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Synopsis

Gamma-ray astronomy has already entered into a new eraheitifiscovery of more than
thousands galactic and extragalactic gamma-ray sour@snta rays from astrophysical
objects provide one of the best windows for exploration apimena in the non-thermal
universe. High energy astrophysical processes are knoprothuce relativistic particles
as well as associated gamma rays over an enormous rangergiesnel he gamma-ray
radiation is considered to span over energies frofeMto > 10°° eV. They are sec-
ondary products of cosmic accelerators. Cosmic rays béiagged get deflected by the
interstellar magnetic fields and they lose their directiom@rmation and cannot be used
to pinpoint their sources, except perhaps for cosmic rayexoEme energy 108 eV.
Gamma rays, on the other hand, being neutral in nature corsieaight lines from the
cosmic accelerators. Hence they are naturally considéeedhbst important messenger
for cosmic ray accelerators. Therefore, cosmic ray acatles can be directly probed by
gamma rays on Earth. Depending on the energies of gammaifégtedt detection tech-
niques have been adopted. Gamma rays in the energy rangeofidV@&eV are observed
through direct detection, whereas indirect detection elusr the gamma rays with en-
ergy in the range of GeV to TeV energies, the so-called vagi energy (VHE) regime.
For direct detection, gamma-ray detectors are put on spased satellites or on balloons.
The high energy end of this type of detectors are limited leycibllection area as well as
the steeply falling spectrum of cosmic rays. Currently, ltlest space based gamma-ray
detector, namely the Large Area Telescope on board the Fimilite (Fermi-LAT) is
able to detect gamma rays from about 20 MeV to 300 GeV. In chswlmect detection
of VHE gamma rays, ground based gamma-ray telescopes with greater collection
area than that of space based detectors are used. In thjsatasesphere plays a cru-
cial role. When a VHE gamma-ray enters into the Earth’s aphese, it interacts with
atmospheric nuclei and produces a electron-positron piich in turn dissipate their
energy through producing secondary gamma rays throughssteshlung processes. The
secondary gamma rays further produces electron-positios. (I his process of pair pro-
duction and bremsstrahlung continues, resulting in a shoidvelectrons, positrons and



secondary gamma rays, which is called Extensive Air ShowAS]). When the charged
particles move down in the atmosphere with velocities grghian the velocity of the light
in that medium, they cause the atmosphere to produce Cherdéigkt, which falls in the
Ultra Violet and blue (UV-blue) region of the electromagoeipectrum. The Cherenkov
lightilluminates a large circular area with a diameter ia thnge of 200 m — 250 m on the
ground for vertically incident shower. This light can be wapd with optical elements,
and reconstructing the shower axis in space and tracingit tato the sky, celestial ori-
gin of the gamma rays can be determined. In addition, theggradfrthe gamma-ray can
be estimated since the amount of Cherenkov light relatdsetenergy of the gamma-ray.

This thesis is broadly divided into two parts: (a) Monte Gasimulations, observations
and analyses of data for High Altitude GAmma Ray (HAGAR) selgpe system, and (b)
the multi-wavelength modelling of two Galactic TeV gamnag-sources.

Part 1:
MC simulation, observation and data analysis studies for H&SAR system

Like the ground based gamma-ray detectors such as H.ENS&5)C and VERITAS,
HAGAR telescope system is designed to detect very highggrgamma rays from celes-
tial sources through the atmospheric Cherenkov technigibes technique of recording
atmospheric Cherenkov photons was pioneered by Galbradhlelly in 1953[[1], us-
ing a single PMT and mirror. Unlike those existing grounddxhinstruments (H.E.S.S.,
MAGIC and VERITAS), HAGAR is based on the non-imaging atmuesic Cherenkov
technique which measures arrival time of the Cherenkov shénent at various locations
in the Cherenkov light pool using an array of telescopesmAtte arrival time informa-
tion, the direction of shower axis is estimated to enablecteyn of dt-axis cosmic ray
showers. The HAGAR telescope system consists of an arragvehstelescopes located
at Hanle ( 324646” N, 785835” E, 4270 m above msl), Ladakh, in the Himalayas.
Each telescope consists of seven front-coated parabalronsieach of diameter 0.9 m.
A photomultiplier tube (PMT) is kept at the focal point of &éaaf the mirrors. The pulses
from seven PMTs of a telescope are added to obtain what edctile “royal sum” pulse.
The event trigger is formed if there is a coincidence of fmyal sum pulses out of seven
telescopes with amplitude above a predefined threshold @haha time window of 150
ns to 300 ns. HAGAR is the highest altitude atmospheric Giiere telescope in the
world. Taking advantage of the high altitude, this expentrechieves a comparatively
low energy threshold of 208 GeV with a modest mirror area ah31Another setup simi-
lar to HAGAR but at lower altitudes is PACT(Pachmarhi ArrdyGinerenkov Telescopes)
[2,13,[4] in INDIA. Itis installed at Pachmarhi, on the hillfthe Satpura mountain range,



in the state of Madhya Pradesh (Central India). The altiofd®ACT is 1075 m amsl. The
energy threshold for this PACT array was estimated to be 800-GeV, about a factor of
4 higher than that achieved by HAGAR.

Since, it is not possible to produce VHE photons in the latooyadirect calibration of
the telescope system is not possible. In this situationpémormance of the system has
to be understood through Monte Carlo (MC) simulations. T$ia standard procedure
in high energy physics, where direct calibration of the systs not possible. The sim-
ulations for HAGAR are done in two steps. In the first step ef shmulation procedure,
the production of EAS in the atmosphere initiated by theradBon of cosmic charged
particles or gamma rays at the top of the atmosphere and daeigiron and propagation
of the Cherenkov photons produced by the charged particlései EAS are simulated.
This step is usually called “shower simulation”. Then in gexond step, the “detec-
tor simulation”, the response of the detector (the telesceystem with its associated
electronics) is simulated. For air shower simulations, weehused the freely available
software package CORSIKAI[5| 6]. On the other hand, for detestmulations, the sim-
ulation software specific to the HAGAR system has been deeelin house. CORSIKA
is a MC program for simulating EAS in the atmosphere initldtgy cosmic gamma rays
and charged particles. Information about Cherenkov psytamoduced by charged parti-
cles, with wavelength in the range of 200—-650 nm is storece CORSIKA simulation
provides information about the arrival times and directd@herenkov photons at detec-
tor plane. This information is then passed through the detestmulation program, and
corresponding detector responses are studied. The ouifauhed from the detector sim-
ulation is analysed to estimate the performance parameteér®e detector. In addition,
simulation results are compared with the observed redeitsn our MC Simulations, we
have established that the HAGAR system is able to observe ieaula in 17 hours with
a statistical significance otbat an energy threshold of about 210 GV [7]. The estimated
trigger rate agrees well with the observed trigger rate 6.3t has also been found that
the simulated trigger rates at various zenith angles arsistemt with the corresponding
observed trigger rates.

Regular source observations have been continuing withamplete setup of 7 telescopes
of the HAGAR array since September 2008. Several sourcésding both the galactic
and extragalactic sources have been observed with HAGAR tilite of arrival of each
shower front is recorded using Time to Digital Converter (0Q)n each telescope. Rel-
ative timing diferences in the arrival of the Cherenkov wavefront at thestelpes are
fitted using a plane front approximation to estimate the sgagle (i.e. angle between
the direction of incidence of a shower and the pointing dioecof the telescope) for each



shower. Gamma-ray events are expected to arrive close teldszope axis direction for
point source observation whereas cosmic ray backgroundssaerive isotropically. Data
are taken pointing all the 7 telescopes towards the soureetitin (On-source run). This

is followed (or preceded) by a background rurtif@ource run) covering the same zenith
range but without a gamma-ray source. By comparing the spagke distribution for
On-source and -source observations the excess of gamma-ray eventsnsagst. The
analysis of 14.3 hours (after data quality selection) ofGheb nebula data from the period
2010-2011 gives.b3 + 0.63 y-raygmin with 8o significance when more than or equal
to 5 telescopes are participating in the trigger formatioraddition to that, a high mass
X-ray binary source LS| 68303 was observed during the period of 2010 and 2012. The
result of the analysis of about 22 hours’ data gives an egiofe8 8+ 0.5 y-raygmin with

60 significance when more than or equal to 5 telescopes areipating in the trigger
formation. Furthermore, another galactic object MGRO $2@&T, which is supposed to
be a Pulsar Wind Nebula (PWN), has been observed with HAGAIR .ahalysis of about
5.2 hours (after data quality selection) of the MGRO J2fBPdata taken during 2010
gives 367+ 1.16y-raygmin with 3o significance when more than or equal to 5 telescopes
are participating in the trigger formation.

Part 2:
Multi-wavelength modelling of TeV gamma-ray sources

We have performed multi-waveband modelling of two galastiarces to understand the
gamma-ray emission mechanism as well as to understand tine redi the sources. The
Milagro collaboration has recently reported an extended g@mma-ray source MGRO
J2019-37 in the Cygnus region [8) 9, 10]. No confirmed counterpairthis source are
known although possible associations with several knowmcgs have been suggested.
We study the spectral energy distribution (SED) of the sewrsing a leptonic model
for the TeV emission within the context of a Pulsar Wind Nab(PWN), using con-
straints from multi-wavelength data from observations enad sources around MGRO
J2019-37. These include a radio upper limit given by the Giant Metave Radio Tele-
scope (GMRT)[[11], GeV observations by Fermi-LAT [12], EGR[A3,[14] and AG-
ILE [15] and VHE data taken from Milagrd [10]. We find that, b the PWN scenario,
while leptonic model can explain the TeV flux from this soyrt® upper limit from the
radio observation using GMRT imposes a stringent congtoairthe size of the emission
region.

Additionally, multi-wavelength modelling was done for @ner galactic source Cassiopeia
A (Cas A). It is a historically well-known shell type supexaoremnant (SNR) observed



in almost all wavebands, e.g. radio [16], opticall[17], [B]land X-rays|[19, 20] and
TeV gammarays [21, 22]. Upper limits on the GeV gamma-rayssian from this source
were first reported by EGRET. However, the first detectionely @nergies was reported
by the Fermi-LAT in 2010[[23]. The brightness of this sounsall wavelengths makes
it a unique galactic astrophysical source for studying thegito of galactic cosmic rays
as well as high-energy phenomena in extreme conditions.-tNemmal X-ray emission
from the shell of Cas A has been an interesting subject olsagdt provides information
about relativistic electrons and their acceleration meigmas in the shocks. ThHéhandra
X-ray observatory revealed the detailed spectral andapstucture of this SNR in X-
rays. The spectral analysis GhandraX-ray data of Cas A shows unequal flux levels for
different regions of the shell, which can be attributed feedent magnetic fields in those
regions. We have explained the GeTeV gamma-ray data in the context of both leptonic
and hadronic scenario [24,125]. We use the synchrotron @miggocess to explain the
observed non-thermal X-ray fluxes fromfférent regions of the shell. These result in
estimation of the model parameters, which are then usedpgiaiexthe TeV spectrum.
We also use a hadronic scenario to explain both GeV and Te\édlgknultaneously.
We show that leptonic model alone cannot explain the GB¥ data. Therefore, we
need to invoke a hadronic model to explain the observed-G3eV fluxes. We found
that although a pure hadronic model is able to explain the-J@V data, a mixed lepto-
hadronic model provides the best fit to the data.

This thesis will focus on some aspects of gamma-ray astrgndhre integral part of this
thesis deals with the experimental project on gamma-ragrasmy using the High Al-
titude GAmma Ray (HAGAR) telescope system which is locateanaaltitude of 4270
m in the Ladakh region of the Himalayas in India. Detailed Mo@arlo simulations
pertaining to HAGAR system are studied to determine thegperdnce parameters of the
system. In addition, several Galactic sources are stutiiedigh analysis of data taken
with the HAGAR system. The remaining part of this thesis isgpbenomenological as-
pects of gamma-ray astronomy. In this context, two Galadiaces are studied through
multi-wavelength modelling.

The thesis will be organised as follows. First chapter wiMega brief introduction to
gamma-ray astronomy and review of various models propasdatié mechanism of non-
thermal radiation. The atmospheric Cherenkov techniqolegaivith details of HAGAR
array will be described in Chapter 2. Chapter 3 deals with tdddarlo simulations
of the HAGAR system and comparison with the observed data didservations and
data analysis results of some galactic sources will be destin Chapter 4. Multi-
wavelength modelling of two astrophysical sources and samiare discussed in Chapter
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5 and Chapter 6, respectively.
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Chapter 1

Gamma-Ray Astronomy

1.1 Introduction

Very high energy (VHE) gamma-ray astronomy is a rapidly gngfield of science, and
our understanding of the non-thermal universe is devefpfinough detection of sev-
eral galactic and extragalactic gamma-ray sources. Depgoa the energies of gamma
rays diferent detection techniques have been adopted. Gamma rdys émergy range
of about 30 MeV to 300 GeV are observed through direct detectivhereas indirect
detection is used for the gamma rays with energy in the rahgbave 30 GeV to few
tens of TeV energies, the so-called very high energy (VHE)me. For direct detection,
gamma-ray detectors are put on space based satellites allonris. The capabilities
of space based detectors at very high energies are limitedebgollection area as well
as the steeply falling spectrum of gamma rays with energyrredtly, the best space
based gamma-ray detector, namely the Large Area Telescopeard the Fermi satel-
lite (Fermi-LAT) is able to detect gamma rays from about 20MVte more than 300
GeV. On the other hand, ground based gamma-ray telescopesrhech greater collec-
tion area than that of space based detectors. In the caseeatida of gamma rays at

the ground level, atmosphere plays a crucial role. When a ghifBma-ray enters into

1
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the Earth’s atmosphere, it interacts with atmospheric eiteohd produces a electron—
positron pair, which in turn dissipate their energy by prddg secondary gamma rays
through bremsstrahlung processes. The secondary gamsfurther produce electron—
positron pairs. This process of pair production and brerakking continues, resulting
in a shower of electrons, positrons and secondary gammawéysh is called Extensive
Air Shower (EAS). When the charged particles move down irath@sphere with veloc-
ities greater than the velocity of the light in that mediuheyt cause the atmosphere to
produce Cherenkov light, which falls in the Ultra Violet aolde (UV-blue) region of the
electromagnetic spectrum. The Cherenkov light illumiaadarge circular area with a
diameter in the range of 200 m — 250 m on the ground for velyigatident shower. This
light can be captured with optical elements, and the celestigin of the gamma rays
can be determined by reconstructing the shower axis in spadtéracing it back onto the
sky. Moreover, energies of the gamma rays can be measuredctida of gamma rays
by space bound and earth based detectors together progidécsint understanding of

our non-thermal universe in the energy range of MeV to TeV.

This Chapter is organized as follows: motivations for singyery high-energy galactic
and extragalactic astrophysical sources of gamma raysxataieed in sectiof 112. An
overview of the early history and development of VHE gamaastronomy is given
in section_1.B. Section 1.4 provides a short descriptiorhefgalactic and extragalac-
tic gamma-ray sources. Production mechanisms of gammaaraysnodelling of their

sources are discussed in secfion 1.5 and selction 1.6, teshec

1.2 Motivation

¢ One of the major motivations for studying gamma-ray astnoyngs to understand
the origin of cosmic rays (CRs). The CRs span a large rangeabes, from 10

eV to more than 1% eV. Cosmic rays arriving at Earth consist of protons, etewr
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and other nuclei. The observed CR spectrum can be descnpadpbre power
law (spectral index -2.6) spectrum up to an energy of about®6V, where the
spectrum slightly steepens (spectral index3.0). The feature is called the “knee”
as shown in Figure1.1. The second feature in the spectrumabaut 168 eV
where a flattening of the spectrum back to spectral indef.6 is observed, and
this is called the “ankle” of the cosmic ray spectrum. Despittensive £orts on
both theoretical and experimental aspects of cosmic ragipsyor about hundred
years, a coherent theory for origin andtdrent features of CRs is still lacking.
Although it is believed that cosmic particles below ener@y £V are of galactic
origin, it is not clear whether galactic CRs extend up t&®H. Moreover, there

Is a great deal of speculation about whether the observedp@gtrem is due to

sources distributed over the entire Galaxy or it has a loggiro

CRs being charged particles, information about the soureettbn is lost due to

their deflection in the galactic magnetic fields. Therefdres important to search
for neutral radiation from astrophysical sources whichldde the possible sites
of acceleration of CRs. Hence, gamma-ray astronomy candeaetailed under-

standing of cosmic ray origin, their acceleration, and pggtion.

Supernova remnants (SNRs) are believed to be one of the maioes of galactic
cosmic rays. Evidence for acceleration of electrons atgieemvell above 1% eV
in SNRs comes from X-ray observations of several supernmmeants/[26, 27].
On the other hand, the signature of acceleration of cosnoitops in SNRs can be
established from the study of the gamma-ray spectra raguttom decay of neutral
pions (r°s) which are secondary products of interactions of cosnyipratons with
the gas or molecular clouds in the surrounding region. Algtocosmic ray elec-
trons can contribute to gamma rays through inverse Compidrbeemsstrahlung
processes, the shape of the gamma-ray spectra from prataliferent from that
from electrons. Therefore, the observation of the gammaspectrum from a

source can provide important information about the popaniatf high energy par-
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Figure 1.1: Observed cosmic ray spectrum.

ticles inside the source. Recently, direct spectral sigieatof gamma-ray emission
from decay oft® have been found in two middle-aged SNRs interacting withamol

ular clouds: W44 and IC 443 [28].

Another motivation for the study of gamma-ray astronomyisrderstand the in-
tergalactic radiation field. This radiation field providemaasure of the radiative
energy released in the process of star formation that hasrectsince the decou-
pling of matter and radiation following the Big Bang. Veryghienergy gamma
rays from extragalactic objects may interact with cosmicrowave background
radiation (CMBR) angbr infrared (IR) photons on their way to earth and produce
electron-positronyy — e"e”) pair. Therefore, the observed spectrum of gamma

rays from a distant object would befidirent from the emission spectrum at the
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source. Gamma rays at TeV energies are attenuated dependthg gamma-ray
energy, the distance to the source, and the density of altetic background pho-
tons. If the intrinsic source spectra can be inferred froreepbations of several
similar sources, the background radiation density can bmated from spectral

measurements made on sources fietgnt redshifts [29, 30, 31].

e Gamma-ray bursts (GRBs) are the most luminous explosiotieituniverse emit-
ting as much as & —10°* ergs of energy during a brief period of 0.01-1000 s.
They are considered to be potential candidates for the eswifcultra-high-energy
cosmic rays (UHECRs) with energies up to?d@V. They occur at cosmologi-
cal distances and show rapid and irregular variability amegcales down to sub-
millisecond levels. The UHECRs in GRBs may also induce olzd#e fluxes of
high-energy neutrinos [32, 33]. Measurements of gamma frays GRBs will
provide crucial diagnostic tools of ultra-high-energy masray and neutrino pro-
duction in GRBs, advance observational cosmology by pkie high-redshift
extragalactic background light and intergalactic magniids, and contribute to
fundamental physics by testing Lorentz invariance violatvith high precision or

to probe the structure of space-timel[34] 35].

e Another motivation for gamma-ray astronomy is to look fogretures of Dark
Matter. Weakly Interacting Massive Particles (WIMPS) witlasses in the energy
range of few GeV to few TeV are considered as natural canesdfatr the dark
matter in the Universe. Annihilation of WIMPs in high densiegions such as the
Galactic Centre can produce high-energy gamma rays wittgeseextending up
to the mass of the WIMP. Therefore, a signature of dark ma#terbe obtained by

detection of gamma rays resulting from WIMP annihilation.
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1.3 History and development of VHE gamma-ray astron-

omy

In 1948, P .M. S. Blackett had noticed the presence of a smaadtibn of Cherenkov
photons in the night sky background light [36]. He propodsat the Cherenkov pho-
tons were originating from primary cosmic rays and theiosgaries in the atmosphere.
Following this, Bill Galbraith and John Jelleyi [1] took ir@tive to detect short pulses of
Cherenkov radiation. The experimental set up used by JetlyGalbraith consists of a
parabolic mirror of 25cm diameter, a photomultiplier tulBT), and a cylindrical can
along with some simple electronic componentis [1]. They tbabout one event in every
two minutes whose pulse height was exceeding the level ohtige in the night-sky
background. The detection of atmospheric Cherenkov plsdrom air shower initiated
by cosmic rays in the 1953s opened the way for gamma raysestfidim astrophysical

sources by ground-based telescopes.

It can be said that the subject of gamma-ray astronomy dtavii the publication of

a historic paper by Phillip Morrison_[37] in 1957. He suggekthe Crab nebula as a
possible source of cosmic rays. Soon after, in 1959, Coquaposed Crab nebula as
a possible source of TeV gamma rays![38], which motivatedd@kav and others at the
Lebedev Research Institute, Russia, to build a Cherenkesdepe for detecting gamma-
ray sources [39]. The telescope built by Lebedev group stetsbf 12 mirrors of aperture
1.5 m, and it was operational from 1960 to 1963. But, no sigaifi detection could be
made of gamma rays from any of the sources including the Ceabla, Cygnus A, and

Cassiopeia A.

In the 1970s, the space based gamma-ray detectors, COS-BA®B@®, gave an enor-
mous boost to the field with the first direct detection of ganrayes from outer space.
These experiments, operating at energies between 35 Me% @&Y, detected a ffuse

gamma-ray flux concentrated in the Galactic plane. In agldifin isotropic extra-galactic
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gamma-ray background was also found by them [40]. The figsiifscant detection from
the Crab nebula was reported in 1989 by the 10 m Whipple tepesahich started oper-
ating in 1968 at Mount Hopkins, in south Arizona, USA. Thegored a detection with
9.0s significance above 0.7 TeV [41], based on the data taken gli986—-1988. They
also observed additional twenty-six possible gamma-raycgs in the energy range of

10 eV to 102 eV, without any significant detection.

NASA's space based Compton Gamma Ray Observatory (CGRG@3hwias launched
on 5th April, 1991, added another dimension to this field btedi&ng more than 250
sources in the energy range from about 30 MeV to over 20 Ge) [Ad2he late 90s, with
the knowledge gained with Whipple telescope, several neurgi-based telescope sys-
tems were proposed to be built. Among those telescopes MABESS and VERITAS
telescopes are currently in operation and providing exgitesults in this field. A brief

introduction of all these telescopes can be found, for exampRef. [43].

Further development in this field at MeV to GeV energies wadaray the The Fermi
Gamma Ray Space Telescope spacecraft which was launcloed rgar-earth orbit in
2008. The on-board Large Area Telescope (LAT) is an imagigg-Bnergy gamma-ray
telescope covering the energy range from about 20 MeV to thare300 GeV. The LAT’s
field of view covers about 20% of the sky at any time, and it sdhe sky continuously,
covering the whole sky every three hours. It has detectedtal&)0 gamma-ray sources

from the whole sky so far.

Indian contribution in the field of VHE gamma-ray astrononayne through the obser-
vations of few gamma-ray sources in 1969 in Nilgiri Hills ini8h India [44]. This was
then followed by the operations of an array of Cherenkowstzpe near Ooty in southern
India, PACT (Pachmarhi Array of Cherenkov Telescopes), TRC(TeV Atmospheric
Cherenkov Telescope with Imaging Camera) and HAGAR (Higiitide GAmma Ray)
telescope systems. Details about the PACT and TACTIC exyeris can be found from

Refs. [45] 2| 46]. | shall describe the HAGAR telescope syste more details later in
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this thesis.

1.4 Sources of gamma rays

1.4.1 Galactic sources

There are many gamma-ray sources observed within the MilgyWWhe gamma-ray sky
map is shown in Figuiie 1.2. The central bright region cosgifseveral Galactic gamma-
ray sources including a filuse gamma-ray background. The most prominent Galactic
gamma-ray sources are supernova remnants (SNRs). Inaddutilsar wind nebulae
(PWNe) and high-mass X-ray binaries are twéeatient class of galactic objects which
could emit gamma rays. Moreover, theétdse high-energy gamma-ray emission above
about 30 MeV is dominantly seen along the Galactic plane.iéf bmtroduction to these

sources are given below.

Supernova remnants

Supernova remnants are considered to be most probableesafrgalactic cosmic rays
and are known to radiate in radio, X-rays, GeV and sometin@s gamma rays. The
difftuse shock acceleration mechanism of acceleration of ctigrgeicles in supernova
shocks dfers a plausible explanation for the origin of cosmic rays agrergies ot
10* eV [47,/48]. A supernova explosion typically release$0°! ergs of kinetic energy,
and it can power the cosmic rays~f10% of the kinetic energy released during the ex-
plosion goes into acceleration of protons and nuclei. Trengtshock front produced by
the material ejected at supersonic speeds from the explasio accelerate the charged
particles from the surrounding medium. Charged particiésise back and forth across
the shock front by scattering on the irregularities in theymeic field, and this leads to a

net gain of energy after passage through the shock frontratt@y such scatterings. The
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Figure 1.2: The gamma-ray map of the entire sky at energiestgr than 1
GeV based on five years of data from the LAT instrument on NASRKermi

Gamma-ray Space Telescope. Brighter colors indicate taighamma-ray sources
http://fermi.gsfc.nasa.gov/.

acceleration process was first proposed by Fermi [49] arsdhids been extensively re-
viewed by many others[50, 51,/52]. The acceleration at tbelshproduces a spectrum of
cosmic rays close to the observed spectrum. For young sipallsupernovae remnants
where the remnant material exists in the form of severallshile outer shells are the
most plausible acceleration sites of high-energy elestwith the difusive shock accel-
eration mechanism [53]. Although acceleration of eledrariTeV energies is established
through detection of X-rays from some shell-type supermewanants/[26, 27], more di-
rect proof of acceleration of protons is still lacking. Nleatmal X-rays and gamma rays
can be produced in shell-type supernova remnants by exyemergetic electrons via
electron synchrotron, bremsstrahlung, or inverse-Comptocess. Evidence of acceler-
ation of protons can be obtained by unambiguous detectigamina rays resulting from

decay of neutral pions produced by interaction of protorih tie interstellar medium.
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Pulsar wind nebulae

Pulsars are rapidly rotating astrophysical objects. Gamays have been detected from
many pulsar wind nebulae (PWNe). In a PWN, a pulsar is sudedrby a supernova
remnant and the nebula is powered by the pulsar. PulsardHesgerotational energy
through streaming winds of electrons, positrons and ionse 3topping of the winds
from the pulsar by the nebular material gives rise to a steddtollisionless shock" or
wind shock front where no collisional energy loss occursnvparticles interact with the
shock front. The position of the shock front is determinedliy balance between the
wind pressure and the total pressure in the nebula causecchynalation of the energy
injected in the nebula over the time of the pulsar age [54pbGrebula is powered by
the pulsar sitting at the center of the nebula, and it is d®rsd as the best example of a
PWN. Reviews of the various theories of PWN including latdstervation results can be
found, for example, in Ref. [ [55, 56, 57]. According to tydi€&VN models, electrons
and positrons in the winds from the pulsar get acceleratedeogies with Lorentz factor
of ~ 10* through magnetohydrodynamics processes before theyappest by the wind
shock. Then those particles get randomized in the dowmstregion of the shock, and
they are then further accelerated to even higher energi@sgh Fermi shock acceleration
mechanism[[49] and streamed into the surrounding nebulahdmebula they interact
with magnetic fields and photon fields and ambient matter éalyce photons through

synchrotron, inverse Compton and bremsstrahlung prosesse

High-mass X-ray binaries

High mass X-ray binaries, another distinct class of Gataghijects, are established as
potential gamma-ray emitters. There are two types of theseibs: binary pulsars and
microquasars. Binary pulsars are thought to be a systemstioigsof a compact object
orbiting around a BO main-sequence star with a circumstditx (i.e., a Be star). In this

system, high energy emission results from the interactajrtbe pulsar wind with the
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dense circumstellar disc of the Be star. On the other hanctoepiiasars are binary sys-
tems consisting of a compact object of a few solar massesuteomestar or a black hole)
and a companion star that loses mass into an accretion diskdithe central compact
object giving rise to well collimated relativistic jet-oaf's of matter from regions close
to the central accreting black hole or neutron star. TeV simisfrom a microquasar is
possibly generated by the up-scattering of stellar UV ph®toy high energy electrons
that are present in the jet. Microquasars could provide asaralle contribution to the
cosmic ray (CR) spectrum [58]. One of the Galactic binaryesys is LS#61 303 which
not only emits gamma rays but also shows variability in itsssion. The variability is

attributed to orbital modulation of the emission or absorpprocesses [59].

1.4.2 Extragalactic sources

Active galactic nuclei

Active Galactic Nuclei (AGNs) are the most prominent exédagtic sources of TeV
gamma rays. AGNs are characterised by extremely luminaeremagnetic radiation
produced in very compact volumes. Active galaxies are thotmy host supermassive
black holes at their centres, which accrete material froengiiwroundings, thereby re-
leasing large amount of gravitational energy. This enekggntually comes out through
thermal emission from the accretion disk, as well as through-thermal processes in
the form of jets of relativistic particles that emanate g&gticular to the plane of the
accretion disc. Particle acceleration takes place througime entire jet extending to dis-
tances well beyond the host galaxy. These patrticles irttenétc the ambient photon and
magnetic fields, thereby giving rise to non-thermal (syotion and inverse Compton)
emission. The spectra of AGN extend over a broad range of lefagths from radio to

gamma-rays. The energy emitted by the AGN exceeds the totigken from the pop-

ulation of stars in the host galaxy. Although there are sdweasses of galaxies with



12 Chapter 1. Gamma-Ray Astronomy

substantially dterent characteristics, the current classification schemeedominated by
random pointing directions rather than by intrinsic phgbjroperties of the AGNs [60].
A particularly interesting class of AGNSs are the so-call&ahrs which are characterised
by their relativistic jets pointing towards the Earth, gy appearing as venyfigient

TeV gamma-ray emitters.

1.5 Radiation processes

High-energy leptonsst ande™) can produce very high-energy GeV and above) gamma
rays by inverse Compton and bremsstrahlung processessagieadrons produce gamma
rays through decay of pions produced in interaction of thardmawith ambient matter.
The photons produced in the range of radio to X-ray wavelegy synchrotron process
play important role for inverse Compton process. A brief mary of all these radia-
tion processes is given below for the purpose of their usaendiscussions in the later

Chapters of this thesis.

1.5.1 Photons produced by high energy electrons

Synchrotron radiation process

The energy spectrum of synchrotron photons produced byeatreh of energyym.c?

with a pitch angle in a magnetic field can be written as [61]

ds V3e®Bsing v [
Sy _
= = — K dx, 1.1
L (dvdt)sy e v 5/3(X)dX (1.1)
whereeis the electron charge,
3ey? _ .
Ve = il Bsing, (1.2)

4rmeC



1.5. Radiation processes 13

is the characteristic frequency of the emitted synchrotamhation, andKs/3(x) is the
modified Bessel function of fractional ordef35 Averaging over the electron pitch angle,

a value of< sing >= +2/3 is adopted.

Thus, the energy spectrum of radiation produced by elestwath an energy spectrum

‘L—Be, due to synchrotron process is given by
© AN s
Ly total — f d _Lyy- 13
( )Sy 1 y d'ye ( )

The characteristic spectra of synchrotron radiation apgvehin Figure_1.B for power-law
(dNe/dy o« y=2L:for 1 < y < yma distributed electrons for threeftitrent values of

magnetic field and maximum energy of the electrong,fmn.c?).

Inverse Compton process

High-energy electrons scatteringf @ background of low-energy photons transfer their
energy to the low energy photons thereby producing highggnehotons. The energy
spectrum of photons produced by this Inverse Compton (I&eséng of an electron of

energyymec? off a background of soft photons is given by|[61]

hy
-2, f de™ ¢ (ev). (1.4)
h

v/ (4y?) €

whereo is the Thomson scattering cross sectibnjs photon energy after scattering,
de ny(e) is the number density of the background soft photons betwaergy ande+de,
and
2
1 |deya/ (me?)]

fIC(E’ vV, 7) = 2q In q-+ (l + Zq)(l - q) + E 1+ 46’}/C|/ (rnecz) (1 - CI) P




14 Chapter 1. Gamma-Ray Astronomy

with

B hy
T 4ey?[1-hv/ (ymec?)]”

q

The energy spectrum of inverse Compton radiation produgesldztrons with an energy

spectrumt is given by
(L= [ Tre. 15)
1 dye

The background low energy photons can be a sum of contrifmifrom several dierent

components, e.g., synchrotron radiation from the samelpbpn of electrons responsi-
ble for the IC emission, emission from thermal dust, the dosmcrowave background
radiation (CMB), and so forth. Although the photon densifytlee CMB is constant
throughout the emission volume in the source, the other coits may vary within the

source and they are, in fact fidirent in diferent sources.

The IC interactions of the high energy electrons on the syotobn radiation from the
same population of the electrons — the so-called synchrasetd Compton (SSC) mecha-

nism — plays an important role in gamma-ray emission fromdewariety of sources.

For the same population of electrons as considered for sgtron radiation process, the
IC spectra for dierent values of.x are estimated (but with the same total energy of

electrons) and are shown in the upper panel of Figude 1.4.

Bremsstrahlung process

The bremsstrahlung process can be considered as Compttarisgaof incoming elec-
trons with the virtual photons of the Coulomb field of a saatig centre. When an elec-
tron passes through a plasma of various species (atoms,aondslectrons) with corre-

sponding number densitieg, the bremsstrahlung spectrum per electron can be written as
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[61]

dN, do

— = — 1.6

dtdk CZS:”Sdk’ (1.9
wheredN, is the number of photons with momentum witliik emitted by an electron in
time dt. The diferential bremsstrahlung scattering cross section for ectrein from an

unshielded charggeis given by
2 .2 2\-1 2 2 2 1 .
do = 4Z%ar§(dk/K)(E) ™ [(Ef + ES) — §EiEf In(2E;E¢ /K) — 5| (1.7)

where E; and E; are the initial and final energies of the electrons, respelgtik (=
Ei — E¢) is the energy of the radiated photanis the fine structure constant, ands the

classical radius of the electron.

Therefore, the total spectrum of bremsstrahlung radiatsalting from a distribution of

high energy electronsgd{\./dE), can be written as

dNy,totaI _ dNe dNy
dtdk -f 9E5E Gtk (1.8)

Since the relativistic electrons follow power-law distrilon, the resulting bremsstrahlung
spectrum is non-thermal in nature as opposed to the themealdstrahlung where elec-
trons follow Maxwell-Boltzmann distribution at thermalwbjprium and which mostly

produces photons at X-ray energies. The characteristatrspaf bremsstrahlung process

for three diferent values ofmax are shown in the lower panel of Figurel1.4.
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1.5.2 Photons produced by high energy protons
n°-decay process

Inelasticp-p interactions of high energy protons and other nuclei withaimbient matter
producer® andn mesons whose subsequent decay gives rise to high energyayeays
This process has been studied by a large number of authets.ge, [[62] for discussions
and references. Here we shall follow the treatment of R&] \hich gives a convenient
parametrized form of the resultingray spectrum based on the results of Monte Carlo
simulations of the secondary particle production in inttap — p interactions. For a
spectrum of protonsj—:‘;, the spectrum o¥ rays produced per unit tim dE'jgt can be
written as|[63]

%{ =Chy L o-ine|(Ep)3—|;EFy(E—1, Ep) E_p (1.9)
wherec is the speed of lightyy is the number density of ambient matter (assumed mostly
hydrogen)oinel(Ep) is the inelastigp-p cross section, and the functicﬁ}(x, Ep) (with
Ey

E—p) represents the number of photons produced per unit itefwaper interaction

X =
of a proton of energ¥, with the ambient protons. Farray energie€, 2 1GeV, the
parametrized form of, (x, Ep) given by Egs. (58) through (61) of Ref. [63] with the
form of oinel(Ep) given by their equation (73) can be used. For lower energefsinction
approximation” for the pion production spectrumas p collisions described in [63] with

the appropriate form afi,e(Ep) given by equation (79) of Ref, [63] can be considered.

The gamma-ray spectra resulting from the decay’fare shown in Figurie_1.5, which
are estimated considering power-lag%’j( oc E[;z-l; for E, < Emax) distributed protons for
three diterent values of maximum energies of high energy proteps= 10, 100, 1000

TeV, respectively, but with the same total energy of protons
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Proton synchrotron

High energy gamma rays can also be produced by synchrotdaaticn of a relativistic
proton. The synchrotron radiation of relativistic elecsas mentioned briefly in section
[1.5.1 can be readily applied to the proton-synchrotronatémh. The characteristic fre-
quency of the emitted synchrotron radiation by a proton @&frgynym,c? in a magnetic

field B is

_ 3
 4rmge

Ve

Bsing, (1.10)

wherem, is the mass of the proton ands the pitch angle. This frequency isi{/me)® ~
6 x 10° times smaller than the characteristic frequency of syrtatinghotons emitted by

an electron of the same energy.

The spectrum of synchrotron photons produced by a prototeatained by replacing

me by m, in equatio 1.1,

In some astrophysical scenarios such as in the case of §Jdedf gamma rays from these
sources could be explained by synchrotron radiation ofeextly high energy protons

[64].
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Figure 1.3: Upper panel: The synchrotron spectra from péaerdistributed electrons
for three diterent magnetic fields. Lower panel: The synchrotron spéicima the same
power-law distributed electrons, but the maximum energiedectrons are dlierent.
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three values of maximum energies of the electrons. Loweelparhe bremsstrahlung

spectra from the same power-law distributed electrons lamee tdfferent values of maxi-
mum energies of the electrons.
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Figure 1.5: The high energy gamma-ray spectrum resultiogn fthe decay of neutral
pions produced in the interactions of high energy protomsvgr-law distributed) with
ambient matter. The solid (red), dashed (blue) and dotath@ilack) lines correspond to
three diferent spectra when the maximum energies for the protonsxae tio 10, 100

and 1000 TeV, respectively and total energy of the protoagept same for all the cases.
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1.6 Multi-wavelength modelling of gamma-ray sources

Multi-waveband modelling of the gamma-ray sources is aroirtgmt tool for understand-
ing the gamma-ray emission mechanisms as well as the ndttive source. For Galactic
SNRs, PWNe this approach is widely used. The observed spiotn radio to X-ray
wavelengths are usually attributed to the synchrotron gomsof relativistic electrons.
The peak position of the x-ray spectrum provides infornmaéibout the maximum energy
of the electrons in the source. On the other hand, the obdepectrum from GeV to
TeV energies are usually described by inverse Compton engstahlung or®-decay
processes. From the correlation study between X-ray and-G&¥ spectra, it can be
understood if the same population of electrons are resplenfir observed spectrum at
two different energy bands. Moreover, the density of the ambientumeand dominant
contribution of the target photon fields for the IC process lsa found out. In addition,
under certain circumstances the observed spectrum cabaksglained by invoking the
hadronic spectrummf decay process) which may provide information about thegmes
of relativistic protons in the source. Also the total enesgpplied to relativistic electrons
and protons can be estimated. In short, the origin of galaosmic rays and morphology
of different potential gamma-ray sources can be establishedjtihsuch multi-waveband

studies.

One of the Galactic sources which has been studied exténgivmultiple wave bands
is the Crab nebula. Multi-wavelength modelling of this smuhas provided a lot of
information about this source such as the magnetic fieldgoee of dierent populations
of electrons, dominant radiation processes, etc. Thelgetaithis can be found, e.g., in
Ref. [55]. The complete multi-wavelength spectrum of thatOnebula is shown in Figure

[1.8 for later reference.
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Figure 1.6: Multi-wavelength spectrum of the Crab nebuladiR [65], SCUBAISO
[66], SPITZER [67], XMM-Newton[[68], INTEGRAL SPI [69] prade observations in
radio, submillimeter, far infrared, X-ray and gamma-rayelangths, respectively and
Fermi-LAT [70] and MAGIC [71], HESSI[72] provide observati® of very high energy
gamma rays in the energy ranges of 50 MeV — 300 GeV and 30 GeVvtefes of TeV, re-
spectively. The spectral fit to the data is done followingehetron distribution provided
in Ref. [55].
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Atmospheric Cherenkov Technique

When a very high energy (VHE) gamma-ray enters into the EBagtmosphere, it in-
teracts with atmospheric nuclei and initiates the so-dadletensive air shower (EAS)
consisting primarily of electrons, positrons and secopdmmma rays, which are pro-
duced through many generations of interactions. As thegelgparticles in the shower
move down in the atmosphere with velocities greater thapkfase velocity of the light,
they cause the atmosphere to produce Cherenkov light. TleeeGkov light of many
shower particles illuminates a large circular area witharditer in the range of 200 m
— 250 m on the ground for vertically incident showers. By detg the Cherenkov light
at different locations in the light pool by focusing mirrors with lgpomultiplier tube
(PMT) at the focal point of each mirror or by big reflectorsiwat collection of PMTs at
focal point of each reflector, directionality and energyhs incident gamma rays are esti-
mated. This technique is known as Atmospheric Cherenkokifigoe (ACT) [1]. There
are a number of experiments (VERITAS, HESS, MAGIC, etc.)eblasn this technique,
and they are currently operational. One of the experimavitigsh uses this technique, is
the High Altitude GAmma Ray (HAGAR) telescope system lodaeHanle, Ladakh, in
the Himalayas. In this Chapter, we shall describe detadsitthe HAGAR system in the

context of ACT. This Chapter is organised as follows: dstaflthe ACT are described

23
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in sectiof 2.1 2)2 arld 2.3. Details of HAGAR system are diesdrin sectioi 2]4. Ob-
servations and data analysis techniques specific to theytsiem are described in section

[2.5 and section 216, respectively.

2.1 Cherenkov radiation

When a charged particle passes through a medium with a #elgr@ater than the phase
velocity of light in that medium, then Cherenkov radiatigmproduced by that medium.
Cherenkov radiation was first observed by Marie Curie in #1910 as a bluish glow
from bottles containing radioactive radium salts dissdlireliquids. However, she as-
sumed this as some kind of luminescence. A series of expetéweas carried out by
Cherenkov and Vavilov between the years 1934 to 1937 to stated the nature of the
radiation. P. A. Cherenkov first showed the anisotropicattar of the emission through
his experimental work. He also showed that the light wastechibnly within a certain
angular range in the forward direction [73]. The correcbtle¢ical interpretation of this
phenomenon was given by I. E. Tamm and |I. M. Frank in 1937 [Cherenkov radi-
ation can be explained with a charged particle moving in &edigc medium|[[75]. In
the vicinity of its track (see Figurle 2.1), at a particulastamt in time, for instance, at
a pointP, the electric field of the particle distorts the atoms resglin induced dipole
moments of the atoms. The medium thus becomes polarized gitgopointP. When the
charged particle moves on to another point, @yhe elongated atoms arouRdreturn
to their normal shape. This is accompanied by emission ofeartremagnetic pulse. For
slow moving particles (« ¢y, wherec,, is the velocity of light in the medium), the
polarization is more or less symmetrical w.r.t particleipos, as shown in panel (a) of
Figure[2.1, resulting in no net electric field at long disesdue to destructive interfer-
ence (and thus no radiation). When the particle is moving @itelocity greater than the
velocity of light in the medium (> ¢, ), polarization is no longer symmetrical. The

state is still symmetric about the current position of theipke in the azimuthal plane
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Figure 2.1: Polarization state of the medium when the velaifithe charged patrticle is
(a) less than the phase velocity of light in that mediunx(g,) and (b) greater than the
phase velocity of light in that medium ¢v c,,).

which is plane perpendicular to the trajectory of the p&atibut no longer symmetrical
in the plane of the trajectory of the particle (see panel {Higure[2.1). Hence, a cone
of dipoles develops behind the charged particle. There dvoalv be a distinct dipole

field established in the dielectric. When this state cokapd results in wavelets ema-
nating from all portions of the track, which are in phase, amdrfere constructively to

produce Cherenkov radiation. Radiation would be emitteggredicular to the surface of
this cone. The Cherenkov radiation is emitted at an anglkedidy@ends on the refractive

index of the medium and is beamed in the forward direction.

Figure[2.2 shows that this radiation can only be observedpartcular angled called
Cherenkov angle, with respect to the track of the particlee Therenkov angle can be
estimated in the following way: consider that a chargedigartravels from point A to B
(see Figuré 212) in timét with a velocitysc, wherec is the velocity of light in vacuum.
In that time interval, light travels from A to C. The arbitygpoints P1, P2 and P3 over

the track AB are sources of spherical wavefronts, which aheent in nature, and they
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Figure 2.2: lllustration of the coherent nature of Cherenteliation.

combine to form a conical wavefront which can be approximhat®the plane wavefront
BC. The direction of the partilce is along AB, and the planeeieont BC determining

the direction of the radiation is perpendicular to AC. Thetipke traverses a distance of
Bcot in time 6t whereas the light travels a distancét/n ( wheren is average refractive

index of the medium) in the same time interval Therefore, we can write

g - AC ot
co = — =
AB dtgc
1
= —. (2.1)
Bn

Equation[(2.11) implies two limiting cases. Firstly, for agin medium of refractive index
nthere exists a threshold velocity of particles such #at,= 1/n, and no radiation takes

place if velocity of the particle is less th@g,nc. The corresponding threshold energy of
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the particle iEmin = IminMoC?, Where

I'in = ; (2.2)

\/ 1 _ﬁﬁwin
andmy is the rest mass of the particle. Secondly, if the particleesaltra-relativistically
(i.e. B ~ 1), the Cherenkov angkebecomes maximum which is to be obtained from the
following relation: co%.max = 1/n. The radiation intensityW/) per unit lengthl) can be

written as [75]

dw ¢ 1
— =1 do(l- =—], 2.3
I Lc>1w w( ﬁznz) 23)
whereq(= Ze) is the charge of the particle,is the charge of the electron aadis the
angular frequency of the Cherenkov light. For practicalpjeses, radiation intensity per
unit length can be expressed as number of Cherenkov photonsit length. From Eqgn.
(2.3), it can be shown that the number of photons emitted thaeged particle within the

spectral wavelength range &f andA, is equal to

1 1 1
W = 27TZCY(/1—2 - /l_l)(l_ W)’ (24)

wherea(= %) is the fine structure constant. Since, 8os= 1/8n, Eqn. [2.4) can be

expressed as

dN _ onza| L - L) sirke. (2.5)
dl L A

Now, the spectral distribution of Cherenkov photons can hten as
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d>w

Jide & @ (2.6)
or,

d°w 1

Similarly, the number of photons per unit length per unit alangth interval can be writ-

ten as

Rl I (2.8)

Emission takes place in visible and near visible region foiclwn > 1. Emission in
other wavelengths including x-ray and gamma-ray regiorotyoossible, since for these
energiesh < 1, which will not satisfy Eqn.[.2]1. Thus radiation in X-ray gamma-
ray energies is forbidden. Equation]2.8 reveals that thie diithe Cherenkov radiation
in the optical band is emitted in ultra-violet and visiblei®lpart of the electromagnetic

spectrum.

In considering Cherenkov radiation from EAS we must take adcount the variation of
refractive index as a function of height. The energy thré&skar emission of Cherenkov
radiation increases with altitude, since the refractiveinof air decreases with altitude.

The refractive index at altitudeh can be written as

n(h) = 6(h) + 1,

whered depends on the density of air and hence on the altitude, améheaxpressed
aso(h) = 69 exp(=h/hy), where the scale height is 7.1 km ands, = 29 x 10, In

the atmosphere at ground level at N.TriPx 1.00029 in the visible range amdax is
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1.3. Energy thresholds for Cherenkov emission from electrompmand proton in the
atmosphere are 21 MeV, 4 GeV and 39 GeV, respectively. Theyigld for electrons is
about 0.3 photons cmh. In the case of waten = 1.33, and. max is ~ 41° and the energy
threshold for electron is 260 keV and Cherenkov photon yield4s250 photons crrt.
The Cherenkov photons from the air shower induced by a ganaghar a cosmic ray are
distributed over a large area and form a circular pool oftlafrabout 150 — 200 m radius.
The size of this light pool is determined by the altitude af #mission and Cherenkov
emission angle at that altitude. The Cherenkov light reathe ground in a narrow time

window, typically of about 5 ns width.

2.2 Extensive air shower (EAS)

Detection of the VHE gamma rays by satellite based deteigdirsited by the size of the
detectors as well as the steeply falling spectrum of cosiaurga rays. Direct detection,
on the other hand, of the VHE gamma rays by ground based tgesds not possible
due to atmospheric absorption. Gamma rays and chargedlpaitiitiate EAS when in-
teracting at the top of the atmosphere. Cherenkov photaduped in the EAS can be
detected by ground based telescopes, since the Cherenkssi@msliters little absorp-
tion in the atmosphere. In this case the atmosphere playgnéisant role in detection
of those gamma rays. Details about the EAS generated by laotimg rays and charged

particles are described below.

2.2.1 Gamma-ray initiated air shower

When a gamma-ray enters into the Earth’s atmosphere, raictewith nuclei, and ini-
tiates an electromagnetic shower of charged particdeand €) and photons. In this
interaction, an electron—positroa"€™) pair is produced. This pair moves further down

in the atmosphere and radiates through the bremsstrahtooggs. The photons so pro-
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Figure 2.3: Simplified schematic of extensive air showsrated by a cosmic gamma-ray.

/\ EU/Q/L

=3

duced further producef e pairs. This process continues until the energy of the seargnd
photons is reduced to a value below whichefie™ pair production is possible, the shower
development reaches its maximum and then it diminishesodauinformation about the
shower can be obtained using a simple toy model. It is assuhedn each electro-
magnetic interaction two particles are produced. Hender afradiation lengths there
will be 2" particles. At an atmospheric depthXffrom the first interaction point) can

be written asn = X/A, whereA is the mean radiation length. Hence, the number of
charged particles at that positionN§X) = 2" = 2¥/1, The width of the shower along
the horizontal direction will become maximum when the Igsdee to ionization is equal
to losses due to bremsstrahlung &e- and the energies of those secondary photons or
particles reach a critical enerdy,. At this point the cascade will have maximum number
of particles and hence the shower size becomes maximum. fhiempoint onwards en-
ergy losses due to ionization and absorption become doitrfioreer e and the number of
particles gradually decreases and the cascade dies aviigysithe energy of the incident

gamma-ray, thert, can be written ag&. = Eg/N(Xnax), WhereXqax is the maximum
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value of atmospheric depth where shower width becomes mamirthereforeXax can
be expressed a§nax = A IN(Eo/E¢)/In(2). The critical energ¥, is 81 MeV in the air for
e*e”. The schematic diagram of the development of air showaatet by a gamma-ray

is shown in Figuré 2]3.

2.2.2 Cosmic ray initiated air shower

A cosmic ray particle (proton or heavier nucleus) interagtwith atmospheric nuclei
produces mesons and baryons. These particles move dower mtrtiosphere and fur-
ther interact with air molecules and produce the partialedar to those produced in the
first interaction. Neutral pionstfs), which are the lightest mesons, decay into gamma
rays @° — 2y), which then produce electromagnetic showers in the samedea
scribed above for a gamma-ray interacting at the top of theosphere. On the other
hand, some of the charged particles such as pions and kaoag depending on the
relativistic time dilated mean free path. The charged pjumosiluce showers of various
charged particles through the decays into muons, neufrmasral pions and electrons
(n* — u* +v,(v,) andu* — € + ve(ve) + vu(v,)). Kaons decay via two ffierent chan-
nels into muons, neutrinos, or mesoks (— u* + v, or K¥ — 7* + z%. In addition,
nuclear cascade is produced through various interactidpergons. Hence, a cosmic ray
proton initiated shower mainly consists of three composiealectromagnetic, hadronic
and muonic components. It is to be mentioned that if a largetisn of proton energy
goes to ther’s, then the shower can resemble a shower induced by a ganymenach
they cannot be easily separated from gamma-ray inducedeshoim addition, the show-
ers initiated by cosmic ray electrons behave as gamma-i@ears, and they constitute
irreducible background for ACT. Since the flux of cosmic régcé&ons is low and falls

rapidly with energy, the electron background is not verygigant above 100 GeV.

In the case of cosmic ray initiated showXr,.x also depends on the energy of the primary

cosmic ray the same way as that of a gamma-ray shower. A sticedigggram of shower
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Figure 2.4: Air showers initiated by a cosmic ray proton.
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development by a cosmic ray proton is shown in Figure 2.4.

2.2.3 Dfferences between gamma-ray and hadron induced showers

Figure 2.5: xy (left) and xz (right) projections of simuldt&AS induced by a 100
GeV gamma-ray, when projected along z and y respectively.es&hshower im-
ages have been produced by F. Schmidt and J. Knapp at Utyvefdieeds (2005);
http://www-zeuthen.desy.de/~jknapp/£fs

Both gamma-rays and cosmic rays initiate EAS in the atmasphdowever, there are
significant diferences in the development of showers initiated by gamnsaaiag cosmic
rays. Cosmic ray initiated showers contain electromagregtscades, muonic cascades

and nuclear cascades, whereas gamma ray initiated shoaeveesrconly electromagnetic
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showers, as mentioned above. The density fluctuations ae@kev photons for hadronic
showers are significantly larger than those gamma-ray stsowle the case of proton
initiated showers, electrons are produced by the decay8soflong with muons which
are secondary products of charged mesons. The fluctuatichg imultiplicities of the
pion secondaries combined with the fluctuations due to targean free path of protons
lead to larger electron number fluctuations which in turregikigher density fluctuations
in Cherenkov photon density. Hence, the development ofdmcEAS is more irregular
compared to that of gamma-ray EAS as shown in Figurds 2.5 &hdThe Cherenkov
light pool from gamma-ray initiated showers is more unifarampared to that of cosmic
ray showers. Since cosmic rays develop threerint cascades, density of Cherekov
light on the ground becomes non uniform (see Fiduré 2.7). mhilike structure is
also found in the lateral distribution of Cherenkov phot@msity produced by gamma-
ray showers as shown in Figure 2.81[76]. In the case of hadrsimbwers, this feature
is absent. However, as we go to higher altitudes the disodtian between hadronic
shower and gamma-ray shower based on this hump like featiisedguted. Moreover,
one of the distinct features of cosmic ray shower is the pr@s®f muons in the EAS.
Since, occasionally muons in cosmic ray showers survivaetetector level and they
are able to produce Cherenkov light, therefore, the widt@loérenkov wavefront from
cosmic rays is larger than that of gamma-ray showers. Alsneadioned earlier, because
of larger non-uniformity in cosmic ray showers, these shrswglow larger fluctuations in

Cherenkov photon density and larger arrival time jitter paned to gamma-rays showers.

In addition, the timing profiles of Cherenkov light pool gesiied by a gamma-ray shower
and a hadronic shower arefldirent. In general, Cherenkov wavefront resulting from
gamma-ray shower has a concave timing profile, since the $glking at large radii
on the ground has to travel a longer distance than the ligét thee center of the light
pool. On the other hand, a hadronic shower is a mixture ofrakgeb-showers, hence
timing profiles of these showers give a very irregular shagkeaground level as shown

in Figure[2.9. Based on thesdigrences cosmic ray events can be distinguished from the
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gamma-ray events.
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Figure 2.6: xy (left) and xz (right) projections of simuldteEAS induced by a
100 GeV proton, when projected along z and y respectively. es€hshower im-
ages have been produced by F. Schmidt and J. Knapp at Utyvefdieeds (2005);
http://www-zeuthen.desy.de/~jknapp/fs
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Figure 2.7: Position of Cherenkov photons on the groundckvire produced by a 50
GeV gamma-ray induced shower (left panel) and a 200 GeV @sagiproton induced
shower (right panel). Each dot represents a photon hittiagytound[[77].
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Figure 2.8: Lateral distribution of Cherenkov photons anghound for both gamma- and
cosmic ray showers [46].
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Figure 2.9: Lateral timing profiles of the arrival times oétshower wavefronts atfierent
locations are shown for gamma-ray and proton showers. mhiadiprofiles of proton are
more irregular than that of gamma-ray showers. The hor&@xes are positions on the
ground, in meters, while the vertical axes are arrival timasanoseconds. This figure is
taken from [78].
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2.3 Detection Technique

Gamma rays are considered to span a large range of energfie=s(1 10° eV), which is
divided into diferent energy regions. Although there is no confirmed detecti gamma
rays above 1¥ eV, photonic origin of cosmic-ray events detected beyomrdsit-called
GZK cut-of (~ 10* eV) cannot be excluded. Accordinglyfitirent detection techniques
are required for detection of gamma rays dfelient energy ranges. Gamma-ray astron-
omy in the range of 18 to 103 eV is performed through detection of Cherenkov photons
at the ground level and the corresponding detection teckenstermed agtmospheric
Cherenkov Technigu@&CT). For gamma rays in this energy range, the partiplestons
constituting the EAS may or may not reach observation legpkdding upon the obser-
vation height. However, the Cherenkov photons reach obsiervievel due to very little
absorption in the atmosphere. But for gamma rays with eesrabove 18 eV, the par-
ticles from EAS are able to reach the detectors at ground andbe detected by particle
detectors at the ground level. Here, we will discuss thedtietetechnique of Cherenkov
photons rather than the charged particles at the ground [Betails about the ACT can

be found in a review by Cawley and Weekes|[79] and others [@,788].

2.3.1 Wavefront Sampling Technique

A charged particle travelling in the atmosphere producesy€tkov radiation if its veloc-
ity is greater than the velocity of light in that medium. Whenosmic ray or gamma-ray
enters into the Earth’s atmosphere it produces showerscohdgary charged particles as
mentioned earlier. The Cherenkov light from these secgngdarticles creates a light
cone on the ground. Cherenkov photons are collected byabpéfiectors with a PMT at
the focal point of each reflector. The Cherenkov photonsamgted from diferent loca-
tions of the Cherenkov light pool. Therefore, an array oedtirs separated by distances

in the range of 10 m to 100 m is required to collect Cherenkastqufis in coincidence.
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The arrival direction of the shower is determined by thetiadatime of arrival of the

Cherenkov shower front at the individual detectors.

2.3.2 Imaging Technique

In this technique, Cherenkov photons are collected by a wmleich is kept in the focal

plane of a large reflector. The camera consists of a matriXMf$Pwhich act as pixels
in the camera. The density of photons in all the pixels in th@era is mapped to form
an image of the shower. The idea of capturing an image of thesiheric air shower
came from optical astronomy. A snapshot of an air shower wstsréalized by Hill and

Porter in 1960[82]. They used an image intensifier systaggdred by amplified pulses
from a~ 12 cm PMT. A Schmidt mirror with diameter of 30 cm and of apeti/0.5 was

used in this system. Their results raised the possibilitysihg the imaging technique
for detection of gamma-ray showers. A typical image of a gannay shower is shown
in Figure[2.10. The shape of the image is elliptical. In casmultiple telescopes the
direction of the shower axis is estimated from the point ¢énsection of major axes
of the images and optical axes of the telescopes (see Higiife)2 In addition, more

information about the shower can be found from the shapeeointages. The image of
a shower was first characterised by Michael Hillad [83] taaobthe arrival direction of

the shower, energy of the primary particle, etc. The imagg@oximated by an ellipse
as shown in Figure 2.12 where the semi-major and semi-mixew @eflect the length and
width parameters and represent the shape of the captureg inie ‘alpha’, ‘miss’ and

‘azwidth’ parameters (see Figure 2.12) relate to the aaiart or pointing of the image.
The ‘distance’ parameter is a measure of the position ofrttege centroid with respect
to the centre of the camera’s field of view. The size of the iensgproportional to the
density of the Cherenkov photons, hence the energy and giggmowhere the photons
are hitting on the ground. Therefore the shower energy imagtd from the image size

and nominal distance. Michael Hillgs [84] also showed thatabove parametrization of
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Figure 2.10: Snapshot of a typical image of a shower. Thisdigataken from([86].

the shower images can be used to discriminate between gaayvaad hadron initiated
showers. This parametrization led to the first 8etection of the Crab nebula by the

Whipple team in 1989 [41].

The Cherenkov images that result from a typical gamma-rayveh are elliptical and
compact with an orientation that points towards the cerftaredfield of view, whereas the
Cherenkov images from cosmic ray showers are much moreuleregnd are randomly
oriented in the focal plane of the imaging camera. The daddonte Carlo simulations
are used to distinguish between the images that result fesmmga-ray and cosmic ray ini-
tiated showers. The widths of the hadron initiated air shievaee significantly wider than
the corresponding gamma-ray initiated showers due to tige ansverse momentum
in hadronic interactions. Figufe 2113 shows the distridmaiof diferent Hillas parame-
ters for gamma-ray and cosmic ray showers, and these ieditat the discrimination of

cosmic ray events is possible on the basis of Hillas paras(8E].
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Figure 2.11: Response of an array of four detectors to aiveho
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Figure 2.12: Hillas parameters to describe a shower inmdgje [8
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2.4 HAGAR Array

The HAGAR array([87] consists of seven telescopes of whiglase placed at the corners
of a hexagon, with the seventh one placed at the center ofetkeegon (see Figufe 2]14).
The telescopes are separated by 50 m from each other. Easbhdpé consists of seven
front coated parabolic mirrors (see Figlre 2.15), each aieier 0.9 m, and witti/d
ratio of 1. All the seven mirrors of each telescope are malptra-axially on a single
platform while the telescopes themselves are mountedatitahally. A photo multiplier
tube (PMT) of type XP2268B manufactured by Photonis is kegha focus of each
mirror. The diameter of PMT photo cathode defines the field@fnto be 3 at FWHM.
This PMT has good sensitivity to photons in the ultravioebtue range, with a peak
guantum éiciency of about 24 % at 400 nm. The HAGAR system can be broadigetdt]

into two sub-systems: (a) Telescope control system and &g Bcquisition system.

TEL-5 ~. .- TEL-3
@TEM

Figure 2.14: A schematic diagram of HAGAR telescope arraypse

2.4.1 Telescope Control System

Each of the telescope axes is driven by a stepper motor. Tésctgpe movement control

system consists of two 17-bit Rotary encoders, two stepjp¢ors and a micro-controller
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based Motion Control Interface Unit (MCIU). Steady statenping accuracy of the servo
is +10 arc-sec with maximum slew rate of 30 deghute. The resulting blind spot size
while tracking the stars near zenith is found to be less thaml@g. The telescope move-
ment is manoeuvred by a control software written on a Lin@atfptm. The pointing of
the telescope is continuously monitored and correctedahtime during tracking [88].

The schematic of the telescope control system is shown um€lig.16.

Figure 2.15: One of the telescopes of the HAGAR array.

2.4.2 Data acquisition system (DAQ)

The HAGAR DAQ electronics can be divided into two parts, frend electronics (NIM)

and the back end electronics which consists of CAMAC, VME.

The seven PMT pulses of a telescope are linearly added toddetescope output called
the Royal Sum (RS) pulse. The corresponding informatiorhefRS pulses from each
telescope are recorded. Information of the triggered ¢eless and other house-keeping
information are also recorded. In addition to the main DAGteyn, a parallel DAQ
(ACQIRIS make model DC271A) using commercial waveformuligrs with a sampling

rate of 1 G%s is also used.
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Figure 2.16: A schematic diagram of the HAGAR telescoperobnt

High voltages fed to PMTs are controlled and monitored uSirigE.N controller (model
SY1527). Pulses from the PMTs are brought to the control reittmated below the central
telescope via coaxial cables of length 85 m and of types LMRflex-400 (of length 30
m) and RG 213 (of length 55 m). The fast pulses from each of ¢vers PMTs of a
telescope are amplified 10 times using an amplifier moduleplAied PMT pulses for
each telescope are added to form the royal sum (RS) pulsg asian-ifFan-out module.
For trigger formation, the analog addition of pulses fromesePMTs of each telescope
is performed within an accuracy of 1 ns to get seven telesR$@ulses, and they are
given as inputs to the HAGAR trigger logic module. In this ratejan event trigger is
generated if there is a coincidence of at least 4 RS pulsesfaytabove a pre-assigned
threshold, within a time window of 150 ns to 300 ns dependingle zenith angle of
the pointing direction. The coincidence window of 150 nssediup to zenith angle of
30 degrees, whereas the coincidence window of 300 ns is wsegthith angle within
30-60 degrees. This is calculated taking into account tihengxof HAGAR array. The

RS discriminator biases are adjusted to keep the RS rathsW2i5—35 kHz to maintain
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a chance coincidence rate within a few percent of the trigger. Chance coincidence
arises due to night sky background (NSB), PMT noise etc. @ridgger is generated the
CAMAC controller initiates data recording process. Infation regarding pulse height
or photon density are given by Charge-to-Digital Convaer{€@DCs) and relative arrival
times of pulses are given by Time-to-Digital Converters Cd). TDC start pulses are
generated from an event trigger. PMT pulses froiffiedent telescopes arrive afffdirent
times because of theftierent heights of the telescopes and the arrival angle ohthveer
front. Moreover, there is a small but finite delay requireddonm the trigger. Hence,
PMT and RSstart pulses are suitably delayed before they are fed into indalidDC
stops. These are generated using discriminator outputshvere delayed using ECL-
based digital delays. Philips TDC modules which have reésmia of 0.25 ns per count
are used to get relative arrival delays of the PMT and RS pulbe Cherenkov photon
density at each telescope, given by the total charge in PNBepLis recorded using 12 bit
QDCs. A Common QDC gate is also generated on event triggealo§rRS pulses from
a Fan-irfFan-out module are delayed using cables and taken to Bh@I[PC module.
Apart from this, various rates are recorded every secondhfamitoring purposes using
monitoring scaler modules. These include PMT rates, RS ratgger rates, chance rates,
single-telescope rates, NSB rates etc. In experimental gains of individual PMTs are
adjusted for a PMT rate of 5 kHz for a discriminator bias of 194 i.e. for pulses with
amplitude above 150 mV. Equality of the PMT rates ensureslegfticiency for each
channel. An absolute arrival time of an event accuratgstas given by a Real Time
Clock (RTC) module synchronized with GPS. In addition to thain DAQ system, a
parallel DAQ ( 4 channel modules of ACQIRIS make model DC2yaging commercial
8 bit waveform digitizers with 1 GHz bandwidth with 50 ohmistance and a sampling
rate of 1 G% is also used. The seven RS pulses from the seven telesaepegpat
to this module. This enables us to study the pulse shape,ameg-hadron separation
parameters based on pulse shape and also reduce the NSBwa@irby restricting the

time window around the Cherenkov pulse. The diagrams shpualirthe modules of the
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telescope electronics and trigger distribution in DAQ dreven in Figuré 2,117 and Figure

[2.18, respectively.

PMT

Amplifier
Gain 10

FIFO
Phillips Octal > Phillips HAGAR Trigger Logic
Linear FO Discriminator
Calibration pulse
_— TDC STARTS
NIM to ECL
Translator
QDC v
Digital Delay |—pm-| TDC STOPS

‘Monitoring Scaler

Figure 2.17: Flowchart of telescope electronics in the HAEDAQ.
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Figure 2.18: Flowchart of trigger setup and its distribotio the DAQ.

2.5 Observations

Observations of celestial sources with the HAGAR teles@psy are restricted to moon-
less nights. We take observation of about 15-20 days betdrenbon. We take the

following three types of runs in each season.

2.5.1 Fixed-angle run

When all the telescopes point towards a particular diradtiothe sky without tracking
any source, the corresponding observation run is calléded-angle run This run is
required to calibrate the timeffsets of the telescopes. If the telescopes point towards
zenith, then the run is called\artical run For vertically incident showers, delays in
timing information in all the telescopes should be zero. ,Ruactically that does not

happen due to unequal cable lengthsiedences in heights of the telescopes, delays in
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propagation, photo-multiplier transit times, etc. Theref fixed-angle runs are essential
to make corrections in the relative delays in the arrival bé@nkov pulses for ffierent
channels. In addition teertical run we also take 10 degree north (10N), 20 degree
north (20N), 10 degree south (10S), and 20 degree south (@S)s fixed-angle runs.
Different fixed-angle runs are used for analysis éedent sources depending upon their

declinations during transit.

2.5.2 ON-source run

When all the telescopes point towards a gamma-ray sourteisky, the corresponding
run is calledON-sourcerun. Each source run is taken for a period of 40-80 minutes

depending on the transit time of the source in a particulaepkation night.

2.5.3 OFF-source run

Each ON-source run is followed (or preceded) by@iaF-sourcerun. During OFF-
sourceobservation all the telescopes point towards a positiohersky where no known
source is present. The zenith angle for this observatiomsrkapt the same as that of the
corresponding source run. This is to ensure that the enérgghold of the system for
all the incident showers is more or less the same.The duarafithe OFF-sourcerun is

normally 40 minutes.

2.6 Data Analysis

The arrival time of the Cherenkov wavefront is recorded miyiobservations. The arrival
angle of each shower is then estimated from tieceénces in arrival times of Cherenkov
photons in diferent telescopes in the array. Details on the analysis guseeare de-

scribed below.
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2.6.1 TZERO (t0) estimation

To calibrate the system, we first need to find out tfised in time for each of the telescopes
for atriggered event. Timeffsets come from the fierences in heights of the PMTs, cable
delays, response of the PMTs, PMT time jitters, and delayhenelectronics. Hence,
we need to correct for these timé@sets. The relative time flerencef;;, between two

telescopesandj is expressed as
tij = tOi - tOJ‘, (29)

wheretQ; andtO; are the time fisets for the telescogeand j, respectively. Here and
j run from 1 to 7. Values of;;’s are obtained from the fixed-angle runs or vertical runs.
For different sets of telescope pairs we havéedent measuret], values ({Feasure‘j. We

estimate the relative timefset for each telescope by minimizing the totaldefined as

7

2 _ .. (+measured _ ttheoretical
o= it — §j )
i,j=1ii#]

7
= > wy (e 1o+ 10))” (2.10)

i,j=Lii#]

wherew;;s are statistical weight factors which are taken to be thmastd - error on the

mean of the measurégl distribution for the given telescope pairj (i # j). Demanding

Ox?

=0 2.11

a0y ~ (2.11)
we get a set of 7 equations of the form
7 7

3wyt —10) = > wytreeredfor = 1,7, (2.12)

i,j=Li#] ij=Li#]

This set of equations can be easily manipulated to evegtyedld a set of six coupled

equations for the 7 unknowng (i = 1, .., 7). Therefore, six of th& values are estimated
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w.r.t. the 7th one. In our data analysis method we estimate tfsets for 6 telescopes

considering0 values for the central telescope as the reference tifseto

2.6.2 Space Angle estimation

Our main aimis to find the directions of the incident gammayahich are obtained from
the timing information of the Cherenkov wavefront affeient telescopes. Therefore, we
need to calculate the direction cosines of the incident gin®win principle, the arrival
angle of a shower can be estimated from tHeedence in arrival of Cherenkov photons at
two different telescopes. To estimate that angle, Cherenkov veaié$rapproximated as
a plane wavefront. Referring to Figure 2.19, consider thatGherenkov wavefront BC
is at an angle w.r.t horizontal plane, and A, B are the positions of two $etgpes. it

is the diference in arrival time of the wavefront at telescopes A anith&) we can write

0 as,

. cot
sing = R (2.13)
whereD is the distance between the two telescopes. For vertigatigént shower, the
value of6 is zero, which means that the shower front reaches all tksdepes simulta-
neously. Since, we have an array of telescopes, we have t@luke timing information
of a shower front together to estimate the ar@yléf |, m, n are the direction cosines of
an incident shower, arglis the arrival time of the shower front at tith telescope then

we can write

IX; + my + nz + c(t; —t0) = O, (2.14)
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A D B

Figure 2.19: Two telescopes A and B are separated by a destanthe shower arrives
with and angle w.r.t zenith. The shower front arrives first at B, and aftenealelay of
ot it arrives at A.

where position coordinates of thih telescope are, y;, z), andtO is the time at which

the shower front passes through the origin of the coordispeem. Now, we define

7
Y= Z Wi (Ixi + My + Nz + c(tmeasured_ tO))
i=1

2
, (2.15)

wheretM®asuredis the measured time of arrival of the shower front atitheelescope and

w; is the statistical weight factor for th&h timing measurement and we consider constant

weight factor for all measurements. Valued,afn, n, andtO are estimated by minimizing

Y2 w.r.t.l, m n, andtO.

The direction cosines of an event is estimated from the gnmfiormation recorded in
the array of telescopes as mentioned in the previous seckiom arrival direction of the
shower is obtained from these direction cosine estimatesn The angle between pointing
direction of the telescope and arrival direction of the st estimated. This angle is

called “space angle”. Since cosmic rays are isotropic, wittnber of events within the
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Figure 2.20: Space angle distribution of a typical ON-seutm

opening angle (3 of the telescope increasing as=indQ « sirf 6dg), the space angle
distribution of cosmic ray events is expected to be broddser that for gamma-ray events.

Space angle distribution for an ON-source run is shown inifei@.20.

Although Cherenkov shower front is spherical in shape, wer@pmate it by a plane
front. Since extent of HAGAR array is just 100 m and radiuswfvature of the shower
front at Hanle is about 5000 m, plane front is a good approtiona However, it intro-
duces some error in estimation of arrival angle of the shoavet this error increases with
the core distance [46]. But this dependence of the error oa distance is smeared for
the proton showers coming isotropically within the field aéw of the telescope. As a
result, error on reconstructed space angle does not shewatee distance dependence

[46].

2.6.3 Signal extraction

Gamma-ray events are separated from the isotropic backdrofucosmic rays by com-
paring the space angle distributions@N-sourceruns andOFF-sourceruns. By defini-
tion, theON-sourceruns contain both gamma-ray and cosmic ray events, wh@E&s

sourceruns contain only cosmic ray events.N§y is the number of events present in an
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ON-sourcerun andNorr is the number of events present in@RF-sourcerun, then the

number of gamma-ray events is obtained from the followirgtien:

S igna|: Non — Nogr (216)

Since theON-sourceruns andOFF-sourceruns are taken at two filerent times in the
same night and the sky conditions aré&elient for two diterent runs, we need to normal-
ize Norr W.r.t. Non and the equation 2,116 can not be used in its present form dier to
normalizeNorr W.I.t. Non Several procedures can be adopted [89]. However, here we use
the following procedure to do the normalization. We compspace angle distribution
for a pair of ON-sourceand OFF-sourceruns. Since, the number of gamma-ray events
at larger space angles are expected to be zero, we definerinalimation constanixj

to be the ratio of number of events within a space angle windawnd the tail of the
space angle distribution for ON-source run to that for thé&-@Burce run. Thus we have

a normalization constantfor every ON-source, OFF-source run pair. There is no spe-
cific value at which the lower limit (LL) of the space angle @ow is to be chosen. We
consider this at the tail of the distribution where FWHM oé tspace angle distribution

intersects (see Figure 2]21), and the upper limit (UL) isasét5.

Once we find the normalization constant for a given ON-OFF, p& can estimate the

number of gamma-ray events using the following relation,

FWHM
Number of gamma-ray events Z (N5y = kNSep), (2.17)
i=0
where, N, and N, are number of events iith bin of the space angle for ON- and

OFF-source run, respectively, arnds the the normalization constant for that pair.

At present, in analysis procedure, the gamma-hadron depaxmn event to event basis

is not done. However, it can be done considering detail asabf QDC data and FADC
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Figure 2.21: Space angle distributions of a source run @ed)a background run (green).
The excess events affiirent space angles are also shown by histogram in magenta.
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data based on Monte Carlo simulations which needs furthelyst
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2.7 Summary

In this Chapter, we have discussed the basic theory of Ckeveadiation and their detec-
tion by Cherenkov telescopes. Details of the HAGAR systestuiing telescope control,

data acquisition, and observation technique have beensdied. Finally, the procedure
for estimation of gamma-ray signal from raw data pertainmg AGAR system has been

described.
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Monte Carlo Simulations for HAGAR

Simulations play a very important role in very high energ\HE) gamma-ray experi-
ment. Since VHE gamma rays cannot be produced in the lalvgraicect calibration of
the instrument is not possible. So, we can only understamgéhformance of the instru-
ment by estimating various performance parameters froralaions. In particular, the
energy threshold of the telescope system can be determmethoough simulations. We
used the publicly available software package CORSIKA tautate air showers induced
by cosmic gamma-rays, protons and other nuclei. The detsttwlation software for
the HAGAR system has been developed in house. The detailedimulation([7] are

described here.

3.1 Atmospheric air shower simulations

CORSIKA |5,/6] is a Monte Carlo program for studying the ewadn of extensive air
shower (EAS) in the atmosphere initiated by photons anauarspecies of charged par-
ticles including protons, alpha particles and other nudha use CORSIKA version 6.720
for atmospheric air shower simulations. The VENUS [90] cadased for high energy

hadronic interactions and the GHEISHA [91] program is usedtfe low energy hadronic

59
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interactions. For electromagnetic interactions EGS4 @apram is used. We used our
detector geometry in the input data card choosing the IAG] ¢tion in CORSIKA.
We do not have measurements of the atmospheric profile at dnéetite yet. So we
have used the US standard atmospheric profile as best poshilite for the generation
of Cherenkov photons. Wavelength dependent absorptioBs@fenkov photons caused
by atmosphere, reflectivity of mirrors (average value of 3@¥d quantumficiency of

PMT are given as input in CORSIKA.

Inputs to CORSIKA

We have used following inputs to the CORSIKA program, whioh specific to the HA-

GAR system.

e Type of the incident particle: Gamma rays, protons, helium nuclei, and electrons.

e Spectral index of the energy spectrum and the energy range

Showers initiated by gamma rays, protons, alpha particldsetectrons are simu-

lated using the following spectral shapes|[94, 95]:

%—'\E'Y =327x 107 E;%° Tevim=2s™,
dN,
dE
dN,
dE
dNe

SE = 115X 107 E;308 Tevim2s s,

= 8.73x 102 E7%) TeVim2stsr,

=571x 102 E;28 TeV im2stsr?,

respectively. The spectral index of the primaryays (-2.49) is used in accor-
dance with the energy spectrum of Crab nebula derived fronpjih data [[57].
The spectral shape measured by Whipple is consistent witsanements from

HEGRA [96] and MAGIC above 200 GeV [72]. The energies of priyngarticles
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are selected using random numbers distributed accorditigetpower law energy

spectrum given above.

e Angle of incidence of the primary particle (¢ and ¢): For vertically incident
showers the zenith anglé)(is fixed to 0. For inclined showers, both lower- and
upper-limit of & are changed accordingly. Azimuthal angleg ¢f the incident

showers are selected uniformly in the range 0=360

e Geomagnetic field at Hanle: The geomagnetic field used is appropriate for the
Hanle location with the horizontal and vertical componeasftshe magnetic field

being B, = 3294uT and B, = 3858uT, respectively.
e Altitude: The altitude of Hanle is taken to be 4270 m.

e Wavelength range: Information about Cherenkov photons with wavelength in the

range of 200 nm- 650 nm is stored.

e Array size and co-ordinates of telescopesWe have used the geometry of the
HAGAR array as described in Chapler 2. An array of 7 telessipased, and six
of them are kept at the corners of a hexagon and the 7th onptisikihe centre of

the hexagon. The length of a side of the hexagon is 50 m.

e Atmospheric attenuation: The standard table for the atmospheric absorption given
in the CORSIKA in the wavelength range of 180 — 700 nm is usée. tAble gives
transmission cdécients of Cherenkov photons for various altitudes. In treegs

Hanle altitude, the average transmission is about 90%.

e Impact parameter and Viewing cone: Impact parameter is varied over the range
of 0 — 300 m. The viewcone option enables the generation of showigng the
viewing cone of a Cherenkov telescope. The viewcone is keft around the
pointing direction for gamma ray initiated showers and esrover 0 — 4° for
cosmic ray generated showers. The azimuthal angle is edlever the range of

0° - 360.
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Table 3.1: Samples generated for vertical showers.

Type Energy range # of showers
GeV generated
Gammarays| 20-5000 1x10°
Protons 50-5000 3x10°
Alpha particles| 100-10000 6x1CP
Electrons 20-5000 3x10°

The number of showers generated using the above input pteesrend energy ranges
used in simulations are given in Talblel3.1 for verticallyident showers. We have also

simulated showers for inclination angles of 105°, 20°, 3¢, 40°, and 45.

3.1.1 CORSIKA output

The simulations give the positions of Cherenkov photonsaiground level along with
their direction cosines. For vertical showers the teless@ve pointed towards the zenith.
So the X-Y coordinates of photons on the mirror plane are #&meesas those at ground
level. But for inclined showers we have calculated arrivaéis and locations of Cherenkov
photons in the telescope plane (i.e. the plane perpendiculae pointing direction) using
appropriate transformations. The details of this coortéiieansformation procedure for
this kind of telescopes can be found|in[46]. Finally, the GGDRA simulations give the
information about the number of Cherenkov photons fallinglee mirrors, their arrival

angle and arrival time.

3.2 Detector simulation

CORSIKA simulations give information about the arrival &raf Cherenkov photons at
each PMT. This information is then passed through the datschulation program. This
program takes into account details of the HAGAR system gidg PMTs, coaxial cables,

trigger formation etc. In addition to Cherenkov photons,mest also take into account
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the night sky background (NSB) photons. The NSB photonsiamglated assuming a flux
of 2x1C® ph cn? st srt in the wavelength range of 200 — 650 nm, measured at Hanle
using the single photo electron counting techrlil]'éle NSB levels at the fierent sites

of the ground-based gamma-ray experiments are shown ie[Babl NSB photons are
simulated in 0.2 ns bins using a Poissonian distributiomadahis measured value and
following a typical wavelength dependence of the NSB give[Bi7] . For this purpose

we have used a functional fit to the data givenlinl [97] to obtam normalized NSB

distribution function, which has the following form:

f(1) = 16192695+ 0.2374211 — 0.000142242
+ 4.46152x 1078 23 - 7.72914x 10712 2*

+7.01583x 10716 2° - 2.60706x 102° 2°. (3.1)

Table 3.2: The NSB fluxes atftierent sites of gamma-ray telescopes.

site Experiment| Wavelength NSB flux Reference
range (nm)| (10° plysym?/s)
La Palma, Spain| MAGIC 300 - 650 2.60 98]
Khomas, Namibig HESS 300 - 650 2.12 [98]
Arizona, USA | VERITAS | 300-500 2.50 [99]
Hanle, India HAGAR 200 - 650 2.0 (Internal note
by B. B. Singh)

HereA is wavelength of the photons in units of Angstrom. The cqroesling normalized
NSB flux distribution is shown in Figufe 3.1. The NSB photons added to Cherenkov
photons which are obtained from CORSIKA simulations. CAf¥Sallows conversion

of the Cherenkov photons into photo electrons accordingaauantum ficiency curve

for the PMT (see Figurle 3.2 ). Similarly each NSB photon issested into photo electron
using the same quantunttieiency curve according to the wavelength assigned to the
photon using equatiorh (3.1). The PMT response function femgle photo electron

measured in laboratory is approximated with a Gaussian msthtime of 3.0 ns and

INSB flux measured at Hanle varied between (0.8 x20° ph cnt? s sr! depending on the region
of the sky as well as on the season.
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Normalized NSB Flux
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Figure 3.1: Normalized NSB flux distribution in the wavel&mgange of 3000 Ato 6000
A°.

FWHM (= 2 V2In20) of 4.2 ns as given by

1 _(+ _ 2
exp (t—to) ,
0-\/5 202

f(t) = (3.2)

wherety= 6.7 ns.

The PMT pulses are generated by convolving the number ofoehaattrons in each bin
with the above PMT response function. The pulse shape pisfdenverted to voltage
v(t) using the relationy(t) = i R f(t), where,i is PMT current,R is load resistance of
PMT and f(t) is the pulse profile due to the single photo electron (equéd.2). The
PMT load resistance is kept at 50 ohms, and the PMT currgistcalculated using the
relation,i = g/(e x FWHM), wheree is the electron charge amis the PMT gain. We
use an average PMT gain of/8 x 10°. Attenuation of these pulses in coaxial cables (30
m of LMR-Ultraflex-400 and 55 m of RG213) is taken into consat®n using frequency

dependence of attenuation provided by manufacturer. 4érigs generated when at least
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Figure 3.2: Quantumficiency plot for PMT (XP2268B).

4 RS pulses out of 7 cross the discriminator threshold of 220ma coincidence window
of 150 ns for showers within zenith angles of 3Gor lager zenith angles a coincidence
window of 300 ns is used. This is dictated by the largest artime diferences for the
telescope array. In terms of photo electrons this disciteinthreshold corresponds to
17.5 photo electrons per telescope. Once a trigger is gexneBEDC and QDC values are
calculated using various calibrations carried out withHiA¢& AR setup. These values are

written to the output file.

3.3 Performance parameters

3.3.1 Trigger rate

A HAGAR trigger is generated when at least 4 telescope pusef 7 cross a dis-
criminator threshold within a narrow coincidence windoverfieBrmance parameters are

estimated for this conditiore@) as well as for other trigger conditions involving at least
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Table 3.3: Performance parameter for HAGAR telescope dorayertical shower.

Trigger | Proton| Alpha | Electron| Gamma| y-ray Energy| Effective | Observed
condition| trigger | trigger| trigger Ray Threshold | Areafor | Trigger
rate rate rate rate (GeV) y-rays rate
(Hz) | (Hz) | (Hz) | (/min) (m?) (Hz)
>4 9.2 3.7 0.11 6.3 208 3.2x10* | 134+0.2
>5 4.5 2.7 0.05 3.9 234 24x10"| 85+0.1
>6 2.2 1.6 0.03 2.4 263 1.7x10° | 49+0.1
=7 1.1 0.9 0.01 1.5 275 1.2x10* | 24+0.1

Table 3.4: Performance parameters for various zenith arfigtehe> 4 trigger condition.

Zenith | Proton| Alpha | Gamma| y-ray Energy| Effective | Observed
angle | trigger | trigger| Ray Threshold | Areafor | Trigger
@) rate rate rate (GeV) y-rays rate
(Hz) | (Hz) | (/min) (m?) (Hz)
0 9.2 3.7 6.3 208 3.2x10*| 134+0.2
15 9.1 3.7 6.4 234 3.4x10*|129+05
30 8.9 2.9 5.0 316 44%x10*|117+1.0
45 6.8 2.7 3.8 549 7.8x10*| 101+ 16

5 telescopesx(b), at least 6 telescopes®) and all 7 telescopes-{) triggering. Perfor-

mance parameters for various trigger conditions for valtifancident showers are given

in Table[3.8 and those for various zenith angles are giveratiie[3.4 (for> 4 trigger

condition only).

The cosmic ray trigger rate estimated from simulationsumssg that the bulk of the

triggers come from protons, alpha particles and electrigris3 Hz for>4 trigger condi-

tion. This matches very well with the observed trigger redbefHAGAR for near-vertical

showers. The expected gamma-ray rate for a Crab like souresaavertical position is

6.3 countgminute. The trigger rate decreases for higher-fold triggmrditions as seen

from Table[3.8. It also decreases for higher zenith anglegas from Tablg3l4.
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3.3.2 Energy threshold

The energy threshold of HAGAR is obtained from thé@iential rate plot (Figure_3.3
and Figurd_34). The energy corresponding to the peak of itfierential rate curve is
conventionally quoted as energy threshold.fi@ential rate curves for various trigger
conditions and for dferent zenith angles are shown in Figurd 3.3 and Figute 3péces
tively. Values of the energy threshold so obtained for uasiconditions and zenith angles
are listed in Tables 3.3 and 8.4. In the case of verticallidierat gamma rays, the energy
threshold is about 208 GeV far 4 trigger condition and increases at most restrictive
trigger conditions. This is because, in order to triggegéamumber of telescopes, the
Cherenkov photon density must be higher, which requirekdrignergy showers. Also,
as we go to higher zenith angles, the showers need to trawelgh larger atmospheric
mass. Hence, atmospheric attenuation becomes nfii@etiee for higher zenith angle.
Moreover, the Cherenkov light pool is distributed over &argrea, thereby reducing the
number of Cherenkov photons per unit area. As a result, highergy showers are re-
quired to trigger the system. The energy threshol@fditrigger condition increases from

208 GeV near vertical to 549 GeV for zenith angle of.45

In addition to the energy threshold for gamma-ray showeeshave also estimated the
energy threshold for proton showers. It is about 435 Ge\&fdrtrigger condition, which
is about twice the gamma-ray energy threshold. This indgcttat the peak of theftr-
ential rate curve for proton showers will be shifted towatdsright of the corresponding

curve for gamma-ray showers in Figlre]3.3.

We have performed simulations to study the dependence tigiger rate on the discrim-
inator threshold keeping the NSB flux level fixed. The disanaor threshold defines the
photo-electron threshold and hence the energy threshioleke teduce the discriminator
threshold the trigger rate will increase. Reducing therdisioator threshold results in
acceptance of lower-energy gamma-ray events. Howevegaliity, using lower discrim-

inator thresholds will make the system susceptible to aoggghance events. So we
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Table 3.5: Variation of trigger rate and energy thresholthwliscriminator bias.

Discriminator| Photo-electron Trigger Rate| y-ray Energy
Threshold Threshold (Hz) Threshold
(mV) (GeV)
170 135 62.0 138
180 14.3 36.2 151
190 15.1 20.4 169
200 15.8 16.0 181
210 16.7 13.3 199
220 175 13.0 208
230 18.3 11.2 218
240 19.0 9.2 230

always operate our system at 220 mV (i.e. 17.5 photo-eles}itreshold which gives a

chance rate well within a few percent of the trigger rate.

Figure[3.5 shows the variation of trigger rate with energgshold (hence photo electron
threshold). These results are given in Table 3.3.2 alongtwiesholds in terms of number

of photo electrons.

Since we encounter filerent levels of background brightness foffelient sources, the
variation of the trigger rate with the NSB photon flux was atsadied. The NSB was
varied in the range (0 - 2.5)x 10° ph cnt2 st srtin steps of 0.5<10° phcn?2 571 srt
and PMT gains are changed accordingly to get individual PEt€g of 5 KHz as done
in experiment. The royal sum discriminator thresholds &se ehanged to get royal sum
rates within 25-35KHz. Then the corresponding triggersatedy-ray energy thresholds
are estimated and are shown in Tdblg 3.6. The energy thokdhoteases as we go from
a brighter region to a darker one. The reason for this is @xpthin the following: the
individual PMT rate increases with the NSB. As a result, that sum rates also increase
and this gives higher trigger rates leading to higher ch@veats as already mentioned
above. Hence, we decrease the gain of each PMT such thatdadiWPMT rates are
brought to about 5 KHz. As a result, low energy showers bedosticient to trigger the

system, and trigger rate decreases as shown in Table 3.6.



3.3. Performance parameters

69

Table 3.6: Variation of trigger rate and energy thresholthwSB flux level.

NSB Trigger Rate| y-ray Energy
(x108 (Hz) Threshold
cm2ssrl) (GeV)
1.0 20.7 158
15 15.8 177
2.0 13.0 208
2.5 9.3 251
0.001 . 3
B34 fold —— ]
B35 fold —«— 1
B36 fold —=— |
=7 fold
< 0.0001 7
[}
Q
z
B
S
P
° 1le-05 E
1e-06 ' '
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Figure 3.3: Dfferential rate plots for dlierent trigger conditions for simulated gamma-ray

showers.

A setup similar to the HAGAR but at lower altitudes is PACT¢Raarhi Array of Cherenkov

Telescopes)|Z, 46, 100] in INDIA. It is installed at Pachimaon the hills of Satpura

mountain range, in the state of Madhya Pradesh (Centrad)ndhe altitude of PACT is

1075m amsl. The energy threshold for this PACT array wasneséid to be 700 — 800

GeV, about a factor of 4 higher than that achieved by the HAGAR
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Figure 3.4: Diferential rate plots for dierent zenith angles for the4 trigger condition.

3.3.3 Hfective area

We have estimated theffective collection area" for various trigger conditions.isTarea
is an energy-dependent quantity which depends on the sletfadetector elements and

trigger conditions for the detector. Th&ective area is defined as

Acri(E) = fo ™ (r. E)2urdr, (3.3)

wheree is the fraction of showers which trigger the systemuy is the maximum impact
parameter ané is the energy of the incident primary particle. The value.@ is taken

to be 300 m above which(r, E) = 0. Figured 3.6 shows the variation of thiextive area
with energy for vertically incideng-ray, proton and alpha particle showers, for the trigger
condition> 4. The average value of théective area fop 4 trigger condition is 3.210

m?, which decreases for higher-fold trigger condition (sebl@&.3). The &ective area

also increases with zenith angle (see Table 3.4).

We have simulategl-ray showers using-ray spectral indices in the range 2.0 — 3.0. The



3.3. Performance parameters 71

1000 — .
Fit to the simulated data ]
Simulation data —e— 1
,>-\ -
8 w%w
= -
S L
$ 100 | _.
E 4
|_
>
=
Q
c
L
10 !
! 10 100

Trigger rate (Hz)

Figure 3.5: Energy threshold vs trigger rate from simulatio

energy threshold as well as the averagfeative area of the system decrease with the

increase of spectral index; see Tdblg 3.7.

3.3.4 Detection #fficiency

The detection ficiency ofy-rays depends on their energy range as well as the impact

parameter. It increases with the energy of the primary gdagi For example, with the

Table 3.7: Dependence of the energy threshold #ied#ve collection area on the spectral

shapes of the-ray energy spectrum.

Spectral| y-ray Energy| Effective
index Threshold area for

(GeV) | y-rays @)

2.0 223 3.6 x 10
2.2 223 35x 10
2.4 213 3.3x 10
2.49 208 3.2x 10
2.6 199 3.0x 10
2.8 190 2.7x 10

3.0 173 2.3x 10
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Figure 3.6: Hective collection area vs energy of primary from simulasidor vertical
incidence for> 4 trigger condition.

4 trigger condition, fory-ray energy B 20 GeV, 0.5% of the simulated showers trigger
the system. But, 5.4% and 25.2% of showers trigger the sy&tefi> 100 GeV and
E> 1 TeV, respectively. The detectioffieiency decreases with the impact parameter.
For impact parameter B 0 m, 0.5% of the gammas trigger the system and it is only
0.12% for R> 100 m and 0.01% for R150m. Proton showers are simulated keeping
viewcone,#, in the range of 0- 4°. The detection fciency for proton showers also
decreases with. For6 > 0°, 0.02% of showers trigger the system. Butfior 2.5°, this
becomes 0.003%. These numbers are subject to the paraaragesr(in energy, impact
parameter, viewcone) considered here. Figured 3.7, 3.8 &nshow how the detection
efficiency changes with the change of primary energy, impacrpater and viewcone,

respectively.
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Figure 3.7: Detectionf&ciency vs energy fog-rays from simulations for the 4 fold
trigger condition.

3.3.5 Sensitivity

The gamma-ray flux sensitivity of an ACT system is defined aslthvest gamma-ray
flux that can be detected over the isotropic cosmic ray backyt at a predefined level of

significance ifo") which can be expressed as

no = —Non — Norr (3.4)

VNon + Norr

with Non = number of showers from the source direction which inclugeay showers
from the source as well as cosmic ray showers from the soureetion andNorr =
number of background showers (which are essentially cosayicshowers) away from

the source direction.

Since,Non =R, t+ (Rp + R,) tandNoer = (Rp + R,) t, the equatiof 314 can be written as

o = Ry\/f
VR 2R, +R)’

(3.5)

whereR,, R, andR, are trigger rates of photons, protons and alpha particspgctively,

andt is the observation duration. We can increase the sengit¥ibur measurement by
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Figure 3.8: Detectionf&ciency vs impact parameter fgrrays from simulations for the
> 4 fold trigger condition.

increasing the observation duration of the source. Ffiemint sourcesR,, which is
related to the flux from the source, will befidirent. As a resulto also depends on the
flux of the observed source. So usingféient flux level we can plot the time duratid (
required to get a given value of the significanoe, Figure[3.10 shows the observation
duration needed for HAGAR to detect a source at(be. n = 5) significance level as
a function of the source flux in units of the Crab flux. This ireplthat HAGAR will
be able to detect a source like the Crab nebula at a signiédawel of % in 17 hours
of observation duration, assuming no additional criteoiathe rejection of background
cosmic ray events. This corresponds to the HAGAR signifiedocthe Crab Nebula of
1.20 x /==, whereT is the duration of observation. The sensitivity could beroved

hour?’

if more cosmic ray background events are rejected by imgcaaialitional criterig

2Some amount of cosmic rays gets rejected at the trigger éeaeto the choice of 4-fold or higher fold
trigger.
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Figure 3.9: Detectionf&ciency vs viewcone for proton showers from simulations fier t
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Figure 3.10: Observation duration vs source flux for debectf a source atb sig-
nificance level with HAGAR with no additional criteria forefrejection of cosmic ray
events.
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3.4 Comparison of observational data with Monte Carlo

simulations
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Figure 3.11: Comparison of the data with simulations fayger rates at diierent eleva-
tion angles.

e Trigger rate

As mentioned earlier, the estimate of the cosmic ray trigger from our simula-
tions matches well with the observed rate near vertical. Véotical showers the
trigger rate obtained from simulations is about 13 Hz whghkansistent with the
observed trigger rate of about 13.4 Hz. We have also compaeegariation of
the observed and simulated trigger rates fdfetlent zenith angles. For this pur-
pose, data obtained by tracking dark region of the sky pgdbiough zenith was
used. Figure 3.11 shows the comparison of the observectrigte as a function of
zenith angle with the simulated rates for various zenitHes1gA good agreement

between the two is seen.

e Trigger ratio
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Table 3.8: Telescope Trigger Ratiy, for simulated dataRRy s, and for observed data,
Ruo With N, the number of telescopes.

N Simulated Observed
Trigger Ratio| Trigger Ratio
Rn,s Rno
4 6.4 5.6
5 3.6 3.5
6 1.9 2.0

Another check on the performance of the telescope systerovided by the “Tele-

scope Trigger Ratio (TTR)", which we define as follows:

Number of showers triggering N telescopes
Number of showers triggering all 7 telescopes

N=

(3.6)

Table[3.8 shows the comparison between simulation and vixbeata folRy, in-
dicating a good agreement between the two except the tédredthe space angle

distribution.

e Space angle distribution

Finally, Figurd_3.1P shows the comparison of the space aligigbutions obtained
from simulations and observed data for vertical showers&oious trigger condi-
tions. For each triggering event, the direction of the straawes is reconstructed
from the TDC data using the plane front approximation for @rerenkov wave-
front. The space angle is defined as the angle between thengpdtirection of the
telescope system (position of the source in the sky) andeibenstructed shower
direction. Details about the analysis of data using the esjpagle distribution are
described in Chaptét 2. There is a fair agreement betwedwthaistributions. We
have also compared the space angle distributions betwessnicoay (proton and
helium) showers angi-ray showers, both obtained from simulations, as shown in
Figure[3.1B8. The distributions of space angle for cosmycsteowers are somewhat
broader than the-ray showers as expected because of isotropic nature oficosm

rays.
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3.5 Summary

Monte carlo studies show that energy threshold of HAGAR isul210 GeV, about a
factor of 4 lower than that achieved by PACT. Thus, by instglthe HAGAR system at
high altitude, it was possible to bring down the energy thoés by a factor of 4 without
significantly increasing the mirror area. We have also esiohthat this telescope system
will be able to detect Crab-like sources in 17 hours of oket@oms with the significance
of 50~ without further rejecting cosmic ray events. Comparisotwieen the space angle
distributions and variation of trigger rates with zenitlgnobtained from simulations are
in good agreement with the observed data, indicating tlteaHIBRGAR telescope system

is well understood and accurately modelled.



Chapter 4

TeV Gamma-ray sources

The HAGAR array saw its first light in September, 2008, andsitlhen it is successfully
taking data on several Galactic and extra-galactic soufides estimation of the sensitiv-
ity of the experiment is performed using several hours o& diadm the direction of the
Crab nebula, the standard candle of TeV gamma-ray emittages. Data were acquired
using the ON-sour¢g®FF-source tracking mode as described in Chajpter 2. By compa
ing the space angle distribution of an ON and OFF pair, thength of the gamma-ray
signal is estimated. Monte Carlo simulations yield an estiom of the HAGAR energy
threshold to be around 210 GeV for vertically incident sheae@nsidering a Crab-like
gamma-ray spectrum. Apart from the Crab nebula, severat sthurces are also observed
with the HAGAR telescope system. The observation log fothal sources observed so
far is shown in Table 4]l1. The total observation time durlmgperiod of September 2008
to September 2013 is about 2700 hours, including both ON dfel€<durce observations.
This gives us an estimate of about 540 hours per year of clsemat HAGAR site. For
the first two years we did not have observation runs for aboeetmonths during winter
due to lack of manpower at site, whereas for the last threesya@aservation runs were
taken throughout the year. Figurel4.1 shows the total obtervtime available and the

used time during the period of October 2012 to September.Zl¥iStotal available time

81
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Figure 4.1: Observation period during October 2012 to Seper 2013.

and used time during this period were about 1372 and 950 hmspectively, and the
used time £ 950 hours) is comparable to the observation timed.Q00 hours) for the

sites of MAGIC and VERITAS telescope systems.

In this Chapter, we will discuss our results for the obseovet of three Galactic sources:

the Crab nebula, LSI 64303 and MGRO J201337.
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Table 4.1: Observation log from September, 2008 to Septergbé3 (Run number 1 to
3690)

Source ON OFF Remarks
(Hrs) | (Hrs)
Galactic Sources :
LSI+61 303 44,95 | 47.73 Detected (this thesis)
Crab 202.39| 189 .3 Detected([101]
Geminga 126.3 | 76.07 Not detected [102]
Fermi Pulsar J03583208| 20.56 | 9.47 Not detected [102]
Fermi Pulsar J06330632| 34.49 | 11.53 Not detected [102]
Fermi Pulsar J184680919| 35.84 | 12.51 Data not analysed yet
Fermi Pulsar J20585 | 45.01 | 20.64 Not detected [102]
MGRO J2019-37 30.21 | 29.47 | No definite detection (this thesis)
PSR 000#73 43.75 | 16.28 Data not analysed yet
Extra Galactic Source :
Markarian 421 196.09| 227.07 Detected[[89]
M87 2 2.69 Insufficient data
Markarian 501 121.5 | 127.12 Analysed and Submitted
1ES1218304 47.74 | 56.15 Data not analysed yet
1ES1959650 6.91 | 9.46 Insuficient data
BL Lac 2203+4220 40.31 | 40.34 Data not analysed yet
1ES2344514 114.04| 131.03 Partially analysed
3C454.3 15.29 | 15.32 Insufficient data
S50716714 8.92 8.95 Insufficient data
H 1426+428 22.25 | 23.32 Insufficient data
CALIBRATION RUNS:
3rd magnitude Star 35.69 | 36.05 -
delta Leo 10 9.35 -
Dark region 153.8 - -
Fix Angle 199.63| - -
Vertical 49.1 - -
Milky Way 17.5 - -
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4.1 Data selection

Depending upon atmospheric conditions, electronic ndisepntinuity in data recording
during an observation run, the data may contain some fluongin the event rate. As
a result, some systematic errors might be present in therBsalt. Therefore, for esti-
mating gamma-ray fluxes, it is necessary to check the hetttiresaw data before using
them for more detailed analysis. In order to reduce systemaome parameters which
characterize good quality data, are considered in our aizalyDne of such parameters
is the fluctuation in the event rate. We check whether thetewata of the run is stable
within the normal statistical fluctuation during the obsdron. If it is stable throughout
the observation period-(40 minutes o~ 80 minutes) of a run then we consider it as a
good quality run. The left panel of Figure 4.2 shows an exanoplevent rates during a
40 minute run. We reject those runs for which individual évartes fluctuate randomly
from the mean value beyond what is expected from statidligsetuations. An example
of such a run is shown in the right panel of Figurd 4.2. We h&®@oticed that the event
rates in a data file fluctuate during a small period of time cone spike could be present
due to some electronic noise or sudden appearance of clotids sky. In this situation,
we do not reject the whole run, rather we just consider thaigoof the run where the
event rate is stable. In our data analysis procedure thdistaih the event rate of each
run is quantified using one variable, which is calRg, that is defined as the ratio of the

RMS of the rate to the square root of its mean,

nbins, ;
Rstab — \/(Zizo (Rlo(l) x 10— Rmeanx 10)2 (4.1)

NbiNsx Ryeanx 10 ’

where,nbinsis the number of bins in a 40 minutes or 80 minutes run with asbia of

10 secondsR(i) is the total event rates in thth bin andReaniS the average event rate
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Figure 4.2:Left: event rates of a good quality ruRight: event rates of a bad quality run

in the run. The rates are measured in units of Hz. For perfeisisBnnian fluctuations,
this variable is expected to be equal to 1. Fiduré 4.3 showvdigtribution of R, values
for 50 runs. If the Ry 0f @ specific run is greater than 1.2, as indicated in[Eig. 4t av

vertical line, then we reject this run.

Our next step is to select a good ON and OFF pair. Af@mRF pair is always selected
from the observation runs taken in the same night. The slghbress will be dferent
for an ON-source and an OFF-source run due to presence sfistidue field of view and
as they are taken at twoftkrent times in the same night. As a result, trigger rate will
be diferent for two diferent observations. In order to ensure that there is nofsignt
differences in the trigger rates between an ON and an OFF runiffeeedce between the
mean trigger rates of an ON and an OFF run is restricted todsdl@n 2 Hz. Since events
in both ON and OFF runs are dominated by cosmic rays (as nmattim section 2.613),
the diference should be nearly equal to 0. However, the sky brightriering observation
of an ON-OFF pair changes which leads téfetient energy thresholds for the ON and
OFF runs, thereby giving rise toftkrent trigger rates. Hence, by imposing this above
criterion we control dramatic changes in the atmosphendition and data acquisition

within a pair. Some additional selection criteria can benfibin Refs. [101), 46].

After selection of good quality ON and OFF pairs, some of taggare rejected based

on different criteria as mentioned in Reéf [46]. For some of the ONsrunis found
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bad quality runs.

that the peak positions of the space angle distributionsshrféed with respect to the
corresponding OFF runs. Another rejection criterion is asgd based on the value of
normalization constant for an ON-OFF pair. Runs with noreadion constants roughly
within 0.6 to 1.2 were accepted depending on the source.eSioth the ON and OFF
runs consists of triggers corresponding to cosmic rayspdnmalization constant should
be close to 1. Any large deviation of the normalization cansfrom 1 indicates either an

excess or deficit in the gamma-ray events.

4.2 Crab Nebula

The Crab Nebula is a remarkably well studied Galactic objeatmost all the accessible
electromagnetic wavebands. It is the relic of a core-cskapupernova explosion that
occurred in 1054 AD at a distance df~ 2 kpc [103]. The right ascension (RA) and
declination (dec) of the Crab nebula for the epoch J2000 aB845315.97 and 22 00

52”.1, respectively. This young supernova remnant, with ancddb0 years, iS pow-



4.2. Crab Nebula 87

ered by the Crab pulsar with a rotational period of 33 ms andidown luminosity

of L = 5x 10%erg s'. The Crab nebula is believed to be an ideal acceleration site
for relativistic electrons. The rotational energy of thelkipulsar is carried away by a
wind of relativistic electrons and positrons, and the iat&ion of this wind with the sur-
rounding medium gives rise to a standing termination sh6dk104]. These accelerated
electrons produce synchrotron photons while interactiitly the nebular magnetic fields.
Furthermore, interaction of the relativistic electronshathe synchrotron photons in the
nebula produces high energy gamma rays through inverse t©amapd bremsstrahlung
processes. Thus the Crab nebula is observed in radio to VidtEngarays. The VHE
gamma-ray signal from the Crab nebula was first detected hwih statistical signifi-

cance by the Whipple telescope in 1989/[41].

Figure 4.4: Location of the Crab nebula (red circle with tsd8 degrees; ON-source
region) in the sky along with the two background regions é€greircles with radius 3
degrees; OFF-source regions).



88 Chapter 4. TeV Gamma-ray sources

4.2.1 Analysis and results

HAGAR has observed the Crab nebula over the period from 200813. However,
in this thesis, the gamma-ray signal from this source isrestd based on data taken
during the period of 2010 and 2011. In order to measure tlaivelpropagation delays
or the time Qfsets in the transmission of signals from PNMedescopes to the various
TDC channels in the control room due to unequal cable lengtiise widths etc., a fixed
angle run is considered in this analysis (see se¢tion]2.3Mg mostly use 10 degree
south (10S) fixed angle runs for analysis of data in each seasovided those runs are
present in that season. If not, then vertical runs from teassn or the 10S runs from the
consecutive seasons are used. Additionally, for all the aumalysed here, all 7 telescopes
were operational during the observation period, and theesponding hour angle of the
runs were within -15and+15°. Checks on the data quality were routinely carried out,
and only good quality data (withdg, < 1.2) were taken for this analysis. After imposing
different analysis cuts as mentioned in secfiofh 4.1, we had 28 QdBOFF pairs that
corresponds to 14.3 hours of data. These selected pairs@rdinalysis are shown in
Table[4.2. All the OFF runs mentioned in Tablel4.2 are 40-te®uuns, whereas some
of the ON runs like 1388, 1405 are 80-minutes runs. First 4Quieis of these runs are
used to make pairs with runs 1387 and 1404, respectivelyremdining 40 minutes of
these ON runs are used to make pair with 1389 and 1406, resggcin all theses cases,
RA of an OFF run is chosen in such a way that it covers the samézangle range as
that of the paired ON-source run. Figlrel4.4 indicates tleatlon of the Crab nebula
in the sky with a red circle with size 3 degrees which corresisao ON-source run and
the locations of two background regions (green circlesctwicorrespond to OFF-source
observations. The distribution of gamma-ray rates esadhidr all the pairs are shown in
the upper panel of Figufe 4.5, and the light curve of the Cedduta for diferent telescope
trigger conditions are shown in the lower panel of Figuré 4nbtwo of the pairs, much

higher gamma-ray rates are seen. In principle, this mayateithe variability of the
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source. However, it should be noted that we have not coresddgrstematic errors in our
analysis. These errors are to be added in quadrature withtist@ errors, and this may
increase error bars significantly, thereby diluting thengigance in these runs. Hence,
based on these data we cannot attribute the higher gamnratesyto variable nature of
the source. In order to estimate systematic error we needkéonhany more runs tracking
dark regions. At present our data sample for these runs drsuitrient to estimate

systematic error.

The estimated gamma-ray rates foffelient triggering criteria are given in Talle4.3 and
Table[4.4. The analyses results show that the HAGAR hastéetédre Crab nebula with
a significance of 13 at the energy threshold of about 208 GeV for number of trigder
telescopes (NTT} 4. The corresponding average flux is (§.6.4) x1071° photons crm?
s'L. The estimated gamma-ray rate for N®T4 is higher than the value estimated from
Monte Carlo simulations as shown in Chapiter 3 (see Table Bi8yvever, the gamma-
ray rates for NTT greater than or equal to 5-fold, 6-fold arfbld are consistent with
simulated results. The possible reason for this inconsigtéor NTT greater than 4-fold
is discussed below.

Table 4.2: Selected pairs for the Crab nebula analysis.

Year Months Run No. of Pairs Number of| duration
pairs (minutes)

12621261; 12671268;
October-November| 12771278; 12871288; 6 236
12961297; 129%1299;
13731372; 138%1387;

2010

November-December13881389; 14041404; 5 198
14051406
January-February | 15621561; 15661565;
2011 15681567; 16221621, 4 155
September-Octoben 20622061; 2082081, 4 115
20882087, 20972096,
October-November 21842185 1 40
November-December22042205; 222722223; 3 115
22452246;

There is a bright star of magnitude 3 located at 6ffcim the Crab nebula. As a result, the
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estimated signal could be biased by the light of the star.pFagence of a bright star in the
field of view (FOV) of the Crab nebula contributes to the sigint and hence to the night
sky background light. Higher NSB means more NSB triggers&mne discriminator bias.
This leads to dierent threshold energy for ON and OFF runs. ON runs will haweet
energy threshold than that of OFF runs and this leads tadissitsignal counts even if the
source is not emitting gamma rays. Monte Carlo simulatitssestablish the fact that the
gamma-ray energy threshold increases with the increas&B (See Table 316). In order
to reduce theféect of higher NSB or fect of a bright star, higher coincidence logic such
as NTT greater than or equal to 5, 6, etc. has to be consid&ceestimate the fictitious
signal counts due to presence of the star, some observatemesperformed keeping this
bright star (or a star of similar magnitude and colour) infi@&/ of HAGAR, but with the
Crab nebula outside the FOV. Then comparing/ORF diferences, the fictitious signals
were estimated [101, 105], and the artificial signal wasiobthfor NTT > 4-fold. These
studies[[101, 105] indicates that the systematiects induced by the bright star in the
FQOV is higher for lower telescope triggering threshold, @r@n be reduced by keeping
higher coincidence logic, that is,fterent trigger conditions. By taking higher telescope
trigger threshold such as 5-fold and above, the systemattbe signal could be reduced.
The requirement of a coincidence of larger number of telesson an event, like NTT
greater than or equal to 5, 6, etc., increases the energshivicebut significantly rejects

the events due to fluctuations in NSB.

Analysis of 2 years’ data of the Crab nebula shows that thenatd flux is consistent
with the observed fluxes by other experiments for NTT gretitan 5 fold. The fluxes
measured by dlierent other experiments and HAGAR (for NTT greater thanl8)ffsom

the Crab nebula are shown in Figlrel4.6. The estimated gamaynate matches well
with the simulated gamma-ray rates (see Tablé 3.3) for NEhtgr than or equal to 5-
fold and above. The estimated gamma-ray rate for NTT grélader4-fold is higher than
the simulated value, and the possible reason for this isybtematic €ect induced by

the light from the 3 magnitude star in the FOV of the Crab nabul
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Table 4.3: Results of the Crab nebula for NTT equal to 4-fbHhld, 6-fold and 7-fold.

fold | pairs| Excess| Error Excess Duration| Gamma rate Significance
(min) (/min) (o)

=4 | 23 |4481.1 406.8 860.5 | 5.20+0.47 11.0

=5 | 23 | 1226.3 347.0 860.5 | 1.92+0.40 3.5

=6 | 23 | 1646.6 309.0 860.5 | 1.91+0.35 5.3

=7 | 23 | 1549.9 294.7 860.5 | 1.80+0.34 5.2

Table 4.4: Results of the Crab nebula for N*B-fold, 5-fold, 6-fold and 7-fold

fold | pairs| Excess| Error Excesg Duration| Gamma ratg Significance
(min) (/min) ()

>4 | 23 | 8904.0 684.3 860.5 | 10.83:0.79 13.0

>5 | 23 | 44229 550.3 860.5 | 5.63+0.63 8.0

>6 | 23 | 3196.6 427.0 860.5 | 3.71+0.49 7.4

=7 | 23 | 1549.9 294.7 860.5 | 1.80+0.34 5.2
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Figure 4.5:Upper. Distribution of gamma-ray rates for 23 pairs of the Crabulelnlata
for NTT > 4. Lower: Gamma-ray light curve of the Crab nebula for all 23 pairs for
different telescope triggering conditions.
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Figure 4.6: The integral flux of the Crab nebula from HAGARrajovith HESS [[72],
MAGIC [[71], Whipple [57], STACEE[[106] and HEGRA [107] experents. The flux
estimated here is for NTT greater than 5-fold.
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4.3 LSI61+303

LSI 61+303 is a Galactic high-mass X-ray binary star system locateddistance of 2
kpc. The RA (J2000) and dec (J2000) of the source &ré02 315.7 and 61 23 46",
respectively. It was first detected as a TeV source by the MAGIllaboration in 2005
[59]. This TeV gamma-ray source emits also in radio and xwayelengths, and exhibits
strong variable emission from the radio to X-rays. It is a B@imasequence star with a
circumstellar disk which is of a Be star. The orbital cyclalod companion star is about
26.49 days. The mass of the compact source is still debat@ldb1+303 is identified as
a potential microquasar by detection of structures in rabigervations, with high energy
emission produced in jets driven by accretion onto the caitngigject. Microquasars are
a type of binary stars. The central star is considered to u&ran star or a black hole.
The companion star losses its mass to the central one, aredishe relativistic outflow
of jets from the vicinity of the central one. They emit higheegy jets in the interstellar
medium is comprising of high energy charge particles whicddpce high energy gamma

rays.

LSI 61+303 has been observed in multiple wavelengths from radithallway up to
very high-energy gamma rays. The most recent radial vglocgasurements show that
the orbit of the compact companion is elliptical£€0.537+ 0.034), with the periastron
passage determined to occur around phiase0.275, and the apastron passage at
0.775[108] as shown in Figure 4.7. L$61 303 was observed by the MAGIC telescope
system between October 2005 and March 2006. The maximum #s)detected at 807
significance on MJD 53797 in the orbital phase of 0.67, ancctmeesponding flux was
about 16% of the Crab nebula flux]59]. The first VERITAS obsa#ion of this source was
made between 2006 September and 2007 February. The highest 8t diferent orbital
cycles are measured between orbital phases 0.6 and 0.8) edniesponds to 10%—-20%
of the flux of the Crab nebula[109]. However, the results imaté by the VERITAS group
based on observations made from 2008 October until 2010reee(MJID 54760.3 —
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MJD 55506.2) are diierent from the results obtained earlier][59, 1109]. No sigaiit
detection was made during 2008-2009 in any of the orbitatedareviously detected by
MAGIC and VERITAS. However, the source showed the maximuseoked flux on 2010
October 8 (MJD 55477 = 0.07; close to superior conjunction at phase 0.081) withr5.2
significance[[110], and the corresponding flux was approtetyd % of the Crab nebula
flux. It was again observed between 2009 October and 201@dafdi 1] by the MAGIC
telescope system. The source was detected witlr 6i@nificance in the orbital phase
interval of 0.6-0.7, and the estimated flux was 10 times Idwan previously measured
in this phase interval. Furthermore, VERITAS observatifdi®] during 2011 December
(MJD 55911) — 2012 February (MJD 55947) suggested that theesavas highly active
in the orbital phases of 0.5-0.8, and the corresponding flax 5% — 15% of the Crab
nebula flux. These observations suggest that the emissiontfris source is variable in

nature.

4.3.1 Analysis and results

Data taken during the period of 2010 to 2012 by HAGAR telescsygstem is used in
our analysis. These observations covered six separateldg &rbital cycles. Total 44.95
hours of ON-source data and 47.73 hours of OFF-source dagtalen, which constitute
57 ON-OFF pairs. For all the runs analysed here, all 7 tefg=sswere operational during
the observation period, and the corresponding hour angheeatins were within -15and

+15°. Preliminary checks and other analysis cut together rege28 pairs. The remaining
34 pairs corresponding to about 22 hours’ data were finaklyl uis this analysis. Details
of these selected pairs are shown in Tablé 4.5. In this cass,with run number 1244,
1251, 1357, 1363, 1370, 2139, and 2181 are 80 minutes ON:&sobservations. First 40
minutes of these runs are used to make pairs with 1243, 1358, 1364, 1369, 2138, and
2180, respectively and the remaining 40 minutes are use@ke pairs with 1245, 1252,
1359, 1365, 1371, 2140, and 2182, respectively. For eachimaOFF run is taken over
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Figure 4.7: Orbital geometry of LSI &B03. The phases for Inferior conjunction (INFC),
Superior conjunction (SUPC), periastron (P), and apastfnare shown following
Ref. [108] and they occur at orbital phases 0.313, 0.08%30ad 0.775, respectively.

the same zenith angle range as that of ON-source run. Hig8nedicates the location
of the LSI 61+303 in the sky (red circle with size 3 degrees) corresponthir@N-source

run and the locations of two background regions (greenasjaihich correspond to OFF-
source observations. We have considered only those ON-@if§fpr which the source
was near transit, that is, the hour angle is in betweefi td515° during observations,
and all the 7 telescopes were participating in trigger fdroma To measure the time
offsets in each TDC channels, 10 degree and 20 degree north figéslrans are used
in this analysis. Observation time, duration and corredpanorbital phases for all the

ON-source runs and ON-OFF pairs are shown in Table 4.6 ania [fab, respectively.
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BI+64 433

Figure 4.8: Location of LSI 6303 (red circle with radius 3 degrees; ON-source region)
in the sky along with the two background regions (green esakith radius 3 degrees;
OFF-source regions).

The orbital phase is computed with the orbital period of 26.days and zero phase at JD
2443366.775. The total exposure times of each orbital plwasshown in Figure 4.9. The
orbital phases 0.0-0.1 and 0.7-0.8 are observed for loregards of time, whereas there
were no observations for orbital phases 0.3 to 0.5. Theiloligion of gamma-ray fluxes
and the light curve of LSI 64303 are shown in upper and lower panels of Figurel4.10,
respectively. The estimated gamma-ray rates ffeddnt telescope trigger conditions are
given in Tabld_4.8 and Table 4.9. HAGAR detected k$ll 303 with a significance of
70 at the energy threshold of about 300 GeV for N B-fold. The corresponding time
average flux over all the orbital phase is (184.25)x101° cm™2 s™1. This observed
flux is about 56% of the Crab nebula flux, which is much highantthat of the fluxes
estimated by VERITAS and MAGIC telescope systems. In aoldito the flux estimate,

it is important to see how the fluxes change over each orhyjtdés. Since HAGAR data
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is not enough statistically significant for each orbitallegs we have taken the average of
all the six orbital cycles to estimate the gamma-ray ratefégrént orbital phases. Figure
4.11 shows the gamma-ray rates dfatient orbital phases forfiiérent trigger conditions.
Among the orbital phases, phases 0.0-0.1 and 0.8-0.9 shaitivpaletection for NTT
greater than or equal to 4-fold and above. The negative aaigeseen in phase bin 0.6 —
0.7, and this result is based only on two pairs. So, we needctease statistics in this

phase bin.

Our analysis results show that the source was bright in thigabphases of 0.0-0.1 and
0.7-0.8, and the estimated average flux over all the orbitases during the period 2010
October to 2012 February was about 56% of the Crab nebula Tln&.estimated fluxes
by the VERITAS and the MAGIC are about 5-15% of the Crab nelflute, and their
observation periods do not exactly overlap with the HAGARaation period. In our
data analysis, we have used 20N and 10N fixed angle runs toagstthe time fisets as
mentioned above. Since the source position is at about 3@eegorth from the zenith at
Hanle during transit, we need 30N fixed-angle run to estiraateirately the timefsets.
However, we do not have any 30N fixed-angle runs, and we hae that t0’s have
slightly directional dependence. Therefore, this coulgbssible reason for estimating
higher fluxes from this source. Moreover, LSIH&03 showed variability in the gamma-
ray fluxes at dierent orbital cycles. Therefore, we cannot rule out thissjmlgty for

observing higher fluxes from this source with the HAGAR tetgse system.

The observations made with the MAGIC, VERITAS and HAGAR selepe systems sug-
gest that the fluxes of this source affelient orbital phases vary from orbit-to-orbit and
year-to-year. Several models have been proposed to expobserved fluxes atftier-
ent orbital phases and their variability over the time. Saiese models are based on
hadronic mechanisms. According to these models the redatiyprotons in the jet inter-
act with the ions of non-relativistic stellar wind, prodagihigh energy gamma rays via

neutral pion decay process [113, 114]. Others are basedtonie mechanisms which
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take into account the interaction of the relativistic jettjzées with the magnetic field and
all the photon and matter fields. For instance, high energynga rays can be produced
via IC scattering of the relativistic electrons in the jetlwihe synchrotron photons of

massive stellar companion abod via relativistic bremsstrahlung where electrons in the

jet interact with the ions of non-relativistic stellar wifill5,[116/ 117].

Table 4.5: Selected pairs for the LSI46303 analysis.

Year

Months

Run No. of Pairs

Number of
pairs

duration
(minutes)

2010

October-November

12441243; 12441245;
125%1250; 12511252,
12591258; 12641263,
12741273; 12841283,
12951294

358

November-Decembe

13571358; 13571359;
13631364, 13631365;
r137Q1369; 137M371;
13771376; 13861385;
13961395

357

2011

October-November

21392138, 213%140;

21702169, 21762175;

21872180, 21812182,
21862187,

254

November-Decembe

r22102211; 222@221;

79

2012

Dec2011-January

22602559; 22652264,
22842283; 22942293;
23042303,

189

January-February

23552356, 23612362,

80
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Table 4.6: Observation time, orbital phase, and duratioraloON-source runs for the
observations of LS| 64303, horizontal lines separatef@irent orbital cycles. MJD and
orbital phase for each run are calculated considering tlell@of each run.

MJD ON runs| Duration Phase
(mins)
55501.027| 1244 80 0.9852+ 0.001
55502.066 1251 78 0.0244+ 0.001
55503.020 1259 40 0.0604+ 0.0005
55504.985 1264 39 0.1346+ 0.0005

55505.982 1274 40 0.1722+ 0.0005
55506.986/ 1284 40 0.2101+ 0.0005
55507.021 1295 40 0.2114+ 0.0005

55529.930 1357 80 0.0760+ 0.001
55530.937| 1363 78 0.1140+ 0.001
55531.937 1370 78 0.1518+ 0.001
55532.937| 1377 40 0.1895+ 0.0005
55533.937| 1386 40 0.2273+ 0.0005
55534.937| 1396 39 0.2650+ 0.0005
55860.007, 2139 80 0.5337+ 0.001
55864.992 2170 40 0.7218+ 0.0005
55865.001 2176 33 0.7221+ 0.0005
55866.021 2181 80 0.7606+ 0.001
55867.011 2186 39 0.7980+ 0.0005
55892.917 2210 40 0.7757+ 0.0005
55893.950 2220 39 0.8147+ 0.0005

55913.8661 2260 40 0.5664+ 0.0005
55915.843 2265 40 0.6410+ 0.0005
55917.852 2284 29 0.7168+ 0.0005
55918.849 2294 39 0.7544+ 0.0005
55920.852 2304 40 0.8300+ 0.0005
55943.813 2355 40 0.6966+ 0.0005
55944.808 2361 40 0.7342+ 0.0005
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Table 4.7: Orbital phase and corresponding exposure tinalfine pairs for LSI 63£303.

Run No. of Pairg durations| orbital phase| Run No. of Pairg durations| orbital phase
(mins) (mins)
12441243 40 0.9852 13961395 39 0.2650
12441245 40 0.9862 21392138 40 0.5337
12571250 39 0.0244 21392140 19 0.5347
12571252 39 0.0254 21702169 40 0.7218
12591258 40 0.0604 21762175 33 0.7221
12641263 39 0.1346 21822180 40 0.7606
12741273 40 0.1722 21812182 41 0.7616
12841283 40 0.2101 21862187 39 0.7980
12951294 40 0.2114 22102211 40 0.7757
13571358 40 0.0760 22202221 39 0.8147
13571359 40 0.0770 22602259 40 0.5664
13631364 39 0.1140 22652264 40 0.6410
13631365 39 0.1150 22842283 29 0.7168
13701369 39 0.1518 22942293 39 0.7544
13701371 39 0.1528 23042304 40 0.8300
13771376 40 0.1895 23552356 40 0.6966
13861385 40 0.2273 23612362 40 0.7342
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Figure 4.9: Distribution of orbital phase vs exposure tiroe the observation of LSI
61+303.
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Figure 4.10:Upper. Distribution of gamma-ray rates for 34 pairs of LSH&I03 for NTT
> 4. Lower: Light curve of LSI 62+303 for different trigger conditions.



4.3. LSI 614303 103

Table 4.8: Results of LSt 61 303 for NTT equal to 4-fold, 5-fold, 6-fold and 7-fold.

fold | pairs| Excess| Error Excesg Duration| Average gamma rate Significance
(min) (/min) (o)

=4 | 34 | 1434.9 469.3 1319.3 1.08+ 0.35 3.1

=5 34 | 951.7 457.4 1319.3 0.72+0.34 2.1

=6 | 34 | 2251.9 404.1 1319.3 1.70+ 0.30 5.5

=7 | 34 | 1812.2 437.6 1319.3 1.37+0.33 4.1

Table 4.9: Results of LSt 61 303 for NTT> 4-fold, 5-fold, 6-fold and 7-fold

fold | pairs| Excess| Error Excesg Duration| Average gamma rate Significance
(min) (/min) ()

>4 | 34 | 6450.6 885.7 1319.3 4.88+ 0.67 7.28

>5 | 34 | 5015.8 751.1 1319.3 3.80+ 0.56 6.67

>6 | 34 | 4064.1 595.7 1319.3 3.08+0.45 6.82

=7 | 34 | 1812.2 437.6 1319.3 1.37+0.33 414
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Figure 4.11: Gamma ray rates of L861 303 as a function of orbital phase foffdrent

telescope trigger conditions.
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4.4 MGRO J2019+37

MGRO J2019-37 is one of the brightest sources in the Cygnus region andivgaslis-
covered by the Milagro water Cherenkov telescope with vaggicant diftuse gamma-
ray background. The Milagro collaboration detected it vitith®r significance above the
isotropic background level [8] and reported this to be a neurce in this region. The
corresponding flux is about 70% of the Crab nebula flux at ati@uteV. It is located
towards the rich star-formation region in Cygnus and it slhightest in gamma rays in
this region. The RA (J2000) and dec (J2000) of the source @wéed to be 2020™ 0°
and 36 43 00", respectively. Since its detection in VHE gamma rays, aigfioseveral
studies have been done to explore the nature of this sotistd| remains unknown. In
addition, no confirmed counterparts of this TeV source atlognergies have yet been
observed. However, several possible associations witr aiiserved sources have been
suggested. The air-shower array ARGO-YBJ [118] reportedigoal from this source,
and it concluded that the source could be variable. It haslzd¢en mentioned that the
ARGO-YBJ exposure at energies above 5 TeV was nfiicsent to draw a definite con-
clusion in this regard. Very recently, VERITAS has resol¥@RO J2019-37 into two
VERITAS sources: VER 2016371 and VER J2019368 [119] and both of them are con-
sidered PWN type sources. The second one is detected avéhei®o significance and
reported as the main contributor of MGRO J2@89. Multi-wavelength modelling of
this source based on available data is described in CHapbeithsis section, we describe

the results of observation with HAGAR system from the diitof this source.

4.4.1 Analysis and results

Data taken during 2010 is used in this analysis. Although,MGRO J201937 was
observed for a total of nearly 15 hours of data, after datditgudneck and analysis cuts

only about 5.2 hours data are included in this analysis, wvb@arresponds to 9 ON-OFF
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Figure 4.12: Location of the MGRO J20497 (3 degree radius red circle; ON-source
region) in the sky along with the two background regions égreircles with radius 3
degree; OFF-source regions).

pairs. Those selected pairs for final analysis are shownbitea10. The ON-source run
with run number 1107 is a 80-minutes run, and the first halhef tun is used to make
a pair with the run 1106 and the second half is used to makerayithi 1108. Figure

4.12 indicates the location of the MGRO J28B7 in the sky (red circle with radius 3
degrees) corresponding to ON-source run and the locatibtwgoobackground regions
(green circles) which correspond to OFF-source obsemgtidhe recorded relative de-
lays in the arrival of Cherenkov pulses using TDCs are cteceby time dfsets of each

TDC channel, which are measured by vertical fixed-angle.ruft®e gamma-ray rates
for different telescope triggering conditions are shown in Tad# 4nd Tablé 4.12. The
distribution of gamma-ray rates and the light curve of MGRXD1B+37 are shown in

the upper and lower panels of Figlre 4.13, respectivelyniaf the pairs, much higher

value of gamma-ray rate could be due to systematic errorwikioot estimated for the
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Table 4.10: Selected pairs for the MGRO J2839 analysis.

Year Months Run No. of Pairs Number of| duration
pairs (minutes)
2010 June-July 10491048; 105%1054; 4 139
10571056; 10591058;
July-August 10781077 1 40
September-October 11071106; 11071108 4 135
11101109; 11141115

present analysis. The estimated flux is abo845 0.72) x1071° photons cm? st for

energy above 210 GeV for NTX 4. This flux is much higher than the corresponding flux

of the Crab nebula. This could be due to systemdiwot as explained in the case of the

Crab nebula. In the case of higher telescope trigger camdifiNTT> 4 and above), the

gamma-ray rates are lower than the rates estimated fronaions. However, they are

slightly higher than the flux estimated by Milagro.

Table 4.11: Results of MGRO J20497 for NTT equal to 4-fold, 5-fold, 6-fold and
7-fold.

fold | pairs| Excess| Error Excess Duration| Gamma ratg Significance

(min) (/min) (o)

=4 9 |2103.91 244.36 314.76 | 6.68+ 0.77 8.60

=5 9 540.44 219.74 314.76 | 1.71+ 0.69 2.45

=6 9 203.34 202.97 314.76 | 0.64+ 0.64 1.00

=7 9 413.30 210.80 314.76 | 1.31+ 0.66 1.96

Table 4.12: Results of MGRO J20497 for NTT > 4-fold, 5-fold, 6-fold and 7-fold.

fold | pairs| Excess| Error Excess Duration| Gamma rate| Significance
(min) (/min) (o)

>4 9 |3260.99| 440.04 314.76 | 10.36+ 1.39 7.41

>5 9 | 1157.08 365.95 314.76 | 3.67+1.16 3.16

>6 9 616.64 292.63 314.76 | 1.95+0.92 2.10

=7 9 413.30 210.80 314.76 | 1.31+0.66 1.96
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Figure 4.13:Upper. Distribution of gamma-ray rates for all 9 pairs for NEBI4. Lower:
Light curve for MGRO J201937 for all 9 pairs for diferent telescope triggering condi-
tions.
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4.5 Summary

Analysis of the Crab nebula data shows that the estimatel @rhula fluxes for NTT
greater than or equal to 5-fold and higher folds are condistéh the simulated results
as well as with the results given by other experiments. Hewelue to higher systematics
the estimated flux for NT® 4 is higher than that estimated from simulations. In the case
of LSI +61 303 analysis, we have detected the source in the orbitesgshof 0.0-0.1
and 0.7-0.8 during the period 2010-2012. The MAGIC and thBNES telescopes had
detected the source in the orbital phases 0.6-0.7 during-2006. However, VERITAS
observations during October 2010 showed the significaettien in the orbital phase of
0.07. These observations suggest that the source is \arabhture. Although MGRO
J2019-37 is an extended source, we analysed the observed dataiagstias a point
source. The analysis results of the MGRO J20@B showed that within the present
HAGAR analysis procedure the estimated fluxes for NI'% and above are higher than
the flux estimated by Milagro and VERITAS collaboration. Fimconsistency in flux
measurement for MGRO J20497 reveals that present HAGAR data analysis which is
restricted to point source observation, cannot be appliredtty for analysis of extended
sources. The possible way of making the data analysis canp&ir extended sources

is mentioned in the last Chapter of this thesis.
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Chapter 5

Multi-wavelength modelling of TeV

gamma-ray sources

As already mentioned, multi-wavelength modelling can mtevmportant information
about the nature of the sources of TeV emission. In this @nape discuss such mod-
elling [25,[120] of two interesting TeV gamma-ray sourceamely Cassiopeia A and

MGRO J2019-37.

5.1 Modelling of Cassiopeia A

Cassiopeia A (Cas A) is a historically well-known shell-¢ygupernova remnant (SNR)
observed in almost all wavebands, which includes radio12@, 122| 123], optical [17],
IR [18,[124], and X-rays/[19, 20, 125, 126]. Cas A has beenmisein TeV gamma
rays by the HEGRA[127], MAGICL[21], and VERITAS [22] telesmes. Upper limits
on the GeV gamma-ray emission were first reported by EGRES][T2owever, the first
detection at GeV energies was reported by the Large Areada@be on board the Fermi
satellite (Fermi-LAT) [23]. The brightness of this sourceall wavelengths makes it a

unique Galactic astrophysical source for studying theiomdg Galactic cosmic rays and

111
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high-energy phenomena in extreme conditions. The distamGas A was estimated to

be~ 3.4 kpc [17].

Cas A has a symmetric and unbroken shell structure. Shodlangpy filaments have also
been observed on the outer shell of Cas A[129]. Howeveretisaro clear evidence, such
as OH maser emission, for interaction between dense maleclduds and the shell of
Cas A. In X-rays, Chandra observed the shell of Cas A with higyular accuracy~(0".5).
Since the angular resolution is worse for gamma-ray measents ( 360) [21, [22],
Cas A was observed as a point-like source in gamma rays. Ther€€CO (compact
central object) located very close to the centre of Cas AJ[130like a typical energetic
pulsar [131], a CCO is not capable of producing enough TeVrgamays for detection.
Therefore, the gamma-ray emission from Cas A is likely tgioate from the shell of the

SNR.

Evidence for acceleration of cosmic electrons was founti@tdcation of outer shocks
[129,/132] 13B] and at the reverse shock inside the Cas A [134{. [134] showed that
the X-ray filaments and knots in the reverse shock &ieient acceleration sites. Accel-
eration of particles to TeV energies was established by HE(3R7], MAGIC [21], and
VERITAS [22] data. The dtusive shock acceleration mechanism is a well-established
model for the acceleration of cosmic-ray particles (bodtebns and protons). The stud-
ies [135/ 136] on the spectral energy density (SED) of Cas@e&t-TeV energies were
limited to the whole remnant and did not extend tfietient regions of the shell. Recently,
based on the analysis of the 44 months’ Fermi-LAT data, itbdeses reported [137] that

the hadronic emission is dominating in the GeV energy range.

In this section, we present the study of five regions, souths(@ith-east (SE), south-west
(SW), north-east (NE), and north-west (NW), of the shell a6@ in X-ray energies (see
Figure[5.1), which show éierent levels of X-ray fluxes (see Figurel5.2). We model the
X-ray spectra from these regions using a leptonic modebfohg Ref. [61]. We use

the multi-wavelength data, that is, radio datal [16], X-rayadfrom Chandra [20, 125],
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Fermi-LAT data([25], MAGIC [21], and VERITAS [22] data. Rd&iof Fermi-LAT data
that was taken over 60 months of operation during the period 2008 August to 2Qt@ J
are considered in this study. We interpreted the multi-weamvggth SED and determine the
region of the shell which contributes the most to the totahgea-ray emission from Cas

A.

Figure 5.1:Multi-colour image (dec vs. RA in J2000) of Cas A producechgsChandra X-ray
data. The red, green, and blue colour hues represent thgyerserges of [0.7, 1.0], [1.0, 3.5],
and [3.5, 8.0] keV, respectively. The red and green huesmaoethed in linear colour scale, while
the blue hues are shown in logarithmic scale to enhance ¢weafithe smallest number of X-ray
counts existing in the outer shell. The green ellipses sprethe S, SW, SE, NW, and NE of the
shell. The green and yellow crosses and dashed circlesspomd to the VERITAS and MAGIC
observation locations and approximated location erraiest The white cross and dashed circle
are for the GeV gamma-ray emission best-fit location andadtetion error circle from the analysis
in this thesis. The CCO location is shown with a cyan open diain The red contours represent
the CO-detected regions by Spitzer-IRAC for infrared flurgites starting from a value of 0.4
MJy/sr and higher [138].

5.1.1 Modelling the spectrum

Leptonic model

The non-thermal X-ray emission in the selected regions 8,6SE, SW, NE, and NW) can
be explained by the synchrotron emission from relativietectrons in the source. Since

relativistic particle spectra fallfbroughly exponentially based on either an acceleration
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Figure 5.2: X-ray spectra of the fiveftBrent shell regions and the whole remnant: (a)
green for S, (b) blue for SE, (c) magenta for SW, (d) cyan for (¢ brown for NW, and

(f) red for the whole remnant. Corresponding best-fit X-rpgdra are shown by black
lines [25].

time scalel[139] or radiative loss [140], we consider a nalgtic electron distribution that

follows a power-law with an exponential cuttpnamely

N _ N,y exr(— 4 ) (5.1)
d)’ Ymax

where N andymax are the constant of proportionality of electron distribatiand the
Lorentz factor of the cut4b energy of the electrons, respectively. The spectrum of the

synchrotron radiation for a power-law distributed elesr@gan be written as [61],
Fv - Ne B(a+l)/2v—(a+1)/2’ (52)

where B is the magnetic field in the emission volume. Equaf®B) shows that the
synchrotron radiation depends on three parametessBN anda. From the observed
radio spectrumS, o« v [16], the power-law spectral index, is estimated to be 2.54.
Hence, the value of Fnow changes with N(which is a measure of the electron density

in the SNR) and magnetic field (B). In the case of two-zone r{idZ5], the source
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is considered to be consisted of twdfdrent regions, namely zone 1 and zone 2. The
zone 1 consists of compact, bright steep-spectrum raditsKredio-emitting filamentary
structures with angular size of about 1 arcmin and compaattsires with size less than
2.0 arcsec 2.3 arcsec.) and the bright fragmented radio ring and the 2aonsists of
the difuse plateau of CasA. The magnetic fields from the radio kraoisg 1) and from
the shell of the remnant (zone 2) were estimated based onberved radio data. In
this two-zone scenario of Cas A, the magnetic field energgities are dierent for the
two zones, but the density of relativistic electrons in thesnes are comparable to each
other [135]. Hence, we used the uniform electron densityafiothe shell regions in our
model calculations. If Nis fixed, then the level of synchrotron flux depends only on the

magnetic field.

Table 5.1: The magnetic field parameters for the synchrapactra for all selected re-
gions.

Region Magnetic Field (B) iG]
South 250+ 30
Southwest 330+ 18
Southeast 330+ 18
Northeast 410+ 21
Northwest 510+ 15

The Chandra observations fromfférent regions of the shell show unequal levels of X-
ray fluxes, which can be attributed tofféirent magnetic fields in those regions. These
different magnetic fields thus contribute to the gamma-ray flthe@sigh inverse Comp-
ton (IC) and bremsstrahlung processes. To estimate thelmaidn to gamma rays, we
first considered that the whole remnant is uniform in X-rax fund the southern part of
the remnant contains only a fraction of the flux from the whel@nant. In the two-zone
model of Cas A[[135], the mean magnetic field in the shell nregias found to be 300
uG, and the energy content of relativistic electrons in tegion was calculated to be
about 168 erg. Here, we assume a somewhat lower magnetic field, thab@sG for

the S-region of the shell and the other model parametershiosynchrotron emission
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Figure 5.3: Synchrotron spectra with the observed best-faydata for diferent regions
of the shell. The spectral index describing radio emittilegons for all the regions i8

= 2.54. The estimated magnetic fields foftdient shell regions are: 2%@ for S (solid
line); 330uG for SE (dashed line) and SW (dotted line); 4d®for NE (dot-dashed line);
510uG for NW (long dash-dotted line), and 2 for the whole remnant (double dot
dashed line). The best-fit X-ray fluxes of the S, SE, SW, NE, Hid the whole remnant
are shown with green, blue, magenta, cyan, brown, and bteplkes.

process are estimated from the fit to the corresponding wbddrest-fit X-ray data. We
then estimate the magnetic fields for all other regions usiiegsame electron density
and same power-law spectral index. The calculated magimeticvalues for all the shell
regions are shown in Table 5.1. Based on the flux upper linigrgby SAS-2 and COS
B detectors, a lower limit on the magnetic field in the shellCafs A was estimated to
be 80uG [141], and our estimated magnetic fields are consistertt this lower limit
on the magnetic field. The rest of the parameters are fixedlftrearegions, which are
the following: spectral indexy = 2.54,ymax = 3.2 x 107, and distance- 3.4 kpc. The
fitted synchrotron spectra and the observed best-fit X-ragtsp for diferent regions are

shown by lines and stripes, respectively, in Fig] 5.3.

The inverse Compton (IC) emission spectrum for the wholen@mwas estimated using
the parameters of the leptonic model obtained for each ofdfg®ns in the shell. The
IC spectrum can be estimated in twdfdrent ways for each of the regions in the shell.
First, the magnetic field for each region was considered thé&enean magnetic field for

the whole remnant. Then parameters for the input spectrura al@ained from the fit to
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the observed radio and X-ray data. Once all the parametetsgtonic model were es-
timated, IC spectrum could be calculated. Secondly, weipligit the radio synchrotron
spectrum for each region by a scale factor, which was estunlay dividing the whole

remnant’s observed radio or X-ray flux by the correspondstgreated synchrotron flux
of this shell region. By considering scattering of elecsam far infra-red dust emission
at T= 97 K, which dominates over cosmic microwave backgroundgioas seed pho-
tons in the emission process [135], the estimated IC spaotrahown in Figl_5]4 for the
shell regions. If the shell region is dominated by strong neaig field (e.g. 51QG), then

the IC component of radiation is reduced, which is evidemrfi=ig. [5.4. It shows that
the TeV flux from the S-region of the shell is higher than thiveen other regions of Cas

A.

Table 5.2: Parameters used for calculating the bremsatrgtdpectrum contributing to
the emission from the S-region of the SNR.

Parameters Values
Ymax 3.2x 10/
Ny 10 cnt3

1o 2.54
Energy W) | 4.8x 10%¥ erg

It is evident from Fig.[5.4 that the TeV data at higher enermgs liit better with the IC
prediction for the S-region among all other regions. Howgtree Fermi-LAT spectral
data points at GeV energies cannot be explained by the ICanéxh alone, and it has to
be modelled by an additional component, like the bremskstnghprocess or the neutral

pion decay model.

Therefore, we estimated the contribution of bremsstrapjnocess to explain fluxes at
both GeV and TeV energies. The parameters correspondige t8-region was used to
calculate the bremsstrahlung spectrum considering arnpieton density to be= 10
cm~3[142]. The total energy of the electrons was estimated Mvpe 4.8x 10* erg. The
parameters used for this emission process is shown in TaBleFigure 5.6 shows that

the bremsstrahlung process alone cannot explain the GeVewdiata simultaneously.
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Figure 5.4: IC spectra of the whole remnant, based on paeametiated to dierent
regions of the shell. The spectra for théerent regions are as indicated: S (solid line),
SE (dotted line), SW (dashed line), NE (dot-dashed), and MWy(dashed-dotted). The
spectra for SE and SW are overlapping. The parameters far emditting electrons are
@ = 254, ymax = 3.2x 10"

Since the bremsstrahlung flux depends linearly on the aripiertion density, higher
values of ambient proton density can increase the-G&V fluxes to observed fluxes at
these energies. Using the mass of supernova ejeglg.d¥ 2M,, [143,[142], where M

is the solar mass, thefective gas density was found to bg n~ 32 cnt? [23]. Itis also
not possible to explain GeVleV data with this density of ambient gas. Moreover, Fig.
shows that the shape of the observed GeV spectrum neadr is@dterent from that

of bremsstrahlung spectrum, which rises as it goes from Gddter energies.

Hadronic model

Since the leptonic model is not able to account for the olesegamma-ray emission at
GeV energies, we need to invoke hadronic scenario to exfiaimbserved GeV fluxes.

The gamma-ray flux resulting from the neutral piaf)(decay of accelerated protons was
estimated by considering ambient proton density to be 16 ciithe accelerated protons

were considered to follow a broken power-law spectrum witregponential cut4 as
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Figure 5.5: Gamma-ray spectrum for Cas A. The IC (solid liae)l bremsstrahlung
(dashed line) spectra are estimated for the whole remnag whrameters are based on
S-region of the shell. Bremsstrahlung spectrum is caledlfdr ny = 10 cnt3. The thick
solid line corresponds to total contribution to gamma ragaifleptons. The parameters
for radio emitting electrons are = 2.54, ymax = 3.2x 10'.

shown in Equatior(5]3).

dN

— - i break
d_Ep = Nl Epp for Eg“n < Ep < Eprea

B E
N, E.° ex;:(— Eg‘ax) for Egrea"s Ep, (5.3)

whereN; andN, are two normalisation constants gmdndg are spectral indices before
and after the break &5, Figure[5.6 shows the contribution of gamma-ray flux from
the n° decay calculated followind [63]. The gamma-ray spectrurs fitted within the
observed Ge¥TeV energy range (see Fig. b.6), and the corresponding bpatéimeters
are shown in Set-1 of Table §.3. The total energy of the ptonthe hadronic model was
estimated to b&V, = 5.7 x 1049(10 ch3/nH) erg. We would like to note that we are
considering gamma-ray spectrum for the whole remnant,usectine angular resolutions
of the current generation gamma-ray instruments are nopacable to those of the X-ray

instruments.

It has been already mentioned in Secfion 5.1.1 that thedé@ptoodel can only account

for the TeV fluxes at the highest energy bins, whereas theroddeseV fluxes can be
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Figure 5.6: Same as Fig._5.5. Ont} decay spectrum for the power-law distributed
proton spectra (long dash-dotted line) is included. Theupaters used to get thd
decay spectrum are shown in Tablel5.3 by parameter Set-leStimaated total energy of
the protonsW, = 5.7 x 10*° erg.

explained by hadronic model as shown in Fig.]5.6. To get a ¢etmmnderstanding
of the spectrum at GeVTleV energies, we have to estimate the combined spectrum re-
sulting from both leptonic and hadronic model (hereafteptd-hadronic model). Since
the parameters for the leptonic model are fixed by obsendid end X-ray fluxes, the
resulting parameters for the hadronic model for the contbiGeV-TeV spectrum are
different from the parameters listed in Tablel 5.3 (see Set-B.ddst-fit parameters for
the lepto-hadronic model are given in Set-1I of Teble 5.8, ashows that the correspond-
ing x? value is less than that of purely hadronic model. The comedimg spectrum is
shown in Fig.[5.lF. The maximum energy of proto&§'{) is fixed to 100 TeV for both
pure hadronic and lepto-hadronic model. The total enerdglgetharged particles for the
lepto-hadronic model i8V, + W, = 3.4 x 10%° erg, which gives a conversiorieiency
of supernova explosion energy to be less than 2%, which isismt with the value
reported in Ref.[[137]. The estimated electron to protororgt about 0.05, and this is
consistent with the values of the ratio for the observed eosays. Although the GeV
data corresponds to the best fit location as shown inFi@). Srigwhite dashed circle, it
is to be mentioned that the gamma rays are not being emitbed dther regions of Cas

A. Hence, there is no inconsistency in combing G&¥V data to get best fitted emission
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Figure 5.7: Gamma-ray spectrum (thick solid line) for Casbtamed by combining both
leptonic and hadronic contributions to the whole remnamd.d®arameters for leptonic
model spectra (IC: solid line and bremsstrahlung: dashe®) ktorrespond to S-region
of the remnant. Parameters for hadronic model are shownhte&a3 by Set-Il (long
dash-dotted line).

model.

Table 5.3: Parameters for gamma-ray production throughydetneutral pions.

Parameters Set-l Set-l
(hadronic) | (hadronie-leptonic)

0 2.05+0.05 1.26+0.2

B 2.36+0.02 244+ 0.03
EP®(TeV) 100 100

Eoa (GeV) 17 17
Energy ¥V,) (erg) | 5.7 x 10% 2.97x 10%
Y?/dof 2.5 1.8

5.1.2 Discussion

The aim of this study was to locate the region of the shell o 8avhich is brightest
in gamma rays and to interpret the observed fluxes at-deV energies in the context
of both leptonic and hadronic models. From th&eatent levels of X-ray flux in several
shell regions, we found that the magnetic fields aféecent in those regions. Since IC
flux becomes less significant with higher magnetic field, thg Megion of the shell of

the remnant is the least significant in producing gamma-tasel through IC process
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among all other shell regions. On the other hand, the S-negfiche remnant becomes
a significant region for production of IC fluxes due to the lowgagnetic field in this
region. Although we have considered same spectral inderaftio emitting electrons,

different choices of spectral indices do not change the ovenadllgsion.

In addition, we see from Fid. 5.5 that IC fluxes can explaindht& only at TeV energies
while the bremsstrahlung process is unable to explain the-GeV data for ambient gas
density 10 cm®. Moreover, the bremsstrahlung process was also unableptaiexhe
observed fluxes properly with higher values of ambient gasitie (~ 32 cnt3). There-
fore, we conclude that the leptonic scenario is ffisient to explain the observed GeV
and TeV gamma-ray fluxes simultaneously. Hence, we needo&eérhadronic contribu-
tion to account for the observed gamma-ray fluxes. The ganamapectrum that results
from decay ofr°s in Fig.[5.6 shows that it alone can explain the GeV and Te\&flwith
ay? value of 2.5. Since we have already seen that the leptoni@sioecan contribute to
TeV energies, we cannot ignore this completely. So we egtidnidne total contribution
from both the leptonic and hadronic model to explain the .datgurel 5.7 shows that the
gamma-ray spectrum due to decayrfalong with leptonic model is able to explain the
GeV-TeV gamma rays for the ambient gas density of 10&nMoreover, the best fit
2 value for this case is less than that of the case of purelydmécimodel, as shown in
Table[5.8. Although increasing théective density of the ambient gas to higher values
(than the estimated average density) may help the brerhistgamodel to reach the level
of GeV-TeV data, the gamma-ray fluxes due to #ialecay of accelerated protons also
increase. Therefore, thd decay process would no longer be able explain the - G&W
data unless the total energy budget of the protons is redutedt, in turn, indicates a
lower conversion iciency of the explosion energy of Cas A into acceleratingqrs.
The GeV flux that falls below 1 GeV is considered to be a cledication for ther® decay
origin of gamma-ray emission. Very recently, it was repdr{d37] that the Fermi-LAT
data analysis of Cas A resulted in the gamma-ray emissioe twaldronic in nature. A

higher density of ambient gas may establish the fact of lgakiigher potential for pro-
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ducing gamma rays througt?—decay process for the S-region. Nevertheless, the total

contribution to TeV energies due to both leptonic and hadnomodels cannot be ignored.

According to Ref.[[129], the magnetic field at the forward chc within the range of
80-160uG, whereas the mean magnetic field value in the shell of Casfestaimated
to be ~ 300 uG [135,[144]. Although it was showed [23] that the leptonicdabfor
the magnetic field of 12@G can broadly explain the observed GemV fluxes, the
corresponding spectrum from leptonic model does not fit.welith a lower value of
the magnetic field (i.e< 120uG), the TeV fluxes can be overestimated by IC emission
spectrum. If we consider the magnetic field for the S-regibtme shell to be about 120
uG, the lepto-hadronic model has to befsiiently modified to explain the total fluxes.
The total fluxes from the lepto-hadronic model exceeds tlseted values, and the cor-
respondingy? value for the best fit parameters becomes large. This ovaasid flux
cannot be compensated by lowering the contribution fronrdvad model. Hence, we
need to consider higher values of magnetic field260 uG), so that the total spectrum
from lepto-hadronic model can explain the data better tlrdh & pure leptonic and a pure

hadronic model.

The most interesting result is the relatively low total decated particle energy (of the
order of 2% conversionficiency) that is combined with the high magnetic field es-
timate. This amplification of a magnetic field can either blatesl through magneto-
hydrodynamic waves generated by cosmic rays|[145, 146]udagesult from the fect

of turbulent density fluctuations on the propagating hyginanic shock waves, which
has been observed through two-dimensional magneto-hydaogic numerical simula-
tions [147]. The low conversionfigciency of cosmic rays suggests that the cosmic ray
streaming energy may not befBaient enough to be transferred to the magnetic fields
that result from magnetic amplification. Hence, the magnigid amplification in the
down-stream of shocks due to presence of turbulence coutavbarable in this particu-

lar remnant.
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It is to be mentioned that theftierences in the X-ray flux levels forftierent regions of
Cas A can be attributed to thefidirent densities of the injection of the electrons. For
different densities, however, there may not be affiedince in gamma-ray fluxes from
different regions of the shell. However, this needs a detailsbktigation of the density

profile of the relativistic electrons in this source.

5.1.3 Summary& conclusion

We found that the gamma-ray emission from the S-region oftiedl through IC pro-
cess has the highest flux value, and this predicted flux matobtter to the TeV data in
comparison to flux predictions from other regions of the Ish€he second best-fit IC
prediction with the TeV data is from the SE and SW and then tRerégion. We also
found that the leptonic model alone is unable to explain theeoved GeV fluxes for any
regions of the shell. However, the GeV and TeV gamma-ray fitateasonably well to

the hadronic model, which is independent of the selectedmegn the shell.

If the SNR would be perfectly symmetric in shape, we wouldestghat the radiation
fluxes from each region of the shell should be approximatglyak Apparently, the
shell’s emission is not homogeneously distributed. Theardor the variations in X-
ray and gamma-ray fluxes can be due tfiedtent amounts of particles or variations in
the magnetic field at étierent regions of the SNR’s shell. The molecular environment
might also be dterent at diferent sides of the shell. Future gamma-ray instruments with
far better angular resolution (e.g., CTA) will be requiredunderstand the spectral and

spatial structure of the remnant in gamma rays.
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5.2 Modelling of MGRO J2019+37

The Cygnus region of the Galaxy hosts a number of extendadentified sources of
TeV y-ray emission, the most prominent of which is MGRO J263Bdiscovered by the
Milagro experiment[8, 9]. Detailed analysis [10] of the ebgtional data on this object
collected during the period 2005-2008 gives a detectiomisfdource with a statistical
significance in excess of #2between 1 and 100 TeV. The measured flux [10] from this
source is T3 x 10%stm2Tev" (with a ~ 30% systematic uncertainty) at 10 TeV
with a spectrum that is best described by a power-law withextsal index of 20*3
(with a systematic uncertainty of 0.1) and an exponential cutoat an energye. =
29"3°TeV. It should be mentioned, however, that the ARGO-YBJaimwer experiment
in their observationd [118] in the region of MGRO J263B3 did not get a detectable
signal from this object, instead placing an upper limit [[La8 the flux at energies below
5 TeV at a level lower than that measured by the Milagro expent. On the other
hand, as mentioned in Ref. [118], the ARGO-YBJ exposure atgies above 5 TeV was
not suficient to draw a definite conclusion in this regard. Howeverywecently, the
VERITAS telescope system has resolved the VHE emission WM&RO J2019-37 into
two VERITAS sources: VER J203871 and VER J2018368 [119]. VER J2019368 is

a bright extended source, and it coincides well with thereargigion of MGRO J201637

and accounts for bulk of the emission from this source.

Although no confirmed counterparts of the TeV source MGRQOL9237 at lower en-
ergies are known, several possible associations with athserved sources have been
suggested. The emission from MGRO J283% may be due to either a single ex-
tended source or several unresolved sources. The EGRETesoBEG J20243716

and 3EG J20163657 are positionally close to MGRO J204%7, and thus could be
the GeV counterparts of MGRO J204397 if it is a multiple source. At the same time,
the EGRET source 3EG J2023716 is suggested to be associated with the radio and
GeV pulsar PSR J202B651 (and its associated pulsar wind nebula PWN GH®.2
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[13,[14]) observed at GeV energies by AGILE (AGL J202@8653) [15] as well as
FERMI (OFGL J2020.83649) [12]. A SWIFTXRT observation[[148] was also done
within the positional uncertainty region of MGRO J2613 reported in[[8, 9] and three
X-ray sources were reported in the region with a total X-ray lorresponding toF, ~
8.1x10*TeV cnt? stin the 2—10 keV energy region, which can, therefore, be taken
an upper limit on the possible X-ray flux from any X-ray couptat of MGRO J201937

in this energy region. In addition, a wide-field deep radiovzey of the MGRO J201:837
region at 610 MHz was made by the Giant Metrewave Radio Tefes¢GMRT) [11],
yielding no detectable radio source, thus giving a conseevapper limit of~ 1.0 mJy

on the radio flux from any point-like radio counterpart of MGR2019-37.

Here, we study the implications of a scenario in which theeole=d TeVy-ray emission
from MGRO J201937 arises from a Pulsar Wind Nebula (PWN) type source. Pulsar
Wind Nebulae (PWNe) (see, e.g., Réf. [149] for a review),rttwest well-known example
of which is the Crab Nebula (see Ref. [150] for a review), anevin to be sources of
very high energy gamma rays extending to TeV energies (geefef. [62/151] for
reviews). The very high energy (GeV — TeV) gamma rays areghoto be produced
mainly through the so-called synchrotron self-comptonima@csm, i.e., inverse Compton
(IC) interaction of high energy electrons with low energyelyrotron photons emitted
by the electrons themselves in the ambient magnetic fielthennebula. The photons
constituting the cosmic microwave background (CMB) andardd photons due to dust
act as additional target photons for the IC scattering ohtgk energy electrons. The high
energy electrons themselves are thought to be accelerathd wind termination shock
where the ultra-relativistic wind from the pulsar residinghin the nebula is stopped by
the nebular material. In principle, in addition to elecsdrigh energy protons (and in
general heavier nuclei) may be also accelerated| [152] B8B3,165], which can produce
high energy photons through decay of neutral pions producaelasticp-p collisions.
In this thesis we shall restrict our attention to emissioty @ue to electrons. We use

multiwavelength data and flux upper limits from observagionthe region around MGRO
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J2019-37 including the radio upper limit given by GMRT [11], X-rayull upper limit
from SWIFT/XRT observations [148], GeV observations by FERMI|[12], EEIR[42]
and AGILE [15], and the TeV data from Milagrol[8, [9,110] and VHRS [119], to set

constraints on the parameters of the emission model.

We find that the PWN scenario of origin of the observed TeV fluMGRO J2019-37 is
severely constrained by the upper limit on the radio flux fitwa region around MGRO
J2019-37 given by the GMRT as well as by the X-ray flux upper limit fr&wWIFT/XRT.
Specifically, the GMRT andr SWIFT/XRT flux upper limits impose upper limits of
O(10°3pc) on the characteristic size of the emission region withsnPWN for an as-
sumed distance of few kpc to the source. This is about three orders of magniteske
than the characteristic size of the emission region tylyicavoked in explaining the TeV

emission from a “standard" PWN such as the Crab Nebula.

The reason for the upper limit on the size of the emissionoregi the PWN scenario
is not hard to understand: Heuristically, ignoring for thement the details of the en-
ergy spectrum of the electrons, letbe the number density of the electrons agglthe
characteristic radius of the (assumed spherical) emissgion in the source. Recall that
the TeV photons are produced through IC interaction of thoeitae high energy electrons
with primarily the synchrotron photons produced by the tetats themselves in the mag-
netic field in the nebular region. Since the number densitihefsynchrotron photons
scales as,, the number density of the TeV photons produced by all thetreles roughly
scales a®2. Thus, for a given distance to the source, the emerging Tevffam the
source scales agrZ,. The requirement of producing the observed TeV flux of MGRO
J2019-37, therefore, fixes the produadre,. On the other hand, the photon fluxes in the
radio and X-ray regions scale with the produgt?,, since those photons arise directly
from synchrotron radiation of the electrons. Thereforghwhe producheren, fixed by
the observed TeV flux of MGRO J20497, an upper limit on the radio flux given by
GMRT or the X-ray flux given by SWIFKXRT directly yields an upper limit omgy,.
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These arguments are elaborated upon more quantitativeie ifollowing sections.

5.2.1 Injection spectra of electrons

Following the example of the Crab nebula, we shall assumetieanebula harbors two
distinct populations of high energy electrohs [152, 55):tfee “relic" (or “radio") elec-
trons whose synchrotron emission is responsible for thie i@t FIR emission from the
nebula, and (b) the “wind" electrons that, through theircéyntron emission, give rise to
higher energy radiation extending to X-ray and gamma ray® ggveral hundred MeV.
The radio electrons comprise of the electrons that weretegeduring the very early
phase of rapid spin-down of the pulsar and which have sinoéedalown and accumu-
lated within the nebula [156]. The wind electrons, on theeotiand, are the ones that are
being freshly accelerated at the pulsar wind terminati@mtkland are being currently in-
jected into the system. The IC interaction of the high enevind electrons with the soft
photons produced by the radio electrons as well as with CMBIRIR photons can then
give rise to the observed multi-TeV emission. For simpfioite work within the frame-
work of the so-called “constant B-field" scenatio [157), 58flassume the magnetic field

to be constant within the nebular region.

We take the following forms [55] for the radio and wind elen:trspectra,i—rf and %,

respectively:

d_ng _ ALy ™ foryl . <v < Yhax (5.4)

dy 0 otherwise



5.2. Modelling of MGRO J201837 129

and

)_aw , fory <y,

—~
BN

) 0T v < Y < Ve (55)

=
———
X
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o

fory > yax-

The parameterB;, ar, Vi, Ymae Ao B @ws Ay, Vi Ymaw @ndyp, are to be determined
by comparison of the resulting photon spectra with the otadiemal data and multiwave-

length constraints.

5.2.2 Multiwavelength photon spectra and constraints

It is clear that, unlike in the case of the Crab Nebula for \Wwhilee existence of detailed
multiwavelength data allows determination of the paransat&éthe model by performing
detailed spectral fits to observational data [55], it is n@aicfical or even meaningful to
attempt to “determine" the parameters appearing in equaf4) and (515) for the PWN
model of MGRO J2019837 because of lack of such multiwavelength observational. da
Instead, we shall focus on the plausible ranges of valudseoiost relevant parameters
of the model by requiring that the resulting multiwaveldnghoton spectra be such as
to be able to explain the observed TeV flux from MGRO J263Bwithout violating the
upper limits on the X-ray and radio fluxes from the region athe object. In this
exercise we have been primarily guided by simple argumergaergetics based on the

example of the Crab Nebula as a sort of “standard” PWN.

Let ng, andny in equations[(5]4) and (8.5) denote the number densitiesd and wind
electrons, respectively, and let, be the radius of the assumed spherical region within
which the electrons are assumed to be distributed uniforfdiowing the example of
the Crab Nebula, we shall assume that the total energieaioedtin the radio and wind

electronsEy = 2ard mec? [ y‘z—rfdy andEY = 4nrd mec? [ y%dy, respectively, are com-
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parable and roughly equal (few x 10*erg) [156,55]. This allows us to relating the
normalization constant&], andAY appearing in equations (5.4) and (5.5), respectively, to
each other and to the total energy content of the electiénss E; + EY, which, for a

given set of the electron parameters,

P} =ar, ’y:nin’ ')/{nax’ B, aw, @y, 'yvn\:in’ 7Vr¥1ax’ Yol (5.6)

can, therefore, be expressed as

Eo = ST A MET(P), 57)

where¥ is a calculable function of the set of parametg?$, the exact form of which

need not concern us for the purpose of the discussions thawfo

Now, the energy spectrum of synchrotron photons producedrbglectron of energy

ymec? with a pitch angled in a magnetic field can be written as [61]

ds V3e*Bsing v [
Sy _
= = — K d 5.8
L (dvdt)sy I 53(X)dX, (5.8)
whereeis the electron charge,
3ey? _ .
= Bsing 5.9
Ve = 2B one. (5.9)

is the characteristic frequency of the emitted synchrotamhation, andKs/3(x) is the
modified Bessel function of fractional ordet35 In our calculations described below, we

shall average over the electron pitch angle and adopt a eakiad = /2/3 [55].

The number densityy”, of synchrotron photons produced per unit frequency atieeqy

v by all the electrons in the (assumed constant) magnetic Biétdthe spherical volume
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of radiusrem Within the nebula can be expressed as

1

A Osy(, B (P, (5.10)

nsy —
C

14

wheregsy(v, B, {}) is a calculable function obtained by folding the electroactma given

in equations(5J4) and (8.5) with the synchrotron photorespen given by equatiom (5.8).

Similarly, the energy spectrum of photons produced by actree of energyymsc? due

to IC scattering & a background of soft photons is given by |[61]

hy
=20, f de™ ¢ (ev). (5.11)
hv/(4y?) €

whereot is the Thomson cross sectidm; is the photon energy after scatterimg(e) de

is the number density of the background soft photons betwaergye ande + de, and

1
fice.n7) = 2aing+(1+20)(1-0)+ 5

[4evar (me)|
1+ 4eyq/ (Me?)

(1-0a).

with

B hy
" 4ey?[1-hy/ (ymec?)]

q

Let n'° denote the number density of high energy photons produeeddh IC process
per unit frequency at frequencyby all the electrons in the spherical volume of radius
rem Within the nebula. Within the context of the synchrotrorf-®eimpton scenario that
we consider here, we can assume that the dominant targeinshiatr the 1C interaction
of the high energy electrons that produce the TeV emissierha synchrotron photons

produced by the electrons themselves, although the CMB Rmghbtons are additional
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targetg Thus, withn, replaced bynY in equation[(5.111), and noting tha}t' o« AL, we see

thatn! o (AL)?, which gives the expression

1
e = (A" e B, (7)), (5.12)

wheregc(v, B, {#}) is another calculable function obtained by folding the thecteon
spectra given in equations (b.4) afd (5.5) with the IC phefmctrum given by equation
G.11).

Thus, for the source at a distanbethe synchrotron radiation flux (eneygyedtime/
frequency) at frequencyat earth can be written as

1 Fem\?
FY = oo 4 chy = ( g”) AL gs,(v, B, (P)). (5.13)

while the IC photon flux is

Fr = (rem) (A)?gic(v, B.{P)). (5.14)

For a suitable choice of the magnetic fi@dind the parameter sg®}, requiring that we
be able to explain the observed TeV flux from MGRO J203Bat some energy, say, 10
TeV, by the IC flux [5.14), we get

D
A, = (FYR0) g 2(hy = 10 TeV, B, (P)) — (5.15)

em

where )R is the observed flux from MGRO J20497 at 10 TeV. But, at the same
time, we must ensure that, for the same valu@a@nd the parameter sgp}, the syn-
chrotron flux given by equation (5.13) at= 610 MHz not exceed the radio flux upper

limit given by GMRT [11], Fg}RL., from the region around the observed position of

LIn our full numerical calculations and results we include @MB and IR photons in addition to the
synchrotron photons.
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MGRO J2019-37. This gives the condition

Fem\? 14
(%‘”) = Fgll\(ﬂ)Frf/lTHz(Are) lgs;(v = 610MHz B, (7).

which, upon substituting fof, from equation[(5.15) above, gives,

r “1/2
(D) emr < FEMR (FYSES) g5 = 610MHZ B, (P)
x g (hv = 10 TeV, B, (). (5.16)

In addition, we must ensure that for the same values of trenpeter sef} and magnetic
field B that account for the observed TeV flux, the predicted syriobmcdflux given by
equation[(5.13) in the X-ray region at energyt0 keV not exceed the X-ray flux from the
region (within the positional uncertainty) of MGRO J2G13 reported by SWIFXRT

observation[[148]F 0 /%", This gives

(rem

-1/2
D )SWIFT/XRT < Fi\)f\gg\yxm (F%GTES) gs; (hv = 10keV, B, {P})

x gL?(hv = 10 TeV, B, {P}). (5.17)

Thus, within the context of the PWN scenario of origin of tHeserved TeV emission
from MGRO J201937, there is an upper limit to the sizg, of the emission region of

the PWN for a given distand® to the source and a chosen set of the electron parameters
{#} and magnetic field that yield the observed TeV flux of MGRO J20437. This

upper limit, remmax 1S given by the lower of the right hand sides of equation&gpand
G.17).

The distance to MGRO J2019-37 is not precisely known. The radio and GeV pulsar
PSR J20213651, with its associated pulsar wind nebula PWN G¥6.2 [13,[14] 15,

12], that has been suggested to be associated with MGRO 33018 inferred to be at a
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distance of 3—4 kpc [158]. he constraint Qimax depends on the chosen distance of the

source. Below, in our estimatesf,max We allow a source distance range of 3 to 10 kpc.

For a given source distané® one can choose the values of the electron paramg®érs
and magnetic field® such that the predicted fluxes in the radio and X-ray regiahgate
the GMRT and SWIFIXRT upper limits, respectively, while explaining the obsst TeV
flux. Examples of such multiwavelength photon spectra, tviare obtain by performing
a scan of the relevant parameté&? for three chosen values of the magnetic fiBldare
shown in Figuré 518 for a choice of the source distabce 3 kpc. We have included the
interstellar radiation field (ISRF) from Ref. [159] and thesmic microwave background
(CMB) in addition to the synchrotron photon field generatgdhe electrons themselves
in obtaining the IC portion of the multiwavelength photorespa (from X-ray to TeV
energies) shown in Figute 5.8. The values of the electroarpeters used in obtaining
the curves in Figure 5.8 for the three chosen magnetic fieklisaed in Tablé 514 where
we also list the corresponding upper limits on the radiusefémission regiomemmax
and the total energy contained in electrdgs, in units ofEecrap = 5.3x 108 erg [55]. As
seen from Table 514 these upper limitsrgp are three or more orders of magnitude lower
than the typical values of the characteristic size of thessian region{ 1 pc) invoked

in the PWN scenario of TeV emission of the Crab nebula, forrgda, Ref. [157, 55].

Table 5.4: Values of the electron parameters used in obtathe curves shown in Figure
for the three chosen values of the magnetic field. Theespanding upper limits on
the radius of the emission regionmmax, and the total energy contained in electrons,
Ee, in units of Eqcrap = 5.3 x 10%erg, are also given. The source distance is taken as
D = 3kpc.

Magnetic field Electron parameters I emmax Ee /Eeccran
B(kG) @ | Ymin Ymax B law| ay| yho Yimax b (pc)

0.3 137 1 [293x10°|2.82[21|26|4x10°| 2x10° | 2x10°|70x10*| 1.8x107?

3.0 1.67| 1 3x10° [2.82]22]27|4x10P| 7x10® |2x10°|6.8x10°|46x10*

125 175 1 | 15x10° | 2.82]23|28|2x10° |10x10°|8x10"|22x10°| 15x10°

A heuristic estimate of the value of,,max for MGRO J2019-37 can be obtained just
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Figure 5.8: The constrained spectral energy distributgil¥) of MGRO J201937 from
radio to TeV region in the PWN scenario. The solid, dash-tiydotted and dashed
curves from radio to X-ray energies are the synchrotrontspdor magnetic fields of
B = 3 and 0.3 and 125G, respectively, and the dotted, long-dash-dotted andidshed
curves from the X-ray to TeV energies are the correspondivngrse Compton (IC) spec-
tra for the three magnetic fields, respectively. The valdeth@® various parameters of
the electron spectra [see equatidnsi(5.4) (5.5)] quorekng to the three magnetic
fields are listed in Table_5.4. The distance to the sourcekisntdao beD = 3kpc.
Multiwavelength observational data and flux constraintenfrobservations in the region
around MGRO J201837 including the radio upper limit given by GMRT [11], X-ray#
upper limit from SWIFFJXRT observations|[[148], GeV observations by FERMII[12],
EGRET [42] and AGILE [[15] and TeV observations by Milagro [8,/10] and VERI-
TAS [119] are shown. In addition, the SED of the Crab nebula @stance ot 2 kpc)
from radio to TeV energies (taken from Ref. [55]) is also shdar comparison.

by comparing the constrained spectral energy distribufgeD) of MGRO J201937
shown in Figurd_5]8 with the SED of the Crab nebula also shaowthé same Fig-
ure. Note that Crab emits comparable amount of energy at TeMadio wavelengths,
with vF¢@hy = 10TeV) ~ 1.5 x 10 erg cm?s™t and vF™¥y = 610 MHz) =~

0.74x 10 erg cm?s™t at 10 TeV and 610 MHz, respectively, for example. In con-
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trast, for MGRO J2019837, while the energy emitted at TeV energies is comparalite wi
that for Crab, withvFMCRO(hy = 10 TeV) ~ 1.1 x 107! erg cm?s71, the GMRT upper
limit restricts the possible flux of MGRO J20497 in the radio region toFMCRO(y =

610 MHz) ~ 6.1 x 10718 erg cnt?s%, about 6 orders of magnitude less than the corre-

sponding quantity for Crab at that frequency. Let us defieg@tio

vF!°(hv = 10 TeV)
vFy(v = 610 MHz)’

¢ (5.18)

whereF;” andF!C are given by equations(5113) ad (3.14), respectivelyusetemand

that the measured TeV flux of both Crab and MGRO J2@I®be explained by the syn-
chrotron self-compton (i.e., IC) process within the PWNmsg®. Then, for a given set
of the electrons’ spectral paramet&4 and magnetic field8, assumed same for the mo-

ment for both Crab and MGRO J20437, it is easy to see, using equatidns (5.18), (5.13),
(5.14) and[(5.155), that

r 1/2 r
(ﬂ]) ‘fCrab = (F:CL:(SQF%V/F;\_AOQFIZS) X (ﬂ]) ‘fMGRO ’ (5.19)
D Jcrab D /mcro

where the sub(super)scripts Crab and MGRO refer to quesititlevant to Crab and

MGRO J2019-37, respectively.

Now, from the above discussions of comparison of the medssED of Crab and the
constrained SED of MGRO (see Figiirel5.8), we seedhiat~ 2 andF a0, /FYGRO ~ 1,
whereasycro > 1.8 x 1(P. Using these estimates in equatibn (5.19) we immediately ge

the constraint

(ri”) <11x 1cre><(ri” (5.20)
D /mcro

D )Crab ’

which, upon using typical numbers for the relevant quasgifpertaining to Crab and
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MGRO J2019-37, yields

D
(I’em)MGRo <17x 108 pc(_)

( rem) (2 kpc) . (5.21)
3KkpC/ycro \ 1 PC/crap Crab

D

It is thus seen that if MGRO J20137 is like a “standard” PWN with the spectral pa-
rameters of its electron population and the magnetic fiefdlar to those of Crab nebula,
then within the context of the synchrotron self-comptomse® of production of TeV
photons, the MGRO J20%37 has to be a significantly more compact source than a stan-
dard PWN like the Crab. Of course, the electron parametetstanmagnetic field inside
MGRO J2019-37 have no reason to be exactly the same as those in Crab. Eiowev
this does not alter the above general inference, the masonefor which is the strong
constraints on the radio and X-ray fluxes from MGRO J2@@Bimposed by the GMRT
and the SWIFTXRT observations discussed above in relation to those db Gtahese

energies (see Figure’5.8).

Note that the constraint on,, of MGRO J2019-37 given by equatior (5.21), derived
analytically under the assumption that the values of thetieles’ spectral parametef®g}
and the magnetic field are same as those of Crab, is fairle c¢mshe valugemmax =
2.2 x 10 pc displayed in Table 5.4 for the case of magnetic fld 125uG typically
invoked for the Crab [55]. The fference may be attributed to thefdrent values of the
electrons’ spectral parameters adopted for MGRO J28I9n comparison with those

for the Crab.

To see the dependencergf,max On the electron parameteB} and magnetic field, we
show in Figuré 519 the variations nf,max given by equation$ (5.16) arid (5117) with some
of the relevant parameters of the electrons with respectiowthe variations of emmax
are most sensitive. In Figure 5.9, for illustration, thecelen parameters are individually
varied about their respective values shown in Tablé 5.4Hercase oB = 0.3uG and

source distancB = 3 kpc. The crossing points of the two curves in each panelgaréi
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correspond to the parameter values for which the GMRTilem8WIFTXRT bounds
are simultaneously fulfilled (see Figure5.8). It is seen tha requirement of simultane-
ously respecting the two constraints given by equatiodss)sand [(5.117) restrictSmmax

to values less than a few10 pc for all reasonable values of the magnetic field within

the nebula.

As seen from Figurie 5.9, the most significant variation.@f,ax 0ccurs not with respect to
the electron parameters, but rather with respect to the etegreldB. In generalfemmax
is larger for smaller magnetic fields. In Figlire 5.10 we shoewtariations of the lower of
the tworemmax Values given by equatioris (5116) ahd (5.17) and the correlpg variation
of the total electron energ¥( ) with magnetic fieldB for various source distand2, with
the values of the electron parameters kept fixed at those giveable 5.4 for the case of
B = 0.3uG. As expected, and as seen from the right panel of Figure th&Qotal energy
in electrons required to produce the observed TeV flux ieldi@r smaller magnetic fields
as well as for larger distance to the source. However, fostoall values{ 1072uG) of
magnetic field, the density of synchrotron photons of theliigte energy becomes so low
that the synchrotron self-compton (IC) mechanism of exytg the TeV flux becomes
inefficient unless the total energy content of electrons is magsaeorders of magnitude

larger than that for the Crab.

To explain the observed data at TeV energies we have onlydzmesl IC emission pro-
cess as shown in Figuke 5.8. In principle, bremsstrahluoggss can also contribute
to gamma-rays at GeV and TeV energies. However, to explarGiv—TeV data with
bremsstrahlung process alone, it requires unreasonagiyaiues £ 10° cm3) of am-

bient matter density.

In the above discussions we have made the simplifying assomef the electrons —
and consequently the photons generated by them — beingronyfalistributed within a

spherical “emission region” of radiug,, within the nebula. More realistically, the radius
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rem may be considered as a kind of characteristic length scaepofksible non-uniform
spatial distribution of the electrons aondthe photons generated by them![55,/157]. Also,
the magnetic field inside the nebula is likely to be not sfigt@nstant, but rather varying
with a characteristic length scale similarrtg, These details, however, are unlikely to
change the general conclusion regarding the extreme cangsacof the emission region
of MGRO J2019 37 relative to a Crab nebula—like PWN within the general P\Wéhgrio

of origin of the observed TeV emission form the MGRO J263%.

5.2.3 Summary and conclusions

To summarize, here we have considered a PWN scenario of idfie of the observed
TeV gamma ray emission from MGRO J204%. We find that, while no lower energy
counterparts of this object have yet been identified, theujmits on possible radio and
X-ray emissions from sources suggested to be associatedMGBRO J2019 37 already
provide rather strong constraints on the size of the emmssgion of the nebula, with
the characteristic radius of the emission region beingiotst toO(10%) pc, about three
orders of magnitude less than that of the Crab nebula. Thislgsion is in fact fairly
general and is reasonably independent of the details of danenpeters describing the
spectrum of the electrons responsible for the emission la@adntagnetic field within the
nebula as long as the total energy content of the electromstitoo large £ 10% ergs)
compared to that for the case of the Crab nebula. Thus, thefression from the MGRO
J2019-37 is dfficult to explain within the context of the standard PWN scenafhe
implied unusually compact size of the emission region ofsthierce of MGRO J20137

in the PWN scenario also raises interesting issues comgepussible variability of the

source on (sub)year time scales [118].

The parameters estimated for both Cas A and MGRO J2B1%re optimized to fit the
multi-wavelength observations. However, the physicalipllaility of the values of these

parameters can only be ascertained by detailed consioleratiacceleration and loss
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mechanisms which are subjects of future investigations.
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Chapter 6

Summary and future prospects

6.1 Summary

This thesis is broadly divided into two parts. The first onthesMonte Carlo simulations,
observations and analyses of data pertaining to High AéitGAmma Ray (HAGAR)
telescope system, and the second one is the multi-wavélemgdielling of two Galactic

TeV gamma-ray sources.

Monte Carlo studies show that the energy threshold of HAG&Rbiout 210 GeV which
is a factor of 4 lower than the similar type of setup at anwdiit of 1075m amsl. Thus,
by installing the HAGAR system at high altitude (4300 amshvas possible to bring
down the energy threshold by a factor of 4 without signifibaiicreasing the mirror
area. We have also estimated that this telescope systeneiwatetect Crab like sources
in 17 hours of observations with the significance of without further rejecting cosmic
ray events. We have compared space angle distributionsaaradion of trigger rate with
zenith angle obtained from simulations with the observedlte and found that they are
in good agreement indicating that the HAGAR telescope syssewell understood and

accurately modelled.

143
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Among the several Galactic and extra-galactic gamma-raycss observed so far with
the HAGAR system, analyses and corresponding results e&tl@alactic sources are
described in this thesis. Analysis of the Crab nebula datastihat the estimated Crab
nebula fluxes for NTT greater than or equal to 5-fold and higblels are consistent with
the simulated results as well as with the results given bgrogiperiments. In the case
of the binary system LSI 64303, we found that the source shows significant fluxes in
the orbital phases of 0.0-0.1 and 0.7-0.8 during the pertdd22012. The analysis
results of the extended source MGRO J2639 showed that the estimated fluxes for
different trigger conditions are higher than the flux estimaie®/BRITAS and Milagro
indicating that the present HAGAR data analysis procedsimi sensitive to extended

source observation.

In the case of multi-wavelength modelling of Galactic stigfie SNR Cassiopeia A, we
found that the S-region of the shell is dominant among aleotiegions of the shell in
producing gamma rays through IC process. The second bé&t4itediction with the
TeV data is from the SE and SW and then the NE region. The obdeXwray fluxes
from different regions of the shell are attributed té&felient magnetic fields, which in-
dicate amplification of magnetic fields atfidirent regions of the shell. In addition, we
found that the leptonic model alone is unable to explain thecoved GeV-TeV fluxes
simultaneously for any regions of the shell. However, th& @ad TeV gamma-ray data
fit reasonably well to the hadronic model, which is indepenadéthe selected regions on
the shell. We also found that lepto-hadronic model provaléetter fit to the GeV-TeV

data.

The estimated total energy of high energy particles aretedfhuof the total energy typi-
cally released during a supernova explosion. The low cawesficiency of cosmic rays
combined with amplification of magnetic fields suggests thatcosmic ray streaming
energy may not be skicient to be transferred to the magnetic fields that resuhh fnoag-

netic amplification. Hence, the magnetic field amplificatiorthe down-stream regions
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of shocks due to presence of turbulence could be a favousableario in this particular

remnant.

For multi-wavelength modelling of the Galactic extendewr TeV gamma-ray source
MGRO J201937, we have considered a PWN scenario to understand the afighe
observed TeV gamma ray emission from MGRO J263B No confirmed counterparts
of this source at lower energies are known. However, sepasdible associations with
other observed sources have been suggested. We find thgigbe lumits on possible
radio and X-ray emission from sources suggested to be assdavith MGRO J201.837
already provide rather strong constraints on the size oéthission region of the nebula,
with the characteristic radius of the emission region beesfricted taO(10°%) pc. This

is about four orders of magnitude less than that of the Crdiulae We also find that
this conclusion is in fact fairly general and is reasonabtiejpendent of the details of the
parameters describing the spectrum of the electrons regperfior the emission and the
magnetic field within the nebula as long as the total energyest of the electrons is not
too large ¢ 10 ergs) compared to that for the case of the Crab nebula. TheJdV
emission from the MGRO J20%37 is dfficult to explain within the context of a standard

PWN scenatrio.

Further improvements

The sensitivity of the HAGAR telescope system can be ine@dy improving the data
analysis technique. HAGAR data analysis procedure neelds tmproved to get better
gamma-hadron separation. The pulse shape of each evendeddoy the Flash-ADC
can be used to discriminate between gamma-ray and cosmahaayers, and this needs
further detailed simulation study. Moreover, present HAGAata analysis method is
appropriate for point sources with gamma rays coming froar@in specific direction
and cosmic rays coming isotropically over larger angle eango estimate the signal

we compare space angle distribution of ON-OFF pairs. To atma the backgrounds
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of ON-source and OFF-source runs we consider tail regiospate angle distributions
assuming that no gamma-ray events are present at the higaee angle. This is no
longer true for analysis of extended sources. In that case;amnot normalize the two
backgrounds of an ON and an OFF source run considering tloe sppale distributions.
The possible solution for this is to explore gamma-hadr@assion parameters based on

density fluctuations, pulse shape etc.

6.2 Future directions

Origin, presence of dlierent spectral features and mass composition of cosmicarays
most important issues of cosmic rays physics, and it stkdaa coherent theory to under-
stand all these issues of cosmic ray physics. However, theybe investigated through
observations of Galactic sources of CRs. Supernova remi(@MRs) are believed to be
one of the main sources of galactic CRs. Pulsar wind neb&®#éNe) are another class
of objects which are considered to be sources which caneretelCRs (particularly
electrons) to very high energies. The recent discoveriesaé than hundred such astro-
physical sources in high energy gamma rays with both gro@sed and satellite based
gamma-ray detectors enriched the field of high energy ganapmastronomy and pro-
vided some significant signatures of the origin of galaciRsCThe present generation of
gamma-ray instruments cannot provide the exact locatiganfma-ray emission region
in a SNR or a PWN, more precisely, the morphology of the soige®t known due to
the limited instrumental sensitivity and angular resantbf the existing gamma-ray tele-
scopes. Therefore, requirements for more sensitive im&nts are highly desired. The
next generation gamma-ray instrument, namely Cherenki®sdepe Array (CTA) (see
Figure6.1), is expected to be a much superior experimenidioee our non-thermal uni-

verse providing more detailed information of many astregitgl objects such as SNRs,
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pulsars, PWNe, binary systems, active galactic nuclei, \&tith wider energy coverage
(~ 30 GeV-300 TeV), better angular resolution 2 at TeV energies), superior energy
resolution (RMS< 10% at TeV energies), and a wider field of view 6° — 8°) , CTA

Is expected to provide about 10 times better sensitivity thee present generation of

imaging atmospheric Cherenkov telescopes (e.g. MAGIC,$SIBERITAS).

Figure 6.1: An artist’s impression of CTA array. This figuseaken from Ref[[160]

The non-thermal emission from numerous SNRs and PWNe pea@xdience for accel-
eration of cosmic particles to extremely high energies. I¥sia of a large sample of
SNRs and PWNe can be used to understand all these issuesiteld@R physics. CTA
can potentially observe several hundreds of CR accelatainerefore, it is important
to investigate the potential of CTA through Monte Carlo siations to explore the mor-
phology of the sources and the substructures in the sourtiestsvimproved sensitivity.

In addition, multi-wavelength data can be used to study thesSand PWNe to get much
deeper insight into the CR acceleration, morphology, sifegamma-ray emission and

emission mechanisms (leptonic and hadronic) in these ss@ag discussed in this thesis.
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