one observational technique to
effectively cover the entire potentially detectable energy range [98].

When attempting to develop such gamma-ray observatories, we must consider the interactions
that these highly energetic photons might suffer when they arrive at Earth, in particular,
due to pair production and bremsstrahlung in the atmosphere, which will lead to important
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energy losses and preventing direct gamma-ray photons from reaching the ground. Indirect
gamma-ray detection with ground-based observatories is still possible, as we will soon see,
by measuring the emission from the electromagnetic showers these highly-energetic incident
gamma rays cause in the atmosphere. An alternative detection strategy is also possible
by placing the detectors outside the influence of the atmosphere, developing space-based
instruments, which does allow for direct gamma-ray detection although with a limited
sensitivity due to the limited detector size. In this way, a multi-instrument approach is
particularly useful, as it would allow for the study of HE gamma rays via space-based
instruments and simultaneous VHE observations from ground-based telescopes, thus covering
a large range of observable energies.

In the following, the fundamental working principles of two gamma-ray telescopes will be
introduced, whose observational data will be used throughout the analysis presented in this
work: the ground-based High Energy Sterescopic System (H.E.S.S.) (Section 3.1), which
enables us to study the energy range where we expect the characteristic upturns caused by
photon-ALP conversions to occur, and the Fermi Large Area Telescope (LAT) (Section 3.2)
which allows us to extend our intrinsic spectral analysis to lower energies thus placing a
stronger constraint on the shape of the spectral model. In Section 3.3, we will then switch
our focus towards the data produced by these telescopes, the software used, how the data is
processed at the level of individual observations (Section 3.3.1) and the fundamental statstical
framework for the main data analysis and modeling (Section 3.3.2) Finally, Section 3.4 will
provide an overview of the source selection for this project, including which observations were
considered as our main data to analyze, as well as the considered instrument configuration.

3.1 Ground-based Imaging Atmospheric Cherenkov Telescopes (IACTs)
and the High Energy Stereoscopic System (H.E.S.S.)

IGHLY energetic primary cosmic rays arriving to Earth, typically consisting of protons,
H electrons, nuclei, and photons, suffer numerous interactions as they encounter different
kinds of particles and molecules found in the upper levels of the atmosphere, producing
a sequential cascade of secondary particles in the form of atmospheric particle showers.
Depending on the nature of the original cosmic ray and its energy, whether that is a charged
particle or an energetic gamma-ray photon, different interactions will become important.
In either case, a cascade or shower of secondary particles will develop as a consequence of
sequential and repeated interactions, such that the initial energy of the cosmic ray will be
effectively dissipated over a spatially-extended area across numerous secondary particles. In
order to study this process in detail, we must therefore make a distinction between hadronic
and electromagnetic showers.

Let us begin by considering the case of an electromagnetic shower, initiated by a cosmic gamma
ray entering our atmosphere. The relevant energy-loss processes are therefore pair-production
and bremsstrahlung.

The process of pair-production occurs due to a highly-energetic photon which, when interacting
with a nucleus N, generates an electron-positron pair: v+ N — e~ +e™ + N. The minimum
threshold energy of the original gamma ray for this process to occur is given by the sum of
the rest masses of the produced particles 2mec(2) (approximately 1.022 MeV, with ¢ the speed
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of light in vacuum) [99]. The pair-production process allows for the conversion of the original
photon into a pair of charged particles which can, in turn, interact with the nuclei in the
atmosphere such that their trajectory is modified and their velocity decreases. This energy
loss is carried out via the emission of a bremsstrahlung photon et + N = e* + N + v em.
These photons could then again participate in pair-production processes, generating more
charged particles that will emit bremsstrahlung, and thus generating a cascade of secondary
particles until the energies dissipate below the threshold of pair-production, at which point
other, lower-energy interactions must be considered.

In the alternative scenario of the atmospheric shower being initialized by a charged cosmic
ray, a similar particle cascade will develop, although in this case, the main processes involved
will include interactions that produce secondary charged particles which may then decay into
additional photons (e.g. via the ¥ decay chain) or, for example, muons x*, which contribute
to the muonic component of the shower. This process also occurs iteratively, leading to
additional pair-production and bremsstrahlung, with energies eventually falling below the
relevant threshold for these processes.

Both types of atmospheric showers will produce highly-energetic charged particles, whose
velocities could be above the speed of light in the atmosphere, considered a dielectric medium
with a (altitude-dependent) refractive index n. When this occurs, v > ¢o/n, the particle will
cause an asymmetric polarization pattern in the medium, whose relaxation will lead to the
emission of photons, Cherenkov radiation, in the direction of propagation, with an opening
angle cosf. = c¢o/(vn) (which also depends on the height) [100]. This radiation produces a
continuous spectrum with a peak in the UV range, and is very short-lived, lasting only a few
nanoseconds [6].

The dectection of Cherenkov radiation therefore provides a way of indirectly observing the
properties of the incident gamma rays, and is the fundamental working principle behind
imaging atmospheric Cherenkov telescopes (IACTs), providing some of the most sensitive
detector design for observing high energy gamma rays above 50 GeV and into the VHE
range above 100 GeV [98]. Importantly, the energy dependence of the opening angle of the
Cherenkov radiation allows for the distinction of radiation originating from electromagnetic
and hadronic showers.

Perhaps one of the most successful types of IACTs developed and currently in operation is
the High Energy Stereoscopic System (H.E.S.S.), depicted in Figure 6. This observatory
consists of an array of five telescopes located in the Khomas highland region of Namibia,
Africa, at an altitude of about 1800 m above sea level, known for good observational and
atmospheric conditions [101]. All of its telescopes are mounted on altitude-azimuth mounts
allowing for precise tracking of positions in the sky [98], and a design offering small fields of
view (comparable to the angular size of the Cherenkov radiation cone) is chosen in order to
reduce as much as possible the contribution of the night sky background radiation, which is
the dominant background observed [102].

The operation of this observatory can be divided into two main phases. The first phase,
HESS-I, began in December 2003 after the construction and commissioning of four telescopes,
denoted CT1-4. Each telescope contains 382, 60 cm in diameter, remotely-adjustable round
mirrors arranged in a Davies-Cotton hexagonal configuration with a total diameter of 13 m.
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Figure 6: Image of the High Energy Stereoscopic System (H.E.S.S.) at its location in Namibia. The
larger telescope in the center is the second phase upgrade CT5, while the smaller telescopes correspond
to CT1-4. Credit: S. Wagner, H.E.S.S. Collaboration [69].

This offers each telescope a large effective surface area (107 m?) that enables the focusing of
the faint Cherenkov radiation onto the camera sensors located at a distance of 15m from the
mirrors. Each camera is constructed by a hexagonal arrangement of 960 photomultiplier tubes
(PMTs), with each having a field of view of 0.16 deg in diameter on the sky, with a total field
of view of 5 deg in diameter [103], and trigger rates of the order of the Cherenkov light [102].
This configuration offers an overall lower-energy threshold of approximately 100 GeV [33].

The second major phase of the experiment began in July 2012, with the inclusion of an
additional, larger CT5 telescope, with a rectangular parabolic configuration with an equivalent
diameter of 28 m composed by 876 hexagonal mirrors of 90 cm in diameter, with a focal length
of 36 m at which the camera is located. This configuration offers a larger 614 m total area,
lowering the energy threshold to ~ 30 GeV [98] and thus allowing the detection of fainter
electromagnetic showers. Event reconstruction algorithms have been updated to make sure
this new telescope can be used in both a stereoscopic configuration combined with the other
four telescopes, and a monoscopic setting [98, 104].

Additional upgrades were carried out between 2015 and 2016 of the camera electronics of the
original four CT1-4 telescopes, in the so-called HESS-1U era. A major upgrade to the CT5
camera was carried out in October 2019, which began the current HESS-FC (FlashCam) era
of the H.E.S.S. mission [101]. This new CT5 camera consists of 1758 PMTs, each offering a
smaller 0.08 deg field of view for a total field of view of 3.2 deg [69].

Data taken by H.E.S.S. consists of a sequence of individual observational runs, each lasting
on average 28 min (depending on atmospheric conditions or possible technical interruptions)
during which the telescopes are pointing and tracking a specific position in the sky [105].
The telescopes must be operated in clear, moonless nights to ensure the faint Cherenkov light
can be detected [98]. Each observation is typically performed in the so-called “wobble mode”,
where the pointing direction is slightly offset from the target position enabling simultaneous
background estimation [104].

The cameras in all telescopes then construct images corresponding to the detected atmospheric
showers. The utilization of various telescopes in a stereoscopic configuration is an essential
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feature, providing an increase in the accuracy of reconstructing the original gamma ray
against utilizing a single telescope, since this way additional positional information on the air
shower can be obtained [106].

A set of Hillas parameters [107] are then computed that can be used to reconstruct the
properties of the original gamma ray, as well as serve as an additional filter for removing
the hadronic shower background. The telescope images can also be used as an additional
data quality selection filter, by rejecting events taken during bad weather conditions, a
bad mean trigger rate, or issues in the electronics, such as dead camera pixels [33]. In the
later Section 3.3.1 we describe in more detail how this reconstruction occurs and how the
backgrounds are estimated.

3.2 Space-based pair-conversion gamma-ray telescopes and the Fermi
Large Area Telescope (Fermi-LAT)

PACE-BASED detection of gamma rays is typically performed by instruments based on event
S reconstruction from the properties of particles generated via pair-production processes
within their interior. In this project, we will focus our attention on the currently most
sensitive such space-based detector, the Fermi Large Area Telescope (Fermi-LAT), launched
aboard the Fermi Gamma-ray Space Telescope (FGST, formerly GLAST) on the 11th of
June 2008 with operations and data acquisition beginning shortly thereafter. The satellite
itself contains two instruments, the main gamma-ray observatory in the form of the LAT
[108], and a Gamma-ray Burst Monitor (GBM) [109].

Figure 7: Computer rendering of the Fermi Large Area Telescope (LAT) in orbit. Credit: C. Smith,
NASA’s Goddard Space Flight Center (USRA/GESTAR) [110)].

The LAT detects gamma rays by measuring the trajectory, energy, and arrival time of the
electron-positron pairs produced via photon pair-production in its interior, employing a
sequence of instruments on-board that enable this pair production process, detect and track
their positions over time, and automatically reject the signal originating from charged cosmic
rays.

The satellite, depicted in Figure 7, is located on low-Earth orbit (at an approximate altitude
between 520 and 540 km above ground level), completing a full orbit every 95.33 min, with
a total effective collection area of 0.65m? (above 1GeV), out of which 80% is the tracker
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area sensitive to gamma-ray photons with energies between 20 MeV and 300 GeV. The LAT
offers a large field of view of 2sr and a high energy-dependent angular resolution that reaches
0.2 deg at energies above 10 GeV [102]. In contrast to H.E.S.S. or other pointing ground-based
observatories, the Fermi-LAT is designed in such a way that it performs a continuous survey
of the gamma-ray sky, always pointing away from the Earth and following an alternating
path to allow for an equal exposure time across the full sky [98].

The instrument itself can be divided into three main components. The first component
is the converter-tracker, constructed with a combination of 36 layers of silicon microstrip
detectors interleaved with 16 layers of tungsten foil (out of which 12 are at the front part of
the instrument, and 4 in the back) [111]. The employment of converter foils with high atomic
number facilitates the pair-production process, whose cross-section at high energies typically
scales with the atomic number [102]. Whenever a gamma-ray particle arrives at the tracker,
it will eventually interact via a pair-production process, ¥ + N — e~ + et + N, in which the
incident particle converts into a pair of charged particles. These charged particles will then
travel across the silicon detectors, which through scintillation will provide a way of detecting
where the particle hit each foil. As the charged particles travel across the foils, they will leave
behind a trail through which we can track their position over time. By combining the tracks
of both pairs of particles, the original directional properties of the incident particle can be
reconstructed.

The second main component of the LAT is the calorimeter. After the charged pair of particles
is produced and they travel across the full length of the tracker, they will encounter a
calorimeter, consisting of a section of an 8 layers arrays of caesium-iodide crystal scintillators
which generate a signal proportional to the energy of the particle, which is then measured by
photodiodes. The measurement of this signal therefore allows for the reconstruction of the
energy carried by the original incident particle on the LAT [98].

Finally, the third main component of the instrument is an external layer of plastic scintillators
which surrounds the LAT and acts as a filtering shield for rejecting any unwanted signal
detected by the instrument. This autocoincidence detector is triggered whenever an unwanted
charged cosmic ray, considered as background noise, arrives at the telescope, producing a
signal detected by photomultiplier tubes (PMTs) that is used as a veto to reject any detection
in the tracker or calorimeter due to charged particles. Typically, the instrument is triggered at
a rate of approximately 3 kHz, mainly due to proton background signals, and approximately
90% of those events are rejected automatically by this detector [98].

3.3 Data analysis framework for gamma-ray astronomy

N the following sections, general approaches to the data analysis methodology used within
I gamma-ray observatories are presented, focusing particularly on the two telescopes intro-
duced in the previous section: the Fermi-LAT and H.E.S.S. Despite the important differences
they present in detecting and reconstructing gamma-ray photons, thanks to the great efforts
of the community a standardized data handling workflow has been developed using publicly
available and open-source tools and file formats, allowing for applying a consistent workflow
for the data analysis across multiple instruments [112]. Similarly, great effort has been put
into developing a consistent statistical likelihood-based modeling methodology, and essential
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component that allows to adequately analyze the limited, sparse, and background-dominated
photon count data [113, 114, 115].

The overall data analysis methodology followed in this work can be divided into two steps:
an initial data reduction process, and the high-level data analysis. The data reduction begins
by considering the individual low-level photon detection data from each telescope and, by
combining it with instrument-specific response functions, generating data files that can then
be used directly to perform the higher-level spectral analysis of each source. A brief summary
of low-level data reduction process, which considers the raw observational gamma-ray data
and processes it for compatibility with high-level analysis tools, is given in the following
Section 3.3.1.

Once the data reduction process has been completed, the resulting analysis-ready Flexible
Image Transport System (FITS) files are then utilized to perform the main data analysis,
with which we may compute the final science products such as, for example, the light curves
used to study the time variability of a source, or the modeling of its SED. This analysis relies
heavily on the statistical likelihood-based modeling described in Section 4.

In this work, we will utilize GammaPy 2.0 [116] as the main analysis software, an open-
source Python library which is quickly becoming a standard for single- and multi-instrument
gamma-ray data analysis within the community, being fully compatible with data from both
Fermi-LAT and H.E.S.S. For the case of LAT data, however, the initial processing must be
performed in FermiPy 1.4.0 [117], a library based on FermiTools (formerly ScienceTools)
with which we can generate the required files for analysis in GammaPy as well as run an
additional preliminary analysis that serves as an additional cross-check.

3.3.1 Low-level data reduction and processing

OTH Fermi-LAT and H.E.S.S. present numerous similarities in terms of how data is taken
B and processed, allowing us to define a general data processing, reduction, and analysis
framework. The overall data reduction and processing can be subdivided into three main
tasks: the reconstruction and selection of gamma-ray events, the generation or selection of
instrument response functions (IRFs), and the background emission estimation.

The result of performing an observation with any of the considered gamma-ray telescopes will
typically yield a list of photons counts detected by each instrument. Each count corresponds
to a gamma ray with a “true” energy FEi,e arriving from a direction ]3true that produces
a signal in our detector. As we have seen throughout this section, rather than measuring
these quantities directly, we must rely on reconstructing them from the measurement of
secondary particles and their properties. Therefore, the best we can do is to obtain a set
of reconstructed energies F and directions P. The reconstruction process itself is heavily
instrument-dependent, although it is also an essential component which directly affects the
sensitivity of the telescope. Similarly, an additional event selection process must be applied
to reject any noisy signal by maximizing the gamma-ray photon count while minimizing
misclassified events.

The LAT reconstructs the gamma rays utilizing various algorithms with, as inputs, the
tracks left by the electron-positron pairs in the tracker-converter, the energy measured in
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the calorimeter, and the additional veto from the anticoincidence detector [118, 119]. Event
selection is performed by applying various quality cuts on each detected event, both on-board
the instrument and within the ground station, based on event types, zenith angle, or data
quality and instrument operation cuts.

On the other hand, IACT reconstruction algorithms typically revolve around the obtained
atmospheric shower images in each telescope which characterize the properties of the detected
Cherenkov radiation. Originally, the reconstruction of the properties of the gamma rays
producing the atmospheric shower were obtained from the computed Hillas parameters of
the shower [107], which could then also serve as an additional rejection filter for hadronic
showers due to their morphology. More advanced reconstruction algorithms have also been
developed, leading to a substantial increase in the sensitivity of the telescopes, such as
the template-based Image Pixel-wise fit for Atmospheric Cherenkov Telescopes (ImPACT)
[120, 121], which performs likelihood-based fitting of the observed data onto pre-generated
templates. Algorithms based on neural networks can also be used to improve the event
reconstruction process [122, 123]. Data selection is performed by rejecting data taken in not
optimal conditions, based, for example, on atmospheric conditions, resulting in irregularities
in the reconstructed shower images [33]. Additional quality cuts can then be applied based on
reconstruction-related parameters, allowing different event selection configurations optimized
for specific analysis goals, with the standard configuration typically corresponding to a
compromise between background rejection and signal efficiency based on the angular distance
to the target (62 distribution) of the reconstructed events.

In both cases, the way each instrument reconstructs the photons not only depends on
the algorithm applied, but also on numerous parameters such as the external conditions
under which the photon was detected or the operational status of the telescope and its
numerous components, among many others. It is therefore necessary to include, along with
the reconstructed photon data, information regarding how the telescope operated and what
is the expected reconstruction signal from the instrument at the moment of observation.
This is done by including a series of IRFSs, which relate the properties of the reconstructed
gamma ray with its true values. An exact determination of the IRFs is impossible, as the true
properties of the incident gamma ray are never known, which is why probabilistic approaches
must be considered, typically involving the performance of extensive Monte Carlo simulations,
modeling the response of the instrument and the reconstructed properties for different incident
gamma rays under different configurations of the telescope. The IRFs are an essential part
in making sure the photon data is analyzed properly, and their quality directly affects the
sensitivity of the instrument, requiring for the generation of reliable and high-quality IRFs
(34, 119].

Typically, these IRFs can be factorized into the following distinct and independent components:
IRF(E> ﬁ’Etruey ﬁtrue) = Aeff(Etruev ﬁtrue) . PSF(E, ﬁustrue) . Edisp(Ea ﬁ|Etrue)> (35)

where each component corresponds to [33, 34]:

— The effective area A.g describes the total effective available area for detection of the
instrument, depending on the energy and direction of the incident gamma ray, as well
as the limited detector efficiency.
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— The point-spread function PSF, which quantifies the probability distribution function
of the reconstructed photon direction given the true photon parameters. This can be
conceptually thought of as the effective “spread” in spatial dimensions, or the apparent
observed size of a point-like source.

— The energy dispersion Fgjsp, that quantifies the probability of an incident photon being
reconstructed with a given energy. This factor is similar conceptually to the PSF but
measuring the energy “spread” instead of the spatial “spread”. An energy dispersion bias
parameter can be computed Egisp, bias Which quantifies the average deviation between
the reconstructed and true energies.

For ground-based IACTs, the observations are carried our in a run-wise basis, with each
observation performed under different atmospheric conditions, with varying positions of the
target in the sky, including its zenith angle or possible offset with respect to the pointing
directions. Therefore, in order to analyze H.E.S.S. data, it is required to generate IRFs for a
large number of parameters and include them along each observation and its resulting photon
count data [112]. Fermi-LAT, on the other hand, operates in a continuous sky-survey mode
in mostly stable conditions outside any atmospheric influence, allowing for the development
of stable IRFs that are available as complementary files to the photon counts, and which
depend mainly on the orientation and operation status of the telescope or the event class
[112]. Over time, these IRFs have been constantly updated, improving the sensitivity of the
telescope, with the current so-called Pass 8 event analysis scheme representing the latest and
most efficient IRFs available [34, 119].

Despite the fact that an event selection data filtering is applied initially to both Fermi-LAT
and H.E.S.S. observations, an inherent background will still be present within our data mainly
caused by other gamma-ray sources being present within the studied region, whether resolved
or unresolved, or any diffuse emission from the galactic plane or isotropic sky background
[98]. Additional sources of noise might also be present due to misclassified cosmic-ray events
of hadronic showers, or noise from the components of each instrument. Therefore, as a last
step, the background must be estimated and accounted for, which will also depend heavily
on the instrument considered.

For the case of the LAT, the background can be estimated defining a full model of the region
of interest studied, such that we include separately the source we want to study, along with
any other known sources found nearby. Additionally, pre-generated background templates are
made public along with each major IRF Pass release, including the diffuse galactic emission
and an isotropic emission template. The type and initial parameters of the models for all the
sources included are obtained from incremental Fermi Gamma-ray LAT (FGL) catalogs, with
the latest 4FGL based on 14 years of data and containing more than 7000 identified sources
[111, 124, 125]. The overall region is then fully modeled in a likelihood-based approach (as
will be described in the next Section 3.3.2).

The background for observations from H.E.S.S. are generated for each observational run
following a different approach. Performing the observations in “wobble mode” at an offset
from the target source (typically £0.5 deg) allows for the simultaneous estimation of the
background for each run directly from the observations of the target [104]. This is performed
by, first, defining a circular on-region centered at the source (whose radius will usually
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correspond to the desired quality cuts, justified from the angular distribution of the counts in
this region, depending on the reconstruction algorithm). From this region, we may obtain a
total of Ny counts. Similarly, off-regions are then defined, which will provide a photon count
of Nyg. There are two main methodologies for defining these regions.

The reflected-regions method places the off-regions following a circular pattern around the
pointing direction, at the same radial distance or offset as the source. Similarly, the ring-
background method places increasingly larger, concentric off regions centered at the target
position [33].

In either case, additional exclusion regions of arbitrary size and shape may be placed to
mask any known gamma-ray sources in the vicinity. A normalization factor « is then defined
as the ratio of the exposure time, observed counts, and acceptance in each type of region.
With this approach, we may estimate the number of counts attributed to the source as
Ngre = Non — Npkg, where the background counts are estimated as Npkg = aNog [126].

The described data reduction process and how it is performed will also differ depending on
the considered instrument. The raw data obtained by the LAT is automatically processed by
both its on-board instruments and the ground operations center station, thus not requiring
any low-level data reduction or processing by the user. The IRFs and background templates
are then developed and maintained by the Ferms team, and all data is made publicly available
by the Fermi Science Support Center (FSCC) [127]. In order to ensure compatibility with
GammaPy, an initial processing and setup step must be performed within FermiPy including
as input the required processing configuration (such as the IRF version, which backgrounds
to include, or the energy range of the photons considered). The resulting FITS files can then
be loaded into GammaPy, which constructs the corresponding Datasets object containing the
IRFs and all the sources in the Rol and backgrounds as MapDataset objects.

Data obtained by H.E.S.S. is available exclusively within the computational cluster of the
collaboration, with smaller public data releases being made available mainly for testing
purposes [105]. Therefore, in this case, a more thorough data reduction process is required in
order to obtain the data for analysis. Typically, most of the data is processed by members of
the collaboration and is made available internally as production data releases, using (among
others) the ImMPACT reconstruction algorithm with standard cuts covering most of the
observational runs throughout the operational history of the observatory. However, in some
cases (particularly, in the case of very recent data for which this process has not yet been
completed, or considering alternative cuts or reconstruction configurations), these production
releases do not contain the required observational runs, and a manual data reduction must
be performed. This typically involves utilizing the internal H.E.S.S. Analysis Package (HAP)
software, based on ROOT [128]. Once the FITS files have been generated or extracted from
the low-level data, we can then complete the data reduction process within GammaPy by
processing all runs (and defining the desired energy range, any safe masks on the energy range,
and other additional data filtering), obtaining the final SpectrumDatasetOn0ff objects (per
observational run) ready for the main analysis.
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3.3.2 Statistical data analysis framework and binned likelihood-based modeling

EFINING the observations as a set of photon count data and IRFs allows for our approach
to be compatible with a maximum likelihood analysis approach, based on the ideas
developed for the EGRET mission (the precursor of the Fermi-LAT) [115].

Our main goal is to fully describe the gamma-ray emission of a source given a sequence of
observations. This involves the development of a mathematical model ¢(E,0) ~ dN/dE
that would describe the observed differential photon flux or spectral energy distribution of
that source in terms of a series of spectral parameters 6 (examples of such spectral models
relevant to our analysis are given in Section 2.3). Therefore, the problem reduces to finding
the optimal parameters of our model that best fit the observed spectrum of the source. The
approach followed to obtain these parameters is the likelihood analysis method, where a
likelihood function £ is defined that quantifies how well our model describes the observed data,
and is then maximized over the spectral parameters, optimizing our model. In particular, a
binned approach is applied, in which both the spectral and spatial dimensions of our data
are divided into bins, combining individual photon events with similar energies and positions
into the same bins, reducing the statistical noise and computational cost [129].

Applying a forward-folding approach in which we convolve our model with the IRFs, factorized
as described in Eq. (35), over the full observation time t,ps, allows us to obtain an estimate
of the expected photon distribution given by our model at each bin per reconstructed energy
and direction [130]:

m; (67 E, ﬁ) dE dﬁ = tobs / /dEtrue dﬁ‘crue IRF(E, ﬁ’Etruea ﬁtrue) ¢(9a Elrie, ﬁtrue)- (36)

This offers us a (binned) photon count for our model m;, which we may compare to the
observed photon count n;. In practice, this integral is performed numerically by performing
an additional binning over the true energy and direction and computing the sum across these
bins [129].

Typically, the observed signal consists of a sparse distribution of photons corresponding to
discrete, low frequency events. It is therefore usual to assume the photon counts will be
distributed following a Poisson distribution. The probability of detecting a certain number of
counts n; in a given bin ¢ is then given by:
i ,—m;
pilnilmy) = . (37)
n;.
The likelihood £ can then be defined as the product of this binned probability multiplied
across all bins (both spatial and spectral, as required by the instrument or analysis approach)
[112]:
Nbins

i=1

Usually, minimizing the log-likelihood is much more convenient numerically, defined such

that:
Nbins

log £(0) = Z [n;log (m;) —m;]. (39)
i=1
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In practice, it is also useful to define a fit statistic closely related to the log-likelihood as
S(0) = —2log £. Depending on the instrument considered and the way the background model
is obtained, this is computed via different approaches. For the case of Fermi-LAT, where the
background is fully modeled, the relevant fit statistic is the Cash statistic, defined as [131]:

Nbins
Cstat = —2 Z [nz log(mi,src + mi,bkg) - (mi,src + m@bkg)] . (40)
i=1
H.E.S.S. obtains the background counts separately via off-region observations, which requires
a more nuanced treatment by defining the following W-statistic [130]:

Mbins

M bk 1
Wetat = —2 Z |:ni,on log (mi,src + mi,bkg) + N off log (2{;) — My src — (1 + a) m@bkgil s
i=1

(41)
where n; on (o) Tepresent the on-region (off-region) counts, and similarly m; ¢.o(pikg) the esti-
mated source (background) counts, for each bin, and « the normalization factor between the
on-region and off-region. In the case where data from multiple Ny, instruments is modeled
jointly, the described approach can easily be extended by combining all likelihoods as [112]:

Ninst Ninst
Liomt(0) = J] £(8) <= log it (0) = > log £;(6). (42)
j=1 Jj=1

Both the C-stat and W-stat are implemented within GammaPy such that the treatment of
these statistics is automatic, and the total statistic resulting from the joint modeling (denoted
as total_stat) combines both approaches in a compatible manner.

With the relevant likelihood functions now defined, we can now attempt to modify the
parameters of our model to maximize it and find the optimal set of parameters. This opti-
mization problem is carried out by numerically minimizing the log-likelihood (or, equivalently,
maximizing the likelihood function), via the backend IMINUIT available for use in GammaPy
which implements numerous minimization algorithms [132].

Once the best-fit parameters are found, we can then go on and compare different models
or parameter choices, which essentially reduces to a model or hypothesis testing problem,
where a null hypothesis model with parameters 6y is tested against an alternative with 6;.
Simply comparing the resulting (log) likelihoods of each fit is not enough, as one could obtain
increasingly high-valued likelihoods by simply adding parameters to the model, thus a more
nuanced approach is required by defining a proper test statistic (T'S) that will quantify how
much the data prefers one model versus another. A standard approach is to consider following
log-likelihood ratio test (LRT):

£o(0o)
£1(61)

TS = —2log = —2]log £o(6p) — log £1(01)] = So(6p) — S1(01), (43)

such that higher values TS > 0 imply preference for the alternative hypothesis model.

An important consequence of this TS comes from its asymptotical behaviour given by Wilks’
theorem [133], which states that, asymptotically, the log-likelihood ratio TS will approach the
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chi-squared x? distribution under the null hypothesis with degrees of freedom corresponding
to the difference in dimensionality within the parameter spaces between the considered
models [134]. Formally, this theorem applies whenever the models are nested, that is, where
the null hypothesis can be obtained from the alternative model by considering a certain
parameter selection (this will be especially relevant in Section 6, when we discuss the statistical
comparison between the fundamentally non-nested ALP and no-ALP models in our study).
This parameter choice must also not correspond to values on the boundary of the allowed
parameter range, although generalizations of the theorem exist, such as Chernoft’s theorem
[135] which allows for the application of Wilks’ theorem as an approximation [134]. In the
particular case where the models differ by a single parameter, the TS will then follow x?%, and
the significance of the alternative model against the null hypothesis can be approximated as:

ors = VIS|[o]. (44)

In some cases, especially in FermiPy, this statistic is often reported per source, comparing
the likelihood with and without that source included in the Rol model.

Another important application of this theorem is the study of whether an observation leads
to the positive detection of a source, or whether an additional source must be included within
the model, and at which statistical confidence level this detection could be claimed to be. This
is again a hypothesis testing problem, with one of the models (the null hypothesis) presenting
a vanishing flux amplitude parameter Ny = 0. For the case of Fermi-LAT observations, this
can be performed directly by comparing the TS value these models offer as shown in Eq. (43).
In the case of H.E.S.S. observations, however, an alternative approach has been developed in
order to adequately compute the statistical significance considering on-off region observations.
This is given by the Li & Ma (1983) significance formula [113]:

1+« Non
(Non + Noff)

)+ Nuglog ((1+a) )] 1ol )

ULi&Ma:\/i[NOHIOg< Now + Noge
on o

which is the standard way of claiming detection significance when the background is obtained
directly from off-region observations. This expression can also be directly obtained by
following the same underlying likelihood approach as the one used to derive the W-stat
defined in Eq. (41).

3.4 Source selection, observation periods, and instrument configuration

AVING presented the fundamental theoretical background of this work as well as the
H instrumentation used and the methodology we will apply in order to perform the main
analysis, we are now in the position of describing the kinds of gamma-ray sources we are
mainly interested in studying for spectral hints of photon to ALP conversions. In particular,
we will adopt an approach in which a dataset of numerous sources is used to perform a
statistically robust search for upturns, making sure that our results do not depend on a single,
particularly favorable case, but rather reflect an overall trend accross multiple sources.

As mentioned in Section 2.3, blazars are very good candidates for sources of high and very
high energy gamma rays due to their jet being aligned with our field of view. In particular,
we are interested in high-frequency-peaked BL Lacertae (HBL), which present their second
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SED peak in the X-ray and gamma-ray bands. However, we also allow other types of blazars
in order to increase our statistics, as long as they present emission in the optically thick
regime (with optical depths above 7 > 2). On the other hand, we require that the redshift of
each source must be high enough as to present EBL attenuation at our considered energy
ranges (such that any upturn could be detectable above the expected attenuated signal), but
not high-enough as to completely remove any VHE emission. In our case, we have an overall
redshift range of 0.1 < z < 1.0. Of course, as with any point-like source analysis, we require
sufficient observation time performed on the source, and a detection with enough statistical
significance. We also preferably select sources where no strong confusion is present as to
any other sources present in the near vicinity. The main limitation for these conditions will
come from H.E.S.S. observations, as due to its pointing nature observation time of any sky
region will be limited, while Fermi-LAT allows for a continuous observation of all the sky. As
mentioned previously, the main hints of photon-ALPs upturns will be found in the H.E.S.S.
energy range, and the observations from Fermi-LAT will serve as a lower-energy constraint
on the intrinsic spectrum.

Since blazars are highly variable sources, it is not enough to select just the targets of our
study, but also perform a time selection. In particular, we will be interested in both long-term
observations of non-variable or quiescent sources (which we can usually consider across the
whole observational campaign) and in periods where a source exhibits flaring, where the
flux intensity increases drastically over highly variable time scales (that could last between
months to just a few minutes). Ideally, all sources would be observed by both instruments
considered during the same observational periods. However, in this case, the Fermi-LAT data
acts as the main limitation, as the H.E.S.S. observational operation predates it by almost 6
years. Therefore, an important time selection consideration must be performed for each one
of the sources.

When selecting observational periods, we are mainly interested in selecting start and end dates
for each source in which observations from both Fermi-LAT and H.E.S.S. are available, which
as mentioned can only occur for observations after August 2008. Whenever this selection is
met, we can be sure that we are observing the source at the same physical emission state.
However, in some cases, good candidates are observed before this time period, and a careful
individual treatment is required. For those sources that have been found to have no strong
flaring period (that is, their flux emission is approximately constant over long periods of time),
and whose observations with H.E.S.S. predate the Fermi-LAT observation mission either
fully or in part, an average of 14 years of data (from 04-08-2008 15:43:36 UTC to 04-08-2022
15:43:36 UTC) has been considered for the Fermi-LAT observations, ensuring enough count
statistics and at least a similar emission state. However, there are cases where the H.E.S.S.
observations show significant variability and flaring periods that predate the Fermi-LAT.
In these cases, taking the average again would result in mixing different physical states of
our source, and the spectral energy distribution modeling will turn out to be completely
unreliable. Therefore, in these case, an exception to the rule must be made and only H.E.S.S.
data is considered.

The main data selection is motivated by the available H.E.S.S. observation for our sources of
interest, which have been selected following previous and related studies [32, 35, 52, 136].
Table 1 summarizes all 14 sources considered, including their position in the sky, redshift, and
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specific kind of blazar type they can be classified as. Similarly, Figure 8 shows the position of
all these sources in a sky map.

Most of these sources correspond to high-peaked BL Lac objects (HBL), which usually
correspond to the most energetic emitters within the blazar class, with three FSRQ objects
and a single IBL also present. All of these sources have published H.E.S.S. detections, with
available contemporaneous Fermi-LAT data for all except PKS 2155-304 and H 2356-309, for
which we have considered data from H.E.S.S. only. Out of all these sources, 11 correspond
to those considered in previous analyses [35], and three new sources have been added as a
contribution to the dataset: 3C 279 (bright flare in January 2018 [137]), PKS 0346-27 (single
detection night 3-4 November 2021 [138]), and PKS 0903-57 (six-night observation campaign
in April 2020 [139]). These sources were selected as they present detected emission within
their optically thick energy regime.

Source Name Position (RA, DEC) [deg] Redshift = Type Ref.
1ES 02294200 38.2025, 20.2880 0.139 HBL  [140]
1ES 0347-121 07.3467, -11.9908 0.188 HBL  [141]
1ES 04144009 64.2183, 1.0900 0.287 HBL [142]
1ES 1101-232 165.9071, -23.4919 0.186 HBL  [143]
1ES 1312-423 198.7642, -42.6139 0.105 HBL  [144]
1RXS J101015.9-311909 152.5662, -31.319 0.142 HBL  [145]
3C 279 194.0415, -5.7887 0.535 FSRQ [137]

H 2356-309 359.7825, -30.6275 0.165 HBL  [146]
PG 1553+113 238.9293, 11.1901 0.434 HBL  [147]
PKS 0346-27 57.1538, -27.8215 0.990 FSRQ [138]
PKS 0447-439 72.3529, -43.8358 0.343 HBL  [148]
PKS 0903-57 136.2315, -57.5833 0.262 IBL  [139]
PKS 1510-089 228.2106, -9.1000 0.361 FSRQ [149]
PKS 2155-304 329.7167, -30.2256 0.117 HBL  [150]

Table 1: Summary table containing the selected sources names, their position in the sky as
the right ascension and declination in degrees within the International Celestial Reference
System (ICRS, with positions at epoch J2000) [151], and their measured redshift. The source
type classification is obtained from the TeVCat catalogue [70]. The naming convention of
each source follows the corresponding catalog where each source was first detected or studied
in detail. For each source, we also include the reference article in which the source was first
detected at TeV-energies.

For H.E.S.S., we select exclusively data obtained by the four CT1-4 telescopes, excluding CT5H
to avoid combining different configurations or introducing further systematic uncertainties.
Only observations with zenith angles below 60 deg were considered. The reconstruction
configuration for all sources used was ImPACT, with standard cuts across most sources. In the
case of 3C 279 and PKS 0346-27, loose cuts were utilized, which allow for more photons to
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Figure 8: Sky map of all the sources considered in this work, represented in the ICRS
using the Mollweide projection in equatorial coordinates. The associated redshift of
each source is represented by its color. Also plotted in faint red is the galactic plane.

be reconstructed and increases the overall photon statistics, which is particularly useful for
observations with relatively short total exposure times. Exceptionally, for PG 1553+113, the
hybrid configuration was used, with a larger on-region radius, which improved the numerical
convergence for this source. This does not affect the analysis itself, as we only consider
observations taken exclusively with CT1-4. In both the standard and loose cut configurations,
the on-region radius was selected to be the default optimal value for each configuration.
The data, covering the energy range from 0.1 to 31.6 TeV, was taken in wobble mode with
an offset of 0.5 deg, allowing for background estimation using the reflected-regions method.
Exclusion regions were found to not be required for most of the sources, except for the case
of 1ES 1312-423 due to its proximity with Centaurus A, which was masked. The dataset
was generated by considering the counts, exposure, and energy dispersion data, with a safe
mask on the energy constructed by selecting only energies for which the dispersion bias is
above 10%. An additional offset filter was included, rejecting any observation in which the
pointing direction was separated by more than 2.5 deg from the target position. In order to
obtain this data, a manual low-level data extraction was performed with the internal software
HAPTools, with subsequent processing and reduction in GammaPy.

The Fermi-LAT data was obtained directly from the publicly available data center service,
considering the time selection contemporaneous to the H.E.S.S. data whenever possible as
mentioned earlier. During the data querying, a search radius of 20 deg from the target
position was considered, in an energy range between 1 and 300 GeV, obtaining both the
photon counts and spacecraft (IRF) data. Following the recommended analysis for point-like
sources, we pair this data with the latest Pass 8 IRFs associated to the SOURCE event class,
considering events detected from both the front and back of the instrument. A zenith angle
cut of 90 deg was also considered in order to remove any Earth limb emission effects. The
diffuse background templates were also obtained in accordance to the IRFs and event class
considered, given by the Galactic diffuse emission template gl1_iem v07 and the isotropic
emission from iso P8R3_SOURCE_V3_v1. The latest, 4FGL DR4 catalog gll_psc_v35 was also
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considered as the initial spectral model for all the known gamma-ray sources that may be
present within the Rol.

4 Intrinsic spectral energy distribution modeling

UR analysis begins with a study of the spectral energy distribution of our sources. A

thorough intrinsic SED analysis is essential for our study, as it will serve as the baseline
model throughout our work. Due to the extreme time variability often exhibited by blazars,
it is equally important to also adequately consider, within the available observation periods,
which time segments can be treated as corresponding to a single emission state, and which
correspond to either flaring or low-emission periods.

Section 4.1 begins with an initial study of the H.E.S.S. data, obtaining the main properties
of all available observations and the total statistical detection significance of each object. An
initial spectral fit is also performed, which will serve as a baseline for the computation of
the corresponding light curves which display the variability of a source in both its spectral
flux and index. A time variability analysis is then performed, allowing us to obtain a final
segmentation of our observations into separate time blocks.

We then move on to study each one of these time blocks separately, with the certainty that
physically different emission states are treated individually. The main intrinsic spectrum
analysis will then be performed sequentially, beginning with the Fermi-LAT analysis in
Section 4.2, analysis of H.E.S.S. data in Section 4.3, and finally obtaining the joint model for
both instruments in Section 4.4.

4.1 Initial spectral fit, time variability analysis, and segmentation of
H.E.S.S. data

O gain an overall perspective on the general attributes of the available H.E.S.S. data
T (which, at this stage, are stored as individual SpectrumDatasetOn0ff objects within
GammaPy for each observation and source), we begin by computing the good time intervals
(GTIs) for each observation, enabling us to determine the total exposure time for each target.
A time selection is performed between the minimum and maximum edges of all GTIs, and the
per-observation datasets are stacked into a single SpectrumDatasetOn0ff object. An energy
binning is defined, considering 4 bins per decade between the energy ranges 0.1 and 31.6 TeV.
For each source, the total Li & Ma significance [113] is computed following Eq. (45) and
the corresponding GammaPy implementation via WStatCountsStatistic. The total available
observation time and their corresponding dates, as well as the Li & Ma significance, can be
found in Table 2.

The detection significance varies considerably across our sources, and it is highly correlated to
the total time each source has been observed, which is the expected behavior. An exceptionally
bright source turns out to be PKS 2155-304, with a significance of 327.270 obtained after
68.1 hr of observation time. Most sources present significances between 100 and 500 with
highly variable observational times. The least significant source considered is PKS 0346-27,
which is also expected due to the very short observation period, since in this case only a
single detection night is selected.
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Source Available data [hr.] Time range [DD.MM.YYYY] Significance [o]
1ES 02294200 167.279 11.09.2004 — 08.01.2019 26.609
1ES 0347-121 55.010 26.08.2006 — 31.12.2013 19.212
1ES 04144009 82.226 03.10.2005 - 17.10.2010 10.933
1ES 1101-232 104.867 17.04.2004 — 28.05.2019 24.942
1ES 1312-423 115.879 15.04.2004 - 12.07.2010 8.545

1RXS J101015.9-311909 56.207 11.02.2007 — 17.04.2010 10.080

3C 279 3.553 24.01.2018 - 29.01.2018 13.420

H 2356-309 169.702 16.06.2004 — 08.11.2009 31.250
PG 1553+113 76.230 25.07.2006 — 03.05.2019 36.167
PKS 0346-27 1.870 03.11.2021 - 04.11.2021 3.772
PKS 0447-439 18.480 09.11.2009 - 07.12.2010 10.446
PKS 0903-57 13.675 13.04.2020 — 17.04.2020 45.946
PKS 1510-089 22.623 20.03.2009 — 10.05.2016 6.323
PKS 2155-304 68.094 30.06.2006 — 20.09.2006 327.266

Table 2: Total available H.E.S.S. observation time of each source considered in this work, along with
the full observational time range, and the total detection significance.

Studying the evolution of the (expectedly highly-variable) emission of each source is essential
for our purposes, as incorrectly combining observations corresponding to different emission
states could lead to either an averaging or overestimating of any possible spectral features
within the SEDs.

This time variability analysis will be performed by analyzing the light curves for our sources,
in which the spectral flux is plotted over time. These curves are constructed considering a
simplified spectral model, such as a simple power-law without any EBL attenuation, with
the spectral index and reference energy being left as a choice to the analyzer. In our case,
we consider a power-law, as given by Eq. (28) and implemented as PowerLawSpectralModel,
whose free parameters I' and Ny are found by running an initial fit on the data across the
full observational period. As initial values, we consider the default selection I' = 2 and
No =1-10"12TeVs~! cm™2. These initial parameters are also bounded to ensure they remain

within physically meaningful value ranges, and to improve numerical convergence '.

The fitting procedure (here and throughout the remainder of this work) follows the maximum-
likelihood methodology described in Section 6 and is performed in two sequential steps. First,
the reference energy is set to £y = 1 TeV, and an initial fit is performed. After this, the model
is re-evaluated at the decorrelation or pivot energy Ey = Fgec, defined as the energy for which
the correlation between the parameters is minimal (ensuring minimal statistical error in the
flux). This decorrelation energy is computed as Fge. = Epexp [cov (No, ') / (NoAT?)] [152].
In any case, Fy is always treated as a frozen parameter, not varying during the fit.

!These bounds on the parameters enforce their values to be within the ranges I' € [0,6.5] and Ny €
[107157 1078} TeV s~! cm™2. However, in some cases, either the index or normalization bounds must be slightly
modified in order to improve numerical convergence.

47



4.1 Initial spectral fit, time variability analysis, and segmentation of H.E.S.S. data

The computation of the light curve is performed by the LightCurveEstimator class imple-
mented in GammaPy, which obtains the flux across the full observation period for a given time
binning by considering a power-law model with only Ny being free to vary. We consider a
nightly binning in time (considering intervals of 12 hr centered at midnight on each day), with
energy edges given by the stacked dataset, and a time selection tolerance of approximately
20min to ensure observations around the length of a single H.E.S.S. run are adequately
considered. The result of this is a light curve in which the spectral flux and its variability
can be observed across the full time range.

In order to properly account for sections in time during which the flux is in a similar state, and
separate those emission states with significant differences, we apply a statistically-motivated
segmentation of the binned flux data using the Bayesian block algorithm [153]. This algorithm
allows us to convert the light curves into discrete blocks where the studied property remains
stable. This method is based on performing a likelihood fit of a piece-wise constant model to
the data, attempting to find the optimal change points at which a significant variability in the
flux is observed beyond its associated uncertainty. Various choices for the fitness function are
available, and a penalty on the number of blocks found is introduced to prevent overfitting
[153].

The Bayesian block algorithm used here is implemented as the stats.bayesian blocks
function in astropy 7.1.0 [154]. In our case, the built-in measures fitness function is used,
which assumes that the data correspond to a measured sequence with normally-distributed
or Gaussian errors. The function then returns the time-ordered edges of all found Bayesian
blocks, constructed exclusively on the flux points and thus ignoring any upper limits. These
time blocks serve as our initial time segmentation for each source. Once the block edges have
been found, the light curve is reconstructed, using these time values as the new binning.

Additionally, a variability study on the spectral index is also performed by running a power-law
fit for each light curve flux point individually, obtaining a light curve which tracks the values
of the index across the observational time range. The Bayesian blocks algorithm is then
applied on the index light curve, and the resulting index light curve is similarly reconstructed.

Some representative examples of the obtained light curves can be seen in Figure 9, while the
light curves for all the sources in our dataset are shown in Appendix A.

The spectral variability is highly dependent on the considered source, with some (e.g. 1ES
1101-232 and H 2356-309) presenting relatively stable emission, and others (e.g. PKS 0903-57
and, most prominently, PKS 2155-304) being considerably variable. In certain sources, the
resulting average flux per Bayesian block seems to lie relatively lower than the flux points
themselves (as in the case of 1ES 04144009, 1ES 1312-423, and PKS 1510-089), which could
be caused by effects due to numerical convergence issues. This effect, however, does not
affect our analysis, as we are interested in the edges of the found Bayesian blocks, and not
necessarily the resulting average flux across each block (as a separate analysis per-block will
be performed explicitly in the following sections). Lastly, for sources with short observational
time ranges or low photon count statistics (mainly 3C 279 and PKS 0346-27), the found
Bayesian blocks have been extended to cover the full time range, as no significant variability
within such short times is observed.
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Figure 9: Nightly-binned H.E.S.S. light curves obtained for a subset of four of the blazar sources
considered in this work. In the upper plot of each figure, the usual light curve is shown representing
the detected differential flux dN/dE in units TeVs~' em™2, with the computed flux points indicated
alongside their statistical uncertainties and upper limits (denoted by transparent, downwards-
pointing triangles). In the lower plot of each figure, the evolution of the spectral index is also
shown, computed at each bin. The Bayesian blocks found by the algorithm are shown as horizontal
dashed lines, with the time values corresponding to dates in the modified Julian day (MJD) format.
The remaining plots for all sources in our dataset can be found in Appendix A.

While this Bayesian block approach offers an excellent initial time segmentation of our sources,
an improved selection can be obtained by considering which of these Bayesian blocks actually
represent physically distinct emission states. Although most sources can be considered to
be in a single emission state with just one Bayesian block, this approach is especially useful
for highly variable sources for which many blocks are found, mainly PKS 2155-304 whose
highly-variable emission is divided initially into 19 different blocks. This approach can also
be motivated by the fact that, for certain sources, the variability in flux does not always
correspond to variability in the index values, possibly indicating that certain separate blocks
found on the flux light curve could represent the same (or very similar) physical state.

Following this reasoning, a further spectral evolution analysis is performed, in which the
normalization and index parameters found for each Bayesian block are plotted together along
with their uncertainties and the corresponding statistical significance ellipses representing the
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4.1 Initial spectral fit, time variability analysis, and segmentation of H.E.S.S. data

uncertainty at different confidence levels. The ellipses are computed by diagonalizing the
covariance sub-matrix of the relevant free parameters, in this case cov(I', Ny), with eigenvalues
w1, wsy, and eigenvectors vi,vs. The semi-axes are then given by rg’b = 4F;1(13(1,l) . wio.
Here, I';, is the regularized, upper-incomplete gamma function, whose inverse is directly
implemented within scipy [155] as scipy.special.gammainccinv, and [ the corresponding
confidence level at 1 degree of freedom, given by 0.68, 0.95, and 0.99 for the considered
lo, 20, and 30 confidence levels, respectively. Each ellipse is then plotted, centered at the
corresponding index-amplitude point, and rotated by the angle o = arctan(v), where v is the

eigenvector associated to the maximal eigenvalue [156].

Through this procedure, if two contiguous blocks are found to be overlapping within statistical
uncertainties, we can consider them to correspond to physically equivalent emission states.
On the contrary, non-contiguous overlapping blocks, or blocks that do not overlap, must be
treated separately. In our case, we combine all contiguous blocks whose ellipses present an
overlap at least at the 30 level. Figure 10 displays some examples of the obtained ellipse
plots, with Appendix A containing these plots for all the sources in our dataset.

By observing these ellipse plots, we can clearly see that in most sources, just one ellipse is
present, corresponding to the single Bayesian block found. The curvature in these ellipses
can be attributed to the logarithmic scale on the normalization axis and a non-zero ellipse
rotation angle, which encodes the correlation between the parameters. In sources with
detected variability, a lot of the blocks can actually be combined into the same physical
emission states, such as in the case of PKS 2155-304 (reducing the total time segmentation
from 19 blocks to just 8), PG 15534113, or H 2356-309. Other variable sources also present
time blocks sufficiently separated in time to warrant independent treatment, as is the case
for 1ES 1101-232 and PKS 0903-57. Most sources, however, can be treated as a single time
block corresponding to the full observation period.

Our study presents, in general, good agreement with similar studies, such as [35, 52]. The
main differences found correspond to the fact that, despite finding the expected variability
within the light curves of PG 15534113 and H 2356-309, the spectral evolution study allows
for the combination of all found Bayesian blocks into a single time segment, indicating that
we can treat them as stable sources. This is surprising, as each of these sources were originally
separated into two blocks in the cited work.

For PG 1553+113, one possible approach in order to make both analyses consistent could be to
manually define the time segmentation into two blocks, the data between 2013 and 2017, and
the data taken in 2019, since the variability in flux does present a significant change between
these two periods (although this difference is not present in the index values). Possible
reasons as to why these blocks end up overlapping each other are the high uncertainties
in both the flux and index values, as well as the relatively high rotation angle the ellipses
present. This pronounced rotation suggests a high correlation between the parameters, which
could be alleviated (at least partially) by recomputing the decorrelation energy at each block
and performing the fit with this new value for the reference energy. In our case, however, we
have decided to fix the reference energy to that of the complete dataset for the variability
analysis, and combine the blocks in order to remain methodologically consistent.

For H 2356-309, the obtained light curve does not show significant variability in the spectral
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Figure 10: Spectral evolution analysis of some sources out of our blazar
dataset, with the index I' and normalization Ny parameters plotted along
with their uncertainties and the ellipses corresponding to 1o, 20, and 30
confidence levels, with the latter being used to combine different blocks
for the final segmentation. In the legend, the list of Bayesian blocks
found by the algorithm for the flux light curve are denoted by their start
and end times in the modified Julian day (MJD) format. The remaining
plots for all sources in our dataset can be found in Appendiz A.
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flux beyond statistical uncertainties, with three Bayesian blocks found with very similar
average flux values. The variability is more pronounced in the index values, with an apparent
index-flaring state that approximately corresponds to the blocks found for the flux. However,
the best-fit ellipses present a high degree of overlap, even if we were to ignore their rotation
angle, suggesting a single time block is sufficient to describe the emission from this source.

Another interesting case is that of 1ES 1101-232. For this source, we find two distinct
Bayesian blocks on the flux, whose associated ellipses do not overlap at all, thus requiring
their separate treatment. This variability is not present in previous analyses [35, 52], and
is also not accompanied by any variability in the spectral flux. However, apart from the
aforementioned sources, generally all other sources in our dataset present light curves and a
final time segmentation that is fully consistent with our expectations based on previous work.

The segmentation obtained for the new sources is also consistent with our initial expectations.
Both 3C 279 and PKS 0346-27 correspond to relatively short observation periods, and thus
no significant variability can be adequately detected (especially in the case of PKS 0346-27,
corresponding to a single detection night, rendering the variability analysis trivial). For PKS
0903-57, the found time segmentation is also consistent with the published results [139], as
the authors also describe an overall decrease in flux during the first three nights, and its
stabilization for the remaining three (which, as we will see later, is also associated to a change
in the best-fit spectral model shape).

The final time segmentation obtained for each source will be shown explicitly in the following
sections, such as in Section 4.3 with Table 4, displaying the individual time blocks along with
the results of the fit performed for each source considered.

As a final remark, in order to account for any possible flaring in the Fermi-LAT data that
is not significantly detected by H.E.S.S., an additional check has been performed with the
publicly available light curves obtained from LAT observations [157], finding no additional
undetected flaring periods for any of our sources within the considered time periods.

4.2 Fermi-LAT data analysis

FTER performing the initial H.E.S.S. time variability analysis and obtaining the final

time segmentation for all of our sources, we can now focus on performing the main
intrinsic spectral analysis for each source and time block in our dataset. We will begin by
analyzing the data from the Fermi-LAT, as its 4FGL catalog will serve as an initial ansatz
for the spectral model of our sources and their initial parameters.

This analysis is performed by considering a region of interest (Rol) centered at the position
of each source, with an angular size of 10 deg, and a spatial binning of 0.1 deg per pixel. The
energy is binned at 2 bins per decade, considering an energy range between 1 and 300 GeV.
The relevant time selection is explicitly provided in terms of mission elapsed time (MET)
from the start of the LAT operations, and corresponds to the time segmentation found in the
previous section.

To begin our analysis, we initialize the required GTAnalysis class from FermiPy specifying
the configuration file, which contains all the analysis choices required for the data analysis
and processing. In particular, we select the SOURCE event classes (class ID 128) corresponding
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to both FRONT and BACK photon detections (type ID 3). Additional filtering is provided
via the data quality selection DATA_QUAL>0, and selecting only observations during nominal
instrument operation via LAT_CONFIG == 1. A zenith angle cut is set at 90 deg, to account
for emission from the Earth’s limb.

Following the recommendations from the GammaPy community [130], in order to make the
resulting data fully compatible between the two frameworks, energy dispersion is disabled with
a binning set to edisp_bins = 0, and explicitly disabled for the isotropic and galactic diffuse
background models. The functions gta.compute_psf and gta.compute_drm are then used to
compute the required IRFs in a format compatible with GammaPy. For the analysis, we consider
the latest PASS 8 IRFs adequate for point-like source analyses (P8R3_SOURCE_V3), with the
associated isotropic iso P8R3_SOURCE_V3_v1 and galactic gll_iem v07 diffuse background
templates.

Once the setup has been performed, and all required files generated, we may begin our
analysis. In order to model the Rol, we include all the sources within the 10 deg area,
including the diffuse backgrounds. In order to account for gamma rays entering our Rol from
outside, nearby sources, we also include sources within a wider 20 deg region into our model.
These sources, with their spatial and spectral models and associated initial parameters, are
taken directly from the 4FGL DR4 catalog gl1_psc_v35 [125].

The FermiPy analysis can then be performed by, first, freeing the spectral parameters of our
target source, considered as either a power-law or log-parabola, defined by Eqgs. (28, 29),
respectively, as well as the normalization of the diffuse backgrounds. The spectral parameters
of sources within 3 deg of the center are free to vary during the fit, as well as the normalization
of the diffuse backgrounds and any significant sources with a T'S > 10 within the full Rol.

An initial maximum-likelihood fit is performed, with which we obtain the best-fit parameters
for all sources to our data. Afterwards, low-significance (TS < 5) sources are removed from
the Rol, and a search for additional sources is performed via the find_sources routine.
Finally, a last optimization and fit is performed, which yields the final model of the Rol.
This initial FermiPy analysis is used as both a required step that generates the files for the
subsequent GammaPy analysis, as well as an additional cross-validation analysis, to ensure both
frameworks provide comparable results and that no errors were introduced when migrating
the data and models between the two libraries.

In our specific use case, in order to load the resulting files and models into GammaPy, we found
it necessary to manually redefine the energy dispersion matrix as a purely diagonal response
matrix (as in some cases, certain bins were erroneously truncated). Similarly, the counts,
exposure, and background maps in our dataset have been extended to properly account
for models outside the Rol, which were then merged into a single TemplateSkyModel. An
additional step was also required to ensure compatibility between the FermiPy and GammaPy
model definitions and accommodate the different parameter naming conventions.

The resulting MapDataset in GammaPy then contains all the photon counts data, the relevant
IRFs, as well as the spatial and spectral models of all sources present within the Rol and
nearby as SkyModel objects. The model also includes the diffuse galactic and isotropic
backgrounds. A maximum-likelihood analysis is then performed once again, although in this
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case only allowing the parameters of the target source to vary, as well as the normalization of
the diffuse backgrounds.

Similarly to the procedure in the previous section, the decorrelation energy was computed,
and the model was re-fit on this new reference energy, providing the final results which are
summarized in Table 3. In the context of this work, systematic uncertainties in the Fermi-LAT
analysis are not considered, as they are expected to be subdominant. This is due to the fact
that the main uncertainties corresponding to the data at this energy range are expected to
be dominated by statistics. Furthermore, the ALP-upturn sensitivity is given primarily by
the higher-energy H.E.S.S. data, and the joint likelihood analysis for the combined data will
suppress any systematic contribution from the LAT.

Source Name Observation Range Ny r I3 Ey
[DD.MM.YYYY] [GeV~! cm™2 57! [GeV]
1ES 0229+200 04.08.2008 — 04.08.2022 (7.58 +1.00) - 10~'2  1.70 4 0.10 - 6.63
1ES 0347-121 04.08.2008 — 04.08.2022 (3.09+0.32) - 10~ 1.774+0.08 - 3.60
1ES 04144009 04.08.2008 — 04.08.2022 (3.38 +£0.31) - 10~ 1.78 +0.07 — 4.17
1ES 1101-232 04.08.2008 — 04.08.2022 (1.21£0.13) - 10711 1.60 £ 0.08 - 6.26
1ES 1312-423 04.08.2008 — 04.08.2022 (1.28 +0.14) - 10~ 1.70 4 0.07 - 6.03
1RXS J101015.9-311909  04.08.2008 — 04.08.2022 (2.05 4+ 0.16) - 10~ 1.71 4 0.06 - 5.92
3C 279 24.01.2018 — 29.01.2018 (6.17+0.64) - 107%  2.51 +£0.17 - 1.97
PG 1553+113 03.06.2013 — 10.05.2019  (3.82+0.25) - 1079  1.3940.01 0.13+£0.04 2.64
PKS 0346-27 03.11.2021 — 04.11.2021  (3.10 4+ 1.72) - 107 1.89 4+ 0.55 — 3.22
PKS 0447-439 09.11.2009 — 07.12.2010  (1.05 4 0.06) - 10~ 1.99 & 0.06 - 2.93
PKS 0903-57 13.04.2020 — 13.04.2020 (8.35+2.13) - 10797 2.1340.38 —0.014+0.09 0.90
PKS 0903-57 14.04.2020 — 15.04.2020 (8.38 £ 1.35) - 1079 2,46 +0.25 - 2.03
PKS 0903-57 15.04.2020 — 17.04.2020  (9.67 £1.03) - 10798  2.19+0.14 - 2.36
PKS 1510-089 20.03.2009 — 10.05.2016  (2.29 +£0.23) - 1079 2.36 £ 0.14 - 2.23

Table 3: Results obtained by performing a spectral fit of the target source model to the Fermi-LAT
data. The observation ranges correspond to either the 14-year averaged time selection, for non-variable
sources with no contemporaneous LAT data, or the time range of the corresponding H.E.S.S. final
segmentation. Variable sources with no contemporaneous LAT data have been omitted, and the source
1ES 1101-232 has been merged into a single, averaged time block.

Overall, the results presented here are in agreement, within uncertainties, with published
studies of these sources, in particular comparing the value of the spectral indices [138, 142,
144, 148, 158, 159]. Deviations are found in 1ES 02294200 [140], 1ES 1101-232 [136], and
1RXS J101015.9-311909 [145], with our indices being lower than the reported I' = 2.5 £ 0.2,
I'=19+0.2, and I' = 2.1 £ 0.2, respectively. However, all these studies were performed
during different observational periods than those considered here, and thus certain differences
are expected.

The sources 3C 279 and PG 15534113, also present significant differences with published
results (with reported I' = 1.99 £ 0.04 and I' = 1.68 £ 0.03, respectively) [71, 160]. In these
cases, however, the best-fit spectral model differs (as the one shown here corresponds to the
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best-fit model for the joint Fermi-LAT and H.E.S.S. data, as described in Section 4.4), and
thus different parameter values are also expected. Finally, for PKS 0903-57, the results also
present differences beyond uncertainties for the index parameter [139], with our results being
overall higher. This can also be attributed to the different time segmentation considered.
Despite certain differences in the obtained results, we do not expect these to affect the final
results on ALP upturns.

Figure 11 displays the results of this spectral analysis for a subset of sample sources from our
dataset, displaying the final SED obtained by both FermiPy and GammaPy, which we find to
be in excellent agreement. Each one of these plots displays the SED obtained for our model,
along with the statistical uncertainties at the 1o level as shaded regions. The flux points
have been calculated in both FermiPy and GammaPy with the built-in tools, following the
approach described in [161, 162], in which the differential flux is computed via a likelihood fit
considering the best-fit model for each energy bin. This allows also to compute asymmetric
uncertainties for the flux points (at 1o significance) and, in the case where the significance
is low (o < 2), upper limits on the flux. For the upper limits, we consider a lower error of
20% of the corresponding flux value. These confidence levels for flux point uncertainties and
upper limits are applied to all spectral modeling throughout the thesis.

4.3 H.E.S.S. data analysis

HE spectral modeling of our sources for the H.E.S.S. data is performed fully within

GammaPy. Once the data has been properly reduced and prepared, we can load it in
GammaPy as a Datasets object containing, for each observation, a SpectrumDatasetOnOff
class. A time selection is applied selecting the corresponding final time segmentation based
on the Bayesian blocking and spectral variability analysis carried out in Section 4.1, and the
dataset is generated. A resampling of the energy axis is also performed, in which we apply a
binning of 4 bins per decade across the full considered energy range between 0.1 TeV and
31.6 TeV.

As an initial selection, we consider the resulting best-fit spectral model obtained from the
Fermi-LAT analysis (which, in turn, is based on the 4FGL DR4 initial model choice), chosen
as either a power-law or log-parabola spectral model (Egs. (28, 29), respectively). In order to
ensure numerical convergence, we convert all the parameters into the relevant H.E.S.S. (TeV)
energy scale, and the reference energy is reset initially to 1 TeV.

In order to account for EBL absorption, the library EBLTable 0.6.3 [163] is used to define
the absorption model based on tabulated optical depth data, including the redshift z of the
source as an input. This is incorporated into GammaPy as a TemplateSpectralModel, which
is then combined with the base spectral model into a CompoundSpectralModel. As a baseline
for our study, we consider the Dominguez et al. EBL model (2011) [83], although this same
analysis is also performed for the models by Finke et al. (2022) [84], Franceschini et al. (2008)
[85], and Saldana-Lopez et al. (2021) [86]. Optionally, a spatial model may also be taken
from the Fermi-LAT fit and included into the resulting SkyModel, although its parameters
will remain frozen and therefore not contribute during the likelihood computation.

As previously, the spectral parameters of the source are obtained by performing a maximum-
likelihood fit. The initial values are taken as the best-fit Fermi-LAT parameters, with a
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Figure 11: Obtained SED models for the Fermi-LAT data considering a sample of sources from our
dataset. In light blue are shown the spectral model (discontinuous line), the associated uncertainty
(shaded region), and the fluz points and upper limits with their associated uncertainties, obtained with
FermiPy. Similarly, in dark blue, the model and fluz points obtained via GammaPy are shown.
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4 INTRINSIC SPECTRAL ENERGY DISTRIBUTION MODELING

reference energy of 1TeV, are bounded to remain within a physically meaningful range,
improving numerical convergence. The fit itself is also performed sequentially, re-evaluating
the model at the decorrelation energy as the reference to obtain the final results.

However, at this point, we must consider the possible systematic uncertainties introduced
when analyzing H.E.S.S. data. These systematic uncertainties may affect our results by
modifying or otherwise distorting the obtained spectrum, modifying the ALP likelihood.
These may arise from, for example, imperfect modeling of the atmosphere, efficiency and
response of the instruments, the event reconstruction process, or the data reduction and
analysis process, along with the different relevant parameter choices considered [112]. During
the analysis, these usually correspond to a shift of the energy scale, the modification of the IRF
shape, and thus different levels of error on the spectral parameters. One approach towards
computing these uncertainties is performing multiple analyses with different parameter choices
[33].

An alternative approach is considered in this work, by considering a modified likelihood
term which includes an additional parameter to account for this energy shift [112]. In our
case, we introduce an energy rescaling of the form E — FE(1 + s), where an additional
bias parameter s is introduced. This parameter is then left free to vary, such that the
systematic uncertainty in the energy scale is profiled over during the likelihood fit. We impose
a Gaussian prior on this parameter with a width of o5 = 0.15 corresponding to the usual
H.E.S.S. 15% uncertainty in the energy scale [33]. This is implemented in GammaPy by defining
a new BiasedCompoundSpectralModel, which includes the bias parameter and performs the
energy-rescaled evaluation of any initial spectral model introduced as an input. An additional
BiasedPriorSpectrumDatasetOn0ff was also implemented to ensure compatibility of the
SpectrumDatasetOn0ff dataset class in GammaPy with our biased model. This includes a
redefinition for the computation of the total statistic or log-likelihood, taking into account
the Gaussian prior, such that:

2

log 2biaus(ev 5) = 10g£(9) -2

27
207;

(46)

where log £(6) represents the usual log-likelihood for the data. The implementation of
these classes was performed following the code structure of their parent classes, ensuring
compatibility with other standard GammaPy features. This enables us to easily include this
model in Datasets objects, evaluate it at any given energies, and plot the resulting SED,
utilizing the standard SpectralModel functions.

With this approach, the likelihood fit is then run one last time, with the reference energy
set to the decorrelation energy, and including this new bias parameter to account for the
systematic uncertainties. This allows us to obtain the final H.E.S.S. intrinsic spectral analysis
results, which are summarized in Table 4.

The results shown here are, overall, consistent with previous works [35], presenting similar
values for the index and normalization across most sources (although, due to the unavailability
of uncertainties, only a qualitative comparison can be performed). In particular, we obtain an
index slightly higher for 1ES 0229+200 than the reported value, while for 1ES 04144009 and
PKS 1510-089, our index is lower, although still within our uncertainties. The highly-variable
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4.3 H.E.S.S. data analysis

PKS 2155-304 also shows the expected different spectral states with varying curvature, while
the rest of the sources can be described consistently with a simple power-law model. In
the case of PG 15534113, the best-fit model for the joint Fermi-LAT and H.E.S.S. data
corresponds to a log-parabola (as we will see in Section 4.4). However, when considering only
the H.E.S.S. data, a power-law offers a better fit, resulting in a curvature parameter consistent
with 5 = 0. We have also found that performing the analysis with the full log-parabola model
significantly improved the numerical convergence for this source.

For the case of the new sources, the spectral parameters obtained for PKS 0346-27 differ
from those reported in [138] and present high uncertainties, as is expected, due to the
limited observation time for this source. These results suggest that a H.E.S.S.-only fit does
not properly converge for this source, requiring to combine it with data from Fermi-LAT.
Considering the source PKS 0903-57, the differences between the reported index values in the
literature [139] and those obtained here are also somewhat expected, as we are considering
a different time segmentation (based on the Bayesian blocks found, rather than a nightly
binning). However, we have managed to observe the same variability in the index value,
presenting an overall decrease in time, and the evolution from a log-parabola into a power-law
best-fit model.

In most cases, the bias parameter included corresponds to a small shift in energies, fully
consistent with s = 0. Perhaps the only exceptions to this are PKS 2155-304, where blocks
6 and 7 are best described with a relatively-high value for the bias of s ~ —0.15, although
their associated uncertainties are almost of the same order. This is fully expected, as we are
only considering data from H.E.S.S. The main advantage of including this bias parameter
will be more visible in Section 4.4, where this energy shift will attempt to compensate for
any differences with the spectrum obtained from the Fermi-LAT instrument.

Similarly, the SED obtained for a small subset of sources is displayed in Figure 12, including
explicitly the individual contributions from the statistical and systematic uncertainties towards
our model.

As an additional validation step, a cross-check has been performed internally within the
H.E.S.S. collaboration for each one of the sources in the dataset by comparing the light curves
from Section 4.1 as well as the SED and best-fit model parameters for the “baseline” H.E.S.S.
data (corresponding to an average SED obtained from the complete observation time range
available for the considered data). The results shown here are based on data from the HAP-HD
(Heidelberg) analysis chain, which relies on the H.E.S.S. Analysis Package (HAP) framework.
Via this cross-validation process, our results have been found to be fully compatible and in
good agreement with an independent analysis performed within the HAP-Fr (France) analysis
chain, based on the Model++ software [164]. The cross-checks were already performed for
the sources present in previous related works [35], for which a direct comparison was made,
and they were then extended by including the three new sources considered in this work.
Due to the agreement of this data, we conclude that no fundamental errors in the analysis or
processing procedure of H.E.S.S. data are present.
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Figure 12: Obtained SED models for a sample of sources from our dataset considering the Dominguez
et al. (2011) EBL model [85]. In red are shown the spectral model (discontinuous line) as well as
the computed flux points with their uncertainties and upper limits. The uncertainty of the model is
plotted displaying explicitly the contribution of the statistical (in darker shade of red) and systematic
(in lighter shade) uncertainties.
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4.4 Joint Fermi-LAT and H.E.S.S. data analysis

Source Name Observation Range Ny T B Ey SH.E.S.S.
[DD.MM.YYYY] [TeV~! cm™2 571 [TeV]

1ES0229+200 11.09.2004 - 08.01.2019  (1.53 £+ 0.70) - 10712 1.9140.14 1.08 0.001 £ 0.153
1ES0347-121 26.08.2006 — 31.12.2013  (1.38 £1.37) - 10711 2.2240.23 - 0.43 0.022 £+ 0.300
1ES0414+4-009 03.10.2005 — 17.10.2010  (7.82 +4.36) - 10712 1.61 & 0.42 - 0.46  —0.009 +0.148
1ES1101-232 17.04.2004 — 24.04.2006  (1.03 & 0.47) - 10711 1.8440.13 - 0.52  —0.066 £ 0.139
1ES1101-232 23.05.2006 — 28.05.2019  (9.17 +£3.70) - 10712 1.77+£0.15 - 0.48 0.016 +0.138
1ES1312-423 15.04.2004 — 12.07.2010  (1.37 4 0.66) - 10712 2.2940.32 - 0.68 0.011 +£0.149
1RXSJ101015.9-311909  21.12.2006 — 17.04.2010 (4.22 £2.22) - 10712 2.40 4 0.46 - 0.46 0.036 £ 0.158
3C279 24.01.2018 - 29.01.2018  (3.26 £2.17) - 10710 2.0740.98 - 0.21  —0.001 £0.150
H2356-309 16.06.2004 — 08.11.2009  (9.08 + 3.55) - 10712 2.0540.10 0.47 0.039 £0.131
PG1553+113 03.06.2013 — 10.05.2019  (6.36 +5.21) - 10710 3.11+£0.57 0.00+0.01  0.31 0.030 £0.148
PKS0346-27 03.11.2021 - 04.11.2021  (1.37 £1.27) - 10799 2,07 £2.77 - 0.17  —0.001 £ 0.150
PKS0447-439 09.11.2009 — 07.12.2010  (6.68 +4.29) - 10711 1.83 +0.43 - 0.45 —0.015+0.147
PKS0903-57 13.04.2020 — 13.04.2020 (6.91 £4.49) - 10710 2.604+0.63 0.41+0.61 0.42 0.019 +0.147
PKS0903-57 14.04.2020 — 15.04.2020 (8.33 £5.73) - 1071 2.63 +0.39 - 0.48 —0.015+0.149
PKS0903-57 15.04.2020 — 17.04.2020  (2.03 £ 1.40) - 10710 2.9240.19 - 0.46 0.012 £+ 0.147
PKS1510-089 20.03.2009 - 10.05.2016  (2.87 £1.71) - 1071 1.2940.76 - 0.41 0.014 £0.148
PKS2155-304 30.06.2006 — 27.07.2006  (2.24 +1.10) - 10719 3.02 £ 0.09 0.36  —0.005 £ 0.135
PKS2155-304 28.07.2006 — 28.07.2006  (3.21 +1.08) - 107 2.62 & 0.04 - 0.42 —0.005=+0.103
PKS2155-304 28.07.2006 — 29.07.2006  (9.04 +4.54) - 10710 2.89+0.25 0.38+0.15 0.32 0.013 £0.147
PKS2155-304 29.07.2006 — 30.07.2006 (2.76 +0.89) - 1079 2.20+0.14 0.374+0.04 0.40 —0.028 4+ 0.108
PKS2155-304 30.07.2006 — 31.07.2006 (1.20 +0.56) - 1079  2.47+0.20 0.36+0.07 0.37 —0.056 4 0.140
PKS2155-304 01.08.2006 — 01.08.2006 (3.13+1.97) - 1071 3.1040.10 - 0.44 —0.154+0.142
PKS2155-304 02.08.2006 — 04.08.2006  (1.49 £ 0.90) - 10710 3.09 4 0.09 - 0.43 —0.159 £0.136
PKS2155-304 05.08.2006 — 20.09.2006  (1.29 £ 0.65) - 10710 24640.23 0.30+£0.12 0.35 —0.045+0.155

Table 4: Results for the spectral parameters of each source obtained from the mazimum-likelihood
analysis of the H.E.S.S. data, considering the baseline Dominguez et al. (2011) EBL model [83]. In
particular, shown are the final time segmentation obtained for each source, and the spectral parameters:
normalization Ny and index I'. In the case of log-parabola being preferred as the spectral model, the
additional B parameter is also included. All parameters are obtained by considering as reference energy
Ey the decorrelation energy Ege.. The last column includes the bias parameter s = Sy g.s.s. -

4.4 Joint Fermi-LAT and H.E.S.S. data analysis

NCE the individual spectral modeling has been performed on both the Fermi-LAT

data as well as the H.E.S.S. data, for each one of our sources and time segmentation
periods, we may now perform a joint analysis combining both datasets in GammaPy into a
single Datasets object, and performing a multi-instrument spectral modeling across the
whole energy range between 1 GeV and 31.6 TeV, following the maximum-likelihood method
described in Section 3.3.2 with a joint log-likelihood given by Eq. (42).

The fit procedure is exactly the same as in the previous sections, where an initial fit of our
models to the data is performed with a fixed initial energy (in this case, maintained as the
decorrelation energy found from the H.E.S.S.-only fit), and re-run using the new decorrelation
energy corresponding to the full dataset. As usual, only the target source remains free in
these fits, which is present for both the LAT and H.E.S.S. datasets. In this case, however,
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4 INTRINSIC SPECTRAL ENERGY DISTRIBUTION MODELING

two main considerations must be taken into account.

Firstly, in order to correctly include the H.E.S.S. systematic uncertainties, we must utilize the
BiasedPriorSpectrumDatasetOn0Off with a BiasedCompoundSpectralModel. This requires
a definition of two separate SkyModel objects for our source, an unbiased version to be
evaluated in the LAT energy range, and the model containing the bias parameter for H.E.S.S.
data. The intrinsic spectral parameters (except for the additional bias parameter) are shared
and linked between these models.

Secondly, in order to properly account for the EBL absorption, the template spectral EBL
model must be recomputed using EBLTable considering an extended energy range across
both instruments. In principle, EBL attenuation will not affect the data from Fermi-LAT, as
the optical depth is typically 7 < 1 for the relevant energy range. However, slight variations
in the spectrum may still be observable when studying highly-redshifted sources, in particular
for energies when the sensitivity of the LAT and H.E.S.S. overlap.

A summary of the obtained results for the intrinsic spectral modeling of the joint Fermi-LAT
and H.E.S.S. datasets, considering the baseline Dominguez et al. EBL model (2011) [83] can
be found in Table 5.

Comparing our results with similar studies [52], we observe broadly consistent spectral
parameters. The computed decorrelation energies are all within the energy bounds for both
instruments considered. The wide range spanned by the flux normalization in terms of orders
of magnitude (between 1072 TeV~tem 257! to 107 TeV ! em™2571) could be explained
by the fact that, in our study, we evaluate the model at the decorrelation energy computed
for the joint Fermi-LAT and H.E.S.S. dataset, instead of fixing it to that obtained for a
single instrument. The spectral index values are mostly consistent, within uncertainties,
across all sources considered. However, some discrepancies are found, for example in the
cases of 1ES 0347-121, 1ES 04144009, 1ES 1101-232, PG 1553+113, PKS 0447-439, PKS
1510-089, or some blocks of PKS 2155-304. Some of these discrepancies could be attributed
to slightly different time segmentations for each source, or variations in the analysis or data
reduction methodologies. The preference for a log-parabola spectral model is consistent with
the reference, mostly occurring for PG 15534113 and certain blocks of PKS 2155-304, as
well as the first time block of PKS 0903-57 [139]. Finally, the obtained bias parameters are
also comparable to the literature, often with values compatible with zero, and with high
uncertainties. Exceptions to this are 1ES 0347-121, 1ES 1101-232, 1ES 1312-423, as well as
blocks 6 and 7 of PKS 2155-304, where the value of the parameter exceeds its uncertainty,
indicating a non-zero energy shift preferred.

Figure 13 and Figure 14 display the resulting best-fit spectral models for all the sources in
our dataset.

Once this fit has been completed, we also perform an additional intrinsic model curvature
test. For each source and block in the time segmentation, we compare the resulting total fit
statistic obtained for the dataset considering both a power-law and log-parabola models. In
order to study exclusively the intrinsic spectrum without EBL attenuation effects, we limit
the fit to energies £ < E(7 = 2) below the optically-thick regime defined. A test statistic is
then computed between the two models, with the log-parabola model being chosen whenever
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5 SPECTRAL UPTURN MODELING AND SIMULATIONS

Source Name Observation Range Ny T 8 Ey SH.ES.S.
[DD.MM.YYYY] [TeV~! cm™2 s71) [TeV]

1ES 02294200 11.09.2004 — 08.01.2019  (9.16 +2.25) - 10~'2  1.70 4 0.06 - 0.32 —0.089 £ 0.106
1ES 0347-121 26.08.2006 — 31.12.2013  (1.47 +£0.24) - 1070 1.66 + 0.05 0.08 —0.089 £ 0.081
1ES 04144009 03.10.2005 — 17.10.2010  (3.46 £0.35) - 1079  1.77 £ 0.06 - 0.02 0.012 4+ 0.081
1ES 1101-232 17.04.2004 — 24.04.2006 (7.53 +1.37) - 10711 1.63 £ 0.06 - 0.15 —0.087 £ 0.081
1ES 1101-232 23.05.2006 — 28.05.2019  (1.46+0.21) - 10710 1.56 +0.05 - 0.09 0.095 £+ 0.089
1ES 1312-423 15.04.2004 — 12.07.2010  (8.1740.95) - 10719 1.8240.05 - 0.03 0.178 £ 0.113
1RXS J101015.9-311909  21.12.2006 — 17.04.2010  (2.88 +0.20) - 1079  1.78 + 0.03 - 0.02 0.250 & 0.001
3C 279 24.01.2018 - 29.01.2018  (2.58 +£0.43) - 107% 2,58 +0.11 - 0.01 0.015+0.116
H 2356-309 16.06.2004 — 08.11.2009  (9.08 & 3.55) - 10712 2.05+0.10 - 0.47 0.039 +0.131
PG 15534113 03.06.2013 — 10.05.2019  (4.21 £3.15)-107'0 2474043 0.114+0.06 0.10 —0.062+0.144
PKS 0346-27 03.11.2021 — 04.11.2021  (1.30 £0.82) - 1079  1.94+0.23 - 0.06 0.007 +0.138
PKS 0447-439 09.11.2009 — 07.12.2010 (1.12+0.08) - 10797 1.73 +£0.05 - 0.01 0.014 £ 0.068
PKS 0903-57 13.04.2020 — 13.04.2020 (3.65+2.04) - 10710 2.844+0.22 0.09+0.03 048 —0.027 +£0.115
PKS 0903-57 14.04.2020 — 15.04.2020 (1.14+0.45) - 10798 242 +0.11 - 0.06 —0.022+0.138
PKS 0903-57 15.04.2020 — 17.04.2020 (2.57 +£1.24) - 1079 248 +0.11 - 0.17 0.015 4+ 0.140
PKS 1510-089 20.03.2009 — 10.05.2016  (7.1240.73) - 10797 2.30 4+ 0.09 - 0.01  —0.098 £ 0.099
PKS 2155-304 30.06.2006 — 27.07.2006  (2.24 +1.10) - 1070 3.02 + 0.08 - 0.36  —0.005+0.135
PKS 2155-304 28.07.2006 — 28.07.2006  (3.21 +1.08) - 1079  2.62 + 0.04 - 0.42 —0.005 =+ 0.103
PKS 2155-304 28.07.2006 — 29.07.2006  (9.04 +4.54) - 10710 2.894+0.25 0.38+£0.15 0.32 0.013 +0.147
PKS 2155-304 29.07.2006 — 30.07.2006  (2.76 +0.89) - 1079 2.204+0.14 0.37+0.04 040 —0.028 +0.108
PKS 2155-304 30.07.2006 — 31.07.2006  (1.20 +0.56) - 1079  2.474+0.19 0.36+0.07 0.37 —0.056 & 0.140
PKS 2155-304 01.08.2006 — 01.08.2006 (3.13+1.97)-107'0 3.10+0.10 - 0.44 —0.154+0.142
PKS 2155-304 02.08.2006 — 04.08.2006  (1.49 +0.90) - 1071 3.09 + 0.09 - 0.43 —0.159 £0.136
PKS 2155-304 05.08.2006 — 20.09.2006  (1.29 £0.65) - 10710 2.46+0.23 0.304+0.12 0.35 —0.045+0.155

Table 5: Results for the spectral parameters of each source obtained from the joint likelihood modeling
of the Fermi-LAT and H.E.S.S. data, considering the baseline Dominguez et al. (2011) EBL model
[83]. In particular, shown are the final time segmentation obtained for each source, and the spectral
parameters: normalization Ny and index I'. In the case of a log-parabola being preferred as the
spectral model, the additional 8 parameter is also included. All parameters are obtained by considering
as reference energy Eqy the decorrelation energy Fge.. The last column includes the bias parameter
evaluated only for the H.E.S.S. model.

TS > 4, that is, at the 20 level. In case the initial spectral model considered is not the best
intrinsic model found by this approach, the full analysis is repeated with this new model. In
this way, the tables displaying the results shown throughout the previous sections already
included information from this curvature test. This test can also be performed individually
by FermiPy on the LAT data alone, although by including data from H.E.S.S., which may
present considerable overlap, a better estimate can be obtained.

5 Spectral upturn modeling and simulations

ITH the main intrinsic spectral analysis complete, we can now focus our attention
towards performing the main search for spectral upturns in our sources, and in particular
whether these upturns could be explained by the photon-ALP conversion scenario we consider.
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Figure 13: Obtained joint Fermi-LAT and H.E.S.S. SED for the sources considered in this work
considering the Dominguez et al. (2011) EBL model [83]. In blue, the flux points or upper limits
corresponding to the Fermi-LAT data, and in red, those for H.E.S.S. The model is shown as the
discontinuous line, with the shaded region being the associated uncertainty.
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Figure 14: Continuation of Figure 13.
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5 SPECTRAL UPTURN MODELING AND SIMULATIONS

In order to accomplish this, we will separate the task into two parts.

To begin, in Section 5.1 we will perform a statistical search for upturns purely by performing
a likelihood fit of a spectral model which includes an upturn in the form of a smooth spectral
break. This allows us to obtain a measure of the likelihood that such an upturn is favored by
the data.

The next step, presented in Section 5.2, will then be to perform simulations of the photon-ALP
beam propagation scenario across the considered astrophysical environments in order to
obtain a measure of what the expected upturns look like when caused by oscillations of
the emitted gamma rays with ALPs. In this step, we will therefore need to numerically
compute the photon survival probability, and quantify the expected boost in the spectrum by
incorporating photon-ALP conversion effects.

5.1 Modeling the likelihood of spectral upturns

N order to perform a search for possible upturns within our data, the main strategy will

be to attempt to fit our data with a custom spectral model. This new model will include
the intrinsic model folded with the EBL absorption, ¢, - ¢EBL, as well as an additional
multiplicative term in the form of a smooth spectral break defined as:

E O\ AT/Borx —Bork
Pork = [(1 ~ k) ] ) (47)

where AI' = I'y,x — I' is the difference of spectral index before and after the break, and Spyi
is a smoothing factor. To ensure the break corresponds to an upturn in the spectra expected
by our photon-ALP conversion scenario, we enforce AI' < 0, that is, the spectrum hardens
after the break energy FEyy, leading to higher photon fluxes at the highest energies. We also
set f = 1 and fix it throughout the analysis.

Therefore, the total model that will be used to fit our data and quantify the likelihood of
an upturn being present will be given by a combination of the intrinsic model, including
EBL, and this additional spectral break. The smooth spectral break model given by Eq. (47)
can be thought of as a generalization of the BrokenPowerLawSpectralModel class available
in GammaPy, that has been modified to allow for the use of any other model as the intrinsic
spectral model for our source (both with and without EBL attenuation). Our implementation
of this SmoothBrokenSpectralModel (a custom SpectralModel), defines this additional mul-
tiplicative factor and its relevant parameters, and specifies how its evaluation must be carried
out. The total spectral model can then be defined as a CompoundUpturnSpectralModel.

The search for spectral upturns in our data is performed for both the case of only H.E.S.S.
data, in an attempt to reproduce the results from previous work [35], and for the novel case
including both Fermi-LAT and H.E.S.S. Treating both cases separately also allows us to
identify the effects of the inclusion of the LAT data towards constraining the possible upturns.

We consider, initially, the best-fit intrinsic models found for either the H.E.S.S. fit described
in Section 4.3 or the joint Fermi-LAT and H.E.S.S. modeling from Section 4.4, in both cases

including the considered EBL absorption model. The intrinsic model is then combined with
the new break model Eq. (47).
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We then define a grid over the spectral break parameters selecting physically-motivated ranges
for the break parameters. The selection of these ranges is defined considering where upturns
due to photon-ALP oscillations could occur for light ALPs in the strong mixing regime, for
the considered astrophysical environments, as well as taking into account the sensitivity of
our instruments. In particular, we consider an energy range for the spectral break to occur
above energies at which the optical depth equals unity, Ey, > E(7 = 1). This lower bound
will be different for each source, and below these energies we do not expect to be able to
distinguish any upturn signatures due to the fact that EBL attenuation will be negligible.
An upper limit for the break energy is considered at Fy < 31.6 TeV, which was also used as
the energy bound for the data reduction, above which the sensitivity of H.FE.S.S. is reduced
drastically. The change in index will be bounded between the values AI' = 0, which implies
'y = I and therefore no upturn, and AT' = —5 which corresponds to an extremely sharp
upturn. In order to improve the numerical convergence, instead of selecting AI' = 0, we
instead choose AT' = —0.01, as the vanishing index difference implies a degeneracy for the
break energy.

Following these considerations, a maximum-likelihood fit is performed, fitting our upturn
model onto the data across the grid defined by each break parameter. This grid is constructed
with a logarithmic binning in energies and linear binning in the index difference, with a total
of 20 points for each.

In an iterative process, we loop over each point in the parameter grid and perform a fit with
only the intrinsic spectral parameters being left free (that is, the normalization Ny, index
I, and, if present, 3). The bias parameter which accounts for H.E.S.S. systematics is also
kept frozen during the fit, and therefore does not contribute to the final fit statistic. At the
beginning of each iteration, the parameters of the model are reset to their initial best-fit
values.

For each point in our grid, we perform a convergence check (beyond the standard fit result
status given by GammaPy) to make sure the fit has been successful. We do this by checking
that all parameters have converged to values within the allowed range, and not saturated
to one of the boundaries (which would inflate the fit statistic, as the uncertainty of the
parameter is pushed to zero). Each fit is attempted up to 10 times if it fails to converge at
any point. In some cases, in order to improve the convergence, we have found it necessary
to also relax the boundaries of the free intrinsic parameters and allow for a wider range of
values (even though the optimized parameters don’t necessarily converge to values within
this range). For all sources, the final fits across all points in the grid converge correctly.

The result of this is a two-dimensional likelihood grid across the considered upturn parameter
space, in which each point has an associated total fit statistic of our upturn model, that
is, how favorable each upturn parametrization is given our data. This total statistic will
therefore be the sum of the Wi, from H.E.S.S. and, if present, the Cash statistic Cgyay from
the Fermi-LAT fit, as described in Section 3.3.2. This procedure is then repeated for each
source in our dataset, each time block found, and across the different EBL models considered.
In the remainder of this work, we will also denote this total fit statistic as the C-statistic.

A selection of certain examples of these likelihood grids can be found in Figure 15, while the
plots for all the considered sources and time blocks in this work can be found in Appendix B.
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Figure 15: Sample of upturn grids (break energy Epyi, in TeV, versus index change AT') obtained for
a selection of the considered sources in this work, for both H.E.S.S.-only and joint Fermi-LAT and
H.E.S.S. datasets. The value in each point is represented by the colorbar, with higher values (darker
colors) representing regions where an upturn offers a worse fit, compared to the lighter colors. The
grids are normalized, such that the best-fit upturn model corresponds to a null total statistic. Contours
are plotted corresponding to 1o, 20, and 30 confidence levels. The color map has been rescaled on a
square root scale for visualization purposes. The remaining plots for all sources and time blocks in our
dataset, for the considered baseline EBL model, can be found in Appendiz B.
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In these plots, we present the grid defined by the break energy Fi,i, expressed in TeV and
shown in the vertical axis, and the index difference AI', in the horizontal axis, with the value
of the total statistic found from the fit displayed at each point by the corresponding color
bar. We have subtracted the best-fit point across the grid, such that the best-fit upturn
model corresponds to a zero total statistic. For higher values of ACqtat, the upturn model is
increasingly disfavorable by the data. This can be easily visualized, with lighter sections of
the plots corresponding to “allowed” upturns that present a relatively good fit to the data,
and dark sections corresponding to “constrained” regions of the upturn parameters, where the
inclusion of the upturn considerably worsens the overall fit quality. Additionally, whenever
possible, statistical significance contours are also plotted at the 1o, 20, and 30 levels.

We will begin our discussion of these plots by considering those corresponding to H.E.S.S.-only
data, focusing on the sources in common with previous analyses. In this case, we find results
mostly consistent with the previous work [35], with sharp, low-energy upturns being generally
rejected by the data across all sources, displaying significant variability as to how large
the constrained upturn parameter regions are. Generally, the best-fit models seem to be
distributed along the edges of the grids opposite the statistically-disfavored region (that is,
either sharp upturns with very high break energies, or very subtle upturns across all break
energy values).

For certain sources (e.g. 1ES 02294200 and 1ES 0347-121), the best-fit model seems to
be much closer to the high AC.,t region, indicating a possible hint of a preferred upturn
with “well-defined” parameters. Perhaps the most surprising cases are PKS 1510-089, and
certain blocks of PKS 2155-304 (in particular, blocks 3, 4, 5, and 8), in which upturns with
intermediate-high AT values seem to be favored by the data at lower energies (below 10 TeV).
In the case of PKS 1510-089, this corresponds to relatively low TS values, although the other
cases seem to present a much higher statistical significance, possibly hinting at the preference
of an upturn in the data.

Another very interesting case is 1RXS J101015.9-311909, in which a “band” of preferred
upturns can be seen, with a best-fit occurring at AT' ~ —3.5 and Fyi ~ 0.6 TeV, and with
relatively low TS values extending across the surrounding region in the parameter space.
This is another case of a source which seems to favor our upturn model, although the overall
TS values are also lower than in the other sources.

The inclusion of Fermi-LAT data, which represents a major contribution with respect to
previous analyses [35], introduces significant modification to the upturn likelihood grids. The
general trend observed across our sources can be visualized by considering the first row of
Figure 15, corresponding to 1ES 0229+4200. Here, the inclusion of LAT data substantially
extends the region of disfavored upturn parameters towards larger break energies and smaller
index differences. This is exactly the expected behavior, also hypothesized in [35], as by
including data from this instrument, we are effectively strongly constraining the intrinsic
spectrum of our sources. This breaks a degeneracy present in the H.E.S.S.-only analysis, in
which certain upturn models could present good fit statistics despite a poor description of the
low-energy spectral shape. This manifests itself within the grids as a broad upturn-allowed
region, and is then reduced by performing a joint fit with both instruments.

An interesting exception to the general behavior found is PKS 1510-089. As we have discussed,
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the upturn grid obtained with data from only H.E.S.S. displayed a slight preference for low-
energy upturns with low index difference. Including data from the LAT, however, does not
seem to resolve this as in the other sources. Instead, the best-fit model is “pushed” into
higher-valued AT still located at the lowest energies. The usual, high-TS region is still present,
and now rules out the previous best-fit model, and any upturn occurring at low energies at
high index change. This behavior appears to suggest a possible preference for the upturn case
that is also present when considering LAT data, although the overall ACs.; values obtained
across the grid seem much lower than the other sources.

An additional feature also appears in the case of the joint Fermi-LAT and H.E.S.S. upturn
grids in the form of an elongated constraining region extending towards high energies at low
AT values. This is observed across most, but not all, sources (it is missing in, for example,
1ES 04144009, 3C 279, PKS 0346-27, the first two blocks of PKS 0903-57, and PKS 1510-089).
This effect is also visible in certain H.E.S.S.-only sources, mainly in various blocks (2, 6, and
7) of PKS 2155-304, all of which correspond to grids where high TS values are obtained. It
can be preliminarily hypothesized that this effect is correlated with grids presenting high
statistical significances and prominent differences of the total fit statistic between the best-fit
and worse-fit regions, and could indicate that subtle upturns are mostly ruled out in our data
across all break energy values.

Another way the inclusion of Fermi-LAT data appears to improve the results is by breaking
a possible degeneracy present when considering the log-parabola model, which includes
the additional curvature 8 parameter. When considering data from H.E.S.S. alone, in the
cases where the source-block pair is best described by a log-parabola, low ACat values are
obtained, and the results seem to be poorly constrained, with best-fit upturn models often
located at low energies and with extremely-high index differences. However, including LAT
data seems to resolve this issue. This effect is most evident for the sources PG 1553+113 and
1RXS J101015.9-311909, where the joint fit removes the irregular grid shape and substantially
increases the ACst,; values across the grid.

It is also interesting to showcase and discuss in detail the upturn grids obtained for the
new sources considered in this study. In particular, the plots obtained for 3C 279 and
PKS 0346-27 can be found in Figure 16, and for both a similar discussion can be applied.
Considering the upturn grids obtained from the H.E.S.S. data, in both cases we obtain an
upturn-constraining region at the expected position (sharp upturns and low break energies),
with 3C 279 presenting a localized best-fit model close to that region, while for PKS 0346-27
this best-fit region is distributed across most of the parameter space. However, in both cases,
the overall TS values obtained are extremely low, no statistical significance contours can be
computed, and therefore, we cannot extract any meaningful information on the preference of
upturns for these data.

By performing the joint fit, in both upturn grids the TS values are increased, indicating a
greater fit statistic difference between the upturn model and the best-fit model. In this sense,
we can clearly see how the inclusion of data from the LAT significantly improves the modeling
of upturns. However, the final high-TS regions are still small compared to the other sources,
indicating that neither of these sources provide strong constraints on the presence of upturns
and that, therefore, they will not contribute much to our further study. Out of the two, 3C
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Figure 16: Upturn grids obtained for two of the new sources included in this work, 3C 279 and
PKS 0346-27, showcasing the normalized total fit statistic across the considered spectral break
parameter space. The upturn grids shown correspond to the H.E.S.S.-only data (on the left
column), and the joint Fermi-LAT and H.E.S.S. fit (right column). The EBL model considered is
the baseline Dominguez et al. (2011) [83].

279 will provide most of the upturn constraints, with TS values comparable to those obtained
for PKS 1510-089. The main reason for these suboptimal results is the limited emission in
the optically thick regime at energies above 7 = 2 for both of these sources. This could be
improved by, for example, extending the observation dataset to cover a broader time span.

Similarly, the upturn grids obtained for all three blocks of PKS 0903-57 can be found in
Figure 17.

In this case, the results are much more promising. For the H.E.S.S.-only case, the upturn
grids show the expected appearance with statistically-significant upturn-excluding regions,
although for the first time block, the TS values are much lower than expected, such that no
real conclusions can be obtained. This could be caused by a possible degeneracy between the
log-parabola model (and in particular, the additional § parameter) and the upturn model,
causing the fits to not converge properly despite resulting in physically coherent parameter
values. However, when including data from the LAT, this degeneracy appears to be broken
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Figure 17: Upturn grid plots for the different time segmentation blocks (given by each row)
obtained for the third new source considered in this work, PKS 0903-57, displaying the total fit
statistics across the considered spectral break parameter space. The upturn grids shown correspond
to the H.E.S.S.-only data (on the left column), and the joint Fermi-LAT and H.E.S.S. fit (right
column). The EBL model considered is the baseline Dominguez et al. (2011) [83].
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for the first block, and we obtain good upturn-constraining regions across all blocks with
sufficiently high TS values comparable to other sources. The best results are obtained from
the second time block, with a well-defined high-TS region. In this case, the source appears
to be much more useful for our study than the previous two discussed, and its contribution
towards the final results are expected to be significant.

As we have seen, the upturn modeling presented in this section allows us to determine where
an upturn, characterized by its index change and break energy, could be favorable by our
data, providing regions where the fit is significantly worsened from the best-fit upturn model.
In this regard, it is therefore interesting to study how this best-fit model looks like when
compared to the intrinsic SED of our sources. An example of such comparison is given in
Figure 18, where the two models are compared for some sources.
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Figure 18: Example of the best-fit models found for a subset of the considered sources, for the cases
of both a standard intrinsic model including EBL absorption, obtained in Section 4 (shown as the
discontinuous gray line) and the upturn model which also includes a spectral break (as the green line).
The flux points correspond to those computed with best-fit intrinsic model, with no upturn or spectral

break.

In particular, we can see how, in some sources, the best-fit model is consistent with no upturn
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being present, such as the case of 1ES 04144009, for which the best-fit occurs for the spectral
break parameters AI' = —5 and F,x = 31.6 TeV (a very sharp upturn at the highest energy,
which is equivalent to the no-upturn case). We also find, in PKS 0903-57 (Block 1) that
a slight deviation from the intrinsic model seems to provide a better fit, with AI' = —0.01
and Fr ~ 0.9TeV. Finally, we also present two cases where an upturn seems preferred:
PKS 1510-089, with AT ~ —1.58 and Ey,x ~ 0.28 TeV, and PKS 2155-304 (Block 8), with
A" = —3.42 and Ey, ~ 2.02 TeV. From these plots, we can also observe how the inclusion of
data from Fermi-LAT helps constrain the lower-energy range of the SED, providing further
constraints, and how only considering H.E.S.S. data could lead to various upturn models
providing a reasonably good fit.

It must be noted, however, that the best-fit upturn model at each point in the grid may only
differ slightly from neighboring points, as can be seen from the broad, diffuse regions where
the upturn model displays low ACg.t values close to zero. Because of this, the shown best-fit
upturns could be chosen with many different parameters, affecting the observed spectral
shape, without a significant difference in the fit statistic. Therefore, these plots must be
interpreted mostly qualitatively, as the claim of the presence of a spectral upturn requires a
careful likelihood analysis.

5.2 Simulations of spectral upturns due to photon to axion-like particle
conversions

P to this point, the upturn search has been performed by purely modeling the data with
U an upturned spectral model, and thus without any contribution of ALPs. We now turn
our attention towards studying whether these upturn models are compatible with photon-
ALP conversions. For this purpose, it is therefore required to compute and characterize the
expected upturns caused by this effect.

This study can be performed by computing the photon survival probability P, resulting
from the propagation of a photon-ALP beam across the considered astrophysical magnetic
field environments, mainly, the intergalactic magnetic field (IGMF) and the galactic magnetic
field (GMF), as described in Section 2.4.2, including any possible mixing effects summarized
in Section 2.2.1. The propagation of such a photon-ALP beam considering mixing between
the two particles can be computed following a transfer matrix approach which, in practice,
must be implemented numerically via simulations. The main difficulty in our case is the lack
of available information on the IGMF, which requires we treat it as a cell-like environment
subdivided into numerous domains where the magnetic field is oriented randomly, rendering
any analytical computation completely impractical.

The required transfer matrix method for photon-ALP beam propagation across astrophysical
sources is implemented within GammaALPs 0.4.1 [55], an open-source Python library which
solves the photon-ALP equations of motion and implements the required environment models
used in this work. This framework allows for the definition of a source, characterized by
its redshift z and position in the sky, as well as an ALP with its characteristic mass and
coupling to the electromagnetic field. Considering an initially-unpolarized state density
matrix p = (1,1,0)/2, and after defining the relevant astrophysical environments (in order of
appearance from the source to the observer), the software then computes the final photon
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5.2 Simulations of spectral upturns due to photon to axion-like particle conversions

survival probability P, of the complete propagation scenario, taking into account both EBL
absorption and photon-ALP mixing [55].

In our case, we define an ultra-light ALP with mass m, = 1-107> neV, and consider couplings
such that we remain within the strong-mixing regime, considering g, € [10713,10719) GeV~1.
The strong-mixing regime condition is satisfied for these values since, as described in Sec-
tion 2.2.1, the plasma term wy, will dominate over m, in the oscillation wave number A,
as seen from Eq. (18). This will provide the most optimistic scenario for photon-ALP mixing,
while also allowing us to extend our results towards lower energies (as long as m, < wp).

The astrophysical environments considered are, first, the IGMF. This environment is treated
as a cell-like structure divided into numerous domains, of coherence length L ~ 1 Mpc, in
which a constant magnetic field of strength B = 1nG is present and randomly oriented. We
also consider an electron number density given by n. = 1077 cm™ and the corresponding
EBL absorption model considered in each case. These parameters are compatible with the
currently known observational bounds, and are selected considering the constraints which
provide the most optimistic photon-ALP conversion probabilities [56]. For each source, 100
independent realizations of the random IGMF are performed to account for the stochastic
nature of the magnetic field orientations. The second environment considered is the GMF, for
which we use the Jansson-Farrar (2012) model [92], which does not require the specification
of any additional parameters.

Once the environments, source, and ALP are all defined, we can proceed to run the simulation,
which must be performed for each source in our dataset and each EBL model considered.
Here, the time variability does not affect the results, and therefore we do not need to perform
the simulation for each time block. In order to fully probe the coupling parameter space, we
compute the photon survival probability for each value of g,, within the considered range.
The result of each simulation is therefore the probability P,., which quantifies the fraction of
photons that survive their propagation, from source to observer, including effects of EBL
absorption and photon-ALP conversions.

From the photon survival probability, we can also obtain the “boost”, or the expected spectral
upturn that would be observed within the SED of our sources due to photon-ALP mixing.
This can be done by simply correcting the resulting photon survival probability P, for the

EBL absorption, multiplying by the inverse factor et™(:2).

In Figure 19 we have shown an example of the results of these simulations for two sources
at different redshifts, displaying both the photon survival probability P,, and the expected
spectral “boost”. In particular, these results are shown for two different ALP coupling values,
GJary = 10~ GeV~! and Jay =5 - 10~ GeV™!, and considering the baseline Dominguez et al.
(2011) EBL model [83]. Here, we can clearly see how, for smaller coupling values, P, follows
very closely the expected EBL absorption, indicating no significant increase in detected
photons except for the highest energies, where a greater discrepancy appears between the
two curves. As we consider couplings with higher values, we can clearly observe how, due
to photon-ALP mixing, photons reaching the observer exceed substantially what would be
expected with EBL absorption alone, with this excess becoming prominent at higher energies.

From this same figure, we have also obtained the expected spectral upturn that would be
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5 SPECTRAL UPTURN MODELING AND SIMULATIONS
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Figure 19: Photon-ALP propagation simulation results from low-intermediate redshift sources (1ES
0347-121, on the top row, and PKS 0447-439, on the bottom row). On the left column, the resulting
photon survival probability for each source, obtained from a single simulation iteration of the photon-
ALP beam propagation and conversion. On the right column, the corresponding expected upturn or
boost to the gamma-ray signal obtained by correcting for EBL absorption the photon survival probability.
The discontinuous lines show the best-fit to the upturn signal considering the model given by Eq. (47),
multiplied by an additional normalization parameter No arp. In each plot, two distinct cases are shown
for the corresponding ALP couplings of goy = {1,5}- 10711 GeV™" (in blue and yellow, respectively).

observed in our spectra. Here, we can also clearly see how increasing the coupling value
ga~y Produces more pronounced upturns, while lower-coupling upturns are typically subtle or
dominated by the random signal due to the IGMF. Furthermore, increasing the redshift of
the considered source makes the upturns occur at lower energies, thus making them more
detectable, exactly as expected.

A similar plot to Figure 19 is given in Figure 20 for two sources with higher redshift values.
In these cases, we can observe how for both coupling values considered, the photon survival
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5.2 Simulations of spectral upturns due to photon to axion-like particle conversions

probability is well above the expected EBL absorption, indicating that distant sources which
present heavy suppression due to EBL offer the best probes for spectral effects of photon-ALP
mixing (at the expense, of course, of a heavily limited available signal from observations,
which is not considered here). We can also observe how at such high redshifts, the signal
seems to be more strongly dominated by random fluctuations due to the IGMF. Another
interesting feature in this plot can be seen when comparing the expected spectral upturn
for each coupling value, where the previous clear difference between the high- and low-value
couplings seems to not be present, and both cases present similar boosts in appearance.
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Figure 20: Photon-ALP propagation simulation results from intermediate-high redshift sources (3C
279, on the top row, and PKS 0346-27, on the bottom row). On the left column, the resulting photon
survival probability for each source obtained from a single simulation iteration of the photon-ALP
beam propagation and conversion. On the right column, the corresponding expected upturn or boost
to the gamma-ray signal obtained by correcting for EBL absorption the photon survival probability.
The discontinuous lines show the best-fit to the upturn signal considering the model given by Eq. (47),
multiplied by an additional normalization parameter No arp. In each plot, two distinct cases are shown
for the corresponding ALP couplings of gor = {1,5} - 10~ GeV™" (in blue and yellow, respectively).

76



6 LIKELIHOOD ANALYSIS OF SPECTRAL UPTURNS DUE TO PHOTON TO
AXION-LIKE PARTICLE CONVERSIONS

In order to be able to compare these simulated spectral upturns, caused by photon-ALP
mixing, with the upturns modeled in Section 5.1, we perform a fit of P, e” with the same
upturn model given by Eq. (47), including an additional normalization term Ny orp bounded
closely to the value of the curve at the lowest energy considered. This fit is performed with
the SciPy library, considering the same bounds and parameters as in Section 5.1. Since we
are interested in the spectral upturn caused by ALPs, and not the EBL “divergence” caused
by the e term, we restrict the fit to energies below a threshold given by E < E(r = 10),
above which the EBL contribution fully dominates over the upturn signal. This enables us to
compute the parameters AI'arp and FEix arp, which can then be directly compared with
the previous results, allowing us to obtain the likelihood of the photon-ALP mixing process
causing the possible upturns observed in our data.

6 Likelihood analysis of spectral upturns due to photon to
axion-like particle conversions

E begin this section by briefly summarizing the results obtained up to this point, which
we will use in order to estimate how well the effects of photon-ALP mixing could
explain the possible upturns observed in our data.

The main results obtained in Section 5.1 are our two-dimensional, fit-statistic grid plots
obtained for each source, which describe how well our data can be described by the corre-
sponding intrinsic model, including EBL absorption, and an additional spectral break term,
characterized by the break energy FEy. and the change in index AI'. Each point in the
resulting grid has an associated total fit statistic, which quantifies which upturn parameters
are favored by our data, and for which the fit is significantly worse.

On the other hand, in Section 5.2, we have focused our attention towards obtaining, via
numerical simulations of photon-ALP mixing in the considered astrophysical environments,
the resulting photon survival probability P,.. From this, the expected spectral upturn signal
P, e" is obtained after correcting for EBL absorption. The obtained upturns have then been
modeled by performing a fit with the same smooth-break spectral model as in Section 5.1,
which allows us to directly characterize each upturn by the associated parameters Epi Arp
and AT'zpp. These simulations have been performed multiple (100) times each, to account for
the randomly oriented magnetic fields within the IGM, and across a range of ALP coupling
values gqy € [10713,1071°] GeV ™!, ensuring that the strong-mixing regime condition given by
Eq. (25) is fulfilled throughout.

This methodology enables us to perform direct comparisons of the parameters Eyi arp and
AT Arp found from the photon-ALP mixing simulations, with the parameters Fy and AT’
obtained by modeling upturns in our data. This, in turn, allows us to associate a fit-statistic
to each ALP upturn by computing the associated parameters. How this comparison is
performed, and how the final likelihood of ALP-induced upturns is obtained, is described in
detail in Section 6.1. In Section 6.2, we then present these results across the different EBL
models considered in this work. In Section 6.3 we discuss the methodology applied to estimate,
preliminarily, possible constraints on the ALP parameter space that could be obtained from
the results of this work. Finally, in Section 6.4, we conclude with a discussion on the required
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6.1 Upturn likelihood curves across axion-like particle couplings

work in regard to the computation of the correct statistical constraint thresholds that could
then be used to obtain the final ALP parameter space constraints.

6.1 Upturn likelihood curves across axion-like particle couplings

N order to obtain an estimate of how well the simulated upturns caused by photon-ALP

mixing fit with our data, we need to compute the fit-statistic or likelihood of these upturns,
which we have obtained previously and characterized by Eyx arp and AI'arp, considering a
model which allows for a direct comparison with our previous upturn grid plots. The approach
considered in this work is to directly interpolate each ALP upturn parameter pair onto these
grids. In practice, this must be performed for all 100 pairs of ALP upturn parameters,
and for each coupling value considered. The interpolation step is implemented via the
RectBivariateSpline class from the scipy.interpolate, which constructs an interpolated
upturn grid considering a 1-degree spline and evaluates it at the point where the ALP upturns
are found from the simulations.

Illustrative examples of this interpolation process are visualized in Figure 21, where the
upturn grids for one of our sources is shown, overlaid with the parameters of the best-fit ALP
upturn model, obtained from each one of our simulations. In this plot, we can observe how this
distribution evolves for different coupling gq values (a behavior common across our sources).
For low couplings gy < 1- 10~ GeV~!, the ALP upturn parameters are grouped together
at very high values of AI' and Ey,;y, representing compatibility with the case of no upturn.
As we increase the coupling to g,y ~ 1- 10~ GeV~!, the interpolated upturn points begin
to move towards lower values of AI', and for even higher couplings g., 2 2.5 - 1071 GeV 1,
the probed values of Ey, i also decrease towards lower energies. Increasing the coupling even
more makes the best-fit points once again collapse into a smaller region of sharp upturns with
high values of AT" at low energies. This behavior is exactly what we expect: low couplings
will not produce very prominent upturns in our spectra, while higher couplings will produce
sharper upturns at lower energies. With this, we may estimate what the (interpolated) fit
statistic value is for each ALP upturn parameter.

In order to select the most representative values for the parameters of these ALP upturns
(and exclude outliers due to the intrinsic randomness), we consider the fifth percentile of
these parameters, and obtain their associated likelihood values from the upturn grid, which
we denote as Carp. From these upturn grid plots, we may also obtain an estimate for the
likelihood of the no-ALP case, Cno-aALP, taken as the value located at AI' ~ 0 at high Fy
energies. We then keep track of these two likelihoods for each source and time block across a
single EBL model.

In order to carry out the required statistical study, two different hypothesis tests can be
performed, each considering a different test statistic (TS): one regarding what is the likelihood
that photon-ALP oscillations cause the upturns and for which ALP coupling this occurs (the
ALP detection significance), and the other one regarding how well each coupling compares
against the best-fit ALP scenario (the ALP likelihood curve).

First, let us consider the computation of the ALP detection significance. In this case, we
want to compare the best-fit ALP upturn case against the alternative case, with no upturns.
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1ES 0229+200 Upturn Grid with Simulated ALP Upturn Parameters
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Figure 21: Example upturn likelihood grid for one of our sources, 1ES 0229+200, obtained as
described in Section 5.1, shown for the baseline Dominguez et al. (2011) EBL model [83]. Fach
red cross on the plot represents the best-fit upturn parameters, Al spp and Eypp arp, corresponds
to the fit performed on the simulated spectral boost caused by photon-ALP upturn conversions, as
in Section 5.2. From top to bottom, left to right, an evolution across a range of ALP couplings
Gary € {0.1,1.0,2.5,5.0} - 107 GeV .

For this, the following TS can be used:

src src
TSaLP der = min (Z Citr (gm)> =Y Cldares (48)
i=1 i=1
where CW z1p is the fit statistic obtained from the simulated ALP upturn parameters
interpolated onto the upturn likelihood grids, and c@ No-ALP (constant for each source and
time block) corresponds to the null hypothesis, obtained from the likelihood grid point
corresponding to AI' ~ 0 at the maximum considered break energy. Taking the minimum of
the first term over all couplings ensures we are comparing against the best-fit ALP case. For
both of these quantities, the superscript (i) indicates the source-block pair, over which we
perform the summations.

One may also compute the curve of the obtained ALP interpolated fit-statistics against its

79



6.1 Upturn likelihood curves across axion-like particle couplings

best-fit case, which allows us to study how the preference for ALPs changes across all coupling
parameter values g,, with respect to the best-fit case. For this, we define the following test
statistic:

TSALP ga’y ZCALP ga’y Hlln <Z CALP YGay ) (49)

which represents the profile likelihood ratio of relative preference of ALP upturns versus the
best-fit ALP upturn case (under the ALP hypothesis). By definition, the coupling at which
TSaLP(gay) = O corresponds to the ALP parameter g,, that best describes the observed
upturns, while values TSa1,p(gay) > 0 indicate relatively worse fits. Thus, higher values of
this TS indicate a preference for the null, no-ALP hypothesis.

We compute the ALP curve given by Eq. (49) from the values Carp for each source and time
block in our dataset, as well as for all four EBL models considered in this work. We will
also separate the study, as usual, into the individual results obtained from H.E.S.S. data
exclusively, as well as from the joint dataset of Fermi-LAT and H.E.S.S. observations.

Figure 22 displays the obtained ALP likelihood curve for our baseline EBL model considering
data from H.E.S.S., including the individual contribution of each source and the total summed
curve. As we can see, for low couplings below gq, < 4-107'2 GeV !, the TS remains practically
constant, at values TSaLp(gay) ~ 2.71. For couplings 4-10712 GeV! < Gary < 3-107H GeV 1,
the ALP hypothesis likelihood gradually reaches a local minimum. Finally, there is a clear
and abrupt global minimum at approximately gqy ~ 4 - 10~ GeV 1, after which the curve
drastically increases reaching TSa1p(gay) > 20.

Most of the sources (and their corresponding time segmentation blocks) contribute to various
degrees towards the total curve. In general, we can see how certain individual contributions
begin at some constant TS value for low couplings, and then display a rapid decrease to zero
at higher couplings. On the contrary, other sources present the opposite behavior, with their
TS values only increasing significantly at high coupling values. Clearly, both cases contribute
to the presence of a minimum in the total likelihood curve. Finally, certain sources present
low TS values for all coupling values, thus not contributing significantly to the total ALP
likelihood.

In particular, the sources that seem to contribute the most at g,, < 3- 10711 GeV 1! are blocks
4,5, 6, and 7 from PKS 2155-304, both blocks of 1ES 1101-232, 1RXS J101015.9-311909, all
with C’XI)JP > 9. On the other hand, the dominant sources at high couplings g, > 3- 1071 GeV
are 1ES 0229+200, both blocks of 1ES 1101-232, H 2356-309, and blocks 5, 6, and 7 from
PKS 2155-304.

Most importantly, the presence of a clear global minimum in this curve suggests that, for
couplings gqy ~ 3 - 107" GeV ™1, a possible preference for the case of ALP-induced upturns
is present in the H.E.S.S. data. However, this could also be interpreted by considering that
the H.E.S.S. data cannot properly constrain the ALP upturns at these couplings. In fact,
returning to the example plots in Figure 21, we can see how at similar coupling values, the
ALP upturn parameters are scattered across a wide upturn parameter space, including the
region at low Ey and low-intermediate AI' for which the H.E.S.S.-only upturn likelihood
grids offer only limited constraints.
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ALPs Likelihood Curve H.E.S.S.
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Figure 22: ALP likelihood curve computed using Eq. (49), considering the baseline EBL
model, for the H.E.S.S. dataset. Here, we display the relative preference of the ALP upturns
versus the best-fit ALP upturn across the considered coupling ga values. The individual,
colored lines represent the individual contributions of each source. The horizontal, dashed
line represents the 95% confidence level given by Wilks’ theorem, assuming its applicability
(for a detailed discussion on this, we refer to Section 6.4).

The inclusion of Fermi-LAT data is exactly what is needed to properly study this effect. By
increasing the unfavorable upturn parameters in the upturn grids obtained in Section 5.1, we
can determine whether this apparent ALP preference is a physical result, or the effect of the
upturn degeneracy when no constraints on the lower-energy intrinsic spectra are available.

Figure 23 shows a similar plot to Figure 22, for the baseline EBL model, considering the
multi-instrument dataset.

The most striking feature that can be observed in this plot is the absence of the previous
ALP-preferring minimum, which directly suggests the minimum present in the previous plot
is not the result of any ALP detection, but rather the consequence of insufficient low-energy
information to fully constrain the intrinsic spectrum. The fact the total curve monotonically
increases with increasing couplings indicates that the best-fit for the ALP case occurs at
gay — 0, and any non-zero coupling will provide a worse fit to our data. Thus, the curve
is fully consistent with the null hypothesis, providing a useful probe into (preliminarily)
constraining allowed coupling values (which will be discussed in more detail in the next
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ALPs Likelihood Curve Fermi-LAT + H.E.S.S.
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Figure 23: ALP likelihood curve computed using Eq. (49), considering the baseline EBL
model, from the joint Fermi-LAT and H.E.S.S. analysis. Here, we display the relative
preference of the ALP upturns versus the best-fit ALP upturn across the considered coupling
Jary values. The individual, colored lines represent the individual contributions of each source.
The horizontal, dashed line represents the 95% confidence level given by Wilks’ theorem,
assuming its applicability (for a detailed discussion on this, we refer to Section 6.4).

section). In this case, the main contributing sources to this curve are 1ES 0347-121, both
blocks of 1ES 1101-232, 1RXSJ 101015.9-311909, and PKS 0447-439.

6.2 Upturn likelihood across extragalactic background light models

HE same analysis described in the previous section can be applied for the different EBL

models considered in this work. This is especially interesting for our study, as we consider
physics that can possibly affect the observed gamma-ray attenuation. In this way, we also
make sure our discussion is generally valid across multiple models, excluding the possibility of
only the baseline model presenting or rejecting upturns, and quantifying what the variation
of this effect is across different EBL models.

For this reason, beyond the already-studied Dominguez et al. (2011) model [83], we also
consider Finke et al. (2022) [84], Franceschini et al. (2008) [85], and Saldana-Loépez et al.
(2021) [86]. Therefore, the full analysis pipeline described throughout the last chapters has
been applied across all of our sources for each one of these EBL models.
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Once more, we will separate our discussion into, first, the results obtained considering only
data from H.E.S.S. The corresponding ALP upturn likelihood curve is shown in the first
subplot of Figure 24, displayed for all four EBL models across the considered ALP coupling
range.

The results obtained from H.E.S.S. observations on the likelihood of ALP-induced upturns
are consistent across all EBL models, indicating that our previous results are not due to
the considered baseline EBL model. The minima that these curves reach occur at slightly
differing coupling values, with g,y ~ 41071 GeV~! for the Dominguez et al. (2011) and
Franceschini et al. (2008) models and g, ~ 6 - 10711 GeV~! for Finke et al. (2022) and
Saldana-Loépez et al. (2021). Furthermore, as can be observed by the relative offset between
the curves at low couplings, the model by Finke et al. (2022) yields the most prominent
minimum, with TSapp ~ 14, with Dominguez et al. (2011) offering a much lower TSarp ~ 3
value at the minimum. Importantly, the overall shape of the ALP likelihood curves are
consistent across all EBL models, and all display the common feature of a minimum being
present, at similar coupling values, with differing relative TS values at this minimum. Thus,
the strongest apparent ALP signal occurs for the Finke et al. (2022) model.

The joint Fermi-LAT and H.E.S.S. analysis also shows agreement with the results in Sec-
tion 6.1, with the obtained ALP likelihood curves across EBL models being shown in the
second plot in Figure 24.

The form of the ALP likelihood curves is consistent across EBL models, with all displaying
the same exponential-like growth when considering higher couplings. The model by Finke et
al. (2022) seems to reach the maximum at the same coupling value as the Saldana-Lépez et al.
(2021) model. The model by Franceschini et al. (2008) also reaches a local maximum at this
point, for approximately gg, ~ 310711 GeV L. All of these three models also show a local
minimum right after this peak, at couplings ggy ~ 7 - 10711 GeV~!, although increasing the
coupling values further shows again a strictly increasing behavior. The model by Dominguez
et al. (2011) seems to increase in TSapp values much slower than the others, only reaching a
maximum at ggy ~ 10710 GeV~L. Since the model by Finke et al. (2022) shows higher overall
values in TSarp, it will serve as the most-constraining source, while the model by Dominguez
et al. (2011) is, once again, the most conservative model in terms of computing preliminary
ALP upturn constraints.

6.3 Preliminary constraints on the axion-like particle parameter space

HE ALP upturn analysis performed on data exclusively from H.E.S.S. seems to suggest
T an apparent preference of an upturn, at approximately gq, ~ 4 - 1071 GeV! or Jary ~
6-10~'" GeV~!, depending on the EBL model considered. On the other hand, the analysis of
the joint Fermi-LAT and H.E.S.S. dataset leads to an overall monotonically increasing curve
with TSALp(gay) > 0, with the best-fit ALP upturn case occurring at couplings gey — 0,
suggesting a preference for the no-ALP hypothesis. This behavior has also been found
to be consistent across EBL models. Therefore, it is of interest to perform a statistical
study to determine, first, what is the significance of the ALP preference for the H.E.S.S.
data, and second, for the joint multi-instrument analysis, to study whether meaningful,
albeit preliminary, constraints can be placed on those ALP coupling values which lead to a
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Figure 24: Likelihood curve obtained for the H.E.S.S. (top) and joint Fermi-LAT
and H.E.S.S. (bottom) datasets, representing the likelihood of upturns caused by
photon-ALP conversions, computed for different EBL models. The preliminary
statistical threshold of 2.71, corresponding to a confidence level of 95%, is displayed
as the dashed line and computed assuming Wilks’ theorem applies (for a detailed
discussion on this, we refer to Section 6.4).
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significantly worse fit to the data.

In order to do so, we will begin our discussion with the consideration, as we have been doing
throughout the thesis, of Wilks’ theorem (introduced in Section 3.3.2). Importantly, we must
keep in mind that this is a major oversimplification of our problem. This is due to the fact
that the required conditions for the applicability of this theorem (in particular, requirement
for the models to be nested) are not automatically fulfilled, something we will discuss in
detail in Section 6.4. Nevertheless, this approach can still be used, tentatively, to obtain some
preliminary constraints on the ALP parameter space, which provide a useful discussion and
lead towards the required additional work on this project.

For the H.E.S.S. analysis, and for each EBL model, in Table 6 we present the coupling at
which the ALP preference is maximal (corresponding to the best-fit point with minimal T'S),
as well as the associated TS value and statistical significance obtained by assuming Wilks’
theorem can be applied.

EBL Model Jay,min [107" GeV~!] TSarp Wilks’ significance
Dominguez et al. (2011) 4.29 2.63 1.620
Finke et al. (2022) 5.69 13.99 3.740
Franceschini et al. (2008) 4.29 4.37 2.090
Saldana-Lépez et al. (2021) 5.69 7.72 2770

Table 6: Coupling ga~, min corresponding to the best-fit ALP upturn model, computed from the
H.E.S.S. analysis, for each EBL model considered. In the third column, the TSsrp computed as
Eq. (49) at Ga~y,min, and the associated significance, assuming Wilks’ theorem, displayed in the
last column.

These ALP detection significance values are in good agreement with results found in previous
studies [35]. In our case, the best-fit ALP coupling occurs slightly above the expected gq,
value, although this is to be expected, as our analysis has a greater precision in the coupling
due to a larger number of sampled points. The final significance values are also compatible
with the reference work, although in our case, the higher test statistic indicates an even
stronger preference for the ALP case at the minimum.

Following this, the ALP detection significance computed for each EBL model using the joint
Fermi-LAT and H.E.S.S. is presented in Table 7. Here, the best-fit model that includes upturns
due to photon-ALP conversions is located at the lowest considered couplings, indicating a
clear preference for g,y — 0 at the best fit, which is consistent with the results we found
for the baseline EBL in the previous section. The obtained TS values for this case are also
negligibly small, indicating an overall preference for the null, no-ALP hypothesis.

As a consequence of the fact that the best-fit ALP model is located at zero coupling,
corresponding to the null or no-ALP hypothesis, we may consider the corresponding ALP
likelihood curve obtained from the joint dataset as an approximation of the T'S associated to
comparing the ALP versus no-ALP hypotheses. This would allow us to compare between these
hypotheses and place preliminary constraints on the coupling gqy for any given confidence
level.
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EBL Model Jary,min [10713 GeV~!] TSarp Wilks’ significance
Dominguez et al. (2011) 2.10 0.02 0.150
Finke et al. (2022) 2.10 0.04 0.210
Franceschini et al. (2008) 2.70 0.03 0.170
Saldana-Loépez et al. (2021) 3.40 0.03 0.18¢

Table 7: Coupling ga~,min corresponding to the best-fit ALP upturn model, computed from the
joint Fermi-LAT and H.E.S.S. analysis, for each EBL model considered. In the third column, the
TSarp computed as Eq. (49) at Gay,min, and the associated significance assuming Wilks’ theorem
displayed in the last column.

Throughout the previous sections, we have been presenting plots of the ALP likelihood curve
overlaid with the threshold given by Wilks’ theorem, at a 95% confidence level, corresponding
to a TS ~ 2.71. This threshold is represented as the gray, dashed line in Figure 22, Figure 23,
as well as Figure 24. In order to attempt to place preliminary constraints, we may then
consider the intersecting point at which our ALP likelihood curves cross this threshold. We
can then claim to reject any ALP signal corresponding to upturns with higher coupling values.

From Figure 24, we can observe how each ALP likelihood curve, corresponding to the different
EBL models, crosses this threshold at a different coupling values. Preliminary constraints can
be computed by linearly interpolating between the points g, where the crossing with Wilks’
threshold. In the case of multiple such crossing points occur (e.g. in the case of the Dominguez
et al. (2011) and Franceschini et al. (2008) EBL models), we consider the one corresponding
to higher couplings, corresponding to more conservative results. The preliminary constraints
on the coupling by this method are summarized in Table 8. In particular, the model by Finke
et al. (2022) seems to provide the strongest constraints, allowing us to reject ALP couplings
above gqy ~ 2+ 10712 GeV 1. The second, most constraining model, appears to be the one by
Saldana-Lopez et al. (2021), which constrains couplings above g,y ~ 5 - 10712 GeV L. Finally,
both Dominguez et al. (2011) and Franceschini et al. (2008) display very similar behaviour
in this aspect, rejecting ALP upturns with couplings above the value gq ~ 9 - 10712 GeV L.

EBL Model Preliminary constraints g,, [1071? GeV~!]
Dominguez et al. (2011) 8.89
Finke et al. (2022) 1.92
Franceschini et al. (2008) 8.66
Saldana-Lépez et al. (2021) 4.61

Table 8: Preliminary constraints on the ALP coupling g., obtained from the ALP
upturn likelihood modeling using data from Fermi-LAT and H.E.S.S. for each EBL
model considered in this study. These results were obtained by linearly interpolating
between the points where a crossing between the ALP upturn likelihood curve and Wilks’
95% confidence level threshold occurred. For sources where multiple such crossings are
present, we consider only the last at highest coupling values, corresponding to the most
conservative case.
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6.4 Monte Carlo methods for significance and threshold estimation

HROUGHOUT the previous sections, we have computed a likelihood curve TSarp(gay),
T given by Eq. (49), that compares the relative likelihood of an ALP upturn compared to
the best-fit upturn case. From the joint Fermi-LAT and H.E.S.S. analysis we have found
that the minimum of this log-likelihood curve occurs at small coupling values g, — 0
compatible with the null hypothesis. This allowed us to interpret the corresponding curve as
an approximation to the actual TS which compares the ALP upturn hypothesis versus the
null hypothesis:

Src
Agar) = D [C8p (G0r) — O arp (909)] - (50)
i=1
Furthermore, when discussing the obtained results, we have continuously made use of Wilks’
theorem, assuming that the test statistic TSarp et given by Eq. (48) is asymptotically
distributed as a x? distribution, as described in Section 3.3.2. This theorem was extensively
used to both compute the statistical significance associated to the ALP upturns, and to place
preliminary constraints on the probed ALP coupling parameter space.

In our case, the conditions required for the applicability of this theorem, mainly, the re-
quirement for the alternative and null hypothesis models to be nested, are not fulfilled.
This is due to the fact that the ALP likelihood values, obtained from interpolating the
upturns obtained from the simulations onto the data-based upturn likelihood grid, produce a
dependence on coupling value, the intrinsic spectral parameters of the source, and all the
nuisance parameters included within the photon-ALP beam propagation simulation, that
despite not being of direct physical interest to our study, must be taken into account in
our model and which undoubtedly affect the final results. These parameters also include
the stochastic realizations of the IGMF, and the associated magnetic field strength. This
introduces an intrinsic variance in the likelihood that is not present in the null hypothesis.
Furthermore, the no-ALP model doesn’t contain any magnetic field parameters, and thus the
two models have different parameter spaces that cannot be related to each other, making the
two hypotheses compared in Eq. (49) fundamentally non-nested.

As a consequence of this, the ALP detection significance and constraint values provided in
Section 6.3 are merely tentative, preliminary results, obtained by considering the threshold
provided in the hypothetical case in which Wilks’ theorem could be applied. In order to
adequately perform the corresponding hypothesis testing between the ALP and no-ALP cases,
a more detailed statistical method must be applied.

The reason the discussion in Section 6.4 is still interesting, at least qualitatively, is due to the
fact that we expect the real ALP constraint threshold, which will now depend on g, to be,
in the most optimistic scenario, comparable to the threshold given by Wilks’ theorem, or in
the more conservative case, within the same order of magnitude or at most reasonably close.
Considering where the ALP likelihood curves intersect this new statistical threshold will allow
us to place precise constraints on the ALP coupling values, at the desired significance level.

To compute the exact statistical thresholds required for this problem, we need to obtain the
null-hypothesis TS distribution, for which extensive Monte Carlo simulations are typically
required [134, 165]. The methodology developed for similar studies involves simulating new
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data, or pseudo-experiments, from the initial best-fit model, which includes exclusively the
intrinsic model and the EBL absorption term. In this way, we generate multiple pseudo-
experiments, to which we then apply the full analysis pipeline presented here, including a
re-fit of the intrinsic spectrum and the upturn modeling to obtain the relevant likelihood
grids. Then, we can again interpolate the upturn parameters obtained from the ALP mixing
simulations, obtaining an array of ALP likelihoods for each pseudo-experiment. With this, a
histogram of TS values is obtained, comparing the no-ALP versus ALP upturn hypotheses,
which can be modeled with a x? distribution. From this fit, we can then obtain the number of
degrees of freedom required to describe the TS distribution. Once the corresponding best-fit
x? distribution is known, considered as an estimate for the null-hypothesis TS distribution,
we may then obtain the threshold value corresponding to a given p-value (e.g. 0.95, for a 95%
confidence level), yielding the required TS threshold over which we can reject the no-ALP
hypothesis [165]. This process has to be performed, in principle, for each coupling value gq,
source, and time block.

Performing this many Monte Carlo simulations across the different parameters required is
very computationally demanding, although several optimizations of this process are possible.
As we have seen, the Dominguez et al. (2011) model provides, overall, the most conservative
results in terms of relative ALP upturn likelihoods, as seen in Section 6.2, justifying its
selection as the main model with which we compute the threshold. Alternatively, the most
constraining model for our study is Finke et al. (2022), which may be considered to obtain
the most restrictive constraints on the ALP parameter space.

Similarly, instead of computing Eq. (50) for all sources and obtaining the total sum, we may
also consider either sampling randomly across our dataset, constructing an overall threshold
that will asymptotically converge towards the total threshold, or considering a single source
which could provide useful constraints.

Following this second approach, we have determined which sources are expected to provide the
most constraining threshold. This is done based on the coupling value at which each profile
likelihood curve from Eq. (49) crosses the qualitative threshold given by Wilks’ theorem.
Figure 25 displays the likelihood curve and the considered statistical threshold, with the first
five sources that cross the threshold highlighted.

From this figure, we can observe how PG 15534113 crosses this threshold at the earliest
couplings. However, this source then displays an overall decrease in TS for higher couplings,
and only becomes a dominant contribution at the highest coupling values at g,, > 8-
10~ GeV !, which disqualifies it as a significantly-constraining source for our test. The next
four sources do seem to be good candidates for our analysis. Given in order of the coupling
at which the considered crossing occurs, these are PKS 0447-439, block 3 of PKS 0903-57,
1ES 04144009, and block 2 of PKS 0903-57.

The computation of the required statistical threshold represents the natural continuation
of this project, and is currently being undertaken as a work in progress. For the simplest
case, we have considered computing the threshold via the aforementioned Monte Carlo
approach for PKS 0447-439 exclusively, using simulated data obtained from its best-fit model
and running the full analysis pipeline numerous times in order to estimate the required
TSno-aLp distribution. Similarly, the baseline EBL model is chosen, as it will provide the
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Figure 25: Likelihood curve given by Eq. (49) across a range of ALP couplings go~, along
with the threshold given by Wilks’ theorem for a 95% confidence level. Highlighted are five
sources that have been selected as possibly good candidates for performing the Monte Carlo
analysis in order to compute an adequately constraining statistical threshold.

most conservative thresholds. Once the computations are performed, we may compute a

preliminary threshold curve with which we can obtain the required ALP parameter space
constraints.

In the most optimistic case, for which the threshold is of the order of that given by Wilks’
theorem, we expect to place constraints on ALP couplings above g,y ~ 2 - 10712 Gev T,
for the Finke et al. (2022) model, and for a value between g,, ~ 5-1072GeV~! and
Gay ~ 107 GeV™! for the other EBL models. In the case of an obtained threshold much
higher than Wilks’, it may still be possible to place constraints on the ALP coupling. For
example, if the threshold is found much higher, at approximately TS ~ 20, the corresponding

threshold crossings would occur such that possible constraints could be placed at parameters
up to ggy ~3-10711 GeV—1.

Provided we remain within the strong-mixing regime, as given by the condition in Eq. (25) and
the corresponding environment-dependent parameters, the photon-ALP conversion probability
will not depend on the mass of the ALP and, therefore, the resulting constraints can be
extended towards masses below m, < 1073 neV.
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7 Conclusions and future outlook

HROUGHOUT this work, we have performed a search for spectral upturns caused by the
T conversions of photons to axion-like particles (ALPs) using observational gamma-ray data
of numerous blazar sources from the Fermi Large Area Telescope (LAT) and the High Energy
Stereoscopic System (H.E.S.S.) observatories. This analysis was carried out by developing
a fully Python-based analysis pipeline built around the GammaPy library, integrating as well
FermiPy for the LAT data, EBLTable for modeling the EBL attenuation, and GammaALPs to
perform numerical photon-ALP conversion simulations. The two main contributions with
respect to previous work [35] are the inclusion of additional sources (3C 279, PKS 0346-27,
and PKS 0903-57) potentially interesting for this study, and the inclusion of Fermi-LAT
data, which constrained the lower-energy spectra of our sources and improved significantly
the results on computing upturn likelihoods via a multi-instrument analysis approach. This
analysis, which includes a time variability analysis, the intrinsic spectral modeling, upturn
modeling, and photon-ALP conversion simulations, was performed sequentially, and has
allowed us to place preliminary constraints onto the ALP parameter space after considering a
simplified statistical analysis. The results were obtained separately considering data from
H.E.S.S. only, as well as for the full, combined Fermi-LAT and H.E.S.S. dataset, allowing us to
directly study the effects of the inclusion of this instrument. Similarly, multiple extragalactic
background light (EBL) attenuation models were considered [83, 84, 85, 86|, obtaining
consistent results across all models.

We have managed to replicate, to great extent, previous reported results using data from
H.E.S.S. [35], where an apparent preference for upturns is hinted at couplings between
Jay = 4.29- 1071 GeV—! and Jay = 5.69- 1071 GeV 1. This behavior, present across all EBL
models, is concluded to be the result of degeneracies within the H.E.S.S. data, and not a true
upturn signal.

The novel results obtained from the multi-instrument dataset eliminate any preference for
upturns, offering results consistent with a preference for ALP-induced upturns at g,, — 0.
This allows us to probe the ALP parameter space for light axions m, < 10~3neV, placing
preliminary constraints for couplings gq 2 1.92 - 10712 GeV ! for the most constraining case,
and gq, 2 8.89 - 10712 GeV~! in the most conservative scenario. This demonstrates how, by
the inclusion of LAT data, the constraints and overall results are considerably strengthened, as
expected. However, these results were obtained based on a simplified statistical interpretation
of our ALP-induced upturn likelihood results. A discussion has been presented, offering the
methodology required to obtain the final constraints via Monte Carlo approaches.

Despite this region of the ALP parameter space (m, < 1073 neV and g,, ~ 1071?) having
already been probed by other studies [166, 167] (m, < 10~% neV with Gay < 2.6 10712 GeV 1,
and m, < 1073 neV with Gay < 6.3 - 10713 GeV ™!, respectively), our results allow placing
preliminary constraints for light ALPs at similar coupling values, by means of a different
and independent methodology, based on spectral upturn effects in the gamma-ray spectra of
blazars due to photon-ALP conversions, rather than irregularities in the X-ray range of the
SED from other radio galaxies, as in the cited references. Furthermore, our analysis is based
on a large dataset of blazar sources, rather than a single source.
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For the new sources included, we have found that both 3C 279 and PKS 0346-27 provide
weak constraints and a limited contribution towards the final results. This was partially
expected, as despite being potential candidates for these studies, their observation periods
were relatively short (in total, approximately 4 and 2 hours, respectively), and they presented
limited gamma-ray emission in the optically thick region (7 > 2). However, PKS 0903-57
has proven to be a good candidate, providing significant contributions across all of its time
blocks towards the preliminary constraints found.

The main analysis begins with the intrinsic spectral analysis of each source, which was
performed in two steps. Firstly, a time variability analysis, segmenting the data for each source
into separate, statistically-significant distinct time blocks via a Bayesian block algorithm,
and a spectral variability analysis, based on the best-fit ellipses for the spectral parameters
across the found blocks. This yielded a final segmentation of 24 independent time blocks
in total. Secondly, the main spectral analysis was performed, considering both single- and
multi-instrument analyses for each instrument. Overall, we have found general agreement
with published results [35, 52], although discrepancies were also found in various sources,
which were discussed in the text and suggest a requirement for future work, in order to ensure
consistency between the reported values.

Next, the upturn analysis was performed, also in two main steps. First, an upturn modeling
was performed by performing a fit of a spectral model including an upturn across a physically-
motivated parameter space. The resulting upturn likelihood grids then display which upturns
are favored in the data. These grid plots obtained from the H.E.S.S. data disfavor steep,
low-energy upturns, although a wide range of upturn parameters provide similar, low fit
statistic values, indicating similar preference. In certain sources, an apparent preference for
upturns can be observed (most prominently, in 1RXS J101015.9-311909, PG 15534113, PKS
1510-089, and certain blocks of PKS 2155-304), although this has been found to be caused by
degeneracies arising from the absence of low-energy spectral constraints when considering
data from H.E.S.S. only. These results have also been found in agreement with previous
studies [35]. The inclusion of Fermi-LAT data resolves this, as it produces, in general, an
increase in the disfavored region of the upturn parameter space, and thus most hints of upturn
preferences disappear. An interesting exception to this is PKS 1510-089, which seems to
preserve a preference for subtle, low-energy upturns, even when considering both instruments.

Next, we simulate the photon-ALP propagation using GammaALPs across the considered
astrophysical environments (the intergalactic magnetic field, IGMF, and the galactic magnetic
field, GMF, of the Milky Way). This gives us the physical and expected ALP-induced
upturns in our spectra. We consider light ALPs with mg = 1073 neV, with coupling values
Jary € [10713,10719] GeV~! 50 as to ensure the strong-mixing regime conditions are met
(ensuring maximal photon-ALP mixing probability, independent of the mass). A discussion
is presented on how, for higher coupling values, the observed photon survival probability
predicts more photons arriving at the observer than by considering EBL alone, consistent with
our expectations and the main motivation for this work. The results from these simulations
are then compared with the previous upturn grids by interpolating the best-fit ALP upturn
parameters, which allows us to compute the associated likelihood to each ALP-induced
upturn.
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As future work, further analysis can be performed following a similar methodology to study
the multiple other parameters and environment choices. One example could be extending the
study to include additional magnetic field environments where photon-ALP mixing could
occur, such as the blazar jet [94] or the magnetic field of the host galaxy [93]. Similarly,
further sources and observation periods can be continuously added to our dataset, as more
observations and flaring periods are observed across blazar sources.

Similarly, the inclusion of other types of sources, such as transient gamma-ray bursts (GRBs),
could prove to be excellent sources of additional observation data with which we could further
probe the allowed ALP parameter space. In this work, a preliminary attempt to study
GRB 180720B [168] has been attempted, although the results were unsatisfactory due to
limited photon counts, and the requirement of different telescope (CT5) and data processing
configurations due to the transient nature of the source.

This leads to the fact that data from the CT5 telescope from H.E.S.S. is not included within
this study. Using this telescope would provide additional, low-energy data for the sources
observed after it began operations (2012), offering a higher overlap between the H.E.S.S. and
Fermi-LAT data, and possibly increasing the photon count statistics for fainter or transient
objects. The analysis of combined data with CT1-4 and CT5 is made increasingly more
accessible, in particular with the “event types” analysis workflow [169], which will make
CT1-5 analyses much easier to perform, with a consistent analysis configuration.

On this same note, the Cherenkov Telescope Array Observatory (CTAO) [102] and its more
than 60 telescopes planned will provide the next big step towards studies of fundamental
physics and physics beyond the Standard Model [170], including ALPs [171]. This array
of imaging atmospheric Cherenkov telescopes (IACTs) will extend the sensitivity range for
gamma-ray energies between 20 GeV and as high as 300 TeV, offering sufficient sensitivity at the
highest energies to better probe the energy range where photon-ALP mixing effects are most
prominent, expected to place constraints on ALP coupling values of order gq ~ 10712 Gev 1
for light ALPs m, < 100neV [56, 170, 171, 172, 173].

~

Lastly, it is important to point out that our study, including the constructed blazar dataset
as well as the considered methodology (either with just H.E.S.S. and Fermi-LAT data, as
considered in this work, or with the inclusion of future CTA data), can be adapted and
extended in order to study other effects of physics beyond the Standard Model (e.g. Lorentz
invariance violation) [11]. The study of gamma-ray propagation across the IGMF can also
provide further constraints on EBL models, its photon density, and possibly the relevant
cosmological parameters [174, 175].

92



References

1]
2]

A. M. Cherepashchuk. “History of the Universe History”. In: Physics— Uspekhi 56.5
(2013), pp. 509-530.

G. Stratta and A. Santangelo. “X- and Gamma-Ray Astrophysics in the Era of Multi-
messenger Astronomy”. In: Handbook of X-ray and Gamma-ray Astrophysics. Springer
Nature Singapore, 2022, pp. 1-31. 1SBN: 9789811645440. DOI: 10.1007/978-981-16-
4544-0_134-1. URL: http://dx.doi.org/10.1007/978-981-16-4544-0_134-1.

H. A. Abt. “The growth of multiwavelength astrophysics”. In: Publications of the
Astronomical Society of the Pacific 105.686 (1993), pp. 437-437.

A. Acharyya, P. M. Chadwick, and A. M. Brown. “Locating the gamma-ray emission
region in the brightest Fermi-LAT flat-spectrum radio quasars”. In: Monthly Notices
of the Royal Astronomical Society 500.4 (2021), pp. 5297-5321.

A. Addazi, J. Alvarez-Muniz, R. A. Batista, et al. “Quantum gravity phenomenology
at the dawn of the multi-messenger era — A review”. In: Progress in Particle and
Nuclear Physics 125 (2022), p. 103948. 1sSN: 0146-6410. DOI: https://doi.org/10.
1016/ . ppnp.2022.103948.

A. De Angelis and M. J. M. Pimenta. Introduction to Particle and Astroparticle
Physics. en. Undergraduate Lecture Notes in Physics. Milano: Springer Milan, 2015.
ISBN: 978-88-470-2687-2. DOI: 10.1007/978-88-470-2688-9. URL: http://link.
springer.com/10.1007/978-88-470-2688-9.

P. Mészaros, D. B. Fox, C. Hanna, and K. Murase. “Multi-messenger astrophysics”.
In: Nature Reviews Physics 1.10 (2019), pp. 585-599.

G. Bertone and D. Hooper. “History of dark matter”. en. In: Reviews of Modern Physics
90.4 (Oct. 2018), p. 045002. 1sSN: 0034-6861, 1539-0756. DOI: 10.1103/RevModPhys.
90.045002.

J. Ellis. “Physics Beyond the Standard Model”. In: Nuclear Physics A 827.1-4 (Aug.
2009). arXiv:0902.0357 [hep-ph], pp. 187c¢—198c. 1SSN: 03759474. DOI: 10.1016/j .
nuclphysa.2009.05.034.

M. Meyer. “Searches for Axionlike Particles Using Gamma-Ray Observations”. en.
In: arXiv:1611.07784 (Nov. 2016). arXiv:1611.07784 [astro-ph]. DOI: 10.48550/arXiv.
1611.07784. URL: http://arxiv.org/abs/1611.07784.

J. Biteau and M. Meyer. “Gamma-ray Cosmology and Tests of Fundamental Physics”.
In: Galazies 10.2 (Feb. 2022). arXiv:2202.00523 [astro-ph], p. 39. ISSN: 2075-4434. Do
10.3390/galaxies10020039.

G. Galanti and M. Roncadelli. “Axion-like Particles Implications for High-Energy
Astrophysics”. en. In: Universe 8.5 (Apr. 2022), p. 253. 1SSN: 2218-1997. DOI: 10.3390/
universe8050253.

C. Abel, S. Afach, N. J. Ayres, et al. “Measurement of the permanent electric
dipole moment of the neutron”. en. In: Physical Review Letters 124.8 (Feb. 2020).
arXiv:2001.11966 [hep-ex|, p. 081803. 1ssN: 0031-9007, 1079-7114. por: 10.1103/
PhysRevLett.124.081803.

R. D. Peccei. “The Strong CP Problem and Axions”. en. In: vol. 741. arXiv:hep-
ph/0607268. 2008, pp. 3-17. DOI: 10.1007/978-3-540-73518-2_1. URL: http:
//arxiv.org/abs/hep-ph/0607268.

93


https://doi.org/10.1007/978-981-16-4544-0_134-1
https://doi.org/10.1007/978-981-16-4544-0_134-1
http://dx.doi.org/10.1007/978-981-16-4544-0_134-1
https://doi.org/https://doi.org/10.1016/j.ppnp.2022.103948
https://doi.org/https://doi.org/10.1016/j.ppnp.2022.103948
https://doi.org/10.1007/978-88-470-2688-9
http://link.springer.com/10.1007/978-88-470-2688-9
http://link.springer.com/10.1007/978-88-470-2688-9
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1016/j.nuclphysa.2009.05.034
https://doi.org/10.1016/j.nuclphysa.2009.05.034
https://doi.org/10.48550/arXiv.1611.07784
https://doi.org/10.48550/arXiv.1611.07784
http://arxiv.org/abs/1611.07784
https://doi.org/10.3390/galaxies10020039
https://doi.org/10.3390/universe8050253
https://doi.org/10.3390/universe8050253
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1007/978-3-540-73518-2_1
http://arxiv.org/abs/hep-ph/0607268
http://arxiv.org/abs/hep-ph/0607268

A. H. G. Peter. “Dark Matter: A Brief Review”. en. In: arXiv:1201.3942 (Jan. 2012).
arXiv:1201.3942 [astro-ph]. DOI: 10.48550/arXiv.1201.3942. URL: http://arxiv.
org/abs/1201.3942.

F. Zwicky. “The Coma Cluster of Galaxies”. In: Publications of the Astronomical
Society of the Pacific 63.371 (1951), pp. 61-71. 1SSN: 00046280, 15383873. URL: http:
//www.jstor.org/stable/40672858 (visited on 05/19/2026).

D. Clowe, M. Brada¢, A. H. Gonzalez, et al. “A Direct Empirical Proof of the Existence
of Dark Matter”. In: The Astrophysical Journal Letters 648.2 (Sept. 2006), pp. L109—
L113. por: 10.1086/508162. arXiv: astro-ph/0608407 [astro-ph].

V. C. Rubin and W. K. Ford Jr. “Rotation of the Andromeda Nebula from a Spectro-
scopic Survey of Emission Regions”. In: The Astrophysical Journal Letters 159 (Feb.
1970), p. 379. DOI: 10.1086/150317.

J. d. Swart, G. Bertone, and J. v. Dongen. “How Dark Matter Came to Matter”. en.
In: Nature Astronomy 1.3 (Mar. 2017). arXiv:1703.00013 [astro-ph], p. 0059. ISSN:
2397-3366. DOI: 10.1038/s41550-017-0059.

R. D. Peccei. “A Short Review of Axions”. In: High energy physics. Proceedings, 19th
International Conference, ICHEP 1978, Tokyo, Japan, August 23-August 30, 1978 ().
S. Weinberg. “A New Light Boson?” en. In: Physical Review Letters 40.4 (Jan. 1978),
pp- 223-226. 1SSN: 0031-9007. poI: 10.1103/PhysRevLett.40.223.

F. Wilczek. “Problem of Strong P and T Invariance in the Presence of Instantons”. In:
Phys. Rev. Lett. 40 (5 Jan. 1978), pp. 279-282. DOI: 10.1103/PhysRevLett.40.279.
URL: https://link.aps.org/doi/10.1103/PhysRevLett.40.279.

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, and J. March-Russell. “String
Axiverse”. In: Physical Review D 81.12 (2010). arXiv:0905.4720 [hep-th], p. 123530.
ISSN: 1550-7998, 1550-2368. DOI: 10.1103/PhysRevD.81.123530.

J. Preskill, M. B. Wise, and F. Wilczek. “Cosmology of the invisible axion”. In: Physics
Letters B 120.1 (1983), pp. 127-132. 1ssN: 0370-2693. DOI: https://doi.org/10.
1016/0370-2693(83)90637-8. URL: https://www.sciencedirect.com/science/
article/pii/0370269383906378.

L. F. Abbott and P. Sikivie. “A cosmological bound on the invisible axion”. In: Physics
Letters B 120.1-3 (1983), pp. 133-136.

M. Dine and W. Fischler. “The not-so-harmless axion”. In: Physics Letters B 120.1-3
(1983), pp. 137-141.

G. Raffelt and L. Stodolsky. “Mixing of the photon with low-mass particles”. en. In:
Physical Review D 37.5 (Mar. 1988), pp. 1237-1249. 1ssN: 0556-2821. pDOI: 10.1103/
PhysRevD.37.1237.

G. Bellini, L. Ludhova, G. Ranucci, and F. L. Villante. “Neutrino Oscillations”. en.
In: Advances in High Energy Physics 2014.1 (2014), p. 191960. 1sSSN: 1687-7365. DOI:
10.1155/2014/191960.

K. Ehret. The ALPS Light Shining Through a Wall Experiment - WISP Search in the
Laboratory. 2010. arXiv: 1006.5741 [hep-ex]. URL: https://arxiv.org/abs/1006.
5741.

I. G. Irastorza. “An introduction to axions and their detection”. en. In: SciPost Physics
Lecture Notes (Mar. 2022). arXiv:2109.07376 [hep-ph], p. 45. 1SSN: 2590-1990. DOI:
10.21468/SciPostPhysLectNotes.45.

94


https://doi.org/10.48550/arXiv.1201.3942
http://arxiv.org/abs/1201.3942
http://arxiv.org/abs/1201.3942
http://www.jstor.org/stable/40672858
http://www.jstor.org/stable/40672858
https://doi.org/10.1086/508162
https://arxiv.org/abs/astro-ph/0608407
https://doi.org/10.1086/150317
https://doi.org/10.1038/s41550-017-0059
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://link.aps.org/doi/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/https://doi.org/10.1016/0370-2693(83)90637-8
https://www.sciencedirect.com/science/article/pii/0370269383906378
https://www.sciencedirect.com/science/article/pii/0370269383906378
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1155/2014/191960
https://arxiv.org/abs/1006.5741
https://arxiv.org/abs/1006.5741
https://arxiv.org/abs/1006.5741
https://doi.org/10.21468/SciPostPhysLectNotes.45

[42]

[43]

[44]

S. Porras-Bedmar and M. Meyer. “Niebla: an open-source code for modelling the
extragalactic background light”. en. In: arXiv:2510.20664 (Oct. 2025). arXiv:2510.20664
[astro-ph]. DOI: 10.48550/arXiv.2510.20664. URL: http://arxiv.org/abs/2510.
20664.

A. De Angelis, G. Galanti, and M. Roncadelli. “Relevance of axionlike particles for
very-high-energy astrophysics”. en. In: Physical Review D 84.10 (Nov. 2011), p. 105030.
ISSN: 1550-7998, 1550-2368. DOI: 10.1103/PhysRevD.84.105030.

T. H. Collaboration and F. Aharonian. “Observations of the Crab Nebula with H.E.S.S”.
en. In: Astronomy & Astrophysics 457.3 (Oct. 2006). arXiv:astro-ph/0607333, pp. 899—
915. 18SN: 0004-6361, 1432-0746. DOI: 10.1051/0004-6361:20065351.

F.-L. Collaboration. “The Fermi Large Area Telescope On Orbit: Event Classification,
Instrument Response Functions, and Calibration”. In: The Astrophysical Journal
Supplement Series 203.1 (Nov. 2012). arXiv:1206.1896 [astro-ph], p. 4. 1SSN: 0067-0049,
1538-4365. DOI: 10.1088/0067-0049/203/1/4.

R. J. Cecil. “The Astrophysical Search For Axion Like Particle Signatures In Gamma-
Ray Propagation”. English. PhD thesis. University of Hamburg, Feb. 2025.

M. K. Gaillard, P. D. Grannis, and F. J. Sciulli. “The standard model of particle
physics”. en. In: Reviews of Modern Physics 71.2 (Mar. 1999), S96-S111. 1SSN: 0034-
6861, 1539-0756. DOI: 10.1103/RevModPhys.71.S96.

J. Ellis. “Limits of the Standard Model”. In: arXiv:hep-ph/0211168 (Nov. 2002).
arXiv:hep-ph/0211168. DOI: 10.48550/arXiv.hep-ph/0211168. URL: http://arxiv.
org/abs/hep-ph/0211168.

P. Svrcek and E. Witten. “Axions In String Theory”. In: Journal of High Energy
Physics 2006.06 (2006). arXiv:hep-th/0605206, pp. 051-051. 1sSN: 1029-8479. DOI:
10.1088/1126-6708/2006/06/051.

L. D. Dufty and K. v. Bibber. “Axions as dark matter particles”. In: New Journal of
Physics 11.10 (2009), p. 105008.

P. Sikivie. “Invisible axion search methods”. en. In: Reviews of Modern Physics 93.1
(Feb. 2021), p. 015004. 1SSN: 0034-6861, 1539-0756. DOI: 10.1103/RevModPhys . 93.
015004.

R. D. Peccei and H. R. Quinn. “Constraints imposed by CP conservation in the
presence of pseudoparticles”. en. In: Physical Review D 16.6 (1977), pp. 1791-1797.
1SSN: 0556-2821. DOI: 10.1103/PhysRevD.16.1791.

C. B. Adams, N. Aggarwal, A. Agrawal, et al. “Axion Dark Matter”. en. In:
arXiv:2203.14923 (Mar. 2023). arXiv:2203.14923 [hep-ex]. DOI: 10 .48550/arXiv .
2203.14923. URL: http://arxiv.org/abs/2203.14923.

N. Gendler, D. J. E. Marsh, L. McAllister, and J. Moritz. “Glimmers from the Axiverse”.
In: arXiv:2309.13145 (Oct. 2024). arXiv:2309.13145 [hep-th]. DOI: 10.48550/arXiv.
2309.13145. URL: http://arxiv.org/abs/2309.13145.

K. Choi, S. H. Im, and C. S. Shin. “Recent Progress in the Physics of Axions and Axion-
Like Particles”. en. In: Annual Review of Nuclear and Particle Science 71.1 (2021),
pp. 225-252. 1SSN: 0163-8998, 1545-4134. DOI: 10. 1146 /annurev-nucl-120720-
031147.

95


https://doi.org/10.48550/arXiv.2510.20664
http://arxiv.org/abs/2510.20664
http://arxiv.org/abs/2510.20664
https://doi.org/10.1103/PhysRevD.84.105030
https://doi.org/10.1051/0004-6361:20065351
https://doi.org/10.1088/0067-0049/203/1/4
https://doi.org/10.1103/RevModPhys.71.S96
https://doi.org/10.48550/arXiv.hep-ph/0211168
http://arxiv.org/abs/hep-ph/0211168
http://arxiv.org/abs/hep-ph/0211168
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1103/RevModPhys.93.015004
https://doi.org/10.1103/RevModPhys.93.015004
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.48550/arXiv.2203.14923
https://doi.org/10.48550/arXiv.2203.14923
http://arxiv.org/abs/2203.14923
https://doi.org/10.48550/arXiv.2309.13145
https://doi.org/10.48550/arXiv.2309.13145
http://arxiv.org/abs/2309.13145
https://doi.org/10.1146/annurev-nucl-120720-031147
https://doi.org/10.1146/annurev-nucl-120720-031147

[50]

[51]

[52]

[54]

[55]

Y. N. Gnedin, M. Y. Piotrovich, and T. Natsvlishvili. “PVLAS experiment: some
astrophysical consequences”. In: Monthly Notices of the Royal Astronomical Society
374.1 (2007), pp. 276-281.

K. Zioutas, S. Andriamonje, V. Arsov, et al. “First results from the CERN axion solar
telescope”. In: Physical review letters 94.12 (2005), p. 121301.

N. Du, N. Force, R. Khatiwada, et al. “Search for invisible axion dark matter with the
axion dark matter experiment”. In: Physical review letters 120.15 (2018), p. 151301.

D. Cadamuro and J. Redondo. “Cosmological bounds on pseudo Nambu-Goldstone
bosons”. In: Journal of Cosmology and Astroparticle Physics 2012.02 (2012), pp. 032—
032.

A. Ayala, I. Dominguez, M. Giannotti, A. Mirizzi, and O. Straniero. “Revisiting
the bound on axion-photon coupling from Globular Clusters”. In: arXiv preprint
arXiv:1406.6053 (2014).

G. G. Raffelt. Stars as laboratories for fundamental physics: The astrophysics of
neutrinos, axions, and other weakly interacting particles. University of Chicago press,
1996.

C. O’Hare. cajohare/AxionLimits: AzionLimits. https://cajohare.github.io/
AxionLimits/. Version v1.0. July 2020. por: 10.5281/zenodo . 3932430.

A. Acharyya, R. Cecil, M. Meyer, and S. Porras-Bedmar. “Gamma-Ray Constraints
on Heavy Axion-Like-Particle Decays from Fermi-LAT and H.E.S.S. Blazar Spectra”.
en. [In preparation].

H. Primakoff. “Photo-Production of Neutral Mesons in Nuclear Electric Fields and
the Mean Life of the Neutral Meson”. In: Phys. Rev. 81 (5 Mar. 1951), p. 899. DOI:
10.1103/PhysRev.81.899. URL: https://link.aps.org/doi/10.1103/PhysRev.
81.899.

N. Bassan, A. Mirizzi, and M. Roncadelli. “ Axion-like particle effects on the polarization
of cosmic high-energy gamma sources”. In: Journal of Cosmology and Astroparticle
Physics 2010.05 (May 2010). arXiv:1001.5267 [astro-ph], pp. 010-010. 1sSN: 1475-7516.
DOI: 10.1088/1475-7516/2010/05/010.

M. Meyer, J. Davies, and J. Kuhlmann. “gammaALPs: An open-source python package
for computing photon-axion-like-particle oscillations in astrophysical environments”.
In: Proceedings of 37th International Cosmic Ray Conference — PoS(ICRC2021).
ICRC2021. Sissa Medialab, June 2021, p. 557. DOI: 10.22323/1.395.0557. URL:
http://dx.doi.org/10.22323/1.395.0557.

M. Meyer, D. Montanino, and J. Conrad. “On detecting oscillations of gamma rays
into axion-like particles in turbulent and coherent magnetic fields”. en. In: Journal of
Cosmology and Astroparticle Physics 2014.09 (Jan. 2017). arXiv:1406.5972 [astro-ph],
pp- 003-003. 18SN: 1475-7516. DOI: 10.1088/1475-7516/2014/09/003.

T. M. Heckman and P. N. Best. “The Coevolution of Galaxies and Supermassive
Black Holes: Insights from Surveys of the Contemporary Universe”. en. In: Annual
Review of Astronomy and Astrophysics 52.1 (Aug. 2014), pp. 589-660. 1SSN: 0066-4146,
1545-4282. DOI: 10.1146/annurev-astro-081913-035722.

P. Padovani, D. M. Alexander, R. J. Assef, et al. “Active galactic nuclei: what’s in a
name?” en. In: The Astronomy and Astrophysics Review 25.1 (Nov. 2017), p. 2. ISSN:
0935-4956, 1432-0754. DOI: 10.1007/s00159-017-0102-9.

96


https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/
https://doi.org/10.5281/zenodo.3932430
https://doi.org/10.1103/PhysRev.81.899
https://link.aps.org/doi/10.1103/PhysRev.81.899
https://link.aps.org/doi/10.1103/PhysRev.81.899
https://doi.org/10.1088/1475-7516/2010/05/010
https://doi.org/10.22323/1.395.0557
http://dx.doi.org/10.22323/1.395.0557
https://doi.org/10.1088/1475-7516/2014/09/003
https://doi.org/10.1146/annurev-astro-081913-035722
https://doi.org/10.1007/s00159-017-0102-9

[64]

[65]

[67]
[68]
[69]

[70]

A. M. Mickaelian. “AGN Zoo and Classifications of Active Galaxies”. In: Iranian
Journal of Astronomy and Astrophysics 2.1 (July 2015), pp. 1-38.

L. Spinoglio and J. A. Fernidndez-Ontiveros. “AGN types and unification model”.
en. In: Proceedings of the International Astronomical Union 15.8356 (Oct. 2019),
pp- 29-43. 18SN: 1743-9213, 1743-9221. DOI: 10.1017/S1743921320002549.

C. M. Urry and P. Padovani. “Unified schemes for radio-loud active galactic nuclei”.
In: Publications of the Astronomical Society of the Pacific 107.715 (1995), pp. 803-803.
J. Holder. “TeV Gamma-ray Astronomy: A Summary”. en. In: Astroparticle Physics
39-40 (Dec. 2012). arXiv:1204.1267 [astro-ph], pp. 61-75. 1ssN: 09276505. DOI: 10.
1016/j.astropartphys.2012.02.014.

G. L. Mura, G. Busetto, S. Ciroi, et al. “Relativistic plasmas in AGN jets - From
synchrotron radiation to gamma-ray emission”. In: The Furopean Physical Journal D
71.4 (Apr. 2017). arXiv:1702.06779 [astro-ph], p. 95. 1SSN: 1434-6060, 1434-6079. DOI:
10.1140/epjd/e2017-70745-2.

M.-H. Ulrich, L. Maraschi, and C. M. Urry. “Variability of active galactic nuclei”. In:
Annual Review of Astronomy and Astrophysics 35.1 (1997), pp. 445-502.

P. Schneider. Extragalactic Astronomy and Cosmology: An Introduction. en. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2015. 1SBN: 978-3-642-54082-0. DOI: 10.1007/
978-3-642-54083-7. URL: https://link.springer.com/10.1007/978-3-642-
54083-7.

G. Bhatta. “Blazar jets as possible sources of ultra-high energy photons: a short
review”. In: Ungverse 8.10 (Oct. 2022). arXiv:2209.13158 [astro-ph], p. 513. ISSN:
2218-1997. DOI: 10.3390/universe8100513.

M. Meyer. “The opacity of the universe for high and very high energy gamma-rays”.
In: (2013).

E. L. Alexander. “Magnetic Fields Around Radio Galaxies”. PhD thesis. University of
Manchester, 2002.

H.E.S.S. Collaboration. H.E.S.S. Collaboration. [Online; Accessed 7 May 2026]. URL:
https://hess-experiment.eu/.

S. P. Wakely and D. Horan. “TeVCat: An online catalog for Very High Energy Gamma-
Ray Astronomy”. In: International Cosmic Ray Conference 3 (2008). [Online; Accessed
30 May 2026], pp. 1341-1344. URL: https://tevcat2.tevcat.org/.

A. A. Abdo, M. Ackermann, M. Ajello, et al. “Fermi Observations of the Very Hard
Gamma-Ray Blazar PG 15534113". In: The Astrophysical Journal 708.2 (Dec. 2009),
p- 1310. po1: 10.1088/0004-637X/708/2/1310. URL: https://doi.org/10.1088/
0004-637X/708/2/1310.

M. Béttcher. “Modeling the emission processes in blazars”. In: Astrophysics and Space
Science 309.1 (2007), pp. 95-104.

M. Boettcher. “Modeling the Spectral Energy Distributions and Variability of Blazars”.
In: arXiv:1205.0539 (May 2012). arXiv:1205.0539 [astro-ph|. DOI: 10.48550/arXiv.
1205.0539. URL: http://arxiv.org/abs/1205.0539.

Z. Fan, X. Cao, and M. Gu. “A test of external Compton models for gamma-ray active
galactic nuclei”. In: The Astrophysical Journal 646.1 (2006), pp. 8-15.

97


https://doi.org/10.1017/S1743921320002549
https://doi.org/10.1016/j.astropartphys.2012.02.014
https://doi.org/10.1016/j.astropartphys.2012.02.014
https://doi.org/10.1140/epjd/e2017-70745-2
https://doi.org/10.1007/978-3-642-54083-7
https://doi.org/10.1007/978-3-642-54083-7
https://link.springer.com/10.1007/978-3-642-54083-7
https://link.springer.com/10.1007/978-3-642-54083-7
https://doi.org/10.3390/universe8100513
https://hess-experiment.eu/
https://tevcat2.tevcat.org/
https://doi.org/10.1088/0004-637X/708/2/1310
https://doi.org/10.1088/0004-637X/708/2/1310
https://doi.org/10.1088/0004-637X/708/2/1310
https://doi.org/10.48550/arXiv.1205.0539
https://doi.org/10.48550/arXiv.1205.0539
http://arxiv.org/abs/1205.0539

[82]

D. Bégué, N. Sahakyan, H. Dereli-Bégué, et al. “Modeling Blazar Broadband Emission
with a Convolutional Neural Network. I. Synchrotron Self-Compton Model”. In: The
Astrophysical Journal 963.1 (Feb. 2024), p. 71. DOI: 10.3847/1538-4357/ad19cf.

J. D. Finke. “External compton scattering in blazar jets and the location of the
gamma-ray emitting region”. In: The Astrophysical Journal 830.2 (2016), p. 94.

T. Unbehaun. “Joint-instrument analyses with GammaPy”. MA thesis. Friedrich-
Alexander-Universitat, 2020.

E. Dwek and F. Krennrich. “The Extragalactic Background Light and the Gamma-ray
Opacity of the Universe”. en. In: Astroparticle Physics 43 (Mar. 2013). arXiv:1209.4661
[astro-ph], pp. 112-133. 1SSN: 09276505. DOI: 10.1016/j.astropartphys.2012.09.
003.

H. Collaboration, H. Abdalla, A. Abramowski, et al. “Measurement of the EBL spectral
energy distribution using the VHE gamma-ray spectra of H.E.S.S. blazars”. en. In:
Astronomy & Astrophysics 606 (Oct. 2017), A59. 1SSN: 0004-6361, 1432-0746. DOI:
10.1051/0004-6361/201731200.

H. Collaboration, A. Abramowski, F. Acero, et al. “Measurement of the extragalactic
background light imprint on the spectra of the brightest blazars observed with H.E.S.S.”
en. In: Astronomy & Astrophysics 550 (Feb. 2013), A4. 1ssN: 0004-6361, 1432-0746.
DOI: 10.1051/0004-6361/201220355.

H. Dole, G. Lagache, J.-L. Puget, et al. “The cosmic infrared background resolved
by Spitzer: Contributions of mid-infrared galaxies to the far-infrared background”.
In: Astronomy & Astrophysics 451.2 (May 2006), pp. 417-429. 1SSN: 1432-0746. DOI:
10.1051/0004-6361:20054446. URL: http://dx.doi.org/10.1051/0004-6361:
20054446.

E. Pueschel. “The Extragalactic Background Light: Constraints from TeV Blazar
Observations”. en. In: Proceedings of 35th International Cosmic Ray Conference
— PoS(ICRC2017). Bexco, Busan, Korea: Sissa Medialab, Oct. 2017, p. 1107. DOI:
10.22323/1.301.1107. URL: https://pos.sissa.it/301/1107.

A. Dominguez, J. R. Primack, D. J. Rosario, et al. “Extragalactic background light
inferred from AEGIS galaxy-SED-type fractions: EBL from AEGIS galaxy-SED-type
fractions”. en. In: Monthly Notices of the Royal Astronomical Society 410.4 (Feb. 2011),
pp- 2556-2578. 1sSN: 00358711. poOI: 10.1111/j.1365-2966.2010.17631.x.

J. D. Finke, M. Ajello, A. Dominguez, et al. “Modeling the Extragalactic Background
Light and the Cosmic Star Formation History”. en. In: The Astrophysical Journal 941.1
(Dec. 2022), p. 33. 1sSN: 0004-637X, 1538-4357. DOI: 10.3847/1538-4357/ac9843.
A. Franceschini, G. Rodighiero, and M. Vaccari. “Extragalactic optical-infrared back-
ground radiation, its time evolution and the cosmic photon-photon opacity”. In: Astron-
omy & Astrophysics 487.3 (2008), pp. 837-852. 1SSN: 1432-0746. DOI: 10.1051/0004~
6361:200809691. URL: http://dx.doi.org/10.1051/0004-6361:200809691.

A. Saldana-Lopez, A. Dominguez, P. G. Pérez-Gonzéalez, et al. “An observational
determination of the evolving extragalactic background light from the multiwavelength
HST/CANDELS survey in the Fermi and CTA era”. en. In: Monthly Notices of the
Royal Astronomical Society 507.4 (2021). arXiv:2012.03035 [astro-ph], pp. 5144-5160.
1SSN: 0035-8711, 1365-2966. DOI: 10.1093/mnras/stab2393.

98


https://doi.org/10.3847/1538-4357/ad19cf
https://doi.org/10.1016/j.astropartphys.2012.09.003
https://doi.org/10.1016/j.astropartphys.2012.09.003
https://doi.org/10.1051/0004-6361/201731200
https://doi.org/10.1051/0004-6361/201220355
https://doi.org/10.1051/0004-6361:20054446
http://dx.doi.org/10.1051/0004-6361:20054446
http://dx.doi.org/10.1051/0004-6361:20054446
https://doi.org/10.22323/1.301.1107
https://pos.sissa.it/301/1107
https://doi.org/10.1111/j.1365-2966.2010.17631.x
https://doi.org/10.3847/1538-4357/ac9843
https://doi.org/10.1051/0004-6361:200809691
https://doi.org/10.1051/0004-6361:200809691
http://dx.doi.org/10.1051/0004-6361:200809691
https://doi.org/10.1093/mnras/stab2393

F. Aharonian, A. G. Akhperjanian, A. R. Bazer-Bachi, et al. “A low level of extragalac-
tic background light as revealed by gamma-rays from blazars”. en. In: Nature 440.7087
(Apr. 2006), pp. 1018-1021. 1sSN: 0028-0836, 1476-4687. DOI: 10.1038/nature04680.
M. Errando, R. Bock, D. Kranich, et al. “Discovery of very high energy gamma-rays
from the flat spectrum radio quasar 3C 279 with the MAGIC telescope”. en. In:
AIP Conference Proceedings. Heidelberg (Germany): AIP, 2008, pp. 423-426. DOI:
10.1063/1.3076698. URL: https://pubs.aip.org/aip/acp/article/1085/1/423-
426/609344.

M. Lorentz and P. Brun. “Limits on Lorentz invariance violation at the Planck energy
scale from HESS spectral analysis of the blazar Mrk 501”. In: EPJ Web of Conferences.
Vol. 136. EDP Sciences. 2017, p. 03018.

N. Tejos. “The Intergalactic Medium”. In: arXiv:2504.12539 (Apr. 2025).
arXiv:2504.12539 [astro-ph]. DOI: 10 . 48550/ arXiv . 2504 . 125639. URL: http: //
arxiv.org/abs/2504.125309.

F. Aharonian, J. Aschersleben, M. Backes, et al. “Constraints on the Intergalactic
Magnetic Field Using Fermi-LAT and H.E.S.S. Blazar Observations”. en. In: The
Astrophysical Journal Letters 950.2 (2023), p. L16. 1sSN: 2041-8205, 2041-8213. DOI:
10.3847/2041-8213/acd777.

R. Jansson and G. R. Farrar. “A New Model of the Galactic Magnetic Field”. en.
In: The Astrophysical Journal 757.1 (2012). arXiv:1204.3662 [astro-ph], p. 14. I1SSN:
0004-637X, 1538-4357. DOI: 10.1088/0004-637X/757/1/14.

F. Tavecchio, M. Roncadelli, and G. Galanti. “Photons to axion-like particles conversion
in Active Galactic Nuclei”. en. In: Physics Letters B 744 (May 2015), pp. 375-379.
ISSN: 03702693. DOL: 10.1016/j . physletb.2015.04.017.

J. Davies, M. Meyer, and G. Cotter. “Relevance of jet magnetic field structure for
blazar axionlike particle searches”. en. In: Physical Review D 103.2 (Jan. 2021).
arXiv:2011.08123 [astro-ph], p. 023008. 1SSN: 2470-0010, 2470-0029. por: 10.1103/
PhysRevD.103.023008.

D. Malyshev, L. Zadorozhna, Y. Bidasyuk, A. Santangelo, and O. Ruchayskiy. “Con-
straints on axion-like particles from active galactic nuclei seen through galaxy clusters”.
en. In: Nature Astronomy (Aug. 2025). 1SSN: 2397-3366. DOI: 10.1038/s41550-025-
02621-8. URL: https://www.nature.com/articles/s415650-025-02621-8.

C. Grimaud, D. Malyshev, and E. Moulin. “Sensitivity to Axion-like Particle dark
matter with very-high-energy gamma-ray observations of Active Galactic Nuclei located
behind Galaxy Clusters”. In: arXiv preprint arXiv:2603.12009 (2026).

G. Galanti and M. Roncadelli. “Behavior of axion-like particles in smoothed out domain-
like magnetic fields”. en. In: Physical Review D 98.4 (Aug. 2018). arXiv:1804.09443
[astro-ph], p. 043018. 1SSN: 2470-0010, 2470-0029. DOI: 10.1103/PhysRevD.98.043018.
S. Funk. “Ground- and Space-Based Gamma-Ray Astronomy”. en. In: Annual Review
of Nuclear and Particle Science 65.1 (Oct. 2015), pp. 245-277. 1SSN: 0163-8998, 1545-
4134. por: 10.1146/annurev-nucl-102014-022036.

J. Hubbell. “Electron-positron pair production by photons: A historical overview”. en.
In: Radiation Physics and Chemistry 75.6 (2006), pp. 614-623. 1sSN: 0969806X. DOTI:
10.1016/j .radphyschem.2005.10.008.

99


https://doi.org/10.1038/nature04680
https://doi.org/10.1063/1.3076698
https://pubs.aip.org/aip/acp/article/1085/1/423-426/609344
https://pubs.aip.org/aip/acp/article/1085/1/423-426/609344
https://doi.org/10.48550/arXiv.2504.12539
http://arxiv.org/abs/2504.12539
http://arxiv.org/abs/2504.12539
https://doi.org/10.3847/2041-8213/acd777
https://doi.org/10.1088/0004-637X/757/1/14
https://doi.org/10.1016/j.physletb.2015.04.017
https://doi.org/10.1103/PhysRevD.103.023008
https://doi.org/10.1103/PhysRevD.103.023008
https://doi.org/10.1038/s41550-025-02621-8
https://doi.org/10.1038/s41550-025-02621-8
https://www.nature.com/articles/s41550-025-02621-8
https://doi.org/10.1103/PhysRevD.98.043018
https://doi.org/10.1146/annurev-nucl-102014-022036
https://doi.org/10.1016/j.radphyschem.2005.10.008

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109)]

[110]

[111]

[112]

R. Mirzoyan. “Handbook of X-ray and Gamma-ray Astrophysics”. In: (2024). DOI:
10.1007/978-981-19-6960-7. URL: http://dx.doi.org/10.1007/978-981-19-
6960-7.

G. Piihlhofer, F. Leuschner, and H. Salzmann. “H.E.S.S.: The High Energy Stereo-
scopic System”. In: Handbook of X-ray and Gamma-ray Astrophysics. Springer Nature
Singapore, Dec. 2023, pp. 1-41. 1SBN: 9789811645440. DOI: 10.1007/978-981-16-
4544-0_69-2. URL: http://dx.doi.org/10.1007/978-981-16-4544-0_69-2.

R. Poggiani. High Energy Astrophysical Techniques. en. UNITEXT for Physics. Cham:
Springer International Publishing, 2017. 1SBN: 978-3-319-44728-5. DOI: 10.1007/978-
3-319-44729-2. URL: http://link.springer.com/10.1007/978-3-319-44729-2.
F. Aharonian, A. Akhperjanian, K.-M. Aye, et al. “Calibration of cameras of the
H.E.S.S. detector”. en. In: Astroparticle Physics 22.2 (Nov. 2004), pp. 109-125. 1SSN:
09276505. DOI: 10.1016/j.astropartphys.2004.06.006.

M. Holler, D. Berge, C. v. Eldik, et al. “Observations of the Crab Nebula with
H.E.S.S. Phase II”. en. In: arXiv:1509.02902 (2015). arXiv:1509.02902 [astro-ph]. DO
10.48550/arXiv.1509.02902. URL: http://arxiv.org/abs/1509.02902.

H.E.S.S. Collaboration. H.E.S.S. First Public Test Data Release. arXiv:1810.04516
[astro-ph]. 2018. DOI: 10.5281/zenodo.1421098. URL: http://arxiv.org/abs/1810.
04516.

A. Kohnle, F. Aharonian, A. Akhperjanian, et al. “Stereoscopic imaging of air show-
ers with the first two HEGRA Cherenkov telescopes”. In: Astroparticle Physics 5.2
(1996), pp. 119-131. 18sN: 0927-6505. DOI: https://doi.org/10.1016/0927 -
6505(96)00011-4. URL: https://www.sciencedirect.com/science/article/pii/
0927650596000114.

A. M. Hillas. “Cerenkov light images of EAS produced by primary gamma”. In: 19th
Intern. Cosmic Ray Conf-Vol. 3. 0G-9.5-3. 1985.

Fermi-LAT Collaboration and W. B. Atwood. “The Large Area Telescope on the
Fermi Gamma-ray Space Telescope Mission”. In: The Astrophysical Journal 697.2
(2009). arXiv:0902.1089 [astro-ph], pp. 1071-1102. 1SSN: 0004-637X, 1538-4357. DOL:
10.1088/0004-637X/697/2/1071.

C. Meegan, G. Lichti, P. N. Bhat, et al. “THE FERMI GAMMA-RAY BURST
MONITOR”. en. In: The Astrophysical Journal 702.1 (2009), pp. 791-804. 1SSN:
0004-637X, 1538-4357. DOI: 10.1088/0004-637X/702/1/791.

NASA STEM Team. What Is the Fermi Gamma-ray Space Telescope? [Online; Accessed
7 May 2026]. URL: https://www.nasa.gov/learning-resources/for-kids-and-
students/what-is-the-fermi-gamma-ray-space-telescope-grades-5-8/.

S. Abdollahi, F. Acero, M. Ackermann, et al. “Fermi Large Area Telescope Fourth
Source Catalog”. In: The Astrophysical Journal Supplement Series 247.1 (Mar. 2020),
p- 33. DOIL: 10.3847/1538-4365/ab6bcb. URL: https://doi.org/10.3847/1538-
4365/ab6bcb.

C. Nigro, C. Deil, R. Zanin, et al. “Towards open and reproducible multi-instrument
analysis in gamma-ray astronomy”. en. In: Astronomy & Astrophysics 625 (May 2019),
A10. 18sN: 0004-6361, 1432-0746. DOI: 10.1051/0004-6361/201834938.

100


https://doi.org/10.1007/978-981-19-6960-7
http://dx.doi.org/10.1007/978-981-19-6960-7
http://dx.doi.org/10.1007/978-981-19-6960-7
https://doi.org/10.1007/978-981-16-4544-0_69-2
https://doi.org/10.1007/978-981-16-4544-0_69-2
http://dx.doi.org/10.1007/978-981-16-4544-0_69-2
https://doi.org/10.1007/978-3-319-44729-2
https://doi.org/10.1007/978-3-319-44729-2
http://link.springer.com/10.1007/978-3-319-44729-2
https://doi.org/10.1016/j.astropartphys.2004.06.006
https://doi.org/10.48550/arXiv.1509.02902
http://arxiv.org/abs/1509.02902
https://doi.org/10.5281/zenodo.1421098
http://arxiv.org/abs/1810.04516
http://arxiv.org/abs/1810.04516
https://doi.org/https://doi.org/10.1016/0927-6505(96)00011-4
https://doi.org/https://doi.org/10.1016/0927-6505(96)00011-4
https://www.sciencedirect.com/science/article/pii/0927650596000114
https://www.sciencedirect.com/science/article/pii/0927650596000114
https://doi.org/10.1088/0004-637X/697/2/1071
https://doi.org/10.1088/0004-637X/702/1/791
https://www.nasa.gov/learning-resources/for-kids-and-students/what-is-the-fermi-gamma-ray-space-telescope-grades-5-8/
https://www.nasa.gov/learning-resources/for-kids-and-students/what-is-the-fermi-gamma-ray-space-telescope-grades-5-8/
https://doi.org/10.3847/1538-4365/ab6bcb
https://doi.org/10.3847/1538-4365/ab6bcb
https://doi.org/10.3847/1538-4365/ab6bcb
https://doi.org/10.1051/0004-6361/201834938

[113]

[114]

[115]
[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

T.-P. Li and Y.-Q. Ma. “Analysis methods for results in gamma-ray astronomy”. In:
Astrophysical Journal, Part 1 (ISSN 0004-637X), vol. 272, Sept. 1, 1983, p. 317-324.
272 (1983), pp. 317-324.

S. N. Zhang and D. Ramsden. “Statistical data analysis for gamma-ray astronomy”.
en. In: Ezperimental Astronomy 1.3 (1990), pp. 145-163. 1SSN: 0922-6435, 1572-9508.
DOI: 10.1007/BF00462037.

J. R. Mattox, D. Bertsch, J. Chiang, et al. “The likelihood analysis of EGRET data”.
In: Astrophysical Journal v. 461, p. 396 461 (1996), p. 396.

A. Donath, R. Terrier, Q. Remy, et al. “Gammapy: A Python package for gamma-ray
astronomy”. In: Astronomy € Astrophysics 678 (2023), A157.

M. Wood, R. Caputo, E. Charles, M. D. Mauro, J. Magill, and J. Perkins. “Fermipy:
An open-source Python package for analysis of Fermi-LAT Data”. In: arXiv:1707.09551
(2017). arXiv:1707.09551 [astro-ph]. DOI: 10.48550/arXiv.1707.09551. URL: http:
//arxiv.org/abs/1707.09551.

D. Malyshev and L. Mohrmann. “Analysis Methods for Gamma-ray Astronomy”. In:
arXiv:2309.02966 [astro-ph]. 2024, pp. 1-53. DOI: 10.1007/978-981-16-4544-0_177~
1. URL: http://arxiv.org/abs/2309.02966.

W. Atwood, A. Albert, L. Baldini, et al. “Pass 8: Toward the Full Realization of the
Fermi-LAT Scientific Potential”. In: arXiv:1303.3514 (Mar. 2013). arXiv:1303.3514
[astro-ph]. DOI: 10.48550/arXiv.1303.3514. URL: http://arxiv.org/abs/1303.
3514.

R. D. Parsons and J. A. Hinton. “A Monte Carlo Template based analysis for Air-
Cherenkov Arrays”. en. In: Astroparticle Physics 56 (Apr. 2014). arXiv:1403.2993
[astro-ph], pp. 26-34. 1SSN: 09276505. DOI: 10.1016/j.astropartphys.2014.03.002.
R. D. Parsons, M. Gajdus, and T. Murach. “HESS IT Data Analysis with InPACT”.
en. In: arXiv:1509.06322 (2015). arXiv:1509.06322 [astro-ph|. DOI: 10.48550/arXiv.
1509.06322. URL: http://arxiv.org/abs/1509.06322.

T. Murach, M. Gajdus, and R. D. Parsons. “A Neural Network-Based Mono-
scopic Reconstruction Algorithm for H.E.S.S. II”. en. In: arXiv:1509.00794 (2015).
arXiv:1509.00794 [astro-ph]. DOI: 10.48550/arXiv.1509.00794. URL: http://arxiv.
org/abs/1509.00794.

M. de Naurois and L. Rolland. “A high performance likelihood reconstruction of gamma-
rays for imaging atmospheric Cherenkov telescopes”. In: Astroparticle Physics 32.5 (Dec.
2009), pp. 231-252. 18SN: 0927-6505. DOI: 10.1016/j.astropartphys.2009.09.001.
URL: http://dx.doi.org/10.1016/j.astropartphys.2009.09.001.

F.-L. collaboration, S. Abdollahi, F. Acero, et al. “Incremental Fermi Large Area
Telescope Fourth Source Catalog”. en. In: The Astrophysical Journal Supplement
Series 260.2 (2022). arXiv:2201.11184 [astro-ph], p. 53. 1SSN: 0067-0049, 1538-4365.
DOI: 10.3847/1538-4365/ac6751.

J. Ballet, P. Bruel, T. Burnett, B. Lott, F.-L. Collaboration, et al. “Fermi Large
Area Telescope fourth source catalog data release 4 (AFGL-DR4)”. In: arXiv preprint
arXiv:2307.12546 (2023).

S. Gillessen and H. L. Harney. “Significance in gamma-ray astronomy - the Li & Ma
problem in Bayesian statistics”. en. In: Astronomy & Astrophysics 430.1 (Jan. 2005),
pp- 355-362. 1ssN: 0004-6361, 1432-0746. DOI: 10.1051/0004-6361:20035839.

101


https://doi.org/10.1007/BF00462037
https://doi.org/10.48550/arXiv.1707.09551
http://arxiv.org/abs/1707.09551
http://arxiv.org/abs/1707.09551
https://doi.org/10.1007/978-981-16-4544-0_177-1
https://doi.org/10.1007/978-981-16-4544-0_177-1
http://arxiv.org/abs/2309.02966
https://doi.org/10.48550/arXiv.1303.3514
http://arxiv.org/abs/1303.3514
http://arxiv.org/abs/1303.3514
https://doi.org/10.1016/j.astropartphys.2014.03.002
https://doi.org/10.48550/arXiv.1509.06322
https://doi.org/10.48550/arXiv.1509.06322
http://arxiv.org/abs/1509.06322
https://doi.org/10.48550/arXiv.1509.00794
http://arxiv.org/abs/1509.00794
http://arxiv.org/abs/1509.00794
https://doi.org/10.1016/j.astropartphys.2009.09.001
http://dx.doi.org/10.1016/j.astropartphys.2009.09.001
https://doi.org/10.3847/1538-4365/ac6751
https://doi.org/10.1051/0004-6361:20035839

[127]

[128]

129
[130]

[131]

[132]
[133]

[134]

[135]

[136]

[137]

138

[139]

[140]

[141]

NASA / GSFC. Fermi SSC - LAT Photon, Event, and Spacecraft Data Query. https:
//fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi. [Online; accessed
18-May-2026]. 2026.

R. Brun and F. Rademakers. “ROOT: An object oriented data analysis framework”. In:
Nucl. Instrum. Meth. A 389 (1997). Ed. by M. Werlen and D. Perret-Gallix, pp. 81-86.
DOI: 10.1016/50168-9002(97) 00048-X.

Fermi-LAT Collaboration. Fermi-LAT Documentation. https://fermi.gsfc.nasa.
gov/. [Online; Accessed 15-May-2026].

GammaPy Development Team. GammaPy 2.0 Documentation and User Guide. https:
//docs.gammapy .org/2.0/index.html. [Online; Accessed 15-May-2026].

W. Cash. “Parameter estimation in astronomy through application of the likelihood
ratio”. en. In: The Astrophysical Journal 228 (Mar. 1979), p. 939. 1sSN: 0004-637X,
1538-4357. DOI: 10.1086/156922.

H. Dembinski, P. Ongmongkolkul, C. Deil, et al. “scikit-hep/iminuit: v”. In: Zenodo
(2020).

S. S. Wilks. “The large-sample distribution of the likelihood ratio for testing composite
hypotheses”. In: The annals of mathematical statistics 9.1 (1938), pp. 60-62.

S. Algeri, J. Conrad, and D. A. Van Dyk. “A method for comparing non-nested models
with application to astrophysical searches for new physics”. en. In: Monthly Notices
of the Royal Astronomical Society: Letters 458.1 (Mar. 2016), pp. L84-L88. 1SsN:
1745-3925, 1745-3933. DOTI: 10.1093/mnrasl/s1w025.

H. Chernoff. “On the distribution of the likelihood ratio”. In: The Annals of Mathe-
matical Statistics (1954), pp. 573-578.

H. Collaboration: A. Abramowski, F. Aharonian, et al. “Search for extended gamma-
ray emission around AGN with H.E.S.S. and Fermi-LAT”. en. In: Astronomy &
Astrophysics 562 (Feb. 2014), A145. 1SsN: 0004-6361, 1432-0746. DOI: 10.1051/0004~
6361/201322510.

G. Emery, M. Cerruti, A. Dmytriiev, et al. “Observations of the FSRQ 3C 279 during
the flaring state of 2017 and 2018 with HESS”. In: arXiv preprint arXiv:1908.06784
(2019).

S. Wagner, B. Rani, H. Collaboration, et al. “Enhanced HE and VHE gamma-ray
activity from the FSRQ PKS 0346-27". In: The Astronomer’s Telegram 15020 (2021),
p. 1.

A. Acharyya, F. Aharonian, F. Ait Benkhali, et al. “Scrutinizing the 2020 multiwave-
length outburst of PKS 0903-57 through observations with H.E.S.S.” In: Journal
of High Energy Astrophysics 53 (2026), p. 100599. 1SSN: 2214-4048. DOI: https :
//doi.org/10.1016/j. jheap.2026.100599. URL: https://www.sciencedirect.
com/science/article/pii/S2214404826000510.

F. Aharonian, A. G. Akhperjanian, U. Barres de Almeida, et al. “New constraints
on the mid-IR EBL from the HESS discovery of VHE ~-rays from 1ES 02294-200".
In: Astronomy and Astrophysics 475.2 (Nov. 2007), pp. L9-L13. por: 10.1051/0004-
6361:20078462. arXiv: 0709.4584 [astro-ph].

F. Aharonian, A. G. Akhperjanian, U. Barres de Almeida, et al. “Discovery of VHE ~-
rays from the distant BL Lacertae 1ES 0347-121". In: Astronomy and Astrophysics 473.3

102


https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
https://doi.org/10.1016/S0168-9002(97)00048-X
https://fermi.gsfc.nasa.gov/
https://fermi.gsfc.nasa.gov/
https://docs.gammapy.org/2.0/index.html
https://docs.gammapy.org/2.0/index.html
https://doi.org/10.1086/156922
https://doi.org/10.1093/mnrasl/slw025
https://doi.org/10.1051/0004-6361/201322510
https://doi.org/10.1051/0004-6361/201322510
https://doi.org/https://doi.org/10.1016/j.jheap.2026.100599
https://doi.org/https://doi.org/10.1016/j.jheap.2026.100599
https://www.sciencedirect.com/science/article/pii/S2214404826000510
https://www.sciencedirect.com/science/article/pii/S2214404826000510
https://doi.org/10.1051/0004-6361:20078462
https://doi.org/10.1051/0004-6361:20078462
https://arxiv.org/abs/0709.4584

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

(OCt. 2007), pp. L25-L28. DOI: 10.1051/0004-6361:20078412. arXiv: 0708.3021
[astro-ph].

H. E. S. S. Collaboration, A. Abramowski, F. Acero, et al. “Discovery of hard-spectrum
~y-ray emission from the BL Lacertae object 1ES 04144-009”. In: Astronomy and
Astrophysics 538, A103 (Feb. 2012), A103. por: 10.1051/0004-6361/201118406.
arXiv: 1201.2044 [astro-ph.HE].

F. Aharonian, A. G. Akhperjanian, A. R. Bazer-Bachi, et al. “Detection of VHE
gamma-ray emission from the distant blazar 1ES 1101-232 with HESS and broadband
characterisation”. In: Astronomy and Astrophysics 470.2 (Aug. 2007), pp. 475-489.
DOI: 10.1051/0004-6361:20077057. arXiv: 0705.2946 [astro-ph].

HESS Collaboration, A. Abramowski, F. Acero, et al. “HESS and Fermi-LAT discovery
of 7-rays from the blazar 1ES 1312-423”. In: Monthly Notices of the RAS 434.3
(Sept. 2013), pp. 1889-1901. pOI: 10 . 1093 /mnras/stt1081. arXiv: 1306 . 3186
[astro-ph.HE].

H. E. S. S. Collaboration, A. Abramowski, F. Acero, et al. “Discovery of VHE ~-
ray emission and multi-wavelength observations of the BL. Lacertae object 1RXS
J101015.9-311909”. In: Astronomy and Astrophysics 542, A94 (June 2012), A94. DO
10.1051/0004-6361/201218910. arXiv: 1204.1964 [astro-ph.HE].

F. Aharonian, A. G. Akhperjanian, A. R. Bazer-Bachi, et al. “Discovery of very
high energy 7-ray emission from the BL Lacertae object H 2356-309 with the HESS
Cherenkov telescopes”. In: Astronomy and Astrophysics 455.2 (Aug. 2006), pp. 461-466.
DOI: 10.1051/0004-6361:20054732. arXiv: astro-ph/0607569 [astro-ph].

F. Aharonian, A. G. Akhperjanian, A. R. Bazer-Bachi, et al. “Evidence for VHE ~-ray
emission from the distant BL Lac PG 1553+113”. In: Astronomy and Astrophysics
448.2 (Mar. 2006), pp. L19-L23. po1: 10.1051/0004-6361:200600010. arXiv: astro-
ph/0601545 [astro-ph].

H. E. S. S. Collaboration, A. Abramowski, F. Acero, et al. “Discovery of TeV ~-ray
emission from PKS 0447-439 and derivation of an upper limit on its redshift”. In:
Astronomy and Astrophysics 552, A118 (Apr. 2013), A118. po1: 10. 1051 /0004 -
6361/201321108. arXiv: 1303.1628 [astro-ph.HE].

H. E. S. S. Collaboration, A. Abramowski, F. Acero, et al. “H.E.S.S. discovery of
VHE ~-rays from the quasar PKS 1510-089”. In: Astronomy and Astrophysics 554,
A107 (June 2013), A107. DO1: 10.1051/0004-6361/201321135. arXiv: 1304.8071
[astro-ph.HE].

F. Aharonian, A. G. Akhperjanian, A. R. Bazer-Bachi, et al. “Multi-wavelength
observations of PKS 2155-304 with HESS”. In: Astronomy and Astrophysics 442.3 (Nov.
2005), pp. 895-907. DOI: 10.1051/0004-6361:20053353. arXiv: astro-ph/0506593
[astro-ph].

E. Fomalont. “The International Celestial Reference System”. In: The Science of
Calibration. Ed. by S. Deustua, S. Allam, D. Tucker, and J. A. Smith. Vol. 503.
Astronomical Society of the Pacific Conference Series. May 2016, p. 177.

A. Abdo, M. Ackermann, M. Ajello, et al. “Fermi observations of TeV-selected active
galactic nuclei”. In: The Astrophysical Journal 707.2 (2009), pp. 1310-1333.

J. D. Scargle, J. P. Norris, B. Jackson, and J. Chiang. “Studies in astronomical
time series analysis VI. Bayesian block representations”. en. In: The Astrophysical

103


https://doi.org/10.1051/0004-6361:20078412
https://arxiv.org/abs/0708.3021
https://arxiv.org/abs/0708.3021
https://doi.org/10.1051/0004-6361/201118406
https://arxiv.org/abs/1201.2044
https://doi.org/10.1051/0004-6361:20077057
https://arxiv.org/abs/0705.2946
https://doi.org/10.1093/mnras/stt1081
https://arxiv.org/abs/1306.3186
https://arxiv.org/abs/1306.3186
https://doi.org/10.1051/0004-6361/201218910
https://arxiv.org/abs/1204.1964
https://doi.org/10.1051/0004-6361:20054732
https://arxiv.org/abs/astro-ph/0607569
https://doi.org/10.1051/0004-6361:200600010
https://arxiv.org/abs/astro-ph/0601545
https://arxiv.org/abs/astro-ph/0601545
https://doi.org/10.1051/0004-6361/201321108
https://doi.org/10.1051/0004-6361/201321108
https://arxiv.org/abs/1303.1628
https://doi.org/10.1051/0004-6361/201321135
https://arxiv.org/abs/1304.8071
https://arxiv.org/abs/1304.8071
https://doi.org/10.1051/0004-6361:20053353
https://arxiv.org/abs/astro-ph/0506593
https://arxiv.org/abs/astro-ph/0506593

[154]

[155]

[156]

[157]

158]

[166]

[167]

Journal 764.2 (Feb. 2013), p. 167. 1sSN: 0004-637X, 1538-4357. DOI: 10.1088/0004~
637X/764/2/167.

Astropy Collaboration, A. M. Price-Whelan, P. L. Lim, et al. “The Astropy Project:
Sustaining and Growing a Community-oriented Open-source Project and the Latest
Major Release (v5.0) of the Core Package”. In: The Astrophysical Journal 935.2,
167 (Aug. 2022), p. 167. DOI: 10.3847/1538-4357 /ac7c74. arXiv: 2206 . 14220
[astro-ph.IM].

P. Virtanen, R. Gommers, T. E. Oliphant, et al. “SciPy 1.0: Fundamental Algorithms
for Scientific Computing in Python”. In: Nature Methods 17 (2020), pp. 261-272. DOIL:
10.1038/s41592-019-0686-2.

S. Navas et al. “Review of particle physics”. In: Phys. Rev. D 110.3 (2024), p. 030001.
DOI: 10.1103/PhysRevD.110.030001.

S. Abdollahi, M. Ajello, L. Baldini, et al. “The Fermi-LAT Light Curve Repository”. en.
In: The Astrophysical Journal Supplement Series 265.2 (Apr. 2023). arXiv:2301.01607
[astro-ph], p. 31. 1SSN: 0067-0049, 1538-4365. DOI: 10.3847/1538-4365/acbb6ba.

Y. Tanaka, L. Stawarz, J. Finke, et al. “EXTREME BLAZARS STUDIED WITH
FERMI-LAT AND SUZAKU: 1ES 0347- 121 AND BLAZAR CANDIDATE HESS
J1943+ 213”. In: The Astrophysical Journal 787.2 (2014), p. 155.

A. Abdo, M. Ackermann, I. Agudo, et al. “Fermi Large Area Telescope and multi-
wavelength observations of the flaring activity of PKS 1510-089 between 2008 Septem-
ber and 2009 June”. In: The Astrophysical Journal 721.2 (2010), pp. 1425-1447.

Z. Shah, V. Jithesh, S. Sahayanathan, R. Misra, and N. Igbal. “Study on temporal
and spectral behaviour of 3C 279 during 2018 January flare”. In: Monthly Notices of
the Royal Astronomical Society 484.3 (2019), pp. 3168-3179.

H. Abdalla, A. Abramowski, F. Aharonian, et al. “The HESS Galactic plane survey”.
In: Astronomy & Astrophysics 612 (2018), A1.

F. Acero, M. Ackermann, M. Ajello, et al. “Fermi large area telescope third source
catalog”. In: The Astrophysical Journal Supplement Series 218.2 (2015), p. 23.

M. Meyer. EBLTuable. Version v0.5. Nov. 2022. DOI: 10.5281/zenodo.7312062.

B. Khelifi, A. Djannati-Atai, L. Jouvin, et al. “HAP-Fr, a pipeline of data analysis for
the HESS-II experiment”. en. In: Proceedings of The 34th International Cosmic Ray
Conference — PoS(ICRC2015). The Hague, The Netherlands: Sissa Medialab, Aug.
2016, p. 837. DOI: 10.22323/1.236.0837. URL: https://pos.sissa.it/236/837.

J. Davies, M. Meyer, and G. Cotter. “Constraints on axionlike particles from a
combined analysis of three flaring Ferms flat-spectrum radio quasars”. en. In: Physical
Review D 107.8 (Apr. 2023). arXiv:2211.03414 [astro-ph], p. 083027. 1SSN: 2470-0010,
2470-0029. pot1: 10.1103/PhysRevD.107.083027.

M. D. Marsh, H. R. Russell, A. C. Fabian, B. R. McNamara, P. Nulsen, and C. S.
Reynolds. “A new bound on axion-like particles”. In: Journal of Cosmology and
Astroparticle Physics 2017.12 (2017), pp. 036-036.

J. Sisk-Reynés, J. H. Matthews, C. S. Reynolds, H. R. Russell, R. N. Smith, and M. D.
Marsh. “New constraints on light axion-like particles using Chandra transmission
grating spectroscopy of the powerful cluster-hosted quasar H1821+ 643”. In: Monthly
Notices of the Royal Astronomical Society 510.1 (2022), pp. 1264-1277.

104


https://doi.org/10.1088/0004-637X/764/2/167
https://doi.org/10.1088/0004-637X/764/2/167
https://doi.org/10.3847/1538-4357/ac7c74
https://arxiv.org/abs/2206.14220
https://arxiv.org/abs/2206.14220
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.3847/1538-4365/acbb6a
https://doi.org/10.5281/zenodo.7312062
https://doi.org/10.22323/1.236.0837
https://pos.sissa.it/236/837
https://doi.org/10.1103/PhysRevD.107.083027

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

H. Abdalla, R. Adam, F. Aharonian, et al. “A very-high-energy component deep in
the y-ray burst afterglow”. In: Nature 575.7783 (2019), pp. 464-467.

R. Guedes Lang, T. Unbehaun, L. Mohrmann, S. Steinmassl, J. Hinton, and S. Funk.
“Event types in H.E.S.S.: A combined analysis for different telescope types and energy
ranges”. en. In: Astronomy € Astrophysics 706 (Feb. 2026), A291. 1ssN: 0004-6361,
1432-0746. DOI: 10.1051/0004-6361/202557730.

CTA Consortium, H. Abdalla, H. Abe, et al. “Sensitivity of the Cherenkov Telescope Ar-
ray for probing cosmology and fundamental physics with gamma-ray propagation”. In:
Journal of Cosmology and Astroparticle Physics 2021.02 (Feb. 2021). arXiv:2010.01349
[astro-ph], pp. 048-048. 1SSN: 1475-7516. DOI: 10.1088/1475-7516/2021/02/048.
M. Meyer and J. Conrad. “Sensitivity of the Cherenkov Telescope Array to the
detection of axion-like particles at high gamma-ray opacities”. en. In: Journal of
Cosmology and Astroparticle Physics 2014.12 (Dec. 2014). arXiv:1410.1556 [astro-ph],
pp- 016-016. 1ssN: 1475-7516. DOI: 10.1088/1475-7516/2014/12/016.

CTA Consortium. Science with the Cherenkov Telescope Array. World Scientific, 2019.
DOI: 10.1142/10986. eprint: https://www.worldscientific.com/doi/pdf/10.
1142/10986. URL: https://www.worldscientific.com/doi/abs/10.1142/10986.
A. Kartavtsev, G. Raffelt, and H. Vogel. “Extragalactic photon-ALP conversion at
CTA energies”. en. In: Journal of Cosmology and Astroparticle Physics 2017.01 (Jan.
2017), pp. 024-024. 1sSN: 1475-7516. DOI: 10.1088/1475-7516/2017/01/024.

H. Abdalla, H. Abe, F. Acero, et al. “Sensitivity of the Cherenkov Telescope Array
for probing cosmology and fundamental physics with gamma-ray propagation”. In:
Journal of Cosmology and Astroparticle Physics 2021.02 (2021), pp. 048-048.

J. Biteau and D. A. Williams. “The extragalactic background light, the Hubble
constant, and anomalies: conclusions from 20 years of TeV gamma-ray observations”.
In: The Astrophysical Journal 812.1 (2015), p. 60.

105


https://doi.org/10.1051/0004-6361/202557730
https://doi.org/10.1088/1475-7516/2021/02/048
https://doi.org/10.1088/1475-7516/2014/12/016
https://doi.org/10.1142/10986
https://www.worldscientific.com/doi/pdf/10.1142/10986
https://www.worldscientific.com/doi/pdf/10.1142/10986
https://www.worldscientific.com/doi/abs/10.1142/10986
https://doi.org/10.1088/1475-7516/2017/01/024

A LIGHT CURVES AND TIME VARIABILITY ANALYSIS OF H.E.S.S. OBSERVATIONS

Appendix

This appendix presents supplementary plots obtained for all of the sources considered in this
work. In particular, Appendix A shows the light curves and best-fit ellipses for the time
variability analysis of the H.E.S.S. data of our sources, along with the Bayesian blocks and
time segmentation. Appendix B shows the upturn likelihood grid plots obtained for each
source, considering both the H.E.S.S.-only analysis, and the joint analysis of Fermi-LAT and
H.E.S.S. data (for sources where it is possible).

A Light curves and time variability analysis of H.E.S.S.
observations

The following figures show the light curves and time evolution of the emitted flux observed for
each of the sources in our dataset are shown, including also the evolution of the spectral index.
Below each figure, the best-fit ellipses are also plotted for each one of the Bayesian blocks
found from the flux light curve. Each ellipse plot displays the 1o uncertainties associated
to each parameter, as well as the 1o, 20, and 30 confidence ellipses, with the error bars
corresponding to projections onto each axis of the semi-minor and semi-major axes of the
ellipse. In the legend are included the time ranges for each Bayesian block found.

For sources where only a single block is found (e.g. 1ES 1312-423, 1RXS J101015.9-311909 or
3C 279), the final time segmentation is extended to cover the full observation period.

The high rotation angle of certain best-fit ellipses (e.g. in 1RXS J101015.9-311909 or PKS
1510-089) indicates a high correlation between the index and normalization parameters, which
could be improved by evaluating the fit at the decorrelation energy of each Bayesian block.
In the plots shown here, the reference energy with which each fit is performed is computed
for each source, and kept fixed to that value throughout all time blocks found.

In some cases, numerical convergence issues affect the appearance of certain plots, as described
below for the relevant sources. These issues do not affect the results of the main analysis, as
we are mainly interested in the time edges of each Bayesian block, and in particular mainly for
variable sources, and additional spectral analyses will be performed for each block separately.
In particular, the value of the flux evaluated for each Bayesian block in the light curve of
some sources is placed significantly below the flux points themselves (this can be observed in
1ES 04144009, 1ES 1312-423, and to some extent in PKS 1510-089). This is possibly caused
by numerical convergence discrepancies when reevaluating the light curve. Similarly, in PG
1553+113, only two of the three found blocks are visible in the ellipse plot (due to numerical
convergence issues), and thus the problematic block was removed from the time variability
analysis. Lastly, due to low photon statistics and only an upper limit found for the flux, the
ellipse for PKS 0346-27 presents an apparent diverging shape towards zero normalization.
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Figure A1: Spectral evolution and best-fit confidence ellipses for 1ES
02294200, showing the spectral index I' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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Figure A2: Spectral evolution and best-fit confidence ellipses for 1ES
0347-121, showing the spectral index I' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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1ES 04144009

1ES04144009 Light Curve
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Figure A3: Spectral evolution and best-fit confidence ellipses for 1ES
04144009, showing the spectral index I' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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Figure A/: Spectral evolution and best-fit confidence ellipses for 1ES
1101-232, showing the spectral index I' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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1ES 1312-423

1ES1312-423 Light Curve
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Figure A5: Spectral evolution and best-fit confidence ellipses for 1ES
1812-423, showing the spectral index I' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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1RXS J101015.9-311909
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g
€
o
7
o -13
- 10 B ] ]
>
[J]
=
w
3
=2
he]
= A | _
3
(VI
10 -
—
B v v
© 5 4 l_ E v
c ] =l Y
K $ ¥
o b T T T T T T
54200 54400 54600 54800 55000 55200
Time [M)D]
1RXSJ101015.9-311909 Best-fit Ellipses
5.25 A
—4— [54144.977 - 54971.782] MJD
5.00 A
4.75
4.50 -
—
x 4.25 A
()
i)
<
4.00 -
3.75 |
3.50 |
3.25 1

2x10712 3x10712
Normalization No [TeV-1 cm~=2s71]

Figure A6: Spectral evolution and best-fit confidence ellipses for 1RXS
J101015.9-311909, showing the spectral index I' and normalization Ny
for each Bayesian block, with o 20, and 30 confidence contours. Block
dates are given in the modified Julian day (MJD) format.

112



A LIGHT CURVES AND TIME VARIABILITY ANALYSIS OF H.E.S.S. OBSERVATIONS

3C 279
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Figure A7: Spectral evolution and best-fit confidence ellipses for 3C 279,
showing the spectral index I' and normalization Ny for each Bayesian

block, with o 20, and 30 confidence contours. Block dates are given in
the modified Julian day (MJD) format.

113



A LIGHT CURVES AND TIME VARIABILITY ANALYSIS OF H.E.S.S. OBSERVATIONS

H 2356-309
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Figure A8: Spectral evolution and best-fit confidence ellipses for H
2356-309, showing the spectral index T' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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Figure A9: Spectral evolution and best-fit confidence ellipses for PG
1553+113, showing the spectral index I' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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PKS 0346-27
PKS0346-27 Light Curve
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Figure A10: Spectral evolution and best-fit confidence ellipses for PKS
0346-27, showing the spectral index I' and normalization Ny for each

Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.

116



A LIGHT CURVES AND TIME VARIABILITY ANALYSIS OF H.E.S.S. OBSERVATIONS

PKS0447-439
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Figure A11: Spectral evolution and best-fit confidence ellipses for PKS
0447-439, showing the spectral index I' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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Figure A12: Spectral evolution and best-fit confidence ellipses for PKS
0903-57, showing the spectral index T' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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Figure A13: Spectral evolution and best-fit confidence ellipses for PKS
1510-089, showing the spectral index I' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
gtven in the modified Julian day (MJD) format.
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Figure A1j: Spectral evolution and best-fit confidence ellipses for PKS
2155-804, showing the spectral index T' and normalization Ny for each
Bayesian block, with o 20, and 30 confidence contours. Block dates are
given in the modified Julian day (MJD) format.
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B Upturn modeling likelihood results

In the following, the obtained upturn likelihood grids are shown for each one of the sources
and time blocks considered, after subtracting the total statistic obtained for the best-fit point
on the grid (denoted as ACstat). On the left, we show the results considering only data from
H.E.S.S., while on the right, if available, the joint Fermi-LAT and H.E.S.S. results are shown.
All results shown here have been calculated with the Dominguez et al. (2011) EBL model
[83], with similar plots being obtained for the other three EBL models considered in this
work, omitted from the appendix for brevity as no significant differences are found. In each
plot, whenever possible, the statistical contours are also shown, corresponding to 1o, 20, and
30 levels.

In general, most sources present a very similar behaviour. For the upturn grids obtained
via H.E.S.S. data exclusively, we typically observe an exclusion region (where the total fit
statistic is much higher than the best-fit model) at sharp upturns AI' ~ 5 and low break
energies Fyx ~ 1TeV. By including the data from Fermi-LAT, this exclusion region is
typically larger, spanning a wider range of both break energy and index differences, thus
excluding a wide range of possible upturns.

For the case of H 2356-309 and PKS 2155-304, only H.E.S.S. data are considered as these
sources have been found to be variable during the observational time period with no contem-
poraneous Fermi-LAT data.

For certain sources, a preference for upturns can be found, to various degrees, in the H.E.S.S.
data, mainly: 1RXSJ 101015.9-311909, 3C 279, PG 15534113, PKS 0346-27, block 1 of PKS
0903-57, and blocks 3, 4, 5 and 8 of PKS 2155-304. Slight preferences are also found for 1ES
0229-+200 and 1ES 0347-121. In most cases, the inclusion of Fermi-LAT data removes this
preference. An exception is PKS 1510-089, which displays a preference for upturns in both
datasets.
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Figure B1: Upturn likelihood grids obtained for 1ES 02294200 using the individual H.E.S.S. (left)
and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al.
(2011) [83]. Each point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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Figure B2: Upturn likelihood grids obtained for 1ES 0847-121 using the individual H.E.S.S. (left) and
joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al.
(2011) [83]. Fach point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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1ES 04144009
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Figure B3: Upturn likelihood grids obtained for 1ES 04144009 using the individual H.E.S.S. (left)
and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al.
(2011) [83]. Fach point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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Figure B4: Upturn likelihood grids obtained for 1ES 1101-232 (Block 1) using the individual H.E.S.S.
(left) and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez
et al. (2011) [83]. Each point displays the obtained total fit statistic, normalized by subtracting the
minimum value across the grid.
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1ES 1101-232 (Block 2)
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Figure B5: Upturn likelihood grids obtained for 1ES 1101-232 (Block 2) using the individual H.E.S.S.
(left) and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez
et al. (2011) [83]. Each point displays the obtained total fit statistic, normalized by subtracting the
minimum value across the grid.
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Figure B6: Upturn likelihood grids obtained for 1ES 1812-423 using the individual H.E.S.S. (left) and
joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al.
(2011) [83]. Fach point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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1RXS J101015.9-311909

1RXSJ101015.9-311909 Upturn Grid

1RXSJ101015.9-311909 Upturn Grid

6 Fermi-LAT and HES.S. | / 300
Block 1
5 250
4 VAN 200
10! N
3 10 / S 150
= " \
> =] = ]
@ o 3 A b=
£ 2z @ 4 = 100 2
3 - ©
g a % / 2
W 2 5 — e 0
1 w 50 <
10° 10° &*
0 — 0
-5 -4 -3 -2 -1 0 -5 -4 -3 -2 -1 0
Ar Ar

Figure B7: Upturn likelihood grids obtained for 1RXS J101015.9-311909 using the individual H.E.S.S.
(left) and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez
et al. (2011) [83]. Each point displays the obtained total fit statistic, normalized by subtracting the
minimum value across the grid.
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Figure BS8: Upturn likelihood grids obtained for 8C 279 using the individual H.E.S.S. (left) and joint
Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al. (2011)
[83]. Each point displays the obtained total fit statistic, normalized by subtracting the minimum value
across the grid.
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H 2356-309
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Figure B9: Upturn likelihood grids obtained for H 2356-309 using the individual H.E.S.S. dataset (as
no contemporaneous Fermi-LAT data is available), using the baseline EBL model by Dominguez et al.
(2011) [83]. Each point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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Figure B10: Upturn likelihood grids obtained for PG 1558+113 using the individual H.E.S.S. (left)
and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al.
(2011) [83]. Fach point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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PKS 0346-27

PKS0346-27 Upturn Grid

PKS0346-27 Upturn Grid
0.35 Fermi-LAT and H.E.S.S.
H:EiS:S: «lBIock 1k

Block 1 Jl 0.30
0.25 10! 4

o

v

10!

0.20

AC-statistic
Ebreak [TeV]
AC-statistic

109 1

Ebreak [TeV]
IS}
i
1S

=

o

£}
o
o
o

10-? T 0.00 107!

Figure B11: Upturn likelihood grids obtained for PKS 0346-27 using the individual H.E.S.S. (left) and
joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al.
(2011) [83]. Each point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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Figure B12: Upturn likelihood grids obtained for PKS 0447-439 using the individual H.E.S.S. (left)
and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al.
(2011) [83]. Each point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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PKS 0903-57 (Block 1)
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Figure B13: Upturn likelihood grids obtained for PKS 0903-57 (Block 1) using the individual H.E.S.S.
(left) and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez
et al. (2011) [83]. Fach point displays the obtained total fit statistic, normalized by subtracting the

minimum value across the grid.
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Figure B1j: Upturn likelihood grids obtained for PKS 0903-57 (Block 2) using the individual H.E.S.S.
(left) and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez
et al. (2011) [83]. Fach point displays the obtained total fit statistic, normalized by subtracting the

minimum value across the grid.
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PKS 0903-57 (Block 3)
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Figure B15: Upturn likelihood grids obtained for PKS 0903-57 (Block 3) using the individual H.E.S.S.
(left) and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez
et al. (2011) [83]. Each point displays the obtained total fit statistic, normalized by subtracting the
minimum value across the grid.
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Figure B16: Upturn likelihood grids obtained for PKS 1510-089 using the individual H.E.S.S. (left)
and joint Fermi-LAT and H.E.S.S. (right) datasets, using the baseline EBL model by Dominguez et al.
(2011) [83]. Fach point displays the obtained total fit statistic, normalized by subtracting the minimum
value across the grid.
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PKS 2155-304 (Blocks 1 & 2)
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Figure B17: Upturn likelihood grids obtained for PKS 2155-304 Block 1 (left), and Block 2 (right),
using the individual H.E.S.S. dataset (as no contemporaneous Fermi-LAT data is available), using
the baseline EBL model by Dominguez et al. (2011) [83]. Each point displays the obtained total fit
statistic, normalized by subtracting the minimum value across the grid.

PKS 2155-304 (Blocks 3 & 4)
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Figure B18: Upturn likelihood grids obtained for PKS 2155-304 Block 3 (left), and Block 4 (right),
using the individual H.E.S.S. dataset (as no contemporaneous Fermi-LAT data is available), using
the baseline EBL model by Dominguez et al. (2011) [83]. Each point displays the obtained total fit
statistic, normalized by subtracting the minimum value across the grid.
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PKS 2155-304 (Blocks 5 & 6)
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Figure B19: Upturn likelihood grids obtained for PKS 2155-304 Block 5 (left), and Block 6 (right),
using the individual H.E.S.S. dataset (as no contemporaneous Fermi-LAT data is available), using
the baseline EBL model by Dominguez et al. (2011) [83]. Each point displays the obtained total fit
statistic, normalized by subtracting the minimum value across the grid.

PKS 2155-304 (Blocks 7 & 8)
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Figure B20: Upturn likelihood grids obtained for PKS 2155-304 Block 7 (left), and Block 8 (right),
using the individual H.E.S.S. dataset (as no contemporaneous Fermi-LAT data is available), using
the baseline EBL model by Dominguez et al. (2011) [83]. Each point displays the obtained total fit
statistic, normalized by subtracting the minimum value across the grid.
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