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EXECUTIVE SUMMARY

The thesis introduces the concept of Axion-Like Particles (ALPs) as the broader class of axions
which are considered as a potential Dark Matter candidates in Beyond Standard Model Physics. Ax-
ions were proposed by R. D. Peccei and H. R. Quinn [1]] as a plausible solution for the strong CP
problem. For this study, we are mainly interested in the interaction between ALPs and photons that
occurs in the presence of external electric or magnetic field. This phenomenon can help us in indi-
rect search of ALPs by observing the ALP signatures in the spectrum of gamma rays emitted from
distant extragalactic objects such as AGNs. This leads us to one of the aims of our study that is to
compute the ALP models with different ALP mass and ALP-photon coupling and apply these mod-
els on the spectra of the blazar sources. In this way, we can study the change in the spectra of the
sources at very high energies due to ALP-photon mixing. Secondly, the thesis focuses on the detec-
tion prospects of Southern Wide-Field Gamma-ray Observatory (SWGO). SWGO is a ground-based
gamma ray detector which will be built in Southern Hemisphere and complement the Extensive Air
Shower Arrays (EAS) such as HAWC and LHASSO. Chapter |I| provides the overview on the state
of the art gamma-ray astronomy highlighting the current gamma-ray instruments and their progress
in the field and consequently describing the need of next generation gamma-ray detector SWGO. As
discussed above, ALP-photon mixing occurs in the presence of magnetic field, therefore, chapter [I]
also provides description on the magnetic fields that are involved in the ALP-photon propagation.
This includes the source/jet magnetic field, intracluster magnetic field, intergalactic magnetic field
and finally the Milky Way galactic magnetic field.

Chapter [2] provides a detailed explanation on the selection of the blazar sources and modelling
their multiwavelength spectra with online platforms such as AGNPY and MMDC. Chapter [2] also
highlights the problems that we faced with the multiwavelength data of the sources and their mod-
elling. We performed the analysis on twelve blazar sources (most intense ones) with known redshift
selected from the 3FHL Fermi catalog. For the ALP analysis, we used GammaALP s, a python code
developed to calculate ALP-photon mixing probability in various astrophysical environments and
magnetic fields. Finally, chapter |3| provides all the simulation plots and results that we obtained in
our study. Our results suggest that if ALPs exist and the ALP-photon mixing occurs then among the
selected blazar sources, the two ALP models with ALP mass 1 neV and 10 neV are mostly affecting
the spectra resulting in the excess flux values. Sources that are very far (high redshift) are detected
by SWGO only if ALP-photon mixing occurs consequently making the spectra sensitive to SWGO.
Few close sources are detectable with SWGO even without the the effect of ALP-photon mixing as
their observed spectra lies above the SWGO sensitivity. Some sources are not detectable by SWGO
as their flux is steeply falling and even if ALPs exist, their effects become observable below SWGO
sensitivity. At the end, we also performed the simulation for a few sources to explore the ALP param-
eter space m; = IneV - 1ueV and g,y = 1 X 10711 — 1 x 10719 GeV~!. We derived constraints on the
detectablity of the sources highlighting the parameter space that can be used to exclude ALP models

in future.



Chapter 1

Introduction

Very high energy gamma-ray astrophysics is known to provide one of the possible ways to understand
the origin of cosmic rays and the dynamics of their production. It is known that the detection of
VHE gamma rays is very challenging due to steeply falling fluxes of astrophysical spectra and the
absorption of photons in extragalactic background light (EBL) which pervade the Universe. This
attenuation due to EBL is dominant at higher energies (above ~ 300 GeV). In the presence of ambient
magnetic fields, gamma rays can be converted to hypothetical Axion-Like Particles (ALPs) through
energy dependent oscillations. ALPs can travel through regions which are opaque to gamma rays
due to the presence of background photon fields [2]. As a result of ALP-photon mixing, excess in
gamma ray flux can be observed in the spectrum at very high energies that can be detected with future
instruments such as CTA and SWGO |[3]].

1.1 Axion and Axion-Like Particles

Axion is a fundamental particle that was introduced in 1970s by R. D. Peccei and H. R. Quinn []1]]
as a plausible solution for the non observed violation of CP symmetry in strong interactions. The
Lagrangian describing the theory of strong interactions or Quantum Chromodynamics (QCD) can be

written as:

1 . _
Zocp = —ZGqu“v—f—E[lB’q— [grmgqr +h.c.] (1.1)

where G,y is a gauge invariant gluon field strength tensor, ¢ is the quark field, &is the gauge covariant
derivative which couples the quarks with the gluon fields, in case of QCD it is given by By, = ¥, (9 —
igTAy) where Ay are the gluon fields and T represents SU(3) generators. The above Lagrangian is
CPT invariant but there is an additional operator consistent with QCD gauge symmetry which also

contributes in non-abelian gauge theories; it can be written as:

2
_ 8 FlY
Locp = 0gcp 35— Gl Ca (1.2)

where Ogcp is a phase parameter, g’ is the QCD coupling, a represents the trace summation over

SU(3) colors. In case of no CP violation 6ycp would be 0.

The PQ mechanism introduces a new chiral Uy, (1) symmetry that undergoes spontaneous break-
ing at a high energy scale f,. Axions are produced due to this spontaneous symmetry breaking that is
introduced to preserve the CP symmetry in strong interactions. Axions can be identified as Nambu-

Goldstone bosons associated with U(1)pp [4]. Since their proposal, axions have been extensively
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studied both theoretically and observationally. In the PQ formalism, the axion is characterized by its
mass m,, which is linked to the coupling f, and since it is a massive new particle, it can be the potential
candidate for Dark Matter (DM) in Beyond Standard Model (BSM). In the original model proposed
by Peccei and Quinn [1], Weinberg [4], and Wilczek [5], the axion’s decay constant is approximately
at the electroweak scale (around 246 GeV), with the axion’s mass being inversely proportional to it.

Consequently, its mass was initially anticipated to be relatively large, around the order of 100 keV.

1 7
my ~ m;jf” ~ 0.62 < O;}eV> eV (1.3)
a a

where my; ~ 135 MeV and f; ~ 92 MeV. For the coupling constant f,, two criteria must be met:

the couplings should not be ruled out by experimental searches (imposing a lower limit on f), and
Axion (DM) must be successfully produced in the early universe. Therefore, typical values for f,
must be close to Grand Unification Scale that is 10'> GeV, anticipating that axion can be as light as
my ~ 10" %eV.

The Peccei-Quinn axion possesses a crucial characteristic wherein its mass and interaction strength
are inversely correlated and are linked to the observed properties of pions. However, the class of hy-
pothetical axions can be extended to a broader category of particles where their coupling is no longer
coupled with mass. These entities are referred to as axion-like particles (ALPs). One phenomenolog-
ical aspect of the hypothetical axion is its two-photon vertex, enabling the conversion of axions into
photons in the presence of external electric or magnetic fields [|6] via an interaction term which also

allows the experimental detectability.

Ly = —%”FMVF“Va — guy E-Ba (1.4)

where g,y is the photon-ALP coupling, Fyy the strength tensor of the electromagnetic field, a is the
axion field with mass my, E is the electric field of a photon beam, and B is the external magnetic field.

Schematically, the ALP-photon coupling is shown in Fig[I. T}
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a--—»— — Yayvh
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Figure 1.1: Feynamn diagram for ALP-photon coupling



1.2 ALP-Photon Mixing

The presence of axions and ALPs can be investigated through their effects on the spectra of astro-
physical sources [3]]. This is because ALPs interact with photons in the presence of magnetic fields.
Consequently, TeV gamma rays may convert into ALPs in strong magnetic fields, traveling across cos-
mological distances until encountering another significant magnetic field, such as that of the Milky
Way, where they may revert to observable gamma rays. These processes of conversion and recon-
version are governed by a probability term for mixing Pyy, which is dependent on the ALP mass and

coupling, as well as the characteristics of the magnetic field.

1.2.1 ALP Propagation and Probability of ALP-Photon Mixing

In order to comprehend the phenomenon of ALP propagation and their conversion and reconversion
into photons in the presence of an external magnetic field, it’s important to discuss the ALP-photon

oscillation model. The effective Lagrangian for ALP-photon mixing can be written as:

L = Lyt Lon+ L (1.5)
where
L= S PR 1.6
ay = T T a (1.6)
K7/ - 1 uv az uvy2 7 HVN2
1 u 2.2
L= E(%a& a—m,a”) (1.8)

Eq 1.6 represents the interaction term between photons and axions. Eq 1.7 is the effective Euler-
Heisenberg Lagrangian accounting for corrections of QED loops in photon propagators induced by
an external magnetic field [7]], while Eq 1.8 models the kinetic and mass term of axion field.

ALPs exclusively interact with photons in a presence of a magnetic field component B | perpen-
dicular to the propagation direction K, and solely with photon polarization states lying in the plane
spanned by B and k [8]]. If you consider A| and A; as the polarization states along x| and x; respec-
tively, x3 be the propagation direction and magnetic field component B | = Bé&;, then the equations
of motion for a polarized photon beam with energy E propagating in a cold plasma filled with an

uniform magnetic field can be expressed in Schrodinger-like form:

d -
GEE+E+4%>T@9_O (1.9)

The wavefunction ¥(x3) can be defined as:



W(x3) = [ Ax(x3) (1.10)

where a(x3) is the axion field strength.

In Eq. M, is the ALP-mixing matrix and can be defined as:

A, 0 O
My=| 0 A Ay (L11)
0 Ay A

The matrix terms A and A arise due to the effect of propagation of photons in a plasma condition

and QED vacuum birefringence effect. These terms can be defined as [9]:

A = Apl + 2AQED
7 (1.12)
AH = Apl + EAQED.
The plasma condition depends on the electron density n through plasma frequency @, which can
be defined as:

Wp) ~ 0.037/n neV (1.13)

The plasma effects and QED vacuum polarization can then be defined as [9]:

2

A OB
Pl TOF
2
aEBL

2
45 TBr

(1.14)

Aoep =

where « is the fine structure constant and the critical magnetic field is Bcr = m?2/|e| ~ 4.4 x
103G.
The term A, in Eq. represents the kinetic term for ALP and the off-diagonal term A,y accounts

for ALP-photon mixing and depends on the interaction strength g,y and magnetic field component B | .

2E (1.15)
8ayB 1
Aay =T

In the simplest scenario involving a large-scale uniform magnetic field, the probability of a photon
converting into an ALP or the ALP converting back to photon after traversing a distance d can be
defined as [[10]:

2A2 dA
Pya= Az‘”s,in2 ( "“) (1.16)

0sC 2
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where A, is the oscillation wave-number which appears in the probability due to the loss of photons
during the conversion process and this results as an additional imaginary contribution in terms A | and

A and scaling with the mean free path of the photon. A,z can mathematically be defined as:

Aose = \/(Aa _Apl)2 +4A§y (1.17)

The ALP-photon conversion probability becomes maximum and independent of energy in the

strong mixing regime (SMR) between the range E iy < E < Ejqy [11]].

2 2
m — @
Eerig = 2.5GeV—22Y___plneV (1.18)
g1Buc
Emax ~ 2.12 x 106GeV 211 (1.19)
where By, is the magnetic field in micro-Gauss and g11 = gay/ 10~ "'GeV~!. The oscillation wave-
number A, can also be written in terms of E;; as following [9]:
Ecrit 2
Aose = 20qy4 [ 1+ z (1.20)
Hence the ALP-photon conversion probability can be re-written as:
24; Bd Eqi )\’
_ Y. 2 | 8ay crit
Py q= A%SC sin 7 1+ ( 3 ) (1.21)

Since we cannot expect a simple hypothesis with only one magnetic field domain, the complete
structure of magnetic field with multiple orientations should be accounted here but a more common
approach can be to divide it into N domains and consequently the total photon survival probability
Pyy can be defined as [[12]:

1 3

1.3 Astrophysical Sources and Magnetic Fields

The extragalactic sources that emit particles at highest energies and can be observed from Earth
include Active Galactic Nuclei (AGN). AGNs are supermassive black holes approximately of ~ 106 —
10'9 solar masses [13] and reside in center of galaxies. Our galaxy, the Milky-way also hosts a
massive black hole at its center. AGNs are studied for several decades because they possess crucial
characteristics. They are known for strong emission in the multiwavelength spectrum (from radio to
gamma) and form an accretion disk of matter particles around the center of BH. The type of AGNs
depends upon the orientation of emitted jet relative to the line of sight (LOS) of the observer. If the
LOS of the observer is aligned with the jet axis, then this type of AGN is called Blazar [[13]. Fig.[I.2]



shows the schematic of different types of emission from AGN.

Observer sees blazar
\

\ Observer sees
\ radio loud quaser
< J Observer sees
radio galaxy
Gas clouds in narrow P
line region P
> -
o Observer sees
Seyfert 2 galaxy
e

Broad line region
: Observer sees
Seyfert 1 galaxy
=

Figure 1.2: Schematic of AGN Emission [13]

In high energy astrophysics, blazars are of great interest to study as they accelerate particles to
the highest observed energies. Blazars are further divided into two subclasses namely BL Lacertae
objects (BL Lacs) and Flat-Spectrum Radio Quasars (FSRQs). Observational properties of both types
of blazars are similar but they differ in emission lines. FSRQs have broad emission lines while BLLs
have weak emission lines. In our analysis, we are interested in BL Lacs because they are dominated
at high energies as they have harder spectra due to the shift in the synchrotron peak.

As the interaction between photons and ALPs solely occurs in the presence of an external mag-
netic field, the magnetic field environment between the photon source and the detector is crucial for
predicting the expected gamma-ray spectrum on Earth. This encompasses both the magnetic fields
emanating from the blazar jet itself and those from the surrounding intra-cluster magnetic field, par-
ticularly pertinent for sources situated near the core of vast galaxy clusters. This section provides a
concise overview of the magnetic field models that are important for this study including the mag-
netic fields of the blazar jet, the intracluster magnetic field, and the Milky Way magnetic field. It’s

noteworthy that the source magnetic field depends on the blazar properties [14].

1.3.1 BL Lac Jet Magnetic Fields

Magnetic fields within blazar jets have been inferred through measurements across various scales,
spanning from ultra-compact regions situated approximately 0.1 pc away from the central black hole

to structures extending up to 100 kpc, such as lobes, plumes, and hot spots [15]. Radio observations,
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which track frequency-dependent positional shifts of optically thick radio cores, enable the estimation
of the core’s magnetic field strength, typically around 0.1 G, at a distance of 1 pc from the central
black hole [[16]]. These values align with those deduced from modeling spectral energy distributions
(SEDs) using simple synchrotron-self-compton (SSC) emission models as discussed in [[17] [18],
which probe the magnetic field within the very high energy (VHE) emission zone.

Active galactic nuclei (AGN) that are classified as blazars have relativistic jets directed straight
towards Earth. Blandford & Konigl [19] presented the simple jet model that features a conical ge-
ometry: R(d) = ¢d , where R represents the radius of the jet, ¢ denotes the opening angle, and d is
the distance from the base of the jet. Due to the jet’s orientation towards Earth, the photon emission
experiences a blue shift. Consequently, the photon energy in the comoving frame of the jet E’, is

linked to the energy in the laboratory frame E, through a Doppler factor §p given by:

1

% = I'z(1—Bjcosb;)

(1.23)

where I is the relativistic Lorentz factor, f3; is the beta factor ~ v;/c and 6; is angle between the
jet axis and the observer.

The magnetic field within the BL Lac jet can be characterized by both a poloidal component
(aligned with the jet axis) and a toroidal component (perpendicular to the jet axis). The field strength
of the poloidal component decreases as B o< r~—2 and the toroidal component as B o< r~ 1 [20] [21].
Consequently, at sufficiently large distances from the central black hole, the toroidal component be-
comes dominant, and we can disregard the poloidal component in general. Assuming equipartition
between magnetic and particle energies, electron densities typically range from approximately 100 to
1000 cm— at a distance of 1 pc from the core of the active galactic nucleus (AGN), with the electron
density profile following n,. o< 2 [16]. Therefore, the magnetic field and electron density can be
defined for AGN jets as follows:

-1
Bi(r) =B < : ) (1.24)
'VHE
. r -2
n!(r) =nj ( ) (1.25)
Y'VHE

1.3.2 Intra-Cluster Magnetic Fields

Besides the magnetic fields within the blazar jet, blazars situated within galaxy clusters may also
encounter additional fields that promote ALP-photon mixing. The intracluster magnetic field can
be modelled as a homogeneous field with Gaussian turbulence, defined as a field with a directional
mean of zero and a variance of B2 [11]. Due to Faraday rotation measurements and non-thermal
(synchrotron) emission at radio frequencies, the turbulent magnetic fields exist in intracluster medium
with the strength of micro-Gauss [22] [23]]. The turbulence adheres to a power-law spectrum MK o< k4

between the minimum (k;) and maximum (kg ) turbulence scales. The magnetic field is radially



dependent on electron density as follows [11]]:
n\ "
BM(y) = BI'M (—) (1.26)
ng

The electron density in this case can be parametrized as:

2\ 2 Bicu
Rl () = ploM (1 i (L) ) (1.27)

re

where 7. represents the core radius and the electron density is usually 10 3cm™3.

There are other intracluster magnetic field models as well. Such as magnetic field derived in [24],
as a solution to Grad-Shafranov equation. In this model, the field strength vanishes on the cavity

surface while the interior is filled by a large scale magnetic field.

1.3.3 Inter-Galactic Magnetic Fields

Magnetic field that is present between the galactic mediums can also play the role in this phenomenon.
According to the current studies, the limits of IGMF are 10~'® < BIOMF < 102 [25] [26] [27] .
Considering the energy density of this magnetic field and the energy density of the Cosmic Microwave
Background (CMB), the effect of IGMF is negligible on particle attenuation [28]]. One of the reasons
is that the synchrotron losses of this IGMF are much less compared to the inverse compton scattering
losses due to CMB. Additionally, the pair-conversion probability for particle transport over gigaparsec
(Gpc) distances remains much lower than expected in the magnetic fields near blazars and within the
Milky Way.

1.3.4 Milky-way Galactic Magnetic Field

The crucial part of ALP-photon conversion occurs in the presence of Milky-way magnetic field where
ALPs are converted back to photons which can be detected on earth [29]. In [30]], Jansson and
Farrar have discussed the coherent component magnetic field model that is also used in GammaALP s
calculations which we are using in our analysis [31]. GammaALPs is a python package developed
for solving the equations of motion of the photon-ALP system using the transfer matrix method.
It also provides code for calculation of mixing probability between ALPs and photons in various

astrophysical environments and magnetic field models.

1.4 The Extragalactic Background Light (EBL)

Gamma rays emitted by a very distant blazar objects provide useful insights in theoretical and ob-
servational astrophysics. The detection of very high energy gamma rays becomes challenging due to
the pervasive photon background called EBL. The EBL consists of photons emitted by the galaxies,
stars and AGN over the evolution of the Universe. Throughout the lifetime of the Universe, this EBL
is altered by the redshift due to the expansion of the Universe. The energy of EBL photons ranges



from ~ 1073 eV to 10 eV [32]. This corresponds to the wavelengths from from the far-infrared to
the near-ultraviolet (0.1 - 1000 um). Direct measurement of EBL is itself difficult due to the light
background from objects and galaxies in the surroundings. There are various numerical and analyti-
cal models published to calculate the EBL energy density and determine correct EBL spectrum. For
instance, Fig. shows the EBL energy density over the energy range (~ 1073 eV to 10 eV) for
sources present at different redshifts (distance). This is the model developed by Finke [33]].
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Figure 1.3: EBL energy density vs photon energy for various redshifts 33|]

Due to these low energy photons present in the EBL, the interaction of high energy photons
coming from a distant blazar source interact with them which leads to the pair production of electron-
positron [34]]. Using the particular EBL model, attenuation in the high energy photons due to the EBL
can be calculated. The attenuation in the flux of gamma-ray with energy E along its path from the
source at distance z can be expressed as Eq[I.28|below [32]:

I(E,7) = Iye "EA) (1.28)

where [ is the flux at the source and 7 is the optical depth dependent on the photon number density
and cross section of the interaction of photons. It is directly proportional to the energy [32]], and
therefore we observe the severe EBL attenuation effect at very high energies in the multiwavelength
spectra of the blazar sources. In this study, we have used the Dominguez 2011 model [35] for EBL

attenuation. Fig. [T.4]shows the flux attenuation calculated in the work done by Dominguez [35].
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Figure 1.4: Flux attenuation vs observed gamma-ray energy calculated for various redshifts using 3
different models: Dominguez (Black), Franceschini (Purple) [36] and Gilmore (Yellow) [37]. The
Grey shaded regious shows the EBL uncertainties [35].

1.5 Ground-Based Gamma-ray Astronomy

Direct detection of astrophysical gamma rays in GeV regime is only possible with space-telescopes
such as Fermi-LAT, but due to the size limitations and cost feasibility, the efficiency of satellite-based
detectors is always restricted. Gamma rays can also be detected indirectly especially at energies
higher than Fermi-LAT (TeV range), thanks to ground based instruments. Powerful arrays of imag-
ing atmospheric Cherenkov telescopes (IACTs) are located in both hemispheres: MAGIC (Major
Atmospheric Gamma Imaging Cherenkov Telescopes) [38] and VERITAS (Very Energetic Radiation
Imaging Telescope Array System) [39] in the North and HESS (High Energy Stereoscopic System)
[40] in the South. However, when it comes to ground-level particle detectors, only the Northern
Hemisphere is equipped with the HAWC ( High Altitude Water Cherenkov Observatory) [41] and
LHAASO (Large High Altitude Air Shower Observatory) [42].

IACTs have limited field of view (FOV~ 4° diameter) and duty cycle (~ 10 — 15%) due to the
need of dark and clear sky. They have angular and energy resolution of ~ 0.1°,15% and a back-
ground rejection power of 1073 — 10~2 with more than 70% gamma-ray efficiency [43]]. The imaging
technique involves detecting the Cherenkov light distribution images from electromagnetic cascades
on the ground. This allows for the determination of both the longitudinal and lateral development
of the electromagnetic showers, as well as the arrival direction and energy of the primary gamma
rays. These detectors usually use a parabolic or spherical mirror to focus the Cherenkov photons

onto a densely packed array of photomultiplier tubes (PMTs) positioned in the focal plane [44]. The
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detection technique of IACTs is shown in Fig[T.5]

~ Particle :
Shower
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S nsec Focal Plane

Figure 1.5: Working technique of IACTs [32]

Recently, ground-level particle detection technique is considered a good complementary approach
in gamma-ray astronomy due to the limitation of duty cycle in IACTs. In the Northern hemisphere,
HAWC is situated at an elevation of 4100 meters (13,500 feet) on the slopes of the Sierra Negra
volcano near Puebla, Mexico. It has an instantaneous field of view that covers 15% of the sky, and
over each 24-hour period, it is able to observe two-thirds of the sky [44]. HAWC consists of an array
of 300 water Cherenkov detectors, each made from water storage tanks that are 5 meters high and
7.32 meters in diameter, covering an instrumented area of about 22,000 sq.meters [45]. The actual
tank coverage is 12,550 sq.meters, resulting in a coverage factor of less than 60%. Fig|[I.6]shows the
layout of HAWC experiment.

Moreover, LHAASO is also one of the recently built ground-based particle detectors and has been
successful in detecting the galactic sources in PeV range [46]]. Due to its unprecedented sensitivity
and capability of background rejection, LHAASO detected the large number of ultra-high energy
cosmic rays in the Milky-way. LHAASO is built on Haizi Mountain, 4,410 meters above sea level,
and the site covers around 1.36 square kilometers. LHAASO has also been looking for signatures of
WIMPs which are potential candidates for Dark Matter. LHAASO is considered as the most sensitive
gamma-ray detector in the Northern hemisphere spanning its range from few hundred GeV to PeV.

Along with these powerful detectors in the North, the installation of ground-based particle detector
in the Southern hemisphere can provide great opportunity for significant scientific breakthroughs
especially because of a vintage point to observe galactic center. It can help us to advance our current

knowledge of gamma-ray astronomy and beyond Standard Model Physics.
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Figure 1.6: HAWC experiment (Right: Water tank used in HAWC)

1.6 Next Generation Wide-Field Observatory - SWGO

SWGO (Southern Wide-filed Gamma-ray Observatory) is a next-generation ground-based gamma-
ray detector which will be built in Southern Hemisphere and complement the Extensive Air Shower

Arrays (EAS) such as HAWC and LHASSO [43]. It is based on water cherenkov detectors and will
cover the energy range possibly from 100 GeV up to 10 PeV. It will be located in South America

at a latitude between 10-30 degrees south. Fig[I.7] shows the schematic of SWGO based on water

cherenkov detectors.

redit: Richard White, MPIK

Figure 1.7: Water based cherenkov detector SWGO (https://www.swgo.org/SWGOWiki/

doku.php)

There are many benefits of particle detection from south site such as accessing the galactic centre,
Fermi bubbles, and key to local extragalactic objects. It also provides the opportunity to complement
the CTAs planned studies for detecting the high mass thermal relic WIMPs annihilating in the center
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of galaxy [43]]. Moreover, axion-like particle searches can be done where conversion of gamma-rays
to ALPs can produce distinctive features in the spectra of gamma-ray sources and increase trans-
parency of the Universe as ALPs can traverse the regions which are opaque to photons due to EBL.
SWGO also aims to search for Primordial black holes with an order of magnitude bigger than the
recent searches in the field. SWGO can help in triggering the CTAs and the wider community with
the characterization of high flux states in AGNs and Galactic variable objects. Moreover, SWGO will

be able to probe the whole range of timescales variability in the gamma-ray sky as shown in Fig. [1.§]

[43] [47).
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Figure 1.8: VHE transient source classes and their variability timescales ||

1.7 Literature Review

Axions were postulated in 1977 to solve the strong CP problem in QCD. If axions have the low mass
within specific range, they can be the potential candidates for cold Dark Matter. There are many
experiments that have been carried out in order to search for axions. Experiments including CERN
Axion Solar Telescope (CAST) and International Axion Observatory (IAXO) use special
helioscopes to search for axions that are produced inside the sun by the conversion of plasma photons
in charged particles. This process is called Primakoff process. Another type of experiment is "light-
shining-through-the-wall (LSW)" experiment. In these type of experiments photons from strong laser
beam are searched acrossed the wall which is possible in the case of photons converting into ALPs.
This experiment is being carried out at CERN as the Optical Search for QED Vacuum Bifringence
(OSQAR) [50]]. The theoretical confirmation of a phenomenon in which axions can be converted into
photons in a resonant cavity motivated few other modern experiments including Quest for Axions
experiment (QUAX) and Axion Dark Matter experiment (ADMX) [52]. These experiments
are a direct search for galactic dark matter in the form of axions or ALPs and they are focused on
the operation of a ferromagnetic haloscope, based on the axion-electron interaction. High energy

Astrophysics searches for ALPs in the excess photon flux that can be detected on earth if the ALP-
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photon conversion occurs in the presence of cosmic magnetic fields [3]. The conversion is possible
in magnetic fields of Active Galactic Nuclei (AGN) jets, intracluster magnetic fields, intergalactic
magnetic field and in Milky-Way Galaxy.

In the past 25 years, ALP-photon conversions have been proposed as a mechanism to overcome
the opacity of the extragalactic sky to high-energy radiation caused by pair production on the EBL [3].
Notably, recent observations of cosmologically distant gamma-ray sources by ground-based gamma-
ray telescopes revealed unexpectedly high degree of transparency of the Universe to very high-energy
(VHE) photons (greater than 100 GeV) [53] [54]]. These observations suggest a lower EBL density
than anticipated or significantly harder injection spectra than initially expected. The oscillation be-
tween VHE photons and ALPs could provide a feasible explanation for this phenomenon, acting as a
cosmic "light-shining-through-wall" effect. Hooper and Serpico [55] were among the first who pre-
dicted that ALPs can be detected with gamma-ray telescopes. They also also predicted that IACTs
such as MAGIC, VERITAS, and H.E.S.S., could have probed the range of axion mass (10’9 — 10’3)
eV with sensitivities stronger than CAST as can be compared from Fig[T.9]and Fig[I.10] In 2007, De
Angelis [56]] presented the idea of photons mixing with light spin-zero bosons (ALPs) to overcome the
EBL effects in the observed photon spectra and predicted that this phenomenon can be observed with
the gamma-ray telescopes. One of the first studies on searches of ALPs in gamma-ray flux is done by
Sénchez-Conde [57] in which they studied the ALP-photon conversion framework for the first time
simultaneously taking place in the gamma-ray source and in the intergalactic magnetic fields. The
study focused on the sources 3C 279 and PKS 2155-304. In 2009, Mirizzi [58]] presented the work
on stochastic conversions of high energy photons into ALPs in extragalactic magnetic fields. They
studied the absorption of photons in the EBL in terms of photon transfer function on the Earth. Their
work also investigated deviations in the photon flux when ALP-photon conversion is involved in the
presence of the turbulent structure of extra-galactic magnetic fields. This kind of structure of mag-
netic fields induces stochastic behaviour in the statistical distribution of the photon transfer functions.
Since the start of 2010s, ALP searches using the data collected by gamma-ray telescopes drew a lot
of attention of astrophysics community. H.E.S.S. made one of the first attempts to constrain the ALPs
with gamma-rays using the data from the BL Lac object PKS 2155-304 [59]. MAGIC also did the
study on the searches of ALPs by analyzing the 41.3 hours of observational data from the Perseus
Galaxy Cluster [[60].
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Figure 1.9: ALPs parameters range and the parameters exlcuded by CAST
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Figure 1.10: ALPs parameter space with current constraints (last update: Jan 2024). https://
cajohare.github.io/AxionLimits/

On the other hand, ground-level particle detectors such as HAWC and LHAASO are producing
results to investigate ALP effects in the observed gamma-ray spectra. In March 2022, Jacobsen
with her colleagues worked on constraining the Axion-Like Particles using HAWC observations of
TeV Blazars. They performed the analysis for nine blazars and found that ALP coupling constant
should fall below ~ 3 x 10~''GeV~! for ALP masses below 300 neV . In their study, ALP pa-
rameters are constrained with the data from 1ES 0229, VER J0521 and PKS 1222. As for the other
sources, expected flux with and without ALPs fall below the HAWC sensitivity and therefore their

observations cannot be used to constrain ALPs. Fig[I.T1| shows the combined constraints on ALP
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parameter space evaluated in their study, with the exclusion of parameter space at significance lever

higher than 3c.
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Figure 1.11: Excluded ALP parameter region at > 3¢

In June 2022, Mastrototaro [61] set the constraints on ALP parameter space using the diffuse
gamma-ray flux measured by the Large High Altitude Air Shower Observatory (LHAASO). They per-
formed the analysis in the energy range of 10 - 500 TeV using the latest data collected by LHAASO
to constrain the ALP-photon coupling. The excluded values for ALP coupling strength g,y > 3.9 —
7.8 x 10~ 11GeV~! are at 95% CL for axion mass m, ~ 4 x 10~ 7eV . Another study on exploring
the ALP parameter space using the observations of galactic sources detected by LHAASO has been
done in January 2024 by Li [62]. In the paper, authors investigated ALP-photon oscillation effect on
the gamma-ray spectra of four galactic sources including the Crab Nebula, LHAASO J1908+0621,
LHAASO J2226+6057, and LHAASO J1825-1326. The paper concludes that the ALP-photon cou-
pling greater than 1.4 x 1071°GeV~! can be excluded for the ALP mass of m, ~ 4 x 10~V at 95%
C.L. [62]. FiglT.12]shows the excluded parameter space for ALPs obtained in their study and it can
be seen that the observations of the galactic sources by LHAASO have put more stringent constraints

on the parameters as compared to the previous study done by Bi [63]].
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1.8 Problem Statement / Objective

Our work is based on the same analysis that has been done with HAWC and LHAASO as explained
in the previous section. But we are studying the prospects for SWGO which is the next generation
wide-field gamma-ray observatory with high duty-cycle view of the Southern sky [43]]. The aim of
my thesis is to test the sensitivity performance of proposed SWGO and anticipate how many GeV
sources can be detected by SWGO if ALP-photon conversion occurs. This effect is expected at higher
energies (even above TeV) making the SWGO experiment suitable for such study. Fig[I.13] shows
the sensitivity curves for different experiments and the prospective one-year SWGO phase-space that
we are also using in our analysis. The study also explores the constraints on parameter space (mass
and coupling) of ALPs as shown in Fig[T.T0] In this work we are focusing on ALPs masses spanning
from peV to neV and coupling strength of 1 x 1071 GeV~! and 1 x 107! GeV .
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Figure 1.13: Differential point sensitivity of several experiments and 1 year phase space of SWGO
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Chapter 2
Methodology

This study is based on five steps. These steps will be discussed in detail in the next sections but here

follows a brief description of each step.

* First step is to select the blazar sources. Among blazars, we are only interested in the hardest

and the most intense BL Lac objects.

* Second step is to access the multiwavelength blazar data and prepare it for modelling. Cleaning
the data is an important task because the data that we are working with contains upper limits,

repeated catalog data and many outliers that can affect the fit results.

* Third step is to obtain the intrinsic spectral points by deconvoluting the observed points with
EBL attenuation for the corresponding redshift of the source. For the EBL model, we used
"Dominguez 2011" [35]].

* Fourth step is the most important step, and it is to model the intrinsic SED to get the extrapolated
spectra to the energies of interest for SWGO (GeV- TeV). This can be done in two ways, one is
to use mathematical test functions like power law or broken power law and the other is to use

physical particle radiative processes that occur inside AGN jets to build a model-based fit.

* The final step is to apply the ALP model computed using GammaALP s on the modelled intrinsic
spectra to observe the ALP signatures in the flux at higher energies and check the detection of
the source with SWGO.

2.1 Fermi-LAT and Source Catalogs

In our analysis, the blazar sources are selected from the Fermi-LAT 3FHL catalog [|65]]. Therefore,
it is important to briefly discuss the Fermi telescope and its operation since 2008. Fermi Gamma-ray
Telescope was launched to observe the gamma-ray sky and make advancements in the field of high en-
ergy astrophysics. The telescope consists of two main scientific instruments namely, the Gamma-ray
Burst Monitor (GBM) and the Large Area Telescope (LAT). LAT is a pair production telescope based
on silicon strip trackers and a Cesium lodide calorimeter [[66]]. It also contains a plastic scintillator
anticoincidence system that covers the tracker array, a programmable trigger, and data acquisition
system. LAT is an imaging, wide field-of-view (FoV) telescope covering the energy range of 20 MeV
to more than 500 GeV, with a FoV of about 2.4 steradians [67]. The overview of the space observatory
is shown in Fig. 2.1]
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LAT observes more than 20% of the sky all the time covering the entire sky every three hours.
The measurements obtained from the instruments of LAT are used to determine the arrival direction,
arrival time and energy of photons. LAT has been operating for more than 14 years in a good condi-
tion. It has completed more than 5000 days of science mission and 75500 orbits since its launch [67].
Table 2.1l shows some characteristics of LAT.

Silicon Strip Trackeg,

Anticoincidence
Detector

Fermi Gamma-ray
Space Telescope

1
Sodium lodide Detectors } B -~ "
r—"

o
-~
Bismuth Germanate Detectors

Figure 2.1: Fermi Gamma-ray Telescope with GBM and LAT

Quantity Minimum LAT Specifications
Energy 20 MeV - 300 GeV
Peak Effective Area > 8000 cm?”
Field of View >2sr

Angular Resolution

<3.5° (100 MeV)
<0.15° (> 10 GeV)

Energy Resolution

<10%

Source Location Determination

<0.5

Point Source Sensitivity

<6 x10 %9 cmZs !

Table 2.1: Specifications of LAT (https://fermi.gsfc.nasa.gov)

The working principle of LAT can be seen in Fig. [2.2] The incoming gamma rays first pass
through the anticoincidence detector which helps in distinguishing charged particles. Gamma rays
continue passing through the inner conversion foil until it interacts with the tungsten foils, producing
two charged particles, an electron and a positron. Finally, the charged pairs are stopped by cesium

iodide calorimeter and measures the total deposited energy [66].
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Figure 2.2: Schematic of LAT

2.1.1 4FGL Catalog (DR Releases)

The fourth catalog of Fermi-LAT was released in 2020 after surveying the gamma-ray sky for eight
years. It contains 5064 sources detected in the energy range of 50 MeV to 1 TeV [68]. If compare
to the previous catalogs, 4FGL has a number of analysis improvements, including an updated model
for the Galactic diffuse gamma-ray emission, and two sets of light curves (1-year and 2-month inter-
vals). 4FGL catalog does not contain transient gamma-ray sources which are detectable only for short

duration, including Gamma-ray bursts, solar flares, and most novae [69].

2.1.2 3FHL Catalog

The third catalog of Fermi-LAT reports hard sources at energies above 10 GeV. The catalog is pub-
lished after 7 years of data collection by LAT. The catalog provides various characteristics of sources
including energy flux, flux density, spectrum type, spectral index, significance, right ascension and
declination. There is a total of 1556 sources available in the 3FHL catalog with 1231 extragalactic
sources among which 750 are BL Lacs and 172 are FSRQs [65]]. Table [2.2] shows the summary of all
Fermi-LAT catalogs released up to date.
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Catalog Energy Range | Sources
1FGL 0.1 - 100 GeV 1451
2FGL 0.1 - 100 GeV 1873
3FGL 0.1 - 300 GeV 3033
FGES 10 GeV -2 TeV 46
3FHL 10 GeV -2 TeV 1556
FHES 1 GeV -1TeV 24
4FGL 50MeV —-1TeV | 5064

4FGL-DR3 | 50 MeV —1TeV | 6658
4FGL-DR4 | 50 MeV —1TeV | 7194

Table 2.2: Summary of LAT Catalogs [68]]

2.2 Blazar Selection

The original idea of the work was to extrapolate the complete sample of blazar sources collected by
LAT in order to make strong predictions on the sensitivity performance of SWGO and also constrain
ALP parameters with more authenticity. Therefore, we started to work with the Fermi-LAT 4FGL-
DR3 catalog. There is a total of 6658 sources in the catalog among which only 1435 are BL Lac
type blazars [70]. After modelling some of the sources using Gammapy spectral models, we realized
that it was almost impossible to model these many blazars in this project time due to the fit failures
as will be discussed in later sections. After doing analysis on few blazars sources, we, therefore
decided to work with the 3FHL Fermi catalog instead of the 4FGL. 3FHL catalog contains less blazar
sources as compared to 4FGL but it covers the high energy range (up to 2 TeV). We started with the
hardest and the most intense blazars with the power law index < 4 and flux normalization > 5 X 10-12
GeV~'em2s~!. For our analysis, it was necessary to select the sources with known redshift as we

had to extrapolate the spectra to TeV energy regime. Some of the selected blazar sources can be seen

in Figl.3]
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Figure 2.3: Selected (colored) sources from 3FHL Fermi Blazars [65]]
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We did the analysis for around thirty blazar sources in 3FHL but for some of them, the fit on the
observed data was not satisfactory and therefore, we did not apply the ALP analysis on those sources.
The sources that were considered for the analysis will be discussed with their spectral properties and

fit results in chapter 3]

2.3 SED Modelling with Gammapy

After the selection of blazar sources, the next step was to access the blazar data and model them. We
started to work with Gammapy [71] which is an open-source python package that serves as a core
library for analysis of data from several gamma-ray instruments including IACTs and Fermi-LAT.
Gammapy provides the library for catalog registry using which one can easily access the flux data
for all Fermi-LAT catalogs. Gammapy provides the script for fitting the spectral points data with

mathematical test functions as discussed below.

2.3.1 Spectral Models - Gammapy

The test functions were used to fit the flux data depending on the spectrum type of the sources. These
functions include power law (PL), exponential cut-off power law (ECPL), exponential cut-off log-
parabola (ECLP), log-parabola (LP) and broken power law (BPL). Mathematically, these functions
are defined in the following Eq.[2.1 - 2.5] respectively. Some fitting parameters such as spectral index
and pivot energy are chosen based on the source data given in the catalog and are added to the test

function manually while performing the fit.

oEr=0(£) o o
¢(E) =9, (Ego)yexp <;j) (ECPL) (2.2)

where ¢, is a prefactor with units (cm~2s~!MeV ™), E, is the pivot energy, 7 is the power-law

index and E,,; is the cut-off energy.

E _a_ﬁl"g(%) —E
O(E) = ¢, (E_o) exp (Ecut> (ECLP) (2.3)
E —a—ﬁlog(E%)
o) =0 (£ (Lp) e
where o and f are power and log indices respectively.
.
= ifE<E
O (E) = 9, x (E”> " *  (BPL) (2.5)
(%) otherwise

where Ej, is the break energy and 7y, and 7, are the power indices.
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Using the Gammapy spectral model, the first source that was treated was 4FGL J0232.8+2018
(1ES 0229+200). This blazar is frequently used in studying the characteristics of extreme blazars
as it is a high frequency peaked BL Lac object and with a hard spectrum extending to 10 TeV. The
data for the source was taken from the 4FGL catalog available in Gammapy. In this data, the highest
detected energy point is at 0.05 TeV. In order to extrapolate the spectrum to higher energies, we also
included the data from MAGIC which detects the source up to 3.69 TeV. Since our goal was to search
for ALP signatures in the high energy spectrum region, the data points were fitted and extrapolated
using the test functions [2.1 - 2.5]. Fig. shows the fit that was performed using the exponential
cut-off log-parabola as a fit function on the intrinsic points. The intrinsic points were computed by
deconvolution of the observed points by EBL that is obtained from the Dominguez model [[35]] for the
respective redshift of the source (for 1ES 0229+200 it is z = 0.14). The corresponding energy of the
last point of the source data that was obtained from MAGIC at 3.69 TeV was chosen to be the cut-off

value for the fit function.

10—2 4

e2dnde [keV/(cm2 s)]

® 1es0229+200 (Intrinsic)
1es0229+200 (Observed)
—— intrinsic fit
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Energy [keV]

Figure 2.4: Extrapolated Spectrum for 1ES 0229+200 using Log-parabola with the Exponential Cut-
off

In the case of 1ES 0229+200, the fit results were good with the R-squared value of 0.9. Since we
wanted to do the analysis for more sources, the same process was done for few other strong sources
available in 4FGL catalog but we did not get satisfactory fit results these times. One reason was
that all of the sources cannot be modelled or fit with the same test function. We were looking for
more generic method of fitting that can be applied to the flux data of all the sources. But this was
not possible here as we had to look for the shape of the spectrum and then decide which function
would provide the optimum fit. Secondly, in order to apply the fit using the mathematical functions,

input of some initial fit parameters such as power-law indices or pivot energy is required. The issue
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here was that even the minor changes in these input parameters could fail the fit and we need more

generic/automatic way to extrapolate the large number of sources.

2.4 Multiwavelength Data - Firmamento

Considering the above mentioned issues in the fit of the sources with Gammapy on the LAT data, we
decided to model the complete multiwavelength SED of the sources. Multiwavelength photon spectra
can be modelled by particle radiative processes that occur in AGN jets. We started with the hardest
and the most intense blazar sources from 3FHL catalog as shown in Fig. [2.3] Multiwavelength blazar
data besides Fermi-LAT was accessed using Firmamento [72] which is an online multiwavelength
data platform dedicated to blazars and multimessenger sources. It provides access to currently re-
leased astronomical data and visuals from high energy surveys of the sources. Fig. shows the
multiwavelength data accessed from firmamento for the source Markarian 421 collected from various

instruments/catalogs. The data can be downloaded in csv format as shown in Fig. [2.6]
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Figure 2.5: Multifrequency data for Mkn421 accessed from firmamento [72]

Photons that are emitted from the blazar source in Fig. are produced by different radiative
processes in AGN. These processes can mainly be categorized into Leptonic and Hadronic models.
The multiwavelength SED is divided into two parts. The low energy part is attributed to the syn-
chrotron radiation from electrons or positrons. Synchrotron radiation occurs in the Leptonic model
and can be defined as the radiation emitted by the charged particle traversing in the magnetic field.
The high energy part is more ambiguous but usually attributed to inverse Compton scattering of high

energy electrons. When synchrotron photons interacts with the same electron population that gener-
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ated them via inverse Compton, this scenario is called Synchrotron Self Compton (SSC). Generally,
BL Lac objects are modelled with SSC process [13]. Fig. 2.7 shows a rough illustration of radiative
processes involved in AGNs including pion decay which usually occurs in high energy part of SED

after hadronic interactions.

freq |f|.ux |err_f|.ux MJD_start|MJD_end |flag ‘ca‘talng |reference

§.87E+08 2.98E-16 2.66E-17 55000 55000 RACS Hale etal. 2021 PASA 38 058
1.40E+09 2.59E-16 9.80E-18 55000 55000 NVSS Condonetal. 1998 AJ 115 1693
3.00E+09 6.52E-16 7.35E-18 55000 55000 VLASSQL Gordonetal. 2021 ApJS 255 30
1.36E+13 2.19E-12 4.88E-13 55368.09 55368.09 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 1.19F-12 4.12F-13 55367.96 55367.96 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 2.37E-12 3.97E-13 55368.16 55368.16 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 9.09E-13 4.22E-13 55367.89 55367.89 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 1.26E-12 4.42E-13 55368.16 55368.16 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 1.51F-12 4.31F-13 55368.23 55368.23 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 1.16F-12 4.46F-13 55368.03 55368.03 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 1.12E-12 3.95E-13 55368.29 55368.29 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 1.34E-12 5.10E-13 55368.29 55368.29 WISEME  Wrightetal. 2010 A) 140 1868
1.36E+13 1.13E-12 4.12E-13 55367.63 55367.63 WISEME  Wrightetal. 2010 A) 140 1868
2.50F+13 1.60E-12 1.36E-13 55368.03 55368.03 WISEME  Wrightetal. 2010 A) 140 1868
2.50E+13 1.83E-12 1.27E-13 55368.29 55368.29 WISEME  Wrightetal. 2010 A) 140 1868
2.50E+13 1.60E-12 1.31E-13 55368.16 55368.16 WISEME  Wrightetal. 2010 A) 140 1868
2.50E+13 1.63E-12 1.31E-13 55368.36 55368.36 WISEME  Wrightetal. 2010 A) 140 1868
2.50E+13 1.74E-12 1.25E-13 55368.16 55368.16 WISEME  Wrightetal. 2010 A) 140 1868
2.50F+13 1.68E-12 1.19F-13 55368.49 55368.49 WISEME  Wrightetal. 2010 A) 140 1868
2.50E+13 1.63E-12 1.19E-13 55368.09 55368.09 WISEME  Wrightetal. 2010 A) 140 1868
2.50E+13 1.68E-12 1.18E-13 55368.62 55368.62 WISEME  Wrightetal. 2010 A) 140 1868
2.50E+13 1.66E-12 1.20E-13 55368.23 55368.23 WISEME  Wrightetal. 2010 A) 140 1868

Figure 2.6: Multifrequency data for Mkn421 in csv format accessed from firmamento

— gyud.v,fm; raclatou

1y — luvere COU-P‘O"
% ﬁ fb - W d’ua?

—+ >
€

Figure 2.7: Illustration of low and high energy processes involved in AGN

2.5 SED Data Cleaning and Intrinsic Spectra

Once we have the multiwavelength data for all our selected blazar sources, the next step before mod-

elling the SED (as shown in Fig. [2.3) is to clean the data and to prepare it for the modelling. It
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is important to do the overview on the data and remove the unwanted data. In the multiwavelength
data, there are some points with a flag "UL" (upper limit). Since we are interested in modelling the
weighted average of the flux points and the data points that we are working with already have an asso-
ciated flux error, we are not including the upper limits in our analysis. Also, in this study we are using
MMDC platform (discussed in next section) to model the sources and at this time MMDC does not
support the upper limits in the multiwavelength data. Secondly, there is some data from catalogs that
are not necessary to include in our analysis. For instance, the catalogs that we removed from our data
include NEOWISE, WISEME, WISE and 2BIGB especially because these catalogs have a lot of data
points in low energy range around ~ 10'3 Hz. One reason to remove these catalogs is that 2BIGB is
just the another Fermi analysis and we already have data from other Fermi catalogs. We also removed
NEOWISE, WISEME and WISE as these catalogs are the average of UNWISE which is yet another
catalog included in our data. Usually, the radio and lower frequency data is excluded while modelling
the blazar source as the emission in these bands is due to the self-absorption [73]]. Self-absorption
occurs when the electron absorbs a synchrotron photon emitted by another electron. Removing the
unwanted data is still not enough to perform the multiwavelength modelling as there are few other
issues as well. One is that the multiwavelength data of blazars is highly variable. This variability can
range from few minutes to several years with a variation in the magnitude of the flux of the blazar
between its low and active states. This variability can be observed over the entire multiwavelength
spectrum [74]. Second problem is that we have the multiwavelength data from different catalogs/in-
struments which creates multiple flux points for the same frequency (energy). And lastly, the data
from some of the sources contains contribution from the galaxy besides the jet. This contribution
arises from the stellar emission due to the galaxy hosting a blazar source. It is dominant at UV/optical
energies and its flux measurements are higher than the non-thermal emission of jet predicted by the
SSC model [75].

In order to remove multiple points with the same frequency, we decided to compute the weighted
average of those points. The weighted average is calculated based on the errors associated with
each data point. Now, this method may not be a very good estimate to get rid of the flux data with
variable states. One method to deal with this issue can be adaptive binning of the flux points that
was explored marginally in this study. Once we have the weighted averaged points for the source,
the last step before modelling the SED is to compute the intrinsic spectra. The reason we want to
model the intrinsic spectra and not the observed spectra is because while computing the ALP analysis,
GammaALPs includes the EBL contribution in the propagation function. Therefore, the intrinsic
points were computed by deconvolution of the observed weighted averaged points by EBL that is
obtained from the Dominguez 2011 model for the respective redshift of the source. Following plots
illustrate the process of performing the weighted for the source 3FHL J0449.4-4350. Fig. [2.8|shows
the data for the source downloaded from Firmamento and Fig. shows the computed weighted
averaged points and observed and intrinsic points for this source. It can be seen that EBL attenuation

becomes significant only at higher energies.
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Figure 2.8: Multiwavelength data for 3FHL J0449.4-4350 downloaded from Firmamento
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Figure 2.9: Blazar Source 3FHL J0449.4-4350

2.6 Multiwavelength Data Modelling with Markarian Multiwavelength Data Center (MMDC)
and AGNPY

Once we have the intrinsic spectral points for the sources, the next step is to model the multiwave-
length SED as we wanted an extrapolated spectra to SWGO energies on which ALP analysis can be
applied. Agnpy [76] is a model-fitter which focuses on numerical computation of photon spectra
produced by particle radiative processes in AGN jets. It provides ways for modelling the photon
spectra with SSC or External Compton (EC) model and performs the fit using techniques including
Gammapy (Chi-squared method) and Monte Carlo Markov Chain (MCMC). Agnpy uses already de-
fined spectral model of SSC to perform the fit but the electron distribution has to be defined explicitly
using the broken power law (BPL) function (Eq.2.5). Moreover, some parameters of SSC model and
emission region including the Doppler factor, value of magnetic field and the time variablity have to

be input manually. Also, the model parameters of BPL such as two power indices and minimum and
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maximum Lorentz factors have to be input by the user. We first tested the Agnpy tutorial for the
Mkn 421 data with the multiwavelength data already given by Agnpy and it gave perfect fit results
as shown in Fig. Later when we tried to perform the fit with x> method for few other blazar
sources that we selected for our analysis, fitting completely failed. We also tried to run the fit using
MCMC but fitting failed again. One reason can be that the Agnpy fitter is very sensitive to the initial
input parameter values. Even the slightest change in the values can fail the fit. Secondly, as we dis-
cussed in the previous section, multiwavelength data can be highly variable and can involve different
states. Therefore Agnpy is unable to perform a good fit for such data. Fig. [2.11] shows the fit results
using x2 minimization for the source 3FHL J0033.5-1921. It can be seen that the fit is not working.
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Figure 2.11: 3FHL J0033.5-1921 data fitting with AGNPY

Finally, we decided to model the SEDs using MMDC as an alternative to Agnpy [73]]. It is an
online web-based platform for building and analyzing multiwavelength SEDs. It performs the blazar
modelling using Convolutional Neural Networks (CNN) technique. Like Agnpy, MMDC also uses
SSC process to model BLL objects. On the website, it only requires to upload the csv file for the
data including three columns namely frequency, flux and flux error for modelling. Unlike Agnpy,
MMDC does not require to input any model or emission region parameters except redshift. It initiates

and optimizes all the other parameters by itself. Fig. 2.12] shows an illustration of a fit performed
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by MMDC on the source 3FHL J1221.3+3010. Best model parameters determined by MMDC after
the fit are also shown on the right side of the Fig. @ After the fit, we can download the best fit
parameters and corner plots along with the best model. Fit parameters are the parameters of SSC
model and are shown in Table In the model, it is assumed that the emission region (also called
Blob) is spherical with a comoving radius R and moving with Lorentz factor y. Other parameters
include Doppler boost factor 8, homogenous and constant magnetic field B, and electron luminosity
L, obtained from electron injection function Q, which is assumed to be a cut-off power law with

spectral index p [[73]].

Parameter Symbol | Units | Min. value | Max. value
Blob Radius R cm 101 108
Doppler Boost o - 3 50
Min. Lorentz Factor Yinin - 1013 10°
Cutoff Lorentz Factor Ye - 10° 108
Electron Luminosity L, ergs s | 10%? 107
Magnetic Field B Gauss 1073 107
Spectral Index p - 1.8 5

Table 2.3: Characteristics of SSC model parameters used in MMDC modelling [73]]

MMDOC is also sensitive to inconsistent data and gives an error if data is variable or contains too
many outliers. For our selected blazar sources, it performed good fit, but in some cases where data
was highly variable or the data points were less, the fit results were not satisfactory. For instance, Fig.
2.13] shows the fit results for the sources 3FHL J0818.2+4222 and 3FHL J0433.6+2905. It can be
seen that the fit is not working perfectly. Therefore, we proceeded with the sources for which we got
a good fit from MMDC and then we applied the ALP analysis on those sources. The fit results for all

the sources are shown in chapter 3]
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Figure 2.12: MMDC modelling for 3FHL J1221.3+3010
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(a) 3FHL J0818.2+4222 (b) 3FHL J0433.6+2905

Figure 2.13: Modelling of the sources with MMDC showing bad fitting. Red curve represents the
fit model with best parameters while the grey spectra represents the random samples generated by
MMDC using CNN. (a). The fitting curve does not include the X-rays points (around 10'® Hz)
resulting in a bad fit. (b). It is clear that the fitting curve completely fails to represent the SSC model
shape.

2.7 ALP Modelling using GammaALPs

The final step is to apply the ALP model on the spectra in order to predict the effect in the spectra due
to photon-ALP conversion at higher energies. GammaALPs [31]] is a python package that can be used
to provide the calculation of mixing probability between ALPs and photons in various astrophysical
environments and magnetic field models. There are various tutorials available on the GammaALPs
website but the one which we used is the photon-ALP mixing in AGN jet with helical and tangled
magnetic field. There are not many studies available on the nature of magnetic fields of AGN jets
and considering the limited scope of this study, it was not feasible to explore it and therefore this as-
sumption was taken as valid for all the blazars under consideration. The values used by GammaALPs
for the jet parameters are taken from the best fit values determined in Potter & Cotter model (2015)
[77]. The ALP model consists of three propagation functions. First function is defined for a jet mag-
netic field when beam is propagating inside the ultra-relativistic jet, second propagation function is
defined for EBL attenuation in the intergalactic medium which comes after the beam has left the jet
or cluster in case of . Third function is defined for Galactic magnetic field when the beam has entered
the Milky Way. In our analysis we have neglected the contribution from IGMF because its affect is
almost negligible as we already discussed in chapter[I] Now, the total photon survival probability can
be calculated by providing the redshift of the source and the parameters of the ALPs which are mass
m, and coupling to photons g,y. Fig. illustrates the total photon survival probability computed
for the source 3FHL J0449.4-4350 for four different ALP masses and coupling of g,y = 1 X 10-10
GeV~!and gy =1 x 107! GeV~! respectively.

Once we have computed the photon survival probability for different ALP masses and coupling,
we can apply these ALP models on the intrinsic spectra of the source by first interpolating the photon
survival probability on the energy points of the intrinsic spectra and then simply multiply the ALP
models with the intrinsic best fit model that we obtained with MMDC. The final plots that we obtained
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for each blazar source after the complete analysis are discussed in chapter 3]
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Figure 2.14: Total Photon Survival Probability for 3FHL J0449.4-4350 (z = 0.205) with g,y = 1 X
10719 GeV~! and goy =1 x 1071 GeV~!
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Chapter 3
Results

As discussed in chapter[2] we selected around 30 blazar sources from the 3FHL catalog and modelled
their multiwavelength spectra with MMDC. In this chapter, we are going to discuss the sources for
which we got the good fitting and we applied the ALP analysis on them. We will discuss 12 sources
in detail including their spectral properties, multiwavelength spectra, EBL attenuation, SSC best fit
model and parameters, and finally the plots with and without ALP models. Table [3.1] shows the basic

information and the spectral properties for all the BLL sources that are analyzed.

. Best Intrinsic Power law Pivot energy Flux Plensit}z
Source Redshift Fit Function (PL? spectral (GeV) (GeV . cm
index s7)

10 425 2123 s 0.205 P OV(VISE)I*‘W 22 22.9 2.47e-11
106335. I;Lz 106 1.238 Loggi‘;b"la 24 16.6 25le-11
J07338F.1P1L1 742 0424 Pov(vlfi)law 2.6 18.4 1.67e-11
n 1372{-}3006 0.130 POV(VIfi)laW 22 2.1 1.59%-11
1 2330}?32517 0.135 POYS{;W 26 18.0 7.84¢-12
11959 916508 0.047 o 19 28.2 1.07e-11
J2153§:.18{—I§013 0-116 Logflil;a)bom 21 18.3 7.71e-11
Jogo'o’;;Lm 0 0.138 PO‘EV;L;*‘W 22 26 1.0le-11
110135F‘<I)1L4926 0.212 Pov(vsgaw 2.1 237 1.96¢-11
JO65%T+L2 03 0.203 LOgF;_‘{f)bO]a 1.8 226 9.56e-12
J00§3F.?-L1921 0.610 POV&?{;HW 2.2 23.1 8.36e-12
lef;i]%m 1.065 Pov(vlfi)law 22 23.0 6.21e-12

Table 3.1: Spectral Properties of selected BLL sources. Columns represent, (1). Official source name
3FHL JHHMM.m+DDMM, (2). Redshift (distance) of the source, (3). Spectral type (Power Law or
Log Parabola), (4). Best-fit photon number index when fitting with power law, (5). Energy at which
error on differential flux is minimal, (6). Differential flux at Pivot Energy [65].

3.1 Multiwavelength Photon Spectra

Multiwavelength data for the sources was accessed using Firmamento and MMDC. The data was
downloaded using the counterpart name and not the source (3FHL) name. Following Figs.[3.1| &
show the multiwavelength data for all 12 sources. From the plots, it can be seen that the x-ray and
gamma-ray region has a lot of multiple data points and outliers as discussed in chapter [2]in section
[2.5] Therefore, we have computed the weighted average of the points in order to model the SED for
this study.
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Figure 3.1: Multiwavelength data of blazar sources
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Figure 3.2: Multiwavelength data of blazar sources
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3.2 EBL Attenuation

In order to compute the intrinsic spectra, EBL attenuation is obtained for all the sources as shown in
the following Fig. [3.3] EBL attenuation is computed for each source using the Dominguez model
[35]] as discussed in chapter([I] It is evident from the plot that for the source 3FHL J0630.9-2406 and
3FHL J1243.2+3627 with redshift 1.238 and 1.065 respectively, the EBL attenuation is steeply falling
even before 1 TeV. The closest source that we have is 3FHL J1959.9+6508 at z = 0.047 and it can be
seen in Fig. [3.3]that the EBL attenuation for this source becomes dominant after 20 TeV.

EBL Attenuation (Dominguez)
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Figure 3.3: EBL attenuation for all the sources computed using Dominguez Model
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3.3

MMDC Model and Best Parameters

The Intrinsic SED of all the sources is modelled using MMDC as shown in the following Figs.[3.4] &
[.5]l. The best fit parameters as discussed in chapter [2] (Table [2.3) are also obtained from MMDC for
the sources and are shown in Table[3.2] & [3.7].
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Figure 3.4: Modelling of the sources with MMDC
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Figure 3.5: Modelling of the sources with MMDC
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Parameter 3FHL 3FHL 3FHL 3FHL 3FHL 3FHL
J0449.4-4350 | J0630.9-2406 | JO738.1+1742 | J1217.9+3006 | J1230.2+42517 | J1959.9+6508
Log(B) -1.82 -1.69 271 201 -1.21 201
Log(L,) 44.27 4549 46.39 4433 43.79 43.83
Log(%) 5.56 5.02 461 576 6.44 631
Log(Yinin) 3.19 1.50 1.50 3.16 2.94 3.16
Log(R) 17.79 17.48 17.79 17.56 17.32 17.77
5 11.12 19.37 20.00 9.41 8.07 7.05
p 211 2.00 1.89 2.68 2.60 1.93
Table 3.2: SSC best model parameters obtained from MMDC
Parameter 3FHL 3FHL 3FHL 3FHL 3FHL 3FHL
J2158.8-3013 | J0809.8+5218 | J1015.0+4926 | J0650.7+2503 | J0033.5-1921 | J1243.2+3627
Log(B) -1.48 151 -1.88 245 272 122
Log(L.) 44.13 43.19 45.08 44.68 4538 46.02
Log(%) 5.86 5.62 5.84 6.98 407 5.58
Log(Yinin) 330 3.53 231 416 407 3.92
Log(R) 17.79 15.71 17.12 17.39 17.79 17.79
5 7.84 40.84 27.02 48.10 4923 20.55
p 2.23 3.07 2.40 3.04 2.65 1.90

Table 3.3: SSC best model parameters obtained from MMDC

3.4 Simulated Spectra with ALP models

After the modelling of the SED, ALP models are applied on the spectra for four different ALP masses
to observe the change in the spectra at higher energies as shown in the following Figs.[3.6) & [3.7].
These are the final plots of our study as here we complete our analysis. In the following plots, there
are total six curves represented by different styles of a line. Four black colored lines represent the
extrapolated flux of the source with four different ALP models. The four ALP models are with m, =
1, 10, 100 neV and 1 peV with photon-axion coupling g4y = 1 X 10710 GeV~!. The two red curves
are extrapolated observed (solid line) and intrinsic (dashed line) flux of the source. Green points are
the observed flux points and blue points are the intrinsic points (without the EBL attenuation). The
grey shaded region is the SWGO sensitivity for 10 years.

There are various remarks that can be made by looking at these plots. First of all, the change in the
observed flux due to ALPs at higher energies is prominent in some cases. Secondly, it can be seen that
for a few sources such as 3FHL J0738.1+1742 and 3FHL J1230.2+2517, even with the ALP models,
the flux falls below the SWGO sensitivity and hence these models of ALPs cannot be excluded with
SWGO data of these sources. For most of the sources, it is also evident that the ALP models with
mass 1 neV (solid line) and 10 neV (dash-dot line) almost have a same effect on the flux as these
curves are indistinguishable. Moreover, these two ALP models (1 neV and 10 neV) are most likely to
provide the gain in the flux as compare to higher ALP masses (100 neV or 1mueV). For instance, if
ALPs really existed and if they alter the spectrum the way we think, the source 3FHL J0630.9-2406,
can be detected with SWGO with the ALP model of 1neV. Moreover, the sources that are closer to
us (low redshift), for instance, 3FHL J1959.9+6508 (z = 0.047), 3FHL J2158.8-3013 (z = 0.116) and
3FHL J1217.9+3006 (z = 0.130) can be detected with SWGO even if the ALPs does not exist and

consequently no ALP-photon mixing occurs, as their observed spectra is above SWGO sensitivity.
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Two sources 3FHL J0630.9-2406 and 3FHL J1243.243627 have higher redshifts 1.238 and 1.065
respectively and therefore they are only detected with ALPs if they exist satisfying the conditions of

mass and coupling, otherwise their observed spectra falls below the SWGO sensitivity.
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Figure 3.6: Simulated observed spectra (red line) and intrinsic spectra (red-dotted line). The flux
with a contribution from ALPs has been simulated for four ALP masses (black curves). Grey shaded

region

represents SWGO sensitivity space.
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Figure 3.7: Simulated observed spectra (red line) and intrinsic spectra (red-dotted line). The flux
with a contribution from ALPs has been simulated for four ALP masses (black curves). Grey shaded

region represents SWGO sensitivity space.
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3.5

ALP Parameter Space and SWGO Sensitivity Test

In the previous section, we simulated the spectra for four ALP models with masses 1neV, 10 neV,

100 neV, 1ueV and with photon-axion coupling g4y = 1 X 10719 GeV~!. One of the aims of our

study is to explore the ALP parameter space and derive constraints on the ALP mass and coupling.

In order to exclude the points in ALP parameter space at certain confidence level (CL), we need data

from SWGO. Since, SWGO has not yet started collecting the data, it’s not trivial to derive constraints

on ALP parameters. Although, in order to explore the ALP parameter space and test the SWGO

sensitivity, we have computed the ALP models for few sources in the parameter space m, = IneV -
lueV and gqy =1 X 107" — 1 x 107'9 GeV~!. This region is highlighted in Fig.
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Figure 3.8: Closeup of high energy astrophysical constraints in ALP parameter space. https:
//cajohare.github.io/AxionLimits/
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Figure 3.9: ALP parameter space for the detection of the sources with SWGO
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In this way we can also test the sensitivity of SWGO anticipating the detection of sources with
SWGO in the future. For instance Fig. [3.9(a) shows the detection of the sources 3FHL J0630.9-
2406 and 3FHL J1243.2+3627 with ten years SWGO sensitivity in the considered ALP parameter
space. It can be seen that these sources are the most distant ones in our analysis and therefore, they
are only detected within the limits highlighted in Fig. [3.9(a). We can conclude that the SWGO
data of very distant sources satisfying the same physical conditions used in this analysis, cannot
be used to exclude the ALP parameters outside the colored region in the above plot. Furthermore,
Fig[3.9(b) shows the detection of 3FHL J0033.5-1921 with one year and ten years SWGO sensitivity.
It is evident that SWGO can get the detection for this source in the complete ALP parameter space
with ten years sensitivity. While with one year sensitivity, SWGO can only get the detection above
8ay = 3 X 10~ GeV~! in colored region establishing a constraint on using the SWGO data for this
source to exclude the ALP models in future. The same simulation was done for the rest of the blazar
sources to study their detection prospects in the ALP parameter space. They were found to be detected
in the considered ALP parameter space, providing us an opportunity to use their SWGO data to derive
constraints on the ALP parameters in future. Fig. shows the highlighted region between m, =
IneV - 1ueV and gqy = 1 X 1071 — 1 x 1071 GeV~! for the sources detected with SWGO in the

considered ALP parameter space.
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Figure 3.10: Closeup of high energy astrophysical constraints in ALP parameter showing SWGO
detectability between m, = IneV - 1ueV and g,y = 1 X 107" — 1 x 10710 GeV~! computed in this
study.
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Chapter 4

Conclusions and Future Work

To conclude, the thesis started by offering insights on axions and PQ formalism [ 1] in which axions
are introduced as a potential Dark Matter candidate in Physics beyond the Standard Model. The same
study [1]] proposed axions as the possible solution for CP violation in strong interactions. Axions can
be extended to a broader category of particles known as ALPs. This thesis focuses on a certain kind of
interaction in which ALPs are converted into photons in the presence of external electric or magnetic
fields [[6]. This phenomenon can be used to search for ALPs indirectly while investigating the VHE
gamma rays emitted from extragalactic sources such as AGNs. This relates to one of the aims of this
thesis which is to look for ALP signatures in the VHE gamma ray spectrum of extragalactic sources.
Moreover, in chapter[I} we have discussed in detail the theoretical background of ALP-photon mix-
ing, consequently presenting the mathematical formula for ALP-photon conversion probability. We
discussed the nature and impact of magnetic fields that are involved in the ALP-photon mixing and
their propagation from an extragalactic source to the Milky Way. This includes the jet magnetic field,
intracluster magnetic field, intergalactic magnetic field, and the Milky Way galactic magnetic field.
Since the main aim of this thesis is to test the sensitivity of the next generation gamma-ray detector
SWGO, therefore, the thesis also offered some insights into the state of the art searches for ALPs with
current gamma-ray detectors on Earth including IACTs and ground-level particle detectors such as
HAWC and LHAASO.

We have done a detailed analysis to investigate the affect of ALPs on the spectra of blazar sources
and anticipate if the sources are detectable by SWGO or not. We have performed our analysis on
twelve blazar sources (BL Lacs) selected from 3FHL Fermi catalog. These sources are the hardest
and the most intense sources with known redshift available in the catalog. In order to apply the
ALP analysis on the data, first, we have modelled the multiwavelength spectra of the sources using
MMDC. Chapter [2| explains the complete methodology of the analysis, starting from accessing the
multiwavelength data of the sources until computing the spectra with ALP models. The main task
before modelling of the spectrum is to clean the data. It is required because the multiwavelength
data is highly variable and contains outliers that can disrupt the modelling. As a final step, we have
computed the ALP-photon mixing probability for a few ALP models using GammaALPs and then
applied it on the intrinsic spectra of the sources to look for a change in the spectra due to ALPs.
We computed the ALP models in the parameter space where m; = 1 neV - 1 peV and g,y = 1 X
1071 — 1 x 10719 GeV~!. Complete results after the analysis are discussed in chapter [3, We can
conclude that, among the twelve sources, only two sources 3FHL J0630.9-2406 (z = 1.238) and
3FHL J1243.243627 (z = 1.065) can be detected by SWGO only if ALPs existed, satisfying the

conditions of mass and coupling required for making the spectra sensitive to SWGO. Eight sources
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3FHL J0449.4-4350 (z = 0.205), 3FHL J1217.9+3006 (z = 0.130), 3FHL J1959.9+6508 (z = 0.047),
3FHL J2158.8-3013 (z = 0.116), 3FHL J0809.8+5218 (z = 0.138), 3FHL J1015.0+4926 (z = 0.212),
3FHL J0650.74+2503 (z = 0.203), 3FHL J0033.5-1921 (z = 0.610) can be detected by SWGO in both
cases; if ALPs existed and even if ALPs do not exist as the observed spectra still lies above the
SWGO sensitivity. The rest of the sources, 3FHL JO738.1+1742 (z = 0.424) and 3FHL J1230.2+2517
(0.135) are not detected by SWGO even if the ALP-photon mixing occurs and alters the spectra.
Consequently, these two sources cannot be used to exclude the ALP models as their spectra is below
SWGO sensitivity. Although these two sources are not very far but they both have high power-law
index (above 2.5) and therefore their spectra become softer around 100 GeV. Table .| summarizes
the detection results for all the sources. In the results section, we also discussed the detection of a
few sources with SWGO in the ALP parameter space and derived constraints on the detectablity of

the sources highlighting the parameter space that can be used to exclude ALP models in future.

Source Detection with ALPs | Detection without ALPs
3FHL J0449.4-4350 Yes Yes
3FHL J0630.9-2406 Yes No
3FHL J0738.1+1742 No No
3FHL J1217.9+3006 Yes Yes
3FHL J1230.2+2517 No No
3FHL J1959.9+6508 Yes Yes
3FHL J2158.8-3013 Yes Yes
3FHL J0809.8+5218 Yes Yes
3FHL J1015.0+4926 Yes Yes
3FHL J0650.7+2503 Yes Yes
3FHL J0033.5-1921 Yes Yes
3FHL J1243.2+3627 Yes No

Table 4.1: Detection of the sources with and without ALPs

In the analysis, we have used the weighted average technique on multiwavelength data to remove
the flux data with multiple frequency (energy) points. This technique is not very reliable for the
sources which contain variable states of the flux. In order to deal with this issue, adaptive binning can
be a solution. Due to time constraints and considering the scope of this project, we were not able to
explore and apply the adaptive binning technique on our data leaving this as an opportunity for the
future studies. Secondly, while doing the ALP analysis, we discussed in chapter [2] that we assumed
the magnetic field of the jet for all the sources with helical and tangled component. Moreover, we used
the jet parameters of Mkn 501 for all our sources while computing the ALP-photon propagation using
GammaALPs. In this regard, may be in future, this study can be extended in which ALP-photon
propagation can be computed with different kind of astrophysical environments involving different
jet magnetic field or may be assuming different model for the Milky Way. Also, in future article, we
can use the fitting jet parameters for the sources that we are working with if they are investigated or

become available in some future study.
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BLL BL Lacertae.
BPL Broken Power Law.

BSM Beyond the Standard Model.

CAST CERN Axion Solar Telescope.
CMB Cosmic Microwave Background.

CTA Cherenkov Telescope Array.
DM Dark Matter.

EAS Extensive Air Shower.

EBL Extragalactic Background Light.

EC External Compton.

ECLP Log Parabola with an Exponential Cut-off.

ECPL Power Law with an Exponential Cut-off.

Fermi-LAT Fermi Large Area Telescope.
FoV Field of View.

FSRQ Flat Spectrum Radio Quasars.

H.E.S.S. High Energy Stereoscopic System.

HAWC High Altitude Water Cherenkov.

IACT Imaging Atmospheric Cherenkov Telescope.

TAXO International Axion Observatory.
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IGMF Intergalactic Magnetic Field.

LHAASO Large High Altitude Air Shower Observatory.
LOS Line of Sight.

LP Log Parabola.

MAGIC Major Atmospheric Gamma Imaging Cherenkov.

MCMC Markov chain Monte Carlo.
PL Power Law.

QCD Quantum Chromodynamics.

QUAX Quest for Axions.

SED Spectral Energy Distribution.
SSC Synchrotron self-Compton.

SWGO Southern Wide-Field Gamma-ray Observatory.

VERITAS Very Energetic Radiation Imaging Telescope Array System.

VHE Very High Energy.
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