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Abstract

Gamma-rays emitted by extragalactic sources propagating over cosmological distances
has attracted growing interests and motivated a large variety of theoretical models as
well as observational studies at GeV and TeV energies. However, the mean free path
of these gamma-rays is limited above a certain energy (e.g. ~ 100 GeV) since they are
attenuated due to pair-production process with extragalactic background light (EBL)
photons. The resulted opacity of Universe can be reduced with gamma-ray photon
mixing with a proposed hypothetical axion-like particle (ALP) in the presence of external
magnetic field. This is known as the anomalous transparency of Universe towards TeV
gamma-rays. Whereas at GeV energies, the photon-ALP mixing can also give rise to
significant observable effects on the spectral energy distributions (SEDs) of gamma-rays,
where the significance of such effects depends on the strength of photons coupling to
ALPs (g4~) as well as the ambient magnetic fields. Therefore, additional modulations
shown on the observed SEDs in comparison to conventional physics are likely to result
from the photon-ALP mixing effect. The significance of the irregularities on the SEDs
can then be used to probe the existence of this hypothetical particle.

In this work, we use the energy spectra of 20 extragalactic gamma-ray sources of AGN
recorded by Fermi-LAT in a 10-year observation. The propagation of the gamma-rays is
divided approximately into three distinct regions, where different magnetic field profiles
are configured and used for photon-ALP conversions. For the region in the vicinity
of gammarray sources, we model the magnetic field with a large-scale homogeneous
field (characterized with free parameters B for its field strength and s for its spatial
scale) as little is known about its true nature. When photon/ALP beam continues
to propagate in the intergalactic space, we take into account EBL absorption effect
and neglect photon-ALP conversion here since the field strength is too weak to induce
any prominent modulation on the final observed SEDs. Finally, as the beam enters
Milky Way, the present Galactic magnetic field contributes another possible conversion
region. After fully propagating the photon/ALP beam, we fit the observational spectral
data points of each source to two models with and without the introduction of photon-

ALP mixing effect respectively, namely, the Hy (without photon-ALP mixing) and H;

iv



hypotheses (with photon-ALP mixing). Motivated from a possible ALP signal in a
previous Galactic pulsar analysis we fix the ALP parameters at values of gqy = 2.3 X
10719 GeV~! with m, = 3.6neV, while searching for best-fitting parameters of (B, s)
on a grid map over large ranges of B (1nG-100 uG) and s (100 pc-10 Mpc). We find
for 18 of 20 sources a favorable fit, particularly for Markarian 421 and NGC 1275,
under H; hypothesis in a likelihood fitting analysis. A significance level of 5.3 is
obtained from a combinatorial analysis of all 20 sources in hypotheses testing using
bootstrapping method, where likelihood results of local maxima for 20 sources are chosen
in the B-s planes. The local maximum of each source refers to the minimization of energy
requirement that are used to sustain a magnetic field with energy density oc B%s3. In
a similar way, a 6 0 is also achieved when choosing all best-fitting parameters of (B, s)

from the global maxima, instead of the local maxima.

It is important to note that the best-fitting parameters of (B,s) would still remain
valid for different combinations of ALP parameters, due to the internal degeneracy of
the parameters (gqyy, Mq, B and s) that are used to describe spectral modulations on
SEDs. The best-fitting values of (B, s) for 20 sources fall into ranges that are expected
for large-scale magnetic fields present in relevant astrophysical environments in vicinity
of the sources. A x? analysis is also performed for the purposes of consistency check
and possibly extending the analyzed LAT energy (100 MeV-500 GeV) to TeV range. We
obtain consistent results from y? analysis in terms of best-fitting parameter values and

hypotheses testing.



Kurzfassung

Gammastrahlen von extragalaktischen Quellen breiten sich iiber kosmologische Dis-
tanzen aus haben wachsendes Interesse geweckt, sowie eine Vielzahl theoretischer Mod-
elle und Beobachtungsstudien bei GeV- und TeV-Energien motiviert. Die mittlere
freie Weglange dieser Gammastrahlen ist jedoch oberhalb einer bestimmten Energie
(z.B. ~ 100 GeV) begrenzt, da sie aufgrund des Paarbildungsprozesses mit Photonen
vom extragalaktischen Hintergrundlichts (EBL) abgeschwicht werden. Die resultierende
Opazitat des Universums kann durch die Wechselwirkung von Gammastrahlen mit hypo-
thetischen axionenéhnlichen Teilchen (ALP) in Anwesenheit eines externen Magnetfeldes
verringert werden. Dies wird als anomale Transparenz des Universums gegeniiber TeV-
Gammastrahlen bezeichnet. Bei GeV-Energien kann die Photonen-ALP-Mischung auch
zu erheblichen beobachtbaren Effekten auf die spektralen Energieverteilungen (SEDs)
von Gammastrahlen fithren, wobei die Bedeutung solcher Effekte von der Stéarke der
Photonenkopplung an ALPs abhéngt (ge,~) sowie von den Umgebungsmagnetfelder.
Daher sind zusatzliche Modulationen in den beobachteten SEDs im Vergleich zur kon-
ventionellen Physik wahrscheinlich auf den Photon-ALP-Effekt zuriickzufithren. Die
Signifikanz der Unregelméfligkeiten in den SEDs kann dann dazu verwendet werden, die

Existenz dieses hypothetischen Teilchens zu untersuchen.

In dieser Arbeit verwenden wir die Energiespektren von 20 extragalaktischen Gammas-
trahlenquellen von AGN, die von Fermi-LAT in 10 Jahren Beobachtungen aufgezeich-
net wurden. Die Propagation der Gammastrahlen wird grob in drei verschiedene Re-
gionen unterteilt, in denen unterschiedliche Magnetfeldprofile konfiguriert und fiir die
Photon-ALP-Umwandlung verwendet werden. In der Region in der Ndhe der Gam-
mastrahlenquellen modellieren wir das Magnetfeld mit einem grofiskaligen homogenen
Feld (charakterisiert durch die freien Parameter B fiir die Feldstdrke und s fir die
raumliche Skala), da wenig iiber seine wahre Natur bekannt ist. Wenn der Photon/ALP-
Strahl weiterhin im intergalaktischen Raum propagiert, beriicksichtigen wir den Ef-
fekt der EBL-Absorption und vernachlassigen hier die Photon-ALP-Umwandlungen,

da die Feldstdrke zu schwach ist, um eine bedeutende Modulation auf der endgiiltig
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beobachteten SED zu erzeugen. Schliellich, wenn der Strahl in die Milchstrale ein-
tritt, tragt das dortige galaktische Magnetfeld zu einer weiteren moglichen Umwand-
lungsregion bei. Nach vollstandiger Propagation des Photon/ALP-Strahls passen wir
die beobachteten spektralen Datenpunkte jeder Quelle an zwei Modelle an, eines mit
und eines ohne Einfiihrung des Photon-ALP-Effekts, ndmlich Hy (ohne Photon-ALP-
Effekt) und Hi-Hypothesen (mit Photon-ALP-Effekt). Motiviert durch ein mdogliches
ALP-Signal in einer fritheren Analyse galaktischer Pulsare legen wir die ALP-Parameter
auf Werte von g4y, = 2.3 x 10719 GeV~! fest m, = 3.6neV, wihrend nach den am
besten passenden Parametern von (B, s) auf einer Gitterkarte iiber groe Bereiche von
B (1nG-100 4G) und s (100 pc-10 Mpc) gesucht wird. Wir finden, dass fiir 18 von 20
Quellen eine favorisierte Anpassung mit der Hypothese Hi vorliegt, insbesondere fiir
Markarian421 und NGC1275. Ein Signifikanzniveau von 5.3, 0 wird durch eine kombi-
natorische Analyse aller 20 Quellen in Hypothesentests mit der Bootstrapping-Methode
erzielt, bei der die Likelihood-Ergebnisse der lokalen Maxima fiir 20 Quellen in der B-
s-Ebene ausgewahlt werden. Das lokale Maximum jeder Quelle bezieht sich auf die
Minimierung des Energiebedarfs, der zur Aufrechterhaltung eines Magnetfelds mit der
Energiedichte oc B2?s3 verwendet wird. In dhnlicher Weise wird auch ein 6 erreicht,
wenn alle am besten passenden Parameter von (B, s) aus den globalen Maxima anstelle

der lokalen Maxima ausgewahlt werden.

Es ist wichtig zu beachten, dass die am besten passenden Parameter von (B, s) fiir ver-
schiedene Kombinationen an ALP Parametern gelten, aufgrund der internen Entartung
der Parameter (gay~, Mq, B und s), die zur Beschreibung spektraler Modulationen auf
SEDs verwendet werden. Die am besten passenden Werte von (B,s) fir 20 Quellen
liegen in Bereichen, die fiir die groffiraumigen Magnetfelder erwartet werden, die sich
in den relevanten astrophysikalischen Umgebungen in der Nahe der Quellen befinden.
AuBerdem wird eine x?-Analyse durchgefiihrt, um die Konsistenz zu iiberpriifen und
moglicherweise die analysierte LAT-Energie (100 MeV-500 GeV) auf den TeV-Bereich
zu erweitern. Wir erhalten konsistente Ergebnisse aus der y?-Analyse in Bezug auf die

am besten passenden Parameterwerte und das Testen von Hypothesen.
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Chapter 1

Introduction

The standard model (SM) of strong, weak and electromagnetic interactions based on the
gauge group SU(3)color @ SU(2)weat ® U (1), describes successfully all known processes
for interactions of elementary particles and their properties. However, extension of SM
is necessary as it cannot account for some of the evidence both in observational and
theoretical aspects. For example, neutrinos, which are predicted to be massless particles
by SM, was reported that they do have masses in the neutrino oscillation experiments by
Super-Kamiokande Observatory [1] and the Sudbury Neutrino Observatories [2]. Such
inability of SM is also seen in the baryon-antibaryon asymmetry problem. No solution
to the imbalance between baryonic and antibaryonic matter in observable Universe can
be provided within the framework of SM or other theories (such as General Relativity).
Moreover, a violation of charge-parity-symmetry (CP-symmetry) [3], in relation to the
baryonic asymmetry problem, should occur in the strong interaction sector based on
current formulation of quantum chromodynamics (QCD). However, no such violation of
CP-symmetry has been observed in experiments involving only strong interaction. This
is then later referred as the Strong CP problem. Therefore, it is fair to view the SM as a
low-energy effective manifestation of a more fundamental and complete theory that can

describe the Universe well.

Consequently, this calls for explanation going beyond the SM. Several remarkable at-
tempts have been made to address these issues and make modifications based on the
current knowledge. This includes supersymmetric (SUSY) models [4-6], multidimen-
sional Kaluza-Klein theories [7, 8], String theory [9] and Peccei-Quinn (PQ) mechanism
[10]. These extended models of SM predict existence of weakly interacting massive par-
ticles (WIMPs) and weakly interacting subelectronvolt particles (WISPs), which are

proposed as dark matter (DM) candidates, responsible for phenomena unexplained by
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fundamental particles of SM. However, no conclusive detection of signal has been ob-
served for WIMPs in direct experimental searches [11-13], which makes WIMP a less
promising candidate for the DM puzzle in the past years [14]. Therefore, more atten-
tion has been given to another appealing DM candidate, the WISPs. Representative
examples of such particles are axions and axion-like particles (ALPs), whereas hidden
sector photons generically arose from string compactifications [15] are irrelevant for this
work and will be not discussed further. Axions are resulted from the PQ mechanism,
which was proposed initially to solve the Strong CP problem by introducing a new global
symmetry U(1)pg, which makes the CP violating term in QCD Lagrangian negligible.
When this global symmetry breaks down, the so-called particle axions, are therefore gen-
erated as pseudo-Nambu-Goldstone bosons [16]. The predicted axion mass is inversely
proportional to its decay amplitude. ALPs, on the other hand, as a generalized form of
axions, originally predicted by String theory and arise from the breaking of other global

symmetries [9, 17].

In the PQ mechanism, the decay constant of axion is of the order of the electron weak
scale (~ 246 GeV), which is linked to its mass, at the order of 100keV [10, 16, 18, 19],
in an inversely proportional relation [19]. In this way, this rather heavy axion can lead
to sizable couplings to the SM particles, but was quickly ruled out by constraints found
in experiments [20]. Thereafter, two new models DFSZ [21, 22] and KSV7Z [23, 24]
emerged based on the core idea of PQ mechanism. In these two models the symmetry
breaking scale was proposed to be at very high energies (~ 10'® GeV), which results
a very light axion with its mass around neV. Axions predicted from these models are
very weakly coupled to other particles, and together with their extremely light masses,
making the experimental searches very difficult. In contrast to the strict relationship
between coupling and mass of axions, such relation is missing in the case of generic
ALPs, and because of that, the searches of ALPs cover much larger parameter space of
coupling and mass. In terms of detectability, their mainly coupling to photons (through
a two-photon vertex with coupling constant denoted by gu~) is the most well-known
interaction and is widely used in experimental searches of ALPs. In the realization
of the two-photon vertex coupling, the basic idea follows that one photon propagates
and the other plays the role of magnetic field instead (see right panel of Fig. 2.3 for
an illustration), such that a conversion of v — a (a stands for the ALP) could occur.
Similarly, a conversion of a — - could also take place as long as the same magnetic field
(or another magnetic field) is in presence. This process of v — a — ~ is the so-called
photon-ALP oscillation [25, 26].

ALPs can, thus, give rise to a rich phenomenology that could be observed in labora-
tory and in the Universe with their mixing to photons. While searches for axion/ALP

have so far only provided exclusion limits, astrophysical effects induced by photon-ALP
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mixing can be considered as a promising approach to search for signatures of ALPs (see

references [27-46] for various examples).

In particular, it has been realized that the coupling of ALPs to photons could pro-
duce modulations and leave imprint of detectable signatures on the observational spec-
tra of distant active galactic nuclei (AGN), due to the reason that high energy (HE,
100 MeV < E < 100GeV) and very high energy (VHE, E > 100 GeV) gamma-ray pho-
tons emitted by these sources can mix with ALPs in the presence of various astrophysical
magnetic environments along their propagation to Earth [19, 33, 47]. Observations of
these spectra in the VHE range of spectra are mainly through the use of Imaging At-
mospheric Cherenkov Telescopes (IACTSs) [19], while spectra in energy band of MeV to
several hundreds of GeV has been made accessible since the launch of Fermi Large Area
Telescope (Fermi-LAT) [48]. The precise effect brought by photon-ALP mixing onto
gamma-ray spectra can differ from case to case, depending on the astrophysical environ-
ments that could contribute possible conversion regions along the line of sight. Moreover,
it is obvious that such mixing effect would cause a certain amount of losses on the photon
flux as a fraction of gamma-ray photons can convert into ALPs and therefore become un-
detectable. This type of conversion can be referred as the photon disappearance channel.
Specific examples for such modulations on photon spectra can be found in, for example,
disappearance effects from extragalactic objects in a galaxy cluster [49], intergalactic
space [50] and the Milky Way [40]. In contrast to the photon disappearance channel, the
photon appearance channel describes the scenario in which the ALPs produced in stars
or galaxy clusters convert into photons in the presence of an external magnetic field
(e.g. searches of solar axions by CAST experiment [39]). A third channel, photon reap-
pearance, combines the previous types of the photon-ALP mixings, where gamma-ray
photons convert into ALPs in one magnetic environment and convert back into photons
in another magnetized environment before being observed, which can then alter the level
of attenuated photon flux by pair-production process [51]. The pair-production is an-
other process that can lead to major spectra modulations besides photon-ALP mixing,
especially at TeV energies. As gamma-ray photons propagate along the line of sight,
they can be absorbed by background radiation fields, e.g. extragalactic background light
(EBL) photons, through pair production process: yvug + vepL — ¢ e~. Notably, the
level of absorption can be reduced if gamma-ray photons convert into ALPs to evade
the pair production, and convert back into photons in the vicinity of Earth. This would
result a hardening feature on the spectrum in the VHE band comparing to conventional
physics [33]. Indeed, such anomalous transparency of the Universe to VHE photons
has been reported and studied in several references [35, 52, 53], and are explained by
the emergence of ALPs [34, 35]. Another remarkable consequence of the photon-ALP

coupling is the change of polarization state of photons in the presence of the magnetic
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field, which is, however, beyond the scope of this work, and we refer readers to [25, 54]

for further details.

In all three channels of searching for signatures of ALPs, an interpretation of the observa-
tions has been put forward that singles out the mass range of neV and coupling constants
1072 GeV™! < ggyy < 10710 GeV ! for ALPs [40, 43, 49, 50, 53, 55-58] (see [59] for an
incomplete summary of various constraints from astrophysical observations), where un-
certainties are mainly caused by the assumption of the magnetic field profiles presented
along the line of sight for photon/ALP beam. A well-constrained value for the coupling
constant gq~, would become possible with the upcoming light-shinning-through-the-wall
experiment, Any Light Particle Search II (ALPS II) at DESY [60]. However, the upper
range (10719 GeV~!) mentioned above is in small tension with the upper limit provided
by analysis of stars in globular clusters [61], and especially with the similar bound given
by CERN Axion Solar Telescope (CAST) experiment: gqv, < 6.6 x 10711 GeV~! for
mg < 0.02eV (at 20 level). The bound given by CAST may be, however, affected by
conversions of ALPs into photons inside the Sun or by other environmental effects in
dense stellar plasma, and thereafter, effectively suppressing the emitted ALP flux from

the Sun [44] and leading to a relaxation of the upper limit on gq-.

In most cases, gamma-ray spectral analysis used for searching of signature of ALPs are
done by applying the best-fit (with ALPs), conventional models to gamma-ray data, and
significant deviations from conventional model with respect to this best-fit model can
be considered as a signal for ALPs after taking into account all conventional sources of
uncertainties. When such significant deviation is missing with respect to the baseline
model (with ALPs), all realizations of ALP parameters that should have produced a
measurable effect in the data can then be excluded from the parameter space, leading
to limits or bounds set for (gqy,m,). However, constraints set on ALP parameters in
this way are debatable and should be used with caution, since one the one hand, there
is model dependence on the magnetic profiles used in the fitting and tests, and one the
other hand, limited number of simulations for realizations of B-field or ALP parameters
is not guaranteed to cover the scenario where a true signal of ALP locates. The key in
ALP searches is the conversion probability of a <> = since it determines the deviations
observed on spectra, and the calculation of the conversion probability depends crucially
on the magnetic fields used along the line of sight. Therefore, instead of trying to probe
the parameter space it is more important to provide some guidelines for modelling the
astrophysical magnetic field, such as its strength and scale in relevant regions [46]. This

is the main idea of this work.

Here we search for the signature of photon-ALP mixing in a spectra sample of 19 high

frequency peaked BL Lac type objects and the radio galaxy NGC 1275 using gamma-ray
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data recorded by Fermi-LAT in 10-year observations. Different from previous studies
of photon-ALP mixing where particular models of magnetic fields are assumed for each
conversion region along the line of sight, we instead assume fixed values of coupling
Jayy = 2.3 X 107 GeV~! and mass m, = 3.6neV motivated by ALP signal found
in [40] and leave the constant magnetic field strength and its spatial extension as free

parameters.

In this chapter, we first give introduction for high and very high energy gamma-rays
emitted from AGN, where we discuss the structure of AGN and the production schemes
for these gamma-rays, and how they are detected by Fermi-LAT and other ground
based telescopes. The coupling of gamma-ray photons to axions/ALPs is also briefly
discussed, as well as the corresponding constraints on (ga,~,m4) from various searches.
Then, in Chapter 2, indications from astrophysical observation of AGN spectral modula-
tions are given. Such modulations are then accounted for with the photon-ALP mixing
effect. Also. we show the simplified case for calculating photon-ALP conversion proba-
bility, and in particular, the conversion probability used later in this work for the case
of AGNs. Various astrophysical magnetic environments along the propagation of pho-
ton/ALP beam are given in Chapter 3 case by case to show in detail how they would
affect the photon-ALP conversion probabilities for distant sources. Where, in Chapter 4,
we collect a sample of AGNs with 10-years observational data recorded by Fermi-LAT.
Estimates for source-dependent magnetic field are done using likelihood (and x?) fitting
to spectral data. Also, we use likelihood ratio (and Ax?) test to perform hypotheses
testing for a spectral model without vs. a model with photon-ALP coupling. Finally,

we conclude this work with a short summary and outlook presented in Chapter 5.

Large fraction of the work presented in this thesis has been published in peer-reviewed
journals of [46] and [44].

1.1 High and very high energy gamma-rays from active

galactic nuclei

~-rays, as the most energetic form of electromagnetic radiation, can be used to probe
interesting phenomena for astrophysics and fundamental physics in extreme conditions.
Indeed, they are closely related to all different sorts of cosmic messengers, such as cosmic
rays, cosmic neutrinos and gravitational waves [62]. Moreover, v-rays play an important
role in guiding us to address some of the fundamental physics issues related to, for
example, the violation of Lorentz invariance [63, 64], or the existence of exotic particles

beyond SM (e.g., ALPs) [17]. Therefore, understanding the production mechanism
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of v-ray and its emission are very crucial in studying any related subjects. Galactic
astrophysical objects associated with sources of y-rays include supernova remnants (and
plerions), pulsars, microquasars and so on. The extragalactic y-ray regime, on the other
hand, is mostly dominated by galaxies themselves: starburst galaxies, gamma-ray bursts
and AGNs. Among these objects, AGNs are believed to be the most powerful sources

of energy in the Universe and great candidates for studying gamma-ray related physics.

1.1.1 Active galactic nuclei

The general term active galactic nuclei refers to galaxies with supermassive black holes
(SMBHS) of masses in range of 10° Mg —10'° M, in their central regions [65], where the
evolution of these SMBHs is currently in a phase of actively growing with enormous cir-
cumnuclear material as input [66]. As a consequence, the falling of these material onto
the black hole by gravitational energies can be converted into radiation fields and/or
kinetic energies of outflows [66] (also see Sec 3.1 in Chapter 3 for a related description of
AGN jet formation). The outflow carries a significant amount of energies released during
accretion and ultimately emitted as a form of radiation covering energy band of radio to
~v-ray. As a matter of fact, these outflows may take the form as two strongly-collimated
jet of plasma moving with ultra-relativistic speed, which can be observed in some AGNs
[67, 68]. Depending on their radio-loudness (emission), width of emission lines, mor-
phological differences and other considerations, ANGs can be empirically classified into

the types illustrated in Fig. 1.1. Alternatively, these different types of AGNs might be

Active Galactic Nuclei

morphology:
Elliptical Galaxies Spiral Galaxies
radio | emission: optical | emission lines:
strong weak broad narrow
optical |emission lines:
weak/no strong Syl Syl
Seyfert Galaxies

radio spectium: | padio Quiet Quasars

radio| lobes flat radio [spectrum flat steep
hot |spots strong | variability ’——‘
no gamma |emission gamma | emission FSRQs SSRQs
optical |polarization Flat Spectrum Steep Spectrum
FRI FRII Radio Quasars Radio Quasars
Fanaroff-Riley Type I/l BL Lac Objects Radio Quasars

Radio Galaxies

strong variability

v

Blazars «

optical polarization

gamma emission

FIGURE 1.1: An empirical classification of AGNs (figure taken from [69]).
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intrinsically the same class of objects seen at different viewing angles with respect to the
line of sight [70]. The main idea is that, as summarized in [71], the emission is highly
anisotropic in the inner regions of AGN. The general AGN paradigm (see Fig. 1.2), as
stated above, consists of a SMBH in the center which is surrounded by an accretion disk

and outflows with extreme-high velocities. The fast-moving outflow close to the center

Observer sees blazar

Observer sees
radio loud quaser
g 4 Observer sees
radio galaxy
Gas clouds in narrow P
line region 5
o Observer sees
Seyfert 2 galaxy
Jet P

Broad line region

Observer sees
Seyfert 1 galaxy
-

FIGURE 1.2: Impression for a model of AGN in the unified scheme [71]. Classification
of AGNs based on different viewing angles are also presented. (figure taken from https:
//fermi.gsfc.nasa.gov/science/eteu/agn/).

emits Doppler-broadened lines whereas distant outflow emits narrower lines [71]. In this
way, when the circumnuclear material is absorbed in a flattened configuration under the
influence of gravitational field, the central parts are obscured for the transverse line of
sight due to the geometically and optically thick dust torus, such that only outflows
emitting narrow lines are seen. This is, for example, the case for Seyfert II galaxies
and Fanaroff-Riley Type galaxies. In contrast, AGN types (such as Lobe-dominated
radio loud quasars, Seyfert 1 galaxies and broad line radio galaxies) of near-infrared to
soft-X-ray continuum and broad lines are only visible when viewing at a larger angle
with respect to the case of Seyfert 2 galaxies or narrow line radio galaxies. Under this
circumstance, these different types of AGNs displayed in Fig. 1.1 can then be sorted in
an alternative way based on their orientation effects and emission properties, as shown
in Fig. 1.3.


https://fermi.gsfc.nasa.gov/science/eteu/agn/
https://fermi.gsfc.nasa.gov/science/eteu/agn/
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Optical emission line properties

Narrow line Broad Line Unusual @

Radio Seyfert 2 Seyfert 1 Broad absorption line QSO? 2
quiet Narrow emission line X-ray galaxies Radio quiet quasars (QSO) ;
o

Radio Narrow line radio galaxies Broad line radio galaxies Blazars: 3
loud (Faranoff-Riley I, II) Steep spectrum radio quasars BL Lac objects o,
Flat spectrum radio quasars (FSRQ) =)

v

Decreasing angle to line of sight

FIGURE 1.3: A simplified scheme for AGN taxonomy indicated by [70, 71], where
phenomenological classification can be largely explained by the viewing angle (figure
taken from [69]).

For radio-loud objects as displayed in Fig. 1.2 and 1.3 there appears to be a close
relationship between the strong, non-thermal radio emissions (relativistic beaming effect)
and the presence of a relativistic jet. Particularly, blazars, as a special class of radio-
loud AGN with a close alignment between the jet axis and the line of sight for observers,
produce strong amplification of emission over a very broad energy band from radio to
~-ray and thus can be detected at large distances. Furthermore, the significant total
output of luminosity exhibited by blazars are in most cases dominated by 7-rays [71].
They are the main subjects of this section as ideal targets for studying AGNs with HE
and VHE v-ray emission.

Blazars in general consist of the AGN subclass of flat spectrum radio quasars (FSRQs)
and BL Lacertae (BL Lac) type objects. The main difference between these two types
of blazars comes from the emission lines [72], where FSRQs show strong, broad emission
lines and BL Lacs show almost no emission lines. In addition to properties of exhi-
bition of radio loudness and broad, non-thermal continuum emission, there are some
other commonly observed features for blazars as summarized in [71]: rapid variability,
variable polarization, compact flat-spectrum radio emission and superluminal motions.
These properties in principle can all be attributed to the relativistic beaming effects and

orientation effect of jets [71].

The study of jet-dominated AGNs naturally follows the train of thought: in order to
obtain the emitted photon spectrum and other properties we have to take a step back and
acquire a basic understanding of the radiative process, type of particles involved and their
energy distributions, as well as speed and orientation of the jet. This would then lead
us to possible mechanisms responsible for the acceleration of radiating particles where
the specific mechanisms should give us additional information about the jet structure.
In the end, this should all go back to the engine, the SMBH in the center, that drives
all the dynamics within the AGN and its jet. Knowledge has to be established about
how the gravitational energy coming from SMBH can be converted into kinetic energy

of the jet, and ultimately to photons.
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A key ingredient connecting all these processes is the magnetic field within the AGN en-
vironment, particularly in jet (see Chapter 3 for details). For example, in the description
of magnetohydrodynamic (MHD) model for the AGN system [73], particle acceleration
and collimation mechanism of jet are accounted for while operated within the framework
of gravitational collapse and/or accretion paradigms. Plasma of jets is resulted from the
rotating disk in the presence of the a magnetic field [74]. Fig. 1.4 shows an example of

numerical simulation with the MHD model for a AGN jet.

F1GURE 1.4: Left panel: A 3D MHD simulation of the propagation of a magnetized
jet. The arrows indicate flow velocity. Plasma fields with high and low pressure are
colored with white and blue respectively, and follow closely the field lines. Right panel:
Schematic diagram of the scenario where a differential rotation of magnetic field gen-
erates relativistic jet outflow. The poloidal magnetic field lines (colored in blue) pro-
truding from an accretion disk flings the coronal material outward in a wind, thus,
the outflow. The rotation of the wind slows down as it goes outward due to angular
momentum conservation and the outflow driven by the wind would coil the field lines
(figures taken from [74]).

MHD model, as a very popular method of producing and collimating jets, has been
widely used in describing the jet dynamics in many studies [74-77]. In these models, the
magnetic field lines anchored and protruded from the rotating accretion disk play the
role of constraining and guiding the plasmas in such a way that the plasmas are tied to
it and are flung outward along these field lines, as shown in Fig. 1.4. Another important
feature about these magnetic field lines is the fact that the parallel lines have a tendency
to repel each other, such that a perpendicular pressure is imposed onto the plasma, and
this further leads to an enhancement on the field compression and its energy density [74].
Thus, the collimation and acceleration of the jet with the magnetic field lines proceed
with the following process: the circumnuclear material dragged via the gravitational
energy of the SMBH are threaded by the poloidal field lines, and since these field lines
are anchored into a differential rotating accretion disk, this would therefore produce a

helix magnetic field around the rotating axis. The plasma trapped in the magnetic field
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is then driven by these coiled lines upward and outward as they tend to uncoil in this

process.

Acceleration mechanisms of charged particles:

Particularly, the charged particles in plasma of jet, such as protons and electrons, can
be accelerated to relativistic speeds via acceleration mechanisms. These accelerated
charged particles are then later responsible for different forms of radiation, from radio
to y-rays. Several mechanisms have been proposed to account for the acceleration in

jets.

e Fermi acceleration: Fermi acceleration [78], also known as Shock acceleration, in
which shock waves are formed due to the interaction of jet plasma and surrounding
medium. These shocks can generate regions of frequently changing magnetic fields
and gas densities. Charged particles gain an energy proportional to the shock
velocity when they repeatedly cross the shock fronts. As the charged particles
go back and forth across these regions for many times, they eventually achieve

relativistic velocities.

e Magnetic reconnection: Magnetic reconnection refers to situation when mag-
netic field lines break and reconnect in a highly dynamic and energetic process
[79, 80]. For example in [81] the author proposed a mechanism responsible for ini-
tial acceleration of the plasma jet to relativistic speed in the case of GRS 19154105,
where a violet reconnection occurs between the magnetic field lines of the inner
disk region and those anchored into the central black hole. In general, magnetic
reconnection converts magnetic energy into heating and non-thermal acceleration

of charged particles.

e Stochastic acceleration: This mechanism is very similar to the shock acceler-
ation, proposed by E. Fermi in 1949 [78]. Originally, the stochastic acceleration
refers to the scattering of cosmic-rays off randomly moving magnetized clouds [82],
also known as the second-order Fermi acceleration [83]. This process later refers
to the acceleration of charged particles by randomly changing magnetic field (such
as turbulent magnetic field or MHD field) in AGN jet.

Given the complexity in AGN jet environment, multiple acceleration may be applied at
the same time but at different regions of jet. Therefore, the observed spectral energy

distribution (SED) should be a combined effects of these mechanisms.
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1.1.2 Production of gamma-rays

Depending on whether the parent population is made of leptons or hadrons, production
of y-rays can be discussed respectively in leptonic and hadronic emission models. In
leptonic model, the «-ray flux is normally probed via the electron density and radiation
fields, whereas in hadronic model, the production of «-rays is related to the cosmic-ray

density and the target gas density [62].

1.1.2.1 Leptonic models

The ejected energetic plasma of outflow consists of highly ionized gas composed of
charged particles such as electrons/positrons and ions. These relativistic charged parti-
cles accelerated by magnetic fields (as described in the previous subsection) could radiate
photons through synchrotron emission. The power loss of charged particles in this pro-
cess depends on the particle mass and its charge, as well as the strength of the B-field
in presence. Due to very significant mass difference between protons and electrons, the
energy loss is much lower in the case of synchrotron emission by electrons. In this way,
low energy synchrotron photons (from optical to X-ray band) are produced. In general,
they are believed to characterize the broad, non-thermal component of the SED of AGNs
in the low energies, and they play an important role in the production mechanism of

X-ray and high-energy gamma-rays for reasons listed below.

These low-energy seed photons are then scattered off of the same population of relativis-
tic electrons via the Inverse Compton (IC) scattering process, namely, the Synchrotron
Self-Compton (SSC) process. Thus, emission of y-ray and spectral energy distribution
of AGN at higher energies are directly linked to the energy distribution of the relativistic
electrons!. Moreover, depending on the energy of the seed photon, the IC process can
take place in two different regimes [62, 84]. In the first regime, the Thomson regime,
the low-energy photons are produced via synchrotron radiation of relativistic electrons
and/or from a dusty torus around the central accretion flow (this way, resulted photons
are in infrared band, then can further lead to External Compton (EC) scattering on
dust-torus emission [84]), then IC scattering to GeV 7-ray photons. In the other regime,
the Klein-Nishina regime [62, 84, 85], the seed photons that enter the IC scattering pro-
cess later are originally from the Broad Line Region (BLR) in AGN, where the emission
is dominated by optical to ultraviolet photons. These photons then undergo EC process

on BLR emission, and IC scattering to GeV photons.

'Some of these high-energy photons can be absorbed by low-energy synchrotron photons inside the
emitting region (internal absorption) and thus modify the SED to some extension. Such process should
be considered in both the Leptonic and Hadronic emission models.
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The GeV photons resulted from the IC process are then responsible for characterizing
the Compton component of the SED of AGN in the higher energy band. An example
of SED for AGN 3C 279 [86] is shown in Fig. 1.5, where different components dominate
different energy bands. The GeV y-rays (corresponds to v 2> 10%! Hz) are presented in
the second “bump” of the SED arising mainly from EC and SSC processes, whereas the

first “bump” (10! Hz < v < 104 Hz) is mainly a result of synchrotron emission.
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F1cure 1.5: SED of 3C 279 with observations of BeppoSAX in 1997. The synchrotron

component is presented as the short-dashed line, EC component the long-dashed line,

SSC component the dot-short-dashed line and disk component the dotted line. The
solid line is shown as a sum of all components (figure taken from [86]).

Combining the gamma-ray emission via Leptonic model with different emission compo-
nents of AGN, we can see in general different components are responsible for emission
of photons in different energy bands [71, 87]. The jet emits non-thermal radiation via
synchrotron and IC (SSC) due to the energetic plasma (in form of relativistic electrons)
contained within it, covering an emission band of optical to «-ray. The accretion disk
emits thermal radiation, occupying the band of optical to ultraviolet. The dust torus

emits mainly infrared photons that further leads to EC process on dust-torus emission.
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1.1.2.2 Hadronic models

Alternatively, v-rays can be produced with hadronic models. The interaction of high-
energy protons (from the plasma of jet) and the surrounding environment (radiation
field, other particles within the jet) is the starting point for these models. In general,
a hadronic (nucleonic) cascade process is first initiated by a hadron colliding with nu-
cleons [62, 88, 89]. Charged (%) and neutral (7") pions are the end products of this
hadronic process. The neutral pions have very short lifetime (=~ 10717s), they thus de-
cay immediately into two photons 7° — « 4~ with a branching ratio of about 99%, and
each of these two photons carry approximately half of the energy of 7. The subsequent
n9-produced 7-rays can interact with electrons or other radiation fields and thus begin
the electromagnetic cascade process. Whereas charged pions have slightly longer lifetime
(= 10785), and they would first decay to muons before decaying into electrons, e.g., for

atat — ,Lﬁyﬂ, ;ﬁ' — 6+I/€I7M.

The high-energy bump (see e.g. in Fig. 1.5) in hadronic models is associated with
the synchrotron radiation of ultrahigh energy protons [90, 91] and/or their interactions
with surrounding photons. As described in the previous Subsection 1.1.1, protons are
accelerated to ultrahigh energies together with electrons, but they suffer significantly
more energy loss in the synchrotron process in comparison to electrons. These very high
energy protons can collide with low-energy internal and /or external photons, where these
photons could come from synchrotron radiation of the same population of the relativistic
electrons [90, 92] or surrounding environment [91, 93]. This so-called photonproduction

[62] can lead to two different end products via the A resonance:

p+y— AT =7 +n,
p+y—= AT 520+ p. (1.1)

However, the cross-section of the processes shown in Eq. (1.1) depends crucially on the
ambient photon density of the environment. The decay products 7 and 7° (in Eq. (1.1))
then decay further following the previously stating processes. The energy of the v-ray
photons produced by 7° depends naturally on the energy carried by 7 itself, and gives
rise to the high-energy bump in the SED of AGN. By comparing the masses of secondary
p and 70, we can estimate the energy of the v-ray photons produced by 7° is roughly

about one tenth of the energy of the produced protons p.

In case of proton-proton interactions for hadronic collision, they are commonly neglected
in (e.g.) blazar spectra for the reason that the particle density is too low for them to
be prominent [94], although such process for hadronic models should be carefully taken

into account in denser environments (see e.g. [95, 96]).
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Although leptonic and hadronic models are employed accordingly in different scenarios,
they may present and account for gamma-ray emission in different regions at the same
time. For example, in Bottcher et al. [97], the authors described implementation of both

leptonic and hadronic models for broadband emission of blazars detected by Fermi-LAT.

Alternatively, it has also been discussed that the observed «-rays could be produced by
exotic particles (see e.g. [62]). In particular, «-rays could originate from the decay or

annihilation of these exotic particles.

1.2 Detection of HE and VHE gamma-rays

Gamma-rays (emitted from AGN), with the shortest wavelength in the range of electro-
magnetic spectrum, is the most energetic radiation that has been detected by various
astronomical instruments and observatories scattered in different locations. Direct de-
tection of gamma-rays, however, can only be carried out from space platforms as the
atmosphere is opaque to such high-energy photons. The Fermi Gamma-ray Space Tele-
scope is one of the most prominent gamma-ray detection telescope operated in the space,
originally known as the Gamma-ray Large Area Space Telescope (GLAST) (see [98] for
an overview of the gamma-ray sky covered by Fermi). Fermi’s main instrument, the
Large Area Telescope (thereafter, Fermi-LAT) surveys the entire sky once every three
hours on a daily basis, and is sensitive to gamma-rays in an energy range of 20 MeV to
> 300 GeV?2. Fermi’s secondary instrument to augment the study of gamma-ray bursts,
the Gamma-ray Burst Monitor (GBM), provides spectral coverage of gamma-ray bursts
that extends to even lower limit than LAT. With Fermi-LAT and GBM, Fermi opens
opportunities to explore various interesting phenomena of the Universe best studied
in the gamma-rays: the supernova remnants, gamma-ray bursts, pulsar wind nebulae
(PWN), AGN, EBL intensity, binary sources, pulsars and diffuse gamma-ray radiation
(see Fig. 1.6 for an example of the gamma-ray sky recorded by Fermi-LAT). Among
these, the AGN-dominated extragalactic «-ray regime is the main subject of this work.
Fermi-LAT has successfully detected 2295 AGNs by the time of writing (AGNs here
are exclusively referring to 1456 BL Lac type blazars, 794 FSRQs and 45 radio galaxies,
which are marked separately in Fig. 1.6). The very bright horizontal strip in Fig. 1.6
roughly outlines the Galactic plane, which is a source of diffuse emission resulted from
interactions of cosmic-rays with interstellar gas and photons (see Appendix D for some

relevant information) [98].

*nttps://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_
Introduction/LAT_overview.html


https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Introduction/LAT_overview.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Introduction/LAT_overview.html
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Fermi-LAT HE gamma-ray sky

[ o BL Lac-type Blazar a FSRQ B radio galaxy]

FIGURE 1.6: The gamma-ray sky recorded by Fermi-LAT from 2008 to 2022 with

an energy cut in 1 GeV — 10 GeV, shown in Galactic coordinates in a Hammer-Aitoff

projection. Brighter colors indicate higher ~-ray intensities. AGNs, such as BL Lac

type blazars, FSRQs and radio galaxies are marked respectively with white circles,
green triangles and magenta squares.

1.2.1 The Ferm: Large Area Telescope

The ~-ray astronomy truly blossomed with the launch of the Compton Gamma-ray
Observatory (CGRO) in 1991-2000, in particular with its main instrument, the Energetic
Gamma-ray Experiment (EGERT), observing the 20 MeV ~ 30 GeV gamma-ray sky
[99]. EGRET detected about 60 y-ray sources associated with AGNs, and almost all of
them being blazars [100].

In 2008, with the launch of Fermi, a new chapter for the astrophysical gamma-ray in-
vestigation begun [48, 101]. The main instrument of Fermi, the imaging Large Area
Telescope with a wide field of view (about one-fifth of the entire sky), has improved
significantly in terms of effective area, solid angle, energy range coverage, angular res-
olution (at higher energies) in comparison to EGRET. Fermi-LAT is built to conduct
long-term gamma-ray observation of celestial sources in the energy range ~ 20 MeV to
> 300GeV [48, 102]. Fermi-LAT can identify and observe sources accurately, it can
measure locations of bright sources to within 1 arcminute. Also, the LAT has great
capability of measuring bursts of gamma-rays over short time intervals. We summarize
some of the other characteristics of Fermi-LAT in Table 1.1® (see detailed discussion of

these characterized parameters in later text).

Shttps://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_
Introduction/LAT_overview.html
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TABLE 1.1: Characteristics of the LAT instrument performance (table adapted from
the Fermi Science Support Center (FSSC), for more details see [48]).

Parameters Value or Range

Energy Resolution < 15% at energies > 100 MeV

. > 8000 cm? maximum effective area

Effective Area
at normal incidence

< 0.15° for E > 10 GeV

Single Photon Angular Resolution < 0.6° for 1 GeV < E < 10 GeV

< 3.5° for E = 100 MeV

Source Location Determination < 0.5 arcmin for high-latitude sources
Point Source Sensitivity <6 x107phecm~2s7! for E > 100 MeV
Time Accuracy < 10 us, relative to spacecraft time

< 10% residual contamination

Background Rejection (after analysis)
for 100 MeV < E < 300 GeV

Dead Time < 100 ps per event

The LAT has four main subsystems that work together to detect y-rays and reject signals
from the intense cosmic-rays: Tracker, Calorimeter, Anti-coincidence Detector (ACD),
and Data Acquisition System (DAQ) (see Fig. 1.7) [102]. It shows more clearly in Fig. 1.8
of how the LAT detects gamma-rays. When a gamma-ray photon enters the LAT, it first
goes into the ACD, and then continue to propagate to the trackers. The Tracker consists
of an array of 4 x4 tower modules, and each tower module consists of layers of silicon-strip
particle tracking detectors interleaved with thin tungsten conversion foils. The gamma-
ray photon then interacts in one of the 16 tungsten foils and converts into electrons
and positrons (as shown in Fig. 1.8) via pair production. The silicon strips are used to
track the moving paths of the eTe™ pair, which are then used to determine the arrival
direction of the gamma-ray photon. After the electron-positron pair are produced, they
hit the Calorimeter, which is made of a material called cesium iodide and it measures
the energies of the incoming particles by producing proportional intensity of flashes of
light, and therefore, the energy of the gamma-rays that enter the LAT. Finally, the
DAQ subsystem is comprised of specially designed electronics and microprocessors, it
gathers information from the ACD, the Tracker, and the Calorimeter, then based on the
collected information it can reject the unwanted signals (e.g. cosmic-rays) and record

the real gamma-ray events.

If cosmic-rays enter the LAT, they would immediately induce a signal as they pass
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FIGURE 1.7: The Fermi-LAT structure (figure adapted from the FSSC).
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FIGURE 1.8: Illustration of the detection scheme in LAT (figure adapted from the
FSSC).

through the ACD. According to the LAT team, the ACD rejects up to 99.97%* of
signals produced by cosmic-rays that enter the LAT. The ACD produces flashed of light

when hit by charged (cosmic-ray) particles. Furthermore, the pair-production signature

“See https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments for more de-
tailed description of the LAT subsystems.
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found in the gamma-rays can also be used to help reject larger background of cosmic-rays
when they enter the Tracker subsystem, Similarly, the Calorimeter also helps to reject
cosmic-ray event since its pattern of energy deposition is quite different in comparison
to that of gamma-ray event. The DAQ then combines information received from the
other three subsystems and make the initial decision of whether or not this event is

cosmic-ray.

Fermi-LAT Performance:

Detection of the gamma-ray events not only depends on the LAT hardware but also the
way how LAT is processing the observables and register the incoming event as a photon,
i.e., estimating the probability of event being a photon and the mapping of photon
flux to detected photon events. This part of event reconstruction is closely linked to the
performance of the LAT. Because of this, in process of event reconstruction for the latest
Pass 8 data the LAT makes cuts and classifies the incoming events into the following
generalized standard classes based on the likelihood of events as photons and quality of

reconstruction [48]:

e TRANSIENT (evclass=16, 64): The TRANSIENT class is with the loosest se-
lection criteria, but with a relatively high background contamination from isotropic
diffuse gamma-ray emission [103]. Thus this class is particularly useful for short-
period observation, such as gamma-ray bursts and relevant timing studies (as these
types of analysis can benefit from an increased photon statistics while tolerating

the background flux to some extension).

e SOURCE (evclass=128): The SOURCE class provides an intermediate selection
with decent photon statistics and low background contamination. It is the most
widely used event class for general analysis of e.g. point sources and extended

sources over medium to long timescales. It is the event class used in this work.

e CLEAN (evclass=256): This class selects the same events as the SOURCE class
below 3 GeV. However, it has about 1.3-2 times lower background and offers better

photon statistics to hard spectrum sources at high galactic latitudes compared to
SOURCE class.

e ULTRACLEAN (evclass=512)/ULTRACLEANVETO (evclass=1024): The UL-
TRACLEANVETO is the cleanest class with the most restrict selection for all
energies in Pass 8. It is recommended by the LAT team for cosmic-ray induced
gamma-ray emission and diffuse studies that need low background contamination

of cosmic-ray. ULTRACLEAN class shares similar features for event selection and
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lower background level with ULTRACLEANVETO class: 15%-20% lower back-
ground rate below 10GeV in comparison to SOURCE class, and 50% lower at
200 GeV.

e SOURCEVETO (evclass=2048): The SOURCEVETO is also one of the most re-
strictive event selection class in Pass 8, but not at all energies. Similarity is shared
in terms of background flux level for SOURCEVETO and ULTRACLEANVETO
in energies below 10 GeV and above 50 GeV.

These classes select and reconstruct events via different sets of instrument response func-
tions (IRF's) of their own, characterizing importantly the LAT performance. Noticeably,
the IRF's for each unique class are further divided based on the newly introduced event
types in Pass 8. There are three different event types that partition and select events

further within one class:

e Conversion event type: The events are divided depending on where the conversion
of v — eTe™ takes place in the Tracker. Conversions that occur in the first 12
layers of conversion foils are the FRONT-converted events, while in the back 4

layers are the BACK-converted events.

e Point spread function (PSF) event type: Depending on the quality of the recon-
structed direction, events are characterized as PSFO (the worst), PSF1, PSF2 and
PSF3 (the best) event types.

e Energy dispersion event type: Depending on the quality of the reconstructed ener-
gies, events are divided into EDISPO (the worst), EDISP1, EDISP2 and EDISP3
(the best) event types.

These unique event classes and event types are a result of the LAT’s changing sensitivity
in different energies and different parts of the instrument. There are three factors that
are taken into account when evaluating the performance of LAT: i) the hardware design,
which has been briefly discussed in the introduction of LAT components; ii) the event re-
construction algorithms; iii) background subtractions and event quality selections. The
performance of LAT (see also [104] for energy performance below 100 MeV) is sum-
marized in the recently updated Pass 8 Release 3 Version 3° (known as PS8R3_V3)
IRFs. These IRFs provide information about the performance of LAT in terms of ef-
fective area, acceptance, point spread function (PSF), energy resolution as a function
of photon energy, incidence angle 6, azimuthal angle ¢ and other parameters. Differ-

ent IRFs should be used accordingly when dealing with different classes (and types) of

*https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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events. For example, in Fig. 1.9 we present the effective area of the LAT instrument
for SOURCE class of Pass 8 data as functions of photon energy and incidence angle.
The effective area is a measure of detector’s efficiency in capturing gamma-ray photons,
i.e., the probability of these photons interacting with tungsten foils in the Tracker. As
we can see that the effective area for SOURCE class is mostly sensitive to photons with
energy in range of 1 GeV to 100 GeV, where the LAT reaches the highest detection effi-
ciency, but drops as the energy of incidence photon continues increasing. Such decrease
of effective area at higher energies (above several hundreds of GeV) is because on the one
hand, lower flux of incoming high-energy photons enters LAT, and on the other hand,
the charged particles are deflected in magnetic fields many times and other complex
interactions take place, causing losses of event reconstruction accuracy. In addition, the
effective area shows a consistent decrease as the incidence angle of photon increases, as

expected. Another LAT performance parameter, acceptance, is defined as the effective
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F1GURE 1.9: Left panel: The effective area of LAT as a function of energy for photons
with 6 = 0° for SOURCE class in Pass 8 data. Right panel: The effective area as a
function of incidence angle @ for photons at 10 GeV (figures taken from here).

area integrated over the solid angle, and thus similar to what effective area presents in
Fig. 1.9. However, it should be noted that the LAT field of view does have some depen-
dence on energy since the secondary particles produced by higher energy gamma-rays

have smaller opening angles, and thus more easily detected by LAT.

The point spread function of LAT is a probability distribution for reconstructed direc-
tions of incidence photons from a point source [48]. It is a function of photon energy and

inclination angle, defined as a scaled-angular deviation (see here” for details of PSF):

6p 2) Sin_l ( ‘p,Q—p‘ )

P = B = SelE)

(1.2)

Shttps://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
"https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_
IRFs/IRF_PSF.html
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where p’ and p are respectively the reconstructed and true directions of the incidence
photons. dp stands for the deviation and Sp(F) is the scale factor. Parameters related
to Sp(E) and incidence directions are derived entirely through fitting and Monte-Carlo
simulation in P8R3 data. In the left panel of Fig. 1.10 we show an example of the (ac-
ceptance) weighted PSF performance for SOURCE class conversion-type events, where
the containment angle shows the angular radius within which 68% (black solid line)
and 95% (black dashed line) of the total incidence photons at different energies are de-

tected and reconstructed by the instrument. As the name in left panel of Fig. 1.10
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10 T Front 68% g 03 1o Front b
T Sy —~— Back 68% £ ront 5%
& LR € 0.25
S 10 =3 —— Total 68% kol e Back 68%
S % EN - - Front 95% & ¢ °
= s N © 0.2
< v, -+- Back 95% 2 \
E LA . o \ = Total 68%
£ NI -*- Total 95% ©
s Q ARl 3TN 0.15
(&) “1 ..""::L:._""l- E f
\L..., MR g Y.
T gt
0.05
1072 ; oLl vl il
1 10? 10° 10* 10° 10° 1 102 10° 10* 10° 10°
0 0 0 0 0 Energy ((RAeV) 0 0 0 0 0 Energy (?\/IeV)

FIGURE 1.10: Left panel: The 68% and 95% containment angles of the acceptance

weighted PSF for SOURCE class conversion-type events in P8R3 data. Right panel:

68% containment half width of the measured (reconstructed) incidence photon as a
function of energy (figures taken from here®).

suggests, the containment angle parameter is tied to the LAT acceptance performance,
where incidence photons with higher energies lead to spreading of point source with
smaller angular radius, and therefore indicating a better angular resolution (e.g. < 1°
for photons with energies greater than 1 GeV for both 68% and 95% containment, see
also Table 1.1 for summarized LAT parameters). Conversely, the LAT instrument shows

very poor single photon angular resolution for photons with energy below 100 MeV.

The energy resolution of LAT, also known as the energy dispersion, is a probability dis-
tribution of measured energies, characterized by the energy dispersion response function
of LAT?. Fermi-LAT internally expresses this response function as a product of energy
dispersion matrix (see e.g. Fig. 4.4 in Chapter 4), which can be used to correct energies
of photons as it demonstrates how true energies are redistributed with measured ener-
gies. The energy resolution can reach less than 10% (see right panel of Fig. 1.10) for
energies in between 1 GeV and 100 GeV, which is sufficient to provide accepted system-
atic uncertainties in this energy range. Particularly, the energy resolution worsens for
measuring energies below 100 MeV. Thus it becomes very important to implement the

energy dispersion matrix for correcting energies when analyzed energy is around 100 MeV

Shttps://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
“https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_edisp_usage.html
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or below. The reason for such bad resolution is due to the detector response. At low
energies, the dominated interaction between gamma-rays and the Tracker is Compton
scattering where electrons attain low energy depositions, leading to less distinguishable
signals in comparison to interactions of Tracker with high-energy gamma-rays (via pair-
production). In addition, when the energy of incoming gamma-ray flux increases, it also
becomes challenging for LAT to distinguish different energies as high-energy incidence
photons would induce more complex interactions and multiple scattering processes in
the instrument, making it very difficult to reconstruct energies as well as directions of
the incidence photons. This thus results in an upturn for the curves in right panel of
Fig. 1.10.

Since the beginning of the Fermi mission the LAT collaboration has released: the bright
v-ray source list (OFGL) [105], the first full source catalogue (1IFGL) [101], the second full
source catalogue (2FGL) [106], the third full source catalogue (3FGL) [107], the fourth
full source catalogue (4FGL) [108], the fourth source catalogue data release 2 (4FGL-
DR2) [109] as well as the fourth source catalogue data release 3 (4FGL-DR3) [110].
With each release of the new catalogues or new observational data, analysis method and
characteristic of sources (such as the spectral model, background templates) are updated
and further optimized, in addition to the newly detected sources and improvement of
statistics. Furthermore, in order to reduce contamination by diffuse y-ray emission, the
LAT team has also released special catalogues focusing on AGN sources with galactic
latitude |b] > 10° (see e.g. [111]).

The most recent release (as time of writing) is the 4FGL-DR3 source catalogue [110],
as an incremental version of the 4FGL catalogue. It is a collection of 6658 sources
based on the first 12 years of observations (2008 to 2020) in the energy range of 50 MeV
to 1 TeV. The major improvements in terms of characterizing sources comparing to
previous catalogues are: i) more sources are fitted with curved spectra; ii) a more robust
spectral parameterization is introduced especially for pulsars, and spectral points are
extended to 1 TeV.

Fermi-LAT has successfully detected significantly more sources (especially y-ray sources)
than any previous y-ray detection missions. This equips us with great opportunity and

potential for the endeavor of studying the non-thermal ~-ray Universe.

1.2.2 Imaging Atmospheric Cherenkov Telescopes

While the MeV to GeV ~-ray observation is nicely performed by Fermi-LAT, higher
energies, GeV to TeV gamma-rays are mainly measured by the ground-based Imaging

Atmospheric Cherenkov Telescopes (IACTs). There have been several attempts to detect
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gamma-rays on the ground since 1950s [112], while the first meaningful detection started
with the observation of Crab Nebula by the Whipple IACT since the operation in 1986
[113]. VHE ~-rays produced from specific environments of astrophysical objects, such
as AGNs, starburst galaxies, GRBs, supernova remnants, pulsars, etc., if detected on
the ground, can only be detected indirectly via secondary particles since these VHE
~-rays would interact with the air molecules when they enter the atmosphere of Earth.
There are three main examples of the existing IACTs (see Fig. 1.11, and see footnote
for images credits'®): the High Energy Stereoscopic System (HESS) [114], the Major
Atmospheric Gamma-ray Imaging Cherenkov Telescopes (MAGIC) [115] and the Very
Energetic Radiation Imaging Telescope Array System (VERITAS) [116]. The energy
range that these TACTs are sensitive to are roughly from ~ 20 GeV to several tens of

TeV, depending on the performance of the individual telescopes.

The HESS is a five-array IACT, consisting of four 12 m diameter and one 28 m diameter
reflectors, located in Namibia at an altitude of 1.8 km. HESS started operating since
2004 with four array IACTs of each of the reflector at a diameter of 12m. The fifth
telescope with a reflector of 28 m was added and placed in the center of the array in 2012.
The large mirror dishes make HESS capable of probing energies as low as ~ 30 GeV.
MAGIC, located on the Canary Island of La Palma, consists of an array of two TACTs
with a 17m diameter for each reflector. It started operating since 2004 with only one
telescope, and in order to achieve a better sensitivity and angular resolution, a second one
was added in the year of 2009. The triggering threshold of gamma-ray energies is about
50 GeV [117]. VERITAS is a four-IACT array with each reflector at a diameter of 12 m,
located at Whipple Observatory at an altitude of 1.3km and started operating since
2007 in the energy range of roughly 100 GeV to several tens of TeV. Other operational
IACT includes the First G-APD Cherenkov Telescope (FACT) [118], which is a single
TACT with a 4 m diameter reflector located on the Canary Island of La Palma, operating
since 2011.

Cherenkov Telescope Array'! (CTA) is a planned project for the next-generation IACTs,
intending to probe the v-ray sky over a relatively larger energy range from 20 GeV to
300 TeV [119]. More than 60 telescopes will be used by the CTA team in two array
sites located in northern and southern hemisphere (as rendered in Fig. 1.12). In the
northern hemisphere (on Canary Islands of La Palma, Spain), the telescope array will
aim at CTA’s low- and mid-energy range from 20 GeV to 5TeV, while in the southern

site (Paranal, Chile), the telescope array will focus more on the mid- to high-energy

YHESS: https://www.mpi-hd.mpg.de/hfm/HESS/pages/press/2012/HESS_II_first_light/
images/Image_13.JPG; MAGIC: https://magic.mpp.mpg.de/gallery/pictures/tn/IMG_2576.JPG.
html; VERITAS: https://veritas.sao.arizona.edu/images/stories/veritas_and_building. jpg.

"https://wuw.cta-observatory.org/

12ht‘cps ://wuw.cta-observatory.org/about/how-ctao-works/
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FIGURE 1.11: From top to bottom: the HESS (4+1) array of IACTs located in

Namibia, consisting of four 12 m diameter and one 28 m diameter telescopes; the

two 17m-diameter-dish array of MAGIC located on the Canary Island of La Palma; the
four 12 m diameter IACT array of VERITAS located at Mt Hopkins, Arizona.

range of the CTA as it attains better sensitivity (see also Fig. 1.13) with the advantage
of its Small-Sized Telescopes (SST), covering sky of gamma-ray energies from 150 GeV
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FIGURE 1.12: Artistic illustration of two CTA sites in southern (top) and northern
(bottom) hemisphere. Image credits: Gabriel Pérez Diaz, CTAO ERIC!2.

to 300 TeV. Besides SSTs, two other types of telescopes will also be used in these
two observation sites: the Large-Sized Telescope (LST), and Medium-Sized Telescope
(MST). While SSTs are ideal for improving CTA’s sensitivity at the highest energies,
LSTs are responsible for optimizing sensitivity at low energies with their large reflectors.
The MSTs will be deployed in both sites as they are probing CTA’s core energy range.
The CTA team has finalized the first configuration phase (the “Alpha Configuration”),
which plans to distribute 4 LSTs and 9 MSTs in the northern site, and 14 MSTs and up
to 37 SSTs in the southern site. CTA will be an international project for future VHE
gamma-ray observation with Cherenkov telescopes, and will eventually become one of
the leading gamma-ray observatories with potential synergies with other observational

sites in other energy bands [117].

In Fig. 1.13 we show differential flux sensitivity of various instruments covering energy
band from X-ray to gamma-ray'?® (the X-ray instruments are, however, of irrelevance to

this study). This includes the past (e.g. EGRET) and current gamma-ray detectors (e.g.

BNoticing some of the sensitivity curves are not accurate enough as they were extracted from other
plots by the authors of [62]. We remind readers to use these curves with caution.
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Fermi-LAT, HESS), along with future instruments, such as CTA and e-ASTROGAM !4,
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FIGURE 1.13: Point source continuum differential flux sensitivity of various instruments
for X-ray and gamma-ray observations. The curves for JEM-X, IBIS-ISGRI, IBIS-
PICsIT, and SPI are obtained with an effective observation time of 10° s. Sensitivities
of COMPTEL and EGRET are calculated for observation time accumulated during 9
years of the CRGO mission. The Fermi-LAT sensitivity is derived for observing high
Galactic latitude sources in a 10-year survey mode. Sensitivities of TACTs, including
MAGIC, HESS, VERITAS, and CTA are given with a 50 hours of observation time.
HAWC, LHAASO and HiSCORE are give with observation time of 5 years, 1 year and
1000 hours respectively. Sensitivity of future space mission is also shown with a 3o
confidence level for an effective expousre of 1 year for a high-Galactic latitude source
(figure taken from [62]).

IACTs detect gamma-ray photons via indirect means (see Fig. 1.14 for an example of
working principle of IACTs). When ~-rays enter the atmosphere of Earth they interact
with the nucleus of air molecules in the atmosphere, producing a vast number of sec-
ondary particles such as electrons and positrons through pair-production process at high
latitude. These high-energy electrons and positrons then radiate secondary gamma-ray
photons mainly via bremsstrahlung process as they can be deflected by nucleus or other
charged particles, after which the gamma-ray photon goes into the pair-production again
and generate low-energy photons, and therefore, a shower of particles [62, 117]. These
air shower charged particles reaching ground can be directly detected by the Extensive
Air Shower technique [117]. Alternatively and more commonly adopted is the indirect
observation of these shower particles, since they can emit Cherenkov radiation when
they travel faster than the speed of the light in the same atmosphere medium. The
very faint Cherenkov light are collected and focused by the highly reflective segmented

mirrors on the telescopes, then pointed onto a camera placed in front of mirror dishes.

116 ASTROGAM is a proposed space-based mission aiming at probing astrophiscal sources in energy
range of 300keV to a few GeV (see [120] for more details).
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These cameras are composed of arrays of photomultiplier tubes (PMTSs) or silicon pho-
tomultipliers (SiPMs) that can detect individual photons. The imaging intensity map
by PMTs is related to the energy of the shower, and then to the primary gamma-rays,

while the orientation of the map indicates the air shower direction (see Fig. 1.14).

Extensive

Reconstructed
Source Position

Air Shower

Cherenkov
Light

Cameras with
PMT pixels

Air Shower
Images

FIGURE 1.14: A schematic view of working principle for stereoscopic imaging tele-

scopes. Primary gamma-rays initiate a cascade air shower (denoted with pink curves).

The resulted secondary charged particles produce Cherenkov light (denoted with blue

shaded area), collected by mirror dishes of telescopes and captured by PMTs on the

central cameras. A reconstructed source position from two telescope images are also
shown (figure taken from [117]).

Similar to Fermi-LAT, one of the main background contamination for TACTSs is the
cosmic-rays, and the other is the night sky background. Air shower induced by cosmic-
rays are initiated by charged particles colliding with nucleus in the atmosphere (see
Fig. 1 in [117]). Charged and neutral pions are produced by this collision. 7° decays
immediately into v-ray photons, whereas 7+ decay into u* and their associated neutri-
nos. Charged particle products (such as electrons, muons) then emit Cherenkov light,
the same process as described for gamma-ray initiated air shower. Due to the differ-
ences in the air shower development, muon compositions (fewer muons are produced in
gamma-ray initiated shower), arrival time of Cherenkov photons (secondary particles in
cosmic-ray initiated air shower take longer time to reach ground) as well as its distribu-

tion on the air shower image, the gamma-ray induced Cherenkov light can be separated
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from the the ones produced from cosmic-rays. On the other hand, the night sky back-
ground photon flux (order of 10'2/(cm?ssr)) is orders of magnitudes higher than the
generated Cherenkov photons [117]. Given a photon of 100 GeV as the primary gamma-
ray, only about 10 Cherenkov photons can be produced per square meter arrive at 2km
altitude above sea level. However, these night sky photons peak at different wavelengths
in comparison to Cherenkov photons and therefore can be suppressed significantly by

selecting specific PMTs for the telescope camera [117].

Thus, in order to obtain a gamma-ray spectrum or a light curve of a target source (as they
are commonly used in the analysis for interpreting the characteristics of target sources),
a complicated series of steps is needed to reconstruct the gamma-ray data emitted by
a target source from recorded data of Cherenkov light. The energy of the detected
gamma-ray photons are reconstructed based on the intensity and spatial distribution of
the Cherenkov light with (e.g.) unfolding method. Unfolding method based on different
algorithms (e.g. iterative method, Bayesian techniques) corrects the effects rising from
the instrument’s response function and resolution. The flux is then calculated with
Monte-Carlo simulation of the so-called “OFF” data (background events recorded by
the telescopes), taking into account the collection area of the telescopes and effective

exposure time of the observation.

1.3 ALPs enter gamma-ray observation

Observations of HE and VHE gamma-rays opens a unique opportunity to study many
interesting and the most extreme astrophysical phenomena in the Universe with the
highest energies, serving as a complementary approach to the laboratory experiments
of high energy physics. However, when ~-rays produced by AGNs, GRBs, PWNs, Su-
pernova remnants or from a proposed DM annihilation/decay [62] start to propagate,
they interact with the surrounding environment via different processes. Before being
observed on Earth, gamma-ray photon beam is involved in all types of scattering pro-
cesses with other particles [121-123], absorption by dust or particles (EBL absorption
[124], internal photon absorption [125, 126]), and interactions with background magnetic
fields. One prominent interaction is the gamma-ray photons coupling to axions/ALPs
in the presence of the external magnetic fields, i.e., the photon-ALP mixing effect [25].
This effect offers great insight in re-viewing a wide range of astrophysical observations

that can not be well described by conventional physics.
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1.3.1 Axion as a motivator

The possibility of photon mixing with a light particle can alter the propagation of
gamma-rays in different ways and was first realized in connection with the so-called
pseudo-Nambu-Goldstone boson particle, the azion. The term “axion” was first intro-
duced by Stephen Weinberg [16] in late 1970s where he discussed experimental impli-
cations of a neutral pseudoscalar boson, thereafter, axions. This hypothetical particle
was famously known when it was proposed as a solution by Peccei and Quinn to solve
the missing CP-symmetry violations in strong interactions (i.e., the strong CP problem)

[10]. The Lagrangian term describing the CP violation can be written as [10, 19]:

92

3272

L =0gcp GS,GH, (1.3)

where §gcp represents an effective true vacuum (tied to rotation of of the gluon field),
G4, denotes the gluon field tensor where the subscription c is associated with SU(3)

color symmetry, and g is the QCD coupling constant.

The PQ mechanism solves the strong CP problem by introducing a global symmetry,
U(1)pg, where all fermion masses have been made real via a suitable rotation of the
fermion field, leading 0gcp — 0 and thus a CP invariance of the strong interactions.
Experimentally, this 6gcp term is closely linked to the measurement of electric dipole
moment (EDM) of neutron, d,, for which an upper limit is set to be d,, < 10=2%ecm

[127], indicating a value of < O(10719) for the fgcp.
Axion naturally arises as a pseudo-Nambu-Goldstone boson particle with the sponta-
neous breaking of U(1)pg. The axion mass is given by [128]:

(1.4)

6
me ~ 6eV (10 GeV) ,

fa

where m, is the axion mass, and f, is its decay constant, indicating the scale (ap-
proximately at the order of electroweak scale, E., ~ 246 GeV) at which the U(1)pg
symmetry is broken. Axions have a characteristic two-photon vertex (inherited from
their mixing with 7% and » [129]), induced by a one-loop quark-axion Yukawa coupling,
as shown in Fig. 1.15. The photon-axion coupling constant g, shown in Fig. 1.15 gives
the strength of an axion coupling to two photons. The photon-ALP coupling is described
by an effective Lagrangian: £ ~ gg,FH" Fw,a (where F* is the electromagnetic field
tensor, see also Eq. (2.1)), implying a dimension of the inverse of energy for g,y and is
given by [59]

10° GeV

Gay ~ 8 x 10710 1 <
20 fa

) GeV L. (1.5)
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FIGURE 1.15: Feynman diagram of axion’s two-photon vertex (figure from [19]), where
the internal lines represent fermions.

The coupling constant is inversely proportional to f, and independent of the mass of
the fermions involved in the loop [47, 59]. The parameter k~! implies the strength
of coupling is model-dependent (see [130] for more details), which is resulted from the
anomalous coupling of axions to gluons at energies below QCD confinement (see e.g.
Sec. 90 in [129]). Representative examples for describing the relation of axion mass and
coupling are the KSVZ [23, 24] and DFSZ [21, 22] models (see the highlighted orange
band in Fig. 1.17). The relation f, > F.,, is typically seen in these models, as a result of
axions evading almost all current experimental searches. While in KSVZ model axions
arise with the breaking of a newly introduced chiral symmetry, where new heavy quarks
(electrically neutral) carry U(1)pg charges and couple to the axion field. Whereas in
DFSZ model the ordinary quarks and leptons carry U(1)pg charges, and axion field is
introduced via the two-Higgs-doublet extension of the standard model [131]. In both
models, the additional electroweak singlets used to generate the axion field acquire the
vacuum expectation values by coupling to other particles and leading to a breaking of
the PQ symmetry, and furthermore, the couplings of axions with quarks or leptons all

eventually contribute to the axion-photon coupling.

In general, axion’s two photon vertex is exploited in a way where the axion converts into
a photon (or vice versa) in the presence of a strong external magnetic or electric field
[132, 133] (see also Fig. 2.3). In a Coulomb field of charged particles, such conversion
takes place in the form of a scattering process (y + Ze — Ze + a), i.e., the Primakoff
process [23], where charged particles provide a photon via the magnetic field. On the
other hand, a large-scale magnetic field can be used to generate a sea of virtual photons,
with which axions can interact and to be converted to real photons (see Fig. 1.16). The
latter is used as the main strategy for detection of axions in experiments (see later text

for more details).
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F1cUre 1.16: Illustration of principle of axion detection, along with the correspond-
ing Feynman diagram, where axions convert into photons in the presence of external
magnetic field (figure credit: [134]).

1.3.2 The hunt of ALPs

While axion enjoys a strict relationship between its mass and coupling (shown in Egs. (1.4)
and (1.5)) inherited from the corresponding 7° properties (mgqfs ~ My fr), a general-
ized form of axions, namely axion-like particles, may be considered when relaxing the
relation of m, and g,y is wanted. ALPs arise generically from several models through
the extension of SM in addition to axions, including four-dimensional supersymmetric
models [4-6], multidimensional Kaluza-Klein theories [7, 8, 135], and especially from the
low-energy effective field theories of String theory [9, 17, 136-138]. ALP, as a very light
pseudoscalar boson, shares many similar properties with axions. Particularly, their sig-
nature coupling to two photons and the inter-conversion of photon-ALP in the presence

of external electromagnetic field, i.e., the photon-ALP mixing effect.

This mixing effect can result in two major consequences: 1) oscillation between photons
and ALPs can induce a polarization change in the states of photons when they travel
in the magnetic field (see e.g. [139]); 2) the v <+ a process causes modulations on the
photon beam intensity, which results in an attenuation [40] or hardening [33] (or both)

of the flux depending on the external electromagnetic fields as well as photon energies.

1.3.2.1 Laboratory searches of ALPs

Searches of ALPs has really entered a blossomy age in the past years, taking place in
both laboratories and astrophysical environments. Experimental searches of ALPs in
laboratories are extremely challenging due to its significantly fragile coupling to normal
matter or radiation fields. For axions/ALPs in the mass range of O(ueV) the haloscope
technique is regarded as a promising way to search for axions/ALPs from our Galactic
halo with sufficient sensitivity. The axions in this mass range are considered to be
plausible cold dark matter (CDM) candidates. The main setup for haloscope experiments
involves a high-quality resonant cavity, where the frequency of the cavity can be tuned to

resonate at a frequency matching the energies of converted photons approximately in the
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microwave energy band, such that the detecting axion signal is enhanced. This technique
is widely used in a number of experiments, e.g., Axion Dark Matter eXperiment (ADMX)
[140], Haloscope At Yale Sensitive To Axion CDM (HAYSTAC) [141, 142], Oscillating
Resonant Group AxioN (ORGAN) [143], QUest for AXions (QUAX) [144], Magnetized
Disc and Mirror Axion eXperiment (MADMAX) (not yet in operation) [145], and various
cavity-based experiments in CAPP, Korea [146, 147].
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FIGURE 1.17: Updated (incomplete) Limits placed on ALP parameters by cavity-based
experiments. This plot is produced using a collection of data from GitHub repository:
https://cajohare.github.io/AxionLimits/docs/ap.html.

The cavity resonator based technique was employed in early experiments conducted at
Rochester Brook haven Florida (RBF) and University of Florida (UF) with a small
volume for sensitivity, placing limits over the mass range of 1.9 — 4.2 ueV [148-150]
(see Fig. 1.17 for the corresponding exclusion regions of RBF and UF, together with
all other haloscope experiments mentioned below). Representative example of modern
experiments is the ADMX. With the most recent upgrade ADMX achieved a sensitivity
to the DFSZ axions over the mass range 3.3 —4.2 ueV [151]. Combined with previous re-
ports over the mass range of 1.9—3.3 ueV [140, 152-154], ADMX has ruled out the KSVZ
axions over the mass range of 1.9—4.2 ueV at a confidence level (CL) of 90%, whereas the
exclusion ranges of mass for DFSZ axions are 2.6 —3.3 ueV [153] and 3.9 —4.1 peV [151].
On top of that, ADMX has also made effort of conducting pathfinder experiments to
probe higher masses, i.e. the so-called ADMX-Sidecar [155]. It placed limits on the ALP-
photon coupling over three frequency bands within the range 4.2-7.2 GHz (see ADMX-Sc
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in Fig. 1.17). HAYSTAC showed a result excluding the two-photon coupling constant
|gary] =2 x 1071 GeV ™! for axion mass 23.2 ueV < m, < 24.0 peV [142, 156], which is
about a factor of 3 just above the KSVZ coupling benchmark. ORGAN is interested in
probing the mass range of 60 — 207 eV, where a limit is set on [ggy| < 2x 10712 GeV ™!
for mass at 110 ueV, in a span of 2.5neV, with a CL of 90% [143]. This narrow mass
band is caused by the cavity configuration and design in the early stage, and there-
fore, untunable. Similar issue caused by the cavity design is also seen in the case of
QUAX, where two narrow bands of mass ranges near 40 ueV are reported, exclud-
ing [gayy| 2 1 x 10712 GeV™! (for mg ~ 37ueV) and |gayy| = 7 x 10712GeV ™! (for
me ~ 43ueV) regions respectively [157, 158]. CAPP searches for axions across a rela-
tively large range of mass compared to all other experiments. For example, the most
recent CAPP-18TB experiment has reported a new upper bound for |gq--| at a factor of
0.7 above the KSVZ coupling, over a narrow band near 19.9 ueV in a span of ~ 20neV
[159]. At another narrow mass band around 4.5 eV, the CAPP-12TB detector excluded
the axion-photon coupling down to about 6.2 x 10716 GeV~! at a CL of 90%. With the
achieved experimental sensitivity, this excludes the DFSZ axions at the corresponding
mass range [160] (see e.g. [147, 161] for more CAPP experiments). In addition to the
conventional cavity-based haloscope experiments, there has also been development of
probing axions/ALPs in the same mass range with other novel methods. For example,
the Broadband Radiometric Axion/ALPs Search (BRASS) experiment uses a perma-
nently magnetised conversion surface for generating an electromagnetic signal of axion-
s/ALPs, which is then concentrated by a parabolic mirror onto a detector [162, 163].
However, BRASS and many other new experiments has not yet started operating as

time of writing.

Axions/ALPs produced in the electromagnetic field of charged particles from the stars
via Primakoff process are probed with the helioscope experiments. The representative
experiment of this type is the CERN Axion Solar Telescope (CAST) experiment [39].
CAST, as the name suggests, it searches for solar axions, using a dipole magnet with
a B-field strength of ~ 9T and length of ~ 9.3m. The last constraint provided by
CAST set the limit on photon-ALP coupling with |gsy,| < 6.6 x 1071 GeV~! (for
mg < 0.02eV) at a CL of 95% [39]. The very large mass range covered by CAST is
realized by filling the magnet bores with gas of varying pressure. In order to probe
regions with smaller values of g4, the next-generation helioscope, International Axion
Observatory (IAXO) has been proposed, where its physics potential and conceptual
design have been discussed explicitly [164, 165]. In the first stage of preparation, a test
experiment named BabyIAXO is currently under construction at DESY, Germany [166].

Alternatively, ALPs can also be probed in a way where photons emitted from a laser

beam are first converted into ALPs with the presence of a strong magnetic field, then an
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optical barrier is placed as a “wall” to only allow the propagation of ALPs. The produced
ALPs can be converted back into photons when another magnet is placed in alignment
with the first one, such that a photon signal can be detected [167, 168]. Such so-called
Light-Shining-through-Walls (LSW) experiments are also quite challenging as the overall
photon surviving probability is approximately proportional to ggw, leading to a feeble
photon signal. This strategy was used in the Any Light Particle Search I (ALPS I)
experiment, providing a limit of |ggy| < 6 x 1078 GeV ™! at a CL of 95% for 0.1 meV <
m, < 0.6meV [169]. A better sensitivity is achieved at a similar experiment, named
OSQAR [170], excluding the region of |gay| > 3.5 x 1078 GeV~! for m, < 0.3meV.
As an upgrade to the previous ALPS experiment, the proposed ALPS II experiment is
currently under preparation and aims to offer a promising sensitivity that reaches into

a parameter space much lower than the current laboratory bounds [60].

1.3.2.2 Astrophysical searches of ALPs

Although the endeavor made by laboratory experiments in present day has provided
good results in terms of the exclusion region on the ALP parameter space, technical
design of these experiments, substantial noise background, and other conditions have
limited the laboratory searches of ALPs. Instead, astrophysical manifestation of ALPs
emerges as a more promising way to probe their existence. The presence of large-scale
magnetic field in the astrophysical environments can induce the photon-ALP mixing,
and the resulting effects can be observed by inspecting the flux of detecting photons.
The natural space magnets (see Chapter 3 for more details) typically have much smaller
values of B in comparison to the B-field generated in laboratory, however, the effective
conversion region length L for photon-ALP mixing is much larger than those of experi-
ments mentioned in previous paragraphs. As a result, a sizeable photon-ALP conversion
probability (o ggWBQLQ, see also Eq. (2.28)) can be achieved, in principle, for a wide
range of ALP mass. However, meaningful sensitivities of astrophysical searches are usu-
ally constrained to very low masses of ALPs (O(neV)), orders of magnitude lower than

the searching range presented in Fig. 1.17.

Signatures of astrophysical searches of ALPs can be categorized in three types: 1) photon
appearance: ALPs produced in the distant stars, galaxies or other objects convert into
photons in e.g. Galactic magnetic field before being detected; 2) photon disappearance:
photons emitted from various astrophysical objects oscillate into ALPs and result in an
attenuation on their spectra; 3) photon reappearance: photons undergo the process of
v — a — v during their propagation in the presence of various astrophysical magnetic

environments.
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Constraints from photon appearance scenario:

One prominent example for the photon appearance is the the CAST experiment, where
ALPs/axions produced in Sun can convert into X-ray photons in the presence of dipole
magnetic field in the telescope [39]. Another one is the Galactic source, supernova 1987A
(SN 1987A), similar to the case of solar axions a sizeable amount of ALPs are produced
and emitted from the core of SN 1987A via Primakoff process. Then, a fraction of them
would potentially convert into photons when they travel in the galactic magnetic field of
Milky Way. However, such an excess of gamma-rays was never observed in coincidence
with the neutrino flux by the early Solar Maximum Mission, therefore providing one of
the strongest bounds on |gay4| for m, < O(neV) [27, 171]. Based on this, a revisit and
update have been done for the SN 1987A case in past years with the modified supernova
and Galactic magnetic field models, leading to a limit: [gsyy| < 5.3 x 10712 GeV ™! for
mg < 4.4 x 10710eV (see Fig. 1.18, labeled with “SN1987A —~”) [37, 172].
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F1cUrE 1.18: Exclusion region plot of photon-ALP coupling from astrophysical con-
straints. The constraints with the corresponding photon appearance scenario are
marked in gray, whereas the regions associated with photon disappearance are col-
ored in green. Photon reappearance is indicated in blue. This plot is produced using a
data collection from: https://cajohare.github.io/AxionLimits/docs/ap.html

Another constraints from supernova is done with the Fermi-LAT for observation of
extragalactic supernovae (SNe). The authors derived a an upper bound for the photon-
ALP coupling under the assumption that at least one SN is contained within the field
of view of LAT [42]. The resulted upper bound is about a factor of 5 weaker than that
of SN 1987A (see “FermiSNe —+” in Fig. 1.18).
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In addition to observation of individual SN, it has also been proposed that emission of
ALPs from all past SNe can lead to a diffuse gamma-ray background due to conversion
(or decay) of a — « in the presence of Galactic magnetic field. A conservative bound,
|gary] < 5.0x 1071 GeV ™! (for m, < 107 eV) was derived using Fermi-LAT measure-
ment of diffuse emission by [173]. This upper limit is improved by some of the authors
from [173] and is shown in [174], where the authors account for additional contribution
from isotropic gamma-ray emission and update the upper limit to be |ga | S 3.76 x 10~
for m, < 1071 eV at a CL of 95%.

Similar to the way of constraining ALP parameters in previous cases, searching for
ALPs with X-ray observations of various objects also offers valid exclusion regions of
photon-ALP coupling. For example, in the X-ray observation of the red supergiant
star, Betelgeuse, located in constellation of Orion, a 95%-CL upper limit of |gayy| S
(0.5 - 1.8) x 10711 GeV~! for m, < (5.5 — 3.5) x 107 eV (uncertainties come from
modelling of magnetic field) is set using NuSTAR satellite telescope data [175]. On
the other hand, non-excessive observation of hard X-ray photon flux from Quintuplet
and Westerlund 1 super star clusters places another limit on the photon-ALP coupling:
|gary] < 3.6 x 10712 GeV ™! for m, < 5x 107 eV [176]. Non-observation of X-rays from
magnetic white dwarf (MWD) RE J0317-853 by Chandra result in constraints on ALP
parameters with [gay| < 4.4 x 1071 GeV ™! for m, < 5 x 107%eV [177].

Additionally, ALPs produced in the neutron star magnetospheres can resonantly convert
into photons as they escape from neutrons. This would lead to a broadband enhancement
to the intrinsic radio flux of the neutron star. In [178], the authors use numerical
simulations and analytic models to derive a strong constraints on photon-ALP coupling
in the mass range of 107%eV < m, < 107°eV by comparing the predicted radio flux
of neutron star with flux measurements of 27 nearby pulsars. The resulted exclusion

region is shown in Fig. 1.18.

Constraints from photon disappearance scenario

The photon-ALP oscillation effect has meaningful implications on the propagation of
photon beam, leaving an energy-dependent dimming signature on the photon flux as
photons become undetectable when they convert into ALPs. This process can also lead
to a change on the polarization state of photons [25, 54]. Unpolarized thermal photons
emitted from MWD stars would show a linear polarization dependence on gq~, when the
emitted photons mix with ALPs in the magnetosphere. An updated polarization analysis
from [179] on two MWDs derive a solid conservative limit on photon-ALP coupling over

a large region of mg: |gayy| < 5.4x 1071 GeV ™! (see “MWD polarization” in Fig. 1.18).

When probing photon-ALP coupling over the mass band of O(10~8eV) Fermi-LAT ap-
pears to be the best instrument for this task, as the threshold energy (see Eq. (2.30)) for
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photon-ALP mixing to take place nicely aligns with the energy range (between 10 GeV
and 100 GeV) of LAT’s best sensitivity assuming an order of O(uG) external magnetic
field. Three exclusion regions (labeled as ‘Mrk 4217, “NGC1275” and “Quasars”) are
shown in Fig. 1.18 covering the mass range of 107%eV < m, < 1077 eV. These con-
straints are obtained by searching for modulations on spectra of AGNs, and naturally,
the resulted limits have a dependence on models chosen for the magnetic fields and
lightly on instrument systematic uncertainties. An additional limit is set by the Fermi-
LAT collaboration with its observation on radio galaxy NGC 1275 [49]. Located in the
center of the Perseus cluster, NGC 1275 has a rather rich intra-cluster magnetic field
environment, making it an ideal target for probing spectral irregularities induced by
photon-ALP mixing. A dedicated simulation is conducted by the LAT team to include
as many realizations as possible for the turbulent field in the intra-cluster environment.
As a result, they exclude couplings |ga | > 5 x 10712 GeV ™! for 0.5neV < m, < 5neV
at a CL of 95%. Similar analyses have also been done in [180] and [43], where the authors
performed combined analyses for the spectra of Markarian 421 using LAT+MAGIC and
LAT+ARGO-YBJ data, respectively (see Fig. 1.18 for region labeled with “Mrk 4217).
However, as stated before, these limits are obtained under certain assumptions for the
magnetic fields traversed by the photon-ALP beam, and thus give rise to relatively large
uncertainties on the final results. In addition to the rich galaxy cluster environment,
Ref. [181] focuses on the photon-ALP mixing in the jet magnetic field. A combined
spectral analysis of three bright FSRQ-type AGNs are studied with Fermi-LAT data.
Besides the photon-ALP mixing effect, the authors also consider extra contributions to
spectral anomalies from photon-photon dispersion effect inside the jet. An upper bound
of |garyy| S5 x 10712 GeV 1 over 5neV < m, < 200neV is shown in Fig. 1.18.

If the probed mass range of ALP becomes even smaller (m, < 107! eV), the corre-
sponding energy band for searching of photon-ALP mixing would then fall into the
X-ray band, where observations by X-ray photon detectors provide the most optimiz-
ing sensitivity. Luminous X-ray sources, such as galaxy cluster Hydra A, M&7, radio-
quiet quasar H1821+643 as well as radio galaxy NGC 1275, are shown as examples in
Fig. 1.18. These target sources are all located within galaxy cluster environments with a
relatively strong magnetic field that are more likely to host photon-ALP conversion for
X-ray photons. For example, the absence of spectral anomalies in X-ray observations of
Hydra-A by Chandra provides a conservative bound on the photon-ALP coupling with
|gary] < 8.3 x 10712 GeV ™! for mg <7 x 10712V [182]. Improvements on sensitivities
have been achieved when also using Chandra observational data for analyses of quasar

H1821+643 [183] and radio galaxy NGC 1275 [58], which, together, provide the most

competitive upper bounds for gy, over mg S 10~ eV up to date.
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Constraints from photon reappearance scenario

It has been shown that the Universe shows anomalous transparency towards VHE
(O(TeV)) ~-rays, where those v-rays should have been absorbed by EBL photons via
pair-production process [34]. This has attracted even more attention with the recent
detection of up to 18 TeV energy photons from a gamma-ray burst by LHAASO [184].
Although the causes for such anomaly could arise from several reasons (e.g. violation of
Lorentz invariance), ALPs are proposed as a promising solution to explain this observa-
tional result [29, 32, 34, 185]. Photons emitted from distant AGNs can evade absorption
by other particles with a conversion into ALPs in the presence of astrophysical magnetic
fields near source, and convert back to photons in the Galactic magnetic field of Milky
Way. In [51], a statistical study on a large sample of VHE gamma-ray spectra detected
by TACTSs has set a lower limit on the photon-ALP coupling constant over a large range
of ALP masses (shown as the light blue region in Fig. 1.18), where the conversions in
different magnetic field configurations (intra-cluster, intergalactic and Galactic magnetic

fields.) are taken into account.

The exclusion region associated with photon reappearance can be improved and probed
by the next generations of ALP searching experiments, such as ALPS II [60] and IAXO
[164, 165].



Chapter 2

Indications and interpretations
for gamma-ray spectra

modulations

The observed spectra of high energy (HE, 100MeV < E < 100GeV) and very high
energy (VHE, F 2 100 GeV) gamma-rays can be misleading, because photon beam can
be affected by environmental effects during its propagation from the source to us, such

that the observational data deviates from intrinsic emission of the source itself.

While the Universe is largely transparent to HE gamma-rays, hints for spectral modula-
tion are indicated mostly in the spectra of VHE sources. For example, as it is commonly
known VHE photons emitted from cosmological sources, such as BL Lac type blazars,
would experience attenuation in pair-production process with ultraviolet (UV), optical,
and infrared (IR) photons in the extragalactic background light (EBL) (see Appendix A
for more details of EBL). Such attenuation would seriously cause a sharp drop to spec-
trum shape in the VHE range according to conventional physics, although enhanced
flux at higher energies are indicated with respect to the expectation from conventional
physics (see examples of Fig. 5 in [33] and Fig. 1 in [186]). On the other hand, these
relativistic eTe™ pairs produced by HE (VHE) photons interacting with UV- (optical-,
infrared-) EBL photons can induce secondary emission of HE and VHE photons by up-
scattering cosmic microwave background (CMB) photons via the inverse Compton (IC)
process and therefore initiate a cascade process, which in return, would modulate the
spectra of the observed VHE sources. Also, axion-like particles have been proposed as
an alternative solution for addressing the enhancement or flatness of the observed VHE

spectra [33, 186].

39
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2.1 Indications for gamma-ray spectra modulation

As discussed above, studies have shown that for intrinsic (EBL-corrected) spectra of
some blazars a flatness or an even upturn at the TeV energy range is indicated [187]. In
Fig. 2.1 we show three cases of EBL-corrected spectra of blazars for such spectral irreg-
ularities. This abnormal transparency of Universe to VHE photons has been discussed
explicitly in the Ph.D thesis by M. Meyer [35] as well as other references [34, 186]. We
shall only give a short introduction of it. At first attempt, EBL parameters (such as
EBL intensities) have been chosen to be lower to resolve the hardening of the spectra
in the VHE range as done in Ref. [52]. However, detection of VHE photons from dis-
tant extragalactic sources by imaging atmospheric Cherenkov telescopes (IACTs) such
as HESS [114], MAGIC [115] and VERITAS [116], suggests that the EBL intensity is
already in good agreement with galaxy counts and various EBL models motivated by

observations of extragalactic sources [52, 188, 189]. Thus, the hardening on VHE range
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FIGURE 2.1: VHE spectra of blazars 3C 66A [190], 3C 279 [191] and PKS 12224216

[192] measured by MAGIC. The blue data points are extracted directly from MAGIC

observation, while the red data points are the EBL de-absorbed data points using

Dominguez et al. EBL model [193]. Red lines are the best-fitting PowerLaw curves

for each spectra. Uncertainties for the de-absorbed data points are plotted within the
gray-shaded regions. Figure is taken from Fig. [187].

of spectra of extragalactic sources is less likely related to the EBL intensities or the
EBL models. Additional efforts have also been made to explain the hard VHE spectra
based on modifications to the one-zone synchrotron self-Compton (SSC) model, such
as relative shocks mechanism [194], production in extended jets [195] and other mech-
anisms. Despite the agreement between these modified models with observations, little

is investigated about the origin of the hardening feature.

In Ref. [34] the authors investigated 50 energy spectra of TeV blazars, where the transi-
tion to optical depth 7 > 2 (see Appendix. A for optical depth) takes place at energies
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between 0.4 TeV and 21 TeV for all spectra. They found an upturn of the absorption-
corrected spectrum is visible in the transition region for all of these sources with a
combined significance of 4.2 0. Despite the systematic uncertainties has been included,
yet, it is found to be not sufficient to account for the hardening effects. The authors
then attribute this to the pair-production anomaly (PPA) process, which can be caused
by violation of Lorzentz invariance (LIV) or a postulated existence of axion-like particles
(ALPs). The Lorentz invariance scheme predicts a fixed energy above which the optical
depth is suppressed [34], whereas the observations imply that the anomaly is seen at
widely different energies with respect to redshifts of the observed sources. The mixing of
ALPs with photons (as introduced in Chapter 1), on the other hand, can also suppress
the pair-production rate and therefore modify the intrinsic spectra. Depending on the
coupling constant of photons to ALPs and the external magnetic field configurations,
the mixing effect of photon-ALP can take place at a wide range of energies from MeV to
TeV. This in turn can not only provide plausible solution to the abnormal transparency
for VHE photons, but also provide a way for possible modulations in the HE range if
there is any. This solution will be discussed explicitly in the later part of this Chapter.

On top of that, other hypotheses have also been proposed to provide alternative solutions
to address the irregularities observed in HE and VHE spectra. Ref. [196] provides two
assumptions on a study of a specific blazar Markarian 501 during flare states: the first
assumption is similar to that of Ref. [34] where the TeV radiation not only comes from
the source itself, but also the contribution from the development of electron-photon
cascades in the intergalactic medium initiated by primary gamma-rays, which however
relies on the strength of the intergalactic magnetic field (IGMF) to be at the level of
< 107'8G (similar studies has also been done in Ref. [197] where an example is taken
and shown in Fig. 2.2); the other hypothesis follows that the upturn of spectra is resulted
from the comptonization of ambient optical radiation by an ultra-relativistic conical cold
outflow, but the Lorentz factor of bulk motion I" ~ 3.5 x 107 used for this outflow is of

extreme situation and not so commonly discussed in other references.

Interestingly, in Ref. [197] the authors apply the electromagnetic cascade scheme to not
only the VHE observational data analysis, but also to the HE observation, of blazar
1ES 02294200 (shown in Fig. 2.2). We see that even after taking into account the
cascade component of the gamma-rays the predicted flux is still not large enough to
account for the observational data points above 2 TeV. Besides, it is noted that the
predicted flux also starts to show a feature of flatness in the HE range covered by
Fermi-LAT if the strength of the cascade process (related to the strength of the IGMF
B-field) is relatively weak.
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FIGURE 2.2: GeV-TeV spectral energy distribution (SED) of 1ES 02294200 measured

by Fermi-LAT and HESS. Lines labeled with different values of B-field strength of

IGMF stand for the sum of contributions from both the intrinsic and cascade prediction.

The shaded area stand for the 1 o region of fitting Fermi-LAT data. Figure taken from
Ref. [197].

2.2 Axion-like particles as an answer to spectral modula-

tions

If we look further into the example shown in Fig. 2.2 we find that the hardening of flux
cannot by fully accounted for by contribution of electromagnetic cascade, which indicates
an alternative assumption to truly increase the predicted flux. This means additional
contribution is needed for the model to fit better to the data. For this, the oscillation
between photons and ALPs is proposed and can be used to compensate the absence of
hardening found in e.g. cascade models [196, 197] or other models [194-196]. ALPs are
very light pseudoscalar spin-zero bosons characterized by a two-photon coupling vertex
ayy. Consequently, the avyvy coupling leads to photon-ALP mixing phenomenon, which
takes place in the presence of an external magnetic field. Photon-ALP mixing gives rise
to the oscillation effects between photons and ALPs [25, 132] which can be searched for
as a signature on spectra of astrophysical objects, similar to the oscillation phenomenon
observed between neutrinos with two different flavors [2]. In addition, the photon-ALP

mixing can also be used to measure the initial polarization states of photons [54, 139].

Particularly, in VHE range of the spectrum, the hardening by photon-ALP oscillation
can effectively take place via the process: v — a — v or a <> 7, where HE and VHE ~-

rays produced in AGNs can oscillate into ALPs in the presence of the external magnetic
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fields within or in vicinity of the source, traveling unimpeded in the intergalactic space
and oscillate back into v photons in Milky Way with Galactic magnetic field (GMF).
Such process is shown in left panel of Fig. 2.3. In comparison to conventional physics, the
v — a — «y process can reduce the loss of photon flux during its propagation to Earth,

introduced as the photon reappearance channel in Chapter 1. On the other hand, the
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FIGURE 2.3: Left panel: Photon “appearance” channel v — a — +, Right panel:
Photon “disappearance” v — a. The external magnetic fields are presented as “x”.

photon disappearance channel v — a occurs (as shown in the right panel of Fig. 2.3,
complemented by the photon appearance channel) when HE photons oscillate into ALPs
in the presence of (e.g.) GMF, which would then lead to attenuation of photon flux at
HE range. Together, the introduction of photon-ALP mixing effect provides a possible
way to modulate the spectra of AGNs in a broad energy range. The specific energies
where the modulation takes place and the strength of the modulation are governed by
the ALP parameters: coupling constant of photons to ALPs g,,, and ALP mass m,,
as well as the external electromagnetic field characterized by its strength B and spatial

extension s.

2.2.1 Photon-ALP oscillation

As discussed above the photon-ALP mixing could occur in the presence of an external
magnetic field. This is the basis for many experimental searches of ALPs. The mixing

effect is described by the following Lagrangian [25]:
1 0
L= —ZgawaFw,F“ = gayyaE - B, (2.1)

where g4~ is the photon-ALP coupling constant and a is the ALP field. B and E are
the magnetic and electric fields respectively. F),, is the electromagnetic field tensor, Frv

is its dual tensor.

In order to have a better understanding of phenomenon of photon-ALP conversion it is
necessary to compute its conversion probability. Considering a polarized photon beam
with energy E propagating in a magnetized, ionized plasma, where the electron density
is denoted by n. and an external homogeneous magnetic field B is present. The prop-
agation direction of the photon beam is chosen to be the x3-axis within an orthogonal

reference frame while the x1 and x5 axes are chosen randomly. The propagation equation
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of the beam can be written as the following stationary wave equation, which is subject
to the full ALP system Lagrangian [25, 59]:

(dz + E% + 2EM> U(x3) =0, (2.2)
dzs
with

U(x3) = (Ai(x3), Az(ws), a(ws))", (2.3)

where Aj(x3) and Az(x3) are the photon amplitudes with polarization along z; and x9
axes respectively. a(x3) is the amplitude of ALP. For convenience of later discussion,
we can introduce the basis of different states for ¥: |v;) = (1,0,0)T, |v2) = (0,1,0)7,
la) = (0,0,1)T, where |y1) and |y2) are the two linear polarization states of photons
along the x1- and wg-axis respectively, while |a) stands for the ALP state. ¥(z3) can

thus be rewritten as:

U(z3) = Ar(xs)|n) + A2(x3)|y2) + a(xs)|a). (2.4)

Furthermore, M in Eq. (2.2) denotes the photon-ALP mixing matrix, which can be

expressed in the following form [59]:

A1'11'1 Ail?l 2 Ag’ly
M = Axgacl AIQZ‘Q Ai% ) (25)
ABAZ A,

where the terms [25, 33]

Apoy = AL =00+ A™+ Acus, (2.6)
A$2z2 = AH = Apl + AﬁjM + AcMmB, (27)
. 1
Aa'ly = §ga'y'yBac1’ (2.8)
. 1
AY = §9awaza (2.9)
2
m
A, = ——2. 2.1
5 (2.10)

Here we rewrite Ay, ;) and Ag,,, as A and A ! respectively according to the convention
adopted in [25], which corresponds to two linear polarization states of photons, with E
field either perpendicular (|| mode) or parallel (L mode) to the plane containing the

external magnetic field B, and direction of propagation z3-axis. Diagonal terms A,

!Such notation is based on the findings originally defined in Ref. [198] where the author find the
eigenstates of propagating beam are two linear polarized states of photons, with the B field parallel and
perpendicular to the external magnetic field B..
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A and A, are essentially the momentum differences of different states (||, L,a) in
comparison to photons of the same energies in vacuum without the presence of any
fields [25].

The vacuum has a refractive index of n = E/k = 1 (k is the photon momentum),
given by the photon dispersion relation: E? = k?. However this is not entirely true
when we consider the propagation of photon beam taking place in the presence of an
external B, field, which would assign an effective mass of wy to photons due to the
electric screening effects in plasma environment [25, 198]. Consequently, this brings O;lt

_Ypl
2F "

Ap) emerges as a result of the effective photon mass produced in cold plasma (thermal

the first contribution to Ay | in addition to vacuum, field-free photons: Ay =

motion of charged particles is ignored), where wp stands for the plasma frequency?. We

make use of the numerical expression for Ay taken from [33] in our later calculation:

2
w E N1 n
Ay =—P o 11x10710x (7) x (76) kpe™! 2.11
Y5 TeV 10-3cm-3/ “P¢ (2.10)
where ne is the electron number density in the medium with its typical value assumed
to be 1.1 x 10~ 2em~3 [41].

The term Aﬁn\f stands for the Cotton-Mouton effect, which is associated with the bire-
fringence effects of the vacuum (i.e., the QED vacuum polarization effects) expected
from the Euler-Heisenberg Lagrangian [200, 201] in the presence of transverse magnetic
field (see e.g. Fig. 1(a) in Ref. [25]). It arises from photon-photon interactions in a
scenario where the photon frequency is relatively small, in comparison to electron mass
and the transverse magnetic fields are very weak [25]. The other contribution to A |
is the very small photon-photon dispersion effect [202], denoted as Acmp, which is re-
sulted from beam photons dispersion off the CMB photons (dispersion of photon beam
off other radiation fields, such as fields within the source, is however beyond the scope
of this work, but studied in [203]). The first off-diagonal term Az, 5, (= Ag,z,) accounts
for the mixing between two photon polarization states |y;) and |y2) and would lead to a
Faraday rotation, and it will not contribute to the mixing between photons and ALPs in
case of astrophysical gamma-ray propagation. Another off-diagonal term, Ag}™, stems
from the Lagrangian displayed in Eq. (2.1), indicating the contribution from photon-
ALP mixing effect determined by the B-field components B, and B,,. They are chosen

to be along ;- and xo-axis respectively for the sake of simplicity.

2Tt is commonly referred as the frequency of the oscillation of electron charge density in plasma. The
oscillation is resulted from the net of electric force pushing or pulling charged particles, i.e., as distances
between them vary, the Coulomb force from all the neighboring charged particles reverses, acting as a
restoring force. The frequency is basically assumed to vary as the square root of electron number density
Ne: wpl = \/4mnec?/me, whereas insignificant positrons are typically assumed in plasma environment
[25, 199].



Indications and interpretations for gamma-ray spectra modulations 46

The situation can be simplified starting with the propagation equation. Since the en-
ergies (GeV photons) we are interested in this work for photon-ALP mixing to take
place are much larger than the ALP mass studied in astrophysical environments [43,
49, 50, 55, 57, 58], we can rewrite Eq. (2.2) as a Schrodinger-like equation with time
variable replaced as x3 following the same short oscillation wavelength approximation
(of photon-ALP) employed in Ref. [25]:

(z’d +E+M>\I’(:E3) =0, (2.12)
d.%'g

where the Hamiltonian of the system can be easily extracted as: Ho = —(E+M). Then
solution of Eq. (2.12) can be easily obtained as:

U(xs) = e Ho@s=13) (59 = P18 iM@s—a5) g (59) (2.13)

where ¢?Mo(#3.3) g commonly defined as the transfer matrix (3, zJ) in most of photon-

ALP mixing studies.

The solution provided in Eq. (2.13) is in a neat, compact way, but in order to obtain
the conversion probability of v <> a it is necessary to simplify the mixing matrix M
in Hp. Note first the contribution to two photon states involved in A, ,, and Az,
can be reduced to only A since A?\ﬁ[ term associated with QED vacuum polarization
effects can be omitted. This is because the external magnetic field considered here is
much weaker compared to the critical B-field strength defined in [25]. The photon-photon
dispersion effect in Aoy would lead to a strong contribution if the energy of the photons
is sufficiently large (see e.g. Ref. [202]). It can thus be neglected for the range of Fermi-
LAT energies analyzed in this work. Based on the conventions defined in equations above
the direction of propagation for the photon beam is along the zs-axis, Ay -, = A is
thus associated to the photon state with E vector perpendicular to the plane containing
beam direction and external magnetic field B.. This indicates the B-field component
B, in A, 4, is parallel to the direction of beam propagation. In contrast, the B-field
component B, associated with A,,,, is perpendicular to beam propagation of direction.
Following the argument made in [25], the longitudinal field gives an azimuthal symmetry,
which can not be used for the transition from a photon to ALP. Therefore, A7} vanishes
and only the transversal component B,, = |B.| is effectively present for the photon-
ALP mixing effect. We can then rewrite AZ2 as Agy = %gaw|Be| to get rid of extra

subscription.
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In this way, the mixing matrix is significantly simplified in the calculation of our work.

It now has the following general form:

Ay 00
M = 0 AJ_ A(L7 . (214)
0 Ay A,

M is still not completely diagonal despite simplification. Eigenvalues of Hy (more
precisely, M) needs to be solved in order to apply the Hamiltonian onto the initial state

of the beam in Eq. (2.13). By diagonalizing M we find the eigenvalues to be [59]:
1 1
M =Ap, A= 5(Apl + A, — Agse)y, A3 = §(Ap1 + Ay + Agse)s (2.15)

where Agse has the form

Aose = \/(Aa - Apl)2 + 4A(21'ya (2'16)
and the corresponding eigenvectors for Aj 23 can be written as
0 0
vi=1| 0|, v= Agy , V3= Agy . (2.17)
0 A2 — Ap A3 — Ap

Then, Eq. (2.13) can be rewritten as the following with ¥(x3) replaced as a linear

combination of eigenvectors or eigenvalues:

\I’(ajg) = eiE(xS_mg)eiM(m_mg)(.7:11)1 + Fovg + ]:31)3)

= BT @ —23) T oy 4 B+ (w3=23) Ty 4 o (EHA3)(w3—23) 7y (2.18)

where F7 2 3 are the constant amplitudes of eigenvectors vy 23. Fi 2,3 can easily be solved

and expressed in the forms of A;(x9), A2(z9) and a(z9):

Fi o= Ai(zy),
Ayl — A3 1
Fo = —P2 0 A2l + a(z9), 2.19
s = Ry A + et (2.19)
Apl— A 1
Fy = —— P 72 Ay(2d) — a(x2).
3 R (g — ag) 208 = 3,y 0le)
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By substituting Eq. (2.17) and (2.19) into Eq. (2.18) we can obtain the the transfer

matrix U(z3,z3) as:
U(x3) = U(zs, 2DV (a)) = [ EATy 4 e ERDTg o 4 el EHD T 10 (2]),  (2.20)

where we separate the transfer matrix into three matrices 7y (1 2 3) associated with eigen-

values A1 23. They have the following explicit forms

1 00
TO,H=|0 0 0 [, (2.21)
0 00
0 0 0 0 0 0
— Ap1—A3 A, _ Ag—Ap1+Aosc Ag
7(0,2) = 0 >\12)1*>\3 >\2*}\3 o 0 2Apc1>sc _Egc , (2.22)
Aa’y _ A1317)\2 0 _M Aa*Aplonsc
A2—A3 A2—A3 Aosc 2Aosc
0 0 0 0 0
J— A 7A Aa _ AafA 7AOSC Aa
T(0,3) B 0 - >\21—>\32 _A2—13 B 0 QAP;C K:c ’ (2'23)
0 _ Aa'y Apl_>\3 O Aa'y Aa_Al;>l"!‘Aosc
)\2*)\3 )\2*>\3 Aosc 2Aosc

To,2 and Ty 3 can be further simplified by introducing a so-called photon-ALP mixing

angle «, defined as:

1 27,
a = —arct (77) 2.24
2B\ AL — A, (2.24)
In this way, we have
0 0 0
T70,2)=1| 0 sina —sinacosa |, (2.25)
0 —sinacosa cosZa
and
0 0 0
T70,3)=| 0 cos’a sinacosa | - (2.26)

0 sinacosa  sin’a
In the most simplified case as considered above, the surviving probability of a pho-
ton polarized along the zo-axis after traveling distance x3 along zs-axis in an external

homogeneous B, field is then given by:

Do = (W (s) (O = | (el (s, 0) )P = 1 — sin(20)sin® (B2 (2.27)
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which in turn gives the conversion probability of photon to ALP in the scenario consid-

ered in Eq. (2.27) (for m, < E):

A
Pora—sa = 1 = P0ypsyy = sin*(200)sin? < Os2cx3> . (2.28)

We see that in Eq. (2.28) the term Ay defined in Eq. (2.16) can be interpreted as the

photon-ALP oscillation wave number. In this way, the corresponding oscillation length

is then Loge = %. Also, it can be seen that the photon-ALP oscillation becomes

maximal and energy-independent when the mixing angle a =~ 7, i.e., Aose = gayy|Bel
(since sin?(2a) = %). This maximal oscillation effect is defined as the strong-mizing
regime [25, 33], and the condition to reach this regime is when energy of the beam is

much greater than a certain critical energy E. [33] defined within the following equation:

280y _ ! : (2.29)
B V1t (B
where FE, is
g, = 218 = Al |A2“A;Ap” (2.30)

2.3 Photon-ALP mixing in case of AGNs

In our case of studying the propagation of photons emitted from a AGN, we consider
in general three distinct magnetized regions that could induce possible conversions of

~v <> a along the propagation line of sight. This includes:

e Source region: jet magnetic field, host galaxy field, intra-cluster magnetic field.
e Intergalactic space: intergalactic magnetic field.

e Milky Way: galactic magnetic field.

The structure and strength of the magnetic field present in the Milky Way is well known
via observations of Faraday rotation measures and synchrotron emission of the interstel-
lar medium (see Chapter 3 for more details about various astrophysical magnetic fields).
The magnetic field in the intergalactic space is relatively weak and constrained to be
lower than O(nG) [204] and not to be lower than 107G [205]. In comparison to the
magnetic fields in Milky Way and intergalactic space, the B-fields in source region are
very poorly known and have different strengths or spatial structures depending on the

line of sight.
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Therefore, we model the magnetic field in source region under the assumption of it being
a large-scale homogeneous B-field in a single domain. This way, the photon surviving
probability derived in Eq. (2.27) can be used to describe the photon-ALP mixing in
the presence of the magnetic fields in source region. The photon-ALP mixing effect in
intergalactic space is neglected here due to the large uncertainty of IGMF parameters
and the high possibility of its strength sitting at several orders lower than the upper limit.
Sizeable modulation on spectra by photon-ALP mixing in intergalactic space can only be
given when the strength of IGMF reaches its upper limit 1 nG with a coherence length of
1 Mpc [33, 36]. On the other hand, the attenuation effect in intergalactic space attributed
to EBL photons is accounted for by adding an absorption matrix into Eq. (2.12), such
that a modified Schrodinger-like equation can be rewritten as [25, 32, 202, 206]

(z’d +E+M +iD>\I/(:n3) ~0, (2.31)
d.%’g

where D is the absorption matrix to account for photon attenuation by interacting with

EBL photons, and it has the form of

C(:Ug) 0 0
D = 0 C(xg) 0 5
0 0 0

with C(23) associated to the optical depth 7(x3)/2 = [;° C(2%)da’. The solution pro-
vided in Eq. (2.13) now has the following form after including the absorption effect:

Uy (z3) = exp (z /133 (E+ M+ iD)dx%) \Il(xg)

0
3

= Uy (x3,23)T(x3), (2.32)

where the explicit form of transfer matrix U (x3,z3), in analogy to U(z3,xJ) shown in

Eq. (2.20), can be calculated in a similar way.

Finally, as the photon-ALP beam continues to propagate from intergalactic space to
Milky Way the magnetic field configuration changes. We take the regular component of
the J&F GMF model [207] for describing the Galactic magnetic field, which includes a
disk field, a toroidal halo field and a so-called out-of-plane field (see Sec. 3.4 for details).

The mixing matrix in GMF is then modified as:

Ay 0 0
Ma=1| 0 AL AGMF |, (2.33)
GMF
0 AS A,
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where My still follows Schrodinger-like equation as shown in Eq. (2.12), AaG,YMF =
39ayyBr(z3), and Br(z}) is the transversal component of galactic magnetic field along

the direction of propagation. The resulted wave function can then be easily solved as:
Uy (w3) = Un (w3, 23) U1 (23, 25) = Us (3, 3)Un (3, 25) ¥ (23), (2.34)

where Wy(x3) is the fully propagated wave function starting from source region, traveling
through intergalactic space and ending in Milky Way. Us(z}) is the transfer matrix

associated to mixing matrix My in Eq. (2.33).

Similar to the photon surviving probability shown in Eq. (2.27), the final photon sur-

viving probability for an initially polarized photon beam can then be calculated as

Py = [(W2(3)| ¥ (25))[*. (2.35)

In this section, we consider three distinct regions for the propagation of photon/ALP
beam and its possible oscillations. In source region we model the magnetic fields as a
large-scale homogeneous field in a single domain, where the solution can be obtained
using Eq. (2.20) neglecting absorption C = 0. In the intergalactic space the photon-
ALP mixing effect is neglected similar to other studies [33], such that M = 0, i.e.,
only C contributes. Finally, in the Milky Way, we make use of regular component
of J&F GMF model reported in [207], and the photon-ALP mixing is described with a
different mixing matrix Ms, where additional absorption caused by local radiation fields
is omitted (C =~ 0). A fully propagated wave function for an initially polarized state of
photons is shown in Eq. (2.34), and a corresponding photon surviving probability is

presented in Eq. (2.35).

Additionally, the formalism presented above can also be extended to the scenario where
an initial un-polarized state is considered, which is done by introducing the density
matrix and a Von-Neumann equation instead of Schrodinger-like equation [25, 206]. We

refer the readers to references such as [33, 59] for details of un-polarized studies.
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Chapter 3

Astrophysical environments as

space magnets

According to commonly accepted idea, magnetic fields of different sizes in astronomical
structures, from stars, galaxies, up to cluster of galaxies, are generated by amplification
of a pre-existing weak magnetic field through different dynamo processes [208-211]. On
the one hand, for small scales, turbulent and thermal motions of astrophysical plasmas
are driven by dissipation of magnetic field energy, such that a continuous re-generation
of the field is needed. This is the scenario, for example, of the magnetic fields of Earth,
Sun, or other stars and planets, and it is also partially true for the Milky Way magnetic
field. On the other hand, for large scales from hundreds of kpc to Mpc in galaxies
and galaxy clusters, weak magnetic fields are assumed to exist and they conserve their
strength on time scales comparable to the age of the Universe after amplified by dynamo
and collision mechanisms due to lack of time for dissipating their energies into motions

of gas and plasmas [205].

The ~-rays produced in distant blazars would need to traverse various magnetic fields,
before their arrivals to Earth. These magnetic fields are with quite different structures
and scales, including the jet magnetic field (JMF), intra-cluster magnetic field (ICMF),
the inter-galactic magnetic field (IGMF) and finally the Galactic magnetic field (GMF).

In Fig. 3.1, we show an illustration for the full propagation of gamma-rays emitted from
a distant blazar. JMF and ICMF, as the magnetic fields in the vicinity of source, con-
tribute the first possible regions for conversion of photon to ALPs. In the second region,
the intergalactic space, the photon beam is attenuated due to pair-production process

with EBL photons. The present IGMF is, however, too weak to induce any prominent
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FIGURE 3.1: VHE gamma-rays emitted from a distant blazar when traveling through

different magnetic environments along the ling of sight (image from Ref. [212]), where

modulations from EBL absorption and photon-ALP mixing effect are presented for the
intrinsic photon flux.

photon-ALP mixing effect. Finally, the Milky Way contributes the last possible con-
version region for photon-ALP mixing. The three distinct magnetic environments are

outlined individually with blue curves in Fig. 3.1.

3.1 Jet magnetic field

The jet environment has always been the subject of research interest for understanding
origin of the particle accelerators, seen not only in AGNs, but also in other objects,
such as protoplanetary nebulae, young stars and X-ray binaries. The jets in these
objects are quite similar in terms of morphology, but their physical properties (size
scales, transported energies and velocities) vary quite drastically from one to another.

We discuss mainly the AGN jets in the following context.

In order to better understand the properties of the jet magnetic field (the scale of the field
strength, the structure of the field) we here give a brief introduction for the formation of
the jet in the framework of two mechanisms. In Blandford-Znadjek mechanism [213, 214]
where the energy extracted from a Kerr black hole (BH) are used to power the jet with
the help of a magnetic field. The basic idea follows that a rotating black hole is threaded
by magnetic field lines generated from external currents flowing in an equatorial disk
(accretion disk). These field lines are anchored into the disk with certain angles. Tonized
particles are subject to Lorentz force and therefore follow around the field lines while
rotating with the accretion disk. As a result, the charged particles are centrifugally
accelerated along these field lines. Then the ionized gas tends to move outward along

the field lines when the component of the centrifugal force is large enough to counter
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FIGURE 3.2: Schematic view of the general (BH-)-disk-driven model for the jet forma-
tion. Figure credit: Ref. [217].

gravity, and this outward acceleration would continue to be effective until a point where
the inertia of the ionized gas causes it to lag behind the rotation of these external field
lines. Thus, the existence of a strong toroidal magnetic field is a necessity to continue
accelerating the ionized material (see Fig. 3.2 for a schematic view of the BH-disk-
driven model). This leads to the formation of jet and its main accelerating engine in
locations far from the black hole depending on rotation frequency of the accretion disk.
Alternatively, if the magnetic field is coupled to the disk, the energy is extracted in
a way following the disk-driven model (Blandford-Payne mechanism), where the angle
between the poloidal component of the field line and disk surface is less than 60°, yet
the basic idea of forming jet in this mechanism is similar to the previous BH-disk-driven

model (see Ref. [215] for more details).

In Fig. 3.2 we show a schematic view of a general (BH-)disk-driven model, where such
configuration can be found in a number of BH-disk simulations (see e.g. Ref. [216]). The
cross-section of the accretion disk is shown in shade of gray and the BH is marked as a
black solid point in the center. The toroidal component of the magnetic field starts to
dominate the dynamics of the jet, collimating the outflow into a pair of jets perpendicular
to the disk, as the field line goes asymptotically far from the central massive BH. The
poloidal component is shown as a more realistic parabolic shape, where both the current

net on accretion disk and BH are threaded by these field lines.

Motivated by the mechanism of jet formation shown above. Jet magnetic field close to
the ~-ray emission region is, in most cases, modeled through a toroidal component at
a scale of pc [218], and the B-field strength ranges from 0.1 G to 1G [219, 220]. On
the other hand, the B-field strength at kpc scale is observed in Fanaroff-Riley type II
galaxies and has been estimated by rotation measures and synchrotron emission to be
at a scale of O(uG) up to 100 uG [219, 221, 222].
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FIGURE 3.3: Blazar jet magnetic field in the case of Markarian 501 with toroidal
dominated model.

In Fig. 3.3 we take a well-motivated example of Markarian 501' to give a relation of
B-field strength and distance from black hole using the Helical-Tangled magnetic field
model? [228]. It shows that the transverse component of B-field strength ranges from
O(puG) at kpe scale to O(100 uG) at pc scales within the model. This model is moti-
vated by the synchrotron emission observations from several Fanaroff-Riley type I radio
galaxies [229-231] and considered to be more realistic for describing the jet magnetic
field [227] in both pc and kpc scales. It consists of a helical component and a tangled
component, the former component is generated as the poloidal field lines are anchored
into the rapidly rotating disk and twisted with it [216], while the latter is motivated for
better characterizing the magnetic field at kpc scales® and is based on an ordered toroidal
field together with a disordered poloidal field [227, 232, 233]. This configuration is also
consistent with the analysis from Ref. [232], where the author showed that the produced
profiles by helical field model are stronger than observed. Thus, such a combination of
helical field in pc scales and tangled field (ordered toroidal + disordered poloidal) at
kpc scales could describe well the complicated jet environment (for detailed analysis on

some blazars, see e.g. [203, 233]) compared to other simplified purely toroidal models.

!The BL Lac Blazar Markarian 501 has been chosen as an ideal candidate for studying jet structures
in many researches [223-227], as the very long baseline interferometry (VLBI) images of Markarian 501
show a number of different transverse structures that could be associated with different models[225].

2The plot is created using the implemented JMF model in gammaALPs package https://github.
com/me-manu/gammaALPs. The relevant values of parameters for creating Figs. 3.3 and 3.4 can also be
found on the package website.

3The polarization data from synchrotron emission implies that the large-scale ordered toroidal field
leads to a consistence with the observation, but is not required. Particularly, for some cases at kpc
scales, the strong toroidal field originated from large-scale poloidal field leads to disagreement with
observational data.


https://github.com/me-manu/gammaALPs
https://github.com/me-manu/gammaALPs

Astrophysical environments as space magnets 57

10° 0

------ Emin Jet End .

—-- Emax Jet Base I

9x1071 ]

!

2 !
3 8x10711 I
© .
3 |
e -
= I
g =y [
2 7x10 H
5 |
2 .
< !
g !
T 6x107!] |
[

m,=3.6neV, g,, %@ 10-11 Ge\% 1
5x101 ; .

107! 10° 10t 102 103 104 10°
Energy (GeV)

F1cURE 3.4: The corresponding photon survival probability when photon-ALP beam
travel through the jet magnetic environment as shown in Fig. 3.3

The main structure of this magnetically dominated jet model is an accelerating jet base
which arises from the disk-driven model, and when the flow is accelerated up to really
high Lorentz factors the net radiation force (exerted via e.g. Compton scattering) starts
to act oppositely upon the bulk movement, the jet therefore transits to a decelerating
conical jet [234]. The transverse component field strength of the JMF with this particu-
lar model drops as 1/ in the parabolic base, where « is the parabolic base index, and

goes roughly as 1/r in the conical jet [203, 233].

As discussed above, the JMF has a very strong transverse B-field component to the
propagation direction of the photon/ALP beam. The presence of such strong exter-
nal magnetic field could contribute greatly to the photon-ALP mixing effect despite its
comparatively smaller size than other magnetized environments. In Fig. 3.4 we present
the photon surviving probability for propagation of photon beam in JMF environment
with the helical-tangled jet magnetic field model described above. The set of B-field pa-
rameters used for calculation of photon-ALP conversion probability are provided within
this particular model*. The ALP parameters are set at values from pulsar analysis [40].
The vertical blue dotted line and red dotted-dashed line stand for energy boundaries of

gamma-ray emission in jet base and end respectively.

The JMF, as one of most prominent magnetic fields in the vicinity of AGNs, are of great
importance in contributing the first possible region for conversion of photons to ALPs.
However, the results shown here are based on a particular model of JMF and thus could

lead to different outcome when alternative models are used.

‘https://gammaalps.readthedocs.io/en/latest/tutorials/mixing_HelicalTangled_jet.html


https://gammaalps.readthedocs.io/en/latest/tutorials/mixing_HelicalTangled_jet.html
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3.2 Intra-cluster magnetic field

Intra-cluster magnetic field (ICMF): Magnetic fields associated with the intra-cluster
medium in clusters of galaxies have been studied intensively in the past decades through
various methods, observations, simulations, theoretical modelling, etc. It is investigated
mostly in the radio band from studies of rotation measure (RM) of polarized radio
galaxies and synchrotron emission of diffuse sources. Studies have shown that a B-field
of O(uG) is commonly observed in intra-cluster regions (see Ref. [235] for a review),
with values up to tens of uG at the core of the clusters [235-238]. High resolution
RM images show a nearly Gaussian RM distribution in a lot of cases, which suggests
the magnetic field component follows an isotropic distribution along the line of sight.
Interestingly, on the other hand, some of many RM distributions also show clear signs for
a non-Gaussianity feature when averaging over large-scale areas after subtracting galactic
contribution. Therefore, the magnetic field must be tangled on very small scales in order
to account for the small-scale structure shown in RM images, and at the same time, also
fluctuate on orders of magnitude larger than the radio source size for the production of
non-zero (RM). Thus, a divergence-free homogeneous, isotropic and gaussian turbulent
magnetic field model with zero mean would offer a better description for the B-field
in ICM, and it would account for both large-scale and small-scale fluctuations seen in
observations [36, 235, 239]. On top of that, turbulent field with simple cell-like structure,
where B-field strength is constant in each cell (of coherence length at order of ~ 10kpc)
but varies randomly from one to another, is also commonly considered for modelling the
ICMF [236, 240].

In the following subsections we take an example of NGC 1275 to show the B-field varia-
tion and the corresponding photon-ALP mixing with two different models: X-ray cavity
regular field model and Gaussian turbulent model. Besides, we present here also a brief
introduction on a more realistic but complicated model: magnetohydrodynamic (MHD)

model.

3.2.1 X-ray cavity regular field model

Jet originating from AGN in the center of the cluster can inflate bubbles of hot, relativis-
tic plasma into the surrounding thermal gas of the intra-cluster medium (ICM), which
makes the bubbles become buoyantly unstable and then rise up away from the cluster
core until they can reach large radii before colliding or dispersing. These bubbles, or cav-
ities, in principle, could be observed in some high-resolution images of clusters as regions
with suppressed X-ray emission. Therefore, such cavities are often referred as the X-ray

cavity. In the example of Perseus cluster, a number of such cavities have been observed
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within hundred of kpc from the center of the cluster, NGC 1275 [241, 242, 242-244].
According to Chandra observations in Ref. [241], a ridge of around 93 kpc away from
the center of the cluster has been identified and is interpreted as a relic of a collapsed
bubble. Although, it is still under debate that whether or not this “cavity” falls along
the line of sight from earth to the center of cluster, and also if it reaches an equilibrium
when the bubble is turning into the thermal gas of ICM, such that the electron density
is different from inside and outside the cavity [245, 246]. In Fig. 3.5 we use the regular
model implemented in Ref. [246] where they take into consideration the X-ray cavity

field with a regular magnetic field.

As an example of studying this regular magnetic field in intra-cluster environment,
the case of NGC 1275 is used here, the most popular target for searches of spectral
irregularities in ALP context, for both X-ray and gamma-ray bands. Suggested by
Ref. [245], the following solution is provided for regular B-field at large scales:

B, = 2cos0f(r)/r, (3.1)
By = —sinf'(r1)/r1, (3.2)
By = asinff(ry)/r1. (3.3)
where
f = C(acos(ary) —sin(ary)/r1) — Fort/a?, (3.4)
Fy = Ca*(acosa — sin ). (3.5)

« is the lowest nonzero root of tana = 3a/(3 — a?), r1 = r/R with R as the cavity
radius. C is the normalization constant evaluated at r = 0. In the X-ray cavity around
NGC 1275, the viewing angle 6 = 45° is assumed as well as the cavity radius R = 93 kpc
[241]. As for the normalization of the field it is chosen in such a way that the Faraday
Rotation Measurement of ~ 7300rad/m? [247] for the central direction could output
the electron density obtained from X-ray observation. This normalization would result

a field strength of 8.3 4G in the center.

In Fig. 3.5 we plot the corresponding B-field components for this regular model, where
the B-field strength slowly decreases to very weak field as the location of measurement
stays further away from the center of the cavity, and down to 0 uG B-field when reaching

the full radius of cavity.

The photon surviving probability is shown in Fig. 3.6 with an initial unpolarized photon
beam (see Ref. [246] for details), where the values of ALP parameter (gqyy,mq) from
pulsar analysis [40] is used and shown in the plot. In comparison to the case where we

only have ICM as an external magnetic field contributing to photon-ALP conversion, we
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FicURrE 3.5: The regular component of the intra-cluster magnetic field for the ALP
signal from [40]. Longitudinal, B,, and two transverse components, By, By, are the
magnetic fields for the X-ray cavity around NGC 1275.

also plot the scenario where the photon beam traverses multiple astrophysical magnetic
environments. We can see at the lower energies the conversion ratio is mainly dominated
by the photon-ALP mixing taking place in ICM, with small fluctuations at hundreds of
MeV originating from the GMF environment (GMF model used here is from Jansson
and Farrar [207]). Whereas relatively large conversion ratio of 7 — a occurs at several
GeV when photon-ALP mixing takes place over different components of GMF model.
As it reaches even higher energies, the photon-ALP mixing becomes maximal in the

ICM and GMF, and EBL absorption starts to dominate.

3.2.2 Gaussian Turbulent field model

Faraday rotation measurements and non-thermal emission (e.g. synchrotron emission)
from radio observations suggest evidence for the existence of turbulent magnetic field
with strength at O(uG) in galaxy clusters [235, 248]. The strength of the turbulent
B-field follows the electron density of the ICM [36]:

BIOM (r) = BIOM (1M (1) fp 1M (- = 0))7" ™ (3.6)

M ICM

where n!®M is a scaling factor, a value of 7 = 0.5 is chosen here motivated from
MAGIC observations of the Perseus cluster [249], n/“M is the electron density of the
ICM, which can be written with the model from Ref. [250]. B{M is the root mean square

of the B-field of ICM, a value of 10uG is chosen here based on lower limit of BéCM from
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FI1GURE 3.6: Photon surviving probability in the presence of the intra-cluster medium

only (orange solid line), in comparison to various magnetic environments combined

(blue solid line). The ICM environment is modelled with the regular model of cluster
from [246].

MAGIC [249]. The maximum and minimum turbulence scales related to energy density
(M (k) x k%) are chosen to be kg = 27/Apin and ki, = 2w/Apqe. respectively. The
values of these turbulence scales used here are the same as the ones from Ref. [49],
as well as the other relative parameters. As for the turbulence spectrum index, ¢, is
assumed to be ¢ = —2.8 from RMs of the cool-core cluster A 2199 [251].

We show in Fig. 3.7 distributions of 10 random realization of turbulent B-field as a
function of turbulence scale for NGC 1275 in the intra-cluster environment, where we
can see that B-field distribution (plotted with blue and orange solid lines) in two panels
are two components transversal to the propagation direction of the photon flux. In
comparison to the regular B-field in Fig. 3.5 the turbulent B-field is in a state of extreme
oscillation, and the strength of the B-field (as well as the oscillation) tends to decrease
as the turbulence scale increases. The maximum radius assumed here for the size of the
clusters is 500 kpc, at which very small B-field variation would be seen. On contrary,
the B-field is in strong turbulence near the core of clusters (roughly 0 ~ 100kpc [36]).
The maximum variation for the amplitude of the B-field depends on the B,,,s (in this

case, we assume the value of 10 uG).

In Fig. 3.8 we show the corresponding photon surviving probabilities for each realization
of the turbulent magnetic field shown in Fig. 3.5. The oscillation mainly takes place in

the lower energy end for the ALP parameters chosen here, which is due to the resulted

small critical energies F. oc B:iw here (see Ref. [33, 46] for details), and as the energies
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Ficure 3.7: 10 random realizations of the ICM turbulent B-field in the case of

NGC 1275. The two color lines in two panels correspond respectively to two com-

ponents of the B-field transversal to the propagation of the photon beam. Random one

of the ten realizations in each panel is indicated with dark colored lines while the rest
are shown with light colored lines.
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FI1GURE 3.8: Photon survival probability for each realization of the B-field in Fig. 3.7.

reach about 100 GeV and above, the photon-ALP oscillation enters the strong mixing
regime and becomes energy independent. On top of that, in the random magnetic fields
we realize here the maximum conversion probability basically ranges from 0.5 to 1 within

the analyzed energy range.

3.2.3 Magnetohydrodynamic model

In this subsection we present yet another magnetic field model for the intra-cluster

medium, with more complicated and realistic structures in comparison to the first two
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models shown previously, namely the Magnetohydrodynamic model.

Clusters of galaxies are filled with a hot, diluted, magnetized plasma as well as the
intra-cluster medium, which produces great amounts of X-rays for evident observations.
The ICM is near local hydrostatic equilibrium and is characterized by significant MHD
turbulence. The magnetic field is considered to originate from the motions of gas by
dynamo process [252], which is powered by many different processes, both internally
and externally. These processes include jet-driven activity resulting in ICM shocks and
cavities [253], turbulent wakes of individual galaxies [237, 254], and cluster mergers
[255, 256].

Refs. [257, 258] show that the formation of magnetized galaxy clusters from an initial
density perturbation field could be derived using MHD cosmological simulations. The
O(pG) level field presently observed in galaxy clusters can be reproduced by the evo-
lution of the magnetic field through MHD dynamos (e.g. cluster collapse and cluster
mergers), where the seed magnetic field is initially a weak field at orders of 107 G with

large redshift.

Particularly, many MHD simulations and calculations show that the turbulence is the
main source responsible for driving nonlinear amplification. In Refs. [257, 259] the au-
thors investigate the origin, distribution, strength and evolution of the magnetic fields,
and the results show that the dynamo process of MHD can significantly change the struc-
ture and strength of cluster-wide magnetic fields, and also give rise to the amplification

of the B-field intensity.

In Fig. 3.9 we show an example of a dedicated simulation of MHD model field in the
NGC 1275 cluster environment [252], where a cross-section of the magnetic field ini-
tialized with a weak seed field is shown in the left panel from MHD simulations. The
seed magnetic field grows exponentially after enough number of turnover times of rms
velocity. During the evolution of the seed field, the magnetic field is highly non-Gaussian
but weak in field strength. The dynamo process achieves saturation when the magnetic
energy density reaches a value at the same scale of the dynamo kinematic energy density.
On the right panel, we show, as a comparison, the structure of the Gaussian turbulent
field.

The information we can obtain from this example illustration is that the two models,
MHD model and Gaussian turbulent model, are very different from each other in terms
of structures and field strength. Many large coherent structures can be visually ob-
served only in the MHD model. This implies the constraints or structures in general are

conservative in the picture of Gaussian turbulent field model.
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FIGURE 3.9: Left panel: cross-section of simulated magnetic field with MHD models

when the dynamo process reaches saturation. Right panel: a Gaussian turbulent field

model with the same power spectrum. The red regions indicate where |B| > 3By
(figures are taken from Ref. [252]).

3.3 Intergalactic magnetic field

In comparisons to the jet magnetic field or intra-cluster magnetic field, the intergalactic
magnetic field is rather weak. Faraday rotation measurements offer some upper bounds
on the strength of IGMF from the polarization plane of linearly polarized radio emission
from distant quasars (for details see Ref. [205]). The B-field is with an upper limit of
O(nG) over a large scale of coherent length (normally at orders of Mpc). Regarding the
morphology of the IGMF, very little is known. The most simple assumption is a cell-like
structure, where the B-field strength is constant in each cell and increases with cosmic
expansion, and the B-field direction varies randomly from one cell to the next one. This

is discussed in the following context with more details.

The intergalactic medium, more precisely, the voids of the large scale structure (LSS),
is the place where the primordial seed field lives if weak magnetic field were in actual
presence in the early universe before the start of structure formation. In comparison to
the magnetic field present in galaxies or galaxy clusters, the magnetic field in voids did
not go through many amplifications due to the absence of the dynamos and compression
of IGM [205], and because of the lack of amplification, the magnetic field in voids is
one of the weakest field (O(nG)) in astrophysical environment. Alternatively, it has
been suggested that the considered magnetic fields generated by quasar outflows in the
low-redshift universe could also provide hints on the origin of large-scale magnetic fields
[260].
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In general, large scale magnetic fields are assumed to have a cell-like structure, par-
ticularly in the case of the IGMF [32]. To be more specific, the magnetic field in the
cell-like structure is constant over a single domain of size L while changing randomly
its direction from one domain to the other but keep approximately the same strength.
Conveniently, this particular IGMF model proposed in Ref. [32] is implemented in the
gammaALPs python package, here in Fig. 3.10 we make use of the package to give an
example of how the magnetic field varies in the redshift space. Owing to the the high
electrical conductivity of IGM, the flux conservation during the cosmic expansion implies
the B-field would scale with the volume, to the power of 2/3 according to Ref. [32] (see
Eq. 126 in the reference). Therefore, the strength of transversal B-field slightly increases

from the first domain where it extends from z = 0 to Az.
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FicURE 3.10: The absolute values of transversal B-field in multiple domains as a
function of source redshift along the line of sight in the intergalactic space with cell-like
model.

Followed by the B-field described in Ref. [32], we calculate the photon surviving prob-
ability with different ALP masses in the IGMF environment in Fig. 3.11, with one
random B-field realization, where the upper limit B/GMF = 107 G for IGMF is taken,
showing the maximal photon-ALP mixing when photon flux traverses the intergalactic
space. The curves associated with different ALP masses indicate possible photon-ALP
conversions at different energies. The EBL absorption is taken into account when calcu-
lating the photon-ALP conversion, and for comparison, we plot the scenario where only
EBL absorption is considered. As we can see from Fig. 3.11, the modulation on flux
by photon-ALP mixing is considerably small compared to the photon-ALP mixing in

other astrophysical environments (such as JMF or ICMF) due to the very weak magnetic

field strength, and the modulation induced on photon flux is basically dominated by the
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FIGURE 3.11: Photon surviving probability in the presence of the intergalactic mag-
netic field (of voids) calculated using a cell-like model described in [32]. For comparison
reasons, scenarios with different masses of ALPs are plotted as well. The EBL absorp-
tion (with Dominguez at el. EBL model [261]) is also plotted as the black dotted line.

EBL absorption with the ALP mass (m, = 3.6 neV) employed in this work, despite the
maximum field strength for IGMF is taken. Based on this, we therefore neglect the
photon-ALP mixing effect in IGMF for our later calculation in Chapter 4. However, the
photon-ALP mixing effect should be treated with caution in IGMF when smaller ALP

mass is considered, as shown in Fig. 3.11.

On top of that, the filaments of IGMF, connecting galaxy clusters, are expected to have
a stronger B-field strength compared to the magnetic fields in voids and could contribute

additional photon-ALP conversion regions in the intergalactic space.

The detection of magnetic fields in filaments has drawn much attention in the past
years, the upper limit of which is provided by a variety of approaches [262-268]. The
intensity of the magnetic fields in filaments and its time evolution can offer us extra
information about these structures in cosmic web and evolution of extragalactic sources
that dominate the amplification of cosmic magnetic fields. Rotation measure with red
shift z and polarization of extragalactic sources play an important role in studying the
evolution of magnetic fields. Cosmological simulations have been used to study the
conditions for generating magnetic fields in filaments ranging from a few nG to tens of
nG depending on whether additional astrophysical source field seeding is involved. For
example, in Ref. [268], the authors analyzed the behaviour of extragalactic source RMs
with red shift and fractional polarization in a low-density environment using 144 MHz
data from Low Frequency Array (LOFAR) radio telescopes. The same is measured at

the frequency of 1.4 GHz. They found that the observed residual RM and fractional
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polarization are likely to have an origin to local source environment at 1.4 GHz, while
a cosmic filament environment is favored at 144 MHz. The estimate for strength of
filament field is done by attributing the total residual RM and fractional polarization to
cosmic web filaments, such that an average magnetic field per filament is obtained to be
around 32nG.

3.4 Magnetic field of the Milky Way

In comparison to other astrophysical magnetic environments discussed in the previous
sections the magnetic field of Milky Way is better studied and well measured. The
structure of the Galactic magnetic field (GMF) can be divided into two main parts: a
large-scale regular component and a turbulent component. The turbulent field can be
described by a cellular structure with a strength of scale of G over a coherence length
of 1072 pc [269], whereas the strength of the regular component of GMF is predicted to
be in the order of O(uG) [270, 271] with a size of about 10 kpc [271] for the coherence
length. RMs on galactic pulsars have indicated that this regular component is parallel
to the Galactic plane. In the following we give the principles of observational tools used
for measuring GMF and the modelling of relevant components of GMF for the purpose

of searches for photon-ALP mixing effects.

Faraday rotation measures (RMs) and synchrotron radiation are among the best tools
for probing and studying the large-scale Galactic magnetic field. Synchrotron radiation
has been used mostly in the past for studying external galaxies, while Faraday rotation
measures has been used as the main method of studying magnetic field in our Milky
Way [270, 272]. In Fig. 3.12 we illustrates how different components of magnetic field

are derived from measurements (RM and synchrotron emission).

Galactic synchrotron radiation is produced by charged particles (mostly cosmic-ray elec-
trons) moving spiralling along the interstellar magnetic field lines [274]. Synchrotron
emissivity is in general proportional to B, cosmic-ray electron density, the index of
power-law-distributed energy spectrum of cosmic-ray electrons and the frequency of the
emitted electrons at energy E (as shown in Fig. 3.12). In order to probe the Galactic
magnetic field with synchrotron emission, a sky map of polarization is required at cer-
tain frequencies. On one hand, the frequencies are conveniently chosen at values where
polarized radiation is dominated by synchrotron emission, and the Faraday rotation of
synchrotron data is negligible (see e.g. Refs. [207, 275]), such that the stokes parameters
of polarization sky map are independent of RM and then the intensity of polarized syn-

chrotron emission can be calculated using the sum of the squares of stokes parameters.
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FIGURE 3.12: Illustration for connections of RMs and synchrotron emission to different

components of magnetic field along the line of sight. n, is the thermal electron density,

B is the magnetic field component along the line of sight, ¥ is the Faraday rotation

angle, and B, the magnetic field component perpendicular to the direction of electron
propagation. Figure credit: Ref. [273]

Depolarization effects (such as Faraday depolarization) [273, 275], on the other hand,

also have to be included when calculating the polarized synchrotron intensity.

Rotation measures provide additional constraints on magnetic field strength (parallel
component of magnetic field to the propagation of electromagnetic wave), which is done
by measuring the change of polarization angle when an electromagnetic wave travels
through a magnetized medium (e.g., Galactic magnetic field) as shown in Fig. 3.12. The
rotation angle is proportional to the product of squared wavelength and RM: Af =
RM \? where RM is defined as the following form in units of rad m~2 [207, 275]:

RM ~ 0.81 /0 ’ () (fg}) (3@), (3.7)

In principle, pulsars are among the most ideal sources for studying and constraining

Galactic magnetic field for the reason that they are intrinsically highly polarized. Also,
most of the pulsars are located closely to the Galactic plane, which makes them good
candidates for studying the structure of (large-scale) Galactic magnetic field. However,
the distances for large majority of pulsars are poorly measured, and because RM is
determined as an integral quantity along the line of sight where the direction of magnetic

field reverses many times, such that the predicted RMs are not accurate.

As done in Refs. [207, 275], polarized extragalactic radio sources can also be used as
good candidates to measure Faraday rotation effects and provide constraints on GMF.
Contributions to the observed RM towards extragalactic radio sources can be roughly di-

vided into two parts: extragalactic RM and galactic RM. Extragalactic RM includes the
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RM of polarized radio emission originated within sources, and foreground RMs from in-
tergalactic magnetized medium. In comparison to the very small RM from extragalactic
space, RM from Milky Way is much larger and generally dominates the contribution to
the whole measured RM at Earth for most of the radio sources [276, 277]. Galactic con-
tribution to the RM has been estimated from collections of observations of extragalactic
radio sources in Refs. [207, 278].

It is then possible to model the GMF with a set of parameters which can be fitted using
the observational data of RM and synchrotron emission. The turbulent component
is however too small to induce any photon-ALPs mixing effect due to its very small
coherence length. Thus, in this work, we adopt the large-scale regular component of
GMF model from Ref. [207] (referred as J&F model in later context) in the context of
ALP searches.

The J&F GMF modelling for the large-scale component is based on observational mea-
surements of synchrotron emission and RM [279] (turbulent component modeling can
be found in Ref. [280]). It consists of three components: a disk field, a toroidal halo field
and a so-called out-of-plane X component field. We show the halo and X components of

J&F GMF model in Fig. 3.13. The large-scale out-of-plane component arises from the
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FIGURE 3.13: Left panel: x-z slice of GMF showing only the B-field in the so-called
X (out-of-plane) component with J&F model. Right panel: x-z slice of GMF showing
only the toroidal component with J&F model. Colorbars in both panels indicate the
strength of the B-field. Both subplots are created using the python package gammaALPs.

observational indications of external galaxies [281, 282], with which the fit to the data
is dramatically improved in comparison to the previous GMF model in [275]. The X
component, as shown in the figure, is chosen to be axis-symmetric and poloidal since the
azimuthal component is separately incorporated in the toroidal halo component, which
we shall discuss briefly later. The field is set to be 0 for » > 20 kpc and 1kpc-radius sphere
around the galactic center. The reason for that is because the estimated radius of Milky
Way is about 15kpc-20kpe. As for the zero-strength field in galactic center, the reason

for such simplification is that the B-field is dominated by different processes than those
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of global GMF, which makes it very complicated and the center field only affects very
few of the data points (less than 0.2%) used for the modelling. Similarly, the first feature
we can see in the x-z slice of halo toroidal component is the gap within z = +1kpc. On
top of that, we can see the halo toroidal component is anti-symmetric with respect to the
disk component, both the strength and radial extensions. Besides, the strength of the
B-field in both northern and southern sides are decreasing exponentially along the direc-
tion of z. The specific forms for the way of variation of B-field in either the X component
or the halo toroidal component are chosen in the way such that it fits better to the data
and therefore describe better the pattern from RMs and synchrotron polarization map
[207]. The disk component of the GMF is, however, not strongly relevant to the study
in this work as the arrival direction of the gamma-rays from most of the extragalactic
AGNs does not align with the galactic plane (see Fig. 3.14 for the positions of the sample
sources in galactic coordinates). In comparison to other GMF models (e.g. Pshirkov
GMF model [283]), the out-of-plane field and halo strengths are predicted to be larger,
which would result in a stronger photon-ALP mixing effect in certain regions in the
sky. In Fig. 3.14 we show a sky map of photon-ALP conversion probability in a scenario
where an unpolarized photon beam enters the Milky Way with the energy of the photons
at 100 GeV and ALP parameters at gg,, = 23 x 107 GeV ™!, m, = 3.6 neV [40]. The

F1GURE 3.14: The skymap of probability distribution of photons converting into ALPs

in the presence of the J&F GMF under the assumption of an unpolarized photon beam

entering the Milky Way with the energy of 100 GeV. The values of the ALP parameters

used in this particular plot are motivated from the pulsar analysis in Ref. [40]. Sample
sources used in this work are marked as white points.

sampled sources (see Chapter 4 for selection of the sample sources) used in this work are

marked as white points. The colorbar of the plot is set in a way for better visualization.
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The pattern shown in the skymap is considered to be highly model-dependent. As we
can see from the figure that the maximal probability of photons converting into ALPs
is around 0.5, which is the case for some sources such as 1ES 12154303, PKS 1440-389
and PKS 2005-304. However, depending on the line of sight for observations, the GMF
environment makes very small contribution to the photon-ALP mixing effect for nearly

half of the sample sources. Combining both Fig. 3.14 and Fig 3.15 we can see firstly
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FIGURE 3.15: Photon surviving probability as a function of energy for sample sources

collected in this study. The probability for photon-ALP mixing effect is calculated in

the presence of only GMF regular component. An unpolarized beam is assumed here
for the initial state of photons.

that for sources, such as 1ES 00334595 and 1ES 2344+514, the oscillation takes place at
slightly smaller energies, this is because these sources are located near the galactic plane
where the magnetic field is slightly stronger (see Fig. 3.13), which leads to smaller criti-
cal energies (E. o< m2/(gayB)) and larger conversion probabilities (py—.q o gngZsZ).
However, the conversion probabilities becomes smaller when the energy of photons are
slightly larger than the critical energies, which is due to oscillation effects from Eq. (2.28).
Furthermore, as the photon energy is much larger than the critical energy (£ > E.),
the mixing effect becomes maximal and energy-independent. On the other hand, large
conversion probabilities obtained in sources such as 1ES 12154303, PKS 1440-389 and
PKS 2155-304, are mainly driven by the large strength of halo and X components in
J&F GMF model.
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The photon/ALP beam crosses the GMF environment before being detected. Since the
B-field strength in the GMF is relatively large, ALPs that produced or converted in
the source region fields (JMF, ICMF) can oscillate back into photons when they travel
through the GMF. As we show in Figs. 3.14 and 3.15 the GMF environment is very
important in the searches of photon-ALP mixing signatures where the probability of
converting into ALPs can reach nearly 0.5 for a purely unpolarized photon beam at

higher energies.



Chapter 4

Searches of photon-ALP mixing
effect in AGN spectra

In order to account for the modulations seen in the high-energy gamma-ray spectra, we
introduce the photon-ALP mixing effect. However, the detection sensitivity of photon-
ALP mixing in high energy gamma-ray spectra is closely related to the uncertainties
on the measurements of differential flux. The appearance of such modulations would
then require strong mixing effects of photon-ALP, i.e., large conversion probability p,_,
(see Eq. (2.28)) to achieve higher signal-to-noise ratio. Therefore, large distances and
considerably strong transverse magnetic field to the direction of the propagation are
preferred conditions for the searches of these modulations. Extragalactic sources are
ideal targets that can be used for spectra study, especially AGNs, for their intense
emission of VHE gamma-rays, and the complexity of B-field configuration along the line

of sight for propagation of gamma-rays.

AGN Blazars are powerful sources of emission across the electromagnetic spectrum and
are observed to be sources of high-energy gamma-ray photons. The special jet orientation
explains the general features possessed by blazars: very high luminosity, very rapid
variation and high polarization compared to quasars. In principle, an ideal blazar high
state should last long enough to offer us a relatively stable determination of the photon
flux and index, and the source should remain steady in general while in high flux state,
such that average GeV and TeV measurements could represent well the source during
this high but not rapidly variable state. This could potentially allow us to explore the
very high energy (VHE, E > 100 GeV) range of « rays if needed. The AGN samples
in our selection not only serve well this point, but they can also be used to search for
the photon-ALP conversions v — a and v — a — 7 simultaneously at different energy

regions.

73
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In this chapter, we will follow these approaches and show the results from our pub-
lished work of [46], where we used a certain methodology to process the data and fit

observational data to the model with photon-ALP mixing.

4.1 Source selection and data reduction

4.1.1 Source selection

In order to cover a large range of energy for associating various scales of magnetic fields
with AGN spectra, we select AGNs which have a hard gamma-ray spectrum and are
sufficiently bright to measure the flux accurately. Thus we impose the following criteria
on our selection of samples from the fourth Fermi-LAT source catalogue, 4FGL [108].

These criteria are:

1. Source type (association): AGN of BL Lac blazar type.
2. Red shift: z known or constrained to be at z < 0.5.

3. TeV association: in order to potentially extend to very high energies (VHE: E >
100 GeV), we require the sources to have an association to known VHE sources
(TeVCAT flagh).

4. Hard spectrum: photon index is smaller than 2.
5. Signal-to-noise ratio: detection significance larger than 50 standard deviations.

6. Photon statistics: number of predicted photons (Npreq) should exceed 1600.

We show the collection of sources that pass the cuts in Table 4.1. 19 of these sources are
BL Lac blazars. In addition, we include one more radio galaxy, NGC 1275, which is lo-
cated at the center of the Perseus cluster that most likely supports an extended magnetic
field [241] and as well as a turbulent one [247]. This highly magnetized environment is
ideal for searching of photon-ALP mixing effects and it has motivated several studies
on searching for such effects using Fermi-LAT data in energy spectrum of NGC 1275
[44, 49, 246].

"http://tevcat.uchicago.edu/
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4.1.2 Fermi:-LAT data reduction

In this study we collect 10 years of Fermi-LAT data taken from Aug. 4, 2008 to Aug. 4,
2018 in the energy range of 100 MeV-500 GeV. Events within a region of interest (ROI)
defined as a cone centered on each source with a half-opening angle of 10° are selected.
After applying such filtration on the events, LAT data processed in Pass 8 is then
downloaded together with the spacecraft file from the Fermi data server. Flux deter-
mination and spectral modelling of the sources in Table 4.1 are achieved by using the
maximum likelihood optimization method. We give a step-by-step brief introduction
of how we proceed the binned likelihood analysis (see Fermi Science Data Center for

detailed documentation?).

o gtselect (evclass=128, evtype=3)
Depends on the specific purpose of the analysis, photon events that have been pre-
sorted into different classes should be selected correspondingly using command
gtselect. For example, “Ultracleanveto” class (evcalss=1024) is recommended
for checking cosmic-ray induced systematics as well as diffuse emission studies.
However, the AGN samples listed in Table 4.1 are categorized as point sources
(evcalss=128), which, following the instructions of LAT instruments, should be
processes with PBR3_SOURCE_V2 IRFs file. Furthermore, since the energy resolution
in low energy band of our analysis is poor, a hidden parameter evtype=3 can be
used to include all converting events within all point spread functions (PSF) and all
energy subclass in the front and back of the tracker on LAT telescope. Then, only
gamma-ray events with reconstructed zenith angles smaller than 90° are selected

for the purpose of reducing contamination by gamma-rays from Earth’s limb.

e gtmktime ((DATA_QUAL>O0)&&(LAT_CONFIG==1))
The photon events can be further processed again to remove the “bad” events
using gtmktime. This command is used to create a list of Good Time Intervals
(GTIs) based on the specified cuts provided in the gtselect step. A GTI is a
period of time when the data is considered vaild, i.e., the data is collected over the
selected time range and this also excludes the time when the observed source is
close to Earth’s limb. All “bad” events outside the GTTs would then be removed
from the event file. In this work, we use the default parameter setting for the

removal of bad quality data, ((DATA_QUAL>0)&& (LAT_CONFIG==1)).

e gtbin

gtbin is then used to perform the event-binning tasks, including time binning for

*https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binned_likelihood_tutorial.
html
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creating lightcurves, spatial(&energy) binning for producing counts cube and en-
ergy binning for spectral analysis. The counts cube is a three-dimensional counts
map with an energy axis and it is used as an input for binned likelihood analysis.
Accuracy of likelihood analysis is determined by two important parameters: spa-
tial bin size and energy bin size. We set the spatial bin size to be 0.1°, and we
distribute 13 energy bins per decade (within the selected energy range) in order
to accommodate rapid variations in the effective area within low energy ranges.
Under such binning configuration the energy dispersion is corrected by introducing
3 additional energy bins beyond the selected energy range following recommenda-

tions from LAT instrument team.

e gtltcube and gtexpcube?2
The spectra presented later in this work use differential flux for related analysis,
and in order to convert the counts map into a differential flux map we need to
compute the livetime cube and exposure cube. gtltcube tool is used to calculate
the integrated livetime as a function of sky position and off-axis (or inclination)
angle (between the direction to a source and the z-axis of the LAT instrument)
using the downloaded spacecraft file and event file (with updated GTIs) as an
input. Livetime cube, as the name suggests, is essentially the accumulated time
during which the LAT is detecting and taking event data, and thus it depends
on how long the LAT spends on the target source in an observation and what
the associated inclination angles are during different time of the observation. The
livetime cube is therefore a function of sky coordinates and binned inclination

angles.

Then, an exposure map can be calculated using the gtexpcube2 tool with livetime
cube as an input. An usual notion of binned exposure map with an energy axis in
unit of “cm?s” is the integral of effective area multiplied by time for a given position
in the sky. The main inputs for calculating the exposure cube are: the livetime
cube which contains the information of exposure time, coordinate projection and
geometry for exposure map to match; the IRFs (including PSF, effective area,
energy dispersion matrix) which are functions of energy and inclination angles
as well as photon classifications, responsible for mapping from livetime cube to
exposure cube. It should be noted that the geometry and energy bin configuration
for count cube produced from gtbin, livetime cube from gtltcube, exposure cube
from gtexpcube2, all should be the same in order to proceed to further analysis.
However, the exposure used in likelihood analysis is more complicated since it is

an integral of the total IRF over the entire ROI space. For likelihood analysis the
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exposure in each cube is calculated as:
e(E,¢) = / dE'd¢'dtR(E',¢'; E, ¢, 1), (4.1)
ROI

where E' and ¢ stand for the measured energies and measured directions respec-

tively.

e Target source model and Background models
The first background contribution comes from all of the sources around our target
source within the ROI. Models should be created for all the sources within the ROI
with good predictions of source locations and spectral forms (e.g., PowerLaw form,
Logparabola form). Fortunately, we can make use of the source models already
defined by the LAT team in the 4FGL catalogue, which consist of a spectral and
spatial model components, in unit of cm™2s~'MeV !, for all point sources within
the ROI. Moreover, it should be noted that sources well outside the ROI may also
contribute to the photon counts to sources within ROI due to the large PSF of
LAT at low energies. Thus, the ROI has to be extended to few more degrees in
order to give a better estimate on photon count. In this work, the extended ROI
width is set to be 15° for this purpose. The source model for each source (including
the target source) within the extended-ROI can then be further multiplied with
the corresponding exposure cubes in their locations, and convolved with exposure

cube over energy bins to give a source model count map using the following form:
Npred = /dEd¢ (dN/dE)model E(Eu ¢) (42)

However, this source count map has to be further modified with the second back-
ground contribution: diffuse backgrounds. They are modeled with pre-processed
templates of the Galactic diffuse emission, gll_iem_v07.fits, and the extra-
galactic isotropic radiation, iso_P8R3_SOURCE_V2_v1.txt. The energy dispersion

for the background templates is already taken into account?.

This step can be done by using the gtsrcmap tool.

e gtlike
The gtlike tool performs the maximum likelihood method to fit the source models
described in the previous step to the LAT data in order to obtain an estimate on
the set of the parameters used for the source models within the extended ROI
width. The optimizer used in our work when running gtlike is the MINUIT.
The spectral parameters of the target source are left free before the optimizing

and fitting process. Other parameters that enter the fitting process include the

Shttps://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
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spectral normalization parameters for all sources within 3 degrees of the ROI

center, as well as all parameters of isotropic and Galactic diffuse components.

Therefore, the likelihood value is the product of probabilities of observing the
detected counts in each bin. It is calculated with both the observed count and
modeled count data, defined as
my

L = exp(—Npred) H g (4.3)
where Npreq = > ; m; is the total number of counts predicted by the source model
within the entire ROI, as described in Eq. (4.2). m; and n; are respectively the
modeled count number and observed count number in the i-th bin. Additionally,
it should be noted that if the bin sizes are small enough, i.e. the observed count in

each bin is < 1, then n;! ~ 1, which would simplify the calculation of the likelihood.

The details for the likelihood fitting method will be given later in this chapter.

In Fig. 4.1 we show an example of the processed data product of Markarian 421, where
on the left panel we present the observed photon count map generated by gtbin, while
the modeled count map is shown on the right panel after running gtlike for fitting to

source models and the diffuse backgrounds. The differences between the two figures in

1000
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34°

1o0h48m
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FI1GURE 4.1: Left panel: 10-years LAT observation of photon counts map within 10°

of the ROI where Mkn 421 is placed in the center. Right panel: the model count map

in comparison to the one on the left panel, the models for sources within (as well as few

degrees outside) the ROI are from the Fermi 4FGL catalogue, the diffuse backgrounds

are modeled with templates of the Galactic diffuse emission gll_iem_v07.fits, and
the extra-galactic isotropic radiation iso_P8R3_SOURCE_V2_v1.txt.

Fig. 4.1 could be due to that the size of the binning in model source map is too small.
Also, the extended ROI width is not large enough to include enough additional sources
to account for the its large PSF effects on the sources within the ROI. Moreover, it is

also possible that the ROI sources are not well described by the intrinsic spectral model.
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In the case of our study, we perform a standard binned likelihood analysis, as described
above, with the following specific parameters used in gtselect, gtmktime, gtbin,
gtltcube and gtexpcube2. These parameters are listed in Table 4.2 as a standard

configuration file for the Fermi-LAT data reduction in our later analysis.

TABLE 4.2: Configuration parameters for processing LAT data.

Access Parameters
Emin 100 MeV
Emax 500 GeV
zenith cut 90 deg
. event class 128
Selection
event type 3
observation time start Aug. 4th, 2008
observation time stop Aug. 4th, 2018
target source Markarian 421
ROI width 10.0 deg
Binning bin size 0.1 deg
Energy bins perdec 13
extended ROI width 15 deg
Model Galactic diffuse gll_iem_vO07.fits
Isotropic emission iso_P8R3_SOURCE_V2_vl.txt
catalogue 4FGL

As for the differential flux points in each bin to be fit or to plot, we can obtain them
from the observed count cube generated by gtselect and gtbin where we bin the data
in both spatial (bin size is 0.1°) and energy dimensions (13 energy bins per decade) with
the width of 10° for the ROI size. The resulted count array we obtain from the count
cube is in the dimension of (48 x 100 x 100). We then sum the count cube and exposure
cube along the energy axis, and apply the summed exposure cube to the summed count
cube in each energy bin to get the final energy-distributed differential flux in units of
“photon/(MeV cm?s)”. The resulted energy spectra for likelihood analysis and other
related analysis (e.g. x?) are in general displayed as the spectral energy distributions
(SEDs). The SEDs are then derived by multiplying the individual differential flux values
in each bin with the squared geometrical mean energy of each bin. An example of the
SED for Markarian 421 is displayed in Fig. 4.2.
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SED of Markarian 421 with 10-years averaged LAT data
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FI1GURE 4.2: The spectral energy distribution of Mkn 421 using averaged 10-years LAT
data. The blue points stands for the spectral points chosen with configured parameters
listed in Table 4.2. The dashed line is the nominal fit with likelihood fitting using

source model of Mkn 421 from 4FGL catalogue, and the two black solid lines around it
correspond to the 1-sigma contours.

4.2 Analysis and results

4.2.1 Spectral models

The energy spectra of the sources listed in Table 4.1 are compared with two models
under the assumptions of two hypotheses respectively: the null hypothesis Hy(ALPS)
assumes no photon-ALP mixing effects taking place, whereas the alternative hypothesis

H{(ALPS) includes photon-ALP mixing.

The intrinsic model of sources in our study is either described by the Logparabola model

or in a some cases by a PowerLaw. The specific forms for these two spectral models are

—(a+BIn(E/Ey))
N N (E , (4.4)
dE intr. Eb

().~ (5) 49

respectively, where Ny is the normalization parameter measured at scale energy FEj

given in Eq. (4.4)

and Eq. (4.5)

(normally fixed at a constant value), « is the power-law index and S the curvature
parameter. The choice of which intrinsic spectral form to use for a specific sample

source is based upon the LAT 4FGL source catalogue.
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Before we introduce the photon-ALP mixing effect to modulate the energy flux in SEDs
of these sample sources, we can first model the known attenuation effect to the observed
photon flux at higher energies, i.e., the extragalactic background light (EBL) absorption
effect, where the high-energy gamma-ray photons are absorbed by the soft EBL photons
in the extragalactic space via pair production yyvgg + YL, — € e~ when they travel

through the extragalactic space (see Appendix A for a general introduction of EBL).

The strength of attenuation on the v rays by EBL is characterized with the optical depth
Tyy(Ey, 20). Available EBL models can be used to provide values of optical depth for a

given source. Since the optical depth in the energy and red shift range considered here is
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FIGURE 4.3: Optical depth calculated as a function of energy for sources listed in

Table 4.1 (PG 1553+113 is not included due to poorly constrained red shift) using

Dominguez et al. EBL model [193]. The black dashed vertical line indicates the upper
energy bound for out LAT analysis.

relatively small (7,, < 2 for almost all the sources, see Fig. 4.3), the choice of a specific
EBL model is not important, but needs to be included. We make use of Dominguez et
al. EBL model [193] as it provides consistent results of EBL density in comparison to all
other models in the wavelength band (from ultraviolet to near-infrared) of our analysis,

and it is conveniently integrated in the PhotonALPsConv package.

‘https://github.com/me-manu/PhotALPsConv


https://github.com/me-manu/PhotALPsConv

Searches of photon-ALP mixing effect in AGN spectra 83

Thus, the intrinsic spectral model under Hy hypothesis is consequently modified to

account for the absorption induced by EBL. The spectral model under Hy now becomes:

Hy: (CHV) = e T (d]\]) , (4_6)
dE w/oALP dE intr.

where (AN/dE);ny. is the source model referring to Eq. (4.4) or Eq. (4.5).

As for the alternative hypothesis H; with the photon-ALP mixing, the spectrum is
further multiplied by the photon surviving probability p,,. It is a function of photon
energy E, photon-ALP coupling ¢4y, ALP mass m,, transversal (constant) B-field
strength B and its effective spatial extension s. The spectrum model under alternative

hypothesis H; can then be written in the form of

dN dN
Hy <> - <> Py (B, M4 Garyys B, s), (4.7)
dE w/ ALP dE )y "

where photon survival probability p,- is calculated with Eq. (2.35).

Note that there are four more parameters in H; hypothesis comparing to Hy. In order
to make the general problem of estimating free parameters numerically tractable, we
fix the values of ALP parameters at m, = 3.6neV, g4y, = 2.3 x 10719 GeV~!, which
have been found to be a possible signal region of ALPs and favorable to explain spectral

modulations presented in the SED analysis of Galactic pulsars [40].

4.2.2 Parameter estimates: null hypothesis

The two spectral models under two hypotheses in Eqs. (4.6) and (4.7) are then fit to the
observational data obtained in the form of SED points after LAT data reduction. For
the likelihood fitting of the SED we use the forward-folding method as implemented in
fermitools described in Subsec. 4.1.2. The modified spectral models under both Hy and
H; cannot use directly the gtlike tool for likelihood fitting since the spectral models
from 4FGL catalogue are intrinsic source models. Instead, the effect of EBL absorption
e~ ™ and p,, are implemented by calling the gtlike tool together with a so-called
filefunction model from Fermipy package®. This way, we can determine best-fitting
likelihood values for both hypotheses Hy and H;. Specifically, we use a grid search to
locate the best-fitting parameters of (B, s) under hypothesis H; given the number of
fitted parameters is exceeding three. For each chosen pair value of (B, s) we optimize

the parameters of (dN/dE)int,. using the likelihood fitting method.

*https://fermipy.readthedocs.io/en/latest/
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Additionally, in order to check the consistency of the likelihood results and potentially
extend the analyzed LAT energy range to VHE region, we also employ a y?-minimization

fitting method with the following definition for the Fermi-LAT data

=3 (D ¥ — ¢i)2’ (4.8)

2
o
i=1 ?

where N is the number of energy bins used in the SED (N = 18 for all sources analyzed
with x? method), D;;¥; and ¢; are respectively the expected and observed y-ray flux in
the -th bin with its corresponding statistical uncertainty o;. The model flux ¥; is cor-
rected using the energy dispersion matrix D;;, which describes how the true energies are
redistributed in measured energies. This is because the LAT instrument only has finite
energy resolution, the energy dispersion matrix helps reduce systematic uncertainties at
all energies, especially at energies below 1 GeV (see Chapter 1 for detailed information
of LAT’s energy resolution). We extract the energy dispersion matrix using gtdrm tool

for each source in the collection of our analysis. An example of energy resolution for
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FIGURE 4.4: Energy dispersion matrix used in the likelihood analysis of Mkn 421.

our selection of data (evtype=3) is shown in Fig. 4.4, where we extract D;; with the
parameters listed in Table 4.2: 48 logarithmic-spaced energy bins between 100 MeV and
500 GeV for the measured energies and 54 for the reconstructed true energies (since we
applied edisp_bins=-3, indicating three extra bins are added both below and above the

analyzed energy range to account for energy dispersion).
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In Table 4.3 we show the best-fitting parameters estimated under the null hypothesis Hy
with the likelihood fitting method (see Table B.1 in Appendix B for x? estimates). We

find for each source a maximum likelihood value LY

maz (OF @ minimized X%U/OALP in y?

analysis) with the best-fitting normalization parameter Ny, PowerLaw index «, curvature
parameter § and the scaled energy parameter Fp. The corresponding uncertainties for

each parameter are calculated at a confidence level of 68%.

TABLE 4.3: Best-fitting parameters for null hypothesis with likelihood method using
the modeled spectra from Eq. (4.6), where sources with no curvature parameter are

modeled with PowerLaw, and the rest is with Logparabola. The normalization is given
in units of 10712MeV ~tem 25!, The estimated uncertainties (1) are listed as well
(except for the scaling energy Ej, which is kept fixed at the value from the catalogue).

AGN name Ny « « 1%73 [MEe bV]
1ES 00334595  0.363(0.015)  1.68(0.03) —4(12) 3177
3C 66A 10.9(0.1)  1.88(0.01)  39(4) 1211
PKS 0301-243  5.66(0.12)  1.83(0.02) 31(8) 9544
NGC 1275 56.1(0.4)  2.04(0.004) 60(3)  883.6
PKS 0447-439  4.62(0.07)  1.74(0.01)  52(5) 1605
1ES 05024675 0.0593(0.0026) 1.48(0.03)  — 6322
1ES 08064524 2.31(0.06)  1.80(0.02)  26(8) 1297
1ES 10114496 7.6(0.1) 1.750.01)  33(5) 1066
Markarian 421 18.0(0.1)  1.73(0.005) 19(2) 1286
Markarian 180  0.164(0.008)  1.77(0.03) - 2679
1ES 12154303 9.04(0.14)  1.84(0.01)  44(5) 1066
1ES 12184304  0.215(0.007)  1.69(0.02)  — 4442
PKS 1440-389  1.01(0.03)  1.70(0.03) 56(11) 2014
PG 15534113 3.93(0.06)  1.56(0.01)  38(5) 1847
Markarian 501 4.57(0.07) 1.70(0.01)  17(4) 1478
1ES 17274502  0.202(0.008) 1.75(0.03) — 3005
1ES 19594650  3.22(0.05)  1.76(0.01)  23(5) 1733
PKS 2005-489  0.526(0.016) 1.80(0.02) — 2398
PKS 2155-304  15.4(0.2)  1.77(0.01)  35(3) 1136
1ES 23444514 0.807(0.03)  1.73(0.03) 50(12) 1938

4.2.3 Parameter estimates: ALP hypothesis

The alternative hypothesis has two additional parameters that are used to characterize

the B-field for photon-ALP mixing: field strength B and its effective spatial extension
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s. The B-field that enters the fitting refers to the large-scale constant magnetic fields
within the source and its vicinity (including JMF, ICMF and other possible magnetic
fields), whereas the IGMF is neglected for its very weak field strength, and Milky Way
environment is included with the regular component of the J&F GMF model (see Chap-
ter 3 for detailed description of various astrophysical magnetic fields and its contribution

to photon-ALP mixing).

For each pair of (B, s) we maximize the likelihood value L. . by fitting the intrinsic
spectral parameters Ny, o and (3 for a discrete set of pairs of B and s located on a
logarithmic grid with (150 x 150) steps where B is in the range of (1073 uG, 1 uG —
10% uG) and s in the range of (1072kpc — 1kpe, 103kpec — 10*kpc). The ranges are
chosen in such a way that the critical energy (see Eq. (2.30)) could fall into the analyzed
LAT energy range. In case there are multiple local maxima found on the logarithmic
grid of (B, s), we choose the maximum which minimizes the total energy present in the
magnetic field given by o s2B2. The same criterion is also used for the grid search with

x? values.

Significance of alternative hypothesis H; against null hypothesis Hy is estimated via test
statistics. We introduce the test statistic (TS) defined within likelihood ratio test:

TS(B,s) = -2 x (In(L2,,.) — In(LL . (B,s))). (4.9)

max

As an example, we use consistently source Mkn 421 to show the results of searches of
best-fitting parameters in Fig. 4.5 with likelihood method (for figures of other sources
see figures B.1 to B.18 in Appendix B). As we can see from Fig. 4.5 that the value of
TS varies in a characteristic way for different combinations of B and s. For small values
of (B, s) pair the resulting photon-ALP conversion probability is too small to have an
impact for the modulation on the spectrum, and therefore, the likelihood values under
two respective hypotheses are close to each other. This is shown as T'S = 0 in the left
corner of Fig. 4.5. However, when values B and s become higher, a large part of the
parameter space is excluded. Particularly, a repetitive pattern of local maxima occurs
and are aligned along increasing values of B and s. The local maxima is associated to

the condition when s - Ags. > 27 and therefore multiple oscillations take place.

The global maximum, indicated with a white triangle error bar in Fig. 4.5, is found to
be T'S(B,§) = 18.5 for B = 21.0nG and § = 216.4 kpc (see Table B.4 in Appendix B for
global maxima of other sources). In this case, the local maximum, which corresponds to
the parameters with the smallest required value of B2 - s to build up the magnetic field,

is located at the same values of (B, §) as the ones for global maximum. We mark down
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FIGURE 4.5: (B, s) grid map where the color bar indicates the test statistics T'S which

is twice the difference of log-likelihood values between null and ALP hypotheses. The

black and white markers correspond to the local and global best-fitting parameters
respectively.

this local maximum T'S(By = 21.0nG, 8y = 216.4kpc) = 18.5 as a black point error bar
in Fig. 4.5.

In a similar and consistent way, we can obtain the best-fitting parameters for (30, 50) of
the chosen local maxima with the smallest magnetic field energy for the rest of sources

under ALP hypothesis. The resulted best-fitting parameters are listed in Table 4.4.

We see from Table 4.4 that the best-fitting distance §y ranges from = 0.1kpc (for the
case of 1ES 1218+304) up to =~ 262kpc (for the case of Markarian 180). The bulk of
the source spectra favors a conversion region within a distance range of 1kpc to 200 kpc

with a magnetic field strength between 10 nG and 10 uG.

Similar to the approach used for the TS values defined by likelihood ratio, we define
here another TS value to use within the Ax? test in order to check the consistency and

robustness of the results obtained with likelihood method:

2 2 2
AX = XW/OALP - XW/ALP’ (410)

where Ax? is calculated on the same logarithmic grid of (B,s) and the best-fitting

parameters which maximize the Ay? are obtained®. In comparison to Fig. 4.5 we show

51t should be noted that the definition of Ax? and the sign is chosen in a such a way that we can
compare the values of Ax? and TS.
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the corresponding grid of Ax? values for the case of Mkn 421. Similar patterns of
repetitive oscillations are observed when comparing the Ay? values to the T'S values
on the same grid. Also, similar best-fitting values of (f?,§) are found for the global
maximum, as well as values of (By, %) for the local maximum. However, there are
some differences for results between likelihood and x? analysis, which is due to the fact
that x? method is based upon a coarser binning of the energy spectra and therefore the

oscillation features remain in some cases under-sampled.

Markarian 421 (z=0.031)
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FIGURE 4.6: (B, s) grid map where the color bar indicates the difference of x? values
fitted in null and ALP hypotheses. The black and white markers correspond to the
local and global best-fitting parameters respectively.

For x? analysis of other sources, we obtain the best-fitting parameters of (B,é) and
(30, 30) in the same way as done for the case of Mkn 421. The results for local and global

best-fitting parameters are listed in Tables B.2 and B.3 in Appendix B, respectively.

The best-fitting parameters obtained in both likelihood (Tables 4.3 and 4.4) and x?
(Tables B.1 and B.2) fitting can then be put into the spectral models of Hy and H; to
illustrate the spectral modulations induced by photon-ALP mixing. We show in Figs. 4.7
and 4.8 the observed SED data points together with the model curves from Egs. (4.6)
and (4.7). The SED data points are obtained with likelihood binning using 48 energy
bins in between 100 MeV and 500 GeV for Fig. 4.7, while in Fig. 4.6 the SED points are
obtained through a coarser binning of 18 total bins in the same analyzed energy range.
In both the likelihood and 2 fitted SEDs, the best-fitting curve for the null hypothesis

is shown as a green dashed line, whereas for alternative (H;) hypothesis is a blue solid
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Markarian 421 (z=0.031)
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FIGURE 4.7: the spectral energy distribution for source Mkn 421 with likelihood fitting
method. The red data points are collected from a 10-yrs LAT observation. The blue
straight line is the best-fitting model with photon-ALP mixing effects included, and
the green dashed line is the best-fitting model without the assumption of photon-ALP
mixing. The cyan solid line is the photon surviving probability at source and the gray
dashed line is the photon surviving probability at Milky Way. In the lower panel, we
show the relative deviations of the flux points and “w/ ALP” scenario from the baseline
(“w/o ALP”).

line. Additionally, we show the photon surviving probabilities calculated in both figures
for two conversion regions considered here: the photon surviving probability at source
region is indicated as a cyan solid line, while the photon surviving probability marked as
a gray dashed line implies photon-ALP mixing in the Milky Way environment only. In
Fig. 4.7 we see the modulations induced by photon-ALP mixing occur mainly between
50 GeV and 500 GeV, determined by the best-fitting parameter values of (B, s) obtained
in the fitting process. Similar modulations are observed in Fig. 4.8 due to the fact that
the resulted fitting values from x? are close to the ones obtained in likelihood fitting.
The deviations in the lower panel of both figures provide indications of the strength of
relative amplitude of modulations brought by photon-ALP mixing effect, which, in the
case of Mkn 421, is about 15%.

4.2.4 Hypotheses testing

After we obtain TS values for each source during the likelihood and x? fitting, we
need to convert the TS values into a level of significance to either accept or reject

the null hypothesis Hy. This can be done by deriving the TS distribution under the
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Markarian 421 (z=0.031)
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FIGURE 4.8: SED for source Mkn 421 with x? fitting. Descriptions for legends are the
same as in Fig. 4.7.

null hypothesis from Monte-Carlo simulation following a similar procedure as described
in Ref. [49]. For this, we generate 400 sets of simulated gamma-ray spectra for each
source under the null hypothesis in the so-called pseudoexperiments (PE). In order to
obtain the simulated gamma-ray spectra for an individual target source, we generate a
simulation of the ROI using the current best-fitting model for all the sources within the
ROI, where the simulation is then done by adding Poisson fluctuations on data counts
cube, and then replace the observed photon counts with the simulated event numbers in
counts cube. The newly created counts cube are then processed by an analysis thread
which follows closely the steps for obtaining the observed SED data points described in
Subsec. 4.1.2. The specific tool used in this step is the gta.simulate_roi from fermipy
package 0.19.0 [284].

The resulting simulated data sets are then subject to the same data fitting procedure
as outlined above in Subsec. 4.2.2 and 4.2.3. For simulated data in one PE we calculate
the test statistic values, T'S and Ax?. In this way, this results in two distributions with
400 values of T'S associated to Eq. (4.9) and Ax? in Eq. (4.10), respectively, for each

source.

Following Wilks’ theorem, the null distribution of test statistics can be best approxi-
mated by a non-central x? distribution (NCD) when the number of simulation is suffi-

ciently high [285].
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Again, we use Mkn 421 as an example to present in Fig. 4.9 the distribution of T'S values
(colored in green) with likelihood ratio test, where the black dashed line represents a
fit to the simulated TS distribution, parameterized as a non-central x? function with
a degree of freedom (df) of ~ 0 and non-centrality (nc) of 19.11. The cumulative
distribution function (CDF) is marked as a red solid line, which is based on the NCD
fitting curve. The blue dot-dash vertical line at position of T'S = 18.5 indicates the local
maximum of T'S value from likelihood fitting, whereas the gray dotted line stands for the

TS value of global maximum (the two lines overlap in this case). With the accumulated

Significance Level(TS)
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F1GURE 4.9: Simulated null distribution for Mrk 421 from likelihood ratio test. The

black dashed line indicates a fit to the distribution with a non-central x? function. The

red solid line represents the resulting cumulative distribution function (CDF). The T'S

value derived from the local maximum of original data is marked as a blue (dot-dash)

vertical line, while the T'S value obtained from the global maximum is marked as a
gray dotted line (in this case, the blue line coincides with the gray line).

NCD shown in Fig. 4.9, we are able to derive the probability of obtaining a 7'S value
larger than the one found in the data (7'S = 18.5) to be p(T'S > 18.5;df = 0.00,nc =
19.11) = 2.79 x 10~%, which corresponds to a significance level of 3.60. In Fig. 4.10,
the Ay? distribution from Ax? test shows a similar shape of distribution, which can
be approximated by a NCD function with df = 4.38 and nc = 9.82. This leads to a
slightly less significant result with p(Ax? > 13.3;df = 4.38,nc = 9.82) = 7.39 x 1073,
corresponding to a significance of 2.7 . Upon closer inspection, the binning for the y2-
fit is under-sampling the modulation predicted for the spectrum under ALP hypothesis
Hi. We conclude from both the likelihood ratio and Ay? tests, in the case of Mkn 421,
the Hy hypothesis with photon-ALP mixing is preferred over the null hypothesis.

Following the same approach, we present the TS values for all sources in Table 4.5,

as well as their corresponding significance levels derived from null distribution of each
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FIGURE 4.10: Simulated null distribution from Ax? test for the same source. The
legends of the lines are the same as described in Fig. 4.9.

source. 18 out of 20 T'S values obtained from likelihood analysis are positive, indicating
an overall preference for the alternative hypothesis with photon-ALP mixing. On top of
that, positive Ax? values are also obtained for 15 sources in the x? analysis, and goodness
of fit for the hypothesis H;j is acceptable for 12 out of 20 spectra. In particular, the
resulting values of x2(df) = 38.2(14) and x?(df) = 32.7(14) are too large to be acceptable
for the cases of 1ES 05024675 and 1ES 17274502, respectively. Such poor fit is also
indicated in their corresponding probabilities of obtaining a larger x? value: p(x? >
38.2,df = 14) = 4.8 x 10~* for 1ES 05024675 and p(x? > 25.9,df = 14) = 3.2 x 1073
for 1ES 17274502. This can also be seen from a closer inspection upon their SEDs,
shown in Fig. 4.11. As we can see from the SED fitting and residuals in Fig. 4.11 that

1ES 05024675 (z=0.340) 1ES 17274502 (z=0.055)
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FIGURE 4.11: Left panel: SED for source 1ES 05024675 with x? fitting. Right panel:
SED for source 1ES 17274502 with y? fitting. Description of legends used here is the
same as in Fig. 4.7.
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there are some additional features presented in the spectra which are not well described
by the photon-ALP mixing model. For example, some features shown in the low-energy
range can be attributed to modulations induced by photon-photon dispersion. Although
the tiny effect of photon-photon dispersion off of the CMB can modify the photon-
ALP oscillation in the high-energy band, the hard spectra of radiation in Galaxy or
source regions would prevent them from having significant impact on dispersion for
high-energy band. Whereas in smaller energies between 100 MeV and 100 GeV, the
photon-photon dispersion would contribute considerably to the observed photon flux
[286]. The modelling of such radiation fields in Galaxy or source regions would require
energy densities of, for example, the host galaxy, the AGN field and the synchrotron
field within the jet, which is rather complicated and beyond the scope of this work (see
Ref. [203] for impacts of other dispersion impacts on photon-ALP mixing).

In addition, in order to obtain an overall significance estimate from the all Fermi spectra
combined, we perform a bootstrapping method to achieve that. First, we sum the TS

values of the individual sources in Table 4.5 to obtain a total TS value:

TSt = » TS, (4.11)

where T'S; is the T'S (or Ax?) for the i-th individual source. Then, we combine the
resulted TS values obtained from simulations in PEs through a bootstrapping approach.
In order to constrain the uncertainty induced by the approach as much as possible, we
take 107 sequences of 20 uniform random deviates denoted by ni,...,ns to combine

the sources in a random way:
PE = {(TSnl, R ,TSn20)|’I’L1, ...,N90 € {1, e ,400}} (412)

The bootstrapping method employed here as suggested in Eq. (4.12) uses random sam-
pling with replacement. In this way, this gives us a distribution of 107 values of TS¥,
where

TSP =>"TS,,. (4.13)

We therefore can benefit from the combinatorial factor of 400%° ~ 10°? different possi-
bilities to combine the simulated data sets with the bootstrapping method. In a similar
way, we perform the bootstrapping method to combine the Ay? values in the y? analy-
sis, where we sum up the individual Ax? values displayed in Table 4.5 to obtain a AxZ.,,

and generate 107 values of (Ax?)"’F as done in the case of likelihood analysis.

We show in Fig. 4.12 the resulting distribution of T'ST¥, where the probability density

function can be parameterized by a NCD, similar to the case of individual sources.
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The TSTF distribution is well fit by the NCD curve, from which the probability to
find a value of T'SPE > TS,,; can be estimated to be p(TSPE > TSt = 98.9;df =
140.20, nc = 162.49) = 1.22 x 1077, corresponding to a z-score of 5.3. A similar value

can also be obtained by counting the number of entries in the simulated distribution
with TSTE > T'S,,.
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FI1GURE 4.12: Combined full null TS distribution from likelihood ratio test using boot-

strapping method. Black dashed line denotes the fitting to the histogram of T.ST¥

values with non-central x? (NCD) function. Blue dotted-dashed line indicates the posi-

tion of T'Sy¢. Gray dotted line stands for the position of T'S;,, summed over all global
maximal values on (B, s) grid maps from likelihood analysis.

As for the Ax? based hypothesis test, we find a rather poor description of the under-
lying simulated distribution for small values of Ax?2, shown in Fig. 4.13. Notably, the
distribution of (Ax?)"F is rather narrow and shifted significantly to the bigger values of
combined test statistics in comparison to the T'ST¥ distribution shown in Fig. 4.12. The
higher values of (Ax?)"F are relatively consistent with the ones in TSP distribution,
whereas the lower end of (Ax?)"F values is much bigger compared to the smallest value
of TSPE . Such differences are consistent with the findings from individual sources, and
therefore, it is assumed that they arise from the difference in two null distributions of
individual sources with likelihood ratio and Ax? tests respectively. Indeed, as we can
see from the null distributions displayed in Appendix B, the T'S distributions extend
more to the smaller values of simulated test statistics or simply have more entries in
the lower end of the distribution, particularly in the cases of NGC 1275, 1ES 12154303,
Mkn 501, PKS 1440-389, PKS 2155-304 and Mkn 421, due to different binning and fit-

ting in two methods. The significance level for the combined Ax? test is estimated to
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FIGURE 4.13: Combined full null Ay? distribution from Ax? test using bootstrapping

method. Black dashed line denotes the fitting to the histogram of (Ax?)FF values

with non-central x* (NCD) function. Blue dotted-dashed line indicates the position

of Ax?,. Gray dotted line stands for the position of Ax?, summed over all global
maximal values on (B, s) grid maps from x? analysis.

be much smaller than the value found for the T'S-based distribution, at a significance

level of 1.4 0.

4.3 Combined spectra of HE and VHE observations

The large collection area of ground-based instruments extends the high energy range
accessible by Fermi-LAT towards very high energies, where photon statistics limit the
sensitivity for space based instruments. The downside of the ground-based techniques
is a limited field of view. Therefore, the VHE spectrum is in most cases recorded during
flaring states whereas the HE spectrum is recorded quasi-continuously with the all-sky
instrument of Fermi-LAT. Thus, the flare-selected observation of AGN with ground
based instruments introduces a bias in the observed energy spectrum towards a high

flux-state which is not necessarily representative of a truly time-averaged spectrum.

Instead, we combine HE and VHE data which are recorded contemporaneously with
Fermi-LAT and ground-based instruments. We consider examples for the combination
of HE and VHE data for PKS 2155-304 and Mkn 421.
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4.3.1 Combined spectrum of PKS 2155-304

PKS 2155-304 is a high-peak frequency BL Lac object at redshift z = 0.116. It is
the first extragalactic VHE gamma-ray source discovered in the southern sky [287],
and it has been closely monitored during both the flares and the period of quiescence
[288]. Particularly, this source has been extensively observed by HESS and the available

statistics make possible an accurate determination of its spectrum [289, 290].

In Fig. 4.14 we show a lightcurve of PKS 2155-304 in the analyzed time range (Au-
gust 2008 to August 2018) using LAT observation. The events are selected using
the cuts listed in Table 4.2. The photon counts of PKS 2155-304 are integrated into
120 bins of one month. The resulting lightcurve has an average energy flux of 2.75 x
1070 ergem 25! with a flux variability of 0.45. This result shows that the relatively
low flux states within LAT energy range are found to be between 60 months (2013) and
70 months (2014). At the same time, in VHE range from HESS-II mono observations of
PKS 2155-304 [291], the spectrum level is also found to be in low states, consistent with
the level reported for the quiescent state observed by HESS from observations during
2005-2007 [288].

le-9 Lightcurve analysis of PKS2155
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FIGURE 4.14: The lightcurve of PKS 2155-304 with Fermi-LAT within the analyzed
time range listed in Table 4.2. The size of the time bins is chosen to be 1 month. The
red solid line indicates the averaged energy flux.

Additionally, a galaxy cluster of size of 372kpc is observed around this source [292],
which indicates that a rather significant magnetic field is expected in the vicinity of the
source or within the source, and this will be an advantageous environment to search for

photon-ALP mixing effects.

Based on the results shown in Fig. 4.14 and Ref. [291], we consider a quasi-simultaneous
observation to avoid the combination of data sets averaged over different flux states.
Non-simultaneous spectral data could lead to an apparent break or irregularities close
to the transition energy of the two instruments. Moreover, the constraint on available
contemporaneous observation time can lead to larger statistical uncertainties on the

detected photon counts which in return reduce the sensitivity of the spectral features.
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Such quasi-simultaneous observation can be found, for example, in Ref. [291], where
a spectral break is reported in the transition energy region during contemporaneous
observations from HE of Fermi-LAT and VHE of HESS-II observations in 2013. The
lower threshold of HESS-II observations provides more constraint in the overlapping
energy region covered with space and ground based instruments in comparison to the
smaller HESS Phase I instrument [288]. We re-analyse the contemporaneous Fermi-LAT
data set used in Ref. [291] with identical binning to combine the two measurements to
test whether the introduction of photon-ALP mixing model could better describe the
break feature of the spectrum or in general the shape of the combined HE and VHE

spectrum.

We follow a similar process as to the y? fitting for individual source. In Fig. 4.15 we
show a scan of Ax?(B, s) from the combined SED data points (HESS-II observation and
contemporaneous re-analyzed LAT observation of PKS 2155-304 in 2013) under the ALP
hypothesis H;. The local best-fitting parameters are found to locate at By =55 nG with
50 = 0.2kpc, where the resulted Ax? = 4.1 is obtained. The global maximum (B, s),
marked with a white triangle, coincides with the local maximum which is indicated

with a black point. As we can see from the plot, the signal of photon-ALP mixing is

PKS 2155-304 (with HESS) (z=0.116)
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FIGURE 4.15: Ax? for a grid of values of B-field strength B and distance s. The color

bar indicates the Ax? values when fitting the combined contemporaneous LAT and

H.E.S.S. data in 2013. The black point marker indicates the local maximum of Ax?

derived from the fit of the SED to the combined spectrum, while the white triangle
marker represents the global best-fitting parameters.

constrained rather strictly to the higher values of B and s for the fitting of the combined
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HE and VHE spectrum of PKS 2155-304. The fitting to the magnetic fields favors a
small size of magnetic field but with rather strong field strength, which is closely related

to the configuration of the AGN lobe environment (see Subsec. 3.1 for details).

The resulting spectral energy distribution is shown in Fig. 4.16 using the best-fitting
parameters shown in Fig. 4.15. The black data points are extracted from the HESS-II
observation [291] in 2013 (from Apr. 21 to Nov. 5), while the red date points are obtained
from re-analyzing LAT observation during the same period of time using the parameters
listed in Table 4.6. The LAT data points used in Ref. [291] are also plotted here as the

7

empty gray circles for simple comparison’. The blue solid and green dashed lines are

TABLE 4.6: Configuration parameters for re-extracting LAT data in 2013 using cuts
based on Ref. [291].

Access Parameters
Emin 100 MeV
Emax 500 GeV
zenith cut 90 deg
. event class 128
Selection
event type 3

observation time start
observation time stop
target source

Apr. 21st, 2013
Nov. 5th, 2013
PKS 2155-304

ROI width 10.0 deg

Binning bin size 0.1 deg
Energy bins perdec 2

extended ROI width 15 deg

Galactic diffuse gll_iem_vO07.fits
Isotropic emission iso_P8R3_SOURCE_V2_vl.txt
catalogue 4FGL

Model

the modelled curves under Hy and H;j respectively. Photon surviving probabilities at
source and GMF environments are denoted as the cyan solid line and gray dashed line
respectively. We can see the flux measurements are consistent between two instruments
in the overlapping energy region between 80 GeV and 300 GeV. However, no prominent
spectral break is observed in the transition energy band of two instruments. Also, the
spectral curve (denoted as blue solid line) modified with photon-ALP mixing effect shows
no preference for modulation in the overlapping region. Instead, the modulations are

observed in the low-energy range due to the large value of best-fitting parameters By.

"The main difference between the LAT data reported in Ref. [291] and the LAT data re-analyzed
here arises from the instrument response functions, where in Ref. [291] a P8BR2_SOURCE_V6 is used whereas
an updated P8R3_SOURCE_V2 is used for our analysis. P8R3 implements additional set of simple cuts to
reduce the residual background by rejecting these background events, thus resulting a slightly lower flux
count on the source spectrum [293].
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FIGURE 4.16: The spectral energy distribution for PKS 2155-304 during contemporane-

ous observations with HESS-IT and Fermi-LAT in 2013. The red data points represent

the 2013 LAT observations, and the black data points are from HESS during the same

year. The blue solid and green dashed lines are the best-fitting models under Hy and

H; hypotheses respectively. The cyan solid and gray dashed lines stand for the photon
surviving probabilities in different regions along the line of sight.

We see from Fig. 4.15 and 4.16 that the improvement is not so significant with the
introduction of photon-ALP mixing effect. Only a Ax? of 4.1 is obtained. In Fig. 4.17
we convert this Ax? value into a level of significance by simulating the LAT and HESS-II
measurements under the null hypothesis. The LAT data simulation is done in a similar
way as discussed before in Subsec. 4.2.4, where we simulate the entire ROI by adding
fluctuations to the count cube and then proceed the normal analysis to extract the flux
points. The simulation of HESS-II data are done individually for each bin, where we
simulate each flux bin in a Gaussian distribution with the flux measurement as the mean
of distribution and its error bar as the standard deviation. Each simulated HESS-II data
set then comprises the randomly-selected flux value from Gaussian distribution in each
bin. Ax? values are calculated in each simulated LAT+HESS data sets and the resulted
Ax? distribution is shown in Fig. 4.17. A significance of 1.6 ¢ is derived with respect to
Ax? =4.1.

4.3.2 Combined spectrum of Markarian 421

The northern, nearby AGN Mkn 421 (z = 0.031) is another highly variable BL Lac type

object that has been closely monitored since the discovery of its VHE emission [294].
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FIGURE 4.17: Simulated null distribution from Ax? test for 2013 HESS and LAT

observations. The black dashed line indicates a fit to the distribution with a non-

central x2 function. The red solid line represents the resulting cumulative distribution

function (CDF). The Ax? value derived from the original data is marked as a blue
(dot-dash) vertical line.

While a number of simultaneous multi-wavelength observations have been carried out for
this source, we select the result reported by Ref. [295] during a simultaneous observation
campaign from January to June of 2009 with LAT and MAGIC telescopes. The combined
energy spectrum of Mkn 421 covers a very broad energy range with substantial overlap
between the two instruments, where a similar spectral break is indicated with respect
to Ref. [291].

The scan of the parameters B and s for the combined spectrum shows several maxima
as presented in Fig. 4.18, which would favor either a large magnetic field of several uG
on kpc scales or a very weak magnetic field of several nG over Mpc distance. We select
the local maximum to be the one with By = 4.3 uG and s = 1.0kpc, which corresponds
to a minimized field energy with respect to o B2s3. This local maximum is marked
as a black cross, and in this case, the global maximum (marked with a white triangle)

coincides with the chosen local maximum.

The critical energy calculated with the best-fitting parameters of (By, 39) of local max-
imum is found to be around 100 MeV. This is indicated in the SED of the combined
spectrum of Mkn 421 (see left panel of Fig. 4.19). The gray empty circle points and
black solid points are respectively the LAT data and MAGIC data used in the com-
bined analysis of contemporaneous observations conducted in Ref. [295]. We re-analyze
the LAT observation with the updated version of IRFs and background templates of
Fermi-LAT Science Tools, and extract the LAT SED data points (marked as red data
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FIGURE 4.18: Ax? distribution as functions of B-field strength B and distance s.

The color bar indicates the Ay? values when fitting the combined time-averaged LAT

and MAGIC data [295]. The black point marker indicates the local maximum of Ax?

derived from the fit of the SED to the time averaged spectrum, while the white triangle
marker stands for the global maximum of Ax?.
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FIGURE 4.19: Left panel: the spectral energy distribution for Markarian 421 during
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points represent the 2009 re-analyzed LAT observations, and the black data points are
from extracted from MAGIC [295] during the same year. The gray empty circle points
are extracted from the LAT analysis performed in [295]. The blue solid and green
dashed lines are the best-fitting models under Hy and H; hypotheses respectively. The
cyan solid and gray dashed lines stand for the photon surviving probabilities in different
regions along the line of sight. Right panel: simulated null distribution from Ax? test
for 2009 MAGIC and LAT observations. The black dashed line indicates a fit to the
distribution with a non-central x? function. The red solid line represents the resulting
cumulative distribution function (CDF). The Ax? value derived from the original data
is marked as a blue (dot-dash) vertical line.
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points) using the same cuts employed in Ref. [295]. Additionally, it should be noted
that the MAGIC data extracted from Ref. [295] are originally de-absorbed data using
Franceschini et al. EBL model [296]. We make use the Dominguze et al. EBL model
[193] to have it corrected with absorption to obtain the observational data, which then
are further scaled with respect to their energies® before entering the combined x? fitting

process.

The combined spectrum for Mkn 421 shows a softening just below TeV energies, de-
viating noticeably from the log-parabola shape (indicated with green dashed line in
Fig. 4.19). A Ax? = 12.6 is achieved for the improvement of the goodness of fit under
H hypothesis. However, the resulting x3; (df) = 20.7(13) is slightly larger than ex-
pected due to the two flux points between 100 GeV and 200 GeV which deviate by more
than two standard deviations from the fit. Furthermore, in the right panel of Fig. 4.19
we show the Ax? distribution under the null hypothesis, with which a significance level

of 1.8 ¢ is derived for the corresponding Ax? = 12.6.

The results obtained in this Chapter are obtained following closely the pulsar analysis
results performed in [40]. Fixed values of g4,y = 2.3 x 10710 GeV~! and m, = 3.6 neV
from pulsar signal region are used in this study for estimating magnetic field in the
source-intrinsic region. It is noted that this combination of ALP parameter is not con-
sistent with the parameter bound reported by CAST [39]. Such tension is explicitly
discussed and reconciled in another work of ours [44]. The CAST experiment searches
for ALPs produced in the Sun, where very dense stellar environment is present. The
upper limit provided by CAST [39] can be, however, relaxed when taking into account

the environmental effects of dense plasma for ALP production inside the Sun.

In [44], the g, is proposed to be a environmental dependent quantity and no longer a

constant [298].
Garyy —7 ga'y'y(n)a (4'14)

where 7 is a parameter used to characterize the surrounding environment, such as its
temperature, plasma frequency, etc.. As it is shown in Fig. 7 of [44] that all environ-
mental parameters become smaller with increasing radial distance from the center of
the Sun. In order to produce compatible results in lower densities as found by pulsar
analysis in Galactic medium, g.y(n) is assumed to be suppressed with larger values of
n at the core of the star. Subsequently, the resulted ALP flux produced in the inner
region of the Sun is strongly suppressed, allowing to relax the bound previously set in
[39], and leading to a compatible finding with the pulsar claim. Moreover, the pulsar

signal obtained in [40] is updated and profiled over uncertainties induced by the use of

81t is found that the VHE observational data from ground-based instrument can be calibrated with
a scaling factor to better character data during a fitting process, see Ref. [297] for more details.
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J&F GMF model (see Fig. 3 in [44]). Combining with the relaxing bound of CAST, the

tension between two ALP parameter results can be resolved.

In the case of this study, the modulation features shown in the SEDs can also be fit
with ALP parameters allowed by the constraints of CAST (ggyy < 6.6 x 1071 GeV ™).
This way, the required product of best-fitting parameters of By and §9 would need to
increase to higher values by a factor of =~ 4, which would still be within the range of
reasonable values for astrophysical magnetic environments (see Fig. 5.1 in Chapter 5 for
a projection of best-fitting parameters of (B, s) over various magnetic environments). In
case of other analyses which provide upper bound on photon-ALP coupling smaller than
the pulsar signal, the expected product of required B-field strength and scale would be
pushed to higher end of the astrophysically motivated values (see labeled dashed lines
shown in Fig. 5.1).

In this chapter, we show a systematic and statistic analysis for searching of the photon-
ALP mixing effect on AGN spectra. After inspecting the above results, we see that the
ALP hypothesis is preferred by the statistical analysis of the AGN gamma-ray spectra.
The best-fitting parameters of B-field strength and its spatial extension are falling into
the ranges of various astrophysical environments along the line of sight quite well. We
can see from the SEDs that moderate modulations are observed in most of the cases
for both likelihood and x? analysis results. A detailed summary of the results obtained

here is given in Chapter 5.
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Chapter 5

Summary and outlook

In this thesis, gamma-ray spectra of distant AGNs have been studied explicitly within the
framework of photon-ALP mixing. Photon-ALP mixing can induce energy-dependent
modulations on AGN spectra. The resulted modulation features are associated with
three mixing channels, the photon disappearance, photon appearance and photon reap-
pearance. In this work, we focus on the AGN spectral modulations associated with
photon disappearance channel in the energy range of 100 MeV to 500 GeV probed by
Fermi-LAT. The photon-ALP mixing effect is characterized by a set of parameters, in-
cluding coupling constant of photons to ALPs g4, ALP mass m,, and also equally
important, the external magnetic fields that provide such conversion regions. In par-
ticular, the energy where the mixing occurs on the SED is determined by the critical
energy E. o< m2/(gayB) (see also Eq. (2.30)), while the strength of the mixing depends
on photon-ALP conversion probability py—, o ggWBQs2 (see e.g. Eq. (2.28)). Moti-
vated by the Galactic pulsar analysis conducted in [40] where a possible region of ALP
signal was spotted at g,y =~ 2.3 X 10710 GeV~! with m, ~ 3.6 neV, we choose to fix the
ALP parameter at this particular signal region in order to, for the first time, estimate
the strength (B) and spatial extension (s) of magnetic fields within the source-intrinsic
region. We want to stress that the estimated results would still remain valid for dif-
ferent combinations of gq, and m, because of the degeneracy shown in critical energy
E. and photon-ALP conversion probability p,_,. Using 20 AGN spectra recorded dur-
ing 10 years of Fermi-LAT observations we obtain a significance level of 5.3 ¢ with the
introduction of photon-ALP mixing effect in a robust likelihood analysis. The B-field
strength of source-intrinsic field for 20 sources are found in ranges of values over several
orders of magnitudes from 10 nG to tens pG, with their corresponding spatial extension
from hundreds of kpc to hundreds of pc. An improvement up to 6 ¢ is also achieved when

choosing the global best-fitting parameters of B and s. The local maximum is chosen to
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minimize the energy requirement to sustain a magnetic field with energy density o« B2

over a volume o s°.

The magnetic fields in the vicinity of a target AGN source includes the jet magnetic field,
host galaxy field and intra-cluster magnetic fields. These various field environments are
modeled as one single large-scale homogeneous field in our work (see Chapters 2 and 3 for
detailed justification). In addition to possible conversion region near sources for photon-
ALP mixing, we also take into account other conversion regions, such as the Galactic
magnetic field of Milky Way, which is modeled using the J&F GMF model from [207].
Photon-ALP mixing effect in intergalactic magnetic field is, however, neglected here due
to its very weak B-field strength and limited available knowledge of its structure. The
photon-ALP beam are propagated through these three distinct regions (source region,
intergalactic space, Milky Way) with a simplified transfer matrix. Free parameters of
(B, s) used for describing source region field are largely optimized in both the likeli-
hood and y%-minimization approaches. The resulting (locally) best-fitting parameters
of (B, s) are one of the major output of this thesis (see Fig. 5.1) and they are in very
good agreement with the strength and scales of the realistic astrophysical environments
that are possibly present in the vicinity of the considered sources. In smaller sizes of
magnetized environments, they include the magnetic field in the outer region of AGN
jet (lobes) [219, 221, 222] as well as the host galaxy magnetic field. In a wider radius
to the considered sources, galaxy groups or galaxy clusters, which are known to provide
an intra-cluster magnetic field with a turbulent and large scale components [49, 235—
238, 241, 246, 247, 301], are expected to host some of these objects. On the other hand,
the recent low-frequency radio observations have reported important evidence for the
presence of a large scale magnetic field in the circumgalactic medium (CGM) [302]. The
largest size of magnetic field that is likely to present on the outskirts source region en-
vironment would be the filament of intergalactic magnetic field [262-268], which could
contribute additional photon-ALP conversion region. The intergalactic magnetic field

in voids, however, is too weak to participate in the photon-ALP mixing [205].

It is also interesting to note that there is a noticeable six-source cluster located in the
range of 150pc < s < 300pc with 20uG < B < 30uG in Fig. 5.1. Similar scales of
magnetic field with roughly the same order of B-field strength are observed and present in
the central 200 pc of the Milky Way (the Galactic center field, GCF) [303]. Additionally,
the best-fitting parameters of source region field are compared to the prediction of
formation of magnetic fields from magnetohydrodynamical simulation [299, 300], and

found to be in well consistence with the predicated tracing line of B-field'.

!The converted B-field values shown here are from Tllustris TNG-300 simulation setup in Ref. [299]
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FIGURE 5.1: Likelihood best-fitting results of (By, §) associated with Table 4.4. The

black dashed line stands for the cosmological magnetohydrodynamic simulation for

radio haloes and magnetic fields in galaxy clusters, in relation to the average electron

density n. [299, 300]. Two dashed lines labeled with “1” and “2” indicate the product
of B and s with constant values of 10 4G - kpc and 40 uG - kpc respectively.

The best-fitting parameters of (By, 59) shown here are obtained as a result of ALP pa-
rameters fixed at the pulsar signal [40]. It is, however, important to note that these
meaningful projections of field strength and scale from individual sources would still
remain valid for a different combination of g,y and m, due to the degeneracy of pa-

rameters contained in E. and py_, (see e.g. red dashed line in Fig. 5.1 for smaller

Gayy)-

Strongest improvement of Hj/Hj can be found in individual cases such as Mkn 421 and
NGC 1275, where the largest signal-to-noise ratio is observed. A resulting TS value
of 18.5 is obtained for Mkn 421 (see Fig. 4.7) and a T'S = 19.8 for NGC 1275 (see
Fig. B.22), corresponding to a significance level of 3.60 for both sources. However, in
the case of, e.g., PG 15534113, additional modulation features on the SED are seen but
not captured with model. This subsequently leads to a negative TS value of 4.2, for
which the Hy model is preferred instead, indicating a more complicated magnetic field

model is needed for the source-intrinsic model of these sources.

Consistent results of best-fitting parameters as well as test statistic values are found

using both the likelihood method and x2-minimization approach. The main difference
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between the two fitting methods is the binning configuration. The relatively large bin
size used in x? analysis gives rise to an under-sampling of the spectral features, which
are instead well captured in the SEDs obtained with likelihood fitting. Therefore, a less

significant result is given by the y2-based analysis.

The overall estimated improvement of H; hypothesis against Hy hypothesis is made by
combining the likelihood analysis results of all 20 sources in a bootstrapping way. When
combining the likelihood results for the local maxima in the plane of (B, s) we obtain a
total value of T'Sior = 98.9 (see Fig. 4.12). This value increases to T'S{,, = 133.6 when
selecting global maxima of all sources. Mock data-sets that have been simulated for
individual sources under the null hypothesis are combined using bootstrapping method
in order to estimate the overall significance of Hy/Hg. A p-value of 1.2 x 10~7 is obtained

for T'Siot = 98.9 of local maxima, corresponding to a 5.3 0.

Possible improvements or outlook of the work presented in this thesis can go into direc-
tions of the following aspects. The best-fitting parameters of B and s obtained using
likelihood (or x2) fitting method in this work can be improved with great potential using
other approaches in terms of computing efficiency. Instead of scanning the whole grid
map of (B, s) where relatively large part of the area are shown with negative TS values
(see e.g. Fig. 4.5), one could choose another approach in determining the local maxi-
mum for best-fitting parameters. For example, a method based on the Bayes’ Theorem
is presented in in Appendix C for estimating best-fitting parameters. Alternatively, one
could also use Machine Learning technique for spotting spectral anomalies, and estimate

the oscillation amplitude, location of photon-ALP mixing based on this.

Another follow-up work on this would be using some of the realistic magnetic field models
for testing or instead estimating ALP parameters. The output of B-field parameters in
this work can be used as an input for root-mean-square values of e.g. a turbulent
magnetic field in intra-cluster magnetic field or galactic center field of host galaxies. A
feedback for the validity of the new input parameters can be tested by performing a
refit to the same spectral data. Furthermore, the resulting test statistics can be used

to search again for photon-ALP signatures or otherwise put constraints on photon-ALP

coupling ggy~-

In addition, the energy range analyzed here can be extended to VHE range by combining
with the ground-based observational data, as a more complete probe on spectral fea-
tures induced by both the photon disappearance and reappearance channels. We have
demonstrated in Chapter 4 two examples of such a HE4+VHE spectral analysis. Despite
the resulting improvements are not as significant as expected in cases of Mkn 421 and

PKS 2155-304, possibly more spectral features may be captured in other cases with an
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extended coverage for analyzed energies, especially in the overlapping area between two

different instruments.
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Appendix A

Extragalactic background light

The extragalactic background radiation associated with various electromagnetic frequen-
cies, from radio to gamma-rays, plays a key role in the history of cosmic evolution and
formation of the cosmological structures. They are also fundamental sources of opac-
ity for the propagation of high-energy cosmic particles and photons [304, 305]. One of
these radiation components is the very intense Cosmic Microwave Background (CMB).
The CMB photons behave as a wall to the propagation of the ultra-high-energy (UHE)
cosmic particles and photons in the regime of PeV energy [306] through pair production
process YoMB + YUHE — eTe ™.

The other important component of this background radiation is the extragalactic back-
ground light (EBL), which covers a wide range of wavelength, from ultraviolet (0.1um)
to far infrared (1000pm). This wavelength range is mainly responsible for the atten-
uation of high and very-high-energy ~ rays emitted from astrophysical sources (e.g.
AGNs) in the energy range of tens of GeV to 100 TeV through a similar pair pro-
duction process VgL, + YvHE — e€te”. The estimated value for EBL photon energy,
which is sensitive to the LAT analysis conducted in this work, is given by the relation:
EgpL = (2mec?)?/(2E,(1 — 1)), where Egpy, and E, stand for the energies of EBL pho-
tons and extragalactic « rays respectively in the comoving frame of interaction, m.c?
is the rest electron energy and € = arccos(u) the interaction angle. The cross section
of this pair production can then be calculated and found to be strongly peaked around
Efipr ~ 0.8(E,/TeV)™! eV [307]. Therefore, the EBL at ultraviolet through optical is
the main source of opacity for propagation of 7 rays emitted from AGNs or GRBs within
LAT energy band. The choice of EBL models for our analysis is therefore based on this.

EBL is essentially accumulated starlight in the history of Universe. They originate
from various processes and sources during cosmic evolution, including star formation

processes, gas and AGNs. The intensity of EBL from ultraviolet to near-infrared wave
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band is considered to be dominated by direct starlight emission, whereas at larger val-
ues of wavelength (namely, mid-infrared through far-infrared), the intensity is subject
to thermal radiation from interstellar dust which is heated by starlight. Direct mea-
surement of the EBL is very challenging due to the bright foreground sources such as
galactic pulsars and zodiacal light [308]. The first lower limit on EBL density is derived
from galaxy number counts as possible contribution from unknown sources remains un-
resolved [309]. Its upper limit can be estimated using Fermi-LAT spectral index in
high energy range as a regarded index in the VHE range [53, 307]. Discussion of other

different limits for constraining EBL is beyond the scope of this work.

However, the resulted opacity effects by pair production can consequently lead to cutoffs
on energy spectra which can be measured in most VHE spectral observations of Blazar
objects with different IACTs (see e.g. HESS [310], MAGIC [311]) and Fermi-LAT
[307]. Such energy- and redshift-dependent softening features in observed spectra of
extragalactic sources can be used to constrain the absorption strength, named as optical
depth 7,,(Ey, z0). It is defined as a threefold integral over distance [, the interaction

angle 6 = arccos(p) and energy of EBL photons:

1 =0 dl ! o / / / /
Tyy (Ey, 20) = 5 5% [ (A—pdu neBL(EgBL, 2)04y (EepL: By, #)dEgpr,
2J)o dz J4 jor e
(A.1)
where ngpr,(Efpp,) is the comoving EBL photon number density with energy Efp; =
(14 z)Egpr at redshift z, 0., is the interaction cross section and the primed variables

denote redshifted energies [53].

The calculation of opacity of EBL to propagation of v rays, as shown in Eq. (A.1),
requires a specific modelling on evolution of the comoving EBL photon number density
as a function of redshift. ngpr, can be associated to the EBL intensity, which can be
derived from v-ray observations of AGNs. Another important element in Eq. (A.1) for
optical depth is the y-7 cross section, o,, which smooths out the strong variations in

EBL spectrum due to its large width over a wide range of energies.

A number of different approaches have been developed to model the intensity and spec-
tral distribution of EBL at z = 0 in the past two decades (see Refs. [308, 312] for a
detailed review of various EBL models). One one hand, backward evolution models, as
the name suggest, use a backward extrapolation of local galaxy population to obtain
SEDs of galaxies and stars, which can then be fit to the observed number counts. These
type of models include Franceschini et al. [296] and Dominguez et al. [193]. On the other
hand, the forward evolution models start from the cosmological initial conditions and
evolve the SEDs of galaxies with time to fit present observations. For example, Kneiske

et al. [313] and Finke et al. [314] EBL models are obtained with the forward evolution



Extragalactic background light 115

method. On top of that, semi-analytical model (see Gilmore et al. EBL model [315]
for an example) is also used for modelling EBL. They are based upon a Lambda cold
dark matter hierarchical structural formation scenario, where cosmological parameters

are derived from Wilkinson Microwave Anisotropy Probe 5-year observation.
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Appendix B

Additional fitted spectra and

best-fitting parameters

This appendix shows the additional best-fitting parameters for sources discussed in
Chapter 4 and their corresponding fitted spectra (SEDs) under the null hypothesis H
and ALP hypothesis H; with both likelihood and y2-minimization methods. On top
of that, we also show the grid maps of (B, s) that are used to estimate the best-fitting
parameters for each source, as well as simulations conducted under null hypothesis for
determining the significance of Hy/Hy. After inspecting individual source case by case,
we find that there are some interesting features shown in some of the SEDs, which are
not well described by our model and indicating the preference of a more complicated
B-field model.

In Table B.1 we show the best-fitting parameters estimated using x? approach under Hy,
the same fitting done with likelihood is shown correspondingly in Table 4.3 of Chapter 4.
The best-fitting parameters obtained for local maximums (of —Ay? values) under H;
hypothesis using x? method are shown in Table B.2 (see Table 4.4 for the corresponding
likelihood results).

Then in Tables B.3 and B.4 we list the best-fitting parameters obtained under ALP
hypothesis for global maximums using x? and likelihood methods respectively.  In
Table B.5 we present the final results of the hypotheses tests with both likelihood and
2 methods when selecting the global maximums for best-fitting parameters of all sources

(see Table 4.5 in Chapter 4 for the hypotheses tests of local maximums).

In figures B.1 to B.18 we show the grid maps of (B, s) with likelihood and x? methods
that are used to obtain the best-fitting parameters listed in Tables 4.4, B.2, B.3 and B.4.

The corresponding resulted spectral energy distributions are presented in figures B.19

117
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TABLE B.1: Best-fitting parameters for the null hypothesis with the x? method using
the modeled spectra from Eq. (4.6). The estimated uncertainties (1o) for each fitting

parameters are listed as well. The value of Ej, = 10° MeV is fixed, the normalisation is
given in units of 107MeV~tem=2s71.

AGN name Ny @ o 1%_3
1ES 00334595 1.083(0.115) 1.71(0.08) 1(13)
3C 66A 1.10(0.09)  2.28(0.04)  45(5)
PKS 0301-243  0.509(0.064) 2.17(0.06) 36(8)
NGC 1275 0.802(0.046) 2.70(0.02) 70(3)
PKS 0447-439  1.29(0.10)  2.20(0.04)  55(5)
1ES 05024675 0.86(0.07)  2.50(0.03)  —
1ES 08064524 0.46(0.05)  2.11(0.06)  33(8)
1ES 10114496 1.15(0.09)  2.06(0.04)  32(5)
Markarian 421
10yrs LAT 6.34(0.20) 1.92(0.02) 22(2
simal. LaT+MAGIC  3.28(0.18)  2.12(0.02)  50(5)
Markarian 180  0.226(0.026) 2.19(0.03) —
1ES 12154303 0.772(0.069) 2.28(0.04)  48(5)
1ES 12184304  1.02(0.07)  2.29(0.02)  —
PKS 1440-389  0.484(0.06) 2.20(0.07) 63(11)
PG 15534113 3.96(0.21)  1.87(0.03) 37(5)
Markarian 501  2.41(0.13)  1.86(0.03) 17(4)
1ES 17274502 0.344(0.033) 2.20(0.02)  —
1ES 19594650 1.60(0.11)  1.98(0.04) 26(5)
PKS 2005-489  0.572(0.043) 2.18(0.02) —
PKS 2155-304
oy rar 2.44(0.13)  2.13(0.03)  40(3)
simul. LaT+HESS.  1.32(0.04)  2.22(0.03)  53(7)
1ES 23444514 0.321(0.06) 2.23(0.11) 61(16)

to B.36, where results on the left and right panels are obtained with likelihood and y?
fitting methods respectively.

In figures B.37 to B.42 we show the simulated null distributions from likelihood ratio and
Ax? tests. They are used to make estimates on the significance of Hy/Hj for individual

source, which is shown in previous Tables 4.5 and B.5.
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TABLE B.2: Best-fitting parameters of local maxima for ALP hypothesis with x?2
method. Parameters uncertainties (1o) are included. The value of E, = 10° MeV is

fixed, the normalisation is given in units of 10~*MeV~lcm~2s

-1

AGN name Ny ! o 1%_3 [nBé] [ks;?c]
1ES 00334595 1.74(0.20)  1.78(0.08) 188(12) 7547.5(3281.5) 1.5(0.6)
3C 66A 1.89(0.26)  2.20(0.05)  46(5) 374.7(62.6) 6.9(0.8)
PKS 0301-243  0.950(0.145) 2.18(0.12)  46(13) 21672.5(2918.8) 0.3(0.01)
NGC 1275 1.47(0.02)  2.74(0.01)  76(1) 39621.7(317.6) 0.1(1.6)
PKS 0447-439 2.46(0.22)  2.30(0.07) 909 1731.8(283.0) 2.0(0.2)
1ES 05024675 1.35(0.21)  2.59(0.05) — 104.4(54.0) 53.5(17.4)
1ES 08064524  0.581(0.075) 2.00(0.07)  21(9) 25.5(10.2) 202.6(36.2)
1ES 10114496 1.42(0.14)  1.98(0.05)  24(6) 35.7(7.3) 170.5(17.0)
Markarian 421
oyrstaT  8.71(0.43)  1.84(0.02)  16(3) 16.5(6.4) 242.0(35.1)
simal. LaAT+MaAGIc  7.25(0.37)  2.15(0.02)  71(5) 4344.2(845.6) 1.0(0.1)
Markarian 180  0.308(0.040) 2.25(0.03) — 20.2(11.0) 226.2(72.9)
1ES 12154303 1.44(0.16)  2.36(0.07) 69(12) 7385.9(5817.8) 0.4(0.3)
1ES 12184304 1.98(0.14)  2.29(0.02) — 295842.8(65007.2)  0.0(0.01)
PKS 1440-389  0.859(0.121) 2.38(0.08) 110(12) 2326.0(1404.3) 1.9(0.5)
PG 1553+113 7.40(0.40)  1.78(0.04)  40(5) 840.1(88.9) 10.9(1.0)
Markarian 501 4.07(0.38)  1.87(0.02)  24(3) 29607.5(3114.0) 0.2(0.02)
1ES 17274502  0.479(0.044) 2.23(0.02) — 1355.6(341.8) 6.8(1.3)
1ES 19594650 2.33(0.31)  1.89(0.05)  22(5) 137.7(67.8) 11.1(3.4)
PKS 2005-489 1.01(0.09)  2.24(0.02) — 8025.7(2126.2) 1.3(0.3)
PKS 2155-304
wystar - 4.69(0.24)  2.16(0.03)  43(3) 60241.1(10007.3) 0.1(0.01)
simul. LaT+EESS.  2.69(0.09)  2.34(0.02)  86(7) 5589.7(1975.4) 0.8(0.2)
1ES 23444514  0.731(0.132) 2.15(0.12)  75(17) 619.9(204.6) 7.5(1.5)
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TABLE B.3: Best-fitting parameters for ALP hypothesis with x? method using the
modeled spectra from Eq. (4.7). Parameters uncertainties (1) are included. The value

of E, = 10° MeV is fixed, the normalisation is given in units of 107"*MeV~lem2s

-1

8
AGN name Ny ! y 1%_3 [n%] lkpe]
1ES 00334595 1.77(0.20)  1.75(0.08) 13(13) 17047.7(2689.8) 3.8(0.6)
3C 66A 1.89(0.26)  2.20(0.05)  46(5) 374.8(62.6) 6.9(0.8)
PKS 0301-243  0.955(0.078) 2.17(0.05) 46(5)  88403.9(532.1) 1.8(0.01)
NGC 1275 1.43(0.13)  2.75(0.03) 78(4) 33752.1(9973.8) 0.1(0.03)
PKS 0447-439 2.50(0.19)  2.23(0.04) 74(6) 8922.0(54.8) 57.7(0.4)
1ES 05024675 1.42(0.17)  2.57(0.03) — 910.7(6.9) 272.8(1.8)
1ES 08064524  0.617(0.085) 1.98(0.07) 19(10) 51.8(7.6) 278.5(28.4)
1ES 10114496 1.79(0.16)  1.89(0.04) 16(6) 120.9(1.6) 855.7(8.9)
Markarian 421
oyrs AT 8.71(0.44)  1.84(0.02)  16(3) 16.5(6.6) 242.2(37.4)
simal. LaT+MAcic  7.25(0.37)  2.15(0.02)  71(5) 4344.2(845.6) 1.0(0.1)
1ES 12154303 1.44(0.16)  2.36(0.07) 69(12) 7392.7(5743.8) 0.4(0.3)
1ES 12184304 2.00(0.14)  2.30(0.02) — 308906.8(516.5) 7.3(0.01)
PKS 1440-389  0.931(0.119) 2.28(0.08) 91(12)  30894.1(26.7) 200.5(0.2)
PG 1553+113 7.29(0.16)  1.88(0.01) 53(1) 2647.4(0.0) 226832.3(0.4)
Markarian 501 4.40(0.25)  1.85(0.03) 15(5) 59644.3(1303.1) 2.5(0.1)
1ES 17274502  0.446(0.042) 2.18(0.02) - 61936.7(16.3) 395.7(0.1)
1ES 19594650 2.75(0.29)  1.81(0.05) 13(7) 180.6(1.8) 627.7(3.5)
PKS 2005-489  0.895(0.076) 2.22(0.02) - 11432.8(151.3) 20.4(0.3)
PKS 2155-304
wystar 4.51(0.24)  2.11(0.03)  49(4) 4912.4(1.4) 925.6(0.2)
simul. LaT+HESS.  2.69(0.09)  2.34(0.02) 86(7)  5589.7(1975.4) 0.8(0.2)
1ES 23444514  0.690(0.152) 2.21(0.12) 83(17)  1159.7(390.0) 11.9(3.3)
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1ES 0033+595 (z=0.467)
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FIGURE B.1: Left panel: (B,s) grid map where the color bar indicates the test statis-
tics T'S which is twice the difference of log-likelihood values between null and ALP
hypotheses. The black and white marker correspond to the local and global best-fitting
parameters respectively. Right panel: same as the left panel, but with x2 minimization
fitting methods.
3C 66A (2=0.340) 3C 66A (z=0.340)
10° 10.0 10° 10.0
7.5 7.5
5.0 5.0
107! 107! a
2.5 25 ot
=
—_ — |
g 00 P E 00 %
@ @ e
Il
-2.5 -2.5 "
1072 1072 ki
-5.0 5.0
-7.5 -7.5
- _ - _
0 10 102 10° 100 0 10! 107 10° 100
s(kpc) s(kpc)
F1GUurE B.2: 3C 66A, same as Fig. B.1.
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Ficure B.3: PKS 0301-243, same as Fig. B.1.
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NGC 1275 (z=0.018) NGC 1275 (z=0.018)
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Ficure B.4: NGC 1275, same as Fig. B.1.
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FicUure B.5: PKS 0447-439, same as Fig. B.1.
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Ficure B.6: 1E 0502+675, same as Fig. B.1.
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1ES 0806+524 (z=0.138)
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F1Gure B.7: 1ES 0806+524, same as Fig. B.1.

1ES 1011+496 (z=0.212)
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Ficure B.8: 1ES 1011+496, same as Fig. B.1.
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Ficure B.9: Markarian 180, same as Fig. B.1.
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Ficure B.10: 1ES 12154303, same as Fig. B.1.
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FiGure B.12: PKS 1440-389, same as Fig. B.1.
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1ES 0033+595 (2=0.467)
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F1cure B.20: 3C 66A, same as Fig. B.19.
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Ficure B.21: PKS 0301-243, same as Fig. B.19.
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FIGURE B.24: 1ES 05024675, same as Fig. B.19.
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F1GURE B.27: Markarian 180, same as Fig. B.19.
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FIGURE B.33: 1ES 17274502, same as Fig. B.19.
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FicUre B.41: From top to bottom: PG 1553+113, Markarian 501 and 1ES 17274502,
same as Fig. B.37.
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Appendix C

Parameter estimates with Markov
Chain Monte Carlo method

The parameter estimates demonstrated in Chapter 4 can be potentially achieved with
alternative methods, which, in principle, could improve computing efficiency of the way
of locating the best-fitting parameters of (B, s). We present here a method based on the
Bayes’ Theorem. Our main goal is to probe the source-dependent magnetic environment,

we start with the idea of Bayes’ Theorem:

P(D|®n, M)P(©nm|M)
P(D[M) ’

P(©uD, M) = (C.1)
where M represents the photon-ALP mixing model characterized by a homogeneous
field in the source region, and @,y = (B, s) is the corresponding parameters entailed
in model M. D are the SED points observed by Fermi-LAT for an individual source.
P(D|®)s, M) describes the probability of successfully reconstructing spectral data D
using a specifically chosen set of parameters (B, s) within model M. P(@®y;|M) stands
for the probability of having a particular set of (B, s) for the photon-ALP mixing model
M before conditioning on observed SED data points D, commonly referred as the prior.
P(®,/|D, M) is the probability that the underlying parameter is actually @j; given
the observed data D and model M. Thus P(®,/|D, M) is normally referred as the
posterior. Finally, P(D|M) is a normalization constant which broadly quantifies how
well can the model M describes the observed data D after averaging over all realizations

of ®,, values.

The core of this method is the assumption that we have no knowledge about the true
magnetic field configuration in source region or its field strength and spatial extension

that characterize the SED data points observed by LAT instrument. In this way, the
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magnetic field model we provide should always be a simplification of what a true field
represents. Thus we model the source region field as a large-scale homogeneous field
mentioned before. If we assume our model is correct, we can use the posterior probability
to make an estimate on parameters (B, s) that we think is an educated predication for

the true value of (B, s).

The Markov Chain Monte Carlo (MCMC) method can be used for sampling and there-
after approximating the posterior P(@y;|D, M) distribution. We will start by creating
a chain of parameter values @, = {®; — @y — -+ — O, }, where ©; stands for an
unique combination values of (B, s), over n iterations such that the number of iterations
m; centered on ©; is proportional to posterior P(®;|D, M). Therefore, the density of
sampling (m;/n) generated from MCMC at each particular @; is approximately the

corresponding posterior at ©;.

We will make use of the Metropolis-Hastings (MH) Algorithm for sampling, following

closely these steps:

1. We will first choose arbitrary values for our model parameters @; = (By, sg). This
can be generated from two normal distributions N (B, J%O) and N(so,02,), where
0B, and o, will be used as the ranges for searching of true ®,,. This step can be

done using the scipy python package.

2. Then, we will decide whether the initially chosen ©; is the true ®,; by evaluating
if a nearby @/ ; describes the data better.

3. For this, we need to calculate the transition probability defined as

» . _ _P@iD,M) _ P(D[®; M)P(©;M) (C.2)
O 7% " P(©],[D. M)  P(D|®,,, M)P(©],,|M)’ '

where P(D|®;, M) is the likelihood value for a given ®;, which can be calculated
directly from performing the likelihood fitting of H; to observed data (as done in
Ref. [46]). As for the prior, we will assume a normal distribution for simplicity:
N(Opriors a@prior). Oprior and oprior are our anticipated values for the true ® and
its uncertainty. Therefore, P(@;|M) = N(®prior, 00,;,; @i). P(D|O],, M) and

P(©j,,|M) can be computed in a similar way.

4. We then will compare the value of Pe,—e,, to 1. If re,—e!,, < 1 and we will
accept the jump and set @;y1 = O], ;. In contrast, if Pe,—e,, > 1 we will reject

the jump of ®; — @/, and set ©;;; = ©;.

5. Set i =i+ 1 and repeat the above steps.
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The combination of generating such Markov Chain and the Monte Carlo nature of sim-
ulating new positions makes it possible for us to estimate the best approximating pa-
rameters of (B, s) for each individual source with the emergence of anomalies. It is very

doable and can be achieved with the help of a number of Python-based packages'.

"https://github.com/Gabriel-p/pythonMCMC


https://github.com/Gabriel-p/pythonMCMC
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Appendix D

Initial investigation on the
ultrahigh energy cosmic-rays

from the local Supercluster

The term “local Supercluster” typically refers to the supercluster of galaxies that con-
tains our own Milky Way along with many other galaxies. It is a part of larger-scale
cosmic structure of the Universe. The local Supercluster is centered on the Virgo Clusters
of galaxies, and therefore, the local supercluster is also named as the Virgo Superclus-
ter, in the outskirts of which we (in the Milky Way, in the Local Group) are situated

(~ 20 Mpc away). However, not much is known about the inter-cluster medium.

The AUGER experiment reported a statistically significant correlation between the ar-
rival direction of the highest cosmic-ray (> 10 eV) events and nearby AGNs in 2008
[316], and these cosmic-ray events and AGNs are also coarsely aligned with the Super-
galactic plane as shown in Fig. D.1. The first puzzle related to this observational result
is the propagation of these ultrahigh energy cosmic rays, as they would interact strongly
with other particles and background radiation fields, thus suffering significant energy loss
and can only travel short distances. Consequently, the flux of the cosmic-rays is expected

to be greatly suppressed by the so-called Greisen-Zatsepin-Kuzmin effect [317, 318].

Also, it is interesting to notice that a large fraction of these cosmic-ray events are closely
aligned with some of the AGNs, and along with the Super-galactic plane. This provides
us with some hints on the possible origin of these cosmic-rays and their acceleration
within the local Supercluster. Given the over-density of galaxies in the Supercluster it
is possible that the cosmic-rays are accelerated while confined within the local Super-

cluster environment: energetic cosmic-ray particles would interact with cosmic diffuse
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Ficure D.1: Skymap of cosmic-rays detected by the AUGER experiment with
Hammer-Aitoff projection of the celestial sphere in galactic coordinates. 27 cosmic-ray
events with the highest energies are marked with empty circles. 472 AGNs are shown
as red asterisks. The solid line gives the border of the field of view of the AUGER
observatory, and the colored contours stand for integrated exposure, with darker color
indicating higher exposure. Super-galactic plane is marked as the dashed line, and
Cen A, as one of the closest AGNs, illustrated as a white dot (figure taken from [316]).

photon fields (such as the CMB, the local large scale cosmic radiation field), leading to
secondary particles of pions, electrons, neutrinos and high-energy photons, and further-
more, the electromagnetic cascades via processes, e.g., IC scattering, pair-production.
This then results in a high-energy gamma-ray flux from the Super-galactic plane, and

more generally, the entire Supercluster region.

If such acceleration mechanism is indeed the cause to give rise of the ultrahigh energy
cosmic-rays, we should in principle get hints from observing the high-energy gamma-ray
emission from the local Supercluster region. In the first phase of investigation, we make
use of the Fermi-LAT to survey the whole sky over 14 years within the energy range of
1GeV to 10 GeV. The lower bound of the analyzed energy is chosen based on the size of
the LAT PSF, which has values larger than 1° for energies below 1 GeV (see Fig. 1.10),
whereas the upper bound of the analyzed energy is set to be 10 GeV to reduce effects
of possible energy dependence of individual source count distribution with its flux (see
e.g. [319]). We select photon events within event class of PBR3_ULTRACLEANVETO, this
is the cleanest Pass 8 data event with a very low level of cosmic-ray contamination
(this event class is also recommended by the LAT team for checking cosmic-ray induced
systematics). We show the sky map survey with the stated cuts in Fig. D.2, where we
outline the most prominent AGN in the Virgo cluster, M 87, with a red solid point, as
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FIGURE D.2: Skymap of gamma-ray photon events observed by Fermi-LAT in a

Mollweide projection with galactic coordinates. We select events within event class

evclass=1024 (see Chapter 1 and 4 for details of event class), standing for the cleanest

event class with the a very low background contamination, and the energy cut applied

to select gamma-ray photon events is 1 GeV < E < 10GeV. The near center of the
local Supercluster, M 87, is outlined with a red solid point.

it is close to the center of the Virgo Cluster and therefore, the near center of the local

Supercluster.

As we can see from Fig. D.2! that it has already provided very rich information about
the gamma-ray emission from all over the sky, particularly around the Galactic plane
indicated with the brightest color. These gamma-ray emissions are known as the contin-
uum diffuse gamma-ray emission, which is produced within our Galaxy by interactions
of high-energy cosmic-rays with interstellar matter and low-energy radiation fields near

the Galactic plane.

In order to see more clearly the high-energy photon emission from the local Supercluster,
we need to model the foreground Galactic diffuse emission as it extends to about 10°
galactic latitude, and therefore, contaminates the emission region of the local Superclus-
ter. Fortunately, such template already exists and is provided by the LAT as a fits file:
the gll_iem_v02_P6_V11_DIFFUSE.fit? as shown in Fig. D.3. This model accounts

for the majority of the sources for diffuse emissions, for example, cosmic-ray protons hit

!The skymap is at a resolution of Nyq. = 256, and this applies for all sky maps shown in later
context.

2The version used here (https://fermi.gsfc.nasa.gov/ssc/data/p6vil/access/lat/
BackgroundModels.html) is an old version of diffuse model offered by LAT team (issued together with
Pass 6 data) as the most recent one gll_iem_VO7.fits are not suitable for the investigation of medium
or large scale diffuse structures within the LAT data.


https://fermi.gsfc.nasa.gov/ssc/data/p6v11/access/lat/BackgroundModels.html
https://fermi.gsfc.nasa.gov/ssc/data/p6v11/access/lat/BackgroundModels.html
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FiGure D.3: The Mollweide projection of all-sky map of the Galactic diffuse emission

with flux integrated in the energy range of 1 GeV to 10 GeV, using the diffuse template

gll_iem_v02_P6_V11_DIFFUSE.fit provided by LAT team. The color scale indicates
the flux of y-rays per unit of solid angle, in units of photon/(cm? s sr).

interstellar gas, giving rise to pions which decay later to gamma-rays (pp — 7° — v7);
cosmic-ray electrons IC upscattering starlight or CMB photons, producing high-energy
gamma-rays; electrons bremsstrahlung off of ambient gas. The template model is de-
rived from studying the distribution of interstellar gas in Galactocentric rings with the
(21 cm) radio spectral line surveys of hydrogen and CO. Diffuse emission of gamma-
rays is constructed by fitting the gamma-ray emissivities of the Galactocentric rings in

different energy bands to the observational data of LAT.

On the other hand, a weaker diffuse component with extragalactic in origin, observed
with almost isotropic distribution all over the sky, is commonly named as the isotropic
emission background and has to be subtracted as well. The isotropic emission is also al-
ready modeled by the LAT team: iso_P8R3_ULTRACLEANVETO_V3_v1.txt> as the newest
version available and is used here. Isotropic emission is a result of extragalactic diffuse
gamma-rays, unresolved extragalactic sources and residual cosmic-ray emission. The
template used here is derived from a fit (shown in Fig. D.4) to the all-sky emission
excluding |b| < 10° and regions around celestial pole in energy range of 3 MeV — 1TeV,
such that the contamination from Galactic diffuse emission and emission from Earth’s

limb can be reduced.

Shttps://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

Initial investigation on the high-energy emission from the local Supercluster 149

— isotropic emission fit

10-10 4

dnde [1/{cm2 MeV s)]

10—11 -

10° 101
Energy [GeV]

FI1GURE D.4: The isotropic emission in energy range of 1 GeV to 10 GeV. Data are
taken from the template iso_P8R3_ULTRACLEANVETO_V3_v1.txt by LAT.

In order to obtain a residual map of the gamma-ray sky, we need to convert the units
of Galactic diffuse and isotropic emission (as shown in Figs. D.3 and D.4) into single
photon counts, for which an all-sky exposure map is required. We present in Fig. D.5 the
corresponding exposure map measured by LAT in the sky survey conducted for Fig. D.2.
Then, we obtain the all-sky count map of isotropic and Galactic diffuse emissions by
integrating over spectral bins for each pixel, and simply multiply the corresponding

exposure values in each pixel.

Moreover, as seen in Fig. D.2 the gamma-ray sky includes significant contributions from
some extremely bright point sources as well, it is then also necessary to model these point
sources for later subtraction. We use the Fermi 4FGL-DR3 point source catalogue for
this purpose, where the specific file can be downloaded together from the Fermi science
website?. In the source catalogue extragalactic point sources are provided with their
spectral information, where a specific spectral model for individual source is tested and
employed by the LAT team. We take these spectral models for point sources from the
catalogue and integrate over spectral energy bins used in diffuse and isotropic emission
templates, then mapping to a total photon count per point source with the measured
exposure map presented in Fig. D.5. However, the integrated photon flux from these
point sources are distributed over certain areas (around sources) of the sky due to PSF
of the LAT instrument, i.e., photon count contribution from an individual source is

spread over surrounding pixels. A larger PSF smoothing is implied (and will be used)

‘https://fermi.gsfc.nasa.gov/ssc/data/access/lat/12yr_catalog/


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/12yr_catalog/
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F1GURE D.5: The corresponding exposure map measured by LAT for a 14-year all-sky
survey conducted in Fig. D.2, in units of cm?s.

in our analysis since a relatively high resolution of Ng;4. = 256 is employed here for all
skymaps. Based on previous works of accounting for this effect [319, 320] and the LAT
performance of PSF (see Fig. 1.10), the integrated photon flux is then convolved with
an effective averaged PSF width of 1.5° (approximating to an 95% containment radius)
over the analyzed energy range for each point source. A “PSF-corrected” count map

from point source contribution is shown in Fig. D.6.

Finally, we obtain the residual gamma-ray sky count map by subtracting the Galactic
diffuse emission, isotropic emission as well as point source contributions from the survey
map (shown in Fig. D.2). Furthermore, we highlight some of the structures and emission
regions by smoothing the residual gamma-ray skymap with a Gaussian kernel of 1° for
each pixel, at the expense of introducing extra small uncertainties for residual photon

counts. The resulted residual sky map after smoothing is presented in Fig. D.7.

The residual sky map shown in Fig. D.7 provides valuable information about unknown
diffuse emissions all over the sky, for example, intensive emission from the so-called
Fermi bubble structures located on both sides of the Galactic plane [321], and more
interestingly from the local Supercluster. In order to obtain a better view of the emission
region from the local Supercluster, we project the residual skymap in the supergalactic
coordinate system, then project again onto a M&87-centered offset frame, as shown in
Fig. D.8. This way, we have the supergalactic plane displayed as the dotted orange line
right at zero latitude of the new offset frame, and M 87 is placed on the supergalactic

plane and center of the new projection.
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F1GURE D.6: The 4FGL-DR3 point source count map integrated over the energy range
1 GeV — 10 GeV and convolved with exposure and PSF.

As we can see from Fig. D.8 that the high-energy gamma-ray diffuse emission around
the Virgo cluster spreads over a very large area, starting on the left from Centaurus A
(indicated with the pink circle), centered on the Virgo cluster (the red solid point),
and all the way extending to more than 60 degrees of longitude to the right of central
emission. This high-energy gamma-ray diffuse emission produced by secondary particles
of ultrahigh energy cosmic-rays indeed confirms our suspicion of the origin of the highest
energy cosmic-rays from the local Supercluster, but not confidently, as some of the
observed cosmic-ray events (as shown in Fig. D.1) are more than 30 Mpc away from the
center of the local Supercluster. However, by combining the results shown in Fig. D.8
and Fig. D.1 some strong implications can be obtained: 1) the anisotropic feature of
the arrival directions of the ultrahigh-energy cosmic-rays and their extragalactic origin
[322]; 2) large fraction of these highest energy cosmic-rays are very likely to originate
from the local Supercluster, then accelerated to ultrahigh energies by the over-density

of galaxies in the Supercluster.

The over-density of galaxies in the local Supercluster offer the basic requirement to
accelerate charged particles: the ability to magnetically confine particles of required
energies with relatively small losses of energies. For cosmic-ray particles with energies
E > 10"eV and charge Z, observation by AUGER implies an approximating rela-
tion for the magnetic environment B and size of the system R via the Hillas condition
(R/pc)(B/G) 2 (E/10*°eV)/Z [323]. The dense local Supercluster environment is ideal
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FIGURE D.7: The residual (smoothed) skymap for a 14-year gamma-ray sky survey

with Fermi-LAT, where the red solid point outlined the position of M 87, the near

center of the local Supercluster. The supergalactic plane is marked with a thick orange
dotted line.

0 counts/pixel 3

FIGURE D.8: The residual (smoothed) skymap for a 14-year gamma-ray sky survey

with Fermi-LAT, projected in an offset frame centered on M 87. The red and blue

solid points in the plot stand for the positions of M 87 and Galactic center respectively,

while the pink colored circle indicates the position of Centaurus A. The thick white

dashed line shows the trail by movement of the Sun, whereas the thin orange dotted
line indicates the supergalactic plane.



Initial investigation on the high-energy emission from the local Supercluster 153

to meet this requirement (see e.g. [324-326]), as the size of the local Supercluster is es-
timated to be more than tens of Mpc with a locally enhanced extragalactic magnetic
field assumed to be > 1078 G [322].

This first-phase investigation on the mystery ultrahigh energy cosmic-ray from the per-
spective of secondary gamma-ray emissions from the local Supercluster opens a new win-
dow for many interesting questions, such as the gamma-ray distribution from propaga-
tion of cosmic-rays in the local Supercluster, the energy loss of cosmic-rays and secondary
gamma-rays, acceleration mechanisms of cosmic-rays and production of gamma-rays, as

well as the composition of observed cosmic-rays for the resulted flux of gamma-rays.
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Appendix E

Acronyms

SM

HE
VHE
AGN
DM
ALPs
SMBH
BLR
BL Lac
FSRQ
LAT
IACT
CAST
ALPS
HESS
MAGIC
VERITAS
EBL
SED
GMF
IGMF
ICMF
JMF
TS

SSC

IC
LSW
MHD

Standard model

High-energy

Very high energy

Active galactic nucleus

Dark matter

Axion-like particles

Supermassive black hole

broad line region

BL Lacertae

Flat spectrum radio quasar
Large area telescope

Imaging air Cherenkov telescope
CERN Axion Solar Telescope
Any Light Particle Search

High Energy Stereoscopic System
Major Atmospheric Gamma-ray Imaging Cherenkov Telescopes
Very Energetic Radiation Imaging Telescope Array System
Extragalactic background light
Spectral energy distribution
Galactic magnetic field
Intergalactic magnetic field
Intra-cluster magnetic field

Jet magnetic field

Test statistics

Synchrotron-self Compton
Inverse Compton
Light-Shining-through-Walls

magnetohydrodynamical
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