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“Only two things are infinite, the universe and human stupidity, and I'm

not sure about the former.”

Albert Einstein






Abstract

Well-motivated extensions of the standard model of the particle physics predict ultra-
light and fundamental pseudo-scalar particles (e.g., axions or axion-like particles: ALPs)
to exist. Similarly to the Primakoff-effect for axions, ALPs can mix with photons and
consequently be searched for in laboratory experiments and with astrophysical observa-
tions. An indication for an anomalous transparency of the Universe has been found for
gamma-rays propagating through cosmological distances. A possible explanation of this
anomaly could be the mixing of energetic photons with an ultra-light ALPs which is
related to a Peccei-Quinn type U(1) symmetry broken at a higher energy scale. In this
thesis, we investigated the observational data of orbital gamma-ray telescope and used
energy spectra to search for deviations from the expected optical depth and constrain

the parameter space of ALPs.

We analyzed the data recorded with the Fermi -LAT from Galactic pulsars selected to
have a line of sight crossing spiral arms at a large pitch angle. The large-scale Galactic
magnetic field traces the shape of spiral arms, such that a sizable photon-ALP conversion
probability is expected for the sources considered. In nine years of Fermi -LAT data, we
detect significant spectral features in the selected source-sample consistent with photon-
ALPs oscillation with a combined statistical significance of 4.6 ¢. From a common fit
to all sources, we determine the most-likely parameters for mass m, and coupling g.~
to be mg = (3.6105 £ 0.24y5.) neV and gayy = (23509020 £ 0.4gp5.) x 10710 GeV L
In the error budget, we consider instrumental effects, scaling of the adopted Galactic
magnetic field model ( 20-40 %), and uncertainties on the distance of individual sources.
We refined the search method and improved the existing magnetic field models in the
Galaxy and in inter-galactic space with the Planck data. We note, however, that we
do have limited knowledge about the magnetic field structure, especially for the sources
which are located in the inner part of the Galaxy and also that the crucial opening
angle of the spiral arms is not well constrained. Besides, with the help of other Galactic

magnetic field model, it is interesting to note that our ALP-hypothesis works nicely.

Additionally, a similar study has been conducted for selected bright Galactic plane and

non-Galactic plane sources. Some of the sources exhibit spectral irregularities due to

iv



photon-ALPs mixing, however it is nice to see that spectral features for the sources
differ with the location as the photons emitted from an astrophysical source traverse
through different intensity magnetic field domain. A multi-wavelength spectral energy
distribution (SED) for the non-Galactic plane sources have been shown to study the

astronomical features of the sources.



Kurzfassung

Gut motivierte Erweiterungen des Standardmodells der Teilchenphysik sagen ultra-
leichte, fundamentale pseudoskalare Teilchen voraus (z.B. Axionen oder Axion-&dhnliche
Teilchen: ALPs). Auf der Grundlage des Primakoff-Effekts kénnen Axionen und ALPs in
Photonen konvertieren und somit in Labor-Experimenten oder mit Hilfe astro-physikalischer
Beobachtungen gesucht werden. Ein Hinweis auf eine anormale Transparenz des Uni-
versums fiir iber kosmologische Distanzen propagierende Gamma-Strahlen wurde gefun-
den. Eine mogliche Erklarung hierfiir basiert auf dem Bruch einer Peccei-Quinn U(1)
Symmetrie bei héheren Energieskalen. In dieser Arbeit werden Daten des Fermi-LAT
gamma-ray Teleskopes ausgewertet, um anhand der gemessenen Energiespektren nach
Abweichungen von der erwarteten optischen Tiefe zu suchen, und den Parameterraum

der ALPs einzuschrnken.

Fermi-LAT Daten von selektierten galaktischen Pulsaren, deren Sichtlinie die galak-
tischen Arme mit einem groen Winkel zum galaktischen Zentrum (engl. pitch-angle)
kreuzt, wurden analysiert. Das galaktische Magnetfeld folgt der Form der Spiralarme,
so dass eine hohe Photon-ALP- Konversionswahrscheinlichkeit fiir diese Quellen er-
wartet werden kann. In einem 9 Jahre umfassenden Fermi-LAT Datensatz der se-
lektierten Quellen wurden mit Photon-ALPs Konversion konsistente spektrale Eigen-
schaften entdeckt. Die kombinierte statistische Signifikanz dieser Analyse betragt 4.6 o.
Aus einer Modellanpassung an alle Daten wurden die wahrscheinlichsten Werte fiir die
Masse m, und die Kopplung g,,, mit m, = (3.6f8:3§§:§: + 0.24yst.) neV und goyy =
(2.3f8:iz§:§: + 0.4gyst.) X 10719 GeV~! bestimmt. In die systematischen Fehler gehen in-
strumentale Effekte, die Skalierung des galaktischen Magnetfeldmodells (20-40%) und
Unsicherheiten der Distanzen einzelner Quellen ein. Die Methode wurde verbessert,
indem existierende galaktische und intergalaktische Magnetfeldmodelle mit Hilfe von
Daten des Planck-Satelliten verbessert wurden. Es muss allerdings angemerkt werden,
dass die Magetfeldstruktur, insbesondere fiir Quellen im inneren Bereich der Galaxie,
nicht gut bekannt ist. Ausserdem ist der wichtige Offnungswinkel der Spiralarme nicht
gut eingeschriankt. Interessanterweise passt die ALP-Hypothese auch zu den Daten,

wenn andere galaktische Magnetfeldmodelle verwendet werden.

vi
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Zustzlich wurde eine hnliche Studie mit ausgewé&hlten, hellen Quellen innerhalb und
ausserhalb der Galaktischen Ebene durchgefiithrt. FEinige dieser Quellen zeigen auf
Photon-ALPs Konversion hindeutende spektrale Eigenschaften. Dabei ist es ermuti-
gend festzustellen, dass die spektralen Abweichungen fir unterschiedliche Quellpositio-
nen unterschiedlich stark ausgepragt sind, da die Photonen einer astrophysikalischen

Quelle durch unterschiedliche Magnetfeldstrukturen propagieren.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics has a perfect agreement with the results of
collider and the other particle physics experiment, but astrophysical observations show
us that the SM only describes 15% of the matter in the universe. Multiple observations at
different scales are consistent with the presence of a massive population of non-luminous
particles. This type of particle is called dark matter (DM) which makes up a significant
fraction nearly 80% of matter of the universe. Although DM has a profound impact in
the structure formation in the Universe, the nature of it is unknown until today. The
search for dark matter is performed with particle collider experiments, ground-based

telescopes and satellites with the method of either direct or indirect detection.

1.1 Indication for dark matter

The earliest indication of presence of dark matter came from the velocity dispersions of
galaxies within clusters. Zwicky (1933) noticed that the outer members of the Coma
cluster were moving far too quickly which hardly could accomplish the gravitational
potential of the visible cluster mass. Subsequently, scientists probed the rotation curves
of spiral galaxies in galaxy clusters [1, 2] revealing that the nature of the rotation curve
must be much more flat due to much larger mass component to be present than the

visible one (see figure 1.1).

The rotation curve of a galaxy can be computed with the Newtonian mechanics describes

as,
2

muv mM

—=G—, 1.1

r r2 (1.1)

where, r is the distance from the center of the galaxy, v is the velocity at radius r, M is

the mass involved in the center and m is the mass at the point of measurement. From

1
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FIGURE 1.1: The observed rotation curve of the spiral NGC 6503 and the solid line
would predict rotation velocities as a function from the distance from the center of the
galaxy. The dashed and dotted lines are the rotational velocity as theoretically expected
from the inherent gas and disc. The fact that the solid is flatter than predicted suggests
the presence of a halo of dark matter, extending to large galactic radius (source: [3]).

the eq. 1.1, the velocity at the radius r is written as,

v=1/— (1.2)

Apparently, the core of the galaxy has the majority of the galactic mass. From eq. 1.2,
the velocity at larger distance to the core would decrease according to v ~ /2. On the
contrary, the velocity is found to be constant as it crosses the larger distance from the
core. This phenomenon indicates the presence of an additional halo of dark matter, far

more extended than the observed stellar disk.

From the X-ray intensity distribution, one can also estimate the amount of hot gas
present in the cluster (see figure 1.2). The hot-gas region with temperature of ~ 107 —10%
K radiates in X-ray wavelength. From modeling the galaxies, one can estimate the mass
in the stellar objects. From the observation, it has been probed that the hot gas is the

dominant baryonic mass by a large factor [4, 5]. Observation from the elliptical galaxy
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FI1GURE 1.2: The Bullet Cluster, in a composite image with optical light from Magellan

and Hubble Space Telescope and X-ray light from Chandra X-ray Observatory. The

concentration of mass was determined with weak gravitational lensing. In this image,

the baryonic matter is shown in pink and the blue part can be well interpreted as

DM. (source: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI;

Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScl; ESO WFI; Magel-
lan/U.Arizona/D.Clowe et al.).

MST7 reveals that the baryonic mass in the Galaxy is comparatively less than that of the
hot gas [6].

Dark matter appears neither emitting nor reflecting any form of light. However, it defi-
nitely interacts through gravity, and has played the most important role in shaping the
Universe at large scales. The most successful technique with which to investigate it has
so far been the effect of gravitational lensing.The effects can be classified as strong lens-
ing, weak lensing and micro lensing. The curvature of space-time near any gravitating
mass (including dark matter) deflects passing rays of light - observably shifting, distort-
ing and magnifying the images of background galaxies. Distant clusters lensed by closer
ones show the evidence of extensive gravitational lensing, far more than can be explained

by the observed distribution of luminous matter in the foreground cluster [7, 8.

Observations of the anisotropies of the cosmic microwave background (CMB) [9], the
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large scale structure of galaxies strengthen the cosmological evidence of the DM hypoth-
esis. The galactic superstructure reflects the nature of gravitational clustering of matter
since the Big Bang to the expansion of the Universe. If dark matter were present dur-
ing structure formation, it should have influenced the pattern of large-scale structure,
which can be derived with N-body simulations. Redshifts from far away galaxies provide
the information of the expansion of the universe. The fluctuations of CMB has been
observed with large scale surveys as, COBE (the Cosmic Background Explorer [10]);
WMAP [11, 12].

1.2 Dark matter candidates

The structure formation of Galaxy refers the DM to be hot or cold [13]. Hot dark
matter corresponds to the ultra-relativistic particles, while the cold dark matter makes
with slow-moving particles leads to a bottom-up structure formation. A successful dark
matter candidate should be electrically neutral and its self-interactions should be small,
since dark matter is essentially collisionless. It also should be stable for very long lifetime.
Mainly the dark matter particle can be based on the theory of physics beyond standard
model (BSM). The possible candidates are described below:

1.2.1 Thermal relics

The most popular dark matter candidates are Weakly Interacting Massive Particles
(WIMPs) which interacts with SM fields only via the weak nuclear force, making them
non-baryonic and electrically neutral by definition. These are thermally produced in the
early Universe with masses at the TeV scale could naturally account for the observational
evidences and their high mass ensures that they are sufficiently non-relativistic in order
to accomplish structure formation. The density of WIMP (€2;) , when they fall out of

thermal equilibrium with the hot plasma describes as [14],

0.1pb
oAV

Q.h% ~ (1.3)

where, o 4 is the self-annihilation cross-section. Eq. 1.3 shows that larger self-annihilation
cross-sections cause the particle to freeze out later, and so exhibit a lower relic density.
In case, the WIMP poses to be self- annihilating, they can produce gamma-rays in course
and that could lead to a detection with satellite or ground based gamma-ray telescopes.
An indication of a line-like gamma-ray signal has been found in case of Fermi-LAT data
for 130 GeV mass range [15], whereas, experimental efforts to detect WIMPs has failed

to probe the evidence of supersymmetry [16].
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1.2.2 Non-thermal relics

A new light neutral pseudo-scalar boson could be also a probable candidate for the
DM. It comes to existence when the U(1) symmetry is spontaneously broken, which
produces a massless particle with no spin, known as a Nambu-Goldstone boson. Despite
of the smallness of their masses and couplings, for the most part these scalar or pseudo-
scalar particles are actually linked to physics at extremely high-energy scales, largely
beyond the reach of super-colliders. Another widely-discussed example are the axion-like

particles (ALPs), which can occur in a number of SM extensions.

Strong CP problem and the axions Several extensions of the standard model(SM)
for particle physics predict the existence of ultra-light pseudo scalar bosons with masses
in the sub-eV range [17]. A well-known example of this is the axion, which explains
the absence of CP violation in strong interaction [18-20]. The CP violating term which

takes care of symmetries in the SM describes as,

2
J=Y Sgwg G" Gy (1.4)
Where, G* is the gluon field strength tensor, g is the strong coupling constant and the
dual gluon field strength tensor CNJW = %ewango‘ﬁ . €uwap is the antisymmetric Levi-
Civita symbol in four dimensional Minkowski space. the # term in the eq. 1.4 manages
the symmetries in quantum chromodynamics (QCD), but violates time reversal (T) and
parity (P), while conserving charge conjugation (C) and thus violates CP. It can be
more pronounced introducing the 6 term in the neutron electric dipole moment (EDM)

describes as, [21, 22],
etdmy

2
mpy

dp ~ ~ 10" %0ecm (1.5)

where, m, is the quark mass and m,, is the neutron mass. It is important to note that,
CP violation disappears if either the § term vanishes or m, to be zero. However, null

measurements of the neutron electric dipole moment constrain the 6 term to be:
0<1077. (1.6)
Again, the weak interaction can modify the CP violating term as:
0 — 6 + arg det M. (1.7)

where, M is the quark Yukawa matrix. It should be noted that if at least one quark is
massless the problem disappears. Indeed, if there is no mass term, we can perform a

chiral rotation on the massless quark to compensate all the other contributions. Well,
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from lattice QCD, the ratio % ~ 0.5 [23] has been profoundly established, the CP

problem still remains there.

An inevitable solution to this strong CP problem is to introduce a global chiral U(1) sym-
metry, which is spontaneously broken (invented by Pecci and Quinn in 1977[ref]). The
QCD chiral anomaly causes a non-perturbative explicit breaking of U(1)pg , generating
a potential for the axion. The axion is therefore a naturally light pseudo-Goldstone bo-
son. In order to be anomalous, U(1)pg has to be chiral. At low energies, the Lagrangian

for the strong interaction in QCD written as,

93 s 1 w a gg LV A
L= 055G G + 50000 a+ €25 G G (1.8)

a

Where, i is the phase of the scalar field and there is a discrete shift symmetry a —
a+ 27 f, even after explicit breaking, where f, is known as axion decay constant. In the

eq. 1.8, the last term corresponds to the anomaly associated to U(1)pq written as,

2
9s VA
Oudpg = €393 G G, (1.9)

The coefficient of G éW term in the eq. 1.8 becomes,

P W ey (1.10)
fa ) 3272 i '

This coefficient is responsible for the effective potential for the axion field and the min-
imum potential counts at a= —Of?“ and the coefficient turns as for the physical field
(CLI =a-— C_L),

a g2 -

- GG 1.11

fa 3271'2 J2278] ( )

which no longer contains f-term and the Lagrangian (see eq. 1.8) is effectively 6-term
free. This is the solution to the strong CP problem is derived by the Vafa-Witten
Theorem. In parity-conserving vector-like theories such as QCD, parity conservation is
not spontaneously broken [24]. Equivalently, in such theories, dynamical parity violating

terms have zero vacuum expectation value.

The additional spontaneously broken Peccei-Quinn symmetry gives rise to a pseudo
Nambu-Goldstone boson e.g. axion. The mass term comes for an axion with the mixing

between ¥ and 7 meson,

. \/E fﬂmﬂ
Mg = )
1+ z fpg/N

(1.12)

where, z is the ratio of u-quark and d-quark masses (z~0.5) and N is an integer which

denotes the axion color anomaly of the PQ symmetry. Using the values of f; = 92 MeV



Introduction 7

and mm = 135 MeV, the axion mass comes as,

(1.13)

9
My = 6MeV (10 Gev)

Jfa

In the presence of an external magnetic field, axions can couple to two photons [25, 26].

The effective Lagrangian of the photon-axion coupling writes as:

1 =~ — —
LD —ZgaWFWF”’”a = gayy I - Ba, (1.14)

where, a is the axion-like field with mass m,, F},, is the electromagnetic field-strength
tensor, FM = %EWWF P9 is its dual field, gq is the photon-axion coupling constant
which ensures the possibility of oscillations between photon and axion states in external
transversal magnetic fields [26, 27]. For the axions, g4~ is related to the axion mass
(mg), through the fundamental energy scale (f,) at which Peccei-Quinn symmetry is

broken.

1.3 Axion-like particles

The most relevant axion direct searches try to follow the two-photon coupling. the
axion being very weekly coupled for the allowed range of f,, it is difficult to probe [25].
Therefore, the particles that could couple to two photons even in low energies are Axion
like particles (ALPs). ALPs are predicted by several string theory motivated extensions
of SM [28-32]. They are not anymore related to the strong CP problem but they could
couple to the photons as expressed in Eq 1.1. ALPs mostly share the similar kind
of physics to anions. Contrary to axions, mass and coupling constant of ALPs are

completely independent to each other.

1.4 Photon-ALPs conversion in the magnetic field

Photon-ALPs mixing occurring in the presence of external magnetic field B can be
described by the Lagrangian:
L=Ly+ L+ Loy (1.15)

where,£,, is the Euler-Heisenberg effective Lagrangian for one-loop corrections to clas-
sical electrodynamic and £, is the Lagrangian for ALPS which contains the kinetic and
mass term describes as:

L, = %6“@6“(1 — %m2a2 (1.16)



Introduction 3

For a monochromatic photon/ALPs beam of energy E propagating along x3 direction in
a cold ionized and homogeneous magnetic medium, it can be shown that the Lagrangian

for relativistic ALPs and polarized photons leads to the Schrédinger-like equation of

motion:
p Aq(x3)
dxs
a(rs3)

where A;(x3) and Ay(x3) represent the photon linear polarization amplitude along the
x1 and x9 axes respectively and a(x3) denotes the ALPs intensity. the mixing matrix
My gets simplified if we restrict B to be homogeneous. Let’s assume Br to be the
transversal magnetic field. If Bp is chosen to lie along xo direction, the mixing matrix

can be written as,

AL 0 O
Mo=1 0 A Au (1.18)
0 Au A,

The matrix elements accounts for A = Ay +7/2AqEp, AL = Ay +7/28¢ED, Ay =
gayBr/2 and A, = —m2/2E, where m, is the ALPs mass. The term Ay = —wy;/(2F)
accounts for plasma effects where wy,; is the plasma frequency of the medium of the
electron density of the medium n. as w, ~ 3.69 X 10_11\/W€V. The QED
vacuum birefringence effect is included in Aggp o B%. If the photons are lost as a
result of the interaction with the extragalactic background light (EBL), the terms A |
are modified to include a complex absorption term Ay — Ay + i(205 Ip ), where
Ay IP is the mean free path for the photons which undergo through the pair production
process. If one neglects, the birefringence effect, it can be shown that the photon ALPs

oscillation become maximal and independent of the energy E and ALPs massm, for

energies above the critical energy described by the equation,

Aa - A a 2 ! a !
plBa— Al 500G6V< m ) (BT) (gw> (1.19)

Eorit = -
! 20, neV/) \uG 5x10-11

where, m,, is here the axion mass, Br is the critical magnetic field and g4+, is the photon-
ALPs coupling in unit of GeV ~!. Different high-energy astrophysical phenomena offer a
way to test the ALPs hypothesis, through the efficient photon-ALPs mixing in external
magnetic fields in the intergalactic medium. The photon-ALPs mixing is efficient at
energies larger than the critical photon energy described in the eq. 1.19 [33]. Two
possibilities can happen in the basis of critical energy. Firstly, in the high energy limit,
where Energy (E) > E., the photon-ALPs conversion probability becomes maximal and
energy-independent. In this case, we can expect an attenuation in the photon-flux due

to the photons to ALPs conversion in large-scale intergalactic magnetic fields [34, 35].
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On the other hand, for the low-energy limit, where E < E,, the photon-ALPs mixing is
small and we can expect energy dependent photon-ALPs oscillation [36]. If one ignores a
possible optical activity the lower part of the mixing matrix My (see eq. 1.18) becomes

a 2X2 mixing matrix with the form,

Ay A,
My =1 Ty (1.20)
Aoy A,

The matrix is made diagonal by a rotation about an angle,

1 A,

—tan2 = —1— 1.21

2 T A S AL (1.21)
In analogy to neutrino oscillations, the probability for an axion to convert into a photon

after traveling a distance | in a trans- verse magnetic field is,
) .92 1
Pas, = sin“(20) sin (§Aosc1), (1.22)

2
where AZ,

c= (4= Ay)? + Ag,y and the oscillation length lose = 27m/Aysc. For large

scale magnetic fields, the oscillation length is given as [37],

By - Ja -

which implies that, for typical parameters in the Galaxy, oscillations can be relevant on

Galactic scales at GeV energies.

1.4.1 Appearance channel

The phenomenon for the conversion of photons to ALPs and back to photon i.e. photon
appearance can follow an attenuation in higher energy for the survival probability of
photons. As for observational aspects, very high energy gamma-rays from distant ex-
tragalactic sources are attenuated due to the pair production of ete™ originated from
scattering in the extragalactic background light (EBL) [38]. The opacity of the Universe
should depend on the distance to the source. In the last decades, observational searches
for distant gamma-ray sources with ground-based gamma-ray Imaging Cherenkov Tele-
scopes have revealed that the universe is more transparent than it was expected [39, 40].
In the first study of anomalous transparency, it was probed that the spectral features
at the transition from optically thick to optically thin region deviate by 4.20 [40] while
the systematics cannot describe this effect. This anomalous transparency of the uni-
verse can be explained in the realm of photon-ALPs mixing. In the context of appear-

ance channel, during propagation in the intergalactic medium with a magnetic field of
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nG, photon-ALPs mixing is consistent with ALPs mass m, < peV and photon-ALPs
coupling constant~ 1071'GeV ! [41-45]. With a large sample of very high energy
(VHE) gamma-ray spectra, lower limit on photon-ALPs coupling has been set to be
Jaryy > 2 x 10712GeV ! in large scale magnetic fields [46).

The predicted attenuation is visible in the spectra until at very high energy, the back-
conversion of ALPs may detect and dominate over the absorption process. Based on the
physics of the appearance channel, observational studies from SN 1987A has been able
to put constraint in photon-ALPs parameter space [47]. In a core- collapse supernova,
ALPs are expected to be produced with Primakoff effect and in the magnetic field of our
Galaxy, they can be converted to photons. This mechanism is used to constrain the gqy-
from the lack of the gamma-ray signal detected with gamma-Ray Spectrometer(GRS)
while SN1987A exploded.

Another search of appearance channel of photons with the help of the Fermi-LAT data
from BL Lac type of objects exhibits that the ALPs mass and the coupling range are
consistent to the TeV transparency results of ALPs [48]. The appearance channel is way
more sensitive as long as the photon-ALPs mixing is concerned. The reconversion of

photons depends on the Galactic magnetic field as well as the direction to the source.

1.4.2 Disappearance channel

On the other hand, the reconversion of ALPs to photon opens up a possibility to look into
the disappearance channel. The probability to convert the photons to ALPs state in the
Galactic magnetic field makes an energy dependent suppression in photon flux that can
lead to a strong mixing regime. From equation 1.6, it is obvious that the astrophysical
sources with a distance in kpc range, Galactic transversal magnetic field of order uG ,
photon-ALPs coupling constant in units of 107" GeV ~! and ALPs mass in neV requires
the resultant critical energy to observe spectral features of the disappearance channel to
be in MeV to GeV range. Several observational results e.g. HESS results from BL Lac
object PKS 2155-304 [49], Fermi-LAT collaboration results of the gamma-ray spectrum
from NGC1275 [50] have looked into the disappearance channel and constrained the

parameter space that is sensitive to ALPs.

In this thesis, we also investigate photon-ALPs oscillation features in the disappearance
channel. We take Fermi-LAT data for bright gamma-ray astrophysical Galactic plane
or non-Galactic plane and we look for significant spectral irregularities that might be
induced by photon-ALPs oscillations in the regular Galactic magnetic field. In order to

look for photon-ALPs oscillations we need to concentrate in lower energy part of the
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Ficure 1.3: Change in photon intensity and ALPs intensity with the change of
transversal component of Galactic magnetic field. The green line corresponds to the
transversal magnetic field, red line describes the relative photon intensity while the blue
line gives the relative ALPs intensity. Photon intensity(l,) and ALPs intensity I, )
together makes the total intensity (Ip), that is unity. The horizontal axis represent the
distance to the source in kpc range. In the figure it is obvious that with the decrease
in photon intensity, ALPs intensity increases.

spectra where irregularities can be expected as a result of mixing. Figure 1.3 is an ex-

ample of photon-ALPs oscillation in the Galactic transversal magnetic field. During the

photon propagation, over high transversal magnetic field domain, the photon intensity

decreases and axion intensity increases. On the other hand, lower Galactic magnetic

field intensity makes ALPs reconverted to photons.

1.5 ALPs detection and current limits on ALPs contour

Due to the photon-ALPs coupling, ALPs can play an important role in astrophysical

observations. However, the observations with space based and ground based gamma-ray

telescopes as well as experimental searches for ALPs have been able to limit the hints

and exclusions in photon-ALPs parameter space (see figure 1.4).



Introduction 12

In the context of explaining anomalous transparency of the Universe with photon-ALPs
oscillations, one requires an ultra-light ALP which couples to two photons with the
coupling constant g,y > 2 X 10712GeV " and m, < 10~7eV. The parameter space
where photon-ALPs mixing would affect cosmic transparency has been constrained by
observational searches from SN 1987A with a bound g,y < 5 X 107 2GeV ! and m, <
10~ 1%V [47]. Observation by the Fermi-LAT collaboration of the gamma-ray spectrum
from NGC1275 has set a mass range of 0.5 < m, < 5 neV of non photon-ALPs mixing
region [50]. HESS observational results from BL Lac object PKS 2155-304 has also
constrained ggyy < 2.1 x 1071 GeV ™! and 15 < m, < 60 neV [49]. Apart from ~-ray
observations, X-ray data of NGC 1275 has been able to place constraints on ALPs-photon
parameter gg,, < 1.4 —4 x 1072GeV ™! for m, < 10712 eV [51, 52].

A sizable part of the favored region in axion and ALP parameter space can be explored
with the current and next generation of experimental searches based on axion or photon-
ALP oscillations in the external magnetic fields. Helioscopes aim to detect solar axions
and ALPs produced by their conversion into photons inside of a strong magnet pointing
towards the Sun [53, 54]. The CERN Axion Solar Telescope (CAST) experiment sets
currently the helioscope limits to be 6.6 x 107 11GeV~! [55]. The International Axion
Observatory (IAXO) is a new generation axion helioscope aiming at a sensitivity to the
axion-photon coupling of a few 10'2GeV~! [56, 57]. This is of the orders of magnitude
beyond the limit currently achieved by CAST. IAXO will follow a toroidal design for
the magnet, together with X-ray optics and detectors attached to each of the magnet
bores [58].

Again, light shining through wall (LSW) experiments aim both for production and
detection of axions and ALPs in the laboratory. The idea behind the experiment is that
laser photons is allowed to be sent along a strong magnetic field which makes the photons
to convert into axions or ALPs towards a blocking wall. Later on, behind the wall the
axions may then reconvert, again in a strong magnetic field, into photons which can
reach to the detection level. In the figure 1.2, the light-green region labeled as ’ALPS
IT" will be explored by second generation ALPS experiment.

The Axion Dark Matter eXperiment (ADMX) collaboration designed an experiment
with the goal to reach KSVZ axions saturating our galactic halo, whose local density
would be p, ~ 0.45GeV/cm3. ADMX detects axions by their stimulated conversion into
microwave photons in a high Q cavity permeated by a large magnetic field. In the plot
1.2, the parameter space in red color which is sensitive to the ADMX experiment has
been labeled as ADMX.
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FIGURE 1.4: The current limit on ALP parameters space from the article from Fermi

collaboration [50]. The constraints are shown in different shades of red while the hints

and the next generation experimental sensitivity areas are shown in different shades of
greens. The QCD axion is shown as a gray shaded band and solid black.

1.6 Fermi large area telescope

The Fermi gamma ray space telescope is an imaging, very high energy gamma-ray tele-
scope which studies the gamma-rays astrophysical phenomenon in the energy range of
100 MeV to more than 300 GeV (see figure 1.5). This international and multi-agency
space mission consists of a large area telescope (LAT) and a gamma-ray burst moni-
tor (GBM). The Fermi LAT is an imaging gamma-ray telescope which has much larger
collection area, angular resolution and wider field of view. With its very large field of
view, the LAT covers about 20% of the sky at any given moment. In sky-survey mode,
which is the primary observing mode, the LAT will cover the entire sky every three
hours. GBM has a field of view several times larger than the LAT and provides spectral
coverage of gamma-ray bursts that extends from the lower limit of the LAT down to 10

keV.
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1.6.1 Fermi LAT instruments

The LAT instrument consists of a converter tracker, a calorimeter and an anti-coincidence

detector [59] (see figure 1.5).

Tracker The Tracker has 16 tracker modules of high-Z material where gamma-rays
can create eTe™ pairs [59]. Each of the modules has 18 tracking planes (x-y tracking
planes) and each of the tracking planes consists of two layers of single sided silicon strip
detectors. The silicon strip detectors are interleaved between thin planes of tungsten

which serve the purpose of converting material.

Calorimeter The LAT calorimeter serves a dual purpose: 1. measuring the energy
deposition of incoming particle shower produced from incoming gamma-rays and 2.
distinguishing the cosmic background from electromagnetic shower profile [59]. Each
calorimeter module consists of 96 thallium-doped Csl crystals with a size of 2.7 cm X
2.0 cm x 32.6 cm. The crystals are separated from each other and arranged into 8 layers
of 12 crystals. The total vertical depth of the calorimeter is 8.6 radiation length whereas

the total instrument has the depth of 10.1 radiation lengths.

Anticoincidence detector (ACD) The Anticoincidence detector allows the photons
to enter into the LAT, rejecting the background particles [59]. For serving the purpose
of a shield, the ACD needs to have a very high detection efficiency for charged particles
and to minimize the “backsplash” effect. The “backsplash” effect is created due to the
generation of secondary particles (i.e. 1001000 keV photons) from HE events (typically
> 1 GeV) as a result of Compton scattering within the ACD. To minimize the false the
“backsplash” effect, the anti-coincidence detector is made up of 89 segmented plastic
scintillators which is arranged in a 5 x barray on the top and 4 x 4 arrays in every

sides.

Data acquisition system (DAQ) The data acquisition system is one of the integral
part of the LAT. It can collect data from the other sections of LAT instrument i.e. from
the tracker, the calorimeter, and the ACD and implement multi-level event trigger. The

DAQ consists of very high level electronics and microprocessor.

1.6.2 Fermi LAT performance

Event reconstruction, analysis and classification Fermi-LAT is located in 565-km
altitude with the inclination angle of 25.6° and an orbital period of 96 minutes [59].
With its high instrument properties, LAT is able to reject 99.999% of signals generated

from cosmic rays. If several hits are occurring in the tracker, an event is recorded.
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electron-positron pair

FIGURE 1.5: Left: The Fermi satellite in the sky. Image credit: NASA’s Fermi official
website. Right: The internal view of the LAT detector. It consists of the tracker, the
calorimeter and the anti-coincidence detector [59)].

Depending on the information about signals in the individual tracker, pattern based
recognition technique and fitting algorithms are used to reconstruct the track [60]. Af-
ter the track reconstruction, vertex solutions between two tracks are calculated retaining
the full covariance matrix of each track. The event filtering is done with different filter-
ing algorithms (e.g. the GAMMA filter, the HIP filter, the DIAGNOSTIC filter. [60]).
Apart from this, the calorimeter information is needed to improve the directional accu-
racy of the reconstructed tracks which probes the direction of the incoming ~-ray. To
estimate the energy, three algorithms are used: a parametric correction (PC), a fit to the
longitudinal and transverse shower profile (SP) and a maximum likelihood (LH) method
which is based on correlations between the total deposited energy in the calorimeter
and the number of hits in the track (see [60] section 3.2). The LH method is only
valid for the events up to 300 GeV and SP method is used energies beyond 1 GeV. For
each event, the output from tracker, calorimeter and ACD is studied and optimized with
Monte-Carlo simulations. The event energy is determined with a classification tree (CT)
analysis which gives the best estimation of energy (see [60] section 3.3). For background

CR rejection, the event has to pass through several filters. The background separated
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events are associated with the event classes that range from transient (high statistics

but potentially high CR contamination) to ultra clean (high purity but low statistics).

P8 Improvements The full performance was first evaluated based on full Monte-Carlo
simulations of the detector response and later updated via on-orbit measurements. For
high-level science analysis, the performance can be summarized on the basis of three

components : effective area, PSF and energy dispersion.

Effective Area The LAT effective area is essentially a measure of how efficiently ~-
rays can be detected with the LAT at a given energy. It is derived with high statistics
MC simulations and the simulation data is compared with the flight data to correct
the effective area (see [60] section 5). Effective area of the LAT is expressed in terms
energy and the direction of the incident gamma-ray in the instrument frame [60]. The

MC simulated effective area is modified for ghost events and live time fraction.

Point Spread Function The PSF describes the shape of the image produced by a
delta function for the point source on the detector. The LAT uses a King-profile to
parametrize the PSF (see [60], section 6.). One can quantify the PSF by the containment
radius of the distribution of the incoming v-rays, which is usually expressed in degrees.
In gamma-ray telescopes with solid state detectors, the main cause of the spreading of
the PSF is the Coulomb multiple Scattering. In the 95% containment radius for events,
PSF varies with energy and amounts to 10° at 100 MeV due to multiple scattering

which makes the track reconstruction very difficult at these energies.

Energy Dispersion The energy dispersion measurement for LAT instrument plays a
crucial role for searching spectral features. It denotes the spread of reconstructed energy
around true energy. The reconstructed energy distribution is not symmetric over true
energy, because of the distribution of shower in the calorimeter. The energy resolution is
defined as the full-width of the energy window at 68% containment (see [60], section 7.)

and it depends on the actual energy and incidence angle of the electromagnetic shower.

1.7 Fermi data analysis with science tools

Data analysis technique with Fermi-LAT science tool, for the astrophysical sources has
been discussed in this chapter. We use eight and half years of Fermi-LAT Pass 8 data
of the Galactic plane and non-Galactic plane sources. We briefly convey the Fermi-
LAT instrumental description and their functionality below as well as the data analysis
technique with the science tools. We also comment on the derivation of systematic

uncertainty related to the flux calculation in this chapter. Finally, we describe the
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spectral modeling and the y? fitting to the derived flux points, so that we can conclude

on goodness of fit.

In this section, the method is illustrated for the detection, flux determination and spec-
tral modeling of the Fermi LAT sources. The spectrum results that we show in this
thesis are obtained via a binned likelihood analysis performed with the Fermi-LAT Sci-
ence tools software package version v10rOp5!. Data for the astrophysical sources for

particular time periods can be obtained from LAT data server?

. For a shorter period
of dataset, it is better to use unbinned analysis, while for binned analysis longer period
of dataset is relevant. For the analysis, an event file, a spacecraft data and the current
background models are required. Fermi-LAT ScienceTools software contains a list of
sciencetools which are used for solving particular purposes. After extracting the data,
we use gtselect tool to cut on the event class, keeping only the SOURCE class events
(event class 128) and event type 3 (front and back conversion type together). After
the data selection is made, we need to take the good time intervals (GTI) in which the
satellite was working in standard data taking mode and the data quality was good. For
this task we use gtmktime to select GTIs by filtering on information provided in the
spacecraft file. This tool helps to exclude the time periods when some spacecraft event
has affected the quality of the data. For creating countsmap of the region of interest we

use the gtbin tool with the option CMAP. We choose a region of interest of 15 degrees

with a pixel size of 0.1 degree/pixel and to create the counts map we use gtbin tool.

To take into account the diffused galactic and the extragalactic isotropic diffuse emission
scenario we use gll_iem_v06.fits and iso_.P8R2_.SOURCE_V6_v06.txt> models respectively.
Nextly, we created a source model XML file. The model file contains our best guess at the
locations and spectral forms for the sources within 15° ROI to the targeted point source.
The LAT instrument response functions depend on the angle between the direction to
a source and the instrument z-axis, which is referred as ‘off-axis angle’. The livetimes
of the number of counts are calculated as a function of the three dimensional space
comprising the sky position and ‘off-axis angle’. Using the spacecraft file gtltcube tool
creates a livetime cube, which is a HealPix table, covering the entire sky. We use
gtexpcube2 tool to generate a set of exposure maps for different energies from a livetime
cube. Next,gtsrcmaps science tool convolves the components that comprise specified
source model with the instrument response for a given observation. It takes each source
spectrum in the XML model, multiplies it by the exposure at the source position, and
convolves that exposure with the effective PSF. The output with a FITS data structure

contains one table extension for each source of the xml model.

"https://fermi.gsfc.nasa.gov /ssc/data/analysis/software/
*https:/ /fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT /LATDataQuery.cgi
3https:/ /fermi.gsfc.nasa.gov /ssc/data/access/lat /BackgroundModels.html
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Finally, we run gtlike science tool to perform a binned likelihood analysis of the LAT
data. The likelihood statistic is the probability of obtaining observational data for
a given input model. In our case, the input model is the distribution of gamma-ray
sources on the sky, and includes their intensity and spectra. gtlike provides as output
the TS and the predicted number of counts, and the spectral parameters (Normalization
factor, the spectral index, cut off energy etc. depending on the spectral model) for each

source reported in the source model file.

1.8 Astrophysical sources of high energy ~-rays

In this thesis, we discussed about gamma-ray spectrum from different types of astrophys-
ical sources such as: pulsars, active galactic nuclei (AGN), blazar etc. With advanced
technology, it has been easy to observe these astrophysical sources in the very high en-
ergy (VHE) regime. Most of the sources we analyzed are pulsars, which are present
in our Galaxy and outside the Galaxy as well. Here we discuss about the sources as

following;:

1.8.1 Pulsar

Most of the sources we analyzed are pulsars, which are present in our Galaxy and
outside the Galaxy as well. The magnetic axis of pulsars is inclined with respect to
the rotational axis. Thus, for an observer with a line of sight close to the magnetic
axis, the emission appears to be pulsating. Its period is very much stable over time and
sometimes to be rapidly rotating which are called millisecond pulsar with a rotational
period of 1-10 millisecond .The electromagnetic radiation emitted by pulsars is taken
from the rotational energy of the neutron star which can go up to the order of 10%° J.
The extreme physical conditions of pulsars along with their high pulse stability make

them very interesting objects for a wide field of astrophysics.

Two astronomers, Baade & Zwicky, in 1934, proposed that during Supernova explosions
small, extremely dense objects could be created in the center of the exploding star.
Regarding the identification of pulsars, these are the fast rotating neutron star which
are born out of an explosion of massive stars with a mass > 8Mg. Created in the
collapse of the stars core, neutron stars are the most compact objects next to black
holes. As a consequence of the conservation of angular momentum and magnetic flux of
the progenitor star, pulsars gain their small rotational periods and huge magnetic fields.
From the observations, it has been confirmed that pulsars must be highly magnetized

and most of the electromagnetic radiation takes the form of low frequency magnetic
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FIGURE 1.6: Electrons are trapped and accelerated along the magnetic field lines of the

pulsar and emit electromagnetic radiation via the synchrotron-curvature mechanism.

Vacuum gaps or vacuum regions occur at the polar cap and the outer gap region is
close to the light cylinder [61].

dipole radiation. The power emitted by a rotating magnetic dipole is given by,

. B£R6§24sin2a
) D A — (1.24)
6¢c3

where, Q= 27 /P is the angular frequency, B, is the magnetic field strength at a pole on
the pulsar surface, « is the angle between rotational and magnetic axes and lastly, R is
the pulsar radius. The spin frequency evolution also predicts the evolution of the spin

period and the characteristic age (7) of the pulsar given by,

T = (n—Pl)P (1.25)

where, n is the breaking index and at n=3, 7 becomes £

2P°

There are presently about 200 pulsars known. The vast majority are seen only in radio,
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but the numbers detected at optical, X-ray and gamma-ray wavelengths are growing.
Pulsar population are divided into two categories: normal pulsars (spin periods in the
range of 0.1s to 1s) and millisecond pulsars (period at the order of millisecond and oldest
pulsar population of ages 10! yrs). The properties of millisecond pulsars and X-ray
binaries show that 90% of all millisecond pulsars are in a binary orbit while this is true

for only less than 1% of the normal pulsars [62]

Pulsed emission from ~-ray pulsars originates inside the magnetosphere (see figure 1.6),
from the radiation of the charged particles near the magnetic poles or from the outer gap.
Polar cap model for pulsar emission suggests about particle acceleration and radiation
near the pulsar surface at the magnetic poles [63]. In this model, the high energy
spectrum is cut-off by magnetic pair production above magnetic field strength dependent
energy. Although the electric field parallel to the magnetic field is zero at the surface, the
space-charge from the free emission falls below the co-rotation charge along open field
lines and this electric field above the magnetic poles accelerate particles which radiate
photons via inverse Compton scattering (ICS) process. The emitted photons produce
electron-positron pairs in the strong magnetic field and as a result, super-exponential
energy cutoff in the emission spectrum is expected at several GeV [64]. In the outer gap
model, very high energy spectrum turnover around 10 GeV has been explained. This
model assumes that the particle acceleration occurs in the outer magnetosphere [65].
Contrary, to the polar cap model, an ICS peak at some TeV arise due to charges escaping
from the light cylinder along open field lines above the null charge surface. In [65, 66], it
has shown that the emission can only take place from one pole. In this model, photon-
photon pair production can take place in the outer gap along null charge surfaces. The
photons in turn are generated by cosmic rays of primary particles or ICS of primary
particles with infra-red photons. In the very high energy spectrum, the ICS contribution
at 100 GeV energy is a result of comparatively lower magnetic field in the outer gap

area than the pulsar surface.

1.8.2 Active galactic nuclei

Galaxies can be classified according to different physical properties, like mass, size,
morphology, color, age of the stellar populations, nuclear activity. An active galactic
nuclei is the compact region at the center of the galaxy e.g. Seyfert galaxies and quasars.
Seyfert galaxies are very luminous active galaxies, and distant and bright sources of
electromagnetic radiation, with strong, high-ionization spectral emission lines. Quasars
(quasi-stellar objects) are extremely luminous and were first identified as being high
redshift sources of electromagnetic energy, including radio waves and visible light, that

were point-like, similar to stars. AGN comprises the luminosity of 102 times of solar
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FIGURE 1.7: An unified model of AGN. It consists of a central black hole surrounded

by an accretion disk. The arrows denote the viewing angle which define the different

categories of AGN. Based on this model, the AGN is classified to be radio-loud source
or radio-quiet galaxies. Picture credit: Urry & Padovani [67], 1995.

luminosity. Any spherically symmetric object which is stable must be gravitationally

bound against being blown apart should satisfy the Eddington condition,
L < Lp=4ncGmyM/op = 1.3 x 103(M/Mg)ergs ™" (1.26)

where, G is the gravitational constant, mp is the proton mass and o is the Thomson

cross section. Eq. 1.26 can be written as in terms of solar luminosity,

L M
< 32x%x10f—. 1.2
L®_3 % 10 AL (1.27)

So the AGN luminosity is to be around 10'2L.. AGNs are the most energetic source

with an accretion disk around a super-massive black hole and jets, originating in the
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nuclear region and collimated by a strong magnetic field, propagate in the medium per-
pendicularly to the galaxy plane (see figure 1.7). According to continuum emission,
AGNs can be categorized into radio-quiet and radio-loud objects. The primary observa-
tional distinctions between the two types are that The radio-loud objects produce large
scale radio jets and lobes, with the kinetic power of the jets being a significant fraction
of the total bolo-metric luminosity and on the other hand, the weak radio ejecta of the
radio-quiet objects are energetically insignificant. While the radio-loud galaxies prefers
to be associated with elliptical galaxies, the radio-quiet are the spiral galaxies [68]. Steep
and flat spectrum radio quasars (FSRQs) associated to the radio-loud counterparts. The
radio-loud objects which shows strong emission lines dominated by a relatively feature-
less non-thermal emission are called BL Lac objects. More generically, if these objects

have the jet axis is close to the line of sight, they are called as blazars.

AGNs produce vy-ray and radio emission, with the strong energetic of the jetted rela-
tivistic outflow being responsible for accelerating particles to the high energies needed

for y-ray production [69].

The aim of this work is to perform a detailed study to determine the features of ALPs.
The first chapter begins with a short reminder on existing ALPs bounds and how they
can play an important role for astrophysical observations. We then quickly move to the
derivation of the mixing of photons with axion-like particles. In chapter 2, we discuss
the photon-ALPs mixing phenomenon occurring in the Galactic plane. We also give
a highlight how the mixing depends on the ALPs parameters. Chapter 3 is contained
with the spectrum analysis of Galactic pulsars and modeling of the gamma-ray spectrum
with ALPs parameters. Chapter 4 and 5 is providing a detailed study of ALPs imprint
on Galactic plane sources and non-Galactic plane sources respectively. Chapter 6 is

focusing on the summary of this work and future prospects.



Chapter 2

Modelling of photon-ALPs

mixing in Galactic magnetic field

Magnetic fields are the major factors in the interstellar medium (ISM) of spiral, barred
and irregular galaxies. It provides enormous pressure that contribute to balance in
the ISM against the gravitation. It also supports in star formation as they enable the
removal of angular momentum from the protostellar cloud via am-bipolar diffusion [70].
Magnetic field plays an important role in distribution of cosmic rays in the ISM, affecting
thermal conduction in galaxy clusters [71]. The magnitude of the Galactic magnetic
field is determined from the intensity of radio synchrotron emission arising from cosmic
ray electrons in the magnetic field. In case of determining the large scale magnetic
field, assumption of the energy equipartition between the energy densities of the total
magnetic field and the total cosmic rays are made. Although the large scale structure
has not yet been clear, radio synchrotron observations of nearby galaxies reveal that
the field orientation are constrained in spiral arms [72]. The equipartition assumption
holds nicely with the large scale structures unlike the small scale structures. The small
scale random field structures come from the diffused polarized radio emission and the

Faraday rotation of the polarized emission from pulsars and background sources [73].

Milky Way’s interstellar medium are relevant to ALP-photon conversion because of
the large scale magnetic field, the free electron density provided by the warm ionized
medium. In this chapter, a brief outlook has been given on Galactic magnetic field.
Also a short highlight on the photon-ALPs mixing imprint on the Galactic plane has
been illustrated. Additionally, we also calculate the photon-survival probability on the
Galactic plane and discuss how the probability depends on the ALPs parameters (ga~,

m,) and photon energy.

23
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Photon Survival Probability

FIGURE 2.1: An all sky map of photon survival probability for photon-ALPs oscillation
in the Milky way. The colormap denotes the survival probability at a distance of 15
kpc, photon-ALPs coupling constant of 9x107'1GeV~! and ALPs mass of 1.5neV.

2.1 Galactic magnetic field

We use the mostly accepted model by Jansson and Farrar [74], based on 40,000 extra-
galactic Faraday rotation measures. The properties of the Milky way’s interstellar

medium are very much relevant for photon-ALPs conversion.

In this model, magnetic field is the sum of most familiar three components : the large

scale regular field, small scale the random field and the straighted field.

1. The coherent field :The large scale coherent field includes three components - a disc
field, a halo field above and below the disc, and an out of plane component.The coherent
field strength varies in the order of few pG. The component of the coherent field has
been described in the appendix (see appendix B).

2. The random field : The random field consists of a superposition of the spiral disc
and a smooth halo component [75] with a random field direction and modelled with 13

free parameters.
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F1cURE 2.2: Photon survival probability as function of the energy for the source PSR
J20214-3651 at a distance on 10 kpc, for goy,= 2.3 x10719GeV~! and m,= 3.54 neV.
The three colored lines correspond to three magnetic field models.

3. The striated field The striated field is an addition to the Jansson and Farrar model
which averages the random field to be zero [75]. The physical motivation to add this
component is local stretching or compression of random magnetic field component. The
striated field has a magnitude 1.25 times of the coherent field with random field direc-

tions.

For our analysis, we take into account the large scale coherent magnetic field and ignore
the small scale field. To observe the photon-ALPs signature in the energy spectrum
derived from the astrophysical sources, large scale field is important. The oscillation
length (see eq. 1.23) for photon-ALPs mixing can be measured in kpc range which is

equivalent to the coherent magnetic field length.
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2.2 Photon propagation through the Galactic magnetic
Field

The basic phenomenology for photon-ALPs mixing in the magnetic field has been dis-
cussed here. Photon-ALPs mixing scenario with a monochromatic beam has been shown
in section 1.4. As in VHE the polarization cannot be measured properly, it is better to
assume for an unpolarized beam of light. If an unpolarized photon beam is involved,

the polarization density matrix becomes [42]:

Ai(z3) .
plas) = | Ao(as) | @ (An(ws)da(ws)aas)) (2.1)
a(x3)
which obeys the Von Neumann-like equation,

cdp
ZCT’E;), = [P7M0]7 (2-2)

associated with eqn. 1.18. This equation can be solved by [42],
p(ws) = T(w3,0)p(0)T" (x3,0). (2.3)
The probability of a photon/ALPs beam from a state p; to a state py at a distance 3

is

Poprspal5) = Tr (paT (2, 0)p1 T (23,0) ). (24)

For general cases, B is not aligned towards the z axis but forms an non-vanishing angle

1 with it. Now the mixing matrix My makes the transformation from M(()O):

M =VI)MV (), (2.5)

Where, the solution of the rotation matrix describes as,

cosyp —sinyy 0
V() = | sin  cosp 0. (2.6)
0 0 1

Now the transfer matrix can be calculated from 2.5,

T (w3,0;) = V()T (23, 0)V (1), (2.7)



Modelling of photon-ALPs mixing in Galactic magnetic Field 27

with an illustrative way,

3

T(ws,0;9) = Y €T (1)) (2.8)

n=1

where, Tp;, can be derived from the following way,

1 0 0
Tp1(0)=10 0 0 (2.9)
0 0 0
0 0 0
To2(0)= |0 sin’a —sinacosa (2.10)
0 —sinacosa cos’a
0 0 0
Tp3(0) =0  cos’a  sinacosa | . (2.11)

0 sinacosa sina

In the above matrices, « denotes the photon-ALPs mixing angle describes as,

~ Lretg (<28 ) = Ll (B (2 (2.12)
@ Qarey Ay — Ay — 2N\ mQ—wgl ' '

Where, m is the ALPs mass, wy, is the plasma frequency, B is the magnetic field. M is

a constant with the form of,

_ 10 fa
M =12x10"% (107GeV) GeV, (2.13)

where, k is a model-dependent parameter and f, stands for the scale at which U(1)pg

symmetry is spontaneously broken.

A photon-ALP system can be described in terms of a three state wave function including
two states of photon polarization and one state of ALP. The angle between magnetic
field (B) and photon momentum is assumed to be 6. As, only the transversal component
of the magnetic field is involved to the coupling between photon and ALPs the effective
magnetic field is to be Bsin.
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F1GURE 2.3: The photon survival probability in photon-ALP oscillations in the Galac-

tic magnetic field. We project the survival probability in the Galactic plane for

a fixed ALPs mass of 3.54 neV and photon energy of 2 GeV. Photon-ALP cou-

pling has been changed as ggy,= 7x10711GeV ™!, 15x107 1 GeV 1, 23x107 1 GeV 1,

40x107 1 GeV~! respectively for the figures from upper left panel. The color scale
corresponds to the survival probability on the Galactic disk.

The probability for an axion to convert into photon after traveling a distance 1 in a

transversal magnetic field is

1
Py = sin’(20) sin2(§Aoscl)

where, A2 = (A — A,)? and the oscillation length comes as 1= (27/Age).

(2.14)
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2.3 Photon survival probability on the Galactic plane.

Photons emitted from the astrophysical sources, while traversing through the large scale
Galactic magnetic field, converts to an ALPs state and again reconvert to the photons.
The photon survival probability across the Milky way is relevant to multiple effects.
The effects can be probed for different photon-ALPs coupling constant, different ALPs
mass and photon energy. The photon survival probability is highly depending on the
magnetic field model of the Milky way although the local magnetic field properties are
quite unknown. We use large scale magnetic field models based on the Faraday rotational
measurements. We highlight the mostly accepted the Milky way field model, Jansson
and Farrar model (see section 2.1). The coherent field component has been illustrated
in the appendix A. An all sky map of photon survival probability for photon-ALPs

oscillation in the Galactic magnetic field has been shown in the figure 4.1.

Additionally, conversion probability maps has been highlighted for pulsar J2021+3651
in the figure 2.2 at a known distance of 10 kpc [76]. Bright objects can be detected
due to expected suppression in the energy spectrum. It is important to note that, the
oscillation can be visible in the lower energy of the photons. This is the reason why in
the previous chapter, we emphasize on the spectral modulation in the lower energy part

(< cutoff energy) of the spectrum for the astrophysical sources.

We note how the ALPs mass (m,), photon-ALPs coupling constant (ga~) and photon

energy are relevant to the photon survival probability.

Photon-ALPs coupling constant The photon survival probability on the Galactic
disk for different photon-ALPs coupling constant (ga,~) has been given in figure 2.3.
With the increase of g,,-, the pattern of the survival probability changes. For lower val-
ues of gav~, Payy makes almost no changes and near to the Sun the conversion probability
of ALPs to photon is ~ 1. As the photon-ALPs coupling increases, the photon survival
probability makes local pattern in the Galactic plane indicating the large number of

photon-ALPs oscillation over large distances.

ALPs mass The photon survival probability on the Galactic disk for different ALPs
mass has been shown in the figure 2.4 . With the decrease of ALPs mass value, the sur-
vival probability on the Galactic plane follows higher conversion probability from ALPs
to photon. In the top left panel of figure 2.4, we can see that the survival probability
for lower ALPs mass nicely follow the Galactic spiral arm structure i.e. lower the mass

higher the conversion of ALPs to photon. On the contrary, in case of higher ALPs mass
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F1GURE 2.4: The projected photon survival probability in photon-ALP oscillations

in the x-y plane of the Galactic magnetic field for a fixed photon-ALPs coupling of

23x107'1GeV~! and photon energy of 2 GeV. The ALPs mass has been changed as

me= 1.2, 3.54, 4.5, 6 neV respectively for the figures from upper left panel onwards.
The color scale corresponds to the survival probability on the Galactic disk.

the photon survival probability makes almost no change (see figure 2.4 at right panel of

bottom row ).

Photon energy

Photon Energy dependence of the survival probability has been

overlaid in the figure 2.5. For allowed large scale of the Galactic magnetic field values

of order uG, an ALP mass of 3.54 neV and a coupling of 2.3x1071°GeV~!, with the

change in photon energy survival probability makes changes. It is important to note

that, the photon survival probability does not make any change in the local areas (close

to the Sun) as the parameters change.
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FicURE 2.5: The projected photon survival probability in photon-ALP oscillations

in the x-y plane of the Galactic magnetic field for a fixed photon-ALPs coupling of

23x10711GeV~! and ALPs mass of 3.54 neV. The photon energy has been changed as

me= 0.2, 1, 3, 10 GeV respectively for the figures from upper left panel onwards. The
color scale depicts to the survival probability on the Galactic disk.

In astrophysical environments, magnetic fields are usually not homogeneous. In the case
of a propagation through a turbulent magnetic field, the beam path can be divided into
coherent domains of size of the coherence length of the field. The parameter effects
has been studied in the figures 2.3, 2.4 and 2.5 where one can notice some discrete line
features on the survival probability map on the Galactic plane. This phenomenon can
be justified with the given magnetic field model of our Galaxy ( B.1). In the Jansson
and Farrar model [74], for the 3kpc < Galactocentric radius < 5kpc are consistent with
a ‘molecular ring’ with constant magnetic field strength. Starting from 5kpc, the spiral
arms has been opened in an angle on 11.5°. The large scale magnetic field has nearly

the shape of spiral arms where, the local field aligned tangentially to the spiral arms.
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Photons at a line of sight touches the relatively high intensity spiral arms, can make

discontinuity in the photon survival probability map.



Chapter 3

ALPs modeling for pulsar sources

In this chapter, spectral modulation due to photon-ALPs mixing in case of pulsars have
been described. We discussed about source selection criteria, brief description about each
source along with the data analysis technique. We illustrated our spectral modulation

results and calculated the significance level.

In this work, for the first time, we investigate photon-ALPs oscillation features in the
disappearance channel for the Galactic gamma-ray sources, notably pulsars detected by
the Fermi-LAT, a pair conversion telescope collecting gamma rays between 20 MeV to
more than 500 GeV. To date, more than 160 gamma-ray pulsars have been observed by

the LAT [76, 77]. We focus on Galactic gamma-ray pulsars for the following reasons:

e a large number of them has been detected by the LAT, allowing to identify an

almost universal observed gamma-ray spectrum;

e many of them are bright enough to permit an accurate determination of the spec-

trum with a fine energy binning, crucial to look for spectral distortions;

e the variety of distances and positions in the Galaxy allows to study how spectral
variations depend on the structure of the Galactic magnetic field and to have

control samples for a precise assessment of systematic uncertainties;

e distances of pulsars from Earth are known reasonably well, thanks to radio dis-

persion measurements [78, 79].

We consider Fermi-LAT data from six selected bright gamma-ray pulsars [76] and we look
for significant spectral irregularities that might be induced by photon-ALPs oscillations
in the regular Galactic magnetic field. The photons emitted by these Galactic sources

penetrate the Galactic magnetic field while propagating and might oscillate into ALPs

33
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with a given probability, depending on the magnetic field configuration. To compute
the conversion probability of photons into ALPs (and vice versa), we use the Jansson
& Farrar Galactic magnetic field model [74, 80], which describes the regular coherent
magnetic field component of the Milky Way, updated to take into account the latest
Planck measurements [81]. The detailed description of this model is provided in the
appendix B. From eq. 1.19, given the puG field strength of the Galactic magnetic field
and critical energy in the GeV range, photon-ALPs oscillation would be sensitive to an
ALP mass of the order of neV for couplings gz, ~ 10711 GeV 1. For allowed values of
Garyy ~ 10~ GeV~! the mixing is non-linear in the spiral arms and in the large-scale
field of the inner Galaxy. In order to look for photon-ALPs oscillations, we need to focus

on the low-energy spectrum where irregularities can be expected as a result of mixing.

3.1 Pulsar sources selection

The shortest oscillation length (see eq. 1.23) and therefore the strongest effect is ex-
pected for sources located at a large distance and along a line of sight with large B .
The source population with the best determined distances are pulsars. Pulsars have
been observed in the entire Galaxy. We have selected from the Ferms pulsar catalog the
brightest pulsars with known distances and lines of sight that traverse spiral arms at
large pitch angles [82, 83]. To date, about 160 gamma-ray pulsars have been observed
with FermiLAT [76]. After applying the selection criteria (known distance and located
at a favorable lines of sight), we have chosen the resulting six brightest gamma-ray pul-
sars from the second Fermi-LAT pulsar catalog (see table 3.1). The positions of the
pulsars including uncertainties on their heliocentric distance are marked in figure 3.1.

All six pulsars are rotation powered and fairly young. A brief description of each of the

pulsars are as follows:

PSR J1420-6048 : PSR J1420-6048 at a distance of (5.7 £ 0.9) kpc (the distance is
estimated from dispersion measure of radio-timing data [84]) is a 68 ms pulsar in the
Kookaburra nebula which has been extensively studied in X-ray, radio, and infrared [85].
It is extended along the radio structure and has a flat spectrum above 1 TeV. Radio
observations at several frequencies of the northern wing with the Australia Telescope
Compact Array(ATCA) and a deep XMM-Newton observation studied the morphology
of the PWN part[86].

PSR J1648-4611 : PSR J1648-4611 at a distance of (4.9 £ 0.7) kpc (the distance is
estimated from the dispersion measure given in [87] and using the electron distribution

model [88]) is tentatively associated with a very-high-energy (VHE) gamma-ray source
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observed with HESS (HESS J1646-458) [89] in the vicinity of the massive stellar cluster
Westerlund 1. Being a suitable source favored with very high energy (VHE) particle
acceleration, a hadronic parent population could be accelerated within the stellar cluster
of Westerlund 1. Besides of this, two hard X-ray sources, Suzaku J1648—4610 (Src A)
and Suzaku J1648—4615 (Src B), were found in the field of view of PSR J1648-4611 [90].

PSR J1702-4128 : The pulsar PSR J1702-4128 at a distance of (4.7 &+ 0.6) kpc has
been associated with a HESS source J1702-420 at VHE energies. PSR J1702-4128 is
energetic enough to account for the observed VHE gamma-ray emission by converting
roughly 14% of its spin-down luminosity [91]. The nearby SNR G344.7-0.1 is small and

not coincident with the VHE gamma-ray source.

PSR J1718-3825 : PSR J1718-3825 at a distance of (3.6+0.4) kpc has been associated
with pulsar wind nebulae at VHE energies [92, 93]. PSR J1718-3825 is a 75 ms pulsar
discovered by [94] at radio wavelength. The ~-ray light curve of PSR J1718-3825 is
single peaked (full-width-half-maxima is 0.20 in phase) and it lags the radio profile by
0.42 in phase [84].

PSR J2021+43651 : PSR J2021+3651 (distance of 10*2 kpc from dispersion measure
and X-ray absorption [95]) is a 17 kyr pulsar detected in radio, X-rays, and gamma rays
(possibly associated with VER J2019+-368 [96]). This object resembles the Vela pulsar
quite a lot. We note that a recent X-ray absorption study [97] favors a smaller distance
of 1.8717 kpe. PSR J2021+3651 is located in the Cygnus region where diffuse emission
is bright enough to resolve poorly the neighboring sources and the light curve consists

of two narrow peaks of similar amplitude separated by 0.468+ 0.002 in phase[98].

PSR J2240+4-5832 : The recently Nancay radio telescope discovered the northern-
hemisphere pulsar PSR J2240+4-5832. It is located in an outer spiral arm similar to
PSR J202143651 at a distance of (7.7 +0.7) kpc [99]. It has a rotational period of 140

ms and spin down power E = 2.12 x103® erg s~

These objects are located at low Galactic latitude so that the emitted photons traverse
Galactic spiral arms (see figure 3.1). In order to estimate systematic uncertainties on
the observed spectrum we use the Vela pulsar as a reference source. This pulsar is
sufficiently close to determine a geometrical parallax distance of 294J_rg8 pc [100]. The
Vela pulsar is the brightest non-flaring source in the GeV ~-ray sky. Given Vela’s
apparent brightness, the gamma-ray spectrum is very well measured and does not show

any spectral distortion. To derive the systematic uncertainties, we use a similar technique

to the Ferm+LAT Pass 7 data analysis in [60], see also section 3.3.
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FIGURE 3.1: Source positions in the Galactic plane with the Jansson and Far-

rar model [74, 80] magnetic field strength indicated by the color scale. Both,

PSR J20214-3651 and PSR J2240+4-5832 are located close to the fifth spiral arm, while

PSR J1420-6048, PSR J1648-4611, PSR J1702-4128, and PSR J1717-3825 are in the

direction towards the Galactic center. Error bars at the source positions mark the

uncertainties on heliocentric distances. The position of the sun (at x = —8.5 kpc) is
marked as well.

Pulsar name lir [°] brr [°] d [kpc]
J1420-6048 313.54 0.23 5.7+£0.9
J1648-4611 339.44 -0.79 4.9+0.7
J1702-4128 344.74 0.12 4.7+£0.6
J1718-3825 348.95 0.43 3.6+04
J2021+3651 75.22 0.11 1073
J22404-5832 106.57 -0.11 73£0.7
J0835-4510(Vela) 263.552 27873 0.29470070

TABLE 3.1: Selected gamma-ray pulsars (in order of right ascension) used for the

present analysis. The information listed includes Galactic longitude (I;;), latitude

(brr), as well as heliocentric distance (d) with corresponding errors (see text for further
details).
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3.2 Data analysis

We use nine years of Ferm#LAT Pass 8 data with PSR2 SOURCE V6 IRFs. The Fermi-
LAT Pass 8 data have an improved angular resolution, a broader energy range, larger
effective area, as well as reduced uncertainties on the instrumental response functions [60]
compared to previous data releases. For the determination of Fermi-LAT source spectra,
the Enrico scripts to calculate differential energy spectra are used [101]. The width of
the logarithmically spaced energy bins has been chosen to be 37% of the median energy
resolution. For the analysis, SOURCE event class and FRONT+BACK event types has
been used. Photons with measured zenith angles greater than 90° were excluded to avoid
contamination by intense gamma-ray emission from the Earth’s limb caused by cosmic
rays interacting in the atmosphere. The region of interest (ROI) is centered on the
source position and has a radius of 15°. We include all point sources listed in the third
Fermi-LAT source catalog [77] within 15° from the ROI center. The diffuse background
is modeled with the templates for the Galactic and the isotropic extragalactic gamma-
ray emission available within the Fermi Science tools. We keep the diffuse Galactic
emission model as well as the isotropic emission model fixed for the flux determination
in the individual energy bins after fitting it over the entire energy range. In the spectral

analysis, pulsar spectra are modeled with a PLSubExpCutoff:
AN EN T E \"
o(m) | (2)
Ecut

dE ~ "\ B
The free parameters are Ny (normalization factor at the scale energy Ey), I'1 (photon

(3.1)

index), and Ey; (cutoff energy). For the Vela energy spectrum, the additional parameter
T'y is determined from the fit. The spectral parameters of other point sources within 3°
from the ROI center are left free to vary, while the parameters for the point sources at

larger angular distance are kept fixed.

We investigate the presence of spectral distortions due to photon-ALPs oscillations, by
comparing the goodness-of-fit with and without photon-ALPs oscillations. Similarly
to a previous study to search for spectral irregularities with Ferms-LAT [102], we take
into account the energy dispersion matrix Dyy,. We derive the energy dispersion matrix
Dy, via the transformation of the number of counts in true energy of a particular energy
bin to the number of counts in that bin of reconstructed energy ( see [102] for further

details). The modeled spectra are:

N N
<dE> = Dy, - (CZE> , (3.2)
d w/o ALPs d intrinsic
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FIGURE 3.2: Energy dispersion matrix, Dgg,, derived for all EDISP event types to-
gether. The color bar, i.e., Dyy,, encodes the probability for a shift between recon-
structed energy (Frec) and true energy (FEiye), here in MeV.

and

dN AN
(E)WALPS = Dkkp ’ (1 - P’Y_’a (E7g(7/7’77 Mg, d)) : <ﬁ>intrinsiC , (33)

where the intrinsic spectrum refers to eq. 3.1. The probability P,_., is calculated fol-
lowing the approach described in [103] (including the electron density model for the
interstellar medium [88] and a recently updated Galactic magnetic field model [74]).

We perform a fit to the differential flux measurements, minimizing the y? function
which has been done in previous studies [104, 105] and including the systematic errors
estimated from the analysis of the Vela energy spectrum (see section 3.3). We have
verified that the log-likelihood as a function of flux normalization in the individual
energy bins has indeed a parabolic shape in the figure 3.3 and therefore we conclude

that a y2-analysis for these bins are appropriate.
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FIGURE 3.3: -log(likelihood) value as a function of photon flux of 6th energy bin for the
source PSR J2021+3651. The log-likelihood of this energy bin has a parabolic pattern
which is also true for the other energy bins.

3.3 Systematic uncertainties

In the most extensive study of the systematic uncertainties of flux measurements [60]
a number of effects contributing to systematic uncertainties are considered, including
residual particle background, effective area, energy resolution, point-spread function, and
(global) uncertainties on energy scale. First, we discuss the effect of the uncertainties
on the analysis carried out here and, secondly, we consider an extensive approach to

estimate the effect of uncertainties in a data-driven way.

Known systematics: The effect of particle background has been checked by repeat-
ing the analysis with different event classes. Approximately, the uncertainties related
to the event classes are derived as 10% at 100 MeV, decreasing to 5% at 560 MeV
and increasing to 10% at 10 GeV and above [60]. The uncertainty associated to the
point spread (PSF) function estimated by comparing the 68% and 95% PSF contain-
ment radii from a set of calibration point sources. During Fermi sky observing mode,

the effective area gets smaller for larger photon incidence angle and resultantly, PSF is
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Pulsar name Ny Ey I FEout
[1079MeV~!t cm ™2 571 [GeV] [GeV]
J1420-6048 0.0014(2) 5.6 1.79(4) 4.3(4)
J1648-4611 0.0022(1) 2.9 0.98(3) 3.1(2)
J1702-4128 0.15(3) 0.1 0.8(1) 0.8(1)
J1718-3825 0.021(1) 1.2 1.58(4) 2.2(2)
J2021+3651 0.15(1) 0.8 1.59(3) 3.2(3)
J22404-5832 0.0065(1) 1.2 1.5(1) 1.6(4)
J0835-4510 105(2) 0.1 r, =1.27(1) 0.654(3)
(Vela) Iy= 0.541(2)
TABLE 3.2: Fit results for individual pulsars without photon-ALPs mixing. The table
contains the best fitted parameters i.e., normalization factor at scale energy (Ejy), pho-
ton index, cutoff energy of each sources. The combined statistical and systematic (1o)
uncertainties estimated from the fit are listed as well.
dominated at v-rays at smaller incidence angles e.g. cosf € [0.5,1.0] [60]. The Fermi

collaboration made an attempt to calculte the uncertainty related to the energy scale
calibration from beam data and in-orbit cosmic-ray muon data. The uncertainty is de-
rived as (+2%/ — 5%) in the energy range between 1 GeV-100 GeV and (+4%/ — 10 %)
at below 100 MeV and above 300 GeV [60]. It is difficult to constrain the energy scale
at the low and very high ends of the LAT energy range, where the energy resolution

increases with a factor of 2.

Data driven method: With the data driven approach, we try to estimate the
systematic uncertainties relevant to this analysis. Similar to the analysis carried out in
[60], we use the energy spectrum of the Vela pulsar and derive the flux in 9 bins per
decade of energy. The resulting energy spectrum is modelled by a function given in eq.
3.1. The parameters are estimated using a y?-minimization which allows to evaluate
the goodness of fit. After probing the residuals, we add in quadrature to the statistical
uncertainties a relative systematic uncertainty on the flux measurement. We increase
the relative uncertainty in such a way so that the resulting y? per degrees of freedom
becomes ~ 1. The result for the spectrum analysis of the Vela pulsar is illustrated in
figure 3.4. This approach provides a maximum relative uncertainty on the flux to be
2.4% with a minimum influence that can lead to the deviation from smooth spectrum.
The high energy regime of the spectrum exhibits a relative deviation nearly about 4%
from the smooth fit which corresponds to the PowerLaw component in the spectrum
measured with H.E.S.S. [106]. This is a similar method for determining the systematic
uncertainties, often used in X-ray spectroscopy so that systematic uncertainties on the

flux measurement do not affect the goodness of fit [107, 108].



ALPs modeling for pulsar sources 41

Vela
_9MAA“A i i
R
I T Ob o NG i
2 10 x> =20.09
83 no of dof =20
S~ Jf————————mmmm N 4

e  Flux points
Spectrum w/o ALPs
1

flur—model
model

FIGURE 3.4: The phase-averaged energy spectrum of Vela (upper panel), the residuals
(middle panel), and relative deviations (lower panel) overlaid with a best-fit model
(eqn. 3.1). Assuming a relative systematic uncertainty of the flux of 2.4 % (added in
quadrature to the statistical errors), an acceptable fit (x%(dof) = 20.09(20)) is achieved.

3.4 Spectral modulation due to photon-ALPs mixing

3.4.1 Energy spectra and fits

The results of the spectral analysis and fitting of PLSubExpCutoff models to the spectral
points, i.e., fit without photon-ALPs mixing, are summarized in the table 3.2. There,
we list for each pulsar the best-fit normalization factor Ny, the photon index I', and
the cutoff energy E.u. In figure 3.5, the spectral energy distribution for one particular
source (PSR J2021+3651) is shown, overlaid with the best-fitting model from eq. 3.1
(blue thin line). Obviously the resulting x? = 51.25 with 14 degrees of freedom for that
source is not satisfactory (see table 3.4, second column for the resulting y?-values for all

the considered pulsars).

We consider as an alternative hypothesis, that the observed energy spectra are modified

by photon-ALPs mixing in the intervening Galactic magnetic fields (see eq. 3.3).
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FIGURE 3.5: The spectral energy distribution of PSR J2021+43651 (green points with
combined systematic and statistical uncertainties) overlaid with the best-fit models
(blue thin: Hy hypothesis , red thick:H; hypothesis, green thin: Hy hypothesis ). In
addition, the intrinsic spectrum (as emitted) is shown by the red dashed line to highlight
the effect of photon-ALPs mixing. Relative deviations between flux points and fitted
spectrum with H; hypothesis (lower left panel) has been shown. Right panel: A scan
of the plane of mass and coupling, where the color scale indicates the increase of x?2
with respect to the global minimum and the black region determines the 20 uncertainty
combined contour of the pulsar sources.

N
]
2
min

N
20
X —Xmi

Pulsar name Ny Iy Eeut Garyy Mg
[107°MeV~1 cm—2571] [GeV] [10—10 GeV_l] [neV]
J1420-6048 0.0016(2) 1.74(4) 5.4(6) 1.7(3) 3.6(1)
J1648-4611 0.0028(2) 0.88(3) 3.4(2) 5.3(9) 4.3(1)
J1702-4128 0.13(3) 0.9(1) 1.0(2) 4.4(2) 8.1(5)
J1718-3825 0.024(2) 1.48(4) 2.1(1) 2.4(3) 8.9(2)
J2021+-3651 0.18(1) 1.45(3) 3.5(1) 3.5(3) 4.4(1)
J2240+5832 0.005(1) 1.5(1) 2.4(6) 2.1(4) 3.7(3)

TABLE 3.3: Fit results for individual pulsars with photon-ALPs mixing. The table

gives the best fitted parameters i.e., normalization factor of each source defined at scale

energy (Ey, see table 3.2), spectral index, cutoff energy, photon ALPs coupling constant
(9ar~y), and ALPs mass (m,) of each source including uncertainties.
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Including the effect of spectral modulation from photon-ALPs oscillations improves the
goodness of fit consistently for the selected sources (see table 3.3 for the best-fitting
values and third column for the resulting x2-values). We discuss in the following the most
significant source PSR J2021+3651 before including the other sources in a combined
analysis (figure 3.5).

The spectra of the analyzed objects are shown together with the best fitting models
and the plane of parameters (figure 3.6: PSR J1420-6048 PSR J1648-4611; figure 3.7:
PSR J1702-4128, PSR J1718-3825, and PSR J2240+4-5832).

With the introduction of two additional free parameters (¢gqy, and m,) we can re-fit the
spectrum of PSR J2021+3651 and achieve with Ay? = 41.2. Upon closer inspection of
the energy spectrum (figure 3.5 left panel), the improvement is a result of the apparent
deviation of a smooth PowerLaw at an energy of about 2 GeV and a flux dropping off
at higher energies modifying an exponential cutoff. Both features are well-described by
the characteristic modulation of the photon-ALPs oscillation. We note that the shape
of the modulation is directly linked to the strength of the transversal magnetic field and

extension of the spiral arms traversed by the line of sight.

The effects of mixing are illustrated in figure 1.3, where the intensity of an unpolarized
photon beam at energy 3 GeV and distance 10 kpc in the direction of PSR J2021+4-3651
is followed through the magnetic field of the intervening interstellar medium. For the
favored coupling and mass, the photon intensity is reduced to roughly 60% of the initial
value. The oscillation length is similar to the distance leading to a noticeable increase

as well as a decrease of photon intensity along the line of sight.

When scanning the parameters of mass and coupling (figure 3.5 right panel), there are
quite narrow minima in the plane of x? which are aligned along the direction of larger
coupling. Turning back to figure 1.3, this repetitive pattern is the result of multiple
oscillations for larger values of the coupling along the line of sight. For decreasing
coupling, the case of no-mixing is recovered. The local minima are adjacent to local

maxima which lead to a tight constraint on the mass parameter.

Similar improvement to the goodness of fit (Ax?) can be seen for the other five objects
considered. The resulting best-fit parameters (including the re-fit spectral parameters)
are listed in table 3.3. The favored mass range is similar among the objects to be around
3 neV with a coupling between 1.7 and 5.3 (in units of 10719 GeV~1!). The improvement

in x2, the resulting degrees of freedom for the individual spectra are listed in table 3.4.

The observed energy spectra and best-fit models for the other objects are shown in the
appendix (figures 3.6 and 3.7). While for all spectra similar improvements are seen, there

is an indication that the modulation in the spectra are very similar for objects which are
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F1GURE 3.6: Upper panel: Spectrum and best-fit contour plot of PSR J1420-6048.
Lower panel: Spectrum and best-fit contour plot of PSR J1648-4611. In the left column,
the green points correspond to the energy flux points derived using Fermi-LAT binned
analysis, blue line refers to the best fit model to the flux points Hy hypothesis, whereas
the red thick line and the green thin line follow the best fit model to the flux points
with H; hypothesis and Hy hypothesis respectively. Ay values has been plotted in the
bottom panel of each spectrum plot. In the right column, the best fit contour has been
illustrated in the(gqy-,Mq) plane where, the lower values in the colorbar gives the best
fit mixing region and the and the black region stands for the 20 uncertainty combined
contour.
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FIGURE 3.7: Same as figure 3.6 with different pulsar sources.
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Pulsar name | x?(dof) Hy x*(dof) H; Significance x*(dof) Ha
(H1/Ho)
J14206048 |  31.10(15) 21.27(13) 1380 92.46(15)
J1648-4611 47.15(14) 21.37(12) 2.38 o 41.61(14)
J1702-4128 12.70(8) 3.57(6) 2.01 o 8.54(8)
J1718-3825 53.57(15) 25.61(13) 2.40 o 29.52(15)
J2021+3651 | 51.25(14) 10.07(12) 3.86 o 41.85(14)
J2240+5832 | 19.66(11) 8.01(9) 211 o 8.39(11)
Combined | 215.42(77) 89.9(65) 552 o 152.37(75)

TABLE 3.4: A comparison of the x? values obtained for the three hypotheses: Hy: no

ALPs oscillation, Hy: ALPs oscillation with values of coupling and mass left free for

individual sources, Ho: ALPs oscillation for a global estimate of coupling and mass.

The significance is calculated using the excess variance technique (see section 3.4.2 for
further details.

aligned in the same region of the Galaxy (e.g. PSR J2021+3651 and PSR J2240+5832,
similarly the pair PSR J1702-4128 and PSR J1718-3825) (see section 3.7 for a discussion

of this observation).

3.4.2 Significance level

In order to compute the significance level in table 3.4, we use the excess variance tech-
nique which is based upon the F-test for the two hypotheses: Hp, i.e. no-ALPs, see
eq. 3.2 and Hi, i.e. photon-ALPs mixing included, see eq. 3.3. Assuming a sample size
n, k and m parameters for hypotheses Hy and H; respectively, we construct the following

quantity: ) )
L (XH0 - XHl)/(m — k)
f - X%{l/(n — m) ~ Lm—kn—m- (34)

The quantity is distributed as the F-distribution with m — k degrees of freedom for the
summed squares in the nominator and n—m degrees of freedom in the denominator. The
significance of the result has been estimated to be 5.52¢ for the combined sample (Hj).
We list the corresponding values for the other pulsars as well as for the combined data in
table 3.4. We also consider the hypothesis Hy, where we carry out a x2-minimization of
all spectra with a common value of g4, and m,. For this case, the overall fit deteriorates
and the resulting x? value is shown in table 3.4, the significance for this hypothesis is

4.60 using eq. 3.4 (see also discussion in section 3.7).

3.4.3 Combined fit and parameter estimate

After we have established that the ALPs-hypothesis provides a significantly better de-

scription of the data, we continue and estimate the best-fitting ALPs-related parameters
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FIGURE 3.8: Significance map of combined y? analysis for the pulsars. The white

marked region in the (gqy~,maq) plane indicates the photon-ALPs mixing contour with

95% confidence level. The red point with the uncertainty refers the minimum position

in the ALPs parameter space and projected uncertainties with 68% confidence level.

Green horizontal line represents the upper limit on the photon-ALPs coupling strength
ga~yy Of the CERN Axion Solar Telescope (CAST) [109].

(mass and coupling) by summing the individual Ay? planes of the six source spec-
tra. The result is shown in figure 3.8. We find for the best estimate of the coupling
Jary = (2.3703) x 1071°GeV ! and ALPs mass m, = (3.6703) neV. The 2 o-uncertainty

contour is marked by the white line in the same figure.

3.5 Mixing contour dependence on distance and magnetic
field

We estimate the systematic uncertainties related to the magnetic field strength and
the uncertainties of the distance. Firstly, for the pulsar J20214+3651 we have seen the
mixing parameters highly depend on the Jansson & Farrar magnetic field spiral arms.
As it’s very close to the fifth spiral arms, the photon-ALPs coupling constant and ALPs
mass changes a lot with the change in the intensity of this spiral arm, whereas it does

not effect so much with the intensity change in other arms. We modify the magnetic
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field within the quoted uncertainties of the respective model, in order to understand the
effect of its variation on our mixing contours. With an increase of 20% of the magnetic
field along the line of sight, the coupling constant is reduced by 20% changing from
3.5x 10719 GeV~! t0 2.8 x 10719 GeV ! (see figure 3.9). Similarly, 40% enhancement in
the magnetic field intensity brings the coupling constant even lower. In both cases, x?

decreases slightly which implies that the overall fit favors an increased Galactic magnetic
field.

For PSR J2021+43651, the effect of the distance uncertainty is most pronounced. Given
the rather large uncertainty on the distance, the object is located either in front of or
even behind the fifth spiral arm. Reducing the distance by 4 kpc, we obtain a change
~ 2.4 x 10719 GeV~!, corresponding to around 70% enhancement in Ja~y~, While the
ALPs mass increases by 0.86 neV. When increasing the distance by 2 kpc, instead, gq~
changes by 24%, i.e., gayy ~ 2.7 X 1071 GeV~! and the mass varies around 1 neV. The
corresponding spectral fits associated with this analysis are shown in figure 3.10 in the
appendix. In order to estimate the uncertainties related to the estimate of the global
parameters for mass and coupling, we increase the magnetic field by 20 % for all sources
and increase the distance within the uncertainties. The resulting best-fit values are used
to estimate the systematic uncertainties to be for mass m, = (3.6f8'55t‘“' + 0.24y5t.) neV

2stat.
and gayy = (23703500 £+ 0.44p61.) X 10710 GeV 1.

Again, in the individual pulsar contour plots, we see some pattern follows. Pulsars
J2021+3651 and J22404-5831 follow almost same contour pattern while the others make
approximately line countour pattern. This behaviour can be interpreted in terms of
pulsar position. In the figure 3.1, we see the pulsars J2021+3651 and J2240+5831 sit
on the other side of the Galactic center almost in a same distance to us. Hence, the
photons emitted by these two sources have to traverse through the same spiral arms
making similar types of photon-ALPs phenomenology. The rest of the four sources are
located near to the Galactic center and the transversal Galactic magnetic field intensity
along the line of site is not so high for them. As a result, they end up with creating

narrow and similar type of contour.

3.6 Spectral modulation for Pshirkov magnetic field

For the magnetic field we assume large scale galactic magnetic field models based on
Faraday rotation measurements. In the framework of ALPs/photon oscillation, the
resulting parameters strongly depend upon the chosen magnetic field model. For our
analysis, we use mostly accepted Jansson and Farrar model (see appendix B), where the

central part of the Galaxy does not contain adequate information. The Galactic spiral
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FIGURE 3.9: Variation of g,y and m, with the change in Galactic magnetic field
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the fitting corresponds to the magnetic field

intensity increased by 40% Which reduces the gq, by 33.8% whereas m, remains the
same. (note, g,9., is given in units of 1071 GeV~')

X w ALPs=9.49
---- X* w/o ALPs=51.25
-10) ST i
::= 942 w ALPs =(2.8£0:3) GeV ™!
\E/ 11} M, w ALPs =(4.4 £0.1) neV. i
§ e  Flux points
—— Fit w/o ALPs
-12H—— Fit w ALPs SR
--- Intrinsic spectrum
1 1
2F ! T .
<>]< Zi ;o—+H—0—0—*.HH_+'_HH—HH_‘+—H_._:-°—_._I—._ E
n . : :
2 3
log(57zy)
intensity.
field intensity by 20%. Right Panel:
PSRJ2021+3651 (6 kpc)
X w ALPs=10.17
____ - x w/o ALPs=51.25
-10 O i
2 90 w ALPs=(5.9+0,9) GeV~!
e/ 11} M w ALPs =(5.3£0.3) neV. i
§ e  Flux points
—— Fit w/o ALPs
-12H—— Fit w ALPs $ 1
--- Intrinsic spectrum
1 )
2F ! L .
Gt e e
-2 i i 7
2 3 4
log(57zy)

PSR J2021+3651 (12 kpc)

X w ALPs=25.34
x? w/o ALPs=51.25
-10 ; i
;E 919 W ALPs =(2.7402) GeV
e/ 11} m. w ALPs= (5.440.1). neV. .
§ e Flux points
—— Fit w/o ALPs
-12H — Fit w ALPs 1]
--- Intrinsic spectrum
1
2 T T i -
G e e e
= ; e IO e : 7]
2 3 4
lOg(Mev)

F1GURE 3.10: Pulsar spectra with the variation in the dintance to the source. In the

left: pulsar spectrum are derived for a distance of 6 kpc while, in the right panel: the

spectrum corresponds to the distance of 12 kpc respectively. (note, gaw is given in
units of 10710 GeV~1)
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TABLE 3.5: The variation of ALPs parameters calculated assuming diffrent Bfield and
different distance for the global analysis.
Global analysis Garyy (in mg (in
x10710GeV™1) | neV)
Bfield increased by 20% 2.1(4) 3.7(3)
Bfield decreased by 20% 2.6(2) 3.4(3)
Distance increased by lkpc 2.3(4) 3.7(3)
Distance reduced by lkpc 2.6(3) 3.6(3)
Distance increased by lkpc and Bfield 20% increased 1.9(3) 3.7(3)
Distance reduced by lkpc and Bfield 20% de creased 2.7(4) 3.6(3)
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FIGURE 3.11: Spectral fit for the pulsar J20214+3651 taking into account the Galactic
magnetic field model of Pshirkov.

arms structure is also not continious exhibiting more discrete pattern. To verify our

analysis, we again try to follow the our analysis with different Galactic magnetic field

model i.e. Pshirkov model [110]. We find a sufficient improvement in the gamma-ray
spectral fit in accordance with the ALPs parameters over null hypothesis. With both
the two version of the Pshirkov model (axisymmetric, or ASS model and bisymmetric,
or BSS model), the x? per dof gets imporved presenting an acceptable fit. Regarding H;
hypothesis, we conclude the ALPs parameters to be gay, = (6.2 +0.2) x 107 19GevV—!

and m, = (4.3 £ 0.2)neV (for Pshirkov ASS model); gary = (1.6 £ 0.1) x 1071°GeV 1

and m, = (3.8 £0.2)neV (for Pshirkov BSS model). The results for PSR J2021+3651
has been illustrated in the figure 3.11.
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3.7 Comparison of resultant mixing contour with existing

ALPs hints and constraints

We study for the first time modulations in the gamma-ray spectra of bright Galactic
pulsars induced by photon-ALPs mixing in the Galactic magnetic field. With the Fermi-
LAT dataset of nine years from six different pulsar candidates selected according to
their location in the Galaxy and brightness, we investigate the presence of the spectral
irregularities. We find an indication (at the 4.60-level, Hg) for the presence of spectral
irregularities, absent in the nearby bright Vela pulsar. While the spectral variations are
as large as 20 % — 40 %, the maximum systematic relative flux uncertainties found for
the Vela spectrum is 2.4 %.

In the combined analysis, we estimate g,y = (2.3f8:i::z§: + 0.4gyst.) X 10710 GevV—1!
and mg, = (3.6f8:gztz:: + 0.24yst.) neV. We note, that the combined data-set is not well-
described by a fixed value of photon-ALPs coupling and mass (table 3.4, marked as
H,). The differences of the mass, coupling for individual lines of sight (table 3.3) are
similar but not consistent within the statistical uncertainties. Mass and coupling should
be unified for all lines of sight. However, we do have limited knowledge about the
magnetic field structure, especially for the sources which are located in the inner part
of the Galaxy (see figure 3.1) - we also note that the crucial opening angle of the spiral
arms is not well constrained. The magnetic field models are derived on the basis of
Faraday-rotation measures which are sensitive only to the longitudinal magnetic field
which is not of relevance for photon-ALPS coupling. Additionally, in the inner Galaxy
the structure of spiral arms is not well resolved and unknown magnetic field components
could be present. We note that the good fit of the model with slightly varying values
of mass and coupling does indeed produce an acceptable fit (hypothesis H; marked in
table 3.4).

The favored 20 contour derived from this analysis is compared with the other existing
results in figure 3.12. The best-fit parameters are well consistent with the lower-limit
analysis related to the TeV transparency [103] as well as the a similar analysis marked
CIBER [112]. There is no obvious conflict with the constraints derived from searches for
irregularities in gamma-ray spectra from PKS 2155 (HESS [113]) and NGC1275 (Fermi-
LAT [102]). At a first glance, the non-observation of a prompt gamma-ray signal from
SN1987 [114] and the limit from the CAST helioscope [109] are in tension with the signal
observed here. It is however important to note that the interstellar environment where

the conversion takes place could provide possible explanation to this phenomenon.

We also note that the signal is well within reach of the upcoming ALPS-II light shining
through wall experiment [115]. The International Axion Observatory (IAXO) [116], the
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FIGURE 3.12: Limits on ALPs parameter space in the (mq,gqy~) plane [111]. The

parameter space surrounded by solid lines present the hints from ALPs. The horizontal

light sky blue bands are shown as the sensitivity of ALPS-II and IAXO experiments.

The regions enclosed by dotted lines and different shades in blue represent the con-

straints on ALPs contour given by different observations and experiments. The brown-

shaded contour represents the parameters estimated from pulsar spectra as found by
the present analysis.

next generation axion helioscope experiment also coincides with the sensitivity region,

what we achieved.

On the other hand, we have seen that the Galactic magnetic field has not been well
constrained i.e. the uncertainties related to the Galactic magnetic field spiral arms
varies in kpc range. Our analysis is very much magnetic field model dependent. It will
be possible to reduce the uncertainties of the magnetic field with full sky polarization

survey, enabling a more precise determination of the magnetic field.

Since the objects observed are pulsars, there may be a source intrinsic effect (even
though the Vela pulsar does not show any modulations). In a recent study of the
extended Galactic supernova remnant 1C433, a similar type of analysis was carried out
with consistent results [117] which strengthens the case for an explanation which is not

related to the source or its emission process.
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At present, we have not been able to identify a known propagation effect which could
lead to a similar type of spectral modulation. The analysis presented here can be easily
extended to the other sources in our galaxy. In the next chapters, we made an attempt
to extend the analysis for the other Galactic plane sources (e.g. pulsars as well as other

astrophysical sources) along with the non-galactic plane sources.
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Chapter 4

ALPs phenomenology on the

Galactic plane sources

Several surveys of the Galactic sources have been performed with gamma-ray telescopes
at MeV to TeV energies. The Fermi large area telescope has been able to detect different
classes of astrophysical sources like, pulsars, supernova remnants, molecular cloud etc.
In this chapter we report on the observation and the energy spectrum of the few bright
Galactic plane objects. We also discuss about the energy dependent suppression of each

source due to photon-ALPs mixing.

4.1 Source selection

We have selected the brightest 40 sources from the Fermi 3FGL catalog [77] in the
region of Galactic latitude b [ -10°<b< 10°]. The selected sources have been shown
in the fig.4.1. To observe the photon-ALPs mixing implications, the Galactic plane
bright sources play an important role as the mixing can occur in the comparatively high
magnetic field region (mostly the Galactic spiral arms) of the Galactic disk. The type
of the sources have been determined from the SIMBAD source catalog and the distance
are unknown in case of most of the sources. We list all the sources in the table 4.1, 4.2

and 4.3 according to their parametrization models.

4.2 Data Analysis

For the analysis, the nine years of Fermi-LAT data have been used for a energy range of

100 MeV to 300 GeV. We have followed the same technique for data analysis as described

55
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Photon Survival Probability
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FIGURE 4.1: An all sky map of photon survival probability for photon-ALPs oscillation
in the Milky way. The colormap denotes the survival probability at a distance of 15
kpc, photon-ALPs coupling constant of 1.5x107°GeV~! and ALPs mass of 1.5 neV.
The small white circles are the Galactic plane sources listed in table 4.1, 4.2 and 4.3.

| Source name lrir [°] brr [°] source type
J0633.74+0632 205.09 -0.92 pulsar
J0633.94+1746 195.13 4.27 pulsar
J1057.9-5227 285.98 6.64 pulsar
J1413.4-6205 312.37 -0.72 pulsar
J1709.7-4429 343.09 -2.68 pulsar
J1732.5-3130 356.31 1.01 pulsar
J1741.9-2054 6.41 4.89 pulsar
J1809.8-2332 7.38 -2.00 pulsar
J1813.4-1246 17.24 2.44 pulsar
J1826.1-1256 18.55 -0.38 pulsar
J1907.94-0602 40.18 -0.90 pulsar
J1952.9+3253 68.78 2.82 pulsar
J2021.544026 78.23 2.08 pulsar
J2032.24-4126 80.21 1.01 Be-star
J2229.0+6114 106.65 2.95 pulsar

TABLE 4.1: Selected number of very bright Galactic plane sources. The energy spectra
of these sources have been modelled with a PLExpCutoff parametrization. The table
contains the Galactic longitude (1), Galactic latitude (b) and the source types.
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| Source name | lir [°] brr [°] source type
J0102.84-5825 124.42 -4.41 Quasar
J0240.54+6113 135.67 1.08 High Mass X-ray Binary
J0730.2-1141 227.76 3.13 Quasar
J1801.3-2326¢ 6.52 -0.25 SuperNova Remnant
J1802.6-3940 352.44 -8.42 Blazar
J1833.6-2103 12.16 -5.70 Quasar
J1855.9+0121e 34.65 -0.38 SuperNova Remnant
J1923.2+1408e 49.116 -0.46 SuperNova Remnant

TABLE 4.2: Selected number of very bright Galactic plane sources. The energy spectra
of these sources have been modelled with a LogParabola parametrization. The table
contains the Galactic longitude (1), Galactic latitude (b) and the source types.

Source name lir [°] | brr [°] | source type
J2001.1+4352 23.98 -23.14 BL Lac type object
J2201.745047 97.64 -3.54 Gamma-ray source

TABLE 4.3: Selected number of very bright Galactic plane sources. The energy spectra
of these sources have been modelled with a normal PowerLaw parametrization. The
table contains the Galactic longitude (1), Galactic latitude (b) and the source types.

in the section 3.2 except the parametrization of the sources. According to the modelling

of source spectrum, we categorize the sources into three types:
e Few sources are modelled with PLExpCutoff describes as,

dN E\ I E

cut

Mostly, the sources are modelled according to eq. 4.1 are pulsars.

e Few of sources are modelled with LogParabola describes as,

AN E (a+Blog(E/Eo))

This parametrization is typically used for modeling blazar spectra.

e Rest of the sources are modelled with simple PowerLaw written as,

dN B\"

Where, Ny is the normalization factor and Eg is the scale energy. We also perform a fit

to the spectral data point to determine the best fit ALPs parameters.
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FIGURE 4.2: Energy spectrum for Pulsar sources. Green points correspond to the flux
points from each energy bins. Blue line denotes the fitted spectrum without ALPs
parameters and the red line is the best fit spectrum including ga, and m,.

4.3 Individual Source spectrum

According to the parametrization modelling, a brief overview has been given for each

source in the following sections 4.3.1, 4.3.2 and 4.3.3. The choice of parametrization for

the spectra is strongly related to the observational point of view.

4.3.1 Sources with PLExpCutoff modelling

We have chosen the parametrization in the similar way that has been illustrated in the

Fermi 3FGL article [77] 1.

Almost all the sources that has been parameterized with

"https : //fermi.gsfc.nasa.gov/ssc/data/access/lat/4yr_catalog/3FGL_Table4_full.pdf

10°
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PLExpCutoff model are pulsars. We provide a brief description for most of the sources

which fall in this category as follows:

J0633.7+0632 This is a radio-quiet Fermi pulsar with a period (P) = 297 ms and
a characteristic age of 59 kyr [118]. Chandra observations revealed that the pulsar is
associated with the pulsar wind nebula (PWN) [119]. In a detailed study with the
Chandra observation, the distance to the pulsar is constrained in a range of 1-4 kpc
from the spectral fits [120]. Later on, the results from XMM-Newton observations for
this pulsar confirm a non-thermal PowerLaw and a thermal component to be presented
in this PWN composite and the distance to be constrained to be 0.7-2.2 kpc [121]. The

gamma-ray spectrum has been shown in the figure 4.2.

J0633.941746 This is the well known Geminga pulsar, a very strong gamma-ray source
from the constellation Gemini [122]. It was later detected in X-ray [123] and optical
wavelengths [124]. The deepest X-ray investigation of the Geminga pulsar has revealed
a PWN associated to it [125]. The PWN composite shows a rapid variation of half
light-year long tail as an extension of the jet at a rate of 20% of light speed. A smooth

gamma-ray spectra has been shown in the figure 4.2.

J1057.9-5227 This gamma- ray pulsar, has been found in a blind search with Fermi-
LAT six years data, located very close to the Galactic plane. With a characteristic
age of 535 kyr, this pulsar appears to be a radio-loud pulsar [126] (see the gamma-ray
spectrum in the figure 4.2).

J1413.4-6205 PSR J1413.4-6205 is located at a distance of 1.4 kpc with a characteristic
age of 63 kyr [126] appears to be a radio-quiet pulsar. This very energetic pulsar has
clearly a counterpart associated to an EGRET source named EGR J1414-624 [127].

J1709.7-4429 It is a strong gamma-ray point source appears to be a MeV-GeV counter-
part of a TeV PWN TeV J1708-443 detected with the AGILE [128]. This pulsar has an

age of 17 kyr and it seems to be a radio-loud pulsar confirmed from the observation [126].

J1732.5-3130 This gamma- ray pulsar also has been found in a blind search with Fermi-
LAT six years data appears to be a radio-quiet pulsar with a characteristic age of 111

kyr [126]. The gamma-ray spectrum is shown in the figure 4.3.

J1741.9-2054 PSR J1741.9-2054, located at very close to the Galactic center (within
15°x 15° region about the direction of the GC 15 ROI) [129], appears to be a radio-loud
pulsar [126]. This is a very old pulsar with the age of 386 kyr.

J1809.8-2332 Similar to PSR J1741.9-2054, J1809.8-2332 is also located within 15° ROI
to the Galactic center [129]. Apart from gamma-ray observation, this source appears to

be one of the brightest X-ray source. Chandra images of this region reveal a point X-ray
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FIGURE 4.3: Similar to the figure 4.2 with different pulsar sources.

source connected to a non-thermal X-ray/radio nebula [130]. The X-ray point source is

very much associated to the pulsar wind nebula [131] (see the HE part of the gamma-ray

spectrum in the figure 4.4). This pulsar has a characteristic age of 68 kyr.

J1813.4-1246 This pulsar, with the highest spin-down luminosity, has been one of
the first 16 blind search pulsars discovered with the LAT. The bright X-ray source,
Swift J181323.4-124600, was noted as the counterpart to this pulsar [119]. Distance of

this pulsar is still unknown. In particular, the average observed radio-loud pulsar is

younger than the radio-quiet one and is located at smaller Galactic latitude. From the

observational point of view, this pulsar seems to be a radio-quiet one [132].

J1826.1-1256 The pulsar PSR J1826-1334 (previously known as PSR B182313) was de-
tected in the radio regime within the Jodrell Bank observatory 1400 MHz survey. It has

10°
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FIGURE 4.4: Similar to the figure 4.2 with different pulsar sources.
the characteristic age of 21.4 kyr and the current spin-down luminosity of 2.8 x1036ergs—!.
The distance to the pulsar was estimated based on the dispersion of the radio pulses
to be 4.12 kpc. Measurements with VLA revealed a shell or a pulsar wind nebula in
the vicinity of PSR J1826-1334 [133] (also see the HE part of the gamma-ray spec-
trum in the figure 4.4). There is a HESS source associated to the pulsar named as HESS
J1825-137 [133] has been observed with the H.E.S.S. Galactic plane survey in 2004 [134].

J1907.94-0602 The TeV source MGRO J1908+06 is a steady powerful TeV pulsar
wind nebula of PSR J190740602 with an integrated luminosity over 1 TeV 1.8 times
the luminosity of the Crab Nebula [135]. This pulsar is pulsating with a period of 106.6
ms. The dispersion measurement with radio pulsations with the Arecibo telescope at 1.5
GHz reveals the distance to the pulsar is to be 3.2 £+ 0.6 kpc [136] . The implied distance

to the pulsar is compatible with that of the supernova remnant G40.50.5 associated to

10°
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FIGURE 4.5: Similar to the figure 4.2 with different pulsar sources.

pulsar, located on the far side of the TeV nebula from PSR J19074-0602 while the S74

molecular cloud located on the nearer side.

J1952.94-3253 PSR J1952.943253, located very close to the Galactic plane with a
characteristic age of 107 kyr has been appeared to be a radio-loud pulsar [126].

J2021.54-4026 PSR J2021+4026, previously identified as an X-ray source with XMM-
Newton (2XMM J202131.0+402645), is located in the Gamma Cygni region appearing
to be a Geminga-like pulsar [137]. Its spin frequency is 3.8 Hz and the characteristic

age is about 77 kyr making it to be a young energetic pulsar. Although the radio and

the optical searches of this pulsar became unsuccessful to find any counterparts, a deep

X-ray observation with Chandra and XMM-Newton found an association with X-ray
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source S20 [138]. J2021+4026 is seen within the radio shell of the supernova remnant
(SNR) G78.242.1 [139] (see the gamma-ray spectrum in the figure 4.5).

J2032.244126 PSR J2032+44127 is a radio-loud gamma-ray pulsar which is orbiting
around a high-mass Be type star LS2883. It’s orbital period is very long, nearly 25
to 50 years [140]. This composite is similar to a gamma-ray binary system. A rapid
increase in the X-ray flux has been observed with the Swift data in this system. This
enhancement in the high-energy emission could be a result of an interaction between
the pulsar wind and the Be-star disk. The electrons-positrons in the pulsar wind are
accelerated with the shock producing non-thermal emissions from radio wavelength to
TeV gamma-ray range. In a detailed way, the synchrotron radiation and the inverse-
Compton scattering (ICS) process produces radio/X-ray emission and TeV gamma-ray
emission for the composite [140]. The Fermi-LAT gamma-ray spectrum is depicted in
the figure 4.5.

J2229.04-6114 More than a decade ago, this pulsar has been observed in radio and
X-ray with ROSAT and ASCA observations at a period of 51.6 ms and had also been
found associated with the EGRET Source 3EG J2227+6122 [141]. This pulsar is quite
comparable to the Vela pulsar according to the characteristic age (10 kyr) and energetic
(2.2 x10%7ergs™1). J2229.0+6114 is associated to the Boomerang arc-shaped PWN
G106.654+2.96 [142]. The Fermi-LAT gamma-ray spectrum is overlaid in the figure 4.5.

4.3.2 Sources with LogParabola modelling

The sources, parameterized with the LogParabola model are highlighted below. Log-
Parabola is typically used for modeling blazar spectra. A source list containing their
location and source type has been shown in the table 4.2. Brief outlook on each source

is given below.

J0102.8+5825 J0102.845825 is an active galactic nuclei (AGN) detected by Fermi-
LAT at a redshift of z = 0.644 [143, 144]. From the observation, it has been confirmed

that it has a steady flux. The energy spectrum of this source is shown in figure 4.6.

J0240.54+-6113 J0240.5+6113, also known as LSI +61°303 is a high-mass x-ray binary
source located at a distance of 2kpc [145]. This source is associated with the TeV
source named as TeV J0240+612 [128]. The gamma-ray energy spectrum of it has an
interesting tail that would combine nicely with the MAGIC/VERITAS data at higher
energies. J0240.5+6113 has a rotational period of 27 days.

J0730.2-1141 3FGL J0730.2-1141 is a flat spectrum radio quasar (FSRQ) with a red-
shift z =1.591 and a low duty cycle variability [146]. This source is a counterpart of
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FIGURE 4.6: Energy spectrum for Galactic plane sources with LogParabola

parametrization. Green points corresponds to the flux points from each energy bins.

Blue line denotes the fitted spectrum without ALPs parameters and the red line is the
best fit spectrum including gaandm,.

PKS 0727-11 and has also been studied in the third catalog of AGN detected by the
Fermi-LAT [147].

J1801.3-2326e J1801.3-2326¢ is associated with the extended source W28 which has a
disk like spatial form with an extension of 0.39 degree [148]. J1801.3-2326e dominates
the emission in the northeast corner of W28 [149]. This source is also a MeV-GeV
counterpart of the TeV source TeVJ1801-233 [128] which is also known as HESS J1801-
233 [150]. In the vicinity of this composite, a pulsar named PSR J1801-23 is located at
a distance of 13.5 kpc [150]. In the gamma-ray energy spectrum, it seems to be a result

of 7%-bump. Although, we modelled this source with LogParabola method, a broken
PowerLaw modelling could be apt for it (see figure 4.6).
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FIGURE 4.7: Similar to the figure 4.6 with different astrophysical sources.

J1802.6-3940 J1802.6-3940 is a blazar, with a redshift z=1.319 has been studied in the
third catalog of AGN detected by the Fermi-LAT [147]. It is interesting to make a broad
band SED which will constrain the Inverse Compton (IC) peak just below 1 GeV (see

the gamma-ray spectrum of this source in the figure 4.7).

J1833.6-2103 J1833.6-2103, a counterpart associated with PKS 1830-21, has been ob-
served with the Australia Telescope Compact Array 20GHz radio survey [151]. It has

short flares nearly a month long.

J1855.94+0121e J1801.3-2326¢ is associated with the extended source SNR (G34.6-0.5
(W44) [152]. It has a spatial form of 2D Ring and is one of the first supernova remnant
with a detected 7°-bump (see figure 4.7).
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J1923.24+1408e 3FGL J1923.2+1408¢ is associated with the extended source SNR
G049.1-00.1 which is formerly known as W51C with an extension of 0.29 degrees [153].
The W51 cloud complex in is one of the most probable area for high-mass star formation
at a distance of 5 kpc [154]. In the gamma-ray energy spectrum of this source, one can

observe a clear break at the energy on about 290420 MeV which is a result of 7°-
bump [153] (see figure 4.7).

4.3.3 Sources with PowerLaw modelling

J2001.144352 J2001.1+4352, a BL lac type object was found to be variable both in
the X-ray as well as the optical band. The redshift of this source is still unknown. It has
a counterpart named as MG4 J2001124-4352 which mostly show a bright flat spectrum
in radio [155]. One strong flare has been observed confirmed in one bin in 30d light
curve. The broadband characterization of this blazar with MAGIC data revealed that
at least some of the radio, optical and gamma-ray emission is produced by the same
population of particles accumulated in a single region [156]. The redshift of this source
has been estimated z=0.18 + 0.04 from MAGIC observation. The SED of this source
confirms it to be a high frequency peaked blazar (HBL) type object (see figure 4.9).

J2201.74-5047 J2201.745047, located at the vicinity of AGL J2241+44454 [157], has a
strong variability confirmed by the blazar catalog BZCAT.

4.4 Discussion

Some of the Galactic bright pulsar candidates i.e. J0633.7+0632, J1057.9-5227, J1413.4-
6205, J1732.5-3130, J1907.94-0602, J1952.94-3253, J2021.54+4026 show a clear spectral
modulation due to photon-ALPs mixing in the Galactic magnetic filed. The best fit
ALPs parameters have been quoted in the table 4.4, 4.5 and 4.6. To fit the high energy
tail of the Vela and Geminga, it is better to fit them with PLSubExpCutoff model (see
section. 3.2). From the pulsar spectrum it is important to note that the x? value substan-
tially improved if we introduce the ALPs parameters to the y? fit of the spectral points.
The sources which are modelled with the LogParabola parametrization, comparatively
show less improvement in the fit with ALPs parameters than the pulsars do, except the
sources like, J0102.84-5825, J0240.5+6113, J1801.3-2326e and J1923.2+1408e.

We tried to fit a model of PowerLaw + LogParabola to the SED of the blazar J2001+4352
(see figure 4.9). The strong spectral feature we notice in the SED of this source is that

it has a double peaked structure which makes J2001.1+4352 fall into the category of
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Pulsar name Ny Ey I'y FEeut Jaryy Mg
[1079MeV~—!em™2571] [GeV] [GeV] [10*10 Gev*l} [neV]
J0633.7+0632 0.033(1) 1.1 0.76(3) 5.4(6) 2.5(1) 3.1(1)
J0633.9+1746 108(3) 0.1 0.81(2) | 2.92(6) 2.4(1) 4.8(3)
J1057.9-5227 0.27(1) 0.7 1.09(3) 1.4(1) 5.7(9) 4.1(2)
J1413.4-6205 0.0224(3) 1.3 0.37(1) | 4.42(1) 3.5(3) 3.2(1)
J1709.7-4429 25.9(4) 0.1 0.35(1) 4.8(1) 0.9(3) 3.6(1)
J1732.5-3130 0.0201(6) 1.6 1.18(4) 2.1(1) 2.2(2) 3.9(1)
J1741.9-2054 0.158(7) 0.6 1.08(4) | 0.87(4) 1.2(3) 3.4(2)
J1809.8-2332 0.091(2) 1.0 0.48(1) 3.3(1) 1.0(3) 4.3(3)
J1813.4-1246 0.234(4) 0.7 0.11(1) 2.5(1) 3.5(9) 5(1)
J1826.1-1256 0.114(2) 1.0 0.25(1) 3.3(1) 1.3(3) 4.1(1)
J1907.94-0602 0.237(1) 0.7 1.3(1) 5.7(4) 4.4(5) 6.0(2)
J1952.9+3253 0.0954(5) 0.7 0.68(4) 2.9(2) 6.8(8) 3.4(2)
J2021.5+4026 0.57(1) 0.6 0.42(1) | 2.83(9) 5.7(4) 6.5(2)
J2032.2+4126 0.0137(2) 1.5 0.38(2) 6.3(4) 2.4(8) 8(1)
J2229.0+6114 0.119(3) 0.7 0.22(1) 4.9(3) 2.0(2) 4.4(2)

TABLE 4.4: Fit results for individual pulsars with photon-ALPs mixing. The table

gives the best fitted parameters i.e., normalization factor of each source defined at the

scale energy (Ey), spectral index, cutoff energy, photon ALPs coupling constant (ga~),
and ALPs mass (m,) of each source including uncertainties.
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FIGURE 4.9: Spectral energy distribution of the sources J1802-3940 and J2001+4352.

The different color spectral points refers to the multi-wavelength observation for the

source. The red line corresponds to a model that fits to the data points. The magenta

points in the SED corresponds to the present analysis of 3FGL data with 25 energy
bins.
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Pulsar name Ny Ey Q 153 Jary Mg

[10~9MevV—!em~2571] [GeV] [10*10 Gev*l} [neV]
J0102.8+5825 0.64(6) 0.1 0.24(8) | 0.06(2) 2.0(8) 4.3(2)
J0240.5+6113 7(2) 0.1 0.75(2) | 0.21(1) 3(1) 1.8(2)
J0730.2-1141 2.2(8) 0.1 0.8(2) | 0.069(8) 5.1(8) 3.25(8)
J1801.3-2326¢ 2.8(9) 0.1 0.89(2) | 0.23(1) 1.6(2) 4.0(1)
J1802.6-3940 0.43(5) 0.1 0.6(1) 0.16(2) 2.1(7) 3.1(1)
J1833.6-2103 4(1) 0.1 0.13(1) | 0.09(1) 1.1(3) 2.6(2)
J1855.94-0121e 2.7(2) 0.1 1.21(4) | 0.28(1) 1.8(4) 3.5(2)
J1923.24-1408e 3.9(1) 0.1 0.31(3) | 0.087(8) 2.1(4) 4.1(4)

TABLE 4.5: Fit results for individual Galactic plane sources with photon-ALPs mixing.
These sources are modelled with LogParabola parametrization. The table gives the best
fitted parameters i.e., normalization factor of each source defined at scale energy (Ey),
«, S, photon ALPs coupling constant (ga~,), and ALPs mass (mg) of each source
including uncertainties.

Pulsar name Ny Ey T Jaryy Mg
[107°MeV~1cm—2571] [GeV] [10—10 Gev—l] [neV]

J2001.1+4352 0.51(2) 0.1 0.18(8) 4.4(8) 3.7(2)

J2201.745047 0.68(2) 0.1 0.34(2) 4.2(1) 3.1(2)

TABLE 4.6: Fit results for individual Galactic plane sources with photon-ALPs mixing.
These sources are modelled with PowerLaw parametrization. The table gives the best
fitted parameters i.e., normalization factor of each source defined at scale energy (Ey),
index, photon ALPs coupling constant (ga+,), and ALPs mass (mg) of each source
including uncertainties.

a Blazar. The SED contains the wide range of spectral points i.e. from radio-optical

to X-ray and GeV gamma-rays. It is clear that the x-ray spectrum is steep and the

synchrotron is very close to the optical or UV energy. Maximum inverse Compton

emission comes from the GeV domain. From the observation of SED, [158] confirms

that a single population of high-energy electrons in the relativistic jet originate by the

synchrotron process resulting from the radio to the soft X-ray band. Soft-target photons

could be present either in the jet or in the surrounding material which might be a result

of inverse Compton scattering process at the higher frequencies [158].
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Chapter 5

ALPs phenomenology on the

non-(Galactic plane sources

Gamma rays cannot penetrate the Earth's atmosphere to the ground. For the direct
detection of them, we have to go to space, where the space telescope surveys of the
entire sky at high energies. Normally, gamma rays originate from the most extreme
places in the universe i.e. from the large-scale population of cosmic rays interacting
with the interstellar medium, and also from the high energy sources such as supernova
remnants, pulsars, and their nebulae, massive stars etc. The high-energy environments
in the universe that make gamma rays, are needed to be explored to learn the evolution
of galaxies. NASA’s Fermi Gamma-ray telescope studies the most powerful sources of

radiation in the universe i.e. gamma-rays.

In the previous chapters, we studied the ALPs phenomenology for the astrophysical
sources that are located to the Galactic plane e.g. mostly in the region of Galactic
latitude b € [-10°, 10°]. Now, we attempt to find the nature of the sources that are
located outside the Galactic plane with the help of gamma-ray mission conducted with
the Fermi-LAT.

5.1 Source selection

We take nine years of Fermi-LAT data for 100 most bright sources which are located in
the Galactic latitude b < [-10°] & b > [10°]. The sources are shown in the figure 5.1.
It would be interesting to see how the spectral irregularity change due to photon-ALPs
mixing in the Galactic plane. Residing outside of the Galactic plane (at higher latitude),

photons from these sources does not have much possibility to penetrate through the

71
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Photon Survival Probability

F1GURE 5.1: An all sky map of photon survival probability for photon-ALPs oscillation

in the Milky way. The colormap denotes the survival probability at a distance of 15

kpc, photon-ALPs coupling constant of 9x107''GeV~! and ALPs mass of 1.5 neV.

The small circles denote the position of non-Galactic sources located at a b < [-10°] &
b > [10°].

Galactic spiral arms. We list all the sources in the table 5.1, 5.2 and 5.4, where the
Galactic longitude, latitude and the types of the sources have been mentioned. In the

section 5.3, we briefly describe each source.

5.2 Data Analysis

For the analysis, the nine years of Fermi-LAT data have been used at the energy range
of 100 MeV to 300 GeV for all the sources. We have followed the same technique for
data analysis as described in the section 3.2 and for the parametrization we perform the

same as described in section 4.2 i.e. three categories has been determined like :

e sources modelled with PLExpCutoff parametrization (see eq. 4.1),
e sources modelled with LogParabola function (see eq. 4.2),

e sources modelled with PowerLaw parameterization (see eq. 4.3).
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| Source name lrr [°] brr [°] source type
J0007.0+7302 119.66 10.46 pulsar
J0030.44-0451 113.14 -57.60 pulsar
J0357.9+3206 162.75 -15.98 pulsar
J0614.1-3329 240.49 -21.83 pulsar
J1231.2-1411 295.53 48.38 pulsar
J1311.8-3430 307.69 28.18 pulsar
J1836.24-5925 88.88 24.99 pulsar
J2055.84-2539 70.69 -12.52 pulsar
J2124.7-3358 10.93 -45.44 pulsar
J2214.64-3000 86.85 -21.66 pulsar
J2229.7-0833 55.23 -51.71 pulsar
J2241.6-5237 337.44 -54.91 pulsar
J2302.74-4443 103.39 -13.98 pulsar

TABLE 5.1: Selected number of very bright Galactic plane sources. The energy spec-
trum of these sources has been modelled with a PLExpCutoff parametrization. The
table contains the Galactic longitude (1), Galactic latitude (b) and the source types.

5.3 Source details

5.3.1 Non-galactic plane pulsars

The sources modelled with PowerLaw exponential cutoff parametrization are non-Galactic
pulsars. Most of the pulsars are associated with a binary millisecond pulsar and have
been observed in X-ray to optical wavelengths. Brief description of each pulsar has been

described as follows:

PSR J0007+7302 PSR J0007+7302 is a 14 kyr gamma-ray pulsar coincident with
RX J0007.0+7302, a plerion-like X-ray source at the center of the CTA 1 supernova

remnant [159]. It has been observed in optical wavelengths measuring the distance near
about 1.4 4+0.3 kpc.

PSR J0030+40451 PSR J0030+0451 is a nearby (300 + 90 pc) isolated millisecond
pulsar with a very small period ( P < 30ms). PSR J0030+0451 was discovered by two
independent radio surveys, the Arecibo Drift Scan Search [160] and the Bologna sub

millisecond pulsar survey . Its spin-down age is 7.6x10? yrs [161].

J0357+3205 PSR J0357+3205, discovered by LAT has also been observed in X-ray and
optical wavelengths. The source is located off the Galactic plane, at a latitude of -16°.
The timing signature of this pulsar has been detected with a blind search, revealing the
period (P) of 0.444 s. The energetic studies show a diffused feature associated with the
pulsar [162].
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| Source name lrr [°] brr [°] | source type
J0108.74+0134 131.86 -60.99 Quasar
J0112.1+2245 129.14 -39.86 BL Lac - type object
J0137.044752 130.79 -14.29 Quasar
J0144.6+2705 137.28 -34.29 BL Lac - type object
J0210.7-5101 276.11 -61.76 BL Lac - type object
J0211.241051 152.59 -47.36 BL Lac - type object
J0222.6+4301 140.15 -16.76 BL Lac - type object
J0237.94-2848 149.47 -28.52 Quasar
J0238.64+1636 156.77 -39.10 BL Lac - type object
J0245.9-4651 261.83 -60.10 Quasar
J0252.8-2218 209.72 -62.09 Quasar
J0319.84+4130 150.58 -13.25 Seyfert 2 Galaxy
J0334.3-4008 244.777 -54.05 BL Lac - type object
J0403.9-3604 237.73 -48.46 Quasar
J0423.2-0119 195.28 -33.12 Quasar
J0428.6-3756 240.70 -43.61 BL Lac - type object
J0522.9-3628 240.62 -32.71 BL Lac - type object
J0526.6-6825¢ 278.84 -32.85 LMC — Galaxy
J0532.0-4827 255.02 -32.80 BL Lac - type object
J0532.74-0732 196.85 -13.72 Quasar
J0538.8-4405 250.08 -31.09 BL Lac - type object
J0719.3+3307 185.03 19.85 Quasar
J0721.9+7120 143.98 28.02 BL Lac - type object
J0725.2+1425 203.63 13.91 BL Lac - type object
J0742.6+5444 163.04 29.08 Quasar
J0808.2-0751 229.04 13.17 Quasar
J0818.2+4223 178.20 33.40 BL Lac - type object
J0854.84-2006 206.80 35.81 BL Lac - type object
J0920.9+4-4442 175.69 44.80 Quasar
J0957.6+5523 158.59 47.92 Quasar
J1033.846051 147.77 49.10 Seyfert 1 Galaxy
J1037.5+5711 151.80 51.76 BL Lac - type object
J1058.5+0133 251.51 52.77 BL Lac - type object
J1127.0-1857 276.72 39.58 Quasar
J1159.54+-2914 199.45 78.37 Quasar
J1224.94-2122 255.05 81.66 Quasar
J1229.1+0202 289.97 64.35 BL Lac - type object
J1239.54-0443 295.22 67.41 Quasar
J1246.7-2547 301.61 37.06 Quasar
J1256.1-0547 305.09 57.06 Quasar
J1310.64-3222 85.62 83.30 BL Lac - type object
J1312.74+4828 113.36 68.25 Quasar
J1345.6+4453 95.09 69.19 Quasar
J1427.0+2347 29.49 68.20 BL Lac - type object
J1427.9-4206 321.45 17.26 Quasar
J1457.4-3539 329.88 20.53 BL Lac - type object

TABLE 5.2: Selected number of very bright Galactic plane sources. The energy spec-
trum of these sources has been modelled with a LogParabola parametrization. The
table contains the Galactic longitude (1), Galactic latitude (b) and the source types.
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| Source name lrr [°] | brr [°] | source type

J1504.44-1029 11.38 54.58 Quasar
J1512.8-0906 351.28 40.13 Quasar
J1522.1+3144 50.16 57.02 Quasar
J1542.9+6129 95.38 45.39 BL Lac - type object
J1555.74+1111 11.19 21.91 BL Lac - type object
J1625.7-2527 352.14 16.32 Quasar
J1635.24-3809 61.11 42.34 Quasar
J1709.6+4318 68.39 36.22 Quasar
J1849.24-6705 97.49 25.04 Seyfert 1 Galaxy
J2025.6-0736 36.89 -24.39 BL Lac - type object
J2056.2-4714 352.58 -40.38 Quasar
J2143.5+1744 72.11 -26.08 Seyfert 1 Galaxy
J2147.3-7536 315.79 -36.53 Quasar
J2157.54+3126 84.75 -18.24 Quasar
J2158.8-3013 17.72 -52.24 BL Lac - type object
J2202.744217 92.59 -10.44 BL Lac - type object
J2203.4+1725 75.67 -29.63 BL Lac - type object
J2232.54+1143 77.41 -38.58 Quasar
J2236.3+2829 90.10 -25.63 BL Lac - type object
J2236.5-1432 47.89 -56.20 BL Lac - type object
J2258.0-2759 24.35 -64.91 Seyfert 1 Galaxy
J2311.04-3425 100.41 -24.02 Quasar
J2329.3-4955 332.00 -62.31 Quasar
J2345.2-1554 65.69 -70.98 BL Lac - type object

TABLE 5.3: Continued to table 5.2.

PSR J0614-3329 PSR J0614-3329 is a millisecond pulsar with a spin period of 3.148670
ms, spin-down age of 2.8 Gyr and orbital period of 53.585 days [163].

PSR J1231-1411 PSR J1231-1411 is 3.68 millisecond radio pulsar (MSP) which is also
discovered with the Fermi-LAT. It has a spin-down age of 2.6 Gyr [163]. The Neutron
Star Interior Composition Explorer (NICER) discovered the pulsation from this MSP

in its first few months data release[164].

PSR J1311-3430 PSR J1311-3430 is a 2.5-millisecond pulsar, located at ~ 1.4 kpc
away from Sun, with a large radial-velocity amplitude of 609.547.5 km s~! [165] to be
a black-widow binary pulsar system. In this interpretation of MSP, the strong brightness
variation occurred due to the strong heating in one side of companion star with pulsar’s
intense electromagnetic radiation. The pulsar is in a circular orbit with an orbital
period of only 93 minutes which is the shortest of any spin-powered pulsar binary ever
found [166].

PSR J1836+45925 : PSR J1836+5925 is a 173 ms pulsar with a characteristic age of

1.8 million years, a spin-down luminosity of 1.1x103* erg s~!, locating 25° off to the
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| Source name lrr [°] brr [°] | source type

J0136.54-3905 132.41 -22.94 BL Lac type object
J0303.4-2407 214.63 -60.16 BL Lac type object
J0442.6-0017 197.20 -28.46 Quasar

J0449.4-4350 248.80 -39.91 BL Lac type object
J0457.0-2324 223.70 -34.89 Quasar

J0509.44-0541 195.40 -19.62 BL Lac type object
J0738.14+1741 201.85 18.07 BL Lac type object
J0809.84-5218 166.25 3291 BL Lac type object
J1015.0+4925 165.53 52.71 BL Lac type object
J1058.6+5627 149.60 54.43 BL Lac type object
J1104.4+3812 179.82 65.035 BL Lac type object
J1217.84-3007 188.87 82.05 BL Lac type object
J1248.2+5820 123.73 58.77 BL Lac type object
J1653.94+-3945 63.59 38.85 BL Lac type object
J1748.6+7005 100.52 30.70 BL Lac type object
J1800.5+7827 110.03 29.07 BL Lac type object
J2000.04-6509 98.01 17.66 BL Lac type object

TABLE 5.4: Selected number of very bright Galactic plane sources. The energy spec-
trum of these sources has been modelled with a normal PowerLaw parametrization. The
table contains the Galactic longitude (1), Galactic latitude (b) and the source types.

Galactic plane [167]. Contrary to the regular gamma-ray pulsar feature, this pulsar
has a a large off-peak emission component in the spectrum. The XMM-Newton survey

observed a X-ray counterpart which makes this source similar to Geminga pulsar.

PSR J2055+42539 : PSR J2055+2539, a 1.24 Myr pulsar (located nearly 1.8 kpc away
from Sun [168]), was discovered in gamma-rays in a blind frequency search using 11
months of data of the Fermi-LAT [169]. This is a radio-quiet gamma-ray pulsar which
has a non-thermal X-ray counterpart detected with XMM-Newton observation [170].

PSR J2124-3358: PSR J2124-3358 is an isolated 4.9 ms pulsar observed with ASCA
X-ray astronomy mission. It is located at 410 pc away from us [171]. Its X-ray pulsation
was detected with ROSAT HRI in the 0.1 - 2.4 keV band [171]. The pulsar wind
nebula (PWN) associated with this pulsar shows an asymmetric Ha/UV/X-ray bow-
shock which is confirmed with AAT/KOALA (the Kilofibre Optical AAT Lenslet Array)

observation.

PSR J2214+3000: PSR J2214+3000 is a bright short period binary millisecond pulsar.
Radio observation of this pulsar confirms a rotational period of 3.1 ms, a binary orbital

period of 9.8 hrs, and a binary mass function f= 8.7x10~"M® [172].

PSR J2302+4443: PSR J2302+4443 is a radio-loud gamma-ray millisecond pulsar

with a rotational period of 5.192 ms in a binary system with low-eccentricity orbits
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and orbital periods of 125.9 days [173]. The gamma-ray emission from this pulsar is

originated at high altitude in the magnetosphere. X-ray observations show the presence

of a X-ray source at the position of the pulsar resulting consistent thermal emission.
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5.3.2 Sources with LogParabola modelling

Non-Galactic plane sources modelled with LogParabola have been discussed here. Most
of these sources are Quasars or BLL Lac type objects. Brief description on each source
has been highlighted below. The Fermi-LAT energy spectrum for each source has been

shown in the appendix D.

J0108.740134 J0108.74+0134, also known as 4C +01.02 has a redshift of z = 2.099.
This quasar has been listed in Wilkinson Microwave Anisotropy Probe (WMAP) five
years catalog [175].

J0112.1+2245 J0112.1+2245, at a redshift of z= 0.265, is a BL Lac -type object [176].
J0137.04+4752 J0137.04475, at a redshift of z= 0.859, is a quasar [176].

J0144.6+2705 J0144.6+2705, a BL Lac -type object, has low- synchrotron peak (LSP)
in SED.

J0210.7-5101 J0210.7-5101, blazars of uncertain type, has a redshift z= 1.003. This
kind of BL: Lac type object could have significant contamination from the host galaxy
[177].

J0211.24-1051 3FGL J0211.241051, also known as MG1 J021114+41051, has a redshift
z= 0.20. It showed high and variable polarization during January-February, 2011, on
the time-scales of hours [178]. Based on the optical observation, this source has been

considered to be a low-energy peaked BL lac object (LBLs).

J0222.64+4301 3FGL J0222.644301 is a GeV counterpart of the TeV source TeVJ0222+430.
From the SED of the source, it has been confirmed to be an intermediate synchrotron
peaked blazar (IBL) [128, 143].

J0237.9+2848 J0237.94-2848 is a Quasar with a redshift of z = 1.206 [143].

J0245.9-4651 J0245.9-4651 also known as PKS 0244-470 located at a redshift of z=
1.385 [143].

J0252.8-2218 J0252.8-2218 is a quasar located at a redshift of z=1.419 [143].

J0319.84-4130 3FGL J0319.844130, also known as 3C 84 is an active galactic nuclei
at the center of Perceus cluster. It is the radio counterpart of the giant galaxy NGC
1275 which is located at a redshift of z= 0.0176. In the central 10 parsec scale regions
of the galaxy, there is a pair of symmetric lobes which could be a result of two galaxies

colliding with an evidence of free-free absorption [179-181]. A study with the Korean
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VLBI network (KVN) showed the evidence of y-rays in the downstream jet emission as

well as in the nearby region where the jet originates [182].
J0334.3-4008 3FGL J0334.3-4008 is a BL Lac - type object with an unknown distance.

J0403.9-3604 J0403.9-3604, also known as PKS 0402-362 is a quasar at z ~ 1.417. The
nuclei is ~ 3 mag more luminous than its host galaxy [183]. The optical spectrum of
this source reveals a weak absorption system identified to be Mgll 2800 A associated

with the companion galaxy.

J0423.2-0119 J0423.2-0119, also known as PKS 0420-01 [176] is a very bright gamma-
ray quasar. Gamma-ray flare has been detected with the LAT which peaked in late

January 2010. This could be a result of forward-moving transverse shocks during the
radio flare [184].

J0428.6-3756 J0428.6-3756 (PKS 0426-380) is a distant flat spectrum radio quasar
(FSRQ) with a redshift of z=1.1. PKS 0426-380 has broad lines visible in the low

emission state and a large gamma-ray luminosity of 10%8ergs=! [185].

J0522.9-3628 J0522.9-3628, also known as PKS 0521-36, exhibits to the the charac-
teristics of BL lac type object as well as Seyfert galaxy. The nucleus has a broad band
spectrum ranging from X-rays to the radio wavelength. The galaxy shows somewhat to
be elliptical with a filament detected in Ha at the direction of east and south-east of

the nucleus. Besides there, an optical jet like feature is also visible for this source [186].

J0526.6-6825e J0526.6-6825¢ is associated with the Large Magellanic Cloud (LMC)
at a distance of 50 kpc. The massive star forming region in the LMC, 30 Doradus
is the main source of bright gamma-ray emission [187]. The gamma-ray observation
found also a fainter emission region from the north part of the Galaxy. Although, the
spectrum of the LMC emission components is well described by power laws, for global
fitting we use the LogParabola parametrization which can follow the flux points nicely in
the logarithmically spaced energy bins with a energy range of 100 MeV to 20 GeV (see
figure D.3). Detailed gamma-ray study on LMC revealed that the gamma-ray emission
does not only originate from the point sources but it comes from cosmic-ray interactions

with the interstellar medium and radiation field which are diffused in nature [187].
J0532.74-0732 J0532.740732 is located at the redshift z=1.254.

J0538.8-4405 J0538.8-4405 formerly known as PKS 0537-441 is a blazar with a redshift
z=0.896.

J0719.343307 J0719.34+3307 is a quasar located at a redshift of z = 0.779. It has an
opening angle of the jet of 22° and a position angle of parsec scale jet of 76° [188].
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J0721.947120 J0721.947120 has a TeV counterpart named as TeV J0721+713 ob-
served with AGILE with also 3FGL power-law index of 2.04 [128]. This source is a
blazar of 'LBL’ with redshift z= 0.31.

J0725.2+1425 J0725.241425 is a blazar with a redshift of 1.038 [146].
J0742.6+5444 J0742.645444 is a FSRQ with a redshift z= 0.72 [189].
J0818.244223 J0818.2+4223 is a quasar with the redshift of z=1.837.

J0854.84-2006 J0854.8+2006 is also known as OJ 287 is a binary black hole system
with a redshift z = 0.306 [190]. This source has shown strong variability in near-infrared
to even x-ray and gamma-ray energies. This source seems to be related to a binary
system of super-massive black hole (SMBH) indicating the galaxy to be gas-rich in high
redshifts [145]. The optical bump in the SED of this source can be accounting for the
accretion-disk emission associated to the primary black-hole of mass ~ 1.8 x 10'°Mg

and the little bump in the optical-UV corresponds to the line emission [191].

J0920.94+4442 J0920.944442, also known as S4 09174624, is a quasar located at a
very high redshift z = 2.189. Intra-day variability observations and the VLBI structure
analysis of quasar S4 0917+624 confirmed a disappearance of strong IDV after the year
2000 which could be a result of changes in the interstellar medium [192].

J1033.8+6051 J1033.8+6051 (known as S4 1030+61) is a FSRQ with a redshift z =
1.4009 and it has a LSP SED [193]. The jet of the source S4 1030461 accounts for a
superluminal velocity of (6.4£0.4)c [194]. It shows very strong variability in radio and
gamma-ray wavelength with a stable, straight jet which might be a result of injection of

relativistic particles.

J1037.54-5711 J1037.5+5711, also known as GB6 J1037+5711 is located at the redshift
z= 0.175 [195].

J1058.54-0133 J1058.54-0133 is a blazar showing only a single broad emission line [196].
The broadband spectral distribution provides high confidence for the identification of
Mg II (at equivalent width =2.2 A)

J1127.0-1857 J1127.0-1857 belongs to the FSRQ class located at a distant redshift
z=1.048 [197]. The source spectrum has a peak at an energy < 100 MeV. The light

curve shows a gradual increase of flux at the period of the Fermi-LAT observations [198].

J1159.54-2914 J1159.54+2914, also known as Ton 599 has a redshift z=0.7247. This
source has been detected in VHE gamma-rays with MAGIC telescope estimating the
flux to be about 0.3 Crab units above 100 GeV [199].
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J1224.9+2122 J1224.94-2122 (4C +-21.35) located at the redshift z = 0.435 is a peculiar
quasar [200]. In early 2010, a very strong GeV outburst composed of several major flares
have been observed with the Fermi-LAT. During the flaring activity, VHE emission from
4C +21.35 was detected with the MAGIC telescopes [201].

J1229.14-0202 J1229.14+0202 (known as 3C 273) is a well-known quasar located at a
redshift z = 0.158. It has a large scale jet which appears to be extended up to a few tens
of kpc from the core [202]. The gamma-ray emission region are located at a distance of
1.240.9 pc from the jet [203]. This source showed a prominent flaring activity at GeV
energies during a period between July 2009 and April 2010 confirmed with Fermi-LAT

observations.

J1239.54-0443 J1239.5+0443 is a gamma-ray source of the Virgo region detected with
low significance by EGRET [204] and later with the Fermi-LAT [205]. This source is
associated with a FSRQ GB6 J1239+-0443 with a redshift z=1.762. A gamma-ray study
of this source revealed that the spectrum, with an extension of up to 15 GeV, has no

relevant sign of absorption from the broad line region [206].

J1246.7-2547 J1246.7-2547 (associated to PKS 1244-255) is the soft spectra FSRQ
which is located at the redshift z=0.633 [207]. This source would be hardly visible with
the CTA as the high energy flux is dropping down above 10GeV (see figure D.7)

J1256.1-0547 J1256.1-0547 is associated with 3C 279 with a redshift z=0.536 [176].
Being highly variable this source belongs to be one of the well-known FSRQs. The
multi-wavelength SED is characterized by a double peaked structure with a first bump
at infrared energies which could be associated to synchrotron emission of relativistic
electrons. The high energy peak is at few GeV observed with the Fermi-LAT. In June
2015, the Fermi-LAT observed a giant outburst from the 3C 279 with a peak >100

MeV [208] for two minutes binned timescales.

J1312.744828 J1312.7+4828, located at a redshift z= 0.638, is a bright active galactic
nucleus. The SED of this source shows a typical blazar like two-peaked structure and
gamma-ray-loud narrow-line Seyfert 1 galaxies [209]. In November, 2009 it exhibited a

gamma-ray flare with a daily flux of ~ 107%phcm™2s~! at energies > 100 GeV. Dur-
ing gamma-ray flares, the high-energy emission resulting of inverse Compton process
dominates by more than an order of magnitude over the low-energy emission caused by

synchrotron process [210].

J1345.6+4453 J1345.6+4453 is a FSRQ located at very distant redshift z = 2.53 [211].
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J1427.0+2347 J1427.0+2347 (also known as PKS 14244-240) is a nice HBL candidate
with an approximate redshift z=0.604. This source has been observed in VHE gamma-
rays with MAGIC and VERITAS [212]. In a recent study, it has been probed that
a two zone synchrotron-self-Compton (SSC) model as well as a hadronic model can
satisfactorily reproduce the gamma-ray emission scenario from this source [213]. The
MAGIC spectrum is corrected for the absorption due to the extragalactic background
light and shows a flat spectral nature with no turn down up to 400 GeV [214].

J1512.8-0906 J1512.8-0906 is one of the FSRQs that have been detected at VHE. This
is a luminous blazar located at the redshift of z= 0.361. In the broadband SED of this
source, a peak in the infrared frequencies is accounted for the synchrotron emission of
the inner jet. The UV band in the SED is created by the accretion disk and the X-ray
continuum is dominated by the IC emission of the low-energy jet electrons [215]. Multi-
wavelength observation of this source by MAGIC collaboration probed the first time a
significant VHE gamma-ray variability from J1512.8-0906 [216].

J1625.7-2527 J1625.7-2527 is a FSRQ with redshift z= 0.79 [211].
J1709.6+4318 J1709.64+4318 is a FSRQ with redshift z= 1.03 [211].
J1849.2+6705 J1849.246705 is a seyfert galaxy with the redshift z= 0.657 [211].

J2025.6-0736 J2025.6-0736 (also known as PKS 2023-07), is a FSRQ with the redshift
z=1.388 [217]. This has been observed the Fermi-LAT as one of the most powerful blazar

with an average y-ray luminosity 10%8ergs=! [218].

J2056.2-4714 J2056.2-4714 (also known as PKS 2052-47) is a flat-spectrum radio
quasar with a redshift of 1.489 [145].

J2143.5+1744 J2143.541744 is a FSRQ with the redshift z = 0.211 [211].

J2147.3-7536 J2147.3-7536, located at a redshift of z =1.139, is a quasar [146]. In July
2009, the flat-spectrum radio quasar PKS 205247 experienced an optical flare, which

was followed by a v-ray flare in August.

J2158.8-3013 J2158.8-3013, is also known as PKS 2155-304, located at a redshift of
z= 0.116 [177]. This is a high-frequency-peaked BL Lac object which has been observed
in multi-wavelengths. In an optical study based on five years of observation of this
source (2009-2014), it has seen a significant variability at all wavelengths, with several
prominent flares at the optical and gamma-ray intensity [219]. With the HESS study
for this source, it has been found the light curve shows log-normal behavior which could

indicate aperiodic variability in the blazars [220].
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J2202.744217 J2202.74+4217, a BL Lac - type object, has been observed with Fermi-
LAT as well as VERITAS [221].

J2203.44-1725 J2203.4+1725, a BL Lac - type object is located at a redshift of z
=1.08 [222].

J2232.5+1143 J2232.541143 is classified as a object at a redshift of 1.037 [223].
J2236.3+2829 J2236.3+2829 is a LBL type blazar at a redshift of z =0.795 [176].

J2236.5-1432 J2236.5-1432, associated with PKS 2233-148 is a radio-loud BL-Lac type
object. In a study of micro-variability of radio-loud quasar showed that there is not such

evidence of variability for this source [224].

J2258.0-2759 J2258.0-2759, also known as PKS 2255-282, is a flat spectrum radio-
quasar with a redshift of z =0.926 [225]. A multi-wavelength study has been conducted
on this source revealing that the broadband SED extends from low radio frequencies to
the ~y-ray energies [226]. An observation of gamma-ray flare from this source has been
found with an evidence of weak gamma-ray variability and a hard power-law index of
1.74 0.3, above 100 GeV [227].

J2311.043425 J2311.0+3425 is a flat spectrum radio-quasar with a redshift of z=1.817.
A correlated variability between the radio and gamma-ray activity has been found for

this source with a statistical significance of 2.25 o [189)].

J2329.3-4955 J2329.3-4955 is also known as PKS 2326-477, is a quasar with a compact

unresolved core structure [228].

J2345.2-1554 J2345.2-1554 is a BL Lac - type object with a redshift of z = 0.621 [143].

5.3.3 Sources with PowerLaw parametrization

J0136.5+3905 J0136.54+3905 is a blazar studied in Fermi-LAT 2FHL catalog [143].

J0303.4-2407 J0303.4-2407, alternatively known as PKS 0301-243, is high-synchrotron-
peaked BL Lac object with a redshift of z~ 0.266. It has been detected at high energies
with Fermi-LAT (100 MeV < 100 GeV) as well as at very high energies (E > 100
GeV)with HESS [229, 230]. The multi-wavelength observation reveals strong variability
(see figure E.1). A leptonic synchrotron self-Compton model nicely fits to the multi-
wavelength data and makes the jet to be particle dominated [229].

J0442.6-0017 J0442.6-0017, with a redshift z= 0.844, is a flat spectrum radio Quasar
(see figure E.2).
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J0449.4-4350 J0449.4-4350 (known as PKS 0447-439) is one of the brightest extragalac-
tic sources observed in multi-wavelength energies. The optical spectrum of J0449.4-4350
is strongly dominated by non-thermal emission from the jet and observations with ATCA
in the radio band reveals it to be an extended, lobe-dominated source [231] (see fig-
ure E.3). In 2009-2010 this source has been observed in VHE band with HESS telescope
with a photon index of 3.8940.37(stat)+0.22 (sys) [232].

J0457.0-2324 J0457.0-2324, also known as PKS 0454-234 [143], at z = 1.003 is the soft
spectra FSRQ. However, this is bright at the HE gamma ray regime 0.1 GeV and 300
GeV during 4 years. From a study four years Fermi-LAT data of this source, it has been
seen that PKS 0454-234 could be detected by the CTA when the target object in the
bright period [233] (see figure E.4) .

J0738.14+1741 J0738.1+1741, also known as PKS 0735417 [143] is a BL Lac object
at z~ 0.424. Observations show that PKS 07354178 has a flat radio spectrum and
radio bursts, violently optical variations confirmed by ten-year optical monitoring of
PKS 07354178 [234]. Although the fluxes in the radio and in the optical are variable

(see figure E.6), there is only marginal correlation of variations between them [235].

J0809.8+5218 J0809.84+5218 (known as 1ES 0806+524) is a high-frequency-peaked
BL-Lac object, at a redshift z=0.138. This blazar candidate was suggested as VHE
gamma-ray source based on the presence of both high-energy electrons and sufficient
seed photons [236]. In 2008, this has been detected with VERITAS at a significance
of 6.3 ¢ and at a level of 1.8% of the Crab Nebula flux above 300 GeV [237]. The
differential flux spectrum between 300-700 GeV can be fitted with a soft PowerLaw

which is comparable to our Fermi data analysis for this source [238] (see figure E.7).
J1015.0+4925 J1015.04+4925 also known as 1H 1013+498 is at a redshift of z =0.212 [143].

J1058.6+5627 J1058.6+5627 is a BL Lac type object [143] (see the high energy SED
in the figure E.9).

J1104.4+3812 J1104.443812, associated with Mkn 421 is a BL Lac [143] type object.
It has a redshift of z=0.031, the broad-band spectral energy distribution is dominated by
non-thermal emission that is believed to be produced in a relativistic jet pointing towards
the observer. VHE gamma-ray observation with HESS reveals significant variations of
the spectral shape detected with a spectral hardening with the increase in flux [239)].
X-ray studies indicate smaller variability that seen in VHE (see figure E.10).

J1217.84-3007 J1217.84+3007, also known as B2 1215430, is a BL Lac-type blazar. It
was first detected in VHE with the MAGIC telescope followed by VERITAS. The TeV

flux of this source ~ 2.4 times than the Crab nebula flux, confirmed with the long term
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VERITAS data. There is some uncertainty in the distance to this source, with values
of z= 0.13 [240]. Based on the location of its synchrotron peak, J1217.84-3007 has been
either classified as an intermediate or high-frequency peaked BL Lac (see figure E.11).
Multi-wavelength studies with Fermi-LAT and swift reveals the correlated gamma-ray
HE flux [241].

J1248.24-5820 J1248.2+5820, a Palomar-Green BL-Lac object, located in the Northern

hemisphere with an unknown redshift [242].

J1653.94-3945 J1653.94+3945, also known as Mkr 501, is a gamma-ray blazar with
a redshift of z= 0.034. The average spectral energy distribution of Mkr 501 is well
described by the standard one-zone synchrotron self-Compton model [243] (see figure
E.13). This model explains that the electrons are accelerated to extra-relativistic en-
ergy as a result of particle acceleration, while the non-thermal photons are produced
via synchrotron and inverse Comtpon scattering. A TeV y-ray flare of Markarian 501
observed with MAGIC telescope on July 9, 2005 [243]. The gamma-ray spectrum can

be well-modelled with a single PowerLaw function [244].
J1748.6+7005 J1748.64+7005 is a BL-Lac object with a redshift of z= 0.77 [143].

J1800.5+7827 J1800.547827 is a BL-Lac object with a redshift of z= 0.68 [143].

5.4 Discussion

We presented brief discussion on each sources in the section 5.3. In case of pulsar sources
we have noticed the apparent suppression in energy spectrum as a result photon-ALPs
mixing in the galactic magnetic field. The spectral feature in disappearance channel
generally depends on the distance to the source and transversal magnetic field along
the line of sight. The modulated spectrum has been illustrated in the appendix C.
Analyzing the data of PSR J0030+0451, the photon-ALPs coupling constant and the
ALPs mass we get respectively 14.36 x 1071'GeV~! and 1.78 neV (see figure 5.3). The
photon-ALPs mixing phenomenon makes a notable improvement in the x? value of the
fitted spectrum reducing x? value by 17 from non-ALPs mixing to ALPs mixing case.
We can say the fit results with ALPs parameters is a good fit as the x? per dof is ~
1 for all the pulsar spectrum. In the fits for each sources, we also include systematic
uncertainties as derived from the Vela pulsar analysis. The right panel of the figure
5.3 depicts the blue stripes that corresponds to the photon-ALPs oscillation in traversal
magnetic field. The significance of our result for PSR J00304-0451 has been estimated
by F-test 2.390. We make a combined parameter space for all the 12 pulsar candidates

(see figure 5.4) and derive the best parameter space for photon-ALPs coupling constant
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FIGURE 5.4: Combined Ax? scan as function of photon-ALPs coupling and ALPs mass

for the extragalactic pulsar sources. The colorbar represents the minimum Ay? location

in the (gay~,m,) plane. The green line corresponds to the CAST limit on photon-ALPs
coupling constant.

and ALPs mass. Photon-ALPs coupling constant (gq+) we get 14.12x 1071'GeV~! and

ALPs mass (m,) we calculate 2.23 neV.

We summarize the non-Galactic plane blazar spectra in the appendix E, where we have
shown the broad band SED of few well-known quasars and blazars. A nicely binned HE
gamma-ray flux points has been given for each figures to compare our Fermi-LAT data
points to the other HE or VHE observational points. Notably, our spectral points nicely
match to the Fermi 1FGL, 2FGL and 3FGL data points. In case of Mkn 421, our HE
spectral points makes nice co-ordination to the HESS and VERITAS data points (see
figure E.10). Same thing follows for the source Mkr 501 (see figure E.13).

Besides, we try to give an imprint on ALPs phenomenology for non-Galactic plane
sources with LogParabola parametrization. The individual spectra and the best fitted

ALPs parameter values are quoted in the appendix D.

For all the non-Galactic plane sources, we computed the log p value taking into account
the x? value and the corresponding degrees of freedom in case of each source. An all-sky

map of photon-survival probability at the energy of 1 GeV and sources at a distance of



ALPs phenomenology on non-Galactic plane sources 87

Photon Survival Probability

[T I R ¢ S

-IogP =5 iy 5 "- i
-logP =10

0.5 1

Ficure 5.5: All-sky map for photon survival probability at a Galactic distance of 15

kpc. The photon-ALPs coupling constant, gq-~ is to be 9x10711GeV~! and the ALPs

mass (m,) is 1.5 neV. The color scale denotes the photon survival probability ranging

from 0.5 to 1. The different size circles represent the p-value related to the photon-

ALPs conversion in the Galactic magnetic field. The three different size circle denotes
the three different -logp value.

15 kpc has shown. We project the p-values of each source in the figure 5.5. A small
p-value indicates strong evidence of ALPs against the null hypothesis e.g. no ALPs case
and a larger p-value corresponds to a weak indication of photon-ALPs mixing in the

energy spectra.
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Chapter 6

Summary and conclusion

In this thesis, the spectral modulation of Galactic and non-Galactic plane sources due
to photon-ALPs mixing in the Galactic magnetic field has been studied explicitly. ALPs
can oscillate into photons and vice versa in the presence of an external magnetic field.
This oscillation of photon and ALPs could have detectable implications for astronomical
observations, i.e. a characteristic energy dependent attenuation in Gamma ray spectra
for the astrophysical sources. Here we have visited the opportunity to search photon-
ALPs coupling in the disappearance channel with the help of the gamma-ray telescope
Fermi-LAT. We use nine years of Fermi Pass 8 data for a selection of Galactic and non-
Galactic plane Gamma-ray source candidates and study the modulation in the spectra in
accordance with photon-ALPs mixing and estimate best fit values of the parameters i.e.
photon-ALPs coupling constant (¢gqy,) and ALPs mass (m, ). We find consistent evi-
dence of photon-ALPs mixing for six selected gamma-ray pulsars located in the Galactic
plane along a line of sight to the Earth. The hints of spectral modulation as a result of
photon-ALPs mixing has been investigated at a combined significance level of 4.6 o. It
is important to note that if we combine all the individual spectrum where every source
gets its best fit ALPs parameters, we conclude the combined significance to be 5.2 o (see
table 3.4). Although the fit to the spectral data points with the universal value of ALPs

parameters (gayy = (2.350:3%0 £0.45y5.) X 10710 GeV™! and my = (3.615:535%4 £0.24y4.)

stat.

neV) are not so much acceptable, it is possible that the uncertainty on the Galactic

magnetic field model are responsible for the poor fit.

We try to derive the global value of the ALPs parameters from our analysis. Apart from
the Galactic magnetic field dependence, it makes the variation with the location of the
source. We gave an imprint on the variation of ALPs parameters with the variation of
distance in the section. 3.5. Although the best-fit parameters are by a factor of ~ 3
larger than the current best limit on solar ALPs generation obtained with the CAST
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helioscope [109] (see figure 3.12), the known modifications of the photon-ALP mixing in
the high density solar environment could provide a tenable explanation for the apparent
tension between the helioscope bound and the indication for photon-ALPs mixing. The
environment in the dilute interstellar medium which has been assumed for the analysis, is
much more different from the environment inside a star. In the former case plasma effects
and environmental parameters are significant and several suppression mechanisms can
take place. In this case, the bounds from CAST might be relaxed according to the solar
physics model, as already advocated to reconcile the CAST bounds with the PVLAS
experiment results [245]. Although this is an interesting scenario, a detailed calculation

should be performed to test its viability in light of the present results.

However, our combined parameter space (see figure 3.12) is well within the accessible
range of the next generation ALPs experiments i.e. ALPS II [115] and the future helio-
scope TAXO [116]. It would be also possible to improve the ALPs contour with future

Galactic magnetic field models which could be based on the full-sky polarization survey.

We extend our analysis for the other Galactic and non-Galactic plane astrophysical
sources. In general, for Galactic pulsars we have seen a significant improvement to the
fit and it holds the same for the other sources as well. This holds the same for the non-
Galactic sources. If we introduce the ALPs parameters to the spectral fit, non-Galactic
pulsars show significant improvement in y2. The combined parameter space for the
pulsars provide the the best fit value of ALPs parameters to be (ggyy = 1.4x10719 GeV~!
and m, = 1.8 neV) (see appendix. C). In the appendix E we present the very bright
extragalactic the blazar spectrum along with the multi-wavelength SED. Notably, our
finely binned spectral points for the high energy blazars are quite consistent with the
Fermi 1FGL [246], 2FGL [205] and 3FGL [77] spectral points.

While the photon-ALPs mixing in the Galactic magnetic field exhibit a suppression in
energy spectra, the reconversion of ALPs to photons from the sources located at large
distance can follow the appearance channel in the optically thick part of energy spectra.
In future, it would be nice to analyze the VHE HESS or MAGIC data to combine
with the new Fermi-LAT data (Fermi FL8Y)! to probe the GeV-TeV counterpart of
the gamma-ray sources. In the framework of photon-ALPs conversion in the magnetic
field, gamma-ray observations of the sources with very high redshift revealed that the
energy spectra is less affected by the absorption than predicted. This could be a result
of photon appearance in VHE regime. This phenomenon can be explored with the data

of future experiments like Cherenkov telescope array (CTA).

"https://fermi.gsfc.nasa.gov/ssc/data/access/lat /I8y /
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Appendix A

Enrico Documentation

To run the Fermi science tools together Enrico documentation [101] has been introduced

by D.A. SANCHEZ et al. in 2013'. Enrico python package uses all the science tools to

analyze Fermi-LAT data. To generate Xml model file, Fits files there are a few simplified

command lines. The command-line tools work with a configuration file that needs to be

generated by the following command lines:

$ enrico_config J2021+3651.conf
Please provide the following required options

Output directory ["/myanalysis]

[default]

Target Name
Right Ascension:
Declination:

redshift,

PSR_J2021+3651

305.2722

36.8492

no effect if null [0] : 0.0

ebl model to used

O0=Kneiske,

1=PrimackO05,

2=Kneiske_HighUV,

3=Stecker05,

4=Franceschini, 5=Finke, 6=Gilmore : 4
Options are PowerLaw, PowerLaw2, LogParabola, PLExpCutoff
Spectral Model [PowerLaw] PLExpCutoff
ROI Size [15] : 15
FT2 file ["/myanalysis/spacecraft.fits] “/myanalysis/L1509070518423556757C68_SC00.fits
FT1 list of files ["/myanalysis/events.lis] ~“/myanalysis/data.list
tag [LAT_Analysis] LAT_Analysis
Start time [239557418] 239557417
End time [334165418] 539769770
Emin [100] 100
Emax [300000] 300000
IRFs [CALDB]
evclass [128]
evtype [3]

Corresponding IRFs =

Is this ok? [y] : y

Corresponding zmax = 95

(’P8R2_SOURCE_V6 ",

[?BACK’, ’FRONT’])

"http://enrico.readthedocs.io/en/latest /
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The corresponding xml file can be made with running enrico-rml command line as

follows:

enrico_xml J2021+3651.conf
use the default location of the catalog
use the default catalog
Use the catalog : /CATALOG_PATH/gll_psc_vO06.fit
[Message]: Adding extended source Cygnus Loop, Catalogue name is 3FGL J2051.0+3040e
[Message]: Summary of the XML model generation
Add 58 sources in the ROI of 12.0 ( 10.0 + 2 ) degrees
9 sources have free parameters inside 3.0 degrees
1  source(s) is (are) extended
Iso model file /nfs/astrop/d6/majumdar/myanalysis/myanalysisil
/enrico/Data/diffuse/iso_P8R2_SOURCE_V6_v06.txt
Galactic model file /nfs/astrop/d6/majumdar
/myanalysis/myanalysisl/enrico/Data/diffuse/gll_iem_v06.fits
[Message]: write the Xml file in ~/myanalysis/PSR_J2021+3651 _PLExpCutoff_model.zxml

For running Global fit all the science tool has been merged in one tool which can be

called with the following command line:

enrico_sed J2021+3651.conf

This will make all the steps of Fermi binned analysis (gtselect, gtmktime, gtltcube, gt-
sremaps ete...), produce all the required fits files and fit the data gtlike. A .results file
will be produced and where all the results will be stored. The result file contains all the
parametersaccording to the spectral model of the target source i.e prefactor, index , cut
off energy etc. with the corresponding errors (actual errors and parabolic errors). For
binned analysis, we can get the number of bins from 0 (default) to 25 in the configu-
ration file. At the end of overall fit, Enrico runs NumEnergyBins analysis by dividing
the energy range making another directory for binned analysis. Each bin results files
have been stored there including all the parameter values and the corresponding errors.
Additionally, we run the Enrico analysis of several job on cluster of CPUs with the help
of a shell script.



Appendix B

Galactic magnetic field model

Magnetic field in the interstellar medium is spiral in large scale structure and mostly
irregular. The origin of the large scale magnetic field in the Universe is still a mystery to
us. The only available constrains of large scale magnetic field are the Faraday rotation
measures (RM), polarized synchrotron radiation and also the polarized dust emission
from spinning elliptical dust grains [74]. For our analysis to compute the conversion
probability of photons into axion-like particles (ALPs) and vice versa we have taken
into consideration one of the most accepted and comprehensive GMF model: Jansson &
Farrar model (2012) [74]. In this model, seven years RM data and synchrotron emission
data of Wilkinson Microwave Anisotropy Probe (WMAP7) have been used. This model
of large scale regular field consists of three components: the disk component, the halo

component and the out of plane component.

B.0.0.1 The disk component

The disk component follows the structure of the NE2001 thermal electron density model
[247]. The disk field is confined to the x-y plane. For the distance for the Galactocentric
radius < 3kpc, the magnetic field strength is set to zero while for the 3kpc < Galacto-
centric radius < 5kpc are consistent with a ‘molecular ring’ with constant magnetic field
strength. Starting from bkpc to 20kpc, the magnetic field is modelled with eight loga-
rithmic spiral regions,with the opening angle i = 11.5° [74]. The separations between

the spiral arms follow the equation describes as,

r =r_gexp (Pptan(90° —1i)) (B.1)

where, r_, = 5.1, 6.3, 7.1, 8.3, 9.8, 11.4, 12.7, 15.5 kpc, which are the radii where the

spiral arms cross the negative x-axis. The magnetic field strength of each of the spiral
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Model: Jansson & Farrar
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Ficure B.1: Galactic disk model of the Galactic magnetic Field (Jansson &Farrar

model) which is constrained to x-y plane with the galactic radius between 3 kpc and

20 kpc. The central “molecular ring” is stretched from Galactocentric radius 3 kpc to

5 kpc. Between the radius from 5 kpc to 20 kpc there are eight logarithmic spiral arms

with an opening angle of 11.5°. The vertical colorbar represents the magnetic field
intensity of the disk in the order of uG.

arms has been given in the corresponding article by Jansson and Farrar [74]. The disk

field is extended symmetrically with respect to the mid-plane.

B.0.0.2 The halo field component

The halo component is completely toroidal with different field strengths (B, Bs) and

radial extensions (7, rs) north and south of the Galactic plane:

Bn(1 = L(r,rp,wy)), ifz>0
Bgalo(r, 2) = e L (2, haisk, waisk) ol (7)) (B.2)

Bs(1 — L(r,rs,wp)), ifz<0

This halo field has an exponential scale height with the unique field amplitudes in the
north and south, B, to be 1.4 uG and B to be -1.1 uG, respectively [74].

B.0.0.3 The out of the plane component

The out of the plane component, also known as X-field, is to be asymmetric and
poloidal. This adds the field strength from outside the galactic plane with a radial and
7z component. It has four free parameters like: constant elevation angle ©2 with respect

to the mid plane, B,, Galactocentric radius r§ and rx [74].
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For this thesis, the python scripts for the Galactic magnetic field model e.g. Jansson

and Farrar model, are used from the article [44] 1.

The components of Jansson & Farrar large scale magnetic field has been updated with
the polarized synchrotron and dust emission data measured with Planck satellite [81].
The field strength in the 2nd, 4th and 5th spiral arms have been changed by reducing
inner Galaxy dust polarization, replacing synchrotron polarization and increasing high

latitude polarization respectively, as mentioned in the Planck literature.

"https://github.com/me-manu/gmf
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Appendix C

Fitted spectra for non-(Galactic

pulsar sources

This appendix summarizes the spectral fits to the high energy gamma-ray spectra which
are used in Chapter 5 to calculate the combined photon-ALPs contour for non-Galactic
sources. We have chosen eleven pulsar candidates which are modelled with power law
with exponential cut off parametrization. A brief description for each individual sources
has been listed in the section 5.3.1. The figure shows that the bright pulsar spectrum for
different sources for the energy range from 100 MeV to 300 GeV. All the green points
in each plot stands for the spectral points with the error bars while the red line stands
for a spectral fit with the ALPs parameters e.g. gqy, and m,. Besides, the blue line
corresponds to the spectral fit without ALPs parameters. Notably, for all the pulsar
spectra, we get a reasonable significance for the fit including the ALPs parameters. The
ALPs parameter scan for individual sources has been also portrayed just next to the

spectrum of each pulsar.
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Appendix D

Non-Galactic plane sources
spectra with LogParabola

parametrization.

The bright non-Galactic plane source spectrum has been shown here. The most bright
Fermi-LAT sources has been taken as candidates. These sources are modelled with a
LogParabola parametrization. The source details are described in the table 5.2 and
brief highlights on each source are mentioned in the section 5.3.2. FEach figure contains
green spectral points of the particular source from each energy bin including the errors.
The spectral points are fitted to with a model with ALPs parameters e.g. photon-ALPs
coupling constant (gay,) and the ALPs mass (m,). The best fit g.,, and m, values for

each source are quoted in the corresponding figure.
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FIGURE D.1: Best fit model of the non-Galactic plane sources spectra (blue line:

without ALPs parameters; red line: with ALPs parameters). The green points represent

the flux in the each energy bin with the corresponding statistical errors. The relative

deviations between the flux points and the spectrum modelled with ALPs parameters
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FI1GURE D.6: Similar to the figure D.1 with different non-Galactic plane sources.
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FGL_J2025.6m0736 -- BL Lac - type object
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FIGURE D.12: Similar to the figure D.1 with different non-Galactic plane sources.
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Appendix E

Broadband SED for blazars

The broadband SED for the very bright non-Galactic plane sources which are modelled
with PowerLaw parametrization have been shown here. The source details are described
in the table 5.2 & 5.3 and brief highlights on each source are mentioned in the sec-
tion 5.3.2. We present the flux points of our analysis in magenta colored circles in each

figure comparing our result with the other observational points.
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FIGURE E.1: Spectral energy distribution of the source 3FGL J0303-2407. The different

color spectral points refers to the multi-wavelength observation for the source. The red

line corresponds to a model that fits to the data points. The magenta points in the
SED corresponds to the present analysis of 3SFGL data with 25 energy bins.
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3FGL J1058.6+5627

T T T

10} 4
10-11 |
10-12 |
10-13 |
® BeppoSAX © CLASSSCAT
1014 L e NED A Fermi 2FHL ||
B Fermi 2FGL A Fermi 3FGL
! A Fermi 1FGL A Fermi 2FGLlIc
10 L ® © FIRST @ SAXMECS H
® ® NVSS @ This study
@ CRATES
10_16 L L L L L L L L 1
102 10™ 10° 107 10° 10%® 10%' 10' 10° 10°

E[MeV]

FicURE E.9: Similar to the figure E.1 for the source 3FGL J1058+-5627.



Broadband SED for blazars 124

3FGL J1104.4+3812

10° f
10-10 | i
10 F 1
R
S‘N
“;% 102 1
Z|Lﬂ
IS
N 1013 | )
€3 e MAGIC < WISE W1 B EGRET
$ e NED A Fermi 2FHL B BeppoSAX
10 | % B Fermi 2FGL A Fermi 3FGL e DIXON |
!5 A Fermi 1FGL A Fermi 2FGLIc A PCCS
105 |0 «  WISE W4 @ NORTH20CM m CMA |
| ° WISEWS3 A HESS m  WFCCAT
«  WISE W2 B VERITAS e This study
10'16 Il Il 1 1 1 1 1 1 1 1
102 10" 10° 107 10° 10° 10* 10t 10®° 10° 107
E[MeV)
FIGURE E.10: Similar to the figure E.1 for the source 3FGL J1104+3812.
3FGL J1217.8+3007
10° .
100 L .
10 11 | i
R
(=
s (o]
IS0t} 1
Z|Eﬂ
IS
] -13 | i
Lﬂ 10
e WGACAT2 A Fermi 2FHL e DIXON
10 | e NED A Fermi 3FGL A PCCS |
E E B Fermi 2FGL @ NORTH20CM B CMA
1015 7;! A Fermi 1FGL @ VERITAS m 1ISWXRT |]
@ CRATES ®  BeppoSAX @ This study
© CLASSSCAT
10-16 L L L L L L L L L
102 10 10° 107 10° 10 10 10 10® 10° 10’
E[MeV]

FIGURE E.11: Similar to the figure E.1 for the source 3FGL J1217+3007.



Broadband SED for blazars

125

3FGL J1248.2+5820

10-10 | i
10 |
> 10t
olg
._‘U
%@ 1013 |
(o]
53
10 | ; e NED © CLASSSCAT ||
B Fermi 2FGL A Fermi 2FHL
E A Fermi 1FGL A Fermi 3FGL
10 L & @ FIRST A Fermi 2FGLIc |4
. ® NVSS @ NORTH20CM
@ CRATES ® This study
10'16 Il Il Il Il 1 1 1 1 1
102 10 10° 107 10° 103 10% 10" 10° 10°
E[MeV]
F1GURE E.12: Similar to the figure E.1 for the source 3FGL J12484-5820.
3FGL J1653.9+3945
10° .
10-10 | ]
10t} 1
R
=
“;% 107 :
Z|m
IS
N 1013 | |
K e MAGIC s Fermi 2FGLIc &  PCCS
e NED © NORTH20CM m  KUEHR
10 B Fermi 2FGL A ARGO m  WFCCAT [
@ A Fermi 1FGL @ VERITAS m |PC
105 | ® e CRATES m  CLASSSCAT = WMAP5 |
A Fermi 2FHL m  BeppoSAX @ This study
" A Fermi 3FGL e DIXON
10_16 L L L L L L L L L L
102 10" 10° 107 10° 10°® 10* 10t 10®° 10° 107

E[MeV]

FIGURE E.13: Similar to the figure E.1 for the source 3FGL J1653+3945.



Broadband SED for blazars 126

10-10 | ]
10 | ;
1012 | 5
—,
e
O E
a3
Z| 10 3 E
IS
(o]
83
10} 1
i ® NED A Fermi 3FGL ®  KUEHR
y ¢ B Fermi2FGL A Fermi2FGLic m ERCS
10 is® A Fermi 1FGL © NORTH20CM m  WMAP5 4
e CRATES e DIXON e This study
A Fermi 2FHL A PCCS
-16

102 10 10° 107 10° 10 10' 10t 10° 10° 107

E[MeV]

FiGURE E.14: Similar to the figure E.1 for the source 3FGL J1748+7005.



127



Broadband SED for blazars

128

Appendix F

Acronyms

SM
BSM
DM
CDM
ALPs
SMBH
BL Lac
FSRQ
LBL
HBL
LSP
ISP
HSP
LAT
PSF
HESS
SED
GMF
HE
VHE
TS
ALPS
SSC
ICS
SDSS
EBL
LSW

Standard model

Beyond standard model

Dark matter

Cold dark matter

Axion like particles
Supermassive black hole

BL Lacertae

Flat spectrum radio quasar
Low-frequency peaked BL Lacs
High-frequency peaked BL Lacs
Low synchrotron peaked
Intermediate synchrotron peaked
High synchrotron peaked

Large area telescope

Point spread function

High Energy Stereoscopic System
Spectral energy distribution
Galactic magnetic field

High energy

Very high energy

Test statistics

Any Light Particle Search
Synchrotron-self-Compton
Inverse Compton scattering
Sloan Digital Sky Survey
Extragalactic background light
Light shining through wall
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