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Abstract

The [High Altitude Water Cherenkov| (HAWC)) y-ray observatory detects cosmic- and y-rays in
the TeV energy range. was recently upgraded with a sparse detector array (the outrigger
array), which increases the instrumented area by a factor of 4-5 and will improve the sensitivity
at energies greater than 10 TeV. This thesis consists of a number of contributions towards the
improvement of the performance of at the highest energies and the study of a prominent
high energy source, 2HWC J2019+367. To decide on components of the outrigger array, simula-
tion input is provided. A new Monte Carlo template-based reconstruction method for air shower
arrays is developed. It reconstructs the core location and energy of y-ray showers. The goodness
of fit of the method is utilised to separate the cosmic- and y-ray showers. This method signif-
icantly improves the shower reconstruction and combines the reconstruction of
and the outrigger array. In-depth spectral and morphological studies of 2ZHWC J2019+4367 are
performed. 2HWC J2019+367 shows a hint of energy-dependent morphology. A new
source is discovered in the vicinity associated with VER J2016+4371. The preferred direction of
the X-ray and TeV emission indicates their association, and their combined spectral modelling
show that 2HWC J2019+367 is likely to be the TeV pulsar wind nebula of PSR J2021+3651.

Zusammenfassung

Das[High Altitude Water Cherenkov| (HAWC)) y-Strahlen-Observatorium weist kosmische Strah-
lung und y-Strahlung im Energiebereich von TeV nach. wurde kiirzlich um ein diinn
besetztes Detektorfeld (Outrigger Array) erweitert, welches die instrumentierte Flache um einen
Faktor 4-5 vergroBert und die Sensitivitdt bei Energien iiber 10 TeV verbessern wird. Diese
Arbeit umfasst eine Reihe von Beitrdgen zur Verbesserung der Empfindlichkeit von bei
den hochsten Energien, sowie eine Untersuchung einer bedeutenden Hochenergiequelle, 2HWC
J2019+4367. Simulationsergebnisse werden genutzt, um Komponenten fiir das Outrigger Ar-
ray zu wihlen. Eine neue Rekonstruktionsmethode fiir Luftschauer-Detektorfelder basierend
auf Monte-Carlo Templates wird entwickelt. Sie rekonstruiert das Zentrum und die Energie
von y-Schauern. Die Fitqualitidt der Methode wird zur Unterscheidung von kosmischer und
y-Strahlung benutzt. Diese Methode verbessert die Schauer-Rekonstruktion von [HAW(] sig-
nifikant und kombiniert die Rekonstruktion von und des Outrigger Arrays. Tiefgehende
spektrale und morphologische Untersuchungen von 2HWC J2019+367 werden durchgefiihrt.
2HWC J2019+367 zeigt Hinweise auf eine energieabhingige Morphologie. Im Verlauf der Un-
tersuchungen wurde eine neue [ HAWC}Quelle in der zu VER J2016+371 gehdrenden Umgebung
entdeckt. Die Vorzugsrichtung der Rontgen- und TeV-Strahlung deutet auf eine Verbindung der
Quellen hin und ein kombiniertes spektrales Modell beider Quellen zeigt, dass es sich bei 2HWC
J2019+4367 hochstwahrscheinlich um den TeV Pulsarwind-Nebel von PSR J2021+3651 handelt.
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Introduction to y-Ray Astronomy

The study of the universe in the realm of astrophysics relies largely on the observation of the
photons in the [Electromagnetic (EM)|spectrum, which spans over a very wide range of energies.
Depending on the energy of the photon, it is divided into different fields of study as shown
in Figure [L.1] radiation emission processes are either thermal or non-thermal in nature.
The traditional astronomy deals mainly with the thermally emitted photons by hot objects that
can emit photons up to few hundreds of keV in most extreme conditions. However, to produce
higher energy y-ray photons, the non-thermal processes are required. This is because to produce
them thermally, the temperature of the black-body would need to be close to that present at the
early stages of the Big Bang.

1.1 The Non-thermal Universe

The study of the non-thermal universe started with the discovery of|Cosmic-Rays (CRs)|by Victor
Hess (Hess|1912), for which he was awarded the 1936 physics Nobel prize. Hess made a series
of balloon flights and measured an increase in the density of ionised particles with altitude. He
observed an initial decrease in the rate of ionisation with increasing altitude, however, it started
to increase beyond ~1 km. Therefore, the source of this ionising radiation (later called as
was attributed to be outside the Earth’s atmosphere. Modern instruments have observed up
to ~10%° eV energy. Alongside the by-products of non-thermal processes are observed in
the whole spectrum, spanning from radio to [Very High Energy (VHE)|y-rays.

To understand the evolution of the universe the study of the non-thermal phenomena is very
crucial, as non-thermal radiations contribute equally towards the total energy of the universe as
the thermal radiations. The highest known energies carried by [CRs|also provide the possibility to
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Cosmic microwave background, ~3 mm
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Figure 1.1: The electromagnetic spectrum and the different levels of the atmosphere where they get fully
absorbed. The different ranges of radiation are labelled in red. The Figure is taken from (Wagner
2000).

explore the fundamental physics beyond the current reach of the man-made accelerators. Since
are charged particles, they are deflected by the randomly oriented magnetic fields present
in the galactic and inter-galactic medium before reaching to Earth. Therefore, their arrival direc-
tions cannot be used to point back their source. However, for exceeding the ~EeV energies,
their trajectories are not bent for distances of tens of Mpc. Nonetheless, the study of can
give us information about the composition, energy spectrum and possible anisotropies for the
highest energy ones.

To study the acceleration sites of these one has to rely on the neutral particles which are
not deflected by magnetic fields. y-rays and neutrinos are such particles which are produced as
the by-products of Neutrinos interact with other particles only through weak-interactions
with a very small cross-section and are therefore very difficult to detect. Nevertheless, it is to be
noted that a considerable improvement on the neutrino astronomy is being made in recent times
(Ahlers & Halzen|2018];|Aartsen et al.2017). Further, in this chapter, I will give a brief introduc-
tion to Afterwards, I will give a relatively more detailed description of y-ray astronomy,
since it is the area of study of this thesis.
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1.2 Cosmic Rays

Ever since the discovery of Victor Hess of numerous efforts have been made to understand
the nature and origin of this radiation. Following Victor Hess’ discovery, the corpuscular nature
of was found (Bothe & Kolhorster1929), making clear that they are not a new kind of radi-
ation but rather charged particles coming from the outer atmosphere. Later, in 1938 Pierre Auger
showed that can initiate [Extensive Air Showers (EASs)| of secondary particles extending
hundreds of meters on the ground and concluded that the primary particle should have ~PeV
energies. By observing the [EAS|or through the direct detection of by several experiments,
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Figure 1.2: The @ spectrum as a function of energy-per-nucleus, observed from earth
compiled using several experiments. Major features are shown such as the knee, 2"¢ knee, and the ankle.

The figure is taken from (Tanabashi et al.[2018).

the all-particle spectrum of has been measured over 12 decades in energy. The lowest en-
ergy (< 1 GeV) are generally thought to be generated by the solar flares, because the solar
magnetic field blocks most of the particles coming from outside the solar system.

Above that, it shows several interesting features as shown in Figure [[.2] From 100 GeV to 5
PeV, the spectrum can be described by a power-law with index I' of ~2.7. The PeV region
is also well known as the knee of the spectrum where the transition in the spectrum occurs. The
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exact location of the knee is also dependent on the particle species as particles with the higher
charge peaks at the higher energies. Up to the knee, the origin of is believed to be of
galactic origin and are also associated with objects such as |[Supernova Remnants (SNRs)| being
their origin. However, > 10'5 eV energies cannot be confined by the magnetic fields and
length scales of galactic objects and therefore are able to escape. flux between ~5 PeV
and 0.1 EeV follows a power-law of spectral index I' of ~3.0. It is believed to be the transition
region from galactic to the extra-galactic origin. From 0.1 EeV to 5 EeV, the spectral index again
steepens to a value of I' = 3.3, this feature is known as the 2" knee. It is associated with the
transition to heavier primaries (Tanabashi et al.[2018]). The spectral index I" again hardens above
S EeV up to 40 EeV to a value of ~2.6. This transition around 5 EeV is also known as the ankle of
the spectrum. The origin of these highest energy [CRs]is most likely to be extra-galactic in nature.
However, it is to be noted that the exact location of these above-mentioned transitions and their
origin is still under debate as it also depends on the mass composition of the spectrum.
The spectrum has a severe cut-off above 40 EeV. One of the explanations given for this cut-off
is the so-called |Greisen-Zatsepin-Kuzmin (GZK)| cut-off (Greisen|1966)),(Zatsepin & A. Kuzmin
1966). This is because of the interaction of’ with the|Cosmic Microwave Background (CMB)|
which limits the maximum distance that can be travelled by [CRs| of energies > 10%° eV to be 50
Mpc. The cut-off occurs at around 50 EeV for protons, however, for heavier nuclei, it might be
at higher energies.

1.2.1 Acceleration Mechanisms

To account for the high energies of the observed astrophysical acceleration mechanisms
are needed. are relativistic charged particles, accelerated to the high energies in extreme
astrophysical environments in the universe. The acceleration of is generally explained by
the repeated crossing of charged particles in astrophysical shocks. It was proposed by Fermi
in (Fermi [1949), depending on the properties of moving plasma the two processes known as
first and second order Fermi acceleration are defined. The first order Fermi acceleration is also
known as the diffusive shock acceleration.

Diffusive shock acceleration involves the propagation of strong shocks in the interstellar
medium. The shocks can be defined as non-linear disturbances in the medium that transfer
energy and momentum to the particles. In Figure the downstream, upstream and shock front
region are shown. It also shows the scenarios of the rest frame being the shock front, upstream
and downstream regions. The shock front defines the boundary of the shock. The downstream
is the shocked part of the medium, while upstream is the region where the shock has not inter-
acted with the medium yet. Taking the reference frame of the shock front, it can be seen that
the upstream approaches with a speed U towards the shock. One can apply the mass continuity
equation at the shock front as p;v; = p,v,, where, py, p, and vy, v, being the mass densities and
velocities of the upstream and downstream respectively. Let us assume the shock front is in fully
ionised monotonic gas. Therefore the specific heat capacity (y) of the medium is 5/3. In strong
shocks, the compression factor results in p,/p; =~ (y + 1)/(y — 1) = 4. Therefore, one would get
v, = vi/4 = U/4. From the rest frame of upstream, the downstream would approach the shock
with speed |[v; —v,| = 3U/4. This would be the same while going to the rest frame of downstream,
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Figure 1.3: Schematic diagram of the diffusive shock acceleration. Upstream and downstream show the
shocked and yet to be shocked part of the medium. Left panel: the shock front frame, the upstream and
downstream are moving with velocity U and U/4 respectively. Middle panel: the upstream frame, the
shock front is moving with a velocity of 3U/4. Right panel: the downstream frame, the shock is moving

with a velocity of 3U/4. The figure is adapted from 2005).

where the upstream would be seen as approaching with a speed of 3U/4. In this case, the particle
will always gain energy while crossing the shock-front from upstream to downstream or vice
versa. It can be shown that during a round trip around the shock front the particle will gain the

energy as:
AE\ 4V
— )= — 1.1
< E > 3c (4.1

where V = 3U/4 is the velocity of the gas approaching the particle.

After each crossing, the average energy of the particle can be defined as (E) = 5(E,), where
(Ey) is the initial energy and S is a dimensionless constant. Let us define the probability of the
particle remaining in the system after each crossing is P. Taking into account the instabilities in
the medium and the magnetic fields, which allow the particles to cross the shock several times,
therefore, if the particle crosses the shock k times the final average energy becomes (E) = S*(Ey)
and number of particles remaining in the system will be N = P*N,. Where N, is the initial
number of particles. Combining these two relations one can obtain the number of particles
remaining in the system after k crossing with energy E as:

In(N/Ng) _ InP

e = T (1.2)
InKE)/{Eo)) InB
Using the above equation one can obtain the following power-law equation (T.3)):
N(E)dE o« E-'"WPIAJE . (1.3)



1. INTRODUCTION TO y-RAY ASTRONOMY

The value of 8 can be obtained as 1 + U/c using equation (I.I). It can be calculated that the num-
ber of particles crossing the shock front with relativistic speeds is nc/4, where c is the velocity
of light and n is the number density of particles. It can be seen from Figure [I.3]that the number
of particles advected away in the downstream region would be nU/4. Therefore the probability
of escaping the system is U/c and hence the probability of remaining in the system would be
P =1 - U/c. Putting the values of 8 and P back in equation (I.3]), one would get the power law
index of -2 for non-relativistic shocks, where U < c.

It can be seen by equation (I.1)) that the gain in energy is proportional to the velocity of the
shock, this is why the process is called first order Fermi acceleration. However, in the case of
second order Fermi acceleration, the gain in energy is proportional to the square of the velocity
of the shock. This is due to the interaction of the charged particles with a moving magnetised
cloud. More details can be found in (Longair|2011).

1.2.2 Sites of Acceleration

can be accelerated via the Fermi mechanism as described in section[I.2.1lin various known
astrophysical environments. The main requirement here is that the particle’s Larmor radius of
gyration in the magnetic fields present around these sources cannot exceed the physical size of the
source, otherwise, the particle would not be confined anymore. The Larmor radius is defined as
the radius of the circular motion of a charged particle in a uniform magnetic field. The maximum
attainable energy (E.x) by these particles in this scenario is given by the following equation

E . = ZefBcBL, (1.4)

where the particle of charge Ze is moving with velocity Sc in a magnetic field of B of an
object of length scale L. For given source properties, heavier nuclei can be accelerated to higher
energies than lighter nuclei. It is observed that the highest energy CR spectrum is likely to be
dominated by heavier nuclei (Ave et al.|2003). In Figure[I.4] the so-called “Hillas plot” is shown,
which is a handy tool to characterize the candidates to accelerate It displays the various
acceleration sites and their magnetic fields as a function of physical size. It also shows lines
for required B and L to accelerate particles to 100 EeV and 1 ZeV energies. The 1 ZeV line is
shown for protons and 100 EeV is for Iron nuclei. Sources lying above the specified energy line
are able to accelerate to that energy. Although, not all the source types are suitable for the
acceleration of the highest energy however, they can contribute towards different energy
ranges of the all-particle [CR| spectrum as it extends for more than 10 order of magnitude in
energies. The sources can be divided into two main categories namely galactic and extragalactic.
The main galactic sources are [SNRs| [Pulsar Wind Nebulae (PWNe), Pulsars, Binary systems,
and young stars. The E,,,x reachable by the galactic sources is a matter of debate, however, they
can significantly contribute until the PeV energies of the [CR|spectrum. The highest energy part
of the [CR|spectrum is believed to be due to sources of extragalactic origin. The proposed sources
of extragalactic origin are |[Active Galactic Nucle1 (AGN)| starburst galaxies, cluster of galaxies
and (Gamma-Ray Bursts (GRBs)|
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Figure 1.4: The Hillas plot (Hillas||1984): magnetic field vs. typical size of various potential sites of
astrophysical particle acceleration. The different lines indicate the energy reachable for the given particle
species as a function of source size and its magnetic field. The source above the lines fulfils this criterion.
The figure is taken from (Fraschetti2008).

1.3 y-Ray Astronomy

Previously, I introduced the production and acceleration of in extreme astrophysical envi-
ronments. detected at Earth have lost the directional information while travelling through
the magnetic field present in the galactic and extragalactic medium. However, through the in-
teraction of (charged particles) with the ambient medium, high energy y-rays are also pro-
duced. y-rays are not deflected by the magnetic fields as they are neutral particles. Therefore, the
directional information about the source location is intact. Hence, y-rays serve as excellent mes-
sengers to study the source environments of the highest energy accelerator sites in the universe.
y-rays cover a large part of the EM}spectrum starting from ~1 MeV until the highest energies
(see Figure[I.T)). Depending on the energy, the observed y-rays can be divided into the following
domains (see Table[I.I). The work presented in this thesis is concerned to the domain.

1.3.1 +y-Ray Emission Mechanisms

y-rays are produced through the interaction of the high-energy charged particles with the differ-
ent media in the universe. The nature of this interaction can differ, depending on the [CR| particle
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Energy domain Energy range
Low Energy (LE) 1 MeV to 30 MeV
High Energy (HE) 30 MeV to 50 GeV
Very-High Energy (VHE) 50 GeV to 100 TeV
Ultra-High Energy (UHE) 100 TeV to 100 PeV
Extremely-High Energy (EHE) >100 PeV

Table 1.1: Domains of the y-ray astronomy depending on the energy ranges.

type and the available medium, resulting in different y-ray emission mechanisms. Understanding
the emission mechanism is crucial because it can provide information about the origin, type, and
propagation of in the ambient medium. can be hadronic or leptonic in nature. There-
fore, the dominant y-ray emission processes are divided into two scenarios namely hadronic and
leptonic emission. The emission mechanism depends on the type of media where the interac-
tion occurs. The media can be matter, radiation fields, or magnetic fields. The y-ray production
through a leptonic scenario occurs mainly through Bremsstrahlung, synchrotron, and Inverse
Compton scattering processes. A hadronic scenario occurs mainly through pion decay. These
pions are created in collisions. All of these scenarios of y-ray production are depicted in Fig-
ure and will be discussed below. More details can be found in (Blumenthal & Gould||[1970;
Longair2011; |Aharonian/2004).

1.3.1.1 Bremsstrahlung

Electrons get decelerated while passing near atomic nuclei and ions (see Figure upper left
panel). The energy lost in deceleration creates a y-ray photon, this emission process is known as
“Bremsstrahlung” or braking radiation. The Bremsstrahlung energy loss rate of electrons can be
written as:

dE,  cmyn
dr - Xo “

(1.5)

where E, is the electron energy, m, is the proton mass, c is the speed of light and n is the
number density of the ambient gas. The radiation length (X,) is a characteristic of a material
and is defined as the mean distance over which ultra-relativistic electron loses 1/e of its energy
through Bremsstrahlung. For electrons of energy E., the lifetime due to Bremsstrahlung losses
is defined as:

E,

Tor = THE, Jdr

~ 4 x 10’ (n/cm™>)'yr. (1.6)

As it can be seen from equation (I.5) the energy loss rate is proportional to E,, the lifetime
(Tpr) 1s independent of electron energy. Therefore, we can see that Bremsstrahlung losses would
not change the shape of the injected electron spectrum. As the energy loss rate is directly pro-
portional to the ambient gas density, therefore Bremsstrahlung becomes particularly important in
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Figure 1.5: Schematic of different channels of y-ray production. The figure is adapted from (Lopez-Coto

2015).

the dense gaseous regions for y-ray production. Bremsstrahlung-produced y-rays have energies
of MeV, however, with higher energy [VHE] y-rays can be produced.

1.3.1.2 Inverse Compton Scattering

In a leptonic scenario for y-ray production, the [VHE] y-ray photons are mainly produced by
Mnverse Compton (IC)|scattering. [[C] scattering occurs when a low energy photon is up-scattered
by an ultra relativistic electron and therefore gains energy. The schematic of the [[C] scattering
is shown in the upper right panel of Figure [I.3] y-rays are produced when highly energetic
electrons up-scatter the ambient radiation field photons. In an astrophysical context, the target
ambient fields usually consist the [Cosmic Microwave Background| (CMB) radiation, [[nfrared|
[(IR)] radiation produced by the dust of the interstellar medium and optical photons from the
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starlight. The scattering cross-section of the IC| process (oc) can be defined as a function of
electron energy E, and the initial photon energies of wy = hv by defining a term € = wy/E, as

shown in [Klein-Nishina (KN)| formula:

2 2 1 4 1
[(1————2)ln(1+2eo)+—+——

— 1, 1.7
€& € 2 & 2(1+2¢) (-7

oic =45
86()

where o7 is the Thompson scattering cross-section, which can be defined as o7 = (87/ 3)r§ .
6.65 x 1072cm?, r, is the classical electron radius. The rest frame electron energy E, = m,c?,
where m, is the rest mass of the electron and c is the speed of light. Depending on the energy
of the electron and the photon the [I[C] scattering is divided into two regimes. For non-relativistic
electron energies, where €y < 1, is known as the Thompson regime. At the highly relativistic
electron energies, where € > 1, is known as the regime.

The electron energy-loss rates by [IC| scattering in the Thompson regime can be written as:

dE, 4 V2
- ar :§0-TCUrad(§)72» (1.8)

where U, is the density of the ambient radiation fields and 7y is the Lorentz factor of the moving
electron with velocity v. The energy loss rate using equation (I.8) can be solved in terms of E,
and is o« E? in the Thompson regime. A similar expression can be obtained forregime where
the electron energy loss rate is independent of E,. The lifetime due to |[[C|losses 1ic = %:/dt
is oc 1/E, in the Thompson regime and « E, in the regime. Therefore, in the Thompson
regime, the higher energy electrons cool down faster than the lower energy ones.

The maximum energy reached by the scattered photon can be approximated as Epx = 4y*E,,
where E, is the energy of the parent photon. In the Thompson regime, the spectral shape of the
emitted photon and parent photons is similar. However, in the regime emitted photons suffer
a very sharp cut-off. It is worth to mention that, although protons can also up-scatter the ambient
photon fields via[[C|scattering ,the relative rate of proton interaction is suppressed by a factor of
(m,/m,)*, where m, is the rest mass of the proton.

1.3.1.3 Synchrotron Radiation

When an electron moves in a magnetic field it get accelerated. It traces a spiral around the mag-
netic field lines as shown in a schematic diagram in the lower left panel of Figure[I.5] The spiral
motion is due to the perpendicular component of electron’s velocity to the magnetic field lines.
Due to the circular motion, the electrons are accelerated and produce an electromagnetic radia-
tion known as Synchrotron radiation. Similarly, while instead of moving around the magnetic
field lines the electrons move along the curved magnetic field lines and therefore get accelerated
and emit electromagnetic radiation, this phenomenon is called Curvature radiation.
The average electron energy-loss rate due to synchrotron radiation is given as:

dE, 4 v
- = _O-TCUmag (?)72’ (1.9)

dt 3

10
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where Uy = B?/2u, is the energy density of the ambient magnetic field (B), where i is the
permeability of the free space. The remaining symbols are the same as in equation (I.8)). It can
be obtained that the lifetime due to synchrotron losses is T¢n = %ﬁ/m is « 1/E,, similar to the
losses in the Thompson regime. Therefore, with increasing energy of electron, the cooling
timescales will decrease. From equation and one can see that the emitted photon flux
due the synchrotron and[[C|scattering hold the following relation shown in equation (I.10), which
is very useful to estimate magnetic field energy density in a given astrophysical environment.

F syn Umag
F IC Urad

where F, and Fic is the integrated photon flux due to synchrotron and emission.

, (1.10)

1.3.1.4 Pion Decay

In a hadronic scenario of y-ray production, the main mechanism is the neutral pion decay. Pions
are produced as the by-products of the proton-proton or proton-nuclei collisions. Hadronic [CR]
travelling through the dense regions of [Interstellar Medium (ISM)| gives rise to this possibility.
In this process, both charged and neutral pions are produced. The production of the charged
pions (7%, 77) and the neutral pion (7°) happens with the same probability. Charged pions further
decay into muons and neutrinos. However, 7° decay most probably into producing a photon pair
as 1° — y+7. The schematic diagram of the 7° decay is shown in the lower right panel of Figure
The threshold energy required by the protons to produce 7 is given as:

Ey = 2m,rocz(1 4 I ) ~ 280MeV. (1.11)
4m,,

The rest mass (m,0) is 134.9 MeV and the mean lifetime 7 = 8.4 x 10775. m,, is the rest
mass of the proton. As the protons producing the pions are relativistic in nature and therefore
are highly energetic, the decay of the 7° produced in this process leads to the production of
y-rays. A characteristic of the 7° decay and hence the hadronic y-ray production is known as the
“pion bump” in the GeV-TeV range of the resulting y-ray spectrum.

1.3.2 Known Source Types of VHE y-rays

Sources of several kinds emitting in v-rays have been observed. They are also associated
with the sources of [CR] acceleration as explained in Section [[.2.2] I have discussed in Section
[1.3.1] the different ways of y-ray emission and their association with the Broadly they can
be divided into two categories: galactic and extragalactic. In Galactic sources, we have mainly

pulsars and [PWNel and binary systems. Extragalactic sources mainly consist of |AGN|
starburst galaxies and

1.3.2.1 Pulsars and Pulsar Wind Nebulae

In certain cases of massive star explosion through [Supernova (SN)|, the remaining product can
become a pulsar and A pulsar is rotating and highly magnetised [Neutron Star (NS)|

11
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Particles can get accelerated in certain parts of the [NS|magnetosphere and therefore emit in[VHE
vy-rays (Aliu et al[[2008). The rotational energy of pulsars is mainly lost through the e* wind
production. The e* wind interacts with the and generates a shock acceleration scenario,
where y-rays can also be produced mainly through the leptonic scenario. More details on
pulsar and are given in Chapter [5] and in the reference therein. A detailed case study of
the source 2HWC J2019+367, a[PWN] candidate, will be discussed in Chapter 6]

1.3.2.2 Supernova Remnants

Massive stars end their life through explosions. The material ejected by the explosion
expands over a period of time and interacts with the creating a shock front where are
accelerated. The accelerated produce [VHE] y-rays and are thought to be of hadronic origin.
A more detailed description of [SNe| and [SNRg]is given in Section [5.1] The detailed reviews on
this topic can be found in (Gaisser et al.[|1998; Naito & Takaharal[1994).

1.3.2.3 Binary Systems

Although, there are many binary star-systems in the galaxy, however, only a handful are known to
emit in[VHE]y-rays. Five previously known systems are (PSR B1250-63, LS 5039, LSI+61 303,
HESS J0632+057, HESS J1018-589) and one new system recently discovered by
[Water Cherenkov (HAWC)| observatory is SS 443 ((Abeysekara et al.[2018b))). Mostly, in these
cases, the system consists of a heavy and compact object such as [NS|or black hole and a massive
star. One of the explanations of the y-ray emission is the accretion of mass from the companion
massive star into the compact object also know as the micro-quasar scenario. In this case, a jet is
formed, where the particles get accelerated and therefore also produce y-rays. In another
scenario, the pulsar winds interact with the winds of the massive star and shock develops, where
the particle acceleration happens. More details can be found in the review (Dubus|2013)).

1.3.2.4 Active Galactic Nuclei

[AGN] are the galaxies, where the central nucleus is brighter than the rest of the galaxy and hosts
a [Super Massive Black Hole (SMBH), Collimated jets of relativistic charged particles coming
out of the central region has been observed in the past. These highly energetic charged particles
produce non-thermal emission in radio to y-rays. Depending on the viewing angle they are
divided into different categories such as Blazars, radio galaxies, Quasars and BL Lac’s. More
details can be found in reviews (Fabian|[2012; [Netzer[2015)).

1.3.2.5 Starburst Galaxies

Galaxies with exceptionally high star-formation rate are named as starburst galaxies. Due to high
star formation rate, the rate of [SN| explosions is high, providing a high [CR] density. These
produce y-ray emission. Further details can be found in Ohm| (2016)) and in the references
therein.

12
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1.3.2.6 Gamma-Ray Bursts

are extremely energetic y-ray outbursts of extragalactic origin. They can last from tens of
millisecond to several hours. They are categorised as short duration (< 2 s) and long duration (>
2 s). The origin of these two categories is believed to be a merger of two compact objects and
hyper-nova explosion of a very massive star respectively. The emission occurs promptly in soft
vy-rays and then later an afterglow emission which is observed in all wavelengths. More details

on can be found in (Kumar & Zhang 2015; Piran|2004).

1.4 Detection Techniques

The current detection techniques in y-ray astronomy can be broadly divided into two main cate-
gories: space-based and ground-based. As shown in Figure[I. 1]y rays cover a wide part of the
spectrum. Earth’s atmosphere is not transparent to y rays, therefore the direct detection is only
possible with space-based instruments. However, the size of the space-based instruments is small
due to the hosting constraints put by the satellites. The power-law behaviour of the observed y
rays of an index around -2, makes the statistics scarce as we go higher in energy. Therefore, the
small size and hence lower effective area (about 1m?) of the space-based instruments are only
suitable for y rays of MeV-GeV energy range. To observe y rays above GeV energies, the in-
direct detection techniques from the ground are utilised. They reach a large effective area to be
able to detect lower fluxes at higher energies. In this thesis, one of the ground-based detector, the
observatory is used, therefore I will give a short introduction to space-based instruments
and then will lead to a more detailed introduction to ground based instruments.

1.4.1 Space-Based Instruments

Observation of y-rays using space-based instruments started in 1961 with Explorer 11, which
observed y-rays photons coming from all directions (Kraushaar & Clark/|1962). Later with the
launch of [Small Astronomy Satellite 2 (SAS-2)| (Warren| 1990) in 1972 and COS-B satellite
(Swanenburg||1981) in 1982 the first detailed view of the y-ray Universe was observed. In 1991,
the [Energetic Gamma-Ray Experiment Telescope (EGRET)| was launched, which was one of
the instruments carried by the [Compton Gamma-Ray Observatory (CGRO)| It was sensitive to
v-rays in the MeV-GeV energy range and detected 270 sources between 0.1 to 10 GeV energies
(Hartman et al.[[1999).

Later in 2008, the Fermi y-ray telescope was launched which hosts two different detectors,
the [Large Area Telescope (LAT)| and the [Gamma-ray Burst Monitor (GBM)] Fermi{LAT]is an
imaging, wide [Field of View (FOV)| (~2 sr), high-energy y-ray telescope. The size its aperture
is about ~1 m?. It is sensitive in the energy range of 0.2 to 500 GeV. In the energy range of
0.03 to 300 GeV, the photon material interactions are dominated by electron-positron pair pro-
duction. Therefore, pair production is used to detect and reconstruct the direction of y-rays and
a calorimeter is used for energy reconstruction. This kind of detector is consists of a converter,
a tracker and a calorimeter. The converter converts the incoming y-ray photon into electron-
positron pairs, which are then tracked by the tracker in order to estimate the direction and energy

13



1. INTRODUCTION TO y-RAY ASTRONOMY

3 X R B % 1% [t X A o /% x
%xﬂ% Xjf \\QD >E>< ><\X X &%Xx X 1 X% ‘ 5 EX@ I:P\ijlj\ @EEF B Q(X ; 4 ;& % % Ei& Py
X Xiﬁé]x XXD&\%X@( >><(>< DQ \D ><><)*‘(’<|:\§l VD& XQXE‘ % X@X 3 o /ggf(x [i]b(;("/ ;Qi&/ O >><<>><<><ﬁ

> . I N X o X X% D / o ) X5
N % x X X X ><>§<§ Ko X X
SIE! ﬁ@&x XXX el = X e X >S< PR X Xoso 0 I K %
e B x,:&,;%%ﬁg—fé';\g x ){3? x @ ﬁ XEZ& f?‘(gx’i%@/ Sy XXK ;g;&v%(
S X XX e xo\ \X S
%x?gxx&qué&ux %x ﬂxx >‘XA:.L>< x’@’(x )&xx o

o No association = Possible association with SNR or PWN * AGN

* Pulsar A Globular cluster * Starburst Galaxy 4 PWN

= Binary + Galaxy o SNR #* Nova

* Star-forming region

Figure 1.6: The 3FGL Catalogue. The coordinates are galactic. Figure is take from (]Acero et a1.||2015[)

loss of the process. The calorimeter is used to absorb the produced leptons completely to estimate
the remaining energy and hence improving the energy estimation. For background rejection, it
uses an anti-coincidence system to veto the background events generated by the charged
The angular resolution of Fermi{LAT]is about 3.5° at 300 MeV and goes to < 1.5° at > 10 GeV
and it can scan the full sky in 3 hours. The energy resolution of Fermi{LAT]is about < 10 %. In
Figure [1.6] the third Fermi{LAT] catalogue sources are shown. Various different types of sources
are detected with a total of 3033 sources (Acero et al.[2015)). More details can be found in (Zanin!

2011};|Ayala Solares|[2017) and the references therein.

1.4.2 Ground-Based Experiments

To observe the y-ray above tens of GeV energies, indirect methods are used. y-rays do not
penetrate the Earth’s atmosphere, however, the primary particle of y- or cosmic-ray interact with
the nuclei present in the earth’s atmosphere and generate a cascade of secondary particles. This
cascade process leads to the development of the so-called [Extensive Air Shower] (EAS)), which
can be detected by the detectors placed on the ground. The detected [EAS]is then reconstructed
using different methods to determine the type, energy, and direction of the primary particle.
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1.4.2.1 Extensive Air Showers

By the interaction of the primary particle in the Earth’s atmosphere, the secondary particles can
be produced with several different mechanisms. The first interaction usually occurs at an altitude
of around 15-30 km. The mechanism of the first interaction is primarily determined by the type
of the primary particle.
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Figure 1.7: Left: y-ray induced air shower. Right: (hadron) induced air shower. Figure is taken from
(Wagner 20006).

The showers are initiated by y-ray photons or leptons (mostly electrons). Both of
which are similar in nature the main difference is the height of the first interaction in the atmo-
sphere. The initial development stages of the air showers are dominated by pair-production,
Bremsstrahlung and in the later stages by ionisation. The schematic of a y-ray induced air shower
is shown in the left panel of Figure 1.7} For pair production to occur, the energy of the pri-
mary photon has to be larger than the sum of the rest-mass energy of the electron-positron pair,
E, > 2x(m,c*) = 1.022 MeV. Where, E, is the energy of the y-ray photon and m, is the rest-mass
of the electron. The secondary photons in the showers are produced through Bremsstrahlung
(see Section[I.3.1.T)). For a given medium, the characteristic length scale over which the electron
will lose 1/e of its energy through Bremsstrahlung is known as the radiation length (X)) of the
medium. It is also the 7/9 of the mean free path for pair production. For the Earth’s atmosphere
the value of X, = 37.15 g/cm? (Grieder|2010).

The first theory of showers induced by fast electrons was given by (Bhabha & Heitler| 1937).
Later, a simple model of shower development is given (Matthews|2005) with three basic assump-
tions:

©® The length scales due to Bremsstrahlung and pair-production are equal.

© Bremsstrahlung and pair-production are the two dominant processes.
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Figure 1.8: simulations of 1 TeV y-ray and proton shower. Upper left panel: y-ray shower particle
tracks. Lower left panel: same shower as above in the transversal plane. Upper right panel: Proton shower
particle tracks. Lower right panel: same shower as above in the transversal plane. The red colour lines
represent the [EM] part of the shower. In the proton shower, The green and blue lines show muons and
hadrons respectively. Images are taken from (Heck et al.[1998).

© The distribution of energy among secondary particles is equal in each step.

Using this model, E, being the primary energy, the number of particles at a travelled distance
of x is given as N(x) = 2*/% and each of these particles has an energy of E(x) = E,27*/*. The
number of secondary particles increases till a certain depth in the atmosphere, where it reaches a
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maximum, also known as the depth of the shower maximum (X,,x), which can be estimated as:

Xmax = XO%, (1.12)
In2

where E. ~ 80 MeV is the critical energy. At this energy the losses due to Bremsstrahlung
and ionisation are equal. After reaching the X,,.x the shower size starts to decrease owing to the
ionisation losses.

For hadron initiated showers, the main difference is that it is dominated by strong interactions.
The primary particle in this case, interact with the nuclei present in the Earth’s atmosphere and
produce mesons (mostly pions (90 %) and kaons (10 %)) and some light baryons (p, p, n, n).
The charged pions decay into muons and neutrinos (7" — u* +v,; n~ — u~ + v,). The neutral
pions which are 1/3 of the total pions, decay into y photons (n° — vy + ). The charged pions
have a significantly larger lifetime of 2.6 X 1078 s compared to the lifetime of neutral pions of
0.8 x 107! 5. The muons produced by charged pions can later decay into electrons and neutrinos
W — e +v.+v,,u” — e +v,+,), however, for muons decay dominates over the ionisation-
losses. Therefore, they produce the penetrating part of the shower which can be detected on the
ground directly. The y-ray produced by neutral pions can start individual sub-showers, which
follows the shower development as of an shower described previously.

There are certain differences in the or hadron induced air showers, which are used by the
ground-based detectors to separate one from the other. The showers are more compact and
more symmetrically distributed around the shower development axis. While the hadron induced
air showers are more dispersed, due to the larger transverse momentum imparted to the secondary
particles during their production. Additionally, muons produced in hadron induced showers gives
distinct feature in the detected air shower which is utilised to y from hadron showers. Figure [I.§]
shows the Monte Carlo (MC)|simulations of two for the same primary energy of y-ray and
proton. It can be seen that the proton-induced air shower is more disperse than the y-ray induced
one. More details can be found in (Grieder;2010; |[Longair 2011)).

Now I will discuss two techniques for the detection of [EASs;: fmaging Atmospheric Cherenkov]
[Telescopes (TACTSs)| and [EAS] particle detector arrays. However, before that a brief introduc-
tion to the Cherenkov radiation is required as the and some of the detector array
techniques rely on the detection of the Cherenkov radiation.

1.4.2.2 Cherenkov Radiation

When a charged particle passes through a dielectric medium (such as water or air) with a speed
higher than the speed of light in that medium, it produces the Cherenkov radiation. This effect
was discovered by Pavel Cherenkov (Cherenkov||1934), for which he was awarded the 1958
physics Nobel Prize. A moving charged particle would cause a net polarisation in a dielectric
medium because the surrounding atoms and molecules will move in order to compensate for its
presence. Therefore a net dipole field arises, which get relaxed when the particle has passed,
through a dipole transition emitting the radiation.
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Figure 1.9: Schematics of polarisation of molecules while non-relativistic and relativistic charged particle
travelling through a dielectric medium are shown in the left and middle panel respectively. Schematic
diagram showing the production of Cherenkov light and the geometric expansion of the wavefront.

There are two scenarios of emitting this [EM|radiation. For a charged particle travelling non-
relativistically the radiation will be produced from all parts of the particle track incoherently
as shown in the left panel of Figure[I.9] therefore, no Cherenkov radiation is produced. However,
for charged particles travelling faster than the speed of light in the medium, the radiation from
different parts of the particle track adds coherently using Huygens construction. It is shown in
the middle panel of Figure[I.9 and in the right panel, the schematic of the Huygens construction
is shown. It can be seen from the geometric representation of the Huygens construction that the
constructive interference creates a conical wavefront of radiation. Given the speed of light
in the vacuum is c the refractive index of the medium is n and the velocity of the particle is v.
The coherent wavefront will propagate in the medium with speed c¢/n with an angle 6. = c/vn
with respect to the velocity vector. For water n = 1.33, which corresponds to 6, = 41.2°, given
v > c¢/n. The threshold energy (E,) to produce Cherenkov radiation for a particle of mass my

can be written as:

m0C2

V1 —n?

where ymi, is the Lorentz factor of the moving charged particle. It can be seen that the E,;, is
lower for lighter particles, therefore, the Cherenkov radiation production is dominated by them.
The number of Cherenkov photons produced at a wavelength A, by an ultra-relativistic particle
while travelling a length X in a given dielectric medium is described by the Frank-Tamm formula:

(1.13)

_ 2 _
Emin = Ymin/MoC =

d2N 1
= 2maZ* 271 — ——], 1.14
dxdd = ¢ ( ,82n2(/l)) (1.14)

where « = 1/137 is the fine structure constant and Z is the charge of the particle. It also describes
the peak of the Cherenkov radiation, which lies in the range of blue to ultraviolet wavelengths.

1.4.2.3 Imaging Atmospheric Cherenkov Telescopes

The charged particles in[EAS|produce Cherenkov light (see Section[I.4.2.2)) while passing through
the atmosphere. A Cherenkov light pool is created by the whole on the ground with a radius
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Particle cascade

Surface array
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Figure 1.10: Schematic of the two ground-based detection techniques of On the left, the
technique, to detect the Cherenkov light pool produced in the atmosphere by using an imaging
telescope. On the right, the particle detector array, which detects the secondary particles of [EASE.
The Figure is taken from (Bauleo & Rodriguez Martino|2009).

of ~120 m. A schematic of an and the Cherenkov light pool created by an[EAS|is shown
on the left panel of Figure [[.10] The part of the light pool collected by the telescope on the
ground is focused on a ~3-5° diameter [FOV|stereoscopy camera. The camera consists of a set of
[Photo-Multiplier Tubes (PMTs)| (see Section[2.2). The image of the [EAS|recorded by the camera
is reconstructed to estimate the shower properties.

The technique of started with the Whipple telescope, which detected the Crab Nebula
as the first source emitting in[VHE]y-rays ( Weekes et al|[1989). It was further developed by the
second generation[T[ACTS|, [Cherenkov Array at Themis (CAT)| (Barrau et al.[1997),
lof Australia and Nippon for a GAmma-Ray Observatory in the Outback (CANGAROO)| (Tani-
mori et al.||1998)) and [High Energy Gamma-Ray Astronomy (HEGRA)| (Aharonian et al.|[2000),
also detecting a ten of[VHE]y-ray sources mostly bright galactic sources and nearby[AGN] Signif-
icant improvement was made with the third generation of in the early 2000’s (Aharonian|
et al.[2008), with|High Energy Stereoscopic System (HESS)|(Hinton 2004) in the southern hemi-
sphere, [Major Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC)| (Cortina 2005)
and |Very Energetic Radiation Imaging Telescope Array System (VERITAS)| (Krennrich et al.
2004) in the northern hemisphere. These new generation telescopes have lowered the energy
threshold to few tens of GeV and improved the flux sensitivity an order of magnitude. They have
detected more than 200 galactic and extragalactic sources. To further advance the field of y-ray
astronomy using [TACTS] the [Cherenkov Telescope Array (CTA)| observatory is under develop-
ment. It will cover the whole sky with two parts of the observatory in the northern and southern
hemisphere (Acharya et al.[2013). It will improve the sensitivity an order of magnitude compared
to the current and will also significantly increase the energy range (10 GeV to 100 TeV)
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of observation.

1.4.2.4 EAS Particle Detector Arrays

In this technique, are detected using an array of particle detectors deployed over a large
area (O > 10* m?). The particle detector array is used to detect the secondary particles of the
[EAS] Therefore, these arrays are deployed at high altitudes in order to be close to the
[the shower maximum (X)) of the shower. A schematic of the technique is shown in the right
panel of Figure

The main techniques to detect the secondary particles are either using scintillation counters
or by using [Water Cherenkov Detectors (WCDs)| In the first, detect the light from scintil-
lation, while in the second, they detect the Cherenkov light produced by the secondary particles
in water. The time and charge information of the signal observed by the is then utilised to
estimate the shower properties. Tibet AS-y experiment (Amenomori et al.|2015)) is one such kind
of scintillator based detector array. There are also other particle detection techniques such as the
usage of Resistive Plate Chambers (RPCs)| which are utilised to detect and proven to be
successful, an example of this being the ARGO-YBJ experiment (Bartoli et al.|[2013)) (Bartoli
et al|2015). The first generation example of [WCD] based technique is the Multiple Institution|
[Los Alamos Gamma Ray Observatory (MILAGRO)| (Dingus et al|2000) (Abdo et al.|2007b).
The second generation based [EAS] particle detector array is the y-ray Observa-
tory (Abeysekara et al.|2013). [HAWC| has already shown several exciting results since the full
deployment of the observatory in March 2015 and is the instrument used in this thesis. In the
Chapter [2] the description of the observatory will be given more detail.

Source Types

6 Extended TeV Halo PWN

e Binary XRB PSR Gamma
BIN

e HBL IBL FRI FSRQ
Blazar LBL AGN
(unknown type)

o Shell SNR/Molec. Cloud
Composite SNR
Superbubble

@ Starburst
@ DARK UNID Other

. uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR

Figure 1.11: The TeVCat catalogue for energies above > 50 GeV. The coordinates are galactic. The
Figure is taken from http://tevcat.uchicago.edu in October 2018 which is based on the concept of

(Wakely & Horan|2008).
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Both of the ground-based detection techniques explained in Section[1.4.2.3|and [1.4.2.4] are com-
plementary to each other. In the range, are suitable for few tens of GeV to tens of
TeV, whereas [EAS|particle detector arrays are competent at few TeV to few hundreds of TeV. The
angular resolution and energy resolution of is better than the [EAS|arrays, therefore, being
more suited for spectral and morphological studies. However, are optical instruments and
can only operate in dark nights or moderate moonlight, while|[EAS|arrays have no such limitation
and have almost ~100 % duty cycle, making them ideal instruments for surveying purposes. The
pointing capability of is ideal for deep observations, but their[FOV|is limited, on the other
hand, the wide of arrays is better for the observation of extended sources. In conclu-
sion, both the techniques are important to observe the different aspects of the y-ray sky.
In Figure the source population detected to date by ground-based experiments and
[EAS|arrays) is shown. It can be seen that there is a wide variety of objects in the detected source
population, however, a large number of them are still unidentified. Nevertheless, the rich source
population detected by ground-based detection techniques is the evidence of their success.
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The HAWC y-Ray Observatory

The [High Altitude Water Cherenkov| (HAWC)) y-ray observatory (Abeysekara et al|2013) is a
second generation ground-based [Water Cherenkov Detector] (WCD) array. It is located at Sierra
Negra in the state of Puebla in central Mexico (18° 59°41” N, 97°18°30.6” W) at 4100 m [above]
sea level (a.s.l.)| The array is composed of 300 encompassing an area of 22000 m?. It is
sensitive to vy rays and in an energy range of a few hundreds of GeV to ~100 TeV energies.
It has a large instantaneous of ~2 sr and covers the declination band of -24° to 64°.
covers two thirds of the sky every day and observes half of the galactic plane with the galactic
center being close to the horizon. The duty cycle of[ HAWC|is > 95%.

On the right panel of Figure [2.1] the shower size as a function of atmospheric depth travelled
by the shower is shown. It can be seen that the shower size increases until a certain depth in the
atmosphere and then starts to decrease. The atmospheric depth corresponding to the maximum
shower size is known as the (see discussion in Section[1.4.2.1). The altitude of cor-
responds to 630 g/cm? in the atmospheric depth, which also corresponds to 17 radiation lengths
in the atmosphere. It can be seen that is significantly closer to compared to the
experiment, this is the main reason for better sensitivity achieved by However,
the ideal scenario to observe the maximum number of particles would be at the height of 5400
m.

In the left panel of Figure a picture of observatory is shown. The comparatively
larger building outside the array is the utility building, which also hosts the water filtration fa-
cility for the[ HAWC|WCDs|l The white building in the center is the counting-house, where the
calibration and |data acquisition system (DAQ)|is situated.
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Figure 2.1: Left panel: shower size as a function of the depth travelled in the atmosphere and height

Right panel: The complete[HAWC]|y-Ray Observatory. Showing all the[WCDs), the counting-house at the
center and the utility building at the bottom left corner. The plot on the left panel is taken from (BenZvi

[O18).
2.1 Water Cherenkov Detectors (WCDs)

The base design of a[WCD]unit in[HAWC]|is a cylindrical corrugated steel tank of 7.3 m diameter
and 5 m in height and is illustrated in Figure 2.2l On the top, it is covered by a protective

air shower
particle

200,000 L of
purified water

photomultiplier
tube (PMT)

Figure 2.2: Left panel: Schematic of a showing an incoming particle and four upward
facing to detect the produced Cherenkov light. Right panel: An inflated bladder. It is white from
outside but it is black on the inside.
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canvas dome supported by a robust steel frame to prevent accumulation of snow and rain. It
consists of a light-tight plastic liner (or bladder) filled with ~200,000 litres of purified water,
which corresponds to a water height of 4.5 m. The inner surface of the bladder is black. At
the bottom, it has four upward facing high quantum efficiency [Photo-Multiplier Tube| (PMT)s
(see Section [2.2)), one 10” Hamamatsu R7081-MOD at the center and three 8” Hamamatsu
R5912 spaced 120° apart at 1.8 m from the center.

The secondary particles from a particle air shower mainly consist of e*, y, and muon (u) (see
Section [[.4.2.1)). These secondary particles enter into and produce Cherenkov light (see
Section [I.4.2.2)), which is then detected by the Water is an excellent medium with a high
refractive index to facilitate the Cherenkov light production by relativistic charged particles. The
water is purified to increase the attenuation length up to ~10 m for the wavelengths detectable
by the (300 nm to 500 nm). The water level of ~4 m ensures that the electromagnetic
component of the air shower will lose all their energy before reaching the bottom of the tanks
and hence creating a uniform light pool. While mostly muons will reach the bottom of the tank
and produce light along their full track length. This further helps in separating y from hadron
induced

The modular structure of the HAWC|[WCDs| makes them optically isolated from each other,
which has two benefits. Firstly, it helps in dealing with them separately in the construction phase
or for maintenance. Secondly, it aids in the identification of the local variations in the observed
particle air shower, which provides a strong y-hadron separation power (more details in Section
2.6.3)).

2.2 Photomultiplier Tubes

Photomultiplier tubes are extremely sensitive devices for detecting photons. They are
sensitive to single photons and have a very fast response time of tens of nanoseconds. The
working of utilises the basic principle of the photo-electric effect. In HAWC, we use 8”
Hamamatsu R5912 and 10” Hamamatsu R7081-02 The 8” were inherited from the
experiment. In Figure [2.3](left panel) the used in array are shown.

The working of a[PMT|can be described by the right panel of Figure[2.3] When a Cherenkov
photon hits the photo-cathode of the PMT] it can produce a [photo-electron (PE)| via the photo-
electric effect. This ejected [PE|then accelerates to the first dynode where it ejects more electrons.
This process continues till the last dynode, increasing in number at each dynode depending on
the voltage applied. In the end, at the anode, the resulting signal is measured. The gain of the
is defined as the ratio of the mean integrated output from a single incident photon to the
fundamental charge of an electron. The value of the gain depends on the number of dynodes
and the applied |high voltage (HV), In our case, both of the types have 10 stage dynode
chain and are operated at ~1700 V. However, the exact value of the applied to each channel
is tuned in order to match the gain of all thereby producing uniform electronics response.
The average gain of 1.6 x 107 is designed to give very good charge resolution for single
signals.

The probability of a photon entering the photo-cathode and in turn producing a certain signal
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photon \

\\ PHOTOCATHODE

focusing
electrode

Figure 2.3: Left panel: used in (left: 10, right: 8”). Right panel: Schematic diagram of a

typical PMT] The [PMT]|schematic is taken from (Wood|2018).

can be characterized by the [quantum efficiency (QE)|of the given [PMT] The depends on fac-
tors like the photo-cathode material, wavelength of the incident light, location of the impinging
photon on the photo-cathode and the landing of the[PE]on the first dynode. Therefore, calculation
of the QE is a difficult process. Usually, the quoted values from the manufacturer are taken. The
manufacturer-quoted peak [QE] for the R5912 is ~25%, and ~40% for the R7081-02

More details can be found in 2018).

2.3 Data Acquisition System

The is located in the counting-house (see Fig. [2.1] central white building). More than 180
m length of RG59 coaxial cable runs from here to connect each It carries to all the
channels and brings back the observed signals from them to the counting-house. The sig-
nals are then processed using custom-made [front-end boards (FEBs)l The signals are amplified,
shaped and discriminated using threshold definitions of 20 mV and 50 mV. The timings at which
the pulsed signals from the crosses each threshold are recorded using CAEN VX1190A
[ttme-to-digital-converter (TDC) modules with a precision of 100 ps. Depending on the threshold
crossed by the observed signal (20 mV or 50 mV), it is characterised as low or high [time-over-
[threshold (ToT)|hit. The [ToTs|are used to infer the signal size and hence the observed number of
For further processing, the data is then sent to the computing farm.

[HAWC] has two [DAQ]systems referred to as main and scaler. The main [DAQ|system records
individual air shower events. It utilises the[TDCs|and reads outPMT]|signals within a 2 us window
once a trigger condition is met. The trigger threshold is 28 in a sliding time window of
150 ns. The trigger rate of[HAWC]is about 25 kHz. The signals from the PMTs|are then digitised
for further reconstruction of the air shower events. The scaler[DAQ|system counts the number of
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signals in each[PMT|within 10 ms window. It is utilised to monitor transient y-ray events, flaring
and fluctuations in cosmic ray rate from solar activity. In this thesis, I will only be
using the data recorded by the main[DAQ] More details on the[ HAWC|DAQ]system can be found
in (Wisher|2016; |Wood|[2018)).

2.4 Calibration System

Recording a triggered air shower event precisely requires a proper calibration of the observed
signals. In the signal is the electrical signal measured by the deployed in each
tank. It is then sent to the central counting house using the coaxial cables. To ensure a well-
calibrated signal, various measures are taken, i.e. equal cable length to connect each to
the counting-house and similar gain for each[PMT] Later, the observed signal can be affected by
the water level and quality of water within a tank. The water quality affects the attenuation of
the emitted Cherenkov light and hence changing the signal amplitude. In order to take care of
all these issues, an in-house calibration system is deployed. It consists of a known input light
source (laser), optical filters and optical fibres which connect it to each of the The optical
filters can attenuate the signals from the light source in a range of six orders of magnitude. The
light from the laser, attenuated by the optical filters (to control the intensity) travels to each
WCD] It enters from the top of each[WCD|and is scattered using an optical diffuser to illuminate
all channels within a[WCD| The properties of the light entering each channel are well known,
therefore it is utilised to calibrate the measured PMT|signals. More details on[ HAWC|calibration
can be found in (Zhou|2015}; /Ayala Solares|2017).

2.5 Simulations

To study the performance of the various reconstruction algorithms the simulation of air showers
in combination with the detector response is needed. The simulations can be divided
into two parts: air shower and detector simulations. For both of these, standard simulations
packages used in the community are utilised. For the simulation of air shower the
ISImulations for KAscade (CORSIKA)| package (v7.4000) (Heck et al. |1998) is used. Using
the package, primary particle are propagated in the atmosphere and the secondary
particle distribution at the altitude is obtained. Later, to simulate the detector a dedicated
software package based on Geant4 (v4.10.00) (Agostinelli et al.[2003)) simulations is used and is
referred to as HAWCSim. The observed particles on the ground are propagated through
to produce Cherenkov photons. The Cherenkov photons are detected using the simulated
In which, the [quantum efficiency] of the the uncertainty in the logarithm of
the detected charge and the single noise are taken into account. The of the [PMTs| in
simulations is tuned to vertical muon data. The vertical muons pass through the [ HAWC|[WCDs|
mostly to its entire depth and lose energy with almost constant rate, therefore, behave like a
constant light source. After this stage, the simulated air showers are reconstructed the same way
as data. In this thesis, I will use the [ HAWC]|simulations in Chapters @ and@ More details can be
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found in (Abeysekara et al.[|2017; Hampel-Arias|2017).

2.6 Air Shower Reconstruction

The reconstruction of anis consists of estimating the core location, the direction, the energy
and type of the primary particle. employs two reconstruction chains: first is the online
reconstruction at the site, and second is the offline reconstruction. The online reconstruc-
tion is performed on site to get preliminary results in order to identify transient events. In offline
reconstruction, more sophisticated algorithms are used to better reconstruct the air shower prop-
erties to produce official data products of such as the sky maps. In this section,
I will describe the reconstruction of core and direction, and the y/hadron separation strategies
used in In this thesis, in Chapter 4] a new reconstruction method to perform the core and
energy reconstruction, and y-hadron separation will be discussed in more detail. Using this new
method the combined event reconstruction of the[HAWC| main array and its high energy upgrade
with a sparse outrigger array will also be discussed.
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Figure 2.4: Schematic of an The primary particle interacts in the Earth’s atmosphere and creates a
shower of secondary particles as shown in the particle shower front. The impact point of the shower axis
on the ground is the core location shown with the red star. The incoming zenith angle is 6. The figure is
adapted from (Hampel-Arias|2017).
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2.6.1 Core Reconstruction

A proper estimation of the core of an is crucial to determine the direction and energy of the
primary particle. As described in section [I.4.2.1] the secondary particles in an[EAS]are concen-
trated near to the shower development axis. Therefore, at the intersection of the shower axis and
the ground the maximum shower energy is deposited, this location is defined as the core of an
[EAS] (see Figure [2.4). The evolution of the air shower around the shower axis differ depending
on the type of the primary particle. This property of development is used to perform the
v/hadron separation. Therefore, an accurate estimation of the core location is important in air
shower reconstruction.
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Figure 2.5: The different functional shapes used for fitting the observed of an air shower event in
The Gaussian function falls off too fast going away from the core. The function is too
steep near to the core, therefore very computing intensive to converge. Where s = 1.5 denotes the shower
age (see text for explanation). The hybrid of both of these two is which is presently being used
for determining the core location in[HAWC] The Figure is taken from internal [HAWC| document (Braun
2016).

Before using a computing intensive algorithm to obtain the core location, a simple estimate of
the core location is performed using thecenter of mass (COM)|of the measured charge in different
[PMTs, The [COM]estimate is used as a first guess for the more advanced core fit algorithms.

In[HAWC] several different functional shapes have been tested to describe the observed|lateral]
(distribution function (LDF)| of an observed air shower event. The of an air shower event
describes the observed charge distribution as a function of |distance from the shower axis (impact|

distance) (r)l Using a y*> minimisation algorithm, the expected charge Q; and measured charge
g; distributions are compared and minimised in order to find the core location. Where suffix i
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Figure 2.6: Top panel: the observed charge distribution of a candidate y-ray data event coming from the
vicinity of the Crab Nebula. Bottom panel: the observed [LDF of the event shown above with the [SFCH

and functional fit.

represents a given In the very early days, a simple Gaussian function was used, although
it was simpler and faster, however, it preferred the tails of the [LDH to be inside the array and
therefore worsen the core estimation for partially contained events. Later the[Nishimura-Kamata-|

[Greisen (NKG)|and [NKGJfr{functions were used which are widely known to describe the[LDFs|of

[EM}induced air showers. However, it became too computationally intensive mainly because of

30



2. THE HAWC y-RAY OBSERVATORY

the cusp-like shape near to the core, which required many iterations to converge the fit. Therefore,
a hybrid function was devised, which is currently being used, named as [Super Fast Core Fif]
It is motivated by the NKG}function and a Gaussian function. All of these functional
shapes are depicted in Figure The functional shape of the |SFCF is shown in equation (2.1).

1 —|x-x; | N

0, =A 5 2exp( 5 )+ 3 (2.1)
o 20 (05 x— x,)

Mol

where x and x; represent the core location and the location of the PMT|respectively. A is the
overall amplitude. o is the width of the Gaussian distribution and N is the normalisation of the
NKG distribution’s tail. o~ and N are fixed to a value of 10 and 5 x 107> respectively. Ry is the
Moliere radius, which can be calculated as:

E;

Ryiol = X
Mol = OELp

2.2)

where Xj is the radiation length in Earth’s atmosphere it has a value of 36.08 g/cm?. E, is the
critical energy as defined in section [[.4.2.1] and has a value of ~84 MeV. E| is the scattering
energy of electrons which has a value of 21 MeV. p is the density of the atmosphere at the height
of it has a value of 7 x 10~* g/cm?’. Plugging in all these numbers back in equation
one gets the value of Moliere radius at the HAWC|altitude is ~124 m.

The x? to minimise can be written as:

NPMT

- Z 0 +5q,2’ @3

where dg; is the uncertainty in the estimated charge, which is derived from calibrations. [PMTs
measure charge in that are governed by Poissonian statistics, and the uncertainty in the
expected charge is v/Q,. Hence, the total uncertainty is calculated as the quadrature sum of the
uncertainties in the measured and expected charges.

In the NKGlfunction there is a parameter known as the shower age parameter (S nkg), which
is a measure to estimate the shower development stage. The value of S kg typically lies between
0 and 2. It takes the value of 1 at the shower maximum, whereas the value of O and 2 are
corresponding to the initial and end stages (O = 1 particle) of the shower development. To
calculate Snkg the NKGHunction is fitted to the measured with the core location fixed
which is estimated by the therefore there are only two parameters left to fit. Snkg and
the amplitude. This way all the parameters in the[NKG}function are determined which describes
the of a given air shower event. In the top panel of Figure 2.6 the observed charge at
different[PMTs|is shown for a candidate y-ray event coming from the vicinity of the Crab Nebula
. In the bottom panel of Figure the observed is fitted with and also the
functional shape is shown as described above. More details can be found in (Abeysekara et al.
2017; |Hampel-Arias|2017}; |Ayala Solares|[2017).
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2. THE HAWC y-RAY OBSERVATORY

2.6.2 Direction Reconstruction

To reconstruct the direction of an incident air shower’s primary particle, the arrival timing infor-
mation of the PMT] hits are used. The shower front can be imagined as a thin disk of secondary
particles travelling at approximately the speed of light c¢. The thickness of the shower front is ~5
ns (see Figure[2.4). Depending on the incoming direction of the shower front the differentPMTs|
are hit at different times. In Figure the arrival time distribution of the shower front is shown
for the candidate Crab Nebula y-ray event shown in Figure [2.6] It can be seen that the shower
front arrives on the right part of the image relative to the left part. The relative time between
the different PMT] hit is used to produce the shape of the shower front. The shower front is then
fitted with a plane. The fit is performed using y* minimisation with eachis weighted by its
measured charge to obtain the incoming direction of the primary particle in the local sky.

Run 5076, TS 1705183, Ev# 90, CXPE40= 141, RA=83.83, Dec= 22
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Figure 2.7: The arrival time distribution of the candidate y-ray Crab data event shown in Figure This
distribution is fitted with a plane to reconstruct the shower arrival direction.

However, the observed shower front is not flat but curved. It is mainly because of the fol-
lowing two effects: firstly, the particles near the core have maintained their directionality more
than the particles away from the core. The particles away from the core are multiply scattered,
which leads to a wider disk. Secondly, largerm hits are detected before than the smaller hits,
this effect becomes prominent at the tail of the shower front because it is mainly dominated by
smaller hits. These two effects are taken into account in the observed timings as corrections and
are subtracted from the signal times. The corrected shower front is then fitted with a plane as
described before. More details can be found in (Abeysekara et al.[2017).
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2.6.3

v-Hadron Separation
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Figure 2.8: Top panel: the observed charge distribution of a candidate data event coming from the
vicinity of the Crab Nebula. Bottom panel: the observed [LDF of the event shown above with the [SFCH

and functional fit.

are the major background in the observation of y-rays. Therefore, an effective y-hadron
separation strategy is required. As described in Section [1.4.2.1] the [EM| and hadron induced air
showers have certain features which makes them distinguishable. The observed [LDF of hadron
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induced air showers are more clumpy around the shower axis in comparison to the y-ray induced
air showers. Figure [2.8] shows for a candidate [CR| event coming from the vicinity of the Crab
Nebula. In the top panel, relatively higher charge hits are observed at different locations away
from the shower core. In the bottom panel, the observed of this event is shown, with fitted
functional shapes of [SFCH and [NKG| Comparing this event with the y-ray event shown in
Figure [2.6]it can be seen that the observed is more dispersed in the case of the event.
This behaviour is mainly due to the following two effects: firstly, an isolated can be by a
muon, which produce a large signal in a tank. Secondly, hadronic showers can be branched in to
several sub-showers, which were initiated in the later shower development phase.

To capture these features, two variables are defined in air shower reconstruction,
named as Compactness and |Parameter for Identifying Nuclear Cosmic-rays (PINC) The first
variable compactness (C) is defined as:

_ Nhit
CXPE40 ’
where Ny 1s the number of hit and CxPE, 1s the largest charge measured outside a circle
of 40 m from the shower core. The € takes smaller values for hadron induced air showers since

they are likely to get an isolated large hit.
The second variable [PINC| (P) is defined as a y* formula:

2.4)

- 2.5)

logyg gi

P — l ZN: (log,y gi — (log,, 61,-))2
N i=0 ’

where ¢g; is the measured charge at a given i. (log,,qi) is expected charge, obtained
by defining an annulus of 5 m centred at the shower core, and averaging the measured charge
in all the containing [PMTs|in that annulus, which also contains the given [PMT]|i. The 0'120 - is
the corresponding uncertainty which is calculated by using a strong y-ray sample obtained from
the vicinity of the Crab Nebula. The value of P describes the smoothness of the observed
therefore, it is expected to have lower values of P for y-ray showers than hadron showers. More
details can be found in (Abeysekara et al. 2017; Ayala Solares 2017).

2.7 Reconstruction Strategy

For an event to be reconstructed there are different hit selections that are made at different stages
of the reconstruction procedure. Not all the recorded hits by the [DAQ] for a given air shower
event are taken into account. Only the hits which are within a window of -150 and +400 ns of the
trigger time are considered during the reconstruction. Additionally, hits are removed if they occur
just after a high-charge hit because they might come from an after-pulse, or if they can not be
calibrated properly because of saturation of the The only that are taken into account
in the reconstruction are those which were not vetoed by calibration problems, were available
before seeing the air shower event, and were not removed because of any of the selection cuts.
There are certain steps taken in the event reconstruction in a sequential order to obtain the final
reconstructed dataset which are summarised in Table
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Step Hit Selection Description
COM]| core reconstruction As before
@ core reconstruction (first pass) As before
Direction reconstruction (first pass) As before

SFCEF| core reconstruction (second pass) Hits within 50 ns of first pass plane
Direction reconstruction (second pass)  Hits within 50 ns of first pass plane

Compactness Hits within 20 ns of second pass plan
PINC Hits within 20 ns of second pass plan

Table 2.1: The different steps in the[HAWC|event reconstruction to obtain the final reconstructed dataset.

The reconstruction of a more accurate core and direction is performed iteratively. This is
because an accurate core estimation is crucial for direction reconstruction. After event geometry
reconstruction, Compactness, and information is added to the reconstructed dataset with
the hits and information related to the detector status. More details can be found in (Abeysekara
et al.[2017).

2.8 Analysis Cuts

To exclude events from the reconstructed dataset where the detector was unstable because of
maintenance and other reasons, only the events where at least 800 were taking data and
at least 90% of those were considered during the reconstruction are used. The remaining dataset
is binned in nine analysis bins (B) which correspond to a certain fraction of the
which observed a non-zero signal also called as [fraction of [PMTs|hit ( fu; )l

The | f1;| corresponds to the shower size, therefore it is used as a simple energy estimator. In-
creasing shower size corresponds to larger energy. Larger [fii| showers contain more information,
which improves the shower reconstruction. It leads to better background rejection power with
increasing The background rejection parameters, and Compactness are optimised in
each B bin data from the direction of the Crab Nebula to obtain the highest significance with
additional condition of at least 50% 7y-ray efficiency. The definition of the B bins and optimised
cuts for the reconstructed data are summarised in Table[2.2] For more details refer to (Abeysekara
et al. 2017} |Abeysekara et al.[2017/b).

2.9 Point Spread Function

The [Point Spread Function (PSF)|is a measure of the accuracy of direction reconstruction. The
PSH of HAWC(]is approximated as a sum of two two-dimensional (2D)| Gaussian and is written
as:

PSFuawc = aG1(¥) + (1 - 0)G2 (), (2.6)
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B Jhit |PINC| (P) Maximum Compactness (€) Minimum
1 6.7-10.5% <2.2 >7.0
2 105-162% 3.0 9.0
3 16.2-247% 2.3 11.0
4 247-35.6% 1.9 15.0
5 35.6-48.5% 1.9 18.0
6 48.5-61.8% 1.7 17.0
7 61.8-74.0% 1.8 15.0
8 74.0-84.0% 1.8 15.0
9 84.0-100.0% 1.6 3.0

Table 2.2: The analysis cuts defined over analysis bins (B) which correspond to a certain fraction of the
available[PM Tk that observed a non-zero signal (fpi). The and Compactness cuts, which determines
the background rejection are optimised on the Crab data for statistical significance.

where ¥ is the angle difference between the true and reconstructed direction of the incoming
particle. G; represents the normalised Gaussian distribution and parameter « is used to describes
its weight. The functional shape shown in equation (2.6) have highly coupled parameters. There-
fore, the angular resolution is described in the traditional way as 68% containment radius (¢s) of
the resultant fit of this functional shape. In Figure it is shown for B bin 3 and 8 respectively
for declination band from 21.5° to 22.5°.

0.1— %

0.05

Figure 2.9: derived from simulations for B bin 3 and 8 in the left and right panel respectively for
declination band of 21.5° to 22.5°. The angular resolution is g is the 68% containment radius of the
fitted function (see equation[2.6) shown in red.

The depends on the declination because the shower size changes depending on the ar-
rival direction of the incoming particle. To predict the [PSF at other declinations simulations are
used. However, relying on simulation to predict the [PSF at different declinations other than the
Crab Nebula declination, the agreement of angular resolution between the Crab Nebula data and
simulated Crab-like source is needed. Therefore the good agreement is verified as is shown in
Figure 9 of |Abeysekara et al.|(2017).
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2.10 Detector Response Function

The detector response function is comprised of the at different declinations for
each B bin. Using the detector response function one can simulate an expected source
for given source parameters at different declinations. A source hypothesis obtained using the
detector response function together with the estimated background is compared to the observed
data in order to calculate its ftest statistics (I'S)| using a likelihood approach, more details are
described in Section where I will use it to study the morphological and spectral behaviour of
2HWC J2019+367. The background calculation is described in the next Section.

2.11 HAWC Sky-maps

The reconstructeddata in the defined analysis bins (B) is utilised to make event and back-
ground maps. The [HAWC] event sky-maps are produced by projecting the event reconstructed
arrival direction on the sky in the equatorial coordinate system. To produce the background maps
the direct integration method developed by experiment (Atkins et al.[2003) is used. In
which, the isotropic distribution of reconstructed events is obtained using the events which have
passed the background rejection cuts. The asymmetric angular response of the detector and the
variation in the all-sky rate is taken into account while producing the background maps. Certain
regions of the sky which consist of bright y-ray sources such as the Crab Nebula, Markarians,
Geminga regions and +3° region around the inner galactic plane are masked while estimating the
background in order to avoid a bias.

For the production of the maps, the [Hierarchical Equal Area i1soLatitude Pixelization of a
isphere (HEALPix)| scheme is used (Gorski et al.[|2005)). In which, the sphere is divided into 12
base pixels and each of them is subdivided into a grid of N4 X Ngge. In the official
catalogue (Abeysekara et al.[2017b) Ng¢e = 1024. This way, for each B bins, one event and
background map is generated. Together with the detector response function, these maps
are then used to derive the science results. More details can be found in (Abeysekara et al.
2017b).

2.12 HAWUC Sensitivity and Science Case

The differential point source sensitivity of derived from the detector simulation to Crab-
like sources at the declination of the Crab Nebula is shown in Figure 2.10] The sensitivity of
depends on the declination of the source. The best sensitivity of is achieved
for sources transiting through the zenith which is 19° for It decreases for sources at
large zenith angles because the incoming shower has to travel through more atmosphere before
reaching the detector.

has the best sensitivity at the highest energies. The 507 days of sensitivity
surpasses above sensitivity of 50 hours above 10 TeV energies for a Crab-like source.
It is evident from the sensitivity compared to other existing experiments, [HAWC| compliments
observations by the and satellite experiments.
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Figure 2.10: The quasi-differential sensitivity of HAWC]|as a function of y-ray energy. The Figure is
taken from (Abeysekara et al.|2017)

The HAWC] catalogue (Abeysekara et al.|2017b) with 507 days of data has a total of 39
sources. The source population is comprised of point-like and extended sources of galactic and
extragalactic origin. Most of these can be associated with already known sources, which includes
the source categories of and blazars. The remaining 23 of them have no firm
association yet, which provides an excellent opportunity for[HAWC]to investigate them in more
details. For instance, the shape of the y-ray energy spectra of these sources might reveal the
particle population at the acceleration site being leptonic or hadronic dominant. In addition, the
extended sources allow us to probe the propagation mechanisms and the magnetic fields in the
vicinity of the local environment. One such example is 2HWC J2019+367, which is an extended
y-ray source observed above 30 TeV energies by Regardless of previous studies, the
nature of the source remains to be unidentified, I will present the results from its spectral and
morphological studies using data in Chapter [6|of this thesis.

In addition, extended objects like the Fermi Bubbles (Abeysekara et al.[2017a)) have their own
importance in the understanding of galactic y-ray emission. Given wide field of view, high and
consistent duty cycle and connectivity to the real-time alert system involving instruments from
all the energy ranges, [HAWC]is an excellent instrument to study the most violent environments
of the universe such as (Alfaro et al|2017) and flaring [AGN] (Abeysekara et al|[2017).
Apart from 7 rays, detects[CR|as well throughout its energy range. Utilizing the cosmic-
ray data the study of large and small-scale cosmic-ray anisotropy (Abeysekara et al.2018a)) is
performed and the all-particle spectrum (Alfaro et al.|2017) is measured.
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Finally, data is also used to probe new physics topics, such as dark matter. Dark mat-
ter particle masses of ~1 TeV can be probed indirectly from their corresponding y-ray emission
from the low luminosity and high mass/light ratio galaxies (Albert et al.[[2018b) (Albert et al.
2018a)).
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HAWC High Energy Upgrade

The [High Altitude Water Cherenkov| (HAWC) y-ray observatory has been recently upgraded
with a sparse array of small Water Cherenkov Detector] (WCD)s (see Section (the outrigger
array) around the main [HAWC] array and will start its science operation towards the end of the
year 2018 (see Figure[3.1). In this chapter, I will explain the motivation behind the high energy
upgrade of and the work done in the early days (starting from the fall of the year 2015)
of the planning of the upgrade. This work has mainly contributed towards the simulation input to
the planning of the upgrade, in order to make certain decisions for the outrigger components such
as [Photo-Multiplier Tube| (PMT) size, the properties of the outrigger and the separation
between them. The results of the work have been published in (Joshi2017).

3.1 Motivation for Outriggers

The footprint of the shower on the ground is inherently dependent on the primary particle energy
and on the altitude of the detector plane. At[HAWC|altitude, the footprint of the shower at around
~10 TeV primary particle energy becomes comparable to the total instrumented area. Therefore,
most of the showers at these energies are not well-contained within the array. Although the
main array still has enough information to perform gamma-hadron separation, direction
reconstruction, and shower size estimation, the shower reconstruction suffers due to the large
uncertainty in the core location. To tackle this issue, it was decided to construct an outrigger
array(Joshi & Jardin-Blicq|2017) around the main [HAWC] array. Using the outrigger array, it
will be possible to better constrain the core location, so that the shower reconstruction can be
improved. It will lead to an increased number of well-reconstructed showers above multi-TeV
energies. Hence, it will improve the sensitivity of at those energies. One such outrigger
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Figure 3.1: Fully deployed outrigger array (small tanks) around the main [HAWC]|array. The white lines
show the different sections (A, B, C, D, and E) of the outrigger array. The dark red circles show the node
locations hosting the trigger and readout electronics for respective outrigger section.

array for instrument has already shown its effectiveness by dramatically increasing
its sensitivity at the highest energies.

3.2 Outrigger Array Description

[HAWC outrigger array consists of 345 cylindrical tanks of diameter 1.55 m and height 1.65
m. Each with one 8” anchored at the bottom of the tank (see Figure [3.1] and [3.2). The
outrigger array is deployed in a concentric circular symmetric way around the main array. The
outrigger array increases the instrumented area of [ HAWC]| by a factor of 4-5. The outriggers are
mutually separated from each other by 12 to 18 m. The smaller size and larger separation of
the outrigger are prompted by the fact that there are a lot of particles and consequently
bigger signals present near to the core of a big shower. For trigger and readout purpose, the
outrigger array is divided into 5 sections of 70 outriggers each, connected to a node with equal
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1.55 m

Figure 3.2: Top Panel: A real image of the main array (big) and outrigger (small) tank. Bottom panel:
Schematics of the main array and outrigger tank as shown in the top panel with the number of [PMTk and
dimensions. The red line shows a particle coming inside the tank and producing Cherenkov light.

cable lengths. Each node hosts the power supply and the trigger, readout, and calibration system
for the corresponding section. Hereafter in this chapter, I will show the simulation results to
motivate the choice of some of the components of the outrigger array.
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3.3 Toy Model for a

In this section, I discuss a toy model to get a crude estimation of the [number of photo-electrons|
observed in a at a given [distance from the shower axis (impact distance)] (1)) for an
[Electromagnetic| (EM)) shower. Defining a toy model first before doing a full simulation is helpful
in getting the approximate values of the simulation parameters. In this case, it is used to calculate
the expected [N,¢|in an outrigger-like[WCD|at [ HAWC altitude for vertical 10 TeV y-ray showers.

For the outrigger array, vertical 10 TeV y-ray showers are an appropriate choice to study
certain aspects. This is because showers larger than 10 TeV energy are not fully contained in the
main [HAWC] array and therefore, the outriggers start becoming useful in containing those big
showers. Additionally, the vertical 10 TeV showers correspond to much higher energy showers
with increasing zenith angles. It is because the number of particles observed at the
altitude decreases to approximately 1/2 with zenith angle 30° and 1/10 with zenith angle 45°. To
perform this calculation the following steps are taken for the given|[Extensive Air Shower (EAS))
properties:

© Calculation of the total number of e* at a certain [depth in the atmosphere (X)|

® Used the [Nishimura-Kamata-Greisen| (NKG) formula (Kamata & Nishimura/1958)), to ob-
tain the density of e* at a given[and at a specific

©® Cherenkov yield of in water as a function of depth travelled by the particle in the water
tank.

© Estimated the effect of WCDJtank and properties.

Let’s define a depth in the atmosphere scaled with its radiation length X as 7 using equation
(3.1). One can use equation (3.2) to estimate the number of particles produced at a given, #, by a
particle of initial energy, E,. Where E. is the critical energy of the given medium, at which the
losses due to Bremsstrahlung and ionisation are equal (see Section [[.4.2.T]).

X

t=—, 3.1
X, (3.1
Ne(Eo, 1) = ——exp[t(1 - 1.5InSnko)], (3.2)

E
where fynax = 1n(—°), (3.3)

E,
and the age parameter (Snkg) = 3 3.4)

gep NKG  2hae '

For this calculation, without taking into account the atmospheric profile, we can treat X, and
E, as constants with values X, = 36.08 g/cm? and E, = 84 MeV for the Earth’s atmosphere
(Nakamura et al.[2010). For a 10 TeV shower and at the altitude of X = 630 g/cm?,
the obtained value of the number of particles produced is N, = 5105

44



3. HAWC HIGH ENERGY UPGRADE

At a distance [} the density function for the number of particles produced can be described
by the function in a simplified form as:

N, T(45-Sxko) (r)SNKG‘Z(

= I+—
nr2 IS nkal'(4.5 — 28 nka)

I'm

r )S NKG—4.5

Pe , (3.5)

I'm

where S nkg 1s the age parameter and 7, 1s the Moliere radius. Using the equation with
radiation length (X, = 36.08 g/cm?) and critical energy (E. = 84 MeV), the resulting value of
Snkg = 1.3. The value used for the Moliere radius is = 124 m (see Section[2.6.1)). Using these
values at[r] = 20 m in equation (3.5), the calculated value of observed particle density was p, =
0.7 particles/m?.

Cherenkov yield can be defined as the number of Cherenkov photons produced per particle
(e*), when the particle travels through a medium (water). The particle will lose energy mainly
because of ionization. For electrons, the rate of losing energy with length travelled in water is
~2 MeV/cm, which corresponds to a Cherenkov yield of ~300 Cherenkov photons per particle
(see equation (I.14)). Assuming the particle has an initial energy equal to the critical energy 84
MeV, when it enters into the tank’s water surface, the depth multiplication factor becomes 84/2
per particle.

To calculate the effect of the geometry, I used two sizes 3” (7.62 cm) and 8”
(20.32 cm), with a typical quantum efficiency of 25% (see Section [2.2)). The diameter of the
simulated tank is 155 cm. I calculated the area ratio of and tank’s bottom surface and
multiplied it by the PMI]s efficiency. The obtained factors for the 3” and 8” are:

© 37=24x1072x%0.25

© 8 =17x1072%x0.25

By multiplying the above value in both the cases (3” and 8” with the radial density of
particles (p.), Cherenkov yield and depth multiplication factor, one can estimate the number of
which can be detected with specified water tank dimensions and sizes. The obtained
values for 3” and 8” PMT are as follows:

© Number of produced for 3” = 5.
© Number of [PEs| produced for 8” = 37.

It can be seen that the expected number of for a 3”[PMT]is very low, therefore to increase
it, one can explore the possibility to make the walls more reflective using wall colours other
than black. A detailed simulation on this aspects will be discussed in later sections.

3.4 Simulations for the Outriggers

After having the crude estimation of the which can be observed in an outrigger-likeWCD] I
performed detailed simulations to study the effect of different[WCDJs properties on the working
of the outrigger array. The simulation chain is divided into two parts: air shower simulations and
the detector simulations.
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3.4.1 Air Shower Simulations

To generate the particle air shower simulations, I used[CORSIKA]air shower simulation package
(Heck et al.|[1998)), which is widely used in the community. y-ray air showers with energies 1, 3,
10, 30 and 50 TeV were generated with a zenith angle of 0° at the altitude of 4100 m. All
the input parameters given for the air shower simulation are described in the example
input card in Table In the example input card, the main parameters which were modified
according to the required properties of the needed simulations are shown in bold characters.

3.4.2 Detector Simulations

In order to generate the detector simulations, a GEANT4 based detector simulation
package (Agostinelli et al|2003) named HAWCSim is used. After using the air
shower simulation package, which tracks the shower development through the atmosphere until
the[HAW(] altitude; the secondary particles of the shower are propagated through the us-
ing the HAWCSim simulation framework. More details on 