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ABSTRACT

The research in this thesis is concerned with the study of gamma-ray emission

from supernova remnants (SNRs). In particular, I have performed an analysis of the

data accumulated from VERITAS observations of two SNRs: Cassiopeia A and IC

443. VERITAS is an array of four 12 m telescopes located in Arizona at an altitude

of 1268 m. The current con�guration of the VERITAS observatory is sensitive to

gamma-ray photons with energies from 85 GeV to 30 TeV. I have also performed data

analysis in the high-energy (HE) gamma-ray domain using publicly available Fermi-

LAT data on Cassiopeia A. The HE/VHE emission from supernova remnants arises

from the interaction between high energy cosmic ray particles accelerated at the SNR

shocks and the surrounding medium. Therefore, gamma-ray emission can be used as

a powerful probe for testing SNRs as a potential source of Galactic cosmic rays.

Chapter 1 of this thesis gives an introduction to gamma-ray astronomy and the

instruments used for detecting HE/VHE gamma rays. This chapter also summarizes

the population of very high-energy (VHE) gamma-ray sources which have been detected

so far. Chapter 2 discusses the general imaging atmospheric Cherenkov technique for

detecting VHE gamma-ray showers from the ground. This is followed by Chapter 3, in

which a comprehensive description of VERITAS observatory is presented. Chapter 4

describes the analysis techniques used for analyzing the data from the VERITAS array.

Chapter 5 includes a broad description of SNRs in the HE/VHE gamma-ray domain. In

this chapter, a general classi�cation of SN explosions and their dynamical evolution is

discussed. A simpli�ed mathematical treatment of di�usive shock acceleration theory is

presented, followed by a description of gamma-ray production mechanisms at HE/VHE

energies. The �nal part of Chapter 5 discusses the gamma-ray emission from young

and middle-aged SNRs.
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Chapter 6 provides a detailed description of the results from Cassiopeia A ob-

tained by analyzing data from Fermi-LAT and VERITAS. The second part of Chapter

6 discusses the interpretation of the HE/VHE gamma-ray emission result in the con-

text of multi-wavelength data. The �nal Chapter of the thesis presents the detection

of extended gamma-ray emission from a middle-aged SNR, IC 443. This SNR is inter-

acting with molecular clouds and evolving in a very heterogeneous environment. To

understand the possible origin of gamma-ray emission from IC 443, I present the results

of some modelling of the system.
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Chapter 1

INTRODUCTION TO GAMMA RAY ASTROPHYSICS

In the early days of astronomy, visible light was the only means to explore the

Universe. Thomas Harriot, an English astronomer, was considered as the �rst person

to make drawing of moon through an optical telescope on 26 July, 1609 [44]. For the

next � 320 years, astronomers observed the Universe only in optical wavelengths, thus

revealing more and more of the thermal Universe. A new impetus to observational

astronomy was given in the twentieth century when scientists began to explore the

Universe at other wavelengths, such as radio, X-rays and gamma (
 ) rays. In particu-

lar, the detection of
 -radiation from a large variety of astrophysical sources, including

supernova remnants, pulsars, and active galactic nuclei, indicates that non-thermal

emission processes, involving relativistic protons and electrons, provide a complemen-

tary way to study the Universe.

1.1 Gamma rays: Messengers of Cosmic rays

In the year 1912, the Austrian physicist Victor Hess undertook a balloon 
ight

to an altitude of around 5300 meters and discovered that a mysterious high energy

radiation is constantly bombarding the Earth from space [45]. This radiation was

later named \cosmic rays". Cosmic rays (CRs) are energetic charged particles that

consist mainly of protons (� 89%), alpha particles (� 10%), nuclei of heavy particles

(� 1%) and electrons/positrons (� 1%). Figure 1.1 shows the energy spectrum of the


ux of cosmic ray particles measured from di�erent experiments. The most striking

feature of the energy spectrum is the fact that it extends over 13 orders of magnitude

in energy and over 32 orders of magnitude in intensity. Above an energy of� 1010 eV,

where the e�ect of the solar wind is minimum, the di�erential 
ux of cosmic rays can
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be divided into four regions. Each region can be described by a power law with a

negative spectral index. From 1010 eV to 1015 eV, the di�erential spectral index is

� = � 2:7. The region around an energy of� 1015 eV is called the \knee" of the

cosmic ray spectrum. It is believed that the cosmic ray particles up to the knee energy

are produced in our Galaxy. From 1015 eV to 1018 eV, the spectral index steepens

from � = � 2:7 to � 3:1. The particles between the \knee" (� 1015 eV) and \ankle"

(� 1018 eV) energies are generally considered as originating outside of our Galaxy.

Above 1019 eV, the spectrum again 
attens to a spectral index of� � 2:6. In the

energy range above� 1020 eV, the CR spectrum shows a cuto�, also known as GZK

(GZK stands for Greisen-Zatsepin-Kuzmin) cuto� [46]. This cuto� puts a theoretical

upper limit on the energy of cosmic ray particles. Cosmic ray particles beyond an

energy of 1020 eV, when moving through intergalactic space, interact with the photons

of Cosmic Microwave Background (CMB) radiation and decay into relativistic particles

having energy less than GZK limit.

A fundamental problem with cosmic rays is that it is impossible to localize

CR sources except for ultra high energy cosmic rays reaching energy of� 1020 eV.

CRs are charged particles, and so their trajectories are de
ected by the presence of

Galactic and intergalactic magnetic �elds. This implies that information about their

direction of origin is lost when they traverse from their source of origin to a detector

on Earth. Therefore, the only way to have information about the CR sources is to �nd

neutral messengers, such as
 -rays or neutrinos, produced by the interaction of CRs

with interstellar medium near the acceleration sites.

Gamma rays are the highest energy form of electromagnetic radiation and cover

a broad energy range from 105 eV to 1020 eV (See Figure 1.2). Di�erent techniques

are employed for their detection and every technique has its applicability to a di�erent

energy band. In particular, we can divide the 15 decades of the energy range into four

bands: low/medium(LE or MeV), high (HE or GeV), very high (VHE or TeV) and

ultra-high (UHE > 100 TeV). For the LE/HE bands, space-based detectors are used,

while for VHE/UHE, ground-based detector are most sensitive. The majority of the
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Figure 1.1: Cosmic ray spectrum obtained by combining data from various instru-
ments, available atwww.physics.utah.edu/ ~whanlon/spectrum.html

work in this thesis is related to two of these energy bands: HE and VHE. We will,

therefore, give a brief overview of HE and VHE astronomy.

1.2 High Energy gamma-ray astronomy (GeV sky)

The atmosphere of the Earth is opaque to high-energy photons, therefore, the

direct detection of these photons requires space-based experiments. In the last decade

or so, space-based instruments, particularly in the energy range from� 100 MeV to

� 100 GeV, have greatly advanced our understanding of the non-thermal Universe.

The detection of
 -ray emission from several categories of objects reveals the presence

3



Figure 1.2: Figure 1.1 taken from [1] showing the full extent of Electromagnetic
spectrum and the part covered by generic term
 rays.

of strong shocks associated with stellar explosions or compact objects such as neutron

stars or black holes.

Historically speaking, Explorer 11 was the �rst 
 -ray satellite detector [47]

launched in 1961. It was designed to detect
 -rays above 50 MeV. During its short

lifespan of less than 5 months, it detected 22
 -ray events appearing to come from

every direction in the sky. Although the detection su�ered from heavy backgrounds of

cosmic radiation, it still opened an era of
 -ray detection from space. Similar attempts

were made again in 1967 using improved detectors on board the OSO-3 satellite [48].

OSO-3 detected 621
 -ray events (> 50 MeV) over a 16-month period. It also re-

vealed that the distribution of 
 -rays is highly anisotropic, with a higher concentration

along the Galactic plane. Following that, pulsed
 -ray emission was detected from the

Crab pulsar using a balloon experiment [49]. In 1972, the Small Astronomy Satellite 2

(SAS 2) experiment was launched to detect
 -rays in the energy range from 20 MeV
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to 1 GeV [50]. During the� 6 months of operation, SAS-2 mapped the Galactic plane

and found a second
 -ray pulsar, known as the Vela pulsar [51]. The �rst catalogue

of 25 
 -ray sources at an energy above 300 MeV was produced by the COS-B satellite

[52], launched by the European space agency in 1975. The COS-B mission operated

for six and half years and produced detailed maps of the
 -ray sky. Besides con�rming

and expanding the results from SAS-2, it also found the �rst high-energy extra-galactic


 -ray source, 3C 273 [52].

A great leap in the �eld of 
 -ray astronomy came with the Compton Gamma-

Ray Observatory (CGRO), launched in 1991 [53]. The CGRO carried four instruments;

Burst and Transient Source Experiment (BATSE), Oriented Scintillation Spectrome-

ter Experiment (OSSE), Compton Telescope (COMPTEL), and Energetic Gamma Ray

Experiment Telescope (EGRET). Together, these four instruments provided a compre-

hensive view of the
 -ray sky from 15 keV to more than 30 GeV. In particular, the

high energy instrument EGRET produced the �rst detailed map of the entire sky in


 -rays, covering the energy range from 20 MeV to 30 GeV. EGRET had a �eld of view

of about � 0:5 sr, with an angular resolution of 6� at an energy of 100 MeV (increasing

to 0:5� at 5 GeV) [54, 55, 56]. During its lifetime, of 9 years, it detected 271 sources.

60% of these sources had no counterpart in other wavelengths and were labelled as

unidenti�ed sources. The second largest class of objects were active galactic nuclei of

the blazar class (� 35%). Five sources were associated with known Galactic pulsars

(See EGRET catalogue 3 for more details [57]). A revised catalogue of EGRET sources

was published in 2008 using a di�erent background emission model. This analysis re-

duced the number of sources from 270 to 188, thus shows that large fraction of original

EGRET sources, especially unidenti�ed sources, were not real, probably due to poorly

modelled regions of di�use background [58].

After the success story of the CGRO observatory and following substantial ad-

vancement in the �eld of detector technology, a follow-up mission was developed by

NASA. This led to the launch of the Fermi 
 -ray satellite in 2008, which brought a

breakthrough in our understanding of high energy astrophysics.
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1.2.1 The Fermi Gamma-ray Space Telescope

The Fermi Gamma-ray Space Telescope is an observatory to study
 -ray emis-

sion from astrophysical sources. Fermi has two main instruments: (1) the Large Area

Telescope (LAT) and (2) the Gamma Ray Burst Monitor (GBM). The LAT is a 
 -ray

imaging detector sensitive in the energy range from 20 MeV to more than 300 GeV. It

is a wide �eld of view detector (� 2 sr) with an e�ective collection area of� 6500 cm2

for normal incidence at 1 GeV. The key improvement of the LAT detector over EGRET

is that it uses solid state detectors instead of a spark chamber for particle tracking.

This leads to better angular and energy resolution for detecting
 -ray photons.

The basic detection principal of the LAT detector is shown in Figure 1.3. The

two main challenges for any such detector are: (1) the identi�cation of
 -ray photons

against a huge background of charged cosmic rays; (2) to measure the properties of

the incoming photons, such as arrival direction, arrival time and energy. In order

to achieve the objective of rejecting background CRs, the LAT is surrounded by an

anti-coincidence detector (ACD) made of plastic scintillators. ACD is a very common

technique used in high energy physics detectors for rejecting background events in real

time.

In the energy above 100 MeV, photons interact exclusively through the process

of electron-positron pair production (
 ! e+ + e� ). In the LAT, thin tungsten foils are

used for converting a photon into an electron/positron pair. The arrival direction of the

incident photon can be derived indirectly from the reconstruction of electron/positron

tracks using a particle tracking detector (silicon strip detectors). The charged particles

undergo multiple Coulomb scattering as they transverse through the detector material,

which degrades the ability of the detector to measure the arrival direction with great

accuracy. Since the multiple Coulomb scattering reduces as the energy increases, the

angular resolution improves with increasing energy of incident photon, with a typical

angular resolution of approximately 1� at 1 GeV. Finally the particles are stopped

by a calorimeter (cesium iodide) which measures the total energy deposited. The

typical resolution for energy estimation is estimated at about 15� 20%. For a detailed
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Figure 1.3: Basic space based
 -ray detector.

description of the LAT and its performance, see [59].

Over the last 9 years,Fermi -LAT has signi�cantly improved our understanding

of the MeV to GeV 
 -ray sky. Based on the �rst four years of science data, the third

source catalogue (3FGL), in the energy range from 100 MeV to 300 GeV, was published

[60]. The 3FGL catalogue contains 3033 sources detected above 4� , including 
 -ray

emitting pulsars, AGN, supernova remnants and many more. For 1010 sources there

is no association at other wavelengths.

AGILE (light imaging detector for 
 -ray astronomy) is an another space mission

launched by Italian groups in 2003. It carried two instruments, one for
 rays and

another for hard X-ray detection. This instrument has also made contributions to the

understanding of the
 -ray sky ,and is sensitive in the energy range from 30 MeV to

50 GeV) [61].

1.3 Very High Energy gamma-ray astronomy (TeV sky)

Very High Energy (VHE) 
 -ray astronomy is concerned with detecting
 -ray

photons of energies between� 100 GeV and� 100 TeV. This energy range will be

pushed further up to � 300 TeV, with the development of the next generation of
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ground-based observatory, the Cherenkov Telescope Array (CTA) [62]. The detec-

tion of 
 -ray photons in this energy range lies outside the capability of space based

instruments, due to the rapidly decreasing photon 
ux with increasing energy, and

the small area (� 1 m2) of space-based detectors. For example, the 
ux of photons

above 1 TeV from the Crab Nebula, one of the strongest source of
 -ray photons, is

2:2� 10� 7 m� 2 s� 1 [63]. Therefore, a detector area of the order of 104 m2 is required to

detect a few photons in an hour. Such large detectors cannot be placed in space, and

are required to be installed on the Earth. Ground-based techniques are typically di-

vided into two categories; Imaging Atmospheric Cherenkov experiments, and air shower

arrays.

1.3.1 Imaging Atmospheric Cherenkov telescopes

The technique of Imaging Atmopsheric Cherenkov telescopes (IACTs) is a very

successful tool to detect
 -ray photons in the energy range beyond 50 GeV [64, 65].

The window of VHE 
 -ray astronomy was opened in 1989 by the Whipple observatory

with the successful detection of VHE emission from the Crab Nebula [66]. The Whipple

observatory consisted of a single 10 m telescope, originally equipped with a 37-pixel

imaging camera. Currently, three major IACT observatories are in operation. Two of

them, MAGIC [67, 68] and VERITAS [69, 70], are located in the northern hemisphere,

whereas the third one, H.E.S.S. [71, 72], is located in the southern hemisphere. All of

the current generation of observatories use multiple telescopes, at a typical spacing of

� 100 m, to observe the
 -ray sky. For a detailed description of the IACT technique,

see Chapter 2.

The High Energy Stereoscopic System (H.E.S.S.) Observatory is a system of �ve

IACTs located in Namibia at an altitude of 1800 m in the southern hemisphere. In

phase I, completed in 2004, four telescopes, each with a mirror area of 107 m2 and focal

length of 15 m, were built and arranged on four corners of a square having a side length

of 120 m. The Cherenkov light from the air shower is imaged using a pixellated camera

having a �eld of view of � 5� . In phase II, completed in 2012, a larger telescope, of
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mirror area 600 m2, was added at the center of the array. This improves the sensitivity

of the array for low energy showers [63, 73].

The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) system con-

sists of two very large telescopes, each having a dish area of about 236 m2. It is located

on the Canary island of La Palma at an altitude of 2400 m. Due to its large mirror

area, MAGIC is sensitive to detecting
 -rays between 50 GeV and 30 TeV. The �eld

of view of the MAGIC telescopes is 3� diameter [74].

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is

operating at the Fred Lawrence Whipple Observatory in the southern Arizona, USA, at

an altitude of 1268 m. It consists of four telescopes each with a mirror area of 106 m2,

and a camera of �eld of view of� 3:5� . The energy threshold of the VERITAS array

for detecting 
 rays is about 85 GeV, which is somewhat higher than the MAGIC and

H.E.S.S. array [75]. However, the angular resolution and energy resolution of VERITAS

is better than MAGIC telescope, due to the number of telescopes in the array. For a

detailed description of the VERITAS array, see Chapter 3.

1.3.2 Air Shower Arrays

An alternative technique to detect 
 -rays and cosmic rays from the ground is

based on a dense array of detectors distributed over a large area. The feasibility of

detecting very high energy
 -rays from the ground has been demonstrated by the Mi-

lagro [76], HAWC [77], ARGO-YBJ [78] and Tibet AS
 [79] detectors. This technique

requires the shower particles, which are produced through the interaction of primary


 -rays with the atmosphere, to reach ground level. As high energy showers are more

penetrating, and produce charged particles at lower altitudes than lower energy show-

ers, the air shower arrays have a higher energy threshold compared to IACTs. The

arrival direction of the primary 
 -ray is estimated from the arrival times of shower

particles in di�erent detectors, while the energy is estimated from the total number

of detected particles on the ground. Unlike the imaging atmospheric Cherenkov tele-

scopes, the design of air shower arrays allows the detectors to operate even during

9



Figure 1.4: (upper) The VERITAS 
 -ray observatory located at Mt. Hopkins, Ari-
zona. (lower left) Two large telescopes of the MAGIC Observatory lo-
cated on the Canary island of La Palma. (lower right) Five H.E.S.S.
telescopes in Namibia.
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the daytime, thus providing a high duty cycle. In addition to the high duty cycle,

this technique has the advantage of a large �eld of view, compared to the few degrees

(� 4� ) provided by the IACTs. However, for point sources of
 rays, the IACTs, due

to their better background rejection(> 99%), are more sensitive than the air shower

arrays, particularly below an energy of a few TeV.

The High Altitude Water Cherenkov Observatory (HAWC) is located at a height

of 4100 m above sea level in Sierra Negra, Mexico (see left Figure 1.5) [77]. It consists

of an array of 300 water Cherenkov detectors (WCD), covering an area of 22000 m2,

and is sensitive to
 -rays in the energy range of 100 GeV to 100 TeV. Each WCD is

a cylindrical tank with a 7:3 m diameter and 4:5 m depth, inside of which� 200000

liters of pure water is �lled. The readout of each WCD is performed by four, upward

facing photomultiplier tubes (PMTs). All of the four PMTs are positioned at the

bottom of each tank, which is then covered with a light-tight material. Three of the

four photomultiplier tubes are 8-inch Hamamatsu R5912 PMTs used previously in the

Milagro experiment, and arranged on an equilateral triangle with a side length of 3:2 m.

The fourth, 10-inch Hamamatsu R7081 PMT, is placed at the center of each tank and is

designed to increase the e�ciency of the observatory for low-energy showers (< 1 TeV).

These PMTs observe the Cherenkov light 
ashes produced by shower particles when

they pass through the WCDs (see right Figure 1.5). Currently, a source having an

integral 
ux equal to � 5 � 10% of the 
ux of Crab Nebula, can be detected in a one

year period with HAWC detector [80].

1.4 TeV source Catalog

In the past 15 years, a lot of progress has been made in the �eld of very high

energy
 -ray astronomy. The known TeV source catalog has been increased from 10, in

2003, to more than 200 in 2018. This progress was made possible through the success

of current generation of ground-based
 -ray telescopes: VERITAS, H.E.S.S., MAGIC

and HAWC. Currently, as of January 2018, 208 VHE
 -ray emitting sources exist in the

TeV catalogue, as shown in Fig 1.6. Each source is shown with a di�erent symbol and

11




	Table of Contents
	List of Tables
	List of Figures
	Abstract
	1 Introduction to Gamma Ray Astrophysics
	1.1 Gamma rays: Messengers of Cosmic rays
	1.2 High Energy gamma-ray astronomy (GeV sky)
	1.2.1 The Fermi Gamma-ray Space Telescope

	1.3 Very High Energy gamma-ray astronomy (TeV sky)
	1.3.1 Imaging Atmospheric Cherenkov telescopes
	1.3.2 Air Shower Arrays

	1.4 TeV source Catalog
	1.4.1 Galactic sources
	1.4.2 Extragalactic sources


	2 Detection methods for Very High Energy Gamma-Radiation
	2.1 Extensive air showers (EAS)
	2.1.1 Electromagnetic showers
	2.1.2 Hadronic showers

	2.2 Cherenkov Radiation in EAS
	2.2.1 Distinction between Electromagnetic and Hadronic showers

	2.3 Imaging atmospheric Cherenkov technique
	2.3.1 Modern day Cherenkov telescopes


	3 The VERITAS Observatory
	3.1 The Telescope Description
	3.1.1 Mechanical assembly
	3.1.2 The Reflector

	3.2 The Cameras
	3.2.1 Photo Multiplier Tubes (PMT)

	3.3 The Trigger System
	3.3.1 Pixel Trigger (``Level 1'')
	3.3.2 Pattern Trigger (``Level 2'')
	3.3.3 Array Trigger (``Level 3'')
	3.3.4 Bias Curve

	3.4 Data Acquisition System

	4 Data Analysis Procedure For the VERITAS Array
	4.1 Data Selection
	4.2 Data Calibration
	4.2.1 Pedestal Calculation
	4.2.2 Relative timing calibration
	4.2.3 Relative gain calibration
	4.2.4 Absolute calibration

	4.3 Flash-ADC trace summation/Charge in each pixel
	4.4 Image cleaning and Parametrization
	4.5 Event reconstruction
	4.6 Monte Carlo simulations and Look-up tables
	4.6.1 Simulations: Energy estimation
	4.6.2 Simulations: Mean scaled width and length estimation

	4.7 Gamma/hadron separation
	4.8 Signal extraction and background estimation
	4.9 Source detection
	4.10 Spectral analysis
	4.10.1 Effective gamma-ray detection area
	4.10.2 Differential flux Measurements


	5 Supernova remnants at GeV-TeV energies
	5.1 Supernova and their classification
	5.2 Dynamical evolution of SNRs
	5.2.1 First Phase: Free expansion
	5.2.2 Second phase: Sedov-Taylor
	5.2.3 Third phase: Radiative or snowplow phase
	5.2.4 Fourth phase: Dissipative stage

	5.3 Particle acceleration at SNR shocks
	5.3.1 First order Fermi acceleration (or diffusive shock acceleration (DSA))
	5.3.2 Particle Spectrum
	5.3.3 Maximum achievable energy
	5.3.4 Non-linear DSA theory

	5.4 Gamma Ray Production Mechanisms
	5.4.1 Non thermal Bremsstrahlung
	5.4.2 Inverse Compton Scattering
	5.4.3 Neutral Pion decay

	5.5 Detection of Supernova remnants at VHE gamma rays
	5.5.1 Young shell-type SNRs
	5.5.2 Middle aged SNRs interacting with molecular clouds


	6 Deep study of Lg-ray emission from Cassiopeia A using Fermi-LAT and VERITAS
	6.1 Multi-wavelength observational properties of Cas A
	6.2 High energy observations with Fermi-LAT
	6.2.1 Fermi-LAT instrument
	6.2.2 Data selection and analysis
	6.2.3 Source localization
	6.2.4 Spectral analysis

	6.3 Very high energy observations with VERITAS
	6.3.1 Data set
	6.3.2 Analysis and cut selection
	6.3.3 Source detection and skymap
	6.3.4 Position fitting
	6.3.5 Gamma-ray energy spectrum
	6.3.6 Joint spectral energy distribution using Fermi and VERITAS points

	6.4 Modeling and interpretation
	6.4.1 Model assumptions
	6.4.2 Hadronic dominated model
	6.4.3 Leptonic dominated model
	6.4.4 Discussion

	6.5 Conclusions

	7 Resolved spectral and morphological study of TeV SNR IC 443 with VERITAS
	7.1 An overview of the morphology of IC 443
	7.2 Previous high-energy and very high-energy gamma-ray observations
	7.3 Summary of observations
	7.4 Data analysis procedure
	7.5 Source Morphology using new VERITAS data
	7.5.1 Comparing GeV and TeV morphology
	7.5.2 Comparison with other wavelengths

	7.6 Energy spectrum at TeV energies
	7.6.1 Broadband spectrum combining GeV and TeV data

	7.7 SED modeling
	7.8 Summary and conclusions

	Bibliography

